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Fodrin or nonerythroid spectrin is an abundant component of the cortical cytoskeletal network in rat adipocytes. Fodrin
has a highly punctate distribution in resting cells, and insulin causes a dramatic remodeling of fodrin to a more diffuse
pattern. Insulin-mediated remodeling of actin occurs to a lesser extent than does that of fodrin. We show that fodrin
interacts with the t-soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) syntaxin 4, and this
interaction is increased by insulin stimulation and decreased by prior latrunculin A treatment. Latrunculin A disrupts all
actin filaments, inhibits glucose transporter 4 (GLUT4) translocation, and causes fodrin to partially redistribute from the
plasma membrane to the cytosol. In contrast, cytochalasin D disrupts only the short actin filament signal, and cytochalasin
D neither inhibits GLUT4 translocation nor fodrin redistribution in adipocytes. Together, our data suggest that insulin
induces remodeling of the fodrin–actin network, which is required for the fusion of GLUT4 storage vesicles with the
plasma membrane by permitting their access to the t-SNARE syntaxin 4.

INTRODUCTION

Insulin stimulates glucose uptake in adipocytes and skeletal
and cardiac muscles by promoting the subcellular redistri-
bution of a facilitative glucose transporter isoform, glucose
transporter 4 (GLUT4), from an intracellular compartment
(GLUT4 storage vesicles or GSVs) to the plasma membrane
(for review, see Bryant et al., 2002; Watson et al., 2004).
Although this process is very well studied, the exact subcel-
lular trafficking pathway(s) and the molecular mechanisms
by which insulin recruits GLUT4 to the plasma membrane
remain incompletely understood. Kinetic analysis of GLUT4
trafficking first implicated GSV exocytosis as the likely locus
of the action of insulin (Satoh et al., 1993; Yeh et al., 1995).
More recently, this has been confirmed by data showing that
the insulin signaling pathway kinase component Akt2 (for
review, see Watson et al., 2004) acts on the GSV exocytosis
process, either before the vesicle docking and fusion step
(Zeigerer et al., 2004) or directly on this step (Koumanov et
al., 2005; van Dam et al., 2005). Evidence from real-time
microscopy analysis of GSVs reveals that they can move
along cytoskeletal elements (Patki et al., 2001; Semiz et al.,
2003) and that the first effect of insulin is to dramatically
reduce their mobility, presumably by tethering them to
some cellular structure such as the cortical cytoskeleton,

followed by a slower fusion with the plasma membrane
(Lizunov et al., 2005). Taken together, these data implicate
vesicle movement machinery and/or the vesicle fusion ap-
paratus as key endpoint targets of insulin-dependent
GLUT4 translocation.

Evidence has been obtained that both the microtubule-
(Fletcher et al., 2000; Guilherme et al., 2000; Olson et al., 2001;
Liu et al., 2003) and actin-based cytoskeleton participate in
the organization of and signaling to GSV exocytosis in fat
and muscle cells (Khayat et al., 2000; Omata et al., 2000;
Kanzaki and Pessin, 2001; Liu et al., 2003; Brozinick et al.,
2004). In both cell types, agents that disrupt actin- or tubu-
lin-based fibers reduce insulin-stimulated glucose uptake
and inhibit its underlying mechanism, GLUT4 translocation
to the cell surface membrane. Insulin may mediate its
affects on cortical actin remodeling via the actin-regula-
tory protein, neural Wiskott-Aldrich syndrome protein
(N-WASP) (Kanzaki et al., 2001; Jiang et al., 2002; Brozinick
et al., 2004). In addition, GSV movement has been proposed
to require molecular motors moving on microtubules
(Emoto et al., 2001) and microfilaments (Bose et al., 2004), but
mechanistic links to insulin signaling for these events re-
main ill defined. The cortical cytoskeleton network has nu-
merous protein components in addition to actin and tubulin
(dos Remedios et al., 2003; Winder and Ayscough, 2005),
including spectrin family members, which have been sug-
gested to serve membrane-sorting tasks (Beck and Nelson,
1996; Brown and Breton, 2000; Broderick and Winder, 2005).
We report here that fodrins, also called nonerythroid spec-
trins, are abundantly expressed in adipocytes where they
serve a role in GLUT4 translocation.

There have been a limited number of studies suggesting a
link between components of the actin cytoskeleton network
and the soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE) proteins (for review, see
Hong, 2005) that mediate vesicle fusion in the exocytic pro-
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cess (Nakano et al., 2001; Band et al., 2002; Fan and Beck,
2004; Low et al., 2006). GSVs contain VAMP2 as their vesicle
SNARE, which interacts with syntaxin 4 (Syn4) at the
plasma membrane to mediate vesicle fusion and presents
GLUT4 to the extracellular milieu where it can function (for
review, see Grusovin and Macaulay, 2003). Interestingly,
�-fodrin has been shown to be a syntaxin 4 binding partner
(Nakano et al., 2001). Thus, in the course of a proteomic
analysis of adipocyte membrane lipid raft components, we
identified �- and �-fodrin as abundant components (�-fo-
drin, 119 nonredundant peptides, 57% coverage; �-fodrin, 72
peptides, 35% coverage; our unpublished data) of this mem-
brane fraction. The spectrins/fodrins are widely expressed
proteins that form filamentous �-� heterodimers and bind to
actin at both ends, forming a repeating “corral”-like network
just beneath the plasma membrane (Bennett and Baines,
2001). This network has a clear role in stabilizing the eryth-
rocyte membrane and has been proposed to serve a variety
of functions in other cells, including membrane trafficking/
sorting (Beck and Nelson, 1996; Brown and Breton, 2000;
Broderick and Winder, 2005). These facts plus the reported
association of �-fodrin with syntaxin 4 (Nakano et al., 2001)
prompted us to examine the behavior of fodrin under con-
ditions of insulin-stimulated GLUT4 translocation. Our data
suggest that the cortical actin–fodrin network in rat adipo-
cytes plays a critical role in GSV movement to the plasma
membrane (PM) via the interaction of fodrin with Syn4. The
insulin-dependent remodeling of fodrin seen by confocal
microscopy is remarkably robust, further supporting a role
for this protein in GLUT4 translocation to the plasma mem-
brane.

MATERIALS AND METHODS

Reagents
Latrunculin A (LatA) was purchased from BIOMOL Research laboratories
(Plymouth Meeting, PA) and cytochalasin D (CytoD) was from Sigma-Aldrich
(St. Louis, MO). They were dissolved in dimethyl sulfoxide (DMSO) at 20 mM
(stock solution). When these drugs were used, the same concentration of
DMSO (0.5%) was added to the control cells. Mouse monoclonal anti-�-fodrin
(clone AA6, suitable for immunofluorescence [IF]; Molitoris et al., 1996), rabbit
anti-syntaxin 4 (catalog no. 110 042), and mouse actin antibodies were pur-
chased from Chemicon International (Temecula, CA), Synaptic Systems
(Goettingen, Germany), and Sigma-Aldrich, respectively. We confirmed our
results showing insulin-dependent fodrin remodeling with an anti-fodrin
antibody (catalog no. 344050; Calbiochem, San Diego, CA) (our unpublished
data). Monoclonal antibodies recognizing GLUT4 (1F8) (James et al., 1988) and
polyclonal anti-insulin-regulated aminopeptidase (IRAP) have been de-
scribed previously (Kandror and Pilch, 1998; Zhou et al., 2000). Primary
antibodies were detected in Western blots by using secondary antibodies
conjugated to horseradish peroxidase (Sigma-Aldrich) diluted 1:3000 and
chemiluminescent substrate (PerkinElmer Life and Analytical Sciences, Bos-
ton, MA). Cy2 anti-mouse IgG and anti-rabbit Cy5 antibodies were obtained
from Jackson ImmunoResearch Laboratories (West Grove, PA).

Subcellular Fractionation of Adipocytes
This protocol was performed essentially as originally described previously
(Simpson et al., 1983) and as we have previously performed (Kandror and
Pilch, 1996). Briefly, epididymal fat pads were removed from male Sprague
Dawley rats (150–175 g) and transferred to KRP (12.5 mM HEPES, 120 mM
NaCl, 6 mM KCl, 1.2 mM MgSO4, 1 mM CaCl2, 0.6 mM Na2HPO4, 0.4 mM
NaH2PO4, 2.5 mM glucose, and 2% bovine serum albumin, pH 7.4) at 37°C.
Isolated adipocytes were obtained by collagenase (Roche Applied Science,
Indianapolis, IN) digestion for 45 min. After recovery from digestion for an
additional 45 min, cells were stimulated (or not) with insulin for 15 min.
Hormonal action was stopped with 2 mM KCN. Cells were then transferred
to HES (20 mM HEPES, 5 mM EDTA, and 250 mM sucrose, pH 7.4) and
homogenized with a Teflon-glass tissue grinder. Subcellular fractions (PM,
heavy microsomes [HMs], and light microsomes [LMs]) were obtained by
differential centrifugation and resuspended in HES. All buffers used in this
work contained a mixture of protease inhibitors consisting of 1 �M aprotinin,
10 �M leupeptin, 1 �m pepstatin (American Bioanalytical, Natick, MA), and
5 mM benzamidine (Sigma-Aldrich) and phosphatase inhibitor cocktails 1
and 2 (Sigma-Aldrich).

Immunoprecipitation
The PM fraction (50–100 �g of total protein) was suspended in phosphate-
buffered saline (PBS) and solubilized with 0.05% Triton-100 overnight at 4°C
with constant agitation. Insoluble material was removed by pelleting for 5
min in a microcentrifuge. Monoclonal anti-�-fodrin antibodies, and nonspe-
cific mouse and rabbit IgG (5 �g), were incubated with the supernatant 2 h at
4°C, and then 20 �l of protein A beads (Santa Cruz Biotechnology, Santa Cruz,
CA) was added for 1 h. The supernatant with unbound proteins was col-
lected, and the beads were washed four times with 0.05% Triton-100 in PBS
buffer, rinsed once PBS, and eluted in Laemmli sample buffer (Laemmli, 1970)
containing 2% SDS, and equal portions were subjected to SDS-PAGE and
analyzed by Western blotting.

Confocal Microscopy
Rat adipocytes were washed three times with KRP and fixed with 3% (wt/
vol) paraformaldehyde in PBS for 1 h at room temperature. The cells were
permeabilized, and nonspecific binding sites were blocked in PBS containing
0.1% saponin, 1% bovine serum albumin, and 3% normal goat serum for 45
min at room temperature. The cells were then incubated with rabbit anti-
syntaxin 4 (1:500 dilution) and mouse anti-�-fodrin antibody (AA2; 1:250) for
2 h at room temperature, and washed three times with PBS containing 0.1%

Figure 1. Insulin induces actin-fodrin remodeling in rat adipo-
cytes. (A) Rat adipocytes treated with 100 nM insulin or not were
fixed and subjected to immunostaining for actin (red) and fodrin
(green). The three-dimensional images were reconstructed from
serial confocal images taken along the z-axis as described in Mate-
rials and Methods. Bar, 10 �m in this and other confocal images. (B)
Confocal images from a total of 100 cells each, basal and insulin
treated, were graded according to the presence or absence of a clear
punctate fodrin signal (left). The number of cells that retained a
punctate signal after insulin exposure is shown on the right.
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saponin. Next, the cells were incubated with Cy5-conjugated anti-rabbit IgG,
Cy2-conjugated anti-mouse IgG (1:200 dilution) and 5 U/ml Alexa Fluor
594-phalloidin for 1 h at room temperature. Finally, the cells were washed
with PBS containing 0.1% saponin, mounted in 50% glycerol saturated with
n-propylgallate as an antibleaching reagent, and observed with an fluores-
cence microscope equipped with a laser confocal system (LSM510, Carl Zeiss,
Thornwood, NY). Captured images were processed with LSM 5 Image
Browser software. The three-dimensional images were reconstructed from
serial confocal images taken along the z-axis.

Western Blotting
Proteins were separated by SDS-PAGE, transferred to a 0.2-�m polyvinyli-
dene difluoride membrane and incubated in PBS with 0.1% Tween 20 con-
taining 10% nonfat evaporated milk for 1 h at room temperature. The mem-
branes were then incubated with the primary antibodies described above.
Horseradish peroxidase-conjugated secondary antibodies (Sigma-Aldrich),
and either an enhanced chemiluminescent substrate kit (PerkinElmer Life and
Analytical Sciences) or SuperSignal West Femto Maximum Sensitivity Sub-
strate kit (Pierce Chemical, Rockford, IL) was used for detection.

RESULTS

Insulin Induces Actin–Fodrin Remodeling
in Rat Adipocytes
We first studied the spatial structure of the actin/fodrin
network in rat adipocytes, and the possible affect of insulin
on this network, by reconstructing three-dimensional (3-D)
images from serial confocal sections. As shown in Figure 1A,
in the basal state, actin gives a somewhat diffuse signal
throughout the adipocyte, whereas �-fodrin shows a highly
punctate signal that overlaps considerably, but not com-
pletely, with actin. After insulin exposure, cytoskeletal re-
modeling occurs, resulting in a more diffuse signal for both
proteins, and a lesser degree of overlap (Figures 3 and 9).
The punctate nature of the fodrin signal is largely eliminated
after insulin exposure in a particularly robust example (Fig-
ure 1B) of insulin-dependent cytoskeletal remodeling. Note
that there is a strong signal for both fodrin and actin outlin-
ing the nucleus. The significance of this is not clear, because
the plasma membrane above the nucleus represents �1% of
the cell surface and is therefore unlikely to contribute in a
major way to insulin-dependent glucose transport/GLUT4
translocation. We next examined the distribution of actin and
fodrin in fractionated rat adipocytes by immunoblot analy-
sis as shown in Figure 2. Membrane-associated fodrin and

actin are found largely at the plasma membrane, and insulin
did not affect the distribution of either protein, whereas
having the expected affect on GLUT4 and IRAP transloca-
tion (Figure 2), i.e., moving them from the LM to the PM
fraction. The results of Figures 1 and 2 suggest insulin
stimulation causes remodeling of the cortical fodrin–actin
network in rat adipocytes without changing the overall
amount of these proteins in the cortical cytoskeleton.

Figure 2. Insulin has no effect on the association of actin and
fodrin with the adipocyte plasma membrane. Subcellular fraction-
ation (CY, cytosol) of rat adipocytes treated with 100 nM insulin or
not was performed as described in Materials and Methods. Equal
protein amounts of the fractions were separated by SDS-PAGE and
analyzed by Western blot by using the antibodies to the proteins
indicated. Detection was by enhanced chemiluminescence (ECL).
The migration of marker proteins is indicated on the right in this
and the other figures.

Figure 3. Fodrin and syntaxin 4 colocalize and interact in rat
adipocytes. (A) Rat adipocytes treated with 100 nM insulin or not
were fixed and subjected to immunostaining for actin (gray scale),
fodrin (green), and Syn4 (red). The three-dimensional images were
reconstructed from serial confocal images taken along the z-axis as
described in Materials and Methods. Bar, 10 �m. (B) Top left, PM
lysates were prepared in Triton X-100, and imunoprecipitations
were performed as described in Materials and Methods. In addition
(top right), 100 �g of plasma membrane protein was solubilized in
60 mM octylglucoside for 2 h and then incubated with anti-mono-
clonal �-fodrin antibody (AA2) or nonspecific IgG (5 �g each) for an
another 2 h. Protein A beads (20 �l) were added to the lysates and
incubated for 60 min. The supernatant was removed, and the beads
were washed three times with PBS containing 60 mM octylglu-
coside. Bound samples were solubilized in Laemmli sample buffer
with 2% SDS, and equal portions were subjected to SDS-PAGE and
analyzed by Western blotting by using anti-fodrin monoclonal and
anti-syntaxin 4 polyclonal antibodies. The bands from the immuno-
blots were scanned, and the relative intensities were assessed by
NIH Image software (bottom). The results are the mean � SE of four
independent determinations.
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Fodrin and Syntaxin 4 Colocalize and Interact
in Rat Adipocytes
To determine whether �-fodrin is colocalized with syn4, we
reconstructed 3-D images from serial confocal microscopy
sections of adipocytes labeled with antibodies to both pro-
teins. As shown in Figure 3A, Syn4 colocalizes with fodrin,
and this colocalization is substantially increased after cellu-
lar exposure to insulin (more yellow, less green and red). As
in Figure 1, the highly punctate fodrin staining is dramati-
cally changed upon insulin exposure whereas the more dif-
fuse Syn4 staining is relatively unchanged. To confirm this
possible fodrin-Syn4 interaction, we performed an immuno-

precipitation of plasma membrane proteins with anti-fodrin
antibody and examined the immunoprecipitate by Western
blotting with the indicated antibodies (Figure 3B). The data
show that fodrin interacts with Syn4 in the plasma mem-
brane, and the interaction was increased twofold after insu-
lin stimulation (Figure 6). Note that the same result was
seen using either Triton X-100 or octyl glucoside to solu-
bilize the membrane, the latter being able to disrupt lipid
rafts (Shogomori and Brown, 2003). Thus, these data sug-
gest that there may be a direct link between the plasma
membrane actin–fodrin network and the t-SNARE protein
involved in GLUT4 translocation.

Figure 4. Latrunculin A disrupts cortical actin and inhibits insulin-dependent fodrin remodeling in rat adipocytes. After incubation in the
absence or presence of 25 �g/ml latrunculin A for 30 min at 37°C, adipocytes were incubated without or with 100 nM insulin for an additional
30 min. The cells were then fixed and immunostained with anti-fodrin, anti-Syn4 antibodies, and Alexa Fluor 594-phalloidin. The 3-D images
were reconstructed from sequential confocal images taken at 1-�m intervals along the z-axis as described in Materials and Methods.

Figure 5. Latrunculin A treatment causes redistribution of actin and
fodrin from the plasma membrane to the cytosolic fraction. After
incubation in the absence or presence of 25 �g/ml latrunculin A (L) for
30 min at 37°C, adipocytes were incubated without or with 100 nM
insulin (I) for an additional 30 min. Subcellular fractionation (LHM,
combined heavy and light microsomes) of cells was performed as
described in Materials and Methods. Equal proportions of the fractions
were separated by SDS-PAGE and analyzed by Western blot by using
antibodies to the proteins indicated. Detection was by ECL.

Figure 6. Interaction of syntaxin 4 and fodrin depends on the
cortical actin network. Rat adipocytes were treated with or without
100 nM insulin for 15 min or in the presence or absence 25 �g/ml
LatA as in Figures 4 and 5. Total cell lysates were prepared (see
Materials and Methods) and anti-monoclonal fodrin antibody (AA2)
or nonspecific IgG (each 5 �g) was incubated with 100 �g of lysate
2 h. Then, 20 �l of protein A beads was added to the lysate and
incubated for 60 min. Thereafter, the beads were washed three times
with 0.05% Triton X-100 in PBS and one time with PBS. Bound
samples were solubilized in Laemmli sample buffer with 2% SDS,
and equal portions were subjected to SDS-PAGE and analyzed by
Western blotting by using anti-fodrin monoclonal and anti-syntaxin
4 polyclonal antibodies.
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To determine whether the interaction of actin/fodrin with
syntaxin 4 has functional consequences, we disrupted the
actin filament network with two reagents, latrunculin A
and cytochalasin D, and determined the effects of this
disruption on the cortical cytoskeleton by 3-D morpho-
logical methods and on GLUT4 translocation by biochem-
ical fractionation.

Latrunculin A Disrupts the Actin Network
in Rat Adipocytes
LatA binds to actin subunits and prevents their polymeriza-
tion, thereby disrupting cortical actin structure (Coue et al.,
1987). As shown in Figure 4 by confocal microscopy, LatA
treatment virtually eliminates the actin signal at the PM,
indicating disruption of all actin filaments. In contrast, there
was little disruption of the punctate fodrin signal under
these conditions, and the insulin-induced remodeling seen
in Figures 1A and 3A was blocked by LatA treatment, indi-
cating fodrin-remodeling is dependent on an intact actin
network. The Syn4 distribution was unaffected by LatA
treatment, and it shows significant colocalization with fo-
drin as in the prior figures.

However, when the affect of LatA on fodrin distribution
and GLUT4 translocation was examined by subcellular frac-
tionation (Figure 5), fodrin and actin were seen to be sub-
stantially decreased in the PM and increased in cytosolic
fractions. The translocation of GLUT4 was almost com-
pletely blocked by LatA treatment as has been shown pre-
viously (Omata et al., 2000), and the distribution of Syn4 was
unchanged under all conditions. Note that the proportions
of cytosol and PM were normalized to one another for this
experiment, whereas equal protein was analyzed in Figure 2.

To determine whether the interaction of fodrin with Syn4
depends on an actin network, we treated adipocytes with

Figure 7. Cytochalasin D has no effect on actin–fodrin distribution
and insulin-induced GLUT4 translocation in rat adipocytes. After
incubation in the absence or presence of 10 �M cytochalasin D (C)
for 30 min at 37°C, adipocytes were incubated without or with 100
nM insulin (I) for an additional 30 min. (A) Subcellular fractionation
was performed, and fractions were analyzed as described in previ-
ous figures in Materials and Methods. An equal proportion of each
fraction was separated by SDS-PAGE and analyzed by Western blot
by using antibodies to the proteins indicated. Detection was by ECL.
(B) Cells were fixed and immunostained with Alexa Fluor 594-
phalloidin. The 3-D images were reconstructed from sequential
confocal images taken at 1-�m intervals along the z-axis as de-
scribed in Materials and Methods. Enlarged images of representative
cells are in right-hand panels.

Figure 8. Fodrin remodeling is insensitive to latrunculin A after
insulin treatment. After incubation in the presence of 100 nM insulin
for 15 min at 37°C, adipocytes were incubated without or with 25
�g/ml latrunculin A for an additional 30 min. Subcellular fraction-
ation was performed as described in Materials and Methods. Equal
proportions of the fractions were separated by SDS-PAGE and
analyzed by Western blot using the antibodies indicated. Detection
was by ECL.

Figure 9. Insulin stimulation increase the colocolization of fodrin
and GLUT4 in rat adipocytes. Rat adipocytes treated with 100 nM
insulin or not and were fixed and subjected to immunostaining for
GLUT4 (right) and fodrin (left). The three-dimensional images were
reconstructed from serial confocal images taken along the z-axis as
described in Materials and Methods.
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LatA or not, and then whole cell lysates were immunopre-
cipitated with anti-fodrin antibody followed by Western
blotting with anti-syn4 and anti-fodrin antibodies as in Fig-
ure 3B. As shown in Figure 6, LatA treatment decreases the
interaction between fodrin and Syn4 compared with the
basal state levels, and insulin increases this interaction (also
see Figure 3B), suggesting an intact actin network is neces-
sary for the optimal interaction between fodrin and Syn4.

Cytochalasin D Has No Effect on Rat Adipocyte
Actin Distribution
Rat adipocytes are large, round cells that are thought to
contain mainly cortical actin and to lack significant amounts
of actin filaments such as stress fibers. Cytochalasin D is an
actin disruption reagent, which breaks actin filaments by
capping filament plus ends in actin stress fibers, whose high
turnover rate is necessary for CytoD action (Kolega et al.,
1991). To confirm that the results we have obtained in prior
figures are due to cortical actin disruption, we performed
subcellular fractionation and confocal microscopy on Cy-
toD-treated rat adipocytes. As show in Figure 7A, CytoD
treatment causes actin disassociation from PM, albeit to a
lesser extent than is caused by LatA, indicating there are
cytoD-sensitive and -insensitive actin pools in the PM frac-
tion. In contrast, there was little or no change in fodrin
distribution, and the translocation of GLUT4 was not inhib-
ited. Figure 7B shows that there is a small affect of CytoD on
the actin signal obtained by confocal microscopy, consistent
with the biochemical data, and that CytoD has no effect on
the interaction of Syn4 and fodrin as determined by this
methodology (our unpublished data).

Fodrin Remodeled after Insulin Treatment Is Insensitive
to LatA
We treated cells with LatA after insulin stimulation and as
shown in Figure 8, fodrin does not redistribute from the PM
to the cytosol under these conditions. This suggests that the
insulin-sensitive fodrin remodeling results in fodrin becom-
ing largely independent of the cortical actin network.

Insulin Enhances the Colocalization of Fodrin
with GLUT4
We treated adipocytes with insulin or not and monitored the
fluorescence signal for GLUT4 and fodrin as shown in Fig-
ure 9. We see that there is little interaction in the basal state,
consistent with there being few if any GSVs docked at the
PM. After insulin exposure, there is considerably more in-
teraction, indicating that we may have captured some of the
docked structures as well as the colocalization of more dis-
persed interactions (Figure 10).

DISCUSSION

Insulin exposure rapidly induces cortical F-actin remodeling
in muscle and adipocyte cell lines (Martin et al., 1996; Khayat
et al., 2000; Kanzaki and Pessin, 2001; Patki et al., 2001; Jiang
et al., 2002), cells in which it also enhances glucose transport
as a result of GSV translocation to the cell surface. The
disruption of the cortical cytoskeleton by latrunculin A or by
dominant-negative N-WASP constructs markedly inhibits
GLUT4 translocation (Khayat et al., 2000; Kanzaki and
Pessin, 2001; Kanzaki et al., 2001; Jiang et al., 2002), and an
active role for cortical actin in this process has been pro-
posed based on these data. Similarly, latrunculin A in pri-
mary rat adipocytes (Omata et al., 2000) and latrunculin B in
isolated rat epitrochlearis muscle (Brozinick et al., 2004) dis-
rupts cortical actin filaments and blocks GLUT4 transloca-
tion. However, a biochemical link from the insulin signaling
pathway and GSVs to the cortical cytoskeleton has not been
firmly established, and insulin-induced-actin remodeling
has not been observed in primary fat or muscle cells. Pri-
mary adipocytes differ from their cultured counterparts in
their large size, completely round shape and a cytoarchitec-
ture consisting of a single lipid (triglyceride) droplet sur-
rounded by a thin cytosolic rim. Cultured adipocytes have
multiple lipid droplets (e.g., Hosaka et al., 2005); are round
in two dimensions, and like most cultured cells, are thought
to represent a less than fully mature cellular phenotype.
Here, we reconstructed, from serial confocal sections, 3-D
images of primary rats adipocytes to study the spatial orga-
nization of the cortical cytoskeleton, its insulin-dependent
remodeling, and the relationship of these parameters to
GLUT4 translocation.

Our novel findings are that fodrin is a highly expressed
component of the cortical cytoskeleton of primary adipo-
cytes that undergoes a robust insulin-dependent remodeling
upon insulin action (Figure 1). �-Fodrin interacts with Syn4,
the t-SNARE required for GLUT4 translocation, and insulin
enhances this interaction (Figures 3 and 6). In contrast, dis-
ruption of cortical actin by latrunculin A reduces the fodrin–
Syn4 interaction, blocks fodrin remodeling, and inhibits
GLUT4 translocation (Figures 4–6). Cytochalasin D treat-
ment has little effect on the cortical cytoskeleton and does
not block insulin-mediated GLUT4 translocation (Figure 7).
Once insulin-dependent fodrin remodeling has occurred, it
becomes insensitive to LatA (Figure 8), indicating that it is
only the exocytic step of GLUT4 translocation that requires
this aspect of the cortical cytoskeletal function. The data fit a
model derived from various recent studies by using different
methodology (Zeigerer et al., 2004; Koumanov et al., 2005;
Lizunov et al., 2005; van Dam et al., 2005), which together,
show that the GSV exoctyic step, at or near the plasma
membrane and involving the cortical cytoskeleton, is the
major target of insulin signaling to GLUT4 translocation
(Figure 10). Our present results complement these studies
and describe for the first the involvement of fodrin and its
insulin-dependent interaction with Syn4 in GSV trafficking.

Figure 10. Insulin-dependent fodrin remodeling. In basal state, the
punctate fodrin signal and actin filaments forming a network be-
neath the plasma membrane. A portion of Syn4 can interact with
fodrin. After insulin stimulation, fodrin–actin remodeling occurs,
resulting in more diffuse signal for fodrin. The interaction between
syn4 and fodrin increases, and fusion of GSVs with the plasma
membrane occurs as a result of SNARE protein interactions.
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It is not clear from the literature whether the cytoskeletal
involvement in GLUT4 translocation impinges on the for-
mation of a signaling complex (Khayat et al., 2000; Eyster et
al., 2005) or is required for the movement of GSVs to plasma
membrane (Kanzaki et al., 2001; Bose et al., 2002). These cited
studies were performed in cultured adipocytes or myocytes
(Khayat et al., 2000) where the intracellular GLUT4 pools are
perinuclear and must traverse a considerable distance to the
cell periphery in response to insulin, whereas the GSVs only
need to move short distances in primary fat cells. Moreover,
although latrunculin inhibits insulin signaling to Akt in
3T3-L1 adipocytes (Eyster et al., 2005), it does not do so in
primary cells (Omata et al., 2000). Thus, we favor the notion
that in primary adipocytes, insulin-dependent cytoskeletal
involvement in GLUT4 translocation converges more on the
vesicular trafficking aspect than on signaling organization,
perhaps by means of a tethering protein (or proteins; see
below), although we cannot rule out that it has a direct effect
on the signal transduction pathway.

So how is fodrin mediating its effects on GLUT4 translo-
cation? As noted previously, there are a few studies suggest-
ing that fodrin can interact with syntaxins (Nakano et al.,
2001; Low et al., 2006), including syntaxin 4 as we now show
for adipocytes, cells where fodrin has been described only in
a single morphological study (Aoki et al., 1997). Fodrins
(spectrins) are located just underneath the plasma mem-
brane (Bennett and Baines, 2001), where they can potentially
interact with syntaxin 4, and recent studies indicate that
insulin halts GSV movement near the cell surface as a result
of their tethering to what is likely a cytoskeletal element
(Lizunov et al., 2005), which might be fodrin (but see below).
In contrast, studies in cultured adipocytes have suggested
that GLUT4-containing vesicles are tethered in the basal
state (Oatey et al., 1997) and insulin may release the tether,
candidate tethering proteins being TUG (tether, containing a
UBX domain, for GLUT4 (Bogan et al., 2003) or p115, a bona
fide vesicle tethering protein albeit, one with a predomi-
nantly Golgi localization that is present in lesser amounts at
the cell surface (Hosaka et al., 2005). TUG and p115 interact
with GLUT4 and IRAP, respectively, and the former inter-
action is reduced by insulin. Conversely, we show here that
the syntaxin 4–fodrin interaction is increased by insulin by
two independent methods, coimmunoprecipitation (Figures
3 and 6) and confocal microscopy (Figure 3). Indeed, when
the interaction of �-fodrin with syntaxins was studied in
vitro with recombinant proteins (Nakano et al., 2001), its
affinity was shown to be �100 nM, and it was specific for
this fodrin isoform. In some cell types, syntaxins have also
been shown to cluster in cholesterol-rich regions (Lang et al.,
2001; Low et al., 2006; Sieber et al., 2006), where their high
concentration may allow more facile vesicular fusion. In-
deed, it has been reported that a significant proportion (35%)
of syntaxin 4 is localized to lipid rafts in cultured adipocytes
(Chamberlain and Gould, 2002). We see some evidence for
diffuse clusters of syn4, but we see no effects of insulin on
this clustering (Figure 3A).

Thus, we envision the following scenario. Insulin signal-
ing targets the cortical cytoskeleton via actin or associated
regulatory proteins such as N-WASP, as discussed previ-
ously. This results in a dramatic remodeling of fodrin struc-
tures such that their signal by IF goes from highly punctate
to diffuse (Figure 1), i.e., they undergo a conformational
change such that the IF signal is altered, but the PM associ-
ation is apparently unchanged (Figure 2). We envision the
fodrin-based foci to be dispersed by insulin such that access
of GSVs to syntaxin 4 is enhanced and GSV fusion with the
PM is facilitated (Figure 10). There seems to be little direct

interaction of GSVs with fodrin in the basal state, because
their IF signals do not significantly overlap in basal, whereas
they do overlap to a significant degree in stimulated cells
(Figure 9). In summary, our results document the involve-
ment of a new player, fodrin, in GSV translocation and
suggest mechanisms by which this may occur. Efforts are
underway to identify the biochemical changes that may take
place in the cortical cytoskeletal proteins of primary adipo-
cytes as a result of insulin action.
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