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Abstract
The function and mechanism of macropinocytosis in cells outside of the immune system remain
poorly understood. We used a neuroblastoma cell line, Neuro-2a, to study macropinocytosis in
neuronal cells. We found phorbol 12-myristate 13-acetate (PMA) and insulin-like growth factor 1
(IGF-1) induced two dinstinct types of macropinocytosis in the Neuro-2a cells. IGF-1-induced
macropinocytosis occurs mostly around the cell bodies and requires phosphoinositide 3-kinase
(PI3K), while PMA-induced macropinocytosis occurs predominantly in the neurites and is
independent of PI3K. Both types of macropinocytosis were inhibited by a specific inhibitor of
non-muscle myosin II, blebbistatin. siRNA knock-down of nonmuscle myosin II isoforms, -IIA
and –IIB, resulted in opposite effects on macropinocytosis induced by PMA or IGF. Myosin IIA
knock-down significantly increased, whereas myosin IIB knock-down significantly decreased,
macropinocytosis with correlating changes in membrane ruffle formation.
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INTRODUCTION
Macropinocytosis is a type of fluid-phase endocytosis characterized by its independence of
clathrin which results in relatively large sizes of vesicles ranging from 0.2 to 1 μm (Jones
2007; Swanson 2008; Swanson and Watts 1995). Macropinocytosis occurs predominantly in
macrophages, dendritic cells and Dictyostelium cells. In Dictyostelium, macropinocytosis
serves the purposes of fluid and nutrient uptake (Maniak 2001). Constitutive
macropinocytosis in dendritic cells internalizes large quantities of fluid-phase solutes as part
of the sentinel function and antigen presentation (Nobes and Marsh 2000; Norbury 2006;
Norbury et al. 1995). In other types of cells, macropinocytosis occurs at a low spontaneous
rate but is rapidly induced in response to growth factors including platelet-derived growth
factor (PDGF) and epidermal growth factor (EGF) (Hewlett et al. 1994; West et al. 1989).

The biological function of growth factor-induced macropinocytosis remains poorly
understood. Unlike constitutive macropinocytosis in macrophages and dendritic cells
(Racoosin and Swanson 1993), macropinocytosis transiently induced by growth factors have
been shown not to deliver their content to the lysosomal pathway for degradation, rather
recycled back to the cell surface (Hewlett et al. 1994). Recently, macropinocytosis has been
recognized as one of the pathways exploited by the pathogen to gain entry into host cells
(Meier and Greber 2004; Pelkmans and Helenius 2003; Sieczkarski and Whittaker 2002).
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Adenovirus type 2 enters the cell through clathrin-mediated endocytosis and can additionally
trigger macropinocytosis and endosomal leakage (Meier et al. 2002).

Macropinocytosis is characterized as independent of the function of clathrin and caveolin
(Conner and Schmid 2003). Instead, macropinocytosis is intimately linked with membrane
ruffling. Ruffles are sheet-like extensions of the cell surface resulting from assembly of actin
filaments beneath the plasma membrane. Although not all membrane ruffles lead to
formation of macropinosomes, some fold back to the plasma membrane and close into
intracellular vesicles. Phosphoinositide 3-kinase (PI3K) and P21-activated kinase (PAK) are
important regulators of macropinocytosis (Amyere et al. 2000; Anton et al. 2003; Araki et
al. 1996; D’Angelo et al. 2007; Dharmawardhane et al. 2000; Ellerbroek et al. 2004;
Fiorentini et al. 2001; Hall 1992; Kruth et al. 2005; Rupper et al. 2001; West et al. 2000).
Inhibitors of PI3K inhibit both membrane ruffling and macropinocytosis induced by insulin
in epidermoid carcinoma KB cells (Kotani et al. 1995), but only inhibit macropinosome
closure not membrane ruffles in EGF-stimulated epidermal A431 cells (Araki et al. 2007).
PAK1 activity enhances macropinocytosis but not clathrin-mediated endocytosis, and
modulates pinocytic vesicle cycling (Dharmawardhane et al. 2000).

The actin-based motor proteins, myosins, have been shown to be required for
macropinocytosis in Dictyostelium (Novak et al. 1995). Double mutants of class I myosin
genes, myosin IA−/B− or myosin IB−/C− showed a reduction in fluid phase and membrane
uptake without affecting phagocytosis. In macrophages, an inhibitor to myosin light chain
kinase (MLCK), ML-7, was used to show that myosin II inhibition attenuated
macropinocytosis by decreasing ruffle movement (Araki et al. 2003). However, the role of
nonmuscle myosin II isoforms has yet to be examined. Class II myosins are composed of
two heavy chains, two essential light chains and two regulatory light chains (Conti and
Adelstein 2008; Landsverk and Epstein 2005). Three non-muscle myosin II isoforms have
been characterized composed of myosin IIA-C heavy chain isoforms encoded by the genes
MYH9, MYH10 and MYH14, respectively. Despite high homology in amino acid sequence
(Golomb et al. 2004), myosin IIA and myosin IIB have been shown to have different
ATPase activity, subcellular localization (Bresnick 1999) and have isoform-specific roles in
cell migration (Betapudi et al. 2006; Even-Ram et al. 2007; Swailes et al. 2006; Vicente-
Manzanares et al. 2007), cytokinesis (Bao et al. 2007) and neurite growth (Wylie and
Chantler 2001).

To further characterize the regulation and function of macropinocytosis in neuronal cells, we
used a neuroblastoma cell line, Neuro-2a, as a model system. Here we show that phorbol 12-
myristate 13-acetate (PMA) and insulin-like growth factor 1 (IGF-1) induced
macropinocytosis in the Neuro-2a cells as indicated by uptake of macropinocytosis tracers
including dextran and horseradish peroxidase. Myosin IIB relocalizes in response to PMA
and IGF-1, to the areas where the dextran-positive vesicles form. siRNA knock-down of
myosin IIB significantly decreased whereas knockdown of myosin IIA significantly
increased macropinocytosis and membrane ruffles in response to PMA and IGF-1. Double
knock-down of myosin IIA and IIB exhibited similar effects on macropinocytosis and
membrane ruffles as myosin IIB single knockdown. These results indicate that Neuro-2a can
be used as a system to study macropinocytosis in neuronal cells and nonmuscle myosin II
has isoform-specific effects on macropinocytosis.

RESULTS
As the function of macropinocytosis in cells other than macrophages and neutrophils
remains elusive, we used a neuroblastoma cell line, Neuro-2a, as a model system. Neuro-2a
has the advantage of easy transfectability compared to other neuronal cell lines, and can be
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differentiated to grow neurites. As phorbol 12-myristate 13-acetate (PMA) is known to
induce macropinocytosis in a variety of cell types including macrophages, neurtrophils,
fibroblasts, and epithelial cells (Aballay et al. 1999; Beron et al. 1997; Kruth et al. 2002;
Langweiler and Davis 1988; Phaire-Washington et al. 1980; Sato et al. 1996), Neuro-2a
cells were co-incubated with PMA and a fluid-phase endocytosis tracer FITC-dextran for 2
minutes. Brief pulse labeling allows labeling of the newly formed endocytic vesicles rather
than the vesicles further downstream. After labeling, cells were rinsed, fixed and the uptake
of FITC-dextran was observed by fluorescence microscopy.

The dextran-positive vesicles were relatively large with an average diameter of 0.49 μm
(0.22–1.16 μm) (Fig. 1A), in the range of sizes for macropinosomes. The dextran+ (dex+)
vesicles appeared to correspond to the reverse shadowcast vesicles visible under differential
interference contrast (DIC) microscopy, and were largely localized in the areas with actin-
rich membrane ruffles (Fig. 1A, D). PMA treatment significantly increased the percentage of
cells undergoing macropinocytosis as indicated by dextran uptake (Fig. 1A, B). In the
control cells without the treatment of PMA, 10.5±2.1% of the cells were labeled by dextran.
3 minute pretreatment of PMA followed by 2 minute labeling with dextran and PMA
resulted in 38.1±6.3% of the total number of cells containing dex+ macropinosomes
(p<0.05). Majority of the dex+ vesicles (81.5%, n=905 vesicles) stimulated by PMA were
found in the neurites and processes rather than the cell bodies.

To study the role of myosin in dextran uptake in Neuro-2a cells, we treated the cells with a
pharmacological inhibitor, blebbistatin, to inhibit myosin II activity. Blebbistatin was found
to inhibit the PMA-induced macropinocytosis effectively (15.7±1.3% dextran uptake rate in
the blebbistatin and PMA-treated samples vs. 38.1±6.3% dextran uptake rate in PMA-
treated samples, Fig. 1C). We verified the results by using horseradish peroxidase (HRP),
another commonly used fluid-phase endocytosis marker. A chemiluminescent substrate, the
SuperSignal ELISA Pico Chemiluminescent substrate (Thermo Scientific), instead of the
conventional chromogenic substrate of HRP, was used to improve the sensitivity of the
assay. The chemiluminescent substrate of HRP was found to yield reliable results with much
higher sensitivity than the conventional chromogenic substrates. Incubation of cells at 4°C
reduced uptake by 71.3±2.2%, suggesting that HRP was taken into cells mainly via
endocytosis. Consistent with the dextran experiments, HRP uptake induced by PMA was
significantly reduced by co-incubation with cytochalasin D (Fig. 1E). HRP uptake
experiments thus confirmed that the PMA treatment significantly increased
macropinocytosis in the Neuro-2a cells, which was inhibited by co-incubation with
blebbistatin (Fig. 1D).

Non-muscle myosin II proteins consist of three isoforms, myosin IIAs,-IIB, and -IIC, each
with distinct heavy chain subunits encoded by genes MYH9, MYH10 and MYH14,
respectively. To identify which myosin II isoform may be involved in macropinocytosis, we
immunostained the FITC-dextran-labeled cells with antibodies specific to myosin IIA and
IIB heavy chains. As shown in Fig. 2A, in the control untreated cells, myosin IIA is
distributed throughout the cells and concentrated in some of the tips (growth cones) of the
neurites, whereas myosin IIB localization appears variable from cell to cell but generally
restricted to the cell body (Fig. 2A). After treatment with PMA for 5 minutes, myosin IIA is
redistributed mostly to cell bodies and away from the tips of the neurites (Fig. 2B). In
contrast, localization of myosin IIB appears to shift to the tips of the neurites in close
proximity to the dex+ vesicles (Fig. 2B).

To study the role of myosin II isoforms in macropinocytosis in the Neuro-2a cells, myosin
IIA and -IIB heavy chain (MYH9, MYH10) genes were specifically knocked down by
transfection of siRNAs. Two sets of siRNAs were designed to target different regions of
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myosin IIA and myosin IIB heavy chain (MYH9, MYH10) genes, respectively. As shown in
Fig. 3A, C, myosin IIA protein expression was effectively reduced by transfection of either
IIA1 or IIA2 siRNA, but unaltered in the cells transfected with the non-silencing siRNA
(CTL) or siRNAs targeting myosin IIB (IIB1 or IIB2). More than half of the cells (~70%)
showed substantial reduction of myosin IIA protein level in the IIA1 KD- or IIA2 KD-
transfected cells by antibody staining (Fig. 3A). Similar specific knockdown effects were
observed for myosin IIB by using siRNAs targeting two different regions of myosin IIB
heavy chain, IIB1 and IIB2 (Fig. 3B, C). Knockdown of one myosin II isoform did not
appear to affect the expression of the other isoform, confirming the specificity of
knockdown (Fig. 3A–C).

Next, PMA-induced macropinocytosis was analyzed in the myosin IIA- or myosin IIB-
knock down (KD) cells. Two sets of siRNAs targeting myosin IIA or myosin IIB or the non-
silencing siRNA CTL were transfected into the Neuro-2a cells. After 72 hours, cells were
pretreated with PMA for 3 min, followed by FITC-dextran labeling for 2 minutes. The
percentages of cells containing dex+ macropinosomes were scored. In response to PMA
treatment, the CTL siRNA-transfected cells showed a similar level of dextran uptake as the
untransfected WT cells (data not shown). However, both the IIB1 KD and IIB2 KD cells
exhibited a significant decrease in dex+ macropinosomes induced by PMA (Fig. 4A,B,
p<0.01). In contrast, IIA1 KD- or IIA2 KD-transfected cells showed a significant increase in
the percentages of cells that undergo dextran uptake upon the treatment of PMA (Fig. 4A, B,
p<0.01). The changes in macropinocytosis in the siRNA knockdown cells were also verified
by quantification of HRP uptake induced by PMA (Fig. 4C). Similar to dextran labeling
experiments, knockdown of myosin IIB resulted in a significant decrease whereas
knockdown of myosin IIA resulted in a significant increase of HRP uptake compared to the
cells transfected with nonsilencing control.

To test whether myosin IIB is required for macropinocytosis induced by other factors, we
tested a number of growth factors including insulin-like growth factor-I (IGF-I), nerve
growth factor (NGF) and epidermal growth factor (EGF). Whereas neither NGF nor EGF
induced macropinocytosis in Neuro-2a cells possibly due to a lack of appropriate receptors,
IGF-1 rapidly stimulated macropinocytosis in the Neuro-2a cells (Fig. 5A). Different from
the dex+ vesicles induced by PMA, IGF-1-induced dex+ vesicles tended to localize around
the cell bodies rather than in the neurites or processes of the cells (84.4% around the cell
body, n=1040 vesicles). To characterize these vesicles further, we used known inhibitors of
macropinocytosis, including LY294002 for inhibition of phosphoinositide 3 kinase (PI3K)
(Araki et al. 1996), 5-(N-ethyl-N-isopropyl) amirolide (EIPA) for inhibition of Na+/H+

exchanger (NHE) (Meier et al. 2002), and IPA-3 for inhibition of P21-activated kinase
(PAK) (Deacon et al. 2008;Dharmawardhane et al. 2000). EIPA and IPA-3 effectively
inhibited macropinocytosis induced by PMA or IGF-1. However, inhibition of PI3K only
inhibited IGF-1-induced macropinocytosis but not the PMA-induced macropinocytosis (Fig.
5A, B). These results suggest that macropinocytosis induced by PMA and IGF-1 share
common features but also have distinct characteristics.

Similar to the PMA-induced macropinocytosis, IGF-1-induced dextran uptake was also
significantly inhibited by co-incubation with blebbistatin. In response to IGF-1, 23.9±4.0%
blebbistatin-treated cells were dex+, compared to 48.8±0.6% of the vehicle-treated cells
(p<0.01). A comparison of dex+ vesicles with the localization of myosin II proteins was
carried out by immunostaining using the antibodies specific for myosin II isoforms on the
samples that had been incubated with IGF-1 and FITC-dextran. As shown in Fig. 6A,
myosin IIB appeared to localize in the areas of membrane ruffles around the cell body
induced by IGF-1, whereas myosin IIA was concentrated around the nucleus and on the
neurite with some weak staining around the dex+ vesicles. The effects of myosin IIA and
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IIB knockdown on IGF-1-induced macropinocytosis were also analyzed.
Chemiluminescence substrate was used to measure the amount of HRP uptake. As shown in
Fig. 6B, compared to the non-silencing control-transfected cells (CTL), myosin IIB KD cells
showed a decrease whereas myosin IIA KD cells showed an increase in HRP uptake. These
results demonstrate that myosin IIA and IIB knockdown had similar effects on
macropinocytosis induced by IGF-1 as that by PMA. To further analyze the roles of myosin
IIA and IIB in macropinocytosis, we performed double knockdown by co-transfecting the
IIA1 and IIB1 siRNAs into the Neuro-2a cells. Interestingly, the double knockdown cells
showed a similar decrease of macropinocytosis induced by PMA or IGF-1, similarly as in
the myosin IIB single knockdown cells (Fig. 4C and Fig. 6B).

The effects of myosin II isoforms on macropinocytosis were further analyzed by
examination of membrane ruffle formation in Neuro-2a cells in response to PMA or IGF-1.
Both PMA and IGF-1 treatment increased membrane ruffles as shown by phalloidin staining
in the Neuro-2a cells (Fig. 7A). The localization of membrane ruffles stimulated by PMA or
IGF-1 corresponded to the sites of macropinocytosis induced by these factors. PMA-induced
membrane ruffles tended to be wavy, at the cell edge, and on the neurites/processes. IGF-1-
induced membrane ruffles tended to be circular, away from the edge of cell, and
concentrated on the cell bodies (Fig. 7A). siRNA knockdown of myosin IIA significantly
increased, whereas knockdown of myosin IIB significantly decreased, the percentage of
cells containing ruffles induced by PMA and IGF-1 (Fig. 7B). Myosin IIB knockdown cells
appeared to have more prominent filopodial staining (Fig. 7A). The amount of membrane
ruffles also appeared increased in each cell with myosin IIA knockdown, but the type and
the localization of the ruffles remain appropriate for the inducer (Fig. 7A, B). These results
demonstrate that myosin IIA and IIB play important roles in the formation of membrane
ruffles preceding macropinocytosis.

DISCUSSION
Macropinocytosis is constitutive in certain cell types such as dendritic cells, but for most
other types of cells, is an induced response to growth factor signaling (Jones 2007).
Increasing evidence suggests that macropinocytosis plays an important role for dendritic
cells to sample large quantities of exogenous solute as part of their sentinel functions.
However, functions and mechanisms of macropinocytosis in other cell types remain elusive.
Here, we show that macropinocytosis can be induced in a neuroblastoma cell line, Neuro-2a
cells, by phorbol ester and IGF-1. Interestingly, PMA and IGF-1 stimulate macropinocytosis
in different locations in the cell and with different requirement of PI3K activity. In addition,
we show that non-muscle myosin II isoforms, myosin IIA and IIB, have opposite effects on
macropinocytosis in Neuro-2a cells. siRNA knockdown of myosin IIA significantly
increases, whereas myosin IIB knockdown significantly decreases, macropinocytosis.
Furthermore, we show that the effects of myosin II isoforms on macropinocytosis are likely
through their effects on membrane ruffle formation in response to PMA or IGF-1.

Based on their relatively large sizes (>0.2 um in diameter), and the close association with
membrane ruffles, the dex+ vesicles induced by PMA and IGF-1 fit into the category of
macropinosomes. This was further supported by the results that dextran uptake induced by
PMA or IGF-1 was inhibited by treatment of known macropinocytosis inhibitors including
EIPA (NHE inhibitor) and IPA-3 (PAK1 inhibitor). However, these dex+ vesicles also have
distinct characteristics: the PMA-induced dex+ vesicles are localized in the neurites and
processes whereas the IGF-1-induced dex+ vesicles are concentrated around the cell bodies.
The PMA-induced macropinocytosis also does not require PI3K signaling, unlike most types
of macropinocytosis previously reported. However, it has been shown recently that
internalization of the urokinase receptor (uPAR) is through a type of macropinocytosis
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independent of PI3K activity (Cortese et al. 2008). The roles of PI3K in macropinocytosis
also vary in different cell types and with stimulation by different signals. Inhibitors of PI3K
inhibit both membrane ruffling and macropinocytosis induced by insulin in epidermoid
carcinoma KB cells (Kotani et al. 1995), but only inhibit macropinosome closure not
membrane ruffling in EGF-stimulated epidermal A431 cells (Araki et al. 2007). Molecular
and functional distinctions of these two types of macropinosomes remain to be
characterized, and Neuro-2a may be an excellent system to study these vesicles due to its
efficiency for transfection and the polarized nature of a neuronal cell line.

Despite the high degree of homology in amino acid sequence (Golomb et al. 2004), myosin
IIA and -IIB have been shown to have differences in ATPase activities, contraction rates and
subcellular localizations (Bresnick 1999). Myosin IIA and -IIB activities can be regulated by
different signaling pathways and have distinct as well as overlapping functions (Murakami
et al. 1998; Murakami et al. 1995; Sandquist et al. 2006). Myosin IIB was capable of
partially compensating for the absence of myosin IIA in cell contractility but not in
migration involved in cardiogenesis (Bao et al. 2007). Myosin IIA and IIB play different
roles in cell migration, polarization and morphological change (Betapudi et al. 2006; Even-
Ram et al. 2007; Swailes et al. 2006; Vicente-Manzanares et al. 2007). Myosin IIB directs
cell migration by coordinating protrusive activity in the establishment and stabilization of
cell polarity (Lo et al. 2004; Vicente-Manzanares et al. 2007). Myosin IIA has been
implicated in the regulation of actin retrograde flow and controlling cell adhesion (Cai et al.
2006; Vicente-Manzanares et al. 2007). In mouse embryonic stem cells genetically ablated
of myosin IIA, flattened cell shape, loss of focal adhesion, and increased cell migration have
been reported (Even-Ram et al. 2007). Interestingly, an increase in membrane ruffles was
shown in the myosin IIA-deficient cells attributed to stabilization of microtubules (Even-
Ram et al. 2007), similarly as observed in our myosin IIA KD cells.

Here, we present another example in which myosin IIA and IIB appear to play distinct roles
in macropinocytosis and membrane ruffle formation. By using ML-7 to inhibit myosin light-
chain kinase, it has been previously shown that myosin II plays a role in phagocytosis and
macropinocytosis in macrophages (Araki et al. 2003). However, specific roles of non-
muscle myosin II isoforms in macropinocytosis have not been addressed. Different myosins
may be employed for macropinocytosis in different species. In Dictyostellium,
macropinocytosis is dependent on myosin I but not myosin II (Jung et al. 1996; Novak et al.
1995). Although expression of catalytically inactive myosin II or inhibition of myosin II by
blebbistatin in Dictyostellium inhibited macropinocytosis, this was likely a result of
formation of cytoplasmic aggregates of inactive myosin II (Shu et al. 2005). In our study, we
characterized the roles of myosin II isoforms by using blebbistatin and myosin II isoform
knockdown. Based on the observations that myosin IIB is rapidly relocalized to the sites of
membrane ruffles in response to the stimulants and myosin IIB knockdown shows a
significant reduction of membrane ruffle formation and macropinocytosis, myosin IIB
appears to be a major player in membrane ruffle formation preceding macropinocytosis.
However, more definitive role of myosin IIB in macropinocytosis in neuronal cells awaits
future study possibly by using direct time-lapse imaging, immuno-EM and analysis of
various myosin IIB mutants. Unexpectedly, myosin IIA knockdown has an opposite effect
on membrane ruffle formation and macropinocytosis. In the double knockdown cells
targeting both myosin IIA and IIB, macropinocytosis was reduced down to the level of
myosin IIB knockdown alone. Although the underlying mechanism is presently unclear, it is
possible that the myosin IIA and IIB impinge on the same molecular pathway involved in
macropinocytosis. The increase in macropinocytosis in the myosin IIA knockdown cells is
possibly due to an increase in myosin IIB-mediated activities.
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Membrane ruffling is long known to be a prerequisite of macropinocytosis. Ruffles may
recede without the formation of macropinosomes, but may also fold back to the plasma
membrane which subsequently closes into vesicles (Swanson 2008; Swanson and Watts
1995). Two types of membrane ruffles have been observed in response to growth factors
depending on their localizations relative to the leading edge of the cell: cell peripheral
ruffles are wavy and at the edge of the cell, whereas dorsal ruffles tend to be circular and
away from the leading edge (Suetsugu et al. 2003). In Neuro-2a cells, PMA-induced
membrane ruffles were frequently wavy, on the neurites/processes, at the cell edge, thus
resembling the peripheral ruffles. IGF-1-induced membrane ruffles were circular, on the cell
bodies, away from the cell edge, similar to the dorsal ruffles. The distinction of dorsal vs.
peripheral ruffles remains unclear; neither is known of the function of macropinocytosis
induced by IGF-1 and PMA. We, however, have evidence that macropinocytosis in the
axons of primary neurons plays a critical role in negative guidance factor-induced repulsive
axon turning (Kolpak et al. 2009). With the establishment of Neuro-2a as a convenient
system for studying macropinocytosis, future study will reveal the mechanisms and
functions of macropinocytosis in cells such as neurons.

Material and Methods
Cell culture and transfection

Neuro-2a cells were maintained in 10% FBS in DMEM and cultured on poly-D-lysine-
coated glass coverslips. Neuro-2a cells were seeded onto coverslips, and 16 hours after
splitting, culture media was changed to serum-free media for 5–6 hours before stimultation
with PMA or IGF-1.

For knockdown studies, Neuro-2a cells were transfected by Lipofectamine (Invitrogen) for
72 hours with 20 nM non-targeting siCONTROL (Dharmacon) or siRNA targeting
nonmuscle myosin II heavy chain A or myosin II heavy chain B. Two sets of siRNA oligos
were used to target MHC-IIA or MHC-IIB to ensure specificity of knockdown phenotypes.
MHC-IIA gene was targeted by IIA1 siRNA (sense sequence:
AUAAGAACCUGCCCAUCUAUU) and IIA2 siRNA (sense sequence:
GGGCUUAUCUACACCUAUUUU). MHC-IIB gene was targeted by IIB1 siRNA (sense
sequence: GGGCAUCUCUGCUCGCUAUUU) and IIB2 siRNA (sense sequence:
GUAUUAAGUUUGCGAAGGAUU).

Dextran internalization
2.5 mg/ml 10K or 40K FITC-dextran (Molecular Probes) was used to assay
macropinocytosis in Neuro-2a cultures. Cells were incubated with phorbol 12-myristate 13-
acetate (PMA, from Sigma) for 3 min at 37°C prior to mixing in with the FITC-dextran. All
dextran labeling was carried out for 2 min at 37°C. The effect of insulin like growth factor
(IGF-1, Sigma) on dextran uptake was assayed by incubation of the cells with 50 ng/ml
IGF-1 for 2 min and then mixing in with FITC-dextran to label for 2 min at 37°C. To study
the effects of specific inhibitors on macropinocytosis, 100 μM (S)-(-)-Blebbistain (Toronto
Research Chemicals), 100 μM 5-(N-ethyl-N-isopropyl) amirolide (EIPA) (Sigma) was used
to pre-treat cells for 5–10 minutes before dextran uptake was assayed.

After labeling, cells were washed 3 times in DMEM and fixed in 4% paraformaldehyde.
Fluorescence and DIC images of randomly chosen cells were acquired using a 63X Plan
Apochromat objective on an inverted Zeiss Axiovert 200 microscope equipped with a digital
camera (AxioCam MRm). The fluorescence images were taken at fixed exposure time for all
samples to ensure that the large macropinosomes but not the small vesicles were clearly
visible. The dextran+ (dex+) macropinosomes were determined by three criteria including
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bright fluorescent labeling, large vesicle size (>0.2 um) and coincidence with reverse-
shadowcast vesicles in DIC. The percentage of cells containing dex+ macropinosomes was
scored from over 200 Neuro-2a cells for each sample and at least three sets of independent
experiments were performed.

HRP uptake and quantification
2.5×105 Neuro-2a cells were cultured on the coverslips coated with 10 μg/ml poly D-lysine.
After 16 hours of culture, cells were changed into serum-free media for 5 hours. Neuro-2a
cells were labeled with 4 mg/ml horseradish peroxidase (HRP, Sigma) for 5 minutes with
vehicle, PMA or IGF-1. The cells were rinsed 2 times with PBS and trypsinized for 3
minutes with 0.25% trypsin+1mM EDTA at room temperature followed by 20 minutes on
ice until the cells were detached from the coverslips. Trypsinization was stopped by 1%
BSA+1mM MgCl2+1mM CaCl2 in PBS for 5 minutes on ice. Cells were collected by
centrifugation at 1200 rpm for 3 minutes at 4°C, and then washed with ice cold PBS for 2
times to remove trypsin. Cells were lysed in 80 μl buffer containing 0.1% Triton X-100 in
PBS for 20 minutes on ice. The lysate was centrifuged at 12,000 rpm for 10 minutes at 4°C.
2 μl of supernatant was added to a 96-well plate and developed by a chemiluminescent
substrate kit (SuperSignal ELISA Pico Chemiluminescent Substrate, Thermo Scientific,
Rockford, IL), following the manufacturer’s instruction. The luminescence was measured
for 0.1 second at 425 nm wavelength by a Wallac EnVision 2102 Multilabel Reader (Perkin-
Elmer).

Immunofluorescence staining
Neuro-2a cells were pretreated with 1 μM PMA for 3 minutes or 50ng/ml IGF-1 for 2
minutes, followed by labeling with FITC-dextran for 2 minutes and then fixed with cold 4%
paraformaldehyde for 2 hours, washed with PBS for 3 times, permeabilized with 0.01%
Triton X-100 for 1 min, washed with PBS for 3 times, and then blocked with 10% calf
serum in PBS for 1 hour. Polyclonal antibodies specific for nonmuscle myosin II heavy
chain A (MHC-A) and nonmuscle myosin II heavy chain B (MHC-B) were obtained from
COVANCE and used at a dilution of 1:200. Incubation of primary antibodies was followed
by incubation with Cy3-conjugated secondary antibody (1:400, Jackson ImmunoResearch).

For staining with Alexa 594-conjugated phalloidin, Neuro-2a cultures were fixed with 4%
paraformaldehyde for 20 minutes, permeabilized with 0.1% Triton X-100 for 5 min, and
then blocked with 1% BSA for 30 min. Alexa 594-conjugated phalloidin (Invitrogen) was
diluted in PBS (1:40) and incubated for 1 hour at room temperature. Stained samples were
photographed and actin-rich, wavy or circular membrane ruffles were classified based on
their localizations to the neurites/processes or around the cell bodies. The percentage of cells
containing each type of membrane ruffle was scored from over 120 cells total for each
sample, and each experiment was repeated for 3 times.

Western blot analysis
For western blot experiments, Neuro-2a cells transfected with siRNA targeting myosin II
isoforms, IIA1, IIA2, IIB1 or IIB2, were washed with ice-cold PBS and scraped in lysis
buffer containing 20 mM Tris-HCl (pH 7.5), 1.2% Triton X-100, 0.1% 2-mercaptoethanol,
0.5 mM EDTA, and protease inhibitors (Sigma) for 20 min. Cell extracts were centrifuged at
13,000 rpm for 10 min at 4 °C and the supernatant was boiled in 5X reducing sample buffer
for 5 min. 10 μg of proteins were loaded onto a 6.5% SDS-PAGE gel. Immunoblotting was
performed by incubating with either MHC-A antibody (1:500 dilution), MHC-B antibody
(1:000 dilution) or mouse anti-β-actin antibody (1:10,000, from Sigma), followed by
incubation with peroxidase-conjugated secondary antibody (1:10,000, Jackson
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ImmunoResearch) and finally detected using SuperSignal West Pico Chemiluminescent
Substrate (Pierce).

Statistical Analysis
All data are expressed as mean ± s.e.m. Statistical analyses were performed using the
Student’s t-test and P values < 0.05 were considered to be statistically significant.
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Figure 1.
PMA-induced macropinocytosis in Neuro-2a cells is inhibited by blebbistatin. (A) Neuro-2a
cells were pre-treated with PMA for 3 minutes, followed by labeling with FITC-dextran for
2 minutes and the cells were subsequently rinsed and fixed. Labeling of dextran was
examined by fluorescence microscopy and the localization in the reverse shadowcast
vesicles was confirmed by DIC image. Preincubation with blebbistatin for 5 minutes before
addition of PMA and FITC-dextran inhibited macropinocytosis. (B) Dextran uptake was
carried out with PMA. Cells were washed and stained with phalloidin to visualize F-actin.
Note that dex+ vesicles were localized in the neurites around the actin-rich membrane
ruffles. 3X magnification of the images are shown to the right. (C) Percentages of dextran-
positive cells were scored from >200 cells in each experiment and at least three independent
experiments were carried out. (D, E) Horseradish peroxidase (HRP) uptake was also used to
measure macropinocytosis with addition of vehicle control, PMA, or PMA with inhibitors.
Blebb: blebbistatin; CD: cytochalasin D. Scale bar=10μm; scale bar in inset=1 μm.

Jiang et al. Page 13

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Myosin IIB appears to localize in the same area with the newly formed dex+ vesicles
induced by PMA in the growth cone of the neurites. (A) Untreated Neuro-2a cells were
stained by antibodies against myosin IIA and IIB isoforms. Note that IIA is concentrated in
the growth cones of the neurites whereas IIB is localized more in the cell body. (B)
Neuro-2a cells were pre-treated with PMA for 3 minutes and then labeled with FITC-
dextran for 2 minutes, rinsed and fixed. The cells were then immunostained with antibodies
specific to myosin-IIA and IIB. Myosin IIA appears to concentrate in the cell body with
only low amount present in the tips of the neurites. In contrast, myosin IIB appeared to be
concentrated in the growth cones adjacent to the dex+ vesicles, in addition to its localization
in the cell bodies. Scale bar=10 μm; 2× magnification shown in insets.
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Figure 3.
Two sets of siRNAs each were used to knock down the expression of myosin IIA (IIA1 and
IIA2) and IIB (IIB1 and IIB2) specifically. A non-silencing siRNA was transfected to use as
a control (CTL). (A, B) The levels of myosin IIA and IIB proteins were analyzed at 72 hours
after transfection of siRNA by immunofluorescent staining using antibodies against myosin
IIA (A) and myosin IIB (B). (C) Decrease of myosin II proteins in the cells transfected with
the siRNAs was also confirmed by western blot of cell extracts at 72 hours post-transfection.
An antibody against β-actin was used as loading control. Scale bar=10 μm.
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Figure 4.
Myosin IIA and -IIB knock-downs have distinct effects on PMA-induced macropinocytosis.
(A) Neuro-2a cells were transfected with non-silencing control (CTL) or siRNA targeting
myosin IIA (IIA1 and IIA2) or myosin IIB (IIB1 and IIB2). FITC-dextran was added with
PMA for 2 minutes to assay the formation of macropinoctyosis and the percentage of cells
containing dex+ macropinosomes were quantified. (B) Myosin IIB knockdown cells (IIB1
KD and IIB2 KD) show a significant decrease in dex+ cells whereas myosin IIA-knockdown
cells (IIA1 KD and IIA2 KD) show a significant increase in dextran uptake. (C) Horseradish
peroxidase (HRP) was also used to measure macropinosome formation in the cells
transfected with CTL, or IIA1 or IIB1 or co-transfected with both IIA1 and IIB1. Data were
normalized to the level of HRP uptake of the unstimulated control cells included in each
experiment. HRP uptake was significantly increased in IIA1 KD cells but reduced in IIB1
KD or IIA1/IIB1 double knockdown cells. Scale bar=10 μm; scale bar in inset=1 μm.
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Figure 5.
Comparison of macropocytosis induced by PMA and IGF-1 in Neuro-2a cells. A.
Macropinocytosis was induced by PMA or IGF-1 as shown by 2 minute-dextran labeling.
Note that the PMA-induced macropinosomes are located more in the neurites or processes
whereas the IGF-1-induced macropinosomes are located in the membrane ruffles close to
the cell body. The role of PI3K in macropinocytosis was analyzed by pretreatment with a
PI3K inhibitor LY294002 for 30 minutes, prior to addition of IGF-1 or PMA. B. Percentages
of dex+ cells induced by PMA or IGF-1 were quantified, in the presence of vehicle control,
50 μM LY294002, 10 μM PAK-1 inhibitor (IPA-3), or 100μM EIPA. Note that IPA-3 and
EIPA inhibited both PMA and IGF-1-induced macropinocytosis whereas LY294002
inhibited only IGF-1-induced macropinocytosis.
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Figure 6.
Knock-down of myosin IIA and IIB showed opposite effects on macropinocytosis induced
by IGF-1. (A) IGF-1 rapidly induced macropinocytosis in the Neuro-2a cells, more around
the cell bodies than on the neurites. Myosin IIB appeared to localize in the areas of
membrane ruffles whereas myosin IIA was more concentrated around the nucleus and
neurites. (B) HRP uptake was performed on the cells transfected with CTL, IIA1, IIB1 or
cotransfected with IIA1 and IIB1 siRNAs. IIB1 KD as well as IIA1+IIB1 KD cells showed
diminished HRP uptake. In contrast, IIA1 KD cells exhibited a significant increase in HRP
uptake. Scale bar=10 μm; 4× magnification shown in inset.
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Figure 7.
Membrane ruffles were analyzed in the myosin II isoform knock-down cells in response to
PMA or IGF-1. (A) Neuro-2a cells transfected with CTL, IIA KD or IIB KD were treated
with either PMA for 3 minutes or IGF-1 for 2 minutes. Cells were rinsed, fixed and stained
for actin filaments with Cy3-conjugated Phalloidin. PMA-induced membrane ruffles were
predominantly localized on neurites/processes, whereas IGF-1-induced membrane ruffles
were found around cell bodies. (B) Percentages of cells transfected with CTL, IIA KD or IIB
KD were scored based on the presence of membrane ruffles on neurites/processes or cell
bodies, in response to PMA or IGF-1. Note that IIA KD cells exhibited an increase in
membrane ruffles. In contrast, IIB KD cells showed a decrease in membrane ruffles.
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