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Negative Guidance Factor-Induced Macropinocytosis in the
Growth Cone Plays a Critical Role in Repulsive Axon Turning
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Macropinocytosis is a type of poorly characterized fluid-phase endocytosis that results in formation of relatively large vesicles. We report
that Sonic hedgehog (Shh) protein induces macropinocytosis in the axons through activation of a noncanonical signaling pathway,
including Rho GTPase and nonmuscle myosin II. Macropinocytosis induced by Shh is independent of clathrin-mediated endocytosis but
dependent on dynamin, myosin I, and Rho GTPase activities. Inhibitors of macropinocytosis also abolished the negative effects of Shh on
axonal growth, including growth cone collapse and chemorepulsive axon turning but not turning per se. Conversely, activation of myosin
II or treatment of phorbol ester induces macropinocytosis in the axons and elicits growth cone collapse and repulsive axon turning.
Furthermore, macropinocytosis is also induced by ephrin-A2, and inhibition of dynamin abolished repulsive axon turning induced by
ephrin-A2. Macropinocytosis can be induced ex vivo by high Shh, correlating with axon retraction. These results demonstrate that
macropinocytosis-mediated membrane trafficking is an important cellular mechanism involved in axon chemorepulsion induced by

negative guidance factors.

Introduction

Macropinocytosis is a type of fluid-phase endocytosis character-
ized by its independence of clathrin and formation of relatively
large-sized vesicles, with diameters ranging from 0.2 to 1 wm
(Swanson and Watts, 1995; Conner and Schmid, 2003; Porat-
Shliom et al., 2008). Generally poorly characterized with few spe-
cific markers, macropinocytosis has been shown to be important
for fluid and nutrient uptake in Dictyostellium (Maniak, 2001)
and immune surveillance in dendritic cells (Nobes and Marsh,
2000). In other types of cells, macropinocytosis occurs at a low
spontaneous rate but is rapidly induced in response to growth
factors. The function of macropinocytosis in the cells outside of
the immune system remains elusive.

In response to growth factor stimulation, membrane ruffles
are generated through localized actin filament assembly, which
can subsequently close into macropinosomes (Swanson, 2008).
In macrophages, nonmuscle myosin II-based contractile activity
has been shown to be required to curve ruffles into macropino-
somes (Araki et al., 2003). Dynamin is a large GTPase involved in
budding and scission of nascent vesicles from membranes.
Decreasing dynamin 2 activity by expressing a dominant-
negative construct or small interfering RNA transfection has
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been shown to inhibit macropinocytosis (Schlunck et al.,
2004; Cao et al., 2007).

Many diffusible protein factors have been identified that
exert positive or negative effects on axon growth and guidance
(Tessier-Lavigne and Goodman, 1996; Flanagan and Vanderhae-
ghen, 1998; Song and Poo, 1999). When applied asymmetrically
to the growth cones, negative guidance factors induce chemore-
pulsive turning to steer axons away from the factor. When added
in bath, negative guidance molecules cause rapid collapse of
growth cones characterized by a loss of lamellipodia and filopo-
dia, followed by axon retraction (Luo and O’Leary, 2005). In
contrast, positive guidance factors induce attractive turning and
stimulate axon growth. However, molecular and cellular mecha-
nisms underlying the effects of guidance factors are still fragmen-
tary. In response to soluble repellents such as Sema3A and
ephrin-A2, a significant increase in dextran-accumulating mac-
ropinosomes has been reported (Fournier et al., 2000; Jurney et
al., 2002). However, the dextran-positive (dex *) macropinocytic
vesicles in the axons remain poorly characterized, and their func-
tion has not been clearly demonstrated. Interestingly, an increase
in dextran uptake has also been reported in dystrophic growth
cones of dorsal root ganglion neurons in vitro and adult nerve
endings after spinal cord injury (Tom et al., 2004).

We showed previously that the Sonic hedgehog (Shh) protein
has concentration-dependent effects on the growth of retinal
ganglion cell (RGC) axons, acting as a positive factor at lower
concentrations and a negative factor at higher concentrations
(Kolpak et al., 2005). Shh regulates axonal growth in a rapid,
transcription-independent manner that requires the activity of its
seven transmembrane coreceptor, Smoothened (Smo) (Trousse et
al., 2001; Charron et al., 2003; Kolpak et al., 2005). However, the
signaling mechanisms underlying the effects of Shh on RGC ax-
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onal growth remain unclear. Here, we show that high concentra-
tion of Shh (high Shh) activates Rho GTPase and nonmuscle
myosin II and induces macropinocytosis in the growth cones
of RGC axons. We provide evidence that macropinocytosis-
mediated membrane trafficking is essential for chemorepulsion
induced by negative guidance factors.

Materials and Methods

RGC axon culture and time-lapse microscopy. For RGC axon cultures,
embryonic day 6 (E6) chick retinas were dissected, mounted on nitrocel-
lulose filters, and cut into 300-wm-wide strips. Retinal strips were then
mounted vitreal side down on glass coverslips. Glass coverslips were
coated with 20 ug/ml poly-p-lysine (Sigma), followed by coating with
1.5-10 pg/ml laminin (BD Biosciences and Invitrogen) to achieve con-
sistent axonal growth patterns and dextran uptake. The retinal explants
were cultured for 19-22 h in F-12 media containing 0.4% methyl cellu-
lose (Sigma) and penicillin/streptomycin.

Time-lapse experiments were performed on a Carl Zeiss Axiovert 200
microscope with a 10X Plan Neofluar objective. RGC axon cultures were
maintained in culture media on a heated microscope stage. Growth cone
collapse was scored by a loss of lamellipodia and filopodia to less than
three per axon. Three to five independent sets of experiments were per-
formed to determine the rate of growth cone collapse. Ex vivo time-lapse
microscopy was performed essentially as described previously (Brittis et
al., 1995). E6 retina was whole mounted on nitrocellulose filters and
incubated with Dil crystals for 2 h at 37°C in DMEM-F-12 media with
10% FBS. Time-lapse microscopy was performed on a heated micro-
scope stage, and filming started immediately after addition of vehicle
control or 4.0 wg/ml Shh.

Retinal dissociation and transferrin uptake. E6 chick retina was har-
vested and incubated in trypsin—-EDTA for 8 min at 37°C. Trypsinization
was stopped by adding 10% FBS in DMEM, and cells were collected by
centrifugation at 1200 rpm for 5 min. The dissociated retinal cells were
cultured on poly-D-lysine and laminin-coated coverslips in F-12—0.4%
methylcellulose media overnight. The next day, cells were pretreated with
vehicle control or 10 uM monodansyl cadaverine (MDC) for 15 min
before addition of 20 wg/ml FITC-conjugated transferrin for 5 min at
37°C. Cells were washed twice with ice-cold PBS and fixed with 4%
paraformaldehyde.

Dextran internalization. A total of 2.5 mg/ml 10,000 FITC-dextran
(Invitrogen) was added to RGC axon cultures. Recombinant mouse
Shh-N protein (R & D systems) was used at 2.5-3.5 pug/ml as a high
concentration or 0.5 pg/ml as a low concentration. Slit2-conditioned
supernatant was prepared by transfection of human embryonic kidney
HEK 293T cells with an expression construct encoding the human Slit2
protein (gift from Dr. Yi Rao and Dr. Jane Wu). Supernatant was used
straight without dilution. Cyclopamine at 2.5 um (Toronto Research
Chemicals) was added 30 min before dextran addition. The effects of cy-
tochalasin D (Sigma), jasplakinolide (Invitrogen), dynasore (Tocris Bio-
science), myristoylated dynamin inhibitory peptide (Tocris Bioscience),
blebbistatin (Toronto Research Chemicals), C3 transferase (Cytoskele-
ton), LY294002 [2-(4-morpholinyl)-8-phenyl-1(4 H)-benzopyran-4-one]
(Calbiochem), chlorpromazine (Sigma), and MDC (Sigma) on dextran
uptake were assayed by pretreating the RGC axons with 80 um dynasore
for 3 min, 10 um MDC, 40 nm jasplakinolide, 100 uMm blebbistatin, or 10
uM cytochalasin D for 5 min, 1 ug/ml C3 transferase for 2 h, 25 um
LY294002 for 30 min, and 50 um myristoylated dynamin inhibitory pep-
tide or 20 ug/ml chlorpromazine for 45 min, before addition of dextran
for an additional 2 min at 37°C.

After labeling, axons were washed and fixed in 4% paraformaldehyde.
Fluorescence and differential interference contrast (DIC) images were
acquired using a 63X Plan Apochromat objective on an inverted Carl
Zeiss Axiovert 200 microscope. The percentage of dex ™ axons was scored
from ~100 randomly chosen RGC axons for each sample, and a total of
three to five sets of independent experiments were performed. Only the
axons that could be clearly identified were scored. In the case that the ax-
ons were tangled, the whole group was excluded from the data. The
dextran-positive signals were verified with the DIC image to confirm that
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they were in the reverse shadow-cast or protrusive vesicles. Some key data
presented in this manuscript have been independently verified by differ-
ent investigators. Control experiments were performed in parallel of all
the experiments for normalization of the data and to ensure consistency
of the results.

Immunofluorescence staining. RGC axons were fixed with 4% parafor-
maldehyde for 20 min and then blocked with 10% calf serum and 0.1%
Triton X-100 in PBS. Primary antibodies used were as follows: anti-
clathrin heavy chain (Transduction Labs), anti-Smo (MBL Interna-
tional), anti-phospho-myosin light chain (Abcam), anti-hemagglutinin
(HA) (Roche), anti-myosin IIA (Covance), anti-myosin IIB (Develop-
mental Studies Hybridoma Bank), and anti-Shh and anti-Rab34 (Santa
Cruz Biotechnology). Antibody staining of the dextran-labeled samples
was performed by fixation with 4% paraformaldehyde for 2 h, followed
by permeabilization with 0.01% Triton X-100 for 1 min or 10 min with
methanol at —20°C. Incubation with primary and secondary antibodies
was performed as usual. For staining dextran-labeled axons with Alexa
594-conjugated phalloidin, retinal cultures were fixed with 4% parafor-
maldehyde for 2 h, permeabilized with 0.01% Triton X-100 for 1 min,
and then blocked with 1% BSA for 30 min. Alexa 594-conjugated phal-
loidin (Invitrogen) was diluted in PBS (1:100) and incubated for 2 h at
room temperature. Stained samples were analyzed using the Leica TBS
SP2 confocal microscope and software.

Axon turning assay and stripe assay. RGC axons were cultured on glass-
bottom dishes precoated with poly-p-lysine and laminin for 16-20 h.
HEPES buffer was added to the dish before placing onto the stage of a
microscope (Olympus U-TB190) enclosed in a 37°C heated chamber. A
custom software was generated to control the picospritzer to apply pos-
itive pressure to the pipette at a frequency of 2 Hz and a pulse duration of
2 ms. A micromanipulator was used to position the pipette at an angle of
45° from the initial direction of axonal extension. The pipette tip was
positioned at ~150 pwm distance from the growth cone, and time-lapse
movies were produced to record the movement of the growth cone for 30
min. Vehicle control or 3.5 pug/ml Shh protein was loaded in the capillary
pipette as control or high Shh, respectively. Before the application of
protein from micropipette, axons were pretreated by addition of the
following inhibitors to the media: 100 um blebbistatin for 5 min, 80 um
dynasore for 5 min, 10 um MDC for 5 min, and C3 transferase for 30 min.

Data were analyzed similarly as published previously (Lohof et al.,
1992; Zheng et al., 1994, 1996). The positions of the growth cone centers
were marked throughout the time course of the gradient application.
Only axons that extended >5 pm in the period of 20 min were included
in the analysis. The turning angle o ® was determined as the angle of the
original direction of axon extension and a line connecting the positions
of growth cones at the beginning and the end of gradient application. The
lengths of axon extension were calculated by the neurite lengths at the
end time point (L,) subtracting the length at the beginning (L) and
converted to micrometers based on the scale bar.

FM1-43 [N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl)
pyridinium dibromide] labeling was performed by adding the dye at the
concentration of 2.5 um to the RGC axon culture. High Shh (3.5 ug/ml)
was provided from one side of the growth cones through a micropipette
controlled by picospritzer. Fluorescent images of FM1-43 dye were re-
corded using a 60X objective lens at a frequency of 5 s/frame and for a
duration of 10 min. Growth cones were divided into two halves at the
midlines of the last 20 um segment of the axon, one half facing the
micropipette and the other half facing away. Vesicles larger than 0.2 um
diameter formed in the two halves during the 10 min of high Shh appli-
cation were scored.

Transfection of dominant-negative dynamin constructs (American
Type Culture Collection) was performed by electroporation of retinal
explants using a square-wave electroporator CUY-21 (Nepa Gene Com-
pany), before setting up stripe cultures. Retinal tissues were submerged
in 0.1 mg/ml DNA solution, and three pulses of 50 ms duration each at 10
V were applied. Stripe assay was performed similarly as in our previous
study (Kolpak et al., 2005).

Western blot. E6 retina were harvested, starved for 15-30 min, and then
treated with 0.1% BSA or 3.0 ug/ml Shh for 2 min. Retina were washed
twice with ice-cold PBS and lysed, and then Western blots were per-
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formed. Rho and Rac activity were assayed using A
the Rho and Rac activation Kkits, respectively, ac-
cording to the instructions of the manufacturer
(Upstate). For phospho-myosin light chain ex-
periments, retina were lysed and blotted with
phosphor-myosin light chain (1:5000; Abcam)
or a-tubulin (1:1000; Sigma) primary anti-
bodies, followed by peroxidase-conjugated
secondary antibodies (1:10,000; Jackson Im-
munoResearch). Western blots were devel-
oped using ECL detection reagents (Pierce).

Statistical analysis. All data are expressed as
mean = SEM. Statistical analyses were per-
formed using the ANOVA test for comparison
of multiple samples, followed by Student’s ¢
test to compare individual samples with the
control. p values <0.05 were considered to be
statistically significant.

Vehicle

The RGC axons were labeled for 15 min
with a macropinocytosis marker, FITC-
dextran. Dextran labeling was found in
endocytic vesicles in a subset of untreated
or control vehicle-treated axons (Fig. 1 A).
Most of the vesicles appeared round (0.2—
1.0 wm diameter), whereas some ap-
peared as elongated tubules (2-5 pum

I
Results 7]
High concentration of Shh induces e
macropinocytosis K=l
I

vy)
N
(3]

)

Kolpak et al. @ Macropinocytosis in Repulsive Axon Turning

FITC-dextran

N
1

long) (data not shown). These dex ™ vesi-
cles corresponded to visible structures in
DIC microscopy images mostly as “reverse
shadow-cast” vesicles and occasionally as
“protrusive” vesicles in the axonal growth
cones and shafts (Fig. 1A), similar to that
reported previously (Fournier et al., 2000).
Incubation of FITC—dextran with a
negative factor, a high concentration of
Shh (2.5 pg/ml) (Kolpak et al., 2005), for
15 min significantly increased the per-
centage of dex™ axons (70.7 * 3.1%,
mean + SEM) compared with the vehicle
control (46.0 = 1.2%; p < 0.001) (Fig.
1A, B). The number of vesicles per axon
also appeared increased by a high concen-
tration of Shh. The growth cones of the
dex™ axons in the Shh-treated samples
were essentially collapsed, defined by a
loss of lamellipodia and a decrease of the
number of filopodia to fewer than three
per axon. A total of 72.8 = 2.1% of the
dex™ axons showed collapsed growth
cones (n = 169 axons). Another negative guidance factor to the RGC
axons, Slit2, caused a similar increase in dextran labeling correlating
with growth cone collapse (Fig. 1 B, and data not shown). Cyclopam-
ine, a specific inhibitor of Shh signaling (Chen et al., 2002), abolished
the effects of high concentrations of Shh on dextran labeling (Fig. 1B),
suggesting that this effect is specific to the Shh signaling pathway.

-
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Figure1.

The dex * vesicles are independent of clathrin and mostly
unassociated with Shh or Smoothened proteins

By 2 min pulse labeling instead of 15 min labeling of dextran,
most of the dex ™ vesicles were found to localize to the growth
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A high concentration of Shhincreases dextran * vesicles in RGC axons. A, RGC axons were labeled with FITC— dextran
for 15 min, with vehicle control, high Shh, or Slit2. The dex ™ vesicles correspond to visible structures in DIC images, including
reverse shadow-cast vesicles (arrow, inset), or protrusive vesicles (arrowhead). The insets are a twofold enlargement of the
images. Scale bar, 5 um. B, The percentages of dextran-positive axons were quantified and normalized to control. An inhibitor of
Shh signaling, cyclopamine (cyc), abolished the effects of high concentrations of Shh on dextran labeling. **p << 0.01, ***p <
0.001, Student’s ¢ test. Numbers in parentheses indicate the total number of axons scored.

cones (87.2 = 0.7%) (supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material). A 15 min chase in the
culture media resulted in a shift of localization of the dex ™ vesi-
cles to the shaft (38.6 = 1.9% in the growth cones), suggesting
that dextran uptake occurs rapidly and predominantly in the
growth cone and that some of the dex ™ vesicles are transported
retrogradely toward the cell body. A similar increase in dextran
uptake by high Shh using 2 min pulse labeling was also observed,
confirming that high Shh increases dextran uptake (see Figs. 4C,
6C) (supplemental Fig. 1B,C, available at www.jneurosci.org as
supplemental material). The 2 min pulse labeling was used for all
subsequent experiments to allow characterization of nascent ves-
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Figure2. Thedex " vesicles are independent of clathrin. A, RGC axons were labeled with dextran, followed by staining with an
anti-clathrin heavy chain antibody. Clathrin-positive puncta appeared excluded from the dex ™ vesicles. B, Aninhibitor to clathrin-
mediated endocytosis, MDC, inhibited transferrin uptake in the cultured retinal cells via clathrin-dependent vesicles. ¢, MDC did not
inhibit dextran uptake induced by high Shh or in the basal condition. Another inhibitor of clathrin-mediated endocytosis, chlor-

promazine, also did not inhibit dextran uptake.

icles as confirmed by the absence of the early endosome marker
EEA-1 (data not shown) rather than vesicles downstream in the
pathway.

The average diameter of the dex  vesicles was measured to be
~0.4 pm, which is in the range for macropinosomes and sub-
stantially larger than the 0.1 um average diameter of clathrin-
coated vesicles. Macropinosomes are poorly characterized
endocytic vesicles and have few definitive markers. Antibody
staining of clathrin heavy chain did not appear to associate with
the dex ™ vesicles (Fig. 2A). An inhibitor of clathrin-mediated
endocytosis, MDC (Ray and Samanta, 1996; Piper et al., 2006),
inhibited transferrin uptake via clathrin-mediated vesicles but
did not affect dextran uptake in either the untreated control or
high concentration of Shh-treated samples (Fig. 2B, C). Similarly,
another inhibitor to clathrin-mediated endocytosis, chlorproma-
zine, did not inhibit dextran uptake in the RGC axons (Fig. 2C),
suggesting that the dex " vesicles are independent of clathrin.

The distributions of Shh and the coreceptor Smo proteins
were compared with the dex * vesicles. RGC cultures treated with
high concentration of Shh and FITC-dextran for 5 min were
stained by an anti-Shh antibody. The dex ™ vesicles did not ap-
pear to associate closely with the Shh protein (supplemental Fig.
2A, available at www.jneurosci.org as supplemental material),
neither was Smo concentrated on the dex * vesicles (supplemen-
tal Fig. 2 B, available at www.jneurosci.org as supplemental ma-
terial) in the presence or absence of Shh. These results suggest
that the dex * vesicles are not the main vesicles to mediate traf-
ficking of the Shh or Smo proteins.

Dynamic filamentous actin and nonmuscle myosin II activity
are required for macropinocytosis in the axons

To characterize the macropinocytosis in the axons, we exam-
ined the regulators known to affect macropinocytosis in non-
neuronal cells. Filamentous actin (F-actin) has been shown to
transiently surround macropinosomes in Dictyostellium (Lee and
Knecht, 2002), and F-actin assembly is required for membrane
ruffles and macropinocytosis (Swanson, 2008). In control RGC
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cultures, a majority of the F-actin was or-
ganized in filopodia and lamellipodia in
the growth cones (supplemental Fig. 3,
available at www.jneurosci.org as supple-
mental material). High Shh caused a rapid
reorganization of the actin cytoskeleton,
with increasing amounts of F-actin sur-
rounding the reverse shadow-cast dex™
vesicles (Fig. 3A) (supplemental Fig. 3,
available at www.jneurosci.org as supple-
mental material). Disassembly of actin fil-
aments by cytochalasin D or latrunculin,
or inhibition of F-actin dynamics by jas-
plakinolide, significantly reduced dextran
uptake compared with the vehicle control
(Fig. 3C, and data not shown).

In macrophages, an inhibitor to myo-
sin light chain kinase, ML-7, was used to
show that inhibition of myosin II attenu-
ated macropinocytosis (Araki et al,
2003). By immunofluorescent staining,
myosin IIA was shown to localize through-
out the RGC axons, whereas myosin IIB
was concentrated in the growth cones,
particularly around some dex™ vesicles
(Fig. 3B). A specific inhibitor to myosin II,
blebbistatin, effectively inhibited dextran uptake in both the
control and high Shh-treated samples (Fig. 3C). In non-
neuronal cells, macropinocytosis has been shown to require the
activity of phosphoinositide 3-kinase (PI3K) (Amyere et al.,
2002). However, inhibition of PI3K activity using the pharma-
cological inhibitors LY294002 or wortmannin did not affect
dextran uptake in RGC axons induced by high Shh or under
control conditions (Fig. 3C). These results suggest that macropi-
nocytosis in the axons share common characteristics with mac-
ropinocytosis in non-neuronal cells but also have distinct
features.

Inhibitors to macropinocytosis inhibits growth cone collapse
induced by high concentration of Shh

The negative effect of high Shh on RGC axon growth was further
characterized by time-lapse microscopy. As shown in Figure 4A
and supplemental Video 1 (available at www.jneurosci.org as
supplemental material), high Shh caused rapid growth cone col-
lapse in the RGC axon culture, followed by axon retraction. To
determine whether Shh-induced macropinocytosis plays a role in
these negative effects on axonal growth, various inhibitors
were tested for their effects on growth cone morphology by
using time-lapse microscopy. Cytochalasin D collapsed nearly
all the growth cones but inhibited axon retraction with or
without the presence of high Shh (data not shown), whereas
jasplakinolide inhibited growth cone collapse but caused the
axon core domain to retract (supplemental Fig. 4 A, available
at www.jneurosci.org as supplemental material). Actin dy-
namics is thus important for growth cone collapse, precluding
the use of these reagents in the experiments of high Shh-
induced growth cone collapse.

Treatment of the RGC axons with the inhibitor of nonmuscle
myosin II, blebbistatin, did not cause visible growth cone abnor-
mality when added alone but completely abolished high Shh-
induced growth cone collapse and axon retraction (Fig. 44, B). In
contrast, inhibitors of clathrin-mediated endocytosis (MDC) or
PI3K (LY294002) did not have significant effect on growth cone
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collapse or axon retraction induced by A
high Shh or in the control condition (Fig.
4B). The effects of these inhibitors on
growth cone collapse appear to correlate
well with their effects on dextran uptake in
the RGC axons.

Myosin II activity requires phos-
phorylation of regulatory myosin light
chain, which is subject to regulation by
myosin light chain kinase, Rho kinase, and
myosin light chain phosphatase (Mat-
sumura, 2005). To determine whether high
concentration of Shh increases the activity
of nonmuscle myosin II, we examined the
level of phosphorylated myosin II light
chain by Western blot and immunofluores-
centstaining. As shown in Figure 4, Cand D,
2 min treatment of high concentration of
Shh significantly increased the level of
phosphorylated myosin II light chain in
the growth cone compared with vehicle
control. The mean fluorescent intensity of
the staining in high Shh-treated samples
was measured at 18.2 = 0.6 arbitrary units
(n = 80 axons) versus 12.1 * 0.7 in
vehicle-treated samples (n = 60 axons).
By using the RBD domain of Rhotekin in
pull-down experiments, 5 min treatment
of high Shh was found to markedly in-
crease the level of Rho GTPase but not Rac
GTPase activity (Fig. 4C). To confirm the
involvement of Rho GTPase in high
Shh-mediated axon growth effects, Rho
GTPase activity was inhibited by a
membrane-permeable C3 transferase. C3
transferase abolished the increase of dex-
tran uptake (Fig. 3C), as well as growth
cone collapse and axon retraction induced
by high concentration of Shh (Fig. 4A, B,
and data not shown). These results dem-
onstrate that high Shh activates a nonca-
nonical pathway, including Rho GTPase
and nonmuscle myosin II, leading to in-
creased macropinocytosis, growth cone
collapse, and axon retraction.
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Inhibition of dynamin activity
decreases dextran uptake and growth
cone collapse

To further characterize the role of mac-
ropinocytosis in the negative effects of
high concentration of Shh on RGC axons,
we analyzed whether dynamin is required
for macropinocytosis in the axons. Dynamin is a large GTPase
involved in scission of budding vesicles from the plasma mem-
brane and has been shown to be essential for various types of
endocytosis (Praefcke and McMahon, 2004). Two different
membrane-permeable dynamin inhibitors were used to rapidly in-
hibit dynamin function. Dynasore, a specific noncompetitive
inhibitor of dynamin 1 and 2 (Macia et al., 2006), and a myris-
toylated dynamin inhibitory peptide, a competitive inhibitor that
prevents association of dynamin and amphiphysin (Wigge et al.,
1997), were added to the axons, and dextran uptake experiments
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Characterization of the dex ™ vesicles in RGC axons. A, RGC axons labeled with high Shh and dextran for 5 min were
stained with phalloidin. By confocal microscopy analysis, some dex * vesicles appeared surrounded by actin filaments (arrow-
heads). B, RGC axons labeled by dextran in the presence of high Shh were subsequently stained by antibodies specific to myosin lI1A
and I1B heavy chains. €, RGC axons were pretreated with vehicle control, cytochalasin D (CD), jasplakinolide (Jasp), blebbstatin
(Blebb), or LY294002, wortmannin, or (3 transferase before incubation with dextran for 2 min in the presence or absence of high
Shh. The percentages of dextran-positive axons were quantified and normalized to the controls. Data are represented as mean =+
SEM. **p << 0.01, Student’s ¢ test. Numbers in parentheses indicate the total number of axons scored.

were performed. Both dynasore and dynamin inhibitory peptide
significantly decreased the basal level and high Shh-induced dextran
uptake (Fig. 5C), suggesting that macropinocytosis in RGC axons
requires the function of dynamin.

Time-lapse microscopy was also performed on axons pre-
treated with dynasore or dynamin inhibitory peptide to assess
growth cone collapse and axon retraction under control and high
Shh-treated conditions. Treatment with dynasore did not alter
growth cone morphology within 10 min compared with control
axons but reduced axonal growth rate after a longer period of
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Figure 4. A, Time-lapse microscopy was performed to analyze growth cone collapse in the presence of vehicle control, high Shh or high Shh with blebbistatin, or (3 transferase. Note that
blebbistatin and (3 transferase inhibited growth cone collapse in response to high Shh. B, Percentages of growth cone collapse in the presence of various inhibitors were scored. Growth cone collapse
was defined as loss of lamellipodia and reduction of filopodia number to less than three per axon. Data are represented as mean == SEM. **p << 0.01, Student’s t test. Numbers in parentheses indicate
the total number of axons scored. €, To analyze the Rho or Rac GTPases activities, cell extracts from the retinal tissues treated with vehicle control or high concentration of Shh for 2 min were
immunoprecipitated by RBD domain of Rhotekin or PBD domain of Pak and blotted by anti-Rho or anti-Rac antibodies, respectively. Cell extracts treated with control (CTL) or high Shh for 2 min were
also analyzed by Western blot using anti-phospho-myosin light chain antibody. D, Immunofluorescent staining using anti-phospho-myosin light chain antibody was performed in RGC axonal

cultures. Insets represent 2 X magnification of the images.

incubation. In untreated control cultures, addition of high Shh
led to rapid growth cone collapse in 71.1 * 3.6% of axons within
5 min, followed by axon retraction (Fig. 5D) (supplemental
Video 1, available at www.jneurosci.org as supplemental mate-
rial). In contrast, treatment of dynasore markedly reduced
growth cone collapse in response to high Shh to the rate of 23.4 =
2.3% of axons (Fig. 5D) (supplemental Fig. 4, available at www.
jneurosci.org as supplemental material), whereas the majority of
the growth cones remained motile with active filopodia and la-
mellipodia (supplemental Video 2, available at www.jneurosci.
org as supplemental material). Axon retraction induced by high
Shh was also abolished by dynasore (supplemental Video 2, avail-
able at www.jneurosci.org as supplemental material). However,
the dynamin-inhibitory peptide itself caused growth cone col-
lapse, precluding the analysis of its effect on growth cone collapse
in response to high Shh. The difference between the two dynamin
inhibitors on growth cone morphology is presently unclear.

Asymmetric macropinocytosis in the growth cone and axon
repulsive turning

Next, we examined whether macropinocytosis is involved in
axon repulsive turning by using an in vitro turning assay, a well
established assay for studying molecular and cellular mechanisms
involved in axon steering and guidance (Zheng et al., 1994, 1996).
As shown in Figure 6A, a high concentration of Shh applied
through a micropipette placed at a 45° angle to the direction of
axon extension elicited repulsive axon turning ~10 min after Shh
application. The average turning angle by high Shh was calculated
to be —27.3° (Fig. 6C). In contrast, vehicle control applied
through a micropipette did not cause directional turning with an
average of turning angle <<5°.

To confirm whether macropinocytosis is induced asymmetri-
cally by high Shh applied through the micropipette, we per-
formed time-lapse microscopy by using the styryl FM1-43 dye,
taking advantage of the fact that FM1-43 is nearly nonfluorescent
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Dynamin is required for dextran uptake and growth cone collapse. A, RGC axons were transfected with constructs expressing GFP or DN dyn2. Note that DN dyn2 appears to surround

some large vesicles in the growth cones (arrows). B, Transfected RGCs were tested for their response to high Shh on stripe assay. Note that the GFP-transfected axons mostly turned away from high
Shh, whereas DN dyn2-transfected axons ignored the boundary between high Shh/BSA. €, RGC axons were pretreated with vehicle control (CTL), dynasore, dynamin inhibitory peptide (Dyn Pep)
before incubation with dextran for 2 min in the presence or absence of high Shh. The percentages of dextran-positive axons were quantified and normalized to the controls. D, Growth cone collapse
was scored, and data are represented as mean == SEM. **p < 0.01, ***p < 0.001, Student's  test. Numbers in parentheses indicate the total number of axons scored.

in solution but brightly fluorescent when partitioned into the
membrane (Brumback et al., 2004). Colabeling of the RGC axons
with FITC-conjugated dextran and FM1-43 showed that FM1-43
brightly labeled macropinosomes, primarily overlapping with the
dex ™ vesicles (supplemental Fig. 5, available at www.jneurosci.org
as supplemental material). Smaller vesicles labeled by FM1-43
were hardly visible, at the level of magnification and exposure
time of the camera. A substantially higher number of large FM1-
43 vesicles were observed to form at the side of the micropipette
delivering high Shh than the opposing side (69.8 * 1.5vs 30.2 =
1.5%; n = 115 vesicles from 10 axons) (Fig. 6 E). Macropinocyto-
sis thus occurred rapidly at the side of the micropipette providing
Shh, before visible axonal turning.

We next determined whether the agents that inhibit mac-
ropinocytosis would inhibit repulsive axon turning induced
by high Shh. Excluding those inducing growth cone collapse by
themselves, inhibitors including dynasore, blebbistatin, and C3
transferase were each added to the culture media, whereas a high
concentration of Shh was applied from the micropipette and ax-
onal growth was recorded for a minimum of 20 min. Remarkably,
dynasore abolished the repulsive turning induced by Shh, yield-
ing an average turning angle of 1.6° (Fig. 6 B—D). Similar inhibi-
tion of directional turning was observed by blebbistatin and C3
transferase (mean turning angles of 2.2° and —0.8°, respec-
tively). Axons were able to turn in the presence of inhibitors, thus
turning per se was not inhibited (Fig. 6 B-D). Except dynasore,
other inhibitors did not appear to significantly affect the lengths
of axon extension. Correlating with their lack of effect on mac-
ropinocytosis, PI3K inhibitor (LY294002) and the inhibitor of
clathrin-mediated endocytosis (MDC) did not affect repulsive
turning induced by high Shh (Fig. 6 B-D).

To confirm that dynamin-mediated macropinocytosis is crit-
ical for repulsive turning of RGC axons in response to a high
concentration of Shh, we transfected constructs encoding the
HA-tagged dominant-negative (DN) forms of dynamin 1 and
dynamin 2 (dynl K44A and dyn2 K44A) into RGCs (van der
Bliek et al., 1993; Sontag et al., 1994). Few axons were found to be

positive for DN dynl. In DN dyn2-transfected RGC axons, DN
dyn2 appeared to concentrate around some large vesicles in
the growth cones (Fig. 5A). Because of technical difficulties,
we performed stripe assay instead of turning assay on the
transfected axons. After transfection by electroporation, reti-
nal tissues were cultured on glass coverslips coated with alter-
nating stripes of high Shh and BSA. As shown in Figure 5B,
90.9% green fluorescent protein (GFP)-transfected axons
turned away from high Shh-coated stripes (10 of 11 axons), in
contrast to only 34.6% of DN dyn2-transfected axons (n = 26
axons). This result confirms that dynamin-mediated macropi-
nocytosis is required for the negative guidance effect induced
by high Shh.

Activation of myosin II or phorbol myristate acetate
treatment increases macropinocytosis and elicits negative
effects on axons

Calyculin A at low concentrations has been shown to specifically
inhibit myosin light chain phosphatase (Gupton and Waterman-
Storer, 2006), thus enhancing myosin II activity. Treatment of a
low concentration of calyculin A significantly increased dextran
uptake in the RGC axons (Fig. 7A), supporting that myosin II
activity is important for macropinocytosis in the RGC axons.
Consistent with the notion that macropinocytosis is critical for
the effects induced by negative guidance factors, calyculin A in-
duced growth cone collapse when applied in bath (79.0 = 3.6%;
n = 115 axons) and repulsive axon turning in turning assay (Fig.
7B). Similarly as in macrophages and dorsal root ganglion axons
(Swanson, 1989; Fournier et al., 2000), phorbol myristate acetate
(PMA) also increased macropinocytosis in the RGC axons (Fig.
7A). Accordingly, PMA caused a significant increase in growth
cone collapse when added in bath (86.3 = 5.1%; n = 155 axons)
and induced repulsive turning in the axon turning assay (Fig. 7B).
These results demonstrate that increased macropinocytosis by
calyculin A and PMA correlates with an increase of negative ef-
fects on RGC axons, including growth cone collapse and repul-
sive axon turning.
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We further analyzed whether macropinocytosis is important
for repulsive turning induced by other negative factors. Ephrin-A2
has been shown to be a negative factor to RGC axons derived from
temporal retina and induced macropinocytosis (Nakamoto, 1996;
Jurney et al., 2002). We found that macropinocytosis induced by
ephrin-A2 was also inhibited by coaddition of dynasore (Fig. 7D).
By turning assay, ephrin-A2 caused repulsive turning of temporal
RGC axons with a turning angle of —16.5°. Addition of dynasore
in bath abolished repulsive turning induced by ephrin-A2 (Fig.
7E), suggesting that macropinocytosis-mediated membrane traf-
ficking may play a general role in the negative effects of guidance
factors.

Macropinocytosis is also regulated by positive factors and can
be induced in RGCs ex vivo

The effect of positive factors on macropinocytosis was also ana-
lyzed. We tested the effect by a low concentration of Shh, which
we showed previously as a positive factor (Kolpak et al., 2005).
Low concentration of Shh was added with FITC-dextran for 2 or
15 min, and a significant decrease of dextran uptake was observed
(Fig. 7C). The decrease of macropinocytosis by low concentra-

tion of Shh was abolished by addition of cyclopamine, suggesting
that the effect is specific to the Shh pathway. Because soluble
laminin has been shown to affect axon growth rate and direction
(Cohen et al., 1987; Liesi and Silver, 1988), we tested the effect of
soluble laminin on the growth and dextran uptake of chick RGC
axons. Addition of soluble laminin in the culture induced very
rapid increases in chick RGC axon elongation by time-lapse mi-
croscopy (data not shown) and, consistently, a decrease of dex-
tran uptake (Fig. 7C). We also applied soluble laminin through a
micropipette positioned at a 45° angle to the direction of axon
extension. Unlike the negative factor, high Shh (Fig. 6 E), laminin
significantly decreased macropinocytosis, because very few axons
contained any FM1-43 * vesicles in the presence of laminin (data
not shown). These results indicate that macropinocytosis is in-
duced by negative, not positive, factors in the axons.

Finally, we examined whether RGC axons in ex vivo explants
can internalize dextran in response to high Shh. At E6, the RGC
axons were localized very close to the surface at the ganglion cell
side. Retinas were dissected and flat mounted onto nitrocellulose
filters with the ganglion cell side facing up. FITC—dextran with
vehicle control or high concentration of Shh was incubated with
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A, Percentages of axons undergoing dextran uptake were scored in the presence of vehicle control (CTL), calyculin A (CalA), and PMA. B, Axon turning assays were performed by

providing calyculin A or PMA through a micropipette positioned at 45 ° angle to the direction of axon extension (arrow). ¢, RGC axons were treated with vehicle control or low concentration of Shh
(0.5 eg/ml) for 2 or 15 min in the absence or presence of cyclopamine (cyc). Percentages of axons positive for dextran were scored and normalize to control. Soluble laminin was also tested for its
effect on dextran uptake. Note that both low Shh and laminin (LM) significantly decrease dextran uptake in the RGCaxons. D, Macropinocytosis is also required for ephrin-A2-induced repulsive axon
turning. Increase of dextran uptake by ephrin-A2 in the RGCaxons is significantly inhibited by coaddition of dynasore ( p <<0.001). E, Turning assay was performed by applying ephrin-A2 through
the micropipette. Note that repulsive axon turning induced by ephrin-A2 was abolished by addition of dynasore in bath. Data are represented as mean = SEM. *p << 0.05, **p << 0.01, Student’s

t test. Numbers in parentheses indicate the total number of axons scored.

the flat-mount retinal tissues for 2 min at 37°C. The tissues were
then washed and fixed. A marked increase of dextran labeling was
observed in the RGC layer in the samples treated with high Shh
compared with those treated with vehicle control (Fig. 8A). To
determine whether the increase in dextran uptake correlates with
a change in RGC axon growth, RGC axons in the living retinal
explants were labeled by Dil following a previously described
procedure (Brittis et al., 1995). The movement of ganglion cell
growth cones was filmed by fluorescence time-lapse microscopy
for 30 min, with the addition of vehicle control or high concen-
tration of Shh in the culture media. Only a small fraction of RGC
axons (2 of 28 axons) retracted in the control cultures, in contrast
to a much higher proportion of axons (14 of 34 axons) retracted
in the high Shh-treated cultures (Fig. 8 B). These results demon-
strate that the negative factor, high Shh, can induce dextran up-
take, which correlates with an increase in axon retraction in the
living retinal explants, similar to the in vitro culture.

Discussion
In this study, we demonstrate that Shh protein induces macropi-
nocytosis in the axons, through activation of a noncanonical sig-
naling pathway. Rho GTPase and nonmuscle myosin II activities
were rapidly increased during the treatment of Shh. Macropino-
cytosis induced by Shh was observed to occur rapidly in the
growth cones and was further characterized as independent of
clathrin and PI3K but dependent on dynamin and myosin II
activities. Inhibitors of macropinocytosis abolished growth cone
collapse and repulsive axon turning induced by high Shh, and
pharmacologically increased macropinocytosis correlated with
growth cone collapse and axon repulsive turning. These results
support that macropinocytosis-mediated membrane trafficking
is essential for chemorepulsive axon guidance.

Although the correlation of macropinocytosis and axon
growth cone collapse has been reported by previous studies
(Fournier et al., 2000; Jurney et al., 2002), our study provides the

first functional evidence that macropinocytosis-mediated mem-
brane trafficking is essential for growth cone collapse and repul-
sive axon turning induced by negative factors. An increase in
dextran uptake has also been reported in dystrophic growth
cones of dorsal root ganglion neurons grown on the proteoglycan
aggrecan in vitro and adult nerve endings after spinal cord injury,
correlating with failure of regeneration (Tom et al., 2004). Al-
though it is not clear whether dextran uptake in the dystrophic
nerve is a cause or effect of axon dystrophy, it is very interesting
that these vesicles can be induced in both the embryonic and
adult axons, under the normal developmental and pathological
conditions.

Membrane retrieval associated with repulsive axon turning
could conceivably be mediated by detachment of plasma mem-
brane rather than endocytosis. However, inhibition of dynamin
function by using a pharmacological inhibitor and expression of
a dominant-negative dynamin construct inhibits repulsive axon
turning, suggesting that endocytosis is required for this process.
Because the inhibitor for clathrin-mediated endocytosis, MDC,
does not have any effect on repulsive axon turning, clathrin-inde-
pendent macropinocytosis is thus the main endocytic mechanism
involved in the process. We show that asymmetric macropino-
cytosis occurs very rapidly (<1 min) after the application of
repulsive guidance cue, minutes before visible axon turning
was observed. The time sequence supports that macropinocyto-
sis is probably a cause rather than an indirect effect of repulsive
axon turning. Because negative guidance factors are known to
induce changes in cytoskeletal dynamics, it is unclear whether
macropinocytosis alone can drive repulsive axon turning. To re-
solve this issue, a much better understanding of the molecular
mechanisms involved in macropinocytosis is necessary. In an
attempt to address this issue, we used PMA and calyculin A, both
of which are not known to be axon guidance factors but could
induce macropinocytosis in the growth cones. Interestingly, both
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PMA and calyculin A caused growth cone collapse and repulsive
axon turning, supporting that macropinocytosis plays a crucial
role in these processes.

Based on its relatively large size and independence of clathrin,
the dex ™ vesicles in RGC axons fall into the definition of mac-
ropinosomes. Our study demonstrated that macropinocytosis in
the axons shares common characteristics with those in non-
neuronal cells but with its own distinct features (Swanson and
Watts, 1995; Swanson, 2008). Macropinocytosis in axons does
not require PI3K, and the dex ™ vesicles were also not positive for
two macropinosome markers reported in some non-neuronal
cells, including Abi-1 and Rab34 (Sun et al., 2003) (data not
shown) (supplemental Fig. 6, available at www.jneurosci.org as
supplemental material). The independence of PI3K is consistent
with the fact that the PI3K pathway generally associates with
positive, not negative, axon growth/guidance pathways (Goold
et al., 1999).

The requirement of dynamin in macropinocytosis in non-
neuronal cells appears to be cell type dependent. In fibroblasts,
dominant-negative dynamin 2 inhibits V12Rac- or PDGEF-
induced macropinocytosis without affecting baseline fluid-
phase uptake (Schlunck et al., 2004). Prolonged inhibition of
either dynamin 1 or dynamin 2 activities, however, induces a
compensatory, dynamin- and clathrin-independent fluid-phase
mechanism (Damke et al., 1995; Altschuler et al., 1998). In the
RGC axons, inhibitors including dynasore and dynamin inhibi-

High Shh

High Shhinduces dextran uptake and axon retraction ex vivo. A, Dextran uptake can occur ex vivo in retinal explants.
Flat-mount retinas were incubated with FITC—dextran and vehicle control (CTL) or high Shh for 2 min. The tissues were then
washed, fixed, and photographed at the RGCside by fluorescence microscopy. Note that treatment with high Shhinduced a marked
increase in dextran uptake. B, RGC axons were labeled by Dil in the explant culture. The movement of RGC axons in the explant
culture was filmed by time-lapse microscopy in the presence of vehicle control or high Shh in the culture media. Note that high Shh
substantially increased the number of axons undergoing retraction compared with the control samples. Scale bars, 10 wm.
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tory peptide inhibited high Shh-induced
macropinocytosis as well as macropinocy-
tosis in the control cultures without the
addition of Shh protein.

Cytochalasin D and dynamin inhibi-
tory peptide inhibit macropinocytosis,
consistent with the notion that actin as-
sembly and dynamin are required for
macropinocytosis. Cytochalasin D and
dynamin inhibitory peptide induce
growth cone collapse, suggesting that
growth cone collapse can be uncoupled
from macropinocytosis under special
conditions. However, there is no evidence
that macropinocytosis can be uncoupled
from repulsive axon turning. Because ac-
tin filaments are essentially the only type
of cytoskeletal elements present in the
filopodia, it is not surprising that depo-
lymerization of actin filaments by cy-
tochalasin D leads to a loss of filopodia,
a characteristic of growth cone collapse.
In contrast, physiological negative axon
guidance factors induce growth cone col-
lapse not through depolymerization but
rather reorganization of actin filaments as
shown by phalloidin staining (Fig. 3A)
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material),
accompanied with an increase in mac-
ropinocytosis. Furthermore, growth cone
collapse induced by negative guidance
factors, but not those induced by cytocha-
lasin D or dynamin inhibitory peptide, is
followed by rapid axon retraction. In fact,
cytochalasin D and dynamin inhibitory
peptide inhibit axon retraction occurring
spontaneously or induced by high Shh (data not shown). There-
fore, macropinocytosis appears also to correlate with axon retrac-
tion induced by negative factors.

Several studies, including our previous study, demonstrate
that Shh regulates axonal growth and guidance in a nonca-
nonical transcription-independent pathway (Trousse et al.,
2001; Charron et al., 2003; Kolpak et al., 2005). However, the
signaling mechanism underlying the effect of Shh remains un-
clear. We demonstrate that Shh at high concentration increases
activities of Rho GTPase and myosin II. In light of the fact that
macropinocytosis is also induced by other negative factors
(Fournier et al., 2000; Jurney et al., 2002) and dynasore can in-
hibit repulsive turning induced by ephrin-A2, macropinocytosis
may play a general role in mediating effects of negative guidance
factors. Because a low concentration of Shh and soluble laminin
decrease macropinocytosis in the axons, macropinocytosis may
be a common pathway regulated by both the positive and nega-
tive factors.

Because of their large sizes, macropinosomes can be effective
in regulating surface protein expression, removing adhesion sites
between the growth cone and the substratum, or change the sur-
face area associated with growth cone collapse, axon retraction,
and chemorepulsion. When myosin II, Rho, and dynamin activ-
ities were inhibited, only the repulsive turning induced by high
Shh was abolished but not the turning per se. It is possible that
spontaneous turning does not require macropinocytosis of the
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same type. Alternatively, exocytosis may contribute to the non-
directional turning in these experiments, as suggested by a recent
report that exocytosis is important for supplying membrane dur-
ing axon growth and attractive axon turning (Tojima et al., 2007).
Interestingly, inhibition of VAMP2-mediated exocytosis was re-
ported to only prevent growth cone attraction but not repulsion
(Tojima et al., 2007), suggesting that growth cone attraction and
repulsion use distinct mechanisms rather than impinging on the
same molecular machinery. We present evidence here that mac-
ropinocytosis in the growth cone is critical for mediating the
effects of negative guidance factors. Therefore, membrane traf-
ficking including endocytosis and exocytosis may emerge as key
processes in directional turning of axons induced by axon guid-
ance cues.
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