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Introduction
One of the most potent neurite growth inhibitors of the adult 
central nervous system (CNS) is the transmembrane protein 
Nogo-A (Schwab, 2004; Cafferty and Strittmatter, 2006; Yiu 
and He, 2006). The suppression of Nogo-A signaling by either 
Nogo-A neutralization, a blockade of the Nogo66 receptor 
(NgR), or inhibition of downstream signaling components such 
as RhoA and RhoA kinase (ROCK) leads to enhanced regener-
ation and nerve fiber growth associated with increased func-
tional recovery in the adult CNS after injury (Schwab, 2004; 
Cafferty and Strittmatter, 2006; Yiu and He, 2006). Besides its 
role in the injured mammalian CNS, Nogo-A acts as a regula-
tor of neuronal growth and plasticity in the intact CNS. For in-
stance, the plasticity of the visual cortex is extended beyond 
the normal postnatal critical period in mice lacking NgR or 
Nogo-A/B (McGee et al., 2005). In the intact adult spinal cord 
and cortex, genetic ablation of Nogo-A resulted in an enhanced 
expression of many proteins involved in neuronal growth and 

cytoskeletal organization in the neurons and growth cones 
(Montani et al., 2009).

Nogo-A is a large membrane protein of 1,163 amino 
acids containing two main inhibitory regions for neurite growth 
(GrandPré et al., 2000; Prinjha et al., 2000; Oertle et al., 2003). 
The 66–amino acid region in the C-terminal domain (Nogo66), 
also common to other Nogo splice variants, i.e., Nogo B and C, 
binds to the Nogo66 receptor NgR (Fournier et al., 2001; Barton 
et al., 2003; He et al., 2003). The Nogo66 signaling complex 
involves NgR, p75/Troy, LINGO-1, and, at least in some types 
of neurons, PirB (Fournier et al., 2001; Wong et al., 2002; Mi 
et al., 2004; Atwal et al., 2008). This signaling complex can also 
be activated by other myelin inhibitory proteins like myelin- 
associated glycoprotein (MAG) and oligodendrocyte myelin 
glycoprotein (OMgp; David and Lacroix, 2003; Filbin, 2003; 
Yiu and He, 2003). However, blocking NgR does not com-
pletely abolish myelin inhibition of neurite outgrowth, which 
suggests the existence of an NgR-independent mechanism (Kim 
et al., 2004). A 181–amino acid region in the central region of 

Nogo-A is one of the most potent myelin- 
associated inhibitors for axonal growth,  
regeneration, and plasticity in the adult cen-

tral nervous system. The Nogo-A–specific fragment 
Nogo20 induces growth cone collapse, and inhib-
its neurite outgrowth and cell spreading by activating 
RhoA. Here, we show that Nogo20 is internalized 
into neuronal cells by a Pincher- and rac-dependent, 
but clathrin- and dynamin-independent, mechanism.  
Pincher-mediated macroendocytosis results in the forma-
tion of Nogo20-containing signalosomes that direct 

RhoA activation and growth cone collapse. In com-
partmentalized chamber cultures, Nogo20 is endo
cytosed into neurites and retrogradely transported to 
the cell bodies of dorsal root ganglion neurons, trig-
gering RhoA activation en route and decreasing phos-
phorylated cAMP response element binding levels in 
cell bodies. Thus, Pincher-dependent macroendocytosis 
leads to the formation of Nogo-A signaling endosomes, 
which act both within growth cones and after retro-
grade transport in the cell body to negatively regulate 
the neuronal growth program.
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vesicles after 15 min (Fig. 1, B and E) and with 57.87 ± 3.99% 
(n = 42 cells) after 30 min (Fig. 1, C and E). The internaliza-
tion of Nogo20 was further characterized by subcellular frac-
tionation. PC12 cells were incubated with 300 nM Nogo20 
for 30 min at 37°C, lysed, and subjected to a 8–40.6% sucrose 
step gradient centrifugation. Nogo20 was detected in the frac-
tions with lower sucrose concentration, F1 (8–25%) and F2 
(25–35%), which contained early endosomes as indicated by 
EEA-1 (Fig. 1 D). In contrast, Nogo20 was absent from the 
nuclear fraction (containing nucleoporin p62 and from fraction 
F3 containing mostly endoplasmic reticulum and Golgi mem-
branes (high sucrose concentration of 35–40.6%; Fig. 1 F).

The fate of the growth inhibitory Nogo-A fragment 
Nogo20 was also studied in hippocampal neurons dissected 
from embryonic day 19 (E19) rats, cultured for 4 d. Incubation 
with 300 nM Nogo20-T7 for 30 min at 37°C resulted in many 
small fluorescent vesicles spread throughout the cytoplasm of 
cell bodies and neurites; many of these vesicles (51.45 ± 3.64%) 
were positive for the early endosomal marker EEA-1 (Fig. 1, 
D and F). These findings show that upon surface binding, 
Nogo-20 is rapidly internalized into neuronal endosomes.

To investigate a possible contribution of the Nogo66 re-
ceptor subunit NgR to the Nogo20 internalization, PC12 cells 
were treated with phosphatidylinositol-specific phospholipase C 
(PI-PLC) to remove glycosyl phosphatidylinositol–anchored 
proteins including NgR from the cell surface (Fournier et al., 
2001), or, alternatively, with the peptide NEP1-40, an NgR antag-
onist (GrandPré et al., 2002). Neither PI-PLC (Fig. S1, A and D) 
nor NEP1-40 (Fig. S1, B and D) treatment affected Nogo20 
internalization. In addition, we also observed Nogo20 inter-
nalization into 3T3 cells, a cell line that does not express NgR 
(Fig. S1, C and D; Fournier et al., 2001; Oertle et al., 2003). 
These data demonstrate that Nogo20 internalization is not de-
pendent on the Nogo66 receptor NgR.

Nogo20 internalization does not follow the 
conventional endocytic routes
To test whether Nogo20-T7 is internalized via one of the clas-
sical endocytic routes mediated by clathrin, caveolin, or choles-
terol, pharmacological inhibitors and dominant-negative (dn) 
constructs were used (Fig. 2 A).

Eps15 is crucial for clathrin-coated pit assembly; over
expression of dn Eps15 blocks clathrin-dependent internalization 
(Benmerah et al., 1998). Transfection of PC12 cells with the dn 
Eps15 E95/295 did not inhibit internalization of Nogo20-
T7 (94.58 ± 5.84 vs. 99.93 ± 7.61 in control, n = 294 vs. 323 
cells; Fig. 2, B and E). In contrast to Nogo20, internalization 
of transferrin, a well-established marker for clathrin-mediated 
uptake (Dautry-Varsat et al., 1983; Hopkins, 1983), was dramat
ically reduced (9.44% ± 2.33 vs. 99.88 ± 5.75% in control, 
n = 279 vs. 216 cells; ***, P < 0.001; Fig. 2, B and E). These 
results show that Eps15-mediated clathrin assembly is not es-
sential for Nogo20-T7 endocytosis.

The small GTPase dynamin II is involved in the forma-
tion of both clathrin-coated and caveolar vesicles (De Camilli 
et al., 1995; Oh et al., 1998; Pelkmans et al., 2002). Surpris-
ingly, the expression of a dn dynamin II mutant, dynaminK44A 

the Nogo-A protein called Nogo20 is Nogo-A specific and is 
highly inhibitory for spreading and outgrowth of neurons and 
fibroblast even in the absence of NgR (Oertle et al., 2003). The 
in vivo application of the monoclonal antibody 11C7, which is 
directed against this region and blocks Nogo20 function, leads 
to enhanced regrowth and regenerative sprouting of spinal axons 
after spinal cord lesion in rats and monkeys (Liebscher et al., 
2005; Freund et al., 2006, 2009). In vitro, Nogo20 induces 
growth cone collapse and activates the small GTPase RhoA 
(Niederöst et al., 2002; Fournier et al., 2003; Oertle et al., 2003). 
However, the molecular mechanisms underlying Nogo20 sig-
naling remain mostly unknown.

Similar to the neutrophic factors, including NGF, brain-
derived neutrophic factor (BDNF), and neutrophin 3 or 4 (NT-3 
and NT-4; Huang and Reichardt, 2001; Campenot and MacInnis, 
2004; Wu et al., 2009), Nogo-A acts locally, at the growth cone. In 
addition, the members of the neutrophin family induce changes in 
gene transcription in the cell body upon retrograde axonal trans-
port (Ginty and Segal, 2002; Howe and Mobley, 2005). Detailed 
analysis of NGF retrograde signaling led to the characterization 
of a so called NGF “signalosome,” a signaling endosome con-
taining endocytosed ligand–receptor complexes and downstream 
effectors (Ginty and Segal, 2002; Campenot and MacInnis, 2004; 
Howe and Mobley, 2005). Up to now, the possible role of endo-
cytic signaling as a mechanism for Nogo-A action, both locally 
and at the level of cell body, has not been investigated.

Here, we show that Nogo20 actions on growth cone col-
lapse require signaling from endosomes that contain activated 
Rho. Internalization of Nogo20 into the signaling endosomes 
is clathrin independent and occurs by Pincher-dependent endo-
cytosis. The subsequent retrograde axonal transport of Nogo20  
in dorsal root ganglion (DRG) neurons results in increased Rho-
GTP and decreased levels of phosphorylated cAMP response 
element binding (pCREB) in the soma.

Results
The Nogo-A active fragment Nogo20 is 
rapidly internalized into neurons
To examine whether the Nogo-A active fragment Nogo20 
is internalized into Nogo-A–responsive cells, PC12 neuron-
like cells were incubated with 300 nM T7-tagged Nogo20 
fragment (Oertle et al., 2003). As control, we used 300 nM 
Nogo21-T7, a Nogo-A fragment without inhibitory activity 
at this concentration (Oertle et al., 2003). First, we incubated 
PC12 cells with Nogo fragments for 1 h at 4°C, a temperature 
that prevents endocytosis and vesicular trafficking. PC12 cells 
immunostained for the T7 tag and analyzed by confocal micros-
copy displayed patchy staining at the cell surface (Fig. 1 A). 
When the PC12 cells were incubated with the Nogo20 frag-
ment for 15 (Fig. 1 B) or 30 min (Fig. 1 C) at 37°C, the tagged 
protein was massively endocytosed in small cytosolic vesicles. 
The control fragment Nogo21-T7 could not be detected, either 
on the cell surface or intracellularly after incubation of PC12 
cells (unpublished data). The early endosomal antigen EEA-1, 
a marker of the early endosome (Mu et al., 1995), colocalized 
with 40.57 ± 2.65% (n = 47 cells) of Nogo20-T7–positive 

http://www.jcb.org/cgi/content/full/jcb.200906089/DC1


273Pincher-mediated Nogo20 endocytosis • Joset et al.

internalization might depend on cholesterol, we pretreated PC12 
cells with nystatin and progesterone. Combined cholesterol de-
pletion by nystatin and inhibition of cholesterol synthesis by pro-
gesterone resulted in a significant inhibition of the uptake of 
cholera toxin  (30.33 ± 5.81% vs. 99.40 ± 5.48 in control,  
n = 478 vs. 366; ***, P < 0.001; Fig. 2, D and E), whereas 
Nogo20-T7 endocytosis remained unaffected (85.32 ± 4.32% 
vs. 99.93 ± 7.61% in control, n = 487 vs. 323; Fig. 2, D and E).

Collectively, these data provide strong evidence that internal-
ization of Nogo20-T7 does not follow the conventional endocytic 

(Fish et al., 2000), in PC12 cells did not affect the internalization 
of Nogo20-T7 (90.12 ± 2.95% vs. 99.93 ± 7.61% in control, 
n = 303 vs. 323 in control; Fig. 2, C and E). The internaliza-
tion of transferrin, however, was almost completely inhibited 
(4.86 ± 1.67% vs. 99.88 ± 5.75% in control, n = 332 vs. 216; 
***, P < 0.001; Fig. 2, C and E).

Internalization via caveolae is cholesterol dependent. The 
cholera toxin  subunit (CTx) has been reported to be predomi-
nantly internalized through the cholesterol-sensitive pathway 
(Kirkham et al., 2005). To test the possibility that Nogo20-T7 

Figure 1.  Surface binding and internalization of Nogo20 in neuronal cells. (A–C) Representative confocal immunofluorescence optical sections of PC12 
cells that were incubated with 300 nM Nogo20-T7 for 1 h at 4°C (A), or for 15 min (B) or 30 min (C) at 37°C. Cells were stained with anti-T7 mAb 
for Nogo20 (green) and with anti–EEA-1 as an early endosomal marker (red), and analyzed by confocal microscopy. Arrows indicate colocalization of 
Nogo20 with EEA-1. Bar, 10 µm. (D) Dissociated hippocampal neurons cultured for 4 d were incubated with 300 nM Nogo20-T7 for 30 min at 37°. 
Nogo20 (green) appears in vesicular structures in the cell body and neurites of the neurons, as indicated with arrowheads. Nogo20-positive vesicles 
colocalize with EEA-1 (red). The inset panel shows an enlarged view of the boxed region. Bar, 10 µm. (E) Quantification of colocalization of Nogo20 
with EEA-1 after indicated time points. Values are given as the mean from three independent experiments ± SEM. (F) Subcellular fractionation of PC12 
cells after internalization of Nogo20-T7 for 30 min at 37°C. Cells were homogenized and centrifuged to separate nuclei (NF, nuclear fraction) from the 
postnuclear supernatant, which was loaded on a 8–40.6% sucrose step gradient to separate different organelles. After centrifugation, different fractions 
F1 (8–25% sucrose), F2 (25–35% sucrose), and F3 (35–40.6% sucrose) were collected and immunoblotted for EEA-1 (top), nucleoporin p62 (middle), and 
Nogo20-T7 (bottom). A representative blot from three experiments is shown.
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Figure 2.  Internalization of Nogo20 occurs independently of Epsin15, dynamin II, and cholesterol. (A) Schematic representation of different endocytotic 
pathways and their blockers. (B and C) PC12 cells were transfected with GFP-tagged Eps15 (95–295) (B, green), or GFP-dynIIK44A (C, green). 24 h 
later, cells were incubated with 300 nM Nogo20-T7 (red) or 100 nM transferrin-biotin (red) for 30 min at 37°C. In Eps15 (95–295) and dynIIK44A-
transfected cells, transferrin uptake was blocked, but uptake of Nogo20 was not. White lines indicate the outlines of GFP-expressing cells. Bars, 10 µm. 
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2002; Oertle et al., 2003). To determine the importance of 
Nogo20 endocytosis for the growth cone collapse, we ex-
amined the growth cone response of hippocampal neurons 
after blocking Nogo20 endocytosis. Dissociated E19 hippo-
campal neurons were infected with recombinant adenoviruses 
containing either HA-Pincher or HA-PincherG68E (Valdez  
et al., 2005). Growth cone collapse was assessed at 4 d  
in vitro (DIV), i.e., 48 h after viral infection by adding 300 nM 
of Nogo20 to the medium for 30 min. The neurons were 
fixed and the morphology of the growth cones was visual
ized by staining for F-actin with phalloidin–Alexa Fluor 488 
(Fig. 4, A and B). The infected neurons were identified by 
visualization of the HA tag (Fig. 4 C). Nogo21 does not 
stimulate growth cone collapse at 300 nM; we thus used this 
fragment as a negative control. Three independent experi-
ments (n = 109 neurons) showed that Nogo20 treatment in
duced collapse of 69.85 ± 2.55% of the growth cones as 
compared with 25.11± 1.59% observed after the Nogo21 
control treatment (Fig. 4 C). A very similar proportion of 
growth cones, 67.23 ± 2.67%, collapsed if Nogo20 was added 
to the neurons overexpressing the Pincher protein (Fig. 4 F).  
In contrast, growth cone collapse induced by Nogo20 was 
fully abolished when PincherG68E was overexpressed. In this 
case, only 27.33 ± 1.79 of the growth cones showed a col-
lapsed morphology (Fig. 4 F). To exclude possible nonspe-
cific effects of PincherG68E, we assessed the growth cone 
collapse response to a well-known collapse-inducing protein, 
semaphorin 3A (Luo et al., 1993; He and Tessier-Lavigne, 
1997; Kolodkin et al., 1997; Tamagnone et al., 1999). More 
than 70% of the growth cones collapsed after the addition  
of semaphorin 3A in Pincher as well as in PincherG68E-
overexpressing hippocampal neurons; there was no signifi-
cant difference (75.48 ± 2.54% and 70.06 ± 1.77%, respectively;  
Fig. 4 I) between the two treatments. These data strongly 
suggest that Pincher-dependent endocytosis is a crucial step 
in the chain of events that induce Nogo20-specific growth 
cone collapse.

In addition to the growth cone collapse assay, we tested 
the importance of Pincher-dependent Nogo20 endocytosis in 
a classical neurite outgrowth assay. Cerebellar granule neurons 
(CGNs) were infected with recombinant adenoviruses contain-
ing HA-PincherG68E for 24 h and plated onto 100 pmol of 
Nogo20-coated culture dishes. The neurons were fixed 24 h  
later, and the neurites were visualized by staining for neuro-
nal microtubules with MAP1B. The infected neurons were 
identified by visualization of the HA tag (Fig. 4, J and K). The 
overexpression of mutant PincherG68E could partially over-
come the inhibitory effect of Nogo20. CGNs overexpressing  
mutant PincherG68E exhibited 30% longer neurites than the 
control neurons without PincherG68E (32.29 ± 5.42% vs. 3.94 ± 
1.69%; Fig. 4 L).

routes. Neither clathrin, caveolin, nor cholesterol were required for 
the internalization of Nogo20-T7 into the PC12 cells.

Nogo20 endocytosis is mediated by 
Pincher-dependent macroendocytosis
The pinocytic chaperon protein Pincher belongs to the family 
of Eps15 homology (EH) domain–containing proteins (EHDs/
RME-1), which have been implicated in clathrin-independent  
endocytosis (Shao et al., 2002; Valdez et al., 2007) and 
recycling from endosomes (Grant et al., 2001; Caplan et al., 
2002). Overexpression of a dn form of Pincher (PincherG68E) 
has been shown to prevent NGF-induced internalization of 
TrkA (Shao et al., 2002). To assess a possible role of Pincher 
for Nogo20-T7 endocytosis, we overexpressed dn HA-
PincherG68E in PC12 cells. In agreement with previous obser-
vations (Shao et al., 2002), HA-PincherG68E was associated 
with the plasma membrane in PC12 cells. Interestingly, the ex-
pression of dn Pincher dramatically reduced the endocytosis of 
Nogo20 (15.31 ± 3.68% vs. 99.46 ± 5.49% in control, n = 
47 cells; ***, P < 0.001; Fig. 3, A and F). Confocal analysis 
revealed that Nogo20-T7 localization remained restricted to 
the plasma membrane and that 73.37 ± 2.91% of Nogo20-T7 
colocalized with PincherG68E (Fig. 3, B and E). In contrast, 
transferrin was internalized and appeared in a punctate pattern 
in the cytoplasm of the PC12 cells, which is consistent with 
previous results showing that PincherG68E does not interfere 
with clathrin-mediated endocytosis (Shao et al., 2002). Accord-
ingly, we observed only 9.74 ± 2.02% of transferrin overlap 
with PincherG68E (Fig. 3, B and E). These results indicate that 
Pincher function is essential for Nogo20 endocytosis.

The small GTPase Rac has been shown to drive the forma-
tion of membrane ruffles during macroendocytosis and thus to be 
required for Pincher-mediated NGF-TrkA internalization (Valdez 
et al., 2007). To test whether Rac is involved in Nogo20 inter-
nalization, we transfected PC12 cells with either wild-type (wt) 
Rac or the dn RacN17. The overexpression of RacN17 signifi-
cantly blocked the internalization of Nogo20 (26.08 ± 4.45% 
vs. 99.46 ± 5.49% in control, n = 47 cells; ***, P < 0.001). As 
shown by confocal microscopy, Nogo20 remained at the plasma 
membrane of PC12 cells expressing RacN17 (Fig. 3, D and F). 
The overexpression of Rac1 had only a minor effect on the uptake 
of Nogo20 (77.64 ± 5.12% vs. 99.46 ± 5.49% in control, n = 47 
cells; *, P < 0.05; Fig. 3, D and F). These findings strongly sug-
gest that Nogo20 endocytosis is mediated by a macroendocytic 
process that depends on both Pincher and Rac proteins.

Pincher-mediated Nogo20 endocytosis  
is required for Nogo20-induced growth 
cone collapse
Nogo20 is a very potent inducer of growth cone collapse 
that often leads to withdrawal of neurites (Niederöst et al., 

(D) PC12 cells were either left untreated or were pretreated with nystatin and progesterone overnight, and then incubated with transferrin, choleratoxin, 
or Nogo20-T7 for 30 min at 37°C in the absence or presence of drugs. Although the internalization of choleratoxin was inhibited (red), the internaliza-
tion of transferrin (red) and Nogo20 (red) was not affected. Representative optical sections from three independent experiments are shown. Bar, 10 µm.  
(E) Quantification of protein uptake after various cell treatments. The percentage of cells with internalized protein is given as the mean ± SEM (*, P < 0.05; 
***, P < 0.001; Student’s t test).
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growth inhibition (Niederöst et al., 2002; Schwab, 2004). We 
investigated whether Rho activation could be dependent on 
Nogo20 internalization. To measure activated Rho, we used 
GST–Rhotekin–Rho-binding domain (RBD), which has been 
described to selectively bind to the active GTP-bound Rho pro-
teins (Aspenström, 1999; Ren et al., 1999). Nogo20 (300 nM) 

Inhibition of Pincher-dependent Nogo20 
internalization reduces Rho activation
The Rho family of small GTPases, which includes Rho, Rac, 
and Cdc42, has important roles in regulating actin cytoskeletal 
dynamics. Nogo20 activates RhoA, thus leading to disassem-
bly of the actin cytoskeleton during growth cone collapse and 

Figure 3.  Internalization of Nogo20 occurs 
by macroendocytosis and is Pincher and Rac1 
dependent. (A) PC12 cells were transfected 
with HA-tagged dn PincherG68E (red). 24 h 
after transfection, cells were incubated with 
300 nM Nogo20-T7 (green) for 30 min at 
37°C. Nogo20 remained on the cell surface; 
no internalized Nogo20 vesicles are seen. 
(B) Transferrin (green) uptake is unaffected 
by overexpression of dn PincherG68E (red). 
(C and D) PC12 cells were transfected with 
T7-tagged wt Rac1 (C, red) or dn Rac1N17 
(D, red) before incubation with 300 nM of 
Fc-tagged Nogo20 (green). After 30 min at 
37°C, Nogo20 appeared in a large number 
of endosomal vesicles and cisterns inside the 
wt Rac1 cells (arrow), but the internalized pro-
portion was reduced in the dn RacN17 trans-
fected cells. Bar, 5 µm. (E) Quantification of 
Nogo20 and transferrin colocalization with 
dn PincherG68E. Values are given as the mean 
of three independent experiments ± SEM.  
(F) Quantification of internalization revealed 
that the uptake of Nogo20 was reduced by 
84% upon overexpression of dn PincherG68E 
and by 73% upon overexpression of dn 
Rac1N17. Values are given as the mean from 
three independent experiments ± SEM (*, P < 
0.05; ***, P < 0.001; Student’s t test).
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was added to PC12 cells for 30 min. Cells were then fixed, 
incubated with GST-Rhotekin-RBD, immunostained for GST, 
and quantified by densitometry. The comparison of the activated 
Rho levels of nontreated (Fig. 5 A) versus Nogo20-treated 
(Fig. 5 B) cells revealed a dramatic increase of Rho activation 
upon Nogo20 addition (1.49 ± 0.03 vs. 1.00 ± 0.02 in control, 
n = 149 vs. 137 cells; ***, P < 0.001; Fig. 5 D). However, when 
the macroendocytosis was blocked by the overexpression of 
dn PincherG68E (Fig. 5 C), activation of Rho in PC12 cells re-
mained at background levels after addition of Nogo20 (1.12 ± 
0.04 vs. 1.00 ± 0.02 in control, n = 98 vs. 137 cells; Fig. 5 D). 
Reduced RhoA activation (23.12 ± 4.63% of control, n = 3 in-
dependent experiments) in cells overexpressing dn PincherG68E 
was confirmed in the RhoA pull-down assay (Fig. 5 E). This 
finding that inhibition of Nogo20 internalization interferes 
with Rho activation suggests that Nogo20-containing vesicles 
may function as signalosomes, as described, e.g., for NGF 
(Howe et al., 2001; Delcroix et al., 2003).

Internalized Nogo20 is retrogradely 
transported from neurites to cell bodies
To further test the role of Nogo-20 endosomes, we examined 
whether Nogo20 could be retrogradely transported from the 
axons to the cell bodies. Dissociated DRG cells from E19 rats 
were cultured in compartmentalized chambers (Campenot, 
1977), as indicated in Fig. 6 A. Within 7 d, fascicles of neurites 
grew under the Teflon ring and silicon grease seals into the 
two side chambers and established a dense neuritic plexus. 
Nogo20-T7 (300 nM) was then added to the side chambers. 
After 30 min or 6 h, Nogo20 was visualized by confocal micros-
copy. After 30 min of incubation, Nogo20 fluorescence appeared 
in vesicular structures in the neurites of the distal compartments 
(Fig. 6, B and C) but was not detectable in proximal neurites and 
the cell bodies (Fig. 6, D and E). In contrast, after 6 h of incuba-
tion, a large number of Nogo20-containing vesicles appeared 
in proximal neurites and the cytoplasm of DRG cell bodies 
(Fig. 6, F and G), which indicates the retrograde movement 
of endocytosed Nogo20 from the neurites in the side chambers 
to the cell bodies in the center chamber of the culture. Although 
the majority of the cell bodies were positive for Nogo20 (62.18 ± 
6.74%, n = 4 independent experiments), some of the DRG cell 
bodies remained unlabeled (37.82 ± 3.36%), showing that the 
fluorescent signals did not derive from leakage and direct uptake by 
cell bodies. Importantly, the blockade of retrograde transport with 
colchicine (Kreutzberg, 1969) completely abolished Nogo20 
detection in the DRG cell bodies, which shows the involvement 
of active microtubule-dependent transport during Nogo20 traf-
ficking from the axons to the cell bodies (Fig. S2, A–C).

As Pincher plays a crucial role in Nogo20 endocytosis 
in PC12 cells, we analyzed the requirement of Pincher func-
tion on uptake and retrograde transport of Nogo20 in DRG 
neurons. No Nogo20 could be detected in the cell bodies 
of those DRG neurons overexpressing PincherG68E (Fig. S2,  
D and E). The overexpression of PincherG68E completely 
abolished the retrograde trafficking of Nogo20, which con-
firms that the Pincher protein is required for neuronal Nogo-A 
uptake and trafficking.

Retrogradely transported Nogo20 
activates RhoA en route and decreases 
pCREB levels in the DRG cell bodies
Next, we asked if Rho activation can be observed in DRG neu-
rites and cell bodies after internalization of Nogo20. Active 
Rho was measured with GST-Rhotekin-RBD protein, as de-
scribed earlier in the distal neurites and in the cell bodies of 
the compartmentalized DRG cultures, 30 min and 6 h after ad-
dition of 300 nM Nogo20 to the distal neurite compartments. 
We found Rho activation in the neurite compartments 30 min 
after Nogo20 addition. Interestingly, active Rho was precisely 
colocalized with Nogo20-positive vesicles in the neurites (Fig. 7,  
A–C; 86.58 ± 14.48% of overlap, n = 26 neurites). In the cell 
body compartment, the Rho activation was not seen at 30 min 
(Fig. 7, D and E) but was prominent at 6 h after Nogo20 ad-
dition to the neurites (Fig. 7 G). Thus, the temporal activation 
of RhoA reflects the retrograde transport of Nogo20, which 
suggests the formation of Nogo20/RhoA signalosomes. To 
further test the signalosome hypothesis, endosomal fractions 
were isolated from PC12 cells with and without prior addi-
tion of Nogo20 and analyzed for their active RhoA content. 
Endosomal fractions from Nogo20-treated cells exhibited 
higher levels of activated RhoA compared with endosomal 
fractions from naive PC12 cells (Fig. 7 I). These data suggest 
that Nogo20 initiates the recruitment and assembly of specific 
signaling components, including the small GTPAse RhoA, to 
so-called “Nogo20 signalosomes.”

The activation of the cAMP response element–binding 
protein CREB, e.g., by neutrophins, can overcome inhibitory 
effects of myelin-associated neurite outgrowth inhibitors (Gao 
et al., 2004). To test whether Nogo20 influences CREB signal-
ing, we determined the levels of pCREB upon Nogo20 addi-
tion. The low basal level of pCREB in DRG cell bodies makes 
these neurons highly responsive to increases in pCREB, which 
occurs after application of neutrophins to the axons (Watson 
et al., 1999). Because our DRG neurons are cultured in com-
partmentalized chambers in the presence of NGF, we detected 
high basal levels of pCREB (Fig. 7 J). The addition of Nogo20 
to the distal compartments for 6 h resulted in a marked decrease 
(22.39 ± 4.47% of control, n = 3 experiments) of pCREB in the 
cell body compartment (Fig. 7 J).

To address whether activation of CREB is sufficient to 
overcome inhibition of Nogo20, we analyzed the neurite out-
growth of CGNs on different concentrations of Nogo20 in the 
presence or absence of 1 mM dibutyryl cAMP (db-cAMP). The 
addition of db-cAMP elevated pCREB levels (27.23 ± 3.19% of 
untreated condition, n = 3 experiments; Fig. 8 D) and almost 
completely overcame Nogo20 neurite outgrowth inhibition 
even at high Nogo20 concentration (Fig. 8 E), which suggests 
a mechanistic link between Nogo20 and pCREB.

Discussion
So far, studies on endocytosis and retrograde transport of  
ligand–receptor complexes in neurons have focused on factors 
promoting survival and growth, in particular the neutrophins 
(Ginty and Segal, 2002; Campenot and MacInnis, 2004; Howe 

http://www.jcb.org/cgi/content/full/jcb.200906089/DC1
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Figure 4.  Endocytosis of Nogo20 is required for Nogo20-induced growth cone collapse in hippocampal neurons. (A and B) Morphology of non-
collapsed (A, arrow) and collapsed growth cones (B, arrowhead) of E19 hippocampal neurons at DIV 4 was visualized by staining of F-actin with phalloidin– 
Alexa Fluor 488 (green). (C) Quantification of the proportion of collapsed growth cones after incubation with 300 nM Nogo20 (shaded bars) or with 
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Most cell surface proteins and receptor-bound ligands are 
internalized through the clathrin-coated vesicle or the caveolin 
pathways (Le Roy and Wrana, 2005; Mayor and Pagano, 2007). 
We found that Nogo20 internalization does not depend on the 
Nogo66 receptor NgR, as shown by pharmacological blockage of 
NgR with PI-PLC or NEP1-40. Surprisingly, neither cholesterol 
depletion nor overexpression of the dn constructs Eps15 E95/295 
and dynamin K44A, which interfere with the clathrin and caveo-
lin endocytosis machinery, were able to abolish Nogo20 endo-
cytosis. Pincher protein has recently been classified as a member 
of the dynamin superfamily (Daumke et al., 2007) and mediates 
the clathrin-independent, Rac-mediated, and pinocytosis-like up-
take of the activated neurotrophin receptor complex (Shao et al., 
2002). Overexpression of a mutant form of the Pincher protein in 
which the P-loop ATP-binding site was destroyed by G68E muta-
tion (Shao et al., 2002) almost completely blocked the internal-
ization of Nogo20, which indicates a requirement of Pincher 
ATPase activity for this process. The requirement for Pincher 
protein and the small GTPAse Rac for Nogo20 internalization 

and Mobley, 2005). However, during development and in the 
adult nervous system, neurons are also exposed to growth in-
hibitory signals, a prominent one being Nogo-A. Up to now, noth-
ing was known about whether the neurite growth inhibitors like 
Nogo-A can signal through endosomes, which may also be retro-
gradely transported in neurons. We used Nogo20, the most 
potent fragment of Nogo-A that mediates growth cone collapse 
through a receptor other than NgR, to examine the role and mech-
anism of endocytosis. We found that Nogo20 is endocytosed 
in a nonconventional manner, using Pincher- and Rac-mediated 
macroendocytosis. Endocytosis of Nogo20 is essential to mediate 
growth cone collapse: inhibition of Pincher-mediated Nogo20 
endocytosis prevented Nogo20-induced, but not semaphorin 
3A–induced, growth cone collapse and diminished Nogo20-
triggered RhoA activation. Furthermore, Nogo20 is taken up 
by DRG neurites and retrogradely transported to the cell bodies, 
where it activates Rho and reduces pCREB levels, which sug-
gests that Nogo20 signalosomes transmit growth-inhibitory 
signals from the neurites to the soma.

300 nM Nogo21 (open bars). (D and E) The morphology of hippocampal neurons infected with immunodeficient recombinant adenovirus containing HA-
tagged wt Pincher (D, red) or HA-tagged dn PincherG68E (E) upon treatment for 30 min with 300 nM Nogo20 was visualized with phalloidin (green).  
(F) Most growth cones remained uncollapsed when HA-tagged dn PincherG68E was overexpressed (open bars) compared with wt Pincher (shaded bars). 
(G and H) Growth cone morphology of hippocampal neurons upon treatment with 40 nM semaphorin 3A overexpressing either wt HA-Pincher protein 
(G) or dn HA-PincherG68E protein (H). (I) Treatment with 40 nM semaphorin 3A for 30 min leads to growth cone collapse in the presence of both wt HA-Pincher 
(shaded bars) and dn HA-Pincherg68E (open bars). Data represent the mean of three (semaphorin 3A) or four (Nogo20) independent experiments ± SEM 
(90 neurons per group and experiment). Asterisks mark highly significant differences between wt and dn Pincher-infected hippocampal neurons (***, P < 
0.001; Student’s t test). (J and K) CGNs infected with immunodeficient recombinant adenovirus containing HA-tagged dn PincherG68E (green) were plated 
on either uncoated plates (J) or with 100 pmol coated Nogo20 plates (K), and visualized with the neuronal marker MAP1B (red) and DAPI (blue) upon 
they were cultured for 24 h. Arrowheads in K indicate long neurites in the presence of mutant Pincher G68E. (L) The mean neurite length was measured and 
normalized to the mean of the control (without Nogo20) group. Overexpression of the mutant PincherG68E only partially overcomes the neurite outgrowth 
inhibitory effect of Nogo20. Asterisks mark significant differences between untreated and mutant PincherG68E-overexpressing cells (three experiments; 
40–60 cells per experiment; **, P < 0.01; Student’s t test). Bars: (H) 10 µm; (K), 20 µm.

 

Figure 5.  Nogo20-induced Rho activation 
depends on internalization. (A–C) Rho activa-
tion levels were examined in PC12 cells that 
were either untreated (control; A), treated with 
300 nM Nogo20 for 30 min at 37°C in ab-
sence of mutant PincherG68E (B), or treated 
with 300 nm Nogo 20 treated for 30 min at 
37°C in the presence of mutant PincherG68E 
(C). Active GTP-bound Rho was detected by 
incubation with GST-tagged Rhotekin-RBD and 
immunostaining. Bar, 20 µm. (D) Densito
metric quantification of staining from three inde
pendent experiments. Data are normalized to 
the mean of the untreated group ± SEM (error 
bars); asterisks marks highly significant differ-
ences between untreated, Nogo20-treated, 
or Nogo20- and dn PincherG68E-treated 
cells (three experiments; 30–50 cells per ex-
periment; ***, P < 0.001; Student’s t test).  
(E) PC12 cells were either left untreated or trans-
fected with dn PincherG68E construct. All cells 
were then incubated with 300 nM Nogo20 
for 30 min at 37°C. Extracted proteins were 
precipitated with Rhotekin-RBD beads. Precipi-
tates were immunoblotted for RhoA (top). Total 
RhoA levels were determined from whole cell 
lysates as shown in the bottom panel.
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Importantly, members of another repulsive protein family, the 
ephrins, were also shown to depend on endocytosis for growth 
cone collapse: In the absence of Vav proteins, ephrin-Eph endo-
cytosis was blocked, resulting in defects in growth collapse in vitro 
and significant defects in retinogeniculate axon guidance in vivo 
(Cowan et al., 2005).

Our finding that prevention of Nogo20 internalization 
also blocked the activation of Rho proteins in PC12 cells and 
DRG neurons provides a second line of evidence that Nogo20 
internalization is required for Nogo20 signal propagation. 
Accordingly, subcellular fractionation revealed that Nogo20-
containing early endosomes contain activated RhoA-GTPase, 
which indicates that Nogo20 signals after internalization. Con-
sistent with this, we found that Nogo20-containing vesicles were 
transported retrogradely from the neurites to the cell bodies of 
DRG neurons cultured in compartmentalized chambers. Activated 
Rho colocalized with Nogo20-positive vesicles in these DRG 
neurites. As high Rho activity in the DRG cell bodies was not ob-
served after 30 min but was observed prominently after 6 h of 
Nogo20 addition, we conclude that Nogo20 vesicles also acti-
vate Rho en route and after arrival in the cell bodies. Collectively, 
these data strongly show the formation of Nogo20 signaling 
endosomes, which are retrogradely transported along the axons.

Because Nogo20 is highly inhibitory for neurite out-
growth, we also assessed the role of Pincher-mediated endocytosis 
in a classical neurite outgrowth assay, where neurons (cerebellar 
granule cells) are plated onto Nogo20-coated culture dishes. We 
found that a blockade of Nogo20 endocytosis by dn PincherG68E 

leads to the conclusion that Nogo20 is taken up by macro-
endocytosis, similar to NGF. Macroendocytic signaling may 
have more general implications in growth inhibition because 
EphrinB-EphB–containing vesicles also do not colocalize with 
the known markers of the clathrin and caveolin endocytic path-
ways (Marston et al., 2003); they may also be internalized via 
Rac-dependent macroendocytosis (Marston et al., 2003).

Using growth cone collapse as a functional readout, we 
addressed the question of whether Nogo20 internalization is 
necessary for Nogo20 signaling. Blockade of Nogo20 endo-
cytosis by dn PincherG68E prevented Nogo20-induced growth 
cone collapse of hippocampal neurons. Under the same condi-
tions, semaphorin 3A–induced growth cone collapse was not 
affected. Importantly, the Nogo20-induced growth cone col-
lapse is known to occur with a slower time course than the col-
lapse elicited by semaphorin 3A (Oertle et al., 2003), which 
suggests different signaling cascades evoked by the two pro-
teins. For Nogo-A, the first morphological changes can be ob-
served after 90 s, and the collapse is complete after 20–40 min 
(Bandtlow et al., 1993; Oertle et al., 2003). Interestingly, this 
time course matches that of Nogo20 endocytosis: first, 
Nogo20-containing vesicles appeared after 2 min of exposure 
to Nogo20 (unpublished data), and a large number of Nogo20 
endosomes accumulated intracellularly after 30 min. This slow 
time course of endocytic processing is similar to that found for 
the neurotrophins, as opposed to, e.g., epidermal growth factor 
receptor (EGFR) endocytic signaling, and may be a general fea-
ture of Pincher-mediated endocytic signaling (Valdez et al., 2007). 

Figure 6.  Upon internalization, Nogo20 is 
retrogradely transported from the neurites to 
the cell bodies of dissociated DRG neurons.  
(A) Schematic representation of a compart-
mentalized chamber. (B–F) Representative 
immunofluorescence images of retrogradely 
transported Nogo20 (300 nM) at indicated 
time points in dissociated DRG neurons that 
were cultured in compartmentalized Campenot 
chambers. (B) Uptake of Nogo20 (green) in 
the distal neurites at 30 min of incubation. Bar, 
20 µm. (C) Nogo20-positive vesicles (green, 
arrowhead) in the distal neurites. Bar, 10 µm. 
(D) Nogo20 could not be observed in the cell 
body compartment 30 min after Nogo20 ad-
dition. (E) Cell bodies were stained with DAPI 
(blue). Bar, 40 µm. (F and G) Nogo20-positive 
distal neurites (F) and cell bodies (G) 6 h after 
addition of Nogo20 to the distal compartment. 
The arrowhead indicates Nogo20-positive 
vesicles in the cell body. The inset panels in 
C and G show enlarged views of the boxed 
regions. Bars, 20 µm.
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be internalized by a similar transcytotic event. Alternatively, 
Nogo-A could undergo protease-dependent cleavage resulting 
in the release of active fragments like Nogo20, which are then 
taken up by growth cones or axons. Several types of proteases 
are released by growing axons (Monard, 1988). The contact-
mediated axon repulsion of, e.g., ephrins, is regulated by the 
protease Kuzbanian (Hattori et al., 2000). Similarly, the neurite 
outgrowth function of netrin-1 is modulated by proteolytic 
activity (Galko and Tessier-Lavigne, 2000). The existence of 

could partially overcome the inhibitory effect of Nogo20. These 
data suggest that Nogo20 is released from the substrate to be 
taken up and act on the growing neurites.

In vivo, Nogo-A is predominantly found in the innermost, 
adaxonal membranes around axons in the intact CNS (Huber 
et al., 2002; Wang et al., 2002). One question that arises from 
our study is whether Pincher-dependent macroendocytosis occurs 
in vivo. Ephrins can be taken up by transcytosis of entire mem-
brane domains (Zimmer et al., 2003); full-length Nogo-A could 

Figure 7.  Nogo20 triggers Rho activation 
en route to DRG cell bodies. Active GTP-bound 
Rho was visualized in the distal neurites and 
the cell body compartment of Campenot cham-
bers upon addition of Nogo20 (300 nM) to 
the distal compartment for either 30 min or  
6 h. (A–C) 30 min after Nogo20 addition, 
activated Rho (red) colocalizes with Nogo20-
positive vesicles in the neurites of the distal 
compartment of the Campenot chambers. The 
inset panel shows an enlarged view of the 
boxed region. (D and E) Cell bodies stained 
with DAPI (D, blue) were negative for acti-
vated Rho (E, red). (F–H) 6 h upon Nogo20 
(green) addition, activated Rho (red) was also 
observed in the cell body compartment. The 
inset panel shows an enlarged view of the 
boxed region. Bars, 10 µm. (I) Early endo-
somes containing F1 sucrose density fractions 
of untreated (control) or Nogo20-treated  
(30 min at 37°C) PC12 cells were reacted with 
Rhotekin-RBD beads. The bound proteins were 
immunoblotted with an anti–Rho A monoclonal 
antibody (bottom). (J) Cell bodies from DRG 
neurons cultured in Chambers were collected 
6 h after Nogo20 addition and immunoblot-
ted for pCREB. The addition of Nogo20 de-
creased the pCREB levels.
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Materials and methods
Cell culture
PC12 cells were grown in DME media (Invitrogen) supplemented with 6% 
newborn calf serum and 6% horse serum. Cells were transfected with Lipo-
fectamine 2000 (Invitrogen) in OptiMEM (Invitrogen).

Primary hippocampal neurons derived from rat embryos were 
cultured as described previously (Kaech and Banker, 2006). In brief, 
the hippocampi of E19 rats were dissected, digested (0.05% papain; 
Sigma-Aldrich), and washed in PBS. Cells were then dissociated, and 
6,000–8,000 cells were plated onto poly-L-lysine– and laminin-coated  
18-mm glass coverslips in 12-well cell culture plates containing a glial 
feeder layer in neurobasal/B27 medium (Invitrogen).

Dissociated DRG neurons derived from E19 rats were cultured in 
Campenot chambers as described previously (Campenot, 1977). In 
brief, E19 dissociated DRG neurons were plated in the cell body com-
partment in neurobasal/B27 medium supplemented with 100 ng/ml 
NGF and 250 µM cytosine arabinoside (1--D-arabinofuranosylcytosine) 
to inhibit glial growth. At DIV 4, media was changed and compartments 
were checked for bulk leakage. Cultures from leaking chambers were ex-
cluded from further study. Retrograde transport experiments were per-
formed at DIV 7, when neurites had crossed the divide into the distal 
neurite compartment.

Neurite outgrowth assays with postnatal day 4–6 rat cerebellar gran-
ule cells were performed as described previously (Niederöst et al., 1999).

DNA and viral constructs
Dynamin II K44A-GFP construct was obtained from M. McNiven (Mayo 
Clinic, Rochester, MN), the Eps15(95–295)-GFP construct was obtained 
from A. Benmerah and A. Dautry-Varsat (Institut Pasteur, Paris, France), and 
Rac1-T7 (wt and N17 mutant) constructs were obtained from D. Bar-Sagi  
(New York University, New York, NY).

Defective adenoviruses containing Pincher-HA (Shao et al., 2002) 
constructs were used. For efficient infection, an MOI of 50 was used. Hippo
campal neurons were infected at DIV 2 and analyzed at DIV 4. The cell 
body compartments of dissociated DRG neurons were infected at DIV 5 
and the cultures were grown for further 2 DIV to achieve high level of pro-
tein overexpression.

Drug treatments
Cells were preincubated for 60 min at 37°C in serum-free DME contain-
ing 1 U/ml PI-PLC (Invitrogen) or 1 µM NEP1-40 (Alpha Diagnostic Inter
national, Inc.). Preincubation with 25 µg/ml nystatin (Sigma-Aldrich) plus  

soluble Nogo-A fragments in cerebrospinal fluid from patients 
with multiple sclerosis (Jurewicz et al., 2007) and the cleavage 
of Nogo-A upon optic nerve injury (Ahmed et al., 2006) speak 
in favor of such a mechanism.

Given our finding that Nogo-A signals retrogradely, it is 
tempting to speculate that in the intact adult CNS, Nogo-A sig-
nals originating along the axons tonically suppress axonal 
growth. Once the axon has reached its target and myelination 
starts, Nogo-A starts to retrogradely communicate to the cell 
body that the growth machinery is not needed any longer and 
that outgrowth and branching in white matter tracts is unwanted. 
Indeed, acute injections of function-blocking antibodies into 
adult cerebella or CNS of rats induce transitory sprouting of 
Purkinje axons and the corticospinal tract (Buffo et al., 2000; 
Bareyre et al., 2002; Gianola et al., 2003). These findings sup-
port the concept of Nogo-A acting as an “end-of-growth” and 
stabilization signal in the maturing and adult CNS.

In many respects, Nogo-A seems to counteract the effect 
of neutrophic factor signaling. Although, e.g., NGF promotes 
neurite outgrowth and attracts growth cones, Nogo-A inhibits 
outgrowth and induces growth cone collapse. Retrograde 
trafficking of NGF signaling endosomes is associated with 
an increase in pCREB in cell bodies (Riccio et al., 1997; Cox 
et al., 2008). In contrast, we find that retrograde trafficking of 
Nogo20 is associated with a decrease of pCREB levels. The 
elevation of pCREB levels could overcome the inhibitory effect 
of Nogo20. Both proteins use a similar endocytic machinery, 
but achieve their opposing cellular responses through their spe-
cific ligand–receptor complexes and the retrogradely activated 
genes. Growth-enhancing neurotrophins and growth inhibitors 
like Nogo-A may therefore function as signals from the envi-
ronment of the axons to regulate the growth homeostasis of the 
neuron in a yin–yang way.

Figure 8.  Elevated pCREB levels can 
overcome neurite outgrowth inhibition of 
Nogo20. (A–C) CGNs were visualized with 
the neuronal marker MAP1B (red) and DAPI 
(blue) after they were cultured for 24 h either 
without treatment (A), on Nogo20 substrate 
(B), or on Nogo20 substrate in the pres-
ence of 1 mM db-cAMP (C). (D) CGNs were 
cultured either in the presence or absence of 
1 mM db-cAMP for 24 h and subjected to 
Western blotting. Treatment of CGNs with 
1 mM db-cAMP results in increased pCREB 
levels. Bar, 20 µm. (E) CGNs were cultured 
on different concentrations of substrate-bound 
Nogo20. The mean neurite length was mea-
sured either in the absence (shaded bars) 
or presence of 1 mM db-cAMP (open bars). 
The addition of db-cAMP can significantly 
overcome the inhibitory effect even at high 
Nogo20 concentrations. Data are normal-
ized to the mean of the untreated group ± 
SEM (error bars); asterisks marks highly sig-
nificant differences between untreated cells 
and db-cAMP–treated cells (three experi-
ments; 50–70 cells per experiment; **, P < 
0.01; ***, P < 0.001; Student’s t test).
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Inc.); 20 µg/ml for 1 h at 37°C. 1:400 rabbit anti-GST (Abcam) was 
used subsequently.

Subcellular fractionation
PC12 cells were cultured on 15-cm plates, serum starved (DME/bovine 
serum albumin) for 3 h, and either left untreated or treated with Nogo20-T7 
for 30 min. Next, cells were homogenized in a detergent-free manner with 
a 22-gauge needle in the homogenization buffer (250 mM sucrose, 3 mM 
imidazole, 1 mM EDTA, protease inhibitor cocktail [Complete Mini], and 
0.03 mM cycloheximide, pH 7.4). Subsequently, a postnuclear super-
natant (PNS) was prepared according to standard techniques (Bomsel et al., 
1990). The PNS was adjusted to 40.6% sucrose, loaded at the bottom of 
an SW60 centrifuge tube (Beckman Coulter), and overlaid sequentially 
with 1.5 volumes of 35% and 1 volume of 25% sucrose solutions in 3 mM 
imidazole and 1 mM EDTA, pH 7.4. The rest of the tube was filled up with 
homogenization buffer. The gradient was then centrifuged at 210,000 g at 
4°C for 90 min using an SW60 rotor (Beckman Coulter). After centrifuga-
tion, different interfaces and sucrose cushions were collected from top to 
bottom of the tube. The protein concentration of each fraction was deter-
mined with BCA protein assay kit using bovine serum albumin as a stan-
dard. Equal amounts of protein from each fraction were loaded on 
SDS-PAGE, followed by immunoblotting with 1:500 mouse anti–EEA-1 
(BD), 1:1,000 mouse anti-nucleoporin p62 (BD), 1:5,000 mouse anti-T7 
(EMD), and 1:200 mouse anti-RhoA (Santa Cruz Biotechnology, Inc.). This 
experiment was repeated three times with similar results.

Western blot analysis
Proteins (25–100 µg) were separated by electrophoresis on a 4–12% poly-
acrylamide gel and transferred to nitrocellulose membranes. Blots were 
first incubated in a blocking solution of 3% Top Block (VWR International) 
in TBST (0.1 M Tris base, 0.2% Tween 20, pH 7.4) for 1 h at room temper-
ature, then incubated with primary antibodies overnight at 4°C. After 
washing with PBS, blots were incubated with a horseradish peroxidase–
conjugated anti–rabbit or anti–mouse antibody (Thermo Fisher Scientific) 
1:10,000–1:15,000 for 1 h at room temperature. CREB was detected with 
1:500 rabbit anti-pCREB (Millipore) and 1:10,000 anti–glyceraldehyde  
3-phosphate dehydrogenase (GAPDH; Abcam). Protein bands were de-
tected by adding SuperSignal West Pico Chemiluminescent Substrate 
(Thermo Fisher Scientific) by exposing the blot in a Stella detector (Raytest). 
Densitometry analysis was performed with National Institutes of Health 
software and by normalizing the band intensities to GAPDH values.

Online supplemental material
Fig. S1 shows internalization of Nogo20 in the presence of NgR inhibitors. 
Fig. S2 shows that the retrograde transport of Nogo20 is dependent on 
microtubule and the Pincher protein. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200906089/DC1.
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10 µg/ml progesterone (Sigma-Aldrich) was performed overnight. The 
drugs were present throughout the experiments. Cell bodies of DRG neu-
rons were preincubated with 125 µM colchicine (Sigma-Aldrich) 1 h be-
fore addition of Nogo20.

Growth cone collapse
The response of neuronal growth cones was quantified on three indepen-
dent experiments (n = 90 neurons per group from each experiment). At DIV 
4, hippocampal neurons were incubated with either 300 nM Nogo21 
(control), 300 nM Nogo20, or 40 nM semaphorin 3A for 30 min at 
37°C, then fixed and stained for F-actin with phalloidin–Alexa Fluor 488 
to visualize the growth cone morphology. The collapsed growth cones of 
each neuron, which were defined as those with no lamellipodia and not 
more than two filopodia (Kapfhammer et al., 2007), were counted and ex-
pressed as the percentage of the total growth cones of the belonging 
neuron. The infection with defective adenoviruses containing HA-Pincher 
constructs was performed at DIV 2 with 50 MOI. After 1 h, medium con-
taining adenoviruses was removed and the cells were cultured for another 
2 DIV before the collapse experiment. Only HA-Pincher–positive neurons, 
which were detected with anti-HA immunostaining, were analyzed in the 
growth cone collapse experiment.

Internalization assay and immunofluorescent microscopy
For internalization assays, PC12 cells were serum starved 3 h before the 
addition of proteins for 30 min at 37°C. Proteins were used at the follow-
ing concentrations: Nogo20 and Nogo21 at 300 nM, transferrin-biotin 
(Invitrogen) at 1 µg/ml, and cholera toxin -A594 (Invitrogen) at 1 ng/ml.  
Cells were then fixed with 4% paraformaldehyde for 15 min, surface 
stripped, and subsequently permeabilized with 0.1% Triton X-100 for  
30 min at RT. After blocking, cells were incubated first with primary anti-
bodies for 30 min, washed three times for 5 min, and then incubated with 
secondary antibodies for 30 min.

Coverslips were mounted with mounting medium (Dako). Images 
were acquired on a microscope (DM RE; Leica) using a confocal scanning 
system (SP2 or SP5; Leica) equipped with 40×/1.25 NA, 63×/1.4 NA, 
and 100× Plan-Chromat objectives. The thickness of all confocal slices 
varied between 0.2 and 0.8 µm.

Images were processed with the use of Photoshop (Adobe). Colocal-
izations were analyzed with the colocalization module of Imaris (Bitplane). 
Data were given as the mean value ± SEM. Data analysis was performed 
by Prism 4.0 (GraphPad Software) using an independent Student’s t test.

The following primary antibodies were used: 1:250 rabbit anti–
EEA-1 (Abcam), 1:1,000 mouse anti-T7 (EMD), 1:1,000 rabbit anti-Pincher 
(Shao et al., 2002), 1:250 rat anti-HA (Roche), and 1:250 mouse anti-
MAP1B (Millipore). Secondary antibodies used were Alexa Fluor 488,  
Alexa Fluor 594, avidin-rhodamin, and avidin-FITC (all from Invitrogen). 
All immunostaining experiments were repeated at least three times.

Recombinant fusion proteins
Recombinant fusion proteins Nogo20-T7 and Nogo21-T7 were purified 
as described previously (Oertle et al., 2003). In brief, Escherichia coli 
BL21/DE3 were transformed with the bacterial expression vectors pET28 
and grown in 2× YT medium (Invitrogen). Expression of the fusion proteins 
was induced by addition of 1 mM isopropyl-1-thio--D-galyctopyranoside 
(IPTG) to log phase culture at 30°C for 4 h. The highly expressed fusion 
proteins were purified using the Co2+-Talon Metal Affinity Resin (Takara Bio 
Inc.). Upon elution with 250 mM imidazole, proteins were extensively dia-
lyzed against PBS, pH 7.4. The purity of the recombinant proteins was 
confirmed by SDS-PAGE and Coomassie Brilliant blue staining. The protein 
concentration was determined with a BCA protein assay kit (Thermo Fisher 
Scientific) using bovine serum albumin as a standard. In addition, an  
Fc-tagged Nogo20 fragment was used (R&D systems).

RhoA pull-down assay and immunostaining
PC12 cells were homogenized in RIPA buffer (50 mM Tris, pH 7.2,  
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM NaCl,  
10 mM MgCl2, protease inhibitor cocktail [Complete Mini; Roche], and  
1 mM PMSF). After centrifugation for 20 min at 13,000 g at 4°C, homog-
enates (0.5 mg/ml) were incubated for 1 h at 4°C with 60 µg of GST- 
Rhotekin-RBD beads (Cytoskeleton, Inc.). The beads were then washed 
twice and eluated in sample buffer. GTP-bound RhoA and total RhoA pres-
ent in the cell lysates were immunoblotted with 1:200 mouse anti-RhoA 
antibody (Santa Cruz Biotechnology, Inc.).

Activated Rho was detected by probing cells with the RBD from the 
Rho-GTP–interacting protein rhotekin-RBD tagged with GST (Cytoskeleton, 
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