10930 - The Journal of Neuroscience, November 23, 2005 + 25(47):10930-10940

Neurobiology of Disease

The Small GTPase Rab7 Controls the Endosomal Trafficking
and Neuritogenic Signaling of the Nerve Growth Factor
Receptor TrkA
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Nerve growth factor (NGF) and its TrkA receptor exert important bioactivities on neuronal cells such as promoting survival and neurite
outgrowth. Activated TrkA receptors are not only localized on the cell surface but also in signaling endosomes, and internalized TrkA
receptors are important for the mediation of neurite outgrowth. The regulation of the endosomal trafficking of TrkA is so far unknown.
Because the endosome-associated GTPase Rab7 coimmunoprecipitated with TrkA, we examined whether the endosomal trafficking of
TrkA might be under the control of Rab7. Inhibiting Rab7 by expression of a green fluorescent protein-tagged, dominant-negative Rab7
variant resulted in endosomal accumulation of TrkA and pronounced enhancement of TrkA signaling in response to limited stimulations
with NGF, such as increased activation of Erk1/2 (extracellular signal-regulated kinase 1/2), neurite outgrowth, and expression of GAP-43
(growth-associated protein 43). Our studies show that the endosomal GTPase Rab7 controls the endosomal trafficking and neurite
outgrowth signaling of TrkA. Because mutations of Rab7 are found in patients suffering from hereditary polyneuropathies, dysfunction
of Rab7 might contribute to neurodegenerative conditions by affecting the trafficking of neurotrophins. Moreover, strategies aimed at

controlling Rab7 activity might be useful for the treatment of neurodegenerative diseases.
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Introduction

Because of their complex morphology, neurons have to integrate
amultitude of receptor-mediated signals conveyed from spatially
remote locations. Nerve growth factor (NGF) is the prototypical
neuronal growth factor that promotes neuronal survival and
neurite outgrowth (Snider, 1994). NGF mediates its effects by
binding and activating its receptor-tyrosine kinase (RTK) TrkA
(Kaplan et al., 1991; Klein et al., 1991). Target-derived NGF acti-
vates its TrkA receptors on axon tips (Ehlers et al., 1995). Thus,
the NGF-triggered signal needs to be transmitted retrogradely
over long distances from the synapse to the cell body to elicit
transcriptional responses (Neet and Campenot, 2001; von Bar-
theld, 2004). Recent work demonstrated that signaling endo-
somes containing NGF and activated TrkA are transported ret-

Received May 20, 2005; revised Oct. 10, 2005; accepted Oct. 15, 2005.

This work was supported by grants from the Swiss National Science Foundation, the START Program of the
Rheinisch-Westfalische Technische Hochschule (RWTH) Aachen, the Ministero dell'Istruzione dell’Universita e della
Ricerca Scientifica (MIUR PRINO4), and Telethon-Italy (GGP05160 to C.B.). We thank J. C. Sarria (Faculte des Sciences
de a Vie, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland) for help with confocal imaging, J.
Senderek (Universitatsklinikum der RWTH Aachen) for help with sequencing, S. Rossaint for help with graphic art,
and Genentech (South San Francisco, CA) for providing recombinant NGF.

Correspondence should be addressed to Dr. A. Kruttgen, Institute of Neuropathology, University Hospital, RWTH
Aachen, Pauwelsstrasse 30, 52074 Aachen, Germany. E-mail: akruettgen@ukaachen.de.

S. Saxena’s present address: Friedrich Miescher Institut, Maulbeerstrasse 66, CH-4058 Basel, Switzerland.

DOI:10.1523/JNEUR0SCI.2029-05.2005
Copyright © 2005 Society for Neuroscience ~ 0270-6474/05/2510930-11$15.00/0

rogradely from the axon to the cell body (Ginty and Segal, 2002;
Howe and Mobley, 2004).

GTPases are a large group of important proteins. Whereas the
members of the Ras subfamily (such as H-Ras and Rapl) are
directly involved in signal transduction by activating mitogen-
activated protein kinases (MAPKs) (Wu et al., 2001), the Rab
(Ras-related in brain) subfamily is classically known for its direct
involvement in organelle trafficking. The different Rab GTPases
localize to the cytosolic face of specific intracellular membranes,
at which they regulate distinct steps in membrane traffic path-
ways (Stenmark and Olkkonen, 2001). Most recently, however, it
is emerging that Rabs are also linked to signal transduction by
regulating the trafficking of signaling receptors (Miaczynska et
al., 2004). One member of this family, Rab7, plays a well estab-
lished role in controlling the trafficking of early endosomes and
late endosomes (Bucci et al.,, 2000; Somsel Rodman and
Wandinger-Ness, 2000).

It was revealed recently that activated TrkA is present in
clathrin-coated vesicles, early endosomes, and late endosomes,
which are also known as multivesicular bodies (Howe et al., 2001;
Delcroix et al., 2003; Saxena et al., 2005). These organelles are
considered to be mobile signaling platforms for NGF. But how is
the movement of these signaling organelles regulated? So far,
little is known about this important question. Because dynein
mediates the vesicular minus-end transport of TrkA along micro-
tubules (Yano et al., 2001; Heerssen et al., 2004) and Rab7 con-
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trols dynein function (Jordens et al., 2001), we investigated
whether Rab7 plays a role in the endosomal transport of TrkA.
We found that Rab7 interacts with TrkA and that inhibition of
Rab7 activity was associated with endosomal accumulation of
TrkA and augmented TrkA signaling in NGF-stimulated PC12
cells, leading to impressively enhanced neurite outgrowth in re-
sponse to limited stimulations with NGF. The significance of our
results is twofold. First, our findings suggest a novel mechanistic
link between the endosomal trafficking and signaling of neuronal
RTKs, because both processes are under control of Rab7. Second,
our results suggest a pathological mechanism for certain forms of
Charcot-Marie-Tooth neuropathy type 2B (CMT2B) and hered-
itary sensory neuropathy type 1 (HSNI1), because mutations
within the Rab7 gene are associated with these so far incurable
neurodegenerative diseases (Verhoeven et al., 2003; Houlden et
al., 2004).

Materials and Methods

Reagents. Recombinant purified NGF was a gift from Genentech (South
San Francisco, CA). All other chemicals were from Sigma (St. Louis,
MO), and cell culture media were from Invitrogen (San Diego, CA). The
following antibodies were used: rabbit anti-Rab7 (Santa Cruz Biotech-
nology, Santa Cruz, CA); mouse anti-phospho extracellular signal-
regulated kinase (Erk), mouse anti-Erk1/2, rabbit anti-Akt, mouse anti-
phospho Akt, and rabbit anti-phosphoTrkA (all from Cell Signaling
Technologies, Beverly, MA); rabbit anti-TrkA (Upstate Biotechnology,
Lake Placid, NY); mouse anti-TrkA (Zymed, San Francisco, CA); and
AlexaFluor-labeled secondary antibodies and Dil-labeled low-density li-
poprotein (LDL) (all from Invitrogen, Eugene, OR). The construction of
wild-type (WT)-Rab7/green fluorescent protein (GFP), dominant-
negative (DN)-Rab7/GFP (Rab7 T22N), and constitutive active (CA)-
Rab7/GFP (Rab7 Q67L) subcloned into the pEGFP-C1 vector, has been
described (Bucci et al., 2000).

Cell culture and transient transfections. Rat dorsal root ganglion (DRG)
neurons were prepared as described previously (Thier et al., 1995). PC12
cells were cultured as described previously (Saxena et al., 2004). Trans-
fections using Lipofectamine 2000 (Invitrogen) were performed accord-
ing to the manufacturer’s instructions. We routinely observed transfec-
tion efficiencies of ~20% in PC12 cells.

NGF stimulation protocol. For all NGF stimulations, a concentration of
200 ng/ml of reccombinant human NGF was applied. Eighteen hours after
transfection, PC12 cells were washed and stimulated with NGF for 10
min in serum-free medium (DMEM and 0.1% BSA) to drive internaliza-
tion of TrkA into endosomes. Subsequently, PC12 cells loaded with in-
ternalized activated TrkA bound to NGF (Grimes et al., 1996) were
chilled on ice to arrest endosomal trafficking, and the remaining surface-
bound NGF was removed by three washes with ice-cold “surface strip
buffer” (0.2 m acetic acid and 0.5 m NaCl) (Bernd and Greene, 1984),
followed by three washes with ice-cold PBS. Afterward, cells were rein-
cubated for the indicated time points in prewarmed serum-free medium
and subsequently processed for immunofluorescence or biochemical
assays.

Confocal immunofluorescence microscopy. After stimulations, cells were
chilled on ice, fixed with 4% paraformaldehyde (PFA) for 10 min, and
permeabilized with 0.1% Triton X-100 for 30 min at room temperature,
as described recently (Saxena et al., 2004). Primary antibodies were in-
cubated overnight at 4°C, followed by washes and a 1 h incubation with
appropriate secondary antibodies at room temperature. Cells were
viewed either with a Leica (Nussloch, Germany) TCSNT confocal micro-
scope for triple immunolabelings or with a Zeiss (Oberkochen, Ger-
many) LSM 410 confocal microscope for double immunolabelings. Op-
tical sections were 100 nm. We compared the size of TrkA endosomes in
NGF-stimulated PC12 cells transfected with DN-Rab7/GFP and neigh-
boring untransfected cells by using LCSlite software (Leica). Ten single
endosomes per cell were selected randomly and marked as a region of
interest, keeping a constant Z = 2.5-3.0 um for every image. The calcu-
lated area was plotted as the size of individual TrkA-bearing endosomes.
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Ten transfected versus untransfected cells (10 endosomes per cells) from
three different experiments were quantified.

Neurite outgrowth assay. For assaying neurite outgrowth, PC12 cells
were transfected with GFP (pEGFP-N1; Clontech, Palo Alto, CA), WT-
Rab7/GFP, CA-Rab7/GFP, and DN-Rab7/GFP plasmids. Eighteen hours
after transfection, cells were stimulated for 10 min with 200 ng/ml NGF.
Subsequently, NGF was stripped from the cell surface as described above.
Then cells were reincubated in serum-free medium for 24 h and fixed
with 4% PFA. Epifluorescent images were taken using Act-1 software
(Nikon, Melville, NY). Neurite length was measured from at least 150
cells per condition, derived from nine randomly selected fields per
coverslip.

Surface biotinylation-based assays. Depletion of TrkA surface levels in
response to NGF or internalization of TrkA after NGF treatment was
determined by using nonmembrane-permeable, biotin-tagged cross-
linking reagents (Pierce, Rockford, IL), performed as described previ-
ously (Saxena et al., 2005).

Immunoprecipitations. Sixteen hours after transfections, PC12 cells
were washed, switched to DMEM/BSA, and stimulated with NGF for 10
min, followed by surface strip and reincubation in serum-free medium
for the indicated time points. Cells were lysed for 15 min on ice in lysis
buffer, which consisted of 0.5% NP-40, 25 mwm Tris, pH 7.5, 100 mm
NaCl, and 50 mm NaF supplemented with a protease inhibitor mixture
(Roche Diagnostics, Basel, Switzerland) and a phosphatase inhibitor
mixture (Sigma). Lysates were precleared by centrifugation, and 500 ug
of each lysate was subjected to immunoprecipitation by rotation over-
night at 4°C with 3 ug of anti-Rab7 (Santa Cruz Biotechnology) or 1.5 ug
of anti-GFP (Roche Diagnostics), followed by incubation with protein
A-Sepharose (Amersham Biosciences, Uppsala, Sweden). Immunopre-
cipitates were washed three times in 0.1% NP-40, 25 mwm Tris-HCI, pH
7.5, and 150 mm NaCl supplemented with a phosphatase inhibitor mix-
ture. A last wash with ice-cold 10 mm Tris-HCI, pH 7.5, was done before
precipitates were boiled in Laemmli buffer and subjected to SDS-PAGE.

Biochemical assay for lysosomal degradation. Equal numbers of PC12
cells were transfected with GFP or DN-Rab7/GFP. Eighteen hours after
transfection, cells were treated for 30 min in the absence or presence of
the protein synthesis blocker cycloheximide (CHX; 10 wg/ml). Subse-
quently, cells were stimulated by the addition of NGF (200 ng/ml) or left
unstimulated for 10 min, surface NGF was removed as described above,
and cells were reincubated for 6 or 12 h in the presence of CHX in
serum-free medium. Protein lysates were prepared and subjected to SDS-
PAGE and Western blotting using antibodies against TrkA.

Statistical analyses. All presented experiments were performed at least
three times with similar results. Statistical data are shown as mean *+ SD.
Differences were analyzed using the unpaired Student’s ¢ test with un-
equal variances.

Results

Rab?7 is expressed in neurons and PC12 cells

Previous studies have detected Rab7 protein by immunofluo-
rescence in primary hippocampal neurons (Parton et al,
1992) and by Western blotting in the neuronal cell line PC12
(Samuels et al., 2001). Using Western blotting of protein ly-
sates derived from rat PC12 cells and embryonic rat cerebral
cortex and cerebellum, we confirmed the presence of endoge-
nous Rab7 protein in these neuronal cells (Fig. 1A). We also
examined the intracellular distribution of Rab7 by immuno-
fluorescence and confocal microscopy (Fig. 1 B). These exper-
iments revealed that Rab7 was present within the cell body of
undifferentiated PC12 cells and primary rat embryonic DRG
sensory neurons. Importantly, a vesicular staining pattern in-
dicative of association with endosomes was also observed
within neuronal processes of primary rat embryonic sensory
neurons. These data suggest that TrkA might play a regulatory
role in neuronal endosomal trafficking.
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Figure 1. Expression of Rab7 protein in PC12 cells and neurons. 4, Western blot analysis of
equal amounts of protein lysates from embryonicrat cerebellum (crb) and cortex (ctx), as well as
from undifferentiated PC12 cells. A 23 kDa band corresponding to Rab7 was observed in all
lanes. A representative blot is shown. IB, Inmunoblot. B, Confocal immunofluorescence anal-
ysis of Rab7 in fixed and permeabilized DRGs and PC12 cells. Vesicular staining for Rab7 in PC12
cells and within neuronal processes and cell bodies of DRG neurons. A representative experi-
ment is shown. Scale bars, 10 m.

Inhibition of Rab7 blocks the endosomal trafficking of TrkA
Rab7 controls endosomal trafficking via its GTPase activity. Ac-
tive GTP-bound Rab7 increases the velocity of dynein-mediated
endosomal transport along microtubules (Bananis et al., 2004). A
DN form of Rab7 was established (Rab7T22N) and used fre-
quently during the last decade to examine the potential involve-
ment of Rab7 in a diverse set of biological mechanisms (Feng et
al., 1995; Mukhopadhyay et al., 1997; Cantalupo et al., 2001;
Rupper et al., 2001; Sieczkarski and Whittaker, 2003). So far, no
nonspecific effect of this construct on other Rab family members
has been reported in non-neuronal cell lines. We confirmed the
specificity of DN-Rab7/GFP for neuronal cell lines by demon-
strating that expression of DN-Rab7/GFP neither affected the
secretory pathway nor the recycling pathway in PC12 cells (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). Interestingly, DN-Rab7/GFP showed a membrane-
associated distribution in transfected PC12 cells, whereas in
transfected non-neuronal cells, a diffuse cytoplasmic distribution
has commonly been observed (Bucci et al., 2000). The reason for
this difference is currently unclear. Potentially, different perme-
abilization/fixation protocols or instrinsic cell-type-dependent
differences might influence the subcellular distribution of
DN-Rab7/GFP.

One important finding that emerged from previous studies in
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non-neuronal cell lines was that expression of DN-Rab7 does not
influence the recycling pathway but effectively blocks the early
and late endosomal trafficking of LDL (Vitelli et al., 1997). The
effect of DN-Rab7 on RTK trafficking and their signaling in non-
neuronal cells or neuronal cells has not been assessed yet. There-
fore, we first examined whether inhibition of Rab7 activity leads
to endosomal accumulation of TrkA. PC12 cells were transiently
transfected with DN-Rab7/GFP, and 18 h later, cells were incu-
bated for 1 h with fluorescent-labeled LDL (30 wg/ml) to allow
cells to internalize this classical endocytosis marker that is sorted
from clathrin-coated vesicles via early endosomes to late endo-
somes. PC12 cells were then washed, and NGF was added for 10
min. This short stimulation protocol allowed the binding of NGF
to TrkA, resulting in TrkA activation and internalization of most
surface TrkA into endosomes (Jullien et al., 2002; Saxena et al.,
2005). Afterward, surface-bound NGF and LDL were removed by
washing with a high-salt/low-pH buffer. This treatment protocol
effectively removes bound ligands from their surface receptors
(Bernd and Greene, 1984). Subsequently, PC12 cells were chased
in serum-free medium for 2 h, and the cells were chilled on ice,
washed, fixed, and immunostained for TrkA. As shown in Figure
2, there were larger vesicles containing both TrkA (blue) and
endosomal LDL (red) in DN-Rab7-transfected cells (green) com-
pared with untransfected neighboring cells.

We next quantified the size of TrkA endosomes (defined by
colocalization of TrkA with LDL) after NGF stimulation in DN-
Rab7/GFP-expressing cells as well as in neighboring untrans-
fected cells (data not shown). The average size of TrkA-
containing endosomes in DN-Rab7/GFP-expressing cells was
~607,000 nm? (*£224,607 nm?), whereas in untransfected
neighboring cells, TrkA endosomal size was 170,123 nm?
(£80,609 nm?). Thus, inhibition of Rab7 activity resulted in ac-
cumulation of TrkA in enlarged endosomes that were, on aver-
age, 3.7-fold larger than in neighboring untransfected cells ( p <
0.001).

Biochemical experiments were performed to test whether the
results from the immunofluorescence experiments showing that
Rab7 is important for the endosomal transport of TrkA could be
confirmed with a different experimental design. Using surface
biotinylation assays with a nonpermeable cross-linker (Saxena et
al., 2004), we examined whether the expression of DN Rab7 in-
fluenced the initial internalization of TrkA (Fig. 3A). As shown
previously (Saxena et al., 2005), NGF stimulation for 30 min led
to almost complete surface downregulation of TrkA in control
PC12 cells (Fig. 3A, compare lanes 1, 2). The same surface down-
regulation was found in DN-Rab7/GFP-expressing cells (Fig. 3A,
compare lanes 3, 4), suggesting that Rab7 does not affect the
initial NGF-driven internalization of TrkA. This finding also ex-
cludes the possibility of increased TrkA recycling in DN-Rab7/
GFP-transfected cells, because this should lead to higher surface
levels after ligand addition in DN-Rab7/GEFP cells. Our result is in
accordance with the literature that shows that Rab7 does not
influence trafficking upstream of early endosomes and that Rab7
does not affect trafficking within the recycling pathway (Vitelli et
al., 1997). Together with the data presented in supplemental Fig.
1 (available at www.jneurosci.org as supplemental material), this
demonstrates that DN-Rab7/GFP exerts no apparent unspecific
effects on initial endocytic events, nor on the secretory pathway
or on the recycling pathway.

Does expression of DN-Rab7/GFP prolong the persistence of
internalized TrkA? To answer this question, we used a surface-
biotinylation internalization assay with a nonpermeable but
cleavable cross-linker (Saxena et al., 2004). As shown in Figure
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Figure 2.

sentative experiment is shown. Scale bar, 8 pm.

3B, a brief stimulation with NGF for 10 min was sufficient to
induce robust internalization of surface TrkA receptors in both
DN-Rab7/GFP- and GFP-expressing control cells (compare
lanes 1, 2). However, endocytosed TrkA receptors were more
persistent in DN-Rab7/GFP-expressing cells than in GFP-
expressing control cells (Fig. 3B, lanes 3-5).

In PC12 cells, endocytosed TrkA is sorted from early endo-
somes to late endosomes and eventually degraded within lyso-
somes (Saxena et al., 2005). To further investigate whether ex-
pression of DN-Rab7/GFP inhibits the lysosomal degradation of
TrkA, we pretreated equal numbers of DN-Rab7/GFP- or GFP-
transfected control PC12 cells with CHX for 30 min to inhibit de
novo protein synthesis (Longva et al., 2002). Subsequently, cells
were stimulated for 10 min with NGF to drive internalization of
surface TrkA receptors. Cells were cooled on ice and washed with
ice-cold PBS, and surface-bound ligand was removed by the ad-
dition of surface strip buffer. Then, PC12 cells loaded with inter-
nalized activated TrkA receptors were washed in PBS and re-
warmed for different times in serum-free medium to allow
endosomal TrkA traffic to proceed. Subsequently, cells were
cooled and lysed, and protein lysates were subjected to immuno-
blotting for TrkA. As shown in Figure 3C (lanes 5, 6), internalized
TrkA was more persistent in DN-Rab7/GFP-expressing cells than
in control cells (lanes 2, 3).

Endogenous TrkA and Rab7 form a complex

Previous work showed that Rab7 forms a complex with the mo-
lecular motors dynein and dynactin (Jordens et al., 2001). It is
also known that Trk receptors directly interact with the dynein
light chain (Yano et al., 2001). Therefore, the same amounts of
PC12 cell lysates treated with or without NGF were immunopre-
cipitated with anti-Rab7 antibodies to test whether TrkA would
be found in a direct or indirect complex with Rab7. As shown in
Figure 4A, TrkA coimmunoprecipitated with Rab7 in an NGF-
dependent and time-dependent manner. Thus, besides dynein,
Rab7 represents a novel traffic-related protein forming a complex
with TrkA.

overlay

Rab7 inhibition by transient expression of DN-Rab7/GFP results in endosomal accumulation of TrkA. DN-Rab7/GFP-
transfected PC12 cells were stimulated without NGF (—NGF; A-D) or with NGF (+NGF; E-H) in the presence of fluorescently
labeled LDL (Dil-LDL) to allow for endocytosis of LDL and TrkA, followed by surface strip and reincubation in ligand-free DMEM/
BSA for 2 h. Subsequently, cells were fixed, permeabilized, and stained for TrkA. The arrows indicate vesicles containing TrkA and
LDL. Colocalization of LDL (red) and TrkA (blue) in enlarged vesicles in DN-Rab7/GFP-expressing cells (green) is shown. A repre-
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Next, we wanted to confirm the spec-
ificity of the Rab7 antibodies used for the
immunoprecipitation of endogenous
Rab7. Unfortunately, no blocking pep-
tide or preimmune serum was available
commercially. However, given the avail-
ability of a well established GFP-tagged
WT-Rab7 construct, we transfected WT-
Rab7/GFP into PC12 cells and per-
formed a NGF stimulation, followed by
lysis. WT-Rab7/GFP was then precipi-
tated with anti-tag antibody and blotted,
and the nitrocellulose membranes were
probed with anti-TrkA antibodies. As
shown in Figure 4B, a time-dependent
coimmunoprecipitation of TrkA and
WT-Rab7/GFP was observed, confirm-
ing the results presented above in Figure
4 A. Next, the subcellular localization of
WT-Rab7/GFP in relation to TrkA was
examined in transfected PC12 cells. As
shown in Figure 4C, the transfected WT-
Rab7/GFP construct (green) showed a
vesicular subcellular localization, remi-
niscent of endogenous Rab7 staining
shown in Figure 1. After stimulation
with NGF for 30 min, we observed an increased colocalization
of WT-Rab7/GFP (green) with TrkA (red), as visualized by
yellow fluorescence (Fig. 4C). These imaging results support
the notion that Rab7 and TrkA both reside on shared vesicles.

-NGF

o +NGF

Inhibition of Rab7 potentiates the signaling of TrkA in
response to brief stimulations with NGF

In previous experiments, we established that Rab7 controls the
endosomal trafficking of the RTK TrkA (Fig. 2). It has not yet
been assessed whether Rab7 activity controls RTK signaling in
general and TrkA signaling in particular. To visualize differences
regarding NGF signaling in DN-Rab7/GFP-expressing PC12 cells
with control cells, we performed the NGF stimulation protocol
described above (compare Figs. 2, 3B): PC12 cells transfected
with either DN-Rab7/GFP or control cells transfected with GFP
were treated briefly for 10 min with NGF. Subsequently, surface-
bound NGF was stripped (Bernd and Greene, 1984), and cells
were reincubated in NGF-free medium for various time points.
Such limited NGF stimulations were necessary to emphasize po-
tential differences between control cells and cells with inhibited
Rab7. Because most surface-exposed TrkA receptors are internal-
ized after NGF addition within 10 min (Jullien et al., 2002) and
because internalized TrkA receptors in PC12 cells do not join the
recycling pathway (Hosang and Shooter, 1987; Bronfman et al.,
2003; Saxena et al., 2005), our stimulation protocol involving
surface stripping should load cells with activated TrkA receptors
and minimize the contribution of surface-exposed activated
TrkA receptors in subsequent signaling assays. Surface stripping
was followed by lysis and immunoblotting of equal amounts of
lysates. Interestingly, we observed higher and more sustained
pTrkA levels in DN-Rab7/GFP cells compared with GFP-
expressing control cells at 2, 6, and 24 h after a 10 min stimulation
with NGF, followed by surface strip and reincubation in DMEM/
BSA (Fig. 5A). It should be noted that the DN-Rab7 effect is even
more remarkable given that our transfection efficiency was 20%,
as assessed by GFP fluorescence on GFP-transfected control
plates as well as on plates transfected with DN-Rab7/GFP. Den-
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Figure 3. Intracellular persistence of internalized TrkA depends on Rab7 activity. A, Surface

biotinylation of PC12 cells transfected with DN-Rab7/GFP or GFP (control). Cells were stimulated
with NGF for 30 min, chilled on ice and washed, and surface receptors were biotinylated. Then,
cells were lysed, and lysates were subjected to precipitation with streptavidin beads, followed
by immunoblot with an antibody against TrkA. Surface TrkA was internalized to a similar extent
in both control cells expressing GFP (lanes 1, 2) and cells transfected with DN-Rab7/GFP (lanes
3, 4). A representative blot is shown. B, Surface biotinylation-based internalization assay of
PC12 cells transfected with DN-Rab7/GFP or GFP (control). Surface proteins of P12 cells were
first biotinylated on ice with a cleavable membrane-impermeable cross-linker. Cells were then
washed and incubated with NGF at 37°C for 10 min. This step drives the internalization of
biotinylated surface receptors. Afterward, cells were cooled on ice and washed, and the biotin of
remaining surface-exposed biotinylated receptors was cleaved. This step leaves only internal-
ized biotinylated receptors. Then, cells were rewarmed in NGF-free medium for different time
points, as indicated. Afterward, cells were lysed, lysates were subjected to precipitation with
streptavidin beads, and precipitates were immunoblotted with anti-TrkA. Both GFP and DN-
Rab7/GFP samples were run on the same gel and probed on the same nitrocellulose membrane.
Lane 1 (surface) reflects surface levels of TrkA before stimulation with NGF, whereas lanes 2-5
reflect the intracellular levels of internalized TrkA after different incubation periods in NGF-free
medium. Prolonged intracellular persistence of TrkA in DN-Rab7/GFP-expressing cells (top,
lanes 3-5) after 2 and 6 h of reincubation in NGF-free medium compared with GFP transfected
control cells (bottom, lanes 3—5) is shown. A representative blot is shown. €, Same numbers of
PC12 cells transiently transfected with either GFP (control) or DN-Rab7/GFP were pretreated for
30 min with the translation blocker CHX, followed by a 10 min NGF stimulation, and subse-
quently surface stripped for ligand removal. Cells were reincubated in serum-free medium in
the presence of CHX. Then, cells were lysed, and lysates were immunoblotted for TrkA. The
intracellular persistence of internalized TrkA is prolonged in DN-Rab7/GFP-expressing cells
(lanes 5, 6) compared with GFP-expressing cells (lanes 2, 3). A representative blot is shown. IP,
Immunoprecipitate; IB, immunoblot.
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Figure4. Association of TrkA with Rab7. A, PC12 cells were stimulated with NGF for different
time points, and equal amounts of lysates were immunoprecipitated with antibodies against
Rab7, followed by immunoblotting with antibodies directed against TrkA. Subsequently, the
membrane was stripped and reprobed with antibodies against Rab7 to confirm that similar
amounts of Rab7 were pulled down in each lane. To confirm that our lysates contain similar
amounts of Rab7 or TrkA, equal amounts of lysates were immunoblotted with antibodies
against TrkA or Rab7. Blots from a representative experiment are shown. B, PC12 cells were
transfected with WT-Rab7/GFP and stimulated with NGF for different time points. Equal
amounts of lysates were immunoprecipitated with antibodies against the GFP tag to pull down
Rab7/GFP, followed by immunoblotting with antibodies directed against TrkA. Subsequently,
the membrane was stripped and reprobed with antibodies against GFP to confirm that similar
amounts of Rab7/GFP were pulled down in each lane. Blots from a representative experiment
are shown. €, P(12 cells were transfected with WT-Rab7/GFP and stimulated with or without
NGF for 30 min. Cells were fixed, permeabilized, and stained for TrkA (red). Increased colocal-
ization of WT-Rab7/GFP (green) with TrkA (red) appears as yellow in Cand F. Scale bar, 10 m.
IP, Inmunoprecipitate; IB, immunoblot.

sitometric quantification of four separate experiments was per-
formed. As shown in Figure 5B, pTrkA levels in DN-Rab7/GFP-
expressing cells were increased 5.4-foldat2h ( p < 0.01), 5.5-fold
at6h (p<0.01),and 7.8-foldat24 h ( p < 0.001) compared with
pTrkA levels in GFP-expressing control cells at these time points.
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Figure 5.  Enhanced TrkA phosphorylation in PC12 cells expressing DN-Rab7/GFP. 4, PC12
cells transfected with GFP, DN-Rab7/GFP, WT-Rab7/GFP, or CA-Rab7/GFP were stimulated for
10 min with NGF, followed by ligand strip and reincubation in NGF-free medium for the indi-
cated time points. Subsequently, cells were lysed, and equal amounts of protein were subjected
to immunoblotting with antibodies directed against tyrosine-phosphorylated TrkA (pTrkA).
Higher levels of pTrkA were found even after 24 h of reincubation in serum-free medium com-
pared with GFP-expressing cells. Subsequently, membranes were stripped and reprobed with
antibodies against unphosphorylated TrkA as loading control (bottom). Representative blots
are shown. B, Films derived from four separate experiments were quantified by densitometry.
Values of pTrkA are compared with control values (unstimulated). Error bars represent SD. *p <
0.05; **p < 0.01.

Previous work has also assessed the influence of a wild-type
Rab7/GFP construct (WT-Rab7/GFP) and a constitutive active
construct (CA-Rab7/GFP, with residue Q67 mutated to L) on
endosomal traffic. In non-neuronal cells, overexpression of CA-
Rab7/GFP slightly enhanced the degradation of LDL while in-
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creasing the size of lysosomes (Bucci et al., 2000). To gain further
insight into the role of Rab7 on TrkA signaling, we also trans-
fected WT-Rab7/GFP or CA-Rab7/GFP into PC12 cells, followed
by a brief NGF stimulation, surface strip, and reincubation for
different time points, as described above for GFP and DN-Rab7/
GFP. As shown in Figure 5A, levels of pTrkA in cells expressing
CA-Rab7/GFP or WT-Rab7/GFP were very low and resembled
those in GFP-transfected control cells.

Total TrkA levels remained comparably stable in DN-Rab7/
GFP-transfected cells within the time frame of our experiments
(Fig. 5A, lower panels). The latter observation was somewhat
surprising, because we expected total TrkA levels to increase in
NGF-stimulated cells transfected with DN-Rab7/GFP. In line
with this expectation, one of our previous experiments showed
increased total TrkA levels in lysates of cells treated with CHX at
6 h after a brief NGF stimulation (compare Fig. 3). A potential
resolution is provided by a previous report. TrkA activation in
PC12 cells rapidly downregulates the de novo synthesis of TrkA
mRNA and protein (Zhou et al., 1995). Potentially, the rather
stable total TrkA levels over time (Fig. 5A) can be explained by the
fact that there are two populations of cells on tissue culture plates
transfected with the DN-Rab7/GFP construct, corresponding to
one large population of untransfected cells and a second small
population of DN-Rab7/GFP-transfected cells. Potentially, our
brief NGF stimulation differentially affected the total levels of
TrkA in these two PC12 cell populations by decreasing de novo
TrkA synthesis and increasing accumulating TrkA in cells ex-
pressing DN-Rab7/GFP (because of an endosomal traffic block
upstream of lysosomes), whereas at the same time, TrkA levels in
neighboring nontransfected cells remained stable, as in GFP-
transfected sister plates used as a negative control. Thus, a TrkA
increase in DN-Rab7/GFP-expressing cells could be masked in
pooled total lysates.

Subsequently, we assessed whether endosomal accumulation
of phosphorylated TrkA also affected the activation state of the
major TrkA downstream signaling mediators, Erk1/2 and Akt
(Segal and Greenberg, 1996). As shown in Figure 6 A, we found
that a short NGF stimulation followed by surface strip and rein-
cubation in NGF-free medium for different time points resulted
in the appearance of pErkl/2 bands in DN-Rab7/GFP-
transfected cells and GFP-transfected control cells (Fig. 6A).
Compared with GFP-expressing control cells, the pErk1/2 bands
in plates transiently transfected with DN-Rab7/GFP were stron-
ger and more sustained than in control plates transfected with
GFP. As for pTrkA, the pronounced effect of DN-Rab7/GFP ex-
pression on sustained Erk1/2 activation was still evident after 24 h
of incubation in NGF-free medium. It was interesting that we did
not find pTrkA bands in lysates of control GFP cells keptat 2 h in
NGF-free medium after a previous 10 min NGF stimulation,
whereas pErk1/2 bands (and pAkt bands, see below) were readily
detectable in the same lysates. A potential explanation might be
that the kinetics of TrkA dephosphorylation by specific phospha-
tases such as SHP-1 (Src homology domain 2-containing tyrosine
phosphatase-1) are faster than the kinetics of Erk1/2 dephos-
phorylation (Marsh et al., 2003).

The presence of persistent pErk1/2 bands in GFP control cells
offered an opportunity to examine the effect of the constitutive
active Rab7 construct CA-Rab7/GFP on NGF signaling. If Rab7
activity influenced TrkA activity, a CA mutation might show the
mirror image effect compared with the DN variant. As shown in
Figure 6 A, this was indeed the case in this assay. As expected, the
expression of CA-Rab7/GFP diminished Erk1/2 phosphorylation
in response to a brief stimulation with NGF, whereas expression
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Figure 6.  Enhanced pErk1/2 levels in PC12 cells expressing DN-Rab7/GFP. 4, The same ly-
sates as those in Figure 5 were probed for tyrosine-phosphorylated Erk1/2 (pErk1/2). We found
persistent enhanced activation of Erk 1/2 in DN-Rab7/GFP-expressing cells compared with GFP-
expressing control cells. Decreased pErk1/2 levels are shown in cells transfected with CA-Rab7/
GFP. Subsequently, membranes were stripped and reprobed with antibodies against unphos-
phorylated Erk1/2 as a loading control (bottom). Representative blots are shown. B, Films
derived from four separate experiments were quantified by densitometry. Values of pErk are
compared with control values (unstimulated). Error bars represent SD. *p << 0.05; **p << 0.01.
€, Confocalimmunofluorescence analysis of pErk1/2 in DN-Rab7/GFP cells stimulated with NGF.
Increased nuclear localization of pErk1/2 (red, arrow) in cells expressing DN-Rab7/GFP (green)
are compared with untransfected control cells. Scale bar, 10 m.

of WT-Rab7/GFP had no major effect at 6 and 24 h. Densitomet-
ric analysis of four separate experiments (Fig. 6 B) revealed that
pErk1/2 levels in DN-Rab7/GFP-expressing cells were increased
by 2.8-foldat2 h (p < 0,001), by 2.3-foldat 6 h ( p < 0,01), and
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by 3.3-fold at 24 h (p < 0,01) compared with pErk1/2 levels in
GFP-expressing control cells at these time points. In contrast,
pErk1/2levels in CA-Rab7/GFP-expressing cells were 0.82-fold at
2h,0.26-fold at 6 h, and 0.73-fold at 24 h compared with pErk1/2
levels in GFP-expressing control cells at these time points ( p <
0.01).

Given the availability of excellent anti-pErk1/2 antibodies
suitable for immunofluorescence experiments, NGF-induced
nuclear translocation of pErk1/2 was investigated using confocal
microscopy. As described above, DN-Rab7/GFP-transfected
PC12 cells were stimulated for 10 min with NGF. After surface
strip and reincubation for 2 h in NGF-free medium, cells were
processed for immunostaining (Saxena et al., 2005). As shown in
Figure 6C, NGF-stimulated DN-Rab7/GFP-expressing cells
showed stronger nuclear pErk1/2 staining (red) than in untrans-
fected neighboring control cells on the same coverslip.

We also examined the phosphorylation of Akt in cells tran-
siently transfected with DN-Rab7/GFP or GFP. Interestingly, in
contrast to the Erk1/2 pathway, the PI3K/Akt pathway showed no
apparent difference in the activation pattern between DN-Rab7/
GFP- and GFP-expressing cells (Fig. 7A), because robust phos-
phorylation was observed after up to 6 h of reincubation in NGF-
free medium in both cases. Moreover, Akt phosphorylation was
downregulated after 24 h in both DN-Rab7/GFP- and GFP-
expressing control cells. This result supports the notion that the
previously observed increased activation of the Erk1/2 pathway is
aspecific effect of Rab7 inhibition because DN-Rab7/GFP had no
effect on this other TrkA signaling pathway. We also transfected
PC12 cells with CA-Rab7/GFP and WT-Rab7/GFP constructs,
followed by immunoblotting of lysates for pAkt. Whereas expres-
sion of WT-Rab7/GFP had no major effect on pAkt levels, the
expression of the constitutive active variant CA-Rab7/GFP lead
to diminished pAkt levels. Densitometric quantification was per-
formed on four separate experiments. As shown in Figure 7B,
pAkt levels in CA-Rab7/GFP-expressing cells were threefold
lower at 2 h ( p < 0.01), fourfold lower at 6 h ( p < 0.001), and
twofold lower at 24 h ( p < 0.01) compared with pAkt levels in
GFP-expressing control cells.

Inhibition of Rab7 potentiates NGF induced

neurite outgrowth

In the presence of NGF, PC12 cells cease to proliferate and in-
stead start differentiating, as morphologically evident by neurite
outgrowth (Greene and Shooter, 1980). Previous work has
shown that Erk1/2 activation preferentially occurs on endosomes
(Vieira et al., 1996; Xue and Lucocq, 1998) and that NGF-
induced neurite outgrowth in PC12 cells depends on Erk1/2 sig-
naling (Fukuda et al., 1995) that preferentially emerges from en-
dosomal TrkA receptors (Zhang et al., 2000). Thus, we next
examined the effect of Rab7 inhibition on neurite outgrowth.
PC12 cells were transfected with DN-Rab7/GFP or GFP as con-
trol and either stimulated briefly for 10 min with NGF to load
cells with signaling endosomes containing activated TrkA recep-
tors or left nonstimulated. Previous work with PC12 cells showed
that such brief NGF stimulation protocols exert significant effects
on the expression of differentiation-related genes but that they
are not sufficient for triggering morphological differentiation
and neurite outgrowth (Toledo-Aral et al., 1995). After brief NGF
stimulation, cells were stripped of surface-bound NGF as de-
scribed above (compare Figs. 5-7) and subsequently incubated
for 24 h in NGF- and serum-free medium (DMEM and 0.1%
BSA) before neurite outgrowth was assessed. As shown in Figure
8, the expression of DN-Rab7/GFP was not sufficient to induce
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outgrowth of long neurites in unstimulated PC12 cells. On the
other hand, a brief 10 min stimulation with NGF in DN-Rab7/
GFP-expressing cells was sufficient to promote impressive neu-
rite outgrowth after 24 h in NGF-free medium. In contrast, the
same brief NGF treatment did not trigger differentiation in GFP-
expressing control cells nor in CA-Rab7/GFP-expressing cells
(Fig. 8).

We quantified the NGF-induced neurite outgrowth in GFP-
expressing control cells and WT-Rab7/GFP-, CA-Rab7/GFP-,
and DN-Rab7/GFP-expressing cells (Fig. 8 B). Without NGF
stimulation, both DN-Rab7/GFP- and GFP-expressing cells grew
very few neurites. This was strikingly altered in DN-Rab7/GFP-
expressing cells: a 10 min stimulation with NGF, followed by
surface strip and reincubation for 24 h in NGF-free medium
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<25 um or >50 wm were determined. p << 0.00001, DN-Rab7/GFP-transfected cells and
GFP-transfected control cells. ¢, Western blotting with an antibody directed against a neuronal
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jected to immunoblotting with antibodies directed against GAP-43. A representative blot is
shown. IB, immunoblot.
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(DMEM and 0.1% BSA), resulted in 84.6 % 2.6% of cells possess-
ing neuronal processes of =50 wm length. It was interesting that
we previously observed pErkl/2 bands in lysates of NGEF-
stimulated, GFP-transfected control cells (compare Fig. 6) but
did not observe neurite outgrowth in these cells (Fig. 8). Poten-
tially, the pERK1/2 levels in these cells were below the threshold
necessary for the induction of long neurites. Indeed, pERK1/2
levels were low at 24 h after brief NGF stimulation, which is the
time point at which neurite outgrowth was quantified. Alterna-
tively, signaling pathways not examined by us might also contrib-
ute to neurite outgrowth in PC12 cells. This hypothesis is sup-
ported by our finding that PC12 cells expressing WT-Rab7/GFP
showed a somewhat increased responsiveness to limited NGF
stimulation in neurite outgrowth assays at 24 h after brief stimu-
lation with NGF (Fig. 8), without enhanced pErk1/2 levels at 24 h
after brief stimulation with NGF (compare Fig. 6). Previous stud-
ies revealed that overexpression of WT-Rab7 might sometimes
exert either a slight CA (Bucci et al., 2000) or a slight DN effect
(Dupre et al., 2003). Thus, the finding of WT-Rab7/GFP overex-
pression leading to slightly enhanced neurite outgrowth could
nevertheless be explained by a slight DN effect on Rab7 function,
leading to enhancement of TrkA signaling pathways not exam-
ined by us.

NGF-induced differentiation of PC12 cells in vitro as well as
neuronal regeneration in vivo is associated with upregulation of
growth-associated protein 43 (GAP-43) (Skene et al., 1986; Irwin
et al., 2002). Therefore, we assessed whether Rab7 activity af-
fected the expression levels of GAP-43 protein in PCI12 cells.
PC12 cells were transfected with DN-Rab7/GFP or GFP as con-
trol and were either stimulated briefly for 10 min with NGF or not
stimulated. Cells were then stripped of surface-bound NGF as
described above and subsequently incubated for 6 or 24 h in
serum-free medium. Cells were lysed, and equal amounts of pro-
tein lysates were subjected to immunoblotting with an antibody
against GAP-43. As shown in Figure 8C, we found a robust in-
crease in GAP-43 levels after 6 or 24 h of reincubation in serum-
free medium in DN-Rab7/GFP-transfected cells but not in GFP-
transfected control cells (Fig. 8C, compare lanes 2 and 3, 5 and 6).
These data indicate that Rab7 activity exerts a decisive influence
on the two most prototypical NGF effects, neurite outgrowth and
neuronal differentiation.

Discussion

RTK internalization and endosomal trafficking is important for
RTK signal transduction (Di Fiore and De Camilli, 2001). There-
fore, the regulation of RTK trafficking is important for control-
ling RTK signaling. But how is the endosomal sorting of RTKs
regulated? Work in non-neuronal cells has established an impor-
tant role for Rab7 in the trafficking of early endosomes and late
endosomes. It has recently emerged that in primary neurons and
in PC12 cells, activated TrkA is transported in both early and late
endosomes (Delcroix et al., 2003; Saxena et al., 2005). Therefore,
Rab7 might also play an important role in controlling the traf-
ficking of RTKs in neuronal cells. In this study, we addressed this
hypothesis by examining the trafficking of the RTK TrkA in a
neuronal cell line in which Rab7 function could be manipulated
by expression of a DN construct. We found that Rab7 controls the
post-endosomal trafficking of TrkA-bearing endosomes. This is
the first report demonstrating a role of Rab7 in trafficking of
RTKs in general and of TrkA in particular. Together with recent
reports on a similar role of the related Rab5 in the initial endo-
cytic trafficking of other RTKs (Barbieri et al., 2004; Dinneen and
Ceresa, 2004; Lanzetti et al., 2004), our findings support the no-
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tion that the trafficking of signaling receptors is under control of
the large family of Rab GTPases.

RTKSs continue to signal after their internalization into endo-
somes. Certain specialized endosomal organelles might represent
signaling platforms from which specific pathways emerge (Howe
et al., 2001; Sorkin and Von Zastrow, 2002). Because Rab7 con-
trols the endosomal trafficking of TrkA, we wanted to test
whether Rab7 would also control TrkA signaling. We found that
Rab7 inhibition in NGF-stimulated PC12 cells not only resulted
in enhanced accumulation of TrkA within endosomes but also
increased phosphorylation of TrkA and downstream effects such
as phosphorylation of Erk1/2, neurite outgrowth, and GAP-43
expression. Our report is the first to demonstrate a role of Rab7 in
signaling of RTKs and indicates a novel mechanistic link between
RTK trafficking and signaling.

Previous work using overexpression of a DN form of the large
GTPase dynamin in PC12 cells established that inhibition of the
GTPase activity of dynamin inhibited NGF-induced neurite out-
growth by inhibition of TrkA internalization (Zhang et al., 2000).
In contrast, we now report that inhibition of an unrelated
GTPase, Rab7, inhibited endosomal trafficking of TrkA and po-
tentiated Erk1/2 activation as well as neurite outgrowth. Because
dynamin controls trafficking events located “upstream” of Rab7
(the pinching of clathrin-coated vesicles from the plasma mem-
brane), this suggests that activation of Erk1/2 and neuritogenic
signaling emerges from an endosomal compartment localized
between a compartment under control of dynamin on the one
side and Rab7 on the other side, compatible with clathrin-coated
pits, early endosomes, and late endosomes. Evidence from the
literature points toward early endosomes and late endosomes as
potential candidates, because the MAPK scaffold p14 resides on
the cytoplasmic face of late endosomes (Wunderlich et al., 2001)
and activated Erk1/2 were recovered in density gradient fractions
containing early endosomes (Delcroix et al., 2003). In future
studies, it will be important to determine the specific endosomal
nucleation point of neuritogenic TrkA signaling.

In contrast to Erk1/2, no effect on NGF-induced phosphory-
lation of Akt-transfected cells was seen in DN-Rab7/GFP-
expressing cells. This finding suggests that in PC12 cells, Akt
signaling does not emerge from endosomes that are under con-
trol of Rab7. This hypothesis is in line with a study concluding
that NGF-induced Akt activation in PCI2 cells preferentially
takes place at the cell surface instead of endosomes (Zhang et al.,
2000). However, we also found that a CA-Rab7 construct dimin-
ished pAkt levels after NGF stimulation. Previous studies re-
ported various subcellular localizations of activated Akt (e.g., at
the cell surface, in the nucleus, at the Golgi apparatus, and on
mitochondria) (Filippa et al., 2000; Sasaki et al., 2003). Thus,
additional studies will be necessary to examine in more detail the
neuronal organelles from which Akt signaling emerges, as well as
the role that Rab7 might play in this process.

Is there a link between neurodegenerative diseases, neurotro-
phin receptor transport, and dysfunction of Rab GTPases? Re-
cently, neurodegenerative disorders have been linked to defective
organelle trafficking (Kruttgen et al., 2003). One report showed
that the molecular motor dynein is required for endosomal trans-
port of internalized, activated TrkB from axon terminals to cell
bodies; when this dynein-based transport is inhibited, neurotro-
phin stimulation of axon terminals does not support survival
(Heerssen et al., 2004 ). Recent studies found that Rab7 is mutated
in patients suffering from CMT2B or HSN1 (Verhoeven et al.,
2003; Houlden et al., 2004). Because Rab7 interacts indirectly
with dynein (Cantalupo et al., 2001; Jordens et al., 2001), our
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finding of a TrkA—Rab7 complex (Fig. 4) indicates a novel link
between Rabs, neurotrophin receptor transport, and neurode-
generation. It is not known whether the observed Rab7 mutations
in patients actually increases or decreases the activity of Rab7.
Neuronal death could be explained in either case: if there was a
slight increase in Rab7 activity in these patients, neurotrophic
effects depending on Erk1/2 signaling might be decreased, lead-
ing to neurodegeneration. In case of a slight decrease in Rab7
function, one could imagine that, although Trk and Erk1/2 sig-
naling will be enhanced, the trafficking of nutritional ligands
(such as LDL) (compare Fig. 2 B) might be altered. On a longer
time scale, this should lead to metabolic dysfunction despite in-
creased neurotrophin signaling. It might be of importance that
even elevation of WT-Rab7 levels by overexpression slightly af-
fects TrkA-induced neurite outgrowth, in line with previous re-
ports that overexpression of WT-Rabs leads to slight alterations
in readouts for Rab activity. Thus, subtle alterations in Rab7 half-
life caused by Rab7 point mutations found in polyneuropathies
could lead to increased or decreased Rab7 protein levels that in
turn might affect downstream processes relevant for neuronal
survival or neurite integrity.

How is the activity of Rab7 regulated and how does Rab7
regulate the trafficking of signaling endosomes? In general, Rab
GTPases are regulated by guanine nucleotide exchange factors
and GTPase-activating factors (Stenmark and Olkkonen, 2001).
Some Rab7 interacting proteins have been isolated that might be
involved in upstream or downstream signal transduction. The
function of one of these, RILP, is the best understood. The Rab7
effector RILP binds to the C terminus of Rab7, which prevents
additional GTP cycling of Rab7, thereby sustaining Rab7 activity
(Jordensetal., 2001). RILP expression in transfected cells induces
the recruitment of functional dynein—dynactin motor complexes
to Rab7 containing late endosomes, leading to minus-end trans-
port. In future experiments, it will be interesting to test whether
RILP activity plays a role in TrkA traffic control and whether
Rab7 activity is actually under control of NGF or other external
signals such as depolarization.

In summary, we show that Rab7 controls both TrkA traffick-
ing and signaling (for a schematic, see supplemental Fig. 3, avail-
able at www.jneurosci.org as supplemental material). Given the
well established role of Rab7 in the traffic control of early and late
endosomes along microtubules, it is likely that Rab7 controls
TrkA signaling by controlling endosomal TrkA traffic. Thus, we
hypothesize that Rab7 controls the “signaling endosomal resi-
dence time” of RTKs and therefore regulates their “endosomal
signaling time,” keeping TrkA in an endosomal subpopulation
favorable for Erk1/2 activation and promotion of neurite out-
growth. By increasing or decreasing Rab7 activity, cells might
control the late endosomal residence time of an RTK and thereby
signal duration as well as subcellular localization of the signaling
platforms. In addition, our study suggests that in humans, neu-
rodegeneration or axonal pathologies could be caused by dys-
regulation of Rab7 and neurotrophin receptor traffic control.
Future studies are being performed to address this hypothesis.
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