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Background: Rab-type small GTPases are conserved membrane trafficking proteins in all eukaryotes.
Results: Knockdown of Rab17 in mouse hippocampal neurons results in a marked reduction in the number of dendritic

branches and total dendrite length.

Conclusion: Rab17 regulates dendritic morphogenesis and postsynaptic development in hippocampal neurons.
Significance: Our findings reveal the first molecular link between membrane trafficking and dendritogenesis.

Neurons are compartmentalized into two morphologically,
molecularly, and functionally distinct domains: axons and den-
drites, and precise targeting and localization of proteins within
these domains are critical for proper neuronal functions. It has
been reported that several members of the Rab family small
GTPases that are key mediators of membrane trafficking, regu-
late axon-specific trafficking events, but little has been eluci-
dated regarding the molecular mechanisms that underlie den-
drite-specific membrane trafficking. Here we show that Rab17
regulates dendritic morphogenesis and postsynaptic develop-
ment in mouse hippocampal neurons. Rab17 is localized at den-
dritic growth cones, shafts, filopodia, and mature spines, but it is
mostly absent in axons. We also found that Rab17 mediates den-
drite growth and branching and that it does not regulate axon
growth or branching. Moreover, shRNA-mediated knockdown
of Rab17 expression resulted in a dramatically reduced number
of dendritic spines, probably because of impaired filopodia for-
mation. These findings have revealed the first molecular link
between membrane trafficking and dendritogenesis.

Neurons are highly polarized cells with two distinct subcel-
lular compartments that are highly specialized sites for infor-
mation input and output, i.e. dendrites and axons, respectively.
Extensive dendritic morphogenesis, which includes the gener-
ation and elaboration of extensive dendrite arbors followed by
retraction and pruning, occurs in the brain to establish proper
neural circuits (1). During the maturation step of dendritogen-
esis, filopodia from the dendritic shaft are morphologically and
functionally converted into spines, which are tiny bulbous pro-
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trusions that receive input through a single synapse with an
axon (2). The dendritic morphogenesis is crucial to the proper
formation of neuronal circuits, because defects in dendrite pat-
terning and/or spine formation often cause severe neurodevel-
opmental disorders (1, 2). However, the molecular mechanisms
by which dendritogenesis and postsynaptic development occur
are poorly understood.

Membrane trafficking is a well known biological process that
is involved in a wide variety of cellular events, including cell
polarization. In neurons, for example, axon-specific molecules
(e.g glutamate transporter and synaptotagmin I) (3, 4) and den-
drite-specific molecules (e.g. AMPA receptors and NMDA
receptors) (5, 6) are thought to be targeted to axons and den-
drites, respectively, by individual as yet unestablished traffick-
ing mechanisms. Rab small GTPases are conserved membrane
trafficking proteins in all eukaryotes, and they mediate various
steps in membrane trafficking, including vesicle budding, vesi-
cle movement, vesicle docking to specific membranes, and ves-
icle fusion. The numbers of Rab isoforms vary with the species,
ranging from 11 in budding yeasts to ~60 in mammals, and the
expansion in the number of Rab isoforms in higher eukaryotes
is likely to be related to specialized membrane trafficking path-
ways in specialized cell types (7, 8). Some Rab proteins have
actually been shown to be specifically localized in axons and to
operate axon-specific trafficking events (e.g. Rab3 and Rab27 in
synaptic vesicle trafficking) (9—11). Involvement of other Rab
isoforms in postsynaptic functions has also been reported (12—
16), but they are not dendrite-specific Rab proteins (i.e. they are
also present and function in axons; see Refs. 17 and 18), and no
Rab protein that specifically functions in dendritic morphogen-
esis has ever been reported.

In this study, we discovered that Rab17 is the only Rab iso-
form that is predominantly targeted to the dendrites of mouse
hippocampal neurons. Rab17 is localized at dendritic growth
cones, shafts, filopodia, and mature spines, but it is mostly
absent in axons. We also found that Rab17 mediates dendrite
growth and branching but that it does not regulate axon growth
or branching. Moreover, knockdown of Rabl7 expression
resulted in a dramatically reduced number of spines probably
because of impaired filopodia formation. Possible functions of
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Rab17 in dendritic morphogenesis and postsynaptic develop-
ment are discussed based on our findings.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies used in this study were
obtained commercially: anti-actin goat polyclonal antibody and
anti-c-Myc (9E10) mouse monoclonal antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA); anti-actin mouse mono-
clonal antibody (ABM, Richmond, Canada); anti-neurofila-
ment-H mouse monoclonal antibody (American Research
Products, Belmont, MA); anti-Tau (5E2) mouse monoclonal
antibody, anti-NMDAR1 (MAB363) mouse monoclonal anti-
body, anti-GluR2 (MAB397) mouse monoclonal antibody, and
anti-MAP2 chick polyclonal antibody (Millipore Corp.,
Billerica, MA); anti-calcium/calmodulin-dependent protein
kinase II a (CaMKIIa)? (6G9) mouse monoclonal antibody
(Calbiochem, La Jolla, LA); anti-PSD95 (7E3—-1B8) mouse
monoclonal antibody (Pierce); anti-EEA1 rabbit polyclonal
antibody (Cell Signaling Technology, Beverly, MA); anti-EEA1
mouse monoclonal antibody (BD Transduction Laboratories,
Lexington, KY); anti-GFP rabbit polyclonal antibody and
horseradish peroxidase-conjugated anti-GAPDH (3H12)
mouse monoclonal antibody (MBL, Nagoya, Japan); anti-syn-
aptophysin (SVP-38) monoclonal antibody and horseradish
peroxidase-conjugated anti-FLAG tag (M2) mouse monoclonal
antibody (Sigma-Aldrich); and anti-Rab11 rabbit polyclonal
antibody and Alexa 488/594/633-conjugated anti-mouse/rab-
bit/goat/chick/guinea pig IgG goat antibody (Invitrogen). Anti-
synaptotagmin (Syt) I N-terminal rabbit polyclonal antibody
was prepared as described previously (19). Anti-Rab17 rabbit
polyclonal antibody and anti-GFP guinea pig polyclonal anti-
body were raised against GST-Rab17 and GST-EGEFP, respec-
tively, and affinity-purified by exposure to antigen-bound Affi-
Gel 10 beads (Bio-Rad) as described previously (20).

Plasmid Construction—pEGFP-C1 vectors (Clontech) har-
boring cDNAs of 41 different human or mouse Rab proteins
were prepared as described previously (21). The Myc tag was
added to the N terminus of Rab17 by PCR with a primer encod-
ing the Myc tag sequence (in italics below) and SP6 primer by
using pGEM-T-Rabl7 as a template: Myc-Rab17 primer,
5'-TAAGATCTATGGAGCAAAAGCTCATTTCTGAAGAGG-
ACTTGAATGAAGGATCCATGGCGCAGGCTGCTGG-3'.
Purified PCR products were inserted into the pGEM-T Easy
vector and verified by DNA sequencing. The full-length Rab17
insert with Myc tag was then excised from the pGEM-T Easy
vector by Notl digestion and subcloned into the Notl site of the
modified pEF-BOS (22) (named pEF-Myc-Rab17). pSilencer
2.1-U6 neo vector (Ambion, Austin, TX) encoding a mouse
Rabl7 shRNA (19-base target site: 5'-TGCTGCGCTCCTG-
GTTTAT-3") was constructed as described previously (23).
pSilencer-EGFP vector was generated from pSilencer 2.1-U6
neo vector by digesting the Xmal/Nrul site and by substituting
it for the Xmal/Hpal site of pEGFP-N1. An shRNA-resistant
Rab17 mutant (named Rab17°%) was produced by the two-step

2 The abbreviations used are: CaMKllq, calcium/calmodulin-dependent pro-
tein kinase Il o; DIV, days in vitro; EGFP, enhanced green fluorescent pro-
tein; SR, shRNA-resistant; Syt, synaptotagmin.
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FIGURE 1. Rab17 is specifically localized at the dendrites of hippocampal
neurons. A and B, at 5 DIV mouse hippocampal neurons were transfected
with pEGFP-C1-Rab17 (A) or pEGFP-C1 and pEF-Myc-Rab17 (B). The neurons
were fixed at 14 DIV and then subjected to immunocytochemistry with anti-
bodies against neurofilament-H (an axon marker; red) and MAP2 (a dendrite
marker; blue) (A) or Myc (red) and MAP2 (blue) (B). The middle panels (panels a)
and bottom panels (panels b) are magnified views of the boxed areas in the
upper right panel. Note that punctate EGFP-Rab17 or Myc-Rab17 signals were
specifically observed in the dendrites (MAP2-positive neurites, middle panels
in Aand B) and were not observed at all in the axons (MAP2-negative neurites,
bottom panels in A and B). Bars, 10 um.

PCR techniques essentially as described previously (24). In
brief, PCRs were performed to generate two DNA fragments
having overlapping ends into which specific alterations were
introduced, e.g. Rab17-SR-5" primer, 5'-CAGGGGTGCCA-
ACGCAGCCTTATTAGTGTACGACATCACTCGG-3'; and
Rab17-SR-3' primer, 5'-CCGAGTGATGTCGTACACTAAT-
AAGGCTGCGTTGGCACCCCTG-3" (substituted nucleo-
tides are shown in italics). After purification of the two DNA
fragments, they were combined to generate the fusion product
by a second PCR. The resulting mutant Rab17 cDNAs were
subcloned into the pME18S expression vector (25) or
pEGFP-C1 vector. PSD95-EGFP expression vector was con-
structed according to Okabe et al. (26). pCAG-gap-Venus was
prepared as described previously (27). pPCAG-Control was con-
structed by removing the gap-Venus insert by EcoRI digestion
followed by self-ligation, and pCAG-Myc-Rab17-Q77L and
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Summary of the localization of EGFP-Rab1-43 in mouse hippocampal neurons

The EGFP-Rabs were classified into four groups according to their localization in axons and/or dendrites. The first group consists of EGFP-Rabs, whose signals were not
detected as dots in either axons or dendrites (indicated as ND, for “not determined”). The second group consists of EGFP-Rabs, whose signals were detected as dots in axons,
but not in dendrites (indicated as “axons”). The third group consists of just EGFP-Rab17, whose signals were detected in dendrites, but not in axons (indicated as
“dendrites”). The fourth group consists of EGFP-Rabs, whose dot signals were detected in both axons and dendrites (indicated as “axons and dendrites”). Note that
EGFP-Rab17 alone was localized at dendrites and not at axons. The numbers in the column on the right are the numbers of EGFP-Rab-expressing neurons analyzed in this

study.

Rab Number of Rab Number of
isoform Dots in axons or dendrites neurons isoform Dots in axons or dendrites neurons
RablA Axons and dendrites 9 Rab23 Axons 14
Rab2A ND 10 Rab24 ND 7
Rab3A Axons 21 Rab25 Axons and dendrites 7
Rab4A Axons and dendrites 7 Rab26 Axons and dendrites 6
Rab5A Axons and dendrites 6 Rab27A Axons 6
Rab6A Axons and dendrites 6 Rab28 ND 8
Rab7 Axons and dendrites 9 Rab29 Axons 8
Rab8A Axons and dendrites 8 Rab30 Axons and dendrites 10
Rab9A Axons and dendrites 8 Rab32 Axons 7
Rab10 Axons and dendrites 8 Rab33A Axons and dendrites 8
Rabl1A Axons and dendrites 11 Rab34 Axons 6
Rab12 Axons and dendrites 7 Rab35 Axons and dendrites 11
Rab13 ND 8 Rab36 Axons 9
Rab14 Axons and dendrites 7 Rab37 Axons and dendrites 7
Rabl5 Axons 6 Rab38 Axons 8
Rab17 Dendrites 21 Rab39A Axons 6
Rab18 Axons 10 Rab40A ND 5
Rab19 Axons and dendrites 9 Rab41 ND 7
Rab20 Axons and dendrites 9 Rab42 Axons 6
Rab21 Axons and dendrites 9 Rab43 Axons and dendrites 7
Rab22B ND 6

pCAG-Myc-Rab17-T33N were constructed by replacement of
the gap-Venus insert by the Myc-Rab17-Q77L fragment and
Myc-Rab17-T33N fragment (28, 29), respectively.
Hippocampal Neuron Culture and Transfection—Mouse
hippocampal neuronal cultures were prepared essentially as
described previously (30). In brief, hippocampi were dissected
from embryonic day 16.5 mice and dissociated with 0.25% tryp-
sin (Invitrogen). The cells were plated at a density of 3—6 X 10*
cells onto coverglasses in a 6-well plate or glass-bottomed
dishes (35-mm dish; MatTek Corp., Ashland, MA) coated with
poly-L-lysine hydrobromide (Nacalai Tesque, Kyoto, Japan).
They were maintained in minimum essential medium contain-
ing B27 supplements, 1% fetal bovine serum, and 0.5 mm gluta-
mine (Invitrogen). Plasmid DNAs were transfected into neu-
rons at 2—4 days in vitro (DIV) by using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
Other Cell Cultures and Transfections—COS-7 cells and
Neuro2A cells were cultured in DMEM (Invitrogen) supple-
mented with 10% fetal bovine serum, 50 units/ml penicillin, and
50 units/ml streptomycin (Invitrogen). The cells were plated
onto a 6-well plate. Plasmid DNAs were transfected into COS-7
cells and Neuro2A cells by using Lipofectamine Plus (Invitro-
gen) and Lipofectamine 2000, respectively, each according to
the manufacturer’s instructions.
Immunocytochemistry—Neurons were fixed for 10 min with
4% paraformaldehyde (Wako Pure Chemicals Industries, Ltd.,
Osaka, Japan) in 0.1 M sodium phosphate buffer at room tem-
perature. After permeabilizing the cells with 0.1% Triton X-100
for 1 min, they were blocked with the blocking buffer (10% FBS
in PBS) for 1 h. The cells were then immunostained for 1 h with
anti-MAP2 chick antibody (1/1000 dilution), anti-neurofila-
ment-H mouse antibody (1/500 dilution), anti-Tau mouse anti-
body (1/100 dilution), anti-Myc mouse antibody (1/200 dilu-
tion), anti-EEA1 rabbit antibody (1/100 dilution), anti-EEA1
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mouse antibody (1/100 dilution), anti-Rab11 rabbit antibody
(1/100 dilution), anti-Rab17 rabbit antibody (1/200 dilution),
anti-GFP rabbit antibody (1/500 dilution), anti-GFP guinea pig
antibody (1/500 dilution), anti-synaptophysin mouse antibody
(1/100 dilution), anti-GluR2 mouse antibody (1/100 dilution),
anti-NMDAR1 mouse antibody (1/100 dilution), anti-
CaMKIla mouse antibody (1/100 dilution), and anti-PSD95
mouse antibody (1/100 dilution), after which they were incu-
bated for 1 h with Alexa-Fluor 488/594/633-labeled secondary
IgG (1/5000 dilution) or Texas Red-coupled phalloidin (1/100)
at room temperature. Surface NMDARI was stained by anti-
NMDARI mouse antibody before the permeabilization step.
The cells were examined for fluorescence with a confocal laser
scanning microscope (Fluoview 1000; Olympus, Tokyo, Japan),
and the images were processed with Adobe Photoshop software
(CS4). Fluorescent intensity or the number of fluorescent dots
was quantified with Image] software (version 1.42q; National
Institutes of Health). Typical images of neurons are shown in
each figure.

Immunoblotting—Mouse tissue homogenates or total hip-
pocampal cell homogenates (31) were suspended in the SDS
sample buffer. For immunoblotting, the proteins were sepa-
rated by SDS-PAGE and transferred to a polyvinylidene difluo-
ride membrane (Millipore) by electroblotting. The blots were
blocked with 0.3% skim milk and 0.2% Tween 20 in PBS, and
after incubating them with a primary antibody, they were
washed with PBS containing 0.2% Tween 20 and incubated with
a peroxidase-conjugated secondary antibody. Immunoreactive
bands were detected by enhanced chemiluminescence.

Morphometric Analyses of Neurites in Hippocampal Neurons—
Neurites were morphometrically analyzed as described previ-
ously with slight modifications (32). Hippocampal neurons
were fixed at the DIV indicated in each figure (e.g. 11 DIV in Fig.
4C for Rab17 knockdown and 4 DIV in Fig. 5C for Rab17-QL
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FIGURE 2. Expression and localization of Rab17 protein in the hippocampal neuron are developmentally regulated. A, specificity of the anti-Rab17
antibody used in this study. COS-7 cells were transfected with a vector encoding FLAG-tagged Rab5A, Rab17, or Rab20, and 2 days after transfection, the cells
were lysed and subjected to immunoblot analysis with anti-Rab17 antibody (upper panel) and anti-FLAG tag antibody (lower panel). Note that Rab17 antibody
specifically recognized Rab17 (upper panel, lane 2) but did not recognize its related isoforms, Rab5A and Rab20 (upper panel, lanes 1 and 3). B and C, Rab17
expression is developmentally regulated (B) in the mouse hippocampus and (C) in primary mouse hippocampal neuron cultures. Tissue homogenates (50 ng)
of mouse hippocampus from embryonic day 18 (E78) to adult mice (B) or lysates of murine hippocampal neurons at 7,11, 14,21, or 28 DIV (C) were analyzed by
immunoblotting with anti-Rab17 antibody (upper panels) and anti-actin antibody (lower panels). The asterisks indicate nonspecific bands. The positions of the
molecular mass markers (in kilodaltons) are shown on the left. D and E, at 2 DIV mouse hippocampal neurons were transfected with a vector encoding EGFP, and
the neurons were fixed at 3 DIV (D) or 11 DIV (E) and subjected to immunocytochemistry with antibodies against GFP (green), Rab17 (red), and MAP2 (blue). The
bottom three panels (panels a-c) are magnified views of the boxed areas in the upper left panels. Note that at 3 DIV, endogenous Rab17 signals were specifically
observed in the cell body, and they were hardly observed in the dendrites and axons, whereas at 11 DIV some Rab17 signals were clearly observed in the
dendrites, but they were rarely observed in the axons. Bars, 50 um (top panels in D and E) and 10 um (middle and bottom panels in D and E).

overexpression) to optimize the effect of their treatment. The
cells were then subjected to immunocytochemistry with anti-
bodies against GFP, MAP2, and neurofilament-H (or Tau). All
of the quantitative analyses were carried out based on immu-
nostaining of the morphometric marker GFP. Dendrites and
axons were identified based on the presence of a dendrite-spe-
cific marker (MAP2) and an axon-specific marker (neurofila-
ment-H or Tau), respectively. Total dendrite length, total den-
drite branch tip numbers, total axon length, and total axon
branch tip numbers were determined manually by using Neu-
ron] (version 1.1.0) (33) plug-in software for Image]. The length
of each neurite was measured from the edge of the cell body (or
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its branching point) to the tip of the neurite, and total dendrite
(or axon) length means the sum of the lengths of all of the
dendrites (or axons) of that neuron (see supplemental Fig. S1).

Determination of Spine and Synapse Numbers—Spine and
synapse numbers were determined as described previously with
slight modifications (27, 30). To determine spine numbers, hip-
pocampal neurons were fixed at 24 DIV and subjected to immu-
nocytochemistry with antibodies against CaMKIla or PSD95
(spine markers) and MAP2. Dendritic spines were identified as
CaMKIla or PSD95-positive protrusions that had mushroom-
shaped heads. To determine synapse numbers, hippocampal
neurons expressing PSD95-EGFP were fixed at 21 DIV and sub-
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jected to immunocytochemistry with antibodies against GFP,
synaptophysin (a presynapse marker), and MAP2. When a
PSD95-EGFP-positive dot overlapped a synaptophysin-posi-
tive dot by at least 0.15-um, the PSD95/synaptophysin-positive
structure was counted as a “synapse.” The density of spine dots
and synapse dots was expressed as the number per 10 wm den-
drite length.

Anti-Syt I-N-terminal Antibody Uptake Experiments—Anti-
Syt I N-terminal (anti-Syt I-N) antibody uptake experiments
were performed as described previously with slight modifica-
tions (19, 34). At 21 DIV hippocampal neurons were stimulated
for 10 min at 37 °C with minimum essential medium containing
25 mMm KCl and anti-Syt I-N antibody (0.5 wg/ml). The neurons
were immediately washed twice with PBS, and after fixation
they were subjected to immunocytochemistry with antibodies
against MAP2 and rabbit IgG (i.e. anti-Syt I-N IgG). The num-
ber of Syt I-N positive-dots was counted as the number per 10
um of dendrite length.

Measurement of Filopodia—Filopodia were counted as
described previously with slight modifications (27, 30). Live
images of gap-Venus-expressing hippocampal neurons were
recorded at 11 DIV through a confocal laser scanning micro-
scope. Dendritic filopodia were defined as headless filaments
that protruded more than 1.5 wm from main shaft. Filopodium
density was expressed as the number per 10 um of dendrite
length.

Statistical Analyses—The results shown in Figs. 4, B-E; 5, B
and G; 6, C, E, and G; and 7C and supplemental Fig. S3 are
presented as the means and S.E. The values were compared
with Student’s unpaired ¢ test. A p value of <0.025 was consid-
ered statistically significant. All of the statistical analyses were
obtained in three independent experiments, and the data from
a representative experiment are shown here.

RESULTS

Rab17 Is Only Rab Isoform That Is Specifically Localized at
Dendrites of Hippocampal Neurons—To identify Rab isoforms
that specifically localize and function in dendrites, we first per-
formed a comprehensive expression analysis of EGFP-tagged
Rab proteins (Rab1-43) (21, 35) in cultured mouse hippocam-
pal neurons. Among the 41 Rab family members analyzed, only
Rab17 showed highly restricted localization to dendrites and no
localization to axons (Fig. 1A and supplemental Figs. S2 and
S3A; summarized in Table 1). The same dendritic localization
was also observed for Myc-tagged Rab17 (Fig. 1B and supple-
mental Fig. S3B), thereby excluding the possibility that N-ter-
minal EGFP tagging artificially induces dendrite-specific
localization.

Expression and Localization of Rabl7 Protein in Hippocam-
pal Neurons Is Regulated by Postnatal Development— Although
Rab17 was originally reported as an epithelial cell-specific Rab
protein (36, 37), we were able to detect expression of endoge-
nous Rab17 protein in the mouse total brain and hippocampus
by immunoblotting with a specific antibody against Rab17 (Fig.
2, A and B, and supplemental Fig. S4). Expression of Rab17
protein started to increase at postnatal day 5 (P5), and it grad-
ually increased until reaching adulthood (Fig. 2B). Consistent
with this observation, the level of Rab17 protein expression in
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FIGURE 3. Endosomal localization of Rab17 in developing dendrites of
the hippocampal neuron. A-C, at 4 DIV hippocampal neurons were trans-
fected with a vector encoding Myc-Rab17 or EGFP-Rab11A.The neurons were
fixed at 16 DIV (A and C) or 18 DIV (B) and subjected to immunocytochemistry
with antibodies against Myc (red) and Rab11 (a recycling endosome marker;
green) (A), endogenous Rab17 (red) and EGFP-Rab11A (green) (B), and Myc
(red) and EEA1 (an early endosome marker; green) (C). D, partial co-localization
between endogenous Rab17 and EEA1. Hippocampal neurons were fixed at
16 DIV and subjected to immunocytochemistry with antibodies against
Rab17 (red) and EEA1 (green). The arrows indicate the co-localization points.
E and F, Rab17 was not co-localized with the NMDA receptor or AMPA recep-
tor in the dendrites of developing neurons. Hippocampal neurons were fixed
at 18 DIV and subjected to immunocytochemistry with antibodies against
Rab17 (green) and NMDART1 (E, red) or GIuR2 (F, red). The dashed lines indicate
dendritic shafts identified as MAP2-positive areas. Bars, 10 um.

cultured hippocampal neurons gradually increased, and it
peaked at 21 DIV (Fig. 2C). These results indicated that the
expression of Rab17 protein in mouse hippocampal neurons is
regulated by postnatal development.
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FIGURE 4.Rab17 regulates dendritic morphogenesis in hippocampal neurons. A-C, at 4 DIV hippocampal neurons were transfected with a vector encoding
EGFP and control shRNA (upper panels in A) or Rab17 shRNA (lower panels in A), and the neurons were fixed at 11 DIV and subjected to immunocytochemistry
with antibodies against GFP, neurofilament-H (red), and MAP2 (blue). A, typical images of Rab17 knockdown neurons. The arrows and arrowheads indicate
axons and dendrites, respectively. Bar, 50 um. B and C, quantification of total dendrite branching tip numbers (B) and total dendrite length (C) of the control
neurons (n = 52), Rab17 knockdown neurons (n = 47), Rab1 7SR—expressing control neurons (n = 54),and Rab1 75R—expressing Rab17 knockdown neurons (n =
62). Note that both the total dendrite length and total dendrite branching tip numbers of Rab17 knockdown neurons were significantly lower than in the
control cells. **, p < 0.0025. D and E, quantification of total axon branching tip numbers (D) and total axon length (E) of control neurons (n = 25) and Rab17
knockdown neurons (n = 25). Dendrites (MAP2-positive neurites) and axons (neurofilament-H-positive neurites) were analyzed separately. **, p < 0.0025.
F, knockdown efficiency of Rab17 shRNA. COS-7 cells were transfected with a vector encoding control shRNA or with Rab17 shRNA together with EGFP-Rab17
(lanes 1 and 2) or EGFP-Rab17°R (lane 3), and 2 days after transfection the cells were lysed and subjected to immunoblot analysis with anti-GFP antibody (upper

panel) and anti-actin antibody (lower panel). The positions of the molecular mass markers (in kilodaltons) are shown on the /eft.

We then examined hippocampal neurons for endogenous
Rab17 signals at different stages of development. At an early
stage (3 DIV), Rab17 was detected only in the cell body, and it
was hardly detected in dendrites and axons (Fig. 2D and sup-
plemental Fig. S3C). At a later stage (11 DIV), however, some
Rabl7 signals had clearly accumulated in dendritic growth
cones, and less abundant signals were also detected in dendritic
shafts, but they were rarely observed in axonal growth cones or
shafts (Fig. 2E and supplemental Fig. S3C). These results indi-
cated that as dendritogenesis proceeded, Rab17 protein was
translocated from the cell body to the dendrites, not to the
axons.

Endosomal Localization of Rab17 in Hippocampal Neurons—
Because Rabl7 has been shown to be localized at recycling
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endosomes in non-neuronal cell lines (36 —38), we next inves-
tigated whether the Rab17 in neuronal dendrites is localized at
the same site. As anticipated, Myc-Rab17 in dendrites signifi-
cantly overlapped with Rabl1, a recycling endosome marker
(most co-localization points were outside the dendritic shaft;
Fig. 34, arrows), and we confirmed that endogenous Rab17 pro-
tein co-localizes with EGFP-Rab11A-positive dots (Fig. 3B,
arrows). We also found that Myc-Rab17 and endogenous Rab17
co-localized with EEA1, an early endosome marker, especially
in the dendritic shafts (Fig. 3, C and D, arrows). These results
indicated that Rab17 protein in neuronal dendrites is localized
at recycling/early endosomes. Although some postsynaptic
receptors have been shown to be regulated by endosomal traf-
ficking in mature spines (12—16), these Rab17-positive endo-
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FIGURE 5. Overexpression of Rab17-Q77L, a constitutive active Rab17 mutant, promotes dendritic morphogenesis in hippocampal neurons. A-C, at 2
DIV hippocampal neurons were co-transfected with a vector encoding EGFP and pCAG control (top row and second row in A) or pCAG-Myc-Rab17-Q77L (third
row and bottom row in A), and the neurons were fixed at 4 DIV and subjected to immunocytochemistry with antibodies against GFP (green), Tau (red), and MAP2
(blue). A, typicalimages of Rab17-Q77L-expressing neurons. Bars, 20 um. The second row and bottom row of panels are magnified views of the boxed areas in the
far-right panels in the top row and the third row, respectively. B and C, total dendrite branching tip numbers (B) and the total dendrite length (C) of the control
neurons (n = 79) and Rab17-Q77L-expressing neurons (n = 80) were analyzed. **, p < 0.0025; *, p < 0.01.

somes were negative for both NMDAR1 (an NMDA receptor
subunit) or GluR2 (an AMPA receptor subunit) in the dendrites
of developing neurons (Fig. 3, E and F).

Rab17 Regulates Dendritic Morphogenesis in Hippocampal
Neurons—The localization of Rabl7 protein at dendritic
growth cones prompted us to hypothesize that Rab17 regulates
dendritic morphology. To test our hypothesis, we investigated
the impact of shRNA-mediated knockdown of Rab17 on the
dendritic morphology of hippocampal neurons (Fig. 4, A-E)
(knockdown efficiency was shown in Fig. 4F and supplemental
Fig. S5). Rab17 knockdown resulted in a marked reduction in
the number of dendritic branches, total dendrite length, and
mean length of primary dendrites (to 46.1 = 5.0,29.8 = 4.1, and
65.1 = 8.6%, respectively, of the control) (Fig. 4, A—C). These
effects could not have been caused by the off target effect of
shRNA, because the abnormal dendrite patterning in Rab17
knockdown neurons was completely rescued by re-expression
of shRNA-resistant Rab17°® mutant protein (Fig. 4, Band C). In
striking contrast, neither axonal branching nor axonal out-
growth was affected by the Rab17 knockdown (Fig. 4, A, D,
and E).

If Rab17 is a positive regulator of dendritic morphogenesis,
forced activation of Rab17, i.e. overexpression of a constitutive
active mutant of Rab17 (Rab17-Q77L), should increase the
number of dendritic branches and/or the total dendritic length.
Consistent with our hypothesis, at 4DIV both the number of
dendritic branches and the total dendrite length were signifi-
cantly higher in the Rab17-Q77L-expressing neurons than in
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the control neurons (149.3 * 7.2 and 128.1 = 7.9%, respec-
tively, of the control) (Fig. 5). The above findings indicate that
Rab17 plays a crucial role in dendritic morphogenesis in hip-
pocampal neurons. We also tested the effect of a constitutive
negative mutant of Rab17 (Rab17-T33N) on dendritic mor-
phology, but we did not observe any changes in dendritic mor-
phology, presumably because of the very low level of Rab17-
T33N expression in hippocampal neurons (data not shown).
Rab17 Is Necessary for Postsynaptic Development—We then
investigated the localization of Rab17 protein in mature stage
neurons (24 DIV). Interestingly, Rab17 clusters were found to
lie outside the MAP2-negative areas, and the clusters were
highly co-localized with two spine markers: CaMKIla and
PSD95 (26, 39) (Fig. 6A and supplemental Fig. S6A), suggesting
possible involvement of Rab17 in postsynaptic development
and/or synaptic function. To investigate this possibility, we
monitored the number of spines in control and Rab17 knock-
down neurons by visualization of CaMKlIl« (or PSD95). The
results clearly showed that Rab17 knockdown caused a drastic
reduction in the number of spines (24.0 = 4.6% of the control;
Fig. 6, B, lower panels, and C, and supplemental Fig. S6B, lower
panels), and there were concomitant decreases in the number
of synapses co-visualized with EGFP-fused PSD95 (26) (a post-
synaptic marker) and synaptophysin (a presynaptic marker)
(8.3 = 2.7% of the control) (Fig. 6, D and E). Moreover, we
visualized presynaptic neural activity by measuring the uptake
of a Syt I N-terminal antibody (19, 34). In response to high K™
stimulation, control neurons took up massive amounts of Syt I
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FIGURE 6. Rab17 is necessary for postsynaptic development. A, hippocampal neurons were fixed at 24 DIV and subjected to immunocytochemistry with
antibodies against Rab17 (green), CaMKll« (a spine marker; red), and MAP2 (blue). Note that the Rab17 dots were localized at dendritic spines. Bar, 2.5 um.
B, typical images of Rab17 knockdown neurons with reduced numbers of spines and synapses. At 4 DIV hippocampal neurons were transfected with a vector
encoding EGFP together with control shRNA (upper panels in B) or Rab17 shRNA (lower panels in B), and at 24 DIV the neurons were fixed and subjected to
immunocytochemistry with antibodies against GFP (green), CaMKll« (red), and MAP2 (blue). Bar, 2.5 um. C, quantification of the numbers of spines in control
neurons (n = 21) and Rab17 knockdown neurons (n = 20). **, p < 0.0025. D, typical images of Rab17 knockdown neurons with a reduced number of synapses.
At4 DIV hippocampal neurons were transfected with a vector encoding PSD95-EGFP together with control shRNA (upper panels in D) or Rab17 shRNA (lower panels in
D), and the neurons were fixed at 21 DIV and subjected to immunocytochemistry with antibodies against GFP (green), synaptophysin (a presynapse marker; red), and
MAP?2 (blue). Bar, 2.5 um. E, quantification of the numbers of synapses in the control neurons (n = 20) and Rab17 knockdown neurons (n = 27).**,p < 0.0025. F, typical
images of Rab17 knockdown neurons with reduced numbers of functional synapses. At 4 DIV hippocampal neurons were transfected with a vector encoding EGFP
and control shRNA (upper panelsin F) or Rab17 shRNA (lower panelsin F),and at 21 DIV they were incubated for 10 min with an antibody against Syt | N-terminal domain
(anti-Syt I-N) in the presence of 25 mm KCl-containing medium. The neurons were then fixed and subjected to immunocytochemistry with antibodies against rabbit
19G (red) and MAP2 (blue). The arrows indicate the anti-Syt I-N antibody incorporated into neurons (red). Bar, 5 um. G, quantification of the numbers of anti-Syt I-N
antibody-positive dots in the control neurons (n = 20) and Rab17 knockdown neurons (n = 25). %, p < 0.01.

N-terminal antibody (Fig. 6F, arrows in the upper panels), Rabl17 Is Required for Filopodia Formation in Dendrites—
whereas uptake was dramatically reduced in Rab17 knockdown How does Rab17 regulate postsynaptic development? Because
neurons (29.8 = 11.1% of the control; Fig. 6, F, lower panels,and  dendritic spine development proceeds in two steps, i.e. the first
G), indicating that Rabl7 is necessary for postsynaptic step consisting of projection of filopodia from dendritic shafts
development. and the second step consisting of transformation of filopodia
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into spines after their initial contact with axons (40, 41), we
investigated whether Rab17 is involved in these steps. To this
end, we first used phalloidin to visualize polymerized F-actin as
a means of detecting both spines and filopodia (42). In the matu-
ration stage (20 DIV), the control neurons exhibited a number of
protrusions, which reflect spines and/or filopodia, whereas the
Rab17 knockdown neurons were devoid of protrusions along their
dendrites (Fig. 7A), strongly suggesting involvement of Rab17 in
dendritic filopodia formation, which precedes spine formation.
We therefore attempted to observe filopodia in the prematuration
stage (11 DIV). To this end, we visualized the fine morphology of
dendrites by expressing membrane-targeted Venus (gap-Venus)
(27) and compared the number of dendritic filopodia in control
neurons and Rab17 knockdown neurons. At 11 DIV, the control
neurons bore numerous dendritic filopodia (Fig. 7B, arrows in the
upper panels), whereas the number of dendritic filopodia was dra-
matically decreased in the Rabl7 knockdown neurons (30.4 =
8.9% of the control; Fig. 7, B, lower panels, and C). It should be
noted that some Myc-Rab17 signals were observed in dendritic
filopodia (Fig. 7D, arrows). These results, together with a recent
observation that Rab17 is involved in filopodia formation in mela-
nocytes (38), indicate that Rab17 is necessary for the formation of
dendritic filopodia.

DISCUSSION

In the present study, we obtained evidence that Rab17 spe-
cifically regulates dendrite development and does not regulate
axon development. Because Rabl7 is predominantly trans-
ported to dendrites after the establishment of neuronal polar-
ity, one conceivable function of Rab17 is to transport specific
lipids/proteins that contribute to membrane addition and/or
protein trafficking in dendrites during dendritogenesis. These
molecules are presumably localized at endosomes, which have
often been implicated in neurite outgrowth and extension (43).
Because Rab17 knockdown neurons have only a few dendrites
(Fig. 4) and mostly lack dendritic filopodia (Fig. 7), possible
candidate cargos of Rab17-bearing endosomes include lipids
that are supplied to dendritic growth cones and filopodia
and/or proteins that mediate neurite extension or branching
and filopodia formation. Because some filopodia that extend
from dendritic shafts have been observed to transform into
growth cones and new dendrite branches (44), the abnormal
dendrite branching in Rab17 knockdown neurons may be
attributable to the formation of fewer filopodia.

Because Rab17 is also localized at the mature spines of den-
drites (Fig. 6), Rab17 may also be involved in the transport of
lipids/proteins that specifically function in mature spines.
Because several Rab proteins (e.g. Rab4, Rab5, Rab8, and Rab11)
have been reported to modulate postsynaptic functions, e.g.
long term potentiation- and long term depression-dependent
regulation of spine size (13) and AMPA receptor trafficking (12,
14-16), it is possible that Rab17 is also involved in the transport
of postsynaptic receptors at the spines of mature neurons; how-
ever, we did not observe any co-localization of Rab17 with
NMDARI (an NMDA receptor subunit) or GluR2 (an AMPA
receptor subunit) in the dendrites of developing neurons (Fig. 3,
E and F), and there did not appear to be any difference between
control neurons and Rab17 knockdown neurons in the level of
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FIGURE 7. Rab17 is required for filopodia formation in dendrites. A, at 4
DIV hippocampal neurons were transfected with a vector encoding EGFP and
control shRNA (upper panelsin A) or Rab17 shRNA (lower panelsin A), and at 20
DIV the neurons were fixed, subjected to immunocytochemistry with anti-
bodies against EGFP (green) and MAP2 (blue), and stained for F-actin (red) with
phalloidin. Bar, 2.5 um. Note that the control neurons contain a number of
protrusions, which represent spines or filopodia, whereas the dendrites of the
Rab17 knockdown neurons are devoid of protrusions. B, typical images of
Rab17 knockdown neurons with reduced numbers of filopodia. At 4 DIV hip-
pocampal neurons were transfected with a vector encoding gap-Venus
together with control shRNA (upper panels in B) or Rab17 shRNA (lower panels
in B), and they were examined at 11 DIV. The right panels are magnified views
of the boxed areas in the left panels. The arrows indicate filopodia. Bars, 5 um.
C, quantification of the numbers of dendritic filopodia in the control neurons
(n = 25) and Rab17 knockdown neurons (n = 20). **, p < 0.0025. D, at 4 DIV
hippocampal neurons were co-transfected with a vector encoding gap-
Venus and Myc-Rab17,and at 12 DIV the neurons were fixed and subjected to
immunocytochemistry with antibodies against Myc (red) and MAP2 (blue).
The arrows indicate Rab17-positive dots in filopodia. Bar, 5 um.

NMDARI expression on the cell surface (supplemental Fig. S7).
Another possibility is that Rab17 contributes to precursors of
spine assembly by regulating dendritic filopodia formation (Fig.
7) rather than contributing to postsynaptic function itself. Iden-
tification of cargo(s) of the Rab17-bearing vesicles/membranes
will be necessary to elucidate the molecular mechanism by
which Rab17 mediates dendritic morphogenesis.

In summary, we for the first time demonstrated that Rab17, a
Rab family protein predominantly localized at dendrites, regulates
the morphogenesis of dendrites and not of axons. We also showed
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that Rab17 is localized to the spines of mature hippocampal neu-
rons and that it participates in postsynaptic development through
promotion of filopodia formation. Our discovery of novel Rab17-
mediated polarized trafficking in hippocampal neurons should
provide clues to the mechanism of dendritogenesis.
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