
Development/Plasticity/Repair
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Polarity Require the Activity of Protein Kinase D in the Golgi
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Neuronal polarization requires coordinated regulation of membrane trafficking and cytoskeletal dynamics. Several signaling proteins
are involved in neuronal polarization via modulation of cytoskeletal dynamics in neurites. However, very little is known about signaling
proteins in the neuronal soma, which regulate polarized membrane trafficking and neuronal polarization. Protein kinase D (PKD)
constitutes a family of serine/threonine-specific protein kinases and is important in regulating Golgi dynamics and membrane traffick-
ing. Here, we show that two members of the PKD family, PKD1 and PKD2, are essential for the establishment and maintenance of neuronal
polarity. Loss of function of PKD with inhibitor, dominant negative, and short interfering RNA disrupts polarized membrane trafficking
and induces multiple axon formation. Gain of function of PKD can rescue the disruption of polarized membrane trafficking and neuronal
polarity caused by cytochalasin D, which results in F-actin depolymerization. PKD1 and PKD2 are also found to be involved in the
maintenance of neuronal polarity, as evidenced by the conversion of preexisting dendrites into axons on PKD inhibition. Unlike other
polarity proteins, PKD does not interact with the cytoskeleton in neurites. Instead, PKD regulates neuronal polarity through its activity in
the Golgi apparatus. These data reveal a novel mechanism regulating neuronal polarity in the Golgi apparatus.
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Introduction
Nearly every aspect of neuronal signaling depends on the devel-
opment and maintenance of neuronal polarity (Craig and
Banker, 1994), which has been studied most extensively using
cultured embryonic hippocampal neurons (Dotti et al., 1988).
After initially forming a lamellipodium (stage 1), neurons extend
several short neurites that appear identical to one another (stage
2). The first evidence of polarity occurs when one neurite under-
goes an extended period of growth, becoming the axon (stage 3).

The morphological polarization during the transition from
stage 2 to stage 3 is definitively associated with reorganization of
the trans-Golgi network (TGN) to plasma membrane trafficking
(Bradke and Dotti, 1997; Tang, 2001). The mechanisms underly-
ing the reorganization of membrane trafficking are complex and
involve the destabilization of F-actin and the stabilization of mi-
crotubules in the axon (Yu and Baas, 1994; Bradke and Dotti,
1999; Witte et al., 2008). Several molecules linked to regulation of
the cytoskeleton have been implicated in different steps of neu-
ronal polarization (Arimura and Kaibuchi, 2005, 2007; Wiggin et

al., 2005). At the same time, the Golgi apparatus also plays a
pivotal role in neuronal polarization (Jareb and Banker, 1997;
Zmuda and Rivas, 1998). Moreover, a recent study suggested that
centrosome and Golgi localization in the early postmitotic stage
guided where the axon would be formed (de Anda et al., 2005).
Although the critical role of the Golgi apparatus in neuronal
polarization is well established, very little is known about the
active signals in the Golgi apparatus responsible for regulating
membrane trafficking reorganization during neuronal
polarization.

We address these issues with respect to the protein kinase D
(PKD) family, which is composed of three members: PKD1/
PKC�, PKD2, and PKD3/PKC� (Rozengurt et al., 2005). We
focused on this family for several reasons. First, it is required for
TGN to plasma membrane transport in nonpolarized HeLa cells
(Liljedahl et al., 2001). Second, PKD plays different roles in cell
migration in different cell types (Prigozhina and Waterman-
Storer, 2004; Eiseler et al., 2007), and young neurons develop
initial polarity by mechanisms analogous to those used by mi-
grating cells (Bradke and Dotti, 1998). Third, PKD1 and PKD2,
but not PKD3, specifically regulate basolateral membrane traf-
ficking in polarized epithelial cells and might be important in the
generation of epithelial polarity (Yeaman et al., 2004). Recent
studies indicate that mechanisms governing polarity are con-
served across cell types and suggest that some determinants of
epithelial polarity may also play a role in neuronal polarization
(Shi et al., 2003; Kishi et al., 2005; Shelly et al., 2007; Barnes et al.,
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2007). Fourth, the protein domain and key amino acids of PKD1
involved in its Golgi localization are well elucidated (Maeda et al.,
2001; Baron and Malhotra, 2002; Hausser et al., 2002).

Here, we demonstrate that PKD1 and PKD2, but not PKD3,
are essential for the establishment and maintenance of neuronal
polarity. These effects of PKD on neuronal polarity depend on its
activity in the Golgi apparatus. Thus, we reveal a novel mecha-
nism regulating neuronal polarity in the Golgi apparatus.

Materials and Methods
Antibodies and chemicals. We used the following antibodies and chemi-
cals: rabbit polyclonal anti-PKD1 (sc-639; Santa Cruz Biotechnology),
rabbit polyclonal anti-PKD2 (Calbiochem), mouse monoclonal anti-
GM130 (BD Biosciences Transduction Laboratories), monoclonal anti-
cyclin-dependent kinase 5 (CDK5) antibody (Millipore; 05-364), mouse
monoclonal anti-�III tubulin (G712A; Promega), rabbit polyclonal anti-
MAP2 (Millipore Bioscience Research Reagents), mouse monoclonal
anti-Tau-1 (Millipore Bioscience Research Reagents), mouse monoclo-
nal anti-�-tubulin (Sigma-Aldrich), mouse monoclonal anti-�-tubulin
(Santa Cruz Biotechnology), mouse monoclonal anti-green fluorescent
protein (GFP) (Santa Cruz Biotechnology). Tetramethylrhodamine iso-
thiocyanate (TRITC), FITC-labeled goat anti-mouse IgG, FITC-labeled
goat anti-rabbit IgG (Zhongshan Golden Bridge Biotechnology), and
Alexa Fluor 350 Go-anti-rabbit IgG (Invitrogen) were used as secondary
antibodies. The PKC inhibitors 12-(2-cyanoethyl)-6,7,12,13-tetrahydro-
13-methyl-5-oxo-5H-indolo[2,3-a]pyrrolo[3,4-c]carbazole (Gö6976)
and bisindolylmaleimide I (BIM) were from Calbiochem. NGF and cy-
tochalasin D were from Sigma-Aldrich. Post-Golgi membrane traffick-
ing was detected with TRITC-labeled C5-ceramide Bodipy complexed to
BSA (Invitrogen). Filamentous actin was detected with TRITC-labeled
phalloidin (Sigma-Aldrich).

DNA constructs. GFP-PKD1 was constructed as described previously
(Wang et al., 2004). All mutants of PKD1 were created using QuikChange
kit (Stratagene), following instructions provided by the manufacturer.
The different mutations were verified by DNA sequencing. The cDNA for
PKD2 was amplified from adult rat brain and cloned into p-EGFP-C2
(Clontech). For dominant-negative (DN) PKD2, lysine 580 (codon
AAG) was mutated to asparagine (AAC). GFP-wt-PKD3 and GFP-
K605N-PKD3 (dominant-negative PKD3) were kindly provided by Dr.
Qiming Jane Wang (University of Pittsburgh, Pittsburgh, PA). The
cDNA for C1a domain was amplified from the GFP-wt-PKD1 and cloned
into p-EGFP-N1 (Clontech).

Neuronal culture and transfection. Hippocampal explants isolated from
embryonic day 18 (E18) rat embryos (E16 mouse embryos were used in
RNA interference experiments) were digested with 0.125% trypsin for 30
min at 37°C, followed by trituration with pipette in plating medium
(DMEM with 10% fetal bovine serum). Dissociated neurons were plated
onto 35 mm dishes coated with poly-D-lysine (Sigma-Aldrich) at a den-
sity of 1 � 10 5 cells per dish for adding inhibitors. After culturing for 2 h,
media were changed to Neurobasal medium supplemented with 2% B27
and 0.5 mM L-glutamate (Invitrogen), and the inhibitors were added.
Transfection of neurons was performed before plating for 1 h at 37°C
using Lipofectamine 2000 (Invitrogen) following instructions provided
by the manufacturer. The neurons were centrifuged to remove the sus-
pension and were resuspended with DMEM plus 10% FBS. After plating
the neurons for 3– 4 h in dishes, media were changed to Neurobasal
medium supplemented with 2% B27 and 0.5 mM L-glutamate. After 60 h
in culture, neurons were fixed with 4% paraformaldehyde for 20 min at
room temperature and processed for immunofluorescence. Cytochalasin
D was added to the culture at 1 d in vitro (24 h after transfection). To do
maintenance experiments, the neurons were plated at high density
(�8 � 10 5 cells per 35 mm dish) and the transfection was done 2 d after
plating.

RNA interference. The sequence of PKD1 short interfering RNA
(siRNA) was as follows: 5�-CAGGAAGAGAUGUAGCUAU-3�, which is
conserved between human and mouse. The sequence of PKD2 siRNA
was as follows: 5�-CAGUCAGAUCCAAGAGAAU-3�, which is con-
served between mouse and rat. Control siRNA was 5�-UUCUCCGAA-

CGUGUCACGU-3�, which should not knockdown any known proteins.
To do rescue experiments, the third base of each codon in the target
sequence was mutated without changing the identity of the amino acids.

Immunofluorescence. Cells on culture dishes were washed with PBS
three times, fixed with 4% paraformaldehyde for 20 min, washed with
PBS three times for 5 min, permeabilized with 0.3% Triton X-100 for 30
min, and washed with PBS three times for 5 min. After blocking nonspe-
cific binding with 10% goat serum in PBS for 1 h at room temperature,
the cells were incubated with primary antibody overnight at 4°C, washed
with PBS three times for 5 min, incubated with second antibody for 1 h,
and washed with PBS three times for 5 min. Finally, the cells were
mounted on slides, and the stained sections were examined with a Leica
fluorescent microscope or a Leica TCS 4D confocal microscope using
omnichrome air-cooled helium/neon lasers tuned to produce beams of
488 and 568 nm. Where indicated, the neurons were incubated in micro-
tubule stabilizing buffer (MSB) (2 mM MgCl2, 10 mM EGTA, 60 mM

PIPES, pH 7.4), as a control, or in extraction buffer (1% Triton X-100
diluted in MSB) for 10 min on ice before paraformaldehyde fixation.

Triton X-100 extraction and Western blot analysis. Two day in vitro
(DIV2) neurons grown on dishes were washed twice with Ca 2�- and
Mg 2�-containing PBS and then incubated in extraction buffer (150 mM

NaCl, 10 mM Tris-HCl, pH 7.4, 1 mM MgCl2, 0.5% Triton X-100, 0.1 mM

PMSF, and a mixture of protease inhibitors) for 20 min. The Triton
X-100-soluble and -insoluble fractions were denatured and subjected to
SDS-PAGE, using 10% running gels, and transferred to nitrocellulose
membranes. After blocking with 5% milk powder for 1 h at room tem-
perature, the membranes were incubated with primary antibodies over-
night at 4°C. The membranes were then washed and incubated with
HRP-conjugated secondary antibody (1:2000; goat anti-rabbit or
-mouse; Bio-Rad Laboratories) and incubated for 1 h at room tempera-
ture. All washes were done using TBST (50 mM Tris-HCl, pH 7.5, 150 mM

NaCl, and 0.05% Tween 20), three times for 10 min. Last, blots were
detected using a chemiluminescence kit (Santa Cruz Biotechnology;
sc-2048).

Coimmunoprecipitation. Cos7 cell lysates were immunoprecipitated
with anti-�-tubulin antibody (1:100) at 4°C for 3 h. DIV2 neurons lysates
were immunoprecipitated with anti-PKD1 (1:100) or anti-PKD2 (1:100)
antibody at 4°C for 3 h. Protein A-Sepharose CL-4B resin (GE Health-
care) was added to the samples, and the incubation was continued for an
additional 12 h, after which, samples were washed six times with TBS/
0.1% Triton X-100. The final pellets were boiled with SDS-PAGE sample
buffer and subjected to Western blot analysis.

Kinase assay. PKD1 autophosphorylation was determined in an in
vitro kinase assay as described previously (Wang et al., 2004). A total of
150 �g of protein from the lysate of young hippocampal neurons was
used to do the in vitro kinase assay.

Labeling post-Golgi membrane trafficking. We used TRITC-labeled C5-
ceramide Bodipy complexed to BSA to label the Golgi apparatus and
post-Golgi membrane trafficking following the instructions of the man-
ufacturer. Briefly, neurons washed once with DMEM free of phenol red
(Invitrogen) were cultured with 5 �M C5-ceramide Bodipy at 4°C for 30
min, and then were washed twice with DMEM free of phenol red and
cultured for an additional 30 min at 37°C. Finally, the neurons were
washed with PBS and examined by fluorescence microscopy.

Analysis of neuronal morphology. Dissociated neurons grown at low
density were used to determine morphological characteristics. Neurons
treated with inhibitors were randomly chosen, and transfected neurons
were chosen based on GFP expression. The neurons were photographed
with 40� magnification using a Leica phase contrast microscope (Leica).
All processes and their branches were traced, their numbers were
counted, and their lengths were measured using SPOT 32 software (Di-
agnostic Instruments). A cell was considered to have an axon if the length
of one process was at least twice as long as any other process and was
more than twice the diameter of the cell body or if this process was
Tau-1-positive. Neurons were said to have normal polarity when they
had only one axon. F-actin staining in the growth cones was analyzed
with Image J.

Statistical analysis. All data were represented as mean � SEM. Com-
parisons between two groups were made using an unpaired t test. Com-
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parisons among more than three groups were made using one-way
ANOVA analysis followed by the Newman–Keuls test. Data marked with
three asterisks are significantly different from the control ( p � 0.001).
Data marked with two asterisks are significantly different from the con-
trol ( p � 0.01).

Results
Distribution of the Golgi apparatus and PKD1 in newly
polarized DIV2 neurons
To identify signaling proteins in the Golgi apparatus responsible
for regulating polarized membrane trafficking, we first analyzed
the radial distribution of the Golgi apparatus and the orientation
of post-Golgi membrane trafficking in newly polarized hip-
pocampal neurons. A line drawn between the center of mass of
the neuronal soma and the emergence point of the axon was
defined as � � 0°, and the somatic region was divided into four
quadrants, as shown in supplemental Figure S1A (available at
www.jneurosci.org as supplemental material). The probability of
the Golgi being located in the quadrant of the neuronal soma
immediately adjacent to the axon was �45% greater than for the
other regions (n � 110 neurons; three experiments) (supplemen-
tal Fig. S1B,D, available at www.jneurosci.org as supplemental
material). Analysis with another Golgi marker, GM130, also in-
dicated that, in general, the Golgi apparatus faced the axon in
newly polarized neurons (supplemental Fig. S1E,F, available at
www.jneurosci.org as supplemental material). Whenever the
Golgi apparatus faced the axon (i.e., was in the first quadrant) or
was adjacent to the axon (i.e., was in the second or fourth quad-
rants), post-Golgi membrane trafficking was directed toward the
axon (supplemental Fig. S1B,C, arrows; available at www.
jneurosci.org as supplemental material), consistent with the hy-
pothesis that polarized post-Golgi membrane trafficking is an
early determinant of neuronal morphological polarization
(Bradke and Dotti, 1997).

Next, we analyzed the distribution of PKD1 in stage 1 to stage
3 hippocampal neurons using immunofluorescence. We found
that PKD1 was distributed mainly in the cytoplasm, with high
levels in the Golgi apparatus indicated by the colocalization of
PKD1 and GM130 (supplemental Fig. S2A–C, available at

www.jneurosci.org as supplemental material). We also found
that basal activity of PKD1 was present in young hippocampal
neurons but was abolished by 1 �M Gö6976, an inhibitor of PKD
(Gschwendt et al., 1996). A general PKC inhibitor, bisindolylma-
leimide I (Martiny-Baron et al., 1993), had no such effect (sup-
plemental Fig. S2D, available at www.jneurosci.org as supple-
mental material).

PKD1 is required for neuronal polarization
Hippocampal neurons were treated with the PKD inhibitor,
Gö6976, or control vehicle, dimethyl sulfoxide (DMSO), and
were cultured for 2.5 d. Gö6976 decreased the number of neurons
with a single axon in a dose-dependent manner and increased the
number of neurons with multiple axons. Most of neurons treated
with DMSO (80 � 1.18%; n � 292 neurons; three experiments)
had normal polarity, with a single axon and several dendrites
indicated by the immunostaining with anti-tubulin �III (Fig.
1A1) or anti-MAP2 (a dendritic marker) and anti-Tau-1 (an
axonal marker) (Fig. 1B1). In neurons treated with 1 �M Gö6976,
however, very few (8.15 � 1.26%; n � 281 neurons; three exper-
iments) had normal polarity, whereas most had multiple axons
(Fig. 1A2,B2). Neuronal polarity was quantitatively assessed by
the ratio of the length of the longest neurite to the second, third,
and fourth longest neurites. The ratio in neurons treated with 1
�M Gö6976 was significantly lower than in control neurons. In
addition, the total number of neurites per neuron increased
(DMSO, 3.83 � 0.28; 1 �M Gö6976, 6.77 � 0.14; three experi-
ments), whereas the total neurite length per neuron was not af-
fected by Gö6976 (DMSO, 449 � 84 �m; 1 �M Gö6976, 537 � 58
�m; three experiments). This suggested that inhibition of PKD
activity might specifically change membrane trafficking from a
polarized mode to a nonpolarized mode, while not affecting the
overall level of membrane trafficking.

To determine whether the effects of Gö6976 on neuronal po-
larization were reversible, Gö6976 was washed out at DIV2.5, and
neurons were cultured for an additional 2.5 d in normal medium.
As shown in Figure 1C, the kinase activity of PKD1 recovered
after Gö6976 was washed out. However, the neuronal polarity did

Figure 1. Effects of PKD inhibitor, Gö6976, on neuronal polarization. A1, A2, Neurons treated with DMSO (A1) and 1 �M Gö6976 (A2) were stained with anti-tubulin �III. B1, B2, Neurons treated
with DMSO (B1) and 1 �M Gö6976 (B2) were stained with anti-MAP2 and anti-Tau-1. C, Kinase assay of hippocampal neurons that were treated with DMSO and 1 �M Gö6976, and then were cultured
in normal medium after washing out DMSO and Gö6976. D1, D2, Neurons were treated with DMSO (D1) or 1 �M Gö6976 (D2) for 2.5 d, and then cultured for an additional 2.5 d in normal medium
and stained with anti-MAP2 and anti-Tau-1. Scale bars, 50 �m.
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not recover and only a small number of the neurons established
normal polarity (percentage of polarized neurons: DMSO:
80.53 � 3.93%, n � 270 neurons; 1 �M Gö6976: 9.9 � 1.19%, n �
252 neurons; three experiments), whereas most had multiple ax-
ons (Fig. 1D1,D2), indicating the irreversible effects of Gö6976.
These results showed that the activity of PKD in early stage of
neuronal development was important for the establishment of
neuronal polarity. This is consistent with the previous opinion
that the early stage of neuronal development (48 h after neuronal
plating) is crucial for the formation of axon– dendrite polarity
(Dotti et al., 1988; Jiang et al., 2005). In addition to inhibiting
PKD, Gö6976 also inhibits the activity of conventional PKCs
(Martiny-Baron et al., 1993). However, in cultured hippocampal
neurons, conventional PKCs are initially present at very low lev-
els and increase continuously over 2–3 d of culture (Tejero-Dı́ez
et al., 1995), by which time, most neurons have established po-
larity (Dotti et al., 1988). No significant effect on neuronal polar-
ization was observed when the neurons were exposed to BIM, a
conventional PKC inhibitor (data not shown), which is consis-
tent with the results of previous studies (Shi et al., 2003). Thus,
the role of conventional PKCs in neuronal polarization might be
excluded.

The essential role of PKD1 in neuronal polarization was fur-
ther confirmed by expressing constructs of GFP-tagged

dominant-negative-PKD1, D727A, in which Asp727 was re-
placed with alanine (Iglesias et al., 1998). Dissociated hippocam-
pal neurons were transfected with either the GFP-DN-PKD1
construct or a GFP control construct. The neurons were then
cultured for 2.5 d before analysis of axonal– dendritic polarity, by
measuring the relative length of axons versus dendrites and stain-
ing with the axon-specific marker, Tau-1. The ratio of the length
of the longest and second longest neurites (referred as polarity
index) in neurons transfected with GFP alone was 7.15 � 0.64
(Fig. 2A,D) (n � 113 neurons; four experiments), and most of
these neurons had a single axon (Fig. 2G). Transfection of neu-
rons with wild-type (wt) PKD1 had no effect on neuronal polarity
(polarity index: 7.46 � 1.93; n � 38 neurons; four experiments)
(Fig. 2B,D) with most of the neurons having one axon (Fig. 2H).
On the contrary, the polarity index of neurons transfected with
GFP-DN-PKD1 was 1.57 � 0.16 (Fig. 2C,D) (n � 51 neurons;
four experiments), and most of these neurons had multiple axons
(Fig. 2 I, arrows). These results were confirmed by another
dominant-negative PKD1, K612W (Johannes et al., 1998), in
which Lys612 was replaced with tryptophan (supplemental Fig.
S3A,B, available at www.jneurosci.org as supplemental
material).

Next, we used PKD1 siRNA to confirm the present results
by using PKD inhibitor and dominant-negative PKD1. Be-

Figure 2. Effects of the dominant-negative PKD1 and PKD1 siRNA on neuronal polarization. A–C, Neurons were transfected with GFP (A), GFP-wt-PKD1 (B), and GFP-DN-PKD1 (C), and were
stained with anti-tubulin �III. Enlargements show the different distribution of the three GFP fusion proteins in neurons. D–F, Ratio of the length of the longest neurite and the second long neurite
(D), total number of neurites per neuron (E), and total length of neurites per neuron (F ) in neurons transfected with the indicated constructs. Bars indicate means � SEM of four independent
experiments. Data were analyzed by ANOVA followed by Newman–Keuls multiple-comparisons test. ***p �0.001 compared with GFP group. Numbers in parentheses refer to the total neurons
examined. G–I, Neurons transfected with GFP (G), GFP-wt-PKD1 (H ), and GFP-DN-PKD1 (I ) were stained with anti-Tau-1. J, PKD1 siRNA knock down the expression of endogenous PKD1 in mouse
neuroblastoma N2a cells. K, Western blot analyses of GFP-PKD1 in HEK293 cells. 1#, Control siRNA cotransfected with wild-type PKD1. 2#, PKD1 siRNA cotransfected with wild-type PKD1. 3#, Control
siRNA cotransfected with siRNA-resistant PKD1. 4#, PKD1 siRNA cotransfected with siRNA-resistant PKD1. L, Neurons cotransfected with dsRed and control siRNA. M, Neurons cotransfected with
dsRed and PKD1 siRNA. N, Neurons cotransfected with PKD1 siRNA and wild-type PKD1 resistant to siRNA. O, Neurons cotransfected with PKD1 siRNA and dominant-negative PKD1 resistant to siRNA.
P, The percentage of neurons with multiple axons in each group transfected with the indicated siRNA or DNA constructs. Scale bars: A–C, 40 �m; G–I, 20 �m; L–O, 20 �m.
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cause the gene sequence of PKD1 in rats was still unknown, we
used mouse hippocampal neurons to conduct RNA interfer-
ence experiments. PKD1 siRNA could efficiently knock down
the expression of both the endogenous (Fig. 2 J) and exoge-
nous (Fig. 2 K) mouse PKD1. dsRed plasmid was cotransfected
with siRNA to identify the transfected cells. Transfection of
control siRNA caused formation of very few neurons with
multiple axons (6.90 � 2.19%; n � 125 neurons; three exper-
iments) (Fig. 2 L, P), whereas transfection of PKD1 siRNA
markedly increased the percentage of neurons with multiple
axons (41.73 � 1.2%; n � 131 neurons; three experiments)
(Fig. 2 M, P). To avoid off-target effects of PKD1 siRNA on
neuronal polarity, we did rescue experiments. Wild-type
PKD1 resistant to PKD1 siRNA could rescue the formation of
multiple axons caused by PKD1 siRNA (Fig. 2 N), whereas
dominant-negative PKD1 resistant to PKD1 siRNA (Fig. 2O)
actually exaggerated the formation of multiple axons caused
by PKD1 siRNA (percentage of neurons with multiple axons:
PKD1 siRNA plus wt-PKD1: 9.52 � 1.19%, n � 52 neurons;
PKD1 siRNA plus DN-PKD1: 63.07 � 1.96%, n � 35 neurons;
three experiments) (Fig. 2 P).

PKD2, but not PKD3, is required for neuronal polarization
The PKD family consists of three isoforms: PKD1, PKD2, and
PKD3 (Rozengurt et al., 2005). Recent studies have focused on
isoform specificity in the control of membrane trafficking (Yea-
man et al., 2004; Hausser et al., 2005; Sánchez-Ruiloba et al.,
2006). Thus, we investigated whether PKD2 and PKD3 were also
involved in neuronal polarization. Of neurons transfected with
GFP alone, 89 � 1.73% had normal polarity (polarity index:
7.70 � 0.42; n � 68 neurons; three experiments) (Fig. 3A,D,E).
In neurons transfected with GFP-tagged dominant-negative
PKD2, only 21 � 4.16% of them had normal polarity (Fig. 3D),
whereas most of them had multiple axons (Fig. 3B1,B2,B3, ar-
rows) (polarity index: 1.87 � 0.19; n � 58 neurons; three exper-
iments) (Fig. 3E). On the contrary, transfection with GFP-tagged
dominant-negative PKD3 (Fig. 3C1,C2,C3) had no effect on neu-
ronal polarization (percentage of polarized neurons: 78.33 �
11.61%; polarity index: 4.27 � 0.18; n � 34 neurons; three ex-
periments) (Fig. 3D,E). We also confirmed these results with
RNA interference experiments. PKD2 siRNA could effectively
knock down the expression of both endogenous (Fig. 3F) and
exogenous (Fig. 3G) PKD2. Transfection with PKD2 siRNA

Figure 3. PKD2, but not PKD3, is involved in neuronal polarization. A–C, Neurons were transfected with GFP (A), GFP-DN-PKD2 (B1–B3), and GFP-DN-PKD3 (C1–C3), and were stained with
anti-tubulin �III. The arrows indicate axons. D, Percentage of polarized neurons transfected with GFP, GFP-DN-PKD2, and GFP-DN-PKD3. E, The polarity index in neurons transfected with GFP,
GFP-DN-PKD2, and GFP-DN-PKD3. F, PKD2 siRNA knock down the expression of endogenous PKD2 in mouse neuroblastoma N2a cells. G, Western blot analyses of GFP-PKD2 in HEK293 cells. 1#,
Control siRNA cotransfected with wild-type PKD2. 2#, PKD2 siRNA cotransfected with wild-type PKD2. 3#, Control siRNA cotransfected with siRNA-resistant PKD2. 4#, PKD2 siRNA cotransfected with
siRNA-resistant PKD2. H, Neurons cotransfected with dsRed and control siRNA. I, Neurons cotransfected with dsRed and PKD2 siRNA. J, Neurons cotransfected with PKD2 siRNA and siRNA-resistant
PKD2. K, Percentage of neurons with multiple axons transfected with the indicated siRNA or DNA constructs. Bars indicate means � SEM of three independent experiments. Scale bars, 20 �m.
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markedly increased the percentage of neurons with multiple ax-
ons compared with transfection with control siRNA (Fig. 3H, I)
(control siRNA: 6.90 � 2.19%, n � 125 neurons; PKD2 siRNA:
41 � 3.69%, n � 114 neurons; three experiments) (Fig. 3K). To
avoid off-target effects of siRNA, we also did rescue experiments
and found that the effect of PKD2 siRNA on neuronal polarity
could be rescued with siRNA-resistant GFP-PKD2 (Fig. 3J) (per-
centage of neurons with multiple axons: PKD2 siRNA plus
siRNA-resistant GFP-PKD2: 12 � 3.15%; n � 62 neurons; three
experiments) (Fig. 3K).

The effect of PKD1 on neuronal polarization depends on its
activity in the Golgi apparatus
As shown in Figure 2, E and F, GFP-DN-PKD1 increased the total
number but not the total length of neurites per neuron, consis-
tent with the results of Gö6976 treatment, suggesting that
dominant-negative PKD1 specifically disrupts the polarization
but not the total level of membrane trafficking in young hip-
pocampal neurons. The following results support the above hy-
pothesis that neurons transfected with GFP showed polarized
post-Golgi membrane trafficking (Fig. 4A), dominant-negative
PKD1 caused nonpolarized membrane trafficking in multiple di-
rections (Fig. 4C, arrows), whereas neurons transfected with
wild-type PKD1 (Fig. 4B) or dominant-negative PKD1 with de-
fective Golgi localization (P155G-DN-PKD1) (Fig. 4D) main-
tained polarized membrane trafficking toward one neurite.
P155G-DN-PKD1 showed no Golgi localization compared with
DN-PKD1 (supplemental Fig. S3C,D, available at www.jneuro-
sci.org as supplemental material).

Because PKD1 regulates membrane trafficking dependent on
its activity in the Golgi apparatus, we asked whether the effects of
PKD1 on neuronal polarity also depended on its activity in the

Golgi apparatus. First, in contrast to dominant-negative PKD1,
which caused multiple axon formation, transfection with a
dominant-negative PKD1 with defective Golgi localization
(P155G-DN-PKD1) (Fig. 4F–H) had no effect on neuronal po-
larity (polarity index: 7.63 � 0.64; n � 31 neurons; three exper-
iments). Moreover, P155G-DN-PKD1 did not increase the total
number or the total length of neurites per neuron. Second,
siRNA-resistant PKD1 with defective Golgi localization (P155G-
PKD1) could not rescue the formation of multiple axons caused
by PKD1 siRNA (Fig. 4 I–K) (percentage of neurons with multi-
ple axons: PKD1 siRNA: 41.73 � 1.2%, n � 131 neurons; PKD1
siRNA plus P155G-PKD1: 39.93 � 0.46%, n � 46 neurons; three
experiments; p � 0.05). Third, because PKD1 is localized to the
Golgi apparatus via its C1a domain (Maeda et al., 2001) (Fig. 5A),
we overexpressed a GFP-tagged C1a domain to compete with
endogenous PKD1 for localization to the Golgi apparatus. Most
neurons transfected with GFP alone had one axon (Fig. 5B),
whereas neurons transfected with GFP-C1a had multiple axons
(Fig. 5C). Statistical analyses indicated that transfection with
GFP-C1a inhibited the formation of neuronal polarity (percent-
age of polarized neurons: GFP: 89 � 1.73%, n � 68 neurons;
GFP-C1a: 8.67 � 3.93%, n � 32 neurons; three experiments; p �
0.001; polarity index: GFP: 7.70 � 0.42; GFP-C1a: 1.27 � 0.03;
three experiments; p � 0.001). All the above results indicated that
the activity of PKD1 in the Golgi apparatus was important for
neuronal polarization.

Overexpression of PKD1 can rescue the disruption of
polarized membrane trafficking caused by cytochalasin D
The above data showed that the lack of PKD1 function in the
Golgi apparatus converted polarized into nonpolarized mem-
brane trafficking in young hippocampal neurons. Next, we inves-

Figure 4. The effects of PKD1 on neuronal polarity depend on its activity in the Golgi apparatus. A–D, Post-Golgi membrane trafficking in neurons transfected with GFP (A), GFP-wt-PKD1 (B),
GFP-DN-PKD1 (C), and GFP-P155G-DN-PKD1 (D). E, Neurons transfected with GFP. F, G, Neurons transfected with GFP-P155G-DN-PKD1 (F ) were stained with anti-tubulin �III (G). H, Neurons
transfected with GFP-P155G-DN-PKD1 were stained with anti-Tau-1. I, Neurons cotransfected with dsRed and control siRNA. J, Neurons cotransfected with dsRed and PKD1 siRNA. K, Neurons
cotransfected with PKD1 siRNA and Golgi localization-deficient PKD1 resistant to PKD1 siRNA. Scale bars: A–D, 20 �m; E–G, 40 �m; H, 20 �m; I–K, 20 �m.
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tigated the effects of PKD1 gain of function in the Golgi appara-
tus. Neurons were treated with 0.1 �M cytochalasin D, an F-actin
depolymerization agent, at 1 d in vitro for 24 h. Most neurons lost
F-actin in their growth cones compared with control neurons
(supplemental Fig. S4A,B, arrows; available at www.jneurosci.
org as supplemental material), consistent with previous findings
(Bradke and Dotti, 1999). The disrupted neuronal polarity (Fig.
6A) and nonpolarized membrane trafficking (Fig. 6F) caused by
cytochalasin D were both partially rescued by the overexpression
of wild-type PKD1 (Fig. 6B,G). On the contrary, GFP-P155G-
PKD1, the construct with defective Golgi localization, failed to
rescue the cytochalasin D phenotype (Fig. 6C), whereas GFP-
DN-PKD1 (Fig. 6D) actually exacerbated the disruption of neu-
ronal polarity (percentage of polarized neurons: GFP plus cy-
tochalasin D: 31.38 � 2.57%, n � 104 neurons; wt-PKD1 plus
cytochalasin D: 64.97 � 1.73%, n � 43 neurons; P155G-PKD1
plus cytochalasin D: 31.13 � 3.21%, n � 41 neurons; DN-PKD1
plus cytochalasin D: 12.67 � 2.21%, n � 39 neurons; three ex-
periments) (Fig. 6E). Interestingly, depolymerization of F-actin
at the tips of neurites after cytochalasin D treatment was not
rescued by overexpression of PKD1 (supplemental Fig. S4C,D,
available at www.jneurosci.org as supplemental material). This
was consistent with the data showing that PKD1 inhibition did
not cause F-actin depolymerization at the tips of neurites (sup-
plemental Fig. S4E,F, available at www.jneurosci.org as supple-
mental material). These results suggested that overexpression of
PKD1 could convert nonpolarized into polarized membrane
trafficking through its activity in the Golgi apparatus and not via
regulation of F-actin in neurites.

PKD1 and PKD2 do not interact with the cytoskeleton
All the above data indicated that PKD1 regulated neuronal polar-
ity depending on its activity in the Golgi apparatus. Because most
signaling proteins regulate neuronal polarity through their inter-
actions with the cytoskeleton in neurites, we next investigated
whether PKD1 interacted with the cytoskeleton. A detergent ex-
traction experiment (Mascotti et al., 1997) showed that PKD1
immunolabeling was lost from the neuron after detergent extrac-
tion (supplemental Fig. S5A1,B1, available at www.jneurosci.org
as supplemental material), indicating that PKD1 did not interact
with the cytoskeleton. Western blot analysis also indicated that

PKD1 was only present in the Triton X-100-soluble fraction but
not in the Triton X-100-insoluble fraction (supplemental Fig.
S5C, available at www.jneurosci.org as supplemental material).
When a higher concentration of PKD1 antibody was used, PKD1
was still not detected (molecular weight, 115 kDa) in Triton
X-100-insoluble fraction, although nonspecific bands appeared
(supplemental Fig. S5D, available at www.jneurosci.org as sup-
plemental material). As a positive control, CDK5, which is known
to interact with the cytoskeleton in neurons (Dhavan and Tsai,
2001), was detected in the Triton X-100-insolube fraction (sup-
plemental Fig. S5E, available at www.jneurosci.org as supplemen-
tal material). Coimmunoprecipitation experiments showed that
anti-PKD1 antibody could not immunoprecipitate actin or tubu-
lin but could immunoprecipitate PKD1 and its substrate,
N-cadherin (supplemental Fig. S5F, available at www.
jneurosci.org as supplemental material). These results indicated
that PKD1 did not interact with the cytoskeleton in young hip-
pocampal neurons under basal conditions. We also could not
detect the interaction of PKD2 with the cytoskeleton in Western
blot analyses (supplemental Fig. S5G, available at www.
jneurosci.org as supplemental material) or coimmunoprecipita-
tion experiments (supplemental Fig. S5H, available at www.
jneurosci.org as supplemental material).

Next, we examined whether PKD1 affected the stabilization of
actin or microtubules in cell lines. Neither wild-type PKD1 nor
dominant-negative PKD1 affected F-actin (supplemental Fig.
S6A,B, available at www.jneurosci.org as supplemental material)
or microtubules (supplemental Fig. S6C,D, available at www.
jneurosci.org as supplemental material) in Cos7 cells. Moreover,
we did not detect the coimmunoprecipitation between PKD1 and
actin or tubulin in Cos7 cells (data not shown). Finally, we ad-
dressed whether PKD1 influenced the polymerization of actin or
microtubules in PC12 cells, which is a neuronal cell line. Neither
wild-type PKD1 nor dominant-negative PKD1 affected F-actin
(supplemental Fig. S7, available at www.jneurosci.org as supple-
mental material) or microtubules (data not shown) in PC12 cells.

PKD1 and PKD2 are involved in the maintenance of
neuronal polarity
Neurons were cultured for 2.5 d until stage 3 before treatment
with Gö6976, BIM, or DMSO for another 3 d and were fixed for
immunostaining on day 5.5. The majority of neurons treated
with DMSO (Fig. 7A,E) or BIM (Fig. 7B) on day 2.5 developed
normal polarity by day 5.5. Gö6976 treatment from 60 to 132 h
resulted in the formation of multiple axons (Fig. 7C,D,F). These
results suggested that PKD inhibitor could affect the mainte-
nance of neuronal polarity (percentage of polarized neurons:
DMSO: 80.43 � 2.88%, n � 225 neurons; 1 �M BIM: 77.20 �
7.42%, n � 206 neurons; 1 �M Gö6976: 11.67 � 3.67%, n � 215
neurons; three experiments; polarity index: DMSO: 10.37 � 1.07;
1 �M Gö6976: 2.61 � 0.36). Gö6976 could also increase total
neurite number and total neurite length with a minor but not
statistically significant effect.

To further examine the role of PKD in the maintenance of
neuronal polarity, we recorded individual neurites before and
after Gö6976 treatment on day 2.5 and followed them through
day 5.5. DMSO treatment did not influence the maintenance of
neuronal polarity (Fig. 8A,B). As shown in Figure 8, C and D,
there was one long neurite on day 2.5 (Fig. 8C, marked with a
white arrow) and several shorter neurites on the same neuron.
On day 5.5, Tau-1 and MAP2 staining showed that the originally
long neurite (Fig. 8D, marked by a white arrow) was indeed an
axon (Fig. 8G). Interestingly, two additional axons were formed

Figure 5. The effects of GFP-C1a on neuronal polarization. A, Schematic representation of
the structure of PKD1. C1a and C1b, Domains of CRD (cysteine-rich domain); PH, pleckstrin
homology domain. B, C, Neurons transfected with GFP (B) and GFP-C1a (C1–C3) were stained
with anti-tubulin �III. The arrows indicate axons. Scale bar, 20 �m.
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on day 5.5 (Fig. 8D, marked with red arrows; Fig. 8G, marked by
white arrows) from two originally short neurites recorded on day
2.5 (Fig. 8C, marked with red arrows). These results directly dem-
onstrated that inhibition of PKD activity could convert preexist-
ing dendrites into axons (polarity index: DMSO group at day 2.5:
4.56 � 0.41; DMSO group at day 5.5: 9.8 � 2.99; Gö6976 group at
day 2.5: 4.77 � 0.92; Gö6976 group at day 5.5: 2.07 � 0.27; four
experiments). The polarity index of neurons treated with DMSO
increased by 113.7 � 64% from day 2.5 to day 5.5, whereas the
polarity index of neurons treated with 1 �M Gö6976 decreased by
54.3 � 6% (four experiments).

The role of PKD in the maintenance of neuronal polarity was
further confirmed by DNA transfection. Neurons were cotrans-
fected with GFP fusion plasmids and dsRed on day 2 and cultured
for another 3 d, before fixing for immunostaining. Transfection
with dominant-negative PKD1 (Fig. 9C) disrupted the mainte-
nance of neuronal polarity and induced multiple axon formation,
whereas transfection with wild-type PKD1 (Fig. 9B) or
dominant-negative PKD1 with defective Golgi localization (Fig.
9D) did not affect the maintenance of neuronal polarity (percent-
age of neurons with multiple axons: dsRed: 11.67 � 1.67%, n �
110 neurons; dsRed plus wt-PKD1: 16.37 � 4.64%, n � 78 neu-
rons; dsRed plus DN-PKD1: 68.03 � 4.07%, n � 70 neurons;
dsRed plus P155G-DN-PKD1: 10.93 � 1.19%, n � 68 neurons;
three experiments) (Fig. 9G). This result indicated that the main-

tenance of neuronal polarity depended on the activity of PKD1 in
the Golgi apparatus. Transfection with dominant-negative PKD2
(Fig. 9E), but not dominant-negative PKD3 (Fig. 9F), caused the
formation of multiple axons (percentage of neurons with multi-
ple axons: dsRed plus DN-PKD2: 68.57 � 3.31%, n � 73 neu-
rons; dsRed plus DN-PKD3: 3.33 � 3.33%, n � 31 neurons; three
experiments) (Fig. 9G). These data indicated that PKD2, but not
PKD3, was involved in the maintenance of neuronal polarity.
Next, we used siRNA to confirm the role of PKDs in the mainte-
nance of neuronal polarity. Both PKD1 siRNA (Fig. 9I) and
PKD2 siRNA (Fig. 9J) disrupted the maintenance of neuronal
polarity by causing the formation of multiple axons (percentage
of neurons with multiple axons: control siRNA: 3.47 � 1.61%,
n � 110 neurons; PKD1 siRNA: 34.93 � 5.18%, n � 115 neurons;
PKD2 siRNA: 32.5 � 5.2%, n � 108 neurons; three experiments)
(Fig. 9K).

Discussion
Here, we show that PKD1 and PKD2 are essential for the estab-
lishment and maintenance of neuronal polarity. Loss of function
of PKD in hippocampal neurons led to symmetric outgrowth of
multiple axon-like processes. Underlying this symmetric neurite
outgrowth was symmetric post-Golgi membrane trafficking. Be-
cause the net outgrowth of all neurites remained unchanged, we
propose that PKD activity does not regulate the total level of

Figure 6. Overexpression of PKD1 could rescue the neuronal polarity and polarized membrane trafficking disrupted by cytochalasin D. A–D, Neurons expressing GFP (A), GFP-wt-PKD1 (B),
GFP-P155G-PKD1 (C), and GFP-DN-PKD1 (D) were treated with 0.1 �M cytochalasin D for 24 h and were stained with anti-tubulin �III. E, Percentage of polarized neurons expressing the indicated
GFP fusion proteins under the role of cytochalasin D. The numbers in parentheses refer to the total neurons examined. Bars indicate means � SEM of three independent experiments. Data were
analyzed by ANOVA followed by Newman–Keuls multiple-comparisons test. **p � 0.01, ***p � 0.001 compared with GFP group. F, G, Post-Golgi membrane trafficking in neurons expressing GFP
(F ) and GFP- wt-PKD1 (G). Scale bars: A–D, 20 �m; F, G, 14 �m.
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membrane trafficking, but rather, its di-
rectionality. LIM kinase 1 (LIMK1) can
also regulate the traffic of Golgi-derived
vesicles (Rosso et al., 2004). However,
PKD and LIMK1 likely have distinct roles
in neuronal development because knock-
down of LIMK1 also inhibits neurite
growth, indicating that LIMK1 regulates
overall level but not the polarity of mem-
brane trafficking (Tursun et al., 2005). The
present results are also different from the
previous study indicating that disruption
of the Golgi apparatus with brefeldin A
(BFA) leads to no axon formation (Jareb
and Banker, 1997). The difference might
be reasonable because inhibition of PKD
does not alter the integration of the Golgi
apparatus (supplemental Fig. S3C, avail-
able at www.jneurosci.org as supplemental
material), whereas BFA cause the Golgi ap-
paratus to be dispersed.

To date, two protein kinases, GSK3�
and MARK2 (microtubule affinity-
regulating kinase 2), have been reported
whose lose of function can induce multiple
axon formation (Jiang et al., 2005; Yo-
shimura et al., 2005; Chen et al., 2006) via
their regulation of microtubule stability.
Although a recent study indicated that the
effects of GSK3� on neuronal polarity
might be correlated with its Golgi localiza-
tion (Gärtner et al., 2006), direct evidence
is still lacking. Here, we provide the direct
evidence that PKDs regulate neuronal po-
larization based on their activity in the
Golgi apparatus. More interestingly, loss
of function of PKD also influenced the
maintenance of neuronal polarity. Under-
lying this effect was the conversion of pre-
existing dendrites into axons after PKD in-
hibition. We speculate that the axon-
specific vesicles sorted by the Golgi
apparatus might be mislocalized to den-
drites on PKD inhibition, thus converting
dendrites into axons. A recent study
showed that deletion of a novel protein ki-
nase, LRRK2 related kinase-1 (LRK-1),
caused mislocalization of axon specific
vesicles to dendrites in Caenorhabditis el-
egans (Sakaguchi-Nakashima et al., 2007).
We speculated that LRK-1 regulated po-
larized vesicle trafficking through its activ-
ity in the Golgi apparatus. Interestingly,
another study showed that the human ho-
molog of LRK-1, leucine-rich repeat
kinase-2 (LRRK2), regulated neurite pro-
cess morphology in rat cortical neurons
(MacLeod et al., 2006). Loss of function of
LRRK2 in cortical neurons caused the for-
mation of multiple axon-like processes, which was similar to the
effects of PKD inhibition. These results support the hypothesis of
how PKD regulates neuronal polarity in the Golgi apparatus. To
further elucidate the mechanisms by which PKD regulates neu-

ronal polarity, it is important to determine which Golgi-derived
vesicles are involved in axon formation. Recent studies indicate
that the selective translocation of the kinesin-1 motor marks the
initial specification of the axon (Jacobson et al., 2006). Several

Figure 7. Effects of PKD inhibitor Gö6976 on the maintenance of neuronal polarity. A–D, Neurons treated with DMSO (A), 0.3
�M BIM (B), 0.3 �M Gö6976 (C), and 1 �M Gö6976 (D) were stained with anti-tubulin �III. E, F, Neurons treated with DMSO (E)
and 1 �M Gö6976 (F ) were stained with anti-MAP2 and anti-Tau-1. Scale bar, 20 �m.

Figure 8. Conversion of preexisting dendrites into axons on PKD inhibition. A, B, The neuron before (A) and after (B) treatment
with DMSO. The white arrows indicate axons. C, D, The neuron before (C) and after (D) treatment with 1 �M Gö6976. The white
arrow indicates the former axon, whereas the red arrows represent new axons produced from former dendrites. E, F, The neuron
was stained with anti-MAP2 (E) and anti-Tau-1 (F ). G, Overlay of E and F. The white arrows indicate the newly formed axons. Scale
bar, 20 �m.
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cargoes of kinesin-1, such as CRMP-2 (collapsin response medi-
ator protein-2) (Kimura et al., 2005) and JIP-1 [JNK (c-Jun
N-terminal kinase)-interacting protein-1] (Muresan and Mure-
san, 2005) are found to be important in axon formation (Inagaki
et al., 2001; Dajas-Bailador et al., 2008). However, the mecha-
nisms underlying the selective accumulation of kinesin-1 motor
in the axon are still unknown. It will be interesting to examine
whether the polarized trafficking by kinesin-1 is regulated by
protein kinase D.

Although many studies focus on the role of PKD in regulating
membrane trafficking in non-neural cells (Liljedahl et al., 2001;
Prigozhina and Waterman-Storer, 2004; Woods et al., 2004; Yea-
man et al., 2004; Sánchez-Ruiloba et al., 2006; Eiseler et al., 2007),
very little is known about the functional significance of PKD
family in primary neurons. Here, we show that PKD1 and PKD2,
but not PKD3 modulate the polarized mode but not the total level
of membrane trafficking in stage 3 hippocampal neurons. Al-
though the three DN-PKD mutants have similar consequences
for TGN function in nonpolarized HeLa cells, our results to-
gether with the previous studies in polarized epithelial cells and
neural cells demonstrate that PKD1 and PKD2 have different
roles from PKD3 in regulating membrane trafficking. Several
mechanisms might contribute to the phenomenon. First, PKD3
could regulate TGN-derived cargoes different from that of PKD1
and PKD2 in polarized epithelial cells (Yeaman et al., 2004). Sec-

ond, the three PKDs might have different physiological sub-
strates. For example, PKD1 and PKD2, but not PKD3 can phos-
phorylate phosphatidylinositol 4-phosphate kinase III�
(PI4KIII�) at Ser294 (Hausser et al., 2005). Because PI4KIII� has
also been implicated in Golgi-to-cell surface transport (Godi et
al., 2004), this might be one of the mechanisms underlying the
different roles of PKDs in regulating membrane trafficking. A
recent study showed that PKD1 and PKD2 could phosphorylate a
lipid transfer protein ceramide transport (CERT) in the Golgi
(Fugmann et al., 2007). Phosphorylation on serine 132 by PKD
decreases the affinity of CERT toward its lipid target phosphati-
dylinositol 4-phosphate (PI4P) at Golgi membranes and reduces
ceramide transfer activity, identifying PKD as a regulator of lipid
homeostasis. Whether PI4KIII� and CERT are involved in neu-
ronal polarization needs to be further addressed. Third, the
postsynaptic density-95/Discs large/zona occludens-1 (PDZ)-
binding motif was identified in the C terminus of PKD1 and
PKD2 but not in PKD3, which is responsible for the isoform-
specific regulation in the transport of Kidins220 (a neural mem-
brane protein identified as the first substrate of PKD1) (Sánchez-
Ruiloba et al., 2006). Considering that PDZ proteins control the
asymmetrical delivery of membrane proteins from the TGN to
the different plasma domains (Rongo, 2001), the C terminus
PDZ-binding domain might constitute another mechanism un-
derlying the different effects of PKDs on polarized membrane

Figure 9. Effects of PKD mutants and PKD siRNA on the maintenance of neuronal polarity. A–F, Neurons cotransfected with dsRed (A) and GFP-wt-PKD1 (B), GFP-DN-PKD1 (C), GFP-P155G-DN-
PKD1 (D), GFP-DN-PKD2 (E), and GFP-DN-PKD3 (F ). G, Percentage of neurons with multiple axons in each group transfected with the indicated constructs. Bars indicate means � SEM of three
independent experiments. H–J, Mouse hippocampal neurons cotransfected with dsRed and control siRNA (H ), PKD1 siRNA (I ), and PKD2 siRNA (J ). K, Percentage of neurons with multiple axons
transfected with the indicated siRNA. Scale bar, 20 �m.
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trafficking. Although PKD3 is not involved in polarity, it might
regulate the growth of neurites. The primary data indicated that
dominant-negative PKD3 could inhibit the neurites growth
(neurites length of DIV2 neurons: GFP: 180.6 � 6.1 �m, 45
neurons; GFP-DN-PKD3: 103.1 � 18.1 �m, 34 neurons; three
experiments; p � 0.05). A recent study indicated that PKD3 in-
teracted with vesicle-associated membrane protein 2 (VAMP2)
and regulated the localization of VAMP2 vesicles to plasma mem-
brane (Lu et al., 2007). VAMP2 regulated fusion of vesicles with
the plasma membrane (Kimura et al., 2003) and was involved in
the neurites growth of PC12 cells (Shirasu et al., 2000).

It is intriguing that both PKD1 and PKD2 activity are required
for neuronal polarity. On one hand, DN-PKD1 might affect the
function of PKD2 in the Golgi by binding irreversibly to the TGN
through DAG (Yeaman et al., 2004). Because PKD autophos-
phorylation is required for its release from the membrane
(Maeda et al., 2001), this binding competitively inhibits the re-
cruitment of endogenous PKD2 to the TGN. We think this inter-
pretation is reasonable because the Golgi localization domains of
the two PKDs are very similar. At the level of the amino acids, the
C1a domain of PKD1 shows 92% identity to that of PKD2. So
overexpression of PKD1-C1a might alter the Golgi localization of
both PKD1 and PKD2. Our results support this hypothesis be-
cause PKD1-C1a has more dramatic effects on neuronal polar-
ization than DN-PKD1 and DN-PKD2. However, both the PKD1
siRNA and PKD2 siRNA affect neuronal polarity, which indicates
a partially nonredundant function of PKD1 and PKD2. This is
similar to a recent study showing that depletion of either PKD2 or
PKD3 affects Golgi-to-cell surface transport in HeLa cells that
express only PKD2 and PKD3 but not PKD1 (Bossard et al.,
2007). We proposed that PKD2 and PKD3 dimerize at the TGN
to activate downstream targets. In hippocampal neurons, PKD1
and PKD2 might also need to be dimerized to regulate polarized
membrane trafficking. Otherwise, the two PKD isoforms might
have different substrates or target different pools of the same
substrate in the Golgi. It is proposed that PKD1 and PKD2 may
target distinct pools of PI4KIII� at the TGN (Hausser et al.,
2005). In support of this reasoning is the recent proposal that
PI4P is located in functionally distinct TGN domains (Godi et al.,
2004). PKD1 and PKD2 could be recruited to these separate do-
mains at the TGN to regulate polarized trafficking of distinct
cargo proteins. Finally, it might also be possible that reducing
total PKD activity below a certain threshold is detrimental to
polarization.

The mechanisms underlying polarized membrane trafficking
can vary depending on the developmental stage of the neurons
(Horton and Ehlers, 2003). Young neurons develop initial polar-
ity by mechanisms analogous to those used by migrating cells
(Bradke and Dotti, 1998), whereas mature neurons use the same
machinery as polarized epithelial cells (Dotti and Simons, 1990).
Thus, it will be interesting to investigate how PKD regulates
membrane trafficking in mature hippocampal neurons. In fact,
more and more studies indicate that some signaling proteins in-
volved in the dendritic morphogenesis and synapse formation at
the later stage of neuronal development also participate in neu-
ronal polarization, such as the polarity proteins Par3, Par6, and
aPKC (Shi et al., 2003; Zhang and Macara, 2006, 2008) and the
Rho GTPases (Govek et al., 2005). It is reasonable to examine
whether the members of PKD family are involved in the other
processes of neuronal development such as axon targeting and
synapse formation.
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