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The pattern of dendritic branching, together with the density of synapses and receptor composition, defines the electrical properties of a
neuron. The development of the dendritic arbor and its additional stabilization are highly orchestrated at the molecular level and are
guided by intrinsic mechanisms and extracellular information. Although protein translation is known to contribute to these processes,
the role of its local component has not been fully explored. For local translation, mRNAs are transported to dendrites in their dormant
form as ribonucleoparticles (RNPs). We hypothesized that disturbing spatial mRNA distribution via RNP targeting may result in severe
underdevelopment of the dendritic arbor. Zipcode binding protein 1 (ZBP1) controls ␤-actin mRNA transport and translation in dendrites. We showed that proper cellular levels of ZBP1, its ability to engage in mRNA binding, and Src-dependent release of mRNA cargo
from ZBP1 are vital for dendritic arbor development in cultured rat hippocampal neurons. Moreover, ␤-actin overexpression significantly alleviated the effects of ZBP1 knockdown. These results suggest that ZBP1-dependent dendritic mRNA transport contributes to
proper dendritic branching.

Introduction
Neurons have characteristic dendritic arborization patterns (Stuart et al., 2007) that contribute to information processing (Segev
and London, 2000). Several cellular processes, including cytoskeleton dynamics and translation, are engaged to support
proper dendritic development (Urbanska et al., 2008; Jan and
Jan, 2010). Novel protein synthesis in neurons has been observed
not only in cell perikarya but also at discrete locations along the
dendrites (Aakalu et al., 2001). This local translation is now well
known to contribute to proper neuronal connectivity and spine
formation (Eom et al., 2003; Goetze et al., 2006; Lebeau et al.,
2008; Verpelli et al., 2010).
Local protein synthesis in dendrites requires the repression
and transport of dendritically targeted mRNAs. This is enabled
by the presence of tagging sequences within mRNA that are recognized and bound by specialized proteins (Kindler et al., 2005;
Kiebler and Bassell, 2006; Bramham and Wells, 2007). Zipcode
binding protein 1 (ZBP1) is one of several RNA binding proteins
Received May 10, 2010; revised Feb. 7, 2011; accepted Feb. 9, 2011.
Author contributions: M.P. and J.J. designed research; M.P., K.P., A.S.U., P.S.K., and J.J. performed research; M.P.,
A.S.U., P.S.K., and J.J. analyzed data; M.P. and J.J. wrote the paper.
This work was supported by the Polish Ministry of Science and Higher Education Grant NN301 3147 33, Polish–
Norwegian Research Fund Grant PNRF-96-AI-1/07, and FP7-HealthProt Grant 229676. We thank Dr. Gary Bassell for
the EGFP-ZBP1 plasmid, Dr. Paolo Macchi for the Staufen1-EYFP and Staufen2-EYFP plasmids and pSuperiorStau2sh, Dr. Casper Hoogenraad for ␤-actin-mRFP, ␤-actin-mCherry, FLAG-CaMKII␣, and EGFP-MAP2c, Dr. Robert
Pawlak for pPDGF-GFP-␤-actin, Dr. Anthone Dunah for GW1-NR1, and Dr. Robert Singer for ZBP1 antibody. We are
thankful to Jakub Mieczkowski and Magda Dziembowska for consultation on statistics and experimental design,
Malgorzata Urbanska and Anna Malik for help with the experiments, and Monika Dudek for technical assistance. We
also express our gratitude to Clive Bramham, Leszek Kaczmarek, Anna Malik, Malgorzata Urbanska, and Lukasz
Swiech for fruitful discussions and their comments on our work.
Correspondence should be addressed to Jacek Jaworski, Laboratory of Molecular and Cellular Neurobiology,
International Institute of Molecular and Cell Biology, Ksiecia Trojdena Street 4, 02-109, Warsaw, Poland. E-mail:
jaworski@iimcb.gov.pl.
DOI:10.1523/JNEUROSCI.2387-10.2011
Copyright © 2011 the authors 0270-6474/11/315271-15$15.00/0

found in ribonucleoparticles (RNPs) and dendritic processing
bodies (P-bodies) (Barbee et al., 2006; Elvira et al., 2006; Cougot
et al., 2008; Zeitelhofer et al., 2008a), which are structures involved in mRNA silencing and transport (Kiebler and Bassell,
2006; Zeitelhofer et al., 2008b). ZBP1 binds a wide variety of
transcripts (Jønson et al., 2007), but only its binding to a sequence in the 3⬘-untranslated region (UTR) of ␤-actin mRNA
has been well characterized (Ross et al., 1997; Oleynikov and
Singer, 2003) and confirmed in neurons. The granules that contain
ZBP1 are present in dendrites beneath dendritic spines and crucial
for cellular ␤-actin mRNA localization and proper spine growth
(Zhang et al., 2001; Eom et al., 2003; Tiruchinapalli et al., 2003).
Much evidence suggests the participation of RNP proteins in
dendritic growth (Lee et al., 2003; Barbee et al., 2006; Bestman
and Cline, 2008; Vessey et al., 2008), but the precise molecular
mechanism and identity of the bound mRNAs that are important
for this process remain mostly unknown. The present study addressed these two issues by showing that both knockdown and
overexpression of ZBP1 in developing rat hippocampal neurons
in culture result in dendritic arbor simplification and ␤-actin
mislocalization. We also provide evidence that localization of
ZBP1 to the branching points of dendrites correlates with the
need for ZBP1 in proper dendritic arborization. We also show
that ZBP1 contributes to dendritogenesis via mRNA binding and
Src-dependent release. Finally, the effects of ZBP1 knockdown on
dendritic arborization were prevented by ␤-actin overexpression.
Together, these data suggest that ZBP1-dependent dendritic
mRNA targeting and unsilencing contribute to the proper formation of dendrites in hippocampal neurons.

Materials and Methods
Antibodies and drugs. Rabbit anti-ZBP1 antibody has been previously
described and was a kind gift from Dr. R. H. Singer (Albert Einstein
College of Medicine, Yeshiva University, New York, NY) (Oleynikov and
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Singer, 2003). The following antibodies and drugs were obtained from
commercial sources: goat anti-ZBP1 (Santa Cruz Biotechnology), mouse
anti-␤-galactosidase (Promega), rabbit anti-␤-galactosidase (MP Biomedicals), mouse anti-green fluorescent protein (GFP) (Roche Applied
Science), rabbit anti-GFP (Medical and Biological Laboratories), and
horseradish peroxidase (HRP)-conjugated sheep anti-digoxigenin (DIG)
antibody (Roche). Alexa Fluor 488- and Alexa Fluor 568-conjugated antimouse, anti-rabbit, and anti-goat secondary antibodies and HRP-conjugated
anti-rabbit, anti-mouse, and anti-goat secondary antibodies were obtained
from Invitrogen and Jackson ImmunoResearch, respectively.
DNA constructs. The following DNA constructs have been previously described: pEGFP-rZBP1 (Eom et al., 2003), pStau1-EYFP, pStau2-EYFP,
pSuperior-Stau2sh (Goetze et al., 2006), ␤-actin-GFP (Jaworski et al., 2005),
␤-actin-mRFP, FLAG-CaMKII␣ (Hoogenraad et al., 2007), ␤-actinmCherry (de Vrij et al., 2008), pSuper (Brummelkamp et al., 2002), and
pPDGF-EGFP-␤-actin (Morales et al., 2000). pcDNA3-c-Myc (Ricci et al.,
2004) and pExpress-1-␣-actin were acquired from Addgene (plasmid
16011) and ImaGenes (clone IRBPp993E0552D), respectively.
We used pSuper vector for ZBP1, ZBP1-scrambled, and Staufen1 short
hairpin RNA (shRNA) expression. The target sequences for shRNAs in the
rat ZBP1 (AF541940) and Staufen1 (BC101858) coding sequences were the
following: ZBP1sh#1, 400 – 418, CAAGCCATCATGAAGCTAA; ZBP1sh#2,
650 – 668, CCATCCGAAACATCACAAA; Stau1sh, 1205–1223, TGAGCAACTGTACTACCT. scZBP1sh#1 (GACAATTAACCACGAGATC) was
designed using the online GeneScript tool.
A ZBP1sh#1-resistant mutant of ZBP1, EGFP-ZBP1*1, was generated
by introducing five silent mutations in the small interfering RNA target
region using the QuikChange Site-Directed Mutagenesis System (Stratagene) with the following primers (mutations are underlined): ZBP1*1,
forward (CCGGGAGCAGACCAGGCAGGCAATTATGAAACTCAATGGCCATCAACG); ZBP1*1, reverse (CGTTGATGGCCATTGAGTTTCATAATTGCCTGCCTGGTCTGCTCCCGG).
The substitution of tyrosine with phenylalanine at position 396 of EGFPZBP1*1 (ZBP1*1Y396F-EGFP) was performed using the following primers:
Y396F, forward (GGGGCTGCTCCCTTCGGCTCCTTCATGC); Y396F,
reverse (GCATGAAGGAGCCGAAGGGAGCAGCCCC). ZBP1*1-GXXG,
a mutant with decreased RNA binding affinity (Nielsen et al., 2003), was
obtained on a basis of EGFP-ZBP1*1 with three subsequent substitutions
within the GXXG motif (GKEG, GKKG, GKGG) for the GELG motif in the
signature loop of KH1, KH2, and KH3 using the following primers: KH1,
forward (GCGCCATCATTGGCGAGCTGGGTGCCACCATCCG); KH1,
reverse (CGGATGGTGGCACCCAGCTCGCCAATGATGGCGC); KH2,
forward (GTGGGGCGACTCATTGGAGAGCTCGGGCGGAACTTGAAG); KH2, reverse (CTTCAAGTTCCGCCCGAGCTCTCCAATGAGTCGCCCCAC); KH3, forward (GGCGCCATCATCGGCGAGCTGGGCCAGCACATC); KH3, reverse (GATGTGCTGGCCCAGCTCGCCGATGATGGCGCC).
The ZBP1*1⌬C (1-1191 nt) deletion mutant was cloned into the
EcoRI/BamHI sites of pEGFP-C1 (Clontech) by PCR using the following
primers: ZBP1-EcoRI-1 (GCGAATTCATGAACAAGCTTTACATCGGCAACC); ZBP1-BamHI-1191 (GCGGATCCTCAGCCATAGGGAGCAGCCCCAGTGACG).
Neuron culture and transfection. Primary hippocampal and cortical
cultures were prepared from brains of embryonic day 19 Wistar rats
(either sex) (Banker and Goslin, 1988). Cells were plated on coverslips
coated with laminin (2 g/ml) and poly-L-lysine (37.5 g/ml) at a density
of 250/mm 2 (hippocampal) or precoated BioCoat plastic plates (BD Biosciences Discovery Labware) at a density of 625/mm 2 (cortical). Cultures
were grown in Neurobasal medium (Invitrogen) supplemented with 2%
B27 (Invitrogen), 0.5 mM glutamine, 12.5 M glutamate, and penicillin/
streptomycin mix. Seven, 14, or 21 d in vitro (DIV) hippocampal neurons
were transfected using Lipofectamine 2000 (Invitrogen) according to the
procedure described by Jaworski et al. (2009). Briefly, for the transfection
of cells growing in the single well of a 24-well format dish, 0.9 g of DNA
was mixed with 1.6 l of Lipofectamine 2000 in 100 l of Neurobasal
medium and incubated for 30 min. During the incubation time, fresh
culture medium was prepared and mixed evenly with the old medium.
One-half of the mixed medium was left with the cells for the time of
transfection, and the other one-half was saved for medium replacement
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after transfection. The complexes of DNA and Lipofectamine 2000 were
added to the cells for 4 h incubation at 37°C in 5% CO2. Cells were then
washed with Neurobasal medium and returned to the saved culture medium. For the cotransfection experiments, plasmids that encoded either
the protein of interest or shRNA were used in a 3:1 ratio to ␤-gal, ␤-actinGFP, or ␤-actin-mRFP plasmids. For the rescue experiments, the ratio of
shRNA-encoding plasmids to mutant ZBP1 cDNA or ␤-actin cDNA was
6:1. Whenever possible, cotransfection was confirmed with double staining for the protein of interest and cotransfected marker (GFP, ␤-gal, or
mRFP). For the ZBP1 distribution experiments, neurons were transfected on DIV7, DIV14, or DIV21 with EGFP-ZBP1 together with
mCherry under the control of the ␤-actin promoter. Cells were fixed 48 h
after transfection.
Neuron nucleofection and RNA isolation. For quantitative real-time
PCR (qRT-PCR) validation of ZBP1sh RNA, cortical neurons were
transfected on DIV0 using an Amaxa Nucleofector II Device and Amaxa
Rat Neuron Nucleofactor Kit (Lonza) according to the adjusted manufacturer’s protocol. Two days later, the cells were lysed, and RNA was
isolated with the RNeasy Protect Mini Kit (QIAGEN). cDNA was prepared with High Capacity RNA-to-cDNA Master Mix (Applied Biosystems) according to the manufacturer’s protocol.
Quantitative real-time PCR. Reactions were performed with a 7900HT
machine and TaqMan Gene Expression Assays (Applied Biosystems)
with the following TaqMan rat probes: GAPDH for endogenous control,
IMP1 for ZBP1 detection, KHDRBS1 for IMP2 detection, and IMP3 for
IMP3 detection. SDS 2.4 and RQ Manager 1.2.1 programs were used for
data acquisition and preliminary analysis. For statistical analysis, Microsoft Excel and GraphPad Prism software were used.
COS-7 cell transfection. COS-7 cells were transfected with DNA constructs
using JetPEI (Polyplus Transfection) and lysed 48 h later for Western blot
analysis. For ZBP1 shRNA validation and ZBP1*1 construct validation, cells
were cotransfected with pSuper, pSuper-ZBP1sh#1, or pSuper-ZBP1sh#2
together with ␤-gal and EGFP-ZBP1, pEGFP-C1 (control), or EGFPZBP1*1 in a ratio of 10:1:1. For Staufen1 shRNA validation and verification
of Staufen1 cross-silencing by Staufen2 shRNA, cells were cotransfected with
pSuper, pSuper-Stau1sh, or pSuperior-Stau2sh together with ␤-gal and
Stau1-EYFP or pEGFP-C1 in a ratio of 10:1:1. For Staufen2 shRNA verification and verification of cross-silencing of Staufen2 by Stau1sh, cells were
cotransfected with pSuper, pSuper-Stau1sh, or pSuperior-Stau2sh together
with ␤-gal and Stau2-EYFP or pEGFP-C1 in a ratio of 10:1:1.
In situ fluorescent hybridization. For in situ fluorescent hybridization,
cells were fixed in 4% paraformaldehyde for 10 min at room temperature
and incubated with 1% H2O2 to minimize background. After washing
with PBS containing DEPC (diethylpyrocarbonate), cells were first incubated for 1 h at room temperature with prehybridization buffer [50%
(v/v) formamide, 4 g/ml Escherichia coli tRNA, 2% (v/v) Denhardt’s
solution (Sigma-Aldrich), 1% (v/v) salmon sperm DNA (Sigma-Aldrich), 2
mM ribonucleoside vanadyl complexes (Sigma-Aldrich)] and then with
50 l of hybridization buffer [2⫻ SSC, 50% (v/v) formamide, 10% dextran sulfate, 4 g/ml E. coli tRNA, 2% (v/v) Denhardt’s solution, 1%
(v/v) salmon sperm DNA, 2% (v/v) ribonucleoside vanadyl complexes]
containing 75 ng of heat-denaturated digoxigenin-labeled single-strand
sense or antisense RNA probes for 10 h in a hybridization oven set at
56°C. After the hybridization step, cells were rinsed in 2⫻ SSC, washed
once in 2⫻ SSC for 1 h at 56°C, washed twice in 0.2⫻ SSC for 30 min at
56°C, and washed four times in 0.2⫻ SSC for 30 min at room temperature. The immunofluorescent detection of digoxigenin-labeled probes
was then performed using HRP-conjugated anti-DIG antibody (Roche)
and the Tyramide Signal Amplification (TSA) Plus Cyanine 5 System
(PerkinElmer Life and Analytical Sciences). For fluorescent in situ hybridization (FISH), we used cRNA probes synthesized and labeled using
the Digoxigenin RNA Labeling kit (SP6/T7) (Roche) and T3 polymerase
(Roche). The fragment of a sequence of the 5⬘-UTR of ␤-actin (nucleotides 6 –136) was obtained by PCR using rat hippocampal cDNA and was
used as a template. The primers used for the PCR contained promoter
sequences for T3 or T7 RNA polymerases on their ends.
Immunocytochemistry. For staining of transfected proteins, neurons
were fixed with cold 4% paraformaldehyde containing 4% sucrose in PBS
for 10 min. For ␤-actin staining, cells were fixed in cold methanol for 10
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Fluorescence intensity analysis was performed
using MetaMorph with the region measurements function. Statistical analysis was performed with GraphPad Prism. For endogenous
␤-actin mRNA distribution, images were acquired with a Zeiss LSM5 Pascal microscope
with a 63⫻ objective and z-stack (eight sections; 0.3 m steps). ␤-Actin mRNA puncta
were calculated manually in proximal and distal dendrites and are presented as puncta density per 10 m.
Statistical analysis. Unless stated otherwise,
Figure 1. Overexpression of EGFP-ZBP1 in hippocampal neurons decreases dendrite branching. A, Representative micrographs
of hippocampal neurons transfected on DIV7 for 5 d with control vector or EGFP-ZBP1. Neuronal morphology was visualized by statistical analysis was performed with Graphstaining for cotransfected ␤-gal. B, Sholl analysis of neurons transfected with EGFP-ZBP1 or control vector. The horizontal axis of Pad Prism using the Kruskal–Wallis test for
multiple comparisons, and in case it showed
the Sholl plot indicates the distance from the cell soma center. Scale bar, 20 m.
statistical significance, we used Mann–Whitney post test with Bonferroni’s adjustment. For
comparisons of two groups, the Mann–Whitmin at ⫺20°C. After fixation, cells were washed with PBS three times and
ney or unpaired t test was used. The detailed statistics are provided for all
incubated overnight with primary antibody in GDB buffer (0.2% gelatin,
experiments in the supplemental tables (available at www.jneurosci.org
0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) at 4°C.
as supplemental material).
Secondary antibodies were applied in GDB for 1 h at room temperature.
Slides were mounted with VectaShield. For endogenous ZBP1 staining,
Results
cells were fixed with ⫺20°C methanol for 10 min at ⫺20°C, air-dried,
ZBP1 regulates proper dendritic arbor formation
and incubated in 4% paraformaldehyde at room temperature for an
additional 10 min. After fixation, cells were washed with PBS three times,
during development
incubated in blocking buffer (10% normal donkey serum in 1⫻ PBS) for
Key regulators of protein synthesis have been previously demon45 min at room temperature, and incubated overnight at 4°C with pristrated to be important regulators of dendritic arbor growth in
mary antibody solution in 1⫻ PBS containing 1% BSA and 0.3% Triton
developing neurons (Jaworski et al., 2005; Kumar et al., 2005).
X-100. Secondary antibodies were applied for 75 min at room temperaRNPs are also present in dendrites, often localizing to dendrite
ture. Slides were mounted with ProLong Gold (Invitrogen).
branching points, and some of their components are needed for
Image analysis and quantification. Confocal neuron images were obdendritic arbor development (Barbee et al., 2006; Bestman and
tained with a Zeiss LSM5 Pascal microscope at 1024 ⫻ 1024 pixel resoCline, 2008; Vessey et al., 2008, 2010). These observations
lution for morphological analysis. The 20, 40, and 63⫻ objectives were
prompted us to determine how selected components of RNPs
used. Each image consisted of a series of z-stack images. The resultant
regulate dendritic arborization. We focused on ZPB1, which regstack was flattened into a single image using maximum projection. The
confocal settings were constant for all of the scans when fluorescence
ulates the transport and translation of ␤-actin mRNA and acts as
intensity was compared. Morphometric analysis and quantification were
a translational repressor until phosphorylated by Src kinase
performed with MetaMorph image analysis software (Molecular De(Hüttelmaier et al., 2005). We assumed that, if dendritic arbor
vices) for the manual counting of primary dendrites, total number of
development depends on dendritic transport and subsequent
dendritic tips, and fluorescence intensities and ImageJ software with the
dendritic translation of mRNA cargo of ZBP1, then the disturNeuronJ plug-in (Meijering et al., 2004) and Sholl plug-in (http://biology.
bance of these processes, either by overexpression or knockdown
ucsd.edu/labs/ghosh/software) for measurements of total dendrite
of ZBP1, would result in changes in dendritic arbor morphology.
length and Sholl analysis, respectively. Briefly, we used the tracking funcIn the first case, we expected that ZBP1 mRNA cargo would be
tion in NeuronJ to manually draw a mask of all dendrites of transfected
properly delivered, but the dendritic arbor would be disturbed
neuron on a confocal image and measured their length. If more than one
because of insufficient cargo release under basal conditions. In
transfected cell was present at the particular image, the mask was created
only for single cell. The mask was saved as separate image and used in the
contrast, ZBP1 knockdown would impair dendritic growth as a
automated Sholl analysis to avoid background of axons and other cells
consequence of improper or a lack of mRNA cargo delivery to
whose fragments could be present in the original pictures. The original
more distal dendrites. To test this hypothesis, we overexpressed
script of Sholl plug-in was modified for more accurate performance with
EGFP-ZBP1 in hippocampal neurons cultured in vitro for 5 d
masks instead of raw images. For dendrite counting, we defined a denbeginning on DIV7, a time of very robust dendritic arborization
drite as a nonaxonal protrusion ⬎10 m. All dendrites that originated
in our preparations (Fig. 1 A). Together with EGFP-ZBP1, plasfrom the cell body were counted as primary. A minimum of 30 cells per
mid encoding ␤-gal was cotransfected to precisely highlight neuexperimental point were counted for the morphological studies. The
ronal morphology and provide unbiased cell filling. We decided
dataset was derived from at least two independent experiments. EGFPto use dissociated cell cultures in our experiments because this is
ZBP1 distribution was analyzed using a Zeiss LSM710 NLO laser confoan optimal experimental model for extensive genetic manipulacal microscope with a 100⫻, 1.3, objective. Images were acquired in
z-series (six sections, 0.5 m steps), with identical acquisition parameters
tions at any developmental stage of mammalian neurons, which
for immature and mature neurons. For analysis, z-series were rendered
cannot be achieved to such an extent with any other experiusing maximum-intensity projections, exported in TIFF format, and anmental design. The comparison of dendritic arbor morphology
alyzed using MetaMorph software. Profiles of EGFP-ZBP1 fluorescence
between control EGFP-transfected neurons and EGFP-ZBP1along the dendrites were made using the Linescan function, with the scan
overexpressing neurons revealed a significant 38% decrease in the
width set to 6 pixels. Branching sites were indicated manually, based on
mean number of dendritic tips per cell in the latter group
the mCherry imaging of dendrites. The mean intensities of GFP fluores(pEGFP-C1, 26.57 ⫾ 1.67; EGFP-ZBP1, 16.5 ⫾ 0.72; p ⬍ 0.001).
cence at and between the branching sites were calculated using OpenOfHowever, the mean number of primary dendrites per cell did not
fice Calc software. Statistical analyses were performed with GraphPad
change significantly (supplemental Table S1 A, available at www.
Prism software. For endogenous ZBP1 level analysis, images were acjneurosci.org as supplemental material). Consequently, the
quired using a Zeiss LSM710 NLO laser confocal microscope with a 40⫻,
1.3, objective and 1.5⫻ zoom in z-series (four sections, 1 m steps).
dendritic branching index, a quotient of the total number of
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dendritic ends and primary dendrites, was decreased by 32% in
EGFP-ZBP1-overexpressing neurons (pEGFP-C1, 5.014 ⫾ 0.26;
EGFP-ZBP1, 3.40 ⫾ 0.14; p ⬍ 0.001). The total dendritic length
was 39% shorter in ZBP1-overexpressing neurons compared
with control neurons (pEGFP-C1, 1922 ⫾ 130 m; EGFP-ZBP1,
1166 ⫾ 91 m; p ⬍ 0.001).
To analyze the changes in dendritic fields more thoroughly,
we used Sholl analysis (Sholl, 1953), which measures the number
of dendrites that cross circles at various radial distances from the
cell soma. Directional shifts of the Sholl plot describe changes in
dendritic arbor complexity and dendritic field area. Specifically,
downward and leftward shifts of the plot correspond to decreased
complexity and shrinkage of dendritic arbors. Upward and
rightward shifts, in contrast, reflect increased complexity and
expansion of the dendritic field. In neurons overexpressing
EGFP-ZBP1, the maximum number of crossings was reduced
by 29% and reached closer to the cell soma compared with control
neurons (Fig. 1 B; supplemental Table S1 A, available at www.
jneurosci.org as supplemental material), indicating the simplification of dendritic arbors in ZBP1-overexpressing neurons. The
plots for control and ZBP1-transfected neurons diverged between 30 and 170 m from the center of the cell body, but at
distances closer than 30 m, the dendritic fields of the analyzed
neurons were similar.
Accordingly to our hypothesis, the lack of ZBP1 should result
in changes in dendritic arbor morphology, attributable to inappropriate and insufficient mRNA delivery into dendrites. For
ZBP1 knockdown in neurons, we designed two shRNAs against
rat ZBP1 (ZBP1sh#1, ZBP1sh#2) and cloned them into pSuper
vector (Brummelkamp et al., 2002). We also designed and cloned
a scrambled version of ZBP1sh#1 (scZBP1sh) into pSuper as an
additional negative control. Both shRNAs against ZBP1 and
scZBP1sh were validated with several independent approaches.
First, shRNA encoding vectors (i.e., pSuper-ZBP1sh#1, pSuperZBP1sh#2, and scZBP1sh) or pSuper were transiently cotransfected with EGFP-ZBP1 or EGFP into COS-7 cells. As shown in
Figure 2, both ZBP1sh#1 and ZBPsh#2 markedly decreased the
expression of EGFP-ZBP1, with no influence on the levels of
EGFP (positive control) or ␤-gal (control of even transfection).
At the same time, scZBP1sh did not affect the expression levels of
any of the tested proteins (Fig. 2C). Second, we used qRT-PCR to
assess the endogenous levels of ZBP1 mRNA in cortical neurons
transfected with ZBP1sh#1, ZBP1sh#2, scZBP1sh, and pSuper at
DIV0 (Amaxa nucleofection) for 2 d. Cortical neurons were
used in these experiments because of the need for larger
amounts of material for analysis. As expected, cells transfected
with ZBP1sh#1 and ZBP1sh#2, but not scZBP1sh or pSuper
alone, had significantly reduced levels of ZBP1 mRNA (Fig. 2 D;
supplemental Table S1 B, available at www.jneurosci.org as supplemental material). We also tested at this stage the specificity of
ZBP1 shRNAs toward other IMP family members. Indeed, none
of our constructs silenced the expression of IMP-2 and IMP-3
(Fig. 2 E, F; supplemental Table S1 B, available at www.
jneurosci.org as supplemental material). Third, we tested the
effectiveness of ZBP1sh#1 and ZBP1sh#2 toward endogenous
ZBP1 protein levels in cultured hippocampal neurons by
transfecting them with individual shRNAs together with ␤-gal
as an indicator of transfected cells and by checking for the
presence of the target protein with immunofluorescent staining (Fig. 2G,H; supplemental Table S1 B, available at www.
jneurosci.org as supplemental material).
ZBP1sh#1 and ZBP1sh#2 efficiently silenced rat ZBP1 expression, and we used them to assess the influence of ZBP1 depletion
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on dendritic arborization. Developing hippocampal neurons
were transfected on DIV7 with pSuper, ZBP1sh#1, or ZBP1sh#2
together with ␤-gal. Expression proceeded for 3 d. ZBP1 knockdown slightly affected primary dendrite number (ZBP1sh#1,
16% decrease, p ⬍ 0.025; ZBP1sh#2, not significant) and significantly decreased the number of dendritic tips compared with
control (ZBP1sh#1, 49%; ZBP1sh#2, 35%; p ⬍ 0.0005), indicating a
strong effect on higher-order branches (Fig. 3 B, C; supplemental
Table S1C, available at www.jneurosci.org as supplemental material). Indeed, the dendritic branching index was significantly
reduced in ZBP1sh#1- and ZBP1sh#2-transfected neurons [69%
( p ⬍ 0.0005) and 78% ( p ⬍ 0.001) of control for ZBP1sh#1 and
ZBP1sh#2, respectively] (Fig. 3D; supplemental Table S1C, available at www.jneurosci.org as supplemental material). These measurements of dendritic arbor morphology, together with the
significant decrease in total dendritic length (ZBP1sh#1, 38%,
p ⬍ 0.0001; ZBP1sh#2, 27%, p ⬍ 0.001) (Fig. 3E; supplemental
Table S1C, available at www.jneurosci.org as supplemental material) reflect marked dendritic arbor undergrowth in neurons
with ZBP1 knockdown, which was further corroborated by the
Sholl analysis. The number of crossings further from the cell
soma was significantly lower in ZBP1-knockdown neurons than
in controls, indicating a lower branching frequency (Fig. 3F; supplemental Table S1C, available at www.jneurosci.org as supplemental material). Similar to ZBP1-overexpressing neurons,
ZBP1-knockdown neurons reached maximum crossing points
closer to the cell soma, and their mean maximum number of
crossings was significantly lower than control (Fig. 3F; supplemental Table S1C, available at www.jneurosci.org as supplemental material). ZBP1sh#1 and ZBPsh#2 strongly affected dendritic
morphology, but scZBP1sh transfection had no significant effects
compared with cells transfected with pSuper alone (Fig. 3G,H;
supplemental Table S1 B, available at www.jneurosci.org as supplemental material). Based on these results, pSuper was used as a
valid negative control in the rest of the experiments.
To verify whether the observed effect of shRNA transfection
on dendritic arborization is indeed attributable to ZBP1 knockdown, we attempted to rescue the phenotype via ZBP1 replenishment in shRNA-treated cells. We used RNA interference
(RNAi) cleavage-resistant EGFP-ZBP1*1, designed specifically to ZBP1sh#1, which was tested in both COS-7 cells and
primary hippocampal neurons and proved to be resistant to
ZBP1sh#1-driven RNAi (Fig. 4 A–C). EGFP-ZBP1*1 significantly
rescued the extent of the ZBP1sh#1 effect on dendritic arborization (Fig. 4 D–I ). Specifically, cotransfection of DIV7 hippocampal neurons with ZBP1*1 and ZBP1sh#1 resulted in the rescue of
primary dendrite number, dendritic tips number, and the dendritic
branching index, whereas neurons overexpressing ZBP1sh#1 suffered from dendritic loss (Fig. 4 D–F,H; supplemental Table S1 D,
available at www.jneurosci.org as supplemental material), indicating that the ZBP1sh-evoked effects on the number of dendrites
and dendritic branching observed in this study were specific to
ZBP1 knockdown. However, both knockdown and overexpression of ZBP1 were detrimental for dendritic arborization, and the
supplementation of shRNA-resistant ZBP1 in ZBP1-knockdown
neurons needed to be precisely fine-tuned to obtain proper levels
of total ZBP1 (endogenous plus exogenous) and rescue the phenotype (supplemental Fig. S1, available at www.jneurosci.org as
supplemental material). However, even with this, not all parameters of dendritic morphology (e.g., total dendritic length and the
coverage of dendritic field) could be fully restored (Fig. 4G,I;
supplemental Table S1 D, available at www.jneurosci.org as supplemental material).
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Figure 2. Characterization of ZBP1 shRNAs. A–C, shRNA and scrambled RNA validation in COS-7 cell line. Cells were transfected
with control or shRNA encoding plasmid together with either EGFP-ZBP1 or pEGFP-C1. Additionally, ␤-gal was cotransfected as a
marker of even transfection. Both ZBP1sh#1 and ZBP1sh#2 strongly reduced EGFP-ZBP1 expression, whereas the scrambled
version (scZBP1sh) did not. D–F, Verification of specificity of ZBP1shRNAs using qRT-PCR of cDNAs from neurons transfected on
DIV0 with nucleofection with pSuper, ZBP1sh#1, ZBP1sh#2, and scrambled RNA. The graphs show the relative quantification of
ZBP1 and two other members of the ZBP1 family: IMP2 and IMP3. *p ⬍ 0.05, one-sample t test. G, Representative micrographs
of hippocampal neurons transfected on DIV7 with control vector, ZBP1sh#1, or ZBP1sh#2 together with ␤-gal for identification of
transfected cells (indicated with arrowheads). After 3 d of expression, the cells were fixed and immunostained for transfected
␤-gal (Alexa 568) and endogenous ZBP1 (Alexa 488). The ZBP1 signal was strongly reduced in both the cell body and dendrites of
ZBP1sh-transfected neurons compared with untransfected and pSuper-transfected neurons. Scale bar, 20 m. H, Quantification
of ZBP1 silencing in neurons transfected with pSuper, scrambled RNA, ZBP1sh#1, and ZBP1sh#2. Average immunofluorescence
was measured in the cell body using MetaMorph software. ***p ⬍ 0.0005, Kruskal–Wallis test followed by Mann–Whitney post
hoc test with Bonferroni’s adjustment. Error bars indicate SEM.

ZBP1 is not necessary for stabilization of mature
dendritic arbor
To determine whether the presence of ZBP1 is needed for the
stabilization of an already developed dendritic pattern, we used
DIV14 neurons. In our preparations, intensive dendritic growth
is completed by ⬃2 weeks in vitro, and we assumed that any
detrimental changes to dendritic arborization that occur after
this time affect dendritic arbor stabilization rather than growth.
Neurons were transfected with pSuper, ZBP1sh#1, or ZBP1sh#2
together with ␤-gal for 3 d of expression. ZBP1 knockdown did
not affect the number of dendritic tips or total dendritic length,
and no changes were detectable by the Sholl analysis (Fig.
3 A, J, L, M; supplemental Table S1 E, available at www.jneurosci.
org as supplemental material). However, ZBP1 knockdown
slightly decreased the primary dendrite number but did not significantly increase the dendritic branching index (Fig. 3 I, K; sup-

plemental Table S1E, available at www.
jneurosci.org as supplemental material).
The negative effect of ZBP1 knockdown
on dendritic arborization was virtually
absent and not attributable to the previously suggested lack of ZBP1 in mature
neurons. As revealed by the analysis of
mRNA levels, although an overall tendency toward decreased ZBP1 expression
was observed with the maturation of cultured cortical neurons, ZBP1 mRNA was
present in the cells on all days tested (Fig.
3N; supplemental Table S1 F, available at
www.jneurosci.org as supplemental material). The presence of ZBP1 in cultured
mature hippocampal neurons was also
confirmed by Western blotting (data not
shown). Interestingly, when we analyzed
the spatial distribution of EGFP-ZBP1 in
hippocampal neurons on DIV9 and DIV16
after 2 d of overexpression, we observed
two different distribution patterns. Both
in developing and mature neurons, overexpressed ZBP1 formed puncta along the
dendrites, but in the young neurons the
fluorescence intensity was significantly
greater at the dendritic branching points
than in the preceding dendritic branches
(Fig. 5A–C). A similar spatial distribution
was observed for endogenous protein in
developing neurons (supplemental Fig.
S2, available at www.jneurosci.org as supplemental material). In contrast, in DIV16
neurons, the EGFP-ZBP1 puncta were
more evenly distributed, and the differences between branching points and
dendrites decreased (Fig. 5D–F ). These
differences were virtually absent in neurons tested at later time points (DIV23)
(data not shown). Thus, we conclude that
the particular spatial distribution of ZBP1
seems to be necessary for the proper control of dendritic arborization during the
period of intensive dendritogenesis in
young neurons but not at the maintenance stage of an already formed dendritic
arbor.

mRNA binding is pivotal for ZBP1 function
in dendritogenesis
ZBP1 contains two RNA recognition motifs and four RNAbinding domains (KH domains), which enable its interaction
with the ␤-actin zipcode. Specifically, the KH3 and KH4 domains
were shown to be necessary and sufficient for zipcode binding
(Farina et al., 2003). To determine whether ZBP1 RNA binding
capacity is required for the regulation of dendritogenesis, we
expressed truncated and site-mutated forms of ZBP1*1
(ZBP1*1⌬C and ZBP1*1-GXXG; schematic in Fig. 6A; distribution
in neurons in supplemental Fig. S3, available at www.jneurosci.org
as supplemental material) in wild-type neurons or neurons with
endogenous ZBP1 knockdown. ZBP1*1⌬C is unable to bind RNA
and form RNP granules because of the removal of the KH3 and KH4
domains (Farina et al., 2003). The ZBP1*1-GXXG mutant has a
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50-fold decreased RNA binding capacity as
a consequence of three double-amino acid
substitutions in the key regions of three KH
domains (Nielsen et al., 2003). Five day
overexpression of these mutants in developing neurons transfected on DIV7 did not affect the number of dendritic tips, dendritic
branching index, or total dendritic length,
in contrast to EGFP-ZBP1*1 overexpression, which decreased these parameters (Fig.
6B,D,F,G; supplemental Table S2A, available at www.jneurosci.org as supplemental
material). The Sholl analysis did not show
any significant changes in dendritic arborization in the neurons transfected with
ZBP1*1⌬C or ZBP1*1-GXXG mutants
compared with controls, whereas ZBP1*1
overexpression resulted in a shrinkage of the
dendritic field and a decrease in dendritic
arbor complexity (Fig. 6E; supplemental
Table S2A, available at www.jneurosci.org
as supplemental material). The observed
differences in dendritic arbor morphology
were not attributable to the different expression levels of ZBP1*1 and its mutants, which
were even (supplemental Fig. S3, available at
www.jneurosci.org as supplemental material). These data indicate that the inhibitory
effect of ZBP1 overexpression on dendritic
arbor complexity depends on its RNA binding capacity.
We also tested the ability of ZBP1*1⌬C
and ZBP1*1-GXXG to rescue the phenotype of ZBP1-knockdown neurons. DIV7
neurons were transfected with ZBP1sh#1,
together with ZBP1*1, ZBP1*1⌬C, or
ZBP1*1-GXXG. ZBP1*1 fully rescued the
number of primary dendrites, total number
of dendritic tips, and dendritic branching
index, which were significantly decreased by
ZBP1sh#1, but neither ZBP1*1⌬C nor
ZBP1*1-GXXG reversed the effects of ZBP1
knockdown and enabled normal dendritogenesis in the presence of ZBP1sh#1 (Fig.
6H–K; supplemental Table S2B, available at
www.jneurosci.org as supplemental material). The removal of RNA binding capacity
is sufficient to nullify the negative effect of
ZBP1 overexpression on dendritic arborization, and ZBP1 that cannot bind mRNA is
not able to rescue dendritic arbor growth in
neurons with ZBP1 knockdown. Therefore,
we conclude that RNA binding is essential
for ZBP1 function during dendritogenesis.
Tyrosine 396 phosphorylation of ZBP1
restricts dendritic arborization
To further investigate the mechanisms by
which ZBP1 controls dendritogenesis, we
focused on the step of de-repression of
translation of ZBP1-bound transcripts,
which has been suggested to be triggered
by Src phosphorylation on ZBP1 tyrosine

Perycz et al. • ZBP1 Regulates Dendrite Development

Figure 3. Knockdown of ZBP1 in hippocampal neurons decreases dendritic branching. A, Representative images of
hippocampal neurons transfected on DIV7 or DIV14 with pSuper, pSuper-ZBP1sh#1, or pSuper-ZBP1sh#2 for 3 d. Morphology of transfected cells was visualized by staining for cotransfected ␤-gal. B–F, Mean number of primary dendrites (B),
mean total number of dendritic tips (C), dendritic branching index (D), mean total dendritic length (E), and Sholl analysis
of neurons transfected on DIV7 (F ). G, Representative images of hippocampal neurons transfected on DIV7 with pSuper and
scrambled scZBP1sh and fixed 3 d later. Scale bar, 50 m. H, Comparison of morphologies of dendritic arbors of neurons
transfected with pSuper or scZBP1sh. The Sholl analysis revealed no significant difference. I–M, Mean number of primary
dendrites (I ), mean total number of dendritic tips (J ), dendritic branching index (K ), mean total dendritic length (L), and
Sholl analysis of neurons transfected on DIV14 (M ). ***p ⬍ 0.0005, **p ⬍ 0.005, *p ⬍ 0.025, Kruskal–Wallis test
followed by Mann–Whitney post hoc test with Bonferroni’s adjustment. N, qRT-PCR of ZBP1 expression in hippocampal
neurons. RNA was isolated from hippocampal neuron cultures collected on DIV7, DIV10, DIV14, and DIV17. The graphs show
the relative quantification of ZBP1 normalized to DIV7. *p ⬍ 0.05, one-sample t test. Error bars indicate SEM.
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Figure 4. RNAi cleavage-resistant ZBP1 rescues ZBP1 knockdown phenotype in hippocampal neurons. A, Western blot analysis of the effect of ZBP1sh#1 and ZBP1sh#2 on the expression of
cotransfected EGFP-ZBP1*1 in COS-7 cells. ␤-gal was cotransfected as a marker of even transfection. B, Representative micrographs of hippocampal neurons transfected on DIV7 with pSuper or
pSuper-ZBP1sh#1 together with EGFP-ZBP1 or EGFP-ZBP1*1 for 3 d of expression. Neuronal morphology was visualized by staining for cotransfected ␤-gal. EGFP-ZBP1*1 was expressed regardless
of the presence of ZBP1sh#1. C, Quantification of ZBP1 levels in neurons transfected with pSuper, ZBP1sh#1, and ZBP1sh#1 together with EGFP-ZBP1*1. Average immunofluorescence was measured
in the cell body using MetaMorph software. D, Representative micrographs of hippocampal neurons transfected on DIV7 with control vector, ZBP1sh#1, or ZBP1sh#1 together with EGFP-ZBP1*1 for
3 d of expression. Neuronal morphology was visualized by staining for cotransfected ␤-gal. E–I, Mean number of primary dendrites (E), mean number of dendritic tips (F ), Sholl analysis (G),
dendritic branching index (H ), and mean total dendritic length of transfected neurons (I ). ***p ⬍ 0.0005, **p ⬍ 0.005, Kruskal–Wallis test followed by Mann–Whitney post hoc test with
Bonferroni’s adjustment. Scale bar, 20 m. Error bars indicate SEM.

396 (Hüttelmaier et al., 2005). If the local translation of ZBP1
cargo is involved in dendritic arborization, then this particular
phosphorylation would be vital for it. To examine this possibility,
we used a ZBP1*1-Y396F mutant that cannot de-repress bound
transcripts because of a disabled Src phosphorylation site (Hüttelmaier et al., 2005) and is resistant to ZBP1sh#1-driven RNAi.
We used EGFP-ZBP1*1-Y396F, in addition to EGFP-ZBP1*1
and pEGFP-C1, to transfect neurons on DIV7, together with
␤-gal to reveal neuronal morphology. Similar to the previous
experiments, 5 d overexpression of EGFP-ZBP1*1 severely
affected the dendritic arbors of transfected neurons, and EGFPZBP1*1-Y396F evoked a similar effect (Fig. 7A). EGFP-ZBP1*1Y396F overexpression decreased the number of dendritic tips,
dendritic branching index, and total dendritic length by 43, 38, and
32%, respectively. The Sholl analysis revealed downward and leftward shifts of the plot for EGFP-ZBP1*1-Y396F-overexpressing
neurons (Fig. 7C,E–G; supplemental Table S3A, available at
www.jneurosci.org as supplemental material). The number of
dendritic tips and dendritic branching index were lower in EGFPZBP1*1-Y396F- than EGFP-ZBP1*1-overexpressing neurons,
although the decrease was not statistically significant (supple-

mental Table S3A, available at www.jneurosci.org as supplemental material). However, after 5 d of overexpression, the extent of
dendrite loss was so pronounced in both cases that discriminating between them was hindered. Therefore, we overexpressed
EGFP-ZBP1*1 and EGFP-ZBP1*1-Y396F for a shorter period of
time (3 d) to assess the speed of detrimental changes evoked by
overexpression of these proteins. At this time point, neurons that
overexpressed EGFP-ZBP1*1-Y396F had more severely retarded
dendritic arborization than EGFP-ZBP1*1-transfected neurons
(Fig. 7D), reflected by an additional decrease in the number of
dendritic tips (13% vs ZBP1*1, p ⬍ 0.025) (Fig. 7I; supplemental
Table S3B, available at www.jneurosci.org as supplemental material), which showed that the detrimental changes occurred faster
in neurons overexpressing ZBP1*1 with a disabled Src phosphorylation site. To further corroborate the importance of the Srcdependent release of mRNA cargo from ZBP1 for dendritic
growth, we assessed the ability of ZBP1*1-Y396F to rescue the
phenotypical effects of ZBP1 knockdown. As shown in Figure
7K–N and supplemental Table S3C (available at www.jneurosci.
org as supplemental material), the EGFP-ZBP1*1-Y396F mutant
was unable to neutralize the dendritic arbor deterioration caused by
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ZBP1sh#1. In summary, these results indicate that ZBP1 RNA binding capacity and
the regulation of the translational competence of ZBP1-bound transcripts are involved in dendritic arbor development.
ZBP1 levels influence dendritic
distribution of ␤-actin
The original ZBP1 cargo identified in dendrites is ␤-actin mRNA. Therefore, the explanation for the effect of ZBP1 depletion
on dendritic arborization could be that it
leads to disturbances in the cytoskeleton
via impediments to the local translation of
actin, originating from impairment of
dendritic targeting of ␤-actin mRNA.
Thus, we verified whether the distribution
of ␤-actin mRNA and protein is disturbed
under our experimental conditions. Fluorescence in situ hybridization with probes
specific to ␤-actin mRNA revealed its
presence in puncta in cell soma and in
dendrites of control cells transfected with
pSuper on DIV7 (Fig. 8 A). However, on
knockdown of ZBP1 with ZBP1sh#1, the
FISH signal was still present in primary
dendrites but diminished in more distal
dendritic branches (Fig. 8 B, B⬘,B⬙,E; supplemental Table S4 A, available at www.
jneurosci.org as supplemental material).
EGFP-ZBP1 overexpression did not visibly alter the dendritic distribution of
␤-actin mRNA puncta (data not shown).
We then verified by immunofluorescence the levels of ␤-actin protein in proximal and distal dendrites. As shown in Figure
8, C, D, and F–H, and supplemental Table
S4A (available at www.jneurosci.org as supplemental material), in control neurons
transfected with pSuper on DIV7, immunofluorescence was stronger in distal dendrites
than in proximal dendrites. However, transfection of ZBP1sh#1 or ZBP1sh#2 resulted
in a significant decrease in ␤-actin levels
in distal dendrites but not in proximal
dendrites (Fig. 8C, D, F–H; supplemental
Table S4 A, available at www.jneurosci.org
as supplemental material). Consequently, Figure 5. EGFP-ZBP1 is enriched in dendritic branching points of developing but not mature neurons. A, D, Micrographs of
the ratio of ␤-actin immunofluorescence hippocampal neurons transfected on DIV7 (A) and DIV14 (D) with EGFP-ZBP1. Expression proceeded for 2 d. Neuronal morphology
in distal dendrites to proximal dendrites was visualized by cotransfected mCherry. B, E, Representative micrographs of single dendrites with corresponding profiles of
dropped (Fig. 8 H; supplemental Table fluorescence. C, F, Mean intensities of fluorescence measured in dendrites. ***p ⬍ 0.001, **p ⬍ 0.01, *p ⬍ 0.05, Mann–Whitney
S4 A, available at www.jneurosci.org as test. Scale bar, 10 m. Error bars indicate SEM.
supplemental material). A similar change
down, we overexpressed the ␤-actin coding sequence under the
was observed in neurons overexpressing EGFP-ZBP1 compared
control of an SV40 late polyadenylation signal (Morales et al.,
with EGFP-C1-transfected neurons (distal/proximal immuno2000) in developing neurons cotransfected with ZBP1sh#1. GFPfluorescence ratio: EGFP-C1, 1.56 ⫾ 0.15; EGFP-ZBP1, 0.64 ⫾
␤
-actin was efficiently expressed and present in dendrites of
0.08; p ⬍ 0.001) (supplemental Table S4 A, available at www.
transfected
neurons (supplemental Fig. S4 A, B, available at www.
jneurosci.org as supplemental material), which is consistent with
jneurosci.org
as supplemental material). We found that ␤-actin
ZBP1 being a translational repressor (Hüttelmaier et al., 2005).
overexpression nullified the negative effect of ZBP1sh#1 on the
primary dendrite number, dendritic tip number, and dendritic
␤-Actin is crucial for ZBP1-dependent dendritic arborization
branching index (Fig. 9A–D; supplemental Table S4 B, available
To determine whether ␤-actin abundance and protein diffusion
at www.jneurosci.org as supplemental material). Similar to
are sufficient for overcoming the negative effect of ZBP1 knock-
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Figure 6. ZBP1 mutants with impaired RNA binding do not affect dendritic branching when overexpressed and are not sufficient for phenotype rescue in neurons with endogenous
ZBP1 knockdown. A, Schematic representations of mutants used in this set of experiments. B, Representative micrographs of hippocampal neurons transfected on DIV7 with control
vector, EGFP-ZBP1*1, EGFP-ZBP1*1⌬C, or EGFP-ZBP1*1-GXXG. Neuronal morphology was visualized by staining for cotransfected ␤-gal. Scale bar, 20 m. C–G, Mean number of
primary dendrites (C), mean total number of dendritic tips (D), dendritic branching index (E), total length of dendrites (F ), and Sholl analysis of neurons overexpressing EGFP,
EGFP-ZBP1*1, EGFP-ZBP1*1⌬C, or EGFP-ZBP1*1-GXXG (G). H, Representative micrographs of hippocampal neurons transfected on DIV7 with pEGFP-C1 together with empty pSuper
vector as a control, ZBP1sh#1, or ZBP1sh#1 together with EGFP-ZBP1*1, EGFP-ZBP1*1⌬C, or EGFP-ZBP1*1-GXXG. Expression proceeded for 3 d. Neuronal morphology was visualized by
staining for cotransfected ␤-gal. Scale bar, 20 m. I–K, Mean number of primary dendrites (I ), mean total number of dendritic tips (J ), and dendritic branching index of transfected
neurons (K ). ***p ⬍ 0.00025, Kruskal–Wallis test followed by Mann–Whitney post hoc test with Bonferroni’s adjustment. ns, Not significant. Error bars indicate SEM.
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Figure 7. ZBP1 mutant resistant to Src phosphorylation decreases dendritic branching when overexpressed and is not sufficient for phenotype rescue in neurons with endogenous ZBP1
knockdown. A, D, Representative micrographs of hippocampal neurons transfected on DIV7 for 5 d (A) or 3 d (D) with control vector, EGFP-ZBP1*1, or EGFP-ZBP1*1-Y396F. Neuronal morphology was
visualized by staining for cotransfected ␤-gal. B, C, E–G, Mean number of primary dendrites (B), mean total number of dendritic tips (C), dendritic branching index (E), total length of dendrites (F ),
and Sholl analysis of neurons overexpressing EGFP, EGFP-ZBP1*1, or EGFP-ZBP1*1-Y396F for 5 d (G). H–J, Mean number of primary dendrites (H ), mean total number of dendritic tips (I ), and
dendritic branching index of neurons overexpressing EGFP, EGFP-ZBP1*1, or EGFP-ZBP1*1-Y396F for 3 d (J ). ***p ⬍ 0.0005, *p ⬍ 0.025, Kruskal–Wallis test followed by Mann–Whitney post hoc
test with Bonferroni’s adjustment; ns, not significant. K, Representative micrographs of hippocampal neurons transfected on DIV7 with pEGFP-C1 together with empty pSuper vector as a control,
ZBP1sh#1, or ZBP1sh#1 together with EGFP-ZBP1*1 or EGFP-ZBP1*1-Y396F. Expression proceeded for 3 d. Neuronal morphology was visualized by staining for cotransfected ␤-gal. L–N, Mean
number of primary dendrites (L), mean total number of dendritic tips (M ), and dendritic branching index of neurons transfected with control vector, ZBP1sh#1, ZBP1sh#1 together with EGFPZBP1*1, or ZBP1sh#1 together with EGFP-ZBP1*1-Y396F (N ). ***p ⬍ 0.00033, **p ⬍ 0.0033, Kruskal–Wallis test followed by Mann–Whitney post hoc test with Bonferroni’s adjustment; ns, not
significant. Scale bar, 20 m. Error bars indicate SEM.

ZBP1*1, ␤-actin overexpression also significantly inhibited, but
did not fully prevent, the ZBP1sh#1-induced decrease in total
dendritic length (30% increase vs ZBP1sh#1, p ⬍ 0.001; 19%
decrease vs control, p ⬍ 0.001) (Fig. 9E; supplemental Table S4 B,
available at www.jneurosci.org as supplemental material). Additionally, the maximum number of crossings in the Sholl analysis
was restored in ZBP1sh#1- and ␤-actin-cotransfected neurons.

However, their Sholl plots remained shifted leftward and downward compared with control but upward compared with
ZBP1sh#1 (Fig. 9F; supplemental Table S4 B, available at www.
jneurosci.org as supplemental material). Coexpression of ␤-actin
had a protective effect in ZBP1sh#1-transfected neurons, regardless of the fact that its expression in wild-type neurons transfected
with the same amount of ␤-actin-coding plasmid did not in-
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Figure 8. ␤-Actin mRNA and protein localization are disturbed in ZBP1-knockdown neurons. A, B, Representative micrographs of
fluorescent ␤-actin in situ hybridization (red) in hippocampal neurons that were transfected on DIV7 with pSuper (A) or ZBP1sh#1 (B) for
36 h. Neuronal morphology is visualized by staining for cotransfected ␤-gal (green). Scale bar, 10 m. Aⴕ, Aⴖ, Bⴕ, and Bⴖ
show in greater magnification fragments of proximal (Aⴕ, Bⴕ) and distal (Aⴖ, Bⴖ) dendrites of transfected neurons. Scale bar, 10
m. C, D, Hippocampal neurons were transfected at DIV7 for 48 h with pSuper, ZBP1sh#1, or ZBP1sh#2. Pictures show ␤-actin
staining in proximal (C) and distal (D) dendrites of transfected cells. Scale bar, 10 m. E, Mean number of ␤-actin mRNA granules
per 10 m of dendrite measured in proximal and distal dendrites (after branching). ***p ⬍ 0.001; ns, not significant;
unpaired t test with Welch’s correction. F–H, Average intensity of fluorescence of ␤-actin protein in proximal (F ) and distal (G)
dendrites,andratioofaveragefluorescenceintensitiesindistalandproximaldendrites(H).***p⬍0.001;**p⬍0.01;*p⬍0.05;ns,not
significant; Kruskal–Wallis test followed by Mann–Whitney post hoc test with Bonferroni’s adjustment. Error bars indicate SEM.
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crease dendritic arbor growth (supplemental Fig. S4C, Table S4C, available
at www.jneurosci.org as supplemental
material).
As a next step, we tested whether ␤-actin
overexpression rescue effect is specific for
ZBP1 knockdown. We first developed and
validated shRNA against Staufen1 that did
not recognize its homolog Staufen2 in a
COS-7 cell line (supplemental Fig. S5,
available at www.jneurosci.org as supplemental material). Staufen1 is a mammalian
homolog of Drosophila Staufen, which
plays a role in the stage of early RNA sorting, binds numerous transcripts in neurons, and regulates dendritic branching
(Monshausen et al., 2001; Mallardo et al.,
2003; Vessey et al., 2008; Tübing et al.,
2010). Staufen1, however, was not shown
to bind ␤-actin mRNA directly. Consistent with a previous experimental design,
we then tested the effects of 3 d of Staufen1
knockdown in neurons transfected on
DIV7 in the presence or absence of ␤-actin
coding plasmid. As expected, transfection
with Stau1sh severely impaired dendritic arbor morphology (supplemental Fig. S5C–F,
Table S4D, available at www.jneurosci.org
as supplemental material). ␤-Actin overexpression, however, was not able to reverse
this effect (supplemental Fig. S5C–F, Table
S4D, available at www.jneurosci.org as supplemental material).
Finally, we investigated whether the
ZBP1 knockdown phenotype can be rescued by overexpression of either c-Myc (another ZBP1 target) or the NMDA receptor
subunit 1 (NR1), Ca 2⫹/calmodulin-dependent protein kinase (CaMKII␣), microtubule-associated protein 2 (MAP2), three
locally translated proteins [the mRNA of
which was reported to be the target of
fragile X mental retardation protein
(FMRP), Staufen1, and MARTA1, respectively] (Rehbein et al., 2002; Mallardo et
al., 2003; Schütt et al., 2009). DIV7 neurons were transfected with ZBP1sh#1 together with plasmid encoding cDNAs
encoding these proteins. As shown in Figure 9, c-Myc, NR1, and CaMKII␣ did not
fully reverse the decrease in the number of
dendritic tips induced by ZBP1sh#1 (supplemental Table S4 E, available at www.
jneurosci.org as supplemental material),
although overexpression of CaMKII␣
was partially effective. Intriguingly, overexpression of MAP2, a microtubulestabilizing protein, fully prevented the
phenotypic effects of ZBP1 knockdown
on the number of dendritic tips (Fig.
9H; supplemental Table S4 E, available
at www.jneurosci.org as supplemental
material).
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Figure 9. ␤-Actin overexpression in hippocampal neurons with ZBP1 knockdown is sufficient for partial phenotype rescue. A, Micrographs of hippocampal neurons transfected on DIV7 with
pEGFP-C1 together with pSuper vector as a control, ZBP1sh#1, or ZBP1sh#1 together with EGFP-ZBP1*1 or EGFP-␤-actin. Expression proceeded for 3 d. Neuronal morphology was visualized by
staining for cotransfected ␤-gal. B–F, Mean number of primary dendrites (B), mean number of dendritic tips (C), dendritic branching index (D), mean total dendritic length (E), and Sholl analysis
of transfected neurons (F ). ***p ⬍ 0.00033, **p ⬍ 0.0033, Kruskal–Wallis test followed by Mann–Whitney post hoc test with Bonferroni’s adjustment; ns, not significant. Scale bar, 50 m. G,
Phenotype rescue attempted with other possible ZBP1 targets and unrelated cDNAs. The figure shows representative images of neurons transfected with control plasmid, ZBP1sh#1, ZBP1sh#1/
EGFP-ZBP1*1, ZBP1sh#1/c-Myc, ZBP1sh#1/GW1-NR1, ZBP1sh#1/GFP-CaMKII␣, and ZBP1sh#1/MAP2. H, Mean number of dendritic tips of transfected neurons. ***p ⬍ 0.00016, *p ⬍ 0.008,
Kruskal–Wallis test followed by Mann–Whitney post hoc test with Bonferroni’s adjustment; ns, not significant. Scale bar, 50 m. Error bars indicate SEM.

Discussion
The present study describes the essential contribution of a protein component of RNP, ZBP1, to the development of proper
dendritic morphology in hippocampal neurons. It also shows
that ZBP1 is not required for the stabilization of already devel-

oped dendritic arbors. This difference correlates with the lower
abundance and more even dendritic distribution of ZBP1 in mature neurons than developing neurons. A detailed analysis of the
contribution of ZBP1 to dendritic development showed that the
ability of ZBP1 to bind, transport, and release its cargo was nec-
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essary to sustain a correct branching pattern of dendritic arbors.
Moreover, the negative effects of ZBP1 knockdown were significantly, but not completely, alleviated by ZBP1-independent overexpression of ␤-actin, a well known target of ZBP1. Thus, ␤-actin
mRNA transport and translational control contribute to the role
of ZBP1 in dendritogenesis.
The above conclusion is supported by several studies, in which
dendritic arborization was shown to rely on local translation.
First, dendritic growth depends on crucial regulators of protein
synthesis (Jaworski et al., 2005). Second, the mRNA and proteins
of transport RNPs, as well as dendritic processing bodies (Pbodies) (i.e., other structures important for transport and mRNA
metabolism), are present in dendrites (Tang et al., 2001; Eom et
al., 2003; Tiruchinapalli et al., 2003; Barbee et al., 2006; Zeitelhofer et al., 2008a). Third, the roles of some of these proteins have
been demonstrated for proper dendritic arbor morphology (Lee
et al., 2003; Pan et al., 2004; Ye et al., 2004; Restivo et al., 2005;
Barbee et al., 2006; Bestman and Cline, 2008, 2009; Vessey et al.,
2008, 2010; Fiore et al., 2009). The present study adds to this
evidence. ZBP1, a protein that participates in mRNA transport
and local translation, was shown to contribute to the regulation
of dendritic arbor morphology.
However, ZBP1 regulates various aspects of cellular mRNA
distribution and metabolism and is a component of different
types of RNPs (Zeitelhofer et al., 2008b; Buchan and Parker,
2009). Although ZBP1 is widely considered a component of dendritic transport RNPs (Kindler et al., 2005; Kiebler and Bassell,
2006), it also shuttles between the cytoplasm and nucleus
(Nielsen et al., 2003), can be recruited to P-bodies and stress
granules (Barbee et al., 2006; Stöhr et al., 2006; Cougot et al.,
2008) (but see Zeitelhofer et al., 2008a), and regulates not only
translational competence but also the stability of bound transcripts (Hüttelmaier et al., 2005; Stöhr et al., 2006). Thus, caution
should be taken when interpreting the role of ZBP1 in cellular
physiology at the molecular level. For example, the fact that both
ZBP1 overexpression and knockdown led to the simplification of
dendritic arbors may appear contradictory. However, considering the complex role of ZBP1 in mRNA transport and its translational silencing, these findings support the hypothesis of the
contribution of ZBP1-dependent translational control of transported mRNA to dendrite development. Each of our genetic manipulations should result in a disturbance of the discrete
arrangement of translational events in dendrites, either by preventing mRNA transport (knockdown) or increasing the threshold for its local release (overexpression). The first conclusion is
supported by the following observations: (1) RNA bindingdeficient ZBP1 mutants are insufficient for the rescue of the
ZBP1sh phenotype, (2) ZBP1 knockdown leads to a disturbed
spatial distribution of ␤-actin mRNA and protein, and (3) an
increase in ␤-actin levels, presumably without its natural spatial
distribution, only partially rescues the more complex parameters
of dendritic arbors in ZBP1-deficient neurons. The second conclusion is supported by the finding that the simplification of dendritic arborization caused by ZBP1 knockdown could not be
rescued with ZBP1*1-Y396F overexpression. This ZBP1 mutant
normally binds to and transports target mRNA to its destination,
but it cannot release it for translation (Hüttelmaier et al., 2005).
Additionally, short-term overexpression of this mutant (3 d instead of 5 d) revealed that it affected dendritic arborization more
robustly than wild-type ZBP1. Finally, overexpression of ZBP1
affected the dendritic levels of ␤-actin protein. However, considering various cellular roles of ZBP-1, future experiments with
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translational reporters (Leung et al., 2006) are needed to directly
visualize a role for ZBP1 in local protein synthesis during
dendritogenesis.
Our studies also revealed a correlation between the localization of ZBP1 to the branching points of dendrites and the contribution of ZBP1 localization to dendritic arbor development and
stability. In developing neurons, overexpressed ZBP1 preferentially localizes to branching points, and ZBP1 knockdown restricts dendritic arborization. In mature neurons, in contrast,
ZBP1 becomes distributed more evenly along dendrites, and its
knockdown no longer influences dendritic arbors. These results
led us to question how preferential localization of ZBP1 to
branching points regulates dendrite development and stabilization. Preferential localization to branching points and an involvement in the regulation of dendritic branching have been reported
for at least two other proteins: Me31B (a component of dendritic
P-bodies) and cytoplasmic polyadenylation element binding
protein (a protein responsible for dendritic mRNA delivery)
(Barbee et al., 2006; Bestman and Cline, 2008, 2009). Intriguingly, dendritic P-bodies disperse or exchange their content more
dynamically in response to increased neuronal activity, which has
been interpreted as a release of stored mRNA for induced translation (Cougot et al., 2008; Zeitelhofer et al., 2008a). Bestman and
Cline (2009) suggested that such release at a branching point
could actually be a part of a mechanism of dendritic arbor development. Therefore, a reasonable speculation is that ZBP1 accumulates at branching points in the form of autonomous RNPs or
as a component of P-bodies and regulate mRNA storage and
release to support the process of dendritic arborization. But
places of actual translation need to be further investigated with
use of translational reporters (Leung et al., 2006).
An intriguing question is which specific mRNAs are transported and translationally regulated in dendrites to support dendritic arbor development. Scores of mRNAs that encode proteins
that fall into different functional groups have been shown to
localize to dendrites (Moccia et al., 2003; Schratt et al., 2004;
Poon et al., 2006; Zhong et al., 2006). According to Zhong et al.
(2006), cytoskeleton elements and regulators are among the mRNAs abundantly present in dendrites. Our studies primarily focused on ␤-actin as a potential ZBP1 mRNA target important for
dendritic growth because it is the best described ZBP1 substrate,
which fits well into a molecular mechanism of dendritic growth.
The importance of the actin cytoskeleton for the development
and stability of dendritic arbors is well established (Threadgill et
al., 1997; Nakayama et al., 2000; Urbanska et al., 2008). However,
no studies have indicated that local actin production plays an
important role in these processes. In the present study, we provide supporting evidence showing that ZBP1 knockdown led to
local changes in dendritic ␤-actin and to the deterioration of
dendritic arborization, which was rescued by ␤-actin overexpression. The rescue effect was specific to ZBP1-␤-actin because (1)
other proteins known to be locally translated (CaMKII␣, NR1)
could not reverse the ZBP1 knockdown phenotype and (2) dendritic deterioration attributable to Staufen1 knockdown was not
prevented by ␤-actin overexpression. However, in non-neuronal
cells, ZBP1 was shown to bind hundreds of transcripts (Jønson et
al., 2007; Furic et al., 2008; Hafner et al., 2010) so other factors
may contribute to its role in dendritogenesis. We show that another canonical ZBP1 target, c-myc, is unable to rescue the
ZBP1sh phenotype in hippocampal neurons. However, among
the ZBP1-bound transcripts, mRNAs encoding proteins involved
in protein secretion and ubiquitin-dependent protein degradation are enriched (Jønson et al., 2007), and Guo et al. (2001)
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provided evidence for proteasome-dependent dendritic growth.
Additional studies are needed to verify whether ZBP1 exerts its
effects on dendritic growth through the transport of these particular mRNAs. Intriguingly, we found that MAP2 overexpression,
in addition to ␤-actin, rescued the ZBP1 knockdown phenotype.
Indeed, MAP2 is crucial for proper dendritic arbor morphology
(Teng et al., 2001; Urbanska et al., 2008) but does not contain a
consensus sequence for ZBP1. Thus, this result cannot be explained
similarly to ␤-actin, and the mechanism of the importance of MAP2
for ZBP1-dependent dendritic arbor development requires additional investigation. ZBP1 can be recruited to mRNA also by alternative mechanisms, including (1) binding to non-3⬘-UTR sequences,
(2) the recognition of a particular RNA spatial structure, or (3) an
interaction with other mRNA binding proteins (Rackham and
Brown, 2004; Patel and Bag, 2006; Atlas et al., 2007). MAP2 dendritic transport requires the rat homolog of ZBP2 (Rehbein et al.,
2002), a protein that is also needed for the binding of ZBP1 to
␤-actin mRNA (Pan et al., 2007).
Very few studies have investigated the identity of the dendritic
mRNA species regulated by RNP proteins that would play a role
in dendritogenesis. The data presented herein add ZBP1-␤-actin
mRNA to the previously described FMRP-Rac1 mRNA in this
task (Lee et al., 2003). Notably, Rac1 regulates the spatial organization of microfilament networks. Therefore, these examples
suggest that the local translation of cytoskeleton elements may be
involved in the control of dendritic growth.
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