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BDNE-Promoted Increases in Proximal Dendrites Occur via
CREB-Dependent Transcriptional Regulation of Cypin

Munjin Kwon,'? José R. Fernandez,"> Gregory F. Zegarek,' Sean B. Lo,' and Bonnie L. Firestein'
Department of Cell Biology and Neuroscience and 2Molecular Biosciences Graduate Program, Rutgers, The State University of New Jersey, New
Jersey 08854-8082

Alterations in dendrite branching and morphology are present in many neurodegenerative diseases. These variations disrupt postsyn-
aptic transmission and affect neuronal communication. Thus, it is important to understand the molecular mechanisms that regulate
dendritogenesis and how they go awry during disease states. Previously, our laboratory showed that cypin, a mammalian guanine
deaminase, increases dendrite number when overexpressed and decreases dendrite number when knocked down in cultured hippocam-
pal neurons. Here, we report that exposure to brain-derived neurotrophic factor (BDNF), an important mediator of dendrite arborization,
for 72 h but not for 24 h or less increases cypin mRNA and protein levels in rat hippocampal neurons. BDNF signals through cypin to
regulate dendrite number, since knocking down cypin blocks the effects of BDNF. Furthermore, BDNF increases cypin levels via mitogen-
activated protein kinase and transcription-dependent signaling pathways. Moreover, the cypin promoter region contains putative con-
served cAMP response element (CRE) regions, which we found can be recognized and activated by CRE-binding protein (CREB). In
addition, exposure of the neurons to BDNF increased CREB binding to the cypin promoter and, in line with these data, expression of a
dominant negative form of CREB blocked BDNF-promoted increases in cypin protein levels and proximal dendrite branches. Together,
these studies suggest that BDNF increases neuronal cypin expression by the activation of CREB, increasing cypin transcription leading to

increased protein expression, thus identifying a novel pathway by which BDNF shapes the dendrite network.

Introduction

Dendrite patterning and development are responsible for deter-
mining how input signals are processed in the CNS. The degree of
dendrite branching can regulate the electrical properties of a neu-
ron (Miller and Jacobs, 1984), and dendrite development is reg-
ulated by intrinsic and extrinsic factors (Landgraf and Evers,
2005; Libersat, 2005). Extrinsic factors can modulate specific pat-
terns of dendrite growth and branching by activating intrinsic
cues that directly affect the cytoskeleton or the transcriptional
regulation of gene expression (Whitford et al.,, 2002). Neu-
rotrophic factors play important roles in regulating neurite
growth and branching in neurons. The major neurotrophic fac-
tors are the neurotrophins: nerve growth factor (NGF) (Levi-
Montalcini, 1987; Shooter, 2001), brain-derived neurotrophic
factor (BDNF) (Barde etal., 1982), neurotrophin-3 (NT-3) (Mai-

Received Dec. 27, 2010; revised May 16, 2011; accepted May 18, 2011.

Author contributions: M.K., J.R.F., and B.LF. designed research; M.K., J.R.F., G.F.Z., and S.B.L. performed re-
search; M.K., JR.F.,, GF.Z, S.B.L., and B.L.F. analyzed data; M.K. and B.L.F. wrote the paper.

This work was supported in part by a Busch Biomedical Grant, National Science Foundation (NSF) Grants IBN-
0919747 and IBN-0548543, March of Dimes Foundation Grants 1-FY04-107 and 1-FY08-464, and a Grant-In-Aid
from the American Heart Association (to B.L.F.). J.R.F. was supported in part by the IGERT (Integrative Graduate
Education and Research Traineeship) Program on Integratively Engineered Biointerfaces at Rutgers: NSF Grant
DGE-0333196. M.K. was awarded an Anna B. and James Leathem Fellowship, and G.F.Z. and S.B.L. received School
of Arts and Sciences Honors Awards in support of this research. We acknowledge Maxine Chen for some of the pilot
studies leading to this work.

Correspondence should be addressed to Dr. Bonnie L. Firestein, Department of Cell Biology and Neuroscience,
Rutgers, The State University of New Jersey, Nelson Biological Laboratories, 604 Allison Road, Piscataway, NJ 08854-
8082. E-mail: Firestein@biology.rutgers.edu.

DOI:10.1523/JNEUR0SCI.6785-10.2011
Copyright © 2011 the authors ~ 0270-6474/11/319735-11$15.00/0

sonpierre et al., 1990), and neurotrophin-4/5 (Hallbook et al.,
1991). These factors are secreted from neurons and glial cells to
exert their effects through the tyrosine receptor kinase (Trk) fam-
ily in response to neuronal activity (Chao etal., 1992; Levine et al.,
1995; Miiller et al., 1995). BDNF is one of the most studied ex-
trinsic factors regulating dendrite outgrowth and branching (Se-
gal etal,, 1995; McAllister et al., 1996, 1997; Schwartz et al., 1997;
Baker et al., 1998; Jin et al., 2003) and increasing proximal den-
drite growth and number in pyramidal neurons (McAllister et al.,
1995; Baker et al., 1998; Horch et al., 1999).

Cypin (cytosolic PSD-95 interactor) was first identified as a
protein that decreases the synapticlocalization of PSD-95 (Firest-
ein et al., 1999). Cypin is a guanine deaminase and contains a
zinc-binding motif, CRMP (collapsin response mediator pro-
tein) homology domain and a PDZ-binding motif (Fernédndez et
al., 2008). Our laboratory has reported that cypin plays an impor-
tant role in regulating dendrite number in rat hippocampal neu-
rons. Overexpression of cypin results in an increase in dendrite
branching, which correlates with cypin’s guanine deaminase ac-
tivity (Akum et al., 2004). Cypin binds directly to tubulin het-
erodimers and promotes microtubule assembly (Akum et al.,
2004), suggesting that cypin regulates dendrite branching via cy-
toskeletal rearrangement.

Here, we report a novel signaling pathway by which BDNF
increases proximal dendrite branching. BDNF activates the
mitogen-activated protein kinase (MAPK) signaling pathway, re-
sulting in increased cypin mRNA and protein levels. Further-
more, this increase is only seen after 72 h of BDNF treatment,
suggesting that cypin may mediate the effects of BDNF under
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chronic exposure. We also show that
cAMP response element (CRE)-binding
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protein (CREB) binds to the cypin pro-
moter to increase cypin transcription, and
this binding is increased upon exposure to
BDNF. Most importantly, we show that
BDNF signals through CREB and cypin to
increase proximal dendrite number. Our
work links an important extrinsic regula-
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Erk1/2, and Erk1/2 were from Cell Signaling
Technology. Cyanine (Cy)2-, Cy3-, and Cy5-
conjugated secondary antibodies were from Jack-
son ImmunoResearch. Recombinant human
BDNTF (rhBDNF), mouse NGF, and U0126 were
purchased from Promega, and myristoylated
protein kinase A (PKA) inhibitory peptide 14—22
amide, wortmannin, and rapamycin were from
Calbiochem/EMD Chemicals. Actinomycin D
was purchased from Sigma. PKA kinase activity
kit was from Enzo Life Sciences.

RNA interference and DNA constructs. pSuper GFP vector (Oligoen-
gine), containing shRNA against the cypin transcript and an unrelated
sequence as a negative control, was used as described previously (Chen
and Firestein, 2007). cDNA encoding rat CREB isoform A (NCBI acces-
sion no. NM_114443.1) was subcloned into pEGFP-C1 or dsRed2-C1
vector (Clontech Inc.). A dominant negative (DN) mutant of CREB and
a constitutively active (CA) mutant of CREB were constructed using the
QuikChange II Site-Directed Mutagenesis Kit (Stratagene) following the
manufacturer’s protocol. The serine 119 residue of CREB was replaced
with alanine or aspartate using the primer 5'-CCT TTC AAG GAG GCC
TGC CTA CAA GAAAAT CTT GAATGA CTT ATC-3' or the primer 5'-
CTT TCA AGG AGG CCT GAC TAC AAG AAA ATC TTG AAT GAC
TTA TC-3', respectively.

Primary culture of hippocampal neurons. Neuronal cultures were pre-
pared from hippocampi of rat embryos of either sex at 18 d gestation as
described previously (Firestein et al., 1999). The hippocampi were disso-
ciated, and cells were plated on poly-p-lysine-coated glass coverslips (12
mm diameter) at a density of 1800 cells/mm?* or 1 X 10° cells on 35 mm
culture dishes. Cultures were maintained in Neurobasal medium (Invit-
rogen ) supplemented with B27 (Invitrogen), penicillin, streptomycin,
and GlutaMAX (Invitrogen ). Cells were grown for 7 days in vitro (DIV)
and used for specific experiments as indicated below.

Western blotting. Hippocampal neurons were plated with 1 X 10¢
cells per dish. Neurons were treated with neurotrophins, kinase in-
hibitors, or DMSO vehicle (0.01% final concentration) at the indi-
cated concentrations for 72 h. Neurons were washed with ice-cold
PBS and lysed in TEE (25 mm Tris-HCI, 1 mm EDTA, 1 mm EGTA, pH
7.4). Cells were further lysed by passing the extract through a 26 gauge
needle 20 times, and solubilized using Triton X-100 at a final concen-

indicated concentrations of neurotrophins beginning at 7 DIV for 72 h. Extracts from untreated and treated cultures of hippocampal
neurons were analyzed by SDS-PAGE and Western blotting using antibodies that recognize cypin or actin. Representative blot is
shown. B, Densitometry analysis of cypin normalized to actin expression. €, Quantitative RT-PCR assay for the rat cypin gene (GDA)
afterindicated treatments of cultured hippocampal neurons. **p << 0.01, determined by ANOVA followed by Student-Newman—
Keuls multiple-comparison test compared to DMSO as control. Cypin mRNA and protein levels are upregulated by increasing doses
of BDNF. D, Exposure of hippocampal neurons to BDNF for 72 h, but not 24 h or less, results in increased cypin levels. Cells were
treated with BDNF at 7 DIV for each indicated duration. Cypin protein levels were compared by Western blotting. *p << 0.05 by
two-tailed ¢ test compared to control. Error bars indicate SEM. A.U., Arbitrary units; n = 3 experiments for all panels.

tration of 1%. Insoluble material was pelleted at 12,000 X gat 4°C for
15 min. Proteins were resolved on a 10% SDS-polyacrylamide gel and
transferred to PVDF membrane. The blot was probed with the indi-
cated antibodies. Experiments were repeated three times. Blots were
scanned and intensities of bands were quantitated using NIH Image]
software as we have performed previously (Chen and Firestein, 2007;
Carrel et al., 2009). An area close to the bands was used as a reference
for background intensity. The difference between the intensity of
the background and intensity of the band is the absolute intensity of
the band. The number of pixels for the bands was normalized to the
intensity of the internal control (B-actin) and then compared with
that of the control condition.

Quantitative RT-PCR. Neurons were plated as described above in the
previous paragraph. At 7 DIV, neurons were treated with indicated con-
centrations of neurotrophins, kinase inhibitors, or DMSO vehicle. At 10
DIV, RNA was isolated using a Qiagen RNeasy Kit following the manu-
facturer’s instructions. Total cDNA was then generated using an Applied
Biosystems High-Capacity Reverse Transcription Kit with 1 ug of total
RNA and following the manufacturer’s protocol. We used a Stratagene
Mx3000P qPCR system to perform multiplex assays using 50 ng of
total cDNA for cypin/deaminase (GDA) and GAPDH as an internal
control. The TagMan Gene Expression assays (Applied Biosystems)
containing primers and probes were used in our experiments. The
cypin/GDA probe contained the FAM490 fluorophore, and the
GAPDH probe contained the HEX fluorophore, both with the MGB
(minor groove binder) quencher. Results were analyzed following the
2 ~AAC method using GAPDH as an internal control and nontreated
or vehicle control.

PKA kinase activity assay. Cultured hippocampal neurons (7 DIV)
were treated with PKA inhibitory peptide for 72 h. Neurons were washed
with ice-cold PBS and lysed in buffer containing 20 mm 3-(N-morpholino)
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Figure 2.  BDNF treatment results in increased proximal dendrites via a cypin-dependent pathway. A, Hippocampal neurons
were transfected with shRNA against GST (control) or with shRNA against cypin at 5 DIV and treated with either DMSO (vehicle) or
BDNF (25 ng/ml) at 7 DIV for either 5 or 72 h. Dendrite number was assessed at 7 or 10 DIV. Scale bar, 100 wm. B, C, Cypin
knockdown (KD) blocks BDNF-promoted increases in primary dendrites (B) and secondary dendrites (€) with 72 h of treatment
(right). BDNF treatment for 5 h does not increase dendrite numbers (left). ***p < 0.001, **p << 0.01, comparing control shRNA
plus BDNF 72 h treatment to control shRNA with DMSQ 72 h treatment and no significance comparing cypin knockdown plus DMSO
72 h treatment and cypin knockdown plus BDNF 72 h treatment. p values were determined by Kruskal—Wallis test followed by
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propanesulfonic acid, 50 mm B-glycerol-
phosphate, 50 mm sodium fluoride, 1 mm so-
dium vanadate, 5 mm EGTA, 2 mm EDTA, 1%
NP-40, 1 mm DTT, and 1 mm PMSF. Insoluble
material was pelleted at 12,000 X gat4°C for 15
min. Lysates were assayed following the manu-
facturer’s instructions. Samples were added to
plates precoated with PKA substrate, and ATP
was added to the reactions. After 90 min incu-
bation at 30°C, phospho-specific substrate an-
tibody was added, and the plate was incubated
for 1 h. The plate was washed four times, and a
secondary antibody conjugated with HRP was
applied. After 30 min incubation, the plate was
washed and TMB substrates were added fol-
lowed by the addition of Stop solution. The
absorbance was measured at 450 nm using a
SpectraMax 250 microplate reader (Molecular
Devices).

Transfection of cultured cells. Cultured hip-
pocampal neurons were transfected 5 DIV for
shRNAs and 6 DIV for ¢cDNAs using Lipo-
fectamine LTX with Plus reagent following the
manufacturer’s protocol (Invitrogen).

Immunocytochemistry. Neurons were fixed
in 4% paraformaldehyde in PBS for 15 min and
then incubated in blocking solution (PBS con-
taining 0.1% Triton X-100, 2% normal goat
serum, and 0.02% sodium azide) for 1 h. All
antibodies used were diluted in blocking solu-
tion, and dilutions of 1:500 for chicken anti-
GFP, anti-MAP2, and anti-cypin were used.
Neurons were incubated in primary antibody-
containing solution at 4°C overnight. Neurons
were then washed with PBS three times. The
secondary antibody solution consisted of a
1:250 dilution of Cy2-conjugated anti-chicken
IgY, Cy3-conjugated anti-mouse IgG, and
Cy-5 conjugated anti-rabbit IgG. Coverslips
were then mounted onto frosted glass micro-
scope slides using Fluoromount G (Southern
Biotechnology). Labeled cells were visualized
by immunofluorescence on an Olympus Opti-
cal IX50 microscope with a Cooke SensiCam
charge-coupled device (CCD) cooled camera

<«

Dunn’s multiple comparison test. D, Sholl analysis. BDNF treat-
ment for 72 h increases the number of intersections close to
the soma (proximal dendrites) E, Proximal Sholl analysis (from
D) within the first 75 wm of the soma. (*p < 0.05 at 9 um,
*¥¥p < 0.001at 15 wm,**p << 0.01 at 33 um when compar-
ing control shRNA plus BDNF 72 h treatment and control
shRNA plus DMSO 72 h treatment and no significance when
comparing cypin knockdown plus DMSO 72 h treatment and
cypin knockdown with BDNF 72 h treatment. Cypin knock-
down resultsinasignificant decrease (***p < 0.001) in inter-
sections in comparison to control shRNA, consistent with our
previous work. p values were determined by two-way ANOVA
followed by Bonferroni multiple-comparisons test. Error bars
indicate SEM. n = 51 neurons, control shRNA plus DMSO 5 h
treatment; n = 40, control shRNA plus BDNF 5 h treatment;
n = 48, cypin knockdown plus DMSO 5 h treatment; n = 52,
cypin knockdown plus BDNF 5 h treatment; n = 76, control
shRNA plus DMS0 72 h treatment; n = 79, control shRNA plus
BDNF 72 h treatment; n = 90, cypin knockdown plus DMSO
72 htreatment; and n = 87, cypin knockdown plus BDNF 72 h
treatment.



9738 - J. Neurosci., June 29, 2011 - 31(26):9735-9745

fluorescence imaging system and Image Pro
software (Media Cybernetics).

Assessment of dendrite number. Dendrite
morphology was processed as described previ-
ously (Kutzing et al., 2010; Langhammer et al.,
2010) using custom scripts written in MATLAB
(MathWorks. The axon was excluded based on
the absence of MAP2 immunostaining. We
performed Sholl analysis with a 6 um ring in-
terval starting at 9.3 wm from the soma. The
experimenter was blinded to conditions during
all data analysis. Dendrites less than 3 wm in
length were not counted (Yu and Malenka,
2004; Charych et al., 2006).

Chromatin immunoprecipitation. At 7 DIV,
neurons were treated with 25 ng/ml rhBDNF
and DMSO for 24 h. Cells were treated with 1%
formaldehyde at 37°C for 10 min to cross-link
histones to DNA. After washing the cells twice
with ice-cold PBS containing protease inhibi-
tors, cells were scraped and pelleted at 2000
rpm at 4°C for 4 min. The pellet was resus-
pended in SDS lysis buffer (1% SDS, 10 mm
EDTA and 50 mm Tris, pH 8.1), and the lysate
was sonicated. After centrifuging the lysates at
12,000 X g at 4°C for 10 min, the supernatant
was diluted in chromatin immunoprecipita-
tion (ChIP) dilution buffer (Millipore). Lysate
was precleared with salmon sperm DNA/pro-
tein A agarose 50% slurry for 1 h and then
immunoprecipitated with monoclonal CREB
antibody or mouse IgG at 4°C overnight.
Salmon sperm DNA/protein A agarose slurry
was added for 1 h of incubation, and beads
were washed one time each with MilliporeLow
Salt Immune Complex Wash Buffer, zcomMil-
liporeHigh Salt Immune Complex Wash Buf-
fer, MilliporeLiCl Immune Complex Wash
Buffer, and then twice with TE buffer (10 mm
Tris-HCI, 1 mm EDTA). Immunoprecipitated
histone complex was eluted with elution buffer
(1% SDS, 0.1 M NaHCO;). NaCl (5 M) was
added to the eluates, followed by heating at
65°C for 4 h. After 1 h incubation with protei-
nase K, the DNA was recovered by phenol/
chloroform extraction and ethanol precipitation.
PCR was performed with following primers:
forward, 5'-GAG GAC TTT AGA CTG GAA
ACT TGC AAT TGG-3'; reverse, 5'-TTC CTG
AGT GTG AGG GAT GCT GAC TAT G-3'.

Quantification of fluorescence intensity. Hip-
pocampal neurons were prepared, cultured,
and transfected as described above. The neu-
rons were immunostained using our poly-
clonal antibody against cypin. Fluorescence
intensities of cypin were measured using Im-
age] software as we have described previously
(Chen and Firestein, 2007). Briefly, the cell
bodies for each neuron were traced, and inten-
sities were measured as integrated pixel inten-
sity within the selected region corrected for

background. Fluorescence was visualized using an Olympus LC Plan FL
20X/0.4 (air) objective. To quantitate the fluorescence levels of endoge-
nous proteins, images of neurons were captured by a CCD camera as
described above (see Immunohistochemistry) using a constant gain and
exposure time for all samples. Images were corrected for coverslip fluo-
rescence by subtracting a background image generated using an 11 X 11
erosion filter. The experimenter was blinded to the condition when tak-
ing images and assaying fluorescence intensities.
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Figure3. The cAMP/PKA, P13K/Akt/PKB, and mTOR pathways are notinvolved in BDNF-mediated increases in cypin expression.
A1, Hippocampal neurons were treated with membrane-permeable PKA inhibitory (PKAi) peptide (25 ng/ml; Myr-N-Gly-Arg-
Thr-Gly-Arg-Arg-Asn-Ala-lle-NH,) (A—C), wortmannin (100 nm) (D—F), or rapamycin (25 ng/ml) (G—/) at 7 DIV and treated with
BDNF for 72 h. Cytoplasmic protein extracts were resolved by SDS-PAGE and Western blotting using antibodies that recognize
indicative proteins. PKA activity was measured by absorbance at 450 nm with an ELISA-based PKA activity assay. PKA activity is
shown as mean normalized absorbance == SEM. Densitometric analysis of active phospho-proteins normalized to total proteins are
indicated as mean = SEM. Densitometric analysis of cypin is normalized to actin protein expression. Extracts from treated cultures
were then analyzed by quantitative RT-PCR using specific rat cypin/GDA primers. *p << 0.05, **p << 0.01,***p < 0.001 by ANOVA
followed Student-Newman—Keuls multiple-comparison test compared to DMSO as vehicle control. Error bars indicate SEM.n = 3
experiments for all panels with representative blots shown in 4, D, G. S6K, p7056 kinase.
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Figure4.  BDNFincreases cypin expression via the MAPK signaling pathway. A, Hippocampal neurons were treated with DMSO

or 10 nm U0126, a MEK inhibitor, which consequently inhibits MAPK; in the absence or presence of 25 ng/ml BDNF on DIV 7 for 72 h.
Representative Western blots using antibodies that recognize cypin, actin, phospho-Erk1/2, and total Erk1/2 are shown. Densito-
metric analysis of active MAPK normalized to total MAPK is indicated as mean == SEM. B, Densitometric analysis of cypin is
normalized to actin protein expression. €, Quantitative RT-PCR using specific rat cypin primers. *p << 0.05, **p < 0.01, ***p <
0.001 by ANOVA followed Student-Newman—Keuls multiple-comparison test compared to DMSO as vehicle control. n = 3 exper-
iments for all panels.

Results

BDNF increases cypin protein levels in hippocampal neurons
To investigate the possibility that neurotrophic factors may mod-
ulate cypin expression to promote increases in dendrite number,
we treated cultures of primary hippocampal neurons with three
neurotrophins: nerve growth factor, brain-derived neurotrophic
factor, and neurotrophin-3. These neurotrophins have a degree
of receptor specificity when applied at low levels, with NGF bind-
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ing to TrkA, BDNF and NT-4/5 binding to TrkB, and NT-3 pref-
erentially binding to TrkC (Reichardt, 2006). We investigated the
role of these neurotrophins in promoting changes in cypin ex-
pression by examining mRNA levels with quantitative RT-PCR
(qRT-PCR) and protein levels with Western blotting. Since dif-
ferent concentrations of neurotrophins can have different affin-
ities for Trk receptors (Davies et al., 1993; Mahadeo et al., 1994),
we used two different concentrations of each neurotrophin. Only
exposure to BDNF significantly increases cypin mRNA and pro-
tein levels after 72 h of treatment (Fig. 1A—C). This increase is
dose dependent and is due to TrkB activation, because at the
concentrations tested no apparent cross-stimulation of TrkA,
TrkC, or p75 should occur (Ji et al., 2005). Furthermore, since it
has been reported that exposure of cortical neurons to BDNF for
as little as 5 h is sufficient to increase the number of primary
dendrites (Dijkhuizen and Ghosh, 2005), and TrkB is maximally
phosphorylated in 5 min by 25 ng/ml BDNF (Ji et al., 2005), we
tested whether a shorter exposure of hippocampal neurons to
BDNF results in this increase in cypin expression. As seen in
Figure 1D, 72 h is the minimum time of BDNF exposure needed
to see the increase in cypin expression. It should be noted that
cypin levels increase as neurons mature in culture (Kuwahara et
al., 1999), and thus we observed this baseline increase in cultures
treated with DMSO. Thus, we used a 72 h incubation time for the
rest of our studies, acknowledging the fact that we are studying
pathways involved in longer term exposure to BDNF rather than
a short pulse of BDNF exposure.

BDNF signals through cypin to increase dendrite numbers

To determine whether BDNF signals via cypin to regulate den-
drite patterning, we used an shRNA against cypin as we have
described previously and shown to be specific for cypin by rescue
experiments (Chen and Firestein, 2007). Consistent with results
from other laboratories (Dijkhuizen and Ghosh, 2005), BDNF
increases primary and secondary dendrite numbers in neurons
treated during DIV 7-10 in the presence of the expression of a
control shRNA. However, we did not see changes in dendrite
number in our hippocampal neurons in response to shorter ex-
posures of BDNF as has been seen in cortical neurons (Dijkhui-
zen and Ghosh, 2005), which is in line with a previous report
showing that pathways that control dendrite outgrowth differ
between cortical and hippocampal neurons (Ko et al., 2005). As
seen in Figure 2 A and B, knockdown of cypin blocks increases in
primary and secondary dendrite numbers in response to 72 h
treatment with BDNF. We also observed some pruning in pri-
mary dendrite number from DIV 7-10, consistent with previous
results (Cline, 2001; Wong and Ghosh, 2002; Charych et al,
2006). In addition, we performed Sholl analysis by measuring the
number of dendrites that cross ellipsoids at different radial dis-
tances from the cell body to analyze the roles of BDNF and cypin
in higher-order dendritic branching (Fig. 2D). Sholl analysis
shows that treatment with BDNF for 72 h results in an increase in
dendrite numbers proximal to the soma, the 75 um region closest
to the cell body (Fig. 2 E). In contrast, this treatment with BDNF
does not increase dendrites when cypin is knocked down,
strongly suggesting that BDNF promotes dendrite branching via
cypin at DIV 7-10. We also noted that knocking down cypin at an
earlier time window, DIV 5-7 (for the 5 h treatment) (Fig. 2D, E),
has no effect on dendrite numbers, suggesting that cypin may not
regulate neurite outgrowth in early stages of development.
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Figure 5. BDNF promotes cypin expression via a transcription-dependent mechanism. 4,
Cultured hippocampal neurons were treated with 25 ng/ml BDNF concurrent with or without 5
pmactinomycin Dat 7 DIV for 72 h. Proteins were extracted at 10 DIV, and Western blotting was
performed using a cypin antibody. A representative blot is shown. B, Densitometric analysis of
cypin protein expression normalized to actin protein expression is shown. *p < 0.05 by
Kruskal—-Wallis test followed by Dunnett’s multiple-comparison test compared to untreated
control. €, Quantitative RT-PCR using specific rat cypin/GDA primers. D, Densitometric analysis
of phospho-Erk1/2 protein levels normalized to total Erk1/2 protein levelsis shown. **p << 0.01
by ANOVA followed Student-Newman—Keuls multiple-comparison test compared to DMSO as
control. n = 3 experiments.

The cAMP/PKA pathway is not required for BDNF-promoted
increases in cypin expression

We performed experiments to further identify the downstream
pathways that mediate BDNF-promoted cypin gene expression.
TrkB receptors dimerize in response to BDNF and phosphorylate
one another. These phosphotyrosines generate binding sites for
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BDNF increases CREB binding to the cypin promoter. A, Prediction of transcription factor binding sites in the promoter region of rat cypin. The 10 kb upstream sequence of the first exon
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occurrence of conserved CRE and TATA box regions. €, Hippocampal neurons were treated with 25 ng/ml BDNF on DIV 7 for 24 h. Chromatin was isolated on DIV 8, and ChIP was performed using
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Shc and phospholipase C, which can recruit the signaling mole-
cules to trigger activation of major pathways, such as cAMP/PKA,
phosphoinositide 3-kinase (PI3K), mammalian target of rapa-
mycin (mTOR), and MAPK signaling pathways (Chao, 2003; Se-
gal, 2003; Kumar et al., 2005; Spencer et al., 2008). Therefore, we
first tested the possibility that BDNF-mediated increases in cypin
expression are mediated by the cAMP/PKA pathway. We treated
cultured hippocampal neurons with a myristoylated membrane-
permeable PKA inhibitor peptide and assessed BDNF action on
cypin expression. Inhibition of PKA (Fig. 3A, bottom) does not
block BDNF-promoted increases in cypin mRNA or protein (Fig.
3A-C). These results suggest that the activation of PKA by BDNF
is not required for increased cypin expression. Interestingly, the
appearance of a lower molecular weight band in our Western blot
analysis suggests that the cAMP signaling pathway may alter ex-
pression of a lower molecular weight cypin variant (data not
shown).

The PI3K-Akt-mTOR pathway is not required for BDNF-
promoted increases in cypin expression

Given that the cAMP/PKA pathway appears not to be involved in
BDNF-promoted expression of cypin in neurons, we further
tested other signaling pathways reported to be activated by
BDNF. PI3K/Akt pathways are triggered by BDNF to regulate
primary dendrite formation in cortical neurons (Dijkhuizen and
Ghosh, 2005). In addition, there are several studies that support
the idea that BDNF can regulate dendrite branching through the
PI3K pathway by activating mTOR (Schratt et al., 2004; Jaworski
et al., 2005; Kumar et al., 2005). Therefore, we tested the possi-
bility that BDNF uses these pathways to increase cypin expres-
sion. We treated cultured neurons with wortmannin and
rapamycin, potent and specific PI3 kinase and mTOR inhibitors,
respectively. We then measured cypin mRNA and protein ex-

pression. Inhibition of PI3K (Fig. 3D, bottom) or the mTOR (Fig.
3G, bottom) does not affect BDNF-mediated increases in cypin
mRNA or protein expression (Fig. 3D-F, G-I ), suggesting that
the activation of PI3K/Akt and mTOR by BDNF is not required
for increased cypin expression.

The MAPK signaling pathway is responsible for increased
cypin expression in hippocampal neurons

The Ras/MAPK pathways have also been reported to mediate
BDNF-mediated increases in primary dendrite number in corti-
cal neurons (Kumar et al., 2005). To test the involvement of
MAPK in BDNF-mediated increases in cypin expression, we used
the highly selective MAP kinase kinase (MAPK/MEK) inhibitor
U0126 (Favata et al., 1998). As seen in Figure 4, U0126 inhibits
BDNF-promoted increases in cypin mRNA and protein overex-
pression. These results suggest that BDNF specifically increases
cypin protein expression in hippocampal neurons via activation
of the MAPK signaling pathway.

BDNF treatment increases cypin expression via a
transcription-dependent mechanism

Because BDNF not only increases cypin protein levels but also
cypin mRNA levels, and MAPK pathways can trigger the activa-
tion of transcription factors to perform various mechanisms of
cellular action, we hypothesized that BDNF promotes cypin ex-
pression in a transcription-dependent manner. We used a phar-
macological drug, actinomycin D, to inhibit transcription by
binding DNA at the transcription initiation complex and pre-
venting elongation of transcription by the RNA polymerase (So-
bell, 1985). As shown in Figure 5, actinomycin D treatment
blocks BDNF-mediated increases in cypin mRNA and protein
levels. We then tested the possibility that actinomycin D acts by
decreasing MAPK activity, which would lead to decreased cypin
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Figure 7.  Expression of a dominant negative mutant or a constitutively active mutant of CREB attenuates BDNF-promoted
increases in cypin expression. A, Hippocampal neurons were transfected with pEGFP-CREB WT (wild type, control) vector (control)
with pEGFP-CREB DN (dominant negative form, Ser119Ala) or pEGFP-CREB CA (constitutively active form, Ser119Asp) at 6 DIV and
treated with either DMSO (vehicle) or BDNF (25 ng/ml) at 7 DIV for 72 h. Neurons were immunostained using a polyclonal cypin
antibody. Arrows point to transfected neurons. Scale bar, 100 m. B, Average fluorescence intensity (A.U., Arbitrary units) of cypin
immunostaining was assessed in individual cells. Expression of CREB DN blocks and expression of CREB CA occludes BDNF-promoted
increases in cypin expression. n = 20 neurons for each condition, *p << 0.05, **p << 0.01 by ANOVA followed by Student-
Newman—Keuls multiple-comparison test compared to DMSO-treated neurons expressing CREB WT. ns, No significance compared
to DMSO-treated neurons.
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stream of BDNF-promoted increases in
cypin transcription. Together with our
other results, these data suggest that
BDNF increases dendrite number by up-
regulating cypin transcription and, ulti-
mately, cypin translation.

BDNF increases CREB binding to the
cypin gene promoter

To identify possible cis-acting regulators
of the cypin gene promoter, we performed
a bioinformatics-based analysis to predict
regulatory binding regions. Because the
minimal promoter region of the rodent or
human promoter region of cypin has not
yet been characterized, we analyzed a vast
region upstream of the first exon start re-
gion (10 kb). We compiled a list of pre-
dicted transcription factors consisting of
AP-1, Sp-1, E2F, NF-kB, and CREB that
may bind to a regulatory region of the cy-
pin gene (Fig. 6 A). Both NF-«kB and CREB
obtained higher binding probability than
the other factors, and thus we analyzed
whether there is conservation of these re-
gions between rodent and human genes.
CRE regions were conserved between the
mouse, rat, and human cypin genes as
shown in Fig. 6 B, although the positions
of these regions differed within the gene.
In addition, distinct TATA box domains
were also found in this region and in prox-
imity to the CRE elements, suggesting that
together these domains may represent an
important regulatory region of the cypin
gene. To assess whether CREB is involved in
BDNF-promoted increases in cypin tran-
scription, we performed a chromatin im-
munoprecipitation assay. We found that
CREB binds to the cypin promoter under
basal conditions and that this binding is
enhanced by extracellular treatment of
BDNF (Fig. 6C). Together, these data sug-
gest that BDNF increases CREB binding
to the cypin promoter to promote tran-
scription of the cypin gene.

BDNF activates CREB to increase cypin
expression and dendrite branching

CREB is activated by its phosphorylation
at Ser119 (equivalent position to Ser133
in CREB-341 isoform B, NCBI accession
no. NP112279.1) to promote cellular gene
expression, and this Ser119 phosphorylation
of CREB is sufficient to recruit CBP-RNA
polymerase II complexes and activate
transcription of gene expression (Naka-
jima et al., 1997). We used a dominant

levels, rather than by directly blocking BDNF-promoted tran-  negative mutant of CREB (CREB DN), in which serinell9 is
scription of cypin. This is not the case, as we found the opposite =~ mutated to alanine and cannot be phosphorylated, to further
effect of actinomycin D. Actinomycin increases MAPK activity  investigate the role of CREB in BDNF-mediated increases in cy-
(Fig. 5A, D), suggesting that actinomycin D may inhibit the tran- ~ pin and dendrite number. Wild-type CREB (CREB WT) was used
scription of inhibitors of MAPK and that MAPK activity is up-  as a control, and BDNF treatment increased cypin expression in
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neurons expressing CREB WT (Fig. 7 A, B). Expression of CREB
DN blocked BDNF-promoted increases in cypin expression (Fig.
7 A, B). We then tested whether CREB activation is sufficient to
increase cypin levels. We used a constitutively active mutant of
CREB (CREB CA) in which serinel19 is mutated to aspartate to
mimic the phosphorylated state. Neurons that express CREB CA
showed increased cypin protein levels. Furthermore, expression
of CREB CA occludes BDNF-induced increases in cypin expres-
sion. Our data strongly suggest that BDNF activates CREB, which
in turn increases cypin expression. We further investigated
whether BDNF regulates dendritogenesis via CREB activation.
Neurons were cotransfected with a DsRed-tagged CREB DN con-
struct and enhanced GFP-containing vector to assess dendrite
number. Sholl analysis shows that neurons that express CREB
DN do not show increased proximal dendrite numbers when
exposed to BDNF (Fig. 8). Our data support the idea that BDNF
activates CREB to increase the expression of cypin and, as a result,
proximal dendrite numbers.

Discussion

Dendrite number and branching are regulated by the interplay
between extrinsic factors and intrinsic factors. Much progress has
been made in identifying the key players and elucidating the sig-
naling mechanisms that regulate dendrite morphology and pat-
terning. There is a long list of external factors, including
neurotrophins (for review, see McAllister et al., 1996; McAllister,
2000), estrogen (Audesirk et al., 2003; Sakamoto et al., 2003), and
electrical activity (Vaillant et al., 2002). Some of the known in-
trinsic factors are the small GTPases RhoA, Racl, and Cdc42
(Threadgill et al., 1997; Ruchhoeft et al., 1999; Li et al., 2000;
Chen and Firestein, 2007), calcium/calmodulin-dependent pro-
tein kinase IT (Fink et al., 2003), B-catenin (Yu and Malenka,
2004), CREST (Aizawa et al., 2004), Dishevelled (Rosso et al.,
2005), some novel genes in Drosophila (Gao et al., 1999; Moore et
al., 2002; Grueber et al., 2003; Emoto et al., 2004), cypin (Akum et
al., 2004), and PSD-95 (Charych et al., 2006). Our laboratory has
focused on cypin, a protein that regulates dendrite formation by
promoting microtubule assembly and negatively regulates traf-
ficking of PSD-95, which is associated with signaling networks at
excitatory synapses and decreases dendrite branching. Our cur-
rent studies are the first to demonstrate that extracellular factors,
specifically BDNF, can regulate cypin gene expression.

Our results suggest that the MAPK pathway regulates BDNF-
mediated cypin expression in hippocampal neurons. This signal-
ing cascade is involved in promoting neuritogenesis and neurite
outgrowth via CREB-mediated gene expression (Tojima et al.,
2003). Therefore, we suggest that cypin is a candidate gene that is
regulated by this signaling pathway via activation of CREB. Our
results support this hypothesis, since pharmacological data con-
firm that a MEK-specific inhibitor and expression of a dominant
negative form of CREB block BDNF-mediated increases in cypin
expression.

Because BDNF is an important molecule for dendrite growth,
much work has focused on elucidating BDNF signaling path-
ways. Ligand binding to TrkB triggers a cascade of phosphoryla-
tion events. Phosphorylated tyrosine residues on the receptor
allow for Shc and phospholipase C (PLC) to attach. PLC becomes
phosphorylated and activated (Segal, 2003). In addition to PLC,
TrkB can signal via the PI3K pathway. Tyrosine phosphorylation
allows SHC and Grb2 to recruit PI3K as well as SOS. PI3K acti-
vates the AKT pathway, and SOS activates the Ras/MAPK cascade
(Segal, 2003). In contrast, there are also several studies that sup-
port the idea that BDNF can regulate dendrite branching through
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Figure 8.  Expression of a dominant negative mutant of CREB attenuates BDNF-promoted
increases in dendrite number. 4, Hippocampal neurons were cotransfected with pEGFP and
either DsRed-CREB WT(control) or ds-Red-CREB DN at 6 DIV and treated with either DMSO
(vehicle) or BDNF (25 ng/ml) at 7 DIV for 72 h. Representative GFP images are shown. Dendrite
number was assessed at 10 DIV. Scale bar, 100 um. B, Sholl analysis. CREB DN overexpression
blocks BDNF-promoted increases in the number of intersections close to the soma (proximal
dendrites). C, Proximal Sholl analysis (from B) within the first 75 .um of the soma. *p << 0.05 at
15and 27 pwm, **p < 0.01 at 21 um when comparing CREB WT plus BDNF to CREB WT plus
DMSO and no significance when comparing CREB DN plus DMSO to CREB DN plus BDNF treat-
ment. p values were determined by two-way ANOVA followed by Bonferroni multiple-
comparisons test. Error bars indicate SEM. n = 22 neurons, CREB WT plus DMSO; n = 32, CREB
WT plus BDNF; n = 33, CREB DN plus DMSO; n = 42, CREB DN plus BDNF.

the PI3K pathway by activating the mTOR (Jaworski et al., 2005;
Kumar et al., 2005), which can then activate the translation of a
group of mRNAs (Schratt et al., 2004). In fact, local administra-
tion of BDNF to dendrites of cultured hippocampal neurons re-
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sults in mTOR-dependent phosphorylation of S6, which is
involved in local protein synthesis (Takei et al., 2004). While this
increased phosphorylation was observed within 5 min of stimu-
lation, our studies were performed using longer treatment times,
suggesting the possibility that the duration of BDNF influences
the activation of different signaling pathways. Recent studies sup-
port this idea that there would be temporal and spatial regulation
of signaling by BDNF in neurons and have shown that acute and
gradual increases in BDNF give rise to differential expression of
Homerl and Arc in cultured hippocampal neurons (Ji et al.,
2010). Moreover, mRNAs with the same BDNF coding sequence
but distinct 3" UTRs have distinct cellular localizations and func-
tion (An et al., 2008), increasing the possibility that BDNF regu-
lates neuronal morphology and function via several distinct
cellular mechanisms. Our studies support the idea that increases
in proximal dendrites resulting in response to BDNF do not de-
pend on the activation of either PI3K or mTOR (Fig. 3), suggest-
ing an alternative pathway of activation for BDNF-mediated
increases in cypin expression and proximal dendrites in 72 h.

The MAPK signaling cascade, which can be activated by
BDNF, is involved in promoting neuritogenesis and neurite out-
growth via CREB-mediated gene expression (Tojima etal., 2003).
Similarly, in cortical neurons, primary dendrite number is regu-
lated by BDNF via MAPK signaling pathways, and this effect is
independent of nascent protein synthesis (Dijkhuizen and
Ghosh, 2005). This is in contrast to our results in hippocampal
neurons, whereby BDNF increases cypin transcription and trans-
lation to regulate proximal dendrite number. These differences
may be due to the fact that different neuronal types were studied.
This idea is supported by recent evidence that neurite outgrowth
is regulated differently in cortical and hippocampal neurons (Ko
et al., 2005).

Differences in signal transduction pathways activated by hip-
pocampal versus cortical neurons may also be due to the BDNF
receptor that is activated. Like other neurotrophins, BDNF exists
in two states: proteolytically processed, which is the active form
that can bind Trk receptors, or unprocessed, which allows BDNF
to bind with high affinity to p75NTR. Thus, the complex actions
of BDNF on the dendritic arbor may be mediated, in part, by
multiple receptors resulting from alternative splicing of TrkB.
Three alternative splice variants of TrkB have been identified.
The full-length TrkB.FL contains a cytoplasmic tyrosine kinase
domain, which is responsible for autophosphorylation and clus-
tering of the receptor when activated by BDNF (Chao, 2003;
Segal, 2003). Two truncated isoforms, termed TrkB.T1 and
TrkB.T2, which lack the cytoplasmic tyrosine kinase domains,
have also been identified (Barbacid, 1994). TrkB.FL and TrkB.T2
are expressed exclusively in neurons, and TrkB.T1 is expressed in
both neurons and non-neuronal cells (Frisén et al., 1993; Rudge
etal.,, 1994; Armanini et al., 1995; Biffo et al., 1995; Wetmore and
Olson, 1995). Importantly, in rat, expression of the TrkB.FL in
the hippocampus is barely detectable at embryonic day 15 but
increases throughout development to reach adult levels by post-
natal day (P)5 (Muragaki et al., 1995). Conversely, TrkB.FL
reaches adult levels in cortex by P0. In addition, TrkB.T1 is ex-
pressed in the hippocampus at low levels until birth and reaches
adult levels by P10-15. The expression of TrkB.T1 in cortex is
similar, but adult levels are reached between P10 and P20 (Mu-
ragaki et al., 1995). This difference in developmental expression
pattern, which encompasses the developmental time points of
our cultures, coupled with the fact that TrkB.FL controls proxi-
mal branching while TrkB.T1 increases elongation of distal den-
drites in cortical culture (Yacoubian and Lo, 2000), may explain
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the different pathways activated by BDNF in our study and other
studies. In addition, TrkB.FL can inhibit the effects of TrkB.T1
and vice versa when both receptors are overexpressed, adding an
additional layer of receptor crosstalk (Yacoubian and Lo, 2000;
Hartmann et al., 2004).

MAPK phosphorylates extracellular signal-regulated kinases
(ERKs), and these activated ERKs phosphorylate CREB (Bonni et
al., 1999). CREB has been characterized as a critical molecule for
the transcriptional regulation of dendritic complexity (Redmond
and Ghosh, 2005; Wayman et al., 2006). Loss of CREB function
has been shown to impair dendrite growth and arborization of
newborn hippocampal neurons (Jagasia et al., 2009). In line with
these reports, we have found that cypin is a target gene for CREB
regulation and that BDNF enhances the binding of CREB to the
cypin promoter. Thus, we have demonstrated, by pharmacologi-
cal and cell biological methods, that BDNF, an important extrin-
sic factor needed for normal neuronal development, activates
CREB-mediated increases in the expression of cypin, an essential
intrinsic regulator of microtubule assembly and dendrite ar-
borization. Since BDNF is thought to play a role in the develop-
ment of cognitive disorders (Zuccato et al., 2001; Neves-Pereira
et al., 2002; Sklar et al., 2002; He et al., 2004; Schumacher et al.,
2005; Strauss et al., 2005; Lynch et al., 2007; Nagahara et al., 2009;
Peng et al., 2009), our results will add to our understanding of
how dendrite arborization is disrupted in these disorders.
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