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ABSTRACT
Brain-derived neurotrophic factor (BDNF) was shown to produce its neuroprotective effect
through extracellular signal-regulated kinase 1/2 (ERK1/2) and phosphatidylinositol-3
kinase (PI3-K) signaling. But whether other pathways also mediate the neuroprotective
effect of BDNF is less known. In this study, we found that direct administration of BDNF to
rat hippocampal CA1 area dose-dependently increased the mRNA and protein levels of
Bcl-xL. BDNF also increased protein kinase casein kinase II (CK2) activity and NF-kB
phosphorylation at Ser529 dose-dependently. Further, transfection of the wild-type CK2a
DNA to CA1 neurons increased nuclear factor kappa B (NF-kB) phosphorylation
and Bcl-xL mRNA expression, whereas transfection of CK2a156A, the catalytically inac-
tive mutant of CK2a, decreased these measures. Moreover, transfection of CK2a small
interfering RNA (siRNA) blocked the enhancing effect of BDNF on NF-kB phosphoryla-
tion and Bcl-xL expression. These results were further confirmed by treatment of 4,5,6,7-
tetrabromobenzotriazole (TBB), a specific CK2 inhibitor. Transfection of NF-kBS529A,
the dominant negative mutant of NF-kB, prevented the enhancing effect of BDNF on
Bcl-xL expression. More importantly, BDNF activation of CK2 is not affected by
co-administration of the ERK1/2 inhibitor, PD98059, and the PI3-K inhibitor, LY294002.
These results demonstrate a novel BDNF signaling pathway and provide an alternative
therapeutic strategy for the protective effect of BDNF on hippocampal neurons in vivo.
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INTRODUCTION
Brain-derived neurotrophic factor (BDNF) is a member of the neu-
rotrophin family that has been shown to play an important role in
hippocampal synaptic plasticity (27) and memory function (21,
31). In addition, BDNF was earlier found to increase the survival of
acetylcholine neurons and dopamine neurons (3, 24). In studying
the signaling pathway that mediates the neuroprotective effect of
BDNF, it is found that BDNF protects neonatal cortical and hippoc-
ampal neurons from hypoxia-ischemia injury through the media-
tion of extracellular signal-regulated kinase 1/2 (ERK1/2) (18).
BDNF also protects immortalized hippocampal neurons from
serum-deprivation-induced cell death through both ERK1/2 and
phosphatidylinositol-3 kinase (PI3-K) pathways (39). Further,
BDNF increases the expression of Bcl-2 and protects hippocampal
neurons from glutamate-induced neuronal death through the
mediation of ERK1/2 and PI3-K signaling (4). However, in addi-
tion to the role of ERK1/2 and PI3-K, whether BDNF also activates
other protein kinase to mediate its neuroprotective effect is less
known.

Casein kinase II (CK2) is a constitutively active and ubiquitous
serine/threonine protein kinase that plays a multifunctional role
and is highly conserved during evolution (30, 36). The CK2
holoenzyme consists of subunits a, a′ (catalytic) and b (regula-
tory), which associate to form a2b2, a′2b2 and aa′b2 heterotet-
ramers. There appears to be more than 300 substrates of CK2 that
are involved in various cellular functions including DNA synthesis,
gene transcription, signal transduction, cytoskeleton structure and
cell-cell adhesion (34). Further, CK2 also functions as a key sup-
pressor of apoptosis (2). Inhibition of CK2 activity was shown to
induce apoptosis in cancer cells (40). CK2 was also found to
directly phosphorylate the pro-apoptotic protein Bid and decrease
the cleavage of Bid, thereby reducing Bid-induced cell death (15).
CK2 also phosphorylates the ARC protein (an apoptosis repressor)
to increase its inhibitory effect on caspase activity (29). Moreover,
CK2 was shown to enhance cell survival through activation of Akt
and nuclear factor kappa B (NF-kB)-mediated pathways (16, 32).
However, despite of this anti-apoptotic effect of CK2, it is not
known whether CK2 also mediates the neuroprotective effect of
BDNF. In the present study, we aimed to examine whether CK2
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mediates the neuroprotective effect of BDNF in rat hippocampus in
vivo by measuring the expression of Bcl-xL, an anti-apoptotic gene
belongs to the Bcl-2 family (45). We also examined the CK2 signal-
ing pathway that mediates the protective effect of BDNF on hip-
pocampal neurons.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (250–350 g) bred at the Animal
Facility of the Institute of Biomedical Sciences, Academia Sinica
in Taiwan were used. They were maintained on a 12/12 h light/dark
cycle (light on at 6:30 am) with food and water continuously avail-
able. Experimental procedures follow the Guidelines of Animal
Use and Care of the National Institute of Health.

Plasmid DNA construction and
DNA/polyethyleneimine (PEI)
complex preparation

For construction of the HA-tagged CK2a plasmid, full-length CK2a
was cloned by amplifying the rat hippocampal CK2a cDNA with
primers 5′-CGGAATTCTCGGGACCCGTGCCAAGCAG-3′ (an
EcoRI cutting site is underlined and the ATG start coden was
removed) and 5′-GCTCTAGATTACTGCTAGCGCCAGCGG-3′
(an XbaI cutting site is underlined and the TAA stop coden was
maintained) as described previously (12). The PCR product was
subcloned between the EcoRI and XbaI sites of the mammalian
expression vector pcDNA3. For construction of the Flag-tagged
NF-kB plasmid, full-length NF-kB was cloned by amplifying
the rat hippocampal NF-kB cDNA with primers 5′-
CAGGAATTCGATGGACGATCTGTTTCCC-3′ (an EcoRI

cutting site is underlined) and 5′-GACCTCGAGTTAGGAGC
TGATCTGACTA-3′ (an XhoI cutting site is underlined) (41). The
PCR product was subcloned into the pCMV-Tag2A expression
vector with EcoRI and XhoI sites. The CK2a mutant plasmid
(CK2a156A) and the NF-kB mutant plasmid (NF-kBS529A) were
generated by using the QuickChange Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA). PEI was used as the transfection
agent. The PEI molecule is a highly branched organic cationic
polymer that is able to introduce genes into the mammalian brain in
vivo (1) and we have found that PEI is non-toxic to hippocampal
neurons (Figure 1). Therefore, we have used PEI as a transfection
reagent for the present study. Before injection, plasmid DNA was
diluted in 5% glucose to a stock concentration of 2.77 mg/mL.
Branched PEI of 25 kDa (Sigma, St. Louis, MO, USA) was diluted
to 0.1 M concentration in 5% glucose and added to the DNA solution
(41). Immediately before injection, 0.1 M PEI was added to reach a
ratio of PEI nitrogen per DNA phosphate equal to 6 for CK2 and
equals to 10 for NF-kB.The mixture was subjected to vortex for 30 s
and allowed to equilibrate for 15 minutes.

TUNEL assay

TUNEL assay was carried out using the Apoptag plus peroxidase in
situ apoptosis detection kit (Chemicon, Temecula, CA, USA). Apo-
ptotic cells in the hippocampus were detected according to the
procedures described previously (23). Animals were sacrificed 48 h
after PBS, PEI or kainic acid (KA) injection in CA1 area. Brain
sections (30-mm thickness) were fixed in 4% paraformaldehyde
for 10 minutes and were permeabilized with pre-cold EtOH/
CH3COOH (2:1) followed by reacting with 3% H2O2 to remove the
endogenous peroxidase activity. The sections were then incubated
with the TdT enzyme and digoxigenin-dNTP for 1 h at 37°C fol-
lowed by incubation with anti-digoxigenin antibody-conjugated

Figure 1. Polyethyleneimine (PEI) does not produce toxicity to hippoc-
ampal neurons. Apoptotic nucleus in CA1 area was evaluated by TUNEL
staining after (A) phosphate-buffered saline (PBS), (B) PEI (25 kDa) and
(C) kainic acid (KA; 4 mg) was infused to the CA1 area in rats. Animals
were sacrificed 48 h after infusion. Their brains were removed and the
paraformaldehyde-fixed brain sections (30-mm thickness) were sub-

jected to TUNEL assay and examined under a light microscope. The
apoptotic nuclei stained with DAB showed brown color under KA treat-
ment. The lower panel is the magnification of CA1 layer for the corre-
sponding upper panel. Scale bar equals 300 mm for the upper panel and
scale bar equals 100 mm for the lower panel. n = 2 each group.
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peroxidase for 30 minutes. The apoptotic nuclei showed brown
color after staining with DAB. The slides were then counterstained
with methyl green for visualization of total cells. Cells were exam-
ined under a light microscope.

RNA interference

The rat CK2a small interfering RNA (siRNA) was used to knock
down CK2a expression in CA1 neurons. Two sets of CK2a siRNA
were used. The sense strand sequence for the first set is:
5′-CAAACUAUAAUCGUACAUCdTdT-3′ and the antisense
strand sequence for the first set is: 5′-GAUGUACGAUUAU
AGUUUGdTdT-3′. The sense strand sequence for the second set is:
5′-AAAUCCCUGACAUCAUAUUdTdT-3′ and the antisense
strand sequence for the second set is: 5′-AAUAUGAUGUCA
GGGAUUUdTdT-3′ (43). The reason for using two sets of CK2a
siRNA is because our preliminary results showed that a mixture of
these siRNA has a better effect in knocking down CK2a expression
(Supporting Information Figure S1). Both sets of CK2a siRNA
were synthesized and conjugated with Cy3 by MDBio Inc. (Taipei,
Taiwan). The Silencer Negative Control number 1 siRNA was used
as a control (Ambion, Austin, TX, USA).

Intra-hippocampal drug administration, DNA
and siRNA transfection

Rats were anesthetized with pentobarbital (40 mg/kg, i.p.) and sub-
jected to stereotaxic surgery. Cannulae were implanted bilaterally
to dorsal hippocampal CA1 area at the following coordinates:
3.5 mm posterior to the bregma; 2.5 mm lateral to the midline; and
3.4 mm ventral to the skull surface. For BDNF administration
experiment, PBS, 0.2 mg, 0.4 mg and 1.2 mg of recombinant human
BDNF (Pepro Tech Ltd., London, UK) were injected to CA1 area in
different animals and rats were sacrificed 4 h later. This time inter-
val was adopted from a previous study (5). For BDNF and kinase
inhibitor co-injection experiment, PD98059 (1.4 mg) or LY294002
(1.5 mg) was injected 15 minutes before BDNF (0.4 mg) injection
and animals were sacrificed 1 h after BDNF injection. This short
time interval was used because we aimed to also examine BDNF
activation of ERK1/2 and PI3-K that occurs soon after
BDNF administration (39). For plasmid transfection and BDNF
co-injection experiment, plasmid DNA (1.5 mg/mL) was trans-
fected 48 h before BDNF (0.4 mg) injection and animals were sac-
rificed 4 h after BDNF injection. Similar procedure was adopted
for CK2a siRNA mixture (4 pmol each) and BDNF (0.4 mg)
co-injection experiment except that CK2a siRNA was given 60 h
before BDNF injection. The siRNA was transfected by using
the cationic polymer transfection reagent jetSITM (Polyplus-
Transfection Inc., New York, NY, USA). For plasmid DNA
co-transfection experiment, both plasmids (0.75 mg each) were
mixed and injected together and animals were sacrificed 48 h later.
The injection volume was 0.7 mL each side and the injection rate
was 0.1 mL/min. For co-injections at the same time or with 15
minutes apart, 0.35 mL of each molecule was injected. The injec-
tion needle was left in place for 5 minutes to limit the diffusion of
injected molecule. Animal’s brain was removed and the hippocam-
pal tissue slices (2-mm thickness each slice, two slices in all) were
dissected out by using a brain slicer. The hippocampal tissue con-
taining the major CA1 area and the transfected area was further
dissected out by using a punch with 2 mm in outer diameter and

1.4 mm in inner diameter with the lower part of the punch located
at the dentate gyrus. The injection site was recognized by the posi-
tion of the needle tip and/or the needle track during tissue dissec-
tion and that was covered by the punch (Supporting Information
Figure S2). This punched area with 1.4 mm in diameter and 4 mm
in thickness approximates 6 mm3 in volume. We then removed
subarea “A” located above the alveus hippocampus layer from the
punched tissue, which is easily detachable, and used the remaining
tissue for mRNA determination and Western blot (Supporting
Information Figure S2). Subarea “A” counts about 13% of the total
punched area in volume. Thus, the tissue volume used for bio-
chemical assays was approximately 5.2 mm3. But this area presum-
ably contains more fibers than cells (see Discussion for further
information).

CK2 activity assay

CK2 activity was determined as described previously (12). Briefly,
CK2 activity was measured in 5 mg protein aliquots from each
sample using the protein kinase CK2 assay kit (Upstate, Lake Placid,
NY, USA).The assay was carried out at 30°C for 10 minutes by using
a specific synthetic peptide as substrate and a kinase inhibitor that
blocks the activity of other serine/threonine kinases. An amount of
5 mCi of [g-32P] ATP was added to each reaction mixture. The
reaction was stopped by the addition of 20 mL of 40% TCA. A
volume of 25 mL of the reaction mixture was spotted onto P81
papers, and washed five times with 400 mL of 0.75% phosphoric
acid. Paper pieces were then rinsed with acetone, dried and trans-
ferred to scintillation vials for radioactivity counting. The enzyme
activity was calculated by subtracting the blank (determined in
identical assays from which the peptide substrate was omitted) from
the 32P radioactivity incorporated in the presence of the substrate.

Quantitative real-time PCR

Total RNA from CA1 tissue was isolated by using the RNAspin
mini kit (GE Healthcare, Barrington, IL, USA). The cDNA was
generated from 0.5 mg total RNA with 0.5 mg of oligo-dT by Super-
script II reverse transcriptase (Invitrogen, Carlsbad, CA, USA).
Real-time PCR analysis was performed by using the Applied Bio-
system 7500 Real-Time PCR System (Foster City, CA, USA) with
the TaqMan method. The primers and probe of Bcl-xL, an Assays-
on-Demand Gene Expression product (Rn00580568_g1), were
purchased from Applied Biosystems. The house-keeping enzyme
hypoxanthine phosphoribosyl transferase (HPRT) was used as an
internal control. The primers and TaqMan probe of HPRT were
synthesized by Applied Biosystems with the following sequences:
forward primer 5′-GCCGACCGGTTCTGTCAT-3′ and reverse
primer 5′-TCATAACCTGGTTCATCATCACTAATC-3′; TaqMan
probe 5′-VIC-TCGACCCTCAGTCCCAGCGTCG-TARMA-3′.
The amount of Bcl-xL and HPRT mRNA from each sample was
analyzed simultaneously but in separate tubes. The thermal condi-
tions were: 2 minutes at 55°C; and 10 minutes at 95°C; followed by
40 cycles at 95°C for 15 s and 60°C for 1 minute.

Western blot

Hippocampal CA1 tissue lysate was lysed in RIPA buffer
(50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM ethylenedi-
aminetetraacetic acid (EDTA), 1% IGEPAL CA-630, 1 mM
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phenymethylsulfonyl fluoride (PMSF), 20 mg/mL pepstatin A,
20 mg/mL leupeptin, 20 mg/mL aprotinin, 50 mM NaF and 1 mM
Na3VO4). The lysate was resolved by 8% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). The proteins
resolved by SDS-PAGE were transferred to the polyvinylidene
fluoride (PVDF) membrane (Millipore, Bedford, MA, USA). The
PVDF membrane was pre-incubated with 0.05% TBS-T containing
2% BSA followed by incubation with different antibodies: anti-
pS529NF-kB (1:1000; Acris, Herford, Germany), anti-NF-kB
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
Bcl-xL (1:2000; Chemicon), anti-ERK1/2 (1:4000; Upstate), anti-
pERK1/2 (1:2000; Cell Signaling, Beverly, MA, USA), anti-Akt
(1:4000; Cell Signaling), anti-pS308Akt (1:1000; Cell Signaling),
anti-CK2a (1:4000, Abcam, Cambridge, MA, USA), anti-NeuN
(1:1000, Chemicon) and anti-b-actin (1:10 000; Chemicon) anti-
body and then with HRP-conjugated secondary antibody (Amer-
sham, Piscataway, NJ, USA). Membrane was developed by reacting
with chemiluminescence HRP substrate and exposed to the LAS-
3000 image system (Fujifilm, Tokyo, Japan) for visualization of
protein bands. The density of each band was quantified by using the
NIH Image J software (NIH, Bethesda, MD).

Immunohistochemistry

At appropriate times after drug (KA) injection or DNA, siRNA
transfection, rats were anesthetized with pentobarbital (100 mg/kg,
i.p.) and perfused with ice-cold phosphate-buffered saline followed
by 4% paraformaldehyde. Brain were removed and post-fixed in
30% sucrose/4% paraformaldehyde solution for 20–48 h. Brains
were then frozen, cut into 30-mm sections on a cryostat and
mounted on gelatin-coated slides. Brain sections were rinsed with
1xPBS for 10 minutes and permeabilized with pre-cold EtOH/
CH3COOH (95%: 5%) for 10 minutes followed by 1xPBS for 10
minutes three times. The sections were preincubated in a blocking
solution containing 3% normal goat serum, 3% BSA, and 0.2%
Triton X-100 in 1¥PBS for 2 h followed by 1¥PBS for 10 minutes
three times. For immunofluorescence detection, tissue sections
were incubated with a mouse monoclonal anti-HA antibody
(1:100; Roche Products, Welwyn Garden City, Hertfordshire, UK)
in blocking buffer at 4°C overnight. Sections were washed three
times in 1¥PBS and incubated in goat anti-mouse fluorescein
isothiocyanate (FITC)-conjugated IgG antibody (1:100, Sigma) in
1¥PBS for 1 h. Sections were washed three times in 1¥PBS and
mounted with mounting medium.

Statistics

Data from CK2 enzyme activity, Western blot and real-time PCR
were analyzed with Student’s t-test or one-way analysis of variance
(ANOVA) followed by post-hoc Dunnett’s t-test (represented by tD
value) or Newman–Keuls multiple comparison test (represented by
q-value).

RESULTS

PEI does not produce toxicity to
hippocampal neurons

Because PEI was used as a reagent for transfection in the present
study, we first examined whether PEI itself produces toxicity to

hippocampal neurons in vivo. KA was used as a positive control.
Animals received bilateral injections of PBS, PEI (25 kDa) or KA
(4 mg) to hippocampal CA1 area (n = 2 each) and were sacrificed
48 h later for examination of the apoptotic cells by using the
TUNEL assay. The apoptotic nuclei were shown in brown color
after staining with DAB. Results showed that KA dramatically
increased the density of apoptotic cells in both the CA1 area and
dentate gyrus of the hippocampus (Figure 1C vs. Figure 1A). But
PEI injection did not cause any apoptotic cell death in either subre-
gion examined (Figure 1B vs. Figure 1A). The lower panels are
magnifications of the CA1 layer for the corresponding upper
panels.

BDNF increased Bcl-xL expression, CK2 activity
and NF-kB phosphorylation

In this experiment, we first examined the effect of BDNF on
Bcl-xL expression and CK2 enzyme activity. In addition, because
CK2 was shown to phosphorylate NF-kB at Ser-529 and upregu-
late its transcriptional activity in controlling tumor necrosis factor
alpha signaling (44), and NF-kB plays an important role in neu-
ronal survival (33), we also examined the effect of BDNF on
NF-kB phosphorylation at this residue. Animals were randomly
divided into four groups (n = 4–8 each) to receive different
concentrations (PBS, 0.2, 0.4 and 1.2 mg) of BDNF injection
to hippocampal CA1 area. Results revealed that BDNF dose-
dependently increased Bcl-xL mRNA level (F3,22 = 37.49,
P < 0.001; Figure 2A) and Bcl-xL protein level (F3,14 = 18.63,
P < 0.001; Figure 2B). Meanwhile, the same BDNF injection
elevated CK2 enzyme activity (F3,14 = 23.33, P < 0.001;
Figure 2C) and NF-kB phosphorylation at Ser-529 (F3,14 = 92.7,
P < 0.001; Figure 2D) in a dose-dependent manner. Figure 2E is
a representative illustration showing the location of needle
placement and dye distribution in CA1 area.

CK2 activation enhanced NF-kB phosphorylation
and Bcl-xL expression

We next examined whether CK2 regulates NF-kB activity and
Bcl-xL expression in rat hippocampus. Because the phosphoryla-
tion of NF-kB also enhances the transcriptional activity of NF-kB
(14), we have measured the level of NF-kB phosphorylation in this
experiment. Animals were randomly divided into three groups
(n = 6–10 each) and the CK2a wild-type DNA (CK2aWT) or
the catalytically inactive CK2a mutant DNA (CK2a156A) was
transfected to hippocampal CA1 area. Control animals received
pcDNA3-HA transfection. NF-kB phosphorylation and Bcl-xL
mRNA expression were examined 48 h after transfection. Results
revealed that transfection of CK2aWT increased NF-kB phospho-
rylation at Ser-529 (F2,20 = 69.91, P < 0.001; q = 8.12, P < 0.01),
whereas transfection of CK2a156A decreased NF-kB phosphory-
lation at this residue (q = 4.71, P < 0.01) (Figure 3A). Similarly,
CK2aWT transfection increased Bcl-xL mRNA level
(F2,20 = 116.74, P < 0.001; q = 10.18, P < 0.01), but CK2a156A
transfection decreased this measure (q = 6.48, P < 0.01)
(Figure 3B). To confirm the transfection and expression of
CK2aWT plasmid in CA1 area, immunohistochemistry was
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carried out by using antibody against the HA-tagged protein and
FITC-conjugated IgG secondary antibody. Results showed appar-
ent immunostaining in the CA1 area (Figure 3C, left panel). The
area of transfection is approximately 14% of the total CA1 area
(marked in dotted lines) viewed from a single plane according to
the quantification method we adopted before (42). Immunohis-
tochemistry at a higher magnification revealed that HA-CK2aWT

plasmid was indeed transfected and expressed in individual cells in
CA1 area (Figure 3C, right panel). To further estimate the percent-
age of cells transfected with this plasmid and the type of cells been
transfected, we have examined the expression of CK2a and DAPI
as well as the expression of CK2a and NeuN by using a confocal
microscope. Results from Figure 3D revealed that CK2a is
co-expressed with DAPI in the same neurons, but CK2a is mainly

Figure 2. Brain-derived neurotrophic factor
(BDNF) increases Bcl-xL expression, casein
kinase II (CK2) enzyme activity and nuclear
factor kappa B (NF-kB) phosphorylation in rat
hippocampus. Dose-response effect of
intra-hippocampal BDNF injection on (A) Bcl-xL
mRNA level, (B) Bcl-xL protein level, (C) CK2
enzyme activity and (D) NF-kB phosphorylation
at Ser529 in CA1 area. Animals received
bilateral infusions of PBS, 0.2, 0.4 or 1.2 mg
BDNF in CA1 area and were sacrificed 4 h
later. n = 4–8 each group. Data are expressed
as mean � standard error of the mean.
Statistical significance was evaluated by
one-way analysis of variance followed by
Dunnett’s t-test. **P < 0.01, ***P < 0.001. E.

A representative illustration showing the
location of needle placement and dye
distribution (0.3% methylene blue) in CA1 area.
Arrows indicate the area of dye distribution.
Scale bar equals 300 mm.

Figure 3. Casein kinase 2 (CK2) increases nuclear factor kappa B (NF-
kB) phosphorylation and Bcl-xL mRNA expression. Effects of CK2aWT
DNA transfection and CK2a156A mutant DNA transfection on (A) NF-kB
phosphorylation at Ser529 and (B) Bcl-xL mRNA expression in CA1 area.
Animals received plasmid DNA transfection (1.5 mg) in CA1 area bilater-
ally and were sacrificed 48 h later. n = 6–10 each group. Statistical signifi-
cance was evaluated by one-way analysis of variance followed by
Dunnett’s t-test. **P < 0.01. C. Immunohistochemical staining showing
CK2aWT DNA transfection and expression in CA1 area (left panel, arrow
indicates the area of plasmid expression). The anti-HA-tagged antibody
and fluorescein isothiocyanate (FITC)-conjugated IgG secondary anti-
body were used for visualization of plasmid transfection and expression

in individual cells in CA1 area at a higher magnification (right panel).
Dotted lines indicate the CA1 area. Scale bar equals 250 mm for the left
panel and scale bar equals 25 mm for the right panel. D. Confocal images
showed the co-expression of CK2a and 4′,6-diamidino-2-phenylindole
(DAPI) in the same cells in CA1 area (upper panels). Arrow indicates the
right half of the tissue showing coexpression and was used for viewing
at a higher magnification (right three panels). Confocal images also
showed the co-expression of CK2a and NeuN in the same neurons in
CA1 area (lower panels). Similarly, arrow indicates the right half of the
tissue showing co-expression and was further viewed at a higher magni-
fication (right three panels). Scale bar of the lower left panel equals
100 mm and scale bar of the lower right panel equals 25 mm.
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distributed in the cytoplasm area (upper panels). Further cell count
revealed that the number of HA-positive cells is 160 in the area
selected (indicated by arrow in the upper left panel of Figure 3D)
and the number of DAPI-positive cells is 155 (The nucleus of some
cells may not be seen under the same tissue plane). Thus, the
transfection efficiency is 100% in the selected area. The total
number of cells been transfected in the CA1 area at least doubles in

this single plane because the area adjacent to the selected area (left
to the arrow, counts for about 50% of total transfected area) showed
more intense staining, which made the exact cell count more diffi-
cult. Results from confocal images also showed that CK2a is
co-expressed with NeuN (Figure 3D, lower panels) in most of the
cells examined. This result suggests that CK2a is expressed in
neurons in CA1 area.
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CK2 mediates the effect of BDNF on NF-kB
phosphorylation and Bcl-xL expression

We next examined whether CK2 mediates the effect of BDNF on
NF-kB phosphorylation and Bcl-xL expression. The CK2a siRNA
(mixture of two sets, 4 pmol each) was used to knock down CK2
protein expression. Results revealed that CK2a siRNA transfection
decreased CK2a protein level in the hippocampus (t1,6 = 3.64,
P = 0.01, n = 4 each) (Figure 4A). Immunofluorescence staining
against Cy3 and DAPI indicated that CK2a siRNA was indeed
transfected to the CA1 area (pink color, Figure 4B upper left
panel). The area of transfection is approximately 18% of the total
CA1 area (marked in dotted lines) viewed from a single plane.
Confocal image at a higher magnification revealed that CK2a
siRNA was indeed transfected in individual cells in CA1 area
(Figure 4B, upper right panel). The lower left panel of Figure 4B
indicated DAPI staining of the same tissue session and the lower
right panel of Figure 4B showed that CK2a siRNA is coexpressed
with DAPI in the same neurons. Further cell count revealed that the
number of CK2a siRNA-positive cells is 103 in the area selected
(indicated by arrow in the upper left panel of Figure 4B) and the
number of DAPI-positive cells is 117 in the same area selected.
Thus, the transfection efficiency is approximately 88%. Similar to
the situation of HA-CK2aWT transfection, the total number of
cells been transfected with CK2a siRNA is at least 206 viewed
from a single plane. The CK2a siRNA was therefore used for
further experiments. Animals were randomly divided into four
groups (n = 4–5 each) to receive intra-hippocampal negative
siRNA + PBS injection, negative siRNA + BDNF injection, CK2a
siRNA + PBS injection and CK2a siRNA + BDNF injections.
Results revealed that BDNF consistently increased NF-kB phos-
phorylation at Ser-529 (F3,13 = 21.99, P < 0.001; q = 7.17,
P < 0.01) and CK2a siRNA decreased NF-kB phosphorylation at
this residue (q = 4.18, P = 0.01). But CK2a siRNA further antago-
nized the effect of BDNF on NF-kB phosphorylation (q = 6.89,
P < 0.01 comparing the BDNF + CK2a siRNA group with BDNF
group) (Figure 4C). In analyzing the Bcl-xL mRNA and protein
levels, we have found that BDNF consistently increased Bcl-xL
mRNA expression (F3,13 = 96.38, P < 0.001; q = 18.3, P < 0.001).
CK2a siRNA alone decreased Bcl-xL mRNA level (q = 3.2,
P < 0.05), but it antagonized the effect of BDNF on Bcl-xL mRNA
expression (q = 8.98, P < 0.01 comparing the BDNF + CK2a
siRNA group with BDNF group) (Figure 4D). Similar results were
found with Bcl-xL protein expression. BDNF increased Bcl-xL
protein level (F3,13 = 25.2, q = 6.88, P < 0.01). CK2a siRNA alone

decreased this measure (q = 4.43, P < 0.05), but it further blocked
the effect of BDNF on Bcl-xL protein expression (q = 10.05,
P < 0.01 comparing the BDNF + CK2a siRNA group with BDNF
group) (Figure 4E).

Inhibition of CK2 activity blocks the effect
of BDNF on NF-kB phosphorylation and
Bcl-xL expression

To further assess the role of CK2 in mediating the effect of BDNF
on NF-kB phosphorylation and Bcl-xL mRNA expression, differ-
ent concentrations (PBS, 10 ng, 20 ng and 40 ng) of the CK2
inhibitor 4,5,6,7-tetrabromobenzotriazole (TBB) was injected to
the CA1 area in different animals (n = 4 each). Animals were sacri-
ficed 30 minutes after TBB injection and their CA1 tissue was
subjected to CK2 enzyme activity assay. Results revealed that TBB
decreased CK2 activity in a dose-dependent manner (F3,12 = 8.11,
P < 0.01) with 20 ng and 40 ng of TBB both producing a signifi-
cant effect (tD = 3.02, P < 0.05 and tD = 4.59, P < 0.01, respec-
tively) (Figure 5A). In the next experiment, animals were randomly
divided into three groups (n = 6 each) to receive PBS + PBS infu-
sions, PBS + BDNF (0.4 mg) infusions and TBB (10 ng) + BDNF
(0.4 mg) infusions. TBB was given 30 minutes before BDNF infu-
sion and animals were sacrificed 4 h after BDNF infusion. The
CA1 tissue from these animals was subjected to NF-kB phosphory-
lation level determination and Bcl-xL mRNA level determination.
Results revealed that BDNF administration consistently increased
the level of NF-kB phosphorylation (F2,15 = 13.87, P < 0.001;
q = 7.29, P < 0.01), but this effect was blocked by prior TBB injec-
tion (q = 4.95, P < 0.01 when comparing the TBB + BDNF group
with BDNF group) (Figure 5B). In addition, BDNF consistently
increased Bcl-xL mRNA level (F2,15 = 20.84, P < 0.001; q = 9.02,
P < 0.01), and this effect was also antagonized by prior TBB injec-
tion (q = 5.75, P < 0.01 when comparing the TBB + BDNF group
with BDNF group) (Figure 5C).

NF-kB mediates the effect of BDNF and CK2a on
Bcl-xL expression

After establishing the relationship among BDNF, CK2 and Bcl-xL
expression, we then examined whether NF-kB plays a role in this
signaling pathway. This is proposed because CK2 was shown to
enhance cell survival through activation of NF-kB (32). Animals
were randomly divided into four groups (n = 5–7 each). The
kinase-dead mutant of NF-kB, NF-kBS529A, was transfected to

Figure 4. CK2a small interfering RNA (siRNA) antagonized the effects
of brain-derived neurotrophic factor (BDNF) on nuclear factor kappa B
(NF-kB) phosphorylation and Bcl-xL expression. A. Effect of CK2a siRNA
transfection on basal casein kinase II (CK2) protein level in CA1 area
(n = 4 each group). B. Representative immunohistochemical staining
against Cy3 and confocal image showing the co-expression of CK2a
siRNA and 4′,6-diamidino-2-phenylindole (DAPI) in the same neurons in
CA1 area (color in pink). Arrow indicates the right half of the CA1 tissue
showing the co-expression and was further viewed at a higher magnifi-
cation. Dotted lines indicate the CA1 area. CK2a siRNA (upper right) and
DAPI (lower left) staining alone at a higher magnification was shown.
The merged image at a higher magnification showed the co-expression

of CK2a siRNA and DAPI in the same neurons in CA1 area. Scale bar
equals 360 mm for the upper left panel and scale bar equals 36 mm for
the lower right panel. Effects of prior CK2a siRNA transfection (8 pmol)
on BDNF-induced (C) NF-kB phosphorylation at Ser529 (D) Bcl-xL mRNA
level and (E) Bcl-xL protein level in CA1 area. Animals received bilateral
transfections of CK2a siRNA (or negative siRNA) 60 h prior to 0.4 mg
BDNF infusion in CA1 area and were sacrificed 4 h after BDNF infusion.
N = 4–5 each group. Data are expressed as mean � standard error of
the mean. Statistical significance was evaluated by Student’s t-test or
one-way analysis of variance followed by Newman–Keul’s comparison.
*P < 0.05, **P < 0.01.
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hippocampal CA1 area and its effect on BDNF-induced or CK2-
activated Bcl-xL mRNA expression was determined. Control
animals received pCMV vector transfection + PBS injection (or
pCMV transfection + pcDNA3 transfection). Results revealed that
NF-kBS529A transfection alone significantly decreased Bcl-xL
mRNA level in CA1 area (F3,17 = 101.67, P < 0.001; q = 6.14,
P < 0.01). BDNF consistently increased Bcl-xL mRNA level
(q = 20.14, P < 0.01), but NF-kBS529A antagonized this effect of

BDNF (q = 11.01, P < 0.01 comparing the NF-kBS529A + BDNF
group with BDNF group) (Figure 6A). Further, NF-kBS529A
transfection alone consistently decreased Bcl-xL mRNA level
(F3,17 = 27.13, P < 0.001; q = 7.9, P < 0.01). CK2aWT transfec-
tion increased Bcl-xL mRNA level (q = 7.08, P < 0.01), but this
effect was similarly blocked by NF-kB S529A co-transfection
(q = 5.67, P < 0.01 comparing the NF-kBS529A+CK2aWT group
with CK2aWT group) (Figure 6B).

Figure 5. Casein kinase II (CK2) inhibitor
blocks the effects of brain-derived
neurotrophic factor (BDNF) on nuclear factor
kappa B (NF-kB) phosphorylation and Bcl-xL
expression. A. Dose–response effect of
4,5,6,7-tetrabromobenzotriazole (TBB), a
specific CK2 inhibitor, on CK2 activity in rat
hippocampus. Animals received bilateral
hippocampal infusions of phosphate-buffered
saline (PBS) or TBB (10, 20 and 40 ng) and
were sacrificed 30 minutes after the injection.
n = 4 each group. Effects of prior TBB injection
on BDNF-induced (B) NF-kB phosphorylation at
Ser529 and (C) Bcl-xL mRNA expression.
Animals received bilateral hippocampal
infusions of 10 ng TBB (or PBS) followed by
0.4 mg BDNF in CA1 area and were sacrificed
4 h after BDNF infusion. The interval between
the two infusions was 30 minutes. N = 6 each
group. Data are expressed as
mean � standard error of the mean. Statistical
significance was evaluated by one-way
analysis of variance followed by
Newman–Keul’s comparison. *P < 0.05,
**P < 0.01; a = compared with the PBS + PBS
group, b = compared with the PBS + BDNF
group.

Figure 6. NF-kB mediates the effect of brain-derived neurotrophic
factor (BDNF) and casein kinase II (CK2) a on Bcl-xL expression. A.

Effect of prior NF-kBS529A transfection (1.5 mg) on BDNF-induced
Bcl-xL mRNA expression. Animals received bilateral NF-kBS529A DNA
transfection (1.5 mg) and BDNF infusion (0.4 mg) to CA1 area 48 h apart
and were sacrificed 4 h after BDNF infusion. B. Effect of prior

NF-kBS529A transfection (1.5 mg) on CK2aWT DNA-induced Bcl-xL
mRNA expression. Animals received bilateral NF-kBS529A and CK2aWT
DNA co-transfection (0.75 mg each) in CA1 area and were sacrificed 48 h
later. n = 5–7 each group. Data are expressed as mean � standard error
of the mean. Statistical significance was evaluated by one-way analysis
of variance followed by Newman–Keul’s comparison. **P < 0.01.
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BDNF activation of CK2 is independent of BDNF
activation of ERK1/2 and PI3-K

In this experiment, inhibitors for ERK1/2 (PD98059) and PI3-K
(LY294002) were injected to CA1 area 15 minutes before BDNF
injection in separate groups of animals (n = 5 each) and CK2 activ-
ity was determined 1 h after BDNF injection. Results revealed that
BDNF increased CK2 activity (F3,16 = 5.23, P < 0.01; q = 3.84,
P < 0.05), but prior PD98059 treatment did not alter this effect
of BDNF (q = 0.55, P > 0.05 comparing the BDNF + PD98059
group with BDNF group) (Figure 7A, upper). The effectiveness of
PD98059 injection was confirmed by an apparent reduction of
pERK1/2 level in Western blot (Figure 7A, lower). Similarly,
BDNF increased CK2 activity in another assay (F3,16 = 4.51,
P < 0.05; q = 3.93, P < 0.05), but prior LY294002 treatment did
not alter this effect of BDNF either (q = 0.01, P > 0.05 comparing
the BDNF + LY294002 group with BDNF group) (Figure 7B
upper). The effectiveness of LY294002 injection was confirmed
by an apparent reduction of pS308Akt level in Western blot
(Figure 7B, lower).

DISCUSSION
The present results demonstrate that BDNF upregulated Bcl-xL
expression through activation of the CK2-NF-kB signaling
pathway in rat hippocampus. This result is consistent with a previ-
ous report showing that BDNF enhances CK2 activity in rat hip-
pocampal slice (6) and that CK2 is an important enzyme in the

nervous system (7). It is also consistent with the notion that CK2
plays an important role in anti-apoptosis (2). On the other hand,
BDNF was previously found to increase anti-apoptotic gene
expression and produce its neuroprotective effect through the
mediation of ERK1/2 and P13-K signaling. Here, we showed an
alternative pathway that BDNF could produce its effect through
CK2 signaling. Furthermore, BDNF activation of CK2 seems to be
independent of BDNF activation of ERK1/2 and PI3-K. In another
study, BDNF was found to enhance bone morphogenetic protein
7-dependent Smad phosphorylation through activation of CK2 that
is also independent of BDNF activation of ERK1/2 and PI3-K (13).
The present result is also congruent with a previous report that CK2
mediates the neuroprotective effect of glial cell line-derived neu-
rotrophic factor on dopamine neurons (12). These results together
suggest that CK2 may play an important role in conveying the
information of neurotrophic factors other than ERK1/2 and PI3-K.
However, the present result is incongruent with the finding that
CK2 is activated by ERK1/2 possibly through protein phosphatase
1 (PP1) or PP2A under BDNF treatment (6). On the other hand,
CK2 was shown to be a component of the kinase suppressor of Ras
(KSR1) complex and KSR1/CK2 interaction facilitates KSR1 to
activate Raf kinase and ERK1/2 signaling (38). Moreover, CK2
was shown to modulate ERK1/2 signaling through phosphoryla-
tion of MAP kinase phosphatase 3 (MKP3) (9). These latter results
suggest that CK2 may even be a molecule upstream of ERK1/2 that
regulates ERK1/2 activity. Yet, despite the fact that CK2 is consti-
tutively active in the cell, the mechanism for BDNF activation of
CK2 remains to be elucidated.

Figure 7. Brain-derived neurotrophic factor (BDNF) activation of casein
kinase II (CK2) is independent of BDNF activation of ERK1/2 and PI3-K.
A. Effects of prior infusion of PD98059 on BDNF-induced CK2 enzyme
activity (upper panel) and pERK1/2 as well as ERK1/2 levels (lower panel)
in CA1 area. Animals received BDNF infusion alone (0.4 mg) or in combi-
nation with the ERK1/2 inhibitor PD98059 (1.4 mg). PD98059 was given
15 minutes before BDNF infusion and animals were sacrificed 1 h after
BDNF infusion. B. Effects of prior infusion of LY294002 on BDNF-
induced CK2 enzyme activity (upper panel) and pS308Akt as well as Akt

levels (lower panel) in CA1 area. Animals received BDNF infusion alone
(0.4 mg) or in combination with the PI3-K inhibitor LY294002 (1.5 mg).
LY294002 was given 15 mintues before BDNF infusion and animals
were sacrificed 1 h after BDNF infusion. N = 5 each group. Data are
expressed as mean � standard error of the mean. Statistical signifi-
cance was evaluated by one-way analysis of variance followed by
Newman–Keul’s comparison. *P < 0.05, a: compared with the corre-
sponding control group.
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The transcription factor NF-kB was shown to play an important
role in cell survival (8, 33). Decrease in NF-kB/RelA phosphoryla-
tion by ERK1/2 inhibitor or PI3-K inhibitor was shown to increase
cell death in cancer cells or HTLV-1-transfected cells (26, 37). It is
suggested that NF-kB mediates cell survival through transcrip-
tional regulation of various anti-apoptotic genes, although NF-kB
also regulates few pro-apoptotic gene expression (8). Further, DNA
damage was shown to activate NF-kB and NF-kB activation is
believed to mediate cell survival (25). In studying the relationship
between CK2 and NF-kB, it is found that CK2 directly phosphory-
lates NF-kB/RelA at Ser529 in mediating tumor necrosis factor a
signaling (44). CK2 also phosphorylates NF-kB at Ser529 to
upregulate nitric oxide synthase II (NOSII) gene expression (11).
Here, our result is consistent with a model in which CK2 activation
of NF-kB at Ser529 mediates the enhancing effect of BDNF on
Bcl-xL expression. But it is possible that CK2 may also indirectly
upregulate Bcl-xL expression through activation of other unknown
molecules to mediate the effect of BDNF or that CK2 may be
permissively required for the upregulation of Bcl-xL by BDNF.
Further, activity-dependent signaling pathway among different
cells may also account for the effect of BDNF on Bcl-xL expres-
sion. This result is consistent with the observation that inhibition of
CK2 phosphorylation on NF-kB/RelA increases the sensitivity of
apoptosis in constitutively NF-kB-expressing cells (32). It is also
congruent with the finding that inhibition of CK2 activity by
TGF-b1 increases the stabilization of IkBa and promotes apopto-
sis in immortalized hepatocytes (10). In analyzing the promoter of
the Bcl-xL gene, two functional NF-kB DNA-binding sites were
identified (17). This report suggests that NF-kB directly regulates
Bcl-xL expression and it is supported by our finding that
NF-kBS529A transfection decreased Bcl-xL mRNA level in the
hippocampus. In addition, over-expression of Inhibitor of apoptotic
protein hRFI reduces apoptosis in cancer cells through activation of
NF-kB and upregulation of Bcl-2 and Bcl-xL (28). Further, platelet
activating factor upregulates Bcl-xL expression and this is also
mediated through NF-kB (22). These results support our finding
that transfection of NF-kBS529A blocked the effects of BDNF and
CK2a on Bcl-xL expression. As mentioned previously, in addition
to NF-kB, CK2 also phosphorylates other proteins to result in
anti-apoptosis. Whether these CK2 signaling cascades also
mediate the effect of BDNF on Bcl-xL expression requires further
investigation.

In the present study, we found that BDNF dose-dependently
increased Bcl-xL expression in rat hippocampus. This result is
congruent with the notion that one major mechanism for BDNF to
promote cell survival is mediated through upregulation of anti-
apoptotic gene expression of the Bcl-2 family (4). Indeed, our
results showed that BDNF also increased Bcl-2 mRNA level except
that the magnitude of increase was not as dramatic as that of Bcl-xL
mRNA (Supporting Information Figure S3). Further, BDNF at
higher concentrations increased Bcl-xL mRNA level for several
folds whereas it increased Bcl-xL protein level for only 1.5- to
twofold. This is probably caused by a strong effect of BDNF in
regulation of Bcl-xL mRNA expression, rapid degradation of the
Bcl-xL mRNA and low stability of the Bcl-xL protein because
Bcl-xL protein was found to degrade more rapidly than any other
protein of the Bcl-2 family when interleukin-3 stimulation was
withdrawn (35). Other translational regulation mechanisms may
also account for this difference.

In the present study, transfection was made only to a limited area
in CA1 neurons (about 350–450 mm viewed from a single plane
and 150 mm in thickness; that counts for only 3.6% of the total
volume of the punched tissue), but significant biochemical changes
were observed. One possible explanation is that the protein extrac-
tion method we used is suitable for extraction of proteins in the cell.
The proteins present in the fiber are not easily extracted. Besides,
there are presumably more fibers (such as the neuronal processes of
CA1 neurons and dentate gyrus neurons as well as part of the
corpus callosum) than cells in the punched area, and the protein
density is much higher in cells than in fibers. When biochemical
assays were performed, the amount of protein, instead of tissue
volume, was used as a criterion. That is probably why significant
biochemical changes were still observed in a limited transfection
area. There are other possible explanations. For example, in another
study, Han et al have found that transfection of the cyclic AMP-
responsive element-binding protein (CREB) plasmid was made to
only approximately 16% to 20% of lateral amygdala cells, but the
CREB plasmid transfection to this limited area successfully
rescues fear memory deficit in CREB-deficient mice (19). More-
over, selective depletion of the neurons overexpressing CREB after
behavioral training blocks that fear memory (20). These results
suggest that activation of a specific subpopulation of neurons and
the neuronal activity as well as the establishment of neuronal cir-
cuits among these neurons is sufficient to mediate behavioral

Figure 8. Brain-derived neurotrophic factor (BDNF) increases Bcl-xL
expression through casein kinase II (CK2) activation and NF-kB media-
tion. BDNF enhances Bcl-xL expression through a CK2-activated and
NF-kB-mediated pathway in rat hippocampus. Further, BDNF activation
of CK2 is independent of BDNF activation of ERK1/2 and PI3-K.
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changes. The same mechanism may take place in hippocampal
neurons in the present study. But the exact mechanism of how do
these neurons communicate with other untransfected neurons and
the neuronal network among these neurons mediating the observed
changes remains to be studied. In addition, the present results
showed that CK2a plasmid DNA and CK2a siRNA are effectively
transfected and expressed in neurons adjacent to the needle tip. But
they are not easily diffused to the neighboring cells such as the
injected dye does (Figure 2E). This probably relates to the property
of the transfection reagents we used because both PEI (for plasmid
transfection) and jetSITM (for siRNA transfection) have a higher
viscosity than PBS does. Future experiments adjusting the concen-
trations of PEI and jetSITM or using an infusion needle of a rela-
tively larger inner diameter should help to increase the transfection
area.

In summary, the present results demonstrate that BDNF could
produce its anti-apoptotic effect in vivo through activation of a
CK2-mediated pathway other than the originally identified ERK1/2
and PI3-K pathways. Further, BDNF activation of CK2 is indepen-
dent of BDNF activation of ERK1/2 and PI3-K (Figure 8). These
results may provide an alternative therapeutic strategy for protec-
tion of hippocampal neurons against injury.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:

Figure S1. CK2a siRNA decreased the level of CK2 expression.
A. Representative gel pattern of the first set of CK2a siRNA on
CK2 protein level in PC12 cells. PC12 cells were transfected with
50 pmol of the first set CK2a siRNA (or negative siRNA) and CK2
protein level was determined 48 h later by Western blot. Experi-
ments are in duplicates. B. Representative gel pattern of the second
set of CK2a siRNA or the combination of the first and second sets
of CK2a siRNA on CK2 protein level in hippocampal CA1 area.
Animals received bilateral infusions of the negative siRNA
(8 pmol), second set of CK2a siRNA (8 pmol) or equal mixture of
the first set and second set of CK2a siRNA (4 pmol each) in CA1
area and were sacrificed 60 h later. CK2 protein level was deter-
mined by Western blot. N = 2–3 each group.
Figure S2. An illustration showing the area of plasmid transfec-
tion, needle position and the hippocampal area punched out
for mRNA and protein determination. An infusion needle with
0.31 mm of inner width was used for CK2a plasmid transfection
and CK2a siRNA transfection. The transfected area is marked in
red lines. The infusion needle protrudes the cannula for 1.5 mm.
The tissue been punched out is marked by the inner yellow circle.
The outer diameter of the punch is 2 mm and the inner diameter is
1.4 mm with the wall thickness of 0.3 mm each side. The subarea
“A” marked in white lines is the area that is further removed from
the punched tissue before biochemical assays (It is about 1/7 in
volume of the punched tissue). The area marked in purple color
around the inner boundary of the punch is the true area that was
used for mRNA determination and Western blot. The dotted lines in
white color mark the boundary of CA1 layer.
Figure S3. BDNF increased Bcl-2 mRNA expression. Animals
received bilateral infusions of BDNF in the CA1 area (PBS, 0.2,
0.4 and 1.2 mg) and were sacrificed 4 h later. Their brain tissues
containing the CA1 area were subjected to quantitative real-time
PCR determination of the Bcl-2 mRNA level. N = 4–8 each group.
Data are expressed as mean � SEM. Statistical significance was
evaluated by one-way ANOVA followed by Dunnett’s t-test.
**P < 0.01 (F3,22 = 14.52, P < 0.001).

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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