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ABSTRACT:     Increased expression of interleukin-1β (IL-1β) has been implicated as a driving force in
neurodegenerative cascades that underly the formation of neuritic plaques and neurofibrillary tangles, and
the accompanying neuronal cell injury and loss. In view of the critical role played by cAMP-response
element-binding protein (CREB) phosphorylation in neuronal plasticity, IL-1β might contribute to the
decline in cognitive functions preceding the overt manifestation of pathologies in the neurodegenerative
diseases such as Alzheimer’s disease (AD). In this study we have explored the effects of IL-1β on neurotrophin-
3 (NT-3) mediated signal transduction in neuronal cell cultures of the rat cerebral cortex. Pretreatments with
10 and 50 ng/ml of IL-1β significantly suppressed the effects of NT-3 by decreasing the level of phosphorylated
CREB (P-CREB) to 89% and 71% (p< 0.05) of the level with NT-3 alone, respectively. This suggests that IL-
1β may interfere with the functions of NT-3 in the early course of neuronal degeneration. We found that 5 µg/
ml of interleukin-1 receptor antagonist (IL-1ra) blocked IL-1β,  with a significant increase in CREB
phosphorylation when IL-1ra was added along with IL-1β. Our study also indicates that NT-3 is effective in
increasing the levels of P-CREB, which may play a crucial role in signal transduction processes that mediate
neuronal plasticity.
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INTRODUCTION

The neuropathological characteristics of
Alzheimer’s disease (AD) include the extracellular
deposition of amyloid β-peptide (Aβ) associated with
a robust inflammatory response that might contribute
to neuronal degeneration1.  The view that inflammatory
processes play an important role in the pathogenesis
of AD has been supported by epidemiological studies
showing that anti-inflammatory drugs result in a slower
progression of the disease2, and that a non-steroidal
anti-inflammatory drug, ibuprofen, suppresses amyloid
plaque deposition and interleukin-1 (IL-1) expression
in a transgenic model of AD3. Because of the protractive
and progressive nature of the disease, relatively mild
inflammatory processes, including somewhat elevated
levels of proinflammatory cytokines such as IL-1, might
be present in the brain for extended periods before the
florid manifestation of the disease.

IL-1 is a pluripotent proinflammatory cytokine that
is a potent activator of host defense responses to

infection and injury both in the periphery and in the
CNS4. In particular, IL-1 exacerbates damage in the
CNS resulting from acute insults, such as cerebral
ischemia and trauma. Circumstantial evidence is
consistent with a similar role in chronic neurological
diseases, such as multiple sclerosis, Parkinson’s disease
and AD5. Furthermore, recent genetic studies have
highlighted the relevance of IL-1 in AD pathogenesis,
showing that specific polymorphisms in the IL-1 gene
cluster are associated with a greatly increased risk for
AD, especially for the earlier onset form of the disease6.
The IL-1 family comprises agonists, such as IL-1α and
IL-1β, which are the products of separate genes believed
to exert identical actions via binding to the IL-1RI
receptor that requires association with an accessory
protein, AcP, for signal transduction. The third member
of the family is a competitive interleukin-1 receptor
antagonist (IL-1ra) that selectively blocks the action of
the IL-1 agonists.  There is general consensus that after
the insults, IL-1 has adverse effects on the brain in vivo
but observations on cultured neurons are less clear. It
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seems that IL-1 is neurotoxic only at high concentrations
and after relatively long exposure,7  and in fact it has
been reported that at lower concentrations the cytokine
provides protection against excitotoxic neuronal death.
It would appear that the protective effect is mediated
by trophic factors released from glial cells present in
the mixed neural cultures upon IL-1 exposure8.
Neurotrophins mediate the survival and differentiation
of specific neuronal populations and exert important
influences on synaptic transmission and plasticity
primarily through their activation of tyrosine kinase
(Trk) receptors9,10.  In the cerebral cortex, neurons are
particularly responsive to brain-derived neurotrophic
factor (BDNF) and neurotrophin-3 (NT-3), the effects
of which are mediated via TrkB and TrkC receptors,
respectively. Ligand binding to Trk receptors triggers
signal transduction through the major cellular signaling
pathways, including the mitogen-activated protein
kinase/extracellular signal-regulated kinase (MAPK/
ERK) pathway, which has been implicated in diverse
physiological functions, including promoting synaptic
plasticity11.  Neurotrophin-induced signaling also
activates specific gene transcriptions mediated, in part,
through the activation of cyclic AMP response element
binding protein (CREB)12. CREB-induced gene
transcription plays a critical role in learning and memory
processes in different species, from Drosophila to
mammals13,14 and has survival-promoting features15,16.

In the present study, we tested the hypothesis that
IL-1β under conditions at which it does not compromise
the viability of neurons interferes with critical signal
transduction processes that mediate plastic neuronal
changes, by examining the effect of IL-1β  on the NT-
3-induced activation of CREB in cultured cerebral
cortical neurons.

MATERIALS AND METHODS

MaterialsMaterialsMaterialsMaterialsMaterials
All cell culture media and supplements were

purchased from Life Technologies, Inc. (Gaithersburg,
MD, U.S.A.). Human recombinant NT-3, human
recombinant IL-1β, and IL-1ra were purchased from
Pepro Tech (Rocky Hill, NJ, U.S.A.). The BCA protein
assays kits were obtained from Pierce (Rochford, IL,
U.S.A.) and enhance chemiluminescence (ECL) reagent
was obtained from Amersham Pharmacia (Piscaway,
NJ, U.S.A.). The following antibodies were used for the
biochemical studies: phosphorylated CREB (P-CREB)
(detects CREB phosphorylated at Ser133, 1:2,000),
and total CREB (T-CREB, which recognizes both
phospho- and dephospho-related CREB, 1:2,000), from
Upstate (Charlottesville, VA, U.S.A.). Goat anti-rabbit
IgG conjugated with horseradish peroxidase was
purchased from Vector Laboratories (Burlingame, CA,

U.S.A.). Electrophoresis chemicals were from Bio-RAD
(Hercules, CA, U.S.A.).

Cell CultureCell CultureCell CultureCell CultureCell Culture
Primary cultures of dissociated cerebral cortical

neurons were prepared from the brain of  embryonic
day-18 (E 18) rat fetuses as described previously17.
Cells plated at 2.5 x 104 cells/cm2 were cultured in poly-
L-lysine treated multiwell plates and maintained in
serum-free optimal Dulbecco’s modified Eagles medium
(DMEM) supplemented with B-27, which contained
several antioxidants, such as vitamin B, vitamin C,
catalase, glutathione and superoxide dismutase
(Invitrogen, Carlsbad, CA, U.S.A.). Cultures were
maintained for 5 days in vitro (5 DIV) before treatments.
Cultures were incubated in DMEM in the presence or
absence of human recombinant NT-3 at the
concentrations and for the lengths of time indicated.
Human recombinant IL-1β, was dissolved in DMEM
and used after one freeze-thaw cycle. Cells were
preincubated for 2 h with IL-1β or IL-1ra before the
addition of NT-3. After 15 min of incubation with NT-
3, the cells were lysed and subjected to electrophoresis.

Gel ElectrGel ElectrGel ElectrGel ElectrGel Electrophorophorophorophorophoresis and Wesis and Wesis and Wesis and Wesis and Westeresteresteresterestern Blottingn Blottingn Blottingn Blottingn Blotting
Cultures of cortical neurons were lysed in a buffer

containing 1% Triton X-100, 150 mM NaCl, 5 mM
EDTA, 10 mM NaF, 2 mM Na

3
VO

4
, 20 mM Tris-HCl, pH

7.5, 1 mM phenylmethylsulphonyl fluoride, 0.7 µg/ml
pepstatin and 1 µg/ml leupeptin. The lysates were
centrifuged at 12,000 g at 4oC for 30 min, and then the
protein concentrations of the clarified lysate were
determined by the BCA protein assay (Pierce, Rockford,
IL, U.S.A.).  An aliquot of the lysates  containing  10 µg
of protein was diluted in sample buffer [0.125 mM Tris-
HCl,  pH 6.8, 20% (w/v) glycerol, 4% (w/v) SDS, and
10% (v/v) β-mercaptoethanol].  After boiling 5 min the
samples were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on 10%
acrylamide gels.  Proteins were then electro-transferred
to nitrocellulose membranes. Membranes were
incubated at room temperature in Tris-buffered saline
(TBS) containing 0.1% Tween 20 and 5% nonfat milk
for 60 min to block nonspecific binding. Following
incubation with primary antibodies specific for either
phosphorylated CREB (P-CREB) or total CREB at 1:2000
dilution, the membranes were washed in TBS with Tween
20 and then incubated with horseradish peroxidase-
conjugated secondary antibody (goat anti-rabbit IgG
at 1:2000 dilution in the blocking solution) for 60 min.
Blots were then washed four-times with TBS with Tween
20. Immunolabeling was detected by ECL reagent
(Amersham Phamarcia) according to the manufactures
recommended conditions. Immunoreactivity was
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quantified using a densitometric analysis program, NIH
image (www.scioncorp.com).

Statistical AnalysisStatistical AnalysisStatistical AnalysisStatistical AnalysisStatistical Analysis
Three independent experiments were conducted

in all studies and all assay conditions were performed
in triplicate. Data were analyzed by one-way ANOVA
using Fisher-PSD for post hoc comparisons. Differences
were considered statistically significant with p values
less than 0.05.

RESULTS

EfEfEfEfEffect of ILfect of ILfect of ILfect of ILfect of IL–––––11111βββββ on NT on NT on NT on NT on NT-3-induced activation of P-CREB-3-induced activation of P-CREB-3-induced activation of P-CREB-3-induced activation of P-CREB-3-induced activation of P-CREB
Before exploring the effect of IL-1β on NT-3-induced

signaling, the responses of cortical neurons to this

neurotrophin were examined. The effect of IL-1β on
NT-3-induced CREB activation is shown in Fig. 1A and
1B. Preincubation with the 10 and 50 ng/ml IL-1β,
which are in the subtoxic range, for 2 h resulted in a
concentration-dependent decrease in the effect of NT-
3 on P-CREB levels without affecting the total amount
of CREB (T-CREB), with decreases in the level of P-CREB
to 89% and 71% of that in the NT-3 treated control,
respectively.

InterInterInterInterInterferferferferference of NTence of NTence of NTence of NTence of NT-3-induced P-CREB activation by IL-1ra-3-induced P-CREB activation by IL-1ra-3-induced P-CREB activation by IL-1ra-3-induced P-CREB activation by IL-1ra-3-induced P-CREB activation by IL-1ra
The effects of IL-1ra on the IL-1β inhibition of the

NT-3-induced increase in P-CREB were then examined.
Cultures at 5 DIV were preincubated with 50 ng/ml of
IL-1β for 2 h and then incubated in the presence or
absence of 50 ng/ml of NT-3 for 15 min. Pretreatment

Fig 1. Pretreatment with 10 or 50 ng/ml IL–1β suppressed
the NT-3-induced increase in P-CREB in cultured
cortical neurons. Western blots showing the analysis of
phosphorylated CREB (P-CREB) and total CREB (T-
CREB) are displayed in (A). Each lane corresponds to 10
µg of cell lysate protein. Quantification of pretreatment
effects with 0, 10 or 50 ng/ml IL–1β is shown in (B).
Estimations are expressed in terms of P-CREB levels
obtained in NT-3-exposed cultures. Bars  represent mean
± SEM (n=3). Significant decreases when compared with
NT-3 treated cultures are indicated by *p < 0.05 and
**p < 0.01, (ANOVA, Fisher’s PLSD as the post hoc
test).

Fig 2. Interference of NT-3-induced P-CREB activation by IL-
1ra. Pretreatment with 5 µg/ml IL-1ra suppressed the
effects of IL-1β by increasing P-CREB. Western blots
showing analysis of phosphorylated CREB (P-CREB)
and total CREB (T-CREB) are displayed in (A). Each
lane corresponds to 10 µg of cell lysate protein.
Quantification of pretreatment effects with 10 or 50 ng/
ml IL–1β is shown in (B). Estimations are expressed in
terms of P-CREB levels obtained in the NT-3-exposed
cultures. Bars represent mean ± SEM (n=3). Significant
decreases when compared with NT-3 treated cultures
are indicated by *p < 0.05 and **p < 0.01, (ANOVA,
Fisher’s PLSD as the post hoc test).
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with IL-1β significantly suppressed the NT-3 induced
increase in P-CREB, with a decrease of 30% in P-CREB
compared with that with NT-3 alone (Fig. 2A and 2B).
It was also found that 5 µg/ml IL-1ra blocked IL-1β  by
significantly increasing the level of P-CREB, which were
99% of the NT-3 treated control when IL-1ra was added
before adding IL-1β. These data indicated that IL-1ra
blocked the effects of IL-1β on NT-3-induced P-CREB.

DISCUSSION

CREB is one of the targets in transcription factor
activation; it has been implicated in processes of
neuronal plasticity, including learning and memory.
CREB is a key regulator in the induction of gene
expression by BDNF, suggesting that CREB plays an
important role in mediating neurotrophin responses in
neurons18.  In this study we found that treatment of
cortical neurons with NT-3 resulted in a rapid and
dramatic stimulation of CREB phosphorylation. IL-1β
significantly suppressed this effect of NT-3 with a
significant decrease in the level of P-CREB.  Pretreatment
with 100 µg/ml IL-1ra (1 h before adding IL-1β) was
required for optimal inhibition of neuroprotection by
IL-1α or IL-1β19. Similarly, in this study we added 5 µg/
ml of IL-1ra (30 min before adding 50 ng/ml IL-1β) and
found that IL-1ra blocked the effect of IL-1β on NT-3,
with a significantly increased level of P-CREB. In our
experimental conditions, exposure to IL-1ra and NT-3
resulted in reduced level of P-CREB but the reduction
was not significant. At present, the mechanism of IL-1β
neurotoxicity is unknown, but it appears to be mediated
by the IL-1 receptor type I, since application of IL-1ra
reduced its neurotoxicity. Similarly, the previous studies
have reported that exposure of cultures to 50 ng/ml IL-
1ra and 500 ng/ml IL-1β for 24 h before or after
exposure to submaximal concentrations of excitatory
amino acid significantly improved the neuroprotective
effects of IL-1β excitatory amino-acid induced
neurodegeneration.

The distribution of NT-3 in the cerebral cortex in
situ is similar to that of BDNF20. Furthermore, in various
systems, NT-3 activates similar transduction pathways
as BDNF via an NT-3-specific high affinity TrkC
receptor21.  There is general agreement with the
evidence that similar signal transduction pathways are
activated by BDNF via TrkB as by NT-3 via TrkC22.
However, compared with BDNF, the suppression of the
neuronal activity-induced P-CREB levels by Aβ

1-42 
also

results in a decrease in the transcription of CREB target
genes, as demonstrated by the reduction of BDNF
expression23.  BDNF has been shown to participate in
certain forms of long-term potentiation (LTP) in learning
and memory24.  Compared with BDNF, the information
about NT-3-induced signaling in cerebral cortical

neurons is limited. Certain aspects of NT-3-induced
signal transduction have been examined and it was
found that the activation of MAPK/ERK,
phosphatidylinositol 3-kinase (PI3-K) and the CREB
transcription factor were similar to those observed in
BDNF.  Although IL-1β does not directly compromise
or promote the survival of neurons under resting
conditions, and does not induce the activation of MAPK/
ERK, the cytokine has an adverse influence on cells that
are stimulated25 by exposure to NT-3, as shown in the
present work. On the other hand, IL-1β interferes with
the activation of signal transduction induced by NT-3,
in that IL-1β suppresses the phosphorylation of CREB.
The effect of the cytokine is specific, as IL-1ra blocked
the suppression of NT-3-induced phosphorylation of
CREB. It would be expected that the protracted exposure
of neurons to elevated IL-1β levels, as it seems to occur
in AD even before the manifestation of the florid
symptoms of the disease, might contribute to a cognitive
deficit at an early stage prior to or along with neuronal
degeneration.
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