
Neurobiology of Disease

Brain-Derived Neurotrophic Factor-Dependent Synaptic
Plasticity Is Suppressed by Interleukin-1� via p38
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Evolving evidence suggests that brain inflammation and the buildup of proinflammatory cytokine increases the risk for cognitive decline
and cognitive dysfunction. Interleukin-1� (IL-1�), acting via poorly understood mechanisms, appears to be a key cytokine in causing
these deleterious effects along with a presumably related loss of long-term potentiation (LTP)-type synaptic plasticity. We hypothesized
that IL-1� disrupts brain-derived neurotrophic factor (BDNF) signaling cascades and thereby impairs the formation of filamentous actin
(F-actin) in dendritic spines, an event that is essential for the stabilization of LTP. Actin polymerization in spines requires phosphoryla-
tion of the filament severing protein cofilin and is modulated by expression of the immediate early gene product Arc. Using rat organo-
typic hippocampal cultures, we found that IL-1� suppressed BDNF-dependent regulation of Arc and phosphorylation of cofilin and
cAMP response element-binding protein (CREB), a transcription factor regulating Arc expression. IL-1� appears to act on BDNF signal
transduction by impairing the phosphorylation of insulin receptor substrate 1, a protein that couples activation of the BDNF receptor
TrkB to downstream signaling pathways regulating CREB, Arc, and cofilin. IL-1� upregulated p38 mitogen-activated protein kinase
(MAPK), and inhibiting p38 MAPK prevented IL-1� from disrupting BDNF signaling. IL-1� also prevented the formation of F-actin in
spines and impaired the consolidation, but not the induction, of BDNF-dependent LTP in acute hippocampal slices. The suppressive
effect of IL-1� on F-actin and LTP was prevented by inhibiting p38 MAPK. These findings define a new mechanism for the action of IL-1�
on LTP and point to a potential therapeutic target to restore synaptic plasticity.

Introduction
Interleukin-1� (IL-1�) is a key component of the inflammatory
response of the brain and mediates the effect of inflammation on
cognition and synaptic plasticity. In a normal healthy brain, the
concentration of IL-1� is low but increases as a result of periph-
eral infection, surgery, brain injury, social isolation, or during
neurodegenerative diseases, such as Alzheimer’s disease (AD)
(Rothwell and Luheshi, 2000). An accumulating body of evidence
shows that elevated IL-1� causes cognitive decline, especially on
hippocampal-dependent tasks (Rachal Pugh et al., 2001). For
example, 2 weeks of IL-1� overexpression in an inducible trans-
genic mouse impaired long-term contextual and spatial memory
but spared short-term and non-hippocampal memory (Hein et

al., 2010). Moreover, Escherichia coli infection impairs contex-
tual fear conditioning and increases IL-1� levels in the hip-
pocampus, and the loss of memory is prevented by the specific
IL-1� receptor antagonist IL-1ra (Barrientos et al., 2009;
Frank et al., 2010).

Brain-derived neurotrophic factor (BDNF) signaling pro-
motes both long-term potentiation (LTP) and memory forma-
tion (Minichiello et al., 1998; Liu et al., 2004). The neurotrophin
directly facilitates LTP (Kramár et al., 2004) and regulates key
pathways mediating activity-driven formation of filamentous ac-
tin (F-actin) in spine heads, a process required for spine struc-
tural changes and stabilization of the potentiation effect (Rex et
al., 2007). Actin filament assembly is dependent on sustained
translation of the immediate early gene (IEG) product Arc
(Bramham, 2008; Shepherd and Bear, 2011) and on inactivation
via phosphorylation of the actin severing protein cofilin. BDNF
upregulates Arc (Yin et al., 2002) and phosphorylates cofilin,
thereby facilitating F-actin formation and changes in spine mor-
phology (Messaoudi et al., 2007; Rex et al., 2007). Therefore,
conditions that interfere with BDNF signaling are expected to
negatively affect a variety of downstream functions required for
the production of stable LTP. Supporting this notion, hippocam-
pal LTP is severely impaired in mice deficient in BDNF or its
synaptic receptor TrkB (Minichiello et al., 1998; Liu et al., 2004)
and is acutely blocked by scavengers of released BDNF (Rex et al.,
2007; Chen et al., 2010).
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We reported recently that IL-1� suppresses BDNF signal
transduction and gene regulation in low-density cortical neuro-
nal cultures (Tong et al., 2008). In the current study, we investi-
gated the mechanism by which IL-1� regulates BDNF signaling
in organotypic cultures and adult hippocampal slices. Impor-
tantly, these preparations represent more complex systems than
low-density cultures, showing the features of the intact hip-
pocampus but allowing rigorous control of external and internal
conditions not readily feasible in vivo (Peña, 2010). First, we
tested whether IL-1� affects BDNF-dependent mechanisms as-
sociated with actin polymerization and LTP, namely Arc expres-
sion and cofilin phosphorylation. Second, we focused on the
molecular mechanism by which IL-1� is coupled to BDNF sig-
naling. Third, we extended our biochemical findings from orga-
notypic cultures to hippocampal slices and LTP. By combining
electrophysiological recordings and biochemical and imaging
techniques, we investigated the extent to which IL-1� regulates
BDNF-dependent LTP and F-actin formation.

Materials and Methods
Slice culture. Experiments were performed on cultured organotypic hip-
pocampal slices prepared according to the method described previously
with minor modifications (Stoppini et al., 1991). Briefly, rat pups (7–10
d old) were decapitated, and transverse hippocampal slices (350 �m)
were obtained using a tissue chopper (McIlwain). After stabilization,
slices were separated and transferred to 30 mm Millicell-CM 0.4-�m-
thick sterile tissue culture plate inserts (Millipore). The inserts were
placed on six-well tissue culture plates (Falcon; Becton Dickinson Lab-
ware), each containing 1 ml of culture medium. The slices were main-
tained for 7–10 d in horse serum-containing medium (50% Neurobasal
medium, 25% HBSS, 0.5% GlutaMax, pH 7.2, and 25% horse serum),
then for 2 d in Neurobasal B27-containing medium plus 10% serum, 2 d
in Neurobasal B27-containing medium plus 3% serum, and finally in
serum-free Neurobasal B27-containing medium with GlutaMax. Slices
were cultured for 10 –14 d at 36.5°C, 100% humidity, in 5% CO2 atmo-
sphere and fed twice weekly by 50% medium exchange. No glutamate
was added to the culture media throughout the culture preparation and
maintenance periods. Viability of the slices was assessed by LDH release
assay. Slices were examined periodically for viability, and any dark or
abnormal slices were discarded.

Experimental treatment. Recombinant IL-1� (Sigma) was dissolved in
DMEM and used after one freeze–thaw cycle at 50 ng/ml, a concentration
validated previously by dose–response experiments performed by our
laboratory (Tong et al., 2008) and consistent with previous in vitro re-
search (for review, see Pinteaux et al., 2009). Exposure to BDNF (100
ng/ml; Peprotech) or vehicle was usually for 60 min, unless mentioned
otherwise, and then slices were processed for biochemical analysis. The
actual concentrations at the synapse are at present unknown. In CSF,
BDNF is �250 pg/ml in healthy brain, and is slightly lower in AD (Li et
al., 2009), and in serum BDNF is �20 ng/ml (Erickson et al., 2010). IL-1�
in CFS from AD patients is �150 pg/ml (Cacabelos et al., 1991). It has
been argued that the concentration of neurotransmitters and neuro-
modulators at the synapse may be 100-fold above extracellular levels
(Yao et al., 2008). Most investigators consider concentrations of IL-1� in
picomoles per milliliters to be healthy, whereas concentrations in nano-
grams per milliliters simulate pathological conditions (Bellinger et al.,
1993; Ross et al., 2003; Pinteaux et al., 2009). Pilot experiments on the
time course of the effect of IL-1� on BDNF signaling indicated that
significant interference is detectable after 24 h exposure that was the
preincubation time routinely used in these studies. As described previ-
ously (Tong et al., 2008), the IL-1 receptor antagonist IL-1ra (R&D Sys-
tems) was used at 5 �g/ml, and, when applied, cells were preincubated for
30 min before the addition of IL-1�.

mRNA quantification. The levels of mRNA were measured by RT-PCR
as described previously (Adlard et al., 2004). In brief, slices were extracted
in Trizol (Invitrogen) to allow for the collection of mRNA. Total RNA
was extracted, and RNA quality was assessed on an Agilent bioanalyzer

system with RNA chips. RT-PCR amplifications were performed by us-
ing OneStep RT-PCR kits (Qiagen) with 0.2– 0.4 �g of total RNA in 10 �l
reaction volumes in a Robocycler PCR machine (Stratagene) with hot
top. Then 1 �l of each reaction was diluted with 4 �l of water and
analyzed on a DNA-500 LabChip (Agilent Technologies). RT-PCR reac-
tions included oligonucleotides for amplification of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) for normalization. Oligonucleotide
sequences used for amplification are as follows (5� to 3�): Homer1a (Mi-
nami et al., 2003) forward, CAAACACTGTTTATGGACTG; Homer1a
reverse, TGCTGAATTGAATGTGTACC; Arc forward, GTTAGC-
CCCTATGCCATCAC; Arc reverse, CTCCTCAGCGTCCACATACA;
GAPDH forward, TCCATGACAACTTTGGCATCGTGG; and GAPDH
reverse, GTTGCTGTTGAAGTCACAGGAGAC.

Western blot analysis. Slices were microdissected and lysed in a buffer
containing 1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 10 mM NaF, 2
mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 0.7 �g/ml pepstatin, 1
�g/ml leupeptin, and 20 mM Tris-HCl, pH 7.5. Lysates were centrifuged
at 12,000 � g at 4°C for 30 min, and then the protein concentration was
determined by the BCA protein assay (Pierce). Equivalent amounts of
protein for each sample were electrophoresed on SDS-polyacrylamide gel
(10% acrylamide gel). Proteins were then electrotransferred to PVDF
membranes, blocked with 5% nonfat milk in Tris-buffered saline, and
probed with various antibodies. The immunoreactivity was revealed us-
ing horseradish peroxidase-conjugated secondary antibody (goat anti-
rabbit IgG or goat anti-mouse IgG; Vector Laboratories) and enhanced
chemiluminescence (ECL; GE Healthcare) according to the recom-
mended conditions. Immunoreactivity was quantified using NIH Image.
The following antibodies were used for the biochemical studies: from
Millipore, phospho-specific cAMP response element-binding protein
(P-CREB; Ser-133; 1:2000), total CREB (T-CREB, 1:2000), P-cofilin
(Ser-3; 1:1000), cofilin (1:1000), and TrkB (1:1000); from Santa Cruz
Biotechnology, anti-Arc (C7; 1:500); from Cell Signaling Technology,
P-mitogen-activated protein kinase (P-MAPK) (Thr-202 and Tyr-204;
1:2000), T-MAPK (1:2000), P-Akt (Ser-473; 1:1000), T-Akt (1:1000),
P-Trk (Tyr-490; 1:500), P-p38 MAPK (P-p38; Thr-180 and Tyr-182;
1:1000), T-p38 MAPK (T-p38; 1:1000), and T-insulin receptor substrate
1 (T-IRS-1; 1:1000). P-IRS-1 (Tyr-612; 1:1000) was from Abcam. Quan-
tification of the data obtained from Western blots derived from cultures
under the various experimental conditions was analyzed using one-way
ANOVA, followed by the least significant difference (LSD) post hoc test as
indicated in the legends.

Immunoprecipitation. Slices were lysed in 500 �l of immunoprecipita-
tion buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris, pH 8.0, 0.2 mM

Na3VO4, 0.2 mM phenylmethylsulfonyl fluoride, 1 mg/ml pepstatin, 1
mg/ml leupeptin, and 1 mg/ml antipain). Lysates were centrifuged at
10,000 � g for 30 min, and protein concentration of the clarified lysates
was determined using the Micro-BCA protein assay (Pierce). Proteins
were immunoprecipitated with various antibodies at 4°C overnight. The
immunoprecipitation was followed by addition of protein G-Sepharose,
and the samples were rotated at 4°C for 1 h. The immune complexes were
pelleted by centrifugation at 10,000 � g at 4°C for 1 min. The supernatant
was decanted, and the pellet was washed with 1 ml of immunoprecipita-
tion buffer. The wash steps were repeated three times, and finally the
pellet was suspended in 60 �l of SDS-sample buffer (62.5 mM Tris, pH
6.8, 2% SDS, 10% glycerol, 5% �-mercaptoethanol, and 0.01% bro-
mphenol blue). Proteins of the suspended immunoprecipitate (30 �l)
were separated on a 10% SDS-PAGE gel and analyzed by Western blot-
ting with anti-phosphotyrosine 4G10 or anti-PLC� (Millipore) antibod-
ies, as indicated.

Cortical neuron transfection and luciferase assay. Cortical neurons were
cultured and transfected with plasmid pIII(170)Luc at 3 d in vitro (DIV)
using a procedure described previously (Tong et al., 2001). Briefly, all
transfections were conducted in six-well 35-mm dishes with Lipo-
fectAMINE (Invitrogen) according to the instructions of the manufac-
turer. One well was transfected with 1 �g of reporter plasmid and 0.25 �g
of an internal control Renilla luciferase plasmid pGL4.74 [hRluc/TK]
(Promega) to normalize pIII(170)Luc activity. After 48 h, cultures re-
ceived treatments, plates were washed twice with cold PBS, and cells were
lysed with 200 �l of lysis buffer (Promega). Cell extracts (20 �l) were
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used for a dual-luciferase reporter assay (Pro-
mega) according to the instructions of the
manufacturer.

Immunocytochemistry. For immunostain-
ing, slices were fixed in 4% paraformaldehyde
in 0.1 M sodium phosphate buffer (PB) for 4 h
and cryoprotected in 20% sucrose/PB for
12–24 h at 4°C and 0.1 M glycine for 30 min. For
Arc immunostaining, tissues were sectioned on
a freezing microtome at 20 �m and then trans-
ferred to blocking/permeabilizing solution: PB
containing 4% bovine serum albumin and
0.3% Triton X-100 (PBT). Sections were then
incubated (2 h at room temperature) in PBT
containing the primary antibody anti-Arc (C7;
1:200; Santa Cruz Biotechnology). Slides were
then washed in PB (three times for 10 min), in-
cubated (45 min at room temperature) with
fluorescein-conjugated secondary antibody in
PBT, rinsed in PB (three times for 10 min),
mounted on Starfrost slides (Sigma), and cover-
slipped with Fluoromount-G (Southern Biotech-
nology Associates). Low-magnification images
were taken by a confocal laser-scanning micro-
scope (Bio-Rad), mostly with 10� and 20�
objectives, and exported to NIH Image. For
P-CREB and mitogen-activated protein-2
(MAP2) double immunostaining, tissues were
stained with anti-P-CREB rabbit (1:500; Milli-
pore) and anti-MAP2 (1:5000) antibodies.
Double-label immunofluorescence images were
taken by a confocal laser-scanning microscope
(LSM 510) and exported to NIH Image. Appro-
priate controls lacking primary antibodies were
performed for each antibody used.

Electrophysiology slice preparation and
recording technique. All studies used young
adult (2–3 months old) male Sprague Dawley
rats (Charles River). Slice preparation was per-
formed as described previously (Kramár et al.,
2004). Briefly, after deep anesthesia, animals
were decapitated, and the brain was quickly re-
moved and placed in ice-chilled oxygenated
dissection medium containing the following
(in mM): 124 NaCl, 3 KCl, 1.25 KH2PO4, 5
MgSO4, 26 NaHCO3, and 10 glucose. Trans-
verse hippocampal slices (350 �m) through the
middle third of the septo-temporal axis of hip-
pocampus were prepared using a McIlwain tis-
sue chopper and immediately transferred to an
interface recording chamber containing pre-
heated artificial CSF (aCSF) of the following
composition (in mM): 124 NaCl, 3 KCl, 1.25
KH2PO4, 1.5 MgSO4, 2.5 CaCl2, 26 NaHCO3,
and 10 glucose (maintained at 31 � 1°C). Slices
were continuously perfused with this solution
at a rate of 2.0 –2.5 ml/min while the surface of
the slices was exposed to warm, humidified
95% O2/5% CO2. Recordings began after 2 h of
incubation.

Field EPSPs (fEPSPs) were recorded from stratum radiatum of CA1b
using a single glass pipette filled with 2 M NaCl (yielding a resistance of 2–3
M�) in response to antidromic and orthodromic stimulation (twisted
nichrome wires, 65 �m) of the Schaffer collateral–commissural projections
in CA1a and CA1c stratum radiatum, respectively. Alternating pulses were
delivered to the stimulation electrodes at 0.03 Hz with current test intensity
adjusted to obtain 50–60% of the maximum fEPSP. After establishing a 20
min stable baseline, test compounds (see below) were introduced into the
infusion line by switching from control aCSF to drug-containing aCSF. LTP

was induced by delivering 10 theta bursts in one of the stimulation pathways
with each burst consisting of four pulses at 100 Hz and the bursts themselves
separated by 200 ms [i.e., theta burst stimulation (TBS)]. The stimulation
intensity was not increased during TBS. The second pathway was used to
monitor the stability of the responses over time. In some experiments, a
subthreshold level of LTP was induced by delivering two theta bursts, and the
stimulation intensity was increased by 30% during TBS. Data were collected
and digitized by NAC 2.0 Neurodata Acquisition System (Theta Burst
Corp.) and stored on a disk.

Figure 1. IL-1� pretreatment decreased BDNF-induced Arc and Homer1a expression. Arc (A) and Homer1a (B) mRNA levels
were determined by RT-PCR. Slices were exposed to BDNF (100 ng/ml, 1 h), IL-1� (50 ng/ml, 24 h pretreatment), and IL-1ra (5
�g/ml, 30 min before IL-1�) as indicated. Data are the mean � SEM (n � 3) expressed in terms of control cultures. *p � 0.05 for
BDNF versus BDNF plus IL-1�, ANOVA followed by the LSD post hoc test. Notably, IL-1ra blocked the suppression by IL-1� of
BDNF-induced expression of Arc and Homer1a. C, Representative Western blots showing that pretreatment with IL-1� suppressed
the effect of BDNF (100 ng/ml, 2 h) on Arc expression in CA1. Bottom row shows the quantification of Arc protein levels. Unless
otherwise indicated, here and in the other legends, the quantification data for Western blots are expressed relative to the means
in the control cultures (n � 3). *p � 0.05 BDNF versus BDNF plus IL-1�, ANOVA followed by the LSD post hoc test. D, IL-1� alone
(50 ng/ml, 24 h) did not affect the expression of Arc protein in CA1. E, BDNF-induced Arc expression was evaluated in CA1, CA2, CA3,
and DG (as indicated in the left top, a) of 10 DIV hippocampal organotypic cultures. Scale bar, 300 �m. Figure shows representative
slices from the different experimental conditions. Compared with control cultures (b), there was an increase in the fluorescence
intensity when cultures were treated with BDNF (100 ng/ml; c). Notably, the BDNF-induced increase in staining was affected by a
preincubation with IL-1� (100 ng/ml; d) in CA1, CA2, and DG but not in CA3. F, Quantification of the immunoreactivity of Arc (n �
3). *p � 0.05, **p � 0.01, ***p � 0.001 compared with BDNF (ANOVA followed by post hoc test).
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To examine the effects of drug application on theta-induced LTP, the
perfusion system consisted of chemically inert infusion lines (silicon tubing)
connected to a 60 ml syringe. Flow was induced by gravity and rate con-
trolled with an intravenous regulator. BDNF stock and IL-1� (Sigma) were
prepared fresh on a daily basis in aCSF before being added to the infu-
sion line. The p38 MAPK inhibitor SB202190 [4-(4-fluorophenyl)-2-
(4-hydroxyphenyl)-5-(4-pyridyl)1 H-imidazole] (Sigma) was dissolved
in 100% DMSO and diluted with aCSF to a working concentration of 1
�M (DMSO � 0.01%) before additional use.

In situ phalloidin labeling. Methods were performed as described pre-
viously (Kramár et al., 2006). Alexa Fluor-568 (Tocris Bioscience)–phal-
loidin (6 �M) was applied topically from a micropipette every 5 min for

20 min either (1) at the end of the experiment
in slices that received low-frequency stimula-
tion (LFS) (0.03 Hz) or (2) 60 min after the
delivery of theta bursts. Slices were then col-
lected and prepared for microscopy. Labeling
was examined using a Carl Zeiss Axioskop
microscope (40�, Apochromat, numerical ap-
erture 1.2) and an Axiocam camera. Identifica-
tion and quantification of labeled spines was
performed on a 35,700 �m 2 sampling area
within the zone of physiological recording as
described previously (Lin et al., 2005; Kramár
et al., 2006; Rex et al., 2007). For each field, five
sequential images were collected at 2 �m focal
steps totaling a thickness of 10 �m on the
z-axis. Exposure times were adjusted for each
experiment so that �6 –12 spines were visual-
ized in images from control slices. Images used
for comparisons were collected with the same
exposure parameters.

Results
IL-1� reduces induction of IEG Arc
by BDNF
Several studies have shown that IL-1� dis-
rupts the production of stable LTP in
adult rodents (Bellinger et al., 1993; Ross
et al., 2003). We hypothesized that this ef-
fect involves suppression of the positive
contributions of BDNF to the induction
and stabilization of LTP. We first assessed
the effect of the cytokine on BDNF-
induced gene expression of Arc in organo-
typic slices. Arc/Arg3.1 is a gatekeeper
protein for LTP and learning (Bramham
et al., 2010; Shepherd and Bear, 2011), a
function likely involving its contributions
to cytoskeletal reorganization shortly after
induction of LTP (Messaoudi et al., 2007).
BDNF (100 ng/ml) applied for 1 h caused
an almost threefold increase in Arc mRNA
levels in preparations obtained at postna-
tal days 7–10 and maintained in culture
for 10 –14 d before testing (Fig. 1A). A 24 h
pretreatment with IL-1� (50 ng/ml) re-
duced BDNF-induced Arc expression by
60%, and this effect was completely blocked
by the highly selective, competitive antago-
nist IL-1ra (Rothwell and Luheshi, 2000).
IL-1� also caused a 70% reduction in
BDNF-elicited expression of Homer1a
mRNA, another IEG product that partici-
pates in spine remodeling (Sato et al., 2001;
Sala et al., 2003) (Fig. 1B). Neurotoxic ef-

fects, as assessed with LDH assay, were not detected after the IL-1�
treatments (10–50 ng/ml). At the highest concentration of IL-1�,
cell survival was 92 � 8% (n � 3) of control.

We next evaluated Arc expression at the protein level. Because
BDNF facilitates LTP (Figurov et al., 1996; Kramár et al., 2004)
and LTP-induced structural plasticity (Tanaka et al., 2008) in
hippocampal subfield CA1, we dissected this region from orga-
notypic cultured slices and used Westerns blots to assess the ef-
fects of IL-1� and BDNF on Arc concentrations. BDNF increased
Arc protein level in CA1, and, consistent with the mRNA results,
this effect was markedly attenuated by pretreatment with IL-1�

Figure 2. IL-1� pretreatment decreased BDNF-induced elevated levels of cofilin phosphorylation and CREB activation. A,
Representative Western blots and quantification of P-cofilin levels showing that pretreatment with IL-1� suppressed the effect of
BDNF (100 ng/ml, 1 h) on cofilin phosphorylation in CA1; *p � 0.05 BDNF versus BDNF plus IL-1� (n � 4). B, Representative
Western blots and quantification of the detection of CREB phosphorylated at Ser133 (P-CREB). Exposure to BDNF (100 ng/ml, 1 h)
increased the amount of P-CREB. Pretreatment with IL-1� suppressed the effect of BDNF on P-CREB but had no effect on T-CREB
levels; *p � 0.05 BDNF versus BDNF plus IL-1�. C, Representative images showing the immunoreactivity of P-CREB in CA1. An
antibody specific to P-CREB was used. Compared to control (a), P-CREB immunoreactivity increased after BDNF treatment (100
ng/ml; d). IL-1� decreased BDNF-induced immunoreactivity of P-CREB (g). MAP2 staining: control (b), BDNF-treated cultures (e),
BDNF plus IL-1� treatment (h). Merged CREB and MAP2 staining: control (c), BDNF (f ), BDNF plus IL-1� (i). Scale bar, 50 �m. D,
CRE transcriptional activity. Cortical neurons at 3 DIV were transfected with plasmid pIII(170)Luc containing the promoter of BDNF
exon III (Tao et al., 1998, numbering of promoter has been changed to exon IV according to Aid et al., 2007) comprising the CRE-like
sequence and exon III fused to a luciferase reporter gene and an internal control Renilla luciferase plasmid. At 48 h after transfec-
tion, cultures were switched to fresh medium and incubated for 90 min in the presence or absence of 50 ng/ml IL-1�, before the
addition of BDNF (50 ng/ml) or vehicle and additional incubation for 1 h. Transcription activity was assayed by measuring luciferase
activity and expressed as the ratio of the luciferase activity in extracts from cells exposed BDNF to the luciferase activity in extracts
from unstimulated cells. IL-1� treatment decreased BDNF-induced activation of pIII(170)Luc. Data are the mean � SEM (n � 3)
expressed in terms of the normalized pIII(170)Luc levels obtained in the control cultures. *p � 0.05 BDNF versus BDNF plus IL-1�,
ANOVA followed by the LSD post hoc test.
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(Fig. 1C). Importantly, the cytokine alone (50 ng/ml, 24 h) did
not affect the expression of Arc protein in CA1 (Fig. 1D). Possible
regional differences in the interactions between IL-1, Arc, and
BDNF were studied using immunohistochemistry. Arc was ex-
pressed at low basal levels across all hippocampal subfields [CA1,
CA2, CA3, and dentate gyrus (DG)] in control organotypic
cultures, and BDNF treatment significantly increased immuno-
staining in each of these areas. Notably, IL-1� reduced the
BDNF-induced Arc labeling in CA1, CA2, and DG but not in CA3
(Fig. 1E,F).

We next tested whether the pattern of results obtained for the
influence of BDNF and IL-1� on Arc expression also holds for
phosphorylation of cofilin, a second downstream step closely re-
lated to actin polymerization and LTP stabilization. Immuno-
blots of dissected field CA1 from organotypic slices were used for
these studies. BDNF increased cofilin phosphorylation at Ser-3 in
accord with previous reports (Rex et al., 2007), and this effect was
markedly attenuated by pretreatment with IL-1�. Interleukin
alone did not reduce baseline levels of P-cofilin (Fig. 2A).

IL-1� impairs BDNF-associated signal transduction
To characterize the upstream molecules involved in the above
described inhibitory crosstalk between IL-1� and BDNF, we
tested for an interleukin influence on BDNF-associated signal
transduction. The biological functions of BDNF are medi-
ated by the TrkB receptor, which activates the MAPK,
phosphatidylinositol-3 kinase (PI3K)/Akt, and PLC� pathways
(Huang and Reichardt, 2003), along with small GTPase-initiated
actin signaling cascade (Rex et al., 2007). Farther downstream,
BDNF signaling leads to the activation of CREB, a transcription
factor involved in the expression of Arc and Homer1 (Sato et al.,
2001; Yin et al., 2002; Kawashima et al., 2009).

We used Western blots to test for an effect of IL-1� on BDNF-
induced phosphorylation of CREB at Ser-133 (P-CREB). Pre-
treatment with IL-1� (24 h) did not
measurably affect basal levels in field CA1
(data not shown) but significantly sup-
pressed BDNF-evoked phosphorylation
of CREB. T-CREB levels were not affected
by the experimental manipulations (Fig.
2B). We next performed an immunohis-
tochemical detection of P-CREB in orga-
notypic slices after the above treatments.
Consistent with the Western blot mea-
surements, immunohistochemical stain-
ing showed that IL-1� pretreatment
attenuates BDNF-induced phosphoryla-
tion of CREB in field CA1 neurons (Fig.
2C). cAMP response element (CRE)-
driven gene expression was then evaluated
to assess the consequences of IL-1�-
mediated downregulation of CREB activ-
ity. Activation of BDNF exon IV
promoter, which contains a CRE site (Tao
et al., 1998), was monitored using a tran-
sient transcription activity assay with lu-
ciferase as a reporter gene. BDNF increased BDNF exon IV
promoter activity, and this effect was significantly (30%) reduced
by IL-1� pretreatment (50 ng/ml, 2 h) (Fig. 2D).

The PI3K/Akt pathway has a pivotal role in synaptic plasticity
in the hippocampus (Sanna et al., 2002; Opazo et al., 2003) and
also modulates CREB (Du and Montminy, 1998; Simão et al.,
2012). Furthermore, in vitro data suggest that the PI3K/Akt/

mammalian target of rapamycin (mTOR)/eukaryotic elonga-
tion factor 2 (eEF2) signaling cascade is involved in Arc
expression induced by BDNF (Chen et al., 2009). We therefore
tested whether IL-1� affects BDNF-induced activation of Akt by
measuring Ser-473 phosphorylation. IL-1� pretreatment (50 ng/
ml, 24 h) did not measurably affect basal levels in field CA1 (data
not shown) but substantially reduced the levels of P-Akt response

Figure 3. IL-1� pretreatment affected BDNF-induced Akt activation. A, Representative
Western blots showing the detection of P-Akt. Quantification of P-Akt levels showed that ex-
posure to BDNF (100 ng/ml, 1 h) increased the amount of P-Akt, whereas pretreatment with
IL-1� suppressed the effect of BDNF on P-Akt but had no effect on T-Akt. *p�0.05 BDNF versus
BDNF plus IL-1� (n � 4). B, Western blots showing that BDNF-induced (100 ng/ml, 1 h)
tyrosine phosphorylation of PLC� is unaffected by IL-1� pretreatment (50 ng/ml, 24 h) in
hippocampal slices. Tyrosine phosphorylation of PLC� was examined by immunoprecipitation
(IP) followed by Western blotting, as described in Materials and Methods. C, Representative
Western blots and quantification of the levels of P-p42 and P-p44 isoforms of MAPK in hip-
pocampal slices treated as indicated. Data are the mean � SEM (n � 3) expressed in terms of
P-MAPK levels obtained in the control cultures. *p � 0.05 for all treatment groups versus
control, ANOVA followed by the LSD post hoc test.

Figure 4. IL-1� pretreatment affected BDNF-induced IRS-1 activation. Slices were treated with BDNF (100 ng/ml, 1 h) and
IL-1� (50 ng/ml, 24 h pretreatment). Representative Western blots and quantification relative to control cultures of the levels of
total P-tyrosine IRS (IRS-1 pY; A), IRS-1 phosphorylated at Tyr-612 (IRS-1 pY612; B), and P-TrkB (C) in CA1. *p � 0.05 BDNF versus
BDNF plus IL-1� (n � 3). IP, Immunoprecipitation.
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to BDNF in CA1 samples dissected from hippocampal cultures
(Fig. 3A). Interestingly, IL-1� did not affect BDNF-dependent
activation of PLC� (Fig. 3B), the molecule linked to the TrkB/
PLC�/CaMK pathway (Huang and Reichardt, 2003).

MAPK signaling, along with the PI3K/Akt pathway, contrib-
utes to synaptic plasticity and long-term memory formation
(Davis and Laroche, 2006), and we therefore evaluated it in hip-
pocampal slices cultures after the treatments described above. All
manipulations, BDNF alone, IL-1� alone, or the IL-1�/BDNF
combination, significantly increased the levels of P-p42 and
P-p44 isoforms of MAPK in CA1 area (Fig. 3C). The absence of a
difference in P-MAPK isoforms in BDNF-treated and nontreated
cultures in the presence of IL-1� could be attributable to the
increases produced by IL-1� alone. IL-1� does not cause MAPK
activation in low-density pure neuronal cultures (Tong et al.,
2008), raising the possibility that its positive action in organo-
typic cultures reflects an action on microglia (Kim et al., 2004).

The suppressive effect of IL-1� on BDNF-driven activation of
Akt could occur at upstream steps of the signal transduction:
initially, BDNF acts on TrkB at the cell surface, causing its
autophosphorylation and leading to activation of the PI3K/
Akt pathway via the protein IRS-1, which is activated when
phosphorylated at Tyr-612 (Huang and Reichardt, 2003). IL-1�
pretreatment (50 ng/ml, 24 h) substantially reduced the total
tyrosine phosphorylation of IRS-1 in response to BDNF in CA1
but did not affect basal levels (Fig. 4A); specifically, it was found
that IL-1� affected the BDNF-induced increase in P-IRS-1 Tyr-
612 (Fig. 4B). Similar to our previous study in cultured cortical
neurons, BDNF-driven TrkB phosphorylation was not affected
by IL-1� treatment (Fig. 4C). These data indicate that IL-1� im-
pairs the proximal signaling associated with TrkB activation at
IRS-1. They are consistent with previous results obtained with
low-density primary cortical neuronal cultures (Tong et al.,
2008) but importantly extend the mechanism to CA1 area in
organotypic cultures.

p38 MAPK may mediate the suppressive effect of IL-1� on
BDNF signaling
Activation of p38 is an early event initiated by IL-1� stimulation
in many cell types (Srinivasan et al., 2004) and has been impli-
cated in the regulation of synaptic plasticity and the onset of
neurodegeneration (Rush et al., 2002; Gallagher et al., 2004;
Wang et al., 2004; Origlia et al., 2008). There is also evidence
linking p38 to amyloid-� (A�)-induced synaptic depression
(Hsieh et al., 2006) and to A�-mediated inhibition of LTP (Wang
et al., 2004). Therefore, we examined the role of the kinase in
IL-1�-mediated suppression of BDNF signaling in organotypic
slice cultures. IL-1� activated p38 at 4 h, and this effect was main-
tained for 24 h (Fig. 5A). SB202190, a p38 inhibitor (Fig. 5A),
blocked the inhibitory effect of IL-1� on BDNF-induced cofilin
phosphorylation in CA1 (Fig. 5C). Similarly, the pharmacologi-
cal inhibition of p38 blocked the inhibitory effect of IL-1� on
BDNF-induced Akt phosphorylation (Fig. 5B) and the expres-
sion of Homer1a (Fig. 5D). Thus, p38 activation is one of the
mechanisms whereby IL-1� disrupts BDNF signaling.

IL-1� impairs BDNF-dependent LTP by activation of p38
We next tested whether the mechanisms described in the preced-
ing sections are involved in the IL-1�-induced suppression of
LTP described in previous reports (Bellinger et al., 1993; Ross et
al., 2003). The naturalistic TBS pattern (Larson et al., 1986),
which produces a robust, extremely stable, and BDNF-dependent
(Korte et al., 1995; Kramár et al., 2004) form of LTP, was used in

these acute hippocampal slice experiments. Slices were treated
with IL-1� (10 –50 ng/ml, 1 h) before the delivery of TBS and
compared with slices treated with aCSF alone. In contrast to pre-
vious reports (Bellinger et al., 1993; Ross et al., 2003), a 1 h pre-
treatment with the cytokine had no detectable effect on the slope
or amplitude of fEPSPs recorded from the stratum radiatum of
field CA1b. TBS caused a rapid increase in response size that was
of equal magnitude in the IL-1�-treated and control slices (87 �
8% of baseline at 90 s after TBS for controls and 110 � 15% for
treated, p � 0.20). The initial potentiation decayed steadily for
5–10 min and then stabilized in the control group but continued
to decline in the IL-1�-treated slices; LTP at 60 min was 45 � 4%
above baseline for the aCSF-only cases and 16 � 3% for the IL-1�
slices (p � 0.001) (Fig. 6A,B). The decremental nature of poten-
tiation without evident changes to the induction and expression
of LTP strongly suggests that IL-1� selectively disrupted the actin
filament assembly required for LTP consolidation. We tested this
by topically applying Alexa Fluor-568 –phalloidin at the conclu-

Figure 5. The p38 inhibitor decreased the impairing effect of IL-1� on BDNF signaling. A,
IL-1� treatment (50 ng/ml) for 4 or 24 h increased the amount of phosphorylation of p38 at
Thr-180/Tyr-182 (P-p38) but had no effect on T-p38 levels. In the presence of the p38 inhibitor
SB202190 (2 �M; SB), the IL-1�-induced increase in P-p38 level was suppressed, as shown in
the quantification; *p � 0.05. B, Treatment with the p38 inhibitor SB239063 (50 �M) attenu-
ated the effect of IL-1� on BDNF-elicited P-Akt (Ser473); *p � 0.05 BDNF plus IL-1� versus
BDNF plus IL-1� plus SB202190. C, Treatment with the p38 inhibitor SB202190 (2 �M) atten-
uated the effect of IL-1� on the BDNF-induced cofilin phosphorylation; *p � 0.05 BDNF plus
IL-1� versus BDNF plus IL-1� plus SB202190. D, SB239063 prevented the suppression by IL-1�
of BDNF-induced expression of Homer1a, as determined by RT-PCR. *p � 0.05 for BDNF plus
IL-1� versus BDNF plus IL-1� plus SB239063, ANOVA followed by the LSD post hoc test. All data
are the mean � SEM (n � 3) expressed in terms of control cultures.
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sion of physiological testing and then
using automated methods to count spine-
sized structures containing high concen-
trations of F-actin (Kramár et al., 2006).
Densely labeled spines were infrequent in
slices given only LFS but were increased in
number by approximately sixfold after
TBS (Fig. 6C,D). This pronounced effect
was completely eliminated by a 1 h pre-
treatment with IL-1� (p � 0.01 for the
TBS groups with vs without IL-1�) (Fig.
6C,D).

TBS activates synaptic TrkB receptors in
a manner that is dependent on endogenous,
presumably released, BDNF (Chen et al.,
2010), and this effect is necessary for in-
duced actin polymerization and the produc-
tion of stable LTP. It is therefore possible
that the disruptive effects of IL-1� on LTP
are attributable to the above described neg-
ative influence of the cytokine on down-
stream responses to the TrkB activation. We
tested this idea using the same p38 inhibitor,
SB202190, that reduced the inhibitory ac-
tions of IL-1� in cultured slices. Slices were
cotreated with SB202190 and IL-1� for 1 h
before TBS was applied; LTP obtained un-
der these conditions was not measurably
different from that found in slices treated
with SB202190 alone (Fig. 7A). Similarly,
IL-1� did not block TBS-induced increases
in the number of spines with high levels of
F-actin in slices pretreated with the p38 an-
tagonist (Fig. 7B,C).

To verify that IL-1� suppresses LTP by
inhibiting BDNF signaling, we tested the
effects of the cytokine under conditions in
which exogenous neurotrophin is re-
quired for the production of lasting po-
tentiation. Past studies showed that brief infusions of BDNF
lower the number of theta bursts needed to generate lasting po-
tentiation; we therefore asked whether, as predicted by the pre-
ceding results, this direct effect of BDNF is eliminated by
cotreatment with IL-1�. Slices were infused with a low concen-
tration of BDNF (2 ng/ml) either by itself or in the presence of
IL-1� for 60 min and compared with aCSF-treated slices and then
given two, instead of the normal 10, theta bursts. As in previous
work (Kramár et al., 2004), the short trains failed to induce stable
LTP in control slices but elicited robust and stable potentiation in
the presence of BDNF. In contrast, the two burst trains were
ineffective in cases treated with both BDNF and IL-1� (Fig. 8),
and, consistent with above findings, the degree of LTP in slices
bathed for 1 h in the presence of p38 inhibitor plus BDNF plus
IL-1� was not different from that found in slices treated for the
same period with BDNF alone. Thus, the facilitatory effects of
BDNF on LTP signaling are blocked by IL-1�, as expected from
the organotypic culture experiments.

Discussion
A now substantial body of work indicates that the buildup of
proinflammatory cytokines, and IL-1� in particular, contributes
to age-related declines in cognitive functioning. The present re-
sults describe a detailed mechanism that is likely to be central to

these effects. Specifically, we propose that the contributions of
BDNF to the synaptic modifications and gene regulation pro-
duced by patterned afferent activity are blocked by IL-1� via a
p38-mediated mechanism. Elevated levels of IL-1� occurring
during brain aging would therefore interfere with events needed
for memory encoding and the maintenance of neuronal viability.

The current studies examined the interactions of IL-1� with
several key steps in the signaling pathways linking BDNF to the
regulation of plasticity-related genes. Past work using cultured
cortical neurons showed that BDNF increases the expression of
Arc, a protein that modulates the subsynaptic cytoskeleton and
LTP stabilization, via activation of the PI3K/Akt/mTOR/eEF2
signaling pathway (Chen et al., 2009). We established that the
neurotrophin stimulates both Akt and the expression of Arc in
cultured hippocampal slices and then found that both effects are
substantially reduced by IL-1�. Importantly, the suppressive ef-
fects of the interleukin were regionally differentiated, being
prominent in fields CA1, CA2, and the DG, but absent in the large
pyramidal neurons of field CA3. Differential responses among
the hippocampal areas to inflammatory stimuli have been de-
scribed by others (Chang et al., 2009; Chapman et al., 2011), and
it has been suggested that field CA1 is particularly vulnerable to
neuroinflammation in aged animals (Chapman et al., 2010,
2011). Also of interest in this regard, basal and fear-conditioning-

Figure 6. IL-1� impairs theta burst-induced LTP in hippocampal slices. The slope of the fEPSP (mean � SEM) was normalized
to the mean of the last 10 min of baseline recording collected in the presence and absence of IL-1� (10 –50 ng/ml) before
application of TBS (upward arrow). A, A train of 10 theta bursts produced a significant degree of impairment in the level of
potentiation 1 h after induction in IL-1�-treated slices relative to control aCSF-treated slices. B, Representative traces collected
from control (i) and IL-1�-treated (ii) slices during baseline (black line), 60 min after start of drug infusion (red line), and 60 min
after TBS (blue line). Calibration: 0.5 mV, 5 ms. C, Rhodamine-labeled phalloidin was applied to slices at the end of the experiment
and then processed for epifluorescence microscopy. Survey micrographs show a marked increase in the number of phalloidin-
positive spines (arrow) in control slices receiving TBS relative to slices receiving LFS (3 test pulses per minute). The TBS-induced
increase in phalloidin staining was markedly reduced to baseline levels in slices treated with IL-1�. Scale bar, 200 �m. Inset, High
magnification of phalloidin-labeled spine heads as indicated by arrow. Scale bar, 2 �m. D, IL-1� reduces LTP-dependent actin
polymerization. The mean � SEM number of dense phalloidin labeling in spine heads as assessed after LFS (n � 13) and 1 h after
delivery of a 10-burst theta train in the presence (n � 14) and absence (n � 13) of IL-1� (**p � 0.001).
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induced expression of BDNF were re-
duced in CA1, but not in CA3, during
infection (intraperitoneal injection of E.
coli) (Chapman et al., 2011). IL-1� also
decreased BDNF-induced phosphoryla-
tion of CREB, a transcription factor in-
volved in Arc (Kawashima et al., 2009)
and BDNF exon IV expression in cultured
slices. As predicted, we found that BDNF
exon IV expression was suppressed by IL-
1�. Consistent with these data, peripheral
E. coli infection, which elevates brain IL-
1�, suppresses the induction of BDNF
exon IV after fear conditioning (Chap-
man et al., 2011).

In addition to the above described
mechanisms, IL-1� could interfere with
BDNF-dependent learning in neurode-
generative diseases and other conditions
that raise IL-1� levels (e.g., peripheral in-
fection) by reducing the expression of
BDNF (for review, see Tapia-Arancibia et
al., 2008). The presented data suggest that
IL-1� acts rapidly on downstream mech-
anisms initiated by direct applications of
the neurotrophin and thus are not depen-
dent on BDNF mRNA expression; this
strongly implies that the site of action in-
volves BDNF signal transduction, a point
supported by the results discussed imme-
diately below.

How does IL-1� disrupt BDNF-
mediated signaling to events essential for
enduring synaptic plasticity? The present
studies included a first direct test of the
possibility that cytokine blocks autophos-
phorylation (activation) of the TrkB
receptors of BDNF: the results were neg-
ative. However, IL-1� did substantially
reduce phosphorylation of IRS-1, a pro-
tein factor known from previous studies

(Tong et al., 2008) to couple TrkB to the PI3K pathway. Conso-
nant with these arguments, we observed that IL-1� increased the
phosphorylation of p38 but decreased BDNF-stimulated IRS-1
phosphorylation in cultured slices. Moreover, a pharmacological
inhibitor of p38 removed the inhibitory effects of IL-1� on
BDNF-driven Akt phosphorylation, expression of IEGs, and
LTP. These results describe a specific signaling pathway for me-
diating the negative effects of the interleukin on BDNF signaling.
It is presently unknown how p38 may inactivate IRS-1, but one
possibility is that it acts by way of the protein tyrosine phospha-
tase PTP1B, as suggested recently (García-San Frutos et al., 2012);
this and other options remain to be tested.

It should be emphasized that IL-1� can affect signal transduc-
tion pathways associated with hippocampal synaptic plasticity
and memory in addition to those engaged by BDNF/TrkB. For
instance, it has been reported that IL-1� modulates synaptic
functions by activating JNK, nuclear factor-�B, and caspase-1
(Vereker et al., 2000; Curran et al., 2003) and can regulate NMDA
receptors via Src family kinases (Viviani et al., 2003). It is also
possible that calcium plays a role in the IL-1� occlusion of BDNF
effects on synaptic plasticity. In particular, Ca 2	 influx via L-type
channels contributes to IL-1� activation of JNK, extracellular

Figure 7. p38 inhibitor prevents IL-1�-induced impairment of LTP. A, Left, After a 20 min stable baseline recording, 1
�M SB202190 (SB; n � 3) infusions began for 1 h before delivering 10 theta bursts and continued throughout the
remaining recording period. The level of potentiation 1 h after induction was no different from that measured in control
slices (see Fig. 6A). Infusions of IL-1� (50 ng/ml) in the presence of 1 �M SB202190 was tested in a separate set of slices.
Infusions with SB202190 plus IL-1� (n � 3) produced a stable level of potentiation similar to slices treated with SB202190
alone. Right, Representative traces collected from slices treated with SB202190 and SB202190 plus IL-1� before (black
line) and 1 h after the start of drug infusion (red line) and 60 min after TBS (blue line). Calibration: 1 mV, 5 ms. B, The p38
inhibitor SB202190 prevents IL-1�-induced decrease in TBS-dependent actin polymerization. Survey photomicrographs
showing that, relative to slices receiving baseline low-frequency test pulses (left), theta burst-induced actin polymeriza-
tion is not reduced in SB202190-treated slices (middle) nor in slices infused with the combination of SB202190 plus IL-1�
(right). Scale bar, 5 �m. C, The mean � SEM number of dense phalloidin labeling in spine heads as assessed after LFS in
control slices (n � 10) and 1 h after delivery of a 10-burst theta train in slices pretreated with SB202190 alone (n � 10) and
SB202190 plus IL-1� (n � 11) (**p � 0.001).

Figure 8. BDNF-dependent LTP is eliminated by IL-1� via p38. A 1 hour BDNF treat-
ment (2 nM) before the delivery of two theta bursts (a degree of stimulation that is
subthreshold for generating LTP) results in a measurable degree of LTP 60 min after
induction with respect to control aCSF-treated slices. A 1 h infusion of IL-1� (50 ng/ml) in
combination with 2 nM BDNF produced a similar decay in LTP as in control slices after the
delivery of two theta bursts. The level of potentiation in slices infused for 1 h in the
presence of BDNF, IL-1�, and 1 �M SB202190 were no different from slices treated with
BDNF alone. Control pathway indicates that responses were stable throughout the record-
ing period.
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signal-regulated kinase, and p38 (Størling et al., 2005). Therefore,
the elevated postsynaptic intracellular [Ca 2	] and L-type cal-
cium channel activity in aging neurons (Thibault et al., 2001)
may increase vulnerability for the p38-dependent impairments
induced by IL-1�.

The demonstration that IL-1� blocks TrkB signaling in cul-
tured slices provides a plausible explanation for the negative ef-
fects of interleukin on BDNF-dependent stabilization of LTP in
adult hippocampus (Bellinger et al., 1993; Ross et al., 2003; Chap-
man et al., 2011). However, questions arise concerning the like-
lihood that the effects of IL-1� on expression, as described here,
occur quickly enough to account for the negative influence of the
cytokine on stabilization events developing in the first 5–10 min
after TBS. This rapid, as opposed to protein synthesis dependent,
phase of consolidation involves TBS-driven TrkB activation and
stimulation of pathways leading to cofilin phosphorylation and
actin filament assembly (Rex et al., 2007). The present studies
confirmed previous reports that the negative effects of IL-1� on
LTP are evident within 10 min after TBS and further demon-
strated that the cytokine blocks the rapid facilitatory actions of
exogenous BDNF on the LTP induced by short, subthreshold
TBS trains. The latter result provides direct evidence that the
interleukin impairs the BDNF-dependent step in LTP induction.
IL-1� also markedly attenuated both BDNF-initiated cofilin
phosphorylation in cultured slices and TBS-driven polymeriza-
tion of spine actin in adult hippocampus. Moreover, a p38 inhib-
itor that prevented the suppressive effects of interleukin on
BDNF signaling in organotypic cultures also rescued F-actin for-
mation along with LTP stabilization in adult slices. We therefore
conclude that the negative, p38-mediated action of IL-1� on the
IRS-1 response to released BDNF disrupts the link between acti-
vated synaptic TrkB receptors and the machinery underlying the
cytoskeletal modifications needed for rapid consolidation.

We have referred previously to the impairment of BDNF sig-
naling as neurotrophin resistance (Tong et al., 2008), analogous
to the development of insulin resistance (Böni-Schnetzler and
Donath, 2011). In both cases, cells show decreased sensitivity to
ligand activation in the presence of proinflammatory cytokines,
which play prominent roles in diabetes and neurodegenerative
diseases (Rothwell and Luheshi, 2000; Marette, 2002), through
similar mechanisms, e.g., by negatively regulating key signaling
molecules such as IRS-1 and Akt. The activation of docking pro-
teins, including IRS-1 (Zick, 2001), can be suppressed by stress
inflammatory MAPKs such as p38 in the insulin-resistance par-
adigm (Hemi et al., 2011). Similarly, activation of p38 by IL-1�
leads to the suppression of the IRS-1 response to BDNF. Thus,
there is a common pathway that can compromise multiple read-
outs of BDNF and insulin signaling. However, the parallels may
not extend to the receptor desensitization induced by elevated
ligand levels, as observed in some types of insulin resistance. At
present, there is no evidence for compensatory upregulation of
BDNF during chronic brain inflammation; on the contrary, the
elevated IL-1� levels found in the aged brain are associated with
decreased BDNF concentrations (Peng et al., 2005). In all, then,
the IL-1� effects presented here resemble that form of
inflammatory-induced insulin resistance reviewed by Marette
(2002) and Olefsky and Glass (2010). It remains for future re-
search to explicitly compare the mechanisms underlying insulin
and neurotrophin resistance in the context of inflammation.

In conclusion, we found that IL-1� impaired BDNF-induced
expression of molecules critical for activity-dependent synaptic
plasticity in organotypic hippocampal slices, leading to the inhi-
bition of BDNF-dependent LTP. The action of IL-1� was found

to be associated with the reduction of TrkB-mediated BDNF sig-
naling, CREB, Arc, cofilin regulation, and the activation of p38.
The involvement of p38 in the IL-1�-induced inhibition of
synaptic plasticity suggests that p38 is a key molecule linking
multiple signal transduction pathways underlying inflammation-
dependent memory loss. These results suggest that treatments
that preserve neurotrophic signaling in brain may help to over-
come aging-dependent memory decline and AD.
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