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Abstract

The expression of IL-1 is elevated in the CNS in diverse neurodegenerative disorders, including
Alzheimer's disease. The hypothesis was tested that IL-1p renders neurons vulnerable to
degeneration by interfering with BDNF-induced neuroprotection. In trophic support-deprived
neurons, IL-1f compromised the P13-K/Akt pathway-mediated protection by BDNF and
suppressed Akt activation. The effect was specific as in addition to Akt, the activation of MAPK/
ERK, but not PLCy, was decreased. Activation of CREB, a target of these signaling pathways,
was severely depressed by IL-1p. As the cytokine did not influence TrkB receptor and PLCy
activation, IL-1p might have interfered with BDNF signaling at the docking step conveying
activation to the P13-K/Akt and Ras/MAPK pathways. Indeed, IL-13 suppressed the activation of
the respective scaffolding proteins IRS-1 and Shc; this effect might involve ceramide generation.
IL-1-induced interference with BDNF neuroprotection and signal transduction was corrected, in
part, by ceramide production inhibitors and mimicked by the cell-permeable C2-ceramide. These
results suggest that IL-13 places neurons at risk by interfering with BDNF signaling involving a
ceramide-associated mechanism.
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Interleukin-1 (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 the CNS [59].
However, IL-1 can also exacerbate damage in the CNS resulting from acute insults, such as
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cerebral ischemia and trauma, and circumstantial evidence is consistent with a similar role in
chronic neurological diseases, such as multiple sclerosis, Parkinson's disease and
Alzheimer's disease (AD) [48]. Furthermore, recent genetic studies highlighted the relevance
of IL-1 in AD pathogenesis, showing that specific polymorphisms in the IL-1 gene cluster
are associated with greatly increased risk for AD, especially for the earlier onset of the
disease [23, 50]. The view that inflammatory processes play an important role in
pathogenesis has been supported by epidemiological studies, showing that certain anti-
inflammatory drugs result in a slower progression of the disease [2, 8, 43, 77] and in
transgenic AD models decrease the number of dystrophic neurites, activated microglia and
IL-1 expression [35], although such drugs also modulate the production of the
amyloidogenic AB1.42 [18, 76]. The view that neuroinflammation contributes directly to AD
pathogenesis is consistent with recent observations showing that selective inhibition of
proinflammatory cytokine production suppresses in the hippocampus the chronic Ap
infusion-induced decrease in synaptic markers and attenuates deficit in a hippocampus-
linked memory task [56].

In the healthy brain, the concentration of IL-1 is very low, but IL-1 is rapidly induced in
response to injury. The increase in IL-1 after traumatic brain injury is followed by neuronal
loss. IL-1 is linked to the loss because antibodies to IL-1 attenuate neuronal loss [36] and in
IL-1 deficient mice neuronal loss and infarct volumes are reduced [6]. The early primary
source of IL-1 is microglia, but later the cytokine is also produced by astrocytes and
expression in oligodendrocytes and neurons has also been detected [59]. There is general
consensus that after insults, 1L-1 has adverse effects in the brain in vivo, but observations on
cultured neurons are less clear. It seems that IL-1f3 is neurotoxic only at high concentrations
and after relatively long exposure [3]. Several mechanism by which IL-1 may induce
neuronal death have been proposed including the involvement of glia [59] and the regulation
of NMDA receptor [39, 73].

Neurotrophins, such as BDNF, are important modulators for neuronal survival and
functions. BDNF, a major trophic factor in the CNS, is critical for the development and
survival of certain neuronal populations. In addition to protecting neurons from damage
caused by insults of various kinds, BDNF also modulates synaptic transmission and plays a
role in synaptic plasticity, including LTP and certain forms of learning and memory
processes in animal models [7, 21, 28, 44, 52, 80]. Accordingly, conditions that may
interfere with BDNF signaling may affect a variety of downstream neuronal functions and
may contribute to neurodegenerative diseases, including Alzheimer's disease (AD) [13]. In
AD, BDNF processing and levels are reduced even in pre-clinical stages [53]. Patients with
Down syndrome (DS) almost invariably develop Alzheimer type of neuropathology and in
an animal model of DS in trisomy 16 (Ts16) mouse BDNF-dependent survival of cultured
hippocampal neurons is compromised, because of the dysregulation of the expression of
BDNF receptor isoforms [17].

In the present study, we tested the hypothesis that IL-1[3 acting directly on neurons can
compromise cell survival by interfering with the neuroprotective effect of BDNF. The
observations have provided support for this proposal.
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2. Materials and Methods

2.1. Cell culture

Primary cultures of dissociated cerebral cortical neurons were prepared from the brains of
embryonic day 18 (E 18) rats as described previously [54]. Cell plated at 2.5 x 10 cells/cm?
were cultured in poly-L-lysine coated six well plates (for western blot analysis) or on 24
well plates (for immunocytochemistry and assays for cell viability) and maintained in
serum-free optimal Dulbecco's modified Eagles medium (DMEM) supplemented with B-27
components (Invitrogen, Carlsbad, CA). Cultures were maintained for 5-7 days before
treatments. Neuronal survival was determined by trypan blue exclusion [54] or using the
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay [30]. The purity
of the preparations was checked occasionally using double staining with MAP-2 (for
neurons) and GFAP (for astrocytes). The cultures contained more than 95% of neurons
(96.2+0.50, n=6).

2.2. Experimental treatment

Cells were treated with IL-1f for 2 h before the addition of BDNF (Peprotech, Rocky Hill,
NJ). Rat recombinant IL-1f (Sigma, St. Louis, MO) was dissolved in DMEM and used after
one freeze-thaw cycle. Cells were treated with tetrodoxin (TTX, 1 uM) and amino-5-
phosphonovaleric acid (100 pM), respectively 2 h and 30 min before exposure to IL-1f to
reduce endogenous synaptic activity and to block glutamate release induced by BDNF [34,
51] in order to reduce the basal level of activated signaling molecules [12]. The IL-1
receptor antagonist IL-1ra (R&D Systems, Minneapolis, MN) was used at 5 pg/ml, and
when applied, cells were preincubated for 30 min before the addition of IL-1f3. Exposure to
BDNF or vehicle was usually for 10 min, unless otherwise mentioned, and then cells were
processed for either biochemical or immunocytochemical analysis. Pilot experiments on the
time course of the effect of IL-1f on BDNF signaling indicated that significant interference
is detectable after 2 h exposure that was the preincubation time routinely used in these
studies. The concentration of BDNF was 10ng/ml, unless mentioned otherwise.

2.3. Western blot analysis

Cells were lysed in a buffer containing 1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 10
mM NaF, 2 mM NagVOy,, 1 mM phenylmethylsulponyl fluoride, 0.7 ug/ml pepstatin, 1
pg/ml leupeptin and 20 mM Tris-HCI, 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, Rockford, IL). Samples containing 20 ug of protein 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 (TBS), and probed with
various antibodies. The immunoreactivity was revealed using horseradish peroxidase-
conjugated secondary antibody (goat anti-rabbit 1gG or goat anti-mouse 1gG) (Vector
Laboratories, Burlingame, CA) and enhanced chemiluminescence (ECL, Amersham
Pharmacia, Piscataway, NJ) according to the recommended conditions. Immunoreactivity
was quantified using densitometric analysis.
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The following antibodies were used for the biochemical studies: from Upstate
(Charlottesville, VA), phosphorylated CREB (P-CREB) (detects CREB phosphorylated at
Ser-133, 1:2,000), total CREB (T-CREB, 1:2,000), Shc (the antibody recognizes all
isoforms; 1:1000), total Trk (T-Trk, 1:1000), TrkB (1:1000); from Cell Signaling (Beverly,
MA), phosphorylated MAPK/ERK (P-MAPK) (detects p44/42 MAPK phosphorylated at
Thr-202 and Tyr-204, 1:2000), total-MAPK (T-MAPK, 1:2000), phosphorylated Akt (P-
Akt) (detects Akt phosphorylated at Ser-473, 1:1000), total Akt (T-Akt, 1:1000),
phosphorylated Trk (P-Trk) (detects Trk phosphorylated at Tyr490, 1:500).

Quantification of the data obtained from Western blots derived from cultures under the
various experimental conditions was done relative to the estimates in the BDNF-treated
cultures using Student's t-Test. In addition, we also analyzed data, when appropriate (e.g. the
effect of 1L-1 concentration on BDNF signaling), using a non-parametric, Friedman
Analysis of Variance and obtained similar indication of significance.

2.4. Immunoprecipitation

Cells were lysed in 500 pl of immunoprecipitation buffer (1% Triton-X-100, 150 mM NacCl,
50 mM Tris pH 8.0, 0.2mM sodium ortho-vanadate, 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, Rockford, IL). 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 immunoprecipitation buffer. The wash
steps were repeated three times and finally the pellet was suspended in 60 ul SDS-sample
buffer (62.5 mM Tris pH 6.8, 2% SDS, 10% glycerol, 5% p-mercaptoethanol, 0.01%
bromphenol blue). Proteins of the suspended immunoprecipitate (30 ul) were separated on a
10% SDS-PAGE gel. The immunoprecipitates were analyzed by Western blotting with anti-
phosphotyrosine 4G10 (Upstate, Charlottesville, VA), anti-p85 PI3-K, or PLCy (Upstate,
Charlottesville, VA) antibodies, as indicated.

2.5. Immunocytochemistry

For the detection of TrkB receptors, cultures at 5 DIV were fixed with 4% paraformaldehyde
and permeabilized by incubation in PBS containing 0.3% Triton, blocked in blocking
solution (5% goat serum and 0.3% Triton in PBS), and incubated with the anti-Trk antibody
(Santa Cruz, CA; SC-12, 1:50) at 4°C overnight and then washed three times before
incubation with biotinylated anti-rabbit antibodies The antibody recognizing Trk receptors
was from Santa Cruz Biotech.. Cultures were incubated without shaking. After three washes,
cultures were incubated in the presence of Streptavidin conjugated Alexa Fluor 568(1:200)
(Molecular Probes) in PBS. Cells were then washed three times in PBS before being
subjected to further processing. Similar to the procedure described for Trk receptor
detection, cultures were incubated with monoclonal MAP-2 antibodies (1:500) (Sigma, St.
Louis, MO) overnight, followed by exposure to anti-mouse antibodies conjugated with
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Alexa Fluor 488. Finally, cells were washed three times in PBS and mounted in
Fluoromount G.

The specificity of Trk receptor staining was examined by repeating the procedure using
antibodies to TrkB preabsorbed at room temperature for 2 h with the peptide used to raise
the Trk antibody, which is specific to the caboxyl terminal cytoplasmic domains of TrkB
(SC-12P) (ratio of antibodies to peptides 1:5 by weight).

For the detection of activated CREB, cultures were fixed, washed with PBS, and exposed to
blocking solution similar to the procedure described for Trk receptor detection. Cultures
were then incubated overnight with an antibody that selectively recognized CREB
phosphorylated at Ser-133 (Upstate, 1:500), followed by exposure to anti-rabbit antibodies
conjugated with Alexa Fluor 568. Finally, cells were washed three times in PBS and
mounted in Fluoromount G.

2.6. Deprivation from trophic support

3. Results

It has previously been shown that BDNF can protect neurons from cell death induced by
serum deprivation [27]. Our cultures were maintained in the B-27-containing serum-free
medium that contains a great number of trophic ingredients providing comparable support
for neuron survival as serum does, but preventing the proliferation of glial cells. We
observed that deprivation from B-27, like that from serum, compromised neuronal survival,
thus permitting the testing of the effect of BDNF and the influence of IL-1p on the survival
of the deprived cells. In these studies, the B-27-containing medium was removed from
cultures at 5 DIV. Cells were washed twice with DMEM and then incubated in DMEM for
36 h in the absence or presence of BDNF (10 ng/ml) + IL-1p (50 ng/ml). Control cells were
treated the same way, but were incubated in B-27-containing DMEM.

3.1. IL-1B interferes with the BDNF rescue of nerve cells deprived from trophic support

One of the important functions of BDNF is to protect neurons from the harmful effect of
certain types of insults. We evaluated the hypothesis that IL-1 exposure may influence the
capacity of BDNF to protect neurons under conditions that compromise their survival.
Cultured neurons die when deprived of their trophic support, such as serum or in our case
the B-27 supplement (Fig. 1). In the absence of trophic support neurons degenerate
progressively so that by 36 h about 60% of the cells are lost.

BDNF rescues the trophic support-deprived cells, restoring neuronal survival to control
levels (Fig. 1A). In the presence of IL-1p3, however, the ability of BDNF to rescue neurons
was compromised in a dose dependent manner by up to 50%. IL-1  alone had no positive or
negative effect on survival. In our cultures comprising primarily neurons (95%), no
neurotoxic effect could be detected after 24 h exposure, using IL-1p over a wide
concentration range (cell survival at 500 ng/ml was 95 + 4% of control). IL-1f (50 ng/ml)
did not interfere with cell survival over prolonged incubation times (as a percentage of the
control the survival was 99+2.7% at 24 h, 100 + 1.9% at 48 h and 103 £ 1.5% at 72 h).
Neither did we observe neuroprotection by IL-1f against cell loss induced by deprivation
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from trophic support. The removal of the B-27 trophic medium reduced cell survival in
DMEM with or without supplementation with 50 ng/ml IL-1p to similar levels by 36 h (33 £
3.0% or 39 + 7.3% of the estimates in the B-27 control cultures). Thus IL-1 interferes with
cell survival indirectly by compromising the trophic influence of BDNF.

The pathway involved in neuroprotection is dependent on the nature of the insult [27].
Under our experimental conditions, BDNF-protection of the trophic support-deprived cells
involves the activation of the PI13-K/Akt rather than the Ras/MAPK pathway that is,
however, known to be critical for protection from other types of insults, such as DNA
fragmentation [27] (Fig. 2). Inhibition of PI3-K by LY294002 prevented BDNF from
promoting survival, but the blockade of MAPK activation using PD98059 had no significant
effect. LY294002 or PD98059 did not reduce survival of cells cultured in the B-27-
containing medium (data not shown). The involvement of the PI3-K pathway on the effect
of BDNF on B27-deprived neurons is in agreement with previous observations using serum
deprivation protocol [27]. We examined, therefore the influence of IL-1p on the BDNF-
induced activation of Akt the major effector of this pathway. Treatment with IL-1p for 2 h
suppressed the BDNF-evoked phosphorylation of Akt (Fig. 3A and B), which was also
suppressed when the cytokine exposure was prolonged for 24 h (Fig. 3D). Two hours
exposure to IL-1B alone had no significant effect on the level of activated Akt (Fig. 3C).

3.2. The effect of the cytokine on BDNF signaling is specific

The IL-1 family comprises in addition to the agonists IL-1a and IL-1f, IL-1ra that is a
selective competitive IL-1 antagonist [59]. IL-1ra prevented the IL-1f -induced suppression
of the activation of Akt by BDNF, thus providing evidence that the effect of the cytokine on
BDNF signal transduction is specific (Fig. 3E and F).

3.3. IL-1g interference with BDNF signal transduction is pathway specific

BDNF activates not only the PI3-K/Akt, but also other major signaling pathways [28]. To
establish whether IL-1p affects BDNF signaling in general, we examined the influence of
the cytokine on the activation of the Ras/MAPK and the PLCvy/PKC pathways.

The cytokine interfered with the activation of MAPK/ERK, monitored by measuring the
level of p42/p44 MAPK phosphorylated at Thr202 and Tyr-204 (Fig. 4A and B). Exposure
to the cytokine alone for 2 h had no significant effect on the level of activated MAPK/ERK
(Fig. 4C). On the other hand, IL-1f did not interfere with another of the major signal
transduction pathways the PLCy/PKC cascade activated by BDNF (Fig. 4D). BDNF-
induced Tyr phosphorylated PLCy levels were not significantly affected by IL-1p
pretreatment (93.1 + 5.6% of control, n = 3). Thus the suppression of BDNF signaling by
IL-1p is pathway specific.

3.4. IL-1p interferes with BDNF-induced activation of the transcription factor CREB

One of the targets of activated MAPK/ERK is via Rsk the transcription factor CREB that is
also activated via the P13-K/Akt pathway. Under certain conditions, CREB-induced gene
transcription has survival-promoting effects [4] and also plays a critical role in learning and
memory processes in different species, from Drosophila to mammals [1, 62]. Both ERK and
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CREB have been implicated in processes of neuronal plasticity [1, 62, 66, 68]. We
examined, therefore, the effect of IL-1 on the BDNF-induced activation of CREB (Fig. 4E
and F). The transcription promoting activity of CREB involves phosphorylation at the
Ser-133 residue [46], and BDNF exposure is known to lead to the phosphorylation of this
residue [e.g. 67, 70]. Exposure of cortical neurons to BDNF induced a great increase in the
Ser-133-phosphorylated CREB content. This was drastically suppressed by treatment with
IL-1p that reduced the BDNF-elicited activation of CREB by 70% (Fig. 4 E and F).
Exposure to IL-1p alone for 2 h had no significant effect on the level of activated CREB
(Fig. 4E).

3.5. IL-1p does not affect the activation of TrkB receptors, but interferes with BDNF
signaling at the level of the docking proteins

Virtually all neurons in our culture express TrkB receptors (Fig. 5A) and are activated by
BDNF, as indicated by the immunocytochemical detection of phosphorylated CREB (Fig.
5B). As the activation of the Ras/MAPK and PI3-K/Akt pathways depends on BDNF-
induced autophosphorylation of TrkB, inhibition of the TrkB phosphorylation would provide
a simple mechanism for the interference by the cytokine with BDNF signaling. However,
the BDNF-induced tyrosine phosphorylation of the TrkB receptor was not suppressed by
IL-1B (Fig. 5C). In terms of the tyrosine phosphorylated Trk receptor level in the BDNF-
exposed cultures, the estimate in the IL-1f3 -pretreated cells was 98 + 4.5%.

IL-1B may, therefore, interfere with BDNF signaling downstream from the activated
receptor. Phosphorylation of Tyr residues of the Trk receptor provides docking sites for
proteins mediating the signaling functions of the receptor. The Tyr residues critical for the
activation of the Ras/MAPK and PI3-K/Akt pathways (Tyr484) are different from the
residue involved in the activation of PLCy (Tyr785) [42]. Further, PLCy -whose
phosphorylation was not affected by IL-1p (Fig. 4D) - is activated by direct binding to the
phosphorylated Tyr785 of TrkB. On the other hand, the stimulation of the Ras/MAPK and
P13-K/Akt pathways requires binding of the scaffolding proteins, Shc and IRS respectively.
The ensuing Tyr phosphorylation of these docking proteins provides binding sites for the
regulatory subunit of P13-K and the Grb/SOS complex, the activation of which propagates
the signaling cascade. Our observations are consistent with the view that IL-1p interference
with BDNF signaling might involve the docking proteins mediating the activation of the
Ras/MAPK and PI3-K pathways.

It has been observed previously that the docking step is critically involved in the inhibition
by Ap1.42 of BDNF signaling [70] and in the downregulation by proinflammatory cytokines
of insulin- and IGF-1-induced signaling in various cell types including neurons [71, 81]. We
examined, therefore, the effect of IL-1p on Tyr phosphorylation of the adaptor proteins
linking the activated receptor with the downstream lipid and protein kinase cascades. The
cytokine treatment impaired the BDNF-induced activation of the key docking proteins IRS-1
and Shc (Fig. 6). IL-1p reduced BDNF-evoked Tyr phopshorylation of IRS-1 (Fig. 6A and
B) and the association of IRS-1 with the regulatory subunit of P13-K (p85) (Fig. 6C and D).
The cytokine also reduced BDNF-induced Tyr phosphorylation of all the Shc isoforms (Fig.
6E and F).
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3.6. The inhibitory effect of IL-18 on BDNF-mediated survival and Akt activation involves
the sphingomyelin/ ceramide pathway

Next we addressed the question of the nature of the intracellular mechanisms that mediate
the inhibition by IL-1 of TrkB receptor activation of the docking proteins. One early event
initiated by IL-1p stimulation in many cell types is the activation of the sphingomyelin/
ceramide pathway [25, 29, 41, 57]. Ceramide is one of the factors which is implicated in the
development of insulin resistance, as it can lead to interference with insulin signaling by
affecting the activation of the docking proteins [65, 81]. Thus by analogy to insulin
resistance, ceramide may participate in the impairment of BDNF signaling. It has been
reported that ceramide levels increase in the brain with age and many chronic diseases,
including Alzheimer's disease [15]. Ceramide generation may occur via either de-novo
synthesis or the hydrolysis of sphingomylin by acidic or neutral sphingomyelinases. We
examined, therefore, the effect on IL-1-induced suppression of BDNF signaling of inhibitors
selective to these ceramide-producing routes, using fumonisin B1 (FB1) or myriocin (ISP-1)
to block the de novo pathway, glutathione (GSH) or GW4869 to inhibit neutral
sphingomyelinase, and desipramine to inhibit acidic sphingomyelinase. Inhibitors of the de
novo pathway and neutral sphingomyelinase significantly attenuated the IL-13-impairment
of BDNF signaling (Fig. 7). Desipramine (10 uM) an inhibitor of acidic sphingomyelinase
did not affect IL-1B-induced decrease of BDNF-induced Akt activation (data not shown).
Ceramide inhibitors alone had no effect on P-Akt or P-CREB levels (data not shown).
Further, ISP-1 and GSH, but not desipramine, attenuated the IL-1p-elicited reduction of the
neuroprotective effect of BDNF in cultures deprived from the B-27 trophic support (Fig. 8).

To examine further the potential role of ceramide on the IL-13-induced suppression of
neurotrophin signaling, cells were pretreated with an exogenous, cell-permeable ceramide
analogue, C2-ceramide, for 2 h before they were challenged with BDNF (Fig. 9A and B).
C2-ceramide mimicked the effect of IL-1f by reducing the neurotrophin-induced activation
of Akt. The effect of C2-ceramide on BDNF-mediated neuroprotection was further
investigated. C2-ceramide treatment significantly compromised the ability of BDNF to
rescue neurons from trophic deprivation-induced cell death (Fig. 9C).

4. Discussion

Accumulating evidence suggests that proinflammatory cytokines play important roles in
CNS injury and neurodegenerative diseases, including Alzheimer's disease (AD)[22, 37]. It
is generally accepted that insults of various kinds can induce activation of astrocytes and
microglial, which leads to increased production of proinflammatory cytokines, such as IL-1f
and TNFa. In this study, we explored the possibility that IL-13 renders neurons vulnerable
by interfering with neurotrophin signaling. We demonstrate that IL-1 reduces the
neuroprotective capacity of BDNF in trophic support-deprived cells by impairing BDNF
activation of the survival promoting P13-K pathway. Our observations show that (1) IL-1p
alone does not affect the viability of neurons in agreement with previous reports [69], (2)
IL-1f interferes with neurotrophin signal transduction through effects on the P13-K/Akt and
Ras/MAPK pathways, (3) the cytokine suppression of signaling is localized to the
scaffolding proteins IRS and Shc that convey activation from the Trk receptors to the PI3-
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K/Akt and Ras/MAPK pathways, (4) IL-1f interference involves ceramide-mediated
processes, and (5) the cytokine suppresses drastically the activation of downstream targets,
such as the transcription factor CREB that is a point of convergence of signaling through the
Ras/MAPK and PI3-K/Akt pathways.

Our results complement and extend previous work on possible mechanism for the
interference by IL-1p with neuronal function and viability. While IL-1B can cause neuronal
toxicity in vivo after CNS damage, the cytokine is not directly neurotoxic to neurons in
culture, but exacerbates neuronal damage by other agents [58, 69]. For example, IL-13
increased excitotoxicity in vitro [39, 73] and in vivo [26]. IL-1p induced neurotoxicity in
vitro has been recently shown to be mediated by glia and requires free radical release and
caspase activation [69]. In an AD animal model, elevated IL-1 levels in the IL-1 receptor
antagonist knock-out mice increased the susceptibility of neurons to AB-induced injury [14].
Our observations that IL-1 alone did not affect the viability of neurons, but compromised
their BDNF-induced survival suggest, therefore, a subtle regulatory mechanism that may
contribute to increased neuronal vulnerability resulting from inflammation in the brain.

We observed that IL-1 caused an approximately 50% decrease in the BDNF rescue of
trophic support-deprived cells, while the suppression of the activation of certain key
components of BDNF signaling cascades was less (20-40%). We speculate that this decrease
is sufficient to reduce BDNF signaling below a neuroprotective threshold. The suggestion
has some precedents. Thus Poser et al [55] observed that cCAMP elevation decreases in
cortical neurons BDNF-induced PI3-K/Akt signaling by 40-50%, while BDNF protection of
serum-deprived cells is almost completely abolished. In Ts16 an approximately 30%
reduction in TrkB phosphorylation leads to about a 50% increase in the death of trophic
support-deprived neurons in the presence of BDNF, the suppression being comparable with
that elicited by TrkB antibodies that completely blocked BDNF signaling [17].

The present observation that BDNF protection of B27-deprived cells is mediated by the PI3-
K/Akt pathway is consistent with previous findings on serum-deprived cells [27]. IL-1
interfered with BDNF neuroprotection by affecting PI13-K/Akt signaling. However, IL-1 also
suppressed signaling through the Ras/ERK pathway that is critical for neuroprotection under
different experimental conditions, including exposure to toxic substances that cause DNA
fragmentation [27] or consequent to ischemic insults [63].

The BDNF-induced activation of the transcription factor CREB was very severely depressed
by IL-1. This may be related to the summation of the IL-1-induced decrease of BDNF
signaling through various pathways, including P13-K/Akt and Ras/ERK (e.g. [79]), which
converge at this transcription factor. Under our experimental conditions, 1L-1 alone had no
effect on the basal level of P-CREB. This is consistent with the finding of Srinivasan et al.
[64], who observed that IL-1f activation by CREB is transient, declining towards the basal
level by 30 min. In our studies the IL-1 preincubation time was 2 h. Under specific
conditions CREB can play a critical role in promoting the survival of various types of cells,
including neurons [27, 31, 45, 74, 75]. Recently, Willaime-Morawek et al. have shown that
CREB is not involved in the IGF-1-mediated attenuation of neuron loss induced by ceramide
treatment [79]. However, in addition to their role in promoting neuron survival under
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specific conditions, CREB and the Ras/MAPK pathway play essential roles in synaptic
plasticity, including learning and memory processes [1, 62, 66]. Taken together, these
findings are consistent with the view that IL-1 can compromise a broad range of BDNF-
mediated functions, ranging from synaptic plasticity to neuronal survival through the
regulation of multiple pathways.

The antiapoptotic effect of Akt may involve a great number of downstream effectors (e.g.
[10]), including the inhibition of the function of FOXO transcription factors that upregulate
key death genes, the activation of T-cell factor (TCF) via inactivation of GSK-3p, the
activation of NF-kappa B, inactivation of p53, and the prevention of the release of
cytochrome c from the mitochondria via Bag1-dependent phosphorylation of BAD [19].
One or more of these pathways may participate in the effect of IL-1p in compromising the
Akt-mediated BDNF survival signal and it will be interesting to elucidate their relative
contribution in future studies.

Our data demonstrated that IL-1f targets the scaffolding proteins that convey activation
from the Trk receptors to the PI3-K/Akt and Ras/ERK pathways. We also observed that
IL-1p interferes by the same mechanism with signaling of another neurotrophic factor NT-3
that under the experimental conditions exerted its action primarily through TrkC activation
(manuscript in preparation). Scaffolding proteins are also critically involved in the
regulation of insulin and IGF-1 signaling in both neurons and non-neural, peripheral tissues
[20, 33, 71, 81]. In neurons the wide-ranging nature of regulation at the level of the docking
proteins, such as IRS-1, is indicated by the observation that interference at the docking site
is not restricted to the effect of IL-1 on neurotrophin signaling in cerebral cortical cells. In
an earlier study Venters et al. [72] have shown that another proinflammatory cytokine,
TNFa interferes with signaling of a member of another trophic factor IGF-1 at the level of
IRS-2 in cerebellar granule cells.

Several potential intracellular signaling mechanisms may mediate the inhibition by IL-1f of
TrkB receptor activation of the docking proteins. Previously, it has been reported that in
peripheral tissues the second messenger ceramide, can trigger protein kinase cascades that
suppress insulin-IGF-1 signaling at the docking step [65, 81]. IL-1p -induced ceramide
signaling has also been demonstrated in neurons [16]. Warm-sensitive hypothalamic neurons
are rapidly hyperpolarized by IL-1p. This is mediated by the activation of Src family protein
tyrosine kinases, which is effected by neutral sphingomyelinase-generated ceramides. The
activation of neutral sphingomyelinase involves the recruitment of the scaffolding protein
MyD88 to the agonist-charged IL-1 receptor complex [60]. In the present study, we
observed the involvement of ceramide in IL-1p-mediated suppression of BDNF signaling.
The effect of the cytokine was blocked by inhibition of ceramide generation by both the de
novo pathway and neutral sphingomyelinase, but not acidic sphingomyelinase. It is
important to note that the level of ceramide increases in brain with age, injury and in certain
chronic neurological diseases and, thus may be a candidate to contribute to the suppression
of BDNF signaling after injury and chronic diseases. Further studies should address the
question of the mechanism of ceramide-induced attenuation of IRS and Shc activation by
neurotrophins. It is known that ceramides activate stress activated protein kinases through
different routes including pathways, which involve either PKC{ [5] or Rac-1 [5, 9] and

Neurobiol Aging. Author manuscript; available in PMC 2014 June 11.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tong et al.

Page 11

TRAF-6 [11] depending on the tissue. These kinases impair signaling through the docking
step (e.g. [81]) and are candidates for the IL-1 effect.

Previously we demonstrated that BDNF signal transduction and neuronal survival are also
suppressed in the presence of the B-amyloid peptide (AB1-42) [70]. Like IL-1B, AB impaired
BDNF activation of the P13-K/Akt and Ras/MAPK pathways and suppressed the activation
of transcription factors, such as CREB and Elk-1, and transcription mediated by these
factors. In addition, the regulatory mechanism elicited by Af involved the docking proteins
IRS-1 and Shc. Exposure of cultured neurons to Af} evokes an increase in ceramide levels
[15]. Further, aggregated AP can directly activate neutral sphingomyelinase [24] and soluble
AP oligomers activate both the neutral and the acidic sphingomyelinase [40]. Thus ceramide
may be a common intracellular signal mediating both the action of IL-1f and Ap on BDNF
signaling.

The suppression of BDNF/neurotrophin signaling has a parallel in the concept of insulin
resistance. It is well know that proinflammatory cytokines, such as IL-1 can compromise
insulin/IGF-1 signaling in a variety of peripheral tissues [65, 78, 81], a condition referred to
as “insulin resistance”. The mechanism involves a suppression of the activation of the
docking proteins [81]. It has also been shown that the IGF-1-promoted survival of cerebellar
granule cells is compromised by the proinflammmatory cytokine TNFa by suppressing the
activation of the docking protein IGF-2 [72]. Thus like insulin resistance in peripheral
tissues and a similar resistance to IGF-1 in cerebellar neurons there may be a mechanism of
resistance to neurotrophins in the brain, predisposing neurons to dysfunction and placing
them at increased risk for functional defects and degeneration. Insulin resistance progressing
to type 2 diabetes is an age-related disorder. In age-related diseases of the nervous system,
including AD, neuronal dysfunction may precede the onset of degeneration and
development of pathology. For example, AD is characterized by a progressive decline in
cognitive functions that occurs prior to the formation of plaques and neurodegenerative
changes [32, 38, 47, 49]. Furthermore, synaptic dysfunction in both the AD brain and in
animal models of AD are impacted before the accumulation of hallmark pathological lesions
[for review 61], suggesting that non-degenerative mechanisms may contribute to cognitive
decline. It is possible that cognitive decline is linked in part to mechanisms involving
interference with neurotrophin/insulin/IGF-1 signaling via early development of
inflammation and the accumulation of select assembly states of Ap (e.g., oligomeric AB).
Thus while insulin resistance is associated with inflammation and increased risk for type Il
diabetes, “neurotrophic factor resistance” may be associated with elevation of
proinflammatory cytokines and A that compromise neurotrophin, IGF-1 and insulin
functions and give rise to increased risk for cognitive decline and neuronal degeneration in
AD.
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Fig. 1. A, IL-1B abrogates BDNF protection of cortical neurons from trophic support
deprivation-induced cell death

The serum-free “trophic” medium, containing B-27, was removed from cultures and after a
DMEM wash, cultures were incubated for 36 h in DMEM in the presence or absence of
BDNF (10 ng/ml) £ IL-1B (50 ng/ml). When IL-1p was added, there was a 1 h preincubation
period in the presence of the cytokine before the removal of the B-27-containing medium. In
controls, the B-27-containing medium was removed, but replaced, after a DMEM wash,
with B-27-containing medium. Cell survival was assayed by MTT assay; data are mean £
S.E. (n=3). B, The effect of IL-1  on neuroprotection by BDNF is concentration-
dependent. In both A. and B., significance (p<0.05) was determined by ANOVA (with
Fisher's PLSD as the post hoc test) in comparison with either the control cells or neurons
treated with BDNF alone (*).
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Fig. 2. Activation of the PI3K pathway by BDNF is required for BDNF-mediated
neuroprotection
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Experimental conditions of deprivation from trophic support were done as described in the
legend of Fig. 1. Inhibitors of the PI3-K/Akt and Ras/MAPK pathways, LY 294002 (30 pM)
and PD98059 (40 uM) respectively, were added to the cultures 30 min prior to the BDNF

treatment. Cell survival was assayed by MTT assay; data are mean £ S.E. (n = 3).

Significance (p<0.05) determined by ANOVA (with Fisher's PLSD as the post hoc test) in
comparison with either control cells or cultures treated with BDNF only is indicated (*).

Neurobiol Aging. Author manuscript; available in PMC 2014 June 11.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tong et al.

Page 19

A B
1.2 4
IL-1B - -+ =1
BDNF -+ 4+ T 081
'_3 0.6
P-Akt — T w— £
2 04
T- Akt — T S — 0z
0
BDNF BDNF, 1L-1
C D
IL-1B C + - IL-1PB - - 24h
BDNF -7 BDNF -+ o+
P-Akt — -— P-Akt = _— -
TAKt — - —— TAKE ey ———
E F
1.2
IL-1RA = - - + 1 I
E - - + o+ 2
IL-1p = 0.8
BDNF - + o+ § ‘
£ 06 :
P-Akt — —— e —— % 0.4 -
3 o
T-Akt — GEES G S S %
0= - T
BDNF BDNE, 1L-1 BDNFE, 1L-1

IL-IRA

Fig. 3. IL-1pB pretreatment decreased BDNF-induced Akt activation
A, Exposure to BDNF (10 ng/ml, 10 min) increased the amount of P-Akt. Pretreatment with

IL-1B (50 ng/ml) suppressed the effect of BDNF on P-Akt, without influencing total Akt (T-
Akt) content. B, Quantification of the blots corresponding to that shown in A. Unless
otherwise indicated, here and in the other legends, the quantification data for Western blots
are expressed relative to the estimates in the BDNF-treated cultures (n =3) and significance
(p<0.05) is indicated by *. C, Exposure to IL-1p for 2 h had no significant effect on the level
of activated Akt. The competence of the cells is indicated by the elevation of P-Akt content
induced by BDNF (10 ng/ml, 10 min). D. The effect of 24 h pretreatment with IL-1p was
similar to that of 2 h exposure. E, IL-1ra blocks the suppression by IL-1f of BDNF-induced
activation of Akt. F, Quantification of the blots corresponding to E.
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Fig. 4. Treatment with 1L-1f decreases the BDNF-induced activation of MAPK/ERK, CREB, but
not PLCy
A, Pretreatment with IL-1B (50 ng/ml) for 2 h decreased phosphorylated MAPK/ERK (P-

MAPK) levels in cultures stimulated with BDNF(10 ng/ml, 10 min), without influencing
total MAPK/ERK (T-MAPK) content. The cytokine on its own did not increase P-MAPK
levels (hot shown). B, Quantification of blots corresponding to A (n=3). C, Western blots
show that exposure to IL-1B (50 ng/ml, 2 h) had no significant effect on the level of
activated MAPK/ERK. Cells treated with BDNF (10 ng/ml, 10 min) served as positive
control. D, BDNF (10 ng/ml, 10min) -induced tyrosine phosphorylation of PLCy is
unaffected by IL-1f. Tyrosine phosphorylation of PLCy was examined by
immunoprecipitation (IP), followed by Western blotting (WB), as described in Methods.
BDNF-induced PLCy phosphorylation was not influenced significantly by IL-10
pretreatment; in terms of phosphorylated PLCy levels obtained in the BDNF-exposed
cultures, the estimate in the IL-1p-treated cultures was 93.1 £ 5.6% (n = 3). Total PLCy
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estimated from cell lysates was not influenced by IL-1p. E, pretreatment with IL-1p at the
concentrations used at =5 ng/ml for 2 h compromised the increase in the BDNF-induced
level of phosphorylated CREB (P-CREB), but had no effect on total CREB (T-CREB)
levels. Note that IL-1p on its own had no significant effect on the basal level of P-CREB. F,
Quantification of the effect of IL-1p on CREB activation.
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Fig. 5. IL-1B does not interfere with BDNF-induced activation of TrkB
A, Immunocytochemical detection of TrkB receptors using specific antibodies (red) (a).

Neurons were identified using MAP-2 antibodies (b) (green). The merged images (orange)
(c) show that almost all neurons express TrkB receptor. In independent experiments (not
shown), an additional staining with Hoechst 33342 dye showed that virtually all the live
nerve cells expressed TrkB receptors. B TrkB receptors on the neurons are functionally
active. Under basal conditions, P-CREB staining using an antibody recognizing Ser-133-
phosphorylated CREB was very weak (b), and BDNF (50 ng/ml, 10 min) caused a great
increase in immunostaining in virtually all cells (d) (BDNF at 10 ng/ml also induced a
similar marked increase in P-CREB labeling in almost all the cells; not shown). Phase
contrast images of the corresponding fields are shown in (a) and (c). Magnification: X200.
C, Phosphorylation of TrkB was examined using Western blotting with an antibody against
Trk phosphorylated at Tyr-490 (P-TrkB). Pretreatment with 50 ng/ml IL-1$ had no
significant influence on the BDNF-induced P-TrkB content: in terms of P-TrkB levels
obtained in the BDNF-exposed culture, the estimate in the IL-15-pretreated cells was 98 £
4.5% (n=3).
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Fig. 6. IL-1p interferes with BDNF-induced phosphorylation of the docking proteins IRS-1 and
Shc

A, IL-1 pretreatment (50 ng/ml, 2 h) decreased BDNF-induced level of Tyr-phosphorylated
IRS-1 analyzed by immunoprecipitation with an IRS-1 antibody, followed by Western
blotting with anti-phosphotyrosine antibody (top panel) and with anti-IRS-1 antibody
(bottom panel). B, Quantification of blots corresponding to A (n=3). C, IL-1 pretreatment
(50 ng/ml, 2 h) decreased BDNF-induced increase in the association between PI3-K and
IRS-1 analyzed by immunoprecipitation with an IRS-1 antibody followed by Western
blotting with anti-P13-K antibody (top panel) and with anti-IRS-1 antibody (bottom panel).
D, Quantification of blots corresponding to C (n=3). E, IL-1f pretreatment (50 ng/ml, 2 h)
decreased BDNF-induced levels of Tyr-phosphorylated Shc isoforms analyzed by
immunoprecipitation with an Shc antibody, followed by Western blotting with anti-
phosphotyrosine antibody (top panel) and with anti-Shc antibody (bottom panel). The
isoforms are indicated as a, b and ¢ (approximate molecular weights, kDa: 66, 52 and 46,
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respectively). F, Quantification of the effects of pretreatment with IL-1p on Shc activation
(n=3).
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Fig. 7. Inhibitors of ceramide synthesis attenuate the inhibition by IL-18 of BDNF signaling
A, The de novo pathway inhibitor FB1 (5 uM) attenuated the suppression by IL-1p (50

ng/ml) of Akt activation induced by BDNF (10 ng/ml). B, Quantification of the effect of
FB1. Significance (p<0.05) is indicated here and in Fig. 7D and F by * in comparison with
IL-1B-pretreated cultures stimulated by BDNF (BDNF+IL-1B. C, Another inhibitor of the de
novo pathway myriocin (ISP-1; 50 nM) or the neutral sphingomyelinase inhibitor
glutathione (GSH; 2 mM) attenuated IL-13-mediated suppression of BDNF-induced CREB
phosphorylation. D, Quantification of blots corresponding to that shown in C. E, the neutral
sphingomyelinase inhibitor GW4869 (10 uM) attenuated IL-1p-mediated suppression of
BDNF-induced CREB phosphorylation. F, Quantification of the blots corresponding to that
shown in E.
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Fig. 8. Inhibitors of ceramide synthesis attenuate the inhibition by IL-18 of BDNF-mediated
neuroprotection
The de novo pathway inhibitor ISP-1 (ISP, 100 nM) and the neutral sphingomyelinase

inhibitor glutathione (GSH, 2 mM) attenuated IL-1B-mediated suppression of BDNF (10 ng/
ml)-mediated protection of cortical neurons from trophic support deprivation-induced cell
death. The acidic sphingomyelinase inhibitor desipramine (DES, 10 uM) had no effect on
the action of IL-1p. Experimental conditions were as described in Fig. 1. When inhibitors of
ceramide synthesis were employed, they were added to the cultures 30 min before exposure
to IL-1B (50 ng/ml). Cell survival was assayed using the MTT assay; data are mean + S.E. (n
= 3). Significance (p<0.05) determined by ANOVA (with Fisher's PLSD as the post hoc
test) in comparison with cultures treated with BDNF in the presence of IL-1p (*).
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Fig. 9. Treatment with the ceramide analogue C2-ceramide decreased BDNF-induced Akt
activation and neuroprotection

A, Phosphorylated Akt (P-Akt) levels were determined with an antibody specific to Akt
phosphorylated at Ser-473 (P-Akt). Exposure to BDNF (10 ng/ml, 10 min) increased the
amount of P-Akt. Pretreatment with the cell-permeable C2-ceramide at 10 pM for 2 h
suppressed the effect of BDNF on P-Akt, but had no effect on total Akt (T-Akt) levels. C2-
ceramide on its own had no significant effect on P-Akt content. B, Quantification of the C2-
ceramide effect. C, C2-ceramide at 10 uM abrogates BDNF protection of cortical neurons
from trophic support deprivation-induced cell death. The experiment conditions were as
described in Fig. 1. Cell survival was assayed using the MTT assay; data are mean £ S.E. (n
= 3). Significance (p<0.05) determined by ANOVA (with Fisher's PLSD as the post hoc
test) in comparison with control (B-27) or BDNF-treated cultures (*).
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