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Abstract

Interleukin (IL)- 18 is a cytokine previously demonstrated to participate in neuroinflammatory
processes. Since the components of the I1L-18 receptor complex are expressed in neurons
throughout the brain, 1L-18 is also believed to directly influence neuronal function. Here we tested
this hypothesis on mouse hippocampal neurons by measuring the effects of IL-18 on three
pathways previously shown to be regulated by this cytokine in non-neuronal cells: the MAPK
pathways, p38 and ERK1/2 MAPKSs, STAT3 and NF-xB. Experiments were carried out /n vitro
using the immortalized hippocampal neuronal line HT-22 or /n vivo following i.c.v. injection with
recombinant mouse IL-18. We showed that IL-18 did not activate NF-xB in HT-22 cells whereas it
induced a rapid (within 15 minutes) activation of the MAPK pathways. Moreover, we
demonstrated that 1L-18 treatment enhanced P-STAT3 (Tyr705)/ STAT3 ratio in the nucleus of
HT-22 cells after 30-60 minutes of exposure. A similar increase in P-STAT3 (Tyr705)/ STAT3
ratio was observed in the whole hippocampus one hour after /.c.v. injection. These data
demonstrate that IL-18 can act directly on neuronal cells affecting the STAT3 pathway; therefore,
possibly regulating the expression of specific genes within the hippocampus. This effect may help
to explain some of the IL-18- induced effects on synaptic plasticity and functionality within the
hippocampal system.
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1. INTRODUCTION

Interleukin (IL)- 18 is a pleiotropic cytokine belonging to the IL-1 family that has several
established roles both in innate and adaptive immune responses (Nakanishi et al., 2001).
IL-18 mediates a variety of effects in virtually every organ system of the body by interacting
with its heterodimer receptor (IL-18R) that consists of a subunit a (type I IL-18Ra.,
required for binding), and a subunit g (full-length IL-18Rp, responsible for signal
transduction) (Sergi and Pentilla, 2004). Besides the periphery, and the cells of the immune
system, the IL-18/ IL-18R system is expressed and active also in the brain in both glia cell
populations (including microglia, astrocyte and ependymal cells) and neurons. Interestingly,
the central action of 1L-18 appears to be tightly regulated. Indeed, aside the first
characterized negative regulator of IL-18- mediated actions, the IL-18 binding protein (BP)
(Novick et al., 1999), a short transcript IL-18Ra that lacks the TIR domain (type I1
IL-18Ra) and a soluble form IL-18RB (small IL-18Rp) exists (Alboni et al., 2009; Alboni
etal., 2011).

In the last few years it has been demonstrated that the IL-18/ IL-18R system may have
broad-ranging actions in the healthy as well as the pathological brain (Alboni et al., 2010).
On the “physiological” side, it has been reported that this cytokine affects neuronal
differentiation, survival and synaptic plasticity. Liu and colleagues reported that IL-18 may
reduce survival and attenuate neuronal cell fate in cultured embryonic rat-derived neuronal
progenitor cells (Liu et al., 2005). However, very recently it has been demonstrated that
hippocampal levels of IL-18 correlate positively with hippocampal neurogenesis following
physical exercise in aging rats (Speisman et al., 2013). Moreover, the role of IL-18 in
synaptic plasticity in the dentate gyrus (DG) of the hippocampus system has been
demonstrated (Curran and O’Connor, 2001; Cumiskey et al., 2007; del Rey et al., 2013).
Beside its role in long-term potentiation (LTP), this pro-inflammatory mediator is involved
in certain types of learning. A role for IL-18 in favoring spatial memory was described by
Yaguchi and co-workers (2010) while very recently it has been demonstrated that during
learning the expression levels of 1L-18 increase in the dorsal hippocampus, a possible key
event promoting spatial memory (del Rey et al., 2013). On the “pathological” side, a lot of
literature reported the involvement of IL-18 in neuropathological conditions. These include
neuroinflammatory (Abdul-Careem et al., 2006; von Giesen et al., 2004) and autoimmune
diseases (Huang et al., 2004; Losy and Niezgoda, 2001) as well as neurodegenerative (Bossu
et al, 2008; lannello et al, 2009; Sugama et al., 2004; Sutinen et al., 2012) and
neuropsychiatric disorders (Haastrup et al., 2012; Kroes et al., 2006; Lu et al., 2004; Kokai
et al, 2002; Shelton et al., 2011). Indeed, increased levels of 1L-18 were found in the
presence of cognitive dysfunction (Ozturk et al., 2007; Kumar et al., 2007) and for
Alzheimer’s disease the 1L-18 levels correlate with cognitive decline (Bossu et al 2008),
providing evidence linking IL-18 also to cognitive impairment. Moreover, IL-18 actions
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shift from promoting neuroinflammation and/or neurodegeneration to promoting
neuroprotection; for example, after kainic acid administration or following status epilepticus
(Andoh et al., 2008, Jung et al., 2012, Ryu el al., 2010, Yaguchi et al., 2010, Zhang et al.,
2007), demonstrating that IL-18/ IL-18R system act within the brain in a more complex way
than simple disease-promoting or inhibiting and that its outcomes depend on the
concentration, cell targets, stimulus duration as well as other disease-associated factors.

Nevertheless, despite the suggested key role for IL-18 in participating in the brain function
and dysfunction, the I1L-18 system has been poorly studied in brain and the molecular
mechanisms through which IL-18 may regulate CNS functions remain largely unknown. The
initiating signaling pathways that ultimately lead to IL-18-mediated effects in the brain and
in particular in neurons are poorly explored. Indeed, while IL-18 signaling has been
extensively studied in immune cells, signaling events activated through IL-18/ IL-18R in
neuronal cells may differ from those activated in cells of the immune system, thus leading to
transcriptional modification characteristic of the brain. Within the brain, the hippocampus is
particularly vulnerable to inflammatory challenge and plays a key role in regulating many
functions impaired in central nervous system diseases (including neurodegenerative and
psychiatric diseases). Therefore, the present study was designed to investigate the signaling
triggered by 1L-18 particularly in the hippocampus given the role played by this cytokine in
this brain area. Experiments were performed on the hippocampal neuronal cell line HT-22,
or in vivo after intracerebroventricular (i.c.v.) injection of 1L-18. HT-22 cells are an
immortalized hippocampal cell line (Davis and Maher, 1994) often used as an hippocampal
cell model to investigate molecular mechanisms underlying neurotoxic, or even
neuroprotectiv effects induced by different stimuli (including cytokines) in this area (Hu et
al., 2009; Pace et al 2011; Schmidt et al 2005). These cells could provide a simple and useful
tool to explore the molecular events triggered by 1L-18 in hippocampal neuronal cells and
their physiological and pathological significance. Moreover, in vivo, i.c.v., studies were
performed to explore the signaling pathway triggered by IL-18 in a non-homogeneous
population. Indeed, the hippocampal system is formed by phenotypically different cells that
include neurons but also glia cells. Treatments were followed by evaluation of the state of
signaling pathways that has been demonstrated to be activated by IL-18 in peripheral (i.e.
immune) cells, in particular the nuclear factor xB (NFxB), but also Mitogen Activated
Protein Kinase (MAPKSs) p38 and Extracellular Regulated Kinases (ERK1/2) and Signal
Transducer and Activator of Transcription (STAT)-3 (Fortin et al., 2009; Lee et al., 2004;
Matsumoto et al., 1997; Morel et al., 2001; Kalina et al., 2000; Kroeger et al., 2009; Olee et
al., 1999; Reddy et al., 2010; Sahar et al., 2005; ; Tsuji-Takayama et al., 1999; Yu et al.,
2012).

METHODS

2.1 Cell culture and treatment

The mouse clonal hippocampal neuronal cell line HT-22 was a generous gift from Dr
Pamela Maher (The Salk Institute for Biological Studies, La Jolla, San Diego, CA). Cells
were maintained at 37°C and 5% CO, in complete medium containing DMEM high glucose
supplemented with 10% heat-inactivated (56°C, 30 min) fetal bovine serum
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(FBSEuroclone® Italy, Milan), 50 U/ml penicillin, 50mg/ml streptomycin and passed by
tripsinization. Cells (2x108) were seeded into Petri dishes and grown for 20-24 h until 70-
80% confluent for protein analysis. For gene expression analysis cells were plated at a
density of 1x106 cells per well on 6-well plates in 1 mL of complete medium and treated the
day after plating. Treatments for protein analyses were performed using 100 ng/ml of I1L-18
mouse recombinant (Immunological Sciences®, Rome, Italy) after 5, 15, 30 and 60 minutes,
while the control group (0 min) received phosphate-buffered saline (PBS). Three
independent experiments were performed. The dose was decided after preliminary titration
tests and according to published works (Kalina et al., 2000; Nakahira et al., 2002; Sugimoto
et al., 2003).

2.2 Animals

Adult male C57BL/6J (JAX Laboratories) mice of 8 weeks of age were used in this study.
Animals were housed in polycarbonate cages (28 x 17 x 12 cm) with ad libitum access to
food and water throughout the study, and maintained under a 12:12 light-dark cycle in an
ambient temperature of 21 + 3 °C with relative humidity controlled. Animals were checked
for signs of discomfort as indicated by animal care and use guidelines [National Academy of
Sciences. Guide for the care and use of laboratory animals, 1998, “Guidelines for the Care
and Use of Mammals in Neuroscience and Behavioral Research” (National Research
Council 2003)]. EC guidelines (EEC Council Directive 86/609 1987), Italian legislation on
animal experimentation (Decreto Legislativo 116/92) were followed throughout the whole
experiment. Procedures adhered to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by The Scripps Research Institute Animal
Care and Use Committee.

2.3 Surgery and i.c.v. injection

Intracerebroventricular (i.c.v.) administration of I1L-18 was performed through a lateral
ventricular guide cannula stereotaxically secured at anterior/posterior —0.34 from Bregma
and ventral —1.7 from dura (Franklin and Paxinos, 2001). Recombinant endotoxinfree mouse
IL-18 was obtained commercially (BioSource International, Camarillo, CA, USA). Twenty-
five pg of 1L-18 was dissolved in 12.5 pL normal artificial cerebrospinal fluid (aCSF: NaCl
126 mM, KCI 3.5 mM, CaCl, 2 mM, MgSO4 1 mM, NaH,PO4 1.25 mM, NaHCO3 26 mM,
and glucose 10 mM (pH 7.4)). Bilaterally, one L of this mrIL-18 solution (N= 3) or vehicle
(aCSF alone) (N= 3) was injected (1.0 pL/min) (2.48 nmol/mouse) four days after surgery.
One hour after injection, animals were sacrificed and the brain regions rapidly dissected as
previously described (Blom et al. 2006). All tissues were stored at —80°C.

2.4 RNA extraction and RT-PCR

Total RNA extraction and DNAse treatment were performed as previously described (Alboni
etal., 2013): 1 ug of total RNA was reverse transcribed with High Capacity cDNA Reverse
Transcription Kit (Life Technologies Corporation, Carlsbad, CA, USA) in 20 uL of reaction
mix.
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2.5 Real Time RT-PCR

2.6 Protein

Real Time PCR was performed in ABI PRISM 7900 HT (Applied Biosystems) using Power
SYBR Green mix (Applied Biosystems) as previously described (Benatti et al., 2011). The
following primer pairs were used for the 1L-18\ IL-18R system: 1L-18 forward: TGA AGA
AAA TGG AGA CCT GGA, IL-18 reverse: GGC TGT CTT TTG TCA ACG AAG (NCBI
GenBank accession number: NM_008360); IL-18BP forward: TGC CAC TGA ATG GAA
CTC TG; IL-18BP reverse: CTG GGA GGT GCT CAA TGA AG (NCBI GenBank
accession number: NM_010531); type | IL-18Ra forward: GAG TAACTG TGC TTG TTC
TCG CCT CTG T, type | IL-18Ra reverse: GGG TAA CGT CTC CAC ACG AAA AGT AT
(NCBI GenBank accession number: NM_008365), type Il IL-18Ra forward: GGC ACC
CTA GCT CAT GTT TT; type Il IL-18Ra reverse: AAC GAG GCT CAG AGATCA TTA
GT (NCBI GenBank accession number: BC023240); full-length (canonical) IL-18Rp
forward: CCT ATC TGA TGT CCA GTG GT; full-length (canonical) IL-18Rp reverse:
GGG GGC TCC TAATTC TGG G; short IL-18Rp forward: CCT ATC TGA TGT CCA
GTG GT; small IL-18Rp reverse: GTC CTG TGA GCA CTT GTC TA (NCBI GenBank
accession number: NM_010553). The cycling parameters were: 95°C 10 min and 95 °C 15
s, 60° 1 min for 40 cycles. Single PCR products were subjected to a heat dissociation
protocol (gradual increase of temperature from 60°C to 95 °C) and to agarose gel separation
to verify the absence of artifacts, such as primer-dimers or non-specific products. Direct
detection of PCR products was monitored by measuring an increase in fluorescence intensity
caused by binding of SYBR GREEN I dye to neo-formed double strand DNA during the
amplification phase. Ct (cycle threshold) values, obtained by an interpolate study, were
determined by the SDS software 2.2.2 (Life Technologies Corporation, Carlsbad, CA, USA).
The relative quantification of 1L-18 and IL-1p mRNAs was analyzed by the AACt method
using as calibrator average of the IL-18 levels. The mRNA levels of the target genes were
normalized on the intensity of the housekeeping gene, cyclophilin A (NCBI GenBank
accession number: NM_008907.1). For an appropriate application of comparative AACt
method, it was demonstrated that the amplification efficiency of the target gene and
endogenous control gene was approximately equal. Each cDNA sample was run in triplicate
and the mean values were used to calculate the gene expression levels.

extraction

Hippocampus was homogenized by potter (12 stroke at 600 rpm) in lysis buffer as
previously described (Alboni et al., 2011b). For protein extraction HT-22 cell monolayers
were rinsed 2 times with 1X PBS and then harvested and pelleted by centrifugation 5 min at
3,000 x g 4°C. After removing PBS, cells were resuspended in 150 uL of omogenization
buffer (OB) containing Hepes 20 mM, Sucrose 250 mM, KCI 10 mM, MgCI2 1.5 mM,
EDTA 1 mM, EGTA 1 mM, Dithiothreitol 1 mM, Sodium Pyrophosphate 5 mM, NaF 20
mM, NazVO4 1 mM, and Complete 1X Protease Inhibitor Cocktail Tablets (Roche,
Germany) and chilled on ice for at least 30min. Cells were then homogenized with 40
strokes in a Dounce homogenizer (loose pestle) (Incofar, Italy). The homogenates were
centrifuged at 900 x g 5min 4°C and the supernatants saved as cytosolic extracts. The
nuclear pellets were washed in OB buffer and then resuspended in 100 pL of OB buffer.
Nuclei were left for 30 minutes on ice and then homogenized with 40 strokes in a Dounce
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homogenizer (tight pestle). The samples were then subjected to centrifugation at 14,000 rpm
at 4°C for 10min. These supernatants contained nuclear proteins. Protein concentration of
the extracts was determined using standard protocol Coomassie® reagent (Pierce). Cytosolic
and nuclear fractions were stored at —20°C.

2.7 Western Blot analysis

For hippocampus, western blots were carried out on 20 ,,g total extract whereas and protein
analysis included STAT-3, Phospho (P)-STAT3 (phosphorylated at) Ser727, PSTAT3 Tyr705,
P-p38, p38, P-ERK 1/2, ERK 1/2, P-NF-xB Ser536, NF-xB and p-Tubulin. For HT-22 cells
western blots were carried out on 15 g of cytosolic extract, for STAT3, STAT3 Tyr705, P-
STAT3 Ser727, P-p38, p38, P-ERK 1/2, ERK1/2 MAPK, P- P-NF-xB Ser536 and NF-xB
detection. P-STAT3, STAT3, P-NF-xB Ser536 and NF-xB protein levels were also measured
on 15 ug of nuclear enriched extracts. Cytosolic or nuclear extracts were mixed with sample
buffer just before the SDS-PAGE. Electrophoresis was performed using Bio-Rad Protean I11
mini-gel apparatus with 10% polyacrylamide gel run at 200 V for 45 min. Proteins were
transferred to PVDF membranes (Amersham®) using Bio-Rad trans-blot apparatus at 100 V
for 75 min. The membranes were blocked for 1 h with 5% non-fat dry milk in Tris- buffered
saline (TBS)- 0.1% Tween-20 followed by incubation, overnight at 4 °C, with primary
antibodies: anti-STAT3 (STAT3 rabbit polyclonal antibody, Cell Signaling®, #9132) 1:1000
in PAD; anti-P-STAT3 Ser727 (Phospho-STAT3 Ser727 rabbit polyclonal antibody, Cell
Signaling®, #9134) 1:1000 in PAD; anti-P-p38 (Phospho-p38 MAPK-thr180 tyr182 rabbit
polyclonal antibody Tyr180/Tyr182, Cell Signaling®, #9211) 1:1000 in Primary Antibody
Dilution (PAD) buffer (1X TBS, 0.1% Tween-20, with 5% BSA); anti p38 (p38 MAPK
rabbit polyclonal, Cell Signaling®, #9212) 1:1000 in PAD; anti-P-ERK1/2 MAPK
(Phospho-ERK1/2 MAPK-thr202 tyr204 mouse monoclonal antibody, Cell Signaling®,
#9106) 1:1000 in PAD; anti-ERK1/2 MAPK (p44/42 MAPK- rabbit polyclonal antibody,
Cell Signaling®, #9102) 1:1000 in PAD; anti-P-NF-xB Ser536 (Phospho-NF-xB p65
Ser536 rabbit monoclonal antibody, Cell Signaling®, #3033) 1:500 in PAD; anti-NF-xB
(NF-xB p65 rabbit polyclonal antibody, Abcam®, ab7970) 1:500 in Blocking-Buffer; anti-
B-tubulin (B-tubulin rabbit polyclonal antibody, Santa Cruz D-10 TEBU-Bio, sc-5274)
1:2000 in Blocking-Buffer. To clean PSTAT3 Tyr705 signal, the blocking section was
carried out overnight and the anti-phospo-STAT3 Tyr705 1:1000 in PAD (anti-phospho-
STAT3 Tyr705 rabbit polyclonal antibody, Cell Signaling®, #9131) incubation time for 2 h
at room temperature. After multiple washings membranes were incubated 1 h at RT with
secondary antibodies in BlockingBuffer: anti-rabbit 1gG-HRP-linked (Cell Signaling®,
#7071) 1:10 000 for STAT3, P-STAT3 Tyr705, P-STAT3 Ser727, p38, ERK 1/2, P-NF-xB
Ser536, NF-xB and B-tubulin, 1:5000 for P-p38; anti-mouse 1gG-HRP-linked (Santa Cruz®,
sc-2005) 1:5000 for P-ERK 1/2. After 3 washing steps, bands were detected using
Immobilon Western Chemiluminescent HRP (Millipore®). The protein levels were
calculated by measuring the peak densitometric area of the autoradiography analyzed with
an image analyzer (GS-690 BIORAD). Each western blot analysis were repeated at least
twice. Phosphorylated and un-phosphorylated proteins were run and detected on the same
blot after stripping. The optical densities (OD) of P-p38 MAPK, p38 MAPK, P-ERK1/2,
ERK1/2 MAPK, P-STAT3s, STAT3 and NF-xB signals were normalized according to the
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OD of B-tubulin or the OD of phospho-protein were normalized also with the respective OD
of un-phosphorylated protein. Ratios were expressed as percentage of control + S.E.M.

2.8 Statistical analysis

Statistical analyses were performed using Student’s t test for ex vivo i.c.v. experiments and
one-way analysis of variance (ANOVA) for /n vitro experiments. These analyses were
followed by planned pairwise post-hoc comparisons (Dunnett) against the control group for
multiple comparisons between different time points. Values were expressed as percentage
with respect to controls + SEM (Standard Error of the Mean). All differences were
considered statistically significant if p< 0.05.

3. RESULTS
3.1 HT-22 cells expressed the IL-18/ IL-18R system

We first characterized the clonal murine hippocampal cell line HT-22 for the expression of
the entire IL-18\ IL-18R system by real-time PCR. We found that this line constitutively
expressed IL-18, type | IL-18Ra, type Il IL-18Ra, full-length IL-18R, the small IL-18Rp
and IL-18BP transcripts in HT-22 cells (Tab. 1). IL-18 and its natural inhibitor 1L-18BP
were expressed at similar level in HT-22 cells at basal conditions when comparing each
other. Measurement of IL-18Ra isoforms showed that both were low expressed but the
truncated isoform was expressed at higher levels than the canonical isoform (ct mean + SEM
36.52 + 0.29 for type | IL-18Ra and 32.70 £ 0.50 for type Il IL-18Ra.). Basal levels of full-
length 1L-18Rp were higher if compared to those of its truncated isoform, small IL-18Rp, in
HT-22 cells. In particular, our data showed th e highest expression levels for the full-length
IL-18Rp among the components of IL-18 system tested (ct mean 23.91 + 0.12), thus
comparing full-length IL-18Rp transcript levels to those of type | IL-18Ra (the two canonic
chains of the IL-18R) we observed that the full-length IL-18Rp/type I IL-18Ra ratio was
very high (data not shown). Finally in HT-22 cells grown in standard conditions the
expression levels of IL-18 mRNA were significantly higher (¢= —28,73476; p < 0.00001)
than those of IL-1p mRNA (data not shown).

3.2 Mouse recombinant (mr) IL-18 treatment did not activate NF-xB in HT-22 cells

Nuclear factor-xB (NF-xB) is a protein complex that controls the transcription of genes
codifying for proteins that regulate inflammation and immune responses but also cell
proliferation and apoptosis. NF-xB is retained in a latent state in the cytoplasm by specific
inhibitory proteins of the IxB family. In response to a variety of stimuli including pro-
inflammatory cytokines and bacterial lipopolysaccaride, IxB proteins are degraded and the
free NF-xB translocates to the nucleus where it initiates gene transcription (Lappas et al.,
2002; Li and Verma, 2002; Natoli et al., 2005). Different evidence demonstrated that I1L-18
activates NF-xB in several types of peripheral cells like immune cells (Matsumoto et al.,
1997; Tsuji-Takayama et al., 1999; Yu et al., 2012; Fortin et al., 2009), chondrocytes (Olee
et al., 1999) and fibroblasts (Morel et al., 2002). Considering these data, we wanted to
examine first whether NF-xB could be activated in the clonal murine hippocampal HT-22
cells 5, 15, 30 and 60 minutes after mrlL-18 (100 ng/mL) treatment. Western blot analysis
showed no difference in the level of NF-xB protein in the cytoplasmic or in the nuclear

Brain Behav Immun. Author manuscript; available in PMC 2018 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Silvia et al.

3.3

3.4

Page 8

fractions at any of the time-points investigated (Fig. 1). We also found that IL-18 had no
effects on levels of NF-xB phosphorylation at ser536 (P-NF-xB Ser536), a modification
able to modulate the transactivation of this transcription factor (Buss et al., 2004; Viatour et
al., 2005) (Fig. 1).

IL-18 treatment affected p38 and Erk1\2 MAPK pathways in HT-22 cells

P38 and Erk1\2 belong to a system of intracellular components known as mitogenactivated
protein kinase (MAPK) signaling cascade that governs a diverse array of cellular processes
including cell proliferation, differentiation and development. At least two independent
groups showed that IL-18 can also activate p38 and Erk1\2 MAPKSs in immune and
epithelial cells (Lee et al., 2004; Arend et al., 2008). Here we tested whether the same
effects could be seen in HT-22 cells treated with rmIL-18 (100 ng/ml) for 5, 15, 30 and 60
minutes. We observed a main effect among the time-point tested for the Pp38/p38 ratio [one-
way ANOVA F(4;29) = 6,398, p=0.001] in the cytoplasmic fraction (Fig. 2A and 2B). In
particular, post hoc Dunnett test revealed that P-p38 protein levels increased 5 minutes
following the treatment (p = 0.003) (Fig. 2A and 2B). Furthermore, we found a significative
effect of 1L-18 treatment on P-ERK1/ERK1 ratio [One-way ANOVA: F(4;14) = 4,220, p=
0.029] (Fig. 2C and 2D) as well as for P-ERK2/ERK2 ratio [F (4;14) = 19,746, p=0.000]
(Fig.2 and 2F) in the cytoplasmic fraction. Interestingly, post hoc Dunnett analysis
demonstrated that 1L-18 treatment enhanced P-ERK2 protein levels above those of total
ERK2 after 5 minutes (o= 0.004) and 15 minutes (p = 0.034) with respect to the control
group (Fig. 2E and 2F).

IL-18 treatment enhanced P-STAT3 (Tyr705)/ STAT3 ratio in the nucleus of HT-22 cells

STAT3 is a transcription factor of the Janus kinase/signal transducer and activator of
transcription (JAK/STAT) activated by several cytokines and growth factors. Following
tyrosine-residue phosphorylation by the activated JAKs, STAT3 homo- or heterodimerizes,
translocates to the nucleus and binds to specific consensus sequences of target-gene
promoters (Cattaneo et al., 1999). STAT3 can be phosphorylated at two positions: Ser727
and at Tyr705. While phosphorylation of Tyr705 activates STAT3, the significance of the
phosphorylation at Ser727 is less clear (Decker and Kovarik, 2000) as it was proposed to
negatively regulate STAT3 activity (Chung et al., 1997). We investigated the effects of IL-18
(100 ng/mL) in HT-22 cells at 5, 15, 30 and 60 minutes of treatment. One-way ANOVA
revealed a main effect for P-STAT3 (Tyr705)/ STAT3 ratio specifically in the nucleus [~
(4;22) = 5.825 p=0.002] (Fig. 3A and 3B), whereas no significant effect was found in the
cytoplasm (data not shown). Moreover, post hoc analysis showed that IL-18 treatment
enhanced P-STAT3 (Tyr705) protein levels above those of total STAT3 after 30 (v =0.028)
and 60 (p = 0.034) minutes with respect to the control group (Fig. 3A and 3B). For P-STAT3
(Ser727) we found a statistically significant effect of time on P-STAT3 (Ser727)/ STAT3
ratio in the nucleus of HT-22 cells exposed to mrlL-18 compared to control cells (One-way
ANOVA F(4;14) =5,1968; p=0.01897). At the later time point (60 minutes) the P-STAT3
(Ser727)/ STATS3 ratio was significantly lower in the nucleus of the HT-22 mriL-18 exposed
with respect to vehicle exposed cells as revealed by post hoc analysis (p = 0.00196) (Fig. 3C
and 3D). In the cytosol IL-18 increased the P-STAT3 (Ser727)/ STATS3 ratio (one-way
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ANOVA F(4;14) = 3.54; p=0.048) after 15 (p=0.031) and 30 (p = 0.011) minutes (data
not shown).

Finally, considering that the cytokine interferon-alpha has been described to activate STATS
in the nucleus of mouse HT-22 cells (Hu et al., 2009), we also analyzed IL-18 effects on
STATS5 and P-STAT5, but we did not find any significant effects (data not shown).

3.5 Phosphorylated STAT3 (Tyr705)/ STAT3 ratio increased in mouse hippocampus one
hour after i.c.v. injection of mriL-18

We previously demonstrated that IL-18Rs are expressed in the hippocampal neurons of the
adult mouse (Alboni et al., 2009; Alboni et al., 2011a). Here, we investigated whether IL-18
could induce STAT3 phosphorylation in Tyr705 and Ser727 amino acid residues. Analysis
was performed on protein extract of hippocampi collected one hour after i.c.v. injection of
mriL-18 (2,48 nmol of mrIL-18 /mouse) or vehicle (artificial cerebrospinal fluid- aCSF).
IL-18 treatment significantly elevated the level of P-STAT3 Tyr705 over pan-STAT3 (=
2,34612; p=0,032) (Fig. 4A). No statistically significant changes were observed for P-
STAT3 Ser727\pan-STAT3 (Fig. 4B), P-p38\ p38 ratio (Fig. 4C), P-ERK1\ ERK1 or P-
ERK2\ ERK2 ratio (Fig. 4D and 4E respectively) or P-NF-xB Ser536\ NF-xB (Fig. 4F).

4. DISCUSSION

The current study was designed to explore some intracellular signaling pathways possibly
triggered by 1L-18 at hippocampal level because this cytokine seems to play an important
role in regulating mechanisms involved in function or dysfunction of this brain area. The
main findings of our investigation were that mrIL-18 did not activate the nuclear factor xB
but rather increased the tyrosine 705 phosphorylation of the signal transducer and activator
of transcription 3 in the mouse hippocampal cell line HT-22. We also found that in a non
homogenous cellular population, such as the hippocampus system, i.c.v. injection of
mrlL-18 still increased STAT-3 phosphorylation at Tyr705 without significantly changing
levels of NF-xB or NF-xB phosphorylation at serine 536.

Herein we demonstrated that hippocampal HT-22 neuronal cells expressed the components
of the IL-18\ IL-18R system. Interestingly, both transcripts of IL-18 and its IL-18R complex
were present in these cells suggesting that they could not only be responsive to IL-18, but
could also produce this cytokine under basal conditions. Furthermore, our data showed that
HT-22 cells under basal conditions expressed high to medium levels of IL-18BP and small
IL-18RB mRNAs coding for proteins that were characterized as negative regulators of 1L-18
action (Kim et al., 1999; Andre et al., 20003; Fiszer et al., 2007; Alboni et al., 2011). These
data may indicate that IL-18 system in HT-22 could be regulated by the expression of its
natural inhibitors. The alpha chain of IL-18R complex, that was widely demonstrated to be
necessary for the binding of I1L-18, was barely expressed in HT-22 cells. Higher levels, but
still low, of expression were measured for the mRNA codifying for the type Il IL-18Ra..
Type Il IL-18Ra is a short isoform of the alpha chain of the IL-18R lacking the intracellular
TIR domain that has been believed to be a decoy receptor that can bind to IL-18 but fails to
initiate the signal transduction (Alboni et al., 2009). However, we can not exclude that the
binding to IL-18 to the TIR-less splice variant of the alpha chain may eventually build a
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signaling complex triggering the activation of transcription factors possibly different from
those activated via full IL-18Ra as reported for other TIR-less binding chains (Han et al.,
2010). Moreover, given the very low levels of the expression of the canonical binding chain
of the IL-18R in HT-22 cells, it is possible to hypothesize that IL-18 might bind to a
different receptor thus trigging STAT-3 activation.

IL-18 activates NF-xB signaling in immune cells such as T helper type 1 (Matsumoto et al.,
1997; Tsuji-Takayama et al., 1999), macrophage-derived foam cells (Yu et al., 2012) and
neutrophils (Fortin et al., 2009), in particular chondrocytes (Olee et al., 1999), in primary
cardiomyocytes (Reddy et al., 2010), in EL4/6.1 thymoma cells (Thomassen et al., 1998)
and in rheumatoid arthritis synovial fibroblasts (Morel et al., 2002). However it has been
found that in natural Killer cell line 92 IL-18 strongly enhanced tyrosine phosphorylation of
STAT3 (Kalina et al., 2000). Moreover, the failure of IL-18 to induce NF-xB was previously
discovered by Lee and co-workers in brain cells of epithelial origin such as those of the
hypothalamic thermoregulatory center (Lee et al., 2004). Our results indicate that also in
hippocampal (HT-22) cells and in the whole hippocampus IL-18 triggers intracellular signal
pathways different from NF-xB such as that of STAT3. We found an increased P-STAT3
(Tyr705)\ STAT3 ratio on nuclear enriched extracts from HT-22 neurons after 30 minutes of
exposure to rmIL-18. We also demonstrated that P-STAT3 Tyr705 protein levels, above
those of total STAT3, were enhanced in the total hippocampus of mice one hour after i.c.v.
injection of recombinant IL-18. Phosphorylation on Tyr705 has been considered as the most
important event that activates STAT3 and results in DNA binding and gene expression
regulation. However, another phosphorylation site in Ser727 has been described for STAT3
and the most recent finding reported that it regulated negatively the duration of STAT3
activity in HepG2 cell line (Wakahara et al., 2012). We found decreased levels of P-STAT3
(Ser727)\ STAT3 specifically in the nucleus of HT-22 cells treated with mrIL-18 compared
to vehicle exposed cells. These results reinforce the hypothesis that 1L-18 promotes STAT3
long-lasting activation by increasing the amount of Tyr705 rather than Ser727-
phosphorylated protein in the nuclear compartment of HT-22 cells (Wakahara et al., 2012).
Although further studies are needed to understand in depth the role of phosphorylation on
Ser727 site of STAT3 our data demonstrated that IL-18 treatment specifically affected
STAT3 residue phosphorylation possibly regulating the expression amount of specific genes
within the hippocampus.

In HT-22 cells we also found that IL-18 exposure rapidly induced the phosphorylation of the
extracellular signal-regulated kinase 1/2 (Erk1/2) and p38 mitogen activated protein kinase
(MAPK) as previously reported in non-neuronal cells (Kalina et al., 2000; Fortin et al.,
2009). Interestingly, 1L-18 activated predominantly Erk2 in HT-22 cells that appear to be
more closely involved in regulating cognitive functions such as learning and memory, while
ERK1 is believed to have accessory functions to ERK?2 (Satoh et al., 2007). Considering that
the onset of STAT3 phosphorylation is delayed with respect to those of p38 and ErK1/2
MAPKS, it is possible that IL-18 could act directly on MAPKSs pathways and secondarily
may affect STAT3 activation in HT-22 cells. Thus, a cross-talk between STAT3 and the
MAPKSs pathway can not be excluded. This last hypothesis is in line with the report by Ng
and colleagues that described that the activation of Erk and p38 MAPK is essential in
regulating a delayed STAT3 phosphorylation following IL-1f treatment in rat primary
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cultures of myocytes (Ng et al., 2001). Recently, STAT3 is identified as a key molecule
downstream of the Erk1/2 survival signal in dissociated rat hippocampal culture (Murase et
al., 2012). One hour after mrIL-18 i.c.v. injection we did not find any significant change in
the phosphorylation levels of the MAPKSs investigated in the whole hippocampus supporting
the hypothesis that this represent an early cytokineinduced effect rather than an effect typical
for cells of neuronal origin.

5. CONCLUSIONS

To our knowledge, these data represent the first finding demonstrating that in brain cells
IL-18 can activate the JAK-STAT pathway through STAT3. This finding is particularly
relevant also considering the role played by STAT-3 within the hippocampus system. A
number of studies have shown that STAT3 is present in the whole brain including
hippocampus and synaptic fractions of neurons (De-Fraja et al., 1998; Hosoi et al., 2004;
Murata et al., 2000) wherein its activation seems to be involved in synaptic plasticity
(Nicolas et al., 2012). Notably, STAT3 activation has been identified as essential in the
maintenance of adult neurogenesis in the dentate gyrus of the hippocampus (Mdller et al.,
2009) and in the differentiation of hippocampal neural stem cells (Cheng et al., 2011).
Intriguingly, STAT3 signaling has been suggested to control the vulnerability of neurons
(Murase et al., 2012). To this regard, activation of STAT3 in mouse hippocampus and in the
hippocampal cell line HT-22 by IL-18 may represent one of the key pathways leading to the
effects of 1L-18 in modulating hippocampal function (including learning and memory and
thus cognition) and plasticity (including neurogenesis).

Because mouse hippocampus-derived cell line HT-22 cells express the entire 1L-18\ IL-18R
system and are responsive to 1L-18, we can conclude that they may represent (provide) a
suitable model system to investigate 1L-18 action at the hippocampal level, which could be
helpful toward understanding the role of IL-18 in the healthy and pathological hippocampus.
For example, because HT-22 cells possess functional cholinergic properties (Liu et al, 2009),
this cellular model may represent an useful 7n vitro tool to unravel IL-18 mediated molecular
events in some of the cognitive deficits observed in Alzheimer’s disease, also considering
the ability of IL-18 to activate STAT-3 in these cells. Moreover, similarly to what happens
with other cytokines (Rankin et al., 2013; Zalcman et al., 1994), IL-18 may act as modulator
of the activity of neurotransmitters including acetylcholine.
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Figure 1. Treatment with mouse recombinant IL-18 does not affect either NF-xB translocation
into the nucleus or NF-xB phosphorylation at serine 536 of in HT-22 cells.

(A and D) Following treatments with mrlL-18 (100 ng/mL) we did not observed NF«xB
translocation in to the nucleus or any changes in NF-xB levels in nuclear enriched or
cytosolic extracts from HT-22 cells at the time points evaluated (5, 15, 30 or 60 minutes)
compared to the control (0 min) group (open bar). (B and E) The levels of P-NF-xB Ser536
were not significantly affected by exposure to mriL-18 (100 ng/mL) at the indicated time (5,
15, 30 and 60 minutes) either in nuclear enriched or in cytosolic extracts from mriL-18
stimulated HT-22 cells compared to control (0O min) cells. Phosphorylated and
unphosphorylated proteins were detected on the same blot. HT-22 cells were treated with
mrlL-18 (100ng/ml) for 5, 15, 30 and 60 minutes after which proteins were measured in the
cytoplasmic extracts by western blot. Optical density was expressed as % of control (vehicle
treated) group. (C and F) Representative western blots showing NF-xB and P-NF«xB Ser536
in nuclear enriched or cytosolic extracts of HT-22 cells expose to mrlL-18 (100 ng/mL) at
different time points (5, 15, 30 and 60 minutes). Time 0 correspond to untreated HT-22. The

relative bands for B-tubulin are also represented.
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Figure 2. Treatment with mouse recombinant IL-18 positively regulates MAPKSs (p38 and
ERK1/2) phosphorylation at early time points.

(A) P-p38\ p38 MAPK protein ratio was significantly enhanced 5 minutes after the treatment
with rmIL-18 (100 ng/mL) with respect to the control (O min) group (open bar). (C)
Treatment of HT-22 cells with rmIL-18 affected P-ERK1/ERK1 MAPK ratio. (E) P-
ERK2ERK2 MAPK ratio increased 5 and 15 minutes when compared to the control (0 min)
group (open bar). (B, D and F) Representative western blots showing P-p38, p38, P-ERK1,
ERK1, P-ERK?2, and ERK2 respectively. The relative bands for p-tubulin are also
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represented. Phosphorylated and un-phosphorylated proteins were detected on the same blot.
HT-22 cells were treated with 1L-18 (100ng/mL) for 5, 15, 30 and 60 minutes after which
proteins were measured in the cytoplasmic extracts by western blot. Optical density was
expressed as % of control (vehicle treated) group. Each column represents mean = S.E.M.;
*p < 0.05 among the groups (one-way ANOVA). °p < 0.05 with respect to the control group
(post hoc Dunnett test).
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Figure 3. Treatment of HT-22 cells with mouse recombinant IL-18 increases P-STAT3 (Tyr705)/
STAT3 ratio at 30 minutes and reduces P-STAT3 (Ser727)/STAT3 ratio after 60 minutes when
compared to the control (0 min) group in the nucleus.

(A and C) Histograms showing P-STAT3 (Tyr705)/ STAT3 (upper left panel) and P-STAT3
(Ser727)/ STAT3 (lower left panel) protein levels, respectively in HT-22 cell nucleus after
different time points from IL-18 treatment. HT-22 cells were treated with rmIL-18 (100
ng/mL) (filled bars) or with vehicle (open bars) then proteins were measured by western
blotting in the nuclear enriched fractions. Optical density was expressed as % of control
group. B-tubulin protein levels were not affected by the treatment with I1L-18 in every time
point considered. Phosphorylated and un-phosphorylated protein were detected on the same
blot (one-way ANOVA). °p < 0.05 with respect to the control (0 min) group (post hoc
Dunnett test). (B and D) Representative blots of P-STAT3 (Tyr705) (upper right panel) and
P-STAT3 (Ser727) (lower right panel), respectively and their relative STAT3 and p-tubulin
bands, detected in the nucleus after the indicated IL-18 treatment.
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Figure 4. Intracerebroventricular (i.c.v.) treatment with recombinant IL-18 increases P-STAT3
(Tyr705) protein levels in hippocampus of i.c.v. injected mice with respect to vehicle (aCSF) i.c.v.

injected mice.

(A, C and D) A representative western blots of PSTAT3 (Tyr705), P-STAT3 (Ser727),
STAT3, P-p38, p38, P-Erk1\2 MAPKSs and B-tubulin detected in the hippocampal whole
protein extract 1 hour after the artificial cerebro-spinal fluid (aCSF; n = 3) and IL-18 (n = 3)
treatments is shown. (B) Bar graph demonstrating the increment of P-STAT3 (Tyr705)/
STAT3 protein ratio (left graph) and no significant effect for P-STAT3(Ser727)/ STAT3
protein ratio (right graph) in hippocampus of rmIL-18 injected mice (filled bars) compared
to aCFS injected animals (open bars). (D and F) Histograms showing that 1L-18 did not
affect either P-p38\ P38 nor P-Erk1\ 1Erk and PErk2\ Erk2 ratio in the hippocampus of
rmlL-18 injected mice (filled bars) compared to aCFS injected mice (open bars). Optical

density was expressed as % of control (aCFStreated) group. Each column represents mean +
S.E.M.; *p < 0.05 among the two groups (&Test analysis). Optical density was expressed as
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% of control (aCFS-treated) group. Each column represents mean = S.E.M.; *p < 0.05
among the two groups (#Test analysis).
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Summary of expression levels of IL-18 system components in HT-22 cells.

The table shows for IL-18, IL-18BP, type | IL-18Ra., type Il IL-18Ra, full length IL-18Rp and small IL-18Rp
the respective Ct (cycle threshold £ S.E.M.) value obtained from Real time RT-PCR analysis (starting from
cDNA equivalent to 100 ng total RNA) and thus utilized to calculate mRNA fold changes using the delta delta
ct (AACt) method (see Methods for further details). The putative relative function described in different
published works for each 1L-18 member and the respective NCBI accession number are also indicated.

Generanscript) Putative Function Ct(mean*)*S.E.M.  Genebank (xccession number)
1L-18 Pro-inflammatory cytokine 26.35+0.11 NM_008360

IL-18BP Inhibitor of IL-18-mediated activity = 26.88+0.13 NM_010531

IL-18Ra Type | IL-18R binding chain 36.52+0.29 NM_008365

IL-18Ra Type Il Inhibitor of IL-18-mediated activity ~ 32.70+0.50 BC023240

Full-length IL-18RB  Signaling receptor activity 23.91+0.12 NM_010553

Small IL-18RB Inhibitor of IL-18-mediated activity =~ 31.71+0.15 NA

NA= not available

*
mean of 10-12 samples from 4 independent experiments.

Transcripts with an average Ct value of > 35 were considered as low expression genes (ltalic), genes with Ct values between 29 and 34 were of
medium expression and those with Ct values of < 28 were highly expressed (Bold). NA: not available.
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