the importance of iron in living organisms
Iron is an essential trace element for all living organisms. Many metabolic activities require iron in an adequate amount for normal protein or enzyme functioning. Iron acts as a co-factor for both heme and non-heme proteins that are involved in erythropoiesis, oxygen delivery and storage, DNA synthesis, and electron transport for energy production (Beard, 2001; Rouault & Tong, 2005). However, iron also participates in redox reactions and catalyzes the production of cytotoxic reactive oxygen species that can damage cellular macromolecules (Galaris & Pantopoulos, 2008). With such a critical role of iron in physiological activities, it is crucial to maintain the normal systemic iron homeostasis. Otherwise, both iron excess and deficiency would occur if systemic iron level is disrupted which would eventually lead to cellular dysfunctions.

In the year of 2000, a novel human peptide called LEAP-1, liver-expressed antimicrobial peptide, was first identified (Krause et al., 2000). Based on its origin from the liver hepatocytes and its antimicrobial property, the peptide was named as hepcidin afterwards. The predominant bioactive form of hepcidin exists as a cationic peptide with 25 amino acids residues. It contains 8 cysteine residues stabilized by 4 intramolecular disulphide bonds forming a hairpin structure (Park et al., 2001). This structure enables hepcidin to exhibit antimicrobial activity against a variety of microbes in vitro but this function has not yet been demonstrated in vivo (Rossi, 2005; Nemeth & Ganz, 2006; Hentze et al., 2010). While the major function of hepcidin is to act as the central iron regulatory hormone in maintaining systemic iron homeostasis (Hentze et al., 2010). Hepcidin regulates the plasma iron concentration and tissue iron distribution by controlling the intestinal iron absorption, iron recycling from splenic macrophages that phagocytose senescent erythrocytes, and mobilization of iron stored in liver hepatocytes (Nemeth & Ganz, 2009). The underlying mechanism is that hepcidin inhibits the cellular release of iron into the plasma by binding to FPN, an iron exporter, and subsequently triggering FPN itself to be internalized and degraded. Altering the hepcidin expression level and then the abundance of FPN on cellular membranes allow the regulation of cellular iron export and thus plasma iron level (Rossi, 2005). However, certain iron disorders like hereditary hemochromatosis and anemia would occur when there is the dysregulation of hepcidin (Ganz, 2003).

Researches show that hepcidin expression is regulated by many factors. One of the factor is by inflammation (Ganz, 2003). Studies show that mice injected with turpentine, an inflammation inducer, would have an increase in hepcidin synthesis. This increase in hepatic hepcidin production would reduce the plasma iron level, resulting in hypoferremia. Availability of iron to invading iron-dependent extracellular microbes that induce inflammation is greatly restricted (Ganz & Nemeth, 2011). As iron is also important for the microbial energy production, nucleic acid synthesis, and especially defense against host’s ROS for their survival, there is a need to limit the iron supply to these pathogens (Schaible & Kaufmann, 2004). Consequently, the growth and multiplication of these iron-dependent extracellular microbes could be inhibited. At the same time, however, less iron would be provided for host erythropoiesis and anemia of inflammation would be developed (Weinstein et al., 2002).

Inflammation is an immune response to any harm that causes injury to cells. These harmful stimuli include not only microbial pathogens such as viruses, bacteria or parasites but also anything that causes damage physically or chemically such as wounds (Weiss, 2008). Inflammation is a beneficial healing process in an acute sense but would proceed to a simultaneous healing and destructive status in a chronic condition (Weiss, 2008). During the process, increased blood flow and vascular permeability at the injuried site leads to the accumulation of fluid and immune cells like leukocytes (Feghali & Wright, 1997). Macrophages responsible for detecting and mediating inflammatory signals are recruited. They are then activated to release a kind of immunomodulating agent called pro-inflammatory cytokines which help to mediate system responses to inflammation. Pro-inflammatory cytokines can act on hepatocytes and trigger their synthesis of hepcidin. Studies show that one type of pro-inflammatory cytokines, IL-6, induces hepcidin production through the JAK/ STAT pathway. IL-6 binds to and activates IL-6 receptors on the cell surface membrane. The receptors then activate JAK which phosphorylate tyrosine residues on the receptors. This recruits STAT3 which has SH2 domain to recognize the phosphotyrosine residues to the receptors. STAT3 is then phosphorylated and then translocates into the nucleus to stimulate hepcidin transcription and subsequently translation.

Brain consumes about 2% of total iron content in an organism. The distribution of iron is varying in different brain regions. On the one hand, brain requires iron in carrying out a variety of neurological functions including embryonic brain development, myelin formation, synthesis and metabolism of neurotransmitters. On the other hand, iron would also cause the formation of ROS which impose oxidative stress to the CNS. This suggests that brain iron metabolism needs to be tightly regulated. Certain brain disorders like encephalitis, as well as multiple sclerosis, are shown to involve inflammation of the neural tissues locally with misregulated brain iron level at the same time (Schipper , 2004; Singh & Zamboni, 2009). Other than liver hepatocytes, hepcidin is also produced in several other tissues including adipose tissue, heart, kidney, pancreas and also the brain neurons (Su et al., 2010; Strnad et al., 2011). It is previously stated that hepcidin can regulate systemic iron level and this may suggest the potential role of hepcidin in regulating brain iron level. However, there are only few studies investigating how brain iron level is regulated. Pioneering work in our laboratory showed that peripherally-induced inflammation up-regulated brain hepcidin expression. However, whether locally-induced inflammation in the brain can regulate brain hepcidin expression or not and the underlying molecular mechanism is still unkown.

In the CNS, pro-inflammatory cytokines are released by certain types of glial cells. Microglia are one of the glia that synthesize and secrete pro-inflammatory cytokines. Microglia are the resident macrophages that account for the immunity of the CNS. They are similar to macrophages that they also carry out phagocytosis to engulf and digest pathogens and act as antigen-presenting cells. In response to brain insults, microglia are activated to release pro-inflammatory cytokines which

We therefore speculate the relationship between inflammation-induced pro-inflammatory cytokines, IL-6, release from microglia and the changes in neuronal hepcidin expression

The objectives of this project are to investigate whether the expression of hepcidin is changed during brain inflammation and to examine if IL-6 is also involved in this process.
Chapter 2 Materials and Methods

2.1 Animals
Sprague-Dawley (SD) rats were supplied from the Laboratory Animal Services Center of The Chinese University of Hong Kong. All animal care and experimental procedures were approved by the Animal Experimentation Ethics Committee of The Chinese University of Hong Kong.
2.2 Stereotaxic surgery and intracerebroventricular cannulation
The stereotaxic surgery and intracerebroventricular cannulation were performed as previously described with a few modifications (Yu et al., 2009). All sugeries were performed under asceptic condition. In brief, male SD rats weighing 220-230g were deeply anesthetized with 4% chloral hydrate (450mg/kg, i.p.). The surgical site was shaved. Rats were positioned in a stereotaxic frame in a way that the plane formed between the frontal bone and parietal bone was parallel to the bench. The bregma on the skull was revealed and a stainless steel guide cannula was implanted into the left lateral ventricle of the brain according to the following stereotaxic coordinates: 0.8mm posterior to bregma, 1.5mm lateral to bregma and 3.8mm down from the dura.
2.3 Cell culture and treatment
Primary rat neurons were isolated from prenatal 16-17th day Sprague-Dawley (SD) rat cortices as described previously (Naseer et al., 2010). In brief, the cerebral cortices were collected with meninges being removed. The cortical tissues were mechanically triturated in ice-cold PBS and then digested with 0.25% trypsin-EDTA for 20 min at 37℃. Following centrifugation, cells were resuspended and seeded in poly-(D-lysine) precoated 12-well plates with initial density at 1.2 × 106 cells/ cm2. The cells were incubated with complete Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% of penicillin and streptomycin at 37℃ in a humidified atmosphere of 5% CO2 (Naseer et al., 2010). The medium was changed after 4 hours and then replaced by neurobasal medium (NB) supplemented with B-27, 1% mixture of penicillin and streptomycin (P/S) at 37℃ for 4 days. The culture medium was changed at 1-day intervals prior to experiment.

BV-2 cells (murine microglia cell line) were seeded in a flask with initial density at XXX cells/ cm2. Cells were maintained in complete DMEM containing 10% fetal bovine serum (FBS) and 1% of penicillin and streptomycin at 37℃ in a humidified atmosphere of 5% CO2 overnight. The culture medium was changed at 1-day intervals prior to experiment.
2.4 Experimental design

2.4.1 Effects of LPS and IL-6 on hepcidin expression in the brain
Male SD rats were i.c.v. injected with 0.9% normal saline or Escherichia coli LPS (50μg, serotype 0111:B4, Sigma, St. Louis, MO, USA) or IL-6 (100ng, PeproTech, US). The chemicals were injected into the left lateral ventricle of the brain at a rate of 1μl/min. The cannula was kept in position for 5 min after injection and then removed carefully from the brain (Aid et al., 2010). Rats were deeply anesthetized with 4% chloral hydrate (900mg/kg, i.p.) 4 h after the injections. Sterile ice-cold 0.9% normal saline was used for transcardial perfusion through the left ventricle of the heart until blood was cleared (Yu et al., 2009). The brains were collected and dissected inmmediately into four regions: cortex, striatum, substantia nigra and hippocampus. Tissues were processed immediately for hepcidin mRNA (real-time PCR) and hepcidin protein (ELISA) assays.
2.4.2 Effects of LPS and IL-6 on hepcidin expression in primary cultured neurons
Primary cultured neurons were subject to LPS (10μg) or IL-6 (10ng) incubation. Cells were collected at 0, 2, 4, 18 h for hepcidin mRNA (real-time PCR) and hepcidin protein (ELISA) assays.
2.4.3 Effects of IL-6 on STAT3 expression
Primary cultured neurons were incubated with IL-6 (10ng) for 15 min. Cells were collected and lyzed for measuring STAT3 expression.
2.4.4 Effects of AG490 (a STAT 3 inhibitor) on STAT3 activity
Primary cultured neurons were pretreated with AG490 (1 or 5 µM, Calbiochem, US and Canada) for 30 min followed by IL-6 incubation for 2 h. Cells were then collected at 2 h for hepcidin protein (ELISA) assays.
2.4.5 Effects of other pro-inflammaatory cytokines on hepcidin expression in primary cultured neurons
Primary cultured neurons were incubated with IL-1α (Calbiochem, US and Canada), IL-1β (Calbiochem, US and Canada) and TNF-α (Calbiochem, US and Canada). Cells were collected at 2 h for hepcidin protein (ELISA) assays.
2.4.6 Effects of BV-2 conditioned medium on hepcidin expression in primary cultured neurons
To determine the role of microglia in regulating hepcidin expression, BV-2 cells (murine microglia cell line) were pretreated with LPS ?ng for 24 h and cell-free supernatant fractions(= conditioned medium) were then collected, and applied to primary cultured neurons for X h. Cells (neurons) were then collected at X h for for hepcidin mRNA (real-time PCR) assay.
2.5 Quantitative real-time PCR
Quantitative real-time PCR was performed as previously described with a few modifications (Wang et al., 2008). In brief, total RNA was extracted from different brain regions or harvested cells using TRIzol Reagent protocol (Invitrogen). Total RNA (1 μg) was reversely transcribed into a 20μl reaction using SuperScript II Reverse Transcriptase (Invitrogen) with oligo deoxythymidine (Invitrogen) and dNTPs (Promega) according to manufacturer’s protocol. Quantitative real time PCR for hepcidin was performed using 5μl cDNA with iQ SYBR Green Supermix (Bio-Rad) and specific primers. The primers were as follows: forward primer, 5’- GAA GGC AAG ATG GCA CTA AGC A - 3’; reverse primer, 5’- TCT CGT CTG TTG CCG GAG ATA G - 3’. Amplification was performed with initial denaturation at 95 C for 5 min, followed by 40 cycles at 95℃ (15 sec) and 60℃ (45 sec),using the MyiQ Single -Color Real-Time PCR Detection System (Bio-Rad). β-actin cDNA (forward primer, 5’- GAA ATC GTG CGT GAC ATT AAA GAG - 3’; reverse primer, 5’- GCG GCA GTG GCC ATC TC - 3’) was amplified at the same time as a positive control. Expression of hepcidin was quantified by normalizing to the respective β-actin levels. Statistical differences were analyzed by using one-way ANOVA.
2.6 Hepcidin ELISA
Brain tissues were homogenized in sterile ice-cold PBS with a power homogenizer (Motor pellet pestle) within ice bath. The volume of PBS added was equal to 5/1000 times of the tissue weight in microliter (μl). Tissues in 1.5ml microcentrifuge test tube were centrifuged at 4℃, 3000 r.p.m. for 20 min. Supernatants were then collected.

After LPS or IL-6 incubation, primary cultured neurons were washed with 500 μl ice-cold PBS and collected into 1.5ml microcentrifuge test tubes. Harvested cells were centrifuged at 12, 000 r.p.m. for 20 min 4℃ with supernatant discarded. Pelleted cells were completely resuspended in 30μl PBS and undergone freeze-thaw cycle in liquefied nitrogen for 3 times, each of 10 seconds. Following centrifugation at 3000 r.p.m. for 20 min 4℃, supernatants were collected.

Supernatants collected were used for hepcidin quantification using a commercially available ELISA kit according to manufacturer’s instructions (R&D). Absorbance of hepcidin was measured against blank with OD450 nm using a Spectramax250 microplate UV/ VIS spectrophotometer.
2.7 Western Blot
After IL-6 incubation, primary cultured neurons were washed with ice-cold PBS and lysed in 200μl of ice-cold radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris HCl at pH 8.0, 150 mM NaCl, 0.1% SDS, 1% NP‑40 and 0.5% sodium deoxycholate) supplemented with protease inhibitors (400 μM phenylmethysulfonyl fluoride, 2μg/ml of aprotinin, leupeptin and pepstatin). Lysates were centrifuged at 12,000 r.p.m. for 20 min at 4℃. The supernatant was collected. Protein concentration was quantified using the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Rockford, IL, USA). 20μg proteins from each sample were boiled in 6X Laemmli sample buffer for 5 min at 95℃. Denatured proteins were resolved on 10% SDS-polyacrylamide gels. Protein lysates were then transferred to nitrocellulose (NC) membranes (Millipore). All antibody dilutions and washings were carried out in Tris-buffered saline containing 0.1% Tween-20 (TBS-T). Membranes were blocked in 5% non-fat milk in TBS-T for 2 h at room temperature. Membranes were then incubated with primary antibodies (antiXXX, 1:XXXX; XXX overnight at 4℃. After three TBS-T washes, membranes were incubated with secondary antibodies (horseradish peroxidase conjugated anti-XX, 1:XXX; XXX) for 2 h at room temperature. Immunoblots with bands of different intensities were analyzed and quantified by Odyssey infrared imaging system (Li-Cor). Blots were probed with β-actin monoclonal antibodies (anti-mouse, 1: 10, 000; Sigma-Aldrich, MO) as positive controls. Relative band density of sample was quantified by normalizing to its respective β-actin levels.
2.8 Immunohistochemistry
Immunohistochemistry was performed as previously described (Wang et al., 2008). In brief, rats were deeply anesthetized with 4% chloral hydrate (900mg/kg, i.p.) 4 h after the injections. Sterile ice-cold 0.9% normal saline was used for transcardial perfusion through the left ventricle of the heart until blood was cleared (Yu et al., 2009). 4% paraformaldehyde in 0.1M PB transcardial perfusion was then followed. The brains were collected and postfixed in 4% paraformaldehyde for ? h, then transferred into 30% sucrose in 0.1M PBS and stored at 4℃ overnight.

Cryosections (15 µm) were made using the Leica CM3050S cryostat (Leica Microsystems, Wetzlar, Germany). After mounting on Superfrost slides (Langenbrick, Bauhaus, Germany), sections were blocked with 3% normal goat serum (diluted in PBS containing 0.3% Triton X-100) for 1 h. Sections were immunostained for hepcidin by incubating with an affinity purified antibody raised against murine hepcidin protein (Alpha Diagnostics International Inc., San Antonio, TX) for 24 h at 4 C. The antibody was diluted in PBS (1:100) containing1%goat serum and 0.1% Triton X-100. After washing three times with PBS plus 1% normal goat serum and 0.1% Triton X-100, sections were incubated with Rhodamine-labeled goat antirabbit IgG (1:2000) (Invitrogen) as the secondary antibody for 30 min. After

further washing in PBS, sections were coverslipped in Vectashield mounting

medium (Vector Laboratories, Burlingame, CA) for fluorescence.

In a set of control (negative) experiments, the primary antibody was omitted.

Fluorescent images were captured using a Nikon Eclipse TE2000-U microscope

(Nikon UK Ltd., Kingston upon Thames, Surrey, UK) equipped

with T-FL Epi-FI attachment and a SPOT cooled CCD camera (Diagnostic

Instruments, Sterling Heights, MI). SPOT software version 4.6 software was

used for image acquisition (Diagnostic Instruments). The intensities of

fluorescence were calculated by using ImageJ software (from National

Institutes of Health and available at http://rsb.info.nih.gov/ij/).
2.8 Statistical analysis
Statistical analysis was performed using SPSS 10.0. Data are expressed as mean ± SD (percentage of control). Statistical differences between means were determined by one-way ANOVA and Student’s t test. Statistical significance is assumed for p < 0.05.

