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III. Abstract

Neuroinflam m ation is known to  be a major con tribu ting  factor to  neurodegeneration and has been 

im plicated in neuropsychiatric diseases such as m ajor depression. Microglia are the im m unocom petent cells 

o f the CNS and are the  main source of in flam m atory cytokines in the brain. In the present investigation 

three potentia l mechanisms linking in flam m atory mediators to  microglial activation and function of 

relevance to  neuropsychiatric disorders were explored namely (i) glucocorticoid (GC) signalling (ii) activation 

o f tryptophan metabolism through the  kynurenine pathway (KP) and (iii) monoamine transport and 

metabolism.

Typically GCs are im portan t regulators o f in flam m ation and dysregulation o f the  GC system permits 

excessive inflam m ation. The ability o f pro-in flam m atory cytokines to  alter the expression o f key elements of 

GC signalling and function including the GC receptor (GR) the receptor co-chaperone FK506-binding protein 

5 (FKBP5) and the  GC-inducible gene, glucocorticoid induced leucine zipper (GIL2) under basal conditions 

and in response to  the synthetic GC dexamethasone (DEX, 1 |iM ) in BV-2 microglia was examined. IFN-a 

attenuated the DEX-induced increases in expression o f GILZ and FKBP5 mRNA, indicating the presence o f GC 

resistance. In addition, IFN-a reduced the  degree o f DEX-induced GR translocation and increased the co

localisation of GR and FKBP5 protein. We hypothesise tha t IFN-a-induced increases in FKBP5 result in the 

GR being held in the cytosol thereby preventing GC signalling to  the  nucleus. Conversely, IL-6 treatm ent 

potentia ted DEX-induced increases in serum and glucocorticoid-inducible kinase-1 (SGK-1) and dual 

specificity phosphatase-1 (DUSP-1), both GC-inducible genes and also am plified the anti-in flam m atory 

capabilities o f DEX to  suppress LPS-induced TNF-a production. Inhibition of STAT-3 (IL-6-inducible 

transcription factor) w ith  S31-201 and DUSP-1 w ith  BCI prevented IL-6 induced increases in the  an ti

in flam m atory capabilities of DEX.

The kynurenine pathway (KP) is the main pathway by which tryptophan is metabolised. Its rate lim iting 

enzyme indolam ine 2, 3-dioxygenase (IDO) catalyses the production o f kynurenine, which in turn is 

metabolised by kynurenine 3-hydroxylase (KMO), generating the neurotoxin quinolinic acid. Kynurenine can 

also be metabolised by kynurenine am inotransferase (KAT II) which yields kynurenic acid, a m etabolite 

which has been reported to  possess neuroprotective properties by in teraction w ith  the N-methyl-D-aspartic 

acid (NMDA) glutam ate receptor subtype. In the  current project conditioned media (CM) from  IFN-y 

activated microglia produced reductions in neuronal viability. Concurrently IFN-y induced the expression of 

IDO, KMO and kynase mRNA in BV-2 microglia. Inh ib ition o f IDO w ith  the  inh ib ito r l-(D )-m ethyl-tryptophan 

(1 mM) and KMO w ith  the inh ib ito r Ro 61-8048 (1 pM ) attenuated these IFN-y and microglial CM-mediated 

reductions in neuronal viability. Treatm ent w ith  the NMDA receptor antagonist MK-801 (0.1 and 1 nM ) also 

prom oted neuronal rescue indicating tha t IFN-y activated microglia induce reductions in neuronal viability 

by the production o f neurotoxic KP metabolites which act through the  NMDA receptor to  reduce neuronal 

viability.



Emerging evidence suggests tha t under certain conditions immune cells can synthesise and degrade 

m onoam ine neurotransm itters including noradrenaline, dopamine and serotonin. The present studies 

dem onstrate tha t BV-2 microglia express the serotonin transporter (SERT), but do not express transporters 

fo r noradrenaline or dopamine. In addition, microglia express m onoamine oxidase (MAO)-A but not MAO-B. 

Exposure o f microglia to  bacterial lipopolysaccharide (IPS; 1 pg/m l) increased the expression o f SERT mRNA, 

but did not alter MAO-A expression. The synthetic enzymes tyrosine hydroxylase or tryptophan hydroxylase 

were not expressed in microglia e ither under basal or LPS-stimulated conditions indicating an incapacity to  

synthesise monoam ine neurotransm itters. Inh ib ition of both SERT w ith  fluoxetine (0.1, 1 and 10 nM) and 

MAO-A w ith  m oclobemide (0.1, 1 and 10 pM ) suppressed microglial activation indicated by a significant 

reduction in LPS-induced TNF-a production and iNOS expression. Further experiments suggest tha t these 

an ti-in flam m atory effects are not mediated by enhancement o f extracellular 5-HT concentrations (0.1, 1 

and 10 pM ) as incubation o f BV-2 microglia w ith  S-HT failed to  suppress microglial activation to  the same 

extent as fluoxetine  and moclobemide.

Finally, the  ab ility  o f antidepressant trea tm ent to  am eliorate the changes observed fo llow ing the 

application o f pro-in flam m atory cytokines was examined. Results indicate tha t neither fluoxetine (1 and 10 

|iM ) nor m oclobemide (1 and 10 pM ) trea tm ent had any effects on GR, FKBP5, or GILZ mRNA expression 

either at basal levels o r in response to  DEX. Pre-treatm ent o f BV-2 microglia w ith fluoxetine (1 pM) blocks 

reductions in neuronal viab ility  induced by CM obtained from  IFN-y treated microglia, although these 

effects are not seen w ith  citalopram, moclobem ide or clorgiline treatm ents. Furthermore, fluoxetine 

attenuates IFN-y-induced increases in IDO and kynase mRNA expression in BV-2 microglia indicating tha t 

fluoxetine may regulate KP activation and this may have a role in am eliorating neuronal loss. Experiments 

to  assess the effects o f antidepressants on expression o f elements o f cytokine signalling revealed most 

notably a suppression o f IFN-y-induced increases in IFN-yR2, IP-10 (IFN-y inducible gene) and IDO mRNA 

expression, and IFN-y-induced increases In TNF-a production. Antidepressant trea tm ent also modulated 

expression o f elements o f the IFN-a signalling cascade, and attenuated IFN-a-induced increases in IFN-aRl, 

GBPS (IFN-a inducible gene), ISG15 (IFN-a inducible gene) and MHC II y chain mRNA expression.

Taken together, these studies add to  the accumulating evidence tha t in flam m atory mediators and in 

particular the  interferons regulate microglial activation and function w ith  regard to  changes GC signalling 

and sensitivity, activation o f the  KP and changes to  the expression o f SERT. Such changes f it  w ith current 

mechanisms to  account fo r  dysregulated neuroim m une, endocrine and neuro transm itter changes 

associated w ith  the pathophysiology o f depression. M oreover the  im m unom odulatory effects of 

antidepressants on microglia may account fo r at least some o f the  clinical effects associated w ith  these 

agents, although fu rthe r work w ill be required to  elucidate the mechanisms underlying such effect.
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"Inflammation in itself is not to be considered a disease... and in disease, where it can alter the 
disease mode of action, it likewise leads to a cure; but where it cannot accomplish that salutary 
purpose, it does mischief."

- John Hunter, 1794 

1.1 Neuroinflammation

It has long been recognised that the threshold fo r Inflammation to occur in the brain is higher 

compared to  that in other tissues, implicating the existence of an immunosuppressive 

environment (Lassmann et al., 1991). The fact that the blood brain barrier (BBB) exists to  prevent 

the unrestricted influx of peripheral immune cells would indicate that there is a need to  protect 

the central nervous system (CNS) from a fully-fledged immune response. Therefore we can 

suppose tha t the immune response in the periphery differs greatly from  the response in the CNS, 

and as you would expect, the response is much more tightly regulated in the CNS (Galea et al., 

2007) due to  the fragility and fastidious nature of neurons and the ir poor ability to  regenerate 

(Streit, 2002, Galea et al., 2007). The main difference between inflammation w ith in the CNS and 

the periphery is that cellular recruitment in response to  insult is weaker and delayed; only local, 

resident microglia show a rapid response but nonlocal microglia and other macrophages do not 

migrate into the inflamed area until several days after inflammation begins (Perry et al., 1995). 

Maintenance of this immunosuppressive environment can become compromised and lead to 

dysregulation of the system, which can culminate in neurodegeneration, regulatory mechanisms 

being turned off, among other things. Neuroinflammation is characterised by inappropriate 

microglial activation, breakdown of the BBB, in filtration of immune cells from  the periphery and 

release of inflammatory mediators such as cytokines, chemokines, prostaglandins, acute phase 

proteins, n itric oxide (NO) and reactive oxygen species (ROS)(Block et al., 2007). 

Neuroinflammation is known to  be a major contributing factor to  neurodegeneration and has 

been implicated in Alzheimer's disease (AD), Parkinson's disease (PD) and M ultip le  Sclerosis (MS). 

More recently neuroinflammation has been studied in light of other CNS disorders, including 

neuropsychiatric diseases such as major depression, schizophrenia and bipolar disease. Although 

this is a relatively new area of research, there is a wealth of evidence to  suggest 

neuroinflammation has a role in these disorders, albeit it has not been elucidated whether this is 

secondary to  these disorders or causative (Review: Beumer et al. 2012).

1.1.1 Cellular mediators of immune function in the CNS: microglia

Glial cells are non-neuronal cells whose role is to  support and sustain proper neuronal function 

and have been widely demonstrated as having an im portant role in inflammation. Microglia are 

the immunocompetent cells of the CNS and are effectively the 'macrophages of the brain' (Streit, 

2002). Microglia are distributed throughout the mature CNS and the density of microglia varies
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greatly between brain regions, fo r example the substantia nigra and corpus callosum are reported 

to  comprise roughly 12% and 5% microglial cells respectively (Tremblay et a!., 2011). These cells 

are part of the innate immune system and form  the firs t line of defence against invading 

pathogens that may come in contact w ith the brain parenchyma (Aloisi, 2001). The innate immune 

system provides non-specific defence and recognises and responds to  pathogens in a general 

manner. The origins of microglia have been a subject of debate fo r some tim e, recently however 

there are numerous studies confirming microglia are of myeloid lineage (Beers et al., 2006, 

Ginhoux et al., 2010).

In the normal healthy brain, microglia are generally quiescent and down-regulated and their in situ  

morphologies vary markedly from  elongated forms observed w ith neuronal fibres to  spherical cell 

bodies w ith elaborate branching (Kettenmann et al., 2011). This observation gave rise to the 

hypothesis that the CNS microenvironment influences the microglial phenotype i.e. whether it is in 

a resting or activated state. The 'resting' state of microglia is characterised by a small cell body 

w ith  fine, ramified processes and low expression of cell surface antigens e.g. major 

histocompatability complex (MHC) antigens, and a lack of cytokine synthesis (Garden and Moller, 

2006). These 'resting' state microglia cannot phagocytose antigens and are very poor antigen 

presenters. Studies have shown that although these cells appear 'quiescent' i.e. functionally 

dormant, they are in fact highly motile and through their highly motile processes integrate and 

interpret environmental cues, and are constantly ready to  transform into executable states of 

activity in order to  rapidly return the brain to  homeostasis (Nimmerjahn et al., 2005, Davalos et al., 

2005). M ultiple signals converge on microglia to  actively maintain or alter the ir functional state 

and to  coordinate the ir numerous functions. Transitions from surveillance to  activated states occur 

when microglia detect the sudden appearance, abnormal concentration or unusual molecular 

make-up of certain factors (Block et al., 2007, Hanisch and Kettenmann, 2007). Microglia detect 

changes in their m icroenvironment through interactions between their extensive array of cell- 

surface and nuclear receptors and factors in the ir surrounding environment. Among these 

receptors are those fo r complement, cell adhesion molecules, cytokines, chemokines, 

immunoglobulin's and prostaglandins among others (Streit, 2002). The activation of microglia is a 

graded process, which occurs follow ing the detection of a variety of factors including bacterial 

lipopolysaccharide (LPS) and pro-inflammatory cytokines. Upon insult or disturbances in 

homeostasis, microglia undergo a rapid change in morphology to become more condensed with 

shorter processes and an amoeboid shape (Kreutzberg, 1996). These cells now up-regulate 

myeloid cell markers and secrete inflammatory mediators such as cytokines, they can also 

successfully phagocytose antigens. These inflammatory mediators can recruit more microglia to
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the site of activation as well as promote the in filtration of immunomodulatory cells from the 

periphery (Garden and Moller, 2006).

The magnitude of the inflammatory response is also critically important, an insufficient response 

can lead to immunodeficiency and can precipitate infection or cancer; an excessive response leads 

to  m orbidity and m orta lity in diseases such as rheumatoid arthritis, Crohn's disease, AD, 

atherosclerosis, MS, diabetes, cerebral and myocardial ischemia (Tracey, 2002). Inappropriate 

microglial activation, when chronic, can lead to  m isinterpretation of innocuous stimuli, leading to 

deleterious effects (Block et al., 2007). Inflammation has long been recognised as an underlying 

component of a number of neurodegenerative diseases, including AD, PD and HIV dementia and 

increasing evidence suggests overactive microglia as a key causative factor in this process (Block et 

al., 2007). In addition, a role fo r the immune system and over-activated microglia in 

neuropsychiatric diseases is emerging (Beumer et al., 2012).

1.1.2 Soluble Inflammatory mediators: cytokines

One of the main functions of microglia is to  signal other cells to  regulate the inflammatory 

response and among the classes of molecules that facilitate this response are cytokines which are 

the most im portant mediators of inflammation in the CNS. They are a category of signalling 

molecules tha t are used extensively in cellular communication, amongst other things these 

molecules can instruct the cell receiving the signal to  proliferate, d ifferentiate, secrete additional 

cytokines, migrate and undergo apoptosis (Garden and Moller, 2006). Cytokines are a set of 

structurally diverse soluble proteins (8-80kDa) that are produced by an array of immune cells 

including T-cells, macrophages, microglia and monocytes, and have little  or no known function in 

healthy tissues. Cytokines are critical to  the development and functioning o f both the innate and 

adaptive immune response. A number of cytokines and the ir receptors have been found to  be 

present and functional in the CNS. These include interleukins (IL), tum our necrosis factors (TNF), 

interferons (IFN) and transform ing growth factors (TGF) (Garden and Moller, 2006). These 

molecules are classified into tw o categories; pro-inflammatory and anti-inflamm atory depending 

on their ability to  either attenuate or promote inflammation. Chronic activation of microglia, even 

low-grade activation, can lead to constant production of pro-inflammatory cytokines which can 

lead to deleterious effects.

1.1.3 IFN-y signalling

IFNs were originally described as agents capable of protecting a cell from  viral infection (Farrar 

and Schreiber, 1993). IFNs have since been classed into tw o distinct categories based on their 

cellular source, general biological properties and gene structure. IFN-y is a type II IFN, induced by
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immune and pro-inflammatory insults and is therefore critical in the innate and adaptive immune 

response. The IFN-y receptor (IFN-yR) exists as a heterodimer of tw o chains; IFN-yRl the ligand 

binding chains and IFN-yR2 the signal transducing chains (Bach et al., 1997). Upon ligand binding, 

the JAK-STAT (Janus kinase-Signal Transducer and Activator of Transcription) signalling pathway is 

initiated. Under normal physiological conditions, the tw o distinct chains of this receptor are not 

associated w ith each other but are associated w ith inactive forms of JAKs (IFN-yRl w ith JAK-1 and 

IFN-YR2 w ith  JAK-2). Binding of IFN-y induces dimerisation o f IFN-yRl, allowing association w ith 

the IFN-yR2 chain. This brings JAK-1 and -2 together and allows them to transactivate each other, 

leading to  phosphorylation of IFN-yRl subunit. This action leads to  the form ation of tw o STAT-1 

docking sites on the receptor. Two STAT-1 molecules bind to these docking sites through its SH2 

domains, and are phosphorylated by JAKs. These phosphorylated STAT-1 molecules then 

dissociate from  the receptor and form homodimers, which can translocate to  the nucleus and 

bind to  y-interferon activation sites (GAS), which in turn induce the expression of effector 

molecules of cytokine signalling (see figure  1.1). SOCS-1 (suppressor of cytokine signalling -1) is a 

molecule potently induced by IFN-y signalling and has a role in inhibiting fu rthe r induction of IFN 

signalling though inhibition of tyrosine phosphorylation and STAT-1 translocation to  the nucleus 

(Song and Shuai, 1998). IFN-y produced protein 10 (IP-10) and indoleamine 2,3-dioxygenase (IDO) 

are thought to  be classic IFN-y inducible genes. IP-10 was characterised and named due to  its 

potent induction by IFN-y (Luster et al., 1985). IDO has been shown to  be potently induced by IFN- 

y, both in this thesis (Chapter 4) and in the literature (Carlin et al., 1987, Carlin et al., 1989).
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Figure 1.1: Schematic diagram of IFN-y signalling cascade

IFN-y binds to IFN-yR, which consists o f two ligand binding IFN-yRl chains and two signal transducing IFN- 

yR2 chains. Following ligand binding JAKl and subsequently JAK2 are phosphorylated and tw o STAT-1 

binding sites form . The receptor recruited STAT-1 pair is then phosphorylated, dissociates from  the receptor 

and translocates to the nucleus. Here it binds to IFN-response elements and drives transcription o f IFN-y 

inducible genes i.e. IP-10, IDO and SOCS-1.

1.1.4 IFN-a signalling

IFN-a is also a member of the IFN family, and is termed a type I IFN along w ith  IFN*p. The type I 

IFNs are induced primarily as a result of viral infection of cells. The IFN-a receptor exists as a 

heterodimer consisting of tw o chains; the ligand binding subunit IFN-aRl and the signal 

transducing subunit IFN-aR2. The IFN-aRl subunit interacts w ith tyrosine kinase 2 (TYK2) and the 

IFN-aR2 subunit interacts w ith  JAK-1. Activation of TYK2 and JAK-1 results in phosphorylation of 

STAT-2, STAT-1 binds to  this phosphorylated STAT-2 and is itself phosphorylated and the STAT- 

l/STAT-2 heterodimer forms and concomitantly is released from  the receptor (Leung et al., 1995). 

This complex binds to  another molecule IFN-regulatory factor 9 (IRF9) and forms a complex 

termed ISGF3 (IFN-stimulated gene factor 3), which translocates to the nucleus and binds to  IFN-
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stimulated response elements (ISREs) on DNA to  initiate transcription (see figure  1.2). In addition 

to  the form ation of ISGF3, type I IFN signalling can induce the form ation of a number of STAT 

complexes, including STAT-1 and STAT-5 homodimers as well as STAT-l/STAT-5 heterodimers 

among other combinations, these complexes bind to  GAS elements as opposed to  ISREs (Platanias, 

2005). These d ifferent STAT-containing complexes may be required fo r optimal transcriptional 

activation of particular genes (Platanias, 2005). Investigations involving global gene profiling of 

IFN-responsive genes in hematopoietic and neuronal cells treated w ith IFN-a show those genes 

w ith  the highest expression are IFN-induced 15kDa protein (ISG15), ubiquitin specific peptidase 18 

(USP18), STAT-1 and guanylate binding protein 3 (GbpS) (Der et al., 1998, Wang and Campbell, 

2005). ISG15 is a ubiquitin-like molecule, identified as an IFN stimulated gene due to potent 

induction by type 1 IFNs and LPS (Blomstrom et al., 1986). USP18 has recently been shown to  be a 

key regulator of the type 1 IFN response as its inhibition results in amplification of STAT signalling 

(Santin et al., 2012).

IFN -a

IF N -aR l

Cell Membrane ;

irK2
IFN-a R20

^  STAT-1 

STAT-2

Nucleus

IFN-g inducible genes

• LISP18 

•ISG15

• Gbp3

Figure 1.2: Schematic representation of IFN-a signalling cascade

!FN-a binds to its receptor, w ith IFN-aRl being the ligand binding subunit and IFN-aR2 being the signal

transducing subunit. Activation o f TYK2 and JAK-1 leads to phosphorylation o f STAT-1, subsequently STAT-2

associates w ith  STAT-1 along w ith IRF9. This complex then translocates to the nucleus and binds to IFN

response elements and induces the transcription ofUSPlS, ISG15 and GbpS.
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1.1.5 IL-6 signalling

Interleukin-6 (IL-6) was originally discovered as an inflammatory cytokine involved in B cell 

d ifferentiation, and since its characterisation has been implicated in an ever-growing array of 

processes (Spooren et al., 2011). IL-6 can signal through tw o different pathways, classical 

signalling and trans-signalling. Classical signalling occurs when IL-6 binds to  the non-transducing 

IL-6R, which causes homodimerisation of the signal transducing protein gp l30 . The trans

signalling cascade is initiated when IL-6 binds the soluble IL-6 receptor (slL-6R), which exists in the 

extracellular space. Upon binding of this IL-6/slL-6R, gp l30  dimerises and leads to  viable 

downstream signalling. Dimerisation of g p l30  molecules is followed by recruitm ent o f JAK-1 and 

JAK-3 and fo llow ing phosphorylation of tyrosine kinase residues on the cytoplasmic domains of 

gp l30 , STAT-1 and -3 are recruited (Spooren et al., 2011). This STAT-l/STAT-3 complex then 

translocates to  the nucleus where it binds to  IL-6 response elements (IL-6Res) to  induce the 

transcription of SOCS-1 and SOCS-3. Binding o f the IL-6/IL-6R complex also activates ras, which in 

turn activates extracellular signal-regulated kinase (ERK), which phosphorylates CCAAT-enhancer 

binding protein (C/EBP)-3 which can also bind to  IL-6Res w ithin the nucleus to  induce 

transcription of IL-6 target genes (see figure 1.3). Transcription of both SOCS-1 and SOCS-3 occurs 

rapidly fo llow ing IL-6 treatm ent (Starr et al., 1997). IL-6 is also known to be a potent inducer of 

CEBP/p (Akira e ta l., 1990).

0
IL-6sR

g p l3 0  . 'L-6 ;
Cell M em bran e

Nucleus

STAT-1

STAT-3
C/EBPp j ixm

IL-6 inducible genes:

•SOCS-1

•SOCS-3

Figure 1.3: Schematic representation of IL-6 signalling cascade

IL-6 binds to its soluble receptor, this then binds to g p l3 0 . Binding o f the IL-6/IL-6R complex induces 

phosphorylation o f JAKs 1 and 3, which in turn phosphorylate STAT-1 and STAT-3. These molecules then 

translocate to the nucleus where they bind to IL-SRes to induce the transcription o f SOCS-1 and -3. Binding o f 

the IL-6/IL-6R complex also activates ras, which in turn activates ERK, which phosphorylates CEBP/6, which 

can also bind to IL-6Res within the nucleus to induce transcription o f IL-6 target genes.



1.1.6 Other inflammatory mediators

Pro-inflammatory cytokines and bacterial stimuli such as LPS induce the expression of inducible 

n itric oxide synthase (INOS), an enzyme responsible fo r the production of NO. iNOS is a calcium- 

dependent isoform of NOS, and expression of this enzyme results in excessive production of NO. 

NO is synthesised and released as part of the inflammatory response of glial cells along w ith the 

release of pro-inflammatory cytokines. NO acts as an intracellular messenger and is also 

considered as an effector molecule of the innate immune system. It has been shown to  exert a 

number of cytotoxic effects; studies have shown that NO is an im portant contributor to  

neurotoxicity (Iravani et al., 2002). This would suggest tha t an increase in iNOS could contribute to 

inflammation-induced neurodegeneration.

Chemokines, which are involved in the chemoattraction of cells, especially those of the immune 

system, are some of the most important inflammatory factors (Review: Bajetto et al. 2001). 

Chemokines are very small (8-14kDa) chemotactic proteins and in the CNS are involved in 

recruitment o f the main resident immune cell types of the brain (microglia and astrocytes) and of 

infiltrating peripheral cells from the systemic bloodstream (Conductier et al., 2010). Chemokines 

can be directly induced by inflammatory molecules such as LPS or pro-inflammatory cytokines and 

are released by a number of cell types, including endothelial cells, macrophages, monocytes, 

microglia and astrocytes (Bajetto et al., 2001). MCP-1 (monocyte chemoattractant protein-1) is a 

chemokine whose role is to attract immune cells and is mainly produced by astrocytes and 

microglia and its induction has been shown in response to numerous CNS insults (Bajetto et al., 

2001). Microglia express both MCP-1 and its receptor CCR2 and it is suggested tha t MCP-1 may 

activate and direct microglial recruitment to  injured CNS sites through auto- and paracrine 

methods and thus amplify ongoing inflammatory reactions (Boddeke et al., 1999, Hanisch, 2002). 

There is evidence to  suggest that the production of MCP-1 may be required in order to mount a 

sufficient neuroinflammatory response, shown from observations of MCP-1 mice. Intrastriatal 

LPS injection in MCP-1 mice showed 50% less pro-inflammatory cytokine production when 

compared to  w ild type controls despite the fact that there was no difference in the number of 

recruited microglia, indicating that MCP-1 modulates glial responsiveness and potentially primes 

brain immune cells to  be more responsive to later inflammatory insults (Rankine et al., 2006). In 

addition another group found the same effects in MCP mice follow ing a peripheral challenge 

w ith LPS (Thompson et al., 2008).

In order fo r effective functioning of the immune response, co-stimulatory molecules on the 

surface of microglia or infiltrating macrophages are required fo r successful antigen presentation 

to T-cells. M ajor histocompatability complex class II (MHC II) y chain (a.k.a CD74) is a
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transmembrane glycoprotein that associates w ith the MHC II protein, and is an important 

chaperone required fo r effective antigen presentation in the immune response. MHC II y chain is 

expressed at high levels on antigen presenting cells (APCs), including B cells, monocytes, 

macrophages, and dendritic cells in normal tissues (Lotteau et al., 1990, Roche et a!., 1993). 

Although cell surface expression is low in many cell types, rapid internalisation w ith concomitant 

re-expression at the cell surface provides a steady-state level of MHC II y chain-MHC II complex at 

the cell surface that is sufficient fo r biological function (Ong et al., 1999).

1.2 The hypothalamic-pituitary-adrenal (HPA) axis

The HPA axis is the most characterised of the endocrine axes. The paraventricular nucleus (PVN) 

w ithin the hypothalamus receives afferent neurons from  ascending noradrenaline (NA) pathways 

and the brainstem. Upon receiving stimulation, the PVN secretes corticotropin-releasing hormone 

(CRH) into the pitu itary bed of the portal system. Subsequently adrenocorticotropic hormone 

(ACTH) is secreted into the general circulation by the anterior pituitary gland (Vale et al., 1981). 

Upon reaching the adrenal glands, ACTH stimulates the release of glucocorticoids (GCs) into the 

bloodstream where they can regulate the stress response (see figure 1.4). GCs promote the 

physiologic stress response by preparing the end organs fo r fight or flight, which fo r the most part 

involves changes in energy metabolism, e.g. in response to  stress GCs can stimulate the 

metabolism of glucose fo r energy. GCs then interact w ith  the ir receptors on multiple organs 

including those involved in the HPA axis. Their action on the HPA axis is through a negative 

feedback loop, which inhibits the synthesis of ACTH and corticotropin releasing factor (CRF) in the 

pituitary and the hypothalamus respectively. It has been documented in the literature that 

endogenous GCs and dysregulation of the same have been implicated in mood changes. For 

example, Cushing's syndrome is an endocrine disorder that can be precipitated by d ifferent 

causes but the main symptom is excessive cortisol secretion. In the m ajority of patients w ith 

Cushing's, the ir disorder has been associated w ith  a hypomanic and depressive symptomatology 

in tandem w ith  GC dysregulation (Starkman et al., 1981, Haskett, 1985).

It has been known fo r many years that the immune system can be influenced by GCs, and GCs 

have been used in the treatm ent of inflammatory disorders since the 1940's. Activation of the 

HPA axis provokes release of pituitary and adrenal hormones, the receptors fo r which occur on 

almost all immune cells. Immune modulation by these hormones can occur through tw o pathways, 

either directly through binding to  cognate receptors on immune cells or indirectly through 

dysregulation of the production of pro-inflammatory cytokines. GCs suppress the transcription of 

a number o f pro-inflam matory cytokines including IL-1, IL-2, IL-6, TNF-a, IFN-y while upregulating 

the anti-inflamm atory cytokines IL-4 and IL-10 (Barnes, 1998, Webster et al., 2002). Furthermore,
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it seems this regulation of the immune response by GCs is bi-directional, w ith  numerous studies in 

the literature documenting pro-inflammatory cytokines either inhibiting or enhancing 

glucocorticoid receptor (GR) function (Pace et al., 2007). As stated GCs are typically classified as 

anti-inflamm atory agents, however in certain instances there can be a dysregulation of the GC 

system perm itting excessive inflammation in the presence o f elevated GC concentrations. It is 

thought that this is due to  impaired GC signalling i.e. that GR function is impaired producing a 

change in GC sensitivity, generally referred to as GC resistance.

Figure 1.4: Hypothalamic-Pituitary-Adrenal Axis

Figure shows events follow ing activation o f the l-IPA axis and tha t GCs can impact the immune system. 

(Adapted fro m  Glaser and Glaser, 2005)

1.2.1 Glucocorticoid receptor signalling

In a normal physiological situation, activation of the HPA axis is controlled via released GCs 

activating GRs in the brain. This activation of GRs in the brain initiates a dampening down of 

fu rthe r HPA axis activation. Therefore GCs act in a negative feedback loop to  control the ir own 

release. The GR in its "inactivated" state is held in the cytosol of the cell in a m ultimeric complex 

o f chaperone proteins including heat shock protein 90 (HSP90), FK506-binding protein 51 (FKBP5), 

p23 and protein phosphatise 5 (PP5) (Pratt and Toft, 1997). GR sensitivity can be modulated by 

altering the chaperone and co-chaperone composition and these molecules may thus be 

interesting candidates in the pathophysiology of stress-related psychiatric diseases. Endogenous 

GCs (corticosterone in rodents, cortisol in humans) or synthetic GCs (dexamethasone; DEX) act as 

GR ligands. Following ligand binding, the GR undergoes a conformational change ("activation") 

and dissociates from  the complex and translocates to  the nucleus. Here the GR regulates gene 

transcription by either binding to  specific glucocorticoid response elements (GREs) or by 

interacting w ith other transcription factors. The GR is then recycled to  the cytosol where it cannot

Natur* n«vMws I Immunolofiy
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bind w ith ligands again until the multimeric complex w ith  the chaperone proteins reforms [see 

figure 1.5).

Nucleus
3. GR binds to (jREs and induces transcrip tion  

( . o f FKBP5, as we ll as o th e r GC inducib le genes
e.g. GILZ and Sgk-1

2. Ttie GB diinerizes and 
translocates to the nucleus

1 l.IponGC binding, the 
com plex disassociates ( p23

FKBP5

m x x m
FKBP5 )

F K B P S ^ C  FKBP5

otx \ \ 0 ^ FKBP5

HSP90

HSP90

4 Incieasedin FKBPSinRNA 
expression prevents the dim erisation 
o f GR leadit^g to  a decrease in GR 
activation.
=  Increased FKBPS expression: A 

GR ) mechanism o f GC resistance?

Cell M em brane

GC; D exam ethasone

Figure 1.5: Glucocorticoid receptor signalling

Upon the GR binding with its ligand, the chaperones disassociate. The GR dimerises and translocates to the 

nucleus. The GR binds to glucocorticoid response elements and induces the transcription o f GC-inducible 

genes e.g. GILZ and Sgk-1. The GR can also bind directly to other transcription factors and repress their 

actions e.g. NFkB. The GR is then recycled to the cytosol where it needs to bind to its chaperones before it 

can be activated again.

1.2.2 Chaperone proteins involved in GR signalling

HSP90 is an ubiquitous, abundant, essential and highly conserved protein (Lindquist and Craig, 

1988) and is bound to  all the steroid receptors (Pratt, 1990). Three functions have been suggested 

in the literature for this protein. The first is tha t HSP90 has a general chaperone function, as its 

association w ith  the GR is required fo r the receptor to  be in a high affin ity ligand binding 

conformation (Dalman et al., 1989). The second proposed function is that HSP90 stabilises the GR 

against degradation in the cytosol. This suggestion originates from the fact that HSP90 itself is 

stable to proteolysis by endogenous cytosolic proteases (Housley et al., 1990). It has also been 

proposed tha t HSP90 has a role in receptor transport from  cytoplasmic sites to  nuclear docking 

sites although the mechanism of transport is unknown (Dalman et al., 1989).
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FKBP5 is a co-chaperone protein of HSP90, which regulates GR sensitivity and is one of the 

components of the multimeric complex w ith the GR. When FKBP5 is bound to  the receptor 

complex, cortisol binds to  the receptor w ith lower affinity and nuclear translocation is less 

efficient (Wochnik et al., 2005). It has also been suggested that FKBP5 may promote nuclear 

translocation o f the inactive GR-(3 isoform to the nucleus, which does not have any transcriptional 

activity but can suppress the activity of the active GR-a isoform (Zhang et al., 2008). Another 

interesting feature of FKBP5 is the ability of GCs to  induce its expression, essentially as part of an 

ultra-short negative feedback loop fo r GR activation (Vermeer et al., 2003). Therefore, increased 

transcription and translation of FKBP5 follow ing GR activation would reduce GR sensitivity (see 

figure 1.5). So far the published data on induction of FKBP5 by GCs is in non-brain tissue and there 

is no evidence published suggesting this is the case in the CNS.

PP5 is a unique member of the phosphoprotein phosphatase (PPP) family of serine/threonine 

phosphatases based on the presence of te tratricopeptide repeat (TPR) domains w ithin its 

structure and has been found to  interact w ith HSP90 (Chen et al., 1996). Before PP5 was 

discovered, evidence fo r phosphatase regulation of GR had been reported. There is contradictory 

evidence as to  whether PP5 negatively or positively regulates the GR, but it is clear that it is an 

important regulator of GR transcriptional activity. Several mechanisms by which PP5 does this 

have been suggested. The first, put forward by Davies et al., suggests that PPS may regulate the 

intrinsic ability of the GR to  bind its ligands. There is evidence tha t the synthetic glucocorticoid 

dexamethasone (DEX) has a higher affin ity fo r GR complexes containing PPS compared to  those 

containing FKBP5 (Davies et al., 2005). PPS has been shown to  bind to the m otor protein dyenin, 

suggesting PPS can control translocation of the GR to  the nucleus (Galigniana et al., 2002). The 

final mechanism suggested is that PPS may affect the ability of the GR to exert its transcriptional 

activity. When the GR binds hormone, three serine residues are phosphorylated, PPS has the 

ability to  dephosphorylate these three serines, w ith  pronounced action at serine 226 which is the 

primary site fo r inactivation of GR via the JNK pathway (Wang et al., 2007).

p23 is a 23kDa immunophilin that binds directly to  HSP90 w ith bound ATP. It has been shown to  

increase the stability and hormone binding activity of the GR/HSP90 complex once it is formed 

(Dittmar et al., 1997). Whether the presence of p23 affects the rate of complex assembly remains 

to  be elucidated.

1.2.3 Glucocorticoid inducible reporter genes

Glucocorticoid inducible leucine zipper (GILZ) was first identified during a study of genes 

transcriptionally induced by GCs (D'Adamio et al., 1997). Subsequently GILZ has been shown to
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mediate several GC functions, mainly the anti-inflamm atory and the immunosuppressive effects 

of GCs. GILZ is part of the TGF-P-stimulated clone-22 (Tsc-22) family of leucine zipper (LZ) proteins. 

It is constitutively expressed in many murine and human tissues and it's expression is rapidly up- 

regulated by GCs in a myriad o f d ifferent cell types (Ayroldi and Riccardi, 2009). In human 

monocytes isolated from  patients w ith alcoholic hepatitis, expression of GILZ decreases 

macrophage sensitivity to  LPS and pro-inflam matory cytokine secretion, including TNF-a (Hamdi 

et al., 2007). In human dendritic cells (DCs), GILZ has a significant role in directing the maturation 

of these cells. The over-expression of GILZ decreases expression of co-stimulatory and MHC class 

II molecules, therefore preventing efficient antigen presentation. GILZ over-expression does not 

affect CD40 ligand-mediated inhibition of phagocytosis, indicating it only influences certain 

aspects of DC maturation (Cohen et al., 2006).

Serum- and glucocorticoid-inducible kinase-1 (SGK-1) was originally cloned as an immediate early 

gene transciptionally stimulated by serum and GCs in rat tum our mammary cells (Firestone et al., 

2003). It has since been shown to  have roles in a number of physiological processes including 

regulation o f transport, hormone release, neuroexcitability, inflammation and cell proliferation 

(Lang et al., 2006). SGK-1 has been implicated in the regulation of transcription factors such as 

p53 and nuclear factor K-light-chain enhancer of activated B cells (NFkB) which play a role in 

inflammation and cell proliferation (Lang et al., 2010). Activation of SGK-1 by GC increases 

cytosolic concentrations of SGK-1, whereas serum activation culminates in increased nuclear 

translocation o f SGK-1 (Lang et al., 2006).

1.3 Kynurenine Pathway

The kynurenine pathway (KP) is responsible fo r 99% of dietary metabolism of the essential amino 

acid tryptophan in mammalian cells (Peters, 1991). Mammals possess tw o oxygenases fo r the 

degradation o f tryptophan; Indoleamine 2,3 dioxygenase (IDO) and tryptophan 2, 3-dioxygenase 

(TDO). TDO is primarily localised in the liver and metabolises dietary tryptophan, maintaining 

serum levels. IDO is the rate-lim iting enzyme of the KP and is responsible fo r extrahepatic 

metabolism of tryptophan; it has also been shown to be present in the CNS. Studies have shown 

that TDO activity is increased by GCs (Salter and Pogson, 1985) and there is a wealth of evidence 

suggesting IDO activity is increased by IFN-y (Yasui et al., 1986, Carlin et al., 1987, Carlin et al., 

1989). One of these enzymes metabolises tryptophan to  kynurenine, which is then metabolised 

down one of tw o catabolic pathways. In the first kynurenine is metabolised by the enzyme 

kynurenine aminotransferase II (KAT II) to  yield kynurenic acid (KYNA). In the second pathway 

kynurenine is metabolised first by the enzyme kynurenine 3-hydroxylase (KMO) to  yield 3- 

Hydroxykynurenine (3-HK), which is a free radical generator in its own right. 3-HK is then
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metabolised by kynureninase (kynase) which yields 3-hydroxyanthranilic acid (3-HAA), and this is 

metabolised by 3-hydroxyanthranilic acid oxygenase (Haao) to yield quinolinic acid (QUIN) 

(Review: M yint et al., 2007) (see figure  1.6). Tryptophan is essential for the synthesis of serotonin 

(5-HT), when the KP is activated it metabolises tryptophan into a number of neuroactive 

metabolites, therefore reducing the availability of tryptophan fo r 5-HT synthesis.
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Figure 1.6; Kynurenine pathway

Tryptophan is metabolised by IDO to kynurenine which is then metabolised to either Q UIN through KMO, 

HAAO and kynase or to KYNA through KATII (Dantzer et al. 2008).

1.3.1 Neuroactive properties of kynurenine pathway metabolites

Interest in the KP stems from the observation that one of its metabolites, QUIN, could excite 

neurons in the CNS by acting as an N-methyl-D-aspartate (NMDA) agonist (Stone and Perkins, 

1981). Further studies revealed QUIN as a neurotoxic molecule which acted similar to kainate (an 

NMDA agonist) when injected into the brains of experimental animals (Schwarcz et al., 1983). 

QUIN induced axon-sparing neuronal lesions after intracerebral injection into rats. This study 

sparked interest in the scientific community as it raised the possibility that the KP could be 

involved in CNS phenomena such as neurodegeneration and synaptic plasticity. 3-HK has also 

been implicated as a neurotoxin both in vitro  and in vivo, and it is suggested tha t it induces this 

toxicity through intracellular generation of oxidative stress (Okuda et al., 1998, Okuda et al., 1996). 

Okuda and colleagues have shown that specific populations of neurons (striatal and cortical 

neurons) are more sensitive to its neurotoxic effects than others (cerebellar neurons), and those 

neurons that do not express nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (the 

enzyme required fo r generation of free radicals) are spared from these effects (Qkuda et al..
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1998). In vivo experiments have shown that the anti-oxidant, N-acetyl-L-cysteine, and not the 

NMDA receptor antagonist MK-801, attenuates 3-HK induced neurotoxicity in rat striatum 

(Nakagami et al., 1996). These observations together suggest that 3-HK exerts its neurotoxic 

effects via generation of free radicals as opposed to  via NMDA receptor stimulation. An 

investigation o f the possible excitatory properties of KYNA, the product of the alternative arm of 

the KP, showed that this molecule is actually a potent antagonist of QUIN and NMDA (Perkins and 

Stone, 1982). Further studies have shown that administering KYNA intra-peritoneally offers 

neuroprotection fo llow ing ischemia (Andine et al., 1988, Germano et al., 1987, Simon et al., 1986).

1.3.2 Cellular compartmentallsatlon of KP enzymes in the CNS

When formed, L-Kynurenine can be taken up by brain cells, which have evolved distinct 

mechanisms fo r metabolising kynurenine further. For instance, astrocytes preferentially express 

KAT II and transaminate kynurenine to  KYNA, which is then released from the cell (Guillemin et al., 

1999, Guillemin et al., 2001). Conversely, microglia have been shown to  express KMO and are 

thought to  be the main source of 3-HK and QUIN in the brain (Heyes et al., 1996). Furthermore, a 

recent study looking at the functional consequences of this cellular compartmentalisation in vivo, 

showed that there is a segregation of these distinct antagonistic arms in the normal rat brain (see 

figure 1.7) (Amori et al., 2009).
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Figure 1.7: Compartmentalisation of kynurenine pathway enzymes
KP enzymes are preferentially, although no t exclusively, com partm entalised in the CNS. Astrocytes express 

KAT II bu t no t KMO, therefore kynurenine is metabolised to KYNA in these cells. M icroglia synthesise 3-HK 

and QUIN using KMO, which are then released to act on the ir pre- and post- synaptic targets (Schwarcz e t al., 

2012).
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1.4 Monoaminergic neurotransmitters

Neurotransmitters (NTs) such as 5-HT and the catecholamines noradrenaline (NA) and dopamine 

(DA), are prim itive biogenic amines crucial to central processes such as mood, appetite, sleep, and 

homeostasis. These NTs have been identified systemically and in peripheral cells, especially those 

o f immune origin, which have been shown to  express monoaminergic NT transporter proteins 

along w ith other components of these systems allowing them to  respond to  5-HT, DA and NA 

(Review; Meredith et al., 2005).

1.4.1 Serotonin (5-HT)

In the CNS, 5-HT is a neurotransm itter involved in many functions including sensory transmission, 

sleep, wakefulness and mood. 5-HT synthesis depends on the availability of the precursor amino 

acid L-tryptophan. L-tryptophan is converted to  5-hydroxytryptophan by the enzyme L-tryptophan 

hydroxylase (TPH), which serves as the rate-lim iting enzyme o f the 5-HT synthesis pathway. There 

are tw o isoforms of this enzyme, TPHl and TPH2, which are selectively associated w ith peripheral 

tissues and the brain, respectively. The subsequent metabolic step involves the decarboxylation of 

5-hydroxytryptophan by the cytosolic enzyme L-aromatic amino acid decarboxylase, which yields 

5-HT. The outer m itochondrial membrane enzyme monoamine oxidase (MAO) is involved in 

serotonin metabolism. There are tw o molecular subtypes of this enzyme, MAO-A and MAO-B, 

w ith  the form er having higher affinity for 5-HT vs. DA or NA. Metabolism of 5-HT is achieved by 

the enzyme MAO-A, which yields 5-hydoxyindoleacetic acid (5-HIAA). Re-uptake of 5-HT is 

achieved by the integral membrane protein, serotonin transporter (SERT), which removes 5-HT 

from  the synaptic cleft and into the synaptic boutons of presynaptic neurons (see figure 1.8). This 

action term inates the effects of 5-HT and allows its reuse by presynaptic neurons. 5-HT is 

transported into synaptic vesicles by vesicular monoamine transporters (VMAT), of which there 

are tw o isoforms, both recognising all the monoamines.

1.4.2 Dopamine (DA) and noradrenaline (NA)

Both DA and NA are synthesised from the amino acid tyrosine. Tyrosine is converted to  3, 4- 

dihydroxyphenylalanine (DORA) through the rate-lim iting enzyme tyrosine hydroxylase (TH). This 

enzyme can also be inhibited by NA, providing tight regulation of this synthesis pathway. DORA is 

then metabolised to  DA by the enzyme DORA decarboxylase. DA can then be transported from 

the cytosol into vesicles by VMATs, and the enzyme dopamine P-hydroxylase contained w ithin the 

vesicles, metabolises DA to  NA. These NTs are degraded by the enzymes MAO and catechol-0- 

methyltransferase (COMT), which are located intracellularly. Therefore, in order to  inactivate DA 

or NA they need to  be taken up by the ir respective transporters, dopamine transporter (DAT) or 

the noradrenaline transporter (NAT). These transporters remove DA and NA from the synaptic
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cleft and transport them into the cell where DA is degraded to homovanillic acid (HVA) or 

dihydroxyphenylacetic acid (DOPAC) and NA is metabolised to  vanilmadelate (VMA) or 3- 

methoxy-4-hydroxyphenylglycol (MHPG) (see figure 1.8).
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Figure 1.8: Synthesis and degradation of monoaminergic neurotransmitters

Tryptophan is metabolised to 5-HT through tryptophan hydroxylase 1/2, and 5-HT is degraded by MAO-A to 

yield 5-HIAA. Tyrosine is metabolised to DOPA by tyrosine hydroxylase, and DOPA is subsequently 

m etabolised to DA through DOPA decarboxylase. DA can then be m etabolised by dopamine 6-hydroxylase to  

yield NA. DA and NA are degraded by MAO and COMT, DA degradation results in production o f homovanillic  

acid (HVA) or dihydroxyphenylacetic acid (DOPAC) and NA degradation yields vanilmandelate (VMA) or 3- 

methoxy-4-hydroxyphenylglycol (MHPG).

1.4.3 Drugs affecting monoaminergic NT systems

Selective serotonin reuptake inhibitors (SSRIs) are a class of drug tha t are currently the most 

prescribed treatm ent fo r depressive symptoms. Fluoxetine is the one o f the most prescribed 

antidepressants worldw ide along w ith citalopram, w ith both drugs acting to  inhibit SERT and 

therefore increasing 5-HT concentrations at the synaptic cleft. Citalopram exists as tw o chiral 

enantiomers and most preparations of this drug exist as a racemic m ixture of both the inactive 

(R)-(-)-citalopram and the active (S)-(+)-citalopram. The firs t antidepressant drugs were MAO-A 

inhibitors, as these drugs inhibit the degradation of 5-HT thereby increasing its availability. 

Moclobemide is a benzamide, which acts as a selective reversible MAO-A inhibitor. It is prescribed 

as an antidepressant and is advantageous over other MAO inhibitors, as it does not prevent the 

metabolism of dietary amines, therefore there are no dietary restrictions imposed w ith 

moclobemide as there are w ith other MAO inhibitors. Moclobemide inhibits the degradation of 5-
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HT and to  a lesser ex ten t  NA and DA. Clorgiline is a se lec t iv e  irreversible MAO-A inhibitor that is 

not prescribed in th e  clinical setting but is used routinely in research. This drug w a s  used  in the  

con text  of this thes is  as a com parator to  th e  reversib le  MAO-A inhibitor m o c lo b em id e .

Lithium chloride (LiCI) is an ionic salt which is used  as a m o o d  stabiliser, th e  m ech an ism  of action  

by which it exerts its pharmacological actions is under d eb a te .  The tw o  main biochemical  

possibilit ies are that lithium interferes with e ither  inositol tr iphosphate  or cyclic a d en osin e  

m o n o p h o sp h a te  (cAMP) form ation and th e  e ffects  on t h e s e  seco n d  m e ssen g e r  sy s tem s accounts  

for its therapeutic  e f fects  (Nahorski e t  al., 1 99 1 ,  Atack e t  al., 1995).  M ost anti-psychotics are 

antagonists  at D2 receptors, a subtype o f  d o p a m in e  receptors , but can also block other  

m o n o am in e  receptors especially  5 -HT2. Haloperidol is a b u tyrop h en on e  derivative w h o se  

pharmacological actions parallel th o s e  of th e  phenoth iaz ines ,  a class o f  anti-psychotic drugs. The 

main pharmacological action o f  haloperidol is through DA receptor  inverse agonism  along with its 

e ffects  at D2 receptors (Seem an, 1987).  Clozapine is a d ib enzod iazep in e  and term ed  an atypical 

antipsychotic as o p p o sed  to  haloperidol, which is t e r m ed  a typical antipsychotic. Clozapine is a 

p oten t  antagonist  of D4 receptors, and has actions at a n u m ber  of o ther  receptors including Di, D2, 

a-adrenoceptors ,  h istamine receptor (HI) and 5 -HT2 recep tors  (Fakra and Azorin, 2012).  These  

drugs w ere  chosen  for use  in this thes is  to  span a range o f  pharmacological actions and classes of  

psychotropic drugs {see f ig u re  1.9).

Figure 1.9; M olecular s tru c tu res  of psychotropic drugs used

Fluoxetine an d  cita lopram  are SSRIs. M oclobem ide  a n d  clorgiline are  a reversib le an d  irreversible MAO-A 

inhibitor, respectively. H aloperidol is a typ ica l anti-psychotic , a n d  m ain ly w orks by  DA recep to r an tagon ism . 

Clozapine is an a typ ica l an ti-psychotic  an d  w orks n u m ber o f  CNS recep to rs  including Dy D2, a -adrenocep tors, 

histam in e recep to r (HI) an d  5-HT2 receptors.
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1.5 Clinical relevance

Abnormalities in all of the systems discussed have been identified in depression (Maes et al., 

2011). Depression is a common mental disorder, which affects 121 million people worldwide 

(World Health Organisation, 2011). It is projected tha t by the year 2020 it w ill be the second 

leading cause of disability calculated fo r all ages and both sexes (Murray and Lopez, 1997). Major 

depression is also responsible fo r considerable m ortality, 850,000 people die from  suicide every 

year (WHO, 2011), as well as the fact tha t this disorder has many medical co-morbidities e.g. 

cardiovascular disease, rheumatoid arthritis and other psychiatric conditions (Katon and Sullivan, 

1990). Despite the abundance of antidepressant drugs, only a th ird of patients receive adequate 

treatm ent and up to half o f them relapse (Thase, 2006). This fact reflects the heterogeneity of this 

disorder, and has given rise to  many theories as to  the pathogenesis of depression.

1.5.1 Biological theories of depression

The firs t biological theory of depression formulated was termed "The monoamine theory of 

depression". It suggests that depression is caused by an imbalance of endogenous levels of the DA, 

5-HT and NA (Schildkraut, 1965). The theory also postulates tha t patients w ill achieve remission if 

treated w ith  drugs which increase the activity of the monoaminergic NTs (Schildkraut, 1965). 

Taking this into account, 5-HT is thought to  have a major role in depression due to  the efficacy of 

selective SSRIs to  achieve remission of depression in patients.

One of the most reproducible physiological abnormalities in depression is an increase in 

circulating cortisol, leading to  the suggestion that MPA axis disturbance has a causal role in 

depression. This theory was first suggested follow ing the observation that patients w ith Cushing's 

syndrome exhibited a depressive like syndrome (Starkman et al., 1981, Haskett, 1985). There is a 

wealth of evidence showing that patients w ith major depression have elevated levels of cortisol in 

plasma (Gallagher, 1973, Gibbons and Me, 1962), urine (Carroll et al., 1976a) and cerebrospinal 

fluid (CSF) (Carroll et al., 1976b, Gerner and Wilkins, 1983), indicating a hyperactive HPA-axis. A 

study of the post-mortem brains of suicide victims has revealed a reduced number of CRF binding 

sites in the frontal cortex, suggesting reduced numbers of CRF receptors (Nemeroff et al., 1988). 

Clinical studies of depressed patients have shown hypertrophy o f both the adrenal and pitu itary 

glands (Nemeroff et al., 1992, MacMaster and Kusumakar, 2004). Patients also exhibit an increase 

in cortisol secretion in response to  ACTH (Holsboer et al., 1985). In depressed patients this is 

reflected by basal hypercortisolemia and cortisol resistance in the dexamethasone suppression 

test (Carroll, 1984). It remains to  be elucidated whether this state is primary or secondary to  the 

development of depression.
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The "macrophage theory of depression" was firs t proposed by Smith (1991). It puts forward the 

idea that dysregulation of the monocyte-microglial system results in the over production of pro- 

inflammatory macrophage cytokines such as IL -ip  and TNF-a, , which may precipitate a 

depressive syndrome (Smith, 1991). This is based on several observations; firs t that depressed 

patients are reported to have higher levels of circulating pro-inflammatory cytokines compared to  

healthy controls, second tha t IFN-a treatm ent (used fo r the treatm ent of hepatitis C and some 

cancers) precipitates a depressive syndrome in 40% of cases, and finally tha t cytokines can 

influence neurotransm itter metabolism, neuroendocrine function and regional brain activity, all 

of which are relevant to  depression (Review: Zunszain et al., 2012).

An emerging theory postulated in the last ten years, suggests that the KP has a role in the 

pathogenesis o f depression. As stated, both rate-lim iting enzymes in this pathway, IDO and TDO, 

are influenced by inflammatory mediators and GCs respectively (Salter and Pogson, 1985, Carlin 

et al., 1989). There is clinical evidence fo r an altered kynurenine/tryptophan ratio in blood of 

depressed patients that correlates w ith  anxiety and cognitive deficits in these patients (Capuron 

et al., 2003, Maes et al., 2002); these studies have reignited interest in the KP and the role of its 

metabolites in the pathogenesis of depression. More recently, studies have shown impairment in 

the balance of KP metabolites, manifesting as an increased ratio of neurotoxic metabolites to  

neuroprotective metabolites in patients w ith major depression, both in organic depression and 

IFN-a induced depression (Wichers et al., 2005, M yint et al., 2007). Taken together, it is sensible 

to  suggest tha t the KP could potentially be the common pathway that links reduced 5-HT 

availability, inflammation and increased cortisol, all of which have been suggested as precipitating 

factors of depression (Maes et al., 2011).

1.5.2 Microglial dysfunction in depression

The involvement of the immune system in neuropsychiatric diseases has been hypothesised for 

quite some tim e, and more recently a key role fo r activated microglia is emerging (Beumer et al., 

2012). Both histomorphological studies of post-mortem brains and positron emission tomography 

(PET) tracer scans of depressed patients indicate a role fo r activated microglia in depression 

(Beumer et al., 2012). Using magnetic resonance imaging (MRI), volumetric changes in a number 

of brain regions, including the hippocampus, have been reported in depressed patients, along w ith 

evidence of cellular modifications in both neuronal and glial populations of the hippocampus 

(Bremner et al., 2000, Stockmeier et al., 2004, Campbell and MacQueen, 2006).

Microglia have also been identified as im portant mediators in animal models of depressive like 

behaviour. For example, peripheral challenge w ith LPS induces depressive-like symptoms in
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rodents, and these depressive lil<e symptoms are ameliorated w ith the tricyclic antidepressant 

imipramine (Yirmiya, 1996). Furthermore, peripheral LPS challenge has been shown to  induce 

increased microglial reactivity in the rodent brain (Buttini et al., 1996). Studies which 

administered the anti-inflammatory agent minocyline, which attenuates LPS-lnduced pro- 

inflammatory cytol<ines and suppresses microglial activation, prevented depressive-like symptoms 

in these animals suggesting a role fo r microglia in the development of the depressive phenotype 

associated w ith  immunological stimulation (O'Connor et al., 2009b).

1.6 BV-2 microglial cell line

In order to  elucidate a potential role fo r microglia in the GC system, KP and to  investigate the 

relationship between monoaminergic NTs and inflammatory processes in the CNS, the BV-2 

murine microglial cell line was used fo r all in vitro studies. The BV-2 cell line is derived from 

murine primary cultures transformed w ith  a J2 retrovirus carrying a v-rafi v-myc oncogene (Blasi 

et al., 1990). These cells exhibit morphological, phenotypic and functional properties of microglial 

cells. Morphologically, BV-2 cells have short, thick processes similar to  activated primary 

microglial cells. Phagocytic capacity is the most reliable indicator of macrophage activity and 

Bocchini et al. (1992) establish tha t these cells have the ability to  ingest latex beads and to  also 

phagocytose and kill certain micro-organisms such as Candida albicans, A. fum igatus  and C. 

neoformans. The same group have shown that these cells also express the membrane channel 

pattern of cultured primary microglial cells (Bocchini et al., 1992). A recent study comparing the 

inflammatory response in primary microglia to  BV-2 microglia in response to  LPS shows tha t 90% 

of the genes induced by BV-2 microglia were also upregulated in primary microglial cultures (Henn 

et al., 2009). These cells have been used in pharmacological studies, studies of phagocytosis and 

fo r many im portant immunological discoveries in altogether over 200 publications (Hirt and Leist, 

2003, Lund et al., 2005).

1.7 Aims

The aim of this thesis is to  assess regulation of glucocorticoid function, tryptophan and 

monoamine metabolism in the BV-2 microglial cell line and to  determ ine the effects of the 

application of antidepressants on these functions. As glucocorticoids, tryptophan and monoamine 

transmission are implicated in the pathophysiology of depression, the experiments w ill elucidate 

potential mechanisms whereby microglia may regulate these functions and determine if changes 

are responsive to  the application of antidepressants which may account in part fo r their 

therapeutic action.
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The first objective was to characterise GR activation and subsequent signalling in BV-2 microglia 

and determine the effects of pro-inflammatory cytokines on this process. The second aim was to 

determ ine if activated microglia could reduce neuronal viability, and if activation of the 

kynurenine pathway may represent a mechanism by which reductions in neuronal viability occur. 

The th ird  aim was to  characterise the monoaminergic NT systems in BV-2 microglia and determine 

the effect of inflammatory mediators on these systems, while in tandem investigating any effect 

these NTs had on the inflammatory response in microglia. Finally, the ability of antidepressants to 

ameliorate dysfunction in the above systems in the BV-2 microglia was explored.
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Chapter 2

Materials and Methods
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2.1 Materials 

2.1.1 Cell culture products

Absolute ethanol

B-27 supplement

Biocldal ZF™

BV-2 microglia

Coverslips (glass, 13 mm)

Cryovials

Dimethyl sulfoxide (DMSO) 

Disposable sterile scalpels 

Dulbecco's PBS

Filter units (33mm sterile Millex)

Foetal Bovine Serum (FBS)

Fungizone

Glutamax

Haemocytometer

Mycoplasma-OFF

Neurobasal

Penicillin-streptomycin

Poly-L-lysine

RPMI

Sterile plastic ware 

Syringe filters (0.2^im)

Syringes (20ml, 50 ml)

Trypan blue (0.4%)

Trypsin-EDTA 

Virkon 

Wistar rats

Hazardous materials facility, TCD 

Gibco, UK

WAK-Chemie Medical, Germany

Centro Biotecnologie Avanzate, Genova, Italy

VWR Scientific, Ireland

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Swann-Morton Ltd., UK

Sigma-Aldrich, UK

M illipore B.V., Ireland

Invitrogen, UK

Invitrogen Life Technologies, UK 

Gibco, UK 

VWR Int., Ireland 

Minerva Biolabs, Germany 

Invitrogen, UK 

Invitrogen, UK 

Sigma-Aldrich, UK 

Invitrogen, UK 

Sarstedt Ltd., Ireland 

Pall Corporation, USA 

Unitech, Ireland 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Antec International, USA 

Bioresources Unit, TCD
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2.1.2 General laboratory products

General labora tory chemicals 

General labora tory plasticware

2.1.3 Fluorescent immunocytochemistry

Alexa Fluor 488 goat an ti-rabb it 

Alexa Fluor 546 goat anti-m ouse 

Mouse anti-FKBP5 

Normal goat serum 

Rabbit anti-GR

Vectashield m ounting  m edium  w ith  DAP!

2.1.4 HPLC materials

5-HIAA 

C itric acid

D istilled HPLC grade H2O 

EDTA

Glass inserts 

Glass screw top  vials 

M ethano l, 100%

N-m ethyl-5-HT 

O ctane-l-su lphon ic  acid 

Serotonin (5-HT)

Sodium dihydrogen phosphate 

0.45 nM  filte rs

Sigma-Aldrich, UK (unless o therw ise  stated) 

Sarstedt Ltd., Ireland

Invitrogen, UK 

Invitrogen, UK

Cell-signaling Technology, Inc., USA 

Vector Laboratories Ltd., UK 

Santa-Cruz B iotechnology, Inc., USA 

Vector Laboratories Ltd., UK

Sigma-Aldrich, UK 

BDH chemicals, USA 

Fisher Chemical, UK 

Fisher Chemical, UK 

Fischer Scientific, UK 

Labquip, UK 

Lab-scan, Ireland 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Phenomenex, UK
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2.1.5 Molecular Reagents

Biosphere filte r tips (1000, 200, 100, and 
10 îl)
High capacity cDNA archive kit 

M icroamp 96-well Reaction plate 

Molecular grade ethanol (200 proof) 

Nucleospin’  RNA II Isolation Kit 

Optical adhesive covers 

RNase-free microtubes 

RNaseZap’ wipes

TaqMan* Universal PCR Master Mix 

TaqMan* Gene Expression Assays

2.1.6 Standard assay kits

Cytotox 96* Assay

Mouse TNF-a ELISA

Mouse MCP-1 ELISA

NUNC, F96 MAXISORP-immuno plate

2.1.7 Treatment compounds

1400W

5-HT hydrochloride 

1-methyl-tryptophan (D) 

1-methyl-trptophan (L)

BCI

Citalopram hydrobromide

Clorgiline

Clozapine

Dexamethasone

Sarstedt Ltd., Ireland 

Applied Biosystems, UK 

Applied Biosystems, UK 

Sigma-Aldrich, UK 

Macherney-Nagel, Germany 

Applied Biosystems, UK 

Ambion Inc., USA 

Ambion Inc., USA 

Applied Biosystems, UK 

Applied Biosystems, UK

Promega Ltd., UK 

Biolegend, UK 

Biolegend, UK 

Sigma-Aldrich, UK

Calbiochem, Germany 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Calbiochem, Germany 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK
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DPI chloride

Fluoxetine hydroch loride

Haloperidol

Lith ium  Chloride

LPS from  E. coli serotype 0111:B4

MK-801

M oclobem ide

Recom binant mouse cytokines; 
IFN-y, IFN-a, IL-6, TNF-a and IL - ip

Ro 61-8048

S31-201

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Sigma-Aldrich, UK 

Tocris Bioscience, UK 

Sigma-Aldrich, UK 

Biolegend, UK

Tocris Bioscience, UK 

Mercl< Chemicals, UK
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2.2 In vitro cell culture 

2.2.1 Aseptic Techniques

Aseptic techniques w ere utilised during  all cell cu ltu re  w ork and also in the  p reparation  o f cell 

cu ltu re  reagents. This is necessary to  m ainta in  a sterile  env ironm ent free  from  fungal, bacterial 

and viral in fections th a t can a lte r norm al cellu lar functions. Aseptic techniques u tilised include the  

use o f s terile  disposable plastics, and ste rilisa tion  o f glassware, plastics and H2 O by autoclaving at 

121°C fo r 30-60 m inutes. Dissection equ ipm ent was baked fo r  a m in im um  o f 2 hours at 200°C to  

ensure s te rility . All cell cu ltu re  w ork was carried o u t in a lam inar flo w  hood (ADS Laminaire, 

France). This allows only filte red  air to  come in to  contact w ith  cells, thus preventing 

contam ination  w ith  a irborne pathogens. The in te rio r o f the  hood was w iped dow n w ith  70% 

ethanol (EtOH) before and a fte r use. The hood surface was also exposed to  u ltra v io le t (UV) light 

fo r  15-30 m inutes a fte r use. Any item s taken in to  th e  flo w  hood w ere ligh tly  sprayed w ith  70% 

EtOH to  prevent in troduc tion  o f any pathogens to  th e  hood w ork  area. Disposable latex gloves 

w ere w orn and sprayed w ith  EtOH before use. Gloves w ere changed regularly during cell cu lture  

w ork. Cells w ere m ainta ined in an incubato r at 37°C in a 5% CO2 hum id ified  atm osphere (Therm o 

Steri Cycle CO2 Incubator Hepa Class 100). Both th e  incubator and lam inar flo w  hood w ere 

regularly cleaned w ith  Biocidal ZF to  m ainta in  a ste rile  environm ent.

2.2.2 Preparation of culture media

For BV-2 m icrog lia : Rosv,/ell Park M em oria l Ins titu te  m edium  (RPMI) 1640 conta in ing 10% foe ta l 

bovine serum (FBS), 1% pen ic illin -strep tom ycin  and fungizone (0.25 ng/m l) (com plete RPMI) was 

used fo r m aintenance o f BV-2 m icroglia. Briefly, 50 ml o f FBS, 5 ml o f pen ic illin -s trep tom ycin  and 

500 nl o f fungizone w ere filte r-s te rilised  using a 0.2 m icrom etre  (^m ) syringe f i lte r  and added to  a 

500 ml bo ttle  o f RPMI.

For p rim a ry  neurona l cultures: Neurobasal media (NBM) conta in ing 1% pen ic illin -strep tom ycin , 

fungizone (0.25 ng /m l) and 1% g lutam ax was used fo r  m aintenance o f p rim ary neuronal cultures. 

Briefly, 5 ml o f pen ic illin -strep tom ycin , 500 nl o f fungizone and 5 ml o f g lutam ax, w ere filte r-  

sterilised using a 0.2 nm syringe fi lte r  and added to  a 500 ml b o ttle  o f NBM.

2.2.3 Preparation of compounds for treating cultures

Once prepared, all stock solutions w ere filte r-s te rilised  using a 0.2 ^m  syringe filte r. All stock 

solutions w ere frozen at -20°C  in a liquots fo r fu tu re  use, w ith  the  exception o f th e  recom binant 

mouse cytokines, which were frozen at -80 °C. Stock solutions w ere d ilu ted  to  w ork ing  

concentra tions in appropria te  pre-w arm ed media p rio r to  use.
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Table 2.1 Table of compounds, molecular weights, and dissolvents

A ppropria te  vehicles were used to contro l fo r  the dissolvent o f  each drug

Drug M .W Dissolved in

1400W 250.20 cRPMI

5-HT hydrochloride 212.68 '1 %  DMSO

1-m ethy l-tryp tophan  (D) 218.25 H2 O: NaOH: HCI

1-m ethy l-tryp tophan  (L) 218.25 H2 O: NaOH: HCI

BCI 317.40 -1%  DMSO

Citalopram  hydrobrom ide 405.30 cRPMI

Clorgiline 351.31 cRPMI

Clozapine 326.82 -1%  DMSO

Dexamethasone 392.46 cRPMI

DPI ch loride 314.55 '1 %  DMSO

Fluoxetine hydrochloride 349.79 cRPMI

H aloperidol 375.86 -1%  DMSO

Lithium  ch loride 42.39 cRPMI

LPS N/A dHjO

MK-801 327.27 cRPMI

M oclobem ide 269.74 cRPMI

Recom binant mouse cytokines: N /A 0.1% BSA in Ix  PBS

IFN-y, IFN-a, IL-6, TNF-a and IL-|3

Ro 61-8048 421.45 '1 %  DMSO

S31-201 365.36 -1%  DMSO

2.2.4 Maintenance of the BV-2 cell line

BV-2 cells w ere used as a model o f CNS m urine m icroglia. BV-2 cells express the  nuclear v-myc 

and the  cytoplasm ic v-ra f oncogene products as w ell as the  env gp70 antigen on the  cell surface 

(Bocchini e t al., 1992). The cells, w hich grow  in sem i-adherent cu ltu re , have m orphological, 

phenotypical and functiona l markers o f macrophages. Cells w ere m ainta ined in T75cm^ flasks at 

37°C in a 5% CO2  hum id ified  atm osphere in com plete RPMI-1640 media. The media was changed 

every 3 -4  days and cells were passaged bi-weekly using a scraper fo r cell detachm ent. Prior to  

experim ents, cells w ere plated on to  24-well plates at a density o f 5 x l0 "  cells per well or on to  6- 

well plates at a density o f 1x10® cells per w ell. Cells w ere a llowed to  adapt fo r 24 hours p rio r to  

any experim enta l procedures. All cells used in experim ents w ere  betw een passage numbers 5 and 

25.
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C ryo preservatio n  o f  B V-2 cells: Cells w e re  fro zen  at a co n c e n tra tio n  o f 5x10® c e lls /m l in FBS (40% ), 

D M S O  (10% ) in cR P M I. Cryovials w e re  fro zen  o vern ig h t a t a ra te  o f 1°C p er m in u te  using a 

N alg en e  M r . Frosty fre e z in g  c o n ta in e r p laced a t -80 °C . A fte r  2 4  hours, cells w e re  rap id ly  

tra n s fe rre d  to  liqu id  n itrog en  (T a y lo r-W h a rto n  H C 35) fo r  lo n g -te rm  storage.

R esuscitation  o f  B V-2 cells: W h e n  re q u ire d , cells w e re  th a w e d  and reseeded  a t a re la tive ly  high  

c o n c e n tra tio n  to  o p tim ise  recovery . A cryovial co n ta in in g  th e  fro zen  BV-2 cell line was re m o ved  

fro m  liqu id  n itro g en  and th a w e d  as rap id ly  as possible to  m in im ise  th e  fo rm a tio n  o f in trac e llu la r  

ice crystals. In a la m in a r f lo w  hood, th e  D M S O  w as d ilu te d  o u t o f th e  c ryo preserva tio n  m ed ia  by 

slow ly  add ing  10m l o f p re -w a rm e d  cR P M I to  th e  cells. T he  suspension w as cen trifu g e d  at 

2 ,0 0 0 rp m  fo r  5 m in u tes , th e  s u p e rn a ta n t p o u red  o ff and  th e  p e lle t o f cells re -suspended  in 6m l 

cR P M I. Cells w e re  co u n ted  and  seeded  o n to  T75cm ^ tissue cu ltu re  flasks a t a p p ro x im a te ly  1x10® 

ce lls /m l. Cells w e re  incu ba ted  at 37°C  in a 5%  CO 2 h u m id ifie d  a tm o s p h e re .

2.2.5 Preparation of cover slips

Glass coverslips (13  m m ) w e re  placed in each o f th e  w ells  o f a 2 4 -w e ll p la te  and le ft u n d er U V - 

ligh t fo r  3 0  m in u tes .

For B V-2 m ic rog lia :  Poly-L-lysine (25  m g) was re c o n s titu te d  in au to claved  ddHaO and th o ro u g h ly  

v o rte x e d  to  y ie ld  a stock so lu tion  o f 1 m g /m l. This so lu tion  w as sterilised  using a 0 .2  nm  syringe  

f i lte r  and fro ze n  in 1 m l a liquots  a t -20°C . Poly-L-lysine w as a d d e d  to  au to c laved  d d H 20  to  y ie ld  a 

fina l c o n c e n tra tio n  o f 4 0  n g /m l. T he  surfaces o f th e  coverslips w e re  covered  w ith  poly-L-lysine  

so lu tion  (1 0 0  nl) and th e  p la tes  w e re  incu ba ted  a t 37 °C  fo r  a t least 3 0  m in u tes . Fo llow ing  this  

incu bation  p erio d , w ells  w e re  w ashed  tw ic e  w ith  d d H 2 0  and le ft to  fu lly  d ry p rio r to  use.

For p r im a ry  co rtic a l neurons: Po ly -D -lys ine  (2 5  m g) w as  re c o n s titu te d  in au to claved  d d H 2 0  and  

th o ro u g h ly  v o rte x e d  to  y ie ld  a stock so lu tion  o f 0 .0 4  n g /m l. This so lu tion  w as sterilised  using a 0 .2  

Hm syringe f i lte r  and fro zen  in 6 ml a liqu o ts  a t -20°C . Poly-L-lysine w as add ed  to  au to c laved  

d d H 2 0  to  y ie ld  a fina l co n c e n tra tio n  o f 4 0  |ig /m l. T he  surfaces o f th e  coverslips w e re  covered  w ith  

poly -D -lys ine  so lu tion  (1 0 0  ^1) and th e  p la tes  w e re  in cu b a ted  a t 37°C  fo r  a t least 30  m in u tes . 

Follow ing  th is  incu ba tion  p eriod , w ells  w e re  w ash ed  tw ic e  w ith  d d H 2 0  and le ft  to  fu lly  dry p rio r to  

use.

2.2.6 Preparation of neurons

T h e  cortices o f 3X p os tna ta l day 1 W is ta r  rats w e re  d issected  o u t. T h e  cortex  was cross-chopped  

in a d rop  o f c o m p le te  N B M . Using a p as teu r p ip e tte , th e  chopped  cortical tissue w as ad d ed  to  a
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50 ml falcon tube  w ith  5 ml o f trypsin . The sample was then incubated at 37°C fo r  2 m inutes. The 

cell suspension was tr itu ra te d  gently w ith  5 ml o f cNBM w ith  1 % FBS to  stop the  trypsin working. 

The single cell suspension was centrifuged at 2,000 rpm fo r  3 m inutes at 20°C. The supernatant 

was poured o ff and the  pe lle t resuspended in 6ml o f cNBM w ith  1% FBS. The pe lle t was gently 

tr itu ra te d  un til a homogenous cellu lar suspension was obta ined. A cell s tra iner was placed on top  

o f a new ste rile  50 ml falcon tube  and the  hom ogenous so lu tion  was passed th rough the  cell 

stra iner. The filte re d  sample was then centrifuged at 2,000 rpm  at 20°C fo r  3 m inutes. The 

supernatant was poured o ff and the  pe lle t was resuspended in 1 ml com plete  Neurobasal + B27 

(1%).

2.2.7 Cell counting

Cells were resuspended in a known volum e o f media and viable cells counted using the  trypan 

blue exclusion m ethod. Live cells possessing in tact ce llu lar mem branes have the  ab ility  to  exclude 

trypan blue dye whereas dead cells do not. The cell suspension was d ilu ted  1:10 in trypan blue 

and a plastic haem ocytom eter was used to  count the  cells under a light m icroscope (Olympus 

CKX41). The num ber o f cells per ml was determ ined using the  fo rm u la : cell count x d ilu tion  facto r 

X lO''. BV-2 m icroglia w ere plated at a density o f SxlO”* cells per w ell and prim ary cortical neurons 

w ere plated a t a density o f 1x10^ cells per well.

2.3 Analysis of cell viability in vitro: CellTiter 96® AQ„eous Non-Radioactive Cell Proliferation 

assay

The CellTiter 96® AQueous Non-Radioactive Cell P ro life ra tion  assay is a co lo rim e tric  m ethod fo r 

de te rm in ing  the  num ber o f viable cells in p ro life ra tion  or chem osensitiv ity assays. The CellTiter 

96® is com posed o f solutions o f a novel te trazo lium  [3-(4 ,5-d im ethylth iazo l-2-yl)-5-(3- 

carboxym ethoxyphenyl)-2-(4-su lfophenyl)-2H -te trazo lium , inner salt; MTS] and an e lectron 

coupling reagent (phenazine m ethosu lfa te ; PMS). MTS is bioreduced by cells in to  a form azan 

p roduct th a t is soluble in tissue cu lture  m edium . The conversion o f MTS in to  aqueous, soluble 

form azan is accomplished by dehydrogenase enzymes found in m etabolica lly active cells. The 

quan tity  o f form azan product as measured by the  absorbance at 490 nm is d irectly  p roportiona l 

to  the  num ber o f living cells in culture. MTS/RMS so lu tion was thaw ed. Supernatants w ere 

aspirated from  all wells o f the 24-well plate. 120 nl o f pre-w arm ed cRPMI was added to  each well 

and 30 |il o f thaw ed MTS/PMS was p ipe tted  in to  each well. Plates were incubated fo r 1-4 hours at 

37°C in a hum id ified , 5% CO2 atm osphere. Follow ing a co lour change, a liquots o f supernatants (50 

|il) w ere transfe rred  in duplicate to  a 96-well fla t-b o tto m e d  plate. Absorbance was read at 490 

nm using a m ic ro titre  plate reader (BioTek EI^SOO).

33



2.4 Fluorescent immunocytochemistry

2.4.1 General fluorescent immunocytochemistry

Fluorescent immunocytochemistry was performed on both BV-2 microglia and neurons grown on 

glass coverslips. Primary antibodies used were as follows: GR (1:1000), FKBP5 (1:1000). All primary 

antibodies were diluted in 3% normal goat serum (NGS) in PBS. Secondary antibodies used were; 

goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 546. All secondary antibodies were 

diluted in 3% NGS in PBS. Growth media was removed from  the coverslips, and they were washed 

twice w ith  IX  PBS. 350 |ii of ice-cold 100% methanol was added to  each well and the plates were 

incubated fo r 20 minutes at -20°C. Methanol was then removed and the coverslips washed 3 

times w ith IX  PBS, leaving the plates on a platform rocker (Stuart Scientific 3D Gyratory Rocker) 

between washes. Non-specific interactions were blocked using 300 lil blocking solution (4% NGS 

in PBS, Vector Laboratories), which was added to  each well and the plates incubated at room 

temperature on a rocker fo r 2 hours. Blocking solution was removed and the cells were incubated 

w ith primary antibodies raised against the protein of interest, glucocorticoid receptor and FKBP5, 

overnight at 4°C. Primary antibody was then removed and the coverslips were washed 3 times 

w ith IX  PBS. Cells were incubated w ith appropriate secondary antibody in a light protected 

environment fo r 2 hours at room temperature. Coverslips were then washed 3 times w ith IX  PBS. 

Following 1 wash w ith dH20, coverslips were ready to be mounted on glass slides fo r imaging. One 

drop of Vectashield fluorescent mounting media w ith DAPI (Vector Laboratories) was placed on a 

slide (twin frost, 1-1.2 mm, Fisher Scientific). The coverslip was lifted from  the plate using a 

curved forceps and inverted onto a drop of Vectashield. Excess Vectashield was removed from  the 

slide w ith  tissue paper. The edges of the coverslip were sealed using nail varnish and the slides 

allowed to  dry before storage in the dark at 4°C.

2.4.2 Imaging and Image Analysis

All images were taken using an epifluorescent microscope w ith a 200x magnification and images 

were captured using a Zeiss AxioCam HR camera. Five images were taken of each coverslip, one 

image of the middle, and one image north, south, east and west of that point.

2.4.2.1 Intensity Correlation Quotient

Standard co-localisation testing involves tagging tw o proteins w ith separate fluorescent tags. 

These tags are different colours (usually red, green or blue) and are imaged separately. Proteins 

are deemed to  be co-localised in areas where the colours are combined when the images are 

overlaid. This method can be considered the "dye-overlay" method and is very simple and widely 

used. However this process also has a number of drawbacks prim arily due to  its subjective nature 

(images are generally thresholded and the brightness/contrast is often adjusted).
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Another method of measuring co-localisation is by intensity correlation analysis (ICA) (Li et al., 

2004). This method is a little  more complex than the "dye-overlay" method but still works from 

similar principles i.e. using tw o separate images to  analyse where both occur. The basis of ICA is 

tha t if tw o proteins are co-localised then the ir staining should vary in synchrony (dependant 

staining) whereas if they are not they will exhibit asynchronous staining (segregated staining).

The method generates values based on the principle tha t fo r any set of values, the sum of the 

differences from  the mean of these values, equals zero.

In (A , -a )  = 0 a = mean, N = no. of values (no. of pixels) Ai = Value (staining intensity of each pixel)

From this it makes sense that for tw o sets of random staining intensities the sum of the product of 

the ir differences will also be zero.

Z „(A ,-a )(B ,-b ) = 0

However, if the intensities are dependant or segregated then the values will not be approximately 

zero.

Dependant staining I n ( A , -  a)(B| -  b) > 0 

Segregated staining Z n ( A , -  a)(B| -  b) < 0

Using this idea a simple and statistically testable quotient is produced. The intensity correlation 

quotient is the ratio of the number of positive ICA values to  to ta l pixel pairs which represents the 

degree of dependant staining.

Random staining: ICQ = 0 

Dependant staining: ICQ = 0 - 0 . 5  

Segregated staining: ICQ = -0.5 -  0

2.5 Analytical methods: mRNA

2.5.1 Harvesting BV-2 microglial cells for mRNA analysis

Following treatm ent, supernatants were aspirated from  wells and RAl lysis buffer (supplied in 

Total RNA isolation kit; 100 |il) containing 1% p-mercaptoethanol was pipetted into each of the 

wells. Cells were scraped from the base of the wells using a 1000 |il filtered pipette tip  or cell 

scraper and the lysate was transferred to  a 2 ml RNase-free microtube. Pipette tips were changed 

between treatm ent groups in order to  prevent cross contamination. Lysates were stored at -80°C 

fo r subsequent RNA extraction.
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2.5.2 RNA Extraction

T o ta l RNA w as iso la ted  fro m  sam ples using a Nucleospin® RNA II ex tra c tio n  kit as p er th e  

m a n u fa c tu re r 's  instructions. Cell lysates w e re  ad d ed  to  Nucleospin® f ilte r  co lum ns in a collecting  

tu b e  and cen trifu g ed  fo r  1 m in u te  a t 1 3 ,0 0 0  rp m . T he  f ilte r  co lum n w as d iscarded  and 3 5 0  1̂ o f 

70%  e th a n o l w as ad d ed  to  th e  lysate and m ixed  by p ip e ttin g  up and d o w n  a p p ro x im a te ly  five  

tim es . T he  m ix tu re  w as th e n  app lied  to  d iffe re n t Nucleospin® F ilter co lum ns and cen trifu g e d  fo r  

3 0  seconds a t 1 3 ,0 0 0  rp m , th is w as done in o rd e r to  le t th e  RNA bind to  th e  silica co lum n. This 

co lum n w as th e n  placed in a n ew  collecting  tu b e  (2 m l) and 3 5 0  nl o f m e m b ra n e  desa lting  b u ffe r  

was add ed  to  th e  co lum n. This w as th e n  cen trifu g e d  fo r  1 m in u te  a t 1 3 ,0 0 0  rp m . A DNase  

reaction  m ix tu re  was p re p a re d  in a s te rile  1 .5  ml m ic ro c e n trifu g e  tu b e , th e  m ix tu re  con ta in ed  

1 0 |il o f re c o n s titu te d  rD N ase  to  9 0  nl rD N ase  reaction  b u ffe r. 9 5  nl o f th is m ix tu re  w as added  

d irec tly  o n to  th e  c e n tre  o f th e  silica m e m b ra n e  o f th e  co lum n and w as incu ba ted  a t room  

te m p e ra tu re  fo r  15 m in u tes . Fo llow ing th is a series o f w ashes w e re  carried  o u t. This s tep  was  

carried  o u t to  d igest any c o n tam in a tin g  D N A  on th e  m e m b ra n e . T he  firs t w ash  invo lved  add ing  

2 0 0  |il o f B u ffe r RA2 to  th e  co lum n and this w as cen trifu g e d  fo r  3 0  seconds a t 1 3 ,0 0 0  rp m . This 

RA2 b u ffe r in a c tiv a te d  th e  rD N ase. The second w ash  invo lved  add ing  6 0 0  nl o f B u ffer RA3 (to  

w hich  50  m l o f 2 0 0 -p ro o f e th a n o l had been  ad d ed  to  th e  25  m l RA3 b u ffe r c o n c e n tra te ) to  th e  

colum n and th is  was cen trifu g ed  a t 1 3 ,0 0 0  rp m  fo r  3 0  seconds. The th ird  and fina l w ash en ta ile d  

adding 2 5 0  |il o f B u ffe r RA3 to  th e  co lum n and th is  w as cen trifu g ed  a t 1 3 ,0 0 0  rpm  fo r  2 m in u te s  in 

o rd e r to  d ry  th e  m e m b ra n e  co m p le te ly . T h e  co lum n w as th e n  p laced  in to  a n u c lease -free  

co llection  tu b e  and th e  flo w -th ro u g h  d iscarded. F inally h ighly pure  RNA w as e lu te d  in 6 0  |-il o f 

RNase fre e  H 2 O and cen trifug ed  a t 1 3 ,0 0 0  rp m  fo r  1 m in u te . T he  pure  RNA w as th e n  fro zen  a t - 

80°C  fo r  q u a n tific a tio n  and reverse  transcrip tase .

2.5.3 RNA Quantification

Tota l RNA c o n cen tra tio n s  w e re  m easu red  using a N anodrop®  NDIOOO S p e c tro p h o to m e te r (N an o  

D rop  T echno log ies , T h e rm o  Fisher Scientific). A b lank w as ta k e n  and s to red  b e fo re  m easu ring  th e  

sam ples. 1 |il o f each sam p le  w as tak e n  and p ip e tte d  on to  th e  end o f a f ib re  o p tic  cable  and th e  

absorbance w as m easu red . T he  RNA con cen tra tion s  o f th e  sam ples w e re  g iven in n g /|il based on 

absorbance o f 2 6 0  nm . The ra tio  o f absorbance a t 2 6 0  nm  and  2 8 0  nm  w as used to  d e te rm in e  th e  

p u rity  o f th e  RNA in th e  sam ples. A ra tio  o f a p p ro x im a te ly  2 .0  usually ind ica tes  highly p ure  RNA. 

All th e  RNA sam ples used had a 2 6 0 /2 8 0  ra tio  > 1 .8 , th e s e  w e re  th e n  a liq u o te d  in equal vo lum es  

(2 0  nl) and equ a lised  using RNase fre e  H 2 O.
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2.5.4 cDNA Synthesis

T h e  equa lised  RNA w as th e n  reverse  transcribed  using a High C apacity  cD N A  A rch ive  Kit, as p er  

th e  m a n u fa c tu re r 's  instructions. A m a s te r m ix w as m ad e  up w hich  consisted o f 4^1 o f lO X  reverse  

tran s c rip ta se  b u ffe r, 1 .6  nl o f 25X  dNTPs, 4  îl o f lO X  ra n d o m  p rim ers , 2 nl o f m u ltiscribe  reverse  

tran s c rip ta se  and 8 .4  |il o f RNase fre e  H 2 O. T hese  vo lum es are  n ee d e d  fo r  a single sam ple, in 

p ractice  th is  m as te r m ix w as m ad e  up in bulk. For each sam p le  20  nl o f RNA along  w ith  2 0  nl o f 2X  

RT m a s te r m ix w as placed in to  a PCR m in i-tu b e . S am ples w e re  th e n  placed in a P TC -200 P e ltie r  

T h e rm a l Cycler D N A  Engine (B io-Rad Life Sciences), in cu b a ted  firs t a t 25°C  fo r  1 0  m in u tes  and  

th e n  a t 37 °C  fo r  tw o  hours. T he  cD N A  w as th e n  s to red  a t -20 °C  fo r PCR.

2.5.5 Real-time Polymerase Chain Reaction (RT-PCR)

A ssessm ent o f ta rg e t genes w as p e rfo rm e d  using Taqm an®  G ene  Expression Assays, con tain ing  

specific ta rg e t p rim ers  and a FAM® dye labe lled  M G B  (m in o r g ro ove  b inding) ta rg e t p ro be . 3 -ac tin  

w as used to  norm alise  g en e  expression b e tw e e n  sam ples, and w as q u a n tif ie d  using a |3-actin 

end og eno us  con tro l g en e  expression assay con ta in ing  specific  p rim ers , and a V IC -labe lled  NGB  

p ro b e  fo r  m ouse (3-actin.

cD N A  sam ples  w e re  d ilu ted  1:4 w ith  RNase fre e  H 2 O. 4  |il o f th e  d ilu te d  cD N A  w as p ip e tte d  in to  a 

PCR p la te , along  w ith  0 .5  |il o f ta rg e t p rim e r, 0 .5  1̂ o f (3-actin p rim e r, and 5 1̂ o f Taqm an®  

U niversal PCR M a s te r  M ix . E lectronic  p ip e tte s  (EDP3 2 0 -2 0 0  |il, 2 -2 0  nl, and 1 0 -1 0 0  |il) w e re  used  

in o rd e r to  ensure  accuracy. RT-PCR w as carried  o u t using S tep O n e  s o ftw are . Sam ples w e re  

assayed in one run (4 0  cycles), com posed  o f 2 stages:-

- H o ld ing  stage; S O T  fo r  2 m in u tes , and 95°C  fo r  10  seconds

- Cycling stage; 95°C  fo r  1 second, and 60°C  fo r  1 m in u te .

T a rg e t g en e  expression w as assessed re la tive  to  (3-actin, th e  end og eno us  con tro l. T he  Ct m e th o d  

(A pp lied  B iosystem s RQ s o ftw are , UK) was utilised in th e  analysis o f all RT-PCR d a ta . The basis o f 

th is m e th o d  is to  assess re la tive  gene expression by c om paring  g en e  expression  o f tre a te d  

sam ples to  a norm al o r u n tre a te d  sam ple; this a llow s assessm ent o f th e  fo ld -d iffe re n c e  b e tw e e n  

con tro l and  tre a te d  sam ples. B riefly, a th resh o ld  fo r fluo rescen ce  is set, aga inst w h ich  CT is 

m ea s u re d . To  accurate ly  assess d iffe rences  b e tw e e n  g en e  expression th e  th res h o ld  is set w h en  

th e  PCR reac tio n  is in th e  e xp o n en tia l phase, w h e n  th e  PCR rea c tio n  is o p tim a l or 100%  e ffic ie n t. 

Thus, sam ples  w ith  low  CT readings d e m o n s tra te  high fluo rescen ce , ind ica ting  g re a te r  

a m p lific a tio n  and hence, g re a te r g en e  expression. W h e n  a PCR is 100%  e ffic ie n t a one-cycle  

d iffe re n c e  b e tw e e n  sam ples m eans a 2 -fo ld  d iffe re n c e  in copy n u m b e r (2^), s im ilarly  a 5 -fo ld  

d iffe re n c e  is a 3 2 -fo ld  d iffe ren ce  (2^).
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2.6 Analytical methods: Cytokine concentrations

2.6.1 Harvesting cell-free supernatants for cytokine ELISAs

A fte r the  required incubation tim e , th e  plates w ere  rem oved from  the  incubator and supernatant 

rem oved and stored in 1.5 ml m icrotubes according to  the  tre a tm e n t plan. All samples w ere kept 

on ice before being centrifuged at 13,000 rpm  fo r 3 m inutes at 4°C to  rem ove any cell debris. 

Samples w ere then a liquoted (2-3 a liquots per sample) on 96 w ell plates fo r storage and frozen at 

-80°C  fo r  subsequent cytokine analysis.

2.6.2 Analysis of cytokine concentrations by ELISA

The sandwich enzym e-linked im m unosorben t assay (ELISA) m ethod was used to  de te rm ine  

cytokine concentra tions in cell cu ltu re  supernatants.

2.6.2.1 Mouse TNF-a ELISA

The concentrations o f TNF-a in cu ltu re  supernatants w ere de term ined using a com m ercia lly 

available mouse TNF-a ELISA kit. 100 nl o f the  capture an tibody so lu tion (1:200 d ilu tion  in coating 

bu ffe r (provided in kit)) was added to  a fla t-b o tto m e d  96 well p late (NUNC, F96 MAXISORP- 

im m uno plate), w hich was sealed and incubated overn igh t at 4°C. The wells w ere washed 4 tim es 

w ith  300 |il o f wash bu ffe r (PBS w ith  0.05% Tween-20) and excess wash bu ffe r rem oved by 

b lo tting  plate on a paper tow e l. 200 |il o f blocking bu ffe r (provided in kit) was added to  the wells; 

p late was sealed and incubated fo r 1 hour at RT on a p la te  shaker. The wells w ere washed 4 tim es 

w ith  300 nl o f wash buffer. The standards w ere prepared fo r loading on the  plate by preparing the  

stock TNF-a (recom binant mouse TNF-a). The stock was reconstitu ted  in 200 |il o f reagent d iluen t 

(provided in kit) to  give a reconstitu ted  standard o f 45 ng /m l. The concentra ted stock so lu tion 

was d ilu ted  to  a w ork ing  concentra tion  o f 500 pg/m l and used as the  to p  standard, a fte r which, 

1:2 serial d ilu tions w ere carried ou t using cRPMI m edium . 100 nl o f each standard and sample 

was loaded on to  th e  plate in dup licate ; plate was sealed and incubated fo r  2 hours at RT w ith  

shaking. Follow ing incubation, the  plates w ere washed as before and 100 nl per w ell o f 

b io tiny la ted  de tection  an tibody (1:200 d ilu tion , in assay d iluen t) was added to  the  plates, which 

w ere then sealed and incubated fo r 1 hour at RT w ith  shaking. Plates w ere washed as before and 

100 nl o f the  w ork ing  so lu tion  streptavid in-horserad ish peroxidase (HRP) conjugate (1:1000 

d ilu tion  in assay d iluen t) was added to  each w ell, plate was sealed and incubated fo r 30 m inutes 

at RT w ith  shaking, avoiding d irect light. Follow ing 4 washes, 100 lal o f te tram ethy lbenz id ine  (TMB) 

substrate so lu tion was added to  each well. This was incubated fo r 15 m inutes in the  dark. 100 nl 

o f stop so lu tion (2N H2SO4) was then added to  each w ell and the  absorbance measured at 450 nm 

using a m ic ro titre  p late reader (ELxBOO; Biotek, Germany). A standard curve was constructed by
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p lo tting  the  standards against the  absorbance and results obta ined expressed as pg /m l of 

supernatant or % contro l.

Z.6.2.2 Mouse MCP-1 ELISA

The concentrations o f MCP-1 in cu ltu re  supernatants w ere de term ined using a com m ercia lly 

available mouse MCP-1 ELISA kit. 100 nl o f the  capture an tibody so lu tion  (1:200 d ilu tion  in coating 

bu ffe r (provided in kit)) was added to  a fla t-b o tto m e d  96 well plate (NUNC, F96 MAXISORP- 

im m uno plate), plate was sealed and incubated overn igh t at 4°C. The wells w ere washed 4 tim es 

w ith  300 [il o f wash bu ffe r (PBS w ith  0.05% Tween-20) and excess wash bu ffe r rem oved by 

b lo tting  plate on a paper tow e l. 200 |il o f blocking bu ffe r (provided in kit) was added to  the  wells; 

plate was sealed and incubated fo r 1 hour at RT on a plate shaker. The wells w ere washed 4 tim es 

w ith  300 |il o f wash buffer. The standards w ere prepared fo r loading on the  p la te  by preparing the  

stock MCP-1 (recom binant mouse MCP-1). The stock was reconstitu ted  in 200 nl o f reagent 

d iluen t (provided in kit) to  give a reconstitu ted  standard o f 87.5 ng/m l. The concentra ted stock 

so lu tion  was d ilu ted  to  a w ork ing  concentra tion o f 4,000 pg/m l and used as the  top  standard, 

a fte r which, 1:2 serial d ilu tions w ere carried ou t using cRPMI m edium . 100 ^1 o f each standard 

and sample was loaded on to  the  plate in duplicate; p late was sealed and incubated fo r  2 hours at 

RT w ith  shaking. Follow ing incubation, the  plates w ere washed as before and 100 nl per w ell o f 

b io tiny la ted  detection an tibody (1:200 d ilu tion , in assay d iluen t) was added to  the  plates, which 

w ere then sealed and incubated fo r 1 hour at RT w ith  shaking. Plates w ere washed as before and 

100 nl o f the  w ork ing  so lu tion  streptavidin-HRP conjugate (1:1000 d ilu tion  in assay d iluen t) was 

added to  each w ell, plate was sealed and incubated fo r 30 m inutes at RT w ith  shaking, avoiding 

d irect light. Following 4 washes, 100 lil o f TMB substrate so lu tion  was added to  each w ell. This 

was incubated fo r 15 m inutes in the dark. 100 |il o f stop so lu tion (2N H2SO4) was then added to  

each w ell and the  absorbance measured at 450 nm using a m ic ro titre  plate reader (ELxSOO; Biotek, 

Germany). A standard curve was constructed by p lo tting  the  standards against the  absorbance 

and results obta ined expressed as pg/m l o f supernatant or % contro l.

2.7 Analysis of 5-HT concentrations: High Performance Liquid Chromatography (HPLC)

2.7.1. Instruments and chromatographic conditions

The HPLC analysis was carried out w ith  an au tom ated HPLC system, Shimadzu ADVP m odule as 

previously described (Harkin et al., 2003). The in jection  volum es were 10 nl in to  a reverse phase 

analytical column (Kinetex™ Core Shell Technology C18 colum n w ith  specific area o f 100m m  x 

4.6m m and particle size o f 2.6u, Phenomenex), fo r separation o f the  neuro transm itte rs . 

N euro transm itte r concentrations w ere quantified  by electrochem ical de tection  (Digital 

E lectrochemical A m perom etric  Detector, Mason Technology Ltd). The flo w  ra te  was 0.8 m l/m in
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(LC-IOAT pump, Shimadzu), the run tim e was 60 minutes and the acquisition time was 2 minutes. 

CLASS-VP software (Shimadzu) was used in the acquisition and integration of the chromatographs. 

The signal to  noise ratio was taken as 3 to  1.

2.7.2 Reagents

The mobile phase consisted of O.IM  citric acid monohydrate, O.IM sodium dehydrogen 

phosphate, 1.4M octane-l-sulfonic acid and O.IM ethylene diamlnetetracetic acid in double 

distilled nanopure HPLC grade water and 10% methanol. This was brought to  pH 2.8 w ith sodium 

hydroxide. The low pH is necessary to  ensure retardation of acidic compounds and to  provide an 

optimal concentration of the ion pairing reagent octane-l-sulfonic acid in order to manipulate 

retention times of the amines in the column.

2.7.3 Cell supernatant preparation

The samples were diluted 1:1 in eppendorf tubes, w ith  50 ng/20 |il Internal standard (N-methyl 

serotonin) In mobile phase (recipe outlined above). The samples were vortexed, and then 

centrifuged at 4°C and 14,000rpm fo r 20 minutes. The supernatants were filtered into new 

eppendorf tubes, using a syringe fitted  w ith a 0.45 ^im filte r.

2.7.4 HPLC analysis of monoamines

100 (il of each sample supernatant was pipetted into a glass vial containing a glass insert. The vials 

were placed into the tray in a random order, preceded by a blank mobile phase. A standard mix 

(containing each metabolite at a concentration of 200 ng/|il) was placed In every 6'^ vial, to 

ensure accurate analysis by recalibrating the system. 10 |il of each sample was analysed in 

sequence, using electrochemical detection, w ith  a flow  rate of 0.8 m l/m in. Chromatograms were 

obtained fo r each sample and the intervening standard mixes.

2.8 Statistical Analysis

All data was analysed using a GB-STAT routine. Statistical comparisons were initia lly performed 

using a Student's t-test, or a one or two-way analysis of variance (ANOVA), as Indicated in the 

experimental sections. All data was examined for outliers, which were excluded if they were at 

least tw o standard deviations away from  the mean. If significant changes were observed, the data 

was fu rthe r analysed using Student Newman-Keuls post hoc test as appropriate. Data was 

deemed significant when P<0.05. Results are expressed as means ± standard error of the mean 

(SEM) or mean percentage control and SEM.
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C hap ter  3

Differential effects of th e  pro-in flam m atory  cytokines IFN-a and IL-6 on 

glucocorticoid signalling in BV-2 microglia
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3.1 Introduction

Typically, glucocorticoids (GC) are classified as anti-inflammatory agents, however, in certain 

instances there can be a dysregulation of the GC system perm itting excessive inflammation in the 

presence of elevated GC concentrations. It is thought that this is due to  impaired GC signalling i.e. 

that glucocorticoid receptor (GR) function is impaired producing a change in glucocorticoid 

sensitivity, generally referred to  as glucocorticoid resistance (Juruena et al., 2004). Insufficient GC 

signalling is defined as any state in which the signalling capacity of GCs is insufficient when 

compared to  normal physiological conditions, and encompasses a number of situations including 

decreased availability of hormone and reduced GR sensitivity (Juruena et al., 2004). Thus defined, 

insufficient GC signalling implies no specific mechanism but focuses on the endpoint of GC activity. 

In a normal physiological situation the GR binds to  its ligand, and the multim eric complex of co

chaperone proteins dissociate from the receptors. This complex consists of HSP90, FKBP5, PP5 

and p23. The GR dimerises and translocates to  the nucleus. In the nucleus, the GR binds to 

glucocorticoid response elements (GRE) to  induce the transcription of GC-inducible genes such as 

GILZ and Sgk-1. The GR is then recycled to  the cytosol where it needs to  bind to  its chaperones 

before it can be activated again (see figure 1.5, chapter 1).

The essential role of an intact GC system in regulating the innate immune response in the brain 

has been demonstrated, whereby application of the GR inhibitor m ifepristone along, w ith a single 

bolus injection of LPS, induced profound neurodegeneration in the adult rat brain (Nadeau and 

Rivest, 2003). Furthermore, a recent study has elegantly shown the crucial role of an intact GC 

response in microglia in controlling neurodegeneration (Ros-Bernal et al., 2011). This group show 

that selective inactivation of the GR gene in microglia/macrophages (but an intact GR gene in 

neurons), augmented microglial reactivity and led to  persistent microglial activation in addition to 

increased neuronal loss when animals were challenged w ith MPTP (a DA neuronal toxin) (Ros- 

Bernal et al., 2011). Moreover, increases in pro-inflam matory gene transcription and concomitant 

decreases in anti-inflamm atory gene transcription in the CNS were seen, indicating the GC 

response in microglia is essential fo r regulating neuroinflammation and neurodegeneration (Ros- 

Bernal et al., 2011). Despite the fact that GCs are potent anti-inflammatory hormones, the ir ability 

to  minimise the inflammatory response in the CNS has been debated and the precise role of 

microglia has not been fu lly elucidated.

There are numerous studies in the literature documenting the ability of pro-inflam matory 

cytokines to  both inh ib it and enhance GC signalling. These cytokines influence GC signalling 

through several mechanisms; the firs t is through disruption of GR translocation, and the second is 

through disruption of GR/GRE binding and/or disruption of GR egress from  the nucleus (Pace et al.,
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2007). There are a number of studies that Illustrate a reduction In GR sensitivity In response to  

pro-inflammatory cytokines in both neurons and astrocytes but very little  w ith  regard to  microglia 

(Hu et al., 2009, Bener et al., 2007). Taking Into account the cell-specific responses to  GCs, it Is 

Im portant to characterise the GC response In microglia. The premise that GC resistance could be 

Induced by pro-inflammatory cytokines Is one in Its Infancy, and until recently It was thought that 

GC resistance conferred a loss of regulation of the inflammatory response which in turn was 

responsible fo r the inflammatory component seen In a number of disorders (Glezer and RIvest, 

2004). This disparity In the literature is Interesting given the inter-directlonal nature o f the GC 

system and its impact on cytokines. Taken together, uncovering the cellular mechanisms of GC 

resistance is of utmost importance, and identifying candidate molecules that cause resistance 

could lead to new therapies fo r a number of Inflammatory diseases.

Hence, the objective of this study was to  firs t characterise the response of BV-2 microglia to 

dexamethasone (DEX; a synthetic glucocorticoid). The second objective was to  examine the ability 

o f the pro-inflammatory cytokines IFN-y, IFN-a, IL-6, TNF-a, and IL-ip to  impact upon GR 

sensitivity in microglia. Finally, experiments were undertaken to  elucidate the mechanisms by 

which these Inflammatory mediators Influence GC signalling In BV-2 microglia.
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3.2 Methods

3.2.1 Experimental Paradigm

A. Experim ental paradigm  fo r studying effect of p ro -in flam m atory  cytokines on GC signalling
BV-2 m ic rog lia

C ytokine: TNF-a. 
IL-lp,. IFN -aJFN -y 
or IL-6 @ lO n g /m l

24 hour D exam ethasone 
@ 1 |.iM

124 hours

H a rv e s tfo r c e lls fo r  mRNA e x tra c tio n : 
GR, FKBP5, GILZ, SGK-1, PP5.. HSP90. and 

p23(QPCR)

B. Experim ental parad igm  fo r studying th e  effect o f IL-6 and IF N -a o n  <3R translocation
BV-2 m ic rog lia

C ytokine: 
IF N -a o r IL -6@  
lO n g /m l

~ 24 hours
D exam ethasone 

(® 1 ^lM

I-  24 hours

Fix c e lls fo r 
fluo rescen t im m un o cy to ch em is try : 

GR.FKBPS and DAPI

C. Experim ental parad igm  fo r studying the effect o f IL-6 and IF N -aon  th e  an ti-in flam m atory  po ten tia l of 

dexam ethasone BV-2 m ic ro g lia

Cytokine: 
IF N -ao r IL -6@  
lO n g /m l

24 hours
D exam ethasone 

@ 00.1, 0.1 1 (iM

-  1 hoyr I LPS (£
1 ng /m l

1-  23 hours

H arvest ce ll- fre e  su pe rn a ta n ts fo r 
ELISA: TNF-a

Figure 3.1: Schematic representation of experimental paradigm for each study

Cft: Glucocorticoid receptor. FKBP5: FK506 binding protein 5. GIL7: Glucocorticoid inducible leucine zipper. 

SGK-1: Serum glucocorticoid kinase-1. PP5: Protein phosphatase 5. HSP90: H eat shock protein 90. LPS: 

Lipopolysaccharide. QPCR: Q uantitative polymerase chain reaction. ELISA: Enzyme-linked immunosorbent 

assay.

3.2.2 BV-2 microglial cells

All drugs were dissolved in cRPMI. Cells were incubated w ith drugs at the doses and fo r the 

durations outlined below. Six to eight replicates o f each drug treatm ent were performed in each 

experiment. At the end of the incubation period, culture media was removed from BV-2 microglia 

and centrifuged at 2000 rpm fo r 5 min to  remove any cellular debris and protein analysis assessed. 

Cells were also harvested fo r mRNA analysis.
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3.2.3 Cell culture treatments

All drugs were dissolved In cRPMI (for BV-2 microglia) w ith  the exception of S31-201 and BCI, 

which were both dissolved in DMSO. Cells were incubated w ith  drugs at the doses and fo r the 

durations outlined in Table 3.1. Six to  eight replicates of each drug treatm ent were performed in 

each experiment. At the end of the incubation period, culture media was removed from  BV-2 

microglia and centrifuged at 2000 rpm fo r 5 min to  remove any cellular debris fo r subsequent 

cytokine analysis and cells were harvested fo r mRNA analysis.

Table 3.1 Drugs, inhibitors, doses and incubation times

All inhibitors were incubated on cells fo r  30 minutes. These inhibitors work immediately but were pre

treated fo r 30 minutes to ensure maximal inhibition before any other stimulation. Dexamethasone was 

incubated fo r 24 hours based on concentrations used by Pariante et al. 1997.

Treatment Concentration Incubation Reference

IFN-y, IFN-o, IL-6, TNF-a and IL-ip 10 ng/ml 24 hours Based on previous studies

Dexamethasone 1 nM 24 hours (Pariante et al., 1997)

S31-201 10 pM 30 min (M ir et al., 2012)

BCI 10 |iM 30 min (Molina et al., 2009)

3.2.4 Fluorescent immunocytochemistry

3.2.4.1 General fluorescent im m unocytochem istry

Fluorescent immunocytochemistry was performed on BV-2 microglia grown on glass coverslips. 

Primary antibodies used were as follows; GR (1:1000), FKBP5 (1:1000). All primary antibodies 

were diluted in 3% normal goat serum in PBS. Secondary antibodies used were goat anti-rabbit 

Alexa Fluor 488, goat anti-mouse Alexa Fluor 546. All secondary antibodies were diluted in 3% 

normal goat serum in PBS.

Growth media was removed from the coverslips, and coverslips were washed twice w ith Ix  PBS. 

350 nl of ice-cold 100% methanol was added to  each well and the plates were incubated fo r 20 

mins at -20 °C. Methanol was then removed and the coverslips washed three times w ith  Ix  PBS, 

leaving the plates on a platform rocker (Stuart Scientific 3D Gyratory Rocker) between washes. 

Non-specific interactions were blocked using 300 |al blocking solution (4% normal goat serum 

(NGS) in PBS) which was added to  each well and the plates incubated at room temperature on a 

rocker fo r 2 hours. Blocking solution was removed and the cells were incubated w ith primary 

antibodies raised against the protein of interest, GR and FKBP5, overnight at 4 °C. Primary 

antibody was then removed and the coverslips were washed 3 times w ith  Ix  PBS. Cells were 

incubated w ith appropriate secondary antibody in a light protected environment for 2 hours at
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room  tem pera tu re . Coverslips w ere then  washed 3 tim es w ith  Ix  PBS. Follow ing one wash w ith  

d istilled H2O, coverslips ready to  be m ounted on glass slides fo r imaging. One d rop o f Vectashield 

fluorescent m ounting  media w ith  DAPI was placed on a slide. DAPI is a fluo rescen t stain th a t binds 

to  strong ly to  adenosine-thym ine rich regions o f DNA, the reby exclusively sta in ing the  nucleus o f 

these cells. The coverslip was lifted  fro m  the  plate using a curved forceps and inverted on to  a 

drop o f Vectashield. Excess Vectashield was rem oved from  the  slide w ith  tissue paper. The edges 

o f the  coverslip w ere sealed using nail varnish and th e  slides w ere a llowed to  dry before storage 

in the  dark at 4 °C.

3.2 .4 .2  Im aging and Im age Analysis

All images w ere taken using an ep ifluorescent m icroscope w ith  a 200x m agnifica tion and images 

w ere captured using a Zeiss AxioCam HR camera. Five images w ere taken o f each coverslip, one 

image o f the  m iddle, and one image no rth , south, east and w est o f th a t point.

3.2.5 Intensity Correlation Quotient

In tensity corre la tion  analysis (ICA) was used to  quan tify  co-localisation o f prote ins in these 

experim ents (Li et al., 2004b). The basis o f ICA is th a t if tw o  prote ins are co-localised then th e ir 

staining should vary in synchrony (dependent staining) whereas if they are no t they w ill exh ib it 

asynchronous staining (segregated staining). Using th is  idea, a simple and sta tis tica lly  testab le  

quo tien t is produced. The in tensity  corre la tion  q u o tie n t is the  ra tio  o f the  num ber o f positive ICA 

values to  to ta l pixel pairs, which represents the  degree o f dependent staining.

Random staining: ICQ = 0 

Dependant staining: ICQ = 0 - 0 . 5  

Segregated staining: ICQ = -0.5 -  0

3.2.6 Reverse-transcriptase polymerase chain reaction

RNA was extracted from  BV-2 m icroglia using the  N ucleospin* RNA II to ta l RNA iso lation kit. 

Following quan tifica tion  using a Nanodrop™ 1000 spectropho tom ete r, RNA concentra tions w ere 

equalised and reverse transcribed in to  cDNA using a High Capacity cDNA Archive Kit. Real-time 

PCR was perfo rm ed using an ABI StepQne 7500 ins trum en t as previously described (Chapter 2). 

Taqman Gene Expression Assays conta in ing prim ers and a Taqman probe w ere used to  quan tify  

each gene o f in terest. PCR was perfo rm ed in PCR plates in a 10 pi reaction vo lum e (4 pi o f d ilu ted  

cDNA, 1 pi o f Taqman gene expression assay, and 5 pi o f Fast Taqman® Universal PCR m aster mix) 

and PCR (40 cycles) was run in duplicate  using the  ABI universal cycling conditions. P-actin was 

used as endogenous contro l to  norm alize gene expression data, and an RQ value (2'°°''', w here Ct
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is the threshold cycle) was calculated fo r each sample. RQ are represented as fold change in gene 

expression relative to  the control group, which was normalised to  1.

Table 3.2: List of Taqman gene expression assays used.

Target Primer Code

P-actin 4352341E

GR Mm00433832_ml

FKBP5 Mm00487401_ml

GILZ Mm00726417_sl

SGK-1 Mm00441380_ml

HSP90 Mm00658568_gH

PP5 Mm00803198_ml

p23 Mm00727367_sl

DUSP-1 Mm00457274_gl

STAT-5 Mm03053818_sl

3.2.7 Analysis of protein concentrations

The concentrations of TNF-a in culture supernatants were determined using a commercially 

available mouse TNF-a ELISA kit. Assays were performed as per the manufacturer's instructions 

and as preciously described in Chapter 2 and absorbance measured at 450 nm using a m icrotitre 

plate reader (ELxSOO; Biotek, Germany). A standard curve was constructed by plotting the 

standards against the absorbance and results obtained expressed as pg/m l of supernatant or 

percentage control.

3.2.8 Statistical Analysis

All data was analysed using a GB-STAT routine. Statistical comparisons were performed as 

indicated in the experimental sections. If significant changes were observed, the data was further 

analysed using Student Newman-Keuls post hoc test as appropriate. Data was deemed significant 

when P<0.05. Results are expressed as means ±  standard error of the mean (SEM) or mean 

percentage control and SEM.
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3.3 Results

3.3.1 Temporal profile of GR and GR-inducible genes in response to DEX

In the present experiment, the temporal profile of mRNA expression of GR and GR-inducible 

genes in response to  DEX in BV-2 microglia was investigated. BV-2 microglia were treated w ith 

DEX (1 |iM ) fo r 2, 4 and 24 hours. Cells were harvested fo r RNA extraction and subsequent RT-PCR 

fo r GR, FKBP5, GILZ and SGK-1 was performed.

3.3.1 DEX increases GR, FKBP5, GILZ and SGK-1 mRNA expression a t 2, 4 and 24 hours

One-way ANOVA revealed a significant effect of DEX treatm ent on GR mRNA expression [F(3,n|=41, 

P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in GR mRNA expression at 2 

hours (P<0.01), 4 hours (P<0.001) and 24 hours (P<0.001) when compared to  controls [Figure 3.2 

(a), n=3-4].

One-way ANOVA revealed a significant effect of DEX treatm ent on FKBP5 mRNA expression 

[F(3,ii)=144.6, P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in FKBP5 

mRNA expression at 2 hours (P<0.01), 4 hours (P<0.001) and 24 hours (P<0.001) when compared 

to  controls [Figure 3.2 (b), n=3-4].

One-way ANOVA revealed a significant effect of DEX treatm ent on GILZ mRNA expression 

[F ( 3, i 2) = 7 5 . 6 2 , P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in GILZ mRNA 

expression at 2 hours (P<0.05), 4 hours (P<0.05), and 24 hours (P<0.001) when compared to 

controls [Figure 3.2 (c), n=3-4].

One-way ANOVA revealed a significant effect o f DEX treatm ent on SGK-1 mRNA expression 

[F(3, i2) = 11 -4 8 , P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in SGK-1 

mRNA expression at 2 hours (P<0.01), 4 hours (P<0.05), and 24 hours (P<0.01) when compared to 

controls [Figure 3.2 (d), n=3-4].

48



(a)

o>
s s
z s

(C)

<  O  '2 -  
2l£ O 8- 

E u.

2h 4h 24h

(b)

2h 4h

(d )

24h2h 4h

Figure 3.2: Temporal effects of DEX on mRNA expression of GR, FKBP5, GILZ, and SGK-1

BV-2 microglia were cultured and exposed to  DEX (1 nlVI) fo r 2, 4, 8, and 24 hours. Cells were 

harvested fo r RNA extraction and subsequently RT-PCR was performed. **P<0.01, ***P<0.001 vs. 

control (one-way ANOVA followed by Newman-Keuls). Data are expressed as mean ± SEM (n=4). 

(-— ) denotes control levels.
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3.3.2 DEX increases translocation of GR to the nucleus

The present experiment characterised translocation of the GR w ithin BV-2 microglia. In order for 

GC to  elicit the ir physiological effects, the ligand bound GR needs to  translocate to  the nucleus in 

order to  induce transcription of GC-inducible genes. Hence, BV-2 microglia were treated w ith DEX 

(1 nM) fo r 24 hours. Cells were fixed w ith  ice-cold methanol and immunofluorescent staining with 

GR and FKBP5 antibodies was performed. Co-localisation analysis of the combination of GR, FKBP5 

and DAPI was used to  determine where in the cell these proteins lie.

3.3.2.1 DEX treatm ent induces GR translocation to the nucleus

A Student's f-test demonstrated a significant increase of GR nuclear translocation (t=16.3, 

p<0.0001, d.f.=83) in DEX treated BV-2 microglia as indicated by co-localisation of GR and DAPI 

staining. [Figure 3.3, n=20]

3.3.2.2 DEX treatm ent induces co-localisation o f FKBP5 and GR but has no effect on nuclear 

translocation ofFKBPB

A Student's f-test demonstrated a significant increase in the co-localisation of FKBP5 and GR 

(t=4.464, p=0.0001, d.f.=29) in DEX treated BV-2 microglia. [Figure 3.4 (a), n=20].

A Student's f-test revealed no significant effect on nuclear translocation of FKBP5 as indicated by 

co-localisation of DAPI and FKBP5 staining (P>0.05). [Figure 3.4 (b), n=20]
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(b) Control

Control

Figure 3.3: Treatment with DEX induces nuclear translocation of the GR

BV-2 microglia were cultured and exposed to DEX (1 nM) fo r 24 hours and immunofluorescent 

labelling w ith GR antibody was performed, (a) Intensity correlation analysis of immunofluorescent 

labelling. ***P<0.001 vs. control (Student t-test). Data expressed as mean ± SEM (n=5). (b,c) 

Representative image of BV-2 microglia labelled using fluorescent immunocytochemistry w ith  GR 

(green) and DAPI (blue). Scale bar equal to  50 nM.
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(c) Control

Control

C ontrol

Figure 3.4: Treatment with DEX induces co-localisation of GR and its co-chaperone FKBP5

BV-2 microglia were cultured and exposed to  DEX (1 ^iM) fo r 24 hours and immunofluorescent 

labelling w ith  GR and FKBP5 antibodies was performed, (a) and (b) Intensity correlation analysis of 

immunofluorescent labelling. ***P<0.001 vs. control (Student Mest). Data expressed as mean ± 

SEM (n=5). (c,d) Representative image of BV-2 microglia stained using fluorescent 

immunocytochemistry w ith GR (green), DAPI (blue) and FKBP5 (red). Scale bar equal to  100 |aM.
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3.3.3 Effect of pro-inflammatory cytokines on GR signalling

In the current experiment, the ability of pro-inflam matory cytokines IFN-y, IFN-a, IL-6, IL-ip  and 

TNF-a to  impact upon GR mRNA expression and changes in regulation of GR responsiveness 

(FKBP5 mRNA) w/ere examined, along w ith expression of GC-inducible genes, SGK-1 and GILZ. BV-2 

microglia were treated with one of IFN-y, IFN-a, IL-6, IL-1|3 or TNF-a (10 ng/m l) fo r 24 hours and 

then treated w ith  e ither control medium or DEX (1 nM) fo r 24 hours. Cells were harvested and 

mRNA expression of GR, FKBP5, SGK-1 and GILZ were assessed using RT-PCR.

3.3.3.1 Pre-treatment w ith IFN-a atter)uates iriduction o f  GR mRNA by DEX; IFN-y, IL-6, IL-16 ar)d 

TNF-a have no effect

A two-way ANOVA revealed a significant effect of DEX treatm ent fo r IFN-y [F(i i2)=19.09, P=0.0014], 

IFN-a [F,i,i2)=23.456, P<0.001], IL-6 [F|i,i2)=79.36, P<0.0001], IL-1|3 [F(i,i2)=56.19, P<0.0001] and 

TNF-a [F(i,i2)=110.15, P<0.0001]. Two-way ANOVA revealed no effect of cytokine treatm ent fo r 

IFN-y, TNF-a or IL-p (P>0.05) but showed an effect of IL-6 [F(i,i2)=9.62, P=0.0092] and IFN-a 

[ F ( i , i 2) = 8 0 . 5 ,  P<0.0001]. Furthermore two-way ANOVA showed no interaction effect fo r TNF-a, IL- 

ip  or IL-6 (P>0,05) but does show a significant interaction effect of IFN-a [F|i i2|=51.41, P<0.0001]. 

Newman-Keuls post-hoc test revealed significant decreases in the induction of GR mRNA 

expression by DEX follow ing IFN-a treatm ent (P<0.001) [Figure 3.5, n=4].

3.3.3.2 Pre-treatment w ith IFN-a and IL-6 attenuates induction o f  FKBP5 mRNA by DEX; IFN-y, IL- 

16 and TNF-a have no effect

A two-way ANOVA revealed a significant effect o f DEX treatm ent on FKBP5 mRNA expression fo r 

IFN-y [F(i,i2)=196.835, P<0.0001], IFN-a [F(i,i2)=1958.93, P<0.001], IL-6 [F(i,i2)=4693.19, P<0.0001], 

I L - I P  [ F ( i , i 2) = 19 .787 ,  P<0.0001] and TNF-a [ F ( i , i 2) = 921 . 72 , P<0.0001]. Two-way ANOVA revealed no 

effect of cytokine treatm ent fo r IFN-y, TNF-a or IL -ip  (P>0.05) but showed an effect of IL-6 

[F(i,i2)=30.55, P=0.0001] and IFN-a [F(i i2)=129.82, P<0.0001]. Furthermore two-way ANOVA 

showed no interaction effect fo r IFN-y, TNF-a or IL-ip  (P>0.05) but does show a significant 

interaction effect of IL-6 [F(i,i2)=26.96, P<0.0001] and IFN-a [F(i,i2|=297.23, P=0.0002], Newman- 

Keuls post-hoc test revealed a significant increase in FKBP5 mRNA w ith IFN-a treatm ent (P<0.01). 

This post-hoc analysis also revealed decreases in the induction of FKBP5 mRNA expression by DEX 

follow ing IFN-a treatm ent (P<0.01) and IL-6 (P<0.01) [Figure 3.6, n=4].

3.3.3.3 Pre-treatment with IFN-y, IFN-a and IL-6 attenuates induction o f GILZ mRNA by DEX; TNF-a 

and IL-16 have no effect

A two-way ANOVA revealed a significant effect of DEX treatm ent on GILZ mRNA expression for 

IFN-y [F,1,121=252.98, P<0.0001], IFN-a [F,i i2)=220.04, P<0.001], IL-6 [F,i,i2)=344.93, P<0.0001], IL-ip
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[F(i,i2)=163.82, P<0.0001] and TNF-a [F,i,i2)=403.03, P<0.0001], Two-way ANOVA revealed no 

effect of cytokine treatm ent fo r TNF-a, or IL-(3 (P>0.05) but showed an effect of IFN-y [F(i i2)=14.77, 

P=0.0023], IFN-a [F,i,i2)=138.23, P<0.0001] and IL-6 [F,i.i2)=47.42, P<0.0001], Furthermore two- 

way ANOVA showed no interaction effect for TNF-a, IL-ip  or IL-6 (P>0.05) but does show a 

significant interaction effect of IFN-y [F(i i2)=26.7, P=0.0002], IFN-a [F(i,i2)=111.15, P<0.0001] and 

IL-6 [F(i,i2)=36.86, P<0.0001]. Newman-Keuls post-hoc test revealed decreases in the induction of 

GILZ mRNA expression by DEX follow ing IFN-y treatm ent (P<0.01), IFN-a treatm ent (P<0.01) and 

IL-6 treatm ent (P<0.01) [Figure 3.7, /i=4].

3.33.4  Pre-treatment with IL-6 potentiates induction o f SGK-1 mRNA by DEX; IFN-y, IFN-a, IL-16 

and TNF-a have no effect

A two-way ANOVA revealed a significant effect of DEX treatm ent on SGK-1 mRNA expression for 

IFN-y [F(i,i2)=15.42, P<0.002], IFN-a [F,i i2)=67.594, P<0.0001], IL-6 [F|i,i2)=230.165, P<0.0001], IL-1|3 

[F(i,i2)=72.44, P<0.0001] and TNF-a [F(i,i2|=109.077, P<0.0001]. Two-way ANOVA revealed no 

effect o f cytokine treatm ent fo r TNF-a, or IL-|3 (P>0.05) but showed an effect of IFN-y [F(i i2)=22.54, 

P=0.0005], IFN-a [F(i,i2)=9.2717, P=0.0102] and IL-6 [F(i,i2)=87.82, P<0.0001]. Furthermore two- 

way ANOVA showed no interaction effect fo r IFN-y, IFN-a, IL -ip  or TNF-a (P>0.05) but does show 

a significant interaction effect of IL-6 [F(i i2)=30.682, P<0.0001], Newman-Keuls post-hoc test 

revealed increases in the induction of SGK-1 mRNA expression by DEX follow ing IL-6 treatm ent 

(P<0.01) as well as increases in SGK-1 mRNA w ith IFN-y treatm ent alone (P<0.01) [Figure 3.8, n=4].
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Figure 3.5: Pre-treatment with IFN-a attenuates the induction of GR mRNA by DEX; IFN-y, IL-6, 

IL-ip and TNF-a have no effect

BV-2 microglia were cultured and exposed to IFN-y, IFN-a, IL-6, IL-1(3 or TNF-a (10 ng/ml) fo r 24 

hours followed by control medium or DEX (1 |iM ) fo r 24 hours. Cells were harvested for RNA 

extraction and subsequently RT-PCR was performed. ***P<0.001 vs. control. "**P<0.001 vs. 

control + DEX treated group (Two-way ANOVA followed by Newman-Keuls). Data are expressed as 

mean ± SEM (n=4).
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Figure 3.6: Pre-treatment with IFN-a and IL-6 attenuates the induction of FKBP5 mRNA by DEX; 

IFN-y, IL-ip and TNF-a have no effect and IFN-a alone induces an increase in FKBP5 mRNA

BV-2 microglia were cultured and exposed to  IFN-y, IFN-a, IL-6, IL-1(3 or TNF-a (10 ng/ml) fo r 24 

hours followed by control medium or DEX (1 |iM ) fo r 24 hours. Cells were harvested fo r RNA 

extraction and subsequently RT-PCR was performed. ***P<0.001,**P<0.01 vs. control, "*''P<0.001 

vs. control + DEX treated group (Two-way ANOVA followed by Newman-Keuls). Data are 

expressed as mean + SEM (n=4).
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Figure 3.7: Pre-treatment with IFN-y, IFN-a and IL-6 attenuates the induction of GIL2 by DEX; IL- 

P and TNF-a have no effect

BV-2 microglia were cultured and exposed to  IFN-y, IFN-a, IL-6, IL-ip  or TNF-a (10 ng/ml) fo r 24 

hours followed by control medium or DEX (1 nM) for 24 hours. Cells were harvested fo r RNA 

extraction and subsequently RT-PCR was performed. ***P<0.001 vs. control. ****P<0.001, **P<0.01 

vs. control + DEX treated group (Two-way ANOVA followed by Newman-Keuls). Data are 

expressed as mean ± SEM (n=4).
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Figure 3.8: Pre-treatment with IL-6 potentiates the induction of SGK-1 by DEX; IFN-y, IFN-a, IL- 

ip  and TNF-a have no effect

BV-2 microglia were cultured and exposed to  IFN-y, IFN-a, IL-6, IL-1(3 or TNF-a (10 ng/ml) fo r 24 

hours followed by control medium or DEX (1 |iM ) fo r 24 hours. Cells were harvested fo r RNA 

extraction and subsequently RT-PCR was performed. ***P<0.001, *P<0.05 vs. control. ***P<0.001 

vs. control + DEX treated group (Two-way ANOVA followed by Newman-Keuls). Data are 

expressed as mean + SEM (n=4).
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3.3.4 Effects of IFN-a on co-chaperones of GR and nuclear translocation of GR

Given that pre-treatm ent v\/ith IFN-a reduces the DEX-induced increases in FKBP5 and GILZ, the 

current experiments investigated whether these effects occurred at lower doses of DEX and the 

mechanism by which these cytokines exert these effects. To this end, BV-2 microglia were 

cultured and treated w ith IFN-a (10 ng/ml) fo r 24 hrs fo llowed by DEX (1 nM, 100 nM or 1 |iM) fo r 

24 hours. Cells were harvested and RT-PCR was performed to  investigate mRNA expression of 

FKBP5 and GILZ required in GC signalling. W ithin the same experiments, another set of cells were 

labelled fo r GR and FKBP5 via fluorescent immunocytochemistry, along w ith fluorescent labelling 

fo r DAPI. Co-localisation analysis was utilised to  determ ine which cellular compartment these 

proteins were located.

3.3.4.1 DEX induces increases in FKBP5 and GILZ mRNA a t 1 nM, 100 nM  and 1 /jM  and pre

treatm ent w ith IFN-a attenuates these increases a t 100 nM and 1 juM

A two-way ANOVA revealed a significant effect of DEX treatm ent on FKBP5 mRNA expression fo r 

DEX 100 nM [F|i,i2|=52, P<0.0001] and DEX 1 nM [F(i,i2)=152.65, P<0.0001] but no effect for DEX 1 

nM (P=0.9049). Two-way ANOVA revealed no effect of cytokine treatm ent for DEX 1 nM 

(P=0.2795), DEX 100 nM (P=0.7946) and DEX 1 nM (P=0.7371) on FKBP5 mRNA expression. 

Furthermore two-way ANOVA showed an interaction effect fo r DEX 1 nM [F(i i2)=4.86, P=0.0476], 

DEX lOOnM [F(u2)=13, P=0.0041] and DEX 1 ^M  [F(i_i2)=11.53, P=0.0053]. Newman-Keuls posf-/ioc 

test revealed a significant increase in FKBP5 mRNA w ith IFN-a treatm ent (P<0.01). This post-hoc 

analysis also revealed decreases in the induction of FKBP5 mRNA expression by DEX follow ing IFN- 

a treatm ent at 100 nM (P<0.05) and 1 nM (P<0.01) [Figure 3.9 (a), /i=4],

A two-way ANOVA revealed a significant effect of DEX treatm ent on GILZ mRNA expression fo r 

DEX 100 nM [F(i,i2)=179, P<0.0001] and DEX 1 nM [F,i,i2)=169.9, P<0.0001] but no effect fo r DEX 1 

nM [F(i,i2)=1.45, P=0.251]. Two-way ANOVA revealed no effect of cytokine treatm ent fo r DEX 1 

nM [F(i,121=1.38, P=0.2623] but showed a significant effect of cytokine fo r DEX 100 nM 

[F,1121=34.84, P<0.001] and DEX 1 ^M  [F|i,i2)=9.489, P<0.05] on GILZ mRNA expression. 

Furthermore two-way ANOVA showed an interaction effect fo r DEX 100 nM [F(i i2)=44.97, P<0.001] 

and DEX 1 pM [F,i,i2)=13.72, P<0.05] but no effect fo r DEX 1 nM [F,i,i2)=4.09, P=0.0659]. Newman- 

Keuls post-hoc test revealed significant decreases in the induction of GILZ mRNA expression by 

DEX fo llow ing IFN-a treatm ent at 100 nM and 1 pM (P<0.01) [Figure 3.9 (b), n=4],

3.3.4.2 DEX attenuates IFN-a induced increases in HSP90, PP5 and p23,

A tw o-w ay ANOVA revealed a significant effect of DEX treatm ent on HSP90 mRNA expression 

[F(i,121=46.43, P<0.0001], and an effect of IFN-a trea tm ent [F(i,i2)=13.41, P<0.0001] and an
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interaction effect of the tw o treatm ents [F(i,i2)=21.01, P<0.0001], Newman-Keuls post-hoc test 

revealed an increase in HSP90 nnRNA expression follow ing IFN-a treatm ent (P<0.01) [Figure 3.10 

(a), n=4],

A two-way ANOVA revealed no significant effect of DEX treatm ent on PP5 mRNA expression 

[F(i,i2)=0.03059, P=0.8641], and an effect o f IFN-a treatm ent [F(i i2)=7.95, P=0.0155] and an 

interaction effect of the tw o  treatments [F(i42)=38.9, P<0.0001]. Newman-Keuls post-hoc test 

revealed an increase in PP5 mRNA expression fo llow ing DEX treatm ent (P<0.01) and of IFN-a 

treatm ent (P<0.01). This analysis also revealed a significant decrease in the induction o f PP5 

mRNA expression by DEX (P<0.05) [Figure 3.10 (b), n=4].

A two-way ANOVA revealed a significant effect of DEX treatm ent on p23 mRNA expression 

[ F ( i , i 2) = 3 . 6 5 ,  P<0.0001], and an effect of IFN-a treatm ent [F(i,i2|=19.34, P<0.0001] and an 

interaction effect of the tw o treatments [F(i i2)=36.72, P<0.0001]. Newman-Keuls post-hoc test 

revealed an increase in p23 mRNA expression follow ing DEX treatm ent (P<0.05) and IFN-a 

treatm ent (P<0.01) [Figure 3.10 (c), /i=4].

3.3.4.3 IFN-a reduces the degree o f glucocorticoid receptor translocation to the nucleus and 

increases co-localisation o f the glucocorticoid receptor and FKBP5

A two-way ANOVA revealed a significant effect of DEX treatm ent on GR co-localisation w ith  DAPI 

[F(i,711=56.9, P<0.0001], and an effect of IFN-a treatm ent [F(i,7d=19.6, P<0.0001] but no interaction 

effect of the tw o treatm ents [F(i,7i)=2.313, P=0.1327]. Newman-Keuls post-hoc test revealed an 

increase in co-localisation of GR and DAPI fo llow ing DEX treatm ent (P<0.01) and also showed a 

significant decrease in this DEX induced co-localisation fo llow ing IFN-a treatm ent (P<0.01) [Figure 

3.11, n=20].

A two-way ANOVA revealed a significant effect of DEX treatm ent on GR co-localisation w ith FKBP5 

[F(i,59)=44.17, P<0.0001], and an effect of IFN-a treatm ent [F(i,59)=4.21, P=0.044] but no interaction 

effect of the tw o treatm ents [F(i59)=2.73, P=0.1033], Newman-Keuls post-hoc test revealed an 

increase in co-localisation of GR and FKBP5 follow ing DEX treatm ent (P<0.01) and also showed a 

significant increase in this DEX induced co-localisation fo llow ing IFN-a treatm ent (P<0.05) [Figure 

3.12 (a), n=20].

A two-way ANOVA revealed a significant effect of DEX treatm ent on FKBP5 co-localisation with 

DAPI [F(163)=11.05, P=0.0015], and an effect of IFN-a treatm ent [F(i,63)=5.44, P=0.0229] and an 

interaction effect of the tw o treatm ents [F(i,63)=8.58, P=0.0047]. Newman-Keuls post-hoc test
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revealed a significant increase in co-localisation o f FKBP5 and DAPI fo llow ing combination 

treatm ent of IFN-a and DEX (P<0.01) [Figure 3.12 (b), n=20].
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Figure 3.9: DEX induces increases in FKBP5 and GILZ mRNA at 1 nM, 100 nM and 1 ^M and pre

treatment with IFN-a attenuates these increases at 100 |iM  and 1 nM

BV-2 microglia were cultured and exposed to  control medium or IFN-a (10 ng/ml) fo r 24 hours, 

and then control medium or DEX (1 nM, 100 nM or 1 nM) fo r 24 hours, cells were harvested fo r 

RNA extraction and subsequently RT-PCR was performed. *P<0.05 vs. control, *P<0.05, **P<0.01 vs. 

DEX (Two-way ANOVA followed by Newman-Keuls). Data expressed as mean ± SEM (n=4).
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Figure 3.10: IFN-a induces increases in HSP90, PP5 and p23 mRNA expression and attenuates 

DEX induced increases in PP5 mRNA

BV-2 microglia were cultured and exposed to  control medium or IFN-a (10 ng/ml) fo r 24 hours, 

and then control medium or DEX (1 |iM ) fo r 24 hours, cells were harvested fo r RNA extraction and 

subsequently RT-PCR was performed. * P<0.05, **P<0.01 vs. control, *P<0.05 vs. control + DEX 

treated group (Two-way ANOVA followed by Newman-Keuls). Data expressed as mean + SEM 

(n=4).
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Figure 3.11: Pre-treatment with IFN-a attenuates nuclear translocation of GR by DEX

BV-2 microglia cultured and exposed to  control medium or IFN-a (10 ng/m l) fo r 24 hours and then 

control medium or DEX (1 ^M ) fo r 24 hours, were labelled fo r GR and DAPI by 

immunofluorescence. ***P<0.001 vs. control, ***P<0.001 vs. control + DEX treated group (Two- 

way ANOVA followed by Newman-Keuls). Data expressed as mean ± SEM (n=5).
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Figure 3.12: Pre-treatment with IFN-a potentiates nuclear translocation of FKBP5 and co

localisation of GR with its co-chaperone FKBP5

BV-2 microglia cultured and exposed to  control medium or IFN-a (10 ng/ml) fo r 24 hours and then 

control medium or DEX (1 nM) fo r 24 hours, were labelled for GR and FKBP5, and FKBP5 and DAPI, 

by immunofluorescence. **P<0.01 vs. control. **P<0.01, *P<0.05 vs. DEX (Two-way ANOVA 

followed by Newman-Keuls). Data expressed as mean ± SEM (n=5).
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3.3.5 IL-6 treatment potentiates DEX induced increases in mRNA expression of co-chaperones of 

the GR complex and reduces the level of GR translocation to the nucleus following DEX

Given that pre-treatm ent w ith IL-6 reduces the DEX-induced increases in FKBP5 and GILZ, the 

current experiments investigated whether these effects occur at lower doses of DEX and the 

mechanism by which these cytokines exert these effects. To this end, BV-2 microglia were 

cultured and treated w ith IL-6 (10 ng/ml) fo r 24 hours followed by DEX (1 nM, 100 nM or 1 |iM ) 

fo r 24 hours. Cells were harvested and RT-PCR was performed to  investigate mRNA expression of 

FKBP5 and GILZ required in GC signalling. W ithin the same experiments, another set of cells were 

labelled fo r GR and FKBP5 via fluorescent immunocytochemistry, along w ith  fluorescent labelling 

fo r DAPI. Co-localisation analysis was utilised to  determine which cellular compartment these 

proteins were located.

3.3.5.1 DEX induces increases in FKBP5 and GILZ mRNA a t 1 nM, 100 nM  and 1 ^ M  and pre

treatm ent w ith IL-6 attenuates these increases a t 1 iiM

A two-way ANOVA revealed a significant effect of DEX treatm ent on FKBP5 mRNA expression for 

DEX 100 nM [F,i i2)=258.525, P<0.0001] and DEX 1 nM [F|i,i2r275.42, P<0.0001] but no effect for 

DEX 1 nM (P=0.0684). Two-way ANOVA revealed a significant effect of cytokine treatm ent fo r DEX 

100 nM [F(i,i2)=5.95, P<0.05] and DEX 1 nM [F|i,i2)=6.526, P<0.05] and no effect fo r DEX 1 nM 

(P=0.9464) on FKBP5 mRNA expression. Furthermore two-way ANOVA showed an interaction 

effect fo r DEX 100 nM [F(i,i2)=7.38, P<0.05] and DEX 1 |iM  [F(i,i2)=5.349, P<0.05] and no effect for 

DEX 1 nM (P=0.892). Newman-Keuls post-hoc test revealed a significant decrease in the induction 

of FKBP5 mRNA expression by DEX fo llow ing IL-6 treatm ent at 1 |iM  (P<0.01) and an increase at 

100 nM (P<0.01) [Figure 3.13 (a), n=4].

A two-way ANOVA revealed a significant effect of DEX treatm ent on GILZ mRNA expression for 

DEX 1 nM [F(i,i2)=71, P<0.0001], DEX 10 nM [F,i,i2)=144.2, P<0.0001] and DEX 1 nM [F(i,i2)=162.93, 

P<0.0001]. Two-way ANOVA showed a significant effect of cytokine fo r DEX 1 nM [F(i_i2)=2.04, 

P<0.001], DEX 100 nM [F(i,i2)=107.98, P<0.0001] and DEX 1 ^M  [F(i,i2)=101.15, P<0.0001] on GILZ 

mRNA expression. Furthermore two-way ANOVA showed an interaction effect fo r DEX 1 nM 

[F(i,i2)=28.89, P<0.001, DEX 100 nM [F,i,i2r91.09, P<0.0001] and DEX 1 \iM  [F(i,i2)=88.272, 

P<0.0001]. Newman-Keuls post-hoc test revealed a significant decreases in the induction of GILZ 

mRNA expression by DEX follow ing IL-6 treatm ent at 100 nM and 1 nM (P<0.01) and an increase 

at 1 nM (P<0.01) [Figure 3.13 (b), n=4].

66



33.5 .2  IL-6 treatm ent potentiates DEX induced increases in I-ISP90 and PP5 mRNA expression 

A two-way ANOVA revealed a significant effect of DEX treatm ent on HSP90 mRNA expression 

[F (i,i2 rl5 .4 , P<0.0001], and an effect of IL-6 treatm ent [F(i i2)=34.12, P<0.0001] and an interaction 

effect of the tw o treatm ents [F(i,i2)=21.09, P<0.0001]. Newman-Keuls post-hoc test revealed an 

increase HSP90 mRNA expression follow ing treatm ent w ith  IL-6 in combination w ith  DEX (P<0.01) 

[Figure 3.14 (a), n=4].

A two-way ANOVA revealed a significant effect of DEX treatm ent on PP5 mRNA expression 

[ F ( i , i2) = 1 5 2 .8 7 , P<0.0001], and an effect of IL-6 treatm ent [ F ( i , i2) = 14 .73 , P<0.0001] and an 

interaction effect of the tw o treatm ents [F(i,i2)=22.37, P<0.0001]. Newman-Keuls post-hoc test 

revealed an increase PP5 mRNA expression follow ing DEX treatm ent (P<0.01) and also an increase 

fo llow ing treatm ent w ith IL-6 in combination w ith DEX when compared to  DEX alone (P<0.01) 

[Figure 3.14 (b), /i=4].

A two-way ANOVA revealed a significant effect of DEX treatm ent on p23 mRNA expression 

[F(i i2)=16.4, P<0.01], and no effect of IL-6 treatm ent [F(n2)=2.54, P=0.1367] or an interaction 

effect of the tw o treatm ents [F|i i2)=0-02, P=0.887]. Newman-Keuls post-hoc test revealed an 

increase in p23 mRNA expression follow ing DEX treatm ent (P<0.05) [Figure 3.14 (c), n=4].

3.3.5.3 IL-6 reduces the degree o f glucocorticoid receptor translocation to the nucleus fo llow ing  

DEX treatm ent but does not affect co-localisation o f the receptor and FKBP5 

A two-way ANOVA revealed a significant effect of DEX treatm ent on GR co-localisation w ith DAPI 

[F (i,63)= 2 2 .3 , P<0.0001], and an effect of IL-6 treatm ent [F (i,63)= 1 5 .9 , P=0.0002] and an interaction 

effect of the tw o treatm ents [F(i,63)=12.86, P=0.0007]. Newman-Keuls post-hoc test revealed an 

increase in co-localisation of GR and DAPI follow ing DEX treatm ent (P<0.01) and also showed a 

significant decrease in this DEX induced co-localisation fo llow ing IL-6 treatm ent (P<0.01) [Figure 

3.15, n=20].

A two-way ANOVA revealed a significant effect of DEX treatm ent on GR co-localisation w ith FKBP5 

[F(i,51)=17.52, P=0.0001], and an effect of IL-6 treatm ent [F(i,5i|=8.6, P=0.005] but no interaction 

effect of the tw o treatm ents [F(i,5d=0.45798, P=0.5016]. Newman-Keuls post-hoc test revealed an 

increase in co-localisation of GR and FKBP5 fo llow ing DEX treatm ent (P<0.01) [Figure 3.16 (a), 

n=20]. A two-way ANOVA revealed no significant effects of any treatm ents on FKBP5 co

localisation w ith DAPI (P>0.05) [Figure 3.16 (b), n=20].
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Figure 3.13: DEX induces increases in FKBP5 and GILZ mRNA at 1, 100 and 1000 nM and pre

treatment with IL-6 attenuates these increases at 1

BV-2 microglia were cultured and exposed to  control medium or IL-6 (10 ng/m l) fo r 24 hours, and 

then control medium or DEX (1 nM, 100 nM or 1 ^M ) fo r 24 hours, cells were harvested fo r RNA 

extraction and subsequently RT-PCR was performed. **P<0.01 vs. control (Two-way ANOVA 

followed by Newman-Keuls). Data expressed as mean ± SEM (n=4).
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Figure 3.14: Pre-treatm ent with IL-6 works synergistically w ith DEX to induce HSP90 and PP5 

mRNA expression

BV-2 microglia were cultured and exposed to  control medium or IL-6 (10 ng/ml) fo r 24 hours, and 

then control medium or DEX (1 |iM ) for 24 hours, cells were harvested fo r RNA extraction and 

subsequently RT-PCR was performed. *P<0.05, **P<0.01 vs. control. **P<0.01 vs. control + DEX 

treated group (Two-way ANOVA followed by Newman-Keuls). Data expressed as mean ± SEM 

(n=4).
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Figure 3.15: Pre-treatment with IL-6 attenuates nuclear translocation of GR by DEX

BV-2 microglia were cultured and exposed to IL-6 (10 ng/ml) fo r 24 hours and then DEX (1 nM) for 

24 hours, and immunofluorescent labelling fo r GR was performed. ***P<0.001 vs. control. 

"**P<0.001 vs. control + DEX treated group (Two-way ANOVA followed by Newman-Keuls). Data 

expressed as mean ± SEM (n=5).
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Figure 3.16: Pre-treatm ent with IL-6 has no effect on nuclear translocation of FKBP5 or co

localisation of GR with FKBP5

BV-2 microglia were cultured and exposed to  IL-6 {10 ng/ml) fo r 24 hours and then DEX (1 nM) fo r 

24 hours. Immunofluorescent labelling fo r GR and FKBP5 was then performed. **P<0.01 vs. 

control (Two-way ANOVA followed by Newman-Keuls). Data expressed as mean + SEM (n=5).
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3.3.6 Effect of cytokine treatment on the anti-inflammatory potential of DEX

Considering the  previous results, the  cu rren t experim ent aimed to  de te rm ine  v\/hether these 

changes in th e  com position o f chaperones and co-chaperones a ffect the  an ti-in flam m ato ry  

po ten tia l o f DEX. To th is  end, BV-2 cells w ere pre-trea ted  w ith  IFN-a or IL-6 (10 ng /m l) fo r  24 

hours. Follow ing this, these m icroglia w ere trea ted  w ith  DEX fo r 1 hour fo llow ed by LPS activation 

fo r 23 hours (1 ng /m l; dose chosen fro m  previous experim ents). Supernatants w ere collected and 

TNF-a concentra tions de term ined using ELISA, as previous experim ents from  our lab show LPS 

induces TNF-a production in BV-2 m icroglia. In order to  de te rm ine  how  IL-6 mediates its effects 

on the  an ti-in flam m ato ry  po ten tia l o f DEX, the  STAT-3 in h ib ito r (S31-201) and the  DUSP-1 

in h ib ito r (BCI), w ere used, p rio r to  tre a tm e n t regimen ou tlined  above. STAT-3 is a com ponent o f 

the  IL-6 signalling pathway. DUSP-1 is....

3.3.6.1 P re-trea tm ent w ith  IL-6 increases the an ti- in fla m m a to ry  p o te n tia l o f  DEX

A one-way ANOVA revealed an e ffec t o f DEX on the  LPS-induced TNF-a p roduction  [F(3,20)=5.053, 

P=0.0091]. Newman-Keuls post-hoc  tests revealed a significant decrease in LPS-induced TNF-a 

concentra tion  at lO nM  (P<0.05), 100 nM (P<0.01) and 1 |jM  (P<0.01). A one-way ANOVA revealed 

an e ffect o f cytokine on the  degree o f a ttenua tion  o f LPS-induced TNF-a production by DEX at 10 

nM [F(2,i5)=4.723, P=0.0257], 100 nM  [F(2 , i5 ,=4.006, P=0.0404] and 1 ^M  [F,2,is)=9.014, P=0.0027]. 

Newman-Keuls post-hoc  tests revealed a significant increase in the  degree o f a ttenua tion  o f LPS- 

induced TNF-a p roduction  by DEX w ith  IL-6 p re -trea tm en t at all doses (P<0.05), and no d ifference 

w ith  IFN-a tre a tm e n t (P>0.05) [Figure 3.17, n=6].

3.3.6.2 Inh ib ition  o f  STAT-3 w ith  S31-201 a ttenuates IL-6 effects on the an ti-in flam m ato ry  

po te n tia l o f  DEX

A one-way ANOVA revealed an e ffect o f DEX on the  LPS-induced TNF-a production  [F(3  2o)=120.7, 

P<0.0001]. Newman-Keuls post-hoc  tests revealed a s ignificant decrease in LPS-induced TNF-a 

concentra tion at lO nM , 100 nM and 1 |jM  (P<0.001). A one-way ANOVA revealed an e ffect of 

cytokine on the  degree o f a ttenua tion  o f LPS-induced TNF-a p roduction  by DEX at 10 nM 

[F(2,i5)=91-25, P<0.001], 100 nM [F,2,i5)=57.63, P<0.001] and 1 nM  [F(2,i5)=9.14, P<0.001]. Newman- 

Keuls post-hoc  tests revealed a s ign ificant increase in the  degree o f a ttenua tion  o f LPS-induced 

TNF-a p roduction  by DEX w ith  IL-6 p re -trea tm en t at 10 nM (P<0.01), 100 nM (P<0.05), and 1 nM 

(P<0.001) com pared to  DEX tre a tm e n t alone. This analysis also revealed significant increases in 

LPS-induced TNF-a production  w ith  S31-201 tre a tm e n t at 10 nM  (P<0.001), 100 nM (P<0.001) and 

no d iffe rence at 1 nM  (P>0.05) o f DEX w hen com pared to  veh + IL-6 groups [Figure 3.18, n=6].
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3 .3 .6 .3  IL-6 trea tm en t potentiates DEX-induced increases in DUSP-1 mRNA, and  inhibition o f  DUSP- 

1 w ith BCI attenuates IL-6 effects on the an ti-in flam m ato ry  p o tentia l o f  DEX 

A tw o-w ay  ANOVA revealed a significant effect of IL-6 tre a tm e n t on DUSP-1 mRNA expression 

[F ( i ,i 2 ) = 1 9 5 .8 5 8 ,  P<0.0001], and an effect of DEX tre a tm e n t [F ( i4 2 ) = 8 3 7 .3 ,  P<0.0001] along with an 

interaction effect of the tw o  treatm ents [F(i,i2)=177.55, P<0.0001]. Newm an-Keuls post-hoc test 

revealed an increase DUSP-1 mRNA expression following tre a tm e n t w ith  DEX and IL-6 in 

com bination w ith DEX (P<0.01) [Figure 3.19 (a), n=4],

A one-w ay ANOVA revealed an effect of DEX on th e  LPS-induced TN F-a production [F(3,20)=120.7, 

P <0.0001]. Newm an-Keuls post-hoc tests revealed a significant decrease in LPS-induced TNF-a 

concentration at lO n M , 100 nM  and 1 |iM  (P<0.001). A one-way ANOVA revealed an effect of 

cytokine on the degree of attenuation of LPS-induced TN F-a production by DEX at 10 nM  

[F(2,151=19.6, P<0.001], 100 nM  [F,2,i5)=47.17, P<0.001] and 1 nM  [F(2,i5)=107.7, P<0.001]. New m an- 

Keuls post-hoc  tests revealed a significant increase in the degree of attenuation o f LPS-induced 

TN F-a production by DEX w ith IL-6 p re-trea tm en t at 1 nM  (P<0.05) but not at 10 nM  or 100 nM  

(P>0.0S) com pared to  DEX tre a tm e n t alone. This analysis also revealed significant increases in 

LPS-induced TNF-a production with BCI tre a tm e n t at 10 nM , 100 nM  and 1 |iM  (P<0.001) when  

com pared to  veh + IL-6 groups [Figure 3.19 (b), n=6].
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Figure 3.17: Pre-treatment with IL-6 increases the anti-inflammatory potential of DEX to reduce 

TNF-a concentration, IFN-a has no effect

BV-2 microglia were cultured and exposed to  IL-6 or IFN-a (10 ng/ml) fo r 24 hours, and then DEX 

(10, 100 nm or 1 |aM) fo r 1 hour, and then LPS (1 ng/m l) fo r 23 hours. Supernatants were 

harvested fo r ELISA. **P<0.01, *P<0.05 vs. control. *P<0.05 vs. appropriate DEX-treated control 

(One-way ANOVA followed by Newman-Keuls). Data expressed as mean ± SEM (n=6).
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Figure 3.18: Inhibition of STAT-3 with S31-201 attenuates IL-6 effects on the anti-inflammatory 

potential of DEX

BV-2 microglia were cultured and exposed to  vehicle or S31-201 (10 |iM ) fo r 30 min, and then 

exposed to  IL-6 (10 ng/ml) fo r 24 hours. Following this, cells were treated w ith  DEX (10,100 nm or 

1 nM) fo r 1 hour, and then LPS (1 |ig/m l) for 23 hours. Supernatants were harvested fo r ELISA. 

***P<0.001 vs. control, *P<0.05 vs. appropriate DEX-treated control, ^P<0.001 vs. IL-6 treated 

groups (One-way ANOVA followed by Newman-Keuls). Data expressed as mean ± SEM (n=6).
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Figure 3.19: IL-6 treatment potentiates DEX-induced increases in DUSP-1 mRNA and inhibition 

of DUSP-1 with BCI attenuates IL-6 effects on the anti-inflammatory potential of DEX

(a) BV-2 microglia were cultured and exposed to control medium or IL-6 (10 ng/ml) fo r 24 hours, 

and then control medium or DEX (1 nM) for 24 hours, cells were harvested fo r RNA extraction and 

subsequently RT-PCR was performed. ***P<0.001 vs. control, ***P<0.001 vs. DEX (Two-way 

ANOVA followed by Newman-Keuls) (b) BV-2 microglia were cultured and exposed to  vehicle or 

BCI (10 nM) fo r 30 min, and then exposed to IL-6 (10 ng/m l) fo r 24 hours. Following this cells were 

treated w ith  DEX (10, 100 nm or 1 nM) fo r 1 hour, and then LPS (1 ng/m l) fo r 23 hours. 

Supernatants were harvested fo r ELISA. ***P<0.001 vs. control, *P<0.05 vs. appropriate DEX- 

treated control, ^P<0.001 vs. IL-6 treated groups (One-way ANOVA followed by Newman-Keuls). 

Data expressed as mean ± SEM (n=6).
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3.4 Discussion

In itia l results ind icate th a t the  cytokines IFN-a and IL-6 induce a reduction in GC sensitiv ity in 

m urine  m icroglia. Further experim ents show th a t IFN-a prom otes resistance th rough FKBP5 

expression, w hich holds the  GR in the  cytosol the reby preventing GR-induced gene transcrip tion. 

Further investigation o f IL-6 effects on GC signalling revealed th a t IL-6 tre a tm e n t po ten tia ted  both 

the  induction o f SGK-1 and DUSP-1 mRNA (both GC-inducible genes), and am plified the  a n ti

in flam m ato ry  capabilities o f DEX. Inh ib ition  o f STAT-3 (w ith  S31-201) and DUSP-1 (w ith  BCI) 

p revented th is  IL-6 induced enhancem ent o f the  a n ti-in flam m ato ry  capabilities o f DEX. To the  

best o f my know ledge, th is is the  firs t dem onstra tion  th a t IFN-a and IL-6 im pact upon GC 

sensitiv ity in m urine m icroglia. These findings present an in te resting  concept, th a t disorders w ith  

an in flam m ato ry  com ponent may a lte r the  GC response in m icroglia, po ten tia lly  a ttenua ting  th e ir 

ab ility  to  contro l the  chronic in flam m atory  processes th a t produce harm ful effects seen in 

disorders such as neu ro in flam m atory  and neurodegenerative diseases.

3.4.1 DEX stimulates significant increases in GR and GR-inducible genes and induces nuclear 

translocation of GR in BV-2 microglia

Characterisation o f the GC system in BV-2 m icroglia, showed tim e-dependen t increases in GR, its 

regu la tor FKBP5, and the  tw o  inducible genes GILZ and SGK-1 in response to  DEX. These molecules 

w ere increased 2 hours a fte r DEX trea tm en t, and persisted at 4 and 24 hours. Characterisation o f 

s te ro id  horm ones in p rim ary neonatal m icroglia dem onstra ted  by Tanaka e t al. (1997) revealed 

th a t the  GR was expressed in m icroglia and had a higher num ber o f b ind ing sites available 

com pared to  the  m inera locortico id  receptor MR. In line w ith  these observations, GR expression 

has been dem onstra ted  in ex vivo m icroglia and m ost recently  in BV-2 m icroglia corre la ting w ith  

the  data presented here (Sierra e t al., 2008, Nakatani e t al., 2012). Both GILZ and FKBP5 mRNA 

expression have been shown in m icroglial popu la tions from  C57BL/6 mice, although th e ir 

expression was induced by social de fea t stress and n o t by application o f GCs. To the  best o f my 

know ledge, th is  is the  only study in the  lite ra tu re  th a t shows mRNA expression o f FKBP5 and GILZ 

in m icroglia (W ohleb et al., 2011). GILZ was firs t characterised based on its ab ility  to  be induced 

by GCs, thus one w ou ld  expect induction o f GILZ mRNA expression by DEX in BV-2 m icroglia as 

observed here. There is lit t le  evidence in the  lite ra tu re  abou t the  induction o f FKBP5 by GCs in 

non-brain tissue; the  exception being one study carried o u t in transgenic animals th a t over

express cortico trop in-re leasing  horm one the re fo re  confe rring  increased circulating levels o f CORT 

(Peeters et al., 2004). This group dem onstra ted th a t these transgenic animals had increased SGK-1 

and FKBP5 mRNA expression in the  tem pora l lobe w hen com pared to  WT animals (Peeters e t al., 

2004). A fu r th e r study investigating the cellu lar location o f SGK-1 using human brain tissue found 

th a t th is p ro te in  was principally expressed in h ippocam pal neurons although SGK-1 was also
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identified in small numbers of microglia (Warntges et al., 2002). SGK-1 has not been identified in 

murine microglia, therefore the current study is the first to  demonstrate SGK-1 expression in 

microglia and tha t this expression is readily inducible by DEX. As the most robust and persistent 

increases in mRNA of these molecules were seen at the 24-hour time point, this tim e point was 

used fo r subsequent experiments.

Co-localisation of proteins w ithin the cell was measured using immunocytochemical labelling and 

generated a quantitative measure of the degree of co-localisation. This analysis revealed that DEX 

treatm ent induced increased nuclear translocation of the GR, and increased co-localisation of the 

GR and its regulator FKBP5. FKBP5 is a co-chaperone protein of HSP90, which regulates GR 

sensitivity and is one o f the components of the multim eric complex w ith the GR. It has been 

suggested tha t FKBP5 may promote nuclear translocation of the inactive GR-(3 isoform to  the 

nucleus, which does not have any transcriptional activity but can suppress the activity of the 

active GR-a isoform (Zhang et al., 2008). The antibody used in the current experiment does not 

distinguish between the a and p isoforms thus one cannot comment on this possibility in the 

current experiments. Another interesting feature o f FKBP5 is the ability of GCs to  induce its 

expression, essentially as part of an ultra-short negative feedback loop fo r GR activation (Vermeer 

et al., 2003). Therefore, increased transcription and translation of FKBP5 follow ing GR activation 

would reduce GR sensitivity. Tal<en together, this is the first demonstration of a fu lly competent 

GC system in BV-2 microglia, and provided the platform  on which to  perform the subsequent 

experiments.

3.4.2 Effects of pro-inflammatory cytokines on GC signalling

GCs have long been known to  regulate cytokine release from microglia. Specifically, DEX has been 

shown to inh ib it TNF-a and IL-6 production fo llow ing stimulation w ith LPS (Chao et al., 1992), but 

the possibility of the existence of cytokine-dependent regulation of GC effects was first raised by 

Tanaka et al. (1997). This group showed that IL-3 increased GR expression in primary microglia 

(Tanaka et al., 1997). In tandem w ith these observations, a more recent study showed that a 

systemic LPS injection preceding isolation of ex vivo murine microglia down-regulated GR mRNA, 

which persisted fo r 24 hours (Sierra et al., 2008). Furthermore, IFN-a has been shown to  induce 

GC insensitivity in a rat hippocampal neuronal cell line (Hu et al., 2009). These observations raise 

an interesting concept that acute inflammation could induce a resistance to GC stimulation in 

microglia, a possibility explored in the present experiments.

Pre-treatment w ith  TNF-a and IL-ip  had no effect on the DEX response in these microglia w ith 

respect to GR, FKBP5, GILZ or SGK-1 mRNA expression. Pre-treatment w ith IFN-y did not affect
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DEX-induced increases in GR and FKBP5 mRNA expression but it did reduce the DEX-induced 

increases in GILZ mRNA, and increased the expression of SGK-1 mRNA in its own right. Given that 

only IFN-y affected the inducible genes, and not the receptor or its regulator, and that TNF-a and 

IL-ip  had no effect on the GC response, these cytokines were not fu rther assessed in subsequent 

experiments. Both IFN-a and IL-6 pre-treatm ent attenuated DEX-induced increases in both FKBP5 

and GILZ mRNA expression. IFN-a treatm ent alone also induced an increase in FKBP5 mRNA. 

There is evidence from  experiments carried out in primates that over-expression o f FKBP5 partly 

confers GC resistance (Scammell et al., 2001, Denny et al., 2000). In vitro  evidence from human 

cell lines over-expressing FKBP5 suggests this over-expression reduces hormone-binding affin ity in 

addition to reducing GR nuclear translocation, in line w ith the observations seen here (Wochnik et 

al., 2005). Taken together, it is sensible to  suggest tha t FKBP5 is a potential candidate in the 

reduced sensitivity observed in these experiments, a possibility discussed in subsequent sections.

Despite the fact that GCs are potent anti-inflamm atory hormones, the debate as to  whether they 

are efficient at blocking the CNS immune response is ongoing (Glezer and Rivest, 2004, Dinkel et 

al., 2002). The current data suggest tha t an underlying inflammation could prime these cells to  

not respond to  DEX, shedding new light on the discrepancies in the literature regarding this topic 

and lending support to the hypothesis that the m icroenvironment of a cell has a crucial role to 

play in the response of a cell to GCs. It is also an interesting finding w ith  respect to  any disorder 

tha t has a neuroinflammatory component. For example, DEX fails to suppress microglial activation 

and proliferation in a model of Wallerian degeneration of the optic nerve in vivo (Castano et al., 

1996). In an in vivo model of chronic neurodegeneration, administration of DEX w ith LPS 

attenuates circulating levels of pro-inflammatory cytokines but fails to  attenuate hippocampal 

mRNA expression of pro-inflammatory cytokines (Murray et al., 2011). Thus it is important to  

determ ine the cellular mechanisms underlying this insensitivity to  glucocorticoids.

3.4.3 IFN-a treatment causes a decrease in GC sensitivity through up-regulation of FKBP5

IFN-a induces glucocorticoid resistance in murine microglia as indicated by attenuation in the 

induction of FKBP5 and GILZ mRNA by DEX. Further experiments investigated if these effects 

occur at doses of DEX lower that 1 pM utilised in the initial experiments. This experiment 

replicated the results seen in the initial experiment, and these effects were seen at 100 nM DEX, 

although at the 1 nM DEX dose IFN-a had no effect. The attenuation of the induction of GILZ by 

DEX was also attenuated using 100 nM DEX. These experiments did show that the most robust 

changes occurred at 1 |iM ; therefore this dose was used fo r all subsequent experiments. More 

interestingly, IFN-a treatm ent increased the mRNA expression of FKBP5 in its own right. Thus 

these results indicate that treating microglia w ith IFN-a induces a state of reduced sensitivity to
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the effects of DEX. Taking this into account we proposed that the reduction in sensitivity was 

potentially through IFN-a promoting the binding of FKBP5 to the GR and keeping it in a low 

affin ity binding conformation, thereby preventing GR from  translocating to the nucleus to  employ 

its transcriptional effects. Immunocytochemical labelling and subsequent co-localisation of the 

labelling in these microglia revealed tha t GR translocation was indeed reduced w ith IFN-a 

treatm ent, indicated by lower co-localisation of GR:DAPI labelling. These analyses also revealed 

that FKBP5 co-localised w ith  GR in the cytosol, implying tha t the GR was held in the cytosol by 

FKBP5. The data also showed tha t FKBP5 was increased in the nucleus, indicating increased 

transcription and translation of FKBP5. This is the first demonstration of cytokine regulation of 

FKBP5 in addition to  identifying FKBP5 as the potential molecule bringing about GC resistance in 

microglia.

It has been demonstrated that IFN-a inhibits GR function in a rat hippocampal neuron cell line and 

it is suggested this is due to  IFN-a activating STAT-5, which interacts w ith  the GR in the nucleus to 

prevent GR-GRE binding and reporter gene activation (Hu et al., 2009). Although STAT-5 activation 

was not assessed in the current experiments, expression of STAT-5 mRNA was examined, and 

revealed tha t although IFN-a treatm ent increases expression of STAT-5, it does not affect the DEX 

response (figure 8.1; supplemental data). These data suggest that the above mechanism does not 

apply to  our experimental paradigm. IFN-a treatm ent induces significant increases in mRNA 

expression o f other co-chaperones of the GR heterocomplex, HSP90, PP5 and p23, although these 

factors do not affect how these microglia respond to DEX. Moreover, it seems that DEX treatm ent 

attenuates IFN-a induced increases in the expression of these co-chaperones. These results 

suggest that these other chaperones do not influence the means by which IFN-a induces 

resistance.

Further experiments whereby one inhibits FKBP5 induction, in an attem pt to  restore GC sensitivity 

follow ing IFN-a would provide confirmation of the role o f FKBP5. Unfortunately, there is no 

specific FKBP5 inh ib itor commercially available at the current time. Due to  the fact that FKBP5 is 

an intracellular protein, using a neutralising antibody to  inh ib it the action of FKBP5 is also not 

possible. FK506, the substrate to  which the fam ily of FKBP proteins bind, does inhibit the FKBP 

family but it does this non-specifically (Rosen et al., 1990, Harding et al., 1989). Given tha t both 

FKBP5 and FKBP4 are involved in GC signalling, using FK506 as an inhibitor to confirm the 

hypothesis is also not an option, since one could not delineate which FKBP was responsible fo r the 

effects. When an FKBP5 specific inh ib itor comes to  the market, it would be very interesting to 

carry out these experiments to  confirm its role in microglial GC resistance.
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The experiments presented here shed light on a potentially new mechanism whereby 

inflammatory mediators regulate GC sensitivity. IFN-a induces GC resistance in BV-2 microglial 

cells and consequently these cells cannot respond or have a reduced capacity to  respond to  the 

anti-inflamm atory actions of GCs. The negative feedback loop tha t exists to  regulate the GC 

response Is dysfunctional. Future experiments investigating whether this phenomenon is the case 

in primary microglia, and follow ing that ex vivo or in vivo microglia could shed light on how GC 

resistance occurs in vivo.

3.4.4 IL-6 potentiates GC signalling through increased STAT-3 and/or increased DUSP-1

Initial experiments indicated that IL-6 was having the same effects on GC signalling as IFN-a, albeit 

tha t these responses were not as profound. Treatment w ith IL-6 attenuated both GILZ and FKBP5 

induction by DEX at both 100 nM and 1 nM doses of DEX, though not to the same extent as IFN-a. 

Furthermore, IL-6 did not induce an increase in FKBP5 mRNA. IL-6 treatm ent in combination w ith 

DEX 1 nM induced a potentiation of the induction of GILZ. Immunofluorescent labelling of IL-6 

treated BV-2 microglia indicate that although IL-6 reduces GR translocation to  the nucleus, there 

was no change in the co-localisation of GR:FKBP5 compared to  DEX treatm ent alone. This suggests 

that IL-6 does not mediate reduced sensitivity to  GC through FKBP5.

This result prompted investigation into the other co-chaperones of the GR m ultim eric complex. IL- 

6 treatm ent alone does not affect the mRNA expression of HSP90, PP5 and p23, but it does 

potentiate the response of these cells to  DEX w ith respect to  these chaperones. Further 

investigation revealed that although IL-6 did not potentiate the induction of the GC-inducible 

gene GILZ, it potently potentiates the induction of another GC-inducible gene, SGK-1. This is 

interesting in light of evidence suggesting that upon acute stress, a rapid induction of HSP90 

activates the SGK-1 pathway while inhibiting the Akt pathway which may serve as a "fine-tune" 

response of PI3K-signalling, optimising the response of a cell to  acute stress (Belova et al., 2008). 

The current results correspond w ith this hypothesis, that SGK-1 induction is dependent on HSP90, 

a mechanism that does not occur w ith  IFN-a treatm ent.

As demonstrated above, both IL-6 and IFN-a bring about altered GC signalling in these BV-2 

microglia. The literature suggests tha t the existence of "GC resistance" would reduce the anti

inflammatory actions of GC. Analysis of the potential fo r both IFN-a and IL-6 to  reduce the anti

inflammatory actions of DEX follow ing LPS challenge revealed that IFN-a had no effect on the 

anti-inflamm atory potential of DEX and IL-6 potentiated its anti-inflamm atory actions. These 

results suggest that attenuation of GILZ mRNA does not affect the cellular effects of GCs, although 

this could be due to  the changes in mRNA expression not translating to changes in protein and
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perhaps the time point examined in these experiments is too early to see these effects. IL-6 

signalling culminates in phosphorylation of STAT-1 and STAT-3, along w ith induction of C/EBP P 

(see figure 1.3, chapter 1). Evidence from  the literature postulates that the mechanism by which 

IL-6 potentiates GC signalling is through activation of STAT-3 which associates w ith ligand bound 

GR, this results in this complex binding to e ither IL-6 response elements (IL-6Res) or GREs (Zhang 

et al., 1997). Furthermore, DEX treatm ent potentiates IL-6-induced STAT-3 phosphorylation 

(Ladenburger et al., 2010). DEX has also been shown to  increase expression o f the IL-6 receptor, 

and these increases would confer increased IL-6 signalling, potentia lly mediating the synergistic 

effects seen w ith  IL-6 and GCs (Nesbitt and Fuller, 1992). Given that in this experiment, cells are 

treated w ith  IL-6 before stimulation w ith DEX, STAT-3 is a more likely candidate fo r potentiating 

the DEX effects observed here. S31-201 has been shown to  selectively inh ib it the DNA binding 

activity of STAT-3 and thus prevents any transcriptional activity (Siddiquee et al., 2007). Inhibition 

of STAT-3 phosphorylation, using S31-201, blocked the anti-inflammatory actions o f DEX at both 

10 and 100 nM. At the higher dose o f 1 pM, STAT-3 inhibition reinstates the anti-inflammatory 

potential of DEX while still inhibiting the effects of IL-6 on DEX. This would indicate that STAT-3 

phosphorylation m ight have a role in the amplified anti-inflamm atory potential of DEX follow ing 

IL-6 treatm ent in line w ith prior reports (Zhang et al., 1997).

DUSP-1 is part o f a subset of protein tyrosine phosphatases termed DUSPs. These are also 

referred to  as MAPK phosphatases due to  the ir ability to  dephosphorylate threonine and tyrosine 

residues on MAPKs (Review: Jeffrey et al., 2007). DUSP-1 has been implicated in mediating the 

anti-inflammatory effects of GCs in HeLa cells, along w ith  negatively regulating pro-inflammatory 

cytokine production in murine macrophages (Lasa et al., 2002, Abraham et al., 2006). The 

mechanism by which DUSP-1 mediates the anti-inflamm atory effects of GCs is through inhibition 

of ERKl/2, p38 and JNKl. Inhibition of these MAP kinases prevents the transcription of pro- 

inflammatory cytokines such as TNF-a (Jeffrey et al., 2007). The results presented here show that 

DEX induces DUSP-1 mRNA expression in microglia and that pre-treatm ent w ith  IL-6 potentiates 

these increases. There is evidence that C/EBP |3 is a necessary transcription factor fo r DUSP-1 

induction in response to LPS in vitro (Cho et al., 2008). When taken together w ith the fact tha t IL-6 

causes C/EBP p to  translocate to  the nucleus, one could suggest that C/EBP P potentially binds to 

both the DUSP-1 promoter region as well as IL-6REs explaining this potentiation seen w ith IL-6 

pre-treatm ent (Cho et al., 2008). Modulation o f DUSP-1 induction by pro-inflammatory cytokines 

has been seen in HeLa cells, where IL -ip  potentiated DEX-induced increases in DUSP-1 (Lasa et al., 

2002). The role o f DUSP-1 in mediating the enhanced anti-inflamm atory potential of DEX caused 

by IL-6 was investigated and results show tha t inhibition o f DUSP-1 (with BCI) significantly 

attenuates the effects of IL-6 on the anti-inflamm atory potential of DEX. These results also
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suggest that DUSP-1 expression is necessary fo r DEX to  exert its anti-inflam m atory effects, given 

tha t w ith  BCI treatm ent, TNF-a production is enhanced relative to  controls.

3.4.5 Concluding remarks

In summary, the pro-inflammatory cytokines IFN-a and IL-6 affect GC signalling in microglia. The 

results presented here suggest that IFN-a induces resistance through promoting FKBP5 

transcription and translation, thereby preventing GR to  translocate to  the nucleus to  exert its 

effects. On the other hand, a closer look at the effects o f IL-6 on signalling showed that IL-6 

potentiates the induction of other co-chaperones of the GR complex, HSP90, PP5 and p23. 

Another feature of IL-6 treatm ent is that it increases the anti-inflamm atory potential of DEX, and 

this effect is partially mediated by STAT-3, and can be completely reversed through DUSP-1 

inhibition.
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Chapter 4

IFN-y reduces neuronal viability via kynurenine pathway activation in BV-2 

microglia

85



4.1 Introduction
M icrog lia l o ve ra c tiv a tio n  is a h a llm ark  o f n e u ro in fla m m a tio n  and ev iden ce  o f m icrog lial ac tiv a tio n  

has b een  show n  in a host o f n e u ro d e g e n e ra tiv e  diseases including A lzh e im er's  d isease (A D ), 

Parkinson's disease (PD), p rion  d isease, H IV  d e m e n tia , a m y o tro p h ic  la te ra l sclerosis, and  

H u n tin g d o n 's  d isease (R eview : Block e t  al., 2 0 0 7 ). T h e re  is a large body o f ev id en ce  to  suggest 

th a t  upon  ac tiva tio n  by in fla m m a to ry  s tim u li, m icrog lia  re lease  n um erou s  p ro -in fla m m a to ry  and  

cyto tox ic  fac to rs  th a t  c o n trib u te  s ign ificantly  to  n eu ro n a l d am a g e  (Block e t al., 2 0 0 7 ) . O vera c tiv e  

m icroglia  h ave  been  show n  to  induce s ign ificant and d e tr im e n ta l n eu ro to x ic  e ffec ts , and  excess 

sup ero x ide  (O 2 ), n itric  oxide  (N O ) and T N F -a  p ro d u ctio n  have all b een  im p lica ted  in th ese  

cyto tox ic  e ffe c ts  (C o lton  and  G ilb e rt, 1 9 8 7 , Liu e t  a l., 2 0 0 2 , S aw ada e t  a l., 1 9 8 9 ). A ltho ug h  

o veractive  m icrog lia  p roduce  excess p ro -in fla m m a to ry  cytokines, th e s e  cytokines te n d  n o t to  

evoke  n eu ro n a l cell d ea th  d ire c tly  b u t can do so in com b in a tio n  w ith  o th e r  cytokines o r via 

in d irec t actions on o th e r CNS cell typ es  e.g . m icrog lia  (C hao e t al., 1 9 9 5 ). T h e  c u rre n t th e o ry  as to  

h o w  th ese  fac to rs  cause n eu ro n a l d e a th  suggests th a t  cytok ines induce iNOS in glia w h ich  causes 

th e  re lease  o f high levels o f NO , w h ich  th e n  causes re lease  o f g lu ta m a te  fro m  astrocytes  and  

n eurons  resu lting  in exc ito to x ic ity . S uperox ide  is th e n  g e n e ra te d  as a resu lt o f th is  exc ito to x ic ity  

or th o u g h  th e  en zy m e  NADPH oxidase in a c tiv a ted  m icrog lia. S uperox ide  reacts w ith  N O  to  

p roduce  p e ro x y n itr ite  w h ich  in tu rn  causes m ito ch o n d ria l d am ag e  and cell d ea th  (B row n and Bal- 

Price, 2 0 0 3 ). A lthough  c y to k in e -ac tiv a te d  m icrog lia  a re  th o u g h t to  p lay a ro le  in m u ltip le  

n eu ro p a th o lo g ie s , th e  exact m echanism s o f n eu ro n a l d ea th  have ye t to  be e lu c id a te d .

T he  kyn u re n in e  p a th w a y  (KP) is th e  m ain  p a th w a y  by w hich  try p to p h a n  is m eta b o lis ed . 

In d o la m in e  2, 3 -d ioxyg enase  (ID O ), th e  ra te  lim itin g  en zy m e  o f th e  KP, catalyses th e  p ro du ction  of 

kynu ren ine  fro m  try p to p h a n . K ynu ren ine  is s u b seq u en tly  m e ta b o lis ed  d o w n  one o f tw o  

c o m p a rtm e n ta lis e d  arm s o f th e  KP. In th e  firs t, kyn u re n in e  is m e ta b o lis ed  by k yn u ren in e  3- 

hydroxylase  (K M O ), and sub sequ ently  kynase, w h ich  leads to  th e  p ro d u ctio n  o f q u ino lin ic  acid  

(Q U IN ), w h ich  has been  show n to  have n eu ro to x ic  p ro p e rtie s  (Schw arcz e t a l., 1 9 8 3 ). In th e  

second, kyn u re n in e  is m etab o lised  by k yn u ren in e  a m in o tra n s fe ras e  (KAT II) and yields kynuren ic  

acid (KYNA), w h ich  has b een  show n to  have n e u ro p ro te c tiv e  p ro p e rtie s  (G e rm a n o  e t al., 1 9 8 7 ). It 

has long b een  kno w n  th a t  th e  KP and  its ra te  lim itin g  enzym es can be induced  by p ro -  

in f la m m a to ry  cytokines; n am e ly  IFN -y. T h e  p ro -in fla m m a to ry  cy tok ine  T N F -a , a long  w ith  LPS, can 

w o rk  synerg istically  w ith  IFN -y to  fu r th e r  enh ance  ID O  ind uction  (Yasui e t  al., 1 9 8 6 , Carlin  e t a l., 

1 9 8 7 , Carlin  e t  a l., 1 9 8 9 , C u rrie r e t  al., 2 0 0 0 , O 'C o n n o r e t  a l., 2 0 0 9 a ). T h e re  is also ev id en ce  th a t  

th e  enzym es invo lved  in th is  p a th w a y  are  c o m p a rtm e n ta lis e d  am ongst th e  cells o f th e  CNS. 

A strocytes p re fe re n tia lly  express KAT II, w h ich  is re q u ire d  to  yie ld  KYNA (G u illem in  e t a l., 2 0 0 1 ). 

M icrog lia  p re fe re n tia lly  express ID O , K M O  and kynase, th e  enzym es invo lved  in g e n e ra tin g  th e
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neurotoxic molecules 3-HK and QUIN (Guillemin et al., 2001). Hence it is reasonable to  suggest 

that activation of the KP could be an alternative mechanism by which activated microglia may 

reduce neuronal viability.

Therefore, the aims of these studies were as follows: to  determine if IFN-y reduces neuronal 

viability in primary cortical neurons either directly or indirectly via action on BV-2 microglia. A 

fu rther aim was to  determine what molecules might mediate these reductions in neuronal 

viability, and examining whether inhibition of these molecules could attenuate these reductions. 

Furthermore, the ability of the anti-inflamm atory agent dexamethasone to  attenuate these 

reductions in neuronal viability were assessed. An in vitro cell culture system, w ith use of an 

immortalised murine microglial cell line (BV-2), was used in these studies to  ensure the purity of 

the microglial cultures. This paradigm allowed us to  identify specific mediators of microglial- 

induced reductions in neuronal viability.
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4.2 Materials and Methods

4.2.1 Experimental paradigm

BV-2 m ic ro g lia P rim a ry  co rtica l 
neurons

Vehicle or 
in h ib ito r /d ru g @  
app ro p ria te  dose

C onditioned
media

-  48 hours

V ia b ility  m easurem ent: MTS assay 
H arvest ce lls fo r mRNA ex tra c tio n : IDO, 

KM O ,kynase(Q PC R )

V ia b ility  m easu rem ent: MTS assay

t -  48 hours

Vehicle or 
in h ib ito r /d ru g  @ 
app ro p ria te  dose + IIVUI 3 >

P rim ary  co rtica l 
neurons

Figure 4.1: Schematic representation of experimental paradigm

BV-2 microglia are pre-treated with vehicle or appropriate inhibitor/drug fo r  3 0  m inutes/2 hours before 

stim ulation with IFN-y (5ng/m l). Following this, cells were either harvested fo r  mRNA analysis, or 

conditioned media (CM) from  these cells was placed in prim ary cortical neurons to assess microgliaI- 

m ediated neurotoxicity. Neurons were also treated  directly to assess the potential toxicity o f the 

drugs/inhibitors alone. QPCR denotes quantitative polymerase chain reaction. MTS denotes viability assays.

4.2.2 Primary neuronal cultures

Primary cortical neurons were isolated and prepared from  1-day old Wistar rats. The rats were 

decapitated, the cerebral cortices were dissected, and the meninges were removed. The cortices 

were incubated in PBS w ith trypsin (0.25 ng/m l) fo r 2 min at 37 °C. The cortical tissue was then 

tritura ted in cNBM and 1%  FBS (added to  inactivate trypsin). The suspension was centrifuged at 

2000 rpm fo r 3 min at 20 °C, and the pellet was re-suspended in warm NBM (w ithout FBS). The 

suspension was gently filtered through a sterile mesh (40 nM) and centrifuged at 2000 rpm for 3 

min at 20 °C. The pellet was resuspended in warm NBM supplemented w ith B27 (1%) and plated 

at a density of 1 x 10^ cells on circular 10-mm diameter glass coverslips, coated w ith  poly-D-lysine 

(40 ng/ml), and incubated in a humidified atmosphere containing 5% C02:95% air at 37 °C. Media 

was changed after 24 hours and the cells were grown in culture fo r up to  3 days before treatment. 

This protocol yields 97% pure cultures of primary neurons, as demonstrated by Neu-N 

immunocytochemistry (McNamee et al., 2010).
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4.2.3 BV-2 microglial cells

All drugs were dissolved In cRPMI. Cells w ere incubated w ith  drugs at the  doses and fo r the 

durations outlined below. Six to  e ight replicates o f each drug tre a tm e n t w ere perfo rm ed in each 

experim ent. At the  end o f the  incubation period, cu ltu re  media was rem oved from  BV-2 m icroglia 

and centrifuged at 2000 rpm  fo r 5 m in to  rem ove any cellu lar debris and p ro te in  analysis assessed. 

Cells w ere also harvested fo r mRNA analysis.

4.2.4 Cell culture treatm ents

All drugs were dissolved in e ithe r cRPMI (fo r BV-2 m icroglia) or cNBM (prim ary neuronal cultures) 

and contro l wells w ere given cRPMI or cNBM alone. Cells w ere incubated w ith  drugs at the  doses 

and fo r  the  durations ou tlined  (see tab le  4.1). In itia l experim ents in the  labora to ry  de term ined 

th a t LPS at a range o f doses (0.01 -  5 ng /m l) reduces the  v iab ility  o f neurons w hen trea ted  

d irectly, hence we did no t use this stim ulus fo r  fu r th e r experim ents. 5 ng /m l o f IFN-y was used in 

all experim ents based on in itia l experim ents indicating th a t th is  dose does not a ffect the  v iab ility  

o f neurons (when trea ted  d irectly) or BV-2 m icroglia. Six to  e ight replicates o f each drug 

tre a tm e n t w ere perform ed in each experim ent. A t the  end o f the  incubation period, cu lture  

media was rem oved from  BV-2 m icroglia and centrifuged at 2000 rpm  fo r  5 m in to  rem ove any 

cellu lar debris and then placed on prim ary cortical neurons. BV-2 m icroglia w ere harvested fo r 

RNA isolation. Following 48-hour incubation w ith  e ith e r m icroglia l cond itioned m edium , or cNBM 

w ith  drugs indicated, neurons w ere assessed fo r v iab ility .

Table 4.1: Drugs, inhibitors, doses and incubation times

A ll inhib itors were incubated on cells fo r  30 minutes. These inhib itors work im m ediate ly bu t were 

pre-treated fo r  30 minutes to ensure m axim al inhib ition before any o ther stim ulation. Concentrations o f  

drugs used were based on those fro m  the lite rature indicated in the reference column.

Drug/inhibitor Concentration Incubation Reference

1-methyl-tryptophan (0) 1 mM 30 min (Lob eta l., 2008)

1-methyl-tryptophan (L) 1 mM 30 min (Lob et al., 2008)

Ro 61-8048 1 nM 30 min Dose based on IC50

MK-801 0.1/1 [iM 30 min (Freeman and Goldberg, 1994)

1400W 25 nM 30 min (Garvey et al., 1997)

DPI 0.01 30 min (Qian et al., 2007)

Dexamethasone 1 |iM 2 hours (Pariante et al., 1997)
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4.2.5 MTS assay

The CellTiter 96® AQueous Non-Radioactive Cell P ro life ra tion  assay is a co lo rim etric  m ethod fo r 

de te rm in ing  the  num ber o f viable cells in p ro life ra tion  o r chem osensitiv ity assays. The CellTiter 

96® is composed o f solutions o f a novel te trazo lium  [3-(4, 5 -d im ethylth iazo l-2-y l)-5-(3- 

carboxym ethoxyphenyl)-2-(4-su lfophenyl)-2H -te trazo lium , inner salt; MTS] and an e lectron 

coupling reagent (phenazine m ethosu lfa te ; PMS). MTS is bioreduced by cells in to  a form azan 

product th a t is soluble in tissue cu ltu re  m edium . The conversion o f MTS in to  aqueous, soluble 

formazan is accomplished by dehydrogenase enzymes found  in m etabolica lly active cells. The 

quan tity  o f form azan p roduct as measured by the  absorbance at 490nM  is d irec tly  p roportiona l to  

the  num ber o f liv ing cells in cu lture . MTS/PMS so lu tion was thaw ed. Supernatants w ere aspirated 

from  all wells o f a 24-well plate. 120 |il o f pre-w arm ed cNBM was added to  each w ell and 30 |il o f 

thaw ed MTS/PMS was p ipe tted  in to  each w ell. Plates w ere incubated fo r 1-4 hours at 37 °C in a 

hum id ified , 5% CO2 a tm osphere. Follow ing a co lour change, a liquots o f supernatants (50nl) were 

transferred  in duplicate  to  a 96-w ell fla t-b o tto m e d  plate. Absorbance was read at 490nm using a 

m ic ro titre  plate reader (BioTek £1*800).

4.2.6 Reverse-transcriptase polymerase chain reaction

RNA was extracted from  BV-2 m icroglia using the  Nucleospin® RNA II to ta l RNA iso lation kit. 

Following quan tifica tion  using a Nanodrop"“  1000 spectropho tom ete r, RNA concentra tions w ere 

equalised and reverse transcribed in to  cDNA using a High Capacity cDNA Archive Kit. Real-time 

PCR was perfo rm ed using an ABI StepOne 7500 ins trum ent as previously described (Chapter 2). 

Taqman Gene Expression Assays conta in ing prim ers and a Taqman probe w ere used to  quan tify  

each gene o f in te rest. PCR was perfo rm ed in PCR plates in a 10 ^1 reaction vo lum e (4 |il o f d ilu ted  

cDNA, 1 nl o f Taqman gene expression assay, and 5 îl o f Fast Taqman® Universal PCR m aster mix) 

and PCR (40 cycles) was run in dup lica te  using the  ABI universal cycling conditions. (3-actin was 

used as endogenous contro l to  norm alize gene expression data, and an RQ value (2 °°“  w here Ct 

is the  th resho ld  cycle) was calculated fo r  each sample. RQ are represented as fo ld  change in gene 

expression re la tive to  th e  contro l g roup, which was norm alised to  1.

Table 4.2; List of Taqman gene expression assays used.

Target Primer Code

p-actin 4352341E

IDO Mm00492586_ml

KMO Mm00505511_ml

KATII Mm00496169_ml

Kynase Mm00551012_ml
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4.2.7 Statistical Analysis

All data was analysed using a GB-STAT routine. Statistical comparisons were performed as 

indicated in the experimental sections. If significant changes were observed, the data was further 

analysed using Student Newman-Keuls post hoc test as appropriate. Data was deemed significant 

when P<0.05. Results are expressed as means ±  standard error of the mean (SEM) or mean 

percentage control and SEM.
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4.3 Results

4.3.1 Conditioned media from IFN-y stimulated microglia reduces neuronal viability

In the  present experim ent, the  ab ility  o f cond itioned media (CM) from  IFN-y activated microglia to  

reduce neuronal v iab ility  was assessed. BV-2 m icroglia w ere activated by trea ting  w ith  IFN-y (5 

ng /m l) fo r 24 hours. CM was collected, filte re d  and used to  tre a t p rim ary cortica l neurons 3 days 

in v itro  (DIV) fo r 48 hours. Primary cortica l neurons w ere  also trea ted  d irec tly  w ith  IFN-y (5 ng/m l) 

fo r 48 hours (tim e chosen based on tim ecourse experim ents; data no t shown). V iab ility  was 

assessed using CellTiter 96® AQueous Non-Radioactive Cell P ro lifera tion assay.

4.3.1.1 CM fro m  IFN-y stim u la ted  m icrog lia  reduces rieuronal v iab ility

A Student's f-tes t dem onstra ted a s ign ificant decrease in neuronal v iab ility  w ith  IFN-y CM (t=6.278, 

p<0.0001, d.f.=14) (a), and no e ffec t o f d irec t tre a tm e n t w ith  IFN-y on neuronal v ia b ility  (t=1.290, 

p=0.2213, d.f.=12) (b) [Figure 4.2, n=6-8].

(a) (b)

Control IFN-y Control IFN-y

Figure 4.2: CM from microglia stimulated with IFN-y reduces neuronal viability.

(a) BV-2 m icroglia w ere cu ltu red  and exposed to  IFN-y (5 ng /m l) fo r 24 hours. Media 

from  these cells was then placed on prim ary cortical neurons and incubated fo r 48 hours.

(b) Primary cortical neurons w ere trea ted  d irectly  w ith  IFN-y (5 ng /m l) fo r 48 hours. 

V iab ility  was assessed using C ellTiter 96® AQueous Non-Radioactive Cell P ro life ra tion  assay. 

* * *  P<0.0001 vs. contro l (S tudent f-test). Data are expressed as mean ± SEM (n=6-8).
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4.3.2 A role for kynurenine pathway in mediating IFN-y-induced reductions in neuronal viability

As shown in the previous section, IFN-y treatm ent of BV-2 microglia results in reductions in 

neuronal viability. In the present experiment mRNA expression of particular enzymes that could 

possibly mediate these reductions in neuronal viability were assessed. BV-2 microglia were 

treated fo r 24 hours w ith  IFN-y (5 ng/ml) and then harvested fo r mRNA extraction and 

subsequent RT-PCR.

4.3.2.1 IFN-y treatm ent increases the mRNA expression o f kynurenine pathway enzymes in BV-2 

microglia

A Student's f-test demonstrated a significant increase in the expression of IDO (t=10.78, p<0.0001, 

d.f.=6), KMO (t=4.342, p=0.0049, d.f.=6), and kynase (t=10.25, p<0.0001, d.f.=6) in IFN-y treated 

BV-2 microglia. [Figure 4.3, n=4]

Control 
H  IFN-y (5ng/ml)

Figure 4.3: IFN-y increases mRNA expression of IDO, KMO and kynase

BV-2 microglia were cultured and exposed to IFN-y (5 ng/m l) fo r 24 hours. Cells were harvested 

fo r RNA extraction and subsequently RT-PCR was performed. * * *  P<0.001, * *  P<0.01 vs. control 

(Student t-test). Data are expressed as mean + SEM (n=4-6).
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4.3.3 Inhibitors of IDO and KMO blocl< IFN-y-mediated reductions in neuronal viability

The present experim ent examines the  ab ility  o f an IDO in h ib ito r (1 -m ethy l-tryp tophan  (L)) and a 

KMO in h ib ito r (Ro 61-8048) to  am elio ra te  the  IFN-y-induced reductions in neuronal v iab ility . As a 

con tro l, the  ab ility  o f the  D isoform  o f 1 -m ethy l-tryp tophan  to  am elio ra te  these reductions was 

also assessed since th is  iso form  does not inh ib it IDO. Briefly, BV-2 m icroglia w ere pre-trea ted  w ith  

vehicle, 1-M T (D) (1 m M ; 30 m inutes), 1-MT (L) (1 m M ; 30 m inutes), or Ro 61-8048 (1 nM ; 30 

m inutes) and then exposed to  IFN-y (5 ng /m l) fo r 24 hours. CM was collected, filte re d  and used to  

tre a t p rim ary cortical neurons fo r  48 hours. Primary cortical neurons w ere also trea ted  d irectly  

w ith  the  above drugs in the  same regim e fo r 48 hours. V iab ility  was assessed using C ellTiter 96® 

AQueous Non-Radioactive Cell P ro life ra tion  assay.

4.3.3.1 1 -M T (L) blocks IFN-y induced reductions in neuronal v iab ility  by BV-2 m icrog lia

One way ANOVA revealed a s ign ificant e ffect o f tre a tm e n t on neuronal v iab ility  [F(325)=178.5, 

P=0.0001]. Newman-Keuls post-hoc  te s t revealed significant decreases in neuronal v iab ility  w ith  

IFN-y CM (P<0.001) and 1-M T (D) + IFN-y CM (P<0.001) bu t no significant d ifference w ith  1-M T (L) 

+ IFN-y CM (P>0.05) w hen com pared to  contro l. [Figure 4.4, n=6-7],

4.3.3.2 D irect tre a tm e n t o f  BV-2 m icrog lia  and p rim ary  cortica l neurons w ith  1-M T (L) o r 1 -M T (D) 

and IFN-y does no t a ffec t the ir v iab ility

One way ANOVA revealed no sign ificant e ffect o f tre a tm e n t on neuronal v iab ility  (a) [F(3_23|= l-86 8 , 

P=0.1676]. One-way ANOVA showed a significant e ffec t o f tre a tm e n t on BV-2 m icroglial v iab ility  

(b) [F(3,231=3 .4 4 7 , P=0.0362] bu t no reduction  in v iab ility  was found  w ith  any o f the  trea tm ents . 

[Figure 4.5, a i= 6 ].

4.3.3.3 Ro 61-8048 blocks IFN-y induced reductions in neuronal v iab ility  by BV-2 m icroglia

One way ANOVA revealed a s ign ificant e ffect o f tre a tm e n t on neuronal v iab ility  [F(2,i9)=158.6, 

P=0.0001]. Newman-Keuls post-hoc  te s t revealed significant decreases in neuronal v iab ility  w ith  

IFN-y CM (P<0.001) bu t no s ign ificant differences w ith  Ro 61-8048 + IFN-y CM (P>0.05) when 

com pared to  contro l. [Figure 4.6, n=6-7].

4.3.3.4 D irect tre a tm e n t o f  BV-2 m icrog lia  and p rim a ry  cortica l neurons w ith  Ro 61-8048 and IFN-y 

does n o t a ffe c t th e ir v iab ility

One way ANOVA revealed no sign ificant e ffect o f tre a tm e n t on neuronal v iab ility  (a) [F(2,i7)=1.314, 

P=0.2979]. One-way ANOVA showed a significant e ffect o f tre a tm e n t on BV-2 m icroglial v iab ility  

(b) [F(2,23)=5.860, P=0.0095]. Subsequent Newman-Keuls post-hoc  analysis revealed no significant 

decreases in v iab ility  w ith  any o f the  trea tm ents . [Figure 4.7, n=6].
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Control Control 1-MT (D) 1-MT (L)

+ IFN-y (5ng/ml)

Figure 4.4: 1-methyl-tryptophan (L) blocks IFN-y-lnduced reductions in neuronal viability by BV- 

2 microglia

BV-2 microglia were cultured and exposed to  vehicle, 1-MT (D) (1 mM; 30 minutes) or 1-MT (L) (1 

mM; 30 minutes) and then exposed to  IFN-y (5 ng/ml) for 24 hours. CM from  these cells was 

filtered and placed on primary cortical neurons fo r 48 hours. Viability was assessed using CellTiter 

96® AQueous Non-Radioactive Cell Proliferation assay. * * *  P<0.0001 vs. control (One-way ANOVA 

followed by Newman-Keuls). Data are expressed as mean ± SEM (n=6-7).
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Figure 4.5: Direct stimulation of neurons and BV-2 microglia with 1-methyl-tryptophan (L) and 

(D), followed by IFN-y does not affect viability

Primary cortical neurons (a) or BV-2 microglia (b) were cultured and exposed to veliicle, 1-IVIT (D) 

(1 mM; 30 minutes) or 1-MT (L) (1 mM; 30 minutes) and then exposed to IFN-y (5 ng/ml) for 24 

hours. Viability was assessed using CellTiter 96® AQueous Non-Radioactive Cell Proliferation assay. 

(One-way ANOVA followed by Newman-Keuls). Data are expressed as mean ± SEM (n=6).

96



Control Control Ro 61-8048

+ IFN-y (5ng/ml)

Figure 4.6: Ro 61-8048 blocks IFN-y-induced reductions in neuronal viability by BV-2 microglia

BV-2 microglia were cultured and exposed to  vehicle, Ro 61-8048 (1 nM; 30 minutes) and then 

exposed to IFN-y (5 ng/ml) for 24 hours. CM from  these cells was filtered and placed on primary 

cortical neurons fo r 48 hours. Viability was assessed using the CellTiter 96® AQueous Non- 

Radioactive Cell Proliferation assay. * * *  P<0.001 vs. control. (One-way ANOVA followed by 

Newman-Keuls). Data are expressed as mean ± SEM (n=6-7).
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Figure 4.7: Direct stimulation of neurons and BV-2 microglia with KMO inhibitor, Ro 61-8048, 

followed by IFN-y does not affect viability

Primary cortical neurons (a) or BV-2 microglia (b) were cultured and exposed to  vehicle, Ro 61- 

8048 (1 nM; 30 minutes) and then exposed to  IFN-y (5 ng/ml) fo r 24 hours. V iability was assessed 

using the CellTiter 96® AQueous Non-Radioactive Cell Proliferation assay. (One-way ANOVA). Data 

are expressed as mean ± SEM (n=6).
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4.3.4 MK-801 blocks IFN-y-induced reductions in neuronal viability by BV-2 microglia

In the  present experim ent, cells w ere pre-trea ted  w ith  the  NMDA receptor antagonist MK-801, to  

assess its ab ility  to  block IFN-y-induced reductions in neuronal v iab ility . This experim ent was 

designed to  m im ic the  action o f QUIN, as QUIN exerts its action via agonism at the  NMDA 

receptor. Briefly, BV-2 m icroglia w ere p re-trea ted  w ith  e ithe r, vehicle, MK-801 (1 |iM ; 30 m inutes), 

MK-801 (0.1 nM ; 30 m inutes), and then exposed to  IFN-y (5 ng/m l) fo r 24 hours. CM was collected, 

filte re d  and used to  tre a t p rim ary cortical neurons fo r 48 hours. Primary cortical neurons were 

also trea ted  d irectly  w ith  the  above drugs in the  same regim e fo r 48 hours. V iab ility  was assessed 

using CellTiter 96® AQ^eous Non-Radioactive Cell P ro life ra tion  assay.

4.3.4.1 MK-801 blocks IFN-y-induced reductions in neuronal v iab ility  by BV-2 m icrog lia

One way ANQVA revealed a significant e ffect o f tre a tm e n t on neuronal v iab ility  [F(3,26)=44,B7, 

P<0.0001]. Newman-Keuls post-hoc  test revealed sign ificant decreases in neuronal v iab ility  w ith  

IFN-y CM (P<0.001) bu t no significant d ifferences w ith  MK-801 (1 pM ) + IFN-y CM (P>0.05) or w ith  

MK-801 (0.1 |iM ) + IFN-y CM (P>0.05) when compared to  contro l. [Figure 4.8, n=7-8].

4.3.4.2 D irect trea tm en t o f  BV-2 m icrog lia  and p rim a ry  co rtica l neurons w ith  MK-801 and IFN-y 

does n o t a ffec t the ir v iab ility

One way ANOVA revealed no significant e ffect o f tre a tm e n t on neuronal v iab ility  (a) [F(3 3n=0.4721, 

P=0.7042]. One-way ANOVA showed a significant e ffect o f tre a tm e n t on BV-2 m icroglia l v iab ility  

(b) [F(3,27)=3.498, P=0.0310]. Subsequent Newman-Keuls post-hoc  analysis could no t de term ine 

d ifferences betw een trea tm ents. [Figure 4.9, n=6-8].
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Figure 4.8: MK-801 blocks IFN-y-lnduced reductions in neuronal viability by BV-2 microglia

BV-2 microglia were cultured and exposed to vehicle or MK-801 (0.1 nM or 1 |iM ; 30 minutes) and 

then exposed to  IFN-y (5 ng/ml) fo r 24 hours. CM from  these cells was filtered and placed on 

primary cortical neurons fo r 48 hours. Viability was assessed using the CellTiter 96® AQueous Non- 

Radioactive Cell Proliferation assay. * * *  P<0.001 vs. control. (One-way ANOVA followed by 

Newman-Keuls). Data are expressed as mean ± SEM (n=6-8).
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Figure 4.9: Direct stimulation of neurons and BV-2 microglia with the NMDA antagonist, MK-801, 

followed by IFN-y does not affect viability

Primary cortical neurons (a) or BV-2 microglia (b) were cultured and exposed to vehicle, or MK- 

801 (0.1 |iM  or 1 nM; 30 minutes) and then exposed to  IFN-y (5 ng/ml) fo r 24 hours. Viability was 

assessed using the CellTiter 96® AQueous Non-Radioactive Cell Proliferation assay. (One-way 

ANOVA followed by Newman-Keuls). Data are expressed as mean ± SEM (n=5-5).

101



4.3.5 A role for iNOS or NADPH oxidase in IFN-y-induced reductions in neuronal viability by BV-2 

microglia?

Activation of microglia by an inflammatory stimulus can induce significant neurotoxic effects by 

excess production of an array of cytotoxic factors including superoxide, NO and TNF-a (Review: 

Block et al., 2007). NADPH oxidase is a membrane-bound enzyme that catalyses the production of 

superoxide from  oxygen, and is regarded as the primary source of microglial-derived extracellular 

reactive oxygen species (ROS) (Babior, 2000). IFN-y treatm ent of BV-2 microglia induced a 350- 

fold increase in iNOS mRNA expression (see figure 8.2 supplemental data) indicating induction of 

NO. Therefore, in the present experiment, the ability of the iNOS inhibitor, 1400W and the NADPH 

inhibitor, DPI chloride to  attenuate microglial IFN-y-induced reductions in neuronal viability was 

assessed. BV-2 microglia were pre-treated w ith either vehicle, 1400W (25 nM; 30 minutes), or DPI 

chloride (0.01 |iM ; 30 minutes) and then exposed to  IFN-y (5 ng/ml) fo r 24 hours. CM was 

collected, filtered and used to  treat primary cortical neurons fo r 48 hours. Primary cortical 

neurons were also treated directly w ith the above drugs in the same regime fo r 48 hours. Viability 

was assessed by CellTiter 96® AQueous Non-Radioactive Cell Proliferation assay.

4.3.5.1 1400W does not block IFN-y-induced reductions in neuronal viability by BV-2 microglia 

One way ANOVA revealed a significant effect of treatm ent on neuronal viability [F(2,i9)=157.6, 

P<0.0001]. Newman-Keuls post hoc test revealed significant decreases in neuronal viability w ith 

IFN-y CM (P<0.001) and 1400W + IFN-y CM (P<0.001) when compared to  controls. [Figure 4.10, 

n=6-7].

4.3.5.2 Direct treatm ent o f BV-2 microglia and prim ary cortical neurons w ith 1400W and IFN-y 

does not a ffect their viability

One way ANOVA revealed a significant effect of treatm ent on neuronal viability (a) [F(2,i7)=4.232, 

P=0.0349] but subsequent Newman-Keuls post-hoc analysis could not determ ine a difference 

between the groups. One way ANOVA showed no significant effect of treatm ent on BV-2 

microglial viability (b) [F(2,i7)=3.439, P=0.0590]. [Figure 4.11, n=6],

4.3.5.3 DPI chloride does not block IFN-y induced reductions in neuronal viability by BV-2 microglia 

One way ANOVA revealed a significant effect of treatm ent on neuronal viability [F(2,i9)=157.6, 

P<0.0001]. Newman-Keuls post hoc test revealed significant decreases in neuronal viability w ith 

IFN-y CM (P<0.001) and DPI chloride + IFN-y CM (P<0.001) when compared to  controls. [Figure 

4.12, n=6-7].
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43.5.4 Direct treatment o f BV-2 microglia and primary cortical neurons with DPI chloride and IFN- 

y does not affect their viability

One way ANOVA revealed a significant effect of treatment on neuronal viability (a) [F(2,i7)=4.232, 

P=0.0349] but subsequent Newman-Keuls post-hoc analysis could not determine differences 

between the groups. One way ANOVA showed no significant effect of treatment on BV-2 

microglial viability (b) [F(2,i7)=3.439, P=0.0590]. [Figure 4.13, n=6].
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Figure 4.10: 1400W does not block IFN-y-induced reductions in neuronal viability by BV-2 

microglia

BV-2 microglia were cultured and exposed to vehicle or 1400W (25 |iM ; 30 minutes) and then 

exposed to  IFN-y (5 ng/ml) fo r 24 hours. CM from these cells was filtered and placed on primary 

cortical neurons fo r 48 hours. Viability was assessed using the CellTiter 96® AQueous Non- 

Radioactive Cell Proliferation assay. * * *  P<0.001 vs. control (One-way ANOVA followed by 

Newman-Keuls). Data are expressed as mean ± SEM (n=5-6).
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Figure 4.11: Direct stimulation of neurons and BV-2 microglia with the iNOS inhibitor, 1400W, 

followed by IFN-y does not affect viability

Primary cortical neurons (a) or BV-2 microglia (b) were cultured and exposed to  vehicle or 1400W 

(25 nM; 30 minutes) and then exposed to  IFN-y (5 ng/ml) fo r 24 hours. Viability was assessed 

using the CellTiter 96® AQueous Non-Radioactive Cell Proliferation assay. (One-way ANOVA). Data 

are expressed as mean ± SEM (n=5-6).
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Figure 4.12: DPI chloride does not block IFN-y induced reductions in neuronal viability by BV-2 

microglia

BV-2 microglia were cultured and exposed to  vehicle or DPI chloride (0.001 |iM ; 30 minutes) and 

then exposed to  IFN-y (5 ng/ml) fo r 24 hours. CM from  these cells was filtered and placed on 

primary cortical neurons fo r 48 hours. V iability was assessed using the CellTiter 96® AQueous Non- 

Radioactive Cell Proliferation assay. * * *  P<0.001 vs. control. (One-way ANOVA followed by 

Newman-Keuls). Data are expressed as mean ± SEM (n=6-8).
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Figure 4.13; Direct stimulation of neurons and BV-2 microglia with the NADPH oxidase inhibitor, 

DPI chloride, followed by IFN-y does not affect viability

Primary cortical neurons (a) or BV-2 microglia (b) were cultured and exposed to  vehicle or DPI 

chloride (0.001 |iM ; 30 minutes) and then exposed to IFN-y (5 ng/m l) fo r 24 hours. Viability was 

assessed using the CellTiter 96® AQueous Non-Radioactive Cell Proliferation assay. (One-way 

ANOVA). Data are expressed as mean ± SEM (n=6-8).

Neurons

Control Control DPI chloride
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4.3.6 Dexamethasone does not block IFN-y-induced reductions in neuronal viability by BV-2 

microglia

The ability of a potent anti-inflamm atory agent, dexamethasone (DEX), to  attenuate the IFN-y- 

induced reductions in neuronal viability was also assessed. BV-2 microglia were pre-treated with 

e ither vehicle or DEX (1 nM; 2 hours) and then exposed to  IFN-y (5 ng/ml) fo r 24 hours. CM was 

collected, filtered and used to  treat primary cortical neurons fo r 48 hours. Primary cortical 

neurons were also treated directly w ith  the above drugs in the same regime fo r 48 hours. Viability 

was assessed by CellTiter 96® AQueous Non-Radioactive Cell Proliferation assay.

4.3.6.1 DEX does not block IFN-y-induced reductions in neuronal viability by BV-2 microglia

One way ANOVA revealed a significant effect of treatm ent on neuronal viability [F(2,i9)=61.18, 

P<0.001]. Newman-Keuls post hoc test revealed significant decreases in neuronal viability w ith 

IFN-y CM (P<0.001) and DEX + IFN-y CM (P<0.001) when compared to  controls. [Figure 4.14, n=8].

4.3.6.2 Direct treatm ent o f BV-2 m icroglia with DEX and IFN-y does not affect their viability, 

however this treatm ent decreases viability o f prim ary cortical neurons

One way ANOVA revealed a significant effect of treatm ent on neuronal viability (a) [F(2,2i)=6.878, 

P=0.005]. Newman-Keuls post hoc test revealed significant decreases in neuronal viability w ith 

DEX + IFNy treatm ent (P<0.05) when compared to  controls. One way ANOVA showed no 

significant effect of treatm ent on BV-2 microglial viability (b) [F(2,i7)=3.439, P=0.0590]. [Figure 4.15, 

n=8].
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Figure 4.14: DEX does not block IFN-y-induced reductions in neuronal viability by BV-2 microglia

BV-2 microglia were cultured and exposed to vehicle or DEX (1 |iM ; 2 hours) and then exposed to 

IFN-y (5 ng/ml) fo r 24 hours. CM from these cells was filtered and placed on primary cortical 

neurons fo r 48 hours. Viability was assessed using the CellTiter 96® AQueous Non-Radioactive Cell 

Proliferation assay. * * *  P<0.001 vs. control. (One-way ANOVA followed by Newman-Keuls). Data 

are expressed as mean ± SEM (n=6-8).
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Figure 4.15: Direct stimulation of neurons w ith dexamethasone decreases neuronal viability but 

does not affect viability of BV-2 microglia

Primary cortical neurons (a) or BV-2 microglia (b) were cultured and exposed to  vehicle, or DEX (1 

|iM ; 2 hours) and then exposed to  IFN-y (5 ng/m l) fo r 24 hours. Viability was assessed using the 

CellTiter 96* AQueous Non-Radioactive Cell Proliferation assay. (One-way ANOVA followed by 

Newman-Keuls). Data are expressed as mean + SEM (n=6-8).
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4.4 Discussion

Initial findings in the present studies demonstrated that CM from IFN-y-stimuiated BV-2 microglia 

reduces neuronal viability. This was determined using a cell culture system whereby microglia 

were activated w ith  an inflammatory stimulus and this "conditioned medium" was then placed on 

primary cortical neurons, to  assess microglial-mediated reductions in neuronal viability. Inhibition 

o f the kynurenine pathway w ith l-(D )-m ethyl-tryptophan (IDO inhibitor) and Ro 61-8048 (KMO 

inhibitor) completely attenuated these microglial-mediated reductions in neuronal viability along 

w ith the NMDA receptor antagonist, MK-801. Inhibition of "classical" neurotoxic factors released 

from  microglia i.e. iNOS and the enzyme NADPH oxidase had no effect on microglial-mediated 

reductions in neuronal viability, and neither did the anti-inflammatory agent dexamethasone. 

Thus this indicates that IFN-y-activated microglia induce reductions in viability of primary neurons 

by activating the kynurenine pathway.

4.4.1 CM from IFN-y treated microglia reduces neuronal viability

In line w ith the current literature and studies from our own laboratory, direct treatm ent of 

primary cortical neurons w ith IFN-y did not affect neuronal viability (unpublished data). This 

agrees w ith observations by Bate et a!., where treatm ent of primary murine neurons w ith 

recombinant IFN-y at 10 ng/ml, showed no changes in viability as measured by WST-1 assay, an 

assay based on the same principles as the MTS assay utilised in this study (Bate et al., 2006). 

Although a recent study suggests that IFN-y directly induces neuronal toxicity in primary neuronal 

cultures, this group found no changes in viability using the MTS assay (Mizuno et al., 2008). This 

study also used a higher dose, 100 ng/ml IFN-y versus 5 ng/ml IFN-y utilised in the current 

experiments, and nonetheless could not detect changes in viability w ith the MTS assay.

Although the concept of glial-mediated neurotoxicity is commonplace, there has been surprisingly 

little  research specifically exploring microglial-mediated neurotoxicity. A huge downfall in this 

area of research is due to  the widespread use of mixed glial cultures where it is d ifficult to 

determ ine which cell type conducts the toxic effects. The proportion of astrocytes to  microglia in 

mixed glial cultures is usually in favour of astrocytes (60-70%; (Hansson, 1984)) and common 

microglia isolation protocols only yield approximately 10% microglia from  a mixed glia culture 

(Giulian and Baker, 1986), hence the use of the immortalised BV-2 microglial cell line fo r the 

experiments presented here.

The current experiments demonstrate that CM from IFN-y-treated BV-2 microglia induces 

reductions in neuronal viability. Kim et al. (2007) completed a study in which they characterised 

the "secretome" i.e. the conditioned medium from BV-2 microglia, but these cells were co
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stimulated w ith both LPS and IFN-y. This group demonstrated tha t this conditioned medium 

induced potent neurotoxicity when placed on primary cortical neurons, and it is suggested that 

this is mediated through cathepsin D (Kim et al., 2007). In vitro  experiments from  other groups 

have shown exacerbation o f fib rilla r amyloid-P (fAP)-induced microglial-mediated neurotoxicity by 

IFN-y pre-treatment, and that IFN-y and LPS in combination, exacerbate NMDA-induced toxicity in 

primary cerebellar neurons (Kim and Ko, 1998, Li et al., 2004a). There is also evidence that 

macrophages activated by LPS produce soluble neurotoxic molecules tha t cause death in 

hippocampal neurons (Flavin et al., 1997).

4.4.2 The kynurenine pathway is activated in IFN-y-treated microglia

Given the emergence of new evidence implicating kynurenine pathway activation and an 

imbalance of its metabolites contributing to  neurotoxicity, mRNA transcripts of KP enzymes was 

determined in these cells. Following IFN-y treatm ent, mRNA expression of the KP enzymes 

required to  metabolise tryptophan to QUIN, namely IDG, KMO and kynase, were all increased. 

mRNA expression of KAT II was undetectable in these cells at basal levels and in response to  IFN-y, 

and this is in accordance w ith  the current literature which maintains that KAT II is preferentially 

expressed in astrocytes as opposed to microglia (Guillemin et al., 2001). These findings are also 

supported by observations in human foetal microglia and macrophages, as well as murine 

microglia and macrophages, whereby IFN-y induced increases in IDG, KMG and kynase mRNA 

(Alberati-Giani et al., 1996, Guillemin et al., 2004). These results prompted the fo llow ing 

experiments, in which manipulation of the KP and its effects on production o f these unknown 

neurotoxic molecules was investigated.

4.4.3 Inhibition of the kynurenine pathway blocks reductions in neuronal viability induced by 

CM from IFN-y-treated microglia

As the current data have shown, the neurotoxic arm of the KP is activated by IFN-y. As reviewed 

earlier, the KP metabolites 3-HK and QUIN have been shown to  have neurotoxic properties. 

Inhibition of IDG would prevent kynurenine form ation, and therefore prevent any metabolites 

formed fu rthe r down the pathway i.e. 3-HK and QUIN. Inhibition of KMG would prevent the 

metabolism of kynurenine to  3-HAA and subsequently suppress form ation of 3-HK and QUIN. 

Inhibition o f IDG w ith in BV-2 microglia blocked IFN-y-mediated reductions in neuronal viability by 

BV-2 microglia, this finding indicates that subsequent metabolites of the KP may have a role in 

mediating these reductions. In order to  narrow down the potential mediators, consequent 

experiments inhibiting KMG activity were carried out and the same effects were observed. 

Inhibition of KMG blocked IFN-y-mediated reductions in neuronal viability by BV-2 microglia.
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Although IDO has other documented physiological effects w ith in immune cells, KMO is specific to  

the kynurenine pathway, therefore strongly implicating the KP in this toxicity.

The enzyme KMO metabolises kynurenine to  3-HK, which has been shown to  be neurotoxic. 3-HK 

has been implicated as a neurotoxin both in vitro and in vivo, and it is suggested that it induces 

this toxicity through intracellular generation of oxidative stress (Okuda et al., 1998, Okuda et al.,

1996). Okuda and colleagues have shown that specific populations of neurons (striatal and 

cortical neurons) are more sensitive to  its neurotoxic effects than others (cerebellar neurons), and 

those neurons that do not express NADPH oxidase are spared from  these effects (Okuda et al., 

1998). In vivo experiments have shown that the anti-oxidant, N-acetyl-L-cysteine, and not MK-801, 

attenuates 3-HK-induced neurotoxicity in rat striatum, suggesting that 3-HK exerts its neurotoxic 

effects via generation of free radicals as opposed to  via NMDA receptor stimulation (Nakagami et 

al., 1996). Taking this into account, inhibition of NADPH oxidase (which prevents the generation of 

free radicals) in this experimental paradigm should have attenuated any toxic effects, but our 

results suggest that this is not the case. Considering these studies, metabolites generated further 

down the KP are more likely to be causing reductions in neuronal viability in the current 

experiments.

QUIN has been identified as a potent neurotoxic molecule which exerts its actions through NMDA 

receptor stimulation and is the end product of the neurotoxic arm of the KP (Stone and Perkins, 

1981). In vitro  experiments with human microglia, monocyte derived macrophages and astrocytes 

provide evidence that microglia may be the primary endogenous cell type responsible fo r the 

production of QUIN in the brain parenchyma, although activated macrophages produce much 

higher concentrations of QUIN than microglia when stimulated w ith  LPS and IFN-y (Espey et al.,

1997). This evidence suggests that BV-2 microglia may produce QUIN in response to  IFN-y and 

induce neurotoxicity via an NMDA receptor-mediated pathway leading to  excitotoxicity. In order 

to  test this hypothesis, one would need a reliable method of detecting QUIN in the supernatant 

from  these cells, but unfortunately although microglia have been shown to  produce QUIN, murine 

microglia produce such minute concentrations of QUIN, which most HPLC or LC-MS systems 

cannot detect (Alberati-Giani et al., 1996). The data does suggest however, tha t blocking the 

NMDA receptor using MK-801, affords protection against IFN-y-induced decreases in neuronal 

viability. This is supported by experiments carried out in vivo, whereby intrastriatal injection of 

MK-801 co-administered w ith neurotoxic concentrations of QUIN, significantly attenuates 

neuronal damage (Nakagami et al., 1996). Increased concentrations of QUIN have been found in 

models of numerous disorders including ischemic damage, Huntington's disease, cerebral malaria 

and trypanosomiasis (Stone et al., 2012). More interestingly, manipulation of the KP using enzyme
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inhibitors, has conferred neuroprotection in these models in line w ith  observations seen here in 

this in vitro  model o f microglial-mediated reductions in neuronal viability (Stone et al., 2012). In 

summary, these outcomes postulate that BV-2 microglia produce neurotoxic molecules that are of 

KP origin, and that this toxicity is induced through NMDA receptor agonism.

4.4.4 Free radical generation and NO do not mediate reductions in neuronal viability induced by 

CM from IFN-y-treated microglia

The long-standing view on microglial-mediated toxicity in the literature points towards NO and 

free radicals generated from  activated microglia as neurotoxic molecules, along w ith cytokines 

such as TNF-a (Sawada et al., 1989, Block et al., 2007). In order to  be confident that the microglial- 

induced reductions in neuronal viability observed here, are caused by molecules generated 

through the KP, the role of both NO and free radical generation in this toxicity was investigated. 

The ability of DEX to  attenuate the toxicity was also examined.

Both inhibition of iNOS and NADPH oxidase failed to  block the IFN-y-induced reductions in 

neuronal viability by BV-2 microglia. It has been demonstrated in murine macrophages tha t NO 

inhibits the activity of IDO, although this has been shown not to  be the case in murine microglia 

(Thomas et al., 1994, Alberati-Giani and Cesura, 1998). The current data agree w ith observations 

from  these experiments, whereby if iNOS activity is suppressed, reducing the form ation of NO, 

then kynurenine form ation should be exaggerated. In the present experiment, inhibition of iNOS 

does not ameliorate toxicity induced by IFN-y CM from  microglia and this inhibition does not 

exaggerate the reductions in neuronal viability. A review by Block et al. (2005) stipulates that 

although all the mechanisms of microglial-mediated neurotoxicity are unknown, NADPH oxidase is 

a common source of microglial-mediated oxidative stress and that this enzyme is required fo r the 

production of neurotoxic pro-inflammatory factors (Block and Hong, 2005). It is suggested that 

this enzyme mediates neurotoxicity by tw o mechanisms; firstly, that activation of NADPH oxidase 

results in production of extracellular ROS which are toxic to  neurons, or secondly, that activation 

of this enzyme increases microglial intracellular ROS which facilitates increased pro-inflammatory 

cytokine production that is toxic to  neurons. The current results indicate that NADPH oxidase 

does not have a role in this experimental paradigm, by either mechanism. Inhibition of 

extracellular ROS production by DPI chloride did not block IFN-y-induced decreases in neuronal 

viability and use of DEX, a glucocorticoid and potent anti-inflamm atory hormone, also fails to 

block these reductions. DEX has been shown to  partially inh ib it microglial activation, decrease 

cytokine and NO production, and consequently attenuate degeneration of DA-containing neurons 

induced by MPTP and LPS (Kurkowska-Jastrzebska et al., 1999, Castano et al., 2002). There is also 

evidence that treatm ent w ith  DEX can attenuate toxicity in hippocampal neurons treated w ith  CM
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from  LPS-activated macrophages (Flavin et al., 1997). Therefore, if this toxicity is being caused by 

a pro-inflammatory molecule other than NO or free radical generation, DEX should inhibit its 

production and attenuate neuronal damage; the results in the current data reflect tha t this is not 

the case. Taken together, these results add to  the hypothesis that this toxicity is caused by 

kynurenine metabolite accumulation.

4.4.5 Concluding remarks

The results presented here suggest that IFN-y-activated microglia reduce neuronal viability 

through activation of the kynurenine pathway in these microglia. These reductions in neuronal 

viability are not mediated by free radical generation, iNOS or pro-inflam matory cytokines based 

on the observations that DPI chloride, 1400W and dexamethasone failed to  block decreases in 

neuronal viability by IFN-y activated microglia. Taken together, we suggest a role fo r KP activation 

in microglial-mediated reductions in neuronal viability.

Further experiments exploring the possibility of activated mixed glial cultures inducing 

neurotoxicity would be interesting, as it may be the case that the lack of astrocytes in the current 

paradigm exacerbates conditions that may not exist in co-culture. Studies investigating the 

balance of KP metabolites in animal models of neuroinflammation and neurodegeneration, and 

the potential of currently available kynurenine pathway inhibitors to  correct the balance of the KP 

in these models could yield very useful insights into the pathophysiology of these disorders.
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Chapter 5

Expression of the  serotonin transporter  and m onoam ine oxidase-A in BV-2 

microglia and effects of 5-HT and inhibitors of SERT and MAO-A on 

microglial activation
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5.1 Introduction

N e u ro tra n s m itte rs  (NTs) such as sero to n in  (5 -H T ) and th e  ca tech o lam in es  n o ra d re n a lin e  (N A ) and  

d o p a m in e  (D A ), a re  p rim itiv e  b iogen ic am in es  crucial to  cen tra l processes such as m o o d , a p p e tite ,  

sleep , and hom eostasis . These NTs have b een  id e n tifie d  in p erip h era l cells, especia lly  th o se  o f  

im m u n e  o rig in , w h ich  have b een  recognised to  express m o n o a m in e rg ic  NT tra n s p o rte r  p ro te ins  

along w ith  o th e r  co m p o n e n ts  o f th ese  system s a llo w in g  th e m  to  respond to  5 -H T , DA and NA (fo r 

re v ie w  see M e re d ith  e t al., 2 0 0 5 ).

O u ts ide  th e  CNS, 5 -H T  is p re s e n t in p la te le ts , lym p ho cytes , m o n ocytes , m acrophages , m ast cells, 

e n te ro c h ro m a ffin  cells and o th e r cell types (Essm an, 1 9 7 8 ). 5 -H T  is p rim a rily  p ro du ced  by th e  

e n te ro c h ro m a ffin  cells o f th e  g u t, m aking up to  9 0 %  o f 5 -H T  produced  in th e  body. P la te le ts  tak e  

up 5 -H T  via th e  se ro to n in  tra n s p o rte r (SERT) and act as m o b ile  stores o f 5 -H T  (Essman, 1 9 7 8 ).  

These stores  can be re leased  upon in te rac tio n s  w ith  IgE -conta in ing  com plexes, p la te le t  ac tiva tin g  

fa c to r (PAF) and c o m p le m e n t c o m p o n e n t fra g m e n ts  C3a and C5a. T h e re fo re  th e  local 

co n cen tra tio n s  o f 5 -H T  at sites o f in fla m m a tio n  can g re a tly  exceed  th e  re la tive ly  low  am o u n ts  

fo u n d  fre e  in serum . A long  w ith  th e  ab ility  to  p ro du ce  5 -H T , im m u n e  cells have been sho w n  to  

express d is tinc t recep to rs  fo r 5 -H T. Rat im m u n e  organs (i.e . th e  sp leen , th y m u s  and p eriph era l 

lym p ho cytes ) have b een  show n to  express m R N A  fo r  8 o f 14  know n re c e p to r subtypes o f 5 -H T  

(S tefu lj e t a l., 2 0 0 0 ) and 5 -H T  recep to rs  have b een  characterised  in B cells, T  cells, 

m o n o c y te s /m a c ro p h a g es  and m ast cells (R eview : M o s s n e r and Lesch, 1 9 9 8 ). SERT has b een  fou nd  

on p la te le ts , lym p ho id  cells and  it has re c e n tly  b een  show n th a t  p e rito n e a l m acrophages express  

both  transcrip ts  and p ro te in  fo r  SERT (Rudd e t al., 2 0 0 5 ). M o re o v e r, se ro to n in  u p take  by these  

m acrop hag es  w as in h ib ite d  by flu o x e tin e  and d es ip ra m in e , ind icating  th a t  SERT is fu n c tio n a l in 

th e s e  cells (R udd e t al., 2 0 0 5 ). SERT is th e  p rim a ry  ta rg e t  o f an tidep ressan ts , cocaine and  

a m p h e ta m in e s ; th e re fo re  unrave lling  ce llu la r m echan ism s th a t m o d u la te  th e  ac tiv ity  and  

expression o f SERT are  o f physiological and clinical significance.

T he  possibility  o f im m u n e  reg u la tion  by DA has b een  raised due to  a n u m b e r o f observations. 

Firstly, DA recep to rs  fro m  bo th  D i and D2 re c e p to r groups have been  id e n tif ie d  on leucocytes  

(Basu e t a l., 1 9 9 3 , Ricci and A m e n ta , 1 9 9 4 ). Secondly, bo th  th e  DA tra n s p o rte r  (DAT) and syn thetic  

enzym es re q u ire d  fo r  m e ta b o lis m  o f ty ros in e  to  DA a re  p re s e n t in leucocytes  (Basu e t a l., 1 9 9 3 , 

B ergquist e t  a l., 1 9 9 4 ). T w o  isoform s o f ves icu lar m o n o a m in e  tra n s p o rte rs  (V M A T ) have been  

id e n tif ie d , V M A T -1  and V M A T -2 . Both o f th e s e  fu n c tio n  to  package m o n o a m in e s  in to  vesicles in 

high c o n cen tra tio n s  by th e  use o f a p ro to n  g ra d ie n t across th e  m e m b ra n e . Both tra n s p o rte rs  

recognise all m o n o a m in e s  w ith  V M A T -2  p re fe re n tia lly  expressed  in th e  CNS (Iversen , 2 0 0 6 ). Both  

V M A T - l  and V M A T -2  have also been  id e n tifie d  in lym p ho cytes , a long  w ith  DAT (A m e n ta  e t al.,
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2001) .  Accumula t ing  ev ide nc e  ove r  t h e  pa s t  20  yea r s  has  ident i f ied  NA as  an im m u n o m o d u l a t o r ,  

a n d  b o th  p r ima ry  an d  s e co n d a r y  lympho id  o rg an s  r ece ive  ex t ens ive  n o ra d r e n e rg i c  innerva t ion .  

Local NA r e l ea s e  in t h e s e  o rgans  a n d  s u b s e q u e n t  a c t i va t i on  of  a d r e n o c e p t o r s  on  su r r ou nd in g  

i m m u n e  cells a f f ec t  l y m ph oc y t e  traffic,  ci rculat ion,  a nd  pro l i fe r a t i on  a n d  m o d u l a t e  f unct iona l i t y of 

d i f f e r e n t  l ymphoid cells. In addi t ion ,  ac t i va t i on  of  a d r e n o c e p t o r s  on  i m m u n e  cells can  m o d u l a t e  

cy tokine  p rod uc t i on  (Review: Elenkov e t  al. 2000) .  Al though  t h e  ex i s t ence  of  NA r e c e p t o r s  on 

i m m u n e  cells is well  known ,  t h e r e  a r e  no  defini t ive s t u d i e s  t h a t  ha v e  d e m o n s t r a t e d  t h e  p r e s e n c e  

of  t h e  no ra d r en a l i n e  t r a n s p o r t e r  (NAT) in I m m u n e  cells t h u s  far.  F u r t h e r m o r e ,  t h e r e  is no  

co n s e n s u s  in t h e  l i t e r a tu re  on  t h e  abil i ty of  i m m u n e  cells t o  syn th e s i s e  NA, a nd  a l t h ou gh  i m m u n e  

cells ha v e  b e e n  sh o w n  to  exp re s s  t yro s ine  hyd roxyl ase ,  t h e  ex i s t en ce  of  dopamine -(3-hyd roxyl ase ,  

t h e  e n z y m e  r eq u i r ed  for  NA synthes is ,  ha s  no t  b e e n  o b se r v ed  in i m m u n e  cells (Bergqui s t  e t  al., 

1994) .

Th e  ev ide nc e  for  per i phe ra l  i m m u n e  cells pos se s s ing  t h e  abil i ty t o  r e s p o n d  t o  b iogen ic  a m i n e s  is 

ex tens ive ,  a l t h ou gh  t h e  ev iden c e  for  CNS i m m u n e  cells pos se s s ing  t h e s e  abil i t ies is lacking. 

T h e re fo r e  t h e  ob j ec t ive s  of  t h e  fol lowing e x p e r i m e n t s  w e r e  t o  i nves t i ga t e  if BV-2 microgl ia can 

syn the s i s e ,  t a k e  up  or  d e g r a d e  t h e  b iogeni c amines .  Following this,  t o  w h a t  e n d  d o e s  a gen e r i c  

i n f l am m at o r y  s t imu lus,  LPS, af fec t  t h e  exp re s s ion  a nd  func t i on  of  t h e s e  m o n o a m i n e  sy s t e m  

c o m p o n e n t s .  Expe r imen t s  w e r e  also car r ied  o u t  t o  d e t e r m i n e  t h e  e f f ec t  of  m an ip u l a t i ng  t h e s e  

c o m p o n e n t s  on  t h e  i n f l am mat o ry  r e s p o n s e  of  BV-2 microgl ia.  Finally, it w a s  of  i n t e r e s t  t o  

i nve s t i ga t e  if 5-HT itself c an  ac t  as  an  an t i - i n f l am mat o ry  a g e n t  in BV-2 microglia.
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5.2 Methods

5.2.1 Experimental Paradigm

1. Experim ental paradigm  for characterisation of m onoam inergic systems in BV-2 microglia

B V -2  m ic ro g lia

A . C o n tro l or

L P S ( l^ g /m l)

B. C o n tro t/L P S  -  5 -H T  

duM)

i
A . H a rv e s t  ce lls  fo r  m R N A  e x tra c tio n :  

T H  T P H l T P H 2 , NAT DAT. SERT M A O -A ,  

M A 0 - B ,C 0 M T 1  (Q P C R )

B. H a rv e s t s u p e rn a ta n ts :

5 'H T  a n d S -H lA A  c o n c e n tra tio n s  (H PLC )

2 . Experim ental paradigm  to  study th e  effects  of the  m onoam inergic system on th e  in flam m atory  response

B V -2  m ic ro g lia

A .F lu o x e t in e /  

M o c lo b e m id e  

(0,1 1, 10 m M )

-  2h rs LPS (1 n g /m l) ,  

IF N -y  IF N -a , or 

IL -6  ( lO n g /m l )
B .5 - H T I0 .1 ,  1 , 10  

^M )

1
A . H a r v e s tc e lls fo r  m R N A  e x tra c tio n :

IN O S (Q P C R )

A . a n d  B. H a rv e s t  s u p e rn a ta n ts  fo r  c y to k in e  analys is : 

T N F -a  and  M C P -1  c o n c e n tra tio n s  <ELISA)

Figure 5.1: Schematic representation of experimental paradigm for each study

5-HT: Serotonin. 5-HIAA: 5-hydroxyindoleacetic acid. TH: Tyrosine hydroxylase. TPH: Tryptophan hydroxylase. 

NAT: Noradrenaline transporter. DAT: Dopamine transporter. SERT: Serotonin transporter. MAO: 

Monoam ine oxidase. COMT: Catechol-O-methyltransferase. QPCR: Q uantitative polymerase chain reaction. 

HPLC: High perform ance liquid chromatography. INOS: Inducible nitric oxide synthase. MCP-1: Macrophage  

chem oattractant protein-1. ELISA: Enzyme-linked immunosorbent assay.

5.2.2 BV-2 microglial cells

BV-2 m icroglia l cells w ere used as a m odel o f CNS microglia. Cells w ere m ainta ined in T75cm^ 

flasks at 37°C in a 5% CO2 hum id ified  a tm osphere in cRPMI-1640 media. The media was changed 

every 3 -4  days and cells w ere passaged bi-weekly using a scraper fo r cell detachm ent. Prior to  

experim ents, cells w ere plated on to  24-well plates at a density o f 5 X lO '' cells per well. Cells were 

allowed to  adapt fo r  24 hours p rio r to  any experim enta l procedures. All cells used in experim ents 

were betw een passage num bers 5 and 25.

5.2.3 Cell culture treatments

All drugs w ere  dissolved in cRPMI. Cells were incubated w ith  drugs at the  doses and fo r  the 

durations ou tlined  below. Six to  e ight replicates o f each drug tre a tm e n t w ere perform ed in each 

experim ent. A t the  end o f the  incubation period, cu ltu re  media was rem oved from  BV-2 m icroglia
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and centrifuged at 2000 rpm for 5 min to  remove any cellular debris and protein analysis assessed. 

Cells were also harvested fo r mRNA analysis.

Table 5.1; Drugs, concentrations and incubation times

BV-2 microglia were incubated with the drugs listed below fo r  the incubation time indicated.

Concentrations o f drugs used were based on those fro m  the literature indicated in the reference column.

Treatment Concentration Incubation Reference

IFN-y, IFN-a, and IL-6 10 ng/ml 24 hours Previous experiments

LPS 1 |ig/m l 24 hours (Bielecka et al., 2010)

Fluoxetine 0 .1 ,1 ,1 0  nM 2 hours (Tynan et al., 2012)

Moclobemide 0 .1 ,1 ,1 0  nM 2 hours (Bielecka et al., 2010)

5-HT Hydrochloride 0.1,1, 10 nM 2 hours (Krabbe et al., 2012)

5.2.4 Reverse-transcrlptase polymerase chain reaction

RNA was extracted from  BV-2 microglia using the Nucleospin® RNA II to ta l RNA Isolation kit. 

Following quantification using a Nanodrop™ 1000 spectrophotometer, RNA concentrations were 

equalised and reverse transcribed into cDNA using a High Capacity cDNA Archive Kit. Real-time 

PCR was performed using an ABI StepOne 7500 instrument as previously described (Chapter 2). 

Taqman Gene Expression Assays containing primers and a Taqman probe were used to  quantify 

each gene of interest. PCR was performed in PCR plates in a 10 ul reaction volume (4 îl o f diluted 

cDNA, 1 |il of Taqman gene expression assay, and 5 |il of Fast Taqman* Universal PCR master mix) 

and PCR (40 cycles) was run in duplicate using the ABI universal cycling conditions. P-actin was 

used as endogenous control to normalize gene expression data, and an RQ value (2'°'^''', where C, 

is the threshold cycle) was calculated fo r each sample. RQ are represented as fold change in gene 

expression relative to  the control group, which was normalised to  1.

5.2.5 Analysis of protein concentrations

The concentrations of TNF-a and MCP-1 in culture supernatants were determined using 

commercially available mouse TNF-a and MCP-1 ELISA kits. Assays were performed as per the 

manufacturer's instructions and as preciously described in Chapter 2 and absorbance measured at 

450 nm using a m icrotitre plate reader (ELxSOO; Biotek, Germany). A standard curve was 

constructed by plotting the standards against the absorbance and results obtained expressed as 

pg/m l o f supernatant or % control.
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5.2.6 Analysis of 5-HT concentrations by high performance liquid chromatography (HPLC)

Serotonin (5-HT) and its metabolite 5-HIAA were measured by high performance liquid 

chromatography (HPLC) as previously described (chapter 2). Cells were harvested and sonicated in 

500 nl of mobile phase spiked with 5 ng/20 nL of N-methyl 5-HT as internal standard. 

Homogenates were centrifuged at 20,000 rpm for 20 min and the supernatants were placed into 

new eppendorf tubes, using a syringe fitted with a 0.45 ^m filter. 10 nl of the filtered supernatant 

was injected into the reverse phase analytical column and 5-HT and 5-HIAA quantified by 

electrochemical detection as previously described.

5.2.7 Statistical Analysis

All data was analysed using a GB-STAT routine. Statistical comparisons were performed as 

indicated in the experimental sections. If significant changes were observed, the data was further 

analysed using Student Newman-Keuls post hoc test as appropriate. Data was deemed significant 

when P<0.05. Results are expressed as means ± standard error of the mean (SEM) or mean 

percentage control and SEM.

Table 5.2: List of Taqman gene expression assays used.

Target Primer Code

P-actin 4352341E

TH Mm00433832_ml

TPH l Mm00493794_ml

TPH2 Mm00557715_ml

DAT Mm00438388_ml

NAT Mm00436661_ml

SERT Mm00439391_ml

MAO-A Mm00558004_ml

MAO-B Mm00555412_ml

C O M Tl Mm00514377_ml

iNOS Mm00440485_ml
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5.3 Results

5.3.1 BV-2 microglia are capable of uptake and degradation of 5-HT

In the present experiment, the ability of BV-2 microglia to synthesise, take up and degrade DA, NA, 

and 5-HT at basal levels and in response to inflammatory stimuli was assessed. BV-2 microglia 

were cultured for 24 hours, and subsequently activated by LPS (1 ng/ml) for 24 hours. BV-2 

microglia were harvested for RNA extraction and subsequently RT-PCR was performed. A separate 

experiment was performed whereby cells were cultured and activated by LPS (1 ^ig/ml) as before 

but were incubated with 1 îlVI 5-HT in order to assess uptake of 5-HT, and degradation indicated 

by increased concentrations of 5-HIAA in the supernatants. This was assessed using high 

performance liquid chromatography coupled to electrochemical detection (ECD) (see methods 

section).

5.3.1.1 Absence o f expression o f synthetic enzymes, transporters and degradation enzymes fo r NA 

and DA, but SERT, VMAT-1 and MAO-A are expressed in BV-2 microglia

Analysis revealed no basal expression of TH, TPHl/2, DAT, NAT, MAO-B, or VMAT-2, and there 

was also no expression when stimulated with LPS [Table 5.3, n=6]. Results show basal expression 

of SERT, VMAT-1, MAO-A and COMT and a Student's f-test demonstrated LPS treatment induced a 

significant increase in mRNA expression of both SERT (t=5.279, p=0.0004, d.f.=10), and VMAT-1 

(t=10.94, p<0.001, d.f.=6), and a significant decrease of MAO-A mRNA expression (t=3.447, 

p=0.0073, d.f.=10) and of COMT-1 mRNA (t=2.678, p=0.0232, d.f.=10) (Figure 5.2, n=6].

5.3.1.2 BV-2 microglia can take up 5-HT from the culture medium and degrade 5-HT to 5-HIAA, LPS 

treatment has no effect

A one way ANOVA demonstrated a difference in 5-HT concentrations when cells were incubated 

in 5-HT-enriched media [F(2,9)=51.09, P<0.0001]. Newman-Keuls post-hoc test revealed a 

significant decrease in 5-HT concentration when incubated with control cells (P<0.001) and LPS 

treated cells (P<0,001) but no significant difference between control and LPS treated cells [Figure

5.3 (a), n=4]. A one way ANOVA demonstrated a difference in 5-HIAA concentrations when cells 

were incubated in 5-HT-enriched media [F(2,9)=85.86, P<0.0001]. Newman-Keuls post-hoc test 

revealed a significant increase in 5-HIAA concentration when incubated with control cells 

(P<0.001) and LPS treated cells (P<0.001) but no significant difference between control and LPS 

treated cells [Figure 5.3 (b), /i=4].
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Table 5.3: mRNA expression of monoamine system components at basal levels and in response 

to LPS treatment

Sem i-quantita tive  analysis o f mRNA expression levels; — indicates basal levels, * * *  ' t  indicates 

significant increase (P<0.001), indicates s ignificant decrease (P<0.01) and *4 / indicates 

significant decrease (P<0.05). ND indicates no t detectable.

Control LPS

Synthesis Tyrosine Hydroxylase ND ND

Tryptophan Hydroxylase 1/2 ND ND

Reuptake Dopamine Transporter ND ND

N oradrenaline T ransporter ND ND

Serotonin T ransporter . . . ♦

Vesicular M onoam ine transpo rte r 1 . . . * * *  /|\

Vesicular M onoam ine tra n sp o rte r 2 ND ND

Breakdown M onoam ine Oxidase A . . . **4 ^

M onoam ine Oxidase B ND ND

C O M Tl . . . ♦4.
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Figure 5.2: LPS induces increases in SERT and VMAT-1 mRNA expression and reduces MAO-A  

and COMT mRNA expression

BV-2 microglia were cultured and exposed to  LPS (1 |ig /m l) fo r 24 hours. Cells were harvested fo r 

mRNA extraction and subsequent RT-PCR. ***P<0.001 vs. control (Student Mest). Data expressed 

as mean + SEM (n=6).
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Figure 5.3: BV-2 microglia can take up 5-HT and degrade 5-HT to its primary metabolite 5-HIAA, 

LPS has no effect on these functions

BV-2 microglia were cultured and exposed to  LPS (1 |ig/m l) fo r 24 hours In the presence of 5-HT (1 

HM). Supernatants were harvested and prepared fo r subsequent HPLC-ECD analysis of 5-HT and 5- 

HIAA. 5-HT (media) group contains no cells. ***P<0.001 vs. 5-HT alone group (One-way ANOVA 

followed by Newman-Keuls). Data expressed as mean ± SEM (n=6).
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5.3.2 Inhibition of SERT and MAO-A potently inhibits microglial activation

As shown in the previous section, microglia express mRNA for SERT and MAO-A. The present 

experiment aimed to  determine if inhibition of SERT or MAO-A would affect how microglia 

respond to  inflammatory stimuli. Briefly, BV-2 microglia were cultured for 24 hours, and pre

treated w ith  varying doses of fluoxetine (SSRI; 0 .1,1 or 10 |iM ) or modobemide (MAO-A inhibitor; 

0.1,1 or 10 |iM ) fo r 2 hours. Subsequently microglia were activated by LPS (1 ng/m l) for 24 hours. 

Cells were harvested fo r mRNA extraction and subsequent RT-PCR to  detect iNOS mRNA and cell- 

free supernatants collected for subsequent TNF-a ELISA.

5.3.2.1 Inhibition o f SERT with fluoxetine suppresses m icroglial activation

One way ANOVA revealed a significant effect of fluoxetine treatm ent on iNOS mRNA [F(3,i7)=12.28, 

P=0.0003]. Newman-Keuls post-hoc test revealed significant decreases in iNOS mRNA with all 

three doses of fluoxetine (P<0.001) vs. vehicle treated group [Figure .5.4 (a), n=4-6].

One way ANOVA revealed a significant effect of fluoxetine treatm ent on TNF-a production 

[F (3,2i ) = 1 3 .5 4 , P<0.0001]. Newman-Keuls post-hoc test revealed significant decreases in TNF-a 

production w ith fluoxetine at 0.1 |iM  (P<0.001), 1 nM (P<0.01) vs. vehicle treated group. 

Fluoxetine at the 10 ^M  dose had no effect on LPS-induced increases in TNF-a production [Figure 

5.4 (b), n=4-6].

53.2.2  Inhibition o f MAO-A with modobemide suppresses microglial activation

One way ANOVA revealed a significant effect of modobemide treatm ent on iNOS mRNA 

[F(3,181=12.05, P=0.0003]. Newman-Keuls post-hoc test revealed significant decreases in iNOS 

mRNA w ith  all three doses of modobemide (P<0.001) vs. vehicle treated group [Figure 5.5 (a), 

n=4-6].

One way ANOVA revealed a significant effect of modobemide treatm ent on TNF-a production 

[F(3,i8|=37.85, P<0.0001]. Newman-Keuls post-hoc test revealed significant decreases in TNF-a 

production w ith modobemide at 0.1 nM, 1 ^M  and 10 piM (P<0.001) vs. vehicle treated group 

[Figure 5.5 (b), n=4-6].
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Figure 5.4: Inhibition of SERT with fluoxetine suppresses microglial activation

BV-2 m icroglia w ere cu ltu red  and exposed to  fluoxe tine  at 0.1, 1, o r 10 fo r  2 hours and 

subsequently activated w ith  LPS (1 ng /m l) fo r 24 hours. Cells w ere  harvested fo r mRNA extraction 

and subsequent RT-PCR. Cell-free supernatants w ere  harvested and TNF-a concentra tions 

analysed by ELISA. ***P <0.001 , **P<0.01 vs. vehicle trea ted  group (One-way ANOVA fo llow ed  by 

Newman-Keuls). Data expressed as mean ± SEM (n=4-6).
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Figure 5.5; Inhibition of MAO-A with moclobemide suppresses microglial activation

BV-2 microglia were cultured and exposed to  moclobemide at 0.1, 1, or 10 |iM  fo r 2 hours and 

subsequently activated w ith LPS (lu g /m l) fo r 24 hours. Cells were harvested fo r mRNA extraction 

and subsequent RT-PCR. Cell-free supernatants were harvested and TNF-a concentrations 

analysed by ELISA. ***P<0.001, **P<0.01 vs. vehicle treated group (One-way ANOVA followed by 

Newman-Keuls). Data expressed as mean + SEM (n=4-6).

129



5.3.3 5-HT does not affect the production of inflammatory mediators induced by immune 

stimuli

As shown above, the antidepressants fluoxetine and moclobemide potently attenuate two 

markers of microglial activation, suggesting these antidepressants have an immunomodulatory 

component. As the majority of antidepressants work by manipulating extracellular concentrations 

of 5-HT, the current experiments were designed to determine if these immunomodulatory effects 

are in fact due to increases in extracellular 5-HT. Briefly, BV-2 microglia were cultured and pre

treated for 2 hours with 5-HT at 0.1, 1 or 10 nM and subsequently treated with an Inflammatory 

stimulus, LPS (1 ng/ml), IFN-y, IFN-a or IL-6 (all at 10 ng/ml) for 24 hours. Cell-free supernatants 

were harvested and ELISA for TNF-a and MCP-1 were performed.

5.3.3.1 Pre-treatment with 5-HT modulates inflammagen-induced increases in TNF-a production 

One way ANOVA revealed a significant effect of LPS treatment on TNF-a production [F(4,25)=111.8, 

P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in TNF-a production by 

vehicle + LPS treatment (P<0.001) vs. control. This analysis revealed an increase in LPS-induced 

TNF-a production with 0.1 |iM 5-HT (P<0.05) and a reduction in LPS-induced TNF-a production 

with 1 nM 5-HT (P<0.05) vs. vehicle treated groups [Figure 5.6 (a), n=6].

One way ANOVA revealed a significant effect of IFN-y treatment on TNF-a production 

[F(4,26)=19.12, P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in TNF-a 

production by vehicle + IFN-y treatment (P<0.001) vs. control. This analysis revealed an increase in 

IFN-y-induced TNF-a production with 1 nM 5-HT (P<0.01) and a decrease in IFN-y-induced TNF-a 

production with 10 nM 5-HT (P<0.01) vs. vehicle treated groups [Figure 5.6 (b), n=6].

One way ANOVA revealed a significant effect of IFN-a treatment on TNF-a production 

[F(4,27)=7.794, P=0.0004]. Newman-Keuls post-hoc test revealed significant increases in TNF-a 

production by vehicle + IFN-a alone (P<0.001) vs. control. This analysis revealed decreases in IFN- 

a- induced TNF-a production with 10 jiM 5-HT (P<0.05) vs. vehicle treated groups [Figure 5.6 (c), 

n=6].

One way ANOVA revealed a significant effect of IL-6 treatment on TNF-a production [F(4,27)=8.319, 

P=0.0003]. Newman-Keuls post-hoc test revealed significant increases in TNF-a production by 

vehicle + IL-6 treatment (P<0.01) vs. control. This analysis revealed decreases in IL-6-induced TNF- 

a production with 0.1 and 1 nM 5-HT pre-treatment (P<0.01) vs. vehicle treated groups [Figure 

5.6(d), n=6].
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5 .3 3 .2  Pre-treatment with 5-HT modulates inflammagen-induced increases in MCP-1 production 

One way ANOVA revealed a significant effect of LPS treatm ent on MCP-1 production [F(4 27)=18.17, 

P<0.0001], Newman-Keuls post-hoc test revealed significant increases in MCP-1 production by 

vehicle + LPS treatm ent (P<0.001) vs. control. This analysis revealed no other significant effects 

[Figure 5.7 (a), n-6].

One way ANOVA revealed a significant effect of IFN-y treatm ent on MCP-1 production 

[F(4,29)=8.939, P=0.0001], Newman-Keuls posf-/ioc test revealed an increase in IFN-y-induced MCP- 

1 production with 1 |iM  5-HT (P<0.01) and there were no other significant effects on MCP-1 

production (P>0.05) [Figure 5.7 (b), n=6].

One way ANOVA revealed a significant effect of IFN-a treatm ent on MCP-1 production [F|4,28)=4.56, 

P=0.007]. Newman-Keuls post-hoc test revealed significant increases in MCP-1 production by 

vehicle + IFN-a treatm ent (P<0.01) vs. control. This analysis revealed no other significant effects 

[Figure 5.7 (c), n=6].

One way ANOVA revealed no significant effects of IL-6 treatm ent on MCP-1 production 

[F(4,28)=1.3 5 2, P=0.2787] [Figure 5.7 (d), /i=6].
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Figure 5.6: Pre-treatment with 5-HT modulates inflammagen-induced increases in TNF-a

production

BV-2 microglia were cultured and exposed to  5-HT (1 ^M ) fo r 2 hours followed by stimulation w ith 

LPS (1 ng/m l), IFN-y, IFN-a or IL-6 (10 ng/ml) fo r 24 hours. Supernatants were harvested and TNF- 

a concentrations measured by ELISA. ***P<0.001, **P<0.01 vs. control. **P<0.01, *P<0.05 vs. 

vehicle treated groups (One-way ANOVA followed by Newman-Keuls). Data expressed as mean + 

SEM (n=6).
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Figure 5.7: Pre-treatment with 5-HT modulates Inflammagen-induced increases in MCP-1 

production

BV-2 microglia were cultured and exposed to  5-HT (1 |iM ) fo r 2 hours followed by stimulation with 

LPS (1 ng/m l), IFN-y, IFN-a or IL-6 (10 ng/ml) for 24 hours. Supernatants were harvested and MCP- 

1 concentrations measured by ELISA. ***P<0.001 vs. control. **P<0.01 vs. vehicle treated groups 

(One-way ANOVA followed by Newman-Keuls). Data expressed as mean ± SEM (n=6).
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5.4 Discussion

The role and function of 5-HT as a neurotransm itter of the CNS is the topic of a wealth of 

literature. Its potential immunomodulatory effects, however, have been relatively overlooked 

(Gordon and Barnes, 2003, Meredith et al., 2005). Although there is considerable evidence to 

demonstrate that immune cells express the machinery to  take up and store monoamine 

neurotransmitters, the precise roles of these receptors and transporters are not clear. 

Characterisation of this system in microglia would provide important insight into the 

immunomodulatory role of 5-HT and the role of the neuro-immune response on extracellular 5- 

HT concentration in the CNS. These insights could allude to  a mechanism by which increased pro- 

inflammatory cytokines and altered serotonergic transmission are linked in the context of 

neuropsychiatric disorders. The results from the present studies suggest that microglia are 

capable of responding to  and degrading 5-HT but do not have the machinery to  synthesise this 

neurotransmitter. Preliminary experiments w ith these BV-2 microglia suggest that although 

inhibition o f SERT and MAO-A suppress microglial activation, these effects are not due to 

increases in extracellular 5-HT. One could propose tha t these antidepressant drugs exert their 

immunomodulatory results via an alternative mechanism, a possibility explored in subsequent 

chapters of this thesis.

5.4.1 BV-2 microglia are capable of uptake and degradation of 5-HT

A recent report has demonstrated that primary neonatal microglia do not express mRNA for 

either enzyme required fo r 5-HT synthesis i.e. tryptophan hydroxylase 1/2 (TH l/2) (Krabbe et al., 

2012), which is in accordance w ith the current data. Expression of SERT has been shown in myriad 

immune cells -  platelets, lymphoid cells, and peritoneal macrophages (Essman, 1978, Rudd et al., 

2005). The experiments presented here suggest that SERT is expressed in BV-2 microglia, in line 

w ith observations by Krabbe et al. (2012), albeit this group find very low expression levels in 

primary microglia. Characterisation of monoaminergic NT systems in dendritic cells (peripheral 

antigen presenting cells; DC) demonstrate a similar profile to  that seen in BV-2 microglia, tha t DCs 

express SERT mRNA but not DAT or NAT, in addition to  expressing MAO-A and lacking T H l and 

TH2 (O'Connell et al., 2006). MAO-A and VMAT-1 expression in microglia have not been described 

in the literature thus far, indicating this is the firs t demonstration of the ir expression in microglia 

in addition to  the observation that these targets can be influenced by immune stimuli. Moreover, 

the results indicate tha t LPS also decreases COMT mRNA expression and this finding contrasts 

w ith results in vivo in which brains of paranigral LPS-infused rats show increased COMT expression 

in OX-42 positive cells (Helkamaa et al., 2007). There is evidence that both IL-ip  and TNF-a can 

influence SERT activity as shown in both a human carcinoma cell line and a murine neuronal cell 

line (Ramamoorthy et al., 1995, Zhu et al., 2006). Immune influence on SERT mRNA expression
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has also been shown in DCs, whereby stimulation w ith  LPS increased SERT mRNA and in tandem 

w ith results from  the current experiment, a decrease in MAO-A mRNA expression was also 

demonstrated (O'Connell et al., 2006). Taken together, the current results have shown that LPS 

increases SERT and VM AT-l mRNA, w ith concomitant decreases in MAO-A mRNA, indicating that 

upon immune stimulation, microglia co-ordinate cellular responses to  maximise 5-HT stores.

Although mRNA expression of SERT and MAO-A can be detected in these cells, this does not 

necessarily constitute functionality, hence the use o f HPLC to detect monoamines and the ir 

metabolites in conditioned medium from cells incubated w ith  5-HT. These results indicate that 

BV-2s can remove 5-HT from  their m icroenvironment and degrade this to  5-HIAA, which they 

subsequently excrete into the culture medium. We proposed that LPS could potentially influence 

5-HT metabolism in these cells, potentially providing evidence of a link between an increased pro- 

inflammatory state and altered 5-HT concentrations as seen in major depression. HPLC analysis 

shows that in the current experimental paradigm LPS has no effect on the concentration of 5-HT 

taken up by these cells, or on the concentrations of 5-HIAA excreted into the culture medium. 

Future studies further characterising the effects of immune stimulation on 5-HT uptake using 

more sensitive measures of uptake and release are required. These experiments should also 

investigate the effects of LPS on 5-HT metabolism using lower concentrations of 5-HT, since there 

is a possibility that 1 jiM  5-HT saturates both SERT and MAO-A activity hence there are no 

apparent changes in metabolism. Although LPS upregulates SERT mRNA, this is not a particularly 

robust increase. A time-course profile of LPS treatm ent on SERT mRNA shows that the most 

robust increases are seen at 6 hours post LPS (15.6 fold change; figure 8.1 supplemental data), 

therefore fu ture experiments on the effect of LPS on 5-HT uptake should be done at earlier time 

points than 24 hours.

5.4.2 Inhibition of SERT and MAO-A potently inhibits microglial activation

As microglia are the immune cell of the CNS, and express SERT and MAO-A, the follow ing 

experiments investigate if manipulation of these molecules would affect the immune response. 

Both inhibition of SERT (by fluoxetine) and MAO-A (by moclobemide) potently suppressed LPS- 

induced increases in TNF-a production and iNOS mRNA expression. It is im portant to note that 

neither drug at any of the concentrations used affected cell viability (table 8.1 supplemental data). 

The 1 |iM  concentration of antidepressant treatm ent was chosen fo r these experiments as it is 

indicated that this concentration corresponds to plasma concentrations seen in depressed 

patients on antidepressant treatm ent (Maes et al., 1999). The 10 nM concentration of 

antidepressant treatm ent was chosen in order to  mimic concentrations found in lipid-rich tissues 

e.g. brain and spleen tissue, which have been indicated from  animal pharmacokinetic studies to
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have 10-20 times higher concentrations than serum (Uhr and Grauer, 2003, Uhr et al., 2003). The 

0.1 nM concentration of antidepressant treatm ent was used to  mimic a sub-clinical dose.

The findings presented here concur w ith  numerous studies carried out investigating the effects of 

antidepressants on glial production of inflammatory mediators in vitro. A study examining the 

effects of am itriptyline and nortrip tyline on pro-inflammatory cytokine release from  both 

microglial cultures and mixed glial cultures found tha t both drugs attenuated IL-ip  and TNF-a 

production in response to LPS (Obuchowicz et al., 2006). Hashioka et al. (2007), using a murine 

microglial cell line (6-3 cell line), showed that treatm ent w ith the SSRI fluvoxamine decreased NO 

and IL-6 production induced by LPS. This group also observed the same effects w ith  the tricyclic 

antidepressant imipramine and the noradrenaline reuptake inh ibitor reboxetine (Hashioka et al., 

2007). Moclobemide has been shown to affect the balance of pro- and anti-inflamm atory 

cytokines in LPS-stimulated mixed glia (Bielecka et al., 2010). This was indicated by reductions in 

LPS-induced increases in TNF-a and IL-ip  mRNA and protein concentrations (Bielecka et al., 2010). 

A recent study by Tynan e t al. (2012) compared the effects of five SSRIs (fluoxetine, citalopram, 

sertraline, paroxetine and fluvoxamine) and one SNRI (venlafaxine) on LPS-induced increases in 

TNF-a and NO production. It was shown that all of these drugs possessed anti-inflamm atory 

effects, w ith  venlafaxine being only marginally effective (Tynan et al., 2012). In contrast, a study 

using BV-2 microglia showed increases in NO production along w ith iNOS mRNA w ith  fluoxetine 

treatm ent, in addition to increases in TNF-a and IL-6 mRNA (Ha et al., 2006), although higher 

doses of fluoxetine were used than in the current experiments and LPS treatm ent was fo r only 6 

hours as opposed to  24 hours in the current experiments. Moreover, the MAOl phenelzine has 

been shown to  increase LPS induced increases in NO, IL-6 and TNF-a production in BV-2 microglia 

(Chung et al., 2012).

Although the literature examining the potential anti-inflamm atory effects of antidepressants is 

abounding, the debate as to  the anti-inflam m atory effect of these drugs is ongoing. Tynan et al. 

(2012) highlight the concentrations used and the length of exposure is of utmost importance 

when attempting to  determine the effects of antidepressants on microglial response. This group 

found that microglia exposed to  antidepressant at low doses (2 nM) confer a slightly pro- 

inflammatory effect, a result which contradicts the findings which show numerous 

antidepressants conferring an anti-inflam m atory effect (Obuchowicz et al., 2006, Hashioka et al., 

2007, Bielecka et al., 2010). All of these studies co-incubate the ir cells w ith antidepressants and 

LPS. The experiments presented here involved pre-treating microglia w ith antidepressant, and 

subsequently stimulating w ith LPS in order to determ ine if antidepressant treatm ent could restrict 

the inflammatory response. The d ifferent experimental protocols and end product measurements.
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along w ith  the considerable difference in concentrations utilised could account fo r the 

discrepancies in the literature. It would be of significant interest to  look at the ability of 

antidepressants to  quench an already initiated response by exposing microglia to  antidepressants 

post-LPS treatm ent,

5.4.3 5-HT does not affect the production of inflammatory mediators induced by immune 

stimuli

As both fluoxetine and moclobemide have tw o different mechanisms of action, but the same 

overall effect i.e. increases in extracellular 5-HT, the consequences of incubation w ith  5-HT on the 

immune-stimulated increases in TNF-a and MCP-1 were investigated. Initial experiments used the 

generic inflammagen LPS, but in the follow ing experiments numerous immune stimuli were used 

as although the evidence fo r anti-inflammatory effects of antidepressants is extensive these 

studies do not determ ine if these effects generalise to other pro-inflammatory stimulants. Hence, 

the effects of 5-HT incubation with LPS were studied in addition to  the effects on IFN-y, IFN-a, and 

IL-6 stimulation. Chemokines such as MCP-1 are crucial in the pathogenesis of CNS inflammation 

as they recruit inflammatory cells into the CNS. Therefore, along w ith examining TNF-a production 

in response to  inflammatory stimuli, we also aimed to  determine if there were any discrete 

effects on MCP-1 production. In line w ith the current literature, incubation of BV-2s with 

serotonin had no effect on the inflammatory response; this has been shown previously in primary 

microglia and in BV-2 microglia in response to  LPS (Krabbe et al., 2012, Tynan et al., 2012).

An interesting point to  consider is the various concentrations of 5-HT utilised in the current study 

and elsewhere in the literature on the potential anti-inflammatory action of 5-HT. In the current 

study the doses used mimicked a range of 5-HT concentrations known to  occur in the CNS. It is 

known tha t fo llow ing neuronal activity, 5-HT levels can reach 2 pM In vivo, as measured by 

microdialysis (Bunin et al., 1998). Other groups have shown, using fluorom etric measurements, 5- 

HT concentrations reaching 3.5 pM in tota l rat brain (Sharma et al., 2007). Although in addition, 

Sharma et al. showed that upon BBB breakdown, as occurs in brain injury or disease, local 

concentrations of 5-HT can increase dramatically, reaching concentrations of 6.6 pM in plasma 

and 13.8 pM in the brain (Sharma et al., 2007). Essman et al. (1978) illustrate that in the periphery, 

platelets act as mobile stores of 5-HT and these stores can be released upon interaction w ith 

immune stimuli therefore local concentrations of 5-HT at sights of inflammation greatly exceed 

those found in serum (Essman, 1978). Taken together these observations may suggest that the 

immunomodulatory properties of 5-HT may require much higher concentrations, as upon injury or 

inflammation 5-HT concentrations greatly exceed those seen in serum or the CNS. Hence one 

would need higher concentrations of 5-HT than expected to  elicit a response in immune cells such
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as microglia. Perhaps higher concentrations than those utilised in the current experiments would 

elicit more profound effects.

5.4.4 Concluding remarks

Characterisation of monoamine NT systems in microglia determined that these cells are capable 

of taking up and metabolising 5-HT. BV-2 microglia do not express the enzymes required fo r 

synthesising NA, DA or 5-HT. In addition, these cells do not express DAT, NAT or MAO-B. 

Stimulation w ith LPS increases SERT and VMAT-1 mRNA expression while concomitantly 

decreasing MAO-A and COMT-1 mRNA expression, inferring that upon immune stimulation, these 

cells adapt to  maximise 5-HT stores. Further analysis revealed LPS had no functional effect on 

uptake or degradation of 5-HT albeit additional studies are required. These data establish tha t BV- 

2 microglia can be added to  the growing list of immune cells that express components of the 5-HT 

system and can respond to  5-HT modulation.

As reviewed, there is a wealth of literature on the effects of antidepressants on LPS-induced 

cytokine and NO release from microglia. The general consensus from these studies is that these 

drugs are anti-inflammatory, and that this is not dependent on class of drug, be it a SSRI, SNRI, 

MAO-A inh ibitor or TCA. As discussed, the studies presented here concur w ith  this hypothesis and 

propose that these anti-inflammatory effects are not due to  manipulation of monoaminergic 

neurotransm itter systems in BV-2 microglia.
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Chapter  6

Anti- inflammatory act ions of an t idep res san ts  in BV-2 microglia
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6.1 Introduction

Since the discovery of psychotropic drugs, in the early fifties, it has been widely accepted tha t the 

primary mechanism of action of these drugs is through the ir manipulation of the monoaminergic 

NT systems, i.e. NA, DA and 5-HT. Recent literature has indicated that both SSRI and non SSRI 

antidepressant drugs may have immunomodulatory effects, and that this could be a potential 

mechanism by which these drugs exert the ir therapeutic effects (Obuchowicz et al., 2006, 

Hashioka et al., 2007, Bielecka et al., 2010, Tynan et al., 2012). The concept of antidepressant 

drugs having an anti-inflamm atory component was identified as early as 1959, where a study 

indicates MAO inhibitors to  have anti-inflammatory actions (Setnikar et al., 1959), interestingly 

this study was published six years before the "Monoamine theory of depression" was postulated 

by Schildkraut in 1965.

While the ability of antidepressants to  modulate inflammatory processes w ithin the brain appears 

to  be quite definitive, the exact molecular mechanisms through which they achieve these effects 

have yet to  be elucidated. Given evidence presented in chapter 5 of this thesis, whereby 5-HT 

does not affect the production of inflammatory mediators from BV-2 microglia upon immune 

stimulation, there must be alternative mechanisms by which these drugs exert their 

immunomodulatory effects. This chapter aims to examine more discrete changes induced by 

antidepressant treatm ent to  potentially elucidate a mechanism as to  how these anti

inflammatory actions occur. For the purposes o f this thesis we took a more targeted approach, 

examining the effects of antidepressants on dysfunction in the three systems examined, GC 

signalling, KP pathway and modulation of monoaminergic NT system components.

An impairment in the balance of KP metabolites, manifesting as an increased ratio of neurotoxic 

metabolites to  neuroprotective metabolites has been shown in patients w ith major depression, 

both in organic depression and IFN-a induced depression (Wichers et al., 2005, M yint et al., 2007). 

More recently, antidepressants have been shown to alter the KP balance in vitro, favouring the 

neuroprotective arm of the pathway (Kocki et al., 2012). The ability of antidepressant treatm ent 

to  attenuate reductions in neuronal viability by activated microglia (chapter 4) was investigated.

HPA-axis disturbances are one of the most reproducible physiological abnormalities seen in 

depression and are reversed w ith successful antidepressant treatm ent (Juruena et al., 2004). An 

emerging theory suggests antidepressants exert their clinical effects through direct modulation of 

the GR (Barden, 1999, Holsboer, 2000, Pariante and M iller, 2001). Polymorphisms in the FKBP5 

gene conferring increases in expression have been implicated in depression and these 

polymorphisms have also been associated w ith a faster antidepressant response in addition to  the
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number of depressive episodes, most likely due to  adaptive GR changes in response to  elevated 

levels of FKBP5 (Horstmann et al., 2010). In vitro  studies in neuronal and non-neuronal cells 

indicate that numerous antidepressants are capable of enhancing GR function and GR expression 

(Pepin et al., 1989, Pepin et al., 1992, Okugawa et al., 1999, Hery et al., 2000, Pariante et al., 

2001). The ability of antidepressants to modulate GR, FKBP5, and GILZ mRNA expression was 

examined in tandem w ith the effects of antidepressants on IFN-a-induced increases in FKBP5 

mRNA expression.

Finally, the ability of antidepressants to  alter the signalling cascades of the pro-inflammatory 

cytokines IFN-y, IFN-a and IL-6 were also examined. IFN-y was chosen as a stimulus as it is a 

"classic" and potent immune stimulator, in order to  compare to the "classic" pro-inflammatory 

stimulus LPS used extensively in the literature. IFN-a treatm ent is used in the clinic fo r treatm ent 

of hepatitis C and some forms of cancer, and is known to  induce depression in patients that were 

otherwise psychiatrically normal, and these psychiatric symptoms can last fo r up to  6 months 

after cessation of IFN-a treatm ent (Zdilar et al., 2000). Studies have shown that IFN-a-induced 

depression can be treated successfully w ith currently available antidepressants (Loftis and Hauser, 

2004). IFN-a was chosen for this investigation into the anti-inflamm atory actions of 

antidepressants, given that it is implicated in depression, along w ith the fact that it is a pro- 

inflammatory cytokine. Although exogenous IFN-a has been shown to  induce depressive 

symptoms, IL-6 has been identified as an endogenous cytokine that has a key role in the 

pathophysiology of depression. Serum IL-6 levels have been identified in a number of depressed 

patient cohorts (Howren et al., 2009, Dowlati et al., 2010). Again IL-6 was chosen as a stimulus in 

these experiments given its role in the immune response and its implication in depression. These 

signalling cascades were examined at the receptor level, signalling molecules and in relation to  

the genes these cytokines induce. Specifically, these studies examine the effect of SSRIs; 

fluoxetine and citalopram, and the MAO-A inhibitors; moclobemide and clorgiline.
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6.2 Methods 

6.2.1 BV-2 microglial cells

All drugs were dissolved in cRPMI. Cells were incubated w ith drugs at the doses and fo r the 

durations outlined below. Six to  eight replicates o f each drug treatm ent were performed in each 

experiment. At the end of the incubation period, culture media was removed from BV-2 microglia 

and centrifuged at 2000 rpm fo r 5 min to  remove any cellular debris and protein analysis assessed. 

Cells were also harvested fo r mRNA analysis.

6.2.2 Cell culture treatments

All drugs were dissolved in cRPMI (for BV-2 microglia). Cells were incubated w ith drugs at the 

doses and fo r the durations outlined below. Six to  eight replicates of each drug treatm ent were 

performed in each experiment. At the end of the incubation period, culture media was removed 

from BV-2 microglia and centrifuged at 2000 rpm fo r 5 min to  remove any cellular debris and 

protein analysis assessed and cells were harvested fo r mRNA analysis.

Table 6.1 Drugs, concentrations and incubation times

BV-2 m icroglia were incubated w ith  the drugs listed below fo r  the incubation tim e indicated.

Concentrations o f drugs used were based on those fro m  the lite rature indicated in the reference column.

Treatment Concentration Incubation Reference

IFN-y, IFN-a, and IL-6 10 ng/ml 24 hours Previous experiments

Dexamethasone 1 nM 24 hours (Pariante et al., 1997)

Fluoxetine 1 nM 2 hours (Tynan et al., 2012)

Citalopram 1 nM 2 hours (Tynan et al., 2012)

Moclobemide 1 nM 2 hours (Bielecka et al., 2010)

Clorgiline 1 ^M 2 hours (Bielecka et al., 2010)

Lithium Chloride 1 nM 2 hours (Hashioka et al., 2007)

Haloperidol 1 nM 2 hours (Hou et al., 2006)

Clozapine 1 nM 2 hours (Hou et al., 2006)

6.2.3 MTS assay

The CellTiter 96® AQueous Non-Radioactive Cell Proliferation assay is a colorimetric method for 

determ ining the number of viable cells in proliferation or chemosensitivity assays. The CellTiter 

96® is composed of solutions of a novel tetrazolium  [3-(4, 5-dimethylthiazol-2-yl)-5-(3- 

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron 

coupling reagent (phenazine methosulfate; PMS). MTS is bioreduced by cells into a formazan 

product tha t is soluble in tissue culture medium. The conversion of MTS into aqueous, soluble 

formazan is accomplished by dehydrogenase enzymes found in metabolically active cells. The
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quan tity  o f form azan product as measured by the  absorbance at 490nM  is d irec tly  p roportiona l to  

the  num ber o f liv ing cells in culture. MTS/PMS solution was thaw ed. Supernatants w ere aspirated 

from  all wells o f a 24-well plate. 120 |il o f pre-warm ed cNBM was added to  each w ell and 30 |il o f 

thaw ed MTS/PMS was p ipe tted  in to  each w ell. Plates w ere incubated fo r  1-4 hours at 37 °C in a 

hum id ified , 5% CO2 atm osphere. Following a co lour change, a liquots o f supernatants (50|il) were 

transferred  in dup lica te  to  a 96-well fla t-b o tto m e d  plate. Absorbance was read at 490nm using a 

m ic ro titre  p la te  reader (BioTek ElxSOO).

6.2.4 Reverse-transcriptase polymerase chain reaction

RNA was extracted  from  BV-2 m icroglia using the  N ucleospin* RNA II to ta l RNA isolation kit. 

Follow ing quan tifica tion  using a Nanodrop™ 1000 spectropho tom ete r, RNA concentra tions were 

equalised and reverse transcribed in to  cDIMA using a High Capacity cDNA Archive Kit. Real-time 

PCR was perfo rm ed  using an ABI StepOne 7500 ins trum ent as previously described (Chapter 2). 

Taqman Gene Expression Assays conta in ing prim ers and a Taqman probe w ere used to  quan tify  

each gene o f in te rest. PCR was perfo rm ed in PCR plates in a 10 jil reaction vo lum e (4 îl o f d ilu ted 

cDNA, 1 ^il o f Taqman gene expression assay, and 5 |il o f Fast Taqman® Universal PCR m aster mix) 

and PCR (40 cycles) was run in dup licate  using the  ABI universal cycling conditions. |3-actin was 

used as endogenous contro l to  norm alize gene expression data, and an RQ value (2 '°'’''', w here C, 

is the  th resho ld  cycle) was calculated fo r each sample. RQ are represented as fo ld  change in gene 

expression re la tive  to  the  contro l group, which was norm alised to  1.

6.2.5 Analysis of protein concentrations

The concentra tions o f TNF-a in cu ltu re  supernatants w ere de term ined using a com m ercially 

available mouse TNF-a ELISA kit. Assays w ere perform ed as per th e  m anufacturer's  instructions 

and as preciously described in Chapter 2 and absorbance measured at 450 nm using a m ic ro titre  

plate reader (ELxSOO; Biotek, Germany). A standard curve was constructed by p lo tting  the  

standards against the  absorbance and results obta ined expressed as pg /m l o f supernatant o r % 

control.

6.2.6 Statistical Analysis

All data was analysed using a GB-STAT routine. Statistical comparisons were perform ed as 

indicated in the  experim enta l sections. If significant changes w ere observed, the  data was fu rth e r 

analysed using S tudent Newman-Keuls post hoc tes t as appropria te . Data was deemed significant 

when P<0.05. Results are expressed as means ±  standard error o f the  mean (SEM) or mean 

percentage contro l and SEM.
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T a b le  6 .2 :  List o f  T a q m a n  g e n e  e x p r e s s io n  a s s a y s  u s e d .

Target Primer Code

P-actin 4352341E

MHC II V chain Mm00658576_ml

IFN-yRl Mm00599890_ml

IFN-YR2 Mm00492626_ml

STAT-1 Mm00439531_ml

SOCS-1 Mm00782550_sl

IDO Mm00492586_ml

IP-10 Mm00445235_ml

IFN-aRl Mm00439544_ml

IFN-UR2 Mm00494916_ml

STAT-2 Mm00490880_ml

IRF9 Mm00492679_ml

GBP3 Mm00497606_ml

USP18 Mm01188805_ml

ISG15 Mm01705338_sl

IL-6R Mm00439653_ml

G p l3 0 Mm00439665_ml

STAT-3 Mm01219775_ml

SOCS-3 Mm00545913_sl

C/EBPP Mm00843434_sl
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6.3 Results

6.3.1 Fluoxetine and moclobemide have no effect on GR, FKBP5 or GILZ mRNA expression at 

basal levels or in response to  DEX but does attenuate IFN-a induced increases in FKBP5 mRNA 

expression

In the current study the ability of antidepressant treatment to affect mRNA expression of GR, 

FKBP5 and GILZ was examined. The ability of antidepressant treatment to attenuate the IFN-a- 

induced increases in FKBP5 mRNA was also examined. To this end, BV-2 microglia were cultured 

and treated with fluoxetine, citalopram, moclobemide, or clorgiline (1 liM ) for 2 hours and 

subsequently treated with DEX (1 |iM) or IFN-a (10 ng/ml) for 24 hours. Cells were harvested and 

RT-PCR for FKBP5 was performed.

6.3.1.1 Pre-treatment with fluoxetine and moclobemide had no effect on GR, FKBP5 or GILZ mRNA 

expression either at basal levels or in response to DEX

A two-way ANOVA revealed a significant effect of DEX treatment on GR mRNA expression for 

fluoxetine 1 nM [F(i42|=13.72, P=0.003], fluoxetine 10 liM [F(ii2)=4.63, P=0.05], moclobemide 1 

MM [F(i ,i2)=18.32, P=0.0011], and moclobemide 10 nM [F,i,i2)=7.641, P=0.001]. Two-way ANOVA 

revealed no effect of antidepressant treatment for fluoxetine (1 and 10 nM) or moclobemide (1 

and 10 nM (P>0.05) on GR mRNA expression. Furthermore two-way ANOVA showed no 

interaction effect for fluoxetine (1 and 10 |iM) or moclobemide (1 and 10 (P>0.05). Newman-

Keuls post-hoc test revealed a significant increase in GR mRNA with DEX treatment (P<0.01) and 

with DEX in combination with fluoxetine (1 and 10 pM) or moclobemide (1 and 10 jiM) (P<0.05) 

compared to controls [Figure 6.1 (a), n=4].

A two-way ANOVA revealed a significant effect of DEX treatment on FKBP5 mRNA expression for 

fluoxetine 1 |iM [F(i,i2)=39.359, P<0.0001], fluoxetine 10 |iM [F(i42)=71.06, P<0.001], moclobemide 

1 nM [F(i,i2)=64.77, P<0.0001], and moclobemide 10 nM [F(i,i2)=74.927, P<0.0001]. Two-way 

ANOVA revealed no effect of antidepressant treatment for fluoxetine (1 and 10 (iM) or 

moclobemide (1 and 10 |iM (P>0.05) on FKBP5 mRNA expression. Furthermore two-way ANOVA 

showed no interaction effect for fluoxetine (1 and 10 pM) or moclobemide (1 and 10 pM (P>0.05). 

Newman-Keuls post-hoc test revealed a significant increase in FKBP5 mRNA with DEX treatment 

(P<0.01) and with DEX in combination with fluoxetine (1 and 10 pM) or moclobemide (1 and 10 

|iM) (P<0.01) compared to controls [Figure 6.1 (b), n=4].

A two-way ANOVA revealed a significant effect of DEX treatment on GILZ mRNA expression for 

fluoxetine 1 pM [F,ii2)=35.022, P<0.0001], fluoxetine 10 pM [F(i,i2)=349.35, P<0.001], 

moclobemide 1 pM [F(i,i2)=251.4, P<0.0001], and moclobemide 10 pM [F(i42)=367.12, P<0.0001]. 

Two-way ANOVA revealed no effect of antidepressant treatment for fluoxetine or moclobemide
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(1 nM) (P>0.05) on GILZ mRNA expression but showed a significant effect of fluoxetine 10 jiM 

[ F ( i , i 2) = 6 .8 9 ,  P=0.0222] and moclobemide 10 |iM [F (i^rS -lS , P=0.0423], Furthermore two-way 

ANOVA showed no interaction effect for fluoxetine (1 and 10 nM) or moclobemide (1 and 10 nM 

(P>0.05). Newman-Keuls post-hoc test revealed a significant increase in GILZ mRNA with DEX 

treatment (P<0.01) and with DEX in combination with fluoxetine (1 and 10 nM) or moclobemide 

(1 and 10 liM) (P<0.01) compared to controls [Figure 6.1 (c), n=4].

6.3.1.2 Pre-treatment with fluoxetine, citalopram, moclobemide and clorgiline attenuated IFN-a 

induced increases in FKBP5 mRNA

One way ANOVA revealed a significant effect of treatment on FKBP5 mRNA expression 

[F(3,i2)=28.36, P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in FKBP5 by 

veh + IFN-a (P<0.001) vs. control. This analysis also revealed decreases in FKBP5 mRNA with 

fluoxetine and citalopram treatment (P<0.001) vs. vehicle treated groups [Figure 6.2 (a), n=4].

One way ANOVA revealed a significant effect of treatment on FKBP5 mRNA expression 

[F(3,i2)=29.99, P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in FKBP5 by 

veh + IFN-a (P<0.001) vs. control. This analysis also revealed decreases in FKBP5 mRNA with 

moclobemide and clorgiline treatment (P<0.001) vs. vehicle treated groups [Figure 6.2 (b), n=4].
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Figure 6.1: Pre-treatm ent w ith antidepressants has no effect on GR, FKBP5 or GILZ mRNA 

expression either at basal levels or in response to DEX

BV-2 microglia were cultured and exposed to  vehicle, fluoxetine (1 or 10 nM) or moclobemide (1 

or 10 (iM) fo r 2 hours and then treated w ith DEX (1 nM). Cells were harvested for RNA extraction 

and subsequently RT-PCR was performed. **P<0.01 vs. control (Two-way ANOVA followed by 

Newman-Keuls). Data expressed as mean + SEM (n=4).
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Figure 6.2: Pre-treatm ent w ith antidepressants attenuates IFN-a induced increases in FKBP5 

mRNA expression

(a) BV-2 microglia were cultured and exposed to  vehicle, fluoxetine or citalopram ( lu M ) fo r 2 

hours and then treated w ith  IFN-a (lOng/m l). Cells were harvested fo r RNA extraction and 

subsequently RT-PCR was performed, (b) BV-2 microglia were cultured and exposed to  vehicle, 

moclobemide or clorgiline ( If iM ) fo r 2 hours and then treated V\/ith IFN-a (lOng/ml). Cells were 

harvested fo r RNA extraction and subsequently RT-PCR was performed. ***P<0.001 vs. control, 

***P<0.001 vs. vehicle treated groups (One-way ANOVA followed by Newman-Keuls). Data 

expressed as mean ± SEM (n=4).

148



6.3.2 Fluoxetine partially blocks IFN-y induced reductions in neuronal viability by BV-2 microglia

In the present experiment, the ability of fluoxetine, citalopram, moclobemide and clorgiline to 

attenuate IFN-y induced reductions in neuronal viability was assessed. Briefly, BV-2 microglia 

were pre-treated w ith vehicle, fluoxetine, citalopram, moclobemide and clorgiline (1 nM; 2 hours) 

and then exposed to  IFN-y (5ng/ml) fo r 24 hours. Conditioned media (CM) was collected, filtered 

and used to  treat primary cortical neurons fo r 48 hours. Primary cortical neurons were also 

treated directly w ith  the same regime fo r 48 hours. Viability was assessed by CellTiter 96 *  AQueous 

Non-Radioactive Cell Proliferation assay. In addition, BV-2 microglia were harvested fo r mRNA 

extraction and subsequent RT-PCR.

6.3.2.1 Citalopram, moclobemide and clorgiline fa iled  to block IFN-y induced reductions in 

neuronal viability induced by BV-2 microglia CM

One way ANOVA revealed a significant effect of treatm ent on neuronal viability [F(4,35)=32, 

P<0.0001]. Newman-Keuls post hoc test revealed significant decreases in neuronal viability w ith 

IFN-y CM, citalopram + IFN-y, moclobemide + IFN-y, and clorgiline + IFN-y (P<0.001) when 

compared to controls [Figure 6.3, n=6-7],

6.3.2.2 Citalopram, moclobemide and clorgiline decrease neuronal viability when applied directly, 

these treatments do not a ffect m icroglial viability

One way ANOVA revealed a significant effect of treatm ent on neuronal viability (a) [F(4,33|=34.50, 

P<0.001], Newman-Keuls post hoc test revealed significant decreases in neuronal viability with 

citalopram + IFN-y, moclobemide + IFN-y, clorgiline + IFN-y (P<0.001). One way ANOVA showed a 

significant effect of treatm ent on BV-2 microglial viability (b) [F(4,33)=6.669, P=0.006]. Newman- 

Keuls post hoc revealed significant increases in neuronal viability w ith citalopram + IFN-y (P<0.01) 

and moclobemide + IFN-y (P<0.05) treatm ent [Figure 6.4, n=S].

6.3.2.3 Fluoxetine partia lly blocks IFN-y induced reductions in neuronal viability induced by BV-2 

microglia CM

One way ANOVA revealed a significant effect of treatm ent on neuronal viability [F(33q)=28.79, 

P<0.0001]. Newman-Keuls post hoc test revealed significant decreases in neuronal viability w ith 

IFN-y CM (P<0.001) when compared to  controls, this analysis also revealed a significant difference 

between IFN-y CM and fluoxetine + IFN-y groups (P<0.001) [Figure 6.5, n-6-7],

6.3.2.4 Direct treatm ent o f BV-2 microglia with fluoxetine does not a ffect their viability however 

fluoxetine decreases viability o f prim ary cortical neurons
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One way ANOVA revealed a significant effect of treatment on neuronal viability (a) [F(2,i7|=4.232, 

P=0.0349] but subsequent IMewman-Keuls post-hoc analysis could not determine a difference 

between the groups. One way ANOVA showed no significant effect of treatment on BV-2 

microglial viability (b) [F(2,i7)=3.439, P=0.0590] [Figure 6.6, n=6].

6.3.2.5 Fluoxetine significantly attenuates IFN-y induced increases in IDO and kynase mRNA 

expression

One way ANOVA revealed a significant effect of treatment on IDO mRNA expression [F(2,s)=59.78, 

P<0.0001]. Newman-Keuls post hoc test revealed significant increase in IDO mRNA with IFN-y 

treatment (P<0.001) when compared to controls. Analysis also revealed a significant difference 

between vehicle + IFN-y and fluoxetine + IFN-y groups (P<0.001) [Figure 6.7 (a), n=4].

One way ANOVA revealed a significant effect of treatment on KMO mRNA expression [F(2,9)=16.5, 

P=0.001]. Newman-Keuls post hoc test revealed significant increase in KMO mRNA with IFN-y 

treatment (P<0.001) when compared to controls but no differences between vehicle + IFN-y and 

fluoxetine + IFN-y treatment (P>0.05). [Figure 6.7 (b), n=4].

One way ANOVA revealed a significant effect of treatment on kynase mRNA expression 

[F(2,9)=69.02, P<0.0001]. Newman-Keuls post hoc test revealed significant increase in kynase mRNA 

with IFN-y treatment (P<0.001) when compared to controls. Analysis also revealed a significant 

difference between vehicle + IFN-y and fluoxetine + IFN-y groups (P<0.001). [Figure 6.7 (c), n=4].
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Figure 6.3: Citalopram, moclobemide and clorgiline failed to block IFN-y induced reductions in 

neuronal viability by BV-2 microglia

BV-2 microglia were cultured and exposed to vehicle, citalopram, moclobemide or clorgiline (1 

HM; 2 hours) and then exposed to IFN-y (5 ng/ml) for 24 hours. Conditioned media from these 

cells was filtered and placed on primary cortical neurons fo r 48 hours. Viability was assessed using 

the CellTiter 96 ® AQueous Non-Radioactive Cell Proliferation assay. * * *  P<0.001 vs. control (One

way ANOVA followed by Newman-Keuls). Data are expressed as mean ± SEM (n=6-8).
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Figure 6.4: Citalopram, moclobemide and clorgiline decrease neuronal viability when applied 

directly, these treatments do not affect microglial viability

Primary cortical neurons (a) or BV-2 microglia (b) were cultured and exposed to  vehicle, 

citalopram, moclobemide or clorgiline (1 nM; 2 hours) and then exposed to  IFN-y (5 ng/ml) for 24 

hours. Viability was assessed using the CellTiter 96 ® AQueous Non-Radioactive Cell Proliferation 

assay. * * *  P<0.001, **P<0.01, *P<0.05 vs. control (One-way ANOVA followed by Newman-Keuls). 

Data are expressed as mean + SEM (n=6-8).
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Figure 6.5: Fluoxetine partially blocks IFN-y induced reductions in neuronal viability by BV-2 

microglia

BV-2 m icroglia w ere cu ltu red  and exposed to  vehicle or fluoxe tine  (1 nM ; 2 hours) and then 

exposed to  IFN-y (5 ng /m l) fo r 24 hours. C onditioned media from  these cells was filte re d  and 

placed on prim ary cortical neurons fo r 48 hours. V iab ility  was assessed using the  CellTiter 96 ® 

AQueous Non-Radioactive Cell P ro life ra tion assay. * * *  P<0.001 vs. contro l. *“*P<0.001 vs. contro l 

+ IFN-y (One-way ANOVA fo llow ed by Newman-Keuls). Data are expressed as mean + SEM (n=6-8).
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Figure 6.6: Direct treatment of BV-2 microglia with fluoxetine does not affect their viability 

however fluoxetine decreases viability of primary cortical neurons

Primary cortical neurons (a) or BV-2 microglia (b) were cultured and exposed to  vehicle or 

fluoxetine (1 |iM ; 2 hours) and then exposed to  IFN-y (5 ng/ml) fo r 24 hours. Viability was 

assessed using the CellTiter 96 ® AQueous Non-Radioactive Cell Proliferation assay. *P<0.05 vs. 

Control (One-way ANOVA followed by Newman-Keuls). Data are expressed as mean ± SEM (n=6-8).
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Figure 6.7: Fluoxetine treatm ent attenuates IFN-y induced increases in IDO and kynase mRNA 

expression

BV-2 microglia were cultured and exposed to  vehicle or fluoxetine (1 |iM ; 2 hours) and then 

exposed to IFN-y (5 ng/ml) for 24 hours. Cells were harvested fo r mRNA extraction and 

subsequent RT-PCR. ***P<0.001 vs. control. ***P<0.001 vs. vehicle treated groups (One-way 

ANOVA followed by Newman-Keuls). Data are expressed as mean + SEM (n=4-6).
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6.3.3 Effect of antidepressants on expression of elements of the IFN-y signalling cascade

In order to determine the effects of a selected range of psychotropic drugs on IFN-y signalling, we 

chose molecules at the level of IFN-y receptors, its signalling molecules and its classical inducible 

genes at the mRNA level (see figure 1.1, chapter 1). The effect of these drugs on the general 

activation state of the microglia was also investigated by assessing MHC II y chain mRNA in 

response to IFN-y, along with the effect of these treatments on TNF-a production. Briefly, BV-2 

microglia were cultured, and pre-treated with vehicle, fluoxetine, citalopram, moclobemide, 

clorgiline (IjiM ) for 2 hours, and subsequently stimulated with IFN-y for a further 24 hours. Cells 

were harvested for mRNA extraction and subsequent RT-PCR was performed. Cell-free 

supernatants from these cells were also harvested for analysis by ELISA.

6.3.3.1 SSRIs and MAO-A inhibitors modulate IFN-y receptors 1 and 2, STAT-1 and SOCS-1 mRNA 

expression

One way ANOVA revealed a significant effect of treatment on IFN-yRl mRNA expression 

[F|5,i8)=6.35, P=0.0015]. Newman-Keuls post-hoc test revealed significant increases in IFN-yRl by 

IFN-y alone (P<0.01) vs. control. This analysis also revealed decreases in IFN-yRl mRNA with 

fluoxetine (P<0,001) and citalopram treatment (P<0.01) vs. vehicle treated groups [Figure 6.8 (a), 

n=4].

One way ANOVA revealed a significant effect of treatment on IFN-yR2 mRNA expression 

[F(5,181=18.51, P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in IFN-yR2 by 

IFN-y alone (P<0.001) vs. control. This analysis also revealed decreases in IFN-yR2 mRNA with 

fluoxetine, citalopram, moclobemide and clorgiline treatment (P<0.001) vs. vehicle treated groups 

[Figure 6.8 (b), n=4].

One way ANOVA revealed a significant effect of treatment on STAT-1 mRNA expression 

[F(5,i8)=103.1, P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in STAT-1 by 

IFN-y alone (P<0.001) vs. control. This analysis also revealed decreases in STAT-1 mRNA with 

fluoxetine, citalopram, moclobemide and clorgiline treatment (P<0.001) vs. vehicle treated groups 

[Figure 6.8 (c), n=4].

One way ANOVA revealed a significant effect of treatment on SOCS-1 [F(s i8)=15.39, P<0.0001]. 

Newman-Keuls post-hoc test revealed significant increases in SOCS-1 mRNA by IFN-y alone 

(P<0.001) vs. control. This analysis revealed no effect of fluoxetine, citalopram, moclobemide and 

clorgiline treatment on SOCS-1 mRNA (P<0.001) vs. vehicle treated groups [Figure 6.8 (d), n=4].

156



6.33.2 SSRIs and MAO-A inhibitors potently suppress IFN-y inducible gene mRNA expression 

One way ANOVA revealed a significant effect of treatment on IP-10 mRNA expression [F(s i8)=166.9, 

P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in IP-10 mRNA by IFN-y 

alone (P<0.001) vs. control. This analysis also revealed decreases in IP-10 mRNA with fluoxetine, 

citalopram, moclobemide and clorgiline treatment (P<0.001) vs. vehicle treated groups [Figure 6.9 

(a), n=4].

One way ANOVA revealed a significant effect of treatment on IDO [F(5,i8)=22.52, P<0.0001]. 

Newman-Keuls post-hoc test revealed significant increases in IDO mRNA by IFN-y alone (P<0.001) 

vs. control. This analysis revealed decreases in IDO mRNA with fluoxetine, citalopram, 

moclobemide and clorgiline treatment (P<0.001) vs. vehicle treated groups [Figure 6.9 (b), n=4].

6.3.3.3 SSRIs and MAO-A inhibitors attenuate IFN-y-induced TNF-a production without affecting 

IFN-y-induced expression o f MHCII y chain mRNA

One way ANOVA revealed a significant effect of treatment on MHC II y chain mRNA expression 

[F(5,i8)=166.9, P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in MHC II y 

chain mRNA by IFN-y alone (P<0.001) vs. control. This analysis revealed no effects on MHC II y 

chain mRNA with fluoxetine, citalopram, moclobemide and clorgiline treatment (P>0.05) vs. 

vehicle treated groups [Figure 6.9 (a), n=4).

One way ANOVA revealed a significant effect of treatment on TNF-a production [F(5,30|=4.915, 

P=0.0029]. Newman-Keuls post-hoc test revealed significant increases in TNF-a production with 

IFN-y alone (P<0.01) vs. control. This analysis revealed that fluoxetine, citalopram, and 

moclobemide treatment attenuated these IFN-y induced increases in TNF-a (P<0.01) vs. vehicle 

treated groups. There were no significant effects with clorgiline treatment (P>0.05) [Figure 6.9 (b), 

n=6].
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Figure 6.8: SSRIs and MAO-A inhibitors modulate IFN-yRl and IFN-yR2, STAT-1 and SOCS-1 

mRNA expression

BV-2 microglia were cultured and exposed to  vehicle, fluoxetine, citalopram, moclobemide or 

clorgiline (1 nM) fo r 2 hours, and subsequently treated w ith IFN-y (lOng/m l) fo r 24 hours. Cells 

were harvested fo r RNA extraction and subsequently RT-PCR was performed ***P<0.001, 

**P<0.01 vs. control. *P<0.05, **P<0.01, ***P<0.001 vs. vehicle treated groups (One-way ANOVA 

followed by Newman-Keuls). Data are expressed as mean + SEM (n=4).
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Figure 6.9: SSRIs and MAO-A inhibitors potently suppress IFN-y inducible gene mRNA expression
BV-2 microglia were cultured and exposed to vehicle, fluoxetine, citalopram, moclobemide or

clorgiline (1 liM ) for 2 hours, and subsequently treated w ith IFN-y (lOng/m l) fo r 24 hours. Cells 

were harvested fo r RNA extraction and subsequently RT-PCR was performed ***P<0.001 vs. 

control. ***P<0.001 vs. vehicle treated groups (One-way ANOVA followed by Newman-Keuls). Data 

are expressed as mean + SEM (n=4).
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Figure 6.10: SSRIs and MAO-A inhibitors attenuate IFN-y-induced TNF-u production without 

affecting IFN-y-induced expression of MHC II y chain mRNA

BV-2 microglia were cultured and exposed to  vehicle, fluoxetine, citalopram, moclobemide or 

clorgiline (1 ^iM) fo r 2 hours, and subsequently treated w ith IFN-y (lOng/m l) fo r 24 hours. Cells 

were harvested fo r RNA extraction and RT-PCR was performed. Cell-free supernatants were 

harvested fo r subsequent ELISA. ***P<0.001, **P<0.01 vs. control. *P<0.05 vs. vehicle treated 

groups (One-way ANOVA followed by Newman-Keuls). Data are expressed as mean ± SEM (n=4).
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6.3.4 Effect of anti-psychotics and lithium chloride on expression of elements of the IFN-y 

signalling cascade

The e ffect o f haloperidol, clozapine and lith ium  ch loride  (LiCI) on IFN-y-induced increases in IFN-y 

signalling cascade molecules, MHC II y chain mRNA and TNF-a production was assessed. These 

extra trea tm en ts  were chosen to  w iden the  pharm acological p ro file  o f the  trea tm en ts  used in 

order to  de term ine if the  effects seen are dependent on 5-HT m odu la tion  or w ere due to  an 

a lte rna tive  mechanism. These drugs w ere used in con junction w ith  IFN-y in line w ith  the  

lite ra tu re  concerning the  an ti-in flam m ato ry  effects o f anti-psychotics and m ood stabilisers 

(Hashioka e t al., 2007, Kato e t al., 2007, Bian e t al., 2008). Briefly, BV-2 m icroglia were cultured, 

and pre-trea ted  w ith  vehicle, ha loperido l, clozapine or LiCI ( lu M )  fo r  2 hours, and subsequently 

stim u la ted  w ith  IFN-y fo r a fu r th e r 24 hours. Cells w ere harvested fo r mRNA extraction and 

subsequent RT-PCR was perform ed. Cell-free supernatants from  these cells w ere also harvested 

fo r analysis by ELISA.

6.3.4.1 Anti-psychotics and LiCI m odula te  IFN-y receptors 1 and 2, STAT-1 and SOCS-1 mRNA 

expression

One way ANOVA revealed no significant e ffect o f tre a tm e n t on IFN-yRl mRNA [F(4i5)=1.398, 

P=0.2820] [Figure 6.11 (a), n=4].

One way ANOVA revealed a significant e ffec t o f tre a tm e n t on IFN-yR2 mRNA [F(4 15)=10.84, 

P=0.0002]. Newman-Keuls post-hoc  tes t revealed a significant increase in IFN-yR2 mRNA w ith  IFN- 

y tre a tm e n t alone (P<0.001) vs. contro l. This analysis also revealed significant decreases in IFN- 

yR2 mRNA w ith  lith ium  chloride, haloperidol and clozapine (P<0.001) tre a tm e n t w hen compared 

to  vehicle trea ted  groups [Figure 6.11 (b), n=4].

One way ANOVA revealed a significant e ffect o f tre a tm e n t on STAT-1 mRNA [F(4,i5)=51.19, 

P<0.0001]. Newman-Keuls post-hoc  tes t revealed a significant increase in STAT-1 mRNA w ith  IFN-y 

tre a tm e n t alone (P<0.001) vs. contro l. This analysis revealed no significant changes w ith  lith ium  

chloride, ha loperidol and clozapine (P<0.001) tre a tm e n t w hen compared to  vehicle trea ted  

groups [Figure 6,11 (c), n=4].

One way ANOVA revealed a significant e ffect o f tre a tm e n t on SOCS-lmRNA [F (4 is)=22.86, 

P<0.0001]. Newman-Keuls post-hoc tes t revealed a significant increase in SOCS-1 mRNA w ith  IFN- 

y tre a tm e n t alone (P<0.001) vs. contro l. This analysis revealed no significant changes w ith  lith ium  

ch loride, ha loperidol and clozapine (P<0.001) tre a tm e n t when com pared to  vehicle trea ted  

groups [Figure 6.11 (d), n=4].
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6 .3 .4 .2  A n ti-psychotics a n d  L id  p o te n tly  suppress IFN -y inducib le  g en e  m R N A  expression

O ne w a y  A N O V A  revea led  a sign ificant e ffe c t o f t re a tm e n t  on IP -10  m R N A  [F(4 15|=119.9, P < 0 .0 0 0 1 ],  

N ew m an -K eu ls  post-hoc  te s t revea led  a s ign ificant increase in IP -10  m R N A  w ith  IFN -y tre a tm e n t  

a lon e  (P < 0 .0 0 1 ) vs. con tro l. This analysis also re v ea led  sign ificant decreases in IP -10  m R N A  w ith  

lith ium  ch lo rid e , h a lo p erid o l and c lozap ine (P < 0 .0 0 1 ) t re a tm e n t  w h e n  com pared  to  vehic le  

tre a te d  groups [Figure 6 .1 2  (a ), n=4].

O ne  w ay  A N O V A  re v ea led  a sign ificant e ffe c t o f t re a tm e n t  on IDO m R N A  [F(4 15)=35.8, P < 0 .0 0 0 1 ]. 

N ew m an -K eu ls  p ost-hoc  te s t revea led  a s ign ificant increase in IDO m R N A  w ith  IFN -y t re a tm e n t  

a lon e  (P < 0 .0 0 1 ) vs. co n tro l. This analysis also re v e a le d  sign ificant decreases in ID O  m R N A  w ith  

lith ium  ch lo rid e , h a lo p erid o l and c lozap ine (P < 0 .0 0 1 ) t re a tm e n t  w h e n  com pared  to  vehic le  

t re a te d  groups [Figure 6 .1 2  (b ), n =4].

6 .3 .4 .3  C lozap ine a tte n u a te s  IFN -y-induced  T N F-a  p ro du ction  in BV-2 m icrog lia

O ne w a y  A N O V A  revea led  a s ign ificant e ffe c t o f t re a tm e n t  on M H C  II y chain m R N A  [F(4,i4)=25.68, 

P < 0 .0 0 0 1 ]. N ew m an -K eu ls  post-h oc  te s t revea led  a sign ificant increase in M H C  II y chain m R N A  

w ith  IFN -y t re a tm e n t  a lone (P < 0 .00 1 ) vs. con tro l. This analysis re vea led  no e ffe c t o f lith ium  

ch lo ride , h a lo p erid o l and  c lozap ine (P > 0 .05 ) t re a tm e n t  on M H C  II y chain m R N A  w h e n  com pared  

to  veh ic le  t re a te d  groups [Figure 6 .1 3  (a), n =4].

O ne w ay  A N O V A  re v ea led  a s ign ificant e ffe c t o f t re a tm e n t  on T N F -a  p ro du ction  [F(4,25|=5.175, 

P = 0 .0 0 38 ]. N ew m a n -K e u ls  p ost-h oc  te s t re vea led  a s ign ificant increase in T N F -a  p ro du ction  w ith  

IFN -y t re a tm e n t  a lo n e  (P < 0 .05 ) vs. con tro l. This analysis re vea led  no e ffe c t o f lith ium  ch lo ride  or 

h alo perido l t re a tm e n t  (P > 0 .05 ) on T N F -a  p ro du ction  w h e n  com pared  to  veh ic le  tre a te d  groups  

b ut show ed  a s ign ificant a tte n u a tio n  o f IFN -y -ind uced  T N F -a  p ro du ction  w ith  c lozap ine tre a tm e n t  

(P < 0 .05 ) [F igure 6 .1 3  (b ), n=6].
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Figure 6.11: Anti-psychotics and LiCI modulate IFN-yRl and IFN-yR2, STAT-1 and SOCS-1 mRNA 

expression

BV-2 microglia were cultured and exposed to  vehicle, LiCI, haloperidol or clozapine (1 nM) for 2 

hours, and subsequently treated w ith  IFN-y (lOng/m l) for 24 hours. Cells were harvested fo r RNA 

extraction and subsequently RT-PCR was performed. ***P<0.001, **P<0.01 vs. control. ***P<0.001, 

*P<0.05 vs. vehicle-treated groups (One-way ANOVA followed by Newman-Keuls). Data are 

expressed as mean ± SEM (n=4).
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Figure 6.12: Anti-psychotics and LiCI potently suppress IFN-y Inducible gene mRNA expression

BV-2 microglia were cultured and exposed to  vehicle, LiCI, haloperidol or clozapine (1 nM) fo r 2 

hours, and subsequently treated w ith IFN-y (lOng/m l) fo r 24 hours. Cells were harvested for RNA 

extraction and subsequently RT-PCR was performed. ***P<0.001 vs. control. *“*P<0.001 vs. 

vehicle-treated groups (One-way ANOVA followed by Newman-Keuls). Data are expressed as 

mean + SEM (n=4).
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Figure 6.13: Clozapine attenuates IFN-y-induced TNF-u production in BV-2 microglia

BV-2 microglia were cultured and exposed to vehicle, LiCI, haloperidol or clozapine (1 ^M ) for 2 

hours, and subsequently treated w ith  IFN-y (lOng/m l) fo r 24 hours. Cells were harvested fo r RNA 

extraction and RT-PCR was performed. Cell-free supernatants were harvested fo r subsequent 

ELISA. ***P<0.001, **P<0.01 vs. control. *P<0.05 vs. vehicle-treated groups (One-way ANOVA 

followed by Newman-Keuls). Data are expressed as mean ± SEM (n=4).
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6.3.5 Effect of antidepressants on expression of elements of the IFN-a signalling cascade

Tlie effects of antidepressants on IFN-a signalling were examined at the level of IFIM-a receptors, 

its signalling molecules and its classical inducible genes at the mRNA level (see figure 1.2, chapter 

1). Briefly, BV-2 microglia were cultured, and pre-treated w ith vehicle, fluoxetine, citalopram, 

moclobemide, or clorglline (1 nM) fo r 2 hours, and subsequently stimulated w ith IFN-a fo r a 

fu rther 24 hours. Cells were harvested fo r mRNA extraction and subsequent RT-PCR. Cell-free 

supernatants from these cells were also harvested for analysis by ELISA.

6.3.5.1 SSRIs and MAO-A inhibitors modulate IFN-a receptor 1 and 2, STAT-1, STAT-2 and IRF9 

mRNA expression

One way ANOVA revealed a significant effect of treatm ent on IFN-aRl mRNA expression 

[F(5,i8)=53.46, P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in IFN-aRl 

mRNA by IFN-a alone (P<0.001) vs. control. This analysis revealed decreases in IFN-aRl mRNA 

w ith fluoxetine, citalopram, moclobemide and clorgiline treatm ent (P<0.001) vs. vehicle treated 

groups [Figure 6.14 (a), n=4].

One way ANOVA revealed a significant effect of treatm ent on IFN-aR2 mRNA [F(5i8)=12.88, 

P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in IFN-aR2 mRNA by IFN-a 

alone (P<0.001) vs. control. This analysis revealed no effect of fluoxetine, citalopram, 

moclobemide and clorgiline treatm ent on IFN-aR2 mRNA (P>0.05) vs. vehicle treated groups 

[Figure 6.14 (b), n=A],

One way ANOVA revealed a significant effect of treatm ent on STAT-1 mRNA expression 

[F(5,181=137.9, P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in STAT-1 

mRNA by IFN-a alone (P<0.001) vs. control. This analysis revealed decreases in STAT-1 mRNA w ith 

fluoxetine, citalopram, moclobemide and clorgiline treatm ent (P<0.001) vs. vehicle treated groups 

[Figure 6.14 (c), n=4].

One way ANOVA revealed a significant effect of treatm ent on STAT-2 mRNA [F(5,is)=198.2, 

P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in STAT-2 mRNA by IFN-a 

alone (P<0.001) vs. control. This analysis revealed no effect of fluoxetine, citalopram, and 

moclobemide (P>0.05) and a significant effect of clorgiline treatm ent on STAT-2 mRNA (P<0.01) vs. 

vehicle treated groups [Figure 6.14 (d), n=4].

One way ANOVA revealed a significant effect of treatm ent on IRF9 mRNA [F(5,i8)=80.87, P<0.0001]. 

Newman-Keuls post-hoc test revealed significant increases in IRF9 mRNA by IFN-a alone (P<0.001)
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vs. control. This analysis revealed a significant effect of fluoxetine, moclobemide, clorgillne 

(P<0.01) and a significant effect of citalopram treatm ent on IRF9 mRNA (P<0.05) vs. vehicle 

treated groups [Figure 6.14 (e), n=4].

6.3.5.2 SSRIs and MAO-A inhibitors attenuate IFN-a inducible gene mRNA expression

One w/ay ANOVA revealed a significant effect of treatm ent on GBP3 mRNA [F(5,ig)=123, P<0.0001]. 

Newman-Keuls post-hoc test, revealed significant increases in GBP3 mRNA by IFN-a alone (P<0.001) 

vs. control. This analysis revealed a significant effect of fluoxetine, moclobemide, and clorgillne 

treatm ent (P<0.01) and a significant effect of citalopram treatm ent on GBP3 mRNA (P<0.05) vs. 

vehicle treated groups [Figure 6.15 (a), n=4].

One way ANOVA revealed a significant effect of treatm ent on ISG15 mRNA [F(5,i8j=143.1, 

P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in ISG15 mRNA by IFN-a 

alone (P<0.001) vs. control. This analysis revealed a significant effect of fluoxetine (P<0.001), 

citalopram (P<0.05), moclobemide (P<0.01), and clorgiline treatm ent (P<0.001) on ISG15 mRNA vs. 

vehicle treated groups [Figure 6.15 (b), ai=4].

One way ANOVA revealed a significant effect of treatm ent on U S P 1 8  mRNA [F(5 is )= 2 0 6 .7 ,  

P < 0 .0 0 0 1 ] .  Newman-Keuls post-hoc test revealed significant increases in U S P 1 8  mRNA by IFN-a 

alone (P < 0 .0 0 1 )  vs. control. This analysis revealed a significant effect of citalopram (P < 0 .0 1 ) ,  and 

clorgiline treatm ent (P < 0 .0 1 )  on U S P 1 8  mRNA and showed no effect of fluoxetine and 

moclobemide (P > 0 .0 5 )  vs. vehicle treated groups [Figure 6 .1 5  (c), n = 4 ].

6.3.5.3 SSRIs and MAO-A inhibitors inhibit IFN-y induced increases o f M H C II y chain mRNA and has 

no effect on the production o f TNF-a

One way ANOVA revealed a significant effect of treatm ent on MHC II y chain mRNA expression 

[F(5,i8)=54.S1, P<0.0001]. Newman-Keuls post-hoc test revealed significant increases in MHC II y 

chain mRNA by IFN-a alone (P<0.001) vs. control. This analysis revealed significant decreases in 

MHC II y chain mRNA with fluoxetine, citalopram, moclobemide and clorgiline treatm ent (P<0.01) 

vs. vehicle treated groups. [Figure 6.16 (a), n=4].

One way ANOVA revealed no significant effect of treatm ent on TNF-a production [F(s 3o )= 0 .7 323 , 

P=0.6053]. Newman-Keuls post-hoc test revealed no significant effect on TNF-a production with 

IFN-a alone (P>0.05) vs. control. This analysis revealed that fluoxetine, citalopram, moclobemide 

and clorgiline treatm ent had no effect on TNF-a production (P>0.05) vs. vehicle treated groups 

[Figure 6.16 (b), n=6].
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Figure 6.14: SSRIs and MAO-A inhibitors modulate IFN-aRl and IFN-aR2, STAT-1, STAT-2 and 

IRF9 mRNA expression

BV-2 microglia were cultured and exposed to  vehicle, fluoxetine, citalopram, moclobemide or 

clorgiline (1 |iM ) fo r 2 hours, and subsequently treated w ith IFN-a (lOng/m l) fo r 24 hours. Cells 

were harvested fo r RNA extraction and subsequently RT-PCR was performed ***P<0.001 vs. 

control. ***P<0.001, **P<0.05 vs. vehicle-treated groups (One-way ANOVA followed by Newman- 

Keuls). Data are expressed as mean ± SEM (n=4).
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Figure 6 .15: SSRIs and M A O -A  inhibitors a tte n u a te  IFN -a  induced increases in its inducible genes
BV-2 microglia were cultured and exposed to vehicle, fluoxetine, citalopram, moclobemide or

clorgiline (1 ^M ) fo r 2 hours, and subsequently treated w ith IFN-a (lOng/m l) fo r 24 hours. Cells 

were harvested for RNA extraction and subsequently RT-PCR was performed ***P<0.001 vs. 

control. ***P<0.001, ***P<0.01 vs. vehicle treated groups (One-way ANOVA followed by Newman- 

Keuls). Data are expressed as mean ± SEM (n=4).
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Figure 6.16: SSRIs and MAO-A inhibitors inhibit IFN-y induced increases of MHC II y chain mRNA 

and has no effect on the production of TNF-ci

BV-2 microglia were cultured and exposed to  vehicle, fluoxetine, citalopram, moclobemide or 

clorgiline (1 |iM ) fo r 2 hours, and subsequently treated w ith IFN-a (10 ng/ml) fo r 24 hours. Cells 

were harvested fo r RNA extraction and subsequently RT-PCR was performed ***P<0.001 vs. 

control. **P<0.01 vs. vehicle treated groups (One-way ANOVA followed by Newman-Keuls). Data 

are expressed as mean ± SEM (n=4).
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6.3.6 Effect of antidepressants on expression of elements of the IL-6 signalling

The effects o f antidepressants on IL-6 signalling w ere exam ined at the  level o f IL-6 receptors, its 

signalling molecules and its classical inducib le  genes at the  mRNA level (see figu re  1.3, chapter 1). 

BV-2 m icroglia w ere cu ltured, and pre-trea ted  w ith  vehicle, fluoxe tine , c ita lopram , m oclobem ide, 

o r clorgiline (1 liM ) fo r 2 hours, and subsequently s tim u la ted  w ith  IL-6 fo r  a fu r th e r 24 hours. Cells 

w ere harvested fo r mRNA extraction and subsequent RT-PCR. Cell-free supernatants from  these 

cells w ere also harvested fo r  analysis by ELISA.

6.3.6.1 C lorgiline a ttenuates IL-6-induced increases in STAT-1 mRNA expression

One way ANOVA revealed a significant e ffect o f tre a tm e n t on IL-6R mRNA [F(s ig)=6.514, P=0.0013]. 

Newman-Keuls post-hoc tes t revealed significant decrease in IL-6R mRNA by IL-6 alone (P<0.01) vs. 

contro l. This analysis revealed no significant e ffec t o f fluoxe tine , c ita lopram , m oclobem ide or 

c lorg iline tre a tm e n t (P>0.05) on IL-6R mRNA when com pared to  vehicle tre a te d  groups [Figure

6.17 {a),n=4].

One way ANOVA revealed a significant e ffec t o f tre a tm e n t on g p l3 0  mRNA [F(5 is)=4.908, 

P=0.0052]. Newman-Keuls post-hoc  tes t revealed m oclobem ide (P<0.05) and c lorg iline (P<0.01) 

induced significant decreases in g p l3 0  mRNA when com pared to  vehicle trea ted  groups [Figure

6.17 (b), n=4].

One way ANOVA revealed a significant e ffect o f tre a tm e n t on STAT-1 mRNA [F(54g)=4.547, 

P=0.0074], Newman-Keuls post-hoc  test revealed no e ffect o f IL-6 on STAT-1 mRNA (P>0.05) vs. 

C ontrol. This analysis also revealed a s ign ificant decrease w ith  c lo rg iline  tre a tm e n t (P<0.01) when 

com pared to  vehicle trea ted  groups [Figure 6.17 (c), n=4].

One way ANOVA revealed a significant e ffect o f tre a tm e n t on STAT-3 mRNA [F(5,i8)=21.5, P<0.001]. 

Newman-Keuls post-hoc  tes t revealed a significant increase in STAT-3 mRNA w ith  IL-6 (P<0.001) vs. 

contro l. This analysis revealed no o the r s ign ificant changes in STAT-3 mRNA w ith  fluoxetine , 

c ita lopram , m oclobem ide or clorg iline tre a tm e n t (P>0.05) when com pared to  vehicle trea ted  

groups [Figure 6.17 (d), n=4].

6.3.6.2 C lorgiline a ttenuates IL-6-induced increases in SOCS-3 and C/EBPfi mRNA expression

One way ANOVA revealed a significant e ffect o f tre a tm e n t on SOCS-3 mRNA [F(5,i8)=26.75, 

P<0.001]. Newman-Keuls post-hoc  te s t revealed a s ignificant increase in SOCS-3 mRNA w ith  IL-6 

(P<0.001) vs. contro l. This analysis also revealed a significant decrease in SOCS-3 mRNA w ith  

c lorg iline tre a tm e n t (P<0.001) when com pared to  vehicle trea ted  groups [Figure 6.18 (a), n=4].
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One way ANOVA revealed a significant effect of treatm ent on C/EBP(3 mRNA [F(s i8)=6.811, 

P<0.001]. Newman-Keuls post-hoc test revealed significant increase in C/EBPP mRNA by IL-6 alone 

(P<0.01) vs. control. This analysis revealed no significant effect of fluoxetine, citalopram, 

moclobemide or clorgiline treatm ent (P>0.05) on C/EBP(i mRNA when compared to  vehicle 

treated groups [Figure 6.18 (b), n=4].

6.3.6.3 Clorgiline decreases MHC II y chain mRNA expression, SSRIs and MAO-A inhibitors have no 

effect on TNF-a production

One way ANOVA revealed a significant effect of treatm ent on MHC II y chain mRNA [F(5,i8)=5.106, 

P=0.0043]. Newman-Keuls post-hoc test revealed a significant decrease in MHC II y chain mRNA 

w ith clorgiline treatm ent (P<0.01) when compared to  control [Figure 6.19 (a), n=4].

One way ANOVA revealed a significant effect of treatm ent on TNF-a production [F(S30)=3.311, 

P=0.0169]. Newman-Keuls post-hoc test revealed no significant effect of IL-6, fluoxetine, 

citalopram, moclobemide or clorgiline treatm ent (P>0.05) [Figure 6.19 (b), n=6].
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Figure 6.17: Clorgiline attenuates IL-6-induced increases in STAT-1 mRNA expression

BV-2 microglia were cultured and exposed to vehicle, fluoxetine, citalopram, moclobemide or 

clorgiline (1 |iM ) fo r 2 hours, and subsequently treated w ith  IL-6 (lOng/m l) fo r 24 hours. Cells 

were harvested fo r RNA extraction and subsequently RT-PCR was performed ***P<0.001 vs. 

control. *P<0.05 vs. vehicle treated groups. (One-way ANOVA followed by Newman-Keuls). Data 

are expressed as mean + SEM (n=4).
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Figure 6.18: Clorgiline attenuates IL-6-induced increases in SOCS-3 and C/EBPp mRNA 

expression

BV-2 microglia were cultured and exposed to  vehicle, fluoxetine, citalopram, moclobemide or 

clorgiline (1 nM) fo r 2 hours, and subsequently treated w ith  IL-6 (lOng/m l) fo r 24 hours. Cells 

were harvested fo r RNA extraction and subsequently RT-PCR was performed ***P<0.001 vs. 

control. *P<0.05 vs. vehicle treated groups. (One-way ANOVA followed by Newman-Keuls). Data 

are expressed as mean ± SEM (n=4).
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Figure 6.19: Clorgiline decreases MHC II y chain mRNA expression, SSRIs and MAO-A inhibitors 

have no effect on TNF-a production

BV-2 microglia were cultured and exposed to  vehicle, fluoxetine, citalopram, moclobemide or 

clorgiline (1 nM) fo r 2 hours, and subsequently treated w ith IL-6 (lOng/m l) fo r 24 hours. Cells 

were harvested fo r RNA extraction and subsequently RT-PCR was performed ***P<0.001 vs. 

control. "P<0.05 vs. vehicle treated groups. (One-way ANOVA followed by Newman-Keuls). Data 

are expressed as mean + SEM (n=4).
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6.4 Discussion

These studies show th a t antidepressant tre a tm e n t in BV-2 m icroglia can have num erous effects. 

W ith  respect to  GC signalling, antidepressants have no e ffect on basal expression o f GR, FKBP5 or 

GILZ mRNA expression; these trea tm en ts  also had no e ffect on the  DEX response in BV-2 m icroglia. 

Antidepressant tre a tm e n t did how ever a ttenua te  IFN-a-induced increases in FKBP5, w hich is 

th ough t to  m ediate  IFN-a-induced reductions in GR sensitiv ity  (chapter 3). Kynurenine pathw ay 

activation in m icroglia reduces neuronal v iab ility  (chapter 4), these experim ents show th a t 

fluoxetine , bu t not c ita lopram , m oclobem ide or clorg iline, can am elio ra te  these reductions in 

neuronal v iab ility . In add ition , fluoxe tine  tre a tm e n t a ttenuates IFN-y-induced increases in 

kynurenine pathw ay enzymes. Further studies screening the  ab ility  o f antidepressants to  exert 

an ti-in flam m ato ry  effects reveals th a t fluoxe tine , c ita lopram , m oclobem ide and clorg iline are 

capable o f suppressing gene expression resu ltan t from  cytokine signalling cascades, bu t these 

effects and th e ir m agnitude are dependent on the  stim ulus used. In add ition , the  ab ility  o f 

ha loperido l, clozapine, and LiCI tre a tm e n t to  a ttenua te  IFN-y-induced signalling was exam ined, 

and the  results suggest the re  w ere no d is tinct effects o f specific drug classes suggesting th a t the  

mechanism by which these drugs exert th e ir an ti-in flam m ato ry  effects is irrespective o f the  

pharm acological mechanism o f these drugs. Furtherm ore  the ab ility  o f antidepressants to  

suppress m icroglia l activa tion  depended on the  stim ulus used, e.g. all drugs used suppressed IFN- 

a-induced increases in MHC II y chain mRNA but these drugs had no e ffect on IFN-y-induced 

increases. A lthough the re  is extensive lite ra tu re  on the  ab ility  o f psychotropic drugs to  exert a n ti

in flam m ato ry  effects on the  production o f in flam m ato ry  m ediators in response to  LPS, th is  is the  

firs t study to  use a lte rna tive  p ro -in flam m ato ry  stim u li. The results show th a t these effects are not 

explic it and dependent on the  stim uli used and the  markers investigated, the  ab ility  o f these 

drugs to  exert an ti-in flam m ato ry  effects changes considerably.

6.4.1 Antidepressant treatm ent does not affect GR, FKBP5 or GILZ mRNA expression at basal 

levels or in response to DEX but does attenuate IFN-a induced increases in FKBP5 mRNA 

expression

As reviewed by Pariante and M ille r (2001), all in vivo evidence regarding antidepressant 

tre a tm e n t and GR func tion  support the  no tion  th a t antidepressant tre a tm e n t enhances GR 

function  (Pariante and M ille r, 2001). In vitro  studies in neuronal and non-neuronal cells 

correspond w ith  th is hypothesis, w ith  num erous antidepressants enhancing GR func tion  and GR 

expression (Pepin et al., 1989, Pepin et al., 1992, Okugawa et al., 1999, Hery et al., 2000, Pariante 

e t al., 2001). These effects on GR func tion  occur irrespective o f th e  prim ary pharm acological 

m ode o f action o f these drugs (Pariante e t al., 2001). This group suggest a com m on mechanism of 

action th rough  inh ib ition  o f the m em brane stero id  transporte rs  (Pariante e t al., 2001).
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The present experiments suggest tha t fluoxetine and moclobemide do not alter GR function at 

basal levels or in response to  DEX in microglia. In addition, pre-treatm ent w ith anti-depressants 

attenuates the IFN-a induced increases in FKBP5 mRNA which are seemingly causing the 

insensitivity seen in BV-2 microglia. The literature suggests that the effects of antidepressants on 

GR function are dependent on a number of experimental conditions, the concentration and time 

of antidepressant treatm ent and also the presence or absence of a GC in the incubation medium. 

For instance, desipramine (a tricyclic antidepressant), induces GR nuclear translocation in the 

absence of steroids, but pre-incubation w ith desipramine followed by DEX reduces GR-mediated 

gene transcription in vitro (Pariante et al., 1997). Furthermore, co-incubation w ith desipramine 

and DEX enhances GR-mediated gene transcription. Pre-incubation of fibroblasts w ith 

amitriptyline, fluoxetine, moclobemide, desipramine and im ipramine also inhibit GR-mediated 

gene transcription (Budziszewska et al., 2000).

The current data suggest that in microglia, pre-treatm ent w ith  antidepressants does not influence 

GR mRNA expression or GR-induced gene transcription, and that the effects seen on IFN-a- 

induced increases in FKBP5 may be due to  the immunomodulatory effects of antidepressants 

rather than the ir effects on GR function. As discussed in later sections, antidepressants can 

influence expression of elements of the IFN-a signalling cascade which could account fo r the 

effects seen here. Further studies characterising the effects of antidepressants on GR function in 

microglia are required, co-incubation of these cells w ith  both antidepressants and DEX may yield 

contrasting results. Furthermore, the effect of antidepressants on nuclear translocation of the GR 

w ithin BV-2 microglia could bear valuable insights into the mechanism of action of these drugs.

6.4.2 Treatment with fluoxetine partially attenuated neurotoxicity induced by conditioned 

medium from IFN-y treated microglia

Given that KP disturbance have been implicated in depression, and in this paradigm KP 

metabolites seem to  have a role in microglial-mediated reductions in neuronal viability, the ability 

o f anti-depressants to  attenuate this toxicity was examined. Furthermore, anti-depressants have 

been shown to attenuate LPS-induced glial production of pro-inflammatory cytokines and the 

mechanism by which these drugs do this has yet to  be elucidated (Bielecka et al., 2010, Tynan et 

al., 2012). Therefore the ability of four antidepressants from  tw o different classes was examined 

fo r the ir ability to influence neuronal viability, directly and through CM from BV-2 microglia.

The results indicate tha t citalopram, moclobemide and clorgiline fail to  block IFN-y-induced 

reductions in neuronal viability by BV-2 microglia, but also reduce the viability of neurons when 

treated directly w ith these drugs. In contrast, fluoxetine treatm ent attenuates microglial-
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mediated decreases in neuronal viability. Pre-treatment w ith fluoxetine only partially blocks the 

reductions seen but it does increase viability from  ~10% to  ~80%, and the remaining 20% can 

probably be accounted fo r if we consider that direct treatm ent w ith 1 |iM  fluoxetine induces ~20% 

toxicity. Furthermore, fluoxetine significantly attenuates IFN-y-induced increases in IDO and 

kynase mRNA expression, although this treatm ent has no effect on IFN-y-induced increases in 

KMO. This would suggest fluoxetine interferes w ith  the metabolism of 3-hyroxyanthranillic acid to  

QUIN as opposed to  influencing kynurenine metabolism to  3-HK. These results would indicate that 

fluoxetine treatm ent is influencing the KP metabolite balance and are consistent w ith the 

hypothesis tha t QUIN could be mediating this neurotoxicity. This agrees w ith observations seen in 

a recent study studying the effect of anti-depressants on 3-FIK/KYNA ratio in primary astrocyte 

cultures, indicating that fluoxetine, citalopram, imipramine and am itriptyline favour the 

neuroprotective arm of the KP and decrease 3-HK, while increasing KYNA concentrations (Kocki et 

al., 2012). The experiments carried out look at the effect of fluoxetine at 1 |iM  fo r 6, 24 and 48 

hours, but the most profound changes happened follow ing a 48 hour treatm ent w ith these drugs 

(Kocki et al., 2012). These changes in the 3-HK/KYNA ratio occur along w ith decreases in KMO 

mRNA expression and increases in KATs mRNA expression. These data propose that IFN-y 

activated microglia induce reductions in viability of primary neurons by activating the KP (chapter 

4), and these reductions can be attenuated using the SSRI fluoxetine but not citalopram, 

moclobemide or clorgiline.

These findings suggest a role for fluoxetine in ameliorating neuronal damage and also indicate 

that fluoxetine can influence the KP balance. The primary step leading to  excitotoxicity and cell 

death is the excessive and/or prolonged activation of glutamate NMDA receptors followed by 

intracellular calcium overload (Block et al., 2007). Recent advances in NMDA receptor research 

have revealed that the synaptic and extra-synaptic NMDA receptors are composed of d ifferent 

subunits w ith seemingly opposite effects (Leveille et al., 2008). Activation of synaptic GluN2A 

containing NMDA receptors results in cAMP response element protein (CREB) activity which in 

turn stimulates brain-derived neurotrophic factor (BDNF) gene expression, thereby eliciting 

neuroprotective effects (Leveille et al., 2008). Stimulation of extra synaptic GluN2B containing 

NMDA receptors results in cell death and inhibition o f the induction of BDNF (Hardingham et al., 

2002). Interestingly, fluoxetine has been found to selectively block GluN2B containing NMDA 

receptors (Kiss et al., 2012). It is possible that this is why fluoxetine ameliorated the effects on 

neuronal viability and citalopram, moclobemide and clorgiline did not exert the same effects. This 

possibility adds to  the evidence that the reductions in neuronal viability by BV-2 microglia seen 

here are due to  KP metabolites which activate NMDA receptors.
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6.4.3 The effects of psychotropic drugs on IFN-y related gene expression changes in BV-2 

microglia

The studies presented here aimed to  determine the effects of psychotropic drugs on IFN-y 

induced gene products and TNF-a production. Expression of the IFN-y receptors and the signalling 

molecules involved in transducing the IFN-y signal to  the nucleus were also quantified in order to 

rule out the possibility that this signalling cascade is not fu lly expressed in these cells.

All treatm ents attenuated IFN-y induced increases in IFN-yR2 mRNA expression. In order fo r 

in itia tion of the IFN-y signalling cascade, IFN-y must bind to  the IFN-yR which consists of two 

ligand binding IFN-yRl chains and tw o signal transducing IFN-R2chains. Studies have shown that 

expression of the tw o subunits of this receptor d iffer significantly. IFN-yRl is expressed at 

moderate levels on the surface of a number of cell types, and its expression is constitutive w ith its 

prom oter gene having a structure similar to  that found in housekeeping genes (Bach et al., 1997). 

In contrast the IFN-yR2 subunit is expressed at extremely low levels but its expression can be 

upregulated by external stimuli, and regulation o f this subunit determines IFN-y responsiveness in 

cells (Bach et al., 1997). This detail incurs a much greater significance to the results seen here on 

IFN-y receptor mRNA. If treatm ent w ith psychotropic drugs can attenuate or prevent (given these 

cells were pre-treated) changes in IFN-yR2 mRNA, these treatm ents can potentially influence how 

responsive cells are to  IFN-y.

Following ligand binding, JAKl and subsequently JAK2 are phosphorylated, causing tw o STAT-1 

binding sites to  form. The receptor recruited STAT-1 pair is then phosphorylated, disassociates 

from  the receptor and translocates to  the nucleus. Following translocation of the dimerised STAT- 

1 to  the nucleus this molecule binds to y-interferon activation sites (GAS) which drives 

transcription of IFN-y inducible genes i.e. IDO, IP-10 and SOCS-1. Although there are quite 

profound inductions of the mRNA transcripts of both STAT-1 and SOCS-1, the majority of the 

treatm ents used did not attenuate these increases. Both fluoxetine and citalopram slightly 

attenuated IFN-y-induced increases in STAT-1 mRNA, but no other drug treatm ent had any effects 

on STAT-1 or SOCS-1 mRNA expression. It is known that IFN-y treatm ent induces increases in 

SOCS-1 mRNA and that these changes translate to  increased SOCS-1 protein which can inhibit IFN- 

mediated activation of STAT-1 (Song and Shuai, 1998). This effect is not apparent in these 

experiments, although only one tim e point was examined and these changes may occur at a later 

tim e point. The effects o f these drugs on reporter genes fo r IFN-y are of greatest interest fo r the 

purpose of this study, as they give an indication as to  the functional effects of pre-treatm ent w ith 

these drugs. The fact that all drug treatm ents used profoundly suppressed the IFN-y induction of 

both IDO and IP-10, and given tha t these effects occur irrespective of the pharmacological
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m e c h a n ism  of  ac t io n  o f  t h e s e  d ru g  is q u i te  in te re s t in g ,  a n d  su g g e s ts  a non-spec if ic  m e c h a n is m  

a m o n g  t h e s e  d rugs .  T h e s e  e f fe c ts  cou ld  b e  linked to  t h e  fac t  t h a t  all d ru g  t r e a t m e n t s  a t t e n u a t e d  

IFN-y-induced in c r e a s e s  in IFN-yR2 mRNA, a n d  t h e s e  cells a r e  n o w  less r e s p o n s iv e  t o  IFN-y.

In t a n d e m  w ith  exp lo r in g  t h e  e f f e c ts  o f  t h e s e  d ru g s  on t h e  e x p re s s io n  o f  e l e m e n t s  o f  t h e  

signalling ca sc a d e s ,  t h e  ability of t h e s e  d rug s  t o  s u p p r e s s  microglial a c t iv a t ion  w a s  also e x a m in e d .  

The microglial a c t iv a t ion  m a r k e r  MHC II y cha in  w a s  u sed ,  as  p rev io us  s tu d ie s  s h o w  t h a t  th is  is 

p o te n t ly  in d u c e d  by a g e n e r ic  in f la m m a g e n  LPS. IFN-y is o n e  o f  t h e  m a jo r  cy tok ines  re s p o n s ib le  

fo r  t h e  in d u c t io n  of MHC class II p ro te in s  on a v a r ie ty  of cells, r e f le c te d  in t h e  fac t  of all t h r e e  

cy to k in es  u sed ,  IFN-y m o s t  p o te n t ly  in d u c e d  MHC II y chain  mRNA e x p re s s io n  (Bach e t  al., 1997).  

The ability o f  t h e s e  d rug s  t o  m o d u l a t e  TNF-a p ro d u c t io n  w a s  a lso  e x a m in e d ,  an d  in te res t in g ly  

b o th  SSRIs a n d  MAO-A inh ib i to rs  a t t e n u a t e d  IFN-y-induced TNF-a p ro d u c t io n  b u t  h a lo pe r id o l  a n d  

LiCI t r e a t m e n t  h a d  n o  e f fe c t  w h e r e a s  c lozap ine  s ignificantly  a t t e n u a t e d  TNF-a p ro d u c t io n .  This 

w o u ld  su g g e s t  t h a t  t h e s e  e f fe c ts  a r e  d e p e n d e n t  on  m o d u la t io n  o f  5-HT c o n c e n t ra t io n s ,  b u t  

p rev iou s  re su l ts  ( c h a p te r  5) su g g e s t  th is  is n o t  t h e  case .  This o b s e r v a t io n  a g re e s  w ith  e v id e n c e  

t h a t  an t i -p sy ch o t ic s  can  h a v e  an t i - in f la m m a to ry  p ro p e r t ie s ,  atypical a n t i -p sych o t ic s  h av e  b e e n  

sh o w n  to  a t t e n u a t e  IFN-y-induced in c re a se s  in NO a n d  TNF-a p ro d u c t io n  in a microglial cell line 

(6-3 cell line) (Bian e t  al., 2008).  S tu d ie s  o n  t h e  e f fe c t  o f  h a lo p e r id o l  on  microglial d e r ived  

m e d ia to r  p ro d u c t io n  d e m o n s t r a t e  t h a t  h a lo p e r id o l  has  n o  e f fec t  on  IFN-y-induced NO, TNF-a, IL-6 

o r  IL-ip on  6-3 microglial cells in a c c o rd a n c e  w ith  t h e  re su l ts  s e e n  h e r e  (Kato e t  al., 2007).  Both 

ha lop e r ido l  a n d  c lozap in e  t r e a t m e n t  failed t o  a t t e n u a t e  LPS-induced in c re a se s  in NO, s e e n  in t h e  

N-9 microglial cell line (Hou e t  al., 2006).  LiCI has  b e e n  s h o w n  t o  r e d u c e  IFN-y-induced NO 

c o n c e n t r a t i o n s  w hile  inc reas in g  IFN-y-induced IL-6 p ro d u c t io n  in m u r in e  microglia  a l th o u g h  th is  

s tu d y  did n o t  e x a m in e  t h e  e f fec t  o f  LiCI in in f la m m o g e n - in d u c e d  TNF-a c o n c e n t r a t i o n s  (Hashioka 

e t a l . ,  2007).

In s u m m a ry ,  all d ru g  t r e a t m e n t s  a t t e n u a t e d  IFN-y-induced in c re a se s  in t h e  signal t r a n sd u c in g  

s u b u n i t  of t h e  IFN-yR, a n d  IFN-y-induced in c re a se s  in t h e  g e n e  p ro d u c t s  o f  th is  signalling c a sc ad e .  

T h e se  o b s e r v a t io n s  ind ica te  t h a t  p sy c h o t ro p ic  d ru gs  can  m o d u l a t e  IFN-y re s p o n s iv e n e s s  o f  BV-2 

microglia. In a d d i t io n ,  IFN-y-induced in c re a se s  in TNF-a p ro d u c t io n  a r e  a t t e n u a t e d  w ith  b o th  SSRIs, 

MAO-A inh ib ito rs  a n d  c loza p ine  b u t  n o t  h a lo p e r id o l  o r  LiCI, su g g e s t in g  th is  a t t e n u a t i o n  is n o t  

d e p e n d e n t  o n  t h e  p ha rm aco lo g ica l  ac t io n  o f  t h e  t r e a t m e n t s  u sed .  Given t h e  p o t e n t  a t t e n u a t i o n  

o f  IFN-y-induced in c re a se  in t h e  IFN-y induc ib le  g e n e s ,  IP-10 a n d  IDO, f u r th e r  c h a ra c te r i s a t io n  of 

t h e s e  e f fec ts  is n e c e ssa ry .  E xam ina tion  of m e d ia to r  p ro d u c t io n  a t  a la te r  t im e  p o in t  could  yield  a 

m o r e  d e ta i le d  profile  o f  t h e  e f f e c ts  s e e n  h e re ,  as  t h e  mRNA e x p re s s io n  c h a n g e s  could  t r a n s la t e  

in to  m o r e  s ign if ican t m o d if ica t io n s  in m e d i a to r  p ro d u c t io n .
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6.4.4 The effects of antidepressants on IFN-a related gene expression changes in BV-2 microglia

In itiation of the IFN-a signalling cascades begins when IFN-a binds to  its receptor, which exists as 

tw o subunits IFN-aRl and IFN-a. IFN-a treatm ent induced increases in both subunits of the 

receptor, and all drug treatm ents attenuated IFN-a-induced increases in the primary signal 

transducing subunit IFN-aRl. None of the drug treatments had any effect on IFN-aR2 mRNA 

expression. High expression of IFN-aRl has been associated w ith  an efficient IFN-induced antiviral 

response and transfection of murine IFN-aRl into non-responsive cells confer sensitivity to  the 

anti-viral effects of IFN-a, therefore reductions in its expression would constitute reductions in 

IFN-a responsiveness (Mouchel-Vielh et al., 1992, Uze et al., 1992). These results keep to the 

pattern seen w ith  IFN-y signalling. Following ligand binding, JAK-1 is phosphorylated which cause 

STAT-1 and STAT-2 to  associate along with IRF9. IFN-a treatm ent induced increases in STAT-1 and 

IRF9 mRNA expression, and all drug treatm ents used attenuated these increases. In contrast, 

although STAT-2 mRNA expression is increased by IFN-a treatm ent, none of the drug treatments 

had any effect on STAT-2 mRNA expression. STAT-2 binds to  the IFN-aR2 subunit in vitro and 

there is evidence to  suggest this interaction is not essential fo r IFN-a signalling and may actually 

be a negative signalling event (Nguyen et al., 2002). Given the treatm ents had no effect on either 

IFN-aR2 or STAT-2 mRNA, it is unlikely that this is the mechanism by which these treatments 

attenuate IFN-a signalling. In order fo r induction of IFN-a inducible genes to  occur, the STAT- 

1/STAT-2/IRF9 complex (ISGF3) must translocate to the nucleus and bind to  ISREs (Platanias, 

2005). The results suggest that since the IFN-a-induced increases in the expression STAT-1 and 

IRF9 are attenuated by both SSRIs and MAO-A inhibitors, perhaps the reduction in the expression 

of these molecules results in the reduced induction of IFN-a inducible genes.

IFN-a treatm ent induced potent increases in the transcription of USP18, ISG15, and GBP3 mRNA 

and these increases in GBP3 and ISG15 were slightly attenuated by all four drug treatments. Both 

citalopram and clorgiline treatm ent reduced IFN-a-induced increases in USP18 mRNA by 

approximately 1 fold. Wang et al. (2008) suggest that these IFN-stimulated genes or gene 

products (ISG15, USP18 and GBP3) can be used as indicators of IFN-a action but also as indicators 

of IFN-a bioactivity. Although there are significant changes in these gene products of the IFN-a 

signalling cascade, these decreases are quite m inor compared to the potent effects these drugs 

had on IFN-y inducible genes. All drug treatm ents attenuated IFN-a-induced increases in MHC II y 

chain mRNA expression, indicating a suppression of microglial activation. Neither IFN-a, nor the 

drug treatm ents used induced any changes in TNF-a production. These results suggest that 

although the anti-inflammatory effects of these drugs in response to  LPS are well documented, 

and attenuation of TNF-a production is a measure used consistently in the literature to document
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these immunomodulatory effects, these drugs have no effects when used in conjunction w ithin 

IFN-a.

In summary, although fluoxetine, citalopram, moclobemide and clorgiline treatm ent bring about 

reductions in the molecules involved in IFN-a signalling, these are not of the same order of 

magnitude when compared to  those observed w ith  IFN-y treatm ent. The effects of these 

treatments on MFIC II y chain mRNA expression are interesting, given that these attenuations did 

not occur w ith  IFN-y treatm ent, but whether these attenuations translate into modifications in 

mediator production remains to  be elucidated as IFN-a did not increase TNF-a production. Taking 

these results into account in light of the literature, and the effect of these drugs on IFN-y 

signalling, it seems antidepressants can lim it inflammatory processes, but they cannot abrogate 

them in BV-2 microglia. There have been very little  studies carried out tha t examine the effects of 

antidepressant treatm ent on pro-inflammatory stimulants other than LPS, and it seems the 

potent anti-inflamm atory effects seen w ith  LPS do not generalise across pro-inflammatory 

stimulants. Most of the studies in the literature on this topic use doses of LPS to induce maximal 

release of TNF-a, and the effects of antidepressants on TNF-a production induced by sub-optimal 

doses of LPS have not been elucidated. The results presented here would suggest that 

antidepressants have no effect on these low levels o f TNF-a as seen in response to IFN-a.

6.4.5 The effects of anti-depressants on IL-6 related gene expression changes in BV-2 microglia

IL-6 treatm ent did not induce any changes in e ither IL-6Ra or g p l30  mRNA expression, although 

clorgiline treatm ent significantly reduced IL-6Ra mRNA expression. Although gp l30  is a protein 

that is ubiquitously present, the expression of the IL-6R is much more restricted. Studies have 

shown that microglia treated w ith  a cytokine cocktail consisting of IL-6, IL-1, and TNF-a did not 

change g p l30  mRNA or protein at 6 or 24 hours (Rose et al., 2009). Treatment w ith  IL-6 did 

induce increases in STAT-1 and STAT-3 mRNA, however only clorgiline reduced IL-6-induced STAT- 

1 mRNA w ith  no drug treatm ent affecting STAT-3 mRNA expression. Although in vitro  IL-6 can 

activate STAT-1 and STAT-3 in primary astrocytes, in vivo studies point to  STAT-1 having a minimal 

role in IL-6 signalling (Jenab and Quinones-Jenab, 2002, Sanz et al., 2008). Taken together, 

antidepressants have no effects on either the receptors or signalling molecules involved in IL-6 

signalling.

Clorgiline treatm ent also attenuated IL-6-induced increases in SOCS-1 and C/EBPP mRNA 

expression, w ith  moclobemide also attenuating IL-6-induced increases in C/EBPP mRNA. MFIC II y 

chain mRNA expression and TNF-a production were unaffected by IL-6 treatm ent, however 

clorgiline treatm ent induced a significant reduction in MHC II y chain expression from controls. IL-
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6 alone or in the  presence o f the  slL-6R does no t a ffect MHC II expression in m urine m icroglia, in 

line w ith  the  results presented here (Lin and Levison, 2009). In teresting ly  the re  is a docum ented 

re la tionsh ip  w ith  MAO-A suppression and IL-6 signalling in the  lite ra tu re . Investigation in to  the  

mechanism by which MAO-A is suppressed in cholangiocarcinom a (type o f cancer involving 

m uta ted  ep ithe lia l cells) revealed th is  suppression was m ediated by IL-6 signalling (Huang e t al., 

2012). The results presented here suggest th a t th is  re la tionsh ip  is b i-d irectiona l and MAO-A has a 

role in IL-6 signalling. C lorgiline is an irreversib le  MAO-A in h ib ito r as opposed to  m oclobem ide 

which is a reversible MAO-A inh ib ito r, the re fo re  clorg iline covalently m odifies MAO-A which 

appears to  be a fac to r in the  effects seen here.

G eneration o f slL-6R is a pow erfu l mechanism fo r conferring IL-6 responsiveness to  cells lacking IL- 

6R. The transsignalling process involving the  slL-6R is o f u tm ost im portance in the  CNS and the 

e levation o f slL-6R in a num ber o f diseases suggest a role in a num ber o f pathophysiological 

processes (Jones e t al., 2001). M icroglia l responses to  IL-6 are no t s tra igh t fo rw ard  and are 

though t to  be context-dependent, in particu la r the  presence/absence o f slL-6R, GM-CSF and IFN-y 

a lte r the  type and am plitude o f response in m urine m icroglia (Lin and Levison, 2009). 

U n fo rtuna te ly  slL-6R cannot be measured using RT-PCR the re fo re  the  e ffect o f antidepressants on 

IL-6 transsignalling in th is paradigm rem ains to  be e lucidated. Given the  d im inu tive  response to  IL- 

6 compared to  the  robust mRNA expression inductions by both IFN-a and IFN-y w ith  respect to  

th e ir receptors, signalling molecules and gene products, it appears th a t the  slL-6R may indeed be 

absent. To conclude, the  SSRIs fluoxe tine  and cita lopram  have no effects on the  expression o f IL-6 

classical signalling molecules in m icroglia. The irreversib le  MAO-A in h ib ito r c lorg iline s ignificantly 

a ttenuates all IL-6-induced increases in mRNA expression o f IL-6 signalling cascade, whereas the  

reversible MAO-A in h ib ito r m oclobem ide does not.

6.4.6 Concluding Remarks

Psychotropic drugs have existed fo r m ore than f if ty  years, and it is still w ide ly accepted th a t th e ir 

p rim ary mechanism o f action is th rough  m anipu la tion o f 5-HT, DA and NA. The experim ents 

presented here support the  em erging theo ry  th a t these drugs may have add itiona l properties, 

p rim arily  th rough im m unom odu la tion . These drugs no t only a ttenua te  classical in flam m ation  i.e. 

p roduction  o f in flam m ato ry  m ediators and cytokine signalling, bu t also o the r systems th a t can be 

a ltered by in flam m atory  processes i.e. GC signalling and KP. Further characterisation o f the  

a lte rna tive  mechanisms o f action o f these drugs is needed, and exam ination o f the  ab ility  o f these 

drugs to  exert th e ir im m unom odu la to ry  effects in vivo is o f u tm ost im portance. Antidepressant 

drugs have been prescribed and w ell to le ra ted  in the  clin ic fo r over f i f ty  years, having been 

optim ised fo r th e ir e ffects on NT uptake. Further experim ents which could specify optim al doses
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fo r the anti-inflammatory capacity o f antidepressants could prove an exciting prospect in the 

treatm ent of both depression and neuroinflammatory diseases.
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Chapter 7 

General Discussion
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7.1 General discussion

The essential role of an intact GC system in regulating the innate immune response in the brain 

has been demonstrated, whereby application of the GR inhibitor m ifepristone along w ith a single 

bolus injection of LPS, induced profound neurodegeneration in the adult rat brain (Nadeau and 

Rivest, 2003). Furthermore, a recent study has elegantly shown the crucial role of an intact GC 

response in microglia in controlling neurodegeneration. This group show that selective 

inactivation of the GR gene in microglia/macrophages (but an intact GR gene in neurons), 

augmented microglial reactivity and led to  persistent microglial activation in addition to 

increased neuronal loss when animals were challenged w ith MPTP (a DA neuronal toxin) (Ros- 

Bernal et al., 2011). Despite the fact that GCs are potent anti-inflammatory hormones, their 

ability to  minimise the inflammatory response in the CNS has been debated and the precise role 

of microglia has not been exclusively identified. We propose that an altered inflammatory 

phenotype as seen in neurodegenerative disease and major depression may stem from  a 

dysregulated GC system in microglia, conferring reduced sensitivity to  GCs.

The experiments presented here provide evidence in support of and suggest that the induction of 

FKBP5 by IFN-a mediates reductions in GR translocation and reduce GC inducible gene 

transcription. Although there is a myriad of evidence to  suggest antidepressants enhance GR 

function, there is a possibility that these effects can be attributed to  the effects of 

antidepressants on cytokines rather than direct GR interaction. The data presented in chapter 6 

suggests tha t this is the case given antidepressant treatm ent did not alter GR sensitivity. 

Moreover, additional experiments in this thesis suggest that antidepressants modulate the 

expression of elements of IFN-a signalling, strengthening this hypothesis. IFN-a treatm ent is used 

in the clinic fo r treatm ent of hepatitis C and some forms of cancer, and is known to  induce 

depression in patients tha t were otherwise psychiatrically normal, and these psychiatric 

symptoms can last fo r up to  6 months after cessation of IFN-a treatm ent (Zdilar et al., 2000). 

Changes to  the expression of FKBP5 are of interest in light of recent reports tha t polymorphisms 

in the FKBP5 gene confer increases in expression of the co-chaperone have been implicated in a 

variety of mood disorders including major depression and bipolar disorder (Binder et al., 2004, 

Lekman et al., 2008, Tatro et al., 2009). These polymorphisms have also been associated w ith  a 

faster antidepressant response in addition to  the number of depressive episodes, most likely due 

to  adaptive GR changes in response to  elevated levels of FKBP5 (Horstmann et al., 2010).

The phenomenon of the increased circulation of potent anti-inflammatory hormones like cortisol, 

along w ith  increased circulating pro-inflammatory cytokines at one tim e is surprising. The 

experiments presented here shed light on a new hypothesis, that IFN-a induces GC resistance in
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im m une cells such th a t these cells cannot respond or have a reduced capacity to  respond to  the  

an ti-in flam m ato ry  actions o f GCs. Consequently the  negative feedback loop th a t exists to  regulate 

the  GC response is insuffic ient. The GC system does no t e ffic ien tly  tu rn  itse lf o ff, causing 

prolonged activation o f the  HPA-axis and the  stress response, along w ith  prolonged expression o f 

cytokines th a t w ou ld  norm ally  be suppressed by GCs. This state could po ten tia lly  cons titu te  a risk 

fac to r fo r stress-related psychiatric diseases such as depression.

Studies indicate th a t depression is associated w ith  increased plasma and CSF concentra tions o f a 

varie ty  o f endogenous cytokines and th e ir receptors, including IL-1, IL-2, IL-6 and TNF-a (Raison et 

al., 2006). The most reproducib le  find ing  o f im m une activation in depressed patients is increased 

plasma IL-6 concentra tions and its dow nstream  product from  the  liver, C-reactive prote in  

(Howren e t al., 2009, Dowlati e t al., 2010). The findings presented in th is thesis suggest th a t IL-6 

has the  opposite  e ffect to  IFN-a and potentia tes GC-induced increases in GC-inducible genes and 

co-chaperones involved in successful GR activation and GR-mediated gene transcrip tion. 

Furtherm ore, th is po ten tia tion  confers an increased an ti-in flam m ato ry  capacity o f DEX in 

response to  LPS. This e ffect was inh ib ited  by both a STAT-3 in h ib ito r and a DUSP-1 inh ib ito r, a lbe it 

inh ib ition  o f DUSP-1 com ple te ly  abrogated the  an ti-in flam m ato ry  effects o f DEX. Given th a t IL-6 

reduces GR translocation to  the  nucleus, bu t has no e ffect on FKBP5 co-localisation, we propose 

th a t IL-6 tre a tm e n t may induce an increase in th e  expression o f o the r co-chaperone prote ins o f 

the  m u ltim eric  complex to  keep the  GR in the  cytosol. Furtherm ore, th a t IL-6-activated STAT-3 

binds to  ligand-bound GR, which can subsequently bind to  e ithe r IL-6REs or GREs thereby 

enhancing GC-induced SGK-1 mRNA and th a t these a lte ra tions may account fo r  the  observed 

increase in th e  an ti-in flam m ato ry  properties o f DEX. It is possible the  reason IL-6 po ten tia tes GC 

sensitiv ity  and the  an ti-in flam m ato ry  po tentia l o f DEX is in a bid to  re tu rn  the  cell to  homeostasis 

and in th e  process po ten tia lly  suppressing a su ffic ien t im m une response.

The concept o f m icroglial "p rim ing " has been postu lated to  explain the  phenom enon o f 

exaggerated centra l responses to  peripheral s tim uli. This model suggests th a t a process such as 

ageing, system ic in fection  or increased circu la ting p ro -in flam m ato ry  cytokines induce an 

activation state w hereby m icroglia over react to  an im m une stim ulus (Perry e t al., 2007). The 

pathways th a t lead to  such m icroglia l prim ing are no t fu lly  e lucidated. The results presented here 

may shed some ligh t on a con tribu ting  pathw ay, po ten tia lly  th a t increased in flam m atory  

m edia tors th a t induce th is prim ed state, actually reduce GC sensitiv ity the re fo re  fu r th e r im m une 

s tim u la tion  cannot be suppressed by GC as w ould happen in a norm al physiological s itua tion . This 

could explain w hy in the  case o f an in vivo model o f chronic neurodegeneration, adm in is tra tion  o f 

DEX w ith  LPS attenuates c ircu lating levels o f p ro -in flam m ato ry  cytokines bu t fa ils to  a ttenua te
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hippocampal mRNA expression of pro-inflammatory cytokines (Murray et al., 2011). In addition, 

DEX fails to  suppress microglial activation and proliferation in a model of Wallerian degeneration 

of the optic nerve in vivo (Castano et a!., 1996). This concept of immune-induced reductions in GC 

sensitivity should be kept in mind in fu rthe r research investigating the exact molecular 

mechanisms underlying the process of microglial priming. It is entirely possible that GC resistance 

may play a role in the sustained and exacerbated microglial reactivity seen in neuroinflammatory 

disorders. It is also plausible that the beneficial and detrimental consequences of the immune 

response in the CNS could depend on the ability or inability of GCs to  provide direct feedback on 

microglial cells respectively. The results presented in the current studies suggest that microglia 

could be the cell type at the interface of reconciling the counter intuitive biological condition of 

co-existing hypercortisolemia and increased pro-inflammatory mediators.

An impairment in the balance of KP metabolites, manifesting as an increased ratio of neurotoxic 

metabolites to  neuroprotective metabolites has been shown in patients w ith major depression, 

both in organic depression and IFN-a induced depression (Wichers et al., 2005, M yint et al., 2007). 

Taken together, a unifying theory linking these physiological disturbances has been postulated by 

M yint and Kim (2003). That is that an activated inflammatory response system up-regulates IDO, 

which metabolises tryptophan to  kynurenine, thereby reducing central 5-HT concentrations and 

also upsetting the balance of neuroprotective and neurotoxic molecules of the KP, potentially 

leading to  neurodegeneration (Myint and Kim, 2003). The experiments presented in chapter 5 

suggest tha t IFN-y-induced microglial-mediated reductions in neuronal viability are mediated by 

KP metabolites. These experiments also demonstrate that these reductions in neuronal viability 

are mediated through NMDA receptor activation. Thus targeting the KP could prove advantageous 

over compounds that non-specifically inhibit glutamate receptors across the CNS. Furthermore, 

fluoxetine attenuates the microglial-mediated reductions in neuronal viability seen w ith  IFN-y 

treatm ent although citalopram, moclobemide or clorgiline had no effect on the reductions in 

neuronal viability. Fluoxetine differs from the other drugs used as it has been shown to block the 

GluN2B subunit found on extra-synaptic NMDA receptors (Kiss et al., 2012). Stimulation of 

receptors containing this subunit has been shown to  induce cell death and inh ib it BDNF 

production (Hardingham et al., 2002). Taken together w ith the fact tha t MK-801 also blocks the 

reductions in neuronal viability seen in this thesis, it appears these effects may be mediated by 

NMDA receptor activation.

Findings from  chapter 6 of this thesis illustrate that fluoxetine, citalopram, moclobemide and 

clorgiline modulate IFN-y signalling in BV-2 microglia indicating anti-inflamm atory properties of 

these drugs. In addition, the potent anti-inflamm atory agent DEX has no effect on these
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r e duc t i ons  in n eu ron a l  viability. Taken  t o g e t h e r ,  t h e s e  e x p e r i m e n t s  s ug ge s t  t h a t  f l uoxe t i ne  

a t t e n u a t e s  m ic rog l ia l -med i a t ed  r ed u c t i o ns  in neu ro na l  viabi l i ty t h r o u g h  inf luencing t h e  KP 

ba l ance  a n d  act i va t i on  of  NMDA rece p t o r s ,  r a t h e r  t h a n  t h r o u g h  its an t i - i n f l a m ma to ry  act ions.  

The  d r a w  of  t h e  KP is t h a t  it c an  be  easi ly m a n i pu l a t e d ,  and  t h e r e  a r e  c o m p o u n d s  avai l able  t h a t  

com p l e t e ly  inhibi t  t r y p t o p h a n  m e t a b o l i s m  dow/n thi s  p a t h w a y ,  o r  equal l y  t h e r e  a r e  m o r e  

t a r g e t e d  t r e a t m e n t s  t h a t  inhibi t  t h e  speci f ic e n z y m e s  of  t h e  p a th w ay ,  t h e r e b y  r e s to r i ng  t h e  

im ba l ance  b e t w e e n  t h e  op po s i n g  a r m s  of  thi s  pa th wa y .  O t h e r  a d v a n t a g e s  of  t a r ge t i n g  this 

p a th w a y  a r e  t h a t  t h e  KP is a lm o s t  exclusively local ised t o  a r e a s  of  t h e  bra in t h a t  have  b e e n  

s u b j ec t e d  t o  d a m a g e  o r  n e u r on a l  d eg e n e ra t i o n .

A no th e r  i n t e r e s t i ng  f e a t u r e  of  t h e s e  BV-2 microgl ia is t h a t  t h e y  exp re s s  SERT, MAO-A an d  VMAT-1 

mRNA b u t  no t  syn t he t i c  en z y m e s  r eq u i r e d  for  5-HT syn thes is .  T hes e  cells do  n o t  ex p re s s  t h e  

syn the t i c  enzy me s ,  t r a n sp o r t e r s ,  o r  d eg ra d a t i o n  e n z y m e s  r e q u i r e d  for  NA o r  DA. F u r t h e rm o r e  

SERT, MAO-A a nd  VMAT-1 a r e  i n f l uenced  by i m m u n e  st imuli ,  wi th  IPS t r e a t m e n t  i nc reas ing  bo th  

SERT and  VMAT-1,  a n d  de c r ea s ing  MAO-A mRNA. This w o u l d  su gge s t  t h a t  u n d e r  i m m u n e  

cond i t i ons  t h e s e  cells a d a p t  t o  r e m o v e  5-HT f r om  th e i r  m i c r o e n v i r o n m e n t  a nd  s t o r e  it in synap t i c  

vesicles.  This p roce s s  wou ld  d e c r e a s e  t h e  c o nc en t r a t i o ns  of  5-HT avai l able  f o r  s e r o to ne r g i c  

n eu r o t r an sm i s s ion ,  a likely biological  f e a t u r e  of  m a j o r  d ep r e s s io n .  T hes e  f i ndings  a r e  pre l iminary  

an d  f u r t h e r  i nves t i ga t i on  is es s en t i a l  b u t  t h e s e  initial resu l t s  sugge s t  t h a t  n eu ro i n f l a m m at io n  

could di rect ly  a l t e r  t h e  u p t a k e  and  d e g ra d a t i o n  of  5-HT th r o u g h  cha n ge s  in SERT, MAO-A and  

VMAT-1 in microglia.

Inves t iga t ion of  t h e  an t i - i n f l am mat o ry  p ro p e r t i e s  of  a n t i d e p r e s s a n t s  i l lus t ra t ed  t h a t  t h e s e  e f f ec ts  

a r e  d e p e n d e n t  on t h e  s t imulus  used .  In r e s p o n s e  t o  LPS, t h e s e  d rugs  h a d  p o t e n t  an t i 

i n f l a m ma to ry  ef f ec ts ,  t h e  m a g n i t u d e  of  which  did n o t  gene r a l i s e  t o  o t h e r  p ro - i n f l am m ato ry  

s t imu lan t s  as  IFN-y, IFN-a a n d  IL-6. A l though  t h e s e  d rugs  did m o d u l a t e  t h e  exp re s s ion  of  e l e m e n t s  

of  IFN-y, IFN-a and  IL-6 signall ing,  t h e  e f f ec t s  w e r e  n o t  of  t h e  s a m e  s cal e s e e n  w i th  LPS, bo th  in 

c h a p t e r  4  of  this  t he s is  an d  in t h e  l i t e r a tur e  (Tynan e t  al., 2012) .  Fu r the r  cha r ac t e r i s a t i o n  of  t h e  

an t i - i n f l am mato ry  p ro pe r t i e s  of  a n t i d e p r e s s a n t s  is r equ i r ed ,  if fully e l uc id a t e d  t h e s e  d rugs  could 

t h e n  be  op t im i sed  fo r  b o th  t he i r  e f f ec t s  on  NT up t a k e  and  t he i r  an t i - i n f l am ma to ry  e ff ec t s  t h e r e b y  

providing a m o r e  t a r g e t e d  ap p ro a c h  t o  a n t i d e p r e s s a n t  t r e a t m e n t .  Taken  t o g e t h e r  w i th  t h e  

ob se rv a t i o n  t h a t  d i r ec t  5-HT appl i ca t i on  had  no  an t i - i n f l am ma to ry  e f f ec t s  ( ch ap t e r  5), t h e s e  

resu l ts  sugge s t  t h a t  t h e  i m m u n o s u p p re s s i v e  e f f ec t s  of  t h e s e  d rugs  a r e  no t  d u e  t o  5-HT mod u la t i o n  

bu t  m ay  be  d u e  t o  i n t e r ac t i ons  wi th an  int racel lu l ar  signal l ing c o m p o n e n t .  For ex am p l e ,  i nc r ea sed  

levels o f  cyclic a d e n o s i n e  m o n o p h o s p h a t e  (cAMP) b ro u g h t  a b o u t  by t h e  u se  of  p h o s p h o d i e s t e r a s e  

inhibi t ors  in microgl ia have  b e e n  sh o w n  t o  su p p r e s s  b o th  cy tok ine  p ro du c t i o n  a n d  NO p roduc t i on
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(Suzumura et al., 1999, Yoshikawa et al., 1999, Yoshikawa et al., 2002). Increases in cAMP have 

been implicated in the anti-inflamm atory actions of SSRIs in microglia in a recent study (Tynan et 

al., 2012). This study incubated BV-2 microglia w ith  an adenylate cyclase inh ib itor (the rate 

lim iting enzyme required to  convert ATP to cAMP) and five different SSRIs and found that this 

partially reversed the anti-inflamm atory actions of these drugs. Moclobemide, lithium  chloride, 

haloperidol and clozapine treatm ent has been shown to  modulate cAMP levels, although there is 

no evidence available to  date to  indicate tha t clorgiline affects intracellular cAMP levels 

(Dziedzicka-Wasylewska et al., 1995, Mori et al., 1998, Dwivedi et al., 2002). The effects reported 

in chapter 6 may be accounted for through the modulation of cAMP levels, and these effects may 

be responsible for the anti-inflamm atory effects, although fu rthe r investigation of this possibility 

is necessary.

The details of these experiments convey the complicated interactions between inflammation and 

a number o f systems in microglia in vitro  where fu rther investigation in vivo could prove quite 

difficult. For example, in order to  determ ine whether IFN-a treatm ent induces reduced GC 

sensitivity in microglia in an in vivo model, would require the use o f ex vivo microglial preparations 

follow ing IFN-a administration as attem pting to  distinguish which cell type in the brain has 

sufficient/insufficient GC response would be unfeasible. Ex vivo microglial preparations would 

allow the experimenter to  apply a GC directly to  the cells and characterise the response. This 

approach could prove successful, but nonetheless would fail to  reflect the complete in vivo 

condition. Another possibility could be the use of transgenic animals, fo r instance the 

mice, these mice have selective inactivation of the GR gene in macrophages and microglia but an 

intact neuronal GR gene, use of these mice could fu rthe r illustrate the role of an intact GR 

response in microglia in vivo. There is evidence to  suggest tha t inhibition o f the KP (by 1-MT; an 

IDO inhibitor) can ameliorate LPS-induced depressive-like symptoms in mice (O'Connor et al., 

2009b). In addition, this group administered L-kynurenine and found tha t this dose dependently 

induces depressive-like behaviour in these animals. In light of the experiments presented here, it 

would be interesting to  establish if peripherally administered LPS induces neurodegeneration in 

this model, and if application of an IDO inh ibitor attenuates neuronal death, or administration of 

exogenous L-kynurenine influences neuronal viability. Determination of alterations to  the 5-HT 

system seen in microglia in vitro and fu rthe r translation to  an in vivo setting could also prove 

complex. Taking into account tha t inflamm atory stimuli are known to  activate the KP which 

reduces the availability of tryptophan fo r 5-FIT synthesis in vivo, the task of assessing if reductions 

in 5-FIT concentrations in the brain are due to  microglia removing 5-FIT from  the synaptic cleft and 

storing it or reductions in tryptophan availability for 5-FIT synthesis could prove challenging. The 

characterisation of an animal model of depression encompassing all of the physiological
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disturbances seen in depressed patients is of utmost importance given the complicated 

interactions between inflammation, KP and the GC system.

Neuroinflammation has been identified as a key contributing factor to  neurodegeneration and has 

been implicated in Alzheimer's disease, Parkinson's disease, multiple sclerosis and more recently 

has been implicated in neuropsychiatric diseases such as major depression, schizophrenia and 

bipolar disease (Block et al., 2007, Beumer et al., 2012). In addition, microglia are the cellular 

mediators of immune function in the CNS and have im portant roles in neurodegeneration, and are 

extremely im portant in regulating the innate immune response w ithin the CNS (Streit, 2002). 

There is accumulating evidence fo r activation of microglia and circulating monocytes in psychiatric 

patients and animal models of depression (Beumer et al., 2012). The studies performed in this 

thesis provide new insights into the interactions between inflammation, GC signalling and KP in 

microglia and also provide new information on the effects of antidepressants on inflammatory 

markers in microglia. Figure 7.1 summarises the novel findings observed and the effects of 

inflammation on these systems in BV-2 microglia. Further characterisation of these systems and 

the ir dysfunction could yield new targeted approaches fo r the treatm ent of neuroinflammation, 

which would have implications for a myriad of disorders including depression.
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Figure 7.1: Summary of novel findings in BV-2 microglia

IFN-y activates l<ynurenine pathw ay (KP) in m icroglia which in turn can decrease neuronal viability, and these 

effects can be inh ib ited by KP enzyme inhibitors, an NMDA receptor antagonist and fluoxetine. IFN-a treatm ent 

reduces glucocorticoid receptor (GR) sensitivity and is thought to be due to increased FKBP5 which prevents GR 

translocation and glucocorticoid (GC)-mediated gene transcription. IL-6 trea tm ent potentiates GR sensitivity, 

evidence suggests IL-6 prevents translocation to an extent through increases in HSP90, PP5 and p23. Results also 

indicate th a t IL-6-induced increases in GC-mediated gene transcription and consequent increases in the an ti

in flam m atory capacity o f  DEX are m ediated by STAT-3 and /o r DUSP-1 induction.LPS treatm ent results in 

increases in SERT and VMAT-1 mRNA, and decreases in MAO-A mRNA expression po tentia lly  leading to  reduced 

concentrations in 5-HT available fo r  neurotransmission. IFN-y, IFN-a. and IL-6 treatm ent result in increases in the 

receptors, signalling molecules and gene products o f  the cytokine signalling cascades and these increases can be 

m odulated by antidepressant treatm ent.
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7.2 Future Directions

The research presented in this thesis has yielded a number of interesting leads for future 

experiments as outlined below.

1. Future experiments investigating whether IFN-a-induced decreases in GC sensitivity occur 

in primary microglia, and follow ing that ex vivo or in vivo microglia could raise the possibility of 

new therapeutic strategies that address cytokine-GR interactions fo r the treatm ent of depression. 

This would be interesting w ith regard to  prevention of IFN-a induced depression and in 

treatm ent-resistant depressed patients where antidepressant treatm ent has not ameliorated the 

accompanying hypercortisolemia, as restoration o f normal HPA axis function has been associated 

w ith  antidepressant response (Ising et al., 2007). In addition, the precise role of FKBP5 in these 

reductions in GC sensitivity needs to be addressed w ith use of a selective FKBP5 inhibitor.

2. Further experiments exploring the relationship between antidepressants and the GC 

system are needed. As discussed the sequence of treatm ents largely determines the effects of 

these drugs on GC sensitivity, therefore the effects of the addition of both antidepressant and GC 

at the same tim e on GR, FKBP5 and GILZ mRNA should be examined. Furthermore the ability of 

antidepressant treatm ent to correct the cytokine-induced changes in GC sensitivity should also be 

studied, although the issue of whether to pre-treat w ith antidepressants or add the drug following 

cytokine treatm ent is one requiring careful consideration.

3. Experiments with microglia and astrocyte co-culture should be used to  further 

characterise the neurotoxic effects of KP activation in microglia, as the effects seen in this thesis 

may not exist in co-culture. Equally the neurotoxic effects seen here may be amplified as KP 

activation in astrocytes alone produces neuroprotective molecules but in co-culture may produce 

large amounts of kynurenine which could then be metabolised by microglia to  produce the 

neurotoxic molecule quinolinic acid.

4. A recent study has demonstrated that Poly l:C administration in rats induces depressive 

and anxiety-like behaviours and are associated w ith kynurenine pathway activation, along w ith 

reductions in BDNF (Gibney et al., 2013). In addition, the OB model of depression shows an 

increased inflammatory phenotype (Song et al., 2009). Use of KP enzyme inhibitors and NMDA 

receptor antagonists should be screened as potential antidepressant treatments in animal models 

of depression, such as these, in order to  determine their effects in vivo.
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5. Further investigation of 5-HT uptake and degradation w ithin BV-2 microglia is essential, 

fo r example exploring the effects of LPS and other pro-inflammatory stimulants such as IFN-y on 

more sensitive measures o f SERT activity (5-HT uptake assay/HPLC of cell contents) and MAO-A 

(MAO-A activity assay) which could yield fu rther information as to  the dynamic relationship 

between inflammation and extracellular 5-HT concentrations.

6. Further clarification of the anti-inflammatory effects of anti-depressants is necessary. 

Future experiments using a wider range of concentrations of these drugs, and a number of 

d ifferent tim e points would yield better insights into the potential of these drugs to  ameliorate 

inflammation. In addition, the order of treatm ents has been highlighted as a key factor, therefore 

adding both the inflammatory stimulus and antidepressant together, and also adding the 

antidepressant treatm ent to  culture follow ing the stimulus are tw o avenues tha t should also be 

explored.

7. A more targeted approach to the potential mechanism of the anti-inflamm atory effects of 

antidepressants is essential. As discussed, the potential of increased levels of cAMP levels has 

been implicated elsewhere as a mechanism by which SSRIs elicit the ir immunomodulatory effects. 

Application of an adenylate cyclase inh ibitor (the rate lim iting enzyme required to convert ATP to 

cAMP) in combination w ith the treatm ents used in chapter 6 could afford a greater understanding 

o f the common mechanism by which psychotropic drugs exert the ir anti-inflamm atory actions.

194



Chapter 8
Supplemental data/Append



8.1 Supplemental Data
8.1.1 Supplemental data for chapter 3

BV-2 microglia were cultured and exposed to control or IFN-a (lOng/m l) fo r 24 hours. 

Subsequently cells were treated w ith DEX (1 (iM) fo r 24 hours. Cells were harvested and mRNA 

extracted. RT-PCR fo r STAT-5 was preformed.

A two-way ANOVA revealed a significant effect of DEX treatm ent on STAT-5 mRNA expression 

[ F ( i , i 2) = 3 9 . 8 5 ,  P<0.0001], a significant effect of IFN-a treatm ent [F(i,i2)=7.222, P=0.0198] and an 

interaction effect of the tw o treatm ents [Fji i2)=5.25, P=0.0408]. Newman-Keuls post-hoc test 

revealed a decrease in STAT-5 mRNA expression fo llow ing DEX treatm ent (P<0.05) and DEX + IFN- 

a trea tm ent (P<0.05) and an increase In STAT-5 mRNA w ith IFN-a treatm ent alone (P<0.01). 

[Figure 8.1, n=4].

0) eg

□  Control 

■  DEX (1 |.iM)

Control IFN-a

Figure 8.1: Pre-treatment with IFN-a has no effect on DEX induced decreases in STAT-5 mRNA 

expression

BV-2 microglia were cultured and exposed to  control medium or IFN-a (10 ng/m l) fo r 24 hours, 

and then control medium or DEX (1 |iM ) fo r 24 hours, cells were harvested fo r RNA extraction and 

subsequently RT-PCR was performed. **P<0.01, *P<0.05 vs. control (Two-way ANOVA followed by 

Newman-Keuls). Data expressed as mean ± SEM (n=4).
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8.1.2 Supplemental data for chapter 4

BV-2 microglia were cultured and exposed to  IFN-y (5ng/ml) fo r 24 hours. Cells were harvested fo r 

RNA extractions and subsequently RT-PCR for iNOS was performed.

A Student's t-test demonstrated a significant increase iNOS w ith IFN-y (t=6.820, p<0.0001, d.f.=9) 

[Figure 8.2, /i=5].

Control

Figure 8.2: Treatment with IFN-y potently induces iNOS mRNA expression in BV-2 microglia

BV-2 microglia were cultured and exposed to  IFN-y (5ng/ml) fo r 24 hours. Cells were harvested for 

mRNA extraction and subsequent RT-PCR. ***P<0.001 vs. control (Student t-test). Data expressed 

as mean ± SEM (n=6).
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8.1.3 Supplemental data for chapter 5

BV-2 microglia were cultured and exposed to  LPS (1 ng/m l) fo r 2, 6 and 24 hours. Cells were 

harvested fo r RNA extractions and subsequently RT-PCR fo r SERT was performed.

One-way ANOVA revealed a significant effect of LPS treatm ent on SERT mRNA expression 

[F(3,ii)=9.370, P=0.0030]. Newman-Keuls post-hoc test revealed significant increases in SERT mRNA 

expression at 6 hrs (P<0.01) when compared to  controls [Figure 8.3, n=4].
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Figure 8.3: LPS induced SERT mRNA expression is highest at 6 hours post stimulus

BV-2 microglia were cultured and exposed to  LPS (1 lig /m l) fo r 2, 6 and 24 hours. Cells were 

harvested fo r mRNA expression and subsequent RT-PCR. **P<0.01 vs. control (One-way ANOVA 

followed by Newman-Keuls. Data expressed as mean ± SEM (n=4).

198



8.1.4 Viability data for all in vitro treatm ents used

Table 8.1: Viability data for in vitro treatm ents used
BV-2 m icrog lia  were exposed to the trea tm ents a t doses and incubation times expressed below. 

Viab ility  was assessed using CellTiter 96  ® AQueous Non-Radioactive Cell P ro life ra tion  assay. 

Results are expressed as percentage o f contro l fo r  each experim ent carried out. S ignificant effects  

were determ ined by S tudent t-test.

Treatm ent Dose Incubation % Viability 
(% control)

Fluoxetine 1 |iM 2 hours 154.53

Citalopram 1 |iM 2 hours 166.22

Moclobemide 1 nM 2 hours 131.21

Clorgiline 1 nM 2 hours 170

Lithium Chloride 1 nM 2 hours 105.72

Haloperidol 1 nM 2 hours 97.45

Clozapine 1 |iM 2 hours 109.76

Dexamethasone 1 nM 24 hours 134.5

SCl-231 10 nM 30 min 194.83

BCl 25 nM 30 min 95.63

IFN-y lOng/ml 24 hours 97.44

IFN-a lOng/ml 24 hours 97.84

IL-6 lOng/ml 24 hours 103.56

TNF-a lOng/ml 24 hours 98.64

IL-ip lOng/ml 24 hours 120.32

LPS 1 ng/ml 24 hours 164.06
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8.2 Appendix
Accepted by 20"' annual meeting of Psychoneuroimmunology society, June 2013 

Accepted by 7*'’ annual meeting of Neuroscience Ireland, September 2012

Differential effects of the pro-inflammatory cytokines IFN-a and IL-6 on glucocorticoid signalling 

in BV-2 microglia

Eimear M. Fagan, Colin Dempsey, Eva Tallon, Thomas J. Connor 

Neuroimmunology Research Group, Trinity College Institute o f Neuroscience,

Department o f Physiology & School o f Medicine, Trinity College, Dublin 2, Ireland

Dysregulation of the GC system perm itting excessive inflammation in the presence of elevated 

GCs occurs in depression, and is thought to  be due to impaired GC signalling. We propose FKBP5, 

which acts to  reduce GR activation, has a role in this GC dysregulation. Glucocorticoid induced 

leucine zipper (GILZ) is a GC-inducible gene that is used as a readout of GR activation. The current 

objective was to  examine the ability of IFN-a, IL-6, TNF-a, and IL-ip  to  impact GC sensitivity in 

microglia. These cytokines were chosen due to  the ir implication in depression. The ability of these 

cytokines to  alter mRNA expression of GR, FKBP5 and GILZ under basal conditions and in response 

to dexamethasone (DEX) in BV-2 microglia was examined. Both IL-6 and IFN-a0attenuated the 

DEX-induced increase of GILZ, indicating the presence of GC resistance. IFN-a increased basal 

expression of FKBP5, and consistent w ith its negative feedback function, attenuated DEX-induced 

FKBP5 expression. IL-6 did not alter basal expression o f GR, FKBP5 or GILZ, but did attenuate the 

DEX-induced increases of FKBP5 and GILZ. Immunofluorescent staining shows that IFN-a and IL-6 

reduce the degree of DEX-induced GR translocation and that IFN-a increased the co-localisation of 

GR and FKBP5. We hypothesise tha t IFN-a-induced increases in FKBP5 result in GR being held in 

the cytosol thereby preventing GC signalling. Further investigation of IL-6 effects on GC signalling 

revealed IL-6 treatm ent potentiated both the induction of SGK-1 (a GC-inducible gene) and DUSP- 

1, and also amplified the anti-inflammatory capabilities of DEX. Inhibition of STAT-3 (with S31-201) 

and DUSP-1 (with BCI) prevented this IL-6 induced increase in the anti-inflammatory capabilities 

of DEX. Taken together, this is the first demonstration tha t IFN-a and IL-6 induce GC resistance in 

microglia. These findings present an interesting concept, that disorders w ith an inflammatory 

component a lter the GC response in microglia, potentially attenuating the ir ability to  control the 

chronic inflammatory processes tha t produce harmful effects seen in disorders such as depression 

and neurodegenerative disease.
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Accepted by is"' Annual meeting of Psychoneuroimmunology society, June 2013 

Accepted by EURON workshop annual meeting, 2012

The serotonin transporter and monoamine oxidase A as novel pharmacological targets to inhibit 

microglial activation

Eimear M. Fagan. Andrew Harkin, Thomas J. Connor

Trin ity College Institute of Neuroscience, Trinity College, Dublin 2, Ireland

Evidence indicates that production o f inflammatory cytokines plays a role in the pathogenesis of 

depression. Microglia are the main source of inflammatory cytokines in the brain, and alterations 

to  cytokine networks have been implicated in the mechanism of action of antidepressants that 

target monoamine neurotransm itter systems. Emerging evidence suggests tha t under certain 

conditions immune cells can synthesise and degrade monoamine neurotransmitters including 

noradrenaline, dopamine and serotonin. In this study we demonstrate that BV-2 microglia 

express the serotonin transporter (SERT), but do not express uptake transporters fo r 

noradrenaline or dopamine. In addition, microglia express the enzyme responsible fo r 

metabolism of serotonin, monoamine oxidase A (MAO-A), but not MAO-B. Exposure of microglia 

to  the inflammagen lipopolysaccharide (LPS) increased expression of SERT, but did not alter MAO- 

A expression. The synthetic enzymes tyrosine hydroxylase or tryptophan hydroxylase were not 

expressed in microglia, either under basal or LPS-stimulated conditions, indicating a lack of 

capacity to  synthesise monoamine neurotransmitters. Moreover, pharmacological inhibition of 

both SERT (with fluoxetine; G .l|iM  -  l| iM )  and MAO-A (with moclobemide; G .l|iM  -  lu M ) 

potently suppressed microglial activation indicated by a significant reduction in LPS-induced TNF- 

a production and iNOS expression. Incubation of BV2 microglia w ith  5-HT slightly modulated 

production of TNF-a and MCP-1, albeit not to  the same extent as fluoxetine and moclobemide 

treatm ent, indicating the anti-inflammatory effects of these drugs are independent of 5-HT. 

Further studies will be required to elucidate a mechanism by which fluoxetine and moclobemide 

exert the ir potent anti-inflammatory effects.
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Accepted by 6*'' Annual Neuroscience Ireland meeting, September 2011 

Accepted by 18'*' Annual meeting of Psychoneuroimmunology society, June 2013

IFN-y reduces neuronal viability via kynurenine pathway activation in BV-2 microglia

Eimear M. Fagan, Sinead M. Gibney, Andrew Harkin, Thomas J. Connor 

Trinity College Institute of Neuroscience, Trinity College, Dublin 2, Ireland

The kynurenine pathway (KP) is the main pathway by which tryptophan is metabolized. Its rate 

lim iting enzyme indolamine 2, 3-dioxygenase (IDO) catalyses the production of kynurenine, which 

in turn is metabolised by either kynurenine 3-hydroxylase (KMO) which leads to the production of 

quinolinic acid (neurotoxic), or by kynurenine aminotransferase (KAT I!) which yields kynurenic 

acid (neuroprotective). These enzymes are localised in microglia and astrocytes respectively. The 

present studies demonstrated that IFN-y induces expression of IDO, KMO and kynase along with 

the production of neurotoxic molecules from BV-2 microglia. This was determined using a cell 

culture system whereby microglia were activated w ith  IFN-gamma and this conditioned medium 

was then placed on primary cortical neurons. Inhibition of the kynurenine pathway w ith 1-(D)- 

methyl-tryptophan (IDO inhibitor) and Ro 61-8048 (KMO inhibitor) completely attenuated this 

microglial-mediated neurotoxicity, as did the NMDA antagonist MK-801. Furthermore the anti

depressant fluoxetine partially attenuated this neurotoxicity and IFN-y induced increases in IDO 

and kynase mRNA expression. Inhibition of classical neurotoxic factors released from microglia i.e. 

iNOS and the enzyme NADPH oxidase had no effect on this microglial mediated neurotoxicity, and 

neither did the anti-inflamm atory agent dexamethasone. These results propose IFN-y activated 

microglia induce neurotoxicity by activating the KP, and this can be attenuated using fluoxetine, 

suggesting a possible role fo r anti-depressants in ameliorating neuronal damage and in 

influencing the KP balance.
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