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Foreword 

During these three years of my PhD course, I had the possibility to work on different projects that I 

have carried out at the University of Cagliari, Department of Biomedical Sciences, under the 

supervision of Prof. P. La Colla, and at the Rocky Mountain Laboratories (National Institute of 

Allergy and Infectious Diseases, Laboratory of Persistent Viral Diseases, Neuroimmunology 

Section) under the supervision of Dr. K. E. Peterson.  

In this thesis is described the work that I did at the RML.  

 

The results obtained during these researches led to the submission of the following manuscripts: 

Silvia Madeddu, Tyson Woods, Piyali Mukherjee and Karin E. Peterson. 2014. Unique gene 

expression profiles of microglia and astrocytes following innate immune activation. Will be 

submitted to Glia. 

Stefańska, J., D. Szulczyk, A. E. Koziol, E. Augustynowicz-Kopec, A. Napiorkowska, A. Bielenica, 

M. Struga, G. Giliberti, S. Madeddu, S. Boi, P. La Colla, G. Sanna. 2014. Synthesis and 

antimicrobial activity of thiourea derivatives of 2-amino-1,3-thiazole. Submitted to Antimicrobial 

Agents and Chemotherapy. 

Szulczyk, D., A. Bielenica, A. E. Koziol, S. Fidecka, E. Kędzierska, J. Stefańska, M. Struga, G. 

Sanna, S. Madeddu, S. Boi, P. La Colla, G. Giliberti. 2014. Biological evaluation of novel indole-

derived thioureas. Submitted to Antimicrobial Agents and Chemotherapy. 
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Abstract 

Both astrocytes and microglia are often activated in association with diseases of the central nervous 

system (CNS), including virus-induced neurological disease. Understanding how activation alters 

the transcriptome of these cells may offer valuable insight in regards to how activated cells mediate 

neurological damage. Furthermore, identifying common and unique pathways of gene expression 

during activation may provide new insight into the distinct roles these cells have in the CNS during 

infection and inflammation. In the current study, we utilized microarray analysis to examine the 

response of astrocyte and microglia to specific innate immune stimuli. Since virus infections often 

induce activation of toll-like receptor 7 (TLR7), we used the TLR7 agonist imiquimod that has been 

shown to induce activation of both microglia and astrocytes in vivo and in vitro. We found that 

microglia generate a much stronger response to TLR7 activation than astrocytes, with the 

upregulation and downregulation of substantially more genes in microglia than that observed in 

astrocytes. We identified genes that were uniquely upregulated by each cell type and examined 

these genes for upregulation by other factors including virus infection. These data provide new 

insights into innate immune activation of astrocytes and microglia that will be useful in 

characterizing the cellular responses of these genes during infection or insult of the CNS.  
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1. Introduction 

1.1. Neuroinflammation 

The term neuroinflammation is used to describe the immune responses within the Central Nervous 

System (CNS) associated with a large number of neurodegenerative diseases 
1
. Neuroinflammation 

is a common response to viral, bacterial and parasitic infection or injury of the CNS and is 

dependent on the initiation of innate immune responses 
2-5

. The inflammatory response may induce 

beneficial effects such as phagocytosis of debris and apoptotic cells, initiate repair processes, limit 

virus replication through production of type I interferons and recruitment of virus-specific T cells to 

the CNS 
6, 7

. However, neuroinflammation can also result in production of neurotoxic factors that 

contribute to the development and severity of neurodegenerative pathology and can also lead to the 

recruitment of virus-infected cells to the CNS 
8
. 

The CNS has limited interactions with the peripheral immune system due to the lack of lymphatics 

vessels and the presence of tight junctions at the blood–brain and blood–cerebrospinal fuid (CSF) 

barriers that limit the influx of cells and protein to the CNS 
9-11

. As such, peripheral immune cells 

have limited access to the CNS. In addition, the brain does not have a resident population of 

dendritic cells to trigger innate immune responses. Thus, cells intrinsic to the brain, including brain 

macrophages and microglia and astrocytes play important roles in the innate immune response to 

pathogen infection in the CNS. These cells are often referred to as glia cells, and their activation 

termed gliosis. 

 

1.2. Glial Cells 

Glial cells are defined as the non-neuronal cells of the cells of the CNS and can be divided into two 

groups: microglia and macroglia. Macroglia include oligodendrocytes, the myelin forming cells, 

and astrocytes, the most abundant and heterogeneous population of glial cells, and the major 

‘housekeeping’ cells of the CNS 
12

. Macroglial cells are derived from the embryonic 

neuroectoderm. Microglia are the resident “immune cell” of the brain and are derived from the yolk 

sac early in development 
13

. 

Despite their differences in origin, astrocytes and microglia are often found activated together in 

cases of neurodegeneration. Proinflammatory cytokines and chemokines produced by both 

astrocytes and microglia are common finding among virus infections in the CNS, including HIV 

infection in adult and pediatric patients. Astrocytes and microglia are recognized as active 

participants in various pathological conditions such as viral, bacterial and parasitic infection or 
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injury of the CNS or chronic neurodegenerative disorders, such as Alzheimer’s disease, Parkinson's 

disease, Multiple Sclerosis and acquired immune deficiency syndrome dementia 
2-5, 14-16

. The strong 

correlation between neurologic disease and the intensity of the innate immune response suggests 

that several proinflammatory cytokines and/or chemokines may contribute to the disease process. 

Astrocytes and microglia often produce different cytokines during virus infections. However, it is 

unclear whether this difference is due to the infection/stimuli or different responses of the cells to 

the same stimuli. 

 

1.3. Microglia 

Although originally thought to be derived from bone marrow monocytes, recent studies demonstrate 

that microglia are derived early during development from immature progenitors in the yolk sac. 

These cells persist in the CNS for the entire life of the organism with only limited turnover from 

bone-marrow derived monocytes 
17

.  

In the healthy mature CNS, microglia have a ramified morphology, characterized by a small soma 

with fine cellular processes. This typical appearance, which is quite different from a classical 

macrophage, has been associated with microglia “resting” state. Infection, trauma, ischemia, 

neurodegenerative diseases, or altered neuronal activity can evoke rapid and profound changes in 

the microglial cell shape, gene expression and the functional behavior which summarily is defined 

as “microglial activation” 
18, 19

. When microglia becomes activated, they increase the size of their 

cell bodies, retract their processes and take an ameboid or macrophage-like morphology, attracted 

by endogenous and exogenous chemotactic factors using amoeboid-like movements they gather 

around sites of insult. At the site of damage, microglia phagocytize intracellular microorganism, 

removing dying cells and cellular debris 
20, 21

. They also undergo rapid proliferation in order to 

increase their number. This activation may also lead to direct or indirect production of 

proinflammatory cytokines and chemokines which then contribute to the inflammatory 

environment. Chronically activated microglia overproduce soluble inflammatory mediators such as 

tumor necrosis factor (TNF), nictric oxide (NO) and interleukin-1 all of which have been 

demonstrated to enhance inflammation-induced oxidative stress in vulnerable neuronal populations 

22-27
. 

Immune recognition molecules, such as MHC class II, can be identified on ramified (resting) 

microglia in the undisturbed brain, upon injury the molecules are highly upregulated and the 

expression of this complex is essential for interacting with T lymphocytes.
28-31

. 

Recent studies also indicate that microglia support and monitor synaptic function 
32

, and control 

synaptogenesis 
33

. Microglia can also promote tissue repair by secreting growth factors thus 
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facilitate returning to homeostasis 
34

. Thus, microglia are important for CNS development and 

maintenance. 

Therefore, elucidation of molecular regulators of microglial responses that affect neuronal survival 

during chronic inflammatory stress is of great importance as it may reveal opportunities for novel 

anti-inflammatory strategies to prevent or delay onset of chronic neurodegenerative disease.  

 

1.4. Astrocytes 

Astrocytes, the most abundant glial cell are of neuroectodermal origin and are essential for brain 

homeostasis and neuronal function 
35

. Astrocytes function as supportive cells in neural tissue, create 

the brain environment, build up the micro-architecture of the brain parenchyma and are responsible 

for a wide variety of complex and essential functions in the healthy CNS.  

These star-shaped cells have a central cell body and long processes extending in all directions. 

Processes extending from different cells establish contacts with each other via gap junctions 
36

. 

Moreover, their processes envelope synapses formed by neurons and also contact the exterior of 

capillary vessels. Astrocytes form ‘end-feet’ processes which surround blood capillaries and are 

thought to play a role in maintaining the integrity of the BBB. They regulate transendothelial cell 

migration across the blood–brain barrier (BBB) restricting the access of immune cells to the CNS 

parenchyma 
37

. Astrocyte can control CNS homeostasis through the regulation of ion, 

neurotransmitter, metabolites and neuro-hormone concentrations, as well as the production of 

growth factors 
38

. 

Astrocytes are emerging as key players in the regulation of synaptic activity throughout the brain. 

They regulate formation, maturation, maintenance, and stability of synapses thus controlling the 

connectivity of neuronal circuits. Astrocytes secrete numerous factors indispensable for 

synaptogenesis, and without astrocytes, formation of synapses would be greatly depressed
 39-42

. 

Astrocytes control maturation of synapses through several signalling systems. Additionally, 

astrocytes have recently been shown to transmit signals to neurons that directly modulate synaptic 

strength or even contribute to synaptic transmission by release of transmitters that directly stimulate 

postsynaptic neurons 
43

. Astrocytes are also involved in the synthesis and metabolism of 

neurotransmitters, modulating glutamate levels in the extracellular space and preventing glutamate-

induced neurotoxicity 
44, 45

. 

During pathological conditions of the brain, astrocytes are able to respond promptly to neuronal 

injury, undergoing changes in their phenotype. Upon activation, astrocytes increase production of 

glial fibrillary acidic protein (GFAP), undergo process extension and interdigitation, respond to 

protracted stress and insults by up-regulating inflammatory processes. The process by which these 
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cells become activated during infections and the downstream effects of astrocyte activation remain 

important questions in understanding pathogenesis in the CNS, indeed activated astrocytes release a 

wide array of pro-inflammatory molecules, including cytokines and chemokines that contribute to 

neuropathogenesis of CNS infections 
16

. 

 

1.5. Toll-like receptors (TLRs) 

The innate immune system is the major contributor to acute inflammation induced by microbial 

infection or tissue damage. Furthermore, innate immunity is also important for the activation of 

acquired immunity. Inflammatory response are initiated by the recognition of pathogen-associated 

molecular patterns (PAMPs), the molecules associated with groups of pathogens, which are 

recognized by of receptors belonging to multiple receptor families collectively called pattern 

recognition receptors (PRRs) 
46-49

. 

The TLR family is one of the best-characterized PRR families and is responsible for sensing 

invading pathogens outside of the cell and in intracellular endosomes and lysosomes. TLRs are 

conserved type I membrane glycoproteins characterized by N-terminal leucine-rich repeats (LRRs) 

and a transmembrane region followed by a cytoplasmic Toll/IL-1R homology (TIR) domain 
50

. 

TLR expression has been detected in cells of the innate and adaptive immune system and in non-

immune cells.  

Currently, there are at least 11 TLRs identified in humans and 12 TLRs identified in mice 
51

. 

Different TLRs recognize the different molecular patterns of microorganisms and self-components. 

These TLRs can be separated into two broad categories based on their cellular location or their 

signal transduction machinery. TLR1, TLR2, TLR4, TLR5 and TLR6 are localized to the plasma 

membrane and were originally identified as receptors for bacterial. However, several studies have 

shown that TLR2 and TLR4 can contribute to anti-viral responses 
52-56

. 

TLR3, TLR7, TLR8 and TLR9 are primarily located on intracellular membranes and are shuttled 

from the endoplasmic reticulum to the endolysosome where they recognize microbial nucleic acids.  

Activation of these TLRs leads to the production of type I interferons (IFNs) in addition to 

proinflammatory cytokines. 

TLR3 recognizes double stranded RNA (dsRNA) generated during replication of certain RNA 

viruses as well as polyinosinic:polycytidylic acid, termed poly (I:C).  TLR9 recognizes bacterial 

and viral cytosine-phosphate-guanosine (CpG) DNA motifs (unmethylated DNA motifs containing 

CpG nucleotides flanked by 5’ purines and two 3’ pyrimidines) 
57, 58

.  

TLR7 and TLR8, which are highly similar, recognize guanidine-uridine rich single stranded RNA 

(ssRNA) from certain RNA viruses 
59-61

. 
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TLR7 and TLR8 also recognize a number of synthetic molecules such as imidazoquinolines and 

nucleoside analogues that have been used for anti-viral treatment 
62, 63

. 

In addition to recognizing viral RNA or DNA during virus entry and uncoating in the endosome, 

these endosomal TLRs also sense intracellular virus replication through autophagy of viral nucleic 

acids 
64, 65

. 

Recognition of PAMPs by TLRs leads to transcriptional upregulation of distinct genes, TLRs 

initiate signaling through their cytoplasmic Toll/IL-1R (TIR) domains. These interact with other 

TIR domains such that upon activation, each TLR binds to a specific set of adapter proteins that 

also contain TIR domains. TRL7/9 recognize nucleic acids, and signal via Myeloid differentiation 

factor 88 (MyD88). 

Emerging evidence suggests a role for TLRs in infectious and noninfectious CNS injury 
66-69

. 

The expression of TLRs and related signaling proteins has been demonstrated in all major glial cell 

types, including microglia, astrocytes and oligodendrocytes, as well as a more limited repertoire in 

neurons. Both murine astrocytes and microglia express TLR7 and TLR9 mRNA 
69, 70

. 

Furthermore, both astrocytes and microglia can respond to TLR7 or TLR9 agonist stimulation in 

vitro 
71-73

. Thus, innate immune responses elicited by TLR stimulation may have an important role 

in inducing neuroinflammation during insult or injury to the CNS. 

 

1.6. Expression of PRRs in the Central Nervous System 

Most studies of PRRs have been directed at understanding their function in immune cells, but it is 

also important to understand the expression and function of these receptors in tissue specific 

environments. In the CNS, this includes not only neurons, but also microglia, astrocytes, 

oligodendrocytes, perivascular macrophages, ependymal, endothelial and epithelial cells. These 

cells can mediate the innate immune response to virus infection as well as regulate the trafficking of 

inflammatory cells to the CNS. Thus, there are a number of cell types in the CNS that may 

influence virus infection, but may differ in their response to PRR stimulation compared to bone 

marrow-derived immune cells 
74

.  

Immunofluorescence studies have resulted in limited detection of TLRs in the CNS, with no 

detection of TLR1, TLR3, TLR4 or TLR9 in normal mouse brain 
72

. 

However, RNA analysis and functional studies have demonstrated that multiple cell types in the 

CNS respond to TLR stimulation including glial cells (microglia, astrocytes and oligodendrocytes). 

Microglia express mRNA for all known TLRs 
75-79

. 

Oligodendrocytes also express a number of TLRs and respond to LPS stimulation 
73, 80, 81

. 
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The expression of TLRs by astrocytes appears to vary depending on species and activation state. 

Murine astrocytes express mRNA for TLRs from 1-10, with the exception of TLR8 
82

. 

Human astrocytes express TLR3 mRNA at robust levels, TLR 1, 4, 5, and 9 at low-levels, and TLR 

2, 6, 7, 8, and 10 mRNA at rare-to-undetectable levels by quantitative real-time PCR 
83

. 

Ex vivo analyses of primary astrocyte and microglia cultures demonstrate that both cell types 

respond to multiple TLR agonists through the production of proinflammatory cytokines 
70, 73, 78, 84, 

85
. 

 

1.7. Use of the mouse model of virus infection to study innate immunity in the 

central nervous system 

The activation of astrocytes and microglia, along with increased production of proinflammatory 

cytokines and chemokines is a common response in the CNS to virus infection. Similar 

neuroinflammatory responses are observed in animal models of virus infection. The mouse model 

of virus infection provides a valuable animal model to study the contribution of the innate immune 

response to viral neuropathogenesis because of the ability to use mice deficient in specific PRRs, 

cytokines or cytokine receptors 
86-95

. 

To identify specific patterns of gene expression specific to astrocytes and microglia in the CNS 

following infection, we utilized the mouse model of virus infection. We utilized two different 

mouse models of virus infection; a retrovirus (MuLV) infection model, where the primary cells 

infected are microglia and macrophages, and a La Crosse virus (LACV) infection, where the 

primary infected cells are neurons.  In both model systems, gliosis is associated with pathogenesis. 

 

1.8. La Crosse virus LACV 

La Crosse virus (LACV) is a mosquito-borne pathogen that infects up to 300,000 people in the 

United States and can cause encephalitis in children and young adults 
96

.  

The virus is transmitted by hardwood forest dwelling mosquitoes, Aedes triseriatus, which breed in 

tree holes and outdoor containers. Ae. triseriatus feed on Eastern chipmunks (Tamias striatus 

grinseus) and Eastern gray squirrels (Sciurus carolinensis) which serve as amplifying hosts for 

LACV 
97

. 

Interestingly, the virus can be maintained in the mosquito population in the absence of vertebrate 

hosts by transovarial (vertical) transmission, thus allowing the virus to over-winter in mosquito 

eggs 
98

.  
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The geographic distribution of LAC virus is associated with the distribution of hardwood forests 

and the distribution of the vector, Aedes triseriatus. The virus is transmitted to humans through a 

mosquito bite 
99-101

. 

LACV belongs to the genus Orthobunyavirus, family Bunyaviridae 
102

. Virions are spherical, 80 to 

120 nm in diameter and have a host cell-derived bilipid-layer envelope The virions contain three 

major structural proteins: two envelope glycoproteins, G1 and G2, and a nucleocapsid protein N, 

plus minor quantities of a large or L protein believed to be the viral transcriptase, an RNA-

dependent RNA polymerase. The LACV genome consists of three linear single-stranded, negative-

sense RNA genome segments designated large (L), medium (M), and small (S) 
103

. All three gene 

segments of a virus have the same complementary nucleotides at their 3' and 5' termini. Viral entry 

into its host cell is thought to occur by receptor-mediated endocytosis. All subsequent steps take 

place exclusively in the cytoplasm. After penetration of the host cell, the virion transcriptase is 

activated and transcribes subgenomic mRNAs from each of the three virion RNA segmets while 

still associated with their nucleocapsids. After translation of these mRNAs, replication of the RNA 

can occur and a second round of transcription begins. The L RNA segment codes a single open 

reading frame for the transcriptase (RNA-dependent RNA polymerase) 
104 

the M segment codes a 

single polyprotein (M polyprotein) that is post-translationally processed into two glycoproteins (G1 

and G2), and a non-structural protein (NSM) the S RNA segment codes for the nucleocapsid protein 

(N) and a non-structural protein (NSS) 
105-107

.  

A hallmark of neurological diseases caused by LACV and other encephalitic viruses is the induction 

of neuronal cell death. Innate immune responses have been implicated in neuronal damage. No 

specific therapies or vaccines are available for LACV.  

 

1.9. Retrovirus 

Murine leukemia viruses (MuLVs), are subfamily of the gamma retroviruses. The MuLV family 

can be further divided depending on the type of cellular receptor utilized by the virus, which also 

affects the host range of the virus. For example, ecotropic retroviruses, which primarily infect 

mouse cells, utilize the cationic amino acid transporter (solute carrier family 7 member 1, SLC7A1) 

protein as a receptor. Amphotropic retroviruses, which infect a broad range of species, utilize the 

phosphate transporter solute carrier family 20 member 2 (SLC20A2) protein as a receptor. 

Polytropic as well as xenotropic retroviruses infect cells through the xenotropic/polytropic receptor 

1 (XPR1), a member of the G-protein coupled receptor protein signaling pathway family 
108, 109

. 

Polymorphisms in XPR1 between mammalian species mediate the host range of xenotropic and 

polytropic viruses 
110, 111

.  
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Differences between the subfamilies of MuLVs are also observed with virus infection and 

pathogenesis of the CNS. Ecotropic retroviruses can induce either intracerebral hemorrhages or 

widespread spongiform degeneration depending on determinants in the ecotropic envelope protein 

112, 113
. In contrast, the brain pathology following infection with neurovirulent polytropic 

retroviruses is more limited and primarily consists of reactive astrogliosis, white matter microglial 

infection with microgliosis and microglial nodules. There is only minimal vacuolation and only 

occasional neuronal death. Polytropic retrovirus infection of the CNS has some similarities with 

HIV-encephalopathy as HIV infection of the CNS also induces reactive astrogliosis, microglia 

nodules without an extensive infiltration of inflammatory cells from outside the CNS . 

In the brain, the polytropic viruses productively infect endothelia, microglia, and macrophages with 

only rare infection of oligodendrocytes. Polytropic retroviruses do not productively infect neurons 

or astrocytes indicating that effects on these cell types are indirect. 

The most well-studied neurovirulent polytropic retrovirus is a molecular clone, Fr98. Infection with 

Fr98 induces neurologic disease in 100% of newborn Inbred Rocky Mountain White (IRW) or 

129S6 mice within 2–4 weeks post-infection. Mice have initial clinical signs of tremors and hind 

limb weakness, followed by ataxia, seizures, and ultimately death 
114, 115

. As all animals develop 

neurologic disease, infecting knockout mice with Fr98 provides a useful method to determine if 

individual inflammatory genes affect the disease process. In this study, we utilized neurovirulent 

chimeric viruses BE that differ by only a few amino acid residues in envelope regions. The 

construction of chimeric virus clones for BE has been previously published 
116, 117

.  
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Aim of the thesis 

In the CNS, glial cells not only serve supportive and nutritive roles for neurons, but also respond to 

protracted stress and insults by up-regulating inflammatory processes. Reactive glial cells produce a 

wide array of pro-inflammatory molecules, including, cytokines and chemokines. The complexity 

of studying glial activation in vivo has led to the widespread adoption of in vitro approaches, for 

example the use of the TLRs as an experimental model of glial activation. 

In the present study, we identify genes that are differentially expressed between astrocytes and 

microglia when they are activated by the innate immune response. Understanding how activation 

alters the normal function of microglia and astrocytes and how the expression of these genes 

influences virus infection and pathogenesis in the CNS is of great importance as it may reveal 

opportunities for novel anti-inflammatory strategies for therapeutic intervention to prevent or delay 

onset of chronic neurodegenerative disease. Furthermore, identifying common and unique pathways 

of gene expression during activation may provide new insight into the distinct roles these cells have 

in the CNS during infection and inflammation. 
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2. Materials and methods 

2.1. TLR Agonists 

The TLR7 agonist imiquimod (R837) and TLR9 agonist type B CpG-ODN 1826 [5’-TCC ATG 

ACG TTC CTG ACG TT-3’] were purchased from InvivoGen.  All the agonists were suspended in 

endotoxin-free water, aliquoted, and stored at -20°C. Just before use, agonists were diluted in media 

specific for either astrocytes or microglia. 

 

2.2. Media 

Astrocyte cultures were maintained in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) 

containing 4,500 mg glucose/L, 110 mg sodium pyruvate/L, 0.584 g L-glutamine/L, supplemented 

with 10% inactivated fetal bovine serum (Hyclone) and 1% penicillin-streptomycin (Gibco).  

Microglia-specific media contained 20% LADMAC culture supernatant (mouse bone marrow cells 

producing macrophage colony stimulating factor/M-CSF) in RNA Isolation and Quantitative Real-

Time RT-PCR addition to the media used for astrocyte cultures. 

 

2.3. Isolation and Culturing of Cortical Astrocytes and Microglia by Percoll 

Gradient Method 

Astrocyte and microglia cultures were prepared from the brain cortex of 1-2 day old Inbred Rocky 

Mountain White (IRW) mice. Mice were anesthetized, brain tissue removed, and placed in ice cold 

phosphate buffered saline (PBS). Hind brains, mid brains, and meninges were dissected out. 

Cerebral cortices were transferred to a 15-mL conical tube containing 2% glucose in PBS and made 

into single cell suspension. Cells were pelleted by centrifugation at 500 g for 5 min. Cells from two 

brain cortices were suspended in 2 mL of 70% percoll and transferred to the bottom of 30% and 0% 

percoll gradient. The gradients were centrifuged at 500g for 20 min.  Cells between 0% and 30% 

percoll layers were rich in astrocytes and were seeded at 2 x 10
5
 cells in Primaria T-25 flasks (BD 

Bioscience) containing astrocyte specific media. The microglia cell populations collected between 

30% and 70% percoll layers were seeded at 5 x 10
5
 in T-25 flasks containing microglia-specific 

media. When cells became confluent, after 7–10 days of culture, flasks containing astrocyte rich 

cells (0/30 fraction) were orbitally shaken overnight at 250 rpm to remove contaminating microglia 

and oligodendrocytes.  Astrocytes were then treated with 0.25% Trypsin-EDTA (Gibco), reseeded 

in Corning 12-well cell bind plates (ISC BioExpress). Microglia were removed from confluent T-25 

flasks using a cell scrapper and reseeded in 12-well cell bind plates. 
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2.4. Stimulation of Astrocyte and Microglia Cultures with Imiquimod or CpG-

ODN 

Astrocytes and microglia were treated with either 5 µM imiquimod or 80 nM of CpG-ODN 1826 or 

both for 3, 6, 12, 24 or 48h. 

 

2.5. RNA Isolation and Quantitative Real-Time RT-PCR 

At specified time-points post stimulation astrocyte and microglia cells were lysed and processed for 

RNA extraction using a mini RNA isolation kit (Zymo Research) following manufacturer’s 

instructions. RNA was treated with DNAse I (Ambion) for 30 min at 37°C to remove any genomic 

DNA contamination and purified using RNA cleanup columns (Zymo Research). 

cDNA was generated using an iScript reverse transcription kit (Bio-Rad) following manufacturer’s 

instructions and included DNA contamination controls that did not undergo reverse transcription. 

cDNA samples were diluted fivefold in RNase-free water after reverse transcription, prior to use in 

quantitative real-time PCR reaction. All the real-time PCR reactions were performed using a 7900 

Applied Biosystems PRISM instrument. All the samples were run in triplicate on a 384-well plate. 

Each reaction contained iTaq SYBR green supermix with ROX (Bio-Rad), 0.5 µM forward and 

reverse primers, approximately 10 ng of cDNA template and nuclease-free water. Primers were 

confirmed to be specific for the gene of interest.  No homology to other genes was detected by blast 

analysis of primers against the National Center for Biotechnology Information (NCBI) database. 

RNA that did not undergo reverse transcription and water were used as negative controls. 

Dissociation curves were used to confirm amplification of a single product for each primer pair per 

sample. 

Data were calculated as the difference in CT value (log2) for Gapdh minus the CT value of the gene 

of interest for each sample (ΔCT=CT Gapdh −CT gene of interest) to control for variations in RNA 

amounts in each sample. The data are presented as the fold expression of the gene of interest 

relative to Gapdh. For example, a value of one indicates the same level of mRNA expression as 

Gapdh (ΔCT=0), whereas a value of two indicates a two folds higher level of mRNA expression 

than GAPDH (ΔCT=1). 

 

2.6. Microarray analysis 

Wells from six well plates of microglia or astrocytes were randomly assigned to either mock or 

imiquimod stimulation groups. Six replicates per group were used for microarray analysis. 
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Microarray analysis was performed by the Genomics Unit of the Research and Technologies 

branch, NIAID using GeneChip Mouse Gene 1.0 ST Array from Affymetrix. 

 

2.7. Immunohistochemistry using fluorescent secondary antibodies 

The half of the brain tissue that was formalin fixed was further divided into four coronal and sagittal 

sections, embedded in paraffin, and cut in 4 m sections. Slides were rehydrated, and antigen 

retrieval was performed by incubating slides in 0.018 M citric acid and 8.2 M sodium citrate 

dihydrate, pH 6.0, for 20 min at 120°C.  Slides were then incubated in 0.2% fish skin gelatin (FSG) 

(Sigma-Aldrich, St. Louis, MO) in phosphate-buffered saline (PBS). Sections were blocked for a 

minimum of 30 min with blocking solution consisting of 2% donkey serum (Sigma), 1% bovine 

serum albumin (Sigma), 0.05% FSG, 0.1% Triton X-100 (Sigma), and 0.05% Tween 20 (Bio-Rad) 

in PBS.  Slides were incubated in primary antibodies at 4°C overnight. For the detection of virus-

infected cells, a 500-fold dilution of goat polyclonal anti-gp70 was used (10). Primary antibodies 

were detected using Alexa Fluor 594-conjugated donkey anti-rabbit IgG, Alexa-Fluor488-

conjugated goat anti-mouse IgG, Alexa Fluor 488-conjugated chicken anti-goat IgG, biotin-labeled 

goat anti-rabbit IgG, and Alexa Fluor 594 conjugated to streptavidin (Invitrogen). All sections were 

counterstained with 100 ng/ml DAPI (4,6-diamidino-2-phenylindole; Molecular Probes) for 20 min. 

Slides were mounted with ProLong Gold antifade reagent (Molecular Probes). Additional slides 

were incubated with individual primary antibodies or no primary antibodies prior to incubation with 

secondary antibodies to confirm the lack of nonspecific staining or cross-reactivity. Slides from not 

infected mice were used as a negative control. Digital images were captured using NIS Elements 

software (Nikon) and compiled using Canvas XI software (ACD Systems). For counting positive 

cells in each field, images were captured, using NIS Elements software, of the appropriate regions 

of tissue in a blind fashion. The number of positive cells per image per 200field of view was 

recorded. Multiple images from at least three mice per group were used for analysis. 

 

2.8. Immunocytochemistry using fluorescent secondary antibodies 

Glia cultures in 8-chamber slides (BD Biocoat) were fixed in 4% paraformaldehyde (Electron 

Microscopy Sciences) and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) and 0.1% 

sodium citrate (Sigma- Aldrich) in 13 PBS for 30 min. Cells were then treated with 0.1M glycine 

for 30 min and incubated with blocking solution containing 2% donkey serum (Millipore), 1% BSA 

(Sigma-Aldrich), 0.1% cold fish skin gelatin (Sigma- Aldrich), 0.1% Triton X-100, 0.05% Tween 

20 (Sigma- Aldrich) in PBS for 30 min. Cells were incubated with primary antibodies for 30 min at 
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room temperature. Cells were then incubated with goat anti-mouse Alexa Fluor 488 (Invitrogen) or 

goat anti-rabbit Alexa Fluor 555 (Invitrogen) for 30 min at room temperature. Finally, slides were 

mounted in Fluorogel II with DAPI (Electron Microscopy Sciences). All images were taken using a 

Nikon Eclipse 55i fluorescent microscope. 
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3. Results 

3.1. Comparison of gene profile between microglia and astrocytes following 

TLR7-induced activation 

To directly compare how TLR7 activation altered the gene expression profile in astrocytes and 

microglia, we used primary cultures of both cells types generated from neonatal mice.  Purity of 

cultures was greater than 99% as determined by flow cytometry. A time point of 6 hr post 

stimulation was chosen as this time point correlates with high cytokine mRNA production. Analysis 

of microarray data indicated a total of 260 genes that were upregulated by TLR7 ligand stimulation 

in either microglia or astrocytes, and 124 genes that were down regulated. Most of these genes were 

up or down regulated only in microglia (Tables 1, Sup. Table 1), while a much smaller subset was 

found regulated in both cell types (Table 2). Only 9 genes were upregulated only in astrocytes 

(Table 3). This indicates that microglia generate a more robust gene response to TLR7 stimulation 

compared to astrocytes, both in the number of genes whose mRNA expression is induced as well as 

the overall level or mRNA upregulation. 
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Table 1. Top 40 genes upregulated or down-regulated in microglia only. 
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Gene Symbol Gene Description Astrocyte Microglia

Marco macrophage receptor with collagenous structure 1,32 17,20

Ccl5 chemokine (C-C motif) ligand 5 1,01 14,66

Il1f9 interleukin 1 family, member 9 1,17 14,56

Saa3 serum amyloid A 3 1,10 13,03

Nos2 nitric oxide synthase 2, inducible 1,61 11,22

Gbp2 guanylate binding protein 2 1,86 10,00

Ptges prostaglandin E synthase 1,39 9,32

H2-M2 histocompatibility 2, M region locus 2 1,26 9,05

Traf1 TNF receptor-associated factor 1 1,88 9,02

EG622976 predicted gene, EG622976 1,66 7,94

Serpinb2 serine (or cysteine) peptidase inhibitor, clade B, member 2 1,27 7,59

Cd38 CD38 antigen 1,41 7,23

Ccrl2 chemokine (C-C motif) receptor-like 2 1,64 5,60

Jak2 Janus kinase 2 1,74 5,48

Lox lysyl oxidase 1,57 5,42

Gbp3 guanylate binding protein 3 1,40 5,12

Cfb complement factor B -1,01 5,04

Niacr1 niacin receptor 1 1,34 4,98

Il13ra2 interleukin 13 receptor, alpha 2 1,10 4,94

Rsad2 radical S-adenosyl methionine domain containing 2 1,58 4,92

Cd40 CD40 antigen 1,27 4,80

Gadd45b growth arrest and DNA-damage-inducible 45 beta 1,24 4,77

Met met proto-oncogene 1,04 4,71

Rab11fip1 RAB11 family interacting protein 1 (class I) 1,13 4,68

C3 complement component 3 1,15 4,20

Cd274 CD274 antigen 1,77 4,19

Il10 interleukin 10 1,14 4,09

Fabp3 fatty acid binding protein 3, muscle and heart 1,13 4,03

Mmp14 matrix metallopeptidase 14 (membrane-inserted) 1,13 3,98

Nlrp3 NLR family, pyrin domain containing 3 1,86 3,95

Hp haptoglobin 1,31 3,94

Fabp3 fatty acid binding protein 3, muscle and heart 1,16 3,93

Edn1 endothelin 1 1,20 3,86

Ifit1 interferon-induced protein with tetratricopeptide repeats 1 1,31 3,77

Ccl22 chemokine (C-C motif) ligand 22 1,23 3,76

Hck hemopoietic cell kinase 1,41 3,75

Il18 interleukin 18 1,25 3,67

D16Ertd472e DNA segment, Chr 16, ERATO Doi 472, expressed 1,23 3,65

Ak3l1 adenylate kinase 3-like 1 1,16 3,64

Lztfl1 leucine zipper transcription factor-like 1 1,12 3,60

Zfp558 zinc finger protein 558 -1,04 3,58

Mpa2l macrophage activation 2 like 1,74 3,56

Socs3 suppressor of cytokine signaling 3 1,23 3,55

Zc3h12c zinc finger CCCH type containing 12C 1,73 3,54

Slc7a11 solute carrier family 7 (cationic amino acid transporter, y+ system), member 11 1,65 3,51

Slco3a1 solute carrier organic anion transporter family, member 3a1 1,18 3,49

Ifit3 interferon-induced protein with tetratricopeptide repeats 3 1,00 3,49

Ifit2 interferon-induced protein with tetratricopeptide repeats 2 1,05 3,46

Mmp13 matrix metallopeptidase 13 1,24 3,39  
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Gene Symbol Gene Description Astrocyte Microglia

Dcbld2 discoidin, CUB and LCCL domain containing 2 1,18 3,32

Dusp1 dual specificity phosphatase 1 -1,03 3,31

Ifi202b interferon activated gene 202B 1,13 3,30

Pfkfb3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 1,06 3,27

Pstpip2 proline-serine-threonine phosphatase-interacting protein 2 1,47 3,16

Pde4b phosphodiesterase 4B, cAMP specific 1,52 3,13

AA467197 expressed sequence AA467197 1,52 3,10

Gpd2 glycerol phosphate dehydrogenase 2, mitochondrial -1,04 3,07

Gm129 gene model 129, (NCBI) -1,12 3,07

Phlda1 pleckstrin homology-like domain, family A, member 1 1,46 3,07

Cd300e CD300e antigen 1,10 3,05

Upp1 uridine phosphorylase 1 1,20 3,03

Mx2 myxovirus (influenza virus) resistance 2 1,07 3,02

Ebi3 Epstein-Barr virus induced gene 3 1,30 2,99

Mmp9 matrix metallopeptidase 9 1,43 2,98

Pilrb1 paired immunoglobin-like type 2 receptor beta 1 1,20 2,95

Abcc5 ATP-binding cassette, sub-family C (CFTR/MRP), member 5 1,13 2,95

Egln3 EGL nine homolog 3 (C. elegans) 1,05 2,90

Slc6a12 solute carrier family 6 (neurotransmitter transporter, betaine/GABA), member 12 1,07 2,90

Isg15 ISG15 ubiquitin-like modifier 1,07 2,88

Mmp3 matrix metallopeptidase 3 1,14 2,88

Zc3h12c zinc finger CCCH type containing 12C 1,43 2,87

Adm adrenomedullin 1,17 2,86

Dusp16 dual specificity phosphatase 16 1,20 2,86

Ptx3 pentraxin related gene 1,19 2,82

Lif leukemia inhibitory factor 1,36 2,81

Lztfl1 leucine zipper transcription factor-like 1 1,20 2,78

Ptafr platelet-activating factor receptor -1,04 2,77

Tet2 tet oncogene family member 2 1,02 2,75

Rilpl2 Rab interacting lysosomal protein-like 2 1,31 2,75

Bnip3 BCL2/adenovirus E1B interacting protein 3 1,14 2,74

Adora2b adenosine A2b receptor 1,25 2,73

Rapgef2 Rap guanine nucleotide exchange factor (GEF) 2 1,02 2,68

Inhba inhibin beta-A 1,15 2,67

Thbs1 thrombospondin 1 -1,06 2,67

Fam102b family with sequence similarity 102, member B -1,06 2,66

Slfn8 schlafen 8 1,27 2,66

Robo2 roundabout homolog 2 (Drosophila) 1,01 2,65

Lix1 limb expression 1 homolog (chicken) 1,01 2,63

F10 coagulation factor X 1,02 2,58

Epha4 Eph receptor A4 -1,07 2,53

Has1 hyaluronan synthase1 -1,01 2,52

Ift57 intraflagellar transport 57 homolog (Chlamydomonas) 1,06 2,51

Csf3 colony stimulating factor 3 (granulocyte) 1,08 2,50

Il1rn interleukin 1 receptor antagonist 1,16 2,49

Peg10 paternally expressed 10 -1,17 2,49

Ak3l1 adenylate kinase 3-like 1 1,03 2,47

Acp5 acid phosphatase 5, tartrate resistant 1,11 2,45

Socs3 suppressor of cytokine signaling 3 1,08 2,41

Olr1 oxidized low density lipoprotein (lectin-like) receptor 1 1,17 2,41  
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Gene Symbol Gene Description Astrocyte Microglia

Nampt nicotinamide phosphoribosyltransferase 1,06 2,40

Bnip3 BCL2/adenovirus E1B interacting protein 3 1,08 2,39

Mx1 myxovirus (influenza virus) resistance 1 1,10 2,39

Flnb filamin, beta -1,01 2,38

Ext1 exostoses (multiple) 1 1,14 2,37

Cav1 caveolin 1, caveolae protein -1,08 2,37

Prelid2 PRELI domain containing 2 1,12 2,34

Ifi204 interferon activated gene 204 1,15 2,34

Apbb3 amyloid beta (A4) precursor protein-binding, family B, member 3 1,01 2,34

Cdc42ep2 CDC42 effector protein (Rho GTPase binding) 2 1,00 2,33

Gyk glycerol kinase 1,11 2,31

Gys1 glycogen synthase 1, muscle 1,08 2,28

Agtrap angiotensin II, type I receptor-associated protein 1,06 2,27

Ppap2a phosphatidic acid phosphatase type 2A 1,06 2,25

Ass1 argininosuccinate synthetase 1 1,10 2,24

Vcan versican 1,05 2,23

Procr protein C receptor, endothelial 1,07 2,22

Ube2e2 ubiquitin-conjugating enzyme E2E 2 (UBC4/5 homolog, yeast) -1,03 2,18

Treml4 triggering receptor expressed on myeloid cells-like 4 1,01 2,10

Tmem2 transmembrane protein 2 1,00 2,07

Eif2c3 eukaryotic translation initiation factor 2C, 3 1,01 2,05

Camp cathelicidin antimicrobial peptide 1,02 2,04

Nav2 neuron navigator 2 -1,01 -2,01

Nt5e 5' nucleotidase, ecto 1,02 -2,05

Tec tec protein tyrosine kinase -1,03 -2,08

Etv5 ets variant gene 5 -1,04 -2,09

Cenph centromere protein H -1,01 -2,09

Slc36a1 solute carrier family 36 (proton/amino acid symporter), member 1 -1,01 -2,09

Dkc1 dyskeratosis congenita 1, dyskerin homolog (human) 1,00 -2,10

Uhrf1 ubiquitin-like, containing PHD and RING finger domains, 1 -1,02 -2,12

Dnajc9 DnaJ (Hsp40) homolog, subfamily C, member 9 1,01 -2,12

Lrrc33 leucine rich repeat containing 33 -1,05 -2,16

Mcm3 minichromosome maintenance deficient 3 (S. cerevisiae) 1,08 -2,17

Epas1 endothelial PAS domain protein 1 -1,06 -2,17

EG574403 predicted gene, EG574403 -1,05 -2,17

Arhgef7 Rho guanine nucleotide exchange factor (GEF7) -1,06 -2,19

Enc1 ectodermal-neural cortex 1 -1,09 -2,20

Kctd12b potassium channel tetramerisation domain containing 12b -1,04 -2,21

Tmem173 transmembrane protein 173 1,03 -2,23

Rbl1 retinoblastoma-like 1 (p107) -1,10 -2,23

Lrp12 low density lipoprotein-related protein 12 -1,09 -2,24

Rmi1 RMI1, RecQ mediated genome instability 1, homolog (S. cerevisiae) -1,10 -2,26

Cugbp2 CUG triplet repeat, RNA binding protein 2 -1,13 -2,27

Tnfrsf23 tumor necrosis factor receptor superfamily, member 23 1,00 -2,27

Chek1 checkpoint kinase 1 homolog (S. pombe) -1,04 -2,28

Cdca7l cell division cycle associated 7 like 1,04 -2,28

Hyal1 hyaluronoglucosaminidase 1 -1,04 -2,33

Xylt1 xylosyltransferase 1 -1,07 -2,34

Prim1 DNA primase, p49 subunit -1,09 -2,34

Cenpk centromere protein K -1,11 -2,35  
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Gene Symbol Gene Description Astrocyte Microglia

Wdhd1 WD repeat and HMG-box DNA binding protein 1 -1,05 -2,39

Apobec1 apolipoprotein B mRNA editing enzyme, catalytic polypeptide 1 -1,14 -2,42

Arhgap18 Rho GTPase activating protein 18 -1,13 -2,42

Msh2 mutS homolog 2 (E. coli) 1,01 -2,48

Atp6v0a1 ATPase, H+ transporting, lysosomal V0 subunit A1 -1,05 -2,56

Fat3 FAT tumor suppressor homolog 3 (Drosophila) 1,04 -2,57

Fat3 FAT tumor suppressor homolog 3 (Drosophila) -1,20 -2,57

Gins1 GINS complex subunit 1 (Psf1 homolog) -1,09 -2,60

Cd180 CD180 antigen -1,06 -2,60

Mcm4 minichromosome maintenance deficient 4 homolog (S. cerevisiae) -1,06 -2,64

Fat3 FAT tumor suppressor homolog 3 (Drosophila) -1,10 -2,64

Mtss1 metastasis suppressor 1 -1,23 -2,65

Tcf7l2 transcription factor 7-like 2, T-cell specific, HMG-box -1,14 -2,67

Rcbtb2 regulator of chromosome condensation (RCC1) and BTB (POZ) domain containing protein 2 -1,17 -2,71

Zdhhc14 zinc finger, DHHC domain containing 14 -1,16 -2,72

Pola1 polymerase (DNA directed), alpha 1 1,01 -2,75

Vps13c vacuolar protein sorting 13C (yeast) -1,23 -2,80

Ptgs1 prostaglandin-endoperoxide synthase 1 -1,14 -2,81

Adrb2 adrenergic receptor, beta 2 -1,04 -2,82

Pdgfc platelet-derived growth factor, C polypeptide -1,28 -2,85

Fgd4 FYVE, RhoGEF and PH domain containing 4 -1,07 -2,86

Arap2 ArfGAP with RhoGAP domain, ankyrin repeat and PH domain 2 1,03 -2,92

Mfsd6 major facilitator superfamily domain containing 6 -1,10 -2,95

Hells helicase, lymphoid specific -1,03 -2,96

Fat3 FAT tumor suppressor homolog 3 (Drosophila) -1,18 -3,07

Itga8 integrin alpha 8 -1,02 -3,13

Gmnn geminin -1,20 -3,20

Sesn1 sestrin 1 -1,10 -3,22

Ivns1abp influenza virus NS1A binding protein -1,03 -3,39

Slc37a2 solute carrier family 37 (glycerol-3-phosphate transporter), member 2 -1,23 -3,44

Abcd2 ATP-binding cassette, sub-family D (ALD), member 2 -1,28 -3,67

Ccnd1 cyclin D1 -1,04 -3,84

Mcm6 minichromosome maintenance deficient 6 (MIS5 homolog, S. pombe) (S. cerevisiae) -1,06 -3,85

Plau plasminogen activator, urokinase -1,50 -4,12

Tmem154 transmembrane protein 154 -1,38 -7,64

Rgs2 regulator of G-protein signaling 2 -1,93 -8,90  

 

Sup. Table 1: Genes upregulated or down-regulated in microglia only. 
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Gene Symbol Gene Description Microglia Astrocyte

Il6 interleukin 6 52,46 4,36

Il1a interleukin 1 alpha 26,11 12,58

Il1b interleukin 1 beta 29,52 5,26

Cd69 CD69 antigen 22,14 10,43

Il12b interleukin 12b 22,57 3,65

AW112010 expressed sequence AW112010 20,74 2,49

Cxcl3 chemokine (C-X-C motif) ligand 3 18,97 3,00

Ptgs2 prostaglandin-endoperoxide synthase 2 19,11 2,43

Irg1 immunoresponsive gene 1 15,91 5,21

Cxcl2 chemokine (C-X-C motif) ligand 2 10,86 9,59

Acpp acid phosphatase, prostate 16,60 2,30

Zfp811 zinc finger protein 811 11,46 4,70

Fpr1 formyl peptide receptor 1 9,44 6,10

Gbp5 guanylate binding protein 5 10,54 4,20

Ccl3 chemokine (C-C motif) ligand 3 4,25 9,42

Tnf tumor necrosis factor 5,56 4,44

Clec4a1 C-type lectin domain family 4, member a1 7,38 2,40

Cxcl10 chemokine (C-X-C motif) ligand 10 4,63 4,83

Cxcl1 chemokine (C-X-C motif) ligand 1 7,16 2,27

Clec4e C-type lectin domain family 4, member e 3,54 5,25

Slamf7 SLAM family member 7 5,45 3,06

Tnfrsf1b tumor necrosis factor receptor superfamily, member 1b 5,50 2,99

Irak3 interleukin-1 receptor-associated kinase 3 5,30 3,04

Tlr1 toll-like receptor 1 5,24 3,07

Malt1 mucosa associated lymphoid tissue lymphoma translocation gene 1 5,45 2,65

Sla src-like adaptor 5,27 2,41

Gpr84 G protein-coupled receptor 84 4,36 3,11

Dgkh diacylglycerol kinase, eta 4,92 2,23

Nfkbiz nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, zeta 4,53 2,43

Siglece sialic acid binding Ig-like lectin E 4,28 2,38

Batf basic leucine zipper transcription factor, ATF-like 3,66 2,72

Tnfaip2 tumor necrosis factor, alpha-induced protein 2 2,95 3,35

Ppfibp2 protein tyrosine phosphatase, receptor-type, F interacting protein, binding protein 2 4,17 2,09

Acsl1 acyl-CoA synthetase long-chain family member 1 3,87 2,37

Casp4 caspase 4, apoptosis-related cysteine peptidase 3,74 2,23

Birc3 baculoviral IAP repeat-containing 3 3,48 2,18

Ccl4 chemokine (C-C motif) ligand 4 3,08 2,26

AI504432 expressed sequence AI504432 2,61 2,50

Tlr2 toll-like receptor 2 2,18 2,89

Nfkbia nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha 2,72 2,23

Gch1 GTP cyclohydrolase 1 2,65 2,07

Pik3ap1 phosphoinositide-3-kinase adaptor protein 1 2,59 2,09

Ms4a6c membrane-spanning 4-domains, subfamily A, member 6C 2,04 2,52

Pilra paired immunoglobin-like type 2 receptor alpha 2,23 2,01

Havcr2 hepatitis A virus cellular receptor 2 -2,41 -2,07

Cx3cr1 chemokine (C-X3-C) receptor 1 -3,93 -2,02

Hpgd hydroxyprostaglandin dehydrogenase 15 (NAD) -3,40 -2,69

Gcnt1 glucosaminyl (N-acetyl) transferase 1, core 2 -7,19 -2,61

Rasgrp3 RAS, guanyl releasing protein 3 -8,58 -3,01  

 

Tab 2: Genes induced in both microglia and astrocytes. 
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Gene Symbol Gene Description Microglia Astrocyte

Ccl2 chemokine (C-C motif) ligand 2 1,20 4,55

Stap1 signal transducing adaptor family member 1 1,56 3,06

Rapgef5 Rap guanine nucleotide exchange factor (GEF) 5 1,13 2,51

BC023105 cDNA sequence BC023105  // cDNA sequence BC023105 1,14 2,22

Clec12a C-type lectin domain family 12, member a 1,53 2,17

Ccl7 chemokine (C-C motif) ligand 7 1,29 2,14

Elovl7 ELOVL family member 7, elongation of long chain fatty acids (yeast) 1,49 2,13

Cxcl11 chemokine (C-X-C motif) ligand 11 1,30 2,11

Plek pleckstrin 1,50 2,08  

 

Tab 3: Genes upregulated or down-regulated in astrocytes only. 

 

3.2. Analysis of gene expression by real-time PCR analysis 

Many of the genes induced TLR7 stimulation of microglia and astrocytes have already been 

described as being produced by these cells following TLR, bacterial or viral activation. One of the 

focuses of the current microarray study was to identify new markers of microglia and astrocyte 

activation that could be used for future studies. Therefore, we selected several genes that were 

either induced only by microglia, only by astrocytes or induced by both for further analysis (Table 

4). Real-time PCR detection of gene expression was more sensitive than that observed with 

microarray when calculated as fold change relative to mock stimulated controls. Interestingly, this 

lead to fold changes being detected in both microglia and astrocyte populations. Of the eight genes 

analyzed that were detected only in stimulated microglia, seven were found induced by greater than 

two fold by TLR7 stimulation of astrocytes and only five of these were upregulated at a much 

higher level in microglia than in astrocytes (Table 4). Two of the four genes (Cxc1ll and 

BC023105) upregulated in astrocytes were also found to be upregulated in microglia, while the 

other two genes (Elovl7 and Rapgef5) remained upregulated greater than 2 fold in astrocytes only.  

Thus, real-time PCR analysis of gene expression was more sensitive in detecting gene upregulation 

than microarray analysis, particularly for astrocytes. Furthermore, the ratio of fold gene expression 

relative to mock-stimulated controls was generally higher as detected by real-time PCR analysis. 

However, the genes found upregulated by microarray analysis were also upregulated as determined 

by real-time PCR indicating that these genes may be useful to study microglia and astrocyte 

activation. 
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Table 5.  Comparison of gene expression between microarray and real-time PCR

Gene micro astro Difference micro astro Difference

   Microglia Marco 17,2 1,3 13,0 562,0       68,9         8,16

Saa3 13,0 1,1 11,8 3.075,7    186,9       16,46

Gbp2 10,0 1,9 5,4 31,7         8,2            3,88

Traf1 9,0 1,9 4,8 158,8       6,8            23,29

Ifi202b 3,3 1,1 2,9 4,2            1,8            2,35

Ifit1 3,8 1,3 2,9 5,0            5,6            0,88

Nlrp3 3,9 1,9 2,1 7,4            19,9         0,37

Zc3h12c 3,5 1,7 2,0 5,0            6,7            0,75

      Both AW112010 20,7 2,5 8,3 106,2       55,5         1,91

Ptgs2 (Cox 2) 19,1 2,4 7,9 30,6         4,4            6,95

Irg1 15,9 5,2 3,1 193,9       63,2         3,07

Gbp5 10,5 4,2 2,5 443,3       28,2         15,74

Cd69 22,1 10,4 2,1 37,7         205,0       0,18

Nfkbiz 4,5 2,4 1,9 28,2         14,2         1,98

Tnfrsf1b 5,5 3,0 1,8 4,7            10,3         0,46

Malt1 5,5 3,1 1,8 11,4         8,5            1,34

Irak3 5,3 3,0 1,7 7,1            16,0         0,44

Casp4 3,7 2,2 1,7 7,3            4,7            1,55

Birc3 3,5 2,2 1,6 4,4            6,4            0,69

Fpr1 9,4 6,1 1,5 79,2         40,2         1,97

Gpr84 4,4 3,1 1,4 21,2         14,9         1,43

Tnfaip2 2,9 3,3 0,9 2,9            13,6         0,22

 Astrocytes Elovl7 1,5 2,1 0,7 1,9            4,4            0,43

Cxcl11 1,3 2,1 0,6 61,7         20,2         3,06

BC023105 1,1 2,2 0,5 31,9         6,6            4,84

Rapgef5 1,1 2,5 0,4 0,9            3,1            0,29

microarray

imiquimod imiquimod (fold)

real time

 
 

Tab 4: Comparison of gene expression between microarray and real-time PCR. 
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Fig. 1: Comparison of TLR7 stimulation in microglia and astrocytes. Primary cortical cultures were 

generated as described in materials and methods. Glial cells were stimulated with 5 µM imiquimod. 

RNA was isolated from cells at indicated times post stimulation. RNA samples were processed for 

real-time quantitative RT-PCR analysis. Data were calculated relative to the expression of Gapdh 

mRNA and then compared as fold change relative to the average of mock infected controls. 

 

3.3. Gene expression pattern similar following stimulation of another endosomal 

receptor, TLR9 

To determine if the above genes were a common response to TLR-induced activation, we analyzed 

microglia and astrocytes stimulated with the TLR9 ligand, unmethylated CpG-ODN. TLR9 can be 

stimulated by both bacterial or DNA viral infections, both of which can infect the CNS and induce 

meningitis. TLR9-induced activation of microglia and astrocytes induced a very similar response to 

TLR7-induced activation, with the upregulation of mRNA expression for all analyzed genes except 

Ifi202b mRNA in astrocytes and Elvovl7 and Rapgef5 mRNA in microglia (Fig. 2, Table 5). 

Comparison between TLR7 vs TLR9 stimulation indicated two genes in microglia that were 
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induced at a two-fold or more greater level by TLR7 stimulation (Saa3 and Traf1) and four genes 

induced at a greater level by TLR9 stimulation (Ifit1, Nlrp3, Cd69, BC023105). TLR7 stimulation 

induced stronger responses than TLR9 stimulation in astrocytes with 12 genes induced at a two-fold 

greater level (Table 6). Thus, TLR9-induced activation of microglia and astrocytes induced a 

similar gene profile compared to TLR7-induced activation, although, the fold induction varied 

between the two stimuli. 

 
 

Tab. 5: Gene expression following TLR9 ligand stimulation. Comparison of gene expression 

between Imiquimod and CpG-ODN stimulation. 

 

Imiquimod/CpG-ODN

Gene micro astro Difference microglia astrocytes

 Microglia Marco 620,0       26,3         23,6             0,91 2,62

Saa3 692,9       45,8         15,1             4,44 4,08

Gbp2 25,5         3,8            6,7                1,24 2,13

Traf1 74,8         2,7            27,4             2,12 2,50

Ifi202b 6,1            1,2            5,0                0,69 1,48

Ifit1 20,3         2,5            8,1                0,25 2,23

Nlrp3 15,4         10,0         1,6                0,48 1,99

Zc3h12c 3,1            3,8            0,8                1,65 1,78

    Both AW112010 110,3       14,3         7,7                0,96 3,89

Ptgs2 (Cox 2) 18,8         2,2            8,7                1,62 2,03

Irg1 220,8       27,7         8,0                0,88 2,28

Gbp5 268,8       10,8         24,9             1,65 2,61

Cd69 126,1       89,9         1,4                0,30 2,28

Nfkbiz 39,6         9,0            4,4                0,71 1,58

Tnfrsf1b 3,9            5,2            0,7                1,22 1,99

Malt1 7,1            3,0            2,3                1,61 2,79

Irak3 4,9            7,2            0,7                1,42 2,22

Casp4 7,3            3,0            2,4                1,01 1,60

Birc3 5,8            4,4            1,3                0,76 1,47

Fpr1 98,5         22,0         4,5                0,80 1,83

Gpr84 27,0         8,1            3,3                0,79 1,84

Tnfaip2 5,9            8,9            0,7                0,50 1,53

 AstrocytesElovl7 1,9            2,9            0,7                0,97 1,52

Cxcl11 95,4         10,6         9,0                0,65 1,90

BC023105 78,0         3,4            23,1             0,41 1,95

Rapgef5 1,4            2,6            0,5                0,62 1,17

CpG-ODN (fold)
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Fig. 2: Analysis of mRNA expression in TLR7/9 stimulated microglia and astrocyte. Comparison 

of mRNA expression of BC023105, Cxcl11, Elovl7 and Rapgef5 by astrocytes and microglia. 

Primary cortical cultures were generated as described in materials and methods. Glial cells were 

stimulated with 5 µM imiquimod or 80 nM CpGODN 1826. RNA was isolated from cells at 6 hps. 

RNA samples were processed for real-time quantitative RT-PCR analysis. Data were calculated 

relative to the expression of Gapdh mRNA and then compared as fold change relative to the 

average of mock infected controls. 

 

3.4. Induction of gene expression by viral infection in the CNS 

The above studies indicate that the identified genes may be useful markers of microglia and 

astrocyte activation in vitro. We next determined if any of these identified genes were induced in 

the brain following virus infection. We utilized two different mouse models of virus infection; a 

retrovirus (MuLV) infection model, where the primary cells infected are microglia and 

macrophages, and a La Crosse virus (LACV) infection, where the primary infected cells are 

neurons. In both model systems, gliosis is associated with pathogenesis. Of the ten genes examined, 

six were upregulated in the CNS in at least one model of virus infection (Fig. 3 and 4). Ifi202b 

mRNA was induced at higher levels with MuLV infection, while Traf1, AW11202010, Birc3, 

Gpr84,Cxcl11 and BC023105 were at higher levels in LACV infected mice. Interestingly, the two 

genes whose mRNAs were only upregulated in astrocytes, Elovl7 and Rapgef5, were not elevated in 

brain tissue following either virus infection. The increased gene expression of multiple mRNAs 

following LACV infection may be due the stronger neuroinflammatory response and greater 

inflammatory infiltrated observed in brain tissue from LACV-infected mice compared to MuLV-

infected mice. However, there was no clear association with any gene and the induction of 

activation of astrocytes and microglia, which is observed in both virus models. 
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Fig. 3: Analysis of mRNA expression in LACV-infected mice.  Brain tissues from mock- and 

LACV-infected mice were removed at the time points indicated, divided into two sagittal sections 

and snap frozen in liquid nitrogen and processed for RNA. Real-time quantitative RT-PCR analysis 

was performed using primers specific for Rapgef5, Elovl7, Cxcl11, BC023105, Ifi202B, Birc3, 

Traf1, Malt1, Gpr84, AW112010 and Gapdh. Data were calculated as gene expression relative to 

Gapdh expression (% of Gapdh expression) for each sample.  
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Fig. 4: Analysis of mRNA expression in BE-infected mice.  Brain tissues from mock- and BE-

infected mice were removed at the time of apparent clinical disease (tremors, ataxia, seizures), 

divided into two sagittal sections and snap frozen in liquid nitrogen and processed for RNA. Real-

time quantitative RT-PCR analysis was performed using primers specific for Rapgef5, Elovl7, 

Cxcl11, BC023105, Ifi202B, Birc3, Traf1, Malt1, Gpr84, AW112010 and Gapdh. Data were 

calculated as gene expression relative to Gapdh expression (% of Gapdh expression) for each 

sample. 
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4. Discussion 

In the current study, we identified patterns of gene expression specific to astrocytes and microglia in 

the CNS following infection and/or inflammation. Astrocytes and microglia were purified from 

neonatal mice (1-2 day old) and these primary cultures were stimulated with TLR7 agonist, 

imiquimod. Gene expression was analyzed by microarray followed by quantitative PCR. The 

expression of genes involved in TLR7 signalling and production of proinflammatory cytokines and 

chemokines by astrocytes and microglia were compared. Quantitative comparison of astrocyte and 

microglia gene expression allowed for identification of all genes that are differentially 

overexpressed in each cell type. Based on microarray results we identified genes that were 

differentially up- and down-regulated in microglia only, in astrocytes only and in both cell type 

(Tab 5). 

One of the focuses of the current microarray study was to identify new markers of microglia and 

astrocyte activation that could be used for future studies. Therefore, we selected several genes and 

analyzed their expression by real-time PCR. For selection, we chose several genes from each 

category (microglia only, astrocyte only or both cells) including those with high expression as well 

as some of the genes that were on the lower spectrum of upregulation. We excluded the analysis of 

genes that were previously well characterized for their expression by microglia or astrocytes (e.g., 

Ccl5 and Nos2 for microglia as well as Ccl2 for astrocytes). 

Real-time PCR detection of gene expression was more sensitive than that observed with microarray 

when calculated as fold change relative to mock stimulated controls. This is most likely due to the 

amplification component of real-time PCR compared to the direct hybridization used for 

microarray. Genes expressed at very low levels may be at the lower limits of detection by 

hybridization, even after cellular activation. In contrast, the amplification cycles in real-time PCR 

allows the detection of genes that are expressed at very low levels. This may explain the detection 

of fold-increases of genes by real-time PCR, when these genes were not detected in that cell 

population by microarray analysis. Quantitative real-time PCR is the ideal tool for analyzing the 

expression of a focused panel of genes. Its high degree of reproducibility makes real-time RT-PCR 

the preferred choice for the simultaneous quantification of both rare and abundant genes in the same 

sample. For some differentially expressed genes, the PCR-array confirmed the microarray 

prediction, though not for all. Real-time PCR has often been used as a validation of microarray 

studies. However, there are variables between real-time PCR and microarray analysis, besides the 

amplification step, that could lead to disparate results. For example, the probes used in microarray 

and the primers used for real-time PCR can vary in their affinity for the gene of interest. This could 

produce differences in the level of amplification observed in these samples.  
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Variability in both biological and technical procedures can have a great impact on both microarray 

and real-time PCR results, the quality of RNA is essential to accurate results, as gene expression 

can be affected by carry-over of contaminating factors which can affect the reverse transcriptase 

used in both real-time PCR and RNA amplification procedures for microarray labelling.  

Gene expression data obtained from microarrays result were all of low intensity, overall, real-time 

PCR confirmed microarray results in the majority of genes analyzed. The relative change in 

expression for several genes as determined by microarray and real-time PCR are presented in Table 

5. Of the eight genes analyzed that were detected only in stimulated microglia, seven were found 

induced by greater than two fold by TLR7 stimulation of astrocytes and only five of these were 

upregulated at a much higher level in microglia than in astrocytes. This indicates that microglia 

generate a more robust gene response to TLR7 stimulation, in the overall level of mRNA 

upregulation, compared to astrocytes. One explanation for the differences in the responses to 

microglia and astrocytes following TLR7 activation could be microglia are activated earlier than 

astrocytes and subsequently activated microglia promote astrocytes activation with up-regulation of 

different genes. 

The current study analyzed different time point, at 3, 6, 12, 24, and 48h post stimulation, and found 

that there are fluctuations in genes expression at earlier and later time points. The ratio of fold gene 

expression relative to mock-stimulated controls was higher also at different time point with up-

regulation of subset of genes that peaks between 6-12 hours post-infection in microglia (Fig. 1). 

Low level induction of genes by TLR7 stimulation of astrocytes was observed. It is possible that the 

expressions of this genes begin early, immediately upon stimulation and indicates that microglia 

generate a more robust gene response to TLR7 stimulation, in the overall level of mRNA 

upregulation, compared to astrocytes. 

The gene expression of TLR7 activated astrocytes and microglia was also compared to cells 

stimulated with the TLR9 agonist, CpG-ODN 1826. Interestingly, the gene profile produced by 

agonist stimulation was similar between the type of TLR stimulation. A subset of genes were 

differentially regulated between TLR7 and TLR9 stimulation in microglia, including increased 

expression of Ifit1, Nlpr, Cd69, Tnfaip2 and BCO23105. The reasons for these differences are not 

clear, but it is possible that TLR9 stimulation results in distinct induction of different levels of 

transcription factors than TLR7 stimulation, resulting in some distinctions in gene expression. 

Upon TLR7/9 stimulation, we found that two of the four genes (Cxc1ll and BC023105) upregulated 

in astrocytes were also found to be upregulated in microglia, while the other two genes (Elovl7 and 

Rapgef5) remained upregulated greater than 2 fold in astrocytes only (Fig. 2). Thus, Elovl7 and 

Rapgef5 appear not to be induced by microglia and may be reliable markers to look at specific 
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astrocyte activation. In contrast, Cxcl11 and BC023105 are induced by activation in both cell types, 

but are most likely expressed at higher levels overall in astrocytes compared to microglia. 

Of the genes analysed for astrocytes, Cxcl11 generated the strongest upregulation as detected by 

real-time PCR (Table 4). Cxcl11, chemokine (C-X-C motif) ligand 11, also known as I-TAC 

(interferon-inducible T cell alpha chemoattractant)  was originally identified in IFN-β-treated 

astrocytes 
(118-120)

, which correlates with the high detectability in our cultures. However, 

immunohistochemistry analysis of brain tissues from virus infected mice showed only limited 

expression of Cxcl11 by astrocytes and high levels of expression by brain capillary endothelia cells 

(data  not shown). Thus, endothelia and astrocytes may both be important sources of Cxcl11 during 

virus infection in the brain, similar to the expression of CCL2 by both astrocytes and endothelia 

(data not shown). Cxcl11 is an important cytokine for the recruitment of T cells to the CNS. The 

production of Cxcl11 by both astrocytes and endothelia in the CNS may allow for greater control of 

T cell recruitment to the CNS. 

Only two genes (Elovl7 and Rapgef5) remained upregulated greater than 2 fold in astrocytes only. 

Elongation of very-long-chain fatty acids (Elovl7) is a member of the gene family that catalyze the 

elongation reaction of very-long-chain fatty acids (VLCFAs) 
(121)

. The ELOVLs catalyze the first, 

rate-limiting step of the VLCFA elongation cycle: condensation between the fatty acyl-CoA and 

malonyl-CoA to yield β-ketoacyl-CoA
(122, 123)

. It has been shown that VLCFAs, docosanoic (C22:0, 

behenic acid)-, tetracosanoic (C24:0, lignoceric acid) and hexacosanoic acids (C26:0,cerotinic acid), 

exert a strong cytotoxic activity in oligodendrocytes and astrocytes derived from rat brain. VLCFAs 

also cause cell death of the myelin-producing oligodendrocytes and astrocytes 
(124)

. Increased Elovl7 

could lead to VLCFA accumulation, which results in demyelination and oxidative damage. Thus, 

the upregulation of Elovl7 by TLR stimulation of astrocytes could be a contributing factor to 

damage associated with astrogliosis and neurological damage. 

Ras-related GTP-binding proteins are molecular switch proteins which cycle between an inactive 

GDP-bound state and an active GTP-bound state. Activation is achieved by the exchange of tightly 

bound GDP for GTP. This reaction is very slow and is activated by guanine-nucleotide exchange 

factors (GEFs) or Rapgef5 
(125)

. Rapgef5 mediates the activation of Rap1 which is a member of the 

Ras GTPase family and is converted from inactive GDP-bound states to active GTP-bound 
(126, 127)

. 

Although we were able to detect Rapgef5 by real-time PCR in astrocyte cultures, we were unable to 

detect increased Rapgef5 in brain tissue from virus-infected mice. It is possible that Rapgef5 is 

more tightly controlled in vivo than it is in vitro.  Alternatively, Rapgef5 may be expressed by 

several cell types and therefore, increased expression of Rapgef5 in astrocytes may be masked by 

unchanged expression in other cell types. 
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Interestingly, Elovl7 and Rapgef5 were among the genes identified as being highly expressed in 

freshly-purified glia, but subsequent work revealed very few Elovl7 and Rapgef5 -expressing cells 

in the mouse models of virus infection. This could be due to many different reasons since the RNA 

analysed for virus infection was measured from whole brain samples which contain several other 

cell types besides astroglia. Furthermore, expression levels in vivo may differ from that in vitro.  

However, we can conclude from these data that neither Elovl7 or Rapgef5 are strong candidates for 

use as activation markers in astrocytes. 

Of the ten genes examined, six were upregulated in the CNS in at least one model of virus infection. 

Ifi202b mRNA was induced at higher levels with MuLV infection (Fig. 4), although this increase 

was not statistically significant, while Traf1, AW11202010, Birc3, Gpr84, Cxcl11 and BC023105 

were at higher levels in LACV infected mice (Fig 3). Increased  levels mRNA of Cxcl11, 

BC023105, Traf1, Birc3 and Gpr84 were first observed after 3 days post infection and remained 

high throughout the onset of neurological disease. The upregulation of these genes are indicative of 

the neuroinflammatory process associated with LACV infection, suggesting that these genes may be 

useful for the study of LACV-induced neurological disease.  

The increased gene expression of multiple mRNAs following LACV infection may be due the 

stronger neuroinflammatory response and greater inflammatory infiltrated observed in brain tissue 

from LACV-infected mice compared to MuLV-infected mice. However, there was no clear 

association with any gene and the induction of activation of astrocytes and microglia, which is 

observed in both virus models. 

Brain tissue from BE- and LACV-infected mice was analyzed for expression of some genes by 

immunohistochemistry. Tissue sections were analyzed for Gpr84, Malt1, Marco, Rapgef5, Cxcl11 

and Elovl7, but not positive cells were found (Data not shown). Interestingly, immunocytochemistry 

revealed expressions of these genes between 24 and 48 hours post stimulations with 5 µM 

imiquimod or 80 nM CpG-ODN 1826 (Data not shown) as detected by real-time PCR analysis. It is 

probable that inflammatory gene expression induced by TLR depends on an interplay between 

microglia and astrocytes, indeed astroglial-microglial cross talk is extremely important in glial cell 

activation. 

Under our experimental conditions, we demonstrated that microglia generate a much stronger 

response to TLR7 activation than astrocytes, with the upregulation and downregulation of 

substantially more genes in microglia than that observed in astrocytes. Subsequently, we identified 

genes that were uniquely upregulated by each cell type and examined these genes for upregulation 

by other factors including virus infection. These data provide a useful starting point to elucidate the 
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activation of astrocytes and microglia that will be useful in characterizing the cellular responses of 

these genes during infection or insult of the CNS, especially where TLR activation plays a role. 

 



 38 

5. References 

1) O’Callaghan, J. P., Sriram, K., and Miller, D. B. (2008) Defining “Neuroinflammation”. 

Lessons from MPTP-and Methamphetamine-Induced Neurotoxicity. Ann. N.Y. Acad. Sci. 

1139, 318-330. 

2) Griffin, D. E. (2003) Immune responses to RNA-virus infections of the CNS. Nat. Rev. 

Immunol. 3, 493–502. 

3) Dickson, D. W., Lee, S. C., Mattiace, L. A., Yen, S. H., Brosnan, C. (1993) Microglia and 

cytokines in neurological disease, with special reference to AIDS and Alzheimer’s disease. 

Glia. 7, 75–83. 

4) Nau, R., and Bruck, W. (2002) Neuronal injury in bacterial meningitis: mechanisms and 

implications for therapy. Trends Neurosci. 25, 38–45. 

5) Hunt, N. H., Golenser, J., Chan-Ling, T., Parekh, S., Rae, C., Potter, S., Medana, I. M., Miu, 

J., and Ball, H. J. (2006) Immunopathogenesis of cerebral malaria. Int. J. Parasitol. 36, 569–

582. 

6) Detje, C. N., Meyer, T., Schmidt, H., Kreuz, D., Rose, J. K., Bechmann, I., Prinz, M., and 

Kalinke, U. (2009) Local type I IFN receptor signaling protects against virus spread within 

the central nervous system. J. Immunol. 182, 2297–2304. 

7) Brien, J. D., Uhrlaub, J. L., Hirsch, A., Wiley, C. A., and Nikolich-Zugich, J. (2009) Key 

role of T cell defects in age-related vulnerability to West Nile virus. J. Exp. Med. 206, 

2735–2745. 

8) Clay, C. C., Rodrigues, D. S., Ho, Y. S., Fallert, B. A., Janatpour, K., Reinhart, T. A., and 

Esser, U. (2007) Neuroinvasion of fluorescein-positive monocytes in acute simian 

immunodeficiency virus infection. J. Virol. 81, 12040–12048).  

9) Barker, C. F., Billingham, R. E. (1977) Immunologically privileged sites. Adv. Immunol. 

25, 1–54. 

10) Carson, M. J., Doose, J. M., Melchior, B., Schmid, C. D., Ploix, C. C. (2006) CNS immune 

privilege: hiding in plain sight. Immunol Rev. 213, 48–65. 

11) Saunders, N. R., Knott, G. W., Dziegielewska, K. M. (2000) Barriers in the immature brain. 

Cell. Mol. Neurobiol. 20, 29–40. 

12) Rio Hortega, D.P. (1921) Histogenesis y evolucion normal; exodo y distribucion regional de 

la microglia. Memor. Real. Soc. Esp. Hist. Nat. 11, 213–268. 



 39 

13) Ling, E. A., Leblond, C. P. (1973) Investigation of glial cells in semithin sections. II. 

Variation with age in the numbers of the various glial cell types in rat cortex and corpus 

callosum. J. Comp. Neurol. 149, 73-81. 

14) Tyor, W. R., Glass, J. D., GriYn, J. W., Becker, P. S., McArthur, J. C., Bezman, L., et al. 

(1992) Cytokine expression in the brain during the acquired immunodeficiency syndrome. 

Ann. Neurol. 31, 349–60. 

15) Benveniste, E. N. (1997) Role of macrophages/microglia in multiple sclerosis and 

experimental allergic encephalomyelitis. J. Mol. Med. 75, 165-73. 

16) Wesselingh, S. L., Power, C., Glass, J. D., Tyor, W. R., McArthur, J. C., Farber, J. M., 

Griffin, J. W., Griffin, D. E. (1993) Intracerebral cytokine messenger RNA expression in 

acquired immunodeficiency syndrome dementia. Ann. Neurol. 33, 576–582. 

17) Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., Mehler, M. F., 

Conway, S. J., Ng, L. G., Stanley, E. R., Samokhvalov, I. M., Merad, M. (2010) Fate 

mapping analysis reveals that adult microglia derive from primitive macrophages. Science. 

330, 841-5. 

18) Kreutzberg, G. W., (1996) Microglia: a sensor for pathological events in the CNS. Trends. 

Neurosci. 19, 312-8. 

19) Colton, C., Wilcock, D. M. (2010) Assessing activation states in microglia. CNS Neurol. 

Disord. Drug Targets. 9, 174-91. 

20) Bohatschek, M., Kloss, C. U. A., Kalla, R., and Raivich, G. (2001) In vitro model of 

microglial deramificat ion: Ramified microglia transform into amoeboid phagocytes 

following addition of brain cell membranes to microglia astrocyte cocultures. J. Neurosci. 

Res. 64, 508-522. 

21) Ransohoff, R. M., Perry, V. H. (2009) Microglial physiology: unique stimuli, specialized 

responses. Annu. Rev. Immunol. 27, 119–145. 

22) Moss, D. W, Bates TE(2001) Activation of murine microglial cell lines by 

lipopolysaccharide and interferon-gamma causes NO-mediated decreases in mitochondrial 

and cellular function. Eur. J. Neurosci. 13, 529–538. 

23) Liu, B., Gao, H. M., Wang, J. Y., Jeohn, G. H., Cooper, C. L., Hong, J. S. (2002) Role of 

nitric oxide in inflammation-mediated neurodegeneration. Ann. N. Y. Acad. Sci. 962, 318–

331.  



 40 

24) Block, M. L., Hong, J. S. (2005) Microglia and inflammation-mediated neurodegeneration: 

multiple triggers with a common mechanism. Prog. Neurobiol. 76, 77–98. 

25) McGeer, E. G., Klegeris, A., McGeer, P. L. (2005) Inflammation, the complement system 

and the diseases of aging. Neurobiol. Aging. 26(Suppl 1), 94–97.  

26) Mrak, R. E., Griffin, W. S. (2005) Glia and their cytokines in progression of 

neurodegeneration. Neurobiol. Aging. 26, 349–354.  

27) Sawada, M., Imamura, K., Nagatsu, T. (2006) Role of cytokines in inflammatory process in 

Parkinson's disease. J. Neural. Transm. Suppl. 70, 373–381. 

28) Höftberger, R., Aboul-Enein, F., Brueck, W., Lucchinetti, C., Rodriguez, M., Schmidbauer, 

M., Jellinger, K., Lassmann, H. (2004) Expression of major histocompatibility complex 

class I molecules on the different cell types in multiple sclerosis lesions. Brain Pathol. 14, 

43-50. 

29) Fischer, H. G., and Reichmann, G. (2001) Brain dendritic cells and macrophages/microglia 

in central nervous system inflammation. J. Immunol. 166, 2717–2726. 

30) O’Keefe, G. M., Nguyen, V. T., and Benveniste, E. N. (2002) Regulation and function of 

class II major histocompatibility complex, CD40, and B7 expression in macrophages and 

microglia: implications in neurological diseases. J. Neurovirol. 8, 496–512. 

31) Zehntner, S. P., Brisebois, M., Tran, E., Owens, T., and Fournier, S. (2003) Constitutive 

expression of a costimulatory ligand on antigen-presenting cells in the nervous system 

drives demyelinating disease. FASEB J. 17, 1910–1912. 

32) Tremblay, M. È., Lowery, R. L., and Majewska, A. K. (2010) Microglial interactions with 

synapses are modulated by visual experience. PLoS. Biol. 8, e1000527. 

33) Roumier, A., Béchade, C., Poncer, J. C., Smalla, K. H., Tomasello, E., Vivier, E., 

Gundelfinger, E. D., Triller, A., Bessis, A. (2004) Impaired synaptic function in the 

microglial KARAP/DAP12-deficient mouse. J. Neurosci. 24, 11421–11428. 

34) Kreutzberg, G. W. (1996) Microglia: a sensor for pathological events in the CNS. Trends. 

Neurosci. 19, 312–8. 

35) Dong, Y. and Benveniste, E.N. (2001) Immune function of astrocytes. Glia 36, 180–190.  

36) Blomstrand, F., Aberg, N. D., Eriksson, P. S., Hasson, E., Ronnback, L. (1999) Extent of 

intercellular calcium wave propagation is related to gap junction permeability and level of 



 41 

connexin-43 expression in astrocytes in primary cultures from four brain regions. 

Neuroscience. 92, 255–65. 

37) Prat, A., Biernacki, K., Wosik, K., Antel, J. P. (2001) Glial cell influence on the human 

blood–brain barrier. Glia. 36, 145–55. 

38) Ojeda, S. R., Ma, Y.J., Lee, B. J., Prevot, V. (2000) Glia-to-neuron signaling and the 

neuroendocrine control of female puberty. Recent. Prog. Horm. Res. 55, 197-223. 

39) Pfrieger, F.W. and Barres, B.A. (1997) Synaptic efficacy enhanced by glial cells. Science 

277, 1684–1687 

40) Mauch, D.H. (2001) CNS synaptogenesis promoted by gliaderived cholesterol. Science 294, 

1354–1357 

41) Na¨gler, K. (2001) Glia-derived signals induce synapse formation in neurones of the rat 

central nervous system. J. Physiol. 533, 665–679 

42) Ullian, E.M. (2001) Control of synapse number by glia. Science 291, 657–661 

43) Newman, E. A. (2003) New roles for astrocytes: regulation of synaptic transmission. Trends 

Neurosci. 26, 536-542. 

44) Rosenberg, P. A., Aizenman, E. (1989) Hundred-fold increase in neuronal vulnerability to 

glutamate toxicity in astrocyte-poor cultures of rat cerebral cortex. Neurosci. Lett. 103, 162–

8. 

45) Rosenberg, P. A. (1991) Accumulation of extracellular glutamate and neuronal death in 

astrocyte-poor cortical cultures exposed to glutamine. Glia. 4, 91–100. 

46) Akira, S., Takeda, K., and Kaisho, T. (2001) Toll-like receptors: critical proteins linking 

innate and acquired immunity. Nat. Immunol. 2, 675–680. 

47) Janeway, C. A. Jr. (1992) The immune system evolved to discriminate infectious nonself 

from noninfectious self. Immunol. 13, 11–16. 

48) Medzhitov, R., and Janeway, C. A. Jr. (1997) Innate immunity: the virtues of a nonclonal 

system of recognition. Cell. 91, 295–298. 

49) Tahara, K., Kim, H. D., Jin, J. J., Maxwell, J. A., Li, L., and Fukuchi, K. (2006) Role of toll-

like receptor signalling in Abeta uptake and clearance. Brain. 129, 3006–3019. 

50) Akira, S. et al. (2006) Pathogen recognition and innate immunity. Cell 124, 783–801. 

51) Kaisho, T., Akira, S. (2006) Toll-like receptor function and signaling. J. Allergy. Clin. 

Immunol. 117, 979-987 



 42 

52) Burzyn, D., Rassa, J. C., Kim, D., Nepomnaschy, I., Ross, S. R., Piazzon, I. (2004) Toll-like 

receptor 4-dependent activation of dendritic cells by a retrovirus. J. Virol. 78, 576-584. 

53) 53)Haynes, L. M., Moore, D. D., Kurt-Jones, E. A., Finberg, R. W., Anderson, L. J., Tripp, 

R. A. (2001) Involvement of toll-like receptor 4 in innate immunity to respiratory syncytial 

virus. J. Virol. 75, 10730-10737. 

54) Kurt-Jones, E. A., Chan, M., Zhou, S., Wang, J., Reed, G., Bronson, R., Arnold, M. M., 

Knipe, D. M., Finberg, R. W. (2004) Herpes simplex virus 1 interaction with Toll-like 

receptor 2 contributes to lethal encephalitis. Proc. Natl. Acad. Sci. U. S. A. 101, 1315-1320. 

55) Tal, G., Mandelberg, A., Dalal, I., Cesar, K., Somekh, E., Tal, A., Oron, A., Itskovich, S., 

Ballin, A., Houri, S., Beigelman, A., Lider, O., Rechavi, G., Amariglio, N. (2004) 

Association between common Toll-like receptor 4 mutations and severe respiratory 

syncytial virus disease. J. Infect. Dis. 189, 2057-2063. 

56) Triantafilou, K., Triantafilou, M. (2004) Coxsackievirus B4-induced cytokine production in 

pancreatic cells is mediated through toll-like receptor 4. J. Virol. 78, 11313-11320. 

57) Alexopoulou, L., Holt, A. C., Medzhitov, R., Flavell, R. A. (2001) Recognition of double-

stranded RNA and activation of NF-kappaB by Toll-like receptor 3. Nature 413, 732-738. 

58) Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., Sato, S., Sanjo, H., Matsumoto, M., 

Hoshino, K., Wagner, H., Takeda, K., Akira, S. A. (2000) Toll-like receptor recognizes 

bacterial DNA. Nature 408, 740-745. 

59) Diebold, S. S., Kaisho, T., Hemmi, H., Akira, S., Reis e Sousa, C. (2004) Innate antiviral 

responses by means of TLR7-mediated recognition of single-stranded RNA. Science 303, 

1529-1531. 

60) Heil, F., Hemmi, H., Hochrein, H., Ampenberger, F., Kirschning, C., Akira, S., Lipford, G., 

Wagner, H., Bauer, S. (2004) Species-specific recognition of single-stranded RNA via toll-

like receptor 7 and 8. Science 303, 1526-1529. 

61) Lee, J., Wu, C. C., Lee, K. J., Chuang, T. H., Katakura, K., Liu, Y. T., Chan, M., Tawatao, 

R., Chung, M., Shen, C., Cottam, H. B., Lai, M. M., Raz, E., Carson, D. A. (2006) 

Activation of anti-hepatitis C virus responses via Toll-like receptor 7. Proc. Natl. Acad. Sci. 

U. S. A. 103, 1828-1833. 

62) Heil, F., hmad-Nejad, P., Hemmi, H., Hochrein, H., Ampenberger, F., Gellert, T., Dietrich, 

H., Lipford, G., Takeda, K., Akira, S., Wagner, H., Bauer, S. (2003) The Toll-like receptor 7 



 43 

(TLR7)-specific stimulus loxoribine uncovers a strong relationship within the TLR7, 8 and 9 

subfamily. Eur. J. Immunol. 33, 2987-2997. 

63) Lee, J., Chuang, T. H., Redecke, V., She, L., Pitha, P. M., Carson, D. A., Raz, E., Cottam, 

H. B. (2003) Molecular basis for the immunostimulatory activity of guanine nucleoside 

analogs: activation of Toll-like receptor 7. Proc. Natl. Acad. Sci. U. S. A. 100, 6646-6651. 

64) Lee, H. K., Lund, J. M., Ramanathan, B., Mizushima, N., Iwasaki, A. (2007) Autophagy-

Dependent Viral Recognition by Plasmacytoid Dendritic Cell. Science 315, 1398-1401. 

65) Manuse, M. J., Briggs, C. M., Parks, G. D. (2010) Replication-independent activation of 

human plasmacytoid dendritic cells by the paramyxovirus SV5 Requires TLR7 and 

autophagy pathways. Virology. 405, 383-389. 

66) Panaro, M. A., Lofrumento, D. D., Saponaro, C., De Nuccio, F., Cianciulli, A., Mitolo, V., 

Nicolardi, G. (2008) Expression of TLR4 and CD14 in the central nervous system (CNS) in 

a MPTP mouse model of Parkinson’s-like disease. Immunopharmacol. Immunotoxicol. 30, 

729–740. 

67) Prinz, M., Garbe, F., Schmidt, H., Mildner, A., Gutcher, I., Wolter, K., Piesche, M., 

Schroers, R., Weiss, E., Kirschning, C. J. (2006) Innate immunity mediated by TLR9 

modulates pathogenicity in an animal model of multiple sclerosis. J. Clin. Invest. 116, 456–

464. 

68) McKimmie, C. S., Johnson, N., Fooks, A. R., Fazakerley, J. K. (2005) Viruses selectively 

upregulate Toll-like receptors in the central nervous system. Biochem. Biophys. Res. 

Commun. 336, 925–933. 

69) McKimmie, C. S., Fazakerley. J. K. (2005) In response to pathogens, glial cells dynamically 

and differentially regulate Toll-like receptor gene expression. J. Neuroimmunol. 169, 116–

125. 

70) Carpentier, P. A., Begolka, W. S., Olson, J. K., Elhofy, A., Karpus, W. J., Miller, S. D. 

(2005) Differential activation of astrocytes by innate and adaptive immune stimuli. Glia 49, 

360–374. 

71) Bowman, C. C., Rasley, A., Tranguch, S. L., Marriott, I. (2003) Cultured astrocytes express 

toll-like receptors for bacterial products. Glia 43, 281–291. 

72) Dalpke, A. H., Schafer, M. K., Frey, M., Zimmermann, S., Tebbe, J., Weihe, E., Heeg, K. 

(2002) Immunostimulatory CpG-DNA activates murine microglia. J. Immunol. 168, 4854–

4863. 



 44 

73) Gurley, C., Nichols, J., Liu, S., Phulwani, N. K., Esen, N., Kielian, T. (2008) Microglia and 

Astrocyte activation by toll-like receptor ligands: Modulation by PPAR-gamma agonists. 

PPAR Res. 10.1155/2008/453120. 

74) Mishra, B. B., Mishra, P. K., Teale, J. M. (2006) Expression and distribution of Toll-like 

receptors in the brain during murine neurocysticercosis. J. Neuroimmunol. 181, 46-56. 

75) Iliev, A. I., Stringaris, A. K., Nau, R., Neumann, H. (2004) Neuronal injury mediated via 

stimulation of microglial toll-like receptor-9 (TLR9). FASEB J. 18, 412-414. 

76) Olson, J. K., Miller, S. D. (2004) Microglia initiate central nervous system innate and 

adaptive immune responses through multiple TLRs. J Immunol. 173, 3916-3924. 

77) Zhang, Z., Trautmann, K., Schluesener, H. J. (2005) Microglia activation in rat spinal cord 

by systemic injection of TLR3 and TLR7/8 agonists. J. Neuroimmunol. 164, 154-160. 

78) Zuiderwijk-Sick, E. A., van der Putten, C., Bsibsi, M., Deuzing, I. P., de Boer, W., Persoon-

Deen, C., Kondova, I., Boven, L. A., Van Noort, J. M., 't Hart, B. A., Amor, S., Bajramovic, 

J. J. (2007) Differentiation of primary adult microglia alters their response to TLR8-

mediated activation but not their capacity as APC. Glia 55, 1589-1600. 

79) Bsibsi, M., Ravid, R., Gveric, D., Van Noort, J. M. (2002) Broad expression of Toll-like 

receptors in the human central nervous system. J. Neuropathol. Exp. Neurol. 61. 1013-1021. 

80) Van Noort, J. M., Bsibsi, M. (2009) Toll-like receptors in the CNS: implications for 

neurodegeneration and repair. Prog. Brain Res. 175, 139-148. 

81) Yao, S., Pandey, P., Ljunggren-Rose, A., Sriram, S. (2010) LPS mediated injury to 

oligodendrocytes is mediated by the activation of nNOS: relevance to human demyelinating 

disease. Nitric. Oxide. 22, 197-204. 

82) Jack, C. S., Arbour, N., Manusow, J., Montgrain, V., Blain, M., McCrea, E., Shapiro, A., 

Antel, J. P. (2005) TLR signaling tailors innate immune responses in human microglia and 

astrocytes. J. Immunol. 175, 4320-4330. 

83) Bsibsi, M., Persoon-Deen, C., Verwer, R. W., Meeuwsen, S., Ravid, R., Van Noort, J. M. 

(2006) Toll-like receptor 3 on adult human astrocytes triggers production of neuroprotective 

mediators. Glia. 53, 688-695. 

84) Butchi, N. B., Du, M., Peterson, K. E. (2010) Interactions between TLR7 and TLR9 

agonists and receptors regulate innate immune responses by astrocytes and microglia. Glia. 

58, 650-664. 



 45 

85) Qin, L., Li, G., Qian, X., Liu, Y., Wu, X., Liu, B., Hong, J. S., Block, M. L. (2005) 

Interactive role of the toll-like receptor 4 and reactive oxygen species in LPS-induced 

microglia activation. Glia. 52, 78-84. 

86) Askovic, S., Favara, C., McAtee, F. J., Portis, J. L. (2001) Increased expression of MIP-1 

alpha and MIP-1 beta mRNAs in the brain correlates spatially and temporally with the 

spongiform neurodegeneration induced by a murine oncornavirus. J. Virol. 75, 2665–74. 

87) Choe, W., Stoica, G., Lynn, W., Wong, P. K. (1998) Neurodegeneration induced by 

MoMuLV-ts1 and increased expression of Fas and TNF-alpha in the central nervous system. 

Brain Res. 779, 1–8. 

88) Orandle, M. S., MacLean, A. G., Sasseville, V. G., Alvarez, X., Lackner, A. A. (2002) 

Enhanced expression of proinflammatory cytokines in the central nervous system is 

associated with neuroinvasion by simian immunodeficiency virus and the development of 

encephalitis. J. Virol. 76, 5797–802. 

89) Peterson, K. E., Robertson, S. J., Portis, J. L., Chesebro, B. (2001) Differences in cytokine 

and chemokine responses during neurological disease induced by polytropic murine 

retroviruses Map to separate regions of the viral envelope gene. J. Virol. 75, 2848–56. 

90) Poli, A., Abramo, F., Di Iorio, C., Cantile, C., Carli, M. A., Pollera, C. (1997) 

Neuropathology in cats experimentally infected with feline immunodeficiency virus: a 

morphological, immunocytochemical and morphometric study. J. Neurovirol. 3, 361–8. 

91) Poli, A., Pistello, M., Carli, M. A., Abramo, F., Mancuso, G., Nicoletti, E. (1999) Tumor 

necrosis factor-alpha and virus expression in the central nervous system of cats infected with 

feline immunodeficiency virus. J. Neurovirol. 5, 465–73. 

92) Westmoreland, S. V., Rottman, J. B., Williams, K. C., Lackner, A. A., Sasseville, V. G. 

(1998) Chemokine receptor expression on resident and inflammatory cells in the brain of 

macaques with simian immunodeficiency virus encephalitis. Am. J. Pathol. 152, 659–65. 

93) Zink, M. C., Coleman, G. D., Mankowski, J. L., Adams, R. J., Tarwater, P. M., Fox, K. 

(2001) Increased macrophage chemoattractant protein-1 in cerebrospinal fluid precedes and 

predicts simian immunodeficiency virus encephalitis. J. Infect. Dis. 184, 1015–21. 

94) Portis, J. L., Czub, S., Robertson, S., McAtee, F., Chesebro, B. (1995) Characterization of a 

neurologic disease induced by a polytropic murine retrovirus: evidence for differential 

targeting of ecotropic and polytropic viruses in the brain. J. Virol. 69, 8070–5. 

95) Robertson, S. J., Hasenkrug, K. J., Chesebro, B., Portis, J. L. (1997) Neurologic disease 

induced by polytropic murine retroviruses: neurovirulence determined by efficiency of 

spread to microglial cells. J Virol. 71, 5287–94. 



 46 

96)  Bennett, R. S., Cress, C. M., Ward, J. M., Firestone, C. Y., Murphy, B. R., Whitehead, S. S. 

(2008) La Crosse virus infectivity, pathogenesis, and immunogenicity in mice and monkeys. 

Virol. J. 5:25. doi:10.1186/1743-422X-5-25. 

97) Nasci, R. S., Moore, C. G., Biggerstaff, B. J., Panella, N. A,. Liu, H. Q., Karabatsos, N., 

Davis, B. S., Brannon, E. S. (2000) La Crosse encephalitis virus habitat associations in 

Nicholas County, West Virginia. J. Med. Entomol. 37, 559-570. 

98) Baldridge, G. D., Beaty, B. J., Hewlett, M. J: (1989) Genomic stability of La Crosse virus 

during vertical and horizontal transmission. Arch. Virol. 108, 89-99. 

99) Gerhardt, R. R., Gottfried, K. L., Apperson, C. S., Davis, B. S., Erwin, P. C., Smith, A. B., 

Panella, N. A., Powell, E. E., Nasci, R. S. (2001). First isolation of La Crosse virus from 

naturally infected Aedes albopictus. Emerg. Infect. Dis. 7, 807–811. 

100) Haddow, A. D., Odoi, A. (2009). The incidence risk, clustering, and clinical 

presentation of La Crosse virus infections in the eastern United States. 2003-2007. PLoS 

ONE 4, e6145  

101) McJunkin, J. E., de los Reyes, E. C., Irazuzta, J. E., Caceres, M. J., Khan, R. R., 

Minnich, L. L., Fu, K. D., Lovett, G. D., Tsai, T., Thompson, A. (2001). La Crosse 

encephalitis in children. N. Engl. J. Med. 344, 801–807. 

102) Calisher, C. H. 1996. History, Classification, and Taxonomy of Viruses in the Family 

Bunyaviridae, p. 1-17. In R. Elliot (ed.), The Bunyaviridae. Plenum Press, New York. 

103) Obijeski, J. F., Bishop, D. H. L., Murphy, F. A., Palmer, E. L. (1976) Structural 

proteins of La Crosse virus. J. Virol. 19, 985-997. 

104) Bennett, R. S., Ton, D. R., Hanson, C. T., Murphy, B. R., Whitehead, S. S. (2007) 

Genome sequence analysis of La Crosse virus and in vitro and in vivo phenotypes. Virol. J. 

4, 41. 

105) Obijeski, J. F., Bishop, D. H., Palmer, E. L., Murphy, F.A. (1976) Segmented 

genome and nucleocapsid of La Crosse virus. J. Virol. 20, 664-675. 

106) Gentsch, J. R., Bishop, D. H. L. (1978) Small viral RNA segment of bunyaviruses 

codes for viral nucleocapsid protein. J. Virol. 28, 417-419. 

107) Gentsch, J. R., Bishop, D. H. L. (1979) M viral RNA segment of bunyaviruses codes 

for two glycoproteins, Gl and G2. J. Virol. 30, 767-770. 



 47 

108) Battini, J. L., Rasko, J. E., Miller, A. D. (1999) A human cell-surface receptor for 

xenotropic and polytropic murine leukemia viruses: possible role in G protein-coupled 

signal transduction. Proc. Natl. Acad. Sci. U.S.A. 96, 1385–90. 

109) Wu, T., Yan, Y., Kozak, C. A. (2005) Rmcf2, a xenotropic provirus in the Asian 

mouse species Mus castaneus, blocks infection by polytropic mouse gammaretroviruses. J. 

Virol. 79, 9677–84. 

110) Yan, Y., Knoper, R. C., Kozak, C. A. (2007) Wild mouse variants of envelope genes 

of xenotropic/polytropic mouse gammaretroviruses and their XPR1 receptors elucidate 

receptor determinants of virus entry. J. Virol. 81, 10550–7. 

111) Van Hoeven, N. S., Miller, A. D. (2005) Use of diVerent but overlapping 

determinants in a retrovirus receptor accounts for non-reciprocal interference between 

xenotropic and polytropic murine leukemia viruses. Retrovirology. 2, 76. 

112) DesGroseillers, L., Barrette, M., Jolicoeur, P. (1984) Physical mapping of the 

paralysis-inducing determinant of a wild mouse ecotropic neurotropic retrovirus. J. Virol. 

52, 356–63. 

113) Yuen, P. H., Malehorn, D., Nau, C., Soong, M. M., Wong, P. K. (1985) Molecular 

cloning of two paralytogenic, temperature-sensitive mutants, ts1 and ts7, and the parental 

wild-type Moloney murine leukemia virus. J. Virol. 54, 178–85. 

114) Portis, J. L., Czub, S., Robertson, S., McAtee, F., Chesebro, B. (1995) 

Characterization of a neurologic disease induced by a polytropic murine retrovirus: evidence 

for differential targeting of ecotropic and polytropic viruses in the brain. J. Virol. 69, 8070–

5. 

115) Robertson, S. J., Hasenkrug, K. J., Chesebro, B., Portis, J. L. (1997) Neurologic 

disease induced by polytropic murine retroviruses: neurovirulence determined by efficiency 

of spread to microglial cells. J. Virol. 71, 5287–94. 

116) Hasenkrug, K. J., Robertson, S. J., Porti, J., McAtee, F., Nishio, J., Chesebro, B. 

(1996). Two separate envelope regions influence induction of brain disease by a polytropic 

murine retrovirus (FMCF98). J. Virol. 70, 4825–4828. 

117) Peterson, K. E., Pourciau, S., Du, M., Lacasse, R., Pathmajeyan, M., Poulsen, D., 

Agbandje-McKenna, M., Wehrly, K., Chesebro, B. (2008) Neurovirulence of polytropic 

murine retrovirus is influenced by two separate regions on opposite sides of the envelope 

protein receptor binding domain. J. Virol. 82, 8906–8910. 



 48 

118) Rani, M. R., Gauzzi, C., Pellegrini, S., Fish, E. N., Wei, T., Ransohoff, R. M. (1999) 

Induction of beta-R1/I-TAC by interferon-beta requires catalytically active TYK2. J. Biol. 

Chem. 274, 1891–7. 

119) Luo, Y., Kim, R., Gabuzda, D., Mi, S., Collins-Racie, L. A., Lu, Z., Jacobs, K. A., 

Dorf, M. E. (1998) The CXC-chemokine,H174: expression in the central nervous system. J. 

Neurovirol. 4, 575–85. 

120) Zlotnik, A., Yoshie, O. (2000) Chemokines: a new classification system and their 

role in immunity. Immunity. 12, 121-7. 

121) Leonard, A. E., Pereira, S. L., Sprecher, H., Huang, Y. S. (2004) Elongation of long-

chain fatty acids. Prog. Lipid. Res. 43, 36–54 

122) Jakobsson, A., Westerberg, R., Jacobsson, A. (2006) Fatty acid elongases in 

mammals: their regulation and roles in metabolism. Prog. Lipid. Res. 45, 237-49;  

123) Guillou, H., Zadravec, D., Martin, P.G., Jacobsson, A. (2010) The key roles of 

elongases and desaturases in mammalian fatty acid metabolism: Insights from transgenic 

mice. Prog. Lipid. Res. 49, 186-99. 

124) Hein, S., Schönfeld, P., Kahlert, S., Reiser, G. (2008) Toxic effects of X-linked 

adrenoleukodystrophy-associated, very long chain fatty acids on glial cells and neurons from 

rat hippocampus in culture. Hum. Mol. Genet. 17, 1750-61. 

125) Quilliam, L. A., Khosravi-Far, R., Huff, S. Y., Der, C. J. (1995) Guanine nucleotide 

exchange factors: activators of the Ras superfamily of proteins. Bioessays. 17, 395-404. 

126) Quilliam, L. A., Rebhun, J. F., Castro, A. F. (2002) A growing family of guanine 

nucleotide exchange factors is responsible for activation of Ras-family GTPases. Prog. 

Nucleic. Acid. Res. Mol. Biol. 71, 391-444. 

127) Rebhun, J. F., Castro, A. F., Quilliam, L. A. (2000) Identification of guanine 

nucleotide exchange factors (GEFs) for the Rap1 GTPase. Regulation of MR-GEF by M-

Ras-GTP interaction. J. Biol. Chem. 275, 34901-8. 



 49 

Acknowledgements 

Silvia Madeddu gratefully acknowledges Sardinia Regional Government for the financial support of 

her PhD scholarship (P.O.R. Sardegna F.S.E. Operational Programme of the Autonomous Region 

of Sardinia, European Social Fund 2007-2013 - Axis IV Human Resources, Objective l.3, Line of 

Activity l.3.1.) 

I would like to expressing my thanks to Prof. Paolo La Colla, my supervisor during these three 

years, for his scientific and experimental support, guidance and encouragement. 

Many thanks to Dr. Karin Peterson for giving me the opportunity to carry out my PhD in her lab, at 

the neuroimmunology unit of Rocky Mountain Laboratories (Hamilton, Montana, USA), for 

providing me with the opportunity and guidance that was essential to the successful completion of 

this study. 

A special thank goes to Alessandra Pani for the scientific support and for the help she gave me 

during these years. 

Thanks also go to all the members of our laboratory for their assistance and advice throughout my 

PhD experience. 

 

 


