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Abstract
Interactions between Fractalkine (CX3CL1) and Fractalkine receptor (CX3CR1) in the
CNS function to modulate the activation of microglia. The Godbout Laboratory has recently
reported that CX3CR1 is down regulated on microglia after lipopolysaccharide (LPS) injection
and that this down-regulation was protracted (24 h)on microglia of aged mice (20 mo) compared
to adult mice (3- 6 mo). This extended reduction in receptor expression in aged microglia
corresponded with exaggerated Interleukin 1-b expression and an impaired recovery from the
behavioral symptoms of sickness. The underlying cause of the protracted down regulation of the
Fractalkine receptor on microglia of aged mice is unknown but may be related to an age-related
decrease in

levels of the thanti-inflammatory cytokine, Transforming growth factor beta

(TGFβ). Therefore, the purpose of this study was to determine the extent to which TGFβ is
involved in the regulation of CX3CR1 expression on microglia. In this study cultured BV2
microglia were used to determine effects of TGFβ and LPS on CX3CR1 in vitro. Here it is shown
that LPS treatment of BV2 cells are caused a reduction in CX3CR1 and increase in Il;-6 in a
dose dependent manner.. Moreover, culturing the BV-2 cells with LPS conditioned media was
sufficient to cause a reduction in CX3CR but did increase IL-6 secretion. These data indicate
that CX3CR1 goes down prior to the microglia being activated. In the next set of studies, TGFβ
pretreatments enhanced CX3CR1 expression and attenuated the LPS-induced increase in IL1β expression. Last, ICV injection of TGFΒ enhanced expression of CX3CR1. Taken together
these data support the hypothesis that TGFΒ is important in up regulating CX3CR1 and
attenuating microglia activation.
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1. Introduction
1.1 Aging and Neuroinflammation
According to the National Institute of Health, the number of people in the United States 65
years and older will increase by 20 million people by the year of 2024. (Jackson, 2009; Penninx
2003). Moreover, as the segment of US population 65 and older grows, the occurrence of
neurobehavioral complications in the elderly is expected to increase dramatically. It is predicted
that increased life expectancy will result in only a modest increase in health span, with a marked
increase in years of poor or compromised physical and mental health.
A potential explanation for the higher incidence of mental health complications
concomitant with peripheral infection is an age-related change in microglia function that impairs
the normal bidirectional communication between the immune system and the brain. Bidirectional communication is necessary for mounting the appropriate immunological,
physiological, and behavioral responses to immune stimulation. Understanding changes in
microglia during normal aging is paramount because microglia play an integral role in receiving
and propagating inflammatory signals generated in the periphery. For example, pathogens in the
periphery activate the innate immune system by stimulating macrophages or monocytes causing
production of inflammatory cytokines, including interleukin (IL)-1, IL-6, and tumor necrosis
factor-alpha (TNF-alpha). These cytokines use both neural (via the afferent vagus nerve)
(Goehler, 1998; Konsman, 2000) and humoral pathways (via circumventricular organs (CVO)
(Laflamme,1999; Lacroix, 1998) and direct transport (Banks, 1999) to communicate this innate
immune activation to the brain. In turn, this peripheral signal induces microglia (and perivascular
macrophages) to produce the same cytokines (Rivest, 2003), which target neuronal substrates
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and elicit a sickness behavior syndrome that is normally adaptive and beneficial to the host
(Kelley, 2003). A dysregulated inflammatory response in the aged brain, however, may cause
neurobehavioral complications (Blasko, 2004) including cognitive dysfunction (Heyser, 1997),
anorexia (Finck, 1997), and mood and depressive disorders (Musselman, 2001; Pollmacher,
2002; Capuron, 2003).

1.2 The role of microglia
Microglia are part of the innate immune system in the CNS and play an important role in
receiving and propagating inflammatory signals in response to activation of the peripheral
immune system (Nguyen, 2002). Microglia are bone marrow derived myeloid lineage cells
(Hess, 2004) that are interspersed throughout the CNS, and represent approximately 10-15% of
the total CNS cell population. In early development, myeloid cells migrate from the bone
marrow to the brain parenchyma and terminally differentiate into microglia. During development
of the CNS, microglia are responsible for the removal of apoptotic cells and in same cases may
be responsible for inducing apoptosis (Besis, 2007). In the absence of inflammatory stimuli,
microglia are in a resting state “surveying” their microenvironment (Davallos, 2005;
Nimmerjahn, 2005). Once activated, microglia have macrophage-like capabilities including
phagocytosis, inflammatory cytokine production, and antigen presentation (Hanisch, 2007).
Because of the inflammatory potential of microglia, it is necessary that activation be tightly
regulated. Neuroinflammatory processes are normally transient with microglia returning to a
resting state as the immune stimulus is resolved (Biber, 2007).
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1.3 Microglia and Fractalkine
One mechanism involved in microglia regulation in the CNS is the Fractalkine (CX3CR1
or CX3CL1) regulatory system. Fractalkine is one of the few chemokines that is highly expressed
in the brain (Pan et al., 1997). Recently, interaction between CX3CR1 and CX3CL1 has been
shown to be important in regulation of microglia. A complimentary relationship between
CX3CR1 on microglia and CX3CL1 from neurons has been described (Cardona et al., 2006).
This relationship involves the constant release of CX3CL1 by neurons in order to modulate the
activation of microglia. During acute infection, the interaction between CX3CL1 and
CX3CR1acts

to

attenuate

microglia

activation.

If

mice

are

pretreated

with

an

intracebroventricular injection of an anti-CX3CL1 antibody prior to injection of LPS then the
inflammatory response by microglia is exaggerated (Zujovic et al., 2001). Furthermore, primary
microglia cell cultures treated with CX3CL1 prior to LPS show an attenuated increase in proinflammatory cytokines (Zujovic et al., 2000). In addition, CX3CR1 deficiency in mice causes an
exaggeration in pro-inflammatory cytokines as well as mortality in CX3CR1 mutant mice after
being injected with LPS (Cardona et al., 2006).
Recent studies indicate that the primary function of the Fractalkine system in the CNS is
to regulate microglia activation in an anti-inflammatory manner. Neurons constitutively express
and release Fractalkine to provide specific restraint on microglia activation. In fact, the CNS
concentration of Fractalkine is approximately 300 pg/mg (Cardona, 2006). Fractalkine modulates
microglia activation both in vitro and in vivo. For example, in microglia, mixed glia, and neuron
cell cultures, soluble fractalkine attenuates LPS-induced production of TNF-alpha, IL-6, and IL1 (Mizuno, 2003; Zujovic, 2000). Fractalkine is also neuro-protective against excitotoxic levels
of glutamate (Limatola,2005), GP120 (Meucci, 1998) and Fas Ligand (Boehme, 2000).
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Moreover, neuroinflammation caused by central (i.c.v.) LPS injection is exaggerated by
pretreatment with a neutralizing anti-fractalkine antibody (Zujovic, 2001). Furthermore, repeated
i.p. injections of LPS or MPTP, a model of Parkinson’s disease, amplify neuroinflammation,
neurotoxicity, and mortality in CX3CR1 deficient mice (CX3CR1-/-) compared to heterozygote
(CX3CR1+/-) controls (61).
The fractalkine system is influenced by neuroinflammatory events. For example,
CX3CR1 mRNA is up-regulated by anti-inflammatory cytokines including TGF-alpha (Chen,
2002), but is down-regulated by neuroinflammatory mediators such as LPS. LPS treatment
causes a marked reduction of CX3CR1 mRNA expression and decreased sensitivity to fractalkine
in ex vivo rat microglia cultures. It has been proposed that in order to circumvent the
neuroinflammation-induced reduction in CX3CR1 expression on microglia, neurons increase the
release of soluble fractalkine. In support of this notion, inflammatory stimuli cause the release of
soluble fractalkine from neurons in vitro, but have no affect on fractalkine mRNA or total protein
levels (Chapman, 2000). Moreover, increased levels of soluble fractalkine are detected in the
CSF of patients with HIV-associated dementia (Erichson, 2003), which may be a sign of
impaired microglia regulation. Taken together, these findings indicate that fractalkine modulates
microglia activation and that impaired fractalkine/CX3CR1 interactions may contribute to
microglial dysregulation and corresponding neurobehavioral complications.

1.4 Microglial reactivity in aging.
Microglia have a very low turnover rate in the CNS, making them particularly sensitive
to the effects of aging. Thus, aging may provide a brain environment where microglia become
“primed” or “reactive” to peripheral immune challenge (Perry, 2003; Godbout, 2006). In support
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of this notion, microglial expression of major histocompatibility complex (MHC) class II, a
marker of microglia priming, is increased in brains of healthy aged humans, primates, and
rodents. Moreover, increased expression of scavenger receptors (Wong, 2005), integrins (Stichel,
2007), Toll-like-Receptors (Letiembre, 2007), and astrocytic markers (Lee, 2000; Morgan 1999)
are also detected in the brain of older rodents. It is noteworthy that the number of resident
astrocytes and microglia is not increased in the brain with age (Lee, 2000; Long, 1998).
Therefore, glial reactivity appears to increase in existing astrocyte and microglia populations. It
is important to note that primed microglia are morphologically similar to activated microglia, but
do not produce appreciable levels of inflammatory cytokines in this state (Perry, 2002).
In a BALB/c murine model of aging, the Godbout Lab has reported that a consequence of
a reactive glial profile is an exaggerated neuroinflammatory cytokine response to either central
(Abraham, 2008) or peripheral (Chen, 2008) innate immune challenges. For instance, primary
mixed glia cultures and coronal brain sections established from the brain of aged rodents are
hyper-responsive to LPS stimulation and produce more inflammatory cytokines (IL-1β & IL-6)
compared to cultures established from adult brains (Xie, 2003; Yi, 2001). The peripheral
stimulation of the innate immune system with LPS causes an exaggerated neuroinflammatory
response and prolongs sickness behavior in aged (22-24 m) BALB/c mice. In this model, older
mice show amplified and protracted IL-1β and IL-6 in the brain following LPS injection, which
is paralleled by a protracted sickness response. The direct stimulation of microglia by
intracerebroventricular (i.c.v.) administration of LPS causes amplified cytokine expression (IL1β, IL-6, & TNF-alpha) and prolonged sickness behavior in aged (20-22 m) mice. Furthermore,
our recent findings indicate that microglia of aged mice are primed (MHC II+) and become
hyperactive with excessive cytokine and IDO induction following peripheral LPS challenge. In
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several rodent models of aging, the excessive neuroinflammatory cytokine response is coupled
with a myriad of complications including cognitive impairment (Chen, 2008), exaggerated
sickness behavior (Abraham, 2008), and protracted depressive-like behavior (Godbout, 2008).
For example, the exaggerated inflammatory cytokine response in the brain of aged mice given
LPS promotes depressive-like behavior that is exhibited even after the acute effects of LPS are
resolved (Godbout, 2008). Collectively these findings indicate that exaggerated microglia
responses in the aged brain lead to long-lasting neurobehavioral deficits.

1.4 The role of TGFβ in regulating CX3CR1
Transforming growth factor beta (TGFβ) is a highly conserved protein which has a
myriad of functions including the control cell growth and cell differentiation. It is a member of
the TGFβ signaling family which includes activins, bone morphogenic protein, and nodal. It is
known to be expressed in the midbrain (Falk, 2008). TGFβ is an anti-inflammatory cytokines
that reduces activation of several inflammatory cells including macrophages and microglia. In
the brain, TGFB is primarily produced by astrocytes. Recent findings have shown that CX3CR1
expression is upregulated by (TGFβ) (Chen et al., 2002).
One of the primary mechanisms involved in intracellular TGFβ signaling involves the
phosphorylation of the SMA and MAD related proteins (SMADs). This phosphorylation has
been shown to be inhibited in epithelial cells by the novel ALK-5 inhibitor A-83-01 (Tojo et al.,
2005). Another part of the TGFβ pathway utilizes the intracellular signaling of Phosphoinositide
3-kinase (PI3K). PI3K activity has been shown to be inhibited with the treatment of LY-294002
in rat hepatocytes.

8

2. Materials and Methods
2.1 BV2 Cell Culture and Treatment
BV2 microglia cell lines were cultured in growth medium (DMEM supplemented with
10% FBS, sodium bicarbonate 3.7 g/L, 200 mM glutamine, 100 U/ml penicillin G, 100 μg/ml
streptomycin, 0.25 μg/ml fungizone) as previously described (Abraham et al., 2008). Cultures
were maintained at 37°C with 95% humidity and 5% CO2 and growth medium was replenished
every third day until confluence. For RNA isolation/qPCR experiments, cells were seeded at
5x105 cells per well in 12-well plates and allowed to adhere for 20 h. For conditioned media
experiments, cells were plated in 10 cm wells at a concentration of 5x106 cells per well and
allowed to adhere 20 hours. Immediately before treatment, cultures were washed twice and
supplemented with warm growth medium containing experimental treatments. Cell viability was
measured by the MTS cell proliferation assay according to the manufacturer’s instructions
(Promega, Madison, WI).

2.2 Experimental Protocols
In the first study, BV2 cells were treated with either saline or various levels of
Escherichia coli LPS (serotype 0127:B8, Sigma, St. Louis, MO). Cellular supernatant was then
extracted and centrifuged for 5 min at 3000g. Supernatant IL-6 and IL-1b protein levels were
then determined by ELISA (R&D Systems, MN) (n=3). Absorbance (450 nm) was determined
using a Bio-Tek synergy HT microplate reader (Bio-Tek Instruments, VT).
In the second study, BV2 cells plated in 10 cm wells were treated with 100 ng/mL of
LPS. Select wells were replaced with fresh media 1 h after treatment with LPS and along with
the rest of the cells were cultured for the rest of the 20 h at 37°C with 95% humidity and 5%
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CO2. The supernatant was then transferred to a new tube in order to ensure that there were no
floating cells present. This supernatant was stored at -80°C until needed. Recipient cells plated in
1 cm wells were then treated with various dilutions of the warmed conditioned media in fresh
media. The BV2 cells were then collected 4h later for RNA isolation/quantitative PCR (CX3CR1
and IL-1b) (n=3).
In the third study, BV2 microglia were pre-treated with vehicle or recombinant human
TGFβ (0.1 ng/ml; R&D Systems, MN) for 30 minutes and then treated with saline or LPS (100
ng/ml). BV2 microglia were collect 4 h later and used for total RNA isolation/quantitative PCR
(IL-1β and CX3CR1) or immunocytochemistry for CX3CR1 surface expression (n=12, three
independent experiments).
In the fourth study, select wells were treated with either A-83-01 (Sigma, MO) (0.1-10
mM) or LY-294002 (Tocris, MO) (.1 or 25 uM) , or DMSO for 30 minutes. The cells were then
treated with TGFβ (1 ng/mL) or saline and cultured for 4 h. The BV2 cells were then collected
and used for total RNA isolation/quantitative PCR (IL-6 and CX3CR1).
In the final study, adult Balb/c mice (3 mo) were injected intracerebroventricularly (i.c.v.)
with recombinant TGFβ. Mice were then injected intraperitoneally (i.p.) with 0.33 mg/kg LPS
one hour after TGFβ injection. Mice were sacrificed at 4 or 24 h after LPS injection and
microglia were isolated from the whole brain using a percoll density gradient. Total RNA was
extracted from isolated microglia and qPCR was performed to determine expression of CX3CR1.
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2.3 RNA isolation and qPCR
Total RNA was isolated from primary isolated microglia or BV2 microglia using the TriReagent protocol (Sigma, MO) and subjected to the DNA-free™ RNA clean up procedure
(Ambion, TX). RNA concentration was determined by spectrophotometry (Eppendorf, NY) and
RNA was reverse transcribed to cDNA using an RT RETROscript kit (Ambion, TX).
Quantitative PCR was performed using the Applied Biosystems (Foster, CA) Taqman®
Gene Expression assay as previously described (Godbout et al., 2005b). In brief, cDNA was
amplified by real time PCR where a target cDNA (e.g., CD11b, IL-1β, CX3CL1, CX3CR1,
TGFβ1, IL-4, and IL-10) and a reference cDNA (glyceraldehyde-3-phosphate dehydrogenase)
were amplified simultaneously using an oligonucleotide probe with a 5' fluorescent reporter dye
(6-FAM) and a 3' quencher dye (NFQ). Fluorescence was determined on an ABI PRISM 7300sequence detection system (Applied Biosystems, CA). Data were analyzed using the comparative
threshold cycle (Ct) method and results are expressed as fold difference from control.

2.4 Immunocytochemistry on cultured BV2 microglia
BV2 microglia were plated in 24-well plates on poly-L-lysine coated glass cover slips
and treated as described above. After treatment, media was aspirated and cells were washed 2
times. Cells were blocked for 10 minutes with anti-CD16/CD32 antibody in PBS supplemented
with 1% BSA and 5% normal goat serum. Cells were then incubated with rabbit anti-mouse
CX3CR1 (eBioscience, CA) diluted 1:250 in PBS for 20 minutes. Cells were then fixed in 4%
paraformaldehyde for 10 minutes at room temperature before staining with alexafluor 594conjugated secondary antibody (1:500) for 20 minutes. After staining, glass cover slips were
mounted on superfrost plus glass slides (Fisher Scientific, PA) with fluoromount G (EMS, PA).

11

Images were captured at 20x using an epifluorescent Leica DM5000B microscope
equipped with a Leica DFC300 FX camera and Leica imaging software. Fluorescent images
were captured with identical exposure, gamma, and gain settings. Fluorescence intensity was
measured using Image-Pro software (Media Cybernetics, Bethesda, MD).

2.5 Cannulation surgeries and intracerebroventricular injections of TGFβ
The i.c.v. cannulation was performed as previously described with a few modifications
(Godbout et al., 2005a). In brief, mice were deeply anesthetized using ketamine and xylazine
(100 mg and 10 mg/kg BW i.p., respectively) and the surgical site was shaved and sterilized.
Mice were positioned in a stereotaxic instrument so that the plane formed by the frontal and
parietal bones was parallel to the table top. An incision, 1.5 cm in length, was made on the
cranium to reveal the bregma and a 26-guage stainless-steel guide cannula was placed in the
lateral cerebral ventricle using the following stereotaxic coordinates: Lat 1.6 mm; and A-P 1mm
to the bregma; and Hor −2mm from the dura mater. Two anchoring cranial screws were inserted
adjacent to the cannula and the cannula was secured with cranioplastic cement. A dummy
cannula was inserted in the guide cannula to prevent occlusion and infection. Mice were injected
subcutaneously with Buprinex (111 g/kg BW) following surgery and then again 12 h later. Mice
were provided a minimum of 7 d to recover before any treatment was administered. Accurate
cannula placement was confirmed by injecting trypan blue dye and examining the dye diffusion
throughout the ventricles.
For i.c.v. injection into the lateral ventricle, the indwelling cannula was connected with
sterile tubing to a Hamilton syringe and injections were administered using a KS Scientific
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precision syringe pump. TGFβ was injected i.c.v. into the lateral ventricle at a dose of 100ng in 2
μl at a rate of 1 μl/minute.

2.6 Isolation of Microglia
Microglia were isolated from whole brain homogenates as described previously (Frank et
al., 2006b; Henry et al., 2009). In brief, brains were homogenized in Hank’s Balanced Salt
Solution (HBSS, pH 7.4) by passing through a 70 μm nylon cell strainer. Resulting homogenates
were centrifuged at 600 g for 6 min. Supernatants were removed and cell pellets were resuspended in 70% isotonic Percoll (GE-healthcare, Uppsala, Sweden) at room temperature. A
discontinuous Percoll density gradient was layered as follows: 70%, 50%, 35%, and 0% isotonic
Percoll. The gradient was centrifuged for 20 minutes at 2000 g and microglia were collected
from the interphase between the 70% and 50% Percoll layers (Frank et al., 2006b). Cells were
washed and then re-suspended in sterile HBSS. The number of viable cells was determined using
a hemocytometer and 0.1% Trypan blue staining. Each brain extraction yielded approximately 3
x 105 viable cells. The Godbout Lab has previously characterized these cells as approximately
85% CD11b+/CD45low microglia with less than 1% CD11b+/CD45high macrophages (Henry et al.,
2009). These relative percentages of cells do not change with age or LPS (Henry et al., 2009).
Based on this previous characterization, cells isolated by Percoll density separation are referred
to as “enriched microglia”.
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3. Results
3.1 Treatment of BV2 cells with LPS causes an increase in pro-inflammatory signaling and
a subsequent decrease in CX3CR1 levels.
The treatment of primary microglia cells results in a decrease in CX3CR1. Therefore, an
aim was to determine the effect that LPS had on BV2 microglia cell lines. Since LPS injection is
known to cause a pro-inflammatory response in mice microglia, IL-6 and IL-1b protein levels
present in the cell supernatant were analyzed 4 h and 24 h after treatment with LPS (Figure 1).
The 4 h time point was chosen because this is the time point when microglia actively produce
cytokines (Henry et al., 2009) and the 24 h time point was chosen as it is the time point in which
aged mice show extended behavior symptoms of sickness (Godbout et al., 2005b). Both IL-1b
and IL-6 protein production was increased after 4 h and 24 h in an LPS dose dependant manner.
Thus, the BV2 cell line used in the present study has a similar inflammatory profile to microglia
cells en vivo.
The next aim was to determine the effect that LPS had on the expression of CX3CR1 in
BV2 cells (Figure 2C). After treatment with LPS for 4 h, there was a significant decrease in
CX3CR1 mRNA levels. Treatment with LPS caused a significant increase in IL-1b mRNA levels
after 4 h (Figure 2D). This increase in IL-1b mRNA levels correlates well with the amount of IL1b protein found in the supernatant 4 h post LPS treatment. In order to determine whether or not
the decrease in CX3CR1 levels is caused by prolonged exposure to LPS, a set of experiments
were designed which were aimed at limiting the amount of LPS exposure to BV2 cells while not
limiting their exposure to any cellular products potentially produced as a response to LPS
exposure (Figure 3). In this experiment, the wash out (W/O) conditioned media (CM) is used as a
model for limited LPS exposure.

14

In figure 3A, there is an exaggerated increase in CX3CR1 at low concentrations of wash
out conditioned media compared to the normal conditioned media. This suggests that there may
be a factor which increases CX3CR1 levels in BV2 cells with limited LPS exposure and that this
factor is present in a higher concentration within the first hour after LPS exposure. Figure 3B
shows us that the increase in IL-1b mRNA levels can be attenuated by limited LPS exposure, as
can be expected.

3.2 TGFβ can attenuate the pro-inflammatory response in LPS treated BV2 cells as well as
exaggerate the expression of CX3CR1.
As previously found, the treatment of BV2 cells with LPS caused a decrease in CX3CR1
mRNA levels. However, this decrease in CX3CR1 mRNA levels has been shown to be attenuated
in primary microglia pre-treated with TGFβ. Therefore, this study aimed to determine the effect
that TGFβ had on both pro-inflammatory cytokine mRNA levels as well as CX3CR1 levels.
Figures 2A and 2B shows that BV2 cells treated with TGFβ exhibit a simultaneous increase in
CX3CR1 and decrease in IL-1b mRNA levels. The next aim was to determine the effect that
TGFβ had on the cellular response to LPS. Figures 2C and 2D show that the decrease in
CX3CR1 mRNA levels caused by LPS was attenuated by TGFβ treatment. In fact, CX3CR1
mRNA levels increased in cells treated with both TGFβ and LPS. Furthermore, the increase in
IL-1b mRNA levels caused by LPS treatment was attenuated by prior treatment to TGFβ.
TGFβ is able to attenuate the pro-inflammatory response to LPS so the next goal was to
evaluate the amount of CX3CR1 surface expression after treatment with LPS and TGFβ. Fig.4E
shows representative staining for CX3CR1. In saline-treated BV2 cells, CX3CR1 was detected as
a distinct ring around the membrane of the cell (Fig.4A.i). In LPS-treated BV2 cells, there was
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less CX3CR1 on the membrane of the cells compared to saline controls (Fig.4A.iii&B; LPS).
Moreover, TGFβ enhanced CX3CR1 surface expression (Fig.4A.v&B; TGFβ) and post hoc
analysis revealed that TGFβ attenuated the LPS-induced reduction of CX3CR1 surface
expression.

3.3 Treatment of BV2 cells with the novel inhibitors A-83-01 and LY 294002 does not
attenuate the cellular response to TGFβ.
As exposure to TGFβ alone is sufficient to increase CX3CR1 levels and to attenuate the
pro-inflammatory response caused by LPS, this study sought to determine if inhibiting certain
pathways involved in TGFβ signaling was capable of limiting the potency of TGFβ treatment. A83-01 effectively decreases the amount of SMAD phosphorylation involved in TGFβ signaling.
Therefore, BV2 cells were treated with either A-83-01 or DMSO prior to treatment with TGFβ or
saline (Figures 5A and 5B). Unexpectedly, pre-treatment with A-83-01 caused an increase in
both CX3CR1 and IL-6 mRNA expression. The next aim was to inhibit PI3K activity in BV2
cells using LY 294002, a novel inhibitor shown to inhibit PI3K activity in hepatocytes (Figures
5C and 5D). However, pre-treatment with LY 294002 also seemed to cause an increase in
CX3CR1 mRNA expression (Figure 5C). Unlike the increase in IL-6 mRNA levels experienced
with the A-83-01 pre-treatment of BV2 cells, LY 294002 seemed to cause a dose dependant
decrease in IL-6 levels in absence of TGFβ

3.4 Intracerebroventricular injection of TGFβ causes an increase in CX3CR1 mRNA levels.
Injection of TGFβ into the lateral ventricle resulted in an increase in CX3CR1 mRNA
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levels after both 4 h and 24 h. This corresponds to the increase of CX3CR1 in BV2 microglia
cells. Unfortunately, this study was not effective in determining the pro-inflammatory cytokine
production as the vehicle contains hydrochloric acid which causes an increase in proinflammatory cytokine levels alone.
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4. Discussion
In aged mice, there is prolonged microglial activation following acute immune
challenge with LPS. As the main interpreter and propagator of cellular signaling between the
CNS and the periphery, microglia play an important role in regulating the response to infection
and other challenges to the immune system. Microglia in the aged brain exhibit a proinflammatory profile that may be responsible for the susceptibility to long term dysfunction and
neuronal deficits in the elderly population. The pro-inflammatory characteristics of the aged
brain are best portrayed by the increase in inflammatory cytokine production, most notably IL-1b
and IL-6. The propagation of IL-1b and IL-6 signaling by activated microglia is known to
stimulate behavioral changes, increase in body temperature, and produce changes in homeostasis.
The regulation of microglia activation is controlled, in part, by the interaction between CX3CR1
and CX3CL1. This interaction inhibits the migration of proinflammatory cells (Pachot, 2008).
TGFβ signaling is important in several areas of growth and development. TGFβ increases the
amount of CX3CR1 expression. Concurrently, TGFβ levels are lower in the aged brain than in
the adult brain. Therefore, one can suspect that the deficiency of TGFβ in the aged brain may
relate to lower CX3CR1 levels and an overall decrease in the ability to regulate pro-inflammatory
signaling.
Upon activation of primary microglia, there is a significant decrease in CX3CR1. This
reduction is also seen in BV2 cells (Supplemental Figure). Treatment with TGFβ alone was able
to increase CX3CR1 levels in both BV2 cells and microglia in vivo (Figures 2,4,6). Treatment
with TGFβ was also able to attenuate the reduction of CX3CR1 in BV2 cells after LPS exposure.
The proinflammatory response to LPS exposure in BV2 cells is relatable to that found in
the brain. There is a clear increase in the protein levels of both IL-1b and IL-6 in cultures of BV2
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cells treated with LPS. Furthermore, this increase is experienced in the absence of prolonged
LPS exposure. This suggests that there is an LPS initiated factor which is responsible for the
downstream regulation of inflammatory signaling. In a previous study, the levels of CX3CR1 in
BV2 cells treated with LPS increases at lower doses and then decrease in a dose dependant
manor after the amount of LPS reaches a certain level. The decrease in CX3CR1 mRNA
expression corresponds to the resulting increase in IL-6 levels. This seems to suggest that it is the
decrease in CX3CR1 mRNA levels that is leading to the increase in pro-inflammatory cytokine
production. However, the cause of the immediate increase in CX3CR1 mRNA levels is not
entirely known. It can be speculated that this initial increase in CX3CR1 levels is similar to the
response found in the normal brain after acute immune challenge. After severe infection or
prolonged exposure to immune challenge, CX3CR1 function may, as a result, degenerate. This
functional loss of CX3CR1 at high levels of inflammation could be one of the reasons for the
susceptibility found in the elderly population.
While treatment with TGFβ is sufficient in increasing CX3CR1, it can not yet be said if it
is directly responsible for the increase in CX3CR1 after acute immune challenge. The TGFβ
inhibitor studies tried thus far have been unable to attenuate the effect of TGFβ on CX3CR1. This
may be because the inhibitors used in this study did not target the appropriate pathway of TGFβ
signaling involved in CX3CR1 transcription. Alternatively, there may be another parallel
pathway initiated simultaneously with TGFβ that is responsible for the increase in CX3CR1
mRNA. It is likely that both of these alternatives are possible. Little is known yet about the
pathway involved in Fractalkine signaling. However, as seen in this study and in previous
studies, TGFβ has a role in brain regulation. Meaning, TGFβ up-regulation in the brain may lead
to a repressed response to inflammation in the aged brain which may also lead to a decrease in
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the neurological deficits and disorder found in the elderly population.
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Supplemental Figure

Source: Angela Wynne
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Figure Legends:
Figure 1. Presence of LPS in growth Media of BV2 cells causes an increase in the amount of
pro-inflammatory cytokine production. BV2 cells were treated with LPS (0-1000ng) for 4 h
and 24 h. A) IL-1b or B)IL-6 protein levels were determined from an ELISA performed on the
cell supernatant. Bars represent SEM (n=3).
Figure 2. TGFβ enhanced CX3CR1 expression and attenuated IL-1b expression in BV2
microglia after LPS stimulation. BV2 microglia were incubated with TGFβ (0-1.0 ng/ml) and
A) CX3CR1 and B) IL-1β mRNA expression was determined 4 h later. Bars represent the mean
± SEM (n=6). In a related study, BV2 cells were incubated with vehicle or TGFβ (0.1 ng/ml) for
30 min before LPS (100ng/ml) treatment and C) CX3CR1 and D) IL-1β mRNA levels were
determined in cells collected 4 h later. Bars represent the mean ± SEM (n=8, 2 independent
experiments).
Figure 3. BV2 cells treated with Conditioned Media from BV2 cells that had a limited
exposure to LPS causes an increase in CX3CR1 mRNA levels and an attenuated increase in
IL-1b mRNA levels compared to BV2 cells treated with conditioned media from BV2 cells
with prolonged LPS exposure. Media was conditioned in 10 cm well plates and treated with
either saline or LPS (100ng). Select conditioning wells (W/O) were washed out with PBS and
replaced with fresh media 1 h after LPS treatment. Conditioned media was then diluted in fresh
media (0-100%) and placed on BV2 cells. The cells were collected 4 h later in order to measure
A) CX3CR1 mRNA levels or B) IL-1b mRNA levels. Bars represent SEM (n=3).
Figure 4. The effects of LPS on surface expression of BV2 microglia cells can be attenuated
by pre-treatment with TGFβ. BV2 cells were treated for 30 minutes with TGFβ (0 or 1 ng)
followed by treatment with LPS (100 ng) or saline. CX3CR1 surface expression was determined
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4 h later. E) Representative CX3CR1 staining in saline-treated (panels i & ii), LPS-treated
(panels iii & iv), and TGFβ/LPS-treated BV2 microglia (panels v & vi). Top panels show
fluorescent images of CX3CR1+ staining and the bottom panels show corresponding bright field
images. The inset images in the bottom panels represent merged fluorescent and brightfield
images of the white outlined boxes. Scale bar = 100 μm. F) Average fluorescence intensity of
CX3CR1 staining. Bars represent the mean ± SEM (n=12, 3 independent experiments).
Figure 5. Treatment of BV2 microglia cells with the SMAD inhibitor A-83-01 and the PI3K
inhibitor LY 294002 prior to TGFβ exposure does little to attenuate the effects of TGFβ.
Cells were treated with A&B) A-83-01 (0.1-10 mM; “A”), C&D) LY 294002 (0.1-25 uM; “LY”)
, or DMSO (10 uL; “Veh”) for 30 minutes. Cells were then treated with TGFβ (1 ng) or saline.
CX3CR1 mRNA expression (Figures A&C) and IL-6 mRNA expression (Figures B&D) were
determined 4 h later. Bars represent SEM (n=3).
Figure 6. I.C.V injection of TGFβ in Balb/C mice causes an increase in CX3CR1
expression. Balb/c mice were surgically implanted with an indwelling cannula in the left lateral
ventricle. 100ng/2ul of TGFΒ was injected into the brain and mice were sacrificed 4 or 24 h after
injection. Microglia were isolated and mRNA expression of CX3CR1 was determined. Bars
represent the mean ±SEM.
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