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Neurobiology of Disease

Cerebral Microglia Recruit Monocytes into the Brain in
Response to Tumor Necrosis Factor␣ Signaling during
Peripheral Organ Inflammation
Charlotte D’Mello, Tai Le, and Mark G. Swain
Immunology Research Group, Department of Medicine, University of Calgary, Calgary, Alberta, Canada T2N 4N1

In inflammatory diseases occurring outside the CNS, communication between the periphery and the brain via humoral and/or neural
routes results in central neural changes and associated behavioral alterations. We have recently identified another immune-to-CNS
communication pathway in the setting of organ-centered peripheral inflammation: namely, the entrance of immune cells into the brain.
In our current study, using a mouse model of inflammatory liver injury, we have confirmed the significant infiltration of activated
monocytes into the brain in mice with hepatic inflammation and have defined the mechanism that mediates this trafficking of monocytes.
Specifically, we show that in the presence of hepatic inflammation, mice demonstrate elevated cerebral monocyte chemoattractant
protein (MCP)-1 levels, as well as increased numbers of circulating CCR2-expressing monocytes. Cerebral recruitment of monocytes was
abolished in inflamed mice that lacked MCP-1/CCL2 or CCR2. Furthermore, in mice with hepatic inflammation, microglia were activated
and produced MCP-1/CCL2 before cerebral monocyte infiltration. Moreover, peripheral tumor necrosis factor (TNF)␣ signaling was
required to stimulate microglia to produce MCP-1/CCL2. TNF␣ signaling via TNF receptor 1 (TNFR1) is required for these observed
effects since in TNFR1 deficient mice with hepatic inflammation, microglial expression of MCP-1/CCL2 and cerebral monocyte recruitment were both markedly inhibited, whereas there was no inhibition in TNFR2 deficient mice. Our results identify the existence of a novel
immune-to-CNS communication pathway occurring in the setting of peripheral organ-centered inflammation which may have specific
implications for the development of alterations in cerebral neurotransmission commonly encountered in numerous inflammatory
diseases occurring outside the CNS.
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Introduction
Changes in behavior (termed sickness behaviors) that result from
changes in central neural activity are often encountered during
acute systemic infections and are felt to be an important adaptive
mechanism for survival (Dantzer and Kelley, 2007). Such behavioral changes are also seen in inflammatory diseases originating
within the CNS including multiple sclerosis (MS) (Gold and Irwin, 2006; Heesan et al., 2006), as well as in chronic organ specific
or more generalized inflammatory diseases that occur outside of
the CNS, such as rheumatoid arthritis (Maini et al., 2004;
Mayoux-Benhamou, 2006), inflammatory bowel disease (Gralnek et al., 2000; Lichtenstein et al., 2002), psoriasis (Tyring et al.,
2006) and liver disease (Kumar and Tandon, 2002; Swain, 2006).
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However, in such chronic diseases, these changes in behavior can
be maladaptive and have a major impact on the quality of life of
patients. Despite their prevalence, the etiology of such symptoms
in the setting of systemic inflammatory diseases is poorly understood. However, to mediate changes within the CNS, pathways of
communication must exist between the periphery and the CNS.
Studies of fever and the neuroendocrine response to peripheral
inflammatory insults have established that the periphery can
communicate with the CNS via humoral and/or neural routes
(Romanovsky et al., 2005; Hopkins, 2007).
Trafficking of immune cells into the CNS is a cardinal pathological feature of cerebral inflammatory diseases (Hemmer et al.,
2004; Hult et al., 2008). Importantly, changes in neurotransmission that give rise to behavioral alterations in such diseases occur
before the development of overt pathological CNS tissue damage,
but after cerebral immune cell infiltration has occurred (Pollak et
al., 2003). In previous studies, we observed that such an immuneto-brain communication pathway also exists in mice with peripheral organ specific inflammatory injury. Specifically, using a
well characterized model of hepatic inflammation due to surgical
bile flow disruption (Abe et al., 2004), we found a marked increase in the number of leukocytes that were rolling and adhering
along the cerebral endothelium in inflamed mice (Kerfoot et al.,
2006). This was paralleled by a striking fivefold increased recruit-
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ment of activated monocytes into the
brains of these mice. Such an immune mediated communication pathway with the
CNS had not previously been defined in an
organ specific inflammatory disease occurring outside of the CNS. The potential
significance of this pathway was further
highlighted by our observation that the
monocytes transmigrating into the brain
produced the cytokine tumor necrosis factor (TNF)␣, a potent neuromodulator
with multiple effector functions that has
been strongly implicated in the genesis of
sickness behaviors (Simen et al., 2006;
Gosselin and Rivest, 2007).
Therefore, we performed a series of experiments to determine important potential pathway(s) involved in recruiting
monocytes into the brain in the setting of
peripheral hepatic inflammation. Here, we
show that peripheral TNF␣ signaling stimulates monocyte chemoattractant protein
(MCP)-1/CCL2 production in microglia
which drives the subsequent infiltration of
CCR2-expressing monocytes into the
brain. Moreover, inhibition of cerebral
monocyte recruitment significantly improved sickness behavior in mice with hepatic inflammation.

Materials and Methods

Figure 1. Monocytes infiltrate the brains of BDR mice. A, B, Representative flow cytometry profiles from sham (A) and BDR (B)
mouse at day 10 postsurgery. Resident microglia were identified as CD45 low CD11b ⫹ cells (bottom right quadrant). Cerebral
infiltrating monocytes were identified as CD45 high CD11b ⫹ cells (top right quadrant) and were clearly distinguishable from the
CD45 low CD11b ⫹ cells. The inserted number shows the percentage of total brain mononuclear cells that are CD45 high CD11b ⫹.
C, Solid bars represent the percentage of total brain mononuclear cells isolated from day 10 sham and BDR mice that are CD45 high
CD11b ⫹. Hatched bars represent the total number of CD45 high CD11b ⫹ cells in the brains of day 10 sham and BDR mice. Error bars
represent mean ⫾ SEM of data from 9 sham and 9 BDR mice; *p ⬍ 0.05 versus sham controls.

Model of peripheral organ-specific inflammatory
injury. For all experiments, we used male
C57BL/6 mice (6 – 8 weeks of age), purchased
from The Jackson Laboratory: MCP-1/CCL2
knock-out (KO), CCR2 KO, Tumor necrosis
factor receptor 1 (TNFR1) KO and TNFR2 KO
mice (all on a C57BL/6 genetic background)
were also purchased from The Jackson Laboratory. Mice were housed in
a light-controlled room maintained at 22°C with a 12 h light/dark cycle
and had ad libitum access to food and water. All procedures in this study
were approved by the Animal Care Committee of the University of Calgary and conformed to the guidelines established by the Canadian Council on Animal Care.
The experimental model of organ specific inflammatory injury used
was the well characterized model of hepatic inflammation resulting from
bile duct ligation and resection as previously described (Koniaris et al.,
2001; Sewnath et al., 2002; Abe et al., 2004; Kerfoot et al., 2006). Briefly,
laparotomy was performed under halothane anesthesia and the bile duct
was isolated, doubly ligated and resected between the ligatures [bile duct
resected (BDR)]. In sham controls, the bile duct was identified and manipulated without ligation or resection (sham). This model was chosen to
represent peripheral organ specific inflammatory injury as it has been
well characterized at both the cellular and biochemical levels, and has also
been associated with elevated circulating levels of a number of cytokines,
including TNF␣ (Bemelmans et al., 1996; Fernández-Martinez et al.,
2006). In addition, BDR rodents exhibit alterations in cerebral neurotransmission as well as the development of well defined sickness behaviors which include anorexia, lethargy and a loss of social interest (Swain
et al., 1993, 1998; Swain and Maric, 1995, 1997; Swain and Le, 1998;
Burak et al., 2002). Experiments were performed on day 5 and day 10
postsurgery at which time BDR mice had developed overt liver injury
(but not liver failure or cirrhosis).
Biochemical analysis. Blood was collected by cardiac puncture from
halothane anesthetized sham and BDR mice into tubes containing
EDTA. Blood samples were centrifuged for 20 min and plasma collected.

Alanine aminotransferase (ALT) levels were quantified using a commercial ALT kit (Biotron Labs) and bilirubin levels were determined using a
commercial bilirubin kit (Biotron Labs). ALT is released from damaged
hepatocytes and as such reflects the degree of hepatic inflammatory injury in BDR mice. Serum bilirubin levels were measured to confirm
adequate disruption of bile flow by the BDR surgery, as well as for a
secondary measure of disruption of liver cell function in response to liver
injury.
Peripheral blood monocyte isolation and flow cytometry analysis. Whole
blood was collected from sham and BDR mice and peripheral blood
mononuclear cells were isolated using Lympholyte M (Cedarlane) according to the manufacturer’s instructions. Monocytes were characterized by flow cytometry (FACSscan; Becton Dickinson) and identified by
surface expression of F4/80 (FITC-labeled antibody, Serotec). Two color
staining was used to identify MCP-1/CCL2-producing or CCR2expressing monocytes. Briefly, cells were first preincubated with antimouse CD16/32 antibody (BD Biosciences) for 15 min at 4°C to block
FC␥Rs and then stained with FITC-labeled F4/80 antibody for 30 min at
4°C. For intracellular staining of MCP-1/CCL2, cells were permeabilized
with Cytofix/Cytoperm (BD Biosciences) and then incubated with a PElabeled MCP-1/CCL2 monoclonal antibody for 45 min (BD Biosciences). CCR2-expressing monocytes were identified as those cells coexpressing F4/80 and surface CCR2. For CCR2 staining, after FC␥Rs
were blocked (as above), cells were simultaneously incubated with PElabeled F4/80 antibody (Serotec) and a primary rabbit CCR2 monoclonal
IgG antibody (Epitomics) for 30 min at 4°C. A FITC-labeled goat antirabbit secondary antibody (Jackson ImmunoResearch Labs) was then
applied for 45 min at room temperature.
Cerebral immune cell isolation and flow cytometry analysis. Mononu-
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based on expression of CD45 (i.e., CNS infiltrating monocytes are Mac1/CD11b ⫹
CD45 high-expressing cells, whereas microglia
are Mac 1/CD11b ⫹ CD45 low-expressing cells)
(Babcock et al., 2003; Kerfoot et al., 2006).
To identify MCP-1/CCL2-expressing monocytes and microglia, mononuclear cells were simultaneously stained with CD45 and CD11b
antibodies (as above), permeabilized with
Cytofix/Cytoperm and then incubated with PElabeled MCP-1/CCL2 antibody for 45 min at
4°C. CCR2-expressing monocytes and microglia were identified by simultaneous surface expression of CD45, CD11b and CCR2 (staining
as above).
For peripheral TNF␣ blocking studies, BDR
mice were injected intraperitoneally with 0.5 ml
of either normal rabbit serum or anti-TNF␣ serum (kindly provided by Dr. C. Hogoboam,
University of Michigan, Ann Arbor, MI) on
days 2 and 4 postsurgery (Huffnagle et al., 1996;
McCullough et al., 2000; Neff et al., 2003).
MCP-1/CCL2 expression in microglia was examined (as above) on day 5 postsurgery (see
Results).
For inhibition of cerebral monocyte recruitment, BDR mice were injected with anti-P selectin (RB40 –34, 20 g/mouse; BD Biosciences) and anti-␣4 integrin (R1–2, 70 g/
mouse, BD Biosciences) antibodies on days 6
and 8 postsurgery as previously described (Kerfoot et al., 2006). Control BDR mice received
rat IgG antibody. Cerebral mononuclear cells
were isolated on day 10 post surgery and characterized by flow cytometry as outlined above.
Cerebral MCP-1/CCL2 levels. Cerebral MCP1/CCL2 protein levels were determined in brain
tissue homogenates by ELISA. Briefly, cerebral
cortical tissue was obtained from day 10 sham
Figure 2. Detection of CFSE-labeled monocytes in brains of day 10 BDR mice. CFSE-labeled monocytes were observed within
and BDR mice and homogenized immediately
the parenchyma, most prominently in the periventricular and perivascular regions, in brains of day 10 recipient BDR mice. A,
in cold PBS buffer containing protease mixture
CFSE-labeled monocytes present in the lumen of the choroid plexus and also within the cerebral parenchymal area surrounding
inhibitor (Sigma-Aldrich). Tissue homogethe choroid plexus. B, CFSE-labeled monocytes present in the cerebral parenchyma in the subfornical organ region of the brain
nates were then centrifuged twice at 10,000
(both the choroid plexus and the subfornical organ are potential routes used for leukocyte transmigration into brain parenchyma).
RPM for 20 min at 4°C. The resulting supernaC, Immunohistochemical staining for vWF (labels cerebral vascular endothelium) demonstrated that CFSE-labeled monocytes
tant was filtered through a 0.45 m filter
were present within the cerebral parenchyma (closed arrow) in areas clearly distinct from cerebral blood vessels, and were also
(Sigma-Aldrich) and then stored at ⫺80°C unobserved in close proximity to cerebral blood vessels (open arrow). A, B, C, Brain sections from n ⫽ 3 day 10 BDR mice. C, A blood
til ready for analysis by a commercially available
vessel in the periventricular region in a day 10 BDR mouse. Scale bars: A, C, 5 m; B, 20 m. BV, Blood vessel.
ELISA (R&D Systems). Total protein levels
were determined using a Bio-Rad protein colorimetric assay (Bio-Rad Laboratories).
clear cells were isolated from the cerebral cortices of sham and BDR mice
Immunohistochemistry for assessment of microglial activation by morusing previously described protocols (Campanella et al., 2002; Kerfoot et
phology. Mice at day 5 postsurgery (this time point was chosen since in
al., 2006). Briefly, mice were anesthetized with halothane and perfused
day 5 BDR mice we found no significant increase in cerebral monocyte
with ice-cold PBS. The brain was removed and the cortex separated and
infiltration compared with sham controls; see Results) were anesthetized
homogenized with a dounce homogenizer in cold PBS. Brain tissue was
with halothane and perfused transcardially with PBS followed by 4%
digested in collagenase (Collagenase A, Roche Diagnostics) for 30 min at
paraformaldehyde. Brains were removed and postfixed in the same fixa37°C and then passed through a 40 m wire mesh (Sigma-Aldrich). The
tive overnight. Brain tissue was then cryoprotected with increasing conhomogenate was then centrifuged at 200 g for 10 min at 4°C. The resultcentrations of sucrose solutions. For immunohistochemical staining,
ing pellet was resuspended in 4 ml of 70% isotonic Percoll (Amersham
frozen tissue sections were cut at 12 m using a cryostat. To detect
Biosciences) which was overlaid with 37% and 30% isotonic Percoll. The
microglia, sections were stained with an antibody directed against the
Percoll gradient was centrifuged at 500 g for 20 min at 4°C. Mononuclear
ionized calcium-binding adapter molecule-1 (Iba-1) which recognizes
cells were collected from the 70/37% interface and washed with PBS. To
both microglia and macrophages (Ahmed et al., 2007). Briefly, sections
identify monocytes and microglia, isolated mononuclear cells were first
were washed three times in PBS and then 10% normal goat serum
preincubated with anti-mouse CD16/32 antibody for 15 min at 4°C to
(Sigma-Aldrich) was applied for 30 min. After a PBS wash, the primary
block FC␥Rs and then simultaneously stained with FITC-labeled antirabbit anti-Iba1 antibody (Wako) was diluted to 1:1000 and sections
CD11b (BD Biosciences) and PerCP-labeled anti-CD45 antibodies (BD
were incubated for 2 h at room temperature. Sections were then thorBiosciences) for 30 min at 4°C. Since CNS microglia are of monocytic
oughly washed with PBS and incubated with a secondary Alexa Flour 488
origin, it is important to be able to distinguish between resident microglia
goat anti-rabbit IgG antibody (Invitrogen) for 1 h at room temperature.
and CNS infiltrating monocytes. Flow cytometry is a quantitative techAfter a final wash with PBS, sections were mounted in glycerol and
nique that can be used to differentiate between these respective cell types
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viewed using a confocal microscope (Fluoview,
Version 1.6; Olympus America). Resting microglia were identified as “ramified” microglia
with long processes while primed/activated microglia were identified as microglial cells that
were more rounded, with retracted and shorter
processes.
CFSE labeling and adoptive transfer of monocytes. Peripheral blood mononuclear cells were
isolated from donor day 8 BDR, and sham mice
as described above and monocytes were then
purified by magnetic cell sorting with CD11b
microbeads (Miltenyi Biotech). Briefly, peripheral blood mononuclear cells were incubated
with CD11b microbeads for 20 min at 4°C.
CD11b-positive monocytes were then sorted
using an autoMACS separator (Miltenyi Biotech). Purified monocytes were then incubated
with carboxyfluorescein diacetate succinimidyl
ester (CFSE, Invitrogen) dye for 30 min at 37°C
followed by PBS wash. Approximately 60,000
CFSE-labeled monocytes were then injected per
mouse in 200 l of PBS intravenously by retroorbital injection into respective recipient day 8
BDR or sham mice (Wong et al., 2006). At day
10 postsurgery, brains were removed and embedded in paraffin. For immunohistochemical
staining, brain sections (6 m) underwent
heat-induced antigen retrieval in citrate buffer
and then the same procedure as outlined for
Iba1 immunohistochemistry was followed. Von
Willebrand Factor (vWF) was used to identify
cerebral vascular endothelium. The primary
rabbit anti-vWF antibody (Abcam) was diluted
to 1:5000, and sections were incubated for 2 h at
room temperature. Sections were then thoroughly washed with PBS and incubated with a
secondary Alexa Flour 555 goat anti-rabbit IgG
antibody (Invitrogen) for 1 h at room temperature. Separate brain sections from BDR mice
infused with CFSE-labeled monocytes were also
stained with Ly6C, a marker that identifies endothelial cells as well as infiltrating monocytes
but is found at low to undetectable levels on
resident cerebral microglia (Mildner et al.,
2007). For Ly6C staining, the primary rat antiLy6C antibody (Santa Cruz Biotechnology) was
applied for 18 h at room temperature followed
by incubation with a secondary Alexa Flour 594
goat anti-rat IgG antibody (Invitrogen). Sections were mounted in glycerol and viewed using a confocal microscope (Fluoview, Version
1.6; Olympus America).
Sickness behavior assessment. For these studies, BDR mice (treated with anti-P selectin and
anti-␣4 integrin antibodies to inhibit cerebral
monocyte recruitment, or isotype control IgG,
as outlined above) were used at day 10 post surgery. Sham mice at day 10 postsurgery were also Figure 3. Region-specific detection of CFSE-labeled monocytes in BDR mice. Large numbers of CFSE-labeled monocytes were most
included in the study for comparison to the readily detected in the cerebral parenchyma of BDR mice in specific regions of the brain, including the basal ganglia (A), hippocampus (B)
BDR mice groups. To confirm the inhibition of and motor cortex (C). Immunostaining for vWF was used to identify blood vessels in all three panels. Positive VWF staining is depicted by
cerebral monocyte infiltration, BDR mice were red immunofluorescence. A, B, C, Brain sections from n ⫽ 3 day 10 BDR mice. Scale bar, 20 m. BV, Blood vessel.
killed at day 10 post surgery and cerebral monoBluthé et al., 2000; Johnston et al., 2005; O’Connor et al., 2005) and
nuclear cells were isolated as described above.
included (1) social investigation behavior (2) duration of immobility of
Mice were housed in individual cages for 24 h before sickness behavior
the test mouse during the observation period, and (3) changes in food
assessment. Behavioral observations were performed between 7:00 A.M.
intake. Social investigation was quantitated by recording the time an
and 10:00 A.M. by two blinded observers. Sickness behavior was assessed
adult mouse spent investigating a novel congenic juvenile mouse (⬃3
by methods used extensively for the quantification of sickness behavior
weeks old) which was introduced into the home cage of the test mouse.
in mice (Swain and Le, 1998; Bluthé et al., 1999; Hayley et al., 1999;
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holes (1.5 cm diameter) were made (one per
wall) in the Plexiglas box to allow the adult test
mouse to smell the juvenile mouse. The following were recorded by the 2 observers for each
adult mouse: (1) the duration of the time the
adult mouse spent investigating the juvenile
mouse (i.e., the total time in seconds the adult
mouse introduced its nose into the holes in the
Plexiglas box or touched and sniffed the Plexiglas box) (2) the total number of interactions of
the adult mouse with the juvenile mouse during
the observation period (i.e., total number of approaches of the test mouse toward the juvenile
mouse), and (3) the total time in seconds that
the adult mouse remained immobile after the
introduction of the juvenile mouse into its
home cage during the observation period. The
observation period lasted for 5 min and the
means for each behavior for the 2 observers
were calculated for each test mouse. To assess
food intake, food pellets were preweighed and
then placed in a corner of the test mouse cage in
a spill-proof container, and the food pellets
which remained were weighed 12 h later (i.e.,
each mouse was exposed to the weighed food
pellets from 7:00 P.M. to 7:00 A.M.).
Statistical analysis. Data are expressed as
mean ⫾ SEM. For comparison between two
means, a Student’s unpaired t test was used. For
comparison between sham mice and isotype
control or anti-P selectin and anti-␣4 integrin
antibody-treated BDR mice groups, behavioral
data were analyzed by a one-way ANOVA followed by Tukey post hoc test. A p value ⬍0.05
was considered significant.

Results

Figure 4. Immunohistochemical detection of Ly6C-stained endothelium and CFSE-labeled monocytes in the brains of day 10
BDR mice. A–C, A Ly6C-positive CFSE-labeled monocyte present in the perivascular region in the brain of a day 10 BDR mouse.
D–F, A Ly6C-positive CFSE-labeled monocyte that appears to be adherent to the cerebral blood vessel endothelium. G–I, A
Ly6C-positive CFSE-labeled monocyte that appears to be adherent to the blood vessel (open arrow) and a Ly6C-positive CFSElabeled monocyte that is present within the cerebral parenchyma (closed arrow). J–L, A Ly6C-immunostained CFSE-labeled
monocyte that appears to be adherent to the blood vessel wall or in the process of transmigrating out of the blood vessel and into
the brain parenchyma. All panels are representative of blood vessels in the periventricular region in brain sections from n ⫽ 3 day
10 BDR mice. CFSE-labeled monocytes are indicated in the panels on the left (A, D, G, J ). Ly6C-immunostained cerebral endothelium and monocytes are indicated by red fluorescence in the middle panels. Combined images of Ly6C-immunostained CFSElabeled monocytes (i.e., images from respective left and middle panels were superimposed) are demonstrated in yellow (panels
on the right, C, F, I, L). Scale bar, 5 m. BV, Blood vessel.
To minimize aggressive interactions which tend to occur when isolated
male mice are presented with juveniles, the juvenile mouse was confined
in a small Plexiglas box (8 ⫻ 8 ⫻ 10 cm) which was placed in the corner
of the cage of the test mouse as described by Bluthé et al. (1999). Two

Characterization of murine model of
hepatic inflammatory injury
Day 10 BDR mice showed biochemical evidence of marked inflammatory liver cell
injury as reflected by a ⬃70-fold increase
in plasma ALT levels (sham: 18.1 ⫾ 3.4
IU/L vs BDR: 1262.6 ⫾ 91.2 IU/L; n ⫽
10/group, p ⬍ 0.0001). In addition, significant impairment of bile flow was confirmed in day 10 BDR mice as reflected by
an ⬃29-fold elevation in plasma total bilirubin levels (sham: 0.6 ⫾ 0.1 mg/dl vs
BDR: 17.5 ⫾ 0.7 mg/dl, n ⫽ 4/group; p ⱕ
0.05). Day 5 BDR mice showed a ⬃24-fold
increase in plasma ALT levels (sham:
10.3 ⫾ 2.7 IU/L vs BDR: 244.7 ⫾ 73.5 IU/L
BDR, n ⫽ 8/group; p ⬍ 0.05) and an ⬃21fold elevation in plasma total bilirubin levels (sham: 0.4 ⫾ 0.2 mg/dl vs BDR: 8.2 ⫾
0.5 mg/dl; n ⫽ 4/group, p ⬍ 0.05).

Monocytes are recruited into the brains
of mice with hepatic inflammation
In our current study, we confirmed our
previous finding of a significant ⬃8-fold
increased recruitment of monocytes into
the brains of mice with hepatic inflammation (Fig. 1). Furthermore, we used immunohistochemistry and confocal microscopy
to confirm that monocytes were indeed entering the brain paren-
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chyma of day 10 BDR mice. To do this, monocytes were isolated
and purified from the peripheral blood of donor day 8 BDR mice,
labeled in vitro with CFSE, and then injected intravenously into
recipient day 8 BDR mice. The recipient BDR mice were then
killed at day 10 post surgery (as outlined above). CFSE-labeled
monocytes were readily identified in brain sections from BDR
mice (Figs. 2, 3, 4), but were not found in the brains of sham mice
infused with CFSE-labeled monocytes isolated from the peripheral blood of donor sham mice (supplemental material, available
at www.jneurosci.org). Moreover, CFSE-labeled monocytes in
the brains of BDR mice were also Ly6C positive [a cell surface
marker for monocytes, but not microglia (Mildner et al., 2007)]
and were clearly identified mainly within the cerebral parenchyma (Fig. 4G–I ). However, Ly6C-immunostained CFSElabeled monocytes were also occasionally found to be adherent to
cerebral endothelium (Fig. 4 D–F,G–I,J–L) or present in close
proximity to cerebral blood vessels (Fig. 4 A–C). CFSE-labeled
monocytes were observed in perivascular and periventricular regions, both of which serve as potential routes of leukocyte entry
into the brain in CNS inflammatory diseases (Ubogu et al., 2006)
(Figs. 2, 4). In addition, Figure 2, A and B, depicts CFSE-labeled
monocytes in the choroid plexus and in the subfornical organ
region, areas that could also serve as possible routes of leukocyte
entry into the brain (Ubogu et al., 2006). We consistently found
the most readily identifiable parenchymal CFSE-labeled monocytes in BDR mice to be present in specific regions of the brain,
including the basal ganglia, hippocampus and motor cortex (Fig.
3). CFSE-labeled monocytes were found less frequently within
the brain parenchyma in other brain regions examined. Interestingly, these three brain areas have been implicated in the regulation of behavior and therefore our current findings could have
implications for behavioral changes seen in BDR mice (Dantzer,
2006; Dantzer et al., 2008). Furthermore, the CFSE-labeled adoptively transferred monocytes typically had a rounded or rod-like
morphology, similar to that reported recently by Getts et al.
(2008). Alternatively, adoptive transfer studies with SNARF-1labeled BDR monocytes in recipient day 10 BDR mice also
demonstrated findings similar to those made using CFSElabeled monocytes (supplemental material, available at
www.jneurosci.org).
MCP-1/CCL2, via its action on CCR2, mediates monocyte
recruitment into the brains of mice with hepatic
inflammation
We next wanted to determine how monocytes were being recruited into the brains of day 10 BDR mice. When we measured
cerebral chemokine levels, we found cerebral MCP-1/CCL2 levels
to be ⬃2-fold higher in day 10 BDR (10.9 ⫾ 2.1 ng/ml) versus
sham (5.2 ⫾ 0.6 ng/ml; n ⫽ 5– 6 mice/group, p ⬍ 0.05) mice. To
respond to MCP-1/CCL2, cells need to express CCR2 (the cognate receptor for MCP-1/CCL2) (Charo and Ransohoff, 2006).
Monocytes are a heterogeneous population and inflammation is
usually associated with an increase in an inflammatory subtype
which expresses CCR2 (Geissmann et al., 2003; Gordon and Taylor, 2005; Tacke and Randolph, 2006). We found that compared
with day 10 sham controls there was an ⬃2.5-fold elevation in the
number of peripheral-circulating monocytes that expressed surface CCR2 in day 10 BDR mice (Fig. 5A). In addition, virtually all
of the monocytes that transmigrated into the brains of day 10
BDR mice expressed surface CCR2. Interestingly, in contrast to
our findings for brain infiltrating monocytes, there was a decrease
in the number of microglia that expressed CCR2 in day 10 BDR
versus sham mice (Fig. 5B).
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Figure 5. MCP-1/CCL2 via its actions on CCR2 mediates monocyte recruitment into the
brains of BDR mice. A, Solid bars represent the percentage of total peripheral blood monocytes
(PBMs)-expressing CCR2 in day 10 sham and BDR mice. Hatched bars represent the total number of CCR2-expressing PBMs isolated from day 10 sham and BDR mice. Error bars represent
mean ⫾ SEM of data from 6 sham and 9 BDR mice; *p ⬍ 0.05 versus sham controls. B, Solid bars
represent the percentage of total brain microglia that express CCR2 in day 10 sham and BDR
mice. Hatched bars represent the total number of CCR2-expressing microglia isolated from the
brains of day 10 sham and BDR mice. Error bars represent the mean ⫾ SEM of data from 6 sham
and 9 BDR mice; *p ⬍ 0.05 versus sham controls.

If MCP-1/CCL2, via its action on CCR2, mediates the recruitment of monocytes into the brains of BDR mice, then in the
absence of MCP-1/CCL2 or CCR2 we would expect monocyte
infiltration to be significantly reduced. Therefore, we examined
monocyte migration into the brains of day 10 MCP-1/CCL2 KO
BDR mice and day 10 CCR2 KO BDR mice. We found that in day
10 MCP-1/CCL2 KO BDR mice, the number of CD45 high
CD11b ⫹ cells (i.e., infiltrating monocytes) isolated from the
brains of these mice was significantly reduced compared with day
10 WT BDR mice, and resembled levels observed in day 10 sham
controls (Fig. 6 A–C). Similar observations were made using day
10 CCR2 KO BDR mice in which cerebral monocyte recruitment
was once again significantly reduced compared with day 10 WT
BDR mice, to levels similar to those observed in day 10 sham
controls (Fig. 6 D–F ). Furthermore, deficiency of MCP-1/CCL2
or CCR2 did not affect the severity of inflammatory liver injury as
reflected by measurements of plasma ALT levels (day 10 MCP-1/
CCL2 KO BDR: 1700.1 ⫾ 390 IU/L vs WT BDR: 1211.9 ⫾ 96
IU/L, n ⫽ 3/group, p ⬎ 0.05; day 10 CCR2 KO BDR: 951.7 ⫾ 85
IU/L vs WT BDR: 1154 ⫾ 92 IU/L, n ⫽ 4/group, p ⬎ 0.05) and
bilirubin levels (day 10 MCP-1/CCL2 KO BDR: 11.1 ⫾ 2.3 mg/dl
vs WT BDR 15.0 ⫾ 0.8 mg/dl, n ⫽ 3/group, p ⬎ 0.05; day 10
CCR2 KO BDR: 17.8 ⫾ 4.5 mg/dl vs WT BDR: 15.9 ⫾ 1.1 mg/dl,
n ⫽ 4/group, p ⬎ 0.05).
Cerebral sources of MCP-1/CCL2 in day 10 BDR mice
Our data confirms a key role for MCP-1/CCL2 in mediating the
trafficking of monocytes into the brains of BDR mice. We next
determined whether microglia are an important cellular source of
MCP-1/CCL2 production within the brains of day 10 BDR mice.
In cerebral inflammatory diseases, microglia are the main intrinsic immunoeffector cells of the brain and are significant producers of a wide array of chemokines, including MCP-1/CCL2 (Kielian, 2004; Garden and Möller, 2006). Specifically, in CNS
inflammatory pathologies such as MS and human immunodefi-
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ciency virus associated dementia, where
cerebral infiltration of monocytes is a cardinal pathological feature, microglia are a
potent cerebral source of MCP-1/CCL2
(Mahad and Ransohoff, 2003; Hult et al.,
2008). We documented an ⬃3-fold elevation in the number of microglia that expressed MCP-1/CCL2 in the brains of day
10 BDR compared with sham mice (Fig.
7). Moreover, we also identified a marked
increase in the number of cerebral transmigrating monocytes that expressed
MCP-1/CCL2 in day 10 BDR versus sham
mice (Fig. 7).
Microglia are activated to produce
MCP-1/CCL2 which mediates the
subsequent recruitment of monocytes
into the brain in BDR mice
Our current data indicates that MCP-1/
CCL2 drives the recruitment of monocytes
into the brains of BDR mice, and that microglia are a significant source of MCP-1/
CCL2 produced within the brain. However, it is important to determine whether
microglial production of MCP-1/CCL2 in
BDR mice occurs before the infiltration of
monocytes into the brain, or develops as a
consequence of the entrance of monocytes
into the brain. Therefore, we wanted to determine whether microglia were activated
first (i.e., before monocyte recruitment) to
release MCP-1/CCL2 and thereby mediate
the subsequent recruitment of monocytes
from peripheral blood into the brain, or
whether microglial activation occurs concurrently with or after monocyte recruitment into the brains of BDR mice. To do
this, we examined monocyte infiltration
4
Figure 6. Cerebral monocyte recruitment in day 10 BDR
mice is inhibited in the absence of MCP-1/CCL2 or CCR2. Representative flow cytometry profiles from day 10 WT BDR (A)
versus MCP-1/CCL2 KO BDR (B) mice. The inserted number
shows the percentage of total brain mononuclear cells that
are CD45 high CD11b ⫹ (i.e., infiltrating monocytes). C, Solid
bars represent the percentage of isolated brain mononuclear
cells that are CD45 high CD11b ⫹ in day 10 WT BDR and MCP1/CCL2 KO BDR mice. Hatched bars represent the total number of CD45 high CD11b ⫹ cells isolated from the brains of day
10 WT BDR and MCP-1/CCL2 KO BDR mice. Error bars represent the mean ⫾ SEM of data from 4 WT BDR and 3 MCP-1/
CCL2 KO BDR mice; *p ⬍ 0.05 versus WT BDR mice. Representative flow cytometry profiles from day 10 WT BDR (D) versus
CCR2 KO BDR (E) mice. The inserted number shows the percentage of total brain mononuclear cells that are CD45 high
CD11b ⫹. F, Solid bars represent the percentage of total brain
mononuclear cells that are CD45 high CD11b ⫹ in day 10 WT
BDR and CCR2 KO BDR mice. Hatched bars represent the total
number of CD45 high CD11b ⫹ cells isolated from the brains of
day 10 WT BDR and CCR2 KO BDR mice. Bars represent the
mean ⫾ SEM of data from 4 WT BDR and 4 CCR2 KO BDR mice;
*p ⬍ 0.05 versus WT BDR mice.
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Figure 7. Cerebral sources of MCP-1/CCL2 in day 10 BDR mice. Solid bars represent the total
number of microglia expressing MCP-1/CCL2 in the brains of day 10 BDR and sham mice.
Hatched bars represent the total number of CD45 high CD11b ⫹ cells (i.e., infiltrating monocytes)
isolated from the brains of day 10 sham and BDR mice that express MCP-1/CCL2. Error bars
represent mean ⫾ SEM of data from 7 sham and 10 BDR mice; *p ⬍ 0.05 versus sham controls.
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Histological evidence for microglial activation in day 5
BDR mice
We examined cerebral microglia for morphological evidence of
activation in day 5 BDR versus sham mice using immunohistochemistry. Iba1 immunohistochemical staining was used to identify microglia in brain sections from day 5 sham and BDR mice.
Using this technique, we observed that, in general, microglia in
sham mice had a “resting ramified” morphology, with longer
processes. In contrast, cerebral microglia in BDR mice were generally more rounded and appeared “primed” in appearance with
retracted and thicker processes, typical of activated microglia
(Ahmed et al., 2007) (Fig. 9). In day 5 BDR mice, there was diffuse
microglial activation (as demonstrated by their primed appearance) apparent throughout the brain; however, there was a preponderance of activated microglia located in the periventricular
regions (Fig. 9C,D) and in the areas close to the blood vessels (Fig.
9 E, F ) compared with sham controls. Although Iba1 cannot discriminate between microglia and macrophages, our flow cytometry data demonstrates that there is no significant increase in recruitment of
monocytes into the brain in day 5 BDR
mice, and therefore the Iba1-positive cells
very likely identify microglia alone.

TNF␣ signaling via TNFR1 stimulates
cerebral microglia to produce MCP-1 to
subsequently mediate monocyte
recruitment into the brain in BDR mice
Our findings indicate that microglia are
stimulated to produce MCP-1/CCL2 before monocytes transmigrate into the
brains of BDR mice. Therefore, we wanted
to identify the possible pathway(s) leading
to the early activation of cerebral microglia
in day 5 BDR mice. TNF␣ is a potent inducer of MCP-1/CCL2 production (Thibeault et al., 2001; Harkness et al., 2003),
and we have previously documented an elevation in the number of TNF␣Figure 8. Microglia are stimulated to produce MCP-1/CCL2 before monocytes are recruited into the brains of BDR mice. A, B, expressing peripheral blood monocytes in
Representative flow cytometry profiles from day 5 sham (A) and BDR (B) mice. The inserted number shows the percentage of total day 10 BDR mice (Kerfoot et al., 2006).
brain mononuclear cells that are CD45 high CD11b ⫹ (i.e., infiltrating monocytes). C, Solid bars represent the percentage of total When we examined mice on day 5 postsurbrain mononuclear cells that are CD45 high CD11b ⫹ in day 5 sham and BDR mice. Hatched bars represent the total number of gery, we found that there was an ⬃2-fold
CD45 high CD11b ⫹ cells isolated from the brains of day 5 sham and BDR mice. Error bars represent mean ⫾ SEM of data from 5 increase in the number of TNF␣sham and 5 BDR mice, p ⬎ 0.05 versus sham mice. D, Solid bars represent the percentage of total brain microglia that express producing peripheral-circulating monoMCP-1/CCL2 in day 5 sham and BDR mice. Hatched bars represent the total number of cerebral microglia expressing MCP-1/CCL2 cytes in BDR mice (1.2 ⫻ 10 6 ⫾ 0.7 cells/
in day 5 sham and BDR mice. Error bars represent mean ⫾ SEM of data from 5 sham and 5 BDR mice; *p ⬍ 0.05 versus sham brain) versus sham controls (0.6 ⫻ 10 6 ⫾
controls.
0.2 cells/brain; n ⫽ 5/group, p ⬍ 0.05).
Therefore, we next wanted to determine if
peripheral TNF␣, possibly signaling via
into the brain, as well as microglial MCP-1/CCL2 expression, in
cerebral endothelial cells, was important for stimulating microBDR mice at 5 d postsurgery. In contrast to day 10 BDR mice, we
glia to produce MCP-1/CCL2 in day 5 BDR mice. To do this, we
did not document a significant increase in the number of
treated BDR mice systemically (i.e., by intraperitoneal injection
CD45 high CD11b ⫹ cells (i.e., infiltrating monocytes) isolated
on days 2 and 4 postsurgery) with either anti-TNF␣ serum or
from the brains of day 5 BDR mice compared with sham controls
normal rabbit serum and then killed the mice on day 5 postsur(Fig. 8 A–C). However, we found a significant ⬃2-fold increase in
gery. We found that the number of microglia that expressed
the number of microglial cells that expressed MCP-1/CCL2 in
MCP-1/CCL2 was significantly reduced in BDR mice that reday 5 BDR mice (Fig. 8 D). These data strongly suggest that miceived anti-TNF␣ serum (to levels similar to those observed in
sham controls) compared with BDR mice that received normal
croglia within the brains of BDR mice are stimulated to produce
rabbit serum (Fig. 10).
MCP-1/CCL2 prior to cerebral monocyte recruitment, and
TNF␣ mediates its biological effects via two known receptors,
therefore are consistent with MCP-1/CCL2 produced by microTNFR1 and TNFR2 (Aggarwal, 2003; Sriram and O’Callaghan,
glia driving the subsequent infiltration of monocytes into the
2007). To determine if TNF␣ signaling acts via TNFR1 or TNFR2
brains of BDR mice.
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KO BDR versus WT BDR mice (Fig. 11 D).
In contrast, there was no significant difference between the number of CD45 high
CD11b ⫹ cells isolated from the brains of
day 10 TNFR2 KO BDR compared with
WT BDR mice (Fig. 11 E–G), and in parallel to this observation, the number of
MCP-1/CCL2-expressing microglia was
also similar in day 10 TNFR2 KO BDR
(7.6 ⫻ 10 3 ⫾ 0.9 cells/brain) and WT BDR
mice (8.5 ⫻ 10 3 ⫾ 1.0 cells/brain; n ⫽
5/group, p ⬎ 0.05).
Inhibition of cerebral monocyte
recruitment improves sickness behavior
in mice with hepatic inflammation
To determine if the recruitment of monocytes into the brains of day 10 BDR mice
represents a significant pathway for the induction of liver disease associated sickness
behavior, we inhibited cerebral monocyte
recruitment in BDR mice and examined
the impact of this upon the development
of sickness behavior. Our previous study
demonstrated that monocyte infiltration
into the brains of BDR mice could be inhibited using anti-P selectin and anti-␣4
integrin antibodies (Kerfoot et al., 2006).
We used the same antibody treatment protocol as previously described to inhibit cerebral monocyte infiltration (i.e., treated
BDR mice systemically with anti-P selectin
and anti-␣4 integrin antibodies on days 6
and 8 post surgery; control BDR mice received rat IgG) and then assessed social investigative behavior, duration of immobility and food intake on day 10 postsurgery.
Inhibition of cerebral monocyte recruitment caused a significant increase in the
time spent by adult BDR mice in social investigative behavior and a decrease in immobility compared with BDR mice in
which cerebral monocyte recruitment had
not been inhibited, but all of these behavFigure 9. Immunohistochemical staining for Iba1-positive microglia in day 5 BDR mice. In general, microglia in sham mice (A, iors (except number of interactions) were
C, E) have a resting ramified morphology with longer processes while microglia in BDR mice (B, D, F ) are more rounded with still significantly impaired compared with
retracted and thicker processes typical of activated microglial cells. Compared with sham controls, in BDR mice there was a sham mice (Fig. 12). Furthermore, no difdominance of activated microglia in the periventricular region [sham (C); BDR (D)] and in the area close to the blood vessels [sham
ferences in food intake between the three
(E); BDR (F)]. A, B, Microglia in the periventricular regions in respective day 10 sham and BDR mice and demonstrate the typical
groups were observed (grams of food conmorphology (indicated by arrows) seen for microglia in sham (A) and BDR (B) mice. C, D, The periventricular region in sham (C) and
BDR (D) mice. E, F, An area close to the blood vessel in sham (E) and BDR (F ) mice. All pictures are representative of brain sections sumed in 12 h: sham: 3.2 ⫾ 0.1 g vs IgGtreated BDR mice: 2.3 ⫾ 0.5 g vs antibodyfrom 3 sham and 3 BDR mice. Scale bars: A, B, 5 m; C–F, 20 m. BV, Blood vessel.
treated BDR mice: 2.5 ⫾ 0.4 g, n ⫽ 3–5
mice/group, p ⬎ 0.05). Therefore, inhibito stimulate microglia to produce MCP-1/CCL2 and subsetion of cerebral monocyte recruitment in BDR mice resulted in a
quently recruit monocytes into the brain, we studied TNFR1 KO
significant improvement in measures of sickness behavior related
and TNFR2 KO mice at day 10 postsurgery; the time point at
to social interaction, but not in food intake, suggesting that the
which we had documented a significant increase in monocyte
improvement in social interaction was a specific effect of inhibiinfiltration into the brains of WT BDR mice. We found a marked
tion of cerebral monocyte recruitment in BDR mice. We conreduction in the number of CD45 high CD11b ⫹ cells (i.e., infilfirmed that anti-P selectin and anti-␣4 integrin antibody treattrating monocytes) isolated from the brains of day 10 TNFR1 KO
ment had prevented monocyte recruitment into the brains of
BDR mice compared with WT BDR mice (Fig. 11 A–C). In addiBDR mice at day 10 postsurgery by sacrificing the mice after the
tion, we found that the number of MCP-1/CCL2-expressing cebehavioral studies had been concluded and isolating mononurebral microglia was also significantly reduced in day 10 TNFR1
clear cells from the brains of these mice as described above (num-
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Figure 10. Peripheral TNF␣ signaling stimulates microglia to produce MCP-1/CCL2 in day 5
BDR mice. Solid bars represent the percentage of total cerebral microglia that express MCP-1/
CCL2 in day 5 BDR mice that had received either normal rabbit serum (NRS) or anti-TNF␣ serum
intraperitoneally on days 2 and 4 postsurgery. Hatched bars represent the total number of
MCP-1/CCL2-expressing cerebral microglia in day 5 BDR mice treated with either NRS or antiTNF␣ serum on days 2 and 4 postsurgery. Error bars represent mean ⫾ SEM of data from 4
NRS-treated BDR and 3 anti-TNF␣ serum-treated BDR mice; *p ⬍ 0.05 versus NRS-treated BDR
mice.

ber of CD45 high CD11b ⫹ cells in IgG-treated BDR: 8.4 ⫻ 10 3
cells/brain vs antibody-treated BDR mice: 2.4 ⫻ 10 3 cells/brain,
n ⫽ 5– 6 mice/group, p ⬍ 0.05).

Discussion
In systemic inflammatory diseases, communication between the
periphery and the CNS has traditionally been felt to occur via
neural and/or humoral routes (Dantzer, 2006). However, using a
murine model of inflammatory liver injury, we have identified
the existence of a third potential communication pathway
whereby immune cells, specifically monocytes, from the periphery are actively recruited into the brain (Kerfoot et al., 2006). We
have confirmed this significant finding in our current study and
have documented an important mechanism underlying the cerebral recruitment of monocytes.
In CNS inflammatory diseases, changes in central neurotransmission and corresponding behavioral alterations often occur
before overt pathological CNS tissue damage, but after cerebral
immune cell recruitment is evident (Pollak et al., 2003). During
CNS pathologies, cerebral inflammation drives the migration of
circulating immune cells into the brain. Therefore, it is important
to understand how monocytes are recruited into the brain in the
setting of peripheral inflammation, in the absence of overt CNS
inflammation. BDR mice exhibit liver specific inflammatory injury; however, cerebral MCP-1/CCL2 levels were significantly
elevated in day 10 BDR mice compared with controls. To respond
to MCP-1/CCL2 cells need to express CCR2 on their surface
(Charo and Ransohoff, 2006). In keeping with this, we found a
marked elevation in the number of peripheral blood monocytes
that expressed CCR2 in day 10 BDR mice, and virtually all of the
monocytes that transmigrated into the brains of BDR mice expressed CCR2. In contrast, we documented reduced numbers of
CCR2-expressing microglia in the brains of day 10 BDR versus
sham mice. This observation may be due to elevated cerebral
MCP-1/CCL2 levels in BDR mice (Bonfield et al., 2005). A central
role for MCP-1/CCL2 and CCR2 in mediating cerebral monocyte
recruitment in BDR mice was further demonstrated by our finding that cerebral monocyte trafficking was abolished in the absence of MCP-1/CCL2 or CCR2. Despite the redundancy in the
chemokine system, others have also identified the MCP-1/CCL2CCR2 axis as being vital in driving cerebral monocyte infiltration
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in models of CNS inflammatory pathologies, including experimental autoimmune encephalitis (Izikson et al., 2000; Huang et
al., 2001) and human immunodeficiency virus associated dementia (Zink et al., 2001; Gonzalez et al., 2002). In addition, the
absence of either of these mediators was associated with a reduction in sickness behaviors exhibited during the course of these
experimental disease models; thereby highlighting the potential
relevance of this immune-to-CNS communication pathway in
mediating alterations in central neural activity.
Our results indicate that even in the absence of overt CNS
inflammation, microglia can be activated to produce MCP-1/
CCL2 which is biologically relevant for the recruitment of monocytes into the brain. Immunohistochemical staining demonstrated a dominance of activated microglia, as indicated by their
primed appearance in day 5 BDR mice; predominantly located in
areas around blood vessels and in the periventricular regions.
These observations are potentially important since transmigration via the blood– brain barrier and the blood–CSF barrier both
serve as potential routes of leukocyte entry into the brain in CNS
inflammatory diseases (Ubogu et al., 2006). MCP-1/CCL2 secreted from activated microglia located in the periventricular and
perivascular regions in day 5 BDR mice could potentially direct
the subsequent migration of monocytes into the brain parenchyma. In keeping with this, immunohistochemical examination
of brain sections from day 10 BDR mice indicated that CFSElabeled monocytes had transmigrated into the cerebral parenchyma and were detected most prominently in both the perivascular and periventricular regions.
Understanding the signaling stimulus that leads to the early
“priming” of microglia to produce mediators such as MCP-1/
CCL2 is fundamental to delineating how monocytes are subsequently recruited into the brain in the setting of systemic inflammation. Activation of cerebral endothelial cells is a key step in
relaying peripheral immune signals to CNS parenchymal structures (Matsumura and Kobayashi, 2004; Gosselin and Rivest,
2008). In addition, TNF␣ has been highlighted as an important
link between peripheral inflammation and the brain. Systemic
TNF␣ administration provokes activation of cerebral endothelial
cells and brain parenchymal elements (Nadeau and Rivest, 1999).
Furthermore, the absence of TNF␣ signaling was shown to significantly inhibit central inflammation in response to LPS induced systemic inflammation (Qin et al., 2007). In our previous
study, we could not detect TNF␣ in the peripheral circulation of
BDR mice (using a sensitive ELISA). However, we did document
an increase in the number of TNF␣-producing circulating monocytes in day 10 BDR versus sham mice (Kerfoot et al., 2006). In
addition, we observed increased leukocyte rolling and adhesion
along the cerebral endothelium in day 10 BDR mice. In our current study, in day 5 BDR mice we also documented a significant
elevation in the number of TNF␣-producing peripheralcirculating monocytes, suggesting that TNF␣ might potentially
be an important link in relaying peripheral inflammation to the
CNS. Hence, TNF␣ released from monocytes in contact with
cerebral endothelium could potentially initiate a signaling stimulus into the brain parenchyma that leads to activation of microglia to produce MCP-1. In keeping with this, when we administered a TNF␣ neutralizing antibody systemically in day 5 BDR
mice, the number of MCP-1-producing cerebral microglia was
markedly reduced and were similar to numbers observed in sham
controls. These findings indicate that peripheral TNF␣ signaling
(possibly via the cerebral endothelium) is a critical early event
that stimulates microglia to produce MCP-1/CCL2.
TNF␣ signaling via TNFR1 plays a dominant role in mediat-
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BDR mice deficient in TNFR1 or TNFR2.
We found that cerebral monocyte recruitment was markedly inhibited in TNFR1
deficient BDR mice, but not in TNFR2 deficient BDR mice. The reduction in monocyte recruitment in day 10 TNFR1 KO
BDR mice was associated with a striking
reduction in the number of microglia that
produced MCP-1/CCL2. TNF␣ signaling
via TNFR1 has also been shown to potently stimulate MCP-1/CCL2 production
and mediate subsequent cerebral leukocyte recruitment in models of CNS inflammatory diseases, including experimental
autoimmune encephalitis (Probert et al.,
2000). These findings are consistent with
peripheral TNF␣, signaling via TNFR1,
stimulating microglia to produce MCP-1
which subsequently mediates the recruitment of monocytes into the brains of BDR
mice.
The recruitment of monocytes into the
brain via the MCP-1-CCR2 axis could
have potential implications for central
neural changes which occur during peripheral inflammation. Monocytes that
transmigrate into the brain produce
MCP-1 and as we have previously shown,
TNF␣ (Kerfoot et al., 2006). The cerebral
recruitment of monocytes in BDR mice
highlights an important potential communication route that enables cellular messenger molecules such as TNF␣, which
have been classically viewed as humoral in
nature, to gain access to the CNS in systemic inflammatory diseases. TNF␣ production within the brain can also be augmented in the setting of increased
ammonia levels (Odeh, 2007). Elevated
plasma and cerebral ammonia levels have
been documented in BDR rats with cirrhosis (Wright et al., 2007), suggesting that
this pathway could also possibly play a role
in further increasing cerebral TNF␣ levels
in mice with hepatic inflammation and
Figure 11. TNF␣ signaling via TNFR1 stimulates microglia in BDR mice to produce MCP-1/CCL2 and to subsequently recruit
warrants further investigation.
monocytes into the brain. A, B, Representative flow cytometry profiles from day 10 WT BDR (A) and TNFR1 KO BDR (B) mice. The
TNF␣ plays a key role in the genesis of
inserted number shows the percentage of total brain mononuclear cells that are CD45 high CD11b ⫹ (i.e., infiltrating monocytes).
high
⫹
sickness
behaviors (Palin et al., 2007,
C, Solid bars represent the percentage of total brain mononuclear cells that are CD45 CD11b in day 10 WT BDR and TNFR1 KO
BDR mice. Hatched bars represent the total number of CD45 high CD11b ⫹ cells isolated from the brains of day 10 WT BDR and 2008). Importantly, patients with systemic
TNFR1 KO BDR mice. Error bars represent mean ⫾ SEM of data from 9 WT BDR and 6 TNFR1 KO BDR mice; *p ⬍ 0.05 versus WT BDR inflammatory diseases being treated with
mice. D, Solid bars represent the percentage of total cerebral microglia that express MCP-1/CCL2 in day 10 WT BDR and TNFR1 KO anti-TNF␣ therapies demonstrate reduced
BDR mice. Hatched bars represent the total number of cerebral microglia that express MCP-1/CCL2 in day 10 WT BDR and TNFR1 KO clinical symptoms (which by definition are
BDR mice. Error bars represent mean ⫾ SEM of data from 9 WT BDR and 6 TNFR1 KO BDR mice; *p ⬍ 0.05 versus WT BDR mice. E, due to changes in central neurotransmisF, Representative flow cytometry profiles from day 10 WT BDR (E) and TNFR2 KO BDR (F ) mice. The inserted number shows the sion), often before overt clinical changes in
percentage of total brain mononuclear cells that are CD45 high CD11b ⫹ (i.e., infiltrating monocytes). G, Solid bars represent the the underlying inflammatory disease state
percentage of total brain mononuclear cells that are CD45 high CD11b ⫹ in day 10 WT BDR and TNFR2 KO BDR mice. Hatched bars
have been observed (Lichtenstein et al.,
represent the total number of CD45 high CD11b ⫹ cells isolated from the brains of day 10 WT BDR and TNFR2 KO BDR mice. Error bars
2002; Satapathy et al., 2004). We have prerepresent mean ⫾ SEM of data from 5 WT BDR and 5 TNFR2 KO BDR mice; p ⬎ 0.05 versus WT BDR mice.
viously documented changes in a number
of neurotransmitter systems, as well as asing inflammation in numerous diseases (Probert et al., 2000;
sociated behavioral changes, in the setting of hepatic inflammaGimenez et al., 2006). To determine whether differential TNF␣
tion (Swain et al., 1993; Swain and Maric, 1995, 1997; Swain and
signaling via TNFR1 or TNFR2 affects cerebral monocyte recruitLe, 1998; Burak et al., 2001, 2002). In our current study, we have
ment in BDR mice, we conducted recruitment studies in day 10
shown that inhibition of monocyte recruitment into the brains of
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mice with liver inflammation results in significant improvement
in sickness behavior as reflected by an increase in social interaction and decreased immobility. Therefore, in mice with peripheral hepatic inflammation, the cerebral recruitment of activated
monocytes which are capable of producing a number of neuromodulators (e.g., TNF␣, MCP-1) (Banisadr et al., 2002; Rostène
et al., 2007) potentially serves as an important route that can
mediate changes in CNS neurotransmission and thereby
behavior.
In conclusion, we have observed that in the setting of peripheral organ-centered inflammation there is a directed recruitment
of activated monocytes into the CNS, which occurs as a result of
an initial activation of cerebral microglia to produce MCP-1/
CCL2. Peripheral TNF␣ signaling appears to be a critical component in the activation of microglia and the subsequent recruitment of monocytes into the brain in this setting. Moreover, the
cerebral infiltration of monocytes plays an important role in driving hepatic inflammation associated sickness behavior. Our findings have significant implications for communication pathways
between the periphery and the CNS, not only in liver disease, but
also in other inflammatory diseases occurring outside of the CNS.

References
Abe T, Arai T, Ogawa A, Hiromatsu T, Masuda A, Matsuguchi T, Nimura Y,
Yoshikai Y (2004) Kupffer cell derived interleukin 10 is responsible for
impaired bacterial clearance in bile duct ligated mice. Hepatology
40:414 – 423.
Aggarwal BB (2003) Signaling pathways of the TNF superfamily: a doubleedged sword. Nat Rev Immunol 3:745–756.
Ahmed Z, Shaw G, Sharma VP, Yang C, McGowan E, Dickson DW (2007)
Actin-binding proteins Coronin-1a and IBA-1 are effective microglial
markers for immunohistochemistry. J Histochem Cytochem 55:687–700.
Babcock AA, Kuziel WA, Rivest S, Owens T (2003) Chemokine expression
by glial cells directs leukocytes to sites of axonal injury in the CNS. J Neurosci 23:7922–7930.
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