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Neurobiology of Disease

Toll/Interleukin-1 Receptor Domain-Containing Adapter
Inducing Interferon-3 Mediates Microglial Phagocytosis of
Degenerating Axons
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Nitish Thakor,! and Arun Venkatesan?
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Following CNS injury, microglial phagocytosis of damaged endogenous tissue is thought to play an important role in recovery and
regeneration. Previous work has focused on delineating mechanisms of clearance of neurons and myelin. Little, however, is known of the
mechanisms underlying phagocytosis of axon debris. We have developed a novel microfluidic platform that enables coculture of micro-
glia with bundles of CNS axons to investigate mechanisms of microglial phagocytosis of axons. Using this platform, we find that axon
degeneration results in the induction of type-1 interferon genes within microglia. Pharmacologic and genetic disruption of Toll/
interleukin-1 receptor domain-containing adapter inducing interferon- 3 (TRIF), a Toll-like receptor adapter protein, blocks induction of
the interferon response and inhibits microglial phagocytosis of axon debris in vitro. In vivo, microglial phagocytosis of axons following
dorsal root axotomy is impaired in mice in which TRIF has been genetically deleted. Furthermore, we identify the p38 mitogen-activated
protein kinase (MAPK) cascade as a signaling pathway downstream of TRIF following axon degeneration and find that inhibition of p38
MAPK by SB203580 (4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole) also blocked clearance of axon debris.
Finally, we find that TRIF-dependent microglial clearance of unmyelinated axon debris facilitates axon outgrowth. Overall, we provide
evidence that TRIF-mediated signaling plays an unexpected role in axonal debris clearance by microglia, thereby facilitating a more
permissive environment for axonal outgrowth. Our study has significant implications for the development of novel regenerative and
restorative strategies for the many traumatic, neuroinflammatory, and neurodegenerative conditions characterized by CNS axon

degeneration.

Introduction

Microglia are the resident immune cells of the CNS and play a
major role in pathogen defense, inflammatory responses, and
phagocytosis (Napoli and Neumann, 2009; Ransohoff and Perry,
2009). Although microglial phagocytosis of pathogens is often
coupled to elaboration of proinflammatory molecules with re-
sulting neurotoxicity, phagocytosis of apoptotic cells usually pro-
ceeds without signs of inflammation or neurodegeneration and is
essential for normal development, tissue homeostasis, and recov-
ery from acute injury (Voll et al., 1997; Fadok et al., 1998). The
phagocytic clearance of myelin debris by microglia is also impor-
tant for CNS repair (Dubois-Dalcq et al., 2005; Franklin and
Kotter, 2008). However, microglial phagocytosis of endogenous
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debris can be extremely inefficient in the mammalian CNS, and
the resultant persistence of endogenous debris poses a substantial
barrier to regeneration (Vallieres et al., 2006; Neumann et al.,
2009). Thus, it is critical to understand mechanisms by which
microglia clear debris, to develop strategies to enhance repair.

Emerging evidence points to remarkable diversity in
phagocytic mechanisms (Napoli and Neumann, 2009). The
Toll-like receptors (TLRs), which signal through several Toll-
interleukin-1 receptor (TIR) domain-containing adapter pro-
teins including myeloid differentiation response protein-88
(MyD88) and TIR domain-containing adapter inducing
interferon-B (TRIF) (O’Neill and Bowie, 2007), play an impor-
tant role in phagocytosis of microbes. Microglial clearance of
apoptotic neurons, however, involves TIM-4 (T-cell Ig mucin 4),
a phosphatidyl serine receptor, as well as soluble bridging pro-
teins such as milk fat globule-EGF-factor 8 and Gas6 that couple
apoptotic cells to microglia (Miyanishi et al., 2007; Grommes et
al., 2008). Another cell surface receptor, triggering receptor ex-
pressed on myeloid cells 2 (TREM2), has also been recently im-
plicated in phagocytosis of apoptotic neurons and suppression of
inflammation (Takahashi et al., 2005). In addition, distinct re-
ceptors and signaling pathways govern microglial removal of my-
elin debris (Rotshenker et al., 2008).

Little, however, is known about the molecular control of mi-
croglial phagocytosis of degenerating axons. CNS axonal degen-
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eration is a common occurrence in many disorders including
multiple sclerosis (MS), where early axonal injury can occur with
relative sparing of distant neuronal cell bodies (Coleman, 2005;
Pittock and Lucchinetti, 2007). Following acute injury, axonal
debris persists for many months in the CNS (Bignami et al., 1981;
George and Griffin, 1994). Moreover, axon debris is generated on
an ongoing basis in chronic disorders such as MS, where degen-
erating axons have been found in both active and chronic lesions
(Trapp et al., 1998). Studies of phagocytosis of axonal debris in
Drosophila have demonstrated an essential role for the glial
engulfment receptor Draper, and its intracellular signaling
partner Shark, suggesting a role for the ITAM (immunoreceptor
tyrosine-based activation motif)-domain-SFK (Src family
kinase)-Syk signaling cascade in axonal phagocytosis (Ziegenfuss
etal., 2008). In addition, activation of the p38 mitogen-activated
protein kinase (MAPK) cascade has been recently implicated in
clearance of axonal debris by microglia (Tanaka et al., 2009).
Here, we develop a novel compartmentalized microfluidic cocul-
ture platform to study microglial-axon interactions, and uncover
an unexpected role for TRIF in mediating microglial clearance of
degenerating axons.

Materials and Methods

Microfluidic axon—microglia coculture platform. An extracellular matrix
patterning device was used to create 25-um-wide stripes of poly-p-lysine
(PDL) separated by 25-um-wide spaces to facilitate areas for axonal
outgrowth and microglia attachment, respectively (see Fig. 1Ai). The
PDMS [poly(dimethylsiloxane)]-based microfluidic device is composed
of two [length (L), 8 mm; width (W), 1 mm] compartments separated by
an array of 150 microchannels [W, 25 wm; L, 5 mm; height (H), 5 wm]
and was fabricated as previously described (Taylor et al., 2005; Hosmane
et al., 2010). The patterning device was attached to a cleaned glass-
bottom Petri dish (Wilco Wells) and a 200 ug/ml solution of PDL
(Sigma-Aldrich) diluted in molecular grade water (Mediatech) was in-
troduced by way of access ports. The ensemble was then incubated over-
night at 37°C in a humidified, 5% CO, incubator. The following day, the
devices were slowly peeled from the glass substrate, and the dish was
washed three times with double-dionized water to remove unbound
PDL. After drying, a similar device with 120 miniaturized microchannels
(W, 10 pm; L, 500 wm; H, 2.5 wm) was aligned and bonded to the
PDL-patterned glass through the use of alignment keys (see Fig. 1 Aii). As
previously described for unpatterned substrates (Hosmane et al., 2010),
neurons seeded within the cell body compartment extend axons, a subset
of which are guided along the microchannel features and enter into the
axon-—glial coculture compartment. In our patterned platform, the axons
remain spatially localized after emerging from the microchannels (see
Fig. 1 Aiii), thus allowing a clear demarcation between axon bundles and
spaces for glial coculture (see Fig. 1Aiv). We took advantage of this
property to develop a reproducible assay to quantitatively assess clear-
ance of axonal material.

Cell isolation and culture. Primary hippocampal neurons were ob-
tained from rat embryonic day 17 pups as previously described (Hos-
mane etal., 2010) and resuspended to a final density of 2.5 X 10 7 cells/ml,
in Neurobasal/B27 media. For experiments in which cells were labeled
with a fluorescent protein, dissociated neurons were nucleofected
(Amaxa) with a plasmid encoding the tau-TdTomato gene as per the
manufacturer’s instructions. Efficiency of labeling was >50%. For pri-
mary microglia cultures, cortices from P3-P6 Sprague Dawley rats
(Charles River Laboratories) or C57BL/6] mice (The Jackson Labora-
tory) were isolated and digested in 0.05% trypsin (Invitrogen) for 20 min
at 37°C. Trypsinization was stopped by equal volume of DMEM/F12
media (DMEM/F12 from Mediatech; 1% penicillin—streptomycin from
Invitrogen; and 10% FBS from Gemini Bio-Products). Next, the cell
suspension was filtered through a 100 wm cell strainer and centrifuged.
Finally, the cell pellet was resuspended in DMEM/F12 media and plated
in poly-L-lysine-coated T-75 culture flasks, and medium was changed
every 4 d. For our experiments, microglia were isolated on days 7 (rat)
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and 14 (mouse) by shaking flasks at 180 rpm at 37°C for 45 min and were
enriched by plating on uncoated plastic/glass surfaces. Under these con-
ditions, >95% of isolated cells stained for the microglia marker Ibal.

Mouse peritoneal macrophages were isolated from wild-type (wt) and
TRIF knock-out (TRIF KO) mice, 4 d after intraperitoneal injection of 2
ml of sterile 3% (w/v) thioglycolate (Sigma-Aldrich; T9032) (Zhang et
al.,, 2008). Macrophages were further purified by passing through a
MACS cell separator column with CD11b beads (MACS; Miltenyi Bio-
tec), following which flow cytometry demonstrated >95% CD11b-
positive cells. Axon debris clearance experiments were performed as
described for microglia.

Neuron—microglia coculture and axon degeneration. Devices were filled
with prewarmed Neurobasal/B27 media for 15-30 min before cell seed-
ing. Primary neurons were loaded into the cell body compartment of the
device, and axons were observed entering the axon/coculture compart-
ment after 3—4 d. After 7 d, 50,000 microglia were loaded into the cocul-
ture compartment in 1.5 ul of 2% serum-containing media (DMEM/
F12, 2% FBS, 1% antibiotics). After 30 min, the coculture compartment
was washed once and filled with DMEM/F12/2% FBS media. A fresh 1 m
solution of diethylammonium (Z)-1-(N, N-diethylamino)diazen-1-
ium-1,2-diolate (DEANONOate) (Cayman Chemical) was prepared by
dissolving 50 ug of stock powder into 50 ul of ice-cold 0.01 M NaOH. To
induce neuronal degeneration, 15 ul of 10 mm DEANONOate was im-
mediately added to the cell body compartment such that the overall
volume was at least seven times less than that of the coculture compart-
ment. Under these conditions, no detectable diffusion of NO (Promega;
Griess Assay) into the coculture compartment was observed.

Microarray. RNA was isolated from coculture compartments via the
RNeasy Plus Mini Kit (QIAGEN), as per the manufacturer’s directions.
RNA was then labeled using the Whole Transcript Sense Target Labeling
protocol described by Affymetrix with reagents from Ambion and Af-
fymetrix. Briefly, 100 ng of total RNA was used to synthesize first-strand
c¢DNA using random oligonucleotides with T7 promoter as primer and
the SuperScript Choice System (Invitrogen). Following the double-
stranded cDNA synthesis, the double-strand cDNA was purified using
magnetic beads, and cRNA was generated through in vitro transcription.
Ten micrograms of cRNA were then used to generate sense strand cDNA
using random primer, ANTP-dUTP mix, and SuperScript Il reverse tran-
scriptase (Invitrogen). The resulting sense strand cDNA was then puri-
fied, fragmented using UDG (uracil DNA glycosylase) and APE
(apurinic/apyrimidinic endonuclease) at 37°C for 60 min, and terminal
labeled with biotinylated nucleotide and terminal DNA transferase at
37°C for 60 min. The labeled sense strand DNA was hybridized to the
Affymetrix GeneChip rat exon 1.0 ST arrays for 17 h at 45°C with con-
stant rotation (60 rpm). Affymetrix Fluidics Station 450 was used to wash
and stain the chips, removing the nonhybridized target and incubating
with a streptavidin—phycoerythrin conjugate to stain the biotinylated
cDNA. The staining was further amplified using goat IgG as blocking
reagent and biotinylated anti-streptavidin antibody (goat), followed by a
second staining step with a streptavidin—phycoerythrin conjugate. Fluo-
rescence was detected using the Affymetrix G3000 GeneArray Scanner
and image analysis of each GeneChip was performed through the Af-
fymetrix GeneChip Command Console, version 2.0 (AGCC, version
2.0), software from Affymetrix. Data analysis was performed using
Partek Genomic Suite software. In short, the raw signal values are back-
ground corrected using RMA and quantile normalized. Differential gene
expression was detected using ANOVA and visualization and further
functional analysis was performed using Spotfire Functional Genomic
DecisionSite.

Quantitative PCR. Fifty nanograms of each mRNA sample was con-
verted to cDNA using the High-Capacity RNA-to-cDNA kit (Applied
Biosystems). cDNA was subjected to TagMan PCR using the gene ex-
pression master mix containing TaqgMan primers (Applied Biosystems)
to genes of interest and actin primer (Predeveloped TagMan Assay Re-
agents). The reaction mix was run on an ABI Prism 7000 Sequence de-
tection system and analyzed. In some experiments, microglia were
cultured in a 48-well plate at 2 X 107 cells per well and treated with either
TLR3 agonist (20 ug/ml polyinosinic/polycytidylic acid [poly(I:C)]; In-
vivoGen), TLR4 agonist (100 ng/ml lipopolysaccharide; Sigma-Aldrich),
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or microbeads (FluoSpheres; Invitrogen; 2 X 10° per well) before collec-
tion of mRNA.

Immunocytochemistry. Cultures were washed with PBS and fixed for 20
min at room temperature with 4% paraformaldehyde (PFA). Cells were
washed in PBS and incubated in blocking solution containing 0.25%
Triton X-100 and 5% normal donkey serum for 1 h. Primary antibodies,
which included rabbit IBA-1 (1:500; Wako Chemicals), rabbit IRF7 (1:
250; Santa Cruz Biotechnology), mouse 3-III-tubulin (1:1000; Source),
and rabbit phospho-p38 MAPK (1:250; Cell Signaling), were diluted
in blocking solution and applied overnight at 4°C. Cultures were
washed three times in PBS and incubated with Alexa Fluor 488-
conjugated donkey anti-rabbit (1:250; Invitrogen) and Alexa Fluor
594-conjugated donkey anti-rat (1:250; Invitrogen) for 2 h at room
temperature. Finally, cells were incubated for 5 min with 1 um 4’,6-
diamidino-2'-phenylindoldihydrochloride (DAPI) (Invitrogen) as a
nuclear counterstain.

Western blotting. Cultures were washed with 1X Dulbecco’s PBS
(DPBS) (Mediatech). DPBS was removed from the coculture compart-
ment and replaced with RIPA lysis buffer. Lysates from the coculture
compartments of several devices were pooled and stored on ice. The
protein level of the lysate was determined by the BCA protein assay kit
(Thermo Fisher Scientific). Twenty micrograms of protein per lane were
separated by 10% SDS-PAGE and transferred onto a nitrocellulose mem-
brane overnight. After blocking with 10% milk in PBS and Tween 20 for
30 min, membranes were incubated for 3 h at room temperature with
primary rabbit antibody (1:1000 phospho-p38 MAPK; Cell Signaling).
After washing, horseradish peroxidase-conjugated anti-rabbit (1:5000;
GE Healthcare) antibody was applied for 45 min at room temperature.
Antibody binding was detected using chemiluminescence HRP for 5 min
and visualized by fluorography with film. The total level of p38 MAPK
was detected from the same blot after stripping with 1X of Re-Blot Plus
Strong Solution (Millipore) in distilled water for 15 min, followed by
reprobing with p38 MAPK antibody (Cell Signaling).

Pharmacological blockers. The peptides Pepinh-MyD, Pepinh-TRIF, and
Pepinh-Control (InvivoGen) were prepared as 1 mm stock solutions by dis-
solving peptides in endotoxin-free water and used at final concentrations of
10 and 20 M. Microglia were preincubated for 6 h with the peptides before
stimulation with exogenous ligands or degenerating axons. The p38 MAPK
inhibitor (4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-
1H-imidazole) (SB203580); Sigma-Aldrich] was prepared as a 50 mum stock
solution in DMSO (dimethylsulfoxide). Microglia were preincubated
with SB203580 at final concentration of 50 um for 1 h before
experimentation.

Determination of intra-axonal ATP. Intra-axonal ATP was determined
by using ViaLight Plus Kit (Lonza). Briefly, cultures were washed once
with DPBS, and DPBS was added to fill the cell body compartment. Fifty
microliters of cell lysis buffer were then added to the axonal compart-
ment and incubated for 10 min at room temperature. The axonal lysates
were collected, added to a white-walled luminometer plate (Lonza), and
mixed with AMR PLUS (Lonza). Bioluminescence was measured within
5 min in a SpectraMax M5 plate reader (see Fig. 1C; Molecular Devices).

Time-lapse microscopy. Bright-field and phase-contrast video mi-
crographs were captured at 40X magnification with a Zeiss live-cell
inverted microscope (Axio Observer; Zeiss) using Zeiss AxioVision
software. Images were acquired at fixed time increments (3 min)
under constant exposure (<150 ms). Due to the fine temporal reso-
lution of image capture, clear assessment of axonal health (continued
growth vs degeneration) could be determined (see Fig. 1B). Time-
lapse microscopy was used for >16 h after induction of axonal degen-
eration to observe the cellular response of microglia cocultured with
axon bundles (see Fig. 1 D).

Quantification of axon debris clearance. Axon bundles (W, >20 um; L,
>500 um) surrounded by >10 microglia were selected for time-lapse
microscopy and subsequent quantification. The surface area of the axon
bundles were traced at the start of the experiment immediately after the
addition of 10 mm NO donor to the neuronal cell bodies. At the end of the
experiment (16—18 h later), axon bundles were traced again to quantify
the extent of debris clearance by microglia. Surface area quantification
was done manually in Zeiss AxioVision through the use of a multiline
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segment tracing tool. The difference in bundle surface area normalized to
the area at the start of the experiment was quantified and then stated as
the percentage of axon debris cleared (see Fig. 1 D). For each experimen-
tal condition, a minimum of three bundles was quantified per device
sector, and at least three sectors were analyzed per experiment. Each
experiment was then performed in triplicate. Data were then analyzed by
one-way Tukey’s ANOVA in Prism (GraphPad) to determine statistical
significance. Unless otherwise stated, all columns were compared against
the positive control, which was microglia cocultured with degenerating
axons (*p < 0.05; **p < 0.01; ***p < 0.001).

The percentage of microglia phagocytosing axon debris in vitro was
quantified as follows. TdTomato-labeled axons were cocultured with wt
or TRIF KO microglia. Neurons were subjected to NO-induced degen-
eration, and cultures were fixed and immunostained for Ibal and coun-
terstained with DAPI at 16 and 24 h after NO donor application. At least
five random areas at 40X magnification were imaged per sector by con-
focal microscopy, at least four independent sectors were analyzed per
experiment, and the percentage of Ibal ™ cells that colocalized with Td-
Tomato was determined by orthogonal analysis as in Figure 1 E. Overall,
at least 500 Ibal ™ microglia were analyzed per condition, and the exper-
iment was performed in duplicate.

Axon outgrowth through axonal debris. Microfluidic platforms were
modified to allow unrestricted access to the axonal compartment,
thereby allowing collection of axonal material. After 7 d in culture,
axon bundles were subjected to axotomy by mechanical cutting. Ax-
onal material was scraped and collected, and cellular membrane de-
bris from human embryonic kidney (HEK) 293 cells was collected in
a similar manner. Axonal and HEK cell material were subjected to
three cycles of freezing at —20°C followed by thawing at 37°C to
promote debris formation, which resulted in debris aggregates rang-
ing from 1 to 10 wm in diameter. Debris were concentrated and
applied at a final concentration of 2500 particles/ul to the axonal
compartments of 3- to 4-d-old neuronal cultures in which axons had
not yet extended into the axon compartment. Axonal outgrowth into
the axonal compartment was followed by time-lapse microscopy. In
some experiments, microglia (wild-type or TRIF knock-out at density
of 2500 cells/pul) were cultured along with axonal debris in the axonal
compartment of 3- to 4-d-old neuronal cultures. New axon bundles were
allowed to grow into the axonal compartments for 3 d, followed by fixation
and immunostaining for B-III-tubulin. The longest axon in each axon bun-
dle was measured, and at least 100 bundles per condition were quantified in
each experiment. Experiments were done in triplicate.

Dorsal root axotomy. Eight-week-old male TRIF KO mice or wt
C57BL/6]J controls (The Jackson Laboratory) were used in this study.
Dorsal root axotomies were performed on mice deeply anesthetized with
isoflurane. Hemilaminectomies were performed to expose the cauda
equina, followed by cutting of the L2-L4 roots just proximal to the dorsal
root ganglion. The wounds were closed with sutures, and the animals
were allowed to recover. All experiments and procedures were approved
by the Animal Research Committee of The Johns Hopkins University
School of Medicine. Animals were transcardially perfused with cold PBS
followed with 4% paraformaldehyde. After overnight postfixation, spinal
cords were immersed in 30% sucrose and kept at 4°C for at least 24 h. The
spinal cord was removed from the L2 region, using the sacrum and ribs as
landmarks, and cut into 35 um sections using a cryostat. Immunohisto-
chemistry was performed as previously described (Lee et al., 2011). Sec-
tions of both genotypes were labeled at the same time using the same
solutions, but in different wells so that sections could be identified fol-
lowing unblinding. Briefly, free-floating tissue sections were washed with
PBS, and then preincubated in blocking solution (1X PBS with 5% don-
key serum and 0.2% Triton X-100) for 1 h. Primary antibodies were
diluted in blocking solution as follows: anti-IBA1 (1:500; rabbit; Wako),
anti-Lampl (1:250; rat; Developmental Studies Hybridoma Bank), and
anti SMI31/32 (1:2500; mouse; Abcam), and incubated overnight at 4°C.
After washing with PBS, slices were incubated with the appropriate
fluorescent-conjugated secondary antibody (1:250; Jackson Immuno-
Research Laboratories) and counterstained with DAPI. Slices were
mounted, dried, and imaged using a Zeiss Meta 510 confocal microscope.
Z-stacks (1 wm thick) were constructed for each image. In the dorsal
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Novel microfluidic platform enables the study of microglial phagocytosis of axons. Ai, A patterning process was used to create 25-um-wide PDL stripes interspersed by 25 pm gaps.

Aii, The microfluidic coculture device was aligned and bonded. Ajii, Aiv, Neurons cultured within the cell body compartment extended axon bundles through the microchannels and into the
axon/glial coculture compartment (Aiii) where microglia were later cocultured (Aiv). B, Application of nitric oxide (NO) to the cell bodies led to morphologic changes consistent with axon
degeneration and the formation of stable (=45 h) axon debris fragments (white arrows). C, Intra-axonal ATP decreases in a time-dependent fashion following NO application. Statistics: ***p <
0.001, one-way Tukey’s ANOVA analysis, comparisons with healthy condition. Error bars indicate SEM. D, Surface area of degenerating, but not healthy, axon bundles decreases over time when
cocultured with rat microglia. The numbers represent quantification of percentage clearance of axon debris. E, Confocal microscopy demonstrates engulfment (left panel) and uptake (right panel;
orthogonal analysis) of degenerating TdTomato-labeled axons (red) by two microglial cells (green, IbaT).

column white matter tracts, all IBA1+ cells were identified, and colocal-
ization with SMI31/32 and Lamp1 was determined for each cell by or-
thogonal analysis. A total of 8—10 35 wm sections was examined per
mouse, and four mice were analyzed per group; since, on average, we
counted >40 microglia per section, >1200 microglia were counted per
condition. Counting was performed in blinded fashion and indepen-
dently reproduced by two independent individuals. Although anatomi-
cal position varied slightly between sections, the overall distribution of
sections analyzed was similar in each animal.

For gene expression analysis in microglia following dorsal root axo-
tomy, microglia were isolated and analyzed ex vivo at various time points
after axotomy. Mice were perfused with cold HBSS, spinal cords were
isolated, and microglia/macrophages were separated at the 70-37% in-
terphase using a Percoll gradient (GE Healthcare) as previously described
(Cardona et al., 2006). Microglia/macrophages were further purified by
passing through a MACS cell separator column with CD11b beads
(MACS; Miltenyi Biotec), resulting in >95% CD11b-positive cells as
determined by FACS. RNA isolation, cDNA preparation, and real-time
PCR were performed as described above.

Results

Development of a microfluidic system to study microglial
phagocytosis of degenerating axons

We used micropatterning of PDL (Fig. 1 Ai) in combination with
existing microfluidic technologies (Fig. 1Aii) to create a novel
platform to spatially and fluidically isolate micrometer-scale (25
um) axon bundles from neuronal cell bodies (Fig. 1Aiii). The
patterning of axon bundles allowed clear visual demarcation of
regions in which axonal surface area could be reproducibly quan-

tified, a metric that was critical for assessment of axon debris
clearance. Addition of NO donor specifically to the neuronal cell
bodies resulted in a reduction in the number of extending growth
cones, followed by focal swellings along the axon, and culminated
in axon disintegration and accumulation of axonal debris. Mor-
phologic changes within axons typically began to be detectable
within 8 h of addition of NO donor. Notably, once axonal debris
was generated, it remained stationary throughout the time course
of the experiment as evidenced in Figure 1 B. Under the experi-
mental conditions, no nitrites were detected on the axon side,
confirming fluidic isolation of the devices and suggesting that the
axons were undergoing degeneration as a result of selective injury
to neuronal cell bodies. In addition to morphologic changes in-
dicative of axon degeneration, intra-axonal ATP also decreased
following application of NO to cell bodies. ATP levels decreased
to 50% within 2 h and were nearly undetectable by 16 h (Fig. 1C).
Thus, both morphological and biochemical methods confirm
progressive axonal degeneration following NO application spe-
cifically to neuronal cell bodies.

To study interactions between microglia and degenerating ax-
ons, we cocultured microglia on the axonal side of our devices
(Fig. 1 Aiv). Microglia cocultured with healthy axons continually
extended processes and made brief but frequent contacts with
axons without perturbing the overall appearance of the axonal
bundle (Fig. 1 D). However, microglia cocultured with degener-
ating axons were seen clearing axonal debris (Fig. 1 D) in a time-
dependent manner. Quantification of axonal bundle surface area
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as a function of time revealed that the bundle area of healthy axons
either remained unchanged or grew slightly due to continued axon
outgrowth. However, in the setting of axonal degeneration, micro-
glia phagocytosed axonal material in a time-dependent fashion,
clearing up to 40% of the bundle area within the 16 h experimental
window (Fig. 1D). Furthermore, confocal microscopy confirmed
the internalization of fluorescently labeled axon debris fragments
(red) within microglia (Fig. 1E).

Genes associated with type-1 IFNs are upregulated in
microglia cocultured with degenerating axons

Having established the time course of axon degeneration and
phagocytosis in our microfluidic system, we next performed a
comparative microarray analysis of microglia cocultured with
healthy versus degenerating axons. The microarray data revealed

1.0
0.51
0.0-
8 12 16

Degenerating

Axon degeneration induces type-1IFN genes in microglia. A, Real-time PCR shows induction of ISGs and IRFs in rat
microglia cocultured with degenerating axons. All values are normalized to [3-actin. Statistics: Student’s ¢ test, degenerating
versus control at each time point. *p << 0.05; **p < 0.01; ***p < 0.001. Error bars indicate SEM. B, Immunostaining with

M2 (Argl, SRB1) genes were rapidly up-
regulated after axon degeneration, while
expression levels of the M1 gene CD86
and the M2 gene CD206 were unchanged
(Fig. 2A). These data parallel the acute
changes in microglial gene expression ob-
served in vivo following spinal cord injury
(Kigerl et al., 2009).

Since the pool of RNA used for mi-
croarray experiments was composed of a
small amount of axonal RNA in addition
to microglial RNA, it was conceivable that
changes in axonal expression contributed
to our findings. Therefore, we next sought
to determine whether the type-1 IFN
pathway was induced in microglia or in
axons. Immunocytochemistry with an an-
tibody to IRF7, a master regulator of
type-1IFN signaling (Honda et al., 2005),
demonstrated that IRF7 immunoreactiv-
ity was upregulated in microglia cocul-
tured with degenerating axons, and was not observed in axons
(Fig. 2B). Finally, we asked whether upregulation of the type-1
IFN response occurs as a general response to microglial phagocy-
tosis. IRF7 expression was quantified after addition of either mi-
crobeads or HEK 293 cell debris to microglia. Although microglia
were observed to phagocytose microbeads and HEK debris, the
level of IRF7 expression was not increased (data not shown).

TRIF inhibition blocks microglial phagocytosis of axons

We next investigated the molecular mechanisms of axonal debris
clearance by microglia. Based on our data that showed an upregu-
lation of genes associated with type-1 IFN signaling, we hypoth-
esized that microglia may use TLRs to recognize and initiate the
clearance of axon debris. Since most TLRs mediate their cellular
effects through the adapter molecule MyD88, we initially used a
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Axonal debris is cleared by microglia in a TRIF-dependent manner. 4, Rat microglia were preincubated with peptide inhibitors, followed by treatment with poly(I:C). Real-time PCR of

IRF7 shows that TRIF inhibition by Pepinh-TRIF decreases IRF7 expression at 16 h. B, Quantification of axon debris clearance at 16 h demonstrates that TRIF inhibition markedly reduces axon debris
clearance in a dose-dependent manner. One-way Tukey’s ANOVA analysis, comparisons with degenerating condition; F value, 18.31. (, Real-time PCR of microglia cocultured with degenerating
axons demonstrates that TRIF inhibition results in decreased IRF7 expression. D, TRIF inhibition does not alter bead phagocytosis. A total of 1 X 10 FluoSpheres was added to microglia in 96-well
plates. The percentage of microglia that took up more than one bead was determined. Error bars indicate SEM. **p << 0.01; ***p << 0.001. E, Representative images of debris clearance. The dotted
green traces outline axon bundle areas at time 0, and the dotted yellow traces outline the axon bundles after 16 h. Scale bar, 25 wm.

well characterized peptide inhibitor of MyD88 signaling (Loiarro
et al., 2005; Toshchakov et al., 2005). To confirm optimal con-
centrations of the peptide blocker, we pretreated microglia with
varying blocker concentrations followed by stimulation with
LPS, which is known to exert effects through MyD88. Peptide
concentrations of 10 and 20 uM resulted in significant reductions
in production of LPS-induced NO without affecting microglial
viability (data not shown). However, no effect was found on
clearance of axonal debris (Fig. 3B).

Next, we used a peptide blocker of TRIF signaling (Toshcha-
kov et al., 2005). The optimum concentration of this peptide was
confirmed by stimulating microglia with the TLR3 agonist poly(I:
C), whose effects are mediated through TRIF. At the concentra-
tions tested, we found that the TRIF blocker reduced poly(I:C)-
induced IRF7 expression in a dose-dependent manner without
affecting cell viability (Fig. 3A). Application of the TRIF blocker
to the microglial/axon compartment of our microfluidic cocul-
ture platform resulted in significant reduction in clearance (Fig.
3B,E), while uptake of microbeads was not affected by the
blocker (Fig. 3D). In addition, the attenuation in axonal debris

clearance through blockade of TRIF activity was accompanied
by reductions in IRF7 expression (Fig. 3C). Interestingly, the
addition of poly(I:C) to microglia cocultured with degenerat-
ing axons resulted in a further increase in axon debris clear-
ance (Fig. 3B).

P38 MAPK is involved in microglial clearance of axon debris

TRIF-mediated signaling has been shown to activate the p38
MAPK pathway (O’Neill and Bowie, 2007), and microglial p38
MAPK has been implicated in phagocytosis (Doyle et al., 2004).
We first determined whether the p38 MAPK cascade was acti-
vated in microglia exposed to degenerating axons. Western
blotting demonstrated that degenerating axons induce phos-
phorylation of p38 MAPK in our microglia—axon coculture sys-
tem (Fig. 4A). We next used the p38 MAPK-specific inhibitor
SB203580 to assess for a functional role of the p38 MAPK cascade
in microglial phagocytosis of degenerating axons. Addition of
SB203580 resulted in a reduction of axon debris clearance (Fig.
4 B) without impacting microglial viability (data not shown). No-
tably, inhibition of p38 MAPK did not impact the course of axon
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phospho-p38

p38 MAPK mediates axon debris clearance. Rat microglia were cocultured with either healthy or degenerating axons for 16 h. 4, Representative Western blotting showed increase of

phospho-p38in microgliain the setting of axonal degeneration. Total p38 MAPK was unchanged. B, Axonal debris clearance by microglia was reduced by SB203580, a p38 inhibitor. Data for healthy
and degenerating conditions are taken from Figure 3, as these experiments were performed together. One-way Tukey’s ANOVA analysis, comparisons with degenerating axons; F value, 40.87. *p <
0.05; ***p << 0.001. €, Addition of SB203580 did not affect axon degeneration, as measured by changes in intra-axonal ATP levels at 16 h. Error bars indicate SEM. D, Immunostaining with antibody

to phospho-p38 shows decreased immunoreactivity after TRIF inhibition.

degeneration, as measured by morphological changes (data not
shown) or intra-axonal ATP measures (Fig. 4C). These data im-
plicate p38 MAPK signaling in microglial phagocytosis of axons.
To confirm that the p38 MAPK cascade was activated in micro-
glia, rather than axons, following axon degeneration, we per-
formed immunocytochemistry using a phospho-p38 antibody.
We found that phospho-p38 immunoreactivity appeared in mi-
croglia exposed to degenerating, but not healthy, axons (Fig. 4 D).
Furthermore, addition of the TRIF blocking peptide reduced the
level of phospho-p38 labeling in microglia exposed to degenerat-
ing axons, suggesting that TRIF activation is upstream of micro-
glial p38 MAPK signaling in the setting of axonal degeneration.

Microglia derived from TRIF knock-out mice exhibit
impaired phagocytosis of axonal debris

We next confirmed the role of TRIF signaling in axonal phago-
cytosis using microglia derived from both wt and TRIF KO mice.
Healthy and degenerating axons were cocultured with both wt
and TRIF KO microglia. Under the setting of axonal degenera-
tion, wt mice robustly cleared axonal debris (Fig. 5A). However,
we found that clearance of axonal debris by TRIF KO microglia
was significantly lower than wt counterparts (Fig. 5A, B). We next
sought to determine whether the TRIF pathway is involved in
axon debris phagocytosis by macrophages, which are also likely to
be present in the CNS during neurodegeneration and neuroin-
flammation. Peritoneal macrophages were isolated from wt and
TRIF KO mice and cocultured with degenerating axons. We
found that TRIF deficiency resulted in a marked decrease in axon
debris clearance by macrophages (WT clearance, 56.5 = 5.8%;
TRIF KO clearance, 15.0 = 3.3%). Thus, both pharmacological
and genetic approaches demonstrate that TRIF signaling plays an

important role in microglial/macrophage clearance of axonal

debris.

Phagocytosis following axotomy is decreased in TRIF

KO microglia

In previous experiments, axon degeneration was initiated by ad-
dition of NO donor to the cell body side. Although we found no
evidence of NO diffusion to the axonal/microglial side of our
chambers, we wanted to address the possibility that minute, un-
detectable amounts of NO influenced the microglial response.
Therefore, we sought to develop a system in which we could
induce axon degeneration in the absence of exogenous chemicals.
We modified our device to have an unrestricted access port,
thereby allowing us to mechanically cut axon bundles to model
axotomy-induced axonal degeneration (Fig. 6 A). Microglia were
seeded within the middle compartment immediately following
axotomy, and time-lapse microscopy was used to capture the
microglial response. We found that wt mouse microglia rapidly
cleared axon debris following axotomy (Fig. 6 B). Clearance was
faster than with NO-mediated axonal degeneration, likely due to
the more rapid degenerative events following cutting compared
with chemical injury.

We then examined the capacity of TRIF KO microglia to clear
axotomy-derived axon debris. When cocultured with healthy ax-
ons, TRIF KO microglia behaved similarly to wt microglia, in that
they remained very mobile and continually traversed along axon
bundle tracks, making brief but intimate contacts (data not
shown). However, in the setting of axotomy, TRIF KO microglia
were less able to efficiently clear axonal debris compared with
their wt counterparts (Fig. 6 B). In general, the TRIF KO micro-
glia exhibited slightly slower migration toward axonal debris, fol-
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mice. 4, Microglia derived from wt and TRIF KO mice were cocultured with healthy or degener-
atingaxons for 16 h. Anidentical experiment setup as in Figure 3 was used to quantify the extent
of axon debris clearance by microglia. The dotted green traces outline axon bundle areas at time
0, whereas the dotted yellow traces outline the same region after 16 h. B, Quantification of axon
debris clearance revealed a reduced clearance capacity for TRIF KO microglia compared with wt
counterparts. One-way Tukey’s ANOVA analysis, comparisons with WT degenerating condition;
Fvalue, 59.02. *p < 0.05; ***p < 0.001. Error bars indicate SEM.

lowed by a reduced capacity to engulf material, culminating in
the microglia circling about a mass of axonal debris.

TRIF deficiency blocks phagocytosis of axons in adult mice

in vivo

We next examined whether TRIF plays a role in mediating clear-
ance of degenerating axons in adult mice. We induced CNS axon
degeneration by lumbar dorsal root axotomy, which results in
rapid Wallerian degeneration of sensory axons in the dorsal col-
umns, with relative sparing of myelin (George et al., 1995; Zhang
et al., 2009). We first determined whether dorsal root axotomy
results in induction of the type-1 interferon response in micro-
glia. Ex vivo isolated spinal cord microglia were subjected to real-
time PCR at several time points following dorsal root axotomy
(Fig. 7A,B). We found that both IRF7 and CXCLI10 expression
are induced in microglia following axotomy; similar to our in
vitro findings, IRF7 expression is induced earlier than CXCL10.
We next performed immunohistochemistry to examine axonal
phagocytosis in vivo. In wt and TRIF KO animals, microglial
density in the dorsal columns was similar (data not shown), and
microglia accumulated in the injured dorsal column within 2 d
following axotomy (Fig. 7C). Axonal phagocytosis was then
quantified by assessing the percentage of microglia that had taken
up axonal material. We found colocalization of SMI " axons and
Lamp1 * endosomes within Ibal * microglia in the injured dorsal
column 2 d after axotomy (Fig. 7D). Colocalization of these
markers was not observed on the noninjured side. Quantification
of axonal phagocytosis demonstrated 6.8 * 0.6% of microglia

Hosmane, Tegenge, et al. @ TRIF Mediates Clearance of Axon Debris

actively phagocytosing axons on the injured side in wt animals. In
TRIF KO animals, only 4.6 = 0.3% of microglia were found to be
actively phagocytosing axons, representing a 32% decrease com-
pared with wt (Fig. 7E). To determine whether a comparable
decrease in phagocytosis occurs in vitro, we cocultured wt or
TRIF KO microglia with TdTomato-labeled axons, and then in-
duced axon degeneration. Using confocal microscopy, we found
a similar decrease in the percentage of TRIF microglia phagocy-
tosing axonal debris (Fig. 7F).

Microglial clearance of axon debris facilitates axon outgrowth
To further determine the significance of axon debris clearance by
microglia, we explored its role in axon outgrowth. To test
whether the accumulation of unmyelinated axonal debris from
degenerating CNS axons affects outgrowth of new axons, we col-
lected unmyelinated axonal debris from our microfluidic devices
following axotomy. After collection, we added the debris to the
axonal compartment of new devices, and tracked outgrowth of
healthy axons into this compartment. We found that the presence
of axonal debris in the field of newly growing axons markedly
inhibited outgrowth of these axons, compared with control com-
partments in which no debris or non-neuronal debris was present
(Fig. 8 A, B). Axon growth rates were found to be normal until the
growing axon encountered axonal debris, at which point overall
growth rates declined markedly (Fig. 8C). Quantification of
growth rates of individual axons in the 2 h following contact with
axon debris revealed that 30% of axons retracted, 24% either
stopped growing or exhibited reduced growth (=5 um/h), and
46% continued to grow at a rate of >5 um/h. Next, we asked
whether TRIF-mediated microglial clearance of axonal debris af-
fects outgrowth of new axons. We examined the growth of new
axons into fields of axonal debris cocultured with either wt or
TRIF KO microglia (Fig. 8 D). To distinguish growing axons from
microglial processes in this coculture paradigm, immunostaining
for B-II-tubulin was performed and the longest axon in each
bundle was quantified. We found that axon outgrowth into fields
of axonal debris was diminished in the presence of TRIF KO
microglia compared with wt microglia (Fig. 8 E, F). Notably, this
reduction in axon outgrowth was dependent upon the presence
of axonal debris, since axon outgrowth in the absence of axonal
debris was unaffected by TRIF KO microglia. Together, these
data suggest that TRIF-dependent removal of debris by microglia
facilitates axon outgrowth.

Discussion
Using a novel microfluidic platform that enables coculture of
microglia with CNS axons, we demonstrate that TRIF plays an
important role in microglial clearance of degenerating axons.
Mechanistically, axon degeneration results in the induction of
type-1 IFN genes within microglia. Pharmacologic and genetic
disruption of TRIF signaling blocks induction of the interferon
response and inhibits microglial phagocytosis of axon debris.
Furthermore, phosphorylation of p38 MAPK is a signaling compo-
nent downstream of TRIF in microglia cocultured with degenerating
axons, and inhibition of p38 MAPK also inhibited clearance of axon
debris. Importantly, we demonstrate impaired axonal outgrowth in
the presence of unmyelinated axonal debris and enhanced axonal
outgrowth following its removal by microglia. Overall, we provide
evidence that TRIF-mediated signaling plays a critical role in axonal
debris clearance by microglia, thereby facilitating a more permissive
environment for axonal outgrowth.

The precise spatial and temporal control of microenviron-
ments achievable by microfluidic devices has positioned them as
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important tools for the study of various aspects of neuronal be-
havior, including neuronal and axonal growth, synapse forma-
tion, neuropharmacology, and electrophysiology (Wang et al.,
2009; Taylor and Jeon, 2010). Our platform uniquely used a com-
bination of micropatterning and mechanical guidance to allow
primary microglia to intimately interact with bundles of CNS
axons. The resulting robust, reproducible model of microglial
phagocytosis of axonal debris enabled a detailed investigation of
the molecular mechanisms controlling phagocytosis and identi-
fied TRIF as a mediator of axon debris clearance. Importantly,
these findings were applicable in vivo, highlighting the potential
utility of this platform to extend our knowledge of microglial-
axon interactions.

Our microarray-derived gene expression analysis of purified
microglia cocultured with axons indicated that type-1 IFN path-
ways were induced in microglia phagocytosing degenerating ax-
ons. Type-1 IFNs, originally identified by their antiviral activity,
are now known to mediate a broad range of biological functions,
often in a cell type-specific manner (Noppert et al., 2007). Im-
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portantly, recent evidence suggests that
type-1IFN signaling in multiple cell types
can regulate responses to sterile CNS in-
jury and neurodegeneration. For exam-
ple, mice deficient in type-1 IFN signaling
develop more severe experimental auto-
immune encephalomyelitis (EAE) (Teige
et al., 2004), suggesting a role in the con-
trol of inflammation-induced injury. IFN
signaling pathways have also recently
been found to be upregulated in spinal
cord astrocytes in an amyotrophic lateral
sclerosis mouse model. In these mice, de-
letion of the IFN receptor resulted in pro-
longation of survival (Wang et al., 2011).
In addition, one report demonstrated that
sterile axon injury caused by entorhinal
axotomy also induces type-1 IFN signal-
ing in vivo (Khorooshi and Owens, 2010).
Our data support this finding of upregu-
lation of microglial type-1 IFN responses
following axon injury, and underscore
that our microfluidic system recapitulates
features of the in vivo microglial response
to axon degeneration. Notably, in our
platform, microglia are selectively cul-
tured with unmyelinated axons, implying
that degenerating axons can directly sig-
nal to microglia to upregulate the type-1
IFN response in the absence of myelin,
neurons, or other glial cells.

We found that expression of IRF1,
IRF7, and IRF9 were increased upon ax-
onal degeneration, while IRF3 RNA levels
remained unchanged. Similar findings
have been noted in the setting of micro-
bial infection (Perry et al., 2005). Follow-
ing exposure of cells to viral or bacterial
components, IRF3 expression remains
unchanged (Izaguirre et al., 2003; Nop-
pert et al., 2007). However, IRF3 has been
found to play a key role in the induction of
the IFN response, as it becomes phos-
phorylated, translocates into the nucleus,
and promotes expression of IFN-B (Malmgaard, 2004). IRF3-
induced IFN-B production, in turn, induces expression of IRF7,
which can then act as a master transcriptional regulator of a large
number of type-1 IFN genes (Honda et al., 2005). Thus, the pat-
terns of IRF expression that we observed in microglia following
axon degeneration parallel those seen in responses to foreign
pathogens.

Type-1 IFN responses can be triggered via TLR-dependent
and TLR-independent pathways. The TLRs are a family of pat-
tern recognition receptors that recognize viral and bacterial
products and signal through at least five TIR domain-containing
adapter proteins, including MyD88 and TRIF (Pélsson-
McDermott and O’Neill, 2007). MyD88 signaling is used by
nearly all TLRs except TLR3, resulting in induction of NF-kB,
often leading to the production of inflammatory cytokines and
chemokines. TRIF mediates signaling through TLR3 and TLR4,
and recent evidence also suggests a role in TLR5-dependent path-
ways (Choi et al., 2010). Downstream of TLR3 and TLR4, TRIF
activation of the IRF3/7 pathway leads to secretion of type-1

Degen.
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IFNs (a/B) (Yamamoto et al., 2002a,b,
2003; Han et al., 2004; Hasan et al., 2007).
We found that pharmacological blockade
and genetic deletion of TRIF impaired ax-
onal debris clearance, while use of the
TLR3 agonist poly(I:C), which activates
TRIF signaling, resulted in increased de-
bris clearance. These data indicate that
TRIF-mediated signaling plays an impor-
tant role in axonal debris clearance by mi-
croglia and suggest the involvement of
TLRs in axon debris clearance.

TRIF activation results in propagation
of several downstream signaling cascades
including NF-«kB and MAPKs (Pélsson-
McDermott and O’Neill, 2007; Cekic et
al., 2009; Gais et al., 2010). p38 MAPK has
been previously implicated in phagocyto-
sis of microbes (Blander and Medzhitov,
2004; Doyle et al,, 2004) and fibrillar
B-amyloid (Reed-Geaghan et al., 2009).
Potential mechanisms by which p38
MAPK signaling can influence phagocy-
tosis include directing endocytic traffic by
regulating the activity of GDI (guanyl-
nucleotide dissociation inhibitor) on Rab
proteins (Cavalli et al., 2001) and influ-
encing membrane ruffling and engulf- .
ment via effects on the Rho GTPase Racl
(Zuluaga et al., 2007). We found that
TRIF directs activation of p38 MAPK ac- E
tivity, and that p38 MAPK signaling me-
diates clearance of axonal debris. A role
for microglial p38 MAPK signaling during
engulfment of axonal debris has been re-
cently described using a cortical explant
model (Tanaka et al., 2009). Interestingly,
in that study, primary microglia were only
found to phagocytose axonal debris and
activate p38 MAPK in the presence of LPS.
Since LPS, a TLR4 agonist, can itself in-
duce activation of p38 MAPK in microglia
(Bachstetter et al., 2011), the contribution
of axonal debris to the induction of p38
MAPK remained unclear in that setting.
In contrast, in our experimental paradigm
in which microglia freely traversed be-
tween bundles of axons, primary micro-
glia phagocytosed degenerating axons in
the absence of LPS, and this phagocytosis
was dependent upon activation of p38
MAPK. Overall, our data suggest the p38
MAPK cascade as a common downstream
pathway used by phagocytes for removal
of both microbes and cellular debris.

The phagocytic clearance of dying cells during development
and in neurodegenerative diseases is generally considered bene-
ficial (Napoli and Neumann, 2009). In the developing brain of
Drosophila, phagocytic glial cells have been shown to engulf ax-
onal varicosities during axonal pruning (Awasaki and Ito, 2004;
Awasaki et al., 2006). In the developing murine CNS, the micro-
glia complement receptor C3 has been implicated in removal of
unwanted synapses (Stevens et al., 2007). In acute CNS injury,
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TRIF KO impairs microglial phagocytosis in vivo. Real-time PCR of ex vivo isolated microglia following dorsal root
axotomy demonstrates induction of IRF7 (Tukey’s ANOVA; F value, 7.95) (4) and CXCL10 (Tukey’s ANOVA; **p << 0.01 compared
with no axotomy control, labeled “0”; F value, 18.16) (B). C, Dorsal root axotomy results in microglial accumulation in ipsilateral
dorsal column within 2 d of injury. Scale bar, 100 m. D, Triple-label immunohistochemistry and confocal microscopy of ipsilateral
side show neurofilament-positive axons (SMI) colocalized with endosomes (Lamp1) within microglia (Iba1). Arrow, Microglia
phagocytosing axon; arrowhead, extracellular (nonphagocytosed) axonal material. Scale bar, 10 wm. E, Quantification of axon
phagocytosis by microglia (Iba1 * SMI * cells) in ipsilateral dorsal columns at 2 d following axotomy. *p < 0.05, Student’s  test.
F, Invitro quantification of axon phagocytosis by wt or TRIF KO microglia cocultured with TdTomato-labeled axons. ***p << 0.001,
Tukey's ANOVA analysis; F value, 28.23. Error bars indicate SEM.

too, phagocytosis of endogenous cells and their components may
play a crucial role in repair. Indeed, insufficient removal of my-
elin debris by phagocytes may contribute to the failure of axonal
regeneration (David and Lacroix, 2003; Vargas and Barres, 2007).
Transplantation of myeloid cells transduced with TREM2 to en-
hance phagocytosis resulted in reduced injury and improved re-
covery from EAE (Fenoglio et al., 2007) (Takahashi et al., 2007).
Since myelin is known to contain several growth inhibitory mol-
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TRIF-dependent microglial clearance of axon debris facilitates axon outgrowth. 4, Quantification of axon outgrowth was performed in the presence of axonal debris, HEK cellmembrane

debris, or neither (control). Axonal debris inhibited axon outgrowth compared with control (no debris), while no significant difference was observed with HEK debris. ANOVA, Tukey's posttest. B,
Representative time-lapse images showing impaired axon outgrowth upon contact with axon debris (arrowhead) (€). Quantification of axon outgrowth in the 2 h before (Before Contact) and
following (After Contact) contact with axon debris. Control refers to no axon debris present. n = minimum of 20 axons per condition; axons interacting with multiple particles of debris were excluded
from this analysis. **p << 0.01, After Contact compared with either of the two other conditions; ANOVA, Tukey's posttest; F value, 8.017. D, Schematic of the axon outgrowth experiments in F and
F.E, F, Axonal outgrowth into fields of microglia (either WT or TRIF KO) cocultured with axonal debris is quantified and represented by bar graph and by cumulative distribution. ***p < 0.01, ANOVA,

Tukey's posttest; F value, 16.58. Error bars indicate SEM.

ecules (David and Lacroix, 2003), enhanced regeneration follow-
ing its removal is perhaps not surprising. Here, we provide
evidence that unmyelinated axonal debris impairs outgrowth of
new axons and we find that clearance of axon debris by microglia
facilitates outgrowth of new axons. Importantly, in the presence
of TRIF KO microglia, axon debris is not cleared as efficiently and
outgrowth of new axons is impaired. Our data support a single
previous report that shows enhanced axonal regrowth following
axon debris clearance by microglia (Tanaka et al., 2009) and re-
veal the importance of the microglial TRIF pathway in creating a
permissive environment for axon regrowth following injury.
Since many axons in white matter tracts are unmyelinated, clear-
ance of axonal debris, in addition to clearance of myelin, may play
an important role in CNS regeneration.

In recent years, several endogenous ligands of TLRs that me-
diate activation of innate immunity have been identified (Oka-
mura et al., 2001; Kariko et al., 2004; Park et al., 2004; Kim et al.,
2006; Imai et al., 2008). In the CNS, microglial TLR signaling has
been shown to be triggered by endogenous signals released from
injured neurons (Kim et al., 2006; Pais et al., 2008; Stewart et al.,
2010). In peripheral macrophages, TLR3 has been demonstrated
to be asensor of endogenous tissue necrosis in the absence of viral
activation (Cavassani et al., 2008). Presently, we do not know the
axon-derived ligands responsible for the activation of TRIF-

mediated signaling and subsequent axonal debris clearance by
microglia. Preliminary studies indicate that components of the
degenerating axon membrane alone can trigger low levels of mi-
croglial clearance, and that higher efficiencies of axon debris
clearance may require additional soluble factors derived from
degenerating axons (M. A. Tegenge and A. Venkatesan, unpub-
lished observations).

The observation that TRIF mediates clearance of degener-
ating axons by microglia has several important implications.
Modulation of TRIF activity may serve as a new therapeutic
approach to promote axon debris clearance and enhance CNS
regeneration following axonal degeneration. Such approaches
may be particularly important given the evidence in EAE and
in MS that axonal injury occurs early, may precede demyeli-
nation, and occurs chronically. Perhaps more importantly,
many antagonists to TLR/TRIF pathways are currently in clin-
ical development as potential therapeutics for inflammatory
and autoimmune conditions (Kanzler et al., 2007). Our find-
ings suggest that the circumstances and timing of such antag-
onism following CNS injury may need to be carefully
considered, as unintended consequences on processes such as
axonal debris clearance and regeneration may counterbalance
therapeutic effects.
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