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Toll-Like Receptor 3 Is a Potent Negative Regulator of
Axonal Growth in Mammals
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Toll is a cell surface receptor with well described roles in the developmental patterning of invertebrates and innate immunity in adult
Drosophila. Mammalian toll-like receptors represent a family of Toll orthologs that function in innate immunity by recognizing molecular motifs unique to pathogens or injured tissue. One member in this family of pattern recognition receptors, toll-like receptor 3 (TLR3),
recognizes viral double-stranded RNA and host mRNA. We examined the expression and function of TLRs in the nervous system and
found that TLR3 is expressed in the mouse central and peripheral nervous systems and is concentrated in the growth cones of neurons.
Activation of TLR3 by the synthetic ligand polyinosine:polycytidylic acid (poly I:C) or by mRNA rapidly causes growth cone collapse and
irreversibly inhibits neurite extension independent of nuclear factor B. Mice lacking functional TLR3 were resistant to the neurodegenerative effects of poly I:C. Neonatal mice injected with poly I:C were found to have fewer axons exiting dorsal root ganglia and displayed
related sensorimotor deficits. No effect of poly I:C was observed in mice lacking functional TLR3. Together, these findings provide
evidence that an innate immune pattern recognition receptor functions autonomously in neurons to regulate axonal growth and advances a novel hypothesis that this class of receptors may contribute to injury and limited CNS regeneration.
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Introduction
Neurons in the adult CNS are able to grow new axons in permissive environments, but have a limited ability to regenerate axons
in the context of CNS injury (Ramon y Cajal, 1928; Richardson et
al., 1980; David and Aguayo, 1981, 1985). The regenerative failure of CNS axons can primarily be attributed to an inhibitory
environment composed of glial-derived cues (Caroni and
Schwab, 1988; Schwab and Caroni, 1988; Mukhopadhyay et al.,
1994; Filbin, 1995; Schwab, 1996; Tang et al., 1997; Chen et al.,
2000; GrandPre et al., 2000). In the intact CNS, these known
inhibitory molecules appear to function principally as organizing
and stabilizing factors for proper neuronal architecture. The fact that
they impede axonal regeneration after injury raises the issue as to
whether neurons can recognize signals specific to a damaged CNS
landscape. That is, can cues found only in the context of active injury
or cell death also discourage new axonal growth? Framed in this
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sense, the questions we ask regarding CNS regenerative failure are
analogous to the questions raised in “danger theory” of immunity.
Danger theory suggests that immunity primarily functions
to identify tissue injury or destruction rather than functioning
to distinguish self from nonself (Matzinger, 1998). For example, danger theory is conceptually congruent with the absence
of an immune response to commensal intestinal bacteria, but
a vigorous response to pathogenic bacteria, whereas self–nonself theories struggle to explain such phenomena. Danger signals can be pathogen derived or host derived, sharing the common feature of locally produced molecules that activate
resident innate immunity within tissues (Colaco, 1998; Heeg
et al., 1998; Krieg et al., 1998; Matzinger, 1998; Stockwin et al.,
2000; Smyth et al., 2001; Brown and Lillicrap, 2002; Vabulas et
al., 2002; Wallin et al., 2002; Paterson et al., 2003; BergmannLeitner and Leitner, 2004). Toll-like receptors (TLRs) likely
serve the major function of transducing danger signals. TLRs
are a family of innate immune receptors that recognize a spectrum of protein, lipid-based, or nucleic acid motifs and in turn
initiate inflammatory responses (Medzhitov and Janeway,
2000; Janeway and Medzhitov, 2002; Takeda and Akira, 2004;
Beutler, 2004). The intense investigation of mammalian TLRs
followed a discovery in Drosophila where loss-of-function of
Toll in adult flies led to a defect in innate immunity and overwhelming fungal infection (Lemaitre et al., 1996). Yet, the
original discovery of Toll was based on its function in estab-
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lishing normal dorsal-ventral patterning
of the Drosophila embryo (Anderson et
al., 1985a,b). Later studies provided evidence that Toll expressed by muscle
functions in axonal guidance of the RP3
and other motor neurons in Drosophila
(Halfon et al., 1995; Rose et al., 1997;
Rose and Chiba, 1999).
We thus considered the possibility that
TLRs function in the mammalian nervous
system to regulate axonal growth either
during development or in the context of
injury. We used a simple screening assay of
axonal growth from DRG explants and
found the TLR3 agonist poly I:C was a potent negative regulator of axonal growth.
We also show mammalian mRNA, shown
previously to activate immune cells
through TLR3 (Kariko et al., 2004), similarly functions to inhibit axonal growth.
The effect of poly I:C is dependent on the
presence of functional TLR3 in neurons,
and appears to be active at the growth cone
because it causes profound growth cone
collapse, but does not elicit cell death in
sensory neurons. In wild-type but not
TLR3 ⫺/⫺ neonatal mice, administration
of poly I:C into the CNS causes defects in
achieving relevant sensory motor reflexes,
and, corresponding loss of axons in dorsal
roots. Localization and function for TLRs
in microglia, the resident innate immune
cell of the CNS, has been described previously (Laflamme et al., 2001; Nguyen et al.,
2001; Dalpke et al., 2002; Lehnardt et al.,
2002, 2003, 2006; Olson and Miller, 2004;
Ebert et al., 2005; Jack et al., 2005; Jung et al.,
2005; Kielian et al., 2005; Lotz et al., 2005; Su
et al., 2005; Zhang et al., 2005; Andaloussi et
al., 2006; Esen and Kielian, 2006; Glezer et
al., 2006; Town et al., 2006). Previous reports
have shown the presence and potential function of TLR3 in a human neuroblastoma cell
line (Prehaud et al., 2005; Nessa et al., 2006),
in primary mouse cortical neurons (Tang et
al., 2007) and in human histopathologic tissue sections of the brain (Jackson et al.,
2006). This is the first report of the functional significance of TLR3 in primary neurons in vitro and in vivo, as well as the subcellular localization of TLR3 in growth cones.
Because injury to the nervous system can occur in the context of infection or following
insults such as trauma or infarction, termed
sterile injury, recognition of both infectious
and sterile injury by neurons through a single receptor thus provides a novel mechanism whereby neurons “sense” danger.

Materials and Methods
Mice. Swiss Webster and C57BL/6 mice were
obtained from Taconic Farms (Germantown,
NY) and Charles River Laboratories (Wilming-

Cameron et al. • TLR3 and Axonal Growth

Figure 1. Poly I:C is a negative regulator of neurite outgrowth. A, Differential interference contrast images of E9 chick DRG
explants cultured overnight in the presence of the TLR3 agonist poly I:C (20 g/ml) or relevant controls, poly dI:dC (20 g/ml), or
PBS. B, Neurofilament (red) and f-actin (green) staining of E14 mouse sensory neurons cultured for 4 h in the presence of poly I:C,
poly dI:dC, or PBS. Scale bar, 25 m. C, Quantification of neurite outgrowth (black bars) and DAPI staining (gray bars) from B in
percent for both measures. D, Quantification (percent) of neurite outgrowth of mouse DRGs exposed to poly I:C (20 g/ml) (red
bars) or vehicle control (purple bars) for 0, 12, or 24 h. Cells were grown for 1 d before exposure. E, Quantification of neurite
outgrowth (black bars) and DAPI staining (gray bars) from mouse sensory neurons cultured for 4 h in the presence of poly I:C,
poly(A)⫹ mRNA, RNase inhibitor, or PBS. F, Dose–response curve for poly I:C (black line) and RNA (purple line) effects on neurite
outgrowth of mouse sensory neurons. G, Neurofilament (green) and f-actin (red) staining of E18 mouse hippocampal neurons
cultured for 24 h in the presence of poly I:C (20 g/ml) or PBS control. Scale bar, 25 m. Graph at right represents time course of
neurite length of hippocampal neurons exposed to poly I:C (purple line) or PBS (blue line). Error bars in this and subsequent figures
represent SEM. *p ⬍ 0.01, Student’s t test.
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ton, MA), respectively. These mice were maintained and bred in the
Harvard Institutes of Medicine animal housing facility under pathogenfree conditions. MyD88 ⫺/⫺ mice, a kind gift from Dr. S. Akira (Osaka
University, Osaka, Japan) via Dr. H. Plough (Harvard Medical School,
Boston, MA) and Dr. D. Golenbock (University of Massachusetts Medical School, Worcester, MA) were used after five generations of backcrossing to the C57BL/6 background, with C57BL/6 mice serving as controls. TLR3 ⫺/⫺ mice, a kind gift from Dr. R. Flavell (Yale University
School of Medicine, New Haven, CT) were used after more than six
generations of back-crossing to the C57BL/6 background, with C57BL/6
mice serving as controls (Alexopoulou et al., 2001).
Primary cell culture preparation. DRG neurons were isolated from embryonic day 14 (E14) mouse embryos or E9 White Leghorn chick embryos, as indicated in the text. Ganglia were dissociated with trypsin
(Invitrogen, Eugene, OR) for 20 min at 37°C, followed by inactivation
with horse serum (Invitrogen) and trituration with a fire-polished pipette. Cells were plated on poly-D-lysine and laminin-coated culture
slides (BD Biosciences, Franklin Lakes, NJ). For explant cultures, whole
DRGs were plated directly on culture slides. Cells were grown in DMEM
alone for acute studies of neurite outgrowth or DMEM supplemented
with 2% heat-inactivated horse serum (Invitrogen), 1% penicillin/streptomycin (Invitrogen), 10 ng/ml nerve growth factor (NGF; R&D Systems, Minneapolis, MN), and N2 supplement (Invitrogen) for overnight
cultures. Cortical and hippocampal mouse neurons were purified and
cultured as described previously (Lehnardt et al., 2002, 2003). Cultures
were free of macrophages, as determined by F4/80 immunofluorescence
(data not shown). Cells were allowed to adhere for 30 min, after which
media containing PBS, poly I:C (Amersham Biosciences, Arlington
Heights, IL), poly dI:dC (Amersham Biosciences), or lipopolysaccharide
(LPS; Escherichia coli) (Sigma, St. Louis, MO) was added. All reagents
were purchased from Sigma unless noted.
Growth cone collapse. Explant cultures were generated as described
above from E9 chick embryos. After 24 h, culture media containing PBS
or poly I:C was added to explants for 30 min. Explants were then immediately fixed and stained for neurofilament (Millipore, Temecula, CA)
and f-actin (Invitrogen) as described below. To quantify the collapsing
effects of poly I:C, the growth cones of all neurites extending outward
from each explant, free of underlying glial cells, were scored morphologically as either collapsed or not collapsed. A collapsed growth cone was
defined has having a tapered axonal terminal without spread lamellipodia (Cox et al., 1990), as visualized by neurofilament and f-actin staining.
Data presented is the percentage of collapsed growth cones relative to the
total number of growth cones scored.
Immunofluorescence microscopy. Cells were fixed in 4% paraformaldehyde (PFA) in PBS or a solution of 4% PFA and 20% sucrose to preserve
growth cone morphology. Embryonic immunohistochemical sections
were obtained by drop-fixing whole E14 mouse embryos in 4% PFA
overnight. Embryos were then cryoprotected in 30% sucrose and sectioned at 20 m. For neonate histology, postnatal day 11 (P11) mouse
pups were perfused intracardially with 4% PFA after anesthetization with
Avertin. Brains and spinal cords from these animals were then cryoprotected in 30% sucrose overnight and sectioned at 20 m. The following
primary antibodies were used: mouse neurofilament mAb (1:300; Millipore), goat TLR3 polyclonal antibody (1:100; Santa Cruz Biotechnology,
Santa Cruz, CA), mouse TLR3 monoclonal antibody (1:1000; Apotech,
Epalinges, Switzerland), mouse NeuN mAB (1:100; Millipore), rabbit
nuclear factor-B (NF-B) p65 polyclonal antibody (1:100; Santa Cruz
Biotechnology), Isolectin IB4 (1:100; Invitrogen), and Alexa 488 or rhodamine phalloidin (1:20; Invitrogen). Relevant cy-3- (Jackson ImmunoResearch, West Grove, PA) or Alexa-488- (Invitrogen) conjugated
secondary antibodies were used for visualization. 4,6,diamidino-2phenylindole (DAPI) stain (Invitrogen) served to visualize nuclei. Immunofluorescent images were obtained using a Nikon (Tokyo, Japan)
Eclipse 660 microscope with a Spot cooled CCD camera using Spot image
software (version 3.2.4 for Macintosh). Confocal images were obtained
using a Zeiss (Oberkochen, Germany) LSM 510 UV upright confocal
with UV laser, three visible wavelength lasers, and META spectral emission detectors. For each well the total number of neurons with neurites
was counted and normalized to the control well for each day of plating. A
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Figure2. PolyI:Ccausesgrowthconecollapseofexistingneuritesandinhibitionofneuriteoutgrowthis
notreversiblewithin24h.ExplantsofE9chickDRGswereplatedovernightandexposedtoeitherPBSorpoly
I:C(20 g/ml)for30min.A,Immunofluorescentstainingoff-actin(red)andneurofilament(green)inDRG
explantsshowsgrowth-conecollapseasaresultofexposuretopolyI:C.Scalebar,25 m.B,Quantificationof
explantsassayedforgrowth-conecollapse.ExposuretopolyI:Cfor30mincausedasignificantincreaseinthe
totalnumberofcollapsedgrowthconesinDRGexplants.C,Neurofilamentstainingofarepresentativefieldof
chicksensoryneuronstreatedacutelywithPBSorpolyI:C(20 g/ml)for4h,washed,thengrownovernight
inDMEMplusNGF.Scalebar,100 m.D,QuantificationoftheeffectsofpolyI:Conneuriteoutgrowth(black
bars) and cell survival (gray bars) 24 h after 4 h treatment. E, Quantification of TUNEL⫹ neurons from
D. *p ⬍ 0.01,Student’sttest.
neurite was defined as a process extending from the cell body by at least
one cell diameter plating density and cell survival was assayed by DAPI
staining. Four fields were randomly chosen for each well and the average
number of DAPI⫹ nuclei was determined.
TUNEL staining. Terminal transferase dUTP nick-end labeling
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(TUNEL) was used to assay fragmented DNA in DRG neurons. TUNEL
staining was performed using the manufacturer’s protocol for in situ cell
death detection (Roche, Welwyn Garden City, UK). As a positive control,
some wells were treated with 1 U/ml DNase I for 30 min before fixation.
In these wells, ⬃100% of neurons were TUNEL positive (data not
shown).
RT-PCR. Total RNA was isolated from E14 mouse DRGs or brain with
Trizol reagent (Invitrogen) and then reverse transcribed using SuperScript One-Step reverse transcription (RT)-PCR with Platinum Taq (Invitrogen) in a 50 l reaction volume. After an initial incubation for 30
min at 50°C, 35 cycles were performed (95°C for 30 s, 60°C for 30 s, and
72°C for 30 s), followed by a final extension for 5 min at 72°C. In all
experiments, amplification of ␤-actin was run in parallel as a positive
control for RNA quality and quantity. Primers used were as follows:
TLR3 (control DRG), sense TTGTCTTCTGCACGAACCTG, antisense
GAGAAAGTGCTCTCGCTGGT; TLR3 (control and TLR3 ⫺/⫺ brain),
sense CAGGGATTGCACCCATAATC, antisense CCCGTTCCCAACTTTGTAGA; MyD88 (control and MyD88 ⫺/⫺ brain), sense TCCCTGGACTCCTTCATGTT, antisense TGTCCTAGGGGGTCATCAAG.
Neonate injections and behavioral testing. P4 neonatal mice were injected
intrathecally with 3 l of either PBS or poly I:C (2 mg/ml) at a final
concentration of 3 g/ml. Behavioral testing was performed at P5, P7, P9,
and P11. In righting reflex studies, animals were positioned on their
backs and the amount of time needed for each pup to return to an upright
position on all paws was recorded in seconds. In negative geotaxis studies, animals were placed with their heads facing downward on an inclined
plane with a 45° slope and the time needed for the pup to turn around
with its head facing upward on the inclined plane was recorded. The
maximum amount of time allowed for these tests was 30 s. Pups that did
not complete the tasks were assigned the maximum score of 30 s.
Dorsal root quantification. Dorsal roots were isolated at the lumbar 1–5
segments (L1–L5), put in separate vials, washed with PBS, and then postfixed with 1% osmium tetroxide. After postfixation, samples were
washed in PBS, dehydrated in graded alcohol series and embedded in
Epon. Sections were cut at 1 m thickness and stained with alkaline
toluidine blue. The sections were then observed under light microscope
(Nikon Eclipse E600) and images were acquired using a digital color
camera (Nikon Digital Sight DS-5M). These images were used to count
the myelinated fibers in each root.

Results
In the present study, we used host- and pathogen-associated molecular motifs recognized by TLRs to investigate whether CNS
axonal growth can be inhibited by cues specific to an injured
CNS. Initially, we screened agonists for TLRs 2–9 by treatment of
DRGs isolated from E9 chicks, which suggested that the TLR3
agonist, poly I:C, (Alexopoulou et al., 2001), dramatically inhibited axonal growth (Fig. 1 A). Poly I:C is a synthetic doublestranded RNA molecule used to simulate the signature of viral
infection. In immune cells, poly I:C functions as a specific ligand
for TLR3 at concentrations ranging from 25 to 100 g/ml (Alexopoulou et al., 2001; Doyle et al., 2002, 2003; Jiang et al., 2003;
Wietek et al., 2003; Yamamoto et al., 2003; Sarkar et al., 2004;
Schmidt et al., 2004). We found that neurons were exceptionally
sensitive to poly I:C at concentrations 1.0 –20 g/ml, which are
lower than those typically used to activate immune cells. Overnight treatment with poly I:C led to an almost complete inhibition of neurite outgrowth in E9 chick DRG explants, as compared
with treatment with PBS or poly dI:dC (Fig. 1 A). Similarly, application of 20 g/ml of poly I:C for 4 h to dissociated DRG
neurons isolated from E14 mouse embryos caused a marked decrease in the total number of neurons extending neurites in culture (Fig. 1 B, C, black bars). In addition, hippocampal neurons
exposed to 20 g/ml poly I:C for 12 or 24 h showed limited
neurite outgrowth compared with vehicle controls (Fig. 1G).
Data indicate neurites ceased growing because there was no evi-

Figure 3. TLR3 transcripts and protein are expressed in mouse DRG neurons and colocalize within the growth cone. A, Total RNA was extracted from E14 mouse DRG or adult
spleen. TLR3 and actin transcripts were identified by RT-PCR. TLR3 transcripts were detected in DRG and spleen extracts, but not in the absence of RNA. B, Confocal images of
immunofluorescent staining for TLR3 (red) and DAPI (blue) in wild-type and TLR3 ⫺/⫺
mouse DRGs in situ. Scale bar, 40 m. C, TLR3 (red) and neurofilament (green) staining of
dissociated DRG neurons isolated from E14 wild-type and TLR3 ⫺/⫺ embryos. Scale bars:
25 m. D, TLR3 (red) and f-actin (green) staining of dissociated DRG neurons and growth
cones. Scale bars: top, 25 m; bottom, 10 m.
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2003). In addition, RNase degraded
mRNA failed to inhibit neurite outgrowth
(data not shown), thus indicating that primary or secondary structures within
mRNA are necessary for neurite inhibiting
activity. Together, these findings demonstrate that the TLR3 agonist poly I:C, as
well as mRNA, inhibit neurite outgrowth
in DRG neurons without impacting neuronal viability.
Negative regulators of axonal outgrowth can induce rapid changes in the
morphology and motility of growth cones
leading to axonal deflection, arrest, or
growth cone collapse and neurite retraction (Filbin, 2003). We asked whether poly
I:C functioned to induce growth cone collapse by examining growth cone morphology of sensory neurons after acute exposure to poly I:C. E9 chick DRG explants
were plated on culture slides precoated
with poly-D-lysine and laminin and allowed to extend neurites overnight. Poly
I:C or PBS was then added to culture meFigure 4. TLR3 is partly endosomal and found in multiple neuronal subtypes. A, Confocal imaging of a mouse DRG growth cone dia for 30 min, at which time cells were
containing TLR3 (red) and the endosomal marker, EAA1 (green). B, E17 cortical neurons at high magnification (top) and low fixed and stained. Growth-cone morpholmagnification (bottom) stained with TLR3 (red) and neurofilament-M (NFM) (green). Scale bar, 25 m.
ogy was visualized by F-actin staining using rhodamine phalloidin. Acute exposure
dence of neurite retraction (Fig. 1C,G). Neither the doubleto poly I:C caused a fourfold increase in growth cone collapse
stranded DNA control, poly dI:dC, PBS alone, nor the TLR4
compared with controls (Fig. 2 A, B). The rapidity of this response
agonist LPS had any significant effect on neurite outgrowth of
(⬍5 min) suggests that poly I:C induced inhibition of growth
mouse DRGs (Fig. 1 B, C, black bars). To assess whether the obcone motility and neurite extension occurs independent of transerved effect was caused by cell death, we evaluated cell number
scriptional regulation.
and TUNEL positivity in these cultures. No change was observed
We investigated whether neurite inhibition induced by poly
in the number of DRG neurons in any treatment group as deterI:C was reversible by culturing DRG neurons for 4 h in the presmined by DAPI staining (Fig. 1C, gray bars). Furthermore, there
ence of poly I:C or PBS, then rinsing and replacing the media with
was no increase in the number of TUNEL⫹ neurons after poly
DMEM supplemented by NGF. Washout of poly I:C did not
I:C exposure (data not shown). The inhibitory effect of poly I:C
result in recovery of neurite extension rates to those of PBSon neurite outgrowth was significant at a concentration of 1 g/
treated cells (Fig. 2C,D, black bars). There were no significant
ml, and nearly maximal at 10 g/ml (Fig. 1 F). These initial finddifferences between PBS and poly I:C exposure in the number of
ings suggest that poly I:C inhibits neurite outgrowth, but has no
cells detected by DAPI staining (Fig. 2 D, gray bars) or in the
effect on neuronal viability. This data also suggests that the ponumber of TUNEL⫹ cells 24 h after the exposures (Fig. 2 E).
tency of poly I:C in this functional bioassay of neurite extension is
Together, these results demonstrate that poly I:C causes growth
relatively greater than the potency of poly I:C observed in immucone collapse and inhibits neurite outgrowth in DRG neurons,
nologic systems.
implicating its associated receptor, TLR3, as a negative regulator
It has been reported previously that duplex structures within
of axonal growth.
mammalian derived mRNA function as TLR3 agonists (Kariko et
The above experiments demonstrate that the TLR3 agonist
al., 2004). To determine whether this potential endogenous, host
poly I:C causes inhibition of neurite outgrowth and growth cone
derived ligand for TLR3 acted as an inhibitor of axonal growth we
collapse in sensory neurons. We then determined whether TLR3
assessed the activity of brain-derived mRNA in a neurite outwas expressed by neurons and its localization. TLR3 transcripts
growth assay. Mouse brain-derived poly(A) ⫹ mRNA, like poly
can be detected by RT-PCR in E14 mouse DRGs (Fig. 3A). RelaI:C, caused a significant reduction in neurite growth. DRG neutive to ␤-actin, TLR3 mRNA is expressed in greater quantity in
rons exposed to mouse brain mRNA in the presence of an RNase
DRGs than it is in spleen. Histologic staining for TLR3 in sections
inhibitor showed a 50% reduction in the number of neurons
from mouse DRGs demonstrates that the protein is found in
extending neurites, without a negative impact on cell survival
neurons in vivo (Fig. 3B). As a control for the specificity of the
(Fig. 1 E). RNase inhibitor alone had no effect on neurite outcommercial antibody used, DRGs from TLR3⫺/⫺ mice failed to
growth. In terms of neurite outgrowth, a similar dose-effect proshow immunoreactivity (Fig. 3B). In cultured sensory neurons
file was seen for RNA compared with poly I:C (Fig. 1 F). The
from E14 DRGs, immunoreactivity is localized to soma, neurites
effects of mRNA cannot be attributed to endotoxin functioning
and is concentrated in filopodial structures along the leading edge
through TLR4 (Poltorak et al., 1998; Qureshi et al., 1999) because
of the growth cone (Fig. 3C,D). Interestingly, the pattern of stainneurons do not express TLR4 (Lehnardt et al., 2002, 2003), the
ing mirrors that of actin filaments within the growth cone (Fig.
preparation of mRNA had undetectable endotoxin, and because
3D). Using confocal microscopy, we found TLR3 is at least partly
LPS alone has no effect on neurite outgrowth (Lehnardt et al.,
colocalized with EAA1, a marker of endosomes, indicating at least
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some TLR3 is intracellular (Fig. 4 A). We
also observed TLR3 staining in cortical
neurons isolated from embryonic mouse
brain (Fig. 4 B) as well as neurons isolated
from embryonic mouse spinal cord (data
not shown). TLR3 protein was not found
in cultured sensory neurons isolated from
TLR3 ⫺/⫺ mice (Fig. 3 B, C) again confirming the specificity of the ␣-TLR3 antibody.
These results indicate that TLR3 is present
in neurons and is suitably localized to
modulate growth cone morphology and
motility.
We have shown above that poly I:C inhibits neurite outgrowth and that TLR3 is
expressed by sensory neurons. To prove
that neuronal TLR3 mediates the inhibitory effects of poly I:C on neurite outgrowth, we examined the effects of poly I:C
in neurons lacking functional TLR3. Sensory neurons were isolated from mice
bearing a targeted loss-of-function mutation in the TLR3 gene (Alexopoulou et al.,
2001) or strain matched controls. TLR3
genotypes were confirmed by RT-PCR
(data not shown). E14 DRG neurons isolated from wild-type (C57BL/6) or
TLR3 ⫺/⫺ mouse embryos were plated on
poly-D-lysine/laminin coverslips for 30 Figure 5. Poly I:C inhibits neurite outgrowth through a TLR3-dependent NFB- and MyD88-independent pathway. A, Quanmin and treated with poly I:C or poly tification of neurite outgrowth from wild-type and TLR3 ⫺/⫺ mouse sensory neurons cultured for 4 h in the presence of poly I:C (20
dI:dC for 4 h before fixation and staining. g/ml) or poly dI:dC (20 g/ml), as a negative control. No differences in plating density or cell survival were observed by DAPI
In contrast to wild-type neurons, poly I:C staining. B, MyD88 loss-of-function has no impact on poly I:C-mediated inhibition of neurite outgrowth. Quantification of neurite
did not significantly diminish neurite out- outgrowth from wild-type and MyD88 ⫺/⫺ sensory neurons cultured for 4 h in the presence of poly I:C (20 g/ml) or PBS, as a
growth in TLR3⫺/⫺ cultured neurons negative control is shown. C, Nuclear translocation of the p65 subunit of NF-B occurs in microglia but not neurons after treatment
(Fig. 5A). No significant differences in with poly I:C. Immunofluorescent staining of NF-B localization in microglia and neurons after 1 h exposure to poly I:C (20 g/ml)
neurite outgrowth were detected between or PBS. D, Quantification of neurite outgrowth from sensory neurons cultured for 4 h in the presence of poly I:C (20 g/ml) or PBS
wild-type or TLR3⫺/⫺ neurons grown in with or without the addition of SN50 (50 g/ml), an inhibitor of NFB nuclear translocation. *p ⬍ 0.01, Student’s t test.
the presence of PBS or poly dI:dC. The TIR
(Toll/interleukin-1 receptor) domain containing adaptor protein
MyD88 serves a central signaling role for most TLRs except for
TLR3, which signals independent of MyD88. As an additional
control to exclude potential signaling of poly I:C through other
TLRs, we studied the effects of poly I:C on neurons bearing a
loss-of-function mutation in MyD88. As anticipated, neurite
outgrowth in MyD88⫺/⫺ neurons, like wild-type neurons, was
significantly inhibited by poly I:C. In other words, loss of MyD88
function had no impact (Fig. 5B). In immune cells, most of the
downstream signaling events induced by TLR3 occur through the
transcriptional regulator NF-B and the ISRE (Fitzgerald et al.,
2003a,b; Wietek et al., 2003; Yamamoto et al., 2003; Wang et al.,
2004; Zhang et al., 2004; Schoenemeyer et al., 2005). Although
TLR3-mediated induction of interferon-␤ synthesis is well described (Prehaud et al., 2005), interferon-␤ itself has no effect on
neurite outgrowth and thus the effects of TLR3 activation in neurons cannot be attributed to secondary synthesis of interferon-␤
(data not shown). Although the swiftness of the effects of poly I:C
on growth cone morphology (30 min) suggest that it likely functions independent of transcriptional regulation, we nonetheless
examined neurons to determine whether NF-kB activation ocFigure 6. A, B, Effects of poly I:C (3 mg/kg) or PBS intrathecal injection on righting reflex (A)
curs by assaying for nuclear translocation of its p65 subunit. Nuand negative geotaxis (B) in wild-type and TLR3 ⫺/⫺ neonatal mice. P4 neonatal mice were
clear translocation of the p65 subunit of NF-B was not observed
injected intrathecally with 3 l of either PBS or poly I:C (2 mg/ml) at a final concentration of 3
in sensory neurons treated with poly I:C (Fig. 5C). In contrast the
g/ml. Behavioral testing was performed at P5, P7, P9, and P11. Righting reflex and negative
resident innate immune cell in the CNS, microglia, (identified by
geotaxis tasks were conducted and scored as described in Materials and Methods. *p ⬍ 0.01.
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the microglial marker isolectin IB4) showed robust translocation
of the NF-B p65 subunit after stimulation with poly I:C (Fig.
5C). Furthermore, the inhibitor of NF-B activity, SN50, had no
effect on the ability of poly I:C to inhibit neurite outgrowth in
sensory neurons (Fig. 5D). Thus, the inhibitory effects of poly I:C
on neurite outgrowth are dependent on functional TLR3 and
appear to be independent of NF-B signaling, suggesting that the
effects do not rely on the canonical transcriptional regulatory
pathway activated by TLR3 in immune cells.
To determine whether our in vitro findings would be consistent in a more physiologically relevant environment in vivo, we
injected wild-type (C57BL/6) and TLR3 ⫺/⫺ mice intrathecally
with poly I:C or saline vehicle at P4. We observed the performance of the injected pups on two well described developmental
tasks of sensory–motor function, the righting reflex and negative
geotaxis. Beginning at P9, wild-type poly I:C-injected pups were
significantly slower in righting themselves than TLR3 ⫺/⫺ poly
I:C-injected pups (Fig. 6 A). Poly I:C-injected wild-type pups
were also significantly slower at performing a negative geotaxis
task, compared with saline-injected pups, beginning at P9 (Fig.
6 B). No differences were seen between poly I:C or saline-injected
groups in TLR3 ⫺/⫺ mice at any time point (Fig. 6 A, B). These
results support an in vivo effect of poly I:C on inhibiting sensorymotor development that is dependent on functional TLR3.
To determine whether behavioral deficits observed in poly
I:C-injected pups were associated with impaired axonal development, we quantified the number of axons in cross sections of
L1–L5 dorsal roots in injected animals. These analyses revealed a
marked decrease in the number of axons in wild-type animals
injected with poly I:C, but no changes in fiber number were observed in TLR3 ⫺/⫺ animals receiving either PBS or poly I:C injections (Fig. 7 A, B). Histochemical observation revealed analogous deficits in fiber outgrowth in sensory ganglia.
Neurofilament staining in DRGs from pups injected with poly I:C
was greatly reduced in wild-type animals, but no effect was seen
in TLR3 ⫺/⫺ mice (Fig. 7C). In wild-type poly I:C-injected animals, neuronal fibers were more sparse, as suggested by punctate
neurofilament staining, in contrast to the elaborate web of processes seen in the DRG outflow tracts in the other three groups
(Fig. 7C,arrows). We found no gross neuroanatomic defects in
TLR3 ⫺/⫺ mice compared with controls (data not shown). These
findings support the hypothesis that TLR3 can function as a negative regulator of axonal growth in vivo when stimulated with
double stranded RNA.

Discussion

Figure 7. Intrathecal injection of poly I:C inhibits the normal development of sensory neurons in vivo via TLR3. A, Cross-sections of dorsal roots isolated from wild-type and TLR3 ⫺/⫺
mice injected intrathecally with poly I:C (3 mg/kg) or PBS. Representative images are from the
L3 dorsal root of each animal. B, Quantification of the number of myelinated fibers in dorsal root
cross sections for L1–L5. C, Neurofilament (red) and NeuN (green) immunofluorescent images
of DRGs from animals in A. Note the smaller ganglion size and lack of neurofilament intensity in
ganglion roots (arrows) in wild-type animals injected with poly I:C, whereas there is no change
in size or neurofilament staining in the other groups, as expected. Scale bar, 50 m.

In this report, we have defined a novel function for TLR3 in the
mammalian nervous system. Activation of TLR3 abolishes neurite outgrowth and causes growth cone collapse. TLR3 is localized
in filopodia and lamellipodia at the leading edge of axonal growth
cones in a pattern overlying f-actin. Its localization raises the
possibility that TLR3 interacts proximally with actin cytoskeletal
components within the growth cone, a notion supported by the
finding that neuronal TLR3 signaling is independent of NF-B
nuclear translocation.
We demonstrate that mice injected with poly I:C display early
sensory–motor deficits and have relevant associated neuroanatomic defects with fewer axons present in dorsal roots. Because
resident monocytes in the CNS and PNS express TLR3, we cannot
exclude an immune contribution to the axonal injury observed in
vivo. Our in vitro findings show that TLR3 can function as a signal
transducing receptor in neurons to inhibit axonal outgrowth. It is
thus likely that TLR3 agonists cause axonal injury in vivo both

13040 • J. Neurosci., November 21, 2007 • 27(47):13033–13041

through direct effects on neuronal TLR3 and indirect effects mediated through resident innate immune cells.
In light of its known ligands, double stranded RNA characteristic of viral infection as well as duplex structures within mRNA
(Alexopoulou et al., 2001; Kariko et al., 2004), TLR3 is potentially
relevant to stunted axonal growth and regenerative failure in the
context of both pathogen-mediated and sterile CNS injury. A
neuronal receptor capable of recognizing features specific to a
damaged CNS, where myelin inhibitory cues may be absent, has
not been described previously and, thus, adds significant new
insight into regenerative failure in the CNS. It stands to reason
that such a receptor could confer a protective advantage to individual neurons by discouraging growth into regions of active
infection or ongoing cell death. Secondarily, TLR3 may limit axonal growth and regeneration in a number of neurodegenerative
states where markers of cell death, such as extracellular RNA, may
be misinterpreted. We speculate, for instance, whether neuronal
TLR3 recognition of mRNA within Alzheimer’s disease plaques
(Ginsberg et al., 1999; Marcinkiewicz, 2002) could potentially
contribute to the incomplete and dystrophic neurite growth associated with these plaques. The presence of TLR3 on neurons
and its effects in limiting axonal outgrowth in response to hostand pathogen-associated ligands provides a new mechanism
whereby axonal regeneration in the CNS can be defeated and
suggests a novel category of injury-associated cues that could
potentially limit CNS regeneration and repair strategies.
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