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Abstract After central nervous system (CNS) trauma, axons
have a low capacity for regeneration. Regeneration failure is
associated with a muted regenerative response of the neuron
itself, combined with a growth-inhibitory and cytotoxic post-
injury environment. After spinal cord injury (SCI), resident
and infiltrating immune cells (especially microglia/macro-
phages) contribute significantly to the growth-refractorymilieu
near the lesion. By targeting both the regenerative potential of
the axon and the cytotoxic phenotype of microglia/macro-
phages, we may be able to improve CNS repair after SCI. In
this review, we discuss molecules shown to impact CNS repair
by affecting both immune cells and neurons. Specifically, we
provide examples of pattern recognition receptors, integrins,
cytokines/chemokines, nuclear receptors and galectins that
could improve CNS repair. In many cases, signaling by these
molecules is complex and may have contradictory effects on
recovery depending on the cell types involved or the model
studied. Despite this caveat, deciphering convergent signaling
pathways on immune cells (which affect axon growth indirect-
ly) and neurons (direct effects on axon growth) could improve
repair and recovery after SCI. Future studies must continue to
consider how regenerative therapies targeting neurons impact

other cells in the pathological CNS. By identifying molecules
that simultaneously improve axon regenerative capacity and
drive the protective, growth-promoting phenotype of immune
cells, we may discover SCI therapies that act synergistically to
improve CNS repair and functional recovery.
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Introduction

Injured mammalian central nervous system (CNS) axons re-
generate poorly; however, recent data indicate that neuron-
intrinsic (e.g., Pten, low cAMP) and -extrinsic barriers (e.g.,
myelin, CSPGs) to axon growth can be overcome (Park et al.
2010; Bradbury and Carter 2011). In this review, we introduce
the novel concept that successful CNS axon regeneration can
be achieved by manipulating signaling pathways that are used
by both the nervous and immune systems (Fig. 1). Specifical-
ly, we discuss how pattern recognition receptors, integrins,
cytokines, chemokines, nuclear receptors and galectins can
affect axon regeneration through dual activation of cells in the
nervous and immune systems (Fig. 2).

Pattern recognition receptors and danger-associated
molecular patterns

Cells of the innate immune system play a pivotal role in
defending organisms against infection. This is accomplished
via a series of germ-line encoded receptors known as pattern
recognition receptors (PRRs). PRRs can be membrane-
bound or exist in the cytoplasm. Membrane-bound PRRs
include most toll-like receptors (e.g., TLR2, TLR4, TLR5,
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TLR6), C-type lectin receptors (including dectin-1) and the
receptor for advanced glycation end products (RAGE)
(Kvarnhammar and Cardell 2012). PRRs confined mainly
to the cytoplasm include the nucleotide oligomerization
domain (NOD) receptors, a subset of TLRs (e.g., TLR3,
TLR7, TLR9) and RIG-I-like receptors.

PRRs bind pathogen-associated molecular patterns
(PAMPs), which are conserved molecular sequences found
on bacteria (e.g., endotoxin/LPS, peptidoglycans) and
viruses. PRR ligation elicits inflammatory signaling, result-
ing in the release of cytokines that augment inflammation,
culminating in pathogen removal from the host.

Although most cells of the CNS express PRRs, traumatic
brain or spinal cord injuries (SCI) are considered to be “sterile”
lesions, i.e., neither bacteria nor virus are found at sites of injury.
However, endogenous PRR ligands do accumulate at sites of
tissue damage. In contrast to PAMPs, these endogenous PRR
ligands are referred to as damage-associated molecular patterns
(DAMPs) or “alarmins” and include high mobility group box-1
(HMGB1), mRNA, fibronectin, oxidized lipids, hyaluronic acid
and heat shock proteins (HSP) (Taylor et al. 2007).

The net effect of PRR signaling in the injured CNS is
complex, with reported outcomes being either detrimental or
beneficial to nerve repair or recovery of neurological func-
tion. For example, intraspinal inflammation is exacerbated
and functional recovery is impaired in SCI mice lacking
TLR2 or TLR4 (Kigerl et al. 2007). Conversely, TLR defi-
ciency is neuroprotective in a mouse model of cerebral
ischemia and remyelination is improved in TLR2-deficient
mice (Sloane et al. 2010; Ziegler et al. 2011). Although the
precise nature of the DAMP/PRR interactions that trigger
these divergent effects is not clear, signaling via PRRs can
simultaneously elicit tissue injury and repair in the CNS
(Kigerl and Popovich 2009). Data derived from experiments
that apply exogenous zymosan to models of central or
peripheral nervous system (PNS) injury, best illustrate the
complexity of PRR signaling.

Zymosan is a complex of proteins and carbohydrates
derived from the yeast cell wall that potently activates
inflammatory signaling after binding TLR2. Although
technically a PAMP, zymosan elicits intracellular signaling
pathways in microglia and macrophages that are identical
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Fig. 1 Depiction of the localization of factors and receptors that elicit convergent signaling in cells of the immune and nervous systems



to those activated by DAMPs. Thus, adding zymosan to
intact or injured CNS/PNS elicits a threshold of cellular
activation that is physiologically relevant and that can be
compared to appropriate control groups. Zymosan-
activated macrophages (ZAMs) can promote regeneration
of injured axons (Yin et al. 2003; Steinmetz et al. 2005;
Gensel et al. 2009); however, ZAMs also cause axon de-
generation, neurotoxicity and secondary demyelination
(Fitch et al. 1999; Popovich et al. 2002; Schonberg et al.
2007; Gensel et al. 2009). Recently, we discovered that
TLR2 is not solely responsible for the divergent effects of
ZAMs on CNS repair (unpublished data); zymosan also
affects macrophage function by binding the C-type lectin
receptor, dectin-1 (Gantner et al. 2003). Although the im-
portance of dectin-1 signaling in the injured CNS is an area
of ongoing research, it is already known that activation of

microglia and/or macrophages via TLR2 can promote
growth of injured central (optic nerve) or peripheral (sciatic
nerve) axons (Boivin et al. 2007; Hauk et al. 2010).

TLR3 is widely expressed by inflammatory cells, glia
and neurons and is best known for its role in anti-viral
CNS immunity. Less is known about the effects of TLR3
signaling in the context of CNS injury and nerve regenera-
tion. In the injured PNS, necrotic cell debris signals
Schwann cells via TLR3 (Lee et al. 2006). This is important
for recruitment of macrophages and subsequent removal of
myelin debris, i.e., two necessary components of effective
nerve regeneration (Lee et al. 2006).

Microglia, astrocytes and oligodendrocytes also express
TLR3. When activated with synthetic TLR3 agonists,
microglia and astrocytes upregulate inflammatory gene ex-
pression and release various inflammatory and anti-

Fig. 2 Illustration that CNS repair-related processes can be initiated or
prevented via similar pathways/receptors in both macrophages and
neurons. These factors can alter neuron-extrinsic (e.g., macrophages)
and -intrinsic responses to improve or hamper repair. Some factors
have reparative effects on both macrophage phenotype and neuron
growth/survival (e.g., TLR2, RXR heterodimers, Gal3), whereas others

have contradictory effects on the two cell types (e.g., aVb3 integrin, IL-
6, CXCL12-CXCR4). Factors discussed are placed on a continuum of
CNS repair, from beneficial (top) to harmful (bottom) (placements are
estimates based on known effects). “+” represents a beneficial effect;
“−” represents a harmful effect. See text for references
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inflammatory cytokines with neurotoxic and neurotrophic
effects. TLR3 stimulation of oligodendrocytes causes apo-
ptosis (Lee et al. 2006; Bsibsi et al. 2012).

Extracellular mRNA released from dead or dying cells can
bind TLR3 on axon growth cones in the CNS and PNS. This
can cause growth cone collapse and reduce neurite outgrowth
(Cameron et al. 2007). Intrathecal delivery of synthetic TLR3
agonists to neonatal mice reduces axon fiber outgrowth,
decreases axon numbers and impairs motor coordination
(Cameron et al. 2007), suggesting that TLR3 activation impairs
developmental axon targeting in vivo. Whether this is through
simultaneous activation of TLR3 on glia and neurons has not
been determined. Like TLR3, TLR8 activation inhibits neurite
outgrowth and causes neuron apoptosis (Yip et al. 1998; Yip
and Siu 2001; Pittier et al. 2005; Ma et al. 2006, 2007).

Hyaluronic acid (HA or hyaluronan) is a prevalent long-
chain glucosaminoglycan and structural component of the
CNS extracellular matrix (ECM) (Gladson 1999). When in-
jured, HA is degraded, leading to a change in the ratio of high-
to low-molecular weight HA. This will influence the magni-
tude of inflammation and also the ability of neurons and glia to
respond to injury. High-molecular weight (HMW) HA has
immune-regulatory properties. It can inhibit macrophage pro-
liferation and cytokine release (Schimizzi et al. 2006; Wang et
al. 2006; Taylor et al. 2007; Gardiner 2011). However, hydro-
gels composed of HMW HA reduce synthesis of CSPGs by
astrocytes and have been shown to be anti-inflammatory in
models of SCI (Brück and Friede 1990; Reichert et al. 2001;
Rotshenker 2003; Yasuda 2007; Khaing et al. 2011). HA also
acts directly on neurons. For example, dorsal root ganglion
neurons grown in HA-enriched hydrogel matrices extend
neurites that are 50 % longer than those grown in control
matrices (Horn et al. 2007; Gardiner 2011). These HA-
mediated improvements in neurite extension are probably
elicited by HA binding to TLRs and they could underlie the
modest improvements in axon regeneration and functional
recovery described in models of SCI (Condic 2001; Gupta et
al. 2006; Wakao et al. 2011). When degraded, the anti-
inflammatory and growth-promoting effects of HA are lost.
Low-molecular weight (LMW) HA binds TLR4 and TLR2 on
immune cells, increasing their synthesis and release of inflam-
matory cytokines and proteases. LMW HA also binds TLR2
on oligodendrocyte progenitor cells, preventing their differen-
tiation and therefore their ability to remyelinate denuded
axons (Bouhlel et al. 2007; Andrews et al. 2009; Sloane et
al. 2010; Hawthorne and Popovich 2011; Tan et al. 2011).

Another example of a PRR that, if manipulated, would
simultaneously affect cells of the immune and nervous sys-
tems is the receptor for advanced glycation end products
(RAGE). RAGE binds diverse ligands including advanced
glycation end products, amyloid fibrils, HMGB1 and S100/
calgranulins (Alexiou et al. 2010; Hawthorne and Popovich
2011; Hawthorne et al. 2011). Existing data indicate that in

the presence of these ligands, RAGE signaling leads to
nerve repair. In a model of peripheral nerve injury, over-
expression of a dominant negative (DN-) RAGE in mono-
cytes or neurons reduces nerve conduction velocity, myelin
debris clearance and density of myelinated fibers (decrease
~40 % vs control) (Rong et al. 2004). However, if DN-
RAGE was expressed in both monocytes and neurons, im-
pairment was significantly greater (decrease ~70 % vs con-
trol) (Rong et al. 2004). These elegant studies illustrate that
PRR activation can affect repair processes via convergent
signaling in immune cells and neurons. These data also
illustrate the importance of considering convergent signal-
ing mechanisms when developing therapeutics for repairing
the pathological CNS or PNS, where inflammatory cells
coexist with neurons and glia.

Integrins

Integrins are transmembrane heterodimeric receptors that fa-
cilitate bidirectional signaling between cells and the extracel-
lular environment, most notably proteins found in the ECM or
on other cells (e.g., laminin, fibronectin). Integrin binding
activates intracellular signaling cascades that affect cell differ-
entiation, survival, growth and division (Luo et al. 2007).

Integrins are essential for regulating the tightly coordinated
process of leukocyte extravasation into sites of inflammation
(Rose et al. 2007). In response to cytokines and chemotactic
gradients that develop at inflammatory foci, circulating leu-
kocytes increase their surface expression of β2 integrins. This
allows them to adhere to the vascular lumen and subsequently
to enter sites of inflammation. It is possible to reduce leuko-
cyte entry and subsequent inflammation by blocking integrin
binding/signaling. For example, in models of SCI where acute
inflammation has neurotoxic effects, anti-integrin antibod-
ies (e.g., αDβ2 or α4β1) confer neuroprotection and im-
prove recovery of function (Yip et al. 1998; Yip and Siu
2001; Bao et al. 2004; Gris et al. 2004; Pittier et al. 2005;
Fleming et al. 2008, 2009; Bao et al. 2011). Activation of
other integrins (αMβ2/Mac-1) expressed on the surface of
microglia and macrophages could improve axon regenera-
tion indirectly by enhancing phagocytic clearance of my-
elin debris (Brück and Friede 1990; Reichert et al. 2001;
Rotshenker 2003; Mukaino et al. 2010).

Integrins can also directly regulate axon outgrowth (Gris
et al. 2007; Sofroniew 2009; Gardiner 2011). Axonal integ-
rins are developmentally regulated, with reduced expres-
sion in the mature CNS. This could explain why
regeneration of injured adult CNS axons is inefficient.
Indeed, transfection of adult DRGs with α1β1 or α5β1

integrin receptors improves axon elongation on laminin or
fibronectin respectively (Condic 2001; Okada et al. 2006;
Herrmann et al. 2008). Similarly, overexpression of
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integrins also can improve axonal outgrowth on inhibitory
substrates found at sites of CNS injury (e.g., CSPGs and
tenascin-C) (Hakkoum et al. 2007; Andrews et al. 2009;
Tan et al. 2011). Serotonergic axons, known for their ability
to undergo robust regenerative sprouting, even in the con-
text of a growth inhibitory environment, express high levels
of β1 integrins (Cafferty et al. 2004; Cao et al. 2006;
Hawthorne et al. 2011). Conversely, cortical neurons, with
limited regenerative sprouting, express low levels of β1

integrins (Richardson and Issa 1984; Neumann and Woolf
1999; Cameron et al. 2007; Hong and Tontonoz 2008;
Hawthorne et al. 2011).

After CNS injury, activation of αVβ3 integrins is likely to
elicit convergent signaling in neurons, glia and inflammato-
ry cells. For example, overexpression of the cell adhesion
molecule L1 can augment neurite outgrowth via activation
of αVβ3integrins (Yip et al. 1998; Yip and Siu 2001; Pittier
et al. 2005; Cao et al. 2006). Vitronectin, another glycopro-
tein ligand of αVβ3 integrins, is found in plasma and the
ECM and elicits NFĸB activation and downstream inflam-
matory signaling in microglia and macrophages (e.g., syn-
thesis of MMPs, TNFα, IL-1β, IL-6).

αVβ3 integrins are also activated by the glycoprotein osteo-
pontin (OPN). OPN is normally expressed by multiple cell
types in the central and peripheral nervous system, most
notably neurons, glia and macrophages (Nyström et al.
2007). With the onset of oxidative stress and inflammation
in the injured CNS, expression of OPN is increased. In in-
flammatory macrophages, OPN is important for regulating
macrophage function. Inflammatory signaling is impaired in
macrophages derived from OPN null mutant mice (OPN−/−),
in part because of impaired clustering of PRRs (Inoue et al.
2011). Whether OPN-mediated signaling (in neurons or
macrophages) benefits axon regeneration and CNS repair
remains unclear. Although OPN induces modest growth
of retinal ganglion cell axons (Ries et al. 2007), it does
not enhance dorsal root axon growth (Marsh et al. 2007).
Furthermore, axon growth cones collapse when they come
in contact with OPN and macrophages increase expres-
sion of OPN after CNS but not PNS injury, implicating
OPN as a negative regulator of axon growth (Küry et al.
2005). After rat SCI, OPN is upregulated in microglia/
macrophages and is found in the extracellular space
(Hashimoto et al. 2003). This is presumably a necessary
response to injury, since functional recovery is impaired
in OPN−/− mice (Hashimoto et al. 2007).

Cytokines

Although originally defined as the soluble effector mole-
cules of inflammatory cells, cytokines are now known to be
pivotal mediators of intercellular communication between

most cells in the body. Cytokines are pleiotropic, i.e., the
same cytokine exerts multiple effects on different cell types.
This makes it difficult to understand how cytokines affect
CNS repair. This complexity and the sheer numbers of
cytokines that have been characterized in the injured CNS
(Nakamura et al. 2003), preclude a comprehensive overview
of this topic. In this review, the potential for convergent
signaling of IL-6 and leukemia inhibitory factor (LIF) in
cells of the neuro-immune axis will be discussed.

Within the first few hours after injury to the brain or
spinal cord, concentrations of IL-6 increase in the CNS
(Nakamura et al. 2005). Neurons, glia and infiltrating leu-
kocytes all produce and respond to IL-6, signifying that it is
a pivotal mediator of the acute CNS injury response. How-
ever, the net effect of IL-6-mediated signaling is difficult to
determine. For example, injecting anti-IL-6 antibodies early
after SCI confers neuroprotection — a response that is
associated with reduced monocyte infiltration and increased
efficiency of microglia phagocytosis (Condic 2001; Cafferty
et al. 2004; Cao et al. 2006; Mukaino et al. 2010). IL-6
signaling also elicits reactive astrogliosis, a stereotypical
response to CNS injury that restricts acute post-traumatic
inflammation and inhibits axon regeneration, in part through
the transcriptional activation of genes associated with CSPG
formation (Kerr and Patterson 2004; Gris et al. 2007;
Sofroniew 2009). The effects of IL-6 (and LIF; see below)
are probably mediated via STAT-3 signaling (Kerr and Patter-
son 2004; Okada et al. 2006; Herrmann et al. 2008). Collec-
tively, the above examples illustrate neuron-extrinsic effects
of IL-6 that could influence axon regeneration in vivo.

IL-6 can also affect neuron-intrinsic growth. Transection of
axons in an organotypic hippocampal slice culture increases
IL-6, leading to spontaneous recovery of synaptic activity
with evidence of regenerative sprouting. In the presence of
an anti-IL-6 antibody, the expression of regeneration-
associated genes (e.g., GAP43) and recovery of synaptic
activity were abolished (Zang and Cheema 2003; Kerr and
Patterson 2005; Hakkoum et al. 2007). IL-6 also plays a role
in the “conditioning lesion” phenomenon (Azari et al. 2003;
Cafferty et al. 2004; Butzkueven et al. 2006; Cao et al. 2006).
Conditioning lesions improve the intrinsic growth capacity of
adult neurons. For example, sciatic nerve crush augments the
capacity of adult dorsal root ganglia (DRGs) neurons to mount
a regenerative response after a subsequent injury to the central
projections of those axons (e.g., spinal cord dorsal column
axons) (Richardson and Issa 1984; Neumann andWoolf 1999;
Ni et al. 2009). Conditioning lesions normally increase IL-6 in
DRG neurons and intrathecal delivery of IL-6 can mimic the
effects of a conditioning lesion (Gonzalez et al. 2003; Cao et
al. 2006; Kohler et al. 2008). IL-6 may be sufficient but not
necessary to induce the effects of conditioning. Indeed,
conflicting data exist from two different studies using IL-6
knockout mice. In one report, the effects of conditioning were
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lost in the absence of IL-6, whereas the other report showed a
normal effect of conditioning in IL-6 deficient mice (Cafferty
et al. 2004; Cao et al. 2006; Chalasani et al. 2007).

LIF is a member of the IL-6 cytokine family and like IL-
6, LIF exerts divergent effects on axonal regeneration. After
injury to the nervous system, LIF acts as a pro-inflammatory
cytokine and can exacerbate tissue damage and functional
impairment via its effects on microglia/macrophages. In-
deed, intraspinal activation of microglia and macrophages
after SCI is reduced and the spontaneous recovery of
function is improved in LIF knockout mice (Reichert and
Rotshenker 1999; Kerr and Patterson 2004; Park et al. 2008;
De Giusti et al. 2011). Moreover, viral-mediated over-
expression of LIF in the naive spinal cord causes mild
neurological impairment with enhanced microgliosis, a re-
sponse that can be reversed using the anti-inflammatory
drug minocycline (Kerr and Patterson 2004; Bouhlel et al.
2007; Odegaard et al. 2008; Rotshenker 2009). However,
LIF also may be essential for coordinating CNS repair. Data
obtained from several reports using different models of
neurological disease indicate that systemic delivery of LIF
is neuroprotective (Pesheva et al. 1998; Mahoney et al.
2000; Zang and Cheema 2003; Kerr and Patterson 2005;
Diez-Revuelta et al. 2010; Hawthorne et al. 2011; Azari et
al. 2003; Butzkueven et al. 2006; Boivin et al. 2007). These
protective effects are likely to be mediated indirectly via an
increase in the synthesis of insulin-like growth factor 1
(IGF-1), a potent trophic factor for neurons and oligoden-
drocytes (Bao et al. 2004; Gris et al. 2004; Kerr and
Patterson 2005; Fleming et al. 2008, 2009; Bao et al. 2011).

Chemokines

Chemokines are chemotactic cytokines that act on cognate
G-protein coupled transmembrane receptors (Luster 1998).
In response to tissue injury or infection, chemokines induce
the directed migration of leukocytes along a chemokine
gradient. Genetic or pharmacologic manipulation of chemo-
kines or their cognate receptors can attenuate neurodestruc-
tive inflammation in the injured brain or spinal cord
(Gonzalez et al. 2003; Kohler et al. 2008; Ni et al. 2009;
Donnelly et al. 2011). However, chemokines are also im-
portant during development and emerging data show that
chemokines and their cognate receptors are constitutively
expressed in the CNS. For example, CXCL12, also known
as stromal cell-derived factor (SDF1), binds CXCR4 found
on axons and is important for axonal pathfinding during
CNS development (Bouhlel et al. 2007; Chalasani et al.
2007; Odegaard et al. 2007; 2008).

The functional significance of CXCL12 in the adult spinal
cord is not clear; however, it is normally expressed in cortico-
spinal tract (CST) axons and in the meninges (Tysseling et al.

2011), while its cognate receptors, CXCR4 and CXCR7, are
found on adult DRG neurons, CSTaxons and ependyma. Both
trauma and demyelination cause CXCR4+ macrophages and
oligodendrocyte precursor cells to infiltrate sites of pathology
(Patel et al. 2010; Tysseling et al. 2011; Zhang et al. 2011).
Endogenous signaling via CXCR4 or CXCR7 is pivotal for
promoting differentiation and maturation of new oligodendro-
cytes, a prerequisite for successful remyelination (Göttle et al.
2010; Patel et al. 2010).

These same chemokine-receptor interactions may also
regulate regenerative sprouting and/or die-back of injured
axons. CXCR4 is localized to axon growth cones and
intrathecal infusion of CXCL12 was capable of increasing
axonal growth after SCI in vivo (Opatz et al. 2009; Sloane et
al. 2010). Because CXCL12 is a potent chemoattractant for
monocytes and microglia (Tanabe et al. 1997; Ransohoff
2009), it is perhaps not surprising that CXCR4+ macro-
phages are found in close proximity to injured CXCL12+
axons (Tysseling et al. 2011). The endogenous macrophage
response after SCI is known to exacerbate acute tissue
damage (Popovich et al. 1999; Blight 1994), in part through
augmenting die-back of injured axons (Horn et al. 2008). A
direct role for CXCL12/CXCR4 in regulating macrophage-
mediated die-back has not been determined.

Nuclear receptors

Nuclear receptors are a superfamily of ~50 ligand-activated
transcription factors. These receptors are structurally con-
served and regulate gene transcription by directly binding
DNA response elements in the promoters of target genes. As
such, they play a critical role during development and in
maintaining homeostasis throughout the body (Olefsky 2001).

Type II nuclear receptors form obligate heterodimers
with the retinoid X receptors (RXRs) and regardless of
their ligand-binding status are localized to the nucleus
(Klinge et al. 1997). In the absence of ligand, this het-
erodimeric complex is associated with a nuclear core-
pressor complex. Upon ligand binding, a conformational
change occurs in the receptor, causing the corepressor
complex to detach. A coactivator complex with intrinsic
histone acetyltransferase activity is subsequently
recruited that allows chromatin decondensation and gene
transcription (Desvergne et al. 2006; Schimizzi et al.
2006; Wang et al. 2006; Taylor et al. 2007).

Peroxisome proliferator-activated receptors (PPARs) and
liver X receptors (LXRs) form obligate heterodimers with
RXRs to form functional transcription factors. These RXR-
containing heterodimers are termed “permissive” because
their transcriptional activity can be induced by ligation of
either member of the receptor pair. Thus, RXR activation
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may be an optimal mechanism to activate both PPAR and
LXR pathways in vivo.

Little is known about the role of RXRs after injury to
the brain or spinal cord. One report describes constitutive
RXR expression in neurons and glia in intact spinal cord
(Schrage et al. 2006; Hawthorne et al. 2011). After injury,
RXR-expressing leukocytes appeared in the lesion site,
with increased translocation of RXRs to the nucleus of
leukocytes and neurons evident within the first 2 weeks
post-injury (Schrage et al. 2006). Although the functional
implications of these changes are unknown, activating
type II nuclear receptors in macrophages can profoundly
change their phenotype and function. For example, acti-
vation of LXRs or PPARs suppresses inflammatory mac-
rophage functions and promotes the development of an
“alternative" M2 macrophage phenotype (Hong and
Tontonoz 2008; Chawla 2010). Genetic disruption of ei-
ther PPARγ or PPARδ blocks the acquisition of the M2
phenotype (Bouhlel et al. 2007; Odegaard et al. 2007,
2008; Chinetti-Gbaguidi et al. 2011). M2 macrophages
might promote CNS repair. Indeed, recent data indicate
that M2 macrophages increase the intrinsic growth poten-
tial of neurons, even on inhibitory substrates found at the
site of CNS injury (Kigerl et al. 2009).

In addition to their role in regulating microglia/macro-
phage function, LXR and PPAR agonists have been shown
to confer neuroprotection with improved spontaneous re-
covery of function in experimental models of SCI (Mctigue
et al. 2007; Park et al. 2007; Paterniti et al. 2010; Meng et al.
2011). Activation of PPARγ also promotes axonal out-
growth in neuronal cell lines and primary DRG neurons
(Miglio et al. 2009; Geeven et al. 2011), an effect that
involves RhoA inhibition (Dill et al. 2010). In the peripheral
nervous system, myelin thickness is reduced in LXR knock-
out mice, suggesting that LXRs may regulate myelin gene
expression (Makoukji et al. 2011). A similar role for LXRs
has not been proven but in the injured CNS, RXR activation
after SCI enhances oligodendrocyte differentiation and
remyelination (Meng et al. 2011). RXRγ expression has
been shown to increase in myelinating Schwann cells, again
suggesting a role for type II nuclear receptors in myelination
(Latasa and Cosgaya 2011). Due to its central role in stim-
ulation both LXRs and PPARs, selective activation of RXR
could represent a powerful therapeutic target for CNS repair.

Galectins

Galectins are carbohydrate-binding proteins found in the
ECM, on cell surfaces and inside the cytoplasm and nucleus
of cells (Norling et al. 2009). This diverse distribution,
combined with their affinity for binding ubiquitous β-
galactosides, enables galectins to bind various ligands

including ECM molecules, glycoproteins, integrins and im-
mune receptors (Camby et al. 2006). Through protein–car-
bohydrate and protein–protein interactions, galectins affect
cell adhesion, cell proliferation, cell survival, inflammation,
mRNA splicing and axon growth (Perillo et al. 1998). While
15 mammalian galectins have been identified, studies thus
far support roles for Gal1 and Gal3 in enhancing axon
growth through activation of the both the nervous and
immune systems.

Gal1 is a 14.5-kDa protein that is expressed throughout the
body and has a variety of cellular functions (Camby et al.
2006). Gal1 is expressed in the developing peripheral nervous
system (PNS) and CNS; in adults, Gal1 expression is confined
mainly to the more growth-permissive PNS. The structure and
behavior of Gal1 depend on its oxidation state. In the extra-
cellular space, Gal1 exists as a homodimer with two active
carbohydrate recognition domains (Gladson 1999; López-
Lucendo et al. 2004). Under oxidizing conditions (e.g., early
after injury to CNS/PNS), Gal1 assumes an oxidized, mono-
meric form that lacks lectin activity (Inagaki et al. 2000).

Gal1 interacts with various ECM glycoproteins (e.g.,
laminin, fibronectin, integrins) and their associated recep-
tors. Gal1 binding partially activates β1 integrin (Moiseeva
et al. 2003) and modulates α7β1 integrin interaction with
laminin during skeletal muscle differentiation (Gu et al.
1994). Gal1 also co-localizes with αMβ2 integrin (comple-
ment receptor 3) on mouse macrophages (Avni et al. 1998).
Together, these data suggest that extracellular Gal1 could
modulate neuron and macrophage phenotype. In fact, Gal1
may even act as a PRR (Vasta 2012).

Gal1 has both pro- and anti-inflammatory effects (Liu
and Rabinovich 2010). Neutrophil extravasation is reduced
upon exposure to Gal1 (La et al. 2003; Cooper et al. 2008)
but these cells also secrete more reactive oxygen species
(Almkvist et al. 2002). Gal1-treated macrophages release
less arachadonic acid and nitric oxide, while increasing
arginase-1 activity (Rabinovich et al. 2000; Correa et al.
2003). Enhanced arginase-1 activity is characteristic of
anti-inflammatory M2 macrophages (see above). By binding
to saccharides on the surface of monocytes, Gal1 upregu-
lates constitutive expression of FcgRI; however, in the pres-
ence of inflammatory stimuli (e.g., IFNγ), Gal1 blocks the
induction of FcgRI (Barrionuevo et al. 2007). This complex
regulation of Fc receptors can positively and negatively
affect macrophage phagocytosis. Finally, Gal1 has mainly
anti-inflammatory effects on T cells: it limits T cell transmi-
gration across endothelia (Rabinovich et al. 1999) and
promotes Th2 cytokine expression (Motran et al. 2008).
Although Gal1 regulation of pro- and anti-inflammatory
responses is complicated, the balance of data suggest that
Gal1 suppresses immune cell transmigration and promotes
an anti-inflammatory response that could help to support
CNS repair and axon regeneration.
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In the nervous system, Gal1 is associated with develop-
mental and regenerative axon growth (Gaudet et al. 2005).
Gal1 is required for the proper developmental targeting of
axonal subsets projecting to the olfactory bulb (Puche et al.
1996) and the spinal cord dorsal horn (McGraw et al. 2005b;
Horn et al. 2007). In Gal1 knockout mice, defective target-
ing of central branches of DRG neurons manifests as de-
creased thermal nociceptive sensitivity. After nerve trauma,
Gal1 expression correlates with regenerative capacity, both
intrinisic and extrinsic to the injured neuron. Injured facial
motoneurons (PNS projections) but not injured rubrospinal
neurons (CNS projections) upregulate Gal1 during the regen-
erative period (McGraw et al. 2004) Similarly, DRG neurons
upregulate Gal1 after injury to their peripheral but not to the
central branch (McGraw et al. 2005a). Therefore, Gal1 may
contribute to neuron-intrinsic regenerative programs.

The role of Gal1 in the environment extrinsic to the injured
neuron has been exploredmore extensively. Horie et al. (Horie
et al. 1999) showed that exogenous delivery of Gal1 augments
regeneration of peripheral axons. More recent studies have
implicated the oxidized form of Gal1 in improving regenera-
tion: oxidized Gal1 binds macrophages, causing them to se-
crete an unidentified factor that elicits Schwann cell migration
and axon regeneration (Horie et al. 2004). In the CNS, intra-
vitreal injection of oxidized Gal1 improves axon regeneration
after optic nerve injury (Okada et al. 2005; Gupta et al. 2006;
Yasuda 2007; Khaing et al. 2011; Wakao et al. 2011), possibly
by activating macrophages in the retina. Gal1 also regulates
macrophage accumulation after peripheral axotomy (Gaudet
et al. 2009). Oxidized Gal1 injection into the sciatic nerve
facilitates macrophage accumulation in the nerve comparable
to that elicited by zymosan; conversely, macrophage accumu-
lation is delayed and diminished after peripheral nerve injury
in Gal1 knockout mice. Since Gal1 increases monocyte che-
motaxis (Malik et al. 2009), Gal1 may act in concert with
chemokines to augment macrophage accumulation at sites of
injury. Thus, selective manipulation of Gal1 could elicit a
reparative macrophage phenotype (e.g., M2), with concurrent
activation of neuron-intrinsic growth programs.

Gal3 (also known as Mac-2) is a ~30 kDa protein that is
expressed throughout the body. Upon ligand binding, Gal3
oligomerization induces conformational changes that enhance
its affinity for binding carbohydrate ligands. This allows Gal3 to
create lattices that can cross-link and activate glycoconjugate-
containing receptors. In the CNS, Gal3 is mainly expressed by
astrocytes, endothelial cells and microglia.

In the immune system, Gal3 is secreted mostly by macro-
phages (Liu et al. 1995; Henderson and Sethi 2009). At sites
of inflammation, Gal3 is upregulated and binds neutrophils
and macrophages. Gal3 induces neutrophil activation and
adhesion (Kuwabara and Liu 1996; Liu et al. 1996) and
facilitates opsonization and macrophage phagocytosis of ap-
optotic neutrophils (Farnworth et al. 2008; Karlsson et al.

2009). Gal3 expression in macrophages predicts their pheno-
type: Gal3 is upregulated in both M1 and M2 macrophages
but it is expressed more highly in M2 macrophages (Novak et
al. 2011). Gal3 also promotes monocyte and macrophage
chemotaxis (Sano et al. 2000). Studies using Gal3 null mutant
macrophages have defined important roles for Gal3 in protect-
ing macrophages against apoptosis (Hsu et al. 2000; Alexiou
et al. 2010). Moreover, whereas Gal3 null mutant macro-
phages respond normally to classical M1 activators and to
IL-10-mediated deactivation, they cannot mount anti-
inflammatory M2 responses (MacKinnon et al. 2008). Gal3
may modulate macrophage phenotype by binding the glyco-
protein CD98 and enhancing its association with B1 integrin,
in a pathway that seems to converge on the intracellular
signaling pathway initiated by M2 factors IL-4 and IL-13.
Therefore, Gal3 has key roles in modulating neutrophil acti-
vation and survival and is a switch that drives a more protec-
tive M2 macrophage phenotype.

In the CNS, Gal3 is upregulated by astrocytes and micro-
glia/macrophages at sites of pathology (Reichert and
Rotshenker 1999; Cameron et al. 2007; Park et al. 2008;
De Giusti et al. 2011) including SCI (Redensek et al. 2011).
Gal3 is expressed by macrophages and microglia that
phagocytose degenerated myelin. In fact, cells that do not
express Gal3 do not phagocytose myelin (Rotshenker 2009).

Gal3 is also a permissive substrate for axon growth.
Neurons grown on Gal3 extend longer, more complex axons
compared to neurons cultured on control substrates
(Pesheva et al. 1998; Mahoney et al. 2000; Ma et al. 2006,
2007; Diez-Revuelta et al. 2010). These effects may require
Gal3 binding to the neuronal adhesion molecule L1; domi-
nant negative-L1 impairs Gal3-mediated axon branching
(Diez-Revuelta et al. 2010).

In summary, galectins (especially Gal1 and Gal3) represent
unique targets for concomitant modulation of the immune and
nervous systems to enhance CNS repair. Gal1 and Gal3 are
promiscuous through binding their ubiquitous carbohydrate
ligands. Also, they are highly expressed in tissues that repair
efficiently including the PNS but are not expressed signifi-
cantly in the adult CNS. Finally, these galectins generally
promote a protective immune cell phenotype, while simulta-
neously improving axon growth. These characteristics point to
Gal1 and Gal3 as important potential therapeutic targets for
improving recovery after CNS trauma.

Conclusions

The use of common ligands, receptors and signaling systems
between diverse cell types is striking. In this review, we have
highlighted the effects of specific molecules that impact both
the nervous and immune systems, thereby promoting CNS
axon regeneration. These multi-functional factors — which
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include PRRs, integrins, cytokines/chemokines, nuclear recep-
tors and galectins — act on various cell types and can affect
pathophysiology in both reparative and detrimental manners.
Given that the nervous system does not act in isolation, it is
critical to consider the potential effects that a novel therapy
could have on other cells, including immune cells (Gensel et
al. 2011). By combining cell culture (to elucidate treatment
effects on specific cell types) with animal models of CNS
pathology (to gain broad perspective and define treatment
outcomes), we will achieve an enhanced understanding of
how each cell type affects nervous system repair with a given
treatment. Armed with this knowledge, we could then refine
our treatment to enhance the protective/growth response of
multiple cell types and further improve recovery. A mechanis-
tic understanding of the benefits and shortcomings of individ-
ual treatments could also lead to the development of new
combinatorial therapies. For instance, an axon growth-
promoting molecule could be combined with a treatment that
drives an anti-inflammatory M2 macrophage phenotype.
Therefore, future studies should continue to explore potential
treatments that act synergistically on the nervous and immune
systems to promote recovery after CNS injury.

In this review, we have highlighted several molecules, in-
cluding PRRs, integrins (and their ligands), cytokines, chemo-
kines, nuclear receptors and galectins, that are co-expressed by
cells of the nervous and immune systems. An ongoing chal-
lenge is to learn how to selectively manipulate the convergent
signaling pathways engaged by these molecules to promote
CNS repair while simultaneously silencing the destructive
effects of inflammation. This is a daunting task, given that
regulation of these molecules/signaling pathways varies as a
function of time and location relative to the site of injury.
Moreover, it is not known if there is a hierarchy amongst these
convergent signals, or howmany other molecular intermediates
that are co-expressed by immune cells, neurons, or glia also
need to be considered as therapeutic targets. What is clear is
that, once injured, cells of the nervous system become tightly
integrated with immune cells for long periods of time. Since
neuro-immune interactions dramatically affect cell survival and
differentiation, future therapeutic design can be improved by
focusing on approaches that act synergistically on the nervous
and immune systems (Gensel et al. 2011).
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