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Abstract

The failure of axons to regenerate after spinal cord injury remains one of the greatest challenges facing both medicine and neuroscience, but in
the last 20 years there have been tremendous advances in the field of spinal cord injury repair. One of the most important of these has been the
identification of inhibitory proteins in CNS myelin, and this has led to the development of strategies that will enable axons to overcome myelin
inhibition. Elevation of intracellular cyclic AMP (cAMP) has been one of the most successful of these strategies, and in this review we examine
how cAMP signaling promotes axonal regeneration in the CNS. Intracellular cAMP levels can be increased through a peripheral conditioning
lesion, administration of cAMP analogues, priming with neurotrophins or treatment with the phosphodiesterase inhibitor rolipram, and each of
these methods has been shown to overcome myelin inhibition both in vitro and in vivo. It is now known that the effects of cAMP are transcription
dependent, and that cAMP-mediated activation of CREB leads to upregulated expression of genes such as arginase I and interleukin-6. The
products of these genes have been shown to directly promote axonal regeneration, which raises the possibility that other cAMP-regulated genes
could yield additional agents that would be beneficial in the treatment of spinal cord injury. Further study of these genes, in combination with
human clinical trials of existing agents such as rolipram, would allow the therapeutic potential of cAMP to be fully realized.
© 2007 Elsevier Inc. All rights reserved.
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Myelin-associated inhibitors

Cajal was the first to propose that the central nervous system
(CNS) environment limits axonal regeneration after injury, but
only recently has CNS myelin been identified as a major factor
contributing to regenerative failure. In 1988, the laboratory of
Martin Schwab provided the first direct evidence that CNSmyelin
contains proteins that inhibit axonal growth. In their first study, 35
and 250 kDa protein fractionswere isolated fromCNSmyelin and
these were subsequently shown to inhibit neurite outgrowth in
vitro (Caroni and Schwab, 1988a). Monoclonal antibodies were
then raised against these proteins and it was found that the IN-1
antibody blocked inhibition by myelin in vitro and enhanced
regeneration of corticospinal axons after spinal cord injury
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(Caroni and Schwab, 1988b; Schnell and Schwab, 1990, 1993;
Bregman et al., 1995). A protein named Nogo was eventually
identified as the antigen of the IN-1 antibody, but of the three
Nogo isoforms (A, B and C) that are expressed in the CNS, only
Nogo-A is enriched in oligodendrocytes (Chen et al., 2000;
GrandPre et al., 2000; Prinjha et al., 2000). Nogo-A is a member
of the Reticulon family of proteins and inhibits neurite outgrowth
through two distinct domains: a 66-residue extracellular domain
(Nogo-66) that is shared by all threeNogo isoforms and an amino-
Nogo, which is unique to Nogo-A (Chen et al., 2000; GrandPre
et al., 2000; Prinjha et al., 2000).

Six years earlier, myelin-associated glycoprotein (MAG)
became the first myelin-associated inhibitor to be identified.
MAG was already a well-characterized component of both PNS
and CNS myelin, but its role in axonal plasticity was unknown.
To address this issue, our laboratory developed a unique neurite
outgrowth assay in which monolayers of MAG-expressing
Chinese hamster ovary (CHO) cells were used as a substrate
(Mukhopadhyay et al., 1994). When dorsal root ganglion
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(DRG) and cerebellar neurons were plated on these monolayers,
neurite outgrowth was strongly inhibited (Mukhopadhyay et al.,
1994). A parallel study demonstrated that recombinant MAG
ectodomain could inhibit neurite outgrowth in a similar manner
and that immunodepletion of MAG from CNS myelin reversed
this effect (McKerracher et al., 1994). Sequencing experiments
had previously established that MAG is a member of the
immunoglobulin (Ig) superfamily, containing five extracellular
Ig-like domains (Salzer et al., 1987, 1990). It is also a sialic
acid-binding protein and its first four Ig-like domains are
homologous to the Siglec family of sialic acid binding Ig-like
lectins (Kelm et al., 1994). The sialic acid binding site of MAG
is localized to arginine 118 (R118) in the fifth Ig domain and
mutation of this residue abolishes inhibition by soluble MAG
(Tang et al., 1997). A requirement for sialic acid binding in
MAG inhibition is unlikely, however, because inhibition by
membrane-bound MAG is unaffected by R118 mutation (Tang
et al., 1997). It has therefore been proposed that inhibition and
sialic acid binding are mediated by two distinct sites on the
MAG protein.

In the PNS, MAG contributes to the initiation of myelination
by Schwann cells (Owens and Bunge, 1989) and later maintains
the interaction between the axon and its myelin sheath (Martini
and Schachner, 1986). Studies of MAG null mutant mice later
determined that the latter function was crucial to sustain normal
axonal morphology. Myelination of peripheral axons by
Schwann cells occurs normally in the absence of MAG, but
eventually, the disruption of axon–myelin interactions in these
animals leads to abnormalities in the periaxonal space and loss of
myelin compaction (Li et al., 1994; Montag et al., 1994). In
addition, MAG null mutants older than 8 months display
widespread degeneration of axons and myelin, which indicates
that MAG is necessary for long-term survival of axons (Fruttiger
et al., 1995).

Recently published findings suggest that MAG may also
play a role in axonal guidance. During development, proprio-
ceptive axons are repelled from the dorsal horn of the spinal
cord through semaphorin 6C and 6D signaling through the
plexin A1 receptor, but in plexin A1 null mutant mice, aberrant
growth of these axons into the medial dorsal horn is observed
(Yoshida et al., 2006). Conversely, sensory axons expressing
IB4 lectin normally terminate within the medial dorsal horn;
however, in plexin A1 mutants, IB4-positive axons were absent
from this area. Interestingly, the number of MAG-expressing
oligodendrocytes within the medial dorsal horn increased
dramatically from P4 onward in plexin A1 mutants, and these
oligodendrocytes were intimately associated with the ingrowing
proprioceptive axons (Yoshida et al., 2006). It was therefore
proposed that the oligodendrocytes co-migrate with the axons as
they grow into the dorsal horn, and that this creates ectopic foci
of MAG expression that later cause IB4-positive axons to be
repelled (Yoshida et al., 2006).

Oligodendrocyte myelin glycoprotein (OMgp) and ephrin
B3 are the latest proteins that have been shown to function as
myelin inhibitors. OMgp is a glycosyl-phosphatidylinositol
(GPI)-linked protein with a leucine-rich repeat (LRR) domain
and is expressed in both neurons and oligodendrocytes (Mikol
and Stefansson, 1988; Mikol et al., 1990; Habib et al., 1998;
Wang et al., 2002a). It is a potent inhibitor of neurite outgrowth
in vitro (Wang et al., 2002a), and in the spinal cord OMgp is
expressed at the nodes of Ranvier, where it maintains the normal
morphology of these structures by inhibiting collateral axon
sprouting (Huang et al., 2005). Ephrin B3 is an axonal guidance
cue that repels corticospinal axons from the midline of the
spinal cord during development and this effect is mediated by
binding to the EphA4 receptor (Yokoyama et al., 2001). It was
subsequently found that ephrin B3 is expressed in mature
oligodendrocytes and that neurite outgrowth for cortical
neurons was inhibited by treatment with ephrin B3-Fc (Benson
et al., 2005).

Receptors and intracellular signaling

MAG, Nogo and OMgp have no sequence similarity or
structural homology, yet surprisingly they all bind to a common
receptor complex to mediate inhibition. The Nogo receptor
(NgR1) was cloned from a mouse expression library using a
soluble form of Nogo-66, and it was shown that binding of
Nogo-66 to NgR1 was necessary to induce growth cone
collapse (Fournier et al., 2001). NgR1 can be precipitated from
primary neurons using soluble MAG and it was shown that this
binding was independent of sialic acid (Domeniconi et al.,
2002). Neurite outgrowth was inhibited by MAG binding to
NgR1, and this inhibition could be blocked by neutralization of
NgR1 function through the addition of NgR1 antibody, soluble
NgR1 or dominant-negative NgR1 (Domeniconi et al., 2002;
Liu et al., 2002). MAG is the only myelin inhibitor that can also
mediate inhibition through a structurally related receptor known
as NgR2; however, binding to this receptor is sialic acid
dependent (Venkatesh et al., 2005). Expression cloning and co-
immunoprecipitation experiments revealed that OMgp is a third
high-affinity ligand for NgR1 (Wang et al., 2002a). It was also
shown that enzymatic removal of NgR1 and all other GPI-
linked proteins caused DRG neurons to become insensitive to
OMgp (Wang et al., 2002a). Conversely, ectopic expression of
NgR1 conferred responsiveness to OMgp and inhibited neurite
outgrowth in embryonic retinal ganglion neurons that are
normally unresponsive to myelin (Wang et al., 2002a).

The functions of NgR1 and NgR2 are not limited to
inhibition, as a newly published study describes a role for NgR1
and NgR2 in macrophage clearance. Recruitment of macro-
phages to the injury site is an important component of peripheral
nerve regeneration, as they phagocytose the axonal and myelin
debris generated by Wallerian degeneration (Mueller et al.,
2003). These macrophages migrate out of the nerve once
Wallerian degeneration is complete, but the signals that regulate
this efflux are unknown. Fry and colleagues (2007) present
evidence that NgR binding to newly synthesized myelin is
responsible for this phenomenon. Ultrastructural analysis of
crushed sciatic nerves revealed that the onset of macrophage
efflux is correlated with the remyelination of regenerated axons,
and it was also shown that activated macrophages upregulate
expression of NgR1 and NgR2 as they accumulate in the injured
sciatic nerve (Fry et al., 2007). It was therefore proposed that
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remyelination serves as the stimulus for NgR-mediated
macrophage efflux. This hypothesis was supported by the
observation that macrophage migration was impaired in sciatic
nerves from NgR1 and MAG null mutant mice, which
suggested that MAG binding to NgR1 is required to expel
macrophages from peripheral nerve (Fry et al., 2007).

Both NgR1 and NgR2 are both GPI-linked proteins (Four-
nier et al., 2001; Venkatesh et al., 2005), which means that they
are incapable of intracellular signaling and must therefore rely
on co-receptors to mediate inhibition. The first co-receptor to be
identified was the p75 neurotrophin receptor (p75NTR), a
member of the tumor necrosis factor receptor superfamily
(Roux and Barker, 2002). Yamashita and colleagues (2002)
presented the first evidence of p75NTR's role in MAG signaling
by showing that DRG and cerebellar neurons from p75NTR null
mutant mice were not inhibited by MAG. Immunoprecipitation
studies then demonstrated that there was a physical association
between NgR1 and p75NTR, as MAG, Nogo-66 and OMgp were
each able to precipitate receptor complexes containing NgR1
and p75NTR (Wang et al., 2002b; Wong et al., 2002). Binding of
myelin inhibitors to the NgR1-p75NTR receptor complex
activates protein kinase C (PKC) and causes the small GTPase
Rho to assume its active, GTP-bound state (Yamashita et al.,
2002; Yamashita and Tohyama, 2003; Sivasankaran et al.,
2004). Rho-mediated activation of downstream effectors such
as Rho-associated kinase (ROCK) then induces actin polymer-
ization, which leads to growth cone collapse and inhibition of
neurite outgrowth (Dergham et al., 2002; Yamashita et al.,
2002). Predictably, pharmacological inhibitors of PKC, Rho
and ROCK have been highly effective in overcoming myelin
inhibitors in vitro and promoting axonal regeneration in the
injured spinal cord (Lehmann et al., 1999; Dergham et al., 2002;
Fournier et al., 2003; Sivasankaran et al., 2004).

A recent study by our laboratory provided further insight into
MAG signaling mechanisms by showing that regulated intramem-
brane proteolysis of p75NTR is required for MAG-mediated
activation of Rho (Domeniconi et al., 2005). In this study,
cerebellar neuronswere treatedwith solubleMAGand this induced
cleavage of the p75NTR extracellular domain by α-secretase. This
was followed by a PKC-dependentα-secretase cleavage within the
transmembrane domain of p75NTR, which released the intracellular
domain into the cytoplasm. Cleavage of p75NTR was necessary for
both activation of Rho and inhibition of neurite outgrowth as
pharmacological inhibitors of α- and γ-secretase blocked these
events and led to increased neurite outgrowth on MAG
(Domeniconi et al., 2005). Conversely, expression of the
cytoplasmic domain of p75NTR was sufficient to induce activation
of Rho and inhibit neurite outgrowth on a permissive substrate
(Yamashita et al., 1999; Domeniconi et al., 2005).

Neurons in many regions of the CNS do not express p75NTR,
and so it was postulated that another receptor was transducing
myelin signals in these areas. This was confirmed when two
groups independently discovered that TROY (also known as
TAJ), another member of the TNF receptor family, could form a
receptor complex with NgR1 and inhibit neurite outgrowth
through activation of Rho (Park et al., 2005; Shao et al., 2005).
Further evidence of TROY's role in myelin inhibition was
provided by experiments in which TROY function was
suppressed by addition of soluble TROY, expression of
dominant-negative TROY or generation of TROY/TAJ-defi-
cient mice. In each case, cerebellar and DRG neurons were less
inhibited by OMgp and Nogo-66 (Park et al., 2005; Shao et al.,
2005).

LINGO-1 is a leucine rich repeat protein that is exclusively
expressed in the nervous system and serves as a third component of
the NgR1 receptor complex (Mi et al., 2004). Coexpression of
LINGO-1 with NgR1 and p75NTR in COS cells confers
responsiveness to MAG, Nogo-66 and OMgp and activates
RhoA, and this is mediated by the signaling through the cy-
toplasmic domain (Mi et al., 2004). It is not known how LINGO-1
signaling leads to RhoA activation, but neurite outgrowth on
myelin was significantly increased when dominant-negative
LINGO-1 was expressed in cerebellar neurons, suggesting that
LINGO-1 is essential for inhibition (Mi et al., 2004).

Lastly, epidermal growth factor receptor (EGFR) can now be
counted among the transmembrane proteins that have a role in
myelin signal transduction. EGFR is phosphorylated in
response to Nogo-66 and OMgp, and this activation is
dependent on both calcium and the NgR1 receptor complex
(Koprivica et al., 2005). Treatment with epidermal growth
factor does not lead to inhibition and myelin inhibitors do not
bind to EGFR, and so it is unlikely that direct activation of the
receptor mediates this effect. Furthermore, EGFR could not be
immunoprecipitated with NgR1 or p75NTR, and this led the
authors to conclude that phosphorylation of the receptor occurs
through transactivation (Koprivica et al., 2005). Neurite
outgrowth on myelin, MAG and Nogo-66 was enhanced
following inhibition of EGFR kinase activity, as was regener-
ation of retinal ganglion cell axons in the optic nerve (Koprivica
et al., 2005). These findings suggested that like p75NTR,
TROY and LINGO-1, EGFR is required for myelin inhibition.
This not only illustrates the growing complexity of myelin
signaling, but also indicates that there may be redundancy in
many of these pathways.

Reversal of myelin inhibition through cyclic AMP signaling

Cyclic AMP analogues

Because MAG, Nogo and OMgp signal through a common
pathway, pharmacological inhibition of PKC, Rho and ROCK is
a logical strategy to promote axonal regeneration. However, it is
also possible to manipulate the neuron at the molecular level so
that it no longer responds to myelin inhibitors. This approach is
derived from the observation that MAG is initially permissive to
neurite outgrowth and only becomes inhibitory beyond a
specific developmental time point. When P1 DRG neurons are
plated on CHO cells expressing MAG, neurite outgrowth is
promoted, whereas growth from DRG neurons that are P5 and
older is inhibited (Johnson et al., 1989; Mukhopadhyay et al.,
1994; Cai et al., 2001). This switch from growth promotion to
inhibition has been observed in all neuronal subtypes that have
been tested to date. For some neurons the switch occurs during
embryonic development, while in others it occurs post-natally
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(Mukhopadhyay et al., 1994; De Bellard et al., 1996; Turnley
and Bartlett, 1998). The MAG protein remains unaltered during
development, and so it was hypothesized that molecular
changes within the neurons must be responsible for triggering
inhibition.

In 2001, we demonstrated that there is a direct correlation
between neuronal cAMP levels and inhibition of neurite
outgrowth by MAG and myelin. Levels of endogenous cAMP
are high in P1 DRG neurons and substantial neurite outgrowth
is observed on MAG and myelin at this time point; however, at
P3–4 there is a sudden decrease in neuronal cAMP, which
coincides with the onset of myelin inhibition (Cai et al., 2001).
These findings raised the possibility that pharmacological
agents could be used to elevate cAMP levels in neurons and
thereby increase their ability to regenerate.

Intracellular cAMP can be increased through indirect
methods such as stimulating adenylate cyclase with forskolin,
which has been shown to increase the rate of regeneration for
transected axons in the sciatic nerve (Kilmer and Carlsen, 1984).
Cell-permeable cAMP analogues, however, are a more effective
means of directly elevating intracellular cAMP levels, and
dibutyryl cAMP (dbcAMP), a non-hydrolyzable cAMP ana-
logue, is one of the most widely used of these agents.
Administration of dbcAMP overcomes inhibition by MAG
and myelin for several neuronal subtypes, including DRG,
cerebellar, cortical and hippocampal neurons (Cai et al., 1999;
Hannila and Filbin, unpublished observations). This phenome-
non is not limited to mammalian neurons, as cAMP analogues
have been found to have similar effects in lower vertebrates. For
example, administration of dbcAMP can induce regeneration of
transected spinal axons in zebrafish (Bhatt et al., 2004). In
culture, the spinal neurons of the African clawed frog (Xenopus
laevis) display prominent growth cones that are also highly
motile. This feature led to the development of growth cone
turning assays that have been used to test neuronal responses to
MAG and cAMP. Microscopic gradients of the chemorepellent
semaphorin III/D induce repulsive turning responses in Xenopus
growth cones, and these can be converted to attraction by
addition of the cAMP analogue Sp-cAMPS (Song et al., 1998).
In a similar study, MAG induced a low-level gradient of intra-
cellular calcium within the growth cone and this led to a repul-
sive turning response (Henley et al., 2004). Interestingly, calcium
levels were further increased by treatment with Sp-cAMPS and
this converted MAG-mediated repulsion to attraction. These fin-
dings demonstrated that growth cone turning responses are regu-
lated by calcium flux and it was proposed that cAMP mediates
attraction by stimulating additional calcium release from
intracellular stores (Henley et al., 2004).

The conditioning lesion effect

Unlike their counterparts in the CNS, PNS axons, such as
those in the sciatic nerve, are capable of regenerating after injury
and this has prompted researchers to explore the molecular
changes that occur following a peripheral nerve lesion. DRG
neurons are an ideal model system for these studies, as they have
both peripheral and central processes that project into peripheral
nerves and the spinal cord, respectively. When DRG central
processes are lesioned there is no upregulation of regeneration-
associated genes such as growth-associated protein 43 (GAP-43)
(Schreyer and Skene, 1993), and this is an indication of
impending regenerative failure. By contrast, expression of GAP-
43 is strongly upregulated following transection of DRG
peripheral processes, and this enhances the intrinsic growth
state of the neurons (Schreyer and Skene, 1993). It was therefore
proposed that regeneration of DRG central processes could be
improved by performing a peripheral nerve lesion. When this
hypothesis was tested in studies of axonal regeneration, it was
found that concomitant lesioning of DRG central and peripheral
processes enhanced regeneration of DRG central processes into
a peripheral nerve graft, and that optimal regeneration was
obtained when the peripheral lesion preceded the central lesion
by 1 week (Richardson and Issa, 1984; Oudega et al., 1994;
Chong et al., 1996). This procedure is now known as a
conditioning lesion for its ability to increase axonal regeneration
by “conditioning” DRG neurons.

At this point it should be noted that there is a tremendous
difference between enhancing the growth capacity of axons and
overcoming inhibition by myelin. For example, overexpression
of GAP-43 is not sufficient to promote axonal regeneration after
CNS injury, even in the presence of permissive embryonic tissue
grafts (Buffo et al., 1997; Neumann and Woolf, 1999; Bomze et
al., 2001). A recent study of activating transcription factor-3
(ATF-3) further illustrates the importance of this distinction.
ATF-3 is strongly upregulated after a conditioning lesion, and
neurite outgrowth on a permissive substrate is significantly
increased when ATF-3 is exogenously expressed in DRG
neurons (Seijffers et al., 2006). It is clear from these observations
that ATF-3 plays a role in stimulating axonal growth, but it is
unknown if this effect is limited to general growth, or if ATF-3
can also overcome inhibition by myelin. Neurite outgrowth on a
permissive substrate such as L1 can be abolished by the addition
of soluble MAG (Tang et al., 1997), and so observation of
enhanced neurite outgrowth on a permissive substrate does not
establish that an agent is capable of overcoming inhibition and
promoting regeneration in vivo. Transcription factors and other
signaling molecules identified through the conditioning lesion
model must therefore be carefully assayed to determine exactly
how they influence axonal growth.

In 1999, Neumann and Woolf used the conditioning lesion
model to determinewhether axonal regeneration in the spinal cord
could be improved in the absence of a peripheral nerve graft.
Axons failed to regenerate into the lesion site in adult rats that
received only a dorsal column lesion, and this observation
remained consistent when animals were examined at 2 months
and 1 year after injury. However, when animals received
simultaneous dorsal column and sciatic nerve lesions, substantial
growth of axons into the lesion site was observed. This response
was even more robust when the conditioning lesion was
performed 1 week prior to the dorsal column transection,
producing axonal regeneration that extended several millimeters
beyond the site of injury.Many regenerating axonswere observed
in myelinated regions of the spinal cord, and this demonstrated
that the conditioning lesion not only increases intrinsic growth,
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but also induces molecular changes that allow axons to overcome
myelin inhibition in vivo.

The nature of these molecular changes remained unknown
until it was discovered that cAMP levels become elevated
following a conditioning lesion. Twenty-four hours after a
sciatic nerve lesion, cAMP levels in DRG neurons were
increased two-fold, and these neurons were able to overcome
inhibition by myelin (Qiu et al., 2002). This effect was blocked
by treatment with protein kinase A (PKA) inhibitors, which
indicated that the conditioning lesion effect is initially
dependent on PKA activity. By 1 week after the lesion, this
response becomes PKA-independent and cAMP levels have
returned to baseline. Intriguingly, however, neurite outgrowth
on myelin at 7 days post-lesion greatly exceeds that observed at
24 h post-lesion (Qiu et al., 2002). To demonstrate that elevation
of intracellular cAMP was sufficient to mimic the conditioning
lesion effect, dbcAMP was injected into the DRG 1, 2 or 7 days
prior to plating the neurons on myelin, and neurite outgrowth
was significantly increased (Qiu et al., 2002; Neumann et al.,
2002). More importantly, intraganglionic injections of dbcAMP
7 days prior to a dorsal column lesion produced extensive
regeneration of dorsal column axons in vivo (Qiu et al., 2002;
Neumann et al., 2002). These studies demonstrated that cAMP
can mimic the conditioning lesion effect both in vivo and in
vitro and confirmed that cAMP directly influences the extent of
axonal regeneration by regulating neuronal responses to myelin
inhibitors. This finding has proven to be extremely valuable
because prophylactic measures such as a conditioning lesion
cannot be used to treat spinal cord injury in humans. Recent
studies have therefore focused on identifying the cAMP-
regulated signaling pathways and intermediates that mediate the
conditioning lesion effect.

Cyclic AMP-induced transcription and downstream effectors

One of the most important findings of the study by Qiu and
colleagues (2002) was that cAMP mediates its effects in
sequential PKA-dependent and PKA-independent phases. Upon
becoming PKA-independent, the effects of cAMP become
transcription dependent, and evidence of this was provided by
experiments that used 5,6-dichloro-1-b-D-ribo-furanosyl-benz-
imidazole (DRB) to inhibit transcription. Cerebellar neurons
that received DRB in conjunction with dbcAMP were unable to
overcome inhibition by MAG, thereby confirming that
transcription is an essential component of cAMP signaling
(Cai et al., 2002).

The transcription factor cAMP response element binding
protein (CREB) is activated by elevated levels of cAMP and
therefore serves as the primary mediator of cAMP-induced
transcription (Lonze and Ginty, 2002). When cerebellar neurons
are treated with dbcAMP, CREB phosphorylation occurs within
5 min, and peak phosphorylation is observed 1 h after treatment
(Gao et al., 2004). This activation occurs via the PKA and
MEK/Erk pathways, as CREB phosphorylation is reduced when
pharmacological inhibitors of PKA and MEK are used in
conjunction with dbcAMP (Gao et al., 2004). In the same study,
we showed that CREB activity is essential for overcoming
inhibition by MAG and myelin. Expression of dominant-
negative CREB in DRG and cerebellar neurons blocked the
ability of dbcAMP to overcome inhibition, whereas constitu-
tively active CREB promoted neurite outgrowth on MAG in the
absence of elevated cAMP (Gao et al., 2004). To investigate the
role of CREB in axonal regeneration, adenoviruses expressing
constitutively active CREB were injected into the L4 DRG of
adult rats and a dorsal column lesion was performed 4 days later.
Animals that received control adenovirus displayed little
regeneration at 4 weeks after injury, but there was significant
regeneration of axons into the lesion site in animals expressing
constitutively active CREB (Gao et al., 2004). These findings
demonstrated that activation of CREB is sufficient to promote
axonal regeneration and led us to hypothesize that activation of
CREB by cAMP leads to the transcription of genes that are
involved in overcoming myelin inhibition.

We have now identified several cAMP-regulated genes that
play a role in overcoming inhibition by myelin and the first of
these was arginase I (Arg I). During post-natal development,
ArgI expression in DRG neurons declines dramatically between
P3 and P5, which coincides with decreases in intracellular
cAMP and the onset of myelin inhibition (Cai et al., 2002). This
striking correlation between cAMP levels and ArgI expression
suggested that ArgI was the product of CREB-mediated
transcription, and this was later confirmed by experiments
showing that the expression of ArgI is PKA- and CREB-
dependent (Gao et al., 2004). ArgI expression is increased in
cerebellar neurons in response to dbcAMP or brain-derived
neurotrophic factor (BDNF), and overexpression of ArgI is
sufficient to overcome inhibition by MAG (Cai et al., 2002).
ArgI stimulates the synthesis of polyamines by hydrolyzing
arginine to ornithine and urea (Lange et al., 2004), and we have
shown that polyamines are also capable of overcoming myelin
inhibitors. Priming with the polyamine putrescine enhances
neurite outgrowth on MAG, and this effect was lost when
pharmacological inhibitors of polyamine synthesis were
administered in conjunction with dbcAMP and BDNF (Cai
et al., 2002). To build on these results, we are now conducting
in vivo studies that will evaluate the ability of polyamines to
promote axonal regeneration after spinal cord injury.

Microarray analysis of DRG neurons that received a
conditioning lesion or treatment with dbcAMP revealed increased
expression of the cytokine interleukin-6 (IL-6; Cao et al., 2006),
making it a second potential target for therapeutic intervention in
spinal cord injury. The efficacy of IL-6was assessed using a series
of three tests, and the first of these was to administer IL-6 in vitro
and measure neurite outgrowth on MAG and myelin. For both
DRG and hippocampal neurons, recombinant IL-6 overcame
inhibition by MAG and myelin in a dose-dependent manner and
this effect was also dependent on transcription (Cao et al., 2006).
In the second test, IL-6was delivered intrathecally to adult rats for
24 h. The L4 and L5 DRG were then removed and the neurons
were plated on MAG-expressing CHO cells. This approach of in
vivo delivery and in vitro assessment is used by our laboratory to
determine whether an agent can overcome inhibition when
delivered in vivo, thus providing an indication of its ability to
promote axonal regeneration. Neurite outgrowth on MAG was
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significantly increased for DRG neurons that received intrathecal
delivery of IL-6, which suggests that IL-6 induces molecular
changes that allow neurons to overcome inhibition (Cao et al.,
2006). For the final test, IL-6 was delivered intrathecally to adult
rats after a dorsal column lesion and axonal regeneration was
assessed by retrograde tracing with horseradish peroxidase
(HRP). In control animals, no axonal regeneration was observed
and there was substantial retraction of axons from the lesion site.
By contrast, numerous HRP-labeled axons were present within
the lesion site in animals that received IL-6, and in some cases
regenerating axons extended beyond the site of injury. These
observations provided the first evidence that a protein produced
from a cAMP-regulated gene could directly promote axonal
regeneration after spinal cord injury.

IL-6 signaling is initiated by binding to the IL-6 receptor (IL-
6R) and its co-receptor gp130, which in turn leads to activation
of Janus kinase (JAK), and induction of transcription by signal
transducers and activators of transcription (STAT; Heinrich
et al., 1998). Administration of soluble gp130 or pharmacolog-
ical inhibition of JAK activity abolished the ability of IL-6 to
promote neurite outgrowth on MAG, demonstrating that this
effect is mediated by signaling through the IL-6 pathway (Cao
et al., 2006). Conversely, blocking IL-6R or JAK did not affect
the ability of dbcAMP to promote neurite outgrowth on MAG,
which suggested that IL-6 signaling is not required to overcome
inhibition (Cao et al., 2006). This finding was supported by
studies of the conditioning lesion effect in IL-6 null mutant
mice. DRG neurons from IL-6 mutants retained the ability to
extend neurites on MAG following a conditioning lesion, and
when the conditioning lesion was followed by dorsal column
transection, IL-6 mutants and wild-type mice displayed
comparable regeneration of dorsal column axons (Cao et al.,
2006). It was therefore proposed that IL-6 is sufficient but not
necessary to overcome myelin inhibition (Cao et al., 2006).
Curiously, these findings were the exact opposite of those
obtained in a similar study by Cafferty and colleagues (2004).
They observed no regeneration of dorsal column axons in IL-6
mutant mice following a conditioning lesion and thus concluded
that IL-6 expression is required to promote axonal growth
(Cafferty et al., 2004). While the role of IL-6 in the conditioning
lesion effect remains unclear, our study has provided strong
evidence that administration of IL-6 promotes axonal regener-
ation after a dorsal column lesion. Additional studies using
other models of spinal cord injury should therefore be under-
taken to more thoroughly investigate the therapeutic potential of
IL-6.

This potential is tempered, however, by the fact that IL-6 is a
potentially harmful pro-inflammatory cytokine. IL-6 is strongly
upregulated following peripheral axotomy, and this has been
correlated with accelerated peripheral nerve regeneration
(Hirohata et al., 1996; Gadient and Otten, 1997). IL-6
expression is also increased after CNS injury (Gadient and
Otten, 1997), but in this case, high levels of IL-6 could
exacerbate the inflammation that occurs after spinal cord injury
and lead to increased cell death. This possibility is supported by
observations made in IL-6 transgenic mice, which display
extensive astrogliosis, neurodegeneration, and breakdown of
the blood–brain barrier (Campbell et al., 1993; Brett et al.,
1995; Chiang et al., 1994). Clearly, additional work is needed to
determine whether IL-6 is a viable option for the treatment of
human spinal cord injury, and it would be particularly beneficial
to elucidate the mechanism underlying the growth-promoting
properties of IL-6. Identification of the genes and signaling
pathways activated by IL-6 could lead to the development of
agents that promote axonal regeneration without stimulating an
inflammatory response.

Neurotrophins and cyclic AMP

Priming neurons with neurotrophins such as nerve growth
factor (NGF) and BDNF is yet another means of stimulating
cAMP production. The term priming is used to describe
experiments where neurons are treated overnight with neuro-
trophic factors and subsequently transferred to inhibitory
substrates such as myelin or MAG-expressing CHO cells.
Cerebellar neurons primed with BDNF or glial-derived neuro-
trophic factor (GDNF) were able to overcome MAG inhibition,
while BDNF, NGF and GDNF each enhanced neurite outgrowth
for DRG neurons (Cai et al., 1999). Competitive cAMP
immunoassays revealed that cAMP levels were increased two-
fold in response to NGF, BDNF and GDNF, thereby confirming
the role of cAMP in this effect. Direct addition of BDNF and
GDNF to cerebellar neurons failed to overcome inhibition by
MAG or myelin, but when these neurotrophic factors were added
in conjunction with pertussis toxin (PTX), an inhibitor of the
GTP-binding proteins Gi and Go, inhibition was blocked without
priming (Fig. 1; Cai et al., 1999). PTX alone did not reverse
inhibition by MAG, discounting the possibility that G proteins
directly mediate inhibition (Cai et al., 1999), but Gi/Go protein is
known to inhibit adenylate cyclase, which would prevent
neurotrophin-induced production of cAMP. This provides a
possible explanation for why priming with neurotrophins is
necessary to overcome inhibition (Fig. 1). When neurons are
exposed to neurotrophins and myelin simultaneously, inhibition
of adenylate cyclase by Gi/Go blocks increases in cAMP levels,
leading to inhibition of neurite outgrowth (Fig. 1). However,
when neurons are primed, cAMP accumulates in response to
neurotrophins and reaches a level that is sufficient to override
inhibitory signals when the neurons are subsequently plated on
myelin (Fig. 1).

Neurotrophins are among the most potent neural growth
factors known, but the fact that they cannot directly overcome
inhibition by myelin makes them largely ineffective as a treat-
ment for spinal cord injury. NGF, BDNF and neurotrophin-3
(NT-3) have all been used in studies of spinal cord injury, but in
most cases regeneration and functional recovery have been
modest. For example, infusion of BDNF after rubrospinal tract
transection produced only moderate axonal growth, and
corticospinal axons only regenerated short distances when
NT-3 was administered after spinal cord injury (Schnell et al.,
1994; Kobayashi et al., 1997). Fibroblasts that have been
genetically modified to secrete NGF, BDNF or NT-3 provide
both physical and trophic support for transected axons, and this
approach has produced extensive axonal regeneration, but only



Fig. 1. Schematic representation of intracellular signaling pathways activated by neurotrophins and their role in overcoming inhibition by CNS myelin. Priming with
neurotrophins activates Trk receptors and Erk, which in turn produces a transient inhibition of PDE4 activity. This causes intracellular cAMP levels to rise and upon
reaching a threshold level, cAMP will activate PKA and initiate transcription by CREB. These events allow primed neurons to overcome inhibition mediated byMAG,
Nogo-A and OMgp binding to the receptor complex consisting of NgR1 or NgR2, p75NTR or TROY and LINGO-1. Myelin inhibitors also activate Gi/Go, which
inactivates adenylate cyclase and inhibits cAMP synthesis. When neurotrophins are added directly to neurons in the presence of myelin, intracellular cAMP rises, but
the threshold level cannot be reached due to the activity of Gi/Go, and as a result inhibition persists. Administration of PTX in conjunction with neurotrophins blocks
the effects of Gi/Go and allows neurons to overcome inhibition in the absence of priming.
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small improvements in functional recovery (Grill et al., 1997;
Tobias et al., 2003; Tuszynski et al., 2003). As shown by Cai
and colleagues (1999), PTX allows neurotrophin-treated
neurons to overcome inhibition by myelin and thereby enhances
their efficacy. PTX and other G protein inhibitors therefore
merit further study, and it is possible that using these agents in
combination with neurotrophins could greatly improve axonal
regeneration and functional recovery after spinal cord injury.

Neurotrophins do not elevate cAMP levels by inducing
cAMP synthesis, but rather by initiating an intracellular
signaling cascade that prevents cAMP degradation. Neurotro-
phin binding to Trk tyrosine kinase receptors leads to autopho-
sphorylation of the receptor and activation of extracellular
signal-regulated kinase (Erk; Kaplan and Miller, 2000), and we
have shown that these events are required for BDNF and NGF to
overcome inhibition by MAG (Fig. 1; Gao et al., 2003). It was
also found that BDNF-mediated activation of Erk produced a
transient inhibition of phosphodiesterase 4 (PDE4), the main
enzyme responsible for cAMP hydrolysis, and this caused
intracellular cAMP to rise (Fig. 1; Gao et al., 2003). These results
suggested that a threshold level of cAMP was required to
overcome inhibition, and this hypothesis was supported by the
observation that Erk-mediated inactivation of PDE4 and
dbcAMP work synergistically to attain the required levels of
cAMP (Gao et al., 2003). The regulation of PDE4 activity by Erk
therefore represents a unique mechanism in which cross talk
between the neurotrophin and cAMP signaling pathways allows
primed neurons to overcome inhibition by myelin.
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cAMP-mediated axonal regeneration in models of spinal
cord injury

The therapeutic potential of cAMP was recently assessed in
three independent studies of spinal cord injury, each using
different injury models and methods of increasing cAMP. In two
of these studies, cAMP elevation was accomplished by
inhibiting PDE4 activity with rolipram. PDE4 is the major
source of phosphodiesterase activity in the CNS (Iona et al.,
1998), making it a logical target for therapeutic intervention,
and rolipram is a specific PDE4 inhibitor (Krause and Kuhne,
1988). It also has the added advantage of being able to cross the
blood–brain barrier, which makes subcutaneous and oral
administration possible (Krause and Kuhne, 1988). Rolipram
was initially developed as an antidepressant (Horowski and
Sastre y Hernandez, 1985) but has now been shown to enhance
neurite outgrowth and axonal regeneration in the presence of
myelin inhibitors.

In the first of these studies, rolipram was administered
through priming or subcutaneous delivery and neurite outgrowth
onMAG-expressing CHO cells or CNSmyelinwas significantly
increased (Nikulina et al., 2004). To test the efficacy of rolipram
in vivo, spinal cord hemisections were performed in adult rats
and this was followed by transplantation of embryonic spinal
cord tissue into the lesion site and subcutaneous delivery of
rolipram. Axonal regeneration was assessed 6–8 weeks after
injury and few axons were observed within the transplant for
vehicle-treated animals. In animals that received rolipram,
however, there was significantly more growth of serotonergic
fibers into the transplant (Fig. 2; Nikulina et al., 2004).
Fig. 2. Rolipram promotes growth of serotonergic axons, reduces astrogliosis and
(arrowheads) are present within the embryonic spinal cord tissue grafts of vehicle-tre
received rolipram, growth of serotonergic axons is significantly increased (B, C). Ani
the tissue grafts when compared to animals that received vehicle alone (D), and this
show improved functional recovery, as demonstrated by a significant decrease in paw
Sciences, U.S.A).
Rolipram-treated animals also had greater functional recovery
as measured by forelimb paw placement, which suggests that the
regenerating axons may have formed synaptic connections
(Fig. 2; Nikulina et al., 2004).

Somewhat unexpectedly, decreased expression of glial
fibrillary acidic protein (GFAP) was also observed in animals
that received rolipram, and this is indicative of reduced glial
scarring (Fig. 2; Nikulina et al., 2004). The glial scar is another
major contributor to regenerative failure, forming both a
physical and biochemical barrier to regenerating axons. It is
the product of injury-induced astrogliosis, which is character-
ized by astrocyte proliferation and elevated expression of GFAP
and extracellular matrix molecules such as chondroitin sulfate
proteoglycans (CSPGs), keratin sulfate proteoglycan and
cytotactin/tenascin (McKeon et al., 1991; Jones et al., 2002;
Silver and Miller, 2004). CSPGs are major components of the
glial scar and are believed to inhibit axonal regeneration after
spinal cord injury (Jones et al., 2002, 2003; Tang et al., 2003).
Our results demonstrated that astrogliosis can be reduced
through elevation of cAMP, and this could enhance axonal
regeneration by rendering the CNS environment more permis-
sive. It is not known how cAMP signaling mediates this effect,
but inhibition of reactive astrocyte proliferation and down-
regulation of CSPG expression are two possibilities.

Rolipram has also been very effective when used in
combination with dbcAMP and cell transplantation. In a study
by Pearse and colleagues (2004), adult rats received Schwann cell
grafts and intraspinal injections of dbcAMP 1 week after a
moderate spinal cord contusion. Some animals were also treated
with rolipram beginning at the time of injury (acute). The animals
improves functional recovery after spinal cord injury. Few serotonergic fibers
ated animals (A) at 6–8 weeks after spinal cord hemisection, but in animals that
mals treated with rolipram (E) also show significantly less GFAP staining within
is indicative of a reduction in astrogliosis. Lastly, animals treated with rolipram
placement errors (F). Scale bars=50 μm (Copyright 2004 National Academy of
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that received acute rolipram, dbcAMP and Schwann cells
displayed enhanced sparing of myelinated axons, greater
myelination of spinal cord axons by the engrafted Schwann
cells and an overall increase in the number of axons within the
grafts (Fig. 3; Pearse et al., 2004). These observations indicated
that this treatment strategy was highly neuroprotective. Most
importantly, there was also significant regeneration of serotoner-
gic axons across the lesion site and recovery of hindlimb
locomotor function as measured on the Basso–Beattie–Bresna-
han scale (Basso et al., 1995). These findings demonstrated that
elevation of cAMP could increase the regenerative capacity of
injured axons following spinal cord contusion.

The third study combined administration of dbcAMP and
NT-3 with transplantation of bone marrow stromal cells
(MSCs), which have been shown to physically support axonal
regeneration in the spinal cord (Hofstetter et al., 2002; Lu et al.,
2004, 2005). Prior to injury, dbcAMP was injected into the L4
DRG, and NT-3 was injected into the injury site and caudal
spinal cord immediately after dorsal column lesion (Lu et al.,
2004). MSCs were also transplanted after injury. The goal of
this approach was to replicate the conditioning lesion effect in
vivo by stimulating neuronal cell bodies with dbcAMP, while
simultaneously providing trophic support to the transected
axons. Like a conditioning lesion, the injections of dbcAMP
made prior to injury are prophylactic, and so this approach
should be considered a means of providing proof of principle
rather than a clinically applicable treatment strategy. Animals
Fig. 3. Rolipram in combination with Schwann cell transplantation and dbcAMP
Transverse sections of control spinal cords (A) showed extensive cavitation at 11 wee
cells plus dbcAMP and rolipram (C) there was greater tissue preservation. Analy
significantly increased in animals that received Schwann cells, dbcAMP and rolipr
(Adapted by permission from Macmillan Publishers Ltd.: Pearse, D. D., Pereira, F. C
cAMP and Schwann cells promote axonal growth and functional recovery after spin
that received a combination of dbcAMP, NT-3 and MSCs were
the only treatment group that displayed extensive axonal
regeneration beyond the lesion site, more than ever reported
before in this lesion paradigm (Lu et al., 2004). The exact
contribution of NT-3 to this response is unknown, but it is
undoubtedly acting as a chemoattractant for the regenerating
dorsal column axons. NT-3 may also be working synergistically
with dbcAMP to overcome inhibition by myelin, but it is
important to bear in mind that neurotrophins can only overcome
inhibition with priming or administration of PTX (Cai et al.,
1999), neither of which were used in this study. It is therefore
possible that myelin signaling may override the effects of NT-3
in this model. Functional recovery was not observed in animals
that received dbcAMP, NT-3 and MSCs, but this study still
provides another clear example of axonal regeneration mediated
by dbcAMP and also emphasizes the benefits of combinatorial
approaches to spinal cord injury repair.

Future directions

Many promising treatments have resulted from the identifi-
cation of cAMP as a modulator of axonal regeneration, but of all
the agents that have been tested to date, rolipram has shown the
greatest potential. Arguably the most significant finding of the
study by Pearse and colleagues (2004) was that acute
administration of rolipram alone significantly improved axonal
integrity and functional outcome. The fact that a single agent
promotes axonal sparing and myelination after spinal cord contusion injury.
ks after injury, but in animals that received Schwann cell grafts (B) or Schwann
sis at higher magnification revealed that densities of myelinated axons were
am (F, I) or Schwann cells alone (E, H) compared to control animals (D, G).
., Marcillo, A. E., Bates, M. L., Berrocal, Y. A., Filbin, M. T. and Bunge, M. B.,
al cord injury. Nature Medicine 10, 610–616, copyright 2004.)
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could so dramatically impact functional recovery after spinal
cord injury is remarkable and attests to the tremendous
therapeutic potential of this drug. Rolipram's ability to cross
the blood–brain barrier is equally important, as this allows it to
be delivered subcutaneously rather than to the lesion site. From
a clinical perspective, this feature is invaluable because it
eliminates the need for invasive surgery that could cause further
damage to the spinal cord. In addition, methylprednisolone is no
longer considered the standard of care for spinal cord injury
(Hurlbert, 2000; Short, 2001; Hugenholtz, 2003) and new
agents are urgently needed to fill this void. Because of its
efficacy in animal models and ease of administration, rolipram
should be considered a leading candidate for this role and its use
in human clinical trials should be expedited. Rolipram has
already been approved by the Food and Drug Administration for
use in humans, which greatly facilitates the organization of
clinical trials, and so long as adequate funding is available, this
process should go forward. It is very possible that rolipram
would only produce modest functional recovery following
spinal cord injury in humans, but even small improvements in
sensory or motor function would make a tremendous difference
in a patient's quality of life.

Another exciting possibility is that further study of cAMP-
regulated genes may yield additional agents capable of promoting
axonal regeneration. Cao and colleagues (2006) noted that 11
genes were upregulated in response to dbcAMP, and these
included neuropeptide Y, CREM (cAMP response element
modulator) and VGF (nerve growth factor-inducible growth
factor). These and other genes should be studied to determine their
role in axonal regeneration, and it is possible that a combination of
cAMP-induced factors could prove to be a useful therapeutic
strategy for the treatment of spinal cord injury. One potential
advantage of targeting downstream effectors of cAMP is that they
may be more specific and therefore more effective in promoting
regeneration. For example, dbcAMP or rolipram induce expres-
sion of a range of genes that promote regeneration, but some of
these genes, such as IL-6, may also promote inflammation or
other adverse effects. By using specific gene products, it may be
possible to directly affect the cytoskeleton while avoiding
detrimental side effects. This approach could greatly facilitate
the development of new therapies and ultimately, better serve the
needs of spinal cord injury patients.
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