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Abstract

 

Injury to the adult mammalian central nervous system (CNS) often results in permanent loss of sensory and motor

function. This is due to the failure of injured axons to regenerate. The inhibitory nature of the CNS can be attrib-

uted to several factors, including formation of the glial scar, the presence of several molecules, associated with

myelin, which inhibit axonal regrowth, and the intrinsic growth state of these neurons. Encouraging regeneration

in the adult mammalian CNS therefore will require targeting one or all of these factors following injury. Here we

illustrate recent work from our laboratory that identifies some of the signalling components involved in modula-

tion of the intrinsic growth state of adult neurons. When activated, these signalling pathways can induce axonal

regeneration in the presence of the myelin-associated inhibitors both 

 

in vitro

 

 and 

 

in vivo

 

.
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Introduction

 

Axons of the adult mammalian central nervous system

(CNS) fail to regenerate after injury. Equivalent embry-

onic or peripheral nervous system (PNS) neurons will,

however, exhibit substantial regeneration and func-

tional recovery. The main factor in the ability of

neurons to regenerate spontaneously appears to be the

local, extracellular environment. Indeed, this is evident

from the fact that, if CNS neurons are provided with a

permissive environment, such as a graft of PNS tissue,

regeneration may be observed (David & Aguayo, 1981).

Many factors account for the poor regenerative capac-

ity of CNS neurons, including a deficiency in neuro-

trophic factors, the presence of myelin-associated

inhibitory molecules, formation of the glial scar and, as

we will discuss here, a change in the intracellular levels

of cyclical nucleotides. Following injury, however, the

two major obstacles to regeneration appear to be

the myelin-associated inhibitors and the formation of

the glial scar. The glial scar, which forms a physical regen-

erative barrier, also contains molecules, such as chon-

droitin sulphate proteoglycans (CSPGs), which act as

inhibitors of regeneration (McKeon et al. 1991; Niederost

et al. 1999; Bradbury et al. 2002). However, as the

glial scar may often take several weeks to form fully, it

appears likely that there is a ‘window of opportunity’,

immediately following injury, during which the only

impediments to regeneration are the myelin-associated

inhibitors.

To date, three major myelin-associated inhibitors have

been identified: myelin-associated glycoprotein (MAG)

(McKerracher et al. 1994; Mukhopadhyay et al. 1994);

Nogo-A, which consists of two separate inhibitory domains

– a 66-amino extracellular loop termed nogo-66 (GrandPre

et al. 2000) and the amino-terminus region (Chen et al.

2000; Prinjha et al. 2000); and oligodendrocyte-myelin

glycoprotein (OMgp) (Kottis et al. 2002; Wang et al.

2002b). Although these three inhibitory proteins have

very different physical structures, they all appear to be

present at the periaxonal surface of the myelin mem-

brane and thus may encounter regenerating axons.

In addition, recent and surprising evidence points to

the fact they all appear to bind to the same neuronal

receptor (Domeniconi et al. 2002; Liu et al. 2002;

Wang et al. 2002b). This glycosylphosphatidyl-inositol
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(GPI)-linked protein, termed the Nogo-66 receptor (NgR)

since it was first identified as the receptor for the 66

amino acid loop of Nogo (Fournier et al. 2001), binds all

three inhibitors with similar affinities and with a pro-

posed overlap in binding domain, suggesting a redun-

dancy in the activity of these molecules. Because NgR is

a GPI-linked protein and therefore lacks a transmem-

brane domain, it requires a binding partner in order to

transduce the inhibitory signal to the neuron. This

co-receptor appears to be none other than the p75

neurotrophin receptor (p75

 

NTR

 

) (Wang et al. 2002a;

Wong et al. 2002). Although little is known about the

signalling cascade, it has been demonstrated that the

small GTPase, RhoA, is one of the downstream com-

ponents (Lehmann et al. 1999; Yamashita et al. 2002).

Nevertheless, the NgR–p75

 

NTR

 

 receptor complex and

RhoA provide two potential targets for intervention

after injury that may result in an increase in CNS regen-

eration by blocking the inhibitory signalling.

There is, however, another potential method for

inducing CNS regeneration after injury: altering the

intrinsic growth state of the adult neuron so that they

no longer respond to these inhibitors. In this review,

we illustrate some of our recent work that elucidates

the signalling molecules involved in these processes

and some methods that have been employed to facili-

tate axonal regeneration.

 

Neurotrophins and cyclical AMP

 

Despite the inhibitory nature of the mature CNS envi-

ronment, several studies have shown that limited

regeneration is indeed possible if the axons are

provided with a more permissive environment (David &

Aguayo, 1981; Berry et al. 1996; Bregman et al. 1998).

In some cases, regenerating axons were also able to

extend beyond the grafted tissue and into the white

matter, suggesting a change in the ability of the

neurons to respond to the inhibitory cues. Our investiga-

tions into this proposed change began when we noted

that the regenerating axons were exposed to specific

neurotrophic factors (BDNF or NT-3) for a period prior

to encountering the inhibitory environment (Bregman

et al. 1998). With this in mind, we examined the ability

of postnatal CNS neurons to grow on an inhibitory

substrate after exposure to neurotrophins. We found

that although neurons grown on a substrate of MAG-

expressing Chinese Hamster Ovary (CHO) cells or purified

myelin fail to regenerate in the presence of neurotrophins,

they can extend long neurites on the same substrates if

they are first ‘primed’ overnight with these neurotrophic

factors. This suggests that the completion of some

downstream signalling mechanisms are required prior

to the induction of the inhibitory signalling. What, how-

ever, are the components of this signalling pathway?

To determine this, we tested a number of known

signalling agents. Of those tested, only the cAMP

analogue, dibutyryl-cAMP (db-cAMP), was able to mimic

the effect of neurotrophin priming. Interestingly, we

also found that the regeneration-inducing effect of

db-cAMP does not require a ‘priming’ period prior to

inhibitor exposure. This suggests that cAMP may be an

integral downstream component of the neurotrophin

signalling pathway. And, indeed, competitive immu-

noassay measurements indicate that there is a two-fold

increase in endogenous cAMP levels following neuro-

trophin treatment (Fig. 1). Furthermore, this regenerative

effect is dependant on the activity of the cAMP-

dependent protein kinase (PKA), because blocking the

activity of this enzyme abrogates the improved axonal

regeneration observed following both priming with

neurotrophins or treatment with db-cAMP (Cai et al.

1999). Together, these data suggest that following

treatment with neurotrophins, the endogenous levels

of cAMP become elevated by an as yet unknown

mechanism, as a result of which the neurons are no longer

responsive to the inhibitory cues provided by myelin.

Fig. 1 Cerebellar neurons that are treated with Brain-derived 
neurotrophic factor (BDNF) or Glial-derived neurotrophic 
factor (GDNF), but not nerve growth factor (NGF), exhibit a 
significant increase in endogenous cAMP levels that can be 
blocked by the addition of MAG. (Reproduced from Cai et al. 
1999, with permission.)
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Endogenous cAMP and development

 

It is well known that embryonic and, in some cases,

perinatal, CNS neurons will spontaneously regenerate

both 

 

in vitro

 

 and 

 

in vivo

 

 whereas their postnatal coun-

terparts will not. Does this switch in regenerative abil-

ity reflect a change in the extracellular environment,

a change in receptor expression or simply a change in

responsiveness to the inhibitory cues? Current evidence

suggests that the major myelin inhibitors are indeed

present during embryonic development and although

it is yet unclear if the NgR receptor is indeed present

in embryonic neurons, recent findings from our labora-

tory suggest that such arguments may be irrelevant.

As it had been previously shown that elevation of

cellular cAMP levels is necessary for attractive growth

cone guidance cues (Ming et al. 1997; Song et al. 1997,

1998), and given our previous results suggesting that

such elevations can induce axonal regeneration, we

sought to determine if the endogenous levels of cAMP

may, in fact, influence the embryonic regenerative

capacity observed during development. Indeed, quan-

tification of cAMP levels in prenatal and postnatal

CNS neurons by both competitive immunoassay and

by immunostaining of primary neurons indicates that

endogenous cAMP levels are greatly elevated in the

young neurons and these elevated levels decrease

precipitously after birth. The time course of this change in

endogenous cAMP temporally coincides with the lack

of regeneration observed from older neurons (Fig. 2).

In further support of this hypothesis, we find that we

can abrogate the improved regenerative capacity of

embryonic neurons 

 

in vitro

 

 by blocking the cAMP

signalling pathway by either PKA inhibition or via appli-

cation of a cAMP antagonist. Finally, we examined

the role of cAMP in the spontaneous regeneration of

the neonatal rat spinal cord via application of a dorsal

column hemisection. In the young animal, these

axotomized neurons normally regenerate, but, if an

inhibitor of PKA is applied simultaneously to the lesion

site, this regeneration is completely blocked (Fig. 3)

(Cai et al. 2001). Thus is seems evident that a sudden

decrease in cAMP levels at or near birth signals a change

from the developmental stage and this coincides

with the inability of these neurons to regenerate. This

further suggests that elevated cAMP levels and the

activation of the downstream signalling mechanisms are

a major contributor to the induction of spontaneous

regeneration both 

 

in vitro

 

 and 

 

in vivo

 

.

 

Endogenous cAMP and the conditioning-lesion 
effect

 

An interesting and useful tool for the study of regen-

eration of CNS vs. PNS neurons is the dorsal root gan-

glion (DRG) population. These sensory neurons differ

from other neurons in that they have two branches,

one which extends into the CNS and another which

radiates peripherally. As expected, if the peripheral

branch is lesioned, spontaneous regeneration is ob-

served. The same is not true for the central branch.

However, several studies have shown that if one lesions

the peripheral branch of these DRG neurons and then,

1 week later, lesions the central branch, extensive

regeneration into and beyond the lesion site can be

observed (Richardson & Issa, 1984; Richardson & Verge,

1986; Neumann & Woolf, 1999). This phenomenon is

called the ‘conditioning lesion’ effect. The mechanism

by which this effect acts is, as yet, unknown. An intrigu-

ing possibility is that this conditioning lesion results

in an elevation of endogenous cAMP, which, in turn,

allows for the improved central-branch regeneration.

To test this hypothesis, we began by measuring

the endogenous cAMP levels of DRG neurons 1 day

and 1 week after application of a sciatic nerve lesion.

Again, immunostaining and a competitive immu-

noassay showed a robust increase in the cAMP levels

of the axotomized DRG neurons by 1 day post-lesion,

but these elevated levels had returned to control

levels after 1 week. Furthermore, if these conditioning-

lesioned neurons are grown on a substrate of either

Fig. 2 The dramatic decrease of endogenous cAMP levels 
in DRG neurons coincides precisely with the end of the 
developmental stage at which they are no longer able to 
exhibit spontaneous regeneration. (Reproduced from Cai 
et al. 2001, with permission.)
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MAG-expressing CHO cells or purified myelin, they will

extend long neurites without the application of neuro-

trophins or db-cAMP in a PKA-dependent manner.

These findings add further support for the necessity

of cAMP in the induction of regeneration in these neu-

rons, but is the elevation of endogenous cAMP in itself

sufficient to induce this effect? Recent evidence sug-

gests that it is. A single injection of the cAMP analogue

db-cAMP into dorsal root ganglia 

 

in vivo

 

 is sufficient to

effectively mimic the conditioning lesion effect in the

absence of sciatic nerve section when these neurons

are grown on either MAG or purified myelin. In

addition, extensive regeneration is observed follow-

ing a dorsal column lesion applied 1 week after a single

injection of db-cAMP (Neumann et al. 2002; Qiu et al.

2002). Thus, it appears evident that elevation of neu-

ronal cAMP levels is not only necessary but also suffi-

cient to allow spontaneous regeneration following

injury in the inhibitory CNS environment.

 

Downstream effectors

 

Although we have demonstrated that cAMP and PKA

activation are integral components of the regenerative

pathway, the downstream effectors of this system are

as yet unknown. Because PKA is a known activator of

cellular transcription factors, it is possible that the next

step in this pathway involves transcription and new

protein synthesis. This does indeed seem to be the case

as we find that simultaneous treatment of primary

Fig. 3 Regeneration of neonatal 
corticospinal axons after 
overhemisection lesioning, which can be 
seen in the untreated animals (A and B), 
can be completely abrogated via the 
addition of an inhibitor of PKA (C and D). 
Axons are labelled anterogradely with 
BDA. (Reproduced from Cai et al. 2001, 
with permission.)



 

Regeneration of the mammalian CNS, T. Spencer and M. T. Filbin

© Anatomical Society of Great Britain and Ireland 2004

 

53

 

neurons with an inhibitor of RNA polymerase can

effectively block the axonal regeneration induced

by either neurotrophins or db-cAMP. With this in mind,

we sought to identify some of the key genes that are

up-regulated in response to elevation of endogenous

cAMP and play a role in the regenerative pathway.

One potential candidate that we investigated was

a gene for an enzyme that plays a role in the synthesis

of cellular polyamines, called Arginase I. This gene was

selected for study because it has been shown to be

up-regulated in other cells types in response to cAMP

elevation (Nebes & Morris, 1988; Morris et al. 1998) and

also because several studies indicate that polyamines

may play a role in both nervous system developmental

growth (Slotkin & Bartolome, 1986; Slotkin et al. 1982)

and axonal regeneration after injury (Ingoglia et al.

1982; Gilad & Gilad, 1988; Gilad et al. 1996).

Our data show that both transcription of the 

 

ArgI

 

gene and subsequent Arginase I expression is up-

regulated by treatment of cerebellar neurons with either

neurotrophins or db-cAMP. Furthermore, this increase

in expression is functionally significant as we also

observed an increase in the synthesis of the down-

stream polyamine product putrescine in neurons

treated with neurotrophins or db-cAMP. Does this

increase in polyamine synthesis actually induce neuro-

nal regeneration?

To answer this question, we infected primary cere-

bellar neurons with an adenoviral vector containing

the 

 

ArgI

 

 gene. Infected neurons which over-express the

 

ArgI

 

 construct extend significantly longer neurites on

either MAG-expressing CHO cells or a substrate of

purified myelin compared with those expressing a control

vector (green fluorescent protein alone) (Fig. 4). In

addition, if the polyamine synthesis pathway is

pharmacologically blocked, neither neurotrophins nor

db-cAMP are able to overcome the inhibition of axonal

regeneration by MAG or myelin. However, this effect

can be restored by supplemental addition of the

downstream polyamine product, putrescine. Finally, the

expression levels of Arginase I decrease dramatically

after development and coincide temporally with the

decrease in cAMP levels noted during the developmen-

tal switch from axonal promotion to inhibition by

the CNS environment (Cai et al. 2001). These findings

suggest yet another step in the induction of axonal

regeneration induced by elevation of intracellular

cAMP levels. The activation of PKA induces transcription

of regeneration-related genes, including the enzyme

Arginase I, which in turn catalyses the production of

polyamine products (Cai et al. 2002). Precisely how

these polyamines facilitate axonal regeneration is not

yet known. Polyamines, however, have been suggested

to have many roles in the adult nervous system (Slotkin

& Bartolome, 1986; Kauppila, 1992; Chu et al. 1995),

but one of the most intriguing of their many effects is

the regulation of various cytoskeletal events such as

regulation of microtubule assembly (Banan et al. 1998;

Wolff, 1998) and modulation of the expression of

certain major cytoskeleton proteins (Kaminska et al.

1992). Thus one possibility for the mechanism of action

of polyamines in regeneration is that they may directly

affect cytoskeletal stability and rearrangement and

thereby prevent the changes induced by the actions

of the myelin-associated inhibitors. One of the ongoing

projects in our laboratory is to attempt to elucidate this

system.

 

Conclusions

 

Although it has long been acknowledged that neurons

of the CNS do not regenerate after injury, the reasons

for this regenerative failure have, until recently,

remained a mystery. In the last few years we have seen

both the identification of the major myelin-associated

inhibitors of axonal regeneration and the receptor

complex that mediates their inhibitory signalling, as

well as the elucidation of some of the intracellular sig-

nalling pathways active during periods of spontaneous

regeneration. These findings represent a giant leap

Fig. 4 Cerebellar neurons, infected with an adenoviral vector 
containing the ArgI gene under cyctomegalovirus (CMV)-
promoter regulation, overexpress the Arginase I enzyme and 
are able to overcome the inhibition of axonal regeneration by 
myelin. (Reproduced from Cai et al. 2002, with permission.)
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forward in the pursuit of a therapeutic treatment for

spinal cord injuries.

Work from our laboratory has shown that elevation of

intracellular cAMP levels either via priming with neuro-

trophins or via application of an analogue can initiate a

signalling cascade that leads to transcription of regen-

eration-associated genes and, subsequently, the synthesis

of polyamines (Fig. 5). This appears to be the determining

factor in the spontaneous CNS regeneration observed

during development and the elevation of cAMP alone

can mimic this system, even in the absence of other

cues. Although it is not yet known precisely how this

pathway interacts to disrupt the inhibitory signalling of

myelin, it appears likely that regulation of cytoskeletal

elements will be integral. Together, these findings pro-

vide many potential targets for therapeutic interven-

tion in order to block the inhibitory signalling induced

by the CNS environment and to facilitate axonal regen-

eration and functional recovery after CNS injury 

 

in vivo

 

.
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