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its name “Rig.” It is homologous to classical Robos on the outside but
more divergent in its cytoplasmic domain. We were initially studying it
simply because we thought it was just another Robo family member, but
we rapidly found that it does not behave like a classical Robo protein: We
expect a classical Robo to be absent from commissural axons before cross-
ing, then switched on after crossing. However, we see exactly the oppo-
site with Rig-1: It is on before, and off after. Similarly, in classical Robo
knock-outs we expect the axons to stall out in the midline because they
find it more attractive, but in the Rig-1 knockout they avoid the midline
entirely. Put another way: Classical Robos are positive regulators of Slit
function—they transduce a repulsive Slit signal—but Rig-1 is a negative
regulator of Slit function—it blocks responses to Slits. Thus, rather than
being a classical Robo, Rig-1 is an anti-Robo protein.
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High fidelity switch from attraction to repulsion

Before crossing: After crossing:

DCC DCC
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Fig. 10. A high-hdelity switch from attraction to repulsion at the vertebrate midline.
This switch involves at least three proteins, DCC, Robol, and Rigl. Left panels, before
crossing: Netrin attraction, mediated by DCC, would be silenced by Robol if it weren't
for the fact that the axons express Rigl, which inhibits Robol, disinhibiting DCC. Right
panel, after crossing: Netrin attraction would continue inappropriately after crossing if it
weren't for the fact that Rigl is down-regulated (indicated by the X), disinhibiting Robol,
with two consequences: DCC is silenced, and Slit repulsion can proceed. [Adapted from

Sabatier et al. (2004).] (See color plates.)

How does Rig-1 produce its anti-Robo effect? We don’t know at
present, but one possibility is that, given its structure, Rig-1 functions as
an endogenous dominant negative, blocking the function of the classical
Robos. Future studies will determine whether it produces its effects
through this or through another mechanism.

H. Summary: A High-Fidelity Switch from Attraction to Repulsion

The preceding sections have thus shown that there is a high-fidelity
switch that occurs in the growth cone at the midline, from being attracted
to being repelled, which involves at least three proteins: Rig-1, Robo-1,
and DCC. The mechanism of the switch is illustrated in Fig. 10. Before
midline crossing, Netrin attraction, mediated by DCC, would be blocked
by Robo-1 if it weren't for the fact that Rig-1 is expressed on the axons,
blocking Robo-1 function, thereby disinhibiting DCC, which allows

Netrin attraction to proceed. After midline crossing, Netrin attraction
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would continue inappropriately if it weren't for the fact that Rig-1 gets
down-regulated, disinhibiting Robo-1, with two consequences: first, this
results in the silencing of Netrin attraction by direct binding of Robo-1
to DCC; second, it results in Robo-1 transmitting a repulsive Slit signal,
allowing the axon to be repelled out of the midline and to move on to
the next leg of its trajectory.

There are of course many unanswered questions that remain. How is
Rig-1 protein switched off? How does Rig-1 block Robo-1 function? How
do other attractants like Shh and repellents like Sema3B fit in? Is Shh also
silenced by Slit, and how is Sema3B activated? And what is the identity
of the en passant trophic factor, and what is its normal physiological role?
Clearly, much more work remains in order to understand fully the mech-
anisms of midline guidance.

IV. FIrsT CoNcrLusioN: THE LoGic AND MOLECULAR
MECHANISMS OF AXON GUIDANCE

Despite the many holes in our knowledge, studies like those summa-
rized above already support some tentative conclusions regarding the logic
and molecular mechanisms of axon guidance.

First, axons are guided by the combined actions of attractants and repel-
lents acting in concert. It is their combined actions that ensure the high
degree of fidelity in axon guidance—the fact that axons make few, if any,
errors of projection.

Second, axons can be guided by both short-range and long-range guid-
ance cues—in this chapter I have focused primarily on the latter.

Third, we should think of these cues not as attractants, repellents, or
branching factors per se, but rather as wiring cues, that can be interpreted
in different ways by different axons, or by the same axon at different times.

Fourth, the plasticity of guidance responses at intermediate targets,
involving a switch from attraction to repulsion, is key to the ability of
axons to move on from one intermediate target to the next, thus enabling
them to extend accurately over long distances.

Finally, we must take seriously the possibility that, in addition to the
“big four” of axon guidance—Netrins, Semaphorins, Ephrins, and Slits,
as well as growth factors—we must also consider morphogens—Hedge-

hogs, Wnts and BMPS—as good candidates for wiring the brain as well.
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V. SEcoND CONCLUSION: AXON DEVELOPMENT AND
AXON REGENERATION

At the beginning of this chapter, I promised I would end by discussing
how these insights obtained in the embryo might assist in attempts to
stimulate regeneration following injury, so I would now like to turn to
the issue of regeneration. Before I do this, however, I must first discuss
one last aspect of development, because it is immediately relevant to
regeneration.

Until now, I have focused exclusively on the effects of cues like the
Netrins on growth cones and axons in stimulating axon growth and in
guiding axons. However, evidence has been mounting in recent years that
how axons respond to these cues is conditioned by dedicated transcrip-
tional programs active in the nucleus of the cells that specify the expres-
sion of receptors and signal transduction pathways by the neurons. Very
recently, we and our collaborators made the unexpected discovery that
some of these transcriptional pathways are activated by cues like the
Netrins and neurotrophins themselves. Specifically, what we showed is
that Netrins and neurotrophins activate a signaling cassette involving
calcineurin—-NFAT signaling in the nucleus of neurons, and that activa-
tion of this signaling pathway is absolutely essential to the ability of
neurons to respond to these factors with extensive axon growth in a sus-
tained fashion: If we block this cassette (genetically or pharmacologically),
the axons can only respond for a short period of time, presumably because
this cassette activates expression of genes required for sustained outgrowth
(Graef et al., 2003). This provides a potential transcriptional gate at the
level of which axon elongation can be regulated. The main message of
this study is that the growth of axons involves both (a) the action of
extracellular cues on growth cones, which was the major focus of this
chapter, and (b) the action of dedicated transcriptional programs in the
nucleus of the neurons that determines how the neurons respond to
these cues.

This message is directly relevant to regeneration. Whereas during devel-
opment, axons grow to their targets under the influence of attractants and
repellents, as described above, in the adult central nervous system (i.e.,
the brain and spinal cord), when axons are severed, they will reform
growth cones and try to regrow, but fail to do so. For example, following
a spinal cord injury, axons connecting the brain and spinal cord are
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severed and fail to regrow, so the paralysis that accompanies spinal cord
injury is usually permanent.

Injured axons in the adult central nervous system (CNY) fail to regrow
for two reasons [reviewed in Filbin (2003)]. First, the environment is
hostile to regrowth: There are factors thatactively inhibit regrowth. A major
focus in the field is thus to try to identify the major inhibitors, in order
to neutralize their effects. Candidates for inhibitors of adult axon regener-
ation include molecules like Nogo, chondroitin sulfate proteoglycans, and
the classical axon guidance molecules like the Semaphorins, Slits, Ephrins,
and Netrins, which we and others are studying. But in addition to
inhibitors in the environment, evidence has been mounting that another
reason adult CNS neurons fail to regenerate is because they have a decreased
intrinsic ability to regrow. In the case of retinal ganglion cells, for example,
elegant studies have indicated that around the time of birth these neurons
lose the ability to send axons out in an efficient way, even when placed in a
highly permissive environment (Goldberg et al., 2002). Thus, to obtain
efficient regeneration, it may also be necessary to kick the neurons back into
a more embryonic-like growth state.

The idea that it might be possible to kick adult neurons back into a
growth state derives support from work on adult sensory neurons, to
which we and our collaborators have contributed. Sensory neurons in the
dorsal root ganglia have both a peripheral axon, which regenerates after
injury, and a central branch, which normally does not. Interestingly, if
the central branch is lesioned a few days after the peripheral branch is
lesioned (a so-called preconditioning lesion), the central branch will now
regenerate. This finding, and others, have been interpreted to show that
the preconditioning peripheral lesion kicks the neuron into a growth state
through some sort of transcriptional switch in the cell body, and that once
it is in that state, both the peripheral and central branches benefit from
the new growth state, being capable of regrowth; in contrast, lesioning
the central branch does not trigger the switch [reviewed in Filbin (2003)].
We and our collaborators, and, independently, Marie Filbin’s group, have
shown that regeneration of the central branch can also occur if the central
lesion is performed after the cell bodies in the dorsal root ganglia have
been exposed to a membrane-permeable analog of cAMP, consistent with
a model in which cAMP activates a program of gene expression that puts
the neuron into a growth state (Neumann et al., 2002; Qiu et al., 2002)
(Fig. 11).
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Fig. 11.  Stimulating regeneration by kicking adult sensory neurons into a growth state.
(A-C) Dorsal columns visualized in an intact rat spinal cord (A), the spinal cord of a rat
six weeks after a dorsal hemisection (B), and the spinal cord of a rat in which the cell bodies
of sensory neurons were exposed to a single pulse of dibutyrl cAMP several days before a
dorsal hemisection (again, axons were visualized 6 weeks later) (C). No regeneration is
observed in the control lesioned animal (B), whereas extensive regeneration is observed
through the lesion site after the cAMP treatment. Panels B” and C” show higher magnifi-
cation views of panels B and C. Panel A’ shows labeling in the dorsal column nuclei in the
control animal (A). [Adapted from Neumann et al. (2002).] (See color plates.)
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Experiments like this provide hope that some manipulations of the
intrinsic growth state of neurons, together with manipulations to make
the environment less inhibitory, will some day provide sufficient regen-
erative capacity to spinal neurons to allow significant recovery from
paralysis in spinal cord injury patients.

VI. RaMON Y CAJAL, SCIENTIST AND PROPHET

These considerations bring me back to Ramon y Cajal, because he was
not only the discoverer of the growth cone and the first person to propose
the chemotropic theory of axon guidance, he was also a pioneer in the
analysis of the degeneration and regeneration of the nervous system. The
limitations on the regenerative capacity of the nervous system, which he
documented so extensively, led him to lament in his classic treatise on the
“Degeneration and Regeneration of the Nervous System” (Ramon y Cajal,

1913) that:

. . . the functional specialization of the brain imposed on the neurons two
great lacunae: proliferative inability and irreversibility of intraprotoplas-
mic differentiation. It is for this reason that, once the development was
ended, the founts of growth and regeneration of the axons and dendrites
dried up irrevocably. In adult centers the nerve paths are something fixed,
ended, immutable. Everything may die, nothing may be regenerated.

This might appear to be a very pessimistic conclusion. However,
Ramon y Cajal was at heart and optimist, and he continued as follows in
the very next paragraph:

It is for the science of the future to change, if possible, this harsh decree.
Inspired with high ideals, it must work to impede or moderate the gradual
decay of the neurons, to overcome the almost invincible rigidity of their
connections, and to re-establish normal nerve paths, when disease has
severed centers that were intimately associated.

The studies summarized in the closing paragraphs of this chapter, will,
I hope, provide some justification for believing that Ramon y Cajal’s opti-
mism was indeed warranted, and that therapies for stimulating repair and
regeneration of injured axons in the central nervous system will see the

light of day before long.
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