
Pergamon 

Brain Research Bulletin, Vol. 35, Nos. 516. 419-422, 1994 pp. 
Copyright 0 1994 Elsevier Science Ltd 
Printed in the USA. All rights reserved 

0361-9230/94 $6.00 + .@I 

0361-9230(94)00146-4 

Locus Coeruleus Neuron Growth Cones and 
Spinal Cord Regeneration 

STEPHEN J. MOORMAN’ AND RICHARD I. HUME 

Department of Biology, Natural Science Building, The University of Michigan, Ann Arbor, MI 48109 

MOORMAN, S. .I. AND R. I. HUME. Locus coeruleus neuron growth cones and spinal cord regeneration. BRAIN RBS BULL 
35(5/6) 419-422, 1994.-One of the major impediments to successful recovery of function after a spinal cord injury is thought 
to be the reaction of the neuronal growth cone to inhibitory influences in the local environment in or around the site of the injury. 
The growth cones of locus coeruleus neurons studied in vitro collapsed upon contact with an extract of CNS myelin but did not 
collapse on contact with an extract of PNS myelin. Coincident with the collapse of the growth cone, was an increase in internal 
free calcium concentration that was predominantly the result of an influx of calcium through channels in the plasma membrane. 
Omega-conotoxin, which specifically blocks N-type voltage-gated calcium channels, blocked both the myelin-induced calcium 
influx and the coincident collapse of the growth cone. 
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IF there is going to be recovery of function in an animal that has 

suffered an injury to the spinal cord, several things have to hap- 
pen: a) neurons capable of growing axons across the site of injury 
must survive; b) these neurons have to generate new growth 
cones; c) the growth cones have to navigate either around or 
through the site of the injury; d) the growth cones must recognize 
and synapse with their appropriate target cells. In the last decade 
the processes of neurogenesis, axonogenesis, growth cone navi- 
gation, and synaptogenesis in the developing nervous system 
have received extensive scrutiny. In a number of cases, detailed 
control mechanisms have been elucidated at the cellular and mo- 
lecular level. One example is the identification of molecules 
thought to play a role in the specific guidance of axons to their 
targets (see 9). A second example is the substantial body of ev- 
idence indicating that changes in the level of intracellular free 
calcium can play an important role in the rate at which growth 
cones extend (see 17). Our experiments are motivated by the 
hypothesis that many of the cellular and molecular mechanisms 
that have been shown to be important during neuronal develop- 
ment will also prove to be relevant to neuronal regeneration. 

In this article we concentrate on a growth cone behavior re- 
ferred to as growth cone collapse. A variety of neurons studied 
in vitro have been demonstrated to undergo collapse (see 18). 
Growth cone collapse is characterized by a relatively rapid 
change in the morphology of the growth cone: filopodial move- 
ments cease; there is a general loss of filopodia; the fine structure 
of the growth cone appears to draw back into the growth cone 
so that the overall surface area of the growth cone decreases; and 
the growth cone and distal neurite often retract. Growth cone 
collapse can occur spontaneously, but most commonly collapse 
is the result of contact with specific types of cells (see 18). Cell 
surface molecules that are potential signals triggering collapse 

are currently under intensive scrutiny. Although a great deal of 
progress has been made in understanding the cellular and molec- 
ular mechanisms that trigger growth cone collapse in some model 
systems, an important caveat to all studies in this area is that 
there is no conclusive evidence that growth cone collapse occurs 
in vivo during development. It may be some time before such 
information is available because imaging of elongating axons in 
vivo is technically very difficult. 

Growth cone collapse may be relevant to the lack of regen- 
eration in the spinal cord. It is a long-standing observation that 
many neurons survive an acute injury to the spinal cord and can 
begin to reform growth cones, but that these growth cones have 
great difficulty traversing the damaged area (see 13). Studies over 
the last decade have suggested a possible mechanism for these 
results. Because axons grow readily through grafts of peripheral 
nerve, the implication was that something specific to the damaged 
central nervous system was inhibitory to regrowth. By systemat- 
ically varying the types of cells present, the conclusion was 
reached that oligodendrocytes might be associated with the in- 
hibitory process (2). This inference has been greatly strengthened 
by two lines of observation. First, it has been shown that an 
extract of CNS myelin can elicit the collapse of the growth cones 
of dorsal root ganglion neurons (DRG) in vitro (3) but that PNS 
myelin does not elicit collapse. Second, when CNS-myelin is 
pretreated with antibodies against two CNS myelin-specific pro- 
teins, collapse of DRG growth cones is no longer evoked (4). 
These results suggested the hypothesis that the site of injury in 
the spinal cord might present an environment that is inhibitory 
to regenerating growth cones. This hypothesis was supported by 
the observation that the same antibodies that prevent the collapse 
of DRG growth cones in vitro also significantly enhance spinal 
cord regeneration after injury in vivo (25). Therefore, an under- 
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standing of the cellular mechanisms that underlie growth cone 
collapse in response to CNS myelin might lead to the ability to 
enhance the growth cone’s ability to successfully navigate 
through or around the site of a spinal cord injury. 

Some (l), but not all (7,11) cases of growth cone collapse are 
associated with a change in intracellular free calcium ([Cal,). The 
specific CNS myelin proteins known to induce collapse of the 
growth cones of dorsal root ganglion neurons have been shown 
to cause a release of calcium from internal stores (1). Although 
these experiments demonstrated that a rise in calcium is highly 
correlated with the collapse mediated by CNS myelin, they did 
not demonstrate that this rise is necessary or sufficient for the 
collapse to occur. Such a demonstration would be an important 
next step. 

The existing studies of growth cone collapse also suffer a 
significant drawback in extrapolating their relevance to spinal 
cord injury. Most of the experiments have been done using a 
model system (neurons from the peripheral nervous system) 
rather than cells that would actually be affected by injury. Be- 
cause the responses of different types of neurons to a common 
stimulus can vary dramatically (4) we felt that it was important 
to study neurons whose cell bodies lie in the CNS and whose 
axons would probably be damaged by a spinal cord injury. We 
choose to study growth cones of locus coeruleus neurons from 
the neonatal rat brain stem. One reason for this choice is that 
these cells can be readily identified in cell culture (16). In addi- 
tion, the noradrenaline produced by locus coeruleus neurons and 
released in the lumbar region of the spinal cord has well-defined 
effects on spinal cord reflexes (12,21) and locomotion (6). This 
means that ultimately it should be possible to monitor recovery 
of function due to regeneration of locus coeruleus neurons in 
vivo. We also felt it necessary to demonstrate a causal relation- 
ship between any [Cal, change and the collapse of the growth 
cone. 

In this article we summarize our recent results, which are de- 
scribed in detail elsewhere (20). We then attempt to put our work 
into context, and discuss its potential ramifications. 

RESULTS 

Growth Cones of Rat Locus Coeruleus Neurons Collapsed on 
Contact With CNS Myelin 

Video microscopic observations were made of neonatal rat 
locus coeruleus neurons maintained at 37°C (18). Once a stable 
growth rate had been established, myelin extract (22) was puffed 
onto the growth cone. After a 60-min period the myelin was 
washed off, and the size and position of each growth cone was 
recorded. By 60 min after application of CNS myelin extract, 
75% of the growth cones (n = 16) were collapsed (Fig. 1A). The 
average change in surface area during the hour of contact was 
-73.2 (?5.6)% (n = 16). Neither heat-inactivated CNS myelin 
(n = 5) nor trypsin-treated CNS myelin (n = 5) evoked growth 
cone collapse. In contrast to the effects of CNS myelin, none of 
the growth cones (n = 5) collapsed after 60 min of contact with 
an extract of myelin from the adult rat ischiatic nerve (PNS my- 
elin extract) prepared in an identical manner to the CNS myelin 
extract. 

CNS Myelin Evoked an Increase in Intracellular Free Calcium 

Application of CNS myelin extract to the growth cones of 
these neurons after they had been loaded with FURA (9) con- 
sistently caused a large, transient, increase in [Cal,. Within the 
first 6 min after application of CNS myelin, an elevation in 
intracellular free calcium was observed in 75% of the growth 
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FIG. 1. (A) The percent of locus coeruleus growth cones that collapsed 
after application of myelin extracts. (B) The calcium concentration in 
locus coeruleus growth cones before and after application of myelin ex- 
tracts. Number = N for each group. 

cones studied (n = 12). On average, the resting intracellular 
free calcium more than doubled from 94 nM to 237 nM 
(Fig. 1B). 

Treatments that failed to evoke growth cone collapse also 
failed to elicit a rise in intracellular free calcium. Thus, PNS 
myelin, heat-inactivated myelin, and trypsin-treated myelin all 
had no effect on the level of intracellular free calcium 
(Fig. 1B). 

The myelin-evoked increase in [Cali was blocked when cal- 
cium was removed from the extracellular solution (by chelation 
with 5 mM EGTA) and when a nonspecific blocker of several 
types of transmembrane calcium channels (5 mM CoCl,) was 
present in the extracellular solution. These data suggested that 
the increase in [Cal, was the result of an influx of calcium through 
the plasma membrane. 

Omega-Conotoxin Blocked the Myelin-Evoked Increase in 
[Cal, and Prevented the Myelin-Evoked Growth Cone Collapse 

To further test the role of calcium influx in causing growth 
cone collapse, drugs that block voltage-gated calcium channels 
were tested. Nifedipine, a blocker of L-type voltage-gated cal- 
cium channels, significantly reduced the magnitude of the [Cal, 
increase evoked by contact with myelin (Fig. 2A). However, even 
with 50 PM nifedipine, a concentration that would be expected 
to be saturating (17) myelin extract was able to significantly 
increase intracellular free calcium (Fig. 2A). In media that con- 
tained 50 PM nifedipine, 53% of the growth cones (n = 15) 
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FIG. 2. (A) ‘Ihe calcium concentration in locus coeruleus growth cones 
before and after application of myelin extracts. (B) The percent of locus 
coeruleus growth cones that collapsed after application of myelin ex- 
tracts. Number = N for each group. In these experiments nifedipine was 
applied at 50 PM and conotoxin at 5 nM. 

collapsed within 60 min after contact with CNS myelin (Fig. 2B). 
This is not very different from the control condition where 75% 
collapsed after contact with CNS myelin. 

In contrast, 5 nM omega-conotoxin (23) was able to nearly 
completely suppress the myelin-evoked increase in [Cali (Fig. 
2A). Conotoxin also completely suppressed the inhibitory effect 
of CNS myelin on growth cone morphology and elongation. 
When CNS myelin was puffed onto growth cones they continued 
to elongate, and when the growth cones were observed at 60 min 
after the myelin was added, none of the growth cones (n = 15) 
were collapsed (Fig. 2B). 

DISCUSSION 

The ability of omega~onotoxin to block both the CNS mye- 
lin-induced increase in [Ca& and growth cone collapse is cer- 
tainly suggestive of a role for calcium influx through N-type cal- 
cium channels in growth cone collapse in locus coeruleus 
neurons. However, Bandtlow et al. (I) reported a purified myelin 
protein appears to elicit DRG growth cone collapse in vitro by 
inducing calcium release from internal stores, and that transmem- 
brane flux appears to play a minor role. Furthermore, omega- 
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conotoxin did not block the growth cone collapse induced in 
DRG neurons by this protein. These results suggest that the se- 
quence of events that lead to growth cone collapse may not be 
the same in all cells. This point might be particularly relevant 
when comparing the response of neurons from the CNS to the 
response of neurons from the PNS to identical stimuli. 

Alternatively, multiple mechanisms that can lead to growth cone 
collapse might exist in a single class of cells. Recently, pettussis 
toxin-sensitive G-proteins have been suggested to be involved in the 
pathway that induces collapse of growth cones tirn some types of 
neurons in response to one specific CNS myelin protein known to 
induce growth cone collapse (10). This potential ~volve~nt of G- 
proteins-coupled second-messenger pathways is interesting because 
G-proteins have also been implicated in pathways leading to a re- 
lease of calcium from internal stores (26) and also in the modulation 
of certain ion channels in the plasma membrane (15,24). It is pos- 
sible tbat two different G-protein-linked pathways are activated by 
the same myelin protein, perhaps acting at different concentrations. 
For instance, at high protein concentrations, the G-protein-coupled 
release of calcium from internal stores might predominate, and at 
low protein concentrations the G-protein-coupled modulation of 
voltage-gated calcium channels might predominate. The end result 
in either case would be growth cone collapse. To distinguish the 
physiolo~c~y relevant pathway, it clearly is of i- to de- 
termine the effective con~n~tion of active material in situ. It is 
also of interest that pertussis toxin treatment blocks collapse of the 
neuronal growth cone in response to an unidentified colIapsing fac- 
tor isolated from chick brain (10). This growth cone collapse is 
believed not to involve a coincident increase in [Cali (11). These 
results suggest a mom general role for G-protein-coupled second- 
messenger systems in mediating growth cone collapse. 

It is also possible that there are multiple myelin components that 
can induce cytoskeletal reamangements that lead to collapse of the 
neuronal growth cone. For instance, in oligodendmcytes in vitro, a 
similar collapse of the leading edge (the structute analogous to the 
growth cone) can be induced by contact with either CNS or PNS 
myelin (19). In addition, antibodies against several specific com- 
ponents of CNS myelm induce changes in [Cali and or cytoskeletal 
~~gernen~ in o~g~e~~~ in vitro (5). However, them are 
only two proteins in myelin that are known to induce collapse of 
the neuronal growth cone in vitro (1,3,4,27). Although, it should be 
noted that most of the work studying the affects of specific myelin 
proteins on the neuronal growth cone has been done on the growth 
cones of DRG neurons. Therefore, it remains possible that there are 
other components of myelin from the CNS that have similar effects 
on locus coeruleus neuron growth cones in vitro. 

In conclusion, the mechanism by which myelin extract elicits 
the collapse of the growth cones of locus coeruleus neurons re- 
mains unclear. However, the observation that treatment with 
omega-conotoxin blocks both the [Cali increase and the growth 
cone collapse and that treatment with pertussis toxin blocks the 
growth cone collapse of neurons in vitro cannot be ignored, be- 
cause these suggest possible new approaches to encouraging 
CNS axonal regeneration in vivo. 
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