
-0 574, P = 0 00655). The point call be 
expressed In less abstract terms where occu- 
pled cells at a coarse scale occur 111 dense 
clusters. each cell 1s l~kely to Include a rela- 
tl\ ely large number of populat~ons or occur- 
rences at finer scales. but M here coarse-scale 
cells are sparsely scattered, each IS l~kely to 
contain only one or a \ ery f e ~  finer scale 
records (Fig. 3). 

Scale-area culTes may provide a usefill 
descriptive and predictive tool in the study 
and management of species abundance. Cur- 
rent conservation prioritization schemes often 
rely on arbitrary scales of analysis: British 
red data lists. for example, are based on 
abundance mea'sured at a 100-kmz scale. but 
the ranking of species could be quite different 
if they were analyzed at a different scale (10). 
The use of scale-area curves (or parameters 
fit to them) would allow more robust priorl- 
tization and would permit explicit consider- 
ation of different folms of rarity (2) in con- 
sen  atloll dec~s~on-mak~ng Furthermore, ~f 
the patterns documented here hold across a 
w~der  range of specles and scales, ~t may be 
poss~ble to extrapolate these curves to estl- 
mate abundance at scales that would other- 
wise be difficult or impossible to study. 
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Conversion of Neuronal Growth 
Cone Responses from Repulsion 

to  Attraction by Cyclic 
Nucleotides 

blong-jun Song," Cuo-Li Ming," Zhigang He,* Maxime Lehmann, 
Lisa McKerracher, Marc Tessier-Lavigne, Mu-ming Poo'r 

Nerve growth is regulated by attractive and repulsive factors in the nervous 
system. Microscopic gradients of Collapsin-IISemaphorin IIIID (Sema Ill) and 
myelin-associated glycoprotein trigger repulsive turning responses by growth 
cones of cultured Xenopus spinal neurons; the repulsion can be converted to 
attraction by pharmacological activation of the guanosine 3',5'-monophos- 
phate (cGMP) and adenosine 3',5'-monophosphate signaling pathways, respec- 
tively. Sema Ill also causes the collapse of cultured rat sensory growth cones, 
which can be inhibited by activation of the cGMP pathway. Thus cyclic nucle- 
otides can regulate growth cone behaviors and may be targets for designing 
treatments to alleviate the inhibition of nerve regeneration by repulsive factors. 

The developlnent of specific connections be- 
tween neurons and their targets is determined 
in part by selective pathway choices made by 
growing axons. which are directed by guid- 
ance factors present in the embryo (1). These 
factors may exert either attractive or repul- 
sive action on the extension of axonal growth 
cones (1, 2). There is evidence that attractive 
and repulsive responses might be mechanis- 
tically related. Attractive responses to netrins. 
mediated by the DCCiLKC-40 family of pro- 
teins, can be converted to repulsion by coex- 
pression of proteins of the LKC-5 family (3). 

In addition, attractive effects of brain-derived 
neurotrophic factor (BDiiF) and netrin-1 on 
Xenopt~s spinal neurites in culture can be 
converted to repulsion by inhibition of pro- 
tein kinase A activity (4, 5). That a conver- 
sion (rather than an inhibition) of the re- 
sponse can occur suggests that some of the 
same cytoplasmic components may be used 
for both attractive and repulsive responses. 
This also raised the question of whether the 
action of repulsive factors can be converted 
to attraction. 

Collapsin-l/semaphorin IIIiD (Sema 111), 
a diffusible member of the semaphorin fam- 
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respect to the original direction o f  neurite 
extension (Fig. 1) (8). Most growth cones 
grew away from the pipette (Fig. 1, A to C). 
The repulsive response was dose-dependent 
with aminimal response occuning at an ef- 
fective concentration o f  about 10 nglml at the 
growth cone (8). Heat-inactivated Sema I11 
was ineffective (Fig. 1G). The repulsive turn- 
ing was initiated by active protrusion o f  filop- 
odia in the direction away from the pipette, 
with no obvious growth cone collapse during 
the turning process (9). The rate o f  neurite 
extension was unaffected by the presence o f  
the Sema I11 gradient. 

When 8-bromo-cGMP (8-Br-cGMP) (10) 
or Sp-cGMPS (ll), a membrane-permeable ag- 
onist o f  endogenous cGMP signaling pathways, 
was present in the culture medium, nearly all 
growth cones turned toward rather than away 
!Tom the pipette in the same Sema III gradient 

R E P O R T S  

(Figs. 1, D to F, and 2A). Protopg,hyrin-9 repulsion induced by Sema III gradients (Fig. 
(PP-9), a guanylate cyclase activator (12), had 2B). However, the CAMP antagonist R p  
a similar effect (Fig. 2A). Application o f  a nitric CAMPS, but not agonist SpcAMPS (19, 
oxide (NO) donor, S-nitroso-N-acetylpenicilla- blocked conversion o f  the turning response in 
mine (SNAP), which may activate soluble 
guanylate cyclase by releasing N O  (13), abol- repulsion+ + attraction 
ished the repulsive turning response without 
causing a significant attractive response. On the 
other hand, bath application o f  RpcGMPS 
(I I), a cGMP antagonist and a specific inhibitor - 
o f  protein kinase G, did not affect the growth 
cone response. Thus, cGMP regulates the direc- 
tion o f  growth cone turning induced by Sema 
III. N O  and cGMP may regulate establishment vl 
o f  the central connections o f  developing retinal 
axons and stimulate synapse formation o f  de- 
veloping and regenerating olfactory neurons 
(14). In contrast to the effect o f  cGMP analogs, 
we found that adenosine 3',5'-monophosphate .E , (CAMP) analogs had no significant effect on the 

SemaIII - 

.-.. - . . ~  

0  2 0 4 0 6 0 8 0 1 0 0  
+a-br-cswP - -  - - - Concentration (pglml) 

L 

0 -10 -20 -30 4 0  -50 

First turn (degree) 

Fig. 1. Repulsive and attractive turning responses of 
Xenopus growth cones induced by Sema Ill. A gradient 
of Sema 1 1 1  (50 pglml in the pipette) was applied in 

normal culture medium (A to C) or in medium containing 100 pM 8-Br-cCMP (D to F). Images of 
the growth cone are shown at the onset (A and 0) and at the end of 1 hour (0 and E). Bar in (A) 
= 20 pm. Superimposed traces (C and F) depict the trajectory of neurite extension during the 
1-hour period for a random sample of 10 neurons. Origin represents the center of the growth cone 
at the onset, with the original direction of neurite extension shown as vertical. Arrows indicate 
direction of the gradient. Bar in (C) = 10 pm. (C) Dependence of turning responses on the Sema 
Ill concentration in the pipette. Turning angles (mean + SEM) (8) in normal medium (filled 
symbols), in medium containing 8-Br-cCMP (100 FM; open symbols), and for heat-inactivated 
Sema Ill (squares). Total number of neurons examined is shown in parentheses. *, Significant 
difference from the data set at zero concentration (P < 0.05; Kruskal-Wallis test). (H to K) 
Conversion of Sema Ill-induced turning responses in the same neuron. A neuron was exposed to the 
same Sema Ill gradient (50 pg/ml in the pipette) for 1 hour (H and I). The pipette was then 
repositioned to 100 pm away from the center of the growth cone and at 45' with respect to 
the new direction of neurite extension, and the same gradient was applied for another hour in 
the presence of 100 pM 8-Br-cGMP (1). After the second hour, 8-Br-cCMP was washed away, the 
pipette was repositioned, and the same gradient was applied for the third hour (K). Number refers 
to time (minutes) after the onset of the experiment. Dashed lines depict reference frame for pipette 
positioning. (L) Superimposed traces of the trajectories of neurite extension from six neurons for 
which sequential repulsive and attractive turning responses have been examined (same as H to J). 
Arrow marks end of the first hour. Bar = 10 pm. (M) Correlation of turning angles induced by a 
Sema Ill gradient in normal medium (first turn) and in medium containing 8-Br-cCMP (second turn) 
for the same neuron [same data set as in (L)]. Line represents best linear fit of the data (r = -0.88; 
P = 0.02). 

Turning angle (degree) 
Fig. L Growth cone tuming in a gradient of Sema 
Ill. (A) Effects of manipulating cCMP-dependent 
activiies. Angular positions of all growth cones at 
the end of the 1-hour exposure to a Serna Ill 
gradient (50 pg/ml in the pipette) are shown in a 
cumulative distribution plot for the following 
conditions: normal culture medium, medium con- 
taining8-BrlCMP (100 FM), Sp-cCMPS (10 pM), 
PP-9 (10 pM), SNAP (300 pM), and Rp-cCMPS 
(10 FM). Isolated symbols along the abscissa are 
median values for corresponding data shown 
above. (0) Ef fec ts  of manipulating cAMP-depen- 
dent activities. Shown are distributions of turning 
angles for the following conditions: normal cuG 
ture medium. medium containinn 8-Br-cCMP 
(100 FM), WMPS (20 FM), SFCAMPS (20 
pM), both 8-Br4MP (100 pM) and Rp-CAMPS 
(20 pM), or both 8-BrlCMP (100 FM) and Sp- 
cAMPS (20 pM). (C) Distribution of tuming angles 
in the absence or presence of a:28 (20 pg/ml) in 
normal medium and in medium containing 8-Br- 
cCMP (100 pM). *, Significant difference (P < 
0.01; Kolmopov-Smimov test). (D) Effects of 
reducing [Ca +I, on tuming responses in a Sema 
Ill gradient Because of increased growth rate, the 
tuming in 1 pM [Ca2+], was assayed 30 min after 
the onset of the gradient Distribution of turning 
angles in normal (1 mM) or low (1 pM) CaZ+ 
medium in the absence or presence of 8-Br-cCMP 
(100 pM). $, Not significantly different (P > 0.2 
Kolmogorov-Smimov test). 
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the presence of 8-Br-cGMP (Fig. 2B), which 
suggests that there is some interaction between 
CAMP- and cGMPdependent pathways in 
these neurons. 

The opposite turning responses are not 
due to behaviors of different types of neurons 
in these Xenopus cultures (16) as they can be 
displayed by the same neuron (Fig. 1, H to L). 

After a repulsive turning response was first 
elicited by a Sema 111 gradient; we tested the 
same neuron with the same gradient in the 
presence of 8-Br-cGMP. We found that the 
growth cone exhibited an attractive response. 
The repulsive response was restored after 
8-Br-cGMP was washed away. Thus, the re- 
sponse of the growth cone to a Sema III 

Sema Ill - - 
8-br-cGMP - 5 
Sp-CAMPS - - 

(mM) 

Fig. 3. Inhibition of the collapse-inducing activity of Sema Ill  by 8-Br-cGMP. Fluorescence images 
of DRG cultures incubated in normal culture medium (A and D) or in medium containing 5 mM 
8-Br-cCMP (0 and E) or 5 mM Sp-CAMP (C and F) for 1 hour before addition of Sema 111 (100 nglml) 
(D to F). Cultures were maintained for another 30 min after addition of Sema Ill  before fixation and 
visualization with rhodamine-phalloidin. Bar = 10 pm. (G) Percentage of intact growth cones from 
the explants treated with cyclic nucleotides or SemA I l l  or both. Error bars refer to SEM. *, 
Significant difference from the set without pretreatment with 8-Br-cCMP and Sp-CAMPS (P < 
0.001; t test). 

Turning angle (degree) 

Fig. 4. (A) Effects of manipulating cyclic nucleotide levels on turning responses induced by a rMAC 
gradient (150 pglml in the pipette) in normal medium, in medium containing 8-Br-cCMP (100 pM) 
or Sp-CAMPS (20 pM), and by heat-inactivated rMAC in normal medium. Results from the latter 
were significantly different from the three other groups [P < 0.01; Kolmogorov-Smirnov test; same 
test for (6) to (D)]. (0) Effects of reducing [caZ+], on turning responses induced by rMAC. 
Distribution of turning angles in normal (1 mM) or low (1 pM) CaZ+ medium in the absence or 
presence of Sp-CAMPS (20 pM). *, Significant difference (P < 0.05). (C) Turning responses induced 
by a gradient of netrin-1 (5 pglml in the pipette) (5) in normal medium and in medium containing 
Rp-cCMPS (10 pM),  8-Br-cCMP (100 pM), Rp-CAMPS (20 pM), or both Rp-CAMPS (20 p M )  and 
8-Br-cCMP (100 pM). Also shown is control distribution of turning angles observed when the 
pipette contained only culture medium (no gradient), which is significantly different from all other 
data sets (P < 0.05). (D) Turning induced by a NT-3 gradient (50 pdml in the pipette) in normal 
medium and in medium containing Rp-CAMPS (20 p M )  or Rp-cCMPS (10 p M )  or in medium 
containing 1 p M  CaZ+. All data sets were significantly different from the no-gradient control (P < 
0.05). 
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gradient does not desensitize with time and it 
can be switched between repulsion and at- 
traction in a cGMP-dependent manner. The 
extent of repulsion versus attraction for each 
individual neuron appears to be correlated 
(Fig. lM), which suggests that cGMP affects 
only the directionality of the response and not 
the extent to which the growth cone turns. 

Neuropilins are receptors for several 
members of the semaphorin family (1 7-19), 
and antibodies against the extracellular do- 
main of neuropilin-1 block the effects of 
Sema 111 in vitro (1 7, 18). A hction-block- 
ing antiserum to rat neuropilin-1 (a-28) cross 
reacts with the Xenopus protein (20). We 
found that bath application of the a-28 anti- 
serum abolished both the repulsion induced 
by Sema 111 under normal conditions and the 
attraction toward Sema I11 in the presence of 
8-Br-cGMP (Fig. 2C). Thus, neuropilin-1 
function is required for both repulsion and 
attraction of these growth cones induced by 
Sema 111. 

Cyclic nucleotides also change the re- 
sponsiveness of developing rat dorsal root 
ganglion (DRG) axons to Sema 111. When 
added to cultures of DRG explants (21), 8-Br- 
cGMP, but not Sp-CAMPS, inhibited the col- 
lapsing activity of Sema I11 in a dose-depen- 
dent manner (Fig. 3), but 8-Br-cGMP or Sp- 
CAMPS alone had no detectable effect on 
growth cones in these cultures. In these ex- 
periments, higher concentrations of 8-Br- 
cGMP (0.5 to 5 mM) were needed to inhibit 
the collapsing activity of Sema 111, which 
suggests that the turning response of Xenopus 
spinal neurons might be more sensitive to 
modulation by cGMP than is the collapse of 
growth cones of rat DRG neurons (9). 

To examine whether the conversion from 
repulsive to attractive behavior occurs for 
other repulsive factors, we studied myelin- 
associated glycoprotein (MAG), a component 
of myelin and an inhibitor of axonal regen- 
eration (22). A soluble proteolytic fragment 
of MAG consisting of its extracellular do- 
main is released in abundance from myelin in 
vivo and can potently inhibit axon regenera- 
tion (23). We found that a gradient of recom- 
binant protein consisting of the extracellular 
domain of MAG (rMAG) (24) repelled 
growth cones ofxenopus spinal neurons (Fig. 
4A). However, the repulsion by rMAG was 
not affected by addition of 8-Br-cGMP. On 
the other hand, when Sp-CAMPS was added 
to the medium, the growth cone responses 
were converted to attraction in the same 
rMAG gradient (Fig. 4A). Thus, the turning 
response induced by rMAG can be modulated 
by CAMP-dependent activities. This is remi- 
niscent of the turning responses induced by 
gradients of BDNF and netrin-1 (4, 5), al- 
though the latter factors are normally attrac- 
tive and attraction is converted to repulsion 
by inhibition of CAMP-dependent activities. 

/- 
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Cptosolic Ca2+ regulates growth cone 
rnotility (25). An increase in cytosolic Ca2+ 
concentration correlates with growth cone 
collapse induced by some myelin-associated 
proteins but not other factors (26). To exam- 
ine the involvement of Ca2+ in Senla I 1 1  and 
rMAG-induced tuiming, we reduced the ex- 
tracellular Ca2+ concentration ([Ca2+],) 
from the nomlal amount of 1 mM to 1 yh4 (4, 
5) .  This resulted in a two- to threefold in- 
crease in the rate of neurite extension but no 
change in guidance responses in a Sema I11 
gradient (Fig. 2D). In contrast, the repulsion 
and attraction induced by gradients of rMAG 
were both abolished by the reduction of 
[Ca2+]b(Fig. 4B). Thus; growth cone tuiming 
induced by rMAG, but not Sema 111, requires 
normal [Ca2+ I,. 

The above studies on growth cone turning 
induced by Sema I11 and MAG point to the 
existence of at least hvo distinct pathways 
involving cAMP and cGhIP; with different 
Ca2+ dependences. Growth cone turning in- 
duced by BDSF, acetylcholine, and netrin-1: 
but not NT-3, depends on both [Ca2'], and 
cAMP (4, 5) .  Here we found that inhibition or 
activation of cGMP-dependent pathways by 
Rp-cGMPS or 8-Br-cGMP: respectix-ely, did 
not affect the attractive tunling toward ne- 
trin-1 (P > 0.1 : Kolmogorov-Smiimox- test) 
(Fig. 4C). Moreover, repulsive turning in- 
duced by the same netrin-1 gradient in the 
presence of Rp-CAMPS also was not affected 
by 8-Br-cGMP. On the other hand. the attrac- 
tive response in a NT-3 gradient was convert- 
ed to a repulsive response by inhibiting 
cGMP-dependence pathways with Rp- 
cGMPS, whereas depletion of [Ca2+], or 
addition of Rv-CAMPS had no effect on the 
attractive turning (Fig. 4D). Thus. the depen- 
dence of tunling behax-ior on [Ca2'], for the 
four factors examined here (rMAG, netrin-I, 
Sema 111, and NT-3) coi-relates with a depen- 
dence on CAPYIP. not cGMP. 

Studies of the tuiming response of Xeno- 
pus neuronal growth cones induced by a 
number of diffusible factors (4, 5): including 
those examined here. have implicated cAMP 
and cGMP in setting the neuronal response to 
different guidance cues. The guidance cues 
examined can all be either attractive or repul- 
sive, depending on the status of cytosolic 
cyclic nucleotides. Manipulations to increase 
the lex-el of cyclic nucleotide activity fax-or 
attraction and manipulations to decrease the 
lex-el of cyclic nucleotide activity favor repul- 
sion. Because cyclic nucleotides are known 
to seilie as second messengers for a large 
number of cell surface receptors (27). the 
response of a growth cone to a particular 
guidance cue may thus depend critically on 
other coincident signals received by the neu- 
ron. The susceptibility to conversion between 
attraction and repulsion map enable a grow- 
ing axon to respond differentially to the same 

guidance cue at different points along the 
journey to its final target (28). Rex-ersal of the 
action of repulsive factors by elevated cyclic 
nucleotides has potential in~plications for 
promoting nerve regeneration in the central 
nervous system. as effective regeneration in 
the central nervous systenl is bloclced by 
inhibitoiy factors (22, 29): and nlodulation of 
cyclic nucleotide concentratioils map help re- 
lieve this inhibition and therefore help stiin- 
ulate regeneration. 
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