
ante (for example, due to enhanced ECM 2 2  L, V. Owens et a/., Cancer Res. 55, 2752 (1 995); S. 29. We coated beads w~th FN (Colaborat~ve Bomedlcal; 50 
M. Fr~sch, K. Vuor, E. Ruoslaht, P. Y. Chan-Hu, J. pglml) using carbonate buffer (18). Patterned sub- 

remodeling or local application of cell ten- cell Biol, 34, 793 gg6), . . .  . . . . strates contanng sands coated wth FN were fabrcat- 
sion) and thereby c o u ~ l e  changes in 2 3  M. D. Schaleretal..  roc. Natl. Acad. Sci. u.S.A. 89. ed by a mcrocontact prntng method (13, 74). Br~efly, 
extension to exnansion of cell mass within 
the local tissue microenvironment. Tissue 
involution may be uromoted in other mi- 
croenvironments byL inducing rapid break- 
down of ECM and associated cell retrac- 
tion. During malignant transformation, pro- 
gressive loss of shape-dependent regulation 
also may lead to cell survival in the absence 
of ECM extension, unrestricted mass ex- 
pansion, and hence neoplastic disorganiza- 
tion of tissue architecture (25-27). 
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Lamina-Specific Connectivity in the Brain: 
Regulation by N-Cadherin, Neurotrophins, and 

Glycoconjugates 
Akihiro lnoue and Joshua R. Sanes* 

In the vertebrate brain, neurons grouped in parallel laminae receive distinct sets of 
synaptic inputs. In the avian optic tectum, arbors and synapses of most retinal axons are 
confined to 3 of 15 laminae. The adhesion molecule N-cadherin and cell surface gly- 
coconjugates recognized by a plant lectin are selectively associated with these "reti- 
norecipient" laminae. The lectin and a monoclonal antibody to N-cadherin perturbed 
laminar selectivity in distinct fashions. In contrast, neurotrophins increased the com- 
plexity of retinal arbors without affecting their laminar distribution. Thus, cell surface 
molecules and soluble trophic factors may collaborate to shape lamina-specific arbors 
in the brain, with the former predominantly affecting their position and the latter their size. 

M a n v  narts of the vertebrate brain are , L 

organized into parallel laminae that bear 
distinct neuronal subtvoes and receive dis- , . 
tinct synaptic inputs (1-3). In the optic 
tectum of the chick, for example, most 
retinal axons terminate in just 3 of 15 
laminae (Fig. 1A). Each individual axon 
arborizes within a single lamina, even 
though the dendrites of some postsynaptic 
cells extend through many laminae (4-6). 
The lamina-selective arborization of in- 
coming axons may be a major determinant 

Department of Anatomy and Neurobology, Washngton 
Un~vers~ty School of Medlcne, 660 South Eucl~d Avenue, 
Box 81 08, St LOUIS, MO 631 10, USA 

'To whom corres~ondence should be addressed 

of specific synaptic connectivity. 
To elucidate the mechanisms underlying 

lamina-specific retinotectal connectivity, we 
devised a coculture system in which a trans- 
verse tectal section was overlaid with a retinal 
strip, such that neurites from retinal ganglion 
cells had equal access to all tectal laminae 
(Fig. 1B). Outgrowth and arborization on 
these sections reproduced the lamina-selec- 
tive patterns observed in vivo, implicating 
local tectal cues in axonal guidance (5). 
Moreover, lamina-selective growth persisted 
when sections were chemically fixed before 
retinal strips were added, which implied that 
some cues are associated with the cell surface 
and are independent of activity (5). We later 
assessed the distribution of cell adhesion mol- 
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ecules in the tectum and identified a subset A C D 
concentrated in the retinorecipient laminae 
(RL), called stratum griseum et fibrosum su- 
perficiale (SGFS) laminae B, D, and F (7). 
Here, we tested whether these molecules reg- .---- 
ulate the formation of retinal arbors. In addi- 
tion, we assessed the function of neurotro- 
phins, soluble factors believed to regulate ax- - 
onal growth in several parts of the central F 
nervous system (8), including the optic tec- 
tum (9). 

A/B 
The cell adhesion molecule N-cadherin 

-. 
is involved in numerous aspects of neural 2 *P 

D-F D-F 
development (10). In chick tectum, it is - 
broadly distributed at early stages but be- 

Fig. 1. Lamina-specific arborization of retinal axons in 
comes concentrated in RL by embryonic ch~ck optic tectum. (A) Schematic drawing of retinal 
day 14 (E14) as synapses form (7). Electron axons entering the tectum through the SO, penetrat- 
microscopy showed that N-cadherin is lo- ing deeper layers and arborizing in SGFS laminae 5. 
calized to the synaptic cleft, which suggests 0 ,  or F (that is, the RL). Two examples of cells 
that it has a function in synapse formation postsynaptic to the retinal axons are drawn (4). For 
or maintenance (7, 11 ). We cultured reti- laminar nomenclature, see (7). SGC, stratum griseum 
nal strips atop fixed tectal sections (1 2) in centrale: SAC, stratum album centrale; SGP, stratum 
the absence or presence of a monoclonal griseum periventriculare: and SFP, stratum fibrosum 

antibody (mAb) to N-cadherin (1 3). After periventriculare. (8) A retinotectal coculture, in which 
a strip of retina (at left) was laid perpendicular to a 6 days in vitro, retinal neurites were stained tectal section (5). Retinal axons extend along the SO 

and measured (14). In control cultures, and form rudimentary arbors in the RL. P, pial surface 
neurites extended preferentially the of tectum; V, ventricle. Scale bar, 500 pm. (C to F) Camera lucida drawings of retinal neurites in 
most superficial tectal lamina, the stratum cocultures. In (C), rudimentary arbors in the RL in a control culture are shown. In (D), arbors are simplified 
opticum (SO), through which all retinal and some neurites extend beyond the RLin the presence of N-cadherin mAb. In (E), neurites extend only 
axons enter the tectum in vivo. Neurites partway into the R L  in the presence of VVA. In (F), arbors are increased in complexity in the presence of 
then turned or branched to enter the RL, BDNF. Scale bar in (C), 100 pm. 
wherein they either ended or branched 
again to form rudimentary arbors (Fig. 1C). 
Neurites also extended along the SO in the b Control 
presence of N-cadherin mAb, but their be- P o N-Cad 

havior in the RL was affected in two re- P .r L1 

a N-CAM 
5 Control 

spects. First, the extent to which terminals >G N-cad 

formed secondary branches (rudimentary 
arbors) was reduced by N-cadherin mAb. In -g control 
control cultures, about two-thirds of the A 0 VVA 

neurites that reached the RL branched at 
least once, and about one-third of these control 
formed multiple branches. In the presence .E BDNF 

s 
of antibody, these fractions were reduced to Q NT-3 
40% and 10% of control values, respective- N T ~  

NGF ly (Fig. 2B). Second, the laminar distribu- 
tion of retinal terminals was altered. In 0 1 2 0 0.2 0.4 0 20 40 60 80 

Neurite length (mm) Neurite branching Laminar distributlon controls, only 3% of the neurites that left (branches per terminal) (percent of terminals) 
the SO extended past the RL, whereas - 14% did so in the presence of ~ - ~ ~ d h ~ ~ ~ ~  Fig. 2. Effects of cell adhesion molecule mAbs (A to C), the lectin 51 1.5 

mAb (Figs. 1D and 2C). Moreover, more VVA (D to F), and neurotrophins (G to J) on retinal outgrowth and 
arborization in retinotectal cocultures. Graphs show the extent 2 neurites terminated in laminae A in of neurite outgrowth along the SO (A, D, and G), the number of 3 

the Presence of N-cadherin than in neurites that extend from the SO into the RL (J), the fraction of 
controls, and fewer terminated in laminae neurites in the RL that branch at least once before terminating (B, % 
D to F (Fig. 2C). These results suggest that E, and H), and laminar distribution of retinal terminals on tectal u. 
N-cadherin normally promotes or stabilizes slices (C, F, and I). N-cadherin, N-CAM, and L1 mAbs all partially 4 
contacts of neurites with targets in the RL. inhibit neurite outgrowth. N-cadherin rnAb also decreases ar- f 

~ - ~ ~ d h ~ ~ i ~  d b  also decreased the borization within the RL and promotes extension of neurites be- 

mean length of neurite outgrowth on the yond the RL. VVA diminishes entry of neurites into SGFS laminae - 
D to F but has little effect on outgrowth or arborization. BDNF. 1 So (Fig. This effect' which is consis- NT-3, and NT-4 stimulate arborization but do not affect the lami- 0 20 40 tent with the of N-cadherin pro- nar distribution of retinal terminals. Bars represent mean + SEM Trophin (nglml) mote neurite (I5), might have of measurements from 13 to 94 cultures (mean = 39). Dierent 

led indirectly to aberrant ~ b ~ r i z a t i o n .  We culture conditions (12, 19) account for the different control values in (A) to (C) versus those in (D) to (I). x2 
therefore tested two other cell adhesion values for differences between control and experimental distributions are 165.9 (P << 0.001) in (C), 60.4 
molecules, N-CAM and NgCAMIL.1, both (P << 0.001) in (F), and 6.6 (P > 0.05) in (I). 
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of which are capable of promoting neurite 
outgrowth (1 6); both are present in the SO, 
and N-CAM is also present in the RL (7). 
N-CAM and L1 mAbs decreased neurite 
outgrowth on the SO to the same extent as 
did N-cadherin mAb (Fig. 2A). However, 
neither of these two mAbs affected terminal 
branching (Fig. 2B) or the laminar distribu- 
tion of terminals (17). Thus, N-cadherin 
exerts a selective effect on retinal terminals 
within the RL. 

We next targeted a second set of cell sur- 
face components, N-acetylgalactosamineter- 
minated glycoconjugates recognized by a plant 
lectin, Vicia villosa agglutinin B4 (WA) .  Be- 
cause this lectin selectively stains the RL be- 
fore retinal axons arrive, its receptors (here 
called WARs) may serve as recognition mol- 
ecules for those axons (7). WARs have also 
been implicated in the differentiation of neu- 
romuscular synapses (18). Addition of W A  
to retinotectal cocultures (19) had no effect 
on the number or length of neurites extending 
on the SO, the number of neurites that en- 
tered the RL, or the extent to which retinal 
neurites formed rudimentary arbors within the 
RL (Fig. 2, D and E). However, W A  inhib- 
ited the extension of retinal neurites into the 
RL, resulting in an increased number of neu- 
rites terminating in SGFS laminae A to C and 
a decreased number terminating in laminae D 
to F (Figs. 1E and 2F). Thus, W A  and N- 
cadherin mAb both inhibited the invasion of 
RL by retinal neurites, but only the latter 
decreased secondary branching and permitted 
growth beyond the RL. These results suggest 

Fig. 3. Determinants of laminar selec- 
tivity ~n optic tectum in vivo. (A to F) 
Sections from tecta that had been in- 
jected with control cells (A to C), hybrid- 
omas producing N-cadherin mAb (D), 
fibroblasts producing recombinant 
BDNF (4, or VVA (F). Retinal axons 
were then stained with antibodies to 
neurofilaments (A) or by anterograde 
transoort after intraocular iniection of dil 
(B to'F). Both methods reveal the re- 
striction of retinal axons to the RL. 
Scale bars, 50 pm [(A) and (B)], 45 ~m 
(C to F). (G) Fraction of tecta subjected 
to each treatment in which the density 
of retinal arbors in SGFS laminae D to F 

that WARs and N-cadherin affect different 
aspects of laminar targeting. 

In addition to cell surface-associated 
molecules, soluble growth factors, most no- 
tably the neurotrophins, have been impli- 
cated in regulating terminal arborization (8, 
9). The neurotrophins brain-derived neuro- 
trophic factor (BDNF) and neurotrophin-3 
(NT-3) are present in embryonic retina and 
tectum, and both promote the survival and 
differentiation of retinal ganglion cells (9, 
20, 21). In cocultures, BDNF had no de- 
tectable effect on the number or length of 
neurites that extended along the SO (Fig. 
2G), but it increased the number of neurites 
that entered the RL (Fig. 2J) as well as the 
fraction of those neurites that formed rudi- 
mentary arbors (Figs. 1F and 2H). NT-3 
and NT-4 were as effective as BDNF, 
whereas nerve growth factor (NGF) was 
ineffective (Fig. 2, H and J). This pattern of 
efficacy is consistent with reports that reti- 
nal ganglion cells express receptors for 
BDNF, NT-3, and NT-4, but not for NGF 
(20). Thus, neurotrophins promote ar- 
borization in the chick, as shown previously 
in other species (9). However, neither the 
selectivity of initial neurite outgrowth on 
the SO (Fig. IF) nor the laminar distribu- 
tion of terminals within the RL (Fig. 21) 
was affected bv neurotro~hins. These results 
suggest that neurotrophins and cell surface 
factors collaborate to shape retinal arbors in 
the tectum, predominantly affecting their 
size and position, respectively. 

Finally, we exploited the accessibility of 

AIB 

C 

was significantly less than that in laminae A to C. 
Open bars, tecta analyzed by tmmunostaining; solid 
bars, tectaanalyzed by dil staining. Numbers of tecta 3 ,, 
in each group are indicated within the bars. (H) 
Growth of retinal neurites beyond the RL, assessed 
in dil-labeled preparations. Bars show the mean 
number -c SEM of "escaped" axons counted per rrJIb m 
330-pm-wide field. (I) Density of retinal neurites in the RLof control and BDNF-treated tecta, determined from 
neurofilament antibody-stained sections (25). Values represent means 2 SEM of 87 fields from five control 
embryos and 121 fields from 10 BDNF-treated embryos. N-cadherin mAb restricts most retinal axons to the 
upper portion of the RL (D) and permits extension of some axons past the RL (H). VVA decreases penetration 
of axons into the RL but does not provoke overgrowth (EJ. BDNF has no effect on laminar selectivity (F) but 
enhances arborization within the RL (I). Differences between means in (H) and (I) (600°/0 and 4396, respectively) 
are significant at P < 0.001 by Student's t test. 

the chick embryo to test the roles of N- 
cadherin, VVARs, and BDNF on laminar 
specificity in vivo. N-cadherin was blocked 
by injection of N-cadherin mAb-secreting 
hybridoma cells into the tectal ventricle, 
VVARs were blocked by purified W A ,  and 
BDNF was supplied by injection of trans- 
fected fibroblasts (22). Controls included 
hybridoma cells producing N-CAM or L1 
mAbs and untransfected fibroblasts. Tecta 
were injected before El 1, when retinal ax- 
ons had extended into the SO but had not 
yet invaded deeper laminae (5). Embryos 
were then collected at E14, after retinal 
arbors had formed within the RL. In some 
embryos, retinal axons were labeled with an 
antibody to the 200-kD neurofilament sub- 
unit, which is selectively associated with 
retinal axons within the superficial tectum 
(7, 23). In other embryos, retinal axons 
were anterogradely labeled by intraocular 
injection of the lipophilic dye, diI (24). 

Similar results were obtained with both 
labels. In control tecta, SGFS laminae B and 
D to F were densely populated by retinal 
arbors, but none penetrated into lamina G 
(Fig. 3, A to C and G). Application of N- 
cadherin mAb or W A  inhibited invasion of 
the deeper portion of the RL by retinal axons, 
restricting retinal arbors to the superficial por- 
tion of the zone they normally occupied (Fig. 
3, D and E). In addition, N-cadherin mAb, 
but not W A ,  permitted the extension of 
some retinal axons past their normal bound- 
ary and into lamina G (Fig. 3H). In contrast, 
BDNF increased the density of retinal arbors 
within the RL without detectably affecting 
their laminar distribution (Fig. 3, F and I) 
(25). These effects are similar to those seen 
with fixed tectal sections in cocultures, indi- 
cating that they are not indirect consequences 
of poor tectal health. Likewise, this similarity 
argues against the possibility that effects ob- 
served in vitro are physiologically irrelevant. 

Our results suggest that retinal arbors are 
shaped by a series of discrete cues. W A R s  
are present on numerous cell surfaces with- 
in the RL, become localized to the RL 
before retinal axons invade, and remain 
lamina-specific even in enucleated tecta 
(7). These glycoconjugates may serve as 
laminar markers that promote arborization 
in the RL; when they are blocked, retinal 
axons fail to enter or arborize in the RL. 
N-cadherin becomes concentrated in syn- 
aptic clefts once arbors form, and it remains 
diffusely distributed in enucleated tecta (7), 
which suggests that its effects may   red om- 
inate at a later stage of arborization. Inter- 
ference with N-cadherin may inhibit stabi- 
lization of newly formed contacts, leading 
to withdrawal of some arbors and extension 
of others beyond their normal laminar 
boundaries. Finally, activity-dependent re- 
lease of neurotrophins (26) from tectal tar- 
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gets may provide a means of regulating the 
size of arbors without affecting their laminar 
specificity, thereby providing independent 
control over quantitative and qualitative 
aspects of connectivity. Because cadherins 
(10, 11), VVARs (27), and neurotrophins 
(8, 26) are all expressed in numerous lam­
inated portions of the vertebrate brain, mo­
lecular mechanisms elucidated in tectum 
may regulate connectivity elsewhere as 
well. 
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spring, juvenile crabs settle near shore in late 
spring and early summer. Reproduction is 
delayed until crabs reach about 100-mm car­
apace width (about 2 to 3 years of age). 
Adults reproduce once per year and may do 
so repeatedly. Fecundity declines with age 
and is related to molting, with molting prob­
ability dropping precipitously at older ages. 
Male and female survivorship declines with 
age. Males become legally vulnerable to har­
vest at 159-mm carapace width (about 4 
years of age). Dungeness crab juveniles are 
cannibalized by adults and other juveniles. 

Data for this study consist of yearly catch 
records of males (in kilograms), spanning 42 
years (1951 to 1992), at eight locations 
from California, Oregon, and Washington 
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Ecologists have fiercely debated for many decades whether populations are self-reg­
ulated by density-dependent biological mechanisms or are controlled by exogenous 
environmental forces. Here, a stochastic mechanistic model is used to show that the 
interaction of these two forces can explain observed large fluctuations in Dungeness crab 
(Cancer magister) numbers. Relatively small environmental perturbations interact with 
realistic nonlinear (density dependent) biological mechanisms, to produce dynamics that 
are similar to observations. This finding has implications throughout population biology, 
suggesting both that the study of deterministic density-dependent models is highly 
problematic and that stochastic models must include biologically relevant nonlinear 
mechanisms. 
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