
also support findings from a recent study 
that adopted a d~fferent approach and was 
conducted at a very different scale, yet 
also concluded that the prospects for in- 
dicator taxa are poor (28). Furthermore, 
conservation areas identified by means of 
traditional prioritization criteria [richness 
hotspots and coldspots and areas contain- 
ing rare taxa (2 1 )]  are unlikely to be useful 
surrogates for representative complemen- 
tary conservation networks. This lack of 
coincidence between taxa, hierarchical lev- 
els, and traditional criteria for priority con- 
servation areas implies that all available spe- 
cies-based information should be incorporat- 
ed into regional conservation assessments 
(6). L/loreover, these results underscore the 
value of sound species-related distribution 
data for conser\~ation planning and empha- 
size the necessity for survey research In con- 
servation biology (29). 
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Competition in Retinogeniculate Patterning 
Driven by Spontaneous Activity 

Anna A. Penn," Patricio A. Riquelme, Marla 6. Feller,? 
Carla J. Shatz 

When contacts are first forming in the developing nervous system, many neurons gen- 
erate spontaneous activity that has been hypothesized to shape appropriately patterned 
connections. In Mustela putorius furo, monocular intraocular blockade of spontaneous 
retinal waves of action potentials by cholinergic agents altered the subsequent eye- 
specific lamination pattern of the lateral geniculate nucleus (LGN). The projection from 
the active retina was greatly expanded into territory normally belonging to the other eye, 
and the projection from the inactive retina was substantially reduced. Thus, interocular 
competition driven by endogenous retinal activity determines the pattern of eye-specific 
connections from retina to LGN, demonstrating that spontaneous activity can produce 
highly stereotyped patterns of connections before the onset of visual experience. 

T h e  circuitry of the adult nervous system 
emerges from diffuse sets of early connections 
(1). Although molecular cues guide initial 
axonal projections, activity-dependent com- 
petition IS thought to sculpt precise connec- 
tions (1-3). Activity-dependent competition 
driven by visual input from each eye shapes 
the ocular dominance columns of the visual 
cortex (3). Likewise, activity-dependent 
competition between motor neurons shapes 
connections at the neuromuscular junction 
(4). Yet precise connections can form in the 
central nervous system before there IS any 
external sensory input ( 1, 5). Because many 
of these connections are highly stereotyped, 
it is generally thought that they are estab- 
lished in response to molecular cues, rather 
than by activity-dependent mechanisms (1 ). 
However, endogenous neural act~vity could 
pattern these connections through a compet- 
itive mechanism. 

In the mam~nalian visual svstem, retinal 
gangl~on cell inputs from each' eye, initially 
intermixed within the lateral eeniculate nu- " 

cleus (LGN), become segregated dur~ng de- 
velooment before vision (6-9). Correlated 
bursts of spontaneous action potentials sweep 
in "nraves" across the retina and are transmlt- 
ted to the postsynaptic neurons In the LGN 
during this segregation (10-1 2). Segregation 

Howard Hughes Med~cal lnst~tute and Department of 
Molecular and Cell Biology, Un~versity of Californ~a, 

of eye-specific layers is dependent on neu- 
ral activity. When all action potentials in 
the LGN are blocked by tetrodotoxin 
(TTX),  layers fail to form (13).  T o  directly 
investigate the role of activity-dependent 
competition between the inputs from the 
two eyes in the formation of eye-specif~c 
LGN lavers, are analvsed the effects of a 
prolonged and selective blockade of the 
retinal waves In ferret k ~ t s   m mu stela puto- 
rius furo). 

Synaptic activation of neuronal nicotinic 
receptors (nAChR) on ganglion cells is nec- 
essary for the generation and propagation of 
retinal waves (10). Fluorescence imaglng ex- 
periments (14) were used to monitor large 
numbers of retinal ganglion cells simulta- 
neously during bath applicat~on of cholin- 
ergic agents to determine which compounds 
~vould block the retinal waves and therefore 
be potentially useful for in vivo intraocular 
application. Periodic increases in intracellu- 
lar calc~um concentration {[CaZ'],}, nrhich 
are 'xnoarn to be associated with cholinereic 

u 

synaptlc currents measured In ganglion cells 
( I @ ) ,  are also correlated arith bursts of actloll 
potentials recorded from ganglion cells (Fig. 
1A). Most action ootential bursts occurred 
simultaneously ~71th changes In fluorescence 
associated with waves propagating through 
the surrounding tissue [96%; n, = 44 of 46 
bursts recorded in nine cells from five retinas; 
animals' ages ranged from birth (PO) to post- 

Ber~eey ,  CA 94720, USA. natal day 9 (P9)I. 
'To whom correspondence should be addressed at 221 Both 10 FM nicotine and 100 p,M curare 
L~fe Sciences Addton,  Universty of California, B e f ~ e e y  can block periodic increases in [caZL], 
CA 94720, USA. E-mall: apenn@uc11nk2.berkeley.edu 
?Present address Natona lnsttutes of Health, 36 Con- (lL?)l Out these agents are (I0)  
vent Drive, MSC-4152, Bethesda MD 20892 USA. 15) and thus are poor cand~dates for intraoc- 
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ular application and maintained blockade. 
The nAChRs involved are insensitive to 200 
nM a-b~~ngarotoxin, which suggests that 
nAChRs containing the a7 subunit are un- 
likely to underlie retinal wave propagation 
(10, 15). Adult rabbit retinal ganglion cells 
are also insensitive to this drug (16). \Ye 
tested conotoxins known to affect the other 
nAChR subunits (a3,  a4, P2, and P4) (17, 
18) that are transcribed in the developing rat 
retina (19). a-Conotoxin MI1 (1  pM),  
which blocks a3P2 expressed in oocytes and 
synaptosomes (18), produced a complete, re- 
versible block of the waves (Fig. 1B). At  
lower conceqtrations (20 nM and 200 nM),  
a-conotoxin MI1 decreased the amplitude of 
the fluorescence changes (n  = 6) or pro- 
duced a complete but short-term blockade 
(<i min, 17 = 3) (20, 21). a-Conotoxin 
AulB (5 pM),  which blocks a3P4 in oocytes 
(17), did not block waves (Fig. 1B). A re- 
cornbinant form of K- (neuronal) bungaro- 
toxin (22), a subtype that causes prolonged, 
complete blockade of a3-containing recep- 
tors in the presence of nicot~ne and blocks 
adult retinal ganglion cell responses to nico- 
tine (15, 16), substantially decreased the am- 
plit~lde of the flucirescence changes due to 
the waves (Fig. 1C) or prod~~ced a complete 
blockade followed by partial recovery with 
d r ~ g  washout. Thus, cholinerg~c synaptic 
transmission 1,ia neuronal nAChRs, most 
likely containing the a3P2 subunits, 1s re- 
q ~ ~ i r e d  for retinal waves. 

Neither a-conotoxin IMII nor K-bungaro- 
toxin is optimal for use 111 vivo because of 
rapid reversibility (MII) or partial blockade at 
lower concentrations (K-bungarotoxin). O n  
the other hand, (+)-epibatidine, a potent 
agonist (23) that binds to nAChRs on adult 
ganglion cells with extremely high affin~ty 
(24), blocks the per~odic [Ca2--1, increases at 
1 nM concentratloll (Fig. ID) through recep- 
tor desensitizat~on (25). Even after a 1-hour 
rinse after 1 nM (+)-ep~bat~dine application, 
recovery a7as only partial. No recovery oc- 
curred with concentrations 2 1 0  nM (n  = 2). 
Application of epibatidine (5 to 10 nM) 
resulted in a complete blockade of spikes 
when ~nd~vidual  neurons in the ganglion cell 
layer were recorded, confirming that the 
blockade of retinal waves, as imaged with 
calcium-sensitive dyes, corresponds to a 
blockade of ganglion cell firing (Fig. 1E) 
(14). The blockade of action potentials was 
follo\ved either by a washout (17 = 1) or a 
detnonstration of the neuron's continued 
ability to spike in response to a depolarizing 
current injection (n = 5). Finally, the 
nAChR antagonist nereistoxin (NTX), 
which was prev~ously reported to block 
nAChRs reversibly in the chick retina (26), 
blocked retinal n7aves (Fig. IF). This block- 
ade, which was due to chemical reduction of 
the receptor, was reversible by addition of the 

nonselective oxidizing agent dithiobis(nitro- 
benzoic acid) (DTNB) (26). The prolonged 
blockades provided by these two agents indi- 
cate that they are excellent candidates for 
intraocular injections. 

Evibatidine was iniected monocularlv in 
ferret kits every 48 hours during the first nine 
postnatal days (PC to P9) (27), when retinal 
ganglion cell axons segregate into eye-specif- 
ic layers in the LGN (7). Agents were inject- 
ed along with latex microspheres that had 
been soaked in the same concentration of 
drug (28) to provide prolonged release (29). 
To  verify that enibat~dine retains its abilitv to 
block aaves after prolonged 111 v ~ v o  trhat- 
ment, the vltreous humor from treated retlnas 
was removed and applied to a fresh retina in 
vitro. Incubatine a fura-2AM-loaded retina 

u 

with the conditioned vitreous humor from 
neonatal ferrets that received an intraoc~llar 
injection of epibatidine 48 hoclrs previously 
or that had a fill1 course of injections every 48 
hours from PO to P9 consistently and revers- 
ibly blocked the retinal waves (Fig. 1G). 
Thus, epibatidine applied with microspheres 
provides a continuous blockade of retinal 
ganglion cell activity In vivo. 

To  examine the consequence of pro- 

longed monocular retinal blockade on the 
segregation of retinal ganglion cell axons 
nrithin the LGN, at the conclusion of the 
period of blockade, the axons in the treated 
and the untreated eye were anterogradely 
labeled by intraocular injection of two differ- 
ent tracers {either horseradish peroxidase 
(HRP)-conjugated lectin from Triticum z'til- 

gmis [wheat germ agglutinin (WGA)-HRP] 
or [3H]le~~cine (6, 27)). The segregation of 
eye inputs from an initially intermixed state 
(Fig. 2A, P1) occurred normally between PO 
and P9 in animals receiving repeated mon- 
ocular control injections of saline vehicle 
(Fig. 2B) (7). The projection from the un- 
treated eye to the contralateral LGN sorted 
into layers A and C, whereas that from the 
~lntreated eye to the ipsilateral LGN sorted 
into layer A1 (Fig. 2B). [The contralateral 
projection exclusively occupied a large mon- 
ocular region of the LGN as well (Fig. 2B, 
arroa~heads).] The projection from the saline- 
treated eye had a normal complementary pat- 
tern (Figs. 2B and 3A). 

In contrast, the pattern of ocular inputs 
after monocular cholinergic blockade was 
substantially altered (Fig. 2, C through E). 
After ~nonocular injections of epibat~dine be- 

Fig. 1. N~cotnlc agents block A 
spontaneous retinal waves in 
vitro. (A) Extracellularly re- 2 s 

corded bursts of actlon DO- 

tentias (upper trace) are con- 
cldent with s~ontaneous retl- 

*~rrrz*l Epibatidine 

Rinse 

na waves simultaneously 
I 

measured wlth fura-2AM fluo- 
v 4- 

AFIF=B% 
20 m v  L E 

rescence imaging (1FIF aver- I rnin 

aged over an area of tissue 50 
k0 m v k S  

by 50 I*rn2, lower trace) In the B cyr*.yl~"ym Control 

ganglion cell layer. The arrow 
LU control 

indicates a burst shown on an mr*lrurmc*l 0-conotoxin.MIl Eplbatidine 
I O m V L  

expanded tlme scale (upper I min 

trace). (B) Bath appcaton of v y  Rinse 

a-conotoxin MI1 (1 FM) re- 
verslby blocks fluorescence 
changes associated with COntrO' 

C/YYL 
N**UL*WCI NTX 

waves (n = 3). a-conotoxin Y Y F r ' ~ , p  U- conotoxln~Au1 B 

Aul B (5 pM) does not block r y m  DTNB 
the fluorescence changes (n 
= 3). (C) Recombinant K-bun- 
garotoxin (7 $ 4  45-min ncu- v G 
bation) gives parilal but pro- m 
longed blockade of waves (n P KBTX Conditioned 

= 3) or complete blockade (n vitreous 

= 1 ; not shown in figure). (D) - Rinse 

Blockade of waves occurs 1- Rinse 

wlth bath applcatlon of epbatdlne (1 n M :  n = 3). (E) Eplbatdine appca- 
ton (5 to 10 nM) abolishes acton potenta bursts recorded from ganglon AF/F=55b 

cells (n = 5 cells, whole-cell current clamp recordngs, shown; n = 3 cells. L 
I rnin 

extracellular recordngs). Action potentials could be evoked by current 
~njectlon durng blockade (not shown In flgure). (F) NTX (1 pM, shown, n = 2; 100 pM, n = 2) bocks waves 
and requrres channel reoxidaton for pariial recovery (lower trace In ACSF after a 10-mn applcation of 1 mM 
DTNB). (G) Vtreous humor from an eye treated wth epbatldine injections every 48 hours for 9 days in vlvo 
blocks waves in a fresh retina loaded wth fura-2AM (48 hours after Injection, n = 3: injections made from PO 
to P9, n = 2). All control traces were made In oxygenated ACSF (14), drugs were applled In oxygenated ACSF. 
and rnse traces were made after 60 mn In ACSF after drug applcaton. Scale bar below (G) apples to (B) 
through (D), (F),  and (G). 
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tween PO and P9, the projection from the 
untreated eve to the contralateral LGN (Fie. . - 
2C) occupied the entire nucleus, with no gap 
where laver A1 from the other eve should 
have forked. [The small gap in &e projec- 
tion near the o ~ t i c  tract. Dresent in both . . 
saline- and toxin-treated animals, contained 
a nonretinal projection (30).] The untreated 
eye's projection to the ipsilateral LGN occu- 
pied almost half of the LGN (Fig. 2, C and D, 
and Fig. 3) rather than refining into layer A1 
(which normally occupies about 20% of the 
LGN at P9). This expansion of territory oc- 
curred primarily within the binocular region 
of the LGN. where com~etitive interactions 
between the two eyes would be expected. 
There was only modest expansion (Fig. 2C, 
yellow) into the portion of the LGN receiv- 
ing exclusively monocular input from the 
other eye (Fig. 2C, arrowheads) (7,31). 

In all cases, the large increase in the pro- 
jection from the untreated eye after epibati- 
dine injections was complemented b y a  sub- 
stantial decrease in the projection from the 
treated eye (Fig. 2C). The ipsilateral projec- 
tion from the treated eye was entirely missing 
(in 5 of 13 cases) or barely detectable (in 8 of 
13 cases) (32). The contralateral projection 
from the treated eye was absent in the nor- 
mally binocular region of the LGN (in 9 of 
13 cases). However, the treated eye's projec- 
tion was always present in the monocularly 
innervated segment of the LGN (Fig. 2C, 
arrowheads). This segment receives axons 
from the far nasal retina of the contralateral 
eye only, and no eye-specific layers ever form 
in this region. Its presence even after block- 
ade indicates that ganglion cells in the treat- 
ed eye had not merely been damaged or 
killed, and further demonstrates that retino- 
topic (as opposed to eye-specific) targeting 
rules are still being obeyed even though ret- 
inal activitv has been blocked (1 ). In some . , 
cases (4 of 13 cases), the contralateral pro- 
jection from the treated eye did not withdraw 
fully from the LGN's binocular region; in- 
stead, the remaining fibers were scattered 
throLigh this region, overlapping with the 
active eye's expanded projection (Fig. 2D) 
(33). The pattern of projections was the same 
regardless of which eye (treated or untreated) 
received which tracer (WGA-HRP or 
[3H]leucine). Similar results were obtained 
with monocular injections of NTX from PO 
to P9 (Fig. 2E). (See www.sciencemag.org/ 
feature/data1975212.shl for results with , . 
K-bungarotoxin.) Quantification of these ob- 
servations (Fig. 3) (34) underscores the large 
increase in the size of the untreated eye's 
projection at the expense of that from the 
treated eye. 

The changes in the eye-specific pattern- 
ing consequent to monocular blockade with 
epibatidine or NTX cannot result simply by 
"freezing" axons from the treated eye in an 

earlier immature pattern (compare Fig. 2A 
and Fig. 2, C through E). At PI, the ipsilat- 
eral projection occupies about 40% of the 
LGN area and the contralateral projection 
occupies 100% (Fig. 2A). However, after 
monocular cholinergic blockade, the ipsilat- 
eral projection from the treated eye occupies 
only about 2% of the LGN, whereas that 
from the untreated eye occupies approxi- 
mately 50% of the total area. Consequently, 
axons from the treated eve must activelv 
retract from territories that they had occu- 
pied at P1, and the ipsilateral projection from 
the untreated eye must expand. In contrast, 
when epibatidine was injected binocularly, 
the projections from both treated eyes ex- 
panded to fill the binocular portion of the 
LGN (Figs. 2F and 3), which is similar to the 
effects of intracranial infusion of TTX (1 3). . . 
Our results support a requirement for inter- 
ocular activity-dependent competition in the 

Fig. 2. lntraocular cholinergic block- 
ade of retinal waves disrupts eye- 
specific layer formation in the LGN. 
Retinogeniculate projections from the 
right eye were labeled by anterograde 
transport of fH]leucine (green). Pro- 
jections from the left eye were labeled 
by anterograde transport of WGA- 
HRP (red). Yellow indicates the over- 

formation of the eye-specific layers, because 
the pro~ection from the active eye has ex- 
panded at the expense of that from the inac- 
tive eye after an imposed imbalance in retinal 
activity, whereas a bilateral blockade of reti- 
nal activity results in a equal expansion of 
both projections. 

The altered pattern of the retinogenicu- 
late projection after monocular cholinergic 
blockade is not due to retinal damage or 
other nonspecific effects of the drug treat- 
ments (Fig. 4). All retinas removed from 
ferrets after 9 days of intraocular epibatidine 
injections recovered from blockade and sus- 
tained normal waves when imaged (Fig. 4A) 
(35). In treated retinas, no mechanical dam- 
age was observed and overall cell density 
appeared normal (Fig. 4B) (36). Compound 
action potentials from the optic tract mea- 
sured after stimulation of the treated optic 
nerve were unaffected by epibatidine (Fig. 

lap between the projections. (A) PI I f i  E 
ferret LGN shows initial overlap in 
projections from the two eyes. (B) 
Normal pattem of eye-specific layers 
at P9 in the LGN of animals receiving 
monocular saline injections between 
PO and P9 (n = 8 animals treated with 
saline alone; n = 8 animals treated 
with saline plus microspheres). Pro- 
jections from the saline-treated eye 
(red) are segregated into layers A and 
C on the contralateral side (left) and 
into layer A1 on the ipsilateral side 
(right). Projections from the untreated 
eye (green) have the complementary 
pattem. Arrowheads denote the 
monocular region. (C and D) Monoc- 
ular epibatidine injections alter the ret- 
inal projection pattem (n = 4 animals 
treated with epibatidine; n = 9 mi- 
mals treated with epibatidine plus mi- 
crospheres). Projections from the un- 
treated eye (green) fill the entire con- 
tralateral LGN fleft), and the ~roiection 
expands considerably in the ipsilateral LGN (right). Projections from the epibatidine-treated eye (red) have 
withdrawn from the contralateral LGN (right) and are missing entirely from the ipsilateral LGN (left). There is an 
asymmetry in the effect of epibatidine treatment in that the projection to the monocular region of the LGN 
contralateral to the treated eye (arrowheads) is maintained, as is expected because there are normally no 
layers here. (C) The most common projection pattem seen after monocular epibatidine treatment (9 of 13 
cases). (D) In 4 of 13 cases (see text), projection from the epibatidine-treated eye to the contralateral LGN 
did not withdraw completely, causing a larger area of overlap between the two eyes' projections [yellow; 
compare (C) and (D)] (33). (E) Monocular injections of NTX reveal a similar disruption of LGN layer 
segregation (n = 2 animals). (F) Binocular injections of epibatidine (n = 6 animals) cause expansion of 
projections from both eyes, resulting in extensive overlap (yellow). In all panels, the plane of section is 
horizontal (at the mid-level of the LGN). Adjacent sections processed for 3H or HRP labeling were 
superimposed to create a composite pseudocolor image. Medial is toward the midline of each panel; 
rostra1 is toward the top of the page. Scale bar = 500 km for 3H-labeled sections and 400 km for 
HRP-labeled sections. The methods used are described in (27, 28). 
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4C; compare upper and lower traces) (37). 
Moreover, the expansion of axonal territories 
after binocular injections of epibatidine (Figs. 
2F and 3) indicates that the treatment itself 
does not retard the growth of retinal axons. 
Another concern is that even though the - 
cholinergic drugs were injected intraocularly, 
sufficient auantities could have s~read be- 
yond the retina to cause a central effect. 
However, injection of epibatidine plus mi- 
crospheres directly into the lateral ventricle 
from PO to P9 (Fig. 4D) (38) did not alter 

eye-specific lamination in the LGN (Figs. 3 
and 4D; compare to Fig. 2B). Although 
changes in receptive field properties and den- 
dritric morphology after cholinergic blockade 
are seen in turtle retina (39), and retinal 
activity may be necessary for ganglion cell 
survival in vitro (40), our experimental treat- 
ments over the 9-dav ~er iod used here did 
not affect the physioiogical function of the 
ganglion cells or their axons, nor did they 
exert their effects directly on nAChRs in the 
LGN (19, 41). 

Fig. 3. Percentage of the Binocular Ventrlcuhr 
LGN occupied by the Saline EPI NTX EPI EPI * * * 
retinal projections after 
injections. Solid bars, gz so 
area occupied by projec- g ,g 
tions from either eye to 1 9 601 
the contralateral LGN; 2 no1 
open bars, area occu- g g 
pied by projections from E "1 
either eye to the ipsilater- 
al LGN. Results are eye eve eye eve 

bq'reated ireated Urlreated Treated Unl.ea*o -mated Trlated Ur'reatec Treated 
eve eve eves s 3e i l le 

shown for monocular sa- 
line injections (n = 11 animals), monocular injections of epibatidine (n = 10 animals) or NTX (n = 2 
animals), binocular injections of epibatidine (n = 6 animals), and ventricular injections of epibatidine (38) 
(n = 3 animals; also see Fig. 4D). Statistically significant changes (P < 0.001, compared with the 
corresponding saline-treated projection) are indicated by an asterisk; see also (33). Error bars indicate 
the standard deviation of the mean. The methods used are described in (34). 

Fig. 4. Eye injections do A 
not damage the retina or Saline 

B 
Saline Eoibatidine 

act systemically. (A) 
Washout of drug after 9 
days of epibatidine treat- 
ment restores retinal Epibatidine 
waves as assessed in 
vitro by fluorescence 
changes (35). Top trace, 
retina treated with saline 
plus microspheres; bot- 
tom trace, other retina Saline D 
from the same animal 
treated with epibatidine 
plus microspheres (vitre- !- 
ous humor from this eye I '  
blocked retinal waves: 
see Fig. 1 G). (B) Cell den- 

4 
sitles are unchanged in Epibatidine 
retinas from ferrets mo- 
nocularly injected with ei- 
ther saline plus micro- 
spheres (left, n = 3) or .IF; 4 
epibatidine plus micro- 
spheres (right, n = 3). 
Nuclear staining was done with bisbenzimide; the central nasal retina 
is shown. Scale bar = 500 pm. (C) Similar compound action poten- 
tials (large arrow) are seen in optic tract recordings in vftro in response 
to electrical stimulation (small arrow; 130 mA, 200 rns) of contralateral 
optic nerves from a ferret with one eye treated with saline (upper trace) 
and the other w.th epibatidine (lower trace) from PO to P9. (D) Reti- 
nogeniculate projection is not altered by epibatidine plus micro- 
spheres injected directly into the right lateral ventricle from PO to P9 (38). Single top panel: fluorescent 
microspheres (labeled with fluoresce~n isothiocyanate) in the choroid plexus and ventricular space. Bottom 
four panels: ret~nal projections from each eye segregate into eye-specific layers. Top pair of panels: left eye 
injected with pH]leucine (silver grains appear white in dark-field optics). Lower pair of panels: right eye 
injected with WGA-HRP (the transported label is black in bright-field optics). Scale bar = 500 pm for 
"H-labeled sections, 400 pm for HRP-labeled sections, and 100 pm for the ventricle. 

By creating an imbalance in activity be- 
tween the two eyes by monocular blockade, 
we demonstrated that the balance of active 
inputs from each eye, rather than overall 
levels .of activity, determines the patterning 
of retinogeniculate projections from the two 
eyes. Previous studies in which one eye was 
removed early in development (42) suggested 
a requirement for competitive interactions 
but could not determine whether the com- 
petitive mechanism was activity dependent. 
Conversely, studies in which all activity was 
blocked by intracranial infusion of TTX (1 3), 
or retinogeniculate transmission was disrupt- 
ed by application of N-methyl-D-aspartate 
receptor antagonists (43), demonstrated a re- 
quirement for neural activity in the forma- 
tion of retinogeniculate connections but 
could not determine whether competition 
between the inputs from the two eyes was 
involved. Likewise, studies in which retinal 
activity was blocked intraocularly during lat- 
er periods in the development of the LGN 
did not address the role of competitive in- 
terocular interactions, because segregation at 
later times occurs between the "on" and "off" 
ganglion cell axons from a single retina, all of 
which had been silenced (44). Our experi- 
ments define the role of activity and compe- 
tition. They further demonstrate a direct in- 
volvement of the spontaneous retinal waves 
in this process. 

The results of our study extend our un- 
derstanding of the extent to which neural 
activity does, and does not, contribute to the 
final patterning of connections between ret- 
ina and LGN during development. We ob- 
served that the effects of blocking retinal 
activity in one eye or in both eyes were 
confined predominantly to the binocular re- 
gion of the LGN; axons from the ipsilateral 
eye did not expand substantially into the 
monocular crescent, even though this region 
contains only the silenced axons from the 
contralateral eye (Fig. 2). This observation is 
consistent with the idea that topographic 
patterning cues used to set up initial coarse 
retinotopic maps in the two eyes are likely to 
be activity independent, as has been report- 
ed in other regions of the developing visual 
system (l,45). The results also argue against 
another possibility-that strict eye- or layer- 
specific molecular cues are present but their 
expression is activity dependent. If this were 
the case, in the monocular blockade experi- 
ment the active eye's inputs should have 
segregated into layers and the inactive eye's 
inputs should have expanded, but the pat- 
tern seen is just the opposite. Thus, although 
molecular cues and gradients are likely to be 
found within the LGN, our experiments em- 
phasize the great extent -to which even the 
earliest patterns of eye-specific connections 
are shaped by activity-dependent competi- 
tion driven by spontaneous retinal waves. 
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