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ABSTRACT Neural connections in the adult central ner-
vous system are highly precise. In the visual system, retinal
ganglion cells send their axons to target neurons in the lateral
geniculate nucleus (LGN) in such a way that axons originating
from the two eyes terminate in adjacent but nonoverlapping
eye-specific layers. During development, however, inputs from
the two eyes are intermixed, and the adult pattern emerges
gradually as axons from the two eyes sort out to form the
layers. Experiments indicate that the sorting-out process, even
though it occurs in utero in higher mammals and always before
vision, requires retinal ganglion cell signaling; blocking ret-
inal ganglion cell action potentials with tetrodotoxin prevents
the formation of the layers. These action potentials are
endogenously generated by the ganglion cells, which fire
spontaneously and synchronously with each other, generating
"waves" of activity that travel across the retina. Calcium
imaging of the retina shows that the ganglion cells undergo
correlated calcium bursting to generate the waves and that
amacrine cells also participate in the correlated activity
patterns. Physiological recordings from LGN neurons in vitro
indicate that the quasiperiodic activity generated by the
retinal ganglion cells is transmitted across the synapse be-
tween ganglion cells to drive target LGN neurons. These
observations suggest that (i) a neural circuit within the
immature retina is responsible for generating specific spatio-
temporal patterns of neural activity; (ii) spontaneous activity
generated in the retina is propagated across central synapses;
and (iii) even before the photoreceptors are present, nerve cell
function is essential for correct wiring of the visual system
during early development. Since spontaneously generated
activity is known to be present elsewhere in the developing
CNS, this process of activity-dependent wiring could be used
throughout the nervous system to help refine early sets of
neural connections into their highly precise adult patterns.

The formation of precise connectivity is generally thought to
involve two distinct sets of mechanisms: those that require
neuronal activity and those that are activity independent
(reviewed in ref. 1). Many studies in both vertebrates and
invertebrates suggest that the early events of axon outgrowth,
pathfinding, and target selection are relatively accurate and do
not require action potentials and synaptic transmission. These
studies have shown that axon growth cones can select correct
pathways and targets by responding to a variety of specific
molecular cues laid out on cell surfaces, in the extracellular
matrix, or even diffusing from distant sources. Once axons
invade their targets, however, the initial connections they
make with individual target neurons frequently are not accu-
rate. Rather, the process of forming the adult precision of
connectivity involves the correction of many initial errors; this
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process of error correction almost always requires neural
activity.

Here, I wish to consider how neural activity contributes to
the emergence of the adult pattern of precise connectivity in
the mammalian visual system. In the adult visual system,
information about the world is sent from the eye to more
central visual structures via the output neurons of the retina,
the ganglion cells (2). Axons of the retinal ganglion cells
project to several visual relay structures within the brain, such
as the lateral geniculate nucleus (LGN). The connections
between ganglion cells and LGN neurons are precise and
stereotyped. One important example of this precision is that
the connections are topographically organized; neighboring
retinal ganglion cells send their axons to contact the same or
nearby target neurons within the LGN, setting up a retinotopic
map. In addition, within the LGN, retinal ganglion cell axons
from one eye are strictly segregated from those arising from
the other eye to form a series of alternating eye-specific layers.
There are several pairs of LGN layers because each pair
receives inputs from a subset of functionally distinct retinal
ganglion cells (reviewed in ref. 3).

LGN Layers Are Not Present Initially in Development

How is the segregated pattern of eye input from ganglion cells
to the LGN wired up during development? Many lines of
experiments now indicate that when connections between
retinal ganglion cells and LGN neurons first form they are not
as precise as in the adult. Intraocular injections of anterograde
tracers (4-6) or filling of individual ganglion cell axons with
horseradish peroxidase (HRP) (7) reveal that the eye-specific
layers are not present initially; ganglion cell axons from the two
eyes are intermixed with each other throughout a large portion
of the LGN (Fig. 1). With ensuing development, the layers
emerge as axons gradually remodel their branches by retracting
sidebranches from inappropriate LGN regions and growing
extensive terminal arbors within the region appropriate to
their eye of origin.
The presence of extensive intermixing of retinogeniculate

axons, followed by segregation into layers, suggests that the
process by which segregation is achieved may involve compet-
itive interactions between ganglion cell axons from the two
eyes. Such interactions might permit right- and left-eye axons
to compete for LGN neurons that themselves are not intrin-
sically different from each other with respect to eye of origin.
Some of the first evidence in favor of the idea that competitive
interactions between retinal ganglion cell axons give rise to the
eye-specific layers has come from studies in many species in
which one eye is removed during development and the pattern
of the retinogeniculate projection from the remaining eye is
examined at later developmental times or in adulthood. The

Abbreviations: LGN, lateral geniculate nucleus; TTX, tetrodotoxin;
En, embryonic day n; Pn, postnatal day n; HRP, horseradish peroxi-
dase; EPSC, excitatory postsynaptic current.
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FIG. 1. The relationship between the changes in the global pattern
of the retinogeniculate projection and the development of individual
retinogeniculate axons is summarized. Shaded areas indicate regions
within the LGN simultaneously occupied by ganglion cell axons from
the two eyes. Stick figures show the appearance of representative axons
from the ipsilateral (shorter axon) and contralateral eyes at each age,
based on their appearance by using the in vitro HRP-filling technique.
By embryonic day 63 (E63), just before birth, the eye-specific layers are
almost completely formed: axons from the contralateral eye have
terminal arbors largely restricted to LGN layer A (top layer), while
those from the ipsilateral eye are largely restricted to layer Al (middle
layer). (Modified from ref. 7.)

results are generally consistent in showing that axons from the
remaining eye are capable of occupying the entire LGN,
including territory that normally would have been innervated
by the enucleated eye (refs. 8 and 9; see ref. 10 for review and
ref. 11 for a possible exception). These observations indicate
that inputs from both eyes are necessary for segregation to
occur, and they suggest that LGN neurons themselves are not
rigidly specified with respect to the ocular identity of their
retinal innervation.

Studies, both of the mammalian visual system and elsewhere
in the central and peripheral nervous systems, suggest that the
transformation from a mixed to a segregated state occurs
during a period in which the axonal inputs destined to segre-
gate from each other are first capable of forming functioning
synaptic connections with common postsynaptic target cells
(for reviews see refs. 12-16). This evidence has generated the
current hypothesis, considered below, that segregation is
achieved via an activity-mediated competitive process requir-
ing the formation and elimination of synaptic connections.

In the developing retinogeniculate pathway, the cellular
machinery necessary to sustain activity-driven synaptic com-
petition is present. Ultrastructural examination of identified
retinogeniculate axons has demonstrated directly that ganglion
cell axons from each eye form many synapses, both in territory
ultimately destined to become innervated by that eye and also
in the territory that will come to belong to the other eye (17).
Not only are synapses present during the fetal period, but they
are also capable of functional transmission (ref. 18; see also
below). By electrically stimulating the optic nerves and re-
cording from LGN neurons with extracellular microelectrodes
in vitro, we found that even before the onset of segregation
there is functional synaptic transmission. Moreover, during the
period of extensive anatomical intermixing (E40-E59 in cat),
about 90% of the LGN neurons studied physiologically re-
ceived convergent excitatory inputs from stimulation of both
optic nerves. In contrast, in the adult, the vast majority of LGN
neurons receive excitatory input from only one nerve. The
most reasonable interpretation of these observations, partic-
ularly in the context of the anatomical experiments considered
above, is that prior to the completion of segregation many
LGN neurons indeed receive monosynaptic excitation from

both nerves. The emergence of the eye-specific layers is then
accompanied by a functional change in the synaptic physiology
of the retinogeniculate pathway: from binocular to monocular
excitation.

Action-Potential Activity Is Required for the Formation of
the Eye-Specific Layers

It is important to note that in every mammalian species studied
so far the eye-specific layers form during a period in which
vision is not possible: the photoreceptor outer segments are
not yet present or functional (19, 20). Therefore, unlike other
developing systems, such as the neuromuscular junction or the
primary visual cortex, in which action potentials are evoked via
use-dependent activity, here, it is necessary to postulate that
activity is present as spontaneously generated action poten-
tials. Elegant experiments by Galli and Maffei (21) indicate
that this is indeed the case. They made extracellular micro-
electrode recordings from fetal rat retinal ganglion cells in vivo
and demonstrated that ganglion cells indeed can fire sponta-
neously. The nature of this spontaneous activity and whether
it is relayed to the LGN neurons will be considered more fully
below.
There are now several excellent examples in which activity-

dependent competition is known to be required for the final
patterning of axonal connections in the vertebrate visual
system. These include the postnatal development of the system
of ocular dominance columns in layer 4 of the visual cortex (14,
22-24) and the experimentally induced formation of eye-
specific stripes in the optic tecta of frogs (25, 26) and goldfish
(27, 28). In each instance, blocking retinal ganglion cell activity
[by means of injections of tetrodotoxin (TTX), a blocker of
voltage dependent sodium channels] or blocking synaptic
transmission (by the use of glutamate receptor blockers such
as 2-amino-5-phosphonovaleric acid) prevents segregation of
eye input (reviewed in refs. 15 and 16). By analogy with these
examples, it should be possible to prevent or at least delay
retinogeniculate segregation by blocking retinogeniculate
transmission. Blockade was achieved by implanting osmotic
minipumps in utero in cat fetuses and infusing TTX intracra-
nially for the 2-week period during which the eye-specific
layers largely form (between E42 and E56; Fig. 1). Infusions of
TTX (but not vehicle) prevented the segregation of ganglion
cell axons into layers (29). Moreover, as shown in Fig. 2, the
axons were not simply stunted or arrested in their growth, but,
rather, they grew extensively and, in fact, were about 35%
larger in total linear extent than were untreated axons (30).
These observations indicate that TTX can affect the devel-

opment of two basic features of ganglion cell arbor morphol-
ogy: the shape of the axon (normally restricted to a cylindrical
terminal arbor) and its location (normally within a single
eye-specific layer). One possible explanation for how TTX has
exerted its effect is that it has acted in a nonspecific manner to
deregulate the growth state of retinal ganglion cells, a possi-
bility suggested by studies showing that action potentials can
have an inhibitory effect on axonal growth in vitro (31, 32).
However, the effect cannot be entirely nonspecific since
ganglion cell axons come to an abrupt halt at the LGN border,
indicating that they can still respond to many cues even in the
presence of TTX. In the context of all the evidence presented
above, the most reasonable explanation for the alteration in
axon arbor morphology following TTX treatment is that it has
acted to block spontaneously generated action potentials and
synaptic transmission, which in turn are required for the
formation of the normal specific patterns of axonal arboriza-
tion. It is as if, in the absence of activity, the normal elimination
of side branches fails to occur, and, instead, each sidebranch
continues to elongate to form a significant portion of the
terminal arbor. If so, then the conservative remodeling of axon
arbors seen during normal retinogeniculate development is
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FIG. 2. Examples of the terminal arborizations of retinogeniculate axons at E58 in normal animals (Upper) and in animals that received
minipump infusion of TTX between E42 and E58 (Lower). In both cases, axons were labeled by using the in vitro HRP-filling technique. In the
normal case, axons from the contralateral (Left) and ipsilateral (Right) eyes are shown, and their restricted arborization within the appropriate LGN
layer (either layer A or layer Al) is indicated (Center). With TTX treatment, axons branch extensively and indiscriminately within the LGN without
regard for (implied) laminar borders. [Reproduced with permission from ref. 30 (copyright 1988 Macmillan Magazines Limited).]

unlikely to reflect a highly prespecified intrinsic program of
axonal growth. Rather, such economical growth is more likely
due to the presence of intense competitive interactions that are
activity dependent.

The Spontaneous Firing of Neighboring Retinal Ganglion
Cells Is Correlated

How can the firing of retinal ganglion cells give rise to a
segregated pattern of eye input within the LGN? Action
potentials by themselves are not sufficient. It is the precise
temporal and spatial patterning of neural activity, in conjunc-
tion with the presence of special kinds of synapses, that are
necessary (14, 33, 34). For example, Stryker and Strickland
(35) have shown that if all of the axons in the optic nerves from
both eyes are electrically stimulated synchronously during the
postnatal period in which the ocular dominance columns
normally form in layer 4 of primary visual cortex, segregation
of the LGN axons representing the two eyes is prevented, just
as occurred with TTX. In contrast, if the two nerves are
stimulated asynchronously, such that ganglion cell axons in one

nerve never fire at the same time as those in the other nerve,
then segregation to form the columns in layer 4 proceeds. This
important experiment illustrates the fact that "cells that fire
together wire together," in the sense that the timing of action
potential activity is critical in determining which synaptic
connections between LGN neurons and layer 4 cortical neu-
rons are retained and strengthened and which are weakened
and eliminated. (Note that at the postnatal age that these
experiments were performed, retinal ganglion cell axons have
already segregated to form the eye-specific layers in the LGN
and the stimulation does not affect the LGN layers.) Similarly,
Eisele and Schmidt (36) demonstrated that strobe rearing (in
which the activity of all ganglion cells becomes correlated due
to the visual stimulus), like TTX, blocks the sharpening of the
regenerating retinotectal projection in goldfish. Although in
these particular experiments all of the ganglion cells in one eye
are experimentally made to fire simultaneously, under normal
circumstances, vision itself acts naturally to correlate the
activity of neighboring ganglion cells since they receive inputs
from the same or immediately adjacent parts of the visual
world. Thus, these required correlations are normally gener-
ated as a consequence of visual experience.
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What about earlier in development, when ganglion cell
axons segregate into the layers within the LGN but the
photoreceptors are not present? Even without vision, some-
how neighboring ganglion cells within each eye ought to fire in
near synchrony with each other, while the firing of cells in the
two eyes should be asynchronous. To search for spatiotemporal
patterns of spontaneous firing within the retina, it is necessary
to monitor simultaneously the action potential activity ofmany
ganglion cells in the developing retina during the early times
when the eye-specific layers are forming. Two recent technical
advances have made it possible to record simultaneously from
many ganglion cells in the developing retina: multielectrode
recording and optical recording. In these experiments, we
studied ferret retinas because, as in other mammalian retinas,
ferret ganglion cell axons sort to form the eye-specific layers
prior to vision (5, 37, 38). The ferret, however, has the
advantage of being born in a very immature state, almost a
month before the cat, thereby obviating the need for fetal
surgery.
By placing neonatal ferret retinas onto a special 61-electrode

array (39) in vitro, we were able to record extracellularly the
spontaneously generated action potentials from up to 100 cells
simultaneously (40, 41). In confirmation of the in vivo record-
ings of Galli and Maffei (21), each cell on the multielectrode
array fired in a very stereotyped and rhythmic pattern: high-
frequency bursts of action potentials lasting several seconds,
followed by long silent pauses lasting 0.5-2 min in duration.
The biggest surprise came when the spatiotemporal firing
patterns on the array were analyzed. First, we discovered that
almost all of the cells on the array fired action potentials within
about 5 s of each other and then paused together for up to 2
min before firing again. This observation showed that the
activity of ganglion cells is indeed correlated. Further analysis
demonstrated that the activity of neighboring cells on the array
is more highly correlated than that of distant cells. Even more
remarkable, as shown in Fig. 3, the spatial pattern of firing
resembled a wave of activity that sweeps across the retina at
about 200 ,um/s. Each "wave" is followed by a silent period
lasting up to 2 min, after which another wave is generated but
in a completely different and apparently random direction.
Finally, we found that these spontaneously generated retinal
waves are present throughout the period when eye-specific
layers form in the ferret between Pl and P21, but they then
disappear by P30, just before eye-opening and the onset of
visual function.
From an engineering standpoint, these waves seem beauti-

fully designed to provide the postulated local correlations in
the firing of nearby ganglion cells while also ensuring a
sufficient time delay so that the firing of more distant cells, also
correlated with each other, is not synchronized across the
entire retina. Such a pattern of firing could help to refine the
topographic map conveyed by ganglion cell axons to each

eye-specific layer in the LGN. Moreover, the fact that wave
direction appears to be entirely random during each successive
burst implies that ganglion cells in corresponding locations in
the two retinas are highly unlikely ever to fire synchronous-
ly-a requirement for eye-specific layers to form. Thus, even
before the onset of vision, the retina spontaneously generates
stereotyped patterns of correlated firing that are entirely
appropriate to subserve the process of activity-dependent
sorting of connections. Experiments aimed at disrupting the
waves are now needed to demonstrate that they are required
for the formation of the layers in the LGN.
These observations naturally raise the question of what

neural substrate is responsible for generating the observed
correlations in the firing of retinal ganglion cells? During the
period when the waves are present, the outer retina, including
photoreceptors and bipolar cells, is very immature (37). The
principal synaptic inputs to retinal ganglion cells at these ages
appear to be from the amacrine cells (42, 43), suggesting that
they too might participate in a circuit that generates correla-
tions in firing. Another possibility is that nonsynaptic mecha-
nisms, such as the release of a diffusible, excitatory sub-
stance-e.g., potassium, an excitatory amino acid, etc.-might
contribute. And finally, the coupling of neuronal firing via gap
junctions, known to be present between subsets of ganglion
cells and amacrine cells in the adult mammalian retina (44),
could also occur.
We have begun to investigate some of these possibilities by

pursuing two separate lines of experiments. First, using optical
recording techniques that permit dynamic changes in intracel-
lular calcium to be monitored, we have found that not only
ganglion cells but also retinal interneurons-most likely am-
acrine cells based on their size and location-undergo spon-
taneous calcium bursting that is correlated among many near
neighbors (Fig. 4; ref. 45). Recent whole-cell recordings from
ganglion cells in the neonate combined with calcium imaging
also indicate that the ganglion cells receive a barrage of
excitatory postsynaptic currents (EPSCs) during each wave
(46). Second, intracellular injections of neurobiotin, an agent
known to cross gap junctions, reveals tracer coupling between
retinal ganglion cells and amacrine cells from P1 onwards in
ferret retinas (47). Neurobiotin coupling at the earliest ages is
rare, but it becomes quite extensive by the third postnatal
week. Taken together, these results imply that an early tan-
gential network of amacrine cells and ganglion cells may act
together to generate the synchronized patterns of spontaneous
activity in the developing retina.

Retinogeniculate Synapses Can Undergo Activity-Dependent
Strengthening

A major issue raised from the experiments described above is
whether the correlations in the firing of neighboring ganglion
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FIG. 3. The pattern of spike activity over the multielectrode recording array is plotted for eight successive intervals during one burst of ganglion
cell firings covering the time interval from 889 s to 893 s during the recording session. Each frame shows the averaged firing rate during an 0.5-s
interval. Each of 82 neurons is represented with a small dot at its approximate spatial location on the electrode array. The dot area for each cell
is proportional to its average firing rate during the relevant 0.5-s interval: the larger the diameter, the higher the average firing rate. During this
recording, ganglion cells located in the lower right hand corner of the array commenced firing together at the beginning of a burst (889.0 s), and
then activity progressed in a wave-like fashion across the array so that at the end of the burst period (892.5 s), ganglion cells at the upper left hand
edge of the array were active. Recordings are from a postnatal day 5 (P5) ferret retina. [Reproduced with permission from ref. 40 (copyright 1991
American Association for the Advancement of Science).]
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FIG. 4. Both ganglion cells and amacrine cells show correlated calcium oscillations. (A) Cross-sectional view of a PlO retina showing spontaneous
activity both in the ganglion cell layer (GCL, cells 1-5) and in the forming amacrine cell layer (cells 6-10). Spontaneously active cells are shown
in red, whereas inactive ones are coded in blue. IPL, inner plexiform layer; VL, ventricular layer. (B) Recordings of the spontaneous fluctuations
in intracellular calcium of the 10 cells marked inA. (Bar = 10 ,um.) [Reproduced with permission from ref. 45 (copyright 1995 Macmillan Magazines
Limited).]

cells can be detected and used within the LGN to cause
strengthening of appropriate synapses and weakening of in-
appropriate ones. Two lines of preliminary experiments sug-
gest that this is likely to be the case. To address the question
of whether the bursts of action potentials generated by retinal
ganglion cells are relayed to LGN neurons, an obvious exper-
iment would be to record from the LGN neurons in vivo at the
appropriate ages and see if they are driven to spike by the
retinal inputs; however, the spontaneously generated retinal
activity is sensitive to anesthetics (R. 0. L. Wong, D. A. Bay-
lor, M. Meister, and C.J.S., unpublished results). To circum-
vent this problem, my colleagues R. Mooney, A. A. Penn, and
R. Gallego and I developed a preparation in which the entire
visual pathway from retina to LGN is dissected intact and
placed in vitro. Extracellular microelectrode recordings from
the optic nerves or LGN (Fig. 5) indicate that the retinal
ganglion cells not only are active and generate bursts of action
potentials with a period similar to that observed in vivo, but
also that LGN neurons are driven to fire spikes (48). Thus, it
is highly likely that the retinal waves are relayed across the
synapse to LGN neurons during the period in which the
eye-specific layers form.
As mentioned above, for an activity-dependent mechanism

to operate in the formation of the eye-specific layers, there
must be special synaptic mechanisms at the retinogeniculate
synapse to strengthen connections when action potentials from
different presynaptic inputs arrive within near synchrony of
each other and also to weaken them if cells fire asynchronously.
Many years ago, Hebb (49) proposed the existence of synapses
that could undergo strengthening whenever activity in a pre-
synaptic cell occurred simultaneously with that in the postsyn-
aptic cell. Such "Hebb synapses" have the property that ifmany
inputs coincide in activating a cell, then they all undergo
strengthening. Clear evidence showing that synapses with this
special property actually exist in the central nervous system
comes from studies of the hippocampus and the phenomenon
of long-term potentiation, in which the pairing of pre- and
postsynaptic activity can cause increases in the strength of
synaptic transmission specifically between the paired cells that
can last from hours to days (reviewed in refs. 50 and 51). Hebb
synapses are almost certainly also present in the visual cortex
during the postnatal period in which ocular dominance col-
umns form, although their properties are less-well understood
than those in the hippocampus (52-55).
Can the synapses established between retinal ganglion cells

and LGN neurons undergo activity-dependent changes at the

relevant developmental ages? To examine this question, we
prepared slices of the LGN from ferrets between P1 and P21

Op N

5 sec

0.2 mV

LGN

5 sec
1.0 mV

FIG. 5. Examples of extracellular microelectrode recordings from
a single axon in the optic nerve (Op N) (Upper) or from a single
postsynaptic neuron in the LGN (Lower) of a neonatal mouse brain
preparation consisting of the retinas, Op Ns, and LGNs dissected and
maintained in vitro. Spontaneously generated bursts of action poten-
tials in both Op N and LGN neuron occur about once per minute. Note
different voltage scales in the two examples. (Data are from A. A.
Penn, R. Gallego, R. Mooney, and C.J.S.)
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FIG. 6. Retinogeniculate synaptic transmission can undergo long-
lasting enhancement. (A) Example from an LGN slice from a P21
ferret. At the beginning of the recording, single shocks delivered to the
optic nerve evoked monosynaptic EPSCs in the LGN neuron. Fol-
lowing several bursts of high-frequency stimulation (HFS) of the optic
tract, a long-term increase in the amplitude of the evoked EPSC that
lasted for up to 80 min resulted. Recordings were made in the presence
of picrotoxin. EPSCs were recorded with perforated-patch, whole-cell
techniques. Superimposed EPSCs shown at the top of the figure were
evoked before and 60 min after HFS. (B) Ensemble average of 17
positive cases of synaptic enhancement observed in LGN slices from
P6-P21 ferrets. For each case the amplitude of the EPSC at each point
was normalized to the average of 40 traces immediately preceding the
test stimulus. [Reproduced with permission from ref. 56 (copyright
1993 Cell Press).]

and made whole-cell voltage clamp recordings in vitro to
monitor the efficacy of synaptic transmission (56). Ganglion
cell axons were stimulated by inserting electrodes into the optic
tract, just adjacent to the LGN in the slice. Three to six bursts
of high frequency stimulation of the optic tract caused a
significant enhancement of retinogeniculate synaptic transmis-
sion that lasted for several tens of minutes to an hour in about
40% of all the cells recorded. Examples of such enhancement
of transmission, recorded from ferret LGN slices, are shown in
Fig. 6. In some instances, we could also prevent this increase
by using 2-amino-5-phosphonovaleric acid to block N-methyl-
D-aspartate (NMDA) receptors, known to be present in LGN
neurons at this age (56-58). Blockade of NMDA receptors in
vivo between P14 and P21 is also known to prevent the final
refinement of retinal ganglion cell axons into sublayers receiv-
ing input from on-center or off-center ganglion cells (38).
Thus, these observations suggest that the activity-dependent
synaptic enhancement observed in vitro could indeed represent
a cellular mechanism underlying the process of segregation of
ganglion cell axons within the LGN.

In some ways these experiments have raised more questions
than they have answered. Is the stereotyped bursting pattern
of firing of retinal ganglion cells the most effective pattern for
evoking synaptic enhancement? What are the long-term con-

sequences of enhancement of synaptic transmission-e.g.,

does it result in morphological change? To what extent is the
cellular mechanism underlying synaptic strengthening during
development similar to that known to occur in the hippocam-
pus during long-term potentiation (59)? And finally, is there a
process of activity-dependent weakening of synaptic transmis-
sion since, as discussed above, some of the synaptic contacts
between retinal ganglion cells and LGN neurons that are
present early on are ultimately eliminated.

Concluding Remarks

The development of retinogeniculate connections in mammals
is one of many examples in which the adult pattern of
connections is not established initially but rather is sculpted
from an immature pattern. Here, I have put forward the
argument that the formation of the adult pattern of the
eye-specific layers in the mammalian LGN requires activity-
driven competitive interactions between ganglion cell axons
from the two eyes for common postsynaptic neurons. Of
course, this cannot be the whole story since the layers always
form in the same pattern and since there is also a segregation
of subtypes of functionally distinct retinal ganglion cell axons
within different layers and from each other even within the
same layer. Just how many of these other important details of
LGN organization may be accounted for by timing differences
in the generation of different classes of retinal ganglion cells
(60), by competitive interactions between ganglion cells within
the same eye (61), or by specific molecular differences between
cells remain to be determined. Nevertheless, the implication
that activity-driven competition plays an essential role in
wiring of the visual system even before vision raises the
possibility that spontaneous neural activity may shape con-
nections elsewhere in the nervous system during fetal devel-
opment.
The requirement for neuronal activity in producing the adult

precision of connections is a genetically conservative means of
achieving a high degree of precision in wiring. To specify
precisely each neural connection between retina and LGN by
using specific molecular markers would require an extraordi-
nary number of genes, given the thousands of connections that
are formed. The alternative, to specify precise pathways and
targets with molecular cues and then using the rules of
activity-dependent sorting to achieve ultimate precision in
connectivity, is far more economical. Indeed, once axons
recognize and grow into their appropriate targets, the same
general rules of activity-dependent competition can apply
throughout the nervous system. A major challenge for the
future will be to elucidate the cellular and molecular bases for
these rules.
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