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the segregation of axons from each eye into eye-specific layers in the LGN of cats and ferrets [2,3], and the
subsequent segregation of axons from each eye into oncenter and off-center sublayers in ferrets [4]. Although
these events occur before visually driven electrical activity, spontaneous or background electrical activity can be
recorded from retinal ganglion cells before the onset of
vision. Waves of activity in the retina suggest retinotopitally patterned activity before photoreceptors
are active
[5]. A recent study [6*] demonstrated
that nearby alpha
and gamma retinal ganglion cells are electrically coupled
to each other via gap junctions
early in development,
providing a likely physiological
substrate for the pattern of activation.
Thus, retinogeniculate
axons from
the same eye and from similar parts of the retina can
have synchronous
activity before visually driven activity. In addition, the activity of on-center
axons and of
off-center axons may be correlated because dendrites of
on- and off-center retinal ganglion cells are stratified in
the retina; this stratification itself is dependent on activity
in at least the on-center pathway [7]. Blocking electrical
activity in retinofugal afferents with intrathalamic infusion of tetrodotoxin
(TTX) in kittens prevents the segregation of afferents into eye-specific layers [S]; repeated
intraocular injections of TTX in ferrets at a slightly later
developmental
stage prevents the segregation of afferents
into ‘on’ and ‘off’ sublayers (KS Cramer, M Sur, unpublished observations).

The precise pattern of connections
that characterizes
many neural pathways arises from a combination
of intrinsic, activity-independent
determinants
and activitydependent
cues. The visual system of mammals has
been particularly important
in demonstrating
the role
of neuronal activity in the development
of the precise
connections
that characterize specific pathways in the
adult brain, and many of the key ideas that constitute our
current framework for understanding
activity-dependent
development
have been formulated from this work. We
review here the evidence that afferent activity plays a role
in shaping connections in the visual thalamus and cortex,
discuss an hypothesis for the mechanisms whereby activity shapes connectivity, and describe recent experimental
results that address the hypothesis.
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The earliest events in development
of the mammalian
visual system are thought to be independent
of electrical activity. In the retinogeniculate
pathway, for example,
neurogenesis in the retina and lateral geniculate nucleus
(LGN), axon outgrowth from the retina along the optic
nerve and tract, target recognition,
and initial addressing of axon arbors, all occur prenatally, long before visually driven activity exists in the retina [l]. However,
subsequent developmental
events that also occur before
eye-opening
and the onset of visual activity nonetheless
require neural activity. Neuronal activity is required for

At a still later stage, visually driven afferent activity plays
a significant role in sharpening connections
in both the
LGN and the visual cortex. Blocking retinal activity with
intravitreal injection
of TTX in postnatal kittens, or
reducing activity with lid suture, alters the morphol-
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Activity-dependent

ogy of retiuogeniculate
axon arbors (reviewed
in [Y]).
Similar manipulations
also alter the extent of thalamocortical arbors: arbors related to the deprived
or blocked
eye shrink,
whereas
those related to the non-deprived
or normal
eye remain
widespread
in cortex
[lO,l 11.
Consistent
with this broadening
of thalanmcorticnl
input, cortical
cells are physiologically
dominated
by the
horizontal
dicnon-deprived
eye [I ,121. Th e clustered,
tribution
of intracortical
axon
arbors also develops from
an initially random spread and is influenced
significantly
by lid suture [13,14].
An important
variation
of the lid suture experiments
denlonstrates
that postsynaptic
activity in cortical
cells
acts together
with presynaptic
activity
to modify
the
strength
of synaptic
inputs and I:he anatomical
spread
of thalamocortical
afferents. When cortical cells are prcvented fionl firing by infusion
of nluscimol,
a GABAA
receptor
agonist,
their visual responses
are dominated
by the ‘deprived eye and arbors related to the deprived
eye are more widespread
in cortex
[ 15,16’]. These experiments
argue that activity-dependent
refinement
of
connections
is akin to a Hebbian
process,
mediated
by coincident
pre- and postsynaptic
activity. This idea
is supported
by other experiments
[ 17-211 that drmonstrate the importance
of the pattern
of afferent activity,
rather than the overall amount of activity, in the remodeling and refinement
of cortical
connections.
Artificial
strabismus during development
disrupts the spatial alignment of activity from the two eyes inlpinging
on single
cells in visual cortex, without
altering the overall amount
of activity. This manipulation
causes most cells in cortex
to be driven monocularly
rather than binocularly,
as in
nornlal
animals, and ocular donlinance
colmnns
to be
more sharply
delineated
than normal
[17].
A crucial
role for temporal
patterning
of input activity is demonstrated by an experiment
in which the optic nerves in
kittens were stimulated
electrically
after blocking
retinal activity bilaterally
with TTX
[I 81. Following
this
manipulation,
many more cortical
cells were nionocularly driven when the two optic nerves were stimulated
asynchronously
than when they were stimulated
synchronously.
In another set of experiments,
Sur et al. [19]
induced
retinal projections
to innervate
auditory
thalarnus in ferrets, so that auditory
cortex
developed
with
visual rather than auditory
input and hence with a different temporal
pattern of input activity than in normal
animals. Auditory
cortex in ‘rewired’
ferrets developed
orientationand direction-selective
visual receptive fields
[20], and a topographic
rnap of visual space [21].
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(of two
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cellular implementation
of activity-dependent
development is based closely on mechanisms
proposed for a form
of synaptic plasticity,
long-tern1
potentiation
(LTP), in
the CA1 region of the hippocampus.
There are various
forms of LTP [22-l; the remodeling
of connections
in a
developing
pathway best approximates
‘associative LTP’,
in which paired activation
of two inputs to a cell typically
results in the strengthening
of both inputs (see Fig. la).
There is substantial
evidence
that NMDA
receptors
on
CA1 pyramidal
cells are necessary
for the induction
of
LTP. They fimction
as detectors
of coincident
pre- and
postsynaptic
activation,
allowing the entry of Ca2+ into
the postsynaptic
cell. Whereas
the induction
of LTP is
postsynaptic,
the nlaintenance
of LTP includes enhanced
transmitter
release from the presynaptic
terminal [23,24].
A retrograde
messenger
from the postsynaptic
cell to the
presynaptic
terminal is therefore
implicated;
considerable
evidence
suggests that nitric oxide (NO), a free radical
gas, plays such a role [25-271.
A consequent
hypothesis
for strengthening
synapses or
consolidating
connections
during
development
is that
synchronous
activity
in afferents
activates
NMDA
receptors
on postsynaptic
cells, enabling
CazT to enter
these cells (see Fig. la). The Caz+ binds cahnodulin
and activates a nitric oxide synthase (NOS), which produces NO from L-arginine
(reviewed
in [27-291). The
NO diffuses from the postsynaptic
cells to nearby, recently active, tcrtninals,
serving to stabilize them. The
actual targets of NO activity in the presynaptic
terminal
arc not yet fillly understood.
Although
considerable
evidence
supports
a critical role
for NMDA
receptors
in synaptic plasticity, it is important to note that some forms of LTP, such as that seen
in mossy fibers at CA3 pyramidal
cells [30,31], do not
require activation
of NMDA
receptors.
The role of NO
as a retrograde
messenger
is also disputed.
In some studies, NOS inhibitors
do not prevent the formation
of LTP
with specific stimulation
paradigms
[32]; NOS inhibitors
may even promote
LTP under certain conditions
[32,33].
Other
retrograde
messengers
have been proposed,
including arachidonic
acid, platelet-activating
factor, and
carbon monoxide
(see [34] for review); no retrograde
messenger
nlay be required if LTP is initiated and maintained with postsynaptic
mechanisms
alone [35]. Still, a
mechanism
for correlation-based
synaptic development
is implicated
by the evidence
for activity-dependent
remodeling
in the visual system, in which anatomical
evidence demonstrates
presynaptic
changes in response to
alterations
in the levels and patterns of neuronal
activity.
Whereas
correlated
activity
leads to strengthening
of
synapses,
uncorrelated
activity may lead to weakening
and elinlination
of synapses.
A mechanism
for such
synaptic weakening
may be similar to another
form of
synaptic plasticity, long-term
depression
(LTD). Several
forms of LTD have recently been identified
in the hippocampus,
cortex and cerebellum
(22.1. A COI~IT~OI~ requirement
for honlosynaptic
LTD, including
LTD in visual cortex, is low-frequency
afferent activation
[36,37];
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and associative LTD appear to involve
asynchronous or out-of-phase
stimulation (Fig. lb). Although NMDA receptors are implicated in certain forms
of LTD [37], the important variable for initiating LTD
or LTP might be postsynaptic Ca2+: low levels of Ca2+
entry trigger LTD, whereas high levels of Ca2+ trigger
LTP [38] (Fig. 1). A retrograde messenger for reducing
synaptic transmission following LTD has been recently
demonstrated
in the CA1 region of hippocampus
]39],
and a role for NO has been suggested in cerebellar LTD
(see [27] for review).
Many questions remain about an LTD-like mechanism
and an associated retrograde messenger during development. The messenger associated with uncorrelated
activity might act on a different substrate than that associated with correlated activity. Given the low spike
rates of retinal ganglion cells, at least early in development [40], an interesting possibility is that the ‘default’
mechanism for activity-dependent
development is in fact
similar to LTD and results in the removal of exuberant
synapses and connections.
There is strong evidence that NMDA receptors are
involved in specific developmental
events in the mammalian visual pathway, and some evidence for a role for
NO. (However, NMDA receptors appear not to be involved in some aspects of development,
just as there is
evidence for non-NMDA
forms of LTP in specific parts
of the hippocampus.)
The feasibility of forming appropriate projections on the basis of a diffusible retrograde
messenger with a short half-life, such as NO, has been
demonstrated
using computer simulations
[41]. In the
following section, we review recent experiments
that
address the comparison with LTP and LTD, by testing
the roles of NMDA receptors and NO in activity-dependent remodeling during development.

heterosynaptic

The role of NMDA

receptors

NMDA receptor activation is required for refinement of
projections in several regions of the developing visual
system. Cline and Constantine-Paton
[42] first demonstrated that blocking NMDA receptors in the frog optic
tectum disrupted the segregation of eye-specific stripes
induced by a supernumerary
(third) eye. In the mammalian thalamus, NMDA receptor blockade disrupts the
segregation of on- and off-center retinogeniculate
afferents into sublayers in ferrets [4]. Individual axon arbors
remain either abnormally !arge, or are reduced in size but
inappropriately
located within the LGN. Recent studies
have shown that NMDA receptors are present on LGN
cells during development
[43,44]. Moreover, developing LGN cells show NMDA-dependent
LTP [45”],
suggesting that the mechanisms for both synaptic plasticity and activity-dependent
refinement of connections
are present simultaneously.
In the superior colliculus of
rats, Simon et al. [46] have shown that the NMDA receptor is required for the refinement of topography in the
retino-collicular
projection. This refinement can involve
removal of large portions of axonal branches. In the cat
visual cortex, NMDA receptors are present during the
critical period for refining thalamocortical
connections
[47]. Blocking these receptors prevents the ocular dominance shift that occurs after monocular lid suture (481.
In other systems, mice lacking NMDA receptors have
been shown to lack barrelettes, or whisker-related
patterns in the brainstem [49’]. In the barrel fields (whisker
representations)
of rat somatosensory cortex, NMDA receptor blockade does not interfere with the formation of
barrels in normal development,
but does interfere with.
remodeling
of connections
following experimental
removal of whiskers [50*].

Activity-dependent
NMDA
receptors
may influence
development
by shnping the structure
of postsynaptic
neurons
and putative
synaptic sites. Infusion of 2-amino-S-phosphonovaleratc
(APV), an NMDA
receptor
antagonist,
into the ferret
LGN during
the period
of retinogeniculate
axon
remodeling
results in significantly
greater branching
and
uuulbe.rs
of spines on LGN cells (M Rocha,
A Ramoa,
J Hahln,
M Sur, Sot Neurosci
Abstr lYY1, 17:1136;
M Rocha.
M Sur, unpublished
data). In addition,
in
acute slices observed
at several timepoints
with confocal imaging,
application
of APV results in a rapid
increase in the rate of addition
of dendritic
spines (M
Rocha,
M Sur, Sot Neurosci
Abstr lYY4, 20:1417).
In
the cat LGN, infusion
of TTX also leads to an increase in the nunlber
of dendrit-ic
spines on LGN cell
dendrites
[51]. Thus, blocking
activity, in general,
and
NMDA
receptors
in particular.
may
cause cells to upregulate postsynaptic
sites, in concert
with upregulation
of presynaptic
branching
and contacts.
Some activity-mediated
remodel,ing
of projections
does
not seem to require activation
of NMDA
receptors.
In
the formation
of eye-specific
layers in the ferret LGN,
chronic application
of NMDA
receptor
antagonists
does
not disrupt
the normal
pattern
(52.1. In the cat, this
segregation
is disrupted
with application
of TTX [S].
Thus,
the removal
of portion:;
of axon arbors from
inappropriate
layers (and elaboration
of terminal
arbors
in appropriate
layers) relies on aRerent neuronal
activity
but is mediated
independently
of the NMDA
receptor.
Remodeling
of retinogeniculate
axons into eye-specific
layers may thus rely on activity through non-NMDA
receptors, or perhaps on activation
of voltage-gated
Ca?+
channels on postsynaptic
neurons.

A role for nitric oxide
Whether
or not NO is involved
in the developmental
refinement
of connections
has been tested directly
in
recent experiments.
In the developing
chick retinotectal
projection,
NOS expression
coincides
with removal of
a transient
ipsilateral projection
[53]. Blockade
of NOS
prevents removal
of this transient
projection
[54-l. It is
not clear whether
removal of this transient ipsilateral projection requires NMDA receptor activation.
However, in
the f;erret LGN,
NOS,
revealed
using NADPH-diaphorase
histochemistry,
is transiently
expressed
during
early postnatal development,
at a period coinciding
with
segregation
of retinal ganglion
cell inputs into sublaminae [55]. When NOS is blockeNd systemically
during the
third and fourth postnatal weeks using arginine analogs,
sublamination
is disrupted
(KS Cramer,
M Sur, Sot
Neurosci
Abstr 1994, 20:1470).
In the ferret’s retinogeniculate
pathway,
NMDA
receptors
are known
to
be present
and involved
in relining
connections;
thus,
NO may act downstream
of the NMDA
receptor in refining this projection.
In the cat visual cortex, however,
blockade
of NOS does not appear to disrupt formation

remodeling of visual connections

of ocular dominance
columns
Neurosci
Abstr lYY3, 19:893).
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Conclusions
Neuronal
activity is required for fine-tuning
projections
in the visual system after an initial, more diffuse projection is made. This activity can arise from visual responses
or from spontaneous
activity in retinal ganglion
cells.
Activity-dependent
remodeling
reflects the fact that afferents that have correlated
activity will strengthen
their
synapses on a target cell, whereas afferents with uncorrelatcd or asynchronous
activity would have their synapses
lveakened.
The requirement
for synaptic activity through
NMDA
receptors
has been demonstrated
in several,
but not
all, aspects of refinement
in the developing
visual system. The requirement
for NMDA
receptor
activation
is similar to that seen in certain forms of synaptic plasticity in the hippocampus.
Insights into the mechanisms
by which NMDA
receptors
are involved
in refinement
of connections
can be gained from the recent interest
in retrograde
messengers
in LTP; both systems require
a post- to presynaptic
retrograde
messenger
in order
to effect synaptic changes. Recent
experiments
suggest
that NO has a role in the refinement
of at least some
projections
in the developing
visual system. While the
mechanisms
underlying
synaptic plasticity
are far from
resolved,
and the role of NO in hippocampal
LTP remains controversial,
it has been instructive
to examine
the roles of NMDA
receptors
and NO in the context
of development.
In the future, it will also be of interest
to investigate
other postulated
mechanisms
for detecting
correlated
afferent
activity and transmitting
retrograde
signals, in both synaptic plasticity and activity-dependent
refinement
of connections.
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