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ABSTRACT The topographic ordering of retinal connec-
tions in the rat superior colliculus emerges during early post-
natal Ilfe from an initially diffuse projection. Disruption of
N-methyl-D-aspartate (NMDA) receptor activity in the superior
colliculus during this period interferes with map remodeling. In
rats chronically treated with NMDA receptor antagonists dur-
ing the first two postnatal weeks, aberrant axons remain and
arborize at topographically incorrect sites. These results indi-
cate that, at a stage preceding visually evoked activity, normal
NMDA receptor function is important for the development of
an ordered neural map in the mammalian brain.

The generation of meaningful behavioral responses to visual
stimuli requires the appropriate topographic ordering of
synaptic connections in the central nervous system (1).
Topographic maps are a fundamental organizational feature
throughout the visual pathway and in many other brain
regions. It has been postulated that an activity-dependent
component of visual map development exists across verte-
brates (2-5). The mechanism is believed to operate even
before the retina is fully differentiated, using only correla-
tions in spontaneous activity among neighboring retinal gan-
glion cells (6-8). In the central nervous system, activation of
N-methyl-D-aspartate (NMDA) receptors is hypothesized to
be a mechanism to detect temporal correlations among af-
ferents and to initiate maintenance of simultaneously active
synapses (5, 9). This hypothesis predicts that interfering with
activation of NMDA receptors, even prior to sensory stim-
ulation, should influence the organization of neural maps in
the brain.
The NMDA receptor hypothesis is supported by experi-

mental evidence from cold-blooded vertebrates that axonal
rearrangements, such as the eye-specific terminal segrega-
tion in "dually innervated" tecta (10), the refinement of
topography after optic nerve regeneration (11), the mainte-
nance of existing topography (12), and the alignment of
ipsilateral and contralateral visual maps (13), are mediated by
NMDA receptors. However, map development in these
vertebrates is quite different from that in mammals. In
cold-blooded vertebrates, retinal axons grow directly to
topographically appropriate regions of the tectum, where
they subsequently arborize (14-18). This phase of map de-
velopment is independent of activity (19-22). All subsequent
synaptic remodeling, including the refinement and mainte-
nance of topography, occurs when the retina is fully func-
tional and generates mature visual responses (23).

In rats, by contrast, developing retinal axons commonly
form branches or arbors in topographically incorrect posi-
tions in the superior colliculus (SC), resulting in an initially
disordered retinocollicular projection. The establishment of
topographic order requires a major remodeling that involves

not only local axon rearrangements but also the large-scale
elimination of these aberrantly positioned branches and ar-
bors (24, 25). This remodeling stage takes place while the
retina is still differentiating and incapable of vision.§ Never-
theless, blockade ofganglion cell action potentials during this
stage interferes with the remodeling process, indicating that,
as in the chick (29, 30), map remodeling is at least partially
dependent on retinal activity (31). Demonstrations ofNMDA
receptor involvement in mammalian visual development
have been obtained in studies of the laminar segregation of
retinogeniculate axon arbors according to similarities among
ganglion cells (32) or in studies of later developmental inter-
actions in visual cortex, when pattern vision clearly plays a
role (33-36). It is not known whether the NMDA receptor is
critical during development for the topographic ordering of
retinal connections in their central targets, which occurs prior
to eye opening and can rely only upon position-dependent
correlations in the spontaneous activity of developing gan-
glion cells.

Here, we demonstrate a developmental role for NMDA
receptors in the initial establishment of topographic order in
visual connections in the mammalian brain, using the retin-
ocollicular projection as a model system.¶ We show that
blockade of NMDA receptor function interferes with the
elimination of aberrantly positioned retinal ganglion cell
arbors in the SC and thus disrupts the normal establishment
of a topographic map.

METHODS
Animals. Sprague-Dawley rats ranging in age from PO to

P19, obtained from timed pregnant females (Harlan-
Sprague-Dawley or Sasco, Omaha, NB), were used for these
experiments. The first 24 hr after birth is designated P0.

Elvax Preparation. Elvax was prepared as described by
Silberstein and Daniel (38). Briefly, Elvax-40W beads (Du-
Pont) were dissolved in 10 times their volume of methylene
chloride (Sigma). A volume of 10 Al of the appropriate drug,
at a concentration of 10 mM for MK-801, L-2-amino-5-
phosphonovalerate (L-AP5; the inactive stereoisomer of
AP5), or dihydro-f3-erythroidine; either 10mM or 100 mM for
DL-AP5 (a mixture of active and inactive stereoisomers of

Abbreviations: AP5, 2-amino-5-phosphonovalerate; Dil, 1,1'-
dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate;
NMDA, N-methyl-D-aspartate; SC, superior colliculus.
tTo whom reprint requests should be addressed.
§Rat retinal axons first reach the SC on embryonic day 16 (5-6 days
before birth) (26) and establish a topographically ordered map prior
to postnatal day 12 (P12) (24, 25). The outer segments of photore-
ceptors develop beginning on P5. Synapses are not found in the
inner plexiform layer until P12. P12 is the earliest age that a retinal
response can be recorded on an electroretinogram (27) and the
earliest time that light-evoked responses can be recorded in the SC
(28). Rats do not open their eyes until after P12.

11n rats, the SC is the primary target of retinal axons. In mature rats,
virtually all retinal ganglion cells project to the SC (37).
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AP5); and 1.0 M for D-AP5 (the active stereoisomer of AP5),
was added to this methylene chloride/Elvax solution. In a
separate preparation, 10 .l of water (the carrier for the drugs)
was added to the methylene chloride/Elvax solution. The
methylene chloride was then allowed to slowly evaporate as
the Elvax polymerized, resulting in a final drug concentration
in the Elvax of 0.1 mM (for MK-801, L-AP5, the lower
concentration of DL-AP5, or dihydro-3-erythroidine), 1.0
mM (for the higher concentration of DL-AP5), or 10 mM (for
D-AP5). Sections of Elvax (90 ,um) were cut on a cryostat at
-250C. Drug concentrations in this paper refer to these final
drug concentrations in the Elvax.

Elvax Implantation. Surgeries to implant the Elvax were
performed on P0. The rat pups were anesthetized with
hypothermia and the skin and skull overlying the SC were
retracted. The exposed dura was incised and a circular piece
of Elvax (4-5 mm in diameter; 90 ,Am thick) was placed on the
pia covering the colliculus and tucked under the posterior
cortex. The bone flap was replaced and the skin was sutured
and sealed with Vetbond (3M Corp., St. Paul) or cyanoacry-
late ester (Locktite, Cleveland). The animals recovered on a
warm heating pad before being returned to the mother.

In some cases the SC was slightly deformed in the Elvax-
implanted rats. The deformity consisted of a shallow depres-
sion across the SC, or a widening of the depression along the
midline separating the left and right SC. However, such
deformities showed no correlation with the presence of
mispositioned arbors at P12 or P19 in MK-801- or DL-AP5-
treated rats, and a normal-appearing topographic map devel-
oped in control rats with similar deformities. Thus, although
the implantation of Elvax over the SC may cause slight
abnormalities in the gross structure of the SC, this procedure
alone does not alter the normal development of a topograph-
ically ordered retinocollicular projection.
Axon Labeling. The axon labeling methods have been

described in detail (24, 25). Briefly, a 5-10% solution of the
fluorescent axon tracer (1,1'-dioctadecyl-3,3,3' ,3'-tetrameth-
ylindocarbocyanine perchlorate (DiI) (Molecular Probes) in
dimethylformamide (Sigma) was pressure injected into the
retina of anesthetized rats [open metofane (Pitman-Moore,
Washington Crossing, NJ) or intraperitoneal injection of
3.5% chloral hydrate (Fisher), 10 mg/kg of body weight, in
0.9% saline] on P9 or P16 through a glass micropipette with
a Picospritzer II (General Valve, Fairfield, NJ). Approxi-
mately 0.01 ,ul of DiI solution was injected. After a survival
period of 3 days (on P12 or P19), the rats were deeply
anesthetized and perfused transcardially with buffered 4%
paraformaldehyde.

Analysis. After perfusion with fixative, the injected retina
and the dorsal midbrain, including the SC contralateral to the
injected eye, were whole-mounted and examined with rho-
damine optics on a fluorescence microscope. The positioning
of the Elvax was determined during dissection to verify that
it covered the SC contralateral to the injected eye. The SC
was embedded in 3.5% agar/8% sucrose and sectioned sag-
ittally at 200 ,um on a Vibratome. Every section was mounted
serially on glass slides and examined under fluorescence. The
retina was carefully examined with a fluorescent microscope
using rhodamine optics to verify that all labeled axons that
entered the optic disc arose from the injection site in temporal
retina. Since the site of origin in the retina of the labeled
axons was known, this method allowed us to accurately
predict their topographically appropriate termination site in
the SC.- Therefore, this labeling method, in conjunction with
Elvax implants, allowed us to observe changes in the topo-
graphic accuracy ofthe positioning ofaxons and arbors in the
SC following treatment with NMDA receptor antagonists.
For this study, we define an "arbor" as a focus of branching
from a single labeled axon including at least three secondary

or tertiary branches (at least one of which must be a tertiary
branch) within 150 gm of each other.

RESULTS
Sheets of Elvax, a slow-release polymer, containing one of
two NMDA receptor antagonists, AP5 or MK-801, were
placed over the SC of rats within the first 24 hr after birth, an
age when the retinocollicular map is topographically disor-
dered. Later, a small number of retinal axons were labeled
with focal injections of DiI in temporal retina and viewed in
the contralateral SC on P12, by which age a topographically
precise projection is normally established (24, 25), or on P19.
To verify that the normal development of topographic

order was not altered by the surgical placement of Elvax,
control rats received Elvax containing L-AP5 (the inactive
stereoisomer of AP5) or water alone. A mature topographic
ordering of retinal axons comparable to that seen by P12 in
the SC of normal rats was observed in the SC of P12 or P19
control rats implanted with Elvax containing L-AP5 or water
on P0 (Fig. 1A). As in normal animals, aberrantly positioned
axons, branches, and arbors were rare; in 14 control-Elvax
cases examined at P12 or P19, we observed no aberrantly
positioned arbors. Thus, implanting ofElvax over the SC did
not interfere with the remodeling of the initially diffuse
retinocollicular projection.
The NMDA receptor antagonist MK-801 can also block

nicotinic receptors (39). Therefore, in an additional set of
control experiments, we examined the effect of dihydro-.3-
erythroidine, a nicotinic receptor antagonist, on map remod-
eling, using the same procedures as with the NMDA receptor
antagonists. We found that this treatment had no effect on the
development of a topographically ordered retinocollicular
projection; no aberrant arbors were found in the SC in four
cases examined at P12 or P19. Thus, interfering with nicotinic
receptor function does not alter the establishment of a

topographically ordered map.
Observations made on P12 or P19 rats implanted with

Elvax containing 0.1 mM MK-801 (n = 7 rats), a noncom-
petitive antagonist ofNMDA receptors, or 0.1 mM AP5 (n =
9 rats), a competitive antagonist toNMDA receptors, showed
that these NMDA receptor blockers interfered with map
development (Fig. 1 0 and C). An increased number of
topographically mistargeted axons persisted and some ex-
tended numerous side branches, as many as 10 along a

500-Am segment of primary axon, a feature not observed in
normal (24, 25) or control-Elvax-treated rats at P12. Most
striking was an abnormal maintenance of well-developed
arbors at topographically inappropriate positions in the SC,
when the map normally would have achieved its mature
topographic order (Fig. 1D). The topographically aberrant
arbors could persist at any location in the SC, including its
caudal edge. The laminar position of the aberrant arbors also
varied; many were positioned in the superficial gray region,
where retinal axons normally arborize, but others were

positioned deeper, in the stratum opticum. The finding of
aberrantly positioned arbors at P12 following disruption of
NMDA receptor activation shows that normal NMDA re-

ceptor activation is important for the elimination of aber-
rantly positioned arbors. Further, the similarities in the
labeling patterns at P12 and P19 suggest that disruption of
normal NMDA receptor function prevents rather than slows
the elimination of aberrantly positioned branches and arbors.

In the same P12 or P19 rats treated with APS or MK-801,
a dense zone of arborizations developed at the topographi-
cally correct location near the rostral edge of the SC (Fig. 1
B and C). This observation suggests that some aspects ofmap
formation may be independent ofNMDA receptor-mediated
mechanisms. Alternatively, the amount of antagonist in the
tissue may have been insufficient to achieve a maximum
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FIG. 1. NMDA receptor antagonists interfere with map development. Axons labeled by a focal injection of Dil in temporal retina are shown
in parasagittal sections of the contralateral SC. (A) Control: parasagittal section of the SC from a P12 rat implanted with Elvax containing L-AP5,
the inactive isomer of AP5, over the SC on P0. The normal development of a topographically ordered projection is unaltered by the surgical
procedure. By P12, as in unoperated rats (12), a dense focus of arborizations of labeled axons is apparent at the topographically appropriate
position near the rostral (R) border of the SC. Few axons extend and branch beyond this terminal zone. Arborizations in aberrant positions in
the SC are very rare. (B) Effect of NMDA receptor blockade: SC of a P12 rat treated with MK-801 since birth. A dense focus of correctly
positioned arbors is present at the rostral end of the SC, as in controls. But in addition, aberrantly positioned branches and arbors are present
in caudal SC. (C) SC of a P19 rat treated with APS since birth, showing a focus of correctly positioned arbors at the rostral edge along with
aberrantly positioned branches and arbors in other regions of the SC. The percentage of the SC occupied by the correctly positioned arbors
varies f-rom case to case with the size of the retinal injection site but is not observably different between experimental and control groups. The
rostral-caudal length of the sections varies with the position of the section along the medial-lateral axis of the SC, as well as with the age of
the animal. Arrows in B and C indicate aberrantly positioned branches and arbors. Arrowheads in A-C indicate the rostral (R) border to the
left and the caudal (C) border to the right. Dashes indicate the dorsal surface of the SC. (D) Higher-power view of an aberrantly positioned arbor
from the AP5-treated case illustrated in C. [Bar = 250 jum (A--C) or 100 j~m (D).]

blockr of NMD1A receptors. To addrpes this issue, sheetst of Dlespite this 10-foldA or 100-foldA increase' in dose,Q wUhicdh
Elvax containing 1.0 mM AP5 (n = 5 rats) or 10 mM AP5 (n presumably resulted in a greater concentration of antagonist
= 5 rats) were implanted over the SC of other newborn rats. in the SC, no differences were observed in the effect on map
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development. At P19, a discrete zone of dense arborizations
was apparent, as were aberrantly positioned branches and
arborizations. These findings suggest that the lower concen-
tration ofAP5 may be sufficient to produce a saturating effect
on the NMDA receptor-dependent effect.

In summary, the abnormal maintenance oftopographically
mispositioned retinal arbors and branches in superior colli-
culi was similar in rats treated with MK-801 or with three
concentrations of AP5. When combining the data from these
experiments, we observed at least one aberrantly positioned
arbor, and as many as four aberrant arbors, in 18 of 26 cases
treated with an NMDA receptor antagonist and examined at
P12 or P19. It should be emphasized that we distinguished
between elaborated arbors and branches (see Methods for
definition of an "arbor"). Experimental animals not found to
have aberrant arbors were nonetheless distinguishable from
typical control cases by the presence of numerous aberrantly
positioned branches. Thus, treatment with NMDA receptor
antagonists during the period of remodeling of the retinocol-
licular projection interferes with the elimination of topo-
graphic aberrancies and therefore with the development of a
topographically ordered map.

DISCUSSION
Many studies have implicated activity in the structural and
functional refinement of vertebrate visual projections by
using chronic application of tetrodotoxin to block activity in
retinal ganglion cells (2-5). Studies in amphibians and gold-
fish, conducted when pattern vision was well established,
suggested the NMDA receptor as the detector of the relevant
activity patterns, since blockade of this receptor disrupted
eye-specific segregation and the refinement of topography.
The first studies to indicate a role for NMDA receptors in
mammalian visual plasticity showed that NMDA receptor
antagonists blocked the shift of ocular dominance induced by
monocular deprivation of patterned vision (33-36). More
recently, Hahm et al. (32) demonstrated that infusion of AP5
into the ferret central nervous system over the first two to
three postnatal weeks disrupted the structural segregation of
retinal afferents in the lateral geniculate nucleus into on/off
sublaminae. However, the same procedure applied earlier in
development failed to disrupt the segregation of inputs from
the two eyes in the lateral geniculate nucleus (40). This
finding was surprising because the similar segregation into
eye-specific laminae in the cat can be disrupted by infusion
of tetrodotoxin (41) and is therefore dependent on some
aspect of activity. A possible explanation for the difference
between sublaminar segregation and eye-specific segregation
in their sensitivities to NMDA receptor blockade is the age of
treatment. By analogy, the establishment of topographic
maps in mammals, which occurs early, might also be insen-
sitive to NMDA receptor blockade, despite the susceptibility
of ocular dominance plasticity to this treatment (33-36).
However, our findings show that the normal activation of
postsynaptic NMDA receptors during the early postnatal
period is indeed important for the development of a topo-
graphic map. Chronic treatment with NMDA receptor an-
tagonists interferes with the preferential elimination of entire
retinal axon arborizations positioned in topographically in-
appropriate regions of the SC.

Since the blockers used in these experiments, AP5 and
MK-801, are potent and selective antagonists for NMDA
receptors (42), it is unlikely that our results are due to a
blockade of non-NMDA receptors. If 0.3% of the initial
amount of the drug is released from the Elvax each day (see
12), and if this drug accumulates in the SC, then after 24
hours, the drug concentration in the SC would be in the low
micromolar range, well below concentrations of APS shown
to selectively block NMDA receptors in slices of rat visual

cortex (43) or hippocampus (44). In addition, the finding of a
similar effect with two different classes of NMDA receptor
antagonists suggests that our results are due to the specific
blockade of NMDA receptors. Furthermore, the lack of an
effect of dihydro-p-erythroidine, a nicotinic receptor antag-
onist, on map remodeling supports our conclusion that the
effects ofAP5 or MK-801 are due to the blockade ofNMDA
receptors rather than from an effect on nicotinic receptors.

It seems likely that the effect of the blockers is to disrupt
a component ofNMDA receptor-mediated postsynaptic ac-
tivity in the SC. There is evidence for postsynaptic NMDA
receptors in the rat SC (45). It is likely that postsynaptic
NMDA receptor activation contributes to the activation of
the target neurons in the SC, as it does in the cat lateral
geniculate nucleus (46) and cortex (47). Although we cannot
yet rule out the possibility that our findings resulted from a
disruption ofpostsynaptic activity in general rather than from
a specific blockade ofNMDA receptors, our results indicate
that, in the developing rat SC, normal NMDA receptor
function is important for the formation of a topographically
ordered map.
We also find, though, that the formation of a dense focus of

correctly positioned arborizations in the SC is not prevented
by treatment with NMDA receptor antagonists. This suggests
the possibility that some aspects oftopographic map formation
do not require NMDA receptor-mediated activity. However,
other factors could account for this finding. There may be a
delay after Elvax implantation before the drug reaches an
effective concentration, or the drug concentration may drop
below effective levels prior to P12. On the other hand, Chiaia
et al. (48) found that implanting sheets of Elvax with tetrodo-
toxin over the cortex of neonatal rats completely blocked
activity throughout the thickness of the cortex within 1 hr of
the surgery, and for at least 11 days. Nonetheless, rapid
clearance or barriers to diffusion may prevent the drugs from
reaching their maximum levels of effectiveness in the SC.
Therefore, even the highest dose of AP5 used in our experi-
ments may not completely block NMDA receptors. Thus, we
cannot definitively rule out that the formation of correctly
positioned arbors is also influenced by NMDA receptor acti-
vation, as is the elimination of aberrantly positioned arbors.
Our results, together with those of earlier experiments,

support the broad generalizations of the activity hypothesis
for developmental synaptic remodeling. Spontaneous corre-
lations in activity patterns of ganglion cells, present even
before differentiation of the circuitry that will drive their
activity in adulthood is functional (6-8, 27, 28), appear to use
NMDA receptor activation to register these correlations and
restructure their connections in central visual targets. These
interactions produce not only local rearrangements such as
the remodeling of individual arbors (32) but also, as shown
here, the preferential elimination of entire retinal arboriza-
tions that are incorrectly positioned in the SC, which is
required for establishing an accurate topographic map of
visual space. A similar mechanism relying on "spontaneous"
activity could be important for establishing topographic neu-
ral connections throughout the brain.
A role for NMDA receptors in mediating the activity-

dependent patterning of synaptic connections is not limited to
development. Temporal relationships in the activity of affer-
ents are also important in models of associative learning (49).
The induction of some forms of long-term potentiation, a
prominent model for associative learning, is blocked by
NMDA receptor antagonists (11, 50). Thus, NMDA recep-
tors may subserve a general cellular mechanism for activity-
dependent plasticity both during development and in adult-
hood.
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