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Glutamate
receptors
appear to play a key role in several
forms of experience-dependent
modification
of both the
strength of synapses
and synaptic connectivity.
In developing Xenopus frogs, the connections
made by isthmotectal
axons relaying visual input from the eye to the ipsilateral
tectum are markedly influenced
by the visual activity of contralateral retinotectal
axons, and normal binocular visual input is necessary
in order for the ipsilateral
visuotectal
map
to come into register with the contralateral
map. We have
tested whether NMDA receptors play a role in establishment
of the topographic
matching of binocular
maps during development.
We have examined the effects of chronic treatment of tectum with either the receptor agonist NMDA or the
antagonists
APV or CPP applied throughout
early postmetamorphic life using subpial implants of drug-impregnated
elvax. Both antagonists
blocked the matching of the ipsilateral
map to the contralateral
map, while NMDA permitted
such
matching. Our data therefore indicate that NMDA receptors
are involved in the experience-dependent
establishment
of
matching binocular
maps during development.

Visual experiencedramatically influences the processeswhich
bring the map from the ipsilateraleyeto the tectum into register
with the map from the contralateral eyeduring the development
of the frog Xenopusluevis(Gazeet al., 1970;Udin and Keating,
1981; for review, seeUdin, 1985). In Xenopus embryos, the
topographic retinotectal projection from the contralateral eye
develops in the first few days after fertilization (Gaze et al.,
1979;O’Rourke and Fraser, 1986),and visual deprivation does
not interfere with the organization of that contralateral map
(Keating et al., 1986). In contrast, the ipsilateral eye’s map develops many weekslater, during metamorphosis(Beazley et al.,
1972; Grant and Keating, 1986). Nonvisual cues initially establish a rough ipsilateral map (Keating and Kennard, 1987),
but binocular activity is essentialfor refining the map and for
bringing the 2 eyes’mapsinto alignment (Keating and Feldman,
1975).Moreover, if one eye is experimentally misalignedin the
orbit, the resulting mismatch in visual activity from the 2 eyes
induces the ipsilateral map to reorient on the tectum until it
matchesthe contralateral map (Udin and Keating, 198l), and
the duplication of contralateral mapsresultingfrom a surgically
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constructed compound eyecausescorrespondingabnormalities
in the ipsilateral map from a normal eye (Gaze et al., 1970).
These experimental results imply that correlation of activity
from the 2 eyes provides the cueswhich bring the ipsilateral
eye’smap into registerwith the contralateral eye’smap and that
theseactivity-mediated processes
can override other organizing
factors such aschemoaffinity cues(Sperry, 1944).
The pathway which brings visual input to the tectum from
the ipsilateral eye is indirect, involving a relay through a midbrain structure, the nucleusisthmi (Fig. 1) (Glasserand Ingle,
1978; Gruberg and Udin, 1978; Grobstein and Comer, 1983).
During normal development,isthmotectalaxonsmakeand break
connectionsin a processwhich brings the terminals of an isthmotectal axon with a given receptive field location (a in Fig. 1)
to the region of the tectum which receivesretinotectal input for
the samereceptive field location (Udin, 1989).We hypothesize
that that processinvolves activity-dependent mechanisms:the
correlated activity from the 2 eyes at each tectal location will
stabilize the appropriate isthmotectal terminals through retinal
activation of NMDA receptorson tectal cell dendrites. [Retinotectal axons, but not isthmotectal axons, appear to be glutamatergic(Robertsand Yates, 1976;Ricciuti and Gruberg, 1985;
Desanet al., 1987;Debski and Constantine-Paton,1988).] During development, isthmotectal brancheswhich terminate at locationswith noncorrespondingcontralateral activity are not retained, and new branchescontinue to form, perhapsat random,
at least until matching of the mapsis attained (Fig. 2A). If one
of the eyesis experimentally rotated during larval life, then the
branching patterns of the isthmotectal axons change(Fig. 2B)
(Udin, 1983). The new connections bring the ipsilateral map
into topographicregisterwith the rotated retinotectal map (Udin
and Keating, 1981).
NMDA receptors have unusual characteristicswhich make
them of specialinterest with regardto activity-dependent mechanisms.The classical“Hebbian” model for suchprocesses
postulates that setsof synapsesonto a dendrite are strengthenedor
stabilized when their activity is sufficiently well correlatedtemporally to evoke postsynaptic firing (Hebb, 1949). Other variations of this model simply require that the active synapses
evoke somethreshold amount of postsynaptic depolarization,
which would, in turn, trigger somebiochemicaland/or structural
changesin the recently active synaptic complex. Thus, a Hebbian system could utilize a receptor which would only open
when someminimal number of excitatory synapseswasactive
within a short period of time. The NMDA-type glutamate receptor is an ideal candidatefor sucha receptor becauseits channel is blocked by magnesiumions when the local membrane
environment is near to resting potential (Nowak et al., 1984)
but when enough net excitatory input is present, the resulting
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Figure 1. Wiring diagram of the normal circuitry underlying binocular
input to the right lobe of the tectum. Symmetrical connections, not
shown, bring binocular input to the left lobe.

depolarization
expels the magnesium ion and allows glutamate
to open the channel. Thus, this channel would open when enough
excitatory synapses were active within a short time span. Another
significant aspect of the NMDA-type glutamate channel is that
it allows calcium to flow into the postsynaptic cell (MacDermott

et al., 1986;Connor et al., 1988).This calcium could then somehow “prime” the dendrite for sometensof millisecondsso that
a concurrently active isthmotectal synapseonto that dendrite
would become stabilized. This type of mechanism has been
implicated in mediating activity-dependent changesin synaptic
strength in the adult hippocampus (Collingridge et al., 1983;
Harris et al., 1984; Collingridge and Bliss, 1987) and in the
developing visual cortex (Kleinschmidt et al., 1987).
In order to test whether NMDA receptorsplay a comparable
role in the activity-dependent stabilization of developing isthmotectal terminals, we have chronically applied NMDA or
NMDA antagoniststo the tectum during development in frogs
which had had one eye rotated during midlarval life. Our electrophysiological mappingdata demonstratethat NMDA antagonists interfere with the visually dependent

process which brings

binocular mapsinto alignment during development.
Theseresultshave been presentedin abstract form (Scherer
and Udin, 1988).

Materials

and Methods

Tadpoles of stages 55-60 (Nieuwkoop and Faber, 1967) were anesthetized by immersion in MS-222 (tricaine methanesulfonate, 1:4000, Sigma). The left extraocular muscles were cut, and the left eye was rotated
approximately 90” clockwise about the optic nerve. Eye rotations were
performed at these stages because the tadpoles are transparent, and the
operations are therefore simple to perform without damaging the optic
nerve. Partial derotation occurred in some of the tadpoles. Within 1
week of metamorphic climax, the animal was reanesthetized and the
tectum was exposed; a slice of elvax (Cline et al., 1987), 30 pm thick
and approximately 1 mm* in area, impregnated with 0.1 mM NMDA,
0.1 mM DL-2-amino-5-phosphonovaleric
acid (APV), 0.1 mM 3-((+)-2carboxypiperazin-4-yl)-propyl1-phosphonic acid (CPP) or 10% Holtfreter’s solution was placed subpially on the right tectal lobe. The implantations were performed after metamorphosis rather than during
tadpole stages because the larger size of the postmetamorphic tecta
facilitates the surgery and improves survival rate compared with similar
operations in tadpoles. During the interval between the eye rotation and
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Figure 2. Schematic views of mechanism by which binocular projections come into register during development. The topography of the
contralateral projection is established during midlarval life. In late larval
stages, each axon of the ipsilateral projection distributes its branches
along the rostrocaudal tectal axis. In A, the isthmotectal axon with
receptive field a contacts 2 tectal cells. The branch onto the tectal cell
which also receives contralateral input corresponding to field a will be
retained (solid line), while the branch onto the tectal cell with contralateral input from field b will retract (stippled he). This ipsilateral axon
does not normally contact the third cell. In B, the eye rotation has
altered the receptive fields of the retinotectal axons. None of the original
branches of the isthmotectal axon is stabilized; new branches form and
establish connections with the tectal cell driven by the retinotectal axon
which now sees position a. Bold letters label isthmotectal axons and
outline letters label retinotectal axons.
the elvax implantation, no measurable rearrangement of the isthmotectal projection is likely to have occurred (Grant, 1982).
After 3 months, the froglet was reanesthetized and prepared for electrophysiological recording. This interval of time was chosen because
previous studies indicated that readjustment of the ipsilateral maps is
usually complete by this age (Grant, 1982). The animal was positioned
with the left eye centered in an aluminum hemisphere (radius, 2 1 cm),
and metal electrodes were used for recording the activity of retinotectal
and isthmotectal terminal arbors (Dowben and Rose, 1953). The electrode was positioned according to a grid superimposed on a photograph
of the tectum, and locations of visual receptive fields were determined
by moving a 7” x 5” black rectangle on the inner surface of the hemisphere. The electrodes were positioned in the superficial neuropil of the
tectum, where few cell bodies are located. Our maps reflect presynaptic
activity rather than the postsynaptic activity of binocular tectal cells.
We recorded both single- and multiunit receptive fields. Single-unit
receptive field sizes of ipsilateral units are typically Y-10” in diameter,
while multiunit fields are generally lo”-20” (Keating and Feldman, 1975).
In some cases in each experimental group, the entire contralateral map
was recorded first; the left optic nerve was then cut, and the ipsilateral
map was recorded at the same electrode positions as were used for
the contralateral map. In other animals, the 2 maps were recorded in
an interleaved fashion, by recording the contralateral field at a given
tectal locus when the right eye was covered and then switching the
occluder to the left eye in order to record the ipsilateral field to the same
tectal location. During most recording sessions, some of the ipsilateral
field locations were determined by the experimenter, who did not know
the location of the corresponding contralateral field recorded from the
same tectal site.
In order to examine whether the implants had damaged the tectum,
we removed 7 brains, fixed them with 2.51 glutaraldehyde in 0.1 M
phosphate buffer, sectioned them, and stained them with cresyl violet.
In 5 other frogs, we labeled the retinotectal projection from the left eye
with HRP at the conclusion of the recording session. A pledget of gelfoam impregnated with HRP was placed on the cut optic nerve. After
3 d survival, the animal was reanesthetized and the tecta were reacted
as whole mounts (Udin and Fisher, 1983).
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Figure 3. Electrophysiological maps (u-c, e-h) of the receptive fields recorded at selected sites in the right tectal lobe (4. Each point represents
the center of a visual receptive field from the contralateral eye (closed symbols) or the ipsilateral eye (open s~~~bols). a, Normal frog; b, - 90” rotation
of left eye, control elvax implant; c, -80” rotation of left eye, NMDA-impregnated
implant; d, representation of dorsal view of right lobe of tectum;
rostra1 is upward. e-g, APV-impregnated implants. 75”90” rotation of left eye. h, -60” rotation of left eye, CPP-impregnated implant. A, anterior
visual field, P, posterior visual field, R, right visual field; L, left visual field.

Results
a representative topographic
map of visual
spacein a normal animal. The receptive field centersrecorded
from the terminals of retinotectal and isthmotectal axons progressin an orderly fashionfrom posterior to anterior visual field
as one moves from medial to lateral tectum and from right to
Figure 3a illustrates

left as one moves from rostra1 to caudal tectum (Fig. 3d). For
a given tectal location, the receptive fields of the 2 eyescoincide.

Surgically rotating the left eye (and thus rotating the contralateral map on the right tectal lobe) by 90” in a tadpole results
in the development of a rotated, but congruent, ipsilateral map,
as the isthmotectal axons alter their trajectories to bring the
ipsilateral projection into alignment with contralateral topography during early postmetamorphic life (Udin and Keating,
1981).An example of this plasticity is shown in Figure 3b for
a control animal whosetectum had a drug-free elvax implant
placedsubpially. A similar result was observedwith 5 animals
that had received an eye rotation and elvax implant containing
100PM NMDA, the adult mapswererotated, asshownin Figure
3c. Figure 3c alsoshowsthe maximum amount of distortion of
the 2 maps which we have found in the NMDA maps (right
anterior fields). The distortion probably is a reflection of a disturbance of the rotated left eye consequentto rotation. Despite
this abnormality, the ipsilateral receptive field locationsare congruent with the contralateral receptive field locations. As indicated in our quantitative assessment
of thesemaps, discussed
below, the NMDA mapsasa whole wereindistinguishablefrom
the control rotated maps.
In contrast, chronic treatment with 100 PM APV prevented

the realignmentof the ipsilateralprojection (Fig. 3, e-g). In these
7 cases,the map from the contralateral eyewasrotated, but that
from the ipsilateraleyewasnot; it resembleda normally oriented
map, although someorder was lost. This result indicates that
APV may block an activity-dependent mechanismthat is responsiblefor realignment of the right eye’s projection in responseto rotation of the left eye.
Theseresultsled usto askwhether APL% effect might be due
to a complete block of retinotectal transmission,rather than a
selectiveblock of just the NMDA-type glutamate receptor. The
possibility that APV causesa completeblock of synaptic transmissionwastested by recording responses“downstream” from
the tectum in early postmetamorphic froglets after a 2 week
exposureto APV. This duration of exposurewas chosenfor 2
reasons.First, we felt that 2 weekswould probably be sufficient
time for any chronic changessuch as up-regulation of NMDA
receptors to have occurred. Second, we wished to assessthe
likely state of the system during a part of the critical period
when major changesin the mapsgenerally take place following
early eye rotation (Grant, 1982). We monitored the activity
which is relayed via the tectoisthmotectal pathway from the
APV-treated tectal lobe to the opposite lobe (Fig. 4). In other
words, we recorded left eyeinput to the superficiallayersof the
left tectal lobe, the only pathway for this input being via the
treated right lobe. The right optic nerve wascut. Visually evoked
responsesfrom the left eyeto the left tectum wereclearly present
despite the presenceof APV in the opposite lobe (data not
shown). In fact, our impressionis that the responseswere distinctly more vigorous than normal. (SeealsoDebski et al., 1989,
for data from Rana pipiens consistentwith this observation.)
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Table 1. Correlation coefficients of regression lines of receptive field
azimuths

recotdin
site

Series

n

Eye

Control

5

NMDA

5

APV

7

CPP

5

Contralateral
Ipsilateral
Contralateral
Ipsilateral
Contralateral
Ipsilateral
Contralateral
Ipsilateral

r
0.832
0.780
0.815
0.787
0.803
-0.045
0.432
-0.164

N

P

63
39
28
28
84
80
54
48

co.002
co.002
KO.002
co.002
co.002
=-0.10
co.002
10.10

n = number of frogsin eachgroup. N = number of penetrations in which receptive
fields were recorded. P, Pearson’s product moment correlation 2-tailed test of
probability that regression coefficient,r, is significantly different from zero.

APvin
elvax
0

Ga

Figure 4. Schematic diagram showing that recordings made from ipsilateral visual units in the left tectal lobe can reveal whether APV blocks
retinotectal transmission through the right tectal lobe.

normally in the right tectal lobe. In addition, 3 control and 4
APV-treated tecta were sectionedand stainedwith cresylviolet;
localized damagewas visible in one of the control brains, but
the other brains appearedgrossly normal.

Discussion
We are currently assessing
this possibility using quantitative
tests.
The effects of CPP treatment are shown in Figure 3h. The
mapswere out of register, and the map of the ipsilateral projection encompassed
only about 40% of the normal visual field.
A smalldegreeof approximately normal mediolateral order was
presentin the condensedipsilateral maps,which corresponded
to the more central part of the field. The contralateral map,
although appropriately rotated and orderly in most cases,also
lacked someof the peripheral regionsof the field.
Pooled data for all of the frogs in each group are presented
in Figure 5, which showsthe azimuth (left-right position) of
eachreceptive field centerplotted againstthe mediolateraltectal
position at which it wasrecorded. The data plotted in Figure 5,
a, b, indicate that the contralateral and ipsilateral maps are
closelyalignedfor both control andNMDA-treated groups(same
azimuth for both ipsilateral and contralateral fields recorded at
a given position). Treatment with APV had no effect on the
order or orientation of the contralateral map (Fig. 5c), but the
drug prevented the ipsilateral fields from coming into register
with the contralateral fields. The ipsilateral units were oriented
as if there had been no rotation of either eye. (Compare also
the ipsilateral mapsin Fig. 3e-g with a.) The pooled data for
CPP-treated animalsare shown in Figure 5d. The orientation
of the contralateral positionsreflectsthe rotation of the left eye,
although the data points exhibit slightly more scatter than was
shown by the contralateral units in the controls and the other
experimental groups. The ipsilateral data points for the CPPtreated animalsrepresentextremely disorderedvisual maps,and
the points are locatedin only part of the normal ipsilateral field.
The correlation coefficientsof the ipsilateral units in the APVand CPP-treated tecta were not statistically different from 0, the
expectedvalue for unrotated maps (Table 1).
In order to determinewhether the implants had damagedthe
retinotectal projection, HRP wasapplied to the left optic nerve
immediately following the electrophysiological mapping in 3
frogs with control elvax implants and in 2 frogs with APV implants. After 3 d survival, the label was found to be distributed

We have found that chronic application of the NMDA receptor
antagonistsAPV or CPP prevents ipsilateralmapsfrom coming
into registerwith rotated contralateral mapsin developing Xenopus. In contrast, NMDA permits the expected interaction of
the 2 maps. Thus, we conclude that NMDA receptorsplay a
role in activity-dependent alignment of binocular mapsin Xenopustectum.
The possibility that NMDA receptors influence the development of orderly projections in the amphibian optic tectum
wasfirst examinedby studiesin surgicallyproduced 3-eyedfrogs
(Cline et al., 1987). In such animals, optic fibers from the supernumerary eye compete for tectal spacewith fibers from the
normal eyes.The result of this competition is the formation of
rostrocaudally oriented eye-specifictectal stripes.Chronic treatment with APV desegregates
eye-specificstripes,while chronic
NMDA treatment produces stripes with sharper borders and
fewer branches.Theseresultsimply that the activity-dependent
aspectof retinotectal map formation involves the activation of
NMDA receptors. Our results extend theseresultsby demonstratingthat NMDA antagonistsalsoperturb the processes
which
underlie the matching alignment of binocular mapsduring development. Theseresultsare consistentwith the hypothesisthat
the releaseofglutamate by retinotectal axonsandthe consequent
activation of NMDA receptorsare essentialstepsin the development of orderly binocular mapsin the tectum.
However, the processeswhich mediate activity-dependent
matching of binocular mapsmust differ in somerespectsfrom
the processeswhich underlie activity-dependent segregationof
retinotectal terminals in 3-eyed frogs. In the latter case, the
interactions involve 2 setsof basically identical afferents,namely, the retinotectal axonsfrom the host and the retinotectal axons
from the supernumeraryeye. For binocular matching, however,
the interactions involve 2 distinct types of afferents,the retinotectal fibers and the crossedisthmotectal fibers. Another differencebetweenthese2 systemsis that of timing: visually elicited
isthmotectal activity arrives about 30 msec later than retinotectal activity, with the delay due to conduction acrossat least
2 more synapsesand additional axonal distance.Moreover, isthmotectal axons probably releaseACh rather than glutamateand
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thusare unlikely to stimulateNMDA receptorsdirectly (Ricciuti
and Gruberg, 1985; Desanet al., 1987).
We take thesefactors into account in the following model. A
visual stimulus evokesretinotectal activity in the contralateral
tectum, and this activity is sufficient to depolarize tectal cells
to the point where magnesiumions are expelled from NMDA
receptors on the dendritic membranes.The NMDA receptor
channelsopen and allow an influx of calcium, which in turn
“primes” the tectal cell dendrite for a period of about 100msec.
The visual stimulus alsoevokesipsilateral eye input to the tecturn. The activated isthmotectal terminals which are in contact
with the “primed” dendrites will becomestabilized via some
sort of feedback from the dendrite. Any other activated terminals which have grown to inappropriate regions and have
contacted unprimed dendrites will be destabilized. Thus, over
time, each isthmotectal terminal arbor will gradually become
focusedin the tectal region which receives input from retinotectal terminals with matching receptive field locations.
This model accounts for our finding that NMDA receptor
antagonistsprevent the ipsilateral mapsfrom matching up with
the contralateral mapsbut doesnot explain why the ipsilateral
mapsneverthelessdisplay considerableinternal order and are
aligned as if there had been no eye rotation. We suggestthat
isthmotectal axonsareableto usechemoaffinity cuesto establish
a rough “normal” order when they are deprived of the ability
to take their topographic cues from contralateral retinotectal
axons. Support for this view comesfrom anatomical studiesof
the trajectories of developing isthmotectal axons (Udin, 1989).
When growing isthmotectal axons approach the tectum from
the optic tract, they spread out in an orderly way along the
rostra1border of the tectum. Each axon is guided to approximately the “correct” mediolateralposition, i.e., a position which
it will maintain as the normal ipsilateral map develops. Since
this orderly arrangementbeginswhen the 2 eyesface laterally

position (urn)

eco

loo0

position (lun)

lzm

Figure 5. Pooled data showing the relationship between the azimuth of contralateral (closedsymbols, dashed lines),
and ipsilateral (open symbols, heavy
lines) visual receptive field centers and
mediolateral distance from tectal midline for (a) control, (b) NMDA-treated,
(c) APV-treated, and (d) CPP-treated
frogs. Lines are fitted by linear regression.

in the head, with negligible binocular overlap of their fields,
initial mediolateral order probably developsunder the guidance
of chemoaffinity cues. The mediolateral order we see in the
ipsilateral mapsof APV-treated tecta may reflect a persistence
of this early mediolateral topography. In contrast, the isthmotectal axons do not initially display any order along the rostrocaudal axis (Udin, 1989).Instead, most of them extend straight
caudally, often reaching the caudal end of the tectum without
extending more than a few short side branchlets. An orderly
pattern of arborization only develops later, as the eyes shift
position in the headand establisha region of binocular overlap.
We perform the eye rotations prior to this stage,and thus the
rostrocaudal order we seein the ipsilateral mapsof the APVtreated tecta is not a simplereflection of somepreexisting order.
We speculatethat it is the result of somerelatively weak influence of rostrocaudally distributed chemoaffinity cues, which
provide a weaker organizing force than the cues which bring
about mediolateral order.
The lack of apparent effect of NMDA on binocular mapping
during development raisesseveralissues.Doeschronic NMDA
treatment causethe tectal cells’ NMDA receptors to be more
likely than normal to open and to trigger the events which
stabilize ipsilateral units? If so, then one might predict that
NMDA would actually reduce the precisionof matching of the
maps by increasingthe effective tectal area activated by each
visual stimulus. If that were the case,then branchesof an ipsilateralunit with a given receptive field could be reinforced not
only in the regionswith well-correlated retinotectal input from
matching field locations but also in surrounding regionswhere
the appropriate visual stimulus would normally fail to activate
enoughretinotectal axons to open to NMDA channels.However, we do not find any obvious evidence of reducedprecision
of matching of the ipsilateral mapsin the NMDA-treated frogs.
There are at least2 reasonswhy NMDA treatment could either
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have no net effect or even have a sharpening influence on the
maps. First, there is evidence that chronic treatment with NMDA
in Rana pipiens tadpoles causes desensitization of NMDA receptors (Debski et al., 1989). Perhaps desensitization occurs in
Xenopus as well, canceling out the effect of the added NMDA,
with the net result that normal retinotectal input yields normal
levels of activation of NMDA receptors. If the desensitization
is great enough, then there may even be a net reduction in the
effectiveness with which retinotectal input activates NMDA receptors. In that case, a given visual stimulus would activate
receptors in a smaller zone of the tectum, thus producing a
sharper map than usual. A second, not incompatible, possibility
is that NMDA has a disproportionally great effect on inhibitory
interneurons of the tectum. In that case, lateral inhibition in the
tectum could become relatively stronger with chronic application of NMDA, and each visual event would have a net excitatory effect on a more restricted region of tectum than normal.
This alteration in the balance of excitation and inhibition also
would have the net effect of sharpening the maps.
Ipsilateral maps which are similar to those in APV-treated
frogs are recorded in tecta of dark-reared Xenopus (Keating and
Feldman, 1975). As in APV-treated frogs, the ipsilateral maps
display recognizable orderliness along the mediolateral tectal
axis, with notably poorer order along the rostrocaudal tectal
axis. Thus, in both situations, one can deprive growing isthmotectal axons of activity cues from retinotectal axons, in one
case by preventing visual input to the tectum and in the other
case by decoupling the communication process by blocking
NMDA receptors within the tectum.
In contrast to the rather orderly maps we find after treatment
with APV, there is major disruption of both the contralateral
and ipsilateral maps after treatment with the more powerful
NMDA-receptor
antagonist, CPP (Davies et al., 1986; Harris
et al., 1986). We do not know the cellular basis for this difference.
One possibility is that the drug may have had toxic effects,
particularly on the parts of the retinotectal projection which
originate from the younger, more peripheral parts of the retina
or upon the tectal cell targets of these axons. It should be emphasized that all of our recordings in the tectum are from the
arbors of retinotectal and isthmotectal axons and not from the
tectal cells upon which those axons synapse. Our qualitative
assessment of the responses of the retinotectal and isthmotectal
units which we recorded in all of our animals leads us to conclude that the various drug treatments did not produce any
readily apparent differences in the activity of these inputs to the
tectum. However, the responses of the tectal cells under these
regimens remain to be examined quantitatively.
In conclusion, we have found that chronic treatment of developing Xenopus tecta with antagonists of the NMDA-type
glutamate receptor blocks the activity-dependent matching of
binocular maps, and these results are consistent with the hypothesis that activation of these receptors normally plays a pivotal role in the stabilization of appropriately located isthmotectal terminals during development.
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