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N-Methyl-D-aspariate receptor antagonist desegregates

eye-specific stripes

toptic tectum/oculer dominance columns/correlated activity /aminophosphonovaleric acid/ newrsl maps}
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Depariment of Biolegy. Yale Umversity, New Haven, CT 06311

Comatanicated by Charles F. Stevens, March 16, 1987

ARSTRACT The uptic tecia of surgically produced three-
eyed tadpudes were chronically exposed to the N-methyl-b-
aspartate (NMDA} receptor gonist inophusphonova-
Jeric acid (APV), or 10 NMDA Wsell, 10 usyess 1he influence of
NMDA recepior/channels on the eye-specific segregation of
refinal ganglion cell {RGC) termingls that eccurs whenever two
retinus innervate one lectal lobe. Exposure of the tectum (o the
active isomer of APV produces desegregalion of the RGC
terminals without blocking electrical welivity in the afferents or
altering their terminul wrbor morpholugy. Exposure to the
imactive isvmer of APV causes no perturhation of the normal
siripe paltern. AFV-induced desegregation is completely re-
versible within 2 weeks of removal of the APY. In addition,
exposure of the optic lectum to NMDA results in stripes with
shurper borders wnd lfewer forks and fusions than unirealed
unimals. These results suggest thut the NMDA receptor/
chuanel plays a role in eye-specific segregation in the three-eyed
tdpole,

Studies on the establishment of tupugraphy in the central
visual pathway suggest thal retinotopwe maps develop by a
1wo-step process, whiereby 4 Course projection of allerents
onto target neurops is tollowed by a dynamic sorting of
relutive synaplic pusitions based on stabilization of coactive
aflerenl terinmals, The same cellubur mechanisms are be-
lieved 10 be involved in the formutiva of ocular dominance
columns in the visuzl cortex t1-3), where inputs driven by left
and night eyes converge within the sumy cortical layer. A
model system in which 10 study the fine-tuning of synaptic
positions is provided by implanling s supcroumerary eye
primordium inte embryenic Ranu pipiens. In surgically
prowuced three-cyed tadpules, reunal ganghon cells (RGCs)
from the normal and supernumerary eyes project o the same
OpLic Lecium and their ierminals segregate inlo highly stereo-
typed ocular dominance stripes (4, 5). Despite asymmetric
patterns of retinal and tectal cell prolileration (6~8), both
retinolopy and eye-specilic segregation are maintiined
throughout the 3.6 months of larval development by a
constant shiflng of RGC terminals over the 1ecwal surface (1,
Y}, Consequently. the mechanisms responsible for ine-1uning
the retnatectal projection vperate conlinuously throughoul
larval hile, presumably by selectively increasipg Lhe liletimes
of couclive conncetions {16, 11). In the three-eyed frog,
disruption ol the line-luning mechanisms is deteclable as a
graduisl degradation of the siripe pattern (9, 12),

Studies psing tetrodoloxin (FTX) 10 block RGC acnon
potentisls have demonstraled that allerent activity is re-
yuired lor the refinement of both the retinutopic projection
and eye-spegific segregution (13-173 1 is though that retinad
mputs conler their neighbor relitions o the target nevrons by
viriue of their highly comrelated action potentials (10, 11,

The pubication vosts of this witicle were defrayed in part by page charge
paynicnt. Vs aniscle muose therefore be herehy munked *acdvernisement'”
i s enal e with 1% 00 K07 B1734 calely 1o wabcsite this Gacr

18-21). To understund how correlated inpuls may be selec-
uvely stabitized, we are anempting to identily the events
associated with close emporal activation of multiple inputs
1o the same posisynaptic cell.

Recent work on synaptic plasticity (22-24) has focused
attention on the N-methyl-p-aspartate (NMDA) receptor/
channel, a subtype of glutamate-sensitive receptor/channel
(25-27). The NMDA receplor/channel conducts calcium
when the receplor binds transmitier, while the membrane is
simultancuusly depolarized by other inpuis {25, 28, 29)and is
therefore uniquely capable of recognizing coincident synap-
tic activity. In addilion, the calcium may trigger biochemical
events resulting in $ymaptic stabilization (30, 31). Since
glutamate is a favored candidate neurolransmilter in the
RGCs t32. 131, we tested whether activation of the NMDA
receptor/channel couid play a role in eye-specific segregation
in three-eyed tadpoles,

We report that chronic application of aminophosphonova-
leric acid (APV), a specific antagonist of the NMDA recep-
101/ channel (34), 1w the optic 1ectum of three-eyed ladpoles
resulis 1n a pronounced bul reversible desegregation of RGC
rermunals without adverse effects on the tecum. APV-
induced desegregation of RGC terminals differs from that
produced by TTX, because APV has no detectable effect on
RGC activity or on RGC 1erminal arbor size. In addition,
chrenic application of NMDA itself 1o 1the optic tecium
appears to prxluce stnpes with sharper borders and fewer
turks and fusions. These results suggest thal the activation of
the NMDA receptor/channel is essentiad for Lhe fine-tuning
of neural maps.

MATERIALS AND METHODS

pL- or 1-APV (1 mM, 0.1 mM, or 0.0l mM), NMDA (0.1
mM), or Huorescein isothiocyanate (8.1 mM) was suspended
im the polymer Elvax (35} (a gift of Du Pont) and the solidified
polymer was cul on 4 cryostal into thin slices (=500 X 500 x
30 pm), which were implanted under the pia over the oplic
tecta of three-eyed R. pipiens ladpoles. After 2.5-5 weeks,
the supernumerary retinal projection was labeled with horse-
radish peroxidase applied 1o the severed optic nerve. One or
2 days laler, the brain underwent reaction with diaminoben-
zidine tetrachloride in whole mount {9, 36). Subsequently. the
tecta were dissected and flattened between coverslips, fixed
in 4% paraformaldehyde overnight. dehydrated, and cleared
in xylene 1o produce the flat-mount preparations shown in the
figures. Tadpoles were anesthetized by 1opical application of
0.1% MS222 betore all surgical procedures and growth stage
was deternuined according to Taylor and Kollros (37}
Electrophysiological recordings of visuatly evoked re-
spunses were tuken with wngsten electrodes from the tectal

Abbreviitions. NMDA, N-methyi-p-aspartate; APY, aminophus-

phonuvalenie acd; RGC, retinal gunghon cell: TTX, tetrudotoxin,
* Fu whom reprint requests shuuld be addressed a1: Department of
Hidouv . P{) Hox 6666 Yale Limiversitv. New Haven. CT 06311,
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neuropil of tadpoles, which were continuously perfused
through the heart with oxygenuted Ringer’s solution (9).

RESULTS

The effects of the NMDA receptor/channel antagonist APY
and of the agonist itsell on the segregation of the RGC
terminals in Lhe opiic tecty of three-cyed tadpoles are
illustrated in Fig. 1. In unoperated or sham-operated ladpoles
(Fig. la), the supernumerary retinal alferents terminate in
eye-specific interdigitating bands =200 gm wide, oncnted
along the rostrovaudal axis of the tectum (5) (e = 3). In
contrast, the supernumerary retina of ammals treated with
APV [or 4 weeks projects evenly over the tectum (n = 4; Fig.
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1), Fecta exposed 10 APV for shurter periods exhibit an
intermediate stage of desepregation (Fig. 1b). The dose
dependence and timing of (he APV-induced desegregation
appears o vary with the stages of all nine of the animals
showing the elieen, such that younger animals, whose tecta
grow af a grealer rate than older animals, exhibit more
complete desegregation ut lower APY concentrations or with
shorter expusure times than older animals. The APV-induced
desegregation was completely reversible within 2 weeks by
the removal of the APV-Elvax slice from the brain (n = 4),
so that the supcrnumerary eye projected in a striped pattern
indistinguishuble from unoperated animals, These data sug-
gust that APV must be present 1o maintain desegregalion.
Furthermore, these dalas indicate that APV is released from

Fic. 1. Efect of the receplor/channel ugonist NMIYA and of the antagonist BE-APY on segregation of RGC afferems in doubly innervated

OpLC fectu. {a) A tectum trom & sham-vperated snimal implanted wilh luurescein-conjugated isothiocyanate-Elvax [ Taylor and Kollros (T&K)
stage XV]1137) shows Lhe stereolypical striped parlern representing the segregation of the supernumerary setinul aflerents from the aftereats of

1_he normal eve. The segregation of the inputs is not abiered by the operalivn ur by the mechunical effeet of 1he Elvax on the leclup. 15) A leclum
from an animal (T&K stage XIV) treated with oL-APY (0.01 mM) for 2.5 weeks dispiays an intermediate sluge of desegregation. The striped

patiern in the rostral leclum has lust ity integeity, although periodic val

jon i horseradish peroxidise stuming intensily remains. In the ceodab

tectum, the terminals are clumped im0 sinsller units called " puily,”” which have been previously noted in sparwely innervated teclal lobes 138).
{c) A tectum from un animal (TRK stage VI treated with p1-APY (000 mM) for 4 weeks displays complete overkup af the supernumerary
und normal retinal projections. Pronuunced desegregation was evidenl i all ne APVArcated aiatialy whaose superpumerary optic erves were
lubeked with horseradish pesoxidase. Four of these animals showed 3 conlinaeus superiumenary ophic nerve projection. (d} A lectum from an
amimal (T&K stage XUV 1 reated wilh the snactive isomer of APY (0.1 miM) (e 4 weeks displsys notmal eye-speaific segregation. () A teclum
rom an wnion) (&K stuge DX remed with NMDA dh. 1 oiM) for 4 weeks, This animal and thice vthers similugly treated show stripes Lthal are
straghter and have sharper siripe-interstripe boundanes thun contral teeta. Rosiral v up. (Hae - 200 pmey
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the Elvax und is active throughout the exposare times used
in these experiments. Expusure of the optic 1eclum 1o the
inactive isomer 1L-APY fur 4 weeks did not alter the normal
striped patiern (Fig. 1d; a = 3).

T'he eye-specific stripes in the wecta of animals chronically
treated with NMDA (Fig. le) differ from the stripes in
sham-operated or control tecta in three respects: the sinpes
in the NMDA-treated tecta are invariably straight and uni-
form in their periodicity, they have no forks or fusions (38),
and the borders of the stripe and interstripe zones are sharper
than in controls (n = 4). NMDA treatmenl appears 1o
increase the capacily of tectal neurons (o discriminate be-
tween afferents from each eye, resulting in less mixing of
uncorrelated inputs in the eye-specific terminalion zones.

We examined the morphology of RGC terminal arbors and
the physiology of visually evoked responses in the oplic tecta
of APV-wreated and untreated unimals. The erminal arbors
from APV-trcated unimals have the same tangential area as
the arbors from unireated animals of the same age (Fig. 2).
Furthermore, extracellular recordings taken from the optic
tectum during the presentation of visual stimuli reveal that
RGC afferent activity in APV-treated animals is indistin-
guishable from that in normal animals (Fig. 3).

APV-induced desegregation is not due to toxic effects of
Ihe drug on cither the 1ectum or the retinad afferents. As
mentioned above, the APV-induced desegregation was com-
pletely reversible after remaval of the APV-Elvax slice.
Histological examination of sectioned tecta treated with APY
revealed no obvious disruption in cell number, lamination, or
neuropil thickness. In addition, we estimated cell densities in
layer 6 by counting cells ina 625-pum? X 10-um volume under
* 400 magnification (38). Cell densities from unireated and
APV-ireated Lecla were not significantly different (15,7 = 1.6
cells per 6250 wm® und 15.4 = 0.5 cells per 6250 um?,

Normal
TN

rs 19 5 15 W15 20 25 25 s

rs 1 125 15 s 20 w28 25 2Ty
Arbor Area (X 103 um?)

FiG. 2. The number of RGC terminals (N) plotied against their
Langential area for untreated amimals (mean srea * S0= 133 x W'
+ 15 x 10 umb a = % Upper) and fur p1-APY-treated tadpoles
imwanarea © S = 12.2 % 100 £ 2.8 x 10* um?; o = 15, Lower). The
ateas occupicd by arbors of the two groups are not signiticantly
differcin (wo-tailed 1 test), whereas the meun area vecuped by
arbors from TIX-treated animals (12) is 253 x 10" um? arrow),
abuul Iwice the size of the controls.
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chronic APY treatment

acute APV treatment

1s0c

FiG. 3. Visually cvoked responses recorded from the optic te
of tadpoles chronically treated with DL-APY (1 = 3) {Top), untrea
(n = 5) (Middle), and acuiely treated by topical application of A
(0.5 mM in Ringer's solution) to the exposed optic tectum (r =
(Buttorn). Lights were wrned on (upward armows) and off (downw
arrows) as indicaled under each trace. In animuls treated chronic:
with APV, the entire dorsal surface of the teclum had been £xpo
10 APV-Elvax (1 mM) for 5-6 weeks prior 1o the recording sessi
To control for the possibility that any effect of chronically appl
APV on spike invasion into the afferent terminaly was washed owl
he perfusion system before the recordings were Laken, we app
APV solution directly to the exposed optic lectum (i.¢., acul
treated) and tested for the presence of affercnt activity every 101
for 1 hr,

respeclively; n = 3 for each group). In short, no signs of ¢
damage or death were observed in treated animals.

[HSCUSSION

The results demonstrate desegregation of ocular dominar
stripes by the specific NMDA receptor/channel antagon
APV, We suggest that acuvation of the NMDA receptc
channel allows tectal neurons Lo recognize and maint
couctive atferemt synapses, while inappropriate convergi
inputs are kost. Because ganglion celis that are reti
neighbors are known o be coactive (18-21), whereas 1
activity pattern i non-neighboring RGCs is relatively unc:
related, coactive neighboring RGCs whose arbors conver
on the same population of tectal neurons would activi
NMDA receplor/channeis as their postsynaptic poten
summate. Normal activation of the NMDA receplor/chan
would initiate a process of synapse stabilization and there
preserve the neighbor relations in the tacget tissue during :
formation of the retinotopic map. Exogenous NMDA wo:
desensitize the NMDA receplors so that a higher degree
afferent coactivity is required 10 stabilize synapses, result
in sripes with sharper borders. Blocking the NMI
receptor/channels would prevent recognition of affer
couctivity and eliminate sclective synapse stabilizati
thereby producing desegregation in the face of normal [
terns of presynaplic activity. Singer ef af. (22) have repor
that chronic infusion of APV into the striate conex of kit
blocks the physiologically determined vculur dominance s|

Ll

.
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normally seen in response (o monocular deprivation. These
results are consistent with the role we propose for the NMDA
receptor/channed in the structural stabilization of coactive
visual synapses.

Chronic application of TTX to the optic nerves of three-
eyed tadpoles results in the desegregation of the striped
pattern tn the tectum that is simular to the effect of chrome
APV 1reatment and ogcurs over roughly the same time period
{12). However, TTX-induced desegregation and APV-in-
duced desegregation differ in a1 least three respects: TTX
blocks visually evoked activity in the retimak afferents, the
RGC 1erminal arborsy of TTX-treated animals oceupy 2-3
times as much area as arbors from untreated animals, and
growth cones are more prevalent ont the RGC terminals of
TTX treated animabs 112). There are three possible interpre-
tations for TI'X-induced desegregation. First, 1T X-induced
desegregation might be due to sprouting of RGC terminals,
since deereased action potential activity facilitates sprouting
in cultured felisoma peurons (39), Alternatively, TTX, by
decreasing the activalion of tectal celis, may cause desegre-
gation through o mechanism similar 1o that proposed for the
neuromuscilar junction (40). Namely, inactive tlarget neu-
rons would actively. but nonselectively, recruit inputs by
releasing a sprouting factor. Finally, TTX-induced desegre-
gation may be attributed o a disruption of the process of
synaplic stabilization. We believe that the APV-induced
desegregation lends support to the third interpretation of the
TTX-induced desegregation. Our results suggest that deseg-
regition and sprouting are governed by diferent mechanisms
and that TTX-induced desegregation results from the indirect
biock of postsynsplic NMDA receptor/channels.

This study sugpgests a general mechanism for the develop-
ment and mMaintenance of neural maps in the vertebrate
cenfral nervoOus system based on a scheme onginally pro-
pused by Hebb (10, [1). The mode! we present closely
paralicts the proposed cellular mechanisms underlying long
term potentiation (LTP) in the CAl region of the hip-
pocumpus, where a particular spatiotemporal pattern of pre-
and postsynaptic activity produces a long-lusting increase in
synaptic eflicacy through the activation of postsynaptic
NMDA receptor/channels {23, 24, 41-45}. The desegregation
of eye-specific stripes in APV-reated animals provides
anatomical evidence for a role of the NMDA receptor/
channel in determining the relative positions of synaptic
tnputs in central nervous system projections. Ourdata, in the
context of the extensive work on LTP, supgest that a single
mechanism has properties that would allow it 10 tontrol
structural refinement in the developing nervous system and
plasticity in the mature brain.
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