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In the visual pathway
of frogs it is possible
to apply low
levels of NMDA chronically
to the optic tectum and study the
mechanisms
underlying
the stabilization
of synapses
developing within the CNS. Earlier studies (Cline and Constantine-Paton,
1990) found that chronic NMDA treatment of tecta
innervated
by two retinas results in a reduction
of branching
within the terminal arbors of retinal ganglion
cells (RGCs).
We now report that this same chronic NMDA treatment produces fine-structural
changes in synaptic morphology as
well as local synaptic rearrangements
within the retinotectal
neuropil.
Chronic NMDA treatment
of doubly innervated
tecta was
associated
with a thickening
or darkening
of both pre- and
postsynaptic
densities.
These changes
in synapse
morphology were restricted
to the superficial
neuropil of tecta
in regions where reductions
in branches
of RGC axonal arbors were observed at the light microscopic
level. The finestructural
effects were absent from similarly treated tecta
innervated
by only one eye, where RGC axonal arbor pruning
was not observed. Stereological
analyses indicated that the
incidence of two or more presynaptic
profiles converging
on
the same postsynaptic
process was significantly
increased
in the NMDA-treated,
doubly innervated
tecta. This observed
increase
in synaptic clustering
was not associated
with a
larger synaptic active zone, or with an increase in the number
of synapses per unit volume.
These data are discussed
in the context of the hypothesis
that chronic NMDA treatment
raises the threshold
for synapse stabilization
in tectal neurons,
causing the selective
loss of poorly correlated
synapses
of both retinal and nonretinal origin from tectal neuropil that is innervated
by two
retinas: increased
pre- and postsynaptic
thickening
could
reflect greater efficiency in the remaining
synaptic contacts
and their closer spatial proximity on the same postsynaptic
process is consistent
with greater cooperativity
and less
competition.
[Key words: NMDA receptor,
retinotectal
projection,
correlated activity, three-eyed
frogs, synaptic morphology,
synaptic clustering,
quantitative
electron microscopy]
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A variant of the Hebbian rule for cellular learninghasfrequently
beeninvoked asan explanation for activity-dependent synaptic
competition and synapseelimination during development. According to this postulate, afferents that can cooperate to depolarize their postsynaptic partners significantly are reinforced or
stabilized such that they remain into adulthood, while inputs
unable to evoke sucha depolarization are destabilizedand lost
(Stent, 1973;Changeauxand Danchin, 1976).Considerabledata
from developing sensorysystemsare consistent with this idea.
Most recently, the results of experiments in which regionsof
the developing CNS are chronically
treated with
5-aminophosphonovalericacid (AP5), the specificantagonistof
the NMDA subtype of glutamate receptor, suggestthat the normal function of this receptor is critical to the synapsestabilization process(Cline et al., 1987; Kleinschmidt et al., 1987;
Bear et al., 1990; Hahm et al., 1991). According to this interpretation, one important parameterin determining which young
and otherwise transient synapsessurvive to participate in maturing circuitry is the amount of target cell NMDA receptor
activation they induce.
In developing frogs it is possibleto apply low levelsof NMDA
chronically to the optic tectum and changeboth the distribution
and morphology of retinal ganglion cell (RGC) terminal arbors
(Cline and Constantine-Paton, 1990). Thesealterations are observed only in tectal lobes doubly innervated by a host and a
supernumerary retina, where previous studies(Reh and Constantine-Paton, 1985; Constantine-Paton and Ferrari-Eastman,
1987; J. J. Norden and M. Constantine-Paton, unpublishedobservations) have indicated that the overall degreeof correlated
activity amongconverging inputs should be lower than in tecta
innervated by one eye. Within these NMDA-treated doubly
innervated tecta, the synapse-bearingbranchesof RGC arbors
are pruned at stripe borderswhereuncorrelated inputs from two
eyes mix (Cline and Constantine-Paton, 1990). Electrophysiological studieson similarly treated tecta indicate that the functional effectiveness of the NMDA receptor system has been
reduced (Debski et al., 1991; Hickmott and Constantine-Paton,
1991). These observations are consistent with the hypothesis
that activation of the NMDA receptor is a critical trigger in the
cascadeofevents that stabilizesconverging synapseson the basis
of their correlated activity: decreasedNMDA receptor effectivenesswould be expected to remove developing synapsesfrom
regions of low correlated activity, becauseunder those conditions the amount of correlation amongconvergingafferentsnecessaryto producea sustaininglevel ofcurrent through the NMDA
receptor channel should increase.Thus, a larger proportion of
moderately correlated converging inputs would fall below stabilization threshold and be lost or “pruned.”
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This corollarv of the NMDA
recentor hvnothesis for stabilizing developing synapseshas important im&ications. For example, it could provide a mechanismfor reducing the synaptic
rearrangementsand thus links the regulation of this receptor
system to the control of structural plasticity during development. In addition, refinement of projections during normal development would be expected to increaseNMDA receptor activation because refinement is likely to be associated with
increasedactivity correlations among neighboring afferents. Increasesin the cooperative activation of NMDA receptors might
be expected to initiate their downregulation by postsynaptic
neurons. As downregulation occurs, inputs that had not collected highly cooperative neighbors would be eliminated and
new inputs that do not, by chance, establishsynapsesadjacent
to existing contacts with which they are highly correlated will
be withdrawn.
The potential developmental significanceof NMDA receptor
downregulation and the possibility that the frog could provide
a svstemwhere this has beenbrought under exnerimental control to produce a structural changein synaptic circuitry prompted us to undertake electron microscopic (EM) analyses of
NMDA-treated frog tecta. According to the hypothesisfor synapsestabilization describedabove, the synaptic active sitesthat
remain in these tecta should be effective at driving their postsynaptic partners and they should also have high activity correlations with converging neighbors. Here we report two pronounced

changes in the fine structure

of the NMDA-treated,

doubly innervated tecta: the pre- and the postsynaptic densities
are darker or thicker at individual active zones, and the incidence with which two or more active zones converge on the
samepostsynaptic processis significantly increased.These alterations are consistent with the postulate that the synapses that
survive in these neurouils are vet-v effective release sites and
that converging inputs are more cooperative
than their coun-

terparts in unaffected tecta.
Materials and Methods
Animals. The animals used in these studies were offspring of adult wildcaught Rana pipiens purchased from Hazen & Sons, Alburg, VT. Embryos were obtained by induced ovulation and artificial fertilization in
the laboratory using standard techniques. The embryonic microsurgery
used to produce doubly innervated tecta has been detailed in a previous
publication (Law and Constantine-Paton,
198 1). Briefly, one eye primordium of an early to midstage embryo (Shumway stages 16-l 9) was
transferred to the evacuated position of the olfactory placode in a similarly staged sibling host. The host embryo was pushed into a depression
in the wax bottom of an operating dish containing 100% Steinberg’s
solution for approximately I5 min until the graft healed in place. Tadpoles were raised in deionized water containing 0.05% instant ocean
salt and fed boiled romaine lettuce. When the front legs emerged the
metamorphosing animals were placed in a shallow tilted container to
prevent drowning. Postmetamorphic frogs were fed liberally on Drosophila melanogaster.
Chronic treatment. NMDA in concentrations that have previously
been shown to prune developing retinal ganglion cell arbors without
producing degenerative damage to the arbors or loss of retinal or tectal
neurons (Cline and Constantine-Paton,
1990) was applied to tecta of
Tavlor and Kollros (I 946) staae XXIV-XXV
froalets. The infiltration
of Elvax slabs (a gif; of Du P&t) with NMDA was accomplished by
adding IO ~1 of IO-* M NMDA solution in distilled water along with
IO ~1 of 2% fast green in dimethyl sulfoxide to I ml of the Elvax solution
(100 mg of Elvax dissolved in 1 ml of methylene chloride). The solution
was then frozen and cold-vacuumed to remove the organic solvent
(Silberstein and Daniel, 1982). Thin slices of Elvax approximately 1000
x 1000 x 60 Frn were cut on a cryostat. Based on previous measurements (Cline and Constantine-Paton,
1989) we have calculated that
these Elmax slices implanted on each animal should release molecules

in the molecularweightrangeof NMDA at a rate of annroximatelv
__
0.005nmol/d.
Animals were anesthetizedfor surgeryby submersionin 0.05%
3-aminobenzoic
acid ethyl ester(MS-222;Sigma).The skin, cartilaginous skull, dura,andarachnoidmembranes
overlyingthedorsalsurface
of the tectal lobes were retracted and the Elvax slices containing NMDA
were positioned to cover completely the dorsal and lateral surfaces of
both tectal lobes. The dura and cartilage were then replaced and the
skin was sealed with Histoacryl glue (Tri-Hawk, Montreal, Quebec,
Canada). Animals were allowed to survive the treatment for 4-5 weeks.
For sham-treated control animals, Elvax lacking NMDA but otherwise
prepared and applied in the same way was used. Three NMDA-treated
and three sham-treated doubly innervated tectal lobes in animals that
survived all treatments and had successful anterograde labeling were
examined in this study. Additionally, two normal two-eyed postmetamorphic frogs at the same developmental stage were also treated with
NMDA in exactly the same way for comparison of synaptic structure.
Axon terminal reconstruction. In a previous study employing chronic

NMDA treatment,we encounteredone groupof animalsall treated
chronically with the same batch of NMDA-infiltrated
Elvax that did
not show structural effects on RGC terminals in their doubly innervated
tecta.
The efficacy of NMDA synaptic transmission in animals from
this same group was analyzed physiologically and found to also lack
the decrease in efficacy otherwise-always observed in NMDA-treated
tecta. We therefore concluded that the NMDA in that batch of Elvax
had lost its potency probably because it had been stored for an unusually
long period before use (Debski et al., 1991). This incident alerted us to
the need to control the present analyses involving chronic NMDA treatment for the possible loss of NMDA potency. Consequently, to ensure
that all analyses were conducted in doubly innervated regions of all

tecta,aswellasto verify that the released
NMDA in eachcasehadthe
effect described previously at the level of the light microscope (Cline
and Constantine-Paton, 1990) we labeled a few retinal ganglion cell
(RGC) terminals arising from the ventral-nasal region of the supemumerary eye of all animals by placing a pellet of the enzyme horseradish
peroxidase (HRP) in that region of the retina 2 d before death. This
was accomplished by coating the tip ofa fine insect pin with a saturated
solution of HRP, and inserting the pin into the supernumerary retina
of an anesthetized animal. The animal was recovered in oxvnen-saturated water and, 2 d later, it was deeply anesthetized and its tecta were
subsequently removed. The tecta were fixed in 0.1 M cacodylate buffer
containing 2.5% glutaraldehyde and 1% paraformaldehyde overnight at
4”C, and then cut into 40-wrn-thick sections and reacted with diaminobenzidine (Sigma). Individual slices were then dehydrated, postfixed
in 0.1 M cacodylate buffer containing I% osmium tetroxide and 1.5%
potassium ferricyanide, and then embedded in Spurr’s solution on glass
slides coated with liquid releasing agent (EM Sciences). The slides were
subsequently cured at 70°C overnight. The morphology ofisolated HRPlabeled type IV RGC (Stirling and Merrill, 1987) axons in the caudalmedial region of striped tecta were reconstructed from several of these
embedded sections using a 63 x oil immersion lens and a camera lucida
drawing tube.
Quantitative measurements of synapse size and density. Regions containing, or closely adjacent to, the labeled arbors were cut on a Sorvall
MT-2 ultramicrotome. Ultrathin sections with gold color, which are
approximately 90 nm thickness, were stained with uranyl acetate and
lead citrate and observed under a Zeiss-IO transmission electron microscope. Nonconsecutive ultrathin sections separated by at least 0.9
pm were placed on 400 mesh grids (EM Sciences). In each ultrathin
section, roughly IO equally separated grid squares containing the superficial neuropil were selected for photographing. EM pictures of a 9. I
x 7.7 pm2 area were taken in one specific comer of each selected grid
square. Since these squares fell randomly across the different laminae
of this neuropil, the procedure provided a randomized collection of
electron micrographs of synapses in tectal layers 7, 8, and 9, where the
retinal ganglion cell projections terminate (Sztkely and Lazar, 1976).
The entire EM analysis was limited to the doubly innervated caudalmedial region of all tecta to ensure consistency. Though all of the morphometric measurements were taken using gold ultrathin sections (approximately 90 nm in thickness), high-power photomicrographs were
also taken using silver sections (approximately 60 nm in thickness) to
illustrate better the fine structural details.
For measuring the mean length of synaptic active zones, individual
synaptic active zone lengths were highlighted and fed into a Zenith (Data
System) computer through a CCD camera (Ikegami). The length of

The Journal

synaptic active zones was then automatically measured by the morphometric software package OFTIMAS. Few perforated synaptic traces
(discontinuous synaptic active zones) were encountered. When they
were observed, a perforated synaptic trace was considered as a single
synapse and its synaptic length was quantified as the sum of the individual synaptic trace lengths.
For measuring the synaptic density, we employed the disector method
that is not biased by the size, shape, or orientation of synapses (Sterio,
1984; Gundersen et al., 1988; Coggeshall, 1992). For each neuropil
examined, a long series of ultrathin sections were collected on Formvarcoated slot grids. The thickness of each section was determined by the
interference colors based on measurements done by Peachey (1958).
Within each series, at least six pairs of adjacent sections (a “reference”
section and a “look-up” section) were chosen for detailed analysis. Each
pair was separated from the next pair by at least 1.5 pm to avoid having
the same synapse sampled. Areas falling within layers 7-9 of the tectal
neuropil on the reference ultrathin sections were systematically chosen
and photographed. The same areas on the adjacent look-up sections
were then photographed using detailed maps of cell bodies and blood
vessels as landmarks. The tissue volumes encompassed by each area
times the sum of the thickness of the reference section plus the lookup section are called disector volumes. In each chosen area (for each
disector volume) on the sections, the number of synapses appearing in
the reference section and not in the look-up section was counted. In the
disector analysis such a profile is called a “TOP.” For each disector
volume this analysis was performed in both directions by interchanging
the roles of reference and look-up sections. Synaptic density for a neuronil was then calculated as the sum of all TOPS divided bv the sum of
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ali disectorvolumes.
Synaptic clustering analyses. We define “clustering” with respect to
the number of presynaptic profiles associated with the same postsynaptic
profile and appearing in a single ultrathin section. Thus “1 on 1” refers
to a single presynaptic profile on to a single postsynaptic profile, while
“2 on 1” refers to two presynaptic profiles converging on the same
postsynaptic profile, and so on. Clusters of up to five synaptic contacts
on to a single postsynaptic profile were seen in some of this material.
The criteria for synapse identification were an active zone constituted
of apposed pre- and postsynaptic densities, and synaptic vesicles associated with the presynaptic density. We scored synapses and categorized them for synaptic “clustering” in each photograph with field
area of 9.1 pm x 7.7 pm as described above. A minimum neuropil area
of 5835 pm2 per animalanda maximumneuropilareaof 110,570pm2

b

per animalwasexaminedin this analysis(seeTable 2 for amountof
area and total number of synapses surveyed for each animal).

Results
A previous study using chronic NMDA treatment of frog tecta
demonstrated that one of the most pronounced effects of the
treatment at the level of singleRGC terminals was a reduction
in the number of the terminal branches. This reduction was
quantified at the light microscopelevel asthe number of branch
endingsper unit tangential areacovered by the arbor (Cline and
Constantine-Paton, 1990). For the present study we used the
light microscopeanalysisof individual terminals to assurethat
the NMDA treatments in this and the earlier work were producing similar effects. In addition, HRP was placed only in the
supernumerary retinas and the areas examined by EM were
taken from the region of tecta occupied by and immediately
surroundingthe labeledRGC terminals. This procedureassured
that the tectal regionssubsequentlyusedin the stereologicalEM
analyseshad input from the supernumerary retina. We know
from many previous studieson three-eyed frogs that the contralateral host eye always fully innervates striped tecta. Thus,
by confirming innervation from the supernumerary eye in the
region we examined, we assuredthat the region of tectum was
“doubly innervated.” However, though the region we examined
was invariably larger than the dimension of one stripe, there
was no fine-structural evidence of a “stripe boundary” in this
material, and we consequentlyhave no way of knowing whether

\
Figure 1. Light microscopic reconstructions of axonal morphologies
of type IV RGCsin doubly innervatedtecta.The terminalsarerecon-

structedfrom serialEpon-embedded
sectionstaken tangentialto the

medial-caudal surface of the tecta. They show the branch loss in NMDAtreated tecta, which we used to verify that the treatment used in this
EM analysis had the effect found previously at the light microscope
level. a, An NMDA-treated axonal terminal. b, A sham-treated axonal
terminal. Scale bars, 100 pm.

any particular samplearea fell in a zone where inputs from the
host or the supernumerary eye predominated. This approach
was favored over the alternative of placing enough HRP in the
supernumerary optic nerve to label the entire projection and
fully define “stripes,” becausethe latter produced very dark
HRP reaction product that obscureddistinctions and accurate
quantitation of synapses.Densefilling the entire projection with
HRP also prevents the reconstruction of individual RGC arbor
terminals to document NMDA-induced branch pruning.
Figure 1 illustrates a pair of RGC axonal terminals reconstructed from several epon embeddedsectionsin one NMDAtreated postmetamorphic frog, and in one sham-treatedcontrol
of identical age.One difference between theselight microscope
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Figure 2. Synaptic morphology after NMDA treatment. a and c are low-power fields in layer 8 of the superficial neuropil in NMDA-treated,
doubly innervated tecta. b and dare similar fields in sham-treated, doubly innervated tecta. Arrowspoint from postsynaptic to presynaptic profiles.
All EM ultrathin sections photographed here were approximately 90 nm thick. With the same uranyl acetate and lead citrate staining, pre- and
postsynaptic density appeared thicker in NMDA-treated tecta as compared to sham-treated control tecta. b and dare printed with more contrast
and darker than a and c to ensure that the synaptic effects are not due to printing variation. Scale bar, 1 pm.

data and that of the previous work is that here we have con-

centrated the reconstructions only on the type IV classof RGC
axonal arbors. Thesearbors, believed to arisefrom the dimming
detectors of RGCs (Stirling and Merrill, 1987), project deep to
layer 8 of the tectum. They are large and myelinated, and they
constitute a relatively homogeneouspopulation that can be
identified from animal to animal. Quantitative comparison of
thesearbors indicates that there are twice as many branch endings in the control as in the NMDA-treated tissue(350 vs 151
branch endings), suggestingthat branch losshas occurred with
NMDA treatment. This is fully consistent with the results obtained in the earlier study (Cline and Constantine-Paton, 1990).

Upon inspection under the EM, the most striking aspectof
NMDA-treated tecta versus sham-treated control tecta was a
thickening or darkening of both pre- and postsynaptic densities
in the majority of synapses.This morphological changein the
active zone is shown in low-power fields of gold ultrathin sections in Figure 2 (a and c, NMDA treated, b and d, sham-treated
control). The thickening of the pre- and postsynaptic densities
was seenin synapsesshowing a range of synaptic types as can
be seenin high-power fields of silver ultrathin sectionsin Figure
3a-f (a, c, and e, NMDA treated; b, d, and J; sham-treated
control). Figure 3, a and b, shows synapseswhere presynaptic
profiles are filled with small vesiclesand make contact on gly-
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Figure 3. Examples of the range of synaptic types affected by NMDA treatment. a, c, and e are high-power views of synapses in NMDA-treated,
doubly innervated tecta. b, d, and fare similar fields in sham-treated, doubly innervated tecta. a and b show synapses containing small vesicles
making contact on glycogen-containing postsynaptic profiles (indicated by the single arrows). In both photographs the presynaptic profiles are filled
with vesicles but the density of vesicle packing near the active zone is greater in u than in b. c, d, and also the contact indicated by the double
arrows in b show synapses with small to large round vesicles and occasional dense-core vesicles. Notice again the tendency toward greater packing
of vesicles near the presynaptic active zone in c as compared to b and d. e and f show synapses with small round vesicles making contact on
postsynaptic profiles containing medium-sized round vesicles. All EM ultrathin sections photographed here were approximately 60 nm thick. Arrows
point from postsynaptic to presynaptic profiles. Scale bar, 0.5 pm.

Figure 4. Neuropils unaffected by NMDA treatment. a, A field from the deeper layer 5 of an NMDA-treated doubly innervated tectum. b, A field
from the superficial neuropil of an NMDA-treated “singly innervated” tectum of a two-eyed animal. Arrows point from postsynaptic to presynaptic
profiles. Scale bar, 0.5 pm.
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Table 1. Analysis of synaptic clustering
1 on 1

2 on 1

Total numberof cases
NMDA- I
468
NMDA-2
621
NMDA-3
663
CTRL-1
589
CTRL-2
522
CTRL-3
819

7.5
90
96
52
54
92

Percentage
of total synapses
NMDA- 1
73.82%
NMDA-2
74.82%
NMDA-3
74.41%
14.35%
Mean
SD
0.50%
84.14%
CTRL-1
CTRL-2
79.69%
CTRL-3
79.90%
Mean
81.25%
2.51%
SD

23.66%
21.69%
21.55%
22.30%
1.18%
14.86%
16.49%
17.95%
16.43%
1.55%

23on 1
5
9
11

2
8
I
2.52%
3.49%
4.04%
3.35%
0.77%
1.OO%

3.82%
2.15%
2.32%
1.42%

3% 2%
1 on

Heterogeneity x2 = 3.69; df = 4; 0.25 c p c 0.5. x’ of total = 16.05; df = 2; p
-c 0.005.

cogen-containing postsynaptic profiles, c and d show synapses
with small to large round vesicles with occasionaldense-core
vesicles(also seethe synapselabeledwith double arrows in Fig.
36), and e andf showsynapseswith smallround vesiclesmaking
contact on postsynaptic profiles containing medium round vesicles. These synaptic types are often seenin the neuropils. The
heterogeneity of thesesynapsessuggeststhat the thickening of
synaptic densitiesis not restricted to only a subsetof the synaptic
types identified morphologically in the superficial neuropil of
normal frogs (Hughes, 1990). The difference in pre- and postsynaptic densities was apparent in synapseswithin the superficial neuropil of the NMDA-treated tecta irrespective ofwhether they were located deep within neuropil layer 7 and 8 or in
superficialregionsof tectal layer 9. However, this differencewas
not apparent in the deeperplexiform layer, layer 5, where nonretinal inputs from tegmentum, contralateral tectum, and thalamus terminate (Fig. 4~) (Lazar, 1984). In other words, this
pronounced changein synaptic morphology appearedto be restricted to the superficial neuropil of tecta where retinal projections terminate and where most of nonretinal converging inputs
are indirectly driven by the eyes.
The data presented above indicated to us that the chronic
application of NMDA in Elvax sliceswas altering the appearance of synapsesin the superficial retinotectal neuropil in a
manner that could not be accounted for merely by the continuous mechanicalpresenceof the Elvax plastic. There remained
the possibility, however, that the exogenousNMDA wasaltering
the staining properties of the neuropil directly through an effect
that was independent of the morphological pruning of axonal
branches.To control for this possibility we performed EM surveys of the superficial neuropil in NMDA-treated, “singly innervated” tecta of two normal two-eyed animals. The earlier
light microscopeanalysesof axonal arbor morphology in these
singly innervated tecta found no evidence of branch pruning
after chronic NMDA treatment (Cline and Constantine-Paton,
1990). As shown in Figure 46, no signsof the pronounced pre-

n

1

2 on
yJ

1

23onl
(fLIJ;

5. ChronicNMDA treatmenteffectson synaptic“clustering”
in doubly innervatedtecta.The data areshownaspercentage
of total
synapses involved in each “clustering” category. NMDA treatmentincreases
the numberof presynapticprofilesobservedin association
with
Figure

single postsynaptic profiles. The most conspicuous change is a shift from
the 1 olt 1 category to the 2 on 1 category. Error bars represent SD.

and postsynaptic densitiesobserved in the doubly innervated
tecta were seenin tecta of the two-eyed animals chronically
treated with NMDA. The fine structure of synapsesin these
tecta appearednormal, suggestingthat the effects of exogenous
NMDA are associatedonly with the pruning of retinal axonal
arbors.
Figure 3, a and c, also illustratesa more subtle morphological
changethat wasseenin many of the synapsesin NMDA-treated,
doubly innervated tecta. In these tecta, profiles with synaptic
vesiclesaggregateddenselyimmediately adjacentto the presynaptic siteswere more often seen.Unfortunately, this is only a
suggestionfrom our observations. We were unable to obtain
quantitative data indicating the magnitude of the NMDA treatment effectson synaptic vesicles,becausethickened presynaptic
densitiesoften made it difficult to measurethe number of vesicles and their distance from the synaptic releasesites.
Initially, low-power electron micrographsof NMDA-treated
and control neuropils in doubly innervated tecta gave the impression that the experimental tecta contained a larger than
normal number of synaptic active zones clustered on the same
postsynaptic profile. In order to determine if this impression
reflected a significant alteration of synaptic complexes,a detailed
stereologicalsamplingofthe three control and the three NMDAtreated doubly innervated neuropils was undertaken. The superficial neuropil of the tecta was sampledas describedin Materials and Methods.
We scored each sample field for “synaptic clustering” by
counting the number of presynaptic profiles converging on the
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7. Diagrammaticillustrationof the changes
in synapticarrangements
that occurin NMDA-treated doubly innervatedneuropils.
Eachdot in the cubicvolumesof neuropilrepresents
a synapticactive
zone.ChronicNMDA treatmentdoesnot changethe sizeor densityof
synapticactive zones;however,it increases
synapticclustering.
Figure

0.0

Activezonelength

meanlength of all synaptic active zonesappearingin the sample
photomicrographs from each animal. As shown in Table 2 and
Figure 6a, the size of synaptic active zone was unchanged in
NMDA versus control tecta (ANOVA test, 0.1 < p < 0.25).
Second, an increasein the density of synapsesin NMDA compared to control tecta could also produce the observed increase
in clustered synaptic profiles without actually changingthe synaptic arrangement.We tested this possibility by estimating synaptic density in the control and NMDA-treated neuropils using
the disector analysis.The resultsare shownin Table 3 and Figure
66. Animals with NMDA treatment have a mean synaptic density value of 0.39 ? 0.03 per pm3, which is alsonot significantly
different from the control of 0.41 & 0.03 per pm3(Mann-Whitney U test, p = 0.275).
Figure 7 showsa diagram that depictsthe implication of these
quantitative analyses.In doubly innervated tecta, chronic NMDA
treatment does not change the size or the overall density of
synaptic active zones;however, it doessignificantly increasethe
incidence with which they cluster together in the tecta.
It would be satisfying to label completely all retinal terminals
in these animals with HRP in order to obtain a specific figure
indicating how many of the affected inputs are retinal in origin,
or how frequently retinal inputs participate in the synaptic clusters. However, reliable HRP filling of all retinal terminals is
impossible in these amphibian animals even when the retinal
projection is from the normal eye. Moreover, filling of both
retinal projections with HRP in the doubly innervated tectum
would make it very difficult to verify that the tectum wasindeed
doubly innervated. In addition, this also makes it impossible
to reconstruct the morphology of singleRGC axonal arbors to
show the branch pruning effects of NMDA treatment.
We could assurein this study, however, that all the tecta
examined had a few type IV RGCs filled with HRP from the
supernumerary retina. Many of theselabeledterminals contributed to both the qualitative and quantitative observations we
report above. Thus, we can say that this type of retinal terminal
participates in synapsesthat show thickened pre- and postsyn-

Synapticdensity
@is&or Analysis)

6. Lack of chronic NMDA treatmenteffectsonactivezonesize
or overall synapticdensity.a, The lengthof synapticactive zones.b,
Synapticdensityestimatedby disectoranalysis.Both parameters
were
statisticallyunchanged
in NMDA-treated versussham-treated
striped
tecta.The unit for synapticdensityis the numberof synapses
perpm’,
andtheunit for thelengthof synapticactivezonesis micrometers.
Error
barsrepresentSD.
Figure

samepostsynaptic profile (seethe illustration of Fig. 5). Thus
“ 1on 1” identified a singlepresynaptic profile on a postsynaptic
profile, whereas“2 on 1” refers to two presynaptic profiles converging on the samepostsynaptic profile, and soon. The results
of this analysis are shown in Table 1 as the total number of
casesfor each “clustering” category, and as the percentageof
total synapsesinvolved in each category. Figure 5 summarized
the results. The data reveal that the number of presynaptic
profiles observedin associationwith singlepostsynaptic profiles
was increased in the NMDA-treated tecta. This change was
highly significant (x2 test, p < 0.005). As can be seenin Figure
5, the most conspicuousshift occurred between the 1 on 1 category to the 2 on 1 category.
There are two quantitative alterations of synapsesbetween
control and NMDA-treated doubly innervated tecta that could
produce the observed shift in clustering without actually changing the arrangementof the synapsesin the NMDA-treated, doubly innervated tecta. First, if each synaptic active zone became
larger with NMDA treatment, then the probability that a single
ultrathin section would cut through more than one of the synaptic contactsconverging on a singlepostsynapticprocesswould
increase.This would produce an increasedincidence of 2 on 1
or greater, but there would be no real changein the arrangement
of the synapses.To examine this possibility, we measuredthe

Table 2. Mean length of synaptic active zones

Total areasampled(pm’)
Total synapses
analyzed
Meanlength(pm)
SD
ANOVA:F(1,4)

= Fvalue

Animal
NMDA-1 NMDA-2 NMDA-3 CTRL-1

CTRL-2

CTRL-3

6709
686
0.24
0.08

5835
690
0.26
0.09

10570
1092
0.27

for treatment

= 5.23;

7350
898
0.25
0.09
F(1,4)

at 0.05

7350
945
0.25
0.08
= 7.71;

6770
748
0.25
0.08
0.1 < p < 0.25.

0.10
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Table 3. Number of synapses per unit volume

Numberof chosenareas
Z TOPS

Z Disectorvolumes(pm3)
Synapticdensity(#/pm))

Animal
NMDA-1

NMDA-2

NMDA-3

CTRL-1

CTRL-2

CTRL-3

112
151

128
195

411.0

514.9

0.37

0.38

122
223
535.1
0.42

118
163
414.7
0.39

114
138
311.7
0.44

118
162
396.0
0.41

Mann-Whitney
U test,p = 0.275.
aptic densities. We also observed these labeled terminals participating in synapseclusters where at least another input was
converging on the samepostsynaptic process(Fig. 8). Thus, at
leastsomeof the terminals in theseclustersare retinal in origin
and, as we discussin more detail below, NMDA receptors are
probably involved in mediating both retinal and nonretinal synaptic transmission.Thus, the actual proportion of retinal versus
nonretinal inputs affected by our treatment may not be a major
factor in determining the conclusionsthat can be drawn from
theseresults.

Discussion
The EM analysespresentedin this report document qualitative
changesin the appearanceof synapseswithin developing doubly
innervated tecta when they are treated chronically with low
dosesof the agonist for the NMDA receptor. These effects are
absentfrom the deepneuropil ofthe sametecta where nonretinal
inputs terminate, and cannot, therefore, represent some generalized responseof the tectal lobe to the treatment. It is also
important to note that the changesare not a simple responseto
exogenousNMDA becausethe effectsare absentfrom similarly
treated superficialtectal neuropils if the tecta are innervated by
only one eye. The qualitative changesin pre- and postsynaptic
densitiesareonly apparentin doubly innervated neuropils,where
considerablepruning of synapse-bearingbranchesof retinal axonal arbors is observed at the light microscopelevel (Cline and
Constantine-Paton, 1990). We found no signsof increasesin
degenerativeresponsessuch as vacuolated nuclei, phagocytotic
processes,or electron-denseprofiles (Peters et al., 1991) in the

NMDA-treated tecta. In short, our data rule out the possibility
that NMDA is having a toxic effect on the developing retinotectal neuropil or that the exogenousagonist is acting directly
on the retinal axons or the tectal dendrites themselves.Rather,
the present observations reinforce the earlier light microscope
study suggestingthat structural changesare likely to be mediated
through the postsynaptic cells: the changesonly occur in striped
tecta where activity correlations among converging inputs are
low to beginwith (Cline and Constantine-Paton, 1990).Synaptic
fine structure is altered only in neuropil where axonal terminal
arbors have been “pruned.”
A number of factors have to be taken into consideration in
order to interpret the present observations. For example, most
of the excitatory drive to the superficial layers of the amphibian
optic tectum comesfrom the RGC terminals(Griisserand Griisser-Comehls, 1976), whose contacts make up roughly 60% of
the synapsespresentin the neuropil (Ostbergand Norden, 1979).
Thus, any alteration in the synaptic contact area of the RGCs
within the tectum could significantly affect the level of tectal
cell activation. In fact, light microscopereconstructionsand EM
analysesof single RGC axonal terminals from doubly innervated tecta have shownthat within eacharbor the distal branches contain most of the synaptic contacts. Pruning of the distal
branchesobserved at the light microscopic level after NMDA
treatment resultsin a significantlossin the total synaptic contact
areaof individual RGC axonal arbors when surveyed at the EM
level (Yen and Constantine-Paton, 1991; L.-H. Yen and Constantine-Paton, unpublished observations).
The observed reduction in axonal terminal branching and

Figure 8. HRP-filled retinal axons
each makinga synapse(arrow) on a

postsynapticprofile in layer 8 of an

NMDA-treated, doubly innervated tecturn. In each photograph, the same
postsynaptic profile receives another
synapse(arrowhead) from a different
axon. Scale bar, 0.5 pm.
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therefore in the total synaptic contact area of a neuron’s axon,
however, has a number of implications for the function of the
synapses that are maintained by those same axons. Several lines
of evidence indicate that, as a result of such reductions, each of
the remaining synaptic release sites may be proportionately more
“effective” than their counterparts in extensively arborized axon
terminals. For example, the molecules and organelles necessary
for synaptic function are likely to be transported down the major
axon cylinder in quantities that are relatively independent of
the axoplasmic volume available (Weiss and Hiscoe, 1948).
Consequently, each synapse-bearing branch in a poorly arborized axonal terminal, as opposed to a richly branched axonal
terminal, should have more essential cytoplasmic constituents
per synaptic release site. In addition, failure of action potential
spike conduction is predicted to occur at axonal branch points
because of the decreased current density in these regions (Rhodorov and Timin, 1975; Parnas and Segev, 1979). Physiological
investigations have provided experimental support for this phenomenon (Parnas, 1972; Grossman et al., 1973, 1979; Dyball
et al., 1987; Stoney, 1990). Therefore, assuming all other passive
cable properties of the axon remain constant, spike invasion to
all synaptic release sites is likely to occur with higher probability
in a less arborized as compared to a richly arborized terminal.
Several studies have indicated that pruning of axonal terminals is associated with an increase in the efficacy of the surviving terminals. In chick, the developmental pruning of multiple inputs of the cochlea nerve axons onto the neurons of the
nucleus magnocellularis is associated with a faster rise time and
a bigger EPSP from the remaining input. Although in this case
the pruning of the afferents is associated with synapses that are
larger (Jackson and Parks, 1982). At mouse and frog neuromuscular junction, pruning of motor axons is associated with
an increase in the efficacy of the surviving nerve terminals (Herrera and Grinnell, 1980, 198 1; Pockett and Slack, 1982). An
inverse relationship between the extent of arborization and the
efficacy of each synaptic contact is also consistent with findings
suggesting that synaptic junctions formed by sprouted motor
axons are relatively weak (Bennett and Raftos, 1977). It is interesting that these “sprouted” motor axons appear to be easily
displaced by regenerating nerves that are maintaining less arborization (Wigston, 1980; Haimann et al., 198 1). Thus, richly
arborized arbors may be less effective than “pruned” arbors at
stabilizing individual synapses on a contested target. This is
consistent with observations in the hamster showing that RGC
axons that have had their terminal arbor space in the superior
colliculus “pruned” by tectal ablation are extremely effective at
sprouting new synapse bearing branches in the diencephalon
(Sabel and Schneider, 1988).
These observations by other investigators suggest that, because of the pruning of RGC arbors in doubly innervated tecta
treated with NMDA, each of the remaining RGC synapses is
likely to be more effective. They are likely to have more frequent
action potential invasion than their counterparts in unpruned
arbors, and they are likely to release more transmitter in response to each spike. In other words, despite the downregulation
of NMDA receptor effectiveness that occurs with the NMDA
chronic treatment (Debski et al., 199 1; Hickmott and Constantine-Paton, 199 l), the synapses remaining after pruning may be
equally or perhaps even more efficient at driving NMDA receptors than their unpruned counterparts in either sham-treated
doubly innervated tecta or singly innervated tecta treated with
NMDA.

We believe that this increased “use” and/or “efficacy” of individual synapses may partially account for the qualitative
changes in pre- and postsynaptic densities seen in the present
study. A number of investigations have reported correlations
between neural activity levels and morphological characteristics
of synapses similar to those we report here. For example, in the
visual cortex, the postnatal elaboration of the presynaptic grid
has been found to be halted or stalled by dark rearing (Muller
et al., 1981) and the morphological maturation of RGC synapses in the kitten dorsal lateral geniculate nucleus is similarly
retarded when R.GC activity is blocked with intraocular injections of TTX (Kalil et al., 1986). In addition, visual learning
that should be associated with increased synaptic use has been
shown to be associated with increases in the thickness of the
postsynaptic density in the visual cortex (Vrensen and Cardozo,
1981).
Increases in the “use” or the “efficacy” of synapses have also
been positively correlated with an increase in synaptic vesicle
packing near the presynaptic membrane. Thus, the number of
synaptic vesicles per synapse increases with the acquisition of
new song behaviors in the nucleus robustus archistriatalis of
forebrain, the area known to be involved in song control in
canaries (DeVoogd et al., 1985). In the anteroventral cochlear
nucleus of rodent the density of the presynaptic vesicle fusion
sites per active zone as assayed by freeze-fracture method increases with increasing levels of acoustic stimulation (Gully,
1978). Bailey and Chen (1983, 1988) have shown that long-term
sensitization of the sensory inputs onto Aplysia gill withdrawal
motor neurons increases the number of synaptic vesicles closely
adjacent to the synaptic active zone, while long-term and shortterm habituation is associated with a depletion of synaptic vesicles immediately adjacent to the active zones. In addition, one
study that correlated physiological and fine-structural changes
in synapse development at identified neuromuscular junctions
in culture noted that increased synaptic efficacy is associated
with more vesicle clustering at release sites and increases in the
thickness of postsynaptic density (Buchanan et al., 1989).
Two observations in the present study, however, cannot be
accounted for by simply postulating increased “use” and/or
“efficacy” of the synapses that remain within pruned arbors
arising from the retina. One is the finding that the majority of
synaptic active zones in the affected tectal neuropils show the
increases in pre- and postsynaptic densities despite the fact that
at least some of these synapses probably come from inputs other
than the RGCs themselves. If our reasoning concerning the
cause of the increased pre- and postsynaptic thickening is correct, then the widespread occurrence of such thickening implies
that nonretinal as well as retinal afferents have been pruned in
doubly innervated tecta treated with NMDA. Currently, data
are not available to address this possibility since the terminal
arbors of nonretinal inputs have not been reconstructed at the
light microscopic level. Nevertheless, the explanation for pruning of retinal terminals, that is, decreased ability of tectal neurons to stabilize inputs with low activity correlations, could
account equally well for pruning of nonretinal inputs. This is
because the work of others in mature animals (Rubinson, 1968;
Wilczynski and Northcutt, 1977) and our own work in tadpoles
and young frogs (Debski and Constantine-Paton, 1993) indicate
that most of the nonretinal afferents to the tectum arise from
diencephalic and midbrain regions that are themselves targets
of tectal efferents. In addition, recent whole-cell patch-clamping
studies have demonstrated that an NMDA receptor-mediated

The Journal of Neuroscience,

component contributes to both the monosynaptic and polysynaptic excitatory responses of tectal neurons driven by optic tract
stimulation (Hickmott and Constantine-Paton, 1993). Thus, the
situation that causes poorly correlated retinal inputs to be pruned
might be expected to also cause many of the nonretinal inputs
that are polysynaptically driven by that same visual input to be
pruned as well. Moreover, these inputs do not have to be glutamatergic to be affected by changes in NMDA receptor function. Work on the cholinergic isthmiotectal projection of the
frog Xenopus has demonstrated that disruption of NMDA receptor function can also disorganize the normal development
of this convergent projection (Udin and Scherer, 1990). In short,
our results appear to support the idea that the majority of inputs
to the superficial neuropil of doubly innervated tecta, even ones
that do not arise from the retina and some that may not use
glutamate as the transmitter, may require activation of NMDA
receptors on tectal neurons in order to become stabilized. These
inputs, like the retinal afferents, are probably similarly pruned
under conditions where NMDA receptor effectiveness is low.
The second set of data in the present study that cannot be
easily explained as a result of RGC terminal arbor pruning is
the increase in the incidence of two or more presynaptic processes converging on the same postsynaptic target. We think
that this observation may be an additional evidence in support
of the idea that the population of synapses surviving in doubly
innervated tecta chronically treated with NMDA is enriched for
contacts that share the same tectal target along with highly correlated neighbors. Our reasoning is as follows. Data from many
different kinds of experiments indicate that the mechanism that
stabilizes young synapses on the basis of their ability to induce
significant depolarizations in the target cell is competitive; that
is, an input that is not active when the target cell is depolarized
is actually less likely to survive on that target (Wiesel and Hubel,
1965; Stent, 1973; Lo and Poo, 199 1; Dan and Poo, 1992).
There is also evidence that, if the target cell cannot be activated
by an input, then activation of that input actually results in a
decreased effectiveness of the active over the inactive contact
(Reiter and Stryker, 1988). When two or more excitatory inputs
converge on the same postsynaptic process within a distance of
1 pm of one another, it seems very likely that they will both be
affected by the depolarization produced by either one of them
in that local region of dendrite. Consequently, unless synaptogenesis in the optic tectum occurs without synaptic competition,
which is extremely unlikely (Prestige and Willshaw, 1975; Udin
and Fawcett, 1988) one would not expect sets of uncorrelated
or poorly correlated inputs to be clustered. We cannot prove
that these synaptic clusters have unusually highly correlated
activity among the participating synapses, because the identity
and the activity patterns of the inputs are not known. Nevertheless, we know that some of the inputs contributing to these
synaptic clusters are indeed retinal, because they are labeled
with HRP from the retina. Furthermore, available information
on retinotopic mapping in normal and striped tecta (Law and
Constantine-Paton,
198 1) and on the reciprocal connections in
which tectal cells participate indicate that highly correlated inputs are likely to be present in local tectal regions. We suggest,
therefore, that the increased incidence of two or more presynaptic inputs on the same postsynaptic target, in a situation where
the size of synaptic active zone or overall synaptic density does
not change, does in fact represent an increased incidence of
highly correlated inputs. This is the result expected if the rela-
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tively poorly correlated inputs were selectively eliminated in the
superficial neuropil as a result of the chronic NMDA treatment.
In summary, our data demonstrate that increased pre- and
postsynaptic thickening and increased synaptic clustering accompany the branch loss of retinal axonal arbors following
chronic NMDA treatment of tecta innervated by two retinas.
We believe that the most reasonable explanation for these data
is that the NMDA treatment enriches the neuropil for wellcorrelated inputs by decreasing the effectiveness of NMDA receptors on tectal neurons. Thus, synapses that have relatively
lower activity correlations with their neighbors cannot be stabilized and are eventually eliminated. An alternative explanation for these data is that the observed changes are a simple
response to exogenous NMDA by the tectal neuropil without
involving this activity-dependent mechanism. However, this is
unlikely because the observed effects are absent from similarly
treated tectal neuropils innervated by only one eye. These tecta
innervated by a single retina do not have the reduced correlated
activity among converging inputs as induced by double innervation.
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