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Synapses Formed by Identified Retinogeniculate Axons during the

Segregation of Eye Input

Gregor Campbell and Carla J. Shatz
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The synaptic organization of identified retinogeniculate ax-
ons was studied during the prenatal development of eye-
specific layers in the LGN of the cat. During this period,
retinogeniculate axons undergo stereotyped morphological
changes. Retinogeniculate axons originating from one eye
and passing through LGN territory destined to be solely in-
nervated by the other eye (inappropriate territory) initially
give rise to many side branches. As the eye-specific layers
emerge, these axons elaborate extensive terminal arbors
within territory appropriate to their eye of origin and con-
currently retract their side branches from inappropriate ter-

ritory (Sretavan and Shatz, 1986). These transient side
branches may therefore represent a morphological sub-
strate for the observed functional convergence of inputs
from the two eyes onto common LGN neurons during pre-
natal development (Shatz and Kirkwood, 1984). This pos-
sibility was investigated by examining whether identified ax-
ons and their side branches form synapses in inappropriate
territory.

Three retinogeniculate axons from two fetuses aged em-
bryonic day 53 (E53) and E57 were filled with HRP in an in
vitro preparation, prior to being processed for electron mi-
croscopy (EM). The HRP-filled axons, originating from the
contralateral eye, were first reconstructed at the light mi-
croscope level. The portion of axon passing through the
center of ipsilaterally innervated layer A1 was then serially
sectioned and reconstructed by EM. Two sets of 450 serial
EM sections revealed that all three contralateral axons es-
tablished synaptic contacts in ipsilateral territory. Many of
these synapses were made by side branches and a few were
even formed by the main axon trunks. Both side branches
and trunks formed mainly en passant asymmetrical contacts
that were associated with spherical synaptic vesicles and
that were apposed to immature dendritic elements and den-
dritic shafts. For comparison, a portion of the same E53 axon
within the future contralateral layer A was also serially sec-
tioned and reconstructed for EM. Within this contralateral
zone, the E53 axon formed synaptic contacts similar to those
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established in the ipsilateral region, except that in the ap-
propriate zone they contained significantly more synaptic
vesicles.

These results demonstrate that axons from the contralat-
eral eye can establish synapses in territory simultaneously
innervated by the ipsilateral eye, both via side branches and
by means of contacts along the main axon trunk. Thus, the
development of eye-specific layers is accompanied by the
formation and subsequent elimination of synapses that al-
most certainly represent a morphological substrate for the
known transient functional convergence of inputs from the

two eyes.

When connections first form during the development of the
CNS, frequently they are not as precise as those present in the
adult. The adult pattern then emerges during a period in which
initially diffuse connections are refined (Purves and Lichtman,
1980). In the mammalian visual system, the rigid segregation
of ganglion cell axons from the two eyes into adjacent and sep-
arate territories within the adult LGN is achieved by the gradual
restriction of initially overlapping eye inputs (for review, see
Shatz and Sretavan, 1986). For example, in the cat’s visual
system, segregation of the retinogeniculate projection into the
eye-spectfic layers occurs during the 3 week period just before
birth (gestation is 65 d) (Shatz, 1983). Recent studies have shown
that the formation of the layers arises as a consequence of a
characteristic sequence of changes (summarized in Fig. 1) in the
morphology of individual retinal ganglion cell axons (Sretavan
and Shatz, 1986, 1987). Prior to the onset of segregation, axons
are very simple morphologically, with few branches. When seg-
regation begins, as heralded by the appearance of a small zone
exclusively occupied by axons from the ipsilateral eye (Fig. 1,
E46, ), axons have acquired a modest terminal arbor and give
rise to short side branches that punctuate the axon trunk along
its entire course across the LGN. As segregation nears comple-
tion by birth and the eye-specific layers become clearly defined,
axons have eliminated the many side branches present within
territory belonging to the other eye at earlier ages (Fig. 1, E46,
E53) and have established elaborate terminal arbors restricted
to the territory appropriate to their eye of origin (Fig. 1, E63).

Recent evidence suggests that the prenatal segregation of eye
input within the LGN, like similar developmental events known
to occur elsewhere in the nervous system (LeVay et al., 1980;
Stryker and Harris, 1986; Callaway et al., 1987; for review, see
Constantine-Paton et al., 1990; Shatz, 1990a,b), may involve
an activity-dependent competitive interaction between the gan-
glion cell axons from the two eyes for common LGN neurons.
For example, prenatal infusions of TTX prevent the formation
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Figure 1. Schematic drawings summarizing the development of two
representative retinogeniculate axons between E46 and E63. These ax-
ons are superimposed upon drawings of cross sections of the LGN,
which reveal those areas innervated by ipsilateral (/) and by contralateral
(O) retinal ganglion cell axons; C corresponds to future layer A, while
I corresponds to future layer Al; those areas receiving inputs from both
eyes are shaded (based on the pattern of anterograde labeling resulting
from intraocular injection of HRP into one eye and *H-leucine into the
other). As retinogeniculate axons segregate into eye-specific layers (e.g.,
asthe Cand [ areas emerge from large regions of shading), axons forming
a terminal arbor within contralateral eye territory also give off side
branches within ipsilateral eye territory (E46, E53). These side branches
then disappear by £63 (adapted from Fig. 5 of Shatz and Sretavan,
1986). Note that at E53, clear zones belonging to both contralateral and
ipsilateral eyes are already present. (See introduction for further details.)

of the eye-specific layers and the refinement of ganglion cell
terminal arbors in the cat (Shatz and Stryker, 1988; Sretavan et
al., 1988; Shatz, 1990b). Moreover, in vitro microelectrode re-
cordings from LGN neurons at times when the inputs from the
two eyes are intermixed within the LGN, but not later on, in-
dicate that individual postsynaptic neurons receive convergent
excitatory inputs from both optic nerves (Shatz and Kirkwood,
1984). Is it not known, however, whether these functional inputs
are mediated by direct monosynaptic excitatory inputs from
ganglion cell axons themselves, or whether some, particularly
those from the inappropriate eye, are mediated by a disynaptic
pathway involving LGN neurons.

Previous studies in hamsters have shown that ganglion cell
axons from one eye can indeed make synaptic contacts in ter-
ritory later belonging to the other eye (Campbell et al., 1984).
There is no information available that relates these synapses to
the overall structure of the ganglion cell axon, however. The
location and transient nature of the side branches given off along
the length of retinal ganglion cell axons within the LGN suggests
that they may be sites of synaptic contact and therefore represent
a distinct morphological substrate for monosynaptic physiolog-
ical interactions. If so, the side branches must be expected to
establish transient synaptic contacts with LGN neurons. In order
to investigate this possibility, we labeled individual retinogenic-
ulate axons with HRP during the period of segregation in an in
vitro preparation and then reconstructed them by electron mi-
croscopy (EM). Here we report that axons from the contralateral
eye do form transient synapses within ipsilateral eye territory,
both by means of the side branches and also via the main axon
trunk.

Brief notes of some of these findings have appeared previously
(Campbell and Shatz, 1986; Shatz, 1990a; So et al., 1990).

Materials and Methods

Two fetuses aged embryonic day 53 and 57 (E53 and E57) were used
for the present study. Timed pregnancies allowed us to select the fetal
age within +24 hr (see Shatz, 1983).

Surgery. Sterile surgical technique was used for all procedures. Preg-
nant cats received subcutaneous injections of atropine sulfate (0.05 mg/
kg) and intramuscular injections of ketamine hydrochloride (20 mg/kg)
and acepromazine (0.2 mg/kg). Anesthesia during surgery was main-
tained with a mixture of halothane (0.5 to 1.5%) and oxygen via an
endotracheal tube. Full details of fetal surgery are given in Shatz (1983)
and Ramoa et al. (1988).

In vitro preparation. This electron microscope (EM) study of the
retinogeniculate axons in prenatal cats was carried out using an in vitro
preparation similar to that used by Sretavan and Shatz (1986). Fetuses
were removed by cesarean section and placed on ice. The brain was
quickly exposed and the diencephalon bisected along the midline; one
half was placed in a modified tissue slice chamber, where it was con-
tinuously superfused with oxygenated Ringer's solution (32-34°C) at a
rate of 80-100 ml/hr (Shatz and Kirkwood, 1984). The other half was
pinned to a Sylgard-coated Petri dish medial side down, and two to
three horseradish peroxidase—coated micropipette tips were inserted
into the optic tract just ventral to the LGN and anterior to the medial
geniculate nucleus. A 2-3 mm horizontal slice including the injection
sites and the ventral three-quarters of the LGN was then cut with a
razor blade and immediately placed in the slice chamber. Since the most
satisfactorily filled axons were about 1.5 mm from the injection sites,
the dorsalmost portion of the LGN was also removed to bring the
remaining slice of LGN closer to the superfusion fluid, thus avoiding
necrosis in this region. The same HRP procedure was then carried out
with the other half of the LGN preparation.

HRP processing. After 3 hr in the chamber, the slices containing the
lateral geniculate nuclei were immersed in fixative (1% paraformalde-
hyde and 1.25% glutaraldehyde in 0.1 M sodium phosphate buffer with
0.5% glucose) and left at 4°C for about 20 hr. The slices were embedded
in gelatin-albumin, and 100 um horizontal sections were cut on a Vi-
bratome and collected in cold phosphate buffer. The HRP reaction
product was revealed by reacting sections with diaminobenzidine (DAB)
(0.05%), cobalt chloride (0.025%), and hydrogen peroxide using 0.1 M
sodium cacodylate buffer (pH 7.3). The E57 material was processed
with DAB but with a higher concentration of cobalt chloride (0.56%)
together with ammonium nickel sulfate (0.37%).

Electron microscopy. Sections judged to contain good HRP-filled ax-
ons were pinned to Sylgard-coated Petri dishes, osmicated (2% in 0.1
M sodium phosphate buffer for 1 hr), stained in aqueous uranyl acetate
(2% at 4°C for 1 hr), dehydrated in a graded series of ethanols, cleared
in propylene oxide, and embedded in Epon-Araldite.

The resin embedded sections were examined with a light microscope
(LM). Three axons well labeled with HRP (1 at E53, 2 at E57) from
two blocks formed the basis of this study. They were all typical of
retinogeniculate axons at ES3 and E57 (see Sretavan and Shatz, 1986).
Each could be traced from close to the optic tract through the LGN in
a short series of adjacent resin sections (see Figs. 2a; 16, inset). We
approached the axon of interest during the cutting of 1 um sections by
using camera lucida drawings (see, e.g., Figs. 2b, 16) and measurements
of axon depth within the block. This also allowed us to distinguish the
axon of interest from the few nearby HRP-labeled axons. Ultrathin serial
sections were collected on Formvar-coated, single slot grids. Approxi-
mately 450 serial sections were cut from each block. These were coun-
terstained with lead citrate and viewed in Philips EM201 and EM400
electron microscopes.

There were many problems associated with trying to obtain axons
that were well filled and also suitable for EM study. For example, when
viewing HRP-labeled profiles in a particular EM section, it was im-
portant to be sure that they belonged to the axon of interest so that time
was not wasted in reconstructing neighboring axons. The chosen labeled
axon therefore had to be in a region of a resin section fairly well isolated
from other labeled axons. In addition, to be sure we were studying
contralaterally projecting retinogeniculate axons, the filled axons had to
arise from close to the optic tract and terminate in an immature arbor
at the inner LGN border (see Results, General observations). Further
conditions for the suitability of an axon for EM study were the necessity
for that area of the LGN to be non-necrotic and well fixed. Only 2 out
of 10 fetuses yielded axons that met all of these criteria.

Analysis. Serial EM sections were systematically viewed and any HRP-
labeled profiles photographed at a range of magnifications, Care was
taken to differentiate between those elements that contained HRP re-
action product and those profiles that appeared to represent degenerating
processes. In all the reconstructed axons, reaction product of a fairly
uniform electron density was seen throughout the axon trunk and side
branches. That is, a labeled portion of axon was never traced into



continuity with an unlabeled segment of axon. Photographic montages
at low magnification (300-600 x) of about every fiftieth serial section
were made to enable the accurate mapping of HRP-labeled profiles with
respect to landmarks such as blood vessels and section boundaries.
Portions of the three axons (100-200 um lengths) were reconstructed
from electron micrographs at 25,000x final magnification. Every la-
beled profile on these micrographs was drawn on tracing paper and the
tracings aligned as accurately as possible through the entire series of
sections by using several additional traced structures in each micrograph
as reference points (see Gaunt, 1971). In this way large, traced recon-
structions of the axons were obtained in two dimensions.

Quantitative data. Counts were made of the number of synaptic ves-
icles and measurements were made of the length and width of the
postsynaptic densities at every synapse. For several reasons, counts were
made of synaptic vesicles apposed to a clear postsynaptic density only
in the single section that contained the maximum number. First, we
did not have a complete series of sections through every synapse. In
addition, synapses were often made en passant or were not clearly as-
sociated with a terminal swelling or bouton at these very early ages,
thereby making it impossible to obtain an accurate measurement of
presynaptic volume or vesicle density. Similarly, the length and width
of postsynaptic densities were measured in the section of their maximum
extent. However, the serial sections available allowed us to determine
that we were making a fair assessment of vesicle number per synapse
and extent of the synaptic zone.

Autoradiographic labeling of ipsilateral eye territory. In this study, we
were interested primarily in those regions of contralaterally projecting
retinogeniculate axons that are within LGN territory destined to be
solely innervated by the ipsilateral eye. It was quite possible to determine
the center of such ipsilateral territory at E57 because at this age segre-
gation of retinogeniculate inputs is almost complete and little overlap
remains between ipsilateral and contralateral eye inputs (see Shatz, 1983).
This is not the case in the E53 fetus, where there is still extensive
intermixing of ganglion cell axons from the two eyes within future
ipsilaterally innervated layer Al (Shatz, 1983). Therefore, to identify
unambiguously the region of the LGN innervated by ipsilateral eye
axons at E53, we made an intravitreal injection of 500 uCi *H-leucine
(TRK 170, Amersham; 49 Ci/mmol) in 10 ul of 0.9% saline into the
E53 fetus in utero 24 hr prior to the in vitro experiment (see Sretavan
and Shatz, 1986, for further details).

To visualize the autoradiographic record of the anterogradely trans-
ported tracer, several 1 um semithin sections were cut from a region of
the EM resin blocks close to the HRP-filled axon and dried onto subbed
slides. These were then dipped in Kodak NTB-2 emulsion, exposed for
6 weeks, and developed in D19. Figure 2d shows a dark-field photo-
micrograph of one of the resulting autoradiographs. The distribution of
ipsilateral retinogeniculate label in this material was verified by, and
proved to be very similar to, that using a second autoradiographic
method: nonosmicated, Vibratome sections from the same brain slice
that yielded the axon under study were rehydrated and placed in contact
with a sheet of tritium-sensitive film (Hyperfilm-H, Amersham) in a
light-tight x-ray film cassette for 7 d and then developed in D-19 (Sre-
tavan and Shatz, 1986). To obtain an accurate assessment of the dis-
tribution of radioactive label associated with axons from the ipsilateral
eye within the transition region between future layers A and Al at ES3
(Fig. 1, E53, shaded region between “C” and “I””), counts of the silver
grains were made from a photograph of the original autoradiograph at
a magnification of 290x (Fig. 2d). The photograph was placed under
transparent graph paper, and grains were counted within 0.5 inch? boxes
each of which was made up of smaller boxes 0.1 inch?, which helped
avoid counting the same grains twice. Grains were too densely clumped
at the lower end of the autoradiograph (approximately the area below
the dotted line in Fig. 2¢) to be counted.

Results

General observations

The main goal of the present study was to investigate the ul-
trastructural features of specific portions of developing retino-
geniculate axons. We were particularly interested in those regions
belonging to an axon originating from one eye, which passed
through LGN territory that in the adult is exclusively innervated
by axons of the other eye. Contralaterally projecting axons were
selected for study because these can be identified with confidence
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at older ages even when labeled from the optic tract rather than
their nerve of origin. Anterograde tracing studies following in-
traocular injections have shown that the innermost region of
the LGN, which corresponds in the adult to the upper half of
layer A, receives an exclusive projection from axons originating
from the contralateral eye throughout development (Shatz, 1983).
Therefore, as we have argued elsewhere (Sretavan and Shatz,
1986), any axon that arises from the optic tract traverses the
entire LGN and terminates at its extreme innermost border,
originates from the contralateral eye. This is especially likely by
E53 and E57, the ages selected here for study, because the eye-
specific layers are well on their way to being formed and, ac-
cordingly, the majority of HRP-filled axons have a clearly de-
fined terminal arbor already located within territory that can be
unambiguously reiated to the contralateral or ipsilateral eyes
based on the pattern of anterogradely transported label following
an eye injection (see Fig. 1; see also Sretavan and Shatz, 1986).
Thus, we considered an axon to originate in the contralateral
eyeif(1)ittraversed entirely across the LGN and (2) as described
below, it had a clear terminal arbor located outside territory
defined as ipsilaterally innervated based on the autoradiographic
labeling pattern following an intraocular injection of *H-leucine
(see also Sretavan and Shatz, 1986, their Fig. 144).

The next section of the Results is in two parts. The first part
covers a thorough analysis of one HRP-filled retinogeniculate
axon at E53 as it passes through both ipsilateral and contralateral
eye territory. The second part deals, in less detail, with two
HRP-labeled retinogeniculate axons at ES7. We chose the ages
E53 and E57 for a number of reasons. As mentioned below,
segregation of retinogeniculate axons according to eye of origin
is virtually complete by E57. This means that, at this age, the
LGN has a very distinct ipsilateral eye layer, making it relatively
easy to estimate which parts of contralaterally projecting axons
lie within ipsilateral eye territory. Unfortunately, contralateral
axons at E57 give rise to only a few side branches as the axons
course through well defined ipsilateral eye territory. [At later
ages, e€.g., at E63, such axons have virtually no side branches
(see Fig. 1).] On the other hand, at E53, the number of side
branches present along the course of retinal ganglion cell axons
within the LGN is close to maximum (Sretavan and Shatz,
1986).

Analysis of E53 axon

Light microscopy. This axon was drawn and reconstructed from
three consecutive Vibratome sections as it passed from the re-
gion of deep optic tract fibers (lying about 100 um from the
main optic tract) all the way to the inner border of the nucleus
(Fig. 2a). It had an immature terminal arbor made up of a
number of branches lying well within the inner third of the
nucleus identifying it, as explained above, as an axon derived
from the contralateral eye. A number of side branches were
given off along the axon’s length (Fig. 2b,¢). Some of these side
branches lay in territory simultaneously occupied by axon ter-
minals from the ipsilateral eye: the location of ipsilateral eye
territory was ascertained directly by injecting the ipsilateral eye
with *H-leucine and examining the patiern of autoradiographic
labeling within the LGN. Figure 24 is such an autoradiograph
made from a 1 um semithin section taken from the same block
at a level about 25 um above the most superficial, reconstructed
part of the axon. Counts of silver grains reveal that the average
density of labeling within the stippled area in Figure 2¢ is 100%
greater than that in the clear area above (an average of =155
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grains 0.5 inch~2 vs, =76 grains 0.5 inch-2). Thus, the stippled
area definitely receives ipsilateral eye input and represents most
if not all of the upper portion of the ipsilaterally innervated
LGN at this age (see Shatz, 1983, her Fig. 13; Sretavan and
Shatz, 1986, their Figs. 13, 144). Moreover, the stippled area
below the dotted line in Figure 2¢ has a labeling density 140%
greater than that in the nonstippled region (=180 grains 0.5
inch~2vs, <76 grains 0.5 inch?). Since by ES3 this high-density
zone of ipsilateral labeling is close to, if not coincident with,
the center of ipsilaterally innervated territory, we consider it
highly likely that it will become solely innervated by the ipsi-
lateral eye by adulthood. Consequently, we have designated this
zone “I” in Figure 2¢. On the other hand, the stippled zone
above the dotted line in Figure 2¢ (““C”) may become exclusively
contralaterally innervated by adulthood because it is located at
the border region, where it is not possible to predict accurately
the final disposition of contralateral versus ipsilateral inputs.
Thus, we have conservatively restricted our analysis of “side
branches in ipsilateral territory” to those branches located deep
within the ipsilaterally innervated region (e.g., below the dotted
line of Fig. 2c).

Electron microscopy. The axon gave rise to numerous side
branches. A side branch is defined as a protrusion over | um
long that arises from the axon trunk. Although many side
branches were reconstructed in their entirety (solid Iines in Fig.
2¢), not all were (dotted lines in Fig. 2¢). Side branches contained
few organelles: most common were small elements of smooth
endoplasmic reticulum; less common, except in the larger side
branches, were mitochondria, microtubules, and neurofila-
ments.

Side branches were frequently found to form synaptic con-
tacts, some of which were rudimentary (in ipsilateral territory),
whereas others were quite robust. In conformity both with the
established criteria for synapses in the adult animal (Peters et
al., 1976) and with previous studies of synaptogenesis in the
mammalian CNS (Vaughn and Sims, 1978; Blue and Parna-
velas, 1983; Vaughn, 1989), we have defined synapses as those
structures having at least one vesicle of 40-50 nm in diameter
located close to the presynaptic plasmalemma (a maximum of
one vesicle distant), apposed to a postsynaptic membrane as-
sociated with distinct electron-dense material. (Note that serial
sections often revealed that the presynaptic profile contained
many more than one synaptic vesicle.) The opposing presynaptic
and postsynaptic membranes are generally parallel, and dense
material is present in the synaptic cleft.

—
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Examples of rudimentary synapses formed by two side
branches in ipsilateral eye territory at E53 are shown in Figures
3-5. In Figure 3q, the section is through a synapse formed close
to the tip of side branch 1 of the E53 axon. (For numbering of
the side branches and a summary for all contacts, see Fig. 15.)
The side branch contains at least two synaptic vesicles closely
apposed to the presynaptic membrane; these can be seen more
clearly, along with the synaptic cleft, in Figure 35, a tilted view
of the same section. The postsynaptic density is evident in both
views. Figures 4a—c contains a set of serial sections illustrating
an en passant synapse on side branch 2 of the same axon. Again,
only one or two synaptic vesicles are present in each section, In
Figure 4b, a larger vesicle is also present; these have been de-
scribed as a common feature of rudimentary synapses by Vaughn
(1989). Figure 5 shows another example of an en passant side
branch synapse that again is very simple, containing only one
(Fig. 5a,c) or two (Fig. 5b) synaptic vesicles; a larger vesicle is
also present in Figure Sc. There is a delicate but distinct post-
synaptic density in each case. Figure 6 illustrates two en passant
synapses located close to the main axon trunk on sidebranch 3.
Both postsynaptic densities are clear in each serial section, but
the synaptic vesicles are obvious only in Figure 6b. In these
respects, the fetal retinogeniculate axonal side branches resem-
ble the irregularly contoured fingerlike processes and filopodia
of the early postnatal cat retinogeniculate axons, which also give
rise to many en passant synapses (Mason, 1982). Thus, these
synaptic contacts are very immature and do not resemble the
bouton terminaux or varicosities associated with mature syn-
aptic profiles (Guillery, 1969, 1971; Robson and Mason, 1979).

Because of the HRP reaction product, the presence of pre-
synaptic thickenings could not be used as a criterion for defining
synapses. Occasionally, the HRP reaction product also obscured
synaptic vesicles. These cases, despite the presence of a definite
postsynaptic density, were not categorized as synapses but rather
were called “unidentified contacts.” An example of such a con-
tact established by the axon in contralateral territory can be seen
in Figure 12¢ (open triangle).

In addition to the side branches, synapses were also found
along the main axon trunk. In most respects, these synapses are
similar to the side branch synapses in their simplicity. As shown
in Figure 7, a and b, the trunk of the E53 axon makes a synapse
in ipsilateral territory that contains two to four vesicles per
section; dense material within the synaptic cleft is also evident,
particularly in Figure 75.

Adherens contacts were also present on both side branches

Figure 2. Drawings of an E53 retinogeniculate axon that was labeled with HRP in vitro, serially sectioned, and partially reconstructed by EM to
reveal its synaptic connectivity as shown in Figures 3-15. g and b, Camera lucida drawings of the axon reconstructed from three serial Vibratome
sections. The boxed area delimits that portion of the axon serially sectioned for EM (see ¢). The axon arises from close to the optic tract (bottom
of a) and forms a terminal arbor near the inner border of the nucleus (dashed line). Note that the axon is likely to be more complex than can be
rcvealed in this osmicated section. ¢, Drawing of the portion of axon reconstructed by EM in its exact position within the EM block as determined
by overlaying the camera lucida drawing of the entire axon taken from b with the outline of the EM block. The camera lucida drawing itself was
also matched precisely with those portions of the HRP-labeled axon visible in the osmicated block. Additional side branches revealed by EM have
been added to this drawing (compare with b). Solid lines represent those parts of the axon serially sectioned and reconstructed for EM; dashed lines
represent those parts of the axon not studied for EM. The length of some side branches has been exaggerated for clarity. The stippled area represents
those regions in which the density of autoradiographic labeling (d) is 50% or greater than that in the unshaded region above. This stippled area
therefore receives substantial input from the ipsilateral eye. It is further subdivided by the dotted line that separates the area receiving very high
density of ipsilateral eye input (/) close to the center of the layer from territory receiving lower-density ipsilateral eye input. Since this area of lower-
density input is also likely to receive high-density contralateral eye input at this age, this region is considered to belong to the contralateral (C) eye
(see Results for more details). d, Dark-field photomicrograph illustrating an autoradiograph of a 1 um semithin section of the block shown in a
and ¢ to show the distribution of anterogradely transported *H-leucine following injection of the tracer into the ipsilateral eye. Note that the main
terminal arbor of the HRP-labeled axon extends to the innermost border of the LGN and is located well beyond the zone of dense autoradiographic
labeling, indicating its likely origin from the contralateral eye. R, Rostral; L, lateral. Scale bars: b and ¢, 50 um; d is same magnification as c.






and the trunk and are defined as those contacts having a post-
synaptic-like density that was apposed to an area of the axon
without any indication of synaptic vesicles (data not shown).

A variety of postsynaptic structures were associated with these
synapses. Small to medium size dendritic shafts were sometimes
postsynaptic, but more common were elements presumed to be
immature dendritic spines or dendritic growth cones on the basis
of their similarity to structures described as such in previous
studies (Hinds and Hinds, 1972; Skoff and Hamburger, 1974;
Vaughn et al., 1974; Westrum et al., 1980; Steward and Falk,
19835). Since we found it difficult to distinguish reliably between
these structures, they are not described further here.

The axon in ipsilateral eye territory (Figs. 3-7, Table 1). This
portion of axon gave rise to 4 synapses established by the trunk,
10 synapses made by side branches, 3 unidentified contacts, and
4 adherens contacts (for summary, see Fig. 15). At this early
age, fully 3 weeks before eye opening, synapses (n = 14) have
a mean number of 2.8 vesicles (see Table 1). The mean post-
synaptic density length is 225.6 nm, and the mean postsynaptic
density width is 33.0 nm. There were significantly fewer (p =
0.001, two-tailed ¢ test) vesicles per synapse in ipsilateral eye
territory than that in contralateral territory (see Table 1 and
compare Figs. 3-5 with Figs. 9-12). However, there was no
difference in these parameters between trunk and side branch
synapses. There was also no significant difference between the
postsynaptic density measurements for synapses in the ipsilat-
eral zone and those for synapses in contralateral territory.

The tips of the side branches in ipsilateral territory were small
and blunt and revealed no special ultrastructural features (com-
pare this with the membrane specializations associated with the
tips of side branches 9 and 18 in contralateral territory; see Figs.
13, 15). Several side branches gave rise along their length to
small blunt protrusions of about 0.5-1 um in length with no
membrane specializations (not illustrated).

The density of synaptic contacts formed by side branches was
variable (see Fig. 15). Three side branches (4, 6, and 8) were
not presynaptic at all; these were all short (1-2 um). Of the other
side branches, three (1, 3, and 5) were also short (1.5-5 um) but
gave rise to one, two, and two synapses, respectively. The two
longest side branches (side branch 2, 60 um, and side branch 7,
>16 um) established two or three synapses, and these were
clustered over a distance of 2-3.5 um.

The axon in contralateral eye territory (Figs. 8—14, Table 1).
This portion of axon formed 3 trunk synapses, 22 terminal arbor
synapses, 7 unidentified contacts, and 2 adherens contacts (for
summary, see Fig. 15). Synapses (n = 25) have a mean number
of 7.6 vesicles. The mean postsynaptic density length is 263.6
nm, and the mean postsynaptic density width is 33.6 nm (see
Table 1). There was no difference in these parameters between
trunk and side branch synapses. The postsynaptic elements, as
for the axon in ipsilateral eye territory, were small to medium
size dendrites and immature dendritic elements.

—
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Table 1. Analysis of synapses made by ES3 axon

No. of
Territory n  vesicles PSD length PSD width
Ipsilateral 14 28 225.6 nm 33.0 nm
SD=1.2 SD = 54.3 SD = 10.7
SEM = 0.3 SEM = 13.6 SEM = 2.7
Contralateral 25 7.6* 263.6 nm 33.6 nm
SD =46 SD = 134.9 SD = 16.1
SEM = 0.9 SEM = 27.0 SEM = 3.2

PSD, postsynaptic density.
*, Significantly different from number of vesicles in ipsilateral territory (p = 0.001,
two-tailed ¢ test).

Eleven side branches arose from this section of the axon. All
of these are considered to form part of the terminal arbor of the
axon by virtue of position with respect to the main branches of
the axon and also their location within contralaterally inner-
vated territory as described above. Reconstruction of part of
side branch 12 together with selected contacts can be seen in
Figure 8. Side branches 9, 11, 13, and 18 were reconstructed in
their entirety (see Fig. 2¢). Side branches 9, 10, 12, 14, 15, 17,
and 18 established one or more synapses (Fig. 15) with immature
dendritic profiles (Figs. 11, 12b), small to medium size dendrites
(Fig. 12a,c), and occasionally larger, proximal dendrites. The
density of contacts established by side branches was not uni-
form, although short (1.5-3.0 um) side branches (or short lengths
of side branches when they were not traced to their tips) usually
formed one to three contacts. Two side branches were consid-
erably longer. Side branch 12 had many synapses (seven in 8
wm,; see Fig. 8a, arrows), whereas side branch 15 had fewer (nine
in 80 um; Fig. 15).

The tips of two of the side branches, 9 and 18, formed spe-
cialized associations with immature dendritic processes (side
branch 9, not shown) and an unusually narrow dendritic process
arising directly from a dendritic shaft (side branch 18; Fig. 13).
The tip of side branch 18 contained two round synaptic vesicles
that were apposed, across a cleft, to a small membrane density
within a narrow (0.2 pm in diameter) dendritic process (Fig.
13). If this latter contact is synaptic, it has an extremely narrow
postsynaptic density —the thickness of a single EM section (~70
nm)! Because the synaptic nature of these membrane special-
izations was equivocal, we included them in our category of
unidentifiable contacts. A trunk synapse close to side branch 18
is shown in Figure 14.

Analysis of E57 axons

Two axons at this age were reconstructed from a single Vibra-
tome section (see Fig. 16, inset). At this age, the eye-specific
layers are almost completely formed, and clear ipsilateral and
contralateral eye territories are present (Shatz, 1983). Axon A

Figure 3-7. [ES3 axon: synapses located within ipsilateral eye territory—selected micrographs of serial EM sections from a portion of the recon-
structed E53 axon that is located in ipsilateral eye territory and gives rise to side branches 1--8 (see Fig. 15 for numbering of side branches). In this
collection of figures (as in Figs. 8-14), the top lefi corner contains a drawing of that portion of the E53 axon reconstructed for EM. Arrows indicate
parts of the axon illustrated here in electron micrographs (Figs. 3—-14) and in drawings of serial sections (Fig. 8a). Figure 3, Electron micrographs
(one of a tilted section, b) of the terminal region of side branch 1 containing a few round synaptic vesicles apposed to a postsynaptic density (arrows)
within a small dendritic element. Note the electron-dense HRP reaction product within the side branch. Figures 4 and 5, Two synaptic contacts
(arrows) established by side branch 2 are illustrated in two sets (4a—c and 5a—) of three serial sections. Figure 6, Side branch 3 gives rise to two
synaptic contacts (arrows) seen here in two serial electron micrographs (a, b). Figure 7, Two serial sections (a, b) of the same trunk synapse (arrows).
Scale bars: for Figs. 3-5, shown in Fig. 3q, 0.2 um ; Fig. 6, 0.5 um; Fig. 7, 0.2 um,
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E53

was traced from a position about 150 ym from the optic tract
to a terminal arbor close to the inner border of the nucleus,
indicating that it is derived from the contralateral eye. As it

passed through ipsilateral territory it gave rise to five synapses, ® Synapse
two from the two side branches present and three from the axon (sidebrqnch)
trunk (Fig. 16). The presynaptic density was not visible within O Synapse
the axon due to high electron density of the HRP reaction prod- ('w n k)
uct. Nevertheless, round synaptic vesicles were clearly visible
* Adherens

and abundant within the presynaptic profiles (not illustrated).

The postsynaptic target varied in nature: side branch 1 synapsed

with a small dendritic element, those associated with the trunk

synapses were medium-sized dendrites, and side branch 2 es-

tablished a synapse with an invaginating dendritic process. Axon

B, traced at about 50 um from the optic tract, was of similar

basic structure to axon A and also terminated close to the inner

border of layer A. The portion of axon B located within ipsi-

lateral territory established three synapses from the trunk (see

Fig. 16). All synapses were associated with round vesicles and

a thick postsynaptic density located within dendrites of small

to medium diameter. One synapse was particularly interesting.

It was located at the branch point of side branch 1 within a

broadened region of the axon trunk that resembled a web at the 12
LM level (Fig. 16, see also Sretavan and Shatz, 1984). By EM,

its true nature was revealed as a thin, broad sheet approximately

1.0 x 2.0 wm and 0.3 um thick that linked two thickened ridges C

of the trunk. One thickened region gave rise to the long, narrow
side branch 1; the other thickened ridge established synaptic
contact with a dendritic shaft that was partially enwrapped by
the “web” (not illustrated). Similar wrapping of dendritic pro- I
cesses by axons has been seen in other developing systems
(Vaughn and Sims, 1978; Bastiani and Goodman, 1984; Bhide
et al., 1988; Tosney and Landmesser, 1985) and implies the
presence of ongoing and extensive cellular interactions.

4 Unidentified
0 Glial

15

Discussion

By examining the ultrastructural appearance of individually
identified retinogeniculate axons at E53 and E57, we have shown
that some ganglion cell axons from the contralateral eye not

2

Figure 15. Summary drawing of the contacts made by the axon trunk

only establish synapses within LGN territory entirely devoted
to the representation of their own eye, but can simultaneously
make synaptic contacts in ipsilateral eye territory during the
formation of the eye-specific layers within the cat’s LGN. These
results are summarized in Figures 15 and 16, which show the
location of synapses made by the three axons subjected to ul-
trastructural analysis. All three axons demonstrate that contra-

and side branches (numbered) of the portion of the E53 axon recon-
structed from serial EM sections. Twenty-two contacts are established
by this contralateral eye axon as it passes through LGN territory in-
nervated by the ipsilateral eye (I); 35 contacts are made in contralateral
eye territory (C). Two contacts made by side branches 8 and 16 with
putative glial cells not mentioned in the Results are shown here (squares).
Symbols: solid circles, side branch synapses; open circles, trunk synapses;
*, adherens contacts; open triangles, unidentified contacts; open squares,

glial cell contacts.

—

Figures 8-14. [ES53 axon: synapses located within contralateral eye territory—synapses established by side branches 12 (Fig. 8), 14 (Fig. 9), 15
(Figs. 10-12), and 18 (Fig. 13) and a trunk synapse (Fig. 14) of the E53 axon located in LGN territory belonging to the contralateral eye. Figure
8, Tracings of serial sections (a) and electron micrographs (b, c) of side branch 12. As this side branch leaves the axon trunk (which is shown at
the right side of a), it follows a twisted course and establishes seven synaptic contacts (arrows; synapses at double arrows are not illustrated). Two
of these synapses (arrows b and ¢) are illustrated in the corresponding electron micrographs (b and ¢, arrows). Figure 9, Electron micrograph of the
synapse established by side branch 14, displaying clearly defined round vesicles and a thick postsynaptic density. Figures 10~12, Electron micrographs
showing three different synaptic regions of side branch 15. The presynaptic terminal at all these synapses (arrows) is filled with a large number of
synaptic vesicles (compare the synapses in ipsilateral LGN territory, Figs. 3-5). Figures 10 and 11 illustrate synapses onto immature dendritic
elements; in Figure 11, the dendritic process is also postsynaptic to a non-HRP-labeled axon terminal (arrowhead). In Figure 12b, the bulbous
nature of this type of postsynaptic appendage is clearly seen and contains microtubules (m¢) and actin-sized filaments (f). Another common
postsynaptic relationship is illustrated in Figure 124, where the side branch courses for some distance parallel to a longitudinally orientated dendritic
shaft (D) containing characteristic bundles of microtubules (7). The side branch in this figure establishes two synaptic contacts from its en passant
bouton (arrows in Figure 124 and in the serial section of the same bouton, Figure 125) and an unidentifiable contact (open triangle in the enlargement
¢). Figure I3 illustrates an unidentifiable contact (open triangle) at the very tip of side branch 18. Arrowhead indicates two vesicles. Figure 14
illustrates a synapse (arrow) established by the axon trunk close to side branch 18. Scale bars: for Figs. 86,c and 9, shown in Fig. 8, 0.2 um; for
Figs. 10 and 12b,¢, shown in Fig. 10, 0.2 um; Figs. 11 and 124, 0.5 pm; for Figs. 13 and 14, shown in Fig. 13, 0.2 um.
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€57 ROSTRAL

LATERAL

ES57

50 pm

Figure 16. Summary drawing of the two E57 axons to illustrate iden-
tified contacts located within ipsilateral eye territory (/) and within the
border zone between ipsilateral and contralateral (C) eye territory. At
this age, very few synapses are present within ipsilateral eye territory,
as compared with the large number established by the ES3 axon (Fig.
15). Symbols: solid circles, side branch synapses; open circles, trunk
synapses; open triangles, unidentified contacts. Inset, Drawing of the
labeled axons within a single resin-embedded, horizontal, Vibratome
section of the LGN. The axons arise from close to the optic tract (bottom
of inset) and form terminal arbors near the inner border of the nucleus
(dashed line).

lateral eye axons can make synapses in territory belonging to
the ipsilateral eye during development.

The results reported here extend those of a previous study of
the hamster LGN by Campbell et al. (1984) showing that gan-
glion cell axons from both eyes can make inappropriately located
synapses. However, in those previous experiments the entire
retinogeniculate projection from one eye was labeled within the
LGN by means of intraocular injection of HRP, thus making it
impossible to relate the location of synapses to morphological
features of individual axons. We could not tell, for example,
whether the synapses made by one eye within territory belonging
to the other eye were associated with terminal arbors, axons
trunks, or the very characteristic side branches found transiently
along the length of individual axons. Furthermore, we could not
assess the frequency with which contralateral axons synapse in
ipsilateral territory. In our present study, this difficulty has been
overcome by the technique of completely filling individual ax-
ons with HRP, by directly relating the location of identified
synapses to eye-specific territories, and by knowing the mor-
phological identity of the structure bearing each synapse at the
LM level. As shown in Figures 15 and 16, it is now possible to
state that in the cat the majority of synapses made by an axon

originating from one eye but located in territory belonging to
the other are most likely to be made by side branches, while
some can even be established directly by the main axon trunk.

By adulthood the side branches themselves disappear (Sre-
tavan and Shatz, 1986; Fig. 1) and the preterminal portion of
the axon becomes myelinated (Famiglietti and Peters, 1972;
Bowling and Michael, 1980, 1984). In addition, neurons located
in ipsilateral layer Al do not receive direct monosynaptic ex-
citation from retinal ganglion cells of the contralateral eye (Kato
et al., 1971). Taken together with the present results, we can
conclude that the synapses made in inappropriate territory are
transient. Such synapses are likely to prove inexpensive to re-
move in view of our observations that they occupy only a small
area of pre- and postsynaptic membrane and have few vesicles
and only a modest postsynaptic density.

These results confirm the suggestion made by Sretavan and
Shatz (1986) that side branches located in ipsilateral eye territory
are presynaptic, and provide further insight into the nature and
degree of transient synaptic interactions that may operate as
axons from the two eyes segregate. The finding that synapses
exist along the main axon trunk implies that considerably more
sites of synaptic interaction are present than originally antici-
pated from the analysis of side branches in the previous LM
study. In addition, as shown in Figure 15, we now know that a
given side branch can form multiple synaptic contacts. How-
ever, synapses were not found on all of the side branches ex-
amined in serial sections at the EM level. At ES3, five out of
the eight side branches located in ipsilateral eye territory made
one or more synaptic contacts; the three remaining side branches
were very short (2 um or less) and, when examined in their
entirety, revealed no clear evidence for the presence of a synapse.
At E57, there are fewer and smaller side branches, and in pre-
sumptive ipsilateral eye territory, two out of three are presyn-
aptic. The fact that synapses were not found on every side branch
could be due to technical reasons including the loss of some
serial sections, to the decision not to reconstruct all side branches
in their entirety, or to the degradation of ultrastructure due to
the slice preparation, fixation, or the presence of excessive HRP
reaction product. However, it is equally likely that the synapses,
like the side branches themselves, are dynamic structures that
may be in the process of forming, or of being eliminated.

Comparison of synapses and postsynaptic elements within
ipsilateral and contralateral regions and their relation to
adult retinogeniculate synaptology

With the exception of vesicle number, features of synaptic mor-
phology and the types of postsynaptic partners to labeled retinal
terminals at E53 were similar within both ipsilateral and con-
tralateral regions (Table 1). The length and width of postsynaptic
densities were not significantly different for the two populations.
Terminals in both sites synapsed onto variable-sized dendritic
shafts and immature dendritic elements. However, significantly
more vesicles were present within terminals located in the ap-
propriate territory than within terminals in inappropriate ter-
ritory. As discussed in the next section, we know that the syn-
apses established in inappropriate territory are eliminated. Thus,
this observation raises the possibility that the process of synapse
elimination is not an all-or-none event but rather involves a
gradual weakening of synaptic strength that is manifested at the
ultrastructural level by a decrease in the number of synaptic
vesicles.

In the adult cat, retinal ganglion cell terminal boutons in the
LGN synapse mainly on dendritic appendages but can also be



presynaptic to dendritic shafts (Peters and Palay, 1966; Szen-
tagothai et al., 1966; Guillery, 1971; Mason et al., 1984; Rap-
isardi and Miles, 1984). For geniculate “X*’-cells it is thought
that retinogeniculate boutons synapse only onto dendritic ap-
pendages, whereas geniculate “Y”’-cells are postsynaptic mainly
at dendritic shafts to retinogeniculate terminals (Wilson et al.,
1984; Hamos et al., 1987). This applies at least to the more
proximal dendritic regions. At E53, in both ipsilateral and con-
tralateral regions, the axon we studied makes a similar number
of contacts onto dendritic protrusions and onto dendritic shafts.
However, we cannot say whether or not the axon is in fact an
X or a Y axon for several reasons. First, there is no guarantee
that the pattern of contacts seen at E53 will remain stable, even
in contralateral eye territory. Second, retinal X and Y axons
cannot be distinguished, physiologically or morphologically, un-
til about 3 weeks postnatally (Sur et al., 1984; Sretavan and
Shatz, 1986).

A single retinogeniculate axon at E53 encounters and synapses
with many dendrites that, as revealed by the directionality of
the microtubules, are oriented in various directions and there-
fore are likely to arise from several different LGN neurons. Little
is known of the morphology of LGN necurons in the fetal cat,
but preliminary studies using 1,1’-dioctodecyl-3,3,3',3'-tetra-
methylindocarbocyanine perchlorate labeling (Ghosh et al., 1990)
suggest that many LGN neurons have dendritic trees more ex-
tensive than those described at postnatal day 3 by Mason (1983)
in a Golgi study. These observations suggest that there could
be a good deal of divergence between the E53 axon and its
postsynaptic targets. Thus, this fetal axon may be less selective
in its choice of postsynaptic partners than adult retinogeniculate
axons, some of which seem to have great selectivity (Cleland et
al., 1971; Hamos et al., 1987).

The adult retinogeniculate synaptic terminal in the cat can
achieve a highly complex and stereotyped appearance. Presyn-
aptic portions of the axon are RLP bouton-like (see Guillery,
1969; Mason and Robson, 1979); they form the central element
in a set of synaptic relations (glomeruli) that are frequently
encapsulated by glia (Szentagothai et al., 1966; Guillery, 1969).
These mature synaptic features appear during postnatal life
(Winfield and Powell, 1980; Mason, 1982; Kalil et al., 1986),
and consistent with this point, the axons examined here at E53
or E57 showed none of the characteristic mature features. On
the contrary, the majority of synapses were remarkably simple
morphologically.

Functional significance of transient synapses

A major goal of the present study was to learn more about the
role played by side branches in the segregation of ganglion cell
axons from the two eyes into the eye-specific layers. The fact
that side branches do make synapses is consistent with the sug-
gestion made in the introductory remarks that segregation arises
from a process of activity-driven competition between ganglion
cell axons from the two eyes for postsynaptic territory on com-
mon LGN neurons (Shatz, 1988; Shatz and Stryker, 1988; Sre-
tavan et al., 1988). Studies of other developing systems have
suggested that this type of competition requires that the sets of
competing inputs first form synapses with common target neu-
rons, after which one of the sets is eliminated (for reviews, see
Purves and Lichtman, 1980; Constantine-Paton and Reh, 1985;
Schmidt and Tieman, 1985; Shatz, 1990a,b). However, while
many previous studies have provided convincing physiological
evidence that this is the case, the identity of the morphological
substrate responsible for the synaptic convergence has been
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harder to come by because it is not often possible to identify
conclusively which axons and processes will be eliminated and
which will be retained. In the retinogeniculate system, it is pos-
sible to identify and examine morphological features that are
definitely transient— for example, the side branches arising from
contralateral eye axons coursing through ipsilateral eye territory.
The results of this study have shown that side branches and
axon trunks are indeed synaptic sites, raising the possibility that
similar ultrastructural substrates may participate in the inter-
actions that occur between competing axons in other developing
systems.

We have shown here that side branch synapses are present at
ES53 and E57, implying that at least at these ages individual
LGN neurons located in ipsilateral eye territory receive con-
vergent synaptic inputs from the terminal arbors of ipsilaterally
projecting retinal ganglion cells and the side branches (or trunks)
of contralaterally projecting axons. This anatomical pattern of
synaptic input is likely to account for the known physiological
convergence from the two eyes seen at these ages (Shatz and
Kirkwood, 1984) and also implies that the side branch and/or
trunk synapses are capable of functioning. In this regard, it is
worth noting that physiologically, the synapses are very suscep-
tible to fatigue, an observation consistent with our finding here
of low numbers of synaptic vesicles. Our results also help to
climinate the possibility that the functional convergence of in-
puts from the two eyes onto common LGN neurons could be
mediated by a disynaptic pathway within the LGN itself: for
example, contralateral eye input to a neuron located in future
ipsilateral eye territory might be relayed via an LGN neuron
situated in future contralateral eye territory. The fact that side
branches are synaptic sites indicates that LGN neurons in ip-
silateral eye territory can receive direct monosynaptic inputs
not only from the terminal arbors of ganglion cell axons origi-
nating in the ipsilateral eye, but also from axons belonging to
the contralateral eye.

The important question remains of whether similar conver-
gent synaptic interactions are present at the onset of segregation.
Physiologically, in vitro studies have shown that as early as E42
(just prior to the onset of segregation) LGN neurons can be
driven by electrical stimulation of both optic nerves (Shatz and
Kirkwood, 1984). At similar ages, morphological studies have
shown that side branches are present on axons even before the
acquisition of definitive terminal arbors (Sretavan and Shatz,
1986; see also Fig. 1), and ultrastructural studies in progress
indicate that at these very early times ganglion cells do form
synaptic contacts within the LGN (Shatz et al., 1982). Thus, it
is quite possible that the side branches and trunks of ganglion
cell axons from both eyes establish synapses with common LGN
neurons even at these early ages, and that through ensuing syn-
aptically driven competitive interactions the two sets of axons
carve out their appropriate eye-specific territories.
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