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Abstract. The technique of injecting single retinogeniculate fibers with horseradish peroxidase enables the
terminal arbors of physiologically identified axons to be fully characterized morphologically. We have used
this technique to study the postnatal development of retinal X and Y cell arbors within the cat’s lateral genicu-
late nucleus, and the plasticity of these arbors following a variety of manipulations that perturb normal devel-
opment. These experiments suggest quite specific sequences and mechanisms for the development of individ-
uval X and Y retinogeniculate axons. Retinal X axons appear to innervate the lateral geniculate nucleus before
Y axons do, and are probably specified innately to their appropriate target lamina A or Al. By 3-4 weeks post-
natally, X axons from each eye develop exuberant terminal arbors within the A laminae that by 12 weeks get
pruned to the narrow adult form by later developing Y axon arbors from the same eye. The Y arbors progres-
sively expand to form their characteristic broad terminal zones during this period. The laminar location of Y
arbors depends on interactions between axons from the two eyes, and their transverse extent on the presence of

normal afferent activity in retinogeniculate fibers.

Introduction

The cat’s retina contains at least three physiologi-
cally and anatomically distinct cell classes: X, Y and
W cells [Rodieck, 1979; Lennie, 1980; Sherman and
Spear, 1982]. X cells and Y cells each constitute rela-
tively homogeneous populations that can be distin-
guished from each other along a number of parame-
ters. Retinal X ceils have medium-sized somata with
small dendritic arbors and medium-caliber axons,
and smail receptive fields that sum luminance line-
arly. Y cells have large somata with large dendritic ar-
bors and thick axons, and larger receptive fields that
sum luminance nonlinearly. In contrast to X and Y
cells, retinal W cells are a rather diverse population.
Most W cells have small somata with fine axons, large
dendritic arbors and large receptive fields. W cells can
be subdivided according to differences in physiologi-
cal {[Rodieck, 1979] or anatomical [Leventhal et al.,
1985) features, and different subclasses of these celis
may project to different termination zones in the thal-
amus and midbrain.

X and Y retinal ganglion celis give rise to two path-
ways that convey information in parallel through the
lateral geniculate nucleus to the visual cortex [Hoff-
mann et al., 1972; So and Shapley, 1979]. Individual
X and Y retinal axons have characteristic termina-
tions within the lateral geniculate nucleus (fig. 1, 2), as
shown by the method of injecting horseradish peroxi-
dase (HRP) into single, physiologically identified, ret-
inogeniculate axons in the optic tract of adult cats
[Bowling and Michael, 1980, 1984; Sur and Sherman,
1982; Sur et al., 1987]. Contralaterally projecting X
axons terminate in lamina A, and ipsilaterally pro-
jecting axons in lamina Al. X axons have narrow
terminal arbors that are about 100 um wide and con-
tain 500-1,000 terminal boutons (fig. 1). Y axons pro-
jecting contralaterally branch to innervate laminae C
and A, and those projecting ipsilaterally terminate in
lamina Al, in broad, fairly extensive termination
zones. Y axon arbors are often 300 pm or so wide and
contain 800-2,000 terminal boutons (fig. 2).

Once the normal, adult morphologies of single ret-
inogeniculate arbors are characterized, it is possible
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Fig. 1. A retinogeniculate X axon from the right eye of a normal adult cat innervating lamina A of the left lateral geniculate nucleus.
The axon had an ON center receptive field that was 0.9° in diameter and was located 9° from the vertical meridian and 2° below the hori-
zontal zero in the right visual field. & was characterized physiologically and injected intracellularly with HRP. The inset to the left shows
the injection site (marked with open arrow)} om a corona! view of the left lateral geniculate nucleus. The axon wis reconstructed from 21
consecutive 100-pum thick serial sections, and the terminal zone in lamina A (containing 793 boutons) from 3 consecutive sections. Apart
from the number of terminal boutons, we routinely measured the width and volume of the terminal arbor of all X axons we recovered.
MIN: Medial interlaminar nucleus.

to ask how these arbors develop. We have used the in-
tracellular HRP technique to describe: (1) the postna-
tal development of X and Y axon arbors in kittens,
and (2) the plasticity in single axon arbors following a
variety of manipulations that perturb normal devel-
opment. We have compared qualitatively and quanti-
tatively the terminal arbors of X and Y axons in nor-
mal adult cats, developing kittens, and adult cats
reared with the manipulations described below. These
studies then help us to propose specific sequences and

mechanisms for the postnatal development of retinal
X and Y axon arbors within the lateral geniculate
nucleus.

Prenatal Development
It is useful to first review the prenatal development

of the cat’s retinogeniculate projection, to place the
present results on postnatal development in context
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Fig. 2. A retinogeniculate Y axon from the right eye of » normal adult cat innervating laminae C and A of the ieft lateral geniculate nuc-
leus. The axon had an OFF center receptive field that was 1.2° in diameter and was located 11.5° from the vertical midline and 3.5° below
the horizontal zero in the right visual field. The inset to the left shows the injection site (marked with open arrow) on a coronal view of the
Jeft lateral geniculate nucleus. The axon was reconstructed from 27 consecutive 100-pm thick serial sections, and the terminal zone in lam-
ina A (containing 1,405 boutons) from é consecutive sections, We routinely counted the nomber of boutons and measured the widths and
volumes of terminal arbors for our recovered Y axons. MIN: Medial interlaminar nucieus.

[see also Shatz and Sretavan, 1986). Three major
events can be identified in prenatal retinogeniculate
development.

(1) In the retina, medium-sized cells (presumably X
cells) are generated first, starting in the central retina
at embryonic day 23 (E23; kittens are born at approxi-
mately E63), followed by large cells (presumably Y
cells). Small cells (presumably W cells) are generated
throughout the period of cell division, and many of
these cells are the last ganglion cells born in the retina

[Walsh et al., 1983; Walsh and Polley, 1985). Fiber in-
growth into the optic nerve and tract follows a similar
pattern [Guillery et al., 1982; Walsh et al., 1983). The
oldest, medium-caliber axons lie farthest from the
pia, large fibers lie nearer the pia, and many of the
smallest fibers are nearest the pia.

(2) Numbers of retinal ganglion cells and their ax-
ons in the optic nerve increase rapidly unti} E39 [Wil-
liams et al., 1982; this may extend to E45, Ng and
Stone, 1982] and then decline, first rapidly and then
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Fig. 3. Summary of retinogeniculate terminations in normal 3- to 4-week-old kittens and normal adult cats, as well as in cats reared
with monocular lid suture, monocular enucleation, monocular lid suture of one eye plus enucleation of the other, and binocular retinal im-
pulse blockade with tetrodotoxin (TTX). Each schematic shows the two eyes and two lateral geniculate nuclei, with retinogeniculate X and
Y axons from the left eye projecting contralaterally to the right lateral geniculate nucleus. Each lateral geniculate nucleus contains laminae
A, Al and C, as shown also in figure | and 2. The normal postnatal development of X and Y axon arbors within the A laminae, and the
inter- and intralaminar plasticity of arbors following manipulations that perturb development, are indicated in the figure and described

further in the text.

more gradually to reach adult numbers by the 4th to
6th postnatal week.
(3) In the lateral geniculate nucleus, projections
from the two eyes initially overlap, with maximum
overlap seen around E45 [Shatz, 1983; Chalupa and
Williams, 1984b]. Axons from the two eyes then start
to segregate into eye-specific laminae, so that by birth
the adult pattern of laminar organization is seen in
the nucleus. During the prenatal overlap period, ret-
inogeniculate fibers have simple morphologies and
are relatively restricted in extent {Sretavan and Shatz,
1984, 1986). Reduction in overlap occurs by loss of a
limited number of minor branches that lie in inap-
propriate laminae, and laminar development by se-
lective growth within appropriate eye-specific regions
of the lateral geniculate nucleus. Reduction in overlap
may also occur by loss of retinogeniculate axons that
project to inappropriate regions of the nucleus [Sher-
man, 1985]; however, the bulk of axona! loss occurs
before laminar segregation begins [Williams et al.,
1982]. At birth, retinogeniculate axons have narrow

terminal arbors that are approximately 80~100 pm in
width [Sretavan and Shatz, 1986, but it is not possible
to physiologically separate them into X or Y axons at
this stage.

Postnatal Development of X and Y Retinogeniculate
Axons

Postnatally, the earliest age at which retinal gan-
glion cells and retinogeniculate axons can be physio-
logically classified as X or Y cell is 3-4 weeks after
birth [Hamasaki and Flynn, 1977; Hamasaki and Su-
tija, 1979; Sur et al., 1984; Friedlander et al., 1985]. At
this age, many retinogeniculate axonal branches
terminate in growth cones or filopodia [Mason, 1982;
Sur et al., 1984], but the laminar location and extent
of terminal arbors is still quite clear. X axons at 3-4
weeks of age have fairly extensive terminal zones in
lamina A or Al that are wider or more extensive than
in the adult (fig. 3) [Sur et al., 1984]. These terminal
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zones progressively narrow over the next 8 weeks, so
that by 12 weeks the adult extent of terminal arbors is
achieved [Sur et al., 1984). By 12 weeks, the terminal
boutons on X axon arbors are aiso well formed and
have the clumped appearance characteristic of adult
X axon terminals.

In contrast to the progressive reduction in X axon
arbors from 3-4 to 12 weeks, Y axon arbors expand
during this period [Friedlander et al., 1985; Sur et al,,
1984). Thus Y axons in 3- to 4-week-old kittens are
much narrower than in adults (fig. 3), and these ar-
bors progressively grow larger in extent through 12
weeks and even beyond. The complementary devel-
opment of X and Y axon terminations suggested to us
that these arbors are shaped by interactions between
X and Y axons from the same eye during develop-
ment. We hypothesized that X axons from one eye in-
vade the lateral geniculate nucleus before Y axons do
and develop exuberant terminal arbors in the A lami-
nae that get pruned as the later-developing Y axons
from the same eye expand their terminatl arbors in the
A laminae. Some of the experiments on plasticity of
retinogeniculate terminations described below are de-
signed to test this hypothesis of interactions between
X and Y axons from the same eye during develop-
ment. Other experiments are designed to study the in-
teractions between axons from the two eyes during de-
velopment. The experiments together enable us to
propose specific mechanisms for the development of
the laminar locations and sizes of retinogeniculate X
and Y axon arbors.

Plasticity of X and Y Axon Arbors

Monocular Lid Suture X

Suturing the lids of one eye from birth to adult-
hood has profound consequences on the physiology
and morphology of cells in the lateral geniculate nu-
cleus. Y cells are recorded in significantly fewer num-
bers in deprived laminae [Sherman et al., 1972; see for
review Sherman and Spear, 1982], and cells in these
laminae have smaller somata in the binocular seg-
ment [Guillery, 1972a; Wiese! and Hubel, 1963).
Many Y cells have abnormal morphologies, and some
X cells have morphology typica! of Y cells [Friedlan-
der et al., 1982}, suggesting that some cells that would
normally receive Y cell input now accept and retain X
cell input. At least some of these effects may be due to
the fact that Y cells are generated later in the retina

than X cells, the development of the Y cell pathway
may lag the X cell pathway, and the Y cell pathway
may thus be much more susceptible to postnatal
manipulations such as lid suture (see below).

When we examined the retinogeniculate arbors of
X and Y axons in adult cats raised with monocular lid
suture from birth, we found that Y axon terminations
in the A laminae were severely reduced compared to
normal adult arbors (fig. 3) [Sur et al., 1982]. Many
contralaterally projecting Y axons, that in normal
adult cats innervate both laminae C and A, now in-
nervated only lamina C and did not innervate lamina
A at all. Y axon terminations in lamina C were nor-
mal. At the same time, many X axon arbors (in the A
laminae) were larger than those in normal adult cats.
The widths of both the expanded X axon arbors and
reduced Y axon arbors in the A laminae were statisti-
cally different from those in normal adult cats, and
the arbors in monocularly sutured cats appeared simi-
lar to X and Y axon arbors in 3- to 4-week-old kittens.
These results suggest that X and Y axons from the
same eye indeed interact with each other during de-
velopment, perhaps for synaptic space on cells in the
A laminae of the lateral geniculate nucleus. Thus, the
expanding Y arbors, which would normally prune the
exuberant X arbors in the A laminae, are now placed
at a disadvantage due to the lid suture and fail to
prune the X arbors which then remain exuberant. In
regions where X arbors are not present, such as the C
lamina, Y arbors develop normally. Consistent with
this hypothesis is the result that in the deprived A lam-
inae of monocularly sutured cats, X axon arbors con-
tact cells that they may not normally contact (that is,
cells with morphology typical of Y cells), and many Y
cells in the deprived A laminae have abnormal mor-
phologies [Friediander et al.,, 1982; see, however,
Weller and Humphrey, 1985].

We next asked how axons from the two eyes inter-
act in shaping terminal arbors within the lateral genic-
ulate nucleus.

Neonatal Monocular Enucleation

We examined retinogeniculate axon morphologies
in cats that were raised with one eye enucleated within
1 day after birth [Garraghty et al., 1986b]. Neonatal
monocular enucleation leads to sprouting of some ret-
inogeniculate fibers from the remaining eye into the
denervated lamina(e) [Guillery, 1972b; Hickey, 1975;
Robson et al., 1978). We wondered whether both X
and Y axons from the remaining eye gave rise to
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translaminar sprouts or whether sprouting by some
axons had any effect on the morphology of axons that
did not sprout. We found that X axons from the re-
maining cye were always restricted to Jamina A or Al
appropriate to their eye of origin whereas Y axons
sprouted into the denervated lamina(e). For example,
contralaterally projecting X axons always projected
to, and remained confined to, lamina A, while con-
tralaterally projecting Y axons projected not only to
laminae C and A but also sprouted into lamina Al
(fig. 3). Furthermore, X axon arbors had more termi-
nal boutons than in normal adult cats and were larger
in terminal volume than normal, suggesting that they
retained their immature exuberance into adulthood,
perhaps as a result of the Y arbors preferring to
sprout into denervated territory and thus failing to
prune the X arbors.

The sprouting of Y axons, for example the sprout-
ing of contralaterally projecting Y axons through de-
nervated lamina Al, created another lamina in addi-
tion to lamina C where there were only Y axon termi-
nations and no X axon terminations. If now monocu-
lar lid suture were added to the enucleation (that is, if
one eye were removed at birth and the other eye su-
tured), we could test further the hypothesis that devel-
opment of X and Y axon arbors involved pruning of
X arbors by Y arbors. If contralaterally projecting Y
axon arbors, for example, were reduced in all laminae
including the sprouted lamina Al, it would suggest
that Y axon arbors developed independently of X ar-
bors. If, on the other hand, (!) contralateraly project-
ing Y arbors were reduced only in lamina A inner-
vated normally by the remaining eye (to which X ax-
ons also projected), but remained extensive in the
sprouted lamina A1l as well as in normally innervated
lamina C (to both of which X axons did not project),
and (2) a reduction in Y arbor extent and bouton
number in lamina A compared to normal would be
paralleled by an increase in X arbor extent and bou-
ton number, as observed in deprived lamina A or Al
in monocularly sutured cats, (see above), it would
provide further evidence that the development of X
and Y arbors involved interactions between the two
cell classes. The latter, indeed, is what our results
clearly indicate [Garraghty et al., 1986a). Considering
contralaterally projecting axons, for example, Y axon
arbors in lamina A are much smaller than in normal
cats or in monocularly enucleated cats without lid su-
ture of the remaining eye, but their terminations in
lamina C as well as their sprouted terminations in

lamina Al are extensive in terminal size and bouton
number (fig. 3). At the same time, X axon arbors in
lamina A (or in lamina Al) are larger in terminal vol-
ume and bouton aumber compared to normal. The re-
sults in lamina A for contralaterally projecting axons,
or in lamina A) for ipsilaterally projecting axons, are
thus very similar to those in monocularly sutured cats
where the other eye is open.

Why do X axons from the remaining eye not
sprout through the denervated laminae? There are
two possibilities here: either the enucleation is not
done early enough and by birth X axons are already
past their ‘critical period’ for dramatic arbor growth,
or there are intrinsic differences between X and Y ax-
ons such that only Y axons possess the capacity to
sprout and X axons always remain confined to their
appropriate target lamina. To distinguish between
these possibilities, we have studied cats that were
monocularly enucleated prenataily.

Prenatal Monocular Enucleation

The first group of cats we have studied has been
adult cats that had one eye removed at E44. At this
age, overlap of fibers from the two eyes is maximal in
the lateral geniculate nucleus [Shatz, 1983], and we
reasoned that, if indeed the shaping of retinogenicu-
late arbors involved significant interactions between
afferents from the two eyes, the effect of eye removal
on terminal arbors should be pronounced at this age.

Following monocular enucleation at E44, eye-spe-
cific laminae do not develop in the lateral geniculate
nucleus. The nucleus has only two histologically de-
marcable zones, a broad *magnocellular’ zone in the
dorsal part separated by an interlaminar plexus from
a narrow ventral ‘parvocellular’ zone. The magnocel-
Jular zone probably represents laminae A, Al and
dorsal C collapsed together, and the parvocellular
zone probably represents the ventral C laminae [Gar-
raghty et al., 1987b; cf. Chalupa and Williams, 1984a}.
We find a striking difference between the terminal ar-
bors of X and Y axons in these cats [Sretavan et al.,
1985; Garraghty et al., 1987b]. X axons from the re-
maining eye appear to always terminate in territory’
appropriate to their eye of origin, as if laminac A or
A1l were present. That is, X axons projecting contra-
laterally terminate in the dorsal third of the nucleus,
where lamina A would have been, and X axons pro-
jecting ipsilaterally terminate in the middle third,
where lamina Al would have been. In contrast, most
Y axons from the remaining eye (projecting either
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contralaterally or ipsilaterally) show extensive termi-
nations throughout the magnoceliular portion of the
nucleus, as if they sprouted through laminae A, Al
and dorsal C. We have also recovered one contralat-
erally projecting Y axon that has its terminal arbor
restricted to the middle tier only, where lamina Al
would have been, and one ipsilaterally projecting Y
axon that is restricted to the outer tier, where lamina
A would have been. These axons possibly represent
axons that would have either retracted or died if the
other eye were present but survive now.

While these experiments do not conclusively dem-
onstrate that X axons never sprout into inappropriate
territory (cats with even earlier ages of enucleation
would be needed here), our results do suggest that
there are indeed intrinsic differences between retino-
geniculate X and Y axons that determine the Jaminar
location of their arbors. X axons from each eye ap-
pear to be innately specified to their appropriate tar-
get lamina A or Al independent of the other eye. Y
axons from one eye need the laminar specificity estab-
lished by the other eye (presumably by the earlier
born X axons) to know when to stop growing, and in
the absence of such preestablished laminar specificity
sprout into regions normally inappropriate for their
eye of origin.

Blockade of Retinal Impulse Activity

In the final experiment in this series, we asked
what features of axons from one eye indicate to Y ax-
ons from the other eye when to stop growing across
their appropriate lamina. Furthermore, we wished to
study the role of afferent impulsc activity in develop-
ment, and distinguish this from physical removal of
an eye or even disruption of light through monocular
lid suture, binocular lid suture [Uhlrich et al., 1986) or
dark-rearing [Garraghty et al., 1987a). As described
above, the effects of monocular lid suture on retino-
geniculate arbors differ from those of monocular
enucleation: monocular lid suture from birth does not
cause Y axons from the nondeprived eye to sprout
into deprived laminae, whereas monocular enucle-
ation at birth causes Y axons from the remaining eye
to sprout into deafferented laminae. However, Y ar-
bors in deprived lamina A or Al in monocularly su-
tured cats are much reduced compared to normal, and
X arbors are correspondingly larger.

We examined retinogeniculate X and Y axon ar-
bors in cats reared with binocular blockade of retinal
impulse activity from 2 to 10 weeks after birth, and in

cats reared with monocular blockade from birth to
8-10 weeks [Sur et al., 1985). The blockade was pro-
duced by regular, repeated intraocular injections of
tetrodotoxin in doses known to block impulse activity
but not cause systemic toxicity [Stryker and Harris,
1986). In monocularly blocked animals, we found
that contralaterally projecting Y axons from the nor-
mal eye sprouted terminations into blocked lamina
Al, just as contralaterally projecting Y axons from
the remaining eye do in monocularly enucleated cats.
X axons from the normal eyc appeared qualitatively
normal in these cats. We have not yet recovered signi-
ficant numbers of axons from the blocked eye in
monocularly blocked animals.

In binocularly blocked animals, we found that Y
axons (from either, blocked, eye) sprouted slightly
into adjacent laminae (fig. 3). At the same time, the
normal development of both X and Y arbor within
lamina A or Al seemed to be arrested, and the arbors
seemed similar to those in very young normal kittens
orin deprived lamina A or Al in monocularly sutured
cats reared to adulthood. Thus, Y arbors in the A lam-
inae of binocularly blocked animals were much
smaller than in normal animals at the same age but
comparable to Y arbors in normal 3- to 4-week-old
kittens, while X arbors in the binocularly blocked
animals were broader than in normal animals at the
same age but similar to X arbors in 3- to 4-week-old
kittens (fig. 3). Furthermore, the size and density of
terminal boutons on both X and Y axons were very
immature in binocularly blocked animals. These
results suggest that a necessary prerequisite for the
normal development of retinogeniculate arbors
(both the interlaminar restriction as well as the
intralaminar shaping of X and Y axons) is electrical
activity in the two eyes.

Mechanisms of Retinogeniculate Development

What mechanisms do these experiments suggest
for the normal development of retinogeniculate X
and Y axons, and how do these mechanisms in turn
explain the plasticity that we observe in X and Y ar-
bors after manipulations that perturb normal devel-
opment?

We can propose, at the level of testable hypotheses,
both the sequel of norma! development and the fac-
tors that shape X and Y axon arbors in the A laminae.
The sequel of prenatal and postnatal events in reti-
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nogeniculate development suggested by our data (in
conjunction with other data reviewed earlier) is the
following. X cells are born carlier in the retina than Y
cells, and X axons innervate the lateral geniculate
nucleus eartier. Their axons develop arbors that are,
at least for the most part, confined to the appropriate
location for lamina A or Al within the nucleus. Be-
tween birth and 3-4 weeks postnatally, X axons de-
velop exuberant arbors within lamina A or Al that get
pruned by Y axon arbors in these laminac.

The factors that shape X and Y axon arbors in the
A laminae are the following. The laminar location or
dorsoventral height of X arbors appears to be speci-
fied innately, perhaps through axon-target interac-

tions or target-mediated substrates in the lateral geni-

culate nuclteus. No manipulation we have done has
changed the laminar specificity of X axons. The trans-
verse extent or width of X axons in the A laminae is
determined by interactions with Y axon arbors from
the same eye. Manipulations that cause Y arbors in
lamina A or Al to remain small (monocular lid suture
with or without enucleation of the other eye, and reti-
nal impulse blockade) lead to expanded X axon ar-
bors (that is, X arbors with retained irnmature exuber-
ance) in the same lamina. The laminar location or
dorsoventral height of Y axon arbors from one eye
seems to depend most critically on interactions with
axons from the other cye. When one eye is enucleated
or its electrical activity blocked, Y axons from the
other eye sprout into the deafferented or blocked lam-
ina. The transverse extent or width of Y arbors in the
A laminae perhaps depends simply on normal affer-
ent activity in the retinogeniculate fibers. Manipula-
tions that impede normal activity such as monocular
lid suture (with the other eye open or enucleated), and
total impulse blockade, all lead to 2bnormally small
Y axon arbors in deprived or blocked lamina A or Al.
It should be emphasized that these remain hypotheses
about the mechanisms of retinogeniculate develop-
ment at the level of single fibers from physiologically
distinct retinal cell classes, and these hypotheses may
have to be modified or altered as future experiments
dictate.
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