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CHAPTER 6

Prenatal development of axon outgrowth and connectivity

V.A. Casagrande and A.E. Wiencken

Departments of Cell Biology and Psychology, Vanderbilt University, Nashville, TN 37232-2175, USA

Introduction

Understanding the developmental complexities of
wiring the mammalian central nervous system
(CNS) has driven many developmental neuro-
biologists to seek simpler invertebrate nervous
system models. Yet, it is still unclear how appli-
cable simpler invertebrate model systems are to the
problems of wiring complex mammalian circuits
involving millions of neurons. One approach to the
complexities of establishing connections in the
mammalian CNS is to assume that the CNS be-
comes appropriately wired through sequences of
simpler mechanisms or rules. In this review we
consider several such rules of development as they
apply to early axon outgrowth and connectivity in
the ferret visual system. The ferret has been used
extensively as a model of mammalian visual sys-
tem development because ferrets are relatively
large mammals with well-developed visual sys-
tems and give birth to large litters that are born at a
very immature stage of development. In this re-
view we restrict ourselves mainly to aspects of
normal prenatal and early postnatal development
of the ferret retina, lateral geniculate nucleus
(LGN), visual cortex, and their connections, al-
though aspects of the ontogeny of other systems
and species are mentioned where relevant.

The mature ferret

The mature ferret retina contains a well-developed
visual streak, an area centralis, and three physio-
logically and morphologically defined ganglion
cell classes (i.e., Y-cells with large somata, X-cells

with medium somata, and W-cells with medium or
small somata) (Henderson et al., 1988). As shown
in Fig. 1, axons of nasal retinal ganglion cells of
all three types cross the chiasm to innervate the
LGN and other structures in the contralateral
hemisphere. Most temporal retinal X-axons and
some temporal retinal W-axons project to the ipsi-
lateral hemisphere, but all temporal Y-axons cross
(Vitek et al., 1985). Within the LGN, axons from
each eye innervate separate layers; crossed axons
terminate within layers A, C and C2 and uncrossed
axons terminate in Al and Cl (for simplicity we
consider only the main layers of the LGN here).
Within this framework, connections are further
refined such that X and Y axons terminate within
the A layers: layers that are, in turn, functionally
subdivided into leaflets which receive afferents
exclusively from either ON-center or OFF-center
retinal ganglion cells (Stryker and Zahs, 1983). Y-
axons also terminate in LGN layer C, and W-
axons terminate within LGN layers Cl and C2.
Thus, during normal development, retinogenicu-
late axons of each class must find the correct target
cells on the appropriate side of the brain and ter-
minate retinotopically within the appropriate sub-
division or layer of the LGN.

Assuming that the CNS of the adult ferret re-
sembles that of the cat, axons emanating from all 3
classes of LGN cells terminate retinotopically
within area 17, although a large number of Y LGN
axons terminate in area 18, and area 19 receives
projections mainly from W LGN cells (Hollander
and Vanegas, 1977). Within area 17, LGN axons
synapse principally on cells within layer IV. Thus,
developing LGN cell axons are faced with many of
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Fig. I. A schematic diagram of the connections of the left and right eye with the left lateral geniculate nucleus (LGN) and the LGN
with primary visual cortex (V1) in the adult ferret. Axons of nasal retinal ganglion cells of X, Y and W cells cross the chiasm to
innervate the LGN and other structures in the opposite hemisphere. Most temporal retinal X-axons and some temporal retinal W-
axons remain uncrossed projecting to the ipsilateral hemisphere, but all temporal Y-axons cross. Within the LGN, axons from each
eye innervate separate layers such that crossed axons terminate within layers A, C and C2 and uncrossed axons terminate in Al and
C1. X and Y axons terminate within the A layers: layers that are, in turn, functionally subdivided into leaflets which receive affer-
ents exclusively from cither ON-center or OFF-center retinal ganglion cells. Y-axons also terminate in LGN layer C and W-axons
terminate within LGN layers Cl and C2. C3 receives visual input from the superior colliculus. Within VI, LGN axons end princi-
pally on cells within layer 1V. Cells in the cortical layers I/l project to other cortical areas, cells in layer V project principally to
visual areas in the midbrain as well as visual areas in the thalamus and brainstem, and layer VI projects back to the LGN. Roman
numerals indicate the cortical layers.

the same decisions as developing ganglion cell
axons in that they must find the correct cortical
target area, terminate within the correct layer of
that area, and terminate upon specific cells within
the layer to maintain retinotopic order.

As in other species, output cells in layers II/III
of cortical area 17 send axons to other cortical ar-
eas, cells in layer V send axons to the midbrain
and other subcortical targets, and cells in layer VI
send axons back to the LGN (Rockland, 1985;
Meissirel et al., 1993). The latter terminate retino-

topically, ending principally in the interlaminar
zones between the main LGN layers (Claps and
Casagrande, 1990). Again, as with retinal and
LGN axon development, cortical axon develop-
ment must involve a series of decisions in order to
ensure that axons find their correct targets and
maintain an orderly map within these targets. This
brief sketch highlights examples of the order and
complexity of normal adult geniculostriate con-
nections. Establishment of correct and orderly
connections requires that a large number of devel-
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Fig. 2. A chart showing the chronology of key events in the development of connections in the ferret visual system. Days of devel-
opment from conception are indicated on the horizontal axis and times of cell birth (rectangles) and axon outgrowth (arrowheads)
on the vertical axis. Conception and birth are represented as embryonic and postnatal day zero, respectively. Cx., cortex; G.c.,
growth cones; i.c., internal capsule; LGN, letral geniculate nucleus; post., posterior; s.p., subplate. References are as follows: 1,
Reese et al. (1994); 2, Peduzzi (1989); 3, Jackson et al. (1989); 4, Greiner and Weidman (1981); 5, Taylor and Guillery (1994); 6,
Johnson and Casagrande (1993); 7, Guillery and Walsh (1987b); 8, Cucchiario and Guillery (1984); 9, Baker and Reese (1993); 10,
Linden et al. (1981); 11, Hutchins and Casagrande (1990); 12, Herrmann et al. (1994); 13, Clascd et al. (1996); 14, Mitrofanis,

19944,

opmental decisions be made in a relatively short
period of time. In the next sections, we consider
some of the developmental factors that could play
arole in these decisions.

Temporal coordination of early axon outgrowth

Temporal order has been shown in many systems
to influence the development of cell phenotype
(Reh and Kljavin, 1989; Bowerman et al., 1992).
Thus, early born cells can influence the fate of
later born cells as has been elegantly shown for the

development of cell phenotype in the Drosophila
eye (Cagan, 1993; Kramer and Cagan, 1994). It
has been more difficult to demonstrate the influ-
ence of temporal order on cell fate in more com-
plex mammalian systems. However, even in these
systems, to understand how axons make appropri-
ate connections it is important to first know the
temporal order of events. Fig. 2 summarizes what
is currently known about the timing of cell birth
and axon outgrowth in the developing ferret geni-
culostriate system throughout the 42-day gestation
period and up to eye opening at day P30. Within
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this system the first retinal ganglion cells, LGN
cells, and area 17 cells are all “born” (i.e., have
undergone their last cell division) at approximately
the same time (E20-E22) (Jackson et al., 1989;
Peduzzi, pers. commun., 1989; Reese et al., 1994).
Moreover, the first axons grow out of these early
cells almost immediately since axons are seen ex-
tending from cells in the retina, dorsal thalamus,
and posterior cortex by E24 (Johnson and Casa-
grande, 1993; Taylor and Guillery, 1994).

Within the retina these early pioneering axons
project ipsilaterally and develop from a transient
population of dorsocentrally located retinal gan-
glion cells (Godemont et al., 1987; Colello and
Guillery, 1990). Evidence from monocular enu-
cleation studies indicates that these transient gan-
glion cells do not play a role in the chiasmatic
choice of the permanent ipsilaterally projecting
axons. Thus, the role of these early transient retinal
axons remains to be defined. However, these ax-
ons could be responsible for providing signals that
prepare the cellular/substrate environment for the
axons which follow.

Within the retina, subsequent ganglion cells are
born in a rough central to peripheral gradient be-
ginning in the dorsocentral retina, nasal to the fu-
ture area centralis (Henderson et al., 1988; Reese
et al., 1994). Superimposed on this retinotopic
gradient of maturation are differences in the
chronological development of different functional
classes of ganglion cells; medium ganglion cells
(presumably X or medium W) begin to be gener-
ated (E22-E26) before the first large (Y) ganglion
cells are born (E24-E29), which, in turn, begin to
be generated before the smallest (W) ganglion
cells are born (E26-E32) (Reese et al., 1994). As
mentioned, ganglion cells send out axons right
after they are born (perhaps even while they are
migrating) since some of these axons have already
reached and crossed the chiasm by E24 and some
are present at the level of the dorsal thalamus by
E27 (Guillery and Walsh, 1987b; Johnson and
Casagrande, 1993; Taylor and Guillery, 1994).
This means that early in development, the leading
front of axonal growth cones from the eye is made
up of a restricted subset of the total ganglion cell
population from a roughly common retinal loca-

tion and a common ganglion cell class. Similarly,
each subsequent front of axon growth cones that
travel down the optic stalk, through the optic chi-
asm and into the optic tract represents a functional
and topographic subset of the whole, although
during the peak of ganglion cell birth and axon
outgrowth a variety of growth cones are clearly
present.

Less information is available for the develop-
ment of the ferret LGN except that cells are gen-
erated between E20 and E30 (Peduzzi, 1989). In
macaque monkeys, these cells divide at the ven-
tricular zone and migrate laterally, presumably
along radial glial cell processes that stretch from
the ventricular surface to the pial surface of the
diencephalon at this age (Rakic, 1977). It is un-
clear in the ferret whether cells in different LGN
layers or functional classes are born at different
times. However, in macaque monkeys, LGN cells
of different layers/functional classes are born in
sequence showing a lateral to medial gradient.
Also in macaque monkeys, there is evidence that
portions of the nucleus that will come to represent
central vision mature first as evidenced by cell
morphology, layer formation, and synaptogenesis
(Rakic, 1977). Regardless, it is evident from com-
parisons of temporal sequences of ganglion cell
birth, axon outgrowth, and LGN cell birth and
maturation that early in development interactions
involve more restricted populations (see also
Casagrande and Brunso-Bechtold, 1985 for re-
view). Thus, a subset of retinal axons have the
potential to interact with the earliest born LGN
cells right after the latter have been born.

Similarly, axons leaving from the region of the
posterior thalamus develop early (E24) (Johnson
and Casagrande, 1993). Moreover, there is evi-
dence that the earliest axons from the thalamus
might (as is the case in the retina) belong to a
transient population of cells. These reticu-
lar/perireticular cells are born very early (prior to
E25 in the ferret) and have been shown to form a
network of cells that extend all the way to the cor-
tical subplate (Mitrofanis, 1994a). In ferrets, major
fiber bundles leaving from the thalamus are evi-
dent in the internal capsule by E25, and below the
subplate of posterior cortex (visual cortex anlage)



by E27 (Johnson and Casagrande, 1993). As with
retinal ganglion cells, some thalamic cells appear
to send out axons soon after they are born. More-
over, if a gradient exists in the maturation of LGN
cell classes or topographic regions of the nucleus
itself in ferrets, then, as in retina, axons which will
ultimately represent different parts of the visual
field or different cell classes may arrive within
cortex at slightly different times.

Within the cortex, evidence clearly shows that
cells within the different layers, cells that will
project to different locations, are born at different
times. As in the retina and thalamus, the earliest
born cortical neurons (E20-E26) belong to a tran-
sient population of cells that resides within the
developing marginal zone (MZ) and the subplate
(SP) (Jackson et al., 1989). Numerous articles have
been written on the potential role of these cells in
guidance of axons to and from the appropriate ar-
eas of cortex, so only a few points will be made in
this review (see below and Shatz et al., 1988,
1990). Suffice it to say that these preplate cells are
labeled from restricted placements of Dil within
the dorsal thalamus of ferrets as early as E27. It is
less clear how these early axons relate to the axon
outgrowth from other layers of cortex since some
axons will project subcortically to quite different
targets and some will project to other cortical ar-
eas. Yet, all of these axons will pass through the
subplate. Taken together, data on early axon out-
growth from the retina, thalamus, and cortex reveal
some similar patterns. In each case, a population of
early transient cells appears to be generated. The
thalamic perireticular cells and cortical subplate
cells have both been proposed to play roles as
guidepost cells (Mitrofanis and Guillery, 1993);
evidence does not support such a role for the earli-
est ganglion cells (Taylor and Guillery, 1994).
Deletion of subplate cells in ferret cortex has been
shown to cause axons to by-pass their targets in
cortex, although other cues must guide axons to
the location of their targets initially (Ghosh et al.,
1990). Cells in the retina, LGN and cortex show
clear gradients of cell birth that, in some cases,
correlate with both mature topography and func-
tional class. Thus, coarse topographic relationships
may be established based simply upon these
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chronological differences in maturation. Moreover,
early growing axons encounter a different envi-
ronment than those that follow, which, in turn,
could account for differential axon guidance and
targeting choices. Regardless, more detailed
analysis of changes that occur at specific choice
points and target zones over time will be required
to ascertain the potential role of chronology in
axon guidance.

The role of glia in axon guidance

A variety of mechanisms have been identified that
can play a role in axon guidance. These mecha-
nisms include differential adhesion to the sub-
strate, general chemotropic and chemorepulsive
factors, and special interactions with other cell
types including glia, guidepost cells, and other
axons (Stitt et al., 1991; Baier and Bonhoeffer,
1992, 1994; Fishman and Hatten, 1993; Baptista et
al., 1994). All of these factors are likely to play a
role in the guidance of retinogeniculostriate axons
in the developing ferret.

In ferrets, glia have been suggested to play a
role at several choice points in the visual pathway.
Ferret optic axons undergo a major rearrangement
as they pass from the optic nerve via the optic chi-
asm choice point to the optic tract. In the nerve,
the axons gradually lose their original retino-
topic/chronotopic order as they approach the chi-
asm. Just prior to the chiasm they reorganize into
the chronotopic arrangement seen in the optic tract
(Guillery and Walsh, 1987a). Guillery and Walsh
(1987a) originally postulated that the changing
glial environment between the nerve and the optic
chiasm/tract can, in part, account for this rear-
rangement. In the nerve the glia exhibit an intra-
fascicular arrangement, whereas in the region of
the chiasm, glia take on the radial arrangement
common to the CNS. Guillery and Walsh (1987a)
have argued that optic axon rearrangement can be
explained if one assumes that axons arriving at the
chiasm are initially guided by radial glia toward
the pial surface. In addition, the glia (or specialized
neurons (see below) within the chiasm) appear to
provide other axon guidance clues since removal
of one eye prevents the non-transient ipsilaterally
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projecting axons from crossing the chiasm (see for
review Taylor and Guillery, 1994; Guillery et al.,
1995). When early developing ferret or rat retinal
axons are labeled via carbocyanine dye (DiA or
Dil) placed in the optic cup, these dyes move
transcellularly to label chiasmatic glia as well as
axons from the opposite eye (Johnson and Casa-
grande, 1991). Such transcellular labeling is evi-
dent as soon as retinal axons reach the chiasm but
is not evident in the chiasm after the pathway has
matured postnatally suggesting that retinal axons
may have specialized contacts with midline glia
early in development. Chiasmatic glia are also
known to transiently express several unique epi-
topes including the calcium-binding protein lipo-
cortin 1 (LCI) and stage-specific embryonic anti-
gen | (SSEA 1), both of which have been sug-
gested to play a role in axon guidance (McKanna,
1992; Marcus et al., 1995). Moreover, in mice,
ventral temporal retinal axons which normally
project ipsilaterally avoid membranes made up of
chiasmatic cells indicating that these axons receive
an inhibitory signal from the midline (Wizenmann
et al., 1993).

After ferret retinal axons have crossed the chi-
asm they also may communicate with radial glial
cells since DiA-labeled retinal axons appear to
transfer label to radial glial cells as they grow
along the surface of the diencephalon (Johnson
and Casagrande, 1993). When these axons arrive
at anlage of the LGN, they are in a position to fol-
low local radial glial guides and potentially meet
with LGN neurons using the same glial processes;
as mentioned above, LGN neurons are proposed to
migrate along these same radial glia from the ven-
tricular zone to the LGN anlage at the lateral edge
of the diencephalon (Rakic, 1977).

Within the LGN itself, glia could have an addi-
tional role in cellular lamination since astrocytes
labeled with antibodies to glial intermediate fila-
ments (GFAP or vimentin) form transient bands
within the incipient interlaminar zones in ferrets
(Hutchins and Casagrande, 1990). These inter-
laminar zones also transiently contain high levels
of fibronectin (Brunso-Bechtold et al., 1992) and
3-fucosyl-N-acetyl-lactosamine (FAL), which is
thought to represent a functionally active carbohy-

drate moiety of a cell adhesion molecule on a sub-
class of astrocytes (Mavity-Hudson et al., 1991).
FAL is likely the same as SSEA-1 or CDIS5
(Bartsch and Mai, 1991). In addition, the incipient
LGN interlaminar zones in ferrets transiently ex-
press a keratin sulfate proteoglycan which is asso-
ciated with astrocytes and is known to block neu-
ronal attachment and axon outgrowth in culture
(Robson and Geisert, 1994).

Concerning connections between diencephalon
and telencephalon, it is unclear whether intrafas-
cicular glia guide axons between these structures,
although such glia have been identified within the
developing internal capsule (unpublished observa-
tions). Studies by Norris and Kalil (1991) certainly
implicate radial glia in guiding developing axons
into the cortical plate after they have arrived in
cortex. In the diencephalon, corticothalamic axons
could also make use of radial glial guides as they
approach their targets, but there is no direct evi-
dence that this is the case at present.

The role of neurons in axon guidance

Retinal, LGN, and cortical axons are presumably
guided toward their initial target areas (e.g., dien-
cephalon or telencephalon) by a combination of
general permissive and instructive pathway cues,
but specific instructions likely occur at the chiasm,
perireticular nucleus, and the cortical subplate. As
mentioned above, unique transient populations of
neurons exist at axon pathway choice points. In
mice (similar studies have not been done in fer-
rets), deletion of the transient population of hypo-
thalamic neurons that predate the formation of the
chiasm causes retinal axons to stall at the chiasm
(Sretavan et. al., 1995). These prechiasmatic neu-
rons express cell surface molecules that have been
implicated in axon guidance including L1, a mem-
ber of the immunoglobin superfamily which has
been shown to promote axon outgrowth in culture,
and CD44, a glycoprotein which binds to the ex-
tracellular matrix (Lemmon et al., 1989; Aruffo et
al., 1990). However, it is not yet clear how the
presence of these cells or the molecules they ex-
press actually influence the behavior of retinal ax-
ons.



In the diencephalon of ferrets, transient reticular
and perireticular cells could play key roles in
guiding both thalamocortical and corticothalamic
axons. Axons connecting the cortex and thalamus
show clear rearrangements within the region of the
perireticular nucleus suggesting this nucleus plays
some role in axon pathfinding (Mitrofanis and
Guillery, 1993). Moreover, within the diencepha-
lon, the ferret LGN anlage receives its earliest ax-
onal projections (E23) from transient reticular nu-
cleus neurons (Mitrofanis, 1994b). In ferrets, the
transient reticular nucleus neurons are arranged
continuously with the early born perireticular neu-
rons which, in turn, appear continuous with corti-
cal subplate cells (Mitrofanis, 1994a). Since corti-
cofugal axons also form junctions with perireticu-
lar cells (Ramcharan et al., 1995), it may be that
the earliest highway between thalamus and cortex
is formed by connections between transient reticu-
lar cells, perireticular cells, and subplate cells as
illustrated schematically in Fig. 3.

Efforts to label corticogeniculate axons postna-
tally in ferrets reveal that these axons are sparse in
the LGN before P11, and are very immature in
morphology even at P14 (Claps and Casagrande,
1990). The latter results indicate that corticogeni-
culate axons wait at some location outside of the
LGN before entering, possibly in the primordial
reticular/perireticular  zone. However, the first
wave of corticogeniculate axons could also be
transient residents arising from subplate cells that
are subsequently eliminated as proposed by
McConnell et al. (1989). In the latter case, one
could postulate that the first connections are ac-
tually made between cortical and subcortical
populations of early born transient cells and that
permanent axons actually do not “wait” before
growing into their targets. Instead, the “waiting”
period is a period during which early transient
populations form a scaffold of connections to be
followed by permanent axons. In fact, a very re-
cent study of corticothalamic axon development in
ferrets argues that the earliest cells projecting to
the LGN arise from pyramidal cells in layer V at
birth (E42) and that cells in layer VI and the sub-
plate do not project to the thalamus until 8-10 days
postnatal (Clascd et al., 1996). These results con-
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Fig. 3. A schematic diagram showing early transient cell
groups (open circles) and their connections (dashed lines) and
permanent cell groups (black circles) and their connections
(solid black lines) in the ferret retinogeniculostriate system.
Only permanent crossed connections from the eye are shown.
Axons from the eye receive guidance cues from either tran-
sient cells or radial glial cells in the optic chiasm. Transient
connections between the thalamus and cortex may originally
form as a scaffold of connections between transient cells in
the reticular nucleus (RN) and perireticular nucleus (PRN) of
the thalamus and subplate of primary visual cortex (V1). Per-
manent axons connecting the lateral geniculate nucleus (LGN)
and cortex could use the transient scaffold as a guide to their
proper destinations; other local cues from radial glia and neu-
rons could then guide axons into their targets. See text for
details.

flict with results of earlier studies in fetal ferrets
and cats (McConnell et al., 1989; Johnson and
Casagrande, 1993). Both of the latter studies pro-
vide evidence that axons leave the visual cortex
and enter the thalamus more than a week and a
half earlier (see Fig. 2). One possibility is that the
earlier axons are, in fact, the axons of the early
born subplate cells. (The “subplate cells” identified
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by Clascda et al. (1996) may actually represent
permanent white matter cells or displaced layer VI
cells). The actual subplate cells may only extend
axons as far as the reticular nucleus (see earlier
discussion), an area that may have been included
in the thalamic Dil placement sites of the McCon-
nell et al. (1989) and Johnson and Casagrande
(1993) studies but not in the study by Clasca et al.
(1996). Such an interpretation would also fit with
findings of Claps and Casagrande (1990) showing
that few individual cortical axons can be traced to
the LGN in ferrets prior to P11.

Refinement of connections

Although the purpose of this chapter is to consider
rules of early axon outgrowth and pathfinding, it is
appropriate to briefly consider factors that refine
axonal connections within the ferret visual system.
Axons within the retinogeniculostriate system go
through early and late growth programs that share
several features in common.

Retinal, cortical and thalamic axons begin to in-
nervate targets by sending simple side branches
into the target region. Initially, additional transient
side branches may also extend into zones (e.g.
several visual nuclei) which will not be innervated
by these axons in adults (Jhaveri et al., 1991;
Ghosh and Shatz, 1992). Further refinement ap-
pears to involve a similar process in which the cor-
rectly targeted side branches now put out a number
of simple short branchlets some of which are also
transient (Sretavan and Shatz, 1986). Finally, the
appropriate side branchlets are expanded and
elaborated.

It appears from work in several species that the
initial targeting and establishment of crude topo-
graphic connections between the retina, LGN, and
visual cortex do not require neural activity (Cullen
and Kaiserman-Abramof, 1976; Brunso-Bechtold
and Casagrande, 1981; Guillery et al., 1985).
Guidance to the target clearly involves a number
of factors some of which were considered above.
However, several late developing axonal refine-
ments, which all occur postnatally in ferrets, do
appear to depend upon neural activity. These ax-
onal events include the segregation of retinal axons

into eye specific layers within the LGN, formation
of ocular dominance bands in cortex, and refine-
ment of lateral connections between cortical col-
umns (Stryker and Harris, 1986; Shatz and
Stryker, 1988; Callaway and Katz, 1991). In fact,
normal cortical ocular dominance columns and
possibly tangential connections among orientation
columns depend not only on neural activity, but
also on useful patterned visual activity (Wiesel and
Hubel, 1963; Blakemore, 1976; Wilson et al.,
1977; Chapman et al., 1986). Additionally, many
of these activity-dependent refinements appear to
involve competition between retinotopically over-
lapping populations and Hebbian mechanisms de-
signed to allow cells which fire together to synapse
together (Bliss and Collingridge, 1993; Glanzman,
1994; Kirkwood and Bear, 1994; Obermayer et al.,
1995). In the ferret LGN, segregation of axons
from ON- and OFF-center ganglion cells into ap-
propriate LGN sublayers also appears to require
activity. This dependence on activity has been
demonstrated by blockade of NMDA receptors
which would presumably disrupt mechanisms de-
signed to detect temporal correlations between
retinal axon activity and LGN cell activity (Hahm
et al., 1991; Mooney et al., 1993; Smetters et al.,
1994). The latter finding is curious since the seg-
regation of ON- and OFF-center axons occurs
between P17 and P28 prior to eye opening in fer-
rets at P30. Thus, this Hebbian mechanism must
normally operate without visual input except per-
haps via diffuse light/dark stimulation through the
eyelids.

Conclusions

The early development of connections within the
ferret visual system involves a series of steps de-
signed to ensure that axons find appropriate retino-
topically correct targets. Retinal, thalamic, and
cortical axons within this system go through simi-
lar steps in development which suggest that com-
mon principles may apply. In all three cases, the
earliest pioneering axons arise from transient
populations of cells in the retina, reticu-
lar/perireticular nucleus of the thalamus, and corti-
cal subplate, respectively. It is possible that each of



these populations plays a role in the guidance of
the permanent axons that follow, but evidence of
such a role has only been obtained so far for corti-
cal subplate cells. The permanent axons grow out
in an orderly fashion suggesting that subsequent
relationships between axons and targets may be
influenced by chronology. Thus, in regions such as
the optic chiasm or LGN, different waves of retinal
axons may encounter different environments since
cues at specific choice points and the relative ma-
turity of target cells may differ. Permanent axons
may be guided to their individually specific targets
by radial glial cells. The latter are not only in a
position to guide axons, but also to align axons
with target cells within a topographic column.
However, the exact roles of radial glia with respect
to retinal, thalamocortical, and corticothalamic
axon pathfinding remains to be defined. Finally,
once rough topographic connections have been
established within the ferret visual system, fine
tuning of connections appears to depend upon neu-
ral activity.
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