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Retinotopic maps rely on the spatial preservation of neural adjacencies in the eye and the brain. A new study
reveals how such visual maps are established without target-derived cues through a temporal gradient of
axon ingrowth and selective axon-axon adhesion.

How we perceive the environment is
inseparable from the development of our
sense organs and their underlying neural
circuits. For instance, to enable spatial
encoding of visual information,
neighborhood relationships of
photoreceptors in the eye are physically
preserved by their axons or projections of
downstream neurons in the brain'. But how
do these continuous topographic neural
maps arise during development? The first
mechanism coming to our minds is very
likely the well-established involvement of
molecular labels as proposed by the
chemoaffinity hypothesis of Roger Sperry?.
In vertebrates, complementary molecular
gradients enable retinal ganglion cell axons
to preserve their spatial organization as
they find their relative positions in visual
processing centers in the brain'. In
particular, the complex action of Eph
receptor kinases and Ephrin ligands has
become a classic example in orchestrating
retinotectal/retinocollicular map formation
through axon-target and axon-axon
interactions®. Pre-target axon sorting,

activity-dependent plasticity and
competition equally contribute to visual
map formation™°. Drosophila
melanogaster has emerged as a powerful
genetic model for elucidating fundamental
principles underlying visual circuit
assembly®. Cell surface molecule
gradients instruct synapse number
gradients of higher visual neurons’.
However, a role for molecular gradients in
implementing an anatomical retinotopic
map, as has been observed in vertebrates,
has remained elusive. In a new study,
published in this issue of Current Biology,
Kehribar et al.® uncovered an effective
alternative strategy that enables
photoreceptor growth cones to form a
precise retinotopic map by combining
temporal differentiation information and
local axon-axon adhesive forces.

The fly compound eye consists of ~750
ommatidia, each containing 8
photoreceptors (R-cells, R1-R8). R7 and
R8 axons directly establish a retinotopic
map in the second optic ganglion, the
medulla during larval and early pupal
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development. By contrast, R1-R6 axons
terminating in the first optic ganglion, the
lamina, do so only transiently. R1-R6 axons
initially form a regular scaffold of
retinotopically organized bundles in a thin
layer, called the lamina plexus. Around 25
hours after puparium formation, their
growth cones each leave their original
fascicles, extending to adjacent columns in
a fascinating re-sorting process™'°. The
outcome is an almost faultless visuotopic
organization of adult axonal projections
based on the neural superposition
principle' "2, Ultimately, axon re-sorting
ensures that all R-cells that ‘see’ the same
pointin space correctly form synapses with
identical target neurons in the lamina. It
relies on developmental patterning rules
that control the synchronous outgrowth,
elongation and stopping of thousands
of growth cones within a sheet'? "%, Its
successful implementation requires (i) that
R-cell axon projections reflect the
differentiation pattern in the eye and (ii)
that their prior retinotopic organization as
starting point is perfect. Indeed, in the eye
T
Rt
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imaginal disc, R-cells differentiate and are
recruited into rows of ommatidial clusters
sequentially'®, followed by the extension of
axons through the optic stalk into the optic
lobe. Moreover, their targets, lamina
neurons, depend on anterograde signals
from R-cells to gradually assemble into the
correct number of columns and
subtypes’®. Yet, in the absence of these
targets, R1-R6 axons are still able to form a
remarkably well assembled sheet of self-
organizing growth cones that respect the
neural superposition wiring pattern'”. How
can R1-R6 growth cones achieve this task
in such a dynamically evolving
environment?

In the eye imaginal disc, R8 cells first
recruit R2/R5 photoreceptors; then R3/
R4, followed by R1/R6, and finally R7 join
each emerging cluster. These rotate
clockwise or anti-clockwise by 90° in the
dorsal and ventral halves of the eye
field, resulting in a mirror-symmetric
arrangement of differentiated R-cells
along the equator'®. Leveraging the
fact that ommatidial polarity along the
zigzagging equator varies in each animal,
Kehribar et al.® mapped the relative
orientations of R-cell clusters in the eye
and their axon bundles in the lamina
plexus along the dorso-ventral midline
and concluded that their patterns
perfectly matched, albeit in opposite
orientations due to the known 180°
torsion of axons®. High resolution imaging
of the early pupal lamina plexus revealed
that R1-R6 axons arrived in the brain in
the same order as their cell bodies were
recruited into ommatidial clusters in the
eye. Importantly, R2/R5 axons arrived
first, forming an orthogonal grid in a
pattern that was indistinguishable in the
dorsal and ventral halves of the lamina
plexus prior to the arrival of the other
intercalating R-cells within each bundle.

Could this grid form the corner stones of
an adhesive net that enables arriving R-cell
axons to physically stay in contact with
their neighbors? To test this idea, Kehribar
et al.® closely examined the expression
of the protocadherin Flamingo (Fmi), a
homophilic cell adhesion molecule
consisting of cadherin repeats and a seven
transmembrane domain. A novel reagent,
Fmi-Phluorin-mCherry, made it possible to
distinguish expression of active Fmi on
membrane surfaces from inactive Fmi in
degradative compartments. This genetic
trick revealed that the first arriving R8 and
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Figure 1. Temporal assembly of a retinotopic map in the visual system of Drosophila

melanogaster by two adhesive forces.

Rows of R-cell axons arrive in the larval and early pupal lamina plexus gradually, establishing a highly ordered
grid of axon bundles. Their arrival order in the lamina plexus reflects that of their recruitment into ommatidial
clusters in the developing eye: R2/R5 axons (green) arrive first; young bundles next incorporate R3/R4 axons,
while older bundles contain additionally the later arriving R1/R6 axons. Intra-bundle adhesion (blue arrows) is
achieved by Flamingo (Fmi) initially between R2/R5 axons (green) to help with setting up the overall grid
pattern. Fmi-mediated adhesion between R1/R6 axons is not shown. Sidekick (Sdk) mediates intra-bundle
adhesion (red ovals) to preserve the local relative positions of gradually inserting later arriving R-cell axons,
such as Rd4s (violet). Fmi and Sdk establish a gradually forming net, in which spatial proximities are
preserved from the eye to the lamina plexus. The schematic illustration shows an area in the dorsal half of
the lamina plexus (to simplify the presentation, the changing angles and shapes of R-cell axon bundles in
the maturing lamina plexus have not been adjusted).

R2/R5 axons expressed active Fmi as they
navigated through the optic stalk to the
lamina plexus. Fmi was then
downregulated in axon shafts, but
maintained in growth cones within the
lamina plexus, ready for its next role during
the re-sorting phase'*'°. Intriguingly, cell-
type specific removal of fmi in more than
five adjacent R8, R2 and R5 axons caused
gaps in the lamina plexus. Hence, Fmi
plays a dual role in governing inter-bundle
adhesion in R2/R5 axons during their
trajectory from the eye and in the lamina
plexus, to launch retinotopic grid

formation. As later arriving R1/R6 axons
also express Fmi, they may in turn
contribute to the maintenance of the inter-
bundle grid.

A closer look using the position of R4
axons as readout revealed that intra-
bundle organization had remained intact,
leading to the idea that an additional
adhesive force is needed to maintain
relative axon positions within bundles. The
immunoglobulin superfamily member
Sidekick (Sdk) stood out as an excellent
candidate, as Astigarraga et al.'® had
shown that it acts as a homophilic cell
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adhesion molecule, is expressed between
R-cell growth cone heel attachment points
at the onset of the re-sorting phase, and
promotes subsequent growth cone
polarization. Focusing on potential earlier
developmental roles, Kehribar et al.®
detected Sdk-expression in all R-cell
axons as they traveled through the optic
stalk. In the absence of sdk, R-cell bundles
split into smaller bundles, while individual
R-cell axons, such as R4s, switched
positions within a bundle or between
bundles prior to arriving in the lamina
plexus, suggesting a distinct role in
preserving intra-bundle organization.

How do these forces work in concert?
During the third instar larval and early
pupal stage, single fmi mutant R-cell
growth cones did not show any defects.
However, large clones resulted in gaps in
the larval lamina plexus that were not filled
in during pupal development. By contrast,
sdk loss caused holes in the larval lamina
plexus that were corrected during early
pupal development but axons remained
mispositioned. Only loss of both fmi and
sdk irreparably abolished the structural
integrity of the lamina plexus.

In silico simulations provided further
support for the distinct contributions of the
three tested parameters to robust
retinotopic map formation: the gradual
row-by-row arrival of R-cell axons, Fmi-
mediated R2/R5 inter-bundle forces and
Sdk-mediated intra-bundle forces. In
addition, the computational model
revealed the importance of extensive and
flexible interaction surfaces among axons.
Thus, the temporal gradient of R-cell
development and axon ingrowth could act
as a global organizer of topography’,
whereas the two adhesive forces mediated
by Fmi and Sdk locally ensure the robust
setting up of an orderly scaffold able to
integrate new R-cell axons (Figure 1).

In vitro cell assays and structural studies
provided evidence that Sdk acts as a
homophilic cell adhesion molecule'®'°.
However, while Fmi also is a homophilic
determinant, its action seems more
complex. Itis involved in planar cell polarity
of R3/R4 in the eye?®, the setting-up of
orderly topographic maps by R2/R5 axons
through adhesion and, finally, the re-
sorting of R1-R6 growth cones, relying on
balancing relative differences in Fmi-
mediated activity between neighbors
While it is remarkable that genetic analyses
can untangle these sequential roles of Fmi,

12,13

uncovering the underlying molecular basis
of this versatility awaits future explorations.
Altogether, these findings extend our
conceptual understanding of how visual
maps are built beyond guidance to
relative positions by chemical gradients:
they can rely on the temporal
implementation of mechanical forces
governed by axon-axon adhesive
interactions. Another image would be the
gradual tying of a robust net whose knots
are held together by two adhesive forces
between and within knots. If too many
points are weakened, the net may
become erroneously assembled, lose its
stability and no longer be repairable.
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