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Abstract

Precise formation of neuronal circuits requires the coordinated development of the different
components of the circuit. Here, we review examples of coordination at multiples scales of
development in one of the best-studied systems for neural patterning and circuit assembly, the
Drosophila visual system, from coordination of gene expression in photoreceptors to the
coordinated patterning of the different neuropiles of the optic lobe.

Introduction:

It is commonplace to say that neurons are the most diverse cell types in the organism and
that understanding the mechanisms that permit their integration into circuits is one of the
great challenges of modern neuroscience. Robustness of circuit formation requires the
specification of the right neuronal types in the right number, which then have to make
connections with other neurons sometimes localized at great distances. Thus, coordinated
behaviors must exist to allow the matching of neuronal types and number. The Drosophila
visual system is a prime model to study morphogenetic events during neuronal development.
The retina has been widely studied to uncover the role of signaling pathways in patterning
photoreceptors and for neuronal specification. More recently, the optic lobe has been used to
uncover the developmental logic of circuit formation by linking the specification of neuronal
cell identities to their integration into functional circuits. We review examples of coordinated
patterning at multiple levels, from cell intrinsic fate decisions to extrinsic interactions that
allow the formation of the retinotopic organization of the visual system, and highlight shared
principles in neuronal circuit formation.

Retina organization:

The Drosophila compound eye is composed of ~750 unit eyes called ommatidia (Figure 1A).
Each ommatidium is composed of 8 photoreceptors that express different light-sensing
Rhodopsin proteins. The six outer photoreceptors (R1-6) express Rh1 and mediate motion
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detection, similarly to vertebrate rods. The two inner photoreceptors (R7 and R8) are
responsible for color vision and express Rhodopsins with different spectral sensitivity that
define the subtypes of ommatidia. The two main types of ommatidia are randomly
distributed within the retina with a ratio of 65% of the yellow (y) type and 35% of the pale
(p) type (Figure 1A and 1B). In the yellow subtype, yR7 expresses UV-sensitive Rh4,
whereas yR8, located below R7 within the same ommatidium and thus sees the same point
in space, expresses green-sensitive Rh6. In the pale subtype, pR7 expresses a shorter UV-
sensitive Rh3 while pR8 expresses blue-sensitive Rh5 (Figure 1B). In addition to pale and
yellow ommatidia, a third type is localized in the last row of ommatidia at the dorsal margin
of the retina (Figure 1A and 1B). These so-called Dorsal Rim Area (DRA) R7 and R8 both
express Rh3 and are important for the detection of the vector of polarized light [1,2].

Establishment and propagation of the retinal mosaic:

The mosaic of photoreceptor subtypes results from the stochastic fate specification of the
inner photoreceptors. The initial fate decision is made cell-autonomously in R7: 65% of R7s
stochastically turn on the expression of the transcription factor Spineless (Ss) that directs
them to adopt the yR7 fate. In the absence of Ss, R7 adopt the default pR7 fate [3,4] (Figure
1C). Within the same ommatidium, R7 and R8 share the same light path and thus see the
same point in space. The coupling of Rhodopsin expression between R7 and R8
photoreceptors is essential for color comparison as color opponent processing happens
between R7 and R8 of the same ommatidium [5]. Since the initial stochastic fate choice is
made by R7, this decision has to be communicated to R8 within the same ommatidium so
that inner photoreceptors coordinate their Rhodopsin expression.

The mechanism that allows this coordination was first identified in the seven/ess mutant that
lacks all R7s, in which most of the R8s acquire the default yellow R8 fate suggesting that
coordinated Rhodopsin expression is achieved through a signal sent by pR7 to R8 [6,7]. The
nature of this signal remained elusive for a long time, but it was recently shown that both the
BMP and Activin pathways act non-redundantly in parallel to promote the pR8 fate [8].
Interestingly, the expression of the different BMP and activin ligands involved in the process
is not restricted to pR7s, instead the specificity seems to come, at least in part, from the
expression of the TGFyp processing factor Amon that is only present in pR7s [8]. Once
instructed by R7, the pale versus yellow fate in R8 is controlled by two cross repressing
factors: Warts a kinase member of the Hippo pathway is exclusively expressed in yR8 and
promotes the yR8 fate through the co-activator Yorkie [9,10]. In pR8, Melted represses
Warts and specifies the pale R8 fate [9]. This bistable transcriptional feedback loop between
Warts and Melted ensures that only one of the two factors is expressed in a given R8 and
thus creates two mutually exclusive cell fates [9,11] (Figure 1C).

Thus, photoreceptor fate decision is the result of sequential steps that each requires
coordinated patterning. The initial fate decision is made at the level of a single transcription
factor. Then, this decision is transmitted by signaling pathways to R8 where a complex gene
regulatory network ensures that a single Rhodopsin is expressed whereas the alternative fate
is repressed.
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Matching neuronal types and number across neuropiles:

Information from the retina is sent to the optic lobes, which are composed of 4 distinct
neuropiles that either receive direct inputs from photoreceptors or from second order
neurons. These neuropiles process distinct visual features before sending information to the
central brain to produce appropriate behaviors. The topographic organization of neurons is
preserved along the different neuropiles of the visual system (Figure 2A), a process called
retinotopy that is required to maintain the spatial information of the perceived stimuli in the
downstream processing centers. Distinct developmental strategies are employed in the
different neuropiles to coordinate the assembly of the successive topographic maps.

Induction of lamina neurons by photoreceptors to build retinotopy in the

lamina:

The lamina is the first neuropile of the optic lobe: it is organized in ~750 cartridges that
correspond to the ~750 ommatidia of the retina. Each cartridge receives inputs from R1-R6
that see the same point of the visual field. This information is received directly or indirectly
by the five Lamina Monopolar Cells (LMCs) that project retinotopically to the medulla for
further processing (Figure 2D).

The development of photoreceptors occurs in a sequential manner, where single rows of
ommatidia are added anteriorly to the previous ones [12] (Figure 2A). The development of
the lamina happens synchronously with the development of the retina, as lamina columns are
added similarly anteriorly from a pool of Lamina Precursor Cells. The incoming
photoreceptors axons tightly coordinate the development of the lamina and are absolutely
necessary for its formation [13,14]: Hedgehog secretion from photoreceptor axons induces
lamina precursor cells to enter S phase, undergo final division and terminally differentiate
into post mitotic neuronal precursors that will preassemble into lamina columns [15-17]
(Figure 2B and 2C). Because photoreceptor axons enter sequentially in the developing
lamina as they are produced, lamina columns are assembled concomitantly to photoreceptor
production.

As columns assemble with the proper number of lamina precursor cells, a second signal
allows their differentiation into the five types of LMCs: Photoreceptor axons secrete the
EGF ligand Spitz that is absolutely required for the induction of LMCs [18]. However, rather
than directly inducing LMC fate, EGF instead activates a second signal in wrapping glia that
themselves migrate from the optic stalk along photoreceptor axons: These wrapping glia
secrete Insulin-like peptides (llps) that trigger lamina precursor cells to differentiate into
LMCs through Insulin Receptor (InR) signaling via MAPK [19] (Figure 2B and 2C).
Interestingly, wrapping glia morphogenesis and migration requires photoreceptors in two
ways: they migrate from the optic stalk to the lamina along the photoreceptor axons in
response to FGF signaling from photoreceptors [20], and they respond to the EGF signal that
is also secreted from photoreceptors by secreting lips [18,19]. One can only speculate about
the sequential activity of these signaling molecules and the requirement of wrapping glia in
this process. One tempting hypothesis is that the involvement of wrapping glia creates a
delay between the role of Hh in column formation and the specification of LMCs by InR
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signaling. Indeed there is a lag between photoreceptors innervation of the lamina and the
progressive penetration of wrapping glia ensheathing photoreceptors axons into the
developing lamina [19,21].

Thus, these mechanisms permit the production of the right number of lamina cartridges at a
1:1 ratio with ommatidia, and the correct number of each of the five LMCs in the right
spatial position.

Coordination between photoreceptor and medulla development:

The second neuropile of the visual system, the medulla, receives inputs from the inner
photoreceptors R7 and R8 and from the five LMCs. Similarly to the lamina that is organized
in cartridges, the medulla is organized in columns corresponding to the ~750 ommatidia of
the retina. However, its organization is more complex: it contains ~ 40,000 neurons of more
that 80 types that project either locally within the medulla, or to other neuropiles [22]. These
medulla neurons can be broadly classified into 2 categories: uni-columnar neurons have
processes restricted to a single column and are present in every column (thus at a 1:1
stoichiometry with ommatidia) (Figure 3F). Multi-columnar neurons arborize in multiple
columns and have a lower stoichiometry to photoreceptors that is variable depending on the
neuronal type (from 5 to 300 neurons per optic lobe, [22,23]). Thus, columns and cartridges
can be seen as parallel repetitive local microcircuits composed of neurons that compute the
information from a single pixel of the visual field (1 ommatidium) whereas multi-columnar
neurons integrate information from multiple columns (Figure 3F).

Contrary to the lamina, the specification of medulla neurons does not require photoreceptor
innervation [17], although photoreceptors are important for the maintenance of medulla
neurons, as in the absence of the eye most medulla neurons do form but the medulla
degenerates later during pupal development [24,25]. The medulla develops synchronously
with photoreceptors and with the lamina from a single neuroepithelium, the Outer
Proliferation Center (OPC), during late larval and early pupal stages (Figure 3A). A
proneuronal wave that is concomitant to (but independent from) the entry of photoreceptor
axons in the medulla leads to the sequential conversion of single rows of neuroepithelial
cells into neuroblasts (Figure 3C), the Drosophila neural stem cells. These neuroblasts then
divide multiple times asymmetrically to renew themselves and produce Ganglion Mother
Cells that divide once more to produce two neurons (Figure 3B and C). Over these multiple
cell divisions, neuroblasts sequentially express different transcription factors that govern the
type of neurons produced by the neuroblast during each temporal window [26,27] (Figure
3B). Thus, overtime, a single neuroblast produces a variety of distinct neuronal types (Figure
3D). The OPC neuroepithelium is progressively transformed into neuroblasts that undergo
the same temporal series until the entire neuroepithelium is consumed. Thus, similarly to the
lamina, the medulla is built sequentially and concomitantly to the photoreceptors, with early
born medulla neurons connecting to photoreceptors from the posterior part of the eye and
late born to photoreceptors from the anterior part of the eye (Figure 3B-D).

The OPC is also divided in different compartments defined by the expression of spatially
restricted transcription factors along the dorso-ventral axis, thus producing neuroblasts with
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different spatial identity [28] (Figure 3E). This division increases the diversity of neuronal
types produced: Although uni-columnar neurons are produced by every neuroblast
independently of its spatial identity, multi-columnar neurons are only produced (in smaller
numbers) from spatially restricted progenitors [28] (Figure 3E).

It’s not entirely clear how the 1:1 matching between photoreceptors and uni-columnar
neurons is established. The preferred hypothesis is that a single neuroblast forms a single
column by producing the entire repertoire of uni-columnar neurons of a given column [28]
(Figure 3D). Thus, the number of neuroblasts should perfectly match the number of columns
(and thus photoreceptors). For multi-columnar neurons, it is more difficult to conceive that a
perfect matching would be possible without direct interaction with photoreceptors, as for
lamina neurons. One alternative hypothesis is that this matching is obtained by producing
more neurons than columns during development and that supernumerary neurons are culled
by apoptosis during later stages. Such direct coordination has not yet been uncovered but at
least some aspects of medulla neurons development is coordinated with photoreceptors. For
instance, photoreceptors directly regulate the size of the receptive field of their postsynaptic
targets through Activin signaling [29].

Retinotopy in the lobula complex:

The final two neuropiles of the visual system, lobula and lobula plate, both receive inputs
from the medulla and process information before it is sent to the central brain. Both
structures are retinotopically built, but only the lobula plate is thought to have intrinsically
retinotopic neurons (equivalent to the uni-columnar neurons of the medulla that are present
as one per ommatidium). Very little is known about the development of the lobula but recent
work has highlighted how the retinotopic map is built in the lobula plate [30-32]. The lobula
plate is composed of two main classes of retinotopic neurons: T4 neurons that receive inputs
from the ON motion pathway (that detect bright moving edges in the visual field), and T5
neurons that correspondingly receive inputs from the OFF motion pathway (dark moving
edges) [33] (Figure 4A). T4 and T5 can each be further subdivided into four subclasses that
each projects into one of the four distinct layers of the lobula plate that each responds to
motion in one of the 4 cardinal directions (front-to-back, back-to-front, upward or downward
motion) [33] (Figure 4A). Thus, the four T4 and four T5 cell types each have to build their
own parallel retinotopic maps in the lobula plate such that each of the ~750 lobula plate
columns contains one copy of each neuronal subtype.

The lobula plate develops from a neuroepithelium, the Inner Proliferation Center (IPC) that
lies below the OPC in the larval brain. The IPC produces migrating progenitors that become
neuroblasts that subsequently produce all T4 and T5 [34]. Similarly to the OPC, the IPC can
be divided in two compartments that each produces half of the T4-T5 subtypes: one
producing the cells of the horizontal system (front-to-back and back-to-front) and the other
cells of the vertical system (up and down) [30,31].

Neuroblasts originating from either compartment undergo two rounds of asymmetric cell
divisions that lead to the production of the four neurons of the horizontal system, or the four
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neurons of the vertical system (Figure 4B). Interestingly the four neurons originating from a
single NB innervate the same lobula plate column [31].

Thus, a neuroblast, or more precisely two neuroblasts, form the neurons that innervate a
single column of the lobula plate, as was proposed for the medulla [28]. As for other parts of
the visual system, the lobula plate is built sequentially where first born neurons innervate
part of the retinotopic map corresponding to the posterior part of the eye while later born
neurons innervate regions that correspond to the anterior part of the eye [31].

Thus, the intrinsic properties of the developmental program allow for the numerical and
spatial matching of the different neurons of the same microcircuit: There is no absolute need
for direct coordination to match the number and the identity of the different components of
the circuit.

Conclusion:

Along the different regions of the visual system, different mechanisms allow the numerical
and retinotopic matching of neuronal subtypes so that a 1:1 stoichiometry is established
within and across neuropiles. Coordination of R7 and R8 fates, and the formation of the
lamina are due to the direct instruction from photoreceptors, or via glial cells, through
signaling activity. In the medulla and lobula plate it is at least partly due to the intrinsic
properties of neuronal progenitors and their temporal production that generates the right
number of each cell type for each column. Finally, within each structure, neurons are born
sequentially along one axis (Posterior-> Anterior in reference to the retina). The different
neuropiles are born concomitantly and neurons born synchronically innervate the same
column. It is not clear whether the concomitant formation of the different neuropiles is
instructed by signals from the other structures because perturbing the temporal formation of
parts of the circuit has been technically challenging. However, one tempting hypothesis is
that temporal mechanisms might directly instruct the formation of retinotopic maps and
might not use topographic gradients of growth factors like Ephrins [35] that provide
positional retinotopic information in the vertebrate visual system.
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Highlights

. The Drosophila visual system is an emerging model for neural circuit
formation

. The visual system is composed of repetitive units that are repeted across
neuropiles

. Coordination of patterning is required for the precise formation of circuits

. Different strategies are used for the formation of retinotopic maps across
neuropiles
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Figure 1:
Fate specification in the retina:

(a) Organization of the retinal mosaic. Yellow (y) and pale (p) ommatidia are randomly
distributed in the retina, whereas DRA photoreceptors are localized in the last row of
ommatidia at the dorsal margin of the retina (b) The three ommatidium subtypes and their
Rhodopsin (Rh) expression. (c) Gene regulatory network controlling ommatidia subtype
specification.
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Figure 2:
Building the retinotopic map in the lamina:

(a) Retinotopic organization of the visual system. Colors represent three different retinotopic
points along the A-P axis. Examples of neurons from the different neuropiles that are
retinotopically organized (L2 in the lamina, Mil in the medulla and T4 and T5 in the lobula
complex).

(b) Sequence of lamina differentiation during larval development: the entry of photoreceptor
axons into the lamina lead to the division of Lamina Precursors Cells (LPCs) and their
assembly into lamina columns. This is followed by the entry of wrapping glia cell processes
that will direct the differentiation of LPCs into differentiated lamina monopolar cells. As the
eye disc grows more photoreceptor axons (in red) and glial cells enter the lamina leading to
more columns being assembled posteriorly following a front of differentiation. Note that L5
neurons at the bottom of the lamina follow a different sequence than the other lamina
neurons and do not depend on signaling from wrapping glia.

(c) Schematic of the signaling activities required for the formation and differentiation of
lamina neurons. (d) Schematic of the adult lamina. Note that each lamina cartridge is
composed of one copy of each of the 5 lamina monopolar cells and 6 outer photoreceptors
(R1-6).
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Figure 3:
Medulla development:

(a) Representation of the larval brain showing the OPC lying on the lateral surface of the
brain, below the eye disc.

(b) In the OPC neuroepithelium cells are converted into neuroblasts that express a temporal
sequence of transcription factors that generates neuronal diversity. During each window,
different subtypes of neurons are produced (represented in colors). A Notch binary fate
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decision further increases diversity of each progeny by producing two distinct fates (striped
Vs non-striped neurons).

(c) Cross section of the developing larval optic lobe showing the sequential formation of the
medulla. The first neuroblast produces the most posterior medulla column. Over time more
neuroepithelial cells are converted into neuroblasts that will add columns to the medulla
anteriorly. (d) Overlay of the temporal patterning of neuroblasts and the sequential
production of medulla columns.

(e and f) Larval (e) and adult (f) schematics of the medulla representing how the
regionalization of the OPC increases neuronal diversity. The uni-columnar neuron Mil is
produced all along the OPC independently of the spatial compartments, whereas the three
multi-columnar neurons Pm1,2 and 3 are only produced by progenitors from specific
domains.
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(a) Lobula Plate retinotopy:
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Figure 4:

Retinotopic formation in the lobula plate:

(a) Schematic of the lobula plate and the 4 subtypes of T4 (in red) and T5 neurons (in
green). Each subtype targets to a different layer of the lobula plate neuropile (color coded for
their response to motion direction, arrow on the side

(b) Two neuroblasts give rise to the 4 T4s and T5s of a single column. Both go through two
rounds of Notch mediated asymmetric decision and give rise to the 2 T4s and T5s of either
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the horizontal system for the Dpp* neuroblast or of the vertical system for the Brk*
neuroblast.
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