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The crystalline photoreceptor lattice in the Drosophila eye is a par-
adigm for pattern formation during development. During eye de-
velopment, activation of proneural genes at a moving front adds
new columns to a regular lattice of R8 photoreceptors. We present
a mathematical model of the governing activator-inhibitor sys-
tem, which indicates that the dynamics of positive induction play
a central role in the selection of certain cells as R8s. The “switch
and template” patterning mechanism we observe is mathemati-
cally very different from the well-known Turing instability. Unlike
a standard lateral inhibition model, our picture implies that R8s are
defined before the appearance of the complete group of proneu-
ral cells. The model reproduces the full time course of proneural
gene expression and accounts for specific features of the refine-
ment of proneural groups that had resisted explanation. It more-
over predicts that perturbing the normal template can lead to eyes
containing stripes of R8 cells. We observed these stripes experi-
mentally after manipulation of the Notch and scabrous genes. Our
results suggest an alternative to the generally assumed mode of
operation for lateral inhibition during development; more gener-
ally, they hint at a broader role for bistable switches in the initial
establishment of patterns as well as in their maintenance.

imaginal disc | neural fate specification

egular patterns of cell fate appear widely in biology, and it
has long been a major challenge to explain how such de novo
patterning occurs during development. The R8 photoreceptor
lattice in the Drosophila melanogaster eye is a particularly striking
example. The adult Drosophila eye comprises ~750 ommatidia,
each composed of photoreceptors and support cells, packed in a
crystalline array (1). These ommatidia are founded by R8 pho-
toreceptors, whose orderly alignment takes shape in the wake of
the morphogenetic furrow (MF) that moves from posterior to
anterior across the eye imaginal disc during the third larval instar
(Fig. 1) (2). The emergence of a solitary R8 from within a pro-
neural group of competent cells has parallels in many examples
of neural and neuronal fate specification (3, 4). This selection of
a neural precursor through lateral inhibition is generally believed
to involve an instability whereby feedback loops reinforce ran-
dom fluctuations to choose one among a collection of equivalent
cells (5-7). Here, we present a mathematical model of R8 se-
lection and spacing that suggests a different scenario. This model
turns out to generate patterns through a “switch and template”
mechanism at whose heart is a cell-autonomous, bistable switch
that takes one state in the R8s and another in the surrounding,
undifferentiated cells. Whether a cell switches from undiffer-
entiated to R8 depends primarily on the balance between in-
ductive and inhibitory signals emanating from more mature cells
to its posterior; direct inhibitory interactions among neighboring
cells play a secondary role, preventing the appearance of su-
perfluous R8s after the initial R8 specification. This mechanism
implies that R8s are chosen earlier than previously thought,
during the initial process of induction. Unlike previous scenarios
(8, 9), the switch and template mechanism predicts that geneti-
cally identical tissue can readily sustain different patterns de-
pending on initial conditions, as we verify experimentally.
The earliest markers of R8 fate are the transcription factors
Atonal (Ato) and Senseless (Sens). ato expression is first detec-
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ted in a low uniform band directly anterior to the MF (Fig. 1). As
cells enter the MF, regularly spaced intermediate groups (IGs) of
~10 cells raise their ato level, and afto expression is lost in the
other cells. Sens can first be detected soon after the appearance
of the IGs. Over ~2 h, Ato and Sens progressively disappear
from the IG until only a single cell, usually near the IG posterior,
is left expressing both genes.

R8 patterning has hitherto been analyzed primarily by iden-
tifying mutations that affect the pattern (3, 4). Such studies
define at least three kinds of regulatory interaction: nonautono-
mous induction of initial afo expression, cell-autonomous auto-
regulation by ato, and nonautonomous repression of ato (Fig. 24).
Induction is exemplified by Hedgehog (Hh), which is secreted
by differentiating photoreceptors posterior to the MF; because
ato expression is required for neural differentiation, one can think
of hh as being indirectly activated by ato, creating a loop that
drives the MF forward across the eye disc (3, 4, 10, 11). Cell-
autonomous ato self-activation, in part through a positive feed-
back loop with sens, sustains ato expression once it reaches a
critical level. Ato also activates signals that repress ato expression
in nearby cells and contribute to lateral inhibition. These include
the ligand Delta (D) for the Notch (N) receptor, the secreted
factor Scabrous (Sca), which can diffuse at least a few cell diam-
eters and affects Notch signaling (12-16), and signals that in-
terfere with Hh signaling posterior to the MF (3, 4, 17, 18). Notch
signaling plays an additional role in ato induction, in combination
with the nonautonomous signal Decapentaplegic (Dpp) (19, 20).

These genetic studies have established that inhibition of ato
expression in IGs depends on Notch signaling, as in other pro-
neural groups. Beyond this outline, however, many questions
remain. No fully satisfactory picture exists for the initial spacing
of IGs, for example. The scabrous mutation that affects IG
spacing also affects selection of R8 cells within IGs, suggesting
a relationship between these patterning phases, whereas other
results suggest that spacing and resolution of IGs occur in-
dependently. Mutations in further genes, such as the EGF re-
ceptor (EGFR) pathway, also affect R8 patterning, but their role
is incompletely understood. Although it is currently believed
that, in some other proneural groups, all cells are equally likely
to emerge as the neuron (7), multiple lines of evidence indicate
differences among IG cells tied to their spatial positions; how
such differences arise in, for example, the level and duration of
Ato expression (21-23) or the apical-basal position of nuclei
(23) is not known (3, 4, 24).

In this paper, we first abstract the known genetic interactions
into a mathematical model of R8 fate specification (Fig. 2B). We
then delineate the parameter regime where this model can rep-
licate the dynamics of wild-type R8 patterning, from the initial
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Fig. 1. Specification of R8 cells. In all figures, anterior is to the left. (A) In the eye imaginal disc epithelium, precisely constructed ommatidia each differ-
entiate around a single R8 cell. R8 specification is accompanied by a transient contraction of disc cells in the “morphogenetic furrow” (MF) that sweeps
anteriorly across the disc (arrow gives MF direction). Posterior to the furrow are vertical columns of R8s. Ato protein (green) appears just ahead of the furrow
and is accompanied, then replaced, by Sens (magenta), expressed stably in R8 cells. (B) Ato expression evolves from a low uniform stripe into periodic in-
termediate groups (IGs) that then resolve into single R8 cells. Sens tracks Ato from the IGs. [Because the eye disc epithelium is pseudostratified, there are more
unstained cells between R8s than it might appear from the size of the stained R8 nuclei (2, 4).] (C) Ato expression in intermediate groups and R8 cells. (Ato is
lost in R8s posterior to the MF through a regulatory mechanism not discussed in this paper; ref. 33). (D) Sens expression. (E) Schematic of Ato (green) and Sens
(magenta rings) expression in the furrow. Black dotted lines outline an IG, which has higher Ato expression than the stripe to its anterior. Yellow scale bars

indicate the extent of the MF. (Scale bars: A and B, 18 um.)

stripe of proneural gene expression through IGs to isolated R8s,
and examine in detail the pattern formation mechanism at work
in this regime. This mechanism offers explanations for several
puzzling features of pattern formation in the eye disc and makes
experimentally testable predictions. The most striking of these—
the appearance of a stripe pattern when inhibition is slow and
a template of well-separated R8s is lacking—is verified by tran-
siently perturbing pattern formation in a sca mutant background.

Model

Because the details of molecular interactions are not completely
known, our approach is based on identifying key functional
elements of the circuit and modeling them in enough generality
that unknown molecular details can be effectively parameterized
(Fig. 2B). We condense the known players into several lumped
variables, each of which can be thought of as representing a given
type of regulatory interaction rather than a specific gene: The
variable u takes the place of all nonautonomous inhibition and 4
of the several nonautonomous activators that drive the MF; s
implements delayed, cell-autonomous positive feedback; and a
self-activates and is a marker of the R8 fate. Both /# and u are
allowed to move from cell to cell; our mathematical formulation
is sufficiently broad to encompass both simple molecular diffu-
sion and more general forms of nondirectional transport (25—
27). Because the RS pattern is ultimately defined on a single-cell
level, we use a disordered array of discrete cells rather than a
continuum model. We thus translate the interactions of Fig. 2B
into ordinary differential equations on a lattice, with each site
representing a single cell and irregular spacing between sites
mimicking the disordered packing of cells in the eye disc. The
dimensionless variables a;, s, hj, and u;, where j indexes the
lattice sites, then obey
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Here uppercase letters (e.g., A, Dy, or F) denote dimensionless
parameters, and A represents the discretized diffusion operator,
which encodes the random cell packing (SI Text). The Hill
function f,, where f,(x) = x"/(1 + x"), is a convenient way to
represent sigmoidal functions, and parameters of the form n, or
m, are thus exponents. We nondimensionalize the model so that
the variables aj, sj, h;, and u; vary between zero and a maximum
value of order unity, and we take the linear decay rate of a;,
which sets its characteristic time scale, to be 1.

After initially finding, through interactive searches, parameter
sets where the model of Eqs. 1-4 could mimic the experimentally
observed evolution of ato and sens expression, we explored the
neighborhood of one preferred set (Table S1) in a more system-
atic two-step numerical screen (SI Text). In the interests of
computational efficiency, we first simulated each randomly cho-
sen parameter set in one dimension, and we then examined the
2D behavior only of those sets able to produce a moving front
and a periodic pattern in one dimension. For these latter tests, we

Fig. 2. R8 determination network. (A) Interactions regulating the expression of Ato in the MF. Pointed arrows, activation; blunt arrows, inhibition. Green
ellipses, nonautonomous signals; blue boxes, transcription factors acting cell autonomously. EGFR is known to block Hh signals (18); DI and Sca are shown acting
directly on Ato because it is not certain which mode of ato activation they inhibit. Pointed (Pnt) is activated in the photoreceptor differentiation pathway that
eventually leads to hh transcription posterior to the MF (46). (B) Simplified mathematical model of the interactions in A. All inhibitory signals are condensed into
the variable u, and all long-range activation into h. (C) Simulated a expression in the model; compare Fig. 1C. (Parameters are in Table S1.) (D) The patterning
mechanism in the model. Each R8 (dots) inhibits a within a certain radius (circles). As the MF progresses, the first cell reached by the activator h that is free of this
inhibition (blue) is strongly favored to become the next R8. a expression extends outward from this cell to transiently form the IG (green triangles).
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used a variant of our model (SI Text) that decouples pattern
formation on the scale of a few ommatidia from the front motion
on much larger scales, thus allowing us to focus on the essentials
of 2D pattern formation and greatly speeding up simulations.

Results

Our preferred “wild-type” parameter set (Table S1) was chosen to
make a hexagonal lattice of s expression, with transient a expres-
sion in IGs, for arbitrarily many successive R8 columns (Fig. 2C,
Movie S1, and SI Text). This pattern was robust both to parameter
variation and to quenched disorder (SI Text and Figs. S1 and S2).
In particular, of 10,000 sets with all parameters (except Hill
coefficients) varied within a factor of 2 of the preferred set, 1,462
were able to generate a one-dimensional pattern, and a significant
fraction of these were capable of at least minimal 2D patterning,
albeit often with a higher frequency of twinned R8s (text below,
SI Text, and Table S2). In retrospect, this robustness seems a
natural consequence of the switch and template mechanism,
which, we argue, requires little more than cell-autonomous bist-
ability and an appropriate separation of length and time scales.

The majority of the parameter sets that gave the correct pattern
were biologically plausible, with decay lengths (i.e., the typical
distance over which morphogen concentration drops by 1/¢) and
time scales for concentration changes consistent with the known
properties of the proteins (3, 4, 27-29). Working parameter sets
shared several characteristics. The nonautonomous activator 4
had to be longer ranged than the nonautonomous inhibitor u; u’s
decay length was usually no more than a typical intercellular dis-
tance. Together with u’s highly cooperative, noncompetitive in-
hibition of /4, these features allow for sharp boundaries between
spatial domains of strong repression, where the action of 4 is ef-
fectively blocked by u, and of weak repression, where 4 can in-
fluence a. In the working parameter sets, the cell-autonomous
positive feedback made a bistable even without any input from 4,
and moderate / levels were sufficient to force a toward the higher
of its two stable states (SI Text and Fig. S3). We identify this high or
RS steady state with cells that will become RS8s; cells at the steady
state with the lower a value, the low state, do not differentiate at
this stage. Finally, a separation of time scales was needed, with %
changing more slowly than s and a, and u responding faster than
the s—a feedback loop. This rapid relaxation of u to steady state
was balanced by a relatively high threshold for activation of u by a.
Thus, cells did little to inhibit their neighbors until their a levels
neared the high steady-state value characteristic of R8s, but once
a cell reached this point, it was able to quickly prevent its neigh-
bors from attaining the same state. It is likely that repression in
actual flies targets both activation by 4, as in our model, and a’s
self-activation (22, 30). In SI Text, section S74, we show that
a model variant in which u instead inhibits a self-activation can
also sustain switch and template pattern formation.

Strikingly, although we did not preselect for this, the model
reproduced features of observed ato patterns that had been dif-
ficult to understand. For example, our model selects R8s near the
posterior of the IG (Fig. 2D) and generates intermediates char-
acteristic of the resolution of an IG to single R8s (Fig. S44). In
the model, these differences among IG cells are straightforward
consequences of differences in the timing of initial induction and
in the strength of the inhibitory signal cells receive from the pre-
vious column.

Fig. 2D outlines how the successful parameter sets lead to RS
patterning (31). Every step relies on mechanisms distinct from
previous notions of R8 specification. Each R8 defines a roughly
circular region where activation of a in other cells is prevented.
As the MF progresses and the long-ranged activator 4 builds up
to the anterior of the existing R8s, the first cells it is able to flip to
the high a state are located halfway between the R8s of the
previous column, as far to the posterior as possible without being
strongly inhibited. These cells, chosen by their position relative
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to the cells of the previous column, will become the R8s of the
new column and block this fate in their neighbors. There is,
however, a delay between their initial induction and when they
can produce enough u to inhibit nearby cells effectively. During
this time, % levels continue to increase, so that a rises transiently
in other cells immediately to the anterior of the presumptive R8s,
making the IGs. The cells fated to become R8s have, however,
already been chosen by the time the full IGs are observed. In
effect, the combination of a high threshold for u production and
the ability of cells beyond this threshold to quickly repress their
neighbors creates a race for the neural fate: Whereas a is in-
creasing in the IG cells, they make little u and thus barely interact
with each other. However, as soon as one cell has enough a to
produce significant u it forces all of the others down, becoming
the sole R8. The posteriormost cells that are induced first have
a large head start and have effectively been chosen as R8s before
other IG cells really begin to be activated.

The R8 selection process is thus strongly dependent on the
distribution of inhibitor # coming from the previous column. This
template ensures that only one cell is initially induced at the back
of the IG. Although u provides a strong enough signal to place the
single founding RS, its profile becomes more uniform more an-
teriorly, so that the location and shape of the larger and more
diffuse IG are considerably more variable. Because the cells of the
eye disc are not packed in an ordered lattice at this stage (32),
sometimes the template allows two R8 candidates to be induced
almost simultaneously; both then reach the RS state before either
can repress the other. Even the best parameter sets in our model
lead to a low frequency of such R8 twinning; interestingly, twin-
ned R8s are indeed observed experimentally posterior to the re-
solving IGs in ~6% of ommatidia (33). That twins always resolve
in wild-type discs, but not in our model, likely indicates some
slower, ancillary inhibitory process in vivo (SI Text).

Because templating plays a central role in our pattern for-
mation mechanism, the form of the final pattern is strongly de-
pendent on the initial template (Fig. S5 and SI Text, section
S6B). [In this light, it is interesting that a separate regulatory
circuitry specifies the first column of ommatidia at the far pos-
terior of the eye disc (2, 11).] Fig. 3B shows how, for our pre-
ferred parameters, an initial condition in which all cells in a
column express a and s results in a poorly ordered assortment of
isolated and twinned R8 cells. This result is in agreement with
long-lasting disturbances observed after R8 patterning is per-
turbed in vivo. For example, conditional reduction or elevation
of Notch activity that leads to a transient increase or decrease in
R8 numbers disrupts subsequent patterning even after normal
Notch function is restored (Fig. 4B) (22).

Unexpectedly, for some parameter sets, the model produced
an alternative pattern of continuous stripes of R8 cells from the
same uniform initial template as in Fig. 3B (Fig. 3D and Fig.
S4D). No striped pattern of ommatidia has ever been reported
previously. Stripes developed when the parameters were such
that a newly created R8 could not inhibit its neighbors as quickly
and as sharply as with the wild-type parameters of Table S1. This
outcome is seen most cleanly when 7, (Eq. 4) is increased (by
a factor of 5 for Fig. 3 C and D), adjusting the response time of
the inhibitor u without affecting its steady-state profile, but other
parameter changes affecting the speed of inhibition can have
similar effects (S Text). The inhibitor signal from a uniform
template lacks the indented profile of Fig. 2D, leading to the
near-simultaneous activation of many cells as the MF moves
forward. If the cells in the eye disc were packed in a perfectly
regular lattice, an unbroken line of cells would be induced at the
same instant, and all would reach the RS state together, without
having repressed each other. A stripe of R8s would result. Be-
cause cell packing is disordered, however, some cells in the new
column will in fact be induced before others. The stripe will
break up, as in Fig. 3B, if inhibition is fast enough that the first
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Fig. 3. R8 model patterns depend on initial conditions. Sens (s) expression in the model is shown. (See Fig. S6 for other model variables.) (A) Wild-type
parameters (Table S1) with an ordered template yield the usual hexagonal pattern. (B) With a stripe-like template, the same wild-type parameter set
generates poorly ordered isolated and twinned R8s, as seen after a perturbation of Notch function (Fig. 4B). (C) With a template of single R8s, the slower
u ("sca") parameters (Table S1) lead to a disrupted pattern with some twinned R8s (compare Fig. 4C). (D) With a stripe template, the sca parameter set
maintains stripe-like R8 patterning. Such patterns have now been observed experimentally (Fig. 4D). Magenta boxes in A, B, and D enclose the initial template

(Fig. S4B); the template in C is the same as in A but is omitted to leave more space for the full sca pattern.

cells to be induced can reach the high state and repress their
neighbors before these cells have crossed the threshold to be-
come R8s. If, on the other hand, inhibition is slower, and the first
cells are not able to repress the laggards before these also reach
the high state, a stripe pattern will result, as in Fig. 3D.

We now report corresponding striped patterns in vivo (Fig. 4).
When Notch function is briefly inhibited (with a temperature-
sensitive allele) in a scabrous mutant disc, atonal expression
persists in almost all cells, creating a near-uniform template of
presumptive R8s. After Notch function returns, the eye disc then
produces stripes of R8 cells to the anterior of this template. The
sca gene encodes a secreted protein that is produced in cells
expressing Delta and endocytosed into cells where Notch is ac-
tive (13, 34). It has been reported to bind both of these proteins
and is thought to modulate Notch signaling, although the precise
mechanism remains uncertain (14-16). The known properties of
Sca are thus consistent with a role in the speed of inhibition,
although there has been no experimental study of this possibility.

Without the transient Notch inhibition, the sca mutant exhibits
haphazard R8 patterning (Fig. 4C) (12, 32). If stripe-producing
parameter sets model the sca mutation (and thus the system’s
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evolution after it has been returned to the permissive tempera-
ture, to the anterior of the arrows in Fig. 4), then these param-
eters should lead to a sca mutant-like pattern when the template
consists of isolated R8s. This was indeed the case (compare Fig.
3C with Fig. 4C).

It is significant that genetically identical tissue is able to support
two distinct patterns, as predicted by the switch and template
mechanism. Our preferred wild-type parameters accurately pre-
dict the result of removing the template from otherwise normal
tissue. In addition, the same parameters that generate stripes with
a uniform template also reproduce the spacing defects and the
twinned R8s characteristic of the sca phenotype when the tem-
plate is nonuniform. Taken together, these observations show the
predictive value of the model and demonstrate a hidden con-
nection between the normal R8 spacing pattern and stripes.

Discussion

The model introduced here suggests that the patterns of proneural
gene expression and R8 photoreceptor determination seen in vivo
arise from a patterning mechanism that differs from previous
notions at many steps. This mechanism is the one most readily

Fig. 4. R8 patterns after experimental perturbations. (A-F) Projections of confocal images of Sens labeling. (A-H) Ommatidia near the arrow were at the IG
stage at the higher (restrictive) temperature. (A) Normal patterning in wild type, exposed to 31.5 °C for 2 h and 18 °C for 14 h. Scale bar gives MF extent at
fixation. (Scale bar, 17 pm.) (B) N* (temperature-sensitive allele) exposed to the restrictive temperature of 31.5 °C for 2 h and returned to the permissive 18 °C
for 14 h before fixation. R8 patterning is haphazard anterior to the arrow indicating ommatidia that were IGs at the restrictive temperature. (C) Disordered
ommatidial development and sporadic R8 twinning in the sca mutant phenotype (N%; sca at the permissive temperature). (D-F) N*; sca exposed to 31.5 °C for
2 hand 18 °Cfor 6 h (D), 20 h (E), or 30 h (F). The disordered sca phenotype is replaced by a propagating stripe pattern. (G) Same specimen as D, colabeled for
Ato expression (Fig. S7). (H) Same specimen as D, labeled for E(spl) expression, reflecting N signaling activity. Stripes of of high N activity alternate with stripes
of Ato expression. (/) Ato expression in wild type. (J) E(spl) expression in wild type reflects the complex pattern of N activity (22, 23).
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compatible with the interactions shown in Fig. 24. In this alter-
native picture, single R8 photoreceptor cells provide the template
that positions other single cells as R8 precursors, and the pro-
neural intermediate groups are not precursors but arise second-
arily, although they do provide a pool of potential replacement R8
cells. This mechanism naturally explains features of R8 patterning
that previously had no ready interpretation and predicts a distinct,
unexpected, striped pattern that we observed experimentally. It
thus yields important insights beyond what has been gleaned from
informal models based on developmental genetic studies (3, 4,
24). Other examples of neural fate specification through lateral
inhibition may merit reexamination in light of these conclusions.

Mathematically, our mechanism is distinguished from most
earlier descriptions of lateral inhibition by the presence of a
bistable switch in each cell; this feature, in turn, emerges over a
large region of parameter space as a natural consequence of the
strictly cell-autonomous positive feedbacks involving a and s. In
contrast, whether because they were concerned with systems
where no analog of the proneural genes is known or for other
reasons, previous models often focused entirely on regulatory
interactions involving Notch and DI (6, 35-39) (but see refs. 29
and 40-42). In such models, no cell-autonomous bistability is
possible, and patterns are instead generated through a Turing
instability (9, 43, 44); the same is true of an abstract activator—
inhibitor model of R8 spacing featuring a diffusible activator (9).
Models based on the Turing mechanism face several hurdles in
reproducing the full time course of afo and sens expression seen
in the eye disc, from the transient appearance of IGs to the
emergence of a single R8 toward the IG posterior. For example,
when positive feedback is cell autonomous, such descriptions
cannot yield both compact IGs and the correct final RS spacing.
More importantly, models centered on Turing instabilities gen-
erally support more than one pattern for given parameter values
only in narrow parameter ranges and then only at low amplitude
(44), whereas we have experimentally observed the robust co-
existence of patterns (Fig. 4). The switch and template mecha-
nism, in contrast, can meet all of these challenges.

Our model deliberately elides molecular details, but a few of
the simplifications embodied in Eqs. 1-4 deserve further com-
ment. Most obviously, our only inhibitor is the secreted factor u,
but it is known that juxtacrine (i.e., mediated by direct cell-cell
contact) Delta-Notch signaling also plays an inhibitory role in
eye discs. Juxtacrine interactions avoid the self-inhibition possi-
ble when a diffusible signal can act on the same cell that secretes
it. This phenomenon is unimportant in our model, however,
because cells secrete appreciable u only after they reach the R8
state and, through bistability, become relatively refractory to
inhibition. Similarly, a picture of planar cells communicating
only with their nearest neighbors likely underestimates the range
of Notch signaling. For example, more cells might be in contact
across the entire depth of the epithelium than can be represented
in a planar model, whether through filipodia (25, 27) or through
other complex packing geometries. Indeed, genetic mosaic stud-
ies suggest that DI’'s nonautonomy extends beyond obviously
adjacent cells (19, 45). Our model can approximate all of these
possibilities through lattice diffusion and degradation. Similarly,
our model subsumes into direct activation of / by a the long chain
of events from the specification of R8 photoreceptors to the se-
cretion of Hh by cells behind the MF. This choice emphasizes the
feedback between photoreceptor differentiation and MF motion
that propagates the MF as a self-sustained front. Neglecting the
facts that differentiating photoreceptors other than R8s secrete
the majority of Hh (46) and that Dpp is expressed uniformly in
the MF (4), however, likely makes the MF speed too sensitive to
local a concentrations, suggesting that our description may un-
derstate the robustness of the real patterning system.

Conversely, one might ask whether our model can be further
simplified without jettisoning essential features. It is difficult to
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imagine how the experimentally determined network diagram
(Fig. 24) could be reduced beyond Fig. 2B without assuming a
favored pattern formation mechanism. Now that we have identi-
fied the switch and template mechanism, however, it is possible to
take limits that remove some free parameters while retaining the
mechanism’s basic elements. We have already alluded to one such
limit: The separation of time and length scales between the long-
ranged activator 4 and the a—s—u subsystem can be exploited to
study pattern formation on short scales without explicit # dynam-
ics; if desired, the speed of the /4 front can then be determined self-
consistently from a knowledge of the small-scale pattern (47).
Similarly, because the inhibitor u is usually fast in working pa-
rameter sets, pattern formation survives slaving u to the other
variables by allowing 7,, — 0. Finally, the best results are obtained
when activation and inhibition are highly cooperative, so the model
performs well in the step function limit of infinite cooperativity.

Although its most striking success is its ability to account for the
striped pattern of R8 cell specification, our model provides insights
into several other real-world observations. In the model, R8 cells
that are already isolated are found to be the important patterned
source of u; this result may explain why mosaic analysis defines the
R8 cells as uniquely important for sca function, even though more
Sca protein is produced from IGs (12). Our simulations show that
loss of a and u expression from IGs coincides with the appearance
of individual R8s whose inhibitor u serves as a template for the
next column. This result may explain the temporal correspondence
observed between the appearance of a periodic IG pattern in a new
column and the resolution to single R8 cells of the preceding
column (22, 23). Whereas it has been difficult to explain why the
loss of sca, which seems primarily to space IGs, should also cause
twinning (32), in our model twinning is a natural consequence of
spacing defects that weaken the bias in favor of one particular cell
provided by an ordered template (Fig. 3C). Most importantly, the
model predicts that the positioning of R8 cells is essentially a
geometric effect (depending on the location of cells in the previous
column) and that the selection of the individual R8s precedes the
appearance of the full IGs even though this is not visible from
inspection of the expression pattern. The choice of the R8 is thus
not primarily a result of interactions among proneural IG cells, the
mechanism thought to select single neural precursors from pro-
neural groups in many other contexts (3-5). This conclusion may
explain why selection of R8 cells is not dependent on moderate
differences in N levels between IG cells (3). Some previous authors
have suggested that a static prepattern may bias the competition to
assume the neural fate in some proneural groups (7, 23, 24, 48);
our model differs in identifying the timing of initial activation of the
proneural gene, rather than the strength of activation from a pre-
pattern per se, as an essential variable.

In the half century since biological patterns were first modeled,
it has become clear that the cell-autonomous autoregulation
central to our model—and with it, a tendency toward bistable,
switch-like behavior—is widespread in cell determination net-
works and probably essential if cells are not to remain perpetu-
ally dependent on extracellular signals (49, 50). The ubiquity of
such complex feedbacks within individual cells requires models
that treat cells as discrete objects (51). The switch and template
mechanism described here arises naturally in the presence of
just such discreteness and feedbacks. It provides a flexible and
robust route to a variety of biological patterns.

Methods

Except as noted (S/ Text), Egs. 1-4 were solved by a custom-written Matlab
program that treats the diffusive and degradation terms implicitly but the
production terms explicitly. Eye discs were dissected from late third-instar
larvae, fixed, and subjected to indirect immunolabeling as described (52).
Confocal images were z-projected to include labeled nuclei. Normal culture
was at 25 °C; culture vials were immersed in water baths to achieve the
restrictive treatment for N®'. See S/ Text for strains.

PNAS | July5,2011 | vol. 108 | no.27 | 11149

DEVELOPMENTAL
BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015302108/-/DCSupplemental/pnas.201015302SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015302108/-/DCSupplemental/pnas.201015302SI.pdf?targetid=nameddest=STXT

L T

/

1\

=y

ACKNOWLEDGMENTS. Microscopy was performed at the Analytical Imag-
ing Facility of Albert Einstein College of Medicine. This work was sup-
ported by National Institutes of Health Grants GM047892 (to D.K.L.,
M.W.P., and N.E.B.) and GM67794 (to B.l.S.) and by an Unrestricted

N

w

5]

o

~

0o

©

N
=

22.

23.

24.

25.

26.

. Ready DF, Hanson TE, Benzer S (1976) Development of the Drosophila retina, a

neurocrystalline lattice. Dev Biol 53:217-240.

. Tomlinson A, Ready DF (1987) Neuronal differentiation in Drosophila ommatidium.

Dev Biol 120:366-376.

. Baker NE (2002) Notch and the patterning of ommatidial founder cells in the

developing Drosophila eye. Results Probl Cell Differ 37:35-58.

. Frankfort BJ, Mardon G (2002) R8 development in the Drosophila eye: A paradigm for

neural selection and differentiation. Development 129:1295-1306.

. Ghysen A, Dambly-Chaudiere C, Jan LY, Jan YN (1993) Cell interactions and gene

interactions in peripheral neurogenesis. Genes Dev 7:723-733.

. Owen MR, Sherratt JA (1998) Mathematical modelling of juxtacrine cell signalling.

Math Biosci 153:125-150.

. Simpson P (1997) Notch signalling in development: On equivalence groups and

asymmetric developmental potential. Curr Opin Genet Dev 7:537-542.

. Asai R, Taguchi E, Kume Y, Saito M, Kondo S (1999) Zebrafish /leopard gene as a com-

ponent of the putative reaction-diffusion system. Mech Dev 89:87-92.

. Koch AJ, Meinhardt H (1994) Biological pattern-formation - from basic mechanisms to

complex structures. Rev Mod Phys 66:1481-1507.

. Ma C, Zhou Y, Beachy PA, Moses K (1993) The segment polarity gene hedgehog is

required for progression of the morphogenetic furrow in the developing Drosophila
eye. Cell 75:927-938.

. Roignant JY, Treisman JE (2009) Pattern formation in the Drosophila eye disc. Int

J Dev Biol 53:795-804.

. Baker NE, Mlodzik M, Rubin GM (1990) Spacing differentiation in the developing

Drosophila eye: A fibrinogen-related lateral inhibitor encoded by scabrous. Science
250:1370-1377.

. Lee EC, Hu X, Yu SY, Baker NE (1996) The scabrous gene encodes a secreted

glycoprotein dimer and regulates proneural development in Drosophila eyes. Mol
Cell Biol 16:1179-1188.

. Lee EC, Yu SY, Baker NE (2000) The scabrous protein can act as an extracellular

antagonist of notch signaling in the Drosophila wing. Curr Biol 10:931-934.

. Powell PA, Wesley C, Spencer S, Cagan RL (2001) Scabrous complexes with Notch to

mediate boundary formation. Nature 409:626-630.

. Mok LP, et al. (2005) Delta activity independent of its activity as a ligand of Notch.

BMC Dev Biol 5:6.

. Acar M, et al. (2006) Senseless physically interacts with proneural proteins and

functions as a transcriptional co-activator. Development 133:1979-1989.

. Baker NE, Bhattacharya A, Firth LC (2009) Regulation of Hh signal transduction as

Drosophila eye differentiation progresses. Dev Biol 335:356-366.

. Baker NE, Yu SY (1997) Proneural function of neurogenic genes in the developing

Drosophila eye. Curr Biol 7:122-132.

. Baonza A, Freeman M (2001) Notch signalling and the initiation of neural

development in the Drosophila eye. Development 128:3889-3898.

. Jarman AP, Sun Y, Jan LY, Jan YN (1995) Role of the proneural gene, atonal, in

formation of Drosophila chordotonal organs and photoreceptors. Development 121:
2019-2030.

Baker NE, Yu S, Han D (1996) Evolution of proneural atonal expression during distinct
regulatory phases in the developing Drosophila eye. Curr Biol 6:1290-1301.

Dokucu ME, Zipursky SL, Cagan RL (1996) Atonal, rough and the resolution of
proneural clusters in the developing Drosophila retina. Development 122:4139-4147.
Spencer SA, Powell PA, Miller DT, Cagan RL (1998) Regulation of EGF receptor
signaling establishes pattern across the developing Drosophila retina. Development
125:4777-4790.

De Joussineau C, et al. (2003) Delta-promoted filopodia mediate long-range lateral
inhibition in Drosophila. Nature 426:555-559.

Kruse K, Pantazis P, Bollenbach T, Julicher F, Gonzalez-Gaitan M (2004) Dpp gradient
formation by dynamin-dependent endocytosis: Receptor trafficking and the diffusion
model. Development 131:4843-4856.

11150 | www.pnas.org/cgi/doi/10.1073/pnas.1015302108

Grant from Research to Prevent Blindness (to N.E.B.). The authors bene-
fited from workshops at the Kavli Institute for Theoretical Physics sup-
ported by the National Science Foundation, the National Institutes of
Health, and the Burroughs Wellcome Fund.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

Cohen M, Georgiou M, Stevenson NL, Miodownik M, Baum B (2010) Dynamic
filopodia transmit intermittent Delta-Notch signaling to drive pattern refinement
during lateral inhibition. Dev Cell 19:78-89.

Bray SJ (2006) Notch signalling: A simple pathway becomes complex. Nat Rev Mol Cell
Biol 7:678-689.

Barad O, Rosin D, Hornstein E, Barkai N (2010) Error minimization in lateral inhibition
circuits. Sci Signal 3:ra51.

Sun'Y, Jan LY, Jan YN (1998) Transcriptional regulation of atonal during development
of the Drosophila peripheral nervous system. Development 125:3731-3740.

Ede DA (1972) Cell behaviour and embryonic development. Int J Neurosci 3:165-174.
Baker NE, Zitron AE (1995) Drosophila eye development: Notch and Delta amplify
a neurogenic pattern conferred on the morphogenetic furrow by scabrous. Mech Dev
49:173-189.

Pepple KL, et al. (2008) Two-step selection of a single R8 photoreceptor: A bistable
loop between senseless and rough locks in R8 fate. Development 135:4071-4079.

Li Y, Fetchko M, Lai ZC, Baker NE (2003) Scabrous and Gp150 are endosomal proteins
that regulate Notch activity. Development 130:2819-2827.

Collier JR, Monk NAM, Maini PK, Lewis JH (1996) Pattern formation by lateral inhibition
with feedback: A mathematical model of delta-notch intercellular signalling. J Theor
Biol 183:429-446.

Owen MR, Sherratt JA, Wearing HJ (2000) Lateral induction by juxtacrine signaling
is a new mechanism for pattern formation. Dev Biol 217:54-61.

Plahte E, Oyehaug L (2007) Pattern-generating travelling waves in a discrete
multicellular system with lateral inhibition. Physica D 226:117-128.

Sprinzak D, et al. (2010) Cis-interactions between Notch and Delta generate mutually
exclusive signalling states. Nature 465:86-90.

Zhu HF, Gunaratne PH, Roman GW, Gunaratne GH (2010) A theory for the arrange-
ment of sensory organs in Drosophila. Chaos 20:013132.

Meir E, von Dassow G, Munro E, Odell GM (2002) Robustness, flexibility, and the role
of lateral inhibition in the neurogenic network. Curr Biol 12:778-786.

Hsu CP, Lee PH, Chang CW, Lee CT (2006) Constructing quantitative models from
qualitative mutant phenotypes: Preferences in selecting sensory organ precursors.
Bioinformatics 22:1375-1382.

Agrawal S, Archer C, Schaffer DV (2009) Computational models of the Notch network
elucidate mechanisms of context-dependent signaling. PLoS Comput Biol 5:e1000390.
Turing AM (1952) The chemical basis of morphogenesis. Philos Trans R Soc Lond B Biol
Sci 237:37-72.

Cross MC, Hohenberg PC (1993) Pattern formation outside of equilibrium. Rev Mod
Phys 65:851-1112.

Renaud O, Simpson P (2001) scabrous modifies epithelial cell adhesion and extends
the range of lateral signalling during development of the spaced bristle pattern in
Drosophila. Dev Biol 240:361-376.

Rogers EM, et al. (2005) Pointed regulates an eye-specific transcriptional enhancer
in the Drosophila hedgehog gene, which is required for the movement of the
morphogenetic furrow. Development 132:4833-4843.

Pennington MW, Lubensky DK (2010) Switch and template pattern formation in
a discrete reaction-diffusion system inspired by the Drosophila eye. Eur Phys J E Soft
Matter 33:129-148.

Cubas P, Modolell J (1992) The extramacrochaetae gene provides information for
sensory organ patterning. EMBO J 11:3385-3393.

Heemskerk J, DiNardo S, Kostriken R, O’Farrell PH (1991) Multiple modes of engrailed
regulation in the progression towards cell fate determination. Nature 352:404-410.
Meinhardt H (1976) Morphogenesis of lines and nets. Differentiation 6:117-123.
Francois P, Hakim V, Siggia ED (2007) Deriving structure from evolution: Metazoan
segmentation. Mol Syst Biol 3:154.

Firth LC, Li W, Zhang H, Baker NE (2006) Analyses of RAS regulation of eye
development in Drosophila melanogaster. Methods Enzymol 407:711-721.

Lubensky et al.


www.pnas.org/cgi/doi/10.1073/pnas.1015302108

