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repelled by the stripes of posterior tectal membranes and
preferentially grow along the interstripes (Fig. 6A). When treated
with the AIR antagonist DPCPX, many axons grow across
posterior membrane stripes (Fig. 6B). Quantitative analysis shows
that, in the control condition, only ~27% of the fluorescence of the
RGC axons was in the stripe region, with 73% in the unlabelled
anterior membrane stripe region demonstrating a significant
repulsion by posterior membranes. In the presence of 100 nM
DPCPX, 50% of the temporal RGC axon fluorescence was present
on the posterior membrane stripes. This level of growth on the
posterior membrane stripes was indistinguishable from that
expected if growth were random (i.e. 52%, dashed line in Fig. 6C)
and it was significantly different from the DMSO control condition.
These results show that blocking AIR reduces the sensitivity of
temporal RGC axons to repulsive guidance cues.

A model of retina-to-tectum mapping that
includes A1R signalling

We used our model to compare the precision of retina-to-tectum
mapping with and without Engrailed/A1R signalling. With Ephrin
signalling alone, equation 5 shows that the variability 8y, of the
axonal stopping position is inversely proportional to the slope {3, of
the ephrin A5 gradient in the tectum. As a consequence, a shallow

Fig. 4. Engrailed potentiates Ephrin-
induced collapse through A1R.
(A)Normal chick retinal ganglion cell (RGC)
growth cone (left) and after collapse
(right). (B-F) Quantification of temporal
and nasal growth cone collapse under
various conditions. Ephrin A5 was used at
0.1 ug/ml. A minimum of 235 growth
cones was counted per condition and each
graph represents an independent
experiment. Statistical analyses were
performed using one-way ANOVA
(P<0.001) and two-tailed Student’s t-test
(*P<0.05, **P<0.01, ***P<0.001). En,
Engrailed; A5, ephrin A5; Apy, apyrase;
aniso, anisomycin; o,f, o,B-methylene-
ATP; B,v, B,y-methylene-ATP; CGS,
CGS15943; ZM, ZM 241385. Scale bar:

18 um.

ephrin AS gradient leads to a large variability in the stop position,
which does not allow for precise mapping. By contrast, with
Engrailed feedback, equation 8 shows that the variability can be
greatly reduced, leading to much more precise mapping. In Fig. 7A
we display the stopping position y, and the variability oy, for two
temporal axons originating from x¢=0.9 and x(=0.7 with ephrin A5
signalling alone, and in Fig. 7B we show how Engrailed signalling
reduces the variance without changing the mapping (the plots are
obtained with Bz=B.=B,=Pe,=1 and 87/T=3T/T=0.1).

We conclude that a non-linear amplification mechanism between
the Engrailed and ephrin A5 signalling pathways significantly
increases the mapping precision even if the ephrin A5 and
Engrailed gradients are shallow. By contrast, in the absence of
Engrailed feedback, a high mapping precision would require a
much steeper ephrin A5 gradient.

We did not consider the role of spontaneous activity in the
precision of the retinotopic mapping. The mechanism discussed
here provides an initial mapping that is further refined by
spontaneous activity. However, as suggested by experimental
results (Bevins et al., 2011; Reber et al., 2004), the precision of this
initial mapping is very important because spontaneous activity
cannot correct misaligned RGC axons if the variance of this initial
mapping is too large.
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Fig. 5. Local concentrations of A1R

immunofluorescence in temporal and
— nasal RGC growth cones. (A) ATR
\ : immunostaining of temporal and nasal retinal
&[ 3 explants. Arrows indicate growth cones.
(B) Higher magnification of temporal and
e : \ nasal growth cones. Images were obtained
; \ ‘ : under identical conditions and have the same
o background. The white line indicates the limit
12 of the growth cone enlargement. (C) Analysis
[ of fluorescence levels after normalisation to
g growth cone size shows significantly higher
concentrations of A1R in temporal than nasal
growth cones. Mean + s.e.m. ***P<0.001,
Student’s t-test. Scale bars: 100 um in A;
12umin B.
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Engrailed signalling through A1R would also take place in the
absence of an AIR gradient, raising the issue of temporal/nasal
differences in AIR growth cone expression. With graded AIR
expression, the onset of ephrin AS amplification is graded (see Fig.
7B) and temporal axons reach the amplification position at a more
anterior position than nasal axons, allowing the latter axons to
reach more posterior positions. Without the AIR gradient, the
Engrailed signal S.,(y) depends only on the tectal position y, and
all axons experience the same Engrailed signal at a given position
. In this case, the contributions of the gradients of ephrin A5 and
of EphA2 to retinotopic precision are amplified equally in all axons
regardless of their retinal origin. Engrailed increases precision, but
without a gradient of AI1R expression the projection map is
compressed (Fig. 7C).

Nasal

DISCUSSION

The ability of homeoproteins to transfer between cells suggests
that, in addition to their cell-autonomous activity as transcription
and translation regulators (Topisirovic and Borden, 2005), they
also have direct non-cell-autonomous signalling activities
(Brunet et al., 2007; Joliot and Prochiantz, 2004; Prochiantz and
Joliot, 2003). The non-cell-autonomous hypothesis has been
verified in vivo for the homeoproteins Pax6, Otx2 and Engrailed
(Layalle et al., 2011; Lesaffre et al., 2007; Sugiyama et al.,
2008). In vitro studies have shown that growth cone guidance
activity by internalised Engrailed is not transcription dependent
but requires local protein translation (Brunet et al., 2005). This
translation-dependent mode of action was further demonstrated
using the collapse assay, in which protein synthesis inhibitors,
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Fig. 6. The A1R antagonist DPCPX interferes with RGC axon guidance. (A,B) Temporal chick retinal strips were cultured on alternate stripes of
posterior (red), which in the experiment covers 52 % of the Nuclepore filter, and anterior tectal membrane (unlabelled). Control (DMSO) (A) or
DPCPX (B) was added 12 and 24 hours after plating. Forty-eight hours later, explants were fixed and RGC axons pre-labelled with DiAsp were
visualised. In control conditions, temporal axons (DiAsp, green) grow preferentially on the anterior membrane stripes (A) and this preference is lost
upon A1R inhibition (B). (C) Quantification of the growth on posterior membranes. In control conditions, only 27% of the axons grew on posterior
membranes (a, P<0.005, one-sample t-test; Ho (the null hypothesis) =52 %). After DPCPX treatment, 50% of the temporal axon fluorescent signal
was observed on the posterior membrane stripes (P>0.86, one-sample t-test; Hg=52). DPCPX (n=6) significantly increased temporal axon growth on
the posterior membrane stripes compared with vehicle-treated (n=5) explants (b, P<0.05, unpaired t-test). Dashed line, expected level of growth on

the posterior membrane stripes if growth were random. Mean + s.e.m.
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Fig. 7. Engrailed feedback of ephrin A5 signalling increases the
axonal stop precision. The plots show the stop position and the
corresponding error for two temporal axons from retinal position
X0=0.9 and xo=0.7 without and with engrailed synergy. The plots are
obtained with A(s) as displayed in supplementary material Fig. S1 and
with Be=Be=Ba=Peq=1 and ST/T=5T/7=0.1. (A) Ephrin A5 signalling alone
leads to a large variance in the stop position (y5=0.1 for x,=0.9, and
¥0=0.3 for xo=0.7). (B) Engrailed synergy reduces the variance and leads
to a more precise mapping. (C) Same scenario as in B, but without the
A1R gradient. In this case, the Engrailed signal Se,(y) depends only on
the retinal position y due to the Engrailed gradient, and all axons
experience the same signal. For the figure, we assumed that Seg(y) is
given by Seg(0.9,y) as displayed in B, which leads to the same mapping
for the axon from x;=0.9 as in B. The axon from xo=0.7 experiences the
engrailed signal Teg at @ more anterior position compared with B, which
also leads to a more anterior stop position. The mapping in C is
therefore compressed compared with the mappings in A and B.
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Fig. 8. Summary of results showing that Engrailed feedback of
Ephrin signalling increases the axonal stop precision. (A) The non-
cell-autonomous signalling pathway of Engrailed in growth cones.
Green, Engrailed pathway for growth cone collapse. Red, inhibition of
growth cone collapse. (B) Schematic showing the initial position of the
axons in the retina and the variance of their stop position in the tectum
without and with Engrailed feedback as explained by the model and
described in Fig. 7A,B. N, nasal; T, temporal; A, anterior; P, posterior.

but not inhibitors of transcription, abrogate the Engrailed-
associated sensitization of temporal cones to subthreshold ephrin
A5 concentrations (Wizenmann et al., 2009).

The present study has investigated the Engrailed signalling
pathway (as summarised in Fig. 8) and used a simplified in vitro
model to establish that Engrailed sensitizes temporal growth cones
to ephrin AS signalling. This sensitization requires Engrailed-
controlled and protein synthesis-dependent ATP synthesis and ATP
secretion. Although this is the first time that ATP secretion from
the growth cone has been observed, it is important to note that a
similar timecourse for ATP secretion, using a different approach,
has recently been reported from the axon trunk (Fields and Ni,
2010). Growth cone secreted ATP is then degraded into adenosine,
which signals back to the growth cone through A1R. Accordingly,
an AIR agonist enhances ephrin A5 signalling in the absence of
Engrailed. The differential density of AIR in growth cones (low
nasal and high temporal) might explain, in part, why nasal axons
are less sensitive to the combined addition of Engrailed and ephrin
AS.

A first observation is that this interaction only takes place in
vitro at subthreshold ephrin A5 concentrations. Indeed, raising
ephrin A5 concentrations to 0.4 pg/ml provokes collapse in the
absence of Engrailed or adenosine ‘co-factors’. One can propose
that these subthreshold concentrations are physiological because
the neutralization of Engrailed with a blocking agent on membrane
stripes or in vivo (where ephrin AS is present at normal — but
unknown — concentrations) leads to temporal RGC guidance errors
(Wizenmann et al., 2009).

Our results show that Engrailed stimulates rapid ATP
neosynthesis (1-5 minutes), and that the increase in ATP outside the
growth cone as early as 1 minute (average 2 minutes 43 seconds)
is protein translation dependent. The inhibition of ATP synthesis by
oligomycin demonstrates that secreted ATP is newly synthesized
following Engrailed entry. The idea that homeoproteins regulate
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translation has been proposed before (Topisirovic and Borden,
2005) and a role of Engrailed-regulated protein translation in axon
guidance has already been demonstrated (Brunet et al., 2005). In
the present case, Engrailed might act at different levels, possibly
regulating the translation of peri-mitochondrial mRNAs, in
particular those encoding complex I factors, as we showed in
ventral mouse midbrain (Alvarez-Fischer et al., 2011), but also that
of proteins involved in ATP release or growth cone physiology and
morphology. Future studies will be necessary to clarify this point.

In any case, the entire ATP neosynthesis process takes place
within a few minutes. Given that protein synthesis in vertebrates
occurs at a rate of six to nine amino acids per second, 1 minute
would be sufficient to synthesize a protein of 360 amino acids,
making the rapid ATP synthesis and release that we observe
conceivable.

Classical signalling molecules, such as Ephrins, signal through
their cognate receptors. Our data show that, at least in this
experimental model, Engrailed, which to our knowledge has no
classical receptor, signals via adenosine and A1R. Homeoproteins
are ancestral proteins expressed in unicellular organisms (Derelle et
al., 2007) and homeoprotein signalling is conserved in plants and
animals (Ruiz-Medrano et al., 2004; Tassetto et al., 2005), suggesting
that homeoproteins were probably operating in the first multicellular
organisms. Therefore, it is conceivable that the regulation of
intracellular ATP concentration by homeoprotein transfer, with local
metabolic and regulatory effects (i.e. activation of cytoskeleton
regulatory factors), might have provided a primitive mode of
signalling and that it is only later in the course of evolution that ATP
secretion and purinergic receptor activation have been incorporated
in the loop. Indeed, ATP is extremely ubiquitous and the chemotactic
properties of purinergic compounds have been described in many
systems (Benowitz et al., 1998; Chen et al., 2006; Davalos et al.,
2005; Kronlage et al., 2010; Orr et al., 2009), including growth cone
guidance (Fu et al., 1997; Grau et al., 2008).

Ephrin A5 and Engrailed are present in low-anterior, high-
posterior gradients in the chick optic tectum (Drescher et al., 1997;
Wizenmann et al., 2009), whereas EphA2 and AIR show high-
temporal, low-nasal expression in RGC growth cones. Our data
reveal that Engrailed signalling via A1R sensitizes temporal growth
cones to low concentrations of ephrin A5 (0.1 pg/ml) and
strengthen previous observations of AIR involvement in
retinotectal patterning (Tavares Gomes et al., 2009). Based on this
finding, we developed a computational model showing how a non-
linear interaction between Engrailed and ephrin AS signalling
pathways increases the precision of growth cone navigation. Our
model explains how Engrailed signalling through AIR increases
not only the sensitivity of temporal cones to ephrin AS but also the
precision of their navigation, thus illustrating how different
signalling pathways can cooperate to create precise and robust
patterns. Furthermore, the model predicts, and the experimental
data suggest, that at low (and possibly physiological) ephrin A5
concentration the two pathways are necessary (and neither alone
sufficient) to establish the precision observed in vivo.

In conclusion, this simple novel signalling mechanism based on
homeoprotein non-cell-autonomous transcription is in fact much
more complex than anticipated. Not only does it involve local
translation, but it also cooperates with classical signalling — in the
present case, AIR and the Ephrin/Eph pathways.
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