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N-Cadherin Orchestrates Self-Organization of Neurons
within a Columnar Unit in the Drosophila Medulla
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Columnar structure is a basic unit of the brain, but the mechanism underlying its development remains largely unknown. The medulla,
the largest ganglion of the Drosophila melanogaster visual center, provides a unique opportunity to reveal the mechanisms of 3D orga-
nization of the columns. In this study, using N-cadherin (Ncad) as a marker, we reveal the donut-like columnar structures along the 2D
layer in the larval medulla that evolves to form three distinct layers in pupal development. Column formation is initiated by three core
neurons, R8, R7, and Mil, which establish distinct concentric domains within a column. We demonstrate that Ncad-dependent relative
adhesiveness of the core columnar neurons regulates their relative location within a column along a 2D layer in the larval medulla
according to the differential adhesion hypothesis. We also propose the presence of mutual interactions among the three layers during
formation of the 3D structures of the medulla columns.
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The columnar structure is a basic unit of the brain, but its developmental mechanism remains unknown. The medulla, the largest
ganglion of the fly visual center, provides a unique opportunity to reveal the mechanisms of 3D organization of the columns. We
reveal that column formation is initiated by three core neurons that establish distinct concentric domains within a column. We
demonstrate the in vivo evidence of N-cadherin-dependent differential adhesion among the core columnar neurons within a
column along a 2D layer in the larval medulla. The 2D larval columns evolve to form three distinct layers in the pupal medulla. We
propose the presence of mutual interactions among the three layers during formation of the 3D structures of the medulla columns.
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rons that are found in nearly all examined cortical regions
(Mountcastle, 1997; Maruoka et al., 2017). However, the devel-
opmental mechanisms underlying columnar unit formation re-
main unclear.

The fly visual center, which receives visual input from the eye,
shares structural characteristics with the mammalian cerebral
cortex, such as the columnar and layered structures (Sanes and

Introduction
The columnar unit is a basic feature of the brain. In the cerebral
cortex, microcolumns are cell type-specific radial clusters of neu-
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Zipursky, 2010). The retina is the compound eye consisting of
800 ommatidial units, and each ommatidium contains eight pho-
toreceptor neurons, R1-R8. Visual information received in the
retina is transmitted to the optic lobe in the brain (Sato et al.,
2013; Zhu, 2013; Nériec and Desplan, 2016). R1-R6 project to the
first optic ganglion, the lamina, where lamina neurons L1-L5
form a columnar unit called a cartridge. R7, R8, and L1-L5 then
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project to the second optic ganglion, the medulla, where as many
as 100 neurons form a columnar unit. Some of these neurons
project through the medulla to the third optic ganglion, the
lobula, and lobula plate. In comparison with the simple struc-
tures of ommatidia in the retina and cartridges in the lamina,
columns in the medulla show complex 3D structures that are
analogous to the microcolumns in the mammalian cerebral cor-
tex (see Fig. 1A) (Takemura et al., 2013). Indeed, the develop-
mental mechanisms underlying microcolumns and medulla
columns share similarities. A single neuroblast (NB), a neural
stem-like cell, produces a group of radially oriented and clonally
related neurons in the developing medulla (see Fig. 1A) (Hase-
gawa et al., 2011; Morante et al., 2011), which is analogous to the
radial unit produced from a single neural stem cell and migrates
along the same radial fiber in the developing cerebral cortex (Ra-
kic, 1988; Mountcastle, 1997; Noctor et al., 2004; Li et al., 2012;
Ohtsuki et al., 2012). These characteristics of the medulla, to-
gether with the powerful techniques available in fly genetics,
make it an excellent model for studying column formation.

In this study, we show that the cell adhesion molecule
N-cadherin (Ncad) (Iwai et al., 1997) and F-actin-binding mol-
ecule phalloidin reveal a donut-like structure of the medulla col-
umn. The 2D donut-like pattern in the larval medulla evolves to
establish the 3D pattern in the top, middle, and bottom layers
during pupal development. We identified three core columnar
neurons essential for column formation in larval development.
The terminal of R7 occupies the dot-like central region of the larval
column. The R8 terminal enwraps the R7 terminal forming a donut-
like region that overlaps with the Ncad/phalloidin pattern. The Mil
terminal occupies a grid-like region outside the R8 terminal. Thus,
R7, R8, and Mil form the 2D concentric organization composing
the three distinct domains in the larval medulla.

Ncad is expressed in R7, R8, L1-L5, and Mil neurons (Lee et
al., 2001; Ting et al., 2005; Yonekura et al., 2007; Nern et al., 2008;
Petrovic and Hummel, 2008; Hasegawa et al., 2013). Ncad-
dependent cell adhesion among these neurons may regulate col-
umn formation. The differential adhesion hypothesis (DAH)
proposes that mixtures of cell populations segregate according to
their adhesive properties: the less adhesive cell population is lo-
cated at the periphery of the cell aggregates and surrounds the
more adhesive cells (Steinberg and Takeichi, 1994; Murakawa
and Togashi, 2015). Roles of Ncad-dependent differential adhe-
sion have been proposed in lamina cartridge formation (Iwai et
al., 2002; Schwabe et al., 2014). In this study, we establish a series
of genetic tools that can specifically express fluorescent markers
and manipulate Ncad activity in R7, R8, and Mil in the medulla.
By using these tools, we clearly demonstrate the in vivo evidence
of DAH among R7, R8, and Mil in the medulla column forma-
tion. Additionally, by using a mathematical model based on the
differential adhesiveness of these neurons, we also demonstrate
that differential adhesion could be the major driving force in
establishing the columnar structure.

Materials and Methods

Fly strains. Fly strains were maintained on standard Drosophila medium
at 25°C. For all experiments in this study, both male and female flies were
used. The following fly strains were used: sens™ FRT 80B (Frankfort et al.,
2001), sev'* (BDSC5689), bsh!, bsh® (Hasegawa et al., 2013), Ncad
MISERTA0A (Iwai et al., 1997), sensF2-Gal4 (Atkins et al., 2013), sevPM181-
Gal4 (Lee et al., 2001), R69B02-Gal4 (L1-L5; BDSC39478), c202-Gal4 (L1)
(Rister et al., 2007), RI6H03-Gal4 (12; BDSC48744), R20A03-Gald
(L3; BDSC48871), R31C06-Gal4 (L4; BL49883), RIZEI2-Gal4 (Tm3;
BDSC48569), R42F06-Gal4 (T4-T5; BDSC41253), drf-Gal4 (Hasegawa et
al., 2011), GMR-FRT-stop-FRT-Gal4 (Chen et al., 2014), arm-lacZ FRT80B
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(BDSC6341), sens-FLPG5 (R8; BDSC55768), 20C11-FLPG5 (R7;
BDSC55766), R27G05-FLPG5 (L1-L5; BDSC55765), UAS-bshRNAi
(VDRC106634), UAS-NcadRNAi (BDSC27503, VDRC1092), UAS-
sevRNAi (BDSC55866), UAS-rpr (BDSC5824), UAS-Ncad”®>*15% (Twai et
al., 1997), hs-flp, tub-Gal80 FRT40A, tub-Gal80 FRTG13, and y+ FRT40A.
The following fly strains were generated in this work: bshM-Gal4, bshL-Gal4,
UAS-myrGFP, UAS>Gal80>myrGFP, R27G05-LexA (L1-L5), sevEnS-
LexA, sensF2-LexA, bshM-LexA, LexAop-myrTomato, Ncad-FsF-GFP, and
hth-FLP.

Generation of Gal4 and LexA strains. pGEattB-bshSPGal4 vector was
generated by inserting bsh short promoter (bshSP) and Gal4 (IVS-Syn21-
Gal4-p10) (Pteiffer etal., 2012) fragments into pGEattB vector (Huang et
al., 2009). Lamina-specific bshL-Gal4 and medulla-specific bshM-Gal4
were generated by inserting bshD fragment together with bshPA and
bshPB fragments into pGEattB-bshSPGald4, respectively. pGEattB-LexA
vector was generated by inserting LexA (LHV2) (Yagi et al., 2010) frag-
ment into pGEattB. Medulla-specific bshM-LexA was generated by
inserting bshD, bshPB, and bshSP fragments into pGEattB-LexA. sevEnS-
LexA construct was generated by inserting sev enhancer (sevEnS) and sev
promotor (sevPro) fragments into pGEattB-LexA. sensF2-LexA was gen-
erated by inserting sens enhancer (sensF2) and sens promoter (sensPro)
fragments into pGEattB-LexA. R27G05-LexA was generated by inserting
R27G05 and hsp70 promoter fragment into pGEattB-LexA. bshSP (1.4
kb), bshD (2.0 kb), bshPA (552 bp), bshPB (378 bp), sevEnS (1.3 kb),
sevPro (1 kb), sensF2 (650 bp), and sensPro (1.5 kb) fragments were
amplified using the following PCR primers: bshSP (ACTAGTTAACA
CAAACCCCATAACCCCC and GTAGCTTCATGGATCCCATTGC
CATTGCGCTGGAGGATG), bshD (TATAGATCTGCGGCCGCGTTA
GGTTGTTAACCTAAGC and CTGTTTAAGGGAATTCGCCGCTATT
GAAGATTACCCAG), bshPA (GAATTCCCTTAAACAGGAACTACA
AGTACG and GTTTGTGTTAACTAGTGCCTAATTTCCCATTGTT
GC), bshPB (GAATTCCCTTAAACAGGAACTACAAGTACG and
GTTTGTGTTAACTAGTGAGCTCCATAGAAGTGGAAAGC), sevEnS
(TTCTTGCATGCAATGCGGCCGCTTATTAGCGAGATGCTCGAGG
TCTCTC and TTGGTCTGCAGTITGAGTATCCTGGTCTITCCTGC
TCGAGATCC), sevPro (CACTCAACTGCAGACCAATTCTGATTG
TGTGGGCTAGTTCCC and TTAACGCTTTCATGGCGCGCCTAT
CTGGATCTGGATGTGCGATTCCCG), sensF2 (AATTCTTGCATGC
AATGCGGCCGCGTGGAAAAGTGGCACAGCAAATACTGTCATA and
TATCTGAAGCTAGCAACTCGGAAGTTGGCAAAGCTCGAAAGG),
and sensPro (GAGTTGCTAGCTTCAGATACGAGAAGATGGGGACT
TTATGGCT and CGTTAACGCTTTCATGGCGCGCCGATTCGAACG
GATCTTCGATGGGTC).

Generation of UAS>Gal80>myrGFP, UAS-myrGFP, and LexAop-
myrTomato strains. UAS™>Gal80>myrGFP was generated by inserting
hsp70 promoter-FRT, Syn21-Gal80, STOP-FRT-1VS, and Syn2I1-myr::
GFP into pJFRC164 (Addgene) (Pfeiffer et al., 2012), and was coinjected
with PhiC31 integrase into the VK00005 attP landing site. FRT-Gal80-
FRT cassette was permanently removed using FLPase to generate
UAS-myrGFP fly strain. LexAop-myrTomato was generated by inserting
Syn21-myr::Tomato fragment from HM29-37 MCS-tdTomato/pCPCI3
(gift from Hideji Murakoshi) into pJFRCI9 and was coinjected with
PhiC31 integrase into the ZH-22A attP landing site. hsp70 promoter-FRT,
Syn21-Gal80, STOP-FRT-IVS, Syn21-myr::GFP, and Syn21-myr::Tomato
fragments were amplified using the following PCR primers: hsp70
promoter-FRT (ACTCTAGCGCTAGCGACGTCG and TTTTTTTTT
TAAGTTCTAGCTAGCTTACGTTAGAAG), Syn21-Gal80 (AACTTAA
AAAAAAAAATCAAAATGGACTACAACAAGAG and TTGGCTTTAG
TCGACTTAACCGGTTTATAAACTATAATGC),STOP-FRT-IVS(GTC
GACTAAAGCCAAATAGA and CCTCGAGCCGCGGCCGCCTGA),
Syn21-myr::GFP  (catGGTACCAACTTAAAAAAAAAAATCAAAATG
GGCAACAAATGCTGCAG and TTACTTGTAGAGCTCATCCATG),
and Syn21-myr:Tomato (CGGCCGCGGCTCGAGGGTACCAACTTA
AAAAAAAAAATCAAAATGGGCAACAAATGCTGCAG and ACGA
TTCATTTAAGGCCTTTACTTGTACAGCTCGTCC).

Generation of hth-FLP strain. The third exon of endogenous hth was
replaced by the fragment containing attP via the homologous recombi-
nation with the homology arms for hth (hthLp and hthRp) (Huang et al.,
2009). The hthKnockinFLP-p10 vector was generated by inserting a short
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bridge fragment containing a part of the second intron and third exon of
hth (hth_inEx), FLP, and p10 into pGEattB vector. hthLp (1.8 kb) and
hthRp (2.0 kb), hth_inEx, FLP, and p10 fragments were amplified using
the following PCR primers: hthLp (CATGCGGCCGCCCAAGTGAC
CCGAGATGATCTT and CATGGTACCTGGATTGCCTCAAAAAC
CCAGG), hthRp (CATGGCGCGCCCAGGTAAGAATAATGGCCCC
AG and CATCTCGAGCCTTAGCTGCATCATTAGCAGC), hth_inEx
(CATCATGCGGCCGCCCTGGGTTTTTGAGGCAATCCA and CATG
GCGCGCCGGAATAGCGGATGTCTGCAATGG), FLP (CGCTATTC
CGGCGCGCCATGCCACAATTTGATATATTATG and GCTAGCTTA
TATGCGTCTATTTATGTAG), and pI0 (CGCATATAAGCTAGCAT
GAATCGTTTTTAAAATAAC and TTATACGAAGTTATGGTACCTC
GAATCGCTATCCAAGCCAG). The hthKnockinFLP-pl10 was coin-
jected with PhiC31 integrase into the attP site in the hth locus.

Generation of Ncad-FsF-GFP knock-in allele. Ncad-FsF-GFP knock-in
allele was generated by CRISPR/Cas9 technology (Kondo and Ueda,
2013). A knock-in vector containing the homology arms for Ncad
(NcadL and NcadR), the flip-out cassette with GFP (FRT-stop-FRT-
GFP), and the red fluorescent transformation marker gene (3xP3RFP)
was generated by ligating NcadL (555 bp), FRT, stop-FRT, GFP, 3xP3RFP,
and NcadR (518 bp) fragments amplified using the following PCR prim-
ers: NcadlL (TATAGAGCTCACCCATTATGCAGCCGTTTAGTC and
TATAGCGGCCGCACAATTCTAGTTCGGTATTGTGGGG), NcadR
(TATACTCGAGGCTGGTGGAGCGAGCAGTGA and TATAGGTAC
CGCGCTCCTAAACTAAACTTTGGTATGC), FRT (TATAGCGGC
CGCATTGAAGTTCCTATTCCGAAGTTCC and TATAACTAGTCAA
AAGCGCTCTGAAGTTCCTATAC), stop-FRT (TATAACTAGTTAA
ATCCAGACATGATAAGATACATTGATGAG and TATACTGCAG
CAAAAGCGCTCTGAAGTTCCTATAC), GFP (TATACTGCAGATG
AGTAAAGGAGAAGAACTTTTC and TATACTCGAGTCTAGTGG
ATCCAGACATGATAAG), and 3xP3RFP (GCGCCTCGAGAACTTCG
TATAGCATACATTA and TATACTCGAGAACGTGTCGGTACCAAT
TGAGCTC). A gRNA vector ( pBFv-U6.2) that recognizes the sequences
containing the stop codon of Ncad gene (GAACTAGAATTGTA-
AGCTGGTGG) was injected to eggs carrying vas-Cas9 (BDSC 55821)
together with the knock-in vector. The precise integration of the
knock-in vector was verified by PCR and sequencing. The 3xP3RFP
flanked by two loxP sites was removed by the heat induction of Cre. We
also generated Ncad-GFP allele by permanently removing the FsF cassette
from Ncad-FsF-GFP using FLPase. The Ncad-GFP patterns were indis-
tinguishable from the Ncad antibody patterns, suggesting that the Ncad-
FsF-GFP allele reliably recapitulates Ncad protein distribution.

Histochemistry. Immunohistochemistry was performed as described
previously (Hasegawa et al., 2011). The following primary antibodies
were used: rat anti-Ncad (1:20, Developmental Study Hybridoma Bank),
mouse anti-Chaoptin (24B10, 1:20, Developmental Study Hybridoma
Bank), guinea pig anti-Bsh (1:500) (Hasegawa et al., 2011), mouse anti-
LacZ (1:250, Promega), and chicken anti-LacZ (1:2000, Abcam). The
secondary antibodies were used: anti-mouse Cy3, anti-mouse Cy5, anti-
guinea pig Cy5, anti-guinea pig FITC, anti-rat Cy5, and anti-chicken Cy3
(Jackson ImmunoResearch Laboratories). Phalloidin staining was per-
formed by TRIC-Phalloidin (1:200, Sigma). Confocal images were ob-
tained by LSM 880 (Carl Zeiss) and a super-resolution unit Airyscan
(Carl Zeiss); 40X 1.2 NA water-immersion and 63X 1.4 NA oil-
immersion lenses were used for regular confocal and super-resolution
imaging, respectively. The default Airyscan filtering mode (filter strength
of 6.0) with the 3D reconstruction algorithm was used. Images were
processed using LSM image browser ZEN (Carl Zeiss) and Photoshop
(Adobe).

Quantification of Ncad expression level. To quantify the level of Ncad
expression, the photon-counting mode of LSM880 confocal microscopy
was used. Ncad-FsF-GFP expressing axon terminals in the larval medulla
were focused, and numbers of photons emitted from the terminals were
quantified in each pixel area to compare the photon density for different
neuron types. Sizes of the pixel area were categorized according to the
number of photons emitted. Background photons were counted outside
the GFP-labeled clones and were subtracted from the number of photons
emitted from the axon terminals.
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Experimental design and statistical analysis. The experiments in Figures
6, 7, 8-9 were designed and quantified as described below and statisti-
cally tested by ¢ test. p values are indicated in the figure legends.

Quantification of columnar defects. Fiji was used to quantify the colum-
nar defects (see Figs. 7, 9). Phalloidin was used as a column marker. The
outer and inner rings of phalloidin staining were manually outlined by
the oval selection tool. Essentially the same results were obtained when
Ncad was used as a marker. The total amount of GFP signal and the oval
size were measured. Here, o and 7 indicate the total GFP amount within
the outer and inner rings, respectively. o — 7 indicates the GFP amount
within the Ncad * ring region. The GFP amount was divided by the area
size of interest to normalize the size effect. Relative GFP density between
distinct domains of the column was calculated as follows. Expansion and
redirection ratios of R7 are o/i and (o — i)/i, respectively (see Fig. 7).
When we knocked down Ncad in R8, the entire growth cone of a single R8
was outlined by the oval selection tool to measure the total amount of
GFP (w). Relative GFP amount between distinct domains of the column
was calculated. Expansion and redirection ratios of R8 are w/o and (w —
0)/0, respectively (see Fig. 7). When we overexpress Ncad in Mil and RS,
expansion and redirection ratios are o/(o — i) and i/(0 — i), respectively
(see Fig. 9).

In Figure 8, individual R7 or R8 terminals were manually outlined by
the oval selection tool. The mean intensity of Tomato signal inside the
selected area was normalized by the mean intensity of Tomato signal
inside a wider area containing multiple columns to obtain expansion
ratios of Mil or R8. An ROI of 100 X 70 was selected by the rectangle
selection tool to crop an area in which both GFP (R8) and Tomato (Mil)
signals are focused. Coloc 2 function of Fiji was used to calculate the
Pearson’s R value to quantify the colocalization between two neurons.

Mathematics and equations. We model the neuronal cell segregation by
modifying the continuous model of cell-cell adhesion (Murakawa and
Togashi, 2015; Carrillo et al., 2019). The densities of the three cell types
of neurons at position x € R* and time t+ = 0 are denoted by
u = u(x, 1), v(x, 1), w = w(x, 1), respectively. Each of the equations in
the system represents the evolution in time of the densities u, v, w under
a velocity field containing volume exclusion effect and attractive forces.
The nondimensional system reads as follows:

2—1: =V - (uVoe) =V - (u(l — oK, (u,v,w))
% SV (W) =V - (W1 — K, ()

w
Frin V- WVo) =V - (w(l — 0)K; (u,v,w))

where 0 = u + v + wis the total population of cells, and the inter-
action attractive kernels K; (i = 1, 2, 3) are given by the following:

R
K, 1 w)(x) = f f [au(x + 1) + auv(x + i)

+ azw(x + r)]o(r)rmdndr

Here, R is a positive constant called the sensing radius, which is rescaled
tobe 1, S is the unit circle, a; (1,7 = 1,2, 3) denotes the adhesive strength
parameters between the ith and jth species, and w is a function describing
how the adhesion force depends at a distance r from position x, which is
defined as w = 1 here. The attractive forces model nonlocal adhesion
between the different type of cells characterized by their kernels K, the
strengths a;, and the shape of the force w. On the other hand, the repul-
sive force due to volume constraints is modeled by a local nonlinear
diffusivity depending on the total population of cells . The main differ-
ence with respect to the original model (Murakawa and Togashi, 2015) is
the assumption that each cell counts its surrounding linearly to deter-
mine the direction of movement and the magnitude of the force de-
creases as the density at the cell position increases. This modification
allows for a more physical balance between the total volume constraint
and the adhesion forces terms. The numerical simulations in Figure 10
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Figure 1.  N-cadherin and phalloidin visualize developing columns. A, Schematics of the developing larval and pupal visual
systems. In the larval eye disc, R8 and R7 are sequentially differentiated behind the morphogenetic furrow. The NBs, located on the
surface of the larval brain, produce Mi1 medulla neurons. In the pupal visual system, the retina, lamina, medulla, and lobula are
topographically connected. Columns are identifiable along the planes indicated by dotted lines in the larval and pupal brains along
the three layers (top, M1-M2; middle, M4 —M5; bottom, M9 —M10). B—D, The donut-like columnar patterns are identifiable in L3
(BT), 24 h APF (€1-(3), and 48 h APF stages (D7-D3) by Ncad (green), phalloidin (blue), and 24B10 (magenta). B, Single layer

were performed in a 2D fixed domain of size
24 X 16 \/3 with the periodic boundary con-
dition. The standard explicit upwind finite vol-
ume method was used to discretize the
equations, and the nonlocal terms K were cal-
culated by a numerical integral (Murakawa
and Togashi, 2015; Carrillo et al., 2019). The
source codes for the numerical simulations will
be deposited to a public repository service.

Results

N-cadherin and phalloidin can visualize
developing columns

To visualize the medulla columns, we
screened a series of markers expressed in
the developing fly brain. We show that the
cell adhesion molecule Ncad visualizes a
donut-like pattern localized at the bound-
ary of each column in the medulla during
the larval and pupal stages (Fig. 1B-D). In
contrast to the single layer of this donut-
like pattern in the larval brain (Fig. 1B),
three layers of similar structures are found
in the top (layers M1-M2), middle (layers
M4-M5), and bottom (layers M9-M10)
of the medulla neuropil at 24 and 48 h
after puparium formation (APF) (Fig.
1C,D). The top and middle layers derive
from the distal part of the medulla neuro-
pil early in pupal development, whereas
the bottom layer is being formed at 24 h
APF (Fig. 1C4) and is completely sepa-
rated from the distal layers at 48 h APF
(Fig. 1D4). The irregular arrangement of
columns in the bottom layer at 24 h APF
becomes well organized by 48 h APF (Fig.
1C3,D3), suggesting that the columns in
the bottom layer develop later than those
in the top and middle layers. The clear
hexagonal arrangement of the columns is
observed in all three layers at 48 h APF
(Fig. 1D1-D3). The donut-like structure
is smaller in the bottom layer than in the
top and middle layers.

Additionally, the F-actin-binding mol-
ecule phalloidin shows a donut-like pat-
tern similar to that of Ncad, except for the
smaller hole area during the larval stage
(Fig. 1B-D). Thus, Ncad and phalloidin
can be used as markers to visualize the 3D

<«

of columnar pattern in L3 larval stage. C1-C3, D1-D3, Three
layers of columnar patterns in 24 h APF (C7-C3) and 48 h APF
(D1-D3) pupal stages. Layers M1-M2 (€7,D1), M4-M5
(€2,D2), and M9-M10 (€3,D3) are shown. Areas indicated by
white rectangles are shown at right (B1,(1-€2,01-D2). In
contrast to the clear and reqular patterns in layers M1-M2 and
M4 —-M5 (€1,€2), the columnar pattern is irregular in layers
M9-M10 at 24 h APF (€3), which become organized by 48 h
APF (D3). Distal to the top, dorsal to the right. The following
images are oriented in the same manner. (4, D4, Horizontal
sections of 24 and 48 h APF brains to visualize the layers M1—
M2, M4 M5, and M9-M10. Scale bar: BT, 5 m.
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structure of developing medulla columns. As demonstrated later,
the arborizations of core columnar neurons overlap with these
donut-like structures, suggesting that the above molecular mark-
ers precisely visualize the developing medulla columns in larval
and pupal stages.

Finally, anti-Chaoptin antibody (24B10), which strongly vi-
sualizes the cell membrane of photoreceptor neurons R1-R8
(Van Vactor et al., 1988), also shows a columnar donut-like pat-
tern that overlaps with Ncad and phalloidin in third instar larvae
(Fig. 1BI). However, the donut-like patterns marked by 24B10 in
layers M1-M2 and M4-M5 are obscured at 24 h APF (Fig.
1C1,C2) and are restricted to the dots inside the donuts by 48 h
APF (Fig. 1D1,D2). The single dots of 24B10 are localized in the
peripheral parts of the columns in layers M1-M2 (Fig. 1DI) or at
the central position within the column in layers M4-M5 at 48 h
APF (Fig. 1D2).

Although synapse formation that occurs later in pupal devel-
opment establishes the neural circuits within and between the
columns, we only focused on the larval and early pupal stages in
this study to reveal the early steps of column formation before
synaptogenesis that have not been studied so far.

Projection patterns of essential neurons within the columns
To identify neurons that contribute to the donut-like patterns, we
examined the projection patterns of neurons that project to the
medulla columns: the photoreceptor neurons R7-R8, the lamina
neurons L1-L5, the medulla neurons Mil and Tm3, and lobula
plate neurons T4-T5 (Fischbach, 1989).

R8 is the primary neuron that induces the differentiation of
other photoreceptor neurons (R1-R7) in the retina (Jarman et al.,
1994). Indeed, R8 axons arrive at the medulla earlier than R7
axons (see Fig. 3A1,B2). Interestingly, R8 axon terminals show
donut-like shapes that overlap with Ncad from mid-third instar
larval stage (Figs. 2A1, 3A3). The R8 terminal is not always circu-
lar but occasionally shows a horseshoe-like shape due to a gap
(Fig. 2A1, arrows and arrowheads). Super-resolution imaging of
the R8 terminals revealed fine filopodia emanating from the bi-
furcated terminals attached to each other forming a semi-circular
shape (Movies 1, 2). In the following text, we call the shape of the
R8 terminal “donut-like” for simplicity, except where noted oth-
erwise. After R8, the R7 axons project to the center of the columns
(Figs. 2B1, 3B). Both R8 and R7 terminate in the same layer in the
larval medulla showing many filopodia, suggesting that the
growth cones of R8 and R7 show the donut-like and dot-like
structures, respectively (Movie 1). 24B10 preferentially visualizes
R8 in the larval stage because the 24B10 signal is undetectable in
the central hole area of the column where the R7 axon terminates
(Figs. 1B1, 2A1,B1). These patterns gradually change during pu-
pal development. At 48 h APF, R8 axons show semi-donut-like
patterns in the superficial part of the M1 layer and faint dot-like
patterns in the middle of the column in the M3 layer (Fig.
2A2,A3). The changes in the R8 terminal morphology may be due
to the gradual expansion of R8 terminals from the M1 to M3
terminal layers (Ozel etal., 2015). The faint signal in the M3 layer
is likely due to the immature state of the R8 growth cones and
gradually becomes stronger in the later stages of pupal develop-
ment (Fig. 2G). These developmental processes are regulated by
multiple molecules, such as Golden Goal, Flamingo (Tomasi et
al., 2008; Hakeda-Suzuki et al., 2011), Ark/Jelly belly (Bazigou et
al., 2007), Capricious (Shinza-Kameda et al., 2006), and Sequoia
(Petrovic and Hummel, 2008; Kulkarni et al., 2016). Neverthe-
less, the donut-like morphology of R8 terminals has not been
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discussed previously. Later in this study, we will show that Ncad is
essential for correct column targeting by R8.

R7 axons show strong dot-like patterns in the center of the
columns in layers M4-M35 (Fig. 2B3), whereas the dot-like pat-
tern of R7 is faint and separate from the column center in layers
M1-M2 (Fig. 2B2). These results are consistent with previous
observations showing that R7 axons eventually project to the M6
layer, whereas R8 axons initially terminate at M1 and extend to
the M3 layer late in pupal development (Ting et al., 2005).

Since Gal4 drivers that are specific to each lamina neuron
subtype did not show expression during larval stages, we instead
used a pan-lamina Gal4 driver to visualize the axon terminals of
all lamina neurons, L1-L5 (Fig. 2D). We found that L1-L5 axons
project to the center of columns, most likely overlapping with R7
during the larval stage (Fig. 2B1,D1), but gradually expand early
in pupal development, establishing a donut-like shape overlap-
ping with the Ncad pattern in layers M1-M2 and M4-M5 by 48 h
APF (Fig. 2D2,D3). The use of Gal4 drivers that are specific to
each lamina neuron subtype suggests that the potential sources of
the donut-like shape are L1 and L2 in layers M1-M2 and L1 and
L5 in layers M4-M5 (Fig. 3G-K).

Mil is the primary medulla neuron that is initially produced
from medulla NBs and is a unicolumnar neuron because each
column contains only one Mil (Fischbach, 1989; Hasegawa et al.,
2011). The axon terminals of Mil were visualized using bshM-
Gal4, which is specifically expressed in Mil during the larval and
early pupal stages. The Mil axon terminals were observed in the
medulla neuropil at the early third larval instar, before the pro-
jections of the R8 and R7 axons (Fig. 3D). The broad pattern of
Mil terminals is then redirected to the peripheral region outside
the columns, showing a grid-like pattern surrounding the R8
terminals (Figs. 2C1, 3D; see Fig. 7I). The terminals of Mil are
found in the same layer as those of R8 and R7 in the larval medulla
(Movies 1, 2). A grid-like pattern of Mil terminals was also ob-
served in layers M1-M2 at 48 h APF (Fig. 2C2). However, Mil
axons partially overlap with the donut-like patterns of Ncad in
layers M4-M5 (Fig. 2C3). In layers M9-M10, the Mil axon ter-
minal forms a ring shape that clearly overlaps with the donut-like
Ncad pattern (Fig. 2C4). Similar to the R8 terminal in larval
medulla (Fig. 2A1), the Mil terminal in pupal layers M9-M10
also has a gap showing a horseshoe-like shape. This is consistent
with the previous observations that the Mil axon arborizes in
layers M1, M5, and M9-M10 in the pupal and adult brain (Fisch-
bach, 1989; Hasegawa et al., 2011). Although bshM-Gal4 expres-
sion is also upregulated in L4 and L5 neurons during pupal
development, the use of bshL-Gal4, which is specifically ex-
pressed in L4 and L5 throughout development, confirms that Mil
axons are specifically visualized in the above experiments.

In contrast to Mil, Tm3 projects to the lobula through the
medulla (Fischbach, 1989; Erclik et al., 2017). Tm3 axon termi-
nals show a grid-like pattern surrounding the columns during the
larval and 48 h pupal stages, in the top, middle, and bottom layers
(Fig. 2E). T4-T5 are columnar lobula plate neurons that show a
direction-selective response to moving visual stimuli (Maisak et
al., 2013). Although T4-T5 axon terminals were rarely observed
in the larval medulla, they show a clear donut-like pattern in
layers M9-M10 at the 48 h APF pupal stage (Fig. 2F1). Since the
patterns of Ncad/phalloidin staining are unidentifiable in layers
M3 (between top and middle) and M6-8 (between middle and
bottom) (Fig. 1D4), and the neurons examined above essentially
arborize in layers M1-M2, M4-M5, and M9-M10 (Fig. 2G), we
mainly focused on these three layers in the following text, except
when noted otherwise.
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Figure2. Projection patterns of essential neurons within the columns. Projection patterns of R8, R7, Mi1, L1-L5, Tm3, and T4-T5 are visualized by UAS-myrGFP (green or white) and compared
with Ncad pattern (magenta). AT-A3, sensF2-Gal4 visualizes R8 axon terminals showing either donut-like (arrow) or horseshoe-like shape (arrowhead) that overlap with the donut-like Ncad
patternin L3 larval stage (A7).In 48 h APF pupal stage, obscured donut-like (arrows) and faint dot-like patterns are identifiable in layers M1-M2 (A2) and M3 (A3), respectively. B1-B3, PM181-Gal4
visualizes dot-like R7 axon terminals inside the donut-like Ncad patternin L3 larval (B7) and 48 h APF pupal stages in layers M4 —M5 (B3). Faint dot-like patterns of R7 are also identifiable in layers
M1-M2 (B2). €1-(3, bshM-Gal4 visualizes grid-like Mi1 axon terminals outside the donut-like Ncad pattern in L3 larval (C7) and 48 h APF pupal stages in layers M1-M2 (€2). Mi1 penetrates inside
the donut-like Ncad pattern in layers M4 —M5 (€3). In layers M9-M10, Mi1 terminals overlap with the donut-like Ncad pattern (C4). D1-D3, R69802-Gal4 visualizes dot-like L1-L5 axon terminals
inside the donut-like Ncad pattern in L3 larval stage (D7). L1-L5 terminals then overlap with the donut-like Ncad pattern in layers M1-M2 (D2) and M4 —M5 (D3) in 48 h APF pupal stage. ET-E3,
R13E12-Gal4 visualizes grid-like Tm3 axon terminals outside the donut-like Ncad pattern in L3 larval (ET) and 48 h APF pupal stages in layers M1-M2 (E2), M4 —M5 (E3), and M9-M10 (E4). F1,
R42F06-Gal4 visualizes T4-T5 axon terminals that overlap with the donut-like Ncad pattern in layers M9-M10in 48 h APF pupal stage. Scale bar: A1, 5 um. G, Schematics of the developing columnar
units in L3 larval and 48 h APF pupal stages.

The above results suggest that there are three typical pro-
jection patterns of axon terminals: a dot-like pattern at the

Sequential projections of the columnar neurons
Among as many as 100 types of neurons in the medulla col-

center of the column, a donut-like pattern that outlines the
column, and a grid-like pattern outside the columns. During
the larval stage, R7 and L1-L5 show dot-like patterns, R8
shows a donut-like pattern, and Mil and Tm3 show grid-like
patterns. During pupal development, these patterns change
dynamically. At 48 h APF, R7 shows a dot-like pattern, L1-L5
show donut-like patterns, and Mil shows grid-like patterns in
the distal layers, whereas Mil and T4-T5 show donut-like pat-
terns in the proximal layer (Fig. 2G).

umn, what are the primary core neurons essential for the for-
mation of columnar units? To address this question, we
compared the timing of neural projections during larval de-
velopment. We found that Mil neurons start projecting to the
medulla at the mid-third instar larval stage (24-28 h L3),
whereas R8 and R7 axons start projecting with short delays of
~4 and 8 h, respectively, establishing donut-like and dot-like
patterns (Figs. 2, 3A—E). Then, the broad projection pattern of
Mil terminals changes to a grid-like pattern that fills the pe-
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Figure3. Sequential projections of the columnar neurons. A—E, Sequential projections of R8 (A), R7 (B), L1-L5 (€), and Mi1 (D) are visualized by UAS-myrGFP (white) in L3 larval stages. Magenta
represents 24B10. Green represents Ncad. A, R8 terminals are visualized by sensF2-Gal4. R8 terminals are not identifiable before 28 h L3 stage (A1, arrows), start to innervate the medulla neuropil
by 32h, and form the donut-like pattern by 38 h L3 stage (42,43, arrowheads). B, R7 terminals are visualized by PM187-Gal4. R7 terminals are not identifiable before 34 h L3 stage (B7, arrows), start
to innervate the medulla neuropil after 36 h, and form the dot-like pattern by 42 h L3 stage (B7,B2, arrowheads). C, L1-L5 terminals are visualized by R69802-Gal4. L1-L5 terminals are not
identifiable before 44 h L3 stage (€1, arrows), start to innervate the medulla neuropil, and form the dot-like pattern by 48 h L3 stage (€2, arrowheads). Cell bodies of lamina neurons (asterisks). D,
Mi1 terminals are visualized by bshM-Gal4. Mi1 terminals are not identifiable before 24 h L3 stage (D1, arrows), start to innervate the medulla neuropil by 28 h, and form the grid-like pattern by 36 h
L3 stage (D2-D4, arrowheads). E, Columnar neurons project to the medulla neuropil in the order of Mi1, R8, R7, and L1-L5. F, Terminals of medulla neurons visualized by drf-Gal4 are not identifiable
in the medulla neuropil by 32 h L3 stage. G-K; Projections of individual lamina neurons are visualized by clones expressing UAS-myrGFP (green) in 48 h APF pupal stage in layers M1-M2
(G1,H1,J1,K7),M3 (I),and M4 —M5 (G2,J2,K2). Magenta represents Ncad. L1, L2, L3, L4, and L5 are visualized by clones expressing GFP under the control of 202-Gal4, R16H03-Gal4, R20A03-Gal4,
R31C06-Gal4, and bshL-Gal4, respectively. L1and L2 contribute to layers M1-M2, and L1 and L5 contribute to layers M4 —M5. L, Individual Mi1 neurons visualized by clones expressing UAS-myrGFP

(green) are projecting to the peripheral region of the columns in L3 stage. Scale bars: AT-G1, 5 m.

ripheral region of the columns. L1-L5, T4-T5, and other me- (44—-48 h L3; Fig. 3C). These results suggest that R7, R8, and
dulla neurons project to the medulla much later in the larval ~ Mil could be the primary neurons for the column formation.
stage (Fig. 3C, E, F; and data not shown). For example, lamina  Glial processes were not found in the developing columns in
neurons project to the medulla at the end of the larval stage  larval and 48 h pupal stages (data not shown).
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Movie 1.
Super-resolution image of sensF2-LexA LexAop-myrTomato (red) and Sk
PM181-Gal4 UAS-myrGFP (green) in L3 larval medulla. sensF2-Gal4 i
UAS-myrGFP (green) and sevEnS-LexA LexAop-myrTomato (red) show
the same result.

Movie2. R8and Mi1 project to the same layer in the larval medulla.
Super-resolution image of sensF2-Gal4 UAS-myrGFP (green) and bshM-
LexA LexAop-myrTomato (red) in L3 larval medulla. sensF2-LexA LexAop-
myrTomato (red) and bshM-Gal4 UAS-myrGFP (green) show the same
result.

R8, R7, and Mil are the core columnar neurons

Next, we examined the roles of these core neurons by using mu-
tations in which either R8, R7, or Mil was missing. Initially, R8
differentiation was blocked by generating senseless (sens) mutant
clones (Frankfort et al., 2001). When sens homozygous clones
were generated in the eye, loss of R8 was also revealed by the
absence of R8 projection to the medulla visualized by the lack of
24B10. In our experimental condition, the clones are as large as
two or three ommatidial units (Fig. 4B6). Indeed, we observed
small areas as large as two or three columnar units lacking the
24B10 signal and the donut-like Ncad pattern in the larval me-
dulla (Fig. 4B1; n = 8 of 8) and in layers M1-M2 and M4-M35 in
48 h APF pupal medulla (Fig. 4B2,B3; n = 9 of 9), suggesting that
R8 is essential for medulla column formation. In layers M9-M10,
we also observed small areas lacking the donut-like Ncad pattern
and the ring-like Mil axon terminals (Fig. 4A4,A5,B4,B5; n = 4 of
4), suggesting that R8 influences the bottom layer to which R8
does not project. It has been reported that the sens mutation
causes the loss of R7 (Frankfort et al., 2001). Therefore, the above
defects may be indirectly caused by the loss of R7. To test this
possibility, R8 was removed by expressing reaper (rpr), a potent
apoptosis inducer. Since the columns were missing when R8 ter-
minals were eliminated while R7 terminals were still present in
layers M4—-MS5, our results suggest that R8 is essential for column
formation (Figs. 5A, 1D as a control).

In the sevenless (sev) whole-body mutant in which R7 is not
formed (Simon et al., 1989), we found disorganization of col-
umns as visualized by the donut-like Ncad pattern in the larval
medulla and pupal layers M4-M5 and M9-M10 (Fig. 4A,C; n =
14 of 20). The top layer (pupal layers M1-M2) was not signifi-
cantly affected (Fig. 4C2). In layers M4—-M5 and M9-M10, the
donut-like column shape is not circular, and there are irregular
gaps between the columns (Fig. 4C3,C4, arrows). In the control,
the bifurcated axon terminals of Mil are close to each other,
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forming a horseshoe-like shape (Fig. 4A5). In sev mutant, the
bifurcated axons terminals are separated and split apart (Fig. 4C5,
arrows). Importantly, the abnormal columns and Mil axon ter-
minals were observed in the layers to which the R7 axon does not
project (Fig. 4A4,A5,C4,C5; n = 8 of 12), suggesting that R7 has
nonautonomous effects on column formation in the bottom
layer. Since similar columnar defects were observed when sev was
specifically knocked down in R7 (Figs. 5B, 1D as a control), the
above results confirm the important roles of R7 in the column
arrangement in layers M4—-M5 and M9-M10.

Finally, we examined the effect of the loss of Mil on column
formation. Since brain-specific homeobox (bsh) is essential for
Mil specification in the medulla (Hasegawa et al.,2011,2013), we
examined bsh mutant brains. Strong disorganization of the shape
of columns as visualized by the donut-like Ncad pattern was de-
tected in the bsh whole-body mutant in the larval and three layers
of the pupal medulla (Fig. 4A,D; n = 20 of 20). A massive disor-
ganization of the neuropil tissue identified by the loss of Ncad
signals was observed in layers M9-M10 (Fig. 4A4,D4 ). These re-
sults suggest that Mil has important functions in organizing col-
umn formation. Since bsh regulates Ncad expression, Ncad
expression in Mil and/or Mil projection itself may be necessary
to ensure the integrity of the medulla neuropil (Hasegawa et al.,
2013). Bsh is also expressed in L4 and L5 lamina neurons and is
required for the specification of L4 and L5 (Hasegawa et al.,
2013). However, bsh knockdown specifically in L4 -5 using bshL-
Gal4 caused no significant defect in column formation (data not
shown), suggesting that the above phenotypes were caused by the
loss of bsh in Mil.

Although L1-L5 neurons project to the medulla columns
much later than Mil, R8, and R7, we have examined whether the
ablation of L1-L5 can influence the column formation in larval me-
dulla. As expected, the elimination of L1-L5 by the expression of
UAS-reaper (rpr) did not have a significant effect on column forma-
tion (Figs. 5C, 1B, 2D1). However, it is likely that L1-L5 play impor-
tant roles in column formation during pupal development.

The above results demonstrate the essential roles of R7, R8,
and Mil as core columnar neurons in the medulla, although we
cannot exclude the possibility that unidentified neurons are also
involved in the early steps of column formation. The clearly seg-
regated distributions of R7, R8, and Mil in the larval columns
remind us of the DAH (Steinberg, 1962). According to this hy-
pothesis, the more adhesive cells contribute to the central part of
the cell aggregates surrounded by the less adhesive cell (Steinberg
and Takeichi, 1994). Similarly, the dot-like, donut-like, and grid-
like patterns of R7, R8, and Mil, respectively, may reflect the
order of their adhesiveness.

Differential expression of Ncad in the core columnar neurons
The mixture of cultured cells expressing different levels of cad-
herin has been shown to rearrange to form organized cell aggre-
gates, in which more adhesive cells contribute to the internal part
enwrapped by the less adhesive external cells (Steinberg and
Takeichi, 1994). Therefore, Ncad could be a key molecule that
regulates column formation through its differential adhesion.
Since R7, R8, and Mil terminals form the concentric structure
along the same layer in the larval medulla (Movies 1, 2), we focus
on the larval medulla as a model system to examine the roles of
Ncad in differential adhesion and column formation. As a first
step to test this idea, we compared Ncad expression among the
core columnar neurons R7, R8, and Mil, and in L1-L5. We visu-
alized GFP-fused Ncad in these columnar neurons by using an
Nead knock-in allele in which endogenous Nead is fused with
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R8, R7, and Mi1 are the core columnar neurons. Columnar Ncad pattern (green), and projection patterns of R axons (24B10; magenta) and columnar neurons (UAS-myrGFP; white) in

WT () and in the absence of R8 (B), R7 (€), and Mi1 (D) in L3 larval (A7-D17) and 48 h APF pupal stages (42—D2, layers M1-M2; A3-D3, layers M4 —M5; A4 —D4,A5—C5, layers M9-M10). 4, In WT,
columnar patterns of Ncad are reqularly arranged. B, In the presence of sens mutant clones, R axon terminals of 24B10 are lost, and columnar patterns of Ncad are disorganized (arrows) in larval
medulla (B7) andin pupal layers M1-M2 (B2), M4 —M5 (B3), and M9-M10 (B4). B5, Projection pattern of Mi1 is disorganized in layers M9-M10 due to the loss of R8 in layers M1-M3. B6, sens mutant
clonein retina is visualized by the absence of GFP (arrows). €, In sev mutant brains, columnar patterns of Ncad are disorganized (arrows) in larval medulla (€7) and in pupal layers M4 —M5 (€3) and
M9-M10 (C4). D, In bsh'/bsh? brains, columnar patterns of Ncad are disorganized or fused with each other (arrows) in larval medulla (D7) and in pupal layers M1-M2 (D2), M4 M5 (D3), and
M9-M10 (D4). D4, Neuropil structures visualized by Ncad are missing (arrows). A5—C5, Reqularly arranged donut-like Mi1 terminals visualized by bshM-Gal4 in layers M9-M10 are partially lost in
the presence of sens mutant clones (B5, arrows) and in sev mutant brains (€5, arrows). Scale bar: 4, 5 pum.

GFP under the control of FLPase (Ncad-FsF-GFP) together with
FLP strains specific for columnar neurons. Ncad-GFP expression
was clearly detected at the terminals of R7, R8, and L1-L5 (Fig.
6A,B,D). Importantly, the GFP signal was detected at the center
of the columns showing a dot-like pattern in larval R7 and L1-L5
(Fig. 6A,D), suggesting that the Ncad protein is present, even
within the central hole area of the columns, albeit not visible via
Ncad immunostaining. Intriguingly, Ncad-GFP signals were oc-
casionally enriched at the cell membrane of R7 (Fig. 6A), which
might be explained by the homophilic adhesion of Ncad-GFP
with endogenous Ncad protein expressed in neighboring cells.
Thus, the membrane accumulation of Ncad could be the cause of
the lack of Ncad immunostaining signal at the central hole area of
the columns. We also visualized Ncad-GFP in larval Mil neurons
using the homothorax (hth)-FLP strain and anti-Bsh antibody,

since Mil neurons are double-positive for Hth and Bsh (Fig. 6C)
(Hasegawa et al., 2011).

According to the DAH, the relative levels of the cell adhesion
molecules in a cell type determine the relative location of the cell
within a column (Steinberg, 1962). We therefore quantified the
relative expression levels of Ncad-GFP at the terminals of R7, R8,
and Mil by using the photon counting method (Fig. 6E). In this
analysis, we modified the laser power and scan speed so that the
majority of pixels receive either one or two photons (background
photons were subtracted from the number of photons emitted
from the axon terminals). Up to 5% pixels received three or more
photons. Therefore, we assume that pixels that receive only one
photon express lower levels of Ncad-GFP, whereas the pixels that
receive two or more photons express higher Ncad-GFP levels. In
contrast to the donut-like distribution of Ncad within a column,
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in which the Ncad signal is lower inside
the central hole, the results of photon
counting show that the R7 terminals lo-
cated at the central hole area contain
stronger Ncad-GFP signals compared
with those of R8 and Mil. For example,
the percentage of pixels emitting one pho-
ton was lower for R7 compared with Mil.
In contrast, two-photon pixels were more
frequent for R7 compared with R8 and
Mil. Similarly, the R8 terminals expressed
Ncad-GFP more strongly than the Mil
terminals because there were fewer one-
photon pixels and more two-photon pix-
els for R8 compared with Mil. Although
statistically insignificant, pixels emitting
three or more photons have also shown a
similar tendency in that the axon termi-
nals contain more Ncad-GFP in the order
of R7 > R8 > Mil. Although the relative
densities of Ncad-GFP at the L1-L5 termi-
nals were as high as those at the R7 termi-
nals, we cannot draw a clear conclusion
about the Ncad-GFP density for each sub-
type of L-neurons because we do not have
reliable subtype-specific FLP strains.
Thus, the differential adhesion between
R7, R8, and Mil can be explained by dif-
ferential Ncad levels among these colum-
nar neurons.

Roles of N-cadherin in the
columnar organizations
Next, we asked whether Ncad-dependent
differential adhesion regulates column
formation. Here, we define the mutant
phenotype of the axon terminal as follows:
expanded, when the axon terminal shows
ectopic projection and resides in the orig-
inal location within a column; redirected,
when the axon terminal shows ectopic
projections while it no longer resides in
the original location within a column.
According to the DAH, reduction of
adhesiveness would redirect the centrally
located neurons toward the peripheral
part of the columns. Indeed, the loss of
Ncad in R7 expanded its axon terminals
toward the peripheral part of the larval
column compared with the control, in
which R7 occupies the central position,
and the shape of the columns as visualized
by Ncad and phalloidin was significantly
disturbed (Fig. 7A,B; and data not
shown). To quantify the expansion and
redirection of the R7 terminals, the shape
of the columns needs to be preserved.
Since the column morphology was largely
preserved when Ncad was knocked down
in a subset of R7 by the FLP/FRT-
mediated clonal analysis (Fig. 7C), we
quantified the results in this condition. By
measuring the amount of GFP signals de-
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Differential expression of N-cadherin in the columnar neurons. Ncad protein localized at the terminals of columnar neurons are visualized by combining Ncad-FsF-GFP (green or white)

and FLPase strains that are specific to R7 (A), R8 (B), Mi1 (C), and L1-L5 (D) in L3 larval medulla. Magenta represents Ncad. A, Ncad-GFP is visualized in R7 under the control of R20C77-FLPGS.
Ncad-GFP exists in the central hole area inside the columns (arrows). B, Ncad-GFP is visualized in R8 under the control of sens-FLPGS5. €, Ncad-GFP is visualized in MiT under the control of hth-FLP.
Mi1 was identified by Bsh expression. D, Ncad-GFP is visualized in L1-L5 under the control of R27G05-FLPG5 (arrows). Higher-magnification images are separately visualized in the top right corner
of each panel. Scale bar: 4,5 um. E, Densities of photons that derive from Ncad-GFP at the terminals of columnar neurons are compared in L3 larval brains. Histogram of photon densities at the
terminals of R8, R7, Mi1, and L1-L5. Percentages of pixel areas that contain 1, 2, 3, and 3—5 photons are compared for each neuron type. Number of axon terminals examined: R8 (n = 7),R7 (n =

8), Mil(n = 6), L1-L5 (n = 7). *p << 0.05 (t test). **p < 0.01 (¢ test).

tected within a column or within the hole area of the column, we
quantified the expansion and redirection ratios of R7, both of
which were significantly larger when Ncad was knocked down in
R7 compared with the control (Fig. 7M,O; see Materials and
Methods). Thus, the R7 terminals are expanded and redirected to
the peripheral part of the columns when Ncad is reduced in R7.
Similar expansion and redirection phenotypes were observed in
Ncad loss-of-function MARCM clones (Fig. 7D; n = 31 of 40).

The results of Ncad knockdown in R8 also support the roles of
Ncad-dependent differential adhesion. R8 terminals were de-
formed and expanded to fuse with neighboring columns upon
Ncad knockdown (Fig. 7E, F). By inducing clones of R8 in which
Ncad was knocked down, we observed an R8 expansion pheno-
type (Fig. 7G). By measuring the amount of GFP signals detected
within a column and within a single R8 growth cone, we quanti-
fied the expansion and redirection ratios of R8 (Fig. 7N, O; see
Materials and Methods). We found that the R8 terminals were
expanded and redirected to the peripheral part of the columns
when Ncad was reduced in R8. We verified the results by gener-
ating loss-of-function mutant clones of Ncad using the MARCM
technique. As expected, the R8 terminals were expanded (Fig. 7H;
n = 20 of 20). However, we could not quantify the expansion and
redirection ratios in Ncad mutant MARCM clones because the
column morphology was completely disrupted.

According to the DAH, reduction of adhesiveness in neurons
that are located at the peripheral part of the column does not
significantly affect column formation. To test this idea, we
knocked down Ncad in Mil by using bshMGal4, which is specif-
ically expressed in Mil during the larval stage. Loss of Ncad in
Mil showed no visible effect on column organization in the larval
brain (Fig. 71,J). Similar results were observed in Ncad loss-of-
function MARCM clones for Mil (data not shown).

In the above experiments, we knocked down Ncad using two
different UAS-Ncad RNAi strains targeting distinct Ncad gene
sequences. The effect of Ncad RNAi was confirmed by Ncad
staining (Fig. 7K, L). Indeed, during pupal development, R7 ter-
minals frequently failed to stabilize at layers M4—M5 upon Ncad
knockdown, which is consistent with the previous results validat-
ing the effect of RNAI (Lee et al., 2001).

Since essentially the same results were obtained using phalloi-
din as a columnar marker instead of Ncad and quantified in
Figure 7M, N, the above results are not due to the reduction in
Ncad staining induced by RNAi. These results suggest that the
core columnar neurons are located within a column according to
differential levels of Ncad-dependent adhesion.

Previous extensive studies have shown the importance of
Ncad for the proper targeting of RI-R6 in the lamina (Lee et al.,
2001) as well as R7 stabilization at the M6 layer (Lee et al., 2001;



5872 « ). Neurosci., July 24,2019 - 39(30):5861-5880 Trush, Liu et al. @ N-Cadherin Regulates Column Formation in the Fly Medulla

D Ncad MARCM

S 6‘,./

R7-GFP R7GFP

Ncad KD

S P

i1-GFP Mi1-GFP

=<

M R7-neurons N R8-neurons

o g XK

B os KKK EEr T 0.06) =

{ = I

S o6 i 2

(v} v

2 04 £

g% 5 *%

S o2 2 1

2 5

c 0 5

o Expansion Redirection =) . i e

] 5 Expansion Redirection

©

g B NeadkD & M o Ncad KD
o n=26 n=30 ]

n=17 n=24 y r
A4

Figure7. Rolesof N-cadherin in columnar organizations. Columnar Ncad pattern (green), and projection patterns of R axons (24B10; magenta) and columnar neurons (UAS-myrGFP; white) in WT
and Nead knockdown backgrounds in L3 larval medulla. A-D, R7 terminals visualized by PM187-Gal4. A, Control. B, Ncad RNAi in R7. R7 terminals are expanded and the columnar Ncad pattern is

disorganized (arrows). C, Ncad RNA in a subset of R7 under the control of R20C71-FLPG5; GMR>Gal80>>Gal4. R7 terminals are expanded and redirected to the column periphery (arrows) as
quantified in M. D, Ncad mutant MARCM clones visualizing R7 terminals that are expanded and redirected to the periphery of the column (arrows). E-H, R8 terminals (Figure legend continues.)

y
7
AN



Trush, Liu et al. @ N-Cadherin Regulates Column Formation in the Fly Medulla

[=]
o
Y

I R7 Ncad KD J R7 Ncad KD K
*X¥
o 14 o (]
.r% 12 1 % * r_:é
1.1
=10 — = >
C { o} I oc
Qo8 — 0 1.0 K
Z 06 — £ S
go4 — oo 2
B02f— — 3 3
L o8 a
ctrl Ncad KD ctrl  Ncad KD
(n=18) (n=16) (n=29) (n=30)

Mi1 expansion R8 expansion

Figure 8.

colocalization with Mi1

J. Neurosci., July 24,2019 - 39(30):5861-5880 * 5873

R8 Ncad KD L R8Ncad OE
_x
o
0.1 E 08 -
0.05 —t ;
R
g 206
-0.05 F §0.5
0l ¥ 0a
ctrl Ncad KD " ctrl Ncad OE
(n=10) (n=10) (n=23) (n=25)

R7 expansion

Ncad knockdown reveals differential adhesion between columnar neurons. Influences of Ncad RNAi expression in columnar neurons on other neurons in L3 larval medulla. A-D, R7

terminals are visualized by PM181-Gal4 UAS-myrGFP (green). A, B, Mi1 terminals are visualized by bshM-LexA LexAop-myrTomato (red). A, Control. R7 and Mi1 terminals do not overlap each other
(arrows). B, Ncad RNAi in R7. R7 terminals are expanded and Mi1 terminals are disorganized. R7 and Mi1 overlap each other as evident from yellow signals (arrows) as quantified in /. C, D, R8
terminals are visualized by sensF2-LexA LexAop-myrTomato (red). C, Control. R7 terminals are enwrapped by R8 terminals (arrows). D, Ncad RNAi in R7. R7 and R8 overlap each other as evident from
yellow signals (arrows) as quantified in J. E=H, R8 terminals are visualized by sensF2-Gal4 UAS-myrGFP (green). E, F, Mi1 terminals are visualized by bshM-LexA LexAop-myrTomato (red). E, Control.
R8 and Mi1 terminals are adjacent with each other. F, Ncad RNAi in R8. R8 terminals are expanded and Mi1 terminals are disorganized (arrows). R8 and Mi1 overlap each other as quantified in K. G,
H,R7 terminals are visualized by sevEnS-LexA LexAop-myrTomato (red). G, Control. R7 terminals are enwrapped by R8 terminals. H, Ncad overexpression in R8. R7 terminals are expanded toward the
column center and overlap with R8 terminals as quantified in L. Rectangles indicated by white dots are separately shown at right (A—H). Scale bars: A, 5 um. I-L, Expansion of Mi1 (/), R8 (J), and
R7 terminals (L), and overlaps between R8 and Mi1 (K) are quantified and statistically tested. *p << 0.05 (¢ test). **p << 0.01 (t test). ***p << 0.001 (t test).
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(Figure legend continued.)  visualized by sensF2-Gal4. E, Control. F, Ncad RNAi in R8. R8
terminals are expanded and the columnar Ncad pattern is disorganized (arrows). G, Ncad RNAi
in a subset of R8 under the control of sens-FLPG5; GMR>Gal80>>Gal4. R8 terminals are ex-
panded and redirected to the column periphery (arrows) as quantified in N. H, Ncad mutant
MARCM clones visualizing R8 terinals that are expanded to the column periphery (arrows). Ncad
staining is abolished in and around the mutant clones (arrows). 1, J, Mi1 terminals visualized by
bshM-Gal4. 1, Control. J, Ncad RNAi in Mi1. Mi1 terminals and columnar Ncad pattern are not
significantly affected. Scale bar: 4, 5 wm. K, L, The effect of UAS-Ncad RNAi (BDSC27503) on
Ncad protein level was tested by using optix-Gal4 UAS-CD8GFP (green) in larval medulla. Ncad
(white). K, Control. L, Ncad signal is significantly downregulated in GFP-positive area indicated
by white dotted lines. M, N, Expansion and redirection ratios of R7 (M) and R8 (N) are quantified
according to the definitionin 0.**p << 0.01 (ttest). ***p << 0.001 (¢ test). 0, 0 and jindicate the
total GFP amount within the outer and inner rings of Ncad or phalloidin staining, respectively. w
indicates the total GFP amount within the entire growth cone of a single R8 axon. Relative GFP
density (R7 and MiT) or amount (R8) between distinct domains was used to calculate the
expansion and redirection ratios. Details are described in Materials and Methods.

Clandinin and Zipursky, 2002; Ting et al., 2005; Ozel et al., 2015)
and L-neuron targeting in the medulla (Nern et al., 2008). How-
ever, these studies only focused on the layer targeting events in
pupal stages. In this study, we only focused on the earliest step of
column formation in the larval stage. The mutual interactions
between layer targeting and column formation during pupal de-
velopment will be studied in the future.

Ncad knockdown reveals differential adhesion between
columnar neurons

According to the DAH, reduction of adhesiveness in centrally
located neurons would cause a relative increase in the adhesive-
ness of other neurons and subsequent redirection of these neu-
rons toward the central part of the columns. Since Ncad is a
homophilic cell adhesion molecule, Ncad knockdown in one cell
type is expected to reduce cell adhesion with others. Therefore,
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down in R7. Super-resolution image of Ncad RNAi in R7. PM181-Gal4
UAS-myrGFP (green) and sensfF2-LexA LexAop-myrTomato (red) in L3tz
larval medulla. i

we next examined the influence of Ncad knockdown in R7 and R8
on the projection patterns of the other columnar neurons.

First, we examined the effects of Ncad knockdown in R7 on
Mil (Fig. 8 A, B). We initially focused on the grid-like projection
patterns of Mil terminals that are separated from the centrally
projecting R7 in larval brain. There is a gap between R7 and Mil
(Fig. 8A, arrows). Upon Ncad knockdown, R7 terminals became
diffuse and expanded. At the same time, disorganized and ex-
panded Mil terminals overlapped R7 (Fig. 8B, arrows and yellow
signals). Since the columnar morphology is significantly dis-
rupted in this condition, we quantified the Mil expansion ratio
by measuring the Mil signal density within the R7 terminal area.
The Mil expansion was significantly greater when Ncad was
knocked down in R7 (Fig. 8I). Similarly, R8 terminals were sig-
nificantly expanded and overlapped with R7 terminals when
Ncad was knocked down in R7 (Fig. 8C, D, J; Movie 3). Although
Ncad is thought to regulate layer targeting of R7 terminals during
pupal development, we found R7 terminals innervating on the
larval medulla neuropil in Nead RNAi conditions (Figs. 7B,C,
8A-D). These results are consistent with the recent finding that
loss of Ncad causes no primary targeting defects but destabilizes
R7 growth cones (Clandinin and Zipursky, 2002; Ozel et al.,
2015).

Next, we examined the projections of Mil when we induced
Ncad RNAI in R8 (Fig. 8E, F). The terminals of R8 overlapping
the donut-like pattern were expanded to the column periphery
and fused with neighboring R8 terminals in the larval brain (Fig.
8F). The filopodia of R8 were less organized compared with the
control. In this condition, the grid-like pattern of Mil was disor-
ganized and their terminals were expanded (Fig. 8F). We quan-
tified the defect by measuring the colocalization of R8 and Mil
signals (Pearson’s correlation coefficient). The overlap between
R8 and Mil was significantly greater when Ncad was knocked
down in R8 (Fig. 8K). These results suggest that the relative ad-
hesiveness between two different cell types determines their rel-
ative location within a column.

When Ncad was knocked down in R8, R7 terminals were
found enwrapped with R8 terminals, and the size of the R7 ter-
minals was 2.8 times larger compared with the control condition
(Movie 4; n = 32, p < 0.001 by ¢ test). Since R7 terminals should
not be affected according to the DAH, R7 expansion phenotype
may be due to Ncad-independent mechanisms. As mentioned
later, R7 and R8 are already patterned before their arrival to the
medulla by unknown mechanisms (see Fig. 10C). Ncad-
independent adhesion between R7 and R8 may be the cause of the
expansion of R7 terminals as a result of R8 expansion.
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Overexpression of Ncad in the columnar neurons with
different levels of adhesiveness

Since the location of the neurons within the column is deter-
mined by their relative adhesiveness according to the DAH, an
increase in Ncad levels in neurons that project to the peripheral
part of the columns should redirect them toward the central part
of the columns. To address this possibility, a UAS-Ncad construct
that includes the entire open reading frame of Ncad (Iwai et al.,
1997) was used to overexpress Ncad in the core columnar neu-
rons Mil, R7, and R8.

When we overexpressed Ncad in Mil neurons under the con-
trol of bshM-Gal4, the Mil terminals projecting to the grid-like
domain outside the columns in the control were redirected to the
column center overlapping with the donut-like Ncad and phal-
loidin pattern (Fig. 9A, B). The expansion and redirection ratios
of Mil were quantified by measuring the amount of GFP signals
detected within the column and the central hole area (Fig. 9I; see
Fig. 70; see Materials and Methods). Mil terminals were signif-
icantly redirected to the column center overlapping with R8
terminals. Similar results were observed when Ncad was overex-
pressed in a subset of Mil using the MARCM technique (Fig.
9C,D; n = 11 of 20).

The overexpression of Ncad in R8 neurons led to the expan-
sion and redirection of R8 terminals to the center of the column
and the shrinkage of the central hole area (Fig. 9E,F). By mea-
suring the amount of GFP signals detected within the hole area
and a single R8 growth cone, we quantified the expansion and
redirection ratios of R8 (Fig. 9]; see Fig. 70; Materials and Meth-
ods). Together with the R8 expansion to the column center, R7
terminals were expanded toward the column periphery overlap-
ping with R8 terminals (Fig. 8G, H, L; Movie 5). As we expected,
no significant changes were observed in R7 projection after Ncad
overexpression in R7 (Fig. 9G,H). These results are consistent
with the DAH and demonstrate that the core columnar neurons
are located within a column according to the Ncad-dependent
differential adhesion.

The expression level of UAS-Ncad was confirmed by Ncad
staining in the medulla neurons (Fig. 9K,L). The flies were
cultured at 30°C to enhance the overexpression phenotype.
Although we have only tested a single isoform of Ncad (7a, 13a,
18a) for the above overexpression experiments (Iwai et al.,
1997), a single Ncad isoform has been shown to rescue the
Ncad mutant phenotype, and the biological significance of the
diversity of Ncad isoforms has not been demonstrated (Ting et
al., 2005).
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Figure 9.  Ncad overexpression in the core columnar neurons. Columnar Ncad pattern (green), projection patterns of R axons (24B10; magenta), and columnar neurons (UAS-myrGFP; white) in
WT and Ncad overexpression backgroundsin L3 larval medulla. A, B, Mi1 terminals visualized by bshM-Gal4. A, Control. B, Ncad overexpression in Mi1. MiT terminals are expanded toward the column
center (arrows) as quantified in 1. C, D, MARCM clones visualizing Mi1 by bshM-Gal4 UAS-myrGFP. C, Control. D, Ncad overexpression in a subset of Mi1 neurons visualized by GFP. Expansion of Mi1
terminals toward the center of the columns is indicated by arrows. E, F, R8 terminals visualized by sensF2-Gal4. E, Control. F, Ncad overexpression in R8. R8 terminals (Figure legend continues.)
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Movie 5.
expression in R8. Super-resolution image of Ncad overexpression in R8. =
sensF2-Gal4 UAS-myrGFP (green) and sev-LexA LexAop-myrTomato
(red) in L3 larval medulla.

R8 and R7 terminals significantly overlap upon Nead over- - [E]:f.:

Differential adhesion of R8, R7, and Mil is sufficient to
reproduce their columnar distributions

The above results suggest that differential adhesion among R8,
R7, and Mil plays important roles in establishing their columnar
distributions. However, it is unclear whether differential adhe-
sion is sufficient to explain the clear segregation of the terminals
of columnar neurons into three distinct domains (Fig. 10A). For
example, short-range repulsion between the columnar neurons
may also be necessary to establish the distinct domains adjacent
to each other. We therefore assessed whether differential adhe-
sion among R8, R7, and Mil is sufficient to reproduce the WT
and mutant patterns shown above.

The discrete cellular model is commonly used for mathemat-
ical modeling of multicellular processes. However, there are tight
limitations in the size and shape of the cells in such a cell-based
model. Since the terminals of columnar neurons show very irreg-
ular shapes that change dynamically, we formulated a continuous
model of column formation by modifying the continuous model
of cell adhesion (Murakawa and Togashi, 2015; Carrillo et al.,
2019). Our model considered the densities of neurites, differen-
tial adhesion, and volume exclusion. Volume exclusion is a
purely physical phenomenon distinct from active repulsion be-
cause it only assumes that a higher cell density causes a pressure to
avoid intrusion of surrounding cells. Thus, volume exclusion has
an effect similar to passive repulsion. For simplicity, we only
focus on R7, R8, and Mil during the larval stage. The valuables u,
v, and w are the densities of the axon terminals of R7, R8, and
Mil, respectively (Fig. 10A). Initially, the adhesiveness of R7, R8,
and Mil (a,,, a,,, and as3) is set to 2.4, 1.8, and 0.8, respectively
(a;, > a,, > as3). The adhesiveness between two different cell
types was the mean of the two different adhesiveness values (a;; =
a; = (a; + a;)/2). According to their sequential projection
orders, our simulations are initiated from the regularly spaced
projections of R8 into the 2D field uniformly covered with Mil
terminals (t = 0, v = 0.6, w = 0.2; Figs. 10B1, 3A-E). Small
noise is added to the initial distribution of R8. After they reach
equilibrium, R7 projects in a manner identical to the initial R8
projection pattern (¢t = 100, u = 0.6; Fig. 10B2; yellow repre-
sents the overlap between R7 and R8). Although there is no

<«

(Figure legend continued.)  are redirected toward the column center (arrows) and the central
holearea. G, H, R7 terminals visualized by PM181-Gal4. A, Control. B, Ncad overexpressionin R7.
R7 terminals and columnar Ncad pattern are not significantly affected. Scale bar: 4,5 um. K, L,
The effect of UAS-Ncad on Ncad protein level was tested by using optix-Gal4 UAS-CD8GFP
(green) in larval medulla. Ncad (white). K, Control. L, Ncad signal is augmented in GFP-positive
medulla neurons. 1, J, Expansion and redirection ratios of Mi1 (/) and R8 (J) are quantified
according to the definition in Figure 70 and Materials and Methods. ***p << 0.001 (t test).
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spatial bias between the initial distributions of R8 and R7, our
model reproduces the distinct and adjacent distribution pat-
terns of R7, R8, and Mil showing the dot-like, donut-like, and
grid-like patterns, respectively, as found in larval brain (¢t =
1500; Fig. 2A1-C1).

According to the patterns of R7-GFP and 24B10 just below the
lamina before the arrival at the medulla in larval brain, the initial
distribution patterns of R8 and R7 are actually biased (Fig. 10C).
We assume that the patterning of R7 and R8 occurs during the
extension of their axons from the retina to the medulla. R7 axons
follow R8 and may be preliminarily paired with R8 by unknown
mechanisms. Thus, the prepatterning of R7 and R8 should be
important in vivo; however, the results of our mathematical
model in Figure 10B show that R7 and R8 can segregate, even in
the absence of prepatterning.

24B10 preferentially visualizes R8 in the larval stage (Figs. 1BI,
2A1). Since strong 24B10 signals partially engulf R7, we repeated
the numerical simulations based on the initial distributions
shown in Figure 10D]I. In the control, R7, R8, and Mil become
clearly segregated, and R7 is completely engulfed by R8 (+ = 1000;
Fig. 10D2). Qualitatively similar results are obtained by changing
the adhesiveness of R7, R8, and Mil, if the order of adhesiveness
is conserved (a,, > a,, > as3; Fig. 10I-K), suggesting that our
model reproduces the normal column formation over a wide
range of parameter settings. Because our model does not include
any active repulsion, the results suggest that differential adhesion
is sufficient to explain the clear segregation of these neurons. Of
course, the results do not exclude the involvement of repulsive
factors in column formation in vivo. In the presence of active
repulsion, columnar neurons should be segregated more ro-
bustly.

We next asked whether our model also reproduces the results
of our genetic experiments. When Ncad was knocked down in R7,
R7 terminals were redirected to the peripheral region of the col-
umns (Fig. 7A-C). Similarly, R7 terminals are expanded to the
peripheral part partially engulfing R8 when the adhesiveness of
R7 is reduced (a,, = 1.7; Fig. 10E). While R7 and Mil were
adjacent to each other, which is consistent with Figure 8B, R8
terminals were located outside R7 in vivo (Fig. 8D), most likely
due to inefficient Ncad knockdown in this condition.

Ncad knockdown in R8 caused expansion of R8 terminals and
massive fusion of the columns (Fig. 7E-G). Similarly, R8 termi-
nals are redirected to the peripheral region and fused with the
neighboring columns (a,, = 0.6; Fig. 10F). Mil are redirected
toward the column center, which is consistent with Figure 8F. In
contrast to the expansion of R7 terminals together with R8 in vivo
(Movie 4), R7 terminals show a dot-like pattern separated from
R8 (Fig. 10F). R7 binding with R8 may be regulated by uniden-
tified mechanisms when Nead is knocked down in R8 in vivo.

When Ncad was overexpressed in Mil, its terminals intruded
inside the columns (Fig. 9A-D). Similar phenomena were ob-
served when the adhesiveness of Mil was increased (a;; = 1.8;
Fig. 10G; magenta represents the overlap between R8 and Mil).
Similarly to Ncad overexpression in R8 (Fig. 8H), an increased
adhesiveness of R8 caused penetration of R8 terminals to the
column center and expansion of R7 terminals toward the column
periphery (a,, = 2.4, Fig. 10H; yellow represents the overlap
between R7 and R8). Since our model only assumes basic physical
properties and differential adhesiveness of the cells, differential
adhesion could be the major driving force to establish the colum-
nar structure.
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Figure 10.  The continuous mathematical model of column formation. A, Schematic of the configuration of a column in the control. The variables u, v, and w are the densities of the terminals of
R7 (green), R8 (red), and MiT (blue), respectively. B, Numerical results of sequential projections of R8 (B7; t = 0) and R7 (B2; t = 100). Identical initial distributions of R8 and R7 produce clear
concentric patterns of R7, R8, and Mi1 (B3; t = 1500). (, Segregated distribution patterns of PM181-Gal4 UAS-myrGFP (green) and 24B10 (red) just below the lamina before the arrival at the
medulla, where R8 partially engulfs R7. D-H, Results of numerical simulations based on the initial distribution pattern shownin D1.D1, D2, Control (a,, = 2.4, a,, = 1.8,a5; = 0.8).R7,R8, and
Mi1 are clearly segregated (D2;t = 1000). E, R7 knockdown (a;, = 1.7). R7 is excluded from the ring of R8 and partially enwraps R8 (t = 1000). F, R8 knockdown (a,, = 0.6). R8 is expanded and
fuses with the neighboring columns (t = 1000). G, Mi1 overexpression (a,; = 1.8). Mi1 penetrates the ring of R8 (t = 1000). H, R8 overexpression (a,, = 2.4). (Figure legend continues.)
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Discussion

R8, R7, and Mil are essential core neurons for the initial step
of column formation

Our results suggest that the photoreceptor neurons R8 and R7
and the medulla neuron Mil act as core neurons for the initial
step of medulla column formation. At the early third instar larval
stage, only Mil axons project to the medulla neuropil (Fig.
3D,E). Indeed, Mil is a primary medulla neuron initially pro-
duced from medulla NBs (Hasegawa et al., 2011). An NB
produces Drifter (Drf)-positive neurons after producing Bsh-
positive Mil neurons. However, axon terminals of Drf-positive
neurons were not detectable at the early third instar larval stage
(Fig. 3F). At the mid-third instar stage, R8 axons and then R7
axons project to the medulla (Fig. 3A, B,E). The donut-like co-
lumnar patterns are then formed by the end of the larval stage, as
visualized by Ncad and phalloidin (Fig. 1BI).

Since R8 is the primary photoreceptor neuron that triggers the
differentiation of other photoreceptor cells (Jarman et al., 1994),
R8 may also play a central role in column formation in the me-
dulla. Indeed, column formation was completely abolished in the
absence of R8 axons during the larval and pupal stages (Fig.
4 A, B). Thus, R8 is most likely a trigger of column formation that
provides a spatiotemporal cue to synchronize the formation of
ommatidia in the retina and columns in the medulla. A similar
relationship is known to exist between R axons and lamina neu-
rons, with R axons triggering the differentiation of lamina neu-
rons (Huang and Kunes, 1996; Sato et al., 2013).

The column structure was also severely affected in the absence
of R7 and Mil (Fig. 4C,D). We found that the loss of R7 causes
severe defects in column shape and arrangement in layers
M4-M5 and M9-M10 (Fig. 4C). The loss of Mil caused column
distortion in layers M1-M2 and M4 -M5 and massive disorgani-
zation of the neuropil structure in layers M9-M10 (Fig. 4D).
These findings suggest that R8, R7, and Mil are the essential core
neurons for column formation.

However, projection patterns of these core neurons become
diverged in the adult brain. R8 and R7 axons extend and termi-
nate in layers M3 and M6, respectively (Ting et al., 2005). Mil
axons form the bifurcated hook-like shape, which is distinct from
the donut-like shape found in layers M9-M10 at 48 h APF (Fig.
2C4) (Ke et al., 2016). Therefore, the donut-like Ncad structure
found in the larval and pupal stages may act as a scaffold to
establish synaptic connections in the mature adult columnar
structure. In this study, however, we only focused on the early
steps of column formation that were largely unknown.

Differential adhesion regulates column formation

Steinberg (Steinberg, 1962; Steinberg and Takeichi, 1994; Foty
and Steinberg, 2005) proposed the DAH to explain the self-
organizing property of intermixed cells in an aggregate sorting
out to form an organized layered structure. The idea of DAH is
extensively applied in the field of synthetic biology (Toda et al.,
2018). Here, we propose that a similar strategy is used to form the

<«

(Figure legend continued.) ~ R8 and R7 are expanded toward the column center and column
periphery, respectively (t = 1000). B3, D1, D2, E-H, Right panels, 3D views of the results, in
whichzaxis indicates the density of neurites. I-K, The adhesiveness of R7, R8, and Mi1 (a,, d,,,
and a;3) is changed between 0.4 and 3.2 to examine the range of parameter settings by which
the normal column pattern can be reproduced. /, a, is fixed to 2.4.J, a,, is fixed to 1.8. K, a5 is
fixed to 0.8. Normal concentric columnar patterns are obtained if the order of adhesiveness is
conserved (yellow lines; a,, > a,, > as;).
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columnar structure in the medulla. A similar idea has been tested
in Drosophila lamina cartridges organized by the neurites of
R1-R6 and L1-L5 (Schwabe et al., 2014). They demonstrated
higher Ncad levels in the lamina dendrites compared with the R
axons showing the concentric Ncad distribution in the lamina
cartridge. A series of genetic manipulations that invert these rel-
ative differences in Ncad levels displace lamina dendrites to the
periphery and R axons to the center. However, due to technical
limitations, it is difficult to specifically manipulate gene activity
and quantify the amount of Ncad in each of the lamina neurons,
especially in the early stages. In this study, we identified the core
neurons of the medulla column, R8, R7, and Mil, and developed
genetic tools to specifically quantify Ncad levels and manipulate
gene activity in each of these neurons. By using these tools, we
clearly demonstrated the in vivo evidence of DAH during colum-
nar organization in the larval medulla.

At the beginning of column formation during larval develop-
ment, R8 overlaps with the donut-like pattern of Ncad and phal-
loidin, whereas R7 shows a dot-like pattern inside the column,
and Mil shows a grid-like pattern outside the column (Fig. 2A1-
CI). We propose that the relative locations of R7, R8, and Mil in
a layer can be explained by the DAH. Based on the dot-like,
donut-like, and grid-like patterns of R7, R8, and Mil during the
larval stage, their relative adhesiveness may follow the same or-
der, namely, R7+++, R8++, and Mil +, respectively, because
according to the DAH, the most adhesive cells should be located
in the most central position, whereas the least adhesive cells sur-
round the other cells. The concentric domains formed by distinct
and adjacent distributions of R7, R8, and Mil are clearly ex-
plained by our mathematical model in which only volume exclu-
sion and differential adhesion are considered (Fig. 10), suggesting
that the differential adhesion among these core neurons could
play central roles in column formation. Indeed, Ncad knockdown
in R7 and R8 expanded the projections of these neurons toward
the column periphery (Fig. 7A—H, M, N ). In these conditions, the
R8 and Mil terminals expanded and overlapped with R7 (Fig.
8A-D), and the Mil terminals expanded and overlapped with R8
(Fig. 8 E,F). On the other hand, expansion of Mil and R8 termi-
nals toward the column center was detected upon overexpression
of Ncad in these neurons (Fig. 9A-F,1,]). R7 terminals were ex-
panded toward the column periphery when Ncad was overex-
pressed in R8 (Fig. 8G,H). Similar results were obtained by
numerical simulations based on our mathematical model (Fig.
10E-H). Although L1-L5 projects to the larval column center
and is assumed to be the most adhesive (Fig. 2D1), Ncad knock-
down in L1-L5 during the larval stage did not show significant
defects, most likely because L1-L5 project to the medulla much
later than the other neurons (Fig. 3; and data not shown).

The differential adhesion of these cell types may be regulated
by the differential expression levels of cell adhesion molecules,
such as Ncad. According to the DAH, R7 should be the most
adhesive in the larval brain due to the strongest expression or
activity of Ncad. Despite the lack of Ncad signals in the center of
columns as visualized by Ncad staining (Fig. 2B1), the results of
R7-specific Ncad-GFP visualization (Fig. 6A) and Ncad knock-
down in R7 (Fig. 7A—-C) indicate that R7 indeed produces Ncad.
The enrichment of Ncad-GFP at the cell membrane of R7 (Fig.
6A, arrows) or the lower density of R7 neurites compared with the
surrounding R8 neurites may explain the loss of Ncad staining
within the hole. Indeed, the Ncad level was the highest in R7
among the three core columnar neurons in the larval stage (Fig.
6E). Furthermore, the R8 terminals showed higher Ncad levels
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than the Mil terminals, supporting the Ncad-dependent differ-
ential adhesion between R7, R8, and Mil.

The behavior of R7 upon Ncad knockdown in R8 cannot be
explained solely by Ncad function (Movie 4). According to the
DAH, R7 should remain in the column center (Fig. 10F). How-
ever, R7 terminals expanded together with the R8 terminals.
Ncad-independent adhesion between R7 and R8 may be the
cause of this phenotype.

Interlayer interactions between the distal and proximal layers
One of the important features of column visualization by using
Ncad and phalloidin is that they visualize the columns in three
layers of the pupal medulla. The mechanisms of 3D columnar
organization across multiple layers would be an important issue
in brain development. During the larval stage, there is only one
layer in the medulla column. Early in pupal development, the top
and middle layers are formed from the distal part of the medulla
column. The bottom layers develop later than the top and middle
layers at 24 h APF (Fig. 1C4) and are completely separated from
the distal layers at 48 h APF (Fig. 1D4).

Our results indicate that the formation of donut-like struc-
tures in different layers is tightly coupled with each other. For
example, loss of R7 and R8 affected the donut-like columnar
structures and Mil axon terminals in layers M9-M10, to which
they do not project (Fig. 4A4-D4,A5-C5), suggesting intimate
interactions across different layers during column formation.
The interlayer interactions were also observed when Ncad was
knocked down in neurons that only project to the distal layers
(data not shown).

Numerous studies have shown that Ncad has a wide range of
functions in the developing nervous systems of fly and mammals
(Redies et al., 1992; Redies and Takeichi, 1996; Hayashi and
Carthew, 2004; Nern et al., 2008). Ncad is essential for the cortical
organization of the mouse brain (Kadowaki et al., 2007; Matsu-
naga et al., 2017). Therefore, Ncad-dependent differential adhe-
sion and interlayer interaction may be the essential mechanism
underlying the 3D organization of column formation that is evo-
lutionarily conserved from the fly optic lobe to mammalian
brains. Future comparative studies of column formation using fly
and mammalian brain systems will reveal key mechanisms of
columnar unit formation.
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