Dendritic Eph organizes dendrodendritic
segregation in discrete oltactory map
formation in Drosophila
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Proper function of the neural network results from the precise connections between axons and dendrites of pre-
synaptic and postsynaptic neurons, respectively. In the Drosophila olfactory system, the dendrites of projection
neurons (PNs) stereotypically target one of ~50 glomeruli in the antennal lobe (AL), the primary olfactory center in
the brain, and form synapses with the axons of olfactory receptor neurons (ORNs). Here, we show that Eph and
Ephrin, the well-known axon guidance molecules, instruct the dendrodendritic segregation during the discrete ol-
factory map formation. The Eph receptor tyrosine kinase is highly expressed and localized in the glomeruli related to
reproductive behavior in the developing AL. In one of the pheromone-sensing glomeruli (DA1), the Eph cell-au-
tonomously regulates its dendrites to reside in a single glomerulus by interacting with Ephrins expressed in adjacent
PN dendrites. Our data demonstrate that the trans interaction between dendritic Eph and Ephrin is essential for the
PN dendritic boundary formation in the DA1 olfactory circuit, potentially enabling strict segregation of odor

detection between pheromones and the other odors.
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The proper assembly of neural circuits during develop-
ment is necessary for the formation of functional neural
networks. One of the key steps for establishing a function-
al neural circuit is to construct a precise connection
between the axons and dendrites of presynaptic and post-
synaptic neurons, respectively. In the visual and auditory
systems, neighboring neurons in the input field target the
neighboring regions in the output field (Flanagan 2006;
Kandler et al. 2009). In the olfactory systems of mammals
and insects, the axons of the primary olfactory receptor
neurons (ORNSs) that express the same olfactory or iono-
tropic receptors converge to one specific glomerulus in
the primary olfactory center (Couto et al. 2005; Sakano
2010; Silbering et al. 2011). The ORN axons form synaptic
connections with dendrites of second-order neurons that
also typically target one particular glomerulus among
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those discretely distributed. Unlike in other sensory sys-
tems, there is less spatial correlation between axon and
dendrite targeting in the olfactory system. Thus, the neu-
ronal wiring in the olfactory system can be the most strik-
ing example of specific targeting achieved by both axons
and dendrites among the neural targeting events during
development. The previous studies have shown that the
topographic mapping in the visual system and the neuro-
nal wiring in the olfactory system are mostly governed by
axon guidance (Flanagan 2006; Sakano 2010; Cang and
Feldheim 2013). In comparison, dendrite targeting is far
less understood not only due to the complex morphology
and diversity of dendrites but also because its historical
background has received little attention.

The Drosophila olfactory system is a suitable model to
study the mechanisms underlying dendrite targeting (Fig.
1A; Jefferis and Hummel 2006; Hong and Luo 2014,
Sakuma et al. 2014). The primary olfactory center, the
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Eph organizes dendrodendritic segregation

Figure 1. Loss of Eph or Ephrin exhibits
ectopic dendritic projection. (A) Schematic
diagram of the Drosophila olfactory sys-
tem. Axons of ORNs expressing the same
types of olfactory receptor at the antenna
or maxillary palp target one of ~50 glo-
meruli in the AL and specifically connect
with corresponding dendrites of PNs.
PNs are classified into four lineages ac-
cording to the neuroblasts from which
they are produced: anterodorsal PNs (ad-
PNs; blue), lateral PNs (I-PNs; red), ven-
tral PNs, and lateroventral PNs. (B,C)
Names of the 18 glomeruli (out of ~50)
located at the anterior half of the AL.
Each glomerulus is identifiable by its
size, shape, and relative position. The
glomeruli where dendrites of 1-PNs and
ad-PNs innervate are colored in red and
blue, respectively. (D-I) Green indicates
PN neuroblast clones labeled by mCD8-
GFP driven by GHI146-Gal4-based
MARCM. Magenta represents the presyn-
aptic marker Bruchpilot. (D,E) Wild-type
neuroblast clones: 1-PNs (D; n=9) and
ad-PNs (E; n=7). (F,G) I-PNs (F; n=6)
and ad-PNs (G; n = 10) of Eph*®>2, Ectopic
dendrite projections were observed (ar-

rowheads). (H,I) 1-PNs (H; n=4) and ad-PNs (I; n=7) of ephrin’®. Ectopic dendrite projections were also observed (arrowheads).

Bar, 25 pm.

antennal lobe (AL), consists of ~50 discrete structures
called glomeruli that are identifiable from their shape, rel-
ative size, and position (Fig. 1B,C). Most of the projection
neuron (PN) dendrites invade one particular glomerular
space and form synapses with axons of a single ORN class.
In addition, genetic tools such as mosaic analysis with a
repressible cell marker (MARCM) allow us to label specif-
ic subsets of PNs at a single-cell resolution in vivo and
simultaneously manipulate genes in the labeled neurons
(Lee and Luo 1999).

By taking advantage of the Drosophila olfactory system,
the cell surface molecules that regulate dendrite targeting
have been gradually revealed. Cell surface molecules such
as Semaphorin-la (Sema-1a) and Toll-6 cell-autonomous-
ly regulate dendrite targeting along the dorsolateral-
ventromedial axis and mediolateral axis, respectively
(Komiyama et al. 2007; Ward et al. 2015). The PN den-
drites determine their coarse position in the AL along
the axes depending on the expression level of Sema-1a or
Toll-6 therein. The leucine-rich repeat transmembrane
protein Capricious (Caps) is differentially expressed in a
subset of PNs and represents a mosaic pattern in the
developing AL (Hong et al. 2009). The differential Caps ex-
pression cell-autonomously instructs glomerular-specific
PN targeting, especially the segregation of Caps-positive
and Caps-negative PN classes. These findings indicate
that besides axial information, discrete determinants
also provide positional information to the PN dendrites.
Moreover, the cell adhesion molecule N-cadherin (Ncad)
and immunoglobulin superfamily protein Dscam act as
attractive or repulsive signals in most of the PN classes

that restrict the dendritic field to the appropriate glomer-
ular space (Zhu and Luo 2004; Zhu et al. 2006). In addition
to these findings, we here found that the dendritic boun-
dary formation between specific subtypes of PNs are in-
structed by cell surface molecules, Eph, and Ephrin.

The Eph receptor and its ligand, Ephrin, are the largest
family of receptor tyrosine kinases (RTKs) and are widely
conserved from invertebrates to mammals (Bossing and
Brand 2002; Chin-Sang et al. 2002; Dearborn et al. 2002;
Lisle et al. 2013; Kania and Klein 2016). Eph and Ephrin
have been well studied as axon guidance molecules in ret-
inotectal topographic mapping (Cang and Feldheim 2013).
In the vertebrate tectum/superior colliculus (SC), the
EphA/EphrinA and EphB/EphrinB countergradients are
formed along the anterior—posterior and nasal-temporal
axes, respectively. The axons of retinal ganglion cells
(RGCs) determine their target field by recognizing the rel-
ative position based on the expression levels of their li-
gands at the tectum/SC. For example, the temporal RGC
axon expressing EphA receives a repulsive signal from
EphrinA expressed in the tectum/SC, which causes the
temporal axon to avoid the posterior tectum/SC. In verte-
brates, Ephrins are divided into two groups based on the
type of membrane linkage: GPI-anchored EphrinAs (Eph-
rinAl1-6) and transmembrane EphrinBs (EphrinB1-3)
(Lisle et al. 2013). Ephs are also divided into two subtypes
depending on the affinity to Ephrins: EphAs (EphA1-8 and
Eph10) bind to multiple EphrinAs, and, similarly, EphBs
(EphB1-4 and Eph6) bind to multiple EphrinBs, with the
exception of EphA4 binding to both EphrinAs and Eph-
rinBs. Since both Ephs and Ephrins are membrane-bound
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proteins, the signal is essentially activated via contact-de-
pendent cell-cell interaction. The bidirectional Eph/Eph-
rin signal works repulsively in a majority of the cases,
although an adhesive response has also been described
(Klein 2012; Kania and Klein 2016). Since Drosophila
has only a single pair of Eph-Ephrin, we can exclude the
overlapping function of their family members as is consid-
ered in vertebrate studies (Bossing and Brand 2002; Dear-
born et al. 2002). Drosophila Eph shows ~71% identity
with both vertebrate EphA3 and EphB2 (Scully et al.
1999), and Drosophila Ephrin has a vertebrate EphrinB-
like cytoplasmic domain (Bossing and Brand 2002). A pre-
vious study of topographic mapping in the Drosophila vi-
sual system strongly suggested that Drosophila Eph/
Ephrin signal functions in an evolutionarily conserved
fashion (Dearborn et al. 2002).

In this study, we found that Eph/Ephrin signal instructs
dendrodendritic segregation during discrete olfactory map
formation. Unlike Ncad or Dscam, which affects most of
the PN classes, Eph/Ephrin signal selectively functions in
only specific PN classes. High Eph RTK expression was
observed specifically in the glomeruli associated with re-
productive behavior in the developing AL. In addition,
our genetic data indicate that Eph/Ephrin trans interac-
tion between neighboring glomeruli plays a central role
in local dendrodendritic segregation through bidirectional
repulsive responses.

Results

Loss of Eph or Ephrin exhibits a dendritic spillover
phenotype in PNs

We showed previously that Ephrin is involved in PN den-
drite refinement through knockdown experiments using
RNAI (Sekine etal. 2013). To examine how Eph and Ephrin
function in dendrite targeting, we first observed morphol-
ogies of PN dendrites in an Eph- or ephrin-null mutant
background by labeling PNs with GH146-Gal4-driven
MARCM (Boyle et al. 2006). Many of the wild-type PNs
are derived from either anterodorsal or lateral neuroblasts,
and each PN dendrite converges to and resides in one
specific glomerulus out of ~50 glomeruli according to PN
classes (Fig. 1B-E). In Eph*®>2 most of the PN dendrites
targeted the appropriate glomeruli, although some
dendrites showed additional invasion to the adjacent glo-
meruli (Fig. 1F,G, arrowheads). Since only an ephrin hypo-
morphic mutant exists, we used the CRISPR/Cas9 system
to generate a knockout line called ephrin’®®, which lacks
the genomic region from the 5 untranslated region
(UTR) to the 3 UTR (Supplemental Fig. S1A). The den-
dritic spillover phenotype was also observed in ephrin™®
(Fig. 1H,I, arrowheads), suggesting that both Eph and Eph-
rin are involved in the targeting processes of PN dendrites.

Eph is specifically expressed in the developing glomeruli
associated with reproductive behavior

Next, we investigated the expression patterns of Eph and
Ephrin during development. In Drosophila AL develop-
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ment, PN dendrites roughly target near the final targeting
area before the arrival of ORN axons (Fig. 2A; Jefferis et al.
2004, Jefferis and Hummel 2006; Sakuma et al. 2014). Pi-
oneering ORN axons first wrap around the AL and then
start invading inside it (~24 h after puparium formation
[APF]) (Fig. 2B). The discrete synaptic structures called
glomeruli are formed ~50 h APF and become matured dur-
ing the subsequent pupal stage (Fig. 2C,D). A previous
study showed ORN-derived Eph expression by Ephrin-Fc
in situ labeling (Singh et al. 2013), which can detect only
Eph receptors that have not bound to the endogenous li-
gand (Kao and Kania 2011). To monitor the amount and lo-
calization of the endogenous Eph protein, we generated a
knock-in allele (Eph-myc) by inserting the myc sequence
at the 3’ end of the Eph coding sequence using the
CRISPR/Cas9 system (Supplemental Fig. S1B). The Eph-
myc expression was confirmed by the Western blotting
of pupal brain lysate and the immunohistochemistry of
the pupal optic lobe at 50 h APF (Supplemental Fig.
S1C-E”). The molecular weight of Eph-myc (knock-in al-
lele) was comparable with that of Eph-HA overexpressed
in S2 cells (Fig. 6C, below; Supplemental Fig. S1C). In ad-
dition, the expression pattern of Eph-myc in the pupal op-
tic lobe was consistent with the previous report
(Supplemental Fig. S1D,E; Dearborn et al. 2002). Anti-
Myc antibody staining revealed Eph expression inside
the AL from the early stages of development (~18 h
APF), when the ORN axons have not yet invaded the AL
(Fig. 2E,E’/ LT; Supplemental Fig. S2). As the development
of local interneurons (LNs) depends on ORN axons (Chou
et al. 2010), this weak but distinct signal is likely derived
from PN dendrites. In addition, the pioneering ORN ax-
ons showed strong Eph expression (Fig. 2E,E,F,F LT ]J;
Supplemental Fig. S2C-E”). Of note, strong Eph-myc ex-
pression was observed in en route axon tract processes
but not in the tip of the pioneering ORN axon (Supple-
mental Fig 2C-D”). At 50 h APF, we found that the Eph ex-
pression was especially high in the DL3, DA1, VA1llm, and
VL2a glomeruli, which are known to respond to the odors
related to reproductive behavior (Fig. 2G,G/,K,K’; Supple-
mental Fig. S3A-D’; Ejima et al. 2007; Kurtovic et al.
2007; van der Goes van Naters and Carlson 2007; Grosjean
et al. 2011; Liu et al. 2011; Lebreton et al. 2014; Lin et al.
2016). Interestingly, the expression was markedly low in
the neighboring regions of the Eph-positive glomeruli
(Supplemental Fig. S3A-DY, arrowheads). We then asked
whether PNs express Eph-myc. We knocked down Eph
in PNs by using Eph-shRNA and GH146-Gal4 and found
that PN-specific knockdown of Eph reduced Eph-myc sig-
nal in developing PN, indicating that Eph is expressed in
developing PNs (Supplemental Fig. S3E-G’). Together
with the previous study showing ORN-derived Eph ex-
pression by Ephrin-Fc in situ labeling (Singh et al. 2013),
we conclude that both PNs and ORNSs express Eph at 50
h APF. The patterned expression observed at 50 h APF dis-
appeared in the adult stage (Fig. 2H,H',L,L’).

On the other hand, the Ephrin expression was reported
to be ubiquitous throughout the developing AL by anti-
Ephrin antibody staining (Singh et al. 2013). We also tried
to observe Ephrin expression by inserting the myc
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Figure 2. Ephishighly expressed in glomeruli related to reproductive behavior. (A-D) Schematic views of the adult AL development dur-
ing pupal stages. (A) PN dendrites roughly target near the final target area in the developing AL by 18 h APF. (B) Pioneering ORN axons
reach and invade the AL. (C,D) The synaptic structures called glomeruli are visible ~50 h APF (C) and undergo a maturation process by the
adult stage (D). (E-H) Anti-myc staining was performed on w;;; Eph-myc. (E)n=7.(F)n=10.(G)n="7.(H)n=7.(E'-H') Relative intensity of
anti-myc staining shown in pseudocolors. Myc signal was observed inside the AL (the dotted circle was identified by costaining with anti-
DN-cadherin antibody; data not shown) at 18 h APF (E,E/, arrows) and in growing ORN axons (E,E,F,F, arrowheads). (G) Myc signal was
especially high at DL3, DA1, and VAllm. (H) The patterned expression disappeared in the adult stage. (I-L) Anti-myc staining against
w18 (negative control). (I) n=6. (J)n=9. (K)n=8. (L) n=10. (I'-L’) Relative intensity of anti-myc staining. Bar, 25 pm.

sequence at the C terminus of ephrin (ephrin-myc); how-
ever, it was barely detectable, probably because of its
weak expression (data not shown). Based on these results
and those from the mutant analyses indicating the
cell-autonomous function of Eph in the PNs (described
below), we conclude that Eph is expressed exclusively in
the developing glomeruli associated with reproductive
behavior.

Eph cell-autonomously instructs the DA1 lateral PN
(I-PN) dendrites not to spill over to the neighboring
glomeruli

As Eph showed preferential expression in a specific subset
of glomeruli at 50 h APF, we next investigated how this
expression functions in dendrite targeting. To further ex-

amine the cell-autonomous role of Eph in specific classes
of PNs during dendrite targeting, we used Eph-shRNA
generated in our previous study (Sekine et al. 2013).
When Eph was knocked down in the PNs derived from lat-
eral neuroblasts (1-PNs), the dendrite spilled over from
DA1 and DL3 glomeruli, where the Eph was highly ex-
pressed during development (Fig. 3A, arrowheads). We
then carefully quantified the glomerular invasion of 1-
PNs expressing Eph-shRNA and found that those den-
drites ectopically invaded the DA3, DA4l, VA1d, DM,
DC3, and VL2ap glomeruli (Fig. 3B). The glomeruli receiv-
ing ectopic dendrite innervation with >80% penetrance
(DA41, 81.8%; VA1d, 100%; and DC3, 100%) were all ad-
jacent to the DA1 glomerulus (Figs. 1B,C, 3B). The den-
drites of wild-type DA1 1-PNs converged to the DAl
without any spillover (Fig. 3E,F). In contrast, the DAl
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Figure 3. Eph expression is cell-autonomously required for DA1 PN to not spill over to the adjacent glomeruli. (A) GH146-Gal4-driven
MARCM clone of 1-PNs expressing Eph-shRNA and mCD8-GFP. Ectopic dendrite projections are indicated by arrowheads. (B) Quantifi-
cation of glomerular innervation specificity of I-PN dendrites of control (top row; n=9) or Eph-shRNA-expressing (bottom row; n=11)
PNs. The X-axis represents glomeruli that 1-PN dendrites innervated. Bars colored in lighter red indicate the glomeruli where ectopic den-
dritic invasions were observed. (C) GH146-Gal4-driven MARCM clone of ad-PNs expressing Eph-shRNA and mCD8-GFP. (D) Quantifi-
cation of ad-PN glomerular innervation of control (top row; n=7) or Eph-shRNA-expressing (bottom row; n=17) PNs. The X-axis
represents glomeruli that ad-PN dendrites innervated. Bars in lighter blue indicate the ad-PN dendrites mistargeting to the glomeruli
that are supposed to be the targets of lateral lineage PNs. (E-G) Magnified view of a single section of the glomerular boundary between
DAL and neighboring glomeruli in the wild type. 1-PNs (anterior section in E, posterior section in F) and ad-PNs (anterior section in G)
are labeled by the clonal expression of mCD8-GFP (green). (H-J) Magnified view of the glomerular boundary between DA1 and neighboring
glomeruli with PNs expressing Eph-shRNA. (H,I) DA1 dendritic spillover was observed from DA to VAld and DC3 glomeruli (arrow-
heads). (J) Eph knockdown in VA1d ad-PNs did not cause VA1d dendritic spillover to DAL. (K) 3xFlag-Eph™s*m. HA expression rescued
the dendritic spillover phenotype observed in DA1 1-PNs expressing Eph-shRNA (arrow). n = 7. (L) Quantification of E, H, and K. (M) Over-
expression of Eph-myc in DA1 I-PNs did not cause DA dendritic spillover. n = 7. (N) In contrast, overexpression of Eph-myc in VAld ad-
PNs caused VA1d dendritic spillover to DA1 glomeruli (arrowhead). n = 8. Magenta represents the presynaptic marker Bruchpilot. Bar, 25
pm.

I-PN dendrites expressing Eph-shRNA spilled over to its spillover phenotype of the 1-PNs expressing Eph-shRNA

adjacent glomeruli, such as VA1d and the more posterior (Fig. 3K,L). Thus, Eph expression is cell-autonomously re-
DC3 glomeruli (Fig. 3H,1). Since the VA1ld glomerulus is quired for the DA1 1I-PN dendrites not to spill into its ad-
located most anteriorly and its glomerular boundary is jacent glomeruli.

easily distinguishable from the others, we focused here In contrast, Eph knockdown in the PNs, including the
on the boundary between the DA1 and VAld glomeruli. VA1d and DC3 PN, did not cause any spillover pheno-
This spillover phenotype was observed from 50 h APF, type to DA glomerulus (Fig. 3C,D,G,]). This was incon-
suggesting that Eph functions at the dendritic segregation sistent with the observations in the Eph*®*? mutant
process (Supplemental Fig. S4). The MARCM expression (Fig. 1G arrowhead), likely owing to the difference be-
of Flag-Eph™"“™ A (a Flag- and HA-tagged form of tween the null mutant (Eph*®*?) and shRNA-mediated
Eph resistant to Eph-shRNA) rescued the DA1 dendritic knockdown mutant. Alternatively, it may reflect the
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non-cell-autonomous function of Eph in the DA1 1-PNs to
the adjacent dendrites such as the VA1d anterodorsal PN
(ad-PN) dendrites (see the Discussion for more details). Al-
together, the sensitivity to Eph-shRNA positively corre-
lated with endogenous Eph expression level, suggesting
the importance of Eph signals especially in the PNs that
highly express Eph.

Differential Eph expression levels between DA1
and VA1d PNs enable dendritic segregation

We showed that high Eph expression is required in the
DA1 1-PN to keep their dendrites in the DA1 glomerulus
and that the Eph expression is low in the neighboring glo-
meruli such as the VA1d. Therefore, we hypothesized that
the difference in Eph expression levels between the DA1
(high) and VA1d (low) could suppress the dendritic spill-
over to neighboring glomeruli. To examine this idea, we
manipulated the Eph expression levels between DAL
and VA1ld by overexpressing Eph. Eph overexpression in
the DA1 I-PNs, which originally showed high Eph expres-
sion, did not result in any spillover (n = 7) (Fig. 3M). In con-
trast, Eph overexpression in the VAld ad-PNs caused
VA1d dendritic spillover into the DA1 glomerulus with
100% penetrance (n = 8) (Fig. 3N). To further test whether
VA1d ad-PN concentration of Eph controls dendritic seg-
regation, we altered the Eph-myc (UAS) expression level
by changing the temperature of the culturing condition
to either 25°C or 18°C (Supplemental Fig. S5). Based on
the features of the Gal4/UAS system, we could lower
the expression level of the transgene under the UAS se-
quence by lowering the temperature of the culturing con-
dition. The spillover phenotype of the Eph-overexpressing
ad-Nb MARCM clone was ranked blindly according to the
spillover level of VA1d ad-PN dendrites to the DAI glo-

GH146-Gald
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merulus. The VAld dendritic spillover phenotypes of
25°C flies were significantly more severe than those of
18°C flies, suggesting that the severity of the spillover
phenotype correlates with the expression level of misex-
pressed Eph in VAld ad-PNs. These data indicate that
Eph expression is required to be kept low in the VAld
ad-PN dendrites that reside in the VAld glomerulus.
Moreover, the spillover from Eph-overexpressing VAld
preferentially invaded the DA1 glomerulus but not the
other adjacent glomeruli whose Eph expression levels
are low. These data suggest that VA1d dendrites discrim-
inate themselves and DA1 dendrites by detecting the dif-
ferences in Eph levels on the boundary between VA1d and
DA1 glomeruli.

Ephrin in VA1d is non-cell-autonomously required
for the DA1 dendrites to not spill into VA1d dendrites

We presented that the high Eph expression in the DAI 1-
PNs is necessary for the formation of a proper DA1-
VA1ld dendritic boundary. Next, we investigated what
the DA dendritic Eph recognizes as a ligand in order to
keep away from its adjacent glomeruli. We focused on
Ephrin as an interacting partner for the DA1 dendritic
Eph. We hypothesized that the interaction between the
DAl dendritic Eph and its adjacent dendritic Ephrin
works repulsively, thus preventing them from getting en-
tangled. We analyzed wild-type DA1 1-PN behavior when
ephrin was knocked down in the VA1d ad-PNs using inde-
pendent double MARCM (Fig. 4A; Potter et al. 2010).
As illustrated in Supplemental Figure S6, in addition to
ephrin knockdown in the ad-PNs using GH146-Gal4-driv-
en MARCM, we also used GH146-QF-driven MARCM
to label wild-type 1-PNs in the same individual. The ALs
incidentally bearing a combination of ephrin-shRNA-

Figure4. DAI1-PN dendritic Eph recognizes adjacent
PN Ephrin as a ligand. (A) Drawings showing the hy-
pothesis that DA1 PN dendrites recognize Ephrin on
the dendrites of adjacent glomeruli to stay in DAI.
The behavior of wild-type DA1 PN dendrites was an-
alyzed when ephrin was knocked down in surround-
ing ad-PNs such as VA1d PNs. (B-E) Wild-type DA1
I-PNs and VAld ad-PNs were labeled by mtdTo-
mato-HA and mCD8-GFP, respectively. n=7. The
proper dendritic boundary was formed between DA1
1-PNs stained with anti-HA antibody (C) and VA1d
ad-PNs stained with anti-GFP antibody (D). (F-I)
Wild-type DA1 1-PNs and ephrin-shRNA-expressing
VAld ad-PNs were labeled simultaneously. n=7.
(G) Wild-type DA1 1-PNss spilled over to the adjacent
glomeruli such as the VA1d glomerulus in 100% pen-
etrance (arrow; seven out of seven). (H) ephrin-shRNA
expression in VAld ad-PNs cell-autonomously
caused dendritic spillover into DAI (arrowhead).
Blue represents DN-cadherin staining. Bar, 25 pm.
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expressing ad-PNs (with mCD8-GFP) and wild-type I-PNs
(with mtdTomato-HA) as a result of hs-FLP-promoted mi-
totic recombination were analyzed. Of the >6000 brains
dissected, we collected seven individuals for each of the
experimental and control groups (Fig. 4B-1). In the control
group (wild type), the DA1-VA1d PN boundary was prop-
erly formed (Fig. 4B-E). Specifically, the DAI I-PNs never
spilled into the adjacent glomeruli (Fig. 4C). When ephrin
was knocked down in the ad-PNs, the wild-type DAL
1-PNs spilled into the adjacent glomeruli, including the
VA1d (Fig. 4G, arrow), suggesting that ephrin knockdown
in ad-PNs non-cell-autonomously affected the dendrites
of the wild-type DA1 1-PN. Interestingly, ephrin knock-
down in the ad-PNs also cell-autonomously affected the
dendrites of the VAld ad-PNs; the VAld PN dendrites
spilled into the DA1 glomerulus (Fig. 4H, arrowhead).
These data strongly suggest that dendritic Eph in the
DA1 I-PNs recognizes the dendritic Ephrin in the adjacent
ad-PNs as a ligand in order to prevent spillover to the
adjacent glomeruli.

Ephrin is cell-autonomously required for the VA1ld
dendrites to not spill into the DA1 glomerulus

To further investigate the cell-autonomous role of Ephrin
in PN dendrite targeting, we analyzed the projection pat-
terns of the PNs under the ephrin knockdown condition
in more detail. The knockdown of ephrin in the ad-PNs
caused VA1d ad-PN dendritic spillover into the DA1 glo-
merulus (Fig. 5A), as shown in the earlier independent
double-MARCM experiment. However, ephrin knock-
down in the DA1 I-PNs did not show any spillover pheno-
type (Fig. 5B), suggesting that Ephrin is also required in a
class-specific manner in spite of the ubiquitous expression
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phrin-shRNA
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Figure 5. Ephrin expression is cell-autonomously required in
VA1d PN dendrites to prevent spillover to DA1. (A,B) PNs ex-
pressing ephrin-shRNA and mCD8-GFP driven by GH146-Gal4-
based MARCM. (A) VA1ld ad-PNis spilled over into the DA1 glo-
merulus as in Figure 31 (arrowhead). n = 24. (B) ephrin knockdown
in DA1 1-PNs did not cause dendritic spillover to VA1d. n=6. (C)
ephrin™'".myc expression cell-autonomously rescued the
dendritic spillover phenotype observed in PNs expressing eph-
rin-shRNA (arrow). n=8. Magenta represents the presynaptic
marker Bruchpilot. (D) Quantification of A-C. Bar, 25 um.
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in the AL (Singh et al. 2013). Although the effect of ephrin-
shRNA lines is confirmed (Figs. 4F-I, 5A), we cannot ex-
clude the possibility that the ephrin-shRNA lines are
not able to adequately knock down ephrin expression in
DA1 1-PNs. The VAld ad-PN dendritic spillover pheno-
type was fully rescued by expressing ephrin™*"**.myc
(Fig. 5C,D), indicating that Ephrin functions cell-autono-
mously in the VA1d dendrites to avoid getting entangled
with the DA1 dendrites.

Trans interaction between DA1 dendritic Eph
and VA1d dendritic Ephrin is required for dendritic
boundary formation

Our data suggested that Eph and Ephrin cell-autonomous-
ly regulate the DA1 1-PNs and VA1d ad-PNs, respectively,
in order to keep their dendrites in their own glomeruli and
not spill over into the adjacent glomeruli. This implies
that Eph and Ephrin interact in trans between the den-
drites of the DA1 1-PN and VA1ld ad-PN, respectively.
To further investigate the requirement of trans interac-
tion of the DA1 dendritic Eph and VA1d dendritic Ephrin
for dendritic boundary formation, we performed the fol-
lowing experiments. The predicted Drosophila Eph pro-
tein bears evolutionarily conserved domains, including
the ligand-binding domain (LBD), cysteine-rich domain,
fibronectin type III domains, transmembrane domain,
tyrosine kinase domain, and a sterile a motif (SAM) (Fig.
6A; Dearborn et al. 2002). We generated a UAS construct
with a truncated form of Eph lacking the LBD (ALBD),
Eph“'BP_HA (Carvalho et al. 2006). Next, we performed
in vitro experiments to test whether this deletion in the
Eph sequence abolishes the ability to bind to Ephrin in
trans. We cotransfected S2 cells with either UAS-Eph-
HA (wild-type Eph) or UAS-Eph*'P-HA along with
actin-Gal4. We immunostained the cells and tested their
binding affinity to the Ephrin-Fc probe. The Ephrin-Fc
probe bound strongly to wild-type Eph-HA and barely
bound to Eph*BP-HA (Fig. 6B). We further tested the trans
Eph-Ephrin interaction using a coimmunoprecipitation
experiment. Both the expression of Eph-HA and the ex-
pression of Eph*"®P-HA were detected in lysate, although
Eph*'®P_HA did not bind to Ephrin-Fc (Fig. 6C). Both the
immunostaining and coimmunoprecipitation experi-
ments indicate that Eph®"®P-HA lacks the ability to bind
to Ephrin in trans. To examine whether the trans interac-
tion between the DA11-PNs and VA1d ad-PNs is necessary
for the boundary formation, we performed a MARCM
rescue experiment by using Ephresistant, ALBD_ LA - Ag we
expected, the expression of Ephfesistant ALBD_ A could
not rescue the DA1 1-PN dendritic spillover phenotype
caused by Eph knockdown in the 1-PNs (Fig. 6D). In verte-
brates, the E129K mutation in EphrinA5 rendered it inca-
pable of binding to EphA3 in trans (Carvalho et al. 2006).
We generated Drosophila Ephrin®2%% that corresponded
well with the vertebrate EphrinA551%% and performed a
MARCM rescue experiment using Ephrin®2%% to re-ex-
amine the requirement of the trans interaction in vivo.
The expression of ephrin™*stant E320K_pyyc also could not
rescue the VAld ad-PN dendritic spillover phenotype
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Eph®"®P.HA were analyzed in a coimmunoprecipita-
tion assay using Ephrin-Fc. The data show a strong
trans interaction between Eph-HA and Ephrin-Fc
but almost no binding of Ephrin-Fc to Eph*'*P-HA.
(D) Ephresistant. ALBD_prA - gyerexpression could not
rescue the Eph knockdown phenotype (arrowhead).
n=7, 100% penetrance. Magenta shows the pre-
synaptic marker Bruchpilot. Bar, 25 um. (E)
ephrinesistant: ES20K_ p14 - gyerexpression could not
rescue the ephrin knockdown phenotype (arrow-
head). n=13, 100% penetrance. (F, panel i) A model
for dendrodendritic segregation between DAl and
adjacent glomeruli such as VAld by Eph/Ephrin sig-
naling. As the result of trans interaction between
DAl dendritic Eph and adjacent dendritic Ephrin,
bidirectional repulsive Eph/Ephrin signaling may
run in dendrites of each side; thus, they segregate
each other and form a proper dendritic glomerular
boundary. (Panels ii-iv) Summary of the expected
Eph/Ephrin signaling (schemes above) and observed
phenotypes (below) in the EphX°*2null mutant
(panel ii), Eph knockdown in DA1 PN dendrites
(panel iii), and Eph knockdown in VAld PN den-
drites (panel iv). See the Discussion for more details.
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caused by ephrin knockdown in the ad-PNs (Fig. 6E). Thus,
we conclude that the trans interaction between the DA1
dendritic Eph and VA1d dendritic Ephrin is important for
the dendritic boundary formation between the DA1 and
an adjacent glomerulus, such as VA1d.

Discussion

How the robust specificity of the neural wiring is achieved
is a fundamental question that must be answered in order
to understand how functional neural networks are
formed. The olfactory system is a striking example of wir-
ing specificity, as the neurons within have to form synaps-
es with their appropriate partners at anatomically discrete
olfactory information channels called the glomeruli. In
the initial step of the olfactory map formation in Dro-
sophila, the coarse targeting of PN dendrites is instructed
by the graded expression of Sema-la (Komiyama et al.
2007). Next, the discrete determinants Caps and Tartan
instruct the class-dependent glomerular targeting of PN
dendrites based on their mosaic expression (Hong et al.
2009). The molecules expressed in mosaic patterns con-

fine relatively broad subsets of neurons to innervate their
cognate field. Our study provides another striking exam-
ple of the mechanism underlying neuronal wiring speci-
ficity in that Eph is expressed in a very limited subset of
neurons and acts locally to segregate discrete glomerular
circuits through trans interactions with Ephrin on the
dendrites of adjacent glomeruli.

Eph/Ephrin segregation model

Our study demonstrates that the trans interaction be-
tween the DA dendritic Eph and Ephrin on the adjacent
dendrites is required for proper dendritic boundary forma-
tion. How can this be possible considering the patterned
expression of Eph and the ubiquitous expression of Ephrin
in the developing AL? We propose that the restricted ex-
pression of Eph in the DA1 dendrites could effect the acti-
vation of differential signal transduction between the
dendrites in the DAI1 and the adjacent glomeruli even
though Ephrin is expressed ubiquitously throughout the
developing AL. As the result of the trans interaction be-
tween the DA1 dendritic Eph and the adjacent dendritic
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Ephrin, the Eph forward signal seems to be transmitted to
the Eph-expressing DA1 1-PNs, and the Ephrin reverse sig-
nal seems to be transmitted to the adjacent PNs (Fig. 6F,
panel i). This trans interaction model involving Eph for-
ward and Ephrin reverse signals also fits well with our re-
sult that the Eph-null mutant (Eph*°®?), but not Eph-
shRNA expression in the VAld ad-PNs, exhibited den-
dritic spillover from the VAld to the DAl glomerulus
(Figs. 1G, 3]). The loss of Eph in the Eph*®>2 mutant could
weaken the Ephrin reverse signal in addition to the Eph
forward signal, resulting in dendritic spillover from both
the DAI and VA1d dendrites (Fig. 6F, panel ii). In contrast,
the cell-autonomous reduction of Eph in the VA1d den-
drites with Eph-shRNA has no way to reduce the Ephrin
reverse signal (Fig. 6F, panel iv). In vertebrates, the trans
Eph-Ephrin interaction leads to the formation of higher
signaling clusters (Seiradake et al. 2010; Kania and Klein
2016). Oligomers of Ephs and Ephrins are terminated by
bidirectional transendocytosis or its cleavage by ADAM-
type proteases, leading to the activation of Rho family
GTPases. This activation of Rho family GTPases by
Eph/Ephrin oligomerization modulates actin cytoskeletal
dynamics, which induce cell-cell repulsion in the most
cases (Klein 2012). Hence, we propose the segregation
model as follows. The trans interaction between the
DA1 dendritic Eph and the adjacent dendritic Ephrin re-
sults in a bidirectional repulsive Eph forward and Ephrin
reverse signal running in both DA1 and VA1d PN, respec-
tively; thus, they segregate from each other, thereby form-
ing a proper dendritic glomerular boundary. Additional
studies may be required to describe the molecular features
of the Drosophila Ephrin reverse signal in the future.

Glomerular boundary formation by Eph/Ephrin
for the pheromone-sensing circuit

When we knocked down Eph, the dendritic spillover phe-
notype was observed specifically near the DA1 and DL3
glomeruli. Why is the Eph/Ephrin system used to form
the dendritic boundary of such specific glomeruli? Among
50 glomeruli, the DA1, DL3, VA1llm, and VL2a glomeruli
exhibited high Eph expression during development, hold-
ing the line against the other glomeruli by their unique
function. Unlike other glomeruli, the DA1l, DL3,
VA1llm, and VL2a glomeruli receive inputs from the axons
of ORNs (Or67d, Or65a, Or47b, and Ir84a, respectively)
dedicated to sensing odors related to reproductive behav-
ior, such as pheromones and food-derived odors pro-
moting male courtship behaviors (Ejima et al. 2007;
Kurtovic et al. 2007; van der Goes van Naters and Carlson
2007; Grosjean et al. 2011; Liu et al. 2011; Lebreton et al.
2014; Lin et al. 2016). Among them, Or67d, the primary
neuron of the DA1 olfactory circuit, detects Drosophila
male-specific pheromone 11 cis-vaccenyl acetate (cVA)
and triggers sex-specific courtship behavior in both male
and female flies (Kurtovic et al. 2007). In addition, the
DA1 PNs show sexually dimorphic neural circuitry (Datta
et al. 2008). The primary neuron of DL3 (Or65a) also
responds to cVA when flies are exposed to it for a long pe-
riod. DL3 olfactory neurons suppress pheromonal activa-
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tion of DA1 olfactory neurons (Liu et al. 2011; Lebreton
et al. 2014). Furthermore, as in Drosophila, the phero-
mone-sensing organs of Manduca sexta (macroglomerular
complex [MGC]) and mice (vomeronasal organ [VNO]) ex-
press Ephrin, and their adjacent regions express Eph (Knoll
et al. 2001; Kaneko and Nighorn 2003). Although Droso-
phila shows an opposite pattern of Eph/Ephrin (Eph in
the pheromone-sensing circuit and Ephrin in the adjacent
region), the same signaling machinery seems to have a
conserved role in glomerular boundary formation across
species. Interestingly, the mouse accessory olfactory
bulb receiving input from the VNO, the moth MGC,
and the Drosophila pheromone sensory glomeruli are all
clustered and located dorsally to the other ordinary glo-
meruli in the mouse main olfactory bulb and the moth/
Drosophila ALs, respectively (Kaneko and Nighorn
2003; Fishilevich and Vosshall 2005; Sakurai et al. 2014).
This conserved anatomical feature also suggests a notion
that a unique signaling pathway is playing a role to secure
the strict segregation between the pheromone-sensing cir-
cuits and the other olfactory circuits. Taken together, we
hypothesize that the reproductive behavior circuit is high-
ly specific and segregated from the others using the Eph/
Ephrin signal. Since Eph and Ephrin are both membrane-
bound proteins, the signal is activated in a contact-depen-
dent manner. In addition, the bidirectional signal trans-
duction characteristic of the Eph/Ephrin signal system is
reasonable for the local dendrodendritic segregation. It is
possible that proper segregation in a dendrite level is nec-
essary for building a well-organized neural network, thus
allowing the optimal transfer of pheromone-related infor-
mation to a higher brain center while controlling the
courtship behavior.

Materials and methods

Fly strains

Flies were maintained under standard laboratory conditions
(25°C). The following mutants and transgenic lines were used:
Eph*®°2 (Boyle et al. 2006), ephrin’®®, Eph-myc (knock-in), UAS-
Eph-shRNA (Sekine et al. 2013), UAS-Eph™™“™.myc,
UAS-Eph-myc, UAS-ephrin-shRNA (Sekine et al. 2013), UAS-
ephrin™s9% . myc (Sekine et al. 2013), UAS-Flag-Ephesistant.
HA, UAS-Eph*'BP_.HA, UAS-Eph™sstant: ALBD A - and
UAS-ephrinesistant: 320K e (generated in this study). The ge-
notypes of Drosophila melanogaster used in each experiment
are listed in Supplemental Table S1.

Generation of knockout and knock-in constructs by CRISPR/Cas9

The ephrin®® and Eph-myc alleles were generated in this study
according to the methods available on flyCRISPR (http://
flycrispr.molbio.wisc.edu/protocols). As shown in Supplemental
Figure S1, the sequence between the 5 UTR and the 3’ UTR of
the ephrin gene was knocked out to generate ephrin’® (Supple-
mental Fig. STA), and the c-Myc tag was inserted at the 3’ end
of the Eph coding sequence to generate Eph-myc (Supplemental
Fig. S1B) through CRISPR/Cas9-mediated homology-directed re-
pair. We injected two guide RNA vectors and a donor vector
into vasa-Cas9 flies (Bloomington Drosophila Stock Center, no.
51324). The DNA fragments for the guide RNAs were subcloned
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in the Bbsl-digested U6b-sgRNA-short (a kind gift from
N. Perrimon) (Ren et al. 2013) vector. The following primers
were annealed to generate the DNA fragments for guide RNAs:
ephrin™®-1 (5-CTTCGATGTACCAAAAAAGGAAGA-3' and
5-AAACTCTTCCTTTTTTGGTACATC-3'), ephrin™-2 (5'-CTT
CGGAATCAAATGATATTAATT-3' and 5-AAACAATTAATA
TCATTTGATTCC-3'), Eph-myc-1 (5-CTTCGACGGTAATCA
TATTTTGGA-3" and 5-AAACTCCAAAATATGATTACCG
TC-3’), and Eph-myc-2 (5CTTCGTACGTAAGGTGCGG
TATTC-3 and 5-AAACGAATACCGCACCTTACGTAC-3).
The 5 and 3’ homology arms were inserted into the NotI and
Spel sites of the pHD-DsRed-attP (a kind gift from S. Kondo)
(Gratz et al. 2014), respectively, by In-Fusion (Clonetech). For
the Eph-myc, the 7xMyc sequences were also inserted in addition
to the 5 homology arm by three-fragment In-Fusion. The homol-
ogy arms were amplified by PCR using the following primers:
ephrin™® 5’ homology arm (forward primer, 5-TGCATGCT
AGCGGCCGCAATCGGAATTCTATCCAA-3, and reverse
primer, 5-TGCATGCTAGCGGCCGCAATCGGAATTCTAT
CCAA-3'), ephrin™® 3’ homology arm (forward primer, 5-ATA
GAAGAGCACTAGGAGAGGTTGGAATCAAATGA-3, and
reverse primer, 5-GGAGATCTTTACTAGGGTAGCACAAG
ATGCCTC-3'), Eph-myc 5 homology arm (forward primer,
5-TGCATGCTAGCGGCCGCATACACAACTCGGGTAA-3/,
and reverse primer, 5-ATACCGTCGACCTCGTATTATAGTG
TCGAGTTGCC-3'), and Eph-myc 3’ homology arm (forward
primer, 5-ATAGAAGAGCACTAGGTATTCCGGCCTAAAT
CATA-3, and reverse primer, 5-CATATGTCCGCGGCCCT
AGAACTAGAACTAGTGGA-3'). The 7xMyc fragment was am-
plified from pUAST/7xMyc using the following primers: forward
primer, 5-CGAGGTCGACGGTATCGA-3'; and reverse primer,
5- CATATGTCCGCGGCCCTAGAACTAGAACTAGTGGA-3'.
The detailed DNA sequences are available on request. Each
DsRed-positive transformant was isogenized and confirmed by
genomic PCR and direct sequencing (the primer sets used for ge-
notyping are listed in Supplemental Fig. S1).

Generation of the truncated form of Eph

The truncated version of Eph was generated according to previ-
ously described methods (Carvalho et al. 2006). The cDNA frag-
ments of the truncated form of Eph were generated by PCR and
subcloned in Kpnl- and Xbal-digested pUAST/Flag-HA (for in vi-
tro experiments) and pUAST attB/Flag-HA (for in vivo experi-
ments) containing a signal peptide followed by three HA tags
(the Flag tag was removed by digestion). To perform the MARCM
rescue experiment in vivo, the Eph-shRNA-resistant Eph cDNA
was used as a template. The detailed DNA sequences are avail-
able on request.

Mosaic analysis

MARCM analysis was performed according to previously de-
scribed methods (Lee and Luo 1999; Potter et al. 2010). We gener-
ated the PN neuroblast clones by exposing flies with the
appropriate genotypes to a 1-h heat shock (37°C) at 0-24 h after lar-
val hatching, with the exception of 1.5-h heat shock delivered
twice with a 1-h interval for independent double MARCM. We
dissected both male and female flies within a week following eclo-
sion, with the exceptions described in Supplemental Figure S4.

Immunostaining

The immunostaining of fly brains was performed as described
previously (Wu and Luo 2006). We used rat anti-mCD8 (1:200;
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Invitrogen, MCDO0800), mouse anti-Bruchpilot (1:50; Develop-
mental Studies Hybridoma Bank [DSHB], nc82), mouse anti-
myc (1:1000; Invitrogen, 46-0603), rat anti-DN-cadherin (1:50;
DSHB, DNEX-8), rabbit anti-GFP (1:500; MBL, 598), mouse
anti-HA (1:1000; Covance, 16B12), and goat anti-tdTomato
(1:200; Sicgen, AB8181-200) antibodies. Drosophila S2 cells
were cultured on concanavalin A-coated coverslips (25°C), trans-
ferred to 4°C, incubated for 20 min with 2% bovine serum albu-
min (BSA) in phosphate-buffered saline (PBS) followed by a 1-h
incubation with 1 pg/mL Ephrin-Fc, and fixed. The immunostain-
ing was performed with mouse anti-HA (1:1000; Covance, 16B12)
and goat anti-human-IgG (Fc specific)-Cy3 (1:1000, Sigma-Al-
drich, C2571) antibodies. The immunofluorescence signals
were acquired using a TCS SP5 or SP8 confocal scanning micro-
scope (Leica) and then processed using Image] and Adobe
Photoshop.

Coimmunoprecipitation and immunoblotting

The actin-Gal4 and desired UAS constructs were cotransfected
using Effectene transfection reagent (Qiagen). Drosophila S2 cells
were plated at a density of 6.0x 10° cells in a 60-mm dish and
transfected according to the manufacturer’s protocol. The cells
were collected 48 h after transfection, sonicated in lysis buffer
(25 mM Tris-HClat pH 7.9, 10 mM NaCl, 2 mM EDTA, 0.5% Tri-
ton X-100, 10 mM DTT, 1x Complete [Roche]), and incubated
with Ephrin-Fc for 1 h. Next, protein G agarose (Roche) was added
and immunoprecipitated according to the manufacturer’s proto-
col. Western blotting was performed with the mouse anti-HA an-
tibody according to standard techniques (1:1000; Covance,
16B12).

Statistical analysis

For the quantification of VA1d dendritic spillover in Supplemen-
tal Figure 5, we used the Student’s t-test. The sample sizes and
P-value are indicated in either the figure or figure legend. The
sample sizes were chosen according to standard practice in the

field.
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