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Summary

The most prominent feature of the human brain is its large and folded cortex. The cortex
is a laminar sheet of tissue that is organized into several layers and believed to control
high level cognitive functions. During evolution, the cortex of many mammals expanded
laterally much more compared to its increase in thickness. Since the surface area of the
surrounding skull expanded less, the only way to fit the large cortical surface into the
limited space was to fold it. Thus, today we can see gyrencephalic (folded, e.g. human)
and lissencephalic (non-folded, e.g. mouse) mammalian brains. The precise mechanisms
guiding cortical folding are still largely unknown. During brain development many neu-
rons travel long distances from their birthplace to their final destination. To form the six
layered structure of the cortex, newborn neurons migrate from the ventricular and subven-
tricular zone all the way out into the cortical plate. The timing, speed, travel distance
and direction of migration determines the neuron’s final location and thus the overall
morphology of the cortex. To date, all experimental evidence suggested an increased
number of neural progenitors as the main cause of folding. However, several theoretical
models proposed that cortical folding can be induced by rearranging the same number
of cortical neurons. The distribution and organization of cells depend on a balance of
intercellular adhesive and repulsive signalings. The Fibronectin Leucine-Rich Transmem-
brane (FLRTSs) family of proteins can provide both signals by functioning as adhesive
molecules and as heterotypic chemorepellents. The FLRTs (1-3) are regulators of early
embryonic vascular and neural development. Mice with deletions of Firt1 and Firt3 show
evidence that, cortical folding can be induced without increasing the number of neurons
or neural progenitor cells. Instead removal of Firtl and Flirt3 alters neuronal migration
and distribution. We consistently found bilateral clustering of mutant neurons normally
destined to express FLRT3 in posterior cortical regions, which mostly coincided with the
location of folds. Interestingly most folds appeared unilaterally on the left side in Firt1/3
DKO suggesting that cortical asymmetries favour folding on one side. Moreover, live
imaging of embryonic cortex slices showed that neurons in Flrt1 /3 DKO mice were more
likely to reach high migration speeds. The higher migratory speed was confirmed in vivo
where more neurons reached the upper cortical plate too early and failed to mature their
dendritic trees. Based on the observation that both an increase and reduction in FLRT
expression in the developing cortex induces neuron clustering, simulations of neuronal
migration showed that a tight balance between cell adhesion and repulsion is required for
concerted neuronal migration. Simulations of neuronal migration with reduced cell ad-
hesion favours the formation of a wavy cortical surface and may thus occasionally induce
folding. In addition, we found reduced levels of Flrt1/3 mRNA in humans and future
sulcus regions of ferrets, suggesting that the fine-tuned balance between attractive and
repulsive forces is a key regulator of folding.

The mammalian retina has the remarkable ability to dissect the visual scene into
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distinct streams of information encoding color, luminosity, motion and contrast. Each
stream is integrated by a subtype of cells in the ganglionic cell layer (GCL) and trans-
mitted via parallel pathways to the visual centers in the brain. FLRT3 has been shown
to act as a controlling factor of retinal vascular development. In order to distinguish
vascular versus neuronal functions of FLRT3, we aimed to compare retinas totally de-
pleted of FLRT3 by using SOX2-Cre with retinal ganglion cell (RGC)-specific Brn3b-Cre
knock-out. Our results show that full depletion of Firt3 results in cataract formation,
eye malformation, blindness and in one case specific loss of RGCs. Interestingly, all these
phenotypes are not present when FLRT3 is removed specifically from RGCs, suggesting
that its effects on the vascular system have a crucial role during retina and eye formation.

Analysis using genetic markers showed that all FLRTSs (1-3) are also expressed in the
retina postnatally and mainly in a subset of retinal ganglion cells (RGCs). Therefore, we
asked whether FLRTs could represent potential markers for a functional subpopulation
of that cell type. Functional analysis has identified more than 30 different RGC sub-
types in the GCL so far. However, many of the functionally identified subpopulations
lack a genetic marker to target these cells for full characterisation of each subpopulation.
Histochemical studies showed expression of FLRT3 in a specific cell population within
the GCL. Quantification revealed that 23% of the FLRT3+ cells are RGCs while the
remaining 67% are displaced amacrine cells. The FLRT3+ RGC cell population rep-
resents only 6% of all RGCs. However, non-mosaic like FLRT3 RGC distribution and
varying stratification depths within the inner plexiform layer revealed that the FLRT3+
RGC population consists of at least 6 morphologically defined subpopulations. The two
biggest groups of FLRT3+ RGCs, which represent 78% of all reconstructed cells stratified
within the ON layers 7-10, suggesting that those cells might react to increases in light
intensity. Notably, 2 groups of ON-OFF bistratifying RGCs in layers 3/4 and 7/8 and
a small population stratifying in the OFF layer 2 were identified. ON-OFF RGC spe-
cific CART immunostaining confirmed that 23% of all FLRT3-RGCs are indeed ON-OFF
RGCs. Finally, 9 out of 83 RGCs showed a very diffuse stratification pattern. Retinofugal
projection analysis of the whole FLRT3-RGC population showed no subregion specific
targeting in the superior colliculus or ventral/dorsal lateral geniculate nucleus (LGN),
which is usually found for ON, OFF or ON-OFF direction selective ganglion cells. This
finding confirms the result that FLRT3+4 RGCs consist of more than one functional sub-
population. Moreover FLRT3-RGCs innervate several nuclei of the accessory optic tract,
which is important to control retinal image stabilisation. Interestingly FLRT3+ RGC
projections were found in the medial terminal nucleus (MTN), which is the main target
of ON direction selective ganglion cells (ON-DSGCs), thereby suggesting that at least
a fraction of the FLRT3+ RGCs are ON-DSGCs. FLRT3+4 RGCs completely avoided
the intergeniculate leaf (IGL) and the suprachiasmatic nucleus (SCN), which excludes
FLRT3-RGCs from being involved in circadian entrainment. Overall data supports the
idea that FLRT3-RGCs are a mixtue of mostly ON but also some OFF and ON-OFF
RGCs, which might be important for image stabilization.



Chapter 1

Introduction - FLRT's in cortex
development

All nervous systems develop through 4 essential stages. First, progenitor cells proliferate
into a epithelium. Second, they proliferate and differentiate into neurons and glia that
will migrate and position themselves in a controlled manner. Third, neurons will mature
and establish specific connections through the development of dendrites and the extension
of axons. Finally, neurons will develop and refine chemical and electrical synapses with
the support from glial cells [47].

1.1 Principles of mouse brain development

It takes around 19 days until the fusion of an egg cell and a sperm results in a newborn
mouse that can survive outside a mothers protected uterus. The key processes that are
needed to form a mouse from a single totipotent cell are simple. Embryonic cells need
to divide or apoptose, sometimes migrate long distances, eventually specializing into a
single cell type. However, all the mechanisms involved in such extraordinary events are
not fully understood. A birth control system has to tell the cells exactly at what time and
location they should divide or apoptose. They need clear signs that show them where to
migrate and at what time they should start to do so. Finally, each cell needs to receive
a signal that instructs them to differentiate- eg. into a neuron or a muscle cell.

Two developmental principles are repeatedly combined to organise proliferation, mi-
gration, differentiation and cell death: Asymmetry/polarity and embryonic induction. It
all starts with the emergence of asymmetry.

The mouse oocyte is initially morphologically point-symmetric but eventually becomes
an animal with three polarised axes. The cranial-caudal, the dorsal-ventral and left-right
axis. Thus the developmental program needs to develop asymmetric poles.

But how does asymmetry emerge? Asymmetry has its molecular origins at the oocyte
stage. Biomolecules and organelles distribute asymmetrically within the cell to build
up a gradient that leads to the formation of the first body axis: the animal - vegetal
axis [51], 135]. In the following rounds of cell divisions, the initial molecular gradient is
successively converted into the morphologically asymmetric blastocyst. In the following
process known as gastrulation the blastocyst forms the three germ layers endoderm,
mesoderm and ectoderm. Subpopulations of cells from each layer then give rise to specific
body parts. Neural induction is the key principle that directs cells towards their correct
cell fate. As a consequence of the initial asymmetry of the blastocyst, a spacially restricted
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subpopulation of cells begins to express a protein called factor X. Factor X either diffuses
through the tissue or stays attached to the cell membrane. The neighbouring cells may
or may not respond to factor X. The cellular response mainly depends on two factors:
1) the expression of the right receptor types that bind factor X or 2) the concentration
of factor X. That means that even if all cells were exposed to factor X, they could react
differently. In this case factor X would be called a morphogen. Morphogens induce the
expression of different target genes in a concentration-dependent manner. Low threshold
target genes become expressed even in cells far away from the release site of factor X
while high threshold genes will only be activated in close proximity to the source of
factor X. Depending on the combination of expressed target genes the cells then specify
into distinct cell types [245].

1.2 Focus on cortex development

1.2.1 Neuron production

The fully developed mouse cortex contains around 49 different cell types that can be
grouped into three main types: 19 glutamatergic excitatory pyramidal neurons, 23 GABA-
ergic inhibitory interneurons and 7 non-neuronal types [261]. In the adult mouse cortex
only about half of the cells are neurons. The remaining cells are astrocytes, microglia,
oligodendrocytes, oligodendrocyte precursor, endothelial and smooth muscle cells [102].
In total, a mouse embryo generates and distributes 13.7 million neurons in a defined
layered pattern across the cortex in approximately 8 days. [I01]. All cells of the cerebral
cortex develop from the telencephalic vesicle, the most rostral part of the neural tube.
Initially the neural tube is only one cell layer thick. In the following rounds of symmet-
ric progenitor cell divisions the neural tube enlarges laterally like a balloon to form the
ventricular zone (VZ). At this stage all progenitor cells have a bipolar shape with one
process touching each side of the neural tube (Figure . Around embyonic day 10
(E10.5) (in mouse) progenitor cells at the cortical VZ switch to asymmetric division to
generate apical radial glia cells (aRGC) and neurons. These neurons then migrate out
radially along the basal processes of the radial glia cells and form the preplate (PP). The
preplate consists of Cajal-Retzius cells that mark the upper boundary (marginal zone,
MZ) and subplate (SP) cells that line the lower boundary (SP) of the future cortical
plate. Although most of the asymmetric divisions of radial glia form postmitotic neurons
directly, some generate intermediate progenitor cells (IPs) that migrate to a region be-
low the subplate called intermediate zone (IZ). Upon arrival at the IZ they continue to
divide symmetrically to generate up to 8 postmitotic neurons. Indeed about 80% of all
excitatory cortical neurons derive from those IPs [97, [175]. In addition to aRGC and IPs,
subapical progenitors (SAPs) also contribute to the progenitor pool expansion during
neurogenesis [I75]. Within 7 days newly generated neurons follow the same path along
radial fibers and form the cortical plate between the marginal zone and subplate. In the
latest stages of neurogenesis some radial glia cells themselves start to migrate towards the
cortical plate. After a final asymmetric division they detach from the VZ and translocate
upwards to generate a basal radial glial cell (bRGC) [186]. The cortical plate is not a
homogeneous tissue but organizes itself into 6 functionally defined layers (Figure .
The layer which a neuron integrates into is determined by its birthdate [212]. Layer VI
neuron generation peaks around E12.5 followed by layer V neurons at E13.5. Pyramidal
neurons of layer IV are born around E14.5 and lastly upper layer neurons of layer I1/111
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at E15.5 [5, 32).

e " [I Cajal-Retzius cells
/1 callosal
IV Intracortical
NeurorJ
v Callosal
Subcerebral
/ VI Corticothalamic
A
\ SP
PP
o~ svz \ /! -
\"/4 \
aRG vz
E1L> E14.5 Adult

Figure 1.1: Cortical development. Initially aRGCs divide symmetrically to laterally enlarge the neural
tube. From E12-E18 the cortex grows radially when aRGCs start to divide asymmetrically giving rise to
neurons and intermediate progenitors. More than 80% of all excitatory cortical neurons are generated by
symmetric division from those intermediate progenitor cells. IP: intermediate progenitors, aRGC: apical
radial glia, bRGC: basal radial glia, VZ: ventricular zone, PP: preplate, SVZ: subventricular zone, 1Z:
intermediate zone, SP: subplate, CP: cortical plate, MZ: marginal zone, WM: white matter

While the cortical VZ is the main source of glutamatergic neurons in the cerebral neo-
cortex, the second class of neurons, local circuit interneurons, are generated outside the
cortical VZ. The majority of interneurons are born in the ventricular zone of two subcorti-
cal regions called the medial and caudal ganglionic eminence (MGE, CGE) and a smaller
amount in the preoptic area (POA) [4,[160]. From there they travel long distances within
the intermediate zone to reach their final destination in the cortical plate. In case of the
MGE, birthdate determines laminar location of interneurons in the cortex and roughly
matching those of the excitatory projection neurons. Early born interneurons (E12.5)
integrate into deep layers while late born (E14.5-E16.5) neurons populate the upper lay-
ers [292]. Interneurons from the CGE however are born during late neurogenesis and
do not follow the same rule. In the end interneurons comprise about 20% of all cortical
neurons [44]. Local circuit interneurons are divided into 3 main subgroups, defined by the
expression of parvalbumin (PV), neuropeptide somatostatin (SST) or 5SHT3aR serotonin
receptor [147]. The interneuron groups differ in their electrophysiological properties and
connectivity. Malfunction of inhibitory interneurons may lead to overexcitation of asso-
ciated neuronal networks and thus result in epilepsy, schizophrenia and autism. At E18,
neurogenesis is mostly completed and neural progenitors switch to gliogenesis, generat-
ing oligodendrocytes and astrocytes. Indeed the increase in brain size during postnatal
development can be mainly attributed to the production of new glial cells. Radial glia
cells are therefore gradually restricted in their potential to produce neurons and change
to glia production mode. So far only the proliferation of the radially migrating excitatory
projection neurons has been associated with cortical folding.
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As described above, the progenitor cells in the VZ continuously change their produc-
tion line. First they amplify themselves to increase overall proliferative capacity. Then
they switch to a neurogenic mode where they produce all different types of neurons within
7 days. And finally around birth the gliogenic production mode takes over to produce
astrocytes and oligodendrocytes.

1.2.2 Neuronal migration

In complex nervous systems like the mouse CNS, the different types of neurons and glia
are not produced at the location in which they will integrate into the neuronal circuit.
Instead, all complex brains use distinct proliferative zones where each specialises in the
production of a certain cell type. The consequence of that strategy is that the different
cell types need to migrate, sometimes long distances, to reach their final destination. The
acquisition of cellular migration is a hallmark of more complex nervous systems and its
regulation is thus critical for its proper function. Neurons use two basic modes of migra-
tion: Radial and tangential. Radial migration can either be into the direction of the pial
membrane (Cortical projection neurons) or away from it (e.g. cerebellar granule cells)
[186], 210]. Tangential migration perpendicular to the radial axis can be either directed
(e.g. interneurons of the 1Z/SVZ) or undirected (e.g. interneurons of the MZ) [199] 260].

Migrating neurons are usually guided by molecular gradients. A concentration differ-
ence of only 6% between the front and back of a neuron is enough to orient them into the
right direction [47]. Neurons follow two strategies to measure concentration gradients of
attractive or repulsive guidance cues. The first is to use a single leading process point-
ing into the direction of migration. Lamelipodia and filopodia at the tip of the leading
process randomly sense the guidance cues around them. Those branches that sense an
attractive molecule get stabilised while the remaining branches retract [309]. In cortex
development neurons with a single leading process are often closely attached to the radial
fibers of the RGCs [211]. Interestingly the actin regulating protein lamellipodin (Lpd)
enables neurons to distinguish between axonal and radial fibers. If Lpd is missing, the
leading process attaches to axons instead, which orients the neurons perpendicular to
the radial fibers along the tangential axons in the 1Z [204]. A single leading process is
usually used by straight migrating cortical projection neurons. Other neuronal types
use branched leading processes as guiding sensors. The advantage over a single one is
that the neuron can scan chemoattractant or repellent levels across a broader area [270].
Interneurons and other tangentially migrating neurons show the branched type of lead-
ing process [166]. Mutation experiments causing impaired cell adhesion at the leading
process of migrating neurons, increases branching [69]. This suggests that pro-adhesive
signals prohibit branching.

The leading process not only steers the neuron into the right direction but may also
serve as the engine pulling neurons forward. There are two known mechanisms that drive
neurons forward: Somal translocation and locomotion. In somal translocation a neuron
has a long (60-96 pm) branched leading process that is attached to the pial surface. By
contracting the leading process the soma gets pulled up very quickly towards the attache-
ment site and stops when it reaches the branch point. In contrast to somal translocation,
neurons in locomotion mode have short leading processes and migrate more discontinu-
ously with alternating phases of fast and slow movements. The leading process is closely
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attached to one of the radial fibers of the RGCs and it is used as a guide to pull the
neuron into the preferred direction. In the early stages of cortical development when the
cortical plate is only a few cell layers thick, the majority of migrating neurons rely solely
on somal translocation to move upwards. However with increasing cortical thickness,
the leading process of migrating neurons fails to reach the pial surface, so they require
locomotion to move forward [I82]. Between E12 and E18 few neurons migrate non-stop
to the cortical plate (CP) after neurogenesis. Most newly generated neurons go through
four phases of migration. The newborn neurons first acquire a bipolar shape and migrate
rapidly from the VZ to the SVZ. Upon arrival in the SVZ/IZ they convert to a multipolar
shape and remain there for about 24h. While a minority continues its migration to the
CP afterwards, the majority of neurons first reverses direction towards the VZ. When
their leading process touches the ventricular surface they keep the contact for about 10h.
Afterwards they invert their polarisation and move upwards into the cortical plate by
locomotion. The leading process that originally contacted the ventricular surface con-
verts to the trailing process and a new leading process is protruded at the opposing pole.
During upwards locomotion the trailing process elongates and grows tangentially within
the VZ [186]. It later becomes the neuron’s axon [234]. Interneurons in contrast only
start to develop axons when they arrive at their final location [198] 174 239]. Finally, as
soon as the leading process touches the pial surface, the neuron switches migration mode
and is pulled up to its final layer by somal translocation. However, in some cases one
of the branches attached to the pia retracts, which leads to a final tangential movement
towards the remaining branches [182]. Interestingly neurons generated by symmetric di-
vision from the same progenitor usually migrate together [186].

Now that I have described the mechanisms neurons use to move forward and sense
their environment I will focus on the molecules that are involved in cortical migration.
Guidance molecules like semaphorins, slits, ephrins, netrins and the chemokine SDF are
involved in the control of neuronal migration [210]. Our understanding of the complex
interactions between these molecules and all phases of migration are still not well under-
stood. As a general rule, migrating neurons need to sense signals from the surrounding
tissue and convert it into action. So far two signals have been found that are necessary to
allow neurons to move into the cortical plate: Semaphorin3a and Reelin. Both molecules
are secreted near the top of the cortical plate. Knockout of Sempahorin3a or Reelin in
mice inhibits the multipolar-to-bipolar transition which is needed for radial migration
[264], 39]. Multipolar neurons sense Reelin and ensure the cell surface expression of the
adhesive N-cadherin. Too high or too low levels of N-cadherin inhibit neuronal migration
[125], [121]. How correctly dosed levels of N-cadherin influences exit from the multipolar
stage is still unknown.

1.2.3 Neuronal differentiation and function

The different types of neurons do not distribute equally across the whole cortical volume.
It is assumed that the cortex consists of repetitive, modular columns, each representing
a computational unit [164]. Within each column the cortex distributes and concentrates
certain types in one of the six cortical layers. Although generally the neuronal composition
within each layer is very similar there are regional differences especially between sensory
and motor cortex. Ultimately, the connections of the different neuron types determines
their function within the circuit. Layer II/IIT contains different types of commissural
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neurons that establish cortico-cortico connections. Layer IV neurons receive sensory in-
formation and layer V contains different types of projection neurons that connect to the
brainstem, spinal cord, superior colliculus and the striatum. Layer VI contains mainly
callosal and corticothalamic projection neurons (Figure [152]. Our knowledge about
the function and how interneurons distribute across all layers in the cortex is very scarce.
Interneurons are usually broadly subdivided into spiny pyramidal and spiny stellate cells
[297]. Spiny pyramidal cells are excitatory glutamatergic neurons that reside in layer
IV where they receive sensory inputs from the thalamus. Spiny stellate cells are a very
diverse class of neurons that share inhibitory GABAergic properties. They differ in con-
nectivity and firing properties but currently there is no classification for these cells [164].

How does the pool of progenitors establish such neuron diversity? Two opposing the-
ories exist: One is a progressive competence-restriction mechanism, where the progenitor
cells become more and more restricted in the type of cells they can produce. The second
theory is the fate-restriction model in which different progenitor cell types produce a
certain type of neuron. So far experimental evidence strongly supports the competence-
restriction mechanism for excitatory neurons. When neural progenitor cells are grown in
cell culture, the same progenitor can sequentially give rise to deep-layer and upper-layer
neurons [159, 278]. If a late cortical progenitor is placed into a young cortex environment
it cannot produce early progenitor neuron fates [77]. Most fate decisions occur during
the progenitor stage development. However during early postmitotic stages other tran-
scription factors continue to refine neuronal subtype identity. This refinement includes
defining axonal projection targets, morphology and connectivity [152].

In the adult brain, glutamatergic projection neurons and GABAergic interneurons
connect with each other such that the interplay of excitation and inhibition allows sen-
sory signal processing and the establishment of motor actions. How each of those neurons
connect to each other to form a functional circuit is not very well understood. Accumu-
lating evidence suggests that the preference for connection to specific neuronal subtypes
is defined by neuronal identity [25]. Moreover different functional outcomes of interneu-
ron inhibition/excitation can be established by specifically targeting the soma, dendrites
or the axon initial segment of the pyramidal neuron.

1.3 Structure and functions of the FLRT transmem-
brane receptor family

The family of FLRT proteins FLRT(1-3) was found in a screen for extracellular matrix
proteins and have since then been studied by many labs. Flirts are expressed in many parts
of the fetal and adult human body. FLRT2 and FLRT3 can be found in the pancreas,
skeletal and heart muscle. Lung, liver and placenta show Firt1 and Firt3 expression. All
three FLRTSs are found in the brain [144].

The structurally homogeneous (41-55% sequence match) FLRT proteins are between
649 and 674 amino acids long and belong to type-I single-pass transmembrane proteins.
At the N-terminus, their extracellular domains (ECD) contain a 10 leucine-rich-repeat
domain (LRR) that is flanked by one highly conserved cysteine-rich region on each side
(Figure A). In general LRR domains have been implicated to be key sites for biologi-
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cally relevant homo- and heterophilic protein-protein interactions and they are a common
motif found in several other proteins [26, 138, [16]. These include Slit (midline crossing,
dendrite arborization), Trk (axon growth/target selection), synaptic adhesion molecules
(synapse formation) and LGI1 (synapse function) [24, [161], 137, 54, 288, 80, 8I]. The
proximal part of the FLRT ECD contains a fibronectin type III motif and a metallopro-
tease cleavage site (Figure A). The short intracellular tail has no known functional
domains but may be phosphorylated. FLRT proteins have the structure of single-pass
transmembrane receptors and were shown to bind four different receptor classes: FGF
receptors, Latrophilin3, Robol and Uncbs
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Figure 1.2: Repulsive and adhesive function of FLRTs. A: Structure of FLRT1-3 transmembrane
receptors. B: FLRT3 extracellular domain is shed from the cell surface to repell Uncb positive cells and
axons. C: Homophilic binding between FLRTs mediates cell adhesion. ECD: extracellular domain.

In line with known functions of LRR domain containing proteins, FLRTs were shown
to regulate neural, vascular and early embryonic (E6<) development [296] 67, 150], 163,
180], [193]. FLRTs are known to modulate FGF signaling which is essential for cell mi-
gration, proliferation and differentiation during development [114]. The interaction of
FLRT2/3 at the Fibronectin type III domain with their corresponding FGF receptor
(FLRT?2 binds FGFR2, FLRT3 binds FGFR1+FGFR4a) induces FGFR signaling through
the Ras/Raf/MAPK pathway. Interestingly Flrts seem to be induced by FGF-receptor
signaling and serve as a positive feedback regulator of FGFR levels (Figure(1.3|C) [91} 23].

Moreover FLRT's are known to homophilically bind to each other via the LRR domain
(Figure|1.2|C). Experiments on Flrt deletion constructs showed that the homophilic inter-
action works via the LRR domain and is independent of the fibronectin type-III domain or
the cytosolic tail. The homotypic FLRT-FLRT interaction was shown to be important for
homotypic cell sorting in vitro (293T cells) and in vivo (Xenopus embryos). Overexpres-
sion of FIrt2 or Flrt3 leads to a segregation of 293T cells or Xenopus embryonic cells [123].

During development FLRT-FLRT interactions are essential to ensure cell integrity.
Mice that lack FLRT2 or FLRT3 show defects in the heart epicardium (Firt2 KO) or the
anterior visceral endoderm and basement membrane (Flrt3 KO) [67, 180]. As the struc-
tural homology suggests, FLRT2 and FLRT3 seem to have redundant functions [180]. In
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addition to a role in cell-cell contact, FLRT2 mediates cell-matrix interaction by bind-
ing to the extracellular matrix protein fibronectin [75]. In contrast to the cell adhesive
functions, FLRTs were shown to promote cell de-adhesion in Xenopus embryos. This
effect is mediated via direct interaction of the intracellular tail with the small GTPase
Rnd1 which is a modulator of the actin cytoskeleton. Moreover the cell adhesion protein
C-Cadherin is internalized and thereby allows cell de-adhesion [189, 123]. To summarize,
the LRR domain promotes homotypic cell adhesion and repulsion while the intracellular
tail mediates cell de-adhesion. During development this dual functionality may allow
cells to detach from their origin and migrate together in groups to their target location
[123].

The brain is the only part of the body where all three FLRT receptors are found.
However, the neurodevelopmental functions of FLRT receptors are still incompletely un-
derstood. First experiments indicated a growth promoting effect on developing and dam-
aged neurons. In experiments where sensory nerves from rats were damaged, Flrt3 was
upregulated at the presynaptic axon terminals [224]. In ez vivo cultures of cerebral gran-
ule neurons, FLRT3 promoted neurite outgrowth while knock down of FLRT3 decreased
the number and length of outgrowing neurites [269, 224]. Additionally, FLRT1 was
shown to have a neurite promoting effect on primary hippocampal neurons [287]. More-
over FLRT3 was shown to modulate Netrin-mediated attraction in thalamocortical axons
(TCA) (Figure C). Flrt3 is only expressed in rostral TCAs but not in intermediate
TCAs. In presence of Slitl, the FLRT3-Robol interaction sensitizes rTCAs to the at-
tractive guidance cue Netrinl. FLRT3 negative iTCAs are not attracted by Netrinl [150].

Besides neural outgrowth FLRTs have been shown to facilitate synapse formation
(Figure B). Trans interaction of postsynaptic FLRT3 with the presynaptic G-protein
coupled receptor latrophilinl promotes glutamatergic synapse formation in hippocampal
neurons. Knock-down of FLRT3 or latrophilin in cultured neurons, reduces excitatory
synapse density. Similarly in vivo knock-down of FLRT3 in dentate gyrus granule cells
reduces dendritic spine number which results in a decrease in excitatory postsynaptic
currents (EPSCs) [193]. The interaction between FLRT and latrophilins has been con-
firmed by a crystal structure where the N-terminal part of the LRR domain of FLRT?2
binds to the Olfactomedin domain of Latrophilin 3. It was also shown that the FLRT
Latrophilin interaction mediates cell adhesion (Figure [1.3) B) [115], [155]. Moreover bind-
ing assays suggest that FLRT itself mediates the simultaneous binding between UnchD
and latrophilin3 to allow the formation of a ternary complex. Since the Uncb and Lat-
rophilin3 binding sites are at two opposing locations of the LRR domain, it allows the
simultaneous binding of Unc5D and latrophilin3. While the FLRT2-latrophilin3 interac-
tion mediates cell adhesion, the addition of UncbD attentuates the cell adhesive effect.
Further stochiometric analysis of the FLRT-Uncb-latrophilin complexes even suggests the
formation of a quarternary complex where 2 latrophilin3 molecules bind to FLRT3 and
UncbHD. Moreover mass spectrometry analysis proposes that those 2:1:1 complexes may
even form dimers resulting in a Latrophilin3-FLRT2-Unc5D octamer (Figure|1.3|B) [116].

In contrast to the growth promoting effects on neurites and synapses, FLRT2 and
FLRT3 were also found to have a repulsive effect on outgrowing axons during develop-
ment (Figure|l.2|B). In primary mouse neuron cultures it was found that the extracellular
domain (ECD) of FLRT1,2 and 3 can be shed from the receptor. The soluble FLRT ECD
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can bind to Uncb receptor expressing axons and thereby induce repulsion. Specifically
it was found that in cortex/hippocampal cell cultures, FLRT2 or FLRT3 ECD induce
growth cone collapse in UncbD and UncHB expressing axons and soma. In vivo experi-
ments confirmed the repulsive interaction between FLRT and Unc5. Around embryonic
day E15.5, the cortical plate shows high expression of Firt2 while neuroblasts and new-
born neurons in the SVZ express Uncb5D. Knockout of FLRT?2 or UncbD prevents repulsive
FLRT2-UnchD interaction and leads to a premature migration of UnchD positive neu-
rons into the cortical plate. Conversely an increase in UncbD levels increased repulsion
and thereby delayed neuronal migration (Figure A) [296]. Also, in the retina, in
vitro experiments and lamina specific expression pattern suggested a role for FLRT-UNC
interactions in restricting dendritic arbours to defined sublaminae [275].
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Figure 1.3: Different functions of FLRT interactions. A: Overexpression of FLRT2 or Unc5D reduces
migratory speed. B: Latrophilin, FLRT3 and Unc5D interaction are involved in synapse formation.
The supercomplex FLRT2-Unc5D-Latrophilin3 octamer (2:2:4) is probably mediating cell adhesion. C:
FLRTs crosstalk with other signaling pathways. FLRT2 acts as a positive feedback regulator for FGF2
receptor. FLRT3 positive rostral ThA get attracted by Netrinl while FLRT- intermediate ThA do not
react to Netrinl. ThA: Thalamocortical axons, FGF: Fibroblast growth factors, I1Z: Intermediate zone,
SVZ: Subventricular zone, VZ: Ventricular zone, CP: cortical plate.
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1.4 Current models of the mechanism of cerebral
cortex folding

The human cerebral cortex is a 2.5 mm thin layered structure in which most of its volume
is occupied by myelinated cortico-cortico, cortico-thalamic and cortico-spinal axons [1].
During evolution the cerebral cortex expanded laterally instead of growing radially by
adding more layers of neurons (Figure . In order to fit the tangetially expanded
cortical surface area of about 1600cm? into the human skull it had to develop large sulci
(inward folds) and gyri (outward folds). In humans the cerebral cortex folds between 25
and 40 weeks of gestation.

Cortical growth

Lateral expansion
12 neurons

Figure 1.4: Radial vs. lateral cortical expansion. Cortical expansion requires the generation of new
neurons which can be integrated in two ways. A: Neurons form a new layer, which expands the cortex
radially. B: Neurons integrate into the existing layers, which expands the cortex laterally. In the end
both cortices have the same number of neurons.

1.4.1 Evolutionary correlates of folded brains

The most evident difference between less and more folded mammalian brains is their
size. As a general rule, bigger brains tend to fold more. The degree of cortical folding is
usually described as the gyrification index (GI) which is the ratio of the cortical surface
area including folds over total pial surface area (Figure [310]. A high GI indicates
more foldings.

Gl

VZ/_\

Figure 1.5: Schematic representation of the gyrification index GI
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By comparing the GI of over 100 mammalian species, it was shown that increased GI
values (increased folding) in most species positively correlates (non-linearly) with brain
weight, neuron number and neocortical volume. The increase in neuron numbers of bigger
brains below a GI of 1.5 can be explained by an increase in the neurogenic period alone.
If a brain exceeds the GI threshold of 1.5, however, it on average increases brain weight
14 times faster per gestation day compared to low GI brains. The difference between high
and low GI brains cannot be explained by an increase of the neurogenic period alone which
in humans (GI > 1.5) is about 12 times longer compared to mice (GI < 1.5). Additionally
cell-cycle length in human neurons (45 h) is about 2.5 times longer than in mice (18.5
h) and makes it even more difficult to achieve the 1000 fold higher number of neurons in
human (Figure . Thus beyond the GI threshold of 1.5 it becomes necessary and more
cost-efficient to increase the proliferative potential of the neurogenic zones [149]. Indeed
during development human brains show an expanded SVZ, which structurally divides
into the inner SVZ (ISVZ) and outer SVZ (OSVZ). The OSVZ develops because of an
increased number of basal progenitors (BPs). That pool of BPs consists mainly of two
cell types: nonpolar basal intermediate progenitor cells (bIPs) that are not attached to
any membrane and basal radial glia (hRG) that extend a radial fiber to the basal mem-
brane. In mice BPs usually divide once to generate two neurons. In gyrencephalic species
it is believed that BPs increase the progenitor pool size by symmetric and asymmetric
self renewing divisions before specifying into neurons in a final division [149] 238, [92], 281].

Overall, data suggests that neocortical expansion below a GI of 1.5 was driven by
increasing the neurogenic period, which beyond a GI of 1.5 was further boosted by a
massive expansion of the neuroprogenitor pool size [I149]. However, an increased cell
proliferation does not automatically lead to cortical folding. The increased number of
neurons in humans vs. mice lead to a disproportional lateral expansion of cortical surface
(1000x) but only a minor increase in cortical thickness (10x) [73]. Thus, further theoretical
and experimental work has attempted to solve the mechanisms that regulate the balance
between radial and tangential cortical expansion.
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Figure 1.6: Evolutionary correlates between lissencephalic mouse and gyrencephalic human brain. A:
Human cortex increased its size by expanding laterally instead of radially. B: On a cellular level the
human cortex increased the thickness of the SVZ being subdivided into ISVZ and OSVZ. C: Gyren-
cephalic species like humans increased their pool of neuronal progenitor cells by symmetric division of
basal radial glia cells to adapt to the increased number of neurons. SVZ: subventricular zone, ISVZ:
inner SVZ, OSVZ: outer SVZ, bIP: basal intermediate progenitors, bRG: basal radial glia.
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1.4.2 Theoretical ideas on cortical folding

The exact mechanisms by which gyrencephalic species develop folds during the phase of
increased tangential expansion is still heavily disputed and several theoretical models have
been proposed. Three questions are of major interest to solve the folding mystery. First,
what biophysical properties of the cerebral cortex facilitate and correlate with folding?
Second, what biological mechanisms do gyrencephalic species use to fold their brains?
Third, is cortical folding just a byproduct of cortical expansion or genetically encoded?

To answer the first question, theoretical models simplify the cortex into a bilayer
where the outer zone is the cortical plate and the inner zone represents the intermediate
and ventricular zone [I]. Both layers may vary in their stiffness which defines how forces
translate into tissue deformation. Although initial simulations proposed that the outer
layer is required to be much stiffer than the inner layer in order to form folds, stiffness
measurements of both layers showed that they are not so distinctly different [222] 285].
All mathematical models assume that the outer layer expands at higher speed than the
inner layer. The outcome of those models was that initial geometry and the ratio of
lateral vs radial expansion influence the folding pattern. Certain major folds are consis-
tently found at the same location between human brains. Folding simulations in which
the original brain shape of developing human fetuses was used showed that the initial
cortical geometry, before its massive tangential expansion, influences the location of folds
[258, [14]. Further, experiments in a 3D printed human brain model coated with an ex-
panding polymer showed that a faster expanding outer zone induces folds that are very
similar in size to the folds observed in humans [258]. This experiment also demonstrated
that folds can appear even without an external constraint and thereby refutes the theory
that folds may form due to external forces that restrict space for the expanding cortex
[286]. Moreover a study comparing cortical morphometrics across different mammalian
species showed that the degree of folding is a function of cortical thickness and surface
area and does not correlate with the total number of cells. The more surface area and
thinner the cortex, the higher degree of folding is observed [I79]. Even in highly folded
brains, the variations in the degree of local folding inversely correlates with the local
thickness of the cortex [103].

Another early theory that has been experimentally tested, proposed intrinsic forces
that are built up by the axons of migrating neurons. The so named ”axon tension” theory
suggested that forces from axons could pull at the regions where future sulci form and
thereby induce cortical folding [271]. However experiments where axons in the developing
gyri of ferrets were cut to measure the direction of forces concluded that there are not
enough forces in the tangential direction that could pull the gyri together (Figure
[290]. The next section will focus on the biological mechanisms that may explain cortical
folding (question 2).
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Figure 1.7: Theoretical models and experimental evidence on the mechanism of cortical folding. A:
According to the radial intercalation hypothesis new neurons integrate into the same layer thereby
producing laterally directed expansion forces only within the CP that results in folds. B: Axonal tension
hypothesis suggests that intercortical axonal projections produce tension forces that induce sulci. C:
Different molecules and genes were found to increase proliferation within the VZ that leads to expansion of
both the ventricular zone and cortical plate. However, such expansion leads to aberrant folds that include
the VZ. D: Local increase of bP and bRG cells induce gyri by increasing the number of neurons. CP:
cortical plate, VZ: ventricular zone, SVZ: subventricular zone, aRG: apical radial glia, IPC: intermediate
progenitor, bRG: basal radial glia, bPs: basal progenitors, I1Z: intermediate zone
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1.4.3 Molecular and cellular mechanisms in cortex folding

So far experimental data suggests that a local increase in the number of cells due to
increased cell proliferation or reduced cell death induces folds. Although most theoretical
models agree on differential tangential expansion as the main mechanism of folding, an
increase in the number of cells alone cannot explain the specific massive lateral expan-
sion of the outer zone. Importantly two experiments showed that lateral expansion of
both the outer and inner zone does not lead to folds that resemble those of gyrencephalic
species. In Foxcl deficient mice in which the switch from lateral to radial VZ expansion is
defective due to a loss of the meninges and its secreted factor retinoic acid, both the inner
and outer zone expand immoderatily. That homogeneous expansion leads to folding of
the VZ and the cortex which is contrary to the smooth VZ found in gyrencephalic species
[240]. Similarly a transgenic mouse line expressing a stabilized beta Catenin exhibits an
increase of the ventricular neural precursor cells, leading to a lateral expansion of the
whole cortex. Again, the whole cortex including the VZ folded [43]. Lateral expansion of
the cortex may lead to folds even without an external constraint. Fx vivo cultured cortex
hemispheres that were treated with the proliferative factor lysophosphatic acid (LPA)
again showed foldings of both the cortical plate and the VZ. Here a reduction in cell
death rather than an increase in cell poliferation led to lateral cortical expansion [I132].
Together with the modelling data, these experiments indicate that differential expansion
of the developing cortex is essential for natural folding. Expansion of the ventricular
neuroepithelial precursor cells alone leads to a homogeneous lateral expansion of both
the inner and outer zone which causes abnormally folded brains (Figure [1.7)).

One distinct hallmark of human cortex is its highly expanded outer subventricular
zone (OSVZ) which is populated by an increased number of basal progenitors. It was
hypothesized that the increased number of BPs in the OSVZ gives rise to more neurons
and thereby laterally expands the cortex. Thus, recent work has focused on identifying
genes that are preferentially expressed in human bRGs that could be tested for a devel-
opmental role in cortex folding (Figure [209] 262 [157].

The general approach was to introduce specific genes expressed in gyrencephalic mam-
mals or mimick their expression levels into mouse cortices. Human fetal cortices were
found to have a pattern of high and low levels of the DNA binding molecule Trnpl which
contrasts with the high but homogeneous expression found in the mouse. Local knock-
down of Trnpl in the neural progenitor cells of the mouse VZ was found to reduce stem
cell self renewal and promote an increase in the numbers of basal radial glia and inter-
mediate progenitor cells leading to folding of the smooth mouse cortex. It was concluded
that Trnpl functions as a switch controlling both tangential (high levels) and radial (low
levels) expansion [247].

Others identified the gene ARHGAP11B that does not exist in mice but is expressed
in human radial glia cells. Local ectopic expression of ARHGAP11B in the developing
mouse embryo led to an increase in basal progenitors that caused occasional foldings in
adjacent regions [76]. Interestingly some experiments indicate that the location of cortical
folds may not be coincidental but genetically programmed. Injections of the fibroblast
growth factor 2 into the ventricles of developing mice caused a rostrocaudal increase in
intermediate neural progenitors and neurons. In the same region the brains showed bi-
lateral gyri and sulci that persisted into adulthood [214]. Consistent bilateral folding of
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the cingulate cortex and other cortical regions could also be induced by constitutive ac-
tivation of Sonic hedgehog signalling (Shh). Mechanistically, overactivation of Shh leads
to an expansion of upper cortical layers by increasing bRGs and IPCs in the SVZ. Inter-
estingly, restricting Shh signalling to medial cortical areas also restricted folding to the
same region. In humans Shh signalling is highly active in aRGs and inactivation of Shh
in human cortical organoids leads to a reduction of bRGs [279].

In ferrets, the location of future gyri can be predicted by local expansion of the oSVZ.
Interestingly a thicker oSVZ positively correlated with increased Shh activity [53]. An-
other gene, TBC1D3, segmentally duplicated on human chromosome 17 around the time
of hominoid evolution [119], reduces the delamination of aRGs in human fetal brain slices
when downregulated. In line with this result, its overexpression in the mouse cortex
induces the delamination of aRG cells and increases the numbers of bRGs. These effects
lead to the generation of local folds that persisted until P3 (Figure 1.7)) [122]. Further
work in the ferrets has shown the contribution of the OSVZ to cortical folding. Ferrets
are gyrencephalic species that develop their folds postnatally. Reducing or enhancing
proliferation of bRGs in the OSVZ lead to reduced or increased degree of folding respec-
tively [220], [167]. bRGs each have a radial fiber attached to the basal membrane. In
gyrencephalic species the radial fibers of bRGs below future gyri diverge like a fan. Since
neurons migrate along those fibers it is believed that the divergent projections leads to
an increased lateral expansion by laterally distributing newborn neurons [I56]. Although
the aforementioned work nicely shows the importance of OSVZ, bRGs and with less evi-
dence also IPCs in cortical folding, it is not clear how neurons distribute laterally instead
of radially by expanding cortical layers. Indeed, in the macaque visual cortex a doubled
abundance of OSVZ progenitor cells increases the numbers of upper-layer neurons with-
out increasing folding [I58]. Also a general increase of basal progenitors in the mouse
does not always lead to foldings, suggesting that other mechanisms participate in such
complex process [187].

The most accepted hypothesis states that is the combination of basal progenitor am-
plification with divergent radial migration that contributes to the expansion of the cortex
in radial and tangential axes, and then its folding [220), 22]. In fact, the way neurons
migrate in the cortex is quite different between lissencephalic (mouse) and gyrencephalic
species like the ferret. In the mouse, newborn neurons mostly follow and adhere to their
mother aRG cell leading to low lateral dispersion [I85], which means that their birthplace
dictates their final position in the lateral axis. However, in the ferret new born neurons
originated from the OSVZ are able to switch several RG fibers and disperse laterally
up to several millimeters (Figure . Currently, the mechanisms by which migrating
neurons can disperse laterally in gyrencephalic species are unknown. During recent years,
growing evidence supports the involvement of neuronal migration in cortex folding. For
example, the role of most of the genes linked to abnormal cortical folding in humans has
been associated with neural migration rather than with progenitor proliferation in both
mouse and ferret experimental paradigms [170] [74]. Recently, elegant work by Shinmyo
and co-workers, showed that solely impairing the migration of upper cortical neurons
by downregulation of Cdk5, leads to a reduced degree of folding in ferret cortices [237].
These studies support the notion that neuronal migration is a key process during cortex
folding because it affects the distribution of neurons which in turn alters the biophysical
properties of the tissue.
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Figure 1.8: Mouse vs. ferret cortical migration. A: In the mouse neurons migrate radially without
lateral dispersion. B: In ferrets, neurons can disperse laterally several millimeters on their way up into
the cortical plate

The radial intercalation hypothesis proposes that the cortex expands laterally by
squeezing new neurons into the same layer. The force to squeeze new neurons between
existing neurons is generated by the leading process contractraction when in contact with
the basal membrane, thereby pulling the neuron up into its final location (Figure
[250]. One shortcoming of this theory is that the phase of neuronal migration and in-
tercalation is almost complete when the cortex starts to fold [280), 136]. Cortical folding
however overlaps with cytoarchitectural differentiation. Thus, it was proposed that the
expansion of dendritic and axonal arbours could provide enough forces to explain the
lateral expansion of the cortex [222, 250]. In ferrets however at the onset of the ex-
ponential increase in cortical folding, the dendritic arbors in layer 2/3 and 4 are still
very poorly developed but expand exponentially when folding already reached its plateau
[21, 29]. This timing discrepancy suggests that glial cells and interneurons that populate
the brain after neurogenesis, could participate in the generation of tangential expansion
forces. However, no experimental evidence so far supports this idea.

1.4.4 Folding patterns: random or predetermined?

At a first glance, the folding pattern of the human cortex looks random. However certain
patterns are strongly conserved between individuals. The deep primary folds in humans
always develop at the same location while secondary, less deep folds are less well con-
served [I53]. The most shallow tertiary folds develop randomly across the whole cortex
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[20]. Ferrets have only primary cortical folds that have a very defined and conserved pat-
tern. This suggests that at least primary folds are in some way predetermined. Genetic
mechanisms have been suggested based on transcriptomics analysis of the germinal layer
in developing ferrets. In the OSVZ, several genes were found highly expressed in regions
that will form gyri and downregulated in future sulci (and vice versa) [53]. Trnpl is one
such gene that is differentially expressed in germinal layers of future gyri and sulci [247].
Additionally, the initial shape and thickness might determine the size of folds and their
location. Supporting evidence comes from models of folded paper and plastic brains that
were coated with an expandable hydrogel. The later study showed that major primary
folds reproducibly built at the same location and was attributed to the initial shape of
the brain [258]. To summarize, the exact pattern of cortical folding seems to be a mixture
of genetics that predefine the initial shape and biomechanical forces that finally fold the
cortex based on the underlying shape. Smaller gyri and sulci however develop randomly
since they vary between individuals and even genetically identical twins [154].

1.5 Aberrantly folded brains in humans

Cortical folding is essential for a normal working brain. Individuals with abnormally
folded brains suffer from severe mental and emotional retardation, epileptic attacks,
autism and schizophrenia [94] [I88], 03, 197, 230, 50]. Two morphologically distinguishable
cortical missfoldings are known. Lissencephaly and Polymicrogyria (Figure .

1.5.1 Lissencephaly

There are two subtypes of lissencephaly. Type I lissencephaly describes brains with
a reduction (pachygyria) or complete loss (agyria) of the normal folds. Those brains
often show microcephaly, fewer cortical neurons and have only 4 instead of the typi-
cal 6 layers. Lissencephalic patients suffer from severe mental retardation and epilepsy
[197]. Five genes have been associated with the classical type 1 lissencephaly. LIS1
(Lissencephaly1), DCX (Doublecortin), TUBA1A (Tubulin alpha 1A), ARX (Aristaless)
and RELN (Reelin) [84] 2211, 208, 127, [19]. Interestingly, mutations in all of those genes
disturb normal neuronal migration, mostly by affecting the neuronal cytoskeleton. DCX
protein normally stabilises microtubules and LIS1 regulates neuronal forward translo-
cation of the cell soma[l06]. Thus, LIS1 mutated neurons have a lower cell motility
[72]. TUBAILA protein is a brain-specific alpha tubulin and a main component of the
microtubule system. TUBATA mutations are assumed to disrupt interactions with other
microtubule binding proteins (doublecortin and kinesin KIF1A) [I77]. ARX is a home-
obox gene. Homeobox genes are known to regulate the expression of a variety of different
gene complexes during development. Thus, the exact molecular pathway that causes
lissencephaly in ARX mutated brains is unknown. On a cellular level ARX mutations
lead to defects in radial and tangential migration of cortical neurons [46]. Reelin is a
signalling glycoprotein that is released by the Cajal-Retzius cells at the surface of the
cortical plate. Reelin was shown to be a migration stop signal that is important for
proper cortical layering. Loss of Reelin leads to an inversion of the cortical layers where
later born neurons form deeper layers [33].

Type II lissencephaly (also Cobblestone lissencephaly) describes a condition with a
disorganized cerebral cortex where neurons migrate too far into the pial surface to form
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extracortical layers. These overmigrations are then responsible for agyria and/or cobble-
stone phenotypes. Patients suffer from mental retardation, epilepsy, congenital muscular
dystrophies and ocular deficits. The mechanism involves mutations that lead to a dis-
ruption of the outermost layer of the brain, the glia limitans. Alpha dystroglycan seems
to be a key molecule in a variety of genetic mutations. Alpha dystroglycan is a highly
glycosylated receptor for extracellular matrix molecules and thereby maintains stability
of the cell surface. Mutations in genes like POMT1, POMT2, POMGnT1 and Fukutin
all affect the O-glycosylation of the alpha-dystroglycan [197, 49, [303], 265]. In mice, Golgi
transmembrane protein Presenilinl (PS1) deficiency was found to show cortical dysplasia
that are similar to human cobblestone lissencephaly. PS1 deficient mice fail to maintain
an intact pial basement membrane, which results in a loss of Cajal-Retzius neurons and
subsequent overmigration or premature termination of migration [95]. Similarly, a loss
of the basement membrane constituent integrin linked kinase leads to a cobblestone phe-
notype [83]. In general disruptions of the basal lamina seem to be the key mechanisms
that cause the cobblestone lissencephaly.

Normal human brain Lissencephaly Polymicrogyria

Figure 1.9: A: Contour scheme of a normal human brain. B: Lissencephalic brain. C: Polymicrogyric
brain.

1.5.2 Polymicrogyria

Polymicrogyria describes a condition where the cortex has an excessive number of small
gyri that are separated by small sulci. Depending if the cortex is unilaterally or bilaterally
affected, patients suffer from focal seizures, cognitive impairments and various other
symptoms that depend on the locations that are involved [83, B1I]. In some cases the
cortex is abnormally thick or thin [I97]. Bilateral frontal and parietal polymicrogyria were
found to be associated with mutations in the G-protein-coupled receptor gene (GPR56)
[202, 203]. The gene is expressed in neural progenitor cells at the VZ and SVZ and is
assumed to play a role in regional organization of the brain [197]. The gene GRIN1
that encodes a subunit of the N-methyl-D-aspartate receptor (NMDA) was also linked
to extensive bilateral polymicrogyria. Mutations in GRIN1 alters the in vitro activity of
the NMDA receptor [79].
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1.6 Open questions and aims of the folding project

Gyrencephalic brains are in general bigger and therefore require the production of more
neurons. Interestingly, while human cortical surface area expanded 1000 times, cortical
thickness only increased by factor 10 leading to a lateral expansion and folding [73]. Cur-
rent experimental data and comparative analysis showed that by adding an additional
proliferative zone (OSVZ), gyrencephalic species like humans can increase their prolif-
erative capacities to keep up with the higher neuronal demand. Forcing local increases
in cell proliferation by producing more bRGs in mice could occasionally induce bona
fide-like folds of the cortical plate. The question that remains to be solved is how the
increased number of cortical neurons is arranged in a thin cortical layer and how that
induces folding. Understanding cortical migration is therefore the key to fully understand
folding. Previous work from our lab showed that members of the FLRT protein family
can regulate the speed and radial distribution of neurons (FLRT2) and also their lateral
distribution (FLRT3). Given that cortical migration can impact and regulate cortex fold-
ing, we were interested in analyzing double mutants to minimize the effects of redundant
functions shared by members of this family. We focused on FLRT3 because its role in
lateral dispersion of neurons but also with FLRT1, due to its high expression and overlap
with FLRT3 during cortex development.



Chapter 2

Introduction - FLRTs in the mouse
retina

2.1 Principles of retina development

The main aim of this thesis was to understand the role of FLRTSs in the retina because
of their specific expression in this structure. Here, this thesis will give an overview of
three relevant points of the current knowledge of retina development that are related to
our research. First, as described in a previous chapter, FLRTs have been shown to play
a role in synapse formation, neuronal migration and axon guidance [193] 296] 150]. The
retina itself is a piece of outsourced brain tissue. It has three distinct cellular layers (like
the cerebral cortex) that form cell type specific connections between each other. The
different cell types in each layer distribute equally across the retina to cover the whole
visual space and the retinal ganglion cells (RGCs) must send axons to the right target
regions. Since FLRTs have adhesive and repulsive functions and also can be shed from
the cell surface, we hypothesized they could be involved in one of those developmental
processes. Second, the developmental program wires the retinal circuit before eye opening
at P15 and thus determines retinal signal processing. Third, taking into account all the
potential functions of FLRTs in retina development, I will outline the four main steps
required to generate a functional retina. The first step is to generate the right numbers
of the seven main neuronal types in the retina. Second, those neurons need to migrate
to their target location and distribute homogeneously. Third, all neurons need to form
connections between each other to integrate into the circuit and connect to the brain. In
a final step, neurons refine their connections.

2.1.1 Retinal layering

The retina consists of three defined nuclear layers: The photoreceptor layer (PRL), the
inner nuclear layer (INL) and the ganglion cell layer (GCL). Like in the cortex, retinal
neurons are not born at their final target location. Multipotent progenitor cells divide at
the ventricular surface (the side of the future PRL) and generate neuroblastic precursors
that migrate to their future layer [218]. All seven different cell types in the retina are
produced in a temporal sequence. First, starting around E10.5 RGCs are produced, then
horizontal cells, cones and amacrines and lastly rods and bipolar cells [218]. The sequence
of neuronal production is fixed and multipotency declines over time. That means after a
cell has started producing the next type in the sequence it cannot produce the previous
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any more [289]. Two distinct modes have been described by which the newly born neurons
reach their target location. Compared to neocortical migration, where neurons have to
migrate long distances, migration in the retina is much shorter and does not rely on any
radial glia that provide a fiber network to support radial migration [218]. RGCs, rods
and bipolar cells attach their leading and/or trailing process to the retinal margins and
use nuclear translocation to move towards the target region [I73, 207]. Amacrines and
horizontal cells however adopt a bipolar morphology and migrate without attachment to
the ventricular or basal surface [85] 233, [111].

2.1.2 Retinal mosaic formation

The retina consists of a variety of different cell types, each performing a specific function
in visual signal processing. About 30 different RGC types extract specific visual features
like motion direction or contrast. To ensure that each of the about 30 visual features can
be read out in every location of the retina, RGCs (as well as other cell types) from the
same subpopulation distribute homogeneously in a non-random mosaic like fashion and
their dendritic arbors show either constant overlap or tiling [283], 273]. The molecular
mechanisms controlling this regular distribution are thus essential to ensure proper func-
tional tiling of the retina. Despite its importance, no molecular mechanisms are known
that homogeneously distribute RGCs across the retina. Findings from amacrine cells
showed that adhesion and repulsion seem to be key processes in the formation of reti-
nal mosaics. Interestingly, FLRT transmembrane receptors are known to have adhesive
and repulsive functions during cortex development and may therefore represent possible
candidates [296]. At least three different mechanisms have been proposed that would
explain retinal mosaic formation. First, cell death was found to contribute to dopamin-
ergic amacrine cell, alpha and M1 ganglion cell mosaics [215, 118, [42]. Second, lateral
induction of newly generated cells could ensure homogeneous cell mosaics. However such
mechanism has not been described yet in vivo [105]. Third, lateral migration of newly
integrated neurons to distribute equally has been described for ON-starburst amacrine
cells and horizontal cells. Homophilic repulsive interactions between the transmembrane
multiple epidermal growth factor-like domains protein Megf10 or Megfl1 were shown to

be a molecular mechanism that repell amacrine and horizontal cell soma from each other
[217, [82].

2.1.3 Stratification within the inner plexiform layer

At the inner plexiform layer (IPL) about 60 different types of bipolar cells, amacrine
cells and RGCs from the inner nuclear and ganglion cell layer connect to each other at
one of the about five defined strata [241]. Each cell type stratifies in one or more strata
and ensure functional connections to the right cell type. The different subtypes either
directly stratify into the correct lamina or establish a less restricted dendritic tree that
gets pruned into the right lamina over time [129, [I81]. Lamination is regulated by both
neurotransmission dependent or independent interactions [105]. Blockage of photorecep-
tor terminals causes bipolar and horizontal cells to sprout into the outer nuclear layer
and ablation of a specific bipolar cell type causes the corresponding RGC type to stratify
in the wrong layer [216], [64, 190]. The neurotransmission independent mechanisms are
based on heterotypic repulsive or homotypic adhesive cues. The repulsive interaction
between the guidance ligands SemabA /5B and their receptors PlexA1/A3 was shown
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to restrict amacrine cell and ganglion cell dendrites within the IPL [I68]. Heterotypic
signalling between Sema6A and PlexA4 confines stratification of M1 RGCs and dopamin-
ergic amacrine cells to the outermost IPL layer [I69]. The homotypic adhesion molecules
Dscam, Dscaml, Sidekickl/2 and Contactins 1-5 were shown to regulate laminar speci-
ficity of certain amacrines and RGCs [293], 294) 295]. All three FLRTs have already been
shown to have defined non-overlapping expression patterns in the IPL. Firt! is expressed
by cells that stratify in layer S1, FIrt2 in layer S2 and S4 and Flrt3 in layer S3. Immunos-
tainings have revealed that Flrt2 is expressed by ON starburst amacrine cells (SAC) in
the GCL, OFF SACs in the INL and by about half of all ON-OFF direction selective
RGCs (CART+H). Moreover, stripe assays have suggested that repulsive FLRT-Unc5 in-
teractions are involved in neuronal subtype recognition and thus the formation of defined
strata [275]. However, knock out experiments are needed to confirm the in vivo relevance
of those findings.

2.1.4 Retinofugal projections

RGCs collect and transmit all visual information to different retinorecipient regions in the
brain. At around E11.5, RGC axons leave the retina through the optic disc at the center of
the retina. The growth cones of RGC axons sense the guidance molecule Netrinl released
from the optic disc via their receptor DCC (Deleted in colorectal cancer) [55]. Addition-
ally, repulsive cues from the peripheral retina (e.g. chondroitin sulfate proteoglycans)
direct axons towards the center [251) 243]. The axons of each eye enter the optic nerve
and arrive at the ventral midline of the diencephalon to form the optic chiasm at around
E12.5 [71), [162]. Axons originating from RGCs at ventrotemporal regions of the retina
project ipsilaterally while axons outside the ventrotemporal region cross the midline to
project contralaterally [162]. The decision between ipsi- and contralateral projections
is enabled by the expression of repulsive (ephrinB2) and attractive (Sempahorin6D, Nr-
CAM, PlexinA1) guidance molecules in the optic chiasm. Ipsilaterally projecting RGCs
express the kinase receptor EphB1 (induced by Zic2 transcription factor) which enables
them to respond to the repulsive ephrinB2 [200]. Contralaterally projecting RGCs in
turn can be identified by Islet2 and SoxC and are attracted to cell adhesion molecules
like NrCAM and Plexin-A1l [194], [143]. After RGCs choose to go ipsi- or contralateral
at the optic chiasm they are faced with the challenge of finding the right retinorecipi-
ent target. More than 40 distinct image-forming (e.g. dorsal lateral geniculate nucleus
(dLGN), superior colliculus (SC)) and non-image forming targets have been identified
in the brain [I78]. The molecules regulating target specificity are still largely unknown.
A few cell adhesion molecules were found to regulate target specificity in the non-image
forming system. Cadherin6 regulates targeting of RGC axons to the olivary pretectal
nucleus (OPN), Contactin-4 (CNTN4) or amyloid precursor protein (APP) to the optic
tract (NOT), Semaphorin6 or PlexinA2/A4 to medial terminal nucleus and disabled-1 or
Reelin to the dorsal lateral geniculate and intergeniculate nucleus [301} 1911 192} 58], 253].

Within a target region, axons of every specific RGC subtype show laminar-specific
innervation refinement. [104] [126] 130, 60} [61]. This feature is most prominent within the
SC and dLGN [235]. However, to date, no molecule has been found to regulate laminar
targeting specificity [235]. Some work suggests that the dorsal/ventral sorting of RGC
axons in the optic nerve, before they even reach the dLGN or SC, could already pre-
destine axons to establish themselves the correct layer [34, 206]. After the axons reach
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their right layer within the target, they have to connect to the correct retinotopic location
[235]. The EphA /ephrin-A receptor/ligand system is known to map the nasal-temporal
location of RGCs onto their target regions while EphB/ephrinB is assumed (although
this point is still under discussion) to map the dorsal-ventral axis [268| [I72]. Ipsilateral
projecting RGCs use the Ten-m3 and Ten-m4 homophilic transmembrane glycoproteins
to ensure correct retinotopic mapping [304] [62], 145]. Moreover, neuronal activity from
the retina was found to play a role in retinotopic mapping. Since subcortical retinotopic
map formation develops before eye opening, visually driven activity can be excluded
from the mechanism. Instead another non-molecular mechanism was found. Spontaneous
activity of RGCs that repeatedly spread in waves across the retina induce retinotopic map
formation in the dLGN and SC and appear to be essential for eye-specific segregation
of axon terminals in the dLGN [291 201, 88, 308, 27]. All together, while the initial
targeting of RGC axons depends on molecular cues, further refinement to establish and
maintain retinotopic maps and eye-specific segregation in the target areas seem to be
activity dependent [56, 38|, 139].

2.2 Retinal signal processing

The retina senses light through photoreceptors at the outermost layer of the retina.
However, the retina does not directly encode and transmit the information from each
photoreceptor to the brain. Instead two additional cell layers, the inner nuclear layer
(INL) and the ganglion cell layer (GCL) compress, filter and extract certain visual features
of the raw signals before different types of RGCs transmit each feature in a separate
stream to the brain. About 14 different morphologically defined bipolar cells within the
inner nuclear layer (INL) connect the photoreceptors to the retinal ganglion cells in the
GCL [15]. Bipolar cells react either to increases (ON) or decreases (OFF) in light intensity
levels. All bipolar cells preferably stratify in one of the five layers of the inner plexiform
layer. OFF bipolar cells stratify within layer 1 and 2 while ON bipolar cells stratify
within layer 3,4 and 5 [15]. Depending on which layers RGCs connect to the bipolar
cells, they compute either ON, OFF or ON-OFF features. Amacrine cells in the INL and
GCL are responsible for special features like direction selectivity [300]. The advantage of
that external visual preprocessing in the retina is that it dramatically reduces the amount
of information that needs to be sent and processed by the brain. In the past years, the
number of identified RGC subpopulations has increased suggesting that each one could
compute and provide new visual features to the brain [10].

2.3 Known retinal ganglion cell types

2.3.1 Neuronal cell type classification

The genetically identified RGC population that I describe in my work raises three ques-
tions: First, how does similarity based clustering of cells help us to understand a neuronal
circuit especially since no neuron is the same? Second, does the genetic Flrt marker label
an homogeneous cell population? And third, does this cell population represent a new
cell type or can I match them to an already known cell type? To answer the first ques-
tion one needs to keep in mind that the retina consists of more than 60 different types
of neurons that together extract about 30 different features from the visual input. To
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allow each of those features to be detected across the whole visual space, neurons and
their circuits providing that information need to repeatedly distribute across the whole
retina. So especially in the retina, we may assume that structurally, morphologically
and/or molecularly similar neurons also provide a similar function in the circuit. Thus
molecular, structural and functional properties are often used to classify retinal neurons.
However, there are no common rules for such classifications.

The homogeneity of a cell population is thus dependent on the personally set threshold
at which one considers a neuron to be different enough to separate into a different class.
Without such a threshold, one could continuously refine classification steps until one ends
up having one ”class” for each neuron, which would render the approach useless [307].
Another challenge in neuronal classification is the selection of the most suitable proper-
ties (e.g. morphology, physiology or molecular profile) and their hierarchical ordering.
Certain molecular features are thought to be good candidates for first order classification
since they not only determine neuronal features such as morphology, physiology and con-
nectivity during development, but often maintain a cell’s identity throughout life [276], [57].
One gene or molecule will unlikely be enough to define a single cell type but a combina-
tion of two to three markers could be sufficient to describe a functionally homogeneous
cell population. And lastly, certain neuronal properties may stochastically change over
time which may or may not influence the neuron’s circuitry. Even if two neurons receive
the same extrinsic or intrinsic developmental instructions, stochastic events and environ-
mental influences may result in two different neurons [I8] [3]. Moreover, some genes that
determine certain characteristics are expressed only transiently during development and
are not available for cell identification later on [227]. To summarise, cell classification
is not a straightforward approach and needs careful evaluation of the selected features,
hierarchies and classification thresholds below which further subdivisions do not improve
our understanding of the neuronal circuit.

2.3.2 Alpha RGCs

So far four different alpha retinal ganglion cells have been identified [196], 140]. Alpha
RGCs share large cell bodies, thick axons and wide mono-stratified dendritic fields. All
four types respond to expanding stimuli (Figure B) but can be distinguished by
a combination of molecular markers and their response to expanding stimuli (OFF -
sustained/transient or ON - sustained/transient) (Figure [2.1) A,B) [I40]. That property
suggests that they function to warn animals about fast approaching predators. This idea
is further supported by their thick axons which allows them to transmit that critical
information very quickly to the brain. Alpha RGCs do not respond to direction selective
stimuli. Some alpha RGCs were shown to have blue-green spectral opponency which
might contribute to color vision in mice [37].
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Figure 2.1: A: Stratification pattern and known molecular markers that distinguish the 4 different
alpha RGC types. B: Alpha RGCs react to expanding stimuli. Sust., sustained; trans., transient

2.3.3 Local edge detectors/W3 cells

Local edge detectors (LEDs) were first discovered in the rabbit retina. Later W3 cells
were found in the mouse retina that shared many properties of the LEDs suggesting them
to be the same type [308]. In mice they represent about 13% of all RGCs and are one
of the most numerous RGC types. They share a small (100 pm) but strongly branched
dendritic arbor that stratifies near the center of the inner plexiform layer (Figure
A) [231]. Exposing the LEDs to natural scenes recorded with a camera showed that
they remain silent most of the time but only fire at high contrast edges (Figure
A) [308]. W3 cells have On-Off receptive field centers that are activated by increasing
and decreasing light intensities. This observation is in line with the stratification of the
dendritic arbor at the intersection of ON and OFF inner plexiform layers. For many RGC
types the stimulation in the center is opposed by stimulation in the surrounding regions.
In W3 cells a blinking spot that increases in size causes the cell to turn completely silent
(Figure [2.2| C) [308]. One biological function of this RGC type could be the detection of
flying predators that when far away appear as a dot on a featureless background [30§].
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Figure 2.2: A: Stratification pattern and known molecular marker that label W3 RGCs in mice. B:
W3 RGCs detect motion of small dark objects. Sust., sustained; trans., transient
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2.3.4 J-RGCs (OFF DSGC)

J-RGCs (also OFF DSGCs) are identified by expression of an immunoglobulin super-
family protein JAM-B. Most of those RGCs have a characteristic asymmetric dendritic
arbour which is aligned along the dorsal-ventral axis and stratifies in Layer 1 of the IPL
(Figure A). As with all functional RGC subtypes they also distribute in a regular
mosaic across the retina. The asymmetric dendritic arbor combined with an OFF center
and ON surround gives them their direction selectivity in the soma - dendritic arbor
direction (Figure B). Since all stimuli reaching the retina are inverted by the lens,
that feature corresponds to an upward direction selectivity. J-RGCs project mostly to
the superior colliculus and some also to the dorsal lateral geniculate nucleus. However,
no projections could be seen in the accessory optic system where most other direction
selective ganglion cells project to [130]. Additionally, smaller versions of the J-RGCs
which do not express JAM-B but have the same asymmetric dendritic morphology were
later found and molecularly defined [226].
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Figure 2.3: A: Stratification pattern and known molecular markers that label J-RGCs in mice. B:
Alpha RGCs have OFF center and ON surround responses that make them direction selective in the
soma to dendrite direction. In mouse J-RGCs respond to upwards moving stimuli.

2.3.5 F-RGCs

F-RGCs share expression of the Foxp2 transcription factor and represent about 20% of all
RGCs in the Retina. Similar to the J-RGCs, F-RGCs also have an asymmetric dendritic
tree oriented in the vertical axis. The observation that they do not distribute in a mosaic-
like fashion suggested that F-RGCs are not a single subpopulation. Indeed, when Foxp2
is combined with different markers (FoxP1, Brn3b, Br3c) they can be subdivided into
4 different RGC populations that distribute in a mosaic-like fashion. Based on their
dendritic size and function they were named F-mini-OFF, F-midi-OFF, F-mini-ON and
F-midi-ON. F-midi/mini-OFF cells both stratify in layer 1 and F-midi/mini-ON cells have
a broader stratification in layer 3/4/5 respectively layer 2/3 (Figure [2.4] A). Despite their
direction selectivity, F-RGCs project only to image forming regions within the lateral
shell of the dLGN and layers 2 and 3 of the superior colliculus. F-mini ON/OFF cells
show direction selective responses while F-midi ON/OFF cells have no preferred direction
[226].



42 2. Introduction - FLRT's in the mouse retina

A F-RGCs B _
mini-OFF midi-ON midi-OFF mini-ON Asymmetric
dendritic tree

S1
S2
S3
sS4
S5

OFF

ON-surround

—
——

ON

T

Direction
selective

@

OFF-center
+ others
Foxp2 F-mini RGCs
Foxpl
Brn3b

Brn3c

Brn3a

Ebf3

Isl1

Isl2

Satb1l

Satb2

Kv4.2
Ppplrl7
Calretinin
Parvalbumin
Calsenilin
Melanopsin
Osteopontin
Cart
Calbindin
Tbr2

Figure 2.4: A: Stratification pattern and known molecular markers that distinguish four types of F-
RGCs: midi-OFF/ON and mini-OFF/ON. B: F-mini-RGCs all have an asymmetric dendritic tree that
gives them their direction selectivity. F-midi-RGCs don’t show any direction selectivity.

2.3.6 ON-OFF directionally selective RGCs

Four different types of ON-OFF directionally selective ganglion cells (0oDSGCs) have
been identified so far. They all respond to a light or dark stimulus moving in one of the
four directions: upward, downward, backward and forward [70]. The direction selectivity
is independent of object size and occurs even with stimuli smaller than the receptive field
[12]. The mechanism for direction selective RGC repsonses involves directionally selective
dendritic processes of starburst amacrine cells but it is still incompletely understood
[274], 284], [300]. OoDSGCs all share bistratified dendritic trees that co-stratify with the
Chat bands in layer 2 and 4 (Figure 2.5). The 4 00DSGCs types exclusively express the
neuropeptide CART and can be distinguished with a combination of Cadherin6, MMP17
and Collagen25al. Moreover 3 transgenic lines (W9, BD and DRD4) were found to label
nasal, ventral or dorsal/ventral ooDSGCs (Figure[2.5)). All 0oDSGCs project to the dorsal
lateral geniculate nucleus while the ventral and dorsal 0oDSGCs additionally project to
the medial terminal nucleus and the nucleus of the optic tract [110, 126] 223] 267].
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Figure 2.5: ON-OFF directionally selective ganglion cells (00oDSGC). Stratification and molecular
identity of the four 00DSGC subtypes. Each of the four 0oDSGCs prefers movement of a light/dark
object in one of the four directions ventral, dorsal, nasal and temporal. V, ventral; D, dorsal; N, nasal;
T, temporal; 00oDSGC.

2.3.7 ON directionally selective RGCs

ON directionally selective ganglion cells respond to movements of one of the three direc-
tions: up, down and nasal. Fstl4 positive ON DSGCs in the ventronasal region of the
retina respond to upwardly moving stimuli, while Fstl4 negative ON DSGCs prefer down-
wardly moving stimuli [302]. Compared to ON-OFF DSGCs, ON DSGCs only respond
to light spots and edges (increases in light intensity) and remain silent for dark stimuli.
Moreover, ON DSGCs respond best to slower moving bright objects. In line with their
response properties they co-stratify with the ON Chat band in layer S4 (Figure [255].
ON DSGCs project exclusively to the accessory optic system (AOS). The AOS was shown
to be important for the optokinetic reflex which is crucial to stabilize the self-motion in-
duced image shifts on the retina along the posterior, anterior and horizontal axes, which
also matches the three semicircular canals of the inner ear that respond to the same axes
of head movement [242, 301]. The different nuclei of the AOS specifically respond to for-
ward (NOT-DTN), upward (dorsal MTN) or downward (ventral MTN) motion [242] 301].
Retrograde virus tracings showed that RGCs that project to the medial terminal nucleus
(MTN) are purely ON DSGCs [58]. The nucleus of the optic tract (NOT) which is known
to detect forward horizontal movement, receives input from both, the ON and ON-OFF
DSGCs [301} 58]. This suggests ON DSGCs are important for mediating the optokinetic
reflex [301]. Moreover Hoxd10 (knock-in mouse) was shown to label all ON DSGCs that
respond to forward motion and all project to the AOS, representing about 3-5% of all
RGCs [58]. Interestingly 35% of the cells labelled by the Hoxd10 mouse were ON-OFF
DSGCs that do not express CART which was supposed to label all ON-OFF DSGCs
[126]. The Hoxd10 positive 00DSGCs respond to lower speed forward moving objects
similar to the ON-DSGCs [58]. The remaining Fstl+ cells outside the ventrotemporal
region of the retina also project to dLGN, SC and the AOS [302].



44 2. Introduction - FLRT's in the mouse retina

ON DSGC ON-OFF DSGC
Direction selectivity (slow): Up(D) Down(V) Forward(N) Forward(N)
w|s1
O|s2 ——
S3 |
% sS4 — —— —— ——
S5 |
+ others
CART
Knockin:
Hoxd10

Fstl4 (Spigl) ventronasal

Figure 2.6: Three types of ON DSGCs can be distinguished based on their preference to light but not
dark stimuli moving dorsal, ventral or nasal. Fstl+ ON DSGCs in the ventronasal retina respond to
upward movement while Fstl- ON DSGCs prefer downwards movement. Using the Hoxd10 mouse all 3
ON DSGC subtypes are labelled. Moreover another CART negative ON-OFF DSGC was found in the
Hoxd10 mouse that responds to forward motion. In contrast to ON-OFF DSGCs, all Hoxd10 positive
cells respond best to slower moving stimuli.

2.3.8 Intrinsically photosensitive RGCs

Intrinsically photosensitive RGCs (ipRGCs) consist of 5 subtypes (M1-M5) that all ex-
press melanopsin which gives them the unique ability to respond to light directly without
input from the photoreceptors. Light sensitivity is triggered by melanopsin through
the activation of a signaling cascade that opens cation channels in the RGCs. IpRGCs
distribute sparsely across the whole retina and can be distinguished based on their den-
dritic morphology, stratification, melanopsin expression and function (Figure . M1
cells are the main ipRGC type, have the highest melanopsin expression and stratify in
the OFF layer S1. Their projections to the non-image forming suprachiasmic nucleus
(SCN) are important for synchronizing the circadian clocks to the daily light-dark cy-
cles [78, 195, [107]. Moreover the M1 and M2 cells both project also to the OPN which
is important for controlling the light dependent constriction of the pupillary (pupillary
light reflex) lucas2003diminished,baver2008two. The subtypes M2 to M5 also contribute
to image forming vision which is reflected in their projections to the dLGN and SC [107].
M2 and M4 cells stratify mainly in the ON layer S5, M3 bistratify in the ON and OFF
sublayers [13]. Interestingly about half of the previously described SMI32-positive alpha
RGCs that express melanopsin belong to the M4 type and were shown to be essential
for high contrast detection [232]. M5 cells have a uniquely small dendritic field size and
stratify within the ON layer S5. They are excited by UV light and inhibited by green
light, which is in contrast to other ipRGC types [246]. Due to the high variation in their
projections within the brain suggests ipRGCs to be involved in a great variety of visual
functions [112].
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Figure 2.7: Intrinsically photosensitive retinal ganglion cell ipRGC (ipRGCs) can be divided in five
subclasses M1-5. They can be distinguished based on function, stratification and markers.

2.4 Incompletely characterized RGCs

2.4.1 Oprientation-sensitive RGCs

Orientation selectivity describes the property of cells to preferentially respond to a moving
elongated visual stimulus aligned to a specific axis and to be inhibited by a stimulus
orthogonal to the preferred axis [108]. Orientation selectivity was first discovered in
the cat visual cortex [I08]. Later orientation-sensitive RGCs (0sRGCs) were found in
the retina of pigeon, rabbit and later also in the mouse [170, 148, [40]. So far seven
functionally different 0sRGCs have been identified for vertical, horizontal and orthogonal
orientation of a flashing bar [0, [183] [I84]. They represent about 14.5% of all RGCs
in mouse [9]. Despite their exclusive ON responses, the ON vertically and horizontally
tuned RGCs (vsRGC, hsRGC) both bistratify in the OFF layer S1 and ON layer S5
(Figure [183]. While ON vsRGCs have a symmetric dendritic tree, ON hsRGCs
have an oriented morphology. The OFF vertical and horizontal RGCs stratify both in
OFF layer S1 (Figure but can be distinguished again by the highly asymmetric
dendritic morphology of the OFF vsRGC [I84]. The horizontal and vertical ON-OFF
and the ON oblique tuned cells were found in a functional screen using Calcium imaging
[9]. Interestingly the OFF vsRGCs are labelled using the JAM-B Cre line, which has
previously been report to label RGCs that have direction selective properties [184] [130].
All OFF vsRGCs tested by Nath et al. in the JAM-B Cre line showed vertical orientation
selectivity but only weak direction selectivity that completely disappeared under photopic
conditions [I84]. Since the direction selectivity in the JAM-B cells originates from the
center surround receptive field asymmetry, the direction selective response depends on
features like background light intensity, color, contrast and speed of the moving object
[184]. Genetic markers for the remaining cell types are still unknown.
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Figure 2.8: To date, seven functionally different orientation sensitive RGCs (0osRGCs) have been
identified in the mouse retina. OsRGCs respond preferentially to a stimulus along a specific axis. OFF-
vertical 0sRGCs can be labelled with the JAM-B transgenic line. Vert, vertical; Horiz, horizontal; Obliq,
oblique.

2.4.2 Suppressed-by-contrast RGCs

Suppressed-by-contrast RGCs (sbcRGC) were initially named uniformity detectors. Usu-
ally RGCs respond to increments or decrements of light by increasing their firing rate.
SbcRGCs however are suppressed by high contrasts falling onto their receptive field cen-
ter. So far, calcium population recordings indicate two types of shcRGCs: On and OFF
sbcRGCs [263, 9]. However only OFF sbcRGCs can be genetically labelled using a Cck-
ires-Cre mouse line [263]. In line with their strong ON and weaker OFF response of the
ON sbcRGCs, they show strong stratification in the ON layers S4/5 and weak stratifi-
cations in layer S1 (Figure 2.9). ON sbcRGCs were found to stratify in on layer S5 or
sometimes also across the whole IPL [9]. ON-OFF sbcRGCs are suggested to provide a
population signal for self-generated visual stimuli such as saccadic eye movements and
blinking [263].
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Figure 2.9: ON-OFF suppressed by contrast RGCs are silenced upon high contrast visual stimuli such
as increases or decreases in light intensity. SbcRGCs show strong ON and weaker OFF suppression which
matches their stratification pattern in layer S4/5 and S1.

2.4.3 Chromatically sensitive RGCs

Compared to humans, mice are dichromatic animals that express two types of opsins
that have peak absorptions at middle wavelength (S-opsin) or ultraviolet (L-opsin) light.
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The cones that express S and M-opsins represent only about 3% of all photoreceptors
in mice [I17]. Color distinction experiments confirmed that mice can indeed distinguish
colors [I17]. Interestingly there is no complete segregation of S and M-opsin expression
in most of the cones. Only 4% of all cones express just S-opsin and distribute equally
across the whole retina [08]. Most cones however co-express both opsins in varying ratios
along a dorsoventral axis. M-cones are more frequently found in the dorsal half of the
retina while the ventral retina contains mainly S-cones [257]. Consequently, the dorsal
region can process S versus M chromatic information, while the ventral region is mostly
restricted to monochromatic information processing [298]. The distribution of S and
M-opsins is also reflected in the chromatic response properties of RGCs. Most RGCs
responded to both UV (360 nm) and green (520 nm) light, however UV excitation was
usually more dominant [68]. Some RGCs only respond to UV light (S-ON or S-OFF) and
are connected to a bipolar cell type that receives input exclusively from S-cones [68] [151].
The genetic identity or stratification pattern of blue-sensitive RGCs in mouse has not yet
been determined.

2.4.4 Beta RGCs (Pixel detectors)

Little is known so far about the beta RGCs. They were originally found in cats and
later also in monkey (midget cell) and rabbit (brisk-sustained cell). Beta RGCs are more
frequent and have a smaller receptive field compared to the alpha RGCs and are thought
to be important for acute vision. There are probably two types of Beta RGCs: One
large and one small beta RGC with either ON or OFF receptive field centers and an
antagonistic surround [225] 249, 28 231]. The existence of beta cells in mouse is not
yet confirmed but a cell with similar antagonistic receptive fields has been found and
could represent the beta RGCs found in cats, monkeys and rabbits [249, 228]. More
recently a pixel-encoder ON retinal ganglion cell (PixON-RGC) has been genetically
identified in a Grik4-Cre mouse [120]. Aside from labelling ON and ON-OFF DSGCs,
the Grik4-Cre line also labelled small sized PixON-RGCs in the ventral retina. PixON-
RGC receive only excitatory input in their receptive field center and only inhibitory
input from their receptive field center surround. This combination allows PixON-RGCs
to linearly encode local contrast and illumination. The responses are independent of light
wavelength. PixON-RGCs stratify between layer 4 and 5 (Figure and project mainly
to the dLGN and may thus contribute to vision [120)].
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Figure 2.10: pixON-RGCs have small receptive field, stratify between layer 4 and 5, and respond
linearly to increases in light within the receptive field center.
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2.4.5 RGC types that lack a genetic marker

In line with the idea that stratification depth of RGCs determines their function, it was
shown that the stratification pattern can discriminate 22 different RGC types [252]. For
6 out of those 22 RGC types no genetic marker has been identified [231]. Moreover, a
functional screen of the whole retina by calcium imaging revealed over 30 functionally
distinct RGC classes of which only few have a genetic marker to specifically target them
[9]. Other studies found morphological distinct subpopulations of Calbindin/Calretinin,
Parvalbumin and Brn3 positive [89] 146l 131}, 8]. A more recent paper combined func-
tional calcium imaging with electron microscope morphology reconstruction and found
six previously not described RGCs [10].

2.5 Visual processing and feature extraction beyond
the retina

Many of the previously described RGCs have a preferred projection pattern in the brain.
Often RGCs of the same population do project to multiple targets in the brain but the
relevance of that divergence is still unknown [59]. In general brain regions receiving direct
input from the retina are divided into image and non-image forming brain regions. Non-
image forming regions such as the supra-chiasmatic nucleus (SCN) or the olivary pretectal
nucleus (OPN) receive input from different subtypes of intrinsically photosensitive RGCs
and were shown to control the pupillary light reflex (OPN) and the circadian clock (SCN)
[90,, 96, [86), [86].

Another important brain region not involved in image formation is the accessory
optic system (AOS). The AOS is responsible for generating eye movements that stabilize
retinal images during head and body movements, also known as the optokinetic reflex
[301]. Four nuclei, the medial, and lateral terminal nuclei (MTN and LTN) and the
nucleus of the optic tract and the dorsal terminal nucleus (NOT/DTN) of the AOS were
found to contribute to the horizontal and vertical image slip compensation [30I]. On
and On-Off DSGCs provide direct input to the nuclei of the AOS. On-DSGCs are one of
several rare RGC types that specifically target the AOS without projections to the SC or
dLGN [59, [301]. The contribution of each subtype to the optokinetic image stabilization
still requires the identification of genetic marker to label each subtype individually.

Image forming regions are the dLGN and the SC. Both regions were shown to receive
input from specific RGC subpopulations that project to specific subregions. The SC
receives topographically mapped information from most of the RGCs in the retina. Each
neuron in the SC receives input from about 6 RGCs [35]. The most superficial part of
the SC is innervated by the W3 cells which are responsible for object motion [308]. The
ON-OFF and OFF upward direction selective RGCs extend their projections to deeper
layers of the SC [110, 129, 130]. The center-surround alpha RGCs project only to the
deeper layers of the SC [109].

In the dLGN the different cells react to specific visual features [205, 256]. Each dLGN
neuron may receive input from up to 10 different RGCs. The dLGN consists of a shell
and a core region. LGN Calcium imaging and electrode recordings showed that direction
and orientation selective cells are found mainly in the shell region while non-directionally
tuned center-surround cells localize in the core region [165], 205]. In line with the recorded
direction selectivity in the shell region, DSGC preferentially project to the shell region of
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the dLGN while non DSGCs prefer the deeper core LGN [130), 110, 223}, 129] [T09].

The aforementioned brain regions are just a few of over 40 different RGC brain targets
[178]. The functions of those RGC projections remain largely unknown. However current
knowledge suggests that the parallel streams of visual information each have a preference
to one or sometimes more specific brain regions. The genetic identification and definition
of new RGC subpopulations is essential to further dissect the RGC type specific targets
in order to help understand visual processing.
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3.1 First publication

3.1.1 Regulation of Cerebral Cortex Folding by Controlling Neu-
ronal Migration via FLRT Adhesion Molecules
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SUMMARY

The folding of the mammalian cerebral cortex into
sulci and gyri is thought to be favored by the amplifi-
cation of basal progenitor cells and their tangential
migration. Here, we provide a molecular mechanism
for the role of migration in this process by showing
that changes in intercellular adhesion of migrating
cortical neurons result in cortical folding. Mice with
deletions of FLRT1 and FLRT3 adhesion molecules
develop macroscopic sulci with preserved layered
organization and radial glial morphology. Cortex
folding in these mutants does not require progenitor
cell amplification but is dependent on changes in
neuron migration. Analyses and simulations suggest
that sulcus formation in the absence of FLRT1/3 re-
sults from reduced intercellular adhesion, increased
neuron migration, and clustering in the cortical plate.
Notably, FLRT1/3 expression is low in the human
cortex and in future sulcus areas of ferrets, suggest-
ing that intercellular adhesion is a key regulator of
cortical folding across species.

INTRODUCTION

The cerebral cortex is a central region in the brain that controls
high-level cognitive functions (Geschwind and Rakic, 2013). Dur-
ing evolution, the cortex has undergone an enormous expansion
that mostly accounts for the increase in brain size across
mammalian species (Finlay and Darlington, 1995). Because the
cerebral cortex is a laminar sheet of tissue, its expansion coin-
cides with the formation of folds consisting of gyri and sulci.
Based on cortical folding, mammals can be classified into gyren-
cephalic species (such as ferrets and most primates), which
have folded brains, and lissencephalic species (such as mice),
which have smooth-surfaced cortices.

Mechanistically, cortex folding is promoted by regional cortical
growth together with tangential expansion (Borrell and Gotz,
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2014; Borrell and Reillo, 2012; Reillo et al., 2011). This model is
based on the finding that one of the germinal zones of the cortex,
the subventricular zone (SVZ), is subdivided into an inner (ISVZ2)
and outer (OSVZ) subventricular zone in gyrencephalic but not
in lissencephalic species, (Reillo et al., 2011). The OSVZ is a pro-
liferative region that contains transit-amplifying basal progenitors
(BPs) that expands concomitant with the onset of cortical folding
(Hansen et al., 2010; Lui et al., 2011). Recent observations have
shown that local amplification of BPs can lead to gyrus formation
in the smooth mouse cortex (Florio et al., 2015; Rash et al., 2013;
Stahl et al., 2013; Wang et al., 2016), whereas a decrease of the
BP pool reduces the gyrification index in the ferret (Reillo et al.,
2011; Toda et al., 2016), indicating that expansion of BPs repre-
sents a key event to induce gyration of the mammalian brain.
Interestingly, new findings have challenged this model regarding
its predictive power on the gyration of the cortex. Recent studies
have shown that increasing proliferation of BPs in the mouse SVZ
per se increased the cortical thickness or surface but was not suf-
ficient to cause gyrification (Nonaka-Kinoshita et al., 2013; Thom-
son et al., 2009; Wagenfuhr et al., 2015). Notably, the prevailing
hypothesis proposes that it is the combination of BP amplification
with divergent radial migration that contributes to the expansion
ofthe cortexinradial and tangential axes and then its folding (Bor-
relland Reillo, 2012; Fernandez et al., 2016; Lui et al., 2011; Reillo
et al., 2011). According to this model, migrating neurons do not
follow strictly parallel pathways but, instead, follow divergent
trajectories, dispersing in the lateral axis, which leads to tangen-
tial cortical expansion and folding. Failure in neuronal migration
causes severe abnormalities in cortical folding that result in hu-
man lissencephaly (Moon and Wynshaw-Boris, 2013). Moreover,
recent findings directly support the radial divergence hypothesis
by showing that, in the ferret cortex, migrating neurons do not
follow strict radial pathways but, instead, follow more tortuous
migration routes concomitant with the start of cortical folding
(Gertz and Kriegstein, 2015). However, molecular mechanisms
that affect neuronal migration and modulate this trajectory diver-
gence, resulting in cortex folding, have not been found. More-
over, no mouse gene has yet been identified whose genomic or
global modification (rather than acute and local) favors folding
of the smooth mouse cortex.

Cell 169, 621-635, May 4, 2017 © 2017 Elsevier Inc. 621
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Figure 1. FLRT1 and FLRT3 Control Lateral Migration of Cortical Neurons

(A) Cortical region shown in (B) and source of cortical neurons shown in (C).

(B) X-gal staining of FLRT1-3 expression on coronal sections of E15.5 cortex from Firt1-3'%Z reporter lines. Cortical layers were identified by DAPI and
immunostained for Pax6 and Tbr2.

(C) FIrt1'a°Z’+ cortical cultures at E15.5 (2 days in vitro), immunostained for FLRT3 (surface staining, green in merge), X-gal (for labeling Firt1+ cells, red in merge),
and phalloidin. Yellow arrowheads/outlines indicate FLRT1/3 double-positive neurons. Magenta arrowheads/outlines show FLRT3 single-positive neurons. White
outlines show FLRT3-negative neurons.

(D) X-gal staining of coronal sections from E15.5 Firt3 heterozygous (FIrt3'>"a°Z), Firt3 CKO and Firt1/3 DKO embryos. Areas in dashed rectangles are shown with
higher magnification on the right. Normalized intensity plots are shown, obtained from the areas delineated with a dashed rectangle. Arrowheads indicate regions
containing cell clusters, and green boxes highlight lateral and red boxes mediolateral portions of the cortex at intermediate-caudal levels.

(E) Quantification of the intensity fluctuations in those portions of the neocortex; n = 3-5 mice/group, 2 sections/mouse; *p < 0.05, one-way ANOVA test with
Tukey’s post hoc analysis.

(legend continued on next page)
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Previously, we have established that genetic ablation in mice
of FLRT3, a member of the fibronectin leucine rich-repeat trans-
membrane protein (FLRT) family of cell adhesion molecules,
leads to altered distribution of pyramidal neurons during cortical
development, forming a repeated pattern of clusters along the
tangential axis (Seiradake et al., 2014). FLRTs have the unique
property of acting as adhesion molecules by homophilic and het-
erophilic binding to Latrophilin proteins and as repellents by
binding to Unc5/Netrin receptors (Jackson et al., 2015, 2016; Ya-
magishi et al., 2011). Here we report that genetic ablation of
FLRT1 and FLRT3 leads to the development of macroscopic
cortical sulci during embryogenesis. Mechanistically, this pro-
cess happens independent of progenitor cell amplification.
Instead, we found that cortical neurons display reduced intercel-
lular adhesion, faster neuronal migration, and clustering along
the tangential axis, thereby leading to sulcus formation in the
normally smooth mouse neocortex. Our results suggest that
intercellular adhesion of migrating cortical neurons is a key factor
underpinning folding of the cerebral cortex.

RESULTS

FLRT1 and FLRT3 Control the Lateral Dispersion of
Pyramidal Neurons

Expression analysis of FLRTs in the developing cortex from em-
bryonic day 13.5 (E13.5) to E17.5 (Figures 1A and 1B and Figures
S1A-S1C and S1F) revealed a partial overlap between FLRT1
and FLRT3 in both the intermediate zone (1Z) and cortical plate
(CP), whereas FLRT2 was confined to the CP. In cultures of
dissociated cortical neurons from E15.5 embryos, approximately
30% were FLRT3-positive, and, among those, 35% co-ex-
pressed FLRT1 (Figure 1C). This finding was consistent with a
molecular identity analysis from the E15.5 mouse cortex that
also revealed strong enrichment of both FLRT1 and FLRT3 in
migrating upper cortical neurons among other cell types (Figures
S1D and S1G). To investigate whether FLRT1 plays a role in py-
ramidal neuron migration, possibly in a functionally redundant
fashion with FLRT3, we generated double knockout mice lacking
FLRT3 in developing neurons and progenitors and FLRT1 in
all cells (Firt1~/=;Firt3'°/a°Z:Nestin-Cre mice; in short, Firt1/3
double knockout [DKO]) and compared them to the respective
single mutants (FIrt3'>”2°Z:Nestin-Cre; in short, Firt3 conditional
knockout [CKO], and Firt1 knockout [KO] mice). In agreement
with our previous work (Seiradake et al., 2014), we found that
FLRT3-deficient (B-galactosidase [B-gall+) neurons in Firt3
CKOs showed abnormal cell clustering in the lateral portion of
the neocortex within the lower CP (Figures 1D and 1E; Fig-
ure S1l). Interestingly, this cell clustering effect was enhanced

in Firt1/3 DKO compared with FIrt3 CKO mice, extending into
medial and caudal regions of the cortex (Figures 1D-1F; Fig-
ure S1J; data not shown). To analyze the distribution of 3-gal+
neurons, we calculated the normalized intensity profile of the
X-gal staining in the lower half of the cortical plate (dashed
region, Figure 1D), which revealed extended fluctuations in the
density of FIrt1/3 DKO neurons compared with FIrt3 CKO and
Firt3 heterozygous neurons (Figure 1E). To test whether the
repeated pattern of cell clusters extended to the upper CP, we
performed a distance-based clustering analysis, using as input
the coordinates of X-gal-positive neurons populating the upper
CP. We observed clustering of neurons in the upper CP of
Firt1/3 DKO following a pattern of approximately 75- to 120-
um intervals, in line with the pattern present in the lower CP (Fig-
ures 1G and 1H). This suggests that the altered localization and
clustering of cells in the Firt1/3 DKO extended into the upper CP,
where cells normally spread laterally to form cortical layers.
Taken together, these results indicate partially redundant roles
of FLRT1 and FLRT3 in controlling the tangential distribution of
pyramidal neurons during cortical development.

Firt1/3 CKO Mice Develop Cortical Sulci

Upon further inspection of Firt1/3 DKO embryos, we found that,
in 33% of the cases, the clustering of upper CP neurons at
E15.5 correlated with the formation of an incipient sulcus in the
otherwise smooth mouse neocortex (Figure 2A; Figures S2A
and S2B). These cortical sulci developed on the lateral side of
the cortex from intermediate to caudal levels where the repeated
pattern of neuronal clusters was present in mutant embryos (Fig-
ures 2B and 2C), suggesting that these processes were causally
linked. At later stages of cortical development (E17.5), cortical
sulci were found in Firt1/3 DKO embryos, with a similar pene-
trance of 31% (Figure S2C). They showed considerable pheno-
typic variability between embryos, ranging from shallow to
deep sulci that were easily visible in intact brains after removal
of the meninges (Figures 2D and 2E).

Because cortical folding is not a random process but, rather,
forms stereotyped patterns in gyrencephalic species (Borrell
and Reillo, 2012), we determined the spatial distribution of sulci
at E17.5. We used a kernel density estimator based on the loca-
tion of sulci in coronal sections and plotted it onto a 3D mouse
brain template. This analysis revealed that the left hemisphere
had a higher probability of developing sulci and that they were
mostly located between the perirhinal and postrhinal cortices
of the mouse, close to the rhinal fissure (Beaudin et al., 2013; Fig-
ure 2F; Movie S1). In contrast, the right hemisphere developed
sulci in rostro-medial cortical regions where clusters were not
visible, suggesting that other mechanisms might also participate

(F) 3D mouse brain (template from the Allen Mouse Brain Atlas) with cortical areas displaying cell clustering in FIrt3 CKO (green area) and Firt1/3 DKO (blue area)

at E15.5.

(G) X-gal staining of coronal sections from E15.5 Firt3 heterozygous and Firt1/3 DKO embryos. Cell clusters in the upper CP were identified based on the position
of individual X-gal+ neurons (areas in dashed rectangles are shown with higher magnification on the right) using a distance-based clustering method (a cluster
was defined as a minimum of 25 cells spaced less than 20 um). Cluster identification is as follows. Neuron clusters in Firt1/3 DKO embryos are marked with
different colors (red, green, and blue; “Clus”), and centroids of each cluster (cnt) are shown in the same color. Neurons that are not clustered are colored in gray.
(H) Quantification of the number of clusters and the distance between them from the data shown in (G); n = 3-5 mice/group; ***p < 0.001, unpaired Student’s t test.
Whiskers in the box plot represent minimum and maximum. The data are presented as mean + SEM. Scale bars represent 150 um (B), 14 um (C), 300 um (D), and

50 um (G).
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in this process (Figure 2G; Movie S1). The variability in sulcus
location may have to do with the absence of gene expression mi-
crodomains. These structures play an important role in the gen-
eration of gyri/sulci at specific locations and are present in the
developing cortex of gyrencephalic species such as the ferret
but not in the lissencephalic mouse (de Juan Romero et al.,
2015). Sulci were also found in postnatal stages of Firt1/3 DKO
mice (penetrance, 24%) (Figure 2H; Figures S2D and S2E),
indicating that these were not transient embryonic structures.
The examination of single mutant brains revealed that Firt1 KO,
but not Firt2 or Firt3 CKO, brains showed sulcus formation, albeit
with lower penetrance (12%-16%; Figures S2C and S2D). In
addition, FIrt2/3 DKO brains rarely showed sulcus formation
(1in 13), suggesting that Firt1 plays a major role in the phenotype
(Figures S2C and S2F). The morphologies of the sulci in Firt1 KO
brains were comparable with those observed in Firt1/3 DKO
brains (Figure S2G), suggesting that the underlying mechanisms
were similar. These results indicate that FLRT1 and FLRT3
have partially redundant functions in the formation of a smooth
neocortex.

Cortical Sulci Develop Independent of Cell Proliferation
As a first step toward understanding the mechanism involved in
sulcus formation in Firt1/3 DKO brains, we analyzed cell prolifer-
ation in brain sections at different stages of cortical development
by quantifying the numbers of apical (Pax6+) and basal (Tbr2+)
progenitors (Englund et al., 2005). We also stained for the phos-
phorylated forms of vimentin (Pvim) and histone H3 (PH3) that
label dividing radial glial (RG) and mitotic cells, respectively
(Pilz et al., 2013). We did not find significant increases in mitotic
and dividing RG cells in mutant embryos at different develop-
mental stages and in different rostro-caudal regions, except for
asmallincrease in intermediate cortical regions at E13.5 (Figures
3A-3C; Figures S3A-S3L). Moreover, the proportion of mitotic
cells in basal versus apical germinal layers was unchanged in
Firt1/3 mutant brains (Figure 3D; Figures S3D, S3H, and S3L),
and the numbers of dividing basal RG cells were less than 5%
in all experimental groups (data not shown). Quantification of
total cell nuclei (stained with DAPI), Pax6+ and Tbr2+ progenitor
cells, and short pulses of BrdU did not reveal significant in-
creases in Firt1/3 mutant brains (Figure 3C; Figures S3C, S3G,
S3K, and S3M-S3Q), suggesting that cortical sulci develop inde-
pendent of changes in cell proliferation.

Next we explored alternative mechanisms underlying sulcus
formation, such as alterations in the RG fiber scaffold, basement
membrane formation, and Cajal-Retzius (CR) cell development.
Tracing of individual RG fibers in Firt1/3 DKOs based on brain
lipid-binding protein (BLBP) staining showed that RG processes
located in sulcus areas reached the marginal zone (MZ), similar
to control regions, even when sulci were very deep (Figure 3E;
Figure S4A). The overall densities and lengths of RG processes
in sulcus areas did not differ from adjacent regions (Figure S4B).
The curvature index of RG processes was significantly higher in
sulcus areas because of the convergence of fibers at sulcal pits
(Figures 3E and 3F), similar to those reported in classic descrip-
tions of gyrencephalic species such as ferrets and monkeys
(Rakic, 1972; Smart and McSherry, 1986). Remarkably, the basal
membrane was intact in seven of eight mutant brains (Figures
S4C and S4D), suggesting that these sulci were not the result
of neuronal ectopias as observed in cobblestone lissencephaly
(Devisme et al., 2012). Because CR cells originating from the
cortical hem (CH) express both FLRT1 and FLRT3 (Figures
S4E-S4G), we also explored whether loss of FLRT1/3 affected
CH-derived CR cell migration. We found that the distribution
and density of CR cells in the MZ of sulcus areas in mutant brains
appeared normal (Figure 3E), even in dramatic cases where the
MZ followed the depth of the sulcus (Figure S4A). These results
suggest that cortical sulci in FIrt1/3 DKOs are not the result of
alterations in RG scaffold, basal membrane formation, or CR
cell development.

FLRT1/3-Deficient Pyramidal Neurons Reach Upper
Cortical Layers Faster

Given the lack of strong alterations in progenitors and glial
cells, we next asked whether sulcus formation correlated with
changes in the migration and distribution of pyramidal neurons.
Cortical layering seemed well preserved in sulcus areas of
Firt1/3 DKO compared with controls (Figure 3G), but layer thick-
ness was reduced, particularly in the lower CP (Figures S4H and
S4l), similar to those reported in gyrencephalic species such as
the ferret (Smart and McSherry, 1986). Notably, the proportion of
Cux1+ neurons (Nieto et al., 2004) in the upper versus lower CP
was significantly higher in sulci with respect to adjacent areas
(Figures 3H and 3l). Similar results were obtained after bromo-
deoxyuridine (BrdU) pulse labeling of newborn pyramidal neu-
rons at E14.5 and analyzing their distribution in the CP at E17.5

Figure 2. Firt1/3 CKO Mice Develop Cortical Sulci

(A) X-gal-stained serial coronal sections from the cortex of an E15.5 Firt1/3 DKO embryo. Areas in dashed rectangles are shown with higher magnification on the
right. Dashed circles and arrowheads indicate prominent clustering of neurons in the upper CP, and horizontal dashed lines highlight incipient sulcus formation
(top) and a wavy surface of the upper CP (bottom).

(B) Twelve sections, rostral to caudal, of three Firt1/3 DKO brains (rows 1-3) at E15.5 were analyzed for the presence of sulci (circles) or cell clustering (blue
squares).

(C) 3D representation of the data shown in (B).

(D) Coronal sections from two E17.5 Firt1/3 DKO brains with different degrees of sulcus formation in the cortical plate (arrowheads). Sections were stained with
X-gal and nuclear fast red. Areas in dashed rectangles are shown with higher magnification on the right.

(E) Macroscopic sulciin an E17.5 Firt1/3 DKO embryo. The area in the dashed rectangle is shown with higher magnification on the right, and sulci are indicated by
arrowheads.

(F and G) Sulcus distribution in the left (F) and right (G) hemispheres of all E17.5 Firt1/3 DKO embryos. The color bar indicates a higher (blue colors) or lower (green-
white) density of sulci.

(H) P1 FLRT1 KO brain section stained with Cux1, Ctip2, and Foxp2. Areas in dashed rectangles are shown with higher magnification on the right.

Scale bars represent 300 um (A), 500 um (D), 1 mm (E), and 2.4 mm and 0.4 mm (H).
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(Figures S4J and S4K). These results suggested that either
FLRT1/3-deficient pyramidal neurons migrated faster through
the cortical plate, thereby causing sulcification, or that sulcifica-
tion provided a shorter migration distance compared with non-
sulcus areas, resulting in a higher proportion of cells in the upper
CP. Given that only a portion of migrating neurons expressed
FLRT proteins, we next analyzed the distribution of FLRT3-defi-
cient (B-gal+) neurons and compared non-sulcus areas of Firt1/3
DKOs with controls. We found that the proportion of cells in
the upper CP was higher in Firt1/3 DKOs (Figures 3J and 3K).
These results suggest that FLRT1/3-deficient pyramidal neurons
migrate faster through the cortical plate than FLRT1/3-express-
ing neurons.

Lack of FLRT1/3 Increases Migration Speed

To obtain direct evidence for changes in the migration speed of
cortical neurons, we performed live imaging of embryonic
cortices ex vivo. Control and Firt1/3 DKO brains were sliced
and imaged 48 hr after electroporation with pCAG-CRE and
the Cre reporter pCALNL-DsRed to visualize migrating cells.
This approach (Cre electroporation into Firt1/3 DKO embryos)
was chosen over Cre electroporation into Firt?~/~Flrt3'ox/ox
brains because the latter approach did not reliably induce sulci
compared with control brains, presumably because of the low
abundance of electroporated cells (data not shown). A caveat
of the former approach was that only a subset of Cre reporter-
positive cells expressed FLRT proteins because these brains
also contain many non-FLRT-expressing cells (Figure 4A; Fig-
ures S5A and S5B). Hence, a large proportion of Cre reporter-
positive cells in FIrt1/3 DKO brains were not directly affected
by the Firt1/3 mutations, thereby potentially masking subtle de-
fects. Individual Cre reporter-positive neurons entering the CP
from the 1Z were tracked and processed using a custom Python
algorithm that allowed us to quantify migration parameters and
to color-code portions of each track based on migration speed
(Figure 4B). Overall, Cre+ cells in Firt1/3 DKO neurons displayed
parallel and straight paths (Figure S5C), except in rare cases
when migrating through a forming sulcus, where they displayed
convergent paths (Figure S5D; Movie S2). Similar to controls,

Cre+ neurons exhibited the stereotypic RG-based locomotor
pattern with high speeds (>32 um/h) in the middle of the CP
and decreasing speeds toward the upper CP (Kawauchi, 2015;
Tabata and Nagata, 2016; Figure 4C). Given that Cre+ cells in
Firt1/3 DKO neurons showed trends toward higher maximum
speed and acceleration, we analyzed their speed profiles. These
results revealed an increased proportion of high-speed seg-
ments (>58 um/h) in Firt1/3 DKO compared with control brains
(Figure 4D; Figures S4E and S4F). Plotting the relative fre-
quencies of the maximum migration speeds revealed that the
fraction of cells reaching >70 pm/h was significantly increased
in FIrt1/3 DKO brains compared with controls (19% versus
12%) (Figure 4E). These results suggest that Firt1/3 mutant neu-
rons reached higher speeds more often than control neurons.
To assess the morphologies of individual Firt1/3 mutant neu-
rons, we sparsely labeled Firt1/3 DKO neurons in an otherwise
control background by introducing Cre and a Cre reporter into
Flrt1~/=FIrt3'>** brains using the Supernova system, which
makes use of a leaky Tet promoter driving Cre expression in
few cells (Mizuno et al., 2014; Figure 4F). The general complexity
of mutant neurons populating the lower CP appeared similar to
those observed in control sections, as assessed by Sholl anal-
ysis (data not shown). When categorizing the neurons according
to increasing maturity into multipolar, unipolar and bipolar neu-
rons, and “bipolar branched” morphologies (Figure 4F), we
observed a significant shift toward immature morphologies in
the upper CP of Cre-induced FIrt1/3 mutant neurons compared
with controls (Figure 4G). Thus, ablation of FLRT1/3 increases
the abundance of immature neurons in the upper cortical plate.

Modeling Clustering and Speed Profiles of Firt1/3 DKO
Neurons

So far our analysis suggested a model in which increased migra-
tion speeds of Firt1/3 mutant neurons and/or the formation of cell
clusters in the CP could be causal to sulcus formation (Figure 5A).
To test this hypothesis, we performed data-driven computa-
tional modeling of neurons migrating through the CP. We took
the following points into consideration. Both FLRT3 gain- and
loss-of-function experiments in vivo revealed a repeated pattern

Figure 3. Pyramidal Neuron Distribution, but Not Cell Proliferation, Is Changed in Sulcus Areas
(A and B) E13.5 cortices from intermediate (A) and rostral, caudal regions (B) of control and Firt1/3 DKO embryos were labeled for the neuronal progenitors Pax6
(blue) and Tbr2 (white), mitotic cells (PH3, red), and dividing RG cells (Pvim, green). Areas in dashed rectangles in (A) are shown with higher magnification on

the right.

(C) Quantification of the data shown in (A) and (B) (n = 3-4 mice/group). **p < 0.001, unpaired Student’s t test.

(D) Proportion of basal mitotic cells (PH3) (n = 3-4 mice/group; no significant changes between groups, unpaired Student’s t test).

(E) Firt1/3 DKO section immunostained for BLBP (white), calretinin (green), and DAPI (blue). The area in the dashed rectangle is shown with higher magnification
on the right. White dashed lines delineate sulci, and yellow dashed lines show the margins of the MZ where calretinin+ CR cells are located. Single traced RG
processes are colored in magenta (in the sulcus region) or green (adjacent areas).

(F) Quantification of the curvature index of traced fibers shown in (E). n = 7 adjacent fibers, n = 8 sulcus fibers. *p < 0.05, unpaired Student’s t test .

(G) E17.5 FIrt1/3 DKO cortex immunostained for upper (Cux1, green) and deeper-layer (Tbr1, red) neurons and DAPI (blue).

(H) Sulcus and adjacent region from an E17.5 Firt1/3 DKO section immunostained with Cux1 (white). Cux1+ cells in the upper CP are highlighted in light green, and

Cux1+ cells still migrating in the lower CP are highlighted in dark green.

(I) Quantification of the data shown in (H) (n = 12 sections from a total of 5 mutant brains). **p < 0.01, one-way ANOVA test with Tukey’s post hoc analysis.
(J) X-gal staining of coronal sections from E15.5 Firt3 heterozygous and Firt1/3 DKO embryos. The CP was subdivided into upper and lower CP (Figure S1l). The
coordinates of X-gal precipitates (the red rectangle is shown with higher magnification on the right) were plotted as circles colored cyan (upper CP) and blue

(lower CP).
(K) Quantification of the data shown in (J).

ICP, lower cortical plate (ICP). The data are represented as mean + SEM. Scale bars represent 400 and 150 um (A), 400 um (B), 600 and 100 pum (E), 500 pum (G),

90 pum (H), and 120 um ().
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of cell clusters (Seiradake et al., 2014; Figure 1), which can be
modeled as sine equations (Figure 5B). FLRTs act as cell adhe-
sion molecules. This was shown for FLRT3 overexpression on
cell clustering in vivo (Seiradake et al., 2014) and for FLRT-medi-
ated cell aggregation in vitro (Figures S6A and S6B). The effects
of FIrt1/3 ablation on cell clustering in vivo are likely non-cell
autonomous and may be the result of repulsive interactions
with surrounding cells. Based on these considerations, we es-
tablished two rules for the computational model: the sine equa-
tion modeled from gain-of-function experiments reflected the
attraction forces of FLRT1/3+ neurons, and the sine equation
from loss-of-function experiments represented the repulsion
forces that FLRT1/3+ neurons are exposed to from surrounding
cells. We distributed particles representing FLRT1/3-positive
and -negative cells in a 2D grid, keeping equal distances and ho-
mogeneous distributions as observed in Firt1/3 heterozygous
control sections. Particles representing FLRT1/3+ neurons
showed attraction between them (first rule), whereas surround-
ing particles elicited repulsion toward them (second rule) (Fig-
ure 5C). To analyze the behavior of the particles during move-
ment, particles were set to move along the z axis, and both
speed and attraction-repulsion forces were random within a
small range (&) to mimic the fluctuations present in biological sys-
tems (Wilkinson, 2009). The attraction force was modulated by
changing its amplitude and phase with respect to the repulsive
force, which was kept constant under all conditions to reflect
FLRT1/3 gain- and loss-of-function experiments (Figure S6C).
Kernel distribution and minimum neighbor analysis of particles
representing FLRT1/3+ neurons showed homogeneous distribu-
tion of particles when attraction and repulsion forces were
balanced (Figures 5D and 5E). In contrast, particle clustering
was observed when the attraction between particles was either
high or low (Figures 5D and 5E; Figure S6D), which was consis-
tent with the formation of neuronal clusters when FLRT1/3 were
overexpressed or downregulated in vivo. Interestingly, the distri-
bution of particles in the z axis was also influenced by attraction
and repulsion forces. Under both high and balanced attraction
conditions, the particles formed a smooth surface after moving
along the z axis. Conversely, the low attraction paradigm re-
sulted in a wavy surface because of an increased proportion of
particles moving with high speed, reminiscent of the live imaging
experiments with FIrt1/3 DKO sections (Figures 5F and 5G).

Taken together, the low attraction paradigm of the computa-
tional model matched the experimental observations with
Firt1/3 DKO mice rather well by generating particle clusters,
increasing particle migration speed, and producing a wavy sur-
face area.

FLRT Expression in Gyrencephalic Species

Given that FLRT1/3 ablation promoted sulcus formation in the
normally smooth mouse neocortex, we set out to analyze endog-
enous FLRT1/3 expression in gyrencephalic species such as
ferret and human. We hypothesized that FLRT1/3 expression
levels may be generally low in gyrencephalic species to permit
folding or relatively less abundant in sulcus than in gyrus areas.
The ferret cortex is nearly lissencephalic at birth and undergoes
complex and stereotyped postnatal folding (Reillo et al., 2011;
Smart and McSherry, 1986). We analyzed ferret FLRT1/3 expres-
sion prior to morphological distinction of the prospective splenial
gyrus and its adjacent lateral sulcus because previous studies
have successfully identified genes involved in cortical folding in
these regions (de Juan Romero et al., 2015; Figure S6E). In situ
hybridization (ISH) for FIrt1/3 revealed that both genes were
mainly expressed in the CP, ISVZ, and OSVZ and, to a lesser
extent, in the 1Z at post-natal day 0 (PO) and P6 (Figures 6A
and 6B; Figures S6F and S6G). Quantification of the expression
levels revealed that both FLRT1 and FLRT3 were significantly
less abundant in the cortical area that will form the lateral sulcus
compared with the splenial gyrus (Figures 6C and 6D).

To study FLRT expression in human embryos, we used RNA
sequencing (RNA-seq) data from three different sources. We first
compared mouse FLRT1 and FLRT3 mRNA expression levels in
E14 neocortex (subdivided into medial and lateral portions;
(Wang et al., 2016) with RNA-seq data from human embryonic
cortex at 12-19 post —conception weeks (pcw) (http://www.
brain-map.org) normalized to the housekeeping gene GAPDH
(Figures S6H and S6l). There were consistently higher levels in
mouse cortex compared with a number of different cortical re-
gions in human samples. Second, we analyzed mouse and hu-
man FLRT1 and FLRT3 normalized to GAPDH in different cortical
layers (Fietz et al., 2012; Figures 6E and 6G). The abundance of
mouse FLRT1 and FLRT3 mRNAs in the SVZ region ranged be-
tween 24%-49% of GAPDH, whereas the levels of human FLRT1
and FLRT3 ranged between 1%-3% of GAPDH (the human ISVZ

Figure 4. Faster Speed Profiles of Firt1/3 DKO Neurons

(A) Firt1/3 DKO embryos were electroporated at E13.5 with pCAG-Cre and the pCALNL-DsRed reporter plasmid (red staining; Figure S5). Yellow and white boxes

indicate double dsRed/FIrt3+ and single dsRed+ cells, respectively.

(B) Time-lapse analysis of electroporated neurons migrating into the cortical plate in cultured E15.5 cerebral cortex slices. Migrating neurons were tracked
(colored lines, top) and color-coded based on speeds in individual segments (bottom).
(C) Average speed profiles normalized to CP length of Firt71/3 DKO and littermate control embryos (from >400 tracked neurons).

(D) Color-coded speed profiles of >400 tracked neurons in controls and Firt1/3 DKO embryos normalized to total migration distance. Speeds higher than 58 um/h
are highlighted in yellow on the right.

(E) Maximum speed frequency distribution of all tracked neurons in controls and Firt1/3 DKO embryos. Dashed rectangles indicate low (blue) and high (yellow)
speed profiles, and their fraction is shown on the right. *p < 0.05, chi-square contingency analysis.

(F) Sparse cell labeling via electroporation at E13.5 of the Supernova vector system into either Firt1—/—;Firt3ix/Ix (mutant) or Firt1+/—;Firt3Ix/+ (control) littermates.
At E16.5, Cre+ neurons were imaged and categorized according to their degree of maturity into multipolar, uni/bipolar, or bipolar branched phenotypes (example
images are shown). The upper third portion of the CP was designated as upper CP based on the staining of Cux1 (top, green) and Ctip2 (bottom, red) markers.
(G) Abundance of each category of neurons in the lower and upper CP of mutant and control brains (representative images are shown; >150 neurons/group,
*p < 0.05, chi-square contingency analysis).

IUE, in utero electroporation. The data bars are represented as mean + SEM. Scale bars represent 50 um (B) and 200 um (F).
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Figure 5. Computer Modeling Matches Firt1/3 DKO Experimental Observations

(A) Hypothetical model of sulcus formation in Firt1/3 DKO brains. In the wild-type (WT), FIrt1/3+ neurons show homogeneous distribution while migrating through
the CP at E15.5 and form a uniform layer in the upper CP at E17.5. Loss of FLRT1/3 induces cell clustering in the lower and upper CP, creating imbalanced tension
forces, and loss of adhesion may increase tissue elasticity, ultimately leading to sulcus formation.

(B) FLRT1/3 overexpression (GOF, B’) or ablation (LOF, B”) alters the attraction-repulsion balance, resulting in the formation of neuronal cell clusters, which can
be modeled as sinus equations. The graphs depict experimental data (black) and sinus fit (colored). The scale bar represents 40 um.

(C) Scheme illustrating how particles representing FLRT1/3-positive (blue) and -negative neurons (red) are arranged. Blue particles show attraction between
them. Red particles repel blue particles. Both attraction and repulsion forces are based on the sinus equation modeled (B). e represents noise added to the
system.

(D) Distribution of particles representing FLRT1/3+ neurons after computer simulations with high, balanced, or low attraction forces. The colored lines indicate a
higher (magenta) or lower (cyan) density of particles based on their kernel distribution.

(E) Minimum neighbor distance of particles shown in (D). n = 10 computer simulations comprising 480 particles. ***p < 0.001, one-way ANOVA test with Tukey’s
post hoc analysis.

(F) Distribution of particles on the z axis after computer simulations. Note that both high and balanced attraction conditions result in a uniform surface, whereas
low attraction conditions produce a wavy surface after computer simulations.

(G) Frequency distribution of speed profiles of particles shown in (F). Rectangles indicate low (plain) and high (pattern) speed profiles, and their relative fractions
are shown on the right. **p < 0.01, ***p < 0.001, chi-square contingency analysis.

The data are represented as mean + SEM.
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Figure 6. Low Endogenous Levels of FLRT1 and FLRT3 in a Future Sulcus Area of Ferret Cortex and in Specific Layers of Human Cortex
(A and B) ISH for FLRT1 (A) and FLRT3 (B) in sagittal sections of ferret cortex at P0O. Regions marked by dashed rectangles delineate a prospective lateral sulcus
(Sulcus) and splenial gyrus (Gyrus) and are shown with higher magnification on the right. The scale bars represent 1 mm.

(C and D) Intensity quantification of the images in (A) and (B) and Figures S6F and S6G, expressed as a ratio of sulcus/gyrus in different cortical layers at PO and P6
(n = 3 separate ISH experiments for each group). *p < 0.05, unpaired Student’s t test.

(E-H) Comparison of FLRT1 and FLRT3 expression between mouse and human with sequencing data from Fietz et al. (2012) (GEO: GSE38805) and Florio et al.
(2015) (GEO: GSE65000). FLRT1 and FLRT3 mRNAs are more abundant in mouse compared with human when comparing different germinal layers (E and G) and
specific cell types, including apical radial glia cells (aRG), basal radial glial cells (0RG), and migrating neurons (F and H).

FLRT sequencing data were normalized to housekeeping genes, including GAPDH (this figure) and PGK1 (Figures S6J-S6M). Whiskers in the boxplot represent
minimum and maximum; unpaired Student’s t test, **p < 0.01, ***p < 0.001, ***p < 0.0001.

and OSVZ were combined). Relatively higher levels of mouse
FLRT1 and FLRT3 were also seen in the CP. Higher levels of
mouse FLRT1, but not FLRT3, were seen in the VZ. Normalizing
FLRT1 and FLRT3 expression to another housekeeping gene
(PGK1) gave similar results (Figures S6J and S6L). Third, we
compared FLRT1/3 expression in apical and basal RG and
migrating neurons in human and mouse (Florio et al., 2015; Fig-
ures 6F and 6H; Figures S6K and S6M). FLRT1 and FLRT3
expression in the mouse was highest in migrating neurons and
basal RG cells, which are the mouse homologs of the outer RG
cells found in gyrencephalic species (Borrell and Gotz, 2014).
Notably, FLRT1/3 levels in these cells were much higher in
mouse than in human cortex. Given the high levels of FLRT1/3
in basal RG cells, we also asked whether the fraction of pvim-
positive cells that display a basal radial glia-like morphology
was altered in the FLRT1/3 DKO mice. This was not the case
(Figures S6N and S60), providing more evidence for lack of basal

radial glia involvement in the FLRT KO phenotype. Overall, these
results revealed an inverse correlation between the presence
of cortical folds/sulci and FLRT1/3 levels. Thus, the human
neocortex expresses lower levels of FLRT1/3 compared with
the mouse neocortex, and, in the ferret cortex, FLRT1/3 expres-
sion levels are less abundant in prospective sulcus than in gy-
rus areas.

DISCUSSION

In this study, we have identified FLRT1 and FLRT3 adhesion mol-
ecules as regulators of mammalian cortex folding. Genetic abla-
tion of FIrt1/3 in mice resulted in the formation of macroscopic
cortical sulci that were maintained post-natally. These anatom-
ical changes did not require progenitor cell amplification but,
rather, correlated with changes in the behavior of migrating
cortical neurons. Lack of FLRT1/3 reduced intercellular
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adhesion, enhanced neuron clustering along the tangential axis,
and mildly accelerated radial migration, resulting in a larger pro-
portion of immature neurons reaching the upper cortical plate
during late embryogenesis. These findings suggest that regula-
tion of intercellular adhesion of migrating neurons is critical for
sulcus formation in the cerebral cortex. Moreover, our expres-
sion analysis of FLRT1 and FLRT3 in gyrencephalic species re-
vealed an inverse correlation between FLRT1/3 levels and sulcus
formation, supporting a model by which increased abundance of
FLRT1/3 levels during evolution led to the smoothing of an
ancestral folded cortex. Therefore, Firt1/3 DKO mice are an inter-
esting genetic model to study the cellular and molecular mecha-
nisms of cortex folding induced by migrating neurons indepen-
dent of progenitor amplification.

Mechanisms of FLRT1/3 Function

Firt1/3 DKO mice are a unique genetic mouse model in which the
cortex is folded without increases in neurogenic progenitor cells
and basal radial glia. The lack of effects on neurogenic progeni-
tor cells in Firt1/3 DKO is consistent with the lack of FLRT1/3
expression in apical or BPs (Figure 1; Figure S1; data not shown).
Previous work in lissencephalic mice linked the expansion of the
BP pool to gyrus formation (Florio et al., 2015; Ju et al., 2016;
Rash et al., 2013; Stahl et al., 2013; Wang et al., 2016). In the gyr-
encephalic ferret, cortical regions with abundant BPs are more
likely to develop into a gyrus than regions with fewer BPs (de
Juan Romero et al., 2015; Reillo et al., 2011). Ectopic expansion
of the BP pool in the ferret generates additional gyri (Masuda
et al., 2015; Nonaka-Kinoshita et al., 2013), and its reduction
has a stronger effect on cortical layering of gyri than sulci
(Toda et al., 2016). The absence of BP pool expansion and of in-
creases in neuron numbers in folded regions of Firt1/3 DKO mice
suggests that the folds do not represent radial expansions
and gyrus-like structures but, rather, furrows and sulcus-like
structures.

FLRT1 and FLRT3 regulate the tangential distribution of
cortical neurons. Lack of FLRT1/3 leads to transient neuron clus-
tering in the embryonic cortical plate, and this process is spatially
correlated with sulcus formation in early embryonic stages, sug-
gesting that the two events are causally linked. Linking cortical
folding to cell clustering and lowered intercellular adhesion
may not be without precedent. Overexpression of the homi-
noid-specific gene TBC1D3 in the mouse brain leads to cortical
folding and increased generation of basal progenitors (Ju et al.,
2016). TBC1D3-expressing cells show decreased levels of the
adhesion protein N-cadherin and exhibit a clustered distribution
reminiscent of cell clustering in FIrt1/3 DKO brains. Although the
authors of that study concentrated mainly on the link between
cell proliferation and cortex folding, our computational model
suggests that reduced intercellular adhesion and cell clustering
may be a salient feature of TBC1D3-induced cortex folding.

The horizontal layers of the mammalian cortex are organized
in cortical columns that contain closely related neurons. Clonal
studies of cortical migration show that, in rodents, cortical neu-
rons mostly migrate radially along a single parent RG fiber (Noc-
tor et al., 2001); however, in folded brains like those of the ferret
or macaque, migrating neurons show increased cellular dy-
namics and exploratory behavior, including increased lateral
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dispersion (Kornack and Rakic, 1995; Ware et al., 1999), but
the mechanisms controlling this process are largely unknown.
Our findings suggest that neuron clustering along the tangential
axis in FIrt1/3 DKO mice resembles the lateral dispersion
observed in gyrencephalic species. This raises the interesting
possibility that the underlying mechanisms may be similar.
Neuron clustering in Firt1/3 DKO mice is likely the result of
reduced intercellular adhesion, which alters the delicate balance
of adhesion/repulsion required for cell migration (Cooper, 2013;
Solecki, 2012). This conclusion is supported by our computa-
tional model, which shows that changes in the balance of adhe-
sion/repulsion alter the distribution of cells from a uniform salt-
and-pepper distribution to a clustered pattern. Hence, the
increased lateral dispersion of cortical neurons in gyrencephalic
brains may be the result of lowered intercellular adhesion.

The clustering mechanism alone is not likely to cause cortex
folding because other mouse models with altered tangential
neuron distribution do not show cortex folding (Dimidschstein
et al., 2013; Torii et al., 2009). Our findings suggest that Firt1/
3 DKO mice combine neuron clustering with increased migra-
tion speed and that this combination underlies sulcus formation.
Similar to neuron clustering, increased migration speed may
also be caused by reduced intercellular adhesion. This is sug-
gested by our computational model, by previous mathematical
models (DiMilla et al., 1991; Zaman et al., 2005), and by exper-
imental studies (Lauro et al., 2006). A higher migration speed
may increase the intercalation of neurons in local areas of the
upper cortical plate (uCP), which, according to the radial inter-
calation hypothesis, increases tension and alters tissue elastic-
ity, leading to sulcus formation (Striedter et al., 2015). We also
find that the increased proportion of neurons reaching the upper
CP of FIrt1/3 DKO causes a shift toward more immature mor-
phologies. Indeed, previous studies have shown that improper
laminar position affects dendritic arborization of cortical neu-
rons (Morgan-Smith et al., 2014). Whether this also contributes
to sulcus formation will have to await further experimental
analysis.

Evolutionary Considerations

The finding that lack of FLRT1/3 favors sulcus formation in the
normally smooth mouse neocortex raised the question to what
extent FLRT1/3 proteins are relevant for regulating cortical
folding during evolution. Some studies suggest that the most
recent common mammalian ancestor was gyrencephalic (Lewi-
tus et al., 2014; O’Leary et al., 2013), and it was hypothesized
that several transitions from gyrencephaly to lissencephaly
occurred during mammalian evolution (Kelava et al., 2012; Lew-
itus et al., 2014). This conclusion is supported by the finding that
the marmoset, despite being a lissencephalic species, retains
neurogenic features characteristic of gyrencephalic neocortices
(Kelava et al., 2012). Although these studies point out that lissen-
cephaly has evolved from gyrencephaly, the mechanisms con-
trolling this process are not known.

Our results suggest that FLRT1/3 expression levels might have
participated in the transition from gyrencephaly to lissencephaly.
In the wild-type mouse brain, high expression levels of FLRT1/3
promote adhesion between neurons, resulting in coordinated
migration and little lateral dispersion, which favors the formation



of homogeneous and smooth cortical layers. Conversely, the
absence of FLRT1/3 expression reduces adhesion between neu-
rons, allowing them to acquire wide dynamic migratory profiles
and a lateral distribution, which are features characteristic of
neurons in the ferret at the onset of cortical folding (Gertz and
Kriegstein, 2015). Interestingly, the gyrencephalic human
neocortex expresses much lower levels of FLRT1/3 compared
with the lissencephalic mouse neocortex, and regions in the
ferret neocortex undergoing sulcus formation have lower levels
of FLRT1/3 compared with regions developing into a gyrus.
Notably, this markedly distinct expression pattern was mainly
seen in the OSVZ, which is a key layer involved in cortical
folding of gyrencephalic species (Borrell and Gotz, 2014; Lui
et al., 2011).

Our findings thus unraveled FLRT1/3 as key factors involved
in the regulation of cortical migration and sulcus formation.
Manipulations of their expression levels have a profound effect
on the coordination of cortical migration and lateral dispersion
of neurons, which, in turn, influences cortical folding. This
scenario provides molecular and cellular insights into the evolu-
tion of neuronal migration from gyrencephalic to lissencephalic
species.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-BIIl Tubulin Sigma-Aldrich Cat#SAB4300623; RRID:AB_11128202
Rabbit anti-Cux1 Santa Cruz Cat#SC-13024; RRID:AB_2261231
Rabbit anti-Tbr1 Abcam Cat#AB31940; RRID:AB_2200219
Rabbit anti-Tbr2 Abcam Cat#AB23345; RRID:AB_778267
Rabbit anti-laminin Sigma-Aldrich Cat#L.9393; RRID:AB_477163
Rabbit anti-Pax6 BioLegend Cat#901301; RRID:AB_2565003
Rabbit anti-BLBP Millipore Cat#ABN14; RRID:AB_10000325
Rabbit anti-Calretinin Swant Cat#7697; RRID:AB_2619710

Rat anti-Histone H3 Abcam Cat#AB10543; RRID:AB_2295065
Rat anti-Ctip2 Abcam Cat#18465; RRID:AB_2064130
Mouse anti-Pvim Abcam Cat#AB22651; RRID:AB_447222
Mouse anti-BrdU Roche Cat#11170376001; RRID:AB_514483
Mouse anti-Reelin MBL Cat#D223-3; RRID:AB_843523
Goat anti-FLRT1 R&D Cat#AF2794; RRID:AB_2106598
Goat anti-FLRT3 R&D Cat#AF2795; RRID:AB_2106855
Goat anti-FoxP2 Santa Cruz Cat#SC-21069; RRID:AB_2107124
Anti-phalloidin-Cy3 Sigma-Aldrich Cat#P5282

Chemicals, Peptides, and Recombinant Proteins

BrdU Sigma-Aldrich B5002; CAS:59-14-3

Cresyl Violet acetate (for Nissl| staining) Sigma-Aldrich C5042; CAS:10510-54-0

Deposited Data

Mouse RNaseq data (lateral and medial cortex)
Human and mouse RNaseq data (cortical layers)

Human and mouse RNaseq data (aRG, bRG and
migrating neurons)

Human RNaseq data (different cortical regions)
Mouse reference genome, NCBIM37

Human reference genome, GRCh37

Wang et al., 2016
Fietz et al., 2012
Florio et al., 2015

Allan Brain Atlas
The Ensembl Project

Genome Reference Consortium

GEO: GSE80958
GEO: GSE38805
GEO: GSE65000

http://www.brain-map.org

http://may2012.archive.ensembl.org/
Mus_musculus/

https://www.ncbi.nim.nih.gov/grc/human

Experimental Models: Cell Lines

Primary cell lines from FLRT1 lacZ mouse EUCOMM HEPDO0528
Primary cell lines from FLRT3 lacZ mouse Egea et al., 2008 N/A
Experimental Models: Organisms/Strains

Mouse: FLRT1 null Yamagishi et al., 2011 HEPDO0528
Mouse: FLRT1 lacZ EUCOMM HEPD0528
Mouse: FLRT2 lox EUCOMM EPD0347
Mouse: FLRT2 null Yamagishi et al., 2011 N/A
Mouse: FLRT2 lacZ EUCOMM EPD0347
Mouse: FLRT3 lox Yamagishi et al., 2011 N/A
Mouse: FLRT3 null Egea et al., 2008 N/A
Mouse: FLRT3 lacZ Egea et al., 2008 N/A
Mouse: Nestin-Cre Tronche et al., 1999 N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: EMX-Cre Gorski et al., 2002 N/A

Pigmented ferrets (Mustela putorius furo) Marshall Bioresources and Euroferret ~ N/A

Oligonucleotides

ISH: Firt1-foward TCAGCGTGCAGGTCATCTAC This paper N/A

ISH: Flrt1-reverse GCAGCCACAGGAGGTTACAG  This paper N/A

ISH: FiIrt3-foward TCTCCGACTGCTTTTCCTGT This paper N/a

ISH: Firt3-reverse TATTCATTGCGTTCCCCTGT This paper N/A

Recombinant DNA

Plasmid: SUPERNOVA plasmid system Mizuno et al., 2014 N/A

Plasmid: pCAG-Cre Anjen Chenn lab Cat#26647 (Addgene)
Plasmid: pCALNL-DsRed Matsuda and Cepko, 2007 Cat#13769 (Addgene)

Software and Algorithms

MATLAB, version R2015a
MATLAB particles, version 2.1
Prism, version 5

ImagedJ (Fiji), version 2.0.0
RStudio, version 0.98.1091
LAS software, version 4.7

Python, version 3.0
CellProfiler, version 2.2.0
FASTX-Toolkit, version 0.0.13
TopHat, version 2.0.14
featureCounts, version 1.5.1
DESeq2, version 3.4

Mathworks Inc, USA
Buchholz, 2009

Graphpad Software, USA
Schindelin et al., 2012
RStudio, USA

Leica Microsystems, Germany

Python Software Foundation
CellProfiler, USA

Hannon lab

Trapnell et al., 2012

Liao et al., 2014

Love et al., 2014

http://mathworks.com

N/A
https://www.graphpad.com/
https://imagej.net/Fiji
https://www.rstudio.com/

http://www.leica-microsystems.com/products/
microscope-software/

https://www.python.org/
http://cellprofiler.org
http://hannonlab.cshl.edu/fastx_toolkit/
https://ccb.jhu.edu/software/tophat/
http://bioinf.wehi.edu.au/featureCounts/

https://bioconductor.org/packages/release/bioc/
htmI/DESeq2.html

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rudiger

Klein (rklein@neuro.mpg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines

FIrt3'2°Z™ mice (Egea et al., 2008) carrying the floxed allele for Firt3 were crossed with FIrt1 ~/~ (Yamagishi et al., 2011) and the ner-
vous system-specific Nestin-Cre (Tronche et al., 1999). FIrt2'®#™ mice (line EPD0347 from EUCOMM) carrying the floxed allele for
Firt2 were crossed with FIrt3”™ mice (Egea et al., 2008) and the nervous system-specific EMX-Cre (Gorski et al., 2002). More infor-
mation is available in the key resources table. All mice (C57BL/6 background) were housed with 12:12h light/dark cycle and food/
water available ad libitum. All animal experiments were approved by the government of upper Bavaria.

Ferret

Pigmented ferrets (Mustela putorius furo) were obtained from Marshall Boiresources and Euroferret and kept on a 16:8h light:dark
cycle at the Animal Facilities of the Universidad Miguel Hernandez. Ferret were employed independently of their gender. Healthy an-
imals postnatal day 0 had an average weight of 10 gr and postnatal day 6 animals weighed around 35 gr. Non previous procedures
were performed in the animals used for tissue collection. All animals were treated according to Spanish and EU regulations, and
experimental protocols were approved by the Universidad Miguel Hernandez Institutional Animal Care and Use Committee (IACUC).

Primary cultures

Cortical neurons and hem explants were performed as described previously (Bribian et al., 2014; Seiradake et al., 2014; Yamagishi
et al., 2011). Briefly, cortical hem explants from E12.5 FIrt3'®°?* embryos were dissected out and placed on 13 mm coverslips in
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4 well-plate (Thermofisher, catalog 176740) coated with 0.5 pg/ml Poly-D-Lysine (Sigma) and 20 pg/ml laminin (Thermofisher).
Neurons were dissociated from cortices of E15.5 FIrt1'2°%* embryos and cultured on coverslips coated with 0.5 pg/ml Poly-D-Lysine
in 24 well-plates (Thermofisher, catalog 140675). Explants and neurons were cultured for 1 day in vitro at 37°C, 5% CO2 in Neuro-
basal medium supplemented with B27 (Invitrogen). Cultures were fixed with 4% Paraformaldehyde for 10 min and processed for
immunostaining.

METHOD DETAILS

Immunohistochemistry and enzymatic staining

To stain for B-galactosidase activity, mouse brains were fixed for 1.5 hrin 0.2% glutaraldehyde and 1% PFA in PBS (containing 5 mM
EGTA, 2 mM MgClI2, and 0.02% NP40). Vibratome sections (50 um) were stained for 3-galacatosidase activity by incubating them for
2-3 hr at 37°C in a 1 mg/ml X-gal solution (Invitrogen) containing 5 mM K4Fe(CN)g and 5 mM KzFe(CN)g. After rinsing, brain sections
were counterstained with FastRed (Vector Laboratories).

For immunostaining, cultured cells, explants or embryonic brains were fixed in 4% PFA for ~15 min and over-night, respectively.
For BrdU staining, sections were pretreated with 2N HCI for 30 min and subsequently neutralized with sodium-tetraborate (Na,B40-
0.1M, pH: 8.5) for 2 x 15 min. Cells and explants were incubated with primary antibodies after 10 min or 1 hr of permeabilization with
1% BSA, 0.1% Triton X-100/PBS, respectively. We used rabbit anti-flIl Tubulin 1/1,000 (Sigma), rabbit anti-Cux1 antibody 1/300
(Santa Cruz), rabbit anti-Tbr1 and anti-Tbr2 1/300 (Abcam), rat anti-Ctip2 1/300 (Abcam), mouse anti-BrdU (Roche), goat anti-
FLRT3 1/200 (R&D), anti-phalloidin-Cy3 1/100 (Sigma), goat anti-FoxP2 1/300 (Santa Cruz), mouse anti-Reelin 1/500 (MBL), rabbit
anti-laminin 1/300 (Sigma), rabbit anti-Pax6 1/300 (BioLegend), rabbit anti-BLBP 1/300 (Millipore), rabbit anti-Histone H3 1/300
(Abcam), mouse anti-Pvim 1/300 (Abcam), rabbit anti-Calretinin 1/300 (Swant), goat anti-FLRT1/3 1/100 (R&D). The secondary
antibodies were Alexa Fluor 488-, 555- and 647-conjugated goat or donkey anti-rabbit/mouse/goat (Molecular Probes 1:400).
Samples were imaged using a SP8 laser scanning confocal spectral microscope (Leica Microsystems). Images were taken using
a 20 x (immunohistochemistry) or 40 x (neuronal cultures, cortical explants) numerical aperture objective with a 1.5 x digital
zoom and 2 Airy disk pinhole.

In utero electroporation assays

In utero electroporation was performed at E13.5 as previously described (Seiradake et al., 2014) on Isoflurane anesthetized C57BL/6
control mice. DNA plasmids were used at 1nug/ul and mixed with 1% fast green (Sigma, final concentration 0.2%). 1 ul of plasmid
solution were injected into the lateral ventricle with a pump-controlled micropipette (Picospritzer Ill). After injection, six 50ms (1 s
interval) electric (30V) pulses were generated with electrodes confronting the uterus above the ventricle. The abdominal wall and
skin were sewed and the mice were kept until the desired embryonic stage.

Time-lapse experiments

Embryos were electroporated at E13.5 using a combination of pPCAG-Cre and pCALNL-DsRed plasmids (Matsuda and Cepko, 2007).
pCALNL-DsRed was a gift from Connie Cepko (Addgene plasmid # 13769) and pCAG-Cre was a gift from Anjen Chenn (Addgene
plasmid # 26647). After 48 hr, embryonic brains were dissected in ice cold sterile filtered and aerated (95% 0./5% CO,) dissection
medium (15.6g/I DMEM/F12 (Sigma); 1.2g/l NaHCOg3; 2.9¢/I glucose (Sigma); 1%(v/v) penicillin streptomycin (GIBCO)). Brains were
embedded in 4% low melting agarose (Biozym) and cut into 300um thick sections using a vibratome (Leica, VT1200S). Sections were
suspended in a collagen mix (64%(v/v) cell matrix type I-A, Nitta Gelatin; 24%(v/v) 5XDMEM/F12; 12%(v/v) reconstitution buffer
(200mM HEPES; 50mM NaOH; 260mM NaHCO3) and transferred onto a cell culture insert (Millicell; PICMORG50). Sections were
incubated for 10 min at 37°C to solidify collagen. 1.5 mL slice medium (88%(v/v) dissection medium; 5%(v/v) horse serum;
5% (v/v) fetal calf serum; 2%(v/v) B27 supplement (GIBCO); 1%(v/v) N2 supplement (GIBCO)) was added into the dish surrounding
the culture insert and incubated for 30 min at 37°C. Before start of time-lapse experiment, culture medium was added on top of the
sections to allow objective immersion. Sections were imaged using a 20 x water immersion objective on a Leica SP8 confocal
microscope system equipped with a temperature-controlled carbon dioxide incubation chamber set to 37°C, 95% humidity and
5% CO?. Sequential images were acquired every 20 min for 14-60 hr. After imaging slices were genotyped to identify Flrt1/3
DKOs. Single cell movement was tracked using the Fiji plugin “Manual Tracking.” Only neurons entering the cortical plate were
tracked. Single cell track analysis and plotting was carried out using homemade python scripts. All cells moving less than 4um/h
were considered as not moving.

Nissl Staining

Postnatal brains were fixed in 4% PFA over-night. Vibratome sections (50 um) were dried on superfrost slides (Thermo Science) over-
night at 42°C. Sections were incubated in 1:1 ethanol/chloroform for 2 hr and then rehydrated through 100%, 90%, 75%, 50% and
0% ethanol/distilled water (5min each step). Sections were stained in 0.1% cresyl violet solution for 5 min at 37°C and rinsed quickly
in distilled water. Then sections were dehydrated from 0 to 100% ethanol/water (same steps as rehydration) and cleared in histo-clear
(National diagnostics) before mounting with DPX mounting medium (Sigma-Aldrich). Images were acquired with Leica M205 FA
stereomicroscope and processed with LAS software (version 4.7, Leica).
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Cell morphology analysis

Flrt1—/—;FIrt3Ix/Ix (mutant) or Firt1+/—;FIrt3Ix/+ (control) embryos were electroporated at E13.5. For neuronal sparse labeling we
used the SUPERNOVA plasmid system (1ug/ul, pCAG-loxP-STOP-loxP-RFP-ires-tTA-WRPE; 300ng/ul, pTRE-Cre (Mizuno et al.,
2014). After 3 days, embryonic brains were collected, fixed in 4% PFA over-night and vibratome cut into 100um sections. For single
cell morphology analysis in the lateral cortex only posterior sections were used. Single cell morphology was reconstructed and
analyzed using Imaged (version 1.49) and RStudio (version 0.98.1091, RStudio).

BrdU analysis

Pregnant females were injected intraperitoneally with 0.15-0.2ml of 10mg/ml 5-bromo-2’-deoxyuridine (BrdU, Sigma-Aldrich)
dissolved in PBS. This thymidine analog is incorporated during S-phase of the cell cycle. Pregnant females received a single injec-
tion of BrdU (final concentration 50 pug per g of mouse weight) at E14.5 and were sacrificed at E17.5, or at E12.5 (1.5 hr prior to
sacrifice, short BrdU pulse analysis). Brains from the offspring were removed, fixed overnight with 4% PFA, and processed for
immunohistochemistry.

Computer modeling

A sine curve was fitted to the normalized intensity profiles of GFP expression (GOF experiments overexpressing FLRT3 (Seiradake
et al., 2014)) and Xgal staining (LOF experiments) after subtracting average intensity value (bs, basal subtraction) to center curves
along the y axis at 0 position using the curve fitting tool from MATLAB (Mathworks, Inc). The sine equation contained one term as
follows: Curve = Asin(Ax+¢), where A is the amplitude, A the frequency and ¢ the phase. Sine fitting revealed no statistically signif-
icance in the frequency ()\) between GOF and LOF fitted curves ((A, 0.55-0.12 range value) but a difference in their amplitude (A, GOF:
41.41, LOF: 56.74) from 4-6 independent experiments. The strength of both curves was adjusted with the term «,which was 1/3 for the
repulsion curve (LOF experiments) and from 1 to 1/5 for the attraction curve (GOF experiments) in order to mimic high attraction (1 and
1/2), balanced (1/3 equal to repulsion curve) and low attraction (1/4 and 1/5) conditions. The basal subtraction value (bs) used for
fitting both curves was added to the equations together with the noise factor ¢, which ranged randomly from —10 to 10. The complete
equation for both curves used for particle simulation was:

curve =k[Asin(Ax+ ¢)] +bs +e.

Particle distribution and analysis was carried out in MATLAB using the particle system toolbox, MATLAB particles version 2.1
(Buchholz, 2009). Particles representing FLRT1/3+ cells were arranged in a matrix of 6 rows and 36 columns spaced by 0.2 units
and were given an attraction toward neighboring particles in both axes based on their x axis position using the fitted attraction
(GOF) curve. Particles representing FLRT1/3 negative cells where arranged in a matrix of 5 rows and 35 columns that were shifted
0.1 units in both X/y axis with respect to the previous matrix to keep the same distances between particles of both matrices. These
particles were set to repel neighboring particles from the previous matrix (which represents FLRT1/3+ cells). Their repulsion force was
set based on their x axis position using the fitted repulsion (LOF) curve and multiplying the result by —1 (negative force). All particles
received random speed (ranging from 6 to 12 arbitrary units) for moving along the Z axis and were simulated during 100 frames (0.001
units step time). After simulation, the position of every particle representing FLRT1/3+ cells (first matrix) was retrieved and analyzed
based on minimum neighbor distance and 2D kernel distribution which determines density of particles based on total counts per
region (total area was divided in 4x4 regions). Particle speed was calculated based on number of frames and final position of
each particle, which was also represented in 3D by using surface plot (MATLAB).

in situ hybridization

For ISH, new ferret probes were designed and cloned based on Firt1/3 DNA sequences from Ensembl.org data. The designed
primers to perform the PCR from ferret cDNA were the following: Firt1-foward TCAGCGTGCAGGTCATCTAC, Firt1-reverse GCAGC
CACAGGAGGTTACAG, Firt3-foward TCTCCGACTGCTTTTCCTGT and Firt3-reverse TATTCATTGCGTTCCCCTGT. Sense and anti-
sense cRNA probes were synthesized and labeled with digoxigenin (DIG; Roche Diagnostics) according to the manufacturer’'s
instructions. Briefly, 50 micron-thick frozen ferret brain sections were hybridized with DIG-labeled cRNA probes overnight in hybrid-
ization solution [50% formamide (Ambion), 10% dextran sulfate, 0.2% tRNA (Invitrogen), 1 X Denhardt’s solution (from a 50 x stock;
SIGMA), 1 x salt solution (containing 0.2 M NaCl, 0.01 M Tris, 5 mM NaH2PO4, 5 mM Na2HPO4, 5 mM EDTA, pH 7.5)]. After sections
were washed, alkaline phosphatase-coupled anti-digoxigenin Fab fragments were applied. For visualization of the labeled cRNAs,
sections were incubated in nitroblue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) solution [3.4 pl/ml from NBT
stock and 3.5 pl/ml from BCIP stock in reaction buffer (100 mg/ml NBT stock in 70% dimethylformamide; 50 mg/ml BCIP stock in
100% dimethylformamide; Roche)]. Brain sections were processed for the detection of Firt1 and FIrt3 mRNA using aforementioned
probes, and developed in parallel and for an identical length of time. Digital images were obtained from equivalent rostro-caudal
levels and latero-medial positions and with identical exposure settings. Color information was eliminated from images, and the
brightness of signal above background noise was measured using ImagedJ software. For each gene, 2 measurements per section,
3 sections per embryo were analyzed.
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RNaseq analysis

RNaseq data were accessed from the NCBI Gene Expression Omnibus with accession numbers GEO: GSE80958 (Wang et al., 2016),
GEO: GSE38805 (Fietz et al., 2012), GEO: GSE65000 (Florio et al., 2015) and the Allan Brain Atlas (http://www.brain-map.org) (Fig-
ure 6; Figure S6). Raw reads were processed with FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) for initial quality control,
where reads with a quality score > 20 and a nucleotide length > 20 were excluded. The processed reads were then mapped to
Ensembl annotation files for human (GRCh37) and mouse (NCBIM37) genomes with TopHat (version 2.0.14) (Trapnell et al.,
2012). Reads assigned to annotated genes were quantified with featureCounts (Liao et al., 2014) and used as input for DESeqg2
(Love et al., 2014). The normalized output data were used to compare between orthologous genes of different length. Sequencing
data of FLRTSs relative to housekeeping genes is presented for cross-species comparisons (GAPDH in Figure 6 and PGK1 in Fig-
ure S6). For the regional cortical comparisons in Figure S6H,1, the same parameters described in Wang et al., 2016 were used. Briefly,
RNA-seq data from early mid-trimester human fetuses at 12-19 pcw from the Allan Brain Atlas was compared to E14 mouse embry-
onic cortices. Values were log-transformed and expressed relative to GAPDH.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance was determined using one-way ANOVA Tukey’s post hoc test or unpaired Student’s t test (for comparison

between mutant and control mice) with the Prism version 5 (Graphpad Software). Statistical significance was defined as p < 0.05.
All values in the text and in the figure legends indicate mean + SEM.
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Figure S1. Expression of FLRTs in the Developing Mouse Cortex and Cell Clustering Phenotype in Firt1/3 DKO Mice, Related to Figure 1
(A and B) Xgal staining showing FLRT1-3 expression on coronal sections of E13.5 (A) and E17.5 (B) cortex from individual Firt1-3'%Z"* reporter lines. Cortical layers
were identified by DAPI, and immunostaining for Pax6.

(C) Pattern of Xgal staining of FLRT1 at E15.5 (left image) in comparison to FLRT1 immunostaining (right image).

(D) Xgal staining of FLRT1 (white) on E15.5 coronal sections immunostained for upper layer (Cux1, green in merge) and lower layer (Ctip2, red) neuronal markers.
Areas in yellow rectangles are shown with higher magnification on the right. Xgal precipitates were assigned to a particular cell based on the shortest distance
between centers of mass. Centers of mass were calculated from the outlines of Xgal precipitates (red) and cells (dashed lines colored in pink for Ctip2, green for
Cux1 or blue for remaining cells). Lines connecting the centers of mass are colored in magenta or yellow for the shortest one.

E) Quantification of data shown in (D).

F) Pattern of Xgal staining of FLRT3 at E15.5 (left image) in comparison to FLRT3 immunostaining (right image).

G) Similar experiment as described in (D) except for FLRT3 expression.

H) Quantification of data shown in (G).

(I) Xgal staining of FLRT3 on E15.5 coronal sections (left image) and DAPI staining (right image) to delineate cortical layers. Area in dashed rectangle is shown with
higher magnification in lower panels. CP was subdivided into upper and lower CP based on Cux1 (upper) and Tbr1 (lower) staining of adjacent sections. Both
regions were used to quantify Firt3 Xgal distribution (Figures 1D, 1G, and S1J).

(J) Xgal staining of caudal coronal sections from E15.5 Firt3 heterozygous Firt3'>”2°Z (het), Firt3 conditional KO and Firt1/3 double KO embryos. Areas in dashed
rectangles are shown with higher magnification on the right. Normalized intensity plots (N. int.) are shown, obtained from the areas delineated with a dashed
rectangle. Abbreviations: Marginal zone (M2), cortical plate (CP), intermediate zone (1Z), subventricular zone (SVZ) and ventricular zone (VZ).

The data are represented as mean + SEM. Scale bars represent 150 um (A, B, C), 200, 15 um (D), 150 um (F), 200, 15 um (G), 140 pum (I) and 300 um (E).
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Figure S2. Firt1/3 CKO Mice Develop Cortical Sulci, Related to Figure 2

(A) Xgal staining of caudal coronal sections from E14.5 Firt1/3 heterozygous and Firt1/3 double KO embryos. Dashed line delineates the surface of the upper CP.
(B-D) Cortical folding penetrance at embryonic and postnatal stages of the indicated genotypes. Brains were analyzed for the presence of one or more sulci as
shown in Figure 2 and Figures S2 and S3.

(E) Nissl-stained postnatal brain sections from Firt1/3 DKO brains. Dashed rectangles are shown with higher magnification on the right and sulci are delineated by
dashed lines.

(F) Coronal brain sections of FiIrt2/3 DKO brains at E17.5.

(G) Coronal brain sections of Firt1 single KO brains at E17.5. To distinguish upper and lower cortical plate, sections from panels F and G were immunostained with
anti-Cux1 (upper, green) and anti-Ctip2 (lower, red) antibodies. Scale bars represent 150 um (A), 800 um (E) and 600 um (F, G).
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Figure S3. Cell Proliferation Is Unchanged in Firt1/3 DKO Brains, Related to Figure 3

(A and B) E17.5 cortices from rostral to caudal regions were labeled for neuronal progenitors Pax6 (blue), mitotic cells (PH3, red), dividing RG cells (Pvim, green)
and DAPI (white). Areas in dashed rectangles in (A) are shown with higher magnification on the right. Yellow stippled line delineates a sulcus in the E17.5 Firt1/3
DKO section.

(C) Quantification of data shown in panels A,B (n = 3-6 mice per group. No significant changes between groups, unpaired Student’s t test).

(D) Proportion of basal mitotic cells (PH3) from rostral to caudal regions (n = 3-6 mice per group. No significant changes between groups, unpaired Student’s
t test).

(E and F) Similar experiment as shown in panels A,B except for E15.5 cortices and including Tbr2 staining (white) .

(G) Quantification of data shown in panels E,F (n = 3-5 mice per group. No significant changes between groups, unpaired Student’s t test).

(H) Proportion of basal mitotic cells (PH3) from rostral to caudal regions (n = 3-5 mice per group. No significant changes between groups, unpaired Student’s
t test).

(land J) E12.5 cortices from rostral to caudal regions were labeled for mitotic cells (PH3, red) and dividing RG cells (Pvim, green). Areas in dashed rectangles in (I)
are shown with higher magnification on the right.

(K) Quantification of data shown in (I) and (J) (n = 3-4 mice per group. No significant changes between groups, unpaired Student’s t test).

(L) Proportion of basal mitotic cells (PH3) from rostral to caudal regions (n = 3-4 mice per group. No significant changes between groups, unpaired Student’s
t test).

(M) Control and mutant E12.5 cortices previously labeled with a short pulse (1.5h) of BrdU (red) were immunostained for neuronal progenitors (Pax6, green in
the merge).

(N) Quantification of data shown in (M) (n = 3-4 mice per group. No significant changes between groups, unpaired Student’s t test).

(O and P) Same experiment as in M except that BrdU-labeled brains (red) were counterstained with Dapi (blue).

(Q) Distribution of BrdU+ cells was quantified using a grid of 6 equal horizontal bins (I-VI) of data shown in (O) and (P) (n = 3-4 mice per group. No significant
changes between groups, unpaired Student’s t test).

The data are represented as mean + SEM. Scale bars represent 400, 150 um (A and B), 400, 150 um (E and F), 300, 100 um (I and J), 300, 100 um (M) and
300,100 pm (O).
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Figure S4. Radial Glia Fibers and the Basal Membrane Are Unchanged in Firt1/3 DKO Brains, Related to Figure 3
(A) E17.5 FIrt1/3 DKO cortex immunostained for BLBP (white) to visualize radial glia (RG) and for calretinin (green) a marker for Cajal-Retzius cells (CR). Nuclei are
stained with DAPI (blue). Yellow arrows indicate RG fibers that converge to the sulcal pit. Note that CR cells follow the MZ into the sulcal pit.

(B) Quantification of the length of traced RG fibers (see example image in Figure 3D) and of the density of fibers, n = 7 adjacent fibers, n = 8 sulcus fibers (left graph)
and n = 12 sections (right graph) from 5 Firt1/3 DKO brains.
(C) E17.5 FIrt1/3 DKO cortex immunostained for laminin (green), a marker for basal membrane, and DAPI (blue). Dashed rectangle is shown with higher
magnification on the right and the emerging sulcus is delineated by a red dashed line.
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(D) E17.5 Firt1/3 DKO cortex immunostained for laminin (red), calretinin (green), BLBP (white) and DAPI (blue). Dashed rectangle is shown with higher magni-
fication on the right and sulci are delineated by a white dashed line. The MZ is outlined with a yellow dashed line. CR cells are within the MZ.

(E) Xgal staining showing FLRT3 expression on sagittal sections of E13.5 cortex from FIrt3'2Z* reporter line. Cortical hem (CH) position is indicated by black
arrowhead.

(F) Schematic representation of experimental design. E12.5 CH explants were cultured for 1 day and immunostained for FLRT3 (surface staining, green), calretinin
(blue), reelin (red) and DAPI (white). Yellow arrowheads indicate CR cells expressing FLRT3, white arrowhead shows CR cell negative for FLRT3 and red ar-
rowheads show FLRT3-positive cells which are not CR.

(G) Xgal staining showing FLRT1 expression on coronal sections of E13.5 cortex from Flrt7'acZ/x reporter line. CH position is indicated by black arrowhead.
(H) Coronal brain sections of Firt1/3 DKO brain at E17.5. To distinguish upper and lower cortical plate, sections were immunostained with anti-Cux1 (upper, green)
and anti-Ctip2 (lower, red) antibodies. Dashed rectangles are shown with higher magnification on the right. Arrows indicate the thickness of CP (white), upper
(green) and lower (red) CP.

(I) Quantification of cortical thickness as shown in (H) (n = 12 sections from a total of 5 mutant brains). **p < 0.01, ***p < 0.001 one-way ANOVA test with Tukey’s
post hoc analysis.

(J) E17.5 FiIrt1/3 DKO cortex labeled for BrdU (blue, E14.5 injection) and deeper layer neurons (Ctip2, red). Areas in dashed rectangles are shown with higher
magnification on the right. Yellow dashed lines delineate the margins of upper and lower CP.

(K) Quantification of data shown in (L). *p < 0.05, one-way ANOVA test with Tukey’s post hoc analysis.

The data are represented as mean + SEM. Scale bars represent 400 um (A), 300,100 um (C,D), 300 um (E, G), 120, 15 um (F), 300 um (H) and 500 pm and 90 pum (J).
150 um (J) and 120 um (L).
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Figure S5. Faster Speed Profiles of FIrt1/3 DKO Neurons, Related to Figure 4

(A) Firt3'acz/+ embryos were electroporated in utero at E13.5 using a combination of pCAG-Cre and the pCALNL-DsRed reporter plasmid (Red staining). Xgal
staining (blue) performed at E15.5 or E17.5 revealed that approximately 25% of all electroporated neurons expressed FLRT3 (right graph, n = 3-6 brains).

(B) Individual FIrt1%Z/* reporter line embryos stained for beta-galactosidase (blue) at E15.5 or E17.5 revealed that 32%-48% of all CP neurons expressed FLRT1
(right graph, n = 3-4 brains).

(C) Quantification of the average straightness of the paths of electroporated neurons migrating into the cortical plate in cultured E15.5 cerebral cortex slices from
data shown in Figure 4.

(D) Still pictures of time-lapse movies of an emerging sulcus in a Firt1~/~FIrt3**"* background electroporated with a combination of pPCAG-Cre and pCALNL-
DsRed plasmid (FIrt1 KO, bottom) compared to electroporated controls. Live imaging shows that in the region of the sulcus neurons follow a curved track (purple)
compared to straight tracks in adjacent regions (green) or control sections. Acquisition interval, 20min. Scale bar, 50um.

(E) Color-coded speed profiles of > 400 tracked neurons from data shown in Figure 4 during time acquisition interval (10 h). Each speed segment represents
20min. High speeds, > 58um/h.

(F) Quantification of average speed, acceleration and their maximum values from data shown in (C). n > 6 experiments per condition comprising 8-10 brains.
The data are represented as mean + SEM. Scale bars represent 200 um (A), 60 pm (D).
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Figure S6. Clustering of Firt1/3-Positive Neurons In Vitro and FLRT Expression in Gyrencephalic Species, Related to Figures 5 and 6

(A) Brightfield images of cortical neurons from heterozygous, FLRT1 KO and Firt1/3 DKO embryos at E15.5 cultured for 2 days. FLRT3-expressing neurons are
identified by Xgal staining (black dots). Neurons are identified by Tuj1 immunostaining.

(B) Quantification of the nearest neighbor distance between Xgal+ cells shown in A. n = 3-5 animals/cultures per group. **p < 0.01, unpaired Student’s t test.
(C) Parameters modulating the attraction force between particles representing FLRT1/3+ neurons. Amplitude (A) modulates the strength while phase (¢) reflects
its position with respect to the repulsive force. k and bs (basal subtraction) are parameters used to modulate and fit both curves respectively, while € represents
the noise added to the system (see material and STAR Methods).

(D) Quantification of minimum neighbor distance between particles with different attraction amplitude and phase (as shown in [C]). Every square represents the
average of 10 simulations comprising 480 particles with specific amplitude and phase. Red rectangle indicates the condition where particles clustered when
attraction was high or low but showed uniform distribution when both forces were balanced. This condition requires similar phase for both attraction and
repulsion. Quantification of this particular condition is shown on the right.

(E) Sagittal sections of ferret cortex at PO and adult stained with Nissl. Dashed boxes indicate prospective lateral sulcus and splenial gyrus which are fully
developed in the adult section on the right. Note the absence of cortical folding at PO.

(F and G) In situ hybridization for FLRT1 and FLRT3 in sagittal sections of ferret at P6. Dashed rectangles delineate prospective lateral sulcus (Sulcus) and splenial
gyrus (Gyrus). Quantification is shown in Figure 6.

(H-M) Comparison of FLRT1 and FLRT3 expression between mouse and human with sequencing data from Wang et al. (2016) (GEO: GSE80958), Fietz et al.
(2012) (GEO: GSE38805), Florio et al. (2015) (GEO: GSE65000) and the Allan Brain Atlas (http://www.brain-map.org). Expression normalized to housekeeping
gene GAPDH (H and I) and PGK1 (J-M). Whiskers in boxplot represents min and max. Unpaired Student’s t test where **p < 0.01, **p < 0.001, ***p < 0.0001.
(N) E15.5 control and Firt1/3 DKO sections immunostained for Pvim (white) and DAPI (blue). Dashed rectangle is shown with higher magnification on the right and
sulci is delineated by a yellow dashed line. Basal Pvim-positive cells with and without a basal process are indicated with green and pink arrowhead respectively.
Basal process is indicated with small green arrowheads.

(O) Quantification of the proportion of basal Pvim-positive cells with/without basal process as shown in (J) (n = 4-5 sections from each 4-5 mice per group. No
significant changes between groups, unpaired Student’s t test).

The data are represented as mean + SEM. Scale bars represent 50um (A), Imm (F and G) and 300 um (N).



84 3. Publications

3.2 Second publication

3.2.1 FLRT structure: Balancing repulsion and adhesion in cor-
tical and vascular development



CellPress

Neuron

FLRT Structure: Balancing Repulsion and Cell
Adhesion in Cortical and Vascular Development

Elena Seiradake,-” Daniel del Toro,?” Daniel Nagel,?° Florian Cop,3* Ricarda Hartl,3* Tobias Ruff,> Gonlil Seyit-Bremer,?
Karl Harlos,! Ellen Clare Border,” Amparo Acker-Palmer,3* E. Yvonne Jones,"-* and Ridiger Klein26.*

1Division of Structural Biology, Wellcome Trust Centre for Human Genetics, University of Oxford, Roosevelt Drive, OX3 7BN Oxford, UK
2Max Planck Institute of Neurobiology, Am Klopferspitz 18, 82152 Martinsried, Germany

SInstitute of Cell Biology and Neuroscience and Buchmann Institute for Molecular Life Sciences, Goethe University Frankfurt,

Max-von-Laue-Str. 15, 60438 Frankfurt am Main, Germany

4Focus Program Translational Neurosciences, Johannes Gutenberg University Mainz, Saarstr. 21, 55122 Mainz, Germany
5Graduate School of Systemic Neurosciences, Ludwig-Maximilians-University Munich, GroBhaderner Str. 2, 82152 Planegg-Martinsried,

Germany

SMunich Cluster for Systems Neurology (SyNergy), 80336 Munich, Germany

7Co-first author

*Correspondence: yvonne@strubi.ox.ac.uk (E.Y.d.), rklein@neuro.mpg.de (R.K.)

http://dx.doi.org/10.1016/j.neuron.2014.10.008

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

SUMMARY

FLRTs are broadly expressed proteins with the
unique property of acting as homophilic cell adhesion
molecules and as heterophilic repulsive ligands of
Unc5/Netrin receptors. How these functions direct
cell behavior and the molecular mechanisms involved
remain largely unclear. Here we use X-ray crystallog-
raphy to reveal the distinct structural bases for FLRT-
mediated cell adhesion and repulsion in neurons. We
apply this knowledge to elucidate FLRT functions
during cortical development. We show that FLRTs
regulate both the radial migration of pyramidal neu-
rons, as well as their tangential spread. Mechanis-
tically, radial migration is controlled by repulsive
FLRT2-Unc5D interactions, while spatial organization
in the tangential axis involves adhesive FLRT-FLRT
interactions. Further, we show that the fundamental
mechanisms of FLRT adhesion and repulsion are
conserved between neurons and vascular endothelial
cells. Our results reveal FLRTs as powerful guidance
factors with structurally encoded repulsive and adhe-
sive surfaces.

INTRODUCTION

The development of complex tissues depends on a balance of
intercellular adhesive and repulsive signaling. Cell adhesion
provides spatial stability to nonmoving cells and traction for
migrating cells (Solecki, 2012). Cell repulsion is the dominant
mechanism for cell and axon segregation, tissue boundary for-
mation, and topographic map formation (Dahmann et al., 2011;
Klein and Kania, 2014). Several families of cell surface receptors,
termed cell adhesion molecules (CAMs), provide homophilic
(e.g., cadherins; Brasch et al., 2012; Cavallaro and Dejana,

370 Neuron 84, 370-385, October 22, 2014 ©2014 The Authors

2011) or heterophilic (e.g., integrins; Luo et al., 2007) cell-cell ad-
hesive interactions. Members of the Netrin, semaphorin, slit, and
ephrin families of cell guidance molecules act as cell-attached or
secreted ligands, mediating repulsive or attractive/adhesive
signaling via heterophilic interactions with cognate cell surface
receptors (Bashaw and Klein, 2010; Kolodkin and Tessier-Lav-
igne, 2011). The fibronectin leucine-rich transmembrane pro-
teins (FLRTs) are distinctive in sharing the characteristics of
both functional groupings; they function as homophilic CAMs
(Karaulanov et al., 2006; Maretto et al., 2008; Miller et al.,
2011) and as heterophilic chemorepellents interacting with unco-
ordinated-5 (Unc5) receptors (Karaulanov et al., 2009; Yamagishi
et al.,, 2011). Molecular-level insights into the mechanisms un-
derlying these diverse modes of action are lacking, as is clarity
on the contributions of adhesive versus repulsive activities to
FLRT function in vivo.

The FLRTs (FLRT1-3) are regulators of early embryonic,
vascular, and neural development (Egea et al., 2008; Leyva-
Diaz et al., 2014; Maretto et al., 2008; Mller et al., 2011; O’Sulli-
van et al., 2012; Yamagishi et al., 2011). The homophilic and
Unc5 interactions both involve the FLRT N-terminal leucine-
rich repeat domain (LRR) (Karaulanov et al., 2006, 2009). This
domain is followed by a linker region, a type 3 fibronectin domain
(FN) and a juxtamembrane linker, which contains a metallopro-
tease cleavage site (Figure 1A). Proteolytic shedding of the
FLRT2 ectodomain controls the migration of Unc5D-expressing
neurons in the developing cortex (Yamagishi et al., 2011).

Like FLRTs, Unc5 receptors (Unc5A-D) are type 1 transmem-
brane proteins. The extracellular region contains two immuno-
globulin-type domains (Ig1 and Ig2) and two thrombospondin-
like domains (TSP1 and TSP2) (Figure 1A). Unc5 receptors act
as classical dependence and repulsive signaling receptors for
secreted Netrin ligands in the neural system (Lai Wing Sun
et al., 2011). Netrin/Unc5B signaling also directs vascular devel-
opment by controlling blood vessel sprouting (Larrivée et al.,
2007). However, Netrin is not present in many Unc5-expressing
tissues, for example, in the developing cortex, suggesting a
dependence on other ligands.
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Figure 1. SPR Experiments and Crystal Structures of FLRT-?F Proteins
(A) Overview of FiIrt and Unc5 constructs used in SPR experiments. The intracellular region of Unc5 is composed of three domains: ZU5, UPA, and a death domain

(DD) (Wang et al., 2009).

(B) We amine-coupled FLRT2R (left) or FLRT3 R (right) on a CM5 chip and measured the binding of Unc5D®* (black, solid lines) and Unc5B°°*° (gray, dashed
lines). Plotted are equilibrium response units (RU) at different analyte concentrations (uM). Curves were fitted and Kds calculated with a 1:1 binding model.
(C) As in (B), but measuring the binding of different Unc5D fragments to immobilized FLRT2-7R.

(D) The crystal structure of FLRT2""R is shown as a surface and ribbon diagram.

(E) FLRT3""R is shown.

(F) FLRT3FR colored according to the rainbow. Blue, N terminus; red, C terminus. The /rr motifs are numbered 1-10, and the positions of the cap structures are

indicated.

(G) Surface views of FLRT3RR colored according to sequence conservation within FLRT2/FLRT3 from mouse, fish, frog, and bird. Black, highest conservation;

white, lowest conservation.

(H) Views of FLRT3"F" oriented as in (D), colored according to surface electrostatic surface potential (red, —69 kT/e; white, 0 kT/e; blue, +69 kT/e). k, Boltzmann’s

constant; T, temperature (310 K); e, —1.6021766 x 10~"° coulombs.

The dual functionality of FLRTs as CAMs that also elicit
repulsion (as one of several possible Unc5 ligands) renders the
analysis of their contributions in vivo challenging. Can cells
integrate FLRT adhesive and repulsive signaling activities, and
what are the contributions of these contradictory functionalities
in different cellular contexts? To address the complexities of
FLRT function we first sought to identify the structural determi-
nants of the homophilic and heterophilic interactions.

Here we report crystal structures of FLRT2, FLRT3, Unc5A,
Unc5D, and a FLRT2-Unc5D complex. Based on these data
we assign homophilic adhesion and heterophilic repulsion
to distinct molecular surfaces of FLRT. We show that by using

these surfaces, FLRT can trigger both adhesive and repulsive
signals in the same receiving cell, leading to an integrative
response. Besides confirming that FLRT2/Unc5D repulsion reg-
ulates the radial migration of cortical neurons, we show here that
FLRT3 also acts as a CAM in cortical development and modu-
lates the tangential spread of pyramidal neurons. We further
identify FLRT3 as a controlling factor in retinal vascularization.
We demonstrate that FLRT controls the migration of human
umbilical artery endothelial cells (HUAECs) through a similar
mechanism to that which we found in the neuronal system.
Taken together, our results reveal FLRT functions in cortical
patterning and vascular development, and establish the FLRTs
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Figure 2. Crystal Structures of Unc5 and a FLRT2-Unc5D Complex

(A) The structure of Unc5D'9" is shown as surface and rainbow ribbons (N terminus, blue; C terminus, red). Asterisks mark disulphide bridges.

(B) Structure of the complete human Unc5A ectodomain. Note that human Unc5A contains only one TSP domain. Asterisks mark disulphide bridges.

(C) Structure of FLRT2-R (orange with rainbow ribbons) in complex with Unc5D'9" (blue with rainbow ribbons).

(D) Left: view of FLRT2 "R and Unc5D'9" as found in complex structure (“open book view”). Interacting surfaces are encircled in red. Surface colors represent
sequence conservation within FLRT2/FLRT3 or Unc5B/Unc5D, respectively, from mouse, fish, frog, and bird. Black, highest conservation; white, lowest con-
servation. Right: FLRT2-"R and Unc5D'9" rotated by 180° to reveal their less-conserved faces.

(legend continued on next page)
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as a bimodal guidance system that combines homophilic adhe-
sion with heterophilic repulsion.

RESULTS

Characterization of a High-Affinity Minimal FLRT-Unc5
Complex

We performed surface plasmon resonance (SPR) measurements
using purified ectodomains of Unc5A, Unc5B, and Unc5D
(Unc5A%°*, Unc5B%°*, Unc5D®°*) and the LRR domains of their
ligands FLRT2 and FLRT3 (FLRT2-RR FLRT3-FR). These re-
vealed a hierarchy of equilibrium dissociation constants (Kds),
with the affinity of FLRT2 and Unc5D being the highest (Fig-
ure 1B; Table S1 available online). The relative affinities are
consistent with those from previous cell-based binding assays
(Karaulanov et al., 2009; Yamagishi et al., 2011), although the
absolute values are lower, presumably due to differences in
the techniques applied.

We also used SPR to test the binding of FLRT2-FR to Unc5D
fragments encompassing different regions of the ectodomain
(Unc5D®, Unc5D'9"2, Unc5D'9, Unc5D'92, and Unc5DT'2; de-
picted in Figure 1A). The results showed that the N-terminal
Unc5D Ig domain (Unc5D'9") harbors the major FLRT2FR-bind-
ing site (Figure 1C).

Crystal Structures of FLRTRR Reveal Conserved
Surface Patches

We determined the crystal structures of mouse FLRT2"R and
FLRT3"FR. Crystallographic details are provided in Table S2.
Both structures consist of ten Irr repeats plus flanking cap struc-
tures, together forming a horseshoe-shaped solenoid (Figures
1D-1F, S1A, and S1B). Superposition underscores the similarity
of the two structures with a root-mean-square deviation (rmsd)
(Krissinel and Henrick, 2004) of 1.17 Afor320 (out of 321) corre-
sponding Co. atoms. We generated sequence conservation
scores (Glaser et al., 2003) using alignments of FLRT2 and
FLRT3 from mouse, chicken, frog, and fish and mapped these
onto the FLRT-RR structures. A sequence-conserved patch ex-
tends from the concave to a lateral side surface of both FLRT-RR
structures (Figures 1G and S1B). Comparison of FLRT2-R with
structures in the Dali database (Holm and Rosenstrém, 2010)
shows strongest similarity (rmsd for 264 aligned Ca atoms =
1.8) with the cell adhesion protein decorin, which is known to
dimerize via the concave surface of its LRR domain (Scott
et al., 2004). The predominantly charged concave surfaces of
FLRT2'"R and FLRT3'R® (Figures 1H and S1B) provide lattice
contacts in all of our crystal structures (Figure S1), suggesting
that these regions could mediate functional FLRT-FLRT
interactions.

A FLRT2"RR_.Unc5D'9" Complex Reveals a Conserved
Binding Interface

We determined the crystal structure of rat Unc5D'9" (Table S2).
The domain conforms to the Ig subtype 1 topology (Chothia
and Jones, 1997) (Figure 2A). The structure is most similar to
that of the N-terminal I|g domain of receptor protein tyrosine
phosphatase delta (RPTP3, rmsd for 86 aligned Co atoms =
1.9 A), although Unc5D lacks the positively charged surface
patch that mediates the RPTP3-glycosaminoglycan interaction
(Coles et al., 2011).

We also solved a crystal structure for Unc5A'9'2™2 (Table S2),
thereby revealing the fold of the second Ig domain, also subtype
1, and the TSP domain (Figure 2B). The crystallized construct cor-
responds to the complete human Unc5A isoform 1 ectodomain.
The overall structure is elongated and lacks extended interdomain
linkers. All human Unc5A isoforms and mouse UncbA isoform 2
lack the first of the two TSP domains that are present in other
Unc5 homologs. Otherwise, the sequences of Unc5A-D are
44%-63% conserved between the human Unc5 homologs.

We solved the crystal structure of FLRT2"R in complex with
Unc5D'9" (Table S2). Crystals diffracted to 4 A only; however,
the higher-resolution models of unliganded FLRT2"R and Un-
¢5D'9" provide detailed information on the location of residues
within each chain. Unc5'9" binds to FLRT2-FR burying a total of
~1,280 A2 protein surface, which is highly sequence conserved
on both sides (Figures 2C and 2D).

Superposition of Unc5A'9'2T with Unc5D'9" as found in com-
plex with FLRT2"R generates a model in which the domains
downstream of Unc5 Ig1 extend away from the interface with
FLRT-RR, suggesting that the Ig1 domain is the only interacting
domain (Figure 2E). Based on this model alone, we cannot rule
out that the extracellular FLRT regions downstream of the LRR
domain also interact with Unc5. However, in SPR experiments
we measured similar Unc5-binding affinities for FLRT®*** and
FLRTLRR constructs (data not shown), suggesting that there is
no major second Unc5-binding site on FLRT. We provide further
support for this conclusion using a mutagenesis approach (see
next section).

The core of the FLRT2-Unc5D-binding interface contains pre-
dominantly hydrophobic and positively charged residues (Fig-
ures 2F and 2G). The conserved FLRT2 histidine H170 forms a
central anchor point that reaches deep into a hydrophobic
pocket formed by Unc5D F82, K84, W89, V135, W137, and
K144 and likely provides a hydrogen bond to Unc5D W137 (Fig-
ure 2G). FLRT2 R191 and L215 may stabilize this arrangement by
providing additional contacts to Unc5D F82 and W137. The main
residues forming the hydrophobic FLRT2-binding surface of
Unc5D are fully conserved in Unc5B (Figure 2H), with the excep-
tion of F82, which is replaced by a tyrosine (Y78).

(E) The model of a FLRT-Unc5 complex between the surfaces of opposing cells was created by superposing Unc5A ectodomain (blue) on Unc5D'9" as found in

complex with FLRT2-RR (

orange). Cell surfaces and FLRT2 regions that were not crystallized are depicted in gray.

(F) Residues within the interacting surfaces of FLRT2 (orange) and Unc5D (blue) are shown.

(G) Views of the interface between FLRT2 (orange) and Unc5D (blue). Selected residues are shown as sticks. Main chain stick atoms are not shown for all residues.
Residues of which the main chain, but not the side chain, atoms are shown are marked with an asterisk. Putative hydrogen bonds are shown as dotted lines.
(H) View of FLRT-Unc5 interface residues as in (F), but showing the FLRT3"?" structure (red) and a homology model of Unc5B'S" (green), in an arrangement based

on the FLRT2-RR-Unc5D'9" structure.

(l) Views of interface residues that are not conserved between Unc5D/Unc5B (green/blue) and FLRT2/ FLRT3 (orange/red).
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Figure 3. Distinct Mutations Abolish FLRT-Unc5 and FLRT-FLRT Binding

(A) SPR data showing that FLRT2 H170E or H170N and Unc5D W89N+H91T or E88A+W89A+H91A disrupt FLRT2-Unc5D binding. FLRT2 D248N+P250T and
Unc5D L101N+E103T do not disrupt binding. The nonbinding mutants FLRT2 H170E and Unc5D W89N+H91T are henceforth denoted as “UF.”

(B) We used an immunofluorescence-based binding assay (Yamagishi et al., 2011) to confirm mVenus-tagged FLRT3YF and Unc5B"F at the surface of cells do not
bind Unc5B and FLRT3 ectodomains, respectively. Scale bars, 10 um. Results for FLRT2 and Unc5D mutants are shown in Figure S2B.

(C) SEC-MALS experiments using wild-type FLRT3°°'® and mutant proteins. Rayleigh ratios are depicted as thin lines (right axis). Protein concentrations at the
peak maxima are ~0.1 mg/ml (green curves), ~0.5 mg/ml (blue curves), and ~1 mg/ml (red curves). Calculated masses are shown as thick lines (left axis).
Multimerization leads to an increase in apparent molecular mass of wild-type FLRT3°°* at high concentrations, but not of the mutant FLRT3°°*°FF, Note that
FLRT3°°°UF also multimerizes at high concentrations (Figure S2D).

(D) HEK cells transfected with control or Firt3 constructs (pCAGIG) were cultured in suspension. The average cluster size of transfected cells was measured and
the results normalized to the GFP control. Scale bars, 40 pym. Data for FLRT2 are shown in Figures S2E and S2F.

(legend continued on next page)
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The high degree of sequence conservation at the FLRT-Unc5-
binding interface is in agreement with the observed binding
promiscuity. Subtle differences in binding affinities for different
homologs are likely due to sequence variations at the periphery
of the binding interface (Figure 2I).

Histidine residues have a side chain pKags of ~6, below
which they are protonated. We predicted that the protonated
FLRT2 H170 would be incompatible with binding to the hydro-
phobic binding pocket on Unc5D. Indeed, at pH ~5.7, Unc5D°°*
does not interact with FLRT2°°* (Figure S2A).

Mutations in the FLRT-Unc5 Interface Inhibit the
Interaction

Based on the crystal structures, we designed mutations in
the FLRT2-Unc5D interface to disrupt binding. In FLRT2 H170E
and H170N, we replaced the central histidine with a negative-
charged residue or an N-linked glycosylation site, respectively.
Neither of these mutants binds Unc5D in our assays, confirming
the binding site we describe is essential for the interaction
(Figure 3A). Also, the Unc5D mutants E88A+W89A+H91A and
W89N+H91T show poor binding to FLRT2 (Figure 3A). Binding
was unaffected by FLRT2 and Unc5D mutations at sites involved
in minor interactions in the crystal (FLRT2 D248N+P250T, Unc5D
L101N+E1083T), suggesting that these sites are not physiologi-
cally relevant (Figure 3A). For subsequent functional analysis
we chose the non-Unc5-binding FLRT2 mutant H170N and the
non-FLRT2-binding Unc5D mutant W89N+H91T. We henceforth
refer to these Unc5-FLRT noninteracting mutants as FLRT2YF
and Unc5DY, respectively. We confirmed our SPR results using
a cell-based assay, in which we visualized the binding of soluble
FC-tagged ectodomain proteins to mVenus-tagged receptors
expressed on the surface of COS7 (Figure S2B).

The high degree of conservation in the Unc5-FLRT-binding sites
allowed us to design binding-impaired mutants also for FLRT3
and Unc5B. We selected FLRT2YF and Unc5DYF as templates
to design FLRT3 H165N (FLRT3YF) and Unc5B W85N+S87T
(Unc5BYF) (Figure 3B). Additionally, we produced Unc5C
W9IN+H101T (Unc5CYF), to test whether our mutants are valid
also beyond the functionally well-characterized ligand/receptor
pairs FLRT2-Unc5D and FLRT3-Unc5B. We showed that wild-
type Unc5C, but not the UF mutant, is able to bind FLRT (Fig-
ure S2B). We confirmed that wild-type and mutant FLRT and
Unc5 constructs are expressed at the cell surface (Figure S2C).

FLRT-FLRT and Unc5-FLRT Interactions Are Mediated
via Distinct Surfaces

Previous studies showed that FLRT-FLRT binding between cells
is mediated via the LRR domain (Karaulanov et al., 2006). We
were unable to detect FLRT-FR-FLRT-?R binding using purified
proteins in SPR experiments, possibly due to the low-affinity
nature of the interaction. However, using size-exclusion chroma-
tography coupled to multiangle light scattering (SEC-MALS), we
could show that both FLRT3%°*® and FLRT3-F® oligomerize in a

concentration-dependent manner (Figures 3C and S2D). An
increased population of FLRT dimers or oligomers at higher con-
centrations is detected as an apparent increase in molecular
mass. We found that the calculated mass of FLRT3°°* and
FLRT3R® correlates with the protein concentration across the
elution peak; the resulting “upside-down smiley” mass profile
is typical for proteins undergoing concentration-dependent
oligomerization.

Our crystal structures revealed that FLRT-FR-FLRT-FR |attice
contacts depend on the concave surface of the proteins, a region
that mediates homophilic dimerization in other LRR proteins
(Kajander et al., 2011; Scott et al., 2004, 2006; Seiradake et al.,
2009). To probe this region, we produced the FLRT3 mutant
R181N+D183T, which contains an N-linked glycosylation site
in the concave surface. In contrast to wild-type FLRT3°°*, the
mutant does not undergo concentration-dependent oligomeri-
zation; i.e., the apparent mass does not increase in correlation
with the protein concentration. These data show that the homo-
philic interaction depends on the concave surface of the FLRT3
LRR domain (Figure 3C). We henceforth call this FLRT-FLRT
noninteracting mutation FLRT', and the mutant ectodomain
FLRT3°°fF_|n contrast to FLRT3°"°"F, the non-Unc5-binding
mutant FLRT3%°"°YF still oligomerizes in a concentration-depen-
dent manner (Figure S2D).

We and others have shown that the expression of transmem-
brane FLRT in suspended HEK cells leads to the formation of
separate cell aggregates (Egea et al., 2008; Karaulanov et al.,
2006). Using this assay, we revealed that mutations in the
concave surface of the FLRT3 LRR domain (FLRT3 ), which
disrupt FLRT3-FLRT3 ectodomain oligomerization in solution,
also disrupt full-length FLRT3-based cell adhesion (Figure 3D).
In contrast, FLRT3 with mutations in the convex surface of the
LRR domain (S192N+P193G) and the Unc5-binding mutant
FLRT3YF were still able to mediate cell adhesion (Figure 3E;
data not shown). Based on our FLRT3 results, we designed an
equivalent FLRT2F" mutant (R186N+D188T). The expression of
FLRT2 and FLRT2"F, but not FLRT2"F, induced cell aggregation
(Figures S2E and S2F). Thus, the FLRT-FLRT interaction surface
we identified is conserved between the two homologs. We
observed a small decrease in aggregation between cells
expressing the UF mutants compared to wild-type FLRTs; how-
ever, the difference is not statistically significant. Western blot
analysis confirmed similar expression levels of wild-type and
mutant (Figure S2G). Finally, we demonstrated that FLRT3™"
and FLRT2F bind Unc5 ectodomains (Figures 3B and S2B).
We conclude that FLRT-FLRT and FLRT-Unc5 interactions are
mediated via distinct FLRT surfaces and can be controlled using
specific mutations (Figure 3F).

FLRTs Act as Chemo and Contact Repellents through
Interaction with Unc5 in trans

We previously showed that shed ectodomains of FLRTs act as
repulsive guidance cues and cause axonal growth cone collapse

(E) Quantification of the data shown in (D). n > 3 experiments per condition. ***p < 0.001 (versus GFP), *#p <0.001 (versus FF), one-way ANOVA test with Tukey’s

post hoc analysis. The data are presented as mean + SEM.

(F) The structures of Unc5A°°™ (shades of blue) and FLRT3-"R (orange) are shown. To generate non-Unc5-FLRT-binding mutants Unc5YF and FLRTYF and the
non-FLRT-FLRT-binding mutant FLRT™", we introduced N-linked glycosylation sites (schematized) in the respective binding sites.
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of cortical neurons (Yamagishi et al., 2011). Here we use our spe-
cific FLRT mutant proteins to test whether this activity is solely
dependent on FLRT-Unc5 interaction. We chose intermediate
thalamic explants (iTh) expressing Unc5B (Figure 4A), the func-
tional receptor of FLRT3. Using an automatic image analysis
program (Figures S3A-S3C), we found that iTh growth cones
collapse upon incubation with FLRT3°°*® or FLRT3°tFF,
compared to FC control protein. FLRT3°°*°YF did not induce
growth cone collapse, indicating that the collapse effect is
dependent on FLRT3°°*-Unc5 interaction (Figures 4B-4D).
Similar results were obtained with a mixed culture of Unc5B/
Unc5D-expressing cortical neurons stimulated with mutant or
wild-type mixtures of FLRT2+FLRT3 (Figures S3D-S3G). We
also performed stripe assays (Vielmetter et al., 1990) to test the
responses of iTh axons toward different FLRT proteins. We
found that iTh axons were repelled by stripes containing
FLRT3°°® and FLRT3°**"F (Figures 4E and 4F). iTh axons were
also repelled by stripes presenting the non-Unc5-binding mutant
FLRT3%°"YF put the effect was significantly less compared to
the wild-type and FF mutant (Figures 4G and 4H). To investigate
this further, we arranged alternating stripes presenting wild-type
FLRT3°°'® and the mutant FLRT3%%°YF_iTh prefer to grow and
extend axons on FLRT3°°"°YF suggesting that the repulsive ef-
fect of FLRT3%°* is dependent, at least in part, on interaction
with Unc5. Conversely, when asked to choose between the
Unc5-binding competent FLRT3°®® and FLRT3°°"°FF proteins,
iTh axons do not show significant preference for either surface
(Figures 41-4K).

The stripe assay data raise the possibility that FLRT could also
act as a surface-bound contact repellent. We confronted
growing iTh axons with Hela cells expressing a cleavage-resis-
tant FLRT3 mutant, whose ectodomain is not shed (Yamagishi
et al., 2011). Cells transfected with the noncleavable FLRT3
construct repelled ~80% of the extending axons, while non-
transfected control cells repelled only ~20% of the axons (Fig-
ures 4L and 4M; Movies S1 and S2). Thus, FLRTs act as chemo
and contact repellents, and this activity is largely mediated by
Unc5 receptors.

FLRT-FLRT Interaction Attenuates Unc5 Repulsion

During brain development, FLRTs and Unc5s are also expressed
in overlapping regions. While iTh axons do not express detect-
able levels of FLRT3, rostral thalamic (rTh) axons express both
Unc5B and FLRT3 (Figures 5A and 5B; Leyva-Diaz et al,
2014). We found that in stripe assays, rTh axons are repelled
by FLRT3°*°, but the effect is less pronounced compared to
iTh axons. We also found that rTh axons from a Firt3 conditional
mutant are repelled more strongly by FLRT3°°* stripes compa-
rable to iTh axons lacking endogenous FLRT3 (Figures 5C-5E;
see also Figure 4F). These data suggest that endogenous
FLRT3 expressed on the axons modulates the response to
FLRT3 presented (in trans) on stripes. Two scenarios could un-
derlie this phenomenon: (a) FLRT3-FLRT3-mediated adhesion
could counteract FLRT3-Unc5-mediated repulsion, or (b)
FLRT3 could bind Unc5B in cis, thus reducing the number of
Unc5B receptors that are able to respond to exogenous FLRT3
(“cis inhibition”). We performed stripe assays to explore this
further. We found that rTh axons prefer to grow on wild-type
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FLRT3%% rather than mutant FLRT3%°FF. (Th axons from a
Firt3 conditional mutant do not distinguish between FLRT3°°*
and FLRT3®°"FF thus behaving similar to iTh axons that naturally
do not express FLRT3 (Figures 5F-5H; see also Figure 4K).
These data suggest that the attenuation of repulsion observed
for FLRT3-expressing neurons is due, at least in part, to adhesive
FLRT3-FLRTS interaction in trans. In stripe experiments where
rTh axons choose between an inactive FLRT3 double mutant,
containing both the FF and UF mutations (FLRT3°¢°FF-UF; Fig.
ure 51) and FLRT3%°"FF, ¢Th axons are repelled at least equally
well by FLRT3°°°FF compared to iTh axons (Figures 5J-5L).
These results argue that most, if not all, Unc5 receptors must
be unmasked, despite the presence of endogenous FLRT3.
Therefore, we conclude that in rTh axons FLRT3 and Unc5B
function in parallel, such that adhesive FLRT interaction reduces
the repulsive response triggered by FLRT-Unc5 interaction in a
combinatorial way (Figure 5M).

FLRTs Control Cell Migration in the Developing Cortex
by Distinct Mechanisms

Having established how the adhesive and repulsive functions of
FLRTs are mediated, we are now able to dissect these function-
alities in vivo, using cortical development as a model system.
During development, pyramidal neurons are born in the prolifer-
ative zone and radially migrate to settle in one of six cortical
layers (Rakic, 1988). We previously showed that Unc5D-ex-
pressing neurons display a delayed migration to the FLRT2-en-
riched cortical plate consistent with FLRT2 acting as a repulsive
cue for Unc5D+ cells (Yamagishi et al., 2011). Therefore, we
wanted to investigate how much of the observed migration delay
is due to FLRT-Unc5 signaling. In agreement with our previous
work, we found that Unc5D overexpression by in utero electro-
poration (IUE) in E13.5-born neocortical cells delayed their
migration. This delay was partially rescued when overexpressing
Unc5DYF (Figures 6A-6C), confirming that the migration delay
observed in Unc5D-overexpressing cells is at least partially
due to interaction with FLRT2.

The pattern of FLRT3/Unc5B expression in E15.5 cortex is
complementary to FLRT2/Unc5D, with FLRT3 expressed in
migrating neurons and Unc5B in cortical plate (Figure 6D). To
investigate whether FLRT3 plays a role in neuronal migration,
we analyzed the positioning of neurons expressing FLRT3 in
the developing cortex using brain sections from a Nestin-Cre;
FIrt3'¥18°Z conditional mutant and B-galactosidase staining.
We found that the distribution of FLRT3-deficient (B-gal+) neu-
rons is affected in mutant cortex, leading to abnormal neuronal
clustering in the cortical plate, which contrasts with the homoge-
neous distribution in control littermates (Figures 6E and 6F). To
analyze the distribution of the B-galactosidase-positive neurons,
we calculated the normalized intensity profile of the Xgal staining
in the lower half of the cortical plate (dashed rectangle, Figures
6E and 6F), which revealed substantial fluctuations in the
density of mutant neurons (Figure 6G). We also measured the
Voronoi nearest neighbor distance to assess cellular distribution
independently of cell density (Villar-Cervino et al., 2013). Mutant
neurons showed increased minimum distance between cells,
which indicates that FLRT3 deletion affects the regular distribu-
tion present in control tissue (Figures S4A and S4B). This
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Figure 4. FLRT-Unc5 Interaction in trans Induces Repulsion

(A) In situ hybridization reveals Unc5B expression in the intermediate thalamus (iTh) of coronal sections through the telencephalon of E15.5 mouse embryos.
(B and C) iTh explants were treated with FLRT3°°"°, FLRT3%°"FF or FLRT3°"°YF fixed and stained with beta-Ili-tubulin and phalloidin.

(D) The density of growth cones in experiments shown in (B) and (C) was quantified as a measure to assess FLRT3-induced growth cone collapse. n > 30iTh
explants per condition; ***p < 0.001, one-way ANOVA test with Tukey’s post hoc analysis.

(E) Diagram depicting the stripe assay we used to probe the responses of iTh axons expressing Unc5B to surface-bound FLRT3 and FC control proteins.

(F and G) E15.5 iTh explants were grown on alternate stripes containing FC control protein or FLRT3°° protein (wild-type or mutant). Explants were stained with
anti-beta-lll-tubulin to visualize the axons (green). FLRT3-containing stripes are marked in red on the left side of each image. After imaging, the percentage of
beta-lll-tubulin+ pixels on red stripes was quantified.

(H) Quantification of the data shown in (F) and (G). n > 20 iTh explants per condition; *p < 0.05 (UF versus WT and FF), one-way ANOVA test with Tukey’s post hoc
analysis.

(I and J) Stripe assays were performed as described in (F) and (G), but using alternating stripes of wild-type and mutant FLRT3%°%,

(K) Quantification of the data shown in () and (J). n > 15iTh explants per condition. **p < 0.01 (UF versus WT and FF), one-way ANOVA test with Tukey’s post hoc
analysis.

(L) Cell-bound FLRT3 repels iTh axons in time-lapse experiments. iTh explants were confronted with HeLa cells (control or expressing noncleavable FLRT3).
Frames were acquired every 4 min. A repulsive event was defined as a contact between an extending axon and a Hela cell lasting less than eight frames.
(M) Quantification of the data shown in (L); n > 30 contacts per condition. The data are presented as mean + SEM. Scale bars, 200 um (A), 350 um (B and C),
300 um (F, G, I, and J), 13 um (L).
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Figure 5. FLRTs Act in cis as Attenuators of Unc5 Repulsion

(A and B) Serial coronal sections through the telencephalon of E15.5 embryos from a Firt3'acz/ix reporter line showing high expression of Firt3 in rostral thalamus
(rTh), but not intermediate thalamus (iTh).

(C and D) E15.5 wild-type or FIrt3 conditional knockout rTh explants were grown on alternate stripes containing FC and FLRT3°'°. Explants were stained with
anti-beta-Ill-tubulin to visualize the axons (green). FLRT3-containing stripes are marked in red on the left side of each image. After imaging, the percentage of
beta-lll-tubulin+ pixels on red stripes was quantified.

(E) Quantification of the data shown in (C) and (D). n = 77 wild-type rTh from five embryos, n = 52 knockout rTh from six embryos. ***p < 0.001, two-tailed Student’s
t test.

(F and G) Stripe assays were performed as in (C) and (D), but using alternate stripes of FLRT3°°® and FLRT3°°tFF,

(H) Quantification of the data shown in (F) and (G). n = 20 wild-type rTh from two embryos, n = 23 knockout rTh from three embryos. **p < 0.01, two-tailed Student’s
t test.

(I-K) rTh and iTh explants were grown on alternate stripes containing FC and FLRT3°°®°VFFF or FLRT3°°!FF and FLRT3eCtoUF-FF,

(L) Quantification of the data shown in (I) and (J). n > 10 rTh and iTh explants per condition. **p < 0.01, two-tailed Student’s t test.

(M) A model showing that FLRT-FLRT adhesion in trans, rather than FLRT-Unc5 interaction in cis, modulates FLRT-Unc5 repulsion in rTh axons. The data are
presented as mean + SEM. Scale bars, 850 um (A and B), 300 um (C, D, F, G, |, J, and K).
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phenotype suggests that the normal tangential dispersion of
cortical neurons is impaired in FLRT3 mutant mice. The radial
positioning of pyramidal neurons seems unaffected; Cux1, a
marker for upper-layer (Nieto et al., 2004), and TBR1, a marker
of lower-layer, postmitotic neurons (Hevner et al., 2003), are ex-
pressed normally in FLRT3 mutant mice (Figures S4C-S4E).
These results suggest that FLRT3 is required for the spatial
arrangement of pyramidal neurons in the tangential axis. Mech-
anistically, this function of FLRT3 does not seem to involve inter-
action with Unc5B, since GFP-transfected migrating neurons
show no preference between Unc5B°°*°-FC- and control FC-
containing stripes (Figures 6H-6J). To obtain more insight into
the mechanism of FLRT3 activity, we overexpressed the
different mutants of FLRT3 in embryonic cortex using IUE. We
analyzed transfected brains in cleared whole-mount prepara-
tions in both coronal and horizontal brain sections (Figure 6K).
We found that FLRT3-overexpressing neurons migrate slower
(Figures 6L and 6M) and distribute abnormally in the tangential
axis, forming a repeating pattern of aggregates (Figures 6N,
60, S4F, and S4G; Movies S3 and S4). Whereas the altered
radial migration is not observed in the FLRT3 conditional mutants
and may therefore be unphysiological, the altered tangential dis-
tribution is also seen when FLRT3 expression is ablated.
FLRT3YF behaves similarly to wild-type FLRT3 and disrupts
cell migration, and more importantly, tangential distribution of
migrating neurons, suggesting that Unc5B does not affect the
migration of FLRT3-expressing neurons (Figures 6L-60, S4F,
and S4G). Conversely, the mutation in FLRT3 largely preserves
the regular distribution of neurons in the tangential axis, indi-
cating that FLRT-FLRT interaction is responsible for the
observed effect (Figures 6L-60, S4F, and S4G). FLRT3-overex-
pressing cells contain the differentiation marker Cux1, implying
that FLRT3 affects the migration, but not differentiation, of the
cells (Figures 6P and 6Q). Our results show that FLRTs have
distinct functions in cortical development, mediating repulsion
to control radial migration and homophilic adhesion to direct
tangential distribution (Figures 6R and 6S).

FLRT3 Controls Retinal Vascularization
FLRT and Unc5 proteins are expressed broadly during develop-
ment, not just in the nervous system. FLRTs have been previ-
ously implicated in heart and vascular development (Muller
et al., 2011), and artery endothelial cells are known to express
Unc5B (Larrivée et al., 2007; Lu et al., 2004; Navankasattusas
et al., 2008). We tested whether FLRT-Unc5 interaction plays a
role in directing vascular cells. We found that primary HUAECs
express both FLRT3 and Unc5B (Figure 7A). Stripe assays reveal
that HUAECs are repelled strongly by FLRT3°*° compared to the
FLRT3°°°YF mutant (Figures 7B and 7C). Conversely, the mutant
FLRT3°°°FF which is unable to provide FLRT-FLRT adhesion,
but still binds Unc5, is more repulsive than wild-type FLRT3 (Fig-
ures 7B-7E). As shown above for rTh neuronal axons (Figure 5),
the data suggest that the response of HUAECs to FLRT3-pre-
senting stripes is a product of adhesive FLRT-FLRT and repul-
sive FLRT-Unc5 interaction.

Next, we tested whether FLRT-Unc5 interaction plays a role in
the developing vascular system. The mouse retina is an estab-
lished model tissue for vascularization and, from birth until P8/

P9, contains high levels of Unc5B in retinal arteries, capillaries,
and endothelial tip cells (Larrivée et al., 2007). We found that
FLRT3 is expressed in the inner plexiform layer of the retina dur-
ing the stages when Unc5-expressing blood vessels develop
(Figure 7F). To study the role of FLRT-FLRT and FLRT-Unc5 in-
teractions in tip cell filopodia extension, we used live-mounted
retinal explants (age P5). After incubation with FLRT3°“* or
FLRT3%°"FF we measured significantly fewer tip cell filopodia
at the vascular front compared to control and FLRT3%°"YF ret-
inas (Figures 7G and 7H). Consistent with FLRT3-Unc5B repul-
sive interaction having a function during vascularization in vivo,
we observed increased vascular branching in the retinas of
Sox2-Cre;Firt3'/2°Z conditional mutants (Figures 71 and 7J).
These data indicate that FLRT3 acts as a controlling factor of
retinal vascular development and suggests that the action of
FLRT3 depends on its interaction with Unc5B.

DISCUSSION

The structural data presented here indicate that distinct FLRT
LRR surfaces mediate homophilic adhesion and Unc5-depen-
dent repulsion. By using these surfaces, FLRTs can affect both
adhesive and repulsive functions in the same receiving cell,
e.g., neurons or vascular cells that coexpress FLRT and Unc5.
We show that coexpressed FLRT and Unc5 act in parallel, and
that cells must integrate these adhesive and repulsive effects.
This separation of adhesive and repulsive functionalities allows
FLRTSs to regulate the behavior of migrating pyramidal neurons
in distinct ways; FLRT2 repels Unc5D+ neurons and thereby
controls their radial migration, while FLRT3-FLRT3 homophilic
interactions regulate their tangential distribution. FLRT3 also
controls retinal vascularization, possibly involving combinatorial
signaling via FLRT and Unc5. To distinguish FLRTs from adhe-
sion-only CAMs, we propose to define a new subgroup, here
designated as repelling CAMs (reCAMs). reCAMs provide a
guidance system that combines the finely tunable cell adhesion
of classical homophilic CAMs with repulsive functions through
the addition of a heterophilic receptor.

FLRT-FLRT and Unc5-FLRT Interaction Surfaces Are
Distinct

We show here that FLRT-mediated adhesion involves the
conserved concave surface on the LRR domain. This mode of
homophilic binding resembles that of other LRR-type CAMs,
for example, decorin (Scott et al., 2004). The FLRT-FLRT binding
affinity is weak (below the sensitivity of our SPR assay ~100 uM),
and FLRT oligomerization correlates with local concentration.
Thus, FLRTs are ideal candidates for providing the finely tuned
adhesive cell-cell traction required for cell migration.

In contrast to the low-affinity adhesive binding, repulsive FLRT-
Unc5 interaction is of nanomolar affinity and mediated through a
distinct binding surface on the FLRT LRR domain. The high de-
gree of conservation within the binding surfaces of Unc5 and
FLRT homologs suggests the interaction evolved before homo-
log diversification. The mode of interaction is atypical for LRR-
type proteins, which mostly bind ligands via the concave surface
of the domain, although some examples of ligand-binding sur-
faces other than the concave side exist (Bella et al., 2008).
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Our results with thalamic neurons and vascular cells indicate
that coexpressed FLRTs act as attenuators of Uncb repulsion.
Stripe assays with FLRT3-positive, compared to FLRT3-nega-
tive, thalamic axons provide strong evidence that the attenuation
results from FLRT-FLRT interaction in trans, rather than in cis,
masking. Further work will be necessary to elucidate the func-
tional consequences of this parallel signaling and the relative
importance of membrane-associated versus soluble FLRT ecto-
domains in vivo.

FLRTs Control Cortical Neuron Migration by Distinct
Mechanisms

The mammalian cerebral cortex is organized in horizontal layers
and intersecting columns. During development, cortical progen-
itors and their neuronal progeny settle in different layers in an
inside-out fashion. The layered structure of the cortex helps to
organize cortical inputs and outputs. Cortical progenitors and
their neuronal progeny also form vertical ontogenic columns
of sister neurons. Subpopulations of clonally related neurons
undergo limited tangential dispersion to neighboring columns
(Rakic, 1988). The molecular mechanisms and significance
of this behavior are poorly understood. We have previously
shown that FLRT2/Unc5D signaling is implicated in the radial
migration of cortical neurons (Yamagishi et al., 2011). The
FLRT2 ectodomain produced and shed by cells in the cortical
plate prevents Unc5D+ cells from prematurely migrating from
the subventricular zone to the cortical plate. In support of this
model, Unc5D overexpression in E13.5-born neocortical cells
further delayed their migration (this study and Yamagishi et al.,
2011). Using the non-FLRT-binding mutant Unc5DYF, we now
confirm that this effect is at least partially due to FLRT/Unc5D
interactions.

Our present results suggest that the related FLRT3 protein is
implicated in the tangential dispersion of cortical neurons in a
manner that involves FLRT3-FLRT3 homophilic interactions.
The irregular distribution of cortical neurons in Firt3 mutant
mice resembles the phenotype seen in ephrinA triple-knockout
mice (Torii et al., 2009). Likewise, the tangential clustering of
neurons after FLRT3 overexpression resembles the phenotype
seen after EphA7 or ephrinB1 overexpression (Dimidschstein
et al., 2013; Torii et al., 2009). The function of Eph/ephrin
signaling appears to modulate cell morphology and mobility
during the multipolar phase of migration (Dimidschstein et al.,
2013). Based on its molecular functions, we hypothesize that
FLRT3 affects the adhesive properties of migrating cells and
thereby disrupts the delicate balance of adhesion/repulsion
necessary for cell migration (Cooper, 2013; Marquardt et al.,
2005; Solecki, 2012). This conclusion is supported by the fact
that the non-FLRT-interacting mutant FLRT3" is not able to
disrupt the tangential dispersion. Interestingly, this function of
FLRT3 may be shared by the related FLRT1 that is coex-
pressed with FLRT3 in the developing cortex and displays
similar characteristics in terms of homophilic and Unc5 binding
(Yamagishi et al., 2011; data not shown). A preliminary charac-
terization of Firt1;Firt3 double-knockout mutants revealed a
stronger spatial disruption in the tangential axis of the cortex
than single FIrt3 mutants (data not shown). Together, these
findings shed light on the cell-cell communication mechanisms
operating during radial and tangential patterns of migration of
pyramidal neurons.

FLRT3 Controls Vascularization
Unc5B is a negative regulator of developmental vascularization
(Bouvrée et al., 2008; Koch et al., 2011; Larrivée et al., 2007;

Figure 6. FLRT Controls Radial and Lateral Migration of Cortical Neurons via Distinct Mechanisms
(A) In situ hybridization shows Firt2 and Unc5D expression in coronal sections of E15.5 cortex.
(B) Coronal sections of E16.5 cortex after IUE at E13.5 with GFP, Unc5D-IRES-GFP, or Unc5D"F-IRES-GFP. GFP+ cells located in the cortical plate (CP), in-

termediate zone (1Z), and subventricular zone (SVZ) were quantified.

(C) Quantification of the data shown in (B). n > 5 electroporated embryos per condition. **p < 0.01, ***p < 0.001, one-way ANOVA test with Bonferroni post hoc

analysis.

(D) In situ hybridization shows Firt3 and Unc5B expression in coronal sections of E15.5 cortex.
(E and F) Xgal staining of E15.5 coronal sections from control (FIrt3'3°%™) or conditional (Firt3'2°%*:NesCre) mytant. Normalized intensity plots are shown, obtained

from the areas delineated with a dashed rectangle.

(G) Quantification of the intensity fluctuations by measuring the distances between minima and maxima and the normalized intensity values (dashed line). n = 3

controls, n = 4 conditional mutants. *p < 0.05, two-tailed Student’s t test.

(H and ) GFP-electroporated cortical explants (from E13.5 to E15.5) were plated on alternating stripes coated with FC control protein or Unc5B°°*°-FC fusion.
Explants were stained with anti-beta-Ill-tubulin to visualize neurons exiting the explant (red). After imaging, the percentage of GFP+ pixels on blue stripes was

quantified.

(J) Quantification of the data shown in (H) and (I). n > 7 cortical explants per condition.
(K) Cleared whole-mount electroporated brain (E15.5-E18.5) showing the orientation of sections presented in (L) (coronal) and (N) (horizontal).
(L) Coronal sections of E18.5 cortex after IUE at E15.5 with GFP, FIrt3-IRES-GFP, FIrt3“F-IRES-GFP, and FIrt3"F-IRES-GFP. GFP+ cells located in the CP, 1Z, and

SVZ were quantified.

(M) Quantification of the data shown in (L). n > 5 electroporated embryos per condition. *p < 0.05, **p < 0.01, ***p < 0.001, statistical analysis as in (C).
(N) As in (L), but showing horizontal optical sections from a cleared whole-mounted electroporated brain.
(O) Quantification as described for (G), but for data shown in (N). n > 3 electroporated embryos per condition. *p < 0.05, one-way ANOVA test with Tukey’s post

hoc analysis and #p < 0.05 (WT and UF versus FF), two-tailed Student’s t test.

(P) Staining of electroporated slices (GFP or Firt3-IRES-GFP) with the laminar marker Cux1 (red).

(Q) Quantification of the data shown in (P). n > 3 electroporated embryos per condition.

(R) Cartoon depicting how FLRT2, expressed and shed in the cortical plate, delays the migration of Unc5D+ neurons located in the SVZ.

(S) Cartoon depicting how FLRT3 directs cortical neuron migration. In the WT, the lateral distribution of neurons is controlled by a correct balance of adhesive and
repulsive interactions. FLRT3 knockdown (LOF) or overexpression (GOF) alters this balance, resulting in the formation of neuronal cell clusters. The data are
presented as mean + SEM. Scale bars, 400 um (A and D), 250 um (E and F), 150 um (B and L), 300 um (H and I), 1 mm (K), 100 um (P).
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Figure 7. FLRT Controls Vascular Development via Conserved Mechanisms

(A) RT-PCR data showing that HUAECs express Firt3 and Unc5B.

(B-D) HUAECs were grown on alternate stripes containing wild-type and mutant FLRT3°°, Cells were stained with phalloidin (green) and DAPI (blue). The
location of the faintly stained red stripes is indicated on the left side of each image.

(E) After imaging, the percentage of DAPI+ pixels on red stripes was quantified. HUAECs are attracted to FLRT3°°"°"F stripes and repelled by FLRT3°°*"F stripes,
when FLRT3°“'° is present on the control stripes (black). n > 2 cultures made in duplicate. *p < 0.05, **p < 0.01 (versus WT), and ###p < 0.001 (versus UF), one-
way ANOVA test with Tukey’s post hoc analysis.

(F) Longitudinal section through the eye of a P2 mouse from an Firt3'3°#™ reporter line showing expression of FIrt3 in the inner plexiform layer and outer nuclear
layer, counterstained with FastRed. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer.

(G) P5 retinal explants were incubated with wild-type FLRT3, mutant FLRT3YF, or FLRT3™ protein for 4 hr. The number of tip cell filopodia at the vascular front was
quantified.

(H) Quantification of data shown in (G). n = 3-9. *p < 0.05, **p < 0.01, one-way ANOVA test with Tukey’s post hoc analysis.

() The branch points in the retinal vasculature from control (FIrt3'®%™) or conditional (FIrt3'3%/%:S0x2Cre) mytant (P3) were quantified.

(J) Quantification of data shown in (I). n = 4-8. *p < 0.05, two-tailed Student’s t test. The data are presented as mean + SEM. Scale bars, 90 um (A), 300 pm (F),
50 pum (G), 100 um (I).

Lu et al.,, 2004), and Unc5B knockdown leads to increased the vasculature (Koch et al., 2011; Lu et al., 2004); however,
vascular branching in the mouse retina (Koch et al., 2011). Ne-  neither Netrin1~'~ nor Robo4~'~ mice display the hypervascu-
trin-1 and Robo-4 have been shown to interact with Unc5B in  larization effects observed in Unc5B~"~ retinas, indicating that
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other factors may play a role. Here we demonstrate that FIrt3 /'~
mice present with a vascularization phenotype that strongly re-
sembles that reported for Unc5B~~. Using our tip cell collapse
experiments, we show that soluble FLRT3 controls the extension
of endothelial tip cell filopodia through its specific Unc5B-bind-
ing site, providing functional evidence for a direct interaction
of FLRT3 and Unc5. These results suggest that FLRT3 is a
major player in controlling vascularization via Unc5B, and may
therefore explain the puzzling lack of effects in retinal vasculari-
zation after removing other Unc5B ligands. Our stripe assays
showed that surface-tethered FLRT3 also repels endothelial
cells through interaction with Unc5B. Further work is required
to understand whether FLRT3 acts in its soluble or cell-bound
form in vivo.

Further questions remain; how do FLRTs signal adhesion/
attraction in response to homotypic interaction with other
FLRTs? Are the downstream pathways activated by the FLRT
intracellular domain similar to classical CAMs? Are small
GTPases such as Rnd proteins (Chen et al., 2009; Karaulanov
et al.,, 2009) and cytoskeletal proteins involved? FLRTs have
also been reported to bind other proteins, for example, latrophilin
(O’Sullivan et al., 2012). It will be important to understand the
molecular determinants of these interactions and how they influ-
ence FLRT functions. The crosstalk of FLRT3-Unc5B interac-
tions to other key vascular players, such as VEGF/VEGFR2,
also remains to be investigated.

In summary, we integrated information generated by a broad
range of biological methods to understand the functions of
FLRT and Uncb5 receptors in cortical and vascular development.
Our results reveal how FLRTs act as bimodal guidance mole-
cules directing essential developmental processes through
structurally distinct, combinatorial mechanisms. As FLRT and
Unc5 are expressed in a wide range of tissues (Engelkamp,
2002; Haines et al., 2006), the conserved functional mechanisms
we report are likely to control cell adhesion and repulsion in
tissues beyond those described here.

EXPERIMENTAL PROCEDURES

Vectors and Cloning

We cloned constructs of mouse Firt2 (UniProt Q8BLU) and FIrt3 (UniProt
Q8BGT1), human Unc5A (UniProt Q6ZN44), mouse or human Unc5B (UniProt
Q8K1S3 and Q8IZJ1), and rat Unc5D (UniProt F1LW30) into the Age1-Kpn1
or EcoR1-Kpn1 cloning site of vectors from the pHLSec family (Aricescu
et al., 2006), depending on whether the construct includes a native secretion
signal sequence. For crystallization or functional analysis, we cloned Flrt2-RR
(residues 35-362), FIrt3-"R (residues 29-359), FIrt2°°® (residues 35-540),
Flrt3°°° (residues 29-526), Unc5A'9"2™" (residues 1-303), human Unc5B°°%°
(residues 1-375), Unc5D'9" (residues 1-161), Unc5D'9'? (residues 1-244),
Unc5D™? (residues 249-382), and Unc5D°°™° (residues 1-382) into pHLSec
vectors containing short C-terminal tags (poly-His or poly-His+avitag; see
Aricescu et al., 2006). For visualization in cells, we cloned full-length Firt2
(residues 35-660), FIrt3 (residues 29-649), Unc5B (residues 27-934),
Unc5C (residues 41-931), and Unc5D (residues 46-953) into a pHLSec vec-
tor that codes for a C-terminal mVenus and a polyhistidine tag (Seiradake
et al., 2010). Hemagglutinin epitope (HA) tags are included at the N terminus
of transmembrane constructs, following the vector secretion signal
sequence. For expression in vivo, we subcloned Firt and Unc5 constructs
with the pHLSec vector signal sequence and HA tag into a pCAGIG vector
coding for a C-terminal internal ribosome entry site (IRES) and GFP. We
generated point mutants using standard PCR techniques. We verified the

correct cell surface expression of all transmembrane plasmids by immuno-
staining (Figure S2C; data not shown).

Protein Purification, Crystallization, and Data Collection

We expressed FLRT and Unc5 ectodomain proteins destined for crystallization
or functional analysis transiently in GnTl-deficient HEK293S cells or HEK293T
cells (Aricescu et al., 2006), respectively, and purified the proteins using Ni-af-
finity and size-exclusion chromatography. Prior to crystallization, we added re-
combinant endoglycosidase F1 (Chang et al., 2007) at a concentration of
0.01 mg/ml to all samples. Crystals were grown by the vapor diffusion method
at 20°C by mixing protein and crystallization solutions in a 1:1 (v/v) ratio. See
Supplemental Experimental Procedures for crystallization solutions. We
collected X-ray diffraction images at the Diamond Light Source beamlines
103, 104, and 124 and processed data using XDS (Kabsch, 1993), xia2 (Winter
et al., 2013), and programs from the Collaborative Computational Project 4.
In brief, the structure of Unc5D'9" was solved by the single anomalous diffrac-
tion method. All other structures were solved by molecular replacement. See
the Supplemental Experimental Procedures.

SPR

We performed equilibrium experiments using a Biacore T200 machine (GE
Healthcare) at 25°C. The experiments were carried out at pH 7.5 (PBS,
0.005% [v/v] polysorbate 20), unless indicated otherwise. Experiments at pH
5.7 were run in 150 mM NaCl and 50 mM citric acid. The regeneration buffer
was 2 cM MgCl,. To mimic the native membrane insertion topology, we bio-
tinylated proteins enzymatically at the C-terminal avidity tag and attached
the resulting biotin label to streptavidin-coated Biacore chip surfaces. Data
were analyzed with Scrubber2 (BioLogic). K4 and maximum analyte binding
(Bmax) values were obtained by nonlinear curve fitting of a 1:1 Langmuir inter-
action model (bound = B,,,/(K4c+cC), where C is analyte concentration calcu-
lated as monomer).

Multiangle Light Scattering

We purified protein samples by size-exclusion chromatography and concen-
trated to 1-10 mg/ml. Separation for MALS was achieved using an analytical
Superdex S200 10/30 column (GE Heathcare), and the eluate was passed
through online static light scattering (DAWN HELEOS I, Wyatt Technology),
differential refractive index (Optilab rEX, Wyatt Technology), and Agilent
1200 UV detectors (Agilent Technologies). We analyzed data using the ASTRA
software package (Wyatt Technology).

Stripe Assay, Growth Cone Collapse, Cell Aggregation, Cell-Binding
Assay, IUE, Cleared Whole-Mount Brains, Retinal Explants Culture,
and Immunostaining

These assays were performed as described previously (Calegari et al., 2004;
Chung and Deisseroth, 2013; Sawamiphak et al., 2010; Yamagishi et al.,
2011). See also the Supplemental Experimental Procedures.

Mouse Lines

Firt33°“™* mice (Egea et al., 2008) carrying the floxed allele for Firt3 were
crossed with the nervous system-specific Nestin-Cre (Tronche et al., 1999)
or Sox2-Cre line (Hayashi et al., 2002). All animal experiments were approved
by the government of upper Bavaria.

ACCESSION NUMBERS

The wwPDB accession numbers for the crystal structures reported in this pa-
per are 4v2a (hUnc5A ectodomain), 4v2b (rUnc5D Ig1 domain), 4v2c (complex
of runcbD Ig1 and mFLRT2 LRR domains), 4v2d (mFLRT2 LRR domain), and
4v2e (MFLRT3 LRR domain).

SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, two tables, four movies, and

Supplemental Experimental Procedures and can be found with this article on-
line at http://dx.doi.org/10.1016/j.neuron.2014.10.008.
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Chapter 4

Results - FLRT3 as a potential RGC
marker in the mouse retina

The aim of this project was to study the functions of FLRTSs in the retina. I evaluated
their expression pattern by the use of LacZ reporter lines during development and adult
stages. Among all FLRTs, I focused on FLRT3 both during development where I studied
the effects of its depletion in the retina, and in the adult where I have explored its
potential use as a marker for a specific RGC subpopulation.

4.1 The role of FLRTSs in retina development

During development, members of the FLRT protein family, FLRT1 and FLRT3, show
high expression in the retina. At mid-neurogenesis (E15.5), the Flrt1-LacZ reporter line
showed that Flrt! expression forms a gradient across the whole mouse retina (Figure
A). Moreover, Flrtl expressing cells form a ring around the exit of the optic nerve (Figure
A and B) suggesting a possible role in axonal pathfinding.

Figure 4.1: Embryonic Firt! expression in the retina. A: Retina whole mount Flrtl-LacZ staining of
an embryonic E15.5 mouse. B: Flrtl-LacZ retinal section showing Flrt! expression around the optic
nerve exit. Scale, 200 pm

Similar to Flrt1, Flrt3-LacZ also shows expression and the formation of a gradient in
the retina (high close to the lens and low close to the optic nerve). Interestingly, it shows
also expression in the epithelium that covers the lens. Later during retina development,
Firt3 is expressed in GCL and INL from P2 to P60, while its expression in the ONL is
found at P2, P7 but not P60 (Figure [4.2)).
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Figure 4.2: Firt3 expression pattern during embryonic and early postnatal development. A: Flirt3
expression pattern at E15.5. B: Firt3 expression pattern during early postnatal stages (P2 and P7) until
adulthood. GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer. Scale: A:
100 pm, B: 50 pm

4.1.1 Early embryonic Flrt3 removal leads to eye malformations

Previous work from the lab and others has shown that FLRT3 has a role in both the neu-
ronal and vascular systems [296] 67]. Given that Flrt3 is expressed in neurons and some
endothelial cells in the retina, I was interested in using a specific genetic-loss-of-function
approach in mice to find neuronal and vascular-specific Firt3 functions. Since Flrt3 is
expressed from E13.5 on (and possibly earlier) I crossed the Flrt3 lox/lox line with the
SOX2-Cre line which removes Flrt3 during early embryonic stages. The removal of Firt3
during development led to blindness, cataract formation and eye malformations in most
of the adult Firt? SOX2 KO mice. In one extreme case almost all RGCs were missing
and the cell density within the RGC dropped by half (Figure A and B). Interestingly
the displaced amacrine cell population was not affected. Other FLRT3 SOX2 KO mice
however retained their RGCs (data not shown). Overall the Firt3 SOX2 KO showed high
phenotype variability. In collaboration with the lab of Amparo Acker-Palmer, we showed
that removal of FLRT3 led to hypervascularization in the retina. This suggests that the
observed phenotype in Firt3 SOX2 KO might be the result of vascularization problems
during development. To constrict FLRT3 removal to RGCs, I crossed the Brn3b-Cre line
from Eloisa Herera’s lab to our Flrt3 lox/loxz mice. The Brn3b-Cre mice however showed
no developmental eye abnormalities (data not shown) further strengthening the link be-
tween vascularization and the previous observed phenotype. Since I was not interested
in the vascular system I stopped further analysis of the phenotype.
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Figure 4.3: Firt3 SOX2 KO leads to frequent eye malformations. A: Often the eyes in Flrt3 KO look
opaque. In one extreme case almost all RGCs (Brn3a+) were absent and only amacrine cells survived.
B: Quantification of images shown in A. Scale: 40 pm.

4.2 Flrtl,2,3 expression pattern in the mouse retina

To determine if Flirts are expressed in the adult mouse retina, I performed X-Gal staining
in Firt 1,2 and 3 LacZ knock-in mice. Results showed that all three Flirts are expressed
in the retina (Figure|4.4|B). Flrt1 and Flrt2 are mainly expressed in the GCL while Flrt3
is expressed in both the GCL and INL (Figure 4.4/ B).
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Figure 4.4: Flirtl, 2 and 3 expression pattern in retinal cross sections. A: Illustration of the retinal
layers and cell types. B: Firtl and Flrt2 are mainly expressed in the GCL. Firt3 is expressed in the
GCL and INL. GCL, ganglion cell layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL,
outer nuclear layer; IPL, inner plexiform layer; HC, horizontal cell; BC, bipolar cell; AC, amacrine cell;
dAC, displaced amacrine cell. Scale: 40 pm.

Figure[4.5] A /C shows that Firt2 and Firt3 are expressed across the whole adult mouse
retina. To identify which cell types express Flrt2 and Flrt3 we stained against the pan
RGC marker RBPMS and LacZ. Since only 2 neuronal cell types exist in the GCL, all
RBPMS negative cells were considered to be amacrine cells. The quantification of Flrt-
LacZ and RBPMS colocalization was very challenging since the LacZ+ cells showed only
small fluorescent punctae that required a very clean staining. Since Flrt! LacZ staining
showed strong expression in almost all cells in the GCL, only the Firt2 and Flrt3-LacZ
retinas were quantified. The results showed that 87% of the Firt3-LacZ and 92% of the
Flrt2-LacZ cells co-label with the RGC marker RBPMS suggesting that a majority of
FLRT2+ and FLRT3+ cells in the GCL are RGCs (Figure B/D). FLRT2+ RGCs
represent about 48% and FLRT3+ RGCs stain 23% of the whole RGC population (Figure

L5 B/D).
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Figure 4.5: A: Retina whole mount FLRT3-LacZ staining of an adult P60 mouse. B: Quantification of
FLRT3+ RGCs. C: Retina whole mount FLRT2-LacZ staining of and adult P60 mouse. D: Quantification
of FLRT2+ RGCs. Red asterix label examples of FLRT+ RGCs.

Next I asked if FLRT2 and FLRT3+ cells represent separate cell populations. Thus
I crossed our Flrt2-LacZ mice with the Firt3-LacZ line to generate a Flrt2-LacZ | Flrt3-

LacZ mouse line.

Quantifications of X-Gal stainings from that line compared to the

Flrt2-LacZ and Flrt3-LacZ showed that there is co-expression in only 13% of all cells,
suggesting that FLRT2 and FLRT3+ cells are two separate cell populations (Figure.
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Figure 4.6: Firt2 and Flrt3 cells in the GCL are mostly separate population with only 13% Firt2/3
coexpressing cells.

So far, W3 cells in mice are the largest known cell population with a common func-
tional property and represent about 13 % of all RGCs. Since the Flrt3-LacZ /RBPMS
quantification suggested that FLRT3+ RGCs represent about 23% of all RGCs we con-
cluded that the chance of labelling a single cell population is higher for FLRT3 and thus
focused on generating a Flrt3-Cre mouse instead of the Flrt2-Cre. Moreover we decided
to make the Tamoxifen line inducible for three reasons. First, in a normal Firt3-Cre line,
each cell that once expressed Firt3 would be labelled when crossed to a reporter making
it difficult to study a particular cell type. Second, my results using the Firt3 SOX2-C're
line showed strong phenotypes probably due to vascular defects (see Figure . Third,
early embryonic Flrt3 removal is lethal [67]. By combining the FLRT3-Cre protein with
an estrogen receptor domain, we can inhibit Cre from entering into the nucleus until we
inject Tamoxifen and may thus control the timepoint of Firt3-Cre induction. Impor-
tant to note is that this system represents an On or Off system where the intensity of
the reporter expression does not correlate with Flrt3-expression. In theory only one Cre
molecule would be sufficient to intensively label a FLRT3+ cell by recombining a reporter
gene.

4.3 Generation of a Flrt3-CreERT2 knock-in mouse

The Flrt3-Cre knock-in mouse was generated by homologous recombination of Exon 2
in the Firt3 locus with a CreERT2 replacement-type targeting vector in embryonic stem
cells (Figure. Correct insertion of the CreERT?2 targeting vector was confirmed using
specific probes. To further characterize the expression pattern, the Flrt3-CreERT2 line
was crossed to a Tomato-reporter line that labelled all Cre+ cells in red. To induce
Cre expression, adult mice were injected with a maximum dose of 60 png/g 4-Hydroxy-
Tamoxifen. I analysed the expression pattern of three Firt3-CreERT2 founder lines in
the adult brain and retina. As expected from a knock-in mouse, all three lines showed a
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very similar expression pattern in the brain and retina (Figure . In the retina all three
lines showed a similar distribution of FLRT3+ cells in the GCL (data not shown). We
chose the 1D5 line for further experiments and cryoconserved the 2G10 line as a backup.

| &

ORF \ 3

FIrt3 - Promoter }—{ Exon | 4' Exon I 4‘ Exon Il '7
[ Cre—ERT2

Figure 4.7: Flrt3-CreERT2 knock-in strategy. Exon II of the Firt3 locus was replaced with a CreERT2
targeting vector via homologous recombination
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Figure 4.8: Adult Flrt3-CreERT?2 founder lines 1D5, 2G10 and 1G1 crossed to a Tomato reporter
line after injection with 60 pg/g 4-Hydroxy-Tamoxifen. All three lines showed a very similar expression
pattern in the retina and brain. In the cerebellum the 1D5 line sparsely labelled Purkinje cells which
were not labelled in the 2G10 and 1G1 line.

4.4 Characterization of the FLRT3-CreERT2 mouse

To obtain a 4-Hydroxy-Tamoxifen concentration that yields in optimal Cre expression,
we tested concentrations of O0pg/g, 2ng/g, 10pg/g and 60png/g. At 0pg/g we obtained
labelling of a few cells suggesting that our Flrt3-CreERT2 line is leaky. 2ng/g and
10 pg/g only marginally increased the number of Tomato positive labelled cells while a
maximum concentration of 60 pg/g showed a plateau of induced expression (Figure .
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Figure 4.9: Retina whole mount of adult Firt3-CreERT2:tdTomato mice injected with different 4-
Hydroxy-Tamoxifen doses. Scale, 1000 pm.

4.4.1 FIrt3-Cre expression pattern in the brain is similar to
Flrt3 LacZ expression

To confirm correct insertion of the Firt3-CreERT2 construct into the mouse genome
we compared our Flrt3-CreERT?2 to the already existing Flrt3-LacZ line [296]. Figure
shows several coronal sections from regions that have a defined Firt3 expression.
Overall the expression pattern of the Firt3-Cre line matches that of the Firt3-LacZ. For
example, in the hippocampus Firt3 is only expressed in the CA3 and dentate gyrus (DG)
but not in the CA1 (Figure [4.10). Within the cortex the Flrt3-LacZ line shows a more
intense staining compared to the Firt3-CreERT2 line. Slight differences in expression
intensity can be explained by the different labelling mechanism. Assuming that both
alleles are expressed similarly, the beta Galactosidase expression and thus the X-Gal
staining intensity in the Flrt3-LacZ line correlates with Firt3 expression levels. In the
Flrt3-CreERT2 line however, staining intensity is only dependent on the Tomato driver
and does not correlate with the degree of Flrt3 expression.
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Figure 4.10: Flrt3-CreERT2 Tomato expression compared to the Firt3-LacZ line. Both lines are
knock-in mice and were generated by replacing Exon II of the Firt3 locus. DG, dentate gyrus.

4.4.2 Flrt3 is expressed by amacrine and retinal ganglion cells
within the ganglion cell layer of the adult mouse retina

To analyse Flrt3 expression within the retina, P30 Firt3-CreERT2:tdTomato mice were
injected with 60 ng/g 4-Hydroxy-tamoxifen one week before collecting the retinas. Similar
to the Flrt3-LacZ mouse, cross section of Flrt3-Cre mouse retinas shows FLRT3+ cells
labelled in the ganglion cell layer and inner nuclear layer (Figure 4.11). In the inner
nuclear layer four different cell types exist that can potentially be labelled by FLRT3:
horizontal cells, amacrine cells, displaced RGCs and bipolar cells. Since we were mainly
interested in specifying a new RGC subpopulation I did not molecularly characterize the
cells in the INL. To ascertain if the ratio of FLRT3+ RGCs and amacrines in the GCL
of the Flrt3-CreERT2:tdTomato matches with the Flrt3-LacZ stainings, I again stained
against the RGC marker RBPMS. Since only displaced amacrines and RGCs populate
the ganglion cell layer, all RBPMS negative FLRT3-cells were considered amacrines.
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Some retinas occasionally showed clusters of Mueller glia cells labelled (Figure A).
These however are easily distinguishable by morphology only. In contrast to the Flrt3-
LacZ quantifications where most FLRT3+ cells were amacrines, here I found 67% of all
FLRT3+ cells in the GCL to be amacrine cells and only 23% were RGCs. Overall the
FLRT3+ RGC population represents only 6% of all RGCs (Figure B). Compared to
other known functional RGC subgroups, the FLRT3-RGC population is very small.

A Cross section Whole mount, top

Flrt3+ cells

Amacrine RGCs
67 % 23%

% of all RGCs

6% Flrt3+

Figure 4.11: Firt3-CreERT2:tdTomato expression in the mouse retina at P30. A: The cross section
shows sparse labelling in the ganglion cell layer and inner nuclear layer. The whole mount view shows
a z-projection of the ganglion cell layer only. FLRT3+ cells distribute across the whole retinal surface.
Occasionally also Mueller cells are labelled (yellow arrow). B: RBPMS staining against RGCs showed
that 23% of all FLRT3+ cells are RGCs. In total FLRT3+ RGCs represent about 6% of all RGCs.

4.5 Regular distribution analysis of FLRT3-RGCs

A general hallmark of all functional RGC and amacrine subpopulations found so far is
that they cover the whole visual space by evenly distributing across the retina. The
probability of finding another cell of the same subgroup within a certain radius is lower
compared to random distribution. This drop in density, also called exclusion zone, can
be quantified by the density recovery profile (DRP) (Figure [4.12). To calculate the DRP
I wrote a Python algorithm that projects the 2D coordinates (Figure A) of each
cell to the center (x=0,y=0) and moves all surrounding cells within 150 pm radius by the
same x and y values. Repeating that process over all cells results in an autocorrelogram
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(Figure m B). Next, the algorithm calculates the density of cells within 10 um radii
steps (=annulus) and normalises that value by the total amount of cells resulting in a
density recovery profile (Figure C). If a cell distributes regularly, like the ChAT+
amacrine cells in Figure A, a drop in density should be apparent within the first few
annuli. Randomly distributed cells show the same density. To evaluate if my FLRT3+
RGCs are a homogeneous cell population, I determined the density recovery profile of
RBPMS+ RGCs and RBPMS- amacrines. Neither FLRT3+ amacrines (Figure [4.12] B)
or FLRT3+4+ RGCs (Figure C) show a regular distribution, raising the possibility
that both populations consist of further functionally defined subpopulations.

A ChAT+ cells in GCL B Autocorrelogram C Density recovery profile

I
>

Radius

Density

Figure 4.12: Example of a density recovery profile from mosaic-like distributing ChAT+ amacrine
cells. A: Displaced amacrine cells in the GCL. B: Autocorrelogram shows the correlation of each cell to
all other cells. C: Measuring the density within certain annuli from the center of the autocorrelogram
results in the density recovery profile.
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Figure 4.13: Density recovery profiles to analyse FLRT3+ cell distribution. A: Color coded FLRT3+
RGC density across the whole retina shows a slight increase in the dorsotemporal region of the retina.
B: FLRT3+ amacrines show no regular distribution. C: FLRT3+ RGCs show no regular distribution.
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4.6 Molecular definition of the FLRT3 RGC subpop-
ulation

Since the cell distribution analysis of FLRT3+ RGCs suggested that FLRT3+ RGCs are
a heterogeneous population, I immunostained FLRT3+ RGCs with other known RGC
markers. Results showed that 23% of FLRT3+ RGCs co-label with CART, a marker that
labels ON-OFF directionally selective RGCs (Figure. GADG7, an inhibitory marker
that labels amacrine cells labelled 37% of all FLRT3+ amacrines (Figure [£.14). No co-
staining was found for ChAT concluding that FLRT3+ amacrine cells do not contain any
starburst amacrine cells (Figure [4.14)).

| DAPI/FLRT3/CART | [ DAPI/FLRT3/ChAT | | DAPI/FLRT3/GAD67 |

23% 0% 37%
Flrt3/CART+ RGCs Flrt3/ChAT+ Flrt3/GAD67+ Amacr.

Figure 4.14: Fraction of FLRT3+ RGCs that coexpress other known ganglion cell layer markers. 23%
of all FLRT3+ RGCs express CART, a marker for 00DSGCs. 37% of all the inhibitory amacrine cell
marker GADG67.

Further analysis of known RGC markers showed that Calbindin labelled about 20%
of all FLRT3-RGCs. Notably, morphological reconstruction of Calbindin positive RGCs
showed that there are about 10 morphologically different subpopulations that still lack
a molecular marker [89]. About 17% of all RGCs stained for Parvalbumin, which is a
known RGC marker that labels about 8 morphologically distinct RGCs without known
function (Figure [131]. Brn3c is expressed by about 3 morphologically distinct
RGCs, and it is expressed by 10% of the FLRT3+ RGCs[8]. Finally, smaller FLRT3-
RGC subpopulations express the alpha RGC marker SMI32 (7%) and Satbl (3%) (Figure
4.15)).
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Figure 4.15: The biggest FLRT3+ RGC subpopulations are Parvalbumin (17%) and Calbindin (20%).
Other markers such as Satb1l, SMI32 and Brn3c are expressed by only a small fraction of FLRT3+ RGCs.

Next, I analyzed whether the largest identified FLRT3-RGC subpopulations labelled
with CART (23%) and Calbindin (20%) represent homogeneous populations based on
their density recovery profile. Neither CART+/FLRT3+ nor CART-/FLRT3+ distribute
in a mosaic like fashion (Figure A and B). Also, the density recovery profile did not
show any sign of regular distribution in Calbindin + or - FLRT3-RGCs (Figure .
Moreover, the Calbindin - and 4+ amacrine cell populations do not show any regular

distribution pattern (Figure [4.17]).
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Figure 4.16: A: Distribution of CART+ FLRT3+ RGCs. B: Distribution of CART- FLRT3+ RGCs.
C: Distribution of Calbindin+ FLRT3+ RGCs. D: Distribution of Calbindin- FLRT3+ RGCs. Error
bar: SEM.
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Figure 4.17: A: Distribution of Calbindin+ FLRT3 amacrines. B: Distribution of Calbindin- FLRT3
amacrines. Error bar: SEM.

Altogether, the known RGC markers used in this study suggest that Firt3 labels a
heterogeneous population of RGCs. Therefore, a combination of several markers would
be required to define specific populations. It is also possible that other molecular markers
that were not tested here might subdivide the FLRT3+ RGCs into defined subpopula-
tions.

4.7 Morphological reconstruction of FLRT 3+ cells in
the GCL

4.7.1 Soma size of FLRT3+ RGCs is larger than most FLRT 3-
RGCs

The soma size varies between 50 and 500 mm for RGCs and may give an indication of
their average activity. The SMI-32 positive alpha RGCs for example can have very large
soma sizes (Figure[4.18). The soma size of FLRT3+ RGCs varies between 50 and 350 mm
with most of the cells being around 150 mm large (Figure . Thus FLRT34 RGCs
are larger than the majority of other RGCs (Figure .
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Figure 4.18: Frequency distribution and Kernel density of the FLRT3+ RGC soma sizes. The data
shows that FLRT3+ RGCs have larger somas than the average RGC but are still smaller than the big
SMI-32+ alpha-RGCs.

4.7.2 FLRT3+ neurons from the GCL and INL mainly stratify
between layer 4 and 6

Since the functional properties of the different RGC subpopulations depend largely on
their stratification it is important to determine the stratification depth of a new cell
population. Overall most FLRT3+ cells from the ganglion cell and inner nuclear layers
stratify between layer 3 and 7, between the two ON and OFF bands formed by ChAT+
starburst amacrine cells (Figure . Since most of the cells labelled by FLRT3 are
amacrine cells or cells from the inner nuclear layer, this pattern should not represent the
average stratification pattern of FLRT3+ RGCs. To determine the exact stratification
pattern of FLRT3+ RGCs, I decided to inject fluorescent dyes in single FLRT3+ RGCs
within the ganglion cell layer to visualize their morphology.
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Figure 4.19: Overall FLRT3+ cells from the ganglion cell and inner nuclear layer stratify between the
ON and OFF ChAT bands at layer 4-6.

Ll
140

Nl o » bW

57um

4.7.3 Morphological reconstruction of dye injected FLRT 3+ neu-
rons in the GCL

To reconstruct single cell morphologies I mildly fixed the retinas for 15 min in 4% PFA
and injected more than 139 cells with Lucifer yellow or Alexa488 dye. I had to discard
39 cells due to poor dye penetration resulting in 107 cells for reconstruction. After
semiautomatic morphological reconstruction of the dentritic tree, I resliced the image
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and manually cropped out the IPL of all neurons. Next, I used a custom-written Python
code to determine the stratification depth, perform sholl analysis and determine the total
neurite length and number of branching points of each neuron (Figure . I used the
RBPMS RGC marker to distinguish RGCs from amacrines.

Figure 4.20: Morphological reconstruction of an Alexad88 injected RGC. A: Manually reconstructed
RGC. B: Reslicing the image stack allows analysis of stratification within the IPL. C: Manual selection
of the TPL to allow automatic analysis of stratification using a python script. D: Stratification density.
All images were binned into 10 layers, summed up and normalized across overall intensity.

For clustering morphologically similar cell types I used the hierarchical clustering
method. When I included all morphological features, such as stratification depth, bifur-
cation points, total neurite length, soma size and sholl analysis, the hierarchical clustering
approach resulted in about 13 different clusters (Figure . The threshold for different
clusters was set so that cells with different stratification depths should not be within the
same cluster. Except for four amacrine cells, the hierarchical clustering method success-
fully separated RGCs from amacrines without the marker information resulting in seven
RGC only, four amacrine only and two mixed clusters (Figure [4.21)). The largest four
RGC clusters mainly have most of their dendrites stratify in the ON layer 7-10 suggesting
that most FLRT3+4 RGCs react to increasing light stimuli. The FLRT3+ amacrine cells
in contrast seem to prefer layer 5-6 suggesting that most of the FLRT3+ stratification
between layer 3 and 7 in Figure 4.19| comes from amacrine cells. Overall the dendritic
trees of FLRT34 amacrine cells are less branched but bigger compared to the FLRT3+
RGCs.
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Figure 4.21: Hierarchical clustering of cell morphology features to extract FLRT3+ cell subpopulations.
The data used for clustering includes stratification pattern, sholl analysis, soma size, total neurite length
and bifurcation points. All data is normalized to values between 0 and 1. RGC and amacrine clusters
are indicated in red and blue respectively.

Although dendritic morphology such as complexity and size influence the function of
an RGC, our data shows great variation of dendritic tree complexity even within cells of
the same layer (Figure and Supplemental Figure . Supporting this notion, the
work of Sumbul et al. [252] suggests that general morphology is a poor feature to classify
RGCs and that best results may be obtained by focusing on the stratification depth only.
Thus, I again performed hierarchical clustering including only the stratification features.
RGCs clustered into six different clusters (Figure . The biggest two clusters (F3-
Cluster]l mono and F3-Cluster2 mono) (Figure contained only monostratified cells,
that bifurcate mainly in the ON Layer 7,8,9 and 10 and represent 49% of all injected
cells. A small group (14%) of cells bistratified in the ON and OFF layers (F3-Cluster3 bi
and F3-Cluster5 bi) and a small cluster of nine cells showed a rather diffuse stratification
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pattern between layer 2 and 8 (Figure |4.22)). Six cells monostratified within layer 1 and
2 (F3-Cluster4-mono) (Figure 4.22)).
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Figure 4.22: Hierarchical clustering of FLRT3+4 RGCs based on stratification features only reveals six
FLRT34 RGC subpopulations. Most RGCs (Clusterl and 2) mono-stratify in layer 7-10. 2 clusters
bistratify in the ON and OFF layers (Cluster 3 and 5). Cluster 4 monostratifies in the OFF layer 1-2
and cluster 6 cells show a very diffuse stratification pattern. All data is normalized to values between 0
and 1.

Since I was selecting for RGCs based on cell soma size during the injections, I only
injected 24 displaced amacrine cells. Based on stratification features, displaced amacrine
cells cluster into two monostratified populations that stratify either in layer 4-5 (Clusterl)
or layer 6-7 (Cluster2) (Figure[4.23). The remaining cells were too sparse to be considered
a whole population.
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Figure 4.23: Hierarchical clustering of FLRT3+ amacrines in the GCL based on stratification features

only reveals mainly 2 different subpopulations. Cluster 1 stratifies in layer 4-5 and cluster 2 in layer 6-7.
All data is normalized to values between 0 and 1.

4.8 Retinofugal projection pattern of FLRT3+ RGCs

Since the retinofugal projection pattern may provide a hint as to the function of the
FLRT3+ RGC population, I injected 1pl of a Cre-dependent AAV2-GFP into one eye
of an adult Firt3-CreERT2 mouse. 4-Hydroxytamoxifen was injected directly after and
24 hours after the AAV injection. To label all RGCs, I injected 4pg CTB647 4 days
before fixation of the retina. Figure A /B shows homogeneous CTB647 and GFP
labelling across the whole retina. As expected the Cre-dependent AAV2 labels less RGCs
(FLRT3-Cre+) compared to the CTB647 (all RGCs) (Figure A and B).
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Figure 4.24: Retinofugal projections of FLRT3+ RGCs labelled by intravitreal injection of Cre-
dependant AAV2-GFP (GFP) and fluorophore-conjugated CTB. A/B: Whole mount retina after in-
travitreal CTB647 (A) and Cre-dependant AAV2-GFP (B) injection. A’/B’: Magnifications of A and
B. C/C’: No layer specific projection pattern in the superior colliculus. D/D’: FLRT3+ RGCs do not
project to the suprachiasmatic nucleus. E/E’: FLRT3+4 RGCs project to the dLGN and vLGN but avoid
the IGL. F: Schema of all analysed retinofugal projections in the brain (adapted from [226]). G/G’:
FLRT3+ RGCs project to the non-image forming MTN. H/H’: Projections to the OPT and NOT.
CTB, cholera toxin subunit B; SC, superior colliculus; SCN, suprachiasmatic nucleus; ot, optic tract;
dLGN, dorsal lateral geniculate nucleus; vLGN, ventral lateral geniculate nucleus; IGL, intergeniculate
leaflet; OPT, olivary pretectal nucleus; MTN, Medial terminal nucleus; NOT, nucleus of the optic tract.
Representative images of data from n=2 animals.
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Results show that FLRT3+ RGCs project to image and non-image forming regions
in the brain. These regions include the dorsal and ventral lateral geniculate nucleus
(dLGN, vLGN) (Figure E/E’), the superior colliculus (SC) (Figure C/C’), the
medial terminal nucleus (MTN) (Figure G/G’), the olivary pretectal nucleus (OPT)
and the nucleus of the optic tract (NOT) (Figure H/H’). FLRT3+ RGCs avoided
the non-image forming suprachiasmatic nucleus (SCN) and the intermediate geniculate
leaf, which are targets of ipRGCs (Figure E/E’, D/D’) [66]. Closer analysis of a
series of sections through the whole LGN shows that FLRT3+ RGCs show no region
specificity within the dLGN or vLGN (Representative Figure E/E’). Despite the
fewer axons travelling along the outer shell of the LGN, FLRT3-RGC axon projection
is indistinguishable from the overall projection pattern of all RGC. The second largest
projection target of the retina is the SC. Different types of RGCs have been shown to
preferentially project to different layers within the superior colliculus [59]. Figure C
and C’ show the retinofugal projections in the SC. Here again no obvious difference in
stratification depth or projection preference was visible. In addition, closer analysis of
consecutive sections through the SC showed no difference in the projection pattern (data
not shown).






Chapter 5

Discussion - Role of FLRT1/3 in
cerebral cortex folding

5.1 A unifying model of folding: Migration and cell
proliferation

All papers providing experimental evidence so far suggested an increase in the num-
ber of neural progenitors and neurons as the main mechanism driving cortical folding
[2477, 76, 122, 279]. However, our work showed that cortical folding can be induced with-
out the need for increased cell proliferation. Assuming a constant brain volume, folding a
mouse brain would not necessarily require more neurons but a redistribution of existing
neurons into a thinner but larger cortex [179]. Since the volume of the skull remains con-
stant the increased cortical surface would have to fold in order to fit into the skull. We
hypothesize that during evolution an increased number of neural progenitors combined
with altered neuronal migration and/or a change in tissue stiffness led to the gyrifica-
tion of the smooth cortex. Increases in cell proliferation alone cannot mechanistically
explain why those neurons did not just stack on top of each other to induce radial growth
instead of expanding laterally [I87]. According to the radial unit hypothesis, a defined
group of neural progenitor cells in the ventricular and subventricular zones contributes
to a specified number of cortical columns above them [213]. Since the ventricular surface
is much smaller than total cortical surface area, the same number of progenitors would
have to build more cortical columns. To compensate, humans and other gyrencephalic
animals added additional progenitor cells above the ventricular surface to generate more
cortical units. To avoid radial cortical expansion by adding more layers, gyrencephalic
brains enforced the lateral dispersion instead of strict radial migration along one fiber,
to enable cortical surface expansion. This explains why cortical neurons from gyren-
cephalic species tend to disperse laterally in contrast to lissencephalic species like the
mouse [0, 219 277, 282] 259]. Thus, controlling the ratio between horizontal and radial
dispersion appears critical for cortical expansion and its folding.

Interestingly, we showed that removal or overexpression of Firt3 induces FLRT3 neu-
rons to cluster suggesting that the right dose of Firt3 expression is essential to maintain
the balance of adhesive/repulsive forces between neurons and therefore their lateral distri-
bution. Notably, the clustering of FLRT3-depleted neurons is enhanced when FLRT1 is
also depleted, suggesting that there are redundant functions between FLRT3 and FLRT1.
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In control conditions, FLRT3-expressing neurons show a random, salt and pepper, dis-
tribution in the mouse cortex. However, the same neurons tend to aggregate in vitro
when present in dissociated cultures and therefore are out of their context. These results
suggest that in vivo there is another adhesive/repulsive factor Y that contributes to the
homogeneous mixing with other non-FLRT expressing neurons. EphrinA7 or Ephrin-
B1 overexpression has also been shown to induce neuronal clusters similar to the FLRT3
overexpression suggesting that homotypic cell distribution depends on a tightly regulated
balance between adhesion and repulsion [65, 266].

In addition, we hypothesize that cortical deformation into folds requires the tissue to
be more flexible [14]. The radial intercalation hypothesis proposes that the folding forces
are generated by the intercalation of newly born neurons between existing neurons within
the same layer [250]. Taking into account the limitations of the live imaging experiments
where both FLRT positive and negative neurons where labelled from mutant sections
(which can dilute the phenotype), we observed that the removal of FLRT1/3 increases
the chance of high speed migration sequences which causes neurons to arrive too early at
the upper cortical plate. In line with this result, above each FLRT3 cluster the density
of FLRT3+ neurons was increased, which caused a less smooth and wavy surface. Our
simulations of cortical migration confirmed that reducing intercellular adhesion forces
during migration causes more chaotic and clustered but less concerted neuronal migration.
Some neurons arrive earlier than others which again causes a wavy cortical surface. The
increased number of FLRT3+ neurons arriving too early at the upper CP could thus
increase the lateral expansion forces as proposed by the radial intercalation hypothesis
[250]. Moreover, we have shown that FLRTs are important for intercellular adhesion,
suggesting a general role in tissue stability. The removal of FLRT1/3 might increase tissue
flexibility and therefore facilitate folding. Moreover the FLRT3 cell clusters in the lateral
posterior regions of the cortex show high correlation temporally and spaciously with the
occurrence of folds suggesting a causal link between both phenotypes. The combination of
increased tissue flexibility and the disorganised cortical migration that leads to the wavy
cortical plate might provide the initial seed for eventual fold formations. This hypothesis
is supported by the observation that human cortex and future sulci regions in ferrets have
reduced FLRT levels. On the other hand, our simulations showed that increasing FLRT
mediated adhesion increases concerted cortical migration resulting in a more smooth
cortical surface. To further confirm the role of FLRT1/3 mediated adhesion in cortex
folding future work will need to confirm that overexpression of Flrts in gyrencephalic
species like ferrets reduces the number of cortical folds.

Many different molecular and cellular mechanisms have the potential to induce folding
of a smooth cortex. Specific changes in cell proliferation, migration or lateral distribution
are all valid mechanisms to induce folds and evolution could adopted any of them in
isolation or concert. One problem with all experimental evidence provided so far is
that peak cell proliferation, radial migration and also dendritic arbor differentiation do
not temporally coincide with the exponential increase in folding, suggesting that those
events are not the direct inducers of cortical folds but provide the framework for later
force generating events[21], 29, [142]. The folding events in ferret or human occur at
the onset of gliogenesis suggesting that the intercalation of glial cells, which are mostly
responsible for early postnatal brain growth, could be the "force generating” cells that
induce folds. However, no studies so far have shown a link between gliogenesis and folding.
Thus, the fact that Flrt1/3 DKOs were able to induce occasional folds in the embryonic
smooth mouse brain and the finding that they are downregulated in humans and ferrets
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supports the notion that the evolution of cortical migration has an important role in cortex
folding. In that sense, FLRT-induced folding represents just one out of many mechanistic
possibilities by which today’s neuroengineers could fold a brain. Evolution had a pool
of many thousand protein-coding genes, each of which can be up-, downregulated or
modified individually leaving us with nearly endless possibilities of how to convert a
lissencephalic into a gyrencephalic brain and visa versa. Despite endless possibilities
evolution usually does not invent the same thing twice and tries to develop upon the
existing. Based on that evolutionary assumption, future experiments should focus on
comparing the time resolved proteome of as many gyrencephalic and lissencephalic species
as possible in order to find meaningful differences that explain folding. To show a link
between FLRTs and evolutionary folding it is thus necessary to examine the Flrt1/3
expression levels in as many gyrencephalic and lissencephalic species as possible to see
a consistent upregulation in lissencephalic and downregulation in gyrencephalic species.
Even if future work concludes that a downregulation of FLRTs are not the underlying
mechanism that lead to the evolution of cortical folding, this work shows that little
changes in cell-cell interactions can have huge effects on tissue morphology.

5.2 Why are cortical folds asymmetrically distributed?

Our data shows that while the cell clusters appear bilaterally in the Firt3 KO and the
Flrt1/3 DKOs, the cortical folds almost exclusively formed unilaterally. Removing both
Flrtl and Firt3 increased the chance of unilateral folds. Moreover, it is more likely to
observe folds on the left hemisphere of the Flrt1/3 DKOs. For the Firt] single KOs the
laterality was not tracked. How can this asymmetry be explained? So far, the differences
in neuronal cell organization or the molecular pathways regulating those differences are
unknown. Three different hypotheses might explain the left-right asymmetry of cortical
folding in Flrt1/3 DKO:

The first hypothesis suggests that symmetric Firt expression levels would require the
asymmetric expression of another functionally relevant FLRT interaction partner. Known
proteins that bind FLRTs are latrophilins(1-3) or Unchs(a-d) and both are important for
keeping the balance between cell adhesion and repulsion [155]. However, it is unknown if
there is a left-right gradient of latrophilin or Unc5s.

The second explanation for a left shifted folding phenotype assumes asymmetric
Flrt1/3 expression. In that model FLRT1/3 mainly stabilise the left cortical hemisphere
while another factor X might assure right hemisphere stability. Indeed, preliminary results
(data not shown) suggest higher expression levels of FLRT1 in the left hemisphere. This
would require asymmetric induction of Flrt expression by other factors. Serial analysis
of gene expression and subsequent verification of candidate genes via in-situ hybridiza-
tion identified about 27 differentially expressed genes between left and right cortical sides
[254]. Most of the identified genes are involved in cell signalling and gene expression
regulation, one of which could also be important for Firt induction or be responsible for
stabilizing the right hemisphere.

The third hypothesis assumes equal left-right expression of Firt! /3 and an underlying
structural difference between the left and right hemisphere that makes the left side more
susceptible to a loss of intercellular FLRT-FLRT adhesion. Many structural and func-
tional properties were already shown to be lateralized. In humans the language-related
areas of the left hemisphere contain more layer 3 pyramidal cells compared to the right
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[T13]. Additionally, brain disorders like polymicrogyria were reported to appear unilat-
erally and may be inherited as a Mendelian trait (e.g. right-sided polymicrogyria) [36].
Moreover, across almost all cultures most humans (90%) preferentially use the right hand
(controlled by the left hemisphere) which is reflected in a deeper left central sulcus [2].
Asymmetry is already present during early developmental stages since human embryos
prefer to suck their right thumb, which later correlates with right handedness [99, [T00].
This suggests that handedness and thus also brain asymmetry is genetically encoded and
not random or influenced by external stimulations [133], 4§]. The right biased hand use is
not limited to humans but can be found in other mammals and non-human primates as
well. Furthermore, mice show a preference for using either left or right paws [45]. MRI
scans of adult male mouse brains showed that the motor, sensorimotor ,visual cortex and
other brain regions are larger on the left side compared to the right side [244]. Since
it is believed that the ratio between cortical surface area and thickness correlates with
folding, this left sided enlargement could result in a higher sensitivity to folding [I79].
The bilateral removal of FLRT-FLRT adhesion combined with a pre-existing structural
asymmetry might therefore favour left folded brains.

How initial asymmetry of those regulatory genes is established in the first place is
still under debate. Most studies so far have analysed asymmetric organisation of other
organs like the heart, lung, liver and stomach. More importantly animals are not only
asymmetric, but asymmetric to the same direction (e.g the stomach is always on the
left side, language processing always in left side). This shows that the left-right axis
is not the result of a random process where initial small but random variations in left-
right gene expression determines the future orientation. Instead, left-right asymmetry is
inherited by the next generation. The prevailing idea that morphogen gradients in the
mother’s uterus determines the embryo’s orientation was challenged by the observation
that embryos continue to develop the proper left-right axis even when cultured separately
from the mother. This means that the left-right axis must develop independent of external
controls. A hint at the mechanism was the observation that 50% of patients with immotile
cilia also show an inverted left-right axis (situs inversus) [124]. Indeed, studies showed
that a cilia-induced leftward flow of extracellular fluid around the node is essential to
establish the proper left-right asymmetry. It is hypothesized that the initial symmetry
break is induced by posterior-tilted cilia that rotate in a clockwise direction only [52]. This
tilt rotation causes a unidirectional flow of extracellular fluid to the left side of the embryo
[7]. How that unidirectional fluid flow initiates asymmetric expression of morphogens
(e.g. Nodal, Lefty, Pitx2) is still under debate. Fluid flow could either itself establish a
morphogen gradient or be sensed by immotile cilia that get bent in one direction [TI71], 306].
Although it is accepted that asymmetric cilia play an important role in establishing left-
right asymmetry it is still not known if it is the initial cellular cause of asymmetry break.
In animals like chicken, pigs and frogs, proper left-right asymmetry develops without
the need for cilia movement [87, 248, 272 111, 17, 299]. Moreover, people with ciliary
dyskenesia still retain an asymmetric brain suggesting there could be another mechanism
upstream for generating asymmetry [128]. Whatever the initial cellular mechanism is,
it is very likely based on the chirality of some functional molecule that itself builds
an asymmetric biomolecule which has some asymmetric function. Overall one of these
symmetry breaks built the foundation for later brain asymmetry and might explain the
asymmetric effect of the loss of FLRT1 and FLRT3 on each cortical hemisphere.
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5.3 Outlook: Would a gyrificated cortex make the
mouse smarter?

The main aim of this project was to elucidate the mechanism by which FLRT mediated
cell adhesion can induce folds. By removing Flrtl and Firt3 we succeeded in generating
folded mouse brains. The obvious question that arises is: will a folded mouse cortex lead
to a "smarter” mouse? Will the mouse smell, see, hear or move better if the correspond-
ing cortical areas are folded? I hypothesize that a folded mouse brain would perform
worse compared to a non-folded brain. This hypothesis is based on two assumptions:
The cortex is organized in functional columns where each column represents a computa-
tional unit and each computational unit needs a minimum number of neurons for optimal
signal processing. During development each neural progenitor of the VZ and SVZ con-
tributes to a specified number of cortical columns above them (Radial unit hypothesis)
[213]. Moreover, neurons from the same progenitor cell preferentially connect to those
originating from the same progenitor cell and thereby provide the circuitry for columnar
signal processing [305]. Within each column each layer has a specific function. Layer IV
where sensory information comes in, layer II and III for associational signal processing
and layer V and VI for generating the motor output [63, B0]. Interestingly the human
cortex is only about 10 times thicker compared to the mouse cortex but expanded 1000
times laterally. Inducing folds is not a mechanism to fit in more neurons into the same
brain volume. Indeed, simply stacking neurons on top of each other would be an efficient
way to get more neurons into a limited brain volume. Instead folding allows more cortical
columns to coexist within a limited volume. These evolutionary developments suggest
that each cortical column already contains an optimal number of neurons for most effi-
cient signal processing. Attempting to artificially fold a mouse brain would require each
cortical column to reduce the number of neurons. Indeed, in our Firt1/3 DKO the re-
gions of a sulcus showed a dramatic reduction in neuron number, especially in the deeper
cortical layers, which most likely negatively affects cortical processing in that region. In
human sulci regions the deeper cortical layers are also thinner and resemble what we
saw in our Flrt1/3 DKO. However, in humans the sulci are deep enough so that more
normal sized cortical columns are gained at the expense of a few regions with reduced
cortical thickness. In our folded mouse model the sulci were just not deep enough to give
the mouse more normal sized cortical columns for cortical computations. Instead folding
actually reduces the amount of normal sized cortical columns. Thus, for increasing corti-
cal computation power we would first need to expand the mouse brain volume and then
fold the cortex to fit enough cortical units into the same brain volume. This hypothesis
however completely depends on the idea mentioned before, that each species requires an
optimal thickness of the cortex for efficient signal processing. To confirm the hypothesis,
it will thus be necessary to evaluate the behavioural effects that cortical folding has in
the adult mouse. To date, we have observed folds in up to 3 days old animals and even in
embryonic brains the probability of getting a fold is only 31%. For behavioural tests we
need to increase the probability of folds which then remain until adulthood. To improve
folding penetrance, we could induce a local increase in cell proliferation by in utero injec-
tions/electroporation of proliferative genes into our Firt1/3 DKO mice. Candidate genes
that were shown to increase cell proliferation are sonic hedgehog, ARGHAP11B, Trnpl or
TBC1D3 and will all be tested [279, 247, [76], 119]. In case one of those genes successfully
increases the folding penetrance and survival into adulthood in our model, it would allow
us to investigate the effect those foldings have on vision, hearing and motor performance.
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Our model might also help to mechanistically understand the symptoms like seizures and
mental retardation that are associated with polymicrogyria. Use of linear multielectrodes
would allow analysis of how information flows between the different cortical layers and
neighbouring areas within a sulcus is changed compared to the non-folded regions [229].
Finally despite the possibility that FLRT1/3-induced cortical folding might not be deter-
minant of the evolutionary mechanism of cortical folding, I believe that the generation
of a mouse model in which one can modulate the organization of the cortex (total thick-
ness, lamina specific variations, surface area, total neuron number and number of folds)
will serve as a valuable tool to answer questions on the optimal parameters for the most
efficient cortical signal processing for vision, hearing and motor function.



Chapter 6

Discussion - Role of FLRT's in the
retina

6.1 Expression and function of Flrts during retina
development

Our results show that FLRT proteins are present in the retina during development. Both
Flrt1 and Flrt3 are expressed at early stages and form gradients suggesting a potential role
for these proteins in axon guidance and/or neuronal migration as has been shown for other
guidance families such as Eph/ephrins [134]. Among all Flrts, I focused on Flrt3 during
retina development because of its high expression compared with Flrt1 and Flrt2 (data not
shown). Given that Flrt3 is expressed in both neuronal and endothelial cells in the retina
during development, I aimed to compare the effects of depleting Flrt3 from all cells (using
SOX2-Cre line) or only in RGCs (using Brn3b-Cre) to distinguish possible phenotypes
which could be attributable to vascular or neuronal functions. Indeed, previous work
from our lab and others have shown that FLRT proteins are widely expressed in both
neuronal and vascular systems during development where they exert important functions
[296], 150, [180].

Complete depletion of FLRT3 using the Sozx2-Cre line produced a series of strong
phenotypes ranging from blindness, cataract and eye malformation and even the absence
of majority of RGCs. Interestingly, these phenotypes were not observed when Firt3 was
specifically removed from RGCs, suggesting that they were mainly produced because of
vascular and not neuronal defects. In agreement with these results, in collaboration with
the lab of Amparo Acker-Palmer, we could show that retinas from Flrt3 SOX2 mutant
mice display hypervascularization [236] which reinforces the hypothesis that complete re-
moval of Flrt3 has strong effects on the vascular system. Endothelial cells were shown to
express Unch receptors and respond with strong repulsion when challenged with FLRT
proteins. Therefore, our work shows that the fundamental mechanisms of FLRT adhesion
and repulsion events are conserved between neurons and vascular endothelial cells. Al-
though, I did not observe major defects in the number and distribution of Flrt3-depleted
RGCs (based on X-gal staining using Flrt3-LacZ reporter line), we cannot exclude mor-
phological defects or dendritic layering misrouting. Indeed, previous work suggests that
FLRTs together with Uncbs proteins could be important for correct layering of the RGC
dendrites [275]. Future work should test this hypothesis by, for example, crossing the
newly generated Firt3-CreER line with Thyl-reporter lines (only expressed in RGCs).
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This approach not only will show whether morphology or layering is affected in RGCs
upon Flirt3 removal, but also whether the axonal targeting of upstream brain visual areas
such as as dLGN and SC could be affected.

6.2 FIrt3 as a candidate marker for subtype specific
RGC labelling

All FLRT proteins are also expressed in the retina at later stages of development and in
the adult mouse. X-gal staining using LacZ reporter lines showed that Flrtl and Firt2 are
mainly expressed in the ganglion cell layer (GCL), while Firt3 was also expressed in the
inner nuclear layer. Given that all FLRT proteins showed expression in the GCL where
RGCs are located in the adult mouse retina, we asked whether we could use Flirts as a
novel marker to identify subsets of RGCs. Despite the fact that more than 30 functionally
different RGCs have been identified in the retina, about 50% of those subgroups still lack
a genetic marker to fully characterize each individual population [9, 231], 226]. Since
Flrt1 was heavily expressed in the GCL we excluded it as a possible marker of a specific
subpopulation. Initially FLRT2 seemed to be the best candidate because of its exclusive
expression in the GCL. However, quantifications in Flrt2-LacZ mice showed that Flrt2
was about twice as abundantly expressed (48% of all RGCs) compared to Firt3 (23% of
all RGCs). Additionally, the overall expression of FLRT3+ cells was lower compared to
FLRT2. The abundance of other known functional RGC subpopulations is in the range of
1-16% of all RGCs and is more similar to the 23% for the FLRT3+ RGCs [231]. To exclude
that FLRT3 cells are a subpopulation of the larger FLRT2 population both LacZ lines
were crossed resulting in a mouse labelling both FLRT2 and FLRT3 cells. Cell density
comparison showed that both populations show very little overlap of only 13%. Thus,
we concluded that FLRT3 labels a subset of RGCs that are in relatively low abundance
and therefore has the highest chance of labelling a specific RGC subpopulation compared
to all other FLRTs [231]. Therefore, all further efforts to characterize a functional RGC
subpopulation were focused on FLRTS3.

6.3 Flrt3-CreERT2 line labels amacrine and RGCs
in the GCL

After we decided that FLRT3 was the most likely candidate for a functional RGC sub-
population, we generated an inducible Firt3-CreERT2 mouse line by the same strategy
as the Flrt3-LacZ line. The combination of the Cre-recombinase with a mutated form
of the estrogen receptor allowed us to determine the time point when cells express Flirt3.
Moreover, immunostaining showed that Flrt3 is expressed in the vasculature during em-
bryonic development which would give us a lot of background staining when crossed to
a reporter line. Interestingly, when I quantified the proportion of FLRT3+ amacrines
and RGCs again, I found 67% of FLRT3+ cells in the ganglion cell layer to be amacrines
and only 23% to be RGCs vs. 87% RGCs and 13% amacrines in the Flrt3-LacZ line.
Consequently the fraction of FLRT3+ RGCs to the total number of RGCs reduces from
23% in the Flrt3-LacZ quantifications to about 6% in the Firt3-Cre line. An explanation
for that discrepancy is that the LacZ staining used for quantification was not labelling
the whole cell body but showing only small punctae (Figure . Often those punctae
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were at the boarder of two cells making it difficult to assign them to RBPMS positive
or negative cells. However, the expression pattern between the Flrt3-LacZ mouse and
the Flrt3-CreERT2:tdTomato line in the brain was very similar indicating that difficult
quantification conditions in the Flirt3-LacZ line lead to the diverging numbers. More-
over, the counting was based on the assumption that each cell contains a maximum of
one Flrt3-LacZ puncta (based on stainings in the developing cortex), but it could be that
is not the case in the retina, possibly exaggerating the number of FLRT3+ cells. The
overall stratification pattern within the inner plexiform layer matches previous work that
used a FLRT3 antibody staining to identify lamination within the IPL, suggesting that
our Flirt3-Cre line labels Flrt3 expressing neurons in the retina [275].

6.4 FLRT3+ RGCs do not distribute in a mosaic like
fashion

Functional RGC subpopulations usually distribute in a mosaic-like fashion. I could, how-
ever, show that the FLRT3+ RGCs do not show a mosaic-like pattern, already suggesting
that FLRT3+ RGCs consist of more than two subpopulations. Previous work on F-RGCs
for example showed that the combination of FoxP2 with three other markers could subdi-
vide the population into four distinct subgroups that distribute in a mosaic like fashion.
I however was not able to generate a mosaic pattern combining Flrt3 with other well-
known RGC markers such as FLRT3+/CART+ or FLRT3+/Calbindin4+ RGCs. In case
of the FLRT3+CART+ cells this suggests that they represent a mix of two or more of
the four different CART+ 00DSGC subpopulations [223]. Since also CART-negative and
Calbindin-negative subpopulations did not distribute homogeneously one can conclude
that FLRT3+ RGCs consist of at least four different subpopulations. Another possibility
is that the FLRT3+ RGC population is polluted by Cre expression even in the absence of
Tamoxifen. This "leakyness” is a known phenomenon [141]. The ratio between FLRT3+
RGCs and amacrines however was not changed in the Tamoxifen free retinas, suggesting
that true FLRT3+ cells were labelled.

6.5 Stratification based clustering suggests 6 FLRT3+
RGC cluster

The initial attempt to cluster all neurons based on stratification and general morphology
lead to more than eight RGC clusters. However, the method of fixed cell injections has
some limitations in reconstructing full cell morphology. In comparison to living retina
injections, the injected dye does not reach all fine branches leading to incomplete morpho-
logical reconstructions [I31]. The advantage of fixed cell injections however was that it
was possible to inject more neurons in one retina and allowed for RBPMS immunostain-
ing to distinguish FLRT3+ RGCs from FLRT3+ amacrines. In living retina injections it
is often not possible to stain after dye injection [I31]. The complexity of my morphology
reconstructions was quite variable and always less complex compared to other published
reconstructions [252]. Since previous classification attempts of randomly injected RGCs
showed that stratification is a good way to classify neurons and that dendritic morphology
varies a lot within RGCs of the same group, I reclustered my reconstructed FLRT3+ neu-
rons based on stratification pattern only. This approach resulted in six clusters of mono
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and bistratified RGCs that stratify in the ON and OFF layers (Figure . This however
does not mean that RGCs stratifying within the same layer have exactly the same func-
tional properties. Recent work that combined Calcium imaging with electron mircoscopy
morphology reconstructions showed that even slight changes in dendritic stratification
depths leads to changes in the functional response properties [10].

Most FLRT3+ RGCs however monostratified in the ON layer 4 or 5 suggesting that
they respond to increases in light intensity only. Fractions of our FLRT3+ RGCs pop-
ulation express Calbindin and Parvalbumin which are both markers that each contain
various types of morphologically distinct subpopulations [I31], 89]. Based on their strati-
fication in layer S4, our F3-1 ON RGCs could fit to the CB9 and CB10 Calbindin RGCs
that were previously described (Figure [89]. The Parvalbumin types PVS8, 7, 2 and 6
match the stratification depth of our F3-1 ON population (Figure . The bistratified
ON-OFF PV3 RGCs would match our F3-5 and F3-3 RGCs (Figure [6.1]).

The very small cluster 4 cells that stratify within the OFF layer 1 could possibly belong
to the alpha OFF sustained type or the J-RGCs that responds to upwards movement
(Figure . Both types stratify within the same layer.

The FLRT3 clusters 2 and 5 bistratified in the ON 4 and OFF 2 layers. Also CART+
00DSGC bistratify in layer 2 and 4 to gain their ON-OFF properties. Since about 23%
of the FLRT3+ RGCs were positive for CART, I hypothesize that at least one of those
clusters represent 00DSGCs [126].

Two recent publications combined functional Calcium imaging with subsequent mor-
phological reconstructions of RGCs. [I0, [0]. The RGCs 1ni, 1no, 1ws from Bae et al.
could potentially be represented by the F3-2 ON cluster [10]. Interestingly the 1ni and 1no
types are potentially new types that differ from others by a small but consistent difference
in the stratification depth. This resolution was made possible by the detailed electron
microscopy reconstructions [I0]. The Local orientation sensitive and Alpha RGCs from
the work of Baden et. al 2016 matched the stratification profile of our F3-6 diffuse clus-
ter(Figure [9]. The Step and Slow and the trans large match our F3-4 OFF cluster
and the Local transient orientation sensitive and alpha math the F3-1 ON population [9].

Since FLRT3 labels amacrines and RGCs in the GCL, I was mainly injecting FLRT3+
cells with a bigger soma to increase the chance of injecting an RGC. Therefore, the
relative proportions of FLRT3+ RGCs might not represent that of the whole FLRT3-
RGC population but might be biased towards RGCs with larger cell soma.

Because of the limitations mentioned previously, stratification and marker staining
are so far the only two properties to give an indication as to the cell types that FLRT3+
RGCs label. To include dendritic morphology also, it will be better to dye inject in living
retinas. The stratification match given in Figure is limited by the fact that each
group performs their stratification analysis differently. While some works take the ON
and OFF ChAT bands as reference, others including me used the two nuclear layers as
limitation reference of the inner plexiform layer. Thus, small variations in the data could
lead to incorrect matches.
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Figure 6.1: FLRT3+ RGCs can be classified into six groups based on their stratification pattern.

6.6 FLRT3+ RGCs project to image and non-image
forming regions

Data on the retinofugal projection pattern after Cre-dependent AAV2 injection shows
that FLRT3+ RGCs project to the SC, dLGN, vLGN and to targets of the accessory
optic system (AOS) (MTN, OPT, NOT). Interestingly, the MTN, which is a target of
FLRT3+4 RGCs, was shown to receive input mainly from ON-DSGCs, suggesting that
at least a fraction of FLRT3+ RGCs are ON-DSGCs [5§]. Also the FLRT projections
to the NOT resembles those of the ON-DSGCs. Moreover the ON-DSGCs stratification
pattern matches with the pattern observed for the most numerous (49%) F3-Clusterl
(Figure of the FLRT3+4 RGCs. Overall this data supports the idea that about half
of all FLRT3-RGCs are ON-DSGCs, which encode for horizontal and vertical image slip
compensation [242].

In addition to the projections to the AOS, FLRT3+ RGCs also project to the dLGN,
vLGN and the SC. My data shows that about 23% of all FLRT3+ RGCs represent
CART+ 00DSGCs. Contrary to the uniform FLRT3+ projection pattern within the
dLGN, vLGN and SC, 00DSGCs restrict their projections to the lateral parts of the
dLGN, vLGN and to the superficial layers of the SC [126]. This discrepancy suggests
that an additional subpopulation is labelled by FLRT3. tOFF-alpha RGCs represent a
subclass of alpha RGCs that project to deeper layers of the SC and dLGN and according
to immunostainings (SMI32) represent about 7% of FLRT3+ RGCs [109]. Thus tOFF-
alpha RGCs could represent a fraction of FLRT3+ RGCs.
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The observation that FLRT3+ RGCs avoid the SCN and IGL, suggests that FLRT3+
RGCs are not involved in circadian entrainment and matches with the finding that all
FLRT3+ RGCs are negative for the ipRGC marker Melanopsin (data not shown) [41].

Overall the diverse projection patterns support the notion that FLRT3+ RGCs are a
heterogeneous cell population.

6.7 Conclusion and Outlook

To conclude, FLRT34 RGCs are not a structurally homogeneous cell population. The
finding that different FLRT34 RGC subgroups stratify within different layers of the IPL,
suggests that they are also a functionally heterogeneous population with a preference
for ON signals. It remains unsolved what functional property FLRT3+ RGCs have in
common. However the overall projection pattern combined with the stratification depths,
suggests that FLRT3 labels a mixture of CART+ 00DSGCs, CART- ON DSGCs and a
subpopulation of alpha RGCs. Further functional characterization will be needed to
determine the unifying "Flrt3-property”. Thus the following work will focus on patch-
clamp recording of FLRT3+ RGCs in response to a set of different visual stimuli projected
directly onto the retina.



Chapter 7

Materials and Methods

7.1 Oligonucleotides and plasmids

Genotypings were performed according to the following program (Table and oligonu-
cleotides (Table [7.2)) were bought from Eurofins.

PCR Program Denat. Denat. Annealing Extension # cycles Extension
Cre 92 °C 92 °C 58 °C 68 °C 50x 68 °C
10 min  0:10 min _ 0:15 min 1:00 min 5:00 min
FLRT1 WT 94 °C 94 °C 60 °C 72 °C 29x 72 °C
3 min 1:00 min _ 1:00 min 1:00 min 5:00 min
FLRT1 KO 95 °C 94 °C 65 °C 72 °C 29x 72 °C
3:00 min 1:00 min  1:00 min 1:00 min 2:00 min
Tomato 95 °C 95 °C 61 °C 68 °C 39x 68 °C
3:00 min 0:20 min _ 0:30 min 0:30 min 2:00 min
LacZ 95 °C 95 °C 58 °C 72 °C 34x 72 °C
5:00 min 0:30 min  0:30 min 0:30 min 5:00 min
FLRT2 Ix 95 °C 95 °C 55°C 72 °C 34x 72 °C
3:00 min 0:30 min  0:30 min 0:30 min 3:00 min
FLRT 94°C  94°C 62 °C 72°C 34x 72 °C
3:00 min 1:00 min  1:00 min 1:00 min 20 min

Table 7.1: PCR programs used for genotyping
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Name

Sequence

Cre forward
Cre reverse

GCC TGC ATT ACC GGT CGA TGC AAC GA
GTG GCA GAT GGC GCG GCAACACCATT

FLRT3 lox forward

FLRT3 lox reverse

GAT ATT TGC CAA AGG AGA CAG AAA ATA
CTG GGT TCA TTG CTG TCT ACC AAC AAG CAC

LacZ forward

LacZ reverse

CCA GCT GGC GTA ATA GCG AA
CGCCCGTTG CACCACAGATG

FLRT1 null forward

FLRT1 null reverse

TAG AGG ATC AGC TTG GGC TGC AGG TCG AGG
TGA GAT CCA CAG CGA ACA GCA GGC ATT AGC

Tomato WT forward

Tomato WT reverse

AAG GGA GCT GCA GTG GAG TA
CCG AAA ATCTGT GGG AAG TC

Tomato Mut forward
Tomato Mut reverse

CTG TTC CTG TACGGCATG G
GGC ATT AAA GCA GCG TAT CC

Table 7.2: Oligonucleotides used for genotyping

7.2 Antibodies

Antibody Species Dilution Source Cat. Number
RBPMS Guinea Pig 1:100 Phospho Solutions 1823
RBPMS Rabbit 1:100 Phospho Solutions 1830
Brn3a Mouse 1:200 Santa Cruz Biotechnology Sc-8429
ChAT Goat 1:100 Millipore AB144p
CART Rabbit 1:100 abcam ab192364
Melanopsin Rabbit 1:1000 ATS AB-N38
Calbindin-D-28k Rabbit 1:400 Swant 300
Calretinin Rabbit 1:400 abcam AB-N38
GAD-67 Mouse 1:200 Millipore MAB5406
SMI-32 Mouse 1:100 Bio Legend 801701
Brn3c Rabbit 1:400 Santa Cruz Biotechnology Sc-81980
Parvalbumin Rabbit 1:400 Swant PV27
Satbl Rabbit 1:100 abcam ab70004

Table 7.3: Primary antibodies used in THC



7.3 Media

139

Antibody Species

Dilution

Source

Cy2/3/5 mouse / rabbit / guinea-pig / goat 1:300

Jackson Immuno Research

Table 7.4: Secondary antibodies used in THC

7.3 Media

Solution Compounds Amount
Luria-Bertani (LB) medium Bacto-Tryptone 10g
1L ,ph7.5 Bacto-Yeast extract 5g
NacCl 5g
H,O0 0
Artificial cerebrospinal fluid (ACSF) NaCl 125 mM
KClI 2.5 mM
NaH,PO, 1.25mM
NaHCO, 26 mM
MgCl, 1mM
CaCl, 2mM
D-Glucose 20 mM
L-glutamine 0.5mM

Table 7.5: Media used for single cell injections and plasmid amplification

7.4 Mouse lines

The Flrt3-Cre line was generated by homologous recombination in embryonic stem (ES)
cells using a targeting vector. ES cell cultures, electroporation and final clone selection
were done by Louise Gaitanos and Jana Lindner according to standard protocols. South-
ern blots to identify positive clones were done by myself. The probes for confirming
correct insertion of the Flrt3-Cre construct into the Flrt3 locus was done by Pilar Alcala
Morales. The pronuclear injections to generate the Flrt3-Cre mouse were conducted by
the transgenic service. PCR against Firt3-Cre resulted in 3 positive clones named C1G1,
C1D5 and 2G10. All clones showed a very similar expression pattern. All further exper-
iments were done using the C1D5 clone. All mice were backcrossed onto a C57BL/6N

background.
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Mouselines Source

FLRT3! Yamagishi et al., 2011
FLRT2! EUCOMM

FLRT1- Yamagishi et al., 2011
FLRT3tacz Yamagishi et al., 2011
FLRT2ta<z EUCOMM

FLRT1tacZ EUCOMM
R26-tdTomato (Ai9) Madisen et al., 2012
Brn3bcre Eloisa Herera lab
Sox2¢re Hayashi et al., 2002
FLRT3Cre unpublished

Table 7.6: Mouse lines used

7.5 Agarose gel electrophoresis

Agarose was dissolved in TAE buffer to a final concentration of 1% by boiling in the
microwave. After cooling down to about 40-50°C Ethidium bromide (Roth) was added
(0.5 pm final conc.) and the mix was transferred into a plastic tray allowing it to solidify.
The pockets were loaded with about 10l of the PCR mix and separated by size using
gel electrophoresis at a voltage of 100-230 Volts. DNA gels were imaged using a Gel Doc
XR+ machine (Biorad).

Solution Compounds Amount
Phosphate buffered saline (PBS) ~ NaCl 137 mM
pH 7.3 KCl 2.7 mM
Na,HPO,*7H,0 4.3 mM
Single cell injection 1.4 mMm
Master mix genotyping, 48 pl H,O 41.6 pl
2 x Primer (50 pmol) 2x 0.5 ul

Thermo Pol Reaction buffer 10x (NEB) 5ul
dNTPs-mix (25 mM each, Fermentas) 0.4 ul

Taq Polymerase (NEB) 0.5 ul
50x TRIS-acetate buffer (TAE) Tris acetate 2M
EDTA 50 mM
Gel loading buffer, 50ml H,0 24 ml
Glycerol 25 ml
TAE 50x 1ml
Orange G 0.1lg

Table 7.7: Buffers used for genotyping

7.6 Mouse work and histology

For all brain and retina dissections mice were killed by cervical dislocation.
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7.6.1 4-Hydroxy-Tamoxifen administration

4-Hydroxytamoxifen (Sigma, ref: H-7904) powder was re suspended in 100 % ethanol at
a final concentration of 40 mg/ml. For complete suspension the 4-Hydroxytamoxifen was
vortexed for 10 min, incubated at 60°C for 10 min and vortexed again until complete
dissolution. Next the solution was diluted 1:1 in Kolliphor EL (Sigma, ref: C-5135) and
stored in 100 pl aliquots at -20°C. Since 4-Hydroxytamoxifen is light sensitive, all solutions
were kept in the dark during all procedures. For injection, one aliquot was rapidly thawed,
diluted in PBS 1x to the desired concentration and injected intraperitoneally (1pg/g,

5pg/g, 151g/g, 60ng/g).

7.6.2 Retina preparation

For retinal whole mount preparation, eyes were enucleated and placed into a dish contain-
ing 1x PBS. First the cornea was removed by cutting along the ora serrata using a small
scissor. Next the lens was taken out using forceps followed by removal of the vitreous.
Finally the retina was detached from the eyecup and transferred onto a cell culture insert
(Millipore, Cat.no. PICMORGH50). To allow flat mount of the retina, 4 incisions at 0,
90, 180 and 270° were made using a small scissor. Finally the retina was fixed on the
membrane for 30 min in 4% PFA.

7.6.3 Transcardial perfusion and brain preparation

For the analysis of retinofugal projections, the animals were deeply anaesthetized with a
Ketamine (medistar)/Xylazine(Bernburg) (1.6%/ 0.08%) overdose. As soon as the mice
stopped reacting to pain stimuli, it was transcardially perfused for 10 min at a speed of
1 ml/min with ice cold PBS followed by another 10 min ice cold 4% PFA. After brain
dissection they were post-fixed in 4 % PFA for another 24-48 h. Brains were stored in
PBS (0.02% Sodium azide) until further sectioning.

7.6.4 Retinal single cell injections

For fixed retina injections, retinas were dissected in PBS, mounted on 45 pm cell culture
inserts (Millipore, Cat.no. PICMORGH50) and fixed for 15 min in 4 % PFA prior to
single cell injections. RGCs and amacrine cells of the FLRT3-Cre Tom+/- retinas were
identified based on red fluorescence and injected with 4 % neurobiotin (SIGMA 1L0259)
dissolved in ACSF. For injection sharp electrodes were pulled from borosilicate glass
capillaries to a final resistance of 200 Ohm (Science Products GP150F-8P) and mounted
on a motorized patch-clamp manipulator. The dye was expelled by a positive current of
1-2 nA at 100 msec pulses for about 2 min (90% duty cycle).

7.6.5 Intravitreal virus injections

For adult intravitreal virus injections (Table , mice were anaesthetized using 5%
isofluorane and eyes were treated with 0.5% lidocaine hydrochloride to avoid pain. Next
the eye was slightly protruded from the eye socket and punctured at the ora serrata using
a 30 gauge needle. Next 2l of vitreous liquid was withdrawn from the eye using a 7000
series Neuros Hamilton syringe. Finally the same syringe was used to inject 1l of virus
or CTB647. To avoid eye irritations Bepanthen eye ointment was applied to each eye.
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Virus

Source

rAAV8/CAG-tdTomato
rAAV2/ CAG-GFP
rAAV2/Flex-GFP
rAAV2/Flex-tdTomato

Penn Vector Core
Penn Vector Core
Penn Vector Core
Penn Vector Core

7.6.6 Immunofluorescent stainings

Table 7.8: Used virus for neuronal sparse labeling and retinofugal projection analysis

For immunostainings PFA fixed retinas were permeabilised and blocked with donkey
serum and BSA (Table for 24h. Next the retina was washed 3 times 5 min in PBS
and incubated with the primary antibody solution (Table for 24-72h. After 3 washes
in PBS for 30 min each, the retina was incubated with the secondary antibody solution
(Table for 24h. After the final washes the retina was mounted photoreceptor side
down onto a slide using Dako mounting medium. To avoid compression plastic spacers
were used between the coverslip and slide.

Solution Compounds Amount
Blocking solution PBS
(Immunohistochemistry, IHC) Donkey serum 50%
Bovine serum albumin 0.2%
Lysine 0.2%
Glycine 0.2%
Primary antibody solution, IHC PBS
Triton X-100 detergent 03%
Bovine serum albumin 0.5%
Sodium azide 0.02%
Secondary antibody solution, IHC PBS
Triton X-100 0.3%
Donkey serum 3.0%

7.6.7 XGal-staining

For XGal staining the retina was dissected from the eye and fixed for 30 min in the XGal
fixative solution (Table [7.10). Next the retina was washed 2 x in the X-Gal Wash buffer
(Table and incubated for 2-12h in the X-Gal staining solution (Table [7.10]). After
2 quick washes in PBS the retinas were fixed in 4% PFA for 10 min and mounted on a
slide for subsequent imaging using Dako fluorescence mounting medium.

Table 7.9: Immunofluorescence histochemistry staining antibody and blocking solutions
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Solution Compounds Amount
X-Gal fixative PBS
PFA 1%
MgCl, 2mM
EGTA 5mM
NP40 detergent 0.02%
Glutaraldehyde (optional) 0.2%
X-Gal Wash buffer, 1L 0.1 M Na-phosphate buffer pH 7.3
MgCl, (1M) 2 ml
DOC 0.1lg
NP-40 0.2 ml
X-Gal staining solution, 50 ml X-Gal Wash buffer
X-Gal, 100 mg/ml 0.5 ml
(dissolved in N-N-dimethylformamide)
K,[Fe(CN)g] 0.106 g
K,[Fe(CN)g] 0.082 g

Table 7.10: XGal staining solutions

7.6.8 Confocal microscopy and image analysis

All fluorescence images were taken using a Leica SP8 confocal microscope with either a
10x (air), 25x (oil), 40x (oil) or 63x (oil) objective. Most images were taken at 400Hz
bidirectional scanning and 1024x1024 pixels image size.

7.7 Data analysis

7.7.1 Cell distribution analysis

For cell distribution analysis, all cells of interest were manually labelled using the Fiji
plugin cell counter. To analyze distribution regularity a custom made python script was
used to calculate the density recovery profile. To calculate the density recovery profile
the amount of cells N within different radii r of each cell was counted and divided by the
area A covered between radius r and r+ delta r. The DRP is then calculated as density
p(r) = N(r + delta r)/A(r + delta r).

7.7.2 Cell morphology analysis and classification

For cell morphology analysis, each cell was traced semi-automatic using the Fiji plu-
gin SimpleNeurite tracer. To extract morphology features like stratification, number of
branching points and total neurite lenght a custom made python script was used based
on the NeuroM toolkit from the BlueBrain project. To classify neurons based on mor-
phology features, I used a hierarchical clustering algorithm in python where I manually
set the clustering threshold.
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7.7.3 Statistical analysis

All statistical analysis were done using Python 3 scripts.
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