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During neural development, neurons must not only contact the appropriate postsynaptic partners,
but also form precise stereotypic patterns of connectivity, the characteristic number and
distribution of synapses onto partners. These stereotypic patterns determine how and where
information is processed within a circuit, and thus their proper development is critical to normal
circuit function. While progress has been made in understanding the cellular and molecular
mechanisms that match neurons with their synaptic partners and even to subcellular locations on
these partners, it is not yet well understood how most neurons achieve their synaptic distribution
patterns. Both cell-autonomous and non-cell autonomous mechanisms have been found to
regulate the development of synapses from multiple distinct presynaptic cell types onto a
common postsynaptic partner (convergence). However, it remains unknown how an individual
neuron establishes synapses with multiple distinct cell types (divergence), especially when the
distribution of synapses is unequal across partners. Therefore, the goal of my thesis was to
determine the cellular strategies and mechanisms that underlie the development of synaptic
divergence in a central nervous system (CNS) circuit. The retina is an excellent model system
for studying the development of synaptic patterns because the compact and laminar organization

of the cells and their connections makes all components of the circuit accessible for visualization



and manipulation. Thus, I focused on the development of a retinal inhibitory circuit in which an
interneuron (amacrine cell) connects to distinct postsynaptic cell types. In Chapter 1, I review
what is known about the mechanisms underlying the development of synaptic patterns and
inhibitory circuits in the CNS. I also briefly review the development of the vertebrate retina, the
model system for my studies. In Chapter 2, I investigate the cellular strategies that shape the
development of amacrine cell synaptic output patterning. In Chapter 3, I examine potential
mechanisms that underlie the development of AIl AC presynaptic structures and synaptic
patterning described in Chapter 2. In Chapter 4, I summarize my findings and discuss future

directions based on my findings thus far.
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Chapter 1. Introduction

Circuit development is a highly complex process that requires the coordination of cells across
both space and time. Neurons must migrate to the correct brain region and lamina, contact
appropriate partners, and establish the proper pattern of synapses onto those partners. The
stereotypic distribution of synapses between neurons determines where and how information is
processed within a circuit. Thus, the establishment of these synaptic patterns is critical for the
normal function of the circuit. While much work has been done to understand the mechanisms
underlying partner matching and subcellular targeting, less is known regarding the mechanisms

that underlie the establishment and maintenance of synaptic patterns.

1.1  Types of synaptic patterning and their role in information processing

Three distinct synaptic pattern motifs are found throughout the nervous system (Figure 1.1A).
The first motif is a one-to-one connection, whereby a single neuron synapses onto a single
postsynaptic partner. Examples of this pattern are seen from the auditory brainstem (calyx of
held to MNTB) to cerebellum (climbing fiber onto purkinje cell) to the peripheral nervous
system (neuromuscular junction) (Hoffpauir 2006; Watanabe & Kano 2011; Sanes & Lichtman
1999). In many circuits, the one-to-one connection arises once connections from other
presynaptic cells are eliminated and continued poly-innervation can disrupt the function of these

circuits (Kakizawa et al. 2000).

More commonly, multiple pre- and postsynaptic neurons are interconnected leading to
convergence and divergence, which often occur in the same circuits (Figure 1.1A). In

convergence, multiple presynaptic neurons impinge onto the same postsynaptic partner.



Convergence is observed in diverse neural structures including sensory circuits (e.g. retina,
olfactory system) and the cerebellum (Hoon et al. 2014; Mombaerts 2006; Huang et al. 2013).
Synaptic convergence allows for the integration of information within a circuit and underlie

functions such as coincidence detection and noise reduction (Jeanne & Wilson 2015).

Divergence occurs when a single presynaptic neuron synapses onto multiple postsynaptic
partners. Divergence is observed across neural circuits including sensory and motor circuits. For
example, in the retina individual photoreceptors provide input onto multiple postsynaptic bipolar
cells (Cohen & Sterling 1990; Wissle, Puller, et al. 2009; Dunn & Wong 2012). Additionally,
individual sensory-motor neurons synapse onto distinct motor neuron pools (Mendelsohn et al.
2015). This connectivity motif allows for the diversification and amplification of signals if
synapses are formed onto distinct or similar targets, respectively (Asari & Meister 2012).
Divergence also allows information to be sent across ‘parallel channels’ within a circuit, which

could speed the rate of information transfer (Stein 1967).

While much is known regarding the cellular and molecular mechanisms that guide neurons to a
specific postsynaptic partner, and the subcellular location onto that partner (Reviewed by Sanes
& Yamagata 2009; Gamlin et al. 2018), it remains incompletely understood how neurons
establish and regulate stereotypic patterns of synapses across partners. Understanding how
neurons achieve their synaptic distribution patterns is critical for understanding circuit

development.



1.2 Cellular strategies and mechanisms for achieving stereotypic synaptic patterns

During development, neurons often undergo changes in connectivity to achieve their final,
mature synaptic patterns. Three distinct cellular strategies have been found to underlie the
development of stereotypic patterns: Preferential synaptogenesis, synaptic pruning, and

maintenance (Figure 1.1B).

Preferential synaptogenesis occurs when a cell preferentially receives or forms synapses with one
partner versus the other(s). Preferential synaptogenesis has been described in the development of
both convergent and divergent connectivity patterns (Figure 1.2). In the zebrafish retina, one cell
type, H3 Horizontal Cell (H3 HC) contacts presynaptic blue and ultraviolet (UV) cones in a 1:5
ratio, favoring UV cones. H3 HCs initially contact blue and UV cones, but preferentially reach
out and synapse with UV cones during maturation. When UV cones are silenced, H3 HCs add
contacts with blue cones, but maintain the same number of connections with UV cones; however,
silencing blue cones had no effect on H3 HC cone contacts (Figure 1.2 A) (Yoshimatsu et al.
2014). Therefore, the activity of a major presynaptic partner can selectively regulate connectivity
with a minor presynaptic partner, but not necessarily vice versa. In the mouse retina, retinal
ganglion cells (RGC) receive input from multiple presynaptic bipolar cells, and these bipolar
cells can differentially reach their final number of synapses onto their RGC targets. For example,
for one type of RGC, the ON-alpha, each presynaptic bipolar cell type reaches its final
connectivity with the ON-alpha differently. Specifically, the Type 6 bipolar cells (T6), increase
connectivity with the ON-alpha with maturation. Type 7 bipolar cells (T7) maintain the same
number of synapses with their ON-alpha partner, and the rod bipolar cells (RBC), eliminate
synapses with the ON-alpha RGC. Neurotransmission bi-directionally drives synaptogenesis of

T6 cells on the RGCs (increased T6 activity drives formation of synapses onto the RGC, loss of



drive results in fewer output synapses onto the RGC) in a cell-autonomous manner and has no
effect on maintenance or removal of synapses from the other two presynaptic partners onto the
ON-alpha RGC (Morgan et al. 2011; Soto et al. 2012; Okawa et al. 2014). On the other hand,
loss of the T6 cells results in the RGC contacting novel presynaptic partners (Okawa et al. 2014).
Thus, the physical presence of a major presynaptic partner can prevent a neuron from connecting
with incorrect presynaptic targets. These findings show that activity-dependent and cell contact-
mediated mechanisms can differentially and independently regulate synaptic connectivity from
converging inputs onto a shared partner. Preferential synaptogenesis can also occur in a
divergent circuit (Figure 1.2B). In primary somatosensory cortex, experience-mediated activity
drives increased synaptogenesis from thalamocortical axons onto layer 4, but not layer 6
neurons, resulting in a bias for layer 4 targets (Crocker-Buque et al. 2015). Interestingly,
whisker-trimming, which leads to sensory-deprivation, prevents the preferential synaptogenesis
onto layer 4 neurons, but does not alter thalamocortical synapses onto layer 6 neurons. Thus,
activity-dependent mechanisms can independently regulate connectivity with a major versus

minor postsynaptic partner.

Often, neurons form more synapses during development than they will maintain at maturity,
requiring pruning of excess synapses (Figure 1.1B). Pruning can occur in circuits with all three
synaptic pattern motifs described in section 1.1 (one-to-one, convergence, divergence). At both
the neuromuscular junction and climbing fiber-Purkinje cell synapses in the cerebellum, multiple
axons initially innervate the postsynaptic cell, but synapse elimination reduces connectivity to
one or a few axons via activity-dependent competition (Reviewed Sanes & Lichtman 1999;
Hashimoto & Kano 2013). Excess synapses must also be pruned in converging circuits. For

example, in the auditory brainstem, axons projecting from the medial nucleus of the trapezoid



body (MNTB) form excess synapses onto targets in both the lateral (LSO) and medial superior
olive (MSO) nuclei. Interestingly spontaneous excitatory activity is required for the removal of
excess synapses onto LSO neurons, whereas binaurally-driven inhibitory activity is required for
pruning of synapses onto MSO neurons. Thus, while activity-dependent mechanisms can
underlie synaptic pruning, either excitatory or inhibitory neurotransmitters may be involved
(Reviewed by Gamlin et al. 2018). Synapse elimination can also occur within a divergent circuit
to yield a biased connectivity with one partner versus the other(s) (Figure 1.1B). For example,
sensory-motor neurons provide input to two distinct classes of motor neurons: homonymous and
heteronymous. “Homonymous” motor neuron pools contain motor neurons that synapse onto the
same muscles from which a sensory-motor neuron receives input. On the other hand, a motor
neuron pool is “heteronymous” if the motor neurons synapse onto muscles that the given
sensory-motor neuron does not. When silenced, sensory-motor neurons form excess synapses
onto heteronymous targets, revealing a role for activity in restricting the number of synapses
formed onto this partner (Figure 1.2 C) (Mendelsohn et al. 2015). Interestingly, the number of
synapses that sensory-motor neurons formed onto homonymous targets does not change.
Therefore, across convergent and divergent neural circuits, activity can independently regulate
connectivity with one partner to create biased connectivity within the circuit. Surprisingly,
activity does not always regulate connectivity with the preferred partner (e.g. H3 HCs,

homonymous motor neurons).

Maintenance describes the retention of a proportion of synapses that have already been formed
onto specific partners. Studies in the cerebellum have revealed that Purkinje cells rely on input-
specific transsynaptic organizing proteins for the formation, maintenance and function of

synapses, and that synapses from distinct input-partners can be independently regulated (Zhang



et al. 2015). Both molecular and activity-dependent mechanisms can regulate synapse
maintenance. Recent work has shown that presynaptic neurons use distinct synapse organizing
proteins, such as Neurexin (Nrx-1), to form and maintain synapses with one target versus another
(Philbrook et al. 2018). Thus, distinct molecular mechanisms can regulate the formation and
maintenance of connectivity in a partner-specific manner in both convergent and divergent
circuits. Maintenance can also include preventing excess synaptogenesis or synapse removal. For
example, in the retina, T7 bipolar cells are normally a minor presynaptic partner of ON alpha
retinal ganglion cells. When the major bipolar cell partner (T6) population is ablated, but not
when it is silenced, T7 bipolar cells expand their axon territories and increase the number and
density of synapses formed onto ON-alpha RGCs (Okawa et al. 2014). This study illustrates a
non-cell autonomous, activity-independent mechanism that restricts the axon terminal and thus
the connectivity of a minor presynaptic partner. Furthermore, as described above, T6
connectivity with ON-alpha RGCs is regulated by activity; therefore, multiple, distinct
mechanisms can regulate the connectivity in a partner-specific manner in a single circuit.
Activity can also play a role in the maintenance of synapses. For example, in the retina, loss of
inhibitory synaptic transmission prevents the accumulation of GABAergic but not glycinergic
synapses onto bipolar cell axons (Hoon et al. 2015). On the other hand, loss of transmission in
the spinal cord prevents the maturation of glycinergic, but not GABAergic synapses (Kirsch &

Betz 1998). Thus, the role of activity in maintaining synapses may be circuit specific.

In sum, there are diverse cellular strategies that shape connectivity between individual neurons,
and these strategies can act in a partner-specific and independent manner. Furthermore, both

activity-dependent and independent mechanisms can regulate connectivity with distinct



postsynaptic partners in a divergent circuit, but it remains unknown whether these mechanisms

are regulated by independent mechanisms within a single circuit.

1.3 Role of inhibition within neural circuits

Inhibition plays an important role in neural function by providing a necessary check on
excitatory activity within the nervous system. Disruptions in inhibition can lead to neural
disorders characterized by hyperexcitability, such as hyperekplexia and epilepsy (Bode & Lynch
2014; Tai et al. 2014). Beyond reducing the level of activity in the brain, inhibition can shape
and control the timing of neural signals as they move through a circuit. Inhibitory circuits are
found throughout the CNS and are diverse in their functions. There are the two major inhibitory
neurotransmitters in the nervous system (GABA and glycine), and at least one of these
neurotransmitters is present in every brain region. In some areas, such as the spinal cord and
retina, both GABA and glycine are present, and can act on the same the same circuit, and in at
least one circuit are released from the same synapse (reviewed Gamlin et al. 2018). Diversity in
inhibitory circuit function also arises from the distinct composition of receptors found at the
postsynapse. Inhibitory receptors are heteropentameric ligand-gated chloride channels and can
vary greatly in subunit composition. GABA receptors are typically comprised of two a(1-6), two
B(1-4), and one y subunit (Sieghart et al. 1999). Glycine receptors are typically comprised of o
(1-4) and B(1) subunits, but studies have yet to distinguish between a 2:3 and 3:2 stoichiometry
(reviewed Dutertre et al. 2012; Patrizio et al. 2017). Importantly, subunit composition can
determine receptor kinetics (Takahashi et al. 1992). Inhibitory receptors vary in subunit

composition both within and across brain regions, and even across cell compartments of an



individual neuron (Hoon et al. 2015), leading to a diversity of postsynaptic responses to a single

neurotransmitter.

Inhibition expands the neural computations possible within a circuit and can have distinct effects
when applied at the pre- versus postsynapse (Figure 1.3A). For example, presynaptic inhibition
can extend the dynamic range across which a neuron can signal (Sagdullaev et al. 2006).
Furthermore, presynaptic inhibition can diversify signals by allowing a single neuron to provide
distinct signals to different postsynaptic partners (Asari & Meister 2012). On the other hand,
postsynaptic inhibition can control the timing of signaling within a circuit and even underlie
feature selectivity (Taylor et al. 2000). Thus, the role of an inhibitory neurotransmitter must be

evaluated with respect to specific circuit function and even synaptic location.

1.4 Development of inhibitory circuits

As in excitatory circuits, the first step in inhibitory circuit development is the proper targeting of
synaptic partners. In highly laminated neural structures, such as the retina, partners must send
processes to the same layer in order to contact each other. Thus, cues that direct processes to
specific lamina contribute to partner matching. Cell adhesion molecules have been shown to
restrict the processes of inhibitory retinal interneurons, amacrine cells, to specific lamina. For
example, cell adhesion molecules, DSCAM/DSCAM-L and sidekicks (Sdk1 and Sdk?2), direct
the development of amacrine cell neurites in the chick retina, and mis-expression of one of these
molecules can direct neurites to an aberrant layer (Yamagata & Sanes 2008a). In the mouse
retina, amacrine cell processes can be directed to specific layers by the repulsive cues of
semaphorins, transmembrane cell adhesion molecules (Matsuoka, Nguyen-Ba-Charvet, et al.

2011; Matsuoka, Chivatakarn, et al. 2011). Loss of semaphorin or Plexin, a semaphorin receptor,



expression allows amacrine cells to send neurites to the incorrect lamina. Interestingly, the
postsynaptic partners of mis-targeted amacrine cells similarly mis-laminate after semaphorin
loss, allowing the partners to still connect. Thus, in the retina, there are likely cues, such as cell-
cell recognition molecules, that act independently of lamination cues to ensure proper synaptic

targeting.

Cell-cell recognition molecules also underlie local synaptic targeting for inhibitory interneurons
in the spinal cord. In the spinal cord sensory-motor circuit, sensory afferents target motor
neurons, and distinct populations of inhibitory interneurons target either the sensory afferents or
the motor neurons. When sensory afferents are ablated by expression of diphtheria toxin, the
inhibitory interneurons that normally contact the sensory afferents continue to extend processes
towards, but not form synapses onto, the motor neurons. Instead, the inhibitory neurons
eventually retract their processes (Betley et al. 2009). The inhibitory neuron specificity for
sensory afferents is due to the specific expression of cell adhesion molecules amongst the two
populations. Specifically, the inhibitory axons express two proteins from the immunoglobulin
(Ig) superfamily, CHL1 and NrCAM, whereas the sensory afferents express NB2, a protein from
the Ig superfamily, and Caspr4, a contactin-associated protein (Ashrafi et al. 2014). Thus, cell
adhesion molecule expression determines the high specificity between inhibitory interneurons

and their targets in the spinal cord.

In addition to contacting the proper postsynaptic partners, inhibitory neurons must target the
correct subcellular location of those synaptic partners. For example, GABAergic basket cells and
GABAergic stellate cells rely on distinct cell adhesion molecules to guide them to the axon

initial segment and distal dendrites of cerebellar Purkinje cells, respectively (Ango et al. 2004;
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Ango et al. 2008). Targeting specificity can also apply to within a single subcellular area. For
example, in the retina, each quadrant of an inhibitory starburst amacrine cell (SACs)
preferentially synapses onto one of four types of direction-selective ganglion cells (DSGC) that
respond to motion in one of the four cardinal directions (dorsal, ventral, nasal, temporal).
Importantly, the specific connectivity between SACs and DSGCs underlies direction-selectivity
in this circuit. In the absence of the FRMD?7 gene, which encodes a FERM domain protein family
member that is enriched in SACs (Moleirinho et al. 2013), ‘horizontally tuned” DSGCs receive
erroneous connections from other quadrants of the SAC arbor, resulting in a loss of horizontal
direction selectivity (Yonehara et al. 2016). Thus, expression of membrane-associated proteins

can regulate the pattern of output synapses of an inhibitory neuron.

Once inhibitory neurons contact the proper subcellular locations of their targets, they must form
synapses. Synaptogenesis describes the complex process of localizing presynaptic release
machinery opposite postsynaptic receptors coordinated by synapse organizing proteins.
Neurotransmission is not required for either excitatory or inhibitory synapse formation (reviewed
in Gamlin et al. 2018), thus much work has been done to determine the molecular mechanisms
that underlie synapse assembly. As at excitatory synapses, transsynaptic proteins, such as
presynaptic neurexins and postsynaptic neuroligins, bring the future pre and postsynaptic
membranes in close apposition. Distinct isoforms of these proteins can preferentially lead to the
formation of excitatory vs inhibitory synapses, and even GABA vs glycinergic synapses. Just as
at excitatory postsynapses, inhibitory postsynapses contain synapse organizing proteins and
receptor clusters. While most excitatory synapses contain PSD95 (postsynaptic density 95

protein) at the postsynapse, inhibitory synapses typically contain gephyrin.
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Inhibitory circuits also undergo changes in signaling and receptor properties with maturation.
During early neural development, neurons have a higher intracellular chloride concentration that
at maturity. Therefore, activation of GABA or glycine receptors causes an efflux of chloride
from the cell and is depolarizing (Ben-Ari 2002). Developmental increases in the expression and
activity of the chloride transporter KCC2 reverses the chloride gradient such that GABA and
glycine receptor activation ‘switches’ from depolarizing to hyperpolarizing (Ben-Ari 2002;
Rivera et al. 1999). Thus, during initial circuit formation, GABA and glycine release is
depolarizing, but becomes hyperpolarizing via a shared KCC2-mediated mechanism. In the
mouse retina, GABA and glycine become hyperpolarizing at P6 (Zhang et al. 2006). Other
developmental ‘switches’ are common during inhibitory circuit development including changes
in receptor subunit composition. Typically, receptors ‘switch’ from slower to faster subunits. For
example, many GABA and glycine receptors change from containing a2 subunits to o1 subunits
which contributes to the faster kinetics of the mature circuit (Okada et al. 2000; Takahashi et al.

1992).

1.5 Organization of the vertebrate retina

The retina is the light-sensitive neural tissue found at the back of the eye, and its proper function
is required for normal vision. The retina is organized into distinct layers, each of which is
comprised of specific cell populations (Figure 1.4A). Additionally, neurons synapse with specific
partners in distinct plexiform layers to form highly conserved circuits. The organization and
compact nature of the retina makes it possible to identify cell types and reconstruct entire circuits
across developmental time points. Thus, the retina provides a unique opportunity for studying the

development of complex neural circuits and the synaptic patterning within those circuits.
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The retina is made up of five neural and one glial cell type, which are organized and synapse
within distinct layers of the retina (Figure 1.4A). Photoreceptors are the light-sensitive neurons
located at the outermost part of the retina, the outer nuclear layer (ONL), and they synapse onto
horizontal cell and bipolar cell (BC) dendrites at the outer plexiform layer (OPL). Bipolar cell
somas reside in the inner nuclear layer (INL) and send axons to synapse onto the dendrites of
retinal ganglion cells forming the inner plexiform layer (IPL). Retinal ganglion cell (RGC)
bodies reside in the ganglion cell layer (GCL) and axons from these cells form the optic nerve,
which exits the eye and sends visual information to other parts of the central nervous system.
Amacrine cells (ACs), which are inhibitory interneurons, are located in either the INL or GCL
and form inhibitory synapses onto bipolar cell axons, retinal ganglion cell dendrites, and other

amacrine cells.

Photoreceptors are comprised of an opsin-expressing, and therefore light-sensing, outer segment
and an inner segment, which contains synaptic release machinery including specialized ribbon
synapses. There are two types of photoreceptors, rods and cones, which can be distinguished by
their morphology, function, and connectivity. Rods express rhodopsin in their outer segments,
which makes them extremely sensitive to light and able to signal the absorption of a single
photon (Baylor et al. 1979). Cones are less sensitive to light because they express different
wavelength-sensitive opsins. Cones allow animals to see at brighter light levels and have color
vision. In the mammalian retina, rods synapse onto rod bipolar cells, whereas cones synapse onto
cone bipolar cells. In response to the absorption of photons, all photoreceptors halt their tonic
release of glutamate at ribbon synapses onto the dendrites of bipolar cells and horizontal cells.
Horizontal cells in turn provide feedback inhibition onto photoreceptor terminals (Drinnenberg et

al. 2018; Baylor et al. 1971).
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Bipolar cells receive input from photoreceptors and extend axon terminals into one of two
distinct plexuses in the IPL of the retina. Bipolar cells that respond to decrements in light stratify
deeper in the IPL (closer to the photoreceptor layer) in the “OFF” layer, whereas bipolar cells
that respond to increments in light stratify further from the photoreceptor layer, in the “ON”
layer of the IPL. All rod bipolar cells stratify in the “ON” layer, whereas cone bipolar cells
stratify in either the “OFF” or “ON” layer. To date there are 14 genetically identified cone
bipolar cells and one rod bipolar cell. Of the cone bipolar cells, 6 are “OFF” and 8 are “ON”
(Shekhar et al. 2016). Each of these bipolar cell subtypes is thought to represent a distinct
pathway of information within the retina (Euler et al. 2014), and each subtype contacts specific
retinal ganglion cell partners (Dunn & Wong 2014). Bipolar cell axons typically provide graded
glutamatergic output at ribbon synapses (Baden et al. 2013) onto the dendrites of retinal ganglion

cells, which also stratify in “OFF”, “ON”, or both IPL layers.

Retinal ganglion cells receive input from bipolar cells corresponding with the IPL layers in
which their dendrites stratify. As such, retinal ganglion cells can be classified as “OFF”, “ON”,
or “ON-OFF”. To date, there are estimated to be at least 32 distinct retinal ganglion cell subtypes
in the mouse retina. Each retinal ganglion cell subtype tiles the retina and is thought to underlie
detection of specific visual features (Baden et al. 2016). Retinal ganglion cell axons bundle
together to form the optic nerve, which leaves the eye and projects to several distinct

downstream visual areas.

Amacrine cells provide GABAergic and glycinergic input onto bipolar cells, retinal ganglion

cells, and other amacrine cells. They are the most morphologically diverse class of neurons in the
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retina, and most amacrine cells have not been morphologically or synaptically characterized yet
(Vaney 1990; Masland 2012; Franke et al. 2017). Due to the high level of morphological
diversity, amacrine cells are often defined by the extent to which their neurites extend, and these
dimensions vary amongst species. Narrow-field amacrine cells tend to be glycinergic and are
thought to mediated local inhibition across retinal layers and along specific parallel channels.
Whereas wider-field amacrine cells tend to be GABAergic and are thought to be involved in

larger-scale visual processing.

The AIl amacrine cell (AIl AC), which is the focus of this thesis, is part of the “rod pathway”
(Famiglietti & Kolb 1975; Strettoi et al. 1992). As described above, rod photoreceptors provide
input to the dendrites of rod bipolar cells. Rod bipolar cells in turn synapse onto two types of
amacrine cells: A17 and AIl ACs. A17s provide inhibitory GABAergic feedback onto the rod
bipolar cell terminal (Nelson & Kolb 1985). AIl ACs receive input form rod bipolar cells at their
distal dendrites and form glycinergic output synapses onto OFF cone bipolar cells and OFF
retinal ganglion cells at specialized presynaptic structures called “lobular appendages”
(Famiglietti & Kolb 1975) (Figure 2.1C). All ACs output synapses onto both bipolar cell and
retinal ganglion cell partners contain the al glycine receptor subunit (Wéssle, Heinze, et al.
2009). AIl ACs are the main conduit for very dim or scotopic light (Nelson & Kolb 1985; Demb
& Singer 2012). The structure and function of rod pathway is highly conserved in mammals,
including mice, rats, rabbits, cats, primates and even humans (Tsukamoto & Omi 2017; Wiéssle
et al. 1993; Strettoi et al. 1992; Famiglietti & Kolb 1975; Wissle et al. 1995; Scher et al. 2003)
making this circuit a useful model for studying circuit development and for the regulation of

synaptic patterning.
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1.6 Development of the vertebrate retina

Neurogenesis and stratification

All cells types within the vertebrate retina (5 neural and 1 glial) are generated from a single
population of retinal progenitor cells (Turner & Cepko 1987). The cell types undergo a final
mitotic division (“born”) in a highly stereotyped and overlapping order (Figure 1.4B). Retinal
ganglion cells are generated first with amacrine cells and cone photoreceptors following closely
afterwards. Rod photoreceptors and horizontal cells are born next. Bipolar cells and Muller glia
(MG) are generated last (Cepko et al. 1996; Young 1985). Thus, cells that reside at the inner and
outermost layers of the retina are generated first, while cells that span layers (BC) or even the
whole retina (MG) are generated later. In mouse development, retinal ganglion cells are born as
early as embryonic day 8 (E8) with a peak in cell birth at E12 (Voinescu et al. 2009). Once
retinal ganglion cells are born, they must migrate basally. At E13 some RGC somata are already
in the appropriate layer and have begun to extend axons towards the future optic nerve (Hinds &
Hinds 1974). Retinal ganglion cells must subsequently elaborate dendritic arbors in the
appropriate lamina and do so as early as postnatal day 3 (P3) (Stacy & Wong 2003). Ganglion
cell dendrites reach their final lamination in a subtype-specific manner with some neurons
targeting the correct layer from the outset while other undergo structural refinement (Kim et al.

2010).

Amacrine cells start genesis after retinal ganglion cells. In mice, amacrine cells are first born
around embryonic day 8 (E8), and peak at E17, but some amacrine cells are generated as late as
P3 (Young 1985; Voinescu et al. 2009). GABAergic and glycinergic amacrine cells are born at

distinct but overlapping times, with GABAergic amacrine cells becoming postmitotic a few days
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before glycinergic amacrine cells (Voinescu et al. 2009). Peak generation of GABAergic
amacrine cells is E14, the peak for glycinergic cells is around PO (Voinescu et al. 2009). ChAT+
starburst amacrine cells (SACs) are some of the earliest born amacrine cells, detectable as early
as E10 (Voinescu et al. 2009). Once amacrine cells are generated they must migrate and extend
processes to the correct lamina. SACs are present in the INL by PO and their processes have
stratified into distinct ON and OFF layers by P3, when RGCs have also begun to elaborate
dendrites (Stacy & Wong 2003). However, work in both zebrafish and mouse retina reveal that
amacrine cell differentiation, migration, and stratification are not dependent on the presence of
retinal ganglion cells (Brown et al. 2001; Wang et al. 2001; Kay et al. 2001). Furthermore, in the
zebrafish retina, ACs preferentially target neurites to the future ON and OFF layers of the retina
(Godinho et al. 2005), indicating they may provide laminar guidance for later born retinal cells.
Some amacrine cells follow a different developmental timeline. In the rabbit retina, AII ACs are
present at birth, but do not have a mature appearance until the end of the 2" postnatal week.
Processes are first visible extending toward the ganglion cell layer, likely putative distal
dendrites, and later processes are visible extending more horizontally, likely putative lobular
appendages (Casini et al. 1998). Murine AIl ACs follow a similar morphological developmental
profile with putative distal dendrites appearing prior to lobular appendages (Rice & Curran
2000). Thus, morphological differentiation can be distinct for different amacrine cell types but

may also be stereotyped for a given amacrine cell type.

Bipolar cells are one of the last cell types generated in the retina. In the mouse, bipolar cells are
first born starting around E18, peaking between P1-3 (Voinescu et al. 2009). They must migrate
past the already present outer retinal layers and extend axons towards their laminating targets,

amacrine cells and retinal ganglion cells. At P3, ON bipolar cell somas are present in the inner
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nuclear layer (Figure 1.4A), and extended processes to the outer and inner limiting membranes
(Morgan et al. 2006). At this stage, short neurites extended from the basal process at many
depths of the retina but extend preferentially in the IPL. By P5, most axonal extensions are
present at the correct layer of the IPL (ON vs OFF), but some processes are present in other
layers of the IPL and in the ganglion cell layers. At PS5, ON BCs are also extending proto-
dendritic processes from the apical neuroepithelia process (Morgan et al. 2006). By P9, most
apical and basal processes have retracted, as BCs take on a more bipolar morphology. While BCs
are the last neural cell types to develop, they can develop and stratify normally in the absence of
retinal ganglion cells (Giinhan-Agar et al. 2000), but mislaminate when amacrine cell lamination
is disrupted (Rice et al. 2001; Kay et al. 2004; Matsuoka, Chivatakarn, et al. 2011). These
findings suggest that amacrine cells may serve as a guide for bipolar cell development. However,
not all amacrine cells contribute to bipolar cell lamination. For example, SACs are not required
for proper bipolar cell ON/OFF segregation (Gunhan et al. 2002; Williams et al. 2001). Thus, it
remains to be determined whether specific AC populations guide BC stratification or whether

these cell types rely on a shared cue.

Synaptogenesis

In the developing mouse retina, conventional synapses (presumed amacrine cell) are observed
first (P3-10), whereas ribbon synapses (excitatory) are observed later (P11-15) (Fisher 1979).
Spontaneous excitatory postsynaptic currents (EPSCs) are observed in RGCs at P7, prior to the
appearance of ribbons, indicating excitatory synapses can be functional prior to the development
of these specialized structures (Johnson et al. 2003; Morgan et al. 2008). During early
synaptogenesis, GABA and glycine mediated transmission is depolarizing, but at P6, GABA and

glycine transmission become hyperpolarizing (Zhang et al. 2006). Thus, when many inhibitory
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synapses are formed (prior to P6), GABA and/or glycine release will depolarize the postsynaptic
cell. At P8, glycinergic inhibitory currents are recorded in OFF bipolar cells, and some of those
currents likely originate from AIl ACs (Schubert et al. 2008). Around this time in retinal
development, rod bipolar cells begin to provide glutamatergic input to AIl ACs (Schubert et al.

2008). Thus, the AIl AC circuit comes “online” around P8.

Cell Death

As we will be studying changes in synaptic patterning that occur with maturation, it is important
to know how the cellular composition of circuits may be altered by apoptosis. In the retina, as in
other neural structures, more cells are generated than will be incorporated into mature circuits,
and thus some neurons will undergo apoptosis during retinal development. Apoptosis of each
retinal cell type generally follows the same developmental sequence as cell genesis (Figure
1.4B). In mouse retina, RGC death largely occurs between P2-4 (Farah & Easter 2005; Young
1985). Amacrine cell death is estimated to occur between P3-7, and bipolar cell death occurs
between P7-11 (Farah & Easter 2005; Young 1985). Of note, the number of cells that undergoes
apoptosis can occur in a subtype specific manner. For example, when apoptosis is blocked in a
Bax KO mouse, the Type 2 bipolar cell population increases by 64%, whereas the Type 3b
bipolar cell population increases by 50%, but Type 4 bipolar cells only increase by 15% (Keeley
et al. 2014). Thus, by the time of eye-opening (~P14) the cellular composition of the retina

should not change much as most cell types have undergone apoptosis.
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1.7 Role of inhibition in the retina

As described earlier, like elsewhere in the CNS, inhibition in the retina plays an important role in
moderating excitation and extending the computations that can be performed by a circuit. The
retina is exposed to visual stimuli that can differ by a factor of over one billion in light level
(Shapely 1984). In order to remain responsive to high light levels that would otherwise quickly
overwhelm highly sensitive circuits, retinal circuits must adapt. Such adaptation has been shown
to occur in response to the absorption of a single photon of light (Dunn & Rieke 2008). At the
rod bipolar cell axon terminal, reciprocal inhibition from GABAergic A17 amacrine cells ‘feeds
back’ onto the rod bipolar cell axon (Nelson & Kolb 1985). This feedback inhibition has been
found to modulate the speed of rod signals within the retina (Dong & Hare 2003). Other
inhibitory ‘motifs’ are seen in neural circuits: feedforward and crossover inhibition (Figure
1.3B). Feedforward inhibition occurs when excitation precedes inhibition within a circuit.
Feedforward inhibition typically occurs when a single presynaptic input drives excitation of both
a primary neuron and an inhibitory interneuron, and the inhibitory interneuron inhibits the
primary neuron. Such feedforward inhibition has been shown to tightly control the timing of
retinal ganglion cell firing (Cafaro & Rieke 2010). Cross-over inhibition occurs when excitation
and inhibition are negatively correlated in a circuit. For example, activity of a single presynaptic
input excites a primary neuron and an inhibitory interneuron. The inhibitory interneuron in turn
inhibits a second primary neuron, causing the two primary neurons to be driven in opposite
directions. The AIl AC drives such crossover inhibition by inhibiting ‘OFF’ retinal ganglion
cells when ‘ON’ retinal ganglion cells are being excited (Pang et al. 2003; Manookin et al.
2008). Cross-over inhibition is thought to contribute to spatial selectivity and edge detection in
the retina (Cafaro & Rieke 2013; Werblin 2010). Inhibition in the retina also underlies direction

selectivity. As described earlier in section 1.4, direction selectivity arises from the specific
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wiring of starburst amacrine cell (SAC) quadrants with direction-selective retinal ganglion cell
dendritic arbors. This circuitry has been described in both mouse and rabbit (Wei et al. 2011;
Ghosh et al. 1990). Thus, many of the specific computations performed in the retina rely on
inhibition, yet much remains unknown regarding the development of the retina’s key inhibitory

circuits.

1.8 Thesis Overview

In my thesis, I examined how an individual neuron establishes its stereotypic pattern of synaptic
divergence and explored potential cellular mechanisms that underlie this process. I focused on
the development of the AIl amacrine cell (AIl AC), because it has a biased divergent synaptic
pattern and all of its postsynaptic partners are confined to the retina. First, I used confocal
microscopy and immunohistochemistry to label and reconstruct the morphological development
of the AIl AC. Next, I used serial blockface electron microscopy (SBFEM) to map the output
synapses and postsynaptic partners of individual AIl ACs at postnatal day 24 (P24). I confirmed
earlier studies that showed that both bipolar cells and retinal ganglion cells are the major and
minor postsynaptic partners of the AIl AC, respectively. Having determined the mature
connectivity map of the AIl AC for comparison, I then examined the connectivity map of All
ACs at P11 to determine whether the major postsynaptic partner is established prior to eye-
opening (~P14) and whether there are changes in the AIl AC synapse distribution pattern with
maturation. I found that bipolar cells receive more synapses than other partner cell types (RGCs
and ACs) prior to eye-opening, and that this bias increases with maturation. I also found that
individual presynaptic neurons can undergo partner-specific changes in connectivity.
Additionally, I attempted to gain insight to the mechanisms underlying the development and

maintenance of AIl AC output structures and synapses using a combination of transgenic mouse
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lines and optic nerve sectioning. The preliminary results from these experiments suggest that rod
pathway activity is not required for AIl AC development, output structure growth, or
synaptogenesis with the major postsynaptic partner. AIl ACs cannot fully compensate for the
loss of synaptic partners by increasing synapses onto surviving partners. Furthermore, loss of a
minor postsynaptic partner in the mature circuit does not induce changes in synaptic connectivity
with the major postsynaptic partner, suggesting that synapses onto distinct partners may be

regulated independently.



1.9 Figures
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Figure 1.1 Circuit motifs and cellular strategies for achieving biased synaptic divergence.

A. Circuit connectivity motifs. B. Preferential synaptogenesis occurs when synapses are added
onto one partner over others. Pruning occurs when synapses are eliminated onto a partner.
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Figure 1.2 Molecular mechanisms underlying the establishment of biased connectivity.
A. In wildtype zebrafish retina, H3 horizontal cells (H3 HC) preferentially contact UV cones

over blue cones in a 5:1 ratio. Loss of transmission from UV cones (faded) leads H3 HC to
contact more blue cones, but loss of transmission from blue cones does not alter H3 HC
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connectivity with UV cones (Yoshimatsu et al. 2014). B. During normal development,
thalamocortical axons preferentially expand axon territories and synapses to layer 4 versus layer
6 of the somatosensory cortex. Trimming the whiskers of young postnatal mice leads to sensory
deprivation of the barrel cortex (whisker-representation in somatosensory cortex). Whisker-
trimming results in a failure of thalamocortical axons to expand in layer 4, but does not affect
connectivity in layer 6 (Crocker-Buque et al. 2015). C. In wildtype animals, sensory-motor
neurons synapse onto pools of motor neurons that feedback onto the same muscle
(homonymous) or other muscle (heteronymous) from which the sensory-motor neuron receives
input. Typically, sensory-motor neurons form more synapses onto homonymous than
heteronymous motor pools. When the sensory-motor neurons are silenced with tetanus toxin
(fade), they form more synapses onto heteronymous motor pools. D. In c. elegans, cholinergic
neurons (grey) form synapses onto GABAergic motor neurons (red) and muscles (orange).
Cholinergic neurons express Neurexin (Nrx-1) specifically at synapses with GABAergic
neurons, and loss of Nrx-1 results in loss of synapses onto GABAergic but not muscle partners
(Philbrook et al. 2018).
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Figure 1.3 Motifs of synaptic and circuit inhibition.

A. Forms of synaptic inhibition. Presynaptic inhibition occurs when inhibition is applied at the
presynaptic side (green) of a synapse. Postsynaptic inhibition occurs when inhibition is applied
onto the postsynaptic cell (orange). B. Motifs of circuit inhibition. Feedforward inhibition
occurs when a single presynaptic cell (green) drives both excitation and inhibition onto the same
partner (orange) via direct excitation and excitation of an intermediate inhibitory interneuron
(red). Feedback inhibition occurs when a neuron (red) inhibits the neuron that drives it (green).
Crossover inhibition occurs when the activity of one presynaptic neuron (green) drives both
excitation and inhibition of distinct pathways (orange vs. blue).
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Figure 1.4 Organization and developmental timeline of the vertebrate retina.

A. Schematic of the vertebrate retina. Photoreceptors (rod and cones) are light sensitive neurons
that synapse onto bipolar cells (BCs) at the outer plexiform layer (OPL). BCs in turn synapse
onto retinal ganglion cells (RGCs), the sole output neuron of the retina, at the inner plexiform
layer (IPL). The IPL can be subdivided into OFF and ON layers, where BCs and RGCs that
preferentially respond to decrements and increments of light stratify, respectively.

Horizontal cells (HC) provide inhibition at the photoreceptor to bipolar cell synapse in the OPL.
Amacrine cells (ACs) provide GABA and glycinergic inhibition onto BCs and RGCs in the INL.
ONL: Outer nuclear layer, somas of photoreceptors. OPL: Outer plexiform layer, synapses
between photoreceptors and BCs. INL: Inner nuclear layer, somas of BCs and ACs. IPL: Inner
plexiform layer, synapses between BCs, ACs, and RGCs. GCL: Ganglion cell layer, somas of
RGCs. Figure adapted from (D’Orazi et al. 2014) B. Developmental timelines for retinal
ganglion cells (yellow), amacrine cells (blue), and bipolar cells (magenta). Colorful plots show
timing of cell genesis by cell type. Red bars indicate periods of apoptosis for each cell type
during development.
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CHAPTER 2: Determining the cellular strategies underlying the development
of biased synaptic divergence.

2.1 Introduction

During development, neurons must not only target the correct postsynaptic partners, but also
establish their stereotypic patterns of synaptic connections with those partners. Establishing
the appropriate circuit patterns is necessary because connectivity errors lead to circuit
dysfunction. There are two broad circuit patterns that are adopted by the majority of neurons
in the nervous system: Synaptic convergence and divergence. Synaptic convergence
involves multiple neurons and neuronal cell types providing input that is integrated by a
common postsynaptic partner. Synaptic divergence entails an individual presynaptic neuron
synapsing onto multiple, and often distinct postsynaptic partner types. Synaptic divergence
is important for parallel processing of information and noise reduction within a circuit (Asari
& Meister 2012; Kazama & Wilson 2009; Jeanne & Wilson 2015; Pelkey et al. 2006; Toth

et al. 2000).

Much is now known concerning the developmental mechanisms that regulate synaptic
convergence (Kerschensteiner et al. 2009; Morgan et al. 2011; Okawa et al. 2014), but
despite synaptic divergence being a common circuit feature, much remains unknown
regarding the mechanisms that underlie the development of stereotypic patterns of synaptic
divergence. This is especially the case when the presynaptic cell is inhibitory and when
postsynaptic partners receive unequal numbers of synapses from the presynaptic cell. Filling
this gap in knowledge has not been straightforward, largely because reconstructing and
quantifying the number of synapses distributed across postsynaptic partners from an

individual axonal terminal is difficult for long-range projecting neurons. We thus sought a



compact circuit which demonstrates biased connectivity in favor of one postsynaptic partner
type over others and used both light microscopy and serial block-face scanning electron
microscopy (SBFSEM) to reconstruct connectivity across ages. We investigated whether
biased synaptic divergence is established from the outset of circuit formation, or whether the
initial circuitry undergoes changes over the course of development, and how the final

circuitry is established.

The circuit we focused on is part of the rod pathway of the vertebrate retina that mediates
scotopic, or night-time vision (Volgyi et al. 2004; Nelson & Kolb 1985), and is highly
conserved across mammals (Famiglietti & Kolb 1975; Vaney 1985; Chun et al. 1993;
Waissle et al. 1993; Wissle et al. 1995; Massey & Mills 1999). Rod photoreceptors input
onto rod bipolar cells (BCs), which in turn provide excitatory drive onto the distal dendrites
of AII amacrine cells (AIl ACs), a narrow-field glycinergic interneuron. AIl ACs form
output synapses at lobular appendages located at the proximal end of the cell onto distinct
classes of retinal neurons (Fig 2.1A). Inhibition from the AIl AC occurs at synapses on the
dendrites of retinal ganglion cells (RGCs), which hyperpolarize to increasing illumination
(OFF RGCs), and at the axon terminals of OFF bipolar cells (BCs), regulating glutamate
release from the BCs onto the RGCs. Previous electron microscopy reconstructions from
rabbit and mouse retina revealed that an individual AIl AC forms a greater number of
synapses onto BC partners than onto retinal ganglion cells (RGCs) (Jeon et al. 1998; Marc et

al. 2014; Tsukamoto & Omi 2017; Graydon et al. 2018).

The developmental strategies that regulate how the AIl AC achieves its biased connectivity

are unknown. Further, the two cell classes contacted by AIl ACs, the BC and RGCs, are
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born and differentiate at different times (Young 1985). By birth, ganglion cells including
OFF type GCs, have already elaborated dendrites in the inner plexiform layer (IPL) of the
retina, at a level where the AIl AC extends its primary stalk. At postnatal day 5 (P5), BC
axon terminals are just beginning to elaborate within the IPL and continue to grow in size
over the subsequent weeks (Morgan et al. 2006). Thus, because AIl ACs are born just prior
to birth (Voinescu et al. 2009), they initially develop in a landscape where only the ‘minor’
GC postsynaptic partners are present. This raises the intriguing question of how late-arriving
postsynaptic targets attain the majority of synapses from a presynaptic cell. We thus
followed the morphological development and connectivity of the AIl AC at early postnatal
ages and determined the strategies by which this interneuron achieves its synaptic
divergence pattern, considering the potential roles of preferential and differential timing of

synaptogenesis, as well as synapse elimination.

2.2 Experimental Procedures

Transgenic Mice
All procedures were conducted in accordance with University of Washington Institutional
Animal Care and Use Committee guidelines. CDH1-GFP mice were used in this study (Firl

etal. 2015).

Immunohistochemistry
Mice were deeply anesthetized with Isoflurane, cervically dislocated or decapitated, and
enucleated. Retinas were dissected in oxygenated mouse artificial cerebral spinal fluid

(mACSF, pH 7.4) and flat mounted on filter paper (Millipore, HABP013). Once mounted
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retinas were fixed for 15 minutes in 4% paraformaldehyde. Retinas were then rinsed with
p y

PBS in 3, 10 minute washes and incubated in blocking solution containing 5% normal

donkey serum and 0.5% Triton X-100 overnight at 4° C. Retinas were then incubated with

primary antibodies in blocking solution for approximately 72 hours at 4° C. Retinas were

rinsed 3-10 minute washes of PBS and then incubated with secondary antibodies in PBS

solution overnight at 4° C. Retinas were washed 3, 10 minutes with PBS then mounting on

slides with Vectashield anti-fade mounting medium (Vector Labs). Slides were

subsequently imaged.

Antibodies

Table 2.1 — Primary Antibodies

30

Antibody Host Working Source
species Concentration

anti-GFP Chicken, 1:1000 Abcam
polyclonal

anti- GlyRol1 Mouse, 1:1000 Synaptic Systems
polyclonal

anti- Mouse, 1:1000 Znp-1, Zebrafish

Synaptotagmin-2 polyclonal International

Resource Center
Table 2.2 — Secondary Antibodies
Secondary Host species Working Source
Concentration

anti-chicken Donkey 1:1000 Jackson

Dylight 488 Immunoresearch

anti-mouse Goat 1:1000 Synaptic Systems

IgG1 568
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anti-mouse Donkey or Goat 1:1000 Jackson

IgG2a 647 Immunoresearch

Confocal Image Acquisition
Image stacks were acquired on an Olympus FV1000 microscope using a 60x oil-immersion
objective with 1.35 NA. Images were acquired at 0.051 x 0.051 x 0.3 um per pixel x-y-z

resolution.

Image Analysis

Image stacked were median filtered in FIJI (NIH). Maximum intensity images were
visualized in Amira (FEI). To quantify lobular appendage volume, processes of individual
AIl ACs were traced in 3D using the labelfield function in Amira. Lobules were traced
from individual AIl AC somas, but somas and central shafts were excluded for final masks.
These binary masks were exported to Matlab and custom scripts were used for
quantification of volume. To determine the total number of output synapses, entire AIl AC
somas and lobular appendages were masked in Amira using the labelfield function. This
binary mask was multiplied by the thresholded receptor signal using the Arithmetic
function in Amira. The threshold for the receptor signal was determined by the image
statistics of the channel as measured by FIJI. Thresholds were 6 standard deviations above
the mode pixel intensity, which is an approximation of “noise” within the channel. To
determine which puncta were apposed to Type 2 BCs, the thresholded receptor label within
the AIl AC mask, was multiplied by the binary mask for the Type 2 BC signal (Hoon et al.
2017). All AC puncta were visually confirmed to be between both cells before they were

quantified.
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Serial Blockface Tissue Preparation
Retinas were dissected as described above, but were then fixed with 4% gluteraldehyde in

0.1 M sodium calcodylate buffer, pH 7.4 at room temperature.

Statistical Analyses
Values were averaged and presented as + standard error of the mean (SEM). Comparisons
between averages were made using the Wilcoxon Rank Sum Test. Comparisons of

distributions was made using Kolmogorov-Smirnov tests.



2.3 Results

AlIl AC output structures develop after their input structures are formed.

Previous studies in rabbit retina reported the appearance of parvalbumin positive processes
in the inner part of the IPL prior to the emergence of such processes in the outer IPL (Casini
et al. 1998) and in mouse retina, the appearance of individual Dabl positive processes
extending towards the IPL (Rice & Curran 2000). These observations suggest that AIl
amacrine cells establish their distal dendrites before elaborating their output structures, the
lobular appendages. To determine whether mouse AIl ACs adopt a similar developmental
sequence, we followed the morphological changes of mouse retinal AII ACs across postnatal
development. We used CDHI-GFP transgenic mice (Figure 2.1B,C,D), in which the
majority of AIl ACs express GFP, to visualize these amacrine cells from postnatal day 4
(P4) to adulthood. Because lobular appendages of neighboring AIl ACs do not overlap, we
were able to digitally isolate these structures for individual cells across ages [see methods]
(Figure 2.1D). Although distal dendrites were present, no clear proto-lobular appendage
extensions were seen at P4. Thin and short GFP-positive processes were first visible at P6,
but became more evident with age and developed lobular structures (Figure 2.1D). Thus,
like the rabbit retina, mouse AIl ACs also first form distal dendrites prior to the emergence
of lobular appendages. Quantitation of the volume of the lobular appendages [see methods]
further demonstrated significant growth of these structures with age, especially from the

time of eye-opening i.e. after P14 (Figure 2.1E).
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Synaptic divergence occurs before eye opening and is shaped by partner-specific

changes in connectivity.

We next sought to determine when synapses from AIl ACs onto postsynaptic partners are
established. In addition, we mapped the pattern of connectivity between developing AIl ACs
and each postsynaptic cell class. To do so, we performed serial blockface electron
microscopy (SEBFEM) on P11 (before eye-opening) and P24 mouse retinas, at a more
mature stage. We identified AIl ACs from the characteristic dyad synapse between rod
bipolar cells, AIl ACs, and A17 amacrine cells (Raviola & Dacheux 1987). From these
synaptic sites, we followed AIl AC distal dendrites to their somata and traced the lobular
appendages emerging from the cell. We then identified and quantified all output synapses of
the AIl AC (Figure 2.2A,B), noting their location on the cell (Figure 2.2A). We then
reconstructed the processes of postsynaptic partner types within the imaged volume (Figure
2.2 C). Postsynaptic partner types were identified by their morphology and synapse

specializations [see Methods, Supplementary Figure S2.1].

Individual AIT ACs showed a significant increase in their total number of output synapses
from P11 to P24 (43.3 £ 2.8 SEM to 66 + 4.1 SEM, p = 0.029, n =4,4). At P11, the AIl ACs
had already formed synapses with bipolar cells, retinal ganglion cells, and amacrine cells.
Comparison of synapse numbers that individual AIl ACs formed onto each partner class at
both P11(n=4) and P24 (n=4) revealed cell class-specific changes in connectivity. The
number of synapses formed onto retinal ganglion cells did not change between these two
ages (10.8 £1.9 SEM to 8.0 = 0.7 SEM, p = 0.314); however, the number of synapses onto
bipolar cells increased almost three-fold (21.3 £ 1.5 SEM to 57 = 4.6 SEM, p = 0.029, n =

4,4). In contrast, the number of synapses onto amacrine cells decreased significantly (10.8 +
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1.7 SEM to 1.00 £ 0.7 SEM, p = 0.029, n = 4,4) (Figure 2.2B). These disparate changes in
synapse number with each cell class results in a disproportionate increase in connectivity

with bipolar cells (Figure 2.2B).

To determine whether these synaptic changes reflect alterations in the number of
postsynaptic partners within each class, we quantified the number of each partner type with
an individual AIl AC at both ages (Figure 2.2D). There is no significant difference in the
total number of postsynaptic partners (25 £ 3.1 SEM to 19.8 £ 0.9 SEM, p = 0.3) or the
number of retinal ganglion cell partners between P11 and P24 (8 £ 0.7 SEM to 5.5+ 0.9, p =
0.086). Although not statistically significant, there is a trend towards an increase in the
number of bipolar cell partners with age. In contrast, there is a significant decrease in the
number of amacrine cell partners with maturation (9.5 = 1.9 SEM to 1.00 = 0.7 SEM, p =
0.029). Overall, the proportion of partners that are bipolar cells increases with maturation
(30.1% =+ 1.8 SEM to 66.7% + 6.2 SEM, p = 0.029). Together these results suggest that
changes in the number of postsynaptic partners contribute to the alterations in synapse

number with each cell class.

Collectively, these findings demonstrate that synaptic divergence from AIl ACs onto distinct
postsynaptic partner classes is present before eye-opening but continues to refine in a partner

class-specific manner with maturation.

Synaptogenesis onto bipolar cells increases non-uniformly across partners.

Although AIl ACs increase the number of synapses formed onto bipolar cells with

maturation, there is no corresponding increase in the number of bipolar cell partners (Figure
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2.2B,D). Thus, we determined whether an AIl AC increases synaptic contact across all
bipolar cell partners uniformly, or whether synaptogenesis occurs preferentially with a
subset of partners. If synaptogenesis occurs uniformly across all bipolar cell partners, there
would be an increase in the average number of synapses between all AII-BC pairs, which we
did not find (P11: 2.8 + 0.4 SEM; P24: 4.3 + 0.7 SEM, p = 0.39, n = 4,4). However, with
maturation a subset of bipolar cells received many more synapses than the majority of the
partners (Figure 2.3A,B), thus, the maximum number of synapses that an AIl AC formed
onto an individual BC increased between P11 and P24 (6 + 1.2 SEM to 20.5 £ 2.9 SEM, p =
0.03 Ranksum test, n = 4,4). These findings show that during maturation, AIl ACs increase
the number of synapses onto a few, but not all BC partners. One reason that only some
bipolar cell partners receive many more synapses from an AIl AC could be because their
axons are in closer proximity and overlap more with the AIl AC lobular appendages (Peter’s
rule-like) (Rees et al. 2017). We thus traced the appositions of all bipolar cell partners with
their AIl AC partners at P24 and generated a measure of overlap (see methods). We found
that the number of synapses a BC receives is positively correlated with the amount of
overlap of the BC axon terminal and the AIl AC (R? = 0.9, Linear Fit: y = 1.7e-07*x —
0.088), supporting Peter’s rule (Rees et al. 2017) (Figure 2.3C, S2.1). When we look at the
morphology of the most highly connected bipolar cell partner for three neighboring All
ACs, we find that the bipolar cells show similar axon morphology (branching near the AIl
AC soma and extending processes downwards into the IPL) and that their axons do not
overlap (Figure 2.3D). These anatomical features suggest that these cells are the same type
of bipolar cell; however, as we cannot reconstruct the dendritic arbors of the bipolar cells

due to the physical limits of the EM block, we cannot definitely classify each bipolar cell by

type.
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Previous EM reconstructions reveal that mature AIl ACs provide the majority of their
synapses onto Type 2 BCs (Tsukamoto & Omi 2017). Because our reconstructed volume
could not extend beyond the INL, we used immunocytochemistry to identify Type 2 BCs
under light microscopy. We used this approach and immunolabeling for the glycine receptor
subunit alphal in the CDHI-GFP line (Figure 2.4A) to determine whether AIl ACs
preferentially synapse with Type 2 BCs during development. Light microscopy also enabled
us to sample many more ages across development compared to serial blockface EM. We
validated our light microscopy data by comparing the total number of output synapses
formed by individual AIIl ACs numbers we obtained from SBFSEM and found them to be

comparable (Supplementary Figure S2.1C).

We next compared the number of synapses an AIl AC forms onto the Type 2 BCs with the
total number of synapses onto bipolar cells from our EM reconstructions (Figure 2.4B). At
P24, our EM reconstructions suggest that an AIl AC forms on average of about 60 synapses
with bipolar cells, however, by extrapolation, only about 27 synapses are formed with Type
2 BCs (Figure 2.4B). This suggests that other bipolar cell types besides the Type 2 are also
partners of the AIl AC at P24. Interestingly, synaptogenesis with bipolar cells between the
first and second postnatal weeks appears to largely be with Type 2 BCs. The P11 EM
reconstructions revealed that all bipolar cells receive approximately 21 synapses whereas we
estimate that Type 2 BCs receive approximately 14 synapses (or 66% of the BC synapses).
Thus, throughout development, AIl ACs increase synaptogenesis with bipolar cells,
although before eye-opening, synaptogenesis appears biased towards a preferred (T2)

bipolar cell type.
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Distribution of synapses across AII-RGC pairs is invariant with age.

Despite the lack of changes in the connectivity between an AIl AC and the population of
retinal ganglion cell partners, it remains possible that with maturation there is re-allocation
of the number of synapses amongst individual ganglion cell partners. To determine whether
this occurs, we compared the distribution of synapses onto individual retinal ganglion cells
in the EM reconstructions (Figure 2.5A). We found that there is no significant difference
between the average number of synapses that AIl ACs provide onto individual RGC partners
between ages (P11: 1.3 = 0.2 SEM; P24: 1.5 £ 0.2 SEM, p = 0.33). The distribution of AIl
AC synapses across retinal ganglion cells follows a similar distribution at P11 and P24 (KS
test could not reject the null hypothesis) (Figure 2.5B).

Our analysis suggests that synaptic connectivity between AIl ACs and their RGC partners is

established early in development and maintained thereafter without additional refinement.

Synapse elimination refines AIl AC connectivity with amacrine cells.

All ACs initially form many synapses with amacrine cells, but connectivity with amacrine
cells decreases with maturation (Figure 2.2B). At P11, the neurites of most amacrine cells
postsynaptic to AIl ACs laminated narrowly in the IPL (Figure 2.6A). The processes of
these amacrine cells rarely branched (within the reconstructed volume) and resembled those
of GABAergic wide-field amacrine cells (Figure 2.6A). Each contacted amacrine cell
process received a single synapse from the reconstructed AIl AC (Figure 2.6B,C).
Furthermore, like another described wide-field amacrine cell (Briiggen et al. 2015), the AC
partners of the AIl AC form output synapses (Figure 2.6C) along the length of the same

process where they receive input with no clear spatial segregation of inputs and outputs
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(Figure 2.6D). The morphological similarities and stratification levels of the postsynaptic
amacrine cell processes suggest that they likely belong to a single type of amacrine cell.
Synapses with such wide-field amacrine cells were observed in all four reconstructed P11
AIl ACs. Surprisingly, these wide-field processes were rarely encountered postsynaptic to
the P24 AIl ACs (Figure 2.6A). In one of four reconstructed P24 AIl ACs, the AIl AC
synapsed with another type of amacrine cell that stratified broadly throughout the IPL. Thus,
our results suggest that the developmental loss of synapses from AIl ACs onto other

amacrine cells is due to the elimination of synapses with wide-field AC partners.
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2.4 Discussion

While synaptic divergence is a common circuit motif, the cellular strategies that shape the
final synaptic distribution pattern of a single presynaptic cell onto distinct targets remain
largely unknown. Our study demonstrates that an individual neuron can employ multiple
cellular strategies to reach a biased synaptic connectivity pattern. We determined that AIl
ACs undergo cell class-specific synaptogenesis and rewiring to achieve their mature
synaptic divergence pattern. Furthermore, these strategies do not necessarily apply evenly
across a cell class, as synaptogenesis can occur non-uniformly across postsynaptic partners

of the same type.

AlI output structures elaborate when all postsynaptic partners are present.

All ACs do not begin to develop lobular appendages until their major postsynaptic partners
(bipolar cells) extend axon branches into the IPL. This finding is surprising given that other
targets of the AIl amacrine cells, the retinal ganglion cells, are present and have elaborated
their dendrites in the IPL at least a week before bipolar cells differentiate. Moreover, in
other neural circuits, axons can elaborate prior to the availability of their final postsynaptic
targets. For example, axons from the entorhinal cortex and contralateral side of the
hippocampus enter the hippocampus before their targets, pyramidal cell dendrites, develop
(Review Chao et al. 2009). Entorhinal and commissural axons form synapses onto
intermediate targets, Cajal-Retzius cells and GABAergic interneurons, respectively. Once
the entorhinal and commissural axons form synapses onto pyramidal dendrites, both
intermediate target cell populations undergo apoptosis (Super et al. 1998). Loss of Cajal-

Retzius cells prevents entorhinal axons from entering the hippocampus (Del Rio et al. 1997),
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revealing the necessity of these targets for proper circuit formation. Intermediate synaptic
targets are not unique to the hippocampus, as corticogeniculate axons form synapses onto
subplate neurons until layer 4 neurons develop (Ghosh et al. 1990). Thus, axons can
elaborate lamina-specific arborizations prior to the development of postsynaptic targets but
may require a transient synaptic partner. Axons can also extend beyond the region where
they will eventually elaborate. For example, retinal ganglion cell axons project along the
length of the superior colliculus, often overshooting their final target regions. With
maturation, retinal ganglion cells eliminate ‘overshooting’ arbors and elaborate processes in
the correct target region (Simon et al. 1992). Thus, output structures can develop beyond
their final targets and undergo subsequent remodeling. In our study, we describe a cell that
does not develop an output structure even when postsynaptic partners are present, but
appears to ‘wait’ until the dominant postsynaptic partner elaborates its processes. The timing
of AIl AC lobular appendage growth suggests a role for bipolar cells as a potential source of
an instructive cue. As bipolar cells are both the major pre- and postsynaptic targets of All

AC, the cue could be mediated by synaptic transmission or be target-derived.

Neurotransmission has been shown to shape the development of both dendritic and axonal
structures across neural circuits (reviewed Bleckert & Wong 2011). Glutamatergic,
cholinergic, and GABAergic signaling can promote filopodial and dendritic motility
(Maletic-Savatic 1999; Wong et al. 2000; Wong & Wong 2001). Glutamatergic signaling
can promote spine growth (Engert & Bonhoeffer 1999) and expansion of dendritic arbors
(Elias et al. 2018). Axonal growth can also be shaped by circuit activity. For example,
activity-dependent competition determines which motor-neuron ‘wins’ and eventually

occupies the entire neuromuscular junction for a given muscle (Sanes & Lichtman 1999).
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Activity-dependent competition can also determine the axon territory of neurons along the
visual pathway. Monocular deprivation (closing one eye) leads to a loss of axonal territory
for neurons carrying information from the deprived eye and an expansion of territory for
neurons carrying information from the spared eye at both the a retinorecipient area, lateral
geniculate nucleus, and primary visual cortex (Wiesel & Hubel 1963; Hubel et al. 1977,
Katz, LC; Shatz 1996). Thus, the activity of the rod pathway as conveyed by rod bipolar

cells may instruct the development of AIl AC lobular appendages.

Target-derived cues may drive lobular appendage extension. One potential bipolar cell-
derived cue could be cadherins. Cadherins can bind homophilically (Takeichi 1995) or
heterophilically (Brasch et al. 2018) and have been shown to direct neurite growth to
specific retinal layers (Yamagata & Sanes 2008) and are expressed by murine amacrine cells
(Honjo et al. 2000). AIl ACs form some ectopic processes, although many lobular
appendages remain when, Fat3, an atypical cadherin, is genetically ablated from amacrine
cells (Deans et al. 2011). Recent transcriptomic profiling of the retina has found that OFF
bipolar cells express genes for cadherins and protocadherins (Shekhar et al. 2016).
Furthermore, cell adhesion molecules, such as N-CAM, can promote the neurite extension of
GABAergic amacrine cells in vitro (Kljavin et al. 1994). Thus, cell adhesion molecules may
play a role in directing lobular appendage and OFF BC axon growth, but a candidate
molecule has yet to be identified. AIl ACs express Disabledl (Dabl) (Rice & Curran 2000),
an intracellular signaling molecule that is downstream from Reelin, a secreted glycoprotein
which plays a role in cell positioning and dendritogenesis during CNS development (Rice et
al. 2001; Nichols & Olson 2010). Mice lacking Reelin or Dabl have normal retinal

lamination, but AIl AC lobular appendages are sometimes shifted towards the ON lamina
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(Rice et al. 2001). Therefore, AIl ACs do not require normal Reelin signaling for lobular

appendage outgrowth, but Reelin may influence lobular appendage lamination.

Cellular strategies for achieving biased connectivity

Neurons can achieve biased connectivity with specific postsynaptic partners via several,
distinct cellular strategies. Biased connectivity could be set up by preferential
synaptogenesis, which occurs when the presynaptic cell continues to add synapses onto one
partner. For example, in primary somatosensory cortex, thalamocortical (TC) axons
initially form equal numbers of synapses onto layer 4 and layer 6 neurons, but
preferentially add synapses onto layer 4 (L4) neurons during development (Figure 1.2 B
(Crocker-Buque et al. 2015)). Additionally, neurons may undergo selective pruning to
achieve a final biased connectivity pattern. For example, in the spinal cord, individual
sensory-motor neurons form equal numbers of synapses onto two motor neuron partners
but remove synapses onto the minor partner during development (Figure 1.2 C)
(Mendelsohn et al. 2015). Our current study showed that these cellular strategies are not
mutually exclusive and that a single presynaptic neuron can differentially regulate

connectivity across partners.

Altered activity has been shown to prevent preferential synaptogenesis and pruning in
thalamocortical and spinal cord circuits, respectively (Crocker-Buque et al. 2015;
Mendelsohn et al. 2015); however, in these circuits, changes in activity did not interfere
with the maintenance of synapses onto other targets (Crocker-Buque et al. 2015;
Mendelsohn et al. 2015). These results indicate that activity-mediated mechanisms can

underlie both preferential synaptogenesis and pruning, and that distinct mechanisms may



work in concert to regulate connectivity across partners. There is evidence to suggest,
however, that activity-mediated mechanisms may not underlie AIl AC preferential
synaptogenesis with bipolar cells. In mice lacking vesicular inhibitory amino acid
transporter (VIAAT) in the retina, inhibitory retinal interneurons no longer release
neurotransmitter (Wojcik et al. 2006), but Type 2 bipolar cells continue to express normal
numbers of al-subunit containing glycine receptors, which are likely from AIl ACs (Hoon
et al. 2015). Thus, inhibitory neurotransmission from the AIl AC may not be necessary for

its synaptogenesis with bipolar cells.

Molecular mechanisms have also been found to regulate synaptic connectivity with distinct
postsynaptic partners. For example, cholinergic motor neurons in C. elegans express
Neurexin, a GABAergic or glutamatergic synapse organizing protein (Graf et al. 2004), at
synapses with GABAergic neurons, but not at synapses onto muscles (Philbrook et al.
2018). Thus, individual neurons may independently regulate connectivity with different
postsynaptic partners through expression of specific synapse organizing proteins.
Therefore, it is possible that both activity-dependent and activity-independent mechanisms
can independently regulate connectivity onto distinct postsynaptic partners in a divergent
circuit. Which mechanisms are employed by the AIl ACs to target bipolar cells and
ganglion cells and whether connectivity with specific partners is regulated separately

remains unknown.

Although we show that AIl ACs preferentially synapse onto bipolar cells, we find that
synaptogenesis is not uniform across this partner population. We found that the number of

synapses a bipolar cell partner receives from an AIl AC correlates with the amount of



surface area overlap between the two cells. Our findings are predicted by a variant of Peter’s
rule. Classically Peter’s Rule refers to the colocalization of neural processes as a predictor of
synaptic contact between neuron classes (Peters & Feldman 1976). More recently,
neuroscientists have extended this “rule” to predict whether surface overlap correlates with
the number of synapses between cell pairs (Rees et al. 2017). We considered a variant of
Peter’s rule that is applied specifically to bipolar cells that are postsynaptic to AIl ACs, as
surface overlap was also observed between AIl ACs and bipolar cells that did not receive
synapses. We found that there is a high correlation between the overlap of an AIl amacrine
cell and its bipolar cell partner and the number of synapses that bipolar cell receives. The
cellular mechanisms that establish the degree of surface overlap between AIl ACs and their

bipolar cell partners remain unknown.

During circuit development, neurons often form more connections than will persist in
maturity, requiring refinement or pruning. Typically, the number of synapses between
neurons will be reduced by synapse elimination, but the connection between partner types
remains (Reviewed by Sanes & Yamagata 2009; Gamlin et al. 2018); however, the AIl AC
does not maintain any synapses onto wide-field amacrine cells, losing this cell type as a
partner. Neurons sometimes form synapses onto partners that later undergo apoptosis.
Connectivity with these “transient” partners plays an important role in both the development
and maturation of the circuit. For example, Cajal-Retzius cells and subplate neurons receive
synaptic input from neurons whose final postsynaptic partners have not yet developed, thus
they serve as an intermediate target until the appropriate targets arrive (Reviewed by Chao et
al. 2009). As AIl AC lobular appendages do not elaborate until bipolar cells are present, it is

unlikely that these wide-field amacrine cells serve as an intermediate target. Furthermore,

45



wide-field amacrine cells with similar morphology and stratification to those postsynaptic to
the AIl AC have been observed within the mature mouse retina (Helmstaedter et al. 2013)
and most amacrine cells have undergone apoptosis by P7 (Farah & Easter 2005; Young
1985), suggesting that these partners may remain after synaptic pruning. Transient synapses
can also be formed between surviving cells (Reviewed by Kerschensteiner 2014). For
example, in the retina, starburst amacrine cells initially form both GABAergic and
cholinergic synapses onto each other, but cholinergic synapses are eliminated with
maturation (Ford & Feller 2012). In the cerebellum, Purkinje cells synapse onto each other
during the first postnatal week, and these transient connections propagate waves of
spontaneous activity within the circuit (Watt et al. 2009). Spontaneous correlated activity
(such as retinal waves) has been shown to influence circuit development (e.g. refining
retinotopic maps and segregating inputs from different eyes) in downstream areas (Wong
1999) and thus serves an important developmental role. At P11, when the AIl AC is
synapsing onto widefield amacrine cells, spontaneous glutamatergic waves are present in the
retina. AIl ACs are known depolarize during the ON phase of the glutamatergic retinal
waves (Akrouh & Kerschensteiner 2013) and provide cross-over inhibition onto OFF RGCs
following ON pathway activation (Manookin et al. 2008). Thus, AIl ACs may inhibit their
widefield ACs partners (serial inhibition) during the ON phase of the glutamatergic wave.
Future experiments will be necessary to determine whether AIl AC synapses onto widefield

amacrine cells play a role in glutamatergic retinal wave generation and propagation.

In summary, we found that AIl ACs, a retinal interneuron, develop presynaptic structures
and form glycinergic synapses with a ‘delay’ relative to the differentiation of their input

structures that are contacted by rod bipolar cells. Furthermore, preferential synaptogenesis
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and partner-specific pruning of synapses occurs in parallel to shape the final stereotypic
synapse distribution pattern. Lastly, the timing of postsynaptic partner development does not
predict whether that partner is ‘preferred’ even at early stages of synaptogenesis. Thus, the
development of biased synaptic divergence is a highly complex process that occurs in a time

and partner-specific manner.
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Figure 2.1. Schematic of Rod Pathway and Characterization of AIl AC morphology
A. Schematic of the rod pathway in the mammalian retina. Plus signs indicate excitatory
input, negative signs indicate inhibitory input. B. Rotated confocal volume of maximum
intensity projection of AIl Amacrine cells in the CDH1-GFP transgenic mouse line retina.
The orange plane isolates a single row of AIl ACs within the volume. IPL: inner plexiform
layer. C. Side view of digitally isolated mature AIl AC from CDH1-GFP line. D.
Examples of digitally isolated AIl ACs at different developmental time points. The images
are maximum intensity projections of the full AIl ACs from the side and en face views
exclude distal dendrites. E. Quantification of the volume of digitally isolated lobular
appendages of AIl ACs at each time point. Volumes were measured by digitally isolating
individual lobular structures using Amira then exporting binary pixel volumes to Matlab
for summation ((Hoon et al. 2015, methods). Lobular appendage volume increases
significantly with age (One Way Anova). Using the Wilcoxon Rank Sum test, there are
significant changes from P14 to P21 and from P21 to >P31 (P31 to 3.5 months of age).
[One-Way Anova, p =4.9147e-7,Wilcoxon Rank Sum tests P14-21, p = 0.002, P21- >P31
p=10.0431]
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Figure 2.2. EM reconstructions of AIIl AC at distinct developmental time points

A. Left panel: Examples of synapses with each postsynaptic partner identified from EM.
Magenta asterisk indicates a synapse onto a BC partner. Yellow asterisk: a RGC partner.
Cyan asterisk: an AC partner. The second panels are EM reconstructions of the volumes of
individual AITl ACs at P11 and P24. Each output synapse is shown on the AIl ACs
themselves, color-coded to indicate the identity of the postsynaptic partner at that synapse.
B. Top: Quantification of the number of total output synapses of four AIl ACs at each time
point, and the number of output synapses onto each postsynaptic partner cell class. Bottom:
Quantification of the percentage of the total output synapses that are formed onto each
postsynaptic partner cell class at both P11 and P24. C. EM reconstructions of the same All
ACs seen in Figl A, including traced skeletons of all postsynaptic partners, color-coded by
cell class. D. Top: Quantification of the number of postsynaptic partners and the number of
postsynaptic partners within each cell class at P11 (lighter colors) versus P24 (darker
colors). Bottom: Quantification of the percentage of total partners each partner class
represents at P11 and P24.
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Figure 2.3. EM Reconstruction of bipolar cells postsynaptic to AIl ACs

A. EM reconstructions of AIl ACs and skeletons of all bipolar cell partners in the leftmost
panel. Bipolar cells are color-coded by the number of synapses each receives as indicated
by the heatmap. In the right panel, EM reconstructions of the same AIl AC with the
skeleton of the BC that receives the most synapses from that AII AC. B. Histogram of the
number of synapses that individual BCs receive at both P11 and P24. C. A plot of the
overlap of a BC terminal with AIl AC lobular appendages and the number of synapses that
each BC receives. R?=0.9. D. Volumes of axon terminals from the most connected BC
partner from three neighboring AIl ACs. Note their similar branching pattern (top) and
non-overlapping processes (bottom).
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Figure 2.4. AIl AC connectivity with Type 2 bipolar cells across development

A. Light microscopy images of immunostaining for AIl ACs, Type 2 BCs, and glycine
receptor al (AIl AC output synapses) across ages. B. Quantification of the number of
synapses that individual AIl ACs form in total and onto Type 2 BCs across ages (magenta)
and number of synapses formed onto all BCs under EM at P11 and P24 (filled grey).
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Figure 2.5. EM reconstructions of RGCs postsynaptic to AIl ACs

A. EM reconstructions of the skeletons of retinal ganglion cell (RGC) partners of an
individual AIT AC at P11 and P24. Each RGC partner is traced in a distinct color. B. Top:
Histogram of the number of synapses formed onto individual RGCs at both P11 and
adulthood. Bottom: Normalized histogram showing the frequency with which an AIl AC
forms a number of synapses onto an individual RGC partner.
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Figure 2.6. EM reconstructions of widefield amacrine cells postsynaptic to AIl AC

A. Left: EM reconstructions of the skeletons of wide-field amacrine cell (WF AC) partners
of three AIl AC at P11. At P11, each AC partner of the AIl AC indicated by an asterisk is
traced in non-cyan colors. WF AC partners of the other two AIl ACs are shown in cyan.
Numbers indicate wide-field ACs featured below. Right: EM reconstructions of skeletons
of the AC partners of an individual AIl AC at P24. B. Left: Histogram of the number of
synapses formed onto individual ACs at both P11 and adulthood. Right: Normalized
histogram showing the frequency with which an AIl AC forms a number of synapses onto
an individual AC partner. C. Top: Input synapses from AIl AC onto the WF AC process
(colored to match C). Blue arrowhead: AIl AC input synapse. Examples of output synapses
from the WF ACs pictured left. WF AC processes are colored to match A. D. EM
reconstruction of volume and output synapses (green) of two wide-field ACs that are
postsynaptic to the AIl AC indicated by the white asterisk in A. White asterisks indicate
output synapses. Cyan arrowhead: location of AIl AC input to WF AC.
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Supplementary Figure 2.1. A. Table detailing the criteria for cell type classification and
examples of the raw EM appearance of each cell type. Colored lines trace the outline of
each cell. Arrowheads indicate output synapses. B. Volume of P24 AIl AC showing traced
surface overlap with all BC partners (green). Inset: EM image showing example trace of
overlap between AIl AC and BC in a single plane. C. Plot of total output synapses from
AII ACs as measured from light microscopy (magenta) and electron microscopy (grey)
techniques.
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CHAPTER 3: Exploring the role of cellular interactions in establishing

the output connectivity of AIl amacrine cells.

3.1 Abstract

As discussed in Chapter 2, we found that AIl ACs establish biased synaptic divergence by
engaging distinct cellular strategies in a partner-specific manner. Specifically, we found that the
bias for bipolar cells is established by three mechanisms: 1. preferential synaptogenesis with
bipolar cells, 2. no change in synapse formation with retinal ganglion cells, and 3. pruning of
synapses onto widefield amacrine cells. We also found that AIl ACs elaborate their presynaptic
structures and commence synaptogenesis when the dominant postsynaptic partners (bipolar cells)
are differentiating, despite the presence of ganglion cell partners earlier in development. Thus,
our findings raised two main questions (1) what cellular interactions regulate the elaboration of
AIl AC presynaptic structures (lobular appendages), and (2) what factors regulate the

connectivity of AIl ACs with their postsynaptic partner types?

To determine what factors shape AIl AC development, we considered the potential cellular
interactions between the AIl ACs and their presynaptic and postsynaptic partners. First, we
examined the pathway that provides input to the AIl ACs. We explored whether transmission
along the rod-pathway (rods-> rod bipolar cells -> AIl ACs) influences the elaboration of AIl
AC presynaptic structures and their synaptic distribution pattern. We found that AII AC lobular
appendages differentiated and were maintained in the absence of photoreceptors, and when rod
bipolar cells were silenced or ablated. AIl AC synaptic distribution pattern, as measured by the
number of output synapses and bias towards Type 2 bipolar cells, was also unaffected in these
conditions. Thus, transmission along the rod pathway does not influence the development of All

synaptic divergence.
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Next, we examined whether the dominant postsynaptic partners of the AIl ACs (Type 2 bipolar
cells) are required for the growth or maintenance of lobular appendages, and whether AIl ACs
reallocate output synapses if the dominant partner is lost. We found that Type 2 bipolar cells
were not required for the elaboration or maintenance of lobular appendages. But, AIl ACs made
significantly fewer output synapses, revealing that they cannot fully compensate for the loss of
Type 2 BCs by increasing connectivity with remaining partners. Whether GCs capture more

synapses from AIl ACs in the absence of T2 bipolar cells remains to be determined.

Lastly, we examined whether loss of retinal ganglion cells in the adult retina, which occurs in
some retinal diseases, affects the AIl AC synaptic distribution pattern. Ablation of adult ganglion
cells did not lead to significant changes in the number of AIl output synapses or the number of
synapses formed onto Type 2 bipolar cells. Thus, synapses onto distinct partner types may be
regulated independently. Together these results reveal that a neuron can establish biased synaptic
divergence independently of presynaptic drive, and distribute its synapses in a partner-specific

manncr.

3.2 Introduction:

In Chapter 2, we described how AIl ACs develop a pattern of biased synaptic divergence via
several partner-specific cellular strategies. The mechanisms underlying these strategies remain
unclear. We also found that the elaboration of AIl AC presynaptic structures (lobular
appendages) is delayed until their major postsynaptic target, bipolar cells, have differentiated.
This ‘delay’ in the differentiation and elaboration of the AIl AC presynaptic structures is

surprising given that its other synaptic partners (retinal ganglion cells) are present before bipolar
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cells differentiate. Our findings thus raise two key questions (1) what are the cellular interactions
that regulate lobular appendage elaboration and (2) what factors regulate the development and

maintenance of AIl AC connectivity with their postsynaptic partners?

The delayed elaboration of AIl AC presynaptic structures is surprising given the fact that
neurons across circuits develop axons prior to the availability of final postsynaptic targets (Chao
et al. 2009), and that retinal ganglion cells, an AIl AC postsynaptic partner, are present at an
early developmental stage (Stacy & Wong 2003). Since AIl ACs extend lobular appendages at
the time of bipolar cell differentiation, we hypothesized that bipolar cells may be required for
this process. As bipolar cells are the major source of presynaptic input to AIl ACs, we sought to
determine the role of rod pathway activity in directing the growth of AIl AC lobular appendages
(Figure 3.1A). Circuit activity can promote and shape axon branching. For example, cortical
neurons fail to elaborate axon branches when spontaneous activity or AMPA receptors are
blocked (Uesaka et al. 2005). Thalamocortical neurons will branch more or less depending on the
level of activity within the neuron and in postsynaptic neurons (Matsumoto et al. 2016; Yamada
et al. 2010). Thus, we determined whether AIl AC presynaptic structures formed in the absence
of rod-mediated transmission in a model of retinitis pigmentosa, in which rod and cone
photoreceptors quickly degenerate after birth (Carter-Dawson et al. 1978). We also examined
whether lobular appendages formed when rod bipolar cells were silenced by the expression of
tetanus toxin, which prevents synaptic release (Schiavo et al. 1992), and when rod bipolar cells
are genetically ablated by expression of diphtheria toxin (Figure 3.1B,C). As bipolar cells are
also the major postsynaptic target of AIl ACs, we determined whether the dominant bipolar cell

partners (Type 2 BCs) are necessary for presynaptic structure growth. Loss of postsynaptic
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targets has been shown to prevent presynaptic partner axon stabilization and lead to eventual

axon retraction (Betley et al. 2009).

In addition to developing presynaptic structures, AIl ACs must establish a specific synaptic
distribution pattern via several cellular strategies. The cellular interactions underlying these
strategies remain unknown. Previous work has shown that some neurons require normal synaptic
activity in order to preferentially synapse (Crocker-Buque et al. 2015) or prune synapses
(Mendelsohn et al. 2015) onto distinct postsynaptic targets. Synaptic activity can also be required
for the maintenance of synapses (Hoon et al. 2015). Thus, we sought to determine whether rod
pathway neurotransmission influences the AIl AC synaptic distribution pattern. We quantified
All AC output synapses and bias for Type 2 BCs in retinas with altered rod pathway activity
(Figure 3.1A,B,C). Connectivity with postsynaptic partners can also be regulated by partner-
mediated interactions. For example, some cholinergic neurons in C. elegans regulate
connectivity with distinct partners (GABAergic versus muscle) by specific expression of
synaptic organizing proteins (Philbrook et al. 2018). Thus, we explored whether loss of
postsynaptic targets, both during development and at maturity, influenced the AIl AC synaptic
distribution pattern onto surviving partners. We quantified AIl AC output synapses in retinas
following genetic ablation of a subset of bipolar cells. We also examined retinas in which retinal
ganglion cells were lost from the mature circuit, as can occur in some retinal diseases such as
glaucoma (Almasieh et al. 2012) (Figure 3.1D). In one recent study, Pang et al. (2015) found
changes at inner retinal synapses within the rod pathway in a mouse model of glaucoma. Thus,
we sought to determine whether loss of retinal ganglion cells would induce changes in AIl AC

morphology or output synapse distribution patterns.
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3.3 Methods

Transgenic Mice

All procedures were conducted in accordance with University of Washington Institutional
Animal Care and Use Committee guidelines. Several transgenic mouse lines were used in
this study. Table of mouse lines and antibodies are shown below.

Table 3.1 — Transgenic mouse lines and manipulations

Mouse Line Circuit Effect Manipulation
CDHI-GFP All ACs labeled with GFP -
RDI Rapid onset of rod and cone degeneration by -

missense mutation in pd36 protein in rods.

Grm6-TeNT Silences ON bipolar cells, including rod -

bipolar cells, by expression of tetanus toxin

light chain.

Grmé6- Ablation of rod bipolar cells and some Type 2 -

Cre/Grmo6- bipolar cells by expression of Diphtheria toxin

DTA alpha subunit (DTA).

Pou4f3-DTR Renders Brn3c+ retinal ganglion cells Intramuscular
susceptible to ablation by diphtherial toxin injection of DT

injection by expression of Diphtheria toxin

receptor (DTR).

CDHI-GFP Degeneration of all retinal ganglion cells. Optic nerve

(ONS) transection




Immunohistochemistry

Mice were deeply anesthetized with Isoflurane, cervically dislocated or decapitated, and

enucleated. Retinas were dissected in oxygenated mouse artificial cerebral spinal fluid

(mACSF, pH 7.4) and flat mounted on filter paper (Millipore, HABP013). Once mounted

retinas were fixed for 15 minutes in 4% paraformaldehyde. Retinas were then rinsed with

PBS in 3, 10 minute washes and incubated in blocking solution containing 5% normal

donkey serum and 0.5% Triton X-100 overnight at 4°C. Retinas were then incubated with

primary antibodies in blocking solution for approximately 72 hours at 4°C. Retinas were

rinsed 3, 10 minute washes of PBS and then incubated with secondary antibodies in PBS

solution overnight at 4°C. Retinas were washed 3-10 minutes with PBS prior to mounting

on slides for imaging.

Antibodies

Table 3.2 — Primary Antibodies

60

Antibody Host Working Source
species Concentration
anti-GFP Chicken, 1:1000 Abcam
polyclonal
anti- GlyRa1 Mouse, 1:1000 Synaptic Systems
polyclonal
anti- Mouse, 1:1000 Znp-1, Zebrafish
Synaptotagmin-2 polyclonal International
Resource Center
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anti-PKCo Rabbit 1:2000 Sigma- Aldrich

anti-Dab1 Rabbit 1:500 Gift from Jim Morgan

Table 3.3 — Secondary Antibodies

Secondary Host species Working Source
Concentration

anti-chicken Donkey 1:1000 Jackson

Dylight 488 Immunoresearch

anti-mouse Goat 1:1000 Synaptic Systems

IgG1 568

anti-mouse Donkey or 1:1000 Jackson

IgG2a 647 Goat Immunoresearch

Diphtheria Toxin Injection

Mice were weighed to determine volume of diphtheria toxin (DT) injection. DT was diluted in

0.9% saline solution and kept on ice throughout injections. Mice were briefly anesthetized with

Isoflurane and given an intramuscular injection (into thigh muscle) of diphtheria toxin (DT) at a

50 ng/g dose. Diphtheria toxin ablates cells by interfering with protein synthesis (Honjo et al.

1968), and a single molecule of the A-subunit is sufficient lead to cell death (Yamaizumi et al.

1978).
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Optic Nerve Section

In collaboration with Jessica Agostinone from the lab of Dr. Adrienne di Polo. Axotomy was
performed as described in Agostinone et al. (2018). Mice were deeply anesthetized with
Isoflurane. An incision was made into the skin over the superior orbital rim. The dural sheath
was exposed and a cut was made transecting the optic nerve 0.5-1 mm from the optic nerve head.
Animals were examined that did not have any damage to the retinal blood supply as observed by
the health of the retinal fundus. Mice were survived for two weeks following optic nerve

sectioning.
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3.4 Results

Rod pathway neurotransmission does not influence the development of AIl AC

morphology and its output connectivity.

We examined AIl AC morphology and output synapses onto Type 2 BCs in retinas in which
synaptic input to AIl ACs is perturbed due to: (i) degeneration of photoreceptors (retinitis
pigmentosa), (ii) failure of rod bipolar cells to transmit onto AIl ACs, or (iii) ablation of rod
bipolar cells (Figure 3.1). Retinitis pigmentosa is a group of retinal diseases characterized by the
degeneration of photoreceptors (Hartong et al. 2006). The loss of normal circuit input causes All
ACs to become hyperpolarized and exhibit intrinsic bursting activity (Borowska et al. 2011; Choi
et al. 2014; Trenholm & Awatramani 2015) , which can be recorded in ON cone bipolar cells and
in retinal ganglion cells (Margolis & Detwiler 2011; Margolis et al. 2014). We used rd1 mice,
which have a mutation in phosphodiesterase, a protein in the rod signal transduction cascade
(Pittler & Baehr 1991). The mutation in rdl mice leads to the rapid degeneration of rods by

postnatal day 21 (Carter-Dawson et al. 1978).

i) Loss of photoreceptor drive onto rod bipolar cells, presynaptic partners of AIl ACs

We found that in the rd1 retina, AIl ACs still formed lobular appendages (Figure 3.2). These
findings corroborate previous studies that have shown that there is no loss of AIl AC presynaptic
structures in rd1 animals up to three months old (Strettoi et al. 2002). We also examined the total
number of output synapses formed by individual AIl ACs in rd1 retinas. We found no significant
difference between the total number of synapses between rdl littermate control (1 animal) (55 +

7.2 SEM, p=0.17, n = 3 cells) and rd1 retinas (n =1 animal) (58.3 £ 8.4 SEM, n = 3 cells). Thus,
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loss of rod photoreceptor-mediated transmission does not prevent the formation of AIl AC

presynaptic structures or the appropriate number of output synapses.

To determine whether loss of rod-mediated transmission affected the AIl AC synaptic
distribution pattern, we calculated the percentage of synapses formed onto Type 2 BCs in the rd1
retinas. We found no significant difference between the percentage of synapses formed onto
Type 2 BCs in littermate control (52.1% + 2.0 SEM, n =3 cells) and rdl retinas (52.3% + 6.9
SEM, n = 3 cells). These findings suggest that loss of rod-mediated transmission does not affect

the AIl AC bias for Type 2 BCs.

ii) Silencing rod bipolar cell input to AIl ACs

While we found no significant changes in AIl AC morphology or formation of output synapses
onto Type 2 bipolar cells following photoreceptor degeneration, AIl ACs in rdl retinas show
abnormal rhythmic bursting activity (Cembrowski et al. 2012; Choi et al. 2014; Trenholm &
Awatramani 2015). Thus, we next sought to determine whether a decrease in synaptic
transmission from rod bipolar cell to AIl ACs would lead to changes in the formation of
synapses with Type 2 bipolar cells. To test this hypothesis, we examined AIl ACs in retinas with
a subset of rod bipolar cells silenced (Figure 3.3). Rod bipolar cells were silenced by expression
of the light chain of tetanus toxin (TeNT) under a bipolar cell specific promoter (Grm6). In the
Grm6-TeNT-YFP mice, a subpopulation of ON bipolar cells, including rod bipolar cells express
both YFP and TeNT. In these mice, the activity of OFF retinal ganglion cells is normal, whereas
ON retinal ganglion cells have significantly fewer and lower amplitude spontaneous excitatory
postsynaptic currents (Kerschensteiner et al. 2009). Thus, these retinal ganglion cells do not

show the rhythmic ~10 Hz activity seen in the rd1 mice, suggesting AIl ACs do not exhibit the
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rhythmic bursting behavior characteristic of the retinitis pigmentosa model. We examined
lobular appendage morphology and synapses with Type 2 BCs in AIl ACs that were postsynaptic
to at least one silenced rod bipolar cell (which expresses YFP). There was no difference in the
total number of output synapses formed per AIl AC in littermate control (50.2 + 6.9 SEM, n = 2
animals/ 6 cells) or TeNT positive retinas (39.8 + 6.0 SEM, p = 0.48, n = 3 animals/ 6 cells).
Furthermore, there were no significant differences in the percentage of synapses from AIl ACs to
Type 2 BCs between Grm6-TeNT mice (44.2% + 5.9 SEM, n = 6) and littermate controls (55.4%
+ 3 SEM, n = 6). These results suggest that loss of synaptic input (from silenced rod bipolar cell
terminals) does not prevent lobular appendage formation or synaptogenesis with Type 2 bipolar

cells.

iii) Ablation of rod bipolar cells

Because not all rod bipolar cells were silenced in the TeNT positive retinas, we examined
whether AII ACs continue to elaborate presynaptic structures and output synapses in the absence
of rod bipolar cells and some cone bipolar cells (Figure 3.4). In retinas in which rod bipolar cells
were genetically ablated by bipolar cell specific expression of the diphtheria toxin A subunit, AlI
ACs continued to form lobular appendages and maintain synapses onto postsynaptic targets. Our
experiments suggest that the formation of lobular appendages and synapses does not require a
specific level or pattern of activity within the circuit. Furthermore, rod pathway activity does not

influence the AIl AC’s bias for Type 2 BCs.
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Loss of postsynaptic partners during development leads to loss of AIl AC output synapses

not presynaptic structures.

The observation that AIl AC presynaptic structures develop at the same time as bipolar cell
axons suggests that bipolar cells are required for lobular appendage elaboration. We found that
fortuitously, Type 2 bipolar cells and likely other OFF bipolar cells are ablated by diphtheria
toxin in a subset of Grm6-DTA/Grm6-Cre/CDHI mice (Figure 3.4). Moreover, in a single field
of view, patches of Type 2 bipolar cells were present whereas neighboring regions were depleted
of these bipolar cells. This arrangement provided an ‘internal’ control for assessing the loss of
Type 2 BCs. We took advantage of these mice to ask whether AIl ACs form lobular appendages
in the absence of these major bipolar cell partners. In regions lacking Type 2 bipolar cells, All
AC:s still formed lobular appendages (Figure 3.4 B). Thus, we found that AIl ACs can develop
presynaptic structures in the absence of their dominant postsynaptic bipolar partner. This finding
does not rule out a potential role for other bipolar cells, as others likely still remain in regions

lacking Type 2 bipolar cells.

We examined whether loss of Type 2 bipolar cells would lead to loss of output synapses and/or
rearrangement of synapses onto surviving partners. First, we compared CDH1 retinas to regions
of Grm6-DTA/Grm6-Cre/CDHI(Grm6-DTA) retinas with some surviving Type 2 bipolar cells.
We observed a significant decrease in the number of total output synapses in CDHI1 (73.2 £ 5.2
SEM, n = 11 cells) versus Grm6-DTA regions with surviving Type 2 BCs (38.3 £3.5 SEM, n=2
animals/11 cells, p < 0.01). These results indicated that non-Type 2 BCs were likely ablated in
these regions, and that AIl ACs did not fully compensate by increasing synapses onto surviving
partners. Additionally, we observed a significant loss of synapses formed onto the surviving

Type 2 bipolar cells, indicating that AIl ACs did not simply reallocate all synapses to surviving
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partners of the same type (Grm6-DTA 17.2 + 2.9 SEM, n = 12 cells versus CDHI 30.3 + 4.1

SEM, p <0.05,n =11 cells).

Next, we compared neighboring regions of the Grm6-DTA retinas in which Type 2 bipolar cells
are patchy. We found that a significant decrease in the number of output synapses that individual
All ACs form in regions lacking all Type 2 bipolar cells (22.1 + 2.4 SEM, n = 12 cells)
compared to regions with Type 2 BCs (p < 0.01). These findings further support the idea that AIl
ACs did not compensate for the loss of postsynaptic partners by increasing the number of
synapses with surviving partners. As no Type 2 BCs are found in these regions, the AIl AC
forms no synapses onto this population. Taken together, these results reveal that loss of the
dominant postsynaptic bipolar cell type is not sufficient to prevent the development of AIl AC
presynaptic structures. However, AIl ACs do not compensate for the loss of synaptic partners by
simply reallocating synapses. The further loss of synapses with fewer postsynaptic partners also

suggests that synapses onto distinct bipolar cells may be regulated independently.

Loss of a postsynaptic partner in the mature circuit does not induce changes in synapse

number with surviving postsynaptic partner.

Changes in rod pathway activity and loss of synaptic partners during development do not prevent
All AC lobular appendage formation or synaptogenesis onto remaining partners. As circuit
remodeling is observed in mature retinal circuits following injury or disease (Marc et al. 2003),
we sought to determine whether the AIl AC can continue to maintain output structures and
synapses following the loss of synaptic partners from the mature circuit. To test this hypothesis,
we examined AIl ACs in retinas in which a subpopulation of retinal ganglion cells are ablated by

injection of diphtheria toxin (Figure 3.5A) and in retinas in which many retinal ganglion cells are



68

lost following the sectioning of the optic nerve (the axons of all retinal ganglion cells) (Figure

3.6A) (Galindo-Romero et al. 2011).

Pou4f3-DTR mice (Golub et al. 2012) were injected with diphtheria toxin to induce ablation of a
subset of retinal ganglion cells, specifically those expressing Pou4f3 or Brn3c (Badea & Nathans
2011) (Figure 3.5A). Single intramuscular diphtheria toxin injections of 50 ng/g ablate ~61% of
Brn3c+ retinal ganglion cells after at least 4 weeks (Figure 3.5A). Of the AIl AC retinal ganglion
cell partners, we expect DT injections to ablate OFF-transient alpha retinal ganglion cells as
evidenced by the loss of SMI-32 staining (Bleckert et al. 2014) following DT injection (data not
shown). We found no significant difference in the number of output synapses individual AIl ACs
form in CDH1 (73.2 = 5.2 SEM, n = 11 cells) versus injected retinas (63.6 + 5.6 SEM, n =7
cells). We also find no significant difference in the percentage of synapses formed onto the Type
2 BC population in CDH1 (40.3% + 3.2% SEM) versus Pou4f3-DTR injected retinas (50% + 2%

SEM).

To remove a greater percentage of retinal ganglion cells, we collaborated with Jessica
Agostinone (DiPolo lab, University of Montreal, Canada) (Figure 3.6). She performed optic
nerve sections on CDH1-GFP mice (n = 2 animals), which survived for 2 weeks. After 2 weeks,
we found ~75% of all retinal ganglion cells had degenerated as indicated by RBPMS staining.
Despite the loss of retinal ganglion cells, we found no significant difference, but a downward
trend in the total number of output synapses from CDHI1 (73.2 + 5.2 SEM, n = 11 cells) versus
ONS animals (59 + 5.1 SEM, n = 8 cells). However, there was a significant difference in the
percentage of synapses formed onto Type 2 BCs in CDHI1 (40.3% =+ 3.2% SEM, n = 11 cells)

versus ONS retinas (55% =+ 2.2% SEM, p = 0.004, n = 8 cells). However, there was no
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significant difference in the number of synapses formed onto Type 2 BCs between CDH1 (30.3 +
4.1 SEM, n = 11 cells) and ONS retinas (32.6 £ 3.4 SEM, n = 8 cells). The increase in the
percentage of synapses with Type 2 BCs likely reflects a loss of synapses onto non-Type 2
partners (most likely the retinal ganglion cells) rather than an increase in connectivity with
bipolar cells. Thus, loss of retinal ganglion cells partners does not affect AIl AC connectivity
with bipolar cells. It remains unknown whether there are changes in the distribution of synapses

onto surviving retinal ganglion cells.

In summary, we found that AIl AC presynaptic structures and synapse distribution pattern
develops independently of rod pathway transmission. We also found that AIl ACs does not
increase synapses with surviving postsynaptic partners following the loss of some targets,
indicating that synapses with distinct partners (both within and across types) may be regulated

independently.
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3.5 Discussion

While synaptic divergence is commonly found across many neural circuits, the cellular
interactions that underlie the establishment of such connectivity patterns remain unknown. In this
chapter, we found that presynaptic input onto AIl ACs is not required for the development of AIl
AC presynaptic structures or output synapses. Furthermore, loss of rod pathway activity did not
alter the AIl AC’s bias for Type 2 bipolar cells. We also found that AIIl ACs lost output synapses
onto ablated postsynaptic targets in both the developing or mature retina. As such, AIl ACs also
failed to increase the number of synapses onto remaining postsynaptic partners indicating that

synapses onto distinct partners may be regulated independently.

Potential cues for delayed AII AC presynaptic structure growth.

For many neurons across diverse circuits, neurotransmission shapes the growth of dendritic and
axonal structures (Reviewed by Bleckert & Wong 2011); however, we described here a neuron
that requires no synaptic input in order to develop its presynaptic structures. Thus, other external

or cell intrinsic cues likely signal for the AIl AC to extend proto-lobular appendages.

Distinct cues may underlie the ‘waiting’ period we observed for AIl AC lobular appendage
growth. These cues could either be repulsive or attractive. If repulsive, the cue likely
downregulates or the cell becomes insensitive to the cue at the time of lobular appendage
outgrowth. Repulsive cues have been found to delay axon elaboration into a target region. For
example, corticothalamic axons arrive at the dorsal lateral geniculate nucleus (dLGN) by
postnatal day 4, but do not enter until postnatal day 12 (Seabrook et al. 2013) because the dLGN

initially expresses a repulsive proteoglycan (Brooks et al. 2013). Expression of the repulsive cue
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is regulated by a different cell population, the retinal ganglion cells, which also project into the
dLGN. The proteoglycan is downregulated once retinal ganglion cells have fully innervated the
nucleus, leading to sequential innervation of retinal ganglion axons followed by
corticogeniculate axons (Brooks et al. 2013; Seabrook et al. 2013). In the retina, Semaphorins, a
class of cell adhesion molecules, are known to be a repulsive cue for neurites of some retinal
neurons (Matsuoka, Nguyen-Ba-Charvet, et al. 2011). AIl ACs are sensitive to Semaphorin-
mediated repulsive cues. For example, loss of both Semaphorin 5A/B or the corresponding
Plexin receptors (PlexinA1,3) causes AIl ACs to aberrantly send neurites towards the inner
nuclear layer; however, AIl ACs also continue to elaborate lobular appendages in the proper
lamina (Matsuoka, Chivatakarn, et al. 2011). Thus, AIl ACs respond to repulsive cues, but
neurite extension and lamination may be distinctly regulated. Other semaphorins, or similar

repulsive cues may mediate lobular appendage outgrowth, but such a cue has yet to be identified.

All AC lobular appendages may also develop in response to an attractive cue. For example,
neurotrophins, such as insulin-like growth factor 1, have been shown to promote amacrine cell
neurite outgrowth in culture (Politi et al. 2001), and thus may serve a similar function in vivo.
Brain derived neurotrophic factor (BDNF) has been shown to regulate the development and
elaboration of processes of dopaminergic amacrine cells (Cellerino et al. 1998). It remains
unknown, however, whether AIl ACs respond to specific neurotrophic factors. Attractive cues
can also induce the formation of collaterals from pre-existing axons. For example, in the
developing cortex, layer V neurons send axons to the spinal cord and days layer develop
collaterals that project to the pons (O’Leary & Terashima 1988). These axon collaterals were
found to develop in response to target-derived diffusible, attractive cue (Heffner et al. 1990).

Similarly, dorsal root ganglion axons and trigeminal axons develop collaterals in response to
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Slit2, a secreted guidance molecule, in vitro, and likely in vivo (Wang et al. 1999; Ozdinler &
Erzurumlu 2002). mRNA expression of Slit2 is upregulated around the time of collateral
formation, which occurs after axons have already formed. Thus, time restricted expression of a
secreted neurite promoting molecule can underlie the delayed growth of presynaptic structures,

but the identity of such a cue directing AIl AC lobular appendage differentiation remains elusive.

The timing of AIl AC lobular appendage elaboration and OFF cone BCs axon growth suggests
that these neurons elaborate pre and postsynaptic processes in a temporal and spatially
coordinated manner. The continued growth of AII lobular appendages, despite the loss of Type 2
bipolar cells, does not rule out a role for bipolar cells as the source of a signal because Type 2
bipolar cells are ablated after differentiation. A Type 2 bipolar cell derived cue could be
expressed between the time of differentiation and ablation. Cues from other non-Type 2 bipolar
cells may be sufficient to promote lobular appendage extension, i.e. that the target-derived cue is
common across OFF bipolar cells. As described earlier, recent transcriptomic profiling of bipolar
cells has shown that OFF bipolar cells express both cadherins and protocadherins (Shekhar et al.

2016), and candidate proteins are likely expressed across multiple AIl AC-bipolar cell targets.

Finally, it is possible that AIl ACs develop lobular appendages as the result of cell intrinsic cues.
In the absence of other cell types, disassociated parvalbumin-positive amacrine cells (AIl AC) do
develop neurites and even varicosities in culture (Kunzevitzky et al. 2013); however, the
morphologies of these cells differ from those in vivo. The discrepancy between the in vivo and in
vitro morphology of these neurons may be in part attributed to culturing in a 2D rather than 3D
environment. Further experiments are thus needed to determine if lobular appendages develop

independently of extrinsic cues.
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Neurotransmission-independent establishment of bias in synaptic divergence.

While neurotransmission is not required for the initial formation of synapses in both excitatory
and inhibitory circuits (Reviewed Gamlin et al. 2018), maintenance and sculpting of synaptic
distribution patterns often requires synaptic activity (Reviewed Bleckert & Wong 2011; Gamlin
et al. 2018). For example, as described in Section 1.2, silencing sensory-motor neurons prevents
the preferential synaptogenesis onto others (Mendelsohn et al. 2015). Silencing UV cones does
not prevent postsynaptic horizontal cells from preferentially synapsing with UV versus blue
cones (Yoshimatsu et al. 2014). As mentioned earlier, in the retina of animals lacking the
vesicular inhibitory amino acid transporter (VIAAT), Type 2 bipolar cells continued to receive
the proper number of al-containing glycine receptors across ages (Hoon et al. 2015). This
finding indicated that silencing the AIl AC does not prevent synaptogenesis or maintenance of
synapses onto a major synaptic target. Thus, neurotransmission-independent mechanisms likely
underlie the growth and preferential synaptogenesis from AIl ACs onto bipolar cells. Studies in
the fly olfactory system have revealed a role for transsynaptic proteins (Teneurins) in regulating
a neuron’s stereotypic synapse number in the CNS. Loss of Ten-a (a presynaptically-expressed
teneurin) in null animals and RNAi knockdowns reduced the number of synapses that olfactory
receptor neurons form onto their glomerulus by at least 20% (Mosca & Luo 2014). Mosco & Luo
speculated that olfactory receptor neuron synapse number was partially regulated by other
redundant cues and/or molecules. Thus, a molecule or group of molecules, such as those from the
Teneurin family, could be expressed in a subset of AIl ACs postsynaptic targets or differentially
amongst targets, promoting different number of synapses in an expression-dependent manner.

Future studies could explore whether there are differences in the synaptic organizing proteins at
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AlIl AC synapses onto distinct postsynaptic targets even though all target express the same

glycine receptor subtype.

In the studies discussed above, activity-dependent mechanisms shaped a neuron’s connectivity
with one partner, but not with other(s). Thus, it is possible that disruption of rod pathway activity
affects maintenance of synapses onto retinal ganglion cells or pruning of synapses onto widefield
amacrine cells. Future experiments are required to determine whether all developmental

mechanisms shaping AIl AC connectivity are neurotransmission-independent.

Partner-independent regulation of output synapse number.

AII ACs continue to form lobular appendages and output synapses following the loss of synaptic
partners both during development and at maturity. However, we found that following the loss of
postsynaptic partners, AIl ACs lose output synapses. The further decrease in synapse number
between regions with and without Type 2 bipolar cells reveals that increased partner loss is
accompanied by increase synapse loss. Thus, AIl ACs do not compensate for the loss of targets
by forming more synapses with surviving partners in order to reach the original output number.
Synapse number may therefore reflect to some degree the availability of postsynaptic partners, as
indicated by the correlation between surface area overlap of AIl ACs and bipolar cells and
synapse number seen under serial blockface EM (Section 2.3.3). Furthermore, the decrease in the
number of synapses formed onto surviving Type 2 bipolar cells indicates that AIl ACs do not
compensate by increasing synapses even onto the surviving members of preferred postsynaptic
type. These results suggest that the AIl AC independently regulates the number of synapses
formed onto its distinct postsynaptic partners even within a single cell class (bipolar cells) and

type (Type 2 BCs).
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3.6 Figures:
A Photoreceptor Degeneration (rd7) B Silencing of rod BCs (Grm6-TeNT) C BC ablation (Grm6-DTA/Grm6-Cre) D RGC ablation (Pouf-DTR, ONS)
Rod .. Cone ; Rod Cone ; Rod ;Cone ; Rod Cone
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Figure 3.1: Schematics of manipulations within the rod pathway.

A. Loss of photoreceptors due to degeneration in the rd/ retina. Loss of rod input leads AIl ACs
to have low resting membrane potential, causing AIl ACs to rhythmically burst (sinusoid image).
This rhythmic bursting (~10 Hz) can be seen downstream in both ON and OFF retinal ganglion
cells. B. A subset of rod bipolar cells (and other ON BCs) express the light chain of tetanus
toxin (TeNT), which prevents synaptobrevin cleavage (Schiavo et al. 1992) and subsequent
fusing of neurotransmitter-containing vesicles, under a bipolar cell specific promoter (Grm6).
TeNT-expression prevents action potential-evoked synaptic transmission but does not
necessarily prevent spontaneous synaptic release (Williamson et al. 1992). C. Genetic ablation of
bipolar cells (both ON and OFF) by expression of the A subunit of diphtheria toxin (DTA) under
a bipolar cell specific promoter (Grm6). D. Ablation of retinal ganglion cells by injection of
diphtheria toxin (DT) into mice expressing the diphtheria toxin receptor (DTR) under a retinal
ganglion cell specific promoter (Pou4f3 or Brn3c). Retinal ganglion cells were also killed by
surgical sectioning of the optic nerve (ONS) (the axons of retinal ganglion cells) (Galindo-
Romero et al. 2011).
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Figure 3.2. Characterization of AII AC connectivity following photoreceptor degeneration.

A. Light microscopy images of immunostaining in a control and RDI1 retina. Side and en face
views of AIl ACs, AIl AC output synapses (Glyral), and Type 2 BCs (Syt2). Inset: Example
synapses between an AIl AC and Type 2 BC partner. B. Top panel: Quantification of total
number of output synapses from individual AIl ACs in CDHI, littermate control, and RDI
retina. Bottom panel: Quantification of the percentage of output synapses formed onto Type 2
BCs by AIl ACs in CDHI, littermate control, and an RD1 retina. No significant differences were

observed between groups as determined by pairwise Wilcoxon-rank sum tests. Numbers in bars
indicate number of cells.
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Figure 3.3. Characterization of AIl AC connectivity following rod bipolar cell silencing.

A. Light microscopy images of immunostaining in a littermate control and TeNT+ retina. Side
and en face views of AIl ACs, AIl AC output synapses (Glyral), and Type 2 BCs (Syt2). Inset:
Example synapses between an AIl AC and Type 2 BC partner. B. Top panel: Quantification of
total number of output synapses from individual AIl ACs in littermate control and TeNT+
retinas. Bottom panel: Quantification of the percentage of output synapses formed onto Type 2
BCs by AIl ACs in littermate control and TeNT+ retinas. No significant differences were
observed between groups as determined by Wilcoxon-rank sum tests. Numbers in bars indicate
number of cells.
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Figure 3.4 Characterization of AII AC connectivity following bipolar cell ablation.

A. Light microscopy images of immunostaining in a CDHI1 (not littermate control) and Grmo6-
Cre/Grm6-DTA/CDHI retinas in which rod bipolar cells (RBCs) are ablated. Side and en face
views of RBCs (PKCa staining). B. Light microscopy image of immunostaining in CDH1 and
Grm6-Cre/Grm6-DTA/CDHI retinas in which some Type 2 BCs are ablated. Dotted line divides
patches with and without Type 2 BCs in a single area. Side and en face views of AIl ACs, All
AC output synapses (Glyral), and Type 2 BCs (Syt2). Inset: Example synapses between an AlIl
AC and Type 2 BC (if present). 1 um scale. C. Top panel: Quantification of total number of
output synapses from individual AIl ACs in CDHI1, RBC ablated retinas in regions with
surviving Type 2 BCs, and RBC ablated retina in regions without Type 2 BCs. There are
significant differences between the number of output synapses formed in CDHI retinas (73.2 +
5.2 SEM) as compared to regions with surviving Type 2 BCs (32.3 + 3.5 SEM, p <0.001) and
compared to regions without Type 2 BCs (22.1 + 2.4 SEM, p < 0.01). Furthermore, there is a
significant difference between retinas with surviving Type 2 BCs and regions without Type 2
BCs (p < 0.05). Bottom panel: Quantification of the number of output synapses formed onto
Type 2 BCs by AIl ACs in CDHI, regions with surviving Type 2 BCs, and regions absent of
Type 2 BCs. There was a significant difference between the number of synapses formed onto
Type 2 BCs in the CDH1 (30.3 + 4.1 SEM) and Type 2 surviving regions (17.2 + 2.9 SEM, p <
0.05). There were also significant differences between the number of synapses formed onto Type
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2 BCs in regions without Type 2 BCs (0 + 0 SEM) as compared to CDH1 retinas (p < 0.01) and
regions with surviving Type 2 BCs (p < 0.01). * p< 0.05. ** p < 0.01. Numbers in bars indicate
number of cells.
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Figure 3.5. Characterization of AII AC connectivity following RGC ablation.

A. Light microscopy images of Brn3c staining to label Brn3c+ retinal ganglion cells in littermate
control and diphtheria toxin (DTA) injected animals. B. Quantification of the number of Brn3c+
somas in a 45,000 um? region in retinas from control and DT injected animals. There is a
significant decrease in the number of Brn3c-positive retinal ganglion cells after DT injection (p <
0.001). C. Light microscopy images of immunostaining for AIl ACs (Dabl), AIl AC output
synapses (Glyral) and Type 2 BCs (Syt2) in side and en face views. Insets: Example synapses
from an AIl AC onto a Type 2 BC partners. D. Top panel: Quantification of total number of
output synapses from individual AIl ACs in CDH1 (data shown earlier), littermate controls, and
DT injected retinas. Bottom panel: Quantification of the percentage of output synapses that
individual AIl ACs form onto Type 2 BCs in CDHI1, littermate controls, and DT injected retinas.
There were no significant differences found between groups as calculated by Wilcoxon rank sum
test. Numbers in bars indicate number of cells.
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Figure 3.6. Characterization of AII AC connectivity following optic nerve sectioning.

A. Light microscopy images of staining for RBPMS, a pan retinal ganglion cell maker, in retinas
from control and animals that have undergone optic nerve section (ONS) two weeks prior. B.
Quantification of the number of RBPMS somas in control and ONS animals per 104,000 um?
region. C. Side and en face views of AIl ACs, AIl AC output synapses (Glyral), and Type 2
BCs (Syt2) in CDH1 (data shown earlier) and ONS retinas. Inset: Example synapses between an
All AC and Type 2 BC partner. D. Top panel: Quantification of the total number of output
synapses formed by individual AIl ACs in control (CDH1 data shown earlier) and ONS retinas.
There were no significant differences in the total number of output synapses between these
conditions, but ONS retinas are trending towards fewer synapses. Bottom panel: Quantification
of the percentage of output synapses formed onto Type 2 BCs in CDHI1 and ONS retinas. There
is a significant increase in the percentage of synapses formed onto Type 2 BCs (* p < 0.05);
however, there is no significant difference in the total number of synapses formed onto Type 2
BCs between these conditions (data not shown). Thus, the increase in the percentage onto Type 2
BCs is likely a reflection of a loss of synapses onto non-Type 2 partners, likely the degenerating
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retinal ganglion cells. * p< 0.05. ** p < 0.01. Numbers in bars indicate number of regions
sampled or cells.
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Chapter 4: Conclusions and future directions

Summary

In this thesis, I explored the cellular strategies that underlie the development of biased synaptic
divergence from an inhibitory interneuron. I used a combination of confocal light microscopy
and serial blockface electron microscopy to map the morphogenesis and synapse development of
the AII amacrine cell (AIl AC). I found that the AIl AC output structures (lobular appendages)
grow at a delay relative to the rest of the cell and differentiate at the same time as the AIl ACs
major postsynaptic partners. Using serial blockface EM, I determined the distribution of AIl AC
synapses onto its postsynaptic partners after synaptic densities have stabilized in the retina (Tian,
2004). These data confirmed earlier findings that AIl ACs form synapses onto both bipolar cells
and retinal ganglion cells, with a bias for the former. Furthermore, I found that AIl ACs form a
large number of synapses onto a small subset of bipolar cell partners, revealing a bias even
within a single cell class (bipolar cells). I next reconstructed AIl ACs prior to the time of eye-
opening (~P14). I found that AIl ACs are already biased towards synapsing with bipolar cells
before visual experience, but the bias increases with maturation due to (i) preferential
synaptogenesis with bipolar cells, (ii) no increase in the number of synapses onto retinal
ganglion cells, and (iii) elimination of synapses with a particular amacrine cell type. In the third
chapter of my thesis, I explored the cellular mechanisms underlying the development of AIl AC
lobular appendages and the strategies guiding the development of its synaptic distribution
pattern. I found that changes in rod pathway activity did not prevent the differentiation of lobular
appendages or synaptic bias for Type 2 bipolar cells. When some postsynaptic partners (both
bipolar and retinal ganglion cells) were genetically ablated or killed, AIl ACs failed to
compensate by increasing synapses onto surviving partners, suggesting that synapses onto

distinct partner types are formed and maintained independently. Collectively, these results
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suggest that an individual presynaptic neuron can establish and maintain synapses onto distinct

partner types in an independent manner.

Several questions remain regarding the mechanisms underlying lobular appendage growth and
synaptic distribution patterns. I discuss these questions below and propose experiments to

provide greater insight into potential mechanisms.

Cues for lobular appendage elaboration

What cues direct the late differentiation of AIl AC lobular appendages? The timing of the
presynaptic structure elaboration at the same time as bipolar cells differentiate raises the
possibility that bipolar cells may play a role in directing lobular appendage growth. The
observation that AIl ACs continue to develop lobular appendages even in the absence of Type 2
bipolar cells does not rule out the possibility that non-Type 2 bipolar cell partners of the AIl AC
may contribute to the elaboration of the AIl AC presynaptic structures. A bipolar cell-derived
cue may be common to all bipolar cells that are postsynaptic to AIl ACs. Furthermore, in the
Grm6-DTA retinas, bipolar cells are ablated after they differentiate, and therefore, bipolar cells
may provide a signal between the time of differentiation and ablation. To determine whether
bipolar cells are required for lobular appendage extension, we will need to examine the
morphology of AIl ACs in retinas in which bipolar cells are never generated. This could be
achieved by deleting genes underlying bipolar cell fate. If lobular appendages do not form,
bipolar cells are likely the source of an instructive signal. If lobular appendages still form in the
absence of bipolar cell genesis, lamina-specific cues such as cell-cell interactions with other
amacrine cells (Godinho et al. 2005) or cell intrinsic cues may direct the growth of these

structures. To differentiate between these options, AIl ACs could be dissociated from retinas and
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cultured in a 3D medium (Hertz et al. 2013). If lobular appendages develop in culture, a cell

intrinsic mechanism likely drives the process of presynaptic structure elaboration.

Another approach to determine the signal that drives AIl AC lobular appendage elaboration is to
genetically profile AIl ACs before and after lobular appendages elaborate. Sequencing of All
ACs could be achieved by FACs (fluorescent activated cell) sorting (Basu et al. 2010) GFP-
positive AIl ACs from the CDHI-GFP line at two ages, one before (P4) and one after (>PS8)
lobular appendage growth. Differences in gene expression around the time of presynaptic

structure growth may point towards relevant cues.

Mechanisms underlying the preferential synaptogenesis amongst bipolar cells

Our reconstructions of the AIl AC output synapses onto bipolar cells at P24 revealed a high
correlation between AIl AC - bipolar cell surface overlap and the number of synapses that
individual bipolar cell received. If the amount of cell surface overlap rather than bipolar cell type
(e.g. Type 2 vs 3) dictates the number of synapses a bipolar cell receives, then changing the
amount of overlap should change the number of synapses between an AIl-BC pair. In the Grm6-
Cre/Grm6-DTA/CDHI mice, some Type 2 (OFF) bipolar cells are ablated, but it is likely that
other OFF bipolar cells remain and expand to fill in the new available territory (Okawa et al.
2014). An EM reconstruction of AIl ACs in a region devoid of Type 2 bipolar cells would reveal
whether other bipolar cells can receive an increased number of synapses with a greater amount of
cell surface overlap. If the number of synapses a bipolar cell receives continues to be correlated
with the amount of surface overlap between that bipolar cell and the AIl AC, then mechanisms
that establish the axon stratification of the bipolar cells can largely explain the AIl AC output

onto its bipolar cell partners. On the other hand, if the AIl AC fails to increase the number of
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synapses onto bipolar cell partners despite increased cell surface overlap, other Type 2 specific

cues may underlie the bias for this bipolar cell type.

Mechanisms underlying the regulation of AIl AC output synapses across partners

Following the loss of bipolar cells and retinal ganglion cells, AIl ACs fail to increase synapses
onto remaining partners. This observation suggests that synapses onto distinct postsynaptic
partner types may be regulated independently. One question that arises from this observation is
how might a single presynaptic cell independently regulate synapses across multiple partners? A
previous study in C. elegans has found that an individual presynaptic neuron can use different
synapse organizing proteins, such as Neurexin (Nrx-1), to form and maintain synapses with one
target but not another (Philbrook et al. 2018). Furthermore, transsynaptic cell adhesion
molecules, such as Teneurins and Cadherins, have been shown to control output synapse number
between neuron pairs in both flies and mice, respectively (Mosca & Luo 2014; Williams et al.
2011). Cadherins have also been shown to direct the specific wiring of neurons to form direction-
selective circuits in the retina. Starburst amacrine cells restrict the lamination and regulate
connectivity with distinct populations of direction-selective retinal ganglion cells by the
expression of specific combinations of cadherins (Duan et al. 2018). We hypothesize that the AIl
AC may regulate synapses with specific postsynaptic partners by expressing distinct cell
adhesion molecules with each partner class. To determine whether the AIl AC expresses
molecules or combinations of molecules that are unique to bipolar cells versus ganglion cells, we
could carry out genetic profiling of AIl ACs to determine their expression of known cell
adhesion molecules could be compared with datasets that already exist for bipolar cells (Shekhar
et al. 2016). A recent unbiased screen for recognition proteins in the retina found novel receptor-

ligand binding pairs (e.g. FLRTs and Uncs) that can direct lamination in a neuronal subtype
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specific manner (Visser et al. 2015). Analyses of such datasets might provide other candidates

that regulate AIl AC connectivity.

One candidate transsynaptic protein that may differentially regulate AIl AC connectivity with
bipolar cells versus retinal ganglion cells is Neuroligin-4. Hoon et al. (2011) showed that there is
a decrease but not complete loss of Glyral staining in retinas that are null for Neuroligin-4
(NL4). One could examine the number of output synapses and the number of synapses AIl ACs
form onto Type 2 BCs in NL4 knock out retinas. If there is a decrease in total synapse number,
but no loss of synapses with Type 2 BCs, this would motivate performing serial blockface EM

on NL4 null retinas to reveal whether specific synaptic partner types lost synapses.

Determining whether rod pathway activity underlies pruning of transient synapses

While we did not find a role for rod pathway activity in AIl AC preferential synaptogenesis onto
bipolar cells, we did not evaluate the role of rod pathway activity in driving the pruning of AIl
AC synapses onto widefield amacrine cell partners. As demonstrated in earlier studies,
presynaptic activity can regulate connectivity with one partner and not others. For example,
silencing thalamocortical axons prevents selective pruning of synapses onto a subset of sensory-
motor neurons, but not others (Mendelsohn et al. 2015). Furthermore, circuit activity is often
critical for proper synaptic pruning in inhibitory circuits (Reviewed Lichtman & Colman 2000;
Huberman et al. 2008; Hashimoto & Kano 2013; Gamlin et al. 2018). Thus, it is possible that
loss of rod pathway activity prevents pruning of the transient synapses onto widefield amacrine
cell partners. To test this hypothesis, we propose reconstructing the AIl AC synapse distribution
using serial blockface EM in mice which lack inhibitory synaptic transmission (VIAAT KO)

(Wojcik et al. 2006).
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