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4. Abstract

Interaction between spontaneously active networks is prominently present in the central nervous
system (CNS). Network interaction at both local and global levels mediates communication across
different regions and thus, plays a crucial role in the brain’s physiology (Andrews-Hanna et al.,
2010; Oswald et al., 2017). Alterations in the network dynamics have been designated as a
hallmark of neuronal dysfunction in various neurodegenerative diseases (Palop et al., 2007; Xu et
al., 2015; Wang et al., 2017), signifying their relevance in clinical applications. However, these
network activities that seem to be a suitable therapeutic target require a complete understanding

towards it at a cellular level, which is still lacking.

Similar to other neurological diseases, in a majority of retinal diseases, such as Retinitis
Pigmentosa (RP), the degeneration and subsequent loss of photoreceptors generates enhanced
spontaneous signals in several retinal neurons (Trenholm et al., 2012; Biswas et al., 2014; Haq et
al., 2014). The degenerated retina is thought to form spontaneously active networks in the outer
and inner retina (reviewed in Euler and Schubert, 2015). Because these networks were studied only
inisolation, it is still unclear whether and how these interact. But since the networks are structurally

connected via bipolar cells (BCs), they may modulate each other.

Here, we used the primary rod degeneration rd10 mouse model, to investigate the interaction
between spontaneously active networks at both somatic and synaptic levels. We established a
method of dual recordings to record somatic calcium (Ca?*) signals from the neuronal population
in the outer and inner retina using two-photon microscopy. Signal dynamics between the networks
displayed spatio-temporal variability, however, the signals became similar in the later degeneration
phase. We further assessed the interaction at the synaptic level and examined the role of BCs as
potential linking neurons by implementing a vertical imaging technique. This allowed us to record
near-simultaneous spontaneous glutamate release at the BC dendrites and axon terminals at the
outer (OPL) and inner plexiform layers (IPL), respectively. Disconnecting outer and inner retinal
networks by blocking glutamatergic input at the BC dendrites, drastically affected inner retinal
signals suggesting that the inner retinal network is largely modulated by the outer retinal signals,
most likely via BCs. Finally, our data also revealed the existence of multiple correlated active
clusters which might reflect the presence of parallel pathways involved in the generation and

propagation of spontaneously active networks in the degenerated retina.
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5. Introduction

5.1 Spontaneous activity in the CNS

One of the characteristic features of the CNS is the presence of spontaneous activity in the neuronal
population. Unlike evoked activity, which is generated in response to an external task or stimulus,
spontaneous activity is the property displayed by neurons in the absence of any stimulus. In the
past, scientists have largely focused on studying task-evoked responses. However, currently, many
studies have turned their attention towards understanding the physiological significance of the
spontaneous activity. It has always been controversial to consider this activity either as a source of
‘noise’ or connect it with some functional relevance. But the fact that the activity is conserved
across species even after utilizing a higher intake of energy as compared to task-related responses
(reviewed in Raichle and Mintun, 2006) suggests it’s importance in the brain’s physiology.
Recently, it was revealed that the activity of the brain present during its resting state actually
reflects its functional architecture (Biswal et al., 2010). Raichle and colleagues (2001) also defined
this resting state activity of the brain as its ‘default mode’. The role of spontaneous activity has
also been widely described over different developing nervous systems such as the retina, cortex,
hippocampus and spinal cord where it plays a crucial role in synapse formation, maturation, and
wiring of the neuronal circuits (Milner and Landmesser, 1999; Leinekugel et al., 2002; Khazipov
et al., 2004; Sun and Luhmann, 2007; Soto et al., 2012). Interestingly, the spontaneous activity
even persists after the development but here it is involved in the brain’s important functions such

as memory and cognition (Wang et al., 2008; Andrews-Hanna et al., 2010; Oswald et al., 2017).

5.1.1 Generation of spontaneous activity in neurons

At the single cell level, neurons can exhibit different temporal patterns of spontaneous activities.
These activities can either be generated in the form of fast spontaneous firing of action potentials
which sometimes can appear as bursts or in the form of slow frequency oscillations. The
spontaneous activity of a neuron actually reflects its intrinsic ability due to its inherent membrane

properties. The generation of the activity requires interaction between ionic currents that could
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depolarize and hyperpolarize the membrane at subthreshold potentials (reviewed in Llinas, 1988).
In general, any instability in the neuron that might result in its hyperpolarization could activate
ionic currents like hyperpolarization-activated current (In). This could, in turn, lead to the
activation of low-threshold Ca?* currents that further depolarizes the membrane and generates a
low-threshold Ca?* spike. This could activate voltage-gated sodium (Na*) channels resulting in an
inward current triggering spontaneous bursts of spikes. Further influx of Ca®" could activate an
outward Ca?* mediated potassium (K*) current due to the opening of voltage-gated K* channels
and thus, leading to membrane repolarization. Many neurons, such as pacemaker neurons, exhibit
an interplay between voltage-dependent ionic currents such as persistent Na* current (Inap), In, Ca?*
or K* currents that allows generation of oscillatory activity between them (reviewed in (Perez-
Reyes, 2003; Harris-Warrick, 2002)). For example, oscillations can arise in neurons such as All
amacrine cells (ACs) as a result of interaction between fast depolarizing Na* current and slow
hyperpolarizing K* current (Choi et al., 2014). Hyperpolarization could also induce oscillations in
some neurons such as OFF retinal ganglion cells (RGCs) due to the activation of Inap current
(Margolis and Detwiler, 2007). These changes in the membrane potential that arise as a result of
interaction between different currents can be recorded either as large membrane fluctuations using

various electrophysiological techniques or as small Ca?* transients through Ca?* imaging.

5.1.2 Spontaneously active networks in developing and mature nervous systems

As already mentioned at the beginning of this introduction, spontaneous activity is not restricted
to the level of an individual neuron. Instead, many neurons synchronize their activity, forming
networks. This has been well described in the developing visual system and particularly in the
retina, where, for example, during a specific phase in retinal development, RGCs display bursts of
action potentials and can also synchronize their activity with other neighboring neurons (Meister
et al., 1991). Correlated network activities in retinal neurons can interact at a large-scale, forming
a wave-like pattern and thus can travel across the retina (Feller et al., 1996), promoting
synaptogenesis (Soto et al., 2012) (see also 5.1.3). The retinal waves can also propagate to the
higher visual centers of the brain like superior colliculus (SC), primary visual cortex and lateral
geniculate nucleus (LGN), where they are involved in the organization of retinotopic maps and
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eye-specific segregation (reviewed in Torborg and Feller, 2005; Xu et al., 2011; Ackman et al.,
2012; Zhang et al., 2012; Akrouh and Kerschensteiner, 2013). Similar to the visual system,
spontaneous network activity in the developing hippocampus, cortex, and spinal cord have also
been inferred to contribute in the development and maturation of circuitry (Corlew et al., 2004;
Khazipov et al., 2004; reviewed in Hanson et al., 2008; Winnubst et al., 2015).

Spontaneous network activity also exists in the mature (healthy) nervous system. Synchronized
network activity has been reported in both mature cortical and hippocampal neurons (Mazzoni et
al., 2007; Takahashi et al., 2010, Penn et al., 2016). Interestingly, the activity generated at a local
area can interact with other networks across different brain regions, mediating large-scale
communication. This became, for instance, evident in a study where network interactions have
been demonstrated by strong coupling between CA1 and CA3 hippocampal neurons (Both et al.,
2008). Slow spontaneous oscillations in cortical neurons present during sleep have also been
shown to be correlated with the oscillations present in the thalamic region (Steriade et al., 1993;
Rothschild et al., 2017). Similarly, interactions among network associated with developed primary
visual areas have also been reported (Wang et al., 2008). The coordinated activity of the mature
neuronal population can give rise to specific patterns with specific frequencies. Hence, it can be
classified based on the dominant frequency band, namely: delta, theta, alpha, beta, and gamma.
These activity patterns are easily detectable in humans and can be measured using various
diagnostic tools like electroencephalography (EEG) and magnetoencephalography (MEG).
Another neuroimaging technique called functional magnetic resonance imaging (fMRI)
overcomes the restriction of poor spatial resolution in EEG and MEG, thereby allowing
investigation of long-range networks with more structural information. Using these techniques,
slow oscillations developed during sleep have been shown to be involved in memory processing
(Wei et al., 2018). In addition to this, correlated spontaneous activity recorded from distinct brain
regions has been demonstrated to be linked with working memory, learning, and other cognitive
tasks (Andrews-Hanna et al., 2010; Oswald et al., 2017).
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5.1.3 Mechanisms underlying network interactions

As mentioned earlier, spontaneous activity of a particular neuron underlies its intrinsic property
(see 5.1.1). The generation of spontaneous network activity, on the other hand, relies on the
interaction between intrinsic membrane properties and synaptic mechanisms. In the developing
visual system, where spontaneous network activity propagates across the retina in the form of
waves (see 5.1.2), this wave-like activity actually exhibits three different phases. Each phase is
mediated by different synaptic mechanisms, serving specific functions for the organization of the
visual circuitry (reviewed in (Wong, 1999; Firth et al., 2005)). During embryonic development
until postnatal day (P) 1, spontaneous bursts of activity generated in the RGCs propagate among
neighboring neurons through the gap-junction coupling. However, between P1 and P10,
cholinergic retinal waves emerge when the connections develop between cholinergic ACs for e.g.,
starburst amacrine cells (SACs) with other SACs or RGCs. These waves can be initiated as
spontaneous depolarizations of SACs, which can then spread across the retina through excitatory
synaptic connections, probably due to the volume release of acetylcholine (Ford et al., 2012). Later
in the development, between P10 and P14, glutamatergic waves come into play and contribute to
the development of the synapses between BCs and RGCs (reviewed in Kerschensteiner, 2016).
These glutamatergic waves are thought to be generated in the BCs and propagated across the retina
through glutamate release (Wong et al., 2000; Firl et al., 2013). The initiation of the activity in the
BCs as a result of spontaneous depolarization can further lead to the depolarization of All ACs
which could subsequently generate anti-correlated activity between ON and OFF-RGCs through
synaptic inhibition (Akrouh and Kerschensteiner, 2013; Firl et al., 2015). Additionally,
glutamatergic waves can also recruit ON and OFF segregation at the higher visual centers
(Kerschensteiner and Wong, 2008).

Similar to the visual system, wave-like correlated activity can also be found in the developing
cerebellum which relies on depolarizing GABA mediated synaptic transmission (Watt et al., 2009).
In mature neurons, GABA is an inhibitory neurotransmitter that inhibits the excitability of the
neuron by activating chloride ion (CI") channels. As the concentration of the CI" is lower inside the
cell, activation of these channels causes an influx of ClI" leading to membrane hyperpolarization.
However, during neuronal development, the immature neurons exhibit a higher intracellular

concentration of CI-due to undergoing changes in the CI transporter expression. The activation of
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GABA receptors, in this case, causes diffusion of CI- outside the cell further leading to membrane
depolarization. Therefore, during the development stage, GABA exhibits excitatory properties.
Depolarizing GABA mediated oscillations are also involved in the network activity present in the
developing hippocampus (Garaschuk et al., 1998). However, unlike hippocampal neurons,
network activity in the developing cortical neurons depends mainly on glutamatergic synapses
(Garaschuk et al., 2000).

In mature CNS, spontaneous network interactions rely on the combination of intrinsic and synaptic
mechanisms. This has been demonstrated, for example, in the cortical neurons, where
synchronization among the neuronal population can be mediated by both intrinsic mechanisms via
In/Inap current, and through glutamatergic synaptic transmission (Mao et al., 2001). Moreover, a
precise balance between synaptic excitation and inhibition as mediated by glutamate and GABA
receptors, respectively, is required for the interactions between spontaneously active networks
(Haider et al., 2006; Mazzoni et al., 2007). A stable balance between recurrent excitations that
leads to membrane depolarization followed by rapid feedback inhibition via GABAergic neurons
causing hyperpolarization of the membrane underlies the mechanism of spontaneous activity.
Finally, gap junction coupling can also contribute to the synchronization and spread of the activity
in the network (Draguhn et al., 1998; Maier et al., 2003). Taken together, a dynamic interaction
between intrinsic and synaptic mechanisms is required for the initiation, maintenance, and

propagation of spontaneous network activity.

5.1.4 Alterations in the spontaneous activity during neurodegenerative diseases

Neurodegenerative diseases result in the disruption of various cellular and molecular pathways
and changes in the synaptic connectivity, thus affecting normal physiology and functional
connectivity of the brain. As spontaneous activity plays a key role in the brain’s crucial function,
it is to be expected that they are also severely altered during various pathological conditions such

as Parkinson’s disease (PD), Alzheimer’s disease (AD), epilepsy and Schizophrenia.

17



Alterations in Parkinson’s disease

PD is marked by the death of dopaminergic neurons of the substantia nigra of the basal ganglia in
the brain. The dopaminergic neurons release dopamine that plays a role in transmitting signals to
the brain regions controlling movement and coordination (Panigrahi et al., 2015, Dodson et al.,
2016). Therefore, the degeneration of these neurons also causes a decrease in overall dopamine
release (Bernheimer et al., 1973), which then leads to movement disorders in the patients.
Interestingly, these neurons also fire spontaneously even in the absence of any synaptic input,
which is thought to be associated with the release of the dopamine (Gonon, 1988). In many PD
patients, the slow frequency spontaneous activities have been shown to be altered in the basal
ganglia and other associated brain areas such as globus pallidus (Hou et al., 2014; Xiang et al.,
2016). Several primate models of PD also show aberrant spontaneous activities in the regions of
basal ganglia, thalamus and cortex (Filion and Tremblay, 1991; Magnin et al., 2000; Wang et al.,
2017; Du et al., 2018). The dopaminergic neurons of the substantia nigra receive GABAergic
inputs from different parts of the basal ganglia including globus pallidus (reviewed in Bergman et
al., 1998). As a result, a decrease in dopamine release leads to reduced activity of the globus
pallidal neurons and thus, reduced GABAergic output to its respective targets. Deafferentation of
dopaminergic neurons also leads to enhanced synchronized activity in the globus pallidus further
contributing to the tremor symptom in the disease (Nini etal., 1995; Raz et al., 2005). Additionally,
PD pathophysiology has also been found to be associated with an increase in the synchronization

of spontaneous firing among neurons in the subthalamic nuclei (Levy et al., 2000).
Alterations in Alzheimer’s disease

Another common neurodegenerative disease is AD, which is characterized by neuronal
degeneration and accumulation of amyloid-B (AP) peptides in the brain, resulting in memory and
cognition deficit. Alterations in oscillation frequencies have been reported in AD patients (Czigler
et al., 2008). Specifically, it was found that the neurons which are particularly present near Af
plague deposits display enhanced spontaneous activity (Busche et al., 2008; Busche et al., 2012).
AP peptides can also cause an imbalance between synaptic excitation and inhibition which could,
in turn, induce elevated synchronization (hypersynchronization) in the hippocampal and cortical
neuronal network, making functional connectivity of the system highly unstable (Palop et al.,

2007). Furthermore, dysfunction of GABAergic inhibition probably due to synaptic remodeling of
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GABAergic neurons also underlies abnormal spontaneous firing patterns in the network (Palop et
al., 2007; Busche et al., 2008).

Alterations in Epilepsy

Epilepsy is also a commonly studied neurological disorder associated with abnormal brain activity.
Often epileptic activity is associated with other neurodegenerative diseases. The epileptic
condition typically represents elevated synchronization between the activities in the neuronal
population that generates seizure like activity (reviewed in Margineanu, 2010; Jiang et al., 2016).
Consistent with other neurological diseases, any disparity in the proportion of excitation and
inhibition could generate this condition. For example, in neocortical slices obtained from epileptic
patients, it was demonstrated that the enhanced synchrony among the neuronal networks can be an
outcome of overexcitation, possibly due to an increase in the number of excitatory synapses (T6th
et al., 2018). GABAergic inhibition also contributes to hypersynchrony, in this case, was mostly
mediated by glutamatergic signaling (Toth et al., 2018). In addition to this, gap junction coupling
may also underlie neural synchronization in epileptic neurons (Ross et al., 2000).

Alterations in other pathological disorders

Alterations in spontaneous network activities are also present in various brain regions of
schizophrenic patients (Xu et al., 2015) and have been shown to be associated with reduced
GABAergic inhibition (Gisabella et al., 2005). Interestingly, these changes in the correlation of
the network activities have been linked with hallucinations reported by the patients (Gao et al.,
2015; reviewed in Northoff and Duncan, 2016). Also, in Huntington’s disease, abnormal
spontaneous spiking generated due to disrupted GABAergic signaling was demonstrated in

hippocampal neurons (Dargaei et al., 2018).

Alterations in spontaneous activity is also a characteristic feature of diseased sensory systems such
as auditory and visual system. Hearing disorders are often accompanied by a discomforting
symptom called tinnitus which is a perception of sound even in the absence of any stimulus.
Abnormal frequency fluctuations in the auditory cortex and other linked brain areas are found in
the tinnitus patients (Leaver et al., 2011; Chen et al., 2014; Chen et al., 2015). This phenomenon
is also associated with alterations in the organization of tonotopic maps in the auditory cortex

(Rajan et al., 1993; Muhlinickel et al. 1998). Even at the cellular level, auditory nerve fibers display
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an increased rate of spontaneous firing following acoustic injury (Liberman, 1978; Norefia and
Eggermont, 2003). Similar hyperactivity was also reported in auditory cochlear nuclei in a tinnitus
mouse model, where it was demonstrated that the down-regulation in GABAergic inhibition
underlies this enhanced activity (Middleton et al., 2011). Hallucinations related to visual
perceptions are also common in patients suffering from retinal degeneration. Recently, direct
evidence has been provided confirming the role of hyperactivity in triggering this symptom in
patients of age-related macular degeneration (Painter et al., 2018). Even in many retinal
degenerated (rd) animal models, aberrant activity has been prominently reported in several retinal
neurons (reviewed in Euler and Schubert, 2015) (see 5.4.4) and in the primary visual cortex (V1)
and SC (Dréger and Hubel, 1978; lvanova et al., 2016a; Wang et al., 2018a) (see 5.4.9). Altogether,
it can be concluded that any discrepancy in the spatio-temporal properties of the spontaneous
network dynamics could affect brain function, thus making it a very relevant field for further

investigation in neurodegenerative diseases.

5.1.5 Strengths and limitations of the non-invasive studies

Based on the fact that the abnormalities in spontaneously active networks are associated with a
majority of neurodegenerative diseases, studies have been made to use them for diagnostic
purposes. Changes in the dynamics of these network activities have been widely used now as a
potential marker for detecting signs of the diseases (reviewed in (Buckner et al., 2008; Fox and
Greicius, 2010; Zhou et al., 2010)). Until now, aberrant network activities have mostly been used
as a biomarker for the diseases although they could also be one of the possible targets for
therapeutic treatment. Several drugs are being developed for the suppression of the hyperactivity
to improve cognition in patients (Bakker et al., 2012; Plata et al., 2013). Currently, several
modifications are being made in a variety of techniques like EEG, MEG, and fMRI to make them
more efficient and informative, to enable earlier disease detection, and to render them more
comfortable for the patients (Al-Jumeily et al., 2015; Wang et al., 2015; Wang et al., 2018b). Even
though most of these neuroimaging methods are non-invasive and very reliable way of assessing
neurological diseases in the patients, they usually can only detect the sum activity of whole circuits.
As a result, while they can be used to interpret the changes in the functional connectivity over
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different regions of the brain, they do not provide detailed information regarding the anatomical
or functional changes at a cellular level. However, the successful implementation of any
pharmacological therapy requires a better understanding of the interaction between the networks
at both the cellular level and synaptic level, which is still lacking.

These limitations may be overcome by exploiting various electrophysiological techniques such as
single or multi-unit recordings, that have high spatial resolution and thus could help in deciphering
the functional connectivity at the cellular level. However, these techniques have their drawbacks
too. First, these are invasive and require complicated surgical procedures as compared to the non-
invasive imaging tools like fMRI and EEG. And, second, due to the limited size of the recorded
field, these techniques can only help in identifying the interactions among local circuits but would

fail to unravel the interaction between large-scale networks over vast regions of the brain.

5.2 Looking into the brain through the retina

The retina is considered as a “window to the brain” not only because it is an extended part of the
brain, but as many findings in the retina can be directly linked to the function of the other regions
of the CNS (reviewed in London et al., 2013). This is also evident from the fact that several
neurodegenerative diseases can have a component that leads to retinal dysfunction. The anatomy
and functional connectivity of the retina is comparable to the brain. However, the less intricate
structure of the retina makes it a feasible model to directly investigate neurodegenerative diseases.
The retina is a well-studied and easily accessible model for manipulations; therefore, it can
contribute a lot in understanding structural and functional connectivity of the CNS under normal
and diseased conditions. Above that, the laminar arrangement of the retinal neurons makes it an
attractive model to study interactions between laterally organized networks. Hence, in the present
study, the retina was used as a model system to explore how spontaneously active networks interact

with each other at the synaptic level.
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5.2.1 Structural organization of the mammalian retina

The retina, an integral part of the CNS, is a light-sensitive tissue at the back of the eye (reviewed
in Erskine and Herrera, 2014). The mammalian retina is a well-organized laminar structure that
consists of a feedforward pathway from rod and cone photoreceptors (rods and cones), through the
BCs to the RGCs, which are modulated laterally by horizontal cells (HCs) and ACs (Fig. 1). The
RGCs are the retina’s output neurons. The five major neuronal cell classes in the retina are
structured into three nuclear layers, namely, outer (ONL), inner nuclear layer (INL) and ganglion
cell layer (GCL) which form their synapses at the two synaptic layers, i.e., OPL and IPL (Fig. 1).
While in the OPL, BCs synapse with the photoreceptors and the HCs, in the IPL they make
connections with the ACs and the RGCs (reviewed in (Hoon et al., 2014; Baden et al., 2018)).

The light-sensitive neurons in the outer retina, i.e., photoreceptors, convert light signals into
electrical signals through a series of processes in the phototransduction cascade that leads to cell
hyperpolarization (Grossniklaus et al., 2015). The signal is then relayed to the BCs which transmit
signals through multiple parallel channels to the RGCs (Baden et al., 2016; Franke et al., 2017).
The excitatory synaptic transmission is modulated by two classes of inhibitory interneurons: HCs
in the outer retina and ACs in the inner retina (reviewed in Diamond, 2017). As a result, the
vertebrate retina exhibits many distinct circuits that operate in parallel to generate visual output.
This involves a complex organization of synaptic connectivity both in the outer and inner retina.
This retinal network can perform complex computations, decomposing the visual stimulus and

sending the resulting feature representations to the brain.

All the axons of the RGCs collectively form a bundle-like structure called the optic nerve (Fig. 1).
The visual information is then transferred via the optic nerve to more than 50 regions of the brain
for further processing (Martersteck et al., 2017). The two major targets of the RGCs are the SC of
the midbrain and LGN of the thalamus. The visual information from the LGN is passed to the
primary visual cortex (V1) (Fig. 1, top). However, depending on the species one of the two
pathways can be more pronounced for e.g., in mice, majority (~ 80%) of the RGCs project their
axons to the SC (Ellis et al., 2016) while in primates, ~ 90% of the RGCs project to the LGN (Perry
etal., 1984).
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Figure 1. lllustrative representation of a mouse retina as an extension to the brain.

Top: A simplified schematic representing higher visual centers in the mouse brain, i.e., visual
cortex, lateral geniculate nucleus (LGN) and superior colliculus (SC). Note not all the visual
pathways are shown here (Adapted from Wilks et al., 2013). Middle: Simplified schematic of a
mouse eye as an extension of the central nervous system (CNS). The retina is located at the back
of the eye and sends visual information to the brain via the optic nerve (Adapted from an image
from Thomas Euler (http://www.vision-research.eu/index.php?id=925)). Bottom: Schematic
showing an enlarged view of a vertical section of a mouse retina (Adapted from Euler and
Schubert, 2015). The retina is composed of five neuronal cell classes; namely photoreceptors (rods
and cones), horizontal cells (HCs), rod (RBCs) and cone bipolar cells (CBCs), amacrine cells
(ACs) and retinal ganglion cells (RGCs). These neurons are organized in different nuclear and
synaptic layers: outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL),
inner plexiform layer (IPL) and ganglion cell layer (GCL). Nerve fiber layer (NFL) comprises all
the RGC axons that form the optic nerve.

5.2.2 Stratification of the synapses in the plexiform layers

While OPL mainly consists of synapses between photoreceptor terminals (rod spherules and cone
pedicles) and dendrites of HCs and BCs, the IPL consists of connections between BC axon
terminals, AC processes, and RGC dendrites. The IPL can be traditionally divided into five strata
(1-5) of the same width depending on the BC axonal stratification. There are at least 15 types of
BCs (reviewed in Euler et al., 2014; Tsukamoto and Omi, 2017) that receive input from
photoreceptors. Based on their response polarity to a flash of light, they can be subdivided into
ON- and OFF-BCs; ON-BCs respond to light increments with depolarization, while OFF-BCs
become hyperpolarized to increments of light. Further, depending on whether they make contacts
with rods or cones, ON-BCs can further be categorized into rod BCs (RBCs) and ON- cone BCs
(CBC:s), respectively. However, RBCs can also make synapses with cone pedicles and a few OFF-
CBC types such as type 3 and 4 also receive inputs from rods (Behrens et al., 2016). Strikingly,
different types of BCs segment themselves across the whole IPL depth in a specified manner; while
OFF-BCs extend their terminals in strata 1 and 2, ON-BC types predominantly stratify in strata 3
to 5. This results in a separation of the IPL into two distinct sublamina known as OFF (strata 1 and
2) and ON sublamina (strata 3 to 5) (reviewed in Euler et al., 2014). Besides, ON and OFF division,
the systematic stratification of the BC axon terminals generates finer subdivisions in the IPL such
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as segregation (broadly) into transient (IPL centre) and sustained channels (IPL borders) (Franke
et al., 2017). Thus, the highly organized IPL structure functions as the retina’s ‘switchboard’
receiving input from parallel BC channels and sending information to different ACs and RGCs

(reviewed in Euler et al., 2014).

5.2.3 Synapses in the outer retina

In the OPL, the connectivity between photoreceptor terminals and their postsynaptic neurons
represent a unique synaptic organization. Photoreceptor terminals contain specialized synaptic
release structures known as ribbons which are surrounded by glutamate containing vesicles.
Presynaptic HC and postsynaptic ON-BC dendrites make invaginating contacts with photoreceptor
terminals, whereas OFF-BCs make non-invaginating synaptic contacts (Fig. 2). However, an
exception to this norm are type X ON-BCs, which primarily make non-invaginating contacts with

cone terminals (Behrens et al., 2016).

Figure 2. Schematic representation of typical synaptic connectivity at the OPL.

Photoreceptor (rod and cone) terminals contain synaptic ribbons (black line) that are surrounded
by glutamate containing synaptic vesicles (black circles). At each synaptic ribbon, the cone axon
terminal (left) makes invaginating connections with HC dendritic tips and ON-CBC dendrite,
while it makes non-invaginating contacts with OFF-CBC dendrites. Invaginating connections
between rod spherule (right) and HC processes and RBC dendrites are also present at the OPL.
OFF-CBC connections to rod spherules are not shown here (Adapted from Euler et al., 2014).
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Signal transduction in rods and cones triggers a change in their membrane potentials resulting in
neurotransmitter release. Photoreceptor terminals through their specialized ribbon synapses enable
graded release of glutamate (reviewed in Sterling and Matthews, 2005), which is then transmitted
downstream to the HCs and BCs. For the binding of glutamate, HCs express AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) and kainate type ionotropic glutamate receptors
(Haverkamp et al., 2001; Schubert et al., 2006; Feigenspan and Babai, 2015; Stroh et al., 2013).
The binding of the glutamate onto the receptors of HCs leads to their hyperpolarization
(Haverkamp et al., 2000; Cueva et al., 2002). This feedforward synaptic transmission from the
cones to the HCs is in turn modulated through different feedback mechanisms by the HCs, namely,
ephaptic, proton mediated and GABAergic mediated feedback (reviewed in Chapot et al., 2017).
In general, ephaptic feedback is faster than the other two processes and is mediated by the entry of
cations into the dendritic tips of the HCs following hyperpolarization. Both ephaptic and proton
mediated feedback mechanisms can regulate the glutamate release from the cone axon terminals
by acting on voltage-gated Ca?* channels (VGCC) present on them (Nachman-Clewner et al.,
1999; reviewed in Kamermans and Fahrenfort, 2004). On the other hand, GABAergic mediated
feedback does not contribute directly, instead, the GABA receptors present on the HCs can act on
themselves (autoreceptors), further modulating the GABA release from the HCs (Haverkamp et
al., 2000; Cueva et al., 2002; Liu et al., 2013). Thus, the GABAergic feedback is thought to be an
indirect mechanism that could modulate the other two feedback mechanisms (Kemmler et al.,
2014).

OFF-BCs also express AMPA and kainate type glutamate receptors forming ‘sign conserving’
synapses with photoreceptor terminals and thus, exhibiting the same response polarity to the light
(Puller etal., 2013). Recently, it was reported that the cone-driven glutamate release from the OFF-
CBCs in response to light stimulus appears to be mainly mediated by kainate receptors and not
AMPA receptors (Borghuis et al., 2014). Contrary to the OFF-CBCs, ON-CBCs express
metabotropic glutamate receptors (mGluRs) at their dendritic tips making ‘sign-inverting’
synapses with the photoreceptors and thus, responding with opposite polarity to the photoreceptors
on the light onset. While different types of mGIuRs are found to be expressed in the retina, group
I11 type mGIuRG6 is predominantly expressed on the dendritic tips of ON-BCs (reviewed in Dhingra
and Vardi, 2012). Besides mGIluR6, another crucial component involved in the ON-BC signaling

cascade is a transient receptor potential M1 (TRPM1) protein, which is negatively regulated by
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mGIuR6 activation. The interaction between mGIuR6 and TRPML1 is facilitated by another
essential protein called nyctalopin (Gregg et al., 2003; Gregg et al., 2007). Upon glutamate binding
on to the mGIuRG receptor, the activation of mGIuR6 leads to the closure of the TRPM1 channel
further resulting in membrane hyperpolarization (Morgans et al., 2009; Koike et al., 2010).
Additionally, the BCs also express GABA receptors on to their dendrites and their signals may be
modulated by the GABAergic feedforward inhibition from the HCs (Haverkamp et al., 2000;
Behrens et al., 2019).

5.2.4 Synapses in the inner retina

The glutamatergic signals from the BCs are relayed to the RGCs and this vertical signal
transmission is modulated by the inhibitory activity of the ACs. Similar to the photoreceptor
terminals, BCs also contain ribbons with synaptic vesicles at their terminals and make non-
invaginating synapses with their postsynaptic neurons, i.e., ACs and RGCs (Fig. 3). CBCs contact
both RGCs and ACs, however, RBCs instead of contacting RGCs directly synapse with two ACs
which further relay the signals to the RGCs via CBCs (Fig. 3) (see below; the rod pathway).

CBC RBC

Figure 3. Schematic representation of the synaptic connectivity in the IPL.

All
AC

Both CBC and RBC terminals contain synaptic ribbons (black line) surrounded by glutamate filled
vesicles (black circles) at the synaptic site. A typical synaptic connection between a CBC terminal
and its postsynaptic elements; RGC and AC at a single synaptic site is shown on the left while a
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simplified representation of the connectivity between an RBC bouton and All and A17 ACs is
shown on the right (Adapted from Baden and Euler, 2016). Note not all connections are shown
here.

The excitatory signal transmitted by the BCs to the ACs and RGCs is mainly mediated by
ionotropic glutamate receptors via both AMPA/kainate type and NMDA type receptors resulting
in a ‘sign-conserving’ response (Lukasiewicz et al., 1997; reviewed in (Yang, 2004; Shen et al.,
2006)). While the majority of the ACs express both AMPA and kainate type receptors, a few of
them express either only AMPA or kainate receptors (Dumitrescu et al., 2006). In addition, recent
evidence suggests the presence of NMDA receptors on ACs (Zhou et al., 2016; Veruki et al., 2019).
Moreover, a few ACs also express different mGIuR receptor types such as mGIuR4, 7 or 8, which
are localized mainly on their processes and somata (Brandstatter et al., 1996; Koulen and
Brandstatter, 2002; Quraishi et al., 2007; reviewed in Dhingra and Vardi, 2012). Also, a few RGCs

express mGIuRs (reviewed in Dhingra and Vardi, 2012).

The signal flow from the BCs to the RGCs can be shaped by ACs in different ways: either they
can provide feedback inhibition to the BCs upon receiving glutamatergic input or could directly
inhibit RGCs in a feedforward fashion. In addition, ACs can also regulate the activity of other ACs
by forming synapses with them (reviewed in (Zhang and McCall, 2012; Hoon et al., 2014;
Diamond, 2017)). The inhibitory signal modulation by the ACs can be either GABAergic or
glycinergic. Along with this, many ACs also release an additional neurotransmitter, for example,
SACs release both GABA and acetylcholine onto direction selective RGCs (O'Malley et al., 1992),
shaping their responses. Similarly, dopaminergic amacrine cells (DACs) co-release GABA and

dopamine to their postsynaptic neurons (Contini and Raviola, 2003).
The rod pathway or RBC-All AC circuitry

The rod pathway involved in scotopic vision displays a unique synaptic organization between
RBCs and ACs. Rods predominantly make invaginating synapses with the RBC dendrites in the
OPL. However, unlike other BCs, RBCs do not directly provide input to RGCs. Instead, they form
output synapses with two types of ACs, namely, All and A17 ACs (reviewed in Bloomfield and
Dacheux, 2001) (Fig. 3, right). This synaptic connectivity also represents a special arrangement in

the IPL. RBCs extend their bouton-like terminals deep into the inner sublamina of the IPL reaching
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down to strata 4 and 5. All ACs, on the other hand, are narrow-field bistratified neurons that have
their processes distributed at different strata in the IPL. In strata 4 and 5, the distal dendrites of the
All ACs contact RBC terminals; this is where they receive glutamatergic input from RBCs,
whereas in strata 1 and 2, lobular appendages of the All ACs make glycinergic inhibitory synapses
with OFF-CBCs. In addition, All ACs also form gap junctions with ON-CBCs stratifying in strata
3 to 5. ON- and OFF-CBCs, in turn, make synapses with ON- and OFF-RGCs, respectively. This
enables well-segregated information flow between both ON and OFF channels (Strettoi et al.,
1992; reviewed in Bloomfield and Dacheux, 2001; Ghosh et al., 2001; Wassle et al., 2009) (Fig.
4).

Contrary to All cells, A17 ACs which are wide-field ACs also make synapses with the RBCs in
the inner strata of the IPL (Fig. 4). The glutamatergic input received by the A17 ACs is modulated
by GABAergic reciprocal synapses with RBCs (Hartveit, 1999; Ghosh et al., 2001). The incoming
glutamatergic signals collected by both All and A17 ACs are mainly mediated by AMPA/kainate
type receptors (Ghosh et al., 2001). However, recent studies revealed an extrasynaptic localization
of NMDA receptors on both All and A17 ACs, which may point at a role for these synapses in
signal modulation and plasticity (Zhou et al., 2016; Veruki et al., 2019).

Interestingly, All ACs are coupled via gap junctions to other All ACs (homotypic coupling) and
ON-CBCs (heterotypic coupling). The coupling between these networks is influenced by light
levels. At dark-adapted conditions, the network remains uncoupled and with the increase in
background illumination to a mesopic range, the coupling between the networks increases. Any
further increase in light level that falls into the photopic range leads to a reduction in the coupling,
a process that is mainly regulated by enhanced dopamine signaling (Hampson et al., 1992). It has
been suggested that the extrasynaptic NMDA receptors present on the All ACs play a crucial role
in modulating the coupling between the networks (Kothmann et al., 2012; Veruki et al., 2019).
Altogether, rod signals from the RBCs are transmitted to the All ACs, which leads to their
depolarization. The depolarized signal is then relayed to the ON-CBCs through gap junctions while
OFF-CBCs receive glycinergic inhibition via All ACs. The antagonistic signals received by ON-
and OFF-CBCs is further conveyed to the ON- and OFF-RGCs, thus establishing parallel, rod-
driven ON and OFF channels along the pathway (Fig. 4).
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Figure 4. Schematic illustrating rod
pathway circuitry.

Rod In a classical rod pathway, many rods

converge onto a single RBC which
then sends excitatory output to All and
Al17 ACs. The signals received by All
ACs are then relayed to ON- and OFF-
CBCs through gap junctions and
RBC glycinergic  synapses, respectively
ON-CBC  which in turn relay signals to ON- and
OFF-CBC OFF-RGCs. The Al7 ACs, on the
AllAC other hand, modulate the glutamate
— A17AC  release from the RBCs by forming
GABAergic reciprocal synapses with
them (Adapted from Euler and

Schubert, 2015).

RGC

5.3 Spontaneous activity in the retina

As spontaneous activity is a characteristic feature of the neural system (see also 5.1.1 and 5.1.2),
it is also displayed by some mature retinal neurons. For example, OFF- but not ON-RGCs usually
exhibit spontaneous activity due to their intrinsic pacemaker properties; this activity is driven
mainly by Inap leading to subthreshold oscillations (Margolis and Detwiler, 2007). Spontaneous
oscillatory activity has also been reported in SACs as a result of Ca?* dependent glutamate release
by the BC axon terminals (Petit-Jacques et al., 2005). Another neuron type in the retina which is
known to fire spontaneously is the DAC. Spontaneous rhythmic activity or bursts of spikes have
been reported for DACs in both isolated and intact retina (Feigenspan et al., 1998; Zhang et al.,
2007). The activity in these neurons is mainly mediated by subthreshold Na* currents that rely on

tetrodotoxin (TTX)-sensitive voltage gated Na* channels (Feigenspan et al., 1998).

Compared to the adult retina, spontaneous network activity can be distinctively observed in the

developing retina in the form of so-called retinal waves (see 5.1.2 and 5.1.3). However, these
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waves disappear with the emergence of light-evoked activity. The wave-like activity is suppressed
by the maturation of the inhibitory network due to switching of the GABA and glycine receptor-
mediated activity from excitatory to inhibitory, particularly due to change in the intracellular
concentration of CI" (Toychiev et al.,, 2013) (see also 5.1.3). Strikingly, degeneration of
photoreceptors and thus loss of light-evoked input in many retinal diseases trigger spontaneous
activity in several types of retinal neurons (see 5.4.4). Unlike in the healthy adult retina,
spontaneous activity in the degenerated retina forms networks (reviewed in Euler and Schubert,
2015), representing a unique model to study network interactions in a diseased condition.

5.4 Retinal degeneration

A vast variety of genetic mutations in the rods, cones or retinal pigmented epithelium can cause
severe retinal dystrophies. These mutations can lead to dysfunction or progressive death of the
photoreceptors and are known to be the primary cause of blindness in the world. RP is one of the
major characterized inherited retinal disorders resulting from a diverse range of mutations in
different genes (reviewed in (Wang et al., 2005; Daiger et al., 2013)). This leads to the
degeneration of photoreceptors where for the majority of the cases, rod cell death is followed by
the secondary degeneration of cones. This consequently leads to a deficit in photoreceptor function
and ultimately blindness in the late stages of the disease. Depending on the extent and location of
the mutation, the rate of RP progression varies from person to person (Sandberg et al., 1995). One
of the early clinical signs of RP is night blindness due to loss of rod photoreceptors which
eventually converts into large-scale cell deaths at the periphery leaving the patient with only tunnel
vision. As in RP, cone cell death follows rod degeneration, loss of visual acuity and defects in
color perception is also seen in the patients. The advancement of the disease subsequently leads to

a complete loss of vision.

The clinical manifestations of RP are a result of severe morphological and functional remodeling
in the retina resulting from the degeneration. The deafferented retina undergoes an intense
remodeling process which can be broadly divided into three different phases (reviewed in (Marc
et al., 2003; Jones et al., 2005; Kalloniatis et al., 2016)) (Fig. 5):
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Phase 1/Neuronal stress — This phase depicts ‘photoreceptor stress’ and is marked by the truncation
of the outer segments of the photoreceptors, initiation of the photoreceptor death and extension of
rod neurites. Alterations in expression and function of neurotransmitter receptors can also be

observed.

Phase 2/Photoreceptor death — This phase is mainly characterized by massive rod death followed
by cone degeneration. RBCs and HCs start retracting their dendrites, which also causes changes

in the inner retina.

Phase 3/Comprehensive remodeling — This phase represents extensive remodeling in the neuronal
circuitry and is characterized by severe structural changes in both outer and inner retina. Sprouting
of neurite processes and the formation of ectopic synapses is also prominent at this stage.

Figure 5. Schematic representation
of a vertical section of a degenerated

Remnant cone mouse retina.

In retinal degenerative diseases, the

SSC degeneration of photoreceptors starts
CBC with the loss of light-sensitive outer
AC segments followed by dendritic
retraction leaving behind only remnant
cone somata. This further leads to
retraction and loss of dendrites of HCs
S and BCs. Ectopic synapse formation

between RBC and remnant cone
somata can also be seen. Some minor
changes in the inner retina such as the reduction in density of RBC boutons can also be observed
(Adapted from Euler and Schubert, 2015).

These changes in the retina have been thoroughly studied in rodent models of RP. Patients with
autosomal recessive RP disorders are known to exhibit mutations in the gene encoding for the  —
subunit of the rod cyclic guanosine monophosphate (cGMP) phosphodiesterase (PDE) 6, Pde6b
(McLaughlin et al., 1993). Being an essential player in the signaling cascade, any defect in the

Pde6b gene results in an increase in cGMP concentration that can induce photoreceptor
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degeneration (Lolley et al., 1977). Two mouse models, namely, retinal degeneration 1 (rd1) and
retinal degeneration 10 (rd10), carrying mutations similar to the human autosomal recessive forms
of RP have been identified (Pittler and Baehr, 1991; reviewed in Chang et al., 2002; Chang et al.,
2007). These models are being employed widely to investigate alterations in mechanisms

underlying the disease to provide insights to the development of therapeutic strategies.

Pde6b™! or rd1 mouse has a nonsense mutation in exon 7 of the Pde6b gene (Pittler and Baehr,
1991; reviewed in Chang et al., 2002) that makes the protein non-functional, resulting in rapid
degeneration of rods (Carter-Dawson et al., 1978). Another mouse model, Pde6b™° or rd10, which
has a missense mutation in exon 13 of the Pde6b gene, show a milder phenotype (reviewed in
Chang et al., 2002). The onset of photoreceptor degeneration in rd10 is around P18 (Gargini et al.,
2007; Barhoum et al., 2008), which is slightly delayed as compared to rd1, where the degeneration
begins around P10 (Strettoi et al., 2002). Although the two lines of the RP model have their own
benefits, the late onset of degeneration in rd10 provides a wider window for investigating general
principles underlying degeneration. Moreover, cell death in rd1 precedes eye-opening at ~ P14,
leaving no doubt that the degeneration process would also interfere with neuronal differentiation

and development.

As the focus of the present work was to study spontaneous network interactions in a degenerated
retina with the advancement of the disease, we, therefore, used the rd10 as our model system.
Being a slowly progressive disease model and with few remnant cones still remaining until later
stages of life (Gargini et al., 2007), it closely resembles human RP. Besides, as the developing
retina also exhibits spontaneous waves of activity (Meister et al., 1991; Feller et al., 1996) (see
5.1.2 and 5.1.3), it is important for this study to choose a model where these activities are
distinguished between both the developing and developed system. This makes the rd10 the more

suitable model than rd1 for the purpose of our study.

5.4.1 Photoreceptor degeneration timeline in the rd10 mouse

The degeneration of photoreceptors in the rd10 retina starts at around P18, displaying disrupted

morphology of the outer and inner segments. Maximal degeneration reaches a peak at P25, with
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only two or three layers of photoreceptor somata left in the ONL (Gargini et al., 2007). Between
P40 and P45, only one or two layers of photoreceptor somata are remaining and the cells have no
outer nor inner segments (Barhoum et al., 2008). At this time point, the ONL mainly constitutes
cones, with a very few sparsely located rods. Although most of the cones are also lost by P60,
some remnant cone cell bodies can be still found even until 9 months of age (Gargini et al., 2007).
Additionally, a center-to-periphery degeneration pattern can also be observed in the rd10 retina as
the degeneration appears to be more pronounced in the central region at P30 as compared to the
periphery (Gargini et al., 2007; Barhoum et al., 2008). However, this has been contradicted by a
recent study, where the authors did not find any significant change in the degeneration of the
neurons with respect to its spatial location between P24 and P30 (Power et al., 2019). The loss of
rods leads to severe anatomical and functional remodeling of downstream retinal neurons and
circuits. While the remodeling is severe in the outer retina and starts early, the inner retina is
usually morphologically more stable but is thought to undergo some (minor) structural changes

during later phases of the disease.

5.4.2 Alterations in the synaptic connections in the outer rd10 retina

Photoreceptor degeneration triggers massive alterations of synaptic connections between
postsynaptic neurons. Alterations in glutamatergic transmission from the photoreceptor terminals
are clearly apparent from the reduction in vesicular glutamate transporter 1 (VGIuT1)
immunoreactivity as early as P30, with VGIuT1 labeling continuing to decrease further until later
stages of degeneration (Phillips et al., 2010). As rods are the first retinal neurons to degenerate,
RBCs are the most affected neurons after photoreceptors (Fig. 6A). Following photoreceptor loss,
severe morphological defects can be observed in the RBC dendrites. Changes in protein kinase C
(PKC) immunoreactivity are visible from P20, which progressively decreases with the
advancement of the disease (Barhoum et al., 2008). This is followed by the shortening and
retraction of the dendrites around P30, which gradually leads to a total loss of dendrites after P40
(Gargini et al., 2007; Puthussery et al., 2009; Phillips et al., 2010). Strikingly, at this time point
retracted processes of surviving RBCs show a tendency to make transient flat ectopic contacts with
cone pedicles (Puthussery et al., 2009) (Fig. 6B). Unlike rd10 retina, in rd1 retina, during the late
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degeneration phase around P35, remnant cones develop bulbar neurites to make synapses with
RBC somata (Haq et al., 2014). In rd10 mouse, later after 3 months, remaining RBCs mostly
cluster together, and their dendrites have been shown to associate with the remnant cones (Phillips
et al.,, 2010). In addition, similar to photoreceptors, RBCs also display a center-to-periphery
gradient of degeneration (Gargini et al., 2007; Puthussery et al., 2009). ON-CBCs follow a similar
degeneration and remodeling trend as RBCs (Puthussery et al., 2009; Phillips et al., 2010). OFF-
CBC dendritic morphology and function, on the other hand, are broadly preserved (Puthussery et
al., 2009), however, some dendritic retraction can be observed after P60 (Gargini et al., 2007).

Remnant cone [

Remnant
RBC cone
ON-CBC . ‘
[ ]

OFF-CBC
All AC

A17 AC

RGC

Figure 6. Schematic representation of altered rod pathway circuitry in the degenerated
mouse retina.

(A) The degeneration of rod photoreceptors is followed by secondary cone degeneration that starts
with the truncation of outer and inner segments leaving behind only remnant cone somata. This
further leads to retraction and loss of bushy like dendrites of RBCs. Dendritic retraction can also
be seen in CBCs. In the inner retina, while ACs and CBCs synaptic connectivity and organization
remain broadly preserved reduction in density and length of bulbar endings of the RBC axon
terminals can be observed. During degeneration, ectopic synapses are also formed between
remnant cone somata and RBC (Adapted from Euler and Schubert 2015). (B) Simplified schema
illustrating non-invaginating ectopic synapse formation between remnant cone somata and RBC
during retinal degeneration.
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Another cell class that is greatly affected in the outer retina by the degeneration of photoreceptors
is the HC. In wild-type retina, HC dendrites make synapses with the cone pedicles, while axon
terminals synapse with rod spherules in the OPL (see 5.2.3). Following degeneration, retraction of
HC processes can be observed as early as P20; these processes are completely lost until later time
points of the degeneration (Gargini et al., 2007; Barhoum et al., 2008). Ectopic sprouting in the
ONL and INL can also be detected from P30 (Barhoum et al., 2008; Phillips et al., 2010). Both
dendritic and axonal processes of HCs largely disappear after 4 months of age (Gargini et al.,
2007). In the healthy retina, HCs modulate cone output predominantly by providing ephaptic
feedback to the cone axon terminals while GABA mediated feedback indirectly contributes to the
process (Kemmler et al., 2014) (see 5.2.3). The ephaptic feedback mechanism relies on the change
in voltage between the inside of the HC and the synaptic cleft between the cone axon terminal and
HC dendritic tips. As there is retraction and loss of dendrites of the HCs during degeneration, it is
possible that this altered synaptic connectivity also causes reduced feedback through the ephaptic
pathway. On the other hand, it has also been shown that the remnant cones in the degenerated
retina can express GABA receptors and thus, GABA release from the HCs might directly modulate
the signals of the remnant cones in the degenerated retina (Haq et al., 2014). Ultimately, the loss
of feedback from the HCs to the photoreceptors could, in turn, also affect the output of the remnant

cones and other downstream neurons (Chaya et al., 2017).

The anatomical defects in the degenerated retina are accompanied by remodeling of the
postsynaptic receptor proteins. Corresponding to severe structural disruption in the ON-BCs, major
defects in the expression and distribution of mGIuR6 can be found. Though its expression and
localization are largely normal compared to the wild-type at least until P25, reduction in the
immunoreactivity of mGIuR6 can be detected around P40 (Gargini et al., 2007; Barhoum et al.,
2008). Abnormal localization of the receptors on the cell bodies and axon terminals can be
observed with degeneration (Gargini et al., 2007; Barhoum et al., 2008; Puthussery et al., 2009).
This is also evident as the mGluR6 mediated visual responses are reduced between P20 and P180
(Puthussery et al., 2009). In contrast to this, the expression of AMPA/kainate type glutamate
receptors on the dendrites and functional responses of the OFF-CBCs are broadly unaltered
(Puthussery et al., 2009).
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5.4.3 Alterations in the synaptic connections in the inner rd10 retina

The degeneration of photoreceptors also affects the inner retinal circuitry. Although in comparison
to the outer retina, remodeling in the inner retina is delayed and likely small in terms of complexity
and severity, it still exhibits significant changes. The degeneration of RBCs is marked by a
reduction in PKC immunoreactivity in the axon and axon terminals (Gargini et al., 2007; Barhoum
et al., 2008). RBCs show a reduction in the size and density of the bulbar endings of the axonal
terminals (Barhoum et al., 2008; Phillips et al., 2010) (Fig. 6A). CBCs on the other hand, seem not
to exhibit dramatic changes in their morphology, however, some disorganization can also be found
at their terminals (Phillips et al., 2010). Besides these changes, both ON- and OFF-BC axon
terminals maintain their stratification profiles in the IPL even until later time points of the disease
(Phillips et al., 2010). As severe remodeling occurs in the RBCs, it also affects RBC-All AC
circuitry (Fig. 6). Initially around P30, the lobular appendages of All ACs in the OFF sublamina
of the IPL show reduction in size, indicating imperfect synaptic transmission from the All ACs to
the OFF-CBCs (Barhoum et al., 2008). The dendritic morphology of All ACs in the ON sublamina
of the IPL is mostly unaltered at this stage. However, at P40 substantial loss in disabled-1 (Dab1)
immunoreactivity that labels All ACs denote that these neurons are also severely disrupted
(Barhoum et al., 2008). Apart from changes in the All ACs, the stratification profiles of other types
of ACs are largely preserved and do not seem to exhibit any significant differences even in the
advanced stage of the disease (Phillips et al., 2010). Together, this implies that the degeneration
of photoreceptors leads to a profound change in the rod-pathway while the cone-pathway may

experience only minor alterations.

5.4.4 Functional changes in the degenerated retina

In addition to all morphological changes discussed above, the deafferentation of photoreceptors
also leads to severe alterations of the functional properties of the retina. One of the characteristic
features is the generation or enhancement of spontaneous activity in different retinal neurons.
Following degeneration, in the outer retina, remnant cones and RBCs start oscillating

spontaneously, forming synchronized clusters (Haq et al., 2014). These spontaneous signals can
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also be observed in other postsynaptic neurons such as All ACs, ON- and OFF-CBCs (Borowska
etal., 2011; Trenholm et al., 2012; Choi et al., 2014) and RGCs (Margolis et al., 2008; Goo et al.,
2011; Stasheff et al., 2011; Biswas et al., 2014). In addition, degeneration triggered alterations in
spontaneous signals have been reported in both ON- and OFF-SACs (Tu et al., 2015) (see 5.4.10)
and DACs (Atkinson et al., 2013) (see 5.4.8). Although the functional relevance of this abnormal
hyperactivity during degeneration is not completely elucidated, it is known to hamper evoked

responses by affecting the signal-to-noise ratio (SNR) (Yee et al., 2012).

Furthermore, the activities in the retinal neurons are not discrete. Rather, like in the brain, they
form networks. Previous studies suggest that spontaneous activity in the degenerated retina arises
in two individual networks: outer retinal network and inner retinal network (reviewed in Euler and
Schubert, 2015). Here, the outer retinal network comprises of remnant cones, RBCs and HCs and
the inner retinal network comprises ACs, CBCs, and RGCs (reviewed in Euler and Schubert, 2015)
(see also 5.4.7).

5.4.5 Spontaneous activity in the outer rd retina

Outer retinal neurons, i.e., remnant cones, RBCs, and HCs, exhibit spontaneous activity usually
up to a frequency of approximately 3 Hz in the degenerating rd1 retina (Haq et al., 2014). The
activity in the outer retina has been suggested to originate in electrically coupled remnant cones
(Hag et al., 2014). After rod cell death, due to secondary degeneration, outer segments of the cones
are lost mimicking dark condition. Hence, cone membrane potentials are likely more depolarized
compared to wild-type retina. This change in membrane potential causes activation of VGCCs
present at the cone terminals (Nachman-Clewner et al., 1999) and thereby Ca?* influx, and thus
leading to the generation of spontaneous activity in the remnant cones (Haqg et al., 2014).
Spontaneous cone activity is propagated to the RBCs through sign conserving, glutamatergic
synapses mediated by excitatory amino acid transporter 5 (EAAT5) glutamate transporters (Haq
et al., 2014). This is also evident as the RBCs form positively synchronized clusters with the
remnant cones (Haqg et al., 2014). The HCs also reveal network mediated activity which is likely

to be driven by the remnant cones and might help in the spreading of the activity laterally in the
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outer retina (Haq et al., 2014). The HCs modulate the activity of the remnant cones via GABAergic
inhibition, as both the number of spontaneous events in the remnant cones and RBCs and
synchronization between them increases after blocking the inhibitory input using GABA receptor
antagonists (Haq et al., 2014). Taken together, intense remodeling in the outer retina as a result of
photoreceptor death results in the generation of spontaneous rhythmic activity in the surviving
cones. The activity is then relayed from the cones to the RBCs and HCs through synaptic

interactions.

5.4.6 Spontaneous activity in the inner rd retina

Compared to the outer retinal activity, inner retinal network activity has been widely described in
the literature using various electrophysiological and imaging techniques though more in rd1 than
in rd10 retinae. Inner retinal neurons comprising ACs, CBCs, and RGCs display spontaneous
activity at frequencies that range between approximately 4 and 10 Hz (Margolis et al., 2008;
Borowska et al., 2011; Goo et al., 2011; Stasheff et al., 2011; Biswas et al., 2014). In contrast to
the outer retina, where the activity is triggered mainly due to remodeling in the circuitry, inner
retinal activity is thought to be initiated due to a lack of light-driven input after photoreceptor loss
(Trenholm et al., 2012). Supporting this idea, a study demonstrated that even partial
photobleaching of the photoreceptors in the wild-type retina can induce spontaneous activity in

RGCs similar to the activity observed in the rd10 retina (Menzler et al., 2014).

The origin of inner retinal activity in the network is still controversially discussed. Using rd1 mice,
it has been suggested that the inner retinal oscillations can originate intrinsically due to the
pacemaker activity of All ACs. Particularly, the absence of light-driven source can lead to the
hyperpolarization of the All AC network resulting in fluctuations of the membrane potentials due
to the interaction between fast Na* and slow K* conductances, which is reflected as rhythmic
activity in these neurons (Choi et al., 2014) (see also 5.1.1). Another theory suggests that the inner
retinal oscillations are initiated within the gap junction coupled All AC/ON-CBC network as a
result of the interaction between voltage gated Na* channels present on the All ACs and I» current

in the ON-CBCs (Trenholm et al., 2012; reviewed in Trenholm and Awatramani, 2015). In any
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case, the activity is fed into the cone pathway via electrical synapses to the ON-CBCs (Trenholm
et al., 2012) and through the glycinergic synapse to OFF-CBCs (Poria and Dhingra, 2015). This
hyperactivity is then relayed from the pre-synaptic neurons (possibly BCs) to the RGCs by the
vertical glutamatergic pathways, as the rhythmic activity in the RGCs can be abolished with the
application of ionotropic glutamate receptor antagonists (Borowska et al., 2011; reviewed in
Margolis and Detwiler, 2011; Biswas et al., 2014). The inhibitory inputs provided by GABAergic
and glycinergic neurons rather than taking part in the generation of these activities instead helps
in regulating them. Application of GABA or glycine receptor antagonists either alone or together
increases the amplitude of slow-wave activity in the RGCs in rd1 mice (Ye and Goo, 2007).
Furthermore, blocking inhibitory synapses also increases the correlation between RGCs (Menzler
and Zeck, 2011). Similar experiments when performed in rd10 mice using a GABA or glycine
receptor antagonist did not show any significant effect on the activity of the RGCs. However, when
combined, the antagonists caused an increase in the amplitude of the oscillations (Biswas et al.,
2014).

Taken together, the inner retinal network developed in the absence of light-evoked input originates
in electrically coupled All ACs or between All AC/ON-CBC network which is then propagated
to the ON-RGCs through the glutamatergic excitatory pathway and OFF-RGCs via glycinergic
inhibitory pathway (Trenholm et al., 2012; reviewed in Zeck, 2016). Interestingly, as a result of
this synaptic interaction within the inner retinal network, a phase-shifted activity is generated in
ON- and OFF-RGCs. Simultaneous recordings from ON- and OFF-RGC pairs in the rd1 retina
show that they are correlated but 180 degrees out of phase (Margolis et al., 2014). Large-scale
network oscillations recorded from populations of rdl RGCs also revealed synaptically driven
phase-shifted rhythmic activity in the neighboring neurons that can spread laterally over wide
regions because of the gap junction coupling between the neurons (Menzler and Zeck, 2011;
reviewed in Zeck, 2016). The role of gap junctions in the lateral spread of the activity has also
been demonstrated by the selective ablation of the connexin 36 (Cx36) gene essential for the
electrical coupling between All ACs in rd10/Cx367 mice (Ivanova et al., 2015). Knock out of the
Cx36 gene resulted in a reduction in spontaneous activity and enhanced light-evoked responses in
both ON- and OFF-RGCs (lIvanova et al., 2015).
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5.4.7 Potential interaction between spontaneously active networks

Various differences can be used for the classification of outer and inner networks in the

degenerated retina (reviewed in Euler and Schubert, 2015).

1)

2)

3)

4)

The dominant frequency of the spontaneous activity differs in both outer (maximum ~ 3
Hz) and inner retinae (between 4 and 10 Hz) (Margolis et al., 2008; Borowska et al., 2011;
Goo et al., 2011; Stasheff et al., 2011; Biswas et al., 2014) (see 5.4.5 and 5.4.6). However,
it should be noted that these signals were recorded using different methods, recording
conditions and mouse models and therefore the reported dominant frequencies have to be

considered with some caution.

The source of the activities also seems to vary in both outer and inner retinal network;
while in the outer retina the activity is an outcome of the remodeling in the circuitry
following photoreceptor degeneration (Gargini et al., 2007; Barhoum et al., 2008; Haq et
al., 2014) (see 5.4.5), the inner retinal activity is an intrinsic property triggered by the loss
of light-driven activity due to the death of photoreceptors that can originate independently
to the rewiring of the circuitry (Trenholm et al., 2012; Menzler et al., 2014) (see 5.4.6).

The activity generated in the two networks also has different origins; while in the outer
retina, network activity originates in the surviving cones (Haq et al., 2014) (see 5.4.5), the
inner retinal activity is generated between All AC/ON-CBC network (Trenholm et al.,
2012; Choi et al., 2014; Margolis et al., 2014; reviewed in Trenholm and Awatramani,
2015) (see 5.4.6).

There is also difference in the network properties; while the outer retinal network is
restricted to a local area involving up to 5-15 cells forming clusters (Haq et al., 2014), the
inner retinal activity can propagate laterally over a large area across the retina (Menzler
and Zeck, 2011; reviewed in Zeck, 2016) (see 5.4.6).

In view of these dissimilarities, it seems reasonable to conclude that the two networks in the

degenerated retina are distinct and largely independent of each other (reviewed in Euler and
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Schubert, 2015). However, the networks also represent some commonalities. First, spontaneous
activity in both the networks is likely to originate in neurons mainly due to alterations in membrane
potentials of voltage gated ion-channels (Trenholm et al., 2012; Choi et al., 2014; Haq et al., 2014).
Second, signal propagation to the postsynaptic neurons is mediated via vertical glutamatergic
pathways (Borowska et al., 2011; reviewed in Margolis and Detwiler, 2011; Biswas et al., 2014;
Haq et al., 2014), while gap junction coupling between neurons supports lateral signal spread
(Menzler and Zeck, 2011; Haq et al., 2014). Third, the activity of both networks is shaped by
inhibitory input (Ye and Goo, 2007; Menzler and Zeck, 2011; Biswas et al., 2014; Haq et al., 2014)
(see 5.4.5 and 5.4.6).

Taken together, while there is evidence pointing at the independence of the networks, there is also

data that argue for possible interaction between the two.

5.4.8 Putative pathways of interaction between spontaneously active networks

At least three potential pathways can be postulated regarding how these networks might interact
with each other in the degenerated retina (reviewed in Euler and Schubert, 2015) (Fig. 7): (a)
neuromodulation by DACs, (b) interplexiform ACs (iACs), and (c¢) BC-AC glutamatergic
pathway.

DACs extrasynaptically release dopamine in response to light that can act distantly on neighboring
neurons through volume transmission (Bjelke et al., 1996; reviewed in Hirasawa et al., 2015).
These neurons receive glutamatergic input from ON-BCs in IPL stratum 3 and provide reciprocal
GABAergic synapses to the BCs (Contini et al., 2010). They make GABAergic synapses with All
AC cell bodies in IPL stratum 1 (\VVoigt and Wassle, 1987; Contini and Raviola, 2003). In addition,
they receive inhibitory GABAergic inputs from a few other ACs and glycinergic inputs from ACs
mediated by OFF-CBCs (Newkirk et al., 2013). Besides, DACs are known to be spontaneously
active in a healthy retina (Feigenspan et al., 1998; Zhang et al., 2007) (see also 5.3), which may
play a role in the synaptic release of the dopamine (Floresco et al., 2003) and thus could modulate
the coupling between All ACs (see 5.2.4; the rod pathway). Under photopic conditions, the release

of dopamine from DACs could act on dopamine receptors (D1) present on All ACs, triggering
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their uncoupling (Kothmann et al., 2009). Under scotopic conditions, when the coupling between
the All ACs is strong, spontaneous activity of the DACs has been reported to be reduced probably
due to enhanced inhibition from the ACs (Gustincich et al., 1997). The crucial role of DACs in the
coupling and decoupling of All AC network makes them a possible candidate that could relay
spontaneous signals from the inner to the outer retina in the degenerated retina. However, recent
studies revealed alterations in anatomical and functional characteristics of the DACs during
degeneration. Morphological analysis of the DACs during late stages of RP in both rd10 and rd1
retinae showed reduction in soma size, dendritic density and length (Ivanova et al., 2016b). These
changes in the synaptic properties of the DACs can be associated with the decrease in synaptic
transmission and reduced bursting activity of these neurons (Atkinson et al., 2013). This, in turn,
could lead to a decrease in the endogenous dopamine release in the retina (reviewed in Djamgoz
et al., 1997) probably due to a decrease in expression levels of tyrosine hydroxylase (lvanova et
al., 2016b), which is required for dopamine synthesis. Together, these remodeling induced changes
in the DACs argue against the possibility that these cells play a crucial role in the signal transfer

between the two networks in the degenerated retina.

Other candidates that could relay signals from the inner to the outer retina are iIACs, which extend
their processes bidirectionally up to OPL and IPL thus establish release sites throughout the outer
and inner retina (Witkovsky et al., 2008; Dedek et al., 2009). iACs project their processes in the
IPL strata 4 and 5, where they receive inputs from BCs, most probably type 7 and 8, and provide
output to other ACs and RGCs. The processes of iACs also extend up to the OPL; however, no
evidence for the direct synaptic contact between them and photoreceptors has been detected
(Dedek et al., 2009). Interestingly, iIACs are GABAergic, therefore, could modulate the signals at
both OPL and IPL (Dedek et al., 2009). In addition to GABA, iACs can also release dopamine or
glycine (Gustincich et al., 1997; Haverkamp and Wassle, 2000). What argues against a role for
IACs in mediating interactions between the activity networks in the outer and inner retina is that
they do not directly synapse onto outer retinal neurons and that GABA/glycinergic input is
expected to only shape (but not drive) the spontaneous activity in the degenerated retina (Biswas
etal., 2014) (see 5.4.6).

BCs, on the other hand, participate in both spontaneously active networks (Borowska et al., 2011,

Trenholm et al., 2012; Haq et al., 2014). BC-AC connectivity in the degenerated retina is
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considered not as severely affected as the BC and photoreceptor connectivity, and the stratification
of the second order retinal neurons in the IPL is roughly maintained (Gargini et al., 2007; Phillips
etal., 2010) (see also 5.4.2 and 5.4.3). Thus, it is conceivable that BCs play a crucial role as linking
neurons in relaying spontaneous signals from the outer to the inner retina in a degenerated tissue.
Besides, it is also possible that the signal modulation through this pathway is bidirectional where

ACs could also modulate the signals in the outer retina.
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Figure 7. Potential interactive pathways between spontaneously active networks.

Three pathways for interaction between spontaneous networks can be proposed: (A)
neuromodulation via dopaminergic amacrine cells (DACs) modulating signals from the inner to
the outer retina. (B) GABAergic interplexiform ACs (iACs) that span between OPL and IPL can
relay signals from the inner to the outer retina, and (C) signal modulation through BC-AC
glutamatergic vertical pathway (Adapted from Euler and Schubert, 2015).

5.4.9 Spontaneous activity at the higher visual centers

Abnormal hyperactivity generated during degeneration is not restricted to the retina, it also spreads
further to the higher visual centers of the brain. For example, in vivo recordings from the SC of
rd10 mice at P40 revealed spontaneous activity. This hyperactivity was in the range of 4 and 10
Hz, which is comparable to that reported for RGCs (Ivanova et al., 2016a). Similarly, recordings
from SC and primary visual cortex in rd mice older than 5 months showed spontaneous rhythmic

discharges in these regions (Drager and Hubel, 1978). Interestingly, enucleation or asphyxiation

44



of the eyes resulted in the disappearance of the activity in the brain (Dréger and Hubel, 1978),
confirming its retinal origin. Such degeneration induced spontaneous activity in the retina could
further hamper visual perception (Ivanova et al., 2016a). In line with the finding in rodents, a recent
study reported altered synchronization of spontaneous activity in the primary visual areas of RP
patients as compared to the healthy controls (Dan et al., 2019). Together, it can be concluded that
any disruption in the retinal circuitry following photoreceptor degeneration can impair the resting
state activity both in the retina and in the higher visual centers of the brain, thus affecting overall

visual function.

5.4.10 Spontaneous activity in other diseased animal models

Apart from the study of aberrant activity in rd10 and rd1 mice which are autosomal recessive
models of RP (see also 5.4), there are various reports in the literature revealing abnormal activity
in different models of retinal diseases. In several rd models of rats, such as Royal College of
Surgeons (RCS) Dystrophic Rats (Pu et al., 2006), P23H rats (Sekirnjak et al., 2011) or S334ter-3
rats (Yu et al., 2017), alterations in spontaneous firing rates in the retinal neurons have been
reported. While in the rd10 and rd1 mice, spontaneous activity is almost equally affected in
different RGC types (Margolis and Detwiler, 2007; Stasheff, 2008; Borowska et al., 2011; Stasheff
et al., 2011), in RCS (mutation in retinal pigmented epithelium cells) and P23H (autosomal
dominant RP model) rats, spontaneous firing rate is higher in OFF-RGCs compared to ON-RGCs
(Pu et al., 2006; Sekirnjak et al., 2011). Cell type-specific alterations in spontaneous activity in
RGCs have also been reported in the S334ter-3 rat model of autosomal dominant RP (Yu et al.,
2017). Besides, in another mouse model of autosomal dominant RP, rho-ACTA, both ON- and
OFF-SACs have been shown to display spontaneous activity (Tu et al., 2015). Interestingly, in this
model the mechanisms underlying the activity in ON- and OFF-SACs were different. While the
All AC network seems to be involved in the generation of the activity in the ON-SACs, the activity
generated in the OFF-SACs appears to be driven by a completely distinct mechanism and thus,
may employ an additional generator (Tu et al., 2015). Very likely, the source of the activity in the
OFF-SACs relies on periodic glutamate release from the axon terminals of the BCs (Petit-Jacques
etal., 2005; Tu et al., 2015).
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Mutations in the ON-BC signaling pathway (see 5.2.3) can also lead to the generation of
spontaneous activity in retinal neurons. In a TRPM1 knockout mouse model, spontaneous activity
has been reported in RGCs (Takeuchi et al., 2018). Here, the activity is probably generated due to
structural changes at the axon terminals of RBCs which could result in reduced signal transmission.
This could lead to membrane hyperpolarization of the All ACs further resulting in hyperactivity
in the RGCs (Takeuchi et al., 2018). Also, in nob (no b-wave) mice, altered ON signaling due to
mutation in nyx gene (encoding nyctalopin) (Gregg et al., 2003; Gregg et al., 2007) (see also 5.2.3)
generates enhanced spontaneous activity in the RGCs (Demas et al., 2006; Winkelman et al.,
2019).

Overall, it can be inferred that spontaneous activity is not specific to any mutation, rather it is an
outcome of deficit signal transmission which might be accompanied by the remodeling in the
synaptic connectivity. Thus, the degeneration induced aberrant activity in retinal neurons is a
hallmark across different mutations and rodent models. As RP patients also show acute
morphological changes in retinal synapses (reviewed in (Marc et al., 2003; Jones et al., 2012)), it

is tempting to argue that such aberrant spontaneous activity is also present in humans.

5.5 Effect of spontaneous activity on the degenerated retinal circuitry

As discussed above, hyperactivity found in retinal neurons or at the higher visual centers can
hamper visual processing. Spontaneous activity found at different depths of the retina interferes
with the signal transmission, adding more “noise” to the system and thus affecting evoked
responses by reducing SNR (Yee et al., 2012). This is evident from altered temporal response
properties of the retina with the progression of degeneration (Stasheff, 2008; Stasheff et al., 2011,
Yuetal., 2017). It is difficult to link such effects of the aberrant activity observed in animal models
of degeneration to symptoms in human patients (i.e. “photopsia”, see below). This is because direct
evidence showing an increase in spontaneous activity in the neurons of human RP patients is
currently not available. People often speculate that “photopsia” found in RP patients is an outcome
of the abnormal increase in the activity in the retina (Haq et al., 2014; reviewed in Stasheff, 2018).

Photopsia is a discomforting symptom that is often reported by RP patients, who describe this
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phenomenon as the perception of bright light flashes or shimmering and flickering lights often in
some form of geometric patterns (Bittner et al., 2009). Studies in a large population of patients
revealed that photopsia can be present at all phases of the disease (Bittner et al., 2009; Bittner et
al., 2011). In general, the patients had photopsia usually in the central retina as compared to the
periphery, which often undergoes degeneration at a faster pace. The reduction in visual acuity of
the patients with an increase in photopsia suggests that the photopsia indeed interferes with normal
vision (Bittner et al., 2011).

Apart from having a significant impact on vision, spontaneous activity has also been predicted to
interfere with various visual restoration strategies. Haselier and colleagues (2017) showed that the
efficiency of electrical stimulation is significantly decreased in rd10 retina whenever it is
accompanied by spontaneous activity. Moreover, neurons exhibiting rhythmic activity or bursts
responded less effectively to the stimulation as compared to non-oscillating neurons (Haselier et
al., 2017). Likewise, a study in humans showed that stronger stimulation is required for RP patients
as compared to healthy controls (Rizzo et al., 2003). Hence, it is plausible to state that besides
technical restrictions, spontaneous activity also contributes to the limitations of the implantation

of the electronic retinal chips.
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6. Objectives and Contributions

Correlation between spontaneously active networks is one of the prominent features of the
(diseased) CNS (see 5.1.2 and 5.1.3). Deviations in the network properties have been designated
as a hallmark of neuronal dysfunction in the CNS, depicting them as one of the potential markers
for clinical applications (see also 5.1.5). Taking into account the structural and functional
complexity of the whole brain, we here used the retina as a model system to investigate the
interactions between spontaneously active networks. Thereby, the broad objective of the project
was to provide insight into whether and how distinct spontaneously active networks interact with

each other.

Unlike healthy retina, the degenerated retina exhibits enhanced spontaneous activity in several
retinal neurons (Stasheff et al., 2011; Biswas et al., 2014; Haq et al., 2014) (see 5.4.4). We,
therefore, used the rd10 mouse model of photoreceptor degeneration (reviewed in Chang et al.,
2002) for our studies. The degenerated retina comprises of spontaneously active networks in the
outer and inner retina (reviewed in Euler and Schubert, 2015) (see also 5.4.5 and 5.4.6). However,
being studied only in isolation so far, it is still unclear if and how these two networks interact.
Furthermore, as they are structurally connected, they might drive and/or modulate each other (see
5.4.8). Based on their synaptic input and output connections in the outer and inner retina,
respectively, BCs are the most likely candidates to relay spontaneous activity from the outer to the

inner network in the degenerated retina.
Therefore, the main goals of this study are:
1. Identification and characterization of outer and inner spontaneously active networks at the

same location and same tissue in the rd10 retina.

2. Evaluation of change in activity dynamics of the two networks with the progression of
degeneration.

3. Investigation of the role of BCs as potential linking neurons between outer and inner

spontaneously active networks in the degenerated rd10 retina.
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4. Understanding the underlying mechanisms of vertical (and lateral) signal transmission of

the spontaneous signals in the degenerated rd10 retina.

In this study, | performed all the experiments (i.e., intravitreal injections, two-photon Ca?* and
glutamate imaging), pre-processing and initial analysis of the imaging data. The statistical analysis
of these functions and the generation of the respective statistical plots were done by Luke Edward

Rogerson (with input from my side).

For the combined two-photon and micro-electrode array (MEA) recordings, | performed
intravitreal injections, while all the actual experiments were conducted together with Meng-Jung
Lee (PhD student under the supervision of Dr. Glinther Zeck, NMI, Reutlingen, Germany). The
pre-processing and the analysis of the glutamate imaging data was done by me, while the analysis

of the electrical imaging data was performed by Meng-Jung Lee.
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7. Methods

7.1 Animals

All experiments were done using the rd10 (retinal degeneration 10) mouse, a model for autosomal
RP (reviewed in Chang et al., 2002). These animals were obtained from The Jackson Laboratory
(strain - B6.CXB1-Pde6b"%/J; stock no. - 004297) and bred locally. All animals were maintained
under a standard 12 hour light and dark cycle. For experiments, mice between P28 to P92 of either
sex were used depending on the experiment type: for the Ca?* imaging experiments, the ages were
around P30, 45, 60 and 90, +/- 2 days; for the glutamate imaging experiments, the ages were
between P66 and 82. All experiments were performed according to the law on animal protection
(Tierschutzgesetz) issued by the German Federal Government and approved by the institutional

committee on animal experimentation of the University of Tibingen, Germany.

7.2 Virus injection

For glutamate imaging, an intensity-based glutamate-sensing fluorescent reporter (iGIuSnFR)
(Marvin et al., 2013) was used to express the biosensor ubiquitously in the retinal neurons of the
rd10 mice through adeno-associated virus (AAV) mediated transduction. The viral construct
(AAV2.7m8.hsynapsin.iGluSnFR, obtained from Dr. Deniz Dalkara, Institut de la Vision,

INSERM, CNRS, Sorbonne Université, Paris, France) was injected intravitreally in both eyes.

Briefly, animals were first anesthetized with a freshly prepared mixture of 10% ketamine (bela-
pharm GmbH & Co. KG) and 2% xylazine (Rompun, Bayer Vital GmbH) in 0.9% NacCl
(Fresenius, Germany). Then, with the help of a Hamilton syringe (syringe: 7634-01, needle:
207434, point style 3; length 51 mm, Hamilton, Messtechnik GmbH) mounted on a
micromanipulator (M3301, World Precision Instruments, Germany) 1 ul of the viral construct was
injected into the vitreous humor of both eyes. All injections were done in 3-5 weeks old rd10 mice.

Imaging experiments were performed 3-4 weeks after the injection.
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7.3 Tissue preparation

For all experiments, mice were first dark-adapted for at least one hour and then anesthetized using
isoflurane (CP-Pharma, Germany) and sacrificed by cervical dislocation. According to the
experiment type, mice were also marked at the ventral position before dissection to trace the
orientation while imaging. The dissection was performed under dim red-light conditions (> 650
nm) in carboxygenated (95% O and 5% CO,) extracellular solution with (in mM): 125 NaCl, 2.5
KCI, 1 MgCly, 1.25 NaH2POs, 20 glucose, 26 NaHCOs3, 2 CaCl, and 0.5 L-glutamine (pH 7.4).
Firstly, the eyes were enucleated and hemisected. After removing cornea and lens, the retina was
then subsequently isolated from the eyecup. The vitreous body was carefully removed from the
retina. After the dissection, the retina was then flattened and mounted on an Anodisc (#13, 0.2 um
pore size, GE Healthcare) with photoreceptor side facing up as a whole, half or quadrant retina
depending on the experiment type.

7.4 Labelling of retinal neurons

For labeling the population of neurons in the retina for Ca?* imaging, a method of bulk
electroporation was used (Briggman and Euler, 2011; Baden et al., 2016). The previous parameters
were optimized to label somata of neuronal population mostly in the ONL and INL in the
degenerated rd10 retina. To do this, the rd10 retina was electroporated from the photoreceptor side
using a green fluorescent Ca?* indicator, Oregon Green 488 BAPTA-1 (OGB-1). Briefly, a setup
with a Petri dish attached with horizontal platinum electrodes of 4 mm in diameter
(CUY700P4E/L, Nepagene) was used for the electroporation. The setup consisted of two
electrodes: a bottom electrode attached to the Petri dish and a top movable electrode attached to a
manipulator. For electroporation, the bottom electrode was first filled with 15 pl of the
extracellular solution and the top electrode was loaded with 10 pl of 5 mM OGB-1 dissolved in
the extracellular solution. The retina mounted on the Anodisc was then carefully placed on the
bottom electrode avoiding any air bubbles. With the help of the manipulator, the top electrode was
then brought down until it touches the retina. Next, using a pulse generator and amplifier (TGP
110 and WAS301, Thurlby Handar/Farnell), 9-11 pulses were applied (+ 9.5 V, 100 ms pulse width
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and 1 Hz pulse frequency) onto the retina. The tissue was then quickly transferred to the recording
chamber and kept under continuous perfusion with the extracellular solution at 35-36° C. The

recording was started after one hour to allow the tissue to recover.

7.5 Pharmacology

All drugs were prepared as stock solutions in distilled water except UBP-310 which was dissolved
in dimethyl sulfoxide (DMSQ). The drugs were then aliquoted and stored at -20° C. Before each
experiment, the drugs were freshly diluted (Table 1) in a carboxygenated extracellular solution.
All drugs were bath applied to the tissue for 10 minutes while continuously being carboxygenated
at a maintained temperature between 35-36° C. For the analysis, recordings were performed both
before and during drug application at the same location. All drugs were purchased from Tocris
Bioscience (Bristol, England). The final concentrations of the drugs applied during the

experiments are summarized in Table 1.

Drug Target Concentration (uM)
AP4 mMGIURG6 receptor agonist 100
AP5 NMDA receptor antagonist 50
NBQX Unselective AMPA/kainate type glutamate receptor | 100
antagonist
UBP-310 Selective kainate type glutamate receptor 50
antagonist

Table 1. Drugs and their respective targets.

Drugs used with their respective targets and applied final concentrations in micromolar (uM).

7.6 Two-photon imaging

All experiments were performed under dim red-light (> 650 nm) conditions. During recordings,

the tissue was always kept under continuous perfusion with carboxygenated extracellular solution
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containing 0.5 uM sulforhodamine 101 (SR101; Sigma-Aldrich, Germany) to visualize blood

vessels and damaged cells in the red-fluorescence channel.

A custom-designed MOM-type two-photon microscope (Sutter Instruments, Novato, CA and
designed by Denk W, MPI for Neurobiology, Martinsried, Germany) (Denk et al., 1990; Euler et
al., 2009) was used for imaging. The setup was equipped with a mode-locked Ti:Sapphire laser
(MaiTai-HP DeepSEE; Newport Spectra Physics, Germany) tuned to excitation at a wavelength
of 927 nm, two fluorescent detection channels and a 20x water-immersion objective lens
(XLUMPIanFL, 0.95 NA, Olympus, Germany or W Plan-Apochromat 20x/1.0 DIC M27, Zeiss,
Germany). To detect fluorescence emission, photomultiplier tubes (PMTs) with band pass (BP)
filters (AHF, Germany) were used; a green channel for OGB-1 (HQ 535/50) or iGluSnFR (HC
510/84) and a red channel for SR101 (HQ 630/60). Data acquisition was done using custom
imaging software (ScanM by M. Miiller, MPI for Neurobiology, Martinsried, Germany and T.
Euler) running under IgorPro 6.3 (Wavemetrics, Lake Oswego, OR, USA) for Windows.

7.6.1 Ca?" imaging

Using two-photon microscopy, spontaneous intracellular changes in the Ca?* levels were measured
that arise as a result of subthreshold membrane fluctuations in the retinal neurons. For Ca?*
imaging, recordings were done at 64 x 24 pixels (71.5 x 26.8 um) at a sampling rate of 20.83 Hz.
The Ca?* responses were recorded in the dark in the absence of any light stimulus, and from here
on are referred to as spontaneous signals. Recordings were focused at the two limiting borders of

the INL, referred to as outer and inner retina.

7.6.2 Glutamate imaging

For glutamate imaging, a similar MOM-type setup equipped with an electrically tunable lens
(ETL) (EL-16-40-TC, Optotune, Switzerland) was used and customized by Zhao Z, Chagas AM
and Euler T (Zhao et al., 2019). The ETL allows rapid change of the focal plane along the z-axis
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with the modulation of applied current thus allowing imaging at different depths approximately at
the same time (Grewe et al., 2011). The ScanM software was used for scanning. Fast vertical X-Z
scanning was done at 64 x 128 pixels (47.6 x 95.3 um) at a sampling rate of 3.9 Hz to record

simultaneously signals from the outer and inner retina.

7.7 Data analysis

7.7.1 Pre-processing

The pre-processing of all the data was done in IgorPro 6 (Wavemetrics, Lake Oswego, USA). For
the analysis of the Ca?* imaging data, custom derived scripts from Baden T in IgorPro were used.
The data was first detrended by high pass filtering at ~ 0.1 Hz and then normalized by subtracting
the mean and dividing by the standard deviation (sd) of the signal. Regions of interests (ROIs)
were determined manually corresponding to the somata in the layer using an IgorPro based
imaging tool, semi-automated routines for functional image analysis (SARFIA). The resulting ROI
mask was also corrected manually in case of any two nearby somata shared one ROI. The Ca®
traces for each ROI were then extracted.

For glutamate imaging, ROIs were determined as described previously (Zhao et al., 2019). Briefly,
first, a correlation image was estimated by correlating the trace of each pixel with its eight
neighboring pixels and then calculating the mean pixel correlation. A depth specific threshold was
then calculated as the 70" percentile of all correlation values along each vertical scan line. This
threshold was then used to group neighboring pixels into one ROI. The size of the ROIs was
restricted to the size of the cone or BC axon terminals depending on the recording depth at the
OPL or IPL, respectively; 4 — 6 pm at the OPL and 2 — 4 um at the IPL.
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7.7.2 Measurement of spontaneous signal dynamics

Spontaneous Ca?* or glutamatergic signals were recorded in the absence of any light stimulus
under a two-photon microscope. For quantifying the strength of the spontaneous signals, two
methods were evaluated: log cumulative autocorrelation function (log-cACF) and power spectral
density (PSD).

The log-cACF was used as a measure of spontaneous signals of our data (also discussed in the
Results section, Fig. 10). Autocorrelation is a measure of the linear correlation of the signal with
itself over multiple time lags; intuitively, it determines how similar or smooth the signal is over
time (Eqg. 1).

(1) E[(y: — 1) Ween — w]/0? = ACE,
where y is a time-varying signal, yw+n denotes time lag, « and o are the mean and standard deviation

of the signal, respectively.

The ACF computes the sum of the linear correlation coefficients, between a signal at a time t and
the signal at a lagged time t+n, where each lag n ranges from 0 to 3 seconds. The cACF is then
calculated as the sum of the positive elements of the ACF (Eq. 2).

N ACFy, if sgn(ACF,) =1
(2) n=1{o " if sgn(ACE,) <=0

As the distribution of the statistic was bounded and skewed, a log transform was used to stabilize

the variance.

The PSD was computed using a Discrete Time Fourier Transform (DTFT), to quantify the power

spectrum of different frequencies in a signal (Eg. 3).

3) PSDy. = |R1=3 yeem 2T |*
Where k is the frequency of the Fourier basis function.

The Gaussianity of both the ACF and PSD approach was systematically evaluated to identify a
suitable approach. This was done by using QQ-plots which was then tested for the goodness of the
fit using Kolmogorov-Smirnov (KS) tests. While both the methods were suitable for characterizing
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the spontaneous signal dynamics, the log-cACF approach was adopted as a measure of

spontaneous signals based on lower KS test statistics.

7.7.3 Statistical modeling

Spatio-temporal modeling

To estimate the linear or non-linear relationship between the variables, we fitted the data to a
statistic model, generalized additive model (GAM) optimized to the REML criterion from the
mgcv package in R (Hastie and Tibshirani, 1986; Wood et al., 2016).

To explain the variability among the signals as a function of age and depth, the log-cACF was
modeled as the sum of a linear function for each population (outer/inner retina) and a smooth
function for each population, which varied with age (Eq. 4).

(4) log (CACF) =a + blxpopulation + fpopulation(xage)

Eccentricity factor was also sequentially incorporated into the model to examine the effect of
retinal location as a function of age on log-cACF (Eq. 5). Eccentricity was defined as the Euclidean
distance from the optic disc to the recording field (in um). The effect of eccentricity was evaluated
with additional components, the first encoding for the spatial variation for each population as a
smooth function of eccentricity, and the second encoding for a temporal variation estimating a

non-linear interaction between age and eccentricity.
(5) log(cACF) =a + blxpopulation + fpopulation(xage) + fpopulation(xecc) +
fpopulation(xage: xecc)

Each component of the model was also evaluated for significance using Wald tests, whereby the
full model fit was compared to alternative models where each component has been excluded. The

models were compared using ANOVA, with the improved model fit to be significant (p < 0.001).
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Drug effects

To analyze the effect of drug application, a mixed effects model was used and optimized with
respect to the REML criterion, from the Ime4 package in R (Bates et al., 2015) (Eq. 6).

(6) log(cACF) =a+ blxpopulation + bzxdrug + b3xpopulation,drug + b4,idxid

The effect of the drug was modeled as a change from the baseline log-cACF, a, for each population,
Xpopulation aNd in each drug condition, x,,4. A linear interaction between the population and
drug condition was also added to infer the differences in the sensitivities to the two drug conditions
between the two populations, xp,puiation,arug- A Parameter, (x;;) was incorporated to estimate
the baseline level of activity in each recording to control for variability between recordings (Eqg.
6).

7.7.4 Clustering method for correlation analysis

Hierarchical clustering

Each ROIs determined in the vertical scans were clustered by Ward hierarchical clustering
algorithm and linear correlation as the measure of the distance between each pair of ROls, from
the scipy.hierarchical package in Python 3. The dendrogram generated from this algorithm was
cut using a distance threshold, which was varied between one and six to evaluate the impact of the
parameter on the number of clusters. To measure the cluster quality, a suitable threshold was
identified using a clustering metric, the Silhouette coefficient (Rousseeuw, 1987). A threshold of
1.75 was used for our analysis as a compromise between the number of clusters and the cluster

quality.
Depth alignment

To account for the variability in the retinal thickness present in the degenerated retina and to
control for the vertical jitter during vertical scan imaging, a method of depth alignment was
developed. This allowed correction for recording with bands of varying thickness. The alignment

was performed for each glutamate imaging field. For each row in a vertical scan recording with X
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columns and Y rows, the mean intensity of each pixel, with the intensity | and position x,y was
calculated (Eqg. 7). The cumulative sum of mean intensities was then computed (Eq. 8) and
normalized such that it ranged from 0 to 1 (Eq. 9). The normalized cumulative sum ﬁy for each

row was then treated as a surrogate for the depth of each pixel.

(7) ﬁy,i = ch(:l Px,y,1
(8) Dy YK 1Dy fork=12.Y
(9) Dy/ DY = ﬁy

As the fluorescent signals in the recording field are concentrated at the synaptic terminals, the
labeling can be seen only at the OPL and IPL. ﬁy therefore, it corresponds to the position of a
particular ROI with respect to the range of these layers. The operation was implemented in Python
3. An additional smoothing step was incorporated with a Savitzky-Golay filter, from the

scipy.signal package, which further reduces the variability in each cluster.
Pairwise correlation

To determine the relationship between each pair of clusters identified in the vertical scan imaging,
a pairwise linear correlation was quantified where each pair comprised of one ROI from each
cluster between OPL and IPL. To examine the effect of drug application and to estimate the
statistic for the same, the median, 10" and 90" centile of the pairwise linear correlations between
pairs of ROIs from each cluster was done. The 90™ centile of the pairwise correlation was found
to have the greatest variability between the control and drug condition. This was then further

adapted to quantify the strength of the linear correlation between the pair of clusters.
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8. Results

The degenerated retina displays enhanced spontaneous activity in several retinal neurons which
supposedly form networks in the outer and inner retina (reviewed in Euler and Schubert, 2015)
(see 5.4.7). As previous studies on spontaneous activity have largely focused on either outer or
inner retinal networks individually, it is still unclear whether the two networks co-exist at the same

location and retinal tissue. Furthermore, to which extent the networks interact is also not clear.

Spontaneous activity in the outer and inner network displays diverse spatio-temporal patterns of
activity which might be an outcome of a complex interaction between these networks. To assess
the interaction between the two networks at both somatic and synaptic levels in the degenerated
rd10 retina, two imaging configurations were used: (1) a population imaging paradigm to record
large groups of cell somata, and (2) a vertical imaging configuration to capture near-simultaneous

glutamatergic transmission at the synaptic terminals in OPL and IPL.

8.1 Spontaneous Ca?* signals are present in the outer and inner retina at the
same location

Our first objective was to establish whether spontaneous signals occurred in both networks at the
same location. To this end, we labeled retinal somata with the synthetic Ca®* indicator, Oregon
Green 488 BAPTA-1 (OGB-1) by bulk electroporation of the whole-mounted retina from the
photoreceptor side (see also 7.4). This allowed labeling in a large population of remnant cones in
the ONL, BCs, and ACs in the INL and sparse labeling in the GCL (Fig. 8A, B). We used two-
photon microscopy, to record spontaneous Ca?* signals from the somata of the neuronal population
(see 7.6.1). We focused our recordings onto two neuronal populations; RBCs and All ACs. Both
neurons have been shown to actively participate in the outer and inner spontaneously active
networks; RBCs being strongly active in the degenerated outer retina (Haq et al., 2014), and All
ACs playing an essential role in the generation of the activity in the inner retina (Trenholm et al.,
2012; Choi et al., 2014) (see also 5.4.5 and 5.4.6).
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In wild-type retina, RBC and All AC somata usually reside at the two extreme borders of the INL;
RBCs at the outermost part of the INL (near OPL border) (Haverkamp and Wassle, 2000) and All
ACs at the innermost part of the INL (near IPL border) (Strettoi et al., 1992; Rice and Curran,
2000). The locations of the somata of these neurons also seem to be consistent in the degenerated
retina (Gargini et al., 2007; Barhoum et al., 2008). Therefore, we recorded from the outermost and
innermost borders of the INL where the somata of RBCs and All ACs are expected to be present;
these locations from here on referred to as outer and inner retina (Fig. 8C). Though we assumed
that the outer retinal recording location contains mostly RBC somata, it is possible that the somata

of other neurons such as remnant cones or HCs are also present at this location.

Consecutive somatic population recordings were performed from the outer and inner retinal
locations at the same X-Y position which from hereafter referred to as “dual recordings”. Dual
recordings were performed only at the locations where spontaneous signals were observed in both
outer and inner retina. To confirm recording depths, we compared the distribution of the recording
locations (recording densities) and somatic distribution profiles of the neurons in the INL obtained
from electron microscopy (EM) data published by Helmstaedter et al. (2013) (Fig. 8D). We found
that the outer and inner retinal recording densities approximately matched with the somatic
densities of the RBCs and All ACs in the INL as estimated by the EM data from Helmstaedter et
al. (2013) (Fig. 8D). Due to sparsity of the labeling and because the spontaneous activity in the
RGC population, which we also observed, relies on the glutamatergic input from the presynaptic
neurons in the inner retina (Biswas et al., 2014), signals from the GCL were not considered into

these experiments.
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Figure 8. Identification of the spontaneously active networks in the degenerated rd10 retina.

(A) Schematic representation of the organization of the retinal neurons in the degenerated rd10
retina (Adapted from Euler and Schubert, 2015). (B) Whole-mounted Oregon Green 488 BAPTA-
1 (OGB-1) electroporated retina of a rd10 mouse at P30 and recorded under the two-photon
microscope showing cell somata labeled in the ONL and outer INL (remnant cones/BCs, top),
inner INL (ACs, middle) and GCL (RGCs, bottom). Lines from the schematic (front view) in (A)
indicates the recording locations (top view) in the same X-Y plane but at varying depths. (C)
Schematic representing outer (blue) and inner (orange) retina recording locations. 1 and 0 indicate
reference points for the extent of the INL. Recording planes were focused on the extreme borders
of the INL. (D) The distribution of recording locations (recording densities) was compared with
the distribution of the somatic density profiles of different cell types in the INL from electron
microscopy data obtained from Helmstaedter et al. (2013). The dataset was rotated to match the
angle of the recordings (Behrens et al., 2016). The distribution of the recording densities and the

61



somatic density profiles of the retinal neurons in the INL were then aligned to match the reference
point in (C). The densities were estimated using Scott’s rule. Cell densities of the INL population
are indicated by solid lines and differentiated by colors as in (A) while the recording densities
color coded as in (C) for outer and inner retina are additionally shaded. Scale bar, 10 um (B).

To compare the features of the outer and inner retinal spontaneous Ca?* signals at the population
level, a series of dual recordings were acquired (Fig. 9A, B) and the time-series of the spontaneous
signals of each cell soma was extracted (Fig. 9C). Such recordings were also performed at different
time points of degeneration P30, 45, 60 and 90, as major structural remodeling is expected to occur
during this timeline (5.4.1).

In total, spontaneous somatic Ca?* signals were measured from both outer and inner retina at 112
retinal locations from 27 experiments (Table 2). Interestingly, the population imaging revealed a
high degree of heterogeneity in the signal dynamics in the outer and inner retina (Fig. 9C). The
signals usually displayed slow transient non-oscillatory activity (Fig. 9C, example trace 12), but
sometimes oscillatory activity was also observed (Fig. 9C, example trace 9). At a given location,
there were few cells that did not belong to these two categories and exhibited highly uncorrelated
activity (Fig. 9C, example traces 4 and 14). All these activity patterns were included in our
analysis.

62



A C

Outer retina Inner retina

hmspvne 8 MU

4 WA 10\t st

5 yntripavmmiomahe 14\ ANAR b

B i v o

Inner retina 12 WW
e L

L ® i

ﬁ ~A®) 13
5 @ 110D 2
- ._

Figure 9. Spontaneous Ca?* signals are present at the same location in both outer and inner
retina and exhibit heterogeneity.

(A) Schematic representation of the two-photon Ca?* imaging from the somata of the outer and
inner retinal cell population in the degenerated rd10 retina. In a whole-mounted OGB-1
electroporated retina, dual recordings were made from the soma of both cell populations, at the
same X-Y location. (B) Example scan field of a dual recording from the outer and inner retina in
a rd10 mouse at P60. Regions of interests (ROIs) of the cell somata are highlighted in circles and
color coded (blue: outer retina; orange: inner retina). (C) Spontaneous Ca®* signals of the
corresponding highlighted cells in (B) from both outer (blue) and inner (inner) retina. Only some
examples of all active cells are shown. Scale bars, 10 um (A and B).
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8.2 Characterization of spontaneous Ca?* signal dynamics

Next, we wanted to identify a method to quantify the variability we observed in the signal
dynamics, and to differentiate the temporal patterns. To this end, we first computed the power
spectral densities (PSD) of the signals for all our recordings using the Discrete Time Fourier
Transform (DTFT) method (Fig. 10A, B) (see 7.7.2). We found that for a highly uncorrelated
activity, periodogram was flat (Fig. 10A, B, top) while for a correlated activity, the periodogram
had a high power at low frequency (< 2 Hz) (Fig. 10A, B, bottom). When compared for all the
recordings in the outer and inner retina, we only found high power at low frequencies (< 2 Hz) for
all the cells (both oscillatory and non-oscillatory) (Fig. 10D). Hence, this method did not enable

us to resolve the variability in the signal patterns observed.

Instead, we calculated the log cumulative autocorrelation function (log-cACF) to characterize the
temporal features of the signals. Autocorrelation is a measure of the linear correlation of the signal
with itself over multiple time lags (Fig. 10A, C) (see 7.7.2). We found that that the correlation
curve for a cell showing uncorrelated activity was flat with a value close to 0 (Fig. 10A, C, top)
while a cell showing highly correlated activity had a value close to 1 (Fig. 10A, C, bottom). When
compared for all recordings in the outer and inner retina, for most of the cells signals were
autocorrelated to varying degrees at a given time lag representing variability in the signal dynamics
(Fig. 10E). Thus, the log-cACF approach allowed us to distinguish heterogeneity observed in the

signal patterns, hence we adapted it for further analysis.
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Figure 10. Characterization of spontaneous Ca?* signals.

(A) Example traces for spontaneous somatic Ca?" signals from both outer and inner retina
corresponding to two ROIs in Fig. 9B, C (example traces 4 and 8). Traces are color coded for outer
(blue) and inner (orange) retina. Subsequent plots correspond to these ROIs. (B) Periodograms for
each ROIls and, (C) plot showing the change in correlation value over time. (D) Heatmaps showing
PSDs, and (E) log-cACF for all dual recordings done at different time points. Each row in the
heatmaps (D and E) represents a ROI. All ROIs are included and sorted for the outer (#ROls =
4696) and inner retina (#ROIs = 3322). Height scaled to its relative ROl number at that
corresponding age (Table 2). (n = 8/8/24 mice/retinas/scan fields for P30, 4/4/20 for P45, 10/10/48
for P60 and 5/5/20 for P90).

Age Preparation | Indicator | Sampling | Number of Number of | Number
rate (Hz) | mice/retina/s | ROIs in of ROIs in
can fields outer retina | inner
retina

P30 full (WM) OGB-1 20.83 08/08/24 1020 604

P45 full (WM) OGB-1 20.83 04/04/20 780 518

P60 full (WM) OGB-1 20.83 10/10/48 2154 1720

P90 full (WM) OGB-1 20.83 05/05/20 742 480

Table 2: Summary table for dual Ca?* recordings in the outer and inner rd10 retina

Experimental conditions shown for Ca?* recordings at postnatal day (P) 30, 45, 60 and 90; whole-
mount (WM); Oregon Green 488 BAPTA-1 (OGB-1); Regions of interest (ROIS).

8.3 Spatio-temporal changes in the signal dynamics in both outer and inner
retina

The degeneration of the retina progresses as a function of age and retinal location. While distinctive
structural remodeling occurs between P30 and P90 (Gargini et al., 2007; Barhoum et al., 2008;
Phillips et al., 2010) (see 5.4.1 to 5.4.3), it is also believed that the degeneration follows a central
to peripheral trend in the disease advancement (Gargini et al., 2007; Barhoum et al., 2008) (see
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5.4.1). Hence, if there is an interaction between outer and inner retinal networks, this may be

altered by structural remodeling which follows disease progression.

To investigate how spontaneous signal dynamics in the outer and inner retinal populations vary
with age and location, dual recordings were performed from the outer and inner retina at different
time points of degeneration at P30, 45, 60, and 90, and at varying eccentricities (Fig. 11A). Again,
the log-cACF approach was employed to quantify spontaneous signals. To infer how the
relationship between the signals changes over time and across the retina, a statistical generalized
additive model (GAM) was used (see 7.7.3).

We found a significant difference in the baseline activity between the outer and inner retina (p <
0.001; Table 3), which also varied for both with age (both outer retina and inner retina: p < 0.001;
Fig. 11B; Table 3). We used GAM to quantify the difference in the mean baseline activity between
inner and outer retinal populations at different ages. We found that while the difference was larger
between P30 and P45, the difference decreased at later time points of degeneration (between P60
and P90) (Fig. 11B; Fig. 12A).

With respect to eccentricity, we found a significant change in the signal dynamics in both outer
and inner retina (outer retina: p < 0.001; inner retina p = 0.0002; Table 3). The GAM identified a
significant non-linear relationship between eccentricity and age (both outer and inner retina: p <
0.001; Fig. 11C, D; Table 3). Based on our model predictions, we predicted the difference in the
mean baseline activity at the central (500 um) and mid-peripheral (1500 pum) region for both
populations at different ages. We found that in both populations, there was a significant difference
in the mean activity at these eccentricities (500 and 1500 um) between P30 and P45 than at later
time point (P60 and P90), however, the difference was larger for the outer retina as compared to
the inner retina (Fig. 11C, D; Fig. 12B, C). We also observed significant variability in the signal
dynamics between the two populations across eccentricity at P30 and P45 which greatly reduced
between P60 and P90 (Fig. 11C).

Together, our data suggest that there are spatio-temporal changes in the signal dynamics between
the outer and inner retinal populations such that they become more similar with disease

progression.
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Figure 11. Spatio-temporal changes in the signal dynamics of both outer and inner retina.

(A) Spatial distribution of all dual recordings with respect to the retina at different time points of
degeneration (P30, 45, 60 and 90). Each circle represents a dual recording location, at different
retinal eccentricities from the optic disc. The circles are color coded for different ages. (B) Plot
showing change in log-cACF in the outer and inner retina with age. Each dot represents a ROI at
that corresponding age at P30 (1020 ROls, outer retina; 604 ROIs, inner retina), P45 (780 ROls,
outer retina; 518 ROIs, inner retina), P60 (2154 ROIs, outer retina; 1720 ROIs, inner retina) and
P90 (742 ROIs, outer retina; 480 ROIls, inner retina) (Table 2). (C) Change in log-cACF with
respect to eccentricity from the optic disc for both outer and inner retina at different time points.
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Each dot represents a ROI at that recording location. (B and C) Mean activity is shown in bold;
intervals indicate +/- 3 standard errors. Color encodes for outer (blue) and inner (orange) retina.
(D) Same as in (C) but representing the change in log-cACF with eccentricity at different time
points. (n = 8/24 retinas/scan fields for P30, 4/20 for P45, 10/48 for P60 and 5/20 for P90).
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Figure 12. Statistical analysis showing spatio-temporal variation with disease progression

Predictions of the generalized additive models (GAM) corresponding to the plots showing (A)
difference in baseline activity measured by log-cACF between inner and outer retinal population
with age, and (B, C) difference in the baseline activity at 500 and 1500 um Euclidean distance
from the optic disc at different time points in both outer (B) and inner (C) retinal populations.
Mean activity is shown in bold; intervals indicate +/- 3 standard errors. 0 indicates no significant
difference between the two populations when it is outside of the intervals (A-C).
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Model:

lOg(CACF) =a+ blxpopulation + fpopulation(xage) + fpopulation(xe“)

+ fpopulation(xage' xecc)

Components Parameter | Significance | Interpretation

a 1.31367 p < 0.0001 Baseline

b1Xpoputation -0.39643 p <0.001 Difference in baseline for inner and
outer retina

Froputation(Xage) (outer) | N/A p<0.001 Change with respect to age for outer
retina

Froputation(Xage) Gnner) | N/A p<0.001 Change with respect to age for inner
retina

fpoputation(Xecc) (outer) | N/A p <0.001 Change with respect to eccentricity
for outer retina

froputation(Xecc) (inner) | N/A p = 0.0002 Change with respect to eccentricity
for inner retina

Froputation(Xager Xece) | NIA p<0.001 Interaction between eccentricity and

(outer) age for outer retina

Fooputation(Xager Xece) | NIA p <0.001 Interaction between eccentricity and

(inner)

age for inner retina

Table 3. Summarized statistics for dual Ca?* recordings in outer and inner rd10 retina with

respect to age and eccentricity.

Cumulative autocorrelation function (cACF); eccentricity (ecc); not applicable (N/A).
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8.4 Slow spontaneous Ca?* signals in the inner retina rely on glutamatergic
input

We next investigated the possible sources of interaction between the spontaneously active
networks of the outer and inner retina. The participation of BCs in both networks (Borowska et
al., 2011; Trenholm et al., 2012; Hag et al., 2014) makes them prime candidates for relaying signals

from the outer to the inner retina (see also 5.4.8).

To test whether the signals observed in the inner retina were a consequence of the outer retinal
activity mediated by the BC’s glutamatergic transmission, the input from the BCs to the ACs was
pharmacologically blocked by co-applying the ionotropic glutamate receptor antagonists NBQX
and APS5 (Fig. 13A). Dual recordings were conducted before and during the drug application. We
then used log-cACF as a measure of spontaneous signals and quantified the effect of the drug on
the signal dynamics using linear mixed models (see 7.7.3). We analyzed a total of 732 ROIs (441
outer; 291 inner; Table 4) obtained from 10 scan fields and found a significant reduction in slow
signal dynamics in both outer and inner retina during the drug application as compared to the
control condition (p < 0.001; Fig. 13B, C; Table 5).

To examine the change in signal dynamics of the two populations after completely extinguishing
the input at the BC dendrites, we supplemented our drug mixture (NBQX + AP5) with a mGIuR6
agonist, AP4 (Fig. 13A). This resulted in blocking input at both ON- and OFF-BC dendrites
mediated by metabotropic and ionotropic glutamate receptors, respectively (reviewed in Dhingra
and Vardi, 2012; Puller et al., 2013) (see 5.2.3). We found a significant reduction in slow signal
dynamics in both the outer and inner retinal populations during the drug application as compared
to the control condition (p < 0.001; Fig. 13B, C; Table 5). However, we did not find any significant
difference in the signal dynamics between the two drug conditions (NBQX + AP5 and NBQX +
AP5 + AP4) (p = 0.197; Table 5). This suggests that AP4 did not have any additional effect,
possibly because the slow spontaneous signals have been almost entirely abolished under the first
drug condition (NBQX + AP5).

Together, our data indicates that the slow dynamic signals in the inner retina depend on the
glutamatergic drive from the outer retina and are primarily mediated by ionotropic glutamate
receptors, though certain mGIuR types, particularly mGluR4, 7 and 8, expressed on ACs may also
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contribute (Brandstatter et al., 1996; Koulen and Brandstatter, 2002; Quraishi et al., 2007;
reviewed in Dhingra and Vardi, 2012) (see also 5.2.4). The decrease in slow signal dynamics (and
the potential increase in the frequency of events) observed in the outer retina during the application
of NBQX and AP5 is consistent with an earlier study, where it was suggested to be a result of
reduced inhibition from HCs (Haq et al., 2014). Further, reduction in slow signal dynamics by
adding AP4 may result from uncoupling between remnant cone and RBC activity clusters formed
during degeneration (Hagq et al., 2014) (see 5.4.5).
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Figure 13. Slow spontaneous Ca?* signals in the inner retina rely on glutamatergic input from
the outer retina.

(A) Schematic representation of the location of action of NBQX, AP5, and AP4 in the retinal
circuitry. (B) Example traces of spontaneous Ca?* signals from a dual recording before and during
first (NBQX + AP5) and second drug (NBQX + AP5 + AP4) condition. Each box indicates a
snippet of 10 seconds of the corresponding trace with its enlarged view shown below. (C)
Quantitative analysis of both drug conditions in the outer and inner retina using log-cACF. Each
dot represents a ROI (#ROlIs = 441, outer retina; 291, inner retina) in control and drug condition.
The ROIs were assigned the same number for control and the two drug conditions. Solid lines
indicate mean change with their standard error confidence intervals from the mixed effects model.
Color in (B) and (C) corresponds to the outer (blue) and inner (orange) retina. (n = 10 scan fields,10
retina halves from 4 mice; all at P45; Table 4).

Age Preparation | Sampling | Number of | Number of | Number of | Drug
rate (Hz) | mice/retinas | ROIs in ROIs in condition
/scan fields | outer retina | inner retina
P45 half retinas 20.83 04/10/10 441 291 NBQX +
(WM) AP5 + AP4

Table 4. Pharmacological analysis for Ca?* signals in the outer and inner rd10 retina.

Experimental conditions are shown for rd10 recordings at postnatal day (P) P45; whole-mount
(WM); NBQX, AMPA/kainate type glutamate receptor antagonist; AP5, NMDA receptor

antagonist; AP4, mGIuRG6 receptor agonist.

Model:

lOg(CACF) =a+ blxpopulation + bzxdrug + bsxpopulation,drug + b4,idxid

Components Parameter Significance | Interpretation

a 1.85525 p <0.001 Baseline

b1Xpoputation -0.81194 p <0.001 Difference in baseline for inner and
outer retina in control condition
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baXgrug (NBQX + N/A p <0.001 Change in baseline activity under first

AP5) drug condition

baXgqrug (NBQX + N/A p <0.001 Change in baseline activity under

AP5 +AP4) second drug condition

bsXpoputation,drug | NIA p <0.001 Difference in drug effect (first

(NBQX + AP5) condition) between outer and inner
retina

bsXpoputation,darug | NIA p=0.197 Difference in drug effect (second

(NBQX + AP5 + AP4) condition) between outer and inner
retina

by iaXiq N/A p <0.001 Variation in baseline activity between
recordings

Table 5. Summarized statistics for pharmacological analysis for Ca?* recordings in the outer
and inner rd10 retina.

Cumulative autocorrelation function (CACF); NBQX, AMPA/kainate type glutamate receptor
antagonist; AP5, NMDA receptor antagonist; AP4, mGIuR6 receptor agonist; not applicable
(N/A).

8.5 Simultaneous spontaneous glutamatergic signals are present in the outer
and inner retina at the same location

Our finding at the somatic level showed that blocking glutamatergic signal transmission from the
BCs to the ACs affects signal dynamics in both populations (Fig. 13). To further investigate the
direction of signal transmission along the vertical BC-AC pathway, we next wanted to assess this
connectivity at the synaptic level. To this end, we expressed the glutamate biosensor iGIuSnFR,
ubiquitously in the retina through intravitreal injection of AAVs (see 7.2). We measured the
change in glutamate release at both input and output synapses of the BCs, i.e., in the OPL and IPL,

respectively, using two-photon microscopy (see 7.6.2).

To determine the direct synaptic interaction between the networks, it is also important that the

signals are recorded at the same location and time. We achieved this by using a two-photon
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microscope equipped with an electrically tunable lens (ETL) (Zhao et al., 2019) (see also 7.6.2)
that allowed us to measure spontaneous glutamatergic signals from BC dendrites at the OPL and
axon terminals at the IPL at the same location near-simultaneously using “vertical” scan fields
(Fig. 14A, B). The ROIs were then determined by measuring the correlation between the
neighboring pixels which were then subsequently used to extract the traces at varying depths (Fig.
14C, D) (see 7.7.1). We observed spontaneous glutamatergic signals at both the outer and inner
retinal synapses of the BCs at the same location and time (Fig. 14C, D) which further confirmed

our previous finding at the somatic level (Fig. 9B, C).
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Figure 14. Simultaneous spontaneous glutamatergic signals are present at the OPL and IPL
at the same location.

(A, B) Schematic representation of a vertical scan (X-Z) imaging at the outer and inner retinal
synapses of the BCs (i.e., OPL and IPL, respectively) in the rd10 retina. Near-simultaneous two-
photon imaging of a rd10 retina expressing iGIuSnFR was achieved with an electrically tunable
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lens. (C) Example scan field from a rd10 retina at P76 on the left with its corresponding ROl mask
in the center and on the right. Exemplary ROIs indicated and highlighted in circles (left and right
field). Color in the right field represents ROIs at the OPL (blue) and IPL (orange). (D) Spontaneous
glutamatergic signals recorded from OPL and IPL in parallel from the same scan field in (C). The
color of the traces corresponds to the color of the ROI mask highlighted in (C, right). Scale bars,
10 um (B and C).

8.6 Multiple correlated active clusters are present in the degenerated rd10
retina

To evaluate the network interaction between outer and inner retina, a correlation was determined
between the ROIs obtained at different depth at the same location. The ROIs were clustered using
Ward’s hierarchical clustering and a linear correlation metric (See 7.7.4; hierarchical clustering).
Between P66 and 82, the degenerated rd10 retina showed some variability in retinal thickness.
This variability was addressed through a depth alignment method, which used the localized
glutamate labeling to map the ROIs to their relative position in the OPL and IPL (Fig. 15A) (see
7.7.4; depth alignment). The alignment was performed for each glutamate imaging field. Three
distinctive peaks were identified after the alignment, representing mean fluorescent signal at each
recording depths; these approximately corresponded to the OPL and, OFF and ON sublaminae of
the IPL (Fig. 15B). The clusters exhibited less variation in thickness after the depth alignment (Fig.
15C). The hierarchical clustering algorithm has a single parameter, the distance threshold, which
determines the number of clusters. We varied this parameter and investigated its effect on the
number and quality of clusters using a clustering metric (the Silhouette coefficient) (Fig. 15E) (see
7.7.4). We adjusted thresholds between 1.5 and 2.5 and found that at a threshold of 1.75 the number
of clusters became stable (Fig. 15E). Hence, we decided to use a threshold of 1.75 for all the

analyses, which resulted in three to seven clusters per recording (Fig. 15D).
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Figure 15. Identification of correlated clusters at varying depth.

(A) Plot indicating mapping from the recording pixel to an aligned depth value. (B) Plot showing
mean cluster density at each pixel before and after depth alignment. (C) Heatmaps showing the
distribution over depth for each cluster at a selected threshold, for both raw and aligned data. Each
row represents a cluster. (D) Plot showing the effect of varying the clustering threshold on the
number of clusters, and (E) the Silhouette coefficient. Blue line indicates the threshold used for
subsequent analysis, at 1.75. The bold line indicates the mean curve for all recordings, individual
recordings are shown in grey.

We located between two and six clusters in the IPL at different depths and one or two clusters in
the OPL (Fig. 16). Some of the OPL ROls also formed a cluster with the ROIs in the IPL (Fig. 16;
18 out of 28 recording fields). We usually found a strong within-cluster correlation between the
ROIs (Fig. 16, each bottom row).

Earlier studies revealed phase-shifted activity in ON- and OFF-RGCs (Menzler and Zeck, 2011,
Margolis et al., 2014) (see 5.4.6). If this activity was due to synaptic interaction between All ACs
and ON- and OFF-CBCs (reviewed in Zeck, 2016), one would expect a similar pattern in the ON
and OFF sublaminae of the IPL. Indeed, we found anti-correlation between groups of clusters in
the IPL in some but not all recording fields (Fig. 16; 11 out of 28 recording fields). Taken together,
it is evident from our data that the traditional view of the two spontaneously active networks is too
simplistic. In contrast, there are seemingly multiple correlated active clusters, possibly

representing multiple small interconnected circuits or networks.
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Figure 16. Multiple correlated active clusters in the degenerated rd10 retina.

Different scan fields obtained by recording simultaneous spontaneous glutamatergic signals from
the OPL and IPL at the same location with ROI mask (each top row) indicating clusters to which
ROIs were assigned for a distance threshold of 1.75. Same color ROIls indicate same cluster.
Correlation matrix (each bottom row; red-positive correlation, blue-negative correlation) for the
glutamatergic signals for ROIs in the cluster corresponding to their scan field at the top. Colors
besides the matrices indicate which matrix columns/rows correspond to the clusters in that
recording. (n = 5/11/28 mice/retina quarters/scan fields; all between P66 and 82; Table 6). Scale
bar, 10 um.

8.7 Spontaneous signals in the outer retina modulate the inner retinal network

Next, to confirm the role of BCs as a potential link between the two networks, the synaptic input
to the BCs was disrupted pharmacologically with AP4 and the kainate receptor antagonist, UBP-
310. The latter antagonist was used because it was previously reported that the light-evoked and
cone-driven glutamate release from OFF-CBCs is mainly mediated by kainate and not AMPA
receptors (Borghuis et al., 2014) (see also 5.2.3). In addition, using UBP-310 instead of NBQX
reduces the unspecific effects on the inner retinal circuitry. We found that the co-application of
AP4 and UBP-310 resulted in a reduction of spontaneous glutamatergic signals of the ROIs in both
OPL and IPL (Fig. 17B, D) as well as a striking reduction in within-cluster correlation (Fig. 17B,
C; Fig. 18, each bottom row; Table 6).
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Figure 17. Reduction in spontaneous glutamatergic signals and within-cluster correlation
after disrupting connectivity between the outer and inner retina.

(A) Schematic representation of the location of action of AP4 and UBP-310 in the retinal circuitry.
(B) Example scan field acquired by vertical scan imaging with ROI mask indicating clusters in
OPL and IPL. Same color ROIs represent the same clusters. (C) Correlation matrix for the
glutamatergic signals for ROIs in the OPL and IPL corresponding to the scan field in (B) for both
control and drug (AP4 + UBP-310) condition. (D) Exemplary spontaneous glutamatergic signals
extracted for each cluster before and during drug (AP4 + UBP-310) application. Color in both (C)
and (D) corresponds to the color of the clusters indicated in ROI mask in (B). Scale bar, 10 um.
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Figure 18. Exemplary scan fields showing reduction in spontaneous glutamatergic signals
and within-cluster correlation after application of AP4 and UBP-310.

Different scan fields obtained by recording simultaneous spontaneous glutamatergic signals from
the OPL and IPL at the same location with ROI mask (each top row) indicating correlation clusters.
Same color ROIs indicate same cluster. Correlation matrix (each bottom row) for the glutamatergic
signals for ROIs in the cluster corresponding ROI mask was plotted for control and drug (AP4 +
UBP-310) condition. (n = 5/10/10 mice/retina quarters/scan fields; all between P66 and 82; Table
6). Scale bar, 10 um.
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Age Preparation | Indicator | Sampling | Number of Drug condition
rate (Hz) | mice/retina/scan

fields
Between quarter iGIluSnFR | 3.90 05/11/28 No
P66 and 82 | retinas (WM)
Between quarter iGIuSnFR | 3.90 05/10/10 AP4 + UBP-310

P66 and 82 | retinas (WM)

Table 6. Summary data table from glutamate imaging in rd10 retina.

Experimental conditions shown for rd10 mice between postnatal days (P) 66 and 82; whole-mount
(WM); intensity-based glutamate-sensing fluorescent reporter (iGIuSnFR); AP4, mGIuR®6 receptor
agonist; UBP-310, kainate receptor antagonist.

Further, to confirm that the change in within-cluster correlation was an effect of the drug and not
due to change in the signal dynamics over time, within-cluster correlation was compared between
two control recordings done at an interval of 10 minutes but without drugs being applied. No
significant change in within-cluster correlation or in the number of clusters in the two control

conditions was observed (Fig. 19) suggesting that the effect was primarily due to drug application.
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Figure 19. Within-cluster correlation does not change over time.

(A, B) Exemplary scan fields (top) with their correlation matrix (bottom) for two control conditions
(Control 1 and Control 2). Control 1 and 2 represent two consecutive recordings performed at the
same location but with an interval of 10 minutes. Scale bars, 10 pum (A and B).

We next, analyzed the drug effects on the relationship between OPL and IPL activity by computing
the median, 10" and 90" centile pairwise correlation for each ROI pair between OPL and IPL
clusters (see 7.7.4; pairwise correlation). While the OPL-IPL pairwise correlation changed only a
little for the median and 10" centile, there was a strong change in the 90" centile pairwise
correlation (Fig. 20A). Quantification of the change in the 90" centile OPL-IPL pairwise
correlation revealed a significant reduction in the correlation in about 61% of the clusters (Fig.
20B; Table 7). The reduction also varied with the IPL depth (Spearman’s R = 0.24) and was greater
for the ON than for the OFF sublamina of the IPL (Fig. 20C). Notably, there were fewer clusters
during the drug application than in the control condition, irrespective of where the clustering
threshold was set (Fig. 20D). This might be due to an increase in the within-cluster correlation of
some IPL clusters as a result of disruption of cone input at the OPL or due to some clusters
becoming inactive. Finally, a small percentage of clusters were also unaffected by the drug
application (Fig. 20E).

Overall, our data confirm that the inner retinal signals in the degenerated rd10 retina are largely
modulated by the signals present in the outer retina, relayed particularly by BCs, and thus,

indicating a functional interaction between the two networks.
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Figure 20. Spontaneous signals in the outer retina modulate inner retinal signals.

(A) Plot showing change in 10" centile, median and 90" centile OPL-IPL pairwise correlation for
each cluster under control and drug (AP4 + UBP-310) conditions. Each dot represents a ROI pair
between OPL and IPL clusters. (B) Plot for 90™ centile OPL-IPL pairwise correlation before and
during drug application (AP4 + UBP-310). Each line represents a ROI pair between OPL and IPL
clusters. (C) Change in the 90" centile OPL-IPL pairwise correlation before and during drug
application with respect to the aligned depth. Here, 1 indicates start of the OFF sublamina of the
IPL and O indicates end of the ON sublamina of the IPL (D) Plot showing in change in cluster
number during the drug (AP4 + UBP-310) application as compared to the control, for varying
cluster thresholds. (E) Plot showing percentage change in the number of clusters after drug

application. (n = 10/10 retina quarters/scan fields from 5 mice; all between P66 and 82).

Age | Scan field | Number of | Number of | 90%" centile 90t centile
number Clusters/ ROls/clusters | correlation correlation (AP4 +
scan field (control) UBP-310)
P66 |1 1 46 0.056 0.045
P66 |1 2 52 0.052 0.050
P66 |1 3 38 0.051 0.051
P66 |1 4 35 0.053 0.049
P68 |2 1 04 0.218 0.047
P68 |2 2 29 0.229 0.040
P68 |2 3 07 0.208 0.031
P68 |2 4 13 0.233 0.049
P68 |2 5 21 0.205 0.047
P68 |3 1 12 0.021 0.043
P68 |3 2 28 0.030 0.025
P68 |3 3 24 0.029 0.043
P68 |3 4 03 0.018 0.046
P68 |3 5 20 0.035 0.022
P68 |4 1 38 0.079 0.034
P68 | 4 2 04 0.042 0.026
P68 |4 3 21 0.095 0.028
P68 | 4 4 21 0.092 0.035
P68 |4 5 27 0.042 0.038
P68 | 4 6 33 0.037 0.036
P74 |5 1 38 0.042 0.037
P74 |5 2 18 0.048 0.045
P74 |5 3 35 0.054 0.048
P74 |5 4 28 0.038 0.056
P74 |5 5 50 0.047 0.047
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P74 |6 1 30 0.039 0.037
P74 |6 2 89 0.042 0.044
P74 |6 3 27 0.040 0.035
P74 |6 4 26 0.046 0.037
P76 |7 1 43 0.101 0.033
P76 |7 2 26 0.089 0.039
P76 |7 3 04 0.126 0.019
P76 |7 4 12 0.080 0.045
P76 |7 5 27 0.127 0.041
P76 |7 6 22 0.097 0.033
P76 |7 7 06 0.071 0.032
P76 |8 1 37 0.248 0.039
P76 |8 2 24 0.215 0.033
P76 |8 3 18 0.237 0.045
P76 |8 4 38 0.075 0.034
P76 |8 3) 26 0.190 0.029
P76 |8 6 08 0.064 0.045
P76 |8 7 10 0.194 0.029
P82 |9 1 15 0.120 0.052
P82 |9 2 26 0.124 0.029
P82 |9 3 41 0.153 0.038
P82 |9 4 17 0.031 0.024
P82 |9 5 16 0.020 0.017
P82 |9 6 04 0.028 0.008
P82 |9 7 18 0.029 0.036
P82 |10 1 46 0.069 0.044
P82 |10 2 13 0.068 0.044
P82 |10 3 26 0.065 0.029
P82 |10 4 16 0.049 0.037
P82 |10 5 22 0.045 0.048
P82 |10 6 17 0.049 0.039
P82 |10 7 28 0.061 0.048

Table 7. Summary table showing change in OPL-IPL pairwise correlation between clusters
during control condition and during the application of AP4 and UBP-310.

OPL-IPL pairwise correlation of spontaneous glutamatergic signals in mice at respective postnatal
days (P); 90" centile OPL-IPL pairwise correlation in control condition (90" centile correlation
(control)); 90™ centile OPL-IPL pairwise correlation under drug condition (90™ centile correlation
(AP4 + UBP-310)).
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8.8 Investigating lateral signal transfer in the degenerated rd10 retina

It is equally important to understand how the signals from the BCs are relayed to the RGCs.
Besides, vertical synaptic interaction (Borowska et al., 2011; reviewed in Margolis and Detwiler,
2011; Biswas et al., 2014) (see also 5.4.6), it is conceivable that the activity in the GCL could also
be affected by lateral signal transmission. As our two-photon imaging method allowed us to record
from only a small field (~ 50 um wide ‘vertical’ slice of the retina) laterally, it was not feasible to

investigate large-scale interaction using this method.

To analyze the lateral spread of the spontaneous signals in the RGCs, a method that combines two-
photon glutamate imaging with electrical imaging using high density complementary metal-oxide
semiconductor (CMOS) MEAs was developed (Fig. 21). This method allowed simultaneous
recording (locally) of glutamatergic signals at the BC synapses at the OPL and IPL and (globally)
electrical activity of the RGCs in the degenerated rd10 retina. However, for time reasons, we were
not able to fully exploit this method for further investigation within the scope of this thesis.
Nevertheless, the preliminary data acquired highlights that the method could be a promising tool

to dissect both vertical and lateral signal propagation in the degenerated rd10 retina in the future.
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Figure 21. Vertical and lateral signal propagation in the degenerated rd10 retina.

(A) Schematic illustration of the simultaneous recording of spontaneous glutamatergic signals
(using an electrically tunable lens equipped two-photon microscope; top) and spontaneous RGC
activity (using a CMOS MEA; bottom). (B) Example of a simultaneous recording from an
iIGIuSnFR expressing rd10 retina showing vertical scan field (top) and electrical image (bottom)
at the same location. (C) ROI masks corresponding to the fields in (B); top — ROl mask vertical
scan field, bottom - electrical image with two-photon scanning area (6) and two cells spiking near
(4) and far (5) from it. (D) Example traces of the signals obtained by combining the two methods
from OPL, IPL, and RGCs at the same location. The color of the traces corresponds to the color
of the labeled ROIs in (C).
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9. Discussion

Using a rod photoreceptor-deficient rd10 mouse model system, we investigated the interactions
between synaptically connected but independently originated spontaneously active networks in the
degenerating retina. We report the co-existence of spontaneously active networks in the outer and
inner retinae at the same location in the degenerated retina using two-photon Ca?* and glutamate
imaging. The signal dynamics in these active networks displayed spatio-temporal variability.
While the networks exhibited mostly independent dynamics during the early degeneration phase
(~ P30), the dynamics between them became strikingly similar with the progression of the disease
(~ P90). Next, to investigate the source of the observed network interactions, we explored the
functional ‘footprints’ of the Synaptic connectivity between the networks. By implementing a near-
simultaneous two-photon glutamate imaging at the input and output synapses of BCs, we examined
the role of BCs as potential linking neurons between the two networks. We found that the networks
do interact with each other and that this interaction is largely mediated by the BCs. We also
provided the first evidence for the co-existence of multiple correlated spontaneously active clusters
in the inner retina at the same retinal location, suggesting that the origin of spontaneous activity is

more complex than anticipated.

9.1 Where do the outer and inner networks interact?

Our major finding from this study is that the outer and inner spontaneously active networks in the
degenerated rd10 retina interact with each other. The interaction between two networks can also
be found in other parts of the CNS where the networks could correlate their activities at both local
and global levels to mediate communication (Both et al., 2008) (see 5.1.2). However, whether the
networks present in the degenerated retina also interact with each other, has not been
systematically investigated before. As BCs participate in both the networks, we speculated their
role in mediating the interaction between the networks by relaying signals from the outer to the
inner retina through the vertical BC-AC pathway (see 5.4.8). In support of our hypothesis, we
observed a significant reduction in the spontaneous signals in the inner retina when the

glutamatergic inputs from the BCs to the ACs were blocked using NBQX and AP5. However, this
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only affected the slow signal dynamics of the inner retina while leaving high frequency signals
unchanged. A possible explanation to this is that only the slow dynamics displayed by the ACs in
the inner retina are mediated by the signals carried from the outer retina by the BCs. Since the
axon terminals of the BCs can act as a low-pass filter (reviewed in Euler et al., 2014), it is
conceivable that this allows only the transfer of low frequency signals to postsynaptic neurons. On
the other hand, the potential high frequency component in the AC activity was not abolished by
glutamate receptor blockers and, hence, might reflect the cells’ own intrinsic activity. Together, it
is likely that the temporal properties of the signals in the inner retina might be determined by both

intrinsic and synaptic mechanisms.

Although BCs relay the outer retinal activity and modulate the signals in the inner retina, it cannot
be ruled out that signal modulation can also occur in the opposite way. This seems to be supported
by our observation that blocking glutamatergic input to the ACs also modulated activity in the BC
somata. Although the ionotropic glutamate receptor antagonists (NBQX + AP5) we applied in
these experiments may also reduce photoreceptor input to BC and HC dendrites (see 5.2.3), which
should be visible as a modulation in the BC activity as a result of reduced feedforward inhibition
from the HCs (Haq et al., 2014) (see also 5.4.2). Reduced inhibition at the BC terminals can also
be expected from the ACs in the inner retina, where for e.g., blocking input from the RBCs to A17
ACs could reduce inhibition and modulate the signals of the RBCs (Hartveit, 1999; Chavez et al.,
2006) (see 5.2.4; the rod pathway). Thus, ACs might also modulate the signals between the outer
and inner networks along the vertical BC-AC pathway. RBCs constitute ~ 38% of the total BC
population in the INL (Wassle et al., 2009), and RBCs and All ACs play an important role in
generating activity in the outer and inner retina, respectively (Trenholm et al., 2012; Choi et al.,
2014; Haqg et al., 2014). Hence, it is possible that the RBC-All AC pathway plays an essential role
in the interaction between the networks. This is also supported by our finding at the synaptic level,
whereby blocking (selectively) the glutamatergic photoreceptor input at the BC dendrites using
AP4 and UBP-310 resulted in a large reduction in correlation in the clusters present in the ON
sublamina of the IPL as compared to the OFF sublamina. Besides this, the All-CBC network which
is involved in the generation of activity in the inner retina (Trenholm et al., 2012; Choi et al., 2014)

can also be a connecting link between the networks.
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In addition to RBC-AIl AC and All-CBC pathway, there can be other pathways that may relay
signals from the inner to the outer retina, such as the ones involving DACs or iACs (see 5.4.8).
However, in the light of the synaptic alterations in the degenerated retina, we consider it unlikely
that the DAC and iAC pathways predominantly modulate the signals in the network (see 5.4.8).
Taken together, our data suggest that though the unidirectional interaction between the networks
via BCs appears to be dominating, it is conceivable that the interaction is not strictly in one

direction but bidirectional, where ACs also modulate the signal dynamics of the network.

9.2 Spatio-temporal interaction between the networks

The progress of retinal degeneration in the rd10 retina varies as a function of age and retinal
location and differs between retinal circuits (Gargini et al., 2007; Phillips et al., 2010) (see 5.4.1).
Also, an increase in spontaneous activity in the RGC population with the advancement of the
disease has been reported earlier (Stasheff et al., 2011; Goo et al., 2011). However, how the
network interaction changes with the disease progression have not been examined earlier. Our
timeline population imaging revealed that there is a spatio-temporal variability in the spontaneous
signal dynamics in the outer and inner retina that become more similar with the disease
progression. A possible explanation for this observation may be that if spontaneous activity was
an outcome of the synaptic remodeling, higher variability in the signal dynamics would be
expected in the earlier degeneration phase, when the remodeling has started, as compared to the
later phase, when remodeling (i.e. synaptic rewiring or formation of ectopic synapses) is largely
concluded (see also 5.4.2 and 5.4.3).

Furthermore, the variability in the spatio-temporal properties of the network can be a consequence
of the interaction between the networks at a local as well as at a global level. Our data mainly
revealed network interaction and signal propagation at a local area along the vertical pathway.
However, the networks can also interact at a large scale, allowing the propagation of the activity
over larger distances across the retina (Menzler and Zeck, 2011) (see 5.4.6). Future studies are
needed to investigate the role of network interactions between the outer and inner retina for

aberrant retinal activity at the global level.
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9.3 Co-existence of multiple active networks in the degenerated retina

Previous studies demonstrated the role of only two principal sources that give rise to the network
activity in the degenerated retina: remnant cones in the outer retina (Haq et al., 2014) and the All
AC-CBC network in the inner retina (Trenholm et al., 2012) (see also 5.4.5 and 5.4.6). However,
our study provided evidence for the presence of multiple active correlated clusters in the inner
retina, possibly representing multiple small interconnected circuits or networks. As RBCs form
correlated active clusters with remnant cones in the outer retina (Haq et al., 2014), clusters in the
ON sublamina of the IPL (with OPL ROIs) might represent the downstream network of the RBCs.
However, since we also observed separate clusters in the OFF sublamina of the IPL, it suggests
that the activity in the degenerated retina can be driven by more than one parallel mechanisms.
Several additional mechanisms have been postulated that can act as an independent source of
generating activity in the inner retina such as a parallel OFF-BC pathway (Tu et al., 2016) (see
also 5.4.10) or through dystrophic ACs (Yee et al., 2012). This can also be anticipated from the
diverse signal characteristics displayed by different RGC types during degeneration (Yee et al.,
2012; Yee et al., 2014; Yu et al., 2017). Besides, it is also reasonable to think that the active
neurons could modulate and/or drive the activity of other synaptically connected neurons forming
individual sub-networks at a local level. However, whether or not distinct neuronal types can form
multiple sub-networks can be determined by population imaging at the same retinal locations. We
broadened the perspective of previous studies by taking advantage of our vertical imaging at
synaptic terminals which allowed us to investigate more than one circuit simultaneously active at
the same retinal location. We suggest the existence of parallel mechanisms at the same retinal
location based on the following findings: First, at somatic levels, a high degree of heterogeneity in
the pattern of spontaneous signals in both outer and inner retina can be observed, which is not
expected if the activity was driven by only a single mechanism. Second, at synaptic levels, two to
six correlated active clusters were present in the IPL. Third, disrupting outer retinal activity from
the inner retina only modulates inner retinal activity but does not abolish them. Taken together,
our data demonstrating multiple spontaneously active synaptic clusters in the degenerated retina
possibly suggests that the activity is driven by interactions between multiple mechanisms at both

local and global levels.
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9.4 Physiological relevance of the interactive networks

The generation of spontaneous activity in the diseased retina may be disadvantageous in terms of
energy requirement (reviewed in Raichle and Mintun, 2006). But then, what is the purpose of
gaining this function during degeneration? One possible explanation could be for the preservation
and restoration of the synapses. It is well known that in developing nervous system, spontaneous
activity plays a crucial role in the precise wiring of the circuitry, organization of retinotopic maps
and eye-specific segregation (reviewed in Blankenship and Feller, 2010; Ackman et al., 2012;
Akrouh and Kerschensteiner, 2013 reviewed in Kirkby et al., 2013) (see 5.1.2 and 5.1.3). However,
with the maturation of the synapses, these waves get suppressed (Toychiev et al., 2013) (see 5.3).
As the degeneration is marked by severe remodeling in the synaptic connectivity, it is possible that
the retina regains its spontaneous activity for a similar purpose. Therefore, the degeneration
induced spontaneous activity may be advantageous in at least two ways: First, as outer retinal
neurons undergo severe remodeling such as dendritic retraction and formation of ectopic synapses
between RBCs and remnant cones (Haq et al., 2014) (see also 5.4.2), the generation of spontaneous
activity, in this case, might be crucial for maintaining and/or rewiring of such synapses at the local
level. This is also consistent with the finding that the remnant cones and RBCs form clusters of
correlated activity in the outer retina (Haq et al., 2014). Second, as the hyperactivity present in the
inner retinal neurons is further relayed from the RGCs to the higher visual centers (Drager and
Hubel, 1978; Ivanova et al., 2016a), the spontaneous activity may be involved in the maintenance
of the retinotopic maps in the brain (Xie et al., 2012) and, hence, help in preserving connectivity
at the global level. Based on the studies done in other parts of the CNS (see also 5.1.2), the
interaction between the spontaneously active networks in the rd10 retina is not too surprising.
However, the question arises why both networks correlate their activity in the degenerated retina.
One possible reason is to maintain connectivity between outer and inner retina — following the
Hebbian plasticity hypothesis, that “neurons that fire together wire together”. In addition,
correlated activity exhibited by the networks might also promote synaptic stability between the

rewired synapses (Kerschensteiner et al., 2009).
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9.5 Implications for the visual restoration strategies

As discussed above, the spontaneous activity generated in the degenerated retina may contribute
to the preservation and potential restoration of the synapses. At the same time, such aberrant
activity has also been suggested as a source of noise that could reduce SNR ratio and affect
remaining light stimulus or evoked responses (Yee et al., 2012; Haselier et al., 2017). This could
interfere with various retinal prosthetic approaches that aim to restore visual function in the
degenerated retina through electrical stimulation of the surviving neurons (Zrenner et al., 2011;
reviewed in Weiland et al., 2016). Though being widely approved clinical treatment for RP, retinal
implants only provide poor vision and low visual acuity to the patients (reviewed in Zrenner,
2013). This might be due to some limitations such as the size of the stimulating array is relatively
small compared to the whole human retina, and thus, can only activate a small area of the whole
retina. We showed from our study that the spontaneously active networks do interact with each
other, therefore, it is possible that the activity initiated in the non-stimulated area can dampen the
efficiency of the evoked signals in the stimulated area. Indeed, it has been reported that the
electrical stimulation in human RP eyes requires a stronger threshold as compared to the normal-
sighted control (Rizzo et al., 2003). Through our timeline population imaging, we also showed that
the signals dynamics between the outer and inner retinal population varies both spatially and
temporally during early degeneration but become more similar at later time points. Therefore, to
preserve the synaptic connectivity and visual function, it is reasonable to consider an early time
point of intervention when still the two neuronal population exhibit differences in their signal
dynamics and might have the capability of restoring old synapses (Beier et al., 2017), rather at
later degeneration phase when the signals in the networks are already functionally correlated.
Although ethical constraints limit the treatment in the patients at an early stage of degeneration
when still visual function is present, nevertheless, it is still promising to implement therapeutic
approaches during early phase for the preservation and restoration of near to normal visual

function.

An interesting approach aiming at preserving photoreceptor function at an early degeneration
phase could be gene replacement therapy (Millington-Ward et al., 2011; reviewed in Scholl et al.,
2016), clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 mediated targeted
genome editing (Cai et al., 2019) or various neuroprotective approaches such as using possible
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candidates for neurotrophic factors for e.g., rod-derived cone viability factor (RdVCF) (Byrne et
al., 2015). Besides, various stem cell therapies focusing on photoreceptor transplantation also seem
to be promising as they could serve the purpose of restoring visual function with reducing
spontaneous activity in the neuronal population (Singh et al., 2013; Foik et al., 2018). The
implementation of photoreceptor replacement therapies is usually done at the late stage of the
disease (reviewed in Scholl et al., 2016), however, it can prove to be more effective when
performed during the early degeneration phase when few photoreceptors are still intact. Taken
together, with the advent of new technologies focusing on preservation of both connectivity and
function of the retinal neurons during degeneration, our study contributes more towards the
understanding of the functional remodeling in the degenerated retina that would help towards a

better therapeutic approach.

9.6 Functional relevance to the spontaneous network activity in the CNS

Spontaneous activity displayed by several neurons has been often considered insignificant that
contributes nothing but noise to the system. However, if this activity was useless for the CNS, one
would expect a loss of this property during the evolutionary process. But since this is not the case,
it suggests this function has some relevance in the brain’s physiology. Though the role of
spontaneous network activity has been very well demonstrated in the developing systems (Milner
and Landmesser, 1999; Khazipov et al., 2004; Soto et al., 2012) (see 5.1.2 and 5.1.3), its purpose
in the developed CNS is still under investigation. While some neurons such as dopaminergic
neurons in the brain and the retina exhibit this function to modulate dopamine release (Gonon,
1988; Feigenspan et al., 1998), for others such as OFF-RGCs this property might be crucial for the
generation of maintained activity during the resting state (Margolis and Detwiler, 2007). On the
other hand, correlated network activity across different regions might play an important role in
introducing variability in neural responses by adding random noise in the system and thus enabling
complex brain operations. Network activity also seems to be altered during various
neurodegenerative diseases (see 5.1.4). However, it would be interesting to understand how the
network interaction changes with the advancement of the disease which might be useful for the
early detection of the disease. Using the retina as a model system, we here showed that not only
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the distinctly originated networks can interact with each other at a local level but also show spatio-
temporal changes with the advancement of the disease. This might indicate that the interaction
between the networks is a dynamic process and may vary with the disease progression. Overall,
our study broadens the perspective of the previous studies in the CNS by providing more insight

into how the networks can functionally interact with each other at both somatic and synaptic levels
in a diseased condition.
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10. Outlook

Both developing and mature nervous systems exhibit spontaneous neuronal activity (see also 5.1).
Recently, a lot of studies have focused on understanding the network dynamics of these activities
in the CNS to develop a better therapeutic approach. We here used the retina as a feasible and
easily accessible model to study the interaction between the spontaneously active networks in a
diseased condition. In the study, we showed that even at a local level, the networks interact with
each other and show spatio-temporal variability in the signal dynamics with the advancement of

the disease.

As our study mainly focused on deciphering interaction at a local level along the vertical pathway,
it cannot be denied that the network dynamics also experience lateral modulation at large-scale.
Both local interaction along the vertical pathway and global interaction through lateral signal
transmission might be involved in the spread of signal across the retina. Hence, a continuation of
this study could be to explore how signal dynamics change at a large-scale in the output neurons,
i.e., RGCs, by simultaneously looking at the signal characteristics at the outer and inner retina (see
also 8.8). Additionally, it is equally important to understand how the interaction among the signals
during different degeneration phases at the retinal level affects the synchronization among the
networks at the higher visual centers of the brain (Dan et al., 2019). Together, a complete
exploration of the local and global interaction of the network dynamics from the retina to the brain
could help in enhancing the compatibility of the visual restoration strategies. This would also shed
light on how different retinopathies or visual hallucinations (phosphenes) are associated with

several neurological dysfunctions.
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