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Abstract

Information processing in the brain is orchestrated by neural circuits that are optimized to extract
relevant features from the environment. In particular, visual circuits sensitive to contrast, texture,
color, motion, and orientation help create internal representations of our visual world and guide
animal behavior. Visual motion enhances saliency of perceived objects and is critical for
coordinating animal reflexes and more complicated behaviors, such as flight-or-fight responses.
This dissertation is divided in two parts. Part I focuses on visual processing in the mammalian
retina, particularly visual feature selectivity across different biological length scales. As it will be
described in further detail in Chapter 1, motion sensitivity if first computed in the retina by
dedicated circuits that give rise to direction and axial-selective responses. Understanding the
mechanisms underlying motion detection in the mammalian retina can provide a foundation for

describing complex neural computations in higher order brain areas.

In the mammalian retina, the detection of motion direction, or direction selectivity, is first observed
in the dendrites of starburst amacrine cells (SACs). Individual dendritic sectors of SACs exhibit
centrifugal preference for the direction of motion, meaning that they are maximally activated by
objects moving from soma to tip and only weakly activated by motion in opposite direction, tip to
soma. This remarkable dendritic computation can be achieved in such a compact neuron because
dendritic sectors in SACs are eletrotonically isolated from each other; however, the mechanisms
orchestrating this fine balance between integration and isolation is not completely understood. In
Chapter 2, we look into the contributions of cell-intrinsic properties and voltage-dependent
mechanisms to compartmentalized signaling in SACs. Our results highlight how metabotropic

glutamate receptor II (mGIluR2) and voltage-gated potassium channels of subfamily 3 (Kv3)

Xil



regulate dendritic excitability and the initiation of non-linear calcium events along the dendrites

of SACs.

The direction selective signals in the dendrites of SACs are relayed to direction-selective ganglion
cells, which transform inhibitory and excitatory inputs into a direction-selective spiking output
that is transmitted to downstream visual nuclei, including the superior colliculus and visual
thalamus. Asymmetric GABAergic inhibition from SACs to DSGCs is considered the central
mechanism for direction selectivity in DSGCs; although, SACs also release acetylcholine which
activate nicotinic acethylcholine receptors DSGCs and represents a significant fraction of total
excitatory charge in these neurons. In Chapter 3, we look into parallel mechanisms for retinal
direction selectivity by using conditional transgenic strategies to manipulate individual synapses
in the direction selective circuit. Results from this study highlight how excitatory mechanisms
contribute to direction selectivity and expands on the roles of SACs in visual processing. In
Chapter 4, I worked together with external collaborators to determine the extent of which retinal

direction selectivity influences signaling in a major retinorecipient target, the superior colliculus.

Then, I characterized transgenic methods to express GCaMP6 in retinal ganglion cells (RGCs) in
effort to improve and streamline functional imaging in the output neurons of the retina (Chapter
5). Using the Vglut2-IRES-Cre mouse line to express GCaMP6 in RGCs, I monitored the
abundance of motion sensitive receptive fields across development and characterized the response

properties of On-Off orientation sensitive, or axis selective, receptive fields in Chapter 6.

Xiii



Part II of this dissertation focuses on next-generation devices and tools for the interrogation of
neural circuits. Currently, biological systems are interrogated with bulky electrodes, which tend to
be highly invasive because of their large-scale dimensions and mechanical mismatch with targeted
tissue. As described in Chapter 7, recent advances in nanoscale technologies have facilitated the
development of novel materials that are well suited for biological applications, including flexible
alternatives to rigid and invasive probes. In Chapter 8, I discuss the fabrication of porous silicon
nanowires and their application as optical tools for neuronal stimulation. Lastly, in Chapter 9 we
describe a carbon-based supercapacitor and demonstrate efficient stimulation in neural and cardiac

tissues.
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Part [

Motion processing in the early
visual system



Chapter 1

The retina as a model system

This chapter contains adapted sections from the publication “Chapter 9 - Synapse formation in the
developing vertebrate retina” for the 2™ edition of Synapse Development and Maturation in which
I was a contributing author along with Xiaolin Huang and Wei Wei. This work is included with
permission from all authors.

Since the discovery of the neuron as the basic signaling unit of the nervous system (Ramoén y Cajal,
2011), a major goal in neuroscience has been to understand how individual neurons organize into
neural circuits that process information and guide animal behavior. Neurons enable rapid
intercellular communications due to the spread of electrical impulses along their excitable
membranes (Hodgkin & Huxley, 1945). During development, the concerted action of both
molecular (Yamagata & Sanes, 2008) and activity-dependent mechanisms (Ackman & Cerair,
2014) direct neurons to form specific synaptic connections and assemble into distinct functional
networks. This precise organization of excitatory and inhibitory neurons within local brain circuits
instruct the algorithmic operations of synapses in the execution of complex tasks. For instance,
circuit-level interactions between neurons and signal transformations within individual neurons

allow these functional networks to compute and extract relevant information from the

environment.



Over the last century, numerous discoveries have contributed to our current understanding of
synaptic transmission and bioelectric signaling in neurons. However, how interactions between
neurons coordinate the progression from sensation to perception to behavior is not completely
understood, in part due to the complexity of the human brain. Despite the vast diversity of neuronal
cell types that exist in the brain, neurons operate under a similar set of working principles. These
include changes to the resting membrane potential upon a sequence or combination of synaptic
inputs, the ability to initiate all-or-none electrical events, and intercellular communication through

chemical and/or electrical synapses.

Information processing has been largely studied in the context of sensory systems, such as the
visual system, in which neuronal receptive fields transduce physical stimuli into chemical and
electrical patterns. The visual system has been particularly attractive since illumination parameters
(intensity, location, duration, etc.) can be easily controlled in the lab and its components span
across multiple brain regions. Furthermore, the discovery of selective visual receptive fields in the
earlier part of the 20th century initiated large momentum in visual neuroscience research (Hubel

& Wiesel, 1959; KUFFLER, 1953).

In most vertebrates, the eyes are the gateway for visual information to reach the brain. Light enters
the eye through the cornea and is focused by the lens onto the retina, a thin sheet of neural tissue
that sits at the back of the eye, where photosensitive neurons convert light into chemical and
electrical signals that the brain can understand. These signals are then used to create internal
representations of the outside visual world. Early retina experiments in the 1950s demonstrated

that retinal neurons exhibit preference to small spots of light and moving stimuli over large



diffused illumination. These experiments presented the notion that visual processing begins in the
retina and that retinofugal signals carry more information than just light intensity levels (Barlow
& Hill, 1963; KUFFLER, 1953). Work over the last several decades has demonstrated that salient
visual features are extracted by retinal circuits (Baden et al., 2016) and these complex receptive
fields have significant contributions to behavior (Yonehara et al., 2009, 2016; Yoshida et al., 2001)

and processing in downstream nuclei (Cruz-Martin et al., 2014; Shi et al., 2017).

As one of the most approachable parts of the central nervous system (CNS), the retina is an
excellent model system to study neural circuits owing to its highly ordered architecture, well-
defined cell types, and experimental accessibility. Additionally, most of the circuit motifs found
in the retina are widespread throughout the brain, thus the network interactions and physiology
underlying visual response properties in retinal neurons can provide insight into mechanisms
involved in higher order processing. The first part of this dissertation will focus on retinal visual

feature selectivity, particularly direction and orientation selectivity.

1.1 Anatomical organization and neuronal cell types

The vertebrate retina contains five main neuronal classes: photoreceptors, horizontal cells, bipolar
cells, amacrine cells, and retinal ganglion cells (RGCs) (Jeon et al., 1998). Their cell bodies and
neuronal processes are segregated into three cellular or nuclear layers and two intercalating
synaptic or plexiform layers (Figure 1.1). Photoreceptors reside in the outer nuclear layer (ONL)
and extend their pedicles into the outer plexiform layer (OPL) where they form glutamatergic
ribbon synapses with horizontal cell and bipolar cell dendrites (Bachman & Balkema, 1993).

Horizontal cells are activated by photoreceptor glutamate release, and mediate inhibition of



photoreceptor-bipolar cell signaling through their laterally extending neurites. In the inner
plexiform layer (IPL), bipolar cells synapse onto the dendrites of RGCs and amacrine cells and are
the main source of excitatory drive in the inner retina. Subsequently, amacrine cells form
feedforward lateral connections onto RGCs and other amacrine cells and in some cases they form
feedback connections onto bipolar cell terminals in a cell-type specific manner. Finally, RGC
axons bundle together to form the optic nerve, through which they target one or more
retinorecipient brain regions (Berson, 2008; Gauvain & Murphy, 2015; Martersteck et al., 2017;

Yonehara & Roska, 2014).
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Figure 1.1: Anatomical organization of the mammalian retina. (a) Cross section of an adult
mouse retina in which a subclass of bipolar cells expresses green fluorescent protein. The section
was immunostained for photoreceptors (Ph) using anti-cone arrestin, horizontal cells (HC),
amacrine cells (AC), and retinal ganglion cells (RGC) using anti-calbindin. (b) Schematic of the
laminar organization of retinal neurons. OPL, IPL: outer and inner plexiform layers; GCL:
ganglion cell layer; Ph, photoreceptor; MC: Muller glial cell; R, rod; C, cone; RB, rod bipolar cell;
CB, cone bipolar cell; AC, amacrine cell; GC, ganglion cell. On, On sublamina; Off, Off
sublamina. * Adapted from Yoshimatsu et al. Chapter 36 in Rubenstein, J. L. R., & Rakic, P. 2013.
Cellular Migration and Formation of Neuronal Connections: Comprehensive developmental
neuroscience. Volume 2 http://dx.doi.org/10.1016/B978-0-12-397266-8.00114-9 Amsterdam:
Elsevier/AP.2013)]



The five retinal cell classes described above can be further divided into approximately 100 cell
types based on their morphology, stratification patterns, light response, and molecular signatures.
For instance, four types of photoreceptors can be found in the mouse retina: rods, short-wavelength
(S-) cones, and medium-wavelength (M-) cones (Nikonov et al., 2006). Humans have an additional
cone-type that is sensitive to long-wavelengths (L-).Visual-evoked responses for most diurnal
animals are mediated by cones, which are sensitive to different portions of the visible light
spectrum (350 — 750 nm). On the other hand, rods are optimized for dim light vision (scotopic)
and become saturated during daylight. The number of horizontal cell types varies from one to three
depending on the animal species, but the vast majority of animals have two types (Richard H

Masland, 2012).

Bipolar cells can be broadly categorized into cone bipolar cells (CBCs) and rod bipolar cells
(RBCs) based on the origin of their synaptic inputs. CBCs are subdivided into 13 cell types
according to their light response properties, glutamate receptor expression, and axon terminal
stratification in the IPL (Euler & Masland, 2000). On CBCs have depolarizing responses to light
onset and express metabotropic glutamate receptor 6 (mGIuR6), while Off CBCs have
depolarizing responses to light offset and express ionotropic glutamate receptors (iGluRs). When
light intensity increases, both rods and cones hyperpolarize and reduce their pedicle glutamate
release. mGIuR6 in On CBCs becomes less active, leading to enhanced activity of the effector
cation channel Trpm1 (Koike et al., 2010; Morgans et al., 2009; Shen et al., 2009) and membrane
depolarization. Light onset on the other hand reduces the activation of iGluRs in Off CBCs and
thus hyperporlarizes the Off bipolar cell membrane. Therefore, sign-reversing mGIuR6 signaling

in On bipolar cell dendrites and sign-conserving iGluR signaling in Off bipolar cell dendrites



initiate the segregation of bright and dark signals at the first visual synapse. Rod bipolar cells also
express mGluR6, and thus are activated by light onset like On cone bipolar cells (Nomura et al.,

1994).

Although a clear consensus on the number of amacrine types has not been reached, it is estimated
that 40 — 50 types exist in the mouse retina. Most amacrine cells are either GABAergic or
glycinergic, with the exceptions of an amacrine cell type that is non-GABAergic and non-
glycinergic (nGnG AC) (Kay, Voinescu, et al., 2011) and a glutamatergic monopolar interneuron
(GluMI) (Della Santina et al., 2016). Additionally, there are dual-neurotransmitter releasing
amacrine cells such as starburst amacrine cells (co-releasing GABA and acetylcholine) (O’Malley
& Masland, 1989; Vaney & Young, 1988) and VGIuT3 amacrine cells (co-releasing glycine and
glutamate) (Haverkamp & Wissle, 2004; S. Lee et al., 2014). Subsets of GABAergic amacrine
cells have also been shown to contain neuromodulators such as serotonin, catecholamines, or

neuropeptides (Karten & Brecha, 1983)

All postsynaptic neurons of bipolar cells, including amacrine cells and RGCs, use iGluRs
(AMPA/KA receptors and/or NMDA receptors) to transform bipolar cell-mediated glutamatergic
inputs into excitatory postsynaptic potentials (EPSPs). Amacrine cells, once activated by CBCs,
provide conventional feedforward synapses to RGCs and/or feedback synapses to bipolar cell
axons. Therefore, amacrine cell signaling profoundly shapes the retinal outputs both by directly
synapsing onto RGCs and by shaping the excitatory inputs to RGCs. Recent surveys of light
response patterns estimate that there are ~ 30 — 35 functionally distinct RGC types in the mouse

retina, each encoding a specific feature of the visual scene (Baden et al., 2016). These are broadly



categorized as On, Off, and On-Off based on their responses to light increments and decrements.
RGCs are further classified by their stratification patterns (mono-, bi-, multi-stratified), response
kinetics (transient or sustained), and by their motion sensitivity (local edge detectors, direction
selective, orientation sensitive). Lastly, RGCs are recognized as an individual subtypes if they
have consistent dendritic morphology, exhibit a specific light response pattern, and follow a
mosaic distribution throughout the retina. For example, posterior preferring On-Off direction
selective ganglion cells (DSGCs) responds to both light onset and offset, are maximally activated
by motion in one particular direction (preferred direction), exhibit symmetric bistratified (S2 and
S4 sublaminae in the IPL) dendritic morphology, and have an active D4 dopamine receptor

(Drd4+) promoter (Huberman et al., 2009).

1.2 Neural computations by retinal circuits

The organization of synaptic inputs along dendritic trees and the biophysical properties of
dendrites determine the distinct firing patterns of RGCs. The passive cable properties of dendrites
dictate the degree of spatiotemporal attenuation of inputs as they travel towards the soma, where
action potentials are fired (Rall, 1964). As it will become evident throughout this dissertation,
neural computations arise from the individual or combined contributions of synaptic, network, and
postsynaptic mechanisms. Throughout the visual system, subsets of neurons are maximally
activated by motion along a particular direction, termed direction-selective neurons, and others are
selectively activated during motion along a particular orientation, termed orientation- or axis-
selective neurons. These visual features are highly conserved across species and widely observed
throughout multiple visual brain areas (Albright, 1984; Chapman & Stryker, 1993; Livingstone &

Conway, 2003; Niell & Stryker, 2008; C. W. Oyster, 1968; Piscopo et al., 2013; Rochefort et al.,



2011; Zhao et al., 2013). Both direction and axis selectivity are first encoded by distinct retinal
circuits (Antinucci & Hindges, 2018; Weng et al., 2005) whose output neurons, RGCs, carry

direction and axis sensitive information to downstream visual nuclei.

1.2.1 Retinal direction selectivity

The direction of motion is computed in the retina by the direction-selective circuit (Fig. 1.2A),
whose output neurons, direction-selective ganglion cells (DSGCs), are maximally activated by
motion in their preferred direction and strongly suppressed by motion in the opposite, or null
direction (Fig. 1.2B-C) (Barlow & Hill, 1963; Barlow & Levick, 1965). Studies on retinal motion
processing have mostly focused on two types of DSGCs: On-Off DSGCs and On DSGCs. On-Off
DSGCs have medium-size, bistratified dendritic arbors and respond to both light increments and
light decrements. In contrast, On DSGCs have larger, mono-stratified dendritic arbors and respond
preferentially to light increments (E. V. Famiglietti, 1992). In both mice and rabbit, On-Off DSGCs
consist of four subtypes based on their preferred directions along posterior, anterior, superior, and
inferior directions in the visual field (Clyde W. Oyster & Barlow, 1967). On DSGCs have
traditionally been categorized into three subtypes (C. W. Oyster, 1968); however, a recent study
uncovered that preferred directions On DSGCs align with the cardinal optic flow along the

forward-backward motion axis and the up-down gravitational axis (Sabbah et al., 2017).
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Figure 1.2: Retinal direction selectivity. (A) Schematic of the On-Off retinal direction selective
circuit. Bipolar cells (green) synapses onto both SACs (blue) and DSGCs (black). SACs form
inhibitory connections onto neighboring SACs (not shown) and DSGCs. (B) Maximum intensity
projection of On-Off DSGC filled with Alexa 594. (C) Example tuning curve of the cell in B in
response to a moving bar in 12 directions. Red, blue, and green curves correspond to individual
trials and black curve to the average across all three trials. Red line represents the resultant vector
sum of the average responses. Angle of the vector sum indicates the preferred direction (D)
Schematic illustrating anti-parallel wiring between SACs and DSGCs. (E) Inhibitory postsynaptic
currents recorded from an On-Off DSGC showing stronger inhibition during null direction motion
compared to preferred direction motion.

The directional spiking responses of DSGCs are coordinated by distinct spatiotemporal patterns of
synaptic inputs in the preferred and null directions that are further processed in the dendrites of
DSGCs. Whole-cell recordings from DSGCs demonstrated stronger and faster inhibitory inputs
during motion along the null direction and weaker and delayed inhibition along the preferred
direction (Fig. 1.2E) (Fried et al., 2002; Taylor & Vaney, 2002). Further studies identified starburst

amacrine cells (SACs) as the cellular basis for asymmetric inhibition onto DSGCs. SACs are

radially symmetric, axonless interneurons that co-release GABA and acetylcholine from
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varicosities located at distal sites in their dendritic arbors (Vaney & Young, 1988). Two
fundamental properties mediate directionally tuned inhibition from SACs to DSGCs. First, the
dendrites of SACs are direction selective themselves with preference for centrifugal motion (soma
to tip) (Fig. 1.3A) (Euler et al., 2002). Second, DSGCs receive GABAergic inputs from SAC
dendrites orientated along the DSGC’s null direction indicating an antiparallel relationship
between postsynaptic preferred direction and presynaptic dendritic anatomical orientation (Fig.
1.2D) (Briggman et al., 2011; Wei et al., 2011a). Therefore, motion along the DSGC’s null
direction corresponds to centrifugal direction of the presynaptic SAC dendrites which results in
maximal activation and significant GABA release. On the other hand, motion along the preferred
direction corresponds to the centripetal direction of the presynaptic SAC dendrites which leads to

little to no GABA release (Fig. 1.2E).

A Centrifugal preference at the distal dendrites of SACs
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Figure 1.3: Centrifugal preference in the dendrites of SACs. (A) Left: Illustration of SAC
radially symmetric morphology. Green square indicates imaging window for calcium imaging on
the right. Right: Calcium transients at the distal dendrites during centrifugal and centripetal motion.
(B) Left: Synaptic input distribution along the dendrites of SACs, adapted from (Ding et al.,
2016b). Right: Distribution of mGluR2 and Kv3 along dendrites of SACs according to data from
Chapter 2 and (Ozaita et al., 2004).
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DSGCs receive excitatory cholinergic and glutamatergic inputs from SACs and bipolar cells,
respectively. Numerous studies have reported direction selective excitatory synaptic currents in
DSGCs that are eliminated upon wash-in of inhibitory blockers (Fried et al., 2005; S. Lee et al.,
2010). Technical limitations of patch-clamp techniques and off-target effects of GABA-A receptor
antagonists have hindered progress in the investigation of direction selective excitation in the
direction selective circuit. In Chapter 3, [ will revisit this question utilizing synapse specific genetic
manipulations to eliminate improper space-clamp artefacts (Poleg-Polsky & Diamond, 2011) and

pharmacological side-effects.

Furthermore, direction selective responses in the dendrites of SACs revealed a potential link
between dendritic computation and visual motion processing (Fig. 1.3A). SAC dendrites are
capable of transforming untuned glutamatergic excitatory inputs into a directional output (S. Lee
& Zhou, 2006). Despite robust and highly directional distal calcium responses, SAC somatic
responses are small and exhibit weak directionality (Euler et al., 2002). Electrotonic isolation is a
remarkable feature of SACs that is important for centrifugal direction selectivity. In this scenario,
dendritic compartmentalization prevents backpropagation of centrifugal responses into other
dendritic sectors, which would otherwise render them non-directional. For this reason, SAC
dendritic sectors have been traditionally considered as independent computational subunits;
however, linear motion sequentially activates dendritic compartments implicating a potential role
for global dendritic integration (Tukker et al., 2004). Synaptic and cell-intrinsic mechanisms are
believed to concertedly contribute to centrifugal direction selectivity of SAC dendrites (Fig. 1.3B)
(Hausselt et al., 2007; J. S. Kim et al., 2014; Koren et al., 2017; S. Lee & Zhou, 2006; Vlasits et

al., 2016). Particularly, mGluR2 signaling in SACs is involved in regulating dendritic

12



compartmentalization (Koren et al., 2017). In Chapter 2, I will elaborate how mGluR2 signaling
and cell-intrinsic properties coordinate a fine balance between dendritic isolation and integration

in SACs.

1.2.2 Retinal orientation selectivity

Another prominent visual feature that is first computed is the retina is orientation or axis
selectivity. Orientation selective neurons exhibit enhanced responses to a narrow range of stimulus
orientations and a suppression of firing when presented with orientations that are 90 degrees from
that of their preferred axis. These neurons were first identified in the cat’s visual cortex by Hubel
and Wiesel and have been described as simple or complex cells depending on the origin of their
synaptic inputs and their receptive field properties (Hubel & Wiesel, 1959; Skottun et al., 1991).
Since then, orientation selective responses have been observed across many visual areas (R. H.
Masland et al., 1971; Zhao et al., 2013) including the retina (Nath & Schwartz, 2016, 2017).
Orientation selective ganglion cells (OSGCs) have been reported in cat (Levick & Thibos, 1982),
macaque (Passaglia et al., 2002), pigeon (Maturana & Frenk, 1963), rabbit (Venkataramani &

Taylor, 2010), and mouse (Nath & Schwartz, 2016) retinas.

Cortical orientation selectivity has been attributed to elongated and overlapping receptive fields
(Priebe & Ferster, 2012) and cell-intrinsic nonlinearities (Priebe et al., 2004). In contrast, retinal
orientation sensitivity is less understood despite comprising a significant fraction (~ 15%) of
responses from RGCs (Baden et al., 2016). Three types of orientation sensitive ganglion cells
(OSGCs) have been reported in the mammalian retina using calcium imaging, patch clamp

recording, and multi-electrode array recording: On, Off and On-Off types. OSGCs tuned to the
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two cardinal axes (horizontal- and vertical-preferring) have been identified in the mouse (Baden
et al., 2016; Nath & Schwartz, 2016, 2017) and rabbit retinac (Amthor et al., 1989; Levick, 1967,
Venkataramani & Taylor, 2010, 2016), while those tuned to oblique orientations have been found
in mouse (Baden et al., 2016), cat (Levick & Thibos, 1980, 1982), macaque (Passaglia et al., 2002),

and zebrafish (Antinucci et al., 2016; Nikolaou et al., 2012).

Inhibitory inputs play a crucial role in shaping orientation tuning in rabbit OSGCs since blocking
GABA-A receptors with picrotoxin eliminated selectivity in both On and Off OSGCs (Caldwell
& Daw, 1978; Venkataramani & Taylor, 2010, 2016) suggesting that inhibitory inputs onto
OSGCs resulted in an asymmetric antagonistic surround receptive field. In fact, both On and Off
OSGC types in rabbits exhibit asymmetric inhibitory currents. In comparison, only horizontal-
preferring On OSGCs in mouse exhibit asymmetric inhibitory currents. Vertical-preferring On
OSGCs and both horizontal- and vertical-preferring Off OSGC types in mouse do not show
selective tuning of their inhibitory inputs (Nath & Schwartz, 2016, 2017; Venkataramani & Taylor,

2010).

Furthermore, dendritic morphology has been shown to influence selectivity for oriented stimuli in
retinal neurons. Asymmetric arbors create elongated receptive fields which are maximally
activated by inputs along an oriented axis. Both mouse and rabbit horizontal-preferring On OSGCs
display asymmetric, elongated dendritic arbors (Fig. 1.4B) biased along the preferred orientation
of their spiking responses (Nath & Schwartz, 2016; Venkataramani & Taylor, 2016). These
dendritic biases enable asymmetric spatiotemporal integration of excitatory inputs from bipolar

cells. However, this is unlikely the only mechanism for orientation tuning in On OSGCs since they

14



also receive selective inhibitory inputs (Fig. 1.4C). Blocking GABAergic transmission with
GABA-A receptor antagonists has been shown to abolish orientation tuning of spiking responses

in On OSGC:s in rabbit (Venkataramani & Taylor, 2016), but not in mice (Nath & Schwartz, 2016).

A ON Orientation-selective RGCs OFF Orientation-selective RGCs
Mouse Rabbit Mouse Rabbit
(Nath and Schwartz, 2016) (Venkataramani and Taylor, 2016) (Nath and Schwartz, 2017) (Venkataramani and Taylor, 2010)
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Figure 1.4: Mechanisms underlying On and Off retinal orientation selectivity. Summary of
morphological and physiological findings from horizontal- and vertical-preferring OSGCs in
mouse and rabbit retinas. (A) Dendritic stratification in the IPL with On (S4) and Off (S2) ChAT
bands highlighted in dark gray. (B) Dendritic profiles of On and Off OSGCs. (C) Response profiles
of OSGC spiking (top), excitatory inputs (middle), and inhibitory inputs (bottom). Dotted lines for
excitatory and inhibitory input profiles are interpolated profiles from preferred and null data.

Adapted from (Antinucci & Hindges, 2018).
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In Chapter 6, we identify OSGCs in the mouse retina exhibiting both On and Off responses using
two-photon calcium imaging and track the development of these complex receptive fields after the

onset of visual experience.

1.3 Development of neural circuits in the vertebrate retina
The formation and refinement of synapses within neural circuits entwine several related

developmental processes and hallmarks in the vertebrate retina. First, the time course of synapse
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formation is closely linked to that of dendritic and axonal development (Fig 1.5). Second, before
the onset of light response, the developing retina is not silent but exhibits both sporadic
neurotransmission at developing synapses and coordinated spontaneous activity termed "retinal
waves". Third, the development of retinal synaptic circuitry continues after the onset of light
response, and is shaped by visual experience. Given the focus of this dissertation, this section will

focus on development of the IPL and maturation of motion sensitive responses.

Neurite lamination and arborization

Synapse development

Spontaneous activity
Stagelll
glutamatergic
waves

Visually evoked activity

Mouse PO P5 P10 P15 P20 P25 P30
Eye-opening
Figure 1.5: Timeline of synaptic development and patterned activity in the mouse retina.
Synaptic development starts at birth and continues through the first postnatal month. In the first
postnatal week, synapse development coincides with neurite growth and stage II retinal waves. In

the second and third postnatal week, synapse refinement overlaps with stage III retinal waves and
visually driven neural activity.

In most vertebrate retinas, the IPL matures before the OPL and conventional synapses originating
from amacrine cells appear earlier than bipolar cell ribbon synapses (Hoon et al., 2014). In the
mouse retina, amacrine synapses are evident in electron microscopy at P3, and continue to increase
in number during the first two postnatal weeks (Fisher, 1979). In contrast, bipolar cell axons
elaborate in the IPL at P7 (Morgan et al., 2006) and their ribbon synapses form between P11 to
P15 (Fisher, 1979). The onset time of VGIuT1 expression in BC axonal terminals is different

between cone and rod bipolar cells, and between On and Off CBCs in the mouse retina. Expression

16



of VGIuT1 in CBC terminals (P6-P10) precedes that in RBC terminals (P12) (Sherry et al., 2003).
Spontaneous excitatory postsynaptic currents (EPSCs) in RGCs are detectable ~ P7 (Johnson et
al., 2003; Morgan et al., 2008), which matches the maturation of CBC glutamate release. Within
CBCs, VGIuT1 expresses in the Off sublamina at P6-P8 before the On sublamina at P10 (Sherry

et al., 2003), indicating an earlier maturation of the Off bipolar cell terminals.

Within each sublamina of the IPL, co-stratified neurons show remarkable specificity in their
connectivity patterns. A well-documented example is the inhibitory connections between SACs
and On-Off DSGCs. Functional GABAergic synapses between SACs and On-Off DSGCs can be
detected by paired patch clamp recording at P4 in about half of the SAC-DSGC pairs with
overlapping dendritic fields (Wei et al., 2011b). During the second postnatal week, the SAC sector
oriented in the null direction of the DSGC show an increase of synaptogenesis with the DSGC,
while the SAC sectors oriented in the preferred direction remain weakly connected to the DSGC
without detectable pruning (Morrie & Feller, 2015; Wei et al., 2011b; Yonehara et al., 2011). This
selective synaptogenesis between null-side SACs and DSGCs is independent of dendritic
development, since SACs on both sides of the DSGC show comparable levels of dendritic overlap
and densities of dendritic crossovers (Wei et al., 2011b). SAC GABAergic synapses onto On-Off
DSGCs are critical for the retinal direction selectivity; however, blocking neural activity
pharmacologically does not prevent the formation of asymmetric inhibitory synapses between
these cells and does not affect the direction-selective spiking activity of On-Off DSGCs (Elstrott

et al., 2008; L. Sun et al., 2011; Wei et al., 2011Db).
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The developing retina exhibits distinct forms of neural activity at different developmental stages.
During the first postnatal week of the mouse, spontaneous bursts of action potentials spread across
the retina in the GCL as propagating waves (Meister et al., 1991; Wong et al., 1993). These retinal
waves are mediated by acetylcholine release from SACs (Feller et al., 1996; Ford & Feller, 2012).
During the first ten postnatal days, SACs transiently express nicotinic acetylcholine receptors and
thereby form a dense interconnected network to propagate excitation to neighboring SACs and
nicotinic receptor-expressing RGCs. A few days before light response onset, cholinergic retinal
waves are downregulated as SACs decrease their excitability and downregulate their nicotinic
receptor expression (Ford & Feller, 2012). Between P10 and P14, glutamatergic retinal waves,
which is thought to be mediated by bipolar cell glutamate spillover to extrasynaptic regions,
replace cholinergic waves (Blankenship & Feller, 2010). Retinal waves are important for the
refinement of retinal projections in the brain (Blankenship & Feller, 2010). However, disrupting
waves causes minimal perturbations of IPL circuitry, which may be partially due to the appearance

of compensatory activity in the retina mediated by gap junctions.

After the onset of light response, visually driven activity is concurrent with continuing synaptic
development even though receptive field mosaics and plexiform layers of the retina have attained
adult-like appearance. Visual experience has been shown to influence further On/Off segregation
of synaptic inputs into RGCs (Bodnarenko & Chalupa, 1993; Tian & Copenhagen, 2003), and
regulate bipolar cell synapse maturation in the OPL. In the direction-selective circuit, dark rearing
does not affect the initial establishment of the direction selectivity of On-Off DSGCs (Elstrott et
al., 2008; Wei et al., 2011b), but prevents the tight clustering of their preferred directions along

the four cardinal directions (Bos et al., 2016). Further studies are needed to test if other aspects of
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IPL circuit development are dependent on spatiotemporal characteristics of natural visual inputs.
In Chapter 6, I will discuss the development of orientation sensitive receptive fields following the

onset of visual experience and look into potential mechanisms underlying their development.
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Chapter 2

Dendritic mechanisms underlying motion detection in
starburst amacrine cells

Qiang Chen contributed to current-clamp recordings in wildtype and Vgat KO mice. Xiaolin
Huang provided spontaneous EPSC recordings from SACs and DSGCs. Adam Zabner performed
immunostaining for mGluR2 and Kv3.1.

2.1 Abstract

Neuronal dendrites impose specific transformations of spatiotemporally patterned synaptic inputs
into outputs. The starburst amacrine cell (SAC), a key interneuron of the retinal direction-selective
circuit, is an exemplary model of compartmentalized dendritic signaling. A visual stimulus moving
across the SAC dendritic field strongly activates the SAC dendritic sector oriented to the direction
of motion, but minimally activates the sector oriented to the opposite direction. How does the SAC
integrate motion-evoked synaptic signals across its dendrites yet maintain independent direction
tuning of individual dendritic sectors? Here, using a combination of electrophysiology and two-
photon imaging of calcium and voltage sensors, we found that the dendritic arbor of the SAC is
equipped with voltage-dependent mechanisms that are differentially distributed in the radial
direction. In the SAC’s proximal dendritic compartment, motion evokes a non-directional but

highly stable subthreshold membrane depolarization due to enriched expression of voltage-gated

potassium channels. This perisomatic motion signal nonlinearly integrates with local synaptic
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inputs within each dendritic sector in a direction-selective manner via the activation of mGIluR2-
modulated voltage-gated calcium channels. As a result, SAC distal dendrites exhibit direction-
selective calcium signals and provide direction-selective inhibitory inputs to direction-selective
ganglion cells. Our findings highlight that functionally distinct dendritic compartments do not
necessitate a highly isolated mode of synaptic integration, but leverage concerted intra- and cross-

compartmental signal integration for compartment-specific dendritic computations.

2.2 Introduction

During neuronal signaling, synaptic signals undergo various transformations along dendrites by
virtue of cell-type specific dendritic morphology and non-uniform subcellular distribution of
inputs and ion channels. Therefore, the intrinsic biophysical properties of neuronal dendrites
profoundly shape the input-output relationship of a neuron. Local computations in dendritic
subregions, or compartments, are widespread throughout the brain and play important role in
information processing (Hagai Agmon-Snir et al., 1998; Euler et al., 2002; Polsky et al., 2004)
This is exemplified in starburst amacrine cells (SACs), whose individual dendritic sectors are
independently tuned to distinct motion directions (Euler et al., 2002). SACs are axon-less, non-
spiking interneurons in the mammalian retina whose radially symmetric dendritic arbors form a
monolayer that narrowly stratifies in either the On or Off sublaminae of the inner plexiform layer
(IPL) (E. V. Famiglietti, 1992; Edward V. Famiglietti, 1983). SACs receive non-directional
synaptic inputs along their proximal dendrites (Ding et al., 2016b; Hanson et al., 2019; S. Lee &
Zhou, 2006; Vlasits et al., 2016) and release neurotransmitters from varicosities located in their
distal dendrites preferentially during visual stimuli moving in the centrifugal (soma-to-tip)

direction (Qiang Chen et al., 2016; Euler et al., 2002). Therefore, the dendrites of SACs transform
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untuned synaptic inputs into a directional output and are the sites where direction selectivity first
emerges along the visual pathway. Centrifugal directional selectivity in SAC dendritic sectors is
critical for generating directional signals in the output neurons of the retinal direction-selective
circuit (He & Masland, 1997; Wissle, 2001; Yoshida et al., 2001), the direction-selective ganglion
cells (DSGCs), because DSGCs receive asymmetric GABAergic inputs primarily from the SAC
sectors oriented to the null direction DSGC (Briggman et al., 2011; Wei et al., 2011b). Together,
direction-selective GABA release from distal SAC dendrites and the specific wiring between SAC
dendritic sectors and DSGCs form a key mechanism underlying direction selectivity in the spiking

responses of DSGCs.

Upon a visual stimulus moving across the entire SAC receptive field, the dendritic sector oriented
opposite to the direction of motion is first stimulated by centripetal motion which leads to little or
no response; but, as the stimulus continues to traverse the SAC receptive field it then stimulates
the dendritic sector oriented in the direction of motion in the centrifugal direction which elicits a
robust calcium response only in the distal varicosities of the centrifugally stimulated sector. How
are SAC distal dendrites preferentially activated by light moving in their centrifugal direction? A
useful approach is to consider individual dendritic sectors as “independent” computational units
(Koren et al., 2017; Miller & Bloomfield, 1983; Tukker et al., 2004). Extensive studies on the
direction-selective integration of synaptic inputs within a sector have identified multiple network
mechanisms, including spatially segregated inputs and outputs along the dendrites (Vlasits et al.,
2016), differential distributions of excitatory inputs with different temporal kinetics (J. S. Kim et
al., 2014), lateral inhibition of SACs in the centripetal direction(Qiang Chen et al., 2016; S. Lee &

Zhou, 2006), and cell-intrinsic contributions, such as patterned distribution of voltage-gated
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channels (Kaneda et al., 2007; N. W. Oesch & Taylor, 2010; Ozaita et al., 2004) and passive cable
properties of SAC dendrites (Poznanski, 1992). These mechanisms collectively account for strong
and fast calcium transients detected in the centrifugally activated dendrites that result in strong

GABA release from distal dendrites onto DSGCs.

While individual SAC dendritic sectors are independently tuned to different linear motion
directions, they are nevertheless connected by the soma. Less studied are mechanisms that prevent
the propagation of the strong dendritic activation in the centrifugally activated dendritic sector into
other sectors. The SAC dendritic morphology, which features long, thin dendrites extending
radially from the soma, contributes to the passive attenuation of signals along the dendritic arbor
(Poznanski, 2005; Tukker et al., 2004). In addition, SACs express Kv3 type voltage-gated
potassium channels in the perisomatic dendritic compartment that could function as a voltage-
dependent shunt to limit the trans-somatic spread of depolarization from a centrifugally activated
sector to other sectors (Ozaita et al., 2004). Furthermore, mGIuR2 signaling in SACs modulates
the activity of voltage-gated calcium channels, which is required for independent directional tuning
of individual sectors (Koren et al., 2017). However, how these passive and active properties in
SAC:s interact to regulate inter- and intra-dendritic signaling and preserve direction selectivity of

individual sectors is not clear.

In this study, we focus on synaptic integration across the entire radial dendritic arbor of the SAC
and examine how motion-evoked synaptic inputs across the dendritic tree are sequentially
integrated and transformed by multiple dendritic compartments during the course of the motion

trajectory. We combine two-photon subcellular calcium and voltage imaging, and patch clamp
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recording to monitor activity patterns in soma and dendritic subregions under normal conditions
and under conditions when mGluR2 signaling or Kv channels are blocked. We found that these
two mechanisms concertedly modulate cross-compartmental synaptic integration that is necessary
for the direction selectivity of SAC dendrites. Together, our findings highlight that the synergic
action of voltage-dependent mechanisms across different dendritic compartments is critical for

maintaining the functional independence of SAC dendritic sectors.

2.3 Results

2.3.1 Cross-compartmental integration of global and local dendritic signals lead to robust
centrifugal responses in SACs

In this study, we focus on On SACs given their accessibility in the ganglion cell layer, similarities
between On and Off SACs, and their contributions to both On and On-Off retinal direction
selectivity (Edward V. Famiglietti, 1983; O’Malley et al., 1992). The receptive field profile of On
SACs consists of an inhibitory surround and an excitatory center as a result of lateral inhibition
and the proximal skew of vertical bipolar cell inputs (Ankri et al., 2020; Taylor & Wissle, 1995;
Vlasits et al., 2016). Regardless of motion direction, full-field stimulation with a bright bar moving
across the entire receptive field sequentially activates the surround and then the center triggering
an initial hyperpolarization followed by a depolarization that plateaus at a membrane potential of
-48.31 £4.30 mV (mean =+ s.e.m), or 19.80 + 0.97 mV (mean + s.e.m) above rest (Figure 2.1A).
The onset of depolarization occurs when the leading edge of the moving bar is located 44.28 +
8.37 um (mean + s.e.m) prior to the soma and peaks when the bar is located 129.90 = 7.11 (mean
+ s.e.m) after the soma (Figure 2.1A). Therefore, activation of the perisomatic region is initiated

while the centripetal oriented sector, or the sector oriented opposite to the direction of motion, is
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being stimulated and continues to increase while the centrifugal sector, or sector oriented in the

direction of motion, is stimulated.
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Figure 2.1: Cross-compartmental signal integration in SACs. A) Left: Schematic depicting
experimental setup for current-clamp recordings. Top, right: Schematic illustrating spatial
separation between SAC depolarization onset (up-triangle) and peak (down-triangle) during
moving bar stimulation in relation to glutamatergic bipolar cell inputs (blue). Bottom, right:
Representative traces of current-clamp recording during moving bar visual stimulation.
Depolarization onset and peak marked by up and down triangles, respectively. B) Correlation of
GCaMP6f signals at the (i) soma and (ii) distal dendrites with perisomatic depolarization. Open

25



Figure 2.1 (cont.). triangles correspond to timing of leading edge of moving bar (1 = leading edge
enters SAC dendritic field, 2 = leading edge at the soma, 3 = leading edge exits dendritic field). C)
Example SAC expressing GEVI ASAP3b. D) Schematic of applied voltage step protocol used to
characterize F-V relationship in E and F. E) Representative average ASAP3b fluorescence traces
across 10 trials. F) Fluorescence versus voltage curve shown as mean =+ s.e.m. (n = 4 SACs). G)
Visual-evoked ASAP3b responses shown as mean + s.e.m at increasing distances from the soma.
Red — centrifugal direction, black — centripetal direction. Bin #1 (n = 5 SACs), Bin #2 (n = 7
SACs), Bin #3 (n = 3 SACs), Bin #4 (n = 5 SACs), Bin #5 (n = 2 SACs). H) Overlay of current-
clamp recording with average ASAP3b traces from Bin #1 (soma) and Bin #2. I) Summary
illustrating how favorable integration and electronic mechanisms regulate activity in SACs.

Robust, fast-rising calcium responses in the distal dendrites of SACs have been reported with
organic calcium dyes and genetically encoded indicators (Qiang Chen et al., 2016; Euler et al.,
2002; Koren et al., 2017; S. Lee & Zhou, 2006; Poleg-Polsky et al., 2018); yet, whole-cell voltage
recordings with K*-based internal show that the perisomatic depolarization is void of any non-
linear events (Figure 2.1A-B). Using two-photon laser scanning calcium imaging, we compared
GCaMP6f signals in the soma and distal dendrites to the voltage waveform recorded at the soma.
Calcium imaging at the soma revealed relatively small and slow-rising transients (average
maximal response of 0.15 + 0.04 AF/Fy and rise time of 454.3 = 105.4 ms, mean =+ s.e.m) whose
rise and decay onset correlated well with the plateau electrical potential recorded at the soma and
the kinetics of the GCaMP6f sensor (T. W. Chen et al., 2013) (Figure 2.1B). In contrast, we
observed large, fast-rising fluorescence calcium transients (average maximal response of 5.48 +
0.89 AF/Fo and rise time of 159.6 + 31.8 ms, mean + s.e.m) at distal dendritic locations upon
stimulation with a visual stimulus moving in the centrifugal direction of the imaged dendrite. The
amplitude and kinetics of the centrifugal calcium responses in the distal dendrites of SACs are
indicative of a non-linear calcium event likely recruiting both N- and P/Q-types of high-voltage
activated calcium channels (Cohen, 2001). The onset timing of the centrifugal calcium response
aligns well with the peak of the perisomatic depolarization. Together, the somatic voltage and

calcium signals shown here highlight the extent of attenuation that happens from tip to soma.
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Additionally, the relative timing of perisomatic depolarization and dendritic calcium responses
support the possibility coincidence detection or temporal integration of perisomatic and local
dendritic signals lead to favorable dendritic integration in dendritic sectors oriented in the direction

of motion; however, the extent that perisomatic signals influence dendritic responses is less known.

To explore how subthreshold voltage signals spread across dendritic compartments, we expressed
the genetically encoded voltage indicator (GEVIs) ASAP3b (Lin & Schnitzer, 2016; Villette et al.,
2019) in SACs (Figure 2.1C). ASAP-family GEVIs consist of a circularly permutated green
fluorescent protein (GFP) inserted into a voltage-sensitive domain (Villette et al., 2019). In this
configuration, protein conformations induced by depolarization of membrane potential dim GFP
fluorescence, while those resulting from membrane hyperpolarization increase GFP fluorescence.
This allows us to visualize bidirectional changes to the resting membrane potential along SAC
dendrites. We first characterized the fluorescence-voltage (F-V) relationship of ASAP3b in SACs
by measuring fluorescence changes (AF/Fo) in response to applied discrete voltage steps in voltage-
clamp mode (Figure 2.1D-E). This revealed a linear F-V curve with a slope of -0.0042 AF/F, per
mV within the -100 mV to -10 mV range (Figure 2.1F). This conversion factor was then used to

convert ASAP3b AF/F signals into voltage changes from rest.

To image visual-evoked voltage responses, we equipped our custom-built two-photon microscope
with a gallium arsenide phosphide (GaAsP) detector for improved photon sensitivity during time-
lapse fluorescence voltage imaging and measured ASAP3b responses from 3 um x 5 pum fields of
view located at increasing distances from the soma while presenting a bright bar moving in the

centripetal and centrifugal directions of the imaged dendrite (Figure 2.1G). ASAP3b fluorescence
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transients were transformed into AF/Fy signals, resampled to 1000 Hz, and smoothed over 12 ms
time window. Finally, ASAP3b signals were sorted by centripetal versus centrifugal direction of
motion, binned and averaged by dendritic location, and converted into voltage change from rest
using the slope of the F-V curve previously described. Averaging across trials and cells improves
signal-to-noise ratio at the cost of high-frequency information; therefore, this dataset is not
representative of non-linear voltage events that could be happening in the distal dendrites but is
informative about low-frequency subthreshold depolarization. Analysis of low-frequency signals
revealed a similar ASAP3b voltage waveform across all dendritic locations regardless of the
direction of motion stimulation (Figure 2.1G). Furthermore, ASAP3b voltage waveforms from
the perisomatic regions correlate well with current-clamp recordings during moving bar visual
stimulation (Figure 2.1H). The enhanced hyperpolarization observed in bin 3 (28 — 44 um away
from the soma) can be explained by the proximal clustering local inhibitory synapses at these
dendritic distances (Ding et al., 2016). Together, this data shows moving bar visual stimulation

creates a subthreshold global signal that spreads well throughout the SAC.

During a full-field moving bar, the onset of the subthreshold global activation occurs while the
centripetal oriented sector is being stimulated and spreads to opposing dendritic sectors prior to
the arrival of local glutamatergic inputs (Figure 2.1A). Therefore, local inputs onto the centrifugal
oriented sector can build on top of the global signal to generate a robust calcium response. Despite
efficient cross-compartmental propagation of voltage from soma to tip, dendritic signals are
attenuate as they propagate towards the soma since the perisomatic depolarization is non-
directional and limited to 19.80 £ 0.97 mV (mean + s.e.m) above rest (Figure 2.1A-B,I).

Furthermore, the amplitude and kinetics of the voltage waveform recorded at the soma are highly
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consistent across visual stimulation conditions, including contrast, speed, and dimensions of the
moving bar suggesting there are mechanisms in place to ensure a reliable characteristic
subthreshold response (Lipin et al., 2015). Synaptic mechanisms (Qiang Chen et al., 2016; Ding
et al., 2016a; Fransen & Borghuis, 2017; J. S. Kim et al., 2014; Koren et al., 2017) and biophysical
properties of SAC dendrites (Gavrikov et al., 2006; Ozaita et al., 2004; Tukker et al., 2004) have
been postulated to contribute to centrifugal direction selectivity; but, a mechanistic understanding
of how these orchestrate a fine balance between dendritic integration and isolation remains to be

elucidated.

SAC dendrites are highly enriched in voltage-gated potassium channels containing subfamily 3.1
subunits (Kv3.1) (Ozaita et al., 2004). To investigate the role Kv3 plays in motion processing in
SACs, we first visualized dendritic distributions of Kv3.1 by staining against the intracellular
portion of the channel with a monoclonal primary antibody (Invitrogen #MAS5-27684 Mouse
monoclonal anti-Kv3.1 antibody) and using fluorescence microscopy (Figure 2.2A). Results from
these experiments confirmed Kv3.1 expression exhibits a proximal-to-distal gradient since strong
Kv3.1 immunofluorescence was detected in the soma and proximal regions while little to no signal
was observed in the dendritic plexus layers (Figure 2.2A). Kv3 exhibits enhanced sensitivity to
TEA compared to other voltage-gated K channels, and can be primarily blocked with 1 mM
extracellular TEA (Rudy et al., 1999; Ozaita et al., 2004). Experiments before and after Kv3 block
revealed that these channels mediate large outward currents in SACs (Fig. 2.2B,D) and prevent
somatic depolarization above -45 mV (Fig. 2.2C,E). Unlike their traditional role in high-frequency
firing neurons, Kv3 in SACs is believed to maintain a subthreshold low-noise perisomatic signal

and orchestrate voltage attenuation from tip to soma (Ozaita et al., 2004).

29



Baseline

A Soma (GCL) Dendrites (S4 B Voltage-Clamp Mode C Current-Clamp Mode
g i N
] E,
3 \ =
[}

[e] r\\

c

g N

£

£

<

>

x

D

lnorm_ 1 Baseline ii

1 mMTEA

<3 1nA|_

TEA sensitive 1l E 100 ms
WM

g
-110  -90 -70  -50 -30 -jo 10 30 50 b
Lo2 Vhold TEA sensitive

m
M

Moving Bar Response G n.s.
04 i Vm? 0

N

1o m H 0.1
05s

0.2

| v, '
0 ’}\\ ml \ \ \ 03
d | ‘ -
{-02 \ \N«WMW’”'\‘-N"' | 04
K -
. - o
Loa | " 1mM TEA-CI I5 o5
= 06
4-0.6
07

o -1
0 250 500 750 1000 1250 1500 1750 2000 Vml Vm? Vml VmT
Injected Current Step (pA) Baseline 1mM TEA

Figure 2.2: Kv3 channels in SACs limit perisomatic depolarization and reduce noise during
motion stimulation. A) Example Kv3.1 immunostaining fluorescence images from the GCL (left)
and S4 plexus layer (right). B) Representative traces of outward currents (K internal) in SACs
under i) baseline condition and ii) application of 1 mM TEA. iii) Subtraction of ii) from i). C)
Representative traces of membrane potential during applied current steps (K internal) in SACs 1)
before and ii) after application of 1| mM TEA. D) Current-voltage relationship of outward currents
under baseline (black) and 1 mM TEA (green) conditions. Gray represents the subtracted TEA
sensitive component (n = 5 SACs). E) Average membrane potential (black) and change in noise
levels (blue) upon applied current steps. Open squares and closed squares correspond to baseline
and 1 mM TEA conditions, respectively (n = 7 SACs). F) Representative traces of current-clamp
recordings during moving bar visual stimulation under 1) baseline and ii) 1 mM TEA conditions.
G) Changes in noise levels during initial hyperpolarization and depolarization phases of moving
bar response before (black) and after (green) application of 1 mM TEA. Open circles and closed
circles correspond to individual cells and average calculation.
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SACs have a highly fluctuating resting membrane potential (Figure 2.2C) due to tonic excitatory

inputs from bipolar cells. However, at depolarized states the membrane potential becomes more
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stable with less fluctuations across time (Figure 2.2C,E). Following bath application of 1 mM
TEA, SACs experienced stronger depolarization and enhanced voltage fluctuations compared to
baseline upon applied current steps (Figure 2.2E). Additionally, during moving bar visual
stimulation SACs experience an initial hyperpolarization followed by a depolarized plateau as
previously described (Figure 2.2F). In both of these phases, the membrane potential experiences
significantly less voltage fluctuation across time compared to the resting membrane potential
(Figure 2.2G, black). The surround inhibitory inputs likely shunt the resting tonic glutamatergic
inputs and quiet the membrane voltage prior to the onset of depolarization (Chen et al., 2020 under
review). Upon Kv3 blockade with 1 mM TEA, we observed an increase in voltage fluctuations
during the depolarized phase of the moving bar response suggesting that outward currents
mediated by Kv3 play a role in creating a stable low-noise subthreshold signal in the perisomatic
region (Figure 2.2G, green). The data presented so far demonstrates that SACs experience a global
signal during moving bar visual stimulation that is regulated by Kv3 to ensure a reliable, steady

subthreshold depolarization.

2.3.2 Blockade of mGluR?2 signaling differentially affects SAC somatic and dendritic responses to
motion

Cross-compartmental signal integration leads to robust calcium responses in the distal dendrites of
SACs; however, a mechanistic understanding on how dendritic integration is favored in the
centrifugal direction is not fully understood. SACs express high levels of metabotropic glutamate
receptor II (mGluR2), which has been shown to modulate both N- and P/Q-types of voltage-gated
calcium channels (VGCCs) (Koren et al., 2017). Pharmacological blockade of mGluR2 results in

reduced centrifugal preference in distal varicosities (Figure 2.3A-B) and aberrant GABAergic
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transmission from SACs to DSGCs during motion stimuli (Koren et al., 2017). Nevertheless, the
extent that mGluR2 regulates compartmentalized signaling and visual responses along dendritic

subdomains of SACs remains to be explored.

One possibility is that enhanced VGCC availability in the dendrites of SACs following mGluR2
blockade could facilitate trans-somatic propagation of signaling from one dendritic sector to
another. If proper mGIuR2 signaling prevents cross-sector propagation in SACs, we would expect
enhanced calcium activity in the somatic region upon mGIuR2 blockade. Using two-photon laser
scanning calcium imaging, we compared calcium transients at the soma and the distal dendrites
during bright moving bar visual stimulation before and after pharmacological blockade of mGluR2
(Figure 2.3A-B). As previously demonstrated, calcium imaging under baseline conditions
revealed large, fast-rising fluorescence transients (average maximal response of 5.48 = 0.89 AF/Fy
and rise time of 159.6 + 31.8 ms, mean + s.e.m) in the distal dendrites; whereas, responses at the
soma were relatively small and slow-rising (average maximal response of 0.15 + 0.04 AF/Fo and
rise time of 454.3 + 105.4 ms, mean + s.e.m) (Fig 2.1B and 2.3A-B). Additionally, responses at
the distal varicosities were highly direction-selective (DSI = 0.6 + 0.04, mean + s.e.m; n = 16
varicosities) and exhibited tuning to the centrifugal direction of the imaged dendritic sector (Fig
2.3B-E, Euler et al.,, 2002). Upon application of 100 nM LY341495, a selective mGluR2
antagonist, centrifugal preference in distal varicosities was significantly reduced (Fig 2.3E, DSI =
0.6 = 0.04 for baseline, n = 16 varicosities versus 0.05 £ 0.03 for LY341495, n = 15 varicosities;
p < 0.0001 Wilcoxon-Rank Sum Test). Consistent with previous studies, this reduction in
directional preference was due to increased visual responses to centripetal motion (p = 0.002

Wilcoxon-Rank Sum Test) since the amplitude of centrifugal responses were mostly unaffected
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(not significant, p = 0.70 Wilcoxon-Rank Sum Test) (Fig 2.3C-D). However, bath application of
LY341495 did not result in significant changes to calcium transients at the soma (Fig. 2.3A-F, p

> 0.05 Wilcoxon-Rank Sum Test).
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Figure 2.3: mGluR2 blockade results in aberrant activity at the distal dendrites of SACs, but
not at the soma. (A) Schematic of experimental setup and visual stimulation for calcium imaging
experiments. (B) Top: Example images of GCaMP6 fluorescence in distal SAC varicosities (left)
and soma (right) from a ChAT-IRES-Cre mouse injected with AAV-7m8.floxed-GCaMP6f.
Bottom: Representative fluorescence traces (mean + s.e.m, AF/Fo) recorded at distal varicosities
(left) and at the soma (right) during centripetal (CP) and centrifugal (CF) motion before (black)
and after application of mGIuR2 antagonist (100 nM LY341495, red). (C) Pairwise comparison of
centrifugal responses before (black, mean + s.e.m) and after application of 100 nM LY341495
(black, mean + s.e.m). Gray lines correspond to the average centrifugal response from individual
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Figure 2.3 (cont.) cells before and after mGluR2 blockade. Wilcoxon-Rank Sum Test shows no
significance: distal varicosities — 5.47 + 1.02 AF/Fy for baseline conditions versus 4.81 + 0.71
AF/Fq for LY341495, p=0.70 n = 6 cells; soma — 0.20 £ 0.04 AF/F for baseline conditions versus
0.16 = 0.03 AF/Fo for LY341495, p = 0.32 n = 7 cells. (D) Pairwise comparison of centripetal
responses before (black, mean + s.e.m) and after application of 100 nM LY341495 (black, mean
+ s.e.m). Gray lines correspond to the average centripetal response from individual cells before
and after mGluR2 blockade. Wilcoxon-Rank Sum Test: distal varicosities — 0.85 + 0.18 AF/Fy for
baseline conditions versus 3.87 + 0.52 AF/Fo for LY341495, p =0.002 n = 6 cells; soma —0.23 +
0.05 AF/Fy for baseline conditions versus 0.19 + 0.03 AF/Fo for LY341495, p = 0.54 n =7 cells.
(E) Quantification of direction selectivity index (mean + s.e.m) at distal varicosities (left) and the
soma (right) under baseline conditions (black) and during mGluR2 blockade (red). Wilcoxon-Rank
Sum Test: distal varicosities — DSI = 0.6 + 0.04 for WT, n = 16 varicosities versus 0.05 £+ 0.03 for
LY341495, n = 15 varicosities, p < 0.0001; soma — DSI = 0.09 + 0.02 for WT, n= 11 cells versus
0.09 + 0.04 for LY341495, n = 12 cells, p = 0.41. (F) Quantification of rise slope (mean =+ s.e.m)
at distal varicosities (left) and the soma (right) under baseline conditions (black) and during
mGIluR2 blockade (red). Wilcoxon-Rank Sum Test: distal varicosities — 49.35 + 8.94 AF/Fos™! for
WT, n= 16 varicosities versus 31.42 = 5.91 AF/Fys! for LY341495, n = 15 varicosities, p = 0.20;
soma — 0.45 £ 0.12 AF/Fos™! for WT, n =11 cells versus 0.39 + 0.13 AF/Fos™! for LY341495, n=
12 cells, p = 0.56. (G) Schematic of experimental setup for whole-cell current-clamp experiments.
(H) Representative voltage traces (mean =+ s.e.m, AF/Fo) recorded the soma (right) during full-field
moving bar stimulation before (black) and after application of mGluR2 antagonist (100 nM
LY341495, red).Traces correspond to individual trials from the same cell with one trial highlighted
in a darker color. (I) Quantification of depolarization amplitude (mean + s.e.m) at the soma under
baseline conditions (black) and during mGluR2 blockade (red). Student t-test: 21.91 £ 1.94 mV (n
= 6 cells) for baseline versus 19.26 £ 1.65 mV (n = 7 cells), p = 0.32. (J) Quantification of
depolarization amplitude (mean + s.e.m) at the soma under baseline conditions (black) and during
mGIluR2 blockade (red). Student t-test: 20.67 = 2.87 mV (n = 6 cells) for baseline versus 19.79 +
1.51 mV (n=7 cells), p=0.78.

We then performed whole-cell current-clamp recordings using K*-based internal to examine
changes in subthreshold membrane potential (Vi) and the extent of visual-evoked depolarization
before and after mGIuR2 blockade (Fig. 2.3). Quantification of the peak depolarization amplitude
(Figs. 2.3H-1, Baseline: 21.91 +£3.87 mV and LY: 19.26 + 3.30 mV, mean + s.e.m) and area (Fig.
2.3J, Baseline: 20.67 £5.74 mVesand LY: 19.79 +£3.02 mVes, mean + s.e.m) shows no significant
change after bath application of 100 nM LY341495 (p > 0.05 Student t-Test). Together, the lack
of evidence of aberrant activity present at the soma through calcium imaging and voltage recording
after mGluR2 blockade indicates that the enhanced centripetal responses observed at the distal tips

is not a result of trans-somatic propagation. Alternatively, mGluR2 could regulate interactions
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between global and local dendritic signals in SACs and the emergence visual responses to
centripetal motion could result from these local changes in compartmentalization within individual

sectors.

2.3.3 mGluR?2 gates the initiation of calcium signals in SAC dendritic sectors

To further look into how mGIluR2 can regulate responses along dendritic compartments in SACs,
we first investigated the subcellular dendritic distribution of mGIluR2. mGluR2 expression patterns
were visualized by staining against the intracellular portions of the receptor with a monoclonal
primary antibodies (Abcam #ab238432: Rabbit monoclonal anti-mGluR2 antibody) and using
fluorescence microscopy (Figure 2.4A). Strong mGIluR2 immunofluorescence was found in the
soma, proximal, and plexus layers (Figure 2.4A) suggesting a uniform distribution of mGluR2
from soma to tip. Results from this mGIuR2 staining contrasts with the Kv3.1 distribution shown
in Figure 2.2, which exhibits a proximal-to-distal gradient expression pattern. Therefore, Kv3 and
mGluR2 likely regulate partially overlapping dendritic segments but mGIluR2 activation can

inhibit distally located VGCCs (Figure 2.4B).

Activation of mGIluR?2 is initiated by glutamate release from bipolar cells. Unlike DSGCs, SAC
receive tonic glutamatergic inputs at rest which could set a tonic activation of mGIluR2 prior to
any visual stimulation (Figure 2.10). Under baseline conditions, inward currents through N- and
P/Q-types of VGCCs can be observed at voltage steps above -20 mV (Figure 2.4C). However,
upon mGluR2 blockade with 100 nM LY 341495 these inward calcium currents become detectable
at voltage steps to -40 mV or above (Figure 2.4C). This indicates that mGluR?2 is at least partially

active at rest and that mGluR2-mediated inhibition of VGCCs modulates the threshold for calcium
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spike initiation in the distal dendrites. Therefore, mGluR2 could regulate integration of global and

local signals by gating the initiation of calcium events.
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Figure 2.4: Tonic mGluR2 activation regulates threshold for VGCC opening. A) Example
fluorescence images of mGIluR2 immunostaining in the GCL (left) and S4 (right) plexus layers.
B) Schematic illustrating distribution of synaptic inputs (left, red-inhibitory and blue-excitatory)
and voltage-dependent mechanisms (right, red-mGluR2 and green-Kv3). C) Currents during
applied voltage steps with Cs internal before (left) and after mGIluR2 blockade (right).

To compare visual responses to linear motion across dendritic compartments, we induced sparse
expression of GCaMP6f using a low-titer viral AAV injection to facilitate tracing of individual
dendrites within the dense SAC-network (Fig. 2.5A). For these experiments, we also co-expressed
tdTomato in SACs to ease focusing of small dendritic segments in which baseline GCaMP6f
fluorescence is low. Dendritic sectors were stimulated with a bright bar (275 pm x 220 pm)
moving across the entire SAC receptive field at 440 pm/s in the centripetal and centrifugal
directions of the imaged sectors. We observed monotonically increasing centrifugal responses with
increasing distance from the soma (Fig. 2.5B,D). On the other hand, centripetal responses did not
increase as dramatically with dendritic distance (Fig. 2.5B,D). Similar to previous studies (Euler

et al., 2002; Vlasits et al., 2016), we found that centrifugal responses were significantly larger (2:1

36



CF-to-CP ratio) than centripetal responses at approximately 50% dendritic distance (CF: 2.77 +
0.86 AF/Fq versus CP: 1.52 + 0.64 AF/Fo; mean + s.e.m p = 0.0120 Wilcoxon-Rank Sum Test, Fig.
2.5B,D) and this difference continued to increase (4:1 CF-to-CP ratio) at more distal sites (CF:
6.31 £ 0.96 AF/Fo versus CP: 1.83 + 0.56 AF/Fomean + s.e.m at 90% dendritic distance; p = 0.002
Wilcoxon-Rank Sum Test). These differences in motion evoked responses resulted in high
direction selectivity indexes in distal dendrites (DSI: 0.32 + 0.07 at 50% dendritic distance and
DSI: 0.62 +0.06 at 90% dendritic distance) compared to the soma and proximal regions (DSI: 0.02
+ 0.04, mean + s.e.m at the soma and DSI: 0.14 = 0.03, mean =+ s.e.m at 10% dendritic distance)
(Fig. 2.5C). These results show that direction selective signals can be found in the outer half of
SAC dendrites and that these differences in directional responses emerge as visual responses to

centrifugal motion increase from soma to tip in a graded-like fashion.

To investigate how blocking endogenous mGIuR2 signaling impacts light responses across
dendritic compartments in SACs, we mapped motion evoked GCaMP6 responses along SAC
dendrites before and after application of a selective mGluR2 antagonist (100 nM LY341495). As
previously described, bath application of 100 nM of LY341495 lead to enhanced centripetal
responses (1.83 + 0.56 AF/Fo for baseline and 7.50 + 1.39 AF/Fo for +LY341495; mean + s.e.m p
= 0.0007 Wilcoxon-Rank Sum Test) and a loss of direction selectivity (DSI = 0.62 + 0.06 for
baseline and DSI = 0.12 + 0.03 for +LY341495; mean + s.e.m p = 10 Wilcoxon-Rank Sum Test)
in the distal dendrites (90% dendritic length) (Fig. 2.5B-C,E-G). Interestingly, enhanced peak
amplitudes during centripetal motion were only observed at sites located 50% dendritic distances
or greater from the soma; whereas sites more proximal and the soma did not exhibit detectable
changes after wash-in of 100 nM LY341495 (p > 0.05 Wilcoxon-Rank Sum Test, Fig. 2.5E). On

the other hand, peak amplitudes to centrifugal motion were unaffected by mGIuR2 blockade across
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all dendritic compartments (p > 0.05 Wilcoxon-Rank Sum Test, Fig. 2.5F). These results suggest
that mGluR2 controls the local initiation of calcium transients and mGluR2-mediated inhibition of
VGCCs is critical in suppressing the centripetal response during linear motion. Furthermore,
mGluR2 blockade had little influence over perisomatic indicating that other mechanisms, such as
passive properties and Kv3-mediated outward currents, prevent the initiation of events in these

dendritic compartments and attenuate propagation of signals from tip to soma.
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Figure 2.5: mGluR2 regulates local initiation of calcium events in the dendrites of SACs. (A)
Top: Schematic of experimental setup and visual stimulation for dendritic calcium imaging.
Bottom: Example reconstruction of SAC dendrite expressing GCaMP6. (B) Representative
fluorescence calcium traces (mean + s.e.m) during centrifugal (CF) and centripetal (CP) motion
before (black) and after application of 100 nM LY341495 (red) at different distances from the
soma. (C) Quantification of direction selectivity index across dendritic compartments under
baseline conditions (black) and mGluR2 blockade (red). Filled circles correspond to binned
averages *+ s.e.m (bin size of 0.2 fraction length). Open circles represent individual measurements.
Wilcoxon-Rank Sum Test; Bin 1 (soma): DSI = 0.02 + 0.04 for baseline versus 0.00 = 0.05 for
LY341495 p = 0.74, Bin 2 (fraction length < 0.2): DSI = 0.14 £ 0.03 for baseline versus -0.01 +
Figure 2.5 (cont.) 0.04 for LY341495 p = 0.04, Bin 3 (0.2 < fraction length < 0.4): DSI =0.18 +
0.06 for baseline versus 0.01 £ 0.04 for LY341495 p = 0.01, Bin 4 (0.4 < fraction length < 0.6):
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DSI = 0.32 + 0.07 for baseline versus 0.05 + 0.06 for LY341495 p = 0.01, Bin 5 (0.6 < fraction
length < 0.8): DSI = 0.51 + 0.08 for baseline versus 0.07 + 0.03 for LY341495 p =5.25x10", Bin
6 (0.8 < fraction length < 1.0): DSI =0.62 + 0.06 for baseline versus 0.04 + 0.05 for LY341495 p
=2.65x10, (D) Quantification of fluorescence calcium responses across dendritic compartments
during centripetal (CP, filled circles and solid line) versus centrifugal motion (CF, open circles
and dashed line). Circles correspond to binned averages = s.e.m (bin size of 0.2 fraction length).
Wilcoxon-Rank Sum Test; Bin 1 (soma): CP = 0.18 £ 0.04 AF/Fo versus CF = 0.18 + 0.04 AF/Fq
p =0.95, Bin 2 (fraction length <0.2): CP =0.63 = 0.13 AF/F versus CF = 0.87 + 0.19 AF/Fop =
0.33, Bin 3 (0.2 < fraction length < 0.4): CP = 0.93 + 0.17 AF/Fo versus CF = 1.45 = 0.34 AF/Fop
=0.18, Bin 4 (0.4 < fraction length < 0.6): CP = 1.52 + 0.64 AF/Fgversus CF =2.77 + 0.86 AF/Fy
p=0.01, Bin 5 (0.6 < fraction length <0.8): CP =1.50 + 0.37 AF/Fy versus CF =4.56 + 0.73 AF/Fo
p = 0.002, Bin 6 (0.8 < fraction length < 1.0): CP = 1.83 + 0.56 AF/Fy versus CF = 6.31+ 0.96
AF/Fo p = 0.002. (E) Quantification of calcium responses during centripetal motion across
dendritic compartments under baseline conditions (black) and mGIluR2 blockade (red). Filled
circles correspond to binned averages + s.e.m (bin size of 0.2 fraction length). Wilcoxon-Rank
Sum Test; Bin 1 (soma): CP = 0.18 + 0.04 for baseline versus 0.21 + 0.05 for LY341495 p=0.79,
Bin 2 (fraction length <0.2): CP = 0.63 = 0.13 AF/F, for baseline versus 0.61 & 0.15 for LY341495
p = 0.91, Bin 3 (0.2 < fraction length < 0.4): CP = 0.93 = 0.17 AF/Fy for baseline versus 1.45 +
0.42 for LY341495 p = 0.52, Bin 4 (0.4 < fraction length < 0.6): CP = 1.52 + 0.64 AF/F, for
baseline versus 2.26 £ 0.58 for LY341495 p =0.20, Bin 5 (0.6 < fraction length < 0.8): CP = 1.50
+0.37 AF/Fy for baseline versus 4.02 + 0.81 for LY341495 p = 0.002, Bin 6 (0.8 < fraction length
< 1.0): CP = 1.83 + 0.56 AF/F, for baseline versus 7.50 + 1.39 for LY341495 p = 7.41x10*. (F)
Quantification of calcium responses during centrifugal motion across dendritic compartments
under baseline conditions (black) and mGluR2 blockade (red). Circles correspond to binned
averages + s.e.m (bin size of 0.2 fraction length). Wilcoxon-Rank Sum Test; Bin 1 (soma): CF =
0.18 = 0.04 for baseline versus 0.18 £ 0.05 for LY341495 p = 0.99, Bin 2 (fraction length < 0.2):
CF = 0.87 + 0.19 AF/Fy for baseline versus 0.55 + 0.11 for LY341495 p = 0.18, Bin 3 (0.2 <
fraction length < 0.4): CF = 1.45 + 0.34 AF/Fy for baseline versus 1.30 + 0.28 for LY341495 p =
0.73, Bin 4 (0.4 < fraction length < 0.6): CF = 2.77 + 0.86 AF/F for baseline versus 2.67 + 0.82
for L'Y341495 p = 0.68, Bin 5 (0.6 < fraction length < 0.8): CF = 4.56 + 0.73 AF/F, for baseline
versus 4.35 + 0.62 for LY341495 p = 0.56, Bin 6 (0.8 < fraction length < 1.0): CF = 6.31+ 0.96
AF/Fy for baseline versus 6.34 + 1.03 for LY341495 p = 0.95. (G) Summary plot using data from
E-F.

2.3.4 mGluR2 and Kv3 synergistically control dendritic excitability in SACs

mGIluR2 and Kv3 represent fundamental voltage-dependent mechanisms for dendritic
compartmentalization in SACs. Given their subcellular distribution, mGluR2 and Kv3 likely
regulate interactions between dendritic subdomains and the perisomatic region. We therefore
tested the synergistic action of mGIluR2 and Kv3 in regulating activity in the perisomatic region

of SACs by recording voltage at the soma during moving bar visual stimulation before and after
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simultaneous blockade of mGluR2 and Kv3 (Figure 2.6). We used 1 mM TEA in the extracellular
solution to block Kv3 channels (Rudy et al., 1999; Ozaita et al., 2004) and 100 nM LY341495 to
block mGluR2. Upon bath application of 1 mM TEA, we occasionally observed fast voltage
deflections riding on top of the typical slow depolarization (Figure 2.7B, green). These high-
frequency voltage deflections became more prominent during concurrent blockade of mGIluR2 and
Kv3 and resemble spikelet activity (Figure 2.6B, blue). Power spectrum analysis of these voltage
traces identified increases in voltage signals in the 20 — 50 Hz range for LY341495, 3 — 50 Hz

range for TEA, and 3-50 HZ with a pronounced peak at 30 Hz for the combination of LY341495

and TEA (Fig. 2.7B).
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Figure 2.6: mGluR2 and Kv3 synergistically control dendritic integration. (A) Schematics
highlighting subcellular distribution of synaptic inputs (left, excitatory — blue and inhibitory — red),
mGIluR2 (right, red), and Kv3 (right, green). (B) Example fluorescence images showing expression
of mGIluR2 (left, red) and Kv3.1b (right, green) at different optical depths corresponding to GCL
and S4. (C) Schematic of experimental setup for whole-cell current-clamp experiments. (D)
Representative voltage traces recorded under baseline (black), 100 nM LY341495 (red), 1 mM
TEA-CI (green), and combination of TEA-Cl and LY341495 (blue). Top: drug wash-in in the
follow order - baseline > LY341495 - LY341495 + TEA-CI. Bottom: drug wash-in in the follow
order - baseline > TEA-Cl - LY341495 + TEA-CI. Traces correspond to individual trials from
the same cell with one trial highlighted in a darker color. Yellow shaded region corresponds to the
timing that the leading edge of the moving bar is passing through the center excitatory receptive
fields of SACs. (E) Representative filtered average traces from baseline (black), LY341495 (red),
TEA (green), LY + TEA (blue), and Vgat KO (pink) conditions. Quantification of distance from
soma at Vm onset (F), distance from soma at maximum Vm (G), depolarization amplitude (H), 10
— 90% rise time (I), and rise slope (J) across all conditions described in E.

To examine the low-frequency component (typical slow-wave depolarization) across all testing
conditions, we computed an averaged filtered voltage trace for each cell by averaging across 5
individual trials and passing the resulting averaged trace through a low-pass filter with a cutoff
frequency of 20 Hz (Fig. 2.6C). Quantification of the depolarization amplitude (Fig. 2.6F) and
resting potential (data not shown) shows no significant difference under any of the drug conditions
compared to baseline. However, upon mGluR2 or Kv3 blockade the peak of depolarization
occurred earlier (LY341495: 102.79 £ 21.75 um, mean + s.e.m past the soma, Student’s t-test p =
0.0262 and TEA: 103.51 + 25.43 um, mean + s.e.m past the soma, Student’s t-test p = 0.0398)
(Fig. 2.6B-C,E). Furthermore, following application of I mM TEA the onset of depolarization
occurred earlier (89.70 + 56.63 um, mean + s.e.m prior to the soma, Student’s t-test p = 0.0313),
an effect that was exacerbated by simultaneous blockade of mGIuR2 and Kv3 (146.27 £43.76 um,
mean =+ s.e.m prior to the soma, Student’s t-test p = 1x107°) (Figure 2.6D). SACs form inhibitory
connection with other neighboring SACS (Qiang Chen et al., 2016; Ding et al., 2016b); therefore,

we would expect these pharmacological manipulations to affect SAC-SAC mutual inhibition
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complicating our results. To determine how much of this phenomenon could be explained by
disrupted mutual inhibition, we repeated these experiments in transgenic mice in which SAC
GABA release is eliminated (Vgat KO mouse) (Qiang Chen et al., 2016; Huang et al., 2019; Pei
et al., 2015) (Fig. 2.6C). In the Vgat KO mouse, relative timing of depolarization peak occurred
significantly earlier than wildtype, similar to the LY + TEA condition (Fig. 2.6E). However, the
onset of depolarization was not significantly different than wildtype (Fig. 2.6D), indicating that
the effects seen in TEA and LY + TEA are independent of SAC-SAC mutual inhibition. Together,
this data indicates that mGluR2-mediated inhibition of VGCCs and Kv3-mediated currents
regulate how inputs are integrated as propagate towards the soma and in their absence the

spatiotemporal dynamics of voltage activation in SACs are severely altered.
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Figure 2.7: mGluR2 and Kv3 synergistically control dendritic excitability. (A) Representative
voltage traces recorded under baseline (black), 100 nM LY341495 (red), 1 mM TEA-CI (green),
and combination of TEA-Cl and LY341495 (blue). Traces correspond to individual trials from the
same cell with one trial highlighted in a darker color. Yellow shaded region corresponds to the
Figure 2.7 (cont.) timing that the leading edge of the moving bar is passing through the center
excitatory receptive fields of SACs. (B) Power spectrum analysis as percent change from baseline.
LY341495 (red): n = 8 cells, TEA-CI (green): n = 7 cells, TEA + LY (blue): n = 19 cells. (C)
Example trace under baseline condition (left) and after application of both LY341495 and TEA-
Cl (right). Inset shows single voltage deflection event. (D) Peristimulus histograms (mean + s.e.m,
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100 ms bins) of voltage deflections detected under i.) baseline, ii.) LY341495, iii.) TEA-CI, and
iv.) LY341495 and TEA-CI conditions. Yellow shaded region corresponds to the timing that the
leading edge of the moving bar is passing through the center excitatory receptive fields of SACs.
(E) Cumulative distribution plot of voltage deflection amplitudes detected under baseline
conditions (black), 100 nM LY341495 (red), | mM TEA-CI (green), and combination of TEA-CI
and LY341495 (blue). Kolmogorov-Smirnov test: baseline versus LY341495 p = 4.50x10, :
baseline versus TEA-Cl p = 2.00x1072, : baseline versus LY341495 + TEA-Cl p = 8.06x102. (F)
Rise (10 — 90%) versus decay (90 — 10%) time heatmaps of high-frequency voltage deflections
detected under i.) baseline, ii.) LY341495, iii.) TEA-CI, and iv.) LY341495 and TEA-CIl
conditions.

Given the emergence of high-frequency activity at the soma during concurrent blockade of
mGluR2 and Kv3, we isolated and analyzed voltage events in the 20 — 50 Hz range across the
conditions described above. High-frequency events were isolated by creating a rolling adjusting
baseline and using a peak detection algorithm to identify peaks >4 mV with widths corresponding
to 20 — 50 ms. As previously described, these high-frequency events were rarely detected under
baseline or upon application of 100 nM LY341495. After application of 1 mM TEA, the frequency
of detectable events increased particularly during the time window that the leading (or On) edge
of the moving bar traveled across the cell’s excitatory receptive field center (Figure 2.7D). Despite
the higher frequency, blockade of Kv3 alone did not yield larger spikelet amplitudes compared to
baseline conditions (Figure 2.7E). On the other hand, concurrent blockade of mGIluR2 and Kv3
(+ 100 nM LY341495 and 1 mM TEA) resulted in both a higher frequency and larger amplitude
of these voltage events (Figure 2.7D-E). Results from these experiments reveal a synergistic
relationship between mGIluR2 and Kv3 in dampening membrane excitability in the perisomatic

region of SACs.

To rule out the possibility that bath application of TEA destabilizes the retinal network, we

repeated the current-clamp recordings described above using Cs-based internal (110 mM
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CsMeSO4 and 5 mM TEA). Although Cs-based internal non-selectively blocks all Kv channels, it
enables Kv blockade in a single cell eliminating potential network effects. Therefore, baseline
recordings in Cs-internal are analogous to recording in TEA using K-internal. These experiments
yielded similar results to K-internal recordings including emergence of spike-like events after bath
application of LY 341495 (corresponding to Kv and mGluR2 blockade in K* internal experiments)
with the exception that the resting voltage was more depolarized (Figure 2.8), probably due to

inability to repolarize the cell because of total Kv blockade.
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Figure 2.8: Example current-clamp recording using Cesium based internal. Representative
traces of current-clamp recordings during moving bar visual stimulation before (black, left) and
after application of 100 nM LY341495 (red, right). Representative peristimulus histograms (100
ms bins) of detected high-frequency voltage deflections from recordings shown above).
Representative cumulative frequency distribution of voltage deflection amplitude.
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2.3.5 Concurrent blockade of mGluR2 and Kv3 in SACs disrupts visual evoked GABAergic

inhibition onto DSGCs

Given the profound effects of concurrent mGIluR2 and Kv3 blockade in SACs, we investigated the
effect of blocking mGIuR2 and Kv3 on asymmetric inhibition onto DSGCs. We targeted posterior-
preferring On-Off DSGCs using a Drd4-GFP transgenic mouse line and recorded inhibitory
postsynaptic currents (IPSCs) during moving bar visual stimulation before and during
mGIluR2/Kv3 blockade (Fig. 2.9). As expected, prior to application of 100 nM LY341495 and 1
mM TEA we observed directionally tuned inhibition onto On-Off DSGCs that was time-locked to
the leading and trailing edge of the moving bar passing across the DSGC inhibitory receptive field
(Fig. 2.9A-B, left). Upon mGluR2/Kv3 blockade, there was drastic reduction in direction
selectivity of IPSCs (On: DSI = 0.40 £ 0.07 and Off: DSI = 0.42 + 0.04 fore baseline versus On:
DSI = 0.10 + 0.03 and Off: DSI = 0.10 £ 0.04 for LY/TEA, mean + s.e.m) accompanied by a
decrease in signal-to-noise ratio (Fig. 2.9A-C). Surprisingly, we also noticed a significant increase
in the holding current required to maintain the membrane voltage at 0 mV (Inoww = 271.81 + 9.04
pA for baseline compared to Inow = 517.14 £41.79 pA upon application of LY341495/TEA, mean
+ s.e.m Fig. 2.9D). Previous studies on mGluR2 regulation of retinal direction selectivity have
reported enhanced inhibition during preferred direction motion; however, application of mGluR2
antagonists alone have not led to changes in null direction inhibition, holding current at 0 mV, or
signal-to-noise of SAC-mediated inhibition (Koren et al., 2017). Bath application of 100 nM
LY341495 and 1 mM TEA is unlikely to cause changes in membrane resistance in DSGCs because
LY341495 is highly selective for mGIluR2, which is primarily found in SACs, and external TEA

should have negligible effects on the cell of interest since Cs-based internal (110 mM CsMeSO4
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and 5 mM TEA) already blocks most potassium channels. Therefore, we tested whether the
elevated holding current could represent a biologically relevant inhibitory current by bath applying
a GABA-A receptor antagonist SR95531 (gabazine). After wash-in of 25 uM SR95531, the
holding current at 0 mV returned to baseline conditions (Inola = 271.81 + 9.04 pA for baseline
compared to Inola = 244.09 + 6.58 pA for LY341495/TEA/SR95531, mean + s.e.m) suggesting that
the uncontrolled Vi, in SACs during mGluR2/Kv3 blockade results in tonic GABA release from
SACs to DSGCs. These experiments highlight the downstream effects of disrupted electrotonic
isolation in SACs and illustrate how dendritic compartmentalization supports high signal-to-noise

synaptic transmission.
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Figure 2.9: mGluR2 and Kv3 blockade disrupt visual-evoked GABAergic transmission from
SACs to DSGCs. (A) Representative traces of IPSCs recorded from Drd4+ On-Off DSGCs in
voltage-clamp mode (Vhoia = 0 mV). Preferred direction (black) and null direction (red) under
baseline conditions (left), in ImM TEA-CI and 100 nM LY341495 (middle), and upon application
of TEA-C1 + LY341495 and 25 uM SR95531 (right). Holding currents at 0 mV displayed on the
left, gray line indicates 250 pA as a reference. (B) Example On and Off component tuning plots
from recordings shown in A (baseline: left and mGluR2/Kv3 block: right). Colored lines
correspond to individual trials and thick black line represents the average across 3 trials. (C)
Quantification of DSI (mean = s.e.m) of On and Off IPSC components (n = 7 cells) under baseline
conditions (black, On: DSI = 0.40 + 0.07 and Off: DSI = 0.42 + 0.04) and after application of
TEA-Cl and LY341495 (Cocktail, blue - On: DSI=0.10 £+ 0.03 and Off: DSI=0.10 + 0.04). (D)
Quantification of holding current at 0 mV under baseline conditions (Ihoia = 271.81 £9.04 pA), in
Cocktail (Inoa = 517.14 £ 41.79 pA), and after application of SR95531 (Cocktail + SR, Ihoa =
244.09 £ 6.58 pA). n= 7 cells.

2.4 Discussion

Isolated dendrites grant neurons the capability of performing local computations in dendritic
subunits; however, the mechanisms that establish electrotonic isolation in SACs are not fully
understood. We studied how compartmentalized signaling along SAC dendrites implement
centrifugal direction selectivity using a combination of whole-cell patch-clamp electrophysiology
and subcellular two-photon imaging of voltage and calcium. Our study highlights how robust
detection of motion direction in SAC dendrites relies on tightly regulated interactions across
dendritic subdomains and how this fine-balance between electrotonic coupling and isolation can
be orchestrated in concert by synaptic and cellular mechanisms. In particular, our experiments
indicate that mGIuR2 regulates dendritic excitability in SACs and gates interactions between
global and local dendritic signals such that non-linear calcium spikes are initiated by motion in the
centrifugal direction, but not in the centripetal direction. Furthermore, our findings reveal
complementary and synergistic roles of mGluR2 and Kv3 in coordinating dendritic computations
in SACs illustrating how voltage-dependent mechanisms modulate excitability to prevent proximal

centripetal summation. Lastly, the data presented here challenge the view of the SAC dendrite as
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an independent computational unit and rather presents it as an individual subunit with global

integration properties (Koren et al., 2017; Tukker et al., 2004).

2.4.1 Signal integration across dendritic subdomains in SACs

Linear motion across the SAC receptive field first activates the inhibitory surround which results
in a brief leading hyperpolarization prior to the onset of depolarization (Figure 2.1) (Qiang Chen
etal., 2016; S. Lee & Zhou, 2006). Then, the visual stimulus activates the excitatory center by first
stimulating bipolar cell inputs in the centripetal direction (from tip to soma) of one dendritic sector
and then stimulating the opposing sector in the centrifugal direction (soma to tip). The concerted
action of passive cable properties, synaptic mechanisms, and Kv3-mediated voltage shunt lead to
a low-frequency, low-noise sustained depolarization at the soma. Voltage imaging with ASAP
family GEVIs demonstrate that propagation of this subthreshold depolarization establishes a global
signal throughout SAC dendritic (Figure 2.1). The segregation of synaptic inputs versus outputs
and partial electrotonic isolation result in efficient summation at the distal sites of the centrifugally
stimulated dendrite (Euler et al., 2002; Koren et al., 2017; Tukker et al., 2004; Vlasits et al., 2016).
In contrast, motion in the centripetally stimulated dendrite leads to little summation (Ding et al.,

2016a; J. S. Kim et al., 2014; Vlasits et al., 2016) at the distal dendrites.

The thin diameter of SAC proximal dendrites (< 0.3 pm) and outward currents mediated by Kv
channels attenuate distally located inputs as they spread towards the soma and produce slow-rising
and —decaying low-noise postsynaptic potentials (PSPs) that coincide with locally generated
dendritic signals as inputs are sequentially activated from soma to tip (Hagai Agmon-Snir et al.,

1998; Poznanski, 1992; Vlasits et al., 2016). Dendritic nonlinearities (N- and P/Q-types VGCCs
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and TTX-insensitive voltage-gated sodium channels) likely amplify this cell-intrinsic direction
selectivity at distal sites (S. Lee et al., 2010; N. W. Oesch & Taylor, 2010; Tukker et al., 2004)
and help maintain robust centrifugal preference over a wide range of visual conditions (Lipin et

al., 2015).

2.4.2 mGluR?2 gates local interactions in SAC dendrites

While passive models can explain certain aspects of direction selectivity at SAC varicosities, they
predict that centripetal summation occurs at proximal sites (Poznanski, 1992; Vlasits et al., 2016).
The lack of evidence for proximal centripetal summation (Euler et al., 2002) suggests that
additional modulatory mechanisms (Koren et al.,, 2017; S. Lee & Zhou, 2006) and outward
conductances (Ozaita et al., 2004) are likely involved in shunting signal transformations in the
proximal dendrites. Neuromodulation by mGluR2 is a potential candidate for this phenomenon
since centripetal responses in SAC dendrites are significantly enhanced following mGluR2
blockade (Figure 2.3 & 2.5) (Koren et al., 2017). Disrupted mGIluR2 signaling in SACs results in
the emergence of large calcium transients during centripetal motion at intermediate and distal
dendritic locations; however, centripetal calcium responses in the proximal dendrites and soma
were not altered by mGluR2 blockade (Figure 2.4). Additionally, proper mGluR2 signaling does
not regulate the extent of depolarization of the perisomatic region (Figure 2.3 & 2.6). Our findings
propose that mGluR2 is responsible for gating interactions between the perisomatic region and the

intermediate-distal dendrites by modulating VGCC threshold for activation (Figure 2.4 & 2.5).

Bipolar cell glutamate release along the SAC proximal-intermediate dendrites activates mGluR2

and elevates the threshold for VGCCs activation (Figure 2.4 & 2.10). During centripetal motion
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locally generated PSPs do not coincide at the distal dendrites; however, centripetal motion results
in a dendritic depolarization close to or above the threshold for VGCC activation in the absence of
proper mGluR2 signaling. In contrast, during centrifugal motion locally generated PSPs efficiently
sum with the global signal at the distal dendrites depolarizing the membrane above such mGluR2
modulated threshold, rendering centrifugal responses insensitive to mGluR2 blockade. Thus,
mGluR2-mediated inhibition of VGCCs dictates the location and the membrane potential at which
non-linear transformations can initiate along SAC dendrites, which is imperative to suppressing
activity during centripetal motion.

2.4.3 Endogenous activation of mGIluR?2 by bipolar cell glutamate release

Our understanding of mGluR2-mediated electrotonic isolation implies that endogenous mGluR2
activation is stronger in the proximal dendrites resulting in higher probability of VGCC inhibition
in the proximal half of SAC dendrites compared to the distal half. Segregation of bipolar cell inputs
along the proximal two-thirds of the dendrites should result in elevated glutamate levels proximally
supporting this claim (Ding et al., 2016; Vlasits et al., 2016). Although, anatomical studies in other
cell types have reported random distribution of mGIluR2 across postsynaptic microdomains
(Hayashi et al., 1993; Lujan et al., 1997). Further studies will be necessary to determine subcellular
localization of mGluR?2 in relation to the synaptic cleft in SACs. But, even if mGluR?2 is positioned
extrasynaptically and is sensitive to glutamate spillover and diffusion, endogenous mGIluR2
signaling at distal locations should be relatively weak since VGCCs involved in transmission are
operational and we observed large, fast-rising centrifal GCaMP6 transients under baseline
conditions. Application of pharmacological mGluR2 agonists blocks inward calcium currents in

SACs (Koren et al.,, 2017) and suppresses synaptic transmission between SACs and DSGCs
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(Sethuramanujam et al., 2018). This suggests that distally located is mGluR2 (Figure 2.4) is

functional but not optimally activated under physiological conditions.

As shown in Figure 2.10, SACs experience spontaneous EPSC events at a higher rate than Drd4+
On-Off DSGCs. Tonic excitatory inputs from bipolar cells (Berntson & Taylor, 2000; Hausselt et
al., 2007; S. Lee & Zhou, 2006) establish at least partial mGluR2-mediated isolation prior to
visual-evoked activity. However, whether mGluR2-mediated electrotonic isolation can be further
modulated by visual evoked activity remains an open question. We recorded inward calcium
currents while varying luminance conditions to test whether mGluR2-mediated inhibition of
VGCCs is sensitive to visual-evoked glutamate release. We observed only minor changes in the
voltage threshold and amplitude for inward calcium currents under visual illumination (Figure
2.11); however, this does not discard the possibility that visual-evoked glutamate release can

enhance mGluR2 activation.
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Figure 2.10: SACs receive tonic bipolar cell inputs compared to DSGCs. (A) Representative
spontaneous EPSCs (sEPSCs) from posterior-preferring On-Off DSGCs. (B) Overlay of sEPSC
events detected in A (gray) and average SsEPSC trace (black). (C) Cummulative frequency
distribution of EPSC amplitude from events in A-B. Peri-stimulus histogram of sEPSC events
using a bin size of 500 ms. (E) Representative spontaneous EPSCs (sEPSCs) from On SACs. (B)
Overlay of sEPSC events detected in E (gray) and average sEPSC trace (black). (C) Cummulative
frequency distribution of EPSC amplitude from events in E-F. Peri-stimulus histogram of sEPSC
events using a bin size of 500 ms.
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Figure 2.11: Inward calcium currents in SAC show are weakly suppressed by visual
illumination. (A) Representative current traces from On SAC after applying a voltage step
protocol at different luminance conditions: no illumination (left), 33.33% illumination intensity
(middle), and 100% illumination intensity (right). (B) Average I-V curves (n = 9 SACs) at
illumination intensities described in A. (C) Time interval to reach peak of inward current at applied
voltages.

2.4.4 Sensitivity of GCaMP6 sensors to subthreshold events

A major concern throughout our study involved the sigmoidal response curve of GCaMP6f which
predicts lower sensor sensitivity during subthreshold events when calcium levels are low. SACs
are non-spiking interneurons and depolarization at the soma is restricted to ~20 mV. The fast-

rising GCaMP6f signals observed in the distal dendrites are indicative of N- and P/Q-VGGCC

activation. Other sources of calcium fluctuations in SACs potentially include non-selective cation
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channels, R-type VGCCs (although these are yet to be reported in mice), and calcium-dependent
calcium release. Despite the limited extent of depolarization at the soma, we robustly detected
slow-rising calcium transients in the range of 0.2 — 0.8 AF/Fy that correlate well with the peak and
duration of somatic depolarization (Figure 2.1B), indicating GCaMP6f is able to detect somatic
calcium influx during this slow subthreshold depolarization. For our imaging experiments, we only
included data from cells exhibiting detectable and consistent somatic transients. Additionally, it is
important to note that baseline GCaMP6f fluorescence at the soma was higher than the dendrites;
therefore, these transients represent small AF/Fo values but correspond to significant raw AF
changes. This shows that in this cell type GCaMP6 can accurately report subthreshold events (at -

48.98 + 6.14 mV, mean + s.e.m).

2.4.5 Dendritic compartmentalization through Kv3-mediated shunting

In addition to mGluR2, SACs express Kv3.1 channels in their proximal dendrites which are
believed to contribute to centrifugal preference by further isolating dendritic sectors and help
create a steady reliable subthreshold depolarization across the cell (Ozaita et al., 2004; Kaneda et
al., 2007). Kv3 channels in SACs begin to open at potentials > -45 mV and prevent depolarization
above -40 mV (Figure 2.2) suggesting that Kv3-mediated currents generate a proximal voltage-
dependent shunt limiting effective depolarization of the perisomatic region. This shunt could
provide an additional mechanism by which proximal above threshold summation could be
prevented. Current-clamp recordings at the SAC soma during linear motion demonstrated that
upon Kv3 blockade the onset and peak timing of depolarization occurred earlier corresponding to
the distal tips of the centripetal sector and the proximal region of the centrifugal sector,

respectively, rather than the perisomatic region and the distal tips of the centrifugal sector observed
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under baseline conditions. These changes in kinetics were accompanied by the occasional presence
of high-frequency voltage events, particularly at more depolarized potentials (Figure 2.2 & 2.6).
Our findings indicate that Kv3 acts on subthreshold membrane potentials and restrains the
influence of distal PSPs on perisomatic depolarization. Unlike its function in high-frequency
spiking neurons, this represents a new role for Kv3 in which it maintains low-noise levels during

subthreshold depolarization and restricts depolarization to potentials close to VGCC opening.

2.4.6 Synergistic regulation of SAC dendritic excitability

As outlined above, Kv3 and mGIuR2 have unique contributions to electrotonic isolation by
restricting subthreshold depolarization in the perisomatic compartment and suppressing the
initiation of nonlinear calcium events in the dendritic sectors, respectively. In the absence of
mGluR2 signaling, distal responses lose directional preference but these signals are attenuated by
passive filtering and Kv3 as they spread towards the soma and fail to directly propagate to other
dendritic sectors. Additionally, Kv3 prevents proximal excitatory inputs from depolarizing the
perisomatic region above -45 mV. On the other hand, during Kv3 blockade passive filtering and
mGluR2-mediated inhibition of VGCCs prevent the spread of above threshold events towards the
soma. Interestingly, concurrent blockade of Kv3 and mGIluR2 resulted in a significant increase in
the number and amplitude of high-frequency voltage events in the perisomatic region unmasking
the synergistic roles of these mechanisms in regulating neuronal excitability and dendritic
compartmentalization. In this scenario, subthreshold events propagate across SAC dendritic
domains and nonlinear high-frequency events can be initiated and spread throughout the
perisomatic region. As a consequence of this increased excitability, SACs tonically release GABA

onto DSGCs, and lose the directional tuning of visual evoked activity in this circuit.
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2.5 Experimental Procedures

Mice

Chat-IRES-Cre mice (129S6-Chat™?(crelLovly) and floxed tdTomato mice (129S6-
Gt(ROSA)26Sorm?(CAG-tdTomato)Hze[ ) - ywere acquired from the Jackson Laboratory. mGIuR2—
GFP mouse line was a generous gift from Dr. Marla Feller at University of California, Berkeley.
Drd4—-GFP mice, in which posterior-preferring DSGCs are selectively labelled, were originally
developed by MMRRC in the Swiss Webster background, and were subsequently backcrossed to
C57BL/6 background. All strains were backcrossed to the C57BL/6 background in our laboratory

and crossed to each other to create the lines used in this study.

All experiments were performed on healthy mice of normal immune status which had not been
previously used for tests or procedures. Mice were housed in 12 hr-12 hr light-dark cycles in
groups of 2-5 per cage and were provided with food and waterad [libitum.
For electrophysiology experiments, mice of ages P21-P40 of either sex were used. For imaging
experiments, the protocols described in the GCaMP6 imaging section were followed. All
procedures to maintain and use mice were in accordance with the University of Chicago
Institutional Animal Care and Use Committee (Protocol number ACUP 72247) and in
conformance with the NIH Guide for the Care and Use of Laboratory Animals and the Public

Health Service Policy.

Whole-mount retina preparation
Mice were anaesthetized with isoflurane and decapitated after dark adaptation. Under infrared

illumination, retinas were isolated from the pigment epithelium at room temperature in oxygenated
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Ames’ medium (Sigma-Aldrich, St. Louis, MO). Isolated retinas were then cut into dorsal or
ventral halves (Wei et al., 2010) and mounted ganglion-cell-layer-up on top of a 1 mm? hole in a
small piece of filter paper (Millipore, Billerica, MA). Retinas were kept in darkness at room

temperature in Ames’ medium bubbled with 95% 02/5% CO? until use (07 hr).

Immunostaining

Isolated retinas were fixed in 4% EM Grade PFA (Fisher Scientific # 50980487) in Protectant
Buffer Solution (200 mM sucrose, 33.5 mM sodium phosphate monobasic, 33.5 mM sodium
phosphate dibasic) (Stradleigh et al., 2015) for 20 minutes and then washed three times with
conventional PBS solution (20 minutes). Fixed retinas were then washed in block solution
consisting of 10% donkey serum, 1% bovine serum albumin, and 0.5% TritonX in PBS and
incubated with primary antibodies (1:500 rabbit anit-mGIuR2 and 1:1000 mouse anti-Kv3.1) for
72 hours. Following primary antibody incubation, retinas were washed in block solution and
incubated with secondary antibodies (1:1000 Alexa-488 conjugated goat anti-mouse and 1:1000
Alexa-594 conjugated donkey anti-rabbit, Invitrogen) for 7-10 hours. Lastly, retinas were washed
in PBS solution and mounted onto microscope glass slides using VectaShield medium (Vector

Labs # H-1900) prior to imaging.

Visual stimulation

A white organic light-emitting display (OLEDXL, eMagin, Bellevue, WA; 800 x 600 pixel
resolution, 60 Hz refresh rate) was controlled by an Intel Core Duo computer with a Windows
seven operating system and was presented to the retina at a resolution of 1.1 pum/pixel. Moving bar

stimuli were generated by MATLAB and the Psychophysics Toolbox (Brainard, 1997), and
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projected through the condenser lens of the two-photon microscope onto the photoreceptor layer.
In the plane of the retina, the OLED image was centered on the soma of SAC of interest. For
electrophysiology experiments, a positive-contrast bar (275 pm wide, 440 um long) moved along
the long axis at a speed of 440 um/sec over a 660um-diameter field on the retina; and three to five
trials were recorded. For calcium imaging experiments, the bars were presented in 10 trials of two
pseudorandomized directions (centripetal and centrifugal), which were determined by dendrite
orientation. These bars had dimensions of 275 pm x 220 um. The speed of the bar was 440 um/s

unless otherwise indicated.

Intravitreal AAV injections

Genetically encoded calcium indicator GCaMP6f was expressed in sparse populations of On SACs
by intravitreal injection of an 7m8 modified AAV vectors carrying floxed GCaMP6f and floxed
tdTomato (gift from the Dr. Sui Wang at Stanford University) into Chat-IRES-Cre mice aged P14-
25. Viral titers were maintained at 10' for GCaMP6f and 10'3 for tdTomato. Just prior to injections
aliquots from each stock were mixed at equal volumes. Mice were anesthetized using
4uL/g intraperitoneal injection of 10% ketamine/ 5% xylazine in PBS. Animals were placed on
their side and the periorbital region was locally anesthetized using one drop of 0.5% proparacaine
HCI (Henry Schein, Melville, NY). Using a Femtojet 4i microinjector (Eppendorf, Hamburg,
Germany) equipped with sharp pulled glass-pipettes, 1 — 1.5 pL of AAV vector solution was
injected into the vitreal space of both eyes. Retinas were isolated, screened, and imaged at 4-

8 weeks following injection.

Two-photon calcium imaging of GCaMP6 fluorescence in SACs
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GCaMP6 fluorescence of isolated retinas in oxygenated Ames at 32-33°C was imaged in a
customized two-photon laser scanning fluorescence microscope (Bruker Nano Surfaces Division).
GCaMP6 was excited by a Ti:sapphire laser (Coherent, Chameleon Ultra II, Santa Clara, CA)
tuned to 920 nm, and the laser power was adjusted to avoid saturation of the fluorescent signal.
Onset of laser scanning induces a transient On response in On SACs that adapts to the baseline
in ~3 s. Therefore, to ensure the complete adaptation of this laser-induced response and a stable
baseline, visual stimuli were given after 5 s of continuous laser scanning. To separate the visual
stimulus from GCaMP6 fluorescence, a band-pass filter (Semrock, Rochester, MA) was placed on
the OLED to pass blue light peaked at 470 nm, while two notched filters (Bruker Nano Surfaces
Division) were placed before the photomultiplier tubes to block light of the same wavelength.
Imaging was performed in the regions of the retina that contain sparsely labeled SACs so that
individual dendrites and varicosities could be resolved and the orientation of the dendrites relative
to the soma could be determined. The objective was a water immersion objective (60x, Olympus

LUMPIlanFI/IR). Time series of fluorescence were collected at 20-50 Hz.

Voltage imaging with ASAP family GEVIs

ASAP3b (gift from Dr. Michael Z. Lin) was expressed the same way as GCaMP6f (AAV
intravitreal injection into ChAT-Cre mice). Retinas from AAV-CAG.flox. ASAP3Db injected mice
were isolated after 5 weeks post injection. Two-photon imaging was performed similarly as

GCaMP6 with the exception that imaging was performed at 250-300 Hz.

Imaging analysis

60



Analysis was performed using ImageJ and MATLAB. Regions of interest (ROIs) corresponding
to individual varicosities, dendritic shafts, soma, and background were manually selected in
Imagel. The fluorescent time course of each ROI was determined by averaging all pixels within
the ROI for each frame. The fluorescence of the background region was subtracted from the raw
fluorescent signals of the ROIs in the same imaging window at each time frame. The moving bar
visual stimulus used for calcium imaging included 500 ms interval between the end of one sweep
and the start of another. Fluorescence intensities during this inter-sweep intervals were used to
create a baseline (F0) trace for each ROI by fitting a two-term exponential decay function.
Fluorescence measurements were then converted to AF/F0 values by calculating AF=(F—F0)/F0
for every data point. Trials for given ROIs were discarded if baseline fluorescence values (FO)
dropped below 0.1 for calcium imaging or 20 for voltage imaging. Remaining samples were then
resampled to 75 Hz for calcium imaging or 1000 Hz for voltage imaging through boxcar method
and smoothed using an average sliding window of 4 data points (calcium imaging) or 12 datapoints
(voltage imaging). AF/F0 traces were then clipped, sorted by visual stimulus direction (centripetal
or centrifugal), and averaged over 5-10 trials. Prior to further analysis, traces were subjected to a
response quality test QI = Var[Avg. Resp]/Avg(Var[R(t)]) > 0.45 (calcium imaging) or 0.15
(voltage imaging) to ensure consistency across trials. Peak and area AF/F0 values, along with time
to peak and rise slope for centripetal versus centrifugal responses were calculated using custom
MATLAB scripts. Direction selectivity index (DSI), defined as ( AF/FO _cf - AF/FO_cp)/(
AF/FO_cf + AF/FO_cp), was calculated for all ROIs. Lastly, the dendritic fraction for each ROI

was calculated by (distance soma to ROI)/(distance soma to dendritic tip).

Cell-targeted patch-clamp electrophysiology
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Recordings in this study were performed from ON SACs and posterior-preferring DSGCs. Cells
were visualized with infrared light (920 nm) and an IR-sensitive video camera (Watec). For
current-clamp recordings, SACs were targeted using either Chat-IRES-Cre/floxed tdTomato mice
or mGIluR2-GFP mice. Cell identity was confirmed physiologically by the lack action potentials
from the voltage traces. Recording electrodes of 3.5-4.5 MQ were backfilled with a potassium-
based internal solution containing (from Sigma): 120 mM KMeSOs, 10 mM KCl, 0.07 mM
CaCle2H,0, 10 mM HEPES, 0.1 mM EGTA, 2 mM adenosine 5'-triphosphate (magnesium salt),
0.4 mM guanosine 5'-triphosphate (trisodium salt), 10 mM phosphocreatine (disodium salt),and
pH was balanced to 7.25 with KOH. Electrophysiological recordings were acquired at 10 kHz
with a Multiclamp 700A amplifier (Molecular Devices) using pPCLAMP 10.4 recording software
and a Digidata 1440 digitizer. Membrane potential was monitored in current-clamp mode (holding
current = 0 pA) during moving bar visual stimulation. For a subset of experiments, SACs currents
were monitored using K+ internal in voltage-clamp mode while providing 500 ms voltage steps
ranging from -95 mV to +45 mV. In voltage-clamp mode, whole-cell and series resistance (70%
at 5 kHz) compensation were performed after break-in prior to recording.

For recordings of synaptic currents, posterior-preferring DSGCs were targeted using Drd4-GFP
mice. Recording electrodes were filled with an internal solution containing (in mM): 110 mM
CsMeSOs3, 2.8 mM NaCl, 4 mM EGTA, 5 mM TEA-CIl, 4 mM adenosine 5’- triphosphate
(magnesium salt), 0.3 mM guanosine 5’-triphosphate (trisodium salt), 20 mM HEPES, 10 mM
phosphocreatine (disodium salt), and balance pH to 7.2 with CsOH. Currents were recorded at a

holding potential of 0 mV while presenting moving bar visual stimulation.

Data analysis for electrophysiological recordings
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Current-clamp and voltage-clamp data were analyzed using a combination of Molecular Devices
Clampfit software and custom protocols in MATLAB. Depolarization amplitudes and area were
computed from the low-frequency component of the voltage recording in MATLAB. First, we
isolated the low-frequency component from the recorded voltage traces by taking the average
across 5 trials and passing this average trace through a low-pass filter with a cutoff frequency of
20 Hz. Then local minima were identified between Os and 0.5 s time window to calculate a baseline
Vm value. Finally, the depolarization amplitude was defined as the difference between maximum
Vm (between 0.5s and 2s) and baseline Vm and depolarization area was defined as the area
between the Vm trace (0.5s to 2s) and the baseline Vm. Onset times, rise time (10% to 90%), and

decay times (90% to 10%) were quantified in Clampfit.

Power spectra were computed in MATLAB for individual trials across all voltage recordings for

sampling frequency

frequencies ranging from 0 to 2,500 ( ) We then calculated the average power

number of datapoints
spectrum for each testing condition (baseline, +LY341495, +TEA, +LY & TEA) and the percent
change from base across all frequencies for each of the drug conditions. For analysis of the high-
frequency data, local minima were identified every 50 ms along each individual trial to create a
rolling adjusting baseline representative of the low-frequency depolarization component. We then
fragmented the individual traces into these 50 ms segments and searched for voltage peaks that
were 4 mV or more above the baseline for that segment, had peak prominence of 3 mV or more,
had widths at half-prominence between 4 — 50 ms, and were at least 15 ms apart. For each peak
detected, amplitude (peak — baseline), prominence, time of peak, rise time (10% to 90%), decay
time (90% to 10%), and width at half prominence were recorded. From these, we calculated and

plotted peri-stimulus time histograms and cumulative distributions.
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Inhibitory postsynaptic currents (IPSCs) were recorded from DSGCs in response to a moving bar
stimulus. IPSC amplitude, charge transfer, and baseline holding currents were measured in
Clampfit software for both On (leading edge) and Off (trailing edge) components across 3 trials of
8 directions of the moving bar stimulus. The average amplitude and charge transfer for all
directions were calculated across the 3 trials. Direction selectivity index was calculated using the

average responses in the null (maximal IPSC response) and preferred (opposite to null) directions

Rpuii— R
as follows: DS] = —ui_“pref,
Rpun+ Rpref
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Chapter 3

Conditional Knock-Out of Vesicular GABA Transporter Gene
from Starburst Amacrine Cells Reveals the Contributions of
Multiple Synaptic Mechanisms Underlying Direction Selectivity
in the Retina

This chapter is a full reprint of Pei et al., Journal of Neuroscience (2015), in which I was a
secondary author. This work is included with permission from all authors.

Relevant Publication:

Pei, Z., Chen, Q., Koren, D., Giammarinaro, B., Acaron Ledesma, H., & Wei, W. (2015).
Conditional knock-out of vesicular GABA transporter gene from starburst amacrine cells reveals
the contributions of multiple synaptic mechanisms underlying direction selectivity in the retina.
Journal of Neuroscience, 35(38), 13219-13232.

3.1 Abstract

Direction selectivity of direction-selective ganglion cells (DSGCs) in the retina results from
patterned excitatory and inhibitory inputs onto DSGCs during motion stimuli. The inhibitory
inputs onto DSGCs are directionally tuned to the anti-preferred (null) direction and therefore
potently suppress spiking during motion in the null direction. However, whether direction-
selective inhibition is indispensable for direction selectivity is unclear. Here, we selectively
eliminated the directional tuning of inhibitory inputs onto DSGCs by disrupting GABA release

from the presynaptic interneuron starburst amacrine cell in the mouse retina. We found that, even

without directionally tuned inhibition, direction selectivity can still be implemented in a subset of
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On-Off DSGCs by direction-selective excitation and a temporal offset between excitation and
isotropic inhibition. Our results therefore demonstrate the concerted action of multiple synaptic

mechanisms for robust direction selectivity in the retina.

3.2 Introduction

In mammalian retina, the On-Off type of direction-selective ganglion cell (DSGC) encodes image
motion in four cardinal directions (Barlow & Hill, 1963; Clyde W. Oyster & Barlow, 1967).
Direction-selective spiking of these cells is generated by distinct patterns of synaptic inputs during
preferred and null direction motion. DSGCs receive synaptic inputs from glutamatergic bipolar
cells and starburst amacrine cells (SACs), a class of retinal interneuron that corelease GABA and
acetylcholine (Brecha et al., 1988; Euler et al., 2002; Kosaka et al., 1988; S. Lee et al., 2010;
O’Malley & Masland, 1989; Vaney & Young, 1988). In whole- cell voltage-clamp recordings, the
excitatory inputs onto DSGCs are stronger during motion in the preferred direction, whereas the
inhibitory inputs are stronger during motion in the null direction (Fried et al., 2005; S. Lee et al.,
2010; Park et al., 2014; Taylor & Vaney, 2002). Furthermore, during preferred-direction motion,
the inhibitory inputs lag behind the excitatory inputs due to the spatially offset inhibition relative

to excitation (Fried et al., 2002; Taylor & Vaney, 2002).

Stronger inhibition elicited by null-direction motion is the central component of all existing models
of direction selectivity in the retina. Directional inhibitory inputs onto DSGCs arise from the
synergistic action of two mechanisms. The first mechanism is the asymmetric wiring between
SACs and DSGCs: SAC processes that are oriented toward the null direction provide the majority

of inhibition to a given DSGC (Briggman et al., 2011; Fried et al., 2002; S. Lee et al., 2010; Wei
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et al., 2011a; Yonehara et al., 2011). The second mechanism is direction-selective output of SAC
processes: presynaptic varicosities in SAC processes are preferentially activated by motion in the
centrifugal direction (Euler et al., 2002; Hausselt et al., 2007; S. Lee & Zhou, 2006; N. W. Oesch
& Taylor, 2010). Inhibitory inputs onto DSGCs are stronger in the null direction because motion
in that direction is centrifugal for null-direction-oriented SAC processes and thereby causes
maximal GABA release onto DSGC dendrites. In contrast, motion in the preferred direction is
centripetal for null-direction-oriented SAC processes and thereby evokes less GABA release and
consequently weaker inhibition onto DSGCs. Although direction- selective inhibitory inputs onto
DSGCs are well established in in both rabbit and mouse retinas, whether it is indispensable for

direction selectivity has not been tested directly by loss-of-function studies.

Unlike the well-established role of inhibition, the role of the direction-selective excitation that
impinges onto DSGCs during image motion remains poorly understood and controversial.
Although stronger excitation onto DSGCs when motion is in the preferred direction has been
observed consistently in voltage- clamp experiments (Fried et al., 2005; S. Lee et al., 2010; Park
et al., 2014; Taylor & Vaney, 2002), the neuronal substrate that implements this direction-selective
excitation has not been found. This has raised concern about the limitations of the voltage-clamp
technique: the apparent reduction in excitatory conductances during null-direction motion might
be caused by electrotonic interactions between the large inhibitory conductance and the excitatory
conductance under the condition of imperfect space clamp (Park et al., 2014; Poleg-Polsky &
Diamond, 2011; Vaney et al., 2012). How can the pattern of excitatory inputs onto DSGCs be
isolated from the influence of inhibitory conductances during motion stimuli? Do other synaptic

mechanisms such as direction-selective excitation and temporally offset inhibition contribute to
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DSGC’s directional spiking or is asymmetric inhibition indispensable for direction selectivity? We
addressed these questions by performing a loss-of-function study. Using transgenic mice, we
eliminated the direction tuning of inhibitory inputs onto DSGCs by reducing the strength of
inhibition in the null direction. We then examined direction selectivity in DSGCs when their

inhibitory inputs became isotropic.

3.3 Results

3.3.1 Asymmetric inhibition between SACs and DSGCs is impaired when the Vgat gene is deleted
from SACs

We generated a conditional knock-out mouse line in which the vesicular GABA transporter (Vgat)
gene is selectively deleted in SACs in the retina. This line contains the following transgenes:
homozygous floxed Vgat allele (Vgat /°*/°¥) to replace the endogenous Vgat gene, a choline
acetyltransferase (ChAT)-IRES- Cre knock-in allele for SAC-specific Cre expression (acronym:
C), a floxed tdTomato transgene to report functional Cre protein expression (acronym: T ), and a
Drd4-GFP transgene to label On-Off DSGCs that prefer motion in the posterior direction
(pDSGCs; acronym: D; Huberman et al., 2009); Fig. 3.1A). In these Vgat /**/°*CTD mice,
tdTomato expression was turned on and the Vgat gene was deleted in SACs, whereas GFP was
expressed in pDSGCs (Fig. 3.1B). We first confirmed that the VGAT protein is knocked down in
SAC processes by double immunostaining for Vgat and VAChT in Vgat /*/10*C mice. SAC
processes in Vgat "o*/1*C mice stratify precisely in S2 and S4, where VGAT immunofluorescence
signal is absent (Fig. 3.1C). We did not detect changes in SAC and pDSGC dendritic morphology

(Fig. 3.1 D, E) or in gross anatomical organization of the retina in Vgat/*/°xC mice.
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Figure 3.1: VGAT protein is knocked down in SACs from Vgat conditional knock-out mice.
(A) Schematic diagram showing the transgenes in Vgat conditional knock-out mice. (B) Two-
photon image of the ganglion cell layer from a Vgat/*/°xCTD retina showing a Drd4-GFP labeled
pDSGC (red arrowhead) and tdTomato-labeled SACs (red somas). Scale bar, 10 um. (C) Left,
Vgat /*/ox retina (as a control) and Vgat */°*C retina immunostained for VGAT, VAChT and
DAPI. Right: same images showing the VGAT signal only. Scale bar, 20 um. Arrows indicate the
S2 and S4 sublaminae that contain SAC dendrites. (D) Two On SACs from a Vgat flox/floxCTD
retina filled with Alexa Fluor 594 to show their radial symmetric processes. The dimmer somas in
the background are some unfilled SACs expressing tdTomato in the same focal planes. Scale bars,
50 um. (F) On and Off dendritic arbors from a pDSGC in a Vgat*/°xCTD retina filled with Alexa
Fluor 488. Scale bars, 50 pm.

We then examined GABA release from SACs by performing paired whole-cell voltage-clamp

recordings between SACs and pDSGCs in control (CTD) and Vgat "**/"*CTD mice. We included
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all SAC-pDSGC pairs with an intersoma distance of 60— 80 m that had overlapping dendritic
arbors and clear cholinergic EPSCs. In control mice, SACs from the null side of pDSGCs provide
strong GABAergic inputs to pDSGCs, whereas SACs from the preferred side are weakly
connected (Fig. 3.2A-D). However, in Vgat **/*CTD mice, both null and preferred side SAC-
pDSGC pairs exhibit severe loss of GABAergic transmission (Fig. 3.2A-D). Fifty percent of the
preferred side pairs and 32% of the null side pairs show no detectable GABAergic connections
(Fig. 3A). The rest of the pairs show residual GABAergic responses (Fig. 3.2B-C ), probably due
to GABA release from SACs through residual VGAT protein and/or compensatory mechanisms
(Tritsch et al., 2012; Wojcik et al., 2006). However, the strength of GABAergic connections in
null side pairs is significantly reduced compared with that of null side pairs in the control group
(Fig. 3.2D, control null vs KO null). In Vgat /**/°xCTD mice, the IPSCs in null side pairs are still
slightly stronger on average than those in preferred side pairs, but this difference is not statistically
significant (Fig. 3.2D, KO pref vs KO null). We also noted that the amplitude of IPSCs in null
side pairs in Vgat/***xCTD mice is similar to that of preferred side pairs in the control group (Fig.
3.2D). Therefore, the asymmetric GABAergic transmission between SAC and pDSGCs is
significantly disrupted in these mice. In contrast, the amplitude of cholinergic EPSCs in pDSGCs
is similar in control and Vgat /**/°*CTD mice (Fig. 3.2E), indicating that GABA, but not

acetylcholine, release from SACs has been selectively affected in Vgat "**/°*CTD mice.
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Figure 3.2: Asymmetric inhibition between SACs and pDSGCs is impaired in Vgat/"/oxCTD
mice. (A) Voltage-clamp traces from null-side SAC-DSGC pairs in CTD (Control) and Vgat
Jloxlflox CTD (KO) mice showing cholinergic EPSCs (red) and GABAergic IPSCs (black) evoked in
DSGCs by depolarizing SACs. Dashed lines indicate the onset of voltage step in SACs. Top:
schematic diagram shows the relative soma locations in null-side pairs. Black arrow indicates the
DSGC’s preferred direction. Thicker red arrow indicates stronger GABAergic inputs from null-
side SAC. (B) Examples of null-side SAC-evoked IPSCs of pDSGCs in Control and KO groups
exhibiting residual inhibition. (C) Examples of preferred-side SAC-evoked IPSCs in Control and
KO groups exhibiting residual inhibition. Top schematic diagram shows the relative soma
locations in preferred-side pairs. (D) Summary plot of IPSC peak amplitudes in pDSGCs evoked
by preferred and null side SACs. Individual data points and statistical summary (mean + SEM) are
shown. Control-Pref: 49.5 + 13.7 pA, n = 7 cells, 5 mice; Control-Null: 299.7 £ 35.0 pA, n= 16
cells, 8 mice; KO—Pref: 14.8 5.1 pA, n= 13 cells, 8 mice; KO—Null: 44.3 £ 11.3 pA, n=20 cells,
11 mice. (E) As in D summary plot of cholinergic EPSC peak amplitudes. Control-Pref: 167.3 +
22.4 pA, n =7 cells, 5 mice; Control-Null: 204.0 +23.4 pA, n = 16 cells, 8 mice; KO—Pref: 183.3
+ 25.0 pA, n = 13 cells, 8 mice; KO—Null: 187.2 £27.4 pA, n = 20 cells, 11 mice. (F) Examples
of IPSCs in pDSGCs evoked by uncaging of Rubi-GABA. Synaptic transmission was blocked by
300 M CdCl,. Vertical lines indicate the start of illumination by a 470 nm LED of a 400mspot
centered on the DSGC. (G) Summary plot of IPSC peak amplitudes (left) and charge transfer
(right) in pDSGCs during uncaging of Rubi-GABA. Individual data points and statistical summary
(mean + SEM) are shown. Control: peak amplitude 17.8 £ 2.2 pA, charge transfer 1892.7 + 245.6
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Figure 3.2 (cont.) pA/ms, n = 12 cells, 4 mice; KO: peak amplitude 19.6 + 1.9 pA, charge transfer
2253.5 £254.8 pA/ms, n =9 cells, 3 mice.

To determine whether the expression of GABA receptors on pDSGCs is altered by knocking out
Vegat in SACs, we performed uncaging of Rubi-GABA onto a 400-um-diameter area of the retina
centered on pDSGC somas and recorded the GABAergic responses in pPDSGCs from control and
Vgat "o*M1o*CTD mice. The cells from both groups show uncaging-induced GABAergic currents
with similar peak amplitude and charge transfer (Fig. 3.2F,G). This suggests that disrupting
GABA release from SACs in Vgat/*/°*xCTD mice does not lead to a drastic change in the amount

of GABA receptor expression on pDSGCs.

3.3.2 Light response of pDSGCs in the absence of direction-selective inhibition

How do the pDSGCs of Vgat "*/o*CTD mice respond to moving stimuli in the absence of
asymmetric inhibition between SACs and pDSGCs? We addressed this question by performing
loose-patch and whole-cell voltage-clamp recordings of Drd4-GFP-positive pDSGCs in control
mice (Vgat "*xTD, Vgat "D, and CTD) and in Vgat "**/**CTD mice to monitor responses
during moving bar stimuli. We also filled the cells with Alexa Fluor 594 after recordings to acquire
two- photon image stacks of the recorded pDSGCs. This allowed us to collect data from Drd4-
GFP-positive cells that exhibit the characteristic morphology of On-Off DSGCs, namely, looping
dendritic arbors that costratify with tdTomato-labeled SAC processes in the S2 and S4 sublaminae

(Berson, 2008).

First, we examined the pattern of inhibitory inputs onto pDSGCs in Vgat"™*/"*CTD mice. In control

mice, the leading and trailing edges of a moving bright bar in the null direction evoked stronger
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IPSCs than in the preferred direction in all pDSGCs (Fig. 3.3A—C). In Vgat **/*xCTD mice, a
small number of DSGCs exhibited no detectable light-evoked IPSC (15%, 3 of 20 cells) and the
rest of the DSGCs showed residual IPSCs (Fig. 3.3A). However, the residual IPSC amplitude and
charge transfer in the null and preferred directions were not significantly different (Fig. 3.3B-C ).
The amplitude of the residual IPSCs in Vgat "*/*CTD mice is comparable to that of preferred-
direction evoked IPSCs in the control group (Fig. 3.3C). This is consistent with the loss of
asymmetric GABAergic transmission between SACs and pDSGCs observed in paired recordings

(Fig. 3.2D).
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Figure 3.3: Inhibitory 1nputs onto pDSGCs in Vgatﬂ‘”‘/ﬂ”"CTD mice lose dlrectlon selectivity.
(A) Voltage-clamp recordings of a pDSGC in Vgat */xTD (Control, Cell 1) and of 3 cells in
Vgat "o*M1oxCTD mice (KO, Cell 2— 4) showing inhibitory currents evoked by the leading (On) and
trailing (Off) edges of a bright bar moving in the preferred and null directions. Dashed lines
separate the leading and trailing edge responses. (B) For the On (left) and Off (right) components
indicated in (A), summary plots of IPSC peak amplitudes and total charge transfer evoked by null-
direction motion against those evoked by preferred-direction motion. Control mice include Vgat
JoxlfloxTD | Vgat oxfxD, and CTD for this figure and subsequent figures. Diagonal lines are unity
lines. (C) Summary plots showing IPSC amplitudes and total charge transfer in the preferred and
null directions for control (n =17 cells, 10 mice) and KO (n =17 cells, 10 mice) groups. On: control
preferred 300.3 = 31.1 pA, control null 624.1 + 52.8 pA, KO preferred 336.2 + 42.0 pA, KO null
344.5 + 36.9 pA; Off: control preferred 196.3 + 30.2 pA, control null 472.7 + 45.0 pA, KO
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Figure 3.3 (cont.) preferred 250.4 + 36.0 pA, KO null 274.3 + 33.2 pA; total charge transfer:
control preferred 108.3 £+ 18.0 pA/s, control null 333.5 + 34.9 pA/s, KO preferred 161.7 + 23.3
pA/s, KO null 154.6 + 23.3 pA/s.

Next, we investigated whether the spiking activity of pDSGCs is still direction selective in Vgat
flox/floxCTD mice using loose-patch recording during moving bar stimuli. We used the normalized
vector sum of spiking activity and DSI, defined as (Npyef = Npyi)/ (Npreg + Npyu), where N is
the total number of spikes evoked by the leading and trailing edges of the moving bar. The cells
were filled with Alexa Fluor 594 after loose- patch recordings for two-photon imaging of their
dendritic morphology. To prevent sampling bias, we included all Drd4- GFP-positive pDSGCs
with bistratified dendrites at S2 and S4 in our analysis without preselection of cells based on their
DSI values. In the control group, the most weakly tuned pDSGC has a DSI value of 0.23 (Fig. 3.4
A, B, cell #1). To determine whether a cell shows statistically significant direction selectivity, we
performed a bootstrapping analysis with the null hypothesis that spiking activity are uniform in all
motion directions. All cells in the control group, including the one with DSI of 0.23, showed
significant direction selectivity in the boot- strapping analysis. In Vgat /*/°*CTD mice, many
pDSGCs have DSI values < 0.2 and tuning curves that are not apparently direction selective (Fig.
3.4 A, B, cell #3). Therefore, we use the following two criteria to classify pDSGCs in Vgat
Jlox/flox CTD mice as direction selective: (1) a DSI cutoff of 0.2 and (2) the bootstrapping analysis (p
< 0.05). According to this method, pDSGCs in Vgat /*/*CTD mice are divided into non-
direction-selective (non-DS) and direction-selective (DS) groups. We found that 49% (16 of 33
cells) of these pPDSGCs belong to the non-DS group and lose direction selectivity in their spiking
activity (Fig. 3.4A). This indicates that asymmetric inhibition between SACs and DSGCs is
indispensable for direction selectivity in some cells. However, the remaining 51% of pDSGCs (17

of 33 cells) in Vgat */°xCTD mice belong to the DS group and show direction-selective spiking
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(Fig. 3.4 A, B), although their spike DSI and vector sum values are significantly reduced compared
with those in the control group (Fig. 3.4C). Impaired direction selectivity of all pDSGCs in Vgat
Jlox/flox CTD mice demonstrates that direction-selective inhibition is required for optimal tuning, but
it is notable that residual direction selectivity is implemented in half of the pDSGCs in the absence
of asymmetric inhibition. After performing loose-patch recordings, we then performed whole-cell
patch-clamp recordings from a subset of the pDSGCs from the control, non-DS, and DS groups to

measure their excitatory and inhibitory inputs (Fig. 3.5).
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Figure 3.4: Spiking activity remains direction selective in a subpopulation of pDSGCs in
Vgat flox/floxCTD mice. (A) Cumulative frequencies of spike DSI from control and Vgat
JloxlfloxCTD (KO) mice. Dashed line indicates cutoff between non-DS and DS groups of pDSGCs
in KO mice. Numbers 1-5 indicate individual cells belonging to control, non-DS, and DS groups.
(B) Polar plots and DSI values of spiking activity for cells labeled 1-5 in (A) illustrate a non-DS
cell from a KO mouse (#3), weakly tuned cells in control (#1) and KO (#4) mice, and strongly
tuned cells in control (#2) and KO (#5) mice. Colored lines represent individual repetitions and
black lines represent the mean number of spikes evoked by bars moving in 12 directions. Red lines
in the center represent the vector sum of spiking activity. The maximum number of spikes is shown
in the upper right of each plot. (C) Summary plot showing DSI and vector sum values in control
(n = 33 cells, 20 mice) and KO-DS (n =18 cells, 15 mice) groups. DSI control: 0.59 + 0.03; KO-
DS: 0.37 £ 0.04; vector sum control: 0.35 + 0.03; KO-DS: 0.20 + 0.02.
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We first investigated whether residual inhibition in Vga#™****CTD mice could account for the
difference in spiking activity between the non-DS and DS groups. We quantified the directionality
of inhibition using the ratio of IPSC amplitudes in response to bars moving in the null and preferred
directions (N/P), where the preferred direction was defined by the angle of the vector sum of the
spike-tuning curve. As expected, cells in control mice show high N/P ratios for both On and Off
components (Figs. 3.6A, 2.5A). However, residual IPSCs in the non-DS and DS groups exhibit
similar N/P ratios that are significantly lower than those in control cells (Figs. 3.6A, 2.5 B, C). In
addition, there is no positive correlation between the IPSC N/P ratios and the spiking DSI values
in the DS group of Vgat ¥/*CTD mice (Fig. 3.6B). This indicates that the directional spiking of

pDSGCs in the DS group cannot be explained by the strength of residual inhibitory inputs.

Next, we investigated whether the excitatory inputs onto pDSGCs remain direction selective in
Vgat/"*/xCTD mice. The EPSCs in the control and Vgat/**/°*CTD mice are of similar amplitude,
suggesting that the excitatory inputs onto pDSGCs in Vgat **/*CTD mice are not perturbed by
Vgat deletion (Fig. 3.6E). We used the ratio of EPSC amplitude in the preferred and null directions
(P/N) to quantify the directionality of excitatory inputs. Moving bars evoked non-directional
excitation onto pDSGCs in the non-DS group (Figs. 3.6C, 2.5B). In contrast, motion-evoked
excitatory inputs onto pDSGCs in the DS group were still direction selective and tuned to the
preferred direction of spiking, similarly to control cells (Figs. 3.6C, 2.5C). A positive correlation
was found between the DSI and EPSC P/N ratio in the DS group (Fig. 3.6D). Furthermore, both
the spiking activity and the EPSCs of Drd4-GFP-positive neurons remain tuned to the posterior
direction in Vgat/*/°xCTD mice, similar to those in wild-type retinas (Fig. 3.6F). Bath application

of the GABAA receptor antagonist gabazine significantly reduced the EPSC P/N ratio in both the
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control and DS groups in Vgat/**/**CTD mice (Fig. 3.6G), which is consistent with the hypothesis
that DS excitation may involve upstream inhibitory mechanisms other than GABA release from
SACs (Fried et al., 2005; S. Lee et al., 2010). Together, these results indicate that directionally

tuned excitation contributes to direction-selective spiking activity.

A B C

Control nonDS DS
' In L
Spiking i I[MH
" ~tmm T
EPSC “'w "\/’ W
lﬁ’,
lg8e8
IPSC

EPSC

Figure 3.5: Different patterns of excitatory and inhibitory inputs underlie direction-selective
spiking of pDSGCs. (A) Example cell from a control mouse showing its spiking activity and
excitatory and inhibitory currents evoked by preferred (red) and null (black) direction motion. The
preferred direction is determined from spiking activity. Top four rows: traces from
electrophysiological recordings of spikes and excitatory (inward) and inhibitory (outward)
currents. Lighter traces are three individual repetitions and dark traces are the mean traces of the
three repetitions. Lower three rows: polar plots of spiking responses and peak amplitudes of EPSCs
and IPSCs. The On responses evoked by the leading edge of the moving bar are shown in this and
subsequent examples in this figure. (B) Example cell from the non-DS group in a Vgat ***xCTD
mouse. Excitatory inputs onto this cell are not direction selective. The relative timing between
excitation and inhibition is similar for the preferred and null direction motion. (C) Example cell
from the DS group that received direction-selective excitatory inputs and slightly delayed
inhibitory inputs in the preferred direction motion.
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Figure 3.6: The excitatory but not inhibitory inputs onto the pDSGCs from the DS group in
Vgat flox/floxCTD mice are directionally tuned to the posterior direction. (A) Summary plot
showing the log ratio of IPSC amplitudes in the null and preferred directions (log(N/P)) for On
and Off components for control (n =17 cells, 11 mice), non-DS (On: n = 6 cells, Off: n =11 cells),
and DS (On: n = 14 cells, Off: n = 11 cells, On and Off data from 18 mice) groups. Data are
represented as mean = SEM. On: Control 0.34 £ 0.04, non-DS 0.07 + 0.05, DS -0.04 £ 0.04; Off:
Control 0.45 + 0.04, non-DS 0.05 + 0.04, DS -0.08 + 0.04. (B) Scatter plots of IPSC log(N/P) ratio
versus spike DSI for On (left) and Off (right) components in the DS group. DSI values for On and
Off spiking activity are calculated separately. Dashed lines indicate linear regression fit for this
and subsequent plots. (C) Summary plot showing the log ratio of EPSC amplitudes in the preferred
and null directions [log(P/N)] for On and Off components for control (n = 17 cells, 11 mice), non-
DS (On: n =6 cells, Off: n= 11 cells), and DS (On: n = 14 cells, Off: n= 11 cells, On and Off data
from 18 mice) groups. On: Control 0.13 + 0.06, non-DS -0.08 = 0.04, DS 0.12 + 0.03; Off: Control
0.17 £ 0.04, non-DS -0.01 = 0.02, DS 0.24 £ 0.03. (D) Scatter plots of EPSC P/N ratio versus spike
DSI for On (left) and Off (right) components in the DS group. (E) Summary plot showing
maximum EPSC amplitudes in pDSGCs from control and KO groups. Filled diamonds represent
mean £ SEM. On: Control 320.5 + 25.0 pA, KO 332.1 + 34.4 pA; Off: Control 315.8 £ 22.7 pA,
KO 357.0 + 46.9 pA. (F) Histograms of preferred directions calculated from spiking activity in
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Figure 3.6 (cont.) control mice (top) and spiking activity (middle) and EPSC amplitude (bottom)
in KO mice. The preferred directions of EPSCs are determined from the vector sums of peak
amplitudes from 12 directions. The visual coordinates are labeled on the top of the histograms. (G)
Summary plot showing the log of EPSC P/N ratio before (+) and after (-) gabazine application in
control and the DS group in Vgat flox/floxCTD mice (KO-DS). Control mice: before gabazine,
0.23 £ 0.04; after gabazine, 0.05 = 0.02, n = 20 cells, 8 mice; KO-DS: before gabazine, 0.14 +
0.02; after gabazine, - 0.02 = 0.02, n = 8 cells, 5 mice. On and Off components are pooled together.
Because direction-selective EPSCs in wild-type mice may result from the presence of stronger
inhibitory inputs during motion in the null direction under imperfect voltage-clamp conditions, we
further assessed whether residual inhibition could account for the directionality of EPSCs in Vgat
Jox[flox CTD mice. If inhibitory currents largely account for direction-selective excitation, then both
the IPSC peak amplitude in the null direction and the IPSC N/P ratio would be expected to correlate
positively with the EPSC P/N ratio. In control mice, no positive correlation is found between the
IPSC N/P ratio and EPSC P/N ratio (On: R?2=0.02, p = 0.40; Off: R>=0.03, p=0.40, n =17 cells;
linear regression with an F test) or between null-direction IPSC peak amplitude and EPSC P/N
ratio for the On component (R?=0.15, p=0.12). A weak positive correlation is seen between IPSC
amplitude and EPSC P/N ratio for the Off component in control mice (R? = 0.33, *p = 0.02), which
might be explained by the difficulty in controlling membrane potential in the more distal Off
dendritic arbors of pPDSGCs and therefore more pronounced space-clamp errors. However, in Vgat
Jox[flox CTD mice, there is no positive correlation between the EPSC P/N ratio and either the IPSC
amplitude (On: R?>=0.34, * p = 0.01, negative correlation; Off: R>= 0.001, p = 0.90; n =19 cells)
or the IPSC N/P ratio (On: R?>= 0.21, p = 0.08; Off: R>= 0.03, p = 0.44). To further rule out the
effect of residual inhibition on the directional tuning of pDSGC'’s spiking activity and EPSCs, we
separately analyzed the cells in the DS group with IPSC N/P ratio < 1. All of cells in this group

exhibit direction-selective excitation [EPSC log(P/N) = 0.20 + 0.04, n = 14, On and Off data are

pooled together]. In addition, of the DS group, ~8% of the pDSGCs showed directionally tuned
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EPSCs but no detectable stimulus-evoked IPSCs, indicating that direction-selective excitation can
be the sole mechanism generating direction selectivity in some pDSGCs in Vgat"*/**CTD mice.
In summary, it is unlikely that imperfect voltage-clamp recording accounts solely for the observed
direction selectivity of excitatory inputs. When the inhibitory inputs onto pDSGCs in
Vgat"*°xCTD mice are abolished or reduced to equal strength during motion in the preferred and
null directions, direction selectivity of the spiking activity and of excitatory inputs persists in about

half of the pDSGC population.

Because the majority of Drd4-GFP-positive neurons receive residual inhibition in Vga#™*/*xCTD
mice, we examined the relative timing of excitatory inputs and residual inhibitory inputs onto
DSGCs during motion stimuli. We measured two parameters: (1) the time of peak current
amplitude (tpeqx) and (2) the time at the center of mass of the total charge transfer (t.,,). We then
calculated the timing difference between EPSCs and IPSCs (4t) evoked by the leading edge of the
moving bar in the preferred and null directions. The temporal offset is defined as Atp,.er — Atpyy,
with a positive value indicating delayed inhibition in the preferred direction. We did not quantify
the temporal delay for the trailing edge response because, in many pDSGCs in Vgat™/"*CTD
mice, it is difficult to identify precisely the peak time for the Off response due to reduced IPSC
amplitude and a sustained component of IPSC between the leading and trailing edge of the moving
bar (Fig. 3.3A). Analysis using tpeqi OF tem yields qualitatively the same results. In the control
group, the inhibitory inputs onto pPDSGCs were significantly delayed compared with the excitatory
inputs during motion in the preferred direction (Figs. 3.7A, 2.5A). The temporal offset of

inhibitory inputs is absent in the non-DS group (Figs. 3.7A, 2.5B). For pDSGCs in the DS group,
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the residual inhibition is still delayed in the preferred direction motion, but this temporal delay is

significantly reduced compared with the control group (Figs. 3.7A, 2.5C).
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Figure 3.7: Relation between spiking activity and the time course of excitation and inhibition
onto pDSGCs in Vga#"**CTD mice. (A) Summary plots showing the temporal offset of t,,¢q
or t., between EPSCs and IPSCs in pDSGCs evoked by the leading edge of a bright moving bar
from the control, non-DS, and DS groups (4tpeqi: control, 149.0 + 14.35 ms, n = 20 cells; non-
DS, -10.0 £11.2 ms, n = 6 cells; DS, 86.7 + 16.7 ms, n = 14 cells; 4t,,, control: 136.7 + 22.7 ms;
non-DS, 3.5+ 9.6 ms; DS, 56.8 +23.4 ms. (B) Temporally aligned spike-density histograms (top),
current-density histograms (middle) for EPSCs (red, inward) and IPSCs (blue, outward), and the
relative difference between excitatory and inhibitory conductances (4g, bottom) of a pDSGC in
preferred and null directions of a moving bar stimulus. For B and C, 100 ms bins are used. Time
windows of On and Off spikes are indicated by dashed lines. (C) Cross-correlograms for the
neuron in B. The spiking activity, EPSC, and Ag covary synchronously, as indicated by the
correlation coefficient peaking at the t = 0 bin. The two smaller peaks at both sides result from the
cross-correlation between On and Off responses during the moving bar stimulus. (D) Summary
plots showing the cross-correlation coefficient at t = 0 between spiking and EPSC and between
spiking and Ag in the preferred and null directions (preferred direction: spike vs EPSC, 0.87 +
0.04; spike vs Ag, 0.72 £ 0.09; null direction: spike vs EPSC, 0.80 £ 0.04; spike vs 4g, 0.56 +
0.09, n = 8 cells).
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How do directional excitation and temporal delay between excitation and inhibition contribute to
the spiking activity in Vga#™***CTD mice? We attempted to address this question by comparing
the time course of action potential generation, excitatory and inhibition currents, and the relative
difference between excitatory and inhibitory conductances (4g = g. - g;)- The recorded traces
were divided into 100 ms bins. The number of action potentials, excitatory and inhibitory currents,
and Ag are integrated in each bin for preferred and null directions (Fig. 3.7B). Cross-correlograms
show that spiking activity is strongly correlated with the excitatory currents (Fig. 3.7C, D). We
did not observe an improved correlation between spiking activity and Ag (Fig. 3.7C, D). This
result lends further support to an important role of direction-selective excitation in direction-

selective spiking in Vgat™*"*CTD mice.

3.3.3 Cholinergic component is directional in the DS group of Vgat"*"o*CTD mice

Because DSGCs receive glutamatergic and cholinergic inputs from bipolar cells and SACs,
respectively, we investigated which component of the EPSCs is direction selective in
Vgat"*°xCTD mice. We recorded moving bar-evoked EPSCs from cells in the DS group before
and after applying the nicotinic receptor antagonist DHBE (Fig. 3.8A). DHBE has been shown to
completely block the cholinergic inputs from SACs to DSGCs (Wei et al., 2011a). DHBE-sensitive
currents are obtained by subtracting the residual EPSC trace from the one before addition of DHBE.
We found that DHE significantly reduced the peak P/N ratios of EPSCs. However, the DHBE-
sensitive currents are direction selective and tuned to the posterior direction in both the On (Fig.
3.8B-D) and Off (Fig. 3.8E, F) components. Therefore, directionally tuned excitation in

Vgat"*°xCTD mice is mostly attributed to cholinergic inputs from SACs.
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Figure 3.8: Cholinergic component of the EPSCs in the DS group from the Vga#"*"*CTD
mice is direction selective. (A) Mean EPSC traces (average over three trials) of a pDSGC in the
DS group evoked by a moving bar in the preferred and null directions. EPSCs were recorded before
(top) and after (middle) 0.08 um DHBE was applied through perfusion. The subtracted trace
(bottom) represents the DHBE-sensitive cholinergic component of the EPSCs. (B) Polar plot of the
peak amplitude of the On responses for the total (black), DHBE-insensitive glutamatergic (blue),
and DHPBE-sensitive cholinergic (red) components from the cell in A. P, Posterior; A, anterior; S,
superior; I, inferior. (C) For On responses, scatter plots of EPSC peak amplitudes evoked by null-
direction motion against those evoked by preferred-direction motion for the total (left), DHBE-
insensitive (middle), and DHBE-sensitive (right) components. Diagonal lines are unity lines. (D)
Summary plot showing the log ratio of EPSC amplitudes in the preferred and null directions
[log(P/N)] for the On response for the total (left), DHBE-insensitive (middle), and DHBE-sensitive
(right) components. Total: 0.17 + 0.03; DHBE-insensitive: 0.09 + 0.02; DHBE-sensitive: 0.23 +
0.05; n =11 cells, 8 mice. (E) As in C, scatter plots for Off responses. (F) As in D, summary plot
showing the log ratio of EPSC amplitudes in the preferred and null directions [log(P/N)] for the
Off response. Total: 0.20 + 0.03; DHBE-insensitive: 0.08 + 0.05; DHBE-sensitive: 0.21 + 0.03.

3.3.4 Direction selectivity of pDSGCs in Vgat"*"**CTD mice is not due to asymmetric distribution

of their dendritic arbors

84



Asymmetric distribution of dendritic arbors has been proposed as another mechanism underlying
direction selectivity in a subtype of On-Off DSGCs that prefer motion in the superior direction
(Kay, de la Huerta, et al., 2011; Trenholm et al., 2011) and in a class of Off DSGCs (Kim et al.,
2008). To determine whether the direction selectivity observed in pDSGCs from Vga#™*/*xCTD
mice results from asymmetric dendritic morphology, we compared the area (Fig. 3.9A) and the
total length (Fig. 3.9C) of dendritic arbors occupying the preferred side versus those occupying
the null side and calculated the P/N ratios for each pDSGC. We found random distribution of
dendrites along the preferred-null axis and a lack of correlation between the P/N ratio for dendritic
arbor area or length and spike DSI (Fig. 3.9B, D). Therefore, dendritic morphology does not dictate

the directional preference in the pDSGCs in Vga#"*/**CTD mice.

3.4 Discussion

This study shows that, in the absence of direction-selective inhibition, direction selectivity is not
completely abolished in a subset of DSGCs, but is implemented by direction-selective excitatory
inputs and temporally offset inhibition. Therefore, multiple synaptic mechanisms act

synergistically to ensure robust direction selectivity of mouse DSGCs.

An indispensable role of SACs in direction selectivity has been supported by multiple studies that
selectively ablated SACs by toxin treatment (Amthor et al., 2002; Yoshida et al., 2001) or
chemogenetic silencing (Vlasits et al., 2014). Because these manipulations abolish both GABA
and acetylcholine release from SACs, loss of direction selectivity observed in these studies can
result from lack of both excitatory and inhibitory mechanisms. In this study, GABA, but not

acetycholine release, was selectively blocked from SACs.
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Figure 3.9: The orientation of dendritic arbors of pDSGCs in Vga#™*°*CTD mice does not
predict the cells' preferred directions. (A) Schematic showing the method of measuring
dendritic arbor area occupying the preferred (A,,r) and null (A,,y) sides of a pDSGC in a
Vgat"*°xCTD mouse. The image is the Z projection of the On layer of a pDSGC's dendrites
acquired by two-photon imaging. Red arrow indicates preferred direction of the cell's spiking
activity. Scale bar, 50 pm. (B) Scatter plots of the log of the area ratio Apyer/Apyy versus spike
DSI in Vgad™*/o*CTD mice for the On and Off components. (C) Example of reconstructed On and
Off dendritic arbors of a pDSGC for calculating dendritic length. Scale bars, 50 um. (D) Same as
B, scatter plots of log dendritic length ratio L,¢f/Lpnqy versus spike DSI in Vgat"*1o*CTD mice.

Pharmacological blockade of GABA receptors by antagonists has been shown to cause loss of
direction-selective spiking activity in DSGCs (Ariel & Daw, 1982; Caldwell et al., 1978; Chiao &
Masland, 2003; Cohen & Miller, 1995; Kittila & Massey, 1995; Weng et al., 2005). In addition to
blocking GABAergic inhibition, GABA receptor antagonists also abolished direction-selective
excitatory inputs onto DSGCs in wild-type (Fried et al., 2005; S. Lee et al., 2010) and
Vgat"*"o*CTD (Fig. 3.6G) mice. Results from these pharmacological experiments can be
interpreted in the following two ways. First, direction-selective excitation is generated by

presynaptic inhibition onto excitatory presynaptic terminals. Because the residual GABAergic

inputs from SACs to DSGCs in Vgat™***CTD mice are nondirectional, this directional
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presynaptic inhibition likely comes from additional GABAergic amacrine cell types other than
SACs (Hoggarth et al., 2015; Park et al., 2015). The second interpretation is that the relatively
small differences in EPSCs in the preferred and null directions may be masked by hyperactivity of
retinal network when GABAergic inhibition is nonspecifically blocked by antagonists. We cannot
distinguish between the above two possibilities. Furthermore, VGluT3-expressing amacrine cells
(S. Lee et al., 2014) have been shown recently to provide excitatory inputs onto DSGCs. How this
and other recently identified amacrine cell types are involved in the direction-selective excitatory

inputs described in this study is not clear and awaits future studies.

Deletion of Vgat from SACs by ChAT-IRES-Cre expression appears to cause no detectable change
in the rest of the direction-selective circuit during development. Both the SAC-DSGC cholinergic
synapses and GABA receptor expression on pDSGCs appear to be unaffected. The strength of
light-evoked EPSCs in Vga#™*°*CTD mice is comparable to that in the wild-type animals.
Furthermore, we did not detect enhanced direction selectivity of excitatory inputs in the
conditional knock-out mice, suggesting that there is little developmental compensation or
reorganization of other synapse types when GABA release from SACs is impaired. Lack of
heterosynaptic competition and lack of co-regulation of excitation and inhibition have also been
demonstrated in other retinal circuits in mice (Okawa et al., 2014; Schubert et al., 2013). Therefore,
the results from Vga?™*/°*xCTD mice likely reflect the contributions of excitatory mechanisms to
direction selectivity in normal healthy mice, but we cannot completely exclude the possibility of

compensatory changes in the circuit.

87



A major concern about direction-selective excitation observed in voltage-clamp experiments is the
underestimation of EPSCs during motion in the null direction due to the presence of strong
inhibitory inputs (Poleg-Polsky & Diamond, 2011; Vaney et al., 2012). In Vga?"*/"*CTD mice,
null-direction inhibition is severely reduced to a level similar to preferred-direction inhibition or,
in some cases, is completely eliminated. This should substantially alleviate the distortion of EPSCs
by IPSCs during null-direction motion. Direction-selective excitation is still present in the DS
group under these conditions, indicating that there is a genuine difference in the strength of
excitatory inputs onto those DSGCs during motion in the preferred and null directions.
Furthermore, blocking the cholinergic component of excitation in the DS group reduced direction
tuning of excitation, which cannot be explained by voltage-clamp artifacts. The existence of
direction-selective excitation in Vga#™***CTD mice also implies that direction-selective EPSCs
of DSGCs measured in wild-type mice reflect a genuine excitatory input pattern, although this
direction-selective excitation might be quantitatively overestimated because of space-clamp
issues, especially at the Off dendritic arbors (Poleg-Polsky & Diamond, 2011). In contrast,
pDSGCs in the non-DS group lack directional tuning of their excitation. It is possible that GABA
release from SACs is critical for generating direction-selective excitation in the non-DS group.
Alternatively, direction-selective excitation may not be a universal mechanism for all DSGCs.
Either possibility highlights the heterogeneity of excitatory mechanisms in the direction-selective

circuit.

We found that directional excitation in Vga#™*/°*xCTD mice is unlikely to be attributed to

glutamatergic inputs onto DSGCs. This is consistent with results from functional imaging studies

in wild-type mice, which used an extracellular glutamate sensor (iGluSnFR) expressed in On
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DSGCs and a subtype of On-Off DSGCs and a calcium sensor (GCaMP3) expressed in On bipolar
cell terminals. These studies reported nondirectional glutamatergic responses from these sensors
during motion stimuli (Park et al., 2014; Yonehara et al., 2013), indicating that the glutamatergic

component of the excitatory conductances is not direction selective in wild-type mice.

The role of acetylcholine in direction selectivity has been less clear. During blockade of
GABAergic inhibition, cholinergic excitation has been implicated in motion facilitation in all
directions (Chiao & Masland, 2002; He & Masland, 1997). However, whether the contribution of
cholinergic excitation is directional in the absence of GABA antagonists has been controversial.
Several extracellular recording studies using moving bars showed that nicotinic antagonists do not
abolish direction selectivity (Ariel & Daw, 1982; Cohen & Miller, 1995; Kittila & Massey, 1995).
In contrast, other studies using drifting gratings showed that a nicotinic antagonist largely
eliminated direction selectivity (Grzywacz, Amthor, et al., 1998; Grzywacz, Merwine, et al.,
1998). Furthermore, in whole-cell recordings, direction-selective modulation of cholinergic inputs
onto DSGCs has been reported (Fried et al., 2005; S. Lee et al., 2010; Park et al., 2014). In this
study, we also observe direction-selective cholinergic excitation, suggesting that this mechanism
may be used by both wild-type and Vgat"*/"**CTD mice. The conflicting results from past studies
may be explained by variability in experimental conditions. Indeed, light responses of retinal
ganglion cells have been shown to change with background luminance and contrast (Pearson &
Kerschensteiner, 2015; Tikidji-Hamburyan et al., 2015) and the mechanisms of direction

selectivity may be modulated by visual stimulus conditions (Lipin et al., 2015; Vlasits et al., 2014).
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It is noteworthy that SAC-mediated GABA release in Vga#****CTD mice is not completely
abolished, consistent with previous studies on VGAT knock-out mouse lines (Tritsch et al., 2012;
Wojcik et al., 2006). The residual light-evoked IPSCs may come from the residual GABAergic
transmission from SACs shown in paired recordings or from inhibitory inputs from other amacrine
cell types (Hoggarth et al., 2015; Park et al., 2015). For the pDSGCs in the DS group, although the
inhibitory inputs are non-directional, the temporal offset is present albeit reduced compared with
the wild-type. This residual temporal offset might result from the weak, statistically nonsignificant
bias of residual inhibitory inputs coming from the null-side SACs (Fig. 3.1D, KO pref vs KO null).
Because SAC processes prefer motion in the centrifugal direction in the wild-type animal, it is
unclear why slightly more inputs from null-side SACs did not produce slightly stronger residual
inhibition during null-direction motion. One possibility is that reducing GABA release from SACs
impairs the centrifugal preference in SACs due to disrupted reciprocal inhibition among SACs
(Euler et al., 2002; Hausselt et al., 2007; S. Lee & Zhou, 2006; Miinch & Werblin, 2006; N. W.
Oesch & Taylor, 2010). Another possibility is that SAC processes are still depolarized more
strongly by centrifugal motion, but depletion of vesicular GABA in Vgat knock-out mice has a
more severe impact on GABA release during the more strongly depolarizing centrifugal stimuli,

resulting in overall nondirectional GABA release from SAC processes.

The spiking pattern of DSGCs depends on the interaction between the intrinsic properties of
dendrites and patterned excitatory and inhibitory inputs (Cafaro & Rieke, 2010; N. Oesch et al.,
2005; Schachter et al., 2010; Sivyer & Williams, 2013; Trenholm et al., 2014). In wild-type mice,
motion in the null direction evokes powerful inhibitory inputs onto DSGCs that occur

simultaneously with excitatory inputs, whereas motion in the preferred direction evokes weak
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inhibitory inputs that are significantly delayed compared with the excitatory inputs. These factors
contribute synergistically to the selective suppression of null-direction spiking. In Vgat"*/xCTD
mice, the inhibition in the null direction is severely weakened (similar to the level of that in the
preferred direction) and therefore is less effective in vetoing the spiking activity driven by
excitatory inputs. As a result, spike generation is strongly correlated with EPSCs in Vgat™*/"*CTD
mice. In addition, both spiking activity and EPSCs are tuned to the posterior direction. Together,
these findings highlight the importance of an excitation—inhibition interaction in sensory
processing and strongly support a role of directional excitation in direction selectivity in a

subpopulation of DSGCs.

3.5 Experimental Procedures

Animal Handling and Husbandry

Vgat"*fo*mice (Slc32al tm1Lowl /J), ChAT-IRES-Cre mice (129S6-Chat ™?"9LowI[]) and floxed
tdTomato mice (129S6-Gt(ROSA) 26Sor ™M9(CAG - tdTomato)Hze; Iy were acquired from The Jackson
Laboratory. Drd4-GFP mice were originally developed by MMRRC (http:/
www.mmrrc.org/strains/231/0231.html) in the Swiss Webster back- ground, subsequently
backcrossed to C57BL/6 background, and were obtained from Dr. Marla Feller at the University
of California—Berkeley. All strains were backcrossed to the C57BL/6 background in our laboratory
and crossed to each other to create the lines used in this study. Mice of both sexes between
postnatal days 18 and 35 were used for paired recording experiments and those at postnatal days
24 -35 were used for light response experiments. All procedures to maintain and use mice were in

accordance with the University of Chicago Institutional Animal Care and Use Committee, the
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National Institutes of Health’s Guide for the Care and Use of Laboratory Animals, and the Public

Health Service Policy.

Immunocytochemistry

Mice were anesthetized with isoflurane and decapitated. The eyes were removed and fixed in 4%
PFA in PBS overnight at 4°C. Serial coronal sections with a thickness of 12 m were obtained using
a cryostat (Leica) and mounted on Superfrost slides (Fisher Scientific). Nonspecific
immunoreactivity was suppressed by incubating samples in 10% bovine serum albumin (BSA,
Sigma-Aldrich). Primary antibodies included guinea pig anti-Vgat (SY/SY, 1:500) and goat anti-
Vesicular Acetylcholine Transporter (VAChT; Millipore, 1:1000). Primary antibodies were
diluted in PBS with 5% BSA and 0.2% Triton X-100, applied to the sections and incubated
overnight at 4°C. Sections were then washed four times for 20 min each with PBS containing 5%
BSA, 0.2% Triton X-100. Secondary antibodies Alexa 594- or Alexa 647- conjugated goat anti-
guinea pig (Invitrogen, 1:300) and Alexa 488- conjugated donkey anti-goat (Invitrogen, 1:300)
were applied to the sections and incubated for 2 h at room temperature. The samples were then
washed four times for 20 min each with PBS. All sections were counter stained with Hoechst

33258 (Sigma-Aldrich). Image data were collected with a Leica TCS SP5 confocal microsystem.

Dual whole-cell patch-clamp recording.

Mice were anesthetized with isoflurane and decapitated. The retinas were isolated in oxygenated
artificial CSF (ACSF) at room temperature containing the following (in mM): 119.0 NaCl, 26.2
NaHCOs3, 11 D-glucose, 2.5 KCI, 1.0 KoHPOg4, 2.5 CaCl,, and 1.3 MgCl,. The isolated retinas

were then cut into dorsal or ventral halves and mounted ganglion-cell-layer-up on top of a 1 mm?
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hole in a small piece of filter paper (Millipore). The orientation of the preferred direction
(posterior) of Drd4-GFP-positive neurons was noted for each piece. Dual whole-cell voltage-
clamp recordings from SACs and posterior DSGCs (pDSGCs) were performed in oxygenated
ACSF in the presence of 0.05 mM D-AP5 and 0.02 mM DNQX disodium salt. Recording
electrodes of 3—5 M were filled with a cesium-based internal solution containing the following (in
mM): 110 CsMeSOq4, 2.8 NaCl, 4 EGTA, 5 TEA-CI, 4 adenosine 5-triphosphate (magnesium salt),
0.3 guanosine 5-triphosphate (trisodium salt), 20 HEPES, 10 phosphocreatine (disodium salt), 5
N-ethyllidocaine chloride (QX314), 0.025 Alexa Fluor 488 (for SACs), and 0.025 Alexa Fluor 594
(for pDSGCs), pH 7.25. Neurons were visualized with transmitted visible light from a halogen
bulb, a video camera, and a monitor. tdTomato-labeled SACs and GFP-labeled pDSGCs were
identified with epifluorescence imaging (X-Cite) or two- photon microscope (Bruker) under a
water-immersion objective (60x , LUMPIlanFI/IR; Olympus). Data were acquired using PCLAMP
10 recording software and a Multiclamp 700B amplifier (Molecular Devices), low-pass filtered at
4 kHz, and digitized at a sampling rate of 10 kHz. The evoked IPSCs and EPSCs in pDSGCs were
isolated by holding the cells at reversal potentials for these conductances (0 mV for GABAergic,
-60 mV for cholinergic). The reversal potentials were calculated and then experimentally
confirmed by obtaining current—voltage relationships of pharmacologically isolated GABAergic
and cholinergic currents in pDSGCs. Only recordings with series resistances < 20 MQ were used.

Liquid junction potential was corrected.

Uncaging of Rubi-GABA.

10 M Rubi-GABA (Tocris Bioscience) was bath applied to the retinas and protected from visible

light. A collimated blue LED (470 nm; Thor Laboratories) was flashed for 100 ms through a 60
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objective onto a 400- m-diameter area of the retina centered in the soma of the DSGC. Uncaging
response was measure by whole-cell voltage-clamp recordings from DSGCs at 0 mV in the

presence of 300 M cadmium chloride (Sigma-Aldrich).

Two-photon targeted recording and imaging of GF P-positive neurons for light response.

A white, monochromatic organic light-emitting display (OLEDXL, eMagin; 800 x 600 pixel
resolution, 60 Hz refresh rate) was controlled by an Intel Core Duo computer with a Windows 7
operating system. The moving bar stimulus was generated by MATLAB and the Psychophysics
Toolbox and projected through the condenser lens of the two-photon microscope onto the
photoreceptor layer, centering on the pDSGC soma. White bars in a dark background moved in 12
pseudo- randomly chosen directions spaced at 30 degree intervals at a speed of 500 um/s on the
retina and were presented in three to five repetitions. The percent stimulus contrast (Lgsimuius —

Lpackground)/ (Lstimuius + Lbackgrouna) Was 80 —100%. A detailed protocol of the two-photon

targeted recording of light response can be found in (Wei et al., 2010).

Mice were anesthetized with isoflurane and decapitated after dark ad- aptation. Under infrared
illumination, retinas were isolated from the pigment epithelium in oxygenated Ames’ medium
(Sigma-Aldrich), cut into dorsal and ventral halves, and mounted onto filter papers as de- scribed
above. Retinas were kept in darkness at room temperature in Ames’ medium bubbled with 95%
02/5% CO2 until use (0 —7 h). During recordings, the retinas were perfused with oxygenated Ames
at 32-33°C. Cells were visualized with infrared light (900 nm) and an IR-sensitive video camera
(Watec). GFP-positive cells were identified by a two- photon microscope (Bruker) and a

Ti:sapphire laser (Chameleon Ultra II; Coherent Technologies) tuned to 920 nm. First, an electrode
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of 3—5 MQ was filled with Ames’ medium for loose patch recordings of spikes; then, the electrode
was carefully removed and a new electrode filled with the cesium-based internal solution was used
to obtain whole-cell voltage-clamp recordings from the same cell using the same method and
criteria as those used in dual patch-clamp experiments. Light-evoked IPSCs and EPSCs in
pDSGCs were isolated by holding the cells at 0 mV and -60 mV, respectively. For Figure 3.6G,
0.0125 mM gabazine (SR-95531, Tocris Bioscience) was applied. At the end of recording, an
image stack of the Alexa Fluor 488-filled pDSGCs was acquired with the two-photon microscope
at z-intervals of 1.5 m and resampled three times for each z-plane using a 60x objective (Olympus
LUMPIlanFI/IR 60 /0.90W). Images were acquired to cover the entire dendritic field of the cell. To
isolate cholinergic component of the light responses, EPSCs were recorded before and after bath

application of 0.008 mM DHE (Tocris Bioscience) for each cell.

Analysis of electrophysiological data

Data were analyzed using custom protocols in MATLAB. Three to five raw response traces were
recorded and averaged to obtain the mean response at each stimulus direction. The peak amplitude
of the currents evoked by the leading (On) and treading (Off) edges of the bright bar were used for
calculating P/N or N/P ratios. To analyze the relative timing between excitation and inhibition, we
first determined the time window of the On response. Light-evoked EPSCs return to baseline after
the leading edge of the bar leaves the receptive field. Therefore, the start (tsq,¢) and end (tznq)
times can be determined reliably. Light-evoked IPSCs usually contain a sustained component that
does not return to the baseline after the leading edge leaves the receptive field. Therefore, the end

time of IPSCs is set to equal the end time of EPSCs. The time of peak (t,eqk ), as well as the time

at center of mass of the charge transfer (t.,,), during this time window were determined for

95



tend
I1(t)-tdt
J-tstart ®

tend
I(t) dt
J-tstart ®

synaptic currents recorded at the null and preferred directions. t.,,, = , adapted from

(H. Agmon-Snir & Segev, 1993). For each direction, the relative difference in the timing between
EPSC peak and IPSC peak (At) was calculated by subtraction. The temporal offset was then
determined by (Atpreferrea — Atnuu), With a positive value indicating delayed inhibition in the
preferred direction. Similar calculations were done to determine the temporal offset using ¢, for
EPSCs and IPSCs. For Figure 3.8, the cholinergic component of the light responses was isolated
by subtracting the averaged EPSCs (three trials per direction) after DHBE application from the

averaged traces before addition of DHPE.

Analysis of dendritic morphology.

On and Off dendritic arbors of pDSGCs were traced from two-photon image stacks using Imagel.
Each dendritic layer was divided into halves based on the preferred direction of the cell’s spiking
activity. A line perpendicular to the preferred direction was drawn at the position of the cell body
to separate the dendritic arbors into the preferred side and null side regions. The total dendritic
length in each region was measured from the traced skeleton. The area of the dendritic arbors was
determined by first connecting the tips of the dendrites to a polygon and then fitting it to a cubic

spline curve.

Statistical analysis.

Grouped data are presented as mean SEM. Statistical analysis was performed using MATLAB.
Linear regression with an F test (two-sided) was used for Figures 2.6 and 2.9. A two-sample
Kolmogorov— Smirnov test was used for Figure 3.4C. Cross-correlation was performed for Figure

3.7. For the rest of the figures, data were tested for normality and statistical differences were
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examined using one-way ANOVA and post hoc comparisons using Student’s t test with Bonferroni
corrections. The statistical significance of spike-tuning curves during motion stimuli was
determined by the bootstrapping analysis (Efron & Tibshirani, 1986; Stark & Abeles, 2005). For
each cell, the spike counts during moving bar stimuli (12 directions, three to five repetitions) were
randomly sampled and replaced using a bootstrapping algorithm 10,000 times. The null hypothesis
is that spiking activity is isotropic during moving bar stimuli. direction selective index (DSI) and
vector sum values were computed for each resampled dataset. The nonparametric 95% confidence
limits were determined from the distribution of DSI and vector sum values of the bootstrapped
datasets. To be classified as direction selective, a cell needs to have significant DSI and vector sum

values and a DSI > 0.2.
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Chapter 4

Retinal origin of direction selectivity in the superior colliculus

This chapter is a full reprint of Shi et al., Nature Neuroscience (2017), in which I was a secondary
author. This work is included with permission from all authors.

Relevant Publication:

Shi, X., Barchini, J., Acaron Ledesma, H., Koren, D., Jin, Y., Liu, X., & Cang, J. (2017). Retinal
origin of direction selectivity in the superior colliculus. Nature neuroscience, 20(4), 550-558.

4.1 Abstract

Detecting visual features in the environment such as motion direction is crucial for survival. The
circuit mechanisms that give rise to direction selectivity in a major visual center, the superior
colliculus (SC), are entirely unknown. Here, we optogenetically isolate the retinal inputs that
individual direction-selective SC neurons receive and find that they are already selective as a result
of precisely converging inputs from similarly-tuned retinal ganglion cells. The direction selective
retinal input is linearly amplified by the intracollicular circuits without changing its preferred
direction or level of selectivity. Finally, using 2-photon calcium imaging, we show that SC
direction selectivity is dramatically reduced in transgenic mice that have decreased retinal
selectivity. Together, our studies demonstrate a retinal origin of direction selectivity in the SC, and

reveal a central visual deficit as a consequence of altered feature selectivity in the retina.
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4.2 Introduction

Neurons in the brain are specialized in detecting unique features in the environment. In the visual
system, many neurons at various stages of processing respond selectively to stimuli moving along
specific directions or having particular orientations (Priebe & Ferster, 2012; Vaney et al., 2012;
Wei & Feller, 2011). Such direction and orientation selectivity are critical for motion sensing and
image processing, leading to visually guided behaviors that are important for survival. Not
surprisingly, the circuit mechanisms of direction and orientation selectivity have been extensively
studied. However, these studies have mostly focused on the retina and primary visual cortex (V1)
(Priebe & Ferster, 2012; Vaney et al., 2012) while neglecting the SC, a major retinal target and

vision center.

The SC, or optic tectum, is an evolutionarily conserved structure that receives direct retinal input
in all vertebrates (Cang & Feldheim, 2013; Gandhi & Katnani, 2011; May, 2006). It was the most
sophisticated visual center until the neocortex recently evolved in mammals. Even in mice, a
mammalian species that has become a useful model in vision research (Huberman & Niell, 2011),
85-90% of retinal ganglion cells (RGCs) project to the SC (Ellis et al., 2016), making it the most
prominent visual structure in this species. Although the SC is mostly known for its functions in
initiating rapid gaze shift toward salient stimuli, neurons in its superficial layers (i.e., the visual
layers), including the stratum griseum superficiale (SGS) and stratum opticum (SO), display
diverse visual response properties. In particular, selectivity for motion direction has been observed
in the superficial SC of all mammalian species that have been studied, including tree shrews
(Albano et al., 1978), cats (Mcllwain & Buser, 1968), hamsters (Rhoades & Chalupa, 1976),

squirrels (C. R. Michael, 1972), rabbits (R. H. Masland et al., 1971), rats (Fortin et al., 1999) and
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mice (Drager & Hubel, 1975). Direction selectivity has also been observed in the primate SC,
although it is much less prominent (Cynader & Berman, 1972; Marrocco & Li, 1977). Surprisingly,
despite the fact that it has been almost half a century since direction selectivity was first described

in the mammalian SC, its underlying circuit and synaptic mechanisms remain entirely unknown.

Several mechanisms could give rise to the direction selectivity seen in superficial SC neurons.
First, they could inherit it directly from direction-selective (DS) retinal inputs. Indeed, direction-
selective ganglion cells (DSGCs) have been discovered in the retina of a number of species, and
most of the DSGCs project to the superficial SC (Dhande & Huberman, 2014). In mice, several
subtypes of DSGCs preferentially terminate their axons in the upper half of the SGS, while most
of the non-DSGCs tend to project to the lower half (Huberman et al., 2008, 2009; Kay, de la
Huerta, et al., 2011; I. J. Kim et al., 2010). Notably, DS collicular neurons are also organized in a
depth-specific manner, where they are most concentrated in the topmost lamina of the SGS and
become less prevalent with depth (Inayat et al., 2015). This correspondence between the
anatomical and functional organization supports the idea that similarly tuned DSGCs could project
to common targets, thereby providing SC neurons with a synaptic drive that is biased toward

certain directions.

Second, direction selectivity in the SC could arise from a specific arrangement of retinal inputs
that are not individually tuned. In his motion-detector model, Reichardt proposed that direction
selectivity could be generated by nonselective inputs that have different temporal delays. In such
a model, these inputs are arranged such that stimuli moving in the preferred direction would result

in the synchronous arrival of synaptic inputs and consequently a large depolarization in the
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postsynaptic cell onto which they converge. On the other hand, stimuli moving in the opposite
direction would cause only a small depolarization because the inputs would arrive asynchronously.
This scenario was indeed shown to underlie direction selectivity in cat V1, as revealed by both
extracellular and intracellular recordings (Priebe & Ferster, 2005; Saul & Humphrey, 1992).

Whether a similar mechanism exists for direction selectivity in the SC is not known.

Finally, direction selectivity in the SC could be computed de novo. In this scenario, the combined
retinal input that a DS SC neuron receives would be nonselective for motion direction. Direction
selectivity could then arise via dynamic interactions within the local circuits, such as tuned or
spatially offset inhibition, as originally proposed by Barlow and Levick for retinal direction

selectivity (Barlow & Levick, 1965).

In this study, we set out to determine which of the above mechanisms could give rise to direction
selectivity in the mouse SGS. In one set of experiments, we isolated the retinal inputs that
individual SGS neurons receive by combining in vivo whole-cell voltage-clamp recording and
optogenetic silencing. In another, we reduced the selectivity of DSGCs by genetically
manipulating retinal circuits and then studied the impact on SGS direction selectivity using two-
photon calcium imaging. Together, these experiments demonstrate for the first time that direction
selectivity in the SGS is inherited from DSGCs in the retina; consequently, disrupting DSGCs'

tuning leads to altered feature selectivity in the SC.

4.3 Results

4.3.1 Vm—spike transformation in SGS neurons
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To study the synaptic mechanisms of direction selectivity in the superficial SC, we carried out in
vivo whole-cell recording of SGS neurons in urethane-anesthetized mice with the entire V1
removed. First, we recorded SGS neurons under current-clamp mode to reveal their spiking and
the underlying membrane potential (Vi) changes in response to sweeping bars in different
directions (Fig. 4.1A-C). Various degrees of direction selectivity were observed in the recorded
cells, including a substantial population that was highly selective in its spiking responses (for
example, Fig. 4.1B-E). Using the normalized vector sum as an index, which we refer to as the
global direction selectivity index (gDSI), we found that 27% of the SGS neurons were highly DS
in their spiking (gDSI of spikes > 0.25; n = 14 of 52 cells), consistent with our previous
extracellular studies across the entire depth of the SGS (Wang et al., 2010). The gDSIs of spikes
(gDSI-spike) and of Vi, (gDSI-Vm) were overall correlated for individual cells, but gDSI-spike
was greater in most cases (Fig. 4.1F), as expected from the nonlinear effect of the spike threshold
(Priebe & Ferster, 2012). As the vast majority of selective SGS neurons (gDSI-spike > 0.25) had
gDSI-Vi, > 0.1 (n = 11 of 14 cells), we subsequently used 0.1 as a cutoff for classifying Vm and
excitatory postsynaptic current (EPSC) responses as highly DS. Notably, the Vn-to-spike
transformation in the SGS neurons was not as steep as seen in the DS cells in cat or mouse visual
cortex. The ratio between DSI-spike and DSI-V, was ~3 in cat V1 (Priebe & Ferster, 2005) and
~6 in mouse V1 (Li et al., 2015), but only ~1.2 in mouse SGS. In fact, a number of the recorded
cells showed nearly identical tuning curves and gDSI values between their spiking and Vi,
responses (Fig. 4.1F and Fig. 4.2). Consistently, some SGS cells showed very weak, barely
detectable depolarization to bars moving along their nonpreferred directions (for example, Fig.
4.2), a phenomenon rarely seen in cortical DS cells (Li et al., 2015; Priebe & Ferster, 2005).

Furthermore, the preferred directions of SGS cells were similar for spike and Vi responses,
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especially for highly DS cells (Fig. 4.1G). These observations thus suggest that synaptic inputs

likely play a more important role in determining direction selectivity in the mouse SGS.
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Figure 4.1: Membrane potential responses of SGS neurons to sweeping bars. (A) A schematic
of the experimental setup. (B) Morphology of an example SGS neuron. (C) Membrane potential
(Vm) traces from the neuron in b in response to sweeping bars. The movement direction is
diagramed by the bar and arrow to the left of each trace. Action potentials are truncated at =10 mV
to better reveal visually evoked Vi, responses. The red dotted lines indicate the resting membrane
potential of =53 mV. (D) Mean spike and Vn, responses of the neuron in b to bars moving along
its preferred (left column) and opposite (right) directions. Peristimulus spike time histograms (top)
and trial-averaged Vn, traces (bottom) are shown. The red dotted lines indicate the resting V. (E)
Direction tuning curves of the neuron in b for peak Vi, (black, left axis) and spike rate (red, right
axis). Note that the Vm tuning curve is slightly above the spike tuning curve around the
nonpreferred directions. Data are presented as mean £s.e.m.;n=15,5,5,5,5,6,6,7,6,6,5 and 6
trials for the 12 directions, respectively. (F) Scatter plot of gDSI-spike versus gDSI-Vy, (n = 52
cells). Most cells have gDSI-spike values greater than their gDSI-Vi, but some have nearly
identical values (i.e., on the marked identity line). (G) Scatter plot of the preferred direction
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Figure 4.1 (cont.) (prefD) for spike versus that for Vi, responses. The diameter of each dot is
scaled to the gDSI-spike of that cell. The solid line is the line of identity. Note that the preferred
directions are similar for spike and Vi responses, especially for highly selective cells.

a

Y271 NS
L
Y
!

25mV

300 ms

w
o
Spikes per s

0 90 180 270
Direction (deg)

Figure 4.2: Spike and Vm responses of an example SGS neuron to sweeping bars of different
directions. (A) Peri-stimulus spike time histograms (left) and trial-averaged Vm (right) of an
example SGS neuron in response to sweeping bars of 12 directions. The red dotted lines indicate
the resting membrane potential of -55 mV. (B) The direction tuning curves for peak Vm (black,
left axis) and spike rate (red, right axis) of the same neuron. Note that the two tuning curves are
nearly identical. Data are presented as mean + s.em.,andn=7,6,7,6,6,7,5,6, 7,6, 5, 7 trials
for the 12 directions, respectively.

4.3.2 SGS direction selectivity originates from individually tuned retinal input
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SGS neurons receive several sources of synaptic inputs, including both excitation and inhibition.
To isolate the excitatory inputs, we next performed whole-cell voltage-clamp recording. These
experiments were done in transgenic mice that expressed channelrhodopsin-2 (ChR2) in
GABAergic inhibitory neurons. By illuminating the exposed SC with a blue LED (light-emitting
diode), we were able to photoactivate local inhibitory neurons and suppress excitatory neurons in
the SGS (Fig. 4.3). This allowed us to achieve three goals. First, we could identify whether the
recorded cells were excitatory or inhibitory by their responses to LED photoactivation (Fig. 4.4).
Second, we were able to determine the reversal potential of inhibitory currents in the recorded
excitatory neurons individually (Fig. 4.4). As expected from the fact that the same internal solution
was used in all recordings, the inhibitory reversal potential was very consistent across cells (—64.92
+0.21 mV, n =43 cells; Fig. 4.4). We thus used the same holding potential (—65 mV) for voltage
clamp of inhibitory neurons, even though the reversal potential could not be determined directly
in these cells because of ChR2 activation. Finally, optogenetic activation of local inhibitory
neurons in these mice could silence excitatory neurons in the SGS and remove local excitatory
interactions, thereby exposing the retinal input to the recorded cells (Fig. 4.3). This allowed us to
analyze and compare the selectivity of retinal and total excitatory inputs to each SGS neuron

individually.
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Figure 4.3: Blue LED light effectively silenced excitatory SGS neurons.

(A-B) Peri-stimulus spike time histograms (PSTHs) of two example excitatory SGS neurons in
response to sweeping bars of different directions in the absence (left) or presence (right) of LED
illumination. There was no spike response to bars of any moving directions under LED. (C-D)
PSTHs of two example inhibitory neurons in response to sweeping bars of different directions in
the absence (left) or presence (right) of LED. Note that LED illumination evoked sustained firing
in these cells. (E-F) Mean firing rates without and with LED illumination for excitatory (n = 16)
and inhibitory (n = 5) SGS neurons. The mean firing rates were calculated for the 3-sec stimulation
period for each of the 12 conditions, and the maximum value under LED-off was used to compare
with the value of the same stimulus condition under LED-on for each cell. (G) A schematic of
experimental setup to examine whether optogenetic activation of GABAergic neurons could affect
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Figure 4.3 (cont.) retinal transmission by potentially acting presynaptically through GABAB
receptors. Visually-evoked local field potentials (LFP) were recorded in the SGS before and 15-
45 minutes after administration of the GABAB receptor antagonist CGP54626 (10 uM) to the SC
surface. (H) An example of LFP responses to a 20° diameter circle flashing on and off. Responses
are the average across 40—60 trials. Time zero represents the onset of each flashing on or off. (I)
Average LFP N1 response (the first large negative waveform) amplitudes (black) and initial slopes
(gray) during no LED illumination (Pre), LED illumination (LED) and LED with CGP54626
administration (LED+CGP). The initial slope is the average slope of all points from the response
onset to the 30% of the N1 peak amplitude. CGP54626 did not affect the average response (LED:
0.04 £ 0.01; LED+CGP: 0.04 £ 0.01; p = 0.81, W = 3, Wilcoxon test, 5 mice) nor the initial slope
(1.70 £ 0.43; LED+CGP: 1.40 £0.29; p = 0.31, W = 9, Wilcoxon test, 5 mice) when the SC was
silenced by LED photoactivation of GABAergic neurons.
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Figure 4.4: In vivo whole-cell voltage-clamp recording and optogenetic photostimulation.
(A) A schematic of experimental setup. (B) Trial-averaged current (In) traces of example
excitatory (cell #06) and inhibitory (cell #33) cells in response to blue LED illumination.
Recordings were done in Gad2-Cre X floxed ChR2 transgenic mice, and the holding potential was
-65 mV. Note that LED illumination induced a large sustained ChR2 current in the inhibitory cell,
and no change in the excitatory cell. The red dotted lines indicate the mean I, in the absence of
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Figure 4.4 (cont.) LED illumination. (C) Mean I, caused by LED activation versus holding
potential of an example excitatory SGS neuron. The reversal potential of inhibition was determined
by adjusting the holding potential to minimize the amplitude of the inhibitory postsynaptic current
evoked by photostimulation of Gad2+ neurons. The solid line indicates the linear regression (R? =
0.99, Fi3 =410.6, p < 0.001, linear regression; r = 0.996, p < 0.001, Pearson correlation).which
crosses the zero-current line at the voltage of -65.08 mV, i.e., the reversal potential of inhibitory
currents for this cell. (D) Distribution of the reversal potential determined in excitatory cells (n =
43).

We first analyzed the total EPSCs in the absence of LED photoactivation. Consistent with the
above observation of highly tuned Vi responses, the visually evoked total EPSCs in many SGS
neurons, including both excitatory and inhibitory neurons, were DS (for example, Fig. 4.5A-B and
Fig. 4.6). In fact, the gDSI distributions of visually evoked peak excitation (gDSI of EPSC (gDSI-
EPSC)=0.13+£0.01, n=87) and Vy, responses (gDSI-Vi, = 0.12 = 0.02, n = 52) were very similar
(Fig. 4.5D). Furthermore, we recorded both V,, and EPSC responses in a small number of cells (n
=23) and found that their gDSI values were nearly identical (Fig. 4.5E). Specifically, for cells that
were highly selective in their Vi, (gDSI-Vi > 0.1; Fig. 4.5E), all of them (n = 7 of 7) received
selective EPSCs (gDSI-EPSC > 0.1). Conversely, all of the cells whose gDSI-Vi, < 0.1 had gDSI-
EPSC < 0.1 (n = 16 of 16). In other words, the excitatory input that individual SGS neurons
received was a deciding factor in their degree of direction selectivity. Similarly, the preferred
direction of the Vi, was also determined by the EPSC (Fig. 4.5F). These results thus suggest that

local inhibition in the SGS did not generate direction selectivity de novo from nonselective

excitatory input.
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Figure 4.5: Voltage-clamp recording and optogenetic silencing to isolate retinal excitation to
SGS neurons. (A) Trial-averaged EPSC traces of an example SGS neuron to bars moving along
12 directions in the absence (left panel) or presence (right) of LED illumination (as indicated by
the blue bar). The red dotted lines indicate the mean current level in the absence of visual stimulus.
(B) Direction tuning curves of total EPSC (tEPSC, top) and retinal input (rEPSC, bottom) for the
cell in a. The dashed lines indicate 3 standard deviations (s.d.) above the mean current level as
determined in the absence of visual stimulus. Data are presented as mean £ s.em.;n=38,7, 7, 7,
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Figure 4.5 (cont.) 6, 7,7, 7,7, 7, 6 and 6 trials in the top panel and n = 3 for all directions in the
bottom panel. (C) Scatter plot of tEPSC versus rEPSC for the cell in a. Peak rEPSC and tEPSC
amplitudes are plotted for the responses to 12 directions of bars. The dashed line is the linear
regression of the data points (R? = 0.95, Fi,10= 192.7, P < 0.001, linear regression; r = 0.98, P <
0.001, Pearson correlation). (D) Cumulative distributions of gDSI for tEPSC (n = 87 cells from 58
mice, red) and for Vi, (n = 52 cells from 41 mice, black), indicating that tEPSC and V, have nearly
identical gDSI distributions (P = 0.30, K-S statistic = 0.17, Kolmogorov-Smirnov test). (E) Scatter
plot of gDSI values for tEPSC and Vi, in the same cells (n = 23 cells from 21 mice). They are well
correlated (r = 0.99, P < 0.001, Pearson correlation) and similar in values (P = 0.18, W = 90,
Wilcoxon signed-rank test). Note that the plot is shown in log—log axis to better illustrate the cells
with low gDSI. The dotted lines indicate gDSI levels of 0.1. (F) Scatter plot of the preferred
direction (prefD) for Vi, versus tEPSC. The diameter of each dot is scaled to the gDSI-V, of that
cell. Note that the preferred directions are similar for tEPSC and Vi responses, especially for
highly selective cells. The solid lines in both e and f are the lines of identity. (G) Percentage of
cells that receive direct retinal input in DS (n = 15 of 16) and non-DS (n = 26 of 32) SGS neurons.
(H) Distribution of amplification ratios of all cells that receive direct retinal inputs (n = 41). The
red line indicates the mean of the distribution. (I) Similar amplification ratio between DS (3.37 +
0.46, n = 15 cells from 13 mice) and non-DS (2.94 + 0.26, n = 26 cells from 20 mice) SGS neurons
(P =0.41, U = 164, Mann-Whitney U-test). Data are presented as mean + s.e.m.
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Figure 4.6: Excitatory postsynaptic currents in response to sweeping bars.

(A) Raw traces of excitatory postsynaptic currents (EPSCs) of an example SGS neuron in response
to sweeping bars of different directions. Red dotted lines indicate the mean current level in the
absence of visual stimulus. (B) Direction tuning curve for the peak amplitude of the filtered and
trial-averaged EPSCs. Note that the peak EPSC at the non-preferred direction is nearly zero in this
cell, indicating a lack of excitatory inputs. Data are presented as mean + s.e.m.,andn=7, 7, 6, 6,

8,6,7,6,6,06,6, 7 trials for the 12 directions, respectively.

Most SGS neurons still showed visually evoked excitation upon optogenetic silencing of local
excitatory neurons (n = 41 of 48, 85.4%), including both excitatory and inhibitory neurons ( Fig.

4.11), indicating that they received direct retinal inputs. In particular, a slightly larger portion of
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the DS cells (n = 15 of 16, 93.8%) were directly innervated by the retina than non-DS cells (n =
26 of 32, 81.3%; Fig. 4.5G). When comparing the peak amplitudes of total and retinal EPSCs in
the same cells (tEPSCs and rEPSCs, respectively), we found that the retinal inputs were amplified
by intracollicular circuits in a largely linear fashion (for example, Fig. 4.5C), similarly to the
transformation of inputs from thalamus to visual cortex (Li et al., 2013; Lien & Scanziani, 2013).
The amplification ratio ranged from 1.11 to 7.39, with a mean of 3.09 + 0.24 (n = 41; Fig. 4.5H-
I). Consistent with the largely linear amplification (Fig. 4.9), rEPSCs and tEPSCs of the same cells
were similarly tuned in their peak response amplitudes (for example, Fig. 4.5A-B). Indeed, the
gDSI values and preferred directions were well correlated between rEPSCs and tEPSCs, and this
was the case for both excitatory and inhibitory neurons (Fig. 4.8A-C). In other words, the DS SGS
cells, i.e., cells that have high gDSI values for their tEPSC and resulting Vi, receive similarly
tuned retinal excitation. Furthermore, the intracollicular excitatory inputs, determined as the
difference between tEPSC and rEPSC (Fig. 4.12), displayed selectivities largely similar to those
of the retinal inputs (Fig. 4.8D-F). These analyses thus indicate that the direction selectivity of
SGS neurons was determined by their retinal inputs, which were further amplified by similarly

tuned intracollicular inputs to maintain the directional preference and level of selectivity.
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Figure 4.7: Isolating SGS neurons’ retinal inputs. (A) Trial-averaged current (Im) traces of an
example excitatory cell to sweeping bars at its preferred (top) and opposite (bottom) directions, in
the absence (left, red traces) or presence of LED illumination (right, blue traces). Black lines are
the I traces in the absence of visual stimulation. (B) Trial-averaged I, traces of an example
inhibitory cell of the same conditions. The black dotted line indicates the baseline I, level in the
absence of LED photoactivation. For both excitatory and inhibitory cells, the Im under the
condition without visual stimulus as indicated by the corresponding black lines was used as the
baseline for calculating total and retinal EPSCs.
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Figure 4.8: Retinal excitation and total excitation are similarly tuned in SGS neurons. (A)
Scatter plot of gDSI of peak tEPSC versus that of peak rEPSC, indicating their gDSI values were
well correlated (n = 41 cells from 28 mice, r = 0.89, P < 0.001, Pearson correlation). The gDSI
values for tEPSCs and rEPSC were similar in cells that receive DS excitation (i.e., cells whose
gDSItEPSC or gDSI-rEPSC > 0.1, n = 22 of 41 cells, P = 0.34, W = 61, Wilcoxon signed-rank
test). (B) Cumulative distribution of data shown in A. (C) The preferred direction (prefD) of the
peak tEPSC versus that of peak rEPSC. The diameter of each dot is scaled to the gDSI of that cell's
tEPSC. (D-F) As in A-C, but comparing collicular EPSC (cEPSC) versus rEPSC. In D, n = 41
cells from 28 mice, r = 0.77, P < 0.001, Pearson correlation; n = 23 cells whose gDSI-cEPSC or
gDSI-rEPSC > 0.1, P = 0.30, W = 70, Wilcoxon signed-rank test. In F, the diameter of each dot is
scaled to the gDSI of that cell's peak rEPSC. The solid lines in A, C, D and F are the lines of
identity.

The selective retinal inputs could result from summing inputs that are individually tuned, such as
from DSGCs (Fig. 4.10A-B). Alternatively, individual retinal inputs may not be DS, but their
integration in the postsynaptic neuron could take place in a precise spatiotemporal manner to
generate larger EPSC peaks at the preferred direction than at the opposite direction. For example,
a difference in response latency between the non-DS retinal inputs could cause them to arrive at

the postsynaptic cell synchronously in response to the preferred direction but asynchronously to

the opposite direction, thus resulting in different peak amplitudes (Fig. 4.10C), as proposed
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originally by Reichardt for motion detection. In this latter scenario, the total charge of the retinal
EPSCs would be much less selective than their peaks or even entirely non-tuned, which would be
analogous to the emergence of orientation selectivity in the visual cortex (Lien & Scanziani, 2013).
To determine which of the two scenarios is true for the retinocollicular transformation of direction
selectivity, we calculated the integral of rEPSCs during responses evoked by the moving bars and
compared its direction selectivity to that of the peak rEPSC. The integral of retinal input was in
fact similarly selective or even more selective in a few cells, compared to the peak rEPSC (Fig.
4.10D-E and Fig. 4.13), ruling out the aforementioned second scenario. The averaged tuning
curves of peak rEPSC and integral rEPSC were very similar, nearly identical to that of total EPSC
(Fig. 4.10F), confirming that SC direction selectivity originates from individually tuned retinal
inputs. Finally, the same integral-versus-peak analysis showed that the intracollicular excitatory
inputs also followed the first scenario (Fig. 4.12), indicating that DS SGS neurons were

preferentially connected with other collicular neurons that prefer similar directions.

115



O e
e 150
:g; 750 - &c; ........... . .................
- =100
-100 1
5 3
— a.
g "1 ¥ 50 {78
-200 1
T T T T T 1 O
0 0.5 1 15 2 2.5 3 0 20 40 60
Time (sec) rEPSC (pA)
c d e
30 8 o)
= ® ® o
2 ® ® e 16
g 20 c 6 o & 8
£ o ° Z, 8
= - -
= E 4 E
= ©
310 = P
o [ ] =
- £ 2 52
<
04 0 0
05 06 07 08 09 1 0 2 4 6 8 DS non-DS
Correlation coeffienct Linear fit slope Cell type

Figure 4.9: Amplification of retinal excitation by intracollicular circuits. (A) Trial-averaged
traces of total EPSC (black line, tEPSC) and retinal EPSC (blue line, rEPSC) of an example SGS
neuron in response to a moving bar. Gray shade indicates the time window for calculation, which
is defined as the duration in which both rEPSC and tEPSC were below their respective “cutoff”
(blue dotted line for rEPSC and black for tEPSC). The cutoff was determined as two standard
deviations below the baseline, which was the condition when a blank visual stimulus (gray screen)
was shown instead of bars. (B) Retinal-total EPSC transformation for this cell. Plotted are the
corresponding rEPSC and tEPSC at each time point in the response

window for all 12 stimulus directions. The black and white dots are the mean values in 10 evenly-
divided bins from 0 to the maximum rEPSC. Black dotted line indicates 80% of the maximum bin-
averaged tEPSC. The black solid line is the linear regression of the bin averaged points that are
below the 80% line (R? = 0.99, F1,4 = 369.4, p < 0.001, linear regression; r = 0.99, p < 0.001,
Pearson correlation). The bin-averaged points above the 80% line were not included in the linear
regression analysis due to possible saturation of tEPSC responses. (C) Distribution of correlation
coefficient of linear regression between rEPSC and tEPSC (n = 41 cells). (D) Amplification ratio
(the one shown in Fig. 4.3), calculated as the ratio of peak tEPSC over peak rEPSC, each averaged
over 12 stimulus directions, versus the linear regression slope as calculated in b (n = 41). The two
methods gave similar results for the recorded cells. Note that some points are below the identity
line possibly due to saturation of tEPSC responses in those cells. e, Similar slopes between DS
(3.57 £ 0.58, n =15 cells from 13 mice) and non-DS (3.21 £ 0.36, n = 26 cells from 20 mice) SGS
neurons (p = 0.84, U =187, Mann-Whitney U test).

116



a b s C 3]
g = O Preferred Preferred
2 24
8 14 8 14
SC S 5]
@0 T 1 20
S 0 1 3 £ o
° ©
(] (7}
N N
© 34 g 3
E 5] Opposite S 2 Opposite
z 2
Retina 14 Q T+
0 ;i - T 1 0
0 1 2 3 0
Time (s)
0.1
d os- . e f
L4 Ex‘f'tétow cell ® 360 @ Excitatory cell
e B @ Inhibitory cell 0.8
§ 06- ® 8 2
= — Peak s 270 2
Q o Q
i .. — Integral 3 g 061
O i £ -
g 04 ® . g,100 O 180 - &
w ] D 5 0.4+
; ; :
802 006 .§ & 9 g0 2 0] 45T —B— EPSC-peak
0 05 1 3§ ' —O— rEPSC-peak
gDSI ;
—A— rEPSC-integral
00 T T T 1 0 T T T T 00 T T T T T
0 0.2 0.4 0.6 0.8 0 90 180 270 360 -180 -90 0 90 180
gDSI rEPSC peak prefD rEPSC peak (deg) Direction (deg)

Figure 4.10: SGS direction selectivity originates from individually tuned retinal inputs. (A—
C) Two different scenarios in which retinal inputs could give rise to direction selectivity in the
SGS. (B) In one scenario, individual retinal inputs, as indicated by traces of different colors, are
selective for similar directions, thus resulting in larger excitation to the preferred (top) than to the
opposite direction (bottom). (C) In the other scenario, individual retinal inputs respond with similar
amplitudes to all directions. These non-DS retinal inputs arrive at the postsynaptic cell
synchronously in response to the preferred direction (top) and asynchronously to the opposite
direction (bottom), thus resulting in different peak amplitudes. In this scenario, the total charge of
rEPSC would be much less selective than their peaks. (D) gDSI of rEPSC integral and peak were
correlated (r = 0.71, P = 0.003, Pearson correlation) and similar for individual DS neurons (P =
0.11, W = 58, Wilcoxon signed-rank test, n = 15 cells from 13 mice), supporting the scenario
shown in b. Inset shows the cumulative distribution of the two. (E) The integral and peak of retinal
EPSCs prefer similar directions in DS SGS neurons. The solid lines in d and e are the lines of
identity. (F) Averaged tuning curves for tEPSC peaks (black), rEPSC peaks (blue) and rEPSC
integrals (red) in DS SGS neurons (n = 15 cells from 13 mice). Individual curves were normalized
by their maximum responses and aligned to their preferred directions. They were then averaged
for plotting. Error bars represent s.e.m.

4.3.3 Genetic disruption of retinal direction selectivity reduces selectivity in the SGS
Our in vivo whole-cell experiments support the conclusion that the direction selectivity of SGS
neurons originates from converging inputs of similarly tuned DSGCs. If this is indeed the case, a

reduction of retinal direction selectivity would compromise the selectivity in the SGS. We next
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tested this prediction using genetic manipulation. GABAergic inhibition provided by starburst
amacrine cells is a critical factor in generating direction selectivity in the retina (Vaney et al., 2012;
Wei & Feller, 2011), and it can be eliminated by knocking out (KO) the vesicular GABA
transporter (Vgat) gene Slc32al from these cells by crossing loxP-flanked Slc32al (Slc32a1/x/flox
or Vgat'/°x) with choline acetyltransferase (ChAT)-IRES-Cre mice (Pei et al., 2015). We then
performed two-photon calcium imaging in the ganglion cell layer of these KO mice using the
genetically encoded calcium indicator GCaMP6s (T. W. Chen et al., 2013). In particular, we
focused on the On-Off DSGCs because they are the ones that primarily project to the SGS (Dhande
& Huberman, 2014). In wild-type (WT) littermate controls, 9.3% of cells in the ganglion cell layer
were On-Off DSGCs (Fig. 4.11A-C; n = 60 of 648 cells from 9 mice), consistent with previous
studies (Baden et al., 2016; Sanes & Masland, 2015). In contrast, in KO mice, the percentage of
cells that displayed On-Off DS responses was significantly reduced (Fig. 4.11C; n = 19 of 566
cells, 3.4%, from 14 mice; P < 0.001, % test). Because cholinergic inputs to the SC terminate in
the intermediate and deep layers and do not co-release GABA, these ChAT-Vgat KO mice
provided us with a unique opportunity to study the effect of altered retinal direction selectivity on

the visual response properties of superficial SC neurons.
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Figure 4.11: Genetic disruption of retinal direction selectivity reduces selectivity in the SGS.
(A) A schematic of two-photon calcium imaging of retina (top). The bottom panel shows a max-
intensity projection of GCaMP6 fluorescence in an example field of view. Scale bar, 25 um. (B)
Top (trace 1): Ca2+ signals of the RGC circled in a to the presentation of moving bars in eight
directions (different colors represent separate trials). The gray shade corresponds to the time
interval in which the bar stimulus sweeps across the field of view and the arrows represent the
directions of movement in relation to the polar plots on the right. This cell showed DS responses
to both leading and trailing edges of the moving bars, indicating that it was an On-Off DSGC.
Bottom (trace 2): an On-Off cell from a Vgat conditional KO mouse. Corresponding polar plots
are shown to the right. (C) Summary plot showing the percentages of On-Off DSGCs in WT
(black, n = 60 of 648 cells from 9 mice) and KO (red, n = 19 of 566 cells from 14 mice) retinas (P
<0.001, y* = 17.3, %* test). Data points represent percentages of On-Off DSGCs in individual mice.
(D) A schematic of two-photon imaging of the SGS (top) and an example field of view from a WT
(bottom). Scale bar, 20 um. (E) Ca* signals of the two neurons (1 and 2) circled in d and of two
neurons from a Vgat KO (3 and 4), in response to drifting gratings. The gray boxes mark the
duration of stimulation. The movement directions of the bar are represented by arrows on top.
Corresponding polar plots are shown to the right. (F) gDSI distribution of WT (top, black) and KO
(bottom, red) cells to drifting gratings. The solid green lines indicate the medians of distributions.
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Figure 4.11 (cont.) (G) Average WT (black, n = 310 cells from 5 mice) and KO (red, n = 407
from 8 mice) tuning curves to gratings after aligning each cell's preferred direction at 0. Data are
presented as mean + s.e.m. *P < 0.001, Mann-Whitney U-test. (H) Cumulative distribution of the
data shown in f (P < 0.001, K-S statistic = 0.61, Kolmogorov-Smirnov test). (I) Cumulative
distribution of gDSI to sweeping bars (P <0.001, K-S statistic = 0.43, Kolmogorov-Smirnov test).
Scale bars for the Ca?* signals and polar plots in b and e represent the change in fluorescence from

baseline (AF/Fy).
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Figure 4.12: Analysis of intracollicular excitation of SGS neurons. (A) Trial-averaged total
(left, black traces) and retinal (left, blue traces) EPSCs of an example SGS neuron to sweeping
bars of different directions. (B) Current traces of intracollicular excitation, calculated by point-by-
point subtraction of the two traces in (A). Red dotted lines in (A) and (B) indicate the baseline
EPSC level in the absence of visual stimulation. (C) gDSI of intracollicular EPSC (cEPSC) integral
and peak are correlated for direction selective SGS neurons (r = 0.85, p < 0.001, Pearson
correlation; n = 15 cells from 13 mice). The gDSI of cEPSC peak were smaller than that of its
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Figure 4.12 (cont.) integral in many cells (p = 0.003, W = 100, Wilcoxon test), possibly due to its
saturation at preferred directions. Importantly, the fact that cEPSC integral is even more selective
means it follows the scenario in Figure 4.10b, indicating that the selective intracollicular excitatory
input is from individually tuned SGS neurons. (D) The integral and peak of cEPSCs prefer similar
directions in DS SGS neurons. The solid lines in both panel ¢ and d are the lines of identity.

We first performed intrinsic imaging and found normal SC retinotopic maps in the KO mice (Fig.
4.14). Next, we performed two-photon calcium imaging of the top-most SGS lamina, which we
previously showed is enriched with DS neurons that have overlapping On-Off receptive fields
(Inayat et al., 2015). The receptive field structures of the imaged cells were largely normal in the
KO mice, with subtle increases in subfield size and completely normal On-Off overlaps (Fig.
4.15). The small increase in subfield size was consistent with the reduced inhibition in their retina
of the KO mice. Also consistent with this was the finding that slightly more cells were responsive
in the KO mice. When stimulated with drifting gratings or sweeping bars, 46.5% (310 of 667 cells
to gratings) or 47.2% (315 of 667 cells to bars) were responsive in WT littermate controls,
compared to 50.0% (407 of 821 cells, to gratings) or 61.5% (505 of 821, to bars) in the KO mice.
As expected, the vast majority of the responsive cells in this lamina were DS in WT (Fig. 4.11D-
F; gDSI>0.25; n =235 of 310 cells to gratings, 76%; and 146 of 315 cells to bars, 46%). Preferred
motion directions were more widely represented than the four cardinal directions in the retina (Fig.
4.16), presumably due to specifically combining inputs of DSGCs that prefer neighboring cardinal
directions. Notably, in the KO mice, many fewer cells were DS in this lamina (n = 84 of 407 to
gratings, 21%; and 35 of 505 to bars, 7%; Fig. 4.11F). The mean and median gDSI values in the
KO mice (0.17 = 0.01 and 0.15 to gratings; 0.13 = 0.00 and 0.11 to bars) were significantly lower
than in the controls (0.48 + 0.01 and 0.48 to gratings, 0.28 = 0.01 and 0.24 to bars; Fig. 4.11H-I;

P < 0.001 for both gratings and bars, Kolmogorov—Smirnov test). Notably, this reduction in

direction selectivity was caused by increased responses to the nonpreferred directions (Fig.
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4.11G), consistent with decreased inhibitory inputs onto On-Off DSGCs in the retina. Together,
these data demonstrate that disrupting DSGCs' tuning led to reduced selectivity in SGS neurons,

thereby confirming the retinal origin of SGS direction selectivity.
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Figure 4.13: Retinal EPSC peak and integral have similar gDSI values, independent of
analysis methods. (A-C) Diagrams of the 3 methods used for calculating retinal EPSC peak
amplitudes. In each panel, the red trace represents a strong response, €.g., to the preferred direction,
and the blue trace represents a weak response. The solid black line is the “baseline”, calculated as
the mean of the EPSCs to the “blank stimulus” (gray screen). The dotted line is the “cutoff”,
calculated as 2 (A), 3 (B) or 4 (C) standard deviations away from the baseline. In (A), the EPSC
peak is calculated as the amplitude from the cutoff line, i.e., the dotted line. In (B) and (C), the
EPSC peak is calculated as the amplitude from the baseline, i.e., the solid black line, but for
conditions where the peak EPSC was weaker than the cutoff, the corresponding response
magnitude were set as 0. Note that different ways of calculation may result in slight under- or over-
estimation of weak responses due to spontaneous synaptic events. (D-F) gDSI of retinal EPSC
integral and peak are similar for direction selective SGS neurons (n = 15) with the three calculation
methods directly above. The EPSC integral in all panels was calculated for the response window
determined as described in Methods. Panel (E) is the same one shown in Figure 4.10. The solid
lines in panel d, e and f are the lines of identity.
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Figure 4.14: Normal retlntopic maps in ChAT-Vgat KO mic”é:’.u(A) Visual stimulus protocol
for generating the elevation (top) and azimuth (bottom) maps in the SC. The color scales represent
the position of the moving bar on the stimulus monitor and the corresponding retinotopic locations
in the SC. (B) (top) Elevation map in a WT mouse. Both retinotopy (left) and response magnitude
(right) are shown. The gray scale represents the response amplitude as a fractional change in
reflection x 104. (bottom) Azimuth map for the same animal. (C) Elevation and azimuth maps
from two Vgat KO mice. The panel layout is the same as in (B). D, dorsal; V, ventral; N, nasal; T,
temporal. See Cang et al (Journal of Neuroscience, 2008, 28(43):11015-23), for details of intrinsic
imaging of retinotopic maps in the SC.

4.4 Discussion

In this study, we both isolated and manipulated the retinal input in order to study its role in
generating SGS direction selectivity. The whole-cell recording and optogenetic silencing
experiments demonstrate that DS SGS neurons received retinal input that was already selective,
generated by precisely converging inputs from similarly tuned DSGCs. The selective retinal input

was amplified by intracollicular circuits without changing its preferred direction or level of

selectivity. The resulting membrane potential depolarization in the SGS neuron then led to a
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slightly more selective spiking response due to the nonlinear effect of thresholding. Consistent
with these results, we also found that SGS direction selectivity was reduced in mice with altered
retinal selectivity. Our studies thus demonstrate that SGS neurons inherited their direction
selectivity from DSGCs in the retina, a finding that has important implications for understanding

signal processing in the early visual system.
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Figure 4.15: Receptive field structure of superficial SGS neurons. (A) Distribution of On
receptive field (RF) sizes (in deg?) in WT (n =316, 5 mice, mean + s.e.m. = 85.84 + 3.46, median
=75). (B) Distribution of On RF sizes in KO (n =476, 8 mice, 128.31 +4.04, 125). (C) Cumulative
distributions of the data shown in (A) and (B) (asterisk (*) indicates p < 0.001, K-S statistic =
0.2500, Kolmogorov-Smirnov test). (D) Distribution of Off RF sizes in WT (n = 331, 5 mice,
118.20 +4.72, 100). (E) Distribution of Off RF sizes in KO (n=561, 8 mice, 138.19 +4.10, 125).
(F) Cumulative distributions of the data shown in (D) and (E) (asterisk (*) indicates p = 0.0137,
K-S statistic = 0.1084, Kolmogorov-Smirnov test). (G) On-Off overlap index in WT (n = 238, 5
mice, 0.50 + 0.02, 0.50). (H) On-Off overlap index in KO (n =426, 8 mice, 0.51 £ 0.01, 0.50). (I)
Cumulative distribution of the data shown in (G) and (H) (p = 0.5909, K-S statistic = 0.0618,
Kolmogorov-Smirnov test). See (Inayat et al., 2015), for details of 2-photon imaging of SGS
neurons’ RFs and quantification.
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Figure 4.16: Preferred directions of superficial SGS neurons as determined by two-photon
calcium imaging. (A) Histogram of the preferred direction (prefD) distribution of superficial SGS
neurons in WT mice, in response to drifting gratings. Only cells that had gDSI > 0.2 were included
(n =252 out of 310 total responsive cells). This cutoff was applied to all panels. (B) Histogram of
the preferred direction distribution in Vgat KO mice, in response to drifting gratings (n = 132/407
total responsive cells). (C-D) Histogram of the preferred direction distribution in WT (C) and Vgat
KO (D) mice, in response to sweeping bars (n = 185/315 in WT and 80/505 in KOs).

It is known that individual SGS neurons are innervated by several RGCs (Chandrasekaran et al.,

2007). Consequently, in order to provide DS excitation to the postsynaptic neuron, the converging
DSGCs must prefer similar directions. In addition, a new directional preference would emerge
when the DSGCs that prefer neighboring cardinal directions precisely converge. Our findings
therefore indicate that well-controlled developmental mechanisms must exist to ensure the precise
and selective targeting of DSGCs in the SGS. Consistent with this idea, several subtypes of DSGCs

have been found to project primarily to the upper SGS (Dhande & Huberman, 2014), which

contains more DS cells than the lower SGS (Inayat et al., 2015). How such depth-specific targeting
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is established during development and how even more precise patterns of connectivity are

generated at the level of individual cells have not been studied.
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Figure 4.17: Relationship between DSI and gDSI. (A) Relationship between DSI and gDSI for
whole-cell recording data (n = 52 for Vi, from 41 mice, black; and n = 87 for EPSC from 58 mice,
red). (B) Relationship between DSI and gDSI for two-photon imaging data of the SC, in response
to drifting gratings (n =310, 5 WT mice, black; n =407, 8 KO mice, red). The solid lines in both
panels are the lines of identity.

Our data further show that the intracollicular excitation that DS SGS neurons received was also
tuned to similar directions, thereby amplifying the retinal inputs without changing their preferred
direction or levels of selectivity. This result thus indicates that, within the SGS, excitatory neurons
that prefer similar directions are preferentially connected. A similar nonrandom connectivity has
been revealed for orientation-selective cells in the mouse visual cortex (Cossell et al., 2015; Ko et
al.,2011; W. C. A. Lee etal., 2016), and its emergence requires visual experience (Ko et al., 2013).
The exact wiring diagram of the SGS circuits and their development have not yet been studied.
Given that the mouse retinocollicular pathway is already a productive model for studying cell types

and neural development (Cang & Feldheim, 2013), future studies of this pathway will likely reveal

the molecular and cellular mechanisms that establish the precise connections from the retina to the
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SGS and within the SGS, both of which are necessary to generate and maintain feature selectivity

in the superior colliculus.

Direction-selectivity is an evolutionarily conserved property seen in many visual structures and in
various species. In zebrafish, for example, RGC subtypes that prefer different directions project to
segregated layers in the optic tectum, and the tectal neurons with matching preferred directions
arborize their dendrites in the corresponding layers (Gabriel et al., 2012; Lowe et al., 2013;
Nikolaou & Meyer, 2012; Robles et al., 2013). This suggests that the DS retinal inputs could
determine the direction preference of tectal neurons, consistent with our findings here in the mouse
SC. In monkeys, a very small population of DS neurons was found in the SC (Cynader & Berman,
1972; Marrocco & Li, 1977), largely consistent with the fact that DSGCs have so far remained
elusive in primates. It is certainly possible that DSGCs may be discovered with new genetic and
imaging techniques in the future and that they may give rise to the observed SC direction
selectivity. Alternatively, the weak DS responses in the primate SC could result from the excitatory
input from visual cortex, which includes DS cells. This possibility has in fact been addressed in
cats by lesioning or cooling the cortex, but unfortunately these studies yielded conflicting results
(Hoffmann & Straschill, 1971; Ogasawara et al., 1984). On the other hand, cortical input does not
appear to affect SC selectivity in rodents. For example, in ground squirrels, SC direction selectivity
remain unchanged when visual cortex is removed, leading to the proposal that the DS cells receive
their inputs from the retina (Ch R. Michael, 1970). We have recently shown that in mice cortical
inputs do not affect the magnitude or looming speed tuning of SC responses under anesthesia and
only increase the response magnitude in the awake condition (Zhao et al., 2014). Our current study,

in which the animals were anesthetized and their V1 removed, demonstrates that retinal input was
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the origin of the direction selectivity in the mouse SC. Future studies will be needed to determine
whether cortical input could modulate SC direction-selective responses under certain behaviors in

mice or even give rise to SC direction selectivity in primates.

In addition to direction selectivity, SGS neurons also display a number of other response
properties, such as size preference, motion selectivity and speed tuning (Gale & Murphy, 2014;
Wang et al., 2010; Zhao et al., 2014). These properties could be generated by integrating inputs
from DSGCs, other RGC subtypes, local intracollicular circuits and afferent inputs from visual
cortex. In terms of local circuits, the SGS contains a large population of inhibitory neurons.
Inhibition could sharpen direction selectivity if it is tuned to the opposite direction or offset
spatiotemporally, as shown for DS neurons in zebrafish tectum (Gabriel et al., 2012) and mouse
visual cortex (Li et al., 2015). Although we did not directly address the role of synaptic inhibition
in this study, our data indicate that it is not required to generate direction selectivity in SGS neurons
or to sharpen its tuning. This is because the excitatory inputs that individual DS neurons receive
are already selective and tuned to the same level as V. On the other hand, inhibitory neurons in
the topmost SGS lamina are known to be DS (Inayat et al., 2015). It is thus conceivable that these
inhibitory neurons may provide direction-specific interactions between stimulus center and
stimulus surroundings in response to complicated visual scenes. Future studies will be needed to
determine the spatial and direction tuning of inhibition in SGS neurons in order to reveal the

functions of the SGS in visual processing.

In conclusion, the diverse response properties in the SC are generated by selective and precise

connections in the retinocollicular and intracollicular circuits. Using the genetic and optogenetic
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tools available in mice, we discovered the neuronal mechanism underlying direction selectivity,
one of the most important properties. Given the fundamental importance of the SC in visually
guided behaviors, we are confident that our findings will motivate exciting future studies of visual

system organization, function and development.

4.5 Experimental Procedures

Animal Preparation

C57BL/6 wild-type (WT) and transgenic mice of both sexes were used in this study. Gad2-IRES-
cre mice (Stock no. 010802) and Ai32 (RCL-ChR2(H134R)/EYFP, Stock no. 012569) were
acquired from Jackson Laboratory and crossed to generate heterozygous offspring that express
ChR2 in Gad2+ cells for in vivo optogenetic experiments (n = 85). Additional WT mice were also
used for in vivo whole cell recording (n = 25). For 2-photon calcium imaging in the retina and SC,
Vgat1o¥lox mice (Stock no. 012897) and ChAT-IRES-Cre mice (Stock no. 006410) were originally
acquired from Jackson Laboratory and crossed to knock out vesicular GABA transmitter (Vgar)
gene from choline acetyltransferase (ChAT)+ cells. These strains were backcrossed to the
C57BL/6 background (Huberman et al., 2009). Both KOs (n = 21) and littermate controls (n = 14)
were used. All experimental procedures were approved by the Northwestern University and the

University of Chicago Institutional Animal Care and Use Committee.

For in vivo experiments, mice between postnatal day 45 and 90 were anesthetized with urethane
(1.2 g/kg in 10% saline solution, i.p.) and then sedated by chlorprothixene (10 mg/kg in water,
i.m.) as described before (Li et al., 2013; Saul & Humphrey, 1992). Atropine (0.3 mg/kg in 10%

saline) and dexamethasone (2 mg/kg in 10% saline) were administrated subcutaneously. The
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animal was then transferred onto a heating pad for recording or imaging. The animal’s body
temperature was monitored through a rectal thermoprobe and maintained at 37 °C through a
feedback heater control module (Frederick Haer Company, Bowdoinham, ME). Toe-pinch reflex
was monitored during experiments to test for depth of anesthesia. Additional Urethane (0.2-0.3
g/kg) was administered when necessary. After the mice were anesthetized, the scalp was shaved
and skin removed to expose the skull. For whole cell and single unit recording, a metal plate was
mounted on top of the skull with Metabond (Parkell, Edgewood, NY) mixed with black ink. The
plate was then mounted to a steel stand on the vibration isolation table. A thin layer of silicon oil
was applied on both eyes to prevent drying. A craniotomy (~3.5 x1.5 mm?) was performed on the
left hemisphere, and the tissues including V1 overlaying the SC was removed by aspiration to

expose the SC. The procedures for imaging are described below.

In vivo whole-cell recording

Blind whole cell patch clamp was performed to record SGS neurons intracellularly. Glass pipettes
had tip openings of 1.5-2um (5-7MQ). For current-clamp recordings, the K*-based internal
solution contained 135 mM K-gluconate, 7 mM KCl, 0.5 mM EGTA, 10 mM HEPES, 10 mM Na-
phosphocreatine, 4 mM Mg-ATP, 0.4 mM Na-GTP and 0.5% biocytin. The pH was adjusted to
7.25 with KOH. For voltage-clamp recordings, both K*-based (n = 54) and Cs*-based (n = 21)
internal solution were used. The Cs*-based internal solution contained 125mM Cs-gluconate, 2mM
CsCl, 0.5mM EGTA, 10mM HEPES, ImM QX-314, 5mM TEA-CI, 10mM Na-phosphocreatine,
4mM Mg-ATP, 0.4mM Na-GTP and 0.5% biocytin. The pH was adjusted to 7.25 with CsOH. K*-
based internal solution was used to try to record EPSCs and Vy, from the same cells, and Cs*-based

internal solution was used only for recording EPSCs. No difference was found between using K*-
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based and Cs'-based internal solutions for recording EPSCs. Glass pipettes were advanced
perpendicularly to the horizontal plane of the mouse head until just touching the SC surface. 2%
agarose in artificial cerebrospinal fluid solution (ACSF, containing 140mM NacCl, 2.5mM KClI,
11mM Glucose, 20mM HEPES, 2.5mM CaCl,, 3mM MgSO4, ImM NaH>PO4) was then added
onto the exposed SC to stabilize the brain. A small piece of wet gauze was covered onto the agarose

to prevent drying. Pipettes were then inserted into the SC.

Electrical signals were amplified using MultiClamp 700B (Axon Instruments, CA), and acquired
with System 3 workstation (Tucker Davis Technologies, FL) at 10 kHz. Pipette capacitance and
the electrode resistance were compensated initially. For current-clamp recordings, only the cells
with stable resting membrane potentials and series resistance lower than 80 MQ across the duration
of the recordings were included in our analysis. No current injection was applied during recordings
except for measurement of series resistance (Pei et al., 2015). For voltage-clamp recordings,
neurons were clamped at the reversal potential of inhibition, which was determined by adjusting
the holding potential to minimize the amplitude of the inhibitory postsynaptic current evoked by
photostimulation of Gad2+ neurons (Fig. 4.4). The mean reversal potential for inhibitory currents
in excitatory cells was -64.82 + 0.25 mV (n = 36). For recordings of inhibitory cells, -65 mV was
used as the holding potential to isolate excitatory currents. Only cells with stable current baselines
and series resistance lower than 50 MQ across the duration of the recordings were included in our
analysis. Note that the reported values were not corrected for the junction potential. The depths of
recorded cells were between 0 and 300 um (reading from the micromanipulator) from the point

where the pipette broke into the thin membrane of SC surface as indicated by a large sudden and
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quickly recovered electrical signal change. The morphology of 9 biocytin-stained cells further

confirmed the accuracy of the manipulator readings and that all cells were in the SGS.

Histology

After in vivo whole-cell recordings, mice were overdosed with euthanasia solution (150 mg/kg
pentobarbital) and perfused with PBS and then 4% paraformaldehyde (PFA). The brain was
immersed in 4% PFA overnight. Coronal slices of 150um were cut from the fixed brain using a
vibrating blade microtome (VT1000S, Leica Microsystems). The labeled cells were revealed by
visualizing biocytin with streptavidin-Alex Fluor 488 conjugate (Invitrogen). Images were
captured using a Zeiss LSMS5 Pascal confocal microscope (Carl Zeiss, Jena, Germany) in z-series

scanning and reconstructed in Filament Tracer of Imaris (Bitplane, Zurich, Switzerland).

In vivo extracellular recording

Tungsten electrodes (5-10 MQ, FHC) were inserted perpendicularly into the SC. The SC surface
was estimated visually under the microscope. 2% agarose in ACSF was then applied onto the
exposed SC. SGS neurons were recorded between 0 and 300pum below the surface. The electrical
signals were filtered between 0.3 and 5 kHz for spikes and sampled at 25 kHz using a System 3
workstation (Tucker Davis Technologies, FL). The spike waveforms were further sorted offline in
OpenSorter (Tucker Davis Technologies, FL) to isolate single units as described before (Drager &

Hubel, 1975; Li et al., 2013).

Two-photon calcium imaging of SGS neurons
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We followed our recently published procedures of 2-photon imaging of the superficial SGS
neurons (Saul & Humphrey, 1992). Briefly, a craniotomy was performed on the left hemisphere,
starting at the lambda point and extending ~3 mm both laterally and rostrally. Tissues overlaying
the SC were removed by aspiration. Once the SC was exposed, a glass pipette (inner diameter of
10-20 pum) filled with freshly-made solution containing Cal-520AM (1.13 mM) and SR101 was
lowered into the tissue. Twenty pulses of 2.3 nl each (46 nl total volume), at 20 s interval, were
delivered to inject the Cal-520 solution at a depth of 500 pm below the surface. The same
procedure was repeated after retracting the pipette to a depth of 250 um. The pipette was left in
the tissue for 1-2 min before being slowly retracted. The SC was then covered by ACSF. Imaging
was performed 1-2h after loading.

Once the injection procedure was complete, a small metal plate was mounted on the mouse’s head
with MetaBond (Parkell), which, when clamped under the microscope, resulted in the imaged SC
surface being largely flat and perpendicular to the objective. A shield was placed around the
craniotomy to block light from the visual stimulus during imaging. The SC was covered by 3%
agarose in ACSF for stability. Imaging was performed with a 2-photon microscope (2P-SGS,
Bruker Nano Surface Division) at an excitation wavelength of 800 nm, and with a 40X/0.8NA
objective (Leica). Data were acquired using PrairieView software with a spiral scan at 2X optical
zoom, resulting in a circular field of view with a diameter of 135 pm. Image resolution was

256x256 pixels and the acquisition rate 8.079 Hz.

Optogenetic silencing of SGS excitatory neurons
To photostimulate ChR2-expressing cells, we used an optic fiber (0.2 mm core diameter) driven

by a blue LED (470 nm, Doric Lenses) placed ~0.5 mm above the exposed SC. The tip of the LED
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fiber was placed at a similar position in all mice. During recordings, it was buried in the agarose
that was applied to reduce the pulsation of the brain and protect the tissue. To prevent direct
photostimulation of the eyes by the LED light, the Metabond used for mounting the head plate was
prepared with black ink. The agarose surface was painted with black ink, and a piece of thick black
paper was carefully placed around the fiber to ensure that light could not be seen from the front
and sides, as described before (31). The LED was driven by a square wave starting from 500 ms
before the onset of each visual stimulus and ending at 100 ms after the offset of each visual
stimulus (3600 ms for sweeping bars, as described below). The intensity of LED light was ~160
mW/mm? at the tip of the optic fiber in all recordings, which was confirmed to be reliably effective

in silencing SGS excitatory neurons.

Visual stimulation

For in vivo experiments, visual stimuli were generated with Matlab Psychophysics toolbox (33,34)
on a LCD (37.5 cm x 30 ¢cm, 60 Hz refresh rate, ~50 cd/m? mean luminance) or a CRT monitor
(40 cm x 30 cm, 60 Hz, ~35 cd/m? luminance). The monitor was placed 25 cm away from the eye
contralateral to the recording/imaging site (the right eye). For 2-photon imaging, the screen was
also tilted at an angle matching that of the mouse’s head, given that the mouse’s nose was slightly
elevated to correct for the curvature of SC and allow imaging from a relatively flat surface. The

ipsilateral eye was covered throughout the experiments.

Two types of visual stimuli were used to determine direction selectivity of SGS neurons. First,

sweeping bars of 5° wide drifting at a speed of 30°/s were used in both physiology and imaging

experiments. The drifting directions were varied between 0° and 330° (12 steps, 30° spacing),
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which were presented in a pseudorandom sequence together with a “blank stimulus” (gray screen
at the mean luminance). In whole cell recording, the inter-stimulus interval was 0.5 or 1 sec when
there was no LED illumination, and 10 sec where LED was used in order to allow the stimulated
inhibitory cells to recover. In 2-photon imaging, the inter-stimulus interval was 3 sec. Second,
drifting sinusoidal gratings were also used in the imaging experiments, at 0.08 cpd, 2Hz, 100%
contrast (Saul & Humphrey, 1992). They were presented at 12 movement directions (0°-330°, with
30° increments) in a pseudorandom order within a circular window (32° in diameter and
surrounded by a grey background) near the center of the imaged cells’ receptive fields (which was
determined by flashing white or black squares as described in reference (Saul & Humphrey, 1992).
The stimulus duration was 3 sec and inter-stimulus interval 5 sec. Each stimulus was repeated 4-6

times for imaging and 3-8 times for recording.

Data analysis

Whole cell recording data were first analyzed using a custom MATLAB program (originally
written by a former lab member Dr. Xinyu Zhao). For current-clamp data, spikes were detected by
calculating the first derivative of raw voltage traces (dV/dt), and the start of a spike was the time
point when dV/dt reached a manually set positive threshold. Individual traces were carefully
inspected to ensure proper spike detection. Peri-stimulus spike time histograms (PSTHs) were
calculated by trial-averaging the spike counts in each 50 ms time bin. Subthreshold Vi, were
extracted by removing spikes from the raw voltage traces by a 6 ms median filter. The subthreshold
Vm traces were trial-averaged for each stimulus condition. The trial-averaged Vm trace for the
blank stimulus (i.e., gray screen) was used to calculate the mean (Vm baseline) and standard

deviation of spontaneous Vm fluctuations. The Vi, baseline was then subtracted from the trial-
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averaged Vn trace for each visual stimulus condition, i.e., bars of certain direction.

For voltage-clamp data, the current traces (Im) were firstly smoothed by a 40 ms mean filter
and then trial-averaged for each stimulus condition. For visual stimulus conditions in the absence
of LED photoactivation (i.e., LED-off), the EPSC baseline was calculated as the mean of the trial-
averaged In trace to the blank stimulus, and subtracted from the trial-averaged trace of each
condition. For LED-on conditions, In traces were similarly trial-averaged for each stimulus
condition. For inhibitory cells, all traces showed LED-activated ChR2 currents in addition to
visually-evoked EPSCs (Extended Data Fig. 4.11). For excitatory cells, the trace of the blank
condition was flat in most cells (Extended Data Fig. 4.11); but in some cells, a slowly increasing
inward current was seen during LED stimulation, possibly the “bystander currents” mediated by
acid-sensing ion channels (Baden et al., 2016). The dynamic of this slow current, when existed,
was always the same for all stimulus conditions of the same cell, including the blank stimulus. We
therefore did a point-by-point subtraction of a further-smoothed trace of the blank condition from
the trace of each condition. This was done for both excitatory and inhibitory cells to remove the
LED-evoked currents, while keeping the fluctuations in each trace (including the blank condition,
which was used to determine baseline fluctuation). Finally, the intracollicular EPSC traces were
generated by a point-by-point subtraction of retinal EPSC (LED-on) from the total EPSC (LED-

off) traces (Extended Data Fig. 4.12).

For analyzing Vi, and EPSCs, we determined time windows of responses to the sweeping bars.
This was necessary for finding “response” magnitude for directions that evoked weak or no
responses. To do this, we first calculated a cutoff threshold, which was the Vi, or EPSC level 2

standard deviations away from the baseline fluctuation (determined from the blank condition as
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described above). The widest segment of the traces that were above (for Vi) or below (for EPSC)
the threshold was determined as the response time window for each stimulus condition. This time
window was expanded if there were any short above-threshold segments within 150ms of the 2
sides. Next, the conditions that evoked wider time windows were used to guide the analysis of
other conditions, to ensure that the estimation of response window was not too conservative or
inaccurate for non-preferred directions. Specifically, for conditions where the window was
narrower than 1/3 of the widest window of this cell (or 333 ms if the widest window is bigger than
Is), the response time window determined from the opposite direction, reversed in timing, was
used. All traces were checked visually to confirm that the time windows were determined properly.
Peak Vi and spike rate were calculated for the response time window of each stimulus condition,
subtracting the mean values of blank condition. For EPSCs, they could spontaneously fluctuate
across the threshold, thus leading to an overestimation of the weak responses. Therefore, for data
shown in the main text, if the peak EPSCs were within 3 standard deviations of the baseline, they
were manually set to 0. We compared this with other methods of calculation (Fig. 4.13) and found
no difference in our conclusions. Finally, the EPSC charge integral for each stimulus condition
was quantified as the time integral of the data points in the response time window as determined

above.

For SC 2-photon imaging data, we followed our published procedures of analysis (Saul &
Humphrey, 1992). Briefly, regions of interest (ROIs) were drawn manually on the average images,
and the intensity values for all pixels in each ROI were averaged for each frame to obtain the raw
Ca?* signal of each cell. From the raw signal, for each stimulus presentation, AF/Fy = (F- Fy)/F,

was calculated, where Fy was the mean of the baseline signal over a fixed interval of 1.25 sec (for
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gratings) or 0.75sec (for bars) before stimulus onset; and F was the fluorescence signal from 250
ms after stimulus onset to 500 ms after stimulus offset. A cell was considered responsive if its
mean F' (for gratings) or peak F' (for bars) was more than two standard deviations above F) for at
least one of the stimulus conditions. The mean (for gratings) or peak (for bars) value of AF/F for
each of the stimulus conditions was then used to determine the direction tuning curves for every

responsive cell.

To quantify the degree of direction selectivity, we calculated a global direction selectivity index
(gDSI), which is the vector sum of responses normalized by the scalar sum of responses

ZRgeiG
YRy ’

(Chandrasekaran et al., 2007; Saul & Humphrey, 1992): gDSI = where Ry is the response

magnitude of spikes, Vi, EPSC, or AF/F), at 8 direction of bars or gratings. The preferred direction

is quantified as the angle of the vector sum of responses.

To classify whether a cell was direction selective in Figure 4.8, we used a criterion of gDSI-EPSC
> 0.1. In the 17 cells that met this criterion and received direct retinal inputs, 3 cells showed in

their tuning curves a small but obvious second peak at the direction opposite to the preferred

i20
ZI;GRE ) greater than
6

direction, thus leading to their global orientation selectivity index (gOSI =
gDSI. For all of the other 14 cells, their gDSI was greater than gOSI. We therefore did not include
these 3 cells in DS cells, but none of our conclusions would change if these 3 cells were included.

All pooled data were presented as mean + SEM. Statistical significant was calculated using

two independent sample ¢ tests or paired ¢ tests, or K-S test as mentioned in the text. All analyses

and graph plotting were performed in MATLAB (MathWorks) or Prism (GraphPad Software Inc).
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Retinal calcium imaging and data analysis

WT littermate controls and Vgat KO mice were injected intravitreally after eye opening at P18
with an AAV?2 viral vector carrying GCaMP6s (University of Pennsylvania Vector Core). After
21 days, the injected mice were dark adapted for 1 hour and their retinas were dissected in the dark
under infrared (IR) light. During dissection, the retina was cut into dorsal and ventral pieces
following the procedure described by (Wei et al., 2010) and the nasal direction for each piece was
annotated. The dissected retinas were kept in darkness at room temperature in Ames’ medium
bubbled with 95% 02/5% CO? until use (0-7 h). Cells were visualized with IR light (>900 nm)
and an IR-sensitive video camera (Watec). Light responsive, GCaMP6s-positive cells were
identified by a two-photon microscope (Bruker Nano Surface Division) and a Ti:sapphire laser
(Coherent Chameleon Ultra IT) tuned to 920 nm while presenting a flashing spot (660 um diameter)
from a monochromatic organic light-emitting display (OLEDXL, eMagin; 800 x 600 pixel
resolution, 60-Hz refresh rate). Imaging was performed at an excitation wavelength of 920 nm
with a 60X objective while the field of view was presented with a positive contrast 990 um x 220
um moving bar stimulus in a dark background moving in 8 pseudorandomly chosen directions
spaced at 45 degree intervals at a speed of 440 um/sec on the retina (~15 °/sec in visual space).
Data were acquired using PrairieView software in a 100 um x 100 pum field of view. Image

resolution was 256 x 256 pixels and the acquisition rate ~13 Hz.

Raw frames were uploaded onto Imagel software in which regions of interest (ROIs) were
manually drawn to enclose the soma of each GCaMP6s expressing cell and for a background
region where there was no detectable GCaMP6s expression. Using the TimeSeries Analyzer plugin

for Imagel], we calculated the average intensity over time for all ROIs. In MATLAB, the
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background trace was subtracted from the light responsive somatic traces to remove noise. The
background subtracted traces were then truncated and sorted by direction of the moving bar
stimulus and the peak of each calcium transient was used to calculate AF/F as described above.

Rpref—Ropp
b
Rpref+Ropp

For each responsive cell, we calculated gDSI and gOSI as described above and DSI =
where R,ris the cell’s response at the preferred direction (i.e., maximal response), and R, is the
cell’s response to the direction opposite to the preferred one. Cells showing responses to both the

leading and trailing edge of the positive contrast moving bar and whose DSI > 0.2 and gDSI >

gOSI were classified as On-Off DSGCs.
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Chapter 5

Transgenic Approaches for Functional Imaging in Retinal
Ganglion Cells

The immunostaining data presented in this chapter was collected by Qi Geng (now graduate
student at University of Michigan).

5.1 Abstract

Calcium imaging has become a powerful tool in neuroscience research allowing the visualization
and monitoring activity of neuronal populations. In particular, recent studies have utilized calcium
imaging to classify populations of retinal neurons into retinal ganglion cell subtypes based on their
light response characteristics (Baden et al., 2016; Sabbah et al., 2017) and to record activity across
subcellular compartments (Chapot et al., 2017; Qiang Chen et al., 2016; Euler et al., 2002). Over
the last several years, genetically encodable calcium indicators (GECIs) have become the gold
standard for functional imaging since they can be expressed in molecularly-defined subpopulations
and exhibit high sensitivity (T. W. Chen et al., 2013; Dana et al., 2018). Despite the numerous
advances in viral vector technologies, homogeneous expression of GECIs in retinal tissue still
remains challenging. Here, we characterize two transgenic mouse lines that target retinal ganglion
cells (RGCs) and a subset of horizontal cells for functional imaging. These transgenic lines

eliminate the need of performing intravitreal injections and reduce the variability between mice.
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In addition, genetic manipulations can be introduced into these mouse lines to dissect the
contributions of interneurons to various retina computations. For example, we show how
disrupting GABA signaling from starburst amacrine cells (SACs) reduces direction selective

responses in the RGC population.

5.2 Introduction

The ability to monitor neural activity during behavior has been instrumental in providing links
between neural activity and function. Over the last several decades, neuroscience research has
taken advantage of various optical methods, including calcium imaging, to track the activity of
neurons over extended periods of time since these allow for recordings of neuronal populations
and subcellular compartments and are minimally invasive compared to multi-electrode arrays.
Additionally, the development of genetically encodable calcium indicators (GECIs), such as
GCaMP6, have made it possible to isolate the activity of genetically defined populations with
single action potential sensitivity (T. W. Chen et al., 2013; Pnevmatikakis et al., 2016). GECIs
have been traditionally targeted to specific cell types through viral vector techniques (Bedbrook et
al., 2018; Khabou et al., 2016). While viral techniques are efficient in introducing foreign genes
into neurons, they often require challenging surgeries and result in non-homogenous expression

patterns.

In the particular case of the retina, intravitreal injections can cause retinal damage and lead to
expression restricted the area around the injection site biasing the sample population (Sabbah et
al., 2017). All of these factors contribute to experimental variability between mice and retinal

tissues. Additionally, the possibility of using GEClIs for early developmental studies have been
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limited due to the time window needed for expression, which is in the order of several weeks
(Chang et al., 2017). Several transgenic mouse lines have been developed that result in stable,
homogenous expression of GCaMP6 and circumvent the challenges associated with viral

technologies listed above (Dana et al., 2014; Ivanova et al., 2010; Steinmetz et al., 2017).

In the early visual system, retinal ganglion cells (RGCs) carry visual feature sensitive information
(Baden et al., 2016) to the downstream visual processing centers of brain (Ellis et al., 2016;
Martersteck et al., 2017), such as the lateral geniculate nucleus (LGN) and the superior colliculus
(SC). Transgenic mouse lines that exclusively label RGCs in the ganglion cell layer would allow
proper sampling of all the output channels in the retina and provide the means to better understand
how the retina encodes visual information. Previous immunostaining and anatomical tracing
experiments have suggested that some molecular markers, such as vesicular glutamate transporter
2 (vGluT2) and Thy1, can be used to label most, if not all, RGCs (Qian Chen et al., 2012; Ellis et
al., 2016; Martersteck et al., 2017; Wissle et al., 2006). While these markers provide genetic access
to RGCs, their use for population level functional imaging in the retina has yet to be reported.
Here, we focused in the characterization of the Vglut2-IRES-Cre and Thy1-GCaMP6f 5.17 as Cre-
dependent and Cre-independent transgenic mouse lines for retinal calcium imaging. Our findings
demonstrate that both of these genetic lines have similar expression patterns and can be used to

reliably identify visual feature encoding RGCs.

5.3 Results

5.3.1 Labeling of retinal neurons by Vglut2-Cre and Thyl-GCaMP6f 5.17 transgenic lines

143



To assess whether the Vglut2-IRES-Cre and the ThyI-GCaMPo6f 5.17 (referred as Thy1-GCaMP6f
further on) transgenic lines target similar populations of neurons in the retina, we generated a
hybrid mouse line containing the Vglut2-IRES-Cre, floxed TdTomato, and Thyl-GCaMPo6f
transgenes (Figure S5.1a). In this mouse, all Vglut2-Cre+ cells will be expressing the red-
fluorescent protein, TdTomato, and all Thyl+ cells will be expressing the genetically encoded
calcium sensor, GCaMP6f. Isolated retinas from these mice were then fixed (4%
paraformaldehyde for 20 mins) and stained using anti-GFP and anti-RFP primary antibodies to
enhance the GCaMP6 and TdTomato immunofluorescence, respectively. Using laser-scanning
two-photon microscopy we recorded the red- and green-shifted signals across the entire volume of
0.36 mm? (or 600 um x 600 um) patches of mouse retina. As expected, we observed strong
TdTomato and GCaMP6f signals from the ganglion cell layer (GCL) (Figure 5.1a-b). In the GCL,
Vglut2-cre+ and Thy+ signals co-localize in 97.97 + 0.44% of the cells, Vglut2-Cre+ only signal
were observed in 1.23 +0.21% of the cells, and Thy1+ only signals were observed in 0.80 + 0.28%
of the cells (Figure 5.1¢). Examples of single labeled cells are indicated by white arrowheads. The
average cell densities observed at the GCL in these 0.36 mm? patches of retina (3621.53 +213.17
cells/mm? and 3606.59 +214.10 cells/mm? for the Vglut2-TdTomato and Thy 1-GCaMP6f signals,
respectively) fall well within the range previously reported for retinal ganglion cells (RGCs) in the

mouse retina (Jeon et al., 1998).
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Figure 5.1: Retinal expression patterns of Vglut2-IRES-Cre and Thyl-GCaMP6 5.17 mouse
lines. (A) Top: Schematic of transgenes in Vglut2/TdTomato/Thyl-GCaMP6 hybrid mouse.
Middle: Two-photon laser scanning microscope images of Expression pattern of Vglut2-Cre and
Thy1-GCamp6f 5.17 in the GCL. Bottom: Expression pattern of Vglut2-Cre and Thy1-GCamp6f
5.17 in the INL. (B) XY maximum intensity projection of an image stack of a patch of retina taken
with a two-photon laser scanning microscope. Fluorescence expression in cell bodies within the
ganglion cell layer (GCL) and inner nuclear layer (INL) is apparent. (C) Quantification of co-
localization of Vglut2-IRES-Cre and Thy1-GCaMP6f 5.17 signals in both the GCL (gray) and INL
(white). Plotted at mean + s.e.m. n = 8 stacks, 3 mice.
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To confirm that the expression pattern in these lines is restricted to RGCs and does not include
displaced GABAergic amacrine cells (ACs), we stained TdTomato expressing retinas with anti-
GAD67 and GCaMP6 expressing retinas with anti-VGLUT2. Our results indicate that these mouse
lines do not label GABAergic ACs in the GCL, since we observed clear separation between
TdTomato signal and the anti-GADG67 (Figure 5.2a). Additionally, we observed strong co-
localization between GCaMP6 signals and the Vglut2 protein stain, verifying that the targeted cells

are in fact VGLUT2-expressing RGCs (Figure 5.2b).

loxP loxP

fioxed TdTomato STOP CAG-TdTomato
Vglutz-Cre Volut2

TdTomato

B

Thy1-GCaMP6r 5.17

Anti-Vglut2 ™ Anti:GFP . -?T- Merge Y
Figure 5.2: Labeling of Vglut2-Cre and Thyl-GCaMP6f in the GCL is restricted to RGCs.
(A) GADG67 stain in Vglut2-Cre retinas demonstrates clear separation between Vglut2+ and
GADG67+ cells. (B) Vglut2 stain in Thyl-GCaMP6f retinas shows complete co-localization with
Thy1 signal.
Surprisingly, we also observed strong TdTomato and GCaMP6f signals in subsets of cells in the
inner nuclear layer (INL) and outer plexiform layer (OPL) (Figure 5.1b). In the INL, Vglut2-cre+
and Thy+ signals co-localize in 97.72 + 1.17% of the cells, while Vglut2-cre+ only signals were

observed in 1.47 + 0.88% of the cells and Thyl+ only signals were observed in 0.81 £ 0.42% of

the cells (Figure 5.1). It is important to note that the green “swirls” (pointed with red arrowheads)
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in our fluorescent images correspond to blood vessels since our green-shifted (Alexa 488
conjugated) secondary antibodies were anti-mouse IgG. These cells in the INL captivated our
attention since, to the best of our knowledge, cell types known to express VGLUT2 in the INL
have yet to be reported. The identity of these neurons will be further characterized in the latter
sections of this report. The labeled cells in the OPL correspond to a subset of S-cone pedicles
(656.38 + 48.24 cells/mm?) that have been demonstrated to express Vglut2 (Wissle et al., 2006),
which account for ~5% of the entire cone population according to previously reported total cone
densities. Our data demonstrates that the Thy1-GCaMP6 founder line targets the same population

of cones in the OPL.

5.3.2 Classification of RGCs through functional imaging

Anatomical evidence suggests that Vglut2-IRES-Cre and Thyl-GCaMP6 founder lines target all
RGC types (Figures 5.1 & 5.2) (Martersteck et al., 2017), but the populations labeled by these
mouse lines have not been described based on their light response properties. To characterize RGC
responses to visual stimulation, we generated mice containing /oxP-flanked GCaMP6f and Vglut2-
IRES-Cre (Vglut2-GCaMP6f mice) transgenes and performed two-photon laser scanning calcium
imaging in the GCL of retinas from Vglut2-GCaMP6f and Thy1-GCaMP6f 5.17 mice (Figure
5.3a). These lines represent Cre-driven (Vglut2) and Cre-independent (Thy1) forms of transgenic

GCaMP6 expression, each having advantages and disadvantages which will be discussed later.

In these experiments, we recorded visual evoked GCaMP6f signals from 1,350 RGCs from 4 mice

and 833 RGCs from 4 mice in the Vglut2-IRES-Cre and Thy1-GCaMP6f mouse lines, respectively,

while presenting a bright moving bar stimulus (four trials of a275 pm x 880 um in 8 pseudorandom
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directions). The 880 pum distance between the leading and trailing edge of the moving bar stimulus
provide clear temporal separation between On and Off light response components. We detected
RGCs exhibiting On-Off (50.77% + 0.26 in Vglut2-Cre and 34.62% + 1.54 in Thyl mice; data
shown as mean * s.e.m.; p = 0.001), On (25.92% £ 1.16 in the Vglut2-Cre and 36.89% + 3.91 in
the Thyl mouse; n.s. p = 0.0587), and Off (11.97% £ 0.55 in the Vglut2-Cre and 10.79% + 1.46
in the Thyl mouse, n.s. p = 0.5362) responses to the moving bar stimulus (Figure 5.3b, d). From
the recorded RGCs, 2.99 + 1.42% in Vglut2-Cre and 2.94 £ 0.911% in Thyl (n.s.; p = 0.9807, data
not shown) exhibited typical light response properties of suppressed by contrast cells, or
uniformity detectors as they have been referred to in the past (Jacoby & Schwartz, 2018; Sivyer et
al., 2010; Tien et al., 2015), and 8.82 £+ 1.40% and 11.39 = 2.18% (n.s.; p = 0.422) of RGCs were
unresponsive cells in the Vglut2 and Thy1 transgenic mouse lines, respectively (Figure 5.3c). The
lack of responses in this small fraction of cells can be attributed to our chosen stimulus, which

might not maximally activate some RGC types, and minor damage during dissection.
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Figure 5.3. Functional imaging using transgenic mouse lines. (A) Schematic showing calcium
imaging experimental setup. Dissected retinas are placed onto a recording chamber with the GCL
facing upwards and the nasal direction pointing forwards. Retinas are perfused with Ames solution
during the entirety of the experiment. Two-photon laser scanning microscopy is used to record
GCaMP6 calcium transients while presenting a moving bar stimulus onto the PRL using an OLED.
The bottom panel shows a max-intensity projection of GCaMP6 fluorescence in an example field
of view. Scale bar, 25 pm. (B) Summary plot showing the percentages of On-Off, On, and Off
RGCs in Vglut2-IRES-Cre (grey , n = 684 On-Off cells, 360 On cells, and 160 Off cells out of
1,350 RGCs from 4 mice) and Thyl-GCaMP6f 5.17 (white, n = 293 On-Off cells, 322 On cells,
and 86 Off cells out of 833 RGCs from 4 mice) retinas (P = 0.001 for On-Off, On and Off n.s., P
> 0.05). (C) Quantification of unresponsive RGCs in both Vglut2-IRES-Cre and Thy1-GCaMP6f
5.17 transgenic lines (n.s.; P > 0.05). (D) Representative traces of On-Off, On, and Off RGCs in
the Vglut2-IRES-Cre and Thyl-GCaMP6f 5.17 transgenic lines. The arrows on the top indicate
the direction of the 250 pm % 800 pm moving bar stimulus in relation to the tuning plots on the
right. Yellow shadow indicates the duration of the leading edge (On edge) passing through a 600
pum in diameter circular mask.

In addition to RGCs of different response polarities, a significant fraction of GCaMP6 positive

RGCs in both transgenic lines showed directional responses to the moving bar stimulus,
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corresponding to the commonly studied direction selective ganglion cells (DSGCs) (Barlow &
Hill, 1963; W. Sun et al., 2006; Weng et al., 2005). Using direction selectivity index (DSI =

R Ruuu/Rprer + Rnyu) as a measure of directional tuning, we found 14.76% + 1.13 and

pref
16.83% =+ 1.35 of cells exhibiting direction selective responses (DSI > 0.35) in the Vglut2-Cre and
Thyl mouse lines, respectively. These can be further classified into On-Off DSGCs (11.33% +
1.02 in the Vglut2 and 13.00% = 1.57 in the Thy1 mouse, n.s. p = 0.4694), On DSGCs (3.32% *
0.42 in the Vglut2 and 3.67% % 0.89, n.s. p = 0.7725), and Off DSGCs(0.11% £ 0.06 in the Vglut2

and 0.16% * 0.14 in the Thyl, n.s. p = 0.7872) DSGCs (Figure 5.4).
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Figure 5.4: Four subclasses of On-Off DSGCs identified using transgenic calcium imaging.
(A) Representative traces of On-Off DSGCs from the Vglut2-IRES-Cre and Thy1-GCaMP6f 5.17
transgenic lines tuned to the four cardinal preferred directions. (B) Average percentages by mouse
of DSGCs (DSI > 0.35) in the Vglut2-IRES-Cre (n = 157 On-Off DSGCs, 49 On DSGCs, and 2
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Figure 5.4 (cont.) Off DSGCs out of 1,350 RGCs from 4 mice, grey) and Thyl-GCaMP6f 5.17
(n =112 On-Off DSGCs, 33 On DSGCs, and 2 Off DSGCs out of 833 RGCs from 4 mice,
white) lines. No statistical difference between Vglut2-IRES-Cre and Thyl1-GCaMP6f 5.17 were
observed (P > 0.05). (C) Cumulative distributions of On-Off DSGC DSI values for Vglut2-
IRES-Cre (n = 157 cells, grey) and for Thy1-GCaMP6f 5.17 (n = 112 cells, white), indicating
that Vglut2-IRES-Cre and Thyl-GCaMP6f 5.17 On-Off DSGCshave nearly identical DSI
distributions (P = 0.1560, K-S statistic = 0.1385, Kolmogorov-Smirnov test). (D) The preferred
directions of On-Off DSGCs are plotted as a polar plot of vector sums for the Vglut2-IRES-Cre
(left) and Thy1-GCaMP6f 5.17 (right) lines. The preferred directions were grouped into nasal (N),
temporal (T), dorsal (D), and ventral (V) preferring by using k-means clustering (k = 4). The
asterisks indicate the centroid of each cluster.

Particularly, On-Off DSGCs have been subject of extensive study given their abundancy in the
GCL (Baden et al., 2016; Sabbah et al., 2017), link to downstream visual centers (Cruz-Martin et
al., 2014; Huberman et al., 2009; Liang et al., 2018; Shi et al., 2017), and the numerous molecular
markers available to target them for mechanistic studies (Dhande et al., 2013; Huberman et al.,
2009; Trenholm et al., 2011). In both transgenic lines, the preferred directions of On-Off DSGCs
cluster along the four cardinal directions (Figure 5.4D), suggesting that both the Vglut2 and Thy1
lines can be used to study all four subpopulations of On-Off DSGCs (nasal, temporal, dorsal, and
ventral preferring). Analysis of the cumulative distributions of DSIs from On-Off DSGCs (n =153
cells from 4 Vglut2 mice; n= 111 cells from 4 Thyl mice) indicate that the DSI distributions from
both mouse lines are not statistically different from each other (p = 0.1560, KS statistic = 0.1385,
KS test; Figure 5.4C). The evidence presented here demonstrates that similar populations of RGC

subtypes can identified through functional imaging using both Vglut2 and Thyl transgenic

GCaMP6 lines, including feature selective RGCs.

5.3.3 Dissection of retinal circuits through population functional imaging
Pharmacological and genetic manipulations are used to manipulate synaptic loci in retinal circuits

and study the role they play in generating the distinct visual channels that encode information
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leaving the retina. While both the Vglut2 and Thyl transgenic lines are well suited for
pharmacology experiments, they each possess advantages and disadvantages regarding genetic
manipulations. For example, the Vglut2 line allows GCaMP6 expression to be driven by Cre-
recombinase. This mouse line is compatible with other Cre-dependent manipulations of
postsynaptic components in RGCs, such as receptors, voltage-gated ion channels, and proteins
involved in biochemical cascades. On the other hand, the Thy1 line expresses GCaMP6 in a Cre-
independent fashion making this mouse line compatible with both presynaptic and postsynaptic
genetic manipulations that use the Cre-lox system. Here, we demonstrate that by introducing the
ChAT-IRES-Cre and Vgat"*/~ transgenes into the Thy1 mouse line we can selectively knockout
the vesicular GABA transporter (VGAT) in starburst amacrine cells (SACs) (Pei et al., 2015) with
the intention of studying how the population of On-Off DSGCs is affected when asymmetric

inhibition from SACs is disrupted (Figure 5.5A).

We recorded calcium transients from 356 RGCs from 3 Vgat KO mice during moving bar visual
stimulation and analyzed their light response characteristics. In the Vgat KO mouse, we identified
35.66% + 5.46 On-Off (versus 34.62% % 1.54 in Thyl mouse; n.s. p = 0.8685), 30.05 % + 1.30
On (versus 36.89% + 3.91 in the Thyl mouse; n.s. p = 0.2687), and 11.44% + 0.89 Off (versus
10.79% £ 1.46 in the Thyl mouse, n.s. p = 0.780) responses to the moving bar stimulus (Figure

5.5B).
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Figure 5.5: Direction selectivity is impaired but not abolished in the Vgar KO mouse. (A)
Schematic describing genetic manipulation in the Vgat KO mouse. GABA release from SACs is
disrupted, eliminating asymmetric inhibition onto DSGCs and mutual inhibition between SACs
(B) Summary plot showing the percentages of DSGCs in WT Thyl-GCaMP6 (n = 112 On-Off
DSGCs, 33 On DSGCs, and 2 Off DSGCs out of 833 RGCs from 4 mice, grey) and Vgat KO
Thy1-GCaMP6 (n = 16 On-Off DSGCs, 12 On DSGCs, and 3 Off DSGCs out of 356 RGCs from
3 mice, white) retinas (P = 0.0093 for On-Off DSGCs, n.s. P > 0.05 for On and Off DSGCs). (C)
Cumulative distributions of On-Off DSGC DSI values for WT Thy1-GCaMP6f (n = 112 cells
from 4 mice, grey) and Vgat KO Thy1-GCaMP6f (n = 16 cells from 3 mice, white), (P <0.001,
K-S statistic = 0.6213, Kolmogorov-Smirnov test). (D) Quantification of On-Off, On, and Off
RGCs in WT Thy1-GCaMP6f (grey, n = 293 On-Off cells, 322 On cells, and 86 Off cells out of
833 RGCs from 4 mice) and Vgat KO Thyl-GCaMPo6f (white, n = 123 On-Off cells, 108 On cells,
and 40 Off cells out of 356 RGCs from 3 mice) retinas (n.s., P > 0.05).
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As expected, we observed a drastic reduction in the fraction of On-Off DSGCs (4.01% + 0.41 in
the Vgat KO versus 13.00% + 1.57 in the Thyl mouse, p = 0.0093). While direction selectivity is
impaired in the Vgat KO, it is not abolished (Figure 5.5C-D). Interestingly, there was no statistical
difference between the populations of On DSGCs (3.33% £ 1.46 in the Vgat KO versus 3.67% +
0.89 in the Thyl mouse, n.s. p = 0.8687) and Off DSGCs (0.7645% + 0.3411 in the Vgat KO
versus 0.16% =+ 0.14 in the Thylmouse, n.s. p = 0.1921). Additionally, all four subpopulations

(nasal, temporal, dorsal, and ventral preferring) of On-Off DSGCs were reduced and no bias

towards directional preference was observed.

5.3.4 Neuronal population in the INL

As previously mentioned, both Vglut2-Cre and Thy1-GCaMP6f lines label a population of neurons
in the INL (Figure 5.1). These neurons have laterally extending dendrites in the OPL and have
morphologies that resemble horizontal cells (Figure 5.6A). We performed experiments using anti-
GADG67 and anti-VGLUT2 primary antibodies to identify the nature of these neurons. The labeled
cells in the INL were not immunoreactive to either GAD67 (data not shown) or VGLUT?2 stains
(Figure 5.6C). Further immunohistochemistry experiments staining for Calbindin d28K, a known
horizontal cell marker, revealed that these neurons are actually a subset of horizontal cells (Figure
5.6D) with an average density of 211.39 + 34.91 cells/mm2, comprising approximately 16.30% of
the entire horizontal cell population according to our Calbindin d28K stain. We therefore analyzed
the spatial distribution of the labeled somas and discovered that they form a regular mosaic
(regularity index = 2.1359 ; p < 0.01 versus a random distribution; n = 455 cells), with ~38 um

distance between somas.
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Figure 5..6: Vglut2-IRES-Cre and Thyl-GCaMP6f lines label a subset of mouse horizontal
cells. (A) Top: XZ maximum projection of INL labeled cell showing laterally extending dendrites
slightly above the soma. Bottom: Reconstruction of a traced and filled INL labeled cell showing
horizontal cell-like dendritic morphology. Scale bar, 25 um. (B) Nearest neighbor analysis of INL
labeled cells. (C) Anti-Vglut2 stain shows clear separation between Vglut2 protein signal and
GCaMP6. (D) Anti-Calbindin D-28K stain demonstrates co-localization with Vglut2-IRES-Cre
signal.

Finally, we tested whether calcium transients could be recorded from the horizontal cell population
during light response. For these experiments, we focused on GCaMP6+ cells in the INL from dark-
adapted retinas and presented a moving bar visual stimulus as described above. We failed to detect

reliable responses using the Thy1-GCaMP6f mouse line because the GCaMP6 signal was weak

and it was difficult to detect visual evoked transients from the background noise. On the other
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hand, we were able to robustly measure light response from 59/68 horizontal cells using the
Vglut2-Cre mouse line (Figure 5.7). These neurons showed suppression of GCaMP6 fluorescence

upon exposure to bright visual stimulus which rebounded in darkness.

Figure 5.7: Functional imaging in mouse horizontal cells using transgenic expression of
GCaMP6. (A) Maximum projection of a representative imaging window for functional imaging
of horizontal cells. (B) Calcium transients during 275 pm % 880 um moving bar stimulus.

5.4 Discussion

Transgenic approaches of GECI expression have been advantageous decreasing variability across
experiments and diminishing experimental preparation for calcium imaging experiments. The use
of transgenic mouse lines expressing GCaMP6 have become more common in systems
neuroscience, in which experiments aim to monitor the activity of large populations of neurons in
a particular brain area. Despite their advantages, transgenic techniques have not been employed in
retina studies in part due to lack of characterization of expression patterns. Here, we characterized
two transgenic approaches of expressing GCaMP6 in RGCs: Vglut2-IRES-Cre and Thyl-

GCaMPo6f 5.17.

Many transgenic mouse lines have focused on expressing GCaMP6 under the Thy1 promoter since

it labels most excitatory projecting (axon bearing) neurons (ref). According to this definition, these
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mouse lines should target GCaMP6 expression to RGCs. In fact, previous reports using a Thy1-
GCaMP3 mouse shows robust expression in the GCL, although a distinction between RGCs and
displaced ACs was not made (Chen et al., 2012). Another alternative is to conditionally express
GCaMP6 using a combination of Cre-recombinase under a RGC marker and a floxed GCaMP6f
transgene. The Vglut2-IRES-Cre mouse line is an ideal candidate since other major glutamatergic
neurons in the inner retina, such as bipolar cells and glutamatergic amacrine cells, use VGLUT1
or VGLUT3, respectively (Della Santina et al., 2016; Haverkamp & Wissle, 2004; S. Lee et al.,
2014; Sherry et al., 2003). Our double labeling experiments in Fig. 5.1 demonstrated that Vglut2-
IRES-Cre and Thy1-GCaMP6 5.17 target very similar populations of neurons in the retina. In the
GCL, both of these transgenic line exclusively target RGCs (Figure 5.2), therefore representing

Cre-dependent and independent forms of expressing GCaMP6f in the same neuronal population.

Using two-photon laser scanning microscopy and moving bar visual stimulation, we grouped
visual responses into RGC classes according to their light response properties. We chose the
moving bar visual stimulus since it allowed us to probe for directional responses and On/Off
preference simultaneously. Additionally, many RGC types exhibit enhanced responses to moving
stimuli (Grzywacz et al., 1993; C. W. Oyster, 1968). We robustly detected On-Off, On, and Off
light responses from both transgenic lines. It is important to note that we observed a dorsal-ventral
gradient of GCaMP6f expression in the Thyl-GCaMP6f mouse line, with stronger GCaMP6f
signal in the dorsal retina, which could explain subtle differences in On-Off versus On ratios
(Figure 5.3). Many of light-responsive RGCs exhibit no directional or orientation tuning
corresponding to transient/sustained alpha types, suppressed by contrast cells, and local edge

detector W3 types (Baden et al., 2016). Our chosen stimulus (250 um x 800 um moving bar)
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evoked reliable responses from most RGCs (> 90%), but we recognize that this was not optimal
for RGCs with large-field excitatory centers or those with small excitatory center and large
inhibitory surrounds potentially leading some cells to be categorized as unresponsive.

The percentage of On-Off RGCs (50.77% for Vglut2 and 34.62% for Thy1l) we detected greatly
surpassed those previously reported in studies utilizing Oregon BAPTA-1 (OGB-1, 20.84%) (Bos
et al., 2016) and multi-electrode arrays (21.5%) (Tian & Copenhagen, 2003). This could be due to
our choice of moving bar stimulus over stationary light flashes that are commonly used to probe
for light-response polarity. Alternatively, it is possible that GCaMP6f’s enhanced sensitivity

allowed us to detect responses that would otherwise be missed with other techniques.

Among our sampled RGC population, we detected several types of DSGCs (14.76% for Vglut2
and 16.83% for Thy1). According to preliminary data from sequential calcium imaging and single-
unit recordings from individual cells, a DSI > 0.35 criterion for calcium imaging correlates to a
DSI > 0.20 for spiking. On-Off DSGCs were the most numerous compared to other RGC types
consistent with previous studies (Baden et al., 2016; Bos et al., 2016; Sabbah et al., 2017). The
speed of the moving bar stimulus (400 um/s) was within the preferred range for On-Off DSGCs;
but, it might fail to reveal certain On directional responses such those associated with slow On
DSGCs (W. Sun et al., 2006). Although small in numbers, we also identified RGCs with robust

Off directional responses (I. J. Kim et al., 2008).

To demonstrate that these transgenic lines are compatible with genetic manipulations for

microcircuit dissection at the population level, we generated a Thy1-GCaMP6f mouse in which

the Vgat gene was conditionally knocked out in starburst amacrine cells (SACs) (Pei et al., 2015).
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This allowed us to study the dependency of retinal direction selectivity to asymmetric inhibition
from the entire DSGC population. We detected similar distributions of On-Off, On, and Off RGCs
in the Vgat KO mouse suggesting RGC laminar targeting and On/Off segregation is unaffected by
eliminating SAC GABA release. Orientation sensitive responses were also unaffected by the Vgat
KO manipulation adding evidence for minimal developmental compensation in this mouse model

(data not shown).

As expected, we observed a significant reduction in On-Off directional responses in the Vgat KO
mouse (Pei et al., 2015; Shi et al., 2017). All four subtypes of On-Off DSGCs were similarly
affected by eliminating SAC GABA release. However, preferred directions failed to cluster along
the four cardinal directions in the Vgat KO mouse and RGCs with On-Off directional responses
(DSI>0.35) had lower tuning strength compared to wildtype mice. This suggests that asymmetric
inhibition onto DSGCs is required for optimal tuning and clustering of preferred directions. In the
absence of asymmetric inhibition, direction selectivity could be achieved by mechanisms that
traditionally work in parallel with directional inhibition including direction selective excitation
(Pei et al., 2015; Percival et al., 2019), dendritic bias (Trenholm et al., 2011), and dendritic
conductances (Sivyer & Williams, 2013). Remaining directional tuning following application of
GABA-A receptor antagonists has been attributed to dendritic bias in ventral-preferring Hb9+ On-
Off DSGCs (Trenholm et al., 2011); however, morphological asymmetry has not been observed
in other subtypes and therefore cannot explain all directional responses in the Vgat KO mouse. It
is possible that direction-selective cholinergic excitation, such as that observed in a subpopulation
of nasal-preferring Drd4+ On-Off DSGCs (Pei et al., 2015), is widespread among DSGC subtypes

explaining these directional responses.
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Interestingly, we did not observe differences in the abundance of On or Off directional responses
in the Vgat KO mouse compared to wildtype. Directional tuning in Off DSGC has been attributed
to a strong morphological bias along the preferred direction, allowing these cells to compute
direction selectivity independently of asymmetric inhibition due to passive cable properties (I. J.
Kim et al., 2008). In On DSGCs, directional responses can be mediated through asymmetric
spatiotemporal integration of excitatory inputs (Matsumoto et al., 2019) and generation of

dendritic spikes (Brombas et al., 2017).

In addition to their targeting in the GCL, we found that Vglut2-IRES-Cre and Thyl-GCaMP6f
mouse line label neurons in the INL, which we then confirmed as a subset of horizontal cells. This
was surprising since horizontal cells are considered to be inhibitory neurons and both Vglut2 and
Thy1 are traditional excitatory markers. We failed to detect any VGLUT2+ puncta in these neurons
leaving the question whether these are in fact glutamatergic horizontal cells still unanswered. One
possible scenario is that these neurons release glutamate earlier on in development and
downregulate their VGLUT2 expression by the third postnatal week. Regardless of whether these
are glutamatergic horizontal cells of not, GCaMP6f can be expressed these neurons using the
Vglut2-Cre and Thy1-GCaMP6f mouse lines. Viable calcium responses were recorded from the
somas of these neurons; however, they are sparse enough that individual dendrites can be traced

and potentially imaged.

5.5 Experimental Procedures

Mice

160



Vglut2-IRES-Cre (Slcl7a6™>@dLovl) — 4i95 floxed GCaMP6f (129S-Gt(ROSA)26Sor™?1(CAG-
GCaMPopHze/ ) floxed tdTomato  (129S6-Gt(ROSA)26Sor™?(CAC-tdTomato)Hze ] = [/ gqflox/flox
(Slc32al<tmlLowl>/J), and Chat-IRES-Cre (129S6-Chat™€oLowl/[) mice were acquired from
the Jackson Laboratory. All strains were backcrossed to the C57BL/6 background in our
laboratory, and crossed to each other to create the lines used in this study. Mice of ages P21-P28
of either sex were used. All procedures to maintain and use mice were in accordance with the
University of Chicago Institutional Animal Care and Use Committee (Protocol number ACUP
72247) and in conformance with the NIH Guide for the Care and Use of Laboratory Animals and

the Public Health Service Policy.

Whole-mount retina preparation

After dark adaptation for > 30 min, mice were anesthetized with isoflurane and euthanized by
decapitation. Retinas were isolated from the pigment epithelium under infrared illumination at
room temperature in oxygenated Ames’ medium (Sigma-Aldrich, St. Louis, MO). Slits were cut
on the whole retinas to mark the cardinal directions and then mounted ganglion-cell-layer-up on
top of a 3.5-4 mm?hole in a small piece of filter paper (Millipore, Billerica, MA). For
immunohistochemistry experiments, retinas were cut into dorsal and ventral halves and mounted
on top of a 1-1.5 mm? hole in a small piece of filter paper. The mounted retinas were kept in

darkness at room temperature in Ames’ medium bubbled with 95% 02/5% CO> until use (08 hr).

Immunohistochemistry

Retinas were fixed in paraformaldehyde (PFA, 4% wt/vol in PBS) for 20 mins on a 24-well plate.

Following fixation, the 24-well plate was plate on a shaker and the retina pieces were washed in
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PBS three times for 20 mins. The retina pieces were incubated in block solution (10% donkey
serum, 1% BSA and 0.5% TritonX in PBS) 3X for 20 mins. The retina pieces were incubated with
one or more of the following primary antibodies for 72 hours at 4°C: mouse anti-GFP (1:500,
Millipore #MAB3580) to enhance the fluorescence of the GFP-based GCaMP6f indicator, mouse
anti-GADG67 (1:500, #MAB5406) to label GABAergic amacrine cells, rabbit anti-Vglut2 (1:1000,
Synaptic Systems #135403) to verify expression of the vesicular glutamate transporter 2 protein,
and mouse anti-Calbindin (1:500, Sigma Aldrich C9848), a known horizontal cell marker. After
primary antibody incubation, the retina pieces were rinsed with block solution 3X for 20 mins on
the shaker at room temperature. The retina tissues were then incubated Alexa-conjugate secondary
antibodies at 1:750 or 1:1000 concentrations for 5 hours. Following secondary antibody
incubation, the retina tissues were rinsed in PBS 3X for 20 mins. The retina pieces were left in the
last PBS wash for 2 hours before mounting. The retina tissues were then mounted onto glass slides

using Vectashield and imaged using a laser scanning Ti:sapphire two-photon microscope.

Visual stimulation

A white organic light-emitting display (OLEDXL, eMagin, Bellevue, WA; 800 % 600 pixel
resolution, 60 Hz refresh rate) was controlled by an Intel Core Duo computer with a Windows
seven operating system and was presented to the retina at a resolution of 1.1 pm/pixel. Moving bar
stimuli were generated by MATLAB and the Psychophysics Toolbox (Brainard, 1997), and
projected through the condenser lens of the two-photon microscope onto the photoreceptor layer.
For the moving bar stimulus, a positive-contrast bar (220 um wide, 880 um long) moved along the
long axis in 8 pseudo-randomly chosen directions at a speed of 440 pm/sec over a 660um-diameter

field on the retina; and four trials were recorded for each direction. The percent stimulus contrast
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was Calculated as (Lstimulus - Lbackground)/ (Lstimulus + Lbackground). Ul’lleSS O‘[hCI‘WlSC nOted (i.e., Figllre
7D), the intensity of the moving bar was ~6.3x104 isomerizations (R*)/rod/s, lying in the photopic
range, and the background intensity was ~1800 R*/rod/s, lying at the lower end of the photopic

range.

Two-photon calcium imaging of GCaMP6 fluorescence

GCaMP6 fluorescence of isolated retinas in oxygenated Ames at 32-33°C was imaged in a
customized two-photon laser scanning fluorescence microscope (Bruker Nano Surfaces Division).
GCaMP6 was excited by a Ti:sapphire laser (Coherent, Chameleon Ultra II, Santa Clara, CA)
tuned to 920 nm, and the laser power was adjusted to avoid saturation of the fluorescent signal.
Onset of laser scanning induces a transient two-photon response that adapts to the baseline in ~3
s. Therefore, to ensure the complete adaptation of this laser-induced response and a stable baseline,
visual stimuli were given after 10 s of continuous laser scanning. To separate the visual stimulus
from GCaMP6 fluorescence, a band-pass filter (Semrock, Rochester, MA) was placed on the
OLED to pass blue light peaked at 470 nm, while two notched filters (Bruker Nano Surfaces
Division) were placed before the photomultiplier tubes to block light of the same wavelength. The
objective was a water immersion objective (20x, Olympus). Time series of each imaging window

(~100%100 pm at the GCL and ~25%25 pm in the INL) were collected at 17 Hz or higher.

Data Analysis
Analysis was performed using Image] and MATLAB. Raw frames were uploaded onto Imagel
software in which regions of interest (ROIs) were manually drawn to enclose the soma of each

GCaMP6 expressing cell and for a background region where there was no detectable GCaMP6s
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expression. These manually selected ROIs were then imported into MATLAB, where custom
written scripts were used to calculate the average intensity over time for all ROIs. In MATLAB,
the background trace was subtracted from the light responsive somatic traces to remove noise. The
background subtracted traces were then truncated and sorted by direction of the moving bar
stimulus. We calculated a quality index (QI) to measure how well a given cell responded to the
visual stimulus (Baden et al., 2016). If all trials are identical such that the mean response is a
perfect representative of the response, QI is equal to 1. On the other hand, if all trials are completely
random with fixed variance (so that the mean response is not informative about the individual trial
responses), QI falls towards 0. We implemented a quality threshold of QI > 0.45 for the response

from a given cell to be considered for further analysis.

If the light response from a cell passes the quality test, then for moving bar stimulus presentation,
the peak of each calcium transient was used to calculate AF/Fy = (F—F0)/F0, where FO was the
mean of the baseline signal over a fixed interval of 1 sec before any stimulus onset. For each cell,
we calculated the DS angle and DSI=(Rpref—Ropp)/(RpretRopp), Where Ryreris the cell’s response at
the preferred direction (i.e., maximal response), and R, is the cell’s response to the direction
opposite to the preferred one. Tuning curves were plotted using the average AF/Fo for each
direction. The 880um long bar allows for clear separation between responses to the leading and
trailing edge of the moving bar. Cells showing responses to the leading edge were classified as
On, cells showing responses to the trailing edge were classified as Off, and cells showing responses

to both leading and trailing edges were classified as On-Off.
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Chapter 6

On-Off retinal axial selective receptive fields and their
developmental timeline

6.1 Introduction

The detection of salient features from the environment is fundamental for guiding animal behavior
and crucial to survival. In the visual system, certain neurons fire action potentials selectively to a
particular orientation of an edge or contour in the visual scene (Hubel & Wiesel, 1959). This
property — termed axis or orientation selectivity — is widely observed across multiple structures in
the early visual pathways (Niell & Stryker, 2008; Zhao et al., 2013) and is first encoded in the
retina by orientation selective ganglion cells (OSGCs) (Antinucci & Hindges, 2018; Levick &
Thibos, 1980). OSGCs have been reported across multiple species (Levick, 1967; Levick &
Thibos, 1980; Nath & Schwartz, 2016; Venkataramani & Taylor, 2010), making it a highly
conserved retinal cell-type. Orientation selective ganglion cells (OSGCs) with a diversity of light
response properties have been reported in the mammalian retina (Antinucci et al., 2016; Baden et
al., 2016) and their axons have been shown to project to the outer shell of the lateral geniculate
nucleus (LGN) (Liang et al., 2018), suggesting a possible influence of retinal orientation selectivity

in the retino-geniculo-cortical pathway. Despite encoding a fundamental feature and comprising a
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significant fraction (~ 15%) of the RGC population, OSGCs are less understood compared to other

RGC types.

Orientation sensitive receptive fields have been extensively studied in the rabbit retina (Levick,
1967; Venkataramani & Taylor, 2010, 2016) and more recently in the mouse retina (Nath &
Schwartz, 2016, 2017). On and Off OSGCs with preferred orientation along the cardinal axes
(nasal-temporal and dorsal-ventral) have been identified (Baden et al., 2016), suggesting these can
be subdivided into horizontal- and vertical- preferring subtypes (Nath & Schwartz, 2016, 2017;
Venkataramani & Taylor, 2010, 2016). Horizontal- and vertical-preferring Off OSGCs exhibit
asymmetric elongated dendritic fields biased along the preferred orientation (Nath & Schwartz,
2017; Venkataramani & Taylor, 2010), while such dendritic asymmetry was only observed in
horizontal-preferring On OSGCs (Nath & Schwartz, 2016). Additionally, GABAergic and
glycinergic inhibition have been implicated in both On and Off retinal orientation sensitivity
through a variety of circuit mechanisms, including direct inhibition (Nath & Schwartz, 2016),
presynaptic inhibition (Venkataramani & Taylor, 2010), and disinhibitory motifs (Venkataramani
& Taylor, 2016). Large-scale surveys of visual-evoked activity from GCL using multi-electrode
arrays (H. Chen et al., 2014) and calcium imaging (Baden et al., 2016) have reported orientation-
tuned RGCs with responses to both light onset and offset suggesting the possibility of an On-Off

OS type.

Furthermore, the lack of molecular markers have limited developmental studies focusing on retinal
orientation sensitive receptive fields. Orientation tuned receptive fields have been observed in the

retina at the time of eye-opening (H. Chen et al., 2014), but whether these retinal circuits continue
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to mature upon visual experience has not been explored. After the termination of stage II
cholinergic retinal waves (P10), neural activity in the mouse retina is dominated by stage III
glutamatergic waves (Kerschensteiner, 2016) and light-evoked activity through closed eyelids
(Tiriac et al., 2018). At this stage activity-dependent mechanisms are not believed to play an
instructive role in the development of retinal receptive fields (Elstrott & Feller, 2009), but could
be important for the refinement of receptive field properties and synaptic connections (Bos et al.,
2016). For example, light-evoked DS responses in the retina have been observed as early as P11
(2 days prior to eye-opening) and asymmetric wiring between SACs and DSGCs develop in the
absence of retinal waves and visual experience. Although visual experience is not required for
generating retinal direction selectivity, visual experience plays a role in clustering the preferred
directions of DSGCs along the four cardinal axes potentially through reorganization of dendrite

orientation. In comparison, the developmental mechanisms that give rise to OS RFs are completely

unknown.

Here, we use two-photon laser-scanning calcium imaging and transgenic expression of GCaMP6f
to monitor complex receptive fields in the mouse retina across developmental stages. Our findings
demonstrate that On-Off OSGC are a prominent retinal cell type that undergoes significant
maturation during the first week after eye-opening. This developmental increase in On-Off
orientation tuned receptive fields was unaffected by visual deprivation from P9 — P28.
Additionally, On-Off OSGCs exhibit an antagonistic center-surround receptive field structure and
their tuning is sensitive to GABA-A receptor antagonists. On-Off OSGCs represent a novel retinal
channel encoding for the orientation of object within the visual scene whose developmental

timeline extends beyond the onset of visual experience.
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6.2 Results

6.2.1 Identification of orientation-sensitive RGCs in the mature mouse retina

We employed two-photon laser scanning calcium imaging during visual stimulation (Figure 6.1A)
in effort to describe the diversity of orientation sensitive responses in the mouse RGC population.
GCaMP6f was expressed exclusively in RGCs by crossing floxed-GCaMP6f and Vglut2-IRES-Cre
transgenic mice in our laboratory (characterized in Chapter 5). This technique resulted in uniform
labeling of RGCs (Figure 6.1A) without causing retinal damage (Chapot et al., 2017; Dana et al.,
2014) and diminished variability between experimental days. We stimulated retinas with a bright
250 pm x 800 um bar moving at 400 pm/s in 8 pseudorandom directions in order to simultaneously
probe for direction- and orientation-sensitive responses. Prior to further classification, RGC
responses were subjected to a quality test (QI > 0.45) to ensure consistency across trials (Baden et
al., 2016). RGCs with OSI > 0.4 were identified as OSGCs and those with DSI > 0.4 were identified
as DSGCs. If the OSI and DSI of a given RGC were both > 0.4, they would be labeled according
to their stronger selectivity index. Furthermore, RGCs were classified as On-Off, On, or Off
according to their responses to the leading and trailing edges of the moving bar and their respective

ON-OFF index (see Experimental Procedures).

We recorded GCaMP6f signals from 108 field of views (99.5 um x 99.5 um, at 17.2 Hz) from 12
mice, each containing 35 + 14 RGCs (mean + std). In total, we sampled 3,708 RGCs from postnatal
day 21 — 30 mice and 93% of the somas exhibited reliable visual-evoked responses. For the
experiments below, we utilize On-Off DS responses as controls since these have been extensively
described in the mouse retina (Baden et al., 2016; Bos et al., 2016; Huberman et al., 2009; Sabbah

etal., 2017). We detected RGCs exhibiting On-Off (50.77% + 0.26, ON-OFF index = 0.14 + 0.007,
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mean + s.e.m), On (25.92% =+ 1.16, ON-OFF index = 0.47 + 0.01, mean + s.e.m), and Off (11.97%
+ 0.55, ON-OFF index = -0.25 + 0.02, mean =+ s.e.m) responses to the moving bar stimulus (mean
+ s.e.m). Among this population we identified On-Off, On, and Off OSGCs (Figure 6.1B). In
response to our 250 um x 800 um moving bar stimulus, On-Off OSGCs are the most numerous
representing 8.67 + 0.97% of the entire RGC population, compared to 2.75 + 0.86% and 1.21 +
0.74% for On and Off OSGCs respectively (Figure 6.1C). On-Off DS responses comprised 11.33
+ 1.02% of the RGC population which agrees with previous studies (Baden et al., 2016; Sabbah et
al., 2017). This data indicates that On-Off OS receptive fields represent a major output channel of

the mouse retina.
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Figure 6.1. Diversity of orientation-sensitive ganglion cells (OSGCs) in the mouse retina. (A)
Left: Schematic showing experimental setup for two-photon calcium imaging during visual
stimulation. Right: Maximum projection of GCaMP6f-expressing RGCs in the Vglut2-IRES-Cre
mouse. (B) Representative traces of On-Off (top), On (middle), Off (bottom) OSGCs in response
to 250 um x 800 um moving bar visual stimulation. (C) Quantification of On-Off, On, and Off
OSGCs in the mature mouse retina.
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6.2.2 Development of On-Off OS responses in the mouse retina extends beyond the onset of visual

experience
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Although major developmental processes involved in murine retinal circuit formation, such as
laminar targeting and synaptogenesis, are considered to finalized by eye-opening, recent work has
demonstrated that circuit refinement continues well beyond the onset of visual experience (Bos et
al., 2016; H. Chen et al., 2014; Dunn et al., 2013; Tian & Copenhagen, 2003). OSGCs represent a
major output channel of the mammalian retina; yet, nothing is known regarding the developmental
time course of orientation sensitive receptive fields or whether these are subject to experience-
dependent plasticity. To ensure similar sensitivity as the mature retina, optimal GCaMP6
expression in RGCs must be achieved early on development. The onset of GCaMP6 expression
through transgenic approaches is tied to the specific activation timeline of chosen promoters.
Expression of VGLUT?2 in the mouse GCL begins at the end of the first postnatal week (Rauen et
al., 1996; Wissle et al., 2006) suggesting that the use of Vglut2-IRES-Cre to express GCaMP6

would lead to viable accumulation of in RGCs by the onset of visual evoked activity (P10).

Similar as above, we performed two-photon laser scanning calcium imaging during moving bar
visual stimulation just prior to eye-opening (P12-14). Using the same criteria (QI > 0.45 and OSI
> 0.4), we identified all three types of orientation sensitive responses prior to eye-opening (On-
Off: 2.03 £ 0.48%, On: 2.36 £ 0.72%, and Off: 0.92 + 0.30%); however, the abundance of On-Off
OS responses were significantly lower compared to one week after eye-opening (P12 — 14: 2.03 +
0.48% versus >P21: 8.67 + 0.97%, p = 2 x 10* Student t-test). This developmental increase in OS
responses was not biased towards a particular preferred orientation (Figure 6.2C-D). At both
developmental stages, enhanced average silhouette values were observed when a total of two
clusters were used to group the preferred axes (Figure 6.2B). The centroids of these clusters

aligned with the cardinal axes suggesting that both horizontal- and vertical-preferring On-Off OS
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responses were found prior to eye-opening and one week after eye-opening. Furthermore, in both
populations the distribution of preferred orientations could be accurately described by a von Mises

distribution (Figure 6.2C-D).
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Figure 6.2: Increase in abundance of On-Off OS responses during the ﬁrst week after eye-
opening. (A) Quantification of On-Off, On, and Off OSGCs prior to eye-opening (P12-14) and
one week after eye-opening (P21-25). (B) Average silhouette values as a function of the different
cluster numbers (2-6 clusters) for On-Off OSGC prior to eye-opening (red) and one week after
eye-opening (gray). Polar plots of preferred axes from On-Off OSGCs prior to eye-opening (C,
left) and one week after eye-opening (D, left). Horizontal (blue) versus vertical (red) preferred
axes were clustered using k-means clustering using k = 2 clusters. Asterisks represent the centroid
of each cluster and the length of each axis corresponds to strength of their vector sum, or gOSI.
Normalized histograms of preferred axis distributions from On-Off OSGCs prior to eye-opening
(C, right) and one week after eye-opening (D, right). von Mises distributions calculated using
parameters (centroid and dispersion of each cluster) from experimental data (red) and fitted using
a maximum-likelihood estimator (black).
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By comparison, the abundance of direction selective responses was relatively unchanged. There
was a slight decrease in On-Off DSGCs (P12 — 14: 11.62 £ 0.86% versus >P21: 9.34 + 0.62%)
and increase in On DSGCs (P12 — 14: 1.75 + 0.25% versus >P21: 2.87 = 0.51%), but these were
not significant (Figure 6.3A). Although retinal direction selectivity is established prior to eye-

opening (Elstrott et al., 2008), we observed refinement in the clustering of preferred directions
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consistent with previous studies (Figure 6.3D-C) (Bos et al., 2016). For instance, the preferred
directions from the “mature” On-Off DSGC populations exhibited a sharp increase in average
silhouette value when the number of clusters were increased from 3 to 4. Whereas, the silhouette
values for the population prior to eye-opening appear to be randomly distributed according to
cluster number (Figure 6.3B). One week after eye-opening the preferred directions of On-Off
DSGCs cluster along the four cardinal directions (nasal, temporal, dorsal, and ventral). On the
other hand, prior to eye-opening silhouette value analysis predicts tighter clustering with 3 groups;
but, their distrubutions cannot be recapitulated well by a mixture of three Gaussian distributions
(Figure 6.3). Lastly, we detected similar percentages of RGCs displaying On-Off, On, and Off
responses prior to eye-opening compared to one week after eye opening (P21-24) (p > 0.05 Student
t-test, data not shown); however, there was a strong bias for stronger Off responses compared to

On prior to eye-opening (Figure 6.4).

6.2.3 Visual experience does not play a role in the maturation of On-Off OS receptive fields

The timeline of the above described increase in abundance of On-Off OS responses coincides with
the onset of visual experience making us wonder if visual-evoked activity plays an instructive role
in the formation of these complex receptive fields. To address this question, we raised mouse pups
from the Vglut2-IRES-Cre/floxed-GCaMP6f line in complete darkness from P9-P28. Two-photon

calcium imaging was performed as previously described.
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Figure 6.3: On-Off DSGCs do not show similar developmental patterns compared to On-Off
OSGCs. (A) Quantification of On-Off, On, and Off DSGCs prior to eye-opening (P12-14) and
one week after eye-opening (P21-25). (B) Average silhouette values as a function of the different
cluster numbers (2-6 clusters) for On-Off DSGC prior to eye-opening (red) and one week after
eye-opening (gray). Polar plots of preferred directions from On-Off DSGCs prior to eye-opening
(C, left) and one week after eye-opening (D, left). “Adult” On-Off DSGC preferred directions
were clustered into 4 groups corresponding to nasal (green), temporal (cyan), dorsal (blue), and
ventral (red). P12-14 On-Off DSGC preferred directions were clustered into 3 groups. Asterisks
represent the centroid of each cluster and the length of each axis corresponds to strength of their
vector sum, or gDSI. Normalized histograms of preferred direction distributions from On-Off
DSGCs prior to eye-opening (C, right) and one week after eye-opening (D, right). von Mises
distributions calculated using parameters (centroid and dispersion of each cluster) from
experimental data (red) and fitted using a maximum-likelihood estimator (black).
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Figure 6.4: Comparison of On-Off index distribution between Vglut2+ RGCs prior to eye-
opening (P12-14), light-reared adults, and dark-reared adults.

In summary, neither direction-selective or orientation sensitive responses were affected by dark-
rearing. On-Off OS responses were detected at similar levels compared to light-reared animals
(Figure 6.5B). The abundance of On-Off DSGCs in dark-reared mice were comparable to both
P12 — 14 and >P21 light-reared mice (Figure 6.5A). Interestingly, despite no difference On-Off
DS abundance we found that On-Off DSI distribution in P12 — 14 mice was significantly leftward
shifted compared to adult retinas (KS-test, p = 4.7 x 10°) (Figure 6.5C). Similarly, On-Off OSIs
from P12 — 14 mice were leftward shifted compared to mature retinas (KS-test, p = 4.5 x 10%)
(Figure 6.5D). Visual deprivation from P9 — 28 did not lead to changes in tuning strength in On-
Off DSGCs or On-Off OSGCs compared to light-reared adults (KS-test, p > 0.05). Although
directional tuning was unaffected by dark-rearing, clustering analysis failed to show an increase
in average silhouette values at k = 4 compared to animals raised in 12-hr light-dark cycles (data

not shown). On-Off OS responses in dark-reared and light-reared animals showed similar trends
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in silhouette values; however, dark-reared average silhouette values were lower across all cluster
numbers compared to light-reared mice (data not shown). These experiments demonstrate that the
developmental increase in On-Off OS response we observed in the mouse retina is not dependent

on visual experience occurring between P9 — 28.
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Figure 6.5: Developmental increase in On-Off OSGCs is unaffected by dark-rearing. (A)
Quantification of On-Off DSGCs in P12-P14 (red), > P21 light-reared (gray), and > P21 dark-
reared (black) mice. (B) Quantification of On-Off OSGCs in P12-P14 (red), > P21 light-reared
(gray), and > P21 dark-reared (black) mice. (C) Cummulative distributions of On-Off DSIs (C)

and On-Off OSIs (D) from P12-P14 (red), >P21 light-reared (gray), and > P21 dark-reared (black)
mice.

6.2.4 Response properties of On-Off orientation sensitive receptive fields
To further characterize On-Off OS receptive fields, we stimulated mature retinas with three

moving bar visual stimuli: (1) a wide bar (600 pm x 800 pm), (2) standard “narrow” bar (250 um

175



x 800 um), and (3) vertical bar (600 pm % 90 pm). Calcium responses to the wide and vertical bar
will be compared to the narrow bar used above. We will test interactions between the surround and
the excitatory center using the wide bar stimulus and determine spatial asymmetry with the vertical

bar.

On-Off OS responses comprised 2.03 + 0.09% of all responses when stimulated a wide moving
bar compared to 7.54 + 0.54% when stimulated with a narrow moving bar. We therefore utilized
responses to the narrow bar to identify On-Off OSGCs and compared strength in orientation tuning
and amplitude of preferred responses across all three visual stimuli (Figure 6.6). Responses to the
wide and vertical bars yielded smaller OSI compared to responses to the narrow moving bar (p <
0.001, paired Student t-test). OSI differences emerged due to lower preferred-axis responses to
both vertical and wide moving bar (Figure 6.6, p < 0.001, paired Student t-test), rather than
enhanced responses along the null axis (data not shown). These results are consistent with the idea
of an antagonistic center-surround receptive field structure and On-Off OS sensitivity to local

stimuli (Baden et al., 2016).
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Figure 6.6: On-Off OSGCs are suppressed by surround stimulation. (A) Pairwise orientation
selectivity index (OSI) comparison during 600 pum % 800 pm (purple), 250 um x 800 um (red),
and 90 pm x 600 pm (green) moving bars. (B) Pairwise preferred axis response comparison during
600 um x 800 pum (purple), 250 pm x 800 um (red), and 90 pm x 600 um (green) moving bars.
(C) Representative calcium responses to 600 pm x 800 pum (top), 250 um x 800 um (middle), and
90 um % 600 um (bottom) moving bars.

We then tested On-Off OS sensitivity to GABA-A receptor antagonists by stimulating the retina
with the narrow moving bar (250pum % 800um) during two-photon calcium imaging before and
application of 10 uM SR95531 (gabazine) (Figure 6.7). As previously shown, we robustly
detected On-Off OS (OSI > 0.4) responses with the narrow moving bar. Following bath application
of gabazine, all On-Off OSGCs exhibited a decrease in orientation tuning strength (Student t-test
p <0.001) (Figure 6.7A). Although a select few remained orientation selective (OSI > 0.4), the
vast majority of On-Off OSGCs lost their orientation tuning when GABA-A receptors were

blocked. The loss of tuning upon GABA-A receptor blockade can be explained by enhanced null-

axis responses (p < 0.001, paired Student’s t-test) (Figure 6.7B-C). In contrast, changes in
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preferred-axis responses appear to be random with some cells showing increase, decrease, and no

change.
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Figure 6.7: On-Off OSGCs are sensit{;’g?o GABA-A receptor antagonists. (A) Pairwise OSI
comparison before and after bath application of gabazine (SR95531) (paired Student t-test, p <
0.001). (B) Calcium responses before and after bath application of gabazine (paired Student t-test,
Preferres Axis: p > 0.05 versus Null Axis: p < 0.001). (C) Representative calcium reponses from
an On-Off OSGC to 250 um x 800 um moving bar before and after application of gabazine.

Lastly, we developed a method to target On-Off OSGCs for patch clamp recordings based on the
online analysis of multiphoton calcium imaging. This allowed us to correlate the GCaMP6f signals
with a spiking output and describe On-Off OS receptive fields based on their spiking properties.
In this experiment, RGCs of interest (DSGCs and OSGCs) in a given field of view were identified

based on their calcium traces, particularly responses to leading and trailing edges and tuning

strength (DSI or OSI). Once identified, On-Off DSGC and On-Off OSGC somas were targeted for
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loose-attached patch-clamp recordings (Figure 6.8). For OSGCs, spiking data was recorded during

the presentation of a variety of visual stimuli, including flashing oriented bars and moving bars.
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Figure 6.8: Calcium imaging guided-electrophysiology reveals On-Off OSGC
subpopulations. (A-D) Example On-Off DSGC identified through calcium imaging targeted for
extracellular and whole-cell recordings. Preferred (C) and null direction (D) calcium responses (i),
spiking (ii), IPSCs (red, iii), and EPSCs (black, iv). (E-G) Examples of targeted type I (F) and
type II (G) On-Off OSGCs subpopulations. Calcium responses (i, left: mean + s.e.m. traces, right:
tuning curves) to 250 pum x 800 um moving bar. Loose-attached spiking responses to 250 pm %
800 um moving bar (ii) and 90 um x 600 um flashing oriented bars (iii). Preferred and null axes
are determined from calcium tuning curves in (i).

We targeted On-Off DSGCs to validate this procedure (Figure 6.8A-D). Calcium traces and
electrophysiological recordings from anterior-preferring On-Off DSGCs show highly correlated
responses (example cell: DSI (spiking) = 0.63 versus DSI (Ca*?) = 0.88). Furthermore, whole-cell
recordings in voltage-clamp mode from the example neuron in Figure 6.8A reveal both direction
selective inhibition and excitation. On the other hand, loose-attached recordings revealed two

distinct firing patterns from On-Off OSGCs. The first subpopulation (Type I) exhibit an axis-
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selective spike count to the moving bar visual stimulation, but not to the flashing stationary edges
suggesting that these are selective to the axis of image motion (Fig. 6.8F i-iii). On the other hand,
the second subpopulation (Type II) did not exhibit an orientation- or axis-selective spike count;
instead, they experience a sharp increase in firing rate that lead to sodium channel inactivation
(sodium-block) when presented with a preferred oriented edge (Fig 6.4F i-iii). Further experiments
are needed to determine the relative abundance of these cell types within our On-Off OSGC
population and whether these can be further categorized by their axial preference (horizontal
versus vertical preferring). Additionally, the cell-type specific relationships between calcium
dynamics and spiking activity described here highlight the diversity of signal transformations

among the RGC population.

6.2.5 Molecular signatures among motion sensitive RGC groups

As previously mentioned, the lack of molecular markers has been a limiting factor in mechanistic
studies focusing on retinal orientation selectivity. Recent work has demonstrated that RGCs can
be subdivided into three distinct classes based on key, non-overlapping transcription factors: Is/2,
Trb2, and Sath2 (Sweeney et al., 2019). Trb2+ RGCs project to the non-image forming brain areas
and include ipRGCs and On DSGCs (Sweeney et al., 2014, 2019). On the other hand, /s/2+ and
Sath2+ RGCs project to both the SC and dLGN; but, Is/2+ RGCs comprise mostly of
monostratified On and Off Alpha RGCs (Triplett et al., 2014). Since RGC boutons with On-Off
OS visual responses have been observed in both dLGN and SC, we verified whether On-Off

OSGCs were part of the Satb2+ RGC subpopulation.
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We obtained an inducible Satb2-IRES-CreERT mouse line from Dr. David Feldheim and crossed
it with mice containing floxed-TdTomato and mGluR2-GFP transgenes to asses RGC density and
stratification in the IPL (Figure 6.9 middle). Following induction of Cre expression with CNO,
we observed relatively sparse TdTomato expression in RGCs and GFP expression in SACs
(Figure 6.9A). In the GCL, Sath2+ RGCs were found with an average cell density of 1,336.98 +
61.74 cells/mm? (Figure 6.9 middle) compared to 3621.53 +213.17 cells/mm? in the Vglut2-IRES-
Cre line (Figure 6.9 left), suggesting Satb2+ RGCs represent ~ 36.92% of the total RGC
population. In contrast, On SACs in the GCL were found at an average cell density of 1294.96 +
65.34 cells/mm?. Some Satb2+ dendrites were observed in the S5 sublamina of the IPL,
nevertheless the vast majority of dendrites from Satb2+ RGCs stratified between S4 and Sl
sublaminae. Some RGCs were seen to co-stratify well the On and Off SAC ChAT bands (S4 and

S2 sublaminae) suggesting the inclusion of On-Off DSGCs in this mouse line.

181



A loxP loxP loxP loxP loxP loxP

STOP|Jp{CAG-TaTomato X
sToP|Pp[CAG-TdTomato STOPJPp{CAG-GCamPer
Vglutz_|IRES| Cre | Sab? |JRES|CreERT Salb? JIRES|CreERT)

oFe

o)
LN

« v | N

1 E

C 7 60 D 0 71
OSGCs DSGCs
> Sath2-CreER =4 >
g Satb2Cre 8 Satb2-CreER 14 Sath2-CreER
9 59 glut2-Cre o o
H H Vglut2-Cre H Vglut2-Cre
o o @12
] 123 7]
3 40 310 3
E £ £ 10
£ S s
8" 8 g’
V] Q Q
@ 4 x 6
52 5 S s
@ @ e 4
g g g
c 10 c c
@ o o 2
e e e
3 0 &’ 0 g 0
ON-OFF ON OFF ON-OFF ON OFF ON-OFF ON OFF
F G , . H . .
On-Off OSGC gOSI Alignments On-Off DSGC gDSI Alignments 0.9 v _.09 :.
- y x
08 ) =08 $
> o* y s
D T D T 807 $ S 07 &
Sos6 . o® 306 ;
Los H =05 o
© On-Off OSGCs 2 04 27 On-Off DSGCs
34 K Satb2-CreER K] o/ satb2-CreER
Zo3 o° Vglut2-Cre 203 L Vglut2-Cre
E B E g
£02 H Eo2 .
5 o O, o
N v N v o1 0
ol - oL—
03 04 05 06 07 08 09 1 03 04 05 06 07 08 09
OSlvalue DSlvalue

Figure 6.9: Satb2+ RGC:s include a fraction of On-Off OSGCs and On-Off DSGCs. (A) Left:
Example GCL fluorescence image from Vglut2-IRES-Cre/floxed-TdTomato/mGIluR2-GFP mice.
Middle: Example GCL fluorescence image from Satb2-IRES-CreERT/floxed-TdTomato/mGluR2-
GFP mice. Right: Example projection images of Sath2-IRES-CreERT" RGCs expressing
GCaMPo6f. (B) Representative calcium traces of temporal- (1) and nasal-preferring (2) On-Off
DSGCs and horizontal- (3) and vertical-preferring (4) On-Off OSGCs from the Satb2-
CreERT/floxed-GCaMP6f mouse. Quantification of On-Off, On, and Off RGCs (C), OSGCs (D),
and DSGCs (E) in Satb2-CreER (blue) versus Vglut2-Cre (gray) mice. (F) Polar plots of On-Off
OSGC preferred axes (left) and On-Off DSGC preferred directions (right) from the Satb2-CreER
mouse. Cummulative frequency distributions on On-Off OSI (G) and On-Off DSI (H) values from
the Satb2-CreER (blue) versus the Vglut2-Cre (gray) mice.
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In order to classify Satb2+ RGCs into functional groups according to their visual responses, we
bred mice carrying both the Sath2-IRES-CreERT and floxed-GCaMP6f transgenes (Figure 6.9
right). After induction of Cre expression, we recorded calcium responses from GCaMP6f-
expressing Satb2+ RGCs while stimulating the retina with a bright moving bar (250 pm x 800 pm)
to probe for direction and orientation selectivity and determine On/Off preference. In the Satb2-
IRES-CreERT line, we observed a significant bias towards Off and On-Off responses (Figure
6.10, KS-test p = 1071%), which led to a decrease in classification of On RGCs in this line (Figure
6.9C). Among the On-Off population, we identified both orientation and direction selective groups
(Figure 6.9B, D-E). Interestingly, only On-Off DSGCs with preferred directions along the nasal-
temporal axis (posterior-preferring and anterior-preferring On-Off DSGCs) were found, while
both horizontal-preferring and vertical-preferring On-Off OSGCs were identified (Figure 6.9F).
These results are consistent with previous studies showing that Off sustained RGCs and On-Off
DSGC:s (anterior- and posterior-preferring) display SATB2+ nuclei after immunostaining (Dhande
et al., 2019). Our data adds to these findings by demonstrating that some On-Off OSGCs express
the Satb2 marker, although further experiments are needed to determine whether Satb2+ OSGCs

include Type I, Type II, or both.

Orientation selectivity is a prominent feature of the early visual system and had become a model
computation to study processing of sensory information. Orientation selectivity if first computed
in the retina (Nath & Schwartz, 2016, 2017; Passaglia et al., 2002; Venkataramani & Taylor, 2010);
but, the mechanisms underlying retinal orientation selective receptive fields and their development
is far less understood compared to higher order visual areas, such as visual striate cortex (V1)

(Priebe, 2016). In this study, we report the prevalence of On-Off OS receptive fields in the mouse
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retina and describe a delayed maturation timeline compared to other complex retinal receptive
fields. Knowledge on the extent of OS receptive fields in the murine retina is becoming
increasingly important as the mouse becomes the animal model of choice for studying neural

circuits and visual processing.
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Figure 6.10: Comparison of On-Off index distribution between Satb2+ and Vglut2+ RGCs.

Comparison of visual responses to moving bar stimuli prior to eye-opening to one week after eye-
opening revealed a developmental increase in abundance of On-Off OS calcium responses
suggesting that the period following the onset of visual experience is important for the maturation
of these complex receptive fields. Despite coinciding with the onset of visual experience, dark-
rearing these animals during development does not limit the increase in On-Off OS visual
responses indicating that visual experience does not play an instructive role in the formation of

these complex receptive fields. Similarly, orientation selectivity in mouse V1 continues to mature
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following eye-opening (Rochefort et al., 2011) putting into question whether this is influenced by

retinal mechanisms.

6.3 Experimental Procedures

Mice

Vglut2-IRES-Cre (Slcl7a6™>©9Lovl)  4i95 floxed GCaMP6f (129S-Gt(ROSA)26Sor™?1(CAG-
GCaMPaPHze/ J) - floxed tdTomato (129S6-Gt(ROSA)26Sor™?(CAC-tdTomato)Hze[ 1) mice were acquired
from the Jackson Laboratory. Sath2-CreERT mice were obtained from the laboratory of Dr. David
Feldheim and mGluR2-GFP mice were a gift from Dr. Marla Feller. All strains were backcrossed
to the C57BL/6 background in our laboratory, and crossed to each other to create the lines used in
this study. Mice of ages P21-P28 of either sex were used. All procedures to maintain and use mice
were in accordance with the University of Chicago Institutional Animal Care and Use Committee
(Protocol number ACUP 72247) and in conformance with the NIH Guide for the Care and Use of

Laboratory Animals and the Public Health Service Policy.

Whole-mount retina preparation

After dark adaptation for > 30 min, mice were anesthetized with isoflurane and euthanized by
decapitation. Retinas were isolated from the pigment epithelium under infrared illumination at
room temperature in oxygenated Ames’ medium (Sigma-Aldrich, St. Louis, MO). Slits were cut
on the whole retinas to mark the cardinal directions and then mounted ganglion-cell-layer-up on
top of a 3.5-4 mm?hole in a small piece of filter paper (Millipore, Billerica, MA). For
immunohistochemistry experiments, retinas were cut into dorsal and ventral halves and mounted
on top of a 1-1.5 mm? hole in a small piece of filter paper. The mounted retinas were kept in

darkness at room temperature in Ames’ medium bubbled with 95% 02/5% CO> until use (08 hr).
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Visual stimulation

A white organic light-emitting display (OLEDXL, eMagin, Bellevue, WA; 800 % 600 pixel
resolution, 60 Hz refresh rate) was controlled by an Intel Core Duo computer with a Windows
seven operating system and was presented to the retina at a resolution of 1.1 pum/pixel. Moving bar
stimuli were generated by MATLAB and the Psychophysics Toolbox (Brainard, 1997), and
projected through the condenser lens of the two-photon microscope onto the photoreceptor layer.
For the moving bar stimulus, a positive-contrast bar (220 um wide, 880 um long) moved along the
long axis in 8 pseudo-randomly chosen directions at a speed of 440 pm/sec over a 660um-diameter
field on the retina; and four trials were recorded for each direction. The percent stimulus contrast
was calculated as (Lstimulus — Lbackground)/ (Lstimutus + Lbackground). Unless otherwise noted (i.e., Figure
7D), the intensity of the moving bar was ~6.3x104 isomerizations (R*)/rod/s, lying in the photopic
range, and the background intensity was ~1800 R*/rod/s, lying at the lower end of the photopic

range.

Two-photon calcium imaging of GCaMP6 fluorescence

GCaMP6 fluorescence of isolated retinas in oxygenated Ames at 32-33°C was imaged in a
customized two-photon laser scanning fluorescence microscope (Bruker Nano Surfaces Division).
GCaMP6 was excited by a Ti:sapphire laser (Coherent, Chameleon Ultra II, Santa Clara, CA)
tuned to 920 nm, and the laser power was adjusted to avoid saturation of the fluorescent signal.
Onset of laser scanning induces a transient two-photon response that adapts to the baseline in ~3
s. Therefore, to ensure the complete adaptation of this laser-induced response and a stable baseline,

visual stimuli were given after 10 s of continuous laser scanning. To separate the visual stimulus
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from GCaMP6 fluorescence, a band-pass filter (Semrock, Rochester, MA) was placed on the
OLED to pass blue light peaked at 470 nm, while two notched filters (Bruker Nano Surfaces
Division) were placed before the photomultiplier tubes to block light of the same wavelength. The
objective was a water immersion objective (20x, Olympus). Time series of each imaging window

(~100%100 pm at the GCL and ~25%25 pm in the INL) were collected at 17 Hz or higher.

Data Analysis

Analysis was performed using Image] and MATLAB. Raw frames were uploaded onto Imagel
software in which regions of interest (ROIs) were manually drawn to enclose the soma of each
GCaMP6 expressing cell and for a background region where there was no detectable GCaMP6s
expression. These manually selected ROIs were then imported into MATLAB, where custom
written scripts were used to calculate the average intensity over time for all ROIs. In MATLAB,
the background trace was subtracted from the light responsive somatic traces to remove noise. We
then fitted the baseline fluorescence over time to single or two-term exponential decay function
using datapoints corresponding to the time between each moving bar sweep. Using the fitted FO
traces, raw fluorescence data was transformed to AF/Fy = (F—F0)/F0. The AF/F traces were then
truncated and sorted by direction of the moving bar stimulus. We calculated a quality index (QI)
to measure how well a given cell responded to the visual stimulus (Baden et al., 2016). If all trials
are identical such that the mean response is a perfect representative of the response, QI is equal to
1. On the other hand, if all trials are completely random with fixed variance (so that the mean
response is not informative about the individual trial responses), QI falls towards 0. We
implemented a quality threshold of QI > 0.45 for the response from a given cell to be considered

for further analysis.

187



RPref_ Ryuil

For each cell, we calculated the DS angle and DSI = , Where R,,.r1s the cell’s response

RPref"' Ryui
at the preferred direction (i.e., maximal response), and Ry is the cell’s response to the direction

opposite to the preferred one. The orientation selectivity index (OSI) of each cell was calculated

2 RPref_ P Ryuil

using the following equation, OSI = Y Rpref+ 2 Ryul

, where Rprerand Ry correspond to responses

along the preferred and null axes. Tuning curves were plotted using the average AF/Fy for each
direction. The 880 um long bar allows for clear separation between responses to the leading and
trailing edge of the moving bar. Cells showing responses to the leading edge were classified as
On, cells showing responses to the trailing edge were classified as Off, and cells showing responses

to both leading and trailing edges were classified as On-Off. On-Off preference was measured as

00j = (Ron)t—{RoFF)t

where Ron and Rorr correspond to response amplitudes to the On (leading)
(Ron)t+(RoFF)t

and Off (trailing) edges of the moving bar.
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Chapter 7

An atlas for nano-enabled neural interfaces

This chapter is a full reprint of Acarén Ledesma et al., Nature Nanotechnology (2019), in which I
was the primary author. This work is included with permission from all authors.

Relevant Publication:

Acaron Ledesma, H., Li, X., Carvalho-de-Souza, J. L., Wei, W., Bezanilla, F., & Tian, B. (2019).
An atlas of nano-enabled neural interfaces. Nature Nanotechnology, 14(7), 645-657.

Understanding the working principles of the nervous system has been a major goal of modern
biomedical research. The brain is a high-dimensional functional network that accommodates
around 100 billion neurons (in humans) which form local and long-range connections that drive
processing of information in specialized brain centres and establish communication across
systems, respectively. The complexity of the mammalian brain arises from three important
phenomena. First, the high dimensionality of the vertebrate brain creates a ‘big data problem’ for
neuroscience research. Second, neuronal subcellular structures span various length scales, such as
tens of nanometres for synapses to centimetres for axonal projections, making it difficult to probe
these components simultaneously with current technologies. Finally, approximately another 100
billion non-neuronal cells, called glia, reside in the brain and regulate neural activity through

mechanisms that are still poorly understood.

Advances in microscopy and molecular strategies have allowed researchers to gain insight into the

intricate organization of the mammalian brain and the roles that neurons play in processing
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information. Despite vast progress, therapeutic strategies for neurological disorders remain
limited, owing to a lack of biomaterials for sensing and modulating neuronal signalling in vivo.
Therefore, there is a pressing need for developing material-based tools that can form seamless

biointerfaces and interrogate the brain with unprecedented resolution.

7.1 Importance of nanoscale for neural interfaces

Historically, breakthroughs in neuroscience research have been tied to technological advances. For
instance, bioelectric phenomena were first explored in the 1790s by Luigi Galvani, but it was not
until the advent of electrophysiological recordings in the mid-twentieth century that theories of
membrane excitability and ion channels were properly formulated. More recently, the design of
new molecular tools for neuromodulation has provided scientists with the ability to control the
activity of defined populations of neurons and to establish links between neural pathways and
behaviour (Boyden et al., 2005). Nevertheless, our understanding of brain function remains poor,
and our ability to prevent and treat neurological disorders is limited, in part because of the lack of
minimally invasive tools capable of probing neuronal systems across the range of spatiotemporal
scales. Currently, medical professionals rely on bulky implantable metal electrodes to pinpoint the
origin of seizures, alleviate symptoms of Parkinson’s disease and stimulate nerve growth following
injury. The large size of these electrodes relative to individual cell bodies and nerve fibres leads to
the activation of surrounding neurons during stimulation, creating unwanted side-effects (Benabid,
2003). Additionally, mechanical insertion of these bulky microelectrodes combined with
micromotions within the skull (Terem et al., 2018) leads to immune activation and glial scar

formation (Salatino et al., 2017), which encapsulates the electrode, causes displacement from
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neurons of interest, decreases the overall device performance and even remodels the structure and

function of the neural network surrounding the electrode.
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Figure 7.1: Nanoscale materials and devices can offer new opportunities in neural interfaces.
(A) Nanodevices offer seamless biointegration with neural components, allowing for
imperceptible, minimally invasive and wireless brain interrogation. (B) Compared with bulk
implants (left), devices with nanoscale thicknesses and open framework are flexible, stretchable
and can elicit less immune response (right). Many more astrocytes and microglial cells are
recruited and activated at the bulk implant surfaces. (C) Many energy terms converge in amplitude
at the nanoscale, suggesting that signal transduction at the neural interfaces can take multiple forms
(“Cell Biology by the Numbers,” 2016; R. Phillips & Quake, 2006). (D) New properties and
capabilities emerge at the nanoscale. For example, as the size of metal or semiconductor shrinks,
the plasmonic or photoluminescence properties exhibit size- and shape-dependency. Iron oxide
switches from paramagnetic to superparamagnetic behaviour when the particle size is smaller than
a single magnetic domain. FETs can be gated more easily with nanoscale channel geometries.
Nanoscale protrusions or patterns can also yield a neural response that is absent for a planar neural
substrate. SC, semiconductor; h*, holes. (E) The synaptic junction and many other subcellular
domains are highly crowded, dynamic and heterogeneous. Therefore, nanoscale electrophysiology
and signal transduction can differ from those recorded in the bulk. (F) Electrical recordings show
different signal shape and amplitude from different regions of a single neuron. The schematic
traces 1—4 are extracellular electrical recordings from points 1-4; traces I-III are intracellular
recordings from micropipettes I-III. Adapted from: c, (R. Phillips & Quake, 2006), AIP; (“Cell
Biology by the Numbers,” 2016), Taylor & Francis.
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Motivated by increasing demand, academic, federal and private sectors have expanded their
research efforts in neural technologies. For instance, the BRAIN Initiative (Insel et al., 2013) in
the United States, the Human Brain Project (Amunts et al., 2016) in the European Union and the
China Brain Project (Poo et al., 2016) are all multi-billion dollar projects that aim to develop new
technologies, build seamlessly integrated neural interfaces for the interrogation of neural signals
in freely moving and socially active subjects (Fig. 7.1a), and design personalized electronic

medicine.

Nanoscale biomaterials can circumvent the limitations of current technologies, representing a
potential imperceptible platform (Fig. 7.1a) for interfacing the nervous system at unprecedented
spatiotemporal scales. First and foremost, the use of nanoscale building blocks means that
electrodes can be packed together more densely, improving the resolution of current recording and
neuromodulatory systems. Furthermore, given that bending stiffness scales with the cube of
material thickness (Lacour et al., 2016), rigid materials become soft, flexible, stretchable and more
biocompatible as their feature size reaches the nanoscale (Fig. 7.1a—c), reducing the mechanical
mismatch between brain tissue and engineered materials. Therefore, although the overall size of
implantable devices may remain at the macroscopic scale, nanoscale building blocks that mimic
structural and mechanical properties of neural tissue can be seamlessly integrated with brain tissue,
without being recognized by the immune system (X. Yang et al., 2019). Indeed, multiple lines of
evidence have demonstrated that neural tissue exhibits negligible glial activation and scar
formation when implanted with devices fabricated from nanoscale mechanically compliant
subunits (Zhou et al., 2017) (Fig. 7.1b, right). Additionally, scaling down to the nanoscale can

yield new physical properties and improved device capabilities, partially because the chemical,
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mechanical, thermal and electrostatic energies all converge at the nanoscale (Fig. 7.1¢), aiding
signal transduction across different energy terms (R. Phillips & Quake, 2006). For instance,
atomically thin nanoscale materials that can harvest electromagnetic radiation energy in the Wi-Fi
band have been reported, making it possible to actuate neural implants by means of everyday
electronics (X. Zhang et al., 2019). Also, nanostructures display size- and shape-dependent
plasmonics and photoluminescence, superparamagnetism, enhanced electronic properties and
bioactive topographical features, all of which are suitable for neural interrogation (Fig. 7.1d). The
energy-matching phenomenon (Fig. 7.1¢) and the emergence of new properties at the nanoscale
(Fig. 7.1d) can lead to innovative modes of sensing and stimulation that would not be possible

with bulky materials or devices.

Finally, nanoscale materials and devices enable localized neural probing. Neuronal membranes
and subcellular compartments (Table 1) represent extremely crowded environments that use
nanoscale molecular machinery to execute numerous tasks in parallel (Fig. 7.1e). For example,
previous research has illustrated how cellular and biomolecular interactions along with the
electrical properties of neuronal membranes formulate the classical description of synaptic
transmission (Fig. 7.1e). However, how the surrounding local microenvironment, including
intimately associated astrocytes, the extracellular matrix, and nearby neuronal processes,
influences neural communication is a topic of active research that would benefit from tools with
improved spatial resolution and cellular/subcellular targeting. Furthermore, neurons receive
synaptic inputs across their dendritic trees, where the summation and integration of local excitatory
and inhibitory inputs result in deviations from the resting potential; and, while in most neurons

action potentials are generated at the axon hillock, their dendrites are also capable of nonlinear
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transformations of electrical signals. In addition, biological membranes experience limited

propagation of mechanical tension (Z. Shi et al., 2018) and can therefore elicit localized

intracellular signalling in cellular subunits. Thus, nanoscale tools that depict a more accurate

description of the multimodal signals experienced by cellular subunits would provide a better

interpretation of neuronal input—output relationships and of electrical and mechanical

heterogeneities (Fig. 7.1f). Moreover, if delivered intracellularly, nanoscale devices would be

capable of real-time interrogation of signalling complexes and subcellular organelles — including

the cytoskeleton, mitochondria and endoplasmic reticulum (Fig. 7.1e) — allowing scientists to

explore their contributions to neural activity and determine protocols for rescuing neural

phenotypes during disease.

Table 1: Representative numbers in neural systems that are relevant to nanoscale probing.

Representative numbers
Size Thickness: ~5 nm
The membrane discs in photoreceptor rod cells (Selberg et al., 2018): disc spacing ~ 25 nm,
disc number ~ 1000
° Rate The diffusion coefficient for membrane tension (Z. Shi et al., 2018): ~ 0.024 um?*/s
=
E Rupture of a membrane: ~ 300-400 mV (voltage (Selberg et al., 2018)), ~ 1-30 mN/m (stress
% Physical (Garcia-Lopez et al., 2017))
= properties Peak membrane electric field during an action potential (Efros et al., 2018): ~250 kV cm!.
Membrane capacitance: 1 pF/cm? (unmyelinated membrane), 2 uF/cm? (node of myelinated
membrane), 4.2 x 10* pF/cm? (internode of myelinated membrane),
Membrane resistance: 1.48 kQ-cm? (unmyelinated membrane), 0.096 kQ-cm? (node of
myelinated membrane), 240 kQ-cm? (internode of myelinated membrane)
" Size ~ 10 x 10 x 10 nm? for a voltage-gated ion channel
©
§ Rate ~10° - 10® ions per second
<
: Physical Time constants of activation/deactivation: sub-millisecond to a few milliseconds.
= properties Time constant to inactivate: tens of milliseconds to seconds or minutes.
Temperature to activate TRPV1: >42 °C
" Size Synaptic vesicle volume (Selberg et al., 2018): ~ 105 pm?
% Gap distances at the membrane contact sites (“Cell Biology by the Numbers,” 2016): 3-15
g nm (ER-endosome), 6-15 nm (ER-mitochondria)
C%D Rate Cytoskeletal transport (Kandel et al., 2000): ~ 0.3-1 pm/s (neurofilaments, anterograde), ~
0.4 pm/s (mitochondria, bidirectional), ~0.3-0.4 pm/s (lysosomes, bidirectional)
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Table 1 (cont.)

Physical
@ properties | ® The stall forces for kinesin and dynein: ~ 7-8 pN (Steketee et al., 2011)
%ﬁ Chemical | ® Neurotransmitter concentration in synaptic vesicles (Selberg et al., 2018): ~ 100-200 mM
o) properties e [Ca*']in different organelllesléll():. ~0.5 pM (early gndosorpe), ~ 2.5 uM (late endosome), ~
100 uM (peak concentration in inner mitochondrial matrix), ~ 60-500 uM (ER lumen), ~
100 nM (nucleus)
e Dendritic spines (Jayant et al., 2017): head (volume ~0.001-0.1 pm?), neck (diameter ~0.1
I«é: Size um, length ~1 pm)
% e Periodicity of actin rings in axon (Wang et al., 2018): ~ 190 nm
g § e Node of Ranvier: ~ 1 um
= s Rate e Growth cone motility of rat retinal ganglion cell in vitro (Steketee et al., 2011): ~ 30-60
I3 um/h.
% Physical | e EPSP attenuation in mouse hippocampal neuron (Jayant et al., 2017): from ~26 mV (spine
Z properties head) to ~ 0.5-1 mV (soma)

e Fracture strain and ultimate stress of nerves (Lacour et al., 2016): ~ 25% and ~ 10 MPa

e Chemical/electrical synaptic junction gap (Selberg et al., 2018): ~ 20-40 nm/~2-4 nm

Size e Lumen diameter of electrical gap junction channel (Kandel et al., 2000): ~1.2-2 nm

e The ratio of the axonal diameter divided by the diameter of the axon and its myelin sheath
(g-ratio)(M. J. Phillips & Voeltz, 2016): 0.6-0.7

Intercellular junctions

Rate e Chemical clearance at a synapse (Selberg et al., 2018): ~ 1 ms
Physw.a : e Diameter requirement for cultured oligodendrocytes myelination (Seonok Lee et al.,
propetties 2012): > 0.4 pm
e Weight: ~2% of total body mass
Size e Human brain blood vessels (Y. Chen & Liu, 2012; Millecamps & Julien, 2013): number ~
100 billion, length ~ 650 km, surface area ~ 20 m?
e The mean intercapillary distance in the human brain: ~ 40 pm
e Volume of brain extracellular space (K. Xu et al., 2013): ~ 20 % of the brain tissue
- Rate e Action potential speeds in humans: 10-100 m/s
s o Effective molecular diffusion coefficient in brain extracellular space (K. Xu et al., 2013): ~
/M 2/5 of that in a free solution
Physical | °® Elastic modulus (Lacour et al., 2016; Sherman & Brophy, 2005): 1.40 kPa (grey matter),
. 1.90 kPa (white matter), ~ 0.5-1.2 MPa (dura mater), ~10 GPa (cortical bone)
properties | | Elastic moduli that favour glial growth and migration (Lacour et al., 2016): ~ 700 Pa

(oligodendrocytes), >10 kPa (microglia)
e Intracranial pressure: 7-15 mmHg

7.2 Natural and cultured neural systems

During development, neurons assemble into functional networks through the concerted action of
both molecular (Huberman et al., 2005) and activity-dependent (Dhande et al., 2011) mechanisms.
The precise organization of excitatory and inhibitory synapses in local brain circuits coordinates

the algorithmic functions involved in the execution of complex tasks such as information
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processing. In the case of the vertebrate retina, the way in which neurons organize throughout
development gives rise to its characteristic laminar structure (Fig. 7.2a), determines the direction
of information flow (Hoon et al., 2014) and dictates the termination patterns of retinal axons onto
downstream visual nuclei. Photoreceptors, bipolar cells and retinal ganglion cells form the main
excitatory pathway in the retina and transmit information vertically (Hoon et al., 2014) (Fig. 7.2a),
whereas horizontal cells and amacrine cells provide lateral inhibitory input to retinal neurons,
helping to regulate the extent to which membranes become depolarized and thus modulate
neuronal output. Because most circuit motifs observed throughout higher-order brain centres can
be found in this simple tissue (three cellular layers and two synaptic layers), the retina has become
a model system for testing developing neural technologies and for understanding how to restore
sensation and proper neural function. For example, optoelectronic retinal prostheses, or devices
capable of converting light into electrical currents that can activate the retinal network (Choi et al.,
2017), are currently being explored as avenues for restoring vision. Although these have been
effective as proof-of-concept, scaling down building block components to the nanoscale (Tang et
al., 2018) (blue dots in Fig. 7.2a) may further enhance properties at the biointerface and even offer
new interrogation capabilities. For example, injectable mesh nanoelectronics have enabled long-
term in vivo recordings from individual retinal ganglion cells in awake animals (Dai et al., 2018),
a capability previously inaccessible with conventional devices. More recently, injectable self-
powered near-infrared (NIR) nanoantennae based on up-conversion nanoparticles (UCNPs) that
bind to photoreceptors and transform NIR light into short-wavelength emissions have extended
the mammalian visual spectrum into the NIR range (Ma et al., 2019). Lastly, besides subretinal

and epiretinal implantation, nanoscale electrodes may interface subcellular structures in the inner
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retina, such as dendritic shafts and individual varicosities, allowing compartmentalized signalling

to be studied and shedding light on how information is processed by neuronal subunits.

Brain structures and neural signals (Table 1) are complex, multiscale and highly interconnected,
and are regulated by many non-neuronal factors, including glial interactions and the extracellular
matrix. For over a century, scientists have relied on cultured systems (Fig. 7.2b—d) to gain access
to specific cell types and to simplify experimental studies. While primary cell cultures of
hippocampal, cortical, and spinal cord neurons have been instrumental in elucidating mechanisms
underlying neuronal development and cell polarization (Millet & Gillette, 2012), these cannot
recapitulate many key extrinsic factors and signals that are known to coordinate neuronal

organization, synaptogenesis and circuit development (Seabrook et al., 2017).

Advances in microfabrication and stem cell biology have led to the implementation of new in vitro
model systems that can simplify and accelerate the characterization of nanoscale tools for
neuroscience (blue dots in Fig. 7.2b—d). For example, immature neurons have been cultured in
elastomeric polydimethylsiloxane (PDMS) microchips, in which channels and chambers provide
spatiotemporal control of the extracellular chemical environment (Gonzales et al., 2017) (Fig.
7.2b). A similar approach can be used to study the formation of synapses between neuronal
populations and the associations between neurons and glial cells (J. Park et al., 2009) (Fig. 7.2b).
Nanoscale devices can be used in conjunction with these microfluidic systems to study axogenesis,

myelination and synaptogenesis.
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Figure 7.2: Naturally occurring and cultured neural systems provide plenty of room for
nanoscale probing. (A) Layered structure of retinal tissue. Although epi- and subretinal spaces
have been extensively explored for implants, nanoscale tools (blue dots) may access the retinal
internal layers. (B — D) Neural cultures in 2D and 3D can enable bottom-up integration of devices
with cells in a seamless manner. (B) Microfluidic systems with different compartments (for
example, A and B) allow selective manipulation of neural cells, where nanoscale tools (blue dots)
can be rationally positioned for studying axogenesis and neuron—glia interactions. (C)
Neurospheroids can be assembled into 3D tissues, and nanoscale tools (blue dots) can be
positioned at the tissue block interfaces for synaptogenesis and circuit studies. (D) Embryonic stem
cells can develop into lab-grown retina, during which nanoscale tools may be used for growth
control or for probing the functions of the final engineered tissues.

Recently, three-dimensional (3D) co-cultures and brain organoids have emerged as other in vitro
alternatives that address some of the limitations experienced with 2D primary cell cultures
(Quadrato et al., 2017; Sloan et al., 2018). For example, neurons assembled into cortical spheroids

(Fig. 7.2¢) display an enhanced level of self-organization reminiscent of a developing neocortex
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and exhibit molecular expression of both deep and superficial cortical biomarkers (Pasca et al.,
2015). Therefore, neurospheroids derived from human-induced pluripotent stem cells (hiPSCs)
can more faithfully recapitulate human brain physiology (Birey et al., 2017; Pasca et al., 2015;
Sloan et al., 2018) and have potential as neural models for studying the pathophysiology and
progression of neuropsychiatric disorders. Stitching together blocks of tissue containing distinct
neuronal populations (Fig. 7.2¢) allows the study of attraction and repulsion of self and non-self
neurites during synaptogenesis and of how they establish wiring specificity (Kato-Negishi et al.,
2013). Nanoscale materials could probe the role played by local bioelectric signals during this
process. Similarly, brain organoids grown from differentiated hiPSCs have become attractive
models for studying brain development. As originally described by Eiraku et al., brain regions can
spontaneously sprout from embryoid bodies, or clusters of embryonic stem cells, simply by
modifying the conditions and local microenvironment in which cells are cultured (Eiraku et al.,
2011). Further work on brain organoids has realized retina-like (Quadrato et al., 2017) and
forebrain-like structures (Birey et al., 2017; Lancaster et al., 2017; Quadrato et al., 2017) with
neurons becoming integrated into spontaneously active networks and photosensitive neurons in
the optic cup enabling coordinated evoked activity upon light illumination (Quadrato et al., 2017).
Nanoscale devices can interface brain organoids as they differentiate and develop into specialized
brain regions, allowing scientists to understand how bioelectric signals emerge in the developing

brain and how neural networks transition between activity states during development.

7.3 Nanoscale tools and building blocks

Current tools for neural interrogation include single-unit pulled glass micropipette electrodes or

multi-electrode arrays, such as the Utah- and Michigan-style arrays. However, their mechanical
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invasiveness and the decaying signal-to-noise ratio has pushed further research to focus on the
miniaturization of these technologies and the innovation of platforms capable of seamless

integration with brain tissue.

7.3.1 Substrate-bound transistors

Semiconductor nanostructures have emerged as promising materials for next-generation neural
interfaces owing to their diverse physical properties, scalable fabrication and good
biocompatibility (Jiang & Tian, 2018). In particular, nanoscale field-effect transistors (nanoFETs)
represent a powerful alternative to traditional platforms because their performance does not depend
on device impedance and can be experimentally scaled down to the sub-10-nm regime (Fu et al.,
2014). Of particular relevance to neuroscience applications, carriers in the transistor channel of
nanoFETs can be depleted (or modulated) by neural signals much more easily than in bulk,
yielding higher voltage sensitivity (Mirza et al., 2017) (Fig. 7.1d). Additionally, the intrinsic delay
time of a FET, as described either by equation (1) for conventional complementary metal—oxide

semiconductor or by equation (2) for junctionless nanowire FETs

= 1
t UVpp (D
CoxL?

— ox 2

CIHNDTsi( )

(where Coyx is the gate oxide capacitance, L is the transistor gate length, u the electron mobility, Np
the doping concentration, 7’s; the thickness of silicon and Vpp the supply voltage) (Colinge et al.,
2010) implies that with decreasing L, the device speed increases, potentially allowing nanoFETs
to resolve faster neural events. Novel nanoFET configurations have been introduced in the past
decade (Fig. 7.3a), including those based on kinked nanowires (Tian et al., 2010), bent nanowires

(Y. Zhao et al., 2016), Si nanowire backbone/oxide nanotube branch structures (Duan et al., 2012;
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Fu et al., 2014), Si nanotubes (Gao et al., 2012), ultra-short channel and etched nanowires (Cohen-
Karni et al., 2012), nanomembranes (Kang et al., 2016), porous particles (Jiang et al., 2016), or
graphene (Kuzum et al., 2014; D. W. Park et al., 2014), and those integrated into mesh-like
nanoelectronics (J. Liu et al., 2015; Tian et al., 2012; Xie et al., 2015). Additionally, stretchable,
high-mobility transistors have been realized by exploring nano-confinement in semiconducting
polymers (J. Xu et al., 2017). Many of these nanoFETs act as point-like detectors capable of
recording the dynamics of membrane voltages and extracellular field potentials. Furthermore,
design principles have been developed for the future implementation of nanoFETs in either chronic

(Fu et al., 2017; Zhou et al., 2017) or transient (Kang et al., 2016; Koo et al., 2018) applications.

7.3.2 Substrate-bound electrodes

A common strategy for reducing electrical impedance and improving charge injection capability
is to enhance the surface area by introducing roughness, porosity or other nanostructured
(Sunghoon Lee et al., 2019; Miyamoto et al., 2017) topographies to metal electrodes (Fig. 7.1d).
Over the past decade, engineering approaches have been developed to expand the scope of

miniaturized and nanostructured metal electrodes.
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Figure 7.3: Nanoscale toolbox for neural interfaces. (A) Sharp protrusions formed by kinked
n—i—n Si nanowires, Si nanotubes, or structures with SiO; nanotube branches and Si nanowire
backbones have enabled transistor-based intracellular electrical recording. Selective etching of a
segment in a Si nanowire FET promises localized extracellular recording. 2D nanomaterial-based
FETs over flexible substrates can form compliant extracellular biointerfaces. The arrows highlight
the entrance of cytosol into FET regions. (B) Gold mushroom-shaped nanoelectrodes,
nanopillars/nanowires and nanospears yield high-resolution extracellular recording. With
electroporation or optoporation, nanopillars/nanowires or nanoporous electrodes achieve
intracellular recording. Metal films with nanoscale thicknesses allow brain tissue interfaces with
mesh nanoelectronics or nanoelectronic-thread configurations. Nanospears represent an example
of integration of a bioelectronics device with a microfluidic system. (C) DNA constructs can be
used for intracellular delivery and sensing. Synthetic ECM can guide neural differentiation and
growth. Exosome, liposome, polymer nanoparticles and synthetic motors may be used for drug
delivery to neurons. Recently developed microbial gas vesicles hold promise for MRI and
ultrasound imaging. (D) Mesoporous Si particles, p—i—n Si nanowires, superparamagnetic
nanoparticles, plasmonics nanoparticles, UCNPs and p—i—n Si membranes have been developed
for extracellular neuromodulation. The internalized Si nanowires permit intracellular modulation
and cytoskeletal control. Quantum dots (QD) and nanodiamonds have been used for imaging or
organelle tracking in neurons.

First, an important step has been the achievement of intracellular or intracellular-like recordings
(Fig. 7.3b). For instance, mushroom-shaped noble-metal electrodes help in the detection of
intracellular signals following engulfment through intrinsic phagocytic pathways (Hai et al., 2010;

Hai & Spira, 2012). Similarly, vertical metal nanopillars (Xie et al., 2012), nanotubes (Lin et al.,

2014) and metal-coated semiconductor nanowires (Robinson et al., 2012) have demonstrated the
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capacity for intracellular recording and stimulation following electroporation. Gold nanotubes
have also been used for localized poration (that is, pore formation in membranes) upon irradiation
with near-infrared laser pulses, which allows for multiplexed intracellular recordings in neurons
(Dipalo et al., 2017). Following this logic, nanoporous (50—200 nm) thin films of Pt metal have
been used in the design of ultrasensitive electrodes for the recording and stimulation of excitable

membranes following optoacoustic poration (Dipalo et al., 2018).

Second, considerable advances have been achieved in the fabrication of nanostructured electrode
arrays over flexible or even macroporous polymer substrates (Fu et al., 2017; Tian et al., 2012;
Xie et al., 2015) to create mechanically compliant 2D or 3D interfaces (Figs. 7.1a, 3b). Besides
3D mesh nanoelectronics, Xie and colleagues embedded Pt and Au electrodes in an ultraflexible
polymer shank to create one of the smallest neural probes ever reported, the nanoelectronic thread

(Luan et al., 2017).

Finally, integrated approaches have been developed to incorporate neural electrodes into other
device platforms, such as microfluidic systems. For example, metal nanoelectrodes suspended
from microfluidic channel walls (nanospears) have been used to study neuromuscular signal

transduction (Gonzales et al., 2017) in intact small animals.

7.3.3 Free-standing organic nanostructures
Untethered operation of nanostructured platforms is attractive, as it allows these materials to act
as free-standing devices and enables wireless interrogation of cellular activity through recording

or localized stimulation (Fig. 7.3c). Nanostructured biological materials (Alvarez-Erviti et al.,
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2011; Bhatia et al., 2016; Edelbrock et al., 2018; Leung et al., 2019; Prakash et al., 2016; Saha et
al., 2015; Shapiro et al., 2014; Thubagere et al., 2017; Veetil et al., 2017) fabricated through
rational design have ideal properties for subcellular interrogation, given their natural occurrence
in biology, nanoscale feature size and self-assembly. For example, the incorporation of responsive
domains and functional moieties into self-assembled DNA nanoconstructs provides a powerful
approach for fabricating devices capable of sensing and actuation, as recently exemplified in
sensors for ionic species (Prakash et al., 2016; Saha et al., 2015), in lysosome sensors based on
fluorescence resonance energy transfer (Leung et al., 2019) and in drug-delivery vectors (Veetil et
al., 2017). Other forms of nanostructured biological materials, such as peptide-presenting
nanostructures (Edelbrock et al., 2018), exosomes (Alvarez-Erviti et al., 2011) and bacterial gas
vesicles (Shapiro et al., 2014), are now beginning to be exploited as biological probes. In particular,
gas vesicles —gas-filled protein-shelled compartments with typical widths of 45-250 nm and
lengths of 100-600 nm — can help the cavitation centre to transduce acoustic energy into
mechanical force or boost the functional ultrasound imaging resolution. Finally, besides polymer
nanostructures (Sytnyk et al., 2017; Tortiglione et al., 2017), synthetic molecular machines (Berna
et al., 2005) designed as rotors, walkers and cages have been used to transform optical energy into
mechanical action causing reversible or irreversible openings in the lipid bilayer (Garcia-Lopez et

al., 2017).

7.3.4 Free-standing inorganic nanostructures
Optical (Carvalho-de-Souza et al., 2018), acoustic (Kubanek et al., 2018) and magnetic stimulation
(Hallett, 2000) represent non-invasive methods for neural stimulation. However, these strategies

alone do not show optimal spatial resolution, lack ways of selective targeting and often require
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high power densities potentially causing off-target effects. On the other hand, inorganic nanoscale
materials are capable of harnessing energy, transducing it into physiologically relevant stimuli and
focusing the site of action to localized subcellular compartments (Fig. 7.3d). For example, Au
nanoparticles (Carvalho-de-Souza et al., 2015) and porous Si nanostructures (Y. Fang et al., 2018;
Jiang et al., 2016) produce a photothermal effect that can be exploited for optocapacitive
neuromodulation. Coaxial p—i—n Si nanowires (Parameswaran et al., 2018) or multi-layered Si
membranes (Jiang et al., 2018) yield photoelectrochemical current for wireless activation of neural
cultures or brain activity. UCNPs (Ma et al., 2019; Pliss et al., 2017) and fluorescent nanodiamonds
(Haziza et al., 2017) have been used for NIR vision and neuromodulation, and for visualizing
intraneuronal transport, respectively. Other examples of wireless stimulation and sensing include
the use of heat-dissipating or force-generating superparamagnetic nanoparticles (H. Huang et al.,
2010; Tay et al., 2016; Tay & Di Carlo, 2017) for ion channel modulation. These magnetic
nanoparticles generate local force under a static magnetic field; however, in low-radiofrequency
alternating magnetic fields, they can experience heat dissipation through relaxation processes
(Roet et al., 2019). Finally, quantum dots have potential as optical indicators of membrane voltage

through the quantum-confined Stark effect (Efros et al., 2018).

7.4 Neural interfaces at all length scales

7.4.1 Plasma membrane

At rest, the membrane potential sits at approximately =70 mV and, depending on the net excitatory
drive, becomes depolarized by a few millivolts for subthreshold events or by 70-120 mV during
action potential firing. These events are about 120 mV in amplitude at most; however, they

generate large electric fields due to charge separation across a very thin geometry (Table 1).
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Therefore, electric-field-sensitive nanoscale devices, such as photoluminescent quantum dots, are
candidates for local readout of the membrane potential (Marshall & Schnitzer, 2013; Peterka et al.,
2011). In the presence of an electric field, quantum dots experience a fast redshift in their emission
spectra and a decrease in photoluminescence intensity (Efros et al., 2018) (Fig. 7.4a). Although
embedding nanoparticles 60 nm or smaller in size within vesicle bilayers has been feasible
(Bonnaud et al., 2014), the ability to accommodate quantum dots into neuronal membranes
remains a challenge, limiting quantum dot applications for neuroscience. For electrical readout,
kinked semiconductor nanowire FETs (Fig. 7.4a) have been proposed as local detectors of
membrane potentials and have been configured onto flexible SU-8 substrates for 3D probing (Tian
et al., 2010). To promote biomimetic intracellular entry, the surface of these nanowires can be
modified with phospholipid coatings (Tian et al., 2010) and cell-penetrating peptides derived from
HIV-1 (J. H. Lee et al., 2016). Additionally, synthetic molecular actuators (Garcia-Lopez et al.,
2017) could provide the means to locally destabilize the membrane for device entry, as they can
be designed with sensitivity to visible light, NIR, ultraviolet and radiofrequency (T. Xu et al.,

2017).

Regarding neuronal modulation, millisecond infrared pulses can trigger action potentials in
unmodified membranes through optocapacitive photothermal effects (Carvalho-de-Souza et al.,
2018). In short, infrared irradiation results in local heating around the cell membrane, causing an
increase in membrane capacitance (C) that generates an inward depolarizing capacitive current
(Ieap). This technique explores the derivative of the capacitance that appears when one
differentiates with respect to time the charge (Q) flowing to or from the membrane capacitor, as

described by
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Au nanorods (Carvalho-de-Souza et al., 2018) and porous Si nanostructures (Y. Fang et al., 2018;
Jiang et al., 2016) can also show this phenomenon, as they experience heating upon irradiation
with visible and NIR wavelengths and can be surface-modified with high-avidity neuronal ligands
and antibodies (Carvalho-de-Souza et al., 2015). Therefore, nanostructured materials (Fig. 7.4a)
offer a more targeted and localized photothermal stimulation, and can shift working wavelengths
towards those commonly accessible in research laboratories and clinical settings (Carvalho-de-
Souza et al., 2015). Alternatively, researchers have begun to explore the potential use of
nanostructured photodiodes (Parameswaran et al., 2018) (as illustrated by the coaxial blue/green
nanowire in Fig. 7.4a, top right) as free-standing, minimally invasive, and potentially more
sensitive optoelectronic stimulators. Recently, Parameswaran et al. demonstrated that p—i—n Si
nanowires doped with atomic Au on the surface exhibit photoelectrochemical current generation
upon irradiation with visible light (Parameswaran et al., 2018) and can elicit single and trains of
action potentials. The inclusion of Au and potentially other catalysts in these nanostructures
enhances the Faradaic photoelectrochemical output (Jiang et al., 2018; Parameswaran et al., 2018)

and results in wireless activation of neuronal membranes.
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Figure 7.4: Nano-enabled subcellular neural interfaces. a, Interfacing plasma membranes:
research labs have developed kinked nanowire FETs for intracellular electrical recording, Au
nanorods for photothermal neuromodulation, coaxial Si nanowires for photoelectrochemical
neuromodulation, synthetic molecular rotors for potential device entrance into neurons, and
quantum dots for potential optical recording of membrane voltage. /#v, photon energy; PL,
photoluminescence; Alpz, PL intensity change; Adpr, PL wavelength change; T, temperature; F,
force; I.qp, capacitive current; s, photocurrent; Alps, FET source—drain current change; Cpem,
membrane capacitance; Ruem, membrane resistance; Viem, membrane voltage; Vevra, extracellular
potential; Viura, intracellular potential. (B) Interfacing membrane-associated proteins: exosomes,
liposomes, polymer nanoparticles and DNA constructs present ligands for cellular targeting and
induced endocytosis. Coaxial nanowire produces a photoelectrochemical effect to modulate the
local extracellular potential and affects voltage-sensitive ion channels. A rapid photothermal effect
from plasmonic nanoparticles or Si nanowires causes depolarization of plasma membrane and
triggers activities in voltage-sensitive ion channels. The long-lasting photothermal effect and the
magnetothermal effect from superparamagnetic nanoparticles can affect temperature-sensitive ion
channels. Superparamagnetic nanoparticles can also actuate mechanical-sensitive ion channels.
UCNPs have been used for ion channel modulation, possibly through both extra- and intracellular
configuration. Other substrate-bound nanostructures can produce a response from curvature-
sensing membrane proteins. Ion channels can also be reconstituted in vitro, producing electrical
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Figure 7.4 (cont.) sensing signals in Si nanowire FET. (C) Interfacing organelles: quantum dots
or nano-diamonds, plasmonic nanoparticles and superparamagnetic nanoparticles have been used
for imaging or controlling cytoskeletal transport or polymerization. Intracellular Au may produce
reactive oxygen species (ROS) and other cytotoxic effects upon light illumination. DNA constructs
can be used for sensing of calcium or pH in the endosomes. Intracellular Si nanowire also allows
for cytoskeletal control via the photoacoustic effect or calcium initiation via the photothermal
effect. Ipr, PL intensity; ApL, PL wavelength; B, magnetic field; [Mn*], ion concentration. (D)
Interfacing neuritis and dendritic spines: quantum-dot-coated nanopipette allowed the recording
from the spine. Magnetic control of TrkB signalling can halt the neurite growth. A cross-junction
between Si nanowire and filapodium produced localized calcium initiation. Inset, schematic
diagram of the electrical equivalent circuit for the passive dendritic spine, adapted from (Jayant et
al., 2017). Raen, dendritic resistance; Re, pipette resistance; Ryem, passive membrane resistance of
spine head; Ruem@, dendrite passive membrane resistance; R,eck, neck resistance; Rpore, pore
resistance; Ryeal, seal resistance; Cer, pipette capacitance; Cuenm, passive membrane capacitance of
spine head; Cyem@), dendrite passive membrane capacitance; Egyn, synaptic reversal potential; E ez,
leak reversal potential; Ee,, dendritic reversal potential; Gyyn, synaptic conductance. Adapted
from: d, (Jayant et al., 2017), SNL.

7.4.2 Membrane-associated proteins

Currently, 60% of all pharmacological drugs target membrane-associated proteins, mainly G-
protein-coupled receptors, ligand-gated ion channels and voltage-gated ion channels (Overington
et al., 2006). Although the design of pharmaceuticals has been instrumental in improving human
health, they can produce many off-target side effects as they access several tissues and organs.
Therefore, nanoscale platforms (Fig. 7.4b) capable of targeting a wider array of molecular targets
and modulating protein activity through a broader range of modalities could shape the future of
medicine. For example, exosomes (Alvarez-Erviti et al., 2011), liposomes, polymeric
nanoparticles (Kreuter, 2014) and DNA nanocages (Veetil et al., 2017) can present moieties for
specific cell targeting (including the location of disease pathology) and induce endocytosis.
Similarly, voltage-gated ion channels can be modulated by local changes in the membrane
potential, through either photoelectrochemical process by coaxial nanowires (Parameswaran et al.,
2018) or optocapacitive effect by Au nanoparticles (Carvalho-de-Souza et al., 2015, 2018) and

porous nanostructures (Y. Fang et al., 2018; Jiang et al., 2016; Sytnyk et al., 2017). Under constant
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illumination, Au nanostructures, instead of driving the optocapacitive effect, can induce
suppression of spontaneous and potentially evoked correlated activity, through the activation of
temperature-sensitive ion channels, such as TREK1 temperature-sensitive potassium channels
(Yoo et al., 2014). Superparamagnetic nanoparticles can also have dual roles, as either local heat
generators to target temperature-sensitive ion channels, such as TRPV1, or local force generators
to target mechanosensitive channels. The ability to specifically target these ion channels will shed
light on the mechanisms underlying touch perception, pain sensation and regulation of internal

pressure.

Furthermore, cells cultured on vertically protruding nanostructures have revealed that local
membrane curvature resulting from the settling of cell membranes around vertical electrodes
promotes the recruitment of membrane curvature-sensing proteins and the engulfment of foreign
particles (W. Zhao et al., 2017) (Fig. 7.4b). Lastly, nanoprobes can work in conjunction with
optogenetic ion channels, allowing researchers to obtain a better understanding of their biophysical
mechanisms and to further expand their potential use in vivo. For instance, bacterial opsins
reconstituted in artificial lipid bilayers can be interfaced with Si nanowire FETs; on light
illumination, the flow of ions across these channels will change the local pH around the nanoFET
and yield a variation in device conductance (Tunuguntla et al., 2015). Moreover, in combination
with UCNPs, optogenetic strategies (Fig. 7.4b) can be extended for deep brain stimulation, given

that UCNPs can convert tissue-penetrating NIR laser pulses into visible light (S. Chen et al., 2018).

7.4.3 Subcellular organelles
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In addition to biochemical signalling, mechanotransduction and charge-transfer phenomena are
widespread throughout biological systems and across length scales. This is exemplified by
subcellular organelles, but how these fundamental forces help coordinate subcellular processes and
how they influence cell function and survival remain open ended questions in cell biology and

require tools capable of visualizing and interrogating their interactions.

Nanostructures with physical features on the same order as organelles display negligible or low
cytotoxicity and can enter cells through multiple internalization mechanisms (W. Zhao et al., 2017;
Zimmerman et al., 2016). For example, internalized fluorescent nanodiamond (Haziza et al., 2017),
photoluminescent quantum dots (Efros et al., 2018) and engulfed Au nanorods (Gu et al., 2012;
Kaplan et al., 2018) become localized in endosomes and aid real-time imaging of axonal transport
in cultured neurons (Haziza et al., 2017) (Fig. 7.3c). Nanoscale probes can help us to achieve a
deeper understanding of biophysical mechanisms involved in molecular transport with the goal of
potentially integrating these into biohybrid systems (Goel & Vogel, 2008). Organelles, such as the
endoplasmic reticulum and mitochondria, may also be interfaced with photothermal Au
nanoparticles (Carvalho-de-Souza et al., 2015) and nanostructured Si (Y. Fang et al., 2018; Jiang
et al., 2018) for modulation of intracellular calcium levels and metabolic control over individual
cells (Fig. 7.3c¢). However, it is important to note that the illumination condition during
photothermal stimulation should be considered if reactive oxygen species and other cytotoxic
effects need to be avoided (Johannsmeier et al., 2018). Additionally, in cases where a strong, non-
damaging photothermal effect is induced, local shockwaves can be generated by the rapid increase
in temperature, which have the potential for cytoskeletal manipulation and activation of

mechanosensitive proteins inside cells (Jiang et al., 2018). Finally, DNA nanocages can locally
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deliver molecular payload inside cells (Veetil et al., 2017) and report on intracellular and lumenal
levels of calcium (Narayanaswamy et al., 2019), chloride (Leung et al., 2019; Prakash et al., 2016;

Saha et al., 2015), and pH (Leung et al., 2019) (Fig. 7.3¢).

7.4.4 Neurites and dendritic spines

Advances in fluorescence (F. Chen et al., 2015; K. Chung & Deisseroth, 2013; B. Huang et al.,
2008) and electron microscopy (Denk & Horstmann, 2004) have made it possible to map the
connections of neuronal processes (or neurites) in 3D space, with nanometre resolution, across the
entire nervous system of invertebrates (Zheng et al., 2018) and many mammalian brain regions
(Gao et al., 2019; Martersteck et al., 2017). Nevertheless, how these anatomical substrates correlate
to physiological function remains elusive in neuroscience, partly owing to the lack of tools able to

interrogate local membrane dynamics.

Dendritic spines are membranous protrusions in dendrites, consisting of a spine head enriched in
postsynaptic receptors and a narrow neck that compartmentalizes the spine from the rest of the
dendrite (Beaulieu-Laroche & Harnett, 2018). Despite their extremely small size (Table 1), they
play important roles in neuronal processes such as synaptic plasticity and have been recently
targeted with quantum-dot-coated nanopipettes (Jayant et al., 2017) (Fig. 7.4d), revealing the
dependency of somato-dendritic excitatory postsynaptic potentials on spine neck resistance.
Therefore, as techniques for targeting dendrites and spines with nanoFETs and nanowire
modulators (Y. Fang et al., 2018) (Fig. 7.4d) become more readily available, we expect that
nanotechnology will open exciting opportunities to understand the electrical signals generated in

dendritic structures and how they spread across neurons.
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Axons also play important roles in bioelectric signalling, as action potentials generated at the axon
hillock are conducted towards the axon terminal where they trigger neurotransmitter release.
Nanoscale interfaces have aided in studies of axonal signal propagation using nanoFET arrays
(Patolsky et al., 2006); however, nanostructures can also be used for studying axogenesis. For
example, superparamagnetic nanoparticles functionalized with TrkB antibodies (Fig. 7.4d) have
proven to be beneficial as they can initiate neurotrophic signalling and become engulfed into
signalling endosomes (Steketee et al., 2011). Once located inside endosomes, these functionalized
magnetic nanoparticles can help to visualize endosomes as they travel throughout neurons, and
provide a means of manipulating endosome position and the neurite growth dynamics through the

application of magnetic fields (Steketee et al., 2011).

7.4.5 Intercellular junctions

Neural communication is a fast and dynamic process coordinated by molecularly defined synaptic
junctions, where the activity of a presynaptic neuron influences the activity of its postsynaptic
neuron(s). During development, growth cones sense molecular guidance cues in the extracellular
environment that direct their growth towards appropriate sublaminae where synaptic partners meet
and form synapses. However, studies have recently demonstrated that nanowire topography
(Gautam et al., 2017) also carries relevant information that helps guide neurite growth and
coordinate synapse formation (Fig. 7.5a), suggesting that the nanoscale architecture of the
extracellular environment works together with chemical cues to direct neurites to their proper
destination. Further studies focusing on how nanoscale topography can be used to replicate

neuronal organization seen in vivo will lead to advances in 3D neuron cultures and brain organoid
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research (Fig. 7.2¢,d). Moreover, techniques for interrogating and manipulating synapses are
highly desirable in neuroscience research, as these can help to test functional connections between
neurons and determine the contribution of specific synapses to neuronal output. Free-standing
nanoscale devices, such as intracellular Si nanowires (Jiang et al., 2018) and extracellular Au
particles (Carvalho-de-Souza et al., 2015; Yoo et al, 2014) are inorganic alternatives for
intercellular neuromodulation (Fig. 7.5a) that can interface neurons and synapses inaccessible

through genetic strategies.

In addition to synaptic junctions, neurons form intercellular junctions with multiple glial types
(Fig. 7.5a), including astrocytes, oligodendrocytes in the central nervous system (CNS), and
Schwann cells in the peripheral nervous system (PNS). Astrocytes form intimate associations with
the synaptic structure (Fig. 7.1e) regulating neural activity through local ion buffering (Allen &
Lyons, 2018) and neurotransmitter uptake (Deemyad et al., 2018). Therefore, by interfacing with
astrocytic networks, nanoscale devices can potentially manipulate neural communication locally
and over extended brain areas. On the other hand, myelin-forming glia — oligodendrocytes in the
CNS and Schwann cells in the PNS — wrap around and insulate axons. These myelinated segments
are interrupted by uninsulated hotspots highly concentrated in voltage-gated Na* channels called
nodes of Ranvier (Fig. 7.2a), where action potentials are regenerated as they travel down the axon
(Kandel et al., 2000). Myelination allows for faster conduction of electrical signals, minimizes
energy consumption, and maintains the integrity and overall health of the axon (Nave, 2010).
Understanding the precise mechanisms by which axons become myelinated is crucial to
establishing strategies for promoting remyelination following injury, after onset of demyelinating

diseases (such as multiple sclerosis), and for building new ‘myelinated’ bioelectronics. Earlier
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work using electrospun nanofibre and micropillar arrays (Fig. 7.5a) demonstrated that axon
diameter plays an important role in oligodendrocyte targeting and the initiation of myelin wrapping
(Seonok Lee et al., 2012, 2013). Moreover, activity-dependent signalling between neurons and
oligodendrocytes has been shown to contribute to the myelination process (Fields, 2015), opening

the possibility for bioelectronic devices as therapeutic agents for remyelination.

7.4.6 Blood—brain barrier

A challenge in treating neurological disorders is the delivery of pharmaceutical drugs into the
brain. Endothelial cells lining blood vessels passing through the brain, along with astrocytes and
pericytes, form the blood-brain barrier (BBB), a collection of tight junctions that restrict the
movement of large molecules from blood into neural tissue (Fig. 7.5b). Advanced drug delivery
systems, such as polymer (Kreuter, 2014) and magnetic (Y. Chen & Liu, 2012) nanoparticles, can
enhance transport across the BBB through receptor-mediated endocytosis. Exosomes, or secreted
extracellular vesicles (Alvarez-Erviti et al., 2011; T. Yang et al., 2015), can also be prepared to
carry therapeutic agents, and studies have shown that drug-loaded vesicles can cross the BBB
through similar endocytic pathways. Other approaches have focused on strategies capable of
reversibly permeabilizing the BBB without causing any permanent cell damage. For instance, local
heat generation with magnetothermal nanoparticles (Y. Chen & Liu, 2012) and electroporation
(Mohammad Bonakdar et al., 2016) can transiently increase BBB permeability and allow drugs to
diffuse into the brain. Bioelectronic devices (Fig. 7.5b), such as mesh nanoelectronic scaffolds (J.
Liu et al., 2015) and optoelectronic devices (Jiang et al., 2018), can be potentially used to deliver
pulses of electrical current at the BBB interface for enhanced drug transport. Although animal

studies are the ultimate goal when conducting tests on BBB permeability, in vivo experiments often
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result in greater experimental complexity and species-specific effects. On the other hand, in vitro
systems allow researchers to test the nano-enabled BBB permeabilization and neural control more
rapidly, using, for example, organ-on-chip platforms (M. Bonakdar et al., 2017) (Fig. 7.5b). These
configurations aim to create physiologically relevant microenvironments and eliminate species-
specific variables. They also enable faster testing of drugs, drug delivery vehicles and devices

capable of permeabilizing the BBB.
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Figure 7.5: Nano-enabled cellular and tissue-scale neural interfaces. (A) Interfacing
intercellular junctions. Nanowire arrays can guide neuronal processes and promote intercellular
junctions and electrical synchronization. Intracellular Si or extracellular Au-based neural
modulations may enable functional connection studies in neurons. Myelination of nano- and
microfibres suggests future electrical or optoelectronic control of myelination through
semiconductor or metallic nanowires. (B) Interfacing the blood—brain barrier. Exosomes,
liposomes, polymer nanoparticles and magnetic nanoparticles have been suggested for enhanced
delivery through BBB. Future opportunities include localized electroporation through mesh
nanoelectronics, given in vitro electroporation studies for enhanced BBB passage. It is also
promising to include nanomaterial or nanodevices with organ-on-a-chip model where the
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Figure 7.5 (cont.) interactions among BBB, blood and neural systems can be evaluated together.
(C) Interfacing 3D neural cultures. Macroporous nanoelectronics mesh can record from the inside
of engineered tissues. Conducting nanofibre-coated recording electrodes have low impedance. Au
nanomesh used for electrical recording of engineered cardiac tissues and Si nanomesh used for
photoelectrochemical modulation of the heart could potentially be used for electrical interfaces
with 3D neural cultures. Ve, electrical potential recorded at the nanoelectronics surface; Viigsue,
electrical potential from the tissue. (D) Interfacing the brain. Biodegradable Si nanomembrane can
measure intracranial  pressure  (Ppuin). Si photodiode  nanomembranes  produce
photoelectrochemical modulation of the cortex and yield a field potential change (A Virain). Semi-
transparent graphene electrodes allow flexible electrical recording, and parallel imaging and
optical stimulation. A microbial gas vesicle produces MRI signals (/ur;) that can be modulated
with ultrasound and allow multiplexed MRI imaging. Superparamagnetic nanoparticles and
UCNPs yield deep-brain wireless neuromodulation, producing various effects such as the
upregulation of c-fos, a proto-oncogene that is expressed within some neurons following
depolarization.

7.4.7 3D neural cultures

The extracellular matrix (ECM) is composed of a wide variety of proteins and other bioactive
molecules that regulate neuronal differentiation and growth. Recently, synthetic ECM or ECM-
like devices (Fig. 7.5¢) have been explored for regulating and interrogating 3D neuronal growth
and function (Edelbrock et al., 2018; Mammadov et al., 2012). For example, peptide amphiphile
nanofibres functionalized with bioactive components (Edelbrock et al., 2018; Mammadov et al.,
2012), such as brain-derived neurotrophic factor, laminin and heparan sulfate epitopes, have been
used to present growth factors to neurons. Interestingly, the effects of these factors on neuronal
maturation and neurite growth were evident only when presented in peptide amphiphile nanofibre
configurations (Edelbrock et al., 2018; Mammadov et al., 2012), suggesting that nanoscale
architecture and topography work synergistically with the chemical nature of these molecules to
initiate downstream signalling. For interrogating neural activity, folded macroporous
nanoelectronic mesh devices (Fig. 7.5¢) have generated interpenetrating recording networks with

neurites, and have recorded the local field potentials and drug responses from engineered 3D neural

cultures (Tian et al., 2012). Additionally, ECM-like nanoprobes (Sunghoon Lee et al., 2019;
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Parameswaran et al., 2019) developed for engineered cardiac tissues (Fig. 7.5¢) can be extended
to neuronal preparations, since electrical properties across electrogenic cells follow similar
fundamental principles. Recent examples include the ultra-light and movable nanogold—
polyurethane mesh electronics (Sunghoon Lee et al., 2019; Miyamoto et al., 2017) used to monitor
the electrical signals in cardiomyocytes (Sunghoon Lee et al., 2019), and the coaxial p—i—n Si
nanowire network over the self-aligned SU-8 mesh for cardiac modulation (Parameswaran et al.,

2019).

7.4.8 Neural systems and entire brain regions

As previously described, neurons exist within high-dimensional networks that extend over entire
brain regions and perform specific tasks. Despite having individualized roles, neurons in
specialized brain regions work in unity to generate, process and relay information. Therefore, the
seamless interrogation of large ensembles of neurons is vital for understanding the information
represented in neural systems, correlating signals to specific behaviours and monitoring how
neural activity changes during disease progression. Additionally, the ability to modulate neural
activity at the systems level can have multiple clinical implications, including terminating the
spread of seizures, alleviating motor symptoms in Parkinson’s disease patients and potentially
slowing neurodegeneration in Alzheimer’s disease. Advances in micro- and nanofabrication have
led to the design and realization of new high-density transistor platforms for neural biointerfaces
with the capability of resolving individual cells. For example, mesh nanoelectronics (Tian et al.,
2012) (Fig. 7.5d) can be used for both modulation and recording of neural activity and their
enhanced flexibility enables their packaging into small injection vehicles for subcortical brain

delivery (J. Liu et al., 2015; Zhou et al., 2017). Following release, mesh nanoelectronics devices
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can form intimate contacts with neuronal populations (J. Liu et al., 2015; X. Yang et al., 2019) and
enable recordings in freely behaving animals (Hong et al., 2018; X. Yang et al., 2019) with single-

cell resolution (Fig. 7.1b).

For certain applications, transient interfaces are favourable, as they eliminate the need for surgical
removal when no longer needed. In particular, bioresorbable Si nanomembranes (Fig. 7.5d) have
been designed as effective probes for temperature, pressure and electrical activity (Kang et al.,
2016), enabling monitoring of post-surgery health and recovery. Other configurations include Au-
decorated p—i—n Si nanomembranes (Fig. 7.5d) as in vivo optoelectronic devices for neural
stimulation (Jiang et al., 2018). For use in combination with other optical methods, such as
fluorescence imaging and optogenetics, graphene nanoelectronics (Fig. 7.5d) offer a transparent
alternative to metals and semiconductors while maintaining suitable signal sensitivity (Choi et al.,

2017; D. W. Park et al., 2014).

The 2D structure of Si nanomembranes and graphene microelectrodes limits their use to superficial
cortical layers. However, deep brain interrogation can be achieved with superparamagnetic
nanoparticles and UCNPs (Fig. 7.5d), because these can be wirelessly activated and can be
delivered through injectable methods or potentially through the blood by transiently
permeabilizing the BBB. Magnetic fields have excellent penetration through the skull and soft
tissue, making magnetic nanoparticles extremely useful for deep brain magnetothermal stimulation
(R. Chen et al., 2015; Munshi et al., 2017). Additionally, UCNPs can respond to NIR lasers, which
also exhibit good tissue penetration. Upon NIR laser stimulation, UCNPs become excited and emit

light in the visible range, which can modulate light-gated opsins (S. Chen et al., 2018) and
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potentially other optoelectronic nanomaterials for deep brain stimulation. Lastly, acoustically
modulated gas-filled protein vesicles have been used as high-contrast agents for deep-brain MRI
(Lu et al., 2018; Shapiro et al., 2014), and rectennas (rectifying antennas) capable of harvesting
high-frequency electromagnetic radiation can offer wireless control of implanted nanoprobes using

Wi-Fi signals (X. Zhang et al., 2019).

7.5 Outlook

As 1illustrated throughout this chapter, advances in nanotechnology offer the capability of
interfacing the brain with unprecedented resolution. The seamless integration of next-generation
probes with the nervous system will shed light on many unanswered questions in neuroscience, re-
evaluate some principles believed to be understood, and aid in therapeutics aiming to restore proper
brain function. On the other hand, future rational design and implementation of nanoscale neural
devices should be guided by the physical properties of neural components and their networks
(Table 1). For example, to achieve ‘myelinated’ mesh nanoelectronic devices for modulating
oligodendrocyte behaviour, the diameter/width of the mesh filament should not be less than 0.4
um (Seonok Lee et al., 2012). Efforts in optimizing these devices are still ongoing, but successes
in wireless interfacing (Parameswaran et al., 2018; Seo et al., 2016) and restoring or enhancing
perceptual sensation (Ma et al., 2019; Tang et al., 2018) show that we are already at the initial

stages of the nano-revolution in neuroscience.

The materials and devices described here minimize the mechanical and feature-size mismatch

between probes and biological tissue. However, challenges remain for delivery and targeting,

especially when precision electronic medicine (Tian & Lieber, 2019) is envisaged. In particular,
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the skull represents a major obstacle for device implantation, often requiring invasive drilling or
surgery. Interestingly, the presence of transcortical vessels that penetrate through the skull,
connecting the bone marrow to the surface of the brain, has been recently reported (Herisson et
al., 2018). These vessels could be exploited as avenues to enable deep brain interfaces for recording
and modulation, although new engineering strategies will be necessary to target the desired brain
regions with minimal harm. Furthermore, neural devices will require surface functionalization with
cell- or subcellular-specific molecules that can enable tight junctions with molecularly defined
populations. This will require close collaboration with molecular biologists researching

transcriptomic and proteomic neural libraries and cell-type specific markers.

Nanoscale building blocks continue to be scaled down towards the order of organelles and protein
complexes, blurring the distinction between neural interfaces and synthetic biology. At subcellular
and molecular scales, bioelectronics could potentially enable real-time control of biological
circuits involved in gene expression, regulatory networks and metabolism, among others (Selberg
et al., 2018). Such biohybrid systems can be designed and engineered so that biological systems
develop a symbiotic relationship with materials or implants, allowing them both to act as integral
device components. This concept can be extended to neural systems for harnessing bio-energy and
sustaining active neural interfaces. We envisage platforms in which the glial cells function together
with the implanted materials as one hybrid system. In particular, gap-junction coupled astrocytes
form networks that span large areas of the brain (Allen & Lyons, 2018; Deemyad et al., 2018) and
are known to regulate synaptic transmission locally. Therefore, modulation of the astrocytic
network through nanoscale tools would allow the simultaneous modulation of local circuits and

large brain areas with minimal abiological components. Furthermore, such electrode—glia systems
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could transform the generic excitatory stimulus coming from the inorganic electrode into a specific

signal that recruits an intrinsic neuronal pathway.

241



Chapter 8

Texturing silicon nanowires for highly localized optical
modulation of cellular dynamics

This chapter is a full reprint of Fang et al., Nano Letters (2018), in which I was a primary author.
This work is included with permission from all authors.

Relevant Publication:

Fang, Y.* Jiang, Y.*, Acaron Ledesma, H.*, Y1i, J., Gao, X., Weiss, D. E., & Tian, B. (2018).
Texturing silicon nanowires for highly localized optical modulation of cellular dynamics. Nano
letters, 18(7), 4487-4492.

8.1 Abstract

Engineered silicon-based materials can display photoelectric and photo- thermal responses under
light illumination, which may lead to further innovations at the silicon—biology interfaces. Silicon
nanowires have small radial dimensions, promising as highly localized cellular modulators,
however the single crystalline form typically has limited photothermal efficacy due to the poor
light absorption and fast heat dissipation. In this work, we report strategies to improve the
photothermal response from silicon nanowires by introducing nanoscale textures on the surface
and in the bulk. We next demonstrate high- resolution extracellular modulation of calcium

dynamics in a number of mammalian cells including glial cells, neurons, and cancer cells. The new

materials may be broadly used in probing and modulating electrical and chemical signals at the
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subcellular length scale, which is currently a challenge in the field of electrophysiology or cellular

engineering.

8.2 Introduction

Modulating cellular dynamics can yield either direct or indirect outcome. For example, recent
studies suggest the opportunity of using the control of nervous system as a way to enhance the
body’s natural defenses against infection and disease (Famm et al., 2013). In the past, researchers
have interrogated the CNS using bulky electrodes (Hamill et al., 1981; Vetter et al., 2004), which
have low spatial resolution and are not suitable for long-term probing due to their large-scale
dimensions and mechanical mismatches with the targeted tissues (Biran et al., 2005). More
recently, genetically encoded molecular actuators, such as channelrhodopsin (Boyden et al., 2005)
and halorhodopsin (Gradinaru et al., 2010), have been used for light-gated modulation of neural
activity; but their use in vivo is limited because genetic manipulation is required to express these
opsins. On the other hand, silicon nanomaterials have emerged as promising materials for the
development of next generation biomedical devices because of their unique mechanical (Zhu et
al., 2009) and electronic (Cui et al., 2000) properties and are biocompatible (He et al., 2010). In
particular, silicon nanowires (SiNWs) and silicon nanomembranes have been designed as field-
effect transistors (Tian et al., 2010, 2012) and photoelectrochemical (Parameswaran et al., 2018)
devices for the monitoring and modulation of neural activities and they can be configured into high
density arrays (H. Fang et al., 2017; Viventi et al., 2011) or function as free- standing devices

(Parameswaran et al., 2018; Zimmerman et al., 2015).
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The composition (Gudiksen et al., 2002; Lauhon et al., 2002) and morphology (Tian et al., 2010;
Y. Zhao et al.,, 2016; Zimmerman et al., 2015) of SiNWs synthesized through gold (Au)
nanocluster-catalyzed vapor-liquid—solid (VLS) growth can be precisely controlled through
doping (Cui et al., 2000) and modulation of other synthesis conditions, such as temperature (Ross
et al., 2005) and pressure (Luo et al., 2015). Given the important role that surface topography plays
in dictating the biointerfaces, rational design of new meso- and nanoscale features over SINWs
could significantly expand the current toolbox of Si-based bio- materials (Acaron Ledesma & Tian,

2017).

Here, we explore textured porous SiNWs for highly localized photothermal modulation of cellular
activities. SINWs have small radial dimensions, which is promising for highly localized cellular
control. However, the single crystalline form typically has limited photothermal efficacy due to
the poor light absorption and fast heat dissipation. Recently, through spontaneous instability at the
Au—Si interface (Y. Fang et al., 2017) and pressure-dependent Au deposition and diffusion (Luo
et al., 2015) on the Si surface, SINWs with defined sidewall patterns have been prepared. Although
SiNWs with increased surface area and roughness may experience enhanced interactions with
cellular components (Jiang et al., 2016; Zimmerman et al., 2015, 2016), these structural features
alone cannot modulate cell activities on demand. One potential strategy to achieve optical control
of cellular dynamics with SiNWs is to further enhance the porosity or roughness throughout SINW
structures (i.e., not just at the sidewalls). Indeed, recent studies showed that mesoporous silicon
particles (lateral dimension ~2—5 pum) exhibit a strong photothermal property, which can be
leveraged to elicit action potentials and other emergent output patterns in neurons (Jiang et al.,

2016). In this current work, we present a new strategy to improve the photothermal effect in SINWs
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by texturing them with inclined channels from periodic Au deposits and demonstrate that this new
material is effective in remotely modulating calcium dynamics in a number of mammalian cells

(Figure 8.1a).

8.3 Results

To synthesize the textured SiNWs, we first used periodic pressure perturbations during the Au-
catalyzed intrinsic SINW (i-SiNW) growth to induce the Au deposition and diffusion at defined
locations (Luo et al., 2015), followed by the metal-assisted chemical etching (MACE) (W. Chen
et al., 2014; Den Hertog et al., 2008; Y. Fang et al., 2017; Gradinaru et al., 2010; Kim et al., 2017;
Luo et al., 2015). In a typical synthesis, i-SINWs were first grown at 470 °C under a constant
pressure of 40 Torr for 1 min by setting the flow rates of SiH4 and H> as 2 and 60 standard cubic
centimeters per minute (sccm), respectively. After forming the base segment, periodic switches
between 5 s of evacuation and 25 s of pressure ramping were performed to modulate the growth
chamber pressure during the subsequent nanowire growth. Upon chamber evacuation, isolated Au
nanoparticles are precipitated from the alloy droplet (Luo et al., 2015) and get deposited on the Si
surfaces. Later on, Au species can diffuse on Si sidewalls to form patchy domains on the i-SINW
sidewalls (Luo et al., 2015) (Figure 8.1b). Once the pressure ramps up, the Au diffusion ceases
and the SINW resumes its elongation. The pressure switching cycles were iterated for 10 min after
the base segment growth to yield the pressure modulated i-SiNWs with periodical Au bands on
the surfaces. In the subsequent MACE experiment, the as-grown i-SiNWs on the growth substrates
were dipped into a hydrogen peroxide (H>0O>) and hydrofluoric acid (HF) aqueous mixture solution

to etch Si.
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Au deposition zone

Figure 8.1: Textured Si nanowires by Au-catalyzed chemical etching allows highly localized
optical modulation of cellular dynamics. (A) Photostimulation of extracellular junctions
between textured SiNWs and various types of cells can elicit local calcium dynamics and
subsequent intracellular and intercellular propagations. (B) A structural model illustrating Au
bands on the i-SiNW surface after iterated pressure modulations during the nanowire growth. (C)
TEM images highlighting the open networks of porous channels after the Au-catalyzed etching of
i-SINW. The dashed blue box on the left represents the region for a zoom-in view on the right.

After MACE, inclined open porous channels were formed that extended from the original surface
locations of Au nanoparticles, yielding SiNWs with three-dimensional porous interior (Figure
8.1c¢, etched for 30 s). Despite the Si removal, TEM images and selected area electron diffraction
(SAED) patterns show that the nanowires are still highly crystalline with the majority of SINWs’
growth direction following the (112) orientation (Figure 8.2). The depth of the textures and the
corresponding SiNW porosity can be controlled by adjusting the etching duration (Figure 8.3).

One unique aspect of this synthetic approach is that the locations of Au particles along SINWs for

MACE can be precisely programmed by the pressure modulation protocol.
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Figure 8.2: TEM images and corresponding SAED patterns of the textured i-SiNWs. Zone
axes are labeled in individual panels as a) 111, b) 011, and c) 110.

50 n

Figure 8.3: Comparison of TEM images of etched and unetched i-SiNWs (a) A TEM image
of an unetched pressure modulated i-SiNW. (b-d) TEM images of textured i-SiNWs after etching
in H>O»/HF solutions for different durations (b, 3 s; ¢, 10's; d, 20 s).

To confirm the potential use of textured i-SiNWs for freestanding cellular modulation, we first
assessed the physicochemical responses of these SINWSs to laser illumination in saline. We relieved
SiNWs from the growth substrate through gentle sonication and drop-cast them in a phosphate
buffered saline (PBS) solution. Using the patch-clamp system, we then positioned a micropipette

electrode (~1 MQ) within a ~ 2 um proximity of a single SINW. While in voltage-clamp mode,

we monitored the current flowing through the pipet tip before, during, and after delivering short
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pulses (1 ms duration) of a 532 nm focused laser (~47.1 mW) (Figure 8.4a). On one hand, SINWs
could display photoelectric effect upon light illumination, where light-generated carriers
accumulate at the Si interface and attract counterions in the solution to compensate the charge
imbalance at the interface. The photoelectrically induced current is only a function of carrier
dynamics at the Si surface so the amplitude of the current is independent of the pipet holding level.
On the other hand, SiINWs could yield photothermal effect which elevates the local temperature of
the electrolyte and increases the ion mobilities, yielding a reduced pipet resistance. In this
photothermal scenario, even under the same holding potential, the amplitude of ionic current
through the pipet tip will increase during the light illumination period, as governed by Ohm’s law.
Given the different dependence on the holding level of photoelectrically and photothermally
induced currents, multiple recordings performed at different pipet holding levels can be used to
decouple the light-induced thermal and electrical effects of SINWs. At a given time point t during
the light illumination period, the recorded current, Iy + Aljjgpe (t), excluding the photoelectrically
induced current part Al .¢ic (t), and the pipet tip resistance R(t) should follow the Ohm’s law
as long as the holding potential V, is fixed, V;, = Iy X Ry = (Iy + Alyigne(t) — Algieceric(t)) X
R(t), where I, and R, are the holding current and pipet resistance in dark, respectively.

Rearranging the equation gives the relationship between the light-induced current Alj;gp (t) and

Ro

the holding current I that Alj;gp, () = (%

- ) X Iy + Alyjectric(t). From this equation, the

photoelectric effect is explicitly manifested as the intercept of the Alj;4p(t) — Iy curve while the

photothermal effect is implicitly embedded in the fitted slope as the pipet resistance is a function
of temperature (Jiang et al., 2018). Individual photo responses can then be extrapolated from all

the measurements and compared between textured and smooth nanowires; the smooth SINWs were
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synthesized under a similar condition as that of the textured ones except that neither pressure

modulation nor etching were used (Figure 8.4b,c).
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Figure 8.4: Textured nanowires show a strong photothermal response to light and can
interface with cell membranes. (a) A schematic diagram of the experimental setup for the
photoresponse measurement of Si nanowires. 532 nm laser pulses are delivered onto the Si
nanowires immersed in a PBS solution. (b) Textured Si nanowires (red) show significantly larger
photothermal effects compared to smooth nanowires (blue) under illumination with 532 nm laser
for 1 ms (n = 8). (¢c) Representative traces of local temperature dynamics (yellow) and
photocurrents (gray) after laser illumination (532 nm, 47.1 mW for 1 ms) of smooth (blue dashed
box) and textured (red dashed box) Si nanowires. (d) SEM images of a typical glial cell/textured
nanowire interface showing a strong interaction between Si and the cell membrane (marked by the

green arrow). The yellow dashed box in upper panel marks the region for a zoom-in view in the
lower panel.

From the recorded ionic current dynamics from both textured and smooth SiNWs, the fitted
intercept values of the Al};;n (t) — I, curves stay nearly zero throughout the entire illumination
period, indicating minimal contributions from the photoelectric effect of i-SiINWs (Figure 8.4c,
orange traces). Nevertheless, both SiNWs induce local temperature elevations upon laser
illumination as derived from the fitted slope values of the Al};gp:(t) — I, curves in conjunction
with the temperature-resistance calibration (Figure 8.4¢, black traces). On average, the textured i-
SiNWs demonstrate larger photo- thermal responses (~2 °C) than the smooth i-SiNWs (~0.2°C)

over the 1 ms illumination (Figure 8.4b). Consistent with the prior work of mesoporous Si
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particles, the porosity in the textured SINWs likely contributes to the enhanced thermal output due
to reduced thermal conductivity, heat capacity, and enhanced light absorption (Jiang et al., 2016).
Nevertheless, it should be noted that the laser power density used in the present study is still ~1
order of magnitude higher than that applied for the mesoporous Si particles in order to yield similar
thermal response, because the size of a single textured SINW (one- dimensional wire with ~200
nm in diameter) is significantly smaller than that of a mesoporous Si particle (three-dimensional

quasi-spherical object with ~2—5 um in diameter).

One important feature offered by SINWs is that they can be readily dispersible in aqueous solution
and can be administered to biological systems in a drug-like fashion. Additionally, the rough
surfaces of the textured i-SiINWs may promote robust biointerfaces versus the smooth counterparts
(Jiang et al., 2016; Luo et al., 2015). Indeed, high-yield extracellular junctions can be observed
between textured i-SiNWs and the filamentous membrane protrusions of satellite glia from a rat
dorsal root ganglia (DRG) culture after a short coculture (Figs. 8.4d and 8.5), frequently forming
cross-bars. The ease of highly localized extracellular junction formation, along with the enhanced
photothermal effect described above, suggest that textured i-SiNWs can be used for freestanding

photothermal modulation of cellular dynamics through the artificial synapse-like interfaces.
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Figure 8.5: Cellular interfaces with textured SiNWs. (a-b) SEM images of a neuron/textured
SiNW interface at the soma. (c-d) SEM images of a glia/textured SINW interface at the protrusion
forming a crossbar junction.

Laser illumination of a textured i-SiNW in close contact with a glial cell protrusion elicits rapid
calcium surges initiated right at the stimulation site, likely related to a series of coupled biophysical
processes (Figs. 8.6a and 8.7). Briefly, the strong photothermal effect of the nanowire with porous
channels upon illumination can rapidly elevate the local temperature and subsequently increase
the capacitance of the interfacing cell membrane, which depolarizes of the membrane (Jiang et al.,
2016). Calcium dynamics can then be triggered due to the existence of voltage-gated calcium
channels on glial cell membranes (Sontheimer, 1994). Additionally, shock waves can also be
initiated by the photothermal—acoustic effect that can activate mechano-sensitive ion channels of
the cell (M. Shi et al., 2013). The locally generated calcium concentration gradient can drive the

propagation of the signal inside the cell by going through the cell body and then to other branches
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of protrusions (Figure 8.6a,b). Besides glial cells, SINWs can also interface with DRG neurons
for direct neuromodulations. Upon laser illumination of the Si/neuron junction, calcium dynamics
can be evoked in a similar manner through either voltage (Simms & Zamponi, 2014) or mechano-

sensitive (Ranade et al., 2015) calcium channels expressed on the neuron membrane (Fig. 8.6¢,d).
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Figure 8.6: Calcium dynamics can be elicited in DRG cultures with textured Si nanowires.
(a) Confocal microscope time series images (green, calcium; blue, Si nanowires) showing an
intracellular calcium wave propagation. The glial cell calcium was locally elevated right after the
illumination of a textured Si nanowire. The black star marks the illumination site. A 1 ms laser
pulse (592 nm, ~22.3 mW) was delivered right before the 2.754 s time point. (b) Quantitative
analysis of calcium fluorescence intensities over time from four regions of interest show calcium
dynamics at different locations marked in (a) black, the stimulation site; red, glial cell body; blue,
upper branch protrusion; pink, lower branch protrusion. (c) Confocal microscope time series
images of a neuron interfacing with a textured nanowire and (d) the corresponding quantitative
analysis of the calcium fluorescence intensity over time showing the stimulation effect of the
neuron. A 1 ms laser pulse (592 nm, ~22.3 mW) was delivered right before the 2.754 s time point.
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Figure 8.7: Control experiment with an off-target illumination does not yield significant
calcium dynamics. (A) Confocal microscope time series images and (B) quantitative analysis of
the fluorescence intensities from the same cell in Figure 8.3A show no obvious calcium wave
propagations. The glial cell can only be photostimulated when the laser is hitting right at the Si/cell
interface. The orange star marks the laser spot location.

Moving forward, highly localized modulations of both neuron and glial cell activities at subcellular
resolution with programmed temporal patterns allow precise probing of natural neural-glial
interactions as well as reinforcing intra- cellular and intercellular signaling networks for cellular
engineering applications. In our work, the spatial resolution of extracellular modulation depends
on the exact configuration of the junction. Indeed, the overlapped area between the nanowire, the
cell, and the laser spot will determine the final resolution. If the nanowire is aligned with the cell
protrusion or lies on top of the cell body, the resolution would be the projected area of the nanowire
under the laser spot, which is the nanowire diameter (~200 nm) times either the nanowire length
(if the nanowire length is smaller than the laser spot size) or the laser spot size (if the nanowire

length is larger than the laser spot size). On the other hand, when the nanowire and the cell

protrusion form a cross-bar junction (Figure 8.4d, Figure 8.6), the resolution is the nanowire
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diameter (~200 nm) times the protrusion width (down to submicron scales). With a finely focused
laser spot (down to the diffraction limit), one can generate highly localized heating of the nanowire
right at the illumination spot. Therefore, even if the nanowire has a couple of microns in its length,
the ultimate resolution will be determined by the laser spot size and the nanowire diameter.
Furthermore, the photostimulation protocol adopted in this work is minimally invasive to cells.
For example, the same cell can be stimulated repetitively to induce calcium elevations following
each stimulus, suggesting that cellular functions are preserved after the calcium cycles (Figure
8.8). LIVE/DEAD assays (Figure 8.9) indicate that the cell cannot be killed unless a laser pulse
of ~2.5-fold of the threshold value for eliciting calcium dynamics was delivered, allowing a large
dynamic range to manipulate cellular activities. At higher laser intensity, only the cell under
stimulation instead of a large population of cells was killed, suggesting that the cell death was

likely mediated through the apoptosis pathway (Elmore, 2007).
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Figure 8.8: Extracellular photostimulation of same glial cell by a textured SiNW can be
performed for multiple times. (a) and (b), The same glial cell was stimulated repetitively without
being killed. 1-ms laser pulses (592 nm, ~ 22.3 mW) were delivered right before the 2.754 s time
points in both trials. Black and blue stars mark the stimulation sites.
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Pre-stimulation

Post-stimulation

Figure 8.9: LIVE/DEAD assay shows that the nanowire-enabled extracellular
photostimulation is minimally invasive. The same cell (green, calcein AM; blue, SINWs) was
stimulated extracellularly for ten consecutive times without being killed (592 nm, 32.2 mW for 1
ms). The cell can be killed (red, ethidium homodimer-1; blue, SINWs) with a 1-ms pulse of laser
with ~ 54.1 mW power. White arrows denote the stimulation sites.

Finally, we showed that textured nanowire-enabled and optically controlled cellular modulation
can be extended to cell types directly involved in disease, such as cancer cells. We focused on
U20S, a human bone osteosarcoma epithelial cell line, and added a textured SINW suspension to
the cell culture in a druglike fashion. Focused laser pulses were delivered as described above onto
individual nanowires interfacing with U20S cell membranes. Our calcium imaging data shows
that calcium dynamics can be elicited from the stimulation site immediately following the light
illumination likely involving the contributions of voltage-sensitive (Jacquemet et al., 2016) and/or
mechanosensitive (Y. W. Huang et al., 2015) calcium channels (Figures 8.10a and 8.11). Rapid
intracellular calcium wave propagation was then observed inside the cell under stimulation with a
speed of ~15 pm/s driven by the large calcium concentration gradient established through the local
influx of extracellular calcium ions (Figure 8.10b). For nonexcitable cells, such as U20S, action
potentials cannot be fired and the cell membrane would just be depolarized more with a higher
light intensity within a dynamic range. The cell membrane depolarization would lead to an elevated

level of inositol 1,4,5-trisphosphate (IP3, lipid signaling molecule) in the cell under stimulation,

which induces a calcium signal. Besides intracellular waves, calcium signals can also propagate to
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neighbor cells, likely due to the diffusion of IP3 through gap junctions to adjacent cells, which has
been reported in certain cancer cell lines (Leybaert & Sanderson, 2012). Therefore, although the
optical modulation method itself only input highly localized stimulus, this platform may still be
adapted for large scale manipulation of cell populations or even small tissues. The fact that
nonexcitable cancer cell cultures can be photostimulated demonstrates the broad applicability of
the nanowire-enabled optical modulation to a variety of biological targets and suggests potential

new areas for future bioelectric studies.

In this work, we found that textured i-SiNWs show enhanced photothermal response to laser
illumination compared to smooth nanowires. These textured nanostructures can establish synapse-
like interfaces with cell membranes and can be used to elicit calcium wave propagations both
intracellularly and intercellularly. The modulation mechanism mediated by this device platform
relies on photothermally (Sytnyk et al., 2017) induced membrane capacitance change, a
biophysical mecha- nism that can be generally applied to a variety of cell types including
nonexcitable cells. Additionally, with the high spatial resolution of the wireless cellular
modulation textured SiNWs provide a means for further exploration of biophysical processes
across multiple spatiotemporal scales, such as intercellular communications, cell motility,
intracellular trans- port, and disease progression. Moreover, Si-based materials have a bandgap
(~1.1 eV) which allows light absorption over a brand range that includes one near-infrared (NIR)
window. Therefore, instead of being limited by visible light stimulation, textured Si may be further
adapted for NIR light-based in vivo stimulation. Overall, our results present textured SiNWs as a

new platform for nongenetic optically controlled modulations of cellular signaling dynamics.
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Figure 8.10: Extracellular stimulation of calcium dynamics can be extended to other cell
lines. (a) Confocal microscope time series images of a U20S cell culture being photostimulated
by a textured Si nanowire (green, calcium; blue, Sinanowires). Intracellular calcium elevation was
triggered at the stimulation site and caused subsequent intercellular calcium wave propagations to
neighbor cells. A 1 ms laser pulse (592 nm, ~22.3 mW) was delivered right before the 2.748 s
time point. The white star marks the illumination site. (b) A kymograph taken along the cell body
shows the evolution of intracellular calcium gradient. (c) Quantitative analysis of the fluorescence
intensities over time show the stimulation effect of the cell under stimulation and two neighboring
cells: black, the cell under stimulation; red and blue, neighbor cells.
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Figure 8.11: Photostimulation of U20S cells. (a) Confocal microscope time series images of
U20S cells being photostimulated. Both intracellular calcium elevation and subsequent
intercellular calcium wave propagations to neighbor cells can be extracellularly stimulated by a
textured SINW. A 1-ms laser pulse (592 nm, ~ 22.3 mW) was delivered right before the 2.748s
time point. The black star marks the stimulation site. (b) Corresponding quantitative analysis of
the fluorescence intensities over time (black, cell under stimulation; red, blue, and pink, neighbor
cells).

8.3 Experimental Procedures

Synthesis of silicon nanowires (SINWs)

SiNWs were synthesized using a gold (Au) nanoparticle-catalyzed chemical vapor deposition
(CVD) method. The native oxide layers on the Si substrates were first removed with hydrofluoric
acid (HF) (Sigma-Aldrich, USA) to yield hydrogen-terminated surfaces. The citrate-stabilized Au
colloidal nanoparticles (Ted Pella, USA, 200 nm) were then deposited onto Si (100) substrates
(Nova Electronic Materials, USA, n-type, 0.001~0.005 € cm) as catalysts. For a typical growth of
pressure modulated SINWs, intrinsic Si nanowires (i-SiNWs) were grown under 470 °C by setting
the flow rates of silane (SiH4) and hydrogen (H») as 2 and 60 standard cubic centimeters per minute

(sccm), respectively. The first segment was grown under a constant pressure of 40 Torr for 1 min.

Later on, periodic switches between 5 s of evacuation and 25 s of pressure ramping were performed
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to modulate the growth chamber pressure during the SINW growth. The pressure switching cycles

were iterated for 10 min after the base segment growth to yield the pressure modulated SINWs.

Metal assisted etching of SINWs

An etching system consisting of HF and hydrogen peroxide (H>0.) was applied for the metal
assisted etching of SINWs. In a typical etching experiment, the as-grown pressure modulated i-
SiNWs on Si wafers were dipped into a 10.85 wt% H20: (Fisher Scientific, USA) and 10.37 wt%
HF aqueous mixture solution at 10 °C for 3~45 s. Then the etched samples were rinsed with

deionized (DI) water for 5 times and blow dried by nitrogen (N>).

Transmission electron microscopy

For electron microscopy of textured i-SiNWs after etching, they were gently sonicated in IPA and
dispersed onto lacey carbon copper grids. A FEI transmission electron microscope (TEM) (Tecnai
F30, FEI, USA) was used to characterize the morphology of the SINWs. Crystallography of the
SiNWs was studied by analyzing TEM images and corresponding selected area electron diffraction

(SAED) patterns taken by a JEOL TEM operated at 300 keV (JEM-3010, JEOL, Japan).

Si photo-response measurements

For the photo-response measurements, a standard patchclamp setup was employed. In particular,
an upright microscope (Olympus, Japan, BX61WI) with a 20%/0.5 NA water immersion objective
was used to deliver light pulses from a laser source (Laserglow, Canada, 532 nm, diode-pumped
solid-state laser, ~ 5 um spot size). The light pulses were controlled by transistor-transistor logic

(TTL) signals (1 ms) delivered from a digitizer (Molecular Devices, USA, Digidata 1550).
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Voltage-clamp protocols were done by an Axopatch 200B amplifier (Molecular Devices, USA),
controlled by pClamp software (Molecular Devices, USA). Glass pipettes were pulled in a
flaming/brown type micropipette puller (Sutter Instrument, USA, P-97) for a final resistance of ~1
MQ when filled with 1x phosphate buffered saline (PBS, Fisher Scientific, USA) solutions. In a
typical measurement, a SINW was immersed in the same PBS solution where the pipette tip was
positioned in close proximity to the Si surface (~ 2 pm). lonic currents across the pipette tip and
the resistance of the pipette were recorded in the voltage-clamp mode. After the photo-response
measurement, the same micropipette was placed into another dish of pre-heated PBS with an initial
temperature of about 50 °C. A thermocouple was positioned close to the pipette tip during the
temperature measurement. A calibration curve was created, based on the pipette resistance changes
in the range between 50 °C and 20 °C, which was then used to estimate the local temperature

Increase.

Cell culture protocols.

(1) DRG were excised from P1-P3 neonatal rats into DMEM-F12 (Life Technologies, USA) on
ice. They were then digested in 2.5 mg/ml trypsin (Worthington, USA) in EBSS (Life
Technologies, USA) for 20 min in a 37 °C shaker. Following trypsinization, digested DRGs were
resuspended into EBSS + 10% FBS (ATCC, USA) to inhibit further digestion by any remaining
trypsin. Digested ganglia were then mechanically triturated via three glass pipettes decreasing in
size. The resulting dispersed DRG cells were then resuspended into DMEM + 5% FBS + 100
U/mL penicillin (SigmaAldrich, USA) + 100 pg/mL streptomycin (Sigma-Aldrich, USA) and

seeded onto glassbottom dishes previously treated with 0.01% poly-L-lysine.
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(2) U20S cells (ATCC, USA) were cultured on glass-bottomed Petri dishes and passaged

following standard procedures from the vendor.

(3) Interfacing cells with textured SiNWs. SINW suspensions in different cell culture media
were prepared by extensively sonicating small pieces of the SINW growth substrates (~ 2 mm
x 2 mm) in culture media for 30 sec. The as-made nanowire suspensions were added to the
cultures in a drug-like fashion (~ 10 pL of suspension per 1 mL of medium) and cocultured

for ~ 2 hours before photostimulation experiments.

Calcium imaging

Cells were stained with 2 uM of Fluo-4 AM (Life Technologies, USA) for 30 min at 37 oC and
gently washed with dye-free culture media before imaging. The asstained cells were imaged using
a confocal laser scanning microscope (Leica, Germany, SP5 II STED-CW) with SiNWs being
imaged simultaneously with the scattered light. In a typical experiment, a laser pulse (1 ms, 592
nm) was delivered to the SINW of interest in the middle of a calcium imaging time series. The
calcium fluorescence intensity over time was then analyzed offline using the Imagel] software

(National Institutes of Health, USA).
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Chapter 9

Micelle-enabled preparation of hierarchical micro-
supercapacitor for bioelectric modulation

Manuscript under review

Yin Fang*, Menahem Y. Rotenberg”, Hector Acaron Ledesma”, Lingyuan Meng, Yingying Lv,
Junyoung Jeong, Naomi Yamamoto, Yuanwen Jiang, Erik Schaumann, Benayahu Elbaz, Wei Wei,
Bozhi Tian

9.1 Abstract

Real-world bioelectronics applications, including drug delivery systems, biosensing, and electrical
modulation of tissues and organs, largely require biointerfaces at the macroscopic level. However,
macroscale bioelectronics devices usually exhibit invasive and power-inefficient architectures,
poor spatial resolution, and faradaic reactions at the biointerfaces. Here, we develop a micelle-
enabled self-assembly fabrication method for a binder-free, carbon-based micro-supercapacitor
device aimed at large-scale bioelectric modulation. Our device incorporates a multi-scale porous
material architecture, interdigitated electrode layout, and a micro-supercapacitor working
mechanism. In cell training processes, we use the device to modulate the contraction rate of
primary cardiomyocytes to target frequency in vitro. We also achieve capacitive control of
electrophysiology in isolated heart and retinal tissues ex vivo, and sciatic nerves in vivo. Our
results support the exploration of device platforms already used in energy research to identify new

opportunities in bioelectronics and biointerfaces.

9.2 Introduction
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Modern bioelectronics with multi-scale structures are used extensively for drug delivery,
biosensing, and biological modulation applications (Berggren & Richter-Dahlfors, 2007; G. Liu et
al., 2016; Moon et al., 2018; A. Zhang & Lieber, 2016) . By allowing macro-scale modulation of
biological activity, these bioelectronics have contributed to the transformative understanding of
biological dynamics and function. Moreover, they hold great therapeutic potential for treating
many biological disorders, such as Parkinson's disease, congenital heart defects, and paralysis
(Someya et al., 2016) . However, macroscopic electronic devices generally require high charge
injection to interact with biological systems, not only producing deep-penetrating electrical fields,
which yield unintended side effects to other tissues and organs, but also displaying faradaic
reactions at the biointerfaces, which generate toxic reactive species and cause corrosion of

electrodes and permanent damage to adjacent tissues (Zhirnov & Cavin, 2011).

While reducing the size of electrodes for minimally invasive biointerfaces and spatially confined
electric fields compromises the charge injection limit, functional coating layer with carbon
materials, such as graphene and carbon nanotubes (CNTs), are widely used on traditional
electrodes to reduce the electrode junction impedance and increase the charge transfer rate(N.
Chen et al., 2017; Rastogi et al., 2018; W. Yang et al., 2007). However, the polymer binding
process associated with the functional coating of graphene or CNTs can result in problematic
‘dead’ volumes or surfaces, increased device total thickness, and a reduced bendability at the bio-
interfaces (Alkire et al., 2011). Moreover, the production of freestanding CNTs can potentially
result in the formation of toxic isolated carbon nanostructures in vivo (Ema et al., 2016; Pietroiusti
et al., 2011; Rittinghausen et al., 2014). Although conductive polymer-based hydrogel

bioelectronics are widely used for biological modulation as well, they are not as electrochemically
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stable as inorganic ones, especially in terms of degradation and swelling upon repetitive charge

injections and long-term soaking in liquid solution (Lyu & Untereker, 2009; Ratner et al., 2004).

In this study, we demonstrate micelle-enabled self-assembly of a binder-free and carbon-based
micro-supercapacitor device for large-scale bioelectric modulation. Micelle-enabled preparation
of nanoporous monolithic carbon does not produce isolated CNTs, which eliminates the potential
for in vivo toxicity associated with free carbon nanostructures. Using conventional lithography,
we construct hierarchical porous carbon in the form of a micro-supercapacitor with interdigitated
electrodes, thereby extending the utility of carbon from functional coating to complete electrode
in bioelectronics devices. We demonstrate the electrochemical performance, including high spatial
resolution and low power consumption, of the device under physiological conditions. Thereafter,
we show its utility from cellular to organ levels, including in vitro cardiomyocytes (CMs), ex vivo
isolated heart and retinal tissues, and in vivo sciatic nerves modulations. Overall, the micro-
supercapacitor device is flexible, biocompatible, and capable of low current bioelectric

modulation.

9.3 Results

9.3.1 Carbon membrane synthesis and characterization

We adopted a bottom-up approach for the direct preparation of monolithic (i.e., binder-free) and
hierarchical carbon membranes. Nanoscale micelles were prepared through biphasic interaction
between triblock copolymer Pluronic F127 (template) and resin (precursor) in ethanol. Following
solvent evaporation-induced self-assembly (Fig. 9.1a, panel 1), the micelles were carbonized into

mesoporous carbon membranes (Fig. 9.S1). This led to highly ordered mesostructures with a
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uniform pore size of 7 nm, as shown in transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) (Figs. 9.1b, S2). Addition of ~200 nm-sized silica (Si0) spheres into
the Pluronic F127 and resin mixture during the membrane preparation introduced macroporous
(i.e., pore size of >50 nm) structures (Fig. 9.1a, panels 2-3; Fig. 9.1¢; Figs. 9.S3-S4). The
fabrication scheme permitted layer-by-layer assembly of mesoporous carbon by spin coating,
where the thickness and porosity for individual layers could be controlled (Fig. 9.1¢). While the
mesoporous film had a Young’s modulus and hardness of 25.30 GPa and 3.82 GPa, respectively,
addition of ~700 nm of macroporous layer reduced these values to 4.20 GPa (modulus) and 0.69
GPa (hardness) (Fig. 9.1d). The large surface area of the mesoporous structure should provide
greater surface contact with cells when forming biointerfaces (Fig. 9.1e), leading us to hypothesize
that this will result in efficient ion transport during charging and discharging, which can be

exploited for biological modulation.
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Figure 9.1. (a) Illustration of the hierarchical mesoporous materials which mimic the structures
and functions of chemical synapses. (b) Transmission electron microscopy (TEM; left panel; scale
bar, 100 nm), corresponding fast Fourier transform (FFT) diffraction pattern (left panel inset) and
scanning electron microscopy (SEM) images of mesoporous materials, showing the highly ordered
mesostructures (right panel; scale bar, 200 nm). (¢) Cross-sectional view (upper panels) and
associated top view (lower panels) of the hierarchical porous material. The hierarchical structures
display two components: the bottom layer constructed from ordered mesoporous structure and the
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Figure 9.1 (cont.) top porous vesicles assembled into multiple layers (1, 2, and 3-4 layers, from
left to right). Scale bar, 200 nm. (d) Load versus displacement plots (left panel) of the hierarchical
mesoporous thin film measured with a nano-indenter (with 0, 1, 2 and 3-4 vesicle layers, from top
to bottom, green color). Young’s modulus and hardness calculated from the load versus
displacement plots (right panel). As layer number increases, Young’s modulus and hardness
decrease, indicating the film becomes softer. (e) Cross-sectional (false color) SEM image of
cardiomyocytes (CMs) cultured on the hierarchical mesoporous film, implying that soft-hard
hybrid interfaces can form between the film and cells. Scale bar, 100 nm.

9.3.2 Micro-supercapacitor fabrication and characterization

We designed and fabricated a micro-supercapacitor-like device to achieve rapid ion modulation
(Figs. 9.2a, S5-S6). Photo-patternable, flexible SU-8 film was utilized as the substrate. The device
was designed such that the microfabricated porous carbon electrodes displayed an interdigitated
pattern on top of a ~10 pm thick SU-8 mesh substrate (Fig. 9.2a). Raman spectroscopy showed
carbon peaks at 1330 and 1590 cm™ only in the patterned region (Fig. 9.2b), confirming the
presence of carbon membrane. Finite element simulations of the electrolyte potentials between
two comb-like electrodes revealed ion transport gradients (Fig. 9.2¢, top panel; Fig. 9.S7).
Electric field distributions at the cross-section of the interdigitated comb-like micro-supercapacitor
were compared with a simple two-electrode model of the same electrode area (Fig. 9.2¢, bottom
panel; Fig. 9.S8). A smaller field distribution height at on the z-axis for the micro-supercapacitor
signified a more localized and refined electrical field with much less penetration depth than with
the simple two-electrode model. The micro-supercapacitor was then used directly in
electrochemical tests using culture media as electrolyte without any binder or additives. The
electrochemical performance of the micro-supercapacitor was calculated by cyclic voltammogram
(CV) analysis using three electrode measurements. Capacitive behavior of the micro-

supercapacitor was also measured by galvanostatic charge/discharge method at varied current

density and time. CV was performed over a wide range of scan rates (2-100 mV/s) in multiple
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electrolytes (Fig. 9.2d; Figs. 9.5S9-S12). In Na>SOj4 electrolyte solution, the micro-supercapacitor
showed rectangular CV profiles up to a scan rate of 100 mV/s (Figs. 9.89a, b), indicating that the
device acted as an electrostatic double-layer capacitor. Notably, the micro-supercapacitor also
showed a near-rectangular CV profile in DMEM up to a scan rate of 100 mV/s, demonstrating that
the capacitor behavior is maintained even in cell culture medium (Figs. 9.2d, S11). Stack
volumetric capacitances calculated from the CV profiles (Fig. 9.S9¢) were comparable to those of
other micro-supercapacitors (G. Lee et al., 2014; Pech et al., 2010; Song et al., 2015), indicating a
low ion transport resistance at the interfaces. The low equivalent resistance of about 680 Q and
715 Q were obtained in PBS and DMEM solutions, respectively, by electrochemical impedance
spectroscopy (EIS) tests (Fig. 9.S13), suggesting the excellent capacitive behaviors and ion
transport properties. Device stability in biological environments was tested by submerging the
device in 37°C PBS solution for one month, during which no obvious change in capacitance rate
was observed (Fig. 9.2e). The device also showed perfect cycling stability; after 10,000 cycles, the
device capacity maintained its initial rate (Fig. 9.2f). The live-dead assay showed that CMs
cultured over the micro-supercapacitor devices have nearly 100% live rate after a 3-day culture
(Fig. 9.S14), suggesting good biocompatibility. Together, these results demonstrate that the device

has promise for biological modulation applications.
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Figure 9.2. (a) Optical images of the micro-supercapacitor device fabricated using the hierarchical
mesoporous carbon film. The SU-8 mesh-structured substrate is designed to improve flexibility
and permeability of the device. (b) Raman spectra mapping for the micro-supercapacitor device
(left panel), corresponding to the blue box marked in (a), indicating the same pattern shown in (a).
Raman spectra show typical carbon peaks at around 1330 cm™ and 1590 cm™!, which were only
found in the designed pattern region. (¢) COMSOL simulation of the electrolyte potentials in the
gap between the two comb-like electrodes, corresponding to the blue box marked in (a). Scale bar,
10 um (top panel). COMSOL simulation of cross-section electric potential distributions using a
model of two five-prong comb-like electrodes, compared with two-electrode model of same area.
The comb-like micro-supercapacitor shows a more refined and localized electrical field with much
less penetration depth. Scale bar, 50 um (bottom panel). (d) CV profiles for the micro-
supercapacitor device at different scan rates in cell culture medium DMEM (left panel). Charge-
discharge curves in DMEM medium (right panels) of the micro-supercapacitor device at different
current densities for same time window (6 s and 10 s). (e) Cycling stability of the device in buffer
solution (PBS) at 37°C. (f) Cycling stability of the device tested over 10,000 cycles and the charge-
discharge curve during last 10 cycles is shown in the insert.
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9.3.3 Biological training in vitro

The ability of the hierarchical micro-supercapacitor device to modulate ion flow with applied
voltage is reminiscent of the regulation of ions and molecules at nerve synaptic junctions and
cardia field coupling (Fig. 9.3a) (Copene & Keener, 2008; Sperelakis & McConnell, 2002). To
study the ability of the micro-supercapacitor to modify signal transduction, we established a
biointerface between the device and CMs. We first seeded CMs on the device and verified cell
adhesion and expression of typical cardiac markers, such as cardiac troponin and connexin-43
(Figs. 9.3b, S15). To determine whether ion manipulation by the micro-supercapacitor device
could modulate cellular activity, we applied low input electrical potentials to CM-interfacing
devices and performed simultaneous calcium imaging to monitor electrical activity (Figs. 9.S16-
S22). Prior to stimulation, CMs were synchronized to one another with a baseline rate of ~0.67
Hz. Upon application of input electrical potential (~0.8 V) (Figs. 9.3¢c, S21, S22), overdrive pacing
was achieved, and the contraction rate immediately synchronized to the stimulation rate (1 Hz in
Fig. 9.3¢ and Fig. 9.522, and 0.5 Hz in Fig. 9.S21). The ability to perform overdrive pacing of
CMs may have promising therapeutic applications. However, we also wanted to demonstrate the
utility of the device for in vitro cellular manipulation that will allow basic mechanistic
investigations. To this end, we applied ionic manipulation with subthreshold amplitude, which did
not elicit a direct overdrive pacing response. Figure 9.3d (pre-training traces) illustrates low
spontaneous activity (~0.2 Hz and 0 Hz at two stimulation sites) of CMs prior to stimulation. When
low amplitude charge/discharge cycles were applied (0-0.23 V, 1 Hz, ~4 times lower than for
overdrive pacing), the CMs did not show an immediate response. However, when the stimulation
was applied for a longer duration, a gradual increase in contraction was observed. After ~1500 s

of stimulation, the cells were ‘trained’ by the ionic manipulation and their contraction rate
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increased to the target stimulation rate of 1 Hz (Fig. 9.3e). This observation resembles the gradual
increase of CMs electrical activity rate upon subthreshold optical stimulation (Parameswaran et
al., 2019). We postulate that the repetitive stimulation of the cells alters the resting membrane
potential of the CM to the point that the cells are sufficiently depolarized to elicit action potentials,
reminiscent of the ‘memory effect’ (referring to how pacing history alters the excitability of a cell)
(Hund & Rudy, 2000). Because of the unique mechanism of our micro-supercapacitor, where ions
are manipulated without generating current injection and high junctional electric fields, we were
able to pace or train the CMs with a biocompatible voltage lower than many previously reported
ones (Agarwal et al., 2013; Baumgartner et al., 2015; C. Chung et al., 2012; Eng et al., 2016).
Moreover, the lack of anodic and cathodic reactions on the surface of the micro-supercapacitor
will prevent complications due to electrode hydrolysis, which would result in an increase in

resistance over time, and in severe cases, device failure.

To better understand the biomimetic cardiac training dynamics, we established a Markov model
using computational methods to assess cell behavior upon modulation input (Figs. 9.S17-S22).
Based on the observation that CMs tend to alter their spontaneous contraction rate in vitro, we
hypothesized that these frequency changes follow a stochastic mechanism, in which the cells can
transition between three different states: (i) increasing, (ii) decreasing, and (iii) constant frequency.
Under this assumption, we analyzed the stimulated cultures and, according to their observed
frequencies, we determined the state of the cell state. We generated a transition matrix, describing
the transition between the three states, to best fit the observed data by randomly generating
simulated trials, and selected the trial that minimized the square errors. Given each initial state, the

transition matrix was used to calculate the probability distribution of the next
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state:[Transition Matrix]™[Initial State] = [Distribution of State n]. Figures 9.3f and
Fig. 9.523a show the observed and calculated transitions states which we used to build our Markov
model. Our observed data fit well within the expected range of variation generated by the model
(Figs. 9.3g, S23 b), which suggests an underlying cell regulation process that results in a
fluctuating, rather than smooth, training curve. As our model takes into account the internal
fluctuating behavior of the cells, as well as the externally applied ionic manipulation, it should
perform better (lower error) than a standard linear regression. These results demonstrate that our
micro-supercapacitor generates an ionic manipulation, thus allowing for a subthreshold
stimulation that does not override the inherent electrical activity of the cells, but still allows the
gradual training effect to take place. Although this proof of concept is based on small data sets, we
believe that this approach for electrically modulating and analyzing the cellular activity will enable
investigations of how internal fluctuations of CM rates determine their reaction to external
electrical inputs, and their contribution to the cellular ‘memory effect’ in a way that has been thus

far overlooked.
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Figure 9.3. (a) Top: illustration of action potential-driven neurotransmitter (including ions) release
from a chemical synapse. Bottom: reminiscent of neurotransmitter release from nerve fibers, an
electric field can control ion release in the micro-supercapacitor. (b) Immunohistochemistry
images for cardiac cells cultured on the micro-supercapacitor device. Cells were stained for cardiac
troponin (CMs, green), connexin-43 (magenta), vimentin (fibroblasts, red) and DAPI (blue). (¢)
Upper left: representative image of CMs loaded with calcium sensitive dye; transmitted light
shows the micro-supercapacitor (appeared in black). Scale bar, 10 um. Upper right: device input
voltage (top) and current (bottom) during the stimulation. Bottom: cell contraction rate illustrated
by plotting the intensity profile of the region of interest (ROI, highlighted by green circle in the
image). (d) Representative images of CMs loaded with calcium sensitive dye recorded during
stimulation for 1600 s (left; scale bar, S5um), and intensity profiles of the blue and red ROIs marked
on the images (right). Graphs show representative intensity at 20 s intervals before and after 700,
1100, and 1500 s of stimulation. (e) Input signaling of the devices during a training process (upper
panel) showing the voltage (top) and current (bottom) applied to the cells. Frequency analysis
(lower panel) of two different ROIs from (d) shows a gradual and fluctuating increase in
contracting rate which eventually reaches the target stimulation frequency of 1 Hz. (f) Each
observation in our data was assigned a state transition (L, low; H, high; C, constant), and the graph
shows the distribution and standard error of the observations (left). Transition matrices were
randomly generated then tested. Transition probabilities for the matrix that best fit the data (with
OLS error) are shown here (right). (g) Example comparing simulated trials with observed data.
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9.3.4 Biological modulation at the tissue and organ level

We tested the efficacy of our device as a bio-modulator in both intact excitable tissues and ex vivo
organs. Intact neural tissues represent highly crowded environments with non-neuronal factors,
such as the extracellular matrix and glial interactions, that can influence neuronal activation. To
determine whether the micro-supercapacitor device can modulate activity in intact neural circuits,
we performed stimulation experiments on isolated mouse retinas (Fig. 9.4a). The laminated
organization of the retina and its diverse neural circuit motifs make the retina an accessible model
system to study brain circuit function. Additionally, the use of retinal tissue allows us to stimulate
physiologically relevant “input neurons”, the photoreceptors, and record activity from the “output
neurons”, the retinal ganglion cells (RGCs) of a well-defined sensory circuit. In these experiments,
we utilized retinas isolated from transgenic mice (Slcl7a6™9LoWl/GH(ROSA)26Sor™?31(CAG-
GCaMP6PHze) expressing GCaMP6 in all RGCs (Ellis et al., 2016; Martersteck et al., 2017). This
enabled simultaneous monitoring of neural activity via multiple neurons. Micro-supercapacitor
devices and interconnects were fixed on glass coverslips using glue and PDMS and used as
bottoms for the retina perfusion chamber. All prongs in one device were used as an end of the two-
electrode stimulating system. Dissected retinas were then positioned with the photoreceptor layer
facing the micro-supercapacitor device and the RGC layer pointing upward. Using two-photon
(2PT) laser scanning microscopy, we recorded calcium transients from RGCs while stimulating
the photoreceptor layer with micro-supercapacitor modulation. We used an input electrical
potential from 0 to 0.78 V to control the ion flows on the mesoporous carbon surface and modulate
the neural activity of the ganglion cell layer. lon flow direction was periodically switched by
alternating the current direction every 3.5 s. During micro-supercapacitor stimulation, large

periodic transients could be observed across several RGCs following the stimulation protocol.
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During the stimulation, when the device was charged, RGCs exhibited large calcium transients
suggesting that they had become depolarized; when the device was discharged, the calcium levels
in RGCs returned to resting levels (Fig. 9.4b). To corroborate that the micro-supercapacitor
stimulation observed was due to activation of the glutamatergic pathway from photoreceptors to
bipolar cells to RGCs, we applied a cocktail of glutamate receptor antagonists, including AP-5, L-
AP4, and DNQX, to silence glutamate transmission in the retina. Upon glutamate receptor
blockade, the large calcium transients could no longer be observed in RGCs during micro-
supercapacitor stimulation (Fig. 9.4c). These results demonstrated that the charging and
discharging patterned stimulation at the supercapacitor-photoreceptor interface evoked changes in

glutamate release from photoreceptor neurons and could therefore activate the retinal network.
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Figure 9.4. (a) Top left: experimental setup for retinal stimulation with a micro-supercapacitor.
Top right: max-intensity projection of RGCs expressing GCaMP6. Scale bar, 25 pm. Bottom:
schematic of the retina-device interface highlighting the location of GCaMP6-expressing neurons
and the location of the photoreceptors stimulated by the micro-supercapacitor device. (b) Max-
intensity projection of RGCs expressing GCaMP6. Scale bar, 25 um (top panel). Representative
calcium traces from RGCs upon micro-supercapacitor stimulation. Results for individual cells are
indicated by numbers in red (bottom panel). (¢) Calcium transient traces represented as average +
standard error for stimulation and no stimulation in both control and glutamate antagonist
conditions (top panel) and quantification of response amplitude of calcium transients (bottom
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Figure 9.4 (cont.) panel). (d) Schematics of the Langendorff perfusion system. Heart perfusion
pressure was constantly monitored and kept stable using gravity perfusion. Electrocardiogram
(ECG) and left ventricular (LV) pressure were monitored to show the effect of micro-
supercapacitor stimulation on the heart rate. (e) Images of the flexible device conforming around
a cylindrical holder (left; scale bar, 2 mm) and around the curvilinear and contractile tissue (right).
(f) Representative LV pressure (LVP) profiles and ECG recordings of the isolated heart stimulated
at two different frequencies of 2 and 3.33 Hz. Input stimulation of the devices (top, voltage;
bottom, current) is synchronized to the corresponding stimulated portions of the LVP and ECG
recordings. (g) Closer look at an ECG recording of a spontaneous AP (black line) and APs that
follow positive (yellow) and negative (pink) artifacts. These enlarged APs are highlighted by a
dashed square and corresponding color in Fig. 9.4f. (h) Top: schematic illustration of the
experimental setup, where the sciatic nerve was exposed, and the poles of the device were places
under the nerve and on the skin. Bottom: representative EMG recording of the stimulated limb,
with the corresponding device’s current input.

For ex vivo whole heart experiments, a micro-supercapacitor was placed on the apex and another
was placed on the left ventricular (LV) wall of a rat heart (Fig. 9.4d, Fig. 9.S24). The flexibility
of our device allowed it to conform around the heart, minimizing the mechanical mismatch (Fig.
9.4e). The rat heart contained ~75 um thick epicardium, separating the CMs and the device
(Jenkins et al., 2013). Therefore, a single micro-supercapacitor, with just 10 um spacing between
the leads, was not sufficient to accumulate the depolarizing charge. The thickness of the
epicardium, which is much larger than the distance between the leads, would prevent the CMs
from sensing the electrical input with our initial device dimensions, as the positive and negative
leads cancel one another, resulting in a zero charge at the CMs. Thus, we used two micro-
supercapacitors, one on the apex and one on the LV wall. Electrocardiogram (ECGQG) electrodes
were placed on the aorta and the LV. By separating the charge/discharge cycles, we were able to
perform overdrive pacing of the heart. It is important to mention that every cycle contained two
charging and two discharging inputs (one on each opposite lead); each input gave rise to an action

potential, the result being a pacing frequency double that of the device frequency. To stimulate the

isolated heart, we applied charge/discharge cycles with different frequencies (1 Hz, +0.8 mA/cm?
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and 1.67 Hz, +1 mA/cm?, Fig. 9.4f). To lower the spontaneous heart rate, we removed the sinoatrial
node along with the atriums, which resulted in a slow atrioventricular node pace (~1 Hz). Upon
micro-supercapacitor stimulation, the heart immediately contracted at double the stimulation rate,
i.e. 1 and 1.67 Hz stimulation frequencies corresponded to 2 and 3.33 Hz pacing frequencies,
respectively (Fig. 9.4f). Due to the capacitive nature of our device and lack of current injection,
we believe that the mechanism governing the electrical stimulation of our device is similar to field
coupling (Copene & Keener, 2008; Sperelakis & McConnell, 2002). As current is not injected into
the cells, the charging capacitor attracts counter ions to its surface. This manipulation results in a
charge accumulation that eventually depolarizes the CMs to their threshold excitation, i.e. eliciting
an AP. We also noticed a large difference in the stimulation threshold (over an order of magnitude)
between the in vitro and in vivo models. This fits well with the fact that native CMs functioning
as a syncytium have a much lower input resistance and higher capacitance (De Mello, 1975;
Weidmann & Hodgkin, 1966). Although the pacing can be easily observed with a LV pressure
balloon, the ECG recording of the heart gave more insight by showing the artifact associated with
the charge/discharge cycle. Figure 9.4g provides a closer look at a representative ECG recording
of three different APs. While no artifact was associated with the spontaneous AP, we observed a
positive/negative alternating artifact during the stimulation (Fig. 9.4f, g, yellow and pink
arrowheads, respectively). As the ECG was recorded from the aorta and the LV, the observed
artifact may be attributed to the stimulating micro-supercapacitor positioned on the LV, and not
on the apex. This explains the alternating positive/negative artifact which corresponds to
charge/discharge cycle. Moreover, it seems that the negative artifact is the one that depolarizes the
tissue, thus resulting in an immediate AP. The positive artifact, on the other hand, hyperpolarizes

the tissue and has no immediate effect. However, at the same time, the micro-supercapacitor placed
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at the apex depolarized the tissue and generated an AP. The 45 ms time gap between the positive
artifact and the AP may be attributed to the time of AP propagation from the apex to the LV.
Overall, the stable, flexible and successful modulation of the heart activity ex vivo could be

implemented for long term in vivo heart pacing.

To demonstrate its utility for in vivo neuro-modulation applications, we interfaced the micro-
supercapacitor with sciatic nerves. We used an acute setting in which the micro-supercapacitor
was interfaced with the exposed nerve. Figure 9.4h shows that application of charge/discharge
cycles using two separate devices resulted in bioelectrical modulation of the nerve. When one
device was interfaced with the sciatic nerve and the other device was interfaced with the rat’s body,
we observed that the associated limb was clearly moving with every discharge of the associated
micro-supercapacitor. This was further validated by electromyography (EMG) recordings from the
rat foot, which showed an AP that was synchronized to the discharge cycle (Fig. 9.4h, bottom).
Thereafter, we exposed the second sciatic nerve and connected the two devices to the two nerves.
As every discharge in each device corresponds to the charge of the other device, the two limbs
were stimulated with a discharge intermittently. Consequently, the limbs moved in turn, triggered
by each discharge portion of the cycle which resulted in depolarization of the nerve. Overall, we
show here that our micro-supercapacitor device may be employed for in vivo applications. It can
allow precise control of neuronal modulation, which will open many avenues for long term, non-

faradaic electrical modulation.

In summary, we have developed a micro-supercapacitor device capable of biological modulation.

The hierarchical carbon membrane composition is effective in stimulating chemical synapses and
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allows control over ion flow via electrical potential inputs. The micro-supercapacitor device shows
long-term stability and good biocompatibility, increasing its capacity for use in clinical settings.
We have shown that our device can modulate the contraction of primary CMs from a slow beating
rate to a specified target frequency in a minimally invasive manner via a cell training process. Our
system also successfully modulated electrical activity at tissue and organ scale. In addition to
expanding our available toolkits for investigating fundamental biological modulation mechanisms,
we anticipate that our findings will promote the use of such carbon-based micro-supercapacitor

devices as clinical therapeutics.

9.4 Experimental Procedures

Materials preparation and device fabrication

Hierarchical mesoporous carbon films were synthesized by the following method. Resol
precursors (low-molecular) were prepared by crosslinking of phenol and formaldehyde, using
methods from the literature (Meng et al., 2005). Pluronic block copolymer F127 (template) and
phenolic resol (carbon source) were mixed at ratio of 1:2 into an ethanol solution. The solution
was stirred for 1 hour before use and named Solution A. Vesicle structures were constructed using
silica nanosphere templates. 200 nm-diameter silica nanospheres (NanoComposix, 10 mg/ml)
were surface modified with a dopamine layer, according to a literature method (R. Liu et al., 2011).
The modified nanospheres were then added into Solution A and mixed until a homogeneous
mixture formed. This new solution was named Solution B. Silicon wafer (Nova Electronic
Materials, p-type, 600 nm thermal oxide SiO2) was cut into small pieces with suitable sizes (e.g. 2
cm X 4 cm) and cleaned by O> plasma (Plasma Etcher, PE100) at 100 w for 2 minutes. Solution B

was spin-coated (Laurell, WS-650 spin coater) onto the surface-cleaned silicon at 1500 rpm for 45
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s. Multiple layers were formed by leaving the silicon wafer at room temperature for 10 minutes
and then repeating the spin-coating. Then Solution A was spin-coated onto the substrate at 3000
rpm for 45 s. The wafers were kept immobile for 4-6 h at 25°C, then baked in an oven for 24 h at
100°C. After baking, the wafers were transferred into inert argon atmosphere and heated at 500°C
(temperature rise rate at 5°C/min) for 30 min. The wafers were cooled to room temperature and
then spin-coated in a thin protective layer of polymethyl methacrylate. The thin film was etched
off the silicon wafer and nanospheres were etched by submerging the wafers in buffered
hydrofluoric acid (HF) for 8 h. The thin film was rinsed with deionized (DI) water 3-4 times, then
carefully transferred onto a new silicon wafer and dried slowly at room temperature. The wafers
were transferred into inert argon atmosphere and calcined at 700°C for 30 min. After cooling, a
standard photolithography procedure was applied to make the desired pattern on the hierarchical
mesoporous carbon. An 80 nm thick Au layer was evaporated on the pattern surface using an e-
beam evaporator (AJA, ATC-Orion) and extra carbon parts were removed by reactive-ion etching
(Oxford Instruments PlasmaPro, NGP80) in O flow (100 sccm, 4 mins). The supporting SU-8
layer with designed mesh patterns was made following a standard photolithography procedure
using a double side mask aligner (EVG, EVG620). The pattern on the SU-8 layer was etched from
the substrate by buffered HF and transferred into DI water for 1 day. After washing the device
with DI water 6 times, the patterns on SU-8 were carefully transferred onto the cover glasses or

culture dishes. Wire bonding on the desired pattern led to final device fabrication.

Electron microscopy

Transmission electron microscopy (TEM, Tecnai F30, FEI) and scanning electron microscopy

(SEM, Carl Zeiss, Merlin) were used to characterize the hierarchical mesoporous materials and
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material/cell interfaces. CMs on the materials were fixed in 5% glutaraldehyde phosphate-buffered
saline (PBS) solution for 30 min, washed in DI water, and then dehydrated with an increasing
ethanol gradient from 30% to 98%. The samples were dried in a critical point dryer (Leica EM
CPD300) and observed on the same SEM after coating with an 8 nm Pt/Pd metal layer on a sputter

coater (Ted Pella, Inc.). SEM was operated at 2 kV.

Mechanical test

Indentation modulus and hardness were measured by performing nanoindentation using a Hysitron
950 Tribolndenter in ambient environment with a Berkovich indenter (three-sided pyramid-shaped
diamond tip, tip radius ~100 nm). All measurements were kept at a constant displacement of 200
nm. The data were analyzed using standard Oliver and Pharr (1) analysis to extract the reduced
modulus (E,) and hardness by selecting upper fit at 95% and lower fit at 20%. The Young’s
modulus E of the samples were extracted based on Eq. (1) (Oliver & Pharr, 2004), a general
relation that applies to any axisymmetric indenter. The diamond tip has a Young’s modulus E; =
1141 GPa and a Poisson’s ratio v; = 0.07 (Li & Bhushan, 2002). Here, we assume the Poisson’s

ratio of the samples v = 0.25, which has been widely used for amorphous carbon (Suk et al., 2012).

~ (1

Finite element analysis of the electric field distribution

The finite element analysis of the electric field distribution through electrodes was performed using
AC/DC Module of COMSOL Multiphysics software. For 2D electrolyte potential, the device
geometry was uploaded from an autoCAD file and was consistent with the experimental setup.
Each electrode had a length of 5000 um and a width of 15 pm. Voltages of 1V were applied to the

prongs of one comb and ground (0V) was applied to the prongs of the opposite comb. A heat map
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was colored according to the electrolyte potentials (V) with arrows indicating the electrolyte
current density vectors. The boundaries were defined as @; = @; ;,,4, while the insulations were
defined as —m - i; = 0 and —n - iy = 0, and the electrolyte was defined with V- i; = Q; and i; =
—0;VQ,;. Secondary current distributions were also taken into account in simulating the electric
field potential. For 3D electric field distribution at the cross-section of the micro-supercapacitor,
the electric scalar potential, V, satisfies Poisson’s equation, —V - (g0&VV) = p, where g is the
permittivity of free space, & is the relative permittivity, and p is the space charge density. The
electric fields are obtained from the gradient of V: E = -V, and the displacement is defined as D
= go&:E. To simplify the simulation (versus actual device with three hundred prongs), a five-prong
comb-like electrode model pair was built with a gap of 10 um and prongs of 200 pm length and
15um width. Prong width and gap width were consistent with the experimental setup. Voltages of
1V were applied to the prongs of one comb and ground (0V) was applied to the prongs of the
opposite comb. For comparison, the electric field distribution of two planar electrodes was also
calculated. The area of each electrode was equal to the total area of a single comb, and the gap
width between the two planar electrodes was equal to the summation of the gaps in each comb-
like electrode; as such, each electrode was of 75 um width and 200 pm length with a gap of 50 pm
between the two. A heat map was colored according to the surface electric potentials (V) with

arrows indicating the electric field direction and strength.

Cell culture
All animal procedures were conducted in complete compliance with and approval from the
University of Chicago Institutional Animal Care and Use Committee (IACUC) Animal Care and

Use Protocol. Hearts were excised from P0-5 neonatal rats into ice cold HBSS (without Ca®* or
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Mg?*). The hearts were cut to small <1 mm pieces, and then rinsed with HBSS to remove blood.
Pierce™ primary cardiomyocyte isolation kit (Thermo Fisher Scientific) was used for digesting
the tissue according to manufacturer protocol. After isolation, the suspended cells (mainly CMs
contaminated with cardiac fibroblasts) were pre-plated for 2 h, allowing fibroblasts to adhere to
the tissue culture plate. Then the enriched CMs population was seeded onto the micro-
supercapacitor device pre-treated with fibronectin (Sigma). The cells were allowed to sit in culture
media (DMEM high glucose + 10% FBS, 1% Glutamax and 1% penicillin—streptomycin) for 24
h, then the media was changed to CM-specific media (DMEM high glucose + 10% FBS, 1%
penicillin—streptomycin, and 0.1% growth supplement from isolation kit). This media prevented
fibroblasts from proliferating and taking over the culture.

Calcium sensitive dye

CMs were treated with calcium sensitive dye (2uM Fluo-4, AM, cell permeant, Thermo Fisher
Scientific) for 30 min at 37°C. Cells were rinsed and incubated for 30 min to allow complete de-
esterification. The treated cells were then visualized with a Leica SP5, STED-CW Super-resolution

Laser Scanning Confocal.

Retina slice

Vglut2-IRES-Cre mice (016963-Slc17a6™?9tow/J) and floxed 4i95(RCL-GCaMP6f)-D mice
(028865-Gt(ROSA)26Sor™mo>1(CAG-GCaMP6)Hze; Iy \yere acquired from The Jackson Laboratory and
were crossed to each other in the laboratory of Dr. Wei to obtain hybrid Vglut2-IRES-
Cre/GCaMP6f transgenic mice. Mice of both sexes (postnatal days 21-35) were used for retinal
calcium imaging experiments. All procedures were in accordance with the University of Chicago

Institutional Animal Care and Use Committee, the National Institutes of Health's Guide for the
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Care and Use of Laboratory Animals, and the Public Health Service Policy. Mice were
anesthetized with isoflurane and decapitated after dark adaptation. Under infrared illumination,
retinas were isolated from the pigment epithelium in oxygenated Ames' medium (Sigma-Aldrich,
A1420), cut into dorsal and ventral halves, and mounted on filter papers as described in the
literature (Wei et al., 2010). Retinas were kept in the dark at room temperature in Ames' medium
bubbled with 95% 02/5% COzuntil use (0—7 h). Glass coverslips with adhered micro-
supercapacitor devices were used as the bottoms of the imaging chamber. During imaging, retinas
were placed on top of micro-supercapacitor devices and gently pressed against the surface using a
platinum (Pt) wire weight and perfused with oxygenated Ames at 32-33°C. Cells were visualized
with infrared light (> 900 nm) and an IR-sensitive video camera (Watec). Calcium transients from
GCaMPo6f expressing retinal ganglion cells were recorded by a custom-built two-photon
microscope (Bruker) equipped with a Ti:sapphire laser (Chameleon Ultra II; Coherent
Technologies) tuned to 920 nm. Data were acquired using PrairieView software from a 100 um %
100 pm field of view with an acquisition rate of ~15 Hz. Raw frames were uploaded onto Imagel
software in which ROIs were manually drawn to enclose the soma of each GCaMP6f-expressing
cell and a background region where there was no detectable GCaMP6s expression. Using custom
MATLAB scripts, we calculated the average intensity over time for all ROIs and subtracted the
background trace from light-responsive somatic traces to remove noise. The calcium traces were
resampled to 75 Hz and smoothed using a moving average sliding window of 25 data points (~333

ms). For each stimulation protocol, the average AF /F, was calculated for every cell.

Isolated heart
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An adult rat was heparinized (1,000 IU/kg IP) and anesthetized using open-drop exposure of
isoflurane in a bell jar configuration. The heart was removed and placed in ice cold HBSS buffer,
and the aorta was cannulated in preparation for use in a Langendorff setup. Oxygenated Hepes-
buffered Tyrode’s solution (containing, in mM, NaCl 126, KCI 5.4, Glucose 10, Hepes 10, MgCl,
1, CaCl, 2, MgSO4 1.2, NaH>PO4 0.39; bubbled with 99.5% O»; pH 7.3) was perfused through the
cannulated aorta. The perfusion was passed through a heating coil and bubble trap (Radnoti), and
the heart was placed in a water-jacketed beaker (Fisher Scientific) to maintain a temperature of
37°C. The perfusion pressure was maintained at 80—100 mmHg by adjusting the height of the I.V.
bag containing the perfusion buffer. The perfusion and left ventricular (LV) pressures were
monitored using a BP-100 probe (iWorx) connected to the perfusion line and a water filled balloon
inserted to the LV, respectively. For ECG recordings, needle electrodes were positioned on the
apex and aorta and connected to a C-ISO-256 preamplifier (iWorx). All signals (perfusion, LV
pressure and ECG) were amplified using an IA-400D amplifier (iWorx) and interfaced with a PC
using a DigiData 1550 digitizer with pClamp software (Molecular Devices). Two devices were
placed on the heart; one below the heart’s apex, and the other covering the LV wall.
Charge/discharge cycles were applied to the devices, while the clear ECG artifacts were used to
time the stimulation with the recording. To avoid the electrical noise introduced by the devices,

we recorded the LV pressure to monitor the contraction rate of the heart during stimulation.

In vivo rat nerve stimulation

Seven-week-old rats were deeply anesthetized with ketamine (100 mg/kg) and xylazine (10
mg/kg) via intraperitoneal injection. The fur was removed from the hindquarters using a surgical
clippers and hair removal cream. A semi-circular incision across the midline was made in the

skin, and the fascial plane was opened between the gluteus maximus and the anterior head of the
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biceps femoris, thereby exposing the sciatic nerve. In this setting, two devices were used. One
device was placed under the sciatic nerve and the other under the rat’s skin. For intermittent limb
stimulation, the two devices were paced under the two sciatic nerves. All animals were housed
under pathogen-free conditions and all animal procedures were approved by the Institutional

Animal Care and Use Committees of the University of Chicago (IACUC).
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9.5 Supporting Information
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Figure 9.S1. Nitrogen adsorption and desorption curves of mesoporous carbon film, with
corresponding pore size distributions.
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Figure 9.S2. (a) TEM and corresponding FFT (lower panel), (b) High-resolution TEM, and (c)
SEM images of a pure mesoporous film, showing the highly ordered mesostructures.

Figure 9.S3. (a) SEM images (upper panel) of the building blocks used to construct the
hierarchical mesoporous film. SiO>-C nanospheres show diameters around 200 nm and are very
uniform. TEM images (lower panel) show the hollow spherical structures after the SiO; is etched.
Scale bar, 100 nm. (b) SEM images showing the junction parts of the hierarchical mesoporous
film, in which a two-layer structure is found. Nanospherical building blocks are indicated by the
red arrow, and ordered mesoporous structures are indicated by the blue arrow. Scale bar, 100 nm.
(c) SEM images of the mesostructures in the hierarchical mesoporous film, which is displayed in
(b). Scale bar, 100 nm.
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Figure 9.54. (a-b) TEM images of the cross-sectional view for the thin film, demonstrating the
hierarchical porous structures. The cracks are due to the microtome process. (c-d) SEM images of
the thin film from the macroporous side, showing the continuous ordered mesostructures. The
darker parts indicate the regions of hollow structures. (¢) SEM images of the thin film from the
mesoporous side, showing a flat thin film surface.
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Figure 9.S6. Optical images of the carbon films materials, devices during fabrication process, and
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Figure 9.87. (a) COMSOL simulation for 2D electrolyte potential distribution of the micro-
supercapacitor. The rainbow color indicates the electrolyte potential between the two comb-like
electrodes.
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Figure 9.S8. (a) COMSOL simulation for 3D electric potential distribution of a simplified two
planar electrode system. The rainbow color indicates the electric potential at the cross section,
which spreads up to more than 50 pum space. (b) COMSOL simulation for 3D electric potential
distribution of a micro-supercapacitor model with a pair of five-prong comb-like electrodes. The

rainbow color indicates the electric potential at the cross section, which shows a much refined and
localized field.
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Figure 9.59. (a) CV profiles for the micro-supercapacitor device at different scan rates in Na>SO4
solution. (b) Charge-discharge curves for the micro-supercapacitor device at different current
densities for the same time windows (6 s and 10 s). (c) The stack volumetric capacitance with
DMEM and Na;SOs electrolytes of hierarchical mesoporous carbon micro-supercapacitor as a
function of scan rate.
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Figure 9.S10. CV profiles for the micro-supercapacitor device at different scan rates in PBS
solution (left) and charge-discharge curves of the micro-supercapacitor device at different current
densities for the same time windows (right, 6 s and 10 s).
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Figure 9.S11. CV profiles for the micro-supercapacitor device at different scan rates in culture
medium ACSF solution (left) and charge-discharge curves for the micro-supercapacitor device at
different current densities for the same time windows (right, 6 s and 10 s).
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Figure 9.S12. (a) CV profiles for the micro-supercapacitor device at different scan rates in Hepes-
buffered Tyrode’s solution (left) and charge-discharge curves for the micro-supercapacitor device

at different current densities for the same time windows (right, 6 s and 10 s).
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Figure 9.S13. Impedance measurements of the micro-supercapacitor device in DMEM culture
medium and PBS.
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Figure 9.S14. (a) LIVE/DEAD assay shows that almost all cells cultured on the device for 3 days
survive, demonstrating the good biocompatibility of our device. (b) In the positive control
experiments, the cells are almost dead after treated with 100% ETOH for 20 minutes.

Left to right
cross sections Representative cross-section

z-stack montage

Top down cross sections

Figure 9.S15. Cross section (left to right and top down) and Z-stack montage views for images of
the cardiac cells cultured on the device. Cells stained for cardiac troponin (CMs, green), connexin-
43 (magenta), vimentin (fibroblasts, red) and DAPI (blue).
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Figure 9.S16. (a) Z stacks images of the cells loaded with fluo-4 dye adhered to the device. The
device was completely opaque, as represented by dark lines. (b) SEM image shows adhered cells
on the device. In both images, the cells alignment does not follow device directionality.
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Figure 9.S17. (a) Representative images of the cells recorded during training with ROI region
marked in yellow. Scale bar, 10 um. (b) Typical input signal of the devices during a training
process showing the voltage (top) and current (bottom) applied to the cells. Input signaling
frequency is 1.1 Hz (1/0.9 s). (c) Intensity profiles for the marked ROI. Graphs are representative
of results at 20 s intervals before and after 346 s, 702 s, and 1031 s of training. The intensity profile
eventually reaches the target frequency of 1.1 Hz.
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Figure 9.S18. (a) Representative images of the cells recorded during training with ROI region
marked in yellow. Scale bar, 10 um. (b) Typical input signal of the devices during a training
process showing the voltage (top) and current (bottom) applied to the cells. Input signaling
frequency is 0.83 Hz (1/1.2 s). (c) Intensity profiles of the marked ROIs are plotted. Graphs are
representative of results at 20 s intervals before and after 428 s, 781 s, and 1273 s of training. The
intensity profile eventually reaches the target frequency of 0.83 Hz.
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Figure 9.519. (a) Representative images of the cells recorded during training with ROI region
marked in yellow. Scale bar, 10 um. (b) Typical input signal of the devices during a training
process showing voltage (top) and current (bottom) applied to the cells. Input signaling frequency
is 1.0 Hz (1/1.0 s). (c) Intensity profiles of the marked ROIs are plotted. Graphs are representative
of results at 20 s intervals before and after 519 s, 1035 s, and 1557 s of training. The intensity
profile eventually reaches the target frequency of 1.0 Hz.

298



time period starts: 0 s (begining of trial)

time period starts: 221 s (1/3 of trial)

50 mv°®
ol

time period starts: 453 s (2/3 of trial)

Potential (V)

10 pAlcm?

-
2

+15 pAlcm?

time period starts: 679 s (3/3 of trial)

Figure 9.S20. (a) Representative images of the cells recorded during training with ROI region
marked in yellow. Scale bar, 10 um. (b) Typical input signal of the devices during a training
process showing voltage (top) and current (bottom) applied to the cells. Input signaling frequency
is 1.66 Hz (1/0.6 s). (c) Intensity profiles of the marked ROIs are plotted. Graphs are representative
of results at 20 s intervals before and after 221 s, 453 s, and 679 s of training. The intensity profile
eventually reaches the target frequency of 1.66 Hz.
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Figure 9.S21. (a) Representative images of the cells recorded during stimulation with ROI regions
(green, purple and yellow). Scale bar, 10 um. (b) Typical input signal of the devices during a
stimulation process showing voltage (top) and current (bottom) applied to the cells. Input signaling
frequency is 0.5 Hz (1/2.0 s), the stimulation time is ~40 s. (¢) Intensity profiles of the marked
ROIs, during the stimulation process for ~40 s; the intensity profile immediately follows the target
frequency of 0.5 Hz.
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Figure 9.S22. (a) Representative images of the cells recorded during stimulation with ROI regions
(green, purple and yellow). Scale bar, 10 um. (b) Typical input signal of the devices during a
stimulation process showing voltage (top) and current (bottom) applied to the cells. Input signaling
frequency is 1.0 Hz (1/1.0 s), the stimulation time is ~40 s. (¢) Intensity profiles of the marked

ROIs, during the stimulation process for ~40 s; the intensity profile immediately follows the target
frequency of 1.0 Hz.
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Figure 9.S23. (a) The heat map of a projection of the transition matrix space that maintains the

proportions of final high and low states (b) Examples of simulated trials compared to observed
data.

Figure 9.S24. (a) Optical images for the Langendorff perfusion system. (b) The device could be
easily bent, demonstrating the excellent flexibility. Scale bar, 500 pm.
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Conclusions & Future Directions

Part 1

The first part of this dissertation focused on two neural computations in the mammalian retina:
direction and orientation selectivity. Starburst amacrine cells (SACs) are the primary interneuron
of the retinal direction selective circuit and are responsible for relaying direction selective signals
to the output neurons of the circuit through dendro-dendritic synapses. The dendrites of SACs are
the first site along the visual pathway where direction selectivity is observed. Results from this
dissertation show that centrifugal direction selectivity in the tips of SAC dendrites relies on intact
mGluR2 signaling and Kv3-mediated currents. In particular, Chapter 2 demonstrates that mGluR2
gates interactions between SAC dendritic subdomains by regulating availability of voltage-gated
calcium channels (VGCCs). Furthermore, Kv3 in the dendrites of SACs restricts the propagation

of postsynaptic potentials, further compartmentalizing individual dendritic sectors.

Further studies focusing on how endogenous glutamate activates mGIluR2 are necessary in order
to understand whether mGIluR2-mediated regulation of compartmentalized signaling in SACs is
dependent on visual-evoked activity. We suspect that tonic levels of glutamate activate mGluR2
to some extent but we cannot rule out the possibility that it can be further modulated by visual
evoked glutamate release from bipolar cells. If so, we would expect that recruitment of mGluR2
signaling would be dependent on visual conditions including as contrast, luminance, and spatial

frequency.
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Furthermore, the onset of mGluR2 and Kv3 expression throughout retinal development coincides
with the downregulation of stage II cholinergic waves and initiation of stage III glutamatergic
waves. The influence of mGluR2 or Kv3 in the transition of SACs from spontaneously active to
primarily inhibitory interneurons has not been studied. As bipolar cell terminals begin releasing
glutamate and reach their postsynaptic sites between P8-9, activated mGluR2 could play an
important role in restricting acetylcholine release from SAC varicosities. Additionally, the
upregulation of Kv3 could shunt the propagation of activity through the SAC network. It would
be interesting to study the effects of mGIluR2 agonists during stage II cholinergic waves and the

persistence of cholinergic retinal waves in transgenic mice lacking mGluR2.

In Chapters 3 — 5, we presented the Vgat KO mouse model in which SAC GABA release is
disrupted affecting asymmetric inhibition onto DSGCs and mutual inhibition between neighboring
SACs. Using this transgenic mouse model, we demonstrate that direction selective cholinergic
excitation contributes to the encoding of motion direction in DSGCs (Chapter 3); however further
work is needed to achieve a mechanistic understanding of cholinergic transmission in the direction
selective circuit. Despite parallel mechanisms contributing to direction selectivity, asymmetric
inhibition between SACs and DSGCs is a central mechanism for retinal motion detection and it is
necessary for optimal tuning of the DSGC population and proper clustering of DSGC preferred

directions (Chapter 4).

Our collaboration with the Cang lab demonstrated the direction selectivity in the superior

colliculus of the mouse is inherited from the retina through converging inputs from similarly tuned
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DSGC inputs onto collicular neurons. On-Off DSGCs project to the shell of the dorsal lateral
geniculate nucleus (ALGN); however, the retinogeniculate synapse appears to follow a diversity
of integration modes compared to the superior colliculus. For instance, clusters of RGC boutons
encoding for similar polarity and direction have been observed to converge onto the same thalamic
dendrite; but, convergence of oppositely tuned and tuned versus untuned boutons has also been
observed. Axial-selective and direction selective visual responses in the mouse dLGN have been
reported, but whether these are computed de novo or arise from convergence of tuned retinal inputs
remains to be explored. These experiments are integral for understanding how visual responses are
transformed along the retino-geniculo-cortical pathway and for establishing a link between

cortical selectivity and retinal receptive fields.

In Chapters 4 and 6, I employed transgenic methods for expressing GCaMP6 in RGCs, which
enabled the use of ultrasensitive optical probes to interrogate retinal visual responses across
development. Using this strategy, I identified On-Off orientation sensitive receptive fields in the
mouse retina that are developmentally regulated during the first week after eye-opening. Although
their maturation is independent of visual experience, these RGCs represent a major output channel
of the mouse retina and can influence visual processing in downstream visual nuclei. Further
studies are necessary to uncover their underlying synaptic mechanisms, developmental

regulations, and their retinofugal projections.

Part 11
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The second part of this dissertation focused on technology development for neural interrogation.
Current strategies for interrogation of neural circuits utilize metal electrodes (single-unit or multi-
electrode arrays) or molecular tools, such as optical sensors and actuators. However, advances in
nanotechnology offer the capability of interfacing the brain with unprecedented resolution. As
described in Chapter 7, devices fabricated from building blocks with nanoscale dimensions
minimize the mechanical and feature-size mismatch between probes and biological tissue and

facilitate the formation of seamless biointerfaces.

In Chapter 8 and 9, together with collaborators from the Tian lab I demonstrated that both organic
and inorganic materials can be fabricated that are capable of interfacing neurons at the nanoscale.
These devices represent next-generation injectable and implantable platforms for neural
stimulation. Future experiments will focus on strategies to target these to proper brain regions and
to molecularly-defined neuronal populations. This will require close collaboration with molecular
biologists researching transcriptomic and proteomic neural libraries and cell-type specific markers.
Additionally, further tests are necessary to determine the potential of these devices to the treatment

of neurological disorders.
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