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IIl. Common Abbreviations

AC
All-AC
ATP

BAPTA

BC
cAMP
CBC
CICR
Cm
cone
Cx36

EGTA

EPAC

ER

fF
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GCL
GPCR

GTP

amacrine cell
All amacrine cell

adenosine triphosphate
1,2-bis(o-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid

bipolar cell

cyclic adenosine monophosphate
cone bipolar cell

calcium induced calcium release
capacitance

cone photoreceptor

connexin 36

ethylene glycol-bis(B-aminoethyl
ether)-N,N,N’,N'-tetraacetic acid
exchange

protein directly

activated by cAMP

endoplasmic reticulum
femptofarad

ganglion cell

ganglion cell layer
g-protein coupled receptor
guanosine triphosphate

calcium current

ionotropic glutamate receptor

membrane current
inner nuclear layer

inner plexiform layer

mGIuR
mIPSC
mV

OFF

ON
ONL
OPL
pC
PKA
P:
RBC

RF

rod
RRP
Rs
sIPSC

SOCE

TRPM

VGCC

VGSC

Vm

metabotropic glutamate receptor
miniature inhibitory current
millivolt

OFF pathway

ON pathway

outer nuclear layer
outer plexiform layer
picocoulomb

protein kinase A
Probability of release
rod bipolar cell

retrieval fraction

membrane resistance

rod photoreceptor

Readily releasable pool

series resistance

spontaneous inhibitory current
store operated calcium entry
exponential time constant

transient receptor potential cation
channel subfamily M

voltage gated calcium channel

voltage gated sodium channel

membrane voltage
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V. Abstract

Neurons communicate with each other either through electrical synapses formed by gap junctions,
or by the synaptic release of neurotransmitters. Release of neurotransmitter into the synaptic cleft is
occurs when loaded synaptic vesicles fuse to the plasma membrane (exocytosis). Neurons have a
compensatory process that retrieves fused vesicle membrane from the active zone (endocytosis),
maintaining membrane homeostasis. Presynaptic capacitance (Cn) measurements can directly test
exo- and endocytosis mechanisms with microsecond temporal resolution without interference from
saturation or desensitization of postsynaptic receptors. The biggest limitation of C,, measurements is
that they require high frequency stimulation, which has limited this technique to cells with simple
morphology or patchable large terminals. Developments in this field indicate that neurons and
synaptic terminals with more complicated morphology can be studied using this technique. The focus
of this study is on a retinal interneuron, the All amacrine cell (All-AC), that is the only inhibitory
interneuron to be studied using C, measurements to date. All-ACs are at the center of rod-mediated
scotopic (night) and cone-mediated photopic (day) vision pathways. Rod bipolar cells (RBCs) and ON-
cone bipolar cells (ON-CBCs) provide excitatory input to the All-AC that is converted into glycine
release to OFF-pathways (crossover inhibition). Unlike other retinal amacrine cells, the All-ACs
release glycine from dendritic lobules close to the soma and electronically accessible with Cn,
measurements. Preceding work found that All-ACs have two vesicle pools, and they are adapted for
sustained release. The work in this thesis found mechanisms for potentiation and endocytosis in All-
ACs. Chapter 1 of this thesis introduces retinal circuits and background information about Cn
measurements in cells with complex morphology. Chapter 2 will discuss our published findings on
cAMP-dependent potentiation where we uncovered mechanisms involve EPAC2 and Ca?* stores and
show an increase in crossover inhibition to OFF-CBCs. Chapter 3 will present a study on endocytosis.
We found that dynamin, and clathrin are necessary for endocytosis in All-ACs. We also found that
endocytosis is loosely nanodomain coupled to L-type Ca?* channels that we speculate are clustered
near a readily retrievable pool in peri-active zones. Chapter 4 covers experiments developing Ca%
imaging using the genetically encoded Ca?* indicator, GCaMP6f, which we used to show that EPAC2
triggers Ca?* induced Ca?* release. We also show that dopamine reduces glycine release by

modulating the All-AC spike properties.
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Chapter 1: Introduction

Section 1.1: Preface

Photons are first created during the energetic fusion reactions deep in the core of stars. It can
take up to 40,000 years before a photon reaches the surface of our sun after being absorbed and
emitted by densely packed atoms. Our sun emits trillions of photons per second, and after only
8 minutes they reach earth, travelling at 300,000 km/s (i.e., the constant speed of light in a
vacuum). The high energy and low entropy of the sun’s photons powers life on earth (Kirk A,
2015). Most eukaryotic life exhibits phototaxic behaviors— photosynthetic plants and algae use
cues from photons to alter their orientation and blooming patterns (Jékely, 2009). As a unique
example of phototaxic behaviors, we will briefly discuss the symbiotic interactions between the
golden jellyfish and algae (dinoflagellates) of the marine lakes of Palau. The golden jellyfish have
non-image-forming vision and exhibit diel migration patterns through water’s vertical axis, which
provides the algae living in their tissue access to nutrient rich lake-bottom. While the golden
jellyfish provide protection and transportation, they receive nutrients from the photosynthetic
algae. The jellyfish have adapted horizontal migration patterns throughout the day and a rotating
swimming behavior to evenly bathe their symbiotic algae with photons from the sun’s rays
(Dawson and Hamner, 2003; Dawson, 2005). More complex animal behaviors emerged with the
development of eyes, evolving from the dense clustering of photoreceptors, which provided
animals with image forming vision (Randel and Jékely, 2016). Early vertebrate camera-style eyes
developed 500 mya (millions of years ago), with a primordial retina— the sensory neural tissue
at the back of the eye— containing only photoreceptors and output neurons. Over 100 mya, the
retina acquired a three layered cellular structure and more processing power through the
evolution of bipolar cells, amacrine cells, and duplex (rod + cone) visual pathways (Lamb et al.,
2007). Forty years after Einstein first suggested that light interacts with matter as both a wave
and a shower of particles, photons, early behavioral experiments determined that only 100
photons aimed at the cornea with a spot diameter covering 100 — 1000 rod photoreceptors was
detectible by the human retina. Decades of experiments in different mammals have shown that

a few photons are required to generate a detectable signal and the cellular processes of the rod
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photoreceptors (rods) allow for reliable single-photon responses (reviewed in Field and Sampath,
2017). Even more remarkable is the dynamic range of the retina that emerged with duplex visual
pathways. At scotopic (highttime) conditions, light intensity ranges from 10 to 102 candela/cm?
are likened to a moonless night. When photons are at a premium during scotopic conditions,
anti-correlated responses from highly sensitive rods produce monochromatic visual responses.
Photopic (daytime) are when light conditions extend beyond 10? candela/cm? (Kelber et al.,
2017). Under a clear sky, roughly 10" photons irradiate a 1 cm? sun-facing area every second
(Kirk A, 2015), so it is wise not to stare directly at the sun. When photons are over-abundant in
photopic conditions, cone photoreceptors are active and their correlated responses produce
color vision (Kelber et al., 2017; Roy and Field, 2019). Cones also produce a faster and more
transient response than rods to rapidly changing visual stimuli, making them better detectors of
moving objects. Rods are thought to have evolved from more ancient cone photoreceptors, as
mammals adapted to a nocturnal terrestrial environment that was apparently safer from
dinosaur predators. Rods then led to a specialized retinal circuitry of bipolar and amacrine cells
to process dim-light signals. In each instance, visual cues begin when a single photon hits a
protein called opsin that transforms the energy from a single photon into a biochemical signal.
The visual cues animals receive ultimately shape their behaviors, from non-image forming
invertebrates to raptors with highly evolved eyes. Photons can cue an animal to move away from
a looming predator, to swoop down to grab an unsuspecting meal, or to contemplate one’s own

smallness while gazing at the cosmos.

Section 1.2: Retina structure and pathways

1.2.1 Nuclear and synaptic layers of the retina

The retina is the sensory neuronal tissue on the back of the eye that transduces light into
biochemical and electrical signals that are interpretable by the brain. Over millions of years, the
retina has evolved from its primordial structure consisting only of photoreceptors and output
neurons into a powerful microprocessor of light information. The vertebrate retina has three

cellular layers separated by two synaptic layers (Fig. 1.1). The three cellular layers are called: the
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L1schematic of retinal circuits involved in crossover inhibition pathways.

Shown are the layers of the retina (see text for description). ONL contains rod and cone photoreceptors that
detect light during scotopic (night) and photopic (day) conditions, respectively. INL contains RBCs, OFF-CBCs, and
ON-CBCs. Synaptic transfer of light signals between photoreceptors and BCs occurs in the outer plexiform layer
(OPL). Photoreceptors continuously release glutamate (blue circles) in the absence of light. RBCs and ON-CBCs
have sign inverting synapses containing mGIluR6 (blue triangles) mediating the inhibition of TRPM1 channels.
TRPM1s open and depolarizes RBC and ON-CBCs when light responses cause a relief in glutamate signaling. OFF-
CBCs have AMPA/Kainate receptors (iGluRs; blue semicircles), and depolarize in the absence of a light signal. All-
AC cell bodies are located at the bottom of the inner nuclear layer, and have bistratified dendrites projecting into
the OFF- and ON- sublamina of the IPL. The distal All-AC dendrites receive excitatory glutamatergic inputs from
RBCs and electrical synapses through gap junctions with ON-CBCs and other All-ACs. RBC signals are relayed by
All-ACs to the ON-CBC terminals through gap junctions. Crossover inhibition refers to the transformation of
excitatory signals into glycinergic inhibition (orange circles) provided to OFF-CBCs and OFF-GCs. Also shown is
homocellular gap junction coupling between AllI-ACs in adjacent receptive fields. Coupling state is regulated by

transitions from scotopic to photopic conditions, with the highest network coupling in twilight (mesopic) ambient

light conditions.
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outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL). Photoreceptors
are located in the ONL and responsible for phototransduction (see section 1.2.2). Rods and cones
are also coupled via gap junctions to each other (not shown). Bipolar cells in the INL relay signals
to output neurons called ganglion cells (GCs) which are located in the GCL. Horizontal cells (not
shown) and amacrine cells located in the INL perform lateral processing of visual signals (see

section 1.2.4).

1.2.2 Phototransduction

The retina is oriented such that the photoreceptors in the ONL are located at the most posterior
region of the retina, closest to the back of the eye. Light must pass through the entire retina
before reaching the photoreceptor outer segments where it is converted into bioelectrical signals
by photoreceptors. How are photons transformed into electric signals? The outer segments
contain specialized g-protein coupled receptors (GPCRs) called opsins. Like all GPCRs, they have
seven transmembrane domains, but unique to opsins is a binding pocket that contains a
covalently bound retinaldehyde. The retinaldehyde, or retinal, is derived from vitamin A and is
bound in the 11-cis conformation. The energy from a photon is absorbed by the retinal causing
the photoisomerization of the molecule from 11-cis to all-trans isoform. This causes a
conformational change in the opsin initiating a phototransduction cascade; the light dependent
reduction of cyclic-GMP (cGMP) concentrations leads to hyperpolarization of the photoreceptor,
which has cGMP-gated cation channels in the outer segments (Arshavsky et al., 2002). Therefore,
photoreceptors continuously release glutamate in the absence of light, and a light response
translates into a hyperpolarization that causes a relief of glutamate release to BCs, which

depolarizes ON-type BCs and hyperpolarizes OFF-type BCs.

1.2.3 Parallel pathways for transmission of light signals through the retina

The retina operates under a wide dynamic range of light intensity by splitting visual signals into
multiple adaptable visual pathways (Demb and Singer, 2012; Hartveit and Veruki, 2012; Roy and
Field 2019). Photoreceptors are divided into rods and cones. There is a 10-fold difference in
response latency times between rods and cones, 500 ms vs 50 ms for the same light flash

(Schnapf and Copenhagen; 1982). Rods are adapted for super-sensitive single photon detection
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and recover slowly, thereby making them suitable for scotopic vision. Cones need more photons
for activation, but can recover more quickly allowing them to operate in a wider range of ambient

light levels (mesopic to photopic).

Bipolar cells (BCs) are located in the INL with dendrites that stratify in the OPL, and receive
glutamate signals from photoreceptors. There are at least 15 types of bipolar cells including the
rod bipolar cell (RBC), 6 OFF-type cone bipolar cells (OFF-CBCs), and 8 ON-type cone bipolar cells
(ON-CBCs), which are classified by their photoreceptor inputs and genetic markers ( Shekar et al.,
2016). RBCs are the designated BC for transmitting signals from rods, while ON- and OFF-CBCs
receive inputs from mainly from cones. Both RBCs and ON-CBCs have type 6 metabotropic
glutamate receptors (mGIuR6) in their dendritic tips that inhibit TRPM1 channels. Light signals
relieve inhibition of TRPM1, thus depolarizing the ON-type BCs (Morgans et al., 2009, 2010). OFF-
CBCs express ionotropic glutamate receptors (iGluR), and depolarize in the absence of light when
cones are continually releasing glutamate. There is evidence that OFF-CBCs express AMPA and/or
kainate receptors (DeVries, 2000; Puller et al., 2013, Borghuis et al., 2014). ON- and OFF-CBCs
project axon terminals that contact ganglion cell (GC) dendrites at specific layers of the IPL. The
GCs cell bodies are located in the GCL, but their dendrites stratify in the IPL. The schematic (Fig.
1.1) only shows GCs with dendrites stratifying in ON or OFF sublamina of the IPL. Not depicted,
however, are bistratified ON-OFF GCs (Sanes et al., 2015). GCs are the output neurons of the
retina; their axons form the optic nerve. Analog light signals are therefore processed through

parallel pathways that are encoded into patterns of all-or-nothing (digital) action potential spikes.

1.2.4 Inhibitory pre-processing of visual signals

Lateral networks of horizontal cells (not shown) and amacrine cells perform intermediary pre-
processing of visual signals. Horizontal cell dendrites stratify in the IPL providing feedback to
photoreceptors and feedforward inhibition to BCs (Thoreson et al., 2004; Yang et al., 1991). We
only show a single type of amacrine cell, the All amacrine cell (All-AC; Fig. 1.1); however, there
are approximately 60 distinct types of ACs that are generally divided into narrow-field glycinergic
and wide-field GABAergic cells (Yan et al., 2020). The All-AC is a glycinergic amacrine cell located
at the INL/IPL border with bistratified dendrites that project within the IPL. Shown in Figure 1.1,
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the RBC does not have a designated GC, but releases glutamate to AMPA receptors at the All-
AC’s distal dendrites. The All-AC relays signals from the rod pathway to ON-CBC through electrical
synapses (Veruki et al., 2002b; Wassle, 2004; Graydon et al., 2018). The All-AC is also involved in
crossover inhibition, where excitatory light responses from RBCs and ON-CBCs are converted into

glycinergic inhibition of OFF-CBCs and OFF-GCs.

1.2.5 Gap junction networks

Gap junctions are widespread throughout the retina. For instance, rods form electrical synapses
with cones through gap junctions in their pedicles, as an alternate signaling pathway for scotopic
vision. All-ACs also form vast homocellular (same cell type) gap junction networks, in addition to
coupling with ON-CBCs. Connexin 36 is expressed in All-ACs and mediates homocellular coupling,
as shown with ultrastructure, tracer dye, and electrophysiological experiments (Kolb and
Famiglietti 1974, Hampson et al., 1992; Strettoi et al., 1992, Veruki and Hartveit, 2002a). The All-
AC network is heavily regulated across transitions from scotopic to photopic light conditions
(illustrated in Fig. 1.1). Light adapted changes to the All-AC network result in reduced tracer dye
spread in scotopic and photopic conditions, and maximal spread in mesopic (twilight) conditions
(Bloomfield and Volgyi, 2009). The pattern of tracer dye mobility when plotted against ambient
light intensity forms an upside-down U-shape or arching pattern associated with the open state
of gap junctions (illustrated in Fig. 1.1). The arching pattern in the spread of tracer dye is in part
due to rising dopamine levels and a cAMP signaling cascade that dephosphorylates gap junctions
(Hampson et al., 1992; Kothmann et al., 2009; Mills and Massey, 1995; Urschel et al., 2006).
Blocking coupling between All-ACs with meclofenamic acid (MFA) during paired recordings leads
to increases in their input resistance, providing key physiological relevance to the role of gap
junctions in All-AC signaling (Veruki et al., 2010). The gap junctions between ON-BCs and All-ACs
are functional bidirectional electrical synapses (Veruki and Hartveit, 2002b, 2009; Graydon et al.,
2018). ON-CBCs express both connexin 36 and 45, although is not known which type or both are
responsible for coupling with All-ACs (Han and Massey, 2005; Lin et al., 2005; Dedek et al., 2006).
The connections between ON-CBCs and All-ACs serve as a primary connection pathway for rod
vision and cone mediated crossover inhibition. Adaptation of the homocellular network allows

the AlI-AC to function under a wide dynamic range of background light intensity (scotopic,
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mesopic, and photopic): 1) Scotopic: Uncoupling preserves single-photon rod responses during
dim-light conditions. 2) Mesopic: Coupling summates low-intensity signals during medium-light
conditions. 3) Photopic: Uncoupling preserves spatial resolution of cone responses by providing
crossover inhibition to a limited narrow receptive field (Hartveit and Veruki, 2012; Roy and Field

2019).

Section 1.3: Capacitance measurements in All-ACs

1.3.1 Time-resolved capacitance measurements

Figure'?
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L2A11-ACs are multi compartment cells suitable for C,, measurements.

A, Schematic inhibitory glycine release (red arrow) to the OFF-CBC from proximal dendritic lobules of the All-AC.
Labeled are the OFF and ON sublamina of the IPL. The release sites of the All-AC are depicted near the soma,
conveniently located near the recording patch-pipette (red scalene triangle). B, Whole-cell voltage-clamp
recording from a mouse AllI-AC showing the voltage stimulus (Vn,; black) consisting of a sinusoidal wave (2 kHz;
30 mV peak-to-peak) super imposed on a -80 mV holding potential that are separated by a 100 ms depolarizing
step pulse to -10 mV. Below is the current response (Im; black) and the Ca?* current (lca). Passive membrane
properties can be calculated from I,: the capacitance (Cn; red), series resistance (Rs; blue) and membrane
resistance (Rm; blue). Notice the correlated increase in the Cy,, jump response (AC.,) and inverse change in Rp,.
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Capacitance (Cm) measurements designed for high temporal resolution can provide an important
tool for studying vesicle fusion (exocytosis) and membrane retrieval (endocytosis) in living cells
(Neher and Marty, 1982). These measurements are sensitive enough to measure small changes
in the membrane surface area during exo- and endocytosis of single vesicles (Lindau and Neher
1988). We use the “sine + DC” method in this thesis to measure the three passive properties of
the cell (Cm, Rm, and Rs). In this method, the direct current (DC) is measured and then sinusoidal
voltage stimulus (Vm) is used to generate and alternating membrane current response (Im). Real
time calculations are made of Cr, by separating real and imaginary components of the admittance
based measurement (Chen and Gillis, 2000). The passive properties of the cell are separable
because the sinusoidal current response (Im) is not in phase with the voltage stimulus. The phase
of Inm is determined by resistance and capacitance components, which are respectively in phase
and 90° orthogonal to the voltage stimulus (see Gillis, 2000). An example whole-cell voltage-
clamp recording from a mouse All-ACs (Fig. 1.2) shows how In, is obtained by giving a sinusoidal
Vm. The lock-in emulator software of Patchmaster (HEKA) together with the circuitry of the EPC10

is used to calculate the passive membrane properties of cells in real-time.

1.3.2 Capacitance measurement in complex neurons

A simple equivalence circuit with one capacitor can model an isopotential (spherical) cell like a
chromaffin cell. The changes in Cr, should correspond to net surface area changes and should not
correlate with changes in Rn or R, assuming that Rm >> Rs. However, modeling synapses with
complex morphology like CA1 mossy fiber synapse required a three-compartment model
Hallermann et al., 2003). This is relevant for our work because the All-AC was traditionally
considered a small isopotential cell. C, measurements from All-ACs, however, suggest they have
at least two distinct compartments (Balakrishnan et al., 2015). One important conclusion from
Hallermann’s multicompartmental electrical model was that a correlative decrease in Rs indicates
that the Cm change is occurring relatively close to the recording site. Together, these findings
support that for All-ACs a local compartment contains the soma and proximal dendritic lobules
in the OFF sublamina, while a distal compartment corresponds to dendrites in the ON sublamina,
which constitute a secondary compartment (Fig. 1.2). Somatic whole-cell patch recordings of

RBCs can reveal C,, measurements of terminals up to 45 um away when the sinewave frequency
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is reduced to 100-300 Hz. However, this also introduced significant noise in C,, measurements
when compared to high frequency sinewave stimulation (Oltedal and Hartveit, 2010). Recently,
a thorough analysis of Cr, recordings in All-ACs has been based on a detailed morphological model
(Hartveit et al., 2019). This work validates the use of C,, measurements in All-ACs; however, the
study cautions that high frequency sine waves could underestimate release from lobules by 10-
20%, while low frequency stimulation with high amplitude risks activating L-type Ca%* channels.
We found that reducing the sine frequency in mouse recordings resulted in larger baseline Cn,
measurements, but did not change the ACr, response (Balakrishnan et al., 2015), indicating that
we were measuring more cell surface area (i.e. distal dendrites) where glycine release
presumably does not occur. This was also true for mature rat All-ACs (see Chapter 3; Fig. S3.2).
This is one advantageous feature of the All-AC, which has synaptic release sites close to the soma,
unlike wide-field and other narrow-field amacrine cells. We identify All-ACs using differential
interference contrast (DIC) optics that uses a prism to split polarized light, that travels through
parts of the tissue with different wavelengths, and gives contrast to our transparent retina slices
once these light paths are recombined. Amacrine cell bodies are located at the bottom of the
INL, and All-ACs are distinguishable using DIC because they have a thick root dendrite. We fill the
cells with fluorescent dye during recording to confirm their morphology. We occasionally patch
All-ACs with severed distal dendrites that still exhibit ACm responses (Fig. 1.3A), indicating that
release is from the lobules close to the soma. We also have recordings from other amacrine cell
types, including wide-field and narrow-field without lobules. Recordings from amacrine cells that
were not All-ACs did not produce a ACn, responses (Fig. 1.3 B,C). We presume Cn, measurements
with a high frequency sine wave are not suitable for amacrine cells other that All-ACs, although

reducing the sine frequency could theoretically work for small narrow-field cells.
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1.3.3 AllI-AC dendritic release correlates with lobular surface area

We predicted that All-ACs with larger surface area and presumably more lobular appendages

would produce larger ACr, responses. We found that plotting ACr, responses from mouse All-ACs

versus their Cry baseline values produced a positive correlation (Fig. 1.4A, B), which suggests that

AllI-ACs with more lobules and/or with larger proximal dendritic lobules produce more overall

exocytosis and glycine release. Rat All-ACs soma and OFF sublamina dendrites have a combined

surface area of ~577 um?, estimated from morphological reconstructions (Zandt et al., 2018),

which converts to 5.77 pF using a specific membrane capacitance of 10 fF/um?. This is just slightly

larger than our average baseline Cy, measurements (4.375 pF) in mouse All-ACs.
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L4 All-AC AC,,, responses correlate to proximal dendritic surface area.

A, AC,, responses to a 100 ms depolarizing pulse plotted against baseline C, responses for All-ACs from p30-35

mice (n = 25). Dashed line depicts linear regression fit showing positive correlation (r = 0.630; p <0.001;

Spearman). B, Whole-cell traces of Cy, and Ic, responses recordings in All-ACs from 5 week old Sprague-Dawley

rats. Shown are traces from individual All-ACs (grey; n = 10), and a grand average trace (red). C, Micrographs of

rat All-ACs filled with Alexa 488. Shown are epifluorescence max intensity projections (z = 0.5 um) after CMLE

iterative deconvolution (Huygens Essential; Scientific Volume Imaging, Hilversum, the Netherlands). D,

Representative 3D volume fills (Imaris) of soma and OFF-sublamina dendrites (blue) with lobules (yellow), and

fluorescence intensity overlay (red). Same cells as in panel C. E-G, Summary plots of electrophysiological data

against lobule surface area acquired from 3D reconstructions for 10 All-ACs. Shown are plots for AC, (E; r =0.718;

23



p =0.016), Q.. (F; r = 0.428; p = 0.189), and exocytosis efficiency (G; r = 0.6364; p = 0.04). Open circles represent
individual AllI-ACs. Notice how the increase in AC,, correlates with the lobule surface area, indicating that these
cells may have more synaptic active zones. Dashed lines indicate linear fits. Statistical significance was determined
using the Spearman correlation test. Results from B-C were generated by Marc Meadows with supervision and

guidance of Drs. Margaret Veruki, and Espen Hartveit (University of Bergen, Norway).

We paired Cn, measurements with morphometric imaging data to test if ACm, responses correlate
with lobular surface area (Fig. 1.4 B - G). Our estimates of the OFF sublamina surface area (564 *
37.8 um?) was slightly smaller than expected from baseline Cr, estimates (6.23 + 0.30 pF). We
also found a positive correlation between the ACr, jump size and lobule surface area (Fig. 1.4 E),

Ca?* current charge (Qca), and exocytosis efficiency (ACm / Qca).

1.3.4 Scope of synaptic measurements in the retina

Cm measurements were pioneered in the retina using goldfish bipolar cell synaptic terminals (von
Gersdorff and Matthews, 1994) and photoreceptors salamander photoreceptors (Rieke and
Schwartz, 1994). This technique has been used extensively to study exocytosis and endocytosis
mechanisms in rods, cones, and RBCs (and mixed-BC in goldfish retina). These cells have
specialized ribbon synapses with non-inactivating L-type Ca%* channels for tonic exocytosis.
Photoreceptors are able to provide continuous and graded glutamate release (Jackman et al.,
2009), while BCs can provide either fast phasic or slow graded glutamate release (von Gersdorff

et al., 1998; Singer and Diamond, 2006).

We chose the AlI-AC to be the centerpiece of this thesis for their importance to visual processing,
as they are downstream to both photoreceptor and RBCs. Currently, All-ACs are the first example
of an inhibitory synapse to be studied using C,, measurements and can provide both phasic and
graded levels of glycine release despite having conventional synapses (Balakrishnan et al., 2015).
The AlI-ACs also have L-type Ca?* channels (Habermann et al., 2008). Moreover, they also have
two large readily releasable pools of vesicles, as do goldfish bipolar cells. A growing number of
studies are finding that some conventional active zone synapses can be suited for sustained
exocytosis (although they lack synaptic ribbons) and may share some molecular mechanisms for

vesicle trafficking with ribbon synapses (Hallermann and Silver, 2013).
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Section 2.1: Summary

Neuromodulation via the intracellular second messenger cAMP is ubiquitous at presynaptic
nerve terminals. This modulation of synaptic transmission allows exocytosis to adapt to stimulus
levels and reliably encode information. The All amacrine cell (All-AC) is a central hub for signal
processing in the mammalian retina. The main apical dendrite of the All-AC is connected to
several lobular appendages that release glycine onto OFF cone bipolar cells and ganglion cells.
However, the influence of cAMP on glycine release is not well understood. Using membrane
capacitance measurements from mouse All-ACs to directly measure exocytosis, we observe that
intracellular dialysis of 1 mM cAMP enhances exocytosis without affecting the L-type Ca®*

current. Responses to depolarizing pulses of various durations show that the size of the readily

releasable pool of vesicles nearly doubles with cAMP, while paired-pulse depression experiments

29



suggest that release probability does not change. Specific agonists and antagonists for exchange
protein activated by cAMP 2 (EPAC2) revealed that the cAMP-induced enhancement of
exocytosis requires EPAC2 activation. Furthermore, intact Ca?* stores were also necessary for the
cAMP potentiation of exocytosis. Postsynaptic recordings from OFF cone bipolar cells showed
that increasing cAMP with forskolin potentiated the frequency of glycinergic spontaneous IPSCs.
We propose that cAMP elevations in the All-AC lead to a robust enhancement of glycine release
through an EPAC2 and Ca?* store signaling pathway. Our results thus contribute to a better

understanding of how AlI-AC crossover inhibitory circuits adapt to changes in ambient luminance.

Section 2.2: Introduction

Light signals are transduced by photoreceptors into graded glutamate release onto bipolar cell
(BC) dendrites and then by BC terminals via glutamate release onto retinal ganglion cell (RGC)
dendrites in the inner plexiform layer (IPL). Amacrine cells (ACs) form inhibitory synapses in the
IPL with BC terminals, with other ACs and with RGC dendrites (Strettoi et al., 1992; Wassle, 2004).
All ACs (All-ACs) are the most abundant glycinergic narrow-field AC in the mammalian retina and
are found even in the primate fovea (Vaney et al., 1991; Wassle et al., 2009; Strettoi et al., 2018).
Their dendritic arbors are bistratified in the IPL and perform two compartment specific functions
that are crucial for night (scotopic) and daytime (photopic) vision. First, glutamate from rod BC
terminals activates AMPARs on All-AC distal dendrites, and these excitatory signals are relayed
to neighboring All-ACs and ON-cone BCs (ON-CBCs) through gap junctions (Demb and Singer,
2012). Second, signals from ON rod BCs or ON-CBCs crossover to inhibit OFF-cone BCs (OFF-CBCs)
and OFF-RGCs via the AlI-AC proximal dendritic lobular appendages. These lobular terminals
express L-type Cay1.3 Ca?* channels at active zones for exocytosis and contain a large pool of
synaptic vesicles loaded with glycine (Habermann et al., 2003; Marc et al., 2014). This crossover
inhibition from ON to OFF channels enhances the signal-to-noise ratio of retinal circuits (Liang

and Freed, 2012).

The dynamic range of the rod and cone photoreceptors operates from 1 to >100,000 photons,
yet little is known about how crossover inhibition adapts to such a wide range of light intensities.

The adaptation of retinal circuits to changes in ambient light is dependent on neuromodulators
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(Roy and Field, 2019). Light-evoked uncoupling of All-ACs networks, for example, relies on the
elevation of retinal dopamine (Hampson et al., 1992), which in turn induces cAMP-dependent
dephosphorylation of connexin 36 (Cx36) hemichannels (Kothmann et al., 2009). This decreases
gap-junction conductances between All-ACs, which relies on cAMP binding and activating protein
kinase A (PKA) in the distal dendritic arbors (Kothmann et al., 2009; Field and Sampath, 2017).
Although dopaminergic ACs form en passant synapses onto All-ACs (Voigt and Wassle, 1987), it
is still unclear how changes in dopamine and cAMP levels affect crossover inhibition via glycine

release.

Changes in the concentration of cAMP can induce changes in presynaptic release probability (Pr)
or the size of the readily releasable pool (RRP) of vesicles at different CNS synapses (Vaden et al.,
2019). This can be mediated by activating PKA or the effector protein directly activated by cAMP
(EPAC) at excitatory and inhibitory synapses (Katsurabayashi et al., 2001; Sakaba and Neher,
2001; Kaneko and Takahashi, 2004; Fernandes et al., 2015). The proximity of the All-AC lobules
to the cell soma makes these release sites electronically accessible for time-resolved membrane
capacitance (Cnm) recordings (Balakrishnan et al., 2015; Hartveit et al., 2019). The All-AC contains
a large RRP of vesicles, which may account for this interneuron's ability to provide both phasic
and graded modes of synaptic transmission (Graydon et al., 2018). This versatility in

neurotransmitter release may allow All-ACs to reliably encode different temporal frequencies.

Here we used C,, measurements of exocytosis from All-ACs and recordings of spontaneous IPSCs
(sIPSCs) from OFF-CBCs to provide direct evidence that cAMP can enhance inhibitory synaptic
transmission. We find that this cAMP-induced potentiation of exocytosis is not PKA-dependent.
Instead, this potentiation depends on EPAC2 activation and intact internal Ca?* stores.
Importantly, cAMP elevation did not change significantly the total charge influx of the L-type Ca?*
current, which triggers exocytosis and is localized to the lobular appendages of the All-ACs
(Habermann et al., 2003; Balakrishnan et al., 2015). We propose that EPAC2 activation promotes
Ca?* release from Ca?* stores that enhances glycine release onto OFF-CBC synaptic terminals.
Changes of cAMP levels in All-ACs thus constitute an important signaling pathway that modulates

glycine release in the mammalian retina.
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Section 2.3: Results

2.3.1 Plastic changes in glycine release by the All-AC

2.3.1a Dialysis of cAMP potentiates exocytosis in All-ACs
We performed whole-cell voltage-clamp experiments by patching All-AC somas with a Cs-based

internal pipette solution containing 1 mM cAMP (Fig. 2.1A). All-ACs were targeted by the
characteristic location of their somas near the border between the INL and IPL. Dye-filled cells
were examined after each recording to morphologically confirm their identity as All-ACs (Fig.
2.1B). A 100 ms depolarizing pulse from -80 to -10 mV elicits a noninactivating L-type Ca**
current (lca; Fig. 2.1C,D, insets), which was isolated after offline leak subtraction (see Materials &
Methods). After whole-cell break-in, depolarizing pulses were given at <1 min and shortly after
>4 min of whole-cell dialysis with the internal solution. The Ica responses observed in control
(without cAMP; Fig. 2.1C) were similar to Ica recordings performed with 1 mM cAMP (Fig. 2.1D).
The Ica current was integrated over the entire pulse duration to measure the Ca%* charge transfer
(Qca). As shown in Figure 2.1E, Qca did not change significantly between 1 and 4 min of dialysis
with the control solution (1 min: 10.4 + 1.15 pC; and 4 min: 10.8 + 0.95 pC; n = 22; p = 0.552;
Wilcoxon). The Ica thus remained stable and did not rundown or runup during whole-cell
recordings. As shown in Figure 2.1F, 1 mM cAMP did not affect the Qc, (1 min: 9.16 + 1.06 pC;
and 4 min: 9.05 £ 1.02 pC; n = 22; p = 0.924; Wilcoxon), which indicates that cAMP has no

significant effect on the L-type Ca?* currents of All-ACs.

Time-resolved C, measurements can correlate strongly with synaptic vesicle exocytosis and
neurotransmitter release at different nerve terminals (Grabner and Zenisek, 2013; Ritzau-Jost et
al., 2014). We next measured ACn, before and after the dialysis with control internal solution.
Similar to our previous report (Balakrishnan et al., 2015), we did not observe a significant
rundown or change in ACr, when using our control internal solution within a time window of ~10
min after break-in (Fig. 2.1C,E; 1 min: 62.6 £ 6.32 fF; and 4 min: 60.7 £ 5.54 fF; n = 22; p = 0.6333;
Wilcoxon). However, when the pipette solution contained 1 mM cAMP, we observed significantly
larger ACn, jumps after 4 min of whole-cell dialysis (Fig. 2.1D,F; 1 min: 48.56 * 4.48 fF; and 4 min:
66.9 + 7.41 fF; n = 22; p = 0.0006; Wilcoxon), although Qca remained the same (Fig. 2.1F).
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21Dijalysis with cAMP (1 mM) potentiates evoked exocytosis in All-ACs.

A, Schematic of the crossover inhibitory circuit and the All-AC. Signals from cone photoreceptors are split into
ON- and OFF-type BCs and mixed by All-ACs. Excitation from gap junction (blue arrows) coupled ON-BCs is
converted by the AlI-AC into synaptic release of inhibitory glycine to OFF-BCs (red arrow). B, Epifluorescence
micrograph of an All-AC filled with an internal solution containing Alexa 488 (20 uM) after whole-cell patch-clamp
recording. Labeled on image are lines indicating layers and sublayers of the retina. C, D, Average traces of C, and
Ica responses to a 100 ms depolarizing pulse (from —-80 to -10 mV) within 1 min (blue) and 4 min (red) after break-
in. Gray bar represents the region where C,, values were averaged. C, Recordings from All-ACs using a control
internal solution (no cAMP). D, Recordings from All-ACs using an internal solution containing 1 mM cAMP. E, F,
Summary plots for ACy,, the Ic, integrated charge transfer (Qc.), and exocytosis efficiency (AC/Qca) showing
pairwise comparisons between each time after break-in. Solid circles represent data from individual All-ACs. Open
circles with error bars represent mean + SEM. E, Summary plots for control dataset. There is no change in ACy,
Qca, or ACr/Qca after 4 min of recording. Statistical significance for ACr, was tested using a paired t test, while Qc,
and efficiency were tested using a Wilcoxon t test. F, Summary plots for 1 mM cAMP dataset. AC,, and exocytosis
efficiency increase significantly at 4 min with no change in Qc,. Statistical significance for the 1 mM cAMP datasets
was determined using Wilcoxon t tests: ns, p > 0.05; **p < 0.01; ***p < 0.001. Data collected by Marc Meadows

and Veeramuthu Balakrishnan.

This suggests that a cAMP-dependent potentiation of exocytosis is present in All-ACs, and this

enhancement of vesicle fusion occurs without augmenting L-type Ca?* currents. The efficiency of
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exocytosis (ratio of ACy, divided by Qca) did not change in controls (1 min: 7.13 + 0.89 fF/pC; and
4 min: 6.32 + 0.65 fF/pC; n = 22; p = 0.3248; Wilcoxon). However, we observed an increase in
exocytosis efficiency with 1 mM cAMP (1 min: 6.40 + 0.68 fF/pC; and 4 min: 8.50 + 1.08 fF/pC; n
=22; p =0.0059; Wilcoxon).

The passive parameters of Rs (1 min: 28.4 + 2.87 MQ; and 4 min: 24.8 £ 2.45 MQ; n = 22; MQ; p
=0.002) and Rn (1 min: 956 + 300 MQ; and 4 min: 603 + 127 MQ; n = 22; p = 0.0738; Wilcoxon)
were also recorded in control experiments. These values were similar to those from cells dialyzed
with 1 mM cAMP for both Rs (1 min: 25.4 + 2.54 MQ; and 4 min: 27.5 £ 3.62 MQ; n = 22; p =
0.5879) and R (1 min: 1040 + 247 MQ; and 4 min: 742 £ 118 MQ; n = 22; p = 0.0684; Wilcoxon).

As long as Rm > Rs, the AC, measurements should be a good estimate of exocytosis (Gillis, 2000).

2.3.1b Tracking the diffusion of small molecules within All-ACs

The AllI-AC has been classically modeled as a compact isopotential cell despite its complex
morphology (Vardi and Smith, 1996). However, recent electrotonic and morphologic modeling
suggests that electrical compartments can filter the spread of voltage between distal and
proximal regions of the AII-AC in rat retina (Zandt et al.,, 2018). Furthermore, the dendritic
compartments and the narrow tubes linking lobules with dendrites can act as diffusion barriers,

which may complicate our study of cAMP modulation on synaptic vesicle exocytosis.

We thus tracked the fluorescent dye Alexa-488 as it diffused from the pipette solution and mixed
with the All-AC cytosol. Alexa-488 does not permeate across membranes but will dialyze into
cells after whole-cell break-in. The perfusion rate of small mobile molecules depends on the
molecular weight of the molecule, the cell volume, and the pipette Rs (Neher and Almers, 1986;
Oliva et al., 1988). In addition, tortuosity (geometry of the pathway), viscosity of the cytosol,
binding or degradation of the molecule, and the diffusion coefficient all influence diffusion rates.
We thus measured the dialysis of Alexa-488 after making whole-cell patches of All-ACs (Rs: 28.7
+ 4.59 MQ; n = 5). Shown in Figure 2.2A are representative images from a time-lapse video of a
single All-AC being filled with Alexa-488 dye. Time-lapse imaging captured the dialysis time
course after whole-cell break-in (Fig. 2.2Ai,Aii). Proximal dendritic compartments began filling

within 1 min of dialysis, and the All-AC was fully dialyzed with Alexa dye after 3 min. Time-series
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images were acquired at multiple focal plans to capture the branched distal compartments (Fig.
2.2Aii,Aiii). Similar observations were obtained in 5 All-ACs; however, we were unable to capture

distal and fine arbors in 2 of 5 cells.

Specific ROIs were selected for measuring fluorescence intensity: the soma, lobular varicosities,
dendritic branches, and distal dendritic arbors (Fig. 2.2B). Lobular appendages have diverse
structures, so multiple lobules were selected from each cell to accommodate for variations in
size and distance from the soma's central axis (Zandt et al., 2018). Changes in absolute
fluorescence were observed immediately after the moment of break-in (t = 0 min) within the
soma and plateaued within 3 min at distal compartments. Because of the wide range in
fluorescence intensity among different ROIs (i.e., Fmax in the soma was 10-fold higher compared
with lobules), traces were normalized for comparing diffusion rates (Fig. 2.2C). By comparing
normalized fluorescence intensity traces, we were able to better estimate the time course of
diffusion of Alexa dye through complex structures of the All-AC dendrites (Fig. 2.2C, left). Mean
traces from each ROI plotted in 3D were pseudocolored (Fig. 2.2D) to show the time necessary
to reach a steady fluorescence (red), illustrating that simple structures (soma and apical dendrite)
reach a steady state faster than distal compartments (lobules and distal arboreal dendrites)
where thinner and more complex dendritic branching may act as a diffusion barrier. Individual
fluorescent traces were fit with a single exponential function to estimate diffusion time
constants. This diffusion time constant was a linear function of the whole-cell Rs with positive
slope (data not shown; Pearson's test; r = 0.9021; p = 0.036; n = 5) in agreement with previous
studies (Neher and Almers, 1986; Oliva et al., 1988). Plotting the time constant t values (Fig. 2.2E)
shows that diffusion times in proximal compartments (soma and apical dendrite) saturate within
seconds after break-in (Tsoma = 0.47 £ 0.06 Min; Tapical = 0.49 £ 0.06 min). Slower t values were
seen for lobules and dendritic branch structures (tiobule: 0.85 + 0.10 Min; Toranch = 0.84 + 0.11 min),
although this trend was not significant. However, distal arboreal dendrites required significantly
more time to reach the same level of fluorescence as the soma (tdistal = 1.34 + 0.35 min; p <
0.03; n = 3), suggesting that the thin processes act as a diffusion barrier. After 3 min, even the

distal arboreal dendrites were fully saturated with dye and reached a steady state.
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22pjalysis time course of All-ACs after whole-cell break-in.

A, Sequence of micrographs showing epifluorescence images of an All-AC during whole-cell dialysis with an
internal solution containing 20 uM Alexa-488. Image stacks were acquired (see Material and Methods) before
break- in (Ai) and during whole-cell dialysis (Aii—-Aiv). ROls indicate morphologic features of the All-ACs (1: soma;
2: root dendrite; 3: lobular varicosities; 4: dendrite branch; and 5: distal arboreal dendrite). Time displayed as
mm:ss. Scale bar, 10 um. B, Example traces of absolute fluorescence intensity from individual All-AC somas (top)
and multiple lobules (bottom). C, Traces of normalized fluorescence plotted as mean + SEM. Top, Datasets from
the soma (ROI-1; n = 5), and root dendrite (ROI-2; n = 5). Bottom, Datasets from the lobules (ROI-3; n = 10),
dendrite branch (ROI-4; n = 3), and distal arboreal dendrite (ROI-5; n = 3). D, 3D histogram showing normalized
fluorescence intensity profiles (same as in C). Traces are colored (violet to red) to indicate normalized fluorescence
intensity. The mean time constant t from an exponential fit (red plane) show the slower time course in distal
processes of All-ACs. E, Plots of T values obtained from exponential fits to raw fluorescence intensity traces. Closed
circles represent data from individual ROIls. Open circles and error bars represent mean + SEM. Statistical

significance was determined using a one-way ANOVA and Tukey's test: *p < 0.05; **p < 0.01.
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Similar observations were made for five distinct All-ACs. The dialysis of Alexa-488 was complete
within <3 min for all five AllI-ACs. Given that the molecular weight of Alexa-488 (547.85 g/mol) is
larger than cAMP (329.2 g/mol), these results suggest that the concentration of cAMP in the

lobular appendages may also reach a steady-state level within <3 min after whole-cell break-in.

2.3.1c cAMP increases the initial and secondary vesicle pool size

The size of the RRP of synaptic vesicles can be determined by giving depolarizing pulses of
increasing durations to evoke ACn, jumps until a plateau level is reached. This protocol revealed
two kinetically distinct pools of vesicles in All-ACs (Balakrishnan et al., 2015). We measured Cm,
responses to a range of depolarizing pulse durations from 1 to 500 ms. The pulses were spaced
15-30 s apart, and results were quantified at 4 min after break-in across several All-ACs using
either control or 1 mM cAMP internal solutions. We estimated the effects of cCAMP on the RRP
size by plotting ACn, as a function of the depolarizing pulse duration for each dataset (Fig. 2.3).
Examples of Ica response to short (1-10 ms) and long pulses (100 ms) illustrate the similar peak
amplitudes, total charge, and inactivation kinetics of the L-type Ca?* currents from All-ACs
recorded with control and 1 mM cAMP internal solutions (Fig. 2.3A). The initial RRP was
estimated using short pulses ranging from 1 to 100 ms in duration performed 4 min after break-
in (Fig. 2.3B). The initial RRP size was determined by averaging responses from 40 to 100 ms for
each dataset, which was significantly larger with 1 mM cAMP (control: 37.3 + 1.85 fF; and cAMP:
63.4 £ 3.75 fF; p < 0.0001, Student's t test). Time constants from fitting with a single exponential
function from 1 to 60 ms were similar (control: T = 3.28 ms; and cAMP: T = 4.82 ms), as well as
the initial rate of exocytosis (control: 11.4 fF/ms; and cAMP: 13.2 fF/ms). These results suggest
cAMP is enhancing the size of the initial RRP of vesicles without altering the initial kinetics of
exocytosis. Longer depolarizing pulse durations (from 200 to 500 ms) revealed that ACn

continued to rise for both the control and cAMP datasets (Fig. 2.3B).
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23yesicle pool size increases with 1 mM cAMP in the patch pipette.

A, Average Ic, for different depolarizing pulse durations stepping from =80 to =10 mV recorded from All-ACs using
a control (blue) and 1 mM cAMP containing (red) internal solutions. Average Ic, responses are shown for 1, 2, 5,
10, and 100 ms; the number cells (n) are labeled on each graph. All recordings were performed between 4 and 7
min after break-in and were spaced 15-30 s apart. The vertical scale bar is the same for all traces. Black lines on
the 100 ms Ic, show double exponential fits. The decay time constants had a fast (t;; control: 5 ms, and cAMP: 6
ms) component, which was 56% of the total decay; and a slow component (tz; control: 100 ms, and cAMP: 120
ms). B, Plot of AC,, responses versus pulse durations ranging from 1 to 100 ms. The AC,, saturates for pulse
durations of ~20-60 ms for controls (blue) and for 1 mM cAMP dataset (red). Solid lines indicate an exponential
fit for control (R =0.28) and 1 mM cAMP (R? = 0.48) datasets. Time constants are labeled on the graph (control:
T =3.28 ms; and cAMP: T = 4.82 ms). The size of the RRP can be estimated from the saturating C, responses for
40-60 ms pulses. C, Plot of AC, responses versus pulse durations ranging from 1 to 500 ms for control (blue) and
1 mM cAMP (red) datasets. Solid lines are double exponential fits to each dataset. The curve fitting improved for
the control (R? = 0.57) and cAMP (R? = 0.65) datasets. Time constants are shown on the graph: control: t; = 2.02
ms (28.0%); T2 = 330 ms, and 1 mM cAMP: t; = 3.17 ms (28.7%); 12 = 285 ms. The double-exponential fit suggests
that a secondary vesicle pool, with slower release kinetics, can be evoked for longer pulses. This secondary pool
was also larger with 1 mM cAMP in the patch pipette. Open circles with error bars represent mean + SEM.
Statistical significance determined using unpaired parametric t tests: *p < 0.05; **p < 0.01; ****p < 0.0001.

Results are summarized in Table 1. Data collected by Marc Meadows and Veeramuthu Balakrishnan.
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The entire dataset was well fit by a double exponential function. Both control and cAMP datasets
have a fast initial RRP with similar time constants (t1; control: 2.02 ms; and cAMP: 3.16 ms), which
accounted for 28% of the total pool size. The remaining secondary pool had a much slower
kinetics (control: T2 = 330 ms; and cAMP: 12 = 285 ms). The kinetics of the overall RRP were thus
not affected by cAMP. However, the overall RRP size was significantly larger with cAMP, which
nearly doubled the size of the overall RRP (estimated using ACm, averaged from 200 to 500 ms for
control: 67.5 + 3.65 fF; and cAMP: 108 + 4.46 fF; p < 0.0001). Results and statistical tests are

summarized in Table 1.

Table 1. Vesicle exocytosis is enhanced by 1 mM cAMP?

Duration AC, Mean + SEM n t-test Duration ACn, Mean £ SEM n t-test
1ms control: 8.79 + 1.76 6 p =0.2948; ns 80 ms control: 39.1 +4.01 12 p =0.0168; *
cAMP:12.2 + 2.57 6 cAMP: 60.0 £ 7.91 8
2 ms 18.3+1.80 9 p =0.2011; ns 100 ms 39.9+3.11 21 p =<0.0001; ****
23.7+2.61 20 75.6 £ 7.05 22
5 ms 24.8 +2.27 14 p=0.0689; ns 200 ms 57.9+4.36 12 p =0.0039; **
31.9+2.72 19 87.6 £ 6.82 20
10 ms 29.2 +2.56 12 p =0.0184; * 300 ms 68.2 +5.97 11 p =0.001; **
41.2 +3.65 16 110+ 7.87 19
20 ms 31.1+3.42 18 p =0.003; ** 400 ms 70.0 £ 8.48 6 p = 0.005; **
48.0 £ 4.03 16 112+7.72 14
40 ms 33.2+4.25 14 p=0.0031; ** 500 ms 76.8 +10.1 10 p =0.0057; **
54.2 +4.80 13 126 +10.9 17
60 ms 36.2 +3.80 16 p =0.0263; *

52.4 £6.26 11

aSSummary results for Figure 2.3B,C.

Displayed are AC,, responses to depolarizing pulse durations from 1 to 500 ms. Recordings were performed
between 4 and 7 min after whole-cell break-in with control internal pipette solutions or with 1 mM cAMP
containing internal solutions in separate groups of All-ACs. Pulses were given in random order across different cells.
AC,, values are listed as mean + SEM for control and 1 mM cAMP datasets. The number of All-AC recordings (n) and

results from a Student’s t test are listed. NS (p > 0.05); *p < 0.05; **p < 0.001; ****p < 0.0001.

2.3.1d Effects of 1 mM cAMP on paired-pulse depression

Like retinal ribbon synapses (Rabl et al., 2006; Cho and von Gersdorff, 2012), the synapses of ACs
can exhibit strong paired pulse depression that takes several seconds to fully recover (Li et al.,
2007; Vickers et al., 2012). To study short-term depression and test the effects of 1 mM cAMP on
Prand RRP size, we performed double-pulse ACn, recordings. Paired-pulse depression was tested

by measuring ACr, responses for two depolarizing pulses (20 ms; from -80 to -10 mV) interleaved
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between sinewaves (2 kHz) and with an interpulse duration of 500 ms. This produced marked
paired-pulse ACn, depression (Fig. 2.4). Recordings were performed in All-ACs within 1 min after
whole-cell break-in and just after 4 min of break-in using a control internal solution (Fig. 2.4A)
and an internal solution containing 1 mM cAMP (Fig. 2.4B). The ACr, responses to the first pulse
(ACq) for control experiments did not change after 4 min (1 min: 38.4 + 4.26 fF; and 4 min: 38.1
5.53 fF; n=8; p = 0.8998, paired t test). The AC; did increased significantly with 1 mM cAMP (Fig.
2.4C; 1 min: 36.6 £ 4.05 fF; and 4 min: 54.7 £ 6.35 fF; n = 11; p = 0.0017, paired t test). The Qca
values after 4 min were significantly reduced for both control (1 min: 1.92 + 0.19 pC; and 4 min:
1.59 £ 0.23 pC; n = 8; p = 0.0369, paired t test) and 1 mM cAMP (1 min: 1.84 + 0.21; and 4 min:
1.56 +£0.19; n=11; p = 0.0387, paired t test). However, the values of Qc, at 1 min for control and
cAMP, and at 4 min for control and cAMP, were not significantly different. In both conditions, the
ACn, to the second pulse (AC;) was smaller than the first pulse (AC1), whereas Ica responses to
both pulses were the same (Fig. 2.4A,B). The paired pulse ratio (PPR; AC2/ACs; Fig. 2.4D) did not
change for control (1 min: 0.39 + 0.06; and 4 min: 0.39 + 0.03; n = 8; p = 0.9434, paired t test).
The PPR for experiments with 1 mM cAMP exhibited a slight increase, but this was not significant
(1 min: 0.37 £ 0.05; and 4 min: 0.47 £ 0.03; n = 11; p = 0.0841, paired t test). Paired-pulse
depression cannot be explained by changes in Ica charge because Quatio (Q2/Q1) was = 1.0 (Fig.
2.4D) and did not change significantly for control (1 min: 1.04 + 0.06; and 4 min: 1.058 + 0.05; n
=8; p =0.8742, paired t test) or with cAMP (1 min: 1.02 + 0.05; and 4 min: 1.08 £+ 0.05; n=11; p
= 0.3613, paired t test). Estimates for the maximum overall pool size (Bmax; Fig. 2.4E) were

calculated by using the following formula:

P AC, + AC,
max 1 — (AC,/AC,))?

This formula assumes that the same fraction of the pool is released with each pulse (Gillis et al.,
1996; M. Chen and von Gersdorff, 2019). If there is a larger fraction of release during the second
pulse (e.g., because of residual Ca?* from the first pulse) or significant vesicle recruitment during

the second pulse, then Bmax Will overestimate the actual initial pool size. Therefore, the actual
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24 Short-term plasticity: Effects of 1 mM cAMP on paired-pulse depression.

Whole-cell voltage-clamp recordings of Cr, and Ic, from All-ACs are shown for two consecutive depolarizing pulses

(20 ms duration) separated by 500 ms. Recordings of C, jumps show paired-pulse synaptic depression. Shown are

Cm and I¢, traces performed within 1 min (blue) and at 4 min (red) after whole-cell break-in. Labeled on the graph

is the pulse number (P; and P,) corresponding to each Cy, jump (AC; and AG,). Gray bar represents the region

where C, values were averaged. A, Average Cn, and I, traces for recordings performed using a control internal

solution (with no cAMP). The AC; is depressed with no change in the lc,. AC; and AC; did not change after 4 min

of recording. B, Average Cn, and Ic, recordings performed with an internal solution containing 1 mM cAMP. Notice
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how AC; increases after 4 min for the 1 mM cAMP dataset. C-E, Summary plots showing pairwise comparisons for
recordings made within 1 min (blue) and after 4 min (red) of break-in. Displayed are datasets for recordings with
control (top) and 1 mM cAMP (bottom) internal solutions. Closed circles represent data from individual All-AC.
Open circles with error bars represent mean + SEM. C, Summary plots of AC; and Ic, charge (Q;) for each dataset.
With 1 mM cAMP, the AC; increases after 4 min, while the Q; decreases. D, Summary plots of the paired-pulse Cn,
jump ratio (AC,/AC;) and Q ratio (Q2/Qi). The Q ratio is near 1, indicating that the Ic, charge for each pulse is
unchanged. The paired-pulse AC,/AC; and Q ratio after 4 min also do not change significantly. E, Summary plot
for estimates of Bmax (maximum vesicle pool size). Bmax increases after 4 min with 1 mM cAMP. Statistical

significance determined using a paired t test: ns, p > 0.05; *p < 0.05; **p < 0.01.

pool size lies between AC; and Bmax. There was no change in Bmax after 4 min for controls (1 min:
72.2 +14.8 fF; and 4 min: 63.05 £ 9.28 fF; n = 8; p = 0.4809, paired t test), but a significant increase
for experiments with 1 mM cAMP (1 min: 64.5 + 11.9 fF; and 4 min: 103 £+ 109 fF; n=11; p =
0.0143, paired t test). The PPR we measured varied from 0.4 to 0.5, which suggests a high P;,
reflecting the strength of our depolarizing pulse from -80 to -10 mV. We found that PPR did not
change significantly with 1 mM cAMP; however, Bmax did increase significantly. This further
supports our findings in Figure 2.3, suggesting that 1 mM cAMP increases the RRP size, without

changing the release kinetics or the initial P;.

2.3.2 cAMP enhances the exocytosis of All-ACs from Cx367 mice

Electrical synapses are formed between All-ACs through Cx36 gap junctions located at the distal
arboreal dendrites, forming a vast All-ACs coupled network (Hartveit and Veruki, 2012; Marc et
al.,, 2014). We considered the possibility that cAMP may introduce artifacts by altering the
coupling state between All-ACs, which could change the input resistance (Vardi and Smith, 1996;
Urschel et al., 2006; Veruki et al., 2010). We thus performed ACr, recordings using standard
solutions and with cAMP in the transgenic Cx36 global knock out (Cx367°) mouse (Hormuzdi et
al., 2001; Christie, et al., 2005; Balakrishnan et al., 2015). This addresses the issue of whether
cAMP-dependent modulation of gap junctions may influence an increase in the ACy, jump size.
Recordings from Cx367 All-ACs produced normal Ica currents before 1 min and 4 min after break-
in (Fig. 2.5A, inset). We observed no changes in Qc, resulting from 100 ms pulses (1 min: 11.2 +
1.54 pC; and 4 min: 12.0 + 1.45 pC; n = 5; p = 0.5356, paired t test). ACm recordings were also
performed before and after 1 mM cAMP dialysis (Fig. 2.5B). After 4 min of dialysis with cAMP,
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ACn, increased significantly (1 min: 33.8 + 5.83 fF; and 4 min: 60.4 + 7.84 fF; n = 5; p = 0.0004,
paired t test).
Figure®>

1 mM cAMP Cx36+ AC,(fF) Qc. (PC)
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25 Effects of cAMP on exocytosis are independent of All-AC gap junction coupling. Whole-cell voltage-clamp
recordings in All-ACs from Cx367 mice performed using an internal solution containing 1 mM cAMP. A, Average
Cm and ¢, responses to a 100 ms depolarizing pulse. Recordings were performed before 1 min (blue) and at 4 min
(red) after break-in. C,, jumps are larger after 4 min, with no changes in Ic, traces. Gray bar represents the region
where Cr, values were averaged. B, Summary plots for ACr, and Qc, showing pairwise comparisons between the
time after break-in for each recording. Closed circles represent data from individual All-ACs. Open circles with
error bars represent mean + SEM. AC, significantly increase after 4 min without any corresponding changes in
Qc.. Statistical significance determined using a paired t test: ns, p > 0.05; ***p < 0.001. Data collected by

Veeramuthu Balakrishnan.

These results are very similar to the WT mice and rule out the possibility that cAMP modulation
of gap junctions are augmenting ACn, jumps. We conclude that cAMP is enhancing vesicle fusion
independently of gap junctions. Dialysis of 1 mM cAMP did not change Rs (1 min: 41.1 £ 9.69 MQ;
and 4 min: 45.0 £ 20.3 MQ; n =5; p=0.8125, Wilcoxon) or Ry, (1 min: 2100 + 945 MQ; and 4 min:
1203 £ 253.5 MQ; n=5; p =0.0625, Wilcoxon). Compared with All-ACs from WT C57 mice, 1 mM
cAMP experiments with Cx367 did have significantly higher Rs (p = 0.035, Mann—-Whitney) and
Rm (p = 0.003, Mann—Whitney). We observed a higher average Rn in mutant Cx367 mice (2100 +
945 MQ at 1 min) than in WT C57 (1040 + 247 MQ at 1 min), as expected from the lack of gap

junction coupling between All-ACs in the Cx367 mouse retina.
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2.3.3 Forskolin enhances the exocytosis from All-ACs

2.3.3a Forskolin potentiates presynaptic Cpy responses in All-ACs

We have shown that vesicle exocytosis is enhanced by directly applying 1 mM cAMP through the
patch pipette. Forskolin is a membrane-permeable activator of adenylyl cyclase that can enhance
synaptic transmission by increasing endogenous levels of cAMP (C. Chen and Regehr, 1997;
Tzounopoulos et al., 1998; Kamiya et al., 2002; Kaneko and Takahashi, 2004; Choi et al., 2009;
Alasbahi and Melzig, 2012). We thus preincubated retinal slices with 25 uM forskolin for 30 min

before whole-cell recordings. Forskolin was also continuously perfused during recording,
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Z6Upregulation of adenylyl cyclase potentiates exocytosis. Whole-cell voltage-clamp recordings were performed
in retinal slices that were preincubated for 10 min with Ames (control; black) or containing in addition 10 uM
forskolin (orange), a potent activator of adenylyl cyclase. A, The C,, and Ic, recordings were performed 4 min after
break-in. All-ACs treated with forskolin produced on average larger AC,, jumps than controls. Gray bar represents
the region where C,, values were averaged. B, Summary plots for ACp, (left), Qca (middle), and exocytosis efficiency
(ACw/Qca; right) showing comparisons between All-ACs for control and 10 uM forskolin datasets. Closed circles
represent data from individual All-ACs. Open circles with error bars represent mean £ SEM. ACy, was significantly
increased when 10 uM forskolin was present in the external solution, whereas Qc, did not change significantly.
Statistical significance was determined using an unpaired Student's t test: ns, p > 0.05; *p < 0.05. Data collected

by Marc Meadows and Veeramuthu Balakrishnan.

whereas in separate control experiments cells within retinal slices were perfused with control
Ames medium without forskolin (Fig. 2.6A). Figure 2.6B shows that, in All-ACs treated with 25

UM forskolin, the ACr, jumps evoked by 100 ms pulses were nearly twofold larger than in controls
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(control: 58.6 + 7.95 fF, n = 11; and forskolin: 86.9 + 9.92 fF, n = 13; p = 0.0408, Mann—Whitney).
The Qs in cells with forskolin application was slightly larger than controls, although this was not
significant (control: 10.9 £ 1.82 pC, n=11; and forskolin: 13.5+1.80 pC, n =13; p = 0.2066, Mann—
Whitney). Our results indicate that increases the ACr, is independent of changes in the L-type Ca?*
channel current. Recorded Rs values (control: 24.4 £ 3.79 MQ, n = 11; and forskolin: 21.9 + 3.46
MQ, n =13; p = 0.6234; t test) and Rn, (control: 509 + 180 MQ, n = 11; and forskolin: 237 + 48.1
MQ, n =13; p =0.1297; t test) did not change significantly.

2.3.3b Forskolin increases glycinergic inhibition to OFF-CBCs

OFF-CBC terminals receive glycinergic inhibition from AllI-ACs (Wassle et al., 2009). We used
whole-cell voltage-clamp recordings from OFF-CBCs to record glycinergic sIPSCs as a measure of
spontaneous glycine release from All-ACs, which are the most abundant AC in the mammalian
retina (Fig. 2.7A). ON- and OFF-type BCs can be targeted by their soma position in the INL using
infrared DIC optics and distinguished by their morphology when filled with fluorescent dyes (Fig.
2.7B). Figure 2.7B shows examples of ON-CBCs and OFF-CBCs. ON-CBC axon terminates in the
ON-sublamina of the IPL (Fig. 2.7Bi), whereas OFF-CBCs terminate near the All-AC lobules in the
OFF-sublamina (Fig. 2.7Bii). Whole-cell voltage-clamp recordings from rat and/or mouse OFF-
CBCs resulted in large inward sIPSCs when held at =70 mV. Subtypes of primate OFF-CBCs exhibit
similar glycinergic sIPSCs (McLaughlin et al., 2021). Rat retina OFF-CBCs were used because they
are larger and easier to identify and patch clamp. These sIPSCs were all sensitive to 2 uM

strychnine, which blocked sIPSCs in 6 of 6 recordings in rat retina (Fig. 2.7C).

We next tested the effects of bath application of 25 uM forskolin during sIPSCs recordings. Figure
2.7D shows example traces from an OFF-CBC recording that illustrates sIPSCs before drug
treatment (controls; top trace) and the subsequent increase in frequency occurring after 25 uM
forskolin application (bottom trace). We quantified sIPSCs using custom mini analysis procedures
(see Materials and Methods) for rat OFF-BCs (n = 7) and sIPSCs recorded in retinal slices from
transgenic Syt2-EGFP mice (n = 3). Analysis from mouse and rat OFF-CBCs were grouped together
(n = 10). Events measured 30 s before drug application (control; 4347 events) were compared

with the last 60 s of recording during forskolin application (12,452 events). Figure 2.7E shows
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cumulative probability distributions of the interevent intervals between sIPSC events. The
cumulative histogram shows that the interevent interval after the application of 25 uM forskolin
significantly shifts to the left (p < 0.0001; Kolmogorov-Smirnov test). The shift to shorter
interevent intervals can be better visualized in plots on a log time-scale (Fig. 2.7F). The absolute
frequency was measured before and after 25 uM forskolin treatment for each OFF-CBC (Fig.
2.7G). The application of forskolin significantly increased the sIPSC frequency (pretreatment: 3.42
+ 0.96 Hz; and forskolin: 4.88 + 1.12 Hz; p = 0.002, paired t test). These results indicate that
forskolin is producing presynaptic changes that increase the frequency of spontaneous glycine
release. We also examined whether forskolin changes sIPSC amplitudes. Figure 2.7H shows the
grand average waveform for all sIPSCs recorded before and after drug application. A distribution
histogram comparing sIPSC amplitudes (Fig. 2.71) suggests that sIPSC amplitude is not affected by
forskolin. The centers of log-Gaussian fits (DF = 58) did not shift after forskolin treatment (control:
23.6 pA; R? = 0.99, and forskolin: 24.6 pA; R? = 0.97). Median sIPSC amplitudes from individual
cells (Fig. 2.7)) also did not change significantly after forskolin treatment (control: 36.4 £ 6.44 pA;
and forskolin: 41.8 + 10.4 pA; p = 0.43; Wilcoxon). This suggests that forskolin does not cause
changes to postsynaptic glycine receptors in OFF-CBCs or the quantal content of sIPSCs. However,
the average sIPSC traces took slightly longer to decay after forskolin application. We speculate
that higher release rates may produce excess glycine in the synaptic cleft, thereby increasing the
open probability of glycine receptors, and perhaps causing significantly longer decay time

constants (control: T = 1.82 + 0.43 ms; and forskolin: T=2.05 + 0.42 ms; p = 0.03; Wilcoxon).

These results suggest that the forskolin is activating adenylyl cyclase and thus producing cAMP-
induced changes that enhance the presynaptic release of glycine. We next determined the onset
of potentiation by continuously recording sIPSCs during 25 uM forskolin application. OFF-CBCs
were targeted in Syt2-EGFP mice that we backcrossed onto a C57 background (Fig. 2.7K). Figure
2.7L shows a diary plot of sIPSC frequency (15 s bins) across the duration of recording in a single
OFF-CBC. The basal sIPSC frequency remained stable during the first 5 min of recording before
forskolin reached the batch chamber. We observed an increase in frequency by 4 min of 25 uM

forskolin treatment. Diary plots of average sIPSC frequency (15 s bins) are shown in Figure 2.7M.
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27 Upregulation of adenylyl cyclase leads to an increase in the frequency of spontaneous glycine release. A,

Diagram of the crossover inhibition circuit showing that OFF-BCs receive glycinergic inhibition from All-ACs.

Whole-cell voltage-clamp experiments were performed in OFF-BCs, held at -70 mV, using a high chloride internal.

B, Micrograph of epifluorescence images of CBCs in rat retinal slices after whole-cell recording with an internal
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solution containing 20 uM Alexa-488 dye. BC subtypes identified by their axon stratification in the ON (Bi) or OFF
(Bii) sublamina of the IPL. OFF-CBCs were also targeted in transgenic Syt2-EGFP mice (K) and pooled with
recordings from rats. C, Example OFF-BC recordings of glycinergic sIPSCs performed in Ames medium with
synaptic blockers (see Materials and Methods). Recordings were made before (pretreatment; black) and after
application of 2 uM strychnine (blue). sIPSCs are completely abolished with 2 uM strychnine. D, Example traces
show sIPSCs before (pretreatment; black) and during 25 uM forskolin wash (red), which caused an increase in
glycinergic sIPSCs. E, Histogram represents normalized cumulative distribution of interevent interval times
between sIPSCs. Labeled on graph is the number of events detected (pretreatment: 567 events; and after 25 uM
forskolin treatment: 2015 events; n = 7 cells). The application of forskolin shifted the distribution to left. F,
Histogram represents the cumulative distribution (E) plotted on a log axis to illustrate the increase in events with
small interevent interval. G, Plot of the sIPSC frequency showing the sIPSC rate recorded from OFF-BCs before
(black) and during 25 puM forskolin wash (red). There is significantly larger sIPSC frequency with 25 uM forskolin.
Also shown as percent change (right; blue). Statistical significance was determined using a Wilcoxon paired t test.
H, Grand average traces of the sIPSC waveform before (black) and during 25 uM forskolin wash (red). Solid line
indicates an exponential fit to the decay phase (blue dashed lines) with time constants labeled on the graph
(pretreatment: 1.82 ms; and 25 uM forskolin: 2.05 ms). I, Histogram represents the relative frequency distribution
of sIPSC amplitudes before (black) and during 25 uM forskolin wash (red). Binned values were fitted with a log-
Gaussian function showing no changes in amplitude. Noise analysis (open bars) did not overlap with sIPSC
amplitudes. J, Plot of the median sIPSC amplitudes from individual OFF-BCs before (black) and during 25 pM
forskolin wash (red). Amplitudes did not change significantly after forskolin application, also shown as percent
change (right; blue). Statistical significance was determined using a Wilcoxon paired t test. K, Micrograph of an
epifluorescence image of OFF-BCs from a Syt2-EGFP mouse with a DIC overlay. Type 2 Off-BCs expresses GFP
(green) and targeted for whole-cell recording with an internal containing 20 Alexa-594 (red). Maximum projection
(z = 0.5 um). L, Example diary plot of normalized sIPSC frequency (30 s bins; open circles) in a mouse OFF-BC
during 25 uM forskolin treatment (red shading). M, Diary plot of mean values during 25 uM forskolin treatment
(red circles; n = 6), and in control conditions (blue: n = 5). Open circles with error bars represent mean + SEM.
Statistical significance was determined using a two-way ANOVA and Sidak test for multiple comparisons: ns, p >

0.05; *p < 0.05; **p < 0.01; ***p < 0.001. Data collected by Marc Meadows and Xiaohan Wang.

Bath application of 25 uM forskolin was given to OFF-BCs from mouse (n = 3) and rat (n = 3).
Separate control experiments were performed in OFF-CBCS that did not receive drug application
(n=5).By 6.5 to 7.0 min after forskolin application, the frequency of IPSCs was significantly higher
than control (p < 0.001; except at 6.75 min, p = 0.003), and by 7.25 min the frequency doubled
(p <0.0001; degrees of freedom = 91; two-way ANOVA and Sidak test).
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2.3.4 Second messenger pathway involving EPAC potentiates All-ACs

2.3.4a cAMP potentiates exocytosis by an EPAC-dependent and PKA-independent mechanism
PKA is a kinase activated by cAMP and implicated in the uncoupling of All-All AC electrical
synapses by mediating the dephosphorylation of Cx36 gap junctions (Urschel et al., 2006;
Kothmann et al., 2009). We then tested whether PKA enhances glycinergic release at the All-AC
to OFF-BC synapse using an internal solution containing 1 mM cAMP and 2 uM H89 (Fig. 2.1A1-
A2), a competitive antagonist, highly specific for PKA (Hidaka et al., 1991). Example traces for
experiments with 2 uM H89 (Fig. 2.8A1) illustrate that the antagonist did not suppress cCAMP-
induced potentiation in All-ACs. Potentiation was consistently observed across several All-ACs,
resulting in a significant increase ACm even with 2 uM H89 (1 min: 60.2 + 7.35 fF; and 4 min: 76.3
+8.17 fF; n =9; p = 0.002, paired t test). There were no changes in L-type Qca (1 min: 8.02 + 0.91
pC; and 4 min: 7.95 + 1.19 pC; n = 9; p = 0.874, paired t test; Fig. 2.8A2). Building on our finding
that 1 mM cAMP enhances exocytosis in All-ACs (Fig. 2.1), the result from this experiment
suggests that cAMP-induced potentiation requires a PKA-independent pathway. Furthermore,
we observed no changes in Rs values with 2 uM H89 (1 min: 20.7 £ 1.01 MQ; and 4 min: 22.8 +
2.17 MQ; n=9; p = 0.6523, Wilcoxon), and Rm (1 min: 529 + 269 MQ; and 4 min: 471 + 332 MQ;
n=9; p=0.097, Wilcoxon). We next tested the potential role of EPAC2 at this synapse by adding
1 uM HICO0350, a specific inhibitor of EPAC2 (H. Chen et al.,, 2013), to our internal solution
containing 1 mM cAMP. Figure 2.8B1 shows representative Ica and Cn, traces as All-ACs were
dialyzed with the internal solution. ACn, did not increase after 4 min with 1 uM HJC0350 even
with cAMP in the patch pipette (1 min: 57.0 £ 9.17 fF; and 4 min: 59.6 + 8.69 fF; n = 10; p = 0.59,
paired t test; Fig. 2.8B2). These results suggest that cAMP-induced potentiation of exocytosis
relies on an EPAC2-dependent mechanism. Furthermore, there were no significant changes in
Qca (1 min: 9.05 £ 0.77 pC; and 4 min: 9.71 £+ 0.71 pC; n = 10; p = 0.112, paired t test). The mean
Rs from recordings with 2 uM HJC0350 was as follows: 1 min: 25.4 £ 2.39 MQ; and at 4 min: 24.2
+1.26 MQ (n = 11; p = 0.5771; Wilcoxon); and mean Ry, was as follows: 1 min: 1880 + 1220 MQ;
and at 4 min: 759.8 + 211 MQ (n = 10; p = 0.3223, Wilcoxon).
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28 The mechanism for cAMP-induced potentiation is EPAC2-dependent. Whole-cell voltage-clamp recordings

were performed in All-ACs using an internal solution containing 1 mM cAMP. Internal solutions also contained

either 2 uM H89 (PKA inhibitor) or 1 uM HJC0350 (EPAC2 inhibitor). A1, B1, Average C, and Ic, responses to a 100

ms depolarizing pulse. Shown are recordings made before 1 min (blue) and 4 min (red) after break-in. Gray bar

represents the region where C,, values were averaged. A1, C,, and Ic, responses from All-ACs recorded with 2 uM

H89. B1, Cr, and Ic, responses from All-ACs recorded with 1 uM HJC0350. A2, B2, Summary plots of AC,, and Qc,

showing pairwise comparisons for each time after break-in. Closed circles represent data from individual All-ACs.

Open circles with error bars represent mean + SEM. A2, Summary plots for the 2 uM H89 dataset. ACy, increases

after 4 min with no changes to Qc,, suggesting that 1 mM cAMP does not require PKA activation for cAMP-induced

potentiation. B2, Summary plots for the 1 uM HJC0350 dataset. AC,, does not increase after 4 min, suggesting

that cAMP-induced potentiation is EPAC2-dependent. Statistical significance was determined using a paired t test:

ns, p > 0.05; **p <0.001.
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2.3.4b Direct activation of EPAC potentiates exocytosis

EPAC2-mediated potentiation of exocytosis is widespread at synapses and secretory cells (Sakaba
and Neher, 2001; Kamiya et al., 2002; Zhong and Zucker, 2005; Komai et al., 2014; Fernandes et
al., 2015). We further tested for a role of EPAC mechanisms at All-ACs with the specific EPAC
activator 8-pCPT. This EPAC specific analog of cAMP has a threefold higher binding affinity than
cAMP (Enserink et al., 2002) with no preference for EPAC isoforms; therefore, we substituted

cAMP with 10 uM 8-pCPT in our internal solution. Figure 2.9A shows the detailed morphology of

Figure®®
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29 Direct activation of EPAC potentiates the exocytosis of All-ACs. Whole-cell voltage-clamp recordings were
performed in All-ACs before 1 min and after 4 min after break-in using an internal solution containing 10 pM 8-
pCPT (EPAC specific activator). A, Epifluorescence maximum intensity projection (z = 0.5 um) of an All-AC filled
with Alexa-488 (20 uM), processed using iterative deconvolution. B, Example Cy, and Ic, traces for responses to a
100 ms depolarizing pulse performed within 1 min (blue) and at 4 min (red) after break-in. Gray bar represents
the region where C,, values were averaged. C, Summary plots for AC,, and Qc, showing pairwise comparisons
between each time after break-in. Closed circles represent data from individual All-ACs. Open circles with error
bars represent mean £ SEM. ACr, increases after 4 min with no change in Qc,, thus significantly increasing synaptic
efficiency. Statistical significance was determined using a paired t test: ns, p > 0.05; *p < 0.05; **p < 0.001. Data

collected by Marc Meadows and Veeramuthu Balakrishnan.

an AllI-AC dialyzed with Alexa-488 after iterative image deconvolution. Figure 2.9B shows
representative Cm and Ica traces recorded with 10 uM 8-pCPT in the patch pipette. Using 8-pCPT,
we again did not see a significant change in Qca (1 min: 16.1 £ 2.46 pC; and 4 min: 15.2 + 2.54 pC;
n =7, p=0.565 paired t test). However, dialysis with 8-pCPT increased the ACy, jumps
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significantly after 4 min from break-in (Fig. 2.9C; 1 min: 56.2 + 10.9 fF; and 4 min: 93.3 + 15.35 fF;
n=7; p =0.021, paired t test). The efficiency of exocytosis also increased with 8-pCPT (1 min:
4.49 +1.21fF/pC; and 4 min: 7.39 + 1.48 fF/pC; n = 7; p = 0.0066, paired t test). Our concentration
of 8-pCPT (10 uM) was 100-fold lower than what we used for cAMP (1 mM). Nevertheless, ACn,
jumps increased almost twofold with 8-pCPT. This supports our findings in Figure 2.8 that cAMP
increases exocytosis via an EPAC2 pathway based on the isoform specificity of HIC0350. The
mean Rs was (1 min: 29.7 £ 5.7 MQ; and 4 min: 32.7 £ 7.4 MQ; n = 6; p = 0.2697, paired t test)
and mean Rm was (1 min: 487.6 £ 121.4 MQ; and 4 min: 348.7 + 100.4 MQ; n=7; p = 0.042, paired

t test).

2.3.5 Inhibition of CICR stores reduces cAMP-induced potentiation

Ca?* induced Ca?* release (CICR) is a major regulator of exocytosis at synapses (Padamsey et al.,
2019). ACs use sarcoplasmic-endoplasmic reticulum (SERCA) Ca?* pumps to regulate internal Ca®*
levels (Krizaj, 2005). EPAC2 has been shown to enhance CICR from the ER in a cAMP-dependent
manner by modulating Ca?* release from ryanodine and inositol 1,4,5-trisphosphate (IP3)
receptors (Holz et al., 2006). CICR can trigger exocytosis at AC synapses (Warrier et al., 2005) and
ribbon-type synapses of photoreceptors and hair cells (Babai et al., 2010; Castellano-Munoz et
al., 2016). By contrast, short-term plasticity at several CNS synapses is not affected by CICR
(Carter et al., 2002). EPAC2 is involved in CICR during B-cell insulin secretion (Rorsman et al.,
2012; Stozer et al., 2021). However, EPAC2-dependent exocytosis enhancement and EPAC2-
dependent CICR have not been observed previously in the retina. We used 2-APB (50 uM) as a
competitive IP3 receptor antagonist and store-operated Ca?* entry channel antagonist, which
should deplete ER Ca?* stores (Bootman et al., 2002; Majewski and Kuznicki, 2015). Importantly,
2-APB (50 uM) has been shown to significantly reduce CICR from depolarized GABAergic AC
dendrites (Warrier et al., 2005). We incubated retina slices with 50 uM 2-APB for 10-15 min and
then whole-cell voltage-clamped the All-AC with an internal solution containing 1 mM cAMP
while 50 uM 2-APB was continuously perfused (Fig. 2.10A1). ACn responses from All-ACs
pretreated with 2-APB slightly increased after 4 min, but this was not statistically significant (1
min: 44.1 £ 5.67 fF; and 4 min: 59.8 + 12.3 fF; n = 10; p = 0.1197, paired t test; Fig. 2.10A2).
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210 nhibition of Ca®* release from Ca?* stores reduces cAMP-induced potentiation.

Whole-cell voltage-clamp recordings were performed in All-ACs using an internal solution containing 1 mM cAMP.
The All-ACs were preincubated for 10 min with 50 uM 2-APB (blocker of IP3 receptors and store-operated Ca?*
entry channels) or ryanodine (10 or 25 uM) in the external bath solution before whole-cell break-in. These drugs
were then perfused continuously during the recordings. A1, B1, Average Cn and lc, responses from All-ACs
performed within 1 min (blue) and at 4 min (red) after break-in using an internal solution containing 1 mM cAMP.
Gray bar represents the region where C, values were averaged. A1, Average C,, and Ic, responses for All-ACs
preincubated with 50 uM 2-APB. B1, Average C,, and Ic, responses for All-ACs preincubated with 10 or 25 uM
ryanodine, which depletes and partially blocks Ca?* stores. A2, B2, Summary plots for AC,, and Qc, for All-ACs
showing pairwise comparisons between each time after break-in. Closed circles represent data from individual

cells. Open circles with error bars represent mean + SEM. A2, Summary plots for the 50 uM 2-APB dataset. B2,
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Summary plots for the 10 or 25 uM ryanodine dataset. Triangles represent cells with 25 uM ryanodine (n = 4).
Labeled on the graphs are statistical summaries for 10 uM ryanodine dataset (top; n = 7) and dataset including 25
UM ryanodine (bottom; n = 11). AC,, does not increase after 4 min with 1 mM cAMP in the internal solution, while
Qc. decreases only for the whole combined dataset (n = 11). Statistical significance was determined using a paired
t test: ns, p > 0.05; *p < 0.05.

The Qg slightly decreased after 4 min with the 2-APB pretreatment (1 min: 7.63 + 0.487 pC; and
4 min: 6.27 £ 0.57 pC; n = 10; p = 0.0306, paired t test). To study CICR from ryanodine receptors
(RyRs), we incubated retina slices with 10 uM ryanodine for 10-15 min before whole-cell voltage-
clamp recordings with 1 mM cAMP in the internal solution (Fig. 2.10B1). Ryanodine at 10 uM can
lock RyR in a low conductance state and thus cause a slow and tonic leak of Ca?* from ER stores,
thereby depleting them (Ehrlich et al., 1994; Kang et al., 2005; Ster et al., 2007). Slow Ca?* release
from ER stores triggered by 10 uM ryanodine can produce non-ribbon Ca?*-dependent exocytosis
in rod photoreceptors (M. Chen et al., 2014). Therefore, we also used a higher concentration (25
M) to block Ca?* release from RyR, as shown by Warrier et al. (2005) using caffeine to induce
Ca?* release from stores in AC dendrites (see also Sosa et al., 2002; Vigh and Lasater, 2003; Vigh
et al., 2005; Chavez et al., 2010). Resulting ACn, responses with a 1 mM cAMP internal did not
potentiate 4 min after break-in when pretreated with 10 or 25 uM ryanodine (1 min: 51.3 + 5.91
fF; and 4 min: 52.8 £+4.15fF; n = 11; p = 0.7863, paired t test; Fig. 2.10B2). Qc¢, did not significantly
decrease when 10 uM ryanodine was used (n = 7), although Qc, did decrease significantly when
we combined the datasets for 10 and 25 uM ryanodine (1 min: 10.3 + 0.92 pC; and 4 min: 8.32 +
0.81 pC; n = 11; p = 0.0104, paired t test). The reduction in Qc, when Ca?* stores were emptied
may be because of Ca?*-dependent inactivation of the L-type Ca®* current (von Gersdorff and
Matthews, 1996). These results suggest that intact ER stores loaded with Ca?* and thus capable

of CICR are necessary for the cAMP-induced potentiation of exocytosis.

Section 2.4: Discussion

This study used presynaptic capacitance measurements and postsynaptic recordings of sIPSCs to
uncover mechanisms of cAMP-induced potentiation of glycine release from All-ACs. We propose
that cAMP plays dual roles in All-ACs through two distinct morphologic compartments and

signaling pathways. First, a PKA-dependent pathway uncouples electrical synapses at the distal
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tips of dendrites in layers S3-5 of the IPL (Kothmann et al., 2009). Second, an EPAC2-dependent
signaling pathway potentiates the exocytosis of synaptic vesicle fusion, enhancing crossover

inhibition to OFF-CBCs at the lobular appendages in layers S1-2 of the IPL (Fig. 2.7A).

2.4.1 Elevation of cCAMP concentration increases RRP size at All-ACs

The lobular appendages of the All-AC contain a large pool of glycine loaded vesicles in their
cytoplasm and multiple extensive active zones with several docked vesicles (Strettoi et al., 1992;
Marc et al.,, 2014). Here we show that both the initial RRP with a high release rate and the
secondary RRP with slower rate were potentiated in size nearly twofold by intracellular 1 mM
cAMP (Fig. 2.3). In the calyx of Held, nerve terminal cAMP changes the Ca?* sensitivity of
synaptotagmin, potentiating only the initial fast releasing pool of vesicles (Yao and Sakaba, 2010).
Our results also contrast with results from hippocampal mossy fiber boutons, where cAMP only
increases the initial release rate without changing the overall RRP size (Midorikawa and Sakaba,

2017).

Recent computer modeling of the All-AC morphology in adult Sprague Dawley rats suggests that
the thin dendrites may filter global C, measurements when high-frequency sine waves are used
(Zandt et al., 2018). Our measurements of total RRP size using a 2 kHz sinusoidal wave may
therefore underestimate the total RRP of the AllI-AC by 10%-20% (Hartveit et al., 2019). However,
we have shown previously that reducing the sinusoidal frequency does not change the ACr, jump
size in our juvenile C57 mouse (postnatal days 16-28) All-ACs, which we presume are more
electrotonically compact (Balakrishnan et al., 2015), suggesting that the lobules are not

electrotonically distant from the soma in mouse All-ACs.

2.4.2 EPAC2 and Ca’* store signaling pathways for exocytosis potentiation

The molecular pathways for cAMP-dependent potentiation differ across synapses (Seino and
Shibasaki, 2005). PKA is a classic substrate for cAMP that promotes potentiation in hippocampal
(Trudeau et al., 1996; Castillo et al., 1997) and cerebellar synapses (C. Chen and Regehr, 1997).
PKA can enhance Ca?* entry by directly phosphorylating L-type Ca?* channels (Nanou and

Catterall, 2018). However, enhancement of the Ca®' current cannot explain cAMP-induced
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potentiation of exocytosis in All-ACs because Ca?* current peak amplitudes, charge, and
inactivation kinetics did not change (Figs. 1, 3A, 5-9). Indeed, we observed a slight but significant
reduction of Qc, in some instances (Figs. 4 and 10). PKA-dependent increases in RRP can occur
without changes in P;via a shift in release mode from univesicular to coordinated multivesicular
release (Vaden et al., 2019). However, our results show that cAMP potentiation of exocytosis in

All-ACs is mediated by EPAC2 (Figs. 8 and 9).

Presynaptic EPAC-dependent potentiation appears to be an evolutionary ancient modulatory
pathway that has also been observed at the crayfish neuromuscular junction (Zhong and Zucker,
2005), as well as at spinal cord glycinergic interneurons (Katsurabayashi et al., 2001; Choi et al.,
2009). Recently, an increase in RRP via EPAC2 has been shown at hippocampal mossy fiber
synapses (Fernandes et al., 2015) and parallel fiber synapses to Purkinje cells (Martin et al., 2020).
Hippocampal synapses may have a fast and slow mode of potentiation regulated by EPAC and
PKA, respectively (Gekel and Neher, 2008). In pancreatic B cells, both PKA and EPAC2 potentiate
Ca%*-dependent exocytosis, modulating the release of insulin large dense-core vesicles and small
GABA vesicles (Eliasson et al., 2003; Hatakeyama et al., 2007; Henquin and Nenquin, 2014). Our
findings show that cAMP enhancement of exocytosis is PKA-independent in All-ACs. We
confirmed this by (1) showing that H-89 does not block potentiation, (2) directly activating EPAC
using the 8-pCPT analog, which has a 100-fold higher binding preference for EPACs over PKA
(Enserink et al., 2002), and (3) directly blocking potentiation with a specific EPAC2 antagonist
(HJC0350; 130-fold higher binding efficiency than cAMP) (H. Chen et al., 2013). We note that 8-
pCPT may partially activate PKA (only 5%-7% at 50 uM) (Christensen et al., 2003). Direct
activation of HCN channels by cAMP can also cause presynaptic potentiation (Zhong et al., 2004);
however, In currents have not been reported in All-ACs (Firl et al., 2015) and our experiments
were performed in voltage-clamp. In summary, our results suggest that cAMP potentiation of
exocytosis is solely driven by EPAC2 by increasing in RRP and without changing Pras shown in PPR

experiments (Fig. 2.4).

What are potential EPAC2-dependent molecular mechanisms that directly “superprime” the

initial RRP and contribute to nearly doubling its size? Key proteins involved in vesicle priming are

56



RIM, RBP, Rab3, and Munc13, and they are necessary for cAMP potentiation (Lonart et al., 1998;
Castillo et al., 2002; Yang and Calakos, 2011). RIM proteins anchor Munc13 and Rab3 at active
zones, and EPAC2 also binds to the scaffold proteins piccolo and RIM1/2 (Ozaki et al., 2000;
Kashima et al., 2001; Schoch et al., 2002). RIM1/2 can also bind to the a-subunit of L-type Ca?*
channels via RBP to modulate exocytosis (Hibino et al., 2002; Grabner et al., 2015; Krinner et al.,
2017) or directly to the B-subunit of Cay1.3 to modulate Ca?* current inactivation (Gandini et al.,

2011). These are all potential downstream targets of EPAC2 and need further characterization.

Additionally, we also found that inhibiting CICR from internal Ca?* stores reduced cAMP-induced
potentiation (Fig. 2.10). Our results with H89 (Fig. 2.8) suggest that PKA does not alter CICR.
EPAC2 can increase CICR by acting on RyR and IP3 receptors (Holz et al., 2006). EPAC2 mediates
RyR phosphorylation via CaMKIl in cardiac myocytes (Pereira et al., 2013). Cerebellar neurons
also exhibit EPAC2-dependent modulation of CICR through Rap and p38 MAPK activation (Ster et
al., 2007). Spontaneous release can also be regulated by CICR (M. Chen et al., 2014; Williams and
Smith, 2018; Chanaday et al., 2021), which may explain the increase in sIPSCs seen in Figure 2.7.
In summary, our results suggest that the cAMP-induced potentiation of exocytosis in All-ACs
requires both EPAC2 and CICR from intact Ca?* stores; however, more work is necessary to

determine in detail how EPAC2 and Ca?* stores interact to promote exocytosis.

2.4.3 Neuromodulators can increase cAMP levels

The second messenger cAMP plays multiple roles in visual processing by tuning retinal circuits
during development and sharpening local receptive fields (Stellwagen et al., 1999; Dunn et al.,
2009). Fluorescent imaging of cAMP levels has shown that forskolin and several neuromodulators
can increase cAMP levels in CNS nerve terminals (Vincent et al., 2008; Muntean et al., 2018).
Among neuromodulators, dopamine, in particular, is responsible for long-lasting changes in
retinal circuitry (Roy and Field, 2019). Dopamine also promotes the release of the antioxidant
ascorbate from retinal neurons via EPAC2 (Encarnacdo et al., 2018); where D1 and EPAC
activation increased ascorbate release from cultured retinal neurons. This study also found
expression of EPAC2 from their cultured neurons and Miiller glia. Dopamine and forskolin can

potentiate exocytosis from BCs (Heidelberger and Matthews, 1994), and modulate All-AC
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networks by closing gap junctions (Hampson et al., 1992). Dopaminergic ACs form en passant
synapses around the root dendrite of All-ACs (Voigt and Wassle, 1987), and there is evidence that
All-ACs exhibit D1-like receptor activity (Witkovsky et al., 2007). However, antibody localization
of D1-like receptors in All-ACs still remains uncertain (Veruki and Wassle, 1996). Interestingly,
D1-like receptor activation reduces glycinergic inhibition to OFF-BCs and changes the spike
output of ganglion cells during photopic conditions (Jensen, 1989; Mazade et al., 2019; Mazade
and Eggers, 2020). It is possible that D1-like activity can increase cAMP in All-ACs while reducing
inhibition through global changes in retinal networks. Further studies are clearly needed to better
understand the complex effects of light-evoked neuromodulator release on the local cAMP levels

of All-ACs.

2.4.4 Chemical compartmentalization, adenylyl cyclases, and microdomains of

cAMP

The AllI-AC is a bistratified neuron with well-separated cellular compartments (Figs. 1B and 9A).
Indeed, changes in Ca?* levels within a particular lobular appendage do not spread to nearby
lobules or dendrites (Balakrishnan et al., 2015; Kim and von Gersdorff, 2016). Likewise,
physiological changes in cAMP levels at different lobules or in the distal dendritic arbors may all

occur locally and independently of each other.

Our recordings of sIPSCs from the OFF-CBCs show a significant increase in the frequency of sIPSC
after forskolin application (Fig. 2.7). This continuous and robust release of glycine is presumably
potentiated by elevations of cAMP via stimulation of adenylyl cyclases by forskolin. Changes in
cAMP levels may also be regulated by Ca?*-dependent adenylyl cyclases near L-type Ca?* channels
(Halls and Cooper, 2011). Local clustering of adenylyl cyclases may elevate cAMP to the higher
levels needed to activate EPAC2 and translocate it to docked vesicles (Alenkvist et al., 2017),
whereas cytoplasmic phosphodiesterases may confine high cAMP levels to local microdomains
near the plasma membrane (Rich et al., 2001; Kuhn and Nadler, 2020). The lobular appendage
geometry (small bubble-like structures, densely packed with vesicles and mitochondria, and

connected by thin and short tubes to the apical dendrite) seems ideally suited to form diffusional
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barriers that restrict Ca?* and cAMP microdomains near the membrane where synaptic vesicles

are docked.

In conclusion, our findings show that elevations of cAMP in the AlI-ACs can increase both phasic
and tonic inhibition to OFF-CBC terminals and OFF ganglion cells (Balakrishnan et al., 2015;
Graydon et al., 2018). We propose that these changes in glycine release may help to reduce
synaptic noise contamination between the OFF and ON pathways of the retina. This may help to

sharpen contrast gain at different ambient light levels (Freed and Liang, 2014).

Section 2.5: Materials & Methods

Rodents and retinal slices
Procedures were approved by the Institutional Animal Care and Use Committee of Oregon Health

& Science University, and were in accordance with National Institutes of Health guidelines.
C57BL/6 background mice and Sprague Dawley rats of either sex (postnatal day 25-35) were used
in the experiments. Animals were anesthetized with isoflurane (Novaplus) and then after death,
the eyes were removed and dissected to extract the retina in carbogenated Ames medium (US
Biologicals) at room temperature. Experiments were also performed using connexin-36 knockout
mice (Cx367"; generated as described by Hormuzdi et al., 2001), and transgenic synaptotagmin2-

EGFP mice (Syt2-EGFP; MMRRC).

Retinas were embedded in low melting temperature agarose (o Type VIIA, 3% in Ames medium),
and 250 um slices were prepared using a vibratome (Leica Microsystems, VT1200S) in
carbogenated low-Na* sucrose-based cutting solution containing the following (in mm): 2.5 KCL,
35 NaHCO3, 1.25 NaH2P04, 0.5 CaCl2, 6 MgCl2, 10 glucose, 3 Na-pyruvate, 210 sucrose, and 20
HEPES and buffered to pH 7.4 with NaOH. Retinal slices were stored at room temperature in
carbogenated Ames solution before being transferred to the recording chamber. Ames solution
(containing 1.15 mM free Ca?*) (Ames and Nesbett, 1981) was continuously perfused over the
retinal slices during recordings and heated to near physiological temperature (32°C-34°C) for all

experiments.
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Live cell imaging
Retina slices were viewed with differential interference contrast (DIC) microscopy using a water

immersion objective lens (60x, Olympus) on a fixed stage, upright microscope (BX51WI,
Olympus). Experiments were also performed with a 40x objective on an Axio Examiner
microscope (Carl Zeiss). All-ACs and OFF-CBCs were identified by the soma shape and position in
the inner nuclear layer (INL). Epifluorescence images were taken to determine the cell
morphology perfused with Alexa-488 or -594 dye (20 uM; Invitrogen) after whole-cell recordings.
Images were captured with a QIClick CCD camera (Q-Imaging). Z stacks and time-series image
acquisition was performed using an Orca Flash 4.0LT CMOS camera (Hamamatsu Photonics)
controlled with CellSens deconvolution image software (Olympus). Image stacks were also
generated using a piezo collar (Pi) on the objective and used to capture both All-AC and OFF-CBC
morphology using epifluorescence and DIC image channels (z = 0.5 um optical slices; ranging from

50 to 95 slices varying from cell to cell).

Tracking whole-cell dialysis of Alexa-488 was done with a time-lapse (10 Hz) video at a single focal
plane for 30 s. This was immediately followed by a time-lapse video at 5 Hz using a piezo collar
(Pi) on the objective to cycle through 5 focal planes. After these videos were captured and the

cell was fully dialyzed, we performed a z-stack image of the entire cell.

Patch clamp electrophysiology
Single-cell voltage-clamp recordings were performed using a double EPC-9 or EPC-10 patch-

clamp amplifier and either Pulse or Patchmaster software (HEKA Elektronik). Thick-walled
borosilicate glass pipettes (8-10 MQ; 1B150F-4, World Precision Instruments) were pulled using
a Narishige puller-PP830 (Tokyo) and coated with dental wax (Cavex) or Parafilm to reduce stray
capacitance and electrical noise. Data were acquired at 10 or 20 kHz sampling rate and filtered

with 2 kHz low-pass filter.

Presynaptic recordings of Ca?* currents and C.,, measurements
Whole-cell voltage-clamp recordings of Cr and Ca?* currents (lca) were performed in mouse All-

ACs. Recordings were performed in photopic conditions. Ames external solution was
supplemented with (in uM) as follows: 10 NBQX or 10 CNQX, 50 DL-AP5, 2 strychnine, 3 SR95531,
5 bicuculline, and 1 TTX. These drugs blocked AMPA, NMDA, glycine, and GABA receptors, as well
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as Na* channels during Cr and lca recordings. Pipettes were back-filled with a filtered internal
solution designed to isolate Ca?* currents by blocking K* currents (in mM) as follows: 40 CsCl, 60
Cs-gluconate, 10 tetraethyl ammonium chloride, 28 HEPES, 3 adenosine 5'-triphosphate
magnesium salt (ATP-Mg), 1 guanosine 5'-triphosphate disodium salt (GTP-Na2), and 2 EGTA,;
osmolarity was adjusted to 270 mOsm using glucose, and pH to 7.3 with CsOH. Ultrapure salts

for internal and external solutions were purchased from Sigma-Aldrich.

Time-resolved C, measurements were made using the “sine+DC” method (Gillis, 2000;
Kushmerick and von Gersdorff, 2003; Balakrishnan et al., 2015; Hartveit et al., 2019). A pair of
sinusoidal waves (2 kHz; 30 mV peak-to-peak) superimposed on membrane holding potential
(-80 mV) were given before and after a square depolarizing pulse from -80 to -10 mV for
maximum activation of L-type Ca?* current (Balakrishnan et al., 2015), which triggered Ca?*-
dependent vesicle fusion (exocytosis). Leak voltage-clamp pulses (to -66 mV) were used to
calculate leak-subtracted L-type Ca®* currents and were resolved using offline P/5 leak
subtraction. In addition, Ica were sometimes isolated by subtraction of the leak current after
application of 1 uM isradipine. Experiments were not corrected for liquid junction potential,
which was measured (-6 mV) post hoc using methods described by Neher (1992). Of the total of
79 AlI-AC recordings, the average series resistance (Rs) for All-ACs was 29.04 + 14.8 MQ and the

membrane resistance (Rm) was 1025 + 193 MQ.

Online calculations of passive membrane properties (Cm, Rs, Rm) were done by the HEKA software.
Traces were imported to IgorPro software (Wavemetrics) for offline analysis. Net exocytosis was
determined by the change in the Cr, response after a depolarizing pulse: ACy, = Cn, (after pulse) —
Cm (baseline). This was performed by subtracting averaged Crm data points after the depolarizing
pulse from baseline Cr, (indicated by gray bars on figures with Cr). ACm response was measured
from 300 to 500 ms after the depolarizing pulse, allowing time for all evoked conductances to

decay back to baseline.

Postsynaptic recordings from OFF-CBCs
Whole-cell voltage-clamp recordings of sIPSCs from OFF-CBCs in retina slices from rat and Syt2-

EGFP mice: recordings were performed in an external ACSF solution containing the following (in
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mm): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2P04, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4, and
using a Cs-based internal solution containing the following (in mm): 50 CsCl, 60 Cs-gluconate, 10
HEPES, 6 EGTA, 4 ATP-Mg, 0.4 GTP-Na2, 0.1 CaCl2, and 1 MgCl2; osmolarity was adjusted to 270
mOsm using glucose, and pH to 7.3 with CsOH. Glycinergic sIPSCs from OFF-CBCs were isolated
using the following drugs in the external bath solution (in um): 10 CNQX, 25 D-AP5, 5 bicuculline,
and 3 SR95531. Similar experiments were also performed on OFF-CBCs in slices from Syt2-EGFP
mice continuously perfused with Ames medium. The datasets for sIPSCs from rat and mouse OFF-
CBCs were similar in amplitude and kinetics and were grouped together. A total of five OFF-CBC
recordings from Syt2-EGFP mice were used in this study, the mean Rs was 21.3 + 3.952 MQ, and

holding current was -95.4 + 36.24 pA.

Glycinergic sIPSCs were analyzed using custom procedures in IgorPro software using a sliding
scale template method for detecting and isolating events (Clements and Bekkers, 1997). Analysis
was performed using a detection threshold of =10 and -15 pA, with no change in event detection.
The medians of events for each cell were used for statistical comparisons before and after
treatment. Plots of frequency and cumulative distribution were generated by grouping all events
for each dataset, which were generated and fitted using Prism software (GraphPad). Using Prism
software (GraphPad), we made log-Gaussian fits to frequency distribution histograms of sIPSC

events using the following function:

2
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Where W is the geometric mean and o is the geometric standard deviation. A is a constant related

to the distribution area (Parea) and amplitude (Pmax) as defined by the following equations:
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Drugs and toxins
Stock concentrations of drugs and salts were prepared using purified water (Millipore). The

synaptic blockers NBQX, CNQX, SR95531, and DL-APS5 and bicuculline were obtained from Tocris
Bioscience. TTX and strychnine were obtained from Sigma. Internal solutions contained HJC0350,
H89, and 8-pCPT-2-0-Me-cAMP (8-pCPT) when indicated (Tocris Biosciences). Forskolin, 2-APB,
and ryanodine were bath-applied in the external solution when indicated (Tocris Biosciences).
HJC0350, H89, and forskolin were first dissolved in DMSO (final DMSO concentration of 0.01%,
v/v). Internal solutions were prepared and stored [1.25x%] for no longer than 3 months and diluted
[1x] before use with purified water (Milli-Q; Millipore) or freshly prepared 25 mM stock cAMP
sodium salt (Sigma). Pipette filling syringes containing internal solutions were kept on ice to avoid

thermal degradation of cCAMP, GTP, and ATP-Mg.

Experimental design and statistical analysis
Datasets for all experiments were tested for normal distribution using a Shapiro-Wilk test. For

most experiments, pairwise comparisons were made between recordings taken within 1 min (30
s to 1 min) and at 4 min after break-in using a two-tailed paired t test or Wilcoxon test,
respectively, for datasets with normal and non-normal distribution with an a level of 0.05. For
comparisons of independent groups, we performed either a Student's t test or Mann—Whitney
test, respectively, for normal and non-normal distribution. For comparisons between multiple
groups, we indicate where we use one-way and two-way ANOVA tests followed by post hoc tests.
All statistical tests were performed in Prism 9 software (GraphPad). Grouped data are written as
mean = SEM. Statistical significance is noted by asterisks, while not significant (p > 0.05) is either

labeled or not indicated.
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Section 3.1: Summary

Fast and slow endocytosis depend on stimulus strength at excitatory nerve terminals. However,
the kinetics of endocytosis remains largely unknown at inhibitory synapses. Here we show
membrane Cn measurements from living synaptic terminals of glycinergic amacrine cells
embedded in adult rat retina. We find that fast compensatory endocytosis is triggered after short
depolarizing pulses. This occurs even in the presence of strong but slow Ca?* buffers (10 mM
EGTA). Conversely, weaker but faster Ca®* buffering with 1 mM BAPTA fully blocked fast
endocytosis, while only partially reducing exocytosis. Increasing stimulus pulse duration slowed
the kinetics of endocytosis, suggesting that a reduced availability of endocytotic proteins causes
endocytosis to slow down, as stronger stimuli increase the exocytotic load. Endocytosis was
dependent on GTP, dynamin and actin polymerization. Our findings suggest that a readily
retrievable pool of plasma membrane is tightly coupled to Ca?* channels, because it is EGTA-

insensitive, but highly BAPTA-sensitive.
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Section 3.2: Introduction

Nerve terminals release neurotransmitter at presynaptic active zones through the Ca?*
dependent fusion (exocytosis) of synaptic vesicles to communicate to the postsynaptic cell.
Synaptic vesicle endocytosis is a crucial component of synaptic transmission that recycles vesicle
membrane after exocytosis. Endocytosis of the plasma membrane presumably helps to clear and
recover the active zones for reuse after exocytosis by retrieving excess membrane and recycling
synaptic proteins. It is thus a compensatory process that maintains nerve terminal surface area
and perhaps helps to set an optimal membrane tension for exocytosis. Endocytosis is also
thought to be critical for maintaining the readily releasable pool of synaptic vesicles after strong
or continuous stimulation (Pyle et al., 2000). This may be especially critical for fast spiking
inhibitory interneurons. However, little is known about the kinetics of endocytosis at inhibitory

nerve terminals.

The All amacrine cell (All-AC), is an interneuron in the mammalian retina that releases glycine
from its proximal dendritic lobular appendages. Electron microscopy (EM) studies have shown
that the lobules contain large conventional active zones that provide tonic and graded levels of
inhibition to OFF-cone bipolar cell terminals (Strettoi et al., 1992). The AlI-AC lobules thus
function as large inhibitory synaptic terminals with a large reserve pool of vesicles that can be
measured using time-resolved Cm measurements of exocytosis (Balakrishnan et al., 2015;
Hartveit et al., 2020; Meadows et al., 2021). The large vesicle pool allows All-ACs to provide tonic
release in response to strong stimulation for long durations. Tonic synaptic transmission was
thought to be a feature at specialized ribbon synapses (von Gersdorff and Matthews, 1994;
Jackman et al., 2008); although evidence shows that conventional synapses can have large vesicle
pools suited for long-durations of synaptic transmission. Depletion of these pools with strong
stimulation can lead to synaptic depression. Faithful neurotransmission requires replenishment
of vesicles and trafficking them to active zones, although there is a diverse repertoire of
molecular machinery across synapses (Hallermann and Silver, 2013). Endocytosis is an important
step in vesicle recycling because it clears and reforms fully fused vesicles, which can then

replenish vesicle pools (Smith et al., 2007). We propose that EM data from Strettoi et al., (1992)
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provides evidence of clathrin-mediated endocytosis in All-ACs. The underlying mechanisms of

endocytosis at this synapse are however unknown.

Here we use time-resolved membrane capacitance (Cn) measurements to directly measure the
kinetics of endocytosis in All-AC inhibitory synapses. Cy measurements from excitatory CNS
nerve terminals reveal that endocytosis can occur within tens of milliseconds after exocytosis and
proceeds with variable kinetics depending on stimulus strength and duration. Several studies
have distinguished at least two modes of endocytosis: a fast mode operates on a timescale of
tens to hundreds of milliseconds (time constant of 0.3 - 2 sec) while a slow mode is tens of
seconds (Smith et al., 2007; Hallermann and Silver 2013). There is evidence that the fast mode is
clathrin-independent and the slow mode is clathrin-dependent (Jockusch et al 2005). Both modes
of endocytosis seem to require both dynamin and actin polymerization (Delvendahl et al., 2016).
Fast and slow endocytosis have been observed at retinal bipolar cell synaptic terminals,
photoreceptors, and inner hair cells in response to short and long depolarizing pulses (reviewed
in Moser et al., 2020). A fast (or ultrafast) mode of endocytosis has been observed at invertebrate
(C. Elegans) nerve terminals (Watanabe et al.,, 2013) small hippocampal synaptic boutons
(Watanabe et al., 2013b) and large mossy fiber boutons (Delvendahl et al., 2016) in response to
single action potential stimulation. Our study presents data that All-ACs have a fast mode of
endocytosis that is dependent on clathrin, actin and dynamin. The endocytosis rate slows down
with increased stimulus duration, as observed in bipolar cell terminals and photoreceptors (Cork

and Thoreson, 2014).

The influence of Ca?* on endocytosis has been debated since it was first discovered that it slows
down with increased [Ca?'] influx in bipolar cells (von Gersdorff and Matthews, 1994b). The
effects of Ca?* on endocytosis may differ across different synapses and may depend strongly on
experimental conditions (e.g. temperature, pH and developmental stage). Furthermore, the
exocytosis load after Ca?* entry (or the amount of multivesicular release) may affect the
subsequent endocytosis rate (Cork and Thoreson, 2014). The use of Ca?* buffers with different
binding kinetics shows that strong internal Ca?* buffering slows endocytosis, yet this changes with

development (Yamashita et al., 2010; reviewed in Yamashita, 2012). From our C,, measurements,
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we found that fast endocytosis is robust and stable in adult All-ACs from 3 to 12 month old rat
retina, but washes out quickly during whole-cell recordings in younger All-ACs that are 20 to 35
days old. In adult All-ACs we find that the size of the fast exocytosis pool of synaptic vesicles is
not changed in 2 or 10 mM internal EGTA, but is reduced by 30% in 1 mM BAPTA. A fast exocytosis
sub-pool of docked vesicles thus lies within a few tens of nanometers from Ca?* channels, where
it remains insensitive to 1 mM BAPTA. After exocytosis the kinetics of endocytosis is also not
changed from 2 to 10 mM EGTA. However, endocytosis is completely blocked by 1 mM BAPTA.
Endocytosis thus has a Ca?* sensor that triggers the fast internalization of a readily retrievable
portion of the plasma membrane. This Ca%* sensor for endocytosis is tightly coupled to Ca?*
channels, because it is insensitive to 10 mM EGTA. However, it lies further then tens of
nanometers because it is blocked by 1 mM BAPTA. Synaptic vesicles at active zones for exocytosis
may thus be docked within tens of nanometers from Ca?* channel clusters, whereas hot spots of
endocytosis on the plasma membrane may lie on average further away from Ca?* channel clusters
in a “peri-active zone” specialized for membrane retrieval. We thus propose that active zones of
exocytosis are separated from hot spots of endocytosis by several tens of nanometers, although

both exo- and endocytosis are triggered by high Ca?* elevations.

Section 3.3: Results

3.3.1 The rates of endocytosis depend on pulse duration in All-ACs

3.3.1.a RRP and vesicle release rate in All-ACs from brown Norway adult rats

To study net changes in the surface area of living cells we performed time-resolved membrane
Cm measurements (Lindau and Neher, 1998). Whole-cell voltage-clamp recordings were
performed in adult rat All-ACs using a pipette solution containing a Cs-based internal solution
with our standard of 2 mM EGTA. Shown in Figure 3.1 is a schematic of the crossover inhibition
network and an example of an All-AC filled with Alexa 594 during whole-cell recording (Fig. 3.1
A,B). We used the “sine + DC" method (Gillis et al., 2000) by giving a 2 kHz sinusoidal voltage
command superimposed on a holding potential (Vi = -80mV) to measure the passive membrane
properties (Cm, Rm, and Rg; Fig. 3.1C-F). We gave a depolarizing pulse (-10 mV) between two sine

waves to activate L-type Ca®* channels (Fig. 3.1E), seen after offline p/10 leak subtraction.
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31Whole-cell C,, measurements of exo and endocytosis in All-ACs from mature brown Norway rats.

A, Schematic of the retina crossover inhibition circuit. Shown are excitatory signals (blue arrows) passed through
gap junctions between All-ACs and ON-CBCs. AllI-ACs convert excitatory signals into glycinergic inhibition (red
arrow) to the OFF-CBC. Not shown are glutamatergic inputs to the All-AC from rod BCs, which also contributes to
crossover inhibition in scotopic conditions. Layers of the retina are labeled: outer plexiform layer (OPL), inner
nuclear layer (INL) and inner plexiform layer (IPL). B, Micrograph showing an epifluorescence image of an All-AC
filled with Alexa 549 on a DIC overlay, taken after whole-cell patch-clamp recording. C, Example whole-cell
voltage-clamp recording showing to sinusoidal voltage command (2 kHz; 30 mV peak-to-peak) superimposed on
a -80 mV holding potential. Separating the two sine waves is a step depolarizing pulse indicated by and asterisk (-
10 mV; 20 ms), which is shown in E with an expanded time scale. Bottom trace is the current response, also shown
is an expansion of the depolarizing pulse and Ca®* current response (E). D, Example traces of Ry, and Rs. F, Example
traces of Cr, before (black) and after filtering (red; see materials and methods). Continuous blue line represents
linear fit to the C, baseline, used for correcting baseline drift. Bottom trace is the corrected C., response. The

change in C, after the depolarizing pulse (ACr,) correlating to net vesicle exocytosis.
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In the example shown in Figure 3.1, we gave a 20 ms depolarizing pulse that produced a 40 fF
jump with no correlative change in the Rm. We do notice that there is an inverse change in the R
after depolarization, which is expected of a multicompartmental model where release is close to
the recording site (Hallermann et al., 2003). We often observed drift in the Cn, baseline, which is
possibly caused by membrane disruptions from whole-cell break-in (Hull and von Gersdorff,
2004). In addition to digitally filtering Cr, responses, we corrected the baseline by subtracting a

linear fit (Fig. 3.1 F).

Our previous study determined that the whole-cell dialysis of an All-AC occur within about 3 to 4
minutes (Meadows et al., 2021); therefore, we waited until 4 min after whole-cell break-in to
begin recording. We did not observe rundown of exocytosis in BN rats, unlike our recordings in
C57 (Fig. S3.1), therefore were able to record and average multiple responses for each pulse

duration (4 to 5 traces), for several minutes after break-in.

3.3.1b Sinusoidal frequency does not drastically affect C,, measurements of exocytosis

All-AC active zones are located in densely packed lobules branching off a main apical dendrite.
The thin necks connecting the lobules may filter the high frequency sine wave stimulation. We
measured Cm responses using sinusoidal waves ranging from 300 Hz to 2000 Hz, and found no
change in ACn (Fig. S3.2A). We did find that that increasing the sine frequency reduced the
baseline Cm (Fig. S3.2B). Increasing the sinusoidal frequency reduces the overall measured
surface area, indicating that distal processes filter high frequency stimulation—also observed in
other studies (Balakrishnan et al., 2015). Although our results would indicate that vesicle release
is relatively close to the soma, and accurate Cn measurements can be obtained with a 2 kHz
sinewave, recent models show that the thin lobule necks could lead to a 10 - 20%
underestimation of the net exocytosis with high frequency recording (Hartveit et al., 2019).
Furthermore, a recent study indicates that All-ACs release glycine from their distal dendritic
processes to OFF-GC somas and ON-GC dendrites (Grimes et al.,, 2021), which we are

inadvertently excluding from our measurements.
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3.3.1c Rat All-ACs exhibit a large readily releasable vesicle pool
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32Whole-cell C, measurements of exo- and endocytosis in rat All-AC inhibitory synapses.

A, Grand average Cn,responses to incremental square pulse durations (labeled on graph in ms) with a2 mM EGTA
internal solution at 33 °C. B, AC,, plotted against pulse duration. Notice that ACy, initially plateaus at 10 ms,
indicating a fast readily releasable pool. The solid line represents a biexponential fit (R = 0.4487) with time
constants of 1.62 s (t1; 52%) and 32.5 s (12). C, Average normalized Cp, responses for 1 ms and 50 ms with labeled
endocytosis half-times. D, Corrected charge transfer for Ca?* current (lcs; inset) plotted against pulse duration.
Solid line represents a linear fit to data (R? = 0.8907; slope = 0.154 pC/s). E, Endocytosis half-time plotted against
AC, responses. Data comprises 100 responses to varying pulse durations (0.5 to 300 ms), were ordered by ACp,
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size, and plotted as bins of 20 values. Solid line represents linear fit to data (R? = 0.9279; slope = 0.0076 s/fF). F,
Summary plot of endocytosis half-times for each pulse duration. Notice how endocytosis is faster with longer
pulse durations. Closed circles represent values from individual cells and open circles with error bars denote mean

+ SEM. Statistical significance in panel was determined with a one-way ANOVA test and post hoc Tukey’s test.

We measured ACn, responses using different pulse durations ranging from 0.5 ms to 100 ms (Fig.
3.2A). Estimations of the vesicle pool size were made by plotting the ACy, response against pulse
duration (Fig 3.2B). The ACr, responses saturate around 10 to 20 ms, which indicates that the fast
readily releasable pool (RRP) of vesicles is depleting. A secondary vesicle pool is uncovered with
longer pulse durations of 50-100 ms as ACr, continues to increase. Initial and secondary RRP have
been observed in mouse All-ACs (Balakrishnan et al., 2015; Meadows et al., 2021). Our estimates
in adult rats showed a larger initial RRP (57.6 fF), estimated by averaging the values from 5-20
ms. The initial release rate was (35.6 fF/s), determined by dividing the pool size by the fast time
constant (t1 = 1.62 ms), which accounted for 52% of the total amplitude of the RRP. The
secondary pool size was 76.8 fF with a release rate of 2.36 fF/s, which had a much slower time
constant (32.5 ms). Notice that this estimation only includes responses up to 100 ms, and longer

pulse durations may be needed for more accurate estimations.

3.3.2 Endocytosis Increases with larger capacitance jumps

Comparisons for the endocytosis rate were made by normalizing Cn, responses for each pulse
duration. We chose the endocytosis half-time as a measure of endocytosis because the decay of
the Cm responses had both linear and/or exponential components. The endocytosis half-time was
simply the duration for the Cr, response to decay by 50%. Comparisons of the 1 ms and 50 ms
responses shows that longer pulse durations had slower endocytosis (Fig. 3.2C). L-type Ca**
currents are shown, along with plots of the Qc, (Fig. 3.2D) that was corrected by subtracting the
unblocked Kcal.1 (BK) current (see materials and methods; Fig. $3.3). We plotted the endocytosis
half-time against the ACn, response to demonstrate that the endocytosis rate was affected by the
exocytosis load (Fig. 3.2E). We found a positive correlation between the two variables (R? =
0.9279; p =.008; Pearson), suggesting that endocytosis is slowed down by large levels of
exocytosis. We also showed this by comparing the endocytosis half-time for different pulse

durations (Fig. 3.2F). Graded levels of release are regulated by L-type Ca?* currents that are non-
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inactivating (Fig. 3.2D). Therefore, it is difficult to discern if increasing the pulse duration causes
the endocytotic machinery to be slowed down by the mass action vesicle fusion, inhibition by

Ca?*, or both (Cork and Thoreson, 2014).

We recorded L-type Ca?* currents (Ica, for each pulse duration (Fig. 3.1D). We found a notch in
the Ica responses (Inotch), Which was not previously observed in mouse All-ACs (Balakrishnan et al.,
2015; Meadows et al., 2021). This would be the first evidence that All-ACS have BK channels,
although reports show that BK channels regulate reciprocal feedback from A17 amacrine cells to
RBCs regulating low mesopic vision (Grimes et al., 2009; Tanimoto et al., 2012). We found that
Inotch Was eliminated with 100 nM Iberiotoxin (Fig. S3.3), indicating that lnotch is produced by a
Kca1.1 (BK) current. The total charge transfer composed currents from L-type Ca?* and BK channels;
therefore we corrected Qc, for the contaminating BK current charge (Qca = | Qtotal| - | Qnoten|). The
mean corrected Qc, was plotted against pulse duration (Fig. 3.1D). It had a linear relationship

with pulse duration (R? = 0.8907; slope = 0.154 pC/s).

3.3.3 Developmental changes in endocytosis at All-AC synapses

We performed whole-cell voltage-clamp recordings in young (p21-25; n = 12) and adult (5-13 mo;
n = 27) brown Norway rats using our control internal solution with 2 mM EGTA. To demonstrate
how robust whole-cell C recordings are in adult rats we recorded Cn, responses to a 20 ms
depolarizing pulse each minute after break-in for up to 30 min (Fig. 3.3A). resulting in a 2-fold
higher synaptic exocytosis efficiency (young: 11.32 + 1.256 fF/pC, and mature: 21.59 + 2.308
fF/pC; p < 0.0001; Mann-Whitney; Fig. 3.3E). Unlike young rats, the endocytosis in adult rats did
not rundown. We observed some variability in endocytosis from trace to trace with some traces
exhibiting an overshoot in adult rats, especially right after break-in. Prominent rundown was
observed in young rats and endocytosis was absent after 25 minutes from break-in. Grand
average traces of Cn, responses show that exocytosis was smaller in younger rats with reduced
endocytosis (Fig. 3.3B), while Ica responses still had BK currents. Summary plots show that ACr,
was 2-fold larger in adult All-ACs (young: 29.06 * 3.13 fF, and mature: 62.0 + 5.33 fF; p <0.0001;
Mann-Whitney; Fig. 3.3C). There was no significant difference in the Qca (young: 2.65 + 0.20 pC
and mature: 2.99 + 0.13 pC; Student’s t-test).
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33 Maturation of All-AC synapses increases exocytosis and stabilizes endocytosis.

A, Example C, responses from young (orange) and old (blue) All-ACs. C,, was recorded for 5 s before giving a 20
ms depolarizing pulse, and C,, responses were recorded for 20 s following jump (ACy). B, Grand average Cn,
responses to a 20 ms depolarizing pulse for young and old All-ACs and corresponding Ca* current (Ic,; inset).
Grand averages were made from individual cell averages comprising C,, responses between 4 and 30 mins. C,
Summary plots for ACy, (left) and corrected Ic, charge transfer (Qc,; right). Closed circles represent values from
individual All-ACs for young (orange; n=12) and old (blue; n=22) datasets. D, Retrieval fraction against time after
the initial AC,,response (t = 0) for each dataset. Notice how the RF for younger animals only partially recovers. E,
Histogram comparing synaptic efficiency (ACn / Qca). Notice how adult animals have higher synaptic efficiency.

Open circles with error bars depict mean + SEM. Statistical comparisons were made using a student’s t test.
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Endocytosis was also analyzed by measuring the retrieval fraction (RF) for each dataset (Fig.
3.3D), which measures the proportion of membrane recovery after the initial ACr response,

determined by the following equation:

X

AC,,

RF=1-

Where Cx represents the C, measurements after ACy, (initial ACm response). Endocytosis was
faster for the mature dataset (t1/2 ~ 5 s) compared to the young dataset (RF:-ss; young: 0.17
0.08, and mature: 0.50 + 0.03; p < 0.0001; Student’s t-test), whereas the RF in young rats
plateaued at only 25% recovery by 8 seconds. It appears that endocytosis is faster in older
animals. This could be due to an increase in endocytotic machinery or a resistance to rundown
during whole-cell dialysis. Several developmental changes in neonatal All-ACs occur after eye-
opening, where L-type Ca%* channels sequester in lobules as synapses mature (Balakrishnan et
al., 2015). Our results suggest further late refinement occurs after P21-25 into adulthood causing

synaptic vesicle pools to increase and to become more tightly coupled with L-type Ca%* channels

3.3.4 Ca** buffers can strongly influence All-AC endocytosis

3.3.4a EGTA [10 mM)] does not affect exo- and endocytosis

The Ca?* dependency for endocytosis has been studied in several excitatory synapses, although
mechanisms differ and remain controversial. We next tested how changing Ca?* buffer strength,
concentration, and type (EGTA vs. BAPTA) affected endocytosis for inhibitory All-AC synapses.
We first tested different concentrations of EGTA ranging from 0.2 mM to 10 mM (Fig. 3.1,53.4).
Average Cn, responses to different depolarizing pulse durations from 0.5 ms to 20 ms are shown
from recordings with a 10 mM EGTA solution (Fig. 3.4A). We still observed graded levels of
release and even short depolarizations (0.5 ms and 1 ms) still produced a clear C, jump with the
higher 10 mM EGTA internal. The ACn, response was plotted against pulse duration for 10 mM
and 2 mM EGTA datasets, which were not significantly different (Fig. 3.4B). There were no
differences in the initial RRP size (2 mM: 60.50 + 4.82 fF, and 10 mM: 62.82 + 8.79 fF; p = 0.8014;
Student’s t-test) and single exponential function fits had similar time constants (2 mM: t = 3.51

s, and 10 mM: 1T = 3.34 s). Example traces for Cn, responses to a 20 ms depolarizing pulse are
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34Endocytosis in All-ACs is independent of microdomain Ca?*.

A, Grand average C,, responses to incremental square pulse durations (labeled on graph in ms). Recordings
performed in All-ACs from mature BN rats with a 10 mM EGTA internal solution @ 33 °C. B, ACy, plotted against
pulse duration for recordings using 2 mM (blue; n = 13) and 10 mM (orange; n = 6) EGTA. Solid lines represent
single exponential functions fitted for 2 mM (t = 3.51 s; R? = 0.5230) and 10 mM (t = 3.34 s; R? = 0.3904). C,
Example traces of C,, responses to a 20 ms depolarizing pulse for recordings with 2 mM (blue) and 10 mM (orange)
EGTA. Shown are examples with a small (top) and large (bottom) AC,, responses (top) and notice that some
responses have an overshoot. D, Grand average Cr, responses to a 20 ms depolarizing pulse. Solid line with shaded
region denotes mean + SEM. Grand averages were made from individual cell averages comprising Cr, responses

from individual All-ACs recordings from 4 and 30 min after break-in, performed at 33 °C. E, Membrane retrieval
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fraction plotted for C, response to a 20 ms pulse as a function of time, starting at the initial AC,, response (t = 0).
Notice how both datasets fully retrieve membrane (RF = 1: dashed line) at the same rate. F, Corrected charge
transfer (Qc,, for Ca* current (lca: inset) plotted against pulse duration. Continuous line represents linear fits for
2 mM (slope =0.154; R?=0.9030) and 10 mM (slope = 0.155; R? = 0.8496) datasets. Open circles and error bars

represent mean + SEM. Statistical comparisons were made using Student’s t-tests and were not significant.

shown for recordings with 2 mM and 10 mM EGTA to illustrate the heterogeneity among All-ACs
(Fig. 3.4C). While a majority of the Cm responses produce jump sizes of ~50 to 60 fF, some
responses were much larger ~100 to 200 fF. An endocytosis overshoot was also observed in some
All-ACs. Similarities between 2 mM and 10 mM EGTA can also be seen in the grand average traces
(Fig. 3.4D). We observed no changes in the retrieval fraction in relation to EGTA concentration
(Fig. 3.4E). We further tested a range of EGTA concentrations from 0.2 mM to 10 mM and found
no changes to the RRP or endocytosis in normalized traces (Fig. S3.4). Furthermore, lca and Qe
were not impacted by the change in EGTA concentration (Fig. 3.4F). Importantly, C, recordings
measure the net changes in cellular surface area and membrane dynamics, including putative
asynchronous release caused by residual Ca?* after a depolarizing pulse. A higher concentration
of EGTA (10 mM vs 2 mM) should buffer asynchronous release, yet we observed no differences
between the two. This would suggest that asynchronous release is not contaminating our
measurements of endocytosis to a large extent. Accordingly, paired recordings from All-AC to
OFF-CBC reveal little asynchronous release (Graydon et al., 2018; Hartveit et al., 2020; Grimes et
al., 2021).

3.3.4b Nanodomain Ca’* and endocytosis rate at All-AC synapses

We next performed experiments using an internal solution with 1 mM BAPTA, a Ca?* buffer that
is 140-fold faster than EGTA (Naraghi & Neher, 1997). We observed the effects of 1 mM BAPTA
by 4 min after break-in, which reduced the ACn response and the BK current (Fig. 3.5A). ACn,
responses for pulse durations ranging from 0.5 to 20 ms were smaller than EGTA responses (Fig.
3.5B), resulting in a smaller RRP (Fig. 3.5C). Meanwhile, the corrected Qc, did not change (Fig.
3.5D). Although exocytosis was reduced was blocked by only ~30%. We compared normalized Cn,
responses to a 20 ms depolarization for recordings with 1 mM BAPTA to those made with 2 mM

EGTA as a control. The block of endocytosis by 1 mM BAPTA can be clearly seen from the grand
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35 Effects of 1 mM BAPTA show that nanodomain Ca?* is required for exo- and endocytosis in All-ACs.

A, Example traces for C,, (Ai) and Ic, (Aii) responses to 20 ms depolarizing pulses using an internal solution
containing 1 mM BAPTA. Shown are recordings performed at 1 min (black) and 4 min (red), after break-in. Notice
how the AC,, response reduces after 1 mM BAPTA dialyzed for 4 min, and the reduction of I (arrowhead)
indicates the suppression of an unblocked Ca?* dependent potassium current (see also Fig. $3.3). B, Grand average
Cm responses to a range of depolarizing pulse durations (0.5 to 20 ms) using an internal solution containing 1 mM
BAPTA. Grand averages were made from individual cell averages comprising Cr, responses from individual All-ACs
performed between 4 and 30 mins. Notice how with 1 mM BAPTA, the AC, response and endocytosis are different
than with EGTA internals (see Fig. 3.2,3.4,53.4). C, Plots of corrected Qc, for BAPTA and 2 mM EGTA datasets.
Average Ic, traces for the BAPTA dataset are shown (inset). Continuous lines represent linear fits for EGTA (slope
=0.154; R?=0.9030) and BAPTA (slope = 0.1134; R? = 0.8592). Notice how Qc, follows a positive linear trend for
both datasets, and were similar after subtracting the charge transfer of the BK current (lnotch; See Fig. S3.3). D,
Plots for AC,, responses against pulse duration for recordings performed with 2 mM EGTA (blue; same as Fig. 3.2;

n =13) and 1 mM BAPTA (red; n =7). Continuous lines represent single exponential fits for 2 mM EGTA (t = 3.51
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s; R2=0.5230) and 1 mM BAPTA (t = 3.482 s; R? = 0.4666) datasets. Notice how the RRP was significantly reduced
with 1 mM BAPTA. E, Membrane RF plotted against time after the initial AC, (t = 0) for each dataset. Continuous
line represents a single exponential fit to 2 mM EGTA dataset (t = 8.17 s; R = 0.4144). Notice how the retrieval
fraction for the BAPTA dataset is significantly less than EGTA starting at (t = 2 s). Open circles with error bars
denote mean + SEM. Statistical comparisons between datasets were made between all buffer datasets using an

ANOVA and post hoc Tukey'’s test.

average trace when compared to 2 mM EGTA (Fig. 3.5E). We also compared the RF for BAPTA
and EGTA datasets for the 20 ms pulse responses (Fig. 3.5F). The RF for the EGTA dataset could
be fit with a single exponential function (t = 8.17 s; R? = 0.4144) and fully recovered by 20 s.
However, we observed little membrane retrieval for the BAPTA dataset. These results indicate
that blocking local nanodomain Ca?* with 1 mM BAPTA is sufficient to block fast endocytosis,

whereas 10 mM EGTA was not enough to block fast endocytosis.

3.3.5 Effects of GTP hydrolysis on exo- and endocytosis at inhibitory All-ACs

Our control solution contained 0.4 mM GTP. This was sufficient for producing ACn, jumps followed
by endocytosis. Because GTP is a critical component for dynamin-dependent endocytosis, we
performed experiments using an internal solution with 0 mM GTP (GTP-free) and with GTP
substituted for the non-hydrolyzable GTPyS (Fig. 3.6). The grand average Cn, (Fig. 3.6A) and Ic,
(Fig. 3.6B) responses to a 20 ms depolarizing pulse are shown for each internal solution to
illustrate the critical importance of GTP on exo- and endocytosis in All-ACs. Summary plots
showing ACrn and Qca for each dataset (Fig. 3.6D). The mean ACm and Qc, for 0.4 mM GTP were
(ACm = 62.2 £ 5.54 fF; Qca = 3.06 £ 0.132 pC; n = 26). We did not observe any change in ACm
response with GTP-free internal solution (ACm =67.74 + 4.84 fF; Qca =3.302 0.315 pC; n = 6). The
ACr, was reduced with 0.2 mM GTPyS (38.07 + 5.00 fF; Qca =3.43 £0.17; n =5).

In these experiments we reduced the ATP concentration from 5 mM to 3 mM, but found no effect
on exocytosis or the rate of endocytosis from All-ACs for 3 mM or 5 mM ATP (Fig. S3.5). However,
we cannot rule out the role of ATP on exo- and endocytosis in the All-AC. A study in goldfish
bipolar cells showed that ATPyS can inhibit fast compensatory endocytosis at synaptic terminals,

while simply reducing ATP had no effect (Heidelberger, 2001).
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3.6 GTP dependent processes regulate endocytosis in inhibitory All-ACs.

A, Grand average C,, responses to a 20 ms depolarizing pulse for recordings with internal solutions containing 0.4
mM GTP (black; same dataset as Fig. 3.2), 0 mM GTP (blue) and 0.2 mM GTPyS (orange). Shown are solid lines
with shaded regions depicting mean + SEM for each dataset. Notice that endocytosis was reduced using a GTP-
free internal solution (0 mM GTP) and blocked with 0.2 GTPyS. B, Grand average lc, responses to a 20 ms
depolarizing pulse for recordings corresponding to Cr,responses (A). Notice how Ic, amplitudes are similar among
datasets, yet the lnotch is reduced with 0.2 mM GTPyS. C, Membrane retrieval fraction plotted against time after
AC, (t = 0) for each dataset. Notice how the membrane retrieval for the 0 mM GTP has a half-time (RF = 0.5) of
17 s, compared to 6 s for the 0.4 mM GTP dataset, and the 0.2 mM GTPyS dataset does not recover. D, Summary
plots for ACr, (left) and Qc, (right) sowing comparisons for each dataset. Notice how GTPYyS significantly reduced
the AC,, (Kruskal-Wallis and Dunn’s test; p = 0.0125), while no significant changes were detected for Qc, (ANOVA
test and Tukey’s test; p = 0.4379). Closed circles represent values from individual All-ACs, and open circles with

error bars denote mean + SEM.

comparisons of non-parametric data (DF = 37; p = 0.0125), detecting a significant change. We
found that ACn, of the GTPyS dataset was significantly smaller than control (p = 0.049) and GTP

free (p = 0.0112) datasets with a post-hoc Dunn’s test. No significant was found for Qc, using a
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One-way ANOVA test (F = 0.8462; p = 0.4379; DF = 37). Plots of the retrieval fraction for each
dataset (Fig. 3.6C) shows that recordings with 0.4 mM GTP have a faster endocytosis half-time
than recordings with a GTP-free internal solution; 6 and 17 seconds, respectively. Furthermore,
endocytosis was not observed with a GTPYS internal solution. We also performed experiments
with 1 mM GTP, to see if endocytosis rates were accelerated, but no added effect on exo- or
endocytosis was observed (Fig. S3.6A-D). We also compared 0.2 and 2 mM GTPyS, which both
had a similar effect in blocking endocytosis (Fig. S3.6E,F). We conclude that endocytosis is

critically dependent on GTP.

Although GTP concentration and GTPYS did not significantly change the Qc,, we did observe a
reduced lnotch for the GTPYS datasets (Fig. 3.6B). We also saw the lnotch become larger with the
higher 1 mM GTP internal solution (Fig. S3.6A). This finding suggests some modifications to Kcal.1

(BK) channels by GTP may occur. This was not further investigated.

3.3.6 Major molecular regulators of endocytosis in All-ACs

3.3.6a Dyngo-4a blocks dynamin dependent endocytosis in All-ACs

We next studied how endocytosis in All-ACs depends on Dynamin, a GTPase protein that is
involved in a late step of the endocytosis process: the final constriction and scission of the
endosomal neck (De Camilli et al., 1995). Dynamin inhibitors like Dyngo-4a (dynasore derivative)
have been used to study endocytosis at multiple synapses and secretory cells (. The retrieval and
scission of plasma membranes during endocytosis at synaptic active zones is blocked by Dyngo-
4a. We pre-incubated retina slices for 8-10 min with 30 uM Dyngo-4a in the bath solution before
patching All-ACs and continued perfusion for the duration of recording. Cr, responses to a 20 ms
depolarizing pulse were recorded. Example traces show that Cy, responses with 30 uM Dyngo-4a
lose endocytosis at ~8 min after break-in (Fig. 3.7A). In contrast, our example traces for the
vehicle control (Ames with 0.1% DMSO) taken in the same retina slice shows endocytosis
occurring for up to 20 min after recording. The grand average Cr and Ic, traces are composed of
individual cell averages made between 4 and 30 min after break-in (Fig. 3.7B). We observed
similar size AC, responses for Dyngo-4a and control datasets, but the traces with Dyngo-4a did

not have endocytosis. Furthermore, the Ica responses were slightly smaller with Dyngo-4a.
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37 Dyngo-4a blocks dynamin dependent endocytosis in All-ACs.

A, Example traces of Cp, responses to a 20 ms pulse for recording performed with a bath solution containing 30
UM Dyngo-4a (orange), and a control solution containing 0.1% DMSO (blue). Internal solution contained 2 mM
EGTA and recordings were made from 2 min to 20 min after break-in. Notice how control C, responses have
lasting endocytosis, while responses with 30 uM Dyngo-4a show a reduction in endocytosis over time. B, Grand
average Cn and I, (inset) responses to a 20 ms depolarizing pulse. Shown are solid lines with shaded areas
depicting mean * SEM for control (n = 19) and 30 uM Dyngo (n = 7) datasets. Grand averages comprise individual
cell averages of traces obtained between 4 and 30 mins after break-in. Notice how the C, response with 30 uM
Dyngo-4a does not return back to baseline, suggesting an inhibition of endocytosis. C, Summary plots of ACy, (left)
and corrected Qc, (right) showing comparisons for each dataset. Notice how ACr, responses were not different
despite the Qc, for the Dyngo-4a dataset being significantly smaller. D, Plot of the membrane retrieval fraction
against time after the initial AC,, response (t = 0). Notice how the membrane completely recovers (RF = 1; dashed
line, for the control dataset unlike the Dyngo-4a dataset, which does not show any membrane retrieval. Closed
circles represent data from individual All-ACs, and open circles with error bars denote mean + SEM. Statistical
comparisons between datasets were made using Student’s t-tests.
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Summary plots for ACr, and Qca show the comparisons between Dyngo-4a and control datasets
(Fig. 3.7C). The mean Qc, for the Dingo-4a was significantly smaller (control: 3.68 + 0.19 pC; n
=19, and Dyngo-4a: 2.83 + 0.13 pC; n = 7; p = 0.0172; Student's t-test). However, Dyngo-4a did
not significantly change the ACr, response (control: 54.7 + 4.92 fF; n =19, and Dyngo-4a: 48.1 +
5.49 fF; n = 7; p = 0.4624; Student's t-test). The plots of the retrieval fraction show that Dyngo-
4a significantly blocks membrane retrieval (Fig. 3.7D). With Dyngo-4a, we observed a small
increase in Cm trace that trails after the initial ACr response, about 10-15 s after the depolarizing
pulse. Similar drifts in Cr, traces were also seen with GTPyS (Fig. 3.6A,C). We do not know what is
causing this upward drift in C, recordings; however, it is possible that Dyngo-4a is compromising

the integrity of the cellular membrane.

3.3.6b Actin polymerization regulates endocytosis kinetics for inhibitory All-ACs

Endocytosis may require actin polymerization. We thus used latrunculin-A (LatA) to block actin
polymerization to test if this process is required for endocytosis in All-ACs. Here we pre-incubated
retinal slices with 25 uM LatA in the recording bath solution for 8-10 min before whole-cell break-
in and also for the duration of recording. Cr, responses to a 20 ms pulse were recorded for cells
treated with LatA and in-slice controls (0.1% DMSO in Ames medium). Example Cr, responses are
shown for a recording with LatA and control to illustrate that endocytosis failures occurred with
LatA throughout the recording duration (Fig. 3.8A). The grand average traces show how LatA
affects the Cr, and lcs responses (Fig. 3.8B). We noticed that there was still some endocytosis,
although it was slower for the LatA dataset. Summary plots for ACyn and Qca show comparisons
between the LatA and control datasets (Fig. 3.8C). Though the Ic; was slightly smaller with LatA
compared to controls, there was no significant difference in Qc, (control: 3.68 + 0.19 pC, and
LatA: 3.25 £ 0.24 pC; n =19; p = 0.194; Student’s t test). Statistical comparisons of ACy, for each
dataset (control: 54.7 £+ 4.92 fF; n =19, and LatA: 70.0 £ 6.00 fF; p = 0.07; Student’s t test), indicate
that change in exocytosis statistically significant. Comparisons of the RF show that membrane
retrieval for the LatA dataset was significantly reduced from controls (Fig. 3.8D). We saw
significant reduction in the RF by 5 s after the initial ACn, response (control: 0.41 £ 0.04, and LatA:

0.22 £ 0.06; p = 0.016; Student’s t test). Furthermore, the endocytosis half-time was much longer

89



Control
25 uM Latrunculin A

C AC,, (fF) Corr. Q, (pC) D Retrieval Fraction
- ns ns -5 - - &
100 - 10 50002
O ¢ @17
o) —4 e 50 0"
e X o .
@ @ o 0.5+ OOO -QQOOQGOD
so- @ 0%, ~5602°
—2 1 & B & oD ¢
7] = []_g_@.ﬁ. .......................
0— 5'\ :'\:5-" '\:\:I\ {\(_ _U -I T 1 L] I I L] I L] 1 I L} 1 T 1 I T I L] 1 I
Q?{‘\é K\ ;QO\E\ K\ 0 5 10 15 20
H* o Time (s)

38 Latrunculin-A reduces endocytosis by blocking actin polymerization.

A, Example traces of C, responses to a 20 ms pulse from recordings using a bath solution containing 25 uM LatA
(orange), and a control solution containing 0.1% DMSO (blue; same as Fig. 3.7). Shown are traces from recordings
with a 2 mM EGTA internal solution performed at 2 min to 15 min after break-in. Notice how responses with 25
KM LatA do not consistently show endocytosis. B, Grand average Cm and lc, (inset) responses for LatA (n = 10) and
control (n = 19; same as Fig. 3.7) datasets. Solid traces with shaded areas depicting mean + SEM. Grand averages
comprise individual cell averages of traces obtained between 4 and 30 mins after break-in. Notice how the Cy,
response the LatA dataset has reduced endocytosis. C, Summary plot for AC, (left) and Qc, (right) responses
showing comparisons for each dataset. Notice how there was no significant difference between each dataset. D,
Plot for membrane retrieval fraction against time after the initial AC,, response (t = 0) for each dataset. Notice
how by t = 5 s the RF for the LatA dataset is significantly less than control, and has a slower half-time (RF = 0.5).
Closed circles represent data from individual All-ACs, and open circles depict mean + SEM. Statistic comparisons

were made using Student’s t-tests.
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with LatA (17 s) versus control (6 s). These results show that blocking the polymerization of actin
filaments causes disruptions to endocytosis, though it does not completely block the membrane

retrieval process.

3.3.6¢ Clathrin is perhaps essential for endocytosis in All-ACs

Figure®®

Control
25 puM Pitstop2

AC,, (fF) Corr. Q. (pC) Retrieval Fraction
— i i —6 = ok ok ok
100 B L0—--mmmmmmmmm e 2@'@"1’ @é
L4 . o} ) ¢ ¢
. 0] 0] T o) D o ¢
L 05—f--------- O ReE LR PP
04 @ 0 o
_2 - o
o - ,
. _ 00§ - 0500058 59266550909
(199  (10) o
0- 0\ v (} ) =0 = T T 1T T T 1 T T T T T T T T
(Jo‘é’6 Q@@Q (Jo@6 Q@\C’Q 0 5 10 15 20
S O Time (s)
v P

3.9 pitstop-2 blocks clathrin dependent endocytosis in All-ACs.

A, Example traces of C,, responses to a 20 ms pulses from recordings using a bath solution containing 25 pM
Pitstop-2 (orange), and a control solution containing 0.1% DMSO (blue; same as Figure 3.6). Recordings were
performed in All-ACs with an internal solution containing 2 mM EGTA made at 2 min to 20 min after whole-cell
break-in. Notice how responses for the Pitstop-2 dataset no longer show endocytosis 5 min after break-in. B,
Grand average Cy, and Ic, (inset) responses to a 20 ms pulse for Pitstop-2 (n = 10) and control (n = 19) datasets.
Shown are solid traces with shaded areas denoting mean + SEM. Grand averages comprise individual cell averages
of traces obtained between 4 and 30 mins after break-in. Notice how the similarities in the AC, and Ic, responses,

but the trace for the Pitstop-2 dataset does not return back to baseline (dashed line). C, Summary plots for AC,
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corrected Qc, (right) responses showing comparisons between each dataset. Note that there were no significant
differences. D, Plot of the membrane retrieval fraction against time after the initial AC,, response (t = 0). Notice
that by 2 s the membrane retrieval for the Pitstop-2 dataset was significantly less than control and did not have
an endocytosis half-time (RF = 0.5). Closed circles represent data from individual All-ACs, and open circles with

error bars denote mean + SEM. Statistical comparisons were made using Student’s t-tests.

Clathrin-mediated endocytosis can be seen at several synapses and is often associated with
kinetically slow membrane retrieval. We used 25 uM Pitstop-2 to block clathrin-mediated
endocytosis by pre-incubating slices for 8-10 min before whole-cell break-in (von Kleist et al.,
2011). Example Cm responses compare recordings with Pitstop-2 and controls within the same
retina section (Fig. 3.9A). These example recordings from 2 to 20 min after break-in show that
pitstop-2 inhibits completely endocytosis without interfering with exocytosis or causing a late
upward drift in Cry traces. Grand average responses showed that Pitstop-2 had a minimal effect
on lca, and blocked endocytosis without affecting the Cn, jump (Fig. 3.9B). This trend is also
demonstrated by the summary plots for AC, and Qca (Fig. 3.9C). Pitstop-2 did not significantly
change ACn (control: 54.7 + 4.92 fF; n = 19, and Pitstop-2: 59.3 + 7.19 fF; n = 10; p = 0.592;
Student’s t test), or the mean Qc, (control: 3.68 + 0.19 pC; n =19, and Pitstop-2: 3.81 £+ 0.14 pC; n
= 10; p = 0.651; Student’s t test). The membrane retrieval plots indicate that endocytosis was
completely blocked by Pitstop-2 (Fig. 3.9D). This suggests clathrin formation mediates
endocytosis at All-AC synapses. We are hesitant to make a strong conclusion about clathrin’s role
in All-AC endocytosis because Pitstop-2 has been suggested to also strongly block clathrin-
independent endocytosis (Dutta et al., 2012; Willox et al., 2014). However, in reviewing electron
micrographs from Strettoi et al. (1992) of adult rabbit All-ACs, we can see apparent clathrin-cages
and coated-vesicles near the periphery of the presynaptic active zones (Fig. 3.10). We think that
these images are showing evidence of clathrin-coated vesicles that have formed on newly
retrieved vesicle membranes. We thus propose that clathrin could be involved in endocytosis in
AlI-ACs. The presence of several putative endocytotic pits in electron micrographs (EM) with clear
clathrin-coated membranes and clathrin “cages” near the plasma membrane provide EM
evidence of membrane retrieval on the periphery of the active zone of adult rabbit All-ACs
(Strettoi et al., 1992). However, this clathrin-mediated endocytosis may be promoted if lower

temperatures are present during tissue fixation (Watanabe et al., 2013).

92



310 Clathrin-coated vesicles in All-AC lobules.

A-F, Electron micrographs of All-AC lobular ultrastructure. Shown are micrographs adapted from Strettoi et al.
(1992), depicting All-AC presynaptic active zones (white asterisks). A, Micrograph showing a lobule with at least
two active zones surrounded by vesicles. Red arrows mark clathrin-coated vesicles that are also shown in B & C.
D, Micrograph showing a lobule with one active zone. Red arrows point out regions of clathrin-coated vesicles

that are expanded in E & F. Notice how the clathrin- coated vesicles are located peripheral to the active zones.

Section 3.4: Discussion

3.4.1 Ca**-dependent endocytosis at CNS nerve terminals

The effects that internal Ca?* has on compensatory endocytosis vary among cell types, nerve
terminals and experimental preparations. While Ca?* was first proposed to inhibit endocytosis in
goldfish bipolar cells (von Gersdorff and Matthews, 1994), other studies have proposed that Ca?*
elevations trigger endocytosis (Hull and von Gersdorff, 2004; Yamashita et al., 2010). One method
to study Ca?* effects on endocytosis is by changing the stimulation intensity or duration.
Increasing the stimulation strength in goldfish BC terminals and the calyx of Held nerve terminal
causes endocytosis to slow. However, the interpretation remains problematic because exo- and
endocytosis are inextricably coupled and increasing the stimulation duration increases the
membrane load which could strain the endocytotic process through mass action depletion of
endocytotic proteins (Cork and Thoreson, 2014). Conversely, at calyx of Held synapses increasing

the stimulation intensity to high levels reveals two modes of endocytosis (a fast and slow mode)
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which may result from two kinetically distinct retrievable pools of vesicles. There is also ample
evidence that endocytosis is sensitive to strong internal Ca?* buffers, however the effects of these

buffers may change during postnatal development (Yamashita et al., 2010).

3.4.2 C, measurements from All-AC and estimation of synaptic vesicle pools

Cm measurements were originally developed for measuring exocytosis in voltage-clamped

III

“spherical” cells with no space-clamp issues (e.g. chromaffin cells; Lindau and Neher 1988; Gillis
1995). This technique has since been used to measure exocytosis, endocytosis, and estimate
vesicle pool size in cells with simple morphology (i.e. chromaffin cells or pancreatic beta-cells that
secrete insulin). Auditory hair cells from mouse (Neef et al., 2014) and bullfrog (Cho and von
Gersdorff, 2012; Chen and von Gersdorff, 2019) are also ideal for C,, measurements. This
technique can also be performed with large synaptic terminals; specifically, retinal bipolar cell
terminals, calyx of Held (Sun and Wu, 2001; Renden and von Gersdorff, 2007), mossy fiber
terminals (Delvendahl et al., 2016), and cone photoreceptor terminals (Van Hook and Thoreson,
2012). Computational models from mossy fiber boutons found that C, measurements can be
used to study more complicated synaptic terminals with two axonal processes (Hallermann et al.,
2003; Kushmerick and von Gersdorff, 2003). Fluorescent imaging has also been used to
temporally track the fusion and retrieval of individual vesicles (Lagnado and Schmitz, 2015; Smith

et al., 2008). Although imaging techniques have relatively low temporal resolution they can be

used to monitor single vesicle trafficking.

Increasingly more complex cells are being used now for C,, measurements (Kim and von
Gersdorff, 2010), although Cn measurements require fast voltage clamp and good space clamp
to faithfully assay exocytosis (Hartveit et al., 2019). Compartmental modeling of hippocampal
CA1 mossy fiber boutons showed it is possible to perform Cn measurements from bouton
terminals with attached axons and to estimate the overall readily releasable pool (RRP;
Hallermann et al., 2003). Models of rat rod bipolar cells found that their long axons impede high
frequency sinusoidal waves when C, is measured using a patch pipette on the cell soma, leading

to underestimates of the RRP size (Oltedal and Hartveit, 2010). However, C,, measurements done
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with lower sinewave frequency could report the total RRP size of the rod bipolar cells (Oltedal

and Hartveit, 2010).

Here we used direct presynaptic Cr recordings in live All-ACs embedded in retinal slices to study
the endocytosis kinetics with high temporal resolution. All-ACs are narrow-field compact
interneurons with bistratified dendrites that receive glutamatergic and electrically coupled (gap
junction) inputs in the S3-4 layer and presynaptic glycine release from All-AC lobular appendages
in the S1-2 layer near the soma (Fig. 3.1; Strettoi et al., 1992). Early modeling studies of mouse
All-ACs suggested that their compact size makes their dendritic arbors electronically isopotential
with the cell soma (Vardi and Smith, 1996). However, recent models suggest that a high
frequency sine wave (2 kHz) might be significantly attenuated by the thin necks connecting
lobules, especially those located further away from the soma (Hartveit et al., 2020). Somatic
whole-cell capacitance recordings have found evidence of two distinct vesicle pools in mouse All-
ACs: a fast releasing pool, activated by short depolarizing pulses, and a slow pool activated by
more prolonged pulses (Balakrishnan et al., 2015). Both the fast and slow pool are potentiated
by cAMP via Ca®* release from Ca?* stores (Meadows et al., 2021). Importantly, C, measurements
done with lower sinewave frequencies report the same ACyn jump in both young mouse

(Balakrishnan et al., 2015) and adult rat All-ACs (Figure S3.2).

3.4.3 Developmental changes to All-AC synaptic active zones

We noticed that C,, measurements post-eye-opening juvenile rats (p21-25) had initially had
endocytosis shortly after break-in, but endocytosis begins to rundown after several minutes.
Similar observations were also found in young mouse AII-ACs in our previous studies
(Balakrishnan et al., 2015; Meadows et al., 2021). C, recordings at bipolar cell terminals also
found that whole-cell dialysis disrupts exo-endocytosis, perhaps due to a “washout” of synaptic
proteins or disruption of the cytoskeleton. However, perforated-patch experiments that allow
the cytosolic constituents of the cell to remain intact prevented this rundown (Hull and von
Gersdorff, 2004). Unlike recordings in mouse (Fig. $3.1), Ca?* currents and exocytosis did not
rundown even several minutes after whole-cell break-in for recordings in juvenile rats.

Remarkably, we found that whole-cell Cn recordings of exocytosis and endocytosis did not
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rundown in mature rats (5-13 mo). This suggests that the mature synapses within All-AC lobules
do not rundown or suffer from major washout of vital synaptic proteins. We speculate that
mature synapses have more diffusional barriers that prevent the dialysis of the lobules, although
our observed effects of BAPTA on exo- and endocytosis suggests that small molecules in our
internal solution still effectively penetrate these barriers. Alternatively, the resistance to washout
could also develop as lobular cytoskeleton and scaffolding protein complexes become more

abundant and mature in adult synapses.

Actin dynamics plays important roles in nerve terminals, spine formation and stability, and in
long-term memory (Cingolani and Goda, 2008; Basu and Lamprecht, 2018). Disruption of actin
polymerization causes perturbation of spines and can have detrimental effects on long-term
memory. The All-AC lobules differ from dendritic spines in that they have synaptic vesicles and
active zones (Fig 3.10). They are thus presynaptic. Here we have shown actin stability is also
important for presynaptic integrity and function because after disrupting actin polymerization

with LatA the rate of endocytosis is significantly reduced.

3.4.4 Hydrolysis of GTP regulates endocytosis

The importance of GTP- hydrolysis has on exo- and endocytosis has been observed in retina
bipolar cells (Jockusch et al., 2005), auditory hair cells (Neef et al., 2014), and the calyx of Held
(Yamashita et al., 2005). We found significant reduction in endocytosis using a GTP-free solution,
indicating that depletion of endogenous GTP can disrupt endocytotic processes within minutes
after break-in. Our results with GTPYS together with results with Dyngo-4a suggest that the
GTPase, dynamin regulates fast endocytosis in the All-AC. Dynamin inhibitors like dynasore and
Dyngo-4a, work by blocking the GTP-dependent assembly around the endosomal necks
(Mohanakrishnan et al., 2017). Other studies have used these inhibitors to demonstrate
dynamin’s role in fast endocytosis (Delvendahl et al., 2016); however, there are potential off-

target effects of dynasore derivatives (Park et al 2013).

96



3.4.5 Mechanisms of ultrafast, fast and slow endocytosis

We found that treatment with the dynamin inhibitor, Dyngo-4a, and clathrin inhibitor, Pitstop-2,
fully blocked endocytosis responses to a 20 ms stimulation, in which control responses had an
exponential time constant of about 8 s (Fig. 3.7, 3.8, 3.9). Results from inner hair cells found two
modes of endocytosis (fast exponential and slow linear) could be separated using 20 and 200 ms
pulse stimulations; apparently, dynamin and clathrin-mediated only the slow linear mode of
endocytosis (Neef et al., 2014). The fast mode is exponential at inner hair cell synapses and occurs
after a strong (200 ms) depolarization, or via flash-photolysis of caged-Ca?*, compared to near-
linear decay responses to 20 ms depolarizing pulses (Neef et al., 2014). Endocytosis in rod and
cone photoreceptors in salamanders can be fitted with fast single exponentials (t ~450 ms and
250 ms), although only rods showed evidence of a dynamin-dependent mechanism (Van Hook
and Thoreson, 2012). Evidence of dynamin and clathrin distribution in photoreceptors indicate
that this form of endocytosis may come from a separate retrievable pool of vesicles (Zampighi et
al., 2011). Clathrin-mediated endocytosis is reportedly associated with slower kinetics for sensory
and central synapses (see review: Royle and Lagnado, 2010). Cr, recordings in cerebellar and
hippocampal mossy fiber synapses found distinct fast and slow membrane retrieval modes that
are clathrin-independent and dependent respectively (Delvendahl, et al., 2016). These results
support earlier flash and freeze EM data showing that actin and dynamin are involved in the
invagination and fission of vesicle membranes without clathrin associated proteins in the peri-
active zone (Watanabe et al., 2013). Our results with 20 ms pulse stimulations produced a ACy,
jump followed by an exponential endocytosis time course comparable to that observed for 1 - 30
ms responses in mossy fiber terminals (Delvendahl et al.,, 2016), where clathrin-mediated
mechanisms contribute to retrieval rates of ~1 - 3 s, which are faster than previous observations

of ~10 - 20 seconds in goldfish bipolar cell terminals (von Gersdorff and Matthews, 1994).

Ultrafast endocytic events with an exponential time-constant T = 300 ms have been observed
using Cm measurements at inner hair cells (Beutner et al., 2001) and cone photoreceptors (Van
Hook et al 2012). Ultrafast endocytosis (t = 470 ms) was also observed at cerebellar and

hippocampal mossy fiber synapses in response to a single action potential (Delvendahl et al.,
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2016). Fast endocytosis also occurs within 1 to 4 s for a short AP train, but slows down after more

prolonged stimulation that leads to multivesicular release.

Clathrin-coated vesicles are observed at both ribbon and conventional synapses (reviewed in
LoGiudice and Mathews, 2007). Early capacitance experiments in goldfish rod bipolar cells report
a slow mode of endocytosis (von Gersdorff and Matthews, 1994; Neves and Lagnado, 1999;
Heidelberger, 2002). Later studies demonstrated that endocytosis can be mediated by separate
clathrin and clathrin-independent mechanisms (Jockusch et al., 2005; Llobet et al., 2011), where
clathrin-coated vesicles are located peripheral to the active-zone (Pelassa et al., 2014).
Photoreceptors pedicles have retrieval pools that use clathrin-mediated and clathrin
independent mechanisms for endocytosis (Fuchs et al., 2014). The distinction between clathrin-
mediated and clathrin-independent endocytosis is not limited to ribbon synapses (Granseth et
al., 2006; Wu, et al.,, 2009). We were initially reluctant to state that All-ACs exhibit clathrin-
mediated endocytosis because our only evidence uses pitstop-2, an inhibitor of clathrin-
mediated endocytosis (von Kleist et al., 2011). However, this compound can also block clathrin-
independent endocytosis in some cells (Dutta et al., 2012; Willox et al., 2014). However, EM
published data from Strettoi et al. (1992) of All-AC lobular ultrastructure shows coated vesicles
on the periphery of the active zone (Fig. 3.10). We think this represents evidence for clathrin-
coated vesicles in All-ACs, supporting our finding with Pitstop-2, which blocks clathrin-mediated

endocytosis as proposed by Delvendahl et al. (2016) for mossy fiber terminals.

3.4.6 Ca’* nanodomain coupling of synaptic vesicle exocytosis

We found that exocytosis in mature All-ACs was dependent on nanodomain Ca?* and reduced
with 1 mM BAPTA, while changing EGTA concentration from 2 to 10 mM had no effect. L-type
Ca?* channels cluster in All-AC lobules (Habermann et al.,, 2003; Borghuis et al., 2011;
Balakrishnan et al., 2015), which is also the location of active zones (Strettoi et al., 1992). Cn,
recordings in mouse All-ACs found that EGTA sensitivity changed from pre-eye-opening (p9) to
young adult (p25), suggesting that there are developmental changes in the microdomain
structure of the active zone (Balakrishnan et al., 2015). However, our finding in mature rat All-

ACs agrees with tighter, nanodomain Ca?* channel coupling observed at other inhibitory synapses
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(Williams et al., 2012; for a review on nanodomains see: Eggermann et al., 2011). In addition, the
change in synaptic efficiency would suggest further remodeling of the AlI-AC active zones. Two
mechanisms could explain this: (1) There are extra-synaptic L-type channels that move closer to

the active zone, or (2) Changes in sensitivity of the Ca?* binding sensor.

3.4.7 Ca**-dependent regulation of endocytosis

The influence of Ca?* on endocytosis has been heavily studied and debated since it was first
observed in goldfish bipolar cells (von Gersdorff and Matthews, 1994). Some studies suggest an
inhibitory effect of Ca?* and a slowing of endocytosis as more exocytosis occurs with stronger
stimulation (von Gersdorff and Matthews, 1994; Leitz and Kavalali, 2011). This agrees with what
we observed in the AlI-AC, where longer pulses had longer half-times. Slowing down of
endocytosis could be dependent on a depletion of readily available endocytic proteins, Ca?* influx
activating an upstream protein like calmodulin (Yao and Sakaba, 2012), or a kinase like calcineurin
(Yamashita et al., 2010; Cork and Thoreson, 2014). High levels of Ca®* influx can even trigger
release locally at the ribbon or from non-ribbon sites with different retrieval mechanisms (Chen

et al.,, 2012, 2014).

At the calyx of Held nerve terminal robust Ca?* influx can accelerate endocytosis after strong
stimulations that trigger copious exocytosis (Wu et al., 2009; Yamashita, 2012). The use of
internal solutions with different buffer strength suggested that endocytosis is Ca?*-dependent,
although these manipulations were most effective in younger animals. In our study, we found
that 1 mM BAPTA eliminated endocytosis similarly to results found in juvenile calyx of Held (Hosoi
et al., 2009), and contrary to findings at the hippocampal mossy fiber synapses (Miyano et al.,
2019 ). At the more mature, but still young postnatal P14-15 calyx of Held synapse, 10 mM BAPTA
was necessary to completely block endocytosis, suggesting that it was triggered by local Ca?*
nanodomains (Yamashita et al, 2010). We also found that All-ACs were insensitive to changes to
EGTA concentrations, indicating that exo- and endocytosis are dependent on nanodomain Ca?".
Fast and slow modes of endocytosis are regulated by different Ca%* channel subtypes in the calyx
of Held (Midorikawa et al., 2014), yet the All-AC only expresses L-type Ca?* channels (Habermann

et al., 2003; Balakrishnan et al., 2015). Therefore, we propose that there are perhaps different
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clusters of Ca%* channels some specific for exocytosis at active zones and some specific for
endocytosis at the peri-active zone (or hot spot of endocytosis). Rapid endocytosis may also
become more robust in adult synapses via a clustering of endocytotic proteins near the plasma

membrane at hot spots of endocytosis in the peri-active zone (Watanabe et al., 2013).

Section 3.5: Materials & Methods

Animals
Procedures were approved by the Institutional Animal Care and Use Committee of OHSU, and

were in accordance with National Institutes of Health guidelines. Brown Norway (BN) rats
(Charles River) and C57bl/6j mice (Jackson Laboratory). Unless indicated, BN rats were 5-13
months old. Animals were anesthetized with isoflurane (Novaplus) and then after euthanasia,
the eyes were removed and dissected to extract the retina in carbogenated Ames medium

(USBiologicals) at room temperature.

Retina slices
Retinas were embedded in low melting temperature agarose (sigma type VIIA, 3% in Ames

medium) and 250 um slices were prepared using a vibratome (Leica VT1200S) in carbogenated
low-Na* sucrose-based cutting solution containing (in mM): 2.5 KCL, 35 NaHCO3, 1.25 NaH2PO4,
0.5 CaCly, 6 MgCly, 10 glucose, 3 Na-pyruvate, 210 sucrose, and 20 HEPES. Retinal slices were
stored at room temperature in carbogenated Ames solution before being transferred to the

recording chamber.

External and Internal Solutions
Ames medium (containing 1.15 mM free Ca®*; Ames and Nesbett, 1981) was used for our external

recording solution, which was continuously perfused and heated to near physiological
temperature (33 - 34°C). Ames was supplemented with (in uM): 10 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX), 50 DL-2-Amino-5-phosphonopentanoic acid (DL-AP5), 2 strychnine, 3
SR95531, 5 (-)-bicuculline methiodide, and 1 tetrodotoxin (TTX). These drugs blocked AMPA,

NMDA, glycine and GABA receptors, as well as Na* channels.

Internal solutions were Cesium-based to block potassium currents. Our control solution with

ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) was prepared as
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followed (in mM): 50 CsCl, 66 Cs gluconate, 10 tetraethyl ammonium chloride (TEA-CI), 10 HEPES,
5 adenosine 5’-triphosphate magnesium salt (ATP-Mg), 0.4 guanosine 5’-triphosphate disodium
salt (GTP-Na2), and 2 EGTA. We used solutions with different EGTA concentrations (0.2, 5, and
10 mM) when indicated, prepared by substituting Cs gluconate. We used a solution containing
1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA; 1 mM) when indicated,
prepared by substituting EGTA and Cs gluconate. We used solutions containing low ATP-Mg (3
mM) with different GTP concentrations (0, 0.4, and 2 mM) or with GTPyS (0.2, and 2 mM)
prepared by substituting Cs-gluconate. Stock internal solutions were made at 1.25x
concentration, adjusted pH to 7.4 with CsOH, adjusted osmolarity with D-glucose, and kept
frozen for up to 3 months. Internal solutions were diluted to 1x concentration (275 mOSM)
before use and 10 uM Alexa 594 hydrazine (Invitrogen) was added. Pipette filling syringes
containing internal solutions were kept on ice to avoid thermal degradation of GTP and ATP.

Stock concentrations of drugs and salts were prepared using purified water (Milli-Q; Millipore).
Stocks of latrunculin-A, Pitstop-2, and Dyngo-4a were made with DMSO and added to external
solution when indicated (final DMSO concentration was 0.1% v/v). Ultrapure salts for internal
were purchased from Sigma-Aldrich (St. Louis, MO). CNQX, SR95531, DL-APS5, bicuculline, and
latrunculin-A were purchased from Tocris Bioscience (R&D Systems, Minnesota). Tetrodotoxin
(TTX) and strychnine were purchased from Sigma (St. Louis, MO). Pitstop-2 and Dyngo-4a were

purchased from abcam (Waltham, MA).

Patch clamp electrophysiology
Electrophysiological recordings using a double EPC-9 or EPC-10 patch clamp amplifier and

Patchmaster software (HEKA Elektronik, Lambrecht/Pfalz, Germany). Data acquisition performed
with a sampling rate of 100 kHz, filtered with 2 kHz low-pass filter. Thick walled borosilicate glass
pipettes were used for whole-cell patch-clamp experiments (8-10 MQ; 1B150F-4, World Precision
Instruments, Sarasota, FL). Pipettes were pulled with a Narishige puller-PP830 (Tokyo, Japan),
and wrapped with parafilm to reduce stray capacitance and electrical noise. Whole-cell voltage-
clamp recordings of membrane capacitance (Cm) and Ca?* currents (lca) in All-ACs from BN rat
retina slices; retina slices from C57 BL6J mice were used when indicated (Fig. S3.1). Retinal slices

were kept in low-light (photopic) conditions.
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Time-resolved Cn, measurements were made using the “sine+DC” method (Gillis, 2000;
Balakrishnan et al., 2015; Hartveit et al., 2019; Meadows et al., 2021). A pair of sinusoidal waves
(2 kHz; 30 mV peak-to-peak) superimposed on membrane holding potential (-80 mV) were given
before and after a square depolarizing pulse from -80 mV to -10 mV for maximal Ic, activation
(Balakrishnan et al., 2015), which triggered Ca?*-dependent vesicle fusion (exocytosis). Leak
voltage-clamp pulses (to -73 mV) were given after each C, recording and used for offline leak-
subtraction. Additionally, some slices were treated with 100 nM iberiotoxin to inhibit K¢y 1.1
channels not completely blocked by our Cs-based internal solution. Experiments were not
corrected for liquid junction potential, which was measured (-10 mV) post-hoc using methods
described by Neher (1992). Online calculations of passive membrane properties (Cm, Gs, Gm) were

done by the HEKA software.

Data processing
Traces were imported to IgorPro software (Wavemetrics, Lake Oswego, OR) for offline analysis.

The inverse was calculated for Gs and G, traces for measuring series resistance (Rs), membrane
resistance (Rm). Traces were processed using a lowpass Hanning filter with a cutoff at 40 kHz. The
baseline Rs, Rm, and C, was measured 100 ms before the stimulus. Linear fits were made to C
response 5 s before the stimulus and extended to the duration of the entire trace. Subtraction of
the Cm traces and the linear fits were made to offset persistent changes to the baseline Cn

response.

Cm measurements and vesicle pool estimates
Cm measurements were made 100 ms before the stimulus (baseline; Cp) and 100 ms after (jump;

G ). Each measurement is the mean of data points over a sample duration of 100 ms. The
following formula was used to calculate the changes in Cn, response (ACn):

ACy =C; — Gy
An estimate of the total number of vesicle fusions (v) that produce the net AC, change is

obtained from the following formula:
_ AGy,
=

v
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Given the average vesicle diameter (d) is 37 nm and specific capacitance (cs) is 10 fF/um?, the
capacitance of a single spherical vesicle (cv ~ 40 attoF) was estimated from:

cy = md?cg
Ca®* currents and estimates of charge transfer
L-type Ca?* current (Ica) were made using offline leak subtraction (P/10) taking the difference of
the current response and the summed leak responses. The notch in the Ic; was determined to be
an unblocked BK (big potassium) current using iberiotoxin (S, a potent KCal.1 inhibitor. The
charge transfer (Q) was measured by integrating lca under the region of the pulse duration. The
Qtotal CONsists the total Q for the Ca?* charge transfer (Qca) flux and is corrected for the

contaminating BK charge transfer (Qnotch).

Experimental design and statistical analysis
Datasets for all experiments were tested for normal distribution using a Shapiro-Wilk test. For

most experiments pairwise comparisons were made between recordings taken within 1 min (30
s to 1 min) and at 4 min after break-in using a two-tailed paired t-test or Wilcoxon test;
respectively for datasets with normal and non-normal distribution with an o level of 0.05. For
comparisons of independent groups we performed either a Student’s t-test or Mann-Whitney
test; respectively for normal and non-normal distribution. For comparisons between multiple
groups, we indicate where we use one-way and two-way ANOVA tests followed by post hoc tests.
All statistical tests were performed in Prism 9 software (GraphPad, San Diego, CA). Grouped data
are written as mean * SEM. Statistical significance is noted by asterisks (* p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001), while not significant (p > 0.05) is either labeled (ns) or not

indicated.
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Section 3.6: Supplemental Figures

Figure®31
A p35 C57 mouse
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$3-1 Whole-cell C,, recordings of endocytosis in mature brown Norway rats.

A, Example traces for C, responses to a 100 ms depolarizing pulse for an All-AC from a p35 C57 mouse. Shown
are traces recorded at 0.5, 4, and 8 mins after break-in. Notice how at 4 min the C, trace does not return to
baseline (dashed line) and by 8 min the ACr, begins to rundown. B, Example traces for Cr, responses for an All-AC
from a mature (5 mo) brown Norway rat. Shown (top row) are multiple C, responses to 0.5 ms depolarizing pulses,
starting 5 min after break-in, responses to 1 ms pulses occurring 7 min after break-in (second row), responses to
20 ms pulses occurring 14 min after break-in (third row; note the change in y-axis scale bar), and responses to 50
ms pulses occurring 17 min after break-in (bottom; note the change in time scale bar). Notice how whole-cell
recordings in rat All-ACs can produce reliable AC, responses which return back to baseline, a feature persisting
for long recording sessions.
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$3:2 Effects of sinusoidal frequency on estimates of C, recordings and exocytosis.

A-D, whole-cell voltage-clamp recordings showing responses to different sinusoidal frequencies (in Hertz: 300,
500, 1000, and 2000) respectively colored (black, magenta, mauve, and blue). Shown are grand average traces
(right) and summary plots (left) for responses to a 20 ms depolarizing pulse recorded from All-ACs using an
internal solution containing 2 mM EGTA. A, Cr, responses (left) were baseline subtracted to compare Cy, jumps
(ACr). Notice how in the summary plots comparing AC., responses there was no significant changes between
sinusoidal frequencies. B, Traces and summary plots for basal C, responses show significant reductions in basal
Cn as sinusoidal frequency increases. C, Traces and summary plots for membrane resistance (Rn) did not
significantly change. D, Traces and summary plots for series resistance did significantly reduce as sinusoidal
frequency increased. Closed circles represent data from individual All-ACs (n = 7), and closed circles with error

bars denote mean + SEM. Statistical comparisons were made using one-way ANOVA and post hoc Tukey’s tests.

105



A Control B C

e 100nM IBX_ Charge (pC) Al o (PA)
| ] e * * %
Ca ‘ i e Qc o
‘ Al 10 ms 6 | ﬁa 0
| notch
50 pA -50
EX3E
g 100{ %
1 1504
o 150
-200
04 & & -250-
O (&)
C

Control

M‘J i '(‘
I fithah 80
w MMN "\Nﬂ“‘fm"v"vh T 604 & - %

40
C
m 201F 207
i ™ 0- O\
"'\*W‘M\T pi ettt il (,O&é
500 ms

533 Kca 1.1 (BK) current contributes to notch in Ic..

A, Grand average traces for Ic, responses (top panel) to a 20 ms pulse for recordings with 100 nM iberiotoxin
(orange; n =9) and control bath solution before drug wash (blue; n =9). Recordings were performed at 33 °C using
a Cs-based internal solution with 2 mM EGTA (see materials and methods). Trace for lotch (bottom panel) was
made by subtracting control and iberiotoxin traces, shaded region indicates SEM. Arrow pointing to a vertical bar
indicates change in lotch (Alnotcn). B, Summary plot of the charge transfer (Q) for current responses to a 20 ms
depolarizing pulse for each dataset and the corrected Qca (grey), which is Qca = | Qeontrol| + |Quotch|. Notice how
iberiotoxin dataset is larger than control, due to the contaminating lnotch (control: 2.65 + 0.30 pC and ibx: 3.44 +
1.24 pC; n =9; p =0.021). When the control dataset is corrected by artificially subtracting Inotch, the Qcais now the
same as the iberiotoxin dataset (corrected: 3.42 £ 0.24 pC; n = 9; p = 0.946). Therefore the true Qc, (indicated on
histogram) can be obtained by blocking BK currents with iberiotoxin or similarly by adding Qnotch arithmetically. C,
Histogram showing the notch reduction Al,etch after iberiotoxin, measured at the peak lyotch Observed in control
datasets (-108.1 £ 24.2 pA; p =.0021). D, Grand average C, responses for control, and 100nM iberiotoxin datasets.
Notice how blocking BK currents does not affect C,, responses (control: 56.7 + 5.64 fF, and ibx: 53.1 + 10.6 fF; n =
6; p = 0.594). E, Summary plots of AC., responses for control and iberiotoxin datasets, show no significant
difference between datasets. Closed circles represent data from individual All-ACs, and open circles with error

bars denote mean + SEM. Statistical comparison was made using a paired t-test.
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Figure®34
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$34[EGTA] does not affect exo- and endocytosis in All-ACs.
A-D, Normalized trace averages of Cr,, responses from All-ACs. Recordings were performed with different internal
EGTA concentrations (0.2, 2, 5, and 10 mM). Traces are shown for responses depolarization durations of 1 ms (A),

5 ms (B), 10 ms (C), and 20 ms (D). E, AC, responses plotted against pulse duration for each [EGTA] dataset. F, Qc,
plotted against pulse duration for each [EGTA] dataset.
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$3.5[ATP] reduction does not affect exo- and endocytosis in All-ACs.

A, Average C, and Ic, responses to a 20 ms depolarizing pulse for recordings using internal solutions containing 5
mM ATP (black) and 3 mM ATP (magenta). Solid traces and shaded region represent mean + SEM for datasets,
although shaded region was removed for Ic, for visual clarity. Notice that Cr, responses for both datasets are
similar, yet Ic, responses differ in the Inotch is smaller for 3 mM ATP. B, Summary plots for AC, (left) and corrected
Qc, (right) showing comparisons between values from each dataset (closed circles). Statistical comparisons were
made using student’s t-tests and were not significantly different. C, Normalized grand average C, responses for 5
mM and 3 mM ATP datasets. Notice how traces for both ATP concentrations return back to baseline (dashed line)
at the same rate. D, Membrane retrieval fraction plotted against time after the initial ACy, response (t = 0) for
each dataset. Continuous lines represent single exponential fits to each dataset, showing that both have the same
rate of membrane retrieval (T = 8 s). Open circles represent mean + SEM. Statistical comparisons were made using

student’s t-tests resulting in no significant changes in retrieval fraction.
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$3.6 GTPYS [0.2-2 mM] blocks endocytosis in All-ACs.

A, Average Cy, and I, responses to a 20 ms depolarizing pulse for recordings performed using an internal solution
containing 0 mM GTP (black; same as Fig. 3.6), 0.4 mM GTP (blue; same as Fig. 3.6), and 1 mM GTPS (red). Internal
solution was Cs-based with 3 mM ATP and 2 mM EGTA. B, Summary plots for AC, (left) and corrected Qc, (right)
comparing each dataset. C, Normalized C,, responses to a 20 ms depolarizing pulse for 0 (black), 1 (blue) and 0.4
(red), mM GTP. Traces are displayed with shaded regions depicting mean + SEM, comprising an average of several
Cn, responses for each individual cell ranging from 4 to 30 min after break-in. Note how the C, response with a

GTP free (0 mM GTP) solution has slower endocytosis, which does not return to baseline with 20s, and an increase
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to 1 mM GTP did not change the endocytosis. D, Membrane retrieval fraction plotted against time after the initial
Cn response (t = 0) for each dataset in panel A. Shown are open circles with error bars representing mean + SEM
and plotted as 1s bins. Continuous lines represent single exponential fits to 0.4 and 1 mM GTP datasets. Notice
how the membrane does not fully recover (RF = 1) for the 0 mM GTP dataset, while both 0.4 and 1 mM GTP
datasets fully recover at the same rate. E, Grand average Cr, and Ic, responses to a 20 ms depolarizing pulse for
recordings with internal solutions containing (in mM) 0.4 GTP (black), 0.2 GTPyS (blue) and 2 GTPYS (red). Notice
how the C,, responses for both 0.2 and 2 mM GTPys do not return back to baseline (dashed line). F, Membrane
retrieval fraction plotted against time after initial AC, response (t = 0) for 0.4 mM GTP, 0.2 mM GTPys, and 2 mM
GTPyS datasets. Notice that both 0.2 mM and 2 mM GTPyS sufficiently block endocytosis. Open circles with error

bars depicting mean + SEM. Statistical comparisons were made using an ANOVA test and post hoc Tukey’s test.
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Unpublished works

Section 4.1: Summary

The published findings that cAMP and EPAC2 potentiates All-AC glycine release is overviewed in
chapter 2 of this thesis. Those findings demonstrate that Ca?* induced Ca?* release (CICR) from
internal stores plays a pivotal role in potentiating All-ACs. This chapter presents preliminary
results building on the published findings in chapter 2 by exploring how CICR is modulated in All-
ACs. We used calcium imaging to explore the kinetics of CICR using a genetically encoded calcium
sensor in addition to pre- and postsynaptic recordings. We found picospritzer injections of the
EPAC2 activator (8-pCPT) triggered CICR in All-ACs. However, we also found that dopamine
reduced glycine release, and the mechanism initiating cAMP-dependent potentiation is still

elusive and warrants further study.
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Section 4.2: Introduction

Crossover inhibition refers to when excitatory input from rod or ON bipolar cells is converted by
All-ACs into inhibition of the OFF-CBC. There are both GABA and glycinergic inputs to OFF-CBCs
and All-ACs release glycine, providing crosstalk from the parallel ON pathways. The rod BC makes
chemical glutamatergic synapses with All-ACs. This synapse is unidirectional aside from
GABAergic feedback from A17 ACs. Electrical synapses between All-ACs and ON-CBCs via gap
junctions, however, are presumably bidirectional. Furthermore, homomeric gap junction
coupling allows signals to spread throughout a network of junction coupled All-ACs (Reviewed in

Demb and Singer, 2012).

Glycine release by the AlI-AC increases the signal-to-noise ratio of ON light responses by
suppressing the OFF-CBC activity within the same receptive field. Potentiation induced by cAMP
is observed in All-ACs, allowing them to adapt to changing luminance providing increased
inhibition to OFF-CBCs. We showed cAMP induced potentiation is dependent on an EPAC2
pathway (Meadows et al., 2021). This process also relies on Ca?*induced Ca?* release (CICR) from
internal Ca?* stores in the endoplasmic reticulum (ER). CICR is enhanced by EPAC2 at central
synapses. This has been shown directly measuring BK currents or with Ca%* imaging at these
central circuits (Ster et al., 2007), however this has not been demonstrated in the All-AC. Ca®*
imaging is a useful tool for studying stimulation dependent activity in cellular compartments. Ca®*
indicator dyes were used in All-ACs, to show that L-type Cay1.3 channels localize to the lobular
compartments (Balakrishnan et al., 2015). GCaMP6F is the genetically encoded Ca?* indicator
with fast kinetics, strong fluorescence signal, and is widely used to study single or populations of
neurons (Chen et al., 2013). We targeted expression of GCAMP6f to inhibitory retinal neurons
using a GlyT2-cre mouse line, which labeled narrow field amacrine cells including the All-ACs. This

allowed us to develop methods for live Ca?* imaging to study All-AC networks.

The initial mechanism upregulating cAMP in the AllI-AC lobules is still unknown and therefore the
mechanism for long-term potentiation induction is unknown for these cells. We showed that
adenylyl cyclase activation induces potentiation, which validates the presence of local cAMP

upregulation in the lobules (Meadows et al., 2021). Adenylyl cyclases are activated by either Ca?*
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or by G-proteins activated by G-protein coupled receptors (GPCRs), depending on subtype
(Sadana and Dessauer, 2009; Halls and Cooper, 2011). Dopamine, among other
neuromodulators, released throughout the retina alters visual process across transitions from
daytime to nighttime conditions (Roy and Field, 2019). We tested the effects of dopamine on the
sIPSC in type 2 OFF-CBCs and found a reduction in frequency, which may arise from the
uncoupling of the All-AC network and from ON-CBCs (Hampson et al., 1992; Mills and Massey,
1995 ; Xia and Mills, 2004). It is currently unknown if dopamine signaling initiates the signaling
cascade, involving cAMP, that induces potentiation in All-ACs; however, dopamine is one likely

candidate due to the known role that D1-like receptors have in All-AC coupling.

Section 4.3: Results

There are still many unanswered questions following up our published manuscript on cAMP
potentiation in All-ACs (Meadows et al., 2021). Can EPAC2 trigger CICR? How far are Ca?* stores
from the active zones? Does dopamine induce potentiation? We attempt to address these

guestions in this chapter.

4.3.1 GCaMP6F imaging to study single and population All-AC activity

The expression patterns of the Glyt2-Cre mouse line have never been reported in the mouse
retina. The expression of glycine transporters in the inner retina (Pena-Rangel et al., 2008)
indicate that this could be a useful tool for studying amacrine cells. We performed crosses to
generate the Glyt2-Cre;TdTomato and Glyt2-Cre;GCaMP6F mouse lines (see Section 4.5:
Materials & Methods).

4.3.1a Targeted expression of tdTomato in the retina using the Glyt2-Cre mouse line

GlyT2-Cre expression in the retina was first assessed by using the Glyt2-Cre;TdTomato mouse line
(confocal images were provided by Benjamin; Fig. 4.1). Broad TdTomato expression was observed
in post-fixed whole-mount preparations using low magnification (10x) confocal imaging (Fig.
4.1A). At higher magnification, we were able to image cell bodies in the INL and projections into
the IPL (Fig. 4.1 B, C). We observed TdTomato expression in a subset of ganglion cells (data not

shown). Further analysis determined that a majority of TdTomato labeling in the INL were from
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glycinergic amacrine cells (poster abstract: Sivyer et al., 2019). We also imaged live retinal slices
from the Glyt2-Cre;TdTomato mouse. We were able to see TdTomato expression in a

morphologically distinct All-AC (Fig. 4.1D).

Figure*?

41TdTomato expression driven by Glyt2-Cre.

Glyt2-Cre;TdTomato mouse retinae were imaged to validate GlyT2-Cre expression. Post-fixed whole-mount retina
was imaged (A - C). A, Confocal (Leica) micrograph of whole-mount tile-scan image at 10x magnification; scale
bare is 20 mm. B & €, Confocal micrograph focused on the INL (B) and IPL (€) imaged using a 40 x objective; scale
bar is 20 um. D, Slice projection (Olympus) of an AllI-AC expressing TdTomato. Images (A - D) were provided by

Benjamin Sivyer.

4.3.1b Compartmental localization of GCaMP6F signaling and Ca?* handling in AllI-AC dendrites

All-ACs have a single class of L-type calcium channels (Cay1.3) that localize to the dendritic lobules
after eye-opening (Balakrishnan et al 2015). There are narrow caliber processes, called necks,
connecting the lobules to the root dendrite. The thin necks may make lobules isolated
compartments that confines Ca?* into areas suitable for calcium extrusion, (i.e. Na-Ca exchange
proteins). We predict that lobules have faster calcium extrusion than larger cellular
compartments like the All-AC soma. We used the Glyt2-Cre;GCaMP6f mouse line to test if lobule

have faster extrusion than the larger soma compartment by performing whole-cell voltage-clamp
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recordings on All-ACs using a Cs-based, EGTA-free solution (Fig. 4.2). We used a 2 mM EGTA
solution, which yielded no Ca?* fluorescence response (data not shown). We observed

characteristic Cr, responses and Ica for All-ACs as well as passive Rm and R responses (Fig. 4.2A).

Figure*?
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42 Calcium imaging in All-ACs.

Whole-cell voltage-clamp recordings performed on a single All-AC from a Glyt2-Cre;GCaMP6F mouse. A, Voltage-

clamp responses to a 100 ms depolarizing pulse (from -80 to -10 mV), showing Ic; and Cr, responses (black traces).

Also shown are Ry, and R, traces. Notice that the AC,, response is about 50 fF, which is comparable to our other

recordings in wild-type C57 mice. B, Epifluorescence imaging before stimulation (Bi) and during stimulation (Bii),

image shown is at peak GCaMP6F response. Labeled on the graph are ROIs that correspond to fluorescence traces

in Biii and blue lines represent double exponential fits. C, Normalized fluorescence traces for the soma (top) and

lobules (bottom). Black traces represent individual ROIs and red trace depicts the mean. Notice that the decay is

slower for soma ROIs. D, Plot of time constants against ROl area from double exponential fits. Shown are plots

for Tsst (Di) and 0w (Dii), and each ROl is labeled on the graph. Notice that T, values are similar, while the Tgow

values for lobules and soma are different.
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We observed a continual increase in the Cn, response after depolarization that could indicate to
asynchronous release. The reduction of the Ca?* buffer concentration could contribute to
asynchronous release due to residual free-Ca%* at the active zone. However, we also saw a similar
trend in the Ri, response indicating that cross-talk between the Rm and Cn, calculation could be
responsible, rather than asynchronous release. Epifluorescence imaging captured GCaMP signals
during the depolarizing pulse (Fig. 4.2B). We marked Ca?* hotspots in Figure 4.2Bii for the soma,
lobules and dendritic branch as regions of interest (ROI) and included fluorescence traces that
that were baseline corrected using the background fluorescence before the stimuli, shown in
figure 4.2Bi. Fluorescence traces were scaled between 0 and 1 using the formula:
Normalized Fluorescence = M

Fnax = Fmin

Where F, Fmin, and Fmax were the instantaneous, minimum, and maximum fluorescence intensity.
The normalized fluorescence traces were used to compare decay kinetics (Fig. 4.1C), which were
fitted with a double exponential function. The fast time constant (tst) for lobules and soma ROIls
were similar (~ 0.5 s), which may correspond to the off rate of Ca?* binding to the GCaMP6F
sensor. We did find that the slow time constant (tsow) Was faster in lobules (~ 1 s) than in the
soma (~ 3 s); however, more work needs to be done to determine if there is a correlation between
the compartment area and the decay (Fig. 4.2D). Although this work is preliminary, it is promising
evidence that Ca?* clearance is faster in lobular compartments when compared to the soma.
Furthermore, the dim signals in the dendritic branch ROI did not fit well possibly due to low signal

to noise.

4.3.1c ON-CBCs signals propagate to All-ACs through gap junction coupling.

Gap junctions in the distal dendrites of All-ACs allow these cells to form homocellular electrically
coupled networks. Gap junctions also form between All-ACs and ON-CBCs (Hampson et al., 1992;
Mills and Massey, 1995). These function as electrical synapses allowing signals to pass from All-
AC to ON-CBC and vice versa (Fournel et al., 2021). All-ACs can also use these electrical synapses
to relay excitatory synaptic signals from single RBCs to ON-CBCs (Graydon et al., 2018). We used

the Glyt2-Cre;GCaMP6F mouse to demonstrate that electrical signals from ON-CBCs can activate
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43 CPPG puffs demonstrate transmission from ON-CBCs to All-AC networks.

Retina slices prepared from Glyt2-Cre;GCaMP6F mice were perfused with an external solution containing Ames
medium with 10 uM L-AP4, CNQX, and DL-AP5. A pipette containing 600 uM CPPG in solution in Ames medium
was lowered near the OPL before image capture. Picospritzer injection pulses (1 s duration; 0.5 s intervals) given
2 s into time-lapse imaging (10 ms exposures). A, Micrographs showing epifluorescence signals from All-ACs
expressing GCaMP6F after background subtraction. Shown are images taken before injection (Ai) and during
injections (Aii-Aiii) at fluorescence signal. Arrows indicate location of All-ACs that exhibited fluorescent signals.
Scale bar is labeled on Ai, and labeled on each micrograph is a time stamp displaying seconds. B, Histograms of
normalized fluorescence intensity over time for each ROI, labeled above each trace. Above each graph is the CPPG

injection pattern. C, Micrographs showing GCaMP6F fluorescence in lobules during the same time-lapse sequence
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as A. Shown are images during a flicker response to CPPG injection pulses when fluorescence was low (Ci) and
peaked (Cii). Labeled on Cii are arrowheads that indicate ROIs marking lobules with entrained flicker responses.
D, Histograms of normalized fluorescence intensity over time for each ROI from panel Cii and average response
(bottom trace). The CPPG injection pattern is labeled at the top of graphs, and ROls are labeled above each trace.
Asterisks represent timepoints for each image in C. Notice how the baseline fluorescence before injections in this
region was higher than in All-AC somas from panels A-B, and strong flicker events occurred 26 seconds after the

start of injections.

All-ACs (Fig. 4.3). We used CNQX and DL-AP5 to block glutamatergic excitation of the All-ACs by
RBCs. Group Ill mGIuR mediated depolarization of rod and ON-CBCs was blocked using mGIuR
activator L-2-amino-4-phosphonobutyrate (L-AP4; 10 uM). L-AP4 mediated block can be reversed
by 200 uM mGlIuR antagonist (RS)-a-cyclopropyl-4-phosphonophenylglycine (CPPG; Awatramani
and Slaughter, 2001). We used a picospritzer to puff 600 uM CPPG prepared in Ames medium.
We observed a chain reaction of GCaMP signaling within the INL (Fig. 4.3A, B). Furthermore, in
focus AlI-AC lobules exhibited fluorescent GCaMP signals in response to the CPPG puff (Fig. 4.3C,
D). Therefore, we demonstrate that signals from the ON-CBC are propagating to the All-ACs

through heterocellular gap junctions.

4.3.1d Fluorescent GCaMP6F imaging of EPAC2-dependent Ca’* release from internal stores

Our previous study indicates cAMP potentiates All-ACs by enhancing Ca?* release from internal
stores. We also proposed that an EPAC-mediated pathway is involved in regulating CICR in the
All-ACs. However, we did not directly show that EPAC2-activation enhances or triggers CICR in
All-ACs. Here we used the Glyt2-Cre;GCaMP6F mouse to demonstrate that the membrane
permeable EPAC-activator, 8-pCPT, evokes fluorescent GCaMP signals (Fig. 4.4). We pre-
incubated slices in 10 uM L-AP4 to prevent light dependent responses. L-AP4 was continuously
perfused during imaging. We lowered a pipette containing 100 uM 8-pCPT in Ames medium near
the INL for local application with a picospritzer. Before 8-pCPT injection, we observed
spontaneous fluorescence signals, though these cells were not included in our region of interest.
During the puff administration of 8-pCPT we observed GCaMP responses in All-ACs (Fig. 4.4A).
Some signals were monophasic responses immediately following the puff, and others occurred

sporadically over the duration of the 8-pCPT injection (Fig. 4.4B).
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44EPAC induces fluorescent signals in All-ACs from Glyt2-Cre;GCaMP6F mice.

Retina slices prepared from Glyt2-cre;GCaMP6F mice were perfused with an external solution containing Ames
medium with 10 uM L-AP4. A pipette containing 100 uM 8-pCPT in solution same as the external solution was
lowered near the retina slice. Time-lapse images were captured using 200 ms exposures. A, Micrographs showing
epifluorescence signals from AllI-ACs expressing GCaMP6F after background subtraction. Shown are images taken
before (Ai) and during (Aii - Aiii) injection of 100 uM 8-pCPT. Arrows indicate location of All-ACs and asterisks
label a ganglion cell that exhibit fluorescent signals. Scale bar is labeled on Ai. Time stamp displays mm:ss and
labeled on each micrograph. Aiv shows the location of ROIs for each All-AC soma (S1-2), a lobule (L1), and dendrite
(D1). B, Histograms of normalized fluorescence intensity over time for each ROI, labeled above each trace. Grey
bar indicates region of 8-pCPT injection. Asterisks above the bottom panel indicate time points shown in A. Notice

how rises in fluorescence signal only occurs during 8-pCPT injection.

These preliminary results suggest that EPAC2 activation can either trigger CICR or increase the
release probability of ryanodine receptors. We also found that Ca?* release from internal stores
can be triggered within the same AlI-ACs by either 8-pCPT or 10 mM caffeine (Fig. 4.5). We
observed three amacrine cells within a field of view that responded to injections of 100 uM 8-

pCPT, and at least two exhibited lobules indicating they are All-ACs (Fig. 4.4A.i - Aii).
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45 Ca?*stores produce GCaMPG6F signals in response to 8-pCPT and caffeine.

Retina slices prepared from Glyt2-Cre;GCaMP6F mice were perfused with an external solution containing Ames
medium with 10 uM L-APA4. Injections of 100 uM 8-pCPT were performed first and followed by injections with 10
mM Caffeine; both were prepared in the external solution. Time-lapse images were captured using 200 ms
exposures. A-B, Micrographs showing epifluorescence GCaMP6F signals without background subtraction. Shown
in Ai & Bi are images of the same region before picospritzer injection. Scale bar is labeled on each micrograph.
Also shown are images during injection of 8-pCPT (Aii) and caffeine (Bii). Arrows label All-ACs used for analysis.
Notice how each indicated All-AC respond to both 8-pCPT and caffeine. Although the focal plane did change
between experiments, fluorescence responses can be seen in dendrites and somas. C - D, Histograms of
normalized fluorescence intensity over time for each All-AC. Shown are traces from experiments with 8-pCPT (C)
and caffeine (D). Grey bar above intensity histograms indicates the time of injection. Labeled above each trace is
the AllI-AC marked on micrographs. Asterisks on bottom panel (C & D) indicate the timepoints shown in

micrographs (A & B).

We changed out the injection pipette with a solution containing 10 mM caffeine which is within
the adequate concentration range to stimulate CICR (5- 20 mM; Ehrlich et al., 1994; Vyleta and
Smith, 2008) and observed calcium responses from the same amacrine cells (Fig. 4.5Bi-ii). The
intensity profiles from each experiment show that a maximal fluorescent GCaMP6F signal

occurred within 10-15 seconds after the start of the injection. We observed a second smaller,
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smaller GCaMP6F signal in some AllI-ACs that occurred during the 8-pCPT injection (Fig. 4.5C).
Subsequent GCaMP6F signals occurred during caffeine injections, which continued after the
injection (Fig. 4.5D). These preliminary results provide qualitative data that EPAC2 can trigger
calcium release from internal ER stores; however, more data will be required for statistical
analysis. Furthermore, we must determine that injections of drug-free solution do not trigger

GCaMP6f responses as a proper negative control.

4.3.2 Ca’' release from ER stores is peripheral to the All-AC active zones
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46 cAMP-induced potentiation via Ca?* release from stores is blocked by high [EGTA].

A & C, Average traces of Ic, (inset) and Cr, responses from All-ACs. Shown are traces recorded within 1 min (blue)
and at 4 min (red) after whole-cell break-in. Each panel shows recordings performed with 1 mM cAMP and either
2 mM (A) or 10 mM (C) EGTA in the patch pipette. B & D, Summary plots for AC,, and Qc, showing pairwise
comparisons between each time after break-in. Panels display results for 2 mM (B) and 10 mM (D) datasets.
Closed circles represent data from individual All-ACs and open circles with error bars depict mean + SEM. Notice
how the AC,, responses in the 2 mM EGTA dataset significantly increase after 4 min and do not increase with the
10 mM EGTA dataset. Also, the slight reduction in Qc, was not significant for either dataset. Statistical significance

was determined using a Paired t-test. (ns; p > 0.05, *; p < 0.05).
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We provide clear evidence that cAMP, EPAC2, and CICR are involved with potentiating synaptic
release in All-ACs. Electron micrographs indicate that All-AC lobules are densely packed with
synaptic vesicles (Marc et al., 2014). The surplus of vesicles gives rise to a 2-pool release model
of closely primed vesicles and a secondary reserve vesicle pool (Balakrishnan et al., 2015;
Meadows et al., 2021). The spatial organization of calcium stores and internal calcium channels
relative to vesicle trafficking and fusion machinery is not known for All-ACs, so we turned back
to Cn recordings to test how calcium buffer concentration affects cAMP-induced potentiation
(Fig. 4.6). In this experiment we prepared two internal solutions; one with 2 mM and with 10 mM
EGTA. Both solutions also contained 1 mM cAMP. We observed increased ACn, responses 4 min
after break-in when using a 2 mM EGTA internal solution containing 1 mM cAMP (Fig. 4.5A-B).
This result was consistent with our published findings (Meadows et al., 2021). In the same set of
slices, we did not observe cAMP-induced potentiation when using the 10 mM EGTA internal
solution with 1 mM cAMP (Fig. 4.6C-D). Since 10 mM EGTA can block the cAMP-induced
potentiation without inhibiting exocytosis, we conclude that the effect of CICR occurs further
from the vesicle release machinery (i.e. synaptotagmin). Therefore, CICR may induce potentiation

by enhancing vesicle trafficking to the active zone.

4.3.3 Modulation of glycine release

4.3.3a Dopamine reduces glycine release to OFF-CBCs

To follow up on our conclusion that cCAMP increases synaptic transmission to the OFF-CBC, we
are interested in how cAMP is upregulated in the presynaptic All-ACs. Regulation of adenylyl
cyclase by G-protein coupled receptors is a ubiquitous mechanism among cells to convert ATP to
cAMP. Among the neuromodulators found in the retina, we chose to test dopamine because D1-
like receptor signaling has been characterized in All-ACs. We performed whole-cell voltage-clamp
recordings in OFF-CBCs of sIPSCs. We targeted type 2 OFF-CBCs using the Syt2-EGFP, which
receive 82% All-AC outputs (Graydon et al., 2018). Glycinergic currents were isolated using iGIuR
and GABAR blockers (CNQX, DL-AP5, bicuculline, and gabazine). The bath application of 10 uM
dopamine caused a reduction of the sIPSC frequency by 30 seconds after drug application, as
seen in the raw traces and diary plot (Fig. 4.7A-B). We observed a 50% decrease in the normalized

sIPSC frequency (Fig. 4.7F; p = 0.0031) and raw values (pre-treatment: 87.3 + 32.8 Hz, and
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47popamine reduces glycinergic sIPSC frequency in OFF-CBCs from Syt2-EGFP mice.

Whole-cell voltage-clamp recordings performed at 33-34 °C using a high chloride internal and Ames medium
external. Recordings were performed in low photopic conditions using type 3 OFF-CBCs from Syt2-EGFP mice
(p25-35). Drugs were bath applied to block glutamatergic and GABAergic currents held at -70 mV. A & C, Example
recordings of sIPSCs before drug application (pre-treatment; black) and shown in magenta are traces during the
treatment of 10 uM dopamine (A) or 1 uM TTX and 40 uM L-AP4 (B). Notice how both drug applications reduce
the number of events. B & D, Diary plots of the normalized sIPSC frequency for each drug application, indicated
by black bar and label above each graph. Black line with grey region depicts mean + SEM. Notice how the sIPSC
frequency drops after each drug application. E, Histogram showing the frequency distribution of sIPSC amplitudes.
Black line with grey region depicts mean + SEM for all OFF-CBCs (n = 6). measured before drug application,
although amplitudes did not change (data not shown). F, Summary plot of the normalized sIPSC frequency for
each dataset. Frequency was measure during the 30s before drug application (pre) and after 2 mins of drug wash.
Grey circles represent values from individual OFF-CBCs and open circles with error bars depict mean + SEM. Notice
how the sIPSC frequency is significantly reduced with dopamine (~50%; n = 4) or with TTX and L-AP4 (~80%; n =
2). Statistical comparisons were made using parametric paired t tests and statistical significance is denoted using

asterisks (ns, p > 0.05; **, p < 0.01).
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dopamine: 46.1 + 20.4 Hz; n =4, p = 0.046). In our experiments we did not block activation of ON-
CBCs, where TRPM1 channels are opened when mGIuR6 activity is reduced by the light-mediated
reduction of glutamate. Therefore, the high basal sIPSC frequency might be caused by light-
dependent signals transmitted through gap junctions between ON-CBCs and All-ACs. Our
preliminary experiments aim to chemically mimic scotopic conditions by washing 40 uM L-AP4
(mGIuR6 agonist) and 1 uM TTX (to block Na currents in All-ACs), which reduced the sIPSC
frequency (Fig. 4.7C). We then washed 10 uM dopamine to detect any changes to the sIPSC
frequency, yet it is difficult to determine any effect of dopamine in this condition because of an
unstable rate of sIPSCs (Fig. 4.7D). Our preliminary results suggest that the sIPSC frequency was
reduced by 80% with TTX and L-AP4 (n = 2), but more experiments must be done to verify any
statistical significance (Fig. 4.7F). Furthermore, we did not compare changes in sIPSC amplitude
but the average amplitude for all treatments was about -40 pA, similar to our previous recordings

of glycinergic sIPSCs (Fig. 4.7E).

4.3.3b Na* and L-type Ca’* channels regulate sIPSC frequency in OFF-CBCs

We also tested how Na* and L-type Ca?* currents regulate spontaneous release from All-ACs in
from Sprague-Dawley rat retinas by measuring sIPSCs from OFF-CBCs (Fig. 4.8). Key differences
in this experiment from figure 4.6C is that these recordings were performed at room
temperature, and in an ACSF solution instead of Ames medium. The ASCF solution contained (in
mM): 110 NaCl, 2.5 KCl, 35 NaHCO03, 1.25 NaH2P04, 2 CaCl2, 1 MgCl2, 10 glucose, and 20 HEPES.
Example traces from these experiments show that the number of sIPSCs reduces after treatment
with 1 uM TTX or 2 uM isradipine (L-type channel blocker) in our bath solution (Fig. 4.8A, B).
Average sIPSC traces had smaller amplitudes with each treatment, but exponential fits to the
decay were similar (Fig. 4.8C, D). Analysis sIPSC frequency was performed by plotting the
cumulative frequency of the interevent interval times (Fig. 4.8 E, F). Plots for TTX and isradipine
datasets shifted to the right of the pre-treatment groups indicative of a reduction in the event
frequency. The shift in the interevent interval was not significant for the TTX dataset (p = 0.93)
but was for the isradipine dataset (p < 0.001) using a Kolmogorov-Smirnov test. Plotting the
absolute frequency before and after drug wash also illustrates that TTX and Isradipine reduce the

sIPSC frequency (Fig. 4.8G). The slight reduction is sIPSC frequency was significant for the
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48 Glycinergic sIPSC frequency and amplitude in rat OFF-CBCs are reduced by TTX and isradipine.

Whole-cell voltage clamp recordings were performed in OFF-CBCs from Sprague-Dawley rats (P25-35). Recordings
were performed at 32 °C using a high chloride internal and ACSF external solution; OFF-CBCs were held at -70 mV.
A-B, Recordings of sIPSCs from OFF-CBCs showing inward currents before drug wash (pre-treatment; black) and
red traces represent sIPSC recordings during external drug perfusion of (A) 1 uM TTX and (B) 2 uM isradipine. C-
D, Grand average sIPSCs for each dataset. Dashed lines represent single exponential fit for the current decay, and
labeled on the graph are the time constants for each dataset. Notice that the amplitude slightly decreases with
each treatment group, while the decay does not change. E-F, Cumulative frequency histograms of the inter-event
interval with an inset showing the fast events (< 100 ms) on a log timescale (x-axis). Labeled on graphs are the
number of events used in this analysis. Notice that the plot slightly shifts to the right with each treatment,
indicating that the inter-event interval is longer. G, Summary plot of the sIPSC frequency measured over a 10

second window for each dataset. Notice how that the frequency was significantly reduced for the TTX dataset
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(left panel) and for the isradipine dataset (right panel). H-I, Relative frequency histogram of the sIPSC amplitude
for each dataset. Open columns represent the noise analysis, and closed bars represent binned proportion of
events. Lines represent log Gaussian fits to each dataset. Notice how the peak shifts to the left for each treatment.
J, Summary plots of the median amplitudes acquired from log Gaussian fits. Comparisons of the mean were made
for each dataset using paired t-tests. Notice how the amplitude significantly decreases for the TTX dataset (left
panel) and isradipine dataset (right panel). Grey circles in G & J values from individual cells and open circles with
error bars depict mean + SEM. Statistical comparisons were made using parametric paired t tests and statistical
significance is denoted using asterisks (*, p < 0.05; **, p < 0.01). Data was collected by Dr. Xiachan Wang and

analysis was done by Marc Meadows.

TTX dataset (control: 8.16 + 1.64 Hz, and TTX: 5.60 + 1.89 Hz; n = 5; p = 0.024; Student’s t-test).
The reduction in sIPSC frequency indicates that voltage gated sodium channels (VGSCs) and
calcium channels (VGCCs) regulate spontaneous vesicle fusion. However, it is possible that light-
dependent activation of VGSCs is occurring, where signals from ON-CBCs could depolarize All-
ACs near the threshold of the VGSCs. We also observed a decrease in the sIPSC frequency for the
isradipine dataset (control: 8.29 + 1.56 Hz, and isradipine: 4.40 = 1.37 Hz; n = 8; p = 0.008;
Student’s t test). The result with isradipine would indicate that L-type Ca,1.3 regulated
spontaneous vesicle release in All-ACs. We plotted the relative distribution of mini amplitudes
for all OFF-CBCs recordings to analyze the effects of TTX or isradipine on the sIPSC amplitude (Fig.
4.8H, 1). The sIPSC amplitude distribution was above the noise analysis for each dataset and were
fitted with log-Gaussian functions. The peak of the fitting shifted slightly for the TTX dataset
(control: R = 0.96, and TTX: R? = 0.99; DF = 20) and for the isradipine dataset (control: R = 0.99,
and Isr: R? = 0.97; DF = 51). Comparisons of the median amplitudes from individual cells also
showed that sIPSC amplitude decreased significantly for TTX dataset (control: 41.0 + 4.69 pA, and
TTX: 28.65 + 2.37 pA; p = 0.037; Student’s t test) and isradipine dataset (control: 33.6 + 3.91 pA,
and Isr: 27.2 + 3.85 pA; p = 0.12; Student’s test).

4.3.3c Dopamine alters the spike properties in All-ACs

The dopamine dependent changes observed in the sIPSC frequency (Fig. 4.7) could be due to
alterations in coupling between All-ACs and ON-CBCs. Changes to the coupling state can change
the spike properties of All-ACs (Choi et al., 2014). We tested if dopamine affects All-AC spiking

with current-clamp recordings from All-ACs (Fig. 4.9).
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49 popamine alters the spike pattern of All-ACs.

Whole-cell current-clamp recordings performed in All-ACs from C57 mice (p27). A current injection of -69 pA was
given to hold the All-AC at spiking threshold. A, Examples Vi, responses from an All-ACs in normal Ames medium
(control) using a K-based internal solution. Notice the resting potential is below -65 mV with periodic bursts above
-55 mV. The burst waveform can be seen with an expanded x-axis (right) with burst spikes. B, Example Vp,
responses during 10 uM dopamine wash. Notice that the RMP did not change, while periodic single spikes are
smaller than bursts seen during pre-treatment. Marked with asterisk is a sporadic depolarization event. C,
Example V, responses to the same current injection during attempt to wash out dopamine. Notice how the cell

hyperpolarizes and spikelet amplitude decreases. Also, the single spikes qualitatively increased in frequency.

A current injection was given (-44 pA and -69 pA for either cell; n = 2) to hold All-ACs at spiking
threshold (-65 mV; Tian et al., 2010). Example All-AC recording with a -69 pA current injection,
which held the cell just below -65 mV (Fig. 4.9A). In control conditions, with the synaptic blockers,
we observed many subthreshold spikes in the membrane voltage, or burst spiking, with multiple
peaks. With 10 uM dopamine we observed the spike pattern changed from bursting to single
events (Fig. 4.9B). We also observed sporadic depolarization events when dopamine was present.
The cell depolarized and the spikelet frequency increased when we attempted to wash out
dopamine (Fig. 4.9C); however, more experiments are required to conclude if this is

physiologically relevant.
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Section 4.4: Discussion

4.4.1 Ca’"imaging in All-ACs using GCaMP6F

We were able to target expression of GCaMP6F into amacrine cells using the GlyT2-cre mouse
line. The most recent in-situ hybridization studies of glycine transporter expression in the retina
show that both GlyT1 and GlyT2 is expressed in the inner nuclear layer (Pefia-Rangel et al., 2008);
in addition to mRNA expression found in photoreceptors and in the ganglion cell layers. Our use
of the GlyT2-cre mouse line to drive either tdTomato or GCaMP6F resulted in similar expression
patterns, allowing us to identify All-ACs by their morphology. GCaMP6F is a widely used
genetically encoded calcium indicator that is both fast and has a high fluorescence signal (Chen
et al., 2013). Using GCaMP6F we were able to detect fluorescence signals in the All-AC lobules,
similar to previous findings with Ca?* indicator dyes (Balakrishnan et al., 2015). Although we will
need to perform more experiments, our preliminary results indicate that we will be able to
determine the kinetics of Ca?* clearing in All-AC lobules. Just as in dendritic spines, the thin necks
of All-ACs may restrict the diffusion of calcium from the lobular compartment with a higher
concentration of extrusion mechanisms (i.e. SERCA pumps, and Ca-Na exchangers). Observation
of calcium extrusion in CA1 pyramidal neurons shows that it is faster in spines than in adjacent

dendritic branches (Majewska et al., 2000).

4.4.2 Signal transmission from ON-CBCs to All-ACs through electrical synapses

GCcAMPEGF is a genetically encoded Ca?* sensor that is useful for studying signal propagation
throughout populations of neurons (Chen et al 2013; Li et al., 2019). We were able to stimulate
populations of ON-CBCs pharmacologically. Synaptic transmission from photoreceptors to OFF-
CBCs is mediated by AMPA/Kainate receptors (Gilbertson et al., 1991; DeVries and Schwartz,
1999; DeVries, 2000). Transmission to ON-BCs, like rod and ON-CBCs, causes hyperpolarization
and is mediated by mGluR6-dependent closure of TRPM1 channels (Morgans et al., 2010).
Experiments using CPPG to activate TRPM1 by reducing mGIuR6 activity simulating light
responses in ON-BCs (Snellman et al., 2008). The canonical pathways involving the All-ACs involve
chemical inputs from rod BCs, and these signals are transmitted to ON-CBC terminals through

gap junctions or converted to glycine release to OFF-CBCs (reviewed in Demb and Singer, 2012).
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We presume that we are blocking synaptic transmission from Rod BCs or OFF-CBCs because we
used CNQX to block AMPA/Kainate receptors— isolating signals from ON-CBCs through gap
junctions. Paired recordings between ON-CBCs and All-ACs demonstrate that these gap junctions
are bi-directional (Graydon et al.,, 2018). Our results confirm that signals from ON-CBCs can
propagate to All-ACs. Two caveats to this experiment include: (1) CPPG stimulates multiple ON-
CBCs, and (2) the efficacy diminished over a short period. Therefore, it is difficult to determine
how many ON-CBCs are activated at a given time. It will be interesting to use whole-cell or sharp
electrodes to stimulate either individual or populations of ON-CBCs, to determine how signals
propagate through the All-AC network. It is an open question: how important sodium channels

are in All-ACs for this signal propagation?

4.4.3 EPAC2 triggers CICR in All-ACs

CICR is a common signaling mechanism in amacrine cells and is shown to enhance GABA release
in cultured amacrine cells (Warrier et al., 2005), and A17 amacrine cells (Egger and Diamond,
2020). EPAC-mediated CICR has been observed in cerebellar granular cells also using calcium
imaging through the activation of p38 MAPK (Ster et al., 2006). Although we previously showed
that CICR can enhance glycine release from the All-AC (Meadows et al., 2021), this is the first
direct evidence that CICR in All-ACs can be triggered by EPAC activation. Future experiments will
also focus on different CICR mechanisms, using ryanodine or 2-APB (IP3 receptor antagonist)
during 8-pCPT puffs. We expect that these inhibitors will prevent or reduce GCaMP6F signals in
response to 8-pCPT, and show that an EPAC2-mediated pathway enhances CICR. Warrier et al.
(2005) showed that ryanodine receptor and IP3 receptor mediated CICR have different kinetics
in widefield amacrines. We will consider reducing the exposure times during imaging so that we
can track GCaMP6f signals with better temporal resolution, which might help distinguish
different CICR pathways. The results from these future experiments may verify our previous

findings, and uncover which signaling pathways are present in All-ACs for CICR.

4.4.4 Dopamine reduces glycinergic sIPSC frequency in type 2 OFF-CBCs

Our finding that dopamine reduced glycinergic sIPSC frequency in OFF-CBCs was contrary to our

initial expectation that the activation of D1-like receptors would increase cAMP in All-ACs and
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we would see an increase in the sIPSC frequency as we did in our experiments with forskolin
(Meadows et al., 2021). Results from Mazade et al. (2019), published shortly after we performed
experiments with dopamine (Fig. 4.7, 4.9), show that glycinergic inhibition to OFF-CBCs is reduced
by D1 receptor activation and light adaptation. There is a broad expression of D1 receptors in the
retina including amacrine cells, horizontal cells, and bipolar cells (Farshi et al., 2016; Nguyen-
Legros et al., 1997; Veruki and Wassle 1996), while D2 receptors appear on dopaminergic
amacrine cells (Nguyen-Legros et al., 1999). Furthermore, there is some evidence that D1
receptors are found in type 5-2, XBC, 6, and 7 ON-CBCs in addition to a subset of All-ACs (Farshi
et al., 2016). Dopamine has been shown to alter the homologous gap junction coupling between
All-ACs (Hampson et al., 1992; Mills and Massey, 1995). These tracer-dye experiments measuring
relative brightness did not detect changes in All-AC to ON-CBC coupling, yet dopamine reduces
the diffusion coefficient of tracer dyes (Xia and Mills, 2004). Therefore, dopamine causes long-

term network changes that could affect All-AC responses to ON-CBC inputs.

Tamalu and Watanabe (2007) show that glutamatergic inputs from rods can induce spiking in All-
ACs, which can be blocked by L-AP4. Since we are using blockers of synaptic glutamate receptors,
our results show electrical inputs from the ON-CBCs can generate spikes in All-ACs. Previous
studies have only determined how dopamine effects the diffusion of tracer-dyes through gap
junctions, but it is still not clear how dye-diffusion influences conductance. The spike bursts we
observed are similar in nature to the intrinsic bursting patterns of All-ACs when given a
hyperpolarizing current injection in wildtype mice or seen at rest in rd1 mice (Choi et al., 2014).
In this study, Choi et al. found that spike oscillations were blocked with MFA, a gap-junction
blocker, but could be restored with a current injection. These spike bursts are thought be
regulated by a slow M-type K* current active near the All-AC spike threshold (Cembrowski et al.,
2010). Modeling suggests that changes in M-current conductance changes the oscillation pattern
(ranging from 0.036 to 0.02 S/cm?), and reducing the M-current conductance below 0.1 S/cm?
resulted in a membrane depolarization and tonic spiking. As a possible mechanism, dopamine
might be modulating the gap junction or ion channel conductance of the All-AC and altering the

excitatory input from the ON-CBCs.
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Our results in Figure 4.7D & 4.8 shows a reduction in the sIPSCs frequency when blocking sodium
channels alone or with the addition of L-AP4 to block light-mediated ON-CBC depolarization. The
spontaneous release of vesicles independent of sodium channel activation is well known from its
discovery by Fatt and Katz (1952). Our observations indicate that the AllI-ACs are being
depolarized near the threshold of their sodium channel activation (Tian et al., 2010). We noticed
that the basal sIPSC rate in Figure 4.7 was much higher than for Figure 4.8— sometimes
approaching 100 Hz. Two key differences in the experimental design were the use of Ames’
medium and higher recording temperature in Figure 4.6. These conditions could be more

favorable for light-dependent activation of retinal circuits.

4.4.5 Ca*" dependence of spontaneous vesicle release

We also found that blocking L-type Ca?* channels significantly reduced the sIPSC frequency. L-
type Cay1.3 are a non-inactivating voltage gated calcium channel (VGCC) known for their role in
controlling synchronized and graded vesicle release in sensory ribbon type synapses. They are
also the sole VACC in All-ACs (Balakrishnan et al., 2015). Findings from cortical neurons suggest
that VGCCs control spontaneous release at inhibitory synapses, and not in excitatory synapses of
the cortex and brainstem (Vyleta and Smith, 2011; Williams et al., 2012; Tsintsadze et al., 2017).
Although this study is still in development, the findings in Figure 4.8 suggest that the All-ACs are
another inhibitory type synapse where VGCCs regulate spontaneous or asynchronous vesicle
fusion. It is important to note that excitatory synapses in the retina as well as auditory hair cell
synapses exhibit VGCC control of the mEPSC frequency (Graydon et al., 2011; Kim et al., 2013;
Cork et al., 2016). Like the cortical neurons the display VGCC-dependent spontaneous release,
the All-AC has conventional synapses. A common feature among All-ACs and the ribbon type
synapses of the retina is the presence of L-type Ca?* channels, which are non-inactivating.
Activation of L-type Cay1.4 channels can trigger multi-quantal vesicle release in hair cells in
response to long lasting, low-level depolarization (Graydon et al., 2011). Our data suggests that

L-type CaZ* All-ACs could translate low threshold, graded signals into tonic inhibition of OFF-CBCs.
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Section 4.5: Materials & Methods

Animals

The GlyT2-Cre;GCAMP6F mouse line was generated by crossing GlyT2-Cre mice [Tg(Slc6a5-
cre)KF109Gsat/Mmucd, RRID:MMRRC_030730-UCD] with the floxed RCL-GCaMP6f Cre Ai95
reporter line [Gt(ROSA)26Sortm95-1(CAG-GCaMPEfiHze RRID:IMSR_JAX:028865]. Male and female mice

were used in experiments ages p25-35.

The GlyT2-Cre;TdTomato mouse line was generated by crossing GlyT2-Cre mice [Tg(Slc6a5-
cre)KF109Gsat/Mmucd, RRID:MMRRC_030730-UCD] with the floxed Ai9 tdTomato Cre reporter
line [B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, RRID:IMSR_JAX:007909].

Calcium Imaging
Retinal slices were observed using a water immersion objective lens (60x, Olympus) on a fixed

stage, upright microscope (BX51WI, Olympus). Single plane, time-series image acquisition was
performed using an Orca Flash 4.0LT CMOS camera (Hamamatsu Photonics) controlled with
CellSens image software (Olympus). Regions of interest were selected by eye. Background
subtraction and fluorescence intensity profiles were generated in CellSens (Olympus) and

exported to IgorPro software (Wavemetrics) for analysis.

Local drug application
Drugs were mixed to final concentration using external recording solution just before application.

8-pCPT and CPPG were purchased from Tocris; caffeine was generously donated by Catherine
Morgans (purchased from Sigma). Local injections of drugs were administered using a
picospritzer (Parker Instruments) using 4 psi to ‘puff’ solutions thick-walled borosilicate glass
pipettes (1-2 MQ; 1B150F-4, World Precision Instruments). Injections and camera were triggered
using an EPC10 double patch clamp amplifier (HEKA) and Real Time Controller (U-RTC; Olympus).
External bath solutions were continuously perfused during injections. The bath solution
contained CNQX, bicuculline, gabazine, DL-AP5, and L-AP4 (Tocris); solutions also contained TTX

when indicated (Sigma).
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Whole-cell current-clamp recording in All-ACs
All-ACs were targeted and patched with thick-walled borosilicate glass pipettes (8-10 MQ;

1B150F-4, World Precision Instruments). Pipettes were filled with a K-based internal solution
containing (in mM): 135 mM potassium gluconate, 7 NaCl, 10 HEPES, 10 phosphocreatine, 2 Nax-
ATP, 0.3 mM Na-GTP, and 2 MgCl; (pH 7.3-7.4 KOH). Synaptic blockers were added to the external
solution, including: CNQX, bicuculline, gabazine, and DL-AP5. Once in whole-cell configuration,
All-ACs were held at -65 mV before switching to current-clamp configuration. Recordings were
performed with an EPC10 double patch clamp amplifier (HEKA). Data were acquired at 10 or 20

kHz sampling rate and filtered with 2 kHz low-pass filter.
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Chapter 5: Thesis Summary

Section 5.1: Highlights

5.1.1 Chapter 2 highlights: Molecular mechanisms for cAMP-induced potentiation in All-ACs

1. cAMP potentiates exocytosis by increasing the vesicle pool size without changing P..
(Fig. 2.1-2.7)

2. cAMP-induced potentiation is through an EPAC2 dependent pathway.
(Fig. 2.8, 2.9)

3. Ca®" release from stores mediates cAMP-induced potentiation.
(Fig. 2.10)

5.1.2 Chapter 4 highlights: Ca?*imaging in All amacrine cells and synaptic modulation

1. EPAC-induced Ca* release from stores: Ca2+ imaging with GlyT2-Cre;GCaMP6f mice.
(Fig. 4.4, 4.5)

2. [EGTA] blocks potentiation that operates via microdomain Ca?* binding proteins.
(Fig. 4.6)

3. Dopamine alters AllI-AC spike properties and reduces glycine release to OFF-CBCs.
(Fig. 4.7, 4.9)

5.1.2 Chapter 3 highlights: Synaptic vesicle endocytosis mechanisms in the All amacrine cell

1. Measurements of endocytosis kinetics at an inhibitory glycinergic synapse.

(Fig. 3.1 -3.2)

2. Clathrin, dynamin, and actin are required constituents for fast endocytosis in All-ACs.
(Fig. 3.6 - 3.9)

3. Endocytosis in All-ACs is dependent on nanodomain Ca?*: EGTA and BAPTA
(Fig. 3.2 -3.5)

Section 5.2: Summary of the cAMP signaling cascade for
potentiation in All-ACs

Previous studies have uncovered the cAMP signaling cascade involved in the regulation of gap
junction coupling of All amacrine cell networks, involving the PKA-mediated dephosphorylation
of Cx36 (see Urschel et al., 2009). The induction of a cAMP signaling pathway via the activation
D1-like receptors has been proposed for the light dependent adaptation of retinal circuits. Our
recently published work outlined in chapter 2, provides the first evidence that cAMP can also
modulate crossover inhibition in the All. Figure 5.1 provides a summary illustration of the cAMP

signaling pathway in All-AC lobules that is responsible for the potentiation of glycine release to
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the OFF-CBC. Here | will outline the published findings of chapter 2 and the unpublished results
in chapter 4. This summary reviews the important known (blue) and unknown (orange) steps in

the cAMP signal cascade responsible for the exocytosis potentiation in the All-AC:

i. The initiation of the cAMP signaling pathway begins with the activation of adenylyl cyclase,
which catalyzes the conversion of ATP to cAMP. We showed evidence for adenylyl cyclase
activity in All-ACs by inducing potentiation with forskolin (Fig. 2.6, 2.7). It is still unclear how
adenylyl cyclases are regulated in All-AC lobules. Dopamine signaling is one possibility and

D1-like receptor activation is known to regulate All coupled networks. It is still unclear
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51 Molecular mechanisms involved in the cAMP-induction pathway that potentiates All-ACs.

Summary diagram of results from Chapters 2 and 4. Shown are synaptic vesicles tethered and primed to the
plasma membrane at the active zone of the AlI-AC lobule. The primed synaptic vesicle is nanodomain coupled to
L-type Ca?* channels, and stimulus-dependent fusion of the synaptic vesicle to the plasma membrane (exocytosis)
releases glycine into the synaptic cleft. Also shown, is the signaling pathway for cAMP-dependent potentiation
through an EPAC2-dependent pathway that involves Ca?* release from internal Ca?* stores in the endoplasmic
reticulum (ER). A detailed description of the steps (i to iv) in the pathway is provided in the text of section 5.2,
which covers the known (blue) and unknown (orange) components of the cAMP signal cascade in the All-AC
lobules.
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if dopamine regulates cAMP levels in the lobules, since we found that dopamine reduced
glycine release to OFF-CBCs (Fig. 4.7). D1-like receptors are Ga coupled receptors, so it is not
likely that dopamine is inhibiting cCAMP production. Our results that show dopamine changes
the AlI-AC spiking could account for this reduction in glycine release. Other avenues worth
exploring are other GPCRs in the retina (i.e., mGIuR or melatonin and CB1 receptors).
Ca?*/calmodulin activated adenylyl cyclases, which function as coincidence detectors linked
to LTP in the hippocampus, is also a possible mechanism for local cCAMP control near the All-
AC synapse. Now that cAMP-induced potentiation has been discovered and established in the
All-AC by the work of thesis, we can also test if phosphodiesterase regulates potentiation by

degrading cAMP and restricting diffusion from local hotspots near the synapse.

We show that potentiation requires cAMP signaling via an EPAC2 dependent pathway using
a specific EPAC1/2 activator and a specific antagonist EPAC2 (Fig. 2.8, 2.9). A PKA-dependent
mechanism was ruled out because H89 (PKA inhibitor) did not block potentiation (Fig. 2.8). A
similar cAMP/EPAC dependent signaling pathways was also observed in the calyx of Held
(Gekel and Neher, 2008), while hMFBs exhibit a PKA-dependent pathway (Midorikawa and
Sakaba, 2017).

We also confirmed that EPAC increases Ca?* release from Ca?* stores by using Ca%* imaging
paired with local micro injections of external 8-pCPT puffed onto the retinal slice (Fig. 4.4,
4.5). However, we have not uncovered the EPAC pathways that modulates Ca%* induced Ca®*
release (CICR) in the AlI-AC. Extensive studies in cardiac myocytes have linked EPAC pathways
to excitation contraction by increasing CICR from the sarcoplasmic reticulum. EPAC can also
activate phospholipase C epsilon (PLCe), which splits CICR signaling into two pathways by
producing (a) inositide 1,4,5 trisphosphate (IP3) and (b) diacyl glycerol (DAG):

a. Some Ca?* release can be attributed to IP3 binding to IP3 receptors. The Ca?* binds
to calmodulin, which activates the Ca?*/calmodulin activated kinase Il (CaMKIl).

b. The alternative DAG signaling activates phosphokinase C (PKC) that activates CaMKII.

In both pathways, the activation of CaMKII will phosphorylate the ryanodine receptor and

increase the receptors open probability (see review Ruiz-Hurtado et al., 2013). Are these
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pathways also found in the AlI-AC? We can test components of these pathways using similar
pharmacological tools (e.g., Phorbol 12,13-dibutyrate; PKC activator) or inhibitors of
calmodulin/CaMKII interaction (Gekel and Neher, 2008; Sakaba and Neher, 2001; Yao and
Sakaba, 2010). We can also use Ca®* imaging to test the EPAC analog in combination with
ryanodine, and 2-APB to differentiate between DAG and IP3 dependent effects on CICR.
These experiments will be performed during a short post-doctoral position with Henrique von

Gersdorff. We thus intend to perform further experiments from Chapter 4 for publication.

Ca®* release from stores is required for cAMP-induced potentiation by trafficking vesicles to
the active zone. We were able to determine that Ca?* release from stores is responsible for
cAMP-induced potentiation by blocking RyR and IP3R (Fig. 2.10). Additionally, we found that
potentiation was blocked by a high internal [EGTA] (Fig. 4.6), which does not reduce the
standard exocytosis seen with 2 mM internal EGTA. This result indicates that normal
exocytosis is nanodomain coupled to L-type Ca?* channels, while the potentiation mechanism
is microdomain coupled to internal Ca?* release. We currently do not know the exact
mechanism for vesicle trafficking in All-ACs. However, Sakaba and Neher have proposed that
calmodulin can accelerate vesicle recruitment in the calyx of Held (2001). It is possible that
calmodulin also plays a role in the All-AC by either activating CaMKII, promoting CICR, or by
modulating synaptic vesicle binding scaffold proteins (e.g, piccolo and bassoon) that form
vesicle mobilization complexes. Piccolo, for example, is responsible for vesicle trafficking in
the calyx of Held. Piccolo also has Ca?* binding domains where changes in [Ca%'] cause
conformational changes (Parthier et al 2018). However, nothing is known about the role of
piccolo and bassoon in the All-AC exocytosis, which could be a potential model synapse for

studying these proteins at an inhibitory synapse.

Section 5.3: Summary of endocytosis in the All amacrine cell

The work in chapter 3 of this thesis presents the first study of fast (t1/2 =5 - 6 s) endocytosis at

an inhibitory synapse using C measurements. Before this study, our understanding about

endocytosis kinetics and the molecular processes in neurons came from excitatory synapses. We

found that endocytosis can be reliably measured from mature rat All-ACs using different stimulus
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strengths (Fig. 3.1, 3.2, S3.1). lllustrated in this section is a review of the fundamental
mechanisms for endocytosis in the AllI-AC (Fig. 5.2), which highlights key known (blue) and

unknown ( orange) steps:
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Summary diagram of the results from chapter 3. Shown are the mechanisms for membrane retrieval (endocytosis)
that occurs after exocytosis. Synaptic vesicle exocytosis occurs at the active zone where vesicle fusion is
nanodomain coupled to L-type Ca?* channels, while endocytosis in the peri-active zone is loosely hanodomain
coupled to Ca?* channels. Endocytosis is sensitive to low [BAPTA]; however, the mechanism for Ca?* dependence
is unknown. A detailed description (i to iv) is provided in section 5.3, reviewing the known (blue) and unknown

(orange) components of endocytosis in the All-AC lobules.

i. The synaptic vesicle membrane collapses during full-fusion exocytosis, perhaps modulated
by turgor pressure and membrane tension. Endocytosis has a time course described by a half-
time of 5 - 6 s for a 20 ms depolarizing pulse (Fig. 3.3 - 3.9). The initiation of endocytosis is
regulated by a Ca?* dependent process that is loosely nanodomain coupled to L-type Ca?*

channels. In All-ACs we found that exo/endocytosis is unaffected by high [EGTA], but low
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[BAPTA] fully blocks endocytosis while exocytosis is only partially blocked (Fig. 3.2, 3.4, 3.5).
This was different from findings in the calyx of Held where both high [EGTA] and low [BAPTA]
reduced exocytosis with no effect on endocytosis, while endocytosis was only blocked by high
[BAPTA] when a majority of exocytosis was blocked (Yamashita et al., 2010). Endocytosis
presumably occurs in the peri-active zone, where we propose that endocytosis hotspots are
loosely nanodomain coupled, yet the exact mechanism is unknown. It was proposed that
calmodulin initiates endocytosis in the calyx of Held (Wu et al., 2009), yet CaMKII/calmodulin
do not seem to affect endocytosis after hearing development (Yamashita et al., 2010). There
is also evidence that endophilin can form complexes between the synaptic vesicle and Ca?*
channels, and these interactions are Ca®** dependent (recently reviewed in Gandini and
Zamponi, 2021). Uncovering the mechanism that triggers Ca?*-dependent endocytosis in the
All-AC is one of our next goals moving forward with this study.

Clathrin-coated pits form in the peri-active zone following exocytosis and this generates
curvature and subsequent invagination of the plasma membrane (see review, Lacy et al.,
2018). This process is fully blocked by Pitstop-2 (Fig. 3.9). This evidence for clathrin-mediated
endocytosis is supported by EM ultrastructure micrographs of All-AC lobules showing
evidence for coated vesicles (Fig. 3.10, adapted from Strettoi et al. 1992) with striking
resemblance to early endosomes during clathrin-mediated endocytosis (CME) found using
flash-and-freeze techniques in hippocampal neurons (Watanabe et al., 2013). In panel B of
Figure 3.10, the coated pits can be seen lining the plasma membrane. Our data is similar to
findings in cMFB, where Delvendahl et al. (2016) found that slow endocytosis can be blocked
with Pitstop-2 for long pulses; however they found that the CME inhibitor did not block fast
endocytosis for short pulses. Therefore, we will also test the effects of Pitstop-2 using short
depolarizations in the All-AC to see if fast endocytosis is clathrin-independent.

Elongation of the endocytic invagination is regulated by the polymerization of F-actin. We
found that blocking actin polymerization with latrunculin-A reduced endocytosis in All-ACs
(Fig. 3.8). Dynamin helices form around the endosomal neck during elongation, and GTP-

dependent constriction causes scission of the endocytic invagination. We were able to block
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dynamin-dependent scission with the non-hydrolyzable GTPyS in our recording pipette and
with Dyngo-4a, indicating that dynamin is required for endocytosis in All-ACs.

Disassembly of the endocytotic machinery occurs after the synaptic vesicle is retrieved and
fully formed, at which point the synaptic vesicle is recycled back to the vesicle pool and
loaded with neurotransmitter. The vesicular glycine reloading requires vATPase-mediated
vesicle acidification and vGAT for proton mediated glycine transport into the synaptic vesicle
(Abery, 2016). Glycine transporters can move glycine from the synaptic cleft to the cytoplasm,
and both isoforms (GLyT1 and GlyT2) are expressed in the inner nuclear layer (Pefia-Rangel
et al., 2008). Results from our GlyT2-Cre expression strongly suggest that Alls have GIyT2.
However, a recent study shows that loss of GlyT1 in All-ACs impairs both glycine transmission
and reuptake (Eulenburg et al., 2018). Thus, All-ACs probably express both GLyT1 and GlyT2

in their plasma membranes.

Section 5.4: Future Directions

1. Ca** imaging to test EPAC-dependent CICR pathways.

a. Further test Ca%* imaging with the EPAC analog (8-pCPT). We have nice preliminary data
showing that 8-pCPT induces Ca®* release from stores, we will now perform more
experiments for statistical analysis. We will also perform control where we puff normal
Ames (vehicle control) where we expect to see no GCaMP6F responses. We will also do
more experiments puffing caffeine (positive control) to reproduce results in chapter 4.

b. Test ryanodine and 2-APB together with 8-pCPT. Here, we can bath apply each CICR
inhibitor during Ca?* imaging with the GCaMPG6F expressing retina slices. We expect that
either of these drugs or both will reduce GCaMP6F signals during local puffs of 8-pCPT.
This will tell us which CICR pathways in the All-AC involve EPAC-dependent signaling.

c. Test effects dopamine and other GPCR agonists with Ca?*-imaging. We can theoretically
observe GCaMP6F signals in All-AC lobules with local or bath applications of dopamine,
if this induction pathway is responsible for CICR in Alls.

d. Test if dopamine-cAMP hyperpolarization activates Ca?*-dependent BK channels. We

have shown that All-ACs express BK currents which can be activated by CICR and in turn
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hyperpolarize the cell. This could contribute to the changes we see in All-AC spike
properties and sIPSC frequency. We can bath apply dopamine during whole-cell patch-
clamp experiments, where we expect to see an increase in BK currents (isolating CICR
activated events by blocking VGCCs with isradipine or cadmium).

e. Test in current clamp whether 8-pCPT depolarizes the All-AC membrane potential. This
experiment was inspired by a comment from Tom Baden, where the GCaMP6F signals
looked like they were voltage gated responses because they occurred globally across the
whole cell. Therefore, we can see if 8-pCPT is causing a voltage gated response by
blocking different ion channels (e.g. Nay, or Cay).

2. Fast clathrin-mediated endocytosis.

a. Test Pitstop-2 with short pulse durations. As described above, Delvendahl et al. (2016)
showed that Pitstop-2 blocked “slower” high temperature (5-6 s) endocytosis responses
with Pitstop-2, which had similar kinetics to our responses in the All-AC. They also found
no effect on fast responses to short depolarizations, indicating that fast endocytosis was
clathrin-independent. We have to test this in the All-AC to determine if clathrin-
mediated endocytosis is the sole mechanism in All-ACs.

b. Test endocytosis at higher temperature (37 °C). Endocytosis is highly temperature
dependent, which drastically accelerates when changing bath temperatures from 30-
37°C (Delvendahl et al., 2016), which uncovered an ultrafast (100 — 300 ms) mode of
endocytosis. We expect that high temperature with short pulses, will uncover a similar
mode of endocytosis in All-ACs.

c. Test if Ca?* mediated endocytosis is blocked by calmodulin and calcineurin inhibitors.
myosin light-chain kinase (MLCK) peptide and CaM-binding domain (CBD) peptide are
two examples of calmodulin inhibitors. We include either of these peptides in our
internal solution recording solution with the expectation that they will block Ca®*
endocytosis. Likewise, two examples of calcineurin inhibitors are CaN inhibitors FK-506

and CysA, which we will use accordingly (Yao and Sakaba, 2012).
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