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ABSTRACT
Cellular Mechanisms Underlying Retinal Wave Generation
By
Kevin J Ford
Doctor of Philosophy in Molecular & Cell Biology
University of California, Berkeley

Professor Marla B. Feller, Chair

The intricate patterning and complex circuitry of the nervous system beg the
question of how such precise and ordered connections are formed during development.
Genetically encoded information certainly instructs coarse projections of neuronal
processes, and it has long been appreciated that sensory experience can fine tune
connections. However, many functional neuronal circuits are present prior to birth and
therefore must be organized in the absence of sensory experience. What instructs the
formation of these circuits?

Spontaneous activity is prevalent in the developing nervous system and may play
a role in organizing functional circuits. Spontaneous activity has been most extensively
studied in the developing retina, where bursts of action potentials propagate among
neighboring ganglion cells in a wave like fashion. These ‘retinal waves’ exist for an
extended period of time prior to vision during which connections between retinal
projection neurons and target regions of the brain are being refined. It is thought that
information relevant for the refinement of these connections is provided in the spatial
and temporal patterns of retinal waves.

In my thesis work, | set out to determine how the developing retina generates the
distinct spatial and temporal patterns of retinal waves. A population of interneurons
called starburst amacrine cells generates retinal waves during the first week after birth
in mice. These starburst cells release acetylcholine onto neighboring starburst cells and
retinal ganglion cells. How does this excitatory network generate precise patterns of
activity?

Using a combination of calcium imaging, electrophysiology, and a cell-based
sensor of acetylcholine, | characterized the features of the developing starburst cell
network that give rise to the initiation, propagation, and termination of retinal waves. |
incorporated these features of the starburst network into a computational model to
explain how the spatial and temporal features of waves rely upon the properties of the
underlying network. Finally, | described the molecular mechanisms of a key feature in
starburst cells, a minute long slow afterhyperpolarization, that sets the frequency and
spatial coverage of waves. These findings provide a detailed understanding of how
spatial and temporal patterns of spontaneous activity are generated in the retina, and



provide a basis for further experiments to determine the relevant information within
these patterns that instruct the wiring of visual circuits.

Last, | provide evidence that the slow afterhyperpolarizartions in starburst
amacrine cells are mediated by two-pore potassium channels, which are traditionally
thought to be leak channels. Our findings suggest that slow variations of second
messengers, including cAMP and IP3, are read out by two-pore channels to alter
neuronal excitability. These findings would have relevance to similar conductances
found throughout the nervous system.
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I. Assembly and disassembly of a retinal cholinergic network

Abstract

In the few weeks prior to the onset of vision, the retina undergoes a dramatic amount
of development. Neurons migrate into position and target appropriate synaptic partners
to assemble the circuits that mediate vision. During this period of development, the
retina is not silent, but rather exhibits spontaneous correlated activity called retinal
waves. The retina assembles and disassembles a series of transient circuits that use
distinct mechanisms to generate waves. During the first postnatal week, this transient
circuit is comprised of reciprocal cholinergic connections between starburst amacrine
cells. A few days before the eyes open, these cholinergic connections are eliminated as
glutamatergic circuits involved in processing visual information are formed. Here we
discuss the assembly and disassembly of this transient cholinergic network and the role
it plays in various aspects of retinal development.

Introduction

The mammalian retina has long been a model system for study of development of
neural circuits in the CNS. The development of the retina requires several steps. First,
the 7 cell types that comprise the retina need to be generated in the right proportion.
Second, postmitotic cells leave the ventricular zone and migrate to one of three cell
layers. Third, they start to form synaptic connections with other retinal neurons. Finally,
these groups of synaptically coupled cells evolve into the circuits contained in the adult
retina.

Acetylcholine (ACh) signaling plays a key role throughout these developmental
stages. Prior to synapse formation, paracrine action of ACh is essential for regulating
early developmental events, such as regulation of the cell cycle and the growth of
neurites. In addition, cholinergic synapses are among the earliest to mature and
thereby constitute the earliest functional circuits in the retina. Here we review the
maturation of the retinal cholinergic circuit, describing its role in mediating early
spontaneous activity and the development of non-cholinergic circuits.

ACh in the retina is produced by a subtype of amacrine cell termed the starburst
amacrine cell (SAC). Of the roughly 30 morphologically distinct amacrine cell types
(MacNeil et al., 1999), the starburst amacrine cell is perhaps the best characterized
(Famiglietti, 1983; Tauchi & Masland, 1984; Vaney, 1984). So named for its radially
symmetric processes, SACs are the only neurons to produce ACh in the adult retina
(Hayden et al., 1980). The population of SACs is divided into two sub-populations with
somas located in the proximal inner nuclear layer (regular) or in the ganglion cell layer
(displaced) (Famiglietti, 1983). In addition to releasing ACh, SACs also release GABA
(O'Malley & Masland, 1989) and adenosine (Blazynski, 1989). In the mature retina,
ACh release acts on both muscarinic and nicotinic receptors to modulate response
properties of many different types of ganglion cells (Masland & Ames, 1976; Masland et
al., 1984; Schmidt et al., 1987; Baldridge, 1996; Strang et al., 2005). The SAC is of



particular importance in a retinal circuit that detects motion (Fried et al., 2002; reviewed
in Taylor & Vaney, 2003), the topic of another review in this series.

In mature retina, ACh released from SACs acts exclusively on other cell types
(Baldridge, 1996). However, during development cholinergic signaling occurs between
SACs. Long before eye opening, ACh is produced by SACs and functional cholinergic
receptors exist on SACs as well as other cells of the developing retina. SACs are
spontaneously active and can release ACh onto neighboring SACs and ganglion cells.
We refer to this early, transient signaling between SACs as the cholinergic network.

A key developmental function for the cholinergic network is the generation of retinal
waves. During an extended period of time prior to visual input, the developing retina
exhibits propagating spontaneous activity, termed retinal waves (Meister et al., 1991;
Wong et al., 1993; Feller et al., 1996). The cholinergic network appears at birth in mice
and mediates the initiation and propagation of waves until the second postnatal week,
when waves are mediated by glutamatergic circuits (Bansal et al., 2000; Wong et al.,
2000; Zhou & Zhao, 2000).

In this review, we first describe the assembly of the transient cholinergic circuit,
which involves early expression of proteins associated with release and action of ACh.
Second, we review the process by which SACs orchestrate the wave generating circuit.
Third, we describe the transition from cholinergic waves to glutamatergic waves, which
requires the disassembly of the cholinergic connections that mediate waves. Last, we
review the evidence that SACs and waves play a role in the development of retinal
circuits, including dendritic refinement and stratification. (The role of retinal waves in
the targeting and refinement of retinofugal synapses has been reviewed elsewhere
(Torborg & Feller, 2005; Huberman et al., 2008a; Feldheim & O'Leary, 2010)).

Assembly of the cholinergic network

The proteins associated with cholinergic synapses appear early in development
(Figure I-1). SACs first begin to express choline-acetyltransferase (ChAT), the enzyme
responsible for synthesis of acetylcholine, at embryonic day 17 (E17) in rats (Kim et al.,
2000). SAC cell bodies organize into two layers on opposite sides of the nascent inner
plexiform layer (IPL) shortly before birth. By postnatal day 3 (P3) two distinct bands are
apparent within the IPL, representing regular and displaced populations of SACs
(Bansal et al., 2000; Kim et al., 2000). Expression of the vesicular transporter for ACh
(VAChT) follows a similar developmental profile, with punctate expression found at birth
(Stacy & Wong, 2003). Evidence for presynaptic release machinery, including synaptic
vesicle protein 2C (SV2C, (Wang et al., 2003)), synaptophysin (Dhingra et al., 1997),
and SNAP-25 (West Greenlee et al., 1998) are present at birth as well.

The broad distribution of nicotinic and muscarinic receptors at birth indicates that
ACh released from SACs is poised to act on several cell types. mRNA expression of
nicotinic acetylcholine receptors (hnACHRSs) subunits alpha 3-4 and beta 2-4 is present in
the embryonic and early postnatal retina (Hoover & Goldman, 1992). Dividing cells in
the ventricular zone have M1 muscarinic receptor dependent calcium increases in
response to carbachol application, whereas differentiated amacrine and ganglion cells
have voltage-gated channel dependent calcium increases in respond to nicotine (Wong,
1995). Among the responsive amacrine cells are SACs themselves, which are



depolarized at this early age by ACh acting on nicotinic receptors (Zheng et al., 2004).
The presence nAChRs on SACs indicates that they have the potential to form a
recurrent excitatory network at this early stage of development.

Despite the abundance of pre- and postsynaptic components for cholinergic
signaling, there is little ultrastructural evidence of conventional synapses at this early
stage of development. Conventional synapses between amacrine and ganglion cells
begin to form after P3 in mice (Fisher, 1979) and ChAT expression precedes synapse
formation by at least 2 days in chick retina (Spira et al., 1987). However, despite the
lack of structural evidence for synapses, there is physiological evidence for cholinergic
synaptic transmission between pairs of SACs at this early age. Paired recordings
between SACs from embryonic rabbit showed that SACs can indeed release both ACh
and GABA to excite neighboring SACs in a reciprocal fashion (Zheng et al., 2004)
(Figure 1-2D). Postsynaptic N AChR mediated currents are slow, appearing to reflect an
asynchronous and/or diffuse release of ACh from the presynaptic SAC. Paired
recordings of SACs in early postnatal mice reveal similar slow currents (Ford et al.,
2010).

SACs also form GABAergic synapses with other SACs and with subpopulations of
ganglion cells. Unlike most GABAergic neurons in the retina, SACs express the GABA
synthesizing enzyme GAD-67 rather than the GAD-65 isoform (Brandon & Criswell,
1995). GAD-67 expression is present early in development (Famiglietti & Sundquist,
2010). SACs can release GABA onto neighboring SACs during the first postnatal week
in rabbit (Zheng et al., 2004). Direction selective ganglion cells also form GABAergic
synapses with SACs well before eye opening (Lee et al., 2010; Wei et al., 2011).

A distinguishing feature of the SAC network is that the somas of SACs form a
mosaic -- a term used to describe the regular arrangement of somas with a minimal
spacing between them (reviewed in Vaney, 1990; Cook & Chalupa, 2000; Novelli et al.,
2005). SAC mosaics arise very early in development. SAC somas are initially
positioned randomly with respect to each other as they migrate from the ventricular
zone toward the developing ganglion cell layer. By birth in mice, SAC somas have
distributed in a mosaic fashion so that there is a minimum distance observed between
somas (Galli-Resta et al., 1997; Galli-Resta et al., 2000). The formation of the soma
mosaic correlates with the complete coverage of the IPL by SAC processes.

Homotypic interactions between SAC processes are thought to instruct the initial
formation of the mosaic (Reese & Galli-Resta, 2002). The developmental window
during which these interactions establish the mosaic is finite, as disruption of
microtubules (Galli-Resta et al., 2002) or ablation of subsets of SACs by excitotoxicity
(Farajian et al., 2004) a few days after birth fails to disrupt the established mosaic. At
this point, the mechanisms by which interactions between SAC processes mediate the
development of mosaics are unknown.

The role of starburst amacrine cells in generation of retinal waves

The most well studied function of the early cholinergic network in the retina is the
generation of retinal waves (Figure I-2). Retinal waves consist of bursts of action
potentials in retinal ganglion cells that propagate in a wave front across the plane of the
retina. Retinal waves occur in many species including turtle (Sernagor et al., 2003),



chick (Catsicas et al., 1998; Wong et al., 1998; Sernagor et al., 2000), mice (Mooney et
al., 1996; Bansal et al., 2000), rabbit (Zhou, 1998), ferret (Meister et al., 1991; Wong et
al., 1993; Feller et al., 1996), and primate (Warland et al., 2006). Across all species,
waves share similar characteristic features. Waves initiate at random positions and
propagate at speeds ranging from ~100um/s (mouse, (Singer et al., 2001)) up to
400um/s (chick, (Sernagor et al., 2000)). Individual waves stop at discrete but shifting
borders that reflect recently active regions of retina (Feller et al., 1996). This refractory
period following a wave lasts for approximately one minute (Feller et al., 1996; Feller et
al., 1997), shortly after which an additional wave can be initiated and spread over the
same area (Figure I-2A). In addition, this refractory period dictates the frequency with
which a local region of the retina experiences a wave.

The circuitry underlying the generation of retinal waves progresses through three
stages that reflect the maturation of retinal circuits (Blankenship & Feller, 2010) (Figure
I-3A). Before formation of the IPL (E17 in mice (Kim et al., 2000), E25 in rabbit (Sharma
& Ehinger, 1997)), retinal waves propagate through the developing ganglion cell layer.
These early stage waves are blocked by gap-junction antagonists (Syed et al., 2004b).
With the initial extension of SAC processes to form the IPL, waves transition from
propagation via gap-junctions to propagation via activation of nAChRs (Feller et al.,
1996). Finally, a third stage of waves develop several days before the eyes open and
co-exist with light responses for a short period of time (Demas et al., 2003). These
waves are blocked by ionotropic glutamate receptors (Wong et al., 2000; Zhou & Zhao,
2000; Blankenship et al., 2009).

The cholinergic network plays an exclusive role in generating waves during an
extended period of development. Neighboring ganglion cells and SACs receive
simultaneous slow nAChR and GABA-A mediated currents that give rise to correlated
action potential firing (Feller et al., 1996; Zhou, 1998). In perinatal mice, ferrets, and
rabbits, waves monitored by calcium imaging are blocked by nAChR antagonists (Feller
et al., 1996; Penn et al., 1998; Bansal et al., 2000; Zhou & Zhao, 2000), but not by
ionotropic or metabotropic GABA or glutamate receptor antagonists (Zhou & Zhao,
2000). Gap-junction signaling seems to play a role in the generation of these waves in
chick (Catsicas et al., 1998), but is involved to a lesser extent in mammalian retina
(Bansal et al., 2000; Syed et al., 2004b).

The features of the developing cholinergic network that give rise to waves are now
beginning to be understood. The generation of waves requires a source of
depolarization for wave initiation, a network of excitatory interactions for propagation
and a source of inhibition that limits the spatial extent of waves and dictates the
minimum interval between waves. We discuss the properties of the cholinergic network
that give rise to these features below.

Initiation

SACs themselves are the likely source of wave initiation. In order for a wave to start,
a cell or group of cells must spontaneously excite neighboring cells to initiate the spread
of depolarization. Waves initiate at random locations (Feller et al., 1996), suggesting
that the cells responsible for the spontaneous excitation that drives wave initiation are
present uniformly across the retina. In the presence of neurotransmitter antagonists,



SACs from rabbit retinas exhibit spontaneous depolarizations that could be measured
with cell attached, whole cell recordings, and calcium imaging (Zheng et al., 2006)
(Figure I-2B). Spontaneous depolarizations occur fairly regularly with a frequency of
about once per 20s in cell attached and current clamp recordings, though spontaneous
calcium transients were less regular. These spontaneous depolarizations presumably
lead to release of ACh onto neighboring SACs, which may trigger the start of a wave.
Indeed, we find that injecting current to depolarize a single SAC can robustly initiate a
wave in mouse retina (Ford et al., 2010).

The ion channels that underlie spontaneous depolarizations in SACs are unknown.
Activation of TTX sensitive sodium channels, which are present in developing SACs
(Zhou & Fain, 1996), are unlikely to be the cause of spontaneous depolarization, as
TTX does not block retinal waves (Stellwagen et al., 1999). Spontaneous opening of
calcium channels may provide a depolarizing drive. Adult SACs have N-, P/Q-, and R-
type calcium channels (Cohen, 2001; Kaneda et al., 2007), but these channels are
activated at depolarized potentials. Some L-type voltage gated calcium channels are
activated at hyperpolarized potentials (Koschak et al., 2001) and have been implicated
in pacemaking neurons (Putzier et al., 2009). Retinal waves are blocked by the L-type
channel antagonist nifedipine (Singer et al., 2001), suggesting that these channels may
play a role in either the spontaneous depolarization or propagation of waves.

Propagation

Waves propagate through a cholinergic circuit that depends on activation of a
specific subtype of NAChRs. Studies of adult rabbit retina have demonstrated strong
expression of alpha7 homomeric channels (Dmitrieva et al., 2007) as well as
alpha3/beta2 containing heteromeric channels (Keyser et al., 2000) throughout the IPL.
Expression of alpha3 and alpha8 containing receptors during the period of cholinergic
waves has been shown in chick retina (Hamassaki-Britto et al., 1994). Waves are
blocked by a-conotoxin-MlIl, a toxin that is most specific for alpha3/beta2 containing
nAChRs, but not a-bungarotoxin (targeted to homomeric alpha7 nAChRs) or a-
conotoxin-AU1B (targeted to alpha3/beta4 containing receptors) (Penn et al., 1998;
Bansal et al., 2000). Further evidence for a unique set of receptors mediating waves
came from studies using knockout mice -- mice lacking either alpha3 or beta2 subunits
lacked cholinergic retinal waves (Bansal et al., 2000; Sun et al., 2008; Stafford et al.,
2009). Hence, wave propagation depends upon activation of specific heteromeric
alpha3/beta2 nAChRs even though other nAChRs exist in the retina.

In addition to ACh, SACs and ganglion cells receive GABAergic input through GABA-
A receptors during waves (Feller et al., 1996; Zhou, 1998). At this developmental age
GABA-A mediated currents are depolarizing due to the accumulation of intracellular
chloride (Zhang et al., 2006b; Barkis et al., 2010). GABA-A receptor activation is not
required for the propagation of waves in rabbit or mice (Syed et al., 2004b; Wang et al.,
2007), but does influence the structure of the firing patterns (Wang et al., 2007). Not all
studies have reached this conclusion — early waves in both turtle (Sernagor et al., 2003)
and ferret (Fischer et al., 1998; but see Stellwagen et al., 1999) depend on GABA-A
receptor activation.



A possible explanation for the widespread effects of ACh during waves is that ACh is
released by volume transmission — the diffuse release of neurotransmitter in the
absence of pre- and postsynaptic specializations (for a comparison of direct vs. volume
ACh transmission see (Sarter et al., 2009)). Several lines of evidence support this.
First, retinal ganglion cells with dendritic arbors at opposite ends of the IPL are
synchronized during waves, despite the fine stratification of SAC processes (Wong &
Oakley, 1996). Second, slow synaptic currents recorded between pairs of SACs (Zheng
et al., 2004) (Figure 1-2D) indicate that ACh acts diffusely. Third, cholinergic retinal
waves are present prior to the formation of conventional synapses, as identified in
electron microscopy studies (Fisher, 1979; Greiner & Weidman, 1981). Finally, in rabbit
retina, calcium waves propagate through the ventricular zone that are correlated with
waves in the ganglion cells (Syed et al., 2004a). The ventricular zone waves are
blocked by muscarinic receptor antagonists as well as nAChR antagonists, implying that
ACh released during waves in the ganglion cell layer diffuses tens of microns to the
ventricular zone where it activates muscarinic receptors.

Refractory period

The frequency of retinal waves is limited by a refractory period following waves.
Over a period of about one minute, waves initiated at random points appear to tile the
retina, avoiding regions active recently (Feller et al., 1996)(Figure I-2A). Depolarization
by focal application of high potassium solution could also cause a refractory period
within the affected region. This refractory period is thought to be imparted by a slow
after-hyperpolarization (sAHP) following depolarization in SACs (Zheng et al., 2006)
(Figure I-2C). The sAHP is blocked by cadmium, suggesting that it is activated by
calcium entry through voltage-gated calcium channels. Interestingly, the channel
underlying the sAHP is inhibited by elevating levels of cAMP, similar to the calcium-
activated potassium channel which is thought to underlie sSAHPs in various other
regions of the brain (Alger & Nicoll, 1980; Lancaster & Adams, 1986; Sah & Isaacson,
1995; Vogalis et al., 2001), the molecular identity of which is unknown. Elevating cAMP
increases the frequency of retinal waves (Stellwagen et al., 1999; Hanganu et al.,
2006), consistent with the notion that the sAHP limits the frequency of waves.

Recent studies have incorporated the measured features of the cholinergic network
into computational models. Modeling studies are of use in identifying the relevant
features of a circuit that give rise to the physiological output. For instance, two
modeling studies have shown that in order to achieve propagating waves that have
finite borders, i.e. do not encompass the entire retina, there must be local variability in
the refractory state of the retina (Godfrey & Swindale, 2007; Hennig et al., 2009). This
variability is generated by random spontaneous depolarizations of SACs followed by
sAHPs that occur in between waves. While spontaneous depolarization of SACs
between waves has been observed in rabbit (asterisk Figure 1-2C) (Zheng et al., 2006),
we have not observed these in mouse (Ford et al., 2010). As the details of the SAC
network are worked out for different species, there will likely be different, and perhaps
disparate, solutions that generate very similar waves.



Role of cholinergic signaling in establishing non-cholinergic retinal circuits
Influence on later progenitor cells:

Cholinergic retinal waves occur during a period of rapid retinal development.
Progenitor cells in the ventricular zone are dividing and differentiating into each of the 7
types of retinal cells (Figure I-1). These newly differentiated cells must then migrate to
the proper position within the retina and extend processes to form the neuropil layers.
The onset of cholinergic waves correlates with the formation of the IPL, where amacrine
and ganglion cells processes stratify into 10 discrete layers (in mice) that process visual
information in parallel (Masland, 2001; Roska & Werblin, 2001; Wassle, 2004). Once
stratified in these layers, bipolar, amacrine, and ganglion cells must form synapses with
their proper partners to form functional circuits that process visual information. Before
the onset of vision, these discrete synaptic layers are visible (Kim et al., 2000; Drenhaus
et al., 2003; Famiglietti & Sundquist, 2010) and some functional circuits are already
established (Elstrott et al., 2008; Wei et al., 2011). To what extent does the cholinergic
network shape the outcome of these developmental events?

Rhythmic increases in intracellular calcium play an important role in cell proliferation
and differentiation (reviewed in Martins & Pearson, 2008) for retinal neurons born during
cholinergic waves. ACh drives increases in intracellular calcium of progenitor cells in
the ventricular zone through activation of M1 muscarinic receptors (Wong, 1995), which
can alter their progression in the cell cycle (Pearson et al., 2002). Blocking muscarinic
receptors in chick eyes leads to an increase in the size of the eye (Pearson et al.,
2002). A probable source for ACh acting on muscarinic receptors is from cholinergic
waves, which drive correlated calcium waves in the ventricular zone (Syed et al.,
2004a). In other parts of the nervous system, elevation of intracellular calcium can also
influence neuronal migration (reviewed in Komuro & Kumada, 2005) and
neurotransmitter selection (reviewed in Spitzer et al., 2004). It remains to be seen
whether calcium increases caused by retinal waves have similar effects.

IPL stratification

The retina is a highly laminar structure. Cell bodies reside in three vertically oriented
layers composed of the distinct cell classes. The IPL comprises axons from bipolar
cells, processes from amacrine cells, and dendrites of ganglion cells. These processes
are separated into the On and Off layers corresponding to the functional responses to
light of the corresponding cells. Within On and Off layers, processes are further
segregated into at least 10 different strata where distinct neural computations are
performed. The structural layering and corresponding functional separation has made
the retina an ideal model system for studying synapse specificity — i.e. the process by
which pre- and postsynaptic neurons wire to their appropriate partners.

The development of lamina in the IPL occurs in several steps. First, amacrine cells
extend processes into the IPL. The processes of different amacrine cells identified by
cell-specific antibody staining form discrete layers as soon as they first appear
(Famiglietti & Sundquist, 2010). Second, the dendrites of ganglion cells extend into the
IPL. While some ganglion cells initially stratify within their appropriate mature lamina, a



large portion of ganglion cells stratify diffusely throughout future On and Off layers.
Next, On and Off bipolar cell axons extend into the IPL where they stratify into the
appropriate layers (Johnson et al., 2003). Finally, ganglion cells restrict their dendrites
to their mature lamina (reviewed in (Xu & Tian, 2004)). Below we discuss how SACs
could play a role in these developmental steps.

A growing body of literature from zebrafish studies points to a critical role for
amacrine cells in patterning the IPL. The processes of amacrine cells have directed
growth within their target layers without exuberant growth in other layers (Godinho et al.,
2005). While ganglion cells are the first-born cells in the retina, they play a lesser role in
formation of layers in the IPL. A genetic model in which ganglion cells are never born
have delayed IPL formation, although this is partially corrected and normal lamination of
the IPL occurs throughout most of the retina (Kay et al., 2004). Hence, interactions
between amacrine cells are sufficient to give rise to the layering within the IPL.
Interestingly, bipolar cell axons target correctly to the normal IPL in these mutants, but
fail to innervate regions of abnormal IPL (Kay et al., 2004), suggesting that amacrine
cells provide the laminar cues for bipolar cell axon targeting. Finally, ganglion cells
exhibit directed outgrowth of their processes within established layers of amacrine cell
processes (Mumm et al., 2006), implying that amacrine cells can provide lamination
cues for ganglion cells. A zebrafish homologue of the SAC has not been conclusively
identified (though see (Kay et al., 2004)), so it is unclear what role SACs in particular
play in these developmental events.

In mammals, SACs are among the first cells to extend processes within the IPL (Kim
et al., 2000) and could potentially serve as a foundation for the layering of subsequent
strata within the IPL. Lamination signals, such as members of the immunogblobulin
superfamily (Yamagata & Sanes, 2008) or semaphorins (Matsuoka et al., 2011),
expressed on SAC processes could instruct the processes of other amacrine, ganglion,
and bipolar cells to stratify above, below or between the two cholinergic strata. Despite
this early genesis, it is unlikely that SACs provide lamination cues for other amacrine
and bipolar cells. Retinal deletion of the transcription factor islet-1 results in a near
complete loss of ChAT positive amacrine cells (Elshatory et al., 2007). Despite this loss
of differentiated SACs, several markers for other amacrine cell types still form layers
within the IPL. Similarly, a genetic model of retinal blastoma lacks several markers of
mature SACs but stratification of other amacrine and bipolar cell types are not altered
(Chen et al., 2007). Furthermore, SACs ablated by immuno-toxin (Gunhan et al., 2002)
or by excitotoxicity with L-glutamate (Reese et al., 2001) at two to three days after birth
show no defects in the stratification of bipolar cells, suggesting that SAC processes do
not provide an instructive role for stratification of these cell types.

While SACs are unlikely to guide the lamination of other amacrine and bipolar cells,
they may instruct the localization of some types of ganglion cell dendrites. Using
random dye labeling, a certain class of bi-stratified ganglion cell, mostly likely
corresponding to direction selective ganglion cells, was found to co-stratify with the
cholinergic processes shortly after birth (Stacy & Wong, 2003), although other mono-
stratified ganglion cells never stratified with the cholinergic bands. Recently, genetically
labeled mouse lines of functionally identical ganglion cell classes have been developed
that allow for consistent characterization across development (Huberman et al., 2008b;
Kim et al., 2008; Huberman et al., 2009). The dendrites of genetically identified



direction selective ganglion cells co-stratify with SAC processes shortly after birth (Kim
2010, Wei 2011), supporting the hypothesis that SACs provide an instructive role for
lamination of certain ganglion cell types.

The dendrites of most retinal ganglion cells initially arborize diffusely within the IPL
before restricting their dendrites to distinct lamina (Bodnarenko et al., 1999; Bansal et
al., 2000; Sernagor et al., 2001; Xu & Tian, 2004; Coombs et al., 2007; Kim et al.,
2010). Some studies have implicated a role for activity in bipolar cells in the
segregation of ganglion cell dendrites. Hyperpolarizing ON bipolar cells during the
period of glutamatergic retinal waves using the drug APB prevents the segregation into
ON and OFF layers (Bodnarenko & Chalupa, 1993; Bodnarenko et al., 1995).
Additionally, mice that lack the MHCI receptor CD3zeta have altered glutamatergic
retinal waves. The ganglion cells of these mice have reduced dendritic motility and
have more diffuse dendrites within the IPL (Xu et al., 2010). However, not all
manipulations of activity during development alter dendritic stratification. Preventing
synaptic release of glutamate from ON bipolar cells by expression of tetanus toxin fails
to prevent the stratification of ganglion cell dendrites, although synapse formation onto
ON bipolar cells is reduced (Kerschensteiner et al., 2009).

Is there a role for cholinergic waves in the stratification process? Blocking nAChRs
during the period of cholinergic waves reduces the motility of filipodia on the dendrites
of ganglion cells (Wong & Wong, 2001), demonstrating that waves can drive structural
changes in dendrites. Studies in turtle have demonstrated that blocking cholinergic
waves with nAChR antagonists inhibits dendritic growth (Mehta & Sernagor, 2006) and
reduces receptive field sizes (Sernagor & Grzywacz, 1996). Additionally, mice lacking
the beta2 subunit of the nAChR had a delay in, though did not prevent, the fine
stratification of ganglion cell dendrites (Bansal et al., 2000). These findings indicate that
cholinergic waves do influence the outgrowth of ganglion cell dendrites but are not the
primary factor dictating their final organization.

One intriguing hypothesis for a role of retinal waves is in the development of
direction selective circuits. Retinal waves have directional information both in their
propagation and in the observation that there is a propagation bias, with more waves
traveling toward the nasal direction than the other cardinal axes (Stafford et al., 2009;
Elstrott & Feller, 2010). However, direction selective ganglion cells participate equally in
all waves irrespective of propagation direction (Elstrott & Feller, 2010) and complete
blockade of retinal activity using intraocular muscimol injections did not prevent the
development of direction selectivity (Wei et al., 2011). These findings indicate that
waves are not likely to provide the instructive signal for the establishment of asymmetric
direction selective circuits. However, whether retinal waves play a role in the refinement
of DS circuits remains to be determined.

Is there a role for cholinergic waves in the transitions between wave-generating circuits?

Another role of cholinergic waves in development of the retina circuitry may be to
terminate early stage gap-junction mediated waves (Figure 1-3). Knock-out animals that
lack nAChR receptor subunits still exhibit wave like activity under certain recording
conditions, such as elevated temperature (alpha3(-/-): (Bansal et al., 2000), beta2(-/-)
(Sun et al., 2008; Stafford et al., 2009)). This activity is likely mediated by gap-junctions
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(Sun et al., 2008), as in earlier stage waves. Similarly, a study using a genetic model
which eliminates ChAT in a large portion of the retina found normal cholinergic waves in
the spared region, but compensatory waves in the region lacking ChAT (Stacy et al.,
2005). These studies point to a sequential maturation of the retinal circuitry that relies
on checkpoints to make transitions from one stage (gap-junction mediated waves) to the
next (cholinergic transmission mediated waves). This sort of checkpoint model of
neuronal development (Ben-Ari & Spitzer, 2010) is further evidenced in the disassembly
of the cholinergic network to make way for glutamatergic signaling (Blankenship &
Feller, 2010).

Disassembly of the cholinergic network

Shortly before eye opening, retinal waves transition from being mediated by ACh to
glutamate. Bipolar cell axons invade the IPL and begin to release glutamate at the end
of the first week after birth in rodents (Johnson et al., 2003). Shortly thereafter, waves
change their pharmacological profile and spatiotemporal properties. Waves are no
longer blocked by nAChR antagonists but rather are sensitive to a combination of
AMPA and NMDA antagonists (Wong et al., 1998; Zhou & Zhao, 2000; Blankenship et
al., 2009). These glutamatergic waves occur as periodic clusters of activity followed by
periods of silence (Kerschensteiner & Wong, 2008; Blankenship et al., 2009). Waves
exist simultaneously with light responses and disappear a few days after eye opening in
a manner that is independent of visual experience (Demas et al., 2003).

With the onset of glutamatergic waves, the SAC network loses the features
necessary for propagation of cholinergic waves. First, mature SACs are no longer
depolarized by application of nicotine (Baldridge, 1996). This is the result of a rapid
decline in nAChR activation that coincides with the start of glutamatergic waves (Zheng
et al., 2004). Second, acetylcholinesterase, the enzyme that degrades ACh, is
increased during this time window (Hutchins et al., 1995), which would decrease the
spread of ACh. Third, the action of GABA becomes hyperpolarizing a few days before
the onset of glutamatergic waves (Zhang et al., 2006b; Barkis et al., 2010). Intracellular
chloride is reduced as the expression of the potassium-chloride transporter KCC2 is
increased in ganglion cells (Zhang et al., 2006a). Mature SAC processes have a
graded expression of KCC2 that increases along the length of the process (Gavrikov et
al., 2006). When this graded distribution of KCC2 occurs is unknown. Fourth, SACs
become less excitable because maturation of processes increases the electronic space
constant. The long and skinny processes of SACs likely prevent the spread of
depolarization between processes, which would serve to electrically isolate the soma
from the processes. A further decrease in the excitability of SACs is imparted by the
loss of voltage gated sodium channels (Zhou & Fain, 1996) and an increase in
expression of the voltage gated potassium channel Kv3.1 (Ozaita et al., 2004; Zheng et
al., 2006).

At this same time, other circuits involving SACs are rapidly maturing. GABAergic
connections between SACs are maintained during this period (Zheng et al., 2004) and
cholinergic and GABAergic synapses onto direction-selective ganglion cells develop
(Lee et al., 2010; Wei et al., 2011). SACs greatly extend their processes as much as 7
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fold and develop varicosities at the distal portions that are presumed to be the sites of
GABA release (Wong & Collin, 1989).

The nature of cholinergic transmission in the adult retina is not well understood.
Many ganglion cells with dendrites distal to the cholinergic strata within the IPL still
respond to ACh released from SACs (Schmidt et al., 1987). Paired recordings between
SACs and direction selective ganglion cells reveal symmetrical sites of ACh release
(Lee et al., 2010), however ultrastructural reconstruction of synaptic contacts onto
direction selective ganglion cells failed to find evidence for these cholinergic synapses
(Briggman et al., 2011). Furthermore, expression of SNAP-25, a SNARE protein
involved in evoked release of neurotransmitter, is transiently highly expressed in SAC
processes during the period of cholinergic waves (West Greenlee et al., 1998),
suggesting that the presynaptic machinery for neurotransmitter release might change
during development.

The onset of glutamatergic waves may play an active role in the disassembly of
cholinergic circuits, similar to the transition from gap-junction to cholinergic waves
(Blankenship & Feller, 2010) (Figure 1-3). Mice lacking the vesicular glutamate
transporter VGLUT1 lack glutamate release from bipolar cells. These mice still have
retinal waves at the period of time when littermate control animals have glutamatergic
waves. Interestingly, these later waves in the VGLUT1 knockout mice are unaffected by
glutamate receptor antagonists but are blocked by nAChR antagonists (Blankenship et
al., 2009). Glutamate signaling from bipolar cells is therefore required to dismantle the
cholinergic network.

The mechanisms underlying this transition are not understood. SACs have
functional kainate, AMPA, and NMDA receptors shortly after birth (Acosta et al., 2007)
suggesting that they can respond to glutamate when it is first released by bipolar cells.
In addition to ionotropic receptors, SACs also express the metabotropic glutamate
receptor 2 starting shortly after birth in rodents (Koulen et al., 1996). Action of
glutamate on either ionotropic or metabotropic receptors on SACs could result in down-
regulation of functional NAChRs and perhaps the regulation of other proteins that are
necessary for cholinergic waves. The mechanisms involved in this transition will likely
be of general importance, as several other developing neural circuits such as the spinal
cord, hind brain, cochlea, and hippocampus transition through different stages of
spontaneous activity before reaching their mature state (Blankenship & Feller, 2010).

Conclusions

Here we have reviewed the assembly, disassembly and function of cholinergic
circuits in retinal development. Starburst amacrine cells release acetylcholine and
nicotinic and muscarinic acetylcholine receptors appear early in development to provide
signaling that influences events prior to synapse formation. The processes of starburst
amacrine cells define the early strata of the developing inner plexiform layer and
therefore may play a role in organizing processes of other cells. For a brief period of
development, starburst amacrine cells can mutually excite each other. These recurrent
excitatory connections provide the substrate for the initiation and propagation of retinal
waves. Future work will continue to elucidate how other transient features of developing
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starburst cells and the nature of their synaptic connections influences the propagation
properties of retinal waves.

One outstanding question that remains is how early signaling in the retina influences
the formation of retinal circuits. The assembly of this cholinergic circuit is critical for
driving the transition from an earlier, gap junction-mediated wave generating circuit.
Similarly, maturation of the glutamatergic wave generating circuit drives the
disassembly of the cholinergic network. Hence, each circuit is critical for eliminating the
circuit before it. In addition, retinal waves drive correlated depolarizations of many
synaptic partners (e.g. starburst amacrine cells and direction selective ganglion cells).
Whether these early signaling events are critical for the maturation of these functional
circuits remains an open question. Answers to these questions require a deeper
understanding of the interplay between activity and other cellular mechanisms that
underlie the wiring up of functional circuits.
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Figure I-1: Timeline showing major developmental events in mouse retina.
Starburst cells become postmitotic between E11 and E17. ChAT expression is first
seen at E17 and increases during the first week after birth. The IPL first appears at E17
and SAC processes form two discrete bands by P3. Conventional synapses first
appear between amacrine and ganglion cells in the IPL at P3. Retinal waves transition
through three stages during development: gap-junction, cholinergic, and glutamatergic.
Bipolar cells first innervate the IPL at P7. Eyes open around P12. Ganglion cell
dendrites stratify into lamina for an extended time beginning around P9 and continuing
through the first month. The action of GABA switches from depolarizing to
hyperpolarizing around P8. SACs are initially responsive to ACh action on nAChRs, but
lose this responsiveness with the corresponding transition to glutamatergic waves.
References:(1) (Voinescu et al., 2009) (2) (Kim et al., 2000) (3) (Hinds & Hinds, 1983)
(4) (Fisher, 1979) (5) (Bansal et al., 2000) (6) (Johnson et al., 2003) (7) (Xu & Tian,
2004) (8) (Barkis et al., 2010) (9) (Zheng et al., 2004) (approximate age from rabbit
data)
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Figure 1-2: Properties of cholinergic waves are generated by the SAC network.
A. Spatial and temporal properties of waves assessed with calcium imaging.

TOP: Low power calcium imaging of Fura-2AM labeled neonatal ferret retinas show
decreases in fluorescence following calcium increases associated with waves.
BOTTOM: Spatial propagation of 30 waves during four consecutive minutes. Each
panel shows the propagation of waves that occurred during a one-minute period.
Cholinergic retinal waves initiate at random locations and propagate over finite regions.
Waves occur at intervals between waves of around one minute for a given region (for
example see asterisk). Adapted from (Feller et al., 1996).

B. Cell-autonomous spontaneous depolarization of SACs may initiate retinal waves.
SACs (red regions and traces) from perinatal rabbit retinas loaded with Fura-2AM show
spontaneous depolarizations in the presence of antagonists to ionotropic and
metabotropic glutamate, GABA, glycine, and ACh receptors, whereas retinal ganglion
cells do not (blue regions and traces). Adapted from (Zheng et al., 2006).

C. The inter-wave refractory period may be due to a slow after-hyperpolarization in
SACs.

Current clamp recording from a SAC in rabbit retina showing wave evoked and
spontaneous (asterisk) depolarizations followed by slow after-hyperpolarizations.
Adapted from (Zheng et al., 2006).

D. Waves may propagate via reciprocal connections between SACs.

Voltage clamp recordings from pairs of neighboring SACs show both fast GABAergic
postsynaptic currents and slow cholinergic postsynaptic currents. Top: Schematic of
voltage command of presynaptic SAC (-70mV to OmV). Bottom: Evoked PSCs at
positive and negative holding potentials to isolate cholinergic and GABAergic currents,
respectively. Adapted from (Zheng et al., 2004).
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Figure I-3: Wave circuits transition through check-points.

A. Schematics of changing circuits that mediate waves. Left: Prior to birth waves are
thought to propagate via gap-junctions between ganglion cells. Middle: Postnatal day 1-
10, waves are propagated via SAC release of acetylcholine onto other SACs (black
box). Acetylcholine also depolarizes ganglion cells. During this period of development,
the gap-junction signaling between ganglion cells is reduced (red box).

Right: P10-P15 bipolar cells release glutamate to propagate waves in a mechanism
that is thought to involve spillover of glutamate to excite neighboring bipolar cells (black
box). Cholinergic signaling between SACs is reduced (red box). Adapted from
(Blankenship & Feller, 2010).

B. Summary timeline of how genetic disruption of cholinergic or glutamatergic waves
result in an extended action of the previous wave generating circuit

In wild type mice gap-junction mediated waves (gray) are followed by

cholinergic waves (blue) starting at PO, then glutamatergic waves (green) at P10. In
mice lacking the Beta2 subunit of the nicotinic acetylcholine receptor, gap-junction
mediated waves persist until ~P8. In mice lacking vesicular glutamate transporter
VGLUT1, cholinergic waves persist through the second postnatal week.
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Il. Cellular mechanisms underlying cholinergic retinal waves
Abstract

Prior to vision, a transient network of recurrently connected cholinergic interneurons,
called starburst amacrine cells (SACs), generates spontaneous retinal waves. Retinal
waves occur with a periodicity of minutes and propagate within distinct but shifting
boundaries. These spatial and temporal patterns of retinal waves provide instructive
cues for the refinement of retinal projections to the brain. Here we combine
electrophysiological recording, two-photon calcium imaging, a cell-based ACh optical
sensor and computational modeling to elucidate the mechanisms of wave initiation and
propagation in developing mouse retina. Waves initiate via rare spontaneous
depolarizations of SACs and propagate through recurrent cholinergic connections
between SACs and volume release of ACh. Individual SACs have slow
afterhyperpolarizations that induce SACs to have variable depolarizations during
sequential waves. Using a computational model in which the properties of SACs are
based on these physiological measurements, we reproduce the frequency, speed, and
size of recorded waves. This study represents a complete description of the circuit that
mediates cholinergic retinal waves and indicates that variability of the interneurons that
generate this network activity may be critical for the robustness of waves across
different species and stages of development.

Introduction

As neural circuits emerge during development, they exhibit transient features that
give rise to periodic correlated activity. For example, in the developing retina, prior to the
development of light responses, a transient circuit gives rise to propagating waves of
activity, termed retinal waves (Galli & Maffei, 1988; Meister et al., 1991; reviewed in
Blankenship & Feller, 2010; Ford & Feller, 2011) . Retinal waves initiate at random
points in the retina, propagate with a speed of approximately 100 microns/second, and
their spatial extent is defined by a set of finite but shifting boundaries that are dependent
upon a local refractory period (Feller et al., 1996; Feller et al., 1997).

The precise initiation, propagation and termination properties are proposed to be
critical for driving refinement of retinal projections to the brain (Huberman et al., 2008;
Xu et al., 2011). For example, the periodic initiation of waves induces depolarizations
and calcium transients that may be tuned to drive axon guidance (Pfeiffenberger et al.,
2006; Nicol et al., 2007) and plasticity mechanisms (Butts et al., 2007; Shah & Crair,
2008). Propagation speed sets the time scale over which neighboring cells are
correlated, which may be critical for retinotopic map refinement (Chandrasekaran et al.,
2007). Finally, the spatial extent of wave propagation is important for establishing eye-
specific segregation of retinal inputs within the thalamus (Xu et al., 2011).

Retinal waves persist for an extended period of development and as retinal
circuits change with age, so does the wave generation mechanism. The most well
understood wave-generating circuit is based upon cholinergic signaling. Cholinergic
retinal waves are mediated by a network of cholinergic amacrine cells called starburst
amacrine cells (SACs) (Feller et al., 1996; Zhou, 1998). SACs release both



acetylcholine (ACh) and GABA onto neighboring SACs and retinal ganglion cells,
allowing depolarization to propagate across the retina (Zheng et al., 2004). How does
this network comprised of recurrent excitatory connections generate waves with finite
but shifting boundaries and periodicity of once-per-minute?

Several computational models have been proposed to explain how wave
generation can emerge from a network of comprised of SACs (reviewed in Godfrey &
Eglen, 2009). One recent study (Hennig et al., 2009) concluded that propagation
boundaries of waves and wave periodicity relied upon slow afterhyperpolarizations
(sAHPs) in SACs generated by robust spontaneous depolarization of SACs between
waves, as recently demonstrated in rabbit retina (Zheng et al., 2006). Here, we use
targeted recordings and calcium imaging to characterize intrinsic properties of SACs in
mice, including their ability to initiate waves, spontaneous rate of depolarization, and
slow afterhyperpolarization. In addition, we use paired recordings and a cell-based
optical assay for release of ACh to gain insights into the connectivity that underlies wave
propagation. We incorporate these properties into a computational model and compare
the results of simulated waves to waves detected with calcium imaging. This
combination of methods allows us to test specific hypotheses regarding the relative
importance of intrinsic properties, network connectivity, and noise in the generation of
spatial and temporal features of retinal waves.

Results

SACs have very low spontaneous depolarization rates

First, we asked how retinal waves are initiated. We performed calcium imaging
at single cell resolution in retinas from mice expressing GFP-tagged IL-2 receptor under
control of the mGIuR2 promoter (Watanabe et al., 1998; Wang et al., 2007) or ChAT-
Cre/TdTom (Ilvanova et al., 2010), which selectively label SACs. Retinas from
MGIuR2-GFP or ChAT-Cre/TdTom mice were bolus-loaded with the calcium indicator
Oregon Green BAPTA-1 AM (Stosiek et al., 2003; Blankenship et al., 2009) to compare
the frequency of spontaneous depolarization of SACs in the presence and absence of
synaptic coupling to other SACs (Figure lI-1A). We observed waves as large changes
in fluorescence that propagated among nearby neurons. In control solution, correlated
spontaneous increases in intracellular calcium concentration ([Ca®*]) were observed in
all SACs (Figure 1I-1B-D, n=386 cells in 15 retinas), with very few uncorrelated
increases in [Ca®"]; between waves (11 of 2995 calcium transients were not associated
with waves). Therefore, SACs rarely exhibit activity during the intervals between
waves.

To determine the intrinsic rate of depolarization of SACs, we performed similar
experiments while blocking waves. When coupling between SACs was blocked using a
combination of NAChR and GABAA-R antagonists (n=7) or nAChR antagonists alone
(n=8), SACs rarely exhibited spontaneous calcium transients during a 15-20 minute
recording period (Figure |I-1B-D), in sharp contrast to the observations in rabbit (Zheng
et al., 2006). Spontaneous calcium transients were modulated with age: the rate
decreased while the amplitude increased (Figure 1l1-1D). The low rate of intrinsic
spontaneous depolarization is consistent with the low level of activity between waves.
Hence, in mouse retina, SACs spontaneously depolarize at a rate significantly lower
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than the frequency of waves. These findings indicate that in contrast to rabbit,
developing mouse retina SACs do not function as strong pacemakers that dictate the
dynamics of circuit activation.

Depolarization of a single SAC can initiate waves

We found that SACs have infrequent spontaneous depolarizations in the
absence of synaptic input and rarely depolarize independent of waves. Can these
sparse depolarizations initiate waves?

To determine whether depolarization of a single SAC is sufficient to initiate a
wave, we performed targeted recordings from GFP+ neurons in mGIluR2-GFP retinas
that were bolus-loaded with OGB-1 AM (Figure 1I-2). In the design of this experiment it
was critical to take into account the existence of a refractory period following
depolarization of a cluster of cells during which they cannot participate in subsequent
waves. In mice, this refractory period lasts approximately 30-50 seconds (Bansal et al.,
2000). Hence, depolarizing current was injected for 1.5s at 60s intervals. The amplitude
of the current injections induced a fractional change in fluorescence similar to
spontaneous calcium transients (Figure II-1D), indicating that they induced
depolarizations that were within normal physiological range. The frequency of current
injections occurred at a range of intervals following the preceding wave.

Calcium increases were simultaneously monitored in the region surrounding the
target cell to detect the initiation of propagating waves. Waves could be evoked by
current injection in 8 of 17 of recorded SACs (Figure 11-2B). In the SACs where a single
depolarization resulted in the initiation of a wave, successful wave initiations occurred
only if the interval between the depolarization and the preceding wave was greater than
40 seconds (Figure 11-2C, see Methods). Though these findings do not prove that
waves are initiated by depolarization of single SACs, they do indicate that depolarization
of single SACs is sufficient to initiate waves when the local region of the retina is in a
non-refractory state.

SACs form excitatory connections with other SACs

The substrate for retinal wave propagation is proposed to be a network of
recurrently connected SACs (Zheng et al., 2004). To determine whether SACs form
excitatory connections in mouse retina during the period of cholinergic retinal waves, we
performed targeted paired whole cell voltage clamp recordings (Figure 11-3A). To isolate
cholinergic synapses between recorded cells, paired recordings were carried out in the
presence of GABA-R blockers (50 uM TPMPA, 2 uM CPG 55845, and 5 uM gabazine to
block GABAc, GABAg and GABAA respectively, n=6 pairs) or GABA-R blockers with
ionotropic glutamate receptor blockers (20 uM DNQX and 50 uM AP5 to block AMPA
and NMDA receptors, n=4 pairs). Depolarization of one SAC consistently evoked a PSC
in the second SAC (n=13/13). SACs were reciprocally connected in the subset we
tested (n=3/3 bidirectional pairs, Figure 11-3D), indicating there is a strong connection
between SACs (Note, presynaptic calcium currents washed out within 5 min following
break-in, therefore we were only able to test for reciprocal connections in a limited
number of pairs.) Postsynaptic responses were recorded as a sustained inward current
peaking several hundred milliseconds after termination of the presynaptic voltage step
(peak amplitude: 25.3+12.7pA, meantSD), similar to responses recorded in rabbit retina
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(Zheng et al., 2004). Evoked EPSCs reversed near OmV (n=5, Figure II-3C), consistent
with them being mediated by nAChRs (Sargent, 1993; Feller et al., 1996). During
waves, nearby SACs received periodic simultaneous compound postsynaptic currents
(cPSC, Vhoig= -70mV, n=6 pairs, Figure |I-3E). cPSCs had slow kinetics, consistent with
evoked PSCs measured between SAC-SAC pairs. These data demonstrate that in
mouse retina, SACs form reciprocal excitatory connections, which can provide a
substrate for wave propagation.

ACh is released diffusely during waves

Slow postsynaptic currents during waves suggest that ACh released during
waves might act in a non-synaptic fashion. One hypothesis is that ACh is released in
volume (reviewed in Sarter et al., 2009) and diffuses away from release sites to activate
nAChRs on SACs and RGCs throughout the depth of the IPL. To test for diffuse action
of ACh, we used cell-based neurotransmitter fluorescent engineered reporters
(CNIiFERs (Nguyen et al., 2010)) which can detect extracellular ACh within a range of 1-
100nM. CNIiFERs are HEK-293 cells that express M1 ACh receptors and the FRET
based calcium indicator TN-XXL (Figure 1I-4A). Increases in extracellular ACh are
reported as increases in FRET ratios resulting from activation of M1 receptors and
subsequent release of intracellular calcium stores. To determine if ACh is released
diffusely during waves, we imaged M1-CNiFERs placed on top of the inner limiting
membrane (ILM, Figure 1I-4A-B) to prevent disruption of cholinergic synapses within the
IPL. Large spontaneous increases in FRET were observed in all CNiFERs imaged from
retinas aged P0-P6 (n=310 transients from 20 retinas, Figure 1I-4B). In contrast, no
FRET increases were detected in control CNiFERs expressing the fluorescent protein
mCherry instead of M1 receptors (n=11), indicating that the FRET responses were due
to ACh activation of M1 receptors and not activation of endogenous receptors on HEK-
293 cells. FRET transients were observed with the ILM intact (n=10/10 retinas), ruling
out damage to the IPL as a cause for diffuse release of ACh. Simultaneous voltage
clamp recording from nearby RGCs revealed that FRET transients were preceded by
large EPSCs associated with waves (n=10, Figure 11-4B-C). We conclude that ACh
released by SACs during waves diffuses far from the site of release.

SACs spontaneously depolarize at an infrequent rate when nAChRs, and
therefore waves, are blocked (see Figure II-1). We hypothesize that these spontaneous
depolarizations initiate waves due to the release of ACh onto neighboring SACs. To
test if spontaneous depolarizations in the absence of waves cause diffuse release of
ACh, we imaged CNIiFERs on P0-P6 retinas in the presence of NAChR antagonist. We
observed small FRET transients in CNiFERSs in several experiments when waves were
blocked (n=8/11 retinas, Figure 11-4B,D). Spontaneous FRET transients in wave
blockers occurred with an irregular frequency (Figure 11-4E) and were not associated
with any EPSCs recorded in nearby ganglion cells (n=5 simultaneous recordings, Figure
[I-4B). Hence, we conclude that the spontaneous depolarization of SACs results in
diffuse release of ACh..

Slow afterhyperpolarization in SACs is highly variable
SACs form a dense mosaic over the entire retina, yet waves have distinct
boundaries. These boundaries are determined at least in part by a refractory period, in
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that waves fail to propagate into regions that have recently participated in a wave. It has
been proposed that the source of this refractory period is a slow afterhyperpolarization
(sAHP) in SACs (Zheng et al., 2006). In rabbit retina, after a SAC is depolarized by a
wave, it undergoes a hyperpolarization lasting over 15 seconds, which prevents that
SAC from participating in subsequent waves. Since nearby SACs are depolarized
simultaneously during a wave, there are local regions of the retina in which a large
percentage of SACs are hyperpolarized following a wave, which in turn makes that
region refractory to subsequent waves. Both experiments (Feller et al., 1997;
Stellwagen et al., 1999) and computational models (Butts et al., 1999; Godfrey &
Swindale, 2007; Hennig et al., 2009) have demonstrated that manipulating the duration
of the refractory period has profound effects on the spatial and temporal properties of
waves.

To identify and characterize the conductance underlying the sAHP in mouse
SACs, we performed targeted perforated patch recordings from SACs in retinas acutely
isolated from mGIuR2-GFP mice (Figure 1I-5). During waves, SACs exhibit large
depolarizations, which consist of calcium spikes that ride on top of a slow graded
depolarization, followed by a sAHP that persists for tens of seconds (Figure [I-5B, n=48
waves in 4 cells), similar to rabbit retina (Zheng et al., 2006). A sAHP was also evoked
in response to a current injection in SACs that were synaptically isolated by the
presence of NAChR and GABAAa-R antagonists (DHBE 4uM and gabazine 5uM,
respectively, Figure II-5C, amplitude: 6.0+3.0mV, rise time: 11.2+2.1s, time to half max
decay: 22.3+4.3s, n=3 cells), indicating it was generated cell-autonomously and not due
to network interactions.

To characterize the conductance underlying the sAHP, we performed voltage
clamp recordings using perforated patch. A step depolarization evoked an outward
current (Isanp) that peaked several seconds after the membrane potential returned to
baseline (amplitude: 4.9+1.9pA, rise time: 13.5+£3.7s, meant SD). The lsanp peak was
followed by a slow decay (time to half max decay: 16.2 + 7.5s, n=32, Figure 1I-5D), a
kinetic profile that closely matched the time course of the sAHP (Figure [I-5C). The
large variability in peak amplitude and decay was not correlated with differences in
access resistance (r* <0.02), implying that there is considerable cell-to-cell variability in
the current underlying the slow afterhyperpolarization.

Variable participation of SACs during waves

Waves drive diffuse release of ACh, suggesting that neighboring cells receive
similar amounts of depolarizing input during waves. However, we have measured
remarkably variable sAHP currents in SACs. We asked whether intrinsic variability in
the SAC network is reflected in the extent of the depolarization of SACs during waves,
as assayed with two-photon calcium imaging. Two-photon imaging has the advantage
of strong z-sectioning which assures that the fluorescence signal comes only from the
imaged cells and not from out-of-plane fluorescent cells and processes, thereby giving
an accurate representation of depolarization in individual cells during waves (Kerr et al.,
2005; Bonifazi et al., 2009).

To record calcium transients in SACs, we loaded retinas of mGlur2-GFP or
ChAT-Cre/TdTom mice with OGB-1 AM. An XYZ scan was first performed with the
laser tuned to 920 nm to preferentially excite GFP/TdTom and identify displaced SACs
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(Figure 11-6A). Subsequently, with the laser tuned to 790 nm to preferentially excite
OGB-1 AM, a single focal plane in the ganglion cell layer was imaged as a function of
time with a frame rate of 1 Hz.

Recordings show that the fractional change in fluorescence in RGCs is uniform
from wave to wave, consistent with uniform depolarization by diffuse ACh release. In
contrast, the amplitude of the AF/F in SACs was significantly variable within the same
cell. This variability indicates that a given SAC depolarizes by a different extent for each
wave (Figure 11-6). We hypothesized that this variability is inversely correlated with the
amplitude of previous waves because large depolarizations will evoke a large sAHP that
results in a smaller depolarization during the next wave. To test this hypothesis, we
plotted the amplitude of each calcium transient as a function of the amplitude of the
preceding calcium transient. We found an inverse relationship for calcium transient
amplitudes from SACs but not RGCs (Figure II-6E, r? sac =0.19; r? gc. =0.001). Hence,
the extent of depolarization of SACs during a wave is influenced by the strength of the
previous wave on the time scale of the sAHP.

Computational model of SACs recapitulates spatial and temporal properties of
waves

Thus far, we have characterized the spontaneous initiation rate, synaptic
connectivity and sAHP of SACs. To determine whether these properties are sufficient to
describe the propagation properties of retinal waves, we turn to computational
modeling. Simulated waves generated by computational models have distributions of
interwave intervals, propagation speed, and wave size that are similar to those
measured physiologically using calcium imaging (Feller et al., 1997; Godfrey &
Swindale, 2007) or multielectrode array recording (Hennig et al., 2009). Most models
are based on the premise that waves are initiated by spontaneous depolarizations in
SACs, propagate through an interconnected network of SACs, which in turn become
refractory to subsequent waves. A key prediction of all of these models is that there is a
substantial level of spontaneous activity of SACs between waves that is important in
determining the periodicity and finite propagation of retinal waves. Can we compose a
model based on our observation that individual SACs have infrequent spontaneous
depolarizations that still robustly generates waves?

To devise a computational model that is consistent with our physiological
measurements, we start with a recent model that incorporates spontaneous initiation,
synaptic connectivity and a sAHP of SACs (Hennig et al., 2009), which we will refer to
as the Hennig model. The Hennig model consists of a homogeneous network of SACs
that are more strongly connected to nearby SACs than distant ones (Figure II-7A). In
this model, once the SAC has recovered from a sAHP, there is a stochastic
depolarization mediated by activation of voltage-gated calcium channels that triggers
release of neurotransmitter (Figure 11-7B, asterisk). The depolarization of SACs as a
function of time is determined by 3 parameters: 1) the spontaneous opening of voltage-
gated calcium channels, which is determined by a Poisson process defined by the noise
rate constant (Kp); 2) the synaptic inputs from nearby SACs, which are weighted by a
set of fixed synaptic strengths (Gsynapiic); and 3) the magnitude of a sAHP (B; Figure II-
7B), which is determined by the amount of time that has passed since the last
depolarization relative to the decay constant of the conductance (1sanp). Motivated by
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our experimental observation that there is considerable variability in the current
underlying the slow AHP (Figure 1I-5D) and in depolarization of individual SACs in
subsequent waves (Figure 11-6), we implemented this variability in the model by varying
the decay time of the sAHP. Specifically, we randomly assigned each model SAC a
slow decay time constant (Tsanp) from a Gaussian distribution with a mean of 50s and
standard deviation of 25s.

In its original formulation, the Hennig model assumed that the spontaneous
depolarization of an isolated starburst amacrine cell was roughly once every 2 minutes,
as determined by recordings from rabbit SACs. To accommodate the significantly lower
spontaneous depolarization rate we recorded in mice (Figure 11-1), we reduced the
value of the noise rate constant Ko from 1400Hz to 1050Hz. Using this fixed value of Ko
we then varied the value of two parameters, the strength of synaptic input, Gsynaptic and
the magnitude of the sAHP, B, to determine how altering them affects the spatial and
temporal properties of simulated retinal waves. We tested the success of the model by
comparing the interwave interval, the wavefront propagation speed, and the wave size
of simulated waves to those recorded with calcium imaging (Figure 11-7C-D).

Using this modified Hennig model, we found a large range of Gsynaptic and B
parameters that produced waves of the same size, speed and periodicity as measured
experimentally (Figure 1I-7C-D, Figure 1I-8A) as well as reproduced other experimental
observations, such as the ability to initiate waves with depolarization of a single SAC
(Figure 11-8E) and large variability in the local participation of SACs in sequential waves
(Figure 11-8C-D). Hence, a model constrained by the experimentally measured slow
rate of spontaneous depolarization and variability in the sAHP in SACs can recapitulate
the spatial and temporal features of waves.

Waves require variability in starburst amacrine cell population

How can waves with finite size exist when the rate of initiation is so low? A low
initiation rate implies that during the interval between waves, most SACs recover from
the sAHP and are non-refractory. Therefore, once a wave is initiated, it should
propagate across the entire retina. We hypothesize that to produce waves of finite size
there must be variability in the SAC population. Specifically, there must be variability in
the proportion of cells that are available for a subsequent wave. With a high rate of
spontaneous depolarization, as in rabbit retina and previous models, this variability is
introduced by spontaneous depolarizations and subsequent hyperpolarizations between
waves. Here, we have introduced an intrinsic source of variability in the sAHP.

We tested whether variability in the sAHP is necessary to generate waves with
finite spatial boundaries and once-per-minute periodicity. We assigned each model
SAC a fixed 1sanp Of 50s and varied Ggynapiic and B parameters. With a fixed Tsanp, We
were unable to find values for Gsynaptic and B that recapitulated physiological waves for
the experimentally determined Kq value (Figure [I-8B,D). Increasing Gsynaptic OF
decreasing [3 increased wave frequency to match experimental data, but the waves
remained large, with each one covering the entire simulated retina. Decreasing Gsynaptic
or increasing B elicited the opposite behavior: simulated waves were confined in size to
those observed experimentally, but they occurred much less frequently. Hence, for the
value of Ky that produces a physiologically realistic rate of spontaneous depolarizations
in SACs, there are no values of Gsynaptic and B that recapitulate physiological waves in a



network comprising SACs with identical sSAHPs. These results indicate that variability
within the SAC network is necessary to generate waves with the slow periodicity of
once-per-minute with finite boundaries.

Discussion

We have presented both novel physiological and modeling data to identify the
features of the developing retinal circuit that are critical for generating the observed
spatial and temporal properties of retinal waves. Cholinergic retinal waves in mice are
initiated by spontaneous depolarizations in SACs that occur at a rate one-tenth the
frequency of waves. Spontaneous depolarization of a single SACs causes volume
release of ACh, which is sufficient to initiate a wave. The local excitability of SACs,
which affects the likelihood of wave initiation or propagation in that region, is governed
by the activation of a slow afterhyperpolarization (SAHP). We modified an existing
computational model of retinal waves by introducing variability into the duration of
sAHPs across the population of SACs, and this crucial modification allowed us to
accurately reproduce both the spontaneous activity of isolated SACs and the spatial and
temporal features of waves. These results point to the critical role that variability plays
in the robust generation of network activity in developing neural circuits.

Below we discuss the validity of our model assumptions and the implications of
its predictions.

Wave initiation dictated by interplay between spontaneous depolarizations and network
interactions.

How does the intrinsic excitability of individual SACs give rise to the spatial and
temporal features of waves? In many oscillatory networks, the intrinsic periodicity of
pacemaker neurons embedded in a network strongly sets the frequency of network
activation (Bucher et al., 2006; Tohidi & Nadim, 2009). However, this resonance
frequency is also influenced by network interactions (Marder & Calabrese, 1996). In
addition, there are examples of oscillatory networks in which no pacemakers have been
identified, and the oscillations are an emergent property of spontaneous
depolarizations, recurrent excitatory connections, and some form of synaptic depression
(Tabak et al., 2000; Leznik & Llinas, 2005; Rubin et al., 2009).

Our model assumes that cholinergic waves are initiated by spontaneous activity
in single SACs, a claim supported by our observation that depolarization of an individual
SAC can initiate a wave (Figure 1l-2). This assumption is in contrast to previously
proposed models for retinal waves in which multiple nearby SACs must be
simultaneously active until a “network threshold” is reached (Butts et al., 1999; Godfrey
& Swindale, 2007; Hennig et al., 2009). Indeed, a similar model based on a build up of
activity in a cluster of nearby cells has been proposed to describe the initiation of
rhythmic activity in the pre-Botzinger complex, which controls respiratory rhythms
(Rubin et al., 2009), as well as in the developing spinal cord (Tabak et al., 2000). Our
finding that population activity can be initiated by a single neuron is consistent with
recent findings in the hippocampus and cortex (Bonifazi et al., 2009; Li et al., 2009).

Though our model assumes that depolarizations in single SACs initiate waves,
we found that, in contrast to observations in rabbit retina, a given SAC in mouse retina

37



38

has a very low probability of spontaneously depolarizing (Figure 1I-1). The frequency of
wave initiation is limited, but not determined, by the intrinsic pacemaker properties of
SACs. In a simple model in which each spontaneous depolarization of a SAC initiates a
wave irrespective of previous activity, one can compute the minimum frequency of
waves given the experimentally measured data (Figure 1l1-1). The observed low rate of
spontaneous depolarization would still produce waves that occur much more frequently
than observed (~4 to 150 waves/min in ~Imm? retina containing ~1500 SACs). Hence,
a balance among three factors determines the frequency of wave initiation: 1) the
excitatory effects of spontaneous depolarizations; 2) the excitatory inputs from nearby
SACs; and 3) the inhibitory effects of the slow afterhyperpolarizations exhibited by the
SACs. The effect of the sSAHP on wave initiation is discussed below.

The conductance underlying the spontaneous depolarization of SACs is not yet
identified. Spontaneous calcium transients are observed in the presence of fast
neurotransmitter receptors blockers (Zheng et al., 2006), suggesting that these
depolarizations are intrinsic to SACs. Consistent with this, spontaneous depolarizations
have been observed in several types of cultured amacrine cells (Firth & Feller, 2006).
Waves are not blocked by voltage gated sodium channel antagonist (Stellwagen et al.,
1999) but are blocked by L-type voltage gated channel antagonists (Singer et al., 2001).
Indeed, L-type calcium channels have been implicated in spontaneous initiation of early
network activity in both hippocampus and neocortex (Crepel et al., 2007; Allene et al.,
2008).

Wave propagation via diffuse action of ACh

Our model assumes that waves propagate via excitatory connections between
SACs. This substrate for propagation was proposed by a computational model (Feller
et al., 1997) and evidence for direct synaptic connections between SACs was provided
for rabbit retina (Zheng et al., 2004). Here we confirmed the existence of a recurrent
network of SACs in mouse (Figure 1I-3). In addition, we find that ACh released during
waves can be detected several microns above the surface of the retina using a cell-
based ACh sensor, indicating volume release of ACh during waves.

We postulate volume release of ACh is responsible for wave propagation. First,
using paired recordings of SACs we found that EPSCs last several seconds past the
end of the depolarization, indicating they are not mediated by a conventional
monosynaptic connection. Second, waves drive correlated calcium transients in ON and
OFF ganglion cells (Wong & Oakley, 1996) as well as cells in the inner nuclear layer
(Wong et al., 1995). At this age, the processes of SACs in the INL and GCL form two
discrete bands (Stacy & Wong, 2003) and therefore do not have direct synaptic
connections. Hence, the correlation between ON and OFF ganglion cells, which have
processes in distinct layers within the IPL, is evidence of diffuse action of ACh. Indeed,
in rabbit retina, there is evidence that ACh released in the inner retina is able to activate
muscarinic receptors on cells in the ventricular zone (Syed et al., 2004). Given that later
in development, when waves are mediated by a glutamatergic circuit, there is direct
evidence that waves are accompanied by volume release of glutamate (Blankenship et
al., 2009), these data are consistent with the diffuse action of neurotransmitter as a
characteristic feature of developing circuits that exhibit spreading depolarization (Allene
et al., 2008).
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Wave boundaries are determined by variability in SAHP refractory period

We recorded a slow afterhyperpolarization in SACs following either spontaneous
or evoked depolarizations (Figure 11-5). Our model predicts that this SAHP influences the
network in two ways. First, the sAHP in nearby SACs creates refractory regions of the
retina that limit the spatial extent over which waves propagate. Second, these local
refractory regions determine whether the spontaneous depolarization of a single SAC
can initiate a wave.

The interval between waves is approximately one minute, similar to the time
course of the refractory period. Hence, one might expect that this low initiation rate
would provide enough time for all SACs to recover from their refractory period before
they participate in a subsequent wave. Why is it that each wave fails to propagate over
the entire retina? In previous models (Godfrey & Swindale, 2007; Hennig et al., 2009),
the refractory period was determined by a high rate of spontaneous activity in SACs that
was not correlated with waves. Since this assumption is not consistent with our
observation that SACs rarely depolarize independent of waves (Figure 1I-1), we
introduced variability in the form of different duration sAHPs for different SACs. Hence
in our model, individual SACs within a local region will participate in a wave depending
upon the extent to which the sAHP has recovered from the previous wave. The
variability of the sAHP makes this refractoriness a dynamic variable, such that every
wave activates a different population of SACs, altering the shapes of the refractory
regions and thereby altering the boundaries for waves.

Variability within neuronal circuits is thought to be important for neuronal
computations. In olfactory bulb, sister mitral cells innervating the same glomerulus
express different levels of voltage-gated ion channels that impart different firing
characteristics during stimulus presentation (Padmanabhan & Urban, 2010). This
variability reduces redundancy and can provide extra information about stimulus
features. Here, variability within the SAC network prevents waves from encompassing
the entire retina. Our data points to variability in the conductance underlying the sAHP
as a source of variable participation during waves. Single cell genomics studies in
developing retina point to diversity of gene expression within SACs (Cherry et al., 2009).
How this variability in gene expression maps to functional variability remains an
intriguing question.

Experimental Procedures

Animals. All experiments were performed on acutely isolated mouse retinas. Male and
female C57BI/6 mice obtained from Harlan were used for all WT recordings. mGIluR2-
GFP mice contain a transgene insertion of interleukin-2 receptor fused GFP under
control of the mGIuR2 promoter (Watanabe et al., 1998). ChAT-Cre/TdTom mice were
generated by crossing a mouse in which an IRES-Cre recombinase is knocked in
downstream of the endogenous choline acetyl transferase gene (lvanova et al., 2010)
with a separate tdTomato driver line (B6.129S6-ChAT™'elow!)j x B6.129S6-
Gt(ROSA)26Sormo(CAGdTomatoze 5 - jackson Labs). All animal procedures were
approved by the University of California, Berkeley and conformed to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals, the Public Health



Service Policy, and the Society for Neuroscience Policy on the Use of Animals in
Neuroscience Research.

Whole-Mount Retinal Preparation. P2-P6 mice were anesthetized with isoflurane and
decapitated. Retinas were isolated in cold artificial cerebrospinal fluid (ACSF) (in mM:
119 NaCl, 26.2 NaHCO3, 11 glucose, 2.5 KCI, 1 K;HPOq4, 2.5 CaCl,, 1.3 MgCl,) and
mounted RGC side-up on filter paper. Retinas were incubated at room temperature in
oxygenated ACSF until transfer to the recording chamber, where they were continually
superfused with oxygenated ACSF at 30-34C.

Electrophysiology. Perforated patch and whole cell recordings were made from whole-
mount retinas from mice aged P4-P6. Perforated patch recording were necessary
because whole cell recordings resulted in rundown of the sAHP (Zheng et al., 2006)
(data not shown) and ability to initiate waves. The inner limiting membrane was
removed using a glass recording pipette and SACs were identified using fluorescence
and targeted using a Sutter micromanipulator. Voltage clamp recordings were sampled
at 2.5kHz and filtered at 1kHz. Current clamp recordings were sampled at 5kHz and
filtered at 2kHz. Analysis was performed using custom MATLAB (Mathworks) scripts. All
reported voltages are corrected for liquid junction potential.

To stimulate SACs (Figure 1I-2), perforated patch current clamp recordings were
used. Recording pipettes were front-filled with a potassium chloride internal solution (in
mM: 122 KCI, 20 HEPES, 0.5 EGTA, 2 NaCl, pH 7.2, liquid junction potential: OmV) and
then back-filled with internal solution containing 750ug/ml Amphotericin B made fresh
hourly. Seals were formed and then access resistance was monitored continuously.
Recordings were performed when access resistance was stable and less than 5% of the
input resistance of the cell (typically, Ra 30-80 MOhm, R, 1-2GOhm). 100pA of current
was injected for 1.5s every 60s for 10minutes. Cells were excluded if no calcium
transient was observed within the recorded cell or if spontaneous break-in occurred.

Whole cell recordings from ganglion cells (Figure 11-4) and paired recordings of
SACs were performed (Figure 1I-3) using whole-cell voltage clamp recordings. A cesium
based internal (in mM: 110 CsMeSOQOy4, 2.8 NaCl, 4 EGTA, 5 TEA-CI, 4 adenosine 5'-
triphosphate disodium salt, 0.3 guanosine 5'-triphosphate trisodium salt, 20 HEPES and
10 phosphocreatine disodium salt, 0.025 Alexa 568, pH 7.2, liquid junction potential:
10mV) was used to isolate synaptic conductances. Synaptic blockers used to isolate
cholinergic currents are described in the Results.

To characterize the sAHP in SACs (Figure 1I-5), perforated patch voltage and
current clamp recordings were used. Current clamp recordings of waves were
performed as described in methods above for stimulating SACs. To isolate the sAHP
and lsanp, experiments were performed in the presence of DHBE (4pM) and gabazine
(5uM), which block nAChR and GABA-A receptor mediated synaptic conductances, and
tolbutamide (100uM), to block an ATP sensitive potassium conductance that develops
during prolonged recordings (data not shown). A gluconate-based perforated patch
internal was used for voltage clamp experiments by replacing 116mM KCI with
equimolar KGluconate (liquid junction potential: 14mV). To ensure stable recording of
Isanp, access resistance was monitored and recordings were performed when access
resistance was stable. Maximum amplitude and kinetics of the slow AHP were not
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correlated with access resistance.

Calcium Imaging. Retinas from mice aged P2- P6 were bulk loaded with the calcium
indicator Oregon Green Bapta-1 AM (OGB-1 AM) using the multicell bolous loading
technique (Stosiek et al., 2003; Blankenship et al., 2009). Epifluorscence imaging and
analysis as described earlier (Blankenship et al., 2009). Two-photon (Figure 11-6)
calcium imaging of mGluR2-GFP retinas was performed using a custom-modified two-
photon microscope (Fluoview 300, Olympus America Inc.). Focal planes consisting of
cell bodies in the ganglion cell layer were used. Time series images were acquired at
1Hz using a 60x objective (Olympus LUMPIanFI/IR 60x/0.90W) with the excitation laser
tuned to 790nm. Following acquisition of the calcium signal, the laser was retuned to
920nm to preferentially excite GFP or TdTomato to allow for identification of SACs in the
ganglion cell layer. Images were corrected for motion artifacts and filtered to remove
line-scan artifacts. Regions of interest were manually drawn around all cells in the field
of view. Fluorescence signals were plotted and peaks were manually identified for all
cells. To quantify within-cell variability of peak amplitudes, peak amplitudes from each
cell were normalized to the mean peak amplitude for all waves in that cell.

For simultaneous perforated patch recording and calcium imaging from P4-P6
mGIuR2-GFP retinas (Figure 1l-2), waves in the region surrounding the recorded cell
were detected by thresholding the derivative of the fluorescence signal of a 200x200um
box region around the cell. Fluorescence changes evoked by current injection were
assayed by observing the change in fluorescence in the 2s following current injection.
Waves triggered by the current injection were identified by an increasing spread of
calcium signal originating from the site of recording and confirmed by inspecting the
original imaging data. 1 of 12 current injections that evoked a wave occurred on the first
current injection (30s after the start of imaging) and preceded any spontaneous waves
in the imaged region, hence, the interval of the preceding wave was unknown but was
greater than 30s. We found that prolonged recordings, despite perforated patch
configuration, resulted in an inability to evoke waves from cells that previously could
robustly initiate waves. Therefore, we limited our analysis to the time period before the
last evoked wave during the stimulation protocol. Current injections that occurred
simultaneously with spontaneous waves were excluded. A total of 24 of 70 current
injections met these criteria. 8 of 17 SACs were found to initiate at least one wave. The
actual fraction of SACs that can initiate a wave is likely to be higher as our experimental
paradigm is subject to rundown.

Analysis of wave front properties (Figures 1l-7 and 8) was performed using
custom scripts in MATLAB, as describe previously (Blankenship et al., 2009).

CNiFERs imaging. M1 and mCherry CNiFERs were acquired (Nguyen et al., 2010).
CNiFERs were maintained in a humidified incubator at 37C in growth media containing
Dulbecco’s Minimum Essentials Medium (Invitrogen) supplemented with 10% FBS
(Invitrogen). Prior to experiments, CNiFERs were removed from dishes without trypsin
and concentrated in growth media. CNIiFERs were loaded into a glass capillary with a
tip size ~20pm. M1 and mCherry CNiFERs were pressure ejected onto the inner
limiting membrane (ILM) of retinas and allowed to settle onto the surface. Clusters of
several dozen cells were imaged at a focal plane ~5-10pum above the ILM. In imaging



with simultaneous voltage clamp recordings, a hole in the ILM was torn usually 50-
200pm from the imaged CNIiFERs.

FRET images were acquired at 1Hz using a 60x objective. The excitation
wavelength was 435nm. Individual FRET channel detection was accomplished by using
a Dual-View image splitter (Optical Insights) with appropriate yellow and cyan channel
filters. Images were digitized as during calcium imaging experiments above.
Background fluorescence was subtracted from both channels. FRET ratios were
computed as background corrected YFP/CFP fluorescence averaged over a box region
of interest around M1 or mCherry CNiFERs. Peaks were detected manually for
analysis. For wave triggered FRET changes, peak wave associated inward currents
were detected manually from voltage clamp recordings and FRET measurements were
aligned to the times of each peak current.

Modeling. C/C++ code for the wave model was acquired as described in (Hennig et al.,
2009). In this model, the membrane potential of each cell is influenced by a set of
conductances. A voltage-gated calcium channel conductance was modeled using a
Morris-Lecar model. Calcium influx was proportional to the low pass filtered calcium
current. The current that gives rise to the sAHP was modeled as a calcium-dependent
potassium conductance. The state of this conductance depends on the calcium
concentration and a second slower process with a slow time constant (Tsanp) and fourth
order dependence on calcium. The influence of the slow process on the current was
weighted with the parameter 3. A noise conductance was implemented as filtered shot
noise with a voltage-dependent rate that was dependent upon K, and the voltage-gated
calcium channel activation function. Synaptic conductances were summed from all
neighboring cells within a three cell radius (Figure II-7). Published parameters were
used for the model except as presented in the Results section. The Hennig model
code was modified to output the position and time of active cells (defined by threshold
for calcium spike computed from parameter values). Simulations were run for 20
minutes following a 90s warmup period on a 56x56 hexagonal lattice of SACs, using the
central 50x50 for analysis. Spacing between cells was set at 25um.

MATLAB/C code was developed to analyze the spatial and temporal aspects of
the data generated from the models (Figures II-7 and 8). The set of active cells during
750ms time steps was recorded and each cell was either assigned a new wave number
or inherited a wave number of neighboring cells. Simulated waves that merged were
excluded from analysis for comparison with calcium imaging data. Wave speed was
calculated in a manner similar to the calcium imaging analysis, using the last active cell
of a wave as the end point of the wave path. All simulations and analysis were
performed on an Intel Core i7 desktop running Linux. Simulations of the Hennig model
took ~45 real-time minutes, limiting extensive parameter searching.
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Figure lI-1. Starburst amacrine cells (SACs) rarely exhibit spontaneous
depolarizations.

(A) Left: Fluorescence image of an mGIuR2-GFP retina loaded with OGB using a filter
set that allowed for visualization of both OGB and GFP fluorescence. Right:
Fluorescence image of GFP+ cells generated by acquiring an image of the same field
using a filter set that allowed for visualization of OGB (not shown) and subtracting it
from image shown in A. Regions of interest are shown around each SAC. Scale bar:
20um.

(B) Time course of AF/F averaged over the somas of 3 cells (labeled in A) in the
absence (CTR, top) and in the presence of nAChR antagonist DHBRE (4uM) and GABA-
A receptor antagonist gabazine (5uM) (bottom).

(C) Raster plots of calcium transients generated from the thresholded derivatives of the
AF/F traces. Numbered cells from B are highlighted in red. All 34 cells from A are
shown in CTR (left) and DHBE (4uM) + gabazine (5uM) (right).

(D) Mean number of calcium transients per minute in SACs vs postnatal age for each
retina (18-34 SACs per retina) during 10 or 20 minutes of imaging in control (left) and
during blockade of waves using either DHBE (2-8uM) + gabazine (5uM) or DHBE (2-
8uM) alone (middle). Right: Mean peak AF/F vs postnatal age during blockade of
waves. MeantSD of peak AF/F evoked by current injection protocol used in Figure 1I-2
shown in red (n=4 cells).
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Figure II-2. Single SACs can initiate retinal waves.

(A) Fluorescence image of an mGlur2-GFP retina loaded with calcium indicator OGB-
1AM. Position of recording electrode indicated in red. Scale bar: 50um.

(B) Two examples of current injection experiments in configuration shown in A.
Sequence of images are pseudocolored to represent the fractional change in
fluorescence (AF/F) at each pixel following current injection. Interval between panels is

0.5s. Int = the interval between current injection and the time of the previous wave. Top:

Current injection did evoke a wave; Bottom: current injection did not evoke a wave.

(C) Histogram distribution of the intervals between current injection and the time of the
previous wave. Black bars are the distribution of all intervals between current injections
and the preceding wave. Red bars indicate the subset of current injections that evoked
a wave.

50



# Current Injections
» (] (o]

o N

No wave
evoked
Wave evoked

0 20 40 60 80
Interval (s)

14%

0%

51



52

Figure II-3. SACs make cholinergic connections with neighboring SACs.

(A) Live fluorescence image of a SAC-SAC pair filled with Alexa-568.

(B) Paired recording from two neighboring SACs. Top: voltage clamp recording from
presynaptic SAC. Bottom: Postsynaptic currents recorded from postsynaptic SAC at 5
different holding potentials. Voltage command protocols for pre- and post-synaptic cells
are shown below current traces.

(C) Current voltage relationship of the peak current measured in the postsynaptic SAC
following step depolarization of the presynaptic SAC. Currents are normalized to the
maximum inward current for each cell. Line represents the average £+ SEM for 5 cell
pairs.

(D) Paired recording showing reciprocal connections. Averaged pre- and post-synaptic
currents from 4 repetitions are shown for cells in response to a 50ms depolarization
from -70mV to -10mV. Holding potential is -70mV.

(E) Simultaneous voltage clamp recordings of compound postsynaptic current from two
neighboring SACs (Vh=-70mV). Recording was performed in the presence of GABA
receptor antagonists (gabazine 5uyM, TPMPA 50uM, CGP 55845 2uM).
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Figure 1I-4: Acetylcholine is released diffusely by SACs

(A) Inset: Schematic of experimental design. DIC image of whole mount retina with
fluorescent overlay of M1 and mCherry CNiFERs resting on top of the ILM of a P4
retina. Boxes indicate the region of interest around M1 (green) and mCherry (blue)
CNiIiFERs for traces below.

(B) YFP and CFP channel fluorescence (M1 only) and YFP/CFP ratio of CNiFERs in
control (left) and 8uM DHBE (right). Voltage clamp recording (VC=-70mV) from a nearby
RGC (see DIC image) are shown below.

(C) Wave triggered average YFP/CFP ratio. FRET ratios for M1 (green) and mCherry
(blue) CNIiFERs are aligned to the peak inward current during waves as measured from
simultaneous voltage clamp recordings from nearby RGCs. N=108 waves from 10
retinas (M1) and 46 waves from 5 retinas (mCherry). Shaded region represents
meanzSD.

(D) Average peak AR of CNiFERs FRET transients in control ACSF and during
application of 8uM DHpBE. Data from retinas aged PO to P6.

(E) Distribution of inter-peak intervals of FRET transients in control (white) and 8uM
DhBE (red). Data from retinas aged PO to P6.
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Figure II-5. SACs exhibit a slow afterhyperpolarization (sAHP).

(A) Left: Live fluorescence image of an mGIuR2-GFP retina. Right: Same retina with
SAC targeted for whole cell recording and filled with Alexa 568. Scale bar: 10um.

(B) Current clamp perforated patch recording from a SAC exhibiting wave-induced
depolarizations followed by sAHPs. Inset: Magnified view of calcium spikes during
wave-induced depolarization.

(C) Left: Current clamp perforated patch recording showing sAHP following current
injection (100 pA for 500 msec). Inset: Calcium spikes during current injection. Vertical
scale bar: 10mV; Horizontal scale bar: 1s.

(D) Voltage clamp perforated patch recording from SAC. Average current (black line) +
SD (gray region) measured following depolarization from -64mV to -14mV.
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Figure 11-6. Two-photon imaging in SACs reveals variable participation in waves
(A) Fluorescence images of mGluR2-GFP mice labeled with calcium indicator OGB-
1AM. Single two-photon optical section through ganglion cell layer using 790nm to
excite OGB (top) or 920nm to excite GFP (bottom). Regions of interest are shown
around non-SACs (white) and SACs (blue).

(B) AF/F traces from non-SACs (top, black) or SACs (bottom, blue). Dotted lines
precede waves for clarity.

(C) Average of all peak AF/F of non-SACs and SACs with somas in the ganglion cell
layer (meanzSD).

(D) Cumulative probability of within-cell variance of peak AF/F for non-SACs and SACs
in the ganglion cell layer.

(E) Amplitude of peak AF/F as a function of the preceding peak AF/F in non-SACs (left)
and SACs (right) in the ganglion cell layer. Peak amplitudes are normalized to the
mean peak amplitude for each cell.
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Figure 1I-7. A computational model based on infrequent SAC spontaneous
depolarizations recapitulates spatial and temporal properties of retinal waves.

(A) Schematic of excitatory connections between SACs in the model. Colored circles
represent the scale factor that defines the strength of the synaptic connections between
neighboring cell and the center cell. Depolarization due to synaptic input is the product
of synaptic scale factor, Gsynaptic, and the amount of presynaptic depolarization.

(B) Membrane potential of modeled SACs in response to current injection (arrowhead).
The responses for two values for the slow AHP parameter () are shown. For this
example, the noise rate constant (Ko) was set to 1050Hz. Asterisk indicates a
spontaneous depolarization generated by membrane noise.

(C) Top: Spatial extent of three experimentally recorded waves. Bottom: Three
simulated waves using simulation parameter values: Ko 1050Hz; B 200; Gsynaptic 650;
Tsanp 50125s. Gray scale encodes 750 msec intervals between images with lighter
shades indicating earlier activity. Black regions were not active.

(D) Distributions of interwave interval, wave speed, and wave size from calcium imaging
(white) and simulated using the Hennig model with parameter values as in (C, blue).
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Figure 11-8. Variability in the slow afterhyperpolarization is necessary to produce
physiological waves

Distribution of mean interwave interval (left), wave speed (middle), and wave size (right)
as a function of Gsynaptic and B parameters in the Hennig model. For each set of Gsynaptic
and 3 parameters tested, the average interwave interval, wave speed, and wave size
was computed. The color axis is centered such that green corresponds to the mean
value measured from calcium imaging (see Figure 1I-7D) and the range of color
intensities covers 1 SD on either side of the mean for interwave interval, wave speed
and size. Saturated blue and red colors indicate values outside of the mean + 1SD.

(A) Ko was set to 1050Hz and each cell in the simulation had a decay constant for the
slow AHP drawn from a random Gaussian distribution with a mean of 50s and SD of
25s. Values for B and Gsynaptic Used in Figure 11-7C-D are shown by red circle (=200,
Gsynaptic=650). 8 values each of B and Gsynaptic Were tested.

(B) Ko was set to 1050Hz and all cells in the simulation had a decay constant for the
slow AHP of 50s. 8 values of B and 6 values for Ggynaptic Were tested.

(C) Membrane potentials from 3 neighboring cells showing variable participation during
simulated waves using parameter values indicated by the red circle in A. The
corresponding Tsanp Values are indicated above each trace.

(D) Summary of variability in local participation during simulated waves for simulation
with (Top, parameters as indicated by red circle in A) or without (Bottom, parameters as
indicated by black triangle in B) variability in Tsanp. Number of cells in a neighborhood of
7 cells that were co-active within a 750ms window (Left) and peak membrane potential
of three neighboring cells during a 750ms window when at least 2 cells within the 7 cell
neighborhood are active (Right). Data from six 20min simulations.

(E) Histogram distribution of the intervals between simulated current injection (300pA,
1s) and the time of the previous wave using parameters indicated by the red circle in
(B). Black bars are the distribution of all intervals between current injections and the
preceding wave. Red bars indicate the subset of current injections that evoked a wave.
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lll. Molecular mechanisms underlying a slow afterhyperpolarization in developing
starburst amacrine cells

Abstract

Calcium activated potassium channels are thought to underlie slow
afterhyperpolarizations in myriad neuronal types. However, the molecular identity of
these channels and the mechanism linking calcium entry to channel activation are still
unknown. Here we describe a slow afterhyperpolarization in developing starburst
amacrine cells that sets the frequency of spontaneous retinal waves. The conductance
underlying the slow afterhyperpolarization is mediated by a potassium channel that is
resistant to several potassium channel antagonists but is blocked by barium, implicating
a role for two-pore potassium channels. In addition, activating adenylyl cyclase and
inhibiting calcium-activated phosphodisterase inhibits the slow afterhyperpolarization.
Imaging of cAMP and PKA levels indicate that depolarization of starburst cells
decreases levels of cCAMP. We propose a model in which depolarization induced
decreases in cAMP lead to lower levels of PKA activation and disinhibition of channels
and that the kinetics of this biochemical pathway dictates the slow activation and
deactivation of the conductance. This represents a novel pathway for activation of a
physiologically important conductance.

Introduction

Several types of neurons throughout the central and peripheral nervous system
exhibit prolonged hyperpolarizations following bursts of action potentials (Hirst et al.,
1985; Lancaster & Nicoll, 1987; Schwindt et al., 1988). These slow
afterhyperpolarizations (SAHPs) underlie oscillatory burst firing in cholinergic striatal
neurons and gonadotropin releasing hormone neurons (Goldberg et al., 2009; Lee et
al., 2010) and give rise to spike frequency adaptation in principal cells of the cortex,
hippocampus, and amygdala (Lancaster & Adams, 1986; Lorenzon & Foehring, 1992;
Faber & Sah, 2002). The kinetics of sSAHPs can alter network function. For example,
enhancement of sAHPs in hippocampal CA1 neurons is correlated with cognitive
decline during aging (Matthews et al., 2009).

Despite the prevalence and functional importance of the sAHP, the channel that
gives rise to it is unknown. It is generally accepted that the sAHP is mediated by a
potassium channel that is activated upon calcium influx through a variety of voltage
gated calcium channels (Sah & Louise Faber, 2002). No specific antagonists of the
sAHP have been found, but several intracellular signaling pathways modulate the sAHP
including signaling through PKA and PKC pathways (Lancaster & Nicoll, 1987; Sah &
Isaacson, 1995; Vogalis et al., 2002; Lancaster et al., 2006). The slow kinetics of the
sAHP have led to the speculation that calcium entry does not directly activate sSAHP
channels, but rather a signaling cascade, possibly involving phosphorylation of the
channel, opens channels (Abel et al., 2004). The calcium activated phosphatase
calcineurin (Vogalis et al., 2004) and calcium sensors hippocalcin (Tzingounis et al.,
2007) and neurocalcin (Villalobos & Andrade, 2010) have been implicated in activation



of sAHP, however the pathway leading from calcium entry to channel activation is still
unknown.

Two-pore potassium (K2P) channels share similar properties with the channels
underlying the sAHP. K2P channels, which give rise to the hyperpolarized resting
membrane potential in most neurons (Enyedi & Czirjak, 2010), are insensitive to most
potassium channel antagonists but are modulated by second messenger cascades
(Mathie, 2007). The K2P channel family has several members that can be
distinguished based upon current rectification, modulation by protein kinases, as well as
activation by heat, stretch, and lipids (Lesage & Lazdunski, 2000; Enyedi & Czirjak,
2010). While no member of K2P family has been shown to be directly activated by
calcium, activation of calcium dependent signaling cascades can gate channel opening
(Czirjak et al., 2004).

Recently, a sAHP has been described in developing retinal interneurons called
starburst amacrine cells (Zheng et al., 2006)(Chapter Il). This sAHP plays a functional
role within the developing retina by setting the frequency of spontaneous retinal waves
(Zheng et al., 2006; Godfrey & Swindale, 2007; Hennig et al., 2009)(Chapter Il). Here
we describe the cellular pathways involved in activation of the conductance that gives
rise to the sAHP.

Results

Starburst amacrine cells (SACs) in developing mouse retina exhibit a slow
afterhyperpolarization (sAHP) following depolarization during waves (Chapter Il, Figure
[lI-1). To determine the current underlying this sAHP, we performed perforated patch
voltage clamp experiments from SACs. To isolate cell-intrinsic conductances, synaptic
input was blocked using cholinergic and GABAergic antagonists (DHBE + Gabazine).
Depolarizing steps (from -60mV to 0OmV; 500 msec duration) evoked a slow outward
current at -60mV (Figure 11I-1B), as previously described (Chapter Il). The current
measured has a similar slow rise time and decay to sAHPs measured in current clamp
(Figure I1I-B), hence, we refer to this current as lsaqp.

Several lines of evidence indicate that Isanp is mediated by a potassium channel.
First, activation of the channel was associated with an increase in conductance (Figure
[1I-1D, n=3), implying the opening of a channel rather than activation of a transporter, a
potential alternative source of the slow outward current. Second, lsanp reversed at the
reversal potential for potassium (Figure 1l1I-1C). The current exhibited outward
rectification at physiological external potassium concentration (4.5mM), consistent with
activation of a leak conductance. Third, the reversal potential for lsanp shifted with
increasing external potassium consistent with the Nernst equation prediction for a
potassium conductance. In addition, Isanp Was reversibly inhibited upon removal of
calcium from the bath solution (Figure IlI-1E). These data indicate that Isanp is mediated
by a potassium conductance that relies upon calcium entry for activation.

Next we conducted several pharmacology experiments to further identify the
channel underlying Isanp. Calcium activated potassium channels include the BK and SK
families (Sah, 1996). BK channels mediate rapid repolarization during action potentials.
SK channels underlie a medium length afterhyperpolarization following individual action
potentials. The amplitude of Isanp was unaffected by 1mM tetraethylammonium chloride
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(TEA) (Figure llI-1F, n=5), which blocks BK channels as well as other voltage gated
channels. Note, TEA induced a prolonged inward tail current following the depolarizing
step, indicating that increased calcium entry during depolarization in TEA activates a
depolarizing conductance but does not affect Isanp. In addition, the amplitude of Isanp
was unaffected by apamin, a specific antagonist for SK channels (Figure IlI-1F, n=5).
Hence, neither BK nor SK channels contribute to the generation of lsaxp.

We also tested the hypothesis that Isanp was mediated by an ATP-dependent
potassium channels (Katp), which is activated by depolarization and contributes to a
slow afterhyperpolarization in hippocampal pyramidal cells (Tanner et al., 2011). Katp
is thought to be activated by a decrease in ATP levels in cells. In support of SACs
expressing a Katp channel, following gaining whole cell access to SACs we observed a
rapidly developing conductance that led to a dramatic drop in input resistance (Figure
[lI-2A). This conductance reversed at Ex (data not shown), indicating opening of
potassium channels. Subsequent depolarizing steps result in activation of a transient
outward tail current (Figure 11I-2A-B), similar to Isanp measured in perforated patch
configuration. However, both the whole cell activated conductance and transient tail
current following depolarization were blocked by tolbutamide (100uM, n= 5 Figure IlI-
2B), an antagonist of Katp channels, in contrast to Isanp recorded in perforated patch
configuration (Figure 1I-2C). These data indicate that Katp channels are activated by a
reduction of intracellular ATP due to intracellular dialysis during whole cell recordings.
Hence, we conclude that although SACs express Katp channels, these channels do not
contribute to the sAHP.

Finally, we next tested the hypothesis that Isanp was mediated by a two-pore
potassium (K2P) channel. K2P channels -- a broad family of channels that includes
TWIK, TASK, TREK, TALK, THIK, and TRESK subfamilies -- are insensitive to several
potassium channel antagonists including TEA, 4-aminopyridine, and cesium (Lesage,
2003). Consistent with this, the Isanp recorded in SACs was not blocked by a
combination of 1mM TEA, 1TmM 4-AP, and 2mM cesium (data not shown, see Methods).
However, Isanp was blocked by barium (2 mM, n=2, Figure IlI-1F), consistent with lsanp
being mediated by one of several subtypes of K2P channels, including TREK, TASK,
TWIK and TRESK (Deng et al., 2009). Last, the outward rectification of Isanp (Figure Ill-
1C) is consistent with currents through a variety of K2P channels, including TREK,
TASK, and TRESK channels. In future experiments, we will investigate whether Isaqp is
blocked by a recently characterized inhibitor of TREK-1 channels, spadin (Mazella et al.,
2010).

To confirm that SACs express K2P channels, we searched through the results of
a microarray analysis of mRNA isolated from SACs (Kay et al., 2011a; Kay et al.,
2011b). These arrays indicate that kcnk2, which encodes the K2P channel TREK-1, is
selectively expressed in SACs during the first postnatal week (Jeremy Kay and Joshua
Sanes, personal communication). Together with pharmacology and rectification
properties of channel indicate that TREK-1 channels are likely to mediate the slow
potassium conductance underlying the sAHP.

A hallmark of both TREK channels and channels underlying the sAHP in other
neurons is their regulation by intracellular signaling cascades. PKA phosphorylation
inhibits TREK channels (Honore et al., 2002) and has also been shown to inhibit
channels underlying the sAHP in other neurons (Lancaster & Nicoll, 1987; Sah &
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Isaacson, 1995; Lancaster et al., 2006). To test whether Isanp in SACs is sensitive to
intracellular cAMP, we measured the current during application of forskolin (1uM) to
activate adenylyl cylcase. Forskolin inhibited Isanp measured in voltage clamp
perforated patch recordings (Figure 11I-3A, n=6), indicating that Isanp is sensitive to
levels of cAMP.

Isanp requires calcium influx for activation, yet TREK channels are not activated
by changes in intracellular calcium (Fink et al., 1996). How might these channels be
activated to generate the sAHP in SACs? The activation of Isanp Occurs over several
seconds, which suggests that a signaling cascade, rather than direct activation of
calcium, may lead to opening of channels following depolarization. Calcium influx can
regulate levels of CAMP by activation of adenylyl cyclases (ACs) and
phosphodiesterases (PDEs) (Cooper et al., 1995; Landa et al., 2005). Activation of
TREK channels via a decrease in cCAMP has been shown to occur with activation of
metabotropic GABA (Deng et al., 2009) and glutamate receptors (Lesage et al., 2000;
Chemin et al., 2003). Therefore, we investigated whether calcium influx causes a
decrease in cAMP levels, which in turn would activate TREK-1, giving rise to lsanp.

First, we imaged cAMP/PKA levels using genetically encoded FRET based
indicators (DiPilato et al., 2004; Zhang et al., 2006) to determine how levels of CAMP
and PKA are regulated by calcium influx. Retinal neurons were transfected with AKAR3
or ICUE2 to monitor intracellular PKA activity and cAMP levels, respectively.
Transfected cells were imaged to in response to brief application of high potassium
solution to evoke depolarizations. In retinal ganglion cells, slow, transient increases in
cAMP occur following calcium influx (Dunn et al., 2006). However, a subset of
transfected neurons exhibited depolarization induced decreases in PKA/cCAMP signaling
(Figure 111-4B, n=2 AKARS3, n=3 ICUEZ2). Subsequent staining for choline
acetyltransferease, a marker for cholinergic SACs, revealed that cells with
depolarization induced decreases were SACs. Depolarization induced decreases were
only observed in the presence of 1uM forskolin in the bathing solution, which may
indicate that normal changes in cAMP/PKA are below the dynamic range of the
indicators and are only visible when baseline levels are increased. Hence, in contrast to
retinal ganglion cells, SACs exhibit depolarization induced decreases in CcAMP/PKA.
Future experiments will determine the mechanisms that give rise to these decreases in
cAMP/PKA following depolarization.

Next, we determined whether calcium-dependent decreases in CAMP activate
Isanp. Calcium influx can decrease levels of cCAMP by activating calcium-activated
PDEs. SACs have been shown to express the calcium-activated phosphodiesterase
PDE-1C (Santone, 2006). To test whether PDE-1C activation during depolarization
may lead to activation of Isanp by decreasing levels of cCAMP, we inhibited calcium-
activated PDEs using 8-Methoxymethyl-3-isobutyl-1-methyl xanthine (MMPX, 100uM).
Similar to forskolin, MMPX inhibited Isanp (Figure IlI-3A, n=6), indicating calcium
activated PDEs play a role in the activation of lsapp. Together, these experiments
indicate that Isanp may be generated via activation of TREK-1 channels by a calcium-
dependent decrease in cCAMP.

To determine how sAHPs alter network function in the developing retina, we
tested how altering the sAHP altered retinal waves using calcium imaging (Chapter II).
In the developing retina, the sAHP in SACs is thought to regulate the frequency of



spontaneous retinal waves by generating a refractory period following depolarization
during a wave. Elevating levels of cAMP by activating ACs with forskolin, inhibiting all
PDEs with IMBX, or with a cell-permeable non-hydorlyzable cAMP analogue (CPT-
cAMP) all decreased the interwave interval (Figure 11I-4A). Specific inhibition of calcium
activated PDEs with MMPX also decreased interwave interval. These results indicate
that disrupting the cAMP regulation of the sAHP in SACs alters properties of retinal
waves. To further test the role of the sAHP in setting wave frequency, we tested the
effects of potassium channel antagonists. 4-AP, cesium, tolbutamide, and XE-991, an
antagonist of KCNQ channels that partially mediate a sAHP in hippocampus
(Tzingounis et al., 2010), had no effect or increased interwave intervals (Figure 111-4A),
however, apamin, which has no effect on the sAHP (Figure IlI-1F), slightly reduced the
interwave interval. In contrast, 2mM barium dramatically increased baseline
fluorescence and induced epileptic activity (Figure IlI-4B, n=2). These data show that
manipulations of the sAHP in SACs alter the frequency of retinal waves, indicating that
the sAHP plays an important role in the control circuit behavior.

Discussion and future directions

We have demonstrated that developing starburst amacrine cells exhibit a slow
hyperpolarization that is mediated by a potassium channel with pharmacology and
rectification properties consistent with a K2P channel. The channel underlying the
sAHP is inhibited tonic elevation of cAMP and is blocked by preventing the calcium
dependent degradation of cAMP by PDEs. Indeed, cCAMP levels are decreased in
SACs following depolarization, which would disinhibit Isanp channels and give rise to the
slow kinetics of activation. Finally, we show that the sAHP serves a functional role in
the developing retina by setting the frequency of retinal waves. Below we discuss the
role of the two-pore channel TREK-1 in generation of lsanp and propose a model for
activation by regulation of cAMP levels.

TREK-1 as a candidate Isanp channel

A role for K2P channels in generating slow currents has become increasingly
evident. Metabotropic GABAB receptors generate second long hyperpolarizations by
cAMP dependent disinhibition of TREK-2 channels (Deng et al., 2009). Serotonin
activates TWIK-1 (Deng et al., 2007) or TASK-1 (Talley et al., 2000) channels through a
similar mechanism resulting in a decrease in neuronal excitability. Conversely,
metabotropic glutamate receptor activation of phospholipase C inhibits TREK and TASK
channels generates slow depolarizations in neurons (Chemin et al., 2003). These
findings suggest that slow modulation of second messengers, including cAMP and IP3,
are read out by K2P channels to alter neuronal excitability.

Our results are consistent with a role for the K2P channel TREK-1 in generation
of lsanp in starburst cells. Several lines of evidence support this claim. First, Isanp is not
inhibited by TEA (1mM), 4-AP (1mM), cesium (2mM), apamin (1 uM), or tolbutamide
(100uM) which rule out voltage gated, A-type, SK, BK, and ATP-dependent potassium
channels. K2P channels, however, are resistant to channel block by these antagonists.
Second, 2mM barium blocked lsanp, Which is consistent with block of TASK, TREK,
TWIK, and TRESK channels. K2P channels lack specific antagonists, however, some
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channels are activated by manipulations of pressure, pH, and lipids (Lesage &
Lazdunski, 2000; Enyedi & Czirjak, 2010). Further experiments are needed to test the
effect of these manipulations on lsanp in SACs. Third, the outward rectification of lsapp is
consistent with outward rectification of TREK, TASK, and TRESK channels, but not
TWIK. Furthermore, outward rectification excludes the possibility that other inward
rectified channels that are sensitive to barium, such as Katp, underlie lsanp. Fourth,
lsanp is inhibited by elevating intracellular cAMP, consistent with the known inhibition of
TREK channels by PKA phosphorylation. Finally, genetic evidence supports the
specific expression of kcnk2 transcripts in SACs during development (Jeremy Kay and
Josh Sanes, personal communication). Genetic manipulations to knock down TREK-1
in SACs will confirm a role for these channels in Isanp.

A cAMP model for activation of lsanp

How is IsAHP activated? We propose a model (Figure IlI-5) for activation of
IsAHP that links calcium entry to regulation of cAMP levels that control activation of the
potassium channel underlying the sAHP. During depolarization, calcium influx through
voltage gated calcium channels leads to a decrease in cAMP (Figure 111-3B). Calcium-
dependent PDE1C is likely to contribute to the observed decrease, although further
experiments are needed to determine the effects of inhibiting calcium-dependent PDEs
on the depolarization induced decrease in cAMP. Other pathways may also contribute
to the decrease in cAMP. Some ACs, including AC5, AC6 and AC9, are inhibited by
intracellular calcium signaling (Halls & Cooper, 2011). AC5 and AC9 are expressed
early in development within the retina (Nicol et al., 2006), though their specific
localization is unknown.

Another way in which calcium entry may decrease cAMP levels is by depletion of
ATP following calcium extrusion. Calcium is extruded from neurons in an ATP
dependent manner by plasma membrane calcium pumps (Renteria et al., 2005). As
calcium is extruded, ATP levels would be depleted, thus depleting the substrate for
cAMP production by ACs. Depletion of ATP following depolarization has been shown to
cause activation of Katp channels that contribute to a sAHP in hippocampus (Tanner et
al., 2011). Indeed, in whole cell recordings, we find that Katp channels are activated by
depolarization (Figure I1I-2) to generate an Isanp-like current. This current has faster
activation kinetics than the Isanp measured during perforated patch recordings and may
reflect a more rapid depletion of ATP followed by the slower depletion of CAMP.

A decrease in cAMP leads to activation of the channel underlying the sAHP. The
corresponding decrease in PKA activity would result in a decrease in phosphorylation
that disinhibits the channel. TREK-1 channels in neurons are associated with PKA
anchoring proteins (AKAPs) that allow for rapid regulation by PKA (Sandoz et al., 2006).
Furthermore, Isanp in hippocampal CA1 neurons is modulated by both PKA and
phosphatases (Pedarzani et al., 1998) suggesting that a balance of kinase and
phosphatase activity actively regulates the channel phosphorylation state.

Calcium may also play a role in activation of channels by acting via the calcium
dependent phosphatase calcineurin. We find that long application of the calcineurin
inhibitor cyclosporine-A results in a decrease in interwave interval (Figure 111-4A),
suggesting that it may play a role in generating the sAHP. Calcineurin might act to
directly dephosphorylate the channel, or may play a more indirect role in inhibiting
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adenylyl cyclase (Antoni et al., 1998). Calcineurin activation has been implicated in
activating a sAHP found in myenteric neurons (Vogalis et al., 2004). Interestingly, NCS-
1, a calcium binding protein of the same family as hippocalcin and neurocalcin, can
substitute for calmodulin in activating calcineurin and PDEs (Schaad et al., 1996).
Whether calcium sensing proteins involved in generating the sAHP play a similar role is
an intriguing question.

Experimental procedures

Animals. All experiments were performed on acutely isolated mouse retinas. Male and
female C57BI/6 mice obtained from Harlan were used for all WT recordings. mGIluR2-
GFP mice contain a transgene insertion of interleukin-2 receptor fused GFP under
control of the mGIuR2 promoter (Watanabe et al., 1998). ChAT-Cre/TdTom mice were
generated by crossing a mouse in which an IRES-Cre recombinase is knocked in
downstream of the endogenous choline acetyl transferase gene (lvanova et al., 2010)
with a separate tdTomato driver line (B6.129S6-ChAT™eloW!j x B6.129S6-
Gt(ROSA)26Sormo(CAGdTomatolze 5 - jackson Labs). All animal procedures were
approved by the University of California, Berkeley and conformed to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals, the Public Health
Service Policy, and the Society for Neuroscience Policy on the Use of Animals in
Neuroscience Research.

Whole-Mount Retinal Preparation. P4-P7 mice were anesthetized with isoflurane and
decapitated. Retinas were isolated in cold artificial cerebrospinal fluid (ACSF) (in mM:
119 NaCl, 26.2 NaHCO3, 11 glucose, 2.5 KCI, 1 K;HPOq4, 2.5 CaCly, 1.3 MgCl,) and
mounted RGC side-up on filter paper. Retinas were incubated at room temperature in
oxygenated ACSF until transfer to the recording chamber, where they were continually
superfused with oxygenated ACSF at 30-34C.

Electrophysiology. Perforated patch and whole cell recordings were made from whole-
mount retinas from mice aged P4-P7. The inner limiting membrane was removed using
a glass recording pipette and SACs were identified using fluorescence and targeted
using a Sutter micromanipulator. Voltage clamp recordings were sampled at 2.5kHz
and filtered at 1kHz. Current clamp recordings were sampled at 5kHz and filtered at
2kHz. Analysis was performed using custom MATLAB (Mathworks) scripts. All reported
voltages are corrected for liquid junction potential.

Perforated patch voltage and current clamp recordings were performed in the
presence of DHBE (4uM) and gabazine (5uM), which block nAChR and GABA-A
receptor mediated synaptic conductances, and tolbutamide (100uM), to block an ATP
sensitive potassium conductance that develops during prolonged recordings (Figure IlI-
2). During recordings of conductance (Figure IlI-1D) and current-voltage relationship
(Figure 1lI-1C), TTX (200nM), 4-AP (1mM), TEA (1mM), cesium chloride (2mM) were
included in the bath solution to block voltage activated conductances. A gluconate-
based perforated patch internal (in mM: 122 KGluconate, 20 HEPES, 0.5 EGTA, 2
NaCl, pH 7.2, liquid junction potential: 14mV) was front filled into electrodes and then
back-filled with internal solution containing 750ug/ml Amphotericin B made fresh hourly.
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Seals were formed and then access resistance was monitored continuously. Recordings
were performed when access resistance was stable and less than 5% of the input
resistance of the cell (typically, Rs 30-80 MOhm, Rijn 1-2GOhm). Maximum amplitude
and kinetics of the slow AHP were not correlated with access resistance.

Whole cell recordings from SACs were made using potassium phosphate based
internal (in mM: 110 KH2PO4, 6 MgCl,, 1 EGTA, 4 adenosine 5'-triphosphate
magnesium salt, 0.3 guanosine 5'-triphosphate trisodium salt, 10 HEPES and 10
phosphocreatine disodium salt, pH 7.2, liquid junction potential: 14mV).

Calcium Imaging. Retinas from mice aged P2- P6 were bulk loaded with the calcium
indicator Oregon Green Bapta-1 AM (OGB-1 AM) using the multicell bolous loading
technique (Stosiek et al., 2003; Blankenship et al., 2009). Epifluorscence imaging and
analysis as described earlier (Blankenship et al., 2009).

cAMP/PKA imaging. Retinal explants were isolated and mounted on filter paper with
the RGCs facing up. Then, 0.2 mg/mL plasmid (CMV-AKAR3 or CMV-ICUEZ2, (Dunn et
al., 2006)) was electroporated (30 V, 4 mm, 2 pulses at 1 second interval, BTX ECM
830 electroporator). Retinal explants were then cultured in serum free culture medium
(Neurobasal-A medium supplemented with B27 (Gibco), 0.6% glucose, 2 mM glutamine,
10 mM HEPES, 1 mM Na-Pyruvate, 50 mg/mL penicillin G, 50 units/mL streptomycin,
2.5 mg/mL Insulin, 6 uM forskolin, 10 ng/mL CNTF & 50 ng/mL BDNF) for 12—48 hours.
Explants were removed to forskolin-free media overnight prior to imaging.

FRET images were acquired at 0.33Hz using a 60x objective. The excitation
wavelength was 435nm. Individual FRET channel detection was accomplished by using
a Dual-View image splitter (Optical Insights) with appropriate yellow and cyan channel
filters. Images were digitized as during calcium imaging experiments above.
Background fluorescence was subtracted from both channels. FRET ratios were
computed as background corrected YFP/CFP fluorescence averaged over a region of
interest around cell bodies and corrected for bleed through (Fyrp = Frret — 0.51 x Fcrp).
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Figure llI-1. Slow afterhyperpolarization (sSAHP) in starburst amacrine cells (SACs)
is mediated by a two-pore potassium channel

A. Two-photon fluorescence image of SAC from mGIluR2-GFP retina filled with
fluorescent indicator.

B. Left: Current clamp perforated patch recording of sSAHP evoked by 500ms 100pA
current injection. Right. Voltage clamp perforated patch recording of ISAHP evoked by
500ms voltage step to -14mV from holding potential of -64mV. Average from n=32
cells, gray is +-SD.

C. Left: Voltage command protocol used to determine current voltage relationship of
lsanp. Average Isanp shown above for reference. Scale: 2pA, 10s. Middle: Current
voltage relationship at peak of Isanp. N=4, Mean+-SD. Right: Change in reversal
potential as a function of external potassium concentration. Dots represent individual
cells, boxes are mean. Line is fit to prediction from Nearnst equation for a potassium
conductance.

D. Example conductance (top) and current (bottom) measurements taken from a
baseline of -64mV following 500ms voltage step to -14mV. Inset: Voltage command
protocol used to determine conductance.

E. Average current evoked by 500ms voltage step to -14mV, as in B-D, in the presence
(black) and absence (gray) of external calcium (n=4). Right: Peak amplitude of evoked
current in control, 0 calcium, and rinse.

F. Average current as in E in control (black) or during bath application (gray) of apamin
(1pM, left, n=5), TEA (1mM, middle, n=5), or barium (2mM, right, n=2).
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Figure IlI-2. Whole cell recordings from SACs reveal a Katp conductance

A. Whole cell voltage clamp recording from SAC. VC=-60mV. Arrows indicate 500ms
voltage step to OmV followed by return to -60mV. Dotted lines indicate changes in
holding current at -60mV in control, tolbutamide (100uM), and rinse.

B. Peak amplitude of transient outward current following 500ms depolarization voltage
step in whole cell configuration before, during, and after tolbutamide application.

C. Left: Example perforated patch current clamp recording of sSAHP evoked by 500ms,
100pA current injection before and during tolbutamide bath application. Right: Example
voltage clamp perforated patch recording of Isanp evoked by 500ms step to -14mV from
-64mV before and during tolbutamide batch application.
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Figure IlI-3. Regulation of cAMP/PKA controls activation of sAHP channels

A. Left: Average current evoked by 500ms voltage step to -14mV from -64mV, in the
control (black) and during application of forskolin (1uM, gray, top) or MMPX (100uM,
gray, bottom). Right: Peak amplitude of evoked currents before, during, and after rinse
of forskolin or MMPX.

B. Schematic of genetically encoded PKA (top, AKAR3) and cAMP (bottom, ICUE2)
indicators. AKAR3 undergoes an increase in FRET efficiency following phosphorylation
by PKA. ICUEZ2 undergoes a decrease in FRET efficiency following binding by cAMP.
C. PKA and cAMP responses to 3s application of 100mM potassium solution measured
from cultured SACs expressing AKAR3 (n=2) or ICUEZ2 (n=3). Traces represent the
normalized ratio of YFP/CFP (AKAR3) or CFP/YFP (ICUEZ2) fluorescence average over
cell somas. Note: Measurements of CAMP and PKA were performed in the presence of
1uM forskolin in the bathing solution.
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Figure llI-4. Modulation of sAHP alters frequency of spontaneous retinal waves

A. Fold change in mean interwave interval measured by calcium imaging in the
presence of manipulations to SAHP. Manipulations are: Fsk, forskolin (1uM); IBMX
(100uM); CPT-cAMP (500uM); MMPX (100uM); CsA, cyclosporine-A (10uM); apamin
(500nM); tolb, tolbutamide (100uM); Cs+, cesium (2mM); 4-AP (0.5mM); XE991 (10uM).
Number of retinas per manipulation shown on each bar. Mean+-SD.

B. Example fluorescence trace from calcium imaging during application of 2mM barium.
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Figure llI-5. Model for cAMP dependent activation of sAHP

Calcium influx through voltage gated calcium channels activates calcium dependent
PDE, which decreases levels of cCAMP. Extrusion of calcium by PMCAs depletes levels
of ATP, which results in a reduction in cAMP synthesis by ACs and also activates Katp
channels. K2P channels are disinhibited by the decrease in PKA phosphorylation
resulting from the decrease in CAMP levels. Direct activation by calcium or indirect
activation via dephosphorylation by calcineurin may also activate K2P channels.
Abbreviations: Cav, voltage gated calcium channel; PMCA, plasma membrane calcium
ATPase; Katp, ATP sensitive potassium channel; PDE, phosphodiesterase; AC,
adenylyl cyclase; PKA, protein Kinase A; K2P, two-pore potassium channel.
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