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ABSTRACT
The basic wiring diagram of a mammalian sensory circuit can illuminate the synaptic
underpinnings of its function. The mammalian retina possesses a diversity retinal ganglion cell
(RGC) types that encode different features of the visual scene. We do not yet fully understand
how the visual system uses these features to support vision. According to the leading view,
these diverse RGCs form separate channels of information that remain segregated as parallel
lines that are relayed through the dorsoLateral Geniculate Nucleus (dLGN) to the visual cortex,
where they finally converge in different combinations to form the basis of complex visual feature
extraction.
In this dissertation, | interrogate the degree to which the functional organization of the
mouse retinogeniculate synapse—the site of synaptic contact between a RGC axon and a
thalamocortical (TC) neuron—conforms to this view. In the first study, | demonstrate that
developmental refinement continues past p30, following the closure of the thalamic and cortical
critical periods. This refinement coincides with the pruning of the broad RGC axonal arbor.
Earlier in development, an arbor retains the potential to contact new geniculate partners through
the reorganization of synaptic boutons along its scaffold, which exhibits plasticity in response to
visual manipulation. Retinogeniculate connectivity thus remains morphologically and functionally
plastic into adulthood in mice. In the second study, | optogenetically label RGCs in order to
quantify the number of RGCs that innervate TC neurons in mice. In contrast to prior functional
estimates, | show that an average of 10 RGCs converge onto a geniculate neuron, though only

30% of these contacts may strongly drive postsynaptic spiking. My final study asks whether



retinogeniculate connectivity maintains functional segregation of visual information despite this
surprisingly high degree of convergence; | use optogenetics to test if multiple types of RGCs can
provide substantial inputs to the same TC neuron. Evidence from three groups of direction-
selective RGCs shows that mature TC neurons often receive functional synaptic input from
more than one RGC type. Together, these studies show the retinogeniculate functional
organization in mice may support the computation of complex visual features at the level of the

dLGN.
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ABSTRACT

The thalamocortical relay neuron of the dorsoLateral Geniculate Nucleus (dLGN) has
borne its imprecise label for many decades in spite of strong evidence that its role in visual
processing transcends the implied simplicity of the term “relay” (Bishop et al., 1959; Kastner et
al., 2006; Sherman, 2007; Kaplan, 2014; Usrey & Alitto, 2015; Weyand, 2016). The
retinogeniculate synapse is the site of communication between a retinal ganglion cell and a
thalamocortical neuron of the dLGN. Activation of retinal fibers in the optic tract causes reliable,
rapid, and robust post-synaptic potentials that drive postsynaptics spikes in a thalamocortical
neuron. Cortical and subcortical modulatory systems have been known for decades to regulate
retinogeniculate transmission (Sherman, 2016). The dynamic properties that the
retinogeniculate synapse itself exhibits during and after developmental refinement further enrich
the role of the dLGN in the transmission of the retinal signal. Here we consider the structural
and functional substrates for retinogeniculate synaptic transmission and plasticity, and reflect on
how the complexity of the retinogeniculate synapse imparts a novel dynamic and influential

capacity to subcortical processing of visual information.

Keywords: retinogeniculate synapse, short-term plasticity, developmental refinement,

visual circuit, synaptic transmission



More Than A Relay

The retinogeniculate synapse has been an invaluable workhorse for neuroscience
research. In recent years, it has served as a powerful model for understanding the molecular
and circuit-level mechanisms that influence normal development and disease (Sengpiel & Kind,
2002; Guido, 2008; Kano & Hashimoto, 2009; Hong & Chen, 2011; Stephan et al., 2012). The
ability to independently label Retinal Ganglion Cells (RGCs) from opposite eyes has enabled the
identification of cellular and molecular mechanisms of axon mapping, arbor pruning and
synapse elimination that drive the refinement of retinotopic maps and eye-specific lamination
(Wong, 1999; Luo & O’Leary, 2005; Huberman et al., 2008a; Feller, 2009; Kano & Hashimoto,
2009; Hong & Chen, 2011). In vitro, the easily accessible bundle of RGC axons in the optic
nerve provides a convenient means of selectively activating presynaptic inputs in studies of
synaptic physiology and plasticity, and is also an excellent system for uncovering mechanisms
of axon regeneration (Guido, 2008; Hong & Chen, 2011; Benowitz et al., 2017). In vivo, the
retinogeniculate synapse has been a prominent model system for the study of subcortical visual
processing. Numerous studies have capitalized on the ease of manipulating visual stimulation,
combined with the ability to simultaneously monitor the activity patterns of inputs and outputs of
the thalamus to reliably demonstrate that the transfer of information from the retina to the visual
cortex is the major function of the retinogeniculate synapse (Sherman, 2005; Usrey & Alitto,
2015; Weyand, 2016).

Despite the tenacity of the term “relay” to describe the function of the dLGN, the
retinogeniculate synapse does not simply transfer a copy of RGC activity patterns to the cortex.
Over the past few decades, a number of retinogeniculate attributes have been shown to play a
role in modifying visual information before conveying it to the cortex (Blitz et al., 2004; Sherman,
2007; Usrey & Alitto, 2015; Weyand, 2016). Simultaneous recording of the firing patterns of
RGC inputs and thalamocortical (TC) target neurons in vivo has shown that the reliability of

action potential generation in TC neurons depends on the local activity context, such as



neuromodulatory signaling or the membrane potential. These factors can dictate or modulate
the firing pattern (“tonic” or “burst”) of a TC neuron ( Usrey et al., 1998; Sherman & Guillery,
2002; Wang et al., 2007). In some cases, a TC neuron is much more likely to generate a
response to the second of a pair of visually-driven potentials arriving in quick succession
(separated by less than 30 msec, Mastronarde, 1987; von Krosigk et al., 1993; Usrey et al.,
1998; Levine & Cleland, 2001; Rowe & Fischer, 2001; Carandini et al., 2007; Weyand, 2007;
Sincich et al., 2007, 2009; Alitto et al., 2011). This integrative function increases the amount of
information encoded in thalamic spiking (Wang et al., 2010). In other cases, a single RGC
impulse can result in a postsynaptic burst of multiple action potentials (Usrey et al., 1998; Blitz &
Regehr, 2003).

Recent work is revealing new receptive field complexity and plasticity in the dLGN that
further demonstrates significant thalamic processing of visual information en route to the cortex,
at least in some species. Stimulus orientation selectivity is one salient example of a complex
feature encoded in subpopulations of dLGN neurons in a variety of species: mouse (Marshel et
al. 2012; Piscopo et al. 2013; Zhao et al. 2013; Scholl et al. 2013) and rabbit (Levick et al.,
1969; Hei et al., 2014), with weaker orientation or direction bias occuring in the cat (Hubel &
Wiesel, 1961; Daniels et al., 1977; Levick & Thibos, 1980; Vidyasagar & Urbas, 1982; Soodak
et al., 1987; Shou & Leventhal, 1989; Thompson et al., 1994), squirrel (Zaltsman et al., 2015),
and primate (Lee et al., 1979; Smith et al., 1990; Cheong et al., 2013). Complex feature
selectivity persists in TC neurons after inactivation of the primary visual cortex, suggesting that
the dLGN may compute orientation or direction selectivity rather than inherit it from cortical
feedback (cat Vidyasagar & Urbas 1982; mouse Zhao et al. 2013; Scholl et al. 2013).
Furthermore, cat TC neurons have a higher stimulus contrast sensitivity than their individual
inputs, suggesting TC neurons can functionally integrate information from multiple RGC inputs
(Rathbun et al., 2016). The presence of binocularly innervated dLGN neurons in mice, cats, and

primates further supports the possibility of convergence of multiple RGCs onto single geniculate



neurons in mice, cat, and primate dLGN (Sanderson et al., 1971; Howarth et al., 2014; Zeater et
al., 2015; Rompani et al., 2017). Here, we explore synaptic mechanisms and structural
attributes that could support the diversity of features and functions now emerging in studies of
the dLGN. In this review, we describe the structural properties of RGC axons and TC neurons,
together with their biophysical features and plasticity mechanisms. These properties may
combine to impart novel and adaptive functionality to the dLGN, and to dynamically regulate

information flow between retina and cortex.

Retinogeniculate Synaptic Structure

To appreciate the functional complexity in retinogeniculate processing, we first describe
the underlying synaptic structure. The architecture of the retinogeniculate synapse is conserved
across species. Glutamate is the excitatory neurotransmitter packed into numerous round
vesicles contained in large synaptic terminals along the axon (Montero & Wenthold, 1989). A
single retinal axon terminal can span ~1-4 microns in diameter and contain multiple spatially
distinct neurotransmitter release sites (cat and mouse studies: Famiglietti & Peters, 1972; Rafols
& Valverde, 1973; Sur & Sherman, 1982; Hamos et al., 1987; Robson, 1993; Bickford et al.,
2010; Budisantoso et al., 2012; Morgan et al., 2016). RGC boutons contact a TC neuron near its
cell body, synapsing directly onto the dendritic shaft or dendritic appendages that protrude from
the proximal shaft or primary dendritic branch points (Rafols & Valverde, 1973; Robson &
Mason, 1979; Wilson et al., 1984; Hamos et al., 1987; Bickford et al., 2010; Morgan et al.,
2016). Retinal inputs account for only 5-10% of a TC neuron’s synaptic input, whereas cortical
feedback projections from Layer 6 occupy the distal dendrites, providing as much as 50% of
synaptic input (Wilson et al., 1984; Montero, 1991; Van Horn et al., 2000). Nonetheless, the
proximal position of retinogeniculate synapses along the dendrite, their synaptic structure with

multiple release sites, and their large number of synaptic contacts drives powerful and reliable



transmission that has earned the retinal input the moniker of “driver” to all other inputs’
“modulator” (Guillery & Sherman, 2002).

The fine details of retinogeniculate connectivity reveal potential heterogeneity of circuit
organization and, thereby, of function. A RGC axon contacts a TC neuron with as many as 59
terminals in cat or mouse (Hamos et al., 1987; Robson, 1993; Morgan et al., 2016). The
morphology of these numerous synaptic contacts between a single RGC axon and its target TC
neuron can range from the simple to the complex (Figure 1.1A-C; Jones & Powell 1969;
Famiglietti & Peters 1972; Hammer et al. 2015; for finer categorization, see Lund &
Cunningham, 1972; Robson & Mason 1979; Morgan et al. 2016). Simple retinogeniculate
contacts consist of one small or large crenulated bouton contacting a dendrite or dendritic
appendage. Complex contacts comprise a glomerular structure containing multiple boutons from
retinal, inhibitory, and neuromodulatory inputs (Robson & Mason, 1979; Koch, 1985; Sherman &
Guillery, 1996; Sherman, 2004). Although it is not known whether differences in bouton
morphology correlate with specializations for retinogeniculate information transfer, work on
cerebellar parallel fibers shows that bouton size can predict sensitivity to neuromodulation, and
induction of LTP or LTD can induce plasticity in the size of hippocampal presynaptic boutons
(Toni et al., 1999; Becker et al., 2008; Zhang & Linden, 2009). Furthermore, the morphology of
synaptic contacts is optimized to the requirements of sensory transmission in the retina, inner
ear, and central auditory synapses (Taschenberger et al., 2002; Matthews & Fuchs, 2010;
Freche et al., 2011; Graydon et al, 2014). it is therefore likely that the diversity of
retinogeniculate contact morphologies reflects differences in their contribution to transmission.
Indeed, different TC neuron types in cats exhibit biases in presynaptic morphology. Cat RGCs
and TC neurons are distinguished into three categories (X, Y, W) based on the properties of
their responses to visual stimuli, including the size of the receptive field and the degree of

linearity of spatial summation, as well as morphological markers. The X and Y classifications
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Figure 1.1: Synaptic structure shapes retinogeniculate transmission.

(A). Tracing of an HRP-filled X-RGC arbor in the cat dLGN shows the location and morphology
of a single branch (red box) of the X-RGC arbor used for EM reconstruction. This branch of the
axon contacts 4 TC neurons out of 40 available neurons in the territory of the arbor. The
remainder of the axon was not reconstructed, and likely contacts several other TC neurons.
Bottom inset shows the location of the axonal arbor in the context of the cat LGN. Figure
modified from Hamos et al. 1987. Unmarked scale bar = 100 ym. (B, C). Reconstructed arbors
of single RGC axons showing distribution of presynaptic boutons into dense clusters in the LGN
of (B) an adult cat and (C) a p20 mouse. Note the clustering of boutons along the arbor. Image
in B is modified from Robson et al, 1993, showing a segment of a RGC axon; Image in C is from
Hong et al, 2014, showing a BD-RGC axon. Scales bars are 100 ym. (D). A 3D reconstruction of
a TC neuron dendrite and sites of contact between two neighboring RGC boutons from
Budisantoso et al, 2012. In the top image, the dendrite and its appendages are depicted in blue,
whereas pink and red sites label the postsynaptic densities of the two axons. In the bottom
image, the structure of the terminals of two axons has been added. Spillover can occur between
these two nearby terminals. (E). Evidence of spillover-mediated responses to the stimulation of
a single RGC axon before eye opening. Two different synaptic responses were observed in
response to single retinal fiber stimulation. Shown are recordings from TC neurons in whole cell
voltage clamp at -70 mV in a dLGN slice in the presence of the NMDAR blocker, 20 uM CPP.
On the left is an example of a retinogeniculate AMPAR EPSC with characteristic rapid rise time
and decay kinetics (black trace). On the right is an atypical AMPAR EPSC response notable for
significantly slower rise time and decay kinetics (black trace). The two types of EPSCs differ in
their sensitivity to the low-affinity AMPAR antagonist, y-DGG. Low affinity antagonists can be
used to assess the relative concentration of glutamate in the synaptic cleft (Clements et al.,
1992; Diamond & Jahr, 1997). As y-DGG competes with glutamate for binding to AMPAR, its
efficacy of inhibition decreases with increasing glutamate concentration. y-DGG has only a
small effect on the amplitude of the fast EPSC, but dramatically reduces the amplitude of the
slow EPSC (overlaid grey traces), consistent with lower peak glutamate concentration in the



Figure 1.1 (Continued)

synaptic cleft of the slow EPSC. Because the EPSCs are evoked by minimal stimulation, the
rapid EPSC represents a direct input from a single RGC axon that forms a direct synapse onto
the voltage-clamped relay neuron, whereas the slow EPSC corresponds to the activation of a
GC axon that does not directly synapse onto the voltage-clamped neuron. Modified from Hauser
et al, 2014. All figures reprinted with permission.



refer to relatively homogeneous populations (and are often compared to primate M and P
pathways), whereas the W (compared to K in primates) encompasses a more diverse set of
cells with rarely-encountered physiological responses (Wilson et al., 1976; Fukuda et al., 1984;
Felch & Van Hooser, 2012). Simple contacts dominate retinal input onto cat Y cells, whereas X
cell dendritic appendages preferentially participate in complex synaptic structures (Robson &
Mason, 1979; Koch, 1985; Sherman & Guillery, 1996; Sherman, 2004). Similar distinctions
among TC neurons have been observed in the mice by morphological analysis, but have not
been associated with distinct patterns of synaptic structures nor delineated by physiology
(Krahe et al. 2011; El-Danaf et al. 2015; Sriram et al. 2016).

In addition to potential functional differences reflected in the morphology of presynaptic
geniculate boutons, the close proximity of clustered multisynaptic boutons in the mature
synapse makes possible novel interactions between glutamate transients originating in separate
RGC inputs. Large simple boutons in the rat contain an average of 27 independent release
sites, whereas each of the boutons in a glomerulus has approximately 6 (Hamos et al., 1987;
Budisantoso et al., 2012; Hammer et al., 2015). Notably, multiple RGCs may contribute to the
same cluster or glomerulus of boutons (Hammer et al., 2015; Morgan et al., 2016). At other CNS
synapses, glia ensheath individual boutons and interdigitate into the synaptic cleft, preventing
glutamate from diffusing, or “spilling over,” to neighboring boutons, in part through the action of
glutamate transporters, which clear glutamate from the extracellular space (Diamond & Jahr,
1997; Danbolt, 2001; Tzingounis & Wadiche, 2007; Hauser et al., 2013; Rimmele & Rosenberg,
2016). In contrast, glia do not interdigitate into the cleft of single RGC boutons nor within
geniculate glomeruli, making the retinogeniculate connection conducive to glutamate spillover
within and between individual boutons (Famiglietti & Peters 1972; Robson & Mason 1979;
Winfield et al. 1980; Mason 1982; Bickford et al. 2010). Although interbouton spillover has not
been experimentally assessed in the mature dLGN, a simulation that demonstrated the

likelihood of spillover between distant synapses within the same bouton also implies the
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possibility of spillover of glutamate between closely spaced boutons. Figure 1.1D shows an
example of two such close retinogeniculate boutons along one TC neuron dendrite, highlighting
that glutamate released from one bouton can diffuse to postsynaptic release sites of the
neighboring bouton (Budisantoso et al., 2012). At a developmental phase when boutons are
less clustered (Sur et al., 1984; Hong et al., 2014) and glomeruli have not yet formed,
retinogeniculate transmission exhibits extensive glutamate spillover between neighboring
boutons. In fact, glutamate from the bouton of one RGC axon can spill over to the synaptic cleft
of a neighboring RGC axon before eye opening (Hauser et al., 2014). Glutamate spillover can
be distinguished from direct retinogeniculate synaptic activation by the slower kinetics of the a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated Excitatory
Postsynaptic Current (EPSC) and increased sensitivity to g-DGG (grey traces), a low affinity
AMPAR antagonist. (Figure 1.1E). These characteristics indicate that the receptors mediating
the spillover current are exposed to a lower glutamate concentration than those mediating the
direct EPSC. Glutamate spillover can therefore diminish synaptic specificity, but also result in
complex and graded integration of information transmitted from different RGC inputs. This
mechanism of transmission may be particularly relevant for high-frequency presynaptic activity
(RGCs can reach up to 500 Hz, Nirenberg & Meister 1997), which would promote the pooling
and spillover of glutamate. Therefore, the intricate morphology of retinogeniculate contacts
presents the possibility for a diversity of modes of retinogeniculate information transfer, which

could vary as a function of preceding sensory or modulatory activity.

Short-Term Plasticity

The mature retinogeniculate synapse boasts multiple bouton contacts, each with many
release sites, leading to a high probability of release (Yeow & Peterson, 1991; Chen & Regehr,
2000; Budisantoso et al., 2012). Combined with the proximity of retinal contacts to the cell body

that minimizes potential dendritic filtering of the synaptic signal, these structural features give
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rise to an EPSC characterized by rapid kinetics (time constant of decay ~2 ms) and large
amplitudes in vitro (Chen & Regehr, 2000; example recording in Figure 1.2A, p26-32). Studies in
slices have identified several pre- and post-synaptic mechanisms of short-term plasticity that
modulate these EPSCs to further shape transmission based on the activity of the RGC input
itself as well as other retinal and nonretinal inputs to that neuron. In shaping retinogeniculate
transmission, these short-term plasticity mechanisms provide the means to dynamically modify
the information transmitted from RGC to TC neuron output.

A prominent feature of retinogeniculate transmission studied in vitro is short-term
depression: the second of two impulses separated by a short interval generates a weaker
response than the first. Both presynaptic mechanisms involving vesicle depletion and
postsynaptic mechanisms including AMPAR desensitization and N-methyl-D-aspartate receptor
(NMDAR) saturation contribute to this plasticity (Chen et al., 2002; Blitz et al., 2004;
Budisantoso et al., 2012). In contrast to the short-term depression observed in vitro in mice,
extracellular recordings of TC neuron activity in vivo in cats and primates consistently show
paired-stimulus enhancement, such that the second of two retinal impulses separated by a brief
(<80 msec) interval is more effective at driving a postsynaptic action potential (Mastronarde,
1987; Usrey et al., 1998; Levine & Cleland, 2001; Rowe & Fischer, 2001; Carandini et al., 2007;
Rathbun et al., 2007; Sincich et al., 2007, 2009). In part, this contradiction is due to the
dependence of short-term depression on the recent history of activity at the synapse. Activation
of the retinogeniculate synapse in slice usually follows a period of quiescence, whereas baseline
spontaneous activity maintains synaptic transmission in a chronically depressed state in vivo
(Levick & Williams, 1964; Stoelzel et al., 2015). A train of spikes preceding optic tract stimulation
in vitro attenuates the degree of synaptic depression (Seeburg et al., 2004; Augustinaite &

Heggelund, 2007; Liu & Chen, 2008). Further, neurotransmitter inputs from the brainstem and
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Figure 1.2: Contributions of Retinogeniculate Short-Term Plasticity.

(A). Representative traces of AMPAR and NMDAR mediated currents recorded before eye
opening (left) and in a mature mouse (right) in response to the stimulation of the optic tract.
Whole-cell voltage clamp recordings were performed with bicuculline to block GABAa-receptor
mediated currents. At -70 mV holding potential, AMPARs mediate the fast activating and
decaying current. AMPAR and NMDAR currents both contribute to the EPSCs recorded at +40
mV with AMPARs contributing to the rapid rise of and the NMDAR currents contributing to the
slow decay of the EPSC. The average amplitude of AMPAR currents increases over
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Figure 1.2 (Continued)

development. (B). 5-CT-mediated activation of serotonin receptors alters retinogeniculate short-
term plasticity. Experiments were performed in retinogeniculate slices from mature mice. Top
and bottom traces overlay pairs of retinogeniculate EPSCs evoked with varying interstimulus
intervals before (top) and after (bottom) the application of 5-CT to active 5SHT-1 receptors
expressed in presynaptic retinogeniculate boutons. Application of 5-CT reduces the amplitude of
the first EPSC and relieves short-term depression, increasing the amplitude of the second
EPSC preferentially at short interstimulus interval. (C). Physiologically relevant stimulation
frequencies preferentially diminish the contribution of AMPARS to relay neuron firing. Current
clamp recordings of action potential firing in response to trains of optic tract stimulation in the
presence of AMPAR (NBQX) or NMDAR (CPP) antagonists. Holding potential -50 mV. Blockade
of AMPARs alters the latency to first spike but only minimally reduces the overall number of
spikes. In contrast, blockade of NMDARs abolished EPSC summation towards action potential
firing; only the first stimulus evokes an action potential, reflecting the contribution of AMPARs
that rapidly desensitize after the first pulse. Therefore, NMDAR currents can sustain action
potential generation without AMPAR contribution. Adapted from Augustinaite and Heggelund,
2007. All figures reprinted with permission.
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inhibitory neurons can modulate retinogeniculate transmission in a context-dependent manner in
vivo. To understand the relationship between in vitro and in vivo manifestations of short-term

plasticity, | review the prominent sources of modulation of retinogeniculate transmission.

Presynaptic Modulation

Retinogeniculate transmission is known to be modulated presynaptically by a number of
neurotransmitter receptors, including GABAg, serotonin 5HT;g (Chen & Regehr, 2003; Seeburg
et al., 2004), as well as adenosine A1 (Yang et al., 2014) and metabotropic glutamate receptors
(Hauser et al., 2013; Lam & Sherman, 2013). Activation of the GABAg or 5-HT g receptors
strongly depresses neurotransmitter release and relieves short-term depression by decreasing
the entry of calcium into the presynaptic terminal (See Figure 1.2B; Chen & Regehr, 20083;
Seeburg et al., 2004). While these modulators decrease the strength of the retinogeniculate
EPSC, they also alter the pattern of action potentials transmitted from the pre- to post-synaptic
neuron. For example, activation of presynaptic 5-HT g receptors leads to preferential
transmission of high-frequency over low-frequency activity, essentially acting as a high-pass
filter (Seeburg et al., 2004). In some cases, presynaptic modulation can be additive. The
combined activation of 5HTg and adenosine A1 receptors, can convert presynaptic depression
into facilitation (Yang et al., 2014). Therefore, the activity of neuromodulatory inputs in vivo can
dynamically shape retinogeniculate information transfer by modulating the degree of short-term
plasticity. It is not known whether the expression of presynaptic receptors differs between RGC
types or RGC bouton morphologies. However, any such differences would add an additional

layer of modularity to retinogeniculate transmission.

Postsynaptic Modulation

In addition to presynaptic depression, postsynaptic glutamate receptor properties also

contribute to short-term depression and shape the efficacy of retinogeniculate transmission.
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Postsynaptic AMPA and NMDA receptors both exhibit short-term depression, and perform
complementary functions in retinogeniculate transmission.

AMPAR channel gating properties and the high density of their expression contribute to
the large, rapid activation and decay kinetics of the retinogeniculate EPSC (Tarusawa et al.,
2009). Because AMPARSs readily conduct at negative potentials, they are effective at initiating
postsynaptic spiking, even from a relatively hyperpolarized membrane potential (Blitz & Regehr,
2003; Augustinaite & Heggelund, 2007; Liu & Chen, 2008). However, AMPARs desensitize
upon exposure to glutamate and recover with a time constant of ~100 msec (Kielland &
Heggelund, 2002; Chen et al., 2002). These properties lead to short-term depression of the
AMPAR EPSC. Therefore, AMPARs contribute to the onset of an action potential train
transmitted from a RGC, initiating robust short-latency spikes during low frequency activity, but
cannot sustain the robust transmission of high-frequency retinogeniculate activity (Blitz &
Regehr, 2003). Figure 1.2C demonstrates that pharmacological blockade of AMPAR with NBQX
reduces the initial spikes in response to a stimulus train (Turner et al., 1994; Augustinaite &
Heggelund, 2007).

NMDA receptor-mediated currents have distinct kinetics and voltage dependence from
AMPAR (Figure 1.3A-B). At the retinogeniculate synapse, NMDARs exhibit short-term
depression due to their high affinity to glutamate and receptor saturation (Traynelis et al., 2010).
Recovery from NMDAR saturation occurs more quickly than from AMPAR desensitization
(Kielland & Heggelund, 2002; Chen et al., 2002). TC neuron NMDARs experience incomplete
Mg?* block at hyperpolarized potentials, and therefore conduct significant current at negative
potentials (Liu & Chen, 2008). Figures 1.3B-C illustrates the contribution of NMDAR to
transmission over development. NMDARs conduct current for many tens of milliseconds during
a prolonged decay, which permits the summation of closely timed EPSCs, especially within the
range of interstimulus intervals (ISIs) that exhibit paired-pulse enhancement in vivo, and

supports multiple TC neuron spikes even in “tonic” mode (Chen et al., 2002; Blitz & Regehr,
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2003; Augustinaite & Heggelund, 2007; Liu & Chen, 2008; Budisantoso et al., 2012). Blockade
of NMDAR dramatically reduces retinogeniculate transmission in vivo (Sillito et al., 1990; Kwon
et al.,, 1991), and NMDAR current summation in vitro can even drive action potential firing in the
presence of AMPAR blockers, though with less temporal precision (Figure 1.2C; Chen et al.,
2002; Blitz & Regehr, 2003; Augustinaite & Heggelund, 2007; Budisantoso et al., 2012). In fact,
the NMDAR component of the first EPSC may sufficiently depolarize a TC neuron to spike
threshold, such that a small or depressed AMPAR current can shorten the latency to first spike
(Kielland & Heggelund, 2002; Augustinaite & Heggelund, 2007; Budisantoso et al., 2012).
Therefore, summation of NMDAR currents enhances the probability of TC neuron spiking in
response to the second and later RGC action potentials during a train. Together with modulation
and postsynaptic integration (Carandini et al., 2007), the properties of NMDA and AMPA
receptor currents can reconcile the robust short-term depression seen in vitro with paired-pulse
enhancement observed in vivo.
An additional factor that could contribute to differences in in vitro and in vivo short-term plasticity
is the expression of calcium-permeable AMPARs. The retinogeniculate synapse differs from
other synapses in that the expression of calcium-permeable AMPARSs increases over
development (see Figure 4A-B; Budisantoso et al. 2012; Hauser et al. 2014; Louros et al. 2014;
compare to Kumar et al. 2002; Soto et al. 2007). Calcium permeable AMPARSs (those lacking
the GluA2 subunit) exhibit stronger desensitization-mediated paired pulse depression
(Budisantoso et al., 2012). However, depolarization-mediated reduction of polyamine block may
partly rescue this effect (Rozov et al., 1998; Soto et al., 2007), increasing the contribution from
AMPARSs to transmission later in a train of high frequency activity.

The in vitro retinogeniculate preparation has permitted the identification of mechanisms
regulating retinogeniculate synaptic transmission at an unmatched resolution. The synaptic
mechanisms discussed above are part of a larger array of factors that affect retinogeniculate

information transfer, including circuit elements that influence postsynaptic integration in the TC
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Figure 1.3: Contribution of NMDAR-currents to retinogeniculate transmission over
development.

(A). NMDAR EPSCs recorded in the presence of the AMPAR blocker, NBQX, at +40 and -55
mV holding potentials in a p10 (left) and a p29 (right) retinogeniculate slice. Normalized traces
are shown. Note the acceleration in NMDAR current decay time over development. (B).
Example EPSCs recorded in young (top) and mature (bottom) TC neuron in slice before (left)
and during (right) the application of NBQX. Holding potential, -55 mV. C. NMDAR currents
contribute more to the total retinogeniculate charge transfer at P9-11 than p26-32; however,
even at the mature synapse, NMDARs contribute nearly half of the total charge transfer. Figure
adapted from Liu and Chen, 2008. Reprinted with Permission
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neuron: local and extrageniculate GABAergic circuits, reciprocal connectivity with the cortex,
and brainstem modulatory inputs (reviewed in Sherman & Guillery, 2002). Together, these
synaptic and circuit mechanisms impart the dynamic features that regulate transmission of
information at the retinogeniculate synapse. Interestingly, the paired-stimulus enhancement of
retinogeniculate transmission in vivo acts not only to increase the signal-to-noise of retino-
geniculo-cortical information transfer, but also encode emergent features in the spike code
(Sincich et al., 2009; Rathbun et al., 2010; Wang et al., 2010). Thus these synaptic mechanisms
may also impart novel functionality at the level of dJLGN. Further, as these mechanisms can
rapidly alter the contribution of a particular retinal input to postsynaptic spiking, they may
regulate the contribution of strong versus weak RGC inputs to visual processing (discussed

below).

Neurotransmission Before Eye-opening

The distinct features of the immature retinogeniculate synapse suggest that the immature
dLGN carries out a different set of computations on incoming retinal information than the mature
dLGN. Many of the modulatory circuits that shape transmission in the adult dLGN begin to
innervate TC neurons shortly before eye-opening: corticogeniculate innervation is not complete
in mice until p14 (Jacobs et al., 2007; Seabrook et al., 2013; Grant et al., 2016), and cholinergic
innervation develops over several postnatal weeks in cats (Carden et al., 2000). GABAergic
interneurons continue to be recruited into the dLGN at the end of the first postnatal week in
mice, and GABAergic innervation in rodents and carnivores occurs gradually (Shatz and
Kirkwood, 1984; Ramoa & McCormick, 1994 a; Pirchio et al., 1997; Ziburkus et al., 2003;
Golding et al., 2014). In addition, presynaptic ultrastructural morphology and TC dendritic arbor
complexity are immature at eye-opening (Bickford et al., 2010). Therefore, retinogeniculate
transmission before eye-opening occurs in a very different environment than after circuits have

matured.
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Figure 1.4: Substrates for retinogeniculate plasticity.

(A). Overlaid AMPAR current traces recorded from different holding potentials to assess the
current voltage (I-V) relationship. Currents in the presence of CPP to block NMDAR currents
and with spermine in the internal solution to examine the degree of |-V rectification. Calcium-
permeable AMPARSs exhibit a rectifying I-V relationship. Traces were recorded at 20mV
increments from -60 to +60 mV holding potentials. Left-example obtained before eye opening;
right, example from a mature slice. From Hauser et al, 2014. (B). Change in the average
AMPAR EPSC I-V relationship over development. Rectification of I-V currents increases
significantly from P9-11 to maturity, indicating a gradual increase in the contribution of CP-
AMPARs to AMPAR-mediated currents. Modified from Hauser et al, 2014. Red: P9-11; blue:
p15-16; black: P27-32. (C). Changes in AMPAR subunit composition in response to visual
experience. The effect of visual deprivation from p20 (late-dark rear, LDR) or dark rearing from
birth (chronic dark reared, CDR) on the AMPAR EPSC |-V relationship. Rectification of AMPAR
currents is reduced in LDR but not in chronically dark reared (CDR) mice when compared to
normally reared mice (light rear, LR) mice. p=0.03. Recordings performed at P27-32. Modified
from Louros et al, 2014. (D). Comparison of the distribution of amplitudes of single fiber RGC
inputs in juvenile (p27-34) and adult (P60+) mice show the persistence of weak (small-
amplitude) inputs with age. Adapted from Hong et al, 2014. Reprinted with Permission.
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Whereas mature TC neurons receive and integrate information from one or several
strong retinal inputs that can reach several nA in amplitude, numerous weak inputs, measuring
on average ~40pA in amplitude (peak AMPAR EPSC) innervate a TC neuron before eye
opening (in vitro in mice; Hooks & Chen, 2006). Remarkably, retinogeniculate transmission to
cortex does occur before input refinement: both the spontaneous patterns of activity (retinal
waves) that prominently feature in the developing retina, and visually-evoked stimuli detectable
through the closed eyelid influence the activity of the visual cortex (Katz & Shatz, 1996; Mooney
et al.,, 1996; Feller, 1999; Akerman et al., 2002; Hanganu et al., 2006; Ackman et al., 2012). In
slice, the synaptic charge transfer needed to drive TC neuron spiking before eye-opening is
relatively small: an AMPAR EPSC with a peak amplitude of 120 pA is adequate (Liu & Chen,
2008). The coincident activation of a subset of the dozen or more converging RGC inputs,
perhaps relying on synchronous activity that dominates retinal activity during this period of
development, can achieve this amplitude (Wong et al., 1993; Wong, 1999; Butts & Rokhsar,
2001; Feller, 2009).

Multiple mechanisms contribute to the efficacy of neurotransmission at the immature
weak retinogeniculate synapse. A _study using the slow calcium chelator, EGTA-AM, suggested
that the distance between the presynaptic release machinery and calcium channels at retinal
terminals is greater at immature presynaptic specializations, resulting in delayed or
asynchronous release (Borst & Sakmann, 1996; Hauser et al., 2014). Additionally, the immature
nervous system produces a slower action potential waveform (Taschenberger & von Gersdorff,
2000; Murphy & du Lac, 2001) and a lower density of glutamate transporters in surrounding
astrocytes (Thomas et al., 2011). These properties of the immature synapse lead to the
prolonged exposure of postsynaptic receptors to glutamate, promoting the integration of retinal
EPSCs over a longer time scale than after maturation.

Several postsynaptic mechanisms also improve the integration of weak RGC inputs at

young ages. The temporal window for postsynaptic summation is much greater before eye
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opening (Liu & Chen, 2008). This is due in part to the higher input resistance in immature
neurons (Ramoa & McCormick, 1994b; Macleod et al., 1997; Pirchio et al., 1997), as well as
enhanced conduction through NMDA receptors at negative potentials because of a greater
contribution of both NR2B as well as NR2C/D subunits at young synapses (Ramoa &
McCormick, 1994 a; Liu & Chen, 2008). These receptors exhibit slower decay kinetics and a
lower sensitivity to magnesium block (compare between ages in Figure 1.3), and their
contribution declines over development in an activity-regulated matter (Ramoa & Prusky, 1997;
Chen & Regehr, 2000; Liu & Chen, 2008).

AMPAR current amplitudes at the immature retinogeniculate synapse are much smaller
than later in life (Figure 1.2A,1.3B). In fact, a substantial fraction (22%) of immature RGC inputs
are "silent" (lacking detectable AMPAR currents; Isaac et al., 1995; Liao et al., 1995; Chen &
Regehr, 2000). Transmission before eye opening therefore seems to rely almost entirely on
NMDAR transmission, with AMPARSs influencing the latency to spike (Liu & Chen, 2008). Finally,
immature neurons also exhibit calcium plateau potentials (Jaubert-Miazza et al., 2005; Lo et al.,
2013), and more depolarized resting membrane potentials that are closer to firing threshold
(Ramoa & McCormick, 1994b; Macleod et al., 1997; Pirchio et al., 1997), increasing the efficacy
of individual inputs.

In summary, the developing retinogeniculate synapse exhibits numerous adaptations
that permit it to integrate and transfer visual signals to cortex even while it undergoes dramatic
synaptic rearrangement. As these signals arise from the summation of multiple weak
convergent RGC inputs, the computations that the immature dLGN performs, and therefore its
role in visual processing, is substantially different from that of the mature dLGN. In addition to a
role in conveying visual information, retinogeniculate transmission is important for cortical map
formation (Huberman et al., 2008b; Cang & Feldheim, 2013; Owens et al., 2015), though its

precise computational role is not yet understood.
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Retinogeniculate Connectivity
Developmental Refinement of Retinogeniculate Connectivity

Retinogeniculate refinement is thought to lead to the maturation of receptive field
properties in the dLGN. Before eye opening, RGC axons from the two eyes segregate into eye-
specific layers: segments of the axon arbor that occupy the inappropriate layer are pruned, while
the appropriately positioned portion of the arbor becomes more elaborate in a range of species
(Robson, 1981; Mason, 1982, Sretavan & Shatz, 1984, 1986; Campbell & Shatz, 1992;
Garraghty & Sur, 1993; Dhande et al., 2011; Hong et al., 2014). In vitro studies of the dLGN in
rodents show that each TC neuron receives weak inputs from more than a dozen retinal
ganglion cells (RGCs). Some of these inputs are subsequently pruned while others strengthen
to become dominant drivers of postsynaptic activity (reviewed in Guido 2008; Huberman et al.,
2008a; Hong & Chen 2011; Thompson et al., 2017). This refinement occurs over several weeks
following eye opening in mice. The earliest phases depend on spontaneous input from the
retina, while visual experience maintains the mature configuration and modifies connectivity via
feedback from the cortex during a critical period (Hooks & Chen, 2006; Thompson et al., 2016).

The robust refinement of retinogeniculate connectivity demonstrated in vitro in mice
corresponds temporally to the developmental transformation of initially broad, irregularly-shaped
or temporally imprecise receptive fields to smaller, sharper or temporally precise ones that
closely match the receptive field of the dominant retinal inputs in vivo (cat: Wiesel & Hubel,
1963; Daniels et al. 1978; Tootle & Friedlander, 1989; Gary-Bobo et al., 1995; Cai et al., 1997;
Ferret: Tavazoie & Reid 2000, Akerman et al., 2002, Davis et al., 2015; primate: Blakemore &
Vital-durand 1985; mouse in vitro: Chen & Regehr, 2000; Jaubert-Miazza et al., 2005).
Surprisingly, there is a disconnect between structure and function— studies in cats, mice, and
primates fail to show large-scale pruning of the axon arbor during this later window of
development (Sur et al., 1984, 1987; Lachica & Casagrande, 1988; Hong et al., 2014). A recent

study that examined individually reconstructed axon arbors of a subtype of mouse RGCs, the
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BD-RGC (ON-OFF direction-selective RGC, Kim et al., 2010), found that their size and
branching complexity remain stable in the 2-3 weeks following eye opening. Instead, during the
period of robust functional refinement, changes occur in bouton size and distribution along the
arbor structure (Hong et al., 2014). Before eye-opening, boutons are distributed broadly along
the terminal arbor in mice, but gradually form tight clusters over the later window of development
(for examples of mouse and cat RGC axon bouton clustering, see Figure 1.1B-C). This
development suggests that an immature axon makes transient contacts with a large number of
potential postsynaptic targets, but redistributes its inputs onto a few targets during the period of
activity-dependent refinement. Final pruning of the arbor skeleton, however, does not occur until
well after the end of the geniculate and cortical critical periods (Hong et al., 2014). These
findings are consistent with observations in cat and primate studies of the complexity of mature
RGC axon morphology (Figure 1.1A), with multiple segments that can branch off the primary
axon within the optic tract (Sur & Sherman, 1982; Hamos et al., 1987; Sur et al., 1987;
Garraghty et al., 1988; Dhande et al., 2011; Hong et al., 2014), although the arbors may be
more restricted in the primate dLGN (Glees & Le Gros Clark, 1941; Lachica & Casagrande,
1988; Michael, 1988; Conley & Fitzpatrick, 1989). In cat, one RGC axon arbor spans the
territory of far more postsynaptic neurons than it contacts (Hamos et al., 1987). Reduction of the
X-RGC axon arbor occurs between 4 and 12 weeks postnatal, after the peak of ocular
dominance plasticity (Hubel & Wiesel, 1970; Sur et al., 1984).

Therefore, while retinogeniculate development yields a circuit with appreciable functional
specificity, the anatomical correlates of this process suggests latent complexity in the mature
system. The breadth of the RGC axon arbor, which may impart the potential to synapse onto
new TC partners even in the adult, together with short-term plasticity mechanisms that modulate
the efficacy of existing contacts, provide the scaffold for dynamic computation beyond the relay
of retinal firing patterns to the cortex (Alonso et al., 2006; Martinez et al., 2014; Usrey & Alitto,

2015),
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Convergence at the Retinogeniculate Synapse

Retinogeniculate convergence (and divergence) add complexity to visual processing in
the dLGN. The simplest circuit, where 1 RGC contacts 1 TC neuron, is most consistent with the
concept of a thalamic “relay” (Glees & Le Gros Clark, 1941; Sherman & Guillery, 1996). Adding
in complexity of additional converging RGC inputs and/or divergence of single RGC axons onto
multiple targets TC neurons, however, increases the likelihood of the emergence of novel visual
features or receptive field properties (Dan et al., 1998; Alonso et al., 2006; Koepsell et al., 2009;
Usrey & Alitto, 2015; Weyand, 2016; Sherman, 2016). For these reasons, studies quantifying
connectivity, and in particular, the degree of retinogeniculate convergence, is an active area of
research.

A tour-de-force serial electron microscopy (EM) reconstruction of the synaptic contacts
of one branch of an X-type retinal axon in the cat dLGN demonstrated that a RGC axon makes
connections selectively rather than randomly. The reconstructed portion of the axon (reproduced
in Figure 1.1A) innervated three X-cells and one Y-cell, and its inputs accounted for as much as
33%, 49%, and 100% of total innervation to the X-cells, and as little as <6% to the Y-cell. This
study concluded simultaneously that a TC neuron can receive inputs from multiple RGCs
(convergence), and that some of those inputs can also contact other TC neurons
(divergence/multiplexing; Hamos et al. 1987). However, the single X-cell that received all of its
inputs from the labeled axon remains the best-recognized result, serving as exemplary
anatomical evidence for low retinogeniculate convergence. In contrast, Robson (1993)
estimated that cat Y- cells receive upwards of 10
inputs per cell, suggesting that convergence varies depending on cell type.

Recent studies using new anatomical methods in p30 mice, however, came to a
conclusion that counters the general view of low convergence. Morgan & colleagues used an
approach that combines serial section EM with circuit tracing, to identify the presynaptic RGC

axons that connect to reconstructed postsynaptic TC neurons in the dLGN. They observed at
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least 40 RGC axon segments contacting one of these TC neurons (Morgan et al., 2016). Many
axons also promiscuously diverged to innervate numerous other TC neurons. Hammer &
colleagues reached a number closer to 10 inputs per cell from observations of bouton clustering
of multicolor fluorescently labeled RGC axons (Brainbow labeling) in the mouse LGN (Hammer
et al., 2015). However, these studies were not able to trace the axon segments to the primary
axon, raising the possibility that they were overestimating the number of inputs to a given TC
neuron. Overcoming this limitation, and despite low efficiency of rabies tracing, Rompani &
colleagues showed that 1-36 RGCs innervate monocular neurons, and up to 91 RGCs from both
eyes converge onto binocularly innervated neurons in the mouse dLGN. The three anatomical
studies made no distinctions between X- and Y-cells, but the rabies tracing identified three
different patterns of convergence in the binocular dLGN region (Rompani et al., 2017).
Importantly, these studies cannot determine whether all the identified contacts are functional;
many convergent inputs could be nonfunctional remnants of refinement, as final pruning of the
axon arbor occurs between P30 and P60 (Hong et al, 2014). Nonetheless, these independent
studies using disparate anatomical methods demonstrate that tens of RGCs may converge onto
mature mouse TC neurons.

To date, most functional studies have yielded a more conservative estimate of
convergence than the ultrastructural literature. In the rodent slice prep, estimates of the number
of afferent inputs obtained by varying the intensity of optic tract stimulation yield numbers
ranging from 1-5 (Chen & Regehr, 2000; Jaubert-Miazza et al., 2005; Ziburkus & Guido, 2006;
Hooks & Chen, 2007; Chung et al., 2013; Lee et al., 2014; Dilger et al., 2015). However, this
approach likely underestimates convergence due to the severing of axons in slice. It also
averages across the population of TC neurons accessible with this method, with no distinction
between TC neuron subtypes with different input convergence that may exist in the mouse

dLGN (Krahe et al., 2011).
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Estimates of retinogeniculate connectivity from carnivores and non-human primates
have largely utilized recordings that assess the correlation of spiking activity of RGC-TC neuron
pairs in vivo (Levick et al., 1972; Mastronarde, 1987, 1992; Usrey et al., 1998; Rowe & Fischer,
2001; Rathbun et al., 2010; Cleland et al. 1971; Kaplan & Shapley 1984; Sincich et al. 2007;
Carandini et al. 2007). Many of these experiments show that a geniculate X-cell (cat) or M or P
cell (primate) receives at least one dominant input that reliably drives EPSCs preceding all or
most of a TC neuron’s spikes (Cleland et al. 1971; Cleland & Lee, 1985; Soodak et al., 1987;
Sincich et al. 2007). Others, however (especially those focusing on Y cells in cats), show that
the contribution from individual RGCs exhibits greater variability, and the activity of a single
retinal input rarely accounts for the entirety of the activity of its TC neuron partner ( Hubel &
Wiesel, 1961; Cleland & Levick, 1971;Cleland et al. 1971; Levick et al., 1972; Mastronarde
1992). Interestingly, one study using paired recordings across both X- and Y-cells yielded
examples of RGCs that drove as few as ~1% to as many as 82% of a TC neuron’s action
potentials (Usrey et al., 1999); similar results later emerged in the Y pathway (Yeh et al., 2009;
Rathbun et al., 2016; considered in detail in Weyand 2016). Furthermore, several studies
corroborate anatomical observations of divergence, such that neurons with most closely
matching receptive fields exhibit the greatest correlation among their firing patterns (Alonso et
al., 1996; Usrey et al., 1998).

The variablity in the contribution of a single RGC to postsynaptic spiking in cat dLGN is
consistent with anatomical studies, if the number of contacts between a single RGC axon and
thalamocortical (TC) cell relates to the functional strength of the individual input (Hamos et al.,
1987). The findings in cat are also consistent with in vitro functional data from mice. Even in
adult mice (P60), the distribution of single RGC input amplitudes ranges from a tens of pA to
several nA in strength (Figure 1.4D; Hooks & Chen, 2008; Hong et al., 2014; Thompson et al.,

2016). The fact that weak convergent inputs persist into adulthood, in both cats and mice,
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suggest that they have relevance for retinogeniculate function (Alonso et al., 1996; Dan et al.,
1998; Usrey et al., 1999).

Taken together, the retinogeniculate circuit exhibits organization that is set up to actively
tune, select, or elaborate information that is being conveyed from the retina to the cortex,
suggesting that the dLGN participates in complex processing of visual information (Sherman,
2016). While similarities across species support this view, insight into the function of dLGN

should come from further elucidation of the differences between mice, cat and primates.

Retinogeniculate Plasticity

In addition to short-term plasticity, the retinogeniculate circuit exhibits long-term plasticity
of synaptic weights. The findings that both weak and strong inputs innervate mature TC neurons
and contribute to their spiking activity highlights the possibility that experience-dependent
plasticity of RGC input strength and number relies on the balancing of synaptic weights in the
adult circuit (Thompson et al., 2016). The retinogeniculate connectivity map remodels to
experience during development, and may also do so in mature animals. Depriving juvenile mice
of visual experience for a week starting at p20 (late dark rearing) disrupts retinogeniculate
connectivity, decreasing the amplitude of the average retinal input and increasing the overall
number of RGC inputs onto TC neurons (Hooks & Chen, 2006, 2008; Narushima et al., 2016).
This manipulation also reduces the clustering of RGC axon boutons without significantly altering
the size of the arbor or the number of boutons (Hong et al., 2014). Together, these observations
suggest that while connectivity between axons and targets is selective, the large size of the
arbor builds flexibility into the system: dramatic change in visual experience, such as late dark
rearing can resculpt connectivity by rearranging boutons and, and adjusting input strength
(Louros et al., 2014) without investing into remodeling the entire axonal arbor. Because excess
branches of RGC arbors do not prune down until at least P60 in mice, retinogeniculate

connectivity may exhibit substantial plasticity until at least this age (Hong et al., 2014).
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A well-established mechanism for altering synaptic strength in response to activity or
experience is through changes in AMPAR content of the post-synaptic density (Huganir & Nicoll,
2013). Several studies link the regulation of AMPAR trafficking and function to modulation of the
strength of juvenile retinogeniculate synapses. The retinogeniculate synapse is one among
several synapses that recruit GluA1-containing AMPARSs in response to sensory stimulation
(Clem & Barth, 2006; Kielland et al., 2009; Louros et al., 2014), suggesting that GluA1-
dependent AMPAR-driven forms of transmission play an important role in the development and
plasticity at this synapse (Figure 1.4A-C; activity-dependent changes in AMPAR subunit
composition reviewed in Cull-Candy et al. 2006; Liu & Zukin 2007; Lee et al. 2014). AMPAR
subunit context is sensitive to visual experience: mice subjected to late dark rearing exhibited a
decrease in AMPAR current rectification, a measure of the fraction of calcium-permeable to
calcium-impermeable AMPARS in the postsynaptic density. In contrast, mice that never had any
visual experience (chronically dark reared from birth) exhibited normal rectification (Figure 1.4C;
Louros et al., 2014). Experience-dependent changes in AMPAR content and function at the
retinogeniculate synapse rely in part on stargazin, a transmembrane AMPA regulatory protein
that modifies the trafficking and channel kinetics of AMPARs (Straub & Tomita, 2012). Indeed,
late dark rearing increases the expression and phosphorylation of stargazin, which can in turn
regulate the composition of postsynaptic AMPARSs in both a Hebbian (Tomita et al., 2005) or
homeostatic manner (Louros et al., 2014). Finally, changes in AMPAR expression also mediate
the role of MHC class | molecule H2-D" in retinogeniculate developmental refinement (Lee et al.,
2014). H2-D" is one of a series of immune-related molecules that shape retinogeniculate
development (Shatz 2009; Schafer & Stevens 2010). Mice lacking H2-D® expression exhibit an
increase in calcium-permeable AMPARSs at retinogeniculate synapses, corresponding to a deficit
in LTD. Together, these studies bespeak a critical role of AMPAR regulation in retinogeniculate

synaptic plasticity, which may persist into adulthood.
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Both Hebbian and homeostatic mechanisms of synaptic plasticity have been shown to
alter retinogeniculate synaptic strength during development (Mooney et al., 1993; Butts et al.,
2007; Ziburkus et al., 2009; Krahe & Guido, 2011; Lin et al., 2014; Louros et al., 2014). High
frequency stimulation of the optic tract, or low frequency stimulation coincident with postsynaptic
depolarization in slices from immature ferret dLGN result in long-term enhancement of the
EPSC, with contribution from NMDAR activation (Mooney et al., 1993). However, in rat, the
same high-frequency stimulus results in long-term depression in dLGN explants before eye-
opening, but long-term potentiation later in development (Ziburkus et al., 2009). Finally, plasticity
rules based on burst timing have been identified before eye-opening (Butts et al. 2007 in rat),
but these plasticity rules have not been examined in more mature slices. On the other hand, the
contribution of homeostatic plasticity in retinogeniculate plasticity has been suggested through
studies involving monocular deprivation, chronic dark rearing, manipulation of stargazin, and
deletion of Mecp2 (a transcription factor necessary for homeostatic scaling up in the visual
cortex; Blackman et al., 2012; Noutel et al., 2011; Krahe & Guido, 2011; Lin et al., 2014; Louros
et al, 2014). Similar paradigms likely also drive synaptic plasticity at the fully mature
retinogeniculate synapse.

Recently described instances of rapid plasticity across species could also engage
Hebbian or homeostatic mechanisms at the retinogeniculate synapse and cause a shift in the
strength of individual retinogeniculate inputs (Moore et al., 2011; Aguila et al., 2017). In fact,
dLGN neurons readily adapt to changes in visual input. For example, pharmacologic blockade of
On-center RGC activity in adult cats rapidly uncovers Off-center responses in dLGN neurons
previously exhibiting On-center responses, instead of-silencing them (Moore et al., 2011).
Further, acute suppression of cortical feedback in awake monkeys shifted the receptive field
position of a subset of TC neurons (Aguila et al, 2017). Finally, rabbit geniculate neurons exhibit
bidirectional sensory adaptation that improves signal detection (Stoelzel et al., 2015). While

modulatory mechanisms could shape the response of the TC neuron to rapid changes in
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upstream inputs, the specificity that TC neuron responses exhibit in these studies indicates
instead a role for rapid shifts in the synaptic efficacy of retinogeniculate connections. These
changes occur too rapidly to rely on structural rearrangements of retinogeniculate connections,
their timecourse is consistent with possible unsilencing or strengthening of functionally silent or
weak subthreshold inputs via the insertion of postsynaptic receptors at dormant synaptic sites.
Of course, local inhibitory circuits may also contribute to rapid shifts in RGC input efficacy
(Fisher et al., 2017). Changes that occur over days rather than hours may also recruit the
redistribution of presynaptic boutons along the broad RGC axon arbor. The capacity of the
diverse types of retinogeniculate synaptic contacts for functional plasticity remains unexplored.
The expression of a variety of mechanisms for modification of synaptic weights is
layered on top of a potentially densely interconnected network that is evident in considerable
retinogeniculate divergence and convergence. Combined with the observation that both weak
and strong inputs innervate mature TC neurons, these plasticity mechanism may endow the
dLGN with a role in visual learning on multiple time scales (Ramos et al., 1976; Albrecht et al.,

1990).

Conclusion

Recent work is revealing new complexities of retinogeniculate transmission and circuit
organization that further expand the potential role of the dLGN in visual processing beyond its
classic attributes (Steriade et al., 1997; Sherman & Guillery, 2001). The morphological diversity
of synaptic motifs and complex connectivity patterns, combined with short- and long-term
plasticity mechanisms of the retinogeniculate circuit demonstrate that the retinogeniculate
synapse makes substantial and dynamic contributions to the processing of visual information.
Weak or non-dominant retinogeniculate inputs in the mature dLGN, which have repeatedly been
dismissed as insignificant, as errors of development or leftovers from developmental plasticity

with no functional relevance (Sur et al., 1984; Garraghty et al., 1985; Hamos et al., 1987), likely
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enhance extraction of visual features in the geniculate and visual cortex, and serve as strategic
reserves of plasticity. Moreover, the convergence of potentially heterogeneous RGC inputs onto
single geniculate neurons could give rise to new receptive field features such as orientation
selectivity in mouse dLGN, as recently proposed (Stafford & Huberman, 2017). Finally, the
interplay between the strength and short-term plasticity properties of RGC inputs in the context
of convergence and divergence adds to the richness of the dLGN circuitry.

Much is still left to understand about the extent and underlying basis of plasticity in the
dLGN. However, the idea that the mature geniculate system can utilize activity-dependent
plasticity mechanisms to fine-tune the contribution of its individual inputs in response to novel
visual challenges, experiences, changes in modulatory state, or retinal degeneration appears to
be rapidly gaining experimental support. Future studies are needed to clarify the differences in
the number of inputs that converge onto TC neurons between species, because the results may
correlate with the degree by which new receptive field features emerge at the level of dLGN.
Elucidation of whether and how weak inputs contribute to visual processing in different species
will also uncover the richness of thalamic function.

The continually expanding toolbox for interrogating diversity in neuronal circuits is
already uncovering nuances in the contribution of different RGC types to TC neuron function
(Storchi et al., 2015; Denman et al., 2016). Advances in methods for labeling, activating, and
measuring the activity of different neuronal populations that have been deployed extensively in
mice may also reveal underappreciated subtleties of retinogeniculate transmission in other
species (Scholl et al., 2013; Zaltsman et al., 2015; Zeater et al., 2015; Suresh et al., 2016).
Shifting models of the organization of the visual system that take into account the important
nuances of retinogeniculate functional organization and plasticity are certain to provide new

models of visual system development and function.
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CHAPTER 2:

Materials and Methods

Attributions: This chapter combines methods that were published as supplemental materials in
Hong YK, Park S, Litvina EY, Morales J, Sanes JR, Chen C. Refinement of the retinogeniculate
synapse by bouton clustering. Neuron. 2014 Oct 22;84(2):332-9, included here as Chapter 3,
with additional details related to Chapters 4 and 5. Sections that are reproduced verbatim or

include text from Hong et al, 2014 are clearly marked in the text.



All animal procedures were in compliance with the NIH Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal and Care and Use Committee

(IACUC) at Children’s Hospital, Boston.

Transgenic Animals (expanded from Hong et al, 2014)

Animals were maintained on a C57/BL6(J) background. All mouse lines, with references
and sources, used for these studies are listed in Table 2.1. Among these are several Cre lines
we screened that proved not to label RGCs with sufficient specificity and/or reliability when
crossed with the Ai32 reporter line; data from these studies are not included in this dissertation.

For anatomical characterization (Chapter 4, 6) JAMB-Cre-ER and BD-CRE-ER animals
were crossed with reporter Thy1-STOP-YFP mice, which express yellow fluorescent protein
(YFP) and / or Ai14 mice, which express TDTomato fluorescent protein under a CAG promoter
following Cre-mediated excision of a stop sequence (Madisen et al, 2012).

For functional characterization (Chapter 4, 5), Chx10-Cre, BD-Cre-ER, JamB-CreER and
CART-Ires2-Cre mice maintained as homozygotes or heterozygotes were crossed with
homozygous Ai32 mice yielding progeny heterozygous for each gene and expressing ChR2 in
the RGCs (and other layers of the retina—none of the lines examined label purely RGCs). The
resulting crosses are referred to as “Chx10;ChR2,” “BD;ChR2’ and so on.

A low tamoxifen dose of 1.5-4 ug/g at p0-10 was used for sparse (1-20 RGCs) labeling
of BD and J RGCs (Chapter 3); 100-300 pg/g yielded dense labeling (Chapters 3, 5), and was
used for control experiments comparing the effect on tamoxifen on retinogeniculate refinement
in Chx10;,ChR2 mice. Higher doses of tamoxifen unacceptably raised neonatal mortality.

For functional studies, animals aged p27-34 were included in the “p30” category, P60-

100 in “P60,” and P9-10 C57BL/6J wild-type (WT) in “P9.”
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Table 2.1: Animal Lines Used.

Mouse line RGCs labeled Reference Jax # Notes Usedin | Obtained
Chapter From
Selective Cre lines
bistratified, ON-OFF
direction selective also known as
BD-CreER |retinal ganglion cells | < &t @l PSTL4-CreERor 15 o |Joshua
gang 2010 KIAA-CreER; BAC [ Sanes lab
(BD-RGCs), .
. transgenic
downward motion
bistratified, ON-OFF | .
. . . Kim et al., .
CART- direction selective 2010: Hongkui
retinal ganglion cells ’ 028533 |knock-in 5 Zeng/Allen
IRES2-Cre . Martersteck et \
(BD-RGCs), multiple Brain
o al., 2017
directions
JAMB- ;Jellqecca:tcl;\/sé %’:E'?AZ%S Kim et al., BAC transgenic 3,5 Joshua
CreER . P 2008 9 ’ Sanes lab
motion
Rowan & . Connie
Chx10-Cre |all/most RGCs Cepko, 2004 005105 [BAC transgenic 4,5 Cepko Lab
b!strayfled, ONTOFF Arber et al.,
direction selective 1999 Elizabeth
HB9-GFP |[retinal ganglion cells ’ 005029 [transgenic 5
Trenholm et Engle Lab
(BD-RGCs) ,
. al., 2011
downward motion

Non-selective or variable cre lines (data not shown; hetxhet cross with Ai14 or Ai32) examined

variable expression

among Joshua
KCNG4- alpha-RGCs Duan etal., 029414 |RGCs/nonspecific  [not used Sahes/
Cre 2015 o Zhigang He
labeling in dLGN;
- labs
knock-in
Arber et al., . Elizabeth
Hb9-Cre [no RGCs labeled 1999 006600 |targeted mutation not used Engle Lab
Michael
Rbp4-cre [Several RGC types g;;b;)ah etal, Transgenic not used [Greenberg
Lab
Reporter Lines used
Thy1- .
STOP-YFP |YFP reporter Buffelli et al., THY1 promoter 3,5 Joshua
; 2003 Sanes
line #15
Ai14 TDTomato reporter 2"06‘1"2'36” etal. 1007008 |CAG promoter 5 Ej:)h Stevens
Ai32 ChB2 (H134R) YFP |Madisen et al., 12569 |CAG promoter 4,5 Jackson Labs
fusion reporter 2012
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Tissue preparation and immunohistochemistry (expanded from Hong et al, 2014)

Mice were anesthetized and transcardially perfused with 0.1M phosphate buffered saline
(PBS) immediately followed by 4% w/v paraformaldehyde (PFA) in PBS. Brains were post-fixed
overnight in 4% PFA at 4°C and rinsed in PBS. 100um sagittal or 60 ym coronal sections were
made with a vibratome (Leica VT1000). Retinae in Chapter 4, Figure 4.1 were sectioned on a
Leica CM3050S cryostat at 16 um thickness. The parasagittal slice from an in vitro
electrophysiology experiment shown in Chapter 4, Figure 4.1A was incubated in 4% PFA for 20
minutes after the end of the experiment and then stored in PBS until immunohistochemistry was
performed. Retinae and acute slices were post-fixed after most acute electrophysiology
experiments described in Chapter 5. This tissue was used to confirm the density and specificity
of labeling.

For young mice (P8-16), we also compared brains dropped directly into 4% PFA to those
fixed by transcardial perfusion. We found that the two methods provided comparable quality
tissue and labeled axon arbors. Axons arbors from drop-fixed brains were also included in the
data sets. Dissected whole mount retinae were post-fixed in 4% PFA for 15-30 min, incubated
with primary antibody in 0.5% Triton-X/PBS and 2% donkey serum for 2-3 days, followed by
secondary antibody (donkey anti- rabbit Alexa-488, and goat anti-guinea pig Alexa 555 or 594,
Invitrogen).

Native YFP fluorescence was amplified using anti-GFP primary antibody staining.
Primary antibodies used: rabbit anti-green fluorescent protein (GFP) (1:2000, Millipore), Chicken
anti GFP( AVES GFP-1020 1:1000), guinea pig polyclonal anti-vesicular glutamate transporter
vGLUT2 (1:2000, Millipore), Guinea-pig polyclonal anti-vesicular glutamate transporter VGLUT1
(1:1000 AB5905, Millipore, MA), mouse monoclonal anti-SV2 (Developmental Studies
Hybridoma Bank), and unphosphorylated neurofilament, mouse anti-SMI-32 (1: 1000, Covance),
and mouse anti NeuN (1:1000, Millipore MAB 377), Rabbit-anti-CART (H-003-62; Phoenix

Pharmaceuticals). Secondary antibodies used: donkey anti-rabbit antibody conjugated to Alexa
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Fluor 488 (1:2000, Invitrogen), donkey anti-rabbit antibody conjugated to Alexa Fluor 647
(1:1000, Invitrogen), donkey anti-guinea pig conjugated to Alexa Fluor 555 or 596 (1:1000,
Invitrogen), donkey anti-mouse 647 (1:1000), goat anti-mouse 555(1:1000, A31570), goat anti
chicken 488 (A11039), and goat anti GP 555 (21437). Tissue was then incubated with DAPI for

nuclear detection, mounted and coverslipped with Vectashield (VectorLabs).

Image acquisition (expanded from Hong et al, 2014)

Mouse retinae and brain sections were screened for the presence of YFP positive RGCs
under an epifluorescence microscope (Nikon 80i). Images were acquired with a laser scanning
confocal microscope (Zeiss LSM 700 or 710) equipped with 4x-60x objectives and a solid-state
laser with laser lines 405 nm (5 mW), 488 nm (10 mW), 555 nm (10 mW), 639 nm (5 mW) and a
variable secondary dichroic beam splitter. Regions of interest were imaged with 10x (0.25NA,
air), or 25x (0.8 NA), 40x (1.3 NA), 63x (1.4 NA), or 60x (1.4NA) oil immersion objectives (Zeiss,
Olympus). Tiling (Figure 4.3A) was automated with built-in functions in Zeiss imaging software
on the LSM 710. Retina images for Figure 5.8 were obtained on the Olympus DSU inverted
spinning disk confocal using a 20X air objective. The image of the retinogeniculate slice in
Figure 5.3 of the last study was taken with an Iphone 4S camera through the oculus of the rig

microscope.

Image Analysis
Methods exclusively used in Chapter 3 (reproduced verbatim from Hong et al, 2014)
Axons chosen for this study: The axon morphology of BD-RGCs displayed regional
differences in size depending on the target location in the LGN, similar to those previously
described in the superior colliculus for BD-RGC axons (Hong et al., 2011). Axon terminals within
the medial side (where the curvature of the LGN region is greatest and tapers to a point) tend to

be smaller, while those in the lateral most LGN where the nucleus is larger, tend to be large. In
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order to minimize variability of axon morphology, we restricted this study to axons within a
limited zone within the LGN (Supplementary Figure 7.1B). Specifically, we studied
contralaterally-projecting axons that were restricted to the dorsal LGN, excluding 150-200um on
the most medial and lateral edges of the LGN. This region was chosen because our previously
published electrophysiological data was obtained from this zone, and BD axons were most
frequently found in this area.

Axon Branching Analysis: For single cell morphology studies, only samples that had 1-2
well-separated RGCs in the retina were used for reconstruction. Semiautomatic tracing of a
confocal image stack was performed with the Simple Neurite Tracer Imaged plugin (Fiji). Axon
arbors spanning more than a single section were digitally aligned using Autoaligner (Bitplane)
using tissue boundaries and the traversing axon as fiduciary markers. Image stacks were
concatenated into a single stack (Imaged) so the RGC arbor could be fully reconstructed. 3D
masks were generated from filled traces in imaged and imported into Imaris for quantitative
analysis—total arbor length, the number of branches, the number of terminals branch length,
branch depth, and the number of branch points for each of the 3-D retinogeniculate arbors
reconstructions were quantified. Primary axons of BD-RGCs originate from the retina and tend
to traverse along the dorso-lateral shell of the LGN and continue on to project to other regions,
predominantly to the superior colliculus. Axon collaterals that enter the LGN are considered here
to be secondary branches. The secondary branches extend into the LGN with few off-shoots
until it reaches the target area deeper within the LGN. Thus, the secondary branches vary in
length depending the location of the target area. In order to normalize axons for different
locations, we therefore used only the tertiary and higher order axon branches for analysis, and
not the primary or secondary axon branches. The volume of the axon was taken to be the
convex hull of 3 dimensional space encompassing the axons’ tertiary or higher order branches.

Volumes were quantified using Imaris software (Bitplane).
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Bouton Identification: The numbers and locations of boutons were quantified semi-
automatically using the Spots tool in Imaris. We added an additional filter by which only spots
marking regions of axons that were > 2 times wider than the surrounding axon segment (<10pym
on either side of the varicosity) were counted as boutons. As a rule, we determined that an axon
was unfit for analysis if the primary axon, where boutons should not be present, had varicosities.
These were likely due to poor fixation and were excluded from this study. Width measurements
were taken as the full- width half max (FWHM) of the intensity profiles of a line drawn
perpendicular to the axon segment or bouton. Large boutons were counted as single boutons if
the varcosities were not resolvable. The number of boutons at older ages is thus likely an
underestimate of the actual number. Clustering Analysis Nearest neighbor distance: We chose
to measure Euclidian distances between boutons rather than the distance along the branch
because RGC axons often take circuitous routes, and clusters are often formed by converging
boutons from different branches of the same axon. Analysis was done with custom written
macros in Matlab.

Bouton Distribution Comparison of clustering was done by quantifying the nearest
neighbor distance (NN) and clustering bouton positions as point processes using mean-shift
clustering.

Mean-shift clustering analysis: We applied a mean-shift clustering algorithm to
objectively define clusters formed by boutons. Mean-shift clustering is a nonparametric
clustering analysis that does not require a priori knowledge of the number or shape of clusters to
be defined (Comaniciu et al., 2002; Fukunaga and Hostetler, 1975). Similar methods have been
used to define clustering of boutons in visual cortex (Binzegger et al., 2007). The positions of
boutons were treated as point processes in 3 dimensional space. The BD axons have regions
where bouton density is high relative to its surrounding, forming “islands” of high density
surrounded by low density regions. We first qualitatively determined areas of the axon arbor that

were distinctly clustered by subjective observers, and found that the average pair-wise distance
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between the boutons within the clusters were ~5 um. We chose this as the search radius (kernel
size). Thus, this parameter is not meant to provide an absolute measurement of bouton clusters,
but rather, allow for comparison of the relative degree of clustering (boutons/cluster) at different
developmental phases. A bouton cluster was defined as areas that contained 3 or more points.
Analysis was done using custom software in Matlab, using a flat kernel for mean-shift clustering.

Colocalization of boutons and presynaptic marker controls: Colocalization of VGLUT2
and YFP was quantified using the semiautomatic colocalization threshold and highlighter tools in
Imaged. Briefly, the colocalization highlighter used threshold values of the individual channels to
create a mask for regions where YFP or VGLUT2 channels overlap. This mask was then
superimposed on the original YFP channel.

An additional control included an assessment of the degree by which colocalization of
VGLUT2 and varicosities could occur by chance. The fraction of co-localization that occurred
when the VGLUT2 channel was rotated 1800 relative to the GFP channel for each image that
we analyzed was 26.7+ 9.9% at P8, and 17.2 + 11.3% at >P20 (n=10 each, SEM, p=0.04,
student t-test). This difference is consistent with our finding that VGLUT2 staining alone also
clusters with age, thus there is a reduced likelihood that colocalization occurs in the old when
compared to the young. However, Monte Carlo simulations demonstrated that changes in
random colocalization over age did not affect our interpretation of bouton clustering. From 1000
iterations, 27% and 17% of boutons were randomly removed from our bouton localization data
set of P8 and P20 arbors, respectively, and the average nearest neighbor distance for the two
age groups was calculated. As expected, removal of boutons led to an increase in average
nearest neighbor distance for both age groups (from 4.3+ 0.8 to 4.8 + 0.9 ym at P20; 5.6 + 0.8
to 6.5 +£ 0.8 ym at P8). However, the nearest neighbor distance was still significantly smaller at
P20 than at P8, consistent with an increase in clustering with age (student t-test, p=0.001). In

addition, there was no detectable difference in the average number of boutons/arbor with age.
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Therefore, the scoring of varicosity distribution over development is a reliable method for

quantifying bouton clustering.

Image Quantification Methods for Chapters 4, 5:

For quantification of primary visual cortex (V1) Chx10:ChR2 (YFP) labeling, tiled Z-
stacks of YFP and NeuN signal in 60pum-thick sections of V1 were acquired on the Nikon Ti
Eclipse inverted microscope using a 10x objective; YFP* neuronal cell bodies were counted
manually in FIJI using the cell counter plugin. 4 sections each from 4 mice were used for this
quantification. Across these sections, there were 14.2+1.82 (mean+SEM) YFP* neurons per V1
L6 section; projection neurons were not distinguished from local interneurons. The number of
YFP* neurons was converted to a population percentage using a manually-obtained density of
NeuN* cell bodies. This calculation showed that 0.35+0.009 (mean/SEM)% of NeuN" cells in V1
expressed YFP; in Layer 6 of V1, only 0.381+0.016 % of NeuN™ cells were YFP™.

For Chapter 5, Figure 5.1 and 5.8, a preliminary subset (3 fields of view taken at 20x, 3
animals each for BD; 1 randomly selected field of view, 3 animals for CART) of a larger set of
images acquired on the spinning desk were used to assess colocalization between signals
corresponding to GFP, Brn3A, CART, and DAPI (Figure 5.1) or ChR2-TdTomato, ReachR-
mCitrine, DAPI, and CART (Figure 5.8). Preliminary quantification was performed manually and
without blinding. To assess the effect of tamoxifen on the density of RGCs, retinae from 3 HB9-
GFP animals injected with high doses of tamoxifen neonatally and 3 animals receiving no
injections were compared. Four fields of view were counted and density of RGCs per unit area
was compared between groups. To quantify the number of RGCs labeled in BD;ChR2 retinae,
retinae from a subset of animals used for acute experiments were immunostained for GFP, flat-
mounted, and tiled images of the entire retina were manually collected on the 80i epifluorescent
scope using a 10x or 20x objective depending on tissue condition, and were reassembled in

Photoshop (Adobe). The number of RGCs was then manually quantified using ImageJ.
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In Chapter 5, we use CART immunohistochemistry to identify direction-selective RGCs
based on Kay et al, 2011. That study used a random RGC labeling in a Thy1-YFP-H line to
show that all CART-immunopositive RGCs exhibit OODSRGC morphology, and more than 95%
of YFP* neurons in BD;STP-YFP and DRD4-GFP mice (another OODSRGC-subtype-specific
GFP line) are CART-immunopositive at p7. CART also labels amacrine cells, which is the
reason we combine immunohistochemistry for CART with Brn3A whenever possible to help
identify RGCs (Kay et al, 2011). Therefore, CART immunohistochemistry yields a reliable

marker for the identification of OODSRGCs.

Electrophysiology Methods

Slice Preparation

Brain slices containing the optic tract (OT) and LGN were obtained from mice according
to a procedure originally developed for retinogeniculate slice experiments in rat (Turner & Salt,
1998) and later adapted for mouse (Chen & Regehr, 2000). Briefly, mice were anesthetized
using isoflurane and after decapitation the head was quickly cooled. The brain was then
carefully and quickly removed and immersed in oxygenated ice-cold cutting solution containing
(in mM): 130 mM K-gluconate, 15 mM KCI, 0.05 mM EGTA, 20 mM HEPES, and 25 mM
glucose (pH 7.4) with NaOH (Pressler and Regehr, 2013) for about 30-60 seconds. We found
that this cutting solution and maximal cooling of the head and brain improved viability of slices
from mice up to and older than p100. The brain was then placed on filter paper for a blocking cut
with a steel razor blade placed about 5° off the midline in the left hemisphere for a parasaggital
slice orientation. The flat surface created by this cut was then used to glue the brain to a
plexiglass wedge angled at 18° from the horizontal on the left side. 250 um-thick parasaggital
slices were sectioned in the cutting solution using a sapphire blade (Delaware Diamond Knives,
Wilmington, DE) on a vibratome (VT1200S; Leica, Deerfield, IL) and were allowed to recover at

31°C for 25-35 minutes in oxygenated (95% 0,/5% CO,) saline solution (in mM: 125 NaCl, 26
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NaHCO3, 1.25 NaH2P04, 2.5 KCI, 1.0 MgCI2, 2.0 CaCl2, and 25 glucose (Sigma) adjusted to
310-315 mOsm). Slices were maintained in circulating oxygenated saline solution throughout

the duration of acute slice electrophysiology experiments.

Acute Slice Electrophysiology

Slice recordings were made using an Axopatch 200B (Axon Instruments, Foster City,
CA), filtered at 1Khz, and digitized at 4-50 kHz with an ITC-16 interface (Instrutech).
Thalamocortical neurons were patch clamped in the monocular, mid-to-caudo-ventrolateral
region of the dLGN for optimal OT stimulation. DIC optics (Olympus) projected to a separate
monitor were used to visualize TC neurons. Whole-cell voltage clamp recordings of TC neurons
were performed using glass pipettes (1-2.0 MOhm resistance, Drummond Scientific, Broomall
PA pulled on Sutter p87 Flaming/Brown micropipette puller from Sutter Instruments) filled with
an internal solution consisting of (in mM): 35 CsF, 100 CsCl, 10 EGTA, 10 HEPES, and the L-
type calcium channel antagonist, 0.1 methoxyverapamil (290-300 mOsm, pH 7.3; Sigma). Cells
were held at OmV between trials. For most experiments, trials at -70 mV and +40 mV holding
potentials were alternated to isolate AMPAR and access NMDAR current components. Access
resistance was monitored throughout the experiment and evaluated in offline analysis. Intertrial
intervals were usually 20-25 seconds; they were extended to 40 seconds for experiments where
only the amplitude of NMDA receptor currents was measured. Because of the slow recovery
from light-induced inactivation of ReachR red-shifted opsin, intertrial intervals preceding ReachR
stimulation trials were extended to 60 seconds.

All experiments were performed at room temperature in oxygenated saline solution
containing 20uM bicuculline (Sigma). In addition to bicuculline, experiments that were designed
to compare the amplitude, timecourse, and paired-pulse properties of maximal eEPSC,
0EPSCs, and fEPSCs (those presented in Figs 4.3F-G, 4.2 D-F), the following drugs were

included in the bath: 50 uM cyclothiazide to block AMPAR desensitization, 20 uM CPP to block
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NMDAR currents, 10 uM DPCPX to block A1 adenosine receptors (Yang et al., 2014), 50 uM
LY341495 to block presynaptic mGluRs (Kingston et al., 1998; Hauser et al., 2013), and 2 uM
CGP55845 to block GABAg. Experiments to assess the development of ChR2 expression using
NMDAR currents (Figure 4.9 A-C) were performed in the presence of bicuculline along with 2
uM CGP55845, 10 uM DPCPX, and 5 uM NBQX to block AMPAR currents.

We chose a transgenic strategy over viral-mediated infection to express ChR2 for
optogenetic activation of RGC axons in order to avoid damaging the retina and to reduce
variability of ChR2 expression level between RGCs and between mice. Viral vectors may also
distort presynaptic release, confounding a quantitative analysis of retinogeniculate convergence

(Jackman et al., 2014).

Optic Tract Stimulation

Three types of axonal stimulation were used in this study.

For electrical stimulation (to evoke an “eEPSC” referred to in Chapters 4 and 5), a pair of
electrodes, filled with saline solution, was placed in the OT in a location that optimized the
maximal evoked current. Electrical stimuli were 0.25 msec in duration and ranged in amplitude
from 5-400uA (100-400uA stimuli were used to obtain the maximal eEPSC response, WPI
A365). Multiple locations along the portion of the OT bordering the vLGN were sampled to
obtain the optimal response; care was taken to avoid stimulating corticothalamic axons at the
dorsal edge of the vLGN.

For full-field stimulation of a maximal ChR2-mediated EPSC (the “0EPSC”), a CoolLED
pE unit supplied 470nm light through a 60x objective (Olympus LUMplanFL N 60x/1.00W),
measuring 83 mW/mm? maximal light intensity (A CoolLED pE 565 unit was used for dual
channel experiments in Chapter 5, with maximal light intensity measuring 16.5mW/ mm?).
470nm full-field stimuli were 1-4 msec long with power set at maximal 83 mW/mm? intensity to

obtain the maximal oEPSC except in Figure 4.4E-F and 4.9C, where the duration and/or
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intensity of full-field stimulation were varied to describe the development of sensitivity of ChR2.
565nm full-field stimuli were 10 msec long. In experiments comparing multiple measurements
from the same cell, such as different stimulation types in Figure 4.3F-G and 4.4 B, D-H, or
different stimulus intensities in Figure 4.9C, varying trials were interleaved pseudorandomly.

For optical stimulation of the ChR2-expressing OT bundle at a distance from the axonal
terminals (to evoke an “fEPSC”), a 200 pym-thick optic fiber, 0.39nA (Thorlabs) was threaded
through the barrel of one of the glass stimulating electrodes. The fiber was then positioned over
a similar location in the OT as electrical stimulation, taking care to avoid overlap between the
light spot and the soma of the patched TC neuron, and lowered onto the tissue, with a resulting
elliptical ~1mm? spot of blue light (0.5 x 0.7 mm) over the OT. 470nm illumination was provided
by a CoolLED pE-100™°" system for this fiber (Max light intensity through fiber: 49 mW/mm?
(Scientifica). Optic fiber stimuli ranged from 1-4 msec in and from ~0.5-49 mW/mm? in intensity;
the maximal intensity was always used to obtain the maximal fEPSC. This fiber set up was also
used for 470nm light stimulation in dual channel experiments in Chapter 5. In this case, the fiber
hovered above the tissue and the light spot was deliberately positioned to center on the soma to
evoke the maximal ChR2-driven oEPSC. 10 msec durations were used for this experiment. Light
intensity was measured offline using Thorlabs Compact Power and Energy Meter (PM100D)
coupled to a photodiode (S130C). The length of stimulus indicators in figures corresponds to the

duration of stimulation used for in individual example experiments.

Single Fiber Stimulation

Single Fiber responses were isolated with either electrical or optical stimulation (through
the fiber). A window displaying a ~150 pA amplitude range around the baseline in the Igor
interface was used to monitor the result of each stimulation during single fiber isolation
experiments to ensure that small single fibers were not missed due to display scaling.

To isolate single RGC fiber responses using electrical stimulation, the amplitude of the
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stimulus was systematically varied from minimal by increments of 0.25 uA. Procedures for
ascertaining single fibers and silent inputs were followed as discussed in previous publications
from the lab (Hooks & Chen, 2006, 2008; Noutel et al., 2011). Another input clearly isolated and
at least 5x greater in peak amplitude than the first was also counted as a single fiber. In some
cases, second or third fibers were obtained by moving the stimulus to a different location in the
OT.

To isolate single fibers using ChR2, blue light minimal stimulation delivered through the
optic fiber over the OT was used. The CoolLED control panel provides the ability to increment
light intensity by 0.1-0.15 mW/mm? steps up to ~15 mW/mm?, and at 0.05-0.1 mW/mm?
increments up the max intensity (49 mW/mm?). We took advantage of these small increments to
isolate single ChR2-expressing retinal inputs. Both 50% failure and threshold methods of single
fiber isolation were adapted and tested for blue light stimulation. In both cases, a narrow range
of light intensities around the threshold of a minimal response to stimulation was first identified
manually by incrementally varying the light intensity between ~0.5-15 mW/mm? by increments of
~0.1-0.3 mW/mm?. For the 50% failure method, stimulation intensity was lowered to the bottom
of this range following initial determination of the relevant range of intensities. In the example
shown in Figure 4.5Aii, 23 waves were first recorded at the lower intensity (5.41 mW/mm?), and
then the intensity was increased by incrementally (to 5.54 mW/mm?) and 75 waves were
recorded. The probability of obtaining a response for these two intensities was then calculated
by diving the number of trials yielding an EPSC over the total number of trials recorded at that
intensity of stimulation (2/23 and 37/75, respectively). For the threshold approach, which was
used to obtain the majority of optical single fiber responses, stimulation intensity was lowered 1-
2 increments below the bottom of the pre-determined range, and then increased every 2-4 trials
until a response could be reliably evoked. As with electrical stimulation, we then gradually
increased the stimulation to determine whether a second single fiber could be isolated. Also as

with electrical stimulation, the single fiber response sometimes first emerged in response to the
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second of two stimuli delivered 50-msec apart before appearing in response to the first stimulus

at the next light-intensity increment (Noutel et al., 2011).

Data Acquisition and Analysis (Expanded from Hong et al, 2014)

Data acquisition and offline analysis was performed using custom software written in
IgorPro (Wave-Metrics, Portland, OR), Prism (GraphPad Software, Inc.), JMP (SAS Institute)
and Excel (Microsoft, Redmond, WA). EPSC kinetics and paired-pulse ratios were calculated
using averages of 3-5 trials. EPSC halfwidth (Table 4.2) was computed between the time-point
in the rising and falling phases of the EPSC at which the amplitude was 50% of the peak. To
normalize based on EPSC amplitude, the halfwidth value was divided by the amplitude.

All data sets were evaluated for normality using the Kolmogorov-Smirnov test. For
nonparametric distributions, the Mann-Whitney (“MW”) or Wilcoxon signed ranks test were used
for unpaired or paired comparison. For multiple comparisons of nonparametric data, the
Kruskal-Wallis (“KW”) ANOVA with post hoc Dunn’s multiple comparison test was used. For
normally distributed data sets, we used the Student’s t test and one-way ANOVA with Tukey’s
multiple comparison test. For all figures, *p < 0.05; **p < 0.01; ***p < 0.001. In Chapter 3, for
groups P8, P12, P16, P20, P31, P60, and LDR at P31,n =8, 8, 8, 7, 12, 11, and 8, respectively.
Unless otherwise specified, all box plots indicate the median (line within box), 25-75% quartile
range (box), and 10-90% range (whiskers). Amplitudes are generally reported in nA unless

otherwise specified. N’s for each experiment are noted in figure legends and/or tables.

Fiber Fraction Assessment

Afferent convergence was calculated by computing the fiber fraction (single fiber current
amplitude/maximal current amplitude) for each single fiber and separately for AMPAR and
NMDAR currents (Hooks & Chen, 2006, 2008); these values were then averaged to obtain a

single fiber fraction value for each cell. Separate fiber fractions were calculated using synaptic
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currents evoked with optical or electrical stimulation. Electrical single fiber and maximal
amplitude were used to calculate the electrical fiber fraction (eFF); single fibers isolated with the
optic fiber stimulus and oEPSC maximal currents were used to calculate the optical fiber fraction

(oFF).

Data Comparison from Prior Publications

The data presented in Figure 4.6 summarizes previously published data combined from
several previous publications from our lab. All data sets include recordings from LGN slices of
p27-34 C57/BL6(J)-background WT animals prepared with different cutting solutions. The
“Choline” cutting solution was used in Hooks & Chen, 2006, Figs 4-6 and Noutel et al., 2011,
Figure 2; 25% sodium replacement: (mM) NaCl 78.3, NaHCOS3 23, glucose 23, choline chloride
33.8, KCI 2.3, NaH2Po03 1.1, MgCI2 6.4, CaCl 0.45. The “Enhanced Choline” solution, which
replaced 73% sodium concentration with choline, and added 3.1mM sodium pyruvate and
11.6mM sodium ascorbate, was used in Figure S5 of Thompson et al, 2016: 73% sodium
replacement: choline chloride 110, sodium pyruvate 3.1, sodium ascorbate 11.6, NaHCO3 25,
glucose 25, MgCI2 7, KCI 2.5, NaH2P0O4 1.25, CaCl2 0.5. The “K-Gluconate” solution, which
replaced 100% of sodium with potassium gluconate, was used in Hong et al, 2014, which is
Chapter 3: 100% Sodium replacement: 130, KCI 15, EGTA 0.05, HEPES 20, glucose 25 pH 7.4.

Table 4.5 shows the statistics for these three data sets.

Evaluating Percent of RGCs expressing ChR2 in Chx10;ChR2 retinae (Chapter 4)

The estimates of the number of afferent inputs using ChR2 stimulation depend on the
number of RGC expressing the opsin. Just as with all Cre technologies, Cre-driven expression
was not absolute in Chx10,ChR2 retina. Because the majority of retinal cell types express YFP
in Chx10;ChR2 retina and produce a very bright signal, it was not possible to directly quantify

the percent of RGCs do express YFP express. Instead, we took a functional approach to
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quantifying the expression of ChR2 in the population of RGC axons that can be stimulated in the
OT. To estimate the proportion of RGC axons that can be stimulated with ChR2, we quantified
the fraction of the eEPSC that can be occluded with an o0EPSC prepulse stimulus. This
experiment is conceptually similar to the approach we took to assess whether optical and
electrical stimulation activate the same or different single fibers (Figure 4.5B). Figure 4.4H
shows an example maximal occlusion experiment and simple algebraic assumptions used to
infer this fraction. If all axons in the OT express ChR2, then the amplitude of the depressed
maximal eEPSC following an oEPSC stimulus should be similar to the amplitude of the
depressed maximal eEPSC following an eEPSC stimulus—both would activate all of the axons
accessible to electrical stimulation in the OT. On the other hand, if a subset of axons in the OT
don’t express ChR2, and therefore can only be stimulated with an electrical stimulus, then the
eEPSC following an oEPSC should be larger than the eEPSC following another eEPSC. The
difference between the two second-pulse eEPSCs should correspond to the RGC axons that
don’t express ChR2. Using data from 24 cells among 10 slices and values from eEPSC:eEPSC,
OEPSC:0EPSC, and oEPSC:eEPSC trials, we calculated that 86+2.7% (mean; SEM) of all
stimulated axons expressed ChR2 in the OT. Similar values were obtained by replacing the
0ESCP:eEPSC trials with the eEPSC:0EPSC trials, as shown in Figure 4.4H, and by examining
the distribution of the maximal fEPSC/eEPSC ratio from experiments in Figure 4.3G. This
observation should be kept in kind when comparing the amplitudes of electrically and optically
stimulated currents in our experiments, and suggests that the oEPSC includes more, yet not
necessarily all, RGC inputs to a TC neuron. The resulting estimate of convergence, therefore, is

slightly conservative.

Simulation of Retinogeniculate Convergence (Chapter 4)

To calculate the number of functionally relevant inputs that a TC neuron can receive on

average at different ages, we carried out a simulation by randomly resampling from sets of
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maximal and single fiber EPSC amplitudes. AMPAR current data was used for p30 simulations,

whereas NMDAR current data was used for P9-10 simulation

Single fiber values used for simulation

The set of 271 single fibers (Figure 4.7B) was compiled using data from ~p30 cells, with
single fiber from data published in Hong et al, 2016/Chapter 3 and unpublished data. For the P9
simulation, a data set consisting of n=35 single fibers recorded from P9-10 C57 animals using
electrical stimulation were used. NMDAR single fiber amplitudes corresponding to both AMPAR-
containing and AMPAR-silent single fibers was used. The proportion of silent single fiber inputs

in these recordings was similar to that previously reported in Chen & Regehr, 2000.

Maximal values used for simulation

All available oEPSC values from ~p30 Chx10,ChR2 slices were used for this data set,
n=68 in all, 1 maximal value from each cell across n=23 animals. For the P9 simulation, n=48
NMDAR eEPSC maximals were used, 1 per cell from n=9 animals. The control experiments
shown in Figure 4.4 indicate that any contribution from ChR2 channel-mediated enhancement of

the amplitude of oEPSC maximals is likely to be very small.

The simulation

A single trial of the simulation consisted of (1) random drawing of a maximal value, (2)
randomly choosing single fibers one by one to match the chosen maximal. Two constraints were
placed on this process. (1) If the first randomly chosen single fiber was larger than the randomly
chosen maximal, this single fiber was discarded and another was chosen (this was a rare
occurrence). (2) Single fibers were randomly drawn from the source distribution until the
summed amplitudes of n inputs exceeded 1.05x of the chosen maximal amplitude. The sum of n

single fibers and the sum of (n-(last chosen single fiber)) were then compared to the chosen
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maximal, and the set of single fibers that yielded a closer value to the chosen maximal was used
to tabulate the number and amplitude distribution of single fibers for that simulated cell. The final
set of single fibers was then binned into 100-pA bins (Figure 4.7E).

This single trial was repeated 50,000 times for both the p30 and P9 data sets. The
resulting distribution of the number of single fibers per maximal are summarized in Figure 4.7.
P9 and p30 distributions were compared using a single Mann-Whitney test on 250 randomly
chosen values from each 50,000 distribution (4F). About 20-25% of identified P9 inputs are
likely to be silent (Chen & Regehr, 2000). Binned single fibers were used to deter