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Mechanisms underlying retinogeniculate synapse formation in mouse visual thalamus  

 

Aboozar Monavarfeshani 

 

Abstract 

Retinogeniculate (RG) synapses connect retinal ganglion cells to the thalamic relay cells 

of the dorsal lateral geniculate nucleus (dLGN). They are critical for regulating the flow of visual 

information from retina to primary visual cortex (V1). RG synapses in dLGN are uniquely larger 

and stronger than their counterparts in other retinorecipient regions.  Moreover, in dLGN, RG 

synapses can be classified into two groups: simple RG synapses, which contain glia-encapsulated 

single RTs synapsing onto relay cell dendrites, and complex RG synapses, which contain 

numerous RTs that converge onto the shared regions of relay cell dendrites. To identify target-

derived molecules that direct the transformation of RTs into unique RG synapses in dLGN, I 

used RNAseq to obtain the whole transcriptome of dLGN and its adjacent retinorecipient 

nucleus, vLGN, at different time points during RG synapses development. Leucine-Rich Repeat 

Transmembrane Neuronal 1 (LRRTM1), a synaptogenic adhesion molecule, was the candidate I 

selected based on its expression pattern. Here, I discovered that LRRTM1 regulates the 

development of complex RG synapses. Mice lacking LRRTM1 (lrrtm1-/-) not only show a 

significant reduction in the number of complex RG synapses but they exhibit abnormal visual 

behaviors. This work reveals, for the first time, a high level of retinal convergence onto dLGN 

relay cells in thalamus and the functional significance of this convergence for vision. 
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Mechanisms underlying retinogeniculate synapse formation in mouse visual thalamus  

 

Aboozar Monavarfeshani 

 

General audience abstract 

Our relationship with the environment is heavily reliant on vision, an intricately wired 

sensory system, much like a circuit. This circuit begins at the eyes, with the retina, and spreads to 

different visual centers in the brain. Retinal ganglion cells (RGCs) send their wires, called axons, 

carrying information about the visual world to over 40 different regions in the brain. A major 

target of these axons is the dorsal lateral geniculate nucleus (dLGN), a region critical to our 

ability to perceive the visual world. The sites where RGCs connect to the dLGN cells are called 

retinogeniculate (RG) synapses, and my studies focused on understanding how these RG 

synapses develop and how they function. I am the first to discover the fact that more than a 

dozen distinct RGC axons cluster within the same neighborhood of one shared target cell in the 

dLGN. Unique to the dLGN, these clusters, termed complex RG synapses, are not seen in any 

other RGC target regions in the brain. Moreover, I demonstrated a new molecular mechanism 

that forms these synapses by identifying a protein called LRRTM1, as a critical molecule 

required for the formation of these complex RG synapses in the dLGN. By studying the visual 

behavior of mutant mice lacking LRRTM1, I demonstrated that complex RG synapses are 

important for performing complex visual tasks. The discoveries detailed within this dissertation 

add to current efforts to restore vision in patients suffering from severe visual impairments, via 

regenerative therapies, by furthering our understanding of how neural wires connect in the visual 

circuit to reveal everything we will ever know about the visual world.  
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1. General introduction  

1.1. Overview of the mouse visual system 

Retina, the neural tissue within the eye, detects, processes and transmits light-derived 

information to many retinorecipient regions in the brain. This light-derived information regulates 

a diverse collection of biological processes. The most evident function of the retina and its light-

derived output is vision. Sighted animals utilize this information to perceive the size, shape, 

color, direction and motion of the objects and other organisms in their surrounding environment. 

In addition to this “image-forming” function, light-derived signals regulate many other 

physiological processes such as photo-entrainment of the circadian rhythm, pupillary reflexes 

and heart rate in mammals.  

The retina contains 5 main neural cell types: photoreceptors, 3 types of interneurons and 

retinal ganglion cells. Photoreceptors (PRs) lie in the outermost layer of retina (the ONL) where 

they detect and convert photons of lights into neural signals.  PRs then transmit those light-

derived signals to the inner nuclear layer (the INL) of the retina where retinal interneurons which 

include bipolar cells, horizontal cells and amacrine cells, process and shape the visual signals and 

transmit them to retinal ganglion cells (RGCs) in the innermost layer of the retina. RGCs extract 

and transmit distinct aspects of visual information to many different subcortical regions in the 

brain, based on their classes (Fig. 1). Retinal projections that carry image-forming information 

necessary for vision innervate many subcortical regions including the dorsal Lateral Geniculate 

Nucleus (dLGN) in the thalamus and Superior Colliculus (SC) in the midbrain. These two 

regions are the most well-studied retinorecipient regions in mammals. The dLGN (called simply 

LGN or DLG in carnivores and primates) relays image-forming visual information to the 

primary visual cortex (V1), primarily to layers 1 and 4. From V1, visual information enters one 



2 

 

of the two less known cortical pathways, the ventral and dorsal streams, through anterolateral 

(AL) and lateromedial (LM) visual areas, respectively (Wang et al., 2012). The visual 

information of the ventral and dorsal stream, along with inputs from other sensory systems, 

ultimately guides animal’s sight-dependent navigation in their environment.  

More details regarding the components of rodent visual circuitry which are important for 

studies in this dissertation will be discussed below. At this point, however, it is important to note 

that studying the circuitry of the visual system and the mechanisms by which visual information 

is generated, processed, and transmitted to the brain is necessary not only to enhance our 

fundamental understanding of vision, but also to develop novel therapeutic interventions for 

patients suffering from devastating disorders of the visual system such as glaucoma.   

 

1.2. Visual impairments and future regenerative therapies 

Blindness and other visual impairments affect millions of people worldwide and in the 

United States (Stevens et al., 2013; Tham et al., 2014) and they represent a significant economic 

burden (Köberlein et al., 2013; Rein et al., 2006). According to world health organization 

(WHO) estimation, currently, about 36 million people worldwide are blind and 217 million more 

suffer from moderate to severe visual impairment. Additionally, the National Eye Institute (NEI) 

projects that 4 million Americans will be blind and upwards of 12 million will suffer from visual 

impairment by the year 2050. One of the main causes of blindness and severe visual impairment 

is glaucoma, a condition caused by blockage of the Schlemm's canal and increased pressure 

inside the anterior and vitreous chambers of the eyes. This increased pressure leads to permanent 

damage to the optic nerve and eventual death of RGCs (thus, disconnecting the eyes from the 
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brain). In the US alone, it has been projected that the number of people affected by glaucoma 

will exceed 6 million by 2050 (NIH).  

Unfortunately, there are no cures or effective treatments for glaucoma (Tham et al., 

2014). However, the emergence of regenerative therapeutics has opened the door to the potential 

treatments of severe visual impairment and blindness caused by this disease and other 

neurodegenerative disorders of the visual system such as optic nerve hypoplasia (ONH) (Kong et 

al., 2012; Ryabets-Lienhard et al., 2016) as well as traumatic optic nerve injuries, in which the 

neural connections between RGCs and target regions in the brain are disrupted. The driving 

principle of regenerative therapeutics is to re-establish neural connections between RGCs and 

retinorecipient regions in the brain (Sieving, 2012; Yucel and Gupta, 2015). To restore vision 

through this regenerative approach, we need to: (1) regenerate RGCs from stem cells, (2) regrow 

their axons into the brain, (3) guide them to the correct target nuclei in the brain – and correct 

cell types – and, most importantly, (4) program them into building the correct type and 

functional synapses. While not fully successful yet, the generation of some RGCs or the whole 

retina (in the form of organoids) from embryonic stem (ES) or induced pluripotent stem cells 

(iPSCs) have been accomplished by a few groups (Gill et al., 2016; Maekawa et al., 2016; 

Nakano et al., 2012; Ohlemacher et al., 2016; Reichman et al., 2014; Zhong et al., 2014). 

Similarly, regeneration and regrowth of RGC axons into the retinorecipient regions of the brain 

have been only achieved for a very small percentage of RGCs with minor functional recoveries 

of visual behaviors (Benowitz et al., 2017).  

Currently, a major obstacle in visual circuit regeneration is the significant gap in the 

knowledge about molecules and mechanisms required for guiding retinal axons to their targets 

and molecular mechanisms that regulate the assembly of appropriate and functional synapses 
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(Crair and Mason, 2016; Goldberg and Guido, 2016). Therefore, understanding how synaptic 

connections form between retinal axons and relay cells in the dLGN by filling this gap serves a 

crucial step for developing regenerative therapies for visual impairments. For this reason, I have 

focused on trying to identify molecules and mechanisms that underlie the formation and 

differentiation of retinogeniculate (RG) synapses; the synapses that connect RGCs to the 

principal relay cells in the dLGN.  

In the following sections, I will introduce key concepts regarding the circuitry and 

cytoarchitecture of the mouse retina and dLGN and their respective mechanisms involved in 

receiving, processing and transmitting visual sensory information. It is important to note that 

some parts of this section are excerpts from a review that I co-authored (Monavarfeshani et al., 

2017). The full version of this manuscript is available online. After a general introduction to the 

RG circuit, I will introduce key concepts in known molecular mechanisms that govern 

synaptogenesis (mainly at other synapses in the brain).   

 

1.3. Retinal processing of light-derived signals in mice 

In mouse retina, three types of PRs exist in the outer nuclear layer (Fig. 1): Rods which 

possess a high level of sensitivity to light and, therefore, are responsible for vision in low-light 

conditions; and 2 types of cones, which respond best to bright lights and each contain distinct 

photopigments that enable them to detect specific wavelengths of light (color). One type of rods 

and two types of cones have been characterized in the mouse retina based on the presence of 

different opsins in their outer segments. S cones, which express short wavelength-sensitive (S) 

opsins and are able to detect UV light (unlike S cones in primates which detect blue light); and 

S/M cones, which contain both S and M (middle-to-long-wavelengths, also called L opsin) opsin 
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photopigments and are able to detect both UV and green colors (mice cannot detect red light) 

(Baden et al., 2013; Jacobs et al., 2004; Ortín-Martínez et al., 2014). Thus, in the ONL of retina, 

one can assume at least 3 separate entrance channels for different visual information (i.e. rod 

channel, S-cone channel and S/M-cone channel). 

The INL of the retina harbors at least 12 (but likely more) types of bipolar cells, as well 

as many other types of horizontal and amacrine cells (Macosko et al., 2015; Masland, 2001; 

Shekhar et al., 2016). Bipolar cells that connect with rods are called rod bipolar cells (RBC), 

while those that receive input solely from cones are called cone bipolar cells (CBC). Typically, 

around 20-80 rod PRs converge onto a single RBC, and similarly (but to a lesser extent), a single 

CBC receives converging input from multiple cone PRs (only from S cones, or from a mixture of 

S and S/M cones). CBCs are classified as ON (depolarize in response to stimulus) or OFF 

(hyperpolarize in response to stimulus) bipolar cells depending on their response to the presence 

of light. Horizontal cells in the outer plexiform layer (OPL) connect to PRs synaptic terminals. It 

has been thought that horizontal cells, through an inhibitory feedback mechanism onto the PRs, 

generate lateral inhibition. The highly precise neural circuit that forms in the inner plexiform 

layer (IPL) among different classes of the 3 main retinal cells types, bipolar, amacrine and 

ganglion cells, assembles a computational substrate that underlies the complex processing of 

visual information before they sent to the brain through RGC axons (Euler et al., 2014; Wässle, 

2004).  

About 30 classes of RGCs have been characterized based on their morphology, circuitry, 

physiological properties and molecular identities (Sanes and Masland, 2015), although single cell 

transcriptome analyses suggest this number could exceed 45 and analyses in zebrafish have 

proposed ~80 classes of RGCs (Robles et al., 2013). For those classes that have been studied in 
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detail, layer-specific dendritic stratification and the pattern of dendritic branching of RGCs in the 

IPL, soma size, and gene expression patterns are all important criteria by which RGC classes are 

defined. Each class of RGCs is optimized to respond best to a particular feature of the visual 

world varying from detection of a simple center-surround spot (e.g. by alpha RGCs, the largest 

RGCs) to detection of directional movement of both light and dark edges (e.g. by ON-OFF 

DSGCs). Thus, different features of the visual information are encoded by RGCs, sorted into 

distinct channels, and transferred to subcortical regions in the brain through separate pathways. 

Beyond being a powerful light detector, the retina process and parses out different features of the 

visual world before transmitting them through RGC axons to the brain.  

 

1.4. dLGN: the main target region of image-forming RGC projections  

RGC axons exit the eye from the optic disc and reach the brain through the optic nerve.  

In both nocturnal and diurnal rodents, these axons innervate approximately 40 different 

retinorecipient regions, more than ten of which are located within the thalamus (Martersteck et 

al., 2017; Morin and Studholme, 2014). In nocturnal rodents, thalamic nuclei directly innervated 

by retinal axons include the dLGN, ventral lateral geniculate nucleus (vLGN), intergeniculate 

leaflet (IGL), lateral posterior thalamic nucleus (LP; analogous to the pulvinar in higher 

mammals), anterodorsal thalamic nucleus (AD), centrolateral thalamic nucleus (CL), para-

habenular zone (PHb), peripeduncular nucleus (PP), zona incerta (ZI), and subgeniculate nucleus 

(SubG) (Morin and Studholme, 2014). (Fig. 2). In addition to these retinorecipient regions, some 

thalamic nuclei, such as the thalamic reticular nucleus (TRN), process visual information but do 

not receive direct input from RGCs. Despite the plethora of retinorecipient targets in mice brain, 
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the vast majority of image-forming RGC axons innervate the dLGN. Here, I review the 

cytoarchitecture and circuitry of the dLGN in mouse (and other rodents).  

 

1.4.1. Cytoarchitectural organization of dLGN 

The dLGN receives, processes, and relays classical image-forming visual information 

and, for this reason, has received the most attention of all retinorecipient thalamic nuclei. In 

higher mammals, the dLGN has a distinctive cytoarchitecture with layers that receive eye- and 

function-specific retinal inputs. While cells in the dLGN of highly visual diurnal rodents, such as 

squirrels, are separated into at least five layers (Kaas et al., 1972; Van Hooser and Nelson, 2006), 

the dLGN of nocturnal rodents lacks gross cytoarchitecture lamination, despite having eye-

specific domains (Godement et al., 1984; Jaubert-Miazza et al., 2005; Muir-Robinson et al., 

2002; Reese and Cowey, 1983) (Fig. 3). Nevertheless, evidence that the dLGN of rats (Reese, 

1988), mice (Grubb and Thompson, 2004; Krahe et al., 2011), and hamsters (Emerson et al., 

1982) are not anatomically homogenous emerged. The possibility that “hidden laminae” existed 

in rodent dLGN first arose from studies demonstrating the dorsolateral “shell” and ventromedial 

“core” regions of rodent dLGN contain population of retinal terminals ( RTs) that are 

morphologically separable (Erzurumlu et al., 1988; Hammer et al., 2015; Reese, 1988). Hidden 

laminae have become more apparent with techniques that label individual classes of RGCs 

(Baden et al., 2016; Sanes and Masland, 2015). A series of studies in transgenic reporter mice 

(each of which labels a single class of RGCs) have demonstrated the existence of several RGC 

class-specific retinorecipient sublaminae in dLGN (Hong and Chen, 2011; Huberman et al., 

2008a; Huberman et al., 2009; Kay et al., 2011; Kim et al., 2010; Kim et al., 2008) (Fig. 3).  
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In addition to a heterogeneous distribution of retinal afferents, neuronal subtypes within 

the rodent dLGN are differentially distributed. Two main types of neurons exist in dLGN, both 

of which are innervated by retinal afferents. Principal neurons, or thalamocortical (TC) relay 

cells, are excitatory projection neurons that originate from the caudal progenitor domain within 

the thalamic ventricular zone (i.e. prosomer 2) (Altman and Bayer, 1989; Puelles and 

Rubenstein, 2003; Vue et al., 2007) during rodent embryogenesis. Ultimately TC progenitor cells 

differentiate into at least three morphologically distinct classes in nocturnal rodents –  biconical 

X-like cells, symmetrical Y-like cells and hemispheric W-like TC cells (Krahe et al., 2011; Ling 

et al., 2012). These classes of TC relay cells closely resemble those reported in cats (Friedlander 

et al., 1981) and higher mammals (Irvin et al., 1993). Just as classes of relay cells are 

differentially distributed in cat and primate dLGN (Nassi and Callaway, 2009; Sherman, 1985), 

they are uniquely distributed in mouse dLGN: W-like cells occupy the dorsolateral shell of 

mouse dLGN and X- and Y-like cells occupy the ventromedial dLGN core (Krahe et al., 2011). 

While all three classes of TC relay cells project axons to visual cortex, recent evidence has 

demonstrated that regionally restricted cell types participate in functionally distinct parallel 

visual pathways in mice (Bickford et al., 2015; Cruz-Martín et al., 2014). 

Beside principal relay cells, rodent dLGN contains a small percentage (10-20%) of 

inhibitory interneurons, a cell type absent from most other dorsal thalamic regions (Arcelli et al., 

1997; Jaubert-Miazza et al., 2005). The arrival of these interneurons occurs postnatally, after 

retinal inputs have targeted dLGN, formed immature connections, and begun to undergo activity-

dependent refinement (Golding et al., 2014; Jager et al., 2016; Jones and Rubenstein, 2004; 

Singh et al., 2012). The precise origin of these interneurons is currently under debate, with 

studies suggesting they arise from a rostral progenitor domain within the thalamus (i.e. prosomer 
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3) or from tectum (Golding et al., 2014; Jager et al., 2016; Virolainen et al., 2012). Evidence is 

also emerging that dLGN interneurons are not a homogeneous population in mice, and can 

instead be divided into at least two classes based on soma size, membrane capacitance and 

neuronal nitric oxide synthase (nNOS) expression (Leist et al., 2016). Similar interneuron 

diversity has been reported in rats (Gabbott and Bacon, 1994), cats (Montera and Zempel, 1985; 

Montero and Singer, 1985), and primates (Braak and Bachmann, 1985). At present, however, it 

remains unclear whether classes of local inhibitory interneurons exhibit regional preferences in 

the nocturnal rodent dLGN.   

 

1.4.2. Afferent projections of dLGN: Retinal Afferents 

In mammals, the primary excitatory drive onto TC relay cells is provided by retinal 

inputs (Petrof and Sherman, 2013; Sherman, 2005). Anatomically, retinal projections to dLGN 

are spatially organized in (at least) three fundamental ways. First, retinal afferents are segregated 

into non-overlapping eye-specific domains in an activity-dependent manner (Huberman et al., 

2008a; Zhang et al., 2012). The dLGN of nocturnal rodents receives a relatively small 

contribution (5-10%) of retinal afferents from the ipsilateral retina and these projections are 

confined to a ventromedial core region of the dLGN (Gaillard et al., 2013; Jaubert-Miazza et al., 

2005; Morin and Studholme, 2014) (Fig. 3B). Second, retinal projections to dLGN are organized 

topographically– so that neighboring RGCs provide input to neighboring TC relay cells and 

provide a continuous and faithful representation of spatial information from retina to brain (Cang 

and Feldheim, 2013; Feldheim et al., 1998; Huberman et al., 2008a; Pfeiffenberger et al., 2006) 

(Fig. 3C). Third, and perhaps most remarkably, retinal projections undergo class-specific 

segregation in rodent dLGN (Fig. 3D). Although more than 30 classes of RGCs exist in 
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nocturnal rodents only a subset innervate dLGN (Baden et al., 2016; Ellis et al., 2016; Sanes and 

Masland, 2015). This suggests that targeting mechanisms exist that guide some classes of RGC 

axons into dLGN and exclude others. Once appropriate classes of retinal axons enter dLGN, they 

are further segregated into a newly-appreciated laminar organization (Dhande and Huberman, 

2014; Hong and Chen, 2011; Sanes and Masland, 2015). The presence of these stereotyped class-

specific retinal projections has been elegantly revealed by transgenic reporter mice in which 

individual RGC classes are labeled with reporter proteins (Dhande et al., 2013; Hattar et al., 

2006; Huberman et al., 2008b; Huberman et al., 2009; Kay et al., 2011; Kim et al., 2010; Kim et 

al., 2008; Rivlin-Etzion et al., 2011; Triplett et al., 2014). While only a small set of individual 

RGC projections have been mapped with this approach, some rules are beginning to emerge. 

First, projections of direction-selective classes of RGCs arborize in more dorsolateral regions of 

dLGN, including the shell of dLGN (Cruz-Martín et al., 2014; Huberman et al., 2009; Kim et al., 

2008; Rivlin-Etzion et al., 2011). Second, there is considerable overlap in the laminar 

termination zones of RGC axons (Fig. 3D), and taken in the context of recent ultrastructural and 

circuit tracing experiments in dLGN (Hammer et al., 2015; Morgan et al., 2016; Rompani et al., 

2017), this raises the possibility that individual TC relay cells may receive inputs from multiple 

classes of RGCs. 

In addition to being segregated based on eye of origin, topography, and RGC class, 

retinal inputs in dLGN are structurally and functionally distinct from retinal inputs in other 

retinorecipient  nuclei, even other thalamic nuclei (Hammer et al., 2014; Sherman, 2005). 

Specifically, RTs onto dLGN TC relay cells are significantly larger than all other terminals in 

dLGN (and larger than RTs in all other retinorecipient nuclei), and exhibit unique ultrastructural 

morphology and function (Bickford et al., 2010; Guido, 2008; Guillery, 1969; Hong and Chen, 
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2011; Lund and Cunningham, 1972; Sherman, 2004). It is worth pointing out, however, that at 

least two distinct types of RG synapses have been identified in rodent dLGN: “simple 

encapsulated” RG synapses, in which a single retinal terminal synapses onto a TC relay cell 

dendrite, and “complex encapsulated” RG synapses in which axons from numerous RGCs 

converge to innervate adjacent region of TC relay cell dendrite (Hammer et al., 2015; Lund and 

Cunningham, 1972; Morgan et al., 2016). Finally, it is important to point out that retinal 

projections not only innervate TC relay cells, but also local interneurons in nocturnal rodents 

(Seabrook et al., 2013b; Sherman, 2004).  

 

1.4.3. Afferent projections of dLGN: Non-Retinal Afferents 

While retinal inputs provide the excitatory drive to TC relay cells, they account for only 

5-10% of the total inputs onto a relay cell and are far outnumbered by non-retinal inputs 

(Bickford et al., 2010; Cetin and Callaway, 2014; Sherman and Guillery, 2002). A summary of 

the main inputs to rodent dLGN is depicted in Fig. 4.  

While many non-retinal inputs onto dLGN TC relay cells have modulatory or inhibitory 

roles, a recent study identified a novel glutamatergic non-retinal source of “driver-like” input 

onto dLGN TC relay cells (Bickford et al., 2015). These inputs arise from the ipsilateral superior 

colliculus (SC) and terminate onto W-like TC relay cells in the dorsolateral shell of dLGN 

(Bickford et al., 2015; Harting et al., 1991a). Circuit tracing experiments indicate these 

excitatory tectogeniculate connections contribute to the processing and transmission of direction-

selective visual information (Bickford et al., 2015).  

While tectogeniculate inputs represent a minor source of inputs to dLGN, a more 

significant portion of non-retinal glutamatergic inputs arise from cortical projection neurons in 
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layer VI of primary visual cortex (Sherman, 2016). Corticothalamic inputs are small, located on 

distal portions of TC relay cell dendrites, and generate weak excitatory postsynaptic potentials 

(EPSPs) in relay cells (Petrof and Sherman, 2013; Sherman and Guillery, 2002). For this reason, 

it is likely that these inputs are insufficient for the relay of information alone and are, therefore, 

modulatory in nature (Petrof and Sherman, 2013). Despite these features, corticothalamic inputs 

do significantly influence RG transmission by affecting the gain of signal transmission and the 

sharpening of receptive field properties of TC relay cells (Bickford, 2015; Briggs and Usrey, 

2008; Olsen et al., 2012; Sherman and Guillery, 2002).  

In addition to tectal and cortical glutamatergic inputs, TC relay cells in higher mammals 

receive modulatory cholinergic, serotonergic, noradrenergic and dopaminergic inputs from a 

variety of sources in the brainstem including parabigeminal nucleus, pedunculopontine region, 

locus coeruleus, dorsal raphe nucleus of the midbrain, and the midbrain reticular formation (De 

Lima and Singer, 1987; de Lima et al., 1985; Jones, 2012; Mackay‐Sim et al., 1983; McCormick, 

1992; Papadopoulos and Parnavelas, 1990a, b).  At present, some of these afferent projections 

have been demonstrated in nocturnal rodents (Hallanger et al., 1987; Harting et al., 1991b), but 

additional studies are needed to map specific sources of these inputs and to understand their role 

in signal processing in rodents. 

Finally, the last significant source of non-retinal inputs to dLGN are inhibitory 

GABAergic inputs that arise from both local inhibitory neurons and projection neurons in the 

thalamic reticular nucleus (TRN), a region that forms a lateral shell around dorsal thalamus in 

nocturnal rodents (Guillery and Harting, 2003; Hale et al., 1982; Pinault, 2004). Inhibitory 

neurons in the ipsilateral pretectum also project to dLGN (Born and Schmidt, 2007), however 
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evidence suggests that these projections innervate dLGN interneurons not TC relay cells (Born 

and Schmidt, 2007; Wang et al., 2002), adding further complexity to dLGN circuitry.   

An interesting facet of the convergence of retinal and non-retinal inputs in dLGN is that 

their development appears tightly coordinated. Retinal axons target and innervate dLGN prior to 

the arrival of non-retinal inputs and play instructive roles in the establishment of non-retinal 

circuitry (Brooks et al., 2013; Golding et al., 2014; Grant et al., 2016; Seabrook et al., 2013a). 

Likewise, non-retinal inputs contribute to the development and function of retinogeniculate 

synapses. For example the presence of corticothalamic axons and corticogeniculate synapses 

play essential roles in the establishment, refinement, and maintenance of retinal inputs (Shanks et 

al., 2016; Thompson et al., 2016). 

 

1.4.5. Efferent projections of dLGN  

The relative simplicity of efferent projections from dLGN is striking and emphasizes a 

singular function of dLGN in processing and transferring image-forming visual information. TC 

relay cells project axons to only two ipsilateral regions in nocturnal rodents: primary visual 

cortex and TRN (Crabtree and Killackey, 1989; Jurgens et al., 2012; López-Bendito and Molnár, 

2003; Rafols and Valverde, 1973; Reese and Cowey, 1983; Towns et al., 1982). Recent studies 

in mice have demonstrated that projections to visual cortex exhibit class-specificity, with W-like 

relay cells in the dorsolateral shell of dLGN, conveying direction-selective visual information to 

layer I and Y-like and X-like relay cells projecting to layer IV of primary visual cortex (Bickford 

et al., 2015; Cruz-Martín et al., 2014). At present, it remains unclear whether these three classes 

of TC relay cells make unique connections with TRN neurons in nocturnal rodents. It is worth 

mentioning that, in cat, Y-cells provide the predominant dLGN input to the perigeniculate 
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nucleus, the visual sector of cat TRN which overlies dLGN (Dubin and Cleland, 1977; 

Friedlander et al., 1980). 

 

1.5. Molecular mechanism underlying synapse formation 

Synapses are the main routes of communication between neurons. They are specialized 

asymmetric cell-cell junctions that permit the exchange of chemical signals (i.e. 

neurotransmitters) between pre- and post-synaptic neurons.  The formation of synapse is a highly 

regulated process which takes place in a series of interrelated steps (Waites et al., 2005). Axons 

of the presynaptic neurons navigate through the complex and crowded neural tissues and target 

appropriate postsynaptic cells. Attractive and repulsive guidance cues (also called targeting cues) 

regulate this stage of synaptic development. These targeting cues ensure the striking specificity 

of synaptic connections. Not only do growing axons target an appropriate cell, but they also form 

synapses on a specific subcellular  portion of their targets (e.g. proximal dendrites or soma) 

(Sanes and Yamagata, 2009). After the initial contact between axons and postsynaptic targets, 

molecules expressed by presynaptic and/or postsynaptic neurons (and even by neighboring glia 

cells) promote the differentiation of nascent neural contacts into mature synapses (Fox and 

Umemori, 2006). These molecules, called synaptic organizers (or synaptogenic factors), direct 

the transformation of unspecialized presynaptic membrane into a complex structure (i.e. active 

zone) which is highly specialized for releasing neurotransmitter through an exocytotic pathway. 

On the other side, they also transform the postsynaptic membranes into specialized domains that 

contain clusters of neurotransmitter receptors as well as a variety of other extracellular, 

transmembrane and cytoplasmic proteins (i.e. postsynaptic density scaffold). Since an excessive 

number of synapses form early in development, synapses either mature by expanding their 
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synaptic components (e.g. the presynaptic terminal size, number of synaptic vesicles, active zone 

area, spine head volume, post synaptic density area) or they undergo an activity-dependent 

elimination process which is thought to rely on sensory experiences (Flavell and Greenberg, 

2008; Fox and Umemori, 2006; Sanes and Lichtman, 2001).  

An increasing number of molecules involved in synaptic development have been 

identified (Brose, 2009; Chia et al., 2013; Fox and Umemori, 2006; Lee and Sheng, 2000; Waites 

et al., 2005; Yogev and Shen, 2014). Synaptic adhesion molecules and secreted factors are two 

main classes of synaptic organizing proteins (Fig. 5). Secreted synaptogenic factors are 

expressed by presynaptic axon or postsynaptic neurons, by neighboring neurons or even by glia 

cells. For example, postsynaptic neurons secrete Fibroblast Growth Factor 22 (FGF22) which 

can induce presynaptic differentiation of excitatory synapses in many regions of the nervous 

system including skeletal muscle (Fox et al., 2007), cerebellum (Umemori et al., 2004), 

hippocampus (Terauchi et al., 2010) and dLGN (Singh et al., 2011). Other examples of secreted 

factors are members of Thrombospondins (TSPs) which are likely to be exclusively released by 

glia cells and promote the formation and maturation of nearby synapses (Christopherson et al., 

2005). 

On the other hand, synaptic adhesion molecules mediate different stages of synaptic 

development by facilitating adhesive interaction between synaptic partners. Obviously, they 

stabilize synaptic structures by physically linking pre- and postsynaptic partners, but by being 

expressed on the surface of cell membranes, they can also specify (tag) neurons or distinct 

subcellular portion of neurons as the appropriate targets for axons, therefore, acting as targeting 

cues. Synaptic adhesion molecules can also promote the differentiation of nascent synaptic 

structures into mature synapses by providing a signaling bridge between synaptic partners 
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(Bukalo and Dityatev, 2012; Siddiqui and Craig, 2011; Yamagata et al., 2003). Some of these 

synaptic adhesion molecules include members of the cadherin family, neurexins and neuroligins, 

ephrins, and Eph receptors, and leucine-rich repeat (LRR)–containing cell adhesion molecules 

such as netrin-G ligands, synaptic adhesion–like molecules and leucine-rich repeat 

transmembrane neuronal proteins (LRRTMs). 

 

1.6. Rationale, hypothesis and experimental design  

Data from my first study in the Fox lab suggested that RTs in the dorsal lateral geniculate 

nucleus (dLGN) are uniquely larger than their counterparts in all other major retinorecipient 

nuclei (Fig. 6). Similarly, electrical stimulation of the optic tract coupled to the recording from 

relay cells revealed fewer, but stronger, retinal inputs onto relay cells in dLGN compared to 

those in vLGN. This lower level of retinal convergence onto dLGN relay cells has been reported 

in mice and higher mammals (Chen and Regehr, 2000; Cleland et al., 1971; Cleland and Lee, 

1985; Jaubert-Miazza et al., 2005; Sincich et al., 2007; Usrey et al., 1999; Yeh et al., 2009). 

However, our electron microscopy data (Hammer et al. 2014) showed that multiple RTs in 

dLGN participate in forming complex retinogeniculate synapses, a synaptic structure that have 

been found in other rodents and higher mammals (Guillery and Scott, 1971; Jones and Powell, 

1969; Lund and Cunningham, 1972; So et al., 1985; Wilson et al., 1984) (see Hammer et al. 

2014). To be consistent with physiological data, which shows that each relay cell receives only a 

few strong RG inputs, these RTs clustering on a portion of postsynaptic neurons must originate 

from a small number (~1-2) of RGCs.  

Therefore, one of my aims was to test the hypothesis that retinal terminals in complex 

retinogeniculate synapses originated from one (or a few) RGCs. To test this hypothesis, I studied 
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RTs in dLGN of adult (P35-42) wild type mice using serial block-face scanning electron 

microscopy (SBFSEM) and AAV viral tracing. Our data presented in chapter 2 of this 

dissertation (following chapter) showed that, to our surprise, our hypothesis was incorrect. In 

fact, we discovered that as many as a dozen distinct retinal axons converge onto a single relay 

cell at the sites of complex RG synapses.  

Overall, results from Hammer et al. 2014 and Hammer et al. 2015 showed that in dLGN, 

not only RTs were larger compared to their counterparts in all other retinorecipient nuclei, but a 

large subset of RTs were clustered into complex RG synapses. As I mentioned above, different 

classes of RGCs exist. Therefore, different retinorecipient regions (e.g. dLGN) may receive 

inputs from distinct classes of RGCs which are intrinsically able to generate different retinal 

terminals in their exclusive target region. Although intrinsic properties of RGCs cannot be ruled 

out, several lines of evidence suggest that extrinsic target-derived signals are responsible for the 

unique differentiations of RTs in dLGN. First, while almost all RGCs innervating dLGN send a 

collateral branch to the SC, their  RTs in the dLGN is significantly larger than those in SC (Ellis 

et al., 2016; Hammer et al., 2014). Second, it has been shown that a single RGC axon can form  

RTs varying in size and morphology depending on the target cells they contact with (Hamos et 

al., 1987). Third, rerouting RGC axons from the dLGN adopt a “target-like” morphology and 

form  RTs similar to the boutons existing in their new destination (Campbell and Frost, 1987, 

1988), suggesting the existence of target-derived signals regulating the unique development of 

RTs in their target regions (e.g. dLGN). Moreover, we found that  RTs originating from one 

specific class of RGCs (which are transgenically labeled in HB9-gfp mice) end up making 

dramatically larger terminals in dLGN compared to those in SC. Interestingly, collateral axons 

from a single RGC have been shown to contain distinct anatomical features (e.g. larger 
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terminals) in the dLGN compared to superior colliculus (Dhande et al., 2011). These 

observations suggested the existence of extrinsic mechanisms regulating the transformation of 

RTs in different retinorecipient target regions. Therefore, we hypothesized that specific target-

derived signals must exist in dLGN in order to transform RTs into unique RG synapses in dLGN. 

To test this hypothesis, I identified synaptic organizers that are differentially expressed during 

different stages of retinal terminal development in dLGN. To narrow the potential list of 

candidate organizing cues, I compared dLGN transcriptome to the transcriptome of its adjacent 

retinorecipient region (vLGN) in which retinal terminals do not undergo the same morphological 

enlargement as retinal terminals in dLGN.  

Using RNAseq, I obtained the whole transcriptome of mouse dLGN and vLGN at four 

different ages which correspond to distinct stages of retinal terminal (i.e. the presynaptic sides of 

retinogeniculate synapses) development. Postnatal day 3 (P3) is an age corresponding to the 

initial stages of RG synapse formation, P8 and P12 are ages corresponding to the refinement and 

maturation of RG synapses, and P25 is the age by which RG synapses have matured and 

acquired adult-like morphology. To select potential target-derived candidates regulating the 

unique transformation of RG synapses in dLGN, I first screened all genes that had a higher level 

of expression at p12, the age when we observed the emergence of large retinal terminals in 

dLGN. Next, I focused on genes of with a significant two fold enrichment in dLGN compared to 

vLGN. Finally, I ranked my list of genes based their known function in their involvement in (any 

aspect of) synapse development according to previous reports. For the top 30 candidates, I 

performed qPCR and (for some) designed riboprobes in order to validate the expression pattern 

obtained by RNAseq. This unbiased screen led me to final list of several growth factors and 

synaptic adhesion molecules (Fig. 7) including Leucine-Rich Repeat Transmembrane neuronal 
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proteins 1 (LRRTM1) and Neuritin (NRN1, also known as candidate plasticity gene 15 or 

CPG15) which I will discuss in this dissertation (chapter 2).  

LRRTM proteins are potent synaptogenic molecules (Linhoff et al., 2009) that are 

predominantly expressed in the central nervous system and they show distinct regional 

expression patterns (Laurén et al., 2003). There are four LRRTM paralogues (LRRTM1–4) in 

mammals which are typical cell surface adhesion proteins. They contain an N-terminal signal 

peptide, an extracellular region containing (a potential) N-linked glycosylation sites and a 

hydrophobic transmembrane region followed by a  cytoplasmic region containing a C-terminal 

PDZ-binding motif that is required for binding to the postsynaptic scaffolding protein PSD-95 

(Fig. 5) (Laurén et al., 2003). Recent studies have identified LRRTMs as postsynaptic ligands of 

presynaptic protein neurexins (de Wit et al., 2009; Ko et al., 2009a; Siddiqui et al., 2010). Our 

potential candidate, Lrrtm1, has been shown to be localized in the postsynaptic side of excitatory 

synapses made by hippocampal neurons and to be important for the normal distribution of 

vesicular glutamate transporter 1 (VgluT1) positive terminals in specific regions of hippocampal 

formation in mice  (Linhoff et al., 2009). Other studies reported an overlapping cooperative role 

for postsynaptic partners of neurexins (including Lrrtm1) in the formation of excitatory synapse 

(Ko et al., 2011; Soler-Llavina et al., 2011). Recently, some conflicting behavioral deficits have 

been reported for mice lacking Lrrtm1 including increased social interaction, delayed learning, 

and avoidance from small enclosures (Takashima et al., 2011; Voikar et al., 2013). Interestingly, 

Lrrtm1 has been linked to human handedness and schizophrenia (Francks et al., 2007; Ludwig et 

al., 2009).  

Similarly, Nrn1 is a cell surface protein (Naeve et al., 1997) which was firstly identified 

in the rat dentate gyrus after experimentally induced seizure (Nedivi et al., 1993). Nrn1 is an 
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activity-dependent gene and it accelerates the maturation of glutamatergic synapses in vivo 

(Cantallops et al., 2000; Corriveau et al., 1999; Nedivi, 1998; Nedivi et al., 1996). Nrn1 also has 

been shown to play an important  role in modulating the neurite outgrowth in vitro (Cappelletti et 

al., 2007) and to promote the migration of neurons (Zito et al., 2012). Effects of Nrn1 on 

dendritic growth and survival of cortical neurons has been suggested to occur in a cell type-

specific manner (Sato et al., 2012). Moreover, Nrn1 is associated with synapse stabilization and 

learning (Fujino et al., 2011) and has been linked to cognitive dysfunction in schizophrenia 

(Chandler et al., 2010).  
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Figure 1.1. Overview of the image-forming neural pathways in the mouse brain.  

A. Sagittal view of the mouse brain depicting retinal connections (red) between retina (yellow 

tissue at the back of eye) and dLGN (orange) in the thalamus. Thalamocortical relay cells from 

in dLGN project (green) to the layers 4 (and less to layer 1) of the primary visual cortex. B. 

Different layers of the retina are separated by dash lines.  Rods (R; gray) and cone (C; green and 

blue) photoreceptors located in the outer-nuclear layer of the retina convert photons of light into 

neural activates and send them to the bipolar cells (B; yellow) in the inner-nuclear of the retina 

through synaptic connections that are limited to outer plexiform layer.  In the INL, visual 

information undergoes a processing step which shapes visual information through interaction 

among horizontal (H; purple) and amacrine (A; dark blue) and bipolar cells. Layer specific 

connections between RGC (red) and bipolar cells in the IPL are the synaptic sites for sorting 

visual information before it exit they from RGC axons (red). C. TC relay cells (green) in dLGN 

receive visual information from retinal axons, integrate it with multiple other information 

coming from other sources such feedback projections from layer 6 V1 (dark gray), TRN 

projections (yellow), brainstem (blue) and then transfer it output to the V1 (layers 4 and to a 

lesser extent to layer 1). 
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Figure 1.2. Retinorecipient nuclei of nocturnal rodents.  

This schematic illustrates the variety and distribution of brain nuclei innervated by retinal 

ganglion cells (see Morin and Studholme, 2014). Thalamic retinorecipient nuclei are colored in 

orange; other retinorecipient regions are colored grey. dLGN, dorsal lateral geniculate nucleus; 

IGL, intergeniculate leaflet; vLGNe, ventral lateral geniculate nucleus, external division; AD, 

anterodorsal thalamic nucleus; LP, lateral posterior thalamic nucleus; CL, centrolateral thalamic 

nucleus; PP, peripeduncular nucleus; PHb, para-habenular zone; ZI, zona incerta; SubG, 

subgeniculate nucleus; SGN, suprageniculate nucleus; SON, supraoptic nucleus; SCN, 

suprachiasmatic nucleus; RCH, retrochiasmatic area; SBPV, subparaventricular zone; AHN, 

anterior hypothalamic area; LHA, lateral hypothalamic area; MeA, medial amygdala, anterior; 

MePV, medial amygdala, posteroventral; AAV, anterior amygdaloid area, ventral; SI, substantia 

innominata; MT, medial terminal nucleus; LT, lateral terminal nucleus; DT, dorsal terminal 

nucleus; PN, paranigral nucleus; MRN, midbrain reticular nucleus; PB, parabrachial nucleus; 

DR, dorsal raphe nucleus; PAG, periaqueductal gray; CPT, commissural pretectal nucleus; MPT, 

medial pretectal nucleus; PPT, posterior pretectal nucleus; APT, anterior pretectal nucleus; OPN, 

olivary pretectal nucleus; NOT, nucleus of optic tract; SC, superior colliculus; DCIC, dorsal 

cortex of the inferior colliculus; RGC, retinal ganglion cell. 
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Figure 1.3. Organization of retinal projections in nuclei of the lateral geniculate complex.  

A. Coronal view of a Nissl-stained mouse brain. Arrows indicate the location of dLGN, IGL, and 

vLGN. Image is from the Allen Brain Atlas (http://www.brain-map.org). B-D. Schematic 

representation of coronal section through the lateral geniculate complex of nocturnal rodents. B 

depicts eye-specific segregation of retinal projections in dLGN, IGL and vLGN. Terminals of 

ipsilateral retinal projections are depicted as green dots; terminals of contralateral retinal 

projections are depicted as orange dots. RGCs from which these projections arise are shown in 

the retinal cross sections. Dotted line in dLGN depicts the approximate boundary separating the 

dorsolateral shell (s) from the ventromedial core (c). The dotted line in vLGN depicts the 

boundary separating the external layer (e) from the internal layer (i). C depicts topographic 

mapping of retinal arbors in dLGN, vLGN and IGL. Colors represent temporal (T) to nasal (N) 

location of RGCs in the retina (Feldheim et al., 1998; Huberman et al., 2008a; Pfeiffenberger et 

al., 2006). D depicts class-specific targeting of RGC axons to distinct sublamina of dLGN, 

vLGN and IGL. Colors represent some classes of RGCs studied with transgenic reporter mice. 

Names of these reporter mouse lines are indicated in parentheses (see Kim et al. 2008; Kim et al. 

2010; Huberman et al. 2009; Rivlin-Etzion et al. 2011; Hattar et al. 2006; Osterhout et al. 2011). 

Color-filled dots in the dLGN, IGL and vLGN represent RTs (and are not meant to indicate that 

these terminals innervate distinct cells). dLGN, dorsal lateral geniculate nucleus; IGL, 

intergeniculate leaflet; vLGN, ventral lateral geniculate nucleus; dsRGC, direction-selective 

retinal ganglion cell; ipRGC, intrinsically photosensitive retinal ganglion cell.  
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Figure 1.4. Afferent and efferent projections of rodent dLGN.  

A. Sources of afferent projections to dLGN are colored green. B. Brain regions innervated by 

dLGN efferents are colored in orange. dLGN, dorsal lateral geniculate nucleus; vLGN, ventral 

lateral geniculate nucleus; TRN, thalamic reticular nucleus; SC, superior colliculus; PRT, 

pretectal region; MRN, midbrain reticular nucleus; DR, dorsal raphe nucleus; PPN, 

pedunculopontine nucleus; PBG, parabigeminal nucleus; PB, parabrachial nucleus; LC, locus 

ceruleus; VIS1, visual cortex, layer I; VIS4, visual cortex, layer IV; VIS6, visual cortex, layer 

VI; RGC, retinal ganglion cell.      
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Figure 1.5. An inventory of synaptogenic molecules. 

This figure and its legend are taken from (Siddiqui and Craig, 2011) without modification. An 

inventory of synaptogenic molecules, defined here as proteins that induce presynaptic (←) or 

postsynaptic (→) differentiation when presented to axons or dendrites, respectively. Many of the 

adhesion complexes have bidirectional synaptogenic activity (↔). The main receptors are also 

shown for the secreted synaptogenic factors. PDZ domain binding sites and common protein 

domains are indicated. 
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Figure 1.6. Anterograde labeling of retinal terminals in other retinorecipient nuclei.  

A. Retinal projections in P35 wild-type mice were labeled by intraocular injection of 

fluorescently conjugated cholera toxin subunit B (CTB). Left eyes were injected with Alexa 

Fluor 555 CTB (magenta) and right eyes were injected with Alexa Fluor 488 CTB (green). LGN 

from right hemispheres are shown. ‘Contra’ denotes projections originating from the 

contralateral retina and ‘ipsi’ denotes projections originating from the ipsilateral retina. Confocal 

images were acquired from dLGN, IGL, vLGN, SCN, OPN, SC. IGL is outlined by white dots. 

B. High magnification images of both contralateral and ipsilateral retinal projections to each 

region are shown (note – contralateral and ipsilateral panels are not all from the same image). 

Scale bar in A = 200 µm and in B = 20 µm. 
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Figure 1.7. Top candidate genes screened out from the RNAseq  

This figure is presented in next four panels.  First two panels (with only black bars) are showing 

the ratio of RNAseq normalized expression in dLGN versus vLGN. Age of mice has been shown 

on x axis. First column: Panels 3 and 4 are comparison between RNAseq data and qPCR data. 

Black bars are fold change ratio of dLGN versus vLGN obtained by RNAseq and gray bars are 

the same ratio measured by qPCR. Dotted lines in panels 3 and 4 separate P3 and P12 

measurements.  
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Highlights: 

Brainbow-based technology can be used to differentially label retinal terminals 

Clusters of retinal terminals originate from numerous uniquely labeled RGCs 

Complex retinogeniculate synapses contain terminals from >10 distinct retinal axons 

A higher level of convergence exists on relay cells than previously appreciated 
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Activity-dependent refinement of neural circuits is a fundamental principle of neural 

development. This process has been well studied at retinogeniculate synapses – synapses that 

form between retinal ganglion cells (RGCs) and relay cells within the dorsal lateral geniculate 

nucleus. Physiological studies suggest that shortly after birth inputs from ~20 RGCs converge 

onto relay cells. Subsequently, all but just 1-2 of these inputs is eliminated. Despite widespread 

acceptance this notion is at odds with ultrastructural studies showing numerous retinal terminals 

clustering onto relay cell dendrites in the adult. Here we explored this discrepancy using 

brainbow AAVs and serial block face scanning electron microscopy (SBFSEM). Results with 

both approaches demonstrate that terminals from numerous RGCs cluster onto relay cell 

dendrites, challenging the notion that only 1-2 RGCs innervate each relay cell. These findings 

force us to re-evaluate our understanding of subcortical visual circuitry. 

 

2.2. Introduction 

Initially an exuberant number of axons generate synapses with target neurons in the brain 

only to have a large number of these supernumerary inputs eliminated in an activity-dependent 

fashion. This process, termed synapse elimination, has been well studied in the mouse visual 

thalamus, where synapses form between retinal projection neurons (i.e. retinal ganglion cells 

[RGCs]) and thalamic relay cells within the dorsal lateral geniculate nucleus (dLGN). 

Physiological studies over the past decade have suggested that retinal inputs to dLGN relay cells 

undergo an extensive amount of refinement during early postnatal development. While as many 

as 20 RGCs may innervate relay cells in the first week of mouse development, this number is 

reduced to just 1-2 RGCs by the end of the 3rd postnatal week of rodent development (Chen and 

Regehr, 2000; Hong and Chen, 2011; Hooks and Chen, 2006; Jaubert-Miazza et al., 2005). 
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Furthermore, single electrode recordings in mature primate LGN have been interpreted to 

indicate that retinal-derived excitatory postsynaptic potentials in relay cells arise from just 1 

RGC (Sincich et al., 2007). Based upon these studies and the near unitary matching of retinal 

input to thalamic relay cell in the adult dLGN, the retinogeniculate synapse has emerged as a 

model for our understanding of activity-dependent refinement in the brain. 

It is important to note, however, that these conclusions appear at odds with a series of 

four-decade old ultrastructural studies that characterized two distinct types of retinogeniculate 

synapses in dLGN: “simple encapsulated” retinogeniculate synapses are composed of single, 

large retinal terminals that contact large diameter relay cell dendrites and “complex 

encapsulated” retinogeniculate synapses that are composed of as many as ten distinct retinal 

terminals all converging on the same region of relay cell dendrite (Jones and Powell, 1969) 

(Guillery and Scott, 1971; Lund and Cunningham, 1972). If multiple retinal terminals converge 

at these synaptic sites, how can a near unitary matching of RGC axons to relay cells exist? A 

recent study by Hong et al. began to shed light on this paradox by revealing that the dramatic 

decrease in retinal convergence onto relay cells was accompanied by retinal terminals from 

single axonal arbors clustering onto postsynaptic sites in dLGN (Hong et al., 2014). This 

suggests that the numerous retinal terminals in “complex encapsulated” retinogeniculate 

synapses arise from branches of the same terminal arbor. To test this hypothesis we employed 

“brainbow” adeno-associated viral vectors (brainbow AAVs) (Cai et al., 2013), a technique that 

permits the differential labeling of RGCs and their terminals with unique combinations of 

fluorescent reporter proteins. To our surprise this approach revealed that clusters of retinal 

terminals originated from numerous, distinct RGCs. To test whether these clustered retinal 

terminals represented true synaptic connections with the same relay cell we used serial block 
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face scanning electron microscopy (SBFSEM), a technique that permits the 3D reconstruction of 

pre- and postsynaptic elements at high resolution (Denk and Horstmann, 2004). These analyses 

provide further evidence that terminals from numerous axons converged onto the same dendrite 

in “complex encapsulated” retinogeniculate synapses. These results challenge the notion that 

only 1-2 RGCs contact each dLGN relay cell and suggest we need to re-evaluate our 

understanding of the anatomy and development of subcortical visual circuitry. 

 

2.3. Results 

To assess whether clusters of retinal terminals originate from single RGC axons we 

employed “brainbow” AAVs to differentially label RGCs with unique combinations of four 

fluorescent proteins – farnesylated Tag-blue fluorescent protein (BFP), enhanced yellow 

fluorescent protein (EYFP), monomeric Cherry fluorescent protein (mChe), and monomeric teal 

fluorescent protein (mTFP) (Cai et al., 2013). Brainbow-based technologies have previously 

been used successfully to trace axonal projections, including retinal projections, in a variety of 

vertebrate species (Cai et al., 2013; Livet et al., 2007; Pan et al., 2013; Robles et al., 2013). Each 

brainbow AAV is capable of driving the expression of two different fluorescent proteins (see 

Figure 1A), however as each cell may express different levels of all 4 fluorescent proteins a 

nearly limitless possibility of colors is achievable with these constructs (Cai et al., 2013). Since 

brainbow AAVs are Cre-dependent, we injected a 1:1 mixture of both brainbow AAVs into the 

vitreous chamber of postnatal day 12-14 (P12-14) calb2-cre transgenic mice (Taniguchi et al., 

2011). Cre recombinase is expressed by a large subset of RGCs in these mice (Zhu et al., 2014). 

After 3 weeks, mice were euthanized and RGCs were examined with confocal microscopy. 

Analysis in retinal cross-sections and whole mounts revealed four important points: 1). 
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Intraocular delivery of brainbow AAVs successfully labeled a large number of RGCs in calb2-

cre mice (referred to here as brainbow AAV::calb2-cre mice) (Figure 1B,C); 2). By examining 

dendritic stratification of uniquely labeled RGCs in brainbow AAV::calb2-cre mice it was clear 

that multiple classes of RGCs were labeled in these mice; 3). Unique combinations of fluorescent 

reporter proteins were evenly distributed throughout retinal axons in brainbow AAV::calb2-cre 

mice. This point is of particular importance since a key requirement for this “brainbow”-based 

approach to be successful is that there must be a uniform distribution of the entire constellation 

of fluorescent proteins within the axon and terminal arbor (so that color can be used as a marker 

of RGC origin of an axon). Previous studies on zebrafish RGCs have demonstrated that the 

distribution of brainbow-based fluorescent proteins remain uniformly distributed in both axonal 

and terminal compartments of the same cell (Robles et al., 2013). To be entirely sure that this 

was the case for retinal projections in mice we analyzed color distribution in RGC axons in 

retinal whole-mounts of brainbow AAV::calb2-cre mice. Data presented here confirmed that the 

distribution of the entire constellation of fluorescent molecules expressed by a single RGC in 

brainbow AAV::calb2-cre mice was evenly distributed throughout RGC axons in the retina 

(Figure 1D,E). This data supports the feasibility of using differential labeling of RGC terminals 

in brainbow AAV::calb2-cre dLGN to probe whether “complex encapsulated” retinogeniculate 

synapses arise from branches of the same terminal arbor. 

 To answer whether clusters of retinal terminals in dLGN arise from the same RGC we 

turned our attention to the dLGN of P35 brainbow AAV::calb2-cre mice. It is important to note 

that only a sparse population of retinal axons and terminals in dLGN were labeled with this 

approach (Figure 2). Regardless of this sparse labeling, we discovered that most terminal clusters 

contained numerous uniquely colored elements (Figures 1H,I and 2). Since the “core” and 
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“shell” regions of dLGN contain distinct types of relay cells and receive input from distinct types 

of RGCs (Dhande and Huberman, 2014; Hong and Chen, 2011; Krahe et al., 2011), we 

addressed whether multi-colored terminal clusters were present in both regions of P35 brainbow 

AAV::calb2-cre mice dLGN. Analysis with anterograde tracers and immunohistochemistry with 

retinal-terminal specific markers both suggested that terminal clusters were present in both 

regions, but that clusters appeared larger and more widespread in the “shell” region of dLGN 

where axons from direction-selective RGCs arborize (Supplemental Figure 1). Analysis in the 

P35 brainbow AAV::calb2-cre mice revealed multi-colored terminal clusters in both “core” and 

“shell” regions of dLGN (Figure 1H and 2).  

In contrast to the diversity of uniquely colored elements in these terminal clusters, retinal 

axons traversing this region of dLGN displayed consistent distributions of fluorescent proteins 

(see arrowheads in Figure 2A). This suggests that the numerous colored elements at terminal 

clusters represented axonal terminals originating from different RGCs. Importantly, when we 

analyzed individual retinal arbors in dLGN we found uniform expression of fluorescent proteins 

in each bouton of a single retinal axon arbor (Figure 1F,G), again suggesting that terminal 

clusters containing multiple differently colored retinal terminals reflected clusters containing 

terminals from multiple RGCs.  

While these results indicate that clusters of retinal terminals originate from multiple 

RGCs, they do not indicate whether these boutons contact the same dendrite or even the same 

relay cell. The gold standard for identifying such synaptic connections is with the use of high-

resolution electron microscopy (EM) – the technique that first identified the complex 

encapsulated retinogeniculate synapses more than 4 decades ago (Guillery and Scott, 1971; Jones 

and Powell, 1969; Lund and Cunningham, 1972). The problem with traditional EM approaches 
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has been the difficulty in obtaining large volumes of serially sectioned EM images and in 

aligning and registering all of these images. Without large volumes of serially sectioned tissue it 

has been impossible to identify the axonal origins of each presynaptic bouton at these complex 

retinogeniculate synapses. For this reason, we applied Serial Block Face Scanning Electron 

Microscopy (SBFSEM) to reconstruct retinogeniculate synapses at high resolution (5nm/pixel) in 

P42 mouse dLGN. In electron micrographs, retinal terminals were identified based on the 

presence of pale-colored mitochondria and dense clusters of spherical synaptic vesicles, relay 

cell dendrites were identified based on the lack of synaptic vesicles, dark mitochondria and 

microtubules, and synaptic sites between terminals and dendrites were identified by the presence 

of an identifiable active zone (Bickford et al., 2010; Hammer et al., 2014; Lund and 

Cunningham, 1972).  

In total 71 retinal axons (and all of their terminal boutons within the volumes of tissue) 

were traced and reconstructed in the “shell” region of dLGN. These reconstructed axons 

generated 344 distinct synaptic sites onto the dendrites of relay cells and the average length of 

axon traced was 27.6 µm (+/- 22 µm [SD]). Importantly, we observed single dendrites that 

received input from both simple and complex retinogeniculate synapses, suggesting single relay 

cells have the potential to be innervated by both types of retinal synapses (data not shown). 

Terminal boutons from 17 of these retinal axons participated in large, “simple encapsulated” 

retinogeniculate synapses (see Figure 3). Although only one of these axons generated terminal 

boutons that participated in both “simple encapsulated” retinogeniculate synapses and “complex 

encapsulated” retinogeniculate synapses (data not shown), this observation suggests that RGCs 

have the potential to generate both types of retinogeniculate synapses. Of the remaining 16 axons 

that generated large, “simple encapsulated” synapses, not a single example was identified in 
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which terminals clustered around a single segment of dendrite. Instead we observed single axons 

contacting multiple dendrites (Figure 3D-F) and multiple retinal axons converging onto different 

regions of the same dendrite (Figure 3A-C). The longest reconstructed retinal axon that 

contributed to simple retinogeniculate synapses measured 116.9 µm in length. It is important to 

point out, however, that in both cases it remains possible that these axons or dendrites may have 

originated from branches of the same RGC or relay cell, respectively, that branched outside of 

the volume of tissue reconstructed. 

The remaining 54 retinal axons reconstructed generated boutons that contributed to 

“complex encapsulated” retinogeniculate synapses (Figure 4). In contrast to those retinal axons 

that generated “simple encapsulated” synapses, these 54 axons generated clusters of boutons that 

made synaptic contact with multiple, adjacent regions of the same dendrite (see blue and orange 

retinal terminals in Figure 4A-H and bright green retinal terminals in Figure 4I-O). The longest 

reconstructed retinal axon that contributed to complex retinogeniculate synapses measured 80.6 

µm in length. These axons also generated boutons that made synaptic contact onto inhibitory 

interneuron dendrites (which were distinguished from relay cell dendrites by the presence of 

synaptic vesicles) (Bickford et al., 2010; Lund and Cunningham, 1972) that were also identified 

in “complex encapsulated” synapses (see orange retinal terminals and purple inhibitory dendrite 

in Figure 4A-H).  

Although the bulk of SBFSEM analysis was performed on the “shell” region of dLGN, 

we also generated datasets from the “core” region of dLGN. Both simple and complex 

retinogeniculate synapses were observed in these datasets and boutons in the complex synapse 

appeared to originate from distinct retinal axons (Supplemental Figure 1). 
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Next, we quantified different features of simple and complex retinogeniculate synapses. 

We found that retinal boutons participating in complex retinogeniculate synapses were smaller 

than their counterparts in simple synapses (Supplemental Figure 2). Moreover, boutons in these 

complex synapses contained ~50% fewer active zones and ~50% fewer dendritic protrusions 

than boutons in simple retinogeniculate synapses (Supplemental Figure 2). These differences 

were not merely the result of terminals being smaller in size, since there was a statistically 

significant difference in the active zone: bouton diameter ratio at these two synapse types 

(Supplemental Figure 2). 

While these results were expected based on previous studies (Bickford et al., 2010; Hong 

et al., 2014; Lund and Cunningham, 1972), the number of retinal axons that contribute to these 

clusters of retinal terminals was unexpected. In most cases we observed terminal boutons 

originating from 3-8 different retinal axons in these reconstructions (Figure 4A-H), however in a 

few cases we observed clusters that contained boutons from more than a dozen different retinal 

axons (Figure 4I-O). While results from single retinal axon tracing studies could be interpreted to 

indicate that these clustered terminals originated from distant branches of 1 or 2 retinal axons 

(Dhande et al., 2011; Hong et al., 2014), our own studies of terminal clusters in brainbow 

AAV::calb2-cre mice suggest that many of these terminal boutons do in fact originate from 

distinct RGCs (Figure 2). Therefore, taken together, these results and those describe above in 

brainbow AAV::calb2-cre mice, indicate that numerous retinal inputs converge onto relay cells 

in the adult mouse dLGN.  

 

2.4. Discussion 
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The retinogeniculate synapse has emerged as one of the most widely used models for 

studying activity-dependent refinement in the developing brain. In mice, physiological studies 

have suggested that as retinal axons initially innervate dLGN as many as 20 distinct RGC inputs 

converge onto the dendrites of relay cells, but over the first few weeks of postnatal development, 

most supernumerary retinal inputs are eliminated so that each relay cell receives input from just 

1-2 RGCs in the adult animal (Chen and Regehr, 2000; Hong and Chen, 2011). A concept so 

well entrenched it has made its way into widely used textbooks (Squire et al., 2012). 

Here we applied two relatively novel technologies to examine the clustering of retinal 

terminals at retinogeniculate synapses. Our hope was to provide an explanation for why 

“complex encapsulated” retinogeniculate synapses exist if each relay cell receives input from just 

1-2 RGCs. While our initial hypothesis was that each retinal terminal within a “complex 

encapsulated” retinogeniculate synapse originated from branches of a single RGCs, our data 

indicate that presynaptic terminals from numerous retinal axons converge onto relay cells in the 

mature rodent dLGN. These results raise an obvious question: what is the actual number of 

RGCs that innervate each relay cell? Unfortunately an exact number cannot be determined since 

the studies described here focused on small regions of retinal arbors or dendritic trees, limiting 

the ability to reconstruct every single axon that synapses onto a given relay cell. That being said, 

for many relay cells the number of retinal inputs likely will approach or exceed a dozen. While 

this statement (and the results demonstrated here) contrasts the widely-accepted concept of a 

near unitary matching of RGC to relay cell, these results are supported (at least in part) by 

previous studies that have suggested a modestly larger number of retinal inputs on relay cells 

than just 1-2 (Cleland and Lee, 1985; Sincich et al., 2007; Usrey et al., 1999). 
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We are therefore left pondering why anatomical and functional studies produce such 

differing conclusions. Is this discrepancy a technical issue with the approaches applied? 

Certainly this is a possibility, as all experimental approaches have shortcomings. Are these 

complex synapses leaky, so that the release of glutamate from one terminal activates all of the 

postsynaptic receptors within this synaptic cluster? Certainly the latter is a possibility since the 

presence and consequence of synaptic spillover has been demonstrated in both simulations and 

with experimental approaches at complex retinogeniculate synapses (Budisantoso et al., 2012). 

Do some classes of relay cells in mouse dLGN receive input from only one type of 

retinogeniculate synapse, so that some relay cells receive input from just 1-2 RGCs while other 

classes receive input from large numbers of RGCs? This possibility is supported in part by a 

heroic study by Sherman and colleagues in which a single retinal axon was labeled with HRP 

and its connectivity with 4 LGN relay cells was examined with serial electron microscopy 

(Hamos et al., 1987). The HRP-labeled axon accounted for 100% of the retinal inputs onto the 

proximal dendrites of one of the relay cells, but only 49%, 33%, and 2% of the retinal inputs of 

the other 3 relay cells, suggesting levels of convergence on relay cells may vary widely (Hamos 

et al., 1987). Moreover, the morphology of retinal terminals generated by this single HRP-

labeled axon differed between the cells, suggesting a role for the postsynaptic neuron in 

determining the architecture of the retinogeniculate synapse (Hamos et al., 1987). However, our 

reconstructions identified cases in which single relay cells were innervated by both simple and 

complex retinogeniculate synapses, arguing against the possibility of different classes of relay 

cells receiving just one type of retinal synapse. Are “complex encapsulated” retinogeniculate 

synapses considerably weaker than the large, “simple encapsulated” synapses, so that their 

influence on postsynaptic activity is negligible?  The reduced number of active zones and 
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dendritic protrusions in retinal boutons associated with complex retinogeniculate, shown by us 

here and by Budisantoso et al. (2012) in the rat dLGN, suggest that the strength of terminals may 

be weaker at complex synapses. Unfortunately we do not know the answers to all of these 

questions yet but one can certainly imagine a number of possibilities that will need to be 

addressed in future studies.  

Results from our studies also raise interesting questions regarding how different classes 

of RGCs participate in retinal terminal clustering in dLGN. Only a single retinal axon was 

reconstructed that participated in both complex and simple type retinogeniculate synapses. While 

this may reflect a sampling issue, it may also indicate that different classes of RGCs generate 

different types of retinogeniculate synapses. Just as different classes of retinal axons arborize in 

unique domains of dLGN (Dhande and Huberman, 2014; Hong and Chen, 2011), it is tempting 

to speculate that some classes of retinal axons cluster their terminals into complex 

retinogeniculate synapses (like observed in Hong et al. 2014) while others do not use this 

mechanism of refinement and reorganization. 

Finally, it is important to discuss an implication that these studies may have on using the 

retinogeniculate synapse as a model of activity-dependent refinement. Many groups use this 

model synapse to explore the cellular and molecular underpinnings of activity-dependent 

refinement at brain synapses. Such studies are based on the assumption that inputs from ~20 

RGCs initially converge on relay cells, but that most of these inputs are eliminated during 

development. But, what if this is not the case? What if retinal convergence persists (at least 

anatomically) in the mature visual system?  Our results lead us to think that this is the case and 

indicate we need to re-evaluate our understanding of the architecture and flow of visual 

information through retinogeniculate circuits. 
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2.5. Experimental Procedures 

2.5.1. Mice 

Wild-type C57 mice were obtained from Charles River. Calb2-cre mice were obtained 

from Jackson Laboratory (Stock #010774). All analyses conformed to National Institutes of 

Health guidelines and protocols approved by the Virginia Polytechnic Institute and State 

University Institutional Animal Care and Use Committees. 

 

2.5.2. Intraocular injections of brainbow AAVs 

The following brainbow AAVs were obtained from the University of Pennsylvania 

Vector Core (http://www.med.upenn.edu/gtp/vectorcore/): 

AAV9.hEF1a.lox.TagBFP.lox.eYFP.lox.WPRE.hGH-InvBYF (lot #V3809TI-R) and 

AAV9.hEF1a.lox.mCherry.lox.mTFP1.lox.WPRE.hGH-InvCheTF (lot #V3530TI-R). Each 

brainbow AAV is capable of driving the expression of two different fluorescent proteins (see 

Figure 1A). Intraocular injection of brainbow AAVs was performed as described previously for 

the intraocular delivery of cholera toxin subunit B (Jaubert-Miazza et al., 2005; Su et al., 2011). 

Briefly, mice were anesthetized with isoflurane vapors at P12-14. The sclera was pierced with a 

sharp-tipped glass pipette and excess vitreous was drained. Another pipette, filled with a 1:1 

mixture of both brainbow AAVs, was inserted into the hole made by the first pipette. The pipette 

containing the AAVs was attached to a Picospritzer and a prescribed volume (3–5 μl) of solution 

was injected into the eye. After 21 days, mice were euthanized, transcardially perfused with PBS 

and 4% paraformaldehyde, and retinas and brains were post-fixed in 4% paraformaldehyde for 

12 hours. Fixed brains were coronally sectioned (80-100 µm) on a vibratome (Microm HM 

650V, Thermo Scientific) and mounted in ProLong Gold (Invitrogen). Fixed retinas were either 

http://www.med.upenn.edu/gtp/vectorcore/
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prepared as whole-mounts or were sectioned on a Leica CM1850 cryostat (16µm cross-sections) 

and in either case were mounted in ProLong Gold (Invitrogen) (Su et al., 2011). RGCs and 

retinal projections were analyzed from 6 animals. Images were acquired on a Zeiss LSM 700 

confocal microscope and color analysis of maximum projections images was performed in 

Photoshop. 

 

2.5.3. Serial Block Face Scanning Electron Microscopy 

Mice were transcardially perfused sequentially with PBS and 4% paraformaldehyde / 2% 

glutaradehyde in 0.1M cacodylate buffer. Brains were immediately removed, vibratomed (300 

µm coronal sections) and dLGN were dissected. Tissues were then stained, embedded, sectioned 

and imaged by Renovo Neural Inc. (Cleveland, OH). Images were acquired at a resolution of 5 

nm/pixel and image sets included > 200 serial sections (with each section representing 75 nm in 

the z axis). SBFSEM data sets were 40µm x 40 µm x 12-20 µm. 4 data sets were analyzed for 

each region (from a total of 3 P42 wild-type mice). Data sets were traced and analyzed in 

TrakEM2 (Cardona et al., 2012). Retinal terminals were identified (and distinguished from non-

retinal terminals) by the presence of synaptic vesicles and pale mitochondria as previously 

described (Bickford et al., 2010; Hammer et al., 2014; Lund and Cunningham, 1972). Synaptic 

sites were identified by the presence of active zones and postsynaptic densities. Analysis of data 

sets was performed independently by three researchers to ensure unbiased results.  
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Figure 2.1. Labeling of RGCs and retinal axons with brainbow AAVs. 

A. Schematic representing the constructs of each of the two brainbow AAVs used in these 

studies. Following Cre recombination these two constructs generate either farnesylated Tag-blue 

fluorescent protein (BFP) or enhanced yellow fluorescent protein (EYFP), or monomeric Cherry 

fluorescent protein (mChe) or monomeric teal fluorescent protein (mTFP). EF1 represent 

regulatory elements from the elongation 1α gene and W represents elements from the woodchuck 

hepatitis virus posttranscriptional regulatory element. Lox site mutants are depicted with grey 

triangles. For additional details see Cai et al. 2013.  B. Confocal image of a P35 retinal cross 

section following intraocular injection of brainbow AAV into calb2-cre mice. Note the ability to 

delineate the dendritic arbor of the green-labeled RGC from adjacent fluorescently labeled 

RGCs. C. Confocal image of a P35 retinal whole mount following intraocular injection of 

brainbow AAV into calb2-cre mice. D. Confocal image of differentially labeled RGC axons in a 

P35 retinal whole mount brainbow AAV::calb2-cre mouse. E. Color analysis at five locations (1-

5) along the 6 axons labeled in D (labeled A-F). The color boxes represent the colors at each 

point highlighted along the axons. Numbers in the boxes represent the red (R), green (G), and 

blue (B) color intensity values at each point along the axons. Note the relative similar 

distribution of “color” along each axon. E,F.  A single retinal axon labeled with brainbow AAVs 

in dLGN of a P35 calb2-cre mice. F depicts color analysis for the three boutons highlighted by 

arrows in E.  H,I.  Terminals from 3 distinct retinal axons converging at a single cluster 

following labeling with brainbow AAVs in dLGN of a P35 calb2-cre mice. I depicts color 

analysis for the three boutons highlighted in H.  Scale bar in B = 50 µm for B,D and in C = 100 

µm. 
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Figure 2.2. Clusters of retinal terminals in dLGN contain boutons from multiple retinal 

axons. 

Maximum projection, confocal image of retinal axons and terminals labeled with brainbow 

AAVs in dLGN of P35 calb2-cre mice. Arrowheads highlight retinal axons traversing this region 

of dLGN. B-K. High magnification images of the retinal boutons indicated by arrows in A. B’-

K’ color analysis for terminals highlighted with arrowheads in B-K. Scale bar in A = 20 µm for 

A and 7 µm for B-K. 



71 

 

 

 

 

 

 

 



72 

 

Figure 2.3. Ultrastructural analysis and reconstruction of retinal axons contributing to 
“simple encapsulated” retinogeniculate synapses in dLGN. 

A,B. SBFSEM images of two retinal terminals synapsing onto the same relay cell dendrite. C. 

3D reconstruction of the 2 RGC terminal boutons from A,B converging on a single relay cell 

dendrite. D,E. SBFSEM images of two retinal terminals from the same RGC axon making 

synaptic contact with two distinct relay cell dendrites. F. 3D reconstruction of the retinal axon 

and relay cell dendrites from D,E. Scale bar in B = 1.5 µm for A,B and in E = 1.5 µm for D,E. 
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Figure 2.4. Ultrastructural analysis and reconstruction of retinal axons contributing to 

“complex encapsulated” retinogeniculate synapses in dLGN. 

A-D. SBFSEM images of 6 retinal terminals synapsing onto the same relay cell dendrite 

(pseudo-colored in bright green). E. Key indicates the types of cellular elements pseudo-colored 

in A-D and F-H. F. 3D reconstruction of all of the elements pseudo-colored in A-D. G. 3D 

reconstruction of 3 RGC axons, an inhibitory interneuron dendrite and the relay cell dendrite in 

A-D. H. 3D reconstruction of a single RGC axon and the relay cell dendrite in A-D. Arrow 

indicates a retinal bouton that makes synaptic contact with an element other that the relay cell 

dendrite pseudo-colored bright green. I-K. SBFSEM images of 14 retinal terminals synapsing 

onto the same relay cell dendrite (pseudo-colored in bright yellow). L. Key indicates the types of 

cellular elements pseudo-colored in I-K and M-O. M. 3D reconstruction of all of the elements 

pseudo-colored in I-K. N. 3D reconstruction of 3 RGC axons and the relay cell dendrite in I-K. 

O. 3D reconstruction of a single RGC axon and the relay cell dendrite in I-K. Arrow indicates a 

retinal bouton that makes synaptic contact with an element other that the relay cell dendrite 

pseudo-colored bright yellow. Scale bar in D = 1.5 µm for A-D. and in K = 1.5 µm for I-K. 
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Figure 2.5. Supplemental Figure 1  

Supports the results shown in Figure 2 by revealing (with anterograde tracing, IHC and 

SBFSEM) that simple and complex retinal synapses are present in both the “core” and “shell” 

regions of dLGN. 
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Figure 2.6. Supplemental Figure 2 

Supports the results shown in Figures 3 and 4 by demonstrating non-pseudo-colored simple and 

complex retinogeniculate synapses in the shell of dLGN. These images demonstrate synaptic 

release sites and show statistically significant differences in the number of active zones, bouton 

diameter, and dendritic protrusions in these two types of synapses. 
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3.1. Abstract 

It has long been thought that the mammalian visual system is organized into parallel pathways, 

with incoming visual signals being parsed in the retina based on feature (e.g. color, contrast and 

motion) and then transmitted to the brain in unmixed, feature-specific channels. To faithfully 

convey feature-specific information from retina to cortex, thalamic relay cells must receive 

inputs from only a small number of functionally similar retinal ganglion cells. However, recent 

studies challenged this by revealing substantial levels of retinal convergence onto relay cells. 

Here, we sought to identify mechanisms responsible for the assembly of such convergence. 

Using an unbiased transcriptomics approach and targeted mutant mice, we discovered a critical 

role for the synaptic adhesion molecule Leucine Rich Repeat Transmembrane Neuronal 1 

(LRRTM1) in the emergence of retinothalamic convergence. Importantly, LRRTM1 mutant mice 

display impairment in visual behaviors, suggesting a functional role of retinothalamic 

convergence in vision. 
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3.2. Introduction 

Over thirty classes of functionally and morphologically distinct retinal ganglion cells 

(RGCs) exist in mammals, each responsible for conveying different features of the visual world 

and each with unique projections to retinorecipient nuclei within the brain (Baden et al., 2016; 

Martersteck et al., 2017; Sanes and Masland, 2015). As a group, RGCs innervate over 40 

retinorecipient brain regions (Monavarfeshani et al., 2017; Morin and Studholme, 2014). 

However, only a subset of RGCs (~50%) innervate relay cells in the visual thalamus (i.e. the 

dorsal lateral geniculate nucleus [dLGN]) and provide the principle pathway for image-forming 

visual information to reach the cerebral cortex (Dhande et al., 2015; Seabrook et al., 2017) (Fig. 

1A). The recent development of transgenic tools to label these classes of RGCs has revealed that 

their inputs are segregated into distinct class-specific sublamina within visual thalamus (Hong 

and Chen, 2011; Huberman et al., 2008a; Huberman et al., 2009; Kay et al., 2011; Kim et al., 

2010; Kim et al., 2008; Monavarfeshani et al., 2017), supporting the longstanding belief that 

different features of the visual field are transmitted through the subcortical visual system in 

parallel, unmixed anatomical channels (Cruz-Martín et al., 2014; Dhande et al., 2015).  

In addition to being segregated based on class, retinal projections in dLGN are unique in 

that they form structurally and functionally distinct synapses compared to their counterparts in 

other retinorecipient nuclei (Hammer et al., 2014). RTs in dLGN are prototypic "driver" inputs 

which are dramatically large (compared to adjacent non-retinal inputs) and are capable of 

generating strong excitatory postsynaptic responses in thalamic relay cells. Until recently, it was 

thought that the level of convergence of retinal inputs onto these relay cells was exceptionally 

low with only a few (1-5) RGCs innervating each relay cell (Chen and Regehr, 2000; Cleland et 

al., 1971; Cleland and Lee, 1985; Hamos et al., 1987; Jaubert-Miazza et al., 2005; Mastronarde, 
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1992; Rathbun et al., 2016; Rathbun et al., 2010; Sincich et al., 2007; Usrey et al., 1999; 

Weyand, 2016; Yeh et al., 2009). This low level of retinal convergence allows relay cells to 

faithfully transfer information from RGCs to visual cortex in an unaltered form, also adding 

support to the notion that information regarding different features of the visual field flow through 

the thalamus in parallel channels.  

Recently, however, a series of anatomical studies in mice have challenged the concept of 

feature-specific, parallel visual channels by revealing a level of retinal convergence onto relay 

cells that is more than an order of magnitude higher than previously described (Hammer et al., 

2015; Howarth et al., 2014; Morgan et al., 2016; Rompani et al., 2017). Not only is there a high 

level of retinogeniculate (RG) convergence in mice, but some relay cells receive input from 

many functionally distinct classes of RGCs (Rompani et al., 2017) raising new questions about 

the role of thalamus in processing visual information before it reaches visual cortex. 

Part of this newly appreciated retinal convergence stems from a set of unique RG 

synapses (termed complex RG synapses) that contain numerous retinal axons whose terminals 

aggregate on shared regions of relay cell dendrites (Hammer et al., 2015; Lund and Cunningham, 

1972; Morgan et al., 2016). Complex RG synapses have been reported in both rodents and higher 

mammals (Campbell and Frost, 1987; Guillery and Scott, 1971; Jones and Powell, 1969; Lund 

and Cunningham, 1972; So et al., 1985; Wilson et al., 1984). Similar to the more classical simple 

RG synapses (which contain a single retinal terminal on a given portion of a relay cell dendrite), 

these complex RG synapses are absent from other retinorecipient regions of brain (Hammer et 

al., 2014) (Fig. S1). Since branches of dLGN-projecting RGCs also innervate other 

retinorecipient nuclei (Dhande et al., 2015), we interpret this to suggest that target-derived 
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signals must be generated in dLGN to pattern the unique transformation of retinal axons into 

simple and complex RG synapses.  

In the present study, we sought to identify such target-derived signals. Using next 

generation sequencing, we discovered that relay cells in dLGN (but not principal neurons in 

other retinorecipient nuclei) express Leucine Rich Repeat Transmembrane Neuronal 1 

(LRRTM1), a known inducer of excitatory synaptogenesis (de Wit et al., 2009; Linhoff et al., 

2009). Genetic deletion of LRRTM1 led to a loss of complex RG synapses and thus reduced 

retinal convergence in visual thalamus. While mutants lacking LRRTM1 and complex RG 

synapse exhibit normal visual acuity and contrast sensitivity, they display impaired performance 

in a set of more complex visual tasks that require processing multiple distinct elements of the 

visual field. Taken together, these results not only identify a novel mechanism underlying the 

establishment of retinal convergence in visual thalamus, but importantly provide the first insight 

into the functional significance of complex RG synapses (and, possibly, retinal convergence) in 

vision.  

 

3.3. Results 

3.3.1. Unique transformation of retinal terminals in dLGN coincides with eye-opening 

To examine the emergence of the unique morphology of retinal terminals in developing 

mouse dLGN, two approaches were applied: retinal terminals were either immunolabeled with 

antibodies against vesicular  glutamate transporter 2 (VGluT2, a synaptic vesicular component 

only present in retinal terminals in visual thalamus) (Hammer et al., 2014; Land et al., 2004), or 

were anterogradely labeled by intraocular injection of fluorescent-conjugated Cholera Toxin B 

(CTB) (Muscat et al., 2003) (Fig. 1B-1H and S1A-S1H). Shortly after their initial formation (P3-
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P8), VGluT2- or CTB-labeled terminals appeared similar in size and morphology in dLGN and 

the adjacent retinorecipient ventral lateral geniculate nucleus (vLGN). However, by eye-opening 

(P12-P14), terminals in dLGN underwent significant enlargement compared to those in vLGN 

and other (Hammer et al., 2014) retinorecipient nuclei (Fig. 1B-1H and S1A-S1H). The unique 

developmental transformation of retinal terminals in dLGN at eye-opening (rather than at their 

initial formation), suggested that this was not the result of purely cell intrinsic mechanisms in 

dLGN-projecting classes of RGCs.  

To test this hypothesis we assessed retinal terminals generated by a single class of ON-

OFF direction-selective RGCs whose axons branch to innervate both dLGN and superior 

colliculus (SC) (Dhande et al., 2015; Kim et al., 2010). This class of RGC is specifically labeled 

in hb9-gfp mice (Trenholm et al., 2011). Despite originating from branches of individual retinal 

axons, those terminals present in dLGN were dramatically larger than those in SC (Fig. 1I). 

These data suggest that target-derived cues are generated in dLGN around the time of eye-

opening to pattern the transformation of retinal terminals.   

 The approaches described above do not provide the resolution required to differentiate 

simple and complex RG synapses, therefore, we used serial block-face scanning electron 

microscopy (SBFSEM) to identify whether both simple and complex RG synapses emerged at 

eye-opening. While our SBFSEM ultrastructural analysis revealed the presence of both simple 

and complex RG synapses shortly after eye-opening (P14) we were only able to identify simple-

like RG synapses in the developing dLGN (P8) (Fig. 1J). Moreover, we delivered brainbow 

AAVs (Fig. 1K) intraocularly in calb2-cre mice (in which a large proportion of RGCs express 

Cre recombinase) to generate multi-colored RGCs and assess the development of complex RG 

synapses (Hammer et al., 2015). Similar to SBFSEM analysis, brainbow AAV-labeling failed to 
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detect clusters of retinal terminals at P8 (Fig. 1L), but clearly revealed clusters of retinal 

terminals originating from distinct RGCs as early as P10 and P14 (Fig. 1M and 1N). Thus, 

around eye-opening, dLGN-specific molecular mechanisms must emerge to induce the unique 

transformation of both simple and complex RG synapses.   

 

3.3.2. Identification of target-derived synaptic organizing molecules in dLGN 

To identify target-derived synaptic organizers present at eye-opening in dLGN (but not 

other retinorecipient regions), we performed next-generation transcriptome analysis of 

developing mouse visual thalamus (Fig. 2A). We assessed four different developmental time 

points, two before eye-opening (P3 and P8), and two at (P12) or after (P25) eye-opening (Fig. 1). 

Comparing gene expression profiles in both dLGN and vLGN revealed hundreds of differentially 

and developmentally expressed mRNAs (Fig. 2B). We focused our attention on a small subset of 

genes that were significantly enriched in dLGN (compared to vLGN) and whose highest 

expression coincided with eye-opening and the emergence of simple and complex RG synapses. 

Two genes with well-established roles in inducing excitatory synapses fit those criteria: lrrtm1 

and neuritin 1 (nrn1) (Fig. 2C-2E) (Javaherian and Cline, 2005; Linhoff et al., 2009). We 

confirmed the enrichment of these genes at eye-opening in dLGN (but not vLGN) by qPCR, in 

situ hybridization and western blot (Fig. 2F-2I, 3A-3D and S2A-S2C). In addition to their low 

expression level in vLGN, it is important to point out that lrrtm1 and nrn1 mRNAs were either 

absent or only weakly expressed in other retinorecipient nuclei, such as the SC and 

suprachiasmatic nucleus (SCN) (Fig. 3E, S2D and S2E). There were, however, significant 

differences in the distribution of lrrtm1 and nrn1 mRNAs in other regions of the visual system. 

Lrrtm1 was not generated by RGCs (although it was expressed in the INL) or by many cells in 
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primary visual cortex (vCTX) (Fig. 3E and 3F), whereas nrn1 was robustly expressed by both 

RGCs and by cells in vCTX (Fig. 3E and 3F) (see also Fujino et al., 2008; Nedivi, 1998).  

Finally, we sought to address the cell-specific expression of lrrtm1 and nrn1 in visual 

thalamus. Since lrrtm1 encodes a transmembrane cell adhesion molecule and nrn1 encodes a 

GPI-linked membrane associated extracellular molecules (Linhoff et al., 2009; Naeve et al., 

1997), we assumed dLGN relay cells must generate these molecules for them to act post-

synaptically at RG synapses. We combined in situ hybridization analysis using riboprobes 

against these two genes with molecular and genetic approaches to label different cell types in 

dLGN. First, we demonstrated that both lrrtm1 and nrn1 mRNAs are generated by neurons and 

not glia since they were co-expressed by syt1-expressing neurons but not by Iba1-expressing 

microglia or GFP-labeled astrocytes in aldh1l1-gfp mice (Fig. 4A-4F). Next, to differentiate 

which types of neurons generate these synaptogenic cues, we assessed lrrtm1 and nrn1 mRNA 

expression in glutamate decarboxylase (GAD67)-expressing inhibitory interneurons and in crh-

cre::tdt transgenic mice in which excitatory thalamocortical relay cells are fluorescently labeled 

(Taniguchi et al., 2011). Results revealed lrrtm1 and nrn1 are exclusively produced by dLGN 

relay cells (Fig. 4G-4J). Based on their developmental and cell-specific expression, these 

molecules therefore represented prime candidates to influence the development of simple and 

complex RG synapses.  

 

3.3.3. LRRTM1 is required for the development of complex RG synapses 

Previous studies have reported roles for both LRRTM1 and NRN1 (also called Candidate 

Plasticity Gene 15, CPG15) in inducing the formation and maturation of excitatory synapses 

(Cantallops et al., 2000; Ko et al., 2011; Linhoff et al., 2009; Nedivi, 1998; Soler-Llavina et al., 
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2011). In addition, NRN1 contributes to the development and maturation of retinal arbors 

(Cantallops et al., 2000). To test whether these molecules are necessary for the development of 

retinal terminals, we assessed the morphology of retinal terminals in dLGN of mice lacking 

LRRTM1 (Linhoff et al., 2009) or NRN1 (Fujino et al., 2011) using VGluT2 immunostaining 

and CTB anterograde labeling. These studies revealed a significant decrease in the number of 

large VGluT2+ and CTB+ puncta in dLGN of lrrtm1-/- mice at and after eye-opening (Fig. 5A-

5C, S3A), suggesting a role for this molecule in the maturation and/or refinement of RG 

circuitry. Retinal terminals in neonatal dLGN (i.e. before eye-opening) or in vLGN were not 

affected by the loss of LRRTM1 (Fig. 5A-5E and S3B). Since retinal projections account for 

only a small proportion (5-10%) of all projections innervating relay cells residing in dLGN 

(Monavarfeshani et al., 2017), we also assessed whether the loss of LRRTM1 altered other types 

of terminals in dLGN. None of the non-retinal inputs examined appeared affected in lrrtm1-/- 

mutant mice (Fig. S3C). Similar analysis in nrn1-/- mutants failed to identify developmental 

deficits in the density, size or distribution of retinal terminal in dLGN (Fig. S4A and S4B). 

As described earlier, an important limitation of these techniques is that they cannot 

differentiate simple or complex RG synapses. It was therefore unclear whether individual retinal 

terminals were smaller in lrrtm1-/- mice, or clusters of retinal terminals were absent in these 

mutants. To overcome this technical limitation, we employed both SBFSEM and multicolor 

brainbow-AAV labeling of retinal axons in dLGN of lrrtm1-/- mutant and control mice. In 

SBFSEM, retinal terminals were distinguished from all other synaptic terminals by their round 

vesicles and pale mitochondria (Bickford et al., 2010; Hammer et al., 2014; Rafols and Valverde, 

1973) and were traced throughout the entire volume of the imaged tissues. In total, 534 retinal 

terminals were analyzed in lrrtm1-/- mice and 646 in controls (n = 3 mice per genotypes). While 
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only a small fraction (<10%) of all retinal terminals were categorized as simple RG synapses in 

controls, the majority (about 63%) of retinal terminals fell into this category in lrrtm1-/- mutant 

dLGN (Fig. 6A-6C, S5A and S5B). Conversely, only 37% of RG synapses in mutants were 

classified as complex versus 90% in controls (Fig. 6C). Similarly, analysis of multicolor-labeled 

retinal terminals by brainbow AAVs showed fewer and smaller clustered retinal terminals in 

dLGN of lrrtm1-/- mice (Fig. 6E-6G). The majority of retinal terminal clusters in mutants (82.6%) 

contained less than 4 distinct inputs (i.e. colors). In contrast, the majority (80%) of clusters in 

controls contained more than 4 distinct retinal terminals.  

Thus, there was a significant loss of complex RG synapse in the absence of LRRTM1. In 

fact, these numbers underrepresent the loss of retinal convergence in mutants, since our criteria 

for defining a complex RG synapse requires the presence of just two distinct retinal inputs. Not 

only was there a significant loss of complex RG synapses in mutants, but those complex 

synapses that remained contained significantly fewer retinal terminals. In control dLGN about 

86% of complex RG synapses contained between 4-14 retinal terminals, whereas the majority of 

complex RG synapses in lrrtm1-/- mutants contained only 2 or 3 inputs (Fig. 6C). While the 

reduced number of complex RG synapses (and retinal inputs at the few persisting complex RG 

synapses) might be caused by fewer retinal axons in mutants, we failed to observe a significant 

loss of RGC axons in the optic nerves of lrrtm1-/- mice (Fig. S5D-S5H). Surprisingly, we also 

observed an increase in individual retinal terminal size in both simple and complex RG synapses 

in lrrtm1-/- mice (Fig. 6D). 

 

3.3.4. Impaired visual behaviors in mice lacking LRRTM1 
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The functional consequence of LRRTM1 deletion and the loss of complex RG synapses 

was assessed by a two-alternative forced swim test (Huberman and Niell, 2011; Prusky et al., 

2000; Wong and Brown, 2006). In this test, mice learn to associate a visual cue with a hidden 

platform that allows them to escape the water (Fig. 7A). In order to confirm the necessity of 

vision for performing this task we asked whether math5-/- mice, which are genetically blind 

(Wang et al., 2001), can detect the positive visual cue and find the hidden platform. Math5-/- 

mice were unable to perform this task, demonstrating the importance of vision in this assay (Fig. 

S6A).  

To explore the role of LRRTM1 (and complex RG synapses) in vision, mice were trained 

for 8 days to detect a vertical grating (0.17 cycle per degree, cpd) on S+ monitor positioned 

above the hidden platform, compared with a gray screen or a horizontal grating display on the S- 

monitor (Fig. 7A). Mice that exceeded 70% accuracy in locating the hidden platform were 

considered capable of detecting and discriminating the visual cues (Prusky et al., 2000). Lrrtm1-/- 

mutants and controls displayed equal abilities to detect the vertical grating (positive visual cue) 

against the gray screen or horizontal grating at the end of training, although the initial learning 

phase of lrrtm1-/- mice was moderately impaired (Fig. 7B and 7C), which is in agreement with 

previous findings showing a delayed response of lrrtm1-/- mutant mice to new environment 

(Takashima et al., 2011). In order to demonstrate that control or mutant mice were not capable of 

detecting the hidden platform itself (instead of associating it to the visual cue), we trained control 

and mutant mice (for 8 days) to associate the positive visual cue (S+) (with near 100% accuracy) 

with the platform. We then moved the platform below the negative (S-) visual cue and tested 

each mouse for 10 trials in day 9. Mutants and controls swam toward the positive visual cue that 

lacked the rescue platform, confirming they could not detect the hidden platform (Fig. S6B).  
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By changing the frequency of the vertical bars, we next tested visual acuity in lrrtm1-/- 

mutants. Results indicate that acuity was similar between mutants and controls, both falling 

below the 70% correct criteria at spatial frequencies above 0.57 cpd. There was a statistically 

significant difference between lrrtm1-/- and control mice at a single spatial frequency (0.62 cpd), 

however, at this frequency both performed poorly in the task (Fig. 7D). Next, we altered the 

contrast of the vertical grating bars rather than the spatial frequency or orientation. Similarly, 

lrrtm1-/- mutants failed to show significant differences compared to wild type mice (Fig. 7E). 

Taken together these results suggest lrrtm1-/- mutants do not exhibit deficits in visual acuity, 

simple pattern recognition or contrast sensitivity.  

Next, we exposed mice to more complex visual tasks in which multiple features of the 

visual scene were altered at once. There are conflicting data indicating spatial memory deficits in 

mice lacking LRRTM1 (Takashima et al., 2011; Voikar et al., 2013). For this reason, we 

adjusted our experimental design to rule out the influence of spatial memory impairment on 

performing task performance. After 8 days of training, pattern discrimination was tested while 

also increasing the spatial frequency or decreasing the contrast of both vertical and horizontal 

gratings. After each day of testing, we checked the ability of mice to perform the initial, standard 

discrimination task (i.e. to discriminating vertical and horizontal grating with 0.17 cpd and 100% 

contrast). Throughout the experiments, lrrtm1-/- mice failed to show any signs of memory deficits 

in this task.  Interestingly, while control mice were able to discriminate vertical and horizontal 

bars at a spatial frequency of 0.32 cpd, lrrtm1-/- mice performance dropped significantly under 

the 70% threshold during these more complex tasks (Fig. 7F). Similarly, at lower contrast (i.e. 

25% and 10%) mutant mice lacked the sensitivity to discriminate vertical and horizontal grating 

patterns (Fig. 7G). As another set of controls, we repeated these behaviors task with nrn1-/- 
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mutants and found no deficit in their performance in either the simple or complex visual tasks 

(Fig. S6C-S6H). Taken together, these results indicate that mice lacking LRRTM1 and complex 

RG synapses exhibit abnormalities in performing more complex visual tasks.  

 

3.4. Discussion 

For decades it has been thought that the mammalian visual system was assembled into a 

number of parallel pathways, each conveying a specific feature of the visual field (e.g. contrast, 

color, motion, etc.) in a separate channel from the retina to the thalamus and then to primary 

visual areas of the cerebral cortex. An important characteristic of such parallel pathways is that 

the thalamus must act as a relay that passes on feature-specific visual information to the cerebral 

cortex without mixing these different channels of information. Thus, relay cells in the visual 

thalamus must receive input from a small number of retinal neurons, all of which belong to the 

same subclass of RGCs. Electrophysiological data has largely supported this hypothesis by 

demonstrating that few retinal axons (1-5) innervate each relay cell in the mature brain (Chen 

and Regehr, 2000; Cleland et al., 1971; Cleland and Lee, 1985; Hong and Chen, 2011; Hooks 

and Chen, 2006; Jaubert-Miazza et al., 2005; Mastronarde, 1992; Rathbun et al., 2016; Rathbun 

et al., 2010; Usrey et al., 1999; Weyand, 2016; Yeh et al., 2009). Recently, however, a series of 

studies have challenged this notion by demonstrating a shockingly high level of convergence 

onto thalamic relay cells, with some relay cells receiving inputs from as many as 90 RGCs 

(Hammer et al., 2015; Hamos et al., 1987; Morgan et al., 2016; Rompani et al., 2017). Not only 

do retinal inputs from multiple classes of RGCs innervate single relay cells (Rompani et al., 

2017), but nerve terminals from more than a dozen distinct RGCs clusters at shared synaptic sites 

on dendrites of individual relay cell (Hammer et al., 2015; Morgan et al., 2016). Interestingly, 
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using ontogenetic stimulation of retinal terminals expressing channelrhodopsin (ChR2) Litvina 

and Chen (Litvina and Chen, 2017b) have recently confirmed a higher level functional retinal 

convergence onto dLGN relay cells.   Here, we sought to understand the molecular mechanisms 

underlying this newly appreciated convergence in visual thalamus. Using an unbiased screen, we 

identified LRRTM1 as a target-derived cue necessary for the formation of retinal convergence 

onto dLGN relay cells. Analysis in LRRTM1-deficient mice revealed that the lack of this 

synaptic adhesion molecule and complex RG synapses led to impaired visual function.   

 

3.4.1. LRRTM1 as a target-derived synaptic organizer in visual thalamus 

LRRTMs are transmembrane proteins that act as transsynaptic signals to trigger 

excitatory synaptogenesis (de Wit and Ghosh, 2014; de Wit et al., 2009; Linhoff et al., 2009; Um 

et al., 2016). When present in the postsynaptic membrane, LRRTM1 binds to the extracellular 

domain of neurexins to induce presynaptic differentiation in contacting axons (Linhoff et al., 

2009; Siddiqui et al., 2010). In visual thalamus, LRRTM1 is specifically expressed by relay cells 

(and not other cells) and its transsynaptic partners, neurexins, are generated by RGCs (Fig. S7) 

(Sajgo et al., 2017; Shigeoka et al., 2016). Therefore, based on our results, we hypothesized that 

LRRTM1-neurexin interactions are critical for the formation of complex RG synapses. Although 

the necessity of neurexins in retinogeniculate connectivity has yet to be thoroughly examined, 

the loss of CASK, a MAGUK protein necessary for trafficking neurexins to the presynaptic 

membrane, leads to abnormal retinogeniculate connectivity and optic nerve hypoplasia (LaConte 

et al., 2016; Liang et al., 2017; Moog et al., 2011; Srivastava et al., 2016). 

It is important to point out that neurexins have other postsynaptic partners expressed in 

visual thalamus, including neuroligins and other LRRTMs (Fig. S7) (Laurén et al., 2003; 
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Varoqueaux et al., 2006), each capable of inducing excitatory synaptogenesis elsewhere in the 

brain or in vitro (Craig et al., 2006; Fox and Umemori, 2006; Ko et al., 2009a; Siddiqui et al., 

2010). The presence of LRRTM1, other LRRTMs, and neuroligins in dLGN raises an interesting 

possibility that simple and complex RG synapse may be assembled through different 

postsynaptic interactions with neurexins. As such, astrocytes may also contribute to the signals 

that regulate simple or complex RG synapses. Retinal terminals in simple RG synapse are 

ensheathed by astrocytic processes (Bickford et al., 2010; Hammer et al., 2014) and these 

astrocytes are known to produce extracellular factors capable of bridging neurexin-neuroligin 

interactions to facilitate excitatory synaptogenesis (Kucukdereli et al., 2011; Singh et al., 2016).  

The presence of multiple postsynaptic neurexins partners in dLGN also raises the 

possibility that their abundance (or overabundance) may prevent some level of activity 

dependent refinement in dLGN. Overexpression of different combinations of neurexin-binding 

partners in postsynaptic neurons has been shown to impair synapse elimination in vitro (Ko et 

al., 2011). The emergence of complex RG synapse at eye-opening may therefore represent 

synapses with an overabundance of neurexin-binding receptors, in which strong trans-synaptic 

adhesion prevent complete activity-dependent RG refinement. While certainly possible, we see 

this as unlikely given the dramatic refinement of retinal arbors around eye-opening in mice and 

since this RG refinement itself gives rise to retinal bouton clustering (Dhande et al., 2011; Hong 

et al., 2014).  

 

3.4.2. Retinal convergence: artifact or by design? 

The discovery of an extraordinary level of retinal convergence on mouse relay cells has 

left the field pondering whether such convergence is an artifact of impaired refinement (as 
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described above) or whether there is functional significance to such “fuzzy” connectivity (as one 

group has termed this retinogeniculate convergence) (Morgan et al., 2016). It is easy to discount 

the importance of retinal convergence onto relay cells and the role that complex RG synapses 

may play in vision, since many groups (including our own (Hammer et al., 2014)) have 

demonstrated that relay cells receive a very small number of strong, functional inputs from the 

retina (Chen and Regehr, 2000; Hooks and Chen, 2006; Jaubert-Miazza et al., 2005; Litvina and 

Chen, 2017b). Many of the techniques used to identify high levels of retinogeniculate 

convergence in mice have been anatomical in nature (e.g. ultrastructural analysis, anterograde 

multicolor labeling of RGCs and retrograde trans-synaptic tracing) (Hammer et al., 2015; 

Morgan et al., 2016; Rompani et al., 2017), leading to the possibility that “form” does not fit 

“function” in mouse visual thalamus. Recent optogenetic analysis of the RG circuit in mice has 

revealed a substantially higher level of functional retinal convergence on rely cells, however the 

strength of these inputs widely varies (Litvina and Chen, 2017b). Functional roles for weak RG 

synapses remain unclear.  

In the present study, we took advantage of the loss of complex RG synapses in lrrtm1-/- 

mice to begin to shed light on the functional significance of retinal convergence on thalamic 

relay cells. While the ability of lrrtm1-/- mice to perform tasks with simple visual cues appeared 

unaltered compared with controls, they performed poorly on tasks where more than one feature 

of the visual scenes was altered at once. Although these mice lack LRRTM1 globally, such 

deficits are likely the direct result of impaired RG circuitry for several reasons. First, LRRTM1 

is largely absent from retina and visual cortex, sites whose function are required for the 

performance of these visual tasks. Second, global deletion of LRRTM1 failed to result in 

synaptic or cytoarchitectural changes in other brain regions that process visual information (Fig. 
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S7). For these reasons, we believe that results presented here provide the first clues that complex 

RG synapses (and retinal convergence) are not functionally insignificant artifacts of impaired or 

incomplete activity dependent refinement, but rather are an important component of processing 

and relaying visual information from the retina to visual cortex. 

 

3.5. Materials and methods 

3.5.1. Animals  

CD1 and C57/BL6 mice were obtained from Charles River (Wilmington, MA) or Harlan 

(Indianapolis, IN). Lrrtm1-/- mice were obtained from MMRRC (stock # 031619-UCD), Nrn1-/- 

(stock # 018402), Calb2-Cre (stock # 010774) and Rosa-stop-tdT mice (stock # 007905) were all 

obtained from Jackson Laboratory. Crh-Cre (stock # 030850-UCD) and Aldh1l1-EGFP (stock # 

011015-UCD) mice were obtained from W. Guido (University of Louisville) and S. Robel 

(Virginia Tech), respectively. Math5-/- (stock# 042298-UCD) were obtained from S. W. Wang 

and were described previously (Wang et al., 2001). Mice were housed in a 12 hr dark/light cycle 

and had ad libitum access to food and water. All experiments were performed in compliance with 

National Institutes of Health (NIH) guidelines and protocols and were approved by the Virginia 

Polytechnic Institute and State University IACUC.  

 

3.5.2. Immunohistochemistry (IHC) 

Anesthetized mice were transcardially perfused with phosphate-buffered saline (PBS; pH 

7.4) and 4% paraformaldehyde in PBS (PFA; pH 7.4). Dissected brains and eyes were post-fixed 

in 4% PFA for 12-16 hours at 4°C. Tissues were cryopreserved in 30% sucrose solution for 2-3 

days, embedded in Tissue Freezing Medium (Electron Microscopy Sciences, Hatfield, PA), and 
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cryosectioned (16 μm sections). Sections were air-dried onto Superfrost Plus slides (Fisher 

Scientific, Pittsburgh, PA) and frozen at -80°C until further processing. For IHC, slides were 

incubated in blocking buffer (2.5% bovine serum albumin, 5% Normal Goat Serum, 0.1% 

Triton-X in PBS) for 1 hr. Primary antibodies were diluted in blocking buffer as following: 

GAD67 (Millipore MAB5406) 1:700; IBA1 (Wako 019-19741) 1:1000; VGluT2 (Synaptic 

Systems 135511) 1:500; VGluT1 (Synaptic Systems 135402) 1:700; mGluR1a (Frontier Institute 

co. AB_2571799) 1:250 and incubated on tissue sections for >12 hr at 4°C. After washing three 

times in PBS, fluorescently conjugated secondary antibodies (1:1000 in blocking buffer) were 

incubated on sections for 1 hr at room temperature. After five washes with PBS, sections were 

stained with DAPI (1:5000 in water) and were mounted with Vectashield (Vector Laboratories, 

Burlingame, CA). Images were acquired on a Zeiss LSM 700 confocal microscope. When 

comparing sections from different age groups or genotypes, images were acquired with identical 

parameters. A minimum of three animals (per genotype and per age) were compared in all IHC 

experiments.  

 

3.5.3. Riboprobe production 

 pCMV-SPORT6 Plasmids carrying syt1 (cat # 5363062), nrn1 (cat # 5367281), and 

lrrtm1 (cat # 5321979) were obtained from GE Dharmacon. gad1 1Kb cDNA (corresponding to 

nucleotides 1099-2081) was generated using Superscript II Reverse Transcriptase First Strand 

cDNA Synthesis kit (cat # 18064014, Invitrogen, La Jolla, CA) according to the manufacturer 

manual, amplified by PCR using primers mentioned in the primers list, gel purified, and then 

cloned into a pGEM®-T Easy Vector using pGEM®-T Easy Vector kit, (cat # A1360, Promega, 

Madison, WI) according to the kit manual. Sense and anti-sense riboprobes against gad1, syt1, 
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nrn1, and lrrtm1 were synthesized from 5 µg linearized plasmids using digoxigenin-(DIG) or 

fluorescein-labeled uridylyltransferase (UTP) (cat # 11685619910, cat # 11277073910, Roche, 

Mannheim, Germany) and the MAXIscript in vitro Transcription Kit (cat # AM1312, Ambion, 

Austin, TX) according to the kit manual. 5 µg of Riboprobes (20 µl) were hydrolyzed into ~0.5 

kb fragments by adding 80 µl of water, 4 µl of NaHCO3 (1 M), 6 µl Na2CO3 (1 M) and 

incubating the mixture in 60°C for specific amounts of time determined for each probe by the 

following formula: Time=(Xkb-0.5)/(Xkb*0.055), where X is the full length of the RNA probe. 

RNA fragments were finally precipitated in 250 µl 100% ethanol containing 5 µl Acetic acid, 10 

µl NaCl (5 M) and 1 µl glycogen (5 mg/ml). Finally, the pellet dissolved in 50 µl of RNAase-

free water.   

 

3.5.4. In situ hybridization (ISH) 

ISH was performed on 16 μm sections prepared as described above. Sections were fixed 

in 4% PFA for 10 min, washed with PBS for 15 min, incubated in proteinase K solution (1 µg/ml 

in 50 mM Tris PH 7.5, 5 mM EDTA) for 10 min, washed with PBS for 5 min, incubated in 4% 

PFA for 5 min, washed with PBS for 15 min, incubated in acetylation solution (196.6 ml water, 

2.6ml triethanolamin, 0.35 ml HCl, 0.5 ml acetic acid) for 10 min, washed with PBS for 10 min, 

incubated in 0.1% triton (in PBS) for 30 min, washed with PBS for 40 min, incubated in 0.3% 

H2O2 (in water) for 30 min, washed with PBS for 10 min, pre-hybridized with hybridization 

solution (50 ml of Sigma 2X prehyb solution, 25 mg Roche yeast RNA and 8 mg heparin) for 1 

hr, hybridized with 50 µl of heat-denatured diluted riboprobes (1-2 µl of riboprobe in 50 µl 

hybridization solution heated for 10 min in 70°C), mounted with cover slips and kept at 60°C 

overnight. On day 2, coverslips were gently removed in 60°C preheated 2X saline-sodium citrate 
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(SSC) buffer, and slides were washed 5 times in 60°C preheated 0.2X SSC buffer for 2-3 hr at 

60°C. Slides were washed 3 times with Tris-buffered saline (TBS) and blocked for 1 hr with 

blocking buffer (0.2% Roche blocking reagent, 10% lamb serum in TBS) prior to overnight 4°C 

incubation with horseradish peroxidase (POD)-conjugated anti-DIG or anti-fluorescent 

antibodies (cat # 11426346910 and cat # 11207733910, Roche). On day 3, bound riboprobes 

were detected by staining with Tyramide Signal Amplification (TSA) system (cat # NEL75300 

1KT, PerkinElmer, Shelton, CT). For double ISH, sections were washed in TBS after the TSA 

reaction, then incubated in 0.3% H2O2 for 30 min, washed with TBS for 10 min, incubated with 

the second POD-conjugated antibody in blocking buffer and detected with TSA system as 

described above. Images were obtained on a Zeiss LSM700 confocal microscope. A minimum of 

three animals per genotype and age were compared in ISH experiments.  

 

3.5.5. Quantitative real time PCR (qPCR) 

Pooled tissues (5-7 animals per sample) were isolated from P3, P8, P12 and P25 mice, 

and RNA was purified using the Aurum™ Total RNA Fatty and Fibrous Tissue kit (cat # 

7326870, BioRad) according to the kit manual. cDNAs were generated with Superscript II RT 

(Invitrogen). qPCR was performed on a CFX Connect real time system (BioRad) using iTaq 

SYBRGreen Supermix (cat # 1725124, BioRad) according to the kit protocol. The following 

cycling conditions were used with 12.5 ng of cDNA: 95°C for 30 s and 42 cycles of 

amplification (95°C for 10 s, 60°C for 30 s) followed by a melting curve analysis. Relative 

quantities of RNA were determined using the ΔΔ-CT method (Schmittgen and Livak, 2008). A 

minimum of n=3 biological replicates (each in triplicate) was run for each gene. Each individual 
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run included separate Glyceraldehyde-3-Phosphate Dehydrogenase (gapdh), Actin, or 18s rRNA 

control reactions. qPCR primers can be found in the primer list. 

 

3.5.6. Western blot 

Mice were perfused with PBS, brains removed, and d- and vLGN were dissected 

separately in ice-cold PBS. Tissues were pooled from >5  littermates per group and 

subsequenctly lysed in modified loading buffer containing 50 mM Tris–HCl (pH 6.8), 2% 

sodium dodecyl sulfate (SDS), 10% glycerol, and protease inhibitors (1 mM PMSF). Samples 

were homogenized, boiled for 10 min, and insoluble material was removed. Protein 

concentrations were determined by Micro BCA™ Protein Assay Kit (cat # 23235, Pierce, 

Rockford, IL). Equal amounts of protein were loaded and separated by SDS-PAGE and 

transferred to a PVDF membrane as described previously (Fox et al., 2007). After blocking in 

5% non-fat milk in PBS (containing 0.05% Tween), PVDF membranes were incubated with 

primary antibodies (LRRTM1 [Synaptic Systems AF4897], Actin [EMD Millipore MAB1501]), 

followed by HRP-conjugated secondary antibodies. Immunoblotted proteins were detected with 

Amersham ECL Prime Western Blotting Detection Reagent (cat # RPN2236). 

 

3.5.7. Intraocular injection of anterograde tracers and AAVs 

For intraocular injections, mice were anesthetized with isoflurane or hypothermia, and 1-

2 μl of 1 mg/ml CTB was injected into the eye intravitreally with a fine glass pipette attached to 

a picospritzer. After 2 days, perfused and PFA fixed brains were sectioned (90 μm) using a 

Vibratome (HM650v, ThermoFisher). Sections were stained with DAPI and mounted with 

Vectashield (Vector Laboratories, Burlingame, CA). Images were acquired on a Zeiss LSM 700 
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confocal microscope. A similar approach was used to inject 1-2 μl of a 1:1 mixture of the 

following AAVs: AAV9.hEF1a.lox.TagBFP.lox.eYFP.lox.WPRE.hGH-InvBYF (AV-9-

PV2453) and AAV9.hEF1a.lox.mCherry.lox.mTFP1.lox.WPRE.hGH-InvCheTF (AV-9-

PV2454). At P0 or P10 AAVs were injected into the eyes and 2-3 weeks after the injections, 

mice were anesthetized, perfused, and their brains were fixed in 4% PFA overnight. Brains were 

then sectioned (90μm) using a Vibratome and sections were mounted with Vectashield. Images 

were acquired on a Zeiss LSM 700 confocal microscope.  

 

3.5.8. Serial block-face scanning electron microscopy 

Mice were perfused with 0.1M sodium cacodylate buffer containing 4% PFA and 2.5% 

glutaraldehyde. Brains were immediately vibratomed (300-μm coronal sections), and dLGN 

tissues were dissected and shipped to Renovo Neural (Cleveland, OH). Processing and image 

acquisition were performed as described in detail previously (Hammer et al., 2014; Mukherjee et 

al., 2016). Serial image stacks were analyzed using TrakEM2 in Fiji (Cardona et al., 2012). 

Presence of synaptic vesicles and pale mitochondria have been used as features to distinguished 

retinal terminals from non-retinal terminals in dLGN (Bickford et al., 2010; Hammer et al., 

2014). Analysis of data sets were performed independently by four researchers to ensure 

unbiased results. 

 

3.5.9. RNA sequencing 

RNA was isolated from vLGN and dLGN at four different ages (P3, P8, P12 and P25) 

and was shipped to the Genomics Research Laboratory at Virginia Tech’s Biocomplexity 

Institute for RNAseq analysis. Quality of total RNA was checked on Agilent BioAnalyzer 2100 
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(Agilent Technologies, Santa Clara CA). Libraries were generated using Apollo 324 Robot 

(Wafergen, CA). 500 ng of total RNA (with RIN ≥ 9.0) was enriched for polyA RNA using 

PrepX PolyA mRNA Isolation Kit (cat # 400047, Wafergen, Fremont, CA) and was then 

onverted into a library of template molecules using the PrepX RNA-Seq for Illumina Library Kit 

(cat # 400046, Wafergen, Fremont, CA). Validation of the 280-300bp libraries (160-180 bp 

insert) was completed using an Agilent 2100 Bioanalyzer and quantitated using Quant-iT dsDNA 

HS Kit (cat # Q33120, Invitrogen). Eight individually indexed cDNA libraries were pooled and 

sequenced on an Illumina HiSeq, resulting in a minimum of 40-50 million reads. Libraries were 

clustered onto a flow cell using Illumina’s TruSeq PE Cluster Kit v3-cBOT-HS (cat # PE-401-

3001), and sequenced 2 x 100 PE using TruSeq SBS Kit v3-HS (200-cycles) (cat # FC-401-

3001). Low quality base calls, sequences with low complexity tails, and adaptor sequences were 

removed using a combination of Btrim and EA-utils. Sequencing reads were then aligned to the 

mouse genome (Tophat2/Bowtie) and expression determined via HTSeq counting. DESeq2 has 

been used to determine fold change and statistical significance of changes between samples.  

 

3.5.10. Visual behavior tasks 

Two alternative forced swim tasks were performed in a trapezoid shaped pool (sides a = 

25 cm, b = 80 cm, c and d = 143cm) with two side-by-side monitors (19 inches, V196L, Acer) 

placed at the wide end (b) of the tank and separated by a black divider (42 cm). Detailed 

instructions for the apparatus were described previously (Prusky et al., 2000). A rescue platform 

(37 cm × 13 cm × 14 cm) was hidden under water below the monitor with the positive visual cue 

(termed the S+ side). Visual cues (i.e. different grating pattern) were generated in the Gabor-

patch generator (https://www.cogsci.nl/gabor-generator). The visual cue and hidden platform 

https://www.cogsci.nl/gabor-generator
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were moved to the right or left screens in a pseudorandom manner with the following orders: 

LRLLRLRRLR, RLRRLRLLRL, RRLRLLRLRL and LLRLRRLRLR. During the behavioral 

tasks the room was dark, but a 60-W bulb was positioned above the holding cages. Three mice 

were housed per cage, and during the visual tasks each mouse was transferred to a separate cage 

which was placed on a heat pad and lined with paper towels. A day before starting experiments, 

mice were acclimated to the experimenter and the pool through plain handling of mice, 1-2 min 

period of direct contact with the hidden platform at either arms, and submersion into the water at 

gradually-increasing distances from the hidden platform. The ability of mice to detect and 

associate a S+ vertical grating display with the rescue platform (in contrast to the lack of a 

platform beneath the S- screen that displayed either a gray or horizontal grating) was assessed. 

Behavioral tasks included a training phase (8 days) and a testing phase (10-12 days). For training 

phases, mice were placed at the release chute and given one minute to find the platform. A trial 

was recorded as a correct choice if a mouse passed the choice line on the S+ side, while passing 

the choice line on the S- side was recorded as an incorrect choice. After arriving at the rescue 

platform, mice were placed back into their individual cages only if they made the correct choice. 

When a mouse made an incorrect choice, it was placed back at the release chute to perform 

another trial immediately before going back to its home cage. After 8 sessions of training, mice 

learned to find the visual cue with a >80% accuracy. To test visual acuity and contrast 

sensitivity, we increased the spatial frequency and decreased the contrast of the grating, 

respectively. In the testing phase of the detection tasks, 10 trials of a given task were performed 

in 10 consecutive days (one per day). For the testing phase of discrimination tasks, 10 trials were 

given in a single day. No more than 6 animals were tested in a given session. Each mouse (P56-
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90) performed 8-10 trials per session. Final values represent average values for 10-20 animals 

per genotype.  

 

3.5.11. Quantifications and statistics 

For quantifying the size of retinal terminals labeled with fluorescent CTB or VGluT2 

immunostaining, the area of isolated puncta (which may contain one or more RGC terminals) 

were measured in 20x or 40X confocal images of dLGN and vLGN sections by semi-manual 

selection of the puncta in the ImageJ. 3-7 animals (3 sections per animals) were analyzed per age 

and genotype and the cumulative frequencies of different terminal sizes were obtained. Two-way 

ANOVA analysis was used to determine any significant change in the distribution of retinal 

terminal sizes between groups.  

Intensity and density of the signals in immunostained images of dLGN, vLGN and vCTX 

were measured in ImageJ. 3-7 animals (3 sections per animals) were analyzed per genotype and 

age and the mean values were compared between groups. T-test or ANOVA were used to 

determine any significant difference of the mean values between groups.  

Retinal terminals were identified by their unique ultrastructural features including the 

presence of round synaptic vesicles and pale mitochondria (Bickford et al., 2010; Hammer et al., 

2014). Retinal terminals clustering onto the same portion of a dendritic branch were classified as 

complex RG synapses if the membranes of terminals touched each other and were not isolated 

from each other by glial processes. On the other hand, a retinal terminal isolated from other 

retinal terminals was classified as a simple RG synapse. In each mouse, retinal terminals were 

identified regardless of their simple or complex designation and were then assigned to one of 

these two classes. The proportion of retinal terminals participating in each class was averaged 
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from data sets obtained from the dLGN of three mice per genotype (2-3 data sets were obtained 

per mouse). T-test or ANOVA analysis were used to determine any significant difference of the 

mean values between groups. 

The performance of a mouse in the training sessions was reported as the percentage of 

correct choices the mouse made out of 8 or 10 trials per day (e.g. day 1), and then an average of 

daily performances were calculated for each group of mice. The performance of a mouse in the 

test phase of both detection and discrimination tasks were reported as the percentage of correct 

choices the mouse made out of 10 trials per given task (e.g. for 10% contrast) and these values 

were used to calculate the mean for a group of mice (e.g. control group). T-test or ANOVA 

analysis were used to determine any significant difference of the mean values between groups.   
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Figure 3.1. Retinal projections develop into unique terminal types in dLGN  

(A) Schematic of the mouse brain highlighting the main retinorecipient regions including dLGN.  

(B) Development of VGluT2-positive retinal terminals in dLGN and vLGN in wild type mice.  

(C-G) Cumulative (cum.) distribution of VGluT2-positive puncta size in P3 (C), P8 (D), P14 (E), 

P25 (F) and P62 (G) dLGN (orange) and vLGN (blue). Data are shown as Mean ± SEM.  

(H) Average total VGluT2-positive terminal size in developing dLGN and vLGN. Data are 

shown as Mean ± SEM, *p<0.01, **p<0.001 by ANOVA. 

(I) GFP-positive retinal terminals in dLGN and superior colliculus (SC) of hb9-gfp mice. Red 

arrowheads denote some of the gfp-labeled retinal terminals.  

(J) SBFSEM of retinogeniculate synapses in dLGN of P8 and P14 mice. 3D reconstruction of 

retinal terminals and relay cell dendrite are depicted below each micrograph. The black arrows 

denote the location of retinal terminals depicted in the above micrographs.  

(K) Schematic representation of brainbow-AAV constructs. 

(L-N) Examples of brainbow-labeled clusters of retinal terminals in dLGN of P8 (L), P10 (M) 

and P14 (N) calb2-cre mice. Arrowheads denote terminals labeled by different colors. 

Scale bars, 20 µm (B and I), 5 µm (J), 10 µm (L). 
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Figure 3.2. Identification of lrrtm1 and nrn1 as candidate synaptic organizing cues in dLGN 

(A)  Next generation RNAseq was performed on RNA isolated from dLGN and vLGN at P3, P8, 

P12 and P25. 

(B) Volcano scatter plots show differentially expressed mRNAs in the developing dLGN.  

(C) Relative lrrtm1 and nrn1 mRNA levels in dLGN at P8, P12 and P25 compared to P3 by 

RNAseq. Data are relative values comparing different ages, *P<0.0001 by Wald Chi-Squared 

Test (DESeq2). 

(D and E)  Enrichment of lrrtm1 (D) and nrn1 (E) mRNAs in dLGN compared to vLGN at four 

ages in wild type mice. Data are relative values comparing dLGN and vLGN, *P<0.0001 by 

Wald Chi-Squared Test (DESeq2). 

 (F and G) Developmental expression of lrrtm1 (F) and nrn1 (G) mRNAs in wild type dLGN by 

qPCR. Data are shown as Mean ± SEM; ***p<0.0001, **p<0.01, *p<0.05 by ANOVA. 

 (H and I) ISH for lrrtm1 (F) and nrn1 (G) mRNAs in coronal sections of wild type P25 mouse 

brains.  

Scale bar, 1mm (H and I). 
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Figure 3.3.  Developmental and region-specific expression of lrrtm1 and nrn1 

(A)  ISH for lrrtm1 and nrn1 mRNAs in the developing visual thalamus. dLGN encircled by red 

dots.   

(B-D) Western blots show LRRTM1 protein level is higher in dLGN than vLGN (B) and 

increases in the dLGN postnatally (C and D). Data are shown as Mean ± SEM; ***p<0.0001, 

**p<0.01, *p<0.05 by ANOVA. 

(E) Expression of lrrtm1 and nrn1 mRNAs in coronal sections of P25 mouse brains. Boxes in 

visual cortex (vCTX) and superior colliculus (SC) are shown in higher magnifications on the 

right. 

(F) Expression of lrrtm1 and nrn1 mRNAs in retina. Yellow arrowheads denote mRNA 

expression. ONL, outer nuclear layer; INL, inter nuclear layer; GCL, ganglion cell layer.  

Scale bars, 200 µm (A), 500 µm (E), 50 µm (insets of vCTX and SC and F). 
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Figure 3.4.  dLGN relay cells generate lrrtm1 and nrn1  

(A and B) Double in situ hybridization (ISH) for syt1 and either lrrtm1 (A) or nrn1 (B) in P14 

wild type dLGN. 

(C and D) ISH for either lrrtm1 (C) or nrn1 (D) in dLGN of P14 aldh1l1-gfp mice revealed no 

astrocytic expression of these mRNAs. 

 (E and F) ISH for lrrtm1 (C) or nrn1 (D) and immunostaining (IHC) for the microglia marker 

Iba1 in P14 wild type dLGN. 

(G and H) ISH for lrrtm1 (C) or nrn1 (D) and IHC for GAD67 in P14 wild type mice revealed no 

expression by inhibitory interneurons.   

(I and J) Double ISH for either lrrtm1 (C) or nrn1 (D) and gad1 in P25 crh-cre::tdt dLGN 

revealed expression by relay cells.  

Scale bar, 20 µm (A-J). 
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Figure 3.5.  Loss of lrrtm1 results in smaller vglut2-positive puncta in dLGN but not vLGN 

(A and D) Immunostaining of VGluT2-positive retinal terminals in dLGN (A) and vLGN (D) of 

littermate control and lrrtm1-/- mice at P3, P8, P14 and P25. Red boxes in P25 panels are shown 

in higher magnification on the right. 

(B and E) Cumulative (cum.) distribution of VGluT2-positive puncta size in control and lrrtm1-/- 

mice dLGN (B) and vLGN (E).  

(C and F) Average total VGluT2-positive puncta size in control and lrrtm1-/- mice dLGN (C) and 

vLGN (F). Data represent Mean ± SEM; ***p<0.0001, **p<0.01, *p<0.05 by ANOVA. 

Scale bar, 20 µm (A and C), 10 µm (insets). 
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Figure 3.6. Loss of complex RG synapses in lrrtm1-/- mice  

(A and B)  SBFSEM images of retinal terminals in P42 control (A, labeled in green) and lrrtm1-/- 

(B, labeled in red) dLGN. RG synapses are depicted in insets a1-a4 (ctl) and b1-b4 (lrrtm1-/-). In 

insets, each retinal terminal is depicted in a unique color, however, similar colors in different 

insets do not represent axonal branches of the same RGC. 3D reconstruction of retinal terminals 

and relay cell dendrite are depicted on the right. The black arrows denote the position of 

dendrites stemming from relay cells somas.  

(C) Percentage of retinal terminals contributing to forming RG synapses with 1, 2, 3 or ≥4 

distinct retinal terminals in P42 lrrtm1-/- and control dLGN. Data represent Mean ± SEM; 

***p<0.0001, by ANOVA. 

(D) Quantification of terminal size in simple and complex RG synapse (syn.) in dLGN of lrrtm1-

/- and control mice. Data represent Mean ± SEM; ***p<0.0001, by ANOVA. 

(E and F) Retinal terminals were multicolor-labeled by injecting 1-2 µl brainbow AAVs into the 

vitreous humor of lrrtm1-/-::calb2-cre and control mice.  

(G) Color analysis of clustered retinal terminals in wild type and lrrtm1-/- mutants revealed a 

lower level of complex RG synapses in mutants.  

Scale bar, 10 µm (A and B and 3D images), 20 µm (E), 1 µm (insets). 
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Figure 3.7.  Complex RG synapses are required for visual behaviors 

(A)  Schematic diagrams depicting the two-alternative forced swim behavior task. A’ depicts a 

mouse’s view of the visual displays (e.g. vertical gratings). 

(B and C) Training lrrtm1-/- (red) and control (green) mice to detect a vertical grating display 

versus a gray screen (B) or horizontal grating display (C). Examples of visual displays are 

depicted in B’ and C’.  

(D and E) Percentage of correct choices made by lrrtm1-/- (red) and control (green) mice for 

detection of vertical gratings with increasing spatial frequency (D; cpd, cycle per degree) or 

decreasing contrast versus a gray screen (E). Examples of visual displays are depicted in D’ and 

E’.  

(F and G) Correct choices made by lrrtm1-/- (red) and control (green) mice for discriminating 

vertical grating from horizontal grating either with increasing spatial frequency (F) or with 

decreasing contrast (G).  D1-D7 are the consecutive days of the test phase. Examples of visual 

displays are depicted in F’ and G’.  

For B-G, dash line represents the 70% correct threshold for successful completion of task. All 

data are shown as Mean ± SEM; ***p<0.0001, **p<0.01, *p<0.05 by ANOVA. 
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Supplementary Figure 3.1: CTB-tracing of RGC projections revealed unique enlargement 

of retinal terminals in dLGN. Related to Figure 1.  

(A) Intraocular injection of CTB was used to study the developmental transformation of retinal 

terminals in dLGN and vLGN in wild type mice. Similar to VGluT2 study (Figure 1A) retinal 

terminals in dLGN undergo a significant enlargement at eye-opening which is absent from the 

vLGN.  

(B-F) Cumulative distribution of CTB-filled terminal size in the developing mouse dLGN 

(orange) and vLGN (blue) showing different distribution of retinal terminal size in dLGN 

compared to vLGN at and after eye-opening. Data are shown as Mean ± SEM.  

(G) Average total CTB-filled terminal size in developing dLGN (orange) and vLGN (blue) 

showing significant enlargement of retinal terminals in dLGN at and after eye-opening (and the 

absence of comparable changes in vLGN). Data represent Mean ± SEM; *p<0.0001 by ANOVA. 

 (H) SBFSEM of types of retinogeniculate synapses in dLGN and vLGN of P42 mice. 3D 

reconstruction of retinal terminals and relay cell dendrite are depicted below each micrograph.  

Scale bars, 10 µm (A), 5 µm (H). 
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Supplementary Figure 3.2:  lrrtm1 and nrn1 are not expressed in SCN. Related to Figures 

2 & 3. 

 (A and B) The specificity of antisense riboprobes against lrrtm1 (C) and nrn1 (D) used in this 

study was confirmed by comparing them to their sense riboprobes. Red dash line indicated 

ventral border of dLGN. 

(C) dLGN tissue of lrrtm1-/- mutants and wild type mice were subjected to western blot analysis 

to confirm that LRRTM1 antibody (which is an antibody raised against human LRRTM1) 

specifically recognizes LRRTM1 protein in mouse.  

(D and E) Absence of lrrtm1 (A) and nrn1 (B) mRNAs in SCN, the main retinorecipient nucleus 

involved in regulating circadian clock. Red dash line indicated SCN in the hypothalamus. 

Scale bars, 200 µm (A and B), 100 µm (C and D). 

  



126 

 

 

 

  



127 

 

Supplementary Figure 3.3:  Lack of lrrtm1 affects retinogeniculate synapses but not other 

synapses in dLGN. Related to Figure 5. 

(A and B) CTB labeling of retinal terminals in dLGN (A) and vLGN (B) of littermate control 

(green) and lrrtm1-/- mice (red) at P3, P8, P14 and P25. Cumulative (cum.) distribution of CTB-

filled terminal size in dLGN (A’) and vLGN (B’) as well as the average size of CTB puncta in 

dLGN (A’’) and vLGN (B’’) demonstrated smaller CTB puncta size in lrrtm1-/- mice. Data 

represent Mean ± SEM; ***p<0.0001, **p<0.01 by ANOVA. 

(C) dLGN sections of control and lrrtm1-/- mice at P25 immunostained with VGluT1, mGluR1 

and GAD67. Quantification of the florescence signal intensity (C’) and fraction of the total 

dLGN area occupied by the signal (C’’) for each staining are depicted on the right. All data are 

shown as Mean ± SEM. No significant changes has been observed for these non-retinal synaptic 

markers in lrrtm1-/- mice.  

Scale bars, 20 µm (A and B), 250 µm (C). 
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Supplementary Figure 3.4:  Lack of nrn1 did not affect retinogeniculate synapses. Related 

to Figure 5.   

(A and B) Immunostaining of VGluT2-positive retinal terminals in dLGN (A) and vLGN (B) of 

littermate control and nrn1-/- mice at P8, P14 and P25. Cumulative (cum.) distribution of 

VGluT2-positive puncta size are depicted in A’ (for dLGN) and B’ (for vLGN). No significant 

difference in the size of retinal terminals has been observed in dLGN of mice lacking nrn1. All 

data are shown as Mean ± SEM.  

Scale bars, 50 µm (A). 
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Supplementary Figure 3.5:  lack of lrrtm1 resulted in a significant decrease in the number 

of complex RG synapses. Related to Figure 6. 

(A and B) Three examples of dLGN SBFSEM micrographs in control (A) and lrrtm1-/- dLGN 

(B). All retinal terminals in the micrographs are pseudocolored in black and are depicted on the 

right, to simulate what these sections might look like with CTB or VGluT2 labeling. In the left 

micrographs, retinal terminals are labeled in green (A, control) and red (B, lrrtm1-/-). 

(C and D) Optic nerve (ON) cross section of control (C) and lrrtm1-/- (D) mice at P25 stained 

with toluidine blue. Higher magnification of the ON are depicted in C’ (control) and D’ (lrrtm1-/-

).   

(E) Quantification of RGC axons in the ON showed similar number of axons in the ON of 

control (green) and lrrtm1-/- mice (red).  

(F) Measuring cross section areas of the ON in control (green) and lrrtm1-/- mice (red) revealed 

no significant difference between mutant and control mice.  

 (G) Cumulative distribution of individual RGC axons size in control (green) and lrrtm1-/- mice 

(red) showed normal axon size (area of the individual axonal cross sections) in lrrtm1-/- mutants. 

All data are shown as Mean ± SEM.   

Scale bars, 10 µm (A and B), 20 µm (C), 100 µm (D and E), 10 µm (D’ and E’). 
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Supplementary Figure 3.6:  Nrn1-/- mice did not show a deficit in visual behavior. Related 

to Figure 7.   

(A) Genetically blind math5-/- mice did not learn to perform the visual detection task confirming 

the necessity of vision for performing this assay. Dash line indicate the 70% threshold for 

successful performance in task. 

(B) The percentage of correct choices made by control (green) or lrrtm1-/- mice (red) in a normal 

test when hidden platform positioned on the S+ side (vertical grating) and in a reverse test when 

hidden platform placed on the S- (horizontal grating). Results confirmed that accurate 

performance in this assay depend on association of the visual cues with the hidden platform 

rather than detecting the hidden platform itself.  

(C and D) Training nrn1-/- (red) and control (green) mice to detect vertical grating versus a gray 

screen (B) or horizontal grating (C). Nrn1-/- Mutants showed a slight improved learning 

performance compared to wild types. Examples of visual displays are depicted in C’ and D’.  

(E and F) Percentage of correct choices made by nrn1-/- (red) and control (green) mice for 

detection of vertical gratings with increasing spatial frequency (E; cpd, cycle per degree) or 

decreasing contrast (F). Examples of visual displays are depicted in E’ and F’.  

(G and H) Comparison of correct choices made by lrrtm1-/- (red) nrn1-/- (blue) and control 

(green) mice for discriminating vertical grating from horizontal grating either with increasing 

spatial frequency (G) or with decreasing contrast (H). Results indicated abnormal visual behavior 

in lrrtm1-/- mice for performing more complex visual task. Examples of visual displays are 

depicted in G’ and H’. D1-D5 indicates the consecutive days of the test phase.  
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For D-H, dash line represents the 70% correct threshold for successful completion of the task. 

All data are shown as Mean ± SEM; ***p<0.0001, **p<0.01, *p<0.05 by ANOVA. 
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Supplementary Figure 3.7:  Loss of lrrtm1-/- did not affect visual cortex. Related to Figures 

5 & 7.   

(A and B) Examples of visual cortex sections immunostained for VGluT1 and VGluT2 

excitatory synaptic markers in control and lrrtm1-/- mice at P14 (A) and P25 (B). Quantification 

of florescence signal intensity and fraction of the total dLGN area occupied by the signal for 

each staining are depicted on the bottom in A’ and B’ (KO = lrrtm1-/- mutants). Results indicated 

that visual behavior deficits observed in lrrtm1-/- mutants were caused by loss of complex RG 

synapses in visual thalamus rather than abnormalities in other parts of the brain involved in 

processing visual information (e.g. visual cortex). In P25 tissues, Syt2 used to label cells in layer 

V of the cortex. Data are shown as Mean ± SEM. 

(C) A pan-neurexin antibody revealed the presence of neurexins, the presynaptic binding partner 

of lrrtm1, in the RGCs. Yellow arrowhead denotes neurexin protein expression in RGCs. Brn3a 

is used here as a marker for RGCs and GAD67 to identify INL and inner plexiform layer.   

(D-E) RNAseq analysis revealed the presence several neurexin-binding proteins such as lrrtms 

(D) and neuroligins (E) in dLGN. Higher level of lrrtm1 at eye-opening and its enrichment in 

dLGN compared to vLGN made lrrtm1 the prime candidate capable of influencing the 

transformation of RG synapses in dLGN. Data are shown as RNA raw reads (D and E) and 

expression relative values obtained by comparing dLGN to vLGN (D’ and E’) or different ages 

(D’’ and E’’). 

Scale bars, 50 µm (A and C). 
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4. Discussion and Future Perspective 

In my PhD, I undertook a series of studies that revealed new aspects of retinogeniculate 

circuitry in the dLGN. I discovered a novel molecular mechanism that underlies the development 

of this circuit. In this section, I discuss why learning about mechanisms underlying the 

development of neural circuit in the mouse visual system, particularly dLGN, is important (from 

a translational perspective) and how my findings fit with the existing literature regarding 

circuitry and information processing mechanisms in the subcortical visual system (from a basic 

science perspective). 

 

4.1. Rebuilding vision through regenerative therapies 

Our visual ability relies on properly wired neural circuits that connect the retina to 

different visual centers in the brain. Retinal ganglion cells (RGCs) send visual information to 

several different subcortical nuclei in the brain, including the dorsal Lateral Geniculate Nucleus 

(dLGN) of the thalamus and the Superior Colliculus (SC) of the midbrain (Berson, 2008; Morin 

and Studholme, 2014). From subcortical regions, visual information is transferred to higher 

cortical areas and transformed into visual perceptions (Dhande and Huberman, 2014). Traumatic 

injuries to the optic nerve and neurodegenerative diseases of the visual system such as glaucoma 

(Danesh-Meyer and Levin, 2015; Gupta and Yücel, 2007) and optic nerve hypoplasia (Borchert, 

2012; Kaur et al., 2013), disrupt the retinofugal pathway between retina and brain and lead to 

permanent and irreversible loss of vision. While there are currently no effective treatments for 

these debilitating conditions, regenerative strategies with the aim of repairing or replacing these 

damaged neuronal circuits are one of the most promising options for restoring partial or full 

visual function (Crair and Mason, 2016; Goldberg and Guido, 2016). What information do we 
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need and how should we implement it in order to rebuild or repair a disrupted visual circuit? 

Although my discussion is focused on conditions that impair RGCs and their projections to 

subcortical regions, these regenerative strategies can be applied to impairments and injuries 

which affect other neural circuits in the visual system or other sensory systems.  

Two main regenerative strategies are being investigated depending on the type of damage 

to the visual circuit (Benowitz et al., 2017; Mead et al., 2015). In the first approach, damaged or 

lost RGCs are replaced with new cells through transplantation of stem cell-derived RGCs. 

Different sources of stem cells can be used in this approach, such as bone marrow derived 

mesenchymal stem cells (BMSC), neural stem cells or embryonic/induced pluripotent stem cells. 

A major difficulty with replacing RGCs in the retina is the generation of all different classes of 

RGCs, which exceed 40. Theoretically, each distinct class of RGCs requires a unique stem cell 

differentiation protocol.  

In the second approach, the regeneration capacity of damaged RGCs is activated so they 

can regrow their severed axons and re-innervate the retinorecipient target regions in the brain 

(Crair and Mason, 2016; Gao et al., 2012). However, axonal regeneration approaches can be 

combined with stem cell transplantation so that stem cells act as a source of neurotrophic factors. 

To regrow, injured axons must form new growth cones and must have a permissive environment. 

Yet, in the case of injured RGCs, neither intrinsic intracellular mechanisms nor extracellular 

environment are in favor of regeneration. RGC axonal regeneration is prevented by the initiation 

of intrinsic mechanisms which repress growth cone formation, and by an unfavorable 

environment around the injury site due to glial scarring (Yiu and He, 2006). Therefore, both 

intrinsic and extrinsic mechanisms of axonal regrowth need to be reprogrammed into a state that 

favors appropriate regrowth of the axons. While the process of axonal outgrowth in early 
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development is mainly through “tethered growth”, the regrowth of injured RGC axons in a 

mature neural circuit is completely de novo. This de novo outgrowth requires a constant supply 

of energy and continuous transport of axonal building blocks (e.g. lipids, proteins etc.) from the 

cell body to the growth cone. Moreover, newly formed growth cones must travel a long way 

through optic nerve and optic tract to reach their destinations which may take them several 

weeks or months (He and Jin, 2016). The optic nerve and optic tract environments should also 

permit the myelination of the regrown axons. After arriving at the correct regions, RGC axons 

need to select one or more distinct types of cells and even specific subcellular parts of the target 

cells (e.g. proximal versus distal dendrites). On the other hand, target regions of newly 

innervating axons must permit the formation, maturation and refinement of new synapses. In 

dLGN, retinal projections make up only a small portion of (5-10%) of the total inputs onto relay 

cells and majority of the inputs arise from non-retinal projections (e.g. cortical feedback inputs, 

tectal inputs and brainstem inputs). During development, these non-retinal projections influence 

the formation and organization of retinal inputs.  

Therefore, regeneration of the whole circuit in a mature visual system requires the 

reactivation (or replacement) of many of these intrinsic and extrinsic developmentally-regulated 

targeting and differentiation mechanisms. This suggests, the regeneration of the whole visual 

circuits is only possible if regeneration capacity of all different parts of the circuit is reactivated. 

However, it is important to ask whether we need to rebuild the whole circuit or only a small 

portion of the circuit in order to achieve a functional and beneficial outcome (Moore and 

Goldberg, 2010).  

Despite remarkable progress in regenerating retinal axons and identifying axonal 

guidance cues (Bei et al., 2016; de Lima et al., 2012a; de Lima et al., 2012b; Duan et al., 2015; 
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Fox and Guido, 2011; Lim et al., 2016; Liu et al., 2011; Lu et al., 2014; Park et al., 2008; Singh 

et al., 2011; Su et al., 2011), regenerated axons fail to assemble fully-functional synapses and 

restore normal visual behaviors, creating a vital need for a better understanding of the synaptic 

assembly mechanisms in retinorecipient nuclei. Our studies (Hammer et al., 2014; Hammer et 

al., 2015) and others (Morgan et al., 2016) showed that, in the dLGN, RTs not only form larger 

retinogeniculate (RG) synapses (compared to other target regions in the mouse brain), they 

participate in forming “complex” RG synapses in which several distinct  RTs converge onto a 

short length of a thalamic cell dendrite. How do RTs in dLGN obtain their unique morphology? 

What is the functional significance of these differences synaptic organizations? Answers to these 

questions are critical for regeneration of functional RG synapses in dLGN, which are the main 

and most important conduits of image-forming visual information from retina to the primary 

visual cortex (V1). Although both RGC- and dLGN-derived cues can play roles in the 

differentiation of RG synapses, in this dissertation (chapter 3), I focused on identification and 

characterization of target-derived signals. To do that, I compared the whole transcriptome of the 

dLGN and its adjacent nucleus, vLGN, (both of which receive dense retinal inputs) during 

different stages of RG synapse development in mice. My RNAseq screen revealed Lrrtm1 as an 

important factor required for development of complex RG synapses in dLGN.  

In order to understand if Lrrtm1 is truly a potential candidate for regenerative therapies 

aimed at restoring RG circuit further studies are needed to investigate its mechanism of action as 

well as its role in higher mammals such non-human primates and humans. For example, is 

expression of exogenous LRRTM1 in other retinorecipient nuclei (e.g. vLGN and SC) sufficient 

to induce complex RG synapse formation? Does the primate and human dLGN contain LRRTM1 

and complex RG synapses? Do complex RG synapses play an important role in primate or 
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human vision? Are there safe ways to express this exogenous transmembrane protein in human 

dLGN relay cells? While studies in cats and rats have shown the presence of complex RG 

synapse in dLGN, currently no data is available on the existence and prevalence of complex RG 

synapses in non-human primates and humans. Moreover, in cats and rats it is not completely 

understood what fraction of total RG synapses belong to complex RG synapses. Our data in mice 

indicates that majority of RTs participate in forming complex RG synapse. With the aim of 

answering some of the questions that I mentioned above, I generated lentivirus and adeno-

associated viruses (AAVs) that contain plasmid constructs of mouse LRRTM1 and GFP reporter 

proteins. While in vitro experiments showed that infected HEK cells with these viruses are 

producing LRRTM1 protein, we could not show that the translated LRRTM1 proteins are 

correctly inserted in the plasma membrane. More studies are needed on the mechanism of 

LRRTM1 transportation to the plasma membrane in order to make sure that the overexpressed 

protein is placed in the right compartment of the neural processes.  

 

4.2. Convergence of RG synapse: anatomical versus functional studies  

Until recently, the dLGN has been known as a simple relay center connecting retinal 

ganglion cells to primary visual cortex. For dLGN to act as a mere relay center, dLGN relay cells 

must preserve the retinal information, and then send that information to visual cortex without 

modifying it. In this relay mode, first, a heterogeneous population of relay cells must be present 

in dLGN in order to carry distinct visual information passed to them by retinal inputs. Second, 

the local circuitry of dLGN cells must be simple in order to prevent processing and modification 

of received visual signals. Third, functional properties of dLGN cells (e.g. their receptive field) 

are expected to be similar to those of RGCs. Fourth, retinal input onto relay cells must arise from 
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one class of RGCs and even a few number of RGCs (~1-3). Emerging anatomical and 

physiological studies in mice, however, do not fully support this relay mode (Kerschensteiner 

and Guido, 2017; Litvina and Chen, 2017a; Monavarfeshani et al., 2017; Morgan, 2017; Morgan 

et al., 2016).  

So far, only three groups of dLGN relay cells have been characterized based on their 

morphology and their physiological responses to visual stimuli. These groups of cells resemble 

those identified in other mammals (e.g.  X, Y and W cells of cat dLGN) and they show region-

specific distribution in the mouse dLGN. X-like cells are more present on the shell of the dLGN, 

Y-like cells are found more in the core region of the dLGN and X-like cells (as well as local 

interneurons) were dispersed throughout the dLGN. While the presence of these three groups of 

relay cells suggests at least three channels of visual information exist in dLGN, they are far 

fewer than the number of distinct classes retinal ganglion cells in retina which is around 40. If 

different image-forming classes of RGCs send feature-specific visual information to relay cells 

in dLGN, there should be more than three classes of relay cells in dLGN in order to transmit that 

information to the visual cortex through parallel, unmixed channels. New advances in single cell 

sequencing and tracing techniques will help to investigate whether more unidentified classes of 

relay cells exist.   

The circuitry of the dLGN exhibits a high level of complexity. dLGN receives many 

other inputs (reviewed in the introduction section) from a variety of other sources beside retinal 

inputs. Complex circuity of the dLGN endows this nucleus with the ability to shape and process 

retinal information before passing them to primary visual cortex.  In most mammals, dLGN relay 

cells are responsive to distinct visual features (e.g. direction and orientation of movement) 

(Cheong et al., 2013; Cruz-Martín et al., 2014; Ling et al., 2015; Marshel et al., 2012; Piscopo et 
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al., 2013; Scholl et al., 2013; Zhao et al., 2013), which previously have been thought to be 

generated through cortical processing (Alonso et al., 2001; Hubel and Wiesel, 1972).  

Moreover, recent studies, including our own (chapter 1), revealed a high level of retinal 

convergence onto dLGN relay cells, both anatomically and functionally (Hammer et al., 2015; 

Litvina and Chen; Morgan et al., 2016; Rompani et al., 2017). Thus, visual information in dLGN 

may undergoes striking transformation (i.e. integration of distinct retinal inputs and many other 

non-retinal inputs).  

Two approaches have been applied to investigate the functional connectivity in the 

retinogeniculate pathway. In the first approach, a stimulating electrode is placed on the surface of 

the optic tract, and 0.6-1.2 mm away from that, a recording electrode is patched onto a dLGN 

relay cell. Various intensities of the stimulus are applied to the optic tract to identify two 

parameters; the minimum stimulus intensity capable of evoking an EPSC in a dLGN relay cell 

and the maximum stimulus intensity required to generate the maximum EPSC in that dLGN 

relay cell. The EPSC triggered by minimum stimulus intensity is suggested to be driven by a 

single RGC axon while the maximum EPSC by all of the RGC inputs to that given dLGN cell. 

The fraction of single axon EPCS to all axon EPSC (called fiber fraction) is used to estimate the 

number of functional inputs onto a dLGN cell (Chen and Regehr, 2000; Hooks and Chen, 2006; 

Jaubert-Miazza et al., 2005). Likewise, a plot of EPSP against the stimulus intensity is drawn and 

the number of steps in the graph is used to estimate the number of axons. Using fiber fraction 

value, it has been estimated that between 10 to 20 weak RGC inputs converge onto a dLGN relay 

cells prior to the eye-opening (p12-p14). However, after eye-opening and during the adulthood 

many of this weak inputs disappear and only a few (1-3) RGC inputs remain which can strongly 
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drive large amplitude EPSP in the geniculate cells. I should note that most of these experiments 

have been done on brain tissues in vitro and in rodents.  

In another approach which have mainly been applied in vivo and in higher mammals (e.g. 

monkeys and cats), the activity of a dLGN relay cells is recorded extracellularly in anesthetized 

animals while its paired RGC is stimulated by light signals. A visual stimulus is delivered to the 

center of one RGC receptive field and recording electrode(s) is advanced down gradually in the 

tissue until it encounters a strong EPSP that can drive a dLGN relay cell to spike. Recording 

electrodes are inserted into the dLGN through a guide tube positioned 5 mm above the LGN. A 

cohort of studies (Cleland et al., 1971; Cleland and Lee, 1985; Mastronarde, 1992; Sincich et al., 

2007; Usrey et al., 1999; Weyand, 2007; Yeh et al., 2009) using different versions of this 

approach suggested that spikes of one RGC can diverge onto as many as 10 (X cells in cats) to 

20 (Y cells in cats) dLGN relay cells. On the other hand, one dLGN relay cell can receive 

converging inputs from 1-4 RGCs. These studies demonstrated that about 90% of spikes in a 

dLGN relay cell is driven by one dominant RGC inputs, suggesting that the actual functional 

ratio of RGC-dLGN connection is close to 1:1 and the other converging RGC inputs are weak 

and non-driving retinal inputs. Considering the degree of retinal divergence, the number of 

dLGN relay cells (estimated to be around 500K cells) and the number of RGCs in the retina 

(estimated to be around 100K cells), a high level (80%) of synchronicity is expected among 

dLGN relay cells. However, the maximum level of correlated spiking activity that has been 

observed between two X cells in dLGN of cats was around 40% (with an average of 10%) (Yeh 

et al., 2009). This suggest a lower functional divergence compared to the observed divergence of 

retinal projections.  
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Convergence and divergence of retinal projections in dLGN are mechanisms that endow 

relay cells with a higher processing power. It enables them to alter retinal information so they 

can extract specific features of the visual scene (e.g. novel receptive field) (Sherman, 2016; 

Weyand, 2016). Early electron microscopy observations in cats dLGN indicated the presence of 

convergent and divergent retinal projections in a cell-specific way, with Y cells receiving more 

convergent inputs (~10 RGC inputs) than X cells (1 RGC input) (Hamos et al., 1987; Robson, 

1993). Recently, serial block-face scanning electron microscopy has made it possible to 

reconstruct neural circuits in 3D and obtain a more precise anatomical view of the circuits. Using 

SBFSEM, we and others (Hammer et al., 2015; Morgan et al., 2016) discovered a high level of 

retinal convergence onto dLGN relay cells in mice. Our EM reconstruction data (chapter 2) 

revealed more than a dozen of distinct RGC axons converging at a shared region of a single 

dLGN relay cell dendrite. These sites of retinal convergence have been observed previously in 

cats. Although less obvious than astrocytic wrapping around simple encapsulated RG synapses, 

astrocytic process are present around these complex RG synapses. Morgan et al. reconstructed a 

large number of full dLGN relay cells and their RGC projections in mouse dLGN (400*600*280 

µm) and found that up to 40 RGC axons can converge onto different dendritic branches of a 

single dLGN relay cell (convergence at a cellular level). Similar to our finding (Hammer et al. 

2015), they also reported up to a dozen distinct retinal terminal clustered at the site of complex 

RG synapses (convergence at a subcellular level). One important limitation of these EM studies 

is that the reconstructed neural circuits are still only a small portion of the whole visual circuit.  

It is possible that RGC axons split into multiple branches in the optic tract or even optic nerve 

(which is not included in the reconstructed area) and these distinct retinal terminals in complex 

RG synapses are actually different axonal segments of a single RGC axon. To overcome this 
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issue, we used brainbow tract-tracing (chapter 2) by injecting AAVs into the vitreous humor of 

mice that express Cre recombinase in their RGCs. The brainbow AAVs has been shown to 

distinctively label infected neurons (an in this case, RGCs) with different and distinct colors (Cai 

et al., 2013; Robles et al., 2013). Our brainbow labeling of axons suggested that individual axons 

that cluster together and form complex RG synapses are in fact coming from distinct RGCs. The 

subcellular convergence of retinal projections at the site of complex RG synapse may serves as a 

substrate for the refinement and reorganization of RG synapses in dLGN during development.  It 

has been shown that axonal arbors of a single RGC can undergo refinement through 

reorganization and clustering of synaptic boutons along the arbors instead of extension or 

retraction of axonal branches (Hong et al., 2014).   

More recently, another group (Rompani et al., 2017) used retrograde trans-synaptic rabies 

virus and traced one single dLGN cell and all RGCs that innervate that cell. Their data revealed a 

significantly high level of retinal convergence onto dLGN cells. Their data suggested three 

modes of visual information transfer in the dLGN. First, a classic relay mode in which 1-5 RGCs 

from a same class project to a dLGN relay cell. However, the name “relay” still does not seem 

suitable considering all other non-retinal inputs onto each dLGN relay cells. Second, a 

combination mode, in which 6-36 RGCs make synapses onto a single dLGN cell and 

interestingly their morphological properties, suggested that these RGCs are from different 

classes. Third, a binocular combination-mode in which up to 91 RGCs from both eyes projects to 

one dLGN cells. Interestingly, in the binocular combination mode the RGCs form contralateral 

eye found to be from different classes (based on morphological clustering of the labeled RGCs) 

but the ipsilateral eye from same class. It should be noted that the efficacy and fidelity of the 

trans-synaptic viral transmission, and the approach by which identified RGCs have been 
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assigned to a different RGC classes, are two limiting factor of this trans-synaptic tracing 

technique that might have impacted the reported numbers in this unexpected results. It would be 

interesting to find out whether binocular inputs onto dLGN cells converge at the site of complex 

RG synapses or they are distributed on different dendritic branches of relay cells. Regardless of 

the anatomical organization, convergence of retinal inputs from both eyes to relay cells (Grieve, 

2005; Howarth et al., 2014; Rompani et al., 2017) can provide a substrate for experience-

dependent ocular dominance plasticity in the dLGN of mice. In a recent study by Jaepel et al. 

(2017), the activity of relay cell axonal boutons in the layer 1 of V1 has been recorded using 

two-photon Ca2+ imaging in live animals for 4 weeks. They chronically recorded eye-specific 

activity from relay cell boutons before and after monocular deprivation and found a significant 

ocular dominance shift in dLGN cells. Despite having an elegant design, I think this study failed 

to prove that they only recorded from geniculocortical boutons.  

Important questions arise from these anatomical studies: Are all these convergent retinal 

inputs functional and capable of modifying dLGN activity? Is information content of converging 

retinal inputs different from each other? Is this convergence has any functional significance for 

vision? In a recent study, using optogenetics, Litviana and Chen (2017b) identified around 10 

functional retinal inputs onto a single dLGN relay cell, a number five times larger than what they 

have reported before. However, using a computational simulation, they estimated that only 30% 

of all convergent inputs onto one relay cell are capable of driving the relay cell to spike and the 

rest of retinal inputs are weak and perhaps modulatory. Unfortunately, the criteria used to define 

a “strong” driving retinal input is quite different from those used to assess driving inputs in early 

development, making it an inconsistent threshold to use. Therefore, it is unclear whether the “cut 
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off” used in this study to identify strong retinal inputs is reliable or not. Overall, results from this 

study revealed the existence of functional retinal convergence in dLGN.   

Following the recognition of parallel pathways for the transmission of somatosensory 

information from the peripheral nerves to the brain, a similar parallel organization in the visual 

system has been predicted (Bishop, 1933). This prediction was based on variation in the size and 

conduction velocity of retinal axon in the optic nerve. The concept of parallel pathways in the 

visual system had been strengthened by continuously growing discoveries expanding the list of 

morphologically and functionally distinct classes of retinal ganglion cells in the retina (Stone, 

2013). Moreover, in all main animal models used for studying the visual system (i.e. non-human 

primates, cats and rodents) at least three groups of neurons (parallel channels) in the dLGN have 

been identified. In primate dLGN, M cells provide a channel for visual information about motion 

and contrast, P cells carry information relevant to form, color and spatial frequency and K cells 

provide channels for a mixture of visual properties such orientation and color (Hendry and Reid, 

2000).  X, Y and W cells in cats and X-like, Y-like and W-like cells in rodents are different 

classes of dLGN cells resembling primate M, P and K cells, respectively. Most studies in 

mammals agree upon the existence of parallel visual sensory pathways in the retina until they 

reaches to the dLGN. However, how many pathways exist in subcortical visual system and how 

dLGN convey feature-specific visual information to primary visual cortex is not well understood.  

A question that arises from these findings is: how many features are parsed out in the 

retina and how many of them are transferred through parallel pathways to visual cortex? Recent 

findings mentioned above, and findings included in this dissertation, which show a high degree 

of retinal convergence in dLGN, indicate the possibility of mixing different visual information in 

dLGN (at a subcortical level) which is in contract to the more classical view of parallel pathway 
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that proposes V1 as the sole site for integration of different visual pathways (Denman and 

Contreras, 2016; Gao et al., 2010) .  

For this parallel organization concept to work in dLGN of mice, distinct relay cells must 

show specificity for different features of the sensory visual information they receive. 

Theoretically, they should show variation in their morphology (similar to what we see among 

RGCs). However, anatomical tracing studies in dLGN have yet to reveal such diversity in the 

morphology of relay cells. From a spatial perspective, the presence of topographic organization 

among both RGC axons, in the dLGN, and dLGN relay cells axons, in the primary visual cortex, 

indicates that there are, certainly, unmixed pathways which carry space-specific visual 

information regarding different locations of the visual field. These space-specific pathways 

enable the visual system to preserve a continues representation of spatial information from retina 

to brain (Cang and Feldheim, 2013; Feldheim et al., 1998; Huberman et al., 2008a; 

Pfeiffenberger et al., 2006). If other features of the visual information require parallel channels, 

then, each of these space-specific channels needs to contain several feature-specific sub-

pathways. Homogenous distribution of distinct RGC classes (e.g. ON-OFF direction selective 

RGCs) suggests an anatomical framework for parallel processing of visual information in the 

retina. However, evidence for the existence of similar pathways in dLGN to the primary visual 

cortex is in pale. Only three classes of relay cells have been identified and their spatial 

distribution is not completely resolved.   

Electrophysiological recording of the dLGN relay cells shows a near unitary matching 

between RGCs and dLGN cells, suggesting a one-to-one relationship between RGCs and dLGN 

relay cells and, therefore, supporting the existence of parallel pathways (Glees and le Gros Clark, 

1941; Piscopo et al., 2013). Moreover, functional properties of the neurons in the dLGN 
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(Denman and Contreras, 2016) and primary visual cortex (Gao et al., 2010) of mice suggest 

separation of functional channels from the dLGN to the primary visual cortex. In the dLGN most 

of the cells (a ratio of 9:1) showed linear spatial summation which is similar to the number of 

RGCs exhibiting linearity of spatial summation within their receptive field (Denman and 

Contreras, 2016; Stone and Pinto, 1993). Overall, so far, current electrophysiological recording 

in dLGN and V1 suggest that integration and mixing of visual information ocuurs mainly in V1. 

Recent advances in optogenetics and recording approaches, as well as in anatomical tracing 

techniques, will help to shed light on the discrepancies between anatomical observation and 

functional recording data.  

 

4.3. Lrrtm1 mechanism of action 

Leucine-rich repeat transmembrane proteins (LRRTM1-4) (de Wit et al., 2009; Ko et al., 

2009a; Linhoff et al., 2009; Siddiqui et al., 2010; Siddiqui et al., 2013) and neuroligins (NL1-4) 

(Budreck and Scheiffele, 2007; Chih et al., 2005; Chubykin et al., 2007; Craig and Kang, 2007; 

Graf et al., 2004; Ichtchenko et al., 1995; Ichtchenko et al., 1996; Ko et al., 2009b; Varoqueaux 

et al., 2006; Varoqueaux et al., 2004) are located at the postsynaptic membranes and interact 

with three members of presynaptic neurexins (NXN1-3). These interactions have been shown to 

be important for the assembly, maturation, and maintenance of synapses. Moreover, several 

members of these protein families are associated with neurological disorders such as autism and 

schizophrenia (de Wit and Ghosh, 2014, 2015; de Wit et al., 2011; Francks et al., 2007; Sousa et 

al., 2010; Südhof, 2008). In chapter 3, I showed that LRRTM1, which is generated by 

postsynaptic relay cells, is important for the development of complex retinogeniculate synapses 
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around the time of eye-opening in dLGN of mice.  How does lack of this transmembrane 

adhesion molecule can cause a dramatic reduction in the number of complex RG synapses? 

While in vitro overexpression of Lrrtm1 led to increased synapse formation (Linhoff et 

al., 2009), Lrrtm1 knock down experiments did not result in any alteration in synapse density 

(Ko et al., 2011). However, simultaneous knock down of other neurexin binding partners (i.e. 

Lrrtm2, NL1 and NL3) along with Lrrtm1 led to a significant reduction in synapse density in 

cultured neurons. This suggests an overlapping and compensatory relationship among these 

neurexin binding partners. Interestingly, this synapse reduction in cultured neurons was 

prevented by blocking synaptic activity, suggesting that the synapse loss induced by removal of 

LRRTMs and NLs is due to increased synapse elimination and not due to decreased synapse 

formation (Ko et al., 2011). Overall in vitro studies suggested that Lrrtm1 can prevent activity-

dependent refinement of excitatory synapses. In chapter 3, I showed the lack of LRRTM1 can 

reduce the number of clustered (smaller) RTs and instead increase the number of simple and 

larger RTs.  

It is plausible to hypothesize that the removal of Lrrtm1 from relay cells leads to an 

increased rate, or more effective, experience-dependent refinement of retinal terminals in the 

retinogeniculate circuit. Our time course anatomical study of retinal terminals indicates that the 

reduction in the number of larger RG synapses in mice lacking LRRTM1 start around eye-

opening (despite reaching a statistical significance level), the time that coincide with a surge in 

the expression of LRRTM1. Comparing mutant and control mice using SBFSEM and brainbow 

tracing will help to confirm at what time point during development of retinogeniculate circuit 

this reduction of complex RG synapses occurs. Thus, it is possible that in wild type mice 

LRRTM1 is promoting clustering of RTs and keeping dLGN in a more unrefined and plastic 
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state. If this is true, Lrrtm1 can potentially increase the rewiring capacity of the retinogeniculate 

circuit. I can assume that Lrrtm1 expression (and complex RG synapses) are a way of conserving 

a readily available anatomical substrate for functional reorganization of synapses. Therefore, it 

would be interesting to remove Lrrtm1 at different time points during development using 

conditional Lrrtm1 mutant mice in order to study the exact role of Lrrtm1 in the refinement of 

retinogeniculate circuit. Increases in the expression of Lrrtm1 mRNA and protein around eye-

opening suggest that the expression of this gene might be regulated through an activity-

dependent mechanism. While, an in vitro study showed that Lrrtm1 expression is indeed 

regulated by neural activity and nuclear calcium singling (Hayer and Bading, 2015), our in vivo 

late dark rearing of mice (for 10 days) did not reveal any changes in the expression of Lrrtm1 

mRNA. In the future, measuring Lrrtm1 expression after complete removal of retinal activity 

(e.g. using enucleation or testing it in transgenically blind Math5-/- mice) may answer whether 

Lrrtm1 level of expression depends on retinal activity and shed more light on novel roles that this 

synaptic organizer may play in activity-dependent refinement of retinogeniculate circuit.  
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