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Abstract 
 

Direction selective ganglion cells (DSGCs) signal the presence and direction of motion 

from the retina to multiple brain areas. Reliably signaling motion is critical through 

dynamic environments, including contrasts and light levels. This dissertation examines 

how direction-selective responses are reliably generated across stimulus contrasts, and 

how populations of DSGCs adapt to changes in light level, spanning moonlight to 

daylight. In Chapter 2, I describe the development of a functional classification method to 

identify and classify DSGCs. In Chapter 3, I show how NMDA-dependent synapses 

improve direction coding in DSGCs at threshold contrasts. In Chapter 4, I describe 

changes in DSGC responses across light levels, and how these adaptive changes depend 

on cell types. Chapter 5 focuses on two mechanisms that contribute to this cell type-

dependent adaptation: connexin36-mediated electrical coupling and differences in 

effective GABAergic inhibition. In Chapter 6, I show with a simulation of DSGC activity 

based on data that this adaptation strategy is beneficial for balancing motion detection 

and direction estimation at the lower signal-to-noise encountered at night.  
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1. Introduction  
The first step of seeing begins in the eye, where light is converted into electrical 

signals by the retina. Visual information is distributed into parallel pathways consisting 

of distinct cell types. Each pathway has a specialized function for encoding specific 

features in the visual scene, among which the direction-selective circuitry carries motion 

information in visual stimuli. The output signals of this circuitry target several distinct 

brain regions and ultimately guide motion-related behaviors.     

1.1 Cell types in the mouse retina 

The mammalian retina consists of 5 major classes of cells: photoreceptors, bipolar 

cells, horizontal cells, amacrine cells and retinal ganglion cells (RGCs) (Masland, 2012) 

(Figure 1A). Photoreceptors convert light into electrical signals by phototransduction 

initiated from rhodopsin/opsin isomerization. Increments of light hyperpolarizes 

photoreceptors and suppresses their glutamate release, making them “OFF response” 

cells. Photoreceptors are divided into rods and cones. Rods are extremely sensitive to light 

and thus they are involved in dim light vision, whereas cones are less sensitive to light 

and are involved in bright light vision. In mouse retina, most cones coexpress both short- 

(S) and middle-wavelength (M) sensitive opsin, and the S/M expression ratio is graded 

from ventral to dorsal retina (Applebury et al., 2000).  

Horizontal cells are a class of GABAergic interneurons that make feedback 

synapses with photoreceptors and feedforward synapses with bipolar cells. They are 
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likely to be involved in global contrast enhancement. The mouse retina contains a single 

type of horizontal cell (Peichl and Gonzalez-Soriano, 1994).  

Bipolar cells receive input from photoreceptors and horizontal cells and make 

synapses onto amacrine cells and ganglion cells. In mouse retina, five types of bipolar cells 

express AMPA/kainate receptors, which are cation channels opened by glutamate. Thus, 

they form sign-conserving synapses with photoreceptors (OFF bipolar cell). The other 

eight types of bipolar cells express metabotropic glutamate receptor 6 (mGluR6), which 

leads to closing of the cation channel TRPM1 when glutamate binds to the receptor, 

thereby forming sign-inverting synapses with photoreceptors (ON bipolar cell) 

(Helmstaedter et al., 2013; Wassle et al., 2009). There is a single type of ON bipolar cell 

receiving input exclusively from rods (rod bipolar cell) and it further conveys these signals 

through a specialized pathway: rods à rod bipolar cells à AII amacrine cells à cone 

bipolar cells à ganglion cells. This specialized pathway is called the “primary rod 

pathway”. The other 12 types of bipolar cells receive input primarily from cones (so-

called, cone bipolar cells), while some OFF bipolar cells receive input from rods (Field and 

Rieke, 2002; Hack et al., 1999; Soucy et al., 1998; Tsukamoto et al., 2001), establishing the 

tertiary rod pathway. A secondary rod pathway carries rod signals to cone bipolar cells 

through rod-cone gap junctions and cone to cone-bipolar cell synapse (DeVries and 

Baylor, 1995)(Figure 1B). The output of different types of bipolar cells are sampled by 

different sets of ganglion cells. Type 2, 3 and 4 bipolar cells provide the OFF input to ON-
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OFF DSGCs (Duan et al., 2014; Helmstaedter et al., 2013). Type 5 bipolar cells provide ON 

input to ON-OFF and ON DSGCs (Helmstaedter et al., 2013; Yonehara et al., 2013). 

Amacrine cells mainly convey signals from bipolar cells to ganglion cells by both 

excitatory and inhibitory synapses. They also form homotypic and heterotypic synapses 

with each other. Amacrine cells are the most diverse cell class in the retina with ~30 types 

identified (Masland, 2012). The major source of amacrine cell input onto DSGCs comes 

from two types of starburst amacrine cells (SACs). One type is depolarized by light 

increment (ON SAC) and the other type is depolarized by light decrement (OFF SAC). 

These cells play a key role in generating direction selectivity, which I will discuss later 

(see Chapter 1.2). Several other amacrine cell types also provide input to DS circuitry. A 

type of wide-field amacrine cell is recruited at high light level to provide GABAergic 

inhibition to presynaptic bipolar cells, making DSGCs size selective (Hoggarth et al., 2015). 

An ON-OFF amacrine cell type (vGluT3 AC) provide glutamatergic excitation to DSGCs 

that potentially enhances the ON-OFF response of DSGCs by coordinating/synergizing 

the responses between the ON and OFF dendrites (Lee et al., 2014). Finally, a narrow-field 

VIP-positive ON amacrine cell type provides GABAergic inhibition to ON-OFF DSGCs 

and is potentially involved in disinhibition of the DSGC circuit (Manookin et al., 2008; 

Park et al., 2015). Thus, several amacrine cell types shape the responses of DSGCs. 

Ganglion cells receive input from bipolar cells and amacrine cells and carry the 

sole output from retina to downstream brain regions through the optic nerve. In mouse 
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retina, there are more than 20 types of anatomically and functionally identified ganglion 

cells (Baden et al., 2016; Dunn and Wong, 2014), among which at least 7 of them are 

DSGCs. There are 4 types of bistratified ON-OFF DSGCs and 3 types of monostratified 

ON DSGCs, accounting for around 20% of the whole RGC population. Recent studies 

suggest a larger diversity of DSGC types, which I will discuss in Chapter 2. 

1.1.1 Laminar organization 

Cells in mammalian retinas are organized into 5 layers (Figure 1A). The outer 

nuclear layer (ONL) is the outermost layer, consisting cell bodies from photorecepters. 

The outer plexiform layer (OPL) consists of synapses between photoreceptors, horizontal 

cells and bipolar cells. The inner nuclear layer (INL) consists of cell bodies from bipolar 

cells, horizontal cells and amacrine cells. The inner plexiform layer (IPL) consists of 

synapses between bipolar cell, amacrine cells and ganglion cells. The ganglion cell layer 

(GCL) consists of cell bodies from ganglion cells and displaced amacrine cells. The IPL 

can be further divided into at least 5 substrata. OFF bipolar cells stratify in the two distal 

layers while ON bipolar cells stratify in the three proximal layers. The stratification 

pattern of ganglion cell dendrites is more diverse. There are monostratified cells 

responding to either ON or OFF stimuli, as well as bistratified cells responding to both 

ON and OFF stimuli. 

 The stratification depth of bipolar cell axons and ganglion cell/amacrine cell 

dendrites in the IPL is a key structural characteristic that defines cell types, facilitates 
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specific connections between cell types. Bipolar cells cell axons terminate in very restricted 

depths in IPL. Ganglion cell and amacrine cell dendrites exhibit similarly restricted 

stratification. As a result, specific bipolar cell types make contacts with specific 

postsynaptic partners. Thus, the strata act as an addressing scheme to organize wiring 

pattern among these neurons. This wiring pattern is critical for supporting the precises 

responses of DSGCs (see below). 

 

 

Figure 1: The neuronal organization of the retina. Laminar organization of the retina 
(adapted from (Edqvist, 2006)). B. Rod circuitry. Three different pathways are shaded by 
different colors. Gray: primary pathway; yellow: secondary pathway; blue: tertiary 
pathway. BC: bipolar cell; AII: AII amacrine cell; GC: ganglion cell. 
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1.1.2 Mosaic organization 

Each type of ganglion cell covers the entire retina with a regularly spaced pattern 

called a “mosaic”. Anatomically, cell bodies of ganglion cells from the same type are semi-

regularly distributed with an “exclusion zone” (Figure 2A). Their dendrites also tile space 

thereby minimizing gaps or overlaps in the population of dendritic fields (Vaney, 1994; 

Wassle, 2004). A receptive field (RF) is a particular region in stimulus space in which a 

stimulus affects the activity of that neuron. For RGCs, RFs depict a spatiotemporal 

window in the visual field to which the neuron responds. Because direct vertical pathways 

connect photoreceptors, bipolar cells and ganglion cells (Figure 1A), RF structures are 

largely a consequence of dendritic field structure. Thus, RFs of ganglion cells of the same 

type also regularly tile visual space with a similar mosaic-like pattern (Figure 

2B)(Gauthier et al., 2009). This mosaic organization allows a complete and efficient 

sampling of the visual scene for feature extraction within each parallel pathway. 

Meanwhile, the overlap among different mosaics allows signals at the nearby spatial 

locations to be sampled by every parallel pathway. Mosaic organization is a general 

feature exhibited by each retinal cell type, including RGCs, bipolar cells and amacrine 

cells (Greschner et al., 2014; Helmstaedter et al., 2013; Keeley et al., 2007). Thus, it is a 

hallmark of the irreduciblility cell types in the retina, and thus it is a reliable tool for 

verifying methods for classifing cell types. 
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Now that I have introduced the general structure of the retina, I will introduce 

DSGCs and describe how these circuit elements are combined to produce direction 

selective responses. 

 

Figure 2: Mosaic organization of individual type of retinal ganglion cells. A. Dendritic 
trees of ON alpha ganglion cells in cat retina (Wassle, 2004). B. Receptive fields of ON 
parasol ganglion cells in macaque retina. Each circle represents a 1 SD contour of a 
Gaussian fit to the RF center (Gauthier et al., 2009). 

1.2 Direction selective retinal circuits 

DSGCs are responsible for signaling motion in the world to the brain(Barlow and 

Hill, 1963; Barlow et al., 1964; Oyster, 1968). They exhibit strong firing when visual stimuli 

move in a particular 'preferred' direction but weak firing to the opposite 'null' direction 

(Taylor and Vaney, 2002). They are broadly divided into ON-OFF and ON DSGCs (Vaney 

et al., 2012). ON-OFF DSGCs stratify in the ON and OFF strata of the inner plexiform layer 

(IPL)(Figure 3B). They fire spikes at light onset and offset when a stimulus is presented in 

their receptive field (Weng et al., 2005). In contrast, ON DSGCs mainly stratify in the ON 

stratum of the IPL, with a few branches reaching the OFF stratum in mouse (Sun et al., 

A B
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2006). They respond primarily to light onset and weakly to light offset (Sabbah et al., 2017). 

Cone bipolar cells and starburst amacrine cells (SACs) provide the majority of input to 

DSGCs. Cone bipolar cells provide glutamatergic excitation to DSGCs, while SACs 

provide GABAergic inhibition and cholinergic excitation to DSGCs (Brecha et al., 1988; 

Vaney and Young, 1988). The major mechanism underlying direction selectivity of DSGCs 

is the direction-tuned synaptic inhibition from SACs (Fried et al., 2002; Taylor and Vaney, 

2002). In addition, weakly-tuned synaptic excitation might also contribute to direction 

selectivity in DSGCs, although the evidences are controversial (Fried et al., 2005; Lee et 

al., 2014; Park et al., 2014; Yonehara et al., 2013). Several postsynaptic processing 

mechanisms are also involved in amplifying direction selectivity in DSGCs. In the 

following sections, I will summarize these mechanisms in detail. 

1.2.1 Direction-tuned inhibition onto DSGCs 

Early studies on rabbit demonstrated that inhibitory inputs onto DSGCs in the null 

direction are stronger in comparison to the preferred direction (Fried et al., 2002; Taylor 

and Vaney, 2002). The direction-tuned inhibition comes from SACs, which are key players 

in the generation of direction selectivity. There are two subtypes of SACs that co-stratify 

with the ON and OFF dendrites of DSGCs, respectively (Figure 3B). They receive 

glutamatergic excitation from cone bipolar cells and release GABA and acetylcholine to 

the DSGCs. Two properties of SACs contribute to the direction-tuned inhibitory input 

onto DSGCs: (1) SAC dendrites are direction-tuned to the centrifugal direction (soma to 
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dendritic tip, Figure 3B, green arrows)(Euler et al., 2002). (2) DSGCs receive GABAergic 

input primarily from SAC dendrites that oriented in the null direction of DSGCs 

(Briggman et al., 2011). When stimuli move in a DSGC’s preferred direction, the majority 

of its presynaptic SAC dendrites are activated in the centripetal direction, resulting in 

weak GABA release onto DSGC. In contrast, when stimuli move in a DSGC’s null 

direction, the majority of its presynaptic SAC dendrites are activated in the centrifugal 

direction, providing strong GABAergic inhibition onto DSGC. 

1.2.1.1 Direction selectivity of SAC dendrites 

The dendrites of SACs exhibit a strong preference to centrifugal motion. They 

exhibit stronger responses to motion moving from soma to dendritic tips, compared to 

motion moving from dendritic tips to soma. (Euler et al., 2002). Several mechanisms have 

been shown to contribute to this centrifugal preference. First, glutamatergic inputs from 

cone bipolar cells onto SACs are skewed toward the proximal dendrites while the output 

synapses are skewed toward the distal dendrites (Ding et al., 2016; Vlasits et al., 2016). 

Because of dendritic conduction delay, proximal bipolar cell inputs take longer time to 

reach the output synapses than distal bipolar cell inputs. Therefore, bipolar cell inputs 

elicited by centrifugal motion coincide better at the output synapses than those elicited by 

centripetal motion.  

Second, The bipolar cell type targeting distal SAC dendrites exhibit faster temporal 

kinetics than the one targeting proximal SAC (Greene et al., 2016; Kim et al., 2014). Thus, 
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centrifugal stimuli first activate the proximal sustained bipolar cells, who provide 

synaptic inputs that accumulate with those elicited by distal transient bipolar cells later, 

resulting in strong GABA release. In contrast, centripetal stimuli first activate the distal 

fast transient bipolar cells that fail to accumulate with later proximal bipolar signal, 

resulting in weak GABA release.  

Third, Inhibitory input onto SACs also plays a role in generating direction 

selectivity of SAC dendrites. SAC-SAC reciprocal inhibition accounts for 90% of amacrine 

cell input to SACs (Ding et al., 2016). This lateral inhibition was proposed to suppress SAC 

responses when stimulus moves from dendrites to soma (centripetal direction). When 

GABAergic inhibition onto SACs is specifically eliminated, direction selectivity of OFF, 

but not ON SAC dendrites is reduced. However, the direction selectivity of SAC dendrites 

are not impaired when SAC-SAC inhibition is specifically disrupted (Chen et al., 2016), 

indicating inhibitory input from non-SAC amacrine cells contributes to SAC direction 

selectivity. 

Last, several cell-intrinsic mechanisms have been shown to give rise to direction 

selectivity of SAC dendrites, including gradient-distribution of chloride cotransporters 

(Gavrikov et al., 2006) and active/passive conductances (Hausselt et al., 2007; Oesch and 

Taylor, 2010; Ozaita et al., 2004).  
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1.2.1.2 asymmetric wiring between SACs and DSGCs 

Although SAC dendrites prefer centrifugal motion, the inhibitory input onto 

DSGCs would not be tuned if SAC dendrites with different orientations contact DSGCs 

non-specifically. Thus, establishing direction selectivity in DSGCs requires asymmetric 

wiring between SACs and DSGCs. An anatomical study showed that different parts of 

SAC dendritic trees contact specific DSGCs with the opposite preferred direction (Figure 

3A)(Briggman et al., 2011). Consistent with this structural asymmetry, functional 

asymmetry is also reported by paired recording studies (Brombas et al., 2017; Wei and 

Feller, 2011; Yonehara et al., 2011). This uneven distribution of inhibitory synapses along 

the preferred-null axis of DSGCs together with the direction selectivity of SAC dendrites 

contributes to the direction selectivity of DSGCs.  

1.2.2 synaptic excitation of DSGCs 

DSGCs receive two sources of excitation: glutamatergic excitation from bipolar 

cells and cholinergic excitation from SACs. There is contradictory evidence about whether 

excitatory input onto DSGCs is direction tuned. On the one hand, isolated glutamatergic 

EPSCs are tuned to the preferred direction of DSGCs (Fried et al., 2005; Park et al., 2014). 

However, calcium imaging in bipolar cells (Lee et al., 2014; Yonehara et al., 2013) and 

study using glutamate sensors expressed in DSGCs (Park et al., 2014) show direction-

independent glutamatergic excitation, suggesting that tuning in EPSC might be due to a 

space-clamp problem (Poleg-Polsky and Diamond, 2011). In addition, some studies 
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suggest that cholinergic excitation is tuned to DSGC preferred direction (Fried et al., 2005; 

Lee et al., 2010; Pei et al., 2015), while others show that it is untuned (Park et al., 2014; 

Sethuramanujam et al., 2016).  

 

Figure 3: Direction selectivity in DS circuitry. A. Asymmetric wiring between SAC and 
DSGCs (adapted from (Briggman et al., 2011)). An Off SAC (black skeleton), with 
varicosities indicated by black dots. DSGC dendritic trees are indicated by colour-coded 
dashed ellipses. Synapses are colour-coded by the preferred direction of the postsynaptic 
DSGC. B. A simplified schematic diagram of direction selective retinal circuitry. (adapted 
from (Wei and Feller, 2011)). 

1.2.3 postsynaptic mechanisms of direction selectivity in DSGC. 

Postsynaptic mechanisms in DSGCS play important roles in amplifying direction 

selectivity. The spatial offset between excitation and inhibition onto DSGCs is important 

for direction-tuned spiking output of DSGCs (Fried et al., 2002; Taylor and Vaney, 2002). 

The inhibition onto a DSGC is spatially offset from the excitation towards the preferred 

direction. When stimuli move in the preferred direction, inhibitory input onto DSGCs lags 

the excitatory input, so that the inhibition fails to suppress excitation in DSGCs. In contrast, 

PrefPref

PrefGABAergic Synapse

A B



 

13 

when stimuli move in the null direction, the inhibitory input precedes the excitatory input, 

so that the inhibition maximally suppresses the excitation with strong amplitude and fast 

dynamics.  

Activation of NMDA receptors on DSGCs together with directionally tuned 

inhibitory signals scales DSGC response to different directions multiplicatively, 

enhancing the signal-to-noise ratio (SNR) in noisy visual conditions (Poleg-Polsky and 

Diamond, 2016a). A recent study shows that non-linear interactions between acetylcholine 

and NMDA signals amplify DSGC responses in low contrast condition, while AMPA-

mediated glutamatergic input dominates DSGC responses in high contrast condition 

(Sethuramanujam et al., 2016). In contrast, another work shows that AMPA/NMDA 

signals scale together as a function of contrast, suggesting that they are driven by a 

common source of glutamate (Poleg-Polsky and Diamond, 2016b). In Chapter 3, I describe 

pharmacological manipulations I did to reconcile these conflicting views and show that 

NMDA enhances contrast sensitivity of DSGCs. 

1.3 DSGC central projections 

Motion processing is one of the most important visual tasks for animals’ survival, 

since it provides the sensory information for the establishment of motion-relevant 

behaviors including the optokinetic reflex and escaping from predators. This motivates 

understanding where DSGCs project to in the brain and what behaviors different classes 

of DSGCs may mediate. Broadly, ON-OFF DSGCs and ON DSGCs project to different 
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parts of the brain and that are involved in different functions and behaviors. In mouse, 

ON-OFF DSGCs send their axons to the superficial layer of the superior colliculus (SC), 

which is a multimodal structure that integrates visual, auditory, and somatosensory 

information to guide motor behaviors, including directing the head and eyes to particular 

locations (May, 2006). Another major target of ON-OFF DSGCs is the dorsal lateral 

geniculate nucleus (dLGN)(Piscopo et al., 2013), which relays signal from retina to visual 

cortex. It has been shown that the direction computations in mouse cortex consists of both 

retina-dependent and retina-independent components (Hillier et al., 2017), indicating that 

retinal DSGC output might contribute to motion processing in V1.  

In contrast, the majority of ON DSGCs project to multiple nuclei of the accessory 

optic system (AOS), including the nucleus of the optic tract (NOT) and dorsal, medial, and 

lateral terminal nuclei (DTN/MTN/LTN), which in cooperation with the vestibular system 

generates reflexive eye movements that compensate for retinal slip caused by eye and 

head movement (Simpson, 1984). Although recent studies found evidences of overlap in 

the projection patterns of ON-OFF and ON DSGCs (Dhande et al., 2013; Kay et al., 2011), 

the preponderance of evidence shows that ON-OFF DSGCs provide a more robust 

projection to the SC and dLGN, and ON DSGCs provide a more robust projection to the 

AOS system (Gauvain and Murphy, 2015; Kay et al., 2011), suggesting that 4 types of ON-

OFF DSGCs and 3 types of ON DSGCs encode motion information that subserve distinct 

behaviors. 
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1.4 Parallel processing and light adaptation in retina 

Parallel processing and light adaptation are two salient aspects of retinal function. 

The encoding of visual scenes is partitioned across 30-40 distinct retinal ganglion cell 

types. Concurrent with parallel processing, the retina must maintain sensitivity while 

avoiding saturation across the ten-billion-fold change in light intensity that separates a 

moonless night from a sunny day. This adaptation cannot be summarized by a simple 

gain change because the spatiotemporal structure of RGC RFs depends on light level. For 

example, the temporal RFs of GCs are faster at high light level than low light level, which 

is a result of shifting from slower rod-dominated signals at low light level to faster cone-

dominated signals at high light levels (Cowan et al., 2017; Field et al., 2009). Furthermore, 

the spatial RFs exhibit center-surround antagonism at high light levels which disappears 

at low light levels (Kuffler, 1953). These changes in spatial and temporal integration 

between photopic and scotopic conditions likely to improves the SNR of ganglion cell 

responses at the cost of poorer visual acuity in space and poorer resolution in time. 

However, a recent study showed that RFs of some RGCs become smaller while others 

become bigger as light level decreased in mouse retina (Cowan et al., 2017), suggesting 

the change in RF organization with light level may be more complex than previously 

appreciated, and the adaptive changes in RGC responses are likely to be cell type 

dependent. DSGCs consist of 7 distinct types with similar but not exactly same functions, 

which provides a great opportunity to study how different RGC types adapt to light level 
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differently. In Chapter 4-6, I characterize adaptive changes of different types of DSGCs, 

explain the underlying mechanisms and functional implication.    

1.5 Specific Aims 

The experiments and analyses described in this thesis answer two questions. First, 

given that bipolar cells drive DSGCs directly through glutamatergic signals as well as 

indirectly through GABAergic/cholinergic signals mediated by SACs, how does DS 

circuitry maintain well-coordinated excitation and inhibition to reliably produce direction 

tuned responses across stimulus contrasts? Second, how do populations of DSGCs adapt 

to changes in light level, spanning moonlight to daylight, to optimize their coding 

performance at different visual environments. Answering these two questions has 

expanded our understanding of how the retina accurately and reliably processes visual 

input under diverse stimulus conditions. 

DSGCs perform several key functions and it is not understood the degree to which 

those functions are stable across dynamic visual environments. The DS circuit computes 

the direction of motion of objects and mediates motion-related behaviors. If those 

functions change across visual environments, the downstream circuits must cope with 

those changing inputs. Thus, it is important to know whether and how these inputs 

change across environments. 

In Chapter 2, I describe a functional classification method I developed to identify 

and classify diverse types of DSGCs from large-scale neural population measurements. I 
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use a high-density 519-electrode array with an inter-electrode spacing of 30 µm (Field et 

al., 2010), which allows a relatively complete sampling of RGCs in spite of their high 

density in mouse retina. Typically, 300 to 500 RGCs are simultaneously recorded in one 

preparation with the ls-MEA, allowing a verifiable functional classification on a single 

preparation that reliably identifies multiple ganglion cell types, including many subtypes 

of DSGCs. This classification method lays the foundation of the rest of this thesis. 

In Chapter 3, I reconcile conflicting models of DS circuits that maintain contrast-

invariant responses (Ichinose et al., 2014; Poleg-Polsky and Diamond, 2016b; 

Sethuramanujam et al., 2016). I utilized pharmacological manipulations to dissect 

different signaling pathways at the synaptic triad between bipolar cells, SACs,  and DSGC. 

I determined how this synaptic triad is organized to produce reliable direction selective 

responses across stimulus contrasts and found a novel role for “silent” NMDA synapses 

by which they improve direction coding in DSGCs at threshold contrasts.  

In Chapter 4 to 6, I describe how DSGCs adapt to different levels of light 

intensities. In Chapter 4, I characterize changes in DSGC responses across light levels, 

including spatial receptive field size, response polarity, and direction tuning curves. In 

general, their receptive field size at mesopic light level is larger than at scotopic and 

photopic light level. At low light level, ON-OFF DSGCs exhibit much stronger ON 

responses than OFF responses. The direction tuning curves of superior preferred ON-OFF 

DSGC becomes broader as light level decreases, while the other 6 types remain stable 
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across light levels. I also characterize the response heterogeneity across different types of 

DSGCs, and show that the superior-preferred ON-OFF DSGCs exhibit distinct properties 

from the other types. In particular, superior ON-OFF DSGCs exhibit larger spatial 

receptive fields across all light levels, higher absolute sensitivity in darkness, and broader 

direction tuning curve at low light level. In Chapter 5, I investigate the mechanisms that 

produce these differences.  In particular, I show that the gap junction coupling, together 

with less effective GABAergic inhibition, results in broader direction tuning in the 

superior-preferred ON-OFF DSGCs. In Chapter 6, I show why superior ON-OFF DSGCs 

have broader tuning at lower light levels than other DSGC types. I present a decoding 

model to estimate motion detection and direction prediction performance across light 

levels, from simulated ON-OFF DSGC responses. I show that the adaptation strategy 

described in Chapter 4 is balances motion detection against direction estimation across 

changes in signal-to-noise between nighttime and daytime vision. 
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2. Functional classification of direction selective 
ganglion cells 
2.1 Introduction 

To measure changes in DSGC function across dynamic visual environments from 

extracellular MEA recordings, it is necessary to reliably distinguish DSGCs from other 

simultaneously recorded cells and classify them into distinct ON and ON-OFF subtypes 

(Elstrott et al., 2008; Fiscella et al., 2015; Sabbah et al., 2017). There have been three 

categories of methods used in RGC classification: (1) Morphological classification based 

on properties such as soma size, dendritic field size, and stratification depth (Sumbul et 

al., 2014; Sun et al., 2002); (2) genetic classification based on expression pattern of 

molecular markers (Kay et al., 2011; Sumbul et al., 2014); and (3) functional classification 

based on spatiotemporal receptive field, direction/orientation selectivity, and other 

physiological properties (Baden et al., 2016; Farrow and Masland, 2011). Although 

multiple anatomical/genetic approaches (i.e. morphology, genetics, projection pattern) 

have been combined to classify RGCs, it is challenging to combine anatomical/genetic 

approaches with functional measures to classify RGCs. Although estimation of locations 

of multielectrode recorded cells by triangulation based on spike amplitude is possible, the 

high density of neurons makes the precise matching between these two measurements 

difficult. A potential solution for this matching problem is to utilize an electrical image for 

each neuron recorded with high density MEA. An electrical image (Figure 7A) was 

estimated from the average electrical activity in a time window covering each spike across 
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the electrode array (Litke et al., 2004), providing precise spatial location information of 

the recorded neuron (Li et al., 2015). 

The aim of this chapter is to determine the number of DSGC types in mouse retina, 

and develop a method to reliably classify them. Early studies identified 7 types of DSGCs 

in rabbit (Oyster, 1968) and mouse (Dhande et al., 2013; Elstrott et al., 2008), including 4 

types of bistratified ON-OFF DSGCs encoding direction along one of the 4 cardinal axes, 

and 3 types of monostratified ON DSGCs encoding direction along one of the 3 vestibular 

semicircular canals. However, recent studies have revealed increasing diversity in DSGC 

types. Studies utilizing transgenic lines and population calcium imaging have suggested 

an OFF DSGC type (Kim et al., 2008) but see (Nath and Schwartz, 2017), a fourth type of 

ON DSGCs (Sabbah et al., 2017), and potentially greater diversity in functional properties 

within DSGCs that prefer a given direction (Baden et al., 2016; Rivlin-Etzion et al., 2011). 

Furthermore, studies in rabbit have indicated two varieties of ON DSGCs: sustained and 

transient cells (Hoshi et al., 2011; Kanjhan and Sivyer, 2010).  

In this chapter, I developed an unsupervised serial classification method based on 

responses of RGCs to moving stimuli. I showed that 4 types of ON-OFF DSGCs and 3 

types of ON DSGCs could be reliably identified across preparations in our MEA 

recordings. I further validated this classification method with a transgenic mouse line 

called Hb9::eGFP, by matching the GFP signals with the electrical images. This 

classification method lays the foundation for the rest of this thesis. Most of the results in 
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this chapter and Chapter 4-6 has been published in Neuron (Yao et al., 2018). Elsevier Inc. 

is the copyright owner. 

2.2 Results 

2.2.1 Distinguishing DSGCs from other RGCs 

To identify the DSGCs, I presented square wave gratings moving in different 

directions while recording spike responses from the ganglion cell layer of dorsal retina 

(Elstrott et al., 2008). The gratings elicited strong responses in DSGCs when moving in the 

‘preferred’ direction and weak responses when moving in the ‘null’ direction (Figure 4A). 

In contrast, responses of non-DSGCs were not dependent on motion direction (Figure 4B). 

DSGCs were distinguished from other RGCs by fitting a two-Gaussian mixture model to 

the vector sum of responses to gratings moving at two speeds under photopic conditions 

(Figure 4C, see Methods). One Gaussian captured DSGCs (Figure 4C and 4D, magenta), 

while the second Gaussian captured all other RGCs. This procedure avoided drawing an 

arbitrary threshold to distinguish these populations and worked reliably across multiple 

preparations (Figure 4E and 4F). 
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Figure 4: Distinguishing DSGCs from other RGCs. A-B. Spike rasters of an example 
DSGC (A) and a non-DSGC (B) to square-wave gratings moving in 8 directions at a speed 
of 480 µm/s (spatial period, 960 µm; temporal period, 2 s), 50% Michelson contrast, and 
background light intensity was 10000 R*/rod/s. Each grating was represented pseudo-
randomly 3 times. Polar plots summarize the average response in each direction 
normalized by the direction producing the highest firing rate. C. Vector sum magnitudes 
for drifting gratings presented at two different speeds (480 µm/s and 240 µm/s) from all 
RGCs identified in one MEA recording. Cells were clustered into DSGCs (magenta, n = 
77) and non-DSGCs (black, n = 328) (see Methods). D. Histogram of vector magnitudes 
for RGCs in (C) in response to the 240 µm/s gratings. E-F. Same as C-D for another 
preparation (DSGCs: n = 58; non-DSGCs: n = 185).  

2.2.2 Distinguishing ON from ON-OFF DSGCs 

To distinguish ON from ON-OFF DSGCs, I leveraged their distinct speed tuning: 

ON DSGCs preferred relatively slow speeds (Figure 5A and 5F), while ON-OFF DSGCs 

responded to a broader range of speeds (Figure 5B and 5G) (Oyster, 1968; Sivyer et al., 
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2010; Wyatt and Daw, 1975). The speed tuning curves were analyzed by principal 

component analysis (PCA), which allowed a low-dimensional representation of the 

differences in speed tuning between ON and ON-OFF DSGCs (Figure 5C; see Methods).  

A two-Gaussian mixture model distinguished the two cell classes (Figure 5C, red vs. blue). 

The group of cells preferring higher speeds exhibited an organization along four cardinal 

directions (Figure 5C, red), while the group of cells that preferred lower speeds exhibited 

an organization along three cardinal directions (Figure 5C, blue).  This result is consistent 

with previous work examining the preferred directions of ON and ON-OFF DSGCs 

(Oyster and Barlow, 1967; Vaney et al., 2012) but see (Baden et al., 2016; Sabbah et al., 

2017). Note that the coordinates for direction preferences are in visual space (e.g. 'superior' 

corresponds to ventral motion on the retina; see Methods). Analyzing the spatial locations 

of the DSGCs from their electrical images (EIs; see Chapter 2.4.4) suggested that each 

population exhibited a mosaic-like organization (Figure 5D). Furthermore, an analysis of 

nearest neighbor distances revealed an exclusion zone around each cell within a mosaic 

(Figure 5E). Again, I found this procedure worked well on another dataset (Figure 5F-J). 

These results suggest that each group was comprised of an irreducible cell type (Devries 

and Baylor, 1997; Field et al., 2007; Vaney et al., 2012; Wassle et al., 1981) and this method 

worked reliably across preparations.  
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Figure 5: Distinguishing ON from ON-OFF DSGCs. A-B. Speed tuning curves of ON 
DSGCs (A) and ON-OFF DSGCs (B); gray shows all cells of each type and blue and red 
curves highlight an example ON and ON-OFF DSGC, respectively. Normalized response 
is computed based on vector sum magnitudes (see Methods). C. The scatter plot shows 
the weights from principal component analysis of the speed tuning curves of all DSGCs 
in one recording: weights for first and third principal components are plotted. Cells were 
clustered into ON DSGCs (blue, n = 16) and ON-OFF DSGCs (red, n = 61) with a two-
Gaussian mixture model. Polar plots indicate 3 ON DSGCs (blue) aligned with three 
cardinal axes (left, blue) and ON-OFF DSGCs aligned with 4 cardinal axes (right, red) 
Note: coordinates are in visual space such that 'superior' refers to upward motion in the 
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environment (ventral on the retina). S: Superior; A: Anterior; I: Inferior; P: Posterior. D. 
ON (blue) and ON-OFF (red) DSGC locations for each preferred direction estimated from 
electrical images (see Methods). Grey hexagons indicate MEA border. Each circle has a 
diameter of 150 µm to approximate average dendritic field size of mouse DSGCs. E. 
Normalized nearest neighbor distribution (NNND) of all 7 types of DSGCs recorded in 
one retina (NNND = 1.06 ± 0.06). Nearest neighbors were accumulated within the mosaics 
formed by each type. F-J. Same as A-E for another preparation (ON DSGC: n = 12; ON-
OFF DSGCs: n = 46; NNND = 0.96 ± 0.06). 

2.2.3 Validating functional classification 

To further validate the identification and classification of DSGCs, I used the 

HB9::GFP mouse line, which exhibits GFP expression in superior preferring ON-OFF 

DSGCs (Trenholm et al., 2011). I tested for a spatial match between the GFP positive cells 

and functionally identified superior ON-OFF DSGCs (Figures 6B) (Li et al., 2015). By 

comparing the locations of recorded RGCs to the location of GFP positive cells (see 

Methods), I found that functionally identified superior ON-OFF DSGCs exhibited a high 

degree of alignment with GFP positive cells (Figure 6B), while other types of functionally 

identified DSGCs were located randomly with respect to GFP positive cells (Figures 6C 

and 6D). These results validate the functional classification of DSGCs by matching a 

functionally defined type to a genetically defined type. 
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Figure 6: Validating functional classification. A. Electrical images of three DSGCs shown 
in orange, green and blue. The diameter of each colored dot indicates the maximum (over 
time) absolute amplitude of the average voltage deflections for that electrode. Red circles 
indicate estimated soma locations from the center of mass of the electrical image, 
excluding signals on electrodes that are dominated by axonal signals (see Methods). B. 
Micrograph of whole-mount Hb9::eGFP retina on MEA. Bright dots are eGFP expressing 
cells, which are ON-OFF superior DSGCs. Black dots are electrodes. Red and yellow 
circles indicate estimated soma locations of ON-OFF and ON superior DSGCs, 
respectively. Colored arrows indicate correspondence to colored electrical images in A. C. 
Histograms of distance between nearest neighboring eGFP labeled cells and superior ON-
OFF DSGCs (top, 16.9 ± 2.3 µm, 3 retinas, n = 60), superior ON DSGCs (middle, 52.5 ± 8.5 
µm, 3 retinas, n = 12) and anterior ON-OFF DSGCs (bottom, 60.4 ± 3.7 µm, 3 retinas, n = 
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66). D. Histograms of distances after rotating fluorescent image 90 degrees relative to the 
electrode positions for superior ON-OFF DSGCs (top, 67.2 ± 4.6 µm, p < 0.001), superior 
ON DSGCs (middle, 59.2 ± 5.5 µm, p = 0.52) and anterior ON-OFF DSGCs (bottom, 66.1 ± 
4.2 µm, p = 0.31). Arrows indicate the location of median distance estimated prior to 
rotation in C. 

2.3 Discussion 

Many sensory features are encoded across neural populations composed of 

multiple cells types. For example, in the primate retina, color is encoded across three RGC 

types: red-green, blue-yellow, and achromatic opponent cell types (Dacey, 2000). Thus, 

the response of any one type is insufficient to uniquely determine color. Similarly, motion 

direction is encoded in the retina across an ensemble of DSGCs with cardinally organized 

direction preferences (Oyster, 1968; Sabbah et al., 2017). Understanding how such 

population codes change across conditions requires recording from many neurons, 

identifying cell types, and tracking these types across a broad range of conditions. 

Furthermore, many studies to manipulate the certain mechanisms require tracking these 

cell types across genetically modified organisms. From large-scale multielectrode array 

recordings, I developed a quantitative classification approach involving several serial 

steps: 1, distinguishing DSGCs from other RGCs; 2, distinguishing ON from ON-OFF 

DSGCs; and 3, subtyping based on direction preference. This functional classification was 

validated in two ways. First, each subtype exhibited a mosaic-like spatial arrangement, a 

hallmark of cell types in the retina (Figure 5D and 5I) (Chichilnisky and Kalmar, 2002; 

Devries and Baylor, 1997; Yu et al., 2017). Second, I matched the spatial locations of one 

type identified functionally, the superior ON-OFF DSGCs, to GFP positive neurons in the 
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HB9::GFP line, which expresses GFP exclusively in these cells (Figure 6) (Hoggarth et al., 

2015; Trenholm et al., 2011).  

Although many studies distinguish ON from ON-OFF DSGCs based on their 

response polarity, I used speed tuning curves instead for several reasons. First, for 

technical reason, full field drifting grating motion stimuli make it difficult to determine 

precise timing of a particular edge entering the RF of individual neuron. Therefore, it is 

tricky to distinguish responses elicited by positive edges from negative edges. Second, 

there is evidence in mouse retina shows that a few branches of ON DSGCs reach the OFF 

cholinergic plexus (Sun et al., 2006), suggesting that they might exhibit weak OFF 

responses. I did observe OFF responses in our functionally classified ON DSGCs, in a 

separate experiment where I presented local flashes to DSGCs (Figure 7, see Method in 

Chapter 4). Although ON DSGCs exhibited more sustained ON responses and weaker 

OFF responses than ON-OFF DSGCs, the two population were more accurately classified 

by their speed tuning. Thus, I used speed tuning to distinguish them.  

Early studies of DSGCs uncovered seven basic types: ON-OFF DSGCs aligned 

along 4 cardinal axes and ON DSGCs aligned along 3 cardinal axes (Briggman et al., 2011; 

Elstrott et al., 2008; Oyster, 1968). Until recently, this was considered a complete 

accounting of DSGCs in the mammalian retina. Recent studies have suggested more 

subtypes of DSGCs, including an OFF DSGC type (Kim et al., 2008), a fourth type of ON 

DSGCs (Sabbah et al., 2017), multiple types that prefer a given direction (Baden et al., 2016; 
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Rivlin-Etzion et al., 2011), and sustained vs transient ON DSGCs (Hoshi et al., 2011; 

Kanjhan and Sivyer, 2010). I did not find evidence for these additional types. However, 

extracellular recordings and spike sorting are subject to biases that may prevent 

measuring signals from these cells. Thus, further studies are required to test for these 

types. 

 

Figure 7: Local flash responses of DSGC. Mean response of 12 ON and 72 ON-OFF 
DSGCs to a flashing square (120 µm X 120 µm) in their receptive fields. Stimulus steps 
from ‘black’ to ‘white’ at time zero and back down to ‘black’ at 1 second. Shaded area is 
SE. ON-OFF DSGCs exhibit a robust OFF response, while ON DSGCs exhibit a much 
weaker OFF response.  ON DSGCs were also more sustained in their response properties. 
Background light level (‘black’) was 2000 Rh*/rod/sec. ‘White’ was 20,000Rh*/rod/s. 
 

2.4 Materials and Methods  

2.4.1 Mice 

All animals were healthy adults and housed in 12hr light-dark cycles, in groups 

up to 5 animals per cage. All procedures to maintain and use mice were in accordance 

with the Duke University Institutional Animal Care and Use Committee. Mice used in 

physiology experiments were 1 month – 11 months in age. C57BL/6J mice were acquired 
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from The Jackson Laboratory. Hb9::eGFP mice were acquired from Dr. Jeremy Kay at 

Duke University.  

2.4.2 Recording procedures 

Animals were dark-adapted overnight and euthanized by decapitation. 

Euthanasia and retinal dissections were performed with the assistance of infrared 

converters in a dark room. Effort was taken to eliminate sources of visible light during the 

dissection. Following euthanasia, the eyes were removed and hemisected under a 

dissection microscope with infrared converters. Dorsal peripheral retina was isolated and 

mounted on an array of extracellular microelectrodes with ganglion cell side down 

(Elstrott et al., 2008; Field et al., 2007; Yu et al., 2017). Dorsal retina was identified by 

observing the vasculature under IR illumination, which reveals a cross-like structure just 

ventral to the optic nerve head (Wei et al., 2010). Dorsal retina was used to measure 

responses from areas with the highest expression of middle-wavelength sensitive opsin 

in cone photoreceptors (Applebury et al., 2000). This facilitated the delivery of visual 

stimuli that drove rod-dominated and cone-dominates responses. The orientation of the 

dorsal-ventral axis in each recording was determined by observing the RGC EIs (Figure 

6A). The axons of RGCs in the dorsal retina head in the ventral direction, and I observed 

the axons in the EIs. This information, combined with the eye (left or right) that was used 

in the dissection, allowed me to put the stimuli presented to the retina in visual 

coordinates (superior, inferior, posterior and anterior). The MEA consists of 519 electrodes 
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with 30 µm spacing, covering a hexagonal region 450 µm on a side (Field et al., 2010; 

Frechette et al., 2005). While recording, the retina was perfused with Ames’ solution (30-

32°C) bubbled with 95% O2 and 5% CO2, pH 7.4. 

2.4.3 Light stimulation 

Stimuli were created in MATLAB (Mathworks, Natick, MA) and generated with a 

gamma-corrected OLED microdisplay refreshing at 60.35 Hz (SVGA+XL Rev3, eMagin. 

Santa Clara, CA). The image was projected through the microscope objective (Nikon, CFI 

Super Fluor 4x) and focused through the retina onto the photoreceptor outer segments. 

The emission spectrum of each display primary was measured with a PR-701 spectra-

radiometer (PhotoResearch) after passing through the optical elements between the 

display and the retina. Photon flux was measured at the focal plane of the MEA using a 

photodiode (UDT Instruments) and converted to photoisomerizations per rod per second 

assuming a collecting area of 0.5 µm2 (Field et al., 2009; Field and Rieke, 2002).  

 I presented drifting gratings moving in 8 directions with speeds ranging from 24-

2400 µm/s, at a spatial period of 960 µm (49.2° visual angle) and at 50% Michelson contrast. 

Drifting gratings of different directions and speeds were presented in a pseudo-random 

order. Each grating was presented for 8 seconds with 2 seconds of gray screen between 

gratings. Each grating was presented 3-4 times.  



 

32 

2.4.4 Spike sorting and EI analysis 

Recordings were analyzed offline to identify and sort the spikes of different cells, 

as described previously (Dabrowski et al., 2004; Field et al., 2007; Yu et al., 2017). Briefly, 

candidate spike events were detected using a threshold on each electrode, and voltage 

waveforms on the electrode and nearby electrodes around the time of the spike were 

extracted. Clusters of similar spike waveforms were identified as candidate neurons if 

they exhibited a refractory period (1.5 ms) with an estimate of <10% contamination and 

consisted of more than 100 spikes (30 min recording time). Duplicate spike trains 

identified across different electrodes were identified by temporal cross-correlation and 

removed. 

 After the spikes from a given neuron were isolated on a source electrode, the 

average electrical activity in a time window from 1 ms before to 3 ms after the spike was 

calculated across the electrode array. Because the spiking activity of any given cell is 

largely independent of all other cells, the average electrical activity across the array 

reveals a unique electrical footprint for every cell (called an ‘electrical image’), reflecting 

its position, extent of dendritic arbor and axon trajectory relative to the electrode array.  

Electrical images (EIs) are displayed as a dot pattern (Figure 6A), where each dot 

represents the location of the electrode at which the signal from the neuron was detected 

and the diameter of the dot is proportional to the amplitude of the peak of the electrical 

waveform associated with a spike, collapsed over time (Field et al., 2009). The centers of 
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mass (COM) of the EIs were compared to the locations of labeled cells (Figure 6B) to 

estimate distances between genetically defined cell populations and functional cell 

population. COMs were estimated from a hexagonal ROI with a radius of 90 µm (3 

electrodes). The center of the ROI was chosen to be the electrode with largest electrical 

activity amplitude. When the electrode with the largest signal from an RGC was located 

at the edge of the array, the ROI consisted exclusively of five electrodes at the array edge, 

flanking the electrode with the largest signal. Small displacements between RF locations 

and EI location could be induced by pressing the retina against the array MEA (Li et al., 

2015). I estimated these distortions locally by comparing the EI positions and RF locations 

of non-DSGCs (ON and OFF brisk sustained and brisk transient cells), for whom the RFs 

could be well estimated from checkerboard noise. By measuring for each of these non-

DSGCs the displacement between the RF center of mass and EI location, I produced a 

vector field of displacements across the MEA. Through linear regression, I fit a linear 

distortion map to this vector field. This distortion map was then used to shift DSGC EI 

positions (Figure 5D) to estimate their RF locations.  

2.4.5 DSGC Classification 

The normalized spike count in each direction was calculated by dividing the 

average spike count in each direction by the maximum across all directions. This value 

ranged from 0 to 1. The vector sum was calculated as the summation of these normalized 

response vectors. The direction selectivity index (DSI) was calculated as follow: 



 

34 

 𝐷𝑆𝐼 = 	
𝑝𝑟𝑒𝑓 − 𝑛𝑢𝑙𝑙
𝑝𝑟𝑒𝑓 + 𝑛𝑢𝑙𝑙 

(1) 

 

where pref is the response in the stimulus direction closest to the preferred direction and 

null is the response in the opposite stimulus direction. The preferred direction was 

obtained from the direction of the vector sum.  

DSGCs were distinguished from other RGCs by fitting a two-Gaussian mixture 

model to the natural log of the vector sum magnitudes calculated from drifting gratings 

moving at 480 µm/s and 240 µm/s (Figure 4C and 4E). Both gratings had a spatial period 

of 960 µm. One Gaussian captured the DSGCs, the other captured non-DSGCs (magenta 

vs black in Figure 4C and 4E). The mixture model was fit to the log of the vector sum 

magnitudes because the distributions of points were approximately log normal, while in 

linear scale they are bounded to be greater than zero, causing the distributions to be 

skewed (Figure 4D and 4F).  

The speed tuning was calculated by dividing the unnormalized vector sum in each 

speed by the maximum across speeds. To separate ON from ON-OFF DSGCs, principal 

components analysis (PCA) was applied to the speed tuning curves (estimated from 

drifting square wave gratings, 960 µm spatial period) to generate a representation of their 

shapes in two-dimensions (Figures 5A-C and F-H). A two-Gaussian mixture model was 

fit to these data in the space defined by the first and third principal components with each 

Gaussian capturing ON and ON-OFF DSGCs respectively. The first and third principal 
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components were used because they provided the largest separation between the two 

groups. In both classification steps (distinguishing non DSGCs from DSGCs and 

distinguishing ON from ON-OFF DSGCs), the analysis was performed separately in each 

retinal recording on the MEA. 
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3. ‘‘Silent’’ NMDA Synapses Enhance Motion Sensitivity 
in a Mature Retinal Circuit 
3.1 Introduction 

Retinal DSGCs have the remarkable ability to encode motion direction over a wide 

range of contrasts, relying on well-coordinated excitation and inhibition (E/I). However, 

given the circuitry organization, it is unclear how this E/I coordination is maintained 

across contrasts. A previous study showed that under cholinergic receptor blockage, 

bipolar cell glutamate inputs to ON-OFF DSGCs evoked by low-contrast stimuli were 

mediated by silent NMDA synapses (Sethuramanujam et al., 2016). The AMPA receptor-

mediated component of the DSGC’s synaptic response only appeared at higher stimulus 

contrasts. However, a number of other studies indicate that AMPA/NMDA receptor-

mediated inputs to DSGCs scale together as a function of contrast, consistent with 

observations in other types of RGCs, suggesting that AMPA and NMDA receptors are 

driven by a common source of glutamate (Buldyrev et al., 2012; Diamond and 

Copenhagen, 1995; Manookin et al., 2010; Poleg-Polsky and Diamond, 2016b; Stafford et 

al., 2014). These diverging results have given rise to two distinct models that explain how 

the DS circuit coordinates excitation and inhibition (E/I) over a range of stimulus contrasts 

(Figures 8A and 8D), which underlies the DSGC’s robust ability to compute direction 

(Grzywacz and Amthor, 2007; Nowak et al., 2011; Poleg-Polsky and Diamond, 2016b). 

In the conventional model, DSGCs compute direction by comparing the relative 

strength of non-directional bipolar cell inputs mediated by AMPA/NMDA receptors with 
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highly directional starburst inputs mediated by GABAA receptors (reviewed by (Mauss 

et al., 2017; Vaney et al., 2012). In this model, changing the strength of bipolar cell input 

relative to inhibition strongly affects the tuning properties of DSGCs. Thus, maintaining 

DS tuning properties over a range of contrasts requires glutamate, GABA, and 

acetylcholine (ACh) signals to DSGCs to scale proportionally as a function of contrast 

(Figure 8B). To achieve such presynaptic balance, glutamate release from bipolar cells 

onto DSGCs must be curbed until stimuli are sufficiently strong to evoke GABA release 

from starbursts. This is thought to be accomplished by using high- and low-sensitivity 

bipolar cells (Ichinose et al., 2014; Odermatt et al., 2012; Poleg-Polsky and Diamond, 2016b) 

to independently drive starbursts and DSGCs, in a way that compensates for the 

starburst’s threshold non-linearity (Figures 8A and 8B)(Poleg-Polsky and Diamond, 

2016b). As this model requires the matching of presynaptic GABA/glutamate/ACh signals, 

I refer to it as the ‘‘matched’’ model for direction selectivity in ganglion cells. 

In the alternate ‘‘silent synapse’’ model, glutamate signals produced by low 

contrast stimuli (e.g., that fail to evoke starburst release) are ‘‘unmatched’’ with GABA 

and ACh. In this model, unbalanced glutamate signals are rendered silent at DSGCs 

because they are processed predominantly by NMDA receptors (Figures 8D and 8E), 

which alone do not drive spiking (Sethuramanujam et al., 2016). NMDA receptors serve 

to amplify coincident ACh/GABA signals from starbursts that contain accurate directional 

information (Lee et al., 2010; Sethuramanujam et al., 2016). Thus, the requirement for 
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high/low-sensitivity bipolar cells to drive balanced E/I is obviated. Importantly, in this 

model, the bipolar inputs in the low-contrast regime are strictly modulatory and their 

strength is expected to alter response amplitude, but not the direction tuning properties 

of DSGCs, contrasting with their role in the matched model.  

At an operational level, both models ensure direction selectivity is maintained 

through the DSGC’s dynamic range. However, one potentially important difference could 

manifest in the way NMDA receptors scale the DSGC’s contrast response function. In the 

matched model, NMDA receptors scale the DSGC’s response in a multiplicative manner, 

simply because they scale together with non-NMDA receptor-mediated inputs (Murphy 

and Miller, 2003; Poleg-Polsky and Diamond, 2016a, b). Multiplicative scaling increases 

the gain of the DSGC input-output function (increase in Rmax; Figure 8C). Conversely, in 

the silent synapse model, the NMDA/non-NMDA ratio changes with stimulus contrast 

(Figure 8E). Thus, NMDA receptors should amplify responses more strongly at low 

contrasts and possibly increase the overall sensitivity of the DSGC’s response to motion. 

A shift of the DSGC’s input-output function along the contrast axis is considered an 

additive operation (Figure 8F) (Silver, 2010). This would be greatly advantageous, 

provided the strong amplification supplied by NMDA receptors does not disrupt DS 

coding in this regime. 
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Figure 8: "Matched" and "Silent Synapse" model for E/I coordination in the DS circuit. 
A. Schematic of the ‘‘matched’’ model for direction selectivity. High-sensitivity (HS)-
bipolar cells (BCs) drive starbursts, while low-sensitivity (LS)-BCs drive DSGCs (Poleg-
Polsky and Diamond, 2016b). HS-BCs drive starbursts via AMPA receptors while the LS 
BCs drive DSGCs using both AMPA and NMDA receptors. The starbursts themselves 
drive DSGCs via GABAA and nicotinic ACh receptors (open arrows) B. In the matched 
model, HS-BC inputs to starbursts are mediated by AMPA receptors. LS-BC inputs to 
DSGCs initiate precisely when starbursts reach their threshold for GABA/ACh release. 
Thus, postsynaptic NMDA, non-NMDA (nACh/AMPA), and GABA (not shown) 
receptor-mediated responses in DSGCs scale in proportion as a function of contrast (i.e., 
they are ‘‘matched’’). C. Multiplicative scaling: the matched model predicts that NMDA 
scales the DSGC spiking responses by a fixed fraction throughout its contrast range. D. In 
the silent synapse model to be tested here, common input provided by HS-BCs drive both 
starbursts and DSGCs (highlighted by the dashed circle). HS-BCs drive AMPA inputs in 
starbursts (black arrows), but NMDA-only inputs in DSGCs (gray arrows). Note that in 
both models presented (A and D), direction coding in DSGCs relies on asymmetric GABA 
release from starbursts (not depicted in the normalized contrast response functions). E. In 
the silent synapse model, NMDA receptor-mediated inputs to DSGCs scale together with 
starburst inputs, while non-NMDA (ACh and AMPA) inputs initiate at a higher contrast. 
In this model, NMDA receptors are the only conductance activated in DSGCs at low 
contrasts (shaded region). However, these NMDA receptors are silent until the DSGC 
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receives non-NMDA inputs, a consequence of their voltage dependence 
(Sethuramanujam et al., 2016). F. Additive scaling: the silent synapse model predicts that 
NMDA modulation of DSGC spiking would shift responses along the x axis, increasing 
responses maximally in the middle of the contrast range. 
 

To reconcile these conflicting views and further our understanding of the 

workings of the DS circuit, I did pharmacological analysis of DSGC spiking responses 

recorded on a large-scale multi-electrode array (MEA) and indicated that NMDA 

receptors enhance the contrast sensitivity of DSGC output while preserving their 

directional tuning properties, down to threshold contrast levels. This finding, together 

with evidences from patch clamping and serial block-face electron microscopy (SBEM) 

showing that DSGCs and SACs share common input from individual bipolar cells 

(Sethuramanujam et al., 2017), lead me to propose a unifying ‘‘silent synapse’’ model for 

direction selectivity in which NMDA receptors help coordinate E/I in a way that 

maximizes output sensitivity (Figure 8F). The majority of the research in this chapter has 

already been published in Neuron (Sethuramanujam et al., 2017). Elsevier Inc. is the 

copyright owner. 

3.2 Results 

The “matched” model predicts a multiplicative scaling of the contrast response 

function by the NMDA pathway. In contrast, the “silent synapse” model predicts an 

additive scaling. To reconcile these two models, I examined the effects of blocking NMDA 

receptors on the spiking behavior of DSGCs. An MEA was used to record activity from a 
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population of DSGCs across a range of directions and contrast levels (eight directions; 

5%–300% Weber contrast). ON-OFF DSGCs were distinguished from other ganglion cells 

based on their direction and speed tuning (Chapter 2). A heatmap of the average number 

of spikes/trial measured across the population of DSGCs plotted as a function of direction 

and contrast (Figure 9C), depicts for the first time the ability of mouse DSGCs to maintain 

their directional tuning properties across a large contrast range, consistent with the 

behavior of their counterparts in the rabbit retina (Grzywacz and Amthor, 2007; Nowak 

et al., 2011). However, small but statistically significant contrast-dependent changes in 

tuning reflected in direction selectivity index (DSI) were observed in the low- (DSI 10% = 

0.46 ± 0.04; DSI 20% = 0.61 ± 0.02; p < 0.005, Wilcoxon signed-rank test) and high-contrast 

ranges (DSI 150% = 0.57 ± 0.02; DSI300% = 0.47 ± 0.02; p < 0.05, Wilcoxon signed-rank test). 

I found blocking NMDA receptors with D-AP5 reversibly reduced the response 

amplitude for all four populations of ON-OFF DSGCs (Figure 9B, Figure 10A-10D) and 

thus the data from all types were combined. Consistent with previous studies, the NMDA 

receptor antagonist did not strongly affect the directional tuning properties of DSGCs 

(control DSI 40% = 0.65 ± 0.01; D-AP5 DSI 40% = 0.63 ± 0.02; p = 0.39; Wilcoxon signed-

rank test; Figures 9C–9E). Moreover, the fractional response blocked by NMDA 

antagonists did not change with direction across a range of stimulus contrasts (Figures 9G 

and 9H), indicating the robustness of the multiplicative scaling properties of NMDA 

receptors (Poleg-Polsky and Diamond, 2016a). 



 

42 

However, when viewed as a function of stimulus contrast, I found NMDA 

receptors did not scale responses in a multiplicative manner, consistent with the 

prediction of our silent synapse model neuron. D-AP5 reduced responses evoked by low 

contrast stimuli (<20% contrast) more strongly than it reduced responses to high-contrast 

stimuli (>20% contrast; Figures 9F and 9H; p < 0.001, Wilcoxon signed-rank test). This 

resulted in an increase in both the semi-saturation constant (control, 55.5% ± 5% Weber 

contrast; AP5, 72.6% ± 4%; p < 0.0001, Wilcoxon signed-rank test) and the absolute 

threshold (control, 30% ± 3%; AP5, 51% ± 5%; p < 0.0001; Wilcoxon signed rank test) of the 

DSGC’s contrast response function, which are hallmarks of additive operations (Figure 

9F) (Silver, 2010). The NMDA transformation across the majority of the contrast range is 

explained by arithmetically scaling the responses to increasing contrasts in the y-

dimension, using additive (77%) and multiplicative (23%) scaling factors (Figure 11). 

Importantly, the additive shifts occurred for all stimulus directions, as indicated by the 

percent block plots (Figures 9G and 9H). In contrast, simultaneously recorded ON 

ganglion cells with brisk transient responses exhibited only a minor change in their 

contrast sensitivity upon D-AP5 application (C50 in control, 27.1% ± 1%; C50 in AP5, 

30.0% ± 1%; p < 0.0001, Wilcoxon signed-rank test; Figure 10F), indicating that time-

dependent changes in overall retinal sensitivity did not confound the pharmacology. 

Thus, NMDA receptors instantiate multiple ‘‘arithmetical’’ operations that enhance the 

DSGC’s sensitivity, without compromising direction encoding. 
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Importantly, the large contribution of NMDA receptors to the low-contrast 

response is not due to a simple thresholding effect. This is directly indicated by the finding 

that responses of similar amplitudes to stimuli moving in non-preferred directions (high 

contrast) were significantly less affected by D-AP5 (Figure 9H). This can be seen more 

clearly when the percent block is plotted against the number of spikes (Figure 11C). The 

reason for differential blocks under these two conditions (low contrast in the preferred 

direction and high contrast in the null direction) is that at low contrasts, the NMDA 

synaptic conductance is the dominant conductance (Sethuramanujam et al., 2017), while 

in the non-preferred directions, it is dwarfed by the opposing inhibitory conductances 

that combine to generate weak spiking responses (Taylor and Vaney, 2002). Therefore, the 

contribution of NMDA receptors in this context depends on their conductance relative to 

other synaptic conductances. Thus, the large contribution of NMDA receptors at low 

contrasts, imparted by the high-sensitivity pathway, is paramount to creating the 

observed pseudo-additive effect of NMDA on contrast-modulated DSGC spiking 

responses. 
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Figure 9: Additive and Multiplicative Scaling Operations Mediated by NMDA 
Receptors. A. An example DSGC response recorded on an MEA. Spikes were evoked by 
drifting bars (240 mm wide on the retina, moving at 960 mm/s; 8 directions, 7 contrasts 
indicated by different colors; 10 trials for each contrast). The bottom plot shows the tuning 
curves of this DSGC plotted for multiple contrasts (mean ± SEM). Responses at each 
contrast were fit with a cosine function. B. NMDA receptor antagonist, 50 mM D-AP5, 
reversibly reduced responses (preferred motion; 20%–40% contrast) to a similar extent in 
the four subtypes of ON-OFF DSGCs. C. A heatmap of the population DSGC response as 
a function of direction and contrast measured in control conditions (the color bar indicates 
the average number of spikes/trial on a logarithmic scale). Responses were averaged 
across the four types of ON-OFF DSGCs (21 superior, 12 inferior, 27 anterior, and 6 
posterior-coding DSGCs). D. Same as C, except responses were measured in the presence 
of D-AP5. E. Cross-sections of the heatmaps along the direction axis, in control and in D-
AP5 (1a from C; 1b from D). The solid line indicates the Gaussian fit of the control data 
(black circles). The same Gaussian fit could be scaled to approximate the response 
measured in D-AP5 (red circles; purple shaded region indicates the D-AP5-sensitive 
component that could be accounted for by multiplicative scaling; Figure S6). Data are 
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represented as mean ± SEM. F. Cross-sections of the heatmaps along the contrast axis, in 
control and in D-AP5 (2a from C; 2b from D) for preferred direction stimuli. The control 
response (black circles) was fit with the hyperbolic Naka-Rushton equation (solid line). 
The response measured in D-AP5 (red circles) could be approximated by scaling the 
control response in the Y-dimension as depicted by the dashed line (purple and yellow 
shaded regions indicate the D-AP5-sensitive component that could be accounted for by 
purely multiplicative or additive scaling operations, respectively) (Figure S6 illustrates 
how these scaling factors were determined). D-AP5 did not affect the responses of ON 
transient ganglion cells (Figure S5), which was used as an indicator of the stability of 
contrast sensitivity of the retina for the duration of the experiment. Data are represented 
as mean ± SEM. G. A heatmap indicating the relative suppression of responses by D-AP5 
across contrasts and direction (scale bar represents percent [%] suppression; [Control-
AP5]/control*100). H. Cross-sections of the heatmaps along the direction (gray; 1c from G) 
and contrast axes (black; 2c from G). The fraction of the response blocked by D-AP5 did 
not systematically change with direction, but varied strongly with contrast. Data are 
represented as mean ± SEM. 

 

Figure 10: Effect of NMDA-mediated scaling on different types of RGCs. A-D. Contrast 
response function for 4 types of ON-OFF DSGCs in control, 50 Μm D-AP5 and 100µM 
Hexamethonium chloride (21 superior, 12 inferior, 27 anterior, and 6 posterior-coding 
ON-OFF DSGCs). E. Contrast response function for ON DSGCs averaged over all 3 
populations (n = 10; mean ± SEM). F. Contrast response function for ON transient RGCs 
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(mean ± SEM); C50 in control: 27.1 ± 1%; C50 in AP5: 30.0 ± 1% (p < 0.0001, Wilcoxon 
signed-rank test). 
 

 

Figure 11: Quantification of additive and multiplicative scaling. A. Left: DSCG spiking 
responses modulated by stimulus direction in control and D-AP5 (same as Figure 6E in 
main text). Right: The average number of spikes blocked by D-AP5 (control-AP5) plotted 
against the number of spikes measured in the presence of D-AP5. Data were fit with a line 
(slope = 1.3, intercept = 0.1) indicating that the scaling of inputs by NMDA receptors is 
purely multiplicative. Scaling the fit of control response multiplicatively (by 1/slope; 
dashed line in left panel) yields a function that well approximates the residual response 
in D-AP5. The high overlap of the scaled response function with the Gaussian fit of the 
response measured in D-AP5 (solid red line), confirms that a multiplicative operation well 
describes the transformation mediated by NMDA receptors. B. Same as in A but for DSGC 
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spiking responses modulated by contrast (left; same as Figure 6F in main text). The 
number of DSGC spikes blocked in D-AP5 plotted against the number of residual spikes 
in D-AP5 reveals a non-linear relationship. A straight line fit to the linear portion of the 
response (> 1 spike in D-AP5) provided an estimate of the multiplicative (given by slope 
of the fit = 0.1) and additive (given by the Y- intercept = 4.5 spikes) components. Thus, for 
contrast modulation, additive scaling accounted for 77% (yellow) of the response, while 
multiplicative scaling for 23% (purple). Scaling the fit of the control contrast response with 
multiplicative (purple) and additive (yellow) factors yields a function that approximates 
the residual response measured in D-AP5 (dashed curve). A fit of the residual responses 
estimated by the Naka-Rushton equation is shown for comparison (solid red line). Note, 
the scaling of the control response fails to capture the strongest and weakest responses. C. 
Comparing the D-AP5 block for contrast and direction modulated spike responses shows 
that NMDA receptors contribute more strongly to weak responses evoked by low-contrast 
stimuli moving in the preferred direction than responses of a similar amplitude evoked 
by high-contrast stimuli moving in non-preferred directions (indicated by the arrows). 

 

3.3 Discussion 

Whether starbursts and DSGCs receive common input from bipolar cells is an 

important aspect of the DS circuit that remains debated (Helmstaedter et al., 2013; Poleg-

Polsky and Diamond, 2016b). Here I propose a novel scheme in which silent NMDA 

receptors play a dominant role in orchestrating E/I balance at low contrast, while 

maximizing circuit sensitivity (Figures 8D–8F). In one respect, the silent synapse model 

appears inefficient compared to the matched model, as scaling glutamate and ACh in 

proportion would avoid the ‘‘silent’’ regime in which glutamate does not produce spiking 

responses. However, if ACh and NMDA inputs had similar contrast scaling, then their 

interactions at threshold contrasts would be weak, as there would only be a few 

glutamate-bound NMDA receptors. By sharing signals generated by the high-sensitivity 

pathway, many NMDA synapses are ‘‘primed’’ to amplify even weak coincident 
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cholinergic inputs, requiring fewer starburst inputs to generate a spiking response. The 

shifting of the DSGC’s input-output function along the contrast axis by NMDA receptors 

highlights the functional advantage of the silent synapse over the matched model, in 

which responses are expected to scale purely multiplicatively. By sharing starburst input 

with DSGCs, the DS circuit ensures that information carried by high-sensitivity bipolar 

cells is fully utilized. 

3.4 Materials and Methods 

Moving bars were used to estimate contrast response functions of DSGCs. Bars 

traveled in either 8 or 12 directions, spanning a range of 5%-300% Weber contrast, at a 

speed of 960 µm/s and width of 480 µm (24.6°visual angle). Moving bar stimuli were 

repeated 10 times, each bar presentation lasted 2.4 seconds and bar directions and 

contrasts were presented in a psuedo-random order. The responses were fitted to the 

Naka Rushton equation: 

 𝑅 = 𝑅012 	×	(
𝐶6

𝐶6 +	𝐶786
) (2) 

where C indicates the contrast, Rmax is the maximum response, C50 the semi-saturation 

constant and n is a coefficient proportional to the slope of the contrast response function 

at C50. The direction-tuning curve was centered at the preferred direction and fit with a 

cosine or Gaussian equation, as indicated (Nowak et al., 2011). 

 

  



 

49 

4. Characterization of changes in DSGC response 
induced by light adaptation 
4.1 Introduction 

Parallel processing and light adaptation are two salient aspects of retinal function. 

The encoding of visual scenes is partitioned across 30-40 distinct retinal ganglion cell 

types; each type tiles space with its receptive fields (RFs) and responds to distinct visual 

features (Baden et al., 2016; Sumbul et al., 2014). Concurrent with parallel processing, the 

retina must maintain sensitivity while avoiding saturation across the ten-billion-fold 

change in light intensity that separates a moonless night from a sunny day. This 

adaptation cannot be summarized by a simple gain change because the spatiotemporal 

structure of retinal ganglion cell (RGC) RFs depends on light level. For example, center-

surround antagonism (Kuffler, 1953), temporal integration (Field et al., 2009), response 

polarity (Pearson and Kerschensteiner, 2015; Tikidji-Hamburyan et al., 2015), and the 

linearity of spatial pooling (Grimes et al., 2014) all change between rod- and cone-

mediated vision. Furthermore, adaptation appears RGC-type specific (Tikidji-

Hamburyan et al., 2015), thus it may alter how visual features are signaled across parallel 

pathways. A dependence of the visual features signaled across RGC types on light level 

yokes parallel processing with light adaptation, making a complete understanding of one 

dependent on understanding the other.  

One instance of this potential dependence is illustrated by direction selective RGCs 

(DSGCs), which exhibit strong firing when visual stimuli move in a particular 'preferred' 



 

50 

direction but weak firing to the opposite 'null' direction (Taylor and Vaney, 2002). DSGCs 

are composed of several types including four types of ON-OFF DSGCs and at least three 

types of ON DSGCs (Elstrott et al., 2008; Hoshi et al., 2011; Kanjhan and Sivyer, 2010; Kim 

et al., 2008; Oyster and Barlow, 1967; Rivlin-Etzion et al., 2011; Rousso et al., 2016; Sabbah 

et al., 2017). These functionally distinct types are also distinguished by molecular markers 

(Dhande et al., 2013; Kay et al., 2011), exhibit distinct projections to the brain (Dhande and 

Huberman, 2014; Gauvain and Murphy, 2015; Huberman et al., 2009), and may mediate 

distinct behaviors (Sun et al., 2015). Furthermore, while ON-OFF DSGCs are frequently 

viewed as a single population, it is clear that they exhibit functional differences beyond 

their preferred directions. For example, superior preferring ON-OFF DSGCs are 

electrically coupled by gap junctions while cells preferring the other three directions are 

not coupled (Trenholm et al., 2013; Vaney, 1994). Gap junctions have been implicated as 

playing an important role in light adaptation (Bloomfield and Volgyi, 2004; Jin and 

Ribelayga, 2016), raising the possibility that superior preferring ON-OFF DSGCs may 

light-adapt differently from other DSGC types. Determining the extent to which light 

adaptation is heterogeneous across DSGCs is necessary for understanding how motion is 

encoded by the retina across day and night.  

In this chapter, I use large scale multi-electrode array (ls-MEA) recording from 

mouse retina to examine how functional properties of DSGCs, including receptive field 

size, response polarity and direction tuning curve, change across a broad range of light 



 

51 

levels. I found that some changes in response properties were cell type specific, while 

others were ubiquitous across subtypes of DSGCs. For example, superior preferring ON-

OFF DSGCs exhibited larger receptive field size than the other three types, became 

broadly tuned to direction at low light levels, and were 10-fold more sensitive in detecting 

dim stimuli. However, all DSGC exhibited a polarity change from ON-OFF to ON at low 

light levels. These results support our hypothesis that different types of DSGCs adapt 

differently across ambient light levels.  

4.2 Results 

4.2.1 Receptive field sizes of DSGCs is dependent on ambient light 
level and preferred direction 

I presented moving flashing squares stimuli at 5 light levels (0.2-2,000 R*/rod/s). A 

bright square was turned on for 1 s and turned off for 1 s at one location and moved 

pseudo-randomly in nonoverlapping steps over the whole stimulation field. Receptive 

fields were separated into ON and OFF subfields by counting spike number in different 

time bins at each location that the square appeared (Figure 12A-12C), and then fitted by a 

2D Gaussian model. The sizes of receptive fields were quantified by calculating the area 

of contained within the 1-sigma contour of the 2D Gaussian fit.  

I found that the receptive field sizes of superior DSGCs are larger than the other 3 

types at every light level I examined (Figure 12D-12F; p < 0.0001). The difference is largest 

at the lowest light level (ON subfield: ratio ≈ 8.4, OFF subfield: ratio ≈ 4.0) and smallest at 

the highest light level (ON subfield: ratio ≈ 3.1, OFF subfield: ratio ≈ 2.3). Among the other 
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3 types of DSGCs, there was no statistical difference in their receptive field sizes at most 

conditions (Figure 13A and 13B; P > 0.05). To accurately estimate receptive field size of 

each cell type, I used relatively smaller flashing squares to measure other DSGCs, which 

could potentially bias the results. Thus, I compared receptive field sizes across cell types 

with different stimulus parameters and found that the conclusion were independent of 

the choose of stimulus parameters (Figure 13C-13F). 
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Figure 12: Receptive field structures of DSGCs are modulated by ambient light levels. 
Spiking response of an example DSGC to onset (blue) and offset (red) of flashing squares 
at each of 169 locations on a 13 x 13 grid. Stimuli were turned on at the beginning of each 
trace for 1 second, and then turned off for one second. Data were averaged across 5 trials 
for each location. B-C. ON (B) and OFF (C) subfields for the cell shown in A. Heat maps 
calculated from the average spike number at each location normalized to the peak 
response across the whole field. D. Receptive field of an example superior DSGC across 3 
light levels. Left: ON subfield. Right: OFF subfield. The background light intensity from 
top to bottom are: 1, 100, 10,000 R*/rod/s. E. Receptive field of an example anterior DSGC 
across 3 light levels. F. Average receptive field size of DSGCs is plotted as a function of 
background light intensity. RF sizes were estimated from Gaussian models fitted to heat 
maps shown in B-E. Left: superior DSGCs (n = 23). Right: combined other three directions 
(n = 30, anterior: n = 19, inferior: n = 6, posterior: n = 5). G. Ratio between superior and 
other DSGC receptive field size as a function of background light intensity. The dash line 
indicates equal size of receptive fields of the two groups. 
 

	
Figure 13: Receptive field size estimated with different stimulus parameters. A-B. ON 
(A) and OFF (B) receptive field size of anterior (n = 6), inferior (n = 6) and posterior (n = 
14) ON-OFF DSGCs as a function of background light intensity. C-D. ON (A) and OFF (B) 
receptive field size of superior ON-OFF DSGCs estimated with different size of flashing 
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square stimuli (red: n = 21; black: n = 22). E-F. Same as C-D for other three types of ON-
OFF DSGCs (green: n = 42; blue: n= 46; magenta: n = 29; black: n = 45). 
 

Previous studies have indicated that receptive field sizes of some other ganglion 

cell types are larger under scotopic than photopic conditions (Barlow et al., 1957; Muller 

and Dacheux, 1997; Troy et al., 1999). A comparison of receptive field size across 5 light 

levels in different types of DSGCs revealed similar but more complex results (Figure 12G). 

First, in superior DSGCs, ON subfields are larger under scotopic conditions, whereas OFF 

subfields are larger under mesopic than both scotopic and photopic conditions. Second, 

in the other 3 types of DSGCs, ON subfields are larger under mesopic than both scotopic 

and photopic conditions, whereas OFF subfields are larger under mesopic and photopic 

than scotopic conditions. Third, in all types of DSGCs, ON subfields are larger than OFF 

subfields at low light levels. The difference became smaller as light level increases. These 

results indicated that the underlying circuit mechanisms of adaptive changes in different 

DSGC types and polarity channels are heterogeneous, of which the candidates could be 

lateral inhibition by amacrine cells (Flores-Herr et al., 2001; Hoggarth et al., 2015), gap 

junction coupling of AII amacrine cells (Bloomfield and Volgyi, 2004), horizontal cells (Xin 

and Bloomfield, 1999), or ganglion cells (Vaney, 1994), etc. Cumulatively, these results 

also suggested that DSGCs exhibit distinct functional properties across light levels and/or 

cell types. 
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4.2.2 Superior DSGCs are 10-fold more sensitive in detecting dim 
flashes 

The observation that the receptive field sizes of superior DSGCs are larger than 

the other 3 types suggests that they are more sensitive in detecting photons in darkness. 

To test this, I measured the responses of RGCs to full field dim flashes on dark background 

with different flash strengths (Figure 14A). Their detection thresholds were quantified by 

using two-alternative forced-choice analysis, which estimates the accuracy of a cell’s 

response in predicting the occurrence of flash at certain intensity. I used the flash intensity 

that elicited 84% accuracy as detection threshold where the SNR = 1 (See Chapter 4.4.2). I 

found that detection threshold of superior DSGCs are lower than the other 3 types (Figure 

14B and 14C; p < 0.001). Among 5 types of non-DSGCs that I could reliably identify on ls-

MEA, the one with highest sensitivity, which is ON sustained GC, were compared with 

DSGCs. I found that superior DSGCs are comparable with ON sustained RGCs in 

detection sensitivity (Figure 14). 
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Figure 14: Superior DSGCs are 10-fold more sensitive in detecting dim flashes. A. 
Spiking responses of example cells to brief dim full field flashes (1-8 ms) in darkness. Top 
row shows dark responses. Second to bottom rows show responses to flashes with 
intensity increasing from 0.001 to 6.31 R*/rod. Stimuli were delivered at the left side of 
each panel. For each intensity, flashes were repeatedly delivered every 3 seconds for 60 
times. Left to right: superior, anterior, inferior, posterior DSGC, ON alpha GC. B. 
Discrimination performance in two-alternative forced-choice task, as a function of flash 
intensity. The dash line indicates 83% correct in the task, which I used as the threshold of 
detection. Data were fitted by the Naka-Rushton equation (See Section 3.4). C. Detection 
threshold of different DSGC types. Discrimination performance curve of individual cells 
were fitted by the Naka-Rushton equation. Each circle represents detection threshold of 
an individual cell. Each diamond represents the mean ± SEM threshold of a cell type. 
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4.2.3 DSGC exhibited a polarity change from ON-OFF to ON at low 
light levels 

I showed in Chapter 4.2.1 that ON RF of DSGC is generally larger than OFF RF at 

low light levels. The difference in size decreased as light level increased (Figure 12). This 

predicts stronger ON responses than OFF responses at low light level and similar ON and 

OFF responses strength at higher light levels. This prompted me to examine the response 

polarity of DSGCs at different light levels. Previous studies indicate that in white noise 

and responses to full field light steps, 30% of DSGCs switched from ON-preferred to OFF-

preferred as light level increased (Pearson and Kerschensteiner, 2015). I first repeated the 

full field pulses experiment and found similar result (Figure 15A and 15B). To test whether 

this phenomenon holds in responses to moving stimuli, I measured DSGC responses 

using drifting grating stimuli moving at a speed of 240 µm/s. If the cell responds to both 

positive and negative of contrasts, it should respond twice within one period of a grating, 

which is referred to a “frequency-doubled” response. In both the preferred and null 

directions, clear frequency-doubled responses were observed as light level increased from 

scotopic to photopic condition (Figure 15C). Responding to both positive and negative 

contrasts predicts a strong F2 component (response at twice the modulation frequency) in 

the power spectrum of the response. In contrast, responding to positive or negative 

contrast only would result in strong F1 component (modulation frequency) in the power 

spectrum of the response. I quantified F2/F1 ratio of each cell type across light levels and 

found that they all increased as light level increased (Figure 15D). This phenomenon holds 
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for a broad range of speed I tested (Figure 15E), although the absolute value of F2/F1 ratio 

at high light level exhibited dependency on stimuli speed.  

 

Figure 15: Response polarity of DSGCs id modulated by ambient light level. A. Spiking 
responses of an example DSGC, evoked by full field grey-white-grey-black light steps. 
Each step lasts for 3 seconds. Similar to A, responses were measured at two different light 
levels. B. Response to negative contrast stimuli divided by response to positive contrast 
stimuli, as a function of background light. Cells from all 4 types are combined together. 
C. Spiking responses of an example DSGC, evoked by gratings moving in the preferred 
or null direction at a speed of 240 µm/s. Responses were measured at two different light 
levels. (Top: 10 R*/rod/s. Bottom: 10,000 R*/rod/s) D. Ratio between the power of the 
frequency doubled (F2) response and the power of the modulation frequency (F1) 
response as a function of background light level (See Methods). Each dash curve 
represents average F2/F1 of one cell type ((S)superior: n = 18, (A)anterior: n = 22, (I)inferior: 
n = 7, (P)posterior: n = 11). The solid line represents average F2/F1 of cells combined from 
all 4 types. E. F2/F1 as a function of stimuli speed. 
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4.2.4 Direction tuning of superior DSGC is dependent on ambient 
light level. 

The above results revealed many adaptive changes in functional properties of 

DSGCs. However, direction tuning is shown in previous studies to remain stable across 

conditions (Hoggarth et al., 2015; Nowak et al., 2011; Pearson and Kerschensteiner, 2015). 

I measured direction tuning curves of DSGCs using drifting gratings at light levels 

ranging from 1 to 10,000 photoisomerizations (R*) per rod per s (8500 R*/M-cone/s); this 

spans rod and cone-mediated vision. I quantified the direction tuning of each type by 

calculating their direction selectivity indices (DSI) and direction tuning widths (see 

Methods). While anterior, inferior and posterior ON-OFF DSGCs exhibited relatively 

stable tuning across light levels (Figure 16B-16D, 16F-16H, anterior: p = 0.13, inferior: p = 

0.57, posterior: p = 0.50: ANOVA on the DSIs), the direction tuning of superior ON-OFF 

DSGCs broadened as light levels decreased below cone threshold (Figures 16A and 16E, 

p < 0.001; ANOVA on DSI and tuning widths). I also found that the DSI of superior DSGCs 

was lower than the other three types under scotopic conditions (Figure 16I, p < 0.001 for 

comparisons with each of the three other DSGC types). Their tuning widths were also 

broader than the other three types under scotopic conditions (Figure 16J, p < 0.001 for 

comparisons with each of the three other DSGC types). Note, spontaneous activity (Figure 

16L) was subtracted, so responses to stimuli in the null direction represent a change in 

spike rate above baseline. All calculations of DSI and tuning width include this 

subtraction. These results indicate a novel feature of adaptation across the population of 
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ON-OFF DSGCs: As light level decreases, DSGC population tuning switches from 

homogeneous (all narrow) to heterogeneous (3 narrow, 1 wide; Figures 16J and 16K). 

 

Figure 16: Direction tuning of superior DSGC is dependent on ambient light level. A-
D. Response of example ON-OFF DSGCs to gratings moving in 8 directions at a speed of 
480 µm/s (spatial period, 960 µm; temporal period, 2 s) and 50% Weber contrast across 5 
light levels. Polar plot summarize direction tuning across light levels normalized to the 
preferred direction response at each light level. E-H. Normalized average spike count as 
a function of stimulus direction across cells for each type in one retina. (mean ± SEM; 
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superior: n = 18, anterior: n = 22, inferior: n = 7, posterior: n = 11). Note: spontaneous 
(baseline) spiking was subtracted from each cell prior to normalizing and averaging their 
tuning curves. See also Figure S2 for direction tuning curves of ON DSGCs. I. Direction 
selectivity index (See Methods) as a function of background light intensity. Cells from two 
retinas were combined. (mean ± SEM; Retina 1: same as E-H. Retina 2: superior: n = 20, 
anterior: n = 14, inferior: n = 6, posterior: n = 6) J. Tuning width (See Methods) as a function 
of background light intensity. Cells from two retinas were combined (mean ± SEM; same 
as I). K. Average direction tuning curves for all 4 types of DSGCs at two different light 
levels (top: 10 R*/rod/s, bottom: 10,000 R*/rod/s, mean ± SEM; cells from one retina, same 
as E-H). L. Spontaneous firing rate of 4 types of ON-OFF DSGCs estimated at 5 different 
light levels (mean ± SEM). Spontaneous firing rate was estimated in one second epochs 
prior to the presentations of drifting gratings. Two seconds separated each grating 
presentation, allowing 1 second preceding these epochs for cells to return to baseline 
activity. M. Prefer-null difference (𝛽, See Methods) of ON-OFF DSGCs direction tuning 
curves as a function of background light intensity. 
 

I also analyzed direction tuning of simultaneously recorded ON DSGCs (Figures 

17).  These cells exhibited consistent and stable direction tuning across subtypes and light 

levels. Thus, I focus on ON-OFF DSGCs for the remaining analyses in Chapter 5 and 6.  
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Figure 17: Direction tuning of ON DSGCs are independent on ambient light level. A-
C. Normalized average spike count plotted as a function of stimulus direction across cells 
for each type of ON DSGCs (mean ± SEM; 4 retinas, superior: n = 15, anterior: n = 6, 
inferior: n = 6). Color conventions corresponding to light levels are the same as those in 
Figure 11. D. Direction selectivity index (mean ± SEM; See Methods) as a function of 
background light intensity. 
 

4.3 Discussion 

Spatial receptive fields (RFs) of many RGC types have been described to change 

across light levels. The spatial RFs exhibit center-surround antagonism organization 

(Kuffler, 1953), which can be modeled by difference of Gaussian. Previous studies 

reported that the RGC spatial RFs became smaller as light level increased from scotopic 
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to photopic range (Enroth-Cugell and Shapley, 1973; Field et al., 2009). This broadening 

of spatial summation in scotopic conditions was proposed to improve SNR in ganglion 

cell responses while sacrificing visual acuity. However, a recent study showed RFs of 

some RGCs become smaller while others become bigger as light level decreased in mouse 

retina (Cowan et al., 2017), suggesting the change in RF organization with light level may 

be more complex than previously appreciated. The white noise receptive field 

measurements (Chichilnisky, 2001) work poorly on ON-OFF cells since the ON and OFF 

components of STA cancel out one another. Therefore, I measured spatial RFs of ON-OFF 

DSGCs across light levels with moving flashing squares and shoId that the RFs are 

generally larger at mesopic light levels, while different cell types and ON/OFF 

components exhibit distinct dependency on light levels. This suggested cell type and 

ON/OFF asymmetry in DSGC circuitry. The RFs being largest at mesopic conditions could 

be a result of light-dependent changes in gap junction coupling strength among the AII 

amacrine cell network. AII coupling is thought to be weak near threshold where signals 

are sparse and thus linear pooling is counterproductive (Bloomfield and Volgyi, 2004; 

Smith and Vardi, 1995). Coupling becomes stronger at intermediate light levels, where 

signals remain weak in individual cells, but are correlated across neighboring cells. This 

allows signals to pool across the network while averaging out uncorrelated noise. 

Coupling is weak again at high light levels because the SNR in individual neurons is high, 
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so coupling provides minimal benefit, while the lateral pooling of signals via coupling 

comes at the potential cost of diminished spatial acuity (DeVries et al., 2002).   

Different types of RGCs in mouse retina exhibit distinct absolute sensitivity in 

darkness (Volgyi et al., 2004). A plausible underlying mechanism is the three rod 

pathways with distinct sensitivity are mostly segregated and innervate different RGC 

types (Bloomfield and Dacheux, 2001). Cells that receive majority of their input from the 

primary rod pathway are most sensitive to light stimuli. However, the specificity in AII-

cone bipolar cell coupling/innervation (primary rod pathway) and rod-cone coupling 

(secondary rod pathway) necessary to support such segregation does not appear to exist 

in mouse (Raviola and Gilula, 1973; Tsukamoto et al., 2001; Veruki and Hartveit, 2002). 

Alternatively, a recent study suggested an inhibitory mechanism, likely to be originated 

from amacrine cells and masks inputs from certain rod pathways, might play an 

important role in controlling the sensitivity of different RGC types (Pan et al., 2016). In the 

next chapter, I will show that less effective GABAergic inhibition contributes to the 

broader direction tuning of superior ON-OFF DSGCs at low light levels. A future 

direction would be testing the effects of GABAergic inhibition on absolute sensitivity and 

RF size of ON-OFF DSGCs. 

Recent studies indicate that the response polarity of RGCs may change with 

stimulus context. For example, OFF type RGCs in salamander reverse their response 

polarity for ~100ms after a shift of a peripheral image (Geffen et al., 2007). RGCs in mouse 
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and pig exhibit changes in response polarity that depend on light level (Pearson and 

Kerschensteiner, 2015; Tikidji-Hamburyan et al., 2015). Here I found similar phenomenon 

in ON-OFF DSGCs. How the balance of ON and OFF input onto these cells are affected 

by light level remain to be determined. One possibility is that at low light levels, the 

presynaptic OFF bipolar cells exhibit a higher threshold in their light responses than the 

presynaptic ON bipolar cells. Another plausible candidate for this mechanism could be 

an asymmetric inhibitory input between ON and OFF layer of ON-OFF DSGCs. For 

example, at low light level, some type of amacrine cell provide tonic inhibition onto the 

OFF layer of ON-OFF DSGCs. This tonic inhibition become weaker at high light level. 

Direct measurement of the excitation and inhibition onto DSGCs and presynaptic bipolar 

cells with whole-cell patch-clamp recording could better dissect the circuits and 

potentially resolve this issue. 

4.4 Materials and methods 

4.4.1 Light Stimulation 

Light level was controlled by neutral density filters placed in the light path. Mean 

light levels used in this thesis spanned five orders of magnitude from 1 to 10000 R*/rod/s. 

All experiments began at the lowest mean light level and increased by factors of 10 or 100 

between light levels. The retina was exposed to the new light level for at least five minutes 

before presenting a battery of stimuli. Previous studies suggested that the threshold for 

cone activation is ~100 R*/rod/s, but rod-mediated signals still dominate vision 
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(Naarendorp et al., 2010). Rod-mediated responses are saturated around 5000 R*/rod/s, 

above which the signaling is driven by cones (Wang et al., 2011) but see (Tikidji-

Hamburyan et al., 2017). Thus, the light levels used here covered scotopic, mesopic, and 

photopic vision. 

Moving flashing squares were used to measure spatial receptive fields of DSGCs. 

A single positive-contrast square was turned on for 1 s and turned off for 1 s at one 

location, and presented pseudo-randomly in nonoverlapping steps over the whole 

stimulation field. The size of square is between 60µm × 60µm and 160µm × 160µm. A 

900% Michelson contrast was used to elicit robust responses.  

 Full field flash stimuli were used to measure the absolute sensitivity of DSGCs. 

Flashes were presented in complete darkness. The flash duration varied between 2-10 ms, 

which together with neutral density filters modulated the stimulus strength. A flash of 

certain strength was delivered every 3 seconds for 60 repetitions. Flashes with different 

strengths were presented in order of lowest to highest strength. 3-minute spontaneous 

activity was recorded at the beginning of experiment and divided into 60 3-second trials.   

 Full field light steps were used to determine the response polarity of DSGCs. The 

light intensity changes from gray-white-gray-black for 30 repetitions. Each light step lasts 

for 1.5 seconds. 

 Drifting grating stimuli were used to measure the direction tuning curve and 

determine the response polarity in DSGCs (see details in Chapter 2.2.3).  
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4.4.2 Two-alternative forced-choice analysis 

The absolute sensitivity of DSGCs were quantified as the fraction of correctly 

detecting flash responses from spontaneous activity in a two-alternative forced-choice 

analysis (Frechette et al., 2005). The response in each trial was summarized by a vector, 

which specified the spike count as a function of time (in bins of size 20 ms). A discriminant 

vector was created from the difference between the mean responses to a flash with certain 

strength and the spontaneous activity. The response vector of each individual trial (not 

used in the calculation of discriminant vector) was correlated (inner product) with the 

discriminant vector. Positive correlation predicted flash and negative correlation 

predicted no flash. Performance was calculated as the fraction of correctly predicted trials. 

Assuming, independent and additive Gaussian noise, the relation between discrimination 

performance (probability correct) and signal-to-noise ratio (SNR) is: 

 
𝑃= =	

1
√2𝜋

B 𝑒C
2D
E 𝑑𝑥

HIJ

CK
 (3) 

Pc = 0.84 was set to be the detection threshold when SNR = 1. 

4.4.3 Direction tuning estimation 

To estimate direction tuning width, tuning curves were fitted to a raised sinusoid 

function: 

 

 𝑅(𝜃) = 𝑅012 	×	[(0.5 + 0.5	 × cos(𝜃 + 	𝜑))U × 𝛽 + (1 − 𝛽)] +	𝑅W1XY (4) 
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where	𝛼 sets the width of tuning curve, and β sets the null direction responses of tuning 

curve. Here I used the half-maximum width of direction modulated responses as direction 

tuning width, which is 2	 × arccos]2]^C	U_`a − 1a. 

 

  



 

70 

5. Mechanisms for broader tuning of superior ON-OFF 
DSGCs 
5.1 Introduction 

In the previous chapter, I showed that the direction tuning of superior ON-OFF 

DSGCs broadened as light levels decreased below cone threshold, while the other three 

types remain stably tuned across light levels (Figure 16). What mechanisms cause superior 

ON-OFF DSGCs to light-adapt distinctly from other DSGC types? One likely mechanism 

is the homotypic gap-junction coupling mediated by Cx36 that only these DSGCs exhibit 

(Trenholm et al., 2013; Vaney, 1994). This coupling could enable excitation to more 

effectively drive spikes in superior ON-OFF DSGCs (Trenholm et al., 2014). Gap junctions 

are present in all five major neuron classes in the vertebrate retina (Bloomfield and Volgyi, 

2009; Sohl et al., 2005). Previous work has highlighted their contribution to light 

adaptation. In particular, modulation of gap junction coupling throughout the retina may 

tune signal pooling to light-level dependent changes in signal and noise (Baldridge et al., 

1995; Hu and Bloomfield, 2003; Jin and Ribelayga, 2016; Lasater, 1987; Xin and Bloomfield, 

1999).  For example, electrical coupling among AII amacrine cells is thought to be weak 

near threshold where signals are sparse and thus linear pooling is counterproductive 

(Bloomfield and Volgyi, 2004; Smith and Vardi, 1995). Coupling becomes stronger at 

intermediate light levels, where signals remain weak in individual cells, but are correlated 

across neighboring cells.  This allows signals to pool across the network while averaging 

out uncorrelated noise. Coupling is weak again at high light levels because the SNR in 
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individual neurons is high, so coupling provides minimal benefit, while the lateral 

pooling of signals via coupling comes at the potential cost of diminished spatial acuity 

(DeVries et al., 2002).   

In this chapter, I utilized a transgenic mouse line where the Cx36-mediated gap 

junctions were specifically disrupted in superior ON-OFF DSGCs, and pharmacological 

manipulations to show that this asymmetric adaptive change in direction tuning width is 

largely caused by two mechanisms: gap junction mediated electrical coupling and a 

reduction in effectual GABA-mediated inhibition. These results reveal a novel strategy 

employed across motion sensitive neurons to adapt to changes in the ambient light level. 

5.2 Results 

5.2.1 Conditional knockout of Cx36 attenuates ON-OFF DSGC 
coupling 

To test for a role of gap junctions in the broadening of DS tuning at low light levels, 

we developed a conditional knockout mouse in which gap junction coupling is selectively 

disrupted among superior ON-OFF DSGCs. The mouse line contains a homozygous 

floxed Cx36 allele (see Methods, and Figure 24C-E), a Fstl4-Cre allele for tamoxifen-

dependent Cre expression (Kim et al., 2010), and a floxed tdTomato transgene to report 

functional Cre-mediated recombination (Figure 18A)(Madisen et al., 2010). Developing a 

conditional knockout mouse was critical because transmission of rod signals through both 

the primary and secondary rod pathways is dependent on Cx36 (Figure 18B)(Bloomfield 

and Dacheux, 2001). I refer to these animals as FACx mice.  
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To determine the extent to which coupling was reduced among superior ON-OFF 

DSGCs in FACx mice, we compared the spread of neurobiotin between tdTomato-positive 

RGCs in these mice to GFP-positive RGCs in Hb9::GFP mice. Hb9::GFP mice were used 

as the control group because they express GFP exclusively in superior ON-OFF DSGCs 

(allowing them to be easily targeted), but exhibit normal levels of homotypic gap junction 

coupling as judged by neurobiotin diffusion (Figure 18C-18E) (Trenholm et al., 2011). In 

FACx mice, neurobiotin diffusion indicated an attenuation in tracer coupling relative to 

Hb9::GFP animals (Figure 18F-18J). Note, even constitutive Cx36 KO animals exhibited 

some residual tracer coupling between superior ON-OFF DSGCs (Figure 18I), likely 

because these cells also express Cx45 (Schubert et al., 2005). Nevertheless, FACx animals 

exhibited reduced homotypic tracer coupling among superior ON-OFF DSGCs. 

Functional electrical coupling between superior ON-OFF DSGCs was strongly 

attenuated in FACx mice. To assess electrical coupling, I analyzed the cross-correlation of 

spike trains between pairs of superior ON-OFF DSGCs. Direct electrical coupling 

manifests as temporally precise, bimodal peaks in the cross-correlation between two spike 

trains (Brivanlou et al., 1998; DeVries, 1999; Trenholm et al., 2014). In C57\bl6 mice, cross-

correlograms of spike trains from neighboring superior ON-OFF DSGCs exhibited sharp 

bimodal peaks in response to checkerboard noise (Figure 18K). This structure indicates 

that when one cell generates an action potential, the neighboring cell is significantly more 

likely to generate a spike ~2 ms later. These bimodal peaks were quantified and detected 
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between most neighboring pairs of superior ON-OFF DSGCs in C57\bl6 mice (Figure 

18N; 35 of 49 neighbors; See Methods). Bimodal peaks were almost entirely absent from 

the cross-correlograms of ON-OFF DSGCs that preferred other directions (Figure 18M; 

only 1 of 95 neighboring pairs met the threshold for a bimodal peak). These results show 

ON-OFF superior DSGCs form a strongly coupled network in control retinas. 

In FACx animals, electrical coupling between neighboring ON-OFF superior 

DSGCs was strongly attenuated (Figure 18L). Across the population, many fewer 

neighboring cell pairs exhibited bimodal peaks (Figure 18O). Control analyses indicated 

this change in coupling could not be explained by differences in the number of spikes 

observed in superior ON-OFF DSGCs between WT and FACx mice (see Methods). I 

interpret the residual coupling in some pairs of FACx mice as cells in which tamoxifen 

administration failed to drive cre-mediated recombination and excision of the floxed Cx36 

gene. Thus, these experiments indicate that strong reciprocal electrical coupling that 

synchronizes spiking across the population of superior DSGCs is dependent upon Cx36 

expression, and that the frequency of this coupling is appreciably reduced in FACx 

animals.  
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Figure 18: Coupling among superior ON-OFF DSGCs is reduced in FACx mice. A. 
Schematic of the floxed Cx36 and FACx transgenic mouse lines. B. Circuit diagram 
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showing the site of Cx36 knock-out in FACx mice. C. Somata of superior ON-OFF DSGCs 
are eGFP+ (green) in an Hb9::eGFP mouse. D. Injection of the gap junction-permeable 
tracer Neurobiotin into a single eGFP+ cell revealed dye coupling to several neighboring 
somata (red). E. Merge of C and D reveals homotypic tracer coupling among superior ON-
OFF DSGCs (yellow). F. Somata of tdTomato+ cells labeled in the FACx mouse retina (note: 
tdTomato signal is displayed in green). tdTomato indicates tamoxifen induced cre-
mediated recombination in these cells and elimination of Cx36 expression. G. Injection of 
Neurobiotin into a single tdTomato+ revealed some residual coupling with nearby cells 
(red), likely from Cx45. H. Overlaying F and G confirms homotypic dye coupling (yellow). 
I. Summary plot comparing the number of neurobiotin-filled cells in wild type (WT), 
FACx, and constitutive Cx36 knockout (CX36KO) mice. J. Histograms of the Neurobiotin 
intensity ratio between coupled and filled cells in Hb9::eGFP (black) and FACx mice (red). 
Intensity of tracer coupling is reduced in FACx mice (see Methods). K-M. Example cross-
correlograms computed for spike trains evoked by fine-scale checkerboard white noise 
(see Methods) at 10,000 R*/rod/s for 3 example pairs of superior DSGCs in C57/bl6 (K), 
superior DSGCs in FACx (L), and anterior DSGCs in C57/bl6 (M). See also Figure 20 for 
change of correlated activity across light levels. N-O. Electrical coupling networks for 2 
C57/bl6 (N) and 2 FACx retinas (O). Hexagons indicate outline of MEA. Each circle 
indicates estimated locations of superior ON-OFF DSGC from their electrical images. 
Black line connecting circles indicate electrically coupling cell pairs (see Methods). Red 
circles and lines identify numbered example cell pairs in K and L. 
 

5.2.2 Light-level dependent changes in tuning partly rely on electrical 
coupling 

I then tested the impact of attenuated electrical coupling between superior ON-

OFF DSGCs on their direction tuning. At low light levels (1 R*/rod/s), direction tuning of 

superior ON-OFF DSGCs was substantially narrower in FACx mice compared to wild 

type (p < 0.001), but still broader than DSGCs preferring other directions (Figure 19A and 

20B, p < 0.001). In fact, DSIs did not converge until the brightest light levels tested (Figure 

20B). This change in tuning width was restricted to the superior preferring ON-OFF 

DSGCs, as cells preferring other directions exhibited normal tuning widths across light 

levels in FACx mice (Figure 19A and 19B).  
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Figure 19: Direction tuning of superior DSGCs at low light levels is sharpened in FACx 
mice. A. Average direction tuning curves at 1 R*/rod/s of superior DSGCs in C57 mice 
(solid black, n = 18, 1 retina), FACx mice (dash black, n = 37, 2 retinas), and the other three 
types of DSGCs in C57 (solid gray, n = 28, 1 retina) and FACx (dash gray, n = 47, 2 retinas). 
Note, spontaneous (baseline) spiking was subtracted from responses prior to normalizing 
and averaging the tuning curves. Data are represented as mean ± SEM. B. Average DSI of 
superior and other DSGCs in WT (2 retinas, superior: n = 38, others: n = 63) and FACx (2 
retinas, superior: n = 37, others: n = 47) mice as a function of background light level. Data 
are represented as mean ± SEM. C. Comparison of average DSI (in response to drifting 
gratings) in FACx mice for putative-normal superior DSGCs (mean ± SEM; see Methods; 
putative-normal, 2 retinas, n = 26), with putative-KO superior DSGCs (putative-KO, 2 
retinas, n = 11), and other types of DSGCs (others, 2 retinas, n = 47). Light level is 1 
R*/rod/s. D. DSI distributions of C57 superior DSGCs (top), FACx superior DSGCs 
(middle), and C57 other types of DSGCs (bottom) at 1R*/rod/s, also for drifting gratings. 
E. Spontaneous firing rate (mean ± SEM) of superior (black) and other (gray) ON-OFF 
DSGCs in C57 (solid line) and FACx (dashed line) mice estimated at 5 different light levels. 
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To test the possibility that residual coupling among some superior ON-OFF 

DSGCs produced a partial narrowing of tuning curves at low light levels, I compared 

tuning widths among superior ON-OFF DSGCs from putative-KO cells to those from 

putative-normal cells (those that continued to express Cx36) in FACx mice (See Methods).  

No significant difference in DSI was observed between these two populations (Figure 19C, 

p = 0.26), indicating that the incomplete narrowing was not caused by incomplete 

knockout of Cx36.  This is likely due to the fact that in cells that continue to express Cx36, 

many homotypic neighbors do not express Cx36, thus network coupling is still strongly 

attenuated. This interpretation is consistent with the fact that superior ON-OFF DSGCs in 

FACx mice exhibited a unimodal distribution of DSIs, that was intermediate between WT 

superior-preferring cells and cells preferring one of the other three directions (Figure 

19D). These results indicate that the broader direction tuning of superior DSGCs at low 

light levels is partly attributable to their gap-junction coupling. 

I also tested the extent to which the strength of electrical coupling depended on 

light level. If electrical coupling was substantially stronger at lower light levels, this could 

explain the light-level dependent change in direction tuning. I analyzed the amplitudes 

of the bimodal peaks in the cross-correlated spike trains. This indicated that coupling 

strength weakly depended on light level, with a small decrease in apparent coupling at 

high light levels (Figure 20).  
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The two observations of (1) a weak relationship between coupling strength and 

light level (Figure 20), and (2) residual broad tuning after the excision of Cx36 (Figure 19), 

suggest that an additional mechanism is involved in broadening superior DSGC tuning 

at low light levels. 

 

Figure 20: Correlated activity among superior ON-OFF DSGCs is weakly modulated 
by light level. A. Cross-correlograms computed for spike trains from a single pair of 
superior ON-OFF DSGCs from C57/bl6J mice evoked by fine-scale checkerboard noise 
(see Methods) at 1 (top), 100 (middle) and 10000 (bottom) R*/rod/s. B. Correlated activity 
of superior ON-OFF DSGCs pairs at three light levels. Each gray curve represents an 
individual cell pair. The black curve is the average across cell pairs (mean ± SEM; n = 23, 
2 retinas). The red curve corresponds the example pair in A. The correlated activity were 
calculated as the peak of the cross-correlogram (A: blue a), minus the value at zero time 
lag (A: red b). 
 

5.2.3 GABAergic inhibition less effectively suppresses superior ON-
OFF DSGCs at low light levels. 

 A clue to the additional mechanism was provided by analyzing superior ON-OFF 

DSGC responses to bars moving in the null direction. Similar to gratings, moving bars 
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21A).  However, bars provided better separation between evoked and spontaneous firing 

on individual trials than gratings, thus allowing for a more accurate estimate of responses 

to null-direction motion.  

 

Figure 21: Direction tuning of ON-OFF DSGCs estimated from moving bar responses 
exhibited similar adaptive change. A. Average direction tuning curves of superior 
DSGCs in C57 mice, estimated from responses to bars moving in 8 directions with 80% 
contrast. (mean ± SEM; low light level: n = 18, high light level: n = 21). Note, spontaneous 
(baseline) spiking was subtracted from responses prior to normalizing and averaging the 
tuning curves. B. Tuning width (See Methods) of direction tuning curves estimated from 
moving bars as a function of background light intensity. C. Prefer-null difference (𝛽, See 
Methods) of direction tuning curves estimated from moving bars as a function of 
background light intensity. 
 

Under scotopic conditions, superior ON-OFF DSGCs exhibited clear responses to 

null-direction bars across a broad range of stimulus contrasts: Other ON-OFF DSGCs 

exhibited minimal responses (Figure 22A, left). The differences in the null-direction 

responses were present across a range of bar contrasts (Figure 22B). This observation 

suggests that at low light levels, inhibition may less effectively attenuate null direction 

responses in superior ON-OFF DSGCs. The difference may also reflect other factors such 

as greater excitation.  
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To test this idea further, I used the GABAA receptor antagonist gabazine (SR-

95531) to attenuate the major inhibitory input onto DSGCs (Pei et al., 2015; Yoshida et al., 

2001). If superior DSGCs receive less effective GABAA-mediated inhibition and similar 

excitation to other DSGC types, then gabazine should effectively equate their contrast 

response functions to bars moving in the null direction. As expected, application of 

gabazine increased null-direction responses for both superior and other DSGCs (Figure 

22A, right). However, across bar contrasts, the increase in spike rate with gabazine was 

much less for superior DSGCs than the other types (Figure 22B): e.g. at 80% bar contrast, 

superior versus other DSGCs exhibited 2- vs. 12-fold increases, respectively. Most 

importantly, their responses were nearly equal across contrasts in the presence of 

gabazine. This near equating of the responses of superior and other DSGCs by gabazine 

at low light levels did not depend on the direction of motion (Figures 22D and 22E), 

lending further support to the idea that the major difference could be localized to 

differences in the effective GABAA-mediated inhibition.   

The small residual difference in null-direction responses between superior and 

other DSGCs under gabazine was primarily present for low contrast bars (Figure 22B).  At 

high bar contrasts (40-100%), there was no significant difference between null direction 

responses (Figure 22B and 22F, p > 0.1). However, at low contrasts (5-10%), the null 

direction responses were significantly larger for superior DSGCs than for the other types, 

even in the presence of gabazine (Figure 22B and 22F, p < 0.05). This difference of null-
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direction responses at low contrasts was eliminated when the same experiment was 

performed in FACx mice (Figure 22C and 22G, p > 0.1), suggesting that the difference at 

low contrasts in WT mice was attributable to electrical coupling.  

 

Figure 22: Gabazine equates the null direction responses among all types of ON-OFF 
DSGCs at low light level. A. Top: spike rasters of a superior DSGC in control (left) and 
15 µM SR (right) in response to 10 repeats of bar (80% positive contrast) moving in the 
null direction at a speed of 960 µm/s, background light intensity of 4 R*/rod/s. Bottom: 
spike rasters of a posterior DSGC. Middle: overlaying PSTHs of the superior and posterior 
DSGCs in control and SR conditions. B-C. Average number of spikes in a 1 second time 
bin in response to a bar moving in the null direction, as a function of bar contrast, in C57 
(B, 2 retinas, superior n = 20, others n = 50) and FACx (C, 2 retinas, superior n = 11, others 
n = 23). Data are represented as mean ± SEM. D-E. Average direction tuning curves of 
superior (D, n = 18) and other (E, n = 28) ON-OFF DSGCs in C57 at 4 R*/rod/s, with (red) 
and without (black) 15µM SR-95531 application. Data are represented as mean ± SEM. F-
G. Summary of spike counts of superior and other DSGCs in control and SR conditions at 
low (5%) and high (80%) contrasts in C57 (F) and FACx (G). Data are represented as mean 
± SEM.  
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The equating of null-direction responses between superior and other DSGCs in the 

presence of gabazine in FACx mice (Figure 22G), is consistent with the idea that these two 

mechanisms can account for the differences in null direction spiking at low light levels. 

To test the plausibility of these two mechanisms working together to broaden superior 

DSGC tuning at low light levels, I generated a simple biophysical model of a network of 

superior DSGCs (Figure 23, see Methods). Under conditions of strong inhibition, the 

presence of gap junctions had minimal impact on the tuning width (Figure 23D). 

However, when inhibition was decreased, network coupling further broadened DSGC 

tuning (Figure 23E). Thus, I suggest that decreased GABAergic suppression of responses 

to stimuli moving in the null direction results in greater net excitation impinging on 

superior DSGCs, which is accentuated by homotypic electrical coupling (Trenholm et al., 

2014) (See Discussion). 
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Figure 23: A Leaky-Integrate-Fire model for a population of superior ON-OFF DSGCs. 
A. Excitatory and inhibitory conductances of a single compartment model DSGC (see 
Methods). Left, simulated synaptic conductances with different amplitudes. Right, 
direction tuning curves of excitatory (untuned) and inhibitory (tuned) conductances. B. 
Direction tuning of spiking activity from single compartment DSGC with conductances 
simulated in A. C. Simulated superior DSGCs mosaic with a density of 120 cells/mm2. 
Only cells in the dashed square were used to calculate population tuning in D and E to 
mitigate edge effects. D. Average direction tuning curve with strong inhibition (A=1 in 
Equation 6, Methods) mimicking the high light level regime. In the 'uncoupled' model, 
there is no gap junction coupling. In the 'coupled' model, the cell network in C was used. 
With strong inhibition condition, gap junctions have minimal effect the width of direction 
tuning. E. Population direction tuning curve with weak inhibition (A=0.5 in Equation 6, 
Methods) mimicking the low light level regime. Under this weak inhibition condition, gap 
junction coupling broadens the direction tuning curve.  
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5.3 Discussion 

I found that at least two mechanisms likely contribute to the broader tuning of 

superior ON-OFF DSGCs at low light levels. The first one is homotypic gap junction 

coupling among these cells. Previous work has highlighted the role of gap junction in light 

adaptation by tuning signal pooling to light-level dependent changes in signal and noise. 

This study demonstrates a new way in which gap junctions can contribute to adaptation; 

they can contribute to broadening direction tuning, thereby improving motion detection 

and at low light levels.  However, I have not addressed how gap junctions yield broader 

tuning in superior ON-OFF DSGCs at low, but not high light levels.  At least two processes 

could explain the light-dependent change. First, the strength of reciprocal coupling 

between DSGCs could increase at low light levels. Such modulation could be induced by 

the paracrine action of dopamine in the retina; retinal dopamine concentration rises with 

light level and this has been shown to alter gap junction coupling among other retinal cell 

types, such as horizontal cells (Hampson et al., 1994; Lasater, 1987; McMahon et al., 1989). 

I found evidence for a very modest increase in electrical coupling between neighboring 

superior DSGCs at low light levels (Figure 20).  

I also found evidence for a change in the effective GABAergic inhibition. 

Specifically, blocking GABAA-mediated inhibition had a smaller effect on the null 

direction responses of ON-OFF superior DSGCs than other DSGCs at low light levels 

(Figure 22B). Importantly, blocking GABAA-mediated inhibition also equated the null 
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direction responses of superior and other ON-OFF DSGCs across contrasts (Figure 22B) 

and across directions (Figures 22D and 22E).  These observations suggest superior ON-

OFF DSGCS receive less effective inhibition at low light levels. In this hypothesized 

model, chemical excitatory inputs to the DSGC from stimuli at the flanks of the tuning 

curve would be less effectively canceled by inhibition either from pre- or post-synaptic 

sources. This excitation would be bolstered by nearby superior ON-OFF DSGCs 

depolarizing in response to the moving bar, further broadening tuning.  I tested this 

hypothesis in a simple biophysical model (Figure 23), which qualitatively reproduced our 

data. Potentially, this effect could be amplified by a supra-linear combination of gap-

junction input and chemical excitatory input to produce dendritic spikes. Just this sort of 

supra-linear interaction has been observed in superior ON-OFF DSGCs (Trenholm et al., 

2014).  

This hypothesis requires a cell-type and light-level specific change in either the 

amplitude or timing of inhibition impinging on superior ON-OFF DSGCs (or onto their 

inputs) relative to excitation (Briggman et al., 2011; Ding et al., 2016; Lee and Zhou, 2006). 

I have not identified the cellular and synaptic origin of this change.  However, a recent 

study showed both light-level and cell-type specific changes in GABAergic inhibition in 

other RGC types (Pan et al., 2016). Furthermore, these differences in GABAergic inhibition 

have been shown to play a substantial role in setting the absolute threshold of RGC 

responses: cells receiving less inhibition respond to dimmer flashes of light (Pan et al., 
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2016).  Additionally, several different types of amacrine cells have been observed recently 

to interact with DSGCs: VIP amacrine cells (Park et al., 2015), wide-field spiking amacrine 

cells (Hoggarth et al., 2015), and VGlut3 amacrine cells (Lee et al., 2014). At least the wide-

field spiking amacrine cells exhibit a light-level dependent interaction with DSGC circuits 

(Hoggarth et al., 2015). Thus, a change in effective GABAergic inhibition in the superior 

ON-OFF DSGC circuit could be the dominant mechanism mediating the change in tuning. 

However, to fully test these models will require intracellular measurements that directly 

assay inhibition, excitation, and gap-junction mediated conductances.  

5.4 Materials and methods 

5.4.1 Mice 

We generated the FACx mice by crossing the FSTL4-CreER mice and Ai9 mice and 

crossing their progeny with a previously unpublished Cx36-floxed (Cx36fl) line (see 

below). In the FACx mice, activation of Cre via tamoxifen administration eliminated 

expression of Cx36 and induced expression of tdTomato (Figure 24A and 24B). Tamoxifen 

(100 µg, Sigma) was injected intraperitoneally into FACx mice at postnatal day 0 or day 1 

(P0 or P1) to activate CreER.  

To generate the Cx36fl mouse line, A 13kb genomic clone spanning exons 1 and 2 

of Cx36 was isolated from a 129SV genomic phage library (Stratagene) using a 533 bp 

probe corresponding to the sequences encoding the cytoplasmic loop and carboxy-

terminus of Cx36.  Two fragments were generated by HindIII digestion and subcloned.  
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The first fragment (~1 kb) comprised the 5' homology arm of the targeting construct, 

containing exon 1 and a portion of the flanking intron.  The second fragment (~5 kb) 

contained the remaining portion of the intron and second exon.  To produce the 3' 

homology arm from the second fragment, a Pme1 site was introduced following the stop 

codon so a loxP site, with a diagnostic EcoR1 site, could be inserted.  The 5' and 3' 

homology arms were then subcloned into a modified version of the targeting vector pDTA 

(gift of Frank Gertler) containing a floxed TK/neomycin selection cassette. J1 ES cells were 

electroporated as described before (Deans and Paul, 2001) and 183 neomycin-resistant 

clones selected.  For the primary screen, a PCR amplicon was generated using one primer 

within the coding region of exon 2 and another downstream of the 3’ homology arm and 

digested with EcoR1. To verify proper recombination at the 5’ arm, ES cell DNA was 

digested with EcoR1 and southern blotted using a probe located upstream of the 5’ 

homology arm. Due to the presence of an EcoR1 site in the neo cassette, the wild type band 

and KO displayed different size bands.  To remove the selection cassette, two correctly 

targeted ES cell clones with good karyotypes were transfected with cre recombinase. 132 

clones were screened by PCR for excision of the TK/Neomycin cassette (primers C and D) 

without excision of exon 2 (primers C and E) and 15 correctly recombined clones were 

identified. ES cells were injected into C57/BL6 blastocysts and highly chimeric pups were 

crossed with WT C57/BL6 to obtain floxed Cx36 (Cx36fl) heterozygotes. To produce a 

cone-specific Cx36 KO, a Cx36fl +/- line was crossed with transgenic animals expressing cre 
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under control of S-opsin (BP) and M-opsin (RGP) promoters (Akimoto et al., 2004). BP-

cre+/Cx36fl +/- and RGP-cre+/ Cx36fl +/- mice were then crossed to generate RGP/BP-

Cre+/Cx36fl +/+ cone-specific KOs and littermate RGP/BP-cre+/Cx36fl +/- and RGP/BP-

cre+/WT Cx36 controls.  Detection of the RGP-Cre and BP-Cre transgenes was carried out 

using PCR primer F and G or F and H, respectively. 

A:  GCG GAG GGA GCA AAC GAG AAG (5’, in 2nd exon coding) 

B: CAC CAG AAT GGG GCT TTT ATC ACT ACT G (3’, outside construct) 

C:  ATT CTT ACA TTG AGC TGG AC (5’ intron ahead of neo cassette) 

D: CCT TGA GTG GTA CTG AAC TG (3’ intron after neo cassette) 

E: GGG AGA AAT ATC CTC CAG G (3’, 3’ UTR after LoxP) 

F:  AAT GGG AAC AGT GGT GTG TG (5’, RGP promoter) 

G: AGG AGG GTG CTG TAG GGA AG (5’, 5’ BP promoter)  

H GAA CGA ACC TGG TCG AAA TC (3’, cre) 

To test the cre-dependence of Cx36 excision, floxed Cx36 mice were crossed with 

an M- and S- cone opsin-cre transgenic lines (Akimoto et al., 2004), and immunoreactivity 

for Cx36 was compared with WT retinas. In a WT retina, anti-Cx36 antibody labeled 

numerous puncta (Figure 24C) located in both the inner and outer plexiform layers (IPL 

and OPL, respectively). This pattern of expression was not altered in retinas from animals 

homozygous for the floxed Cx36 allele in the absence of cre (data not shown). However, 

in the cone-specific Cx36KO retinas, OPL expression of Cx36 was dramatically lower than 
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in the WT (Figure 24D), while IPL expression was unchanged. Double-labeling for Cx36 

and the cone pedicle marker PNA (Figure 24E) revealed that the residual OPL Cx36 

expression was proximal to the pedicles, likely originating in cone bipolar cells (Deans et 

al., 2002; Feigenspan et al., 2004; Feigenspan et al., 2001; Han and Massey, 2005) rather 

than photoreceptors. These results indicate this floxed Cx36 mouse line allows for cre-

dependent knockout of Cx36. 

 

Figure 24: Validation of the FACx mice. A. Micrograph of whole-mount FACx retina on 
MEA, focused on ganglion cell layer (GCL). Bright dots are tdTomato expressing cells. 
Red dots mark 42 cells located in GCL over the MEA. B. Micrograph of the same whole-
mount FACx retina in L but focused on inner nuclear layer (INL). Red dots mark 14 cells 
located in INL (blurred in L) over the MEA, indicating non-specific expression of Cre in a 

PNA
Cx36

Cone-specific Cx36 KOI JWT Cone-specific  
Cx36 KO

C D
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small subset of amacrine cells. C. Immunolabelling of WT retina for Cx36 revealed 
extensive punctate staining in the IPL, representing AII-AII and AII-cone bipolar gap 
junctions, and in the OPL, representing photoreceptor and bipolar cell dendritic gap 
junctions. D. Cx36 immunolabeling is strongly attenuated in the OPL when cone-cre mice 
are crossed with floxed Cx36 mice. IPL staining is unchanged. E. Double labeling with 
anti-Cx36 antibody and the cone pedicle marker PNA indicates that residual OPL staining 
in the cone-specific Cx36 KO is proximal to cone pedicles. Thus, the residual Cx36 labeling 
likely reflects dendrites localization of Cx36 in cone bipolar cells. 

5.4.2 Cell selection 

To identify superior ON-OFF DSGCs with the highest likelihood of having 

undergone cre-mediated excisision of Cx36, I set two criteria. First, a tdTomato+ cell was 

present within 50 µm of an identified superior ON-OFF DSGC location. Second, the 

superior ON-OFF DSGC did not exhibit bimodal peaks in the cross-correlogram with any 

other ON-OFF DSGC. To compute the cross-correlogram, I binned spike trains into 0.25 

ms bin, and calculated the correlation coefficient as a function of time shift between two 

spike trains. When quantifying the proportion of neighboring pairs that are electrically 

coupled, I defined cells as neighbors if the distance between the EI centers of mass was < 

150 µm. To identify bimodal structure in the cross-correlogram between two cells, three 

criteria were used: (1) the unimodal hypothesis was rejected by using a bootstrap 

algorithm (p < 0.05) (Carcieri et al., 2003; Silverman, 1981); (2) the peak location, defined 

by argmax of the cross correlogram, is between -2.5ms to 2.5ms. This constraint was added 

to exclude false positives. (3) the ratio calculated in Equation 3 is larger than 2. 

 



 

91 

 
𝑟𝑎𝑡𝑖𝑜 = 	

∑ 𝑄(𝜏)C^0X
Ci.70X + ∑ 𝑄(𝜏)i.70X

^0X

2	 × min](𝑄 ∗ 𝐻)(𝜏)a
 (5) 

 

where Q is the cross-correlation function between two cells after baseline subtraction, and 

H is a summation filter with a length of 2.5ms, convolved with 𝑄. Criteria (3) ensures that 

the peaks observed within the expected time windows are significantly greater than in the 

cross-correlation. 

Superior ON-OFF DSGCs in FACx mice exhibited lower spike rates than in control 

animals. To test whether this difference could account for the reduction in observed 

coupling, I truncated the spike trains of superior ON-OFF DSGCs in WT mice to match 

the spike numbers to those observed in FACx mice. I recalculated the cross-correlation 

functions with these truncated spike trains and found that significant coupling (as judged 

by the three criteria above) persisted. This indicates that a lack of coupling in FACx mice 

could not be attributed to measuring fewer total spikes but resulted from fewer nearly-

synchronous spikes.  

5.4.3 Leaky Integrate-and-Fire model 

A leaky Integrate-and Fire model was used to analyze the joint effect of gap 

junction coupling and diminished effective inhibition on DSGC tuning curves. The 

excitatory and inhibitory synaptic conductances were simulated with the following 

empirical equation (Bekkers and Stevens, 1996). 
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 𝐺(𝑡) = 𝑔012[1	 − 𝑒𝑥𝑝 q−
𝑡 − 𝑡8
𝜏^

r]2	𝑒𝑥𝑝	(−
𝑡 − 𝑡8
𝜏E

) (6) 

𝑔012  was modulated to change the amplitude of the conductance (Figure 23A, left), and 

𝑡8 was modulated to change the timing of the input conductance, which was determined 

by the direction and speed of a simulated moving bar (850 µm/s) and the locations of the 

simulated cells. All other parameters were fixed (𝜏^= 200 ms, 𝜏E= 100 ms, 𝑥  = 10) and 

estimated from a previous work (Figure 3C of (Zylberberg et al., 2016)). 𝑔012  of the 

excitatory conductance was set to be direction independent and 𝑔012  of the inhibitory 

conductance was direction tuned and generated from a raised sinusoid function (Figure 

23A, right).  

 𝐺Y2=(𝜃, 	𝑡) = 	𝐺(𝑡) (7) 

 𝐺t6u(𝜃, 	𝑡) = 𝐴{𝑎^ + 	𝑏^[0.5 + 0.5 ∗ cos(𝜃 + 𝜑)]U}𝐺(𝑡) (8) 

Where 𝑎^ = 1, 𝑏^ = 2, 𝜑 = 	z
E
, 𝛼 = 1 . The gain factor (A, Equation 8) on the inhibitory 

conductance was used to tune the amount of inhibition. When A = 1, the inhibitory 

conductance equals the excitatory conductance for preferred direction motion and is 3-

fold greater than the excitatory conductance for null direction motion. From these 

conductances, voltage traces were generated with a leaky integrator.  

 𝐶
𝑑𝑉
𝑑𝑡 = 𝐼X|61}XY(𝑡) + 𝐼~Y1�|(𝑡) + 𝐼�1}(𝑡) (9) 

 where  𝐼X|61}XY(𝑡) = 	𝐺Y2=(𝑡)(𝑉(𝑡 − ∆𝑡) − 𝐸Y2=) + 𝐺t6u(𝑡)(𝑉(𝑡 − ∆𝑡) − 𝐸t6u)  

 𝐼~Y1�|(𝑡) = 	𝐺~Y1�(𝑉(𝑡 − ∆𝑡) − 𝐸~Y1�)  
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𝐼�1}(𝑡) =�𝐺�1}

(t) (𝑉(𝑡 − ∆𝑡) − 𝑉(t)(𝑡 − ∆𝑡))
6

t�^

  

A 5 ms absolute refractory period and an exponentially decaying relative refractory 

period (4 mV amplitude, 8 ms tau) were included in this model. A semi-regular mosaic of 

superior DSGCs was simulated with density of 120 cells/mm2 (Eglen, 2006). Within this 

mosaic, two cells were gap junction coupled if their distance was smaller than 150 µm 

(Figure 23C). 𝐺�1}
(t)  was set to 0.8 nS for coupled cells (Trong and Rieke, 2008) and 0 nS for 

uncoupled cells. The following parameters were used in the model: 𝐶 = 0.03	𝑛𝐹, 𝐸Y2= =

0	𝑚𝑉, 𝐸tu6 = −80	𝑚𝑉, 𝐸~Y1� = −60	𝑚𝑉, 𝐺~Y1� = 4	𝑛𝑆, 𝑉�u�YXu = −50	𝑚𝑉. 
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6. Functional implication of cell-type specific adaptive 
changes in DSGC tuning properties  
6.1 Introduction 

In Chapter 4 and 5, I characterized how direction tuning of different types of 

DSGCs depend on ambient light levels and revealed the underlying mechanisms of this 

asymmetric adaptive change. What is the benefit of the population of DSGCs switching 

from homogeneous tuning widths under photopic conditions to one type exhibiting 

broader tuning under scotopic conditions? In general, broader tuning can be beneficial for 

detecting stimuli, but can come at the cost of discriminating small changes in the encoded 

feature (Butts and Goldman, 2006; Fiscella et al., 2015; Seung and Sompolinsky, 1993). 

Thus, I hypothesized that the population of all ON-OFF DSGCs may strike a balance 

between detecting motion and accurately signaling direction at low light levels. This 

balance may be different under rod versus cone-mediated visual conditions, because in 

general, the signal-to-noise ratio (SNR) is lower under scotopic conditions (Barlow and 

Levick, 1969).  

In this chapter, I simulated responses of a quadruplet of ON-OFF DSGCs to bars 

moving in different directions at different light levels and estimated their decoding 

performance in direction discrimination and motion detection. I showed that the 

asymmetry in direction tuning at low light levels strikes a balance between improving the 

detection of motion in dimly lit conditions against a cost to the accuracy of direction 
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estimation. These results highlight how adaptation can tune parallel processing in neural 

populations to meet challenges imposed by changes in signal and noise. 

6.2 Results 

I first tested whether DSGCs exhibit a change in their response SNR between high 

and low light levels. Using moving bars to probe the responses of DSGCs, I found that 

response SNR under scotopic conditions was less than half that under photopic conditions 

for most cells (Figure 25B, p < 0.001, see Methods).  

Using these SNR measurements, I next simulated DSGC spiking responses to 

moving bars to estimate the performance of quartets of orthogonally tuned ON-OFF 

DSGCs in two tasks: motion detection and discrimination of motion direction (Figure 25A, 

see Methods). I analyzed the relationship between the SNR of DSGC responses and 

optimal tuning width by varying tuning width (α in Equation 4) under low (rod) and high 

(cone) SNR conditions. Note, in these simulations, the tuning curve width of all four 

DSGCs changed together. At the photopic SNR, detection performance rose 

monotonically with tuning curve width and rapidly saturated, while direction 

discrimination error exhibited a ‘U’ shaped function with a minimum near 100 degrees 

(Figure 25C, right). DSGC tuning widths were near this optimal value (Figure 25C, right, 

vertical line), but slightly broader as reported previously (Fiscella et al., 2015). At scotopic 

SNRs, detection performance rose less rapidly, requiring broader tuning widths to reach 

a high detection rate (Figure 25C, left). Also, direction discrimination error reached a 



 

96 

minimum at broader tuning widths than under photopic SNRs. Thus, the lower SNR 

exhibited under scotopic conditions promotes broader direction tuning among a quartet 

of orthogonally tuned DSGCs.   

 Given the benefit of broader tuning curves at low SNR indicated by the previous 

analysis, why do three ON-OFF DSGC types retain narrow tuning under scotopic 

conditions?  To answer this question, I tested for a tradeoff between reliably detecting 

motion and accurately estimating direction. Such a trade-off is suggested at the rod SNR 

condition, because the tuning width of the superior DSGCs produces better detection 

performance but produces greater errors in direction discrimination (Figure 25C left, 

vertical lines). Thus, in simulation, I tested the impact of making different numbers of 

DSGCs match the tuning of superior DSGCs under scotopic conditions (note: α, β, and 

Rmax of Equation 4 all changed, see Methods). 

This analysis revealed that under scotopic conditions, making one tuning curve 

broad had the largest proportional increase in detection performance; performance 

increased sublinearly with the number of broad tuning curves (Figure 25D, blue solid vs. 

blue dashed line). This indicates diminishing returns for motion detection when 

broadening the tuning of additional DSGC types. Meanwhile, one broad tuning curve 

yielded the smallest relative cost in discrimination performance; performance decreased 

supra-linearly with the number of broad tuning curves (Figure 25D red solid vs. red 

dashed).  This indicates slightly accelerating costs for making additional directions exhibit 
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broad tuning. Furthermore, this analysis indicated a balance in the relative cost-benefit 

between detection and discrimination at one cell type with broad tuning (red and blue 

curves cross near 1 broad tuning curve: Figure 25D). Under photopic conditions, making 

tuning curves broad produced no improvement in detection performance (Figure 25E). 

This is related to the rapidly saturating performance as a function of tuning width at high 

SNR (Figure 25C, right); there is minimal benefit to making tuning curves broader for 

detection under photopic conditions. However, there is a clear cost for direction 

discrimination performance when increasing the number of directions with broad tuning 

curves (Figure 25E). Thus, a balance between detection versus discrimination 

performance appears to be reached for all narrow tuning curves at high light levels and 

for one broad tuning curve at low light levels.   
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Figure 25: Impact of direction tuning width on motion detection and discrimination. A. 
Schematic of simulated motion detection (left) and direction discrimination (right) tasks 
(see Methods). B. Black circles indicate SNR of individual DSGC (all direction preferences) 
at 20% bar contrast at two different light levels (low light level: 1 R*/rod/s, high light level: 
10,000 R*/rod/s). Red circle indicates the average SNR across cells. (mean ± SEM; 1 retina, 
n = 64). Data from another retina have same result (not shown). C. Simulated 
discrimination error (red) and detection rate (blue) as a function of direction tuning width 
(α in equation (2), β fixed to 1) at rod (1 R*/rod/s, Rmax = 1.5) and cone (10,000 R*/rod/s, Rmax 
= 7.7) light levels. Red stars mark the lowest points on the discrimination error curves. 
Dashed lines mark the tuning widths measured from MEA recording using drifting 
gratings. D-E. Normalized performance changes (see Methods) in discrimination (red) 
and detection (blue) tasks as a function of the number of broad tuning curves in the DSGC 
population, at rod (1 R*/rod/s; D) and cone (10,000 R*/rod/s; E) light levels.  
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Figure 26: Analysis of tuning curve changes on motion detection and direction 
discrimination performance across directions. A. Model tuning curves for four types of 
homogenously tuned ON-OFF DSGCs, with tuning width parameters matched to "other" 
DSGC types at low light level. (α = 1.8, β = 0.95, Rmax = 1.5). Superior direction is defined 
as 0 degree (dashed line, same for all panels in this figure). B. Model tuning curve for four 
types of heterogeneously tuned ON-OFF DSGCs. The three "other" types are same as A, 
while the superior type has broader tuning (α = 0.8). C-D. Simulated detection rate (C) 
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and discrimination error (D) as a function of stimulus direction. Curve with circles shows 
performance of homogenously tuned ON-OFF DSGCs. Curve with stars shows 
performance of heterogeneously tuned ON-OFF DSGCs. The black curve shows the 
difference between these two curves. E-H. Similar with A-D, except that null direction 
response was changed instead of tuning width in the heterogeneous model (β = 0.6). I-L. 
Similar with A-D, except that maximum spike number was changed instead of tuning 
width in the heterogeneous model (Rmax = 3). M-P. Similar with A-D, except that all three 
parameters were changed instead of tuning width in the heterogeneous model (α = 0.8, β 
= 0.6, Rmax = 3). 

6.3 Discussion 

6.3.1 DSGCs motion detection and discrimination  

Different portions of bell-shaped tuning functions are most reliable for detecting 

or discriminating stimuli (Butts and Goldman, 2006; Purushothaman and Bradley, 2005; 

Seung and Sompolinsky, 1993). For detection, stimuli aligned with the tuning curve peak 

are most reliably signaled because these stimuli produce a response with the largest SNR. 

For discrimination, stimuli off-peak of the tuning curve -- in the high-slope region -- are 

most reliably distinguished because small changes in the stimulus produce large changes 

in the response. A consequence of these principles is that broader tuning curves can detect 

a greater range of stimuli, while narrow tuning curves will have steeper slopes providing 

better discrimination.  

Previous work in both the cercal system of insects (Theunissen and Miller, 1991), 

which encodes the direction of wind, and the DSGC system in the mammalian retina 

(Fiscella et al., 2015), have analyzed optimal tuning widths for direction-selective neurons. 

These systems exhibit a high-degree of similarity because each contains four canonical cell 

types with orthogonally organized direction preferences. In both systems, tuning widths 
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across the population of neurons are near optimal for direction discrimination, but are 

slightly broader than optimal, which minimally increases average error while reducing 

maximum errors (Fiscella et al., 2015; Salinas and Abbott, 1994). These studies estimated 

optimal tuning widths for direction discrimination at neural SNR values measured under 

a narrow range of stimulus conditions. Thus, previous work has not examined the extent 

to which the SNR of these neurons could change given different ambient light levels or 

wind conditions and how these may interact with stimulus detection.  

I found that at low light levels, the SNR of DSGC responses was substantially 

lower (Figure 25B), primarily because of decreased firing rates. Lower SNR promotes 

broader tuning widths for optimal discrimination and detection (Figure 25C). However, 

because DSGC tuning widths are already broader than optimal (Fiscella et al., 2015), 

broadening all the tuning curves increases the average expected error in direction 

estimation. The case is different for motion detection, where lower SNR severely reduces 

the ability of the DSGC population to reliably signal the presence of motion. Thus, broader 

tuning curves improve detection performance under SNRs matched to those measured 

under scotopic conditions (Figure 25). Importantly, while broadening all tuning curves 

benefits detection performance, it diminishes discrimination performance. I found that 

broadening one of four tuning curves approximately balances the benefit to motion 

detection against the cost to direction discrimination.  
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How changes in the SNR of sensory input impact the tuning curves of neurons in 

systems that densely sample feature space (e.g. motion in cortical area MT, or orientation 

in V1), may be quite different. Physiological and psychophysical evidence indicates that 

detection versus discrimination tasks modulate which neurons are being utilized: those 

with peak tuning near the stimulus are utilized in detection tasks and those with peak 

tuning shifted from the stimulus are utilized in discrimination tasks (Jazayeri and 

Movshon, 2007; Newsome et al., 1989; Purushothaman and Bradley, 2005). However, our 

results as well as computational studies analyzing how changes in SNR impact the 

information content of neural tuning curves, suggest that either tuning curve structure or 

population readout (or both) likely change between low and high SNR conditions (Butts 

and Goldman, 2006).  

6.3.2 Why is adaptation selective for DSGCs preferring superior 
motion? 

Our study has not answered the question of why ‘superior’ is the direction that 

exhibits broader tuning at lower light levels. Our analysis of how the tuning change in 

superior ON-OFF DSGCs impacts motion detection as a function of direction may provide 

some clues (Figure 26). This analysis indicated that a simple increase in tuning width 

improves detection performance in directions orthogonal to superior motion (posterior 

and anterior motion; Figure 26C). However, the higher amplitude of the peak response in 

superior DSGCs improved detection performance for superior motion (Figure 26K) 

Cumulatively, broad tuning, higher peak responses, and higher null-direction responses, 
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produced improved motion detection across all directions but had the smallest 

improvements for downward motion (Figure 26O). Cumulatively, they also slightly 

reduced errors in direction estimation for upward motion (Figure 26P). 

These results lead me to speculate that the observed adaptation is biased for 

reliably encoding upward motion under low light level conditions. This may be useful to 

small animals detecting larger predators: the net expansion of an approaching object (e.g. 

large predator) will be upward, because at a distance the object will be at the horizon, 

while up close the object will be above the smaller prey.  Thus, the superior preferring 

DSGC may be an important population for detecting approaching objects across the retina 

(Munch et al., 2009).  This may also explain why this network is strongly coupled 

electrically even under photopic conditions, while other DSGCs are not: synchronous 

spikes from local populations of superior preferring ON-OFF DSGCs may more 

effectively drive escape circuits or engage attention. 

6.4 Materials and methods 

To simulate the motion detection and discrimination performance across 

populations of DSGCs, I modeled quartets of ON-OFF DSGCs. Their direction tuning was 

modeled with raised sinusoid functions (Equation 4), where the preferred direction 𝜑 was 

fixed to [0, z
E

, 𝜋, iz
E

] and 𝑅W1XY  fixed to the background activity I measured from MEA 

recording. Responses of the quartet to bars moving in different directions were simulated 

with a Poisson noise model: 
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𝑝}�tXX(𝑟|𝜃) = 	

𝑅(𝜃)�𝑒CJ(�)

𝑟!  (10) 

 

where 𝑝}�tXX(𝑟|𝜃) is the probability of generating r spikes when a stimulus 𝜃 is presented. 

The peak firing rates in our tuning curve model were estimated from DSGC responses 

under rod and cone light levels. The stimulus direction was estimated from a simulated 

response using a maximum-likelihood (ML) decoder: 

 

 𝜃� = argmax
�

(𝐿(𝑟|𝜃)) (11) 

 

where 𝐿(𝑟|𝜃) is the likelihood of observing a population response r when presenting 

stimulus 𝜃, assuming there is no noise correlation:  

 

 
𝐿(𝑟|𝜃) = 	�𝑝(𝑟�|𝜃)

�

��^

 (12) 

  

The direction discrimination error was estimated by averaging |	𝜃 – 𝜃	�| across all stimulus 

directions.  

 For the motion detection task, I generated two simulated responses: one for a 

simulated moving bar, 𝑟0, and one for simulated spontaneous activity, 𝑟X. The probability 

of spiking for 𝑟X was given by sampling from a Poisson distribution with a mean rate of 
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0.02 spikes/trial (Rbase, Equation 4). The task was to correctly label which response was 

generated by motion and which by spontaneous activity. For both 𝑟0 and 𝑟X, I calculated 

the likelihood ratio that the response came from a motion-generated stimulus versus 

spontaneous activity. This yielded two likelihood ratios, one for 𝑟0 , ( 𝐿0 =

	𝑚𝑎𝑥�{𝐿(𝑟0(𝜃)|𝜃0��t�6	)/𝐿(𝑟0(𝜃)|𝑛𝑜	𝑚𝑜𝑡𝑖𝑜𝑛)}) and one for 𝑟X (𝐿X = 	𝑚𝑎𝑥�{𝐿(𝑟X|	𝜃0��t�6)/

𝐿(𝑟X|	𝑛𝑜	𝑚𝑜𝑡𝑖𝑜𝑛)}. The maximum operation over 𝜃 maximizes the probability of detecting 

motion across all possible directions, 𝜃. Next, 𝐿0 and 𝐿X were compared by taking their 

ratio, because both values could either be larger or smaller than unity and the task was a 

two-alternative forced-choice: 𝐶 = 𝐿0/𝐿X. When 𝐶 > 1, the probability that 𝑟0 came from 

the motion stimulus is higher than that for 𝑟X and the two responses are correctly labeled. 

When 𝐶 < 1, the probability that 𝑟0 came from spontaneous activity is higher than 𝑟X and 

the two responses are incorrectly labeled. 

 

 𝐶 =
𝐿0
𝐿X

= 	
𝑚𝑎𝑥�{𝐿(𝑟0(𝜃)|𝜃0��t�6	)/𝐿(𝑟0(𝜃)|𝑛𝑜	𝑚𝑜𝑡𝑖𝑜𝑛)}	

𝑚𝑎𝑥�{𝐿(𝑟X|	𝜃0��t�6)/𝐿(𝑟X|	𝑛𝑜	𝑚𝑜𝑡𝑖𝑜𝑛)}	
 (13) 

 

Normalized performance for the detection task (Figure 25D and 25E) was computed by 

normalizing the detection rates after accounting for a chance performance of 0.5. 

Normalized performance of discrimination task was computed by normalizing z
E
− 𝑒𝑟𝑟𝑜𝑟, 

since the average chance error is z
E
. 
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Parameters for the model of DSGCs under the cone regime were estimated from a 

40% positive contrast bar (480 µm width and 1.44 mm/s speed) moving in 8 directions at 

10,000 R*/rod/s. From these responses at the cone-mediated light level (Figure 25E), the 

mean estimated tuning width (α) = 1.8, null-direction response (1-β) = 0.05, and the 

preferred direction response (Rmax) = 7.7 spikes. These numbers were used to simulate the 

'narrow' tuning curves under photopic conditions. For simulating the 'broad' tuning curve 

under photopic conditions (Figure 25E), the following parameters were assigned to 

'broad' tuning curve(s): α = 0.8, β= 0.6, and Rmax = 15.4. This Rmax was two-fold greater than 

for the 'narrow' tuning curves to match the difference in Rmax observed under scoptopic 

conditions (1 R*/rod/s). Under rod-mediated conditions (Figure 25D), the parameters used 

in the simulation were estimated from the same stimulus presented on a background of 1 

R*/rod/s. 'Broad' tuning was estimated from superior preferring DSGCs and the model 

parameters were α = 0.8, β = 0.6, and Rmax = 3. 'Narrow' tuning was estimated from the 

other three DSGC types where α = 1.8, β = 0.95, and Rmax = 1.5. All parameters were 

estimated from fits of Equation (4) to the mean direction tuning curves estimated from 

each DSGC population. An analysis of how detection and discrimination performance 

depend on α, β, and Rmax (Equation 4) is provided in Figure 26. 

For the analysis in Figure 25C, cone (right), β and Rmax were set to 1 (unitless) and 

7.7 spikes, respectively. For Figure 25C, rod (left), β and Rmax were 1 (unitless) and 1.5 
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spikes, respectively. For both plots in Figure 25C, α was varied to change the tuning 

width. 
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7. Conclusions and future directions 
In this dissertation, I have presented new evidence on how motion processing in 

mammalian retina adapt to dynamically changing visual environment. I did 

pharmacological analysis of DSGC spiking responses and indicated that NMDA receptors 

enhance the contrast sensitivity of DSGC output while preserving their directional tuning 

properties, down to threshold contrast levels. I also simultaneously tracked the direction 

tuning of seven DSGC types across light levels and identified one type that exhibits a 

pronounced broadening of direction tuning and a smaller difference between responses 

to preferred and null directions under scotopic conditions. This broadening could be 

accounted for by two mechanisms: (1) Cx36-mediated homotypic gap-junction coupling 

and (2) less-effective GABAergic suppression of null direction responses relative to other 

DSGCs. Via a model that incorporated SNR changes across light levels, I showed 

 that the observed adaptation strikes a balance between detecting motion and 

accurately signaling its direction. 

7.1 ACh/NMDA interaction 

In Chapter 3, I have shown that in DSGCs, the NMDA transformation produces 

arithmetical scaling of the contrast response function, using both additive (77%) and 

multiplicative (23%) scaling factors (Figure 10 and Figure 12). This observation supports 

the “silent model” over the “matched model” (Figure 9), suggesting that a high sensitivity 

bipolar cell type provides common input to SAC and DSGC, and a low sensitivity bipolar 
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cell type provides input only to DSGC. While the low sensitivity bipolar cell type activates 

DSGCs via AMPA receptors, the high sensitivity bipolar cell type forms AMPA synapses 

with SACs and NMDA synapses on DSGCs. Therefore, the NMDA receptors amplify 

coincident ACh/GABA signals from SACs that contain accurate direction information 

(Sethuramanujam et al., 2017). Future studies using immuno-EM are required to confirm 

that AMPA and NMDA receptors are differentially expressed postsynaptically at the level 

of single bipolar dyads. The age-old ‘‘rule’’ stating that only one of the two postsynaptic 

processes at a dyad expresses a given ionotropic glutamate receptor subtype (Boycott and 

Wassle, 1999) suggests this as an intriguing possibility. EM studies in primate (Boycott 

and Wassle, 1999) and cat (Qin and Pourcho, 1999) showed that the postsynaptic ganglion 

cell dendrite and amacrine cell process at a cone bipolar cell dyad express different sets of 

glutamate receptors in general. 

7.2 Synaptic mechanisms of light level dependent direction 
selectivity in superior preferring ON-OFF DSGCs  

In Chapter 5, I have shown that two mechanisms contribute to broadening of 

direction tuning of superior-preferring ON-OFF DSGCs at low light levels: one is the 

homotypic gap junction coupling among superior DSGCs (Figure 19), the other one is less 

effective GABAergic inhibition (Figure 22). This light level dependent broadening of 

direction tuning width is likely to be caused by light level dependent effective GABAergic 

inhibition (Figure 23), rather than light level dependent gap junction conductance (Figure 

20). Several plausible circuit models could explain the differential effective inhibition I 
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observed. For example, SACs might provide weaker inhibition to superior DSGCs, either 

by making less synapses with superior DSGCs, or due to special intrinsic properties of 

superior DSGCs, like smaller inhibitory conductance. As a result, superior DSGCs receive 

less inhibitory input than the other three types at low light levels. At high light levels, 

some amacrine cell type might specifically provide either pre- or post-synaptic inhibition 

to superior DSGCs, making them receive similar amounts of total inhibition as the other 

three types. A previous study has shown that a type of GABAergic wide-field amacrine 

cell provides light level dependent pre-synaptic inhibition onto DSGCs, which serves as 

a candidate of the additional inhibition in my proposed model (Hoggarth et al., 2015). 

Another possibility is that SACs provide similar amounts of inhibition to all DSGC 

types, but another amacrine cell type specifically disinhibits superior DSGCs via SACs 

only at low light levels. As a result, superior DSGCs receive less amount of inhibition at 

low light levels. With the restriction of our extracellular recordings, I am not able to 

distinguish these possibilities. Better addressing these questions requires patch clamp 

recordings to isolate excitation and inhibition onto DSGCs and SACs across different 

mean light levels.  

7.3 Balancing motion detection and direction discrimination 

In Chapter 6, I have shown a decoding model to estimate performance of motion 

detection and direction discrimination from simulated responses of a quadruplet of ON-

OFF DSGCs (Figure 26). The simulation results show that at low SNR conditions matched 
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to low light levels, broad tuning improves motion detection at the cost of sacrificing 

direction discrimination. My model assumes motion information is decoded from ON-

OFF DSGCs only. However, several lines of evidence suggest that there is overlap 

between ON-OFF and ON DSGCs projection patterns (Dhande et al., 2013; Gauvain and 

Murphy, 2015; Kay et al., 2011). Furthermore, several other ganglion cell types respond to 

motion stimuli (Jacoby and Schwartz, 2017; Zhang et al., 2012). Thus, it is possible that 

multiple ganglion cell types might collectively encode motion information that a mouse 

uses to detect motion and judge its direction. These considerations motive testing whether 

broad tuning of superior ON-OFF DSGCs at low light levels has consequences at the level 

of behavioral motion detection and direction discrimination performance. The FACx 

mouse line I described in Chapter 5 could be used as a comparison to  C57 control mice. 

Although superior DSGC tuning width in these mice is still broader than the other three 

types of DSGCs, they are significantly narrower than superior DSGCs in C57 mice (Figure 

21). If broader tuning is important for behavior at low light level, I predict that compared 

to FACx mice, C57 mice would exhibit better performance in detecting motion in a two-

alternative forced-choice behavior task (Busse et al., 2011).  
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