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ABSTRACT OF THE DISSERTATION 
 
 
 
 

Modulation of Synaptic Transmission between Rod Photoreceptors 

and Rod Bipolar Cells: The First Synapse of Sight 

 

by  

 

Katherine Elizabeth Fehlhaber 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2017 

Professor Alapakkam P. Sampath, Chair 

 

Our visual system operates over an astoundingly wide dynamic range that covers over 

10 orders of magnitude, with light environments ranging from the near dark twilight to the bright 

noonday sun. Rod photoreceptors function over the lowest 8 orders of magnitude of our visual 

range and encode our most sensitive vision. In the mammalian retina, rod signals are relayed to 

a single class of rod bipolar cells (RBCs) and form the basis for the rod bipolar pathway. 

Adaptive processes are key to integrating rod photoresponses into the retinal circuitry and 

establishing the wide dynamic range of rod vision. Adaptation is known to occur both 

presynaptically in rods and postsynaptically in RBCs. However, the relative contribution of these 

mechanisms to adaptation is not clear.  

Overall, my thesis projects explore the fundamental processes that modulate synaptic 

transmission in retinal circuits, particularly between rods and rod bipolar cells. I recorded light-

evoked responses from rods and RBCs of wildtype and several transgenic mouse strains using 



	  iii 

single-cell patch clamp methods, and analyze response sensitivity under dark-adapted 

conditions and during light adaptation.  

My first goal was to identify the molecular mechanisms responsible for the formation of 

rod-to-RBC synapses. In collaboration with the laboratory of Kirill A. Martemyanov (The Scripps 

Research Institute), we found that the rod-specific cell adhesion molecular ELFN1 interacts 

trans-synaptically with the postsynaptic receptor mGluR6 on RBC dendrites, and that this 

interaction is required for high-sensitivity vision of the rod pathway. We also found that the 

extracellular calcium channel CaV1.4 subunit α2δ4 forms complexes with ELFN1 and bridges 

presynaptic calcium channels to postsynaptic mGluR6 channels. Experiments in mice lacking 

α2δ4 reveal that this subunit is crucial for calcium-channel voltage sensitivity and rod-to-RBC 

synaptic transmission.  

A key process in adaptation involves the movement of several signaling molecules in rod 

photoreceptors. One such molecule, the G-protein transducin, translocates to the rod inner 

segment and synaptic terminal in the light, and this process enhances synaptic transmission 

between rods and RBCs. Our next goal was to identify the mechanism of transducin modulation 

of rod-to-RBC signal transmission. In collaboration with the laboratory of Nikolai O. Artemyev 

(University of Iowa), we examined the functional role of the cargo protein UNC119, which is 

important for transducin translocation. We describe a novel function for UNC119 as an 

enhancer of synaptic transmission between rods and RBCs.  

Lastly, I explored the biophysical mechanisms that control the responsiveness of RBCs 

over a wide range of light intensities. My preliminary data suggest that intracellular calcium acts 

on two targets in RBCs to increase the sensitivity and temporal resolution of RBC responses. 

This study is part of an ongoing effort in the lab.  

Together, these projects provide insight into fundamental properties of signaling at the 

rod-to-RBC synapse, both presynaptically and postsynaptically, that permit the large dynamic 

range of rod vision.   
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CHAPTER 1 

 

An Introduction to the Visual System and Its Adaptive Properties 

 

The human brain is made up of a complex network of approximately 86 billion neurons, which 

communicate with each other across synapses. Proper synaptic function is essential for 

neurons to transfer information effectively about the external environment and ensure 

coordinated behavior in response to stimuli. To ensure that signals can be broadcast even in 

dynamic situations, synapses must adjust their output to match the range of their inputs in a 

process called adaptation.  

The visual system is remarkably responsive, transmitting information of the external 

world to visual processing and cognitive centers of the brain in almost real time. Even more 

impressive than its temporal proficiency, though, is its ability to adapt to a broad range of ever 

changing light environments. Over the course of 24 hours, a visual scene can span over 10 

orders of magnitude of light intensity. From the near dark twilight to the bright noonday sun, the 

visual system seamlessly functions over an incredibly wide dynamic range.  

Understanding the organization of the visual system, from the capturing of photons of 

light by photoreceptors to the firing of action potentials by ganglion cells and beyond, has been 

the goal of many visual scientists for many decades. What began in the 19th century with 

anatomical descriptions of the retina by Santiago Ramón y Cajal (Fig. 1.1) has progressed into 

the detailed studies of the biophysical, biochemical, and synaptic circuits that underlie vision. 

This introduction provides a review of the visual system and the major neuronal circuitry of the 

retina. This chapter focuses on the cellular and biochemical processes of light activation and 

adaptation at the first synapse in sight between the rod photoreceptors, which capture photons 

of light, and the cells which they communicate with, the rod bipolar cells.  
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Figure 1.1. Drawing of retina by Santiago Ramón y Cajal from “Structure of the Mammalian 
Retina” c. 1900. (Image in the public domain courtesy of Wikimedia Commons, 
https://commons.wikimedia.org/wiki/File:Cajal_Retina.jpg)  
 

Overview of the Visual System 

 

Our visual experience begins when light enters our eye. Each part of the eye plays a role in 

providing clear vision in ways that can be compared to the major components of a camera (Fig. 

1.2). For example, light passes through the pupil, which acts as an aperture, helping to regulate 

the amount of light that enters the eye. The cornea and lens focus light onto a thin layer of 
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tissue lining the back of the eye, called the retina, similar to the way the lens of a camera 

focuses an image onto a piece of film or a digital sensor.  

 

 

Figure 1.2. Comparing a camera to an eye (Image adapted from ScienceWithMe, 
http://sciencewithme.com/learn-about-the-human-eye/) 
 
 

As similar as the eye and camera may seem, however, they actually function quite 

differently. In fact, there is no camera currently in existence that can operate with the same 

speed and ease over the same wide dynamic range that your eyes can! This capability is mainly 

the result of the signal processing that occurs in the brain and its outgrowth, the retina.  

 

The Retina 

 

Although all parts of the eye are important for creating a clear image, some of the most vital 

components of visual perception occur because of neural computations in the retina. This 

translucent neural tissue is approximately 300 µm thick and lines the back of the eye (Fig. 1.3). 

Photons of light pass all the way through the retina, where they are captured by photoreceptors, 

called rods and cones. Photoreceptors transpose this light information into neural signals that 

are eventually encoded into action potentials and sent through the optic nerve to the brain.   
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Figure 1.3. Cross-section of the human eye (left) and retina (right). Light passes through all 
retinal cell layers and is captured by photoreceptors, which convert this light energy into 
electrical signals. These signals are passed onto bipolar, horizontal, and amacrine cells, which 
synapse onto ganglion cells, whose axons project through the optic nerve to the brain. (Image 
adapted from Webvision) (Kolb, 1995) 
 

In vertebrates the retina is a highly organized neural circuit. The outermost layer of the 

retina (relative to the center of the eye) comprises the primary light sensors of the retina, the 

photoreceptors. These specialized cells translate light information into a biochemical message 

that adjusts the rate of neurotransmitter release from their synaptic terminals. This chemical 

change is sensed by second-order cells in the retina—bipolar cells and horizontal cells, which 

translate that change in synaptic release into an electrical signal. Bipolar cells and horizontal 

cells convey signals from photoreceptors to downstream cells of the retina—the amacrine and 

ganglion cells. Ganglion cells encode all the upstream information as action potentials, electrical 

impulses that are carried down ganglion-cell axons via the optic nerve to visual centers in the 

brain.  

Disruption of neural network function can have devastating effects on cognition, 

perception, and social interaction. In fact, many neurological disorders, including Parkinson’s 

disease, autism, depression, and schizophrenia, are the result of synaptic dysfunction. In the 
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retina, two of the most common forms of human blindness begin when the primary input cells of 

the retinal neural circuit die. Without photoreceptors, the rest of the neural circuit malfunctions, 

causing the entire retina to rewire and become dysfunctional. Understanding diseases like age-

related macular degeneration (AMD) and retinitis pigmentosa (RP) is the key to developing 

effective treatment options. But even more fundamental is the need to understand the 

processes that allow proper synaptic communication in the first place.  

 

Photoreceptors 

 

To begin this discussion of retinal communication mechanisms, I will describe the processes 

underlying light detection and phototransduction in photoreceptors. Photons of light travel all the 

way through the retina and are absorbed by photopigments that are embedded in the 

membranes of photoreceptor outer segments (Fig. 1.4). The outer segment (OS) is a sensory 

cilium tightly packed with stacks of membranous lamellae containing extremely high densities of 

visual pigment and other signaling proteins. This morphological arrangement allows photons to 

be efficiently absorbed as they pass through the OS.  
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Figure 1.4. Schematic illustration of photoreceptors, depicting cones on the left and rods on the 
right. (Lamb, 2013) 

 

In rods the photosensitive pigment is called rhodopsin, which in mammals has its peak 

sensitivity at ~500 nm in the visible light band of the electromagnetic spectrum (Fig 1.5). Rods 

are specialized for low-light vision and can signal the absorption of a single photon of light. 

Cones mediate daylight vision, so they are much less sensitive than rods. Cones also mediate 

color vision because of the different photopigments, called opsins, they contain. In cones 

differences in the amino acid sequence of opsins make them maximally responsive when they 

absorb blue (420 nm), green (530 nm), or yellow (560 nm) portions of the visible light spectrum, 

as indicated by the different colored cones in Fig. 1.5. The relative concentration of each type of 

opsin within the cone determines its maximal sensitivity to either short, medium, or long 

wavelength light, making these cells S-cones, M-cones, or L-cones.  
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Figure 1.5. The normalized absorbance spectra of blue (S), green (M), and red (L) cones as 
well as rod photoreceptors in humans. (Image from Anatomy & Physiology Connexions 
Website, http://cnx.org/content/col11496/1.6/, courtesy of Wikimedia Commons, 
https://commons.wikimedia.org/wiki/File:1416_Color_Sensitivity.jpg)  
 

Not only do rods and cones contain distinct photopigments that allow them to operate in 

discrete light environments, but their specialization is also reflected in their downstream 

connections to bipolar cells. Of the approximately 12 types of bipolar cells in mammalian retina 

(Fig. 1.6), rods make synaptic contacts with only a single type: the rod bipolar cell. Identifying 

and characterizing the molecular mechanism responsible for this remarkable specificity was a 

major focus of my thesis projects (see Chapters 2 and 3).  
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Figure 1.6. Bipolar cell types of the human retina. Abbreviations: RB, rod bipolar cell. (Image 
adapted from (Wassle, 2004)) 

 

Furthermore, the functional differences between rods and cones are reflected in their 

distribution throughout the eye as well as their degree of convergence onto bipolar cells. In the 

human retina, cones are most prevalent at the fovea, which is located at the central region of 

the macula and is the region where we have the highest visual acuity (Fig. 1.3). The cones here 

are typically connected one-to-one with bipolar cells, permitting high visual acuity. The 

information coming from the fovea accounts for half the neural coding in the primary visual 

cortex (V1). Unlike the central retina near the fovea, the peripheral retina is predominantly 

populated by rods. Rods have a more convergent pathway, meaning that many rods synapse 

onto a single interneuron, collecting and amplifying signals. In my studies I am primarily 

interested in retinal function under scoptic dim light conditions, so I will focus the rest of my 

discussion on the rod pathway of vision.  

 

Phototransduction 

 

Rod phototransduction is one of the best-characterized G-protein signaling pathways in the 

body (Fig. 1.7). Briefly, the activation of rhodopsin in the rod OS triggers a cascade of events 

that lead to a decrease in the second messenger cGMP, ultimately closing cGMP-gated cation 
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channels. The resulting hyperpolarization of the photoreceptor membrane potential transiently 

decreases the release of glutamate from the photoreceptor synaptic terminal, and this signals 

the reception of light to the rest of the visual system. The following paragraphs explore 

phototransduction in more detail. 

 

 

Figure 1.7. Major proteins and mechanisms of rod phototransduction. Abbreviations: hν, light; 
Rh*, activated form of the photopigment rhodopsin; GTP, guanosine triphosphate; GDP, 
guanosine diphosphate; cGMP, cyclic guanosine monophosphate; GMP, guanosine 
monophosphate; PDE, guanosine nucleotide phosphodiesterase; RGS complex, group of three 
proteins including RGS9 which accelerate the hydrolysis of GTP by the alpha subunit of 
transducin; and Pi, inorganic phosphate. (Ingram, Sampath, & Fain, 2016) 

 

In the dark, cGMP-gated channels on the rod OS plasma membrane are open, and a 

steady flow of cations like sodium (Na+) and calcium (Ca2+) enters the cell. This inward “dark 

current” partially depolarizes the photoreceptor cell. Also in the dark, excess sodium and 

calcium are removed by Na+/Ca2+-K+ exchangers (NCKX), which are driven by both inward Na+ 

and outward potassium (K+) gradients to extrude Ca2+ from the cell (Bauer, 2002). At this 
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equilibrium in the dark, a typical rod photoreceptor has a resting membrane potential of 

approximately -40 mV.  

The current model of phototransduction begins when a photon causes cis-to-trans 

isomerization of the chromophore 11-cis-retinal. This induces a rapid conformational change to 

rhodopsin’s fully active form, Rh*, which catalyzes the activation of the G-protein transducin via 

GDP-GTP exchange on the transducin α-subunit. The transducin α-subunit with GTP separates 

from the transducin βγ-subunits and binds to the γ-subunit of its effector, cGMP 

phosphodiesterase (PDE6), which releases this subunit’s inhibitory constraint on the catalytic α- 

and β-subunits of PDE6. Activated PDE6 rapidly hydrolyzes the diffusible messenger cGMP, 

thereby reducing its concentration in the cytoplasm. With less cGMP in the cell to activate the 

cGMP-gated channels in the plasma membrane, these channels are more likely to stay closed, 

which reduces the inward “dark current,” and the plasma membrane hyperpolarizes to produce 

a transient photoresponse.  

Rods have graded hyperpolarizing responses to light, and the amplitudes of their 

responses increase monotonically as a function of flash intensity until all of the channels are 

closed at saturation, over a dynamic range of 2-3 orders of magnitude (see example recording 

in Fig. 1.8). In the example below, hyperpolarizing responses to brief pulses of light are 

recorded as positive-going photocurrents over time (Fig. 1.8 left). The maximal amplitude of 

these transient responses can be normalized and plotted as a function of the strength of the 

light (Fig. 1.8 right), revealing the response-intensity relationship of this rod photoreceptor.  
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Figure 1.8. Example recording of light-evoked responses from a rod photoreceptor  (left) and its 
response-intensity relationship (right). Brief flashes of light are given at the time indicated by the 
small triangle, and this causes a positive transient response over time. The normalized 
response amplitude can be plotted as a function of flash strength.  

 

A major area of research has worked to understand how the rod’s temporal resolution is 

achieved, specifically by understanding how the phototransduction machinery activates and 

deactivates. The major actions are summarized in Fig. 1.9 below.  
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Figure 1.9. Overview of the activation and deactivation of rod proteins in the outer segment disc 
membrane. (Top) In the dark, cGMP-gated channels in the rod plasma membrane are open, 
and cations depolarize the rod membrane potential. (Middle) Rhodopsin (R*) activates 
transducin (Gα, Gβ, and Gγ subunits) and PDE.  (Bottom) R* is deactivated by rhosopdin kinase 
(RK) and the subsequent binding of arrestin (Arr). Transducin and PDE are deactivated by the 
RGS9 complex, while guanlyate cyclase (GC) restores cGMP to its dark level. (Image courtesy 
of the Arshavsky Webpage, http://people.duke.edu/~arsha001/research.html) 
 

After the rod phototransduction cascade has been activated, the photoreceptor must 

recover so that subsequent photons can elicit a robust response. This recovery is achieved by 

the deactivation of rhodopsin (R*), transducin (Gα), and PDE6*, and by the regeneration of 

cGMP levels, as well as the eventual regeneration of rhodopsin. Specifically, deactivation of R* 

is accomplished by a two-stage mechanism initiated by R* phosphorylation by rhodopsin kinase 

(RK) and completed upon arrestin (Arr) binding to phosphorylated R* (Arshavsky, Dizhoor, 

Shestakova, & Philippov, 1985; Wilden, Hall, & Kuhn, 1986). Likewise, transducin and PDE6 
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remain active until transducin hydrolyzes GTP, which is catalyzed with the assistance of three 

GTPase-accelerating proteins (GAPs) of the RGS9 complex: RGS9-1, Gβ5, and R9AP 

(Anderson, Posokhova, & Martemyanov, 2009). Without these proteins, PDE deactivation is far 

too slow, taking several seconds instead of tens to hundred of milliseconds (Hollinger & Hepler, 

2002). Finally, cGMP is restored through the action of guanylyl cyclase (GC) (Stephen, Filipek, 

Palczewski, & Sousa, 2008). Together, these mechanisms of deactivation after detection of the 

light stimulus allow for detection of a subsequent stimulus and enable the visual system to 

respond to change and motion.  

The phototransduction cascade is one of the best-characterized G-protein signaling 

pathways, whereby photon absorption in rod outer segments triggers an enzymatic cascade that 

ultimately causes the cell to hyperpolarize. The mechanism of transduction in cones is similar 

(Ingram et al., 2016). But photoreceptors do not just simply detect light. Rather, they adapt to 

environmental light levels, and the mechanisms of adaptation are not as well understood.  

 

Transducin Translocation 

 

One mechanism of modulation that rod photoreceptors use is called translocation. Several 

components of the phototransduction signaling cascade in rod photoreceptors undergo light-

dependent redistribution between cellular components (Fig. 1.10). Notably, the G-protein 

transducin translocates from the rod OS to the IS and synaptic terminal when exposed to bright 

light (Artemyev, 2008). This phenomenon of transducin translocation has been suggested to 

protect rods in bright light when they contribute little to vision (Fain, 2006). The idea is that 

transducin translocation cuts excessive activation of phototransduction and reduces the efficacy 

of pro-apoptotic mechanisms that contribute to cell death. Consistent with this hypothesis, a 

recent study from our lab showed that mice with impaired transducin translocation exhibited 
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slow photoreceptor degeneration, which was prevented if the mice were dark-reared (Majumder 

et al., 2013).  

 

 

Figure 1.10 Schematic representation of the translocation of G-proteins transducin, arrestin, 
and recoverin in dark-adapted (top) and light-adapted (bottom) rod photoreceptors. 
Abbreviations: OS, outer segment; IS, inner segment; N, nucleus; ST, synaptic terminal. 
(Pearring, Salinas, Baker, & Arshavsky, 2013) 
 

Light-driven transducin translocation away from the rod OS has been shown to help rods 

adapt to bright light. This makes sense if you consider the amplification properties that 

transducin has. After rhodopsin becomes photoactivated R*, it binds transducin, where GTP is 

exchanged for GDP at the transducin α-subunit. Gαt-GTP then dissociates from R* and interacts 

with PDE6. This frees R* to activate additional transducin molecules, thus amplifying the signal. 

By reducing the amount of transducin in the rod OS, transducin translocation to the rod IS helps 
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reduce signal amplification of the phototransduction cascade, thereby ensuring that the rod 

remains sensitive even in bright light conditions. Indeed, mice with impaired transducin 

translocation exhibit reduced sensitivity and signal transmission to rod bipolar cells (Majumder 

et al., 2013). However, little is known about the mechanism by which transducin translocation 

enhances synaptic transmission between rods and rod bipolar cells.  

A major binding partner of transducin α-subunit (Gα or Gαt) is uncoordinated 119 protein, 

or UNC119. Previous studies have shown that UNC119 is essential for trafficking Gαt, since 

mice lacking both isoforms, UNC119a and UNC119b, had markedly delayed transport of Gαt 

back to the OS in the dark (Zhang et al., 2011). However, it is unclear which isoform is important 

for transducin translocation. Structural analysis revealed the mechanism by which UNC119a 

supports Gαt trafficking from the rod IS. Namely, UNC119a interacts with the myristoylated N-

terminus of Gαt-GTP by internalizing the myristoyl chain into its binding pocket, causing the 

dissociation of the Gαt-GTP-UNC119 complex from the lipid membrane; this interaction 

sterically occludes the transducin βγ-subunits from binding to the transducin α-subunit (Cheguru 

et al., 2015; Zhang et al., 2011). Moreover, UNC119a inhibits GTPase activity, thereby providing 

a stable Gαt-GTP-UNC119 complex, which diffuses from the rod IS back to the OS. I was 

interested in exploring the potential mechanistic role of UNC119a in transducin translocation 

and synaptic transmission between rods and RBCs, so this became a major focus on my 

dissertation work (see Chapter 4).  

In summary, one way in which rods modulate their responses to changing light levels is 

by moving several components of the phototransduction machinery between photoreceptor 

cellular compartments. In bright light, the G-protein transducin translocates to the rod IS in order 

to reduce signal amplification and protect rods from light damage. The molecular mechanism by 

which transducin translocation enhances synaptic transmission from rods is unknown, but the 

protein UNC119a is hypothesized to be a likely contender for this role.  
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Rod Spherules 

 

The transmission of rod signals to downstream rod bipolar cells and horizontal cells occurs at a 

specialized synapse called the rod spherule (Fig. 1.11). Dendrites of two RBCs (as well as two 

horizontal cells) make invaginating contacts with rod synaptic terminals, whose endings are 

located close to the synaptic ribbon, a specialized presynaptic structure at the site of vesicle 

fusion and glutamate release. The rod terminal completely surrounds the dendritic tips of two 

RBCs, thus physically isolating them from adjacent RBC dendritic tips.  

 

 

Figure 1.11. Structure of a rod spherule, where a rod photoreceptor makes synaptic contacts 
with horizontal cells (H) and rod bipolar cells (B). Voltage-gated calcium channels (CaV1.4) at 
the active zone (AZ) sense changes in rod membrane potential (Vm) that alter the rate of 
glutamate release from the synaptic ribbon. Inset: binding of CaBP4, an internal calcium binding 
partner of CaV1.4, pushes the activation curve to more negative potentials in the physiological 
range of voltages typical for a rod photoreceptor, thus optimizing the voltage sensitivity of the 
CaV1.4 channel. (Okawa & Sampath, 2007) 

 

In addition to its anatomical structure, however, the rod spherule contains a channel that 

contributes to its function. As a reminder, in the dark, cGMP-gated channels in rod OS are open, 

and the rod’s resting membrane potential is relatively depolarized. At the synaptic terminal of 
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the rod, this depolarization activates voltage-gated calcium channels, CaV1.4, which mediate an 

influx of calcium into the rod synaptic terminal. This steady calcium influx in the dark results in 

continuous glutamate release from a specialized structure in the rod spherule, called the 

synaptic ribbon. Upon photon absorption and subsequent hyperpolarization of the rod 

membrane potential, calcium channels close and the rate of glutamate release into the synaptic 

cleft is reduced. Thus, CaV1.4 calcium channels are key to effective synaptic transmission from 

rods to rod bipolar cells.  

CaV1.4 channels at the rod spherule belong to the family of voltage-gated L-type calcium 

channels, which have a relatively long-lasting activation. The voltage-sensitivity of these 

channels is tuned to the range of voltages experienced by rods in darkness, which is near the 

resting potential of -40 mV. Previous experiments have shown that this voltage-sensitivity can 

be improved when CaV1.4 interacts with calcium binding proteins like CaBP4 (Haeseleer, 2008). 

Indeed, binding of CaBP4 to CaV1.4 shifts the voltage-sensitivity of the channel to more 

negative potentials, increasing its dynamic range within rod physiological environments (Fig. 

1.11 inset). Little is known about how other binding partners of CaV1.4 channels affect synapse 

formation and function, and this also became the focus of one of my thesis projects (see 

Chapter 3).  

Effective synaptic transmission between rods and rod bipolar cells requires (1) that the 

rod photovoltage be sufficient to change the open probability of calcium channels, and (2) that 

the resulting change in the internal calcium concentration alters the glutamate release rate from 

the synaptic ribbon. Now, we will cross the synapse and examine how rod bipolar cells (RBCs) 

interpret changes in synaptic glutamate levels.  

 

Light Activation of Rod Bipolar Cells 

 

In the dark, the release of glutamate from rods is sensed by metabotropic glutamate receptors, 
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called mGluR6, which are located on rod bipolar cell dendrites. The binding of glutamate to 

mGluR6 activates a metabotropic signaling cascade that ultimately closes non-selective cation 

channels, called TRPM1. The mechanisms by which the G-protein cascade closes TRPM1 

channels is largely unknown, as indicated by the question mark in Fig. 1.12; but the major 

components of this signaling cascade have now been identified.  

 

 

Figure 1.12. Schematic of the rod-to-rod bipolar cell synapse. Glutamate released from rods 
binds to mGluR6 receptors on the rod bipolar cell dendrite. This activates a metabotropic 
signaling cascade that closes TRPM1 channels. R, Rod; RB, Rod Bipolar Cell; H, Horizontal 
Cell. (Pahlberg & Sampath, 2011) 
 

When light is sensed by rod photoreceptors, the rate of glutamate release from the 

synaptic ribbon decreases. This reduction in synaptic glutamate decreases the activity of the 

mGluR6 signaling cascade, and TRPM1-containing channels are allowed to open. The 

subsequent influx of sodium and calcium flowing through open TRPM1 channels causes the 
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RBC membrane potential to depolarize.  

Rod bipolar cells have graded transient depolarizing responses to light, and the 

amplitude of the response increases as a function of flash intensity until it reaches saturation 

with stimuli typically 1-2 orders of magnitude brighter than an individual photon (see example 

recording in Fig. 1.13). In the example below, depolarizing responses to brief pulses of light are 

recorded as negative-going photocurrents over time (Fig. 1.13 left). The minimum amplitude of 

these transient responses can be normalized and plotted as a function of the strength of the 

light (Fig. 1.13 right), revealing the response-intensity relationship of this RBC.  

 

  

Figure 1.13. Example recording of light-evoked responses from a rod bipolar cell  (left) and its 
response-intensity relationship (right). Brief flashes of light are given at the time indicated by the 
small triangle, and this causes a negative transient response over time. The normalized 
response amplitude can be plotted as a function of flash strength.  
  

Even though the identity of some key signaling components of the mGluR6 pathway 

remains elusive, work on mammalian RBCs has led to several insights about the functional 

properties of the mGluuR6 pathway. For instance, the light responses of RBCs are faster than 

those of rods both in response onset and offset (Field & Rieke, 2002; Sampath et al., 2005). 

Additionally, signal transmission between rods and RBCs has a nonlinear threshold (Berntson, 

Smith, & Taylor, 2004b; Field & Rieke, 2002; van Rossum & Smith, 1998), which is produced by 
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saturation of the mGluR6 signaling cascade (Sampath & Rieke, 2004). This improves the signal-

to-noise ratio of the single-photon responses by transducing responses in rods absorbing 

photons while removing noise from most of the rods that have not absorbed photons. The 

signaling properties of RBCs are ultimately dependent on the speed and sensitivity of the G-

protein signaling cascade described above, but not every component of this pathway has been 

elucidated.  

 

Light Adaptation in Rod Bipolar Cells 

 

Continuous light stimulation of the rod pathway causes adaptive changes at the rod-to-rod 

bipolar cell synapse, where RBCs display desensitization in response to a decrease in the 

amount of glutamate being released by rods. During continuous exposure to dim illumination, 

the amplitude of RBC responses decreases, thus lowering the gain of the rod-to-RBC synapse 

(Shiells, 1999). This prevents saturation of the RBC response at low light intensities and 

extends the operating range of the synapse. Another feature of light adaptation in RBCs is the 

shift in the response-intensity relationship to brighter light stimuli. Lastly, the RBC response-

intensity relationship becomes more linear during light adaptation, reflecting the postsynaptic 

reduction of the mGluR6 signaling cascade. 

An important component of this process of adaptation is Ca2+ inside RBCs. Several 

studies have shown that Ca2+ suppresses light-evoked responses in bipolar cells of dogfish and 

salamander (Nawy, 2000; Shiells, 1999; Snellman & Nawy, 2002), and in mice a rise in 

intracellular Ca2+concentration produces a rapid negative feedback (Berntson, Smith, & Taylor, 

2004a). Similarly, experiments in mice lacking PKC, a serine-threonine-specific protein kinase 

that is activated by increased intracellular Ca2+, suggest that PKCα is a modulator of rod-to-RBC 

function by accelerating glutamate-driven signal transduction and termination (Ruether et al., 

2010). However, no one has directly tested the role of intracellular calcium in adaptation at the 
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synaptic level under physiological conditions, and this became the focus of another of my thesis 

projects (see Chapter 5).  

 

Goals of this Thesis 

 

The aim of the work presented in this thesis is to explore molecular mechanisms responsible for 

the formation and function of synaptic transmission between rods and rod bipolar cells. In 

Chapter 2 I describe a study that identified ELFN1 as the key effector molecule that confers 

specificity of rod-to-RBC synapse formation. This cell adhesion molecule on rod spherules binds 

to mGluR6 on RBC dendrites and is essential for proper visual function in low-light 

environments. In Chapter 3, I describe another presynaptic molecule that is important for rod-to-

RBC synapse function. The extracellular calcium channel CaV1.4 subunit α2δ4 binds to ELFN1 

and bridges presynaptic calcium channels to postsynaptic mGluR6 channels. Experiments in 

mice lacking α2δ4 reveal that this subunit is crucial for calcium channel voltage sensitivity and 

synaptic transmission between rods and rod bipolar cells. These experiments were done in 

collaboration with the laboratory of Kirill A. Martemyanov (The Scripps Research Institute) and 

are part of an ongoing effort to understand fundamental mechanisms that regulate synaptic 

function. In Chapter 4, I describe a study that identified a novel role of UNC119 in regulating 

synaptic release of glutamate from rods. These experiments were done in collaboration with the 

laboratory of Nikolai O. Artemyev (University of Iowa) and are part of an ongoing effort to 

identify the mechanism of transducin modulation of rod-to-RBC signal transmission.  

To elucidate the postsynaptic mechanisms of adaptation, we also examined the role of 

intracellular calcium in controlling the responsiveness of RBCs over a wide range of light 

environments. In Chapter 5, I describe experiments that show that calcium acts on two targets 

in RBCs to increase their sensitivity and temporal resolution. This study is part of an ongoing 

effort in the Sampath lab. All together, this thesis gives insight into fundamental properties of 
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signaling at the rod-to-RBC synapse, both presynaptically and postsynaptically, which will help 

us understand how rods and rod bipolar cells operate over such a wide range of light 

environments.  
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CHAPTER 2 

 

Mechanisms for Selective Synaptic Wiring of Rod Photoreceptors 

into the Retinal Circuitry and its Role in Vision 

 

Rod and cone photoreceptors have distinct functional roles in vision. Rods are very sensitive to 

light and can detect single photons, thus setting visual threshold. Cones, on the other hand, are 

less sensitive but can detect different wavelengths of light, thus conferring daylight color vision. 

The functional differences between rods and cones are reflected in the separate circuits they 

make to downstream bipolar cells (Fig. 2.1). Rods form synapses with a single class of bipolar 

cells, called rod ON-bipolar cell (ON-RBC), while cones form synapses with several classes of 

cone ON-bipolar cells (ON-CBCs) and OFF-bipolar cells (OFF-CBCs), which express different 

types of postsynaptic glutamate receptors on their dendritic tips. Interestingly, both ON-RBCs 

and ON-CBCs express the mGluR6, and rods and cones make synaptic connections with 

bipolar cells in the same region. So, how is the specificity of the rod-to-RBC synapse attained? 
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Figure 2.1. The rod bipolar pathway is optimized for vision in dim light environments. Many rod 
photoreceptors (Rs) converge onto a rod ON-bipolar cell (RB), which sends excitatory output 
through glutamatergic synapses (+) to depolarizing AII amacrine cells (AII). In turn these signals 
are relayed to ON and OFF cone bipolar cells (CBs) through gap junctions and glycinergic 
synapses (−), respectively. ON and OFF CBs feed into ON and OFF ganglion cells (GCs). Cone 
photoreceptors (C) synapse onto ON and OFF CBs. (Pahlberg & Sampath, 2011a) 
 

 In this chapter, I describe experiments done in collaboration with the laboratory of Kirill 

A. Martemyanov (Scripps Research Institute) that identified the molecular mechanisms 

responsible for the specific wiring of rods to downstream ON-RBCs. Specifically, we found that 

the cell-adhesion molecule ELFN1 is expressed solely in rods and interacts trans-synaptically 

with mGluR6 on ON-RBC dendrites. In mice lacking ELFN1, no rod-to-RBC synapses are 
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formed, but cone pathway connections are unaltered. Physiologically, light-evoked responses in 

rods are not affected by the loss of ELFN1, but no light-evoked responses can be acquired in 

RBCs. Importantly, signaling through the secondary light pathway to ON-CBCs and OFF-CBCs 

is unaffected by the lack of ELFN1. Without a synaptic connection between rods and RBCs, 

mice lacking ELFN1 were not sensitive to dim light and were effectively night-blind. The results 

of this study suggest that ELFN1 is necessary for the selective synaptic wiring of rods to RBCs 

and for establishing high behavioral sensitivity to light.  

The rest of this chapter consists of our 2015 publication entitled “Mechanisms for 

Selective Synaptic Wiring of Rod Photoreceptors into the Retinal Circuitry and its Role in 

Vision,” including supplemental materials (Cao et al., 2015).  
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Abstract 

 

In the retina, rod and cone photoreceptors form distinct connections with different classes of 

downstream bipolar cells. However, the molecular mechanisms responsible for their selective 

connectivity are unknown. Here we identify a cell-adhesion protein, ELFN1, to be essential for 

the formation of synapses between rods and rod ON-bipolar cells in the primary rod pathway. 

ELFN1 is expressed selectively in rods where it is targeted to the axonal terminals by the 

synaptic release machinery. At the synapse, ELFN1 binds in trans to mGluR6, the postsynaptic 

receptor on rod ON-bipolar cells. Elimination of ELFN1 in mice prevents the formation of 

synaptic contacts involving rods, but not cones, allowing a dissection of the contributions of 

primary and secondary rod pathways to retinal circuit function and vision. We conclude that 

ELFN1 is necessary for the selective wiring of rods into the primary rod pathway and is required 

for high sensitivity of vision.   

 

Introduction 

 

In the nervous system, individual neurons assemble into elaborate but highly stereotypic 

networks, or circuits, that are thought to underpin information processing. It has been widely 

noted that neurons form these circuits by making highly specific connections that are 

evolutionary conserved (Sanes & Yamagata, 2009; Williams, de Wit, & Ghosh, 2010). 

Establishing specific synaptic connectivity is essential for normal neuronal function and many 

neuropsychiatric diseases are increasingly recognized to reflect the dysfunction of the circuit 

organization and operation (Akil et al., 2010; Arguello & Gogos, 2012; Luthi & Luscher, 2014). 

Studies over the last decade have uncovered several mechanisms that determine the specificity 

of synapse formation between individual neurons. These include the actions of guidance cues, 

which work over long distances, factors that specify laminar targeting by increasing the 
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proximity of subsets of neurons, and various cell adhesion molecules that establish the physical 

contacts between neurons (Margeta & Shen, 2010; Robles & Baier, 2012; Sudhof, 2008; 

Zipursky & Sanes, 2010). The current hypothesis postulates that at the molecular level selective 

synaptogenesis is achieved through specific interactions between extracellular cell-adhesion 

proteins that bridge the synapse (Benson, Colman, & Huntley, 2001; de Wit, Hong, Luo, & 

Ghosh, 2011; Williams et al., 2010). A number of such molecules with synaptogenic activity 

have been described, yet the examples of their contribution to the formation of specific circuits 

remain limited.  

 Meaningful information transfer at synapses ultimately requires the correct matching of 

postsynaptic receptors with the identity of the neurotransmitter (Lardi-Studler & Fritschy, 2007; 

Spitzer & Borodinsky, 2008). This process is perhaps the best understood at the neuromuscular 

junction where the expression of postsynaptic acetylcholine receptors is modulated by changes 

in electrical activity as the synapse develops (Borodinsky & Spitzer, 2007). The clustering of 

these receptors is then guided by the extracellular domain of the pre-synaptic molecule Agrin 

presented by the axonal terminals of the innervating neurons (Sanes & Lichtman, 2001). A 

similar role in positioning postsynaptic GABA and glutamate receptors has been described for 

the presynaptic cell adhesion molecule Neurexin at central synapses (Graf, Zhang, Jin, Linhoff, 

& Craig, 2004; Zhang et al., 2010). Thus, trans-synaptic interactions involving cell-adhesion 

molecules likely play an important role in coordinating synaptogenesis with receptor matching. 

However, with the large number of transmitters utilized by the nervous system and selective 

nature of the neuronal contacts during assembly of neuronal circuits, it is unclear how specificity 

in this process is achieved. 

 The retina is one of the best-understood mammalian circuits, were the neuronal 

connections in the primary image-forming pathway have been mapped and their functional 

relevance has been studied extensively (Hoon, Okawa, Della Santina, & Wong, 2014; Sanes & 

Zipursky, 2010). Vision in vertebrates is initiated by two types of photoreceptor neurons that 
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respond to stimulation by light: rods and cones. Rods are highly sensitive and able to respond to 

single photons, thus setting absolute visual threshold. Cones are less sensitive but can respond 

to a broad range of light intensities of specific wavelengths and thus are essential for daytime 

and color vision (Kefalov, 2012; Korenbrot, 2012). The functional differences between rod and 

cone photoresponses are carried downstream through their selective connectivity with distinct 

classes of bipolar cells (BCs) forming established circuits with known properties that are 

conserved across vertebrate species (Ghosh, Bujan, Haverkamp, Feigenspan, & Wassle, 2004; 

Lamb, 2013; Pahlberg & Sampath, 2011b). In the mammalian retina rods establish synapses 

with a single class of BC, the rod ON-bipolar cell (ON-RBC), forming the highly-sensitive rod 

bipolar (primary) pathway (Dacheux & Raviola, 1986; DeVries & Baylor, 1993). In contrast, 

axonal terminals of cones make synapses with several classes of cone ON-bipolar cells (ON-

CBCs) and OFF-bipolar cells (Ghosh et al., 2004) that express different types of postsynaptic 

glutamate receptors. The contacts for rods and cones are formed at stereotyped positions within 

close proximity of one another (Mumm et al., 2005; Sanes & Yamagata, 2009), and the 

connectivity of cones with many classes of cone bipolar cells (CBCs) is thought to play an 

essential role in contrast sensitivity and temporal tuning. Similarly, the exclusive connection of 

rods with ON-RBCs provides a dedicated channel for the high gain transmission of single-

photon responses at low light intensities and is indispensable for scotopic vision (Okawa & 

Sampath, 2007). However, the molecular mechanisms that mediate wiring of photoreceptors 

with downstream ON-BC neurons and the molecular basis for this remarkable synaptic 

selectivity are entirely unknown. 

 In this study we identified the molecular mechanism responsible for the selective 

synaptic wiring of rod photoreceptors into the retinal circuitry. We found that rods express 

selectively the cell-adhesion molecule, ELFN1, which interacts trans-synaptically with the 

postsynaptic receptor mGluR6, expressed at ON-RBC dendrites. The loss of ELFN1 in mice 

ablates selectively the synapses of rods with ON-RBCs without affecting the connectivity of 
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cone photoreceptors with CBCs. This results in night blindness via the specific elimination of the 

primary rod pathway for visual processing.   

 

Results 

 

The ON-BC postsynaptic receptor, mGluR6, interacts with the cell adhesion molecule 

ELFN1 

 

mGluR6 is the principal receptor on ON-BC dendrites that senses glutamate released from 

photoreceptors (Nakajima et al., 1993; Slaughter & Miller, 1981). It also plays an essential role 

in the assembly of the postsynaptic signaling complex in ON-BCs and formation of synapses 

between ON-BCs and photoreceptors (Cao et al., 2009; Dhingra & Vardi, 2012). Reasoning that 

mGluR6 may rely on yet unknown protein-protein interactions to coordinate its function in 

synapse formation, we performed a proteomic screen for its binding partners in mouse retinas 

(Figure 1A). Among proteins co-purified with mGluR6, and not found in the control experiment 

with retinas from nob3 mutant mice lacking mGluR6, we found ELFN1 as the highest scoring 

candidate by both the number of unique peptides identified and their spectral counts (Figure 

1B). ELFN1 is a cell-adhesion protein of the leucine-rich repeat family that also contains a 

fibronectin type III domain (Figure 1C). We generated antibodies against ELFN1 and used them 

to validate co-immunoprecipitation of ELFN1 with mGluR6 in mouse retinas by Western blotting 

(Figure 1D). Binding between the two proteins was specific as no ELFN1 was detected in the 

immunoprecipitates from retinas lacking mGluR6 (nob3), or when non-immune IgG were used 

for the experiment (Figure 1D). Furthermore, we transfected ELFN1 and mGluR6 into cultured 

HEK293T cells and determined that they can also bind upon heterologous expression (Figure 

S1A). To determine the portion of ELFN1 that mediates this interaction, we evaluated two 

truncation mutants: one containing only the extracellular N-terminal portion (ELFN1-NT) and 
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another containing the transmembrane segment and intracellular C-terminus (ELFN1-TM/CT). 

While the extracellular portion of ELFN1 and the full-length protein were able to co-

immunoprecipitate with mGluR6, no co-immunoprecipitation was seen when the intracellular 

domain was used (Figure S1B). Next, we co-cultured HEK293T cells separately transfected 

with either mGluR6 or ELFN1 and followed their interaction by immunoprecipitation (Figure 1E). 

The results revealed robust pull-down of mGluR6 when ELFN1 was precipitated and vice versa, 

indicating that mGluR6 and ELFN1 can form a complex in trans.  

 

 

Figure 1. ELFN1 is a novel binding partner of mGluR6. A, Schematics of the immunoaffinity 
purification and identification strategy for mGluR6 interacting proteins. B, Rank order of proteins 
co-purifying with mGluR6 as identified by mass-spectrometry. ELFN1 is the most abundant, 
highest confidence candidate. C, Domain composition of ELFN1. The protein contains 
extracellular leucine-rich repeats (LRR) and fibronectin type 3 (FN3) domains, followed by the 
transmembrane segment (TM) and intracellular C-terminus. D, Co-immunoprecipitation of 
mGluR6 and ELFN1 from WT retinas as detected by Western blotting. Retinas lacking mGluR6 
(nob3) and non-immune IgGs are used as specificity controls. About 1% of total ELFN1 was 
recovered in the precipitates under these experimental conditions and other synaptic proteins 



	  34 

were not present in the eluates. E, ELFN1 and mGluR6 interact in-trans. Proteins co-
immunoprecipitated following transient expression in separate HEK293 cells are detected by 
Western blotting. F, ELFN1 is sufficient for binding to mGluR6. Ectodomain of ELFN1 was 
purified as a fusion with Fc fragment and used to pull-down heterologously expressed mGluR6. 
 

 To obtain further evidence that the interaction with mGluR6 involves the extracellular 

domain of ELFN1, we fused the extracellular portion of ELFN1 (ELFN1-NT) with the Fc 

fragment for cellular secretion. This ELFN1-NT-Fc fusion protein, but not Fc alone, was able to 

pull-down specifically and effectively mGluR6 upon mixing the lysates of the cells expressing 

corresponding proteins (Figure S1C). Since the ELFN1-NT-Fc protein is secreted by cells, we 

could further demonstrate the binding when the mGluR6 cell lysate was incubated with the 

media expressing Fc proteins (Figure S1D). Finally, we purified extracellular ELFN1-NT-Fc as a 

recombinant protein and used it as bait in the pull-down assay. Unlike the recombinant Fc 

carrier, the ELFN1-NT-Fc protein retained effectively the heterologously-expressed mGluR6 on 

beads indicating that the interaction between these proteins is direct (Figure 1F). Together 

these results identify ELFN1 as a novel binding partner of mGluR6 in the retina and 

demonstrate direct protein-protein interactions involving their extracellular domains occur in 

trans. 

 

ELFN1 is selectively expressed by rod photoreceptors 

 

We studied the expression pattern of ELFN1 using a mouse line containing a b-gal reporter 

insertion into the native Elfn1 locus (Elfn1 KO/KI; Figure 2A). Immunohistochemistry on retinal 

cross-sections revealed that b-gal is present exclusively in the photoreceptor layer (Figure 2B). 

To confirm this observation, we performed fluorescent in situ hybridization detecting native Elfn1 

mRNA in wild type (WT) retinas (Figure S2A). We also found that the signal was confined to the 

photoreceptor layer. Double staining with cell-specific markers further indicated that Elfn1 

promoter driven b-gal expression was associated with rods but not cones (Figure 2C). High 
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power magnification of the images confirmed these observations, revealing no readily 

detectable b-gal signal in cone-arrestin positive cell bodies of cone photoreceptors (Figure 

S2B).   

 

 

Figure 2. ELFN1 is a synaptic protein exclusively expressed by rod photoreceptors. A, 
Schematics of the Elfn1 allele used in the experiments. B, b-gal reporter knocked into Elfn1 
gene is detected only in the photoreceptor layer of the retina. (Scale bar: 25 mm) C, Double 
labeling for b-gal and photoreceptor specific markers reveals that ELFN1 is co-expressed in 
Gat1-containing rod but not cone arrestin (Cone-Arr) containing cone photoreceptors. (Scale 
bar: 25 mm.) D, ELFN1 is specifically localized at the synapses between rod photoreceptors 
and ON-RBC as revealed by co-labeling with ON-RBC marker (PKCa), presynaptic 
photoreceptor marker (CtBP2) and postsynaptic ON-BC marker (mGluR6). Scale bar: 5 mm. E, 
Punctate immunoreactivity of ELFN1 is apposed to CtBP2 and only partially overlaps with 
mGluR6 indicative of its extracellular position. Plots show quantification of relative fluorescence 
intensity distributions (n=10).  
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 We analyzed the distribution of ELFN1 using specific antibodies against the protein. 

Using Elfn1 KO/KI retinas as a specificity control, we found that specific ELFN1 

immunoreactivity was confined to the outer plexiform layer (OPL), where photoreceptors make 

synapses with bipolar cells (Figure S2C). Indeed, ELFN1 antibodies produced a characteristic 

punctate staining pattern, normally seen with other synaptic proteins (Figure 2D). Double 

labeling revealed that ELFN1-positive puncta were found close to the tips of PKCa-positive 

dendrites of ON-RBCs, co-clustered with the presynaptic ribbon, and partially overlapped with 

mGluR6 puncta. High-power confocal images of individual synaptic clusters revealed a layered 

organization of the synaptic proteins where ELFN1 is sandwiched between the presynaptic and 

postsynaptic markers, as would be expected for an extracellular molecule spanning the synaptic 

cleft (Figure 2E). We noticed that the ELFN1-positive puncta were distributed evenly in the 

upper sublamina of the OPL and did not appear to cluster at cone terminals (Figure S2D). 

Indeed, analysis of ELFN1 immunofluorescence distribution by triple staining with peanut 

agglutinin (PNA), a marker for cone synapses (Blanks & Johnson, 1983), and mGluR6 revealed 

that the ELFN1-specific signals appeared to be confined to rod synapses (Figure S2E).  

Together, these observations suggest that ELFN1 is a rod-specific protein targeted selectively 

to the synaptic terminals of these neurons. 

 

Ablation of ELFN1 in mice results in selective loss of rod photoreceptor contacts with 

ON-BC dendrites 

 

To determine the role of ELFN1 in the retina, we examined a line of Elfn1 knockout mice (Elfn1 

KO), which eliminates ELFN1 protein expression (Figure 3A). Knockout of Elfn1 did not affect 

the viability of photoreceptors and mice displayed normal retinal morphology up to 5 months of 

age (Figure S3A, B). Interestingly, the levels of several ON-BC specific postsynaptic marker 

proteins were reduced. The largest change was seen in mGluR6 (~70% reduction), and 
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reduced expression was observed for many components of the RGS complex (RGS7, RGS11, 

GPR179), which associate with mGluR6 and regulate its signaling (Figure 3A). In WT retinas, 

both mGluR6 and the effector channel TRPM1 accumulate at the dendritic tips of both ON-

RBCs and ON-CBCs. In ON-RBCs these scattered postsynaptic puncta decorate the distal end 

of the PKCa-positive dendrites. In ON-CBCs, postsynaptic markers cluster in apposition to cone 

synaptic terminals (Figure 3B). Remarkably, in Elfn1 KO retinas the architecture for ON-RBCs 

was disrupted selectively. While the clustering of mGluR6 and TRPM1 in ON-CBCs contacting 

cone synaptic terminals was indistinguishable between genotypes, we could not detect their 

postsynaptic accumulation at the synapses made by ON-RBCs (Figure 3B; Figure S3C). 

These observations were further corroborated by examining the apposition of pre- and 

postsynaptic markers, which were intact in synapses with cones but undetectable in synapses 

with rods (Figure 3C). Electron microscopy further revealed a lack of ON-RBC dendrites 

invaginating rod terminals, but normal synaptic contacts of ON-CBCs with cone pedicles (Fig. 

3D). We observed no deficits in the structure of the rod axonal terminals or their contacts with 

horizontal cell processes. Earlier studies found similar synapse formation deficits affecting ON-

RBC synapses with rods in retinas with disrupted mGluR6 expression (Cao et al., 2009). We 

confirmed this observation and showed further that mGluR6 is also required for the formation of 

ON-CBC synapses with cones (Figure S3D).  
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Figure 3. Inactivation of ELFN1 specifically disrupts formation of rod to ON-RBC 
synapse. A, Knockout of ELFN1 downregulates several key postsynaptic proteins of ON-BC. 
Protein expression is analyzed by Western blotting followed by quantification. *p<0.05; **p<0.01 
(n=3, t-test). B, Lack of postsynaptic accumulation of mGluR6 and TRPM1 at the dendritic tips 
of ON-RBC but not ON-CBC in Elfn1 KO retinas. Retinal sections are counter-stained with cone 
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arrestin (Cone Arr) to determine the location of cone synapses (arrows) and PKCα to identify 
the position of the rod synapses (vertical bracket). (Scale bar: 5 mm) C, High power confocal 
imaging reveals specific elimination of mGluR6-positive dendritic tips apposing rod but not cone 
terminals in Elfn1 KO retinas. (Scale bar: 2.5 mm) D, Electron microscopy shows no ON-BC 
dendrites (red) entering rod terminals of Elfn1 KO retinas. ON-BC dendrites are found 
contacting cone pedicles in both genotypes. Photoreceptor axonal terminals are colored in 
yellow, processes of horizontal cells in blue and ON-BC dendrites in pink. For the quantification, 
~200-300 rod terminals and ~20-40 cone terminals from 2 separate mice were analyzed for 
each genotype. 
 

 Given the conservation of mGluR6’s role in synapse formation, we examined whether 

the ON-RBC dendrites in Elfn1 KO retinas would connect to cones instead of rods in the 

absence of their intended target (rod terminals). To facilitate detection of dendritic contacts with 

cone terminals we used an mGluR6-tdTomato reporter line (Kerschensteiner, Morgan, Parker, 

Lewis, & Wong, 2009) that labels sparsely both ON-RBCs and ON-CBCs, distinguishing them 

by additional staining for an ON-RBC specific marker, PKCα. In both WT and Elfn1 KO retinas 

we found abundant evidence for the ON-CBC dendrites contacting PNA-positive cone pedicles 

(Figure S3E). All 22 ON-CBC cells in WT mice and 35 in Elfn1 KO examined made synaptic 

contacts with cones. In contrast, we found no evidence for ON-RBC contacting cone pedicles in 

either WT or Elfn1 KO retinas (45 and 65 ON-RBC neurons examined, in WT and Elfn1 KO 

retinas, respectively). We conclude that recruitment of mGluR6 by ELFN1 is required 

specifically for ON-RBCs to establish synaptic contacts with rod axonal terminals.   

 

ELFN1 is required for the formation of the synaptic contacts between rods and ON-RBCs 

 

The lack of rod to ON-RBC synapses observed in adult Elfn1 KO retinas may reflect deficits in 

the synapse formation or stabilization/maintenance after initial assembly. To discriminate 

between these mechanisms we characterized the molecular and cellular events during the 

developmental window for rod photoreceptor synaptogenesis that begins at ~P7 and completes 

fully by P21 (Hoon et al., 2014). We found that the expression of ELFN1 protein was first 
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detectable at P11 and coincided with the induction of mGluR6 (Figure 4A). The substantial rise 

in the levels of both of these proteins occurred at P14, when synaptogenesis of the 

photoreceptors was at the peak, and reached saturation by P21 (Figure 4B). 

Immunohistochemical analysis revealed that at early stages  (P7-P11) ELFN1 was distributed 

diffusely throughout photoreceptor axons (Figure 4C), began forming detectable clusters at rod 

synaptic terminals at approximately P11, and was entirely in clusters within 3 days. The density 

of synaptic ELFN1 puncta increased approximately 5-fold (from 0.53±0.09 puncta/µm2 at P11 to 

2.62±0.18 puncta/µm2 at P14) while nearly doubling their size (7±2 nm at P11 to 11±1 nm at 

P14). This organization remained stable until retinas reached maturity at P21 (Figure 4D). 

Distribution of mGluR6 mirrored this pattern as it progressed from diffuse in dendrites at P7-P11 

to clustered at synapses at P14, greatly increasing both the density of the puncta and their size 

during this developmental stage.  
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Figure 4. Induction of ELFN1 during development correlates with the peak of rod 
photoreceptor synaptogenesis and postsynaptic recruitment of mGluR6. A, Analysis of 
ELFN1 and mGluR6 protein expression in the retina lysates at different developmental stages 
by Western blotting. Equal amount of total protein lysates were loaded on the single gel and 
specific antibodies were used to probe indicated proteins. B, Quantification of ELFN1 and 
mGluR6 expression dynamics in WT retinas. Retinas from 3 mice were used, and values were 
averaged. C, Developmental dynamics of mGluR6 and ELFN1 recruitment to synaptic puncta. 



	  42 

Immunostaining with indicated antibodies in the outer plexiform layer is shown. D, Quantification 
of the changes in the size (left) and number (right) of synaptic puncta positive for mGluR6 and 
ELFN1, respectively. 
 

 We studied the effect of ELFN1 loss on synaptic development (Figure 5). Consistent 

with the earlier work (Nomura et al., 1994), we found at P7 that most PKCα -positive ON-RBC 

dendrites terminated in proximity of presynaptic rod ribbons. This organization was not changed 

in Elfn1 KO retinas, where ribbon/dendrite apposition was maintained throughout the 

development (Figure 5A). In WT retinas mGluR6 migrated from dendrites to synaptic clusters 

apposing ribbons at P14. However, this process failed to occur in ON-RBCs of Elfn1 KO mice, 

where mGluR6 maintained its diffuse dendritic distribution at P14 and P21.  

 We examined further the developmental dynamics of physical synapse formation in both 

Elfn1 KO and WT retinas by electron microscopy (Figure 5B). We were unable to identify 

characteristic hallmarks of the photoreceptor synapses at P7 in both mouse lines, consistent 

with the lack of the photoreceptor synaptogenesis at this early stage. In WT retinas, we found 

many synapses containing only horizontal cell processes making contacts with both rod and 

cone terminals at P11. At this stage, ON-BC dendrites were detected inside very few synaptic 

terminals. This differed dramatically at P14 when ~40% of rod and a majority of cone terminals 

already contained ON-BC dendrites. Cones are known to complete their synaptogenesis earlier 

in time than rods (Blanks, Adinolfi, & Lolley, 1974), and we found that the synaptic organization 

of cones remained unchanged after this point. However, the number of rod synapses with ON-

RBCs increased further by P21 (Figure 5C). Importantly, in Elfn1 KO mice we did not detect 

ON-RBC dendrites within rod terminals at any developmental stage. Together, these data 

indicate that the lack of ELFN1 prevents the formation of rod synapses during synaptogenesis.  
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Figure 5. Impact of ELFN1 on developmental dynamics of photoreceptor synapse 
formation A, Cytoarchitechture of retinal organization across indicated developmental stages 
(P7-P21) as revealed by immunostaining of retina cross-section. Regions corresponding to the 
position of ON-BC are shown. PKCa was used as a marker for rod ON-BC.  B, Analysis of 
synaptic morphology by electron microscopy. Retinas at indicated developmental stages were 
dissected and studied by transmission electron microscopy. Photoreceptor axonal terminals are 
colored in yellow, processes of horizontal cells in blue and ON-BC dendrites in pink. C, 
Quantification of synaptic organization features. Rod and cone terminals containing ON-BC 
dendrites were designated as triads and devoid of ON-BC processes: diads. ~60-400 rod 
terminals and ~20-60 cone terminals from 2 separate mice were analyzed for each genotype 
and developmental stage. 
 

Axonal targeting of ELFN1 is dependent on intact neurotransmitter release and requires 

presynaptic calcium channels 

 

To initiate synapse formation with ON-RBCs at the site of the glutamate release, ELFN1 must 

be targeted close to the site of glutamate release. Indeed, ELFN1 in rods is present exclusively 

at synaptic terminals in close alignment with synaptic ribbons and Cav1.4 calcium channels 

(Figure 6A). Synaptic activity has been shown to play a role in establishing photoreceptor 
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contacts with ON-BCs (Dunn, Della Santina, Parker, & Wong, 2013) and the lack of 

photoreceptor calcium channels, Cav1.4, is known to disrupt physically rod and cone 

connections to ON-BCs (Liu et al., 2013; Mansergh et al., 2005; Zabouri & Haverkamp, 2013). 

We investigated whether synaptic transmission or Ca2+ channel localization impacted the ability 

of ELFN1 to form synapses.  

 

 

Figure 6. Inactivation of neurotransmitter release or knockout of Cav1.4 calcium channel 
prevents synaptic targeting of ELFN1. A, Co-localization of ELFN1 with components of 
synaptic release machinery. Immunostaining for key components of the synaptic ribbon relative 
to ELFN1 and mGluR6 is shown. B, Effect of inactivating vesicular fusion in photoreceptors on 
ELFN1 localization. Mice expressing TeNT (Cre+) were compared to control littermates (Cre-) 
for expression and localization of ELFN1, mGluR6 and synaptic marker proteins by 
immunohistochemistry. Scale bar: 10 mm.  C, Effect of deleting presynaptic calcium channel 
Cav1.4 on ELFN1 localization. Localization of proteins in the outer plexiform layer was detected 
by immunohistochemistry. Scale bar: 5 mm.  D, Destabilization of ELFN1 at the protein level in 
Cav1.4 knockout retinas as analyzed by Western blotting.   **p<0.01 (n=4, t-test) 
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 First, we prevented photoreceptors from releasing the neurotransmitter glutamate by 

expressing tetanus toxin (TeNT) that abolishes vesicular fusion (Figure 6B). This was achieved 

by driving TeNT expression to photoreceptors using a Pcdh21-Cre driver line. Examination of 

the resulting mice (TeNT-Cre) indicated that blockade of the synaptic transmission did not affect 

the overall morphology of the photoreceptors or their survival, at least during the timeframe of 

examination (Figure 6B). Indeed, we found that in 6-week-old mice (n=3) used in the 

experiments, the thickness of the photoreceptor nuclear layer was similar between TeNT-Cre 

(10.4 ± 0.4 nuclei per row) and their control littermates (12.8 ± 0.4 nuclei per row). The majority 

of rod axonal terminals in TeNT-Cre mice reached the synaptic OPL layer, as demonstrated by 

PSD95 staining, and contained presynaptic specializations within the axonal terminals as 

demonstrated by CtBP2 staining (Figure S4A). However, synaptic ribbons became smaller and 

lost their “horseshoe”-like shape. We also noticed that a few axonal terminals were located in 

the photoreceptor nuclear layer, as observed previously in several models of synaptic 

dysfunction (Liu et al., 2013; Samuel et al., 2014; tom Dieck et al., 2012). Remarkably, we 

observed no ELFN1 staining in the photoreceptor axonal terminals of TeNT-Cre retinas (Figure 

6B). Consistent with this observation, we found that postsynaptic clustering of mGluR6 was also 

lost from the tips of ON-BC dendrites.  

 Because similar synaptic disorganization was described previously in the retinas with 

mutant or absent Cav1.4, the Ca2+ channel that triggers vesicular release from photoreceptors, 

we examined the expression and localization of ELFN1 in Cav1.4 KO (Figure 6C). In 

accordance with earlier reports (Liu et al., 2013; Mansergh et al., 2005; Zabouri & Haverkamp, 

2013), we found a disorganization of synapses between photoreceptors and ON-BCs in Cav1.4 

KO. Synaptic ribbons displayed irregular shapes and mGluR6 was no longer detectable at ON-

BC dendritic tips, consistent with our demonstrated deficits in the formation of photoreceptor to 

ON-BC synapses (Figure 6C). Interestingly, we found that in the Cav1.4 KO the accumulation of 

ELFN1 at the synaptic terminal was prevented (Figure 6C). Immunohistochemistry revealed 
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further that ELFN1 protein expression was decreased substantially, suggesting that Cav1.4 is 

required for ELFN1’s stability (Figure 6D). In contrast, expression and localization of Cav1.4 and 

the synaptic ribbon were normal in Elfn1 knockout retinas (Figure S4B).  

 We sought to delineate whether targeting of ELFN1 to synapses may be sensitive to 

general alterations in the synaptic transmission, or more specifically to its physical interaction 

with the presynaptic glutamate release machinery. For this we examined the consequences of 

eliminating TRPM1, the effector channel in the dendritic tips of ON-BCs responsible for 

generating the depolarizing response. We found that in Trpm1 knockout retinas that ELFN1 was 

localized normally to synapses in apposition to mGluR6, in a manner indistinguishable from WT 

retinas (Figure S4C). Thus, we conclude that vesicular release machinery and Cav1.4 likely 

regulate photoreceptor synapse formation through the recruitment of ELFN1 to axonal 

terminals. 

 

Mice lacking ELFN1 have selective deficits in synaptic transmission between rod 

photoreceptors and rod ON-BC neurons 

 

We analyzed the functional consequences of the selective loss of rod to ON-RBC synapses by 

electroretinography (ERG). Rods transmit light-evoked responses through either the most 

sensitive primary (rod bipolar) pathway that involves direct synaptic input onto ON-RBCs 

(Dacheux & Raviola, 1986) or the less sensitive secondary (rod-cone) pathway that involves 

passive transmission of signals through gap junctions to cone terminals (Raviola & Gilula, 1973) 

that in turn relays them onto ON-CBCs (Figure 7A). Activation of these pathways produces 

depolarizing activity that is reflected by the ERG b-wave. In Elfn1 KO mice, dim scotopic flashes 

that activate only the primary rod pathway produced no b-wave response (Figure 7B). This was 

indistinguishable from the phenotype observed in mouse mutants that lack responsiveness of 

ON-bipolar neurons to light, such as Trpm1 KO mice, suggesting complete lack of synaptic 
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transmission to ON-RBC. In contrast, when a background light was applied to suppress the 

activity of rods, bright photopic flashes mediated by cones led to ERGs in Elfn1 KO mice that 

were indistinguishable from WT (Figure 7C). Stimulation of retinas with higher scotopic flash 

strengths revealed the presence of partial b-wave responses (Figure 7D), consistent with 

transduction of rod-driven signals via the less sensitive secondary pathway that is observed in 

retinas that completely lack ON-RBCs (Abd-El-Barr et al., 2009). The separation of the ERG b-

wave components confirmed further that the rod-driven responses were reduced severely while 

the cone-driven response was unaffected by ELFN1 elimination (Figure 7D). The a-wave, 

reflecting the hyperpolarizing response of photoreceptors, was indistinguishable between WT 

and Elfn1 KO across all light intensities, indicating intact rod and cone photoreceptor 

phototransduction (Figure S5). 
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Figure 7. ELFN1 mediates functional wiring of a primary rod pathway. A, Cartoon 
representation of synapse connectivity between rods, cones, and bipolar cells. Blue arrow 
denotes primary rod pathway; red arrow denotes secondary. B, Representative ERG traces 
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elicited by a scotopic flash of 0.001 cd*s/m2 (~0.6 R*/rod) to activate the primary rod pathway 
only. C, Representative ERG traces to a photopic flash of 100 cd*s/m2 (~58,000 R*/rod) under a 
50 cd*s/m2 (~29,000 R*/rod/s) light background to activate cone pathway only. D, (left), Dose 
response plot of maximal b-wave amplitudes from WT and Elfn1 KO mice plotted against their 
eliciting flash-intensities. (Middle) Rod-only ON-BC dose-response component. Half-maximal 
flash intensity for rods are 0.0007 ± 0.0001 cd*s/m2 (0.4 ± 0.1 R*/rod/s) for WT and 0.0050 ± 
0.0001 cd*s/m2 (2.9 ± 0.1 R*/rod/s) for ELFN1 KO. (Right) Cone-only ON-BC dose-response 
component. Half-maximal flash intensity for cones were 0.53 ± 0.10 cd*s/m2 (310 ± 58 R*/rod) 
for WT and 0.44 ± 0.10 cd*s/m2 (260 ± 58 R*/rod) for ELFN1 KO (right). E, Light-evoked 
responses of ON-RBCs, ONCBCs, and OFF-CBCs in dark-adapted slices from WT and Elfn1 
KO mice. Flash strengths range from 0.34 to 4.0 R*/rod for RBCs and CBCs, spanning a range 
of strengths that account for activity generated by the primary and secondary rod pathways. 
Cells are filled during recordings with the fluorophore Alexa 750 and imaged to confirm the 
bipolar cell identity. Responses of RBCs and CBCs are from the same slices, typically within 
100 mm of one another. In total we recorded from three ONRBCs and six ON-CBCs across four 
WT mice, and eight ON-RBCs and six ON-CBCs across seven Elfn1 KO mice. ON-CBCs 
subtype was not characterized further. It should be noted that light-evoked responses of ON-
RBCs in Elfn1 KO mice were never observed, even during the presentation of very bright 
background light. F, Evaluation of behavioral sensitivity of mice to light in a water-maze task. 
Mice were trained to find a randomly placed visible escape platform in a water maze, and their 
tracks and time to escape are recorded. Under a bright photopic light environment of 100 cd*/m2 
(58,000 R*/rod/s), all genotypes readily found an escape platform. Elfn1 KO mice fail to locate 
the platform at the dimmest illumination range of 0.001 cd*s/m2 (~0.6 R*/rod) but are capable of 
performing the task at the higher level of 0.01 cd/m2 (5.8 R*/rod/s) (* P<0.05, t-test, n=5 for all 
groups). Error bars are SEM. G, Schematic diagram depicting possible arrangements of 
elements in the rod synapses. ELFN1 plays critical role in bridging presynaptic components with 
postsynaptic cascade of the ON-RBC. 
 

 To determine the cellular basis for the lack of dim scotopic b-waves in Elfn1 KO mice, 

we performed single-cell patch clamp recordings from dark-adapted retinal slices. Light-evoked 

responses were totally absent from ON-RBCs of Elfn1 KO mice (Figure 7E), consistent with the 

lack of a high sensitivity b-wave (Figure 7B) and the selective loss of rod to ON-RBC synapses 

(Figures 2, 3), thereby confirming the elimination of the rod bipolar pathway. However, both 

ON- and OFF-CBCs displayed robust responses at higher scotopic flash strengths in Elfn1 KO 

mice, reflecting that the secondary rod pathway remained intact in Elfn1 KO mice. Thus, ELFN1 

is necessary for synaptic transmission between rods and ON-RBCs, but not cones and ON-

CBCs or rods and ON-CBCs through cones. 
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Behavioral contribution of the primary rod pathway to vision 

 

To ascertain the behavioral consequences of the selective disruption of rod to ON-RBC 

synapses along the primary rod pathway, we evaluated the visual performance of mice in a 

water-maze task that relies on their ability to navigate to an escape platform at different levels of 

illumination. Trained WT and Elfn1 KO mice did not differ in their ability to locate quickly the 

platform under photopic, or cone-driven, conditions. When illumination was reduced to the low 

scotopic range approaching visual threshold (0.001 cd/m2, or ~0.6 R*/rod/s), WT mice remained 

able to find the escape platform, but neither Elfn1 KO nor Trpm1 KO mice could do so. Thus, at 

this low light intensity synaptic transmission from rods to ON-RBCs is required for vision. To 

discriminate the behavioral contributions of primary and secondary rod pathways, we increased 

the light intensity to 0.01 cd/m2 (~5.8 R*/rod/s), at which only rods are active and transmit their 

photoresponses to both ON-RBCs and ON-CBCs. At this level of stimulation Trpm1 KO mice 

remained unable to detect the platform, while the behavioral performance of Elfn1 KO mice 

became indistinguishable from WT (Figure 7F). These results are consistent with the selective 

loss of the primary rod pathway in Elfn1 KO mice (Figure 7A) and suggest that Elfn1 KO mice 

locate the escape platform based on the flow of rod-driven signals through the secondary rod 

pathway. ELFN1 is thus a key molecular determinant enabling the high sensitivity primary rod 

pathway, making mice lacking this protein a valuable tool for dissecting the functional integration 

of rod circuits and their role in vision.  

 

Discussion 

 

Our findings provide the molecular identity of the factor used by rod photoreceptors for 

recognition and selective wiring with their postsynaptic partners, the ON-RBCs. This is the first 

demonstration of a molecule that mediates specific connectivity between defined subclasses of 
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neurons in the retinal circuitry. Rod photoreceptors display an exquisite light sensitivity that is 

mediated by a G-protein coupled cascade (phototransduction) that signals reliably the 

absorption of single photons (Burns & Arshavsky, 2005; Yau & Hardie, 2009). This high 

detection sensitivity requires the selective synaptic integration of rods into a specialized retinal 

circuit, referred to as the primary rod (or rod bipolar) pathway. We found that deletion of ELFN1 

prevents rods from forming synapses with ON-RBCs, while not effecting their survival, 

anatomical organization, or phototransduction. Furthermore, light-driven signals from rods 

continue to be carried through the secondary rod pathway, which is formed by electrical 

coupling by gap junctions from rods to cones and the consequent propagation of signals via 

ON-CBCs. We showed that the selective loss of rod to ON-RBC synaptic contacts had a 

profound effect on mouse vision and prevented the detection of low light signals while 

preserving behavioral responses mediated by the less sensitive secondary pathway. These 

results allowed a dissection of the relative contributions of primary versus secondary pathways 

to visual detection. This genetic model will provide a framework for investigating how parallel 

channels in the retina establish the full range of visual function.  

 This work allows us to propose a model for the molecular mechanism mediating synaptic 

integration of rods into the retinal circuitry (Figure 7G). ELFN1 plays a key role in this model by 

virtue of its selective expression at rod synaptic terminals. There, its extracellular domain is 

engaged in a trans-synaptic interaction with mGluR6 expressed by ON-RBCs, recruiting 

mGluR6 to the dendritic tips. This binding of ELFN1 with mGluR6 plays an essential role in the 

formation of this synaptic contact, as elimination of either component results in a similar loss of 

synapses. Although ELFN1 is required for synapse formation during early developmental stages 

of photoreceptor synaptogenesis, it remains to be determined whether it also acts in mature 

retinas to support stabilization of synaptic contacts. We found further that the expression and 

positioning of ELFN1 at the axonal terminal is dependent on synaptic release machinery. There 

are two significant implications of this observation. First, it may provide a possible explanation 
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for the spatial specificity of postsynaptic receptor recruitment: integration of ELFN1 with Cav1.4 

calcium channels presynaptically ensures the proper positioning of postsynaptic mGluR6 in the 

immediate vicinity of glutamate release. Second, this dependence provides a possible 

mechanism for the effects of neuronal activity on synaptogenesis: by modulating ELFN1 

expression and localization, changes in synaptic release would affect physical assembly of the 

synapse.  

 While ELFN1 is indispensable for rod-to-ON-RBC synaptogenesis, it may not be 

sufficient for ensuring specificity in synapse formation. For example, ON-CBCs express mGluR6 

at their dendritic tips but do not connect to ELFN1-expressing rod terminals. Rather, they 

synapse selectively with cone terminals that appear to be devoid of ELFN1. Thus, other 

molecules likely play a role similar to ELFN1 in cones, and the two pathways may compete with 

one another to achieve specificity. Indeed, when all photoreceptors develop into cone-like cells 

in retinas lacking the transcription factor Nrl, ON-RBCs form connections with them (Strettoi, 

Mears, & Swaroop, 2004). Alternatively, it is possible that the wiring selectivity is determined by 

setting separate developmental time windows. Cones have been shown to form synaptic 

contacts ~4 days before rods (Blanks et al., 1974; Miller, Tran, Wong, Oakley, & Wong, 1999). 

Therefore if ELFN1 is not expressed by rods at that time, when cones are expressing their 

‘ELFN1-like’ synaptogenic molecule, ON-CBC would only have one potential target (cones). 

Then with time as ON-RBCs become competent to establish contacts, they would also have 

only one synaptic partner (rods).  Additionally, cell adhesion-like proteins expressed by different 

classes of the ON-BC neurons might regulate specificity of the synaptogenesis. These could 

include ELFN1-like molecules, such as LRIT3 (Neuille et al., 2014; Zeitz et al., 2013). Although 

LRIT3 is expressed by both ON-RBC and ON-CBC and plays an essential role in the synaptic 

communication with both rods and cones, it appears to selectively impact the organization of 

presynaptic elements in cones (Neuille et al., 2015).  
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 Our study for the first time describes ELFN1 as a key presynaptic component with an 

essential role in the physical assembly of synapses between specific subtypes of neurons in the 

retina. Different function has been previously ascribed to ELFN1 in the brain. It was reported 

that in the hippocampus ELFN1 is expressed in postsynaptic somatostatin positive interneurons, 

where it is recruited to their synapses with the CA1 pyramidal cells (Sylwestrak & Ghosh, 2012). 

At those synapses ELFN1 was shown to act across the synapse to inhibit synaptic vesicle 

release probability at presynaptic terminals of CA1 neurons. A subsequent study further 

determined that the effect on release probability is likely mediated by presynaptic mGluR7, with 

which ELFN1 was found to form trans-synaptic contacts (Tomioka et al., 2014). However, the 

mechanistic role of ELFN1 in the hippocampus appears to differ from the retina. In hippocampal 

neurons it is expressed postsynaptically and acts to regulate presynaptic release mechanisms 

(Sylwestrak & Ghosh, 2012; Tomioka et al., 2014). Furthermore, ELFN1 at these synapses has 

no impact on the physical connectivity of hippocampal neurons, and its loss does not abolish 

synaptic transmission. Instead, it adjusts synaptic properties of select hippocampal circuits. 

Thus it appears that ELFN1 plays a distinct, previously unappreciated role in the retina as a pre-

synaptic guidance receptor that matches a specific photoreceptor type with their postsynaptic 

targets. While in the retina ELFN1 is expressed by a single type of the neuron, in the brain it is 

present in several distinct populations across many brain regions (Dolan & Mitchell, 2013). This 

broader expression is reflected by marked behavioral alterations associated with the loss of 

ELFN1 that include hyperactivity, seizures, and an abnormal response to psychostimulants 

(Dolan & Mitchell, 2013). Accordingly, mutations in ELFN1 were also found to be associated 

with epilepsy in humans (Tomioka et al., 2014). These observations suggest that ELFN1 may 

affect several circuits in the brain outside of hippocampus. Demonstration of the presynaptic 

function of ELFN1 and its involvement in physical assembly of synaptic connections in this study 

suggests that it may play similar role in guiding selective axonal wiring in other circuits. 
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 Interestingly, mGluR7 identified in a previous study as a binding partner for ELFN1 

(Tomioka et al., 2014) is homologous to mGluR6 and belongs to the same subfamily. In both 

retina and hippocampus interactions involving ELFN1 occur trans-synaptically and are involved 

in positioning glutamate GPCRs at discrete subcellular locations. Together, these findings raise 

a provocative possibility that ELFN1 may serve as an adapter molecule that recruits mGluRs to 

the synaptic sites in the nervous system thus endowing circuits with specific properties. Given 

the large number of neurotransmitter receptors and their precise localization patterns, targeting 

GPCRs via extracellular interactions with ELFN1-like cell adhesion molecules to the site of the 

neurotransmitter release may constitute a general principle in the development of metabotropic 

synapses and cellular signaling.  

 

Experimental Procedures 

 

All experiments involving mice were approved by the IACUC committees at the Scripps 

Research Institute and University of California, Los Angeles. Experiments were conducted in 

accordance with the ARVO statement for the use of animals in vision research and guidelines 

set forth by NIH.   

Detailed protocols for the procedures are provided in Supplemental Experimental 

Procedures. Protein purification, cell culture, transfection, immunoprecipitaiton, electron 

microscopy, electroretinography, single cell electrophysiology, animal behavior, and in situ 

hybridizations were performed using conventional, previously described methods.  

 

Author Contributions 

 

Y.C. performed all biochemical and cell biological experiments described in the paper, including 

affinity purification of mGluR6 complexes, immunoprecipitations, immunostaining of retina 



	  55 

cross-sections, Western blotting, and ectodomain binding assays; I.S. performed ERG, 

behavioral analysis of mouse strains and immunostaining; K.E.F. performed single cell patch 

clamp recordings and analysis of electrophysiological data; N.K. conducted EM experiments; 

C.O. performed in situ hybridization experiments, K.N.J., J.L.H and K.B. generated and 

characterized R26floxstop-TeNT/Pcdh21-Cre mouse model and supplied tissues for analysis, M.R.G. 

and M.F. helped express and purify ELFN1 proteins, A.L. generated critical reagent 

(antibodies), S.B. helped producing and characterizing Cav1.4 mice. A.P.S. designed patch 

clamp experiments, analyzed electrophysiological data, and wrote the paper; K.A.M. designed 

the study, analyzed data, and wrote the paper.  

 

Acknowledgements 

 

We wish to thank Dr. Lee Ann Higgins (University of Minnesota) for performing mass-

spectrometry experiments, Ms. Natalia Martemyanova for producing and maintaining mice 

examined in this study, and Ms. Montina Van Meter in Histology Core, Scripps Florida for 

toluidine blue staining. This work was supported by NIH grants: EY018139 (KAM), EY017606 

(APS), NS084190 (AL), DC009433 (AL), a Carver Research Program of Excellence award (AL) 

and the Jules Stein Eye Institute Vision Core Grant EY000331 (APS). This work is also 

supported by an Unrestricted Grant from Research to Prevent Blindness, Inc. to the Department 

of Ophthalmology at UCLA.  The R26floxstop-TeNT mouse strain was provided generously by Martin 

Goulding and mGluR6-tdTomato line was a gift from Rachel Wong.  

 

  



	  56 

References 

 

Abd-El-Barr, M. M., Pennesi, M. E., Saszik, S. M., Barrow, A. J., Lem, J., Bramblett, D. E., . . . 
Wu, S. M. (2009). Genetic dissection of rod and cone pathways in the dark-adapted 
mouse retina. Journal of neurophysiology, 102(3), 1945-1955. 
doi:10.1152/jn.00142.2009 

Akil, H., Brenner, S., Kandel, E., Kendler, K. S., King, M. C., Scolnick, E., . . . Zoghbi, H. Y. 
(2010). Medicine. The future of psychiatric research: genomes and neural circuits. 
Science, 327(5973), 1580-1581. doi:10.1126/science.1188654 

Arguello, P. A., & Gogos, J. A. (2012). Genetic and cognitive windows into circuit mechanisms 
of psychiatric disease. Trends in neurosciences, 35(1), 3-13. 
doi:10.1016/j.tins.2011.11.007 

Benson, D. L., Colman, D. R., & Huntley, G. W. (2001). Molecules, maps and synapse 
specificity. Nature reviews. Neuroscience, 2(12), 899-909. doi:10.1038/35104078 

Blanks, J. C., Adinolfi, A. M., & Lolley, R. N. (1974). Synaptogenesis in the photoreceptor 
terminal of the mouse retina. Journal of Comparative Neurology, 156(1), 81-93. 
doi:10.1002/cne.901560107 

Blanks, J. C., & Johnson, L. V. (1983). Selective lectin binding of the developing mouse retina. 
Journal of Comparative Neurology, 221(1), 31-41. doi:10.1002/cne.902210103 

Borodinsky, L. N., & Spitzer, N. C. (2007). Activity-dependent neurotransmitter-receptor 
matching at the neuromuscular junction. Proceedings of the National Academy of 
Sciences of the United States of America, 104(1), 335-340. 
doi:10.1073/pnas.0607450104 

Burns, M. E., & Arshavsky, V. Y. (2005). Beyond counting photons: trials and trends in 
vertebrate visual transduction. Neuron, 48(3), 387-401.  

Cao, Y., Masuho, I., Okawa, H., Xie, K., Asami, J., Kammermeier, P. J., . . . Martemyanov, K. A. 
(2009). Retina-specific GTPase accelerator RGS11/G beta 5S/R9AP is a constitutive 
heterotrimer selectively targeted to mGluR6 in ON-bipolar neurons. J Neurosci, 29(29), 
9301-9313. doi:10.1523/JNEUROSCI.1367-09.2009 

Cao, Y., Sarria, I., Fehlhaber, K. E., Kamasawa, N., Orlandi, C., James, K. N., . . . 
Martemyanov, K. A. (2015). Mechanism for Selective Synaptic Wiring of Rod 



	  57 

Photoreceptors into the Retinal Circuitry and Its Role in Vision. Neuron, 87(6), 1248-
1260. doi:10.1016/j.neuron.2015.09.002 

Dacheux, R. F., & Raviola, E. (1986). The rod pathway in the rabbit retina: a depolarizing bipolar 
and amacrine cell. The Journal of neuroscience : the official journal of the Society for 
Neuroscience, 6(2), 331-345.  

de Wit, J., Hong, W., Luo, L., & Ghosh, A. (2011). Role of leucine-rich repeat proteins in the 
development and function of neural circuits. Annu Rev Cell Dev Biol, 27, 697-729. 
doi:10.1146/annurev-cellbio-092910-154111 

DeVries, S. H., & Baylor, D. A. (1993). Synaptic circuitry of the retina and olfactory bulb. 72 
Suppl., 139-149.  

Dhingra, A., & Vardi, N. (2012). "mGlu Receptors in the Retina" - WIREs Membrane Transport 
and Signaling. Wiley interdisciplinary reviews. Membrane transport and signaling, 1(5), 
641-653. doi:10.1002/wmts.43 

Dolan, J., & Mitchell, K. J. (2013). Mutation of Elfn1 in mice causes seizures and hyperactivity. 
PloS one, 8(11), e80491. doi:10.1371/journal.pone.0080491 

Dunn, F. A., Della Santina, L., Parker, E. D., & Wong, R. O. (2013). Sensory experience shapes 
the development of the visual system's first synapse. Neuron, 80(5), 1159-1166. 
doi:10.1016/j.neuron.2013.09.024 

Ghosh, K. K., Bujan, S., Haverkamp, S., Feigenspan, A., & Wassle, H. (2004). Types of bipolar 
cells in the mouse retina. Journal of Comparative Neurology, 469(1), 70-82.  

Graf, E. R., Zhang, X., Jin, S. X., Linhoff, M. W., & Craig, A. M. (2004). Neurexins induce 
differentiation of GABA and glutamate postsynaptic specializations via neuroligins. Cell, 
119(7), 1013-1026. doi:10.1016/j.cell.2004.11.035 

Hoon, M., Okawa, H., Della Santina, L., & Wong, R. O. (2014). Functional architecture of the 
retina: development and disease. Prog Retin Eye Res, 42, 44-84. 
doi:10.1016/j.preteyeres.2014.06.003 

Kefalov, V. J. (2012). Rod and cone visual pigments and phototransduction through 
pharmacological, genetic, and physiological approaches. The Journal of biological 
chemistry, 287(3), 1635-1641. doi:10.1074/jbc.R111.303008 



	  58 

Kerschensteiner, D., Morgan, J. L., Parker, E. D., Lewis, R. M., & Wong, R. O. (2009). 
Neurotransmission selectively regulates synapse formation in parallel circuits in vivo. 
Nature, 460(7258), 1016-1020. doi:10.1038/nature08236 

Korenbrot, J. I. (2012). Speed, sensitivity, and stability of the light response in rod and cone 
photoreceptors: facts and models. Prog Retin Eye Res, 31(5), 442-466. 
doi:10.1016/j.preteyeres.2012.05.002 

Lamb, T. D. (2013). Evolution of phototransduction, vertebrate photoreceptors and retina. Prog 
Retin Eye Res, 36, 52-119. doi:10.1016/j.preteyeres.2013.06.001 

Lardi-Studler, B., & Fritschy, J. M. (2007). Matching of pre- and postsynaptic specializations 
during synaptogenesis. Neuroscientist, 13(2), 115-126. doi:10.1177/1073858406296803 

Liu, X., Kerov, V., Haeseleer, F., Majumder, A., Artemyev, N., Baker, S. A., & Lee, A. (2013). 
Dysregulation of Ca(v)1.4 channels disrupts the maturation of photoreceptor synaptic 
ribbons in congenital stationary night blindness type 2. Channels (Austin), 7(6), 514-523. 
doi:10.4161/chan.26376 

Luthi, A., & Luscher, C. (2014). Pathological circuit function underlying addiction and anxiety 
disorders. Nature neuroscience, 17(12), 1635-1643. doi:10.1038/nn.3849 

Mansergh, F., Orton, N. C., Vessey, J. P., Lalonde, M. R., Stell, W. K., Tremblay, F., . . . Bech-
Hansen, N. T. (2005). Mutation of the calcium channel gene Cacna1f disrupts calcium 
signaling, synaptic transmission and cellular organization in mouse retina. Hum Mol 
Genet, 14(20), 3035-3046. doi:10.1093/hmg/ddi336 

Margeta, M. A., & Shen, K. (2010). Molecular mechanisms of synaptic specificity. Mol Cell 
Neurosci, 43(3), 261-267. doi:10.1016/j.mcn.2009.11.009 

Miller, E. D., Tran, M. N., Wong, G. K., Oakley, D. M., & Wong, R. O. (1999). Morphological 
differentiation of bipolar cells in the ferret retina. Vis Neurosci, 16(6), 1133-1144.  

Mumm, J. S., Godinho, L., Morgan, J. L., Oakley, D. M., Schroeter, E. H., & Wong, R. O. (2005). 
Laminar circuit formation in the vertebrate retina. Prog Brain Res, 147, 155-169. 
doi:10.1016/S0079-6123(04)47012-5 

Nakajima, Y., Iwakabe, H., Akazawa, C., Nawa, H., Shigemoto, R., Mizuno, N., & Nakanishi, S. 
(1993). Molecular characterization of a novel retinal metabotropic glutamate receptor 
mGluR6 with a high agonist selectivity for L-2-amino-4-phosphonobutyrate. The Journal 
of biological chemistry, 268(16), 11868-11873.  



	  59 

Neuille, M., El Shamieh, S., Orhan, E., Michiels, C., Antonio, A., Lancelot, M. E., . . . Zeitz, C. 
(2014). Lrit3 deficient mouse (nob6): a novel model of complete congenital stationary 
night blindness (cCSNB). PloS one, 9(3), e90342. doi:10.1371/journal.pone.0090342 

Neuille, M., Morgans, C. W., Cao, Y., Orhan, E., Michiels, C., Sahel, J. A., . . . Zeitz, C. (2015). 
LRIT3 is essential to localize TRPM1 to the dendritic tips of depolarizing bipolar cells 
and may play a role in cone synapse formation. The European journal of neuroscience, 
42(3), 1966-1975. doi:10.1111/ejn.12959 

Nomura, A., Shigemoto, R., Nakamura, Y., Okamoto, N., Mizuno, N., & Nakanishi, S. (1994). 
Developmentally regulated postsynaptic localization of a metabotropic glutamate 
receptor in rat rod bipolar cells. Cell, 77(3), 361-369.  

Okawa, H., & Sampath, A. P. (2007). Optimization of single-photon response transmission at 
the rod-to-rod bipolar synapse. Physiology (Bethesda), 22, 279-286. 
doi:10.1152/physiol.00007.2007 

Pahlberg, J., & Sampath, A. P. (2011a). Visual threshold is set by linear and nonlinear 
mechanisms in the retina that mitigate noise: how neural circuits in the retina improve 
the signal-to-noise ratio of the single-photon response. Bioessays, 33(6), 438-447. 
doi:10.1002/bies.201100014 

Pahlberg, J., & Sampath, A. P. (2011b). Visual threshold is set by linear and nonlinear 
mechanisms in the retina that mitigate noise: how neural circuits in the retina improve 
the signal-to-noise ratio of the single-photon response. BioEssays : news and reviews in 
molecular, cellular and developmental biology, 33(6), 438-447. 
doi:10.1002/bies.201100014 

Raviola, E., & Gilula, N. B. (1973). Gap junctions between photoreceptor cells in the vertebrate 
retina. Proceedings of the National Academy of Sciences of the United States of 
America, 70(6), 1677-1681.  

Robles, E., & Baier, H. (2012). Assembly of synaptic laminae by axon guidance molecules. 
Current opinion in neurobiology, 22(5), 799-804. doi:10.1016/j.conb.2012.04.014 

Samuel, M. A., Voinescu, P. E., Lilley, B. N., de Cabo, R., Foretz, M., Viollet, B., . . . Sanes, J. 
R. (2014). LKB1 and AMPK regulate synaptic remodeling in old age. Nature 
neuroscience, 17(9), 1190-1197. doi:10.1038/nn.3772 

Sanes, J. R., & Lichtman, J. W. (2001). Induction, assembly, maturation and maintenance of a 
postsynaptic apparatus. Nature reviews. Neuroscience, 2(11), 791-805. 
doi:10.1038/35097557 



	  60 

Sanes, J. R., & Yamagata, M. (2009). Many paths to synaptic specificity. Annu Rev Cell Dev 
Biol, 25, 161-195. doi:10.1146/annurev.cellbio.24.110707.175402 

Sanes, J. R., & Zipursky, S. L. (2010). Design principles of insect and vertebrate visual systems. 
Neuron, 66(1), 15-36. doi:10.1016/j.neuron.2010.01.018 

Slaughter, M. M., & Miller, R. F. (1981). 2-amino-4-phosphonobutyric acid: a new 
pharmacological tool for retina research. Science, 211(4478), 182-185.  

Spitzer, N. C., & Borodinsky, L. N. (2008). Implications of activity-dependent neurotransmitter-
receptor matching. Philos Trans R Soc Lond B Biol Sci, 363(1495), 1393-1399. 
doi:10.1098/rstb.2007.2257 

Strettoi, E., Mears, A. J., & Swaroop, A. (2004). Recruitment of the rod pathway by cones in the 
absence of rods. The Journal of neuroscience : the official journal of the Society for 
Neuroscience, 24(34), 7576-7582. doi:10.1523/JNEUROSCI.2245-04.2004 

Sudhof, T. C. (2008). Neuroligins and neurexins link synaptic function to cognitive disease. 
Nature, 455(7215), 903-911. doi:10.1038/nature07456 

Sylwestrak, E. L., & Ghosh, A. (2012). Elfn1 regulates target-specific release probability at CA1-
interneuron synapses. Science, 338(6106), 536-540. doi:10.1126/science.1222482 

tom Dieck, S., Specht, D., Strenzke, N., Hida, Y., Krishnamoorthy, V., Schmidt, K. F., . . . Moser, 
T. (2012). Deletion of the presynaptic scaffold CAST reduces active zone size in rod 
photoreceptors and impairs visual processing. The Journal of neuroscience : the official 
journal of the Society for Neuroscience, 32(35), 12192-12203. 
doi:10.1523/JNEUROSCI.0752-12.2012 

Tomioka, N. H., Yasuda, H., Miyamoto, H., Hatayama, M., Morimura, N., Matsumoto, Y., . . . 
Aruga, J. (2014). Elfn1 recruits presynaptic mGluR7 in trans and its loss results in 
seizures. Nature communications, 5, 4501. doi:10.1038/ncomms5501 

Williams, M. E., de Wit, J., & Ghosh, A. (2010). Molecular mechanisms of synaptic specificity in 
developing neural circuits. Neuron, 68(1), 9-18. doi:10.1016/j.neuron.2010.09.007 

Yau, K. W., & Hardie, R. C. (2009). Phototransduction motifs and variations. Cell, 139(2), 246-
264. doi:10.1016/j.cell.2009.09.029 

Zabouri, N., & Haverkamp, S. (2013). Calcium channel-dependent molecular maturation of 
photoreceptor synapses. PLoS One, 8(5), e63853. doi:10.1371/journal.pone.0063853 



	  61 

Zeitz, C., Jacobson, S. G., Hamel, C. P., Bujakowska, K., Neuille, M., Orhan, E., . . . Audo, I. 
(2013). Whole-exome sequencing identifies LRIT3 mutations as a cause of autosomal-
recessive complete congenital stationary night blindness. American journal of human 
genetics, 92(1), 67-75. doi:10.1016/j.ajhg.2012.10.023 

Zhang, C., Atasoy, D., Arac, D., Yang, X., Fucillo, M. V., Robison, A. J., . . . Sudhof, T. C. 
(2010). Neurexins physically and functionally interact with GABA(A) receptors. Neuron, 
66(3), 403-416. doi:10.1016/j.neuron.2010.04.008 

Zipursky, S. L., & Sanes, J. R. (2010). Chemoaffinity revisited: dscams, protocadherins, and 
neural circuit assembly. Cell, 143(3), 343-353. doi:10.1016/j.cell.2010.10.009 

 

  



	  62 

Supplemental Materials 

 

Supplemental Figures 

 

 

Figure S1. Interaction of mGluR6 with ELFN1. A, Interaction between ELFN1 and mGluR6 
upon co-expression in HEK293 cells. Cells co-transfected with mGluR6 and myc-tagged ELFN1 
were lysed and mGluR6 or ELFN1 were precipitated by antibodies. Proteins present in the 
lysates and IP eluates were detected by Western blotting.  B, Interaction with mGluR6 is 
mediated by the extracellular N-terminal domain of ELFN1. Indicated constructs were expressed 
separately in transfected HEK293 cells. Following cellular lysis, indicated cell lysates were 
incubated together for one hour. Then myc tagged ELFN1 (full length, NT or TM/CT) was 
precipitated and its association with full-length mGluR6 was studied by Western blotting. C, 
Interaction of ELFN1 ectodomain with mGluR6. Indicated constructs were transfected 
separately in HEK293T cells overnight. Cells were lysed and the lysates expressing the 
corresponding proteins were mixed. Fc fragment alone was used as a control. After incubation, 
cells were lysed and proteins were pulled down by Protein G beads. D, Interaction of mGluR6 
with secreted ELFN1 ectodomain. Media from cells transfected with Fc-tagged ELFN1 
ectodomain (or Fc alone) was applied to cell lysates expressing mGluR6 and the proteins were 
pulled-down by protein G beads. 
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Figure S2. Expression and localization of ELFN1 in the retina. A, ELFN1 is expressed 
exclusively in photoreceptors and not in bipolar cells expressing mGluR6. Detection of mRNA 
for ELFN1 and mGluR6 by fluorescent in situ hybridization on retina cross-sections. B, ELFN1 
expression is not detected in cone photoreceptors. Retina cross-sections from mice expressing 
b-gal reporter from Elfn1 locus were co-stained for b-gal (green) and cone arrestin (red), 
specifically expressed by cone photoreceptors. C, Specificity of ELFN1 antibody used for the 
immunohistochemical studies. Analysis of ELFN1 immunofluorescence in retina cross-sections. 
The signal is specifically eliminated in the outer plexiform layer (OPL) of ELFN1 knockout 
(ELFN1 KO) retinas. Staining in the inner segments of the photoreceptors (IS) appears to be 
non-specific. D, Pattern of ELFN1 positive puncta distribution relative to cone terminals. High 
magnification images of outer plexiform layer imunostained for ELFN1 (green) and cone 
terminals (red). Note the lack of ELFN1 puncta clustering at the base of the terminal.  E, 
Absence of specific ELFN1 immunoreactivity in the cone synapses. Retina sections were triple 
labeled with peanut agglutinin (PNA) a marker of cone terminals (blue), mGluR6 (green) and 
ELFN1 (red). mGluR6 puncta were used as a mask for the quantification of ELFN1-positive 
staining within the synapse. Arrows point to the location of rod synapses and arrowheads 
indicate cone synapses.- glad you are interested Locations where mGluR6 staining overlapped 
with PNA were considered cone synapses. Within mGluR6 and PNA double positive puncta 
ELFN1 immunoreactivity was negligible and not significantly different from the levels observed 
in ELFN1 knockout retinas, suggesting its non-specific nature. Error bars are SEM. Mean values 
were obtained from three imaged sections per retina from two mice for each group. ***p<0.001, 
t-test. 
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Figure S3. Characterization of Elfn1 knockout. A, Normal retinal morphology in ELFN1 
knockout retinas revealed by light microscopy following toluidine blue staining of retina cross-
sections. Scale bar: 50 mm B, Normal retina cytoarchitecture revealed by co-staining retina 
sections with recoverin to label photoreceptors and PKCa to label ON-RBC. Scale bar: 25mm. 
C, Loss of postsynaptic accumulation of GAP complex components at the dendritic tips of ON-
RBC but not ON-CBC in Elfn1 KO. Retina sections were stained for RGS11 and its targeting 
subunit GPR179 as well as counter-stained with cone arrestin (Cone Arr) to determine the 
location of cone synapses and PKCa to identify the position of the rod synapses. Scale bar: 5 
mm. D, Analysis of synapse formation in retinas lacking mGluR6 (nob4). Electron microscopy 
shows no ON-BC dendrites (red) in the rod spherules or cone pedicles of nob4 deficient retinas. 
Photoreceptor axonal terminals are colored in yellow, processes of horizontal cells in blue. 
Scale bar is 1mm. E, Examination of ON-RBC and ON-CBC connections with cones. The 
tdTomato reporter line was used to sparsely label both types of ON-BC neurons.  ON-RBC were 
distinguished by PKCa staining. Overlap between tdTomato-filled ON-RBC and ON-CBC 
dendrites with PNA-positive cone terminals was analyzed by high power confocal microscopy. 
Asterisks mark PKCα-negative ON-CBC. Scale bar 2.5 mm. 
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Figure S4. Synaptic cytoarchitecture in mouse models with synaptic disruptions. A, Rod 
axons of TeNT-Cre mice terminate in the OPL and contain synaptic ribbons. B, Targeting of 
CaV1.4 channel and position of synaptic ribbon are unaffected by ELFN1 loss. C, Trpm1 KO 
retinas exhibit normal co-localization of mGluR6 and ELFN1 relative to synaptic ribbons. 
 

 

 

Figure S5. Normal photoreceptor function in Elfn1 knockouts. A, Representative a-wave 
ERG traces from wild type and Elfn1 KO mice elicited with a 0.1 cd*s/m2 flash (~58 R*/rod). B, 
Dose response plot of maximal a-wave amplitudes from WT and Elfn1 KO mice plotted against 
their eliciting flash-intensities. 
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Supplemental Experimental Procedures 

 

Antibodies, DNA constructs and mouse strains 

 

Generation of sheep anti-RGS11, rabbit anti-RGS11, sheep anti-TRPM1, and sheep anti-

mGluR6 antibodies was described previously (Cao et al., 2009; Cao, Posokhova, & 

Martemyanov, 2011). Rabbit anti-ELFN1 (NTR) and rabbit anti-ELFN1 (CTR) antibodies were 

generated against synthetic peptides of mouse ELFN1 (aa 305-320 and aa 530-547, 

respectively). Generation and characterization of rabbit anti-Cav1.4 antibodies was described 

previously (Liu et al., 2013). Rabbit anti-R7BP (TRS) and rabbit anti-Gb5 (ATDG) were 

generous gifts from Dr. William Simonds (National Institute of Diabetes and Digestive and 

Kidney Disease, National Institutes of Health, Bethesda, MD). Rabbit anti-recoverin was a 

generous gift from Dr. Alexander Dizhoor (Pennsylvania College of Optometry, Salus University, 

Elkins Park, PA). Commercial antibodies were: mouse anti-β-actin (AC-15, Sigma), rabbit anti-c-

myc (A00172, Genscript), mouse anti-CtBP2 (612044, BD Biosciences), mouse anti-PKCα 

(ab11723; Abcam), mouse anti-GPR179 (Primm Biotech; Ab887), rabbit anti-Gao (K-20, Santa 

Cruz), goat anti-Arrestin-C (I-17, Santa Cruz), rabbit anti-cone arrestin (AB15282, Millipore), 

rabbit anti-b-galactosidase (559761, MP cappel), rabbit anti-Gat1 (K-20, Santa Cruz), mouse 

anti-human Fc (EM-07, ThemoFisher Scientific), Peanut Agglutinin (PNA) Alexa Fluor 647 

conjugate (Life Technologies), rabbit anti-Glutamate receptor 1 (AB1504, EMD Millipore), 

mouse anti- Synaptophysin (MAB5258-50UG, EMD Millipore), rabbit anti-PSD95 (D27E11, Cat# 

3450S, Cell Signaling Technology).  

Cloning of full-length rat mGluR6 and mouse TRPM1 into a mammalian expression 

vector pcDNA3.1 was described previously (Cao et al., 2009; Cao et al., 2011). The C-terminal 

c-myc tagged mouse full length ELFN1, NT-ELFN1 (aa 1-418), TM/CT-ELFN1(aa 419-828) 

were amplified from mouse ELFN1 cDNA clone (Clone ID 6811341, Open Biosystems) then 
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sub-cloned into a pcDNA3.1/V5-His-TOPO (Invitrogen) expression vector according to 

manufacturer’s specifications.  To obtain Fc tagged ecto-ELFN1 expression construct, mouse 

ELFN1 (aa 1-418) was amplified from mouse ELFN1 cDNA clone (Clone ID 6811341, Open 

Biosystems) then sub-cloned into a previously described pcDM8-derived plasmid expressing the 

Fc domain of human IgG1 (Farzan et al., 1999) between XhoI and BamHI restriction sites. The 

control Fc expression construct was the 3CPro expression vector (a gift from Dr. Davide 

Comoletti, Robert Wood Johnson Medical School and Dept. of Neuroscience & Cell Biology, 

The Child Health Institute of NJ, New Brunswick, NJ, USA). 

Elfn1 knockout mice (Elfn1tm1(KOMP)Vlcg) were obtained from Knockout Mouse Project 

Center at UC Davis and were bred as heterozygous pairs to obtain  -/- knockout mice and their 

+/+ wild-type littermates. nob3 [B6.B10(D2)-Grm6nob3/PJN] mice (Maddox et al., 2008) 

carrying a frame-shifting mutation in the mGluR6 gene that leads to early termination at amino 

acid 264 were obtained from The Jackson Laboratory. Pcdh21-Cre knock-in mice were 

generated by inserting IRES-Cre cassette after the stop codon of the endogenous Pcdh21-Cre 

locus (Boland et al., 2009). In the retina this gene (also known as prCAD) is selectively 

expressed in photoreceptors (Rattner et al., 2001). R26floxstop-TeNT strain conditionally expressing 

tetanus toxin (TeNT) fusion with GFP from ubiquitous Rose26 locus was described previously 

(Zhang et al., 2008) and crossed with Pcdh21-Cre mice to achieve TeNT expression in 

photoreceptors. Similarly, generation and characterization of Cav1.4 knockout mice (Specht et 

al., 2009) and mGluR6-tdTomato reporter strain (Kerschensteiner, Morgan, Parker, Lewis, & 

Wong, 2009) were described previously. 

Mice used in the study were 1–3 months old and were maintained on a diurnal 12 h 

light/dark cycle. Procedures involving mice strictly followed NIH guidelines and were approved 

by the Institutional Animal Care and Use Committees at Scripps Florida and the University of 

California, Los Angeles. 
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Preparative immunoprecipitation of mGluR6 complexes from mouse retina and mass-

spectrometry 

 

Wild type or nob3 retinas were removed from mice and lysed by sonication in ice-cold PBS 

(Invitrogen) supplemented with Complete protease inhibitor tablets (Roche). After 30-minute 

centrifugation at 100,000 x g, 4 °C, the pellet was resuspended ice-cold PBS IP buffer 

supplemented with 150 mM NaCl, 1% Triton X-100, and Complete protease inhibitor tablets 

(Roche). After 30-minute incubation at 4 °C, insoluble material was removed by centrifugation at 

100,000 x g, 4 ° C for 30 minutes. Supernatants were incubated for 1 hour at 4 °C with 10 µL of 

protein G beads (GE Healthcare) covalently coupled with either anti-mGluR6 antibodies (100 µg 

each) by Bis(Sulfosuccinimidyl)suberate (BS3) (Thermo Scientific) as described previously 

(Martemyanov, Yoo, Skiba, & Arshavsky, 2005). Then the beads were washed three times with 

ice-cold IP buffer. Proteins were eluted with 50 µL SDS sample buffer (62 mM Tris, 10% 

glycerol, 2% SDS, and 5% β-mercaptoethanol), entered SDS-PAGE by applying ~150 mV for 

15-20 minutes. Gels were fixed with using 5% acetic acid in 50% methanol, stained by NOVEX 

colloidal blue (Invitrogen). Stained areas were cut out, digested with trypsin (Promega), and 

alkylated as described previously (Shevchenko, Tomas, Havlis, Olsen, & Mann, 2006). The 

resulting peptide mixtures were desalted, resolved by high-pressure liquid chromatography, and 

analyzed using LTQ-Orbitrap XL mass spectrometer, as described previously (Posokhova et al., 

2011). 

 

Cell culture and transfection 

 

HEK293T cells were obtained from Clontech and cultured at 37°C and 5% CO2 in DMEM 

supplemented with antibiotics, 10% FBS. HEK293T cells were transfected at ∼70% confluency 
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using Lipofectamine LTX (Invitrogen) according to the protocol of the manufacturer. To test 

whether ELFN1 can interact with mGluR6 in trans, HEK293T cells transfected cmyc-tagged 

ELFN1 were trypsinized and co-cultured with the cells transfected with mGluR6 or empty vector. 

After two-day incubation, the cells were harvested and preceded to co-immunoprecipitation.   

 

Purification of ELFN1 and pull-down assays with the recombinant protein 

 

Fc tagged recombinant proteins were produced in HEK293F cells and affinity purified by protein 

A column. Transfected cells were lysed in ice-cold PBS IP buffer by sonication. After 30-minute 

incubation at 4 °C, the cell lysates were cleared by centrifugation at 14,000 x g for 15 minutes, 

then incubated with 5 mg purified recombinant protein (or media or cell lysate containing Fc 

tagged proteins) and rotated end-over-end for 1 hour at 4 °C. Protein G beads (20 ml 50% 

Slurry) then were added and incubated for 30 minutes at 4 °C. After four washes with IP buffer, 

proteins were eluted from beads with 50 µl of SDS sample buffer. 

 

Co-immunoprecipitation and Western blotting 

 

Cellular or retina lysates were prepared in ice-cold PBS IP buffer by sonication. After 30-minute 

incubation at 4 °C, lysates were cleared by centrifugation at 14,000 x g for 15 minutes. The 

supernatant was incubated with 20 µl of 50% protein G slurry (GE Healthcare) and 5 µg 

antibodies on a rocker at 4 °C for 1 hour. After three washes with IP buffer, proteins were eluted 

from beads with 50 µl of SDS sample buffer. Proteins retained by the beads were analyzed with 

SDS-PAGE, followed by Western blotting using HRP conjugated secondary antibodies and an 

ECL West Pico (Thermo Scientific) detection system. Signals were captured on film and 

scanned by densitometer. For quantification, band intensities were determined by using NIH 

ImageJ software. Integrated intensity of β-actin was used for data normalization. 



	  70 

Immunohistochemistry and light microscopy 

 

Eyecups were dissected and fixed for 15 minutes with 4% paraformaldehyde, cryoprotected with 

30% sucrose in PBS for two hours at room temperature, then embedded in OCT. Twelve-

micrometer frozen sections were obtained and blocked in PT1 (PBS with 0.1% Triton X-100 and 

10% donkey serum) for 1 hour, then incubated with primary antibody in PT2 (PBS with 0.1% 

Triton X-100 and 2% donkey serum) for 1 hour. After four-washes with PBS with 0.1% Triton, 

sections were incubated with fluorophore-conjugated secondary antibodies in PT2 for 1 hour. 

After four washes, sections were mounted in Fluromount (Sigma). Images were taken with a 

Zeiss LSM 780 confocal microscope. For double staining, primary antibodies raised in the 

different species were used except for b-gal/Gat1 double staining when both antibodies were 

from rabbit. In this case, Gαt1 antibodies were directly labeled with Dylight 488 using Microscale 

Antibody Labeling kit (Thermo Fisher Scientific). For ELFN1 staining, the slices were pretreated 

with Antigen Retrieval Reagents (CTS016, R&D Systems) before the blocking step. The 

following dilutions of the antibodies were used: rabbit anti-b-galactosidase, 1:1000; goat anti-

Arrestin-C, 1:200; Dylight 488 labeled rabbit anti-Gat1 1:200; sheep anti-TRPM1, 1:100; sheep 

anti-mGluR6, 1:200; rabbit anti-ELFN1(NTR), 1:200; rabbit anti-CaV1.4, 1:1K; rabbit anti-

recoverin, 1:1K; mouse anti-CtBP2, 1:1000; mouse anti-PKCα, 1:100, PNA conjugate, 1:50. b-

gal staining was performed by using b-gal staining Kit (K1465-01, Invitrogen™, Life 

Technologies). 

For light microscopy, mouse eyecups were dissected and fixed in 10 % buffered formalin 

at room temperature overnight. After paraffin embedding, eyecups were cut into 5 µm thick 

sections. Slices were dried in a 60 °C oven for 30 minutes, then deparaffinized down to distilled 

water. Slides were stained with 1% Toluidine Blue O for 1-2 minutes, then rinsed three times 

with distilled water. After air drying, the slices were mounted with non-aqueous mounting media. 
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Images were captured under the bright-field illumination by a Leica DM IL LED microscope 

equipped with a Digital Color Fluorescence Camera Leica DFC310 FX. 

 

In situ hybridization  

 

The mRNA expression of Elfn1 and mGluR6 in the retina was evaluated with ViewRNATM 2-plex 

In Situ Hybridization Assay (Panomics; Santa Clara, USA). The probe sets used to detect the 

following mouse mRNAs were designed by Panomics (Santa Clara, USA): Elfn1 (NM_175522.3; 

Cat# VB1-17471) and mGluR6 (NM_173372.2; Cat# VB6-17823). The whole eye bulb was 

extracted, embedded in OCT and flash frozen in liquid nitrogen. 12 µm sections were cut using 

a Leica CM3050 S cryostat, rapidly post-fixed in 4% paraformaldehyde for 10’, washed twice in 

phosphate buffered saline (PBS) and incubated for 2h in pre-hybridization mix (50% deionized 

formamide, 5X SSC, 5X Denhardt’s solution, 250 µg/ml yeast tRNA, 500µg/ml sonicated salmon 

sperm DNA) at room temperature. Each section was incubated overnight with Panomics 

hybridization solution (using an incubator set to 40ºC, no CO2 and humidity higher than 85%) 

containing both the QuantiGene ViewRNA probe sets TYPE 1 and TYPE 6 diluted 1:75 in Probe 

Set Diluent QT. On the second day, each section was processed according to manufacturer’s 

instructions provided with the ViewRNA ISH Tissue Assay Kit (QVT0012). Briefly, sections were 

successively incubated with PreAmplifier Mix QT, Amplifier Mix QT, Label Probe 6-AP (1:1000), 

Fast Blue Substrate, AP Stop QT, Label Probe 1-AP (1:1000), AP-Enhancer Solution and Fast 

Red Substrate. Finally the nuclei were counterstained with DAPI and mounted using 

Fluoromont-G (SouthernBiotech). Confocal images were generated at The Light Microscopy 

Facility, the Max Planck Florida Institute, using a LSM 780 Zeiss confocal microscope. Image 

acquisition and processing were accomplished using ZEN 2011 (64 bit) software (Carl Zeiss) 

with only minor manipulations of the images setting the fluorescence intensity in non-saturating 

conditions and maintaining similar parameters for each acquired image. 
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Electron microscopy 

 

Eyes were enucleated, cleaned of extra-ocular tissue, and pre-fixed for 15 min in cacodylate-

buffered half-Karnovsky's fixative containing 2mM calcium chloride. Then the eyecups were 

hemisected along the vertical meridian and fixed overnight in the same fixative. The specimens 

were rinsed with cacodylate buffer and postfixed in 2% osmium tetroxide in buffer for 1 hour, 

then gradually dehydrated in an increasing ethanol and acetone series (30–100%), and 

embedded in Durcupan ACM resin (Electron Microscopy Sciences, PA). Blocks were cut with 

70-nm-thickness, and were stained with 3% lead citrate. Sections were examined in a Tecnai 

G2 spirit BioTwin (FEI) transmission electron microscope at an 80 kV accelerating voltage. 

Images were captured with a Veleta CCD camera (Olympus) operated by TIA software (FEI).   

 

Electroretinography (ERG) 

 

Electroretinograms were recorded by using the UTA system and a Big-Shot Ganzfeld (LKC 

Technologies). Mice (4–12 weeks old) were dark-adapted (≥6 h) and prepared for recordings 

using a red dim light. Mice were anesthetized with an i.p. injection of ketamine and xylazine 

mixture containing 100 and 10 mg/kg, respectively. All procedures were approved by the 

Institutional Animal Care and Use committee at the Scripps Florida Research Institute. 

Recordings were obtained from the right eye only, and the pupil was dilated with 2.5% 

phenylephrine hydrochloride (Bausch & Lomb), followed by the application of 0.5% 

methylcellulose. Recordings were performed with a gold loop electrode supplemented with 

contact lenses to keep the eyes immersed in solution. The reference electrode was a stainless 

steel needle electrode placed subcutaneously in the neck area. The mouse body temperature 

was maintained at 37 °C by using a heating pad controlled by ATC 1000 temperature controller 
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(World Precision Instruments). ERG signals were sampled at 1 kHz and recorded with 0.3-Hz 

low-frequency and 300-Hz high-frequency cut-offs.  

Full field white flashes were produced by a set of LEDs (duration < 5 ms) for flash 

strengths ≤ 2.5 cd·s/m2 or by a Xenon light source for flashes > 2.5 cd·s/m2 (flash duration < 5 

ms). ERG responses were elicited by a series of flashes ranging from 1× 10−5 to 800 cd*s/m2 in 

10-fold increments. Ten trials were averaged for responses evoked by flashes up to 0.1 cd*s/m2, 

and three trials were averaged for responses evoked by 0.5 and 1 cd*s/m2 flashes. Single flash 

responses were recorded for brighter stimuli. To allow for recovery, interval times between 

single flashes were as follows: 5 s for 1× 10−5  to 0.1 cd*s/m2, 30 s for 0.5 and 1 cd*s/m2, 60 s for 

5 and 10 cd*s/m2, and 180 s for 100 and 800 cd*s/m2 flashes. 

ERG traces were analyzed using the EM LKC Technologies software and Microsoft Excel. 

The b-wave amplitude was calculated from the bottom of the a-wave response to the peak of 

the b-wave. The data points from the b-wave stimulus–response curves were fitted by Equation 

1 using the least-square fitting method in GraphPad Prism6.  

(1) R=Rmax,r*I/(I + I0.5, r) + Rmax,c*I/(I + I0.5,c)      

The first term of this equation describes rod-mediated responses (r), and the second term 

accounts primarily for responses that were cone mediated (usually at flash intensities ≥1 

cd*s/m2 for dark-adapted mice; index c). Rmax,r and Rmax,c are maximal response amplitudes, and 

I0.5,r and I0.5,c  are the half-maximal flash intensities. Stimulus responses of retina cells increase 

in proportion to stimulus strength and then saturate, this is appropriately described by the 

hyperbolic curves of this function.  

Single cell recordings 

 

Light-evoked responses of bipolar cells were made from dark-adapted retinal slices using 

methods described previously (Arman & Sampath, 2012; Okawa, Sampath, Laughlin, & Fain, 
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2008). Briefly, mice were dark-adapted overnight and euthanized according to protocols 

approved by the University of California, Los Angeles Animal Research Committee (Protocol 14-

005). Eyes were enucleated under infrared light, retinas were isolated, and 200-mm thick slices 

were cut with a vibrating microtome. Slices were superfused with bicarbonate-buffered Ames’ 

media (equilibrated with 5% CO2/95% O2) heated to 35-37 oC, were visualized in the infrared, 

and were stimulated with a blue light-emitting diode (lmax ~ 470 nm). Light-evoked responses 

were measured using patch electrodes in voltage clamp mode (Vm = -60 mV), using an 

electrode internal solution consisting of (in mM): 125 K-aspartate, 10 KCl, 10 HEPES, 5 NMG-

HEDTA, 0.5 CaCl2, 1 ATP-Mg, and 0.2 GTP-Mg; pH was adjusted to ~7.3 with NMG-OH, and 

osmolarity was adjusted to ~280 mOsm. Brief flashes of light varied in strength from those 

yielding a just discernable response to those that generate a maximal response. Light-evoked 

responses were sampled at 1 kHz and filtered at 300 Hz. Flash strengths were calculated based 

on the power and the spectral output of the light-emitting diode, assuming a collecting area per 

rod of 0.5 mm2. To distinguish between ON-RBCs, ON-CBCs, and OFF-CBCs the polarity and 

time course of the response were considered, along with the cell’s morphology.  The electrode 

internal solution also contained Alexa-750, which allowed visualization in the far red without 

significant visual pigment bleaching.  

 

Evaluation of vision by behavioral water maze task 

 

Mouse visual behavior was assessed using a water maze task with a visible escape platform. 

The method for assessing visual function in this experiment is principled on a Morris water maze 

(Morris, 1984), and previous reports describing evaluation of mouse vision by a swimming-

based task (Prusky, West, & Douglas, 2000). Mice are natural swimmers, and this task exploits 

their innate inclination to escape from water to a solid substrate. This task uses an ability of a 

mouse to see a visible platform with a timed escape from water, as an index of its visual ability. 
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Before testing, mice readily learned to swim to the visible escape-platform and performance 

usually plateaued at around 10 seconds within 15 trials for all treated groups. Mice that did not 

learn the task, e.g. performance did not improve or plateau for at least the last 3 or more 

consecutive trials or had any visible motor deficits were discarded from the experiment. Visually-

guided behavior was tested at 100, 0.01, and 0.001 cd/m2 and timed-performances from 20 

trials (4 sessions of 5 trials each) for each mouse at each light-intensity were averaged. Uniform 

room luminance settings were stably achieved by an engineered adjustable light-source and 

constantly monitored with a luminance meter LS-100 (Konica Minolta). To be certain that we 

were measuring the mice’s visual ability only and not memory, the platform was placed pseudo-

randomly in the water tank and all external visual cues were eliminated. 
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CHAPTER 3 
 

Auxiliary Calcium Channel Subunit α2δ4 is Required for the  

Axonal Elaboration, Synaptic Transmission, and Wiring of Rod Photoreceptors 

 

In order for the synapse between rods and rod bipolar cells to form properly, several molecules 

must be present on both the presynaptic rod terminals and the postsynaptic RBC dendrites. 

Without the metabotropic glutamate receptor mGluR6 on RBC dendrites, synaptic contacts 

between rods and RBCs do not form (Cao et al., 2009; Tsukamoto & Omi, 2014). On the 

presynaptic side, the cell-adhesion molecule ELFN1 binds trans-synaptically with mGluR6, and 

without ELFN1, the rod-to-RBC synapse does not form (Cao et al., 2015). The voltage-gated 

calcium channel CaV1.4 is essential for photoreceptor ribbon formation as well as synaptic 

function (Liu et al., 2013; Mansergh et al., 2005; Zabouri & Haverkamp, 2013). In humans, many 

vision disorders are associated with mutations in the gene encoding the pore-forming CaV1.4 α1 

subunit (CACNA1F), including congenital stationary night blindness, which is characterized by 

low visual acuity in darkness and impaired rod transmission (Bech-Hansen et al., 1998; Boycott 

et al., 2001; Strom et al., 1998; Wutz et al., 2002). Interestingly, when CaV1.4 is knocked out, 

ELFN1 does not get targeted to rod synaptic terminals (Cao et al., 2015). We were interested in 

investigating the potential role of CaV1.4 in rod-to-RBC synapse formation.  

CaV1.4 channels form macromolecular complexes with several proteins. The auxiliary β 

and α2δ subunits are key components of the photoreceptor terminal, since mice lacking either 

subunit have morphological defects in the retina as well as vision impairments (Ball & Gregg, 

2002; Wycisk, Zeitz, et al., 2006). Functionally, α2δ subunits increase calcium currents by 

promoting trafficking of CaV channels to the plasma membrane (Barclay et al., 2001; Cassidy, 

Ferron, Kadurin, Pratt, & Dolphin, 2014; Wakamori, Mikala, & Mori, 1999). In photoreceptors, 

only the α2δ4 type is expressed, and it forms complexes with CaV1.4 channels at the synaptic 
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ribbon (De Sevilla Muller, Liu, Solomon, Rodriguez, & Brecha, 2013; Lee et al., 2015). Mutations 

in α2δ4 have been linked to night blindness in humans, whose photoreceptors are dysfunctional 

(Ba-Abbad et al., 2016; Wycisk, Zeitz, et al., 2006). Similarly, in mice, mutations in α2δ4 

decrease light-evoked responses in photoreceptors and disrupt synaptic connections between 

photoreceptors and ON-BCs (Caputo et al., 2015; Wycisk, Zeitz, et al., 2006). Still, the 

molecular mechanisms underlying the effects of the α2δ4 subunit on CaV1.4 channel function 

and synapse formation are unknown.  

In this chapter, I describe experiments done in collaboration with the laboratory of Kirill 

A. Martemyanov (Scripps Research Institute). Using an α2δ4 knockout mouse model, we found 

that α2δ4 is essential for rod synaptogenesis and the selective wiring of rods to RBCs, since 

without α2δ4, ELFN1 is not recruited to the rod synaptic terminal and no light-evoked responses 

can be recorded in RBCs. The rest of this chapter consists of our manuscript, entitled “Auxiliary 

Calcium Channel Subunit α2δ4 is Required for the Axonal Elaboration, Synaptic Transmission, 

and Wiring of Rod Photoreceptors,” including supplemental materials (Wang et al., 2017).  
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Abstract 

 

Neural circuit wiring relies on selective synapse formation whereby a presynaptic release 

apparatus is matched with its cognate postsynaptic machinery. At metabotropic synapses, the 

molecular mechanisms underlying this process are poorly understood. In the mammalian retina, 

rod photoreceptors form selective contacts with rod ON-bipolar cells by aligning presynaptic 

voltage-gated Ca2+ channels, CaV1.4, directing glutamate release with postsynaptic mGluR6 

receptors. We show this coordination requires an extracellular protein, α2δ4, which complexes 

with CaV1.4 and the synaptogenic mediator in rods, ELFN1, for trans-synaptic alignment with 

mGluR6. Eliminating α2δ4 in mice abolishes rod synaptogenesis, synaptic transmission to rod 

ON-bipolar cells and disrupts postsynaptic mGluR6 clustering. We further find that in rods α2δ4 

is crucial for organizing synaptic ribbons and setting CaV1.4 voltage sensitivity. In cones, α2δ4 is 

essential for CaV1.4 function, but is not required for ribbon organization, synaptogenesis or 

synaptic transmission. These findings offer insights into retinal pathologies associated with α2δ4 

dysfunction. 

 

Introduction 

 

The assembly of neural circuits is fundamental for information processing by the nervous 

system and relies on the establishment of selective synaptic contacts between individual 

neurons (Bargmann & Marder, 2013; Sanes & Yamagata, 2009; Zipursky & Sanes, 2010). At 

the molecular level, the formation of synapses involves the action of cell surface molecules that 

engage in trans-synaptic interactions linking pre- and post-synaptic specializations through 
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homophilic or heterophilic interactions with one another and/or with neurotransmitter receptors 

(de Wit, Hong, Luo, & Ghosh, 2011; Margeta & Shen, 2010). This process has been well 

studied for excitatory ionotropic synapses (Sudhof, 2008; Williams, de Wit, & Ghosh, 2010).  

However, the mechanistic basis for the assembly of the metabotropic synapses, where signaling 

is mediated by the GPCRs, remains virtually unexplored.  

The vertebrate retina is an excellent model for unraveling mechanisms involved in the 

formation of the metabotropic synapses, and for understanding their relevance for information 

processing and behavior (Dunn & Wong, 2014; Sanes & Zipursky, 2010). Vision is initiated by 

the photoreceptor cells, rods and cones, which make selective contacts with distinct classes of 

bipolar neurons (Lamb, 2013; Sanes & Zipursky, 2010). Cone photoreceptors, which detect a 

wide range of light intensities, make contacts with two broad types of the downstream 

interneurons, the ON and OFF cone bipolar cells (ON-CBC and OFF-CBC, respectively). In 

contrast rod photoreceptors, which are exquisitely tuned for the detection of single photons, wire 

predominantly with a dedicated synaptic partner, the ON rod bipolar cells (ON-RBC). While OFF 

cells use ionotropic receptors to sense light-dependent reductions in glutamate release from the 

photoreceptors, ON cells in mammalian retina instead use the metabotropic glutamate receptor, 

mGluR6 (Morgans, Brown, & Duvoisin, 2010; Vardi & Dhingra, 2014). Disruptions in synaptic 

communication between rods and ON-RBCs cause inherited forms of night blindness in humans 

(Zeitz, Robson, & Audo, 2015), a condition recapitulated in several mouse models of the 

disease (Pardue & Peachey, 2014).  

Several molecules with essential roles in the formation of rod to ON-RBC synapses have 

been identified. On the postsynaptic side, mGluR6 is required not only for generating the 

depolarizing response in ON-RBCs, but also for establishing physical contacts with rods (Cao et 

al., 2009; Tsukamoto & Omi, 2014). Recently we have reported that mGluR6 is engaged in a 

direct trans-synaptic contact with the rod-specific cell adhesion molecule ELFN1, and that this 

interaction is required for the formation of rod-to-ON-RBC synapses (Cao et al., 2015). On the 
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presynaptic side, rod synaptogenesis also requires the voltage-gated L-type Ca2+ channel, 

CaV1.4 (Mansergh et al., 2005), which couples light-induced changes in membrane potential to 

changes in glutamate release by the rod axonal terminal, or spherule (Barnes & Kelly, 2002; 

Heidelberger, Thoreson, & Witkovsky, 2005). Interestingly, either the blockade of glutamate 

release or knockout of CaV1.4 abolishes the synaptic targeting of ELFN1 (Cao et al., 2015), 

suggesting that the CaV1.4 complex may link the transmitter release apparatus to machinery 

that mediates rod synaptogenesis.  

Voltage-gated calcium channels form macromolecular complexes with several proteins 

(Catterall, 2010; Muller et al., 2010). Among their prominent binding partners are α2δ proteins: 

extracellular multimodal molecules that are often described as auxiliary CaV subunits (Dolphin, 

2013). These proteins are thought to act mainly by promoting CaV surface expression (Cassidy 

et al., 2014; D'Arco, Margas, Cassidy, & Dolphin, 2015; Hoppa, Lana, Margas, Dolphin, & Ryan, 

2012; Lee et al., 2015; Ly, Yao, Verstreken, Ohyama, & Bellen, 2008). However, their effects on 

the biophysical properties of the CaV channels are controversial and were reported mostly in 

heterologous overexpression systems (Bangalore, Mehrke, Gingrich, Hofmann, & Kass, 1996; 

Felix, Gurnett, De Waard, & Campbell, 1997; Fell et al., 2016; Singer et al., 1991). In addition, 

α2δ proteins have been implicated in synapse formation, acting independently from but possibly 

in cooperation with CaV channels (Eroglu et al., 2009; Kurshan, Oztan, & Schwarz, 2009). The 

molecular mechanisms by which α2δ family members exert synaptogenic effects remain largely 

unknown.  

Rod and cone photoreceptors have been shown to selectively express the α2δ4 type, 

which forms complexes with CaV1.4 channels at the synaptic ribbons (De Sevilla Muller et al., 

2013; Lee et al., 2015). Several observations suggest that α2δ4 may play an important role in 

the function of photoreceptors. First, human mutations in α2δ4 have been associated with a 

cone dystrophy accompanied by night blindness, typically associated with deficits in rod 

synaptic transmission (Ba-Abbad et al., 2016; Wycisk, Zeitz, et al., 2006). In accordance with 
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these studies, α2δ4 mutations in mice also result in diminished light-evoked responses 

accompanied by morphological changes in the synaptic layer where photoreceptors make 

contacts with ON-BCs (Caputo et al., 2015; Wycisk, Budde, et al., 2006). However, the cellular 

and molecular mechanisms underlying the effects of α2δ4 on CaV1.4 function, as well as its role 

in rod synaptogenesis, and synaptic transmission remain unclear. 

Here we show that α2δ4 is essential for rod synaptogenesis and selective wiring of these 

photoreceptors into the retinal circuitry. Elimination of α2δ4 in mice abolishes the recruitment of 

the key synaptogenic molecule, ELFN1, to synaptic terminals preventing rods from establishing 

physical contacts and transmitting their light-evoked signals to ON-RBCs. We have further 

found that α2δ4 regulates the number of functional CaV1.4 channels and their biophysical 

properties in intact rod spherules and document the role of α2δ4 in the organization of active 

zone and morphology of axonal terminals. Remarkably, we demonstrate that although α2δ4 

also affects cone signaling, it is not required for synaptic transmission to ON- or OFF- CBCs. 

 

Results 

 

α2δ4 protein is induced at the peak of the photoreceptor synaptogenesis and targeted to 

synapses independently from synapse formation 

 

To probe the role of α2δ4 in photoreceptor synaptogenesis, we studied its expression during 

retinal development. We found that in mature retinas α2δ4 is localized to the synaptic ribbons of 

rod and cone synaptic terminals (Fig. 1A), consistent with a recent study (Lee et al., 2015). 

Analysis of α2δ4 protein expression in whole retinas by immunoblotting revealed that it became 

detectable at P7 and rapidly doubled in level by P14 (Fig. 1B), coinciding with the main period 

of photoreceptor synaptogenesis. This level of expression was maintained in mature P21 

retinas. We further examined morphological changes in α2δ4 content in the OPL, where 
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photoreceptors form synapses with ON-BCs (Fig. 1C). The α2δ4 signal was present as early as 

synaptic ribbons are discernible (~P7). Again, we observed a substantial increase in recruitment 

of α2δ4 to the ribbons as evidenced by growth in both number and size of the synaptic puncta 

at P14 (Fig. 1C,D). The developmental dynamics of α2δ4 is thus consistent with its involvement 

in synapse formation.  
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Figure 1. Relationship of α2δ4 to synapse development and key molecules at 
photoreceptor ribbon synapses. A, Localization of α2δ4 at photoreceptor synapses. Retina 
cross-sections were stained with specific antibodies against α2δ4 revealing its localization with 
major component of ribbon synapses, CTBP2 (scale bar, 25 µm). Insert shows the outer 
plexiform region at higher magnification (scale bar, 5µm). Arrow points to cone synapses. B, 
Quantification of changes in α2δ4 protein levels during synaptogenesis by Western blotting. 
Representative immunoblot of total retina lysates prepared at various stages of postnatal 
development along with the quantification of the band intensities from 3 separate mice is shown. 
Error bars are SEM values, *p<0.05, **p<0.01, One-way ANOVA. C, Analysis of α2δ4 
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accumulation at ribbon synapses of photoreceptors in the outer plexiform layer during 
development. Cross-sections from retinas at various developmental stages were stained with 
the indicated antibodies. D, Quantification of changes α2δ4 accumulation at synapses. The total 
number of puncta selected is 69, 195 and 202 for P7, P14 and P21 mice, respectively. Two 
different mice were used for each age. Error bars are SEM values, *p<0.05, One-way ANOVA. 
E, Scheme illustrating identity and localization of key molecules at photoreceptor synapses. F, 
Effect of eliminating key pre-synaptic molecules on expression and localization of α2δ4 at the 
ribbon synapses. Outer plexiform regions are shown. Staining with CTBP2 was used to identify 
synaptic ribbons (retinas used are from 1-4 month old mice). G, Effect of eliminating key post-
synaptic molecules on expression and localization of α2δ4 at the ribbon synapses. In C, F, G, 
scale bar is 10µm; retinas used are from 1-4 month old mice.  
 

In functional photoreceptor synapses, several specific molecules critical for synaptic 

transmission and synapse assembly are accumulated at pre- and post-synaptic sites (Fig. 1E). 

We examined the effect of ablating these key players on the expression and synaptic targeting 

of α2δ4. Presynaptically, we found that elimination of the active zone component CAST (tom 

Dieck et al., 2012), or the synaptogenic molecule ELFN1 (Cao et al., 2015), had no effect on 

either the abundance or localization of α2δ4 to synaptic ribbons (Fig. 1F). In contrast, knockout 

of CaV1.4 channels dramatically reduced the levels of α2δ4 at synapses, indicating that the 

majority of α2δ4 is associated with the CaV1.4 complex and that CaV1.4 plays an important role 

in setting the abundance of α2δ4 (Fig. 1F). We further examined the impact of abolishing 

glutamate release by expressing tetanus toxin (TENT) in photoreceptors, a manipulation that 

prevents assembly of functional photoreceptor synapses (Cao et al., 2015). In addition to the 

previously noted deterioration of ribbon size and shape (Cao et al., 2015), we observed that 

TENT expression caused corresponding changes in the pattern of CaV1.4 immunoreactivity, yet 

its localization at the ribbons was not compromised (Suppl. Fig. S1). Interestingly, besides 

similar changes in shape, immunoreactivity of α2δ4 was substantially reduced, suggesting that 

its synaptic targeting occurs independently of neurotransmitter release. Postsynaptically, 

ablation of either the orphan receptor GPR179 or the key signaling regulators RGS7 and 

RGS11, which both disrupt synaptic transmission, failed to affect significantly the expression 

and localization of a2d4 (Fig. 1G). Furthermore, the knockout of mGluR6, which abolishes the 
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postsynaptic response of ON-BCs and formation of synapses with photoreceptors, also did not 

alter α2δ4 content at synapses (Fig. 1G). Together, these results indicate that association of 

α2δ4 with synaptic ribbons occurs autonomously from the physical synapse formation, or the 

association with key components mediating synaptic transmission, suggesting that it could be a 

higher order candidate in the hierarchy of synaptic assembly.  

 

Genetic elimination of α2δ4 in mice diminishes dim light vision and compromises 

expression of key mediators of synaptic transmission 

 

To understand the role of α2δ4 in synapse assembly and photoreceptor function, we have 

obtained a mouse model with a complete elimination of α2δ4 protein. In this model, the 

CACNA2D4 gene is disrupted by homologous recombination, eliminating exon 8 by replacing it 

with the LacZ/Neo cassette (Fig. 2A). This modification is predicted to introduce an early 

frameshift mutation that terminates the translation of the message in the middle of the first 

integrated Cache 1-VWA module, essentially eliminating all structural elements of α2δ4 protein 

(Fig. 2A). α2δ4 knockout (KO) mice were bred to homozygosity and were found to be viable 

and fertile. Consistent with these expectations, their retinas completely lacked α2δ4 protein 

when analyzed by Western blotting (Fig. 2B). This was paralleled by loss of α2δ4 

immunostaining at the ribbon synapses (Fig. 2C). We found the overall morphology of the α2δ4 

KO retinas to be intact with no retinal degeneration at least until 2 months of age (Fig. 2D).  
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Figure 2. Generation and characterization of knockout mice with complete elimination of 
α2δ4 protein. A, Scheme of the targeting strategy and predicted consequences on disrupting 
the protein expression. Domain organization of α2δ4 is predicted based on recent high-
resolution structure of a2d1 (Wu et al., 2016). B, Loss of α2δ4 protein expression as revealed 
by Western blot analysis of total retina lysates. Equal amounts of total protein were loaded in 
both lanes. GAPDH was used as a loading control. C, Absence of a2d4 immunostaining in the 
OPL layer of α2δ4 knockout retinas (scale bar, 25µm). D, Analysis of the retina morphology by 
toluidine blue staining of ultra-thin retina cross-sections (retinas used were from 6-10 week old 
mice). E, Western blot analysis of protein levels in α2δ4 KO retinas in comparison to WT 
littermates. Equal amounts of total protein from retina lysates were loaded in each lane. F, 
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Quantification of changes in protein levels by densitometry. Three to five separate mice were 
used for each genotype and band intensities were normalized to levels in wild-type samples. 
Error bars are SEM values,*p<0.05, **p<0.01, ***p<0.001, t-test. G, Analysis of mouse vision in 
a visually guided behavioral task at photopic (100cd/m2) and scotopic conditions (0.001 cd/m2). 
Representative tracks of mice swimming to visible escape platform are shown. H, Quantification 
of mouse escape time in water maze task (panel G) at various luminance levels. Wild type 
littermates were used for the comparison. Behavioral performance of mice lacking TRPM1 and 
ELFN1 (Cao et al., 2015) is plotted as a reference. Error bars are SEM (***p<0.001, 2-way 
ANOVA with Bonferroni post-hoc test, n=4-5 mice per genotype). 
 

We first characterized the α2δ4 KO model by determining the expression of several 

molecules with key roles in photoreceptor and ON-BC signaling and synaptic transmission. We 

found that the knockout of α2δ4 did not affect the expression of the key G proteins Gat1 and 

Gao, which mediate light-evoked responses in rods and ON-BCs, respectively (Fig. 2E,F). 

However, we detected substantial decreases in the expression of several ON-BC postsynaptic 

signaling proteins including mGluR6, TRPM1, and RGS complex components (Fig. 2E,F). 

Because these changes were reminiscent of observations in retinas lacking ELFN1, which 

trans-synaptically organizes the mGluR6 complex, we quantified changes in ELFN1 expression 

and found it to be also significantly diminished (Fig. 2E,F). In addition, α2δ4 ablation 

detrimentally affected the expression of ribbon constituents: CaV1.4 and CTBP2 (Ribeye). 

These observations collectively suggest that a2d4 has a critical role in the organization of the 

trans-synaptic complex.  

To determine how the observed molecular alterations impact visual processing, we 

measured the performance of α2δ4 KO mice in a visually-guided water maze task under varying 

luminance using an object recognition paradigm (Cao et al., 2015). In this task, mice were 

trained to locate an escape platform in the water maze based on visual cues (Fig. 2G,H). In 

addition to comparing α2δ4 KO mice to their wild-type littermates (WT), their performance was 

referenced to two other strains: Elfn1 KO mice with a selective loss of the primary rod pathway 

but a preserved secondary pathway where rod signals are transmitted to OFF- and ON-CBCs 

via rod-to-cone gap junctions (Cao et al., 2015), and Trpm1 KO mice in which synaptic 
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transmission of photoreceptor signals is ablated to both ON-RBCs and ON-CBCs (Koike et al., 

2010; Morgans et al., 2009). All animal groups were able to locate a hidden escape platform 

within similar times, indicating their similar levels of locomotor activity and navigational 

strategies (Fig. 2H). When tested at photopic levels that activate cones for light detection, mice 

of all genotypes again performed similarly in finding the visible platform, indicating no learning 

and motor deficits and preservation of photopic vision (Fig. 2G,H). However, when the light 

intensity was decreased to scotopic levels near visual threshold (0.001 cd/m2), at which vision 

requires the primary rod pathway, α2δ4 KO mice could no longer detect an escape platform 

revealing their night blindness phenotype (Fig. 2G,H). Surprisingly, their performance at higher 

scotopic light intensities (0.01 cd/m2) that engage both the rod primary and secondary pathways 

for vision was indistinguishable from WT littermates but clearly different from that of TRPM1 KO 

(Fig. 2G,H). The behavior of α2δ4 KO mice thus phenocopied the ELFN1 KO (Cao et al., 2015), 

suggesting a preservation of signaling through the secondary rod pathway.  

 

Elimination of α2δ4 abolishes synaptic transmission of rod but not cone photoreceptors 

and reconfigures processing of photoreceptor inputs by retina circuitry 

 

To begin understanding the role of α2δ4 in the propagation of light-evoked responses across 

the retinal circuitry, we evaluated the α2δ4 KO mice by electroretinography (ERG). When 

activated by light, both rod and cone photoreceptors hyperpolarize and generate an electrically 

negative a-wave. As this signal is transmitted across the synapse, ON-RBCs and ON-CBCs 

depolarize to produce the positive b-wave. In dark-adapted retinas, bright flashes activating both 

rod and cone photoreceptors produced robust a-waves that were indistinguishable in amplitude 

and kinetics between the genotypes (Fig. 3A; Suppl. Fig. S2A), suggesting normal 

phototransduction in α2δ4 KO retinas. Indeed, patch clamp recordings directly from rods and 
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cones in retinal slices confirmed this observation revealing robust photocurrents and normal 

light sensitivity in α2δ4 KO photoreceptors (Suppl. Fig. S2B, C).  

 

 

Figure 3. Processing of light-evoked signals by the retina circuitry in α2δ4 knockout 
retinas as revealed by ERG recordings. A, Representative trace of dark-adapted ERG 
response to a bright flash activating both rods and cones. B, Representative ERG traces elicited 
by a scotopic flash of 0.001 cd*s/m2 to activate the primary rod pathway only. C, Representative 
ERG traces to a photopic flash of 100 cd*s/m2 under a 50 cd*s/m2 light background to activate 
cone pathway only. D, Dose response plot of maximal b-wave amplitudes from WT and α2δ4 
KO mice plotted against their eliciting flash-intensities. E, Rod-only ON-BC dose-response 
component. F, Cone-only ON-BC dose-response component. The data are averaged from 3 
mice of each genotype. 
 

In contrast, the scotopic b-wave in α2δ4 KO was undetectable (Fig. 3B). This response 

was identical to TRPM1 KO mice, in which synaptic transmission to ON-BCs is abolished 

completely, indicating a lack of ON-RBC depolarization in α2δ4 KO mice (Fig. 3B). When 

background light was applied to suppress the activity of rods in α2δ4 KO mice, bright photopic 

flashes elicited responses with reduced but clearly detectable b-waves, suggesting that deletion 

of α2δ4 did not abolish the synaptic transmission signals generated by cones (Fig. 3C).  
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To obtain further insight into the propagation of photoreceptor driven signals to ON-

bipolar neurons, we analyzed the dose-response effect of light on b-wave amplitudes (Fig. 3D; 

Table 1). Analysis of the rod-driven component of the biphasic amplitude vs light intensity 

relationship revealed the presence of a partial b-wave responses consistent with transduction of 

rod-driven signals via the less sensitive secondary rod pathway (Fig. 3E). In fact, the 

parameters of this response were nearly identical to those reported previously in ELFN1 KO 

retinas (Table 1; (Cao et al., 2015)), which completely lack synaptic transmission to ON-RBCs, 

reinforcing the idea that residual response is likely mediated by ON-CBCs. We also observed a 

substantial reduction in the cone driven component of the b-wave (Fig. 3F; Table 1).  

 

Table 1. ERG b-wave parameters of scotopic and photopic light responses 

 

 
	   	  

Genotype I1/2, Scotopic 
(cd*s/m2) 

Rmax, Scotopic 
(µV) 

I1/2, Photopic 
(cd*s/m2) 

Rmax, Photopic 
(µV) 

WT 0.0008 ± 0.0006 543 ± 49 0.2 ± 0.1 442 ± 19 

α2δ4 KO 0.006 ± 0.0004 221 ± 31 1.33 ± 0.1 136 ± 10 

ELFN1 0.005 ± 0.0005 125 ± 5 0.3 ± 0.1 447 ± 17 
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To understand the mechanistic basis for rod-mediated signal flow in the outer retinas of 

mice lacking α2δ4, we made patch clamp recordings from different populations of bipolar 

neurons in dark-adapted retinal slices. We found that light-evoked responses from ON-RBCs 

(Fig. 4) were totally absent in α2δ4 KO retinas, confirming the loss of synaptic transmission 

from rods-to-ON RBCs in the α2δ4 KO mice. However, both ON-CBCs and OFF-CBCs 

displayed responses at scotopic flash strengths (Fig. 4), reflecting the preservation of the rod 

secondary pathway. While these responses were clearly discernible and originate with rod 

photoreceptors, they were smaller in maximum amplitude compared to their WT counterparts 

(Fig. 4; Table 2; across all CBCs). This reduction in amplitude was not accompanied by a shift 

in half-maximal flash strength (Table 2). These smaller responses were consistent with the 

observed reduction but not elimination of the photopic ERG b-waves and suggest preservation 

of synaptic transmission between cones and CBCs, albeit at a reduced efficiency.  

 

 

Figure 4. Synaptic transmission of rod and cone signals to individual types of bipolar 
neurons assessed by single cell patch clamp recordings. A-C Light-evoked responses of 
ON-RBCs, ON-CBCs, and OFF-CBCs in dark-adapted slices from WT and α2δ4 KO mice. 
Flash strengths range from 0.37 to 24 R*/rod for RBCs and CBCs, spanning a range of 
strengths that account for activity generated by the primary and secondary rod pathways. Cells 
are filled during recordings with the fluorophore Alexa-750 and imaged to confirm the bipolar cell 
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identity, and shown for each cell. Responses of RBCs and CBCs are from the same slices, 
typically within 100 mm of one another. In total we recorded from 11 ON-RBCs, 7 ON-CBCs, 
and 5 OFF-CBCs across 9 WT mice, and 7 ON-RBCs, 6 ON-CBCs, and 7 OFF CBCs across 9 
α2δ4 KO mice. CBC subtypes were not characterized further. Averaged response 
characteristics for ON-RBCs, ON-CBCs, and OFF-CBCs are provided in Table 2. 
 
 

Table 2. Response Characteristics of Bipolar Cells 

Genotype  WT   α2δ4 KO  

Cell type ON-RBC ON-CBC OFF-CBC ON-RBC ON-CBC OFF-CBC 

Rmax 
-150 ± 30 

(11) 

-61 ± 13  

(7) 

30 ± 7.9 

(5) 
NA 

-3.1 ± 0.45  

(6) 

11 ± 1.7 

(7) 

I1/2 
13 ± 1.0 

(11) 

14 ± 1.9 

(7) 

20 ± 1.4 

(5) 
NA 

13 ± 5.3  

(6) 

13 ± 0.81 

(7) 

 
*Values of Rmax are in pA, and for I1/2 are in R*/rod. Number of cells is indicated as (n) 
 
 

Loss of α2δ4 results in selective disorganization of rod synaptic ribbons and abolishes 

targeting of postsynaptic proteins to ON-RBC dendritic tips 

 

To explore the mechanisms underlying the selective loss of synaptic transmission to ON-RBCs 

in the α2δ4 KO mouse, we examined the architecture of rod and cone synapses. First, we 

characterized changes in targeting and postsynaptic accumulation of ON-BC cascade elements 

maintaining a distinction between rod and cone synapses (Fig. 5A,B). Strikingly, we found 

mGluR6 to be completely absent from the dendritic tips of ON-RBCs but present in ON-CBCs 

(Fig. 5A). Consistent with this observation other cascade elements that play an essential role in 

generating depolarizing responses in ON-bipolar neurons (RGS, TRPM1, and GPR179) were 

also absent from the dendritic tips of ON-RBCs, but present at the tips of ON-CBCs (Fig. 5B).  
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Figure 5. Deficits in structural and functional architecture of rod photoreceptor ribbon 
synapses associated with α2δ4 loss. A, Loss of mGluR6 postsynaptic targeting to the 
dendritic tips in ON-RBC (identified by PKCα staining), but not in ON-CBC (identified by their 
apposition to cone-arrestin positive terminals) in α2δ4 knockout retinas. Scale bar, 10µm. B, 
Effect of α2δ4 deletion on postsynaptic targeting of signaling molecules in ON-CBC and ON-
RBC. Dendritic tips of ON-CBC were identified by their apposition to active zone of cone 
terminals labeled by PNA. Scale bar, 10µm. C, Immunohistochemical analysis of photoreceptor 
ribbons identified by CTBP2 staining. Counter-staining with cone-arrestin was used to identify 
cone pedicles. CTBP2-positive ribbons overlapping with cone-arrestin (yellow) were considered 
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cone ribbons. Conversely, CTBP2 positive puncta outside of the cone pedicles were assigned 
as rod ribbons. Scale bar, 10µm. D, Quantification of ribbon densities in rods and cones. Area 
occupied by CTBP2 inside (cone) and outside (rod) of cone-arrestin mask was determined and 
normalized to that seen in wild-type samples per equal total area used for the analysis. The total 
number of cone terminals selected is 100 and 86 for WT and α2δ4 KO from 3 mice for each 
genotype. The total number of areas outside of cone terminal selected is 82 and 69 for WT and 
α2δ4 KO from 3 mice for each genotype. Error bars are SEM values, ***p<0.001, two-way 
ANOVA. E, Changes in the active zone components associated with synaptic terminals of 
photoreceptors. Scale bar, 10µm. F, Representative CaV1.4 mediated currents were measured 
from individual rods in retinal slices. Ca2+ currents were measured under voltage-clamp by 
ramping the membrane potential from -80mV to +40mV in 1 sec. Data are shown for WT control 
rods (black) and α2δ4 KO rods (red), with the SEM. Horizontal arrows indicate difference in Ca2+ 
current at the rod’s normal resting potential of Vm = -40mV. G, Ca2+ currents normalized to the 
peak current density reveal a shift in the voltage sensitivity of the current.  Vertical arrows reveal 
~8mV shift in the membrane potential at which Ca2+ channels begin to open. 
 

Given that α2δ4 is associated with synaptic ribbons, we analyzed the effect of its 

ablation on the ribbon structure. We found marked deficits in ribbon organization that 

disproportionately affected rods (Fig. 5C). Quantification showed a 66±12% reduction in the 

density of ribbons in rods with no significant change in ribbon numbers in cone terminals (Fig. 

5D). The remaining rod ribbons were smaller in size and more rounded in shape, hallmarks of 

immature ribbon structures (Fig. 5C; Suppl. Fig. S3A,B). These changes were paralleled by a 

significant reduction in the CaV1.4 content associated with ribbons in both rods and cones (Fig. 

5E; Suppl. Fig. S3C,D).  

Because α2δ4 interacts directly with CaV1.4 channels, we further tested the impact of 

α2δ4 deletion on CaV1.4 function by patch clamp recordings from photoreceptors (Fig. 5F). We 

estimated the Ca2+ current density in WT and α2δ4 KO rods during whole cell recordings using 

an internal solution that allowed the isolation of the synaptic Ca2+ current (Majumder et al., 

2013). Voltage clamp recordings held the rod’s membrane potential near at its normal resting 

value (Vm = -40 mV), and we ramped the membrane potential between -80 mV and +40 mV 

over a period of 1s. The current was plotted against the membrane potential (Fig. 5F). 

Recordings revealed that the maximum Ca2+ current density is reduced substantially in α2δ4 KO 

rods compared to WT rods. At the dark, resting potential of rod photoreceptors (~-40mV), this 
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reduction corresponds to a ~60% decrease in synaptic Ca2+ influx (Fig. 5F). The reduced Ca2+ 

current is consistent with the reduced CaV1.4 expression in α2δ4 KO retinas (Fig. 2). In 

addition, the voltage sensitivity of the Ca2+ current was shifted by ~8 mV towards more 

depolarized membrane potentials (Fig. 5G). We also observed substantial reduction in CaV1.4 

function in cones to an extent that residual currents were not reliable enough to allow measuring 

changes in the voltage-dependence (Suppl. Fig. S3E). Together, these results indicate a critical 

role for α2δ4 in organizing synaptic signaling complexes in rod and cone photoreceptors and 

setting their functional characteristics. 

 

Rods fail to elaborate axonal terminals and form physical contacts with rod ON-BC in the 

absence of α2δ4 

 

Given the substantial changes in the synaptic organization of α2δ4 KO retinas, we sought to 

determine how photoreceptor wiring was affected. We assessed the organization of the synaptic 

layer by electron microscopy at low magnification (Fig. 6A). In WT retinas, the OPL is divided 

into two sublaminas: the outer region with more electron density is populated mainly by rod 

spherules, while the inner aspect contains larger cone pedicles. In α2δ4 knockout retinas we 

found that the OPL was substantially thinner (Fig. 6A; Suppl. Fig. S4). Strikingly, this reduction 

in thickness appeared to be caused entirely by the elimination of the outer sublamina (Fig. 6A), 

suggesting disorganization of the rod terminals. To investigate further, we stained retinal cross-

sections for PSD95, which decorates the axonal terminals of rods and cones. We observed a 

severe decrease in the number of the terminals in direct apposition to PKCα-positive ON-RBC 

dendrites (Fig. 6B). The OPL of α2δ4 KO retinas contained only few terminals, which by shape 

and position resembled cone pedicles. This observation was confirmed by directly labeling 

cones, which revealed that the majority of PSD95 positive staining in the OPL was in fact 

associated with cone pedicles (Fig. 6C). Interestingly, we also observed a substantial number of 
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smaller PSD95-positive puncta spread all over the photoreceptor nuclear layer, indicating that 

many rod axons fail to reach their target lamina or they retract post-developmentally (Fig. 6C). 

In agreement with premature rod axon termination, we observed remodeling of ON-RBC 

dendrites, which exhibited substantial sprouting and sent projections into the outer nuclear layer 

to match mislocalized presynaptic specializations (Fig. 6D,E), a phenomenon observed in 

several mouse models with ectopic synapses (Haeseleer et al., 2004; Mansergh et al., 2005).    

 

 

Figure 6. α2δ4 ablation causes deficits in elaboration of rod axonal terminals. A, 
Ultrastructural analysis of the outer plexiform layer (OPL) organization. Rod photoreceptor 
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axons terminate in the outer aspect of the OPL (R), whereas cones form pedicles in the inner 
sublamina (C), separated by the yellow dotted line. Nuclei of photoreceptors and ON-BC are 
painted in blue. Scale bar, 25µm. B, Loss of rod synaptic terminals identified by PSD95 staining 
in the OPL region of α2δ4 knockout retinas. ON-RBC were identified by PKCα staining. Scale 
bar, 25 mm C, Preservation of cone axonal terminals in the OPL region of α2δ4 knockout 
retinas and axonal retraction of rod terminals to the outer nuclear layer (ONL). Cone pedicles 
were identified by overlap between cone arrestin and PSD95 staining (yellow arrows). 
Remaining rod terminals are seen as small PSD95 positive (cone arrestin negative) puncta 
scattered in the OPL and ONL (red arrows). (Scale bar, 25 mm) D, Sprouting ON-RBC 
dendrites in α2δ4 KO retinas. ON-RBC were identified by PKCα staining. Position of the 
photoreceptor release sites is marked by CTBP staining. (Scale bar, 25 mm). E, Quantification 
of dendritic overextension (sprouting) of ON-RBC in α2δ4 KO comparison relative to WT. 
Densities of ON-RBC cells as well as dendritic lengths of neurons showing excessive growth 
were determined. Six to eight different fields of retina from 3 independent mice for each 
genotype were used. Error bars are SEM values, ***p<0.001, t-test. 
   

We examined rod synaptic architecture at the ultrastructural level by electron 

microscopy. In contrast to the orderly organization of the WT rod synapses with clearly 

identifiable ribbons and invaginating ON-RBC dendrites, we failed to detect any normally 

elaborated rod spherules and ribbons in α2δ4 KO (Fig. 7A). Instead, we observed thin 

projections that occasionally contained mitochondria, which appeared to be rod axons.  

However, these axonal projections did not display electron densities that resembled ribbons and 

contained no invaginating ON-RBC dendrites or horizontal cell processes. In contrast, cone 

pedicles were easily identifiable in the OPL and contained normally sized ribbons. Upon closer 

examination, cone pedicles of α2δ4 KO appeared to have less regular, somewhat shrunken 

shape relative to their WT counterparts (Fig. 7B). The reduction in cone pedicle size, with no 

changes in the cone density, was confirmed quantitatively by analyzing the morphology with 

light microscopy (Suppl. Fig. S5A,B). Despite these changes, we were able to identify ON-CBC 

processes as well as horizontal cells making contacts with the cone pedicles in α2δ4 KO retinas 

(Fig. 7B), indicating that α2δ4 elimination selectively abolished rod synaptogenesis but only 

slightly affected the morphology of cone pedicles without preventing their ability to form 

synapses.  

 



	  100 
 



	  101 

Figure 7. Inactivation of α2δ4 specifically disrupts rod synaptogenesis. A, Ultrastructural 
analysis of rod and cone terminals in the OPL of WT and α2δ4 KO retinas. Rod axons and 
terminals (R) are painted in dark green. Cone pedicles (C) are painted in light green. Gap 
junctions between rod and cone terminals are identified by asterisks. Arrow indicates ON-RBC 
dendrite invaginating into rod spherule. Scale bar, 500nm. B, Electron microscopy does not 
detect ON-BC dendrites entering rod terminals of α2δ4 KO retinas. ON-BC dendrites are found 
contacting cone pedicles in both genotypes. Photoreceptor axonal terminals are colored in 
yellow, processes of horizontal cells in blue and ON-BC dendrites in pink. Scale bar, 500nm. C, 
Complete loss of cell adhesion protein ELFN1 in rod synapses of α2δ4 KO. ELFN1 
immunostaining (green) was prominently aligned with CTBP2-positive ribbons and postsynaptic 
mGluR6 in WT retinas but completely undetectable in α2δ4 knockout synapses (scale bar, 
10µm). D, α2δ4 and ELFN1 interact upon co-expression in HEK293 cells. Cells were 
transfected with the indicated constructs and the interactions were studied by co-
immunoprecipitation assays followed by Western blotting. E, Site-directed mutagenesis to 
delineate determinants in ELFN1 responsible for binding to α2δ4. Various structural features 
present in ELFN1 (cartoon) were deleted and the truncated constructs were probed for binding 
to α2δ4 upon co-expression in HEK293 cells. F, Site-directed mutagenesis to delineate 
determinants in α2δ4 responsible for binding to ELFN1. Various structural features present in 
α2δ4 (cartoon) were deleted and the truncated constructs were probed for binding to ELFN1 
upon co-expression in HEK293 cells. G, Disrupting N-terminal region of α2δ4 does not prevent 
its interaction with CaV1.4 as evidenced by co-immunoprecipitation assay performed as in panel 
F, except that ELFN1 was substituted with CaV1.4. 
 

 

α2δ4 affects rod synaptogenesis via interaction with ELFN1 in a manner dependent on 

CaV1.4 expression 

 

Because we observed deficits in synapse formation that were selective for rods, concomitant 

with a loss in postsynaptic targeting of mGluR6 to ON-RBC dendrites, we tested the hypothesis 

that defects in synaptogenesis observed in α2δ4 knockouts may be caused by the loss of 

ELFN1. Indeed, while ELFN1 was concentrated at the ribbons of WT retinas in direct apposition 

with mGluR6, it was completely absent at the synapses of α2δ4 knockout retinas (Fig. 7C).  

This suggests that the inability to recruit ELFN1 to ribbons may underlie synapse formation 

deficits in the absence of α2δ4.  

Interestingly, we have noted that in addition to ELFN1, we detected several α2δ4 

peptides by mass-spectrometry (Cao et al., 2015) following affinity purification of mGluR6 

complexes from mouse retinas, suggesting that α2δ4 and ELFN1 are present within the same 
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macromolecular complex. In support of this model, we found that α2δ4 co-immunoprecipitates 

with ELFN1 when reconstituted in transfected HEK293 cells, suggesting their physical 

association (Fig. 7D). Using deletion mutagenesis, we mapped binding determinants of the 

ELFN1-α2δ4 interaction. First, we determined that the binding to α2δ4 is mediated by the distal 

part of the ELFN1 ectodomain, containing the leucine-rich repeats (Fig. 7E). Conversely, the 

binding to ELFN1 required the presence of the N-terminal sequence in α2δ4 (aa 26-147) that 

structurally completes several Cache domains (Wu et al., 2016). In contrast, the VWA domain 

was found to be dispensable for the interaction (Fig. 7F). Interestingly, deleting the same N-

terminal helices of α2δ4 did not prevent its association with CaV1.4 (Fig. 7G), indicating that the 

binding determinants for ELFN1 and CaV1.4 on α2δ4 are distinct. We further probed the ELFN1 

α2δ4 interaction in the pull-down assays using purified recombinant extracellular domain of 

ELFN1 and failed to observe appreciable binding (Suppl. Fig. S5C), suggesting that the 

complexes may need to be co-assembled during biosynthesis or that the interaction may require 

additional, yet to be identified cellular components.    

To probe for the role of α2δ4 association with CaV1.4 in rod synaptogenesis we 

performed rescue experiments expressing full-length α2δ4 in rod photoreceptors following in 

vivo electroporation into retinas of neonatal mice (Fig. 8). First, we delivered the α2δ4 construct 

into retinas of α2δ4 KO mice. Unlike endogenous α2δ4, ectopically expressed α2δ4 was 

distributed across the entire photoreceptor, possibly due to its overexpression when driven by a 

strong rhodopsin promoter (Suppl. Fig. S6A). Nevertheless, we were able to readily detect 

α2δ4 accumulation at the axonal terminals (Suppl. Fig. S6A). Importantly, ectopic expression of 

α2δ4 led to re-appearance of punctate of ELFN1 and mGluR6 immunoreactivity specifically at 

axonal terminals of transfected cells (Fig. 8A,C,D), indicating that re-expression of α2δ4 

rescued synaptic targeting of ELFN1 as well as synapse formation through trans-synaptic 

recruitment of mGluR6. We next performed the same ectopic expression of α2δ4 in rods of 

CaV1.4 KO mice, where again we observed its substantial accumulation at the axonal terminals 
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(Suppl. Fig. S6A). However, in contrast to experiments with the α2δ4 KO, expression of α2δ4 

in CaV1.4 KO rods did not result in any detectable restoration of ELFN1 or mGluR6 synaptic 

targeting (Fig. 8B, C, D), indicating that synaptogenic effects of α2δ4 in rods require the CaV1.4 

channel, and that both proteins are required for the synaptic accumulation of ELFN1. We also 

performed rescue experiments with an α2δ4 deletional mutant (a2d4-ΔN) that only abolished 

interaction with ELFN1 but not with CaV1.4, however this construct was undetectable when 

expressed in rods of α2δ4 KO mice, suggesting that the role of the α2δ4 N-terminus is to 

maintain α2δ4 stability in vivo (Suppl. Fig. S6A). In summary, these data indicate that selective 

effects of α2δ4 on rod synapse formation involve its coordination with both the neurotransmitter 

release machinery and synaptic molecules that establish trans-synaptic contact with ON-RBCs.  

 



	  104 

 



	  105 

Figure 8. Overexpression of α2δ4 in rods lacking CaV1.4 does not rescue synapse 
formation deficits. A, Validation of genetic rescue approach by electroporation of construct 
containing α2δ4 gene under the control of mouse rhodopsin promoter into neonatal mice. α2δ4 
construct was co-injected with mCherry containing plasmid to identify transfected rods. Areas 
within white frames, enlarged in the insert, show recovery of mGluR6 and ELFN1 punctate 
fluorescence co-localizing in the OPL, which indicates restoration of synapse formation. Scale 
bar, 10 µm. Control are from regions with no detectable mCherry signal in the same injected 
retinas. Retinas were analyzed by immunohistochemistry at 4-6 weeks of age. Scale bar, 20µm. 
B, In vivo electroporation of α2δ4 construct into CaV1.4 KO retinas. The experiment was 
performed exactly as the one in panel A, except that CaV1.4 KO were used instead of α2δ4 KO. 
No restoration of either ELFN1 or mGluR6 synaptic puncta was detected despite robust α2δ4 
expression (Supplemental Fig. S7). Scale bar, 20µm. C and D, Quantification of synaptic 
clustering of ELFN1 and mGluR6 in OPL regions in rescue experiments, respectively. Retinas 
from 3 mice of each genotype were used, mean values with SEM were plotted, ***, P<0.001, 
two-way ANOVA. E, Model for the action of α2δ4 at photoreceptor synapses. α2δ4 forms 
complexes with both CaV1.4 and ELFN1, and this property is essential for the ability of rods to 
establish trans-synaptic contacts with ON-RBC and transmit the signal via primary pathway (1). 
In the absence of α2δ4, rods transmit the signal via gap junctions to cone terminals (2) and then 
to ON-CBC via the secondary pathway (3). α2δ4 also modifies biophysical properties of CaV1.4 
affecting the efficiency of glutamate release from both rod and cone terminals in response to 
light. 
 

 

Discussion 

 

Role of α2δ4 in selective rod photoreceptor synaptogenesis: model and mechanisms 

 

The molecular mechanisms underlying the development of a presynaptic neurotransmitter 

release apparatus in coordination with functional postsynaptic contacts requires the relevant 

synaptic machinery to be in physical alignment. While the mechanistic basis for the formation of 

ionotropic synapses has been studied extensively (Sudhof, 2008; Williams et al., 2010), much 

less is known about the molecular mechanisms underlying the development of metabotropic 

synapses. Here we demonstrate that the extracellular protein α2δ4 plays an essential role in 

establishing physical contacts within the rod presynaptic terminals, which are critical for aligning 

presynaptic the glutamate release machinery with postsynaptic mGluR6 receptors.  

Our findings in rod photoreceptors reveal that α2δ4 is required for the expression and 

synaptic targeting of the critical synaptogenic molecule, ELFN1, which in turn forms trans-
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synaptic complexes with the postsynaptic glutamate receptor on ON-RBCs, mGluR6. We further 

find that ELFN1, by a virtue of its leucine-rich repeat domain, forms physical complexes with 

α2δ4, via the N-terminal region of α2δ4. Since the trans-synaptic ELFN1-mGluR6 interaction is 

essential for the formation of rod synapses (Cao et al., 2015), these observations indicate a 

model where α2δ4 enables rod photoreceptor synaptogenesis by recruiting ELFN1 to CaV1.4-

containing synaptic ribbons. ELFN1 can then engage directly with the postsynaptic 

neurotransmitter receptor, mGluR6 (Fig. 8E), which is responsible for clustering a majority of 

the postsynaptic elements. Thus, we propose that α2δ4 plays a central role in the proper 

alignment of the presynaptic release with postsynaptic metabotropic receptors. These 

observations may suggest a general mechanism by which α2δ proteins exert synaptogenenic 

effects. For instance, loss of α2δ3 function has been shown to result in the deficits in synapse 

formation and a decrease of synaptic transmission (Hoppa et al., 2012; Pirone et al., 2014) 

whereas overexpression of α2δ1 was reported to increase assembly of functional synapses 

working in concert with extracellular matrix protein thrombospondin 1 (Eroglu et al., 2009), and 

α2δ3 in hair cells was shown to control AMPA receptor recruitment, trans-synaptically (Fell et 

al., 2016). Despite these advances, the molecular mechanisms that mediate the effects of α2δ 

proteins on synapse formation were not elucidated.  

In contrast to previously reported effects, that are largely qualitative in nature, the 

phenotype that we observed with α2δ4 KO in photoreceptors was strikingly dramatic – i.e. a 

complete ablation of synapse formation and synaptic transmission. The severity of the effect 

facilitated a dissection of the molecular mechanisms of α2δ4 function in synapses and 

determining that it involves association with the key synaptogenic molecule in rods, ELFN1. It is 

tempting to speculate that this mechanism could be extended to explain the action of other α2δ 

proteins through the interaction with the ELFN1-like family of leucine-rich repeat containing 

proteins (de Wit et al., 2011). Such interactions may be key for integrating a presynaptic release 

apparatus with relevant postsynaptic receptors in a cell-type selective manner. Our rescue 
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experiments also argue that the synaptogenic role of α2δ4 in forming metabotropic synapsea in 

photoreceptors require the CaV1.4 complex, in contrast to the CaV-independent effects 

described for ionotropic synapses in central nervous system (Eroglu et al., 2009; Kurshan et al., 

2009). Thus it appears that α2δ4 at photoreceptor synapses is integrated into a larger 

macromolecular complex where multiple components contribute to establishing the appropriate 

wiring. The possibility of additional factors required for the formation of these synapses seems 

likely based on: (i) the requirement for ELFN1 and α2δ4 to be co-expressed to be assembled 

into the complex and (ii) the observation that blocking neurotransmitter release differentially 

affects synaptic targeting of CaV1.4 (none), α2δ4 (partial) and ELFN1 (complete). These 

observations suggest that such additional synaptogenic factors should be integrated with both 

the glutamate release machinery and the ELFN1-α2δ4 complex; their identification will be an 

intriguing goal for future studies. 

Although α2δ4 is expressed by both rod and cone photoreceptors and found associated 

with the synaptic ribbons in both cell types, it appears to have little effect on synapse formation 

at the cone pedicle. Cone pedicles maintain a relatively normal physical structure and are 

capable of synaptic transmission to ON-CBCs, albeit with substantially reduced efficiency due to 

dysregulation of the CaV1.4 channel (see below). It is possible that the function of α2δ4 in cones 

is redundant with another, cone-specific α2δ member, which compensates partially for its loss. 

Indeed, the presence of other α2δ isoforms in the photoreceptor synaptic layer has been 

documented (Farrell, Sargoy, Brecha, & Barnes, 2014; Perez de Sevilla Muller et al., 2015). 

Alternatively, cones may use different molecular mechanisms for synaptogenesis. Although their 

wiring with ON-CBCs is also dependent on the presence of mGluR6, cones do not express 

ELFN1 (Cao et al., 2015). Furthermore, cones can establish synaptic contacts with OFF-bipolar 

cells, which do not normally contact rods, suggesting that the molecular mechanisms underlying 

synaptogenesis in cones may deviate substantially from those in rods. Identification of the cone 
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specific synaptogenic molecules, which mediate cones wiring into the circuit remains an 

important future direction. 

 

Critical role of α2δ4 in modulating Ca2+ channel trafficking, their biophysical properties 

and active zone organization in vivo 

 

In photoreceptors, α2δ4 is targeted to the macromolecular complex containing the glutamate 

release apparatus at the synaptic ribbons located in the axonal terminals (Lee et al., 2015). One 

of the critical components of the synaptic ribbons is CaV1.4 calcium channel, which triggers 

vesicular fusion and plays a central role in organizing synaptic ribbons (Mercer & Thoreson, 

2011). We show that CaV1.4 sets the abundance of α2δ4 at the terminals. Conversely, we found 

α2δ4 to be essential for increasing the number of functional CaV1.4 channels at ribbons. The 

role of α2δ4 in setting the functional CaV1.4 density in rod presynaptic active zones is consistent 

with described role of α2δ1-3 in trafficking other members of CaV family in neurons (Cassidy et 

al., 2014; D'Arco et al., 2015; Fell et al., 2016; Hoppa et al., 2012), and their reported 

chaperone-like function in promoting surface localization of CaV channels in reconstituted 

systems (Dolphin, 2013).   

Strikingly, our studies also reveal that α2δ4 also appears to tune the voltage sensitivity 

of the CaV1.4 Ca2+ current. Prior studies using reconstituted systems have reported 

controversial effects of α2δ subunits on CaV channel properties (Bangalore et al., 1996; Felix et 

al., 1997; Singer et al., 1991), yet no significant effects have been observed in vivo (Pirone et 

al., 2014). In the physiological range of the rod’s membrane potential, shifts in the voltage 

sensitivity of Ca2+ channels induced by α2δ4 are likely to play crucial role in setting the dark 

release rate of glutamate in the physiological range. For instance the observed shift in the 

voltage sensitivity of the Ca2+ channel is similar to that observed in the Ca2+ Binding Protein 4 

(CABP4) knockout mouse (Haeseleer et al., 2004), suggesting that multiple protein interactions, 
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both intracellular and extracellular, are required to fine tune this relationship. The glutamate 

release under normal conditions is sufficient to saturate the mGluR6 cascade (Sampath & 

Rieke, 2004), a prerequisite for the robust separation of the rod’s single-photon response from 

the continuous noise (Field & Rieke, 2002). Thus, the shift of the voltage sensitivity in α2δ4 KO 

rods indicates that setting the dark glutamate release rate is also controlled by the interactions 

of the CaV1.4 channel with the extracellular synaptic proteins. 

The role of α2δ4 in organizing ribbon-type active zones may be also related to regulation 

of CaV1.4 abundance, because elimination of CaV1.4 or α2δ4 results in nearly identical effects 

on the organization of rod synaptic ribbons (Bayley & Morgans, 2007; Liu et al., 2013; Mansergh 

et al., 2005; Specht et al., 2009). However, the morphogenic role of α2δ4 in the elaboration of 

synaptic terminals of photoreceptors may be distinct from its effects on the CaV1.4, at least in 

cones, as the shrinkage of cone pedicles we observe in α2δ4 KO occurs with no significant 

effects on the ribbon architecture in these cells. These results are consistent with the described 

morphogenic effects of α2δ3 on the formation of synaptic boutons in the fly neuromuscular 

junction (Kurshan et al., 2009), and axonal terminals of ANF neurons in the auditory circuitry 

(Pirone et al., 2014), both of which also appear to be independent of the CaV channels.  

 

Implications for understanding functional retina wiring and retinal dystrophy 

mechanisms 

 

Mutations in α2δ4 were established as a cause of night blindness and generalized cone 

dysfunction in humans (Ba-Abbad et al., 2016; Wycisk, Zeitz, et al., 2006). Subsequently, a 

spontaneous mutation (c.C2451insC) was identified in mice that gave rise to a frameshift that 

diminishes α2δ4 mRNA levels by half and potentially disrupts the distal part of the α2δ4 protein 

(Caputo et al., 2015; Wycisk, Budde, et al., 2006). When analyzed by ERG, this mouse model 

exhibited deficits reminiscent of observations in patients with mutations in α2δ4. At a 
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morphological level, unspecified synaptic deficits in the organization of OPL were noted. 

However, the progress in understanding α2δ4 function in photoreceptors has been limited by an 

unknown effect of mutations on its expression/function, and a general lack of mechanistic 

insight regarding their function. The complete deletion of α2δ4 in our murine model, as well as 

the cell and synaptic level of dissection presented in this work, offers insights into the role of 

α2δ4 into the organization of the retinal circuitry revealing how its disruption leads to disease. 

One of the key observations of this study is that while α2δ4 is not necessary for the 

synaptic wiring of the cone pedicle, it plays important role in controlling synaptic transmission to 

both ON-CBCs and OFF-CBCs through the effects on setting abundance and function of CaV1.4 

channels. Thus our mouse model provides evidence toward the origin of the cone deficits 

observed in patients with mutations in α2δ4. Interestingly, despite a substantial reduction in the 

CaV1.4 function in cones, these neurons are capable of propagating signals to the downstream 

postsynaptic partners. Since rods couple to cones by electrical synapses (Deans, Volgyi, 

Goodenough, Bloomfield, & Paul, 2002), the rod signals in α2δ4 KO retina are also not lost, but 

are rather transmitted to cones and then to ON-CBCs and OFF-CBCs via the less sensitive rod 

secondary pathway. These rod contributions in turn are somewhat diminished given smaller 

response of CBCs. Thus, α2δ4 plays an essential role in circuit organization, directing the 

propagation of light-evoked signals through the retina (Fig. 8E). This circuit-level deficiency may 

be the underlying mechanism behind visual deficits in patients with mutations in the gene 

encoding the α2δ4 protein.  

 

Experimental Procedures 

 

All experiments involving mice were approved by the IACUC committees at the Scripps 

Research Institute and University of California, Los Angeles. Experiments were conducted in 

accordance with the ARVO statement for the use of animals in vision research and guidelines 
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set forth by NIH. Detailed protocols for the procedures are provided in Extended Experimental 

Procedures. Immunohistochemistry, cell culture, transfection, immunoprecipitaiton, electron 

microscopy, electroretinography, single cell electrophysiology, and animal behavior, were 

performed using conventional, previously described methods.  
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Supplemental Materials 

 

Supplemental Figures 

 

 

Supplemental Figure S1. Effect of ablating neurotransmitter release in photoreceptors on 
CaV1.4  and α2δ4 at the ribbons. A, Immunohistochemical staining for indicated proteins was 
performed on retinal cross-sections from mice expressing TeNT toxin in photoreceptors by 
crossing conditional R26-Floxstop mice with the Pchd21-Cre driver line (TeNT-Cre). Littermate 
mice lacking the TeNT allele but expressing Cre were used as the control. Scale bar, 10 µm. B, 
Scheme illustrating the relationship between the components studied and the effect of TeNT 
expression on blocking glutamate release from ribbons. Quantification of the observed effects 
on ribbon morphology (CTBP2) and accumulation of indicated proteins. Two different fields from 
each retina and two retinas for each genotype were used. ***, p<0.001, t-test for α2δ4 puncta 
density analysis and two-way ANOVA for fluorescence intensity analysis.  
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Supplemental Figure S2. Normal rod and cone phototransduction in α2δ4 knockout 
retinas. A, Representative ERG a-waves in wild-type (black), α2δ4 (red) and TRPM1 (blue) 
knockout mice. Flash of 100 cd*s/m2 was delivered to eyes of dark-adapted mice. B, Flash 
families of currents recorded from rods in wild-type (black) and α2δ4 knockout (red) retinas. 
Flash strengths in both families ranged from 2.4 to 300 photons µm2. The maximum rod 
photocurrents did not differ between wild-type and α2δ4 knockouts (16±6.6 pA, n=4 for wild-
type; 20±7.1 pA, n=15 for α2δ4; mean±SD, paired t-test p=0.28) C, Flash families and response 
sensitivities of currents recorded from cones in wild-type (black) and α2δ4 knockout (red) 
retinas. Flash strengths in both families ranged from 600 to 55,000 photons µm2.  The maximum 
amplitude of cone photocurrents also did not differ between wild-type and α2δ4 knockouts 
(18±7.9 pA, n=4 for wild-type; 14±4.3 pA, n=6 for α2δ4; mean±SD, paired t-test p=0.67).  α2δ4 
cones also displayed comparable sensitivity to wild-type cones as shown in the response-
intensity relationship (right). 
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Supplemental Figure S3. Changes in ribbon synapses associated with α2δ4 loss. A, 
Immunohistochemical detection of key ribbon components CaV1.4 and CtBP2 in wild-type (WT) 
and α2δ4 knockout (α2δ4 KO) retinas. B, Quantification of ribbon morphological features. 
Images from 3 retinas from 3 individual mice for each genotype were analyzed by NIH ImageJ 
software and the mean values and SEM were potted. ***p<0.01, t-test. Circularity is defined as 
4π × [Area]/[Perimeter]2 with value of 1 indicating perfect circle. As value approaches to 0, it 
means an increasing elongating shape. C, Analysis of CaV1.4 content in cone pedicles. D, 
Quantification of CaV1.4 fluorescence intensity in cone pedicles. Images from 3 retinas from 3 
individual mice for each genotype were analyzed by Nikon A1 Image analysis software and the 
mean values and SEM were potted. ***p<0.01, t-test. E, Representative CaV1.4 mediated 
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currents measured from individual cones in retinal slices. Ca2+ currents were measured under 
voltage-clamp while ramping Vm from -80 to +40 mV (see Majumder et al., 2013).  
 

 

 

 

Supplemental Figure S4. Quantification of the OPL thickness changes in α2δ4 KO 
retinas. Retinas were stained with DAPI and the OPL was defined as nuclei free zone (no DAPI 
staining between the outer and inner nuclear layers. Its width was determined in 3 mice of each 
genotype, mean value and SEM are shown. ***, P<0.001, t-test.  
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Supplemental Figure S5. Cellular effects of α2δ4 and its interaction with ELFN1. A, 
Immunohistochemical detection of cones by cone-arrestin staining in wild-type (WT) and α2δ4 
knockout (α2δ4 KO) retinas. B, Quantification of cone numbers (upper) and changes in pedicle 
size (lower). Images from 4 retinas from 3 individual mice for each genotype were analyzed by 
NIH ImageJ software and the mean values were potted. ***p<0.01, t-test. C, Assaying α2δ4 
interaction with ELFN1 in reconstituted systems. When purified separately as an Fc-tagged 
recombinant protein, the ectodomain of ELFN1 fails to pull-down α2δ4 as expressed in HEK293 
cells (left). However, when two proteins are co-expressed, they readily form a complex, which 
was detected by the pull-down strategy (right). 
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Supplemental Figure S6. Expression of α2δ4 in rod photoreceptors by in vivo 
electroporation. A, Immunohistochemical detection of α2δ4 constructs expressed in 
transfected cells of α2δ4 and CaV1.4 knockout retinas identified by mCherry co-expression. 
Scale bar: 20 µm. Insert shows α2δ4 content at synaptic terminals. Scale bar: 10 µm. B, 
Expression of the α2δ4 mutant with disrupted N-terminal helices did not rescue the trans-
synaptic ELFN1-mGluR6 complex. Scale bar: 20 µm. 
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Supplemental Experimental Procedures 

 

Antibodies, DNA constructs and mouse strains 

 

Generation of sheep anti-RGS11, rabbit anti-RGS11, sheep anti-TRPM1, and sheep anti-

mGluR6 antibodies was described previously (Cao et al., 2009; Cao, Posokhova, & 

Martemyanov, 2011). Rabbit anti-ELFN1 (NTR) and rabbit anti-ELFN1 (CTR) antibodies were 

generated against synthetic peptides of mouse ELFN1 (aa 305-320 and aa 530-547, 

respectively).  Rat anti-α2δ4 antibody (Lee et al., 2015) was generous gift from Dr. Francoise 

Haeseleer (University of Washington, WA). Rabbit anti-Cav1.4 (Liu et al., 2013) was generous 

gift from Dr. Amy Lee (University of Iowa, IA). Sheep anti-RGS9-2 antibodies were used to 

detect GPR179 in the retinas as described (Orlandi, Cao, & Martemyanov, 2013) Commercial 

antibodies were: mouse anti-GAPDH (AB2302, Millipore), rabbit anti-c-myc (A00172, 

Genscript), mouse anti-CtBP2 (612044, BD Biosciences), mouse anti-PKCα (ab11723; Abcam), 

mouse anti-GPR179 (Primm Biotech; Ab887), rabbit anti-Gαo (K-20, Santa Cruz), goat anti-

Arrestin-C (I-17, Santa Cruz), rabbit anti-cone arrestin (AB15282, Millipore), rabbit anti-Gat1 (K-

20, Santa Cruz), Peanut Agglutinin (PNA) Alexa Fluor 647 conjugate (Life Technologies), rabbit 

anti-PSD95 (D27E11, Cat# 3450S, Cell Signaling Technology), chicken anti-RFP (Rockland).  

The C-terminal c-myc tagged mouse full length ELFN1, NT-ELFN1 (aa 1-418), TM/CT-

ELFN1 (aa 419-828) were generated as previously described (Cao et al., 2015). mCherry 

construct under the control of 4.2 kb mouse opsin promoter was a gift from Dr. Vadim 

Arshavsky (Pearring, Lieu, Winter, Baker, & Arshavsky, 2014).   To create the c-myc tagged 

∆LRR-ELFN1, LRR domain (aa 28-242) was deleted by PCR using forward primer (5’-

GGGCTGGCCCAAGGTATCCTTAGCAAGCTTCAGTC-3’) and reverse primer (5’-

ACCTTGGGCCAGCCCACCCG-3’) followed by homologous recombination using In-Fusion® 

HD Cloning kit. To create the HA-tagged α2δ4 construct, the full length human α2δ4 was 
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amplified from human α2δ4 cDNA clone (Clone ID: 100067179, Open Biosystems) with HA 

sequence added to the C-terminus at the same time using forward primer (5’-ATG GTC TGT 

GGC TGC TCT GC-3’) and reverse primer (5’-TCA AGC GTA GTC TGG GAC GTC GTA TGG 

GTA CCG CAG GAG TTG GGG CAG TA-3’) followed by subcloning the PCR product into 

pcDNA3.1 using TA Cloning® kits (ThermoFisher Scientific). The α2δ4 mutant lacking the N-

terminal helices (AA26-147, α2δ4 ∆N) was amplified from the WT α2δ4 construct using forward 

primer (5’-ACT CCC AAC TTC CTC GCC GAG GAG GCC GAC-3’) and reverse primer (5’-GAG 

GAA GTT GGG AGT TGC AG-3’). The α2δ4 mutant lacking the Cache1 domain (AA148-264, 

α2δ4 ∆1) was amplified from the WT α2δ4 construct using forward primer (5’-AAT CTG GTG 

GAA GCT ACA CCT GAT GAG AAT GGA GT-3’) and reverse primer (5’-AGC TTC CAC CAG 

ATT CTG GA-3’). The α2δ4 mutant lacking the VWA domain (AA277-280, α2δ4 ∆VWA) was 

amplified from the WT α2δ4 construct using forward primer (5’-ATT ACT TTT GAC TGC CAC 

GAC CAC GAC ATC ATC TG-3’) and reverse primer (5’-GCA GTC AAA AGT AAT GAC TCC 

ATT C-3’). The amplified PCR products were then used for homologous recombination using In-

Fusion® HD Cloning kit to generate the final α2δ4 mutant constructs. For constructs with 

rhodopsin promoter, WT α2δ4 and α2δ4 ∆N were first amplified from the corresponding 

pcDNA3.1 constructs using forward primers (5’-CCC CTC GAG GTC GAC ATG CCC AGG AGT 

TCC TGT GGC-3’) for WT and (5’-CCC CTC GAG GTC GAC ACA CCT GAT GAG AAT GGA 

GT-3’) for ∆N; and reverse primers (5’- TAG AAC TAG TGG ATC CTC ACC ACA GAA GCT 

GGG GTG GA-3’) for WT and (5’-TAG AAC TAG TGG ATC CAG CTT CCA CCA GAT TCT 

GGA-3’) for ∆N. The amplified PCR products were then used for homologous recombination 

using In-Fusion® HD Cloning kit to generate the final rhodopsin promoter α2δ4 constructs (Rho-

α2δ4 and Rho-∆N α2δ4). 

 α2δ4 knockout mice (obtained from Deltagen, Inc) were generated by homologous 

recombination replacing the entire exon 8 of Cacna2d4 gene with LacZ/Neo cassette disrupting 

exon splicing site and introducing early stop codon. Mice were bred as heterozygous pairs to 
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obtain -/- knockout mice and their +/+ wild-type littermates. The generation of mGluR6nob3 

(Maddox et al., 2008), RGS7/11 double KO (Cao et al., 2012), GPR179nob5 (Peachey et al., 

2012), CAST KO (tom Dieck et al., 2012), ELFN1 KO (Cao et al., 2015), TRPM1 (Trpm1tm1Lex; 

(Shen et al., 2009), Cav1.4 KO (Specht et al., 2009) and TeNT mice (Cao et al., 2015) were 

described previously.  

Mice used in the study were 1–3 months old, and were maintained on a diurnal 12 h 

light/dark cycle. Procedures involving mice strictly followed NIH guidelines and were approved 

by the Institutional Animal Care and Use Committees at Scripps Florida and the University of 

California, Los Angeles. 

 

Cell culture, transfection, Immunoprecipitation and Western blotting 

 

HEK293T cells were obtained from Clontech and cultured at 37°C and 5% CO2 in DMEM 

supplemented with antibiotics, 10% FBS. HEK293T cells were transfected at ∼70% confluency 

using Lipofectamine LTX (Invitrogen) according to the protocol of the manufacturer. To test 

whether ELFN1 can interact with α2δ4, HEK293T cells were co-transfected with HA-tagged 

α2δ4 plus either control empty pcDNA3.1 plasmid or different cmyc-tagged ELFN1 constructs. 

To map the α2δ4-ELFN1 interaction binding site within α2δ4, HEK293T cells were co-

transfected with cmyc-tagged ecto domain of ELFN1 plasmid plus either control empty 

pcDNA3.1 or different HA-tagged α2δ4 constructs. The cells were harvested and preceded to 

co-immunoprecipitation 24-48 hr post transfection.   

Cellular lysates were prepared in ice-cold PBS IP buffer by sonication. After 30-minute 

incubation at 4 °C, lysates were cleared by centrifugation at 14,000 x g for 15 minutes. The 

supernatant was incubated with 20 µl of 50% protein G slurry (GE Healthcare) and 1.5 µg 

antibodies on a rocker at 4 °C for 1 hour. After four washes with IP buffer, proteins were eluted 
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from beads with 50 µl of SDS sample buffer. Proteins retained by the beads were analyzed with 

SDS-PAGE, followed by Western blotting using HRP conjugated secondary antibodies and an 

ECL West Pico or ECL West Femto (Thermo Scientific) detection system. Signals were 

captured on film and scanned by densitometer. For quantification, band intensities were 

determined by using NIH ImageJ software. Integrated intensity of GAPDH was used for data 

normalization. 

 

Fc pull down assay 

 

Fc tagged recombinant ectodomain of ELFN1 was produced in HEK293F cells and affinity 

purified by protein A column as described (Cao et al., 2015). Transfected cells were lysed in ice-

cold PBS IP buffer containing 1% Triton X and 150mM NaCl by sonication. Lysates were 

cleared by centrifugation at 20,800 g for 15 minutes, then incubated with 1.5 µg purified 

recombinant protein (or cell lysate containing Fc tagged proteins) and rotated end-over-end for 

1 hour at 4 °C. Protein G beads (20 ml 50% Slurry) then were added and incubated for 30 

minutes at 4 °C. After four washes with IP buffer, proteins were eluted from beads with 50 µl of 

2X SDS sample buffer. 

 

In vivo electroporation  

 

In vivo electroporation was done based on the protocol described previously (Matsuda & Cepko, 

2004). Briefly, newborn mouse pups of different genotypes were first anesthetized by chilling on 

ice. A small incision was made in the eyelid and sclera near the lens with a 30-gauge needle. 

~0.5µl of DNA solutions (Rho-α2δ4 and Rho-∆N α2δ4, ~5µg/µl) containing 0.1% fast green 

were injected subrentinally using a Hamilton syringe with 32 gauge blunt-ended needle. After 

injection, tweezer-style electrodes (7mm Platinum Tweezertrodes, BTX/Harvard Apparatus) 



	  130 

applied with electrode gel (Spectra 360, Parker Laboratories, INC.) were placed to softly clamp 

the heads of the pups and five square pulses (50 ms duration, 85 V, 950 ms intervals) were 

applied by using a pulse generator (Electro Square Porator, ECM 830, BTX/Harvard 

Apparatus). Following in vivo electroporation, retinas were harvested 4-5 weeks after 

electroporation, dissected and checked for mCherry positive retinas under fluorescent 

microscope (Leica DMI 6000B). 

 

Immunohistochemistry and light microscopy 

 

Eyecups were dissected and fixed for 15 minutes with 4% paraformaldehyde followed by 

cryoprotection with 30% sucrose in PBS at 4 °C overnight. Eye cups were transferred to 50% 

O.C.T (Tissue TeK) in 30% sucrose and equilibrated at room temperature for 30 minutes before 

they were embedded in 100% O.C.T. Twelve to fourteen-micrometer frozen sections were 

obtained and blocked in PT1 (PBS with 0.1% Triton X-100 and 10% donkey serum) for 1 hour, 

then incubated with primary antibody in PT2 (PBS with 0.1% Triton X-100 and 2% donkey 

serum) for 1 hour. After four-washes with PBS with 0.1% Triton, sections were incubated with 

fluorophore-conjugated secondary antibodies in PT2 for 1 hour. After four washes, sections 

were mounted in Fluromount (Sigma). For ELFN1 and α2δ4 staining, the slices were pretreated 

with Basic (pH=10.0) Antigen Retrieval Reagents (CTS016, R&D Systems) at 80 °C for 5 

minutes before the blocking step. The following dilutions of the antibodies were used: rat anti-

α2δ4, 1:25; goat anti-Arrestin-C, 1:200; sheep anti-TRPM1, 1:100; sheep anti-mGluR6, 1:200; 

rabbit anti-ELFN1 (NTR), 1:200; rabbit anti-CaV1.4, 1:1K; rabbit anti-cone arrestin, 1:400; 

mouse anti-CtBP2, 1:1000; mouse anti-PKCα, 1:100, PNA conjugate, 1:100, rabbit anti-RGS7, 

1:100; rabbit anti-RGS11, 1:100; rabbit anti-GPR197, 1:100; chicken anti-RFP 1:200. Images 

were taken with a Zeiss LSM 780 confocal microscope. For double and triple staining, primary 

antibodies raised in the different species were used. 
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Quantitative analysis was performed in two or three sections from 2-3 mice for each 

genotype selecting objects with different eccentricities. Imaging parameters were the same for 

all sections within and across retinas. For the analysis of α2δ4 puncta morphology and density, 

all α2δ4 positive puncta within a constant field of 250 µm2 were manually outlined and their size 

and number were calculated by NIH ImageJ software. For ribbon density analysis, the 

distinction between rods and cones was kept by identifying cone terminals by cone-arrestin 

staining. Ribbons were manually selected either within the cone terminal mask (cone) or within 

a comparable area outside of the cone terminal (rod) using NIS Element analysis software. To 

obtain ribbon density values, the number of elements was expressed as a fraction of the area 

within which they were counted. For CaV1.4 quantification in cones, ROIs were first generated 

by outlining cone terminals indicated by cone-arrestin staining, CaV1.4 fluorescence intensity 

within each ROI was integrated and then normalized to the area of that ROI. The OPL width 

was measured by drawing a straight line vertical to ONL and INL layer which starts from the 

bottom of the nuclei in ONL and ends at the top of the nuclei in INL using Zen2.1 software. For 

quantification of ELFN1 and mGluR6 puncta, images of three different fields from both 

transfected (RFP positive) and non-transfected (RFP negative) regions within the same retina 

were first processed with background subtraction so that fluorescent intensity from non-specific 

staining (e.g fluorescence in INL and ONL) in each image is near 0. For each image, five 30×30 

pixel squares placed in the OPL were set as regions of interest (ROIs) and fluorescence 

intensity in each ROI was quantified by Image J software. Fluorescence intensities of all ROIs (5 

ROIs for each image, 3 images for each retina, 3 retina for each genotype) from transfected and 

non-transfected retina were averaged and compared. Analysis of dendritic sprouting was done 

using Zen2.1 microscope analysis software. The dendrites were traced determining their length 

and position. Sprouting was defined by dendritic tips reaching past at least one nucleus in the 

ONL region. Cone density and terminal sizes were determined using NIH ImageJ similarly as 

described for the morphometric analysis of synaptic puncta.  
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Electron microscopy 

 

Eyes were enucleated, cleaned of extra-ocular tissue, and pre-fixed for 15 min in cacodylate-

buffered half-Karnovsky's fixative containing 2mM calcium chloride. Then the eyecups were 

hemisected along the vertical meridian and fixed overnight in the same fixative. The specimens 

were rinsed with cacodylate buffer and postfixed in 2% osmium tetroxide in water for 1 hour, en-

block stained with 1% uranyl acetate for 25 minutes, then gradually dehydrated in an increasing 

ethanol and acetone series (30–100%), and embedded in Durcupan ACM resin (Electron 

Microscopy Sciences, PA). Blocks were cut with 60-nm-thickness, and were stained with 3% 

uranyl acetate and 0.5% 3% lead citrate. Sections were examined in a Tecnai G2 spirit BioTwin 

(FEI) transmission electron microscope at 80 or 100 kV accelerating voltage. Images were 

captured with a Veleta CCD camera (Olympus) operated by TIA software (FEI).   

 

Electroretinography (ERG) 

 

Electroretinograms were recorded by using the UTA system and a Big-Shot Ganzfeld (LKC 

Technologies). Mice (~5 weeks old) were dark-adapted (≥6 h) and prepared for recordings using 

a red dim light. Mice were anesthetized with an i.p. injection of ketamine and xylazine mixture 

containing 100 and 10 mg/kg, respectively. All procedures were approved by the Institutional 

Animal Care and Use committee at the Scripps Florida Research Institute. Recordings were 

obtained from the right eye only, and the pupil was dilated with 2.5% phenylephrine 

hydrochloride (Bausch & Lomb), followed by the application of 0.5% methylcellulose. 

Recordings were performed with a gold loop electrode supplemented with contact lenses to 

keep the eyes immersed in solution. The reference electrode was a stainless steel needle 

electrode placed subcutaneously in the neck area. The mouse body temperature was 

maintained at 37 °C by using a heating pad controlled by ATC 1000 temperature controller 
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(World Precision Instruments). ERG signals were sampled at 1 kHz and recorded with 0.3-Hz 

low-frequency and 300-Hz high-frequency cut-offs. 

Full field white flashes were produced by a set of LEDs (duration < 5 ms) for flash 

strengths ≤ 2.5 cd‧s/m2 or by a Xenon light source for flashes > 2.5 cd‧s/m2 (flash duration < 5 

ms). ERG responses were elicited by a series of flashes ranging from 1× 10-5to 800 cd*s/m2 in 

10-fold increments. Ten trials were averaged for responses evoked by flashes up to 0.1 cd*s/m2, 

and three trials were averaged for responses evoked by 0.5 and 1 cd*s/m2 flashes. Single flash 

responses were recorded for brighter stimuli. To allow for recovery, interval times between 

single flashes were as follows: 5 s for 1× 10-5  to 0.1 cd*s/m2, 30 s for 0.5 and 1 cd*s/m2, 60 s for 

5 and 10 cd*s/m2, and 180 s for 100 and 800 cd*s/m2 flashes. Rod-saturating light background 

of 50 cd/m2 was administered for 5 minutes for recording cone-only ERGs. Ten trials elicited 

from 100 cd*s/m2 flashes were averaged at an interval recovery time of 1 second between 

flashes.    

ERG traces were analyzed using the EM LKC Technologies software and Microsoft 

Excel. The b-wave amplitude was calculated from the bottom of the a-wave response to the 

peak of the b-wave. The data points from the b-wave stimulus–response curves were fitted by 

Equation 1 using the least-square fitting method in GraphPad Prism6. 

(1)   R=Rmax,r*I/(I + I0.5, r) + Rmax,c*I/(I + I0.5,c)     

The first term of this equation describes rod-mediated responses (r), and the second 

term accounts primarily for responses that were cone mediated (usually at flash intensities ≥1 

cd*s/m2 for dark-adapted mice; index c). Rmax,r and Rmax,c are maximal response amplitudes, and 

I0.5,r and I0.5,c  are the half-maximal flash intensities. Stimulus responses of retina cells increase in 

proportion to stimulus strength and then saturate, this is appropriately described by the 

hyperbolic curves of this function. 
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Evaluation of vision by behavioral water maze task 

 

Mouse visual behavior was assessed using a water maze task with a visible escape 

platform. The method for assessing visual function in this experiment is principled on a Morris 

water maze (Morris, 1984), and previous reports describing evaluation of mouse vision by a 

swimming-based task (Prusky et al., 2000). Mice are natural swimmers, and this task exploits 

their innate inclination to escape from water to a solid substrate. This task uses an ability of a 

mouse to see a visible platform with a timed escape from water, as an index of its visual ability. 

Before testing, mice (~5 weeks old) readily learned to swim to the visible escape-platform and 

performance usually plateaued at around 10 seconds within 15 trials for all treated groups. Mice 

that did not learn the task, e.g. performance did not improve or plateau for at least the last 3 or 

more consecutive trials or had any visible motor deficits were discarded from the experiment. 

Visually-guided behavior was tested at 100, 0.01, and 0.001 cd/m2 and timed-performances 

from 20 trials (4 sessions of 5 trials each) for each mouse at each light-intensity were averaged. 

Uniform room luminance settings were stably achieved by an engineered adjustable light-source 

and constantly monitored with a luminance meter LS-100 (Konica Minolta). To be certain that 

we were measuring the mice’s visual ability only and not memory, the platform was placed 

pseudo-randomly in the water tank and all external visual cues were eliminated 

 

Single cell recordings 

 

Light-evoked responses of photoreceptors and bipolar cells were made from dark-adapted 

retinal slices using methods described previously (Arman & Sampath, 2012; Okawa, Sampath, 

Laughlin, & Fain, 2008). Briefly, mice were dark-adapted overnight and euthanized according to 

protocols approved by the University of California, Los Angeles Animal Research Committee 

(Protocol 14-005). Eyes were enucleated under infrared light, retinas were isolated, and 200-
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mm thick slices were cut with a vibrating microtome. Slices were superfused with bicarbonate-

buffered Ames’ media (equilibrated with 5% CO2/95% O2) heated to 35-37 °C, were visualized 

in the infrared, and were stimulated with a blue light-emitting diode (lmax ~ 470 nm for rod and 

lmax ~ 405 for cone stimulation). Light-evoked responses were measured using patch electrodes 

in voltage clamp mode (Vm = -40 mV for photoreceptor cells and Vm = -60 mV for bipolar cells), 

using an electrode internal solution consisting of (in mM): 125 K-aspartate, 10 KCl, 10 HEPES, 

5 N-methyl-glucamine/HEDTA, 0.5 CaCl2, 1 ATP-Mg, and 0.2 GTP-Mg; pH was adjusted to ~7.3 

with N-methyl-glucamine hydroxide, and osmolarity was adjusted to ~280 mOsm.  Patch 

recordings from cones additionally included 1 mM NADPH in the internal solution. The electrode 

internal solution for measurements of the synaptic Ca2+ current from photoreceptors consisted 

of (in mM): 12 Tetramethylammonium-Cl, 10 HEPES, 10 EGTA, 2 QX-314, 11 ATP-Mg, 0.5 

GTP·Tris, and 0.5 MgCl2; pH was adjusted to ~7.3 with N-methyl-glucamine hydroxide, and 

osmolarity was adjusted to ~280 mOsm.    

Light stimulation consisted of 10ms flashes of light that varied in strength from those 

yielding a just discernable response to those that generate a maximal response. Light-evoked 

responses were sampled at 1 or 10 kHz and filtered at 300 Hz. Flash strengths are reported as 

a photon flux at the respective wavelengths for rod or cone photoreceptor stimulation. To 

distinguish between ON-RBCs, ON-CBCs, and OFF-CBCs the polarity and time course of the 

response were considered, along with the cell’s morphology. Cell visualization was 

accomplished by adding a fluorophore to the electrode internal solution. This fluorophore was 

either Lucifer Yellow or Alexa-750, when visualization in the far red without significant visual 

pigment bleaching was required.  
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Statistical methods 

 

Student’s t-test was used for performing all pairwise comparisons. A minimum of 2 biological 

replicates was used for each statistical analysis. SEM values are provided for each of the 

plotted mean. 
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Abstract 

 

In order for the visual system to encode information over a wide range of light intensities, gain 

control mechanisms in retinal neurons are essential to maximize the sensitivity of synaptic 

transmission. In rod photoreceptors, light-induced transducin translocation ensures proper 

signal transfer to rod bipolar cells. UNC119 is a cargo protein that is important for G-protein α 

subunit trafficking. In rod photoreceptors, UNC119 is essential for the translocation of the light-

adapted transducin-α subunit back to the rod outer segment during dark adaptation. UNC119 is 

highly expressed in rod inner segments and synaptic terminals, but its role in signal 

transmission to bipolar cells remains unclear. A putative synaptic function is suggested based 

on the known interactions of UNC119a with CaBP4, a Ca2+-dependent modulator of the voltage-

gated calcium channel CaV1.4, and RIBEYE, a major component of synaptic ribbons. Our 
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results suggest that UNC119a plays a crucial role in synaptic transmission between rods and 

rod bipolar cells. In both dark-adapted and light-adapted retinas, UNC119a expression in rods is 

required to maximize the sensitivity of rod bipolar cells. The mechanism of its effects on rod 

glutamate release is not due to alterations of CaV1.4 channels; our results suggests that 

UNC119a’s interaction with RIBEYE is critical to facilitate synaptic release. The results of this 

study suggest a novel role for UNC119a as a modulator of rod synaptic transmission 

independently of transducin. 

 

Introduction 

 

The visual system encodes information over a wide range of light intensities. Gain control 

mechanisms in retinal neurons work to maximize the range of outputs to inputs to allow faithful 

signal transfer. At the first synapse of the retina, effective synaptic transmission between rods 

and rod bipolar cells requires controlled biochemical events in constrained cellular 

microdomains. Upon exposure to bright background light, several key signaling molecules in 

rods translocate between the rod outer segment (OS) and the inner segment (IS) and synaptic 

terminal. The translocation of the G-proteins transducin, arrestin, and recoverin is thought to 

contribute to adaptation and neuroprotection (Fain, 2006; Sokolov et al., 2002). Recently, 

transducin translocation was shown to enhance synaptic transmission between rods and rod 

bipolar cells, most likely through a mechanism involving an interaction between transducin and 

the synaptic machinery itself (Majumder et al., 2013). The exact mechanism by which 

transducin promotes signal transfer is unknown.  

Uncoordinated 119 protein, UNC119, is essential for trafficking Gα subunits like the 

transducin-α subunit (Gαt) (Cheguru et al., 2015; Zhang et al., 2011). After light-dependent 

transducin translocation to the inner segment, UNC119a has been shown in biochemical 

experiments to interact with transducin and dissociate it into Gαt and Gβγ. This dissociation 
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promotes the release of transducin from the IS membrane, and UNC119a thereby supports Gαt 

trafficking to the OS in the dark (Cheguru et al., 2015). In mice lacking both isoforms of 

UNC119, UNC119a and UNC119b, the transport of Gαt in the dark is significantly delayed 

(Zhang et al., 2011). UNC119 is highly expressed in the rod IS and synaptic terminal 

(Higashide, McLaren, & Inana, 1998; Sinha, Majumder, Belcastro, Sokolov, & Artemyev, 2013). 

There, it interacts with CaBP4 (Haeseleer, 2008), a calcium-binding modulator of voltage-gated 

calcium channel (CaV1.4); and with RIBEYE (Alpadi et al., 2008), a major component of the 

synaptic ribbon. Because of its role in transducin translocation and its known interactions with 

synaptic release mechanisms, it seems plausible that UNC119 is a mediator of the synaptic 

effects of transducin.  

To test this hypothesis, we used the UNC119a knockout (KO) mouse to characterize 

physiological responses from rods and rod bipolar cells before and after translocation. We found 

that UNC119a expression in rods is required to maximize the sensitivity of rod bipolar cells, and 

it does this by modulating the rod release rate via a light-independent mechanism. The results 

of this study suggest a novel function for UNC119a in modulating synaptic transmission 

independently of transducin-α subunit translocation.   

 

Results 

 

Characterization of UNC119 KO retinas 

 

To study the role of UNC119 as a mediator of the synaptic effects of transducin, we utilized a 

mouse model that lacked UNC119a. While the retinas of UNC119 KO (Unc119-/-) mice 

appeared to have normal morphology, western blot analysis showed that these retinas did not 

express any detectable UNC119 (Fig. 1A). Normally, UNC119 is present in the rod inner 
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segment (IS) and synaptic terminal of the outer plexiform layer (OPL), as shown in 

immunofluorescence images of heterozygote (Unc119+/-) control retinas (Fig. 1B). However, 

mice lacking UNC119 did not express any UNC119 in their retinas (Fig. 1C). Despite the 

absence of UNC119, the synapse between rod photoreceptors and rod bipolar cells appeared 

normal, as shown by RIBEYE, mGluR6, and CaV1.4 immunofluorescence staining (Fig. 1D). 

UNC119 KO retinas expressed normal levels of many photoreceptor proteins, including PDE6 

and RGS9 (Fig 1E). We also measured the expression level of proteins known to interact with 

UNC119: Gαt and CaBP4. Previous studies have shown that UNC119 expression levels are 

reduced in Gαt KO (Gnat1-/-) retinas (Sinha et al., 2013) and CaBP4 KO retinas (Haeseleer, 

2008). In UNC119 KO retinas, however, Gαt levels were unaltered (Fig 1F), while CaBP4 levels 

were reduced by about 1.7-fold (Fig 1G). Thus, we conclude that the lack of UNC119 does not 

affect the expression of many photoreceptor proteins, except for CaBP4, a calcium-binding 

modulator of voltage-gated calcium channel (CaV1.4) at the rod photoreceptor synapse.  
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Figure 1. Characterization of UNC119 knockout mouse retinas. A. Retinal morphology of 
Unc119+/- (control) and Unc119-/- (KO) mice. INL, inner nuclear layer; IPL, inner plexiform 
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layer; OPL, outer plexiform later. B. Localization of UNC119 in dark-adapted retinas. C. 
Immunoblot for UNC119. D. Localization of rod-to-RBC synaptic proteins Ribeye, mGluR6, and 
CaV1.4. E. Immunoblot analysis of rod-to-RBC synapse proteins Gαt, RGS9, CaBP4, and PDE6. 
F. Localization of transducin in dark-adapted retinas. G. Localization of CaBP4 in dark-adapted 
retinas.  
 

UNC119 increases the sensitivity of rod bipolar cells without affecting rod 

photoreceptors 

 

To analyze the role of UNC119 in modulating synaptic transmission, we performed single-cell 

patch-clamp recordings from dark-adapted retinal slices. We recorded light-evoked responses 

from rods and rod bipolar cells in mice lacking UNC119 and from their heterozygote littermates 

as a control. In voltage clamp, UNC119 KO rod photocurrents had similar response 

characteristics to their heterozygote controls (Fig 2A). Thus, the outer segment currents of rod 

photoreceptors were unaffected by the lack of UNC119.  

 

 

Figure 2. Dark-adapted rod bipolar cells are less sensitive in absence of UNC119. A. 
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Representative flash response families from control (Unc119+/-) and knockout (Unc119-/-) rods 
in the dark-adapted state. Timing of the 20-ms flash is indicated by the arrowheads. Response-
intensity relationship for dark-adapted rods from control (black) and KO (red) mice. Sensitivity 
was estimated from the half-maximal flash strength of the Hill curve indicated by arrows for each 
state and genotype. B. Representative flash response families from control (Unc119+/-) and 
knockout (Unc119-/-) rod bipolar cells. Response-intensity relationship for dark-adapted RBCs 
from control (black) and KO (red) mice. All records were sampled at 1 kHz and low pass-filtered 
at 50 Hz.  
 

 

Unlike rod photoreceptors, rod bipolar cell (RBC) photoresponses were altered in 

UNC119 KO retinas (Fig 2B). Specifically, UNC119 KO RBCs behaved in darkness as if they 

were adapted by a background light. First, they had reduced sensitivity, and their half-maximal 

flash strength was almost five times greater than the heterozygote controls. Second, the 

response-intensity relationship was more linear than the heterozygote controls, as reflected in 

the Hill exponent. Third, UNC119 KO RBC photoresponses were smaller and faster than 

heterozygote controls. Thus, we conclude that UNC119 expression in rods is required to 

maximize the sensitivity of rod bipolar cells.   

 

UNC119 is necessary for sensitive synaptic transmission after light-evoked transducin 

translocation  

 

During light adaptation, transducin moves to the rod inner segment (IS), enhancing signaling to 

rod bipolar cells (Majumder et al., 2013). We hypothesized that transducin translocation would 

be impaired in mice lacking UNC119. To test this hypothesis, we measured light-evoked 

responses in light-adapted retinas of control and UNC119 KO mice. To induce transducin 

translocation, mice were exposed to 500 lx light for 45 minutes after their pupils were dilated 

(Majumder et al., 2013). Then mice were dark-adapted for 30 minutes to allow for ~80-85% 

rhodopsin regeneration.  
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After the translocation protocol (Experimental Procedures), control mice displayed 

adapted rod photoresponses with reduced sensitivity compared to the dark-adapted state (Fig 

3A). This reduced sensitivity is the result of desensitization as is expected for partially bleached 

rods (Nymark, Frederiksen, Woodruff, Cornwall, & Fain, 2012) as well as a lower gain of 

signaling caused by a reduced amount of transducin in the OS (Sokolov et al., 2002). The 

degree of desensitization was similar in both WT and UNC119 KO rod photoreceptors.  

 

 

Figure 3. Light-adapted rod bipolar cells are less sensitive in absence of UNC119. A. 
Representative flash response families from control (Unc119+/-) and knockout (Unc119-/-) rods 
in the light-adapted state. Timing of the 20-ms flash is indicated by the arrowheads. Response-
intensity relationship for dark-adapted rods from control (black) and KO (red) mice. Sensitivity 
was estimated from the half-maximal flash strength of the Hill curve indicated by arrows for each 
state and genotype. B. Representative flash response families from control (Unc119+/-) and 
knockout (Unc119-/-) rod bipolar cells. Response-intensity relationship for dark-adapted RBCs 
from control (black) and KO (red) mice. All records were sampled at 1 kHz and low pass-filtered 
at 50 Hz. 
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In control retinas that had undergone the translocation protocol, rod bipolar cells were 

almost four-fold less sensitive than the dark-adapted state (Fig. 2B). Interestingly, and similar to 

the dark-adapted state, rod bipolar cells in UNC119 KO retinas were less sensitive than control 

by a factor of three (Fig. 3B). In other words, the lack of UNC119 causes the same degree of 

reduced RBC sensitivity in both dark-adapted and light-adapted states. This finding is 

remarkable because it suggests that UNC119 in the rod IS or synaptic terminal improves the 

sensitivity of signal transmission to rod bipolar cells, regardless of the retinal adaptation state.  

 

UNC119 reduces the resting glutamate release rate from rods 

 

The reduced sensitivity of dark-adapted UNC119 KO RBCs suggests that there is a reduced 

rate of glutamate release from rods onto rod bipolar cells in UNC119 KO retinas in the dark. To 

test this hypothesis, we recorded light-evoked responses from dark-adapted rods and rod 

bipolar cells in current clamp (Fig. 4). In agreement with dark-adapted voltage clamp recordings, 

these dark-adapted current clamp recordings confirmed the physiological phenotype; that is, 

RBCs in UNC119 KO retinas display features of light adaptation without affecting rod outer 

segment photoresponses.  
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Figure 4. Photovoltage responses from rods and rod bipolar cells.  A. Representative flash 
response families from control (Unc119+/-) and knockout (Unc119-/-) rods in the dark-adapted 
state. Timing of the 20-ms flash is indicated by the arrowheads. Response-intensity relationship 
for dark-adapted rods from control (black) and KO (red) mice. Sensitivity was estimated from the 
half-maximal flash strength of the Hill curve indicated by arrows for each state and genotype. B. 
Representative flash response families from control (Unc119+/-) and knockout (Unc119-/-) rod 
bipolar cells. Response-intensity relationship for dark-adapted RBCs from control (black) and 
KO (red) mice. All records were sampled at 1 kHz and low pass-filtered at 50 Hz. 
 

We compared the resting membrane potential of RBCs, since a decreased glutamate 

release rate from rods would manifest as a depolarized resting membrane potential of RBCs. 

Indeed, current clamp recordings of RBCs revealed that the resting membrane potential was 

more depolarized in UNC119 KO RBCs compared to control (Fig 5A; t-test, p<0.001). Thus, 

UNC119 plays an important role in controlling the resting glutamate release rate from rod 

photoreceptors and is necessary to sensitize the rod-to-RBC synapse.  
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Figure 5. UNC119 affects the resting glutamate release rate from rods. A. The resting 
membrane potential of rod bipolar cells. B. Normalized calcium currents of rod photoreceptors.  
 

We hypothesized that the mechanism by which UNC119 was affecting the resting 

glutamate release rate from rod photoreceptors had to do with its interaction with CaBP4, a 

calcium-binding protein that helps set the voltage sensitivity of CaV1.4 channels at the rod 

photoreceptor synapse. Previous studies from our lab have shown that CaBP4’s interaction with 

CaV1.4 shifts the voltage sensitivity of glutamate release from rod terminals to more 

hyperpolarized potentials (Okawa & Sampath, 2007). In the physiological range, this causes a 

greater influx of calcium into the rod photoreceptor terminal, and therefore greater glutamate 

release. We hypothesized that without UNC119 interacting with CaBP4, the voltage sensitivity 

would shift to more depolarized potentials, thereby reducing glutamate release.  

To test this hypothesis, we measured the voltage sensitivity of the synaptic calcium 

current of rod photoreceptors by ramping the membrane potential of rods from -80mV to +40mV 

in 1 second and measuring the resulting current (Fig 5B). We used an internal solution that 

allowed for the isolation of calcium currents (Majumder et al., 2013), which were blocked 

completely by the selective inhibitor isradipine (see Experimental Procedures). The normalized 

calcium current was plotted against the membrane potential, and no significant shift in voltage 
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sensitivity was detected in the calcium currents of UNC119 KO rods compared to control. Thus, 

UNC119 does not affect the voltage-sensitivity of CaV1.4 channels in rod photoreceptors.  

 

Discussion 

 

An important feature of a synapse is its ability to adapt to changing environments in ways that 

maximize the transmitted information. In the visual system, regulation of synaptic transmission 

between rods and rod bipolar cells allows visual perception across a wide range of light 

intensities. Here, we studied the role of UNC119 in regulating the functional output of rod 

photoreceptors. We found that UNC119 is required to sensitize the rod-to-rod bipolar cell 

synapse.  

We hypothesized that UNC119 would be important for transducin translocation in rod 

photoreceptors. However, the results of this study suggest that UNC119 plays a more 

fundamental role in modulating synaptic release machinery in rod photoreceptors. While rod 

photoreceptor outer segments were unaltered by the lack of UNC119, downstream rod bipolar 

cells were less sensitive than control, in both the dark-adapted (Fig. 2) and light-adapted (Fig. 3) 

states. Moreover, the depolarized resting membrane potential of rod bipolar cells in UNC119 KO 

retinas suggest that there is reduced glutamate release from rod photoreceptors (Fig 5A). 

Together, these results suggest that a major action of UNC119 is controlling the synaptic 

release machinery in rods.  

This novel function of UNC119 is not the result of its interaction with CaBP4, which 

controls the voltage sensitivity of CaV1.4 calcium channels at the synaptic terminal, since the 

voltage-sensitivity of calcium channels was unaltered in UNC119 KO rods (Fig. 5B). Instead, our 

results suggest that interaction of UNC119 with RIBEYE at the synaptic ribbon may be the more 

critical interaction to facilitate glutamate release from rods. The exact mechanism of action of 

UNC119 at the synaptic terminal will require further investigation. 
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Experimental Procedures 

 

Transgenic mice 

 

All experiments involving mice were approved by the IACUC committees at the University of 

Iowa and University of California, Los Angeles. Heterozygote Unc119+/- mice were purchased 

from UC Davis KOMP and were bred to homozygous knockout Unc119-/-.  

 

Immunohistochemistry and biochemistry 

 

The procedures used for immunoblotting, immunofluorescence and retina morphology analyses, 

and rhodopsin regeneration assays are well established and described fully in (Majumder et al., 

2013).  

 

Physiological recording from rods and rod bipolar cells 

 

Rod and rod bipolar cell currents were measured with patch electrodes and methods described 

previously in Majumder et al. (Majumder et al., 2013). Rod and rod bipolar cell light-evoked 

currents were measured in whole-cell voltage clamp recordings (Vm = -40mV for rods and -60 

mV for rod bipolar cells) from 200 µm thick retinal slices as previously described (Armstrong-

Gold & Rieke, 2003; Miyagishima, Cornwall, & Sampath, 2009; Okawa, Pahlberg, Rieke, 

Birnbaumer, & Sampath, 2010). Retinal tissues were superfused with Ames’ media equilibrated 

with 5% CO2/ 95% O2 and maintained at 35 to 37 °C. The pipette internal solution consisted of 

125 mM K-Aspartate, 10 mM KCl, 10 mM Hepes, 5 mM N-methyl glucamine-N-(2-

hydroxyethyl)ethylenediamine-N,N,N-triacetic acid, 0.5 mM CaCl2, 1 mM ATP-Mg, and 0.2 mM 

GTP-Mg; pH was adjusted to 7.3 with NMG-OH. Light-evoked responses were generated either 
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by delivering 10 ms flashes from a blue light-emitting diode (λmax ∼ 470 nm) of varying 

intensities, or by delivering flashes of variable lengths of time (ranging from 0.1 to 6.4 ms) from 

a blue LED (λmax ∼ 500 nm). The strength varied from a flash producing a just measurable 

response to stronger flashes whose flash strength was increased by factors of two to three in 

order to generate flash families. Averaged intensity-response plots for rods and rod bipolar cells 

were fitted with a Hill equation. Light sensitivity was estimated from the half-maximal flash 

strength from the best Hill fit for each genotype under each experimental condition.  

The voltage sensitivity of Ca2+ currents in rods was measured with patch clamp 

electrodes from the rod inner segment in retinal slices. The rod membrane potential was 

ramped from -80 to +40 mV in 1000 ms; a pipette internal solution blocked other cationic 

currents as previously described in Majumder et al. (Majumder et al., 2013). The internal 

solution consisted of 110 mM Cs-Methanesulfonate, 12 mM Tetramethylammonium-Cl, 10 mM 

Hepes, 10 mM EGTA, 2 mM QX-314, 11 mM ATP-Mg, 0.5 mM GTP·Tris, and 0.5 mM MgCl2; 

pH was adjusted to 7.3 with N-methyl-glucamine hydroxide. It is possible that some Ca2+ current 

might have been suppressed with this internal solution (Talbot & Sayer, 1996). Residual linear 

currents were subtracted, leaving voltage sensitive currents that were blocked completely by the 

CaV1.4 channel blocker isradipine (Koschak et al., 2003; Morgans et al., 2005).  

 

Light-induced transducin translocation protocols 

 

All experiments were performed on mice dark-adapted overnight or mice that, after dark 

adaptation, were exposed to light bright enough to cause transducin translocation as previously 

described in Majumder et al. (Majumder et al., 2013). Dark-adapted mice were subjected to 500 

lx light for 45 min after eye dilation (1% tropicamide and 2.5% phenylephrine hydrochloride). 

This light exposure was followed by 30 min of dark adaptation to ensure some visual pigment 
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regeneration and recovery of visual sensitivity. The visual pigment regenerated up to ∼85% of 

its dark-adapted level under these conditions. Recordings were always halted at 1 hour after the 

translocation protocol had been given to ensure that Gαt remained substantially in the rod IS 

during the recordings (Moussaif et al., 2006).  

Mice used for physiological recordings were between 2 and 4 months of age (before the 

onset of rod degeneration). Mice were euthanized in accordance with protocols approved by the 

Institutional Animal Care and Use Committee of the University of California, Los Angeles 

(Protocol 14-005). 
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CHAPTER 5 

 

Intracellular Calcium Acts on Two Targets to Increase the  

Sensitivity and Temporal Resolution of RBC Responses  

 

Abstract 

 

A general property of sensory systems is their ability to adjust the amplitude of their responses 

as stimulus intensities vary to avoid saturation and allow faithful signal transmission. This 

process is generally called “gain modulation.” In the retina, neurons adapt to increases in 

illumination by reducing the sensitivity of their rod responses and reducing the gain of signaling 

across the synapse to downstream rod bipolar cells. Much is known about adaptive processes 

in rods, as they adjust the sensitivity of their responses in modest background light to extend the 

range of light intensities they encode. However, the mechanistic basis for gain modulation in 

RBCs is less well understood.  

To identify further biophysical mechanisms of gain modulation, I measured RBC 

responses to flashes of light in the presence of a constant background light. The amplitudes of 

these responses were plotted as a function of flash strength, and the resulting response-

intensity relationship was fit with a Hill equation. Analysis of the fit parameters allows for a 

quantitative determination of how different biophysical mechanisms contribute to the gain of the 

RBC output. 

Although the RBC mGluR6-signaling cascade has not been fully revealed, intracellular 

calcium (Cai
2+) is known to reduce the gain of RBC responses (Berntson, Smith, & Taylor, 2004; 

Nawy, 2000; Snellman & Nawy, 2002). To determine how Cai
2+  modulates the mGluR6-

signaling cascade, I measured RBC responses to steps of background light while buffering the 
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RBC cytoplasm with the Ca2+ chelator, BAPTA. The results of these experiments show that 

chelating Cai
2+  both reduces the magnitude of adaptation during exposure to background light 

and speeds the rising phase of the RBC response. These experiments constitute a continued 

effort in the lab to identify key modulators of the mGluR6-signaling pathway in RBCs and how 

they contribute to retinal output. 

 

Introduction 

 

The visual system encodes information over a wide range of light intensities. At the first synapse 

in sight, gain control mechanisms between rods and rod bipolar cells work to maximize the 

range of outputs to inputs. Many of the biophysical mechanisms that control the responsiveness 

of RBCs over a wide range of light intensities are not well defined.  

During continuous exposure to dim illumination, the gain of RBC response changes in 

three main ways (Werblin, 1974). First, the amplitude of RBC responses decreases, as the peak 

inward current through TRPM1 channels is reduced. Second, the response-intensity relationship 

shifts to brighter light stimuli. Third, the response-intensity relationship becomes more linear, 

due to the postsynaptic relief of the mGluR6-signaling cascade. These functions can be equated 

to specific parameters of the Hill equation used to fit the response-intensity relationship of RBC 

light-evoked responses: the Hill exponent n, the half-maximal flash strength 1/k, and the 

maximum response amplitude Rmax. Preliminary data from the lab shows that applying a 

background light reduces n, k, and Rmax, but these changes occur in different ranges of 

background light intensities. In my experiments, the Hill fit parameters are used to draw 

conclusions about the biophysical mechanisms that modulate the responsiveness of RBCs.   

Although the effector molecule that controls TRPM1 channel opening has not been 

identified, intracellular calcium (Cai
2+) is a known modulator of the mGluR6-signaling cascade in 
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RBCs. Studies in dogfish and salamander showed that Ca2+ suppresses light-evoked responses 

in bipolar cells (Nawy, 2000; Shiells, 1999; Snellman & Nawy, 2002). In these experiments, the 

addition of the fast calcium chelator, BAPTA, in bipolar cells resulted in a sustained inward 

current and increased flash responses. Similarly, experiments in mice lacking PKCα, a serine-

threonine-specific protein kinase that is activated by increased intracellular Ca2+, suggest that 

PKCα is a modulator of rod-to-RBC function by accelerating glutamate-driven signal 

transduction and termination (Ruether et al., 2010). However, no one has directly tested the role 

of Cai
2+ in adaptation at the synaptic level under physiological conditions.  

The goal of the experiments presented in this chapter was to determine quantitatively 

the parameters that contribute to gain modulation at the rod-to-RBC synapse. To assess the 

adaptive properties of the rod-to-RBC synapse, I recorded light-evoked responses in RBCs in 

various background intensities. To determine how Cai
2+modulates the RBC mGluR6 cascade, I 

measured RBC response to steps of background light while internally dialyzing the RBC with the 

Ca2+ buffer, BAPTA. My data suggest that chelating Cai
2+ not only reduces the magnitude of 

adaptation during exposure to background light but also speeds the rising phase of the RBC 

response. The results of these studies will help our lab build computational models that simulate 

glutamate release from rods and RBC signal transduction.  

 

Results 

 

Background light desensitizes rod bipolar cell responses 

 

We characterized changes in the magnitude of RBC responses by delivering flash families to 

RBCs in darkness and with superimposed background light (Fig. 1). Increases in background 

light intensity caused a reduction in RBC response amplitude (Rmax) and acceleration of the rate 
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of response decay (Fig. 1A). Additionally, the response-intensity relationship shifted to brighter 

light intensities (Fig. 1B). This shift was reflected in the increased half-maximal flash strength 

(1/k) measured after fitting the response-intensity relationship with a Hill equation (Fig. 1C). 

Moreover, the Hill fit became more linear in brighter background light environments, as reflected 

in the decreased Hill exponent value (n). Together, these data showcase the effects of 

background light on bipolar cell gain (or sensitivity).   
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Figure 1. Background light desensitizes rod bipolar cell responses. A. Representative RBC 
flash families in darkness (left) and in 300 R*/rod/s background light intensity. A brief flash of 
light was given at time 0 sec, as indicated by the small arrowhead. B. Average responsive-
intensity relationship of RBCs in darkness (black) and in 300 R*/rod/s background light intensity 
(purple). C. Hill exponent (n) (top) and Half-maximal flash strength (1/k) (bottom) plotted across 
background light intensity.  
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Interestingly, changes in n and 1/k occur in different background light regimes, so they 

may reflect different mechanisms of gain changes at the rod-to-RBC synapse. Changes in n 

appear with the dimmest of background lights, under conditions where there is little or no 

change in rod single-photon response amplitude. This is consistent with the light-induced 

reduction in postsynaptic saturation at the rod-to-RBC synapse (Sampath & Rieke, 2004). 

Conversely, 1/k appears to change at light levels where the rod single-photon response gain 

has been altered, and may reflect adaptation in the rod photoreceptors themselves.  

 

Intracellular calcium modulates adaptation in rod bipolar cells 

 

Studies have suggested that the desensitization of RBCs due to increased intracellular calcium 

(Cai
2+) underlies adaptation of signals in the rod bipolar pathway. To characterize the adaptive 

mechanisms in RBCs, I recorded RBC responses to 1-second steps of background light that 

ranged from 1.8 to 56 R* rod-1 s-1 (Fig. 2). In a typical RBC, there is a fast transient response 

followed by a slower falling phase to a steady-state before the light turns off, as the cell returns 

to its resting state. To investigate the role of Cai
2+, 5mM BAPTA was added to the intracellular 

solution of the recording electrode.  
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Figure 2. Rod bipolar cells adapt to a 1-second step of background light. Normalized RBC 
response families to steps of light of increasing intensity given at time 0 sec as indicated by the 
arrowhead A. with normal internal solution or B. with 5mM BAPTA added to the internal 
solution. C. RBC responses to the brightest step of light are overlaid for comparison.  
 

The internal dialysis of 5mM BAPTA into RBCs did not influence the magnitude or time 

course of responses to background lights of less than 7 R* rod-1 s-1. At brighter steps of 

background light, BAPTA reduced the ability of RBCs to adapt (Fig. 3). These differences can 

be quantified by fitting the recovery to steady state with an exponential decay that has a time 

constant tau and a plateau (Fig. 3A). These parameters can help indicate the time course and 

magnitude of adaptation during the step of light. Taus were significantly longer in the cells with 

BAPTA internal solution (p=0.015) (Fig. 3B). Responses decayed less in cells with BAPTA 

internal solution (p<0.0001) (Fig. 3C). These results suggest that BAPTA reduces the 

magnitude of adaptation in RBCs.  
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Figure 3. Internal dialysis of BAPTA (red) in RBCs reduces the magnitude of adaptation during 
background light. A. The recovery to steady-state can be fit with an exponential decay. B. The 
time constant Tau is longer in the presence of BAPTA (red). C. RBC responses plateau at more 
negative currents in the presence of BAPTA (red). Normal internal, black; BAPTA internal, red. * 
indicates p<0.0001 
 

To examine the calcium component of RBC responses to steps of background light, I 

subtracted the BAPTA responses from the Control responses (Fig. 4). This revealed a biphasic 

calcium response. As expected, there was a large calcium component during the adaptive 

phase of the RBC responses during background light. Unexpectedly, there was a fast calcium 

component during the rising phase of the RBC response to steps of light.  
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Figure 4. Subtracted response reveals two calcium components of RBC responses to steps of 
background light given at time 0 sec, as indicated by the small arrowhead. A. Subtracted 
responses to all steps of background light. B. Subtracted response to the brightest step of 
background light to clearly show biphasic calcium response.  
 

Upon closer inspection of the rising phase of the RBC response, we found that on 

average RBCs with BAPTA internal had a faster response to peak than control, though the 

measured time-to-peak was unchanged (Fig. 5). This suggests that calcium usually slows down 

the initial response onset by about 50 ms (Fig. 5A). To better characterize the onset of the 

response, it was fit with a sigmoid, where the rate is maximum slope and the thalf is the time it 

takes to reach this half-maximal speed (Fig. 5B). Brighter light intensities quicken the onset of 

RBC responses by decreasing the rate and shifting thalf to shorter times (p<0.0001) (Fig. 5C). 

The thalf of rod bipolar cells with 5mM BAPTA internal solution was significantly faster than 

Control (p=0.0008) (Fig. 5D).  
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Figure 5. The onset of the response is faster when RBCs are internally dialyzed with BAPTA. A. 
The normalized response onset to a bright 1-second step of background light given at time 0 
sec. B. The onset of the response can be fit with a sigmoid. C. The rate of the response is 
significantly faster at 14 R*/rod/s background light. D. The thalf of the response is faster than 
control. Normal internal, black; BAPTA internal, red. * indicates p<0.001 
 

Discussion 

 

At the first synapse of the retina, background light alters the gain of RBC light-evoked 

responses, but the physiological mechanisms underlying these adjustments are not well 

defined. I measured the response-intensity relationship of RBC flash responses as background 

light intensity increased (Fig. 1). The changes in the response amplitudes of the light responses 

can be described by a Hill equation with three free parameters: the maximum current (Rmax), the 

Hill exponent (n), and the half-maximal flash strength (1/k). I found that background light 
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adaptation caused a reduction in Rmax, such that RBC responses became smaller and faster in 

increased background light intensities. Moreover, the response-intensity relationship of these 

responses reveal a decrease in n and an increase in 1/k, which reflect adaptation mechanisms 

in RBCs and rods, respectively. These results will help our lab build a computational model 

adaptation at the rod-to-RBC synapse.   

Although the mechanistic basis for changes in the mGluR6 cascade have not been fully 

elucidated, studies have suggested that the desensitization of RBCs due to increased 

intracellular calcium (Cai
2+) underlies adaptation of signals in the rod bipolar pathway. My 

preliminary data support this idea and show that chelating Cai
2+ both reduces the magnitude of 

adaptation during exposure to background light (Fig. 3) and speeds the rising phase of the RBC 

response (Fig. 5). This work suggests that Cai
2+ normally slows the response to the peak, 

perhaps through direct interactions with TRPM1 channels. Additionally, Ca2+ reduces the extent 

of adaptation and slows the time to reach steady-state during exposure to background light. 

These Ca2+-dependent mechanisms operate on different time scales; collectively they may allow 

rod bipolar cells to remain maximally responsive as background light varies. 

The basis of these two separate Ca2+-dependent mechanisms and their relative 

contribution to adaptation are not established. Because Ca2+ affects the rising phase of the RBC 

light-response in the first 50 ms, we hypothesize that Ca2+ may be modulating TRPM1 channels 

directly. To test this, we could do the same 1-second background light step experiments as 

described above but with the Ca2+ chelator EGTA (Ethyleneglycol-bis(β-aminoethylether)-

N,N,N′,N′-tetraacetic acid) in the recording electrode instead of BAPTA. EGTA has much slower 

Ca2+-binding kinetics compared to BAPTA, so it would not be able to buffer Ca2+ that enters a 

RBC when TRPM1 channels open after light stimuli. I would expect that in these experiments 

with EGTA internal, the initial fast Ca2+ response would be more pronounced, thus supporting 

our hypothesis that Ca2+ is acting on TRPM1 channels directly or perhaps an effector molecule 
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that is interacting with TRPM1 channels themselves. Future experiments will examine the 

microdomains of Cai
2+ activity in RBCs. 

To investigate further potential targets for Cai
2+ in RBCs, future studies will examine the 

effects of BAPTA and/or EGTA on response-intensity relationships of RBC flash families in 

various background lights. The results of this careful examination of RBC adaptive properties 

and detailed analysis of Hill fit parameters will help our lab make detailed models of the 

intracellular changes in RBC signaling in different background light environments.  

It will also be interesting for our lab to investigate the functional role of other key 

modulators of the mGluR6 cascade in RBCs. One such potential gain modulator in RBCs is 

PKCα, a protein kinase that is enriched in RBCs and is activated by increases in intracellular 

Ca2+. Previous studies have shown that PKCα is essential for proper activation and termination 

of RBC responses, since scotopic ERG b-waves are absent in PKCα KO mice (Ruether et al., 

2010). In retinal slices, PKCα was found to potentiate TRPM1 channel responses to simulated 

light, which is achieved by applying an mGluR antagonist, either LY341495 or RS-α-cyclopropyl-

4-phosphonophenyl glycine (CPPG) (Rampino & Nawy, 2011). It would be interesting to 

investigate the role of PKCα in RBC adaptation in a physiologically relevant system. The use of 

real light stimuli would allow us to determine the specific temporal resolution of its actions. The 

kinetics of these effects will further add to the construction of an accurate computational model 

of the rod-to-RBC synapse.  

Together, these experiments will aid in our understanding of the biophysical 

mechanisms that control the responsiveness of RBCs over a wide range of light intensities. Hill 

fit parameters resolved in these experiments will be used in computational models of glutamate 

release from rod terminals and mGluR6/TRPM1 transduction cascade in RBC dendrites. These 

studies will provide insight into the fundamental properties of signal transduction at the synapse 

between rods and RBCs that permit the large dynamic range of rod vision.  
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Experimental Procedures 

 

Light-evoked responses bipolar cells were made from dark-adapted retinal slices using methods 

described previously (Arman & Sampath, 2012; Okawa, Sampath, Laughlin, & Fain, 2008). 

Briefly, mice were dark-adapted overnight and euthanized according to protocols approved by 

the University of Southern California Animal Research Committee. Eyes were enucleated under 

infrared light, retinas were isolated, and 200-mm thick slices were cut with a vibrating 

microtome. Slices were superfused with bicarbonate-buffered Ames’ media (equilibrated with 

5% CO2/95% O2) heated to 35-37 °C, were visualized in the infrared, and were stimulated with a 

blue light-emitting diode (lmax ~ 470 nm for rod).  

Light-evoked responses were measured with patch electrodes in voltage clamp mode 

(Vm = -60 mV), having an electrode internal solution consisting of (in mM): 125 K-aspartate, 10 

KCl, 10 HEPES, 5 N-methyl-glucamine/HEDTA, 0.5 CaCl2, 1 ATP-Mg, and 0.2 GTP-Mg; pH 

was adjusted to ~7.3 with N-methyl-glucamine hydroxide, and osmolarity was adjusted to ~280 

mOsm. The BAPTA pipette intracellular solution was identical to the control pipette solution, 

with the exception of the addition of 5mM BAPTA (1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-

tetraacetic acid tetrasodium salt, Sigma).  

Light stimulation consisted of 1-second or 10ms flashes of light that varied in strength 

from those yielding a just discernable response to those that generate a maximal response. A 

full-field background light was applied for at least 1 minute by a second LED before response 

families were collected. Light-evoked responses were sampled at 1 or 10 kHz and filtered at 300 

Hz.  
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