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Abstract 

 Synaptic processes and plasticity of synapses are mediated by large suites of 

proteins.  In most cases, many of these proteins are tethered together by synaptic 

scaffold proteins.  Scaffold proteins have a large number and typically a variety of 

protein interaction domains that allow many different proteins to be assembled into 

functional complexes.  As each scaffold protein has a different set of protein interaction 

domains and a unique set of interacting partners, the presence of synaptic scaffolds can 

provide insight into the molecular mechanisms that regulate synaptic processes.  In 

studies of rabbit retina, we found SAP102 and Chapsyn110 selectively localized in the 

tips of B-type horizontal cell processes where they contact cone and rod 

photoreceptors.  We further identified some known SAP102 binding partners, kainate 

receptor GluR6/7 and inward rectifier potassium channel Kir2.1, closely associated with 

SAP102 in the processes of invaginating HCs. In contrast, in the mouse retina we 

identified Chapsyn110 as the major scaffold in the tips of horizontal cells contacting 

photoreceptors. Kir2.1 was found to be assembled with SAP102 into a complex with 
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GluR6/7 in photoreceptor invaginations in Rabbit. GluR6/7 and Kir2.1 presumably are 

involved in synaptic processes that govern cell-to-cell communication, and could both 

contribute in different ways to synaptic currents that mediate feedback signaling. 

Notably, we failed to find evidence for the presence of Cx57 or Cx59, but Pannexin1 

immunolabeling was positive in the OPL of mouse retina suggesting that it could play a 

role in ephaptic and pH mediated signaling. Polyamines regulate many ion channels 

including Kir2.1. During the day polyamine immunolabeling was unexpectedly high in 

photoreceptor terminals compared to other areas of the retina. If polyamines are 

released, they may regulate the activity of Kir2.1 channels located in the tips of HCs. 

Alternatively, the presence of polyamines may potentiate GluR6/7 by reducing the 

transition to desensitized state causing an increase in channel conductance. The 

presence of SAP102 and Chapsyn110 and their binding partners in both cone and rod 

invaginating synapses suggests that whatever mechanism is supported by this protein 

complex is present in both types of photoreceptors. 
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Chapter 1: Introduction 

 

1.1 Lateral inhibition in the outer plexiform layer  

 

More than half a century ago, a significant advancement in understanding signal 

processing was accomplished with the study of retinal circuits in lower vertebrates.  

The discovery of photoreceptor pathways in the retina of these species 

demonstrated that lateral interactions with one another accentuated the edges of 

objects and enhanced contrast (Hartline and Ratliff, 1957). To extract the useful 

portions of information and discard the rest, the retina has to use a lot of synaptic 

mechanism and horizontal cells are the first retinal neuron that provides part of that 

service. The HC, through its extreme receptive field and extensive coupling to other 

HC (Kaneko, A, 1971; McMahon et al., 1989), samples a very large area of 

photoreceptor output and takes average information from that photoreceptor output 

and subtracts it from each individual photoreceptor.  This is what initiates the center 

surround antagonist field, which allows the contrast information from each local 

photoreceptor to be sent through bipolar cells and on to subsequent circuitry. At the 

heart of this process, invaginating bipolar cell dendrites and horizontal cell 

processes come together in close apposition at photoreceptor terminals (Figure 1.1).     
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Fig. 1.1. The synaptic complex of cone pedicles. A. Schematic drawing of the 

cone pedicle with the dendrites of horizontal (red), ON cone bipolar (green), and 

OFF cone bipolar (blue) cells. The desmosome-like junctions are indicated by the 

black double lines. Figure 1.1 was reproduced with permission from Haverkamp S, 

Grunert U, Wassle H. 2000. The cone pedicle, a complex synapse in the retina. 

Neuron 27(1):85-95.The Journal of General Physiology 40 (3): 357-376 

	

Beyond cell circuitry trying to understand the subcellular mechanism underlying 

synaptic signaling at the triad synapse between photoreceptor, HC and bipolar cells 

(BC) has been a challenge.  Synaptic release from photoreceptor terminals is a Ca2+ 

dependent process, which is regulated by the opening and closing of Voltage gated 

Ca2+ channels (VGCC) in the membrane of the cell (Bader et al., 1982; Catterall and 

Few, 2008).  HC serve a very important purpose and they do this by means of 

feedback (Verweij et al., 1996).  The mechanism of HC feedback is unclear but the 

feedback mechanism of HC applies a certain amount of gain control to 
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photoreceptor synapses keeping the photoreceptor synapses within the operating 

range of its own Ca2+ channels. The mechanism of HC feedback is almost noiseless 

and is very fast (Baylor et al., 1971). Feedback can be manifested and observed in a 

few different ways. The mechanism of feedback causes a leftward shift in the 

activation curve of the Ca2+ current of the photoreceptor (Kamermans and 

Fahrenfort, 2004; Figure 1.2) 

																																												 	

	

Figure 1.2: Current voltage relationship of an isolated Ca2+ current in the cone 

photoreceptor. The black dot curve is that IV curve in relation to spot illumination 

just in the center of the cone and the open boxes are that relationship when a 

surround is also present. The shift in the activation curve of Ca2+ current is caused 

by the HC feedback. Figure 1.2 was reproduced with permission from Kamermans 

M, Fahrenfort I. 2004. Ephaptic interactions within a chemical synapse: 

hemichannel-mediated ephaptic inhibition in the retina. Curr Opin Neurobiol 

14(5):531-541. 
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 As shown in Fig 1.2, in the presence of surround illumination activation of the 

Ca2+ current is shifted to more negative potentials causing a relative activation of the 

Ca2+ current. Thus, feedback is equivalent of depolarizing the photoreceptor, thereby 

increasing the amount of neurotransmitter released into the synaptic cleft.  All 

together, these findings suggest that a signal is modulating the voltage dependence 

and amplitude of the voltage-dependent Ca2+ current in the cone photoreceptor and 

that is contributing to the properties of feedback inhibition. Hypotheses about the 

mechanism of lateral inhibition between HC and photoreceptors can be summarized 

in three main models: 1) The release of GABA from HCs onto photoreceptor 

terminals 2) pH buffering in the synaptic cleft 3) Ephaptic mechanism. I will present 

evidence for the three mechanisms in the following sections.  

1.1.1 GABA 

For years, it was thought that changes of voltage in HC were responsible for GABA 

release, which caused voltage changes in the photoreceptor terminal (Wu SM, 1992; 

Endeman et al., 2012).  The underlying mechanism of HC feedback due to GABA 

signaling is a topic of long debate. In non-mammalian vertebrates, GABA was found 

to generate cone responses with whole cell patch clamp techniques, suggesting 

GABA receptors were present in photoreceptors (Verweij et al., 1996). GABA 

transporters are present in the plasma membrane, suggesting HCs have a 

mechanism for taking up GABA from the extracellular space and pump it into the 

HCs (Kamermans et al., 2002; Paik et al., 2003). GAD, the enzyme that synthesizes 

GABA, is present in rodents, suggesting a potential for GABA to be there (Guo et al., 

2010). HCs can release GABA when depolarized in darkness in non-mammalian 
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species, which is thought to occur by both a Ca2+ dependent mechanism 

(exocytosis) as well as through a non-vesicular mechanism involving the actions of 

GABA transporter (Schwartz, 2002). However, knockout of vesicular transporters 

eliminated feedback, suggesting GABA generates a feedback signal to inhibit 

photoreceptors (Hirano et al., 2016). 

In mammalian retina, up to more recently there has not been really good 

evidence for a release mechanism because it seems they lack the transporter 

(Johnson 1996). More recently, a number of the SNARE proteins that would be 

required for exocytosis have been identified (Sherry et al., 2006; Brecha and Lee, 

2010). They are up in the tips of HC dendrites where they invaginate into the 

photoreceptors, suggesting the machinery for GABA release is present. It is unclear, 

however, whether GABA is acting directly on the cone or rod photoreceptor as a 

feedback mechanism.  In non-mammalian vertebrates the evidence suggests that 

could happen, particularly in turtles (Tatsukawa, 2005), but the mammalian evidence 

is very inconsistent from the physiological and immunocytochemistry point of view. 

It’s been suggested that may depend on the state of the retina at the time of the 

experiments (Yang and Wu, 1989). 

Other results argue GABA may not be the sole protagonist in the generation 

of feedback. The amount of GABA receptors found in the cleft near the HC to cone 

contact sites was minimal (Yazulla, 1997). If GABA mediates feedback then GABA 

antagonist should eliminate the effect but GABA blockers failed to block feedback 

(Thoreson W and Burkhardt D, 1990; Verweij et al., 1996). Furthermore, GABA 

blockers failed to eliminate the center surround field measured in ganglion cells 
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(GCs; McMahon et al., 2004), suggesting changes of the voltage in the 

photoreceptors could not account for the shift of VGCC. GABA-gated Cl- channels 

reduced the size of feedback responses in both HC and cones (Kammermans et al., 

2012). More recently, it has been demonstrated that GABA autoreceptors are 

activated on the plasma membrane of HC resulting in high conductance for 

bicarbonate suggesting GABA regulates pH buffering in the synaptic cleft (Liu et al., 

2013). 

1.1.2. Proton-mediated lateral inhibition 

 A competing hypothesis is a completely different mechanism in which the 

synaptic cleft is acidified by protons from unknown source and causing inhibition of 

Voltage-gated Ca2+ channels (VGCC) and that the concentration of protons is 

reduced when HCs hyperpolarize through some mechanism (Barnes et al., 1993; 

Fahrenfort et al., 2005).  As you decrease the pH in the synaptic cleft the activation 

of Ca2+ current is shifted to the right and the amplitude is reduced (Barnes and Bui, 

1991). These protons inhibit the calcium current by either plugging the channel pore 

or affecting the electrical field seen by the channel voltage sensor by (Iijima et al., 

1986; Krafte and Kass, 1988).  

Recently, one study indicates that Na+-H+ exchanger in the membrane of HCs 

is the principal source of protons that mediate lateral inhibition with photoreceptors 

(Warren et al., 2016). Probably other types of channels are going to be affected by 

changes in pH to some extent, suggesting variations in proton flux may cause 

changes in pH locally at that synapse. Thus, changes in proton concentration can 
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modulate the gating of VGCC and how much Ca2+ comes in and is released 

(Hirasawa and Kaneko, 2003). Together these findings suggest protons are directly 

inhibiting the Ca2+ channel causing a shift of the activation curve. To determine 

whether pH was responsible for changes in HC voltage HEPES was used as buffer 

(Hirasawa and Kaneko, 2003; Fahrenfort, 2009).  High levels of HEPES in solution 

did not cause modulation of VGCC (Thoreson et al., 2008). However, application of 

non-aminosulfonate buffers also eliminates feedback, suggesting that the block of 

feedback is due to the buffering not to HEPES block of hemichannels (Trenholm and 

Baldridge, 2010; Vessey et al., 2005).  

With the discovery of pH indicators it is now possible to measure the effects 

of protons at specific synaptic sites within the cleft. A missing link in neuroscience is 

to image whether changes in proton concentrations mediate lateral inhibition. 

Addressing this question is very difficult in an intact retina because the synaptic cleft 

is minuscule compared to everything else and the concentration of protons is 

miniscule (10-7M). To get around this problem a genetically coded pH sensitive GFP 

variant (pHluorin) attached to α2 δ4 subunit of the L-type channel was engineered to 

be expressed exclusively in cone photoreceptor terminals (Wang et al., 2014).  In 

the presence of light, HCs are hyperpolarized causing alkalinization in the cleft, 

consistent with a proton-mediated feedback signal.  

One possible underlying mechanism that controls feedback between HC and 

photoreceptors is ATP release via Pannexin 1 channels in HC tips contacting 

photoreceptors (Vroman et al., 2014). This report suggests that there is an entire 

ATP degradation apparatus in the extracellular space, which would take ATP that is 
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released by Pannexin channels and degrade it to produce phosphate and protons, 

which may inhibit Ca2+ channels. The idea is that hydrolysis is going to release a 

couple of protons and phosphate into the synaptic cleft to create a phosphate buffer 

of PKa=7.2. When cells hyperpolarize hyperpolarization, ATP release is diminished, 

the protons diffuse away and the cleft alkalinizes resulting in increase of Ca2+ 

current. This mechanism underlies the slow component of feedback.  (Figure 1.3B)  

                     	

Figure 1.3: Proposed mechanisms of horizontal cell feedback. A. The ephaptic 

mechanism. Cone photoreceptors release glutamate in the dark via Ca2+ dependent 

mechanism through Ca2+ channels (red) at the presynaptic ribbon (R) synapse. 

Lateral elements formed by HC dendrites end at the cone synaptic ribbon. Cx 

hemichannels (green) and Panx1 channels (blue) are expressed on the dendrites of 

HCs. When HC hyperpolarize, a current will flow through the extracellular resistance 

(white resistor) into the HC dendrites, which invaginate the cone synaptic terminal. 

The current that flows into HCs via the Cx hemichannels and Panx1 channels has to 

pass this resistor, which will induce a slight negativity deep in the synaptic cleft. The 

result will be that the voltage-gated Ca2+ channels sense a slightly depolarized 
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membrane potential. When HCs hyperpolarize, the current through the Cx 

hemichannels will increase and so will the negativity in the synaptic cleft leading to a 

further decrease of the potential sensed by the cone Ca2+ channels. This is the fast 

component of feedback. B. The Panx1/ATP-mediated mechanism. Expanded view 

of the pre- and postsynaptic membranes of cones and HCs. ATP is released by HCs 

via Panx1 channels. Through a number of steps ATP is converted into inosine, 

protons, and a phosphate buffer with a pKa of 7.2. This makes the synaptic cleft 

acidic relative to the extrasynaptic medium (pH 7.4), which inhibits Ca2+ channels 

and shifts their activation potential to positive potentials. Hyperpolarization of HCs 

will eventually reduce conductance of Pannexin 1 channels which prevents HCs 

from releasing ATP, thereby stopping the production of phosphate buffer leading to 

alkalization of the synaptic cleft. This alkalization disinhibits the Ca2+ channels and 

shifts their activation potential to negative potentials. Figure 1.3 was reproduced with 

permission from Vroman R. Klaassen LJ, Howlett MH, Cenedese V, Klooster J, 

Sjoerdsma T, Kamermans M Extracellular ATP Hydrolysis Inhibits Synaptic 

Transmission by Increasing pH Buffering in the Synaptic Cleft. PLoS Biol. 2014 May; 

12(5):e1001864. 

There is no evidence of ATP being released via vesicular mechanisms in HC 

but it is possible.  In fact, ATP could be vesicular because almost every vesicle 

contains ATP (Forgac et al., 1983). This would suggest ATP is released day and 

night. Recently, ATP release was measured from isolated HC when stimulated with 

AMPA resulting in an increase in the amount of luminescence signal (Vroman et al., 

2014).  When medium was treated with probenecid, an inhibitor of Pannexin 
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channels, the amount of ATP was decreased relative to the baseline, suggesting 

some ATP is released at rest coming out of these HCs that is dependent on 

Pannexin channels. Consequently, stimulating HC by depolarization would trigger 

release of more ATP and probenecid block the effect. Since Pannexin are only found 

in the tips of HC (Kranz et al., 2012) it is possible that during dissociation of HC cells 

many pannexins were lost in the process.  The possibility that ATP may act on 

purine or adenosine receptors was investigated with selective blockers but they had 

no effect on feedback, suggesting that feedback is not mediated by adenosine or 

purine receptors (Vroman et al., 2014) 

In the dark, the effects of adenosine receptors are associated with inhibition 

of voltage gated channels and reduction of calcium conductance in cone 

photoreceptor terminals in tiger salamander (Stella et al., 2007). More recently, 

evidence of adenosine receptors was found in zebra fish and mouse retina (Li et al., 

2013 and 2014). The presence of adenosine receptors suggests modulation of 

currents via PKA mechanism.  These receptors are not going to operate on a short 

time scale but rather in a quasi-steady state condition. There is going to be a change 

in the average activation of currents that can be regulated by adenosine receptors. 

We cannot rule out the effects of additional buffering systems in the regulation of pH 

in the synaptic cleft. An attractive alternative to the GABA model for feedback has 

emerged implicating the passage of bicarbonate ions through GABAA receptors in 

horizontal cells (Liu et al., 2013). In this model, activation of voltage-gated Ca2+ 

channels in HCs increases GABA release, which increases chloride and bicarbonate 

permeability through GABA receptor channels. Thus, the acidification of the synaptic 
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cleft would cause inhibition of L-type Ca2+ channels in the photoreceptor (Liu et al., 

2013).  

1.1.3. Ephaptic signal 

The original premise for the ephaptic hypothesis was based on a theoretical 

model to describe the HC effects on photoreceptor terminals. These were purely non 

experimental and proposed feedback was a positive effect.  In this scenario there is 

no messenger that is mediating communication between HC and cone terminals; 

rather, it is an electrical effect. HCs send an inhibitory signal to cone photoreceptors 

that alters their calcium channel conductance without affecting their voltage (Byzov 

and Shura-Bura, 1986). It was postulated an ephaptic signal was responsible, 

meaning communication signals at the triad are mediated by local changes of 

electrical fields.  Figure 1.4 shows this potential mechanism for HC feedback onto 

cones in the retina. In this circuit, the membrane potential of the cone controls the 

release of glutamate. When the cone is depolarized glutamate is released and 

activates glutamate receptors on the tips of HC dendrites. Because the synaptic cleft 

has finite resistance the current flowing through this space causes a voltage drop 

between the interior of the invaginating synapse and the surrounding extracellular 

space. Thus, the change in voltage generates a relative depolarization in the cone 

membrane resulting in Ca channels opening up and release of NT. The size of the 

synaptic cleft is consistent with how much resistance is needed to produce a voltage 

drop (Dowling, 2012). In the presence of illumination glutamate receptors are closed 

which leads to less current flowing through the synaptic cleft and hyperpolarization 

of Ca2+ channels. It is unclear, however, how ephaptic signals are generated. Little 
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information is available on how much resistance is produced by extracellular matrix 

and other factors (Anastassiou & Koch, 2015). According to Byzov’s model, when 

glutamate is released, current flows into channels in HC tips and through the cleft, 

causing a voltage drop. If current flowing into HC tips slows down so does the cleft 

current. Thus, there would be either less voltage drop or none at all.  

There have been several hypothesis for ephaptic feedback. Among these 

competing mechanisms, the hemichannel-mediated ephaptic mechanism has drawn 

a lot of attention because of the requirement for connexin channel expression by 

HCs at photoreceptor terminals. The work of Iris Fahrenfort during her PhD thesis 

proposed ephaptic feedback signal could be generated by the presence of a channel 

that stays open all the time. Thus, in the presence of illumination, HC 

hyperpolarization would result in an increase in the current through the synaptic 

cleft. Presumably this channel would allow more flow and then suddenly whether 

you are in the center or the surround, an ephaptic signal be generated that could 

antagonize the hyperpolarization of the cone (Kamermans et al., 2001). This 

observation was further supported with the use of carbenoxolone, a hemichannel 

blocker, which was found to reduce feedback (Kamermans et al., 2001). However, 

the use of carbenoxolone, a non-specific gap junctional blocker, resulted in the 

inhibition of L-type Ca2+ channels in cones (Vessey et al., 2004). For the ephaptic 

hypothesis, it is not straightforward case due to lack of specific hemichannel 

blockers.  In sum, when Ca2+ channels are opened, transmitter is being released; 

glutamate receptor channels are activated and current flows in (Fig 1.4A). That 

current flow will cause a relative depolarization of the pre-synaptic membrane and 
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increase the transmitter release. That is positive feedback in its steady state. If light 

shines in the surround but not on the cone, the horizontal cell is hyperpolarized and 

glutamate is released causing an increase in current flow into the HC due to larger 

driving force, which drives cations into those glutamate receptor channels (Fig 1.4B).  

              

Figure 1.4: Potential mechanism for HC feedback onto cones in the retina. 

When light is in the center of the cone glutamate receptors close and the feedback 

goes away (Fig 1.4A). Under surround illumination conditions negative feedback is 

increased fighting against the cone’s hyperpolarizing response (Fig 1.4B). When the 

HC hyperpolarizes, the opened channels cause an increase in current flow through 

the extracellular space and that increases the voltage differences within the synapse 

and causes a relative depolarization of the pre-synaptic membrane causing Ca2+ 

channels to open up a little bit again. So the communication causes a change in how 

active these channels are and how much NT is released. That would be a form of 

feedback.  Figure 1.4 was reproduced with permission from Fahrenfort I, Steijaert M, 
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Sjoerdsma T, Vickers E, Ripps H, van Asselt J, Endeman D, Klooster J, Numan R, 

ten Eikelder H, von Gersdorff H, Kamermans M. 2009. Hemichannel-mediated and 

pH-based feedback from horizontal cells to cones in the vertebrate retina. PLoS One 

4(6):e6090. 

1.1.4. Summary 

For the last fifty years a plethora of evidence has emerged to decipher 

whether the signal that drives HC feedback to cone photoreceptors is either 

chemical or electrical. When it comes to GABA the jury is out.  There is very little 

support for the release of GABA from HCs into the cleft and the amount of receptors 

present in cone terminals is found to be sparse. But perhaps the most conclusive 

evidence is the failure of GABA receptor antagonists to block feedback suggesting 

GABA does not play a role. The premise of the ephaptic hypothesis is that voltage 

changes in the HCs lead to an apparent change in voltage in cones but is hard to 

imagine such mechanism without taking into account changes of pH or the release 

of chemical signals.  There is no direct evidence for the existence of hemichannels 

in the tips of HCs and to make matters worse specific hemichannel blockers are 

unavailable. However, the specific expression of encoded fluorescent voltage 

indicators in cone terminals could shed some light in the measurement of local 

voltage changes. The proton-mediated hypothesis is a competing hypothesis with a 

completely different mechanism in which the synaptic cleft is acidified by protons 

and causing inhibition of the Ca2+ channel when HC is depolarized and the 

concentration of protons is reduced when HCs hyperpolarize. Although there is a lot 

of support for this mechanism, it is unknown whether the source of protons is due to 
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a release mechanism or changes in the concentration of bicarbonate and phosphate 

in the synaptic cleft.  It is possible, however, that a combination of effects including 

GABA, protons and ephaptic feedback contribute together to mediate HC feedback 

1.2 Synaptic Scaffolds 

 For these mechanisms to work is critically important that all of the elements 

that are doing the feedback are localized right inside that synapse. Photoreceptors 

have a unique deeply invaginated synapse which appears to be structurally design 

to allow this kind of signal to take place. All photoreceptor synapses throughout the 

vertebrate world have this deeply invaginated synapse that appears to be necessary 

for this type of synaptic signaling. These elements have to be in that place for 

feedback to work, so we propose examining synaptic scaffolds because they are 

responsible for assembling those components and anchor them in place.  

Precise physical localization of synaptic proteins is essential for effective 

synaptic transmission and for control of the signaling pathways that impose 

plasticity.  At most synapses, large suites of proteins form complex networks, which 

play an important role in synaptic plasticity. The following work will focus on synaptic 

scaffolds that may influence synaptic events in horizontal cells.  Membrane-

associated guanylate kinase (MAGUK) proteins are responsible for anchoring many 

of the necessary components that regulate synaptic transmission in opposing 

membranes (Oliva et al., 2012; Chen et al., 2015).  It is well known that excitatory 

synapses are rich in MAGUKs, including postsynaptic density protein 95 (PSD95), 

PSD93 (Chapsyn-110), synapse-associated protein 102 (SAP102) and SAP97 
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(Koulen et al., 1998).  These synaptic scaffolding proteins share homologous PDZ, 

SH3, and guanylate kinase domains, which mediate protein-protein interactions to 

form multi-protein complexes. The complexes of synaptic scaffolds often include a 

variety of transmitter receptors, ion channels, protein kinases, phosphatases, and 

AKAPs (Zheng et al., 2011). Synaptic scaffolds play an important role in assembling 

signaling pathways to specific parts of the cell. We have identified a few ion 

channels likely to be involved in horizontal cell synaptic signaling, which will be 

described in more detail below. 

1.2.1 Glutamate receptors  

The most prominent proteins anchored by synaptic scaffolds in excitatory 

synapses are the glutamate receptors. AMPA and Kainate receptors are ligand-

gated channels, which share similar structures and have fast activating largely Na2+ 

or cation conductances. Their different subunit types have some different properties 

and there are spliced variants of some of these genes so there is quite a bit of 

diversity in each of them. The GluRs form multimers and they can form heteromeric 

multimers so there is a lot of diversity among these different types of glutamate 

receptors. The ionotropic receptors are generally grouped into what is called non-

NMDA type, which include the GluA AMPA receptors and GluK Kainate receptors 

and the NMDA type, the GluN type receptors. The GluA type receptors typically 

have fast activation kinetics and inactivate or desensitize fairly quickly; GluKs have 

slower inactivation kinetics but they have a more profound desensitization. The 

GluNs, on the other hand, have somewhat slower activation and much slower 

deactivation kinetics and so, even though they have typically the similar peak 



17	
	

amplitude of current, the NMDA type receptors will often stay open for much longer 

period of time (Lüscher and Malenka, 2012). These are largely conserved in 

vertebrates (Glanzman, 2010).  

The ionotropic GluRs have a structure similar to Figure 1.5A: they have a 

ligand binding domain (LBD) extracellular and N-terminal domain (ATD). They form 

a tetramer in their final form. They typically form dimers of monomers and then 

dimers of dimers. The key point is that these channels can form heterotetramers with 

different isoforms as seen in Figure 1.5B. However, there is no evidence of GluK 

receptors making heterotetramers with GluA receptors.  

         

Figure 1.5: Structure and domain organization of glutamate receptors: A. 

Linear representation of the subunit polypeptide chain and schematic illustration of 

the subunit topology. LBD: ligand binding domain in blue; ATD: amino terminal 

domain in green. B. Crystal structure at 3.6 Å of the GluA2 AMPA receptor. (Figure 

1.5 Structure and domain organization of glutamate receptors was reproduced with 

permission from Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, 
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Ogden KK, Hansen KB, Yuan H, Myers SJ, Dingledine R. 2010. Glutamate receptor 

ion channels:structure, regulation, and function.62(3): 405-96 

There is a ligand binding cleft on each of the subunits, and when at least 2 of 

those are bound to glutamate AMPA and Kainate type receptors will open and the 

current increase up to 4 of them bound. This current will open transiently and will 

start to desensitize. The opening involves a conformational change that opens that 

channel pore and desensitization involves a second relaxation conformation that 

brings some of the transmembrane domains (TM) domains back together to close 

the channel pore (Figure 1.6).  

    

Figure 1.6: Conformational changes in the functioning AMPA receptor: ribbon 

diagrams of the crystal structures of the GluA2 ligand binding dimer in conformations 

that correspond to the resting state, active state (glutamate-bound), and 

desensitized state (glutamate-bound). D1 and D2 correspond to the two lobes of 

extracellular ligand binding domains seen in Fig 1.5A in blue. Figure 1.6  

Conformational changes in the functioning AMPA receptor was reproduced with 
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permission from Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, 

Ogden KK, Hansen KB, Yuan H, Myers SJ, Dingledine R. 2010. Glutamate receptor 

ion channels: structure, regulation, and function.62(3): 405-96 

 In the AMPA and kainate type receptors, all 4 of those ligand binding sites 

bind glutamate. The AMPA and Kainate type receptors can be modulated by a 

variety of things but they are relatively simple in this activation and desensitization 

type of behavior (Figure 1.7). 

 

Figure 1.7: Binding sites for the agonists, and modulators are shown for the 

glutamate receptor AMPA. AMPA and kainate indicates that the ligand selectively 

targets GluA or GluK receptor subunits, respectively. Note polyamine target in the 

ion channel pore. Figure 1.7 Binding sites for the agonists, and modulators are 

shown for the glutamate receptor was reproduced with permission from Traynelis 

SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, Hansen KB, Yuan 
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H, Myers SJ, Dingledine R. 2010. Glutamate receptor ion channels:structure, 

regulation, and function.62(3): 405-96. 

NMDA receptors are different.  They are formed by a set of 5 genes, 1 GluN1 

and 4 GluN2 subtypes (A-D). NMDA receptors obligatorily require the assembly of 2 

GluN1 subunits and 2 GluN2 subunits. The GluN2 subunits bind glutamate the same 

way the other glutamate receptors do but the GluN1 subunits do not. Instead, GluN1 

binds co-agonist glycine, but more recently has also been shown that amino acid D-

serine also binds to GluN1 with higher affinity than glycine (Miller, 2004). The 

mechanism of NMDA receptor opening requires binding both agonist and co-agonist 

and further NMDA receptor have a Mg2+ binding site in the middle of the pore. When 

Mg2+ is bound that blocks channel function. In order to remove Mg2+ the cell has to 

be depolarized.  So NMDA receptors are considered to be coincidence detectors 

because they require the presence of glutamate, co-agonist and depolarization of 

cell to unbind Mg2+ (Figure 1.8). 
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Figure 1.8: Binding sites for the agonists, and modulators are shown for the 

glutamate receptor NMDA. Note polyamine targets in the amino terminal domain 

and ion channel pore. Figure 1.8  Binding sites for the agonists, and modulators are 

shown for the glutamate receptor was reproduced with permission from Traynelis 

SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, Hansen KB, Yuan 

H, Myers SJ, Dingledine R. 2010. Glutamate receptor ion channels:structure, 

regulation, and function.62(3): 405-96 

Ionotropic glutamate receptors play an important role in vision. It is well 

known that both kainate and AMPA receptors subunits are expressed by horizontal 

cells in the retina (Shen et al., 2004). Furthermore, AMPA subunits are localized in 

the base of HC tips contacting photoreceptors (Pan et al., 2007).  

1.2.2 Potassium channels 

In Chapter 3, I will show that I discovered inward rectifying potassium (KiR) 

channel 2.1 in horizontal cell complexes. Therefore I will provide more background 

on the KiR channels. KiR channels are tetramers that form multiple combinations 

resulting in functional channels. The ion channel pore can be regulated by H+, Na+, 

Mg2+ and lacks the S4 voltage sensor region, suggesting that KiR channels are 

insensitive to membrane voltage (Figure 1.9).  The inward rectification is caused by 

the blockage of outward current due to polyamines and internal Mg2+ (Xie et al., 

2003; Vilin et al., 2013).. In the retina, KiR channel conductance is shown to 

accelerate the onset rate of the hyperpolarizing light response of HCs (Dong and 

Werblin, 1995). Therefore, KiR channels generate a large K+ conductance at 

hyperpolarized conditions but allow less current flow at depolarized potentials. This 
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conductance may serve to enhance the temporal resolution of the HC and there may 

exist a voltage-dependent mechanism in HCs that can accelerate the onset of the 

hyperpolarizing light response.  

   

 

Figure 1.9: Architecture of inwardly rectifying Potassium (KiR) channels:  A. 

Schematic Each subunit comprises two transmembrane helices (M1 and M2), a 

pore-forming region containing the pore-helix (P), and a cytoplasmic domain formed 

by the amino (N) and carboxy (C) termini. B. View of the tetrameric structure of the 

KirBac1.1 channel4 (PDB ID: 1P7B) from the extracellular side. Monomers are 

individually coloured red, green, yellow and blue. A K+ ion (white) indicates the 

conduction pathway. C. Side view of the KirBac1.1 structure showing the 

transmembrane domain of two subunits (green and blue) and the C-terminal 

domains of their neighbouring subunits (red and yellow). White spheres represent K+ 

ions in the selectivity filter. Figure 1.9 Overall architecture of inwardly rectifying 
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Potassium (KiR) channels was reproduced with permission from Bichet D, Haass F, 

Jan L. 2003. Merging functional studies with structures of inward-rectifer K channels. 

Nature Reviews Neuroscience 4:957-967. 

 

Chapter 2. Methodology 

 

2.1 Tissue preparation 

Retinas from New Zealand White rabbits ranging between 3-5 kg of weight 

and young adult mice C57BL/6 (no. 000664; The Jackson Laboratories) were used 

in this study.  Rabbits were anesthetized with a mixture of ketamine/xylazine (40/5 

mg/kg) by IM injection and euthanized with an overdose of sodium pentobarbital 

(100 mg/kg) whereas cervical dislocation was used for mice following protocols 

approved by the Institutional Animal Care and Use Committee and conforming to 

National Institutes of Health (NIH) guidelines.  The eyes were enucleated and the 

anterior segment removed along the ora serrata, followed by removal of vitreous 

humor.  The resulting retina-sclera preparation was cut into 4 to 5 sections and the 

tissue pieces maintained in carboxygenated Ames’ medium (Sigma-Aldrich, St. 

Louis, MO) at ambient temperature.  For light microscopy, tissue pieces were 

immersion fixed in either 4% (w/v) paraformaldehyde (PFA) or 4% N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC; Sigma-Aldrich) in 

0.1M phosphate buffer (PB; pH 7.4).  We found 20 minutes in 4% EDAC fixation was 

the best condition to visualize synaptic proteins in rabbit.  
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To visualize spermine immunolabeling in mouse photoreceptor terminals the 

best condition was 4% PFA fixation for 45 minutes.  Retinal pieces were 

cryoprotected in 30% sucrose in PB overnight at 4oC, sectioned vertically at 12µm 

on a cryostat and collected on slides.  For whole mount preparations, retinas were 

isolated from eyecup, flattened on a black nitrocellulose filter paper (Millipore, 

Billerica, MA) and fixed in either 4% EDAC or 4%PFA for 1 hour to preserve tissue 

integrity. Two to 4 month-old adult mice of either sex were used. Animals kept in a 

reverse light cycle were used to simplify collection of night time tissue. Mice were 

housed in a 12 h light/dark cycle (lights on at 7:00 A.M.) for at least 2 weeks before 

an experiment. Based on previous work (Jin et al., 2016), mice were sacrificed under 

infrared illumination with the assistance of infrared night vision goggles or under 

room lights during the day.  

 

2.2 Injection of Neurobiotin and Alexa 568 

 

 Retinas from rabbits were isolated from the eyecup while immersed in 

carboxygenated (95% O2 + 5% CO2) Ames medium (US Biological, Swampscott, 

MA) and mounted on 0.8µm black filter paper (Millipore, Bedford, MA).  Retinal cells 

were prelabeled with 5µM 4,6-diamino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, 

CA) in Ames medium for 15 minutes.  Retinal pieces prelabeled with DAPI were 

visualized on an Olympus BX-50WI microscope (Tokyo, Japan) equipped with 

epifluorescence.  Targeted horizontal cells were impaled under visual control with 

150-200 MΩ glass electrodes (Warner Instruments, Hamden, CT) pulled on a 
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horizontal electrode puller (Sutter Instruments, Novato, CA).  Electrodes tips were 

filled with 4% Neurobiotin (Vector Laboratories, Burlingame, CA) and 0.5% Lucifer 

Yellow-NH4 (Molecular Probes, Eugene, OR) in 0.05M PB, then backfilled with 3M 

LiCl.  Electrodes tip-filled with Alexa 568 (Molecular Probes; A10437) were back-

filled with 3M KCl.  Impaled cells were injected with a biphasic current (±2.0 nA, 3Hz) 

for 4-5 mins.  Following the last injection, retinal pieces were fixed in 4% PFA for 30 

minutes prior to further immunohistochemical processing.  For single cell injections, 

50µM meclofenamic acid was perfused over the retina for 15 min prior to Neurobiotin 

injection.  

 

2.3 Immunolabeling 

 

 Retinal sections were labeled with antiserum in tissue treated with 0.3% 

Triton X-100 (Sigma-Aldrich) and incubated overnight with 3% Donkey Serum in 

Dulbecco's Phosphate Buffered Saline (PBSA) at room temperature (RT) to block 

non-specific immunolabeling.  For flat mount preparations, retinal pieces were 

incubated for a minimum of 5 days in a rotator at 4oC.  Antibodies used included 

mouse IgG1 anti-SAP-102 clone N19/2 (1:500; UC Davis/NIH NeuroMab Facility, 

Davis, CA), mouse IgG1 anti-SAP-97 clone K64/15 (1:500, UC Davis/NIH NeuroMab 

Facility, Davis, CA), mouse IgG1 anti-Chapsyn-110 clone N18/30 (1:500; UC 

Davis/NIH NeuroMab Facility, Davis, CA) and mouse IgG2a anti-PSD-95 clone 

K28/43 (1:500; UC Davis/NIH NeuroMab Facility, Davis, CA).  The tissue was rinsed 

in PBSA extensively and double- or triple-labeled with either goat IgG anti-GluR5 C-
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18 (1:500, Santa Cruz Biotechnology, Santa Cruz, CA) or rabbit antibodies including 

anti-mGluR6, against the C-terminal peptide (KATSTVAAPPKGEDAEAHK) of 

human metabotropic glutamate receptor 6 (1:500; gift of Dr. Noga Vardi; {Vardi, 

2000 #2823}), anti-GluR6/7 clone NL9 (1:500, Millipore), and anti-KiR2.1 (1:200, 

Millipore). To visualize polyamines antibodies used included rabbit anti-Spermine 

polyclonal (1:500; Novus, Littleton CO) and rabbit anti-Spermine (1:500, 

Abcam.Cambridge, MA).  Both antibodies recognize polyamine species including 

spermine, spermidine and putrescine and their immunoreactivity was identical. 

Additional information about the antibodies is given on table 1 below.  Most 

secondary antibodies were raised in donkeys and affinity purified.  These included 

Alexa Fluor 488 and/or Cy3 anti-goat IgG (1:1,000; Jackson Immunoresearch, West 

Grove, PA), Alexa 488 and/or Cy3 anti-rabbit IgG (1:500; Molecular Probes, Eugene, 

OR) and Dyelight 647 anti-mouse IgG (1:500; Jackson Immunoresearch).  

Additionally, anti-mouse IgG subtype specific secondary antibodies raised in goats 

were used at times to double label with two mouse monoclonals.  These included 

Alexa 488 anti-mouse IgG1 and Cy3 anti-mouse IgG2a (1:500; Jackson 

Immunoresearch).  Sections were incubated in secondary antibodies for 1 hour at 

room temperature, and pieces of retina were left in secondary antibody for 1 day at 

4oC.  Tissue was coverslipped in Vectashield mounting medium (Vector 

Laboratories, Burlingame, CA) with DAPI.  

 Several additional antibodies were used as markers for specific cell types or 

for synaptic structures.  Affinity-purified anti-syntaxin 3 specific antibody generated in 

rabbits against a peptide from the N-terminus of mouse syntaxin 3 
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KDRLEQLKAKQLTQDDC (1:100; gift of Dr. Roger Janz); anti-ribeye, U2656, raised 

in rabbits against a purified glutathione S-transferase (GST) fusion protein 

containing the entire B domain of rat ribeye (1:500; gift of Dr. Thomas Südhof; 

Schmitz et al., 2000); anti-Cx57 raised in rabbits against a mouse Cx57 C-terminal 

peptide, aa434-446 (1:100; Invitrogen); anti-Cx59, raised in rabbits against a C-

terminal peptide of the human Cx59, aa486-501 (1:100; gift of Dr. Steve Massey); 

anti-Pannexin 2 raised in rabbits against a peptide corresponding to the C-terminus 

of mouse Panx2 (1:200; TermoFisher, Waltham, MA). 
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2.4 In situ Proximity Ligation Assay (PLA) 

 

 Potential protein-protein interactions were assessed by in situ Proximity 

Ligation Assays (PLA).  PLA was performed using a generalized Duolink 

mouse/rabbit labeling kit (Olink Bioscience, Uppsala, Sweden).  To optimize results 

we fixed retinas with 4% EDAC in 0.1M PB for 30 minutes at room temperature 

followed by 4% PFA for 5 minutes.  This fixation protocol worked well and was used 

for studying SAP102 interactions with either GluR6/7 or Kir2.1.  We used 

conventional immunohistochemistry techniques for labeling retinal cryostat sections 

with mouse and rabbit primary antibodies.  Briefly, retinal sections were blocked with 

15% normal donkey serum in 0.1M PB with 0.3% TritonX-100 detergent and then 

incubated with primary antibodies in the same solution overnight at 4oC.  On the 

following day, sections were washed three times with 0.1M PB for 10 min each with 

gentle shaking.  After primary incubation, all further steps were done according to 

the Duolink manual.  Incubations with the kit-derived oligonucleotide-linked 

secondary antibodies, PLA probe dilution/incubation time, ligation, rolling circle 

amplification times and polymerase concentrations were optimized for retinal 

sections (Leuchowius et al., 2011).  PLA probes were incubated in pre-heated 

humidity chamber for 60 min at 37oC, briefly washed three times and left with gentle 

shaking for 30 min in Duolink buffer A.  The slides were further processed for ligation 

for 60 min at 37oC, and amplification step was significantly improved when 

incubation time was 60min at 37oC. 

 To verify the selectivity of the PLA experiments, we used the antibodies 
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mouse anti-SAP102 (cat# 75-058, UC Davis/NIH Neuromab Facility), rabbit anti-

GluR6/7 (cat#04-921, Millipore Corporation), rabbit anti-Syntaxin 3 (gift or Dr. Roger 

Janz) and rabbit anti-PSD95 (cat#18258, Abcam, Cambridge, MA).  We performed 

negative controls by excluding one of the probes during antibody incubation or by 

probing for proteins known to be on opposite sides of the synapse (e.g. SAP102 and 

syntaxin 3).  We performed positive controls by probing with two different antibodies 

to the same protein (not shown).  

 

2.5. Confocal microscopy 

 

Image acquisition was performed with a Zeiss LSM 510 META or LSM 780 

laser scanning confocal microscope (Carl Zeiss, Thornwood, NY).  All sections were 

imaged with dye-appropriate filters (405 nm excitation, 440–460 nm emission for 

DAPI; 542 nm excitation, 590–620 nm emission for Cyanine 3; 488 nm excitation, 

530–550 nm emission for Alexa 488; 633 nm excitation, long-pass 650 nm emission 

for Dyelight 647).  The detector gain and offset parameters were adjusted so that the 

intensity of most pixels fell within the dynamic range of the detector and the intensity 

of the most brightly labeled immunoreactive puncta showed very limited saturation.  

Images were acquired with a 40× or 63× oil-immersion objectives as a series of 

optical sections ranging between 0.25 to 0.5 µm in step size.  Each marker was 

assigned a pseudocolor and the images were analyzed as single optical sections 

and as stacks of optical sections projected along the y or z axis.  All images were 

processed in Adobe Photoshop (Adobe Systems CS5, San Jose, CA) to enhance 
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brightness and contrast. To measure polyamine levels five areas of the retina were 

scanned per animal and 4 animals were used for each experimental condition. 

 

2.6 Intensity measurements of polyamines at different times of the day 

 

Mice were sacrificed either 1 hour before noon or 1 hour past midnight 

corresponding to daytime and nighttime respectively. Day and night animals were 

used at different days.  The day of the experiments mice in the inverted cycle 

condition were kept inside black boxes until collection of retinal tissue was 

performed.  Retinas from both groups of animals were collected and fixed in 4% 

paraformaldehyde in complete darkness using infrared goggles.  Immunolabeling 

with antibodies against spermine was performed and detected using fluorescent 

secondary antibodies. 12-bit images were analyzed with SimplePCI software 

(Hamamatsu Photonics, Bridgewater, NJ). The fluorescence intensity of Cy3 

spermine labeled was measured with circles centered on photoreceptor terminals 

stained with PSD95. The intensity of spermine was measured in both cones and 

rods by using two populations, and changes in OPL intensity was evaluated between 

day and night. In order to compare conditions, the average of polyamine labeling 

intensity from the photoreceptors of 5 images was used to determine the changes in 

polyamine labeling of OPL in each animal. Same settings were used to measure 

spermine levels from animals in both conditions.  
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Chapter 3. Synaptic scaffolds in Rabbit retina 

 

This chapter is based upon “MAGUK scaffolds organize a horizontal cell synaptic 

complex restricted to invaginating contacts with photoreceptors" by Vila, Alejandro; 

Whitaker, Christopher; O'Brien, John” Journal of Comparative Neurology CN-16-

0115.R1 ePub August 25, 2016 

 

3.1. Introduction 

To eliminate redundancies in our visual world the retina has to compress 

spatial and temporal information to accommodate for these changes.  In the outer 

plexiform layer (OPL), these redundancy reduction mechanisms are generated at 

the triad synapse between photoreceptors, bipolar and horizontal cells (HC), where 

HCs feedback to photoreceptors reviewed by (Burkhardt, 1993; Kamermans and 

Spekreijse, 1999; Thoreson and Mangel, 2012).  The feedback mechanism of HCs 

applies a certain amount of gain control to photoreceptor synapses, keeping the 

photoreceptor synapses within the operating range of Ca2+ channels and thus 

allowing glutamate release.  The mechanism of HC feedback remains controversial, 

with hypotheses ranging from conventional transmitters (GABA) to non-conventional 

transmitters (protons) and an ephaptic mechanism (Murakami et al., 1982; Hirasawa 

and Kaneko, 2003; Vessey et al., 2005; Kamermans et al., 2001; Klaassen et al., 

2012).  Evidence for the latter two mechanisms has been growing in the past 

decade.  Both ephaptic and proton-mediated feedback mechanisms require precise 

localization of synaptic events in horizontal cell processes very closely apposed to 

photoreceptor transmitter release sites.  
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 It is a general rule that precise physical localization of synaptic proteins is 

essential for effective synaptic transmission and for control of the signaling pathways 

that impose plasticity.  At most synapses, suites of scaffold proteins form complex 

networks that anchor receptors and play an important role in synaptic plasticity.  

Membrane-associated guanylate kinase (MAGUK) proteins are responsible for 

anchoring many of the necessary components that regulate synaptic transmission 

(Oliva et al., 2012; Chen et al., 2015).  It is well known that excitatory synapses are 

rich in MAGUKs, including postsynaptic density protein 95 (PSD95), PSD93 

(Chapsyn-110), synapse-associated protein 102 (SAP102) and SAP97 (Koulen, 

1999).  These synaptic scaffolding proteins share homologous PDZ domains, which 

mediate protein-protein interactions to form multi-protein complexes. The complexes 

of synaptic scaffolds often include a variety of transmitter receptors, ion channels, 

and regulatory proteins.  

 To provide insight into HC synaptic mechanisms, we sought to identify 

neuronal scaffold proteins that reside in the synapse between photoreceptors and 

HCs.  We systematically evaluated the distributions of several synaptic scaffold 

proteins in rabbit retina, finding scaffolds restricted to the tips of horizontal cells 

contacting photoreceptors, and further examined the localization of proteins known 

to interact with them.  We find evidence that scaffolds assemble a complex of 

proteins that are likely involved in synaptic signaling between photoreceptors and 

horizontal cells. 
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3.2. Distribution of MAGUK-containing synaptic scaffold proteins in the retina 

 

 Synaptic scaffold proteins bind to and assemble unique suites of proteins that 

establish the functional properties of synapses.  Because each scaffold may 

assemble different groups of proteins, certain aspects of the functional properties of 

a synapse can be inferred from the scaffolds that are present.  To gain insight into 

the synaptic interactions of retinal photoreceptors, we examined the distribution of 

the MAGUK-containing synaptic scaffold proteins in the rabbit outer plexiform layer 

(OPL) by multiple-label immunofluorescence and confocal microscopy.  Labeling for 

PSD95 followed its well-known but paradoxical labeling pattern as a pre-synaptic 

marker encircling the plasma membranes of both rod and cone terminals (Fig. 3.1A).  

SAP97 gave a similar labeling pattern (Fig.3.1B).  Both SAP97 and PSD95 were 

also present in the inner plexiform layer (IPL), although PSD95 labeling was very 

weak.  In contrast to the distribution of these proteins, immunoreactivity for SAP102 

(Fig.3.1C) had a strong punctate distribution in both the OPL and the IPL.  The 

distribution of Chapsyn110 was similarly punctate in the OPL (Fig. 3.1D) and quite 

abundant and punctate in the IPL. 
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Figure 3.1.  Membrane-Associated Guanylate Kinase (MAGUK) proteins in the 

rabbit retina. A, Vertical section of rabbit retina labeled for PSD-95.  Prominent 

immunoreactivity in the OPL encircled photoreceptor terminals.  In the IPL 

immunofluorescence was found in the form of sparse, very small puncta.  B, SAP97-

IR was found in the OPL, where rod and cone photoreceptor terminals were labeled 

intensively. Strong labeling was concentrated in the cytoplasm of rod spherules and 

cone pedicles. In the IPL immunofluorescence was found in the form of sparse 

puncta.  C, SAP102-IR appeared as clusters of puncta in the OPL surrounded by 

sparser puncta.  Immunolabeling in the IPL was weak and punctate.  D, Chapsyn-
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110 IR had a similar labeling pattern as observed with SAP102 in the OPL.  

Chapsyn-110 immunolabeling was punctate and much stronger than the other 

MAGUKs in the IPL. Scale bars: 10 µm.	

 

3.2.1. SAP102 is a postsynaptic element of photoreceptor synapses 

 

The punctate distribution of SAP102 and Chapsyn110 that did not show the 

outline of photoreceptor terminals suggested that these scaffolds might be post-

synaptic in the OPL.  To assess their distribution, we first examined the localization 

of SAP102 in more detail.  In whole mount views of the OPL, SAP102 

immunoreactivity appeared as tight clusters of round puncta surrounded by smaller, 

sparser puncta (Fig. 3.2A).  Labeling with an antibody to GluR5, a marker that labels 

OFF bipolar cell dendrites at the base of cone pedicles (Haverkamp et al., 2003), 

revealed that the tight clusters of SAP102 labeling were located at cone pedicles 

(Fig. 3.2A).  In vertical sections SAP102-immunoreactive (IR) puncta were located 

slightly above GluR5 labeling (Fig. 3.2B), a finding suggesting that SAP102 was 

located inside cone pedicles.  Chapsyn-110 had similar distribution with clusters of 

puncta associated with cones and distributed individual puncta in the OPL (Fig. 

3.2C).  
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Figure 3.2. Clustered scaffolds are associated with cone photoreceptors.  A. 

Wholemount immunofluorescence labeling in the OPL of SAP102 (green) and GluR5 

(red), a marker that labels OFF bipolar cell dendrites at the base of cone pedicles.  

Tight clusters of SAP102 labeling were located at cone pedicles.  B. Vertical section 

through the OPL with the same labeling scheme as A.  SAP102 puncta were located 

slightly above GluR5.  C. Chapsyn-110 (green) had similar distribution in the OPL 

with clusters of puncta associated with GluR5 (red) and distributed individual puncta. 

Scale bars: 5 µm. 

 

To determine whether SAP102 was localized to photoreceptor terminals, 

retinas were double-labeled with antibodies to syntaxin 3, a membrane protein 
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expressed by rods and cones that is a component of the soluble N-ethylmaleimide-

sensitive factor attachment protein receptor (SNARE) complex at ribbon synapses 

(Morgans et al., 1996).  Immunolabeling of syntaxin 3 is found in the membranes of 

cone and rod photoreceptor synaptic terminals (Li et al., 2009; Vila et al., 2012).  

Strong syntaxin 3 immunolabeling was found at the plasma membrane of synaptic 

terminals in rods (Fig. 3.3A).  In cone terminals, however, a small amount of diffuse 

cellular staining was present.  Single optical sections through the OPL double 

labeled with SAP102 and syntaxin 3 antibodies showed punctate staining closely 

associated with each other but the two were not colocalized (Fig. 3.3B).  SAP102 

puncta in the form of clusters were localized slightly above the plasma membrane 

(Fig. 3.3C), suggesting that SAP102 is inside of cone pedicles and not in their 

plasma membrane. One punctum was typically found in the center of each rod 

spherule (Fig. 3.3B).  Similar to the situation in cones, the SAP102 label was found 

in a gap in syntaxin 3 labeling, suggesting that SAP102 was present in a process 

invaginating the rod spherule. 

 Double labeling using an antibody to the synaptic ribbon protein ribeye 

revealed that SAP102 was closely associated with photoreceptor synaptic ribbons, 

but ribeye and SAP102 were not colocalized (Fig. 3.3D).  SAP102 immunoreactivity 

was always localized below the cone and rod synaptic ribbons, suggesting that it is 

post-synaptic to the photoreceptors, but localized well within the invaginating 

synapses of the photoreceptors.  Two cell types have processes post-synaptic to 

photoreceptors within the invaginating synapses: ON (depolarizing) bipolar cells and 

horizontal cells.  To determine whether SAP102 was associated with ON bipolar cell 
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dendrites, we performed double labeling studies using an antibody to the ON bipolar 

cell glutamate receptor mGluR6 (Fig. 3.3E).  ON bipolar cell dendrites were also 

closely associated with SAP102-IR puncta, but the two were not colocalized.  The 

SAP102-IR puncta were always located above ON bipolar cell dendrites (Fig. 3.3F).  

 

Figure 3.3. Association of SAP102 with synaptic elements in the OPL.  A. 

Wholemount immunofluorescence labeling in the OPL of syntaxin 3 (red), revealing 

small clusters labeling synaptic terminals of rods, and diffuse cellular staining in 

cone terminals.  B. Single optical section through the OPL double labeled for 
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SAP102 (green) and syntaxin 3 (red).  SAP102 labeling appears in gaps in syntaxin 

3 labeling.  C. Z-axis projection of a series of optical sections taken at 0.35 µm 

intervals through the OPL.  SAP102 puncta in clusters were localized slightly above 

the cone plasma membrane labeled with syntaxin 3, suggesting that SAP102 is 

inside of cone pedicles and not in their plasma membrane.  One punctum was 

typically found per rod spherule.  D. Wholemount immunofluorescence labeling in 

the OPL of SAP102 (green) and the synaptic ribbon protein ribeye (red).  E. 

Wholemount immunofluorescence labeling in the OPL of SAP102 (green) and 

mGluR6 (red), labeling the tips of ON bipolar cell dendrites.  F, Vertical section 

through the OPL with labeling of SAP102 (green), mGluR6 (red) and GluR5 (blue).  

The SAP102-IR puncta were always located above ON bipolar cell dendrites 

(mGluR6) in rods and slightly above OFF bipolar cell basal contacts (GluR5) in 

cones. Scale bars: 5 µm.	

 

3.2.2. SAP102 is located in B-type horizontal cells.  

 The lack of co-localization of SAP102 immunoreactivity with either ON or OFF 

bipolar cell markers and its apparent post-synaptic localization suggests that it may 

be located in horizontal cells.  In the rabbit, A-type horizontal cells (HCs) send 

dendritic processes only into the invaginating synapses in cone pedicles, while B-

type HCs send dendritic processes to cone pedicles and axon terminal processes to 

rod spherules.  To examine whether SAP102 was expressed by horizontal cell 

dendrites, the lateral elements of the triads, cell bodies of HCs were visualized with 

DAPI and injected with Neurobiotin using intracellular electrodes.  Injection of A-type 
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HCs and double labeling with anti-SAP102 revealed that the tips of A-type HC 

processes were closely associated with SAP102 clusters, but the two markers failed 

to colocalize (Fig. 3.4 A-D).   

In contrast to the results with A-type HCs, double-labeling experiments with 

Neurobiotin-filled B-type HCs and SAP102 antibodies showed dendritic processes 

colocalized with SAP102 (Fig. 3.4E-H).  Dendrites of B-type horizontal cells sent one 

or more processes to clusters of SAP102 puncta located at cone terminals (Fig. 

3.4F) while the axon terminal complex sent fine processes ending with a single 

contact on a rod (Fig. 3.4H).  Co-localization was complete at the tips of the HC 

processes, confirming that B-type horizontal cells contain the SAP102 clusters.  Pan 

and Massey (2007) have previously shown that rods in rabbit retina are contacted by 

a single B-type horizontal cell axon terminal process and that each B-type HC axon 

terminal process contacts only about 10% of immediately adjacent rods due to the 

extensive overlap with other HCs.  Thus the extension of processes contacting a 

limited number of rods within the axon terminal field (Fig. 3.4H) is expected.  

Likewise, the extension of B-type HC dendritic processes to make a single contact 

with a cone (Fig. 3.4F) is also expected. The presence of SAP102 in both cone and 

rod invaginating synapses suggests that whatever mechanism is supported by this 

protein complex is present in both types of photoreceptors. These proteins may be 

involved in either feedforward or feedback signaling between the photoreceptors and 

the horizontal cell. 
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Figure 3.4. SAP102 is located in B-type horizontal cells. (A-D) Distribution of 

SAP102 (green) immunoreactivity relative to a Neurobiotin-injected A-type HC (red) 

in the OPL.  A and C: Distribution of SAP102 immunoreactivity in the OPL. B and D:  

Stacks from 15 single optical sections at 0.25 µm increments are shown.  A-type HC 

dendrites labeled with Neurobiotin were closely associated with clusters of SAP102 

immunoreactive puncta in cones, but not co-localized.  (E-H): Distribution of SAP102 

immunoreactivity relative to a Neurobiotin-injected B-type HC in the OPL. E and G: 

Distribution of SAP102 immunoreactivity in the OPL. The location of photoreceptor 

terminals is shown with syntaxin 3 labeling (blue). Stacks from 17 single optical 

sections at 0.25 µm increments are shown.  F and H, Relationships of B-type HC 

dendrites (F) and axon terminals (H) with SAP102.  Both B-type HC dendrites (F) 

and axon terminals (H) colocalized with SAP102 (arrowheads) at contacts with cone 

terminals and rod spherules respectively. Christopher Whitaker Ph.D performed the 

HC injections for this figure and I did the immunostaining and imaging. Scale bars: 5 

µm. 
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3.3.     SAP102 complex in rabbit retina 

 

3.3.1   Proteins known to bind to SAP102 are present in HC synapses 

 To determine whether SAP102 in horizontal cells was associated with some 

of its known interacting partners, we double- and triple stained specimens with 

specific antibodies against glutamate receptors and potassium channels.  The 

kainate receptor GluR6 has been found to bind to SAP102 in vitro (Cai et al., 2002) 

and an antibody against GluR6/7 has previously been found to label processes of 

horizontal and bipolar cells in mammalian retina (Peng et al., 1995).  We found 

strong GluR6/7 staining distributed in the OPL, where the protein had a punctate 

appearance with the formation of aggregates adjacent to cone pedicles (Fig. 3.5A, 

B).  These aggregates colocalized completely with SAP102 at cone pedicles.  Higher 

magnification images showed less pronounced GluR6/7 immunoreactivity in the form 

of single puncta above the level of cone pedicles, colocalizing with SAP102 (Fig. 

3.5C).  In vertical sections (Fig. 3.5D) GluR6/7 labeling was clearly colocalized with 

the clusters of SAP102 associated with the invaginations of rod spherules.  The 

localization of the kainate receptor GluR6/7 was quite different than that of AMPA 

receptors, which are predominantly localized just outside of the synaptic cleft at 

desmosome-like junctions below cone pedicles and at comparable locations along 

the shaft of processes leading to rods (Haverkamp et al., 2001b; Pan and Massey, 

2007).  
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Figure 3.5. Association of SAP102 with kainate receptor GluR6/7.  (A-C), 

Wholemount immunofluorescence labeling in the OPL of SAP102 (green; alone in A) 

and GluR6/7.  B, A stack from 6 single optical sections at 0.35 µm increments is 

shown. GluR6/7-IR appeared as discrete puncta colocalized with SAP102.  C, Single 

optical section confirming that GluR6/7 colocalization with SAP102 was not due to 

projection of labels at different depths.  D, Vertical section through the OPL labeled 

for SAP102 (green), GluR6/7 (red) and GluR5 (blue). GluR6/7 labeling was clearly 

colocalized with the clusters of SAP102 associated with the invaginations of rod 

spherules.  Scale bars: 5 µm 

 

 Another protein that has been demonstrated to associate with SAP102 is the 

inward rectifier potassium channel Kir2.1 (Leonoudakis et al., 2004).  Kir2.1 

immunolabeling exhibited a mixture of diffuse and punctate patterns in the OPL and 
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surrounded the somas of HCs (Fig. 3.6A).  Labeling for Kir2.1 extended to the 

outermost part of the OPL and sometimes localized to specific areas close to 

photoreceptors.  To evaluate whether Kir2.1 was present in HCs, we triple-labeled 

sections with antibodies to Kir2.1, SAP102, and GluR6/7 (Fig. 3.6B-E).  Figure 3.6B 

(SAP102 alone) and C (triple label) show one SAP102 cluster at a cone terminal 

with surrounding rod spherule contacts.  The numbers 1, 2 and 3 designate single 

SAP102 puncta contacting a cone (1) or rods (2 and 3).  Figure 3.6C shows the 

triple-labeled specimen and the insets 1-3 show enlarged single optical sections of 

the three single puncta at the level of the cone contacts.  Figure D and E show the 

same sample 0.35 µm higher in the OPL, at the level of the rod contacts, and insets 

4-6 show the same SAP102 puncta as 1-3.  Kir.2.1 immunoreactivity was found 

directly colocalized with SAP102 puncta at the invaginated tips of both HC dendritic 

processes contacting cones and axon terminal processes contacting rods in the 

OPL.  Only Kir2.1 puncta were colocalized in the outermost portion of the OPL, 

suggesting that Kir2.1 was clustered by SAP102 in the tips of HC processes.  
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Figure 3.6. Association of SAP102 with inward-rectifier potassium channel 

Kir2.1.  A, Vertical section through the retina labeled for Kir2.1.  Kir2.1 exhibited a 

mixture of diffuse and punctate patterns in the OPL and surrounded the somas of 

HCs. (B-E), Wholemount immunofluorescence labeling in the OPL of SAP102 

(green), Kir2.1 (red) and GluR6/7 in two consecutive optical sections.  B and C 

represent a single optical section in the lower portion of the OPL separated by 0.35 

µm from a higher section in the OPL represented in D and E. B and D, SAP102 

alone.  C and E, Kir2.1-IR (red) was diffusely present below SAP102 clusters, but 

puncta were colocalized with SAP102 at the tips of HC processes.  Numbers in B 

and D indicate individual SAP102 puncta at contacts with cone (1, 4) and rod (2-3, 5-

6) terminals that are shown in the insets.  Kir2.1 colocalizes with SAP102 at the level 
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of the cones (inset 1) and at the level of the rods (insets 5 and 6). Scale bar: 10 and 

5 µm respectively. 

 

3.3.2   Proteins thought to mediate ephaptic feedback signaling were not present in 

the scaffolded complex. 

 

 Connexin hemichannels at the tips of HC dendrites have been proposed to 

function as a current source for ephaptic feedback from HCs to cones (Kamermans 

et al., 2001).  To evaluate whether SAP102 was associated with connexin 

hemichannels we performed double labeling studies using antibodies against Cx57 

and Cx59.  We found Cx57 immunoreactive clusters in the OPL and scattered 

through the nuclear layers (Fig. 3.7A).  Labeling in the nuclear layers with this 

antibody has previously been found to be non-specific, while labeling in the OPL 

detected Cx57 gap junctions (Pan et al., 2012).  Cx57 gap junctions in the OPL were 

located mostly below the SAP102-IR puncta (Fig. 3.7A), suggesting that Cx57 

plaques lie at the bottom of the HC processes.  No apparent relationship between 

the Cx57 plaques and either cone pedicles or rod spherules was observed.  Labeling 

for Cx59 in the OPL similarly showed small puncta that did not have any relationship 

to the SAP102 clusters associated with cones or rods (figure 3.7B).  Thus, neither 

connexin was associated with SAP102 nor was either detectable at the tips of 

horizontal cell processes.      
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Figure 3.7. Connexins 57 and 59 make gap junctions in OPL but do not 

colocalize with SAP102. A, Vertical section through the OPL showing labeling of 

SAP102 (green) and Cx57 (red).  Cell nuclei are labeled with DAPI (blue).   No 

apparent relationship between the Cx57 plaques and SAP102 at either cone 

pedicles or rod spherules was observed.  B, Wholemount immunofluorescence 
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labeling in the OPL of SAP102 (green) and Cx59 (red).  Cx59 labeling was located 

mostly below the SAP102-IR puncta, but was not colocalized. Scale bars: 5 µm. 

 

3.3.3    Close associations of SAP102 with ion channels in the OPL 

 The placement of ion channels at the tips of horizontal cell processes deep 

within the invaginating synapses in cones and rods gives them preferential access to 

the physical environment of the synapse, which may be particularly important for 

post-synaptic signaling and feedback signaling from HCs to photoreceptors.  We 

hypothesize that the role of the synaptic scaffold SAP102 is to hold these channels 

in this location to facilitate synaptic signaling.  To assess whether SAP102 is bound 

to GluR6/7 and Kir2.1 in the OPL, we used in situ proximity ligation assays (PLA).  

The indirect method we used detects protein proximity up to about 40 nm apart, 

suggesting that positive signals represent either direct protein-protein interactions or 

very close association of proteins that could be via indirect interactions.  Figure 3.8 

shows SAP102 labeling in a section of rabbit retina (A) and PLA reaction product for 

interaction between SAP102 and GluR6/7 (B) in a sequential section.  While 

SAP102 immunoreactivity occurred in both the OPL and IPL, the PLA reaction 

product was restricted to the OPL and appeared punctate.  In a similar fashion, the 

PLA reaction product for interaction between SAP102 and Kir2.1 was restricted to a 

narrow band of puncta in the OPL (Fig. 3.8E).  This distribution was much more 

restricted than that of SAP102 immunoreactivity in an adjacent section (Fig. 3.8D) or 

the observed distribution of Kir2.1 in the OPL (see Fig. 3.8A).  Figure 3.8G-I shows a 

negative control experiment in which an interaction between SAP102 and syntaxin 3 
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was tested by PLA.  Although these proteins occur very close to each other on 

opposite sides of the photoreceptor synapses, no reaction product was detected in 

the OPL (Fig. 3.8H).  The results indicate that GluR6/7 and Kir2.1 are very closely 

associated with SAP102 in the OPL, and thus supports the hypothesis that SAP102 

likely interacts with these proteins to form a complex within the tips of HC processes.  

To our knowledge, this is the first time that interactions between SAP102 and either 

kainite receptors or potassium channels have been reported by in situ proximity 

ligation assay (PLA). 
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Fig 3.8. In situ proximity ligation assays (PLA) to show SAP102 association 

with ion channels.  SAP102 labeling (green) in a section of rabbit retina (A) and 

PLA reaction product (red) for interaction between SAP102 and GluR6/7 (B) in a 

sequential section.  While SAP102 immunoreactivity occurred in both the OPL and 

IPL, the PLA reaction product was restricted to the OPL and appeared punctate.  C, 

Negative control PLA reaction in which the SAP102 antibody was omitted; nuclei are 

labeled with DAPI (blue).  D-F, PLA experiment for interaction between SAP102 and 

Kir2.1 using the same order and color scheme as in A-C.   PLA reaction product was 
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restricted to a narrow band of puncta in the OPL (E).  This distribution was much 

more restricted than that of Kir2.1 in the OPL (see Fig. 3.6A).  G-I, Negative control 

PLA experiment in which an interaction between SAP102 and syntaxin 3 was tested, 

using the same order and color scheme as in A-C.  Although these proteins occur 

very close to each other on opposite sides of the photoreceptor synapses, no 

reaction product was detected in the OPL (H).   

 

3.4    DISCUSSION 

 In this chapter, we show SAP102 and its interacting partners associated with 

processes postsynaptic to photoreceptors, extending previous studies demonstrating 

the localization of some MAGUKs to photoreceptor synapses (Koulen et al., 1998a; 

Koulen et al., 1998b). We found that SAP102 organized a complex containing 

GluR6/7 and Kir2.1 in the tips of dendritic and axon terminal processes of B-type 

horizontal cells where they invaginate cone and rod photoreceptors.  Chapsyn110 

was also likely a component of this complex. Most previous studies show AMPA-

type glutamate receptors to be the predominant form of glutamate receptor in 

mammalian horizontal cells, with dense clusters localized below cone and rod 

terminals and only a small fraction localized to the invaginating tips of dendritic or 

axon terminal processes (Haverkamp et al., 2001b; Pan and Massey, 2007).  

Targeted knockout of AMPA receptor GluA4 in mouse horizontal cells reveals a very 

small persistent glutamate receptor current, amounting to just a few percent of the 

glutamate-induced current in isolated cells, attributable to kainate receptors (Strӧh et 

al., 2013).  Thus the kainate receptor GluR6/7 likely serves a very limited but 
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potentially specialized role in horizontal cell signaling.  We hypothesize that this role 

is in feedback of horizontal cells onto cone and rod photoreceptors.  

Inhibitory receptive fields can be imposed by feedback of HC onto 

photoreceptors.  The HC feedback provides dynamic gain control for the 

photoreceptor synapse and enhances contrast between the center of the receptive 

field and the surround; this contrast makes for better vision.  HC feedback is caused 

by a shift in the activation curve of the Ca2+ current of the photoreceptor (Verweij et 

al., 1996; Kamermans and Fahrenfort, 2004).  The mechanisms that cause this 

change have been controversial for decades, but appear to include a mechanism 

that regulates the concentration of protons in the synaptic cleft, modulating the level 

of inhibition of the photoreceptor voltage-gated Ca2+ channel, an ephaptic 

mechanism that modulates the apparent voltage across the photoreceptor synaptic 

membrane, and potentially a GABA-based mechanism (Thoreson and Mangel, 

2012).   

A great deal of evidence has accumulated recently in support of proton-

mediated feedback mechanisms.  Proton concentration increases in the synaptic 

cleft of cones when HCs are depolarized in response to glutamate, and is reduced 

when HCs hyperpolarize (Wang et al., 2014), as would be expected for a dynamic 

feedback mechanism.  Strong pH buffering and alkalinization of the extracellular 

medium enhance photoreceptor Ca2+ current and prevent further enhancement 

caused by surround illumination that hyperpolarizes HCs, indicating that feedback 

has been blocked (Hirasawa and Kaneko, 2003; Vessey et al., 2005; Cadetti and 

Thoreson, 2006).  Recent studies propose that protons responsible for acidifying the 
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synaptic cleft come from HCs via a Na+:H+ exchanger (Warren et al., 2016), but that 

regulation of extracellular buffering by bicarbonate is responsible for the modulation 

of pH (Liu et al., 2013; Warren et al., 2016).  An alternative hypothesis proposes that 

changes in phosphate buffering that is developed via ATP release through Pannexin 

1 channels and extracellular hydrolysis of ATP is responsible for the change in cleft 

pH (Vroman et al., 2014).   

A series of studies has indicated that proton-mediated feedback of HCs to 

photoreceptors is dependent on Ca2+-driven vesicular GABA release from HCs (Liu 

et al., 2013; Hirano et al., 2016).  This is proposed to operate through an 

unconventional signaling pathway in which GABA activates GABAA autoreceptors on 

the horizontal cells, opening a channel permeable to both Cl- and HCO3
- (Liu et al., 

2013).  At depolarized potentials, this would result in an inward flux of HCO3
-
 and 

acidification of the extracellular space, while the reverse would occur at more 

hyperpolarized potentials negative to the HCO3
-
 equilibrium potential.  The Ca2+ 

driving GABA release was found to derive largely from voltage-gated Ca2+ channels, 

although some feedback could not be blocked with inhibitors of N- or P/Q-type Ca2+ 

channels (Liu et al., 2013).  It is possible that direct Ca2+ influx through glutamate 

receptors could contribute to GABA release.  Glutamate receptors of horizontal cells 

in general have been found to be Ca2+-permeable (Molina et al., 2004).  Indeed the 

GluR6 receptor coded by the unedited mRNA has a Ca2+:monovalent cation 

permeability ratio of 1.2 (Egebjerg and Heinemann, 1993), suggesting that the 

kainate receptors we have described at the tips of horizontal cell processes could 

provide a localized Ca2+ signal to support GABA release. 
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Several studies with isolated horizontal cells have examined modulation of 

extracellular proton fluxes near the HC plasma membrane.  These studies have 

consistently shown a resting flux of protons out of HCs with a reduction or reversal of 

flux driven by glutamate stimulation (Molina et al., 2004; Kreitzer et al., 2007; Jacoby 

et al., 2012).  In these studies, proton uptake could be attributed at least partially to 

Ca2+-dependent activation of the plasma membrane Ca2+ ATPase, which functions 

as a Ca2+/H+ antiporter.  While these results seem to be at odds with findings that 

HC depolarization enhances proton-mediated feedback to photoreceptors, they 

reveal mechanisms at work in HCs that may not be detected in the synaptically 

connected network.  We suggest that GluR6/7 kainate receptors at the tips of HC 

processes could contribute a localized Ca2+ signal that activates the Ca2+ ATPase.   

It is important to consider that receptor desensitization may significantly 

influence the behavior of kainate receptors on horizontal cells.  In isolated horizontal 

cells from gluA4 knockout mice, kainate receptor currents were almost completely 

desensitized until potentiated by the addition of the lectin concanavalin A (Stroh et 

al., 2013).  In general kainate receptors desensitize rapidly upon exposure to 

glutamate, and kainate receptors deep in the invaginated synaptic cleft of 

photoreceptors might be expected to be substantially desensitized in the continued 

presence of glutamate at the dark, resting state in the retina.  On the other hand, 

binding of concanavalin A reduces GluR6 desensitization and binding to the scaffold 

PSD95 speeds recovery from desensitization (Bowie et al., 2003).  While neither of 

these proteins specifically interacts with kainate receptors on HCs, extracellular 

matrix proteins may have effects similar to lectins and SAP102 or Chapsyn110 
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binding may have effects similar to PSD95; neither topic has been specifically 

investigated.  Even in the absence of modulators, kainate receptors on the tips of 

HC processes would be expected to resensitize somewhat during light exposure on 

the receptive field center, priming the receptors to signal reductions in brightness. 

Horizontal cells have also been proposed to feed back to photoreceptors 

through an ephaptic mechanism (Kamermans et al., 2001).  In this scenario, there is 

no messenger that is mediating communication between HC and photoreceptor 

terminal.  Rather, it is an electrical effect due to the voltage drop produced by the 

flow of synaptic current through the extracellular space.  Because the synapse is 

invaginated and the space between the HC dendrites and the photoreceptor is 

restricted, the extracellular space has a finite non-zero resistance.  Current flow 

through this space produces a voltage drop that influences the potential across the 

photoreceptor plasma membrane.  Thus, the ephaptic signal causes a change in 

Ca2+ channel activity and the rate of neurotransmitter release.  

Negative ephaptic feedback to photoreceptors requires that ion channels in 

the horizontal cell processes remain open when horizontal cells hyperpolarize, 

leading to higher synaptic current and higher current through the extracellular space.  

In the simplest sense, glutamate receptor channels should not provide this service in 

the receptive field center, as illumination would reduce glutamate release and close 

the channels.  Indeed, glutamate receptors in the synaptic invagination would 

provide a form of positive ephaptic feedback in the receptive field center (Byzov and 

Shura-Bura, 1986).  Glutamate receptors would still contribute to surround-imposed 

feedback, and would likely contribute during modest light excursions that do not fully 
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prevent glutamate release.  Indeed resensitization of kainate receptors discussed 

above could contribute in the latter situation with enhancement of current through 

the synaptic cleft. 

In proposing the ephaptic feedback hypothesis, Fahrenfort and Kamermans 

implicated connexin hemichannels at the tips of HC dendrites to provide the current 

source (Kamermans et al., 2001).  This proposal immediately met with resistance 

(Deans and Paul, 2001; Dmitriev and Mangel, 2006), but a variety of evidence has 

supported the presence of connexin hemichannels and their role in feedback in 

various species (Fahrenfort et al., 2009; Klaassen et al., 2012; Sun et al., 2012; 

Kemmler et al., 2014), and the presence of Pannexin 1 channels is also thought to 

provide a route for current flow (Prochnow et al., 2009).  It is perhaps surprising that 

we did not find Cx57 or Cx59 associated with SAP102 in the OPL, which would be 

expected if either of these connexins formed hemichannels that participated in 

feedback.  One caveat of this result is that the Cx59 antibody has not been well 

characterized, so it is not certain that this negative result is completely reliable.  We 

did not find antibodies to Pannexin 1 that worked in the rabbit retina, so we were not 

able to assess whether this channel might be involved in feedback. 

One significant finding of our study was identification of Kir2.1 as a 

component of the postsynaptic complex in photoreceptor invaginating synapses.  

Under physiological conditions, this inward rectifier channel opens upon 

hyperpolarization, generating a large inward K+ conductance at potentials negative 

to EK (Hibino et al., 2010).  Unlike connexin hemichannels or pannexin channels that 

should be open at the dark resting potential and provide instantaneous ephaptic 
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feedback upon hyperpolarization, Kir2.1 channels would open upon 

hyperpolarization, developing ephaptic feedback with a time constant dependent on 

the time constant of channel opening.  Horizontal cell feedback develops with a 

relatively slow time course (Kamermans et al., 2001), which has been attributed to 

alleviation of proton-mediated Ca2+ channel inhibition by dissipation of an ATP-ADP-

H+ buffer in the synaptic cleft (Vroman et al., 2014).  The delayed activation time 

course of Kir2.1 channels would be more consistent with observed feedback signals, 

making it a plausible channel for the generation of ephaptic feedback. 

Two types of positive feedback have recently been observed at the horizontal 

cell to photoreceptor synapse.  One form is imposed by the surround and enhances 

the gain of the photoreceptor synapse (VanLeeuwen et al., 2009).  This form is a 

corollary to the negative feedback, resulting from the shift of the voltage dependence 

of the Ca2+ channel activation curve.  The other form of positive feedback is local 

(Jackman et al., 2011).  The mechanism of this feedback is not fully elucidated, but it 

depends on Ca2+ rise in the horizontal cell and activation of AMPA-type glutamate 

receptors.  It is unclear if kainate-type glutamate receptors could contribute to this 

mechanism, but the relatively high Ca2+ permeability of GluR6 receptors suggests 

that these receptors could provide Ca2+ to support this mechanism.  This remains a 

possible role for the GluR6/7 receptors we find localized in the tips of horizontal cell 

processes contacting photoreceptors.  
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Chapter 4. Synaptic scaffolds in Mouse retina 

 

4.1. Introduction  

 Previously, we identified a complex formed by SAP102 and its interacting 

partners in the tips of HC in rabbit. In order to move our discovery to a genetically 

modifiable background we sought to examine the presence of this complex and its 

associated neuronal scaffold proteins that reside in the synapse between 

photoreceptors and HCs in mouse retina.  We hypothesized that synaptic scaffolding 

proteins could assemble components of the signaling mechanism into a similar 

complex in mouse retina. We found evidence that different synaptic scaffolds are 

restricted to the tips of horizontal cells contacting photoreceptors, and assemble a 

complex of similar proteins that are likely involved in synaptic signaling between 

photoreceptors and horizontal cells in mouse retina. 

 

4.2. Distribution of MAGUK-containing synaptic scaffold proteins in the retina  

 Because MAGUKs are the substrate for the anchoring of proteins at 

specialized synapses we hypothesize that the complex we found in rabbit retina is 

important to control synaptic signaling in HCs, and should be present in mouse.  We 

found SAP102 and possibly Chapsyn 110, was predominantly localized in the 

invaginating processes of HCs contacting both rod and cone photoreceptors in the 

rabbit. To determine whether synaptic scaffolds are found at the synapse between 

HC and cone photoreceptors we examined the distribution of the MAGUK-containing 

synaptic scaffold proteins in the mouse outer plexiform layer (OPL).   
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 In contrast to the distribution in rabbit retina, SAP102 immunoreactivity was 

found in photoreceptor terminals in the mouse OPL (Fig. 4.1). The distribution of 

SAP102 was scarce and small punctate in the IPL (data not shown). SAP97 labeling 

was not punctate and appeared to label axons in the IPL (data not shown). Labeling 

for PSD95 had a similar pattern as a pre-synaptic marker encircling the plasma 

membranes of both rod and cone terminals as previously found in rabbit retina (Fig. 

4.2).  

 

 

Figure 4.1: SAP102 distribution in the mouse retina. SAP102-IR was found in the 

OPL, where rod and cone photoreceptor terminals were labeled intensively. Strong 

labeling was concentrated in the cytoplasm of rod spherules and cone pedicles. In 

the IPL immunofluorescence was found in the form of sparse puncta (data not 

shown). Scale bar: 10 µm. 
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Figure 4.2: PSD95 immunolabeling in the mouse retina. A. Vertical section of 

mouse retina labeled for PSD-95.  Prominent immunoreactivity in the OPL encircled 

photoreceptor terminals, as previously shown in rabbit.  In the IPL 

immunofluorescence was faint. Large blood vessels were strongly labeled 
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throughout the retina. B. High magnification immunolabeling for PSD95 showing the 

termninal labeling. Scale bars: 5 µm. 

  

 In rabbit, we also found Chapsyn110/PSD93 in the HC tip complex. When we 

used antibodies against SAP102 our immunolabeling was negative, suggesting that 

SAP102 is not a scaffold in horizontal cells in the mouse retina. A major finding was 

Chapsyn110 immunoreactivity had a strong punctate distribution in the OPL and 

quite abundant and punctate in the IPL (Fig. 4.3). These results suggest that 

Chapsyn110 may be the main scaffold in horizontal cells in the mouse retina. 

 

Figure 4.3: Chapsyn110/PSD93 distribution in the mouse retina. 

Chapsyn110/PSD93-IR appeared as clusters of puncta in the OPL 

surrounded by sparser puncta.  Immunolabeling in the IPL was weak and 
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punctate. Large blood vessels were strongly labeled throughout the retina. 

Scale bar: 10 µm. 

 

4.2.1. Chapsyn110/PSD93 is a postsynaptic element of photoreceptor synapses 

Chapsyn110 labeling had similar distribution as observed with SAP102 in 

rabbit suggesting that this scaffold might be post-synaptic in the OPL in mouse 

retina. HCs dendrites are post-synaptic to photoreceptors and their lateral processes 

flank a total of two ON bipolar cell dendrites in rods and one or perhaps more 

dendrites into the cone invaginating synapse.  To determine whether Chapsyn110 

was associated with ON bipolar cell dendrites, we performed double labeling studies 

using an antibody to the ON bipolar cell glutamate receptor mGluR6 (Fig. 4.4). ON 

bipolar cell dendrites were also closely associated with Chapsyn110-IR puncta, but 

the two were not colocalized.  The Chapsyn110-IR puncta were always located 

above ON bipolar cell dendrites. mGluR6 immunolabeling is located within the 

dendritic tips of rod and ON-cone bipolar cells and forms a pattern of doublets and 

clusters, respectively. Our results confirm Chapsyn110 was associated with mGluR6 

at both rod spherules and at cone pedicles. 
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Figure 4.4: Association of Chapsyn110/PSD93 with synaptic elements in the 

OPL:  Vertical section through the OPL with labeling of Chapsyn110/PSD93 (green) 

and mGluR6 (red). The Chapsyn110/PSD93-IR puncta were always located above 

ON bipolar cell dendrites (mGluR6) in rods and cones. Chapsyn110 was associated 

with mGluR6 at both rod spherules (isolated doublets of mGluR6) and at cone 

pedicles (clusters). Scale bar: 10 µm 

 

4.2.2. Chapsyn110/PSD93 is located in horizontal cells.  

 The lack of co-localization of Chapsyn110/PSD93 immunoreactivity with ON 

bipolar cell markers and its apparent post-synaptic localization suggests that it may 

be located in horizontal cells.  In the mouse retina, a unique type of axon-bearing 

HC, which is morphologically similar to B-type HC in the rabbit, sends dendritic 

processes contacting both cone pedicles and rod spherules (Peichl and Gonzalez-

Soriano, 1994). To examine whether Chapsyn110/PSD93 was expressed by 

horizontal cell dendrites, the lateral elements of the triads, HCs were labeled with 

antibodies against Calbindin.  Double labeling of Chapsyn110/PSD93 with Calbindin 

revealed that the tips of HC processes were colocalized with Chapsyn110 
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immunoreactive puncta (Fig. 4.5A-C).   Figure 4.6 is a high magnification image 

showing double labeling of Chapsyn110/PSD93 (green) with Calbindin (blue). Co-

localization was complete at the tips of the HC processes, confirming that HCs 

contain the Chapsyn110/PSD93 clusters.  

    

 

Figure 4.5. Chapsyn110/PSD93 is located in mouse horizontal cells. (A-C) 

Distribution of Chapsyn110 (green) immunoreactivity relative to Calbindin (red) in the 

OPL.  B: Distribution of Chapsyn110 immunoreactivity with strong labeling in the 

OPL. (A-C)  Stacks from 17 single optical sections at 0.25 µm increments are 

shown.  Both HC dendrites and axon terminals colocalized with Chapsyn110 at 

contacts with cone terminals (arrowheads) and rod spherules (arrows) respectively. 

Scale bars: 10 µm. 
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Figure 4.6. High magnification image of Chapsyn110/PSD93 in the tips of HC 

dendrites. Distribution of Chapsyn110 (green) immunoreactivity relative to Calbindin 

(blue) in the OPL.  Stacks from 10 single optical sections at 0.25 µm increments are 

shown. The tips of HC dendrites colocalized with Chapsyn110 at contacts with rod 

spherules (arrows). Scale bars: 10 µm. 

 

4.3.     Chapsyn110/PSD93 complex in mouse retina  

4.3.1   Chapsyn110 collects inward rectifying channels in HC synapses 

We found Chapsyn110 as synaptic scaffold localized at invaginating dendritic 

tips (cones) and at axon terminals (rod) in the mouse retina. Our first objective was 

to identify whether Kir2.1 is preserved in HC tips of the mouse.  Kir2.1 

immunolabeling was diffuse around the somas of HCs surrounded by clusters of 

puncta in the OPL (Fig. 4.7A).  Labeling for Kir2.1 extended to the outermost part of 

the OPL and sometimes localized to specific areas close to photoreceptors.  To 
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evaluate whether Kir2.1 was present in HCs, we double-labeled sections with 

antibodies to Kir2.1 and Calbindin, (Fig. 4.7B).  Figure 4.7B show Kir2.1 clusters at a 

cone terminal with surrounding rod spherule contacts.  The arrowheads designate 

Kir2.1 labeling contacting cones and rods are labeled with circles.  Kir.2.1 

immunoreactivity was found directly colocalized with Calbindin labeling at the 

invaginated tips of both HC dendritic processes contacting cones and axon terminal 

processes contacting rods in the OPL.  Only Kir2.1 puncta were colocalized in the 

outermost portion of the OPL, suggesting that Kir2.1 was clustered in the tips of HC 

processes.  High magnification images confirmed colocalization of Calbindin labeled 

HC dendritic processes with Kir2.1 immunoreactive punctate patterns in the OPL 

(Fig. 4.8). 
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Figure 4.7. Kir2.1 is located in tips of horizontal cells contacting cone and rod 

photoreceptors. Distribution of Kir2.1 (red) immunoreactivity relative to Calbindin 

(green) in the OPL.  A: Distribution of Kir2.1 immunoreactivity exhibited a mixture of 

diffuse and punctate patterns in the OPL. (B)  Stacks from 13 single optical sections 

at 0.25 µm increments are shown.  Both HC dendrites and axon terminals 

colocalized with Kir2.1 at contacts with cone terminals (arrowheads) and rod 

spherules (circles) respectively. Scale bar: 5 µm. 
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Figure 4.8. High magnification of Kir2.1 in tips of horizontal cells. Distribution of 

Kir2.1 (red) immunoreactivity relative to Calbindin (green) in the OPL.  Distribution of 

Kir2.1 immunoreactivity exhibited a mixture of diffuse and punctate patterns in the 

OPL. A single optical section through the OPL shows colocalization of Kir2.1 with 

HC dendrites. Scale bar: 5 µm. 

Double labeling studies with mGluR6 and GluR6/7 appeared to cross-react 

with each other and other proteins. Further tests should be performed using different 

fixation conditions to reduce background fluorescence and preserve the epitopes 

that can be detected with these antibodies. Recent studies suggest that using 

subclass-specific secondary antibodies matching the IgG subclass of the 

monoclonal antibody increases specificity of immunolabeling in comparison to 

standard anti-mouse IgG secondary antibodies (Manning et al., 2012). 
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4.4. Evidence for pannexin channels in the mouse retina 

 

 One of the proposed mechanisms for ephaptic feedback is the presence of 

hemichannels in the invaginating HCs processes. Although little is known about their 

regulation hemichannels are presumably voltage independent and provide constant 

current flow into HCs. There is some immunohistochemical evidence of connexins at 

the tips of HCs, suggesting they contribute to ephaptic signals (Kamermans et al., 

2001). We found strong Pannexin 1 immunolabeling in the OPL, which is consistent 

with recent findings of Pannexin 1 expression at the lateral elements of the triad 

synapse (Kranz et al., 2013). Immunoreactive puncta were also present in the inner 

layers and some Müller cell inner processes were labeled in the GCL (Fig 4.9A). 

Furthermore, some labeling in the form of small puncta can be seen above the OPL, 

suggesting pannexin 1 could be present in HC dendrites (Fig 4.9B). Of course, we 

would need to confirm colocalization of Pannexin 1 channels with calbindin, a known 

marker that labels HCs in mouse retina. 
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Figure 4.9 Pannexin 1 immunolabeling in the mouse retina. A: Immunolabeling 

of pannexin 1 was particularly strong in thick processes of the OPL. Some fraction of 

muller cell processes were labeled near the GCL but no end feet labeling was 

observed. Labeling was predominantly strong in the form of puncta in the inner 

layers and above immunoreactive processes the OPL. B: High magnification of inset 

shows Pannexin 1 immunoreactive puntacte labeling above the OPL, suggesting 

Pannexin 1 is present in HC invaginating processes. Scale bars: 10 and 5 µm 

respectively 

 

 4.5 Changes of polyamine content in the OPL  

We know that feedback disappears at night but this effect could be due to the 

fact that HCs are especially widely coupled causing a reduction of their voltage 

signals (Pandarinath et al., 2010). Alternatively, it is possible that there is a built in 

mechanism that regulates the activity of feedback such as polyamines. Many 

channels are regulated by polyamine binding. One of the key ways that Kir2.1 

channel acquires its inward rectification is to polyamines which block the channel 

when the cell is depolarized and become unblocked and allowed current when the 

cell hyperpolarizes. We hypothesize that release of polyamines through some 

unknown mechanism is a natural mechanism that regulates the activity of Kir2.1 as a 

feedback channel. Polyamine antibodies will allow us to study whether feedback is 

regulated by the time of the day. For this purpose, we measured different levels of 

polyamines in day time vs. night time. Polyamines are largely taken up by glia 



72	
	

(Skatchov et al., 2000) but they are made in neurons, suggesting polyamines are 

released. Through a collaboration with our colleague Dr. Cristophe Ribelayga we 

used mice from daytime and nightitime conditions. We sampled mice under different 

light conditions: 1 hour before noon and 1 hour past midnight, corresponding to day 

and night phase conditions respectively. Muller cells in the retina are involved in 

potassium homeostasis and express inward rectifying potassium channels 

(Biedermann et al., 1998). Because polyamines are modulators of these channels 

we expect to find polyamine immunolabeling concentrated in Müller cells. In Figure 

4.10 we stained mouse sections with antibodies against glutamine synthetase to 

label Müller cells. Double labeling studies show that some of the polyamine labeling 

in the form of puncta in the inner retinal layers is in Müller cells.  

 

 

Fig 4.10 Association of Spermine with glial cells in the retina. Distribution of 

spermine (red) immunoreactivity relative to glutamine synthetase (green) in the 
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mouse retina.  Distribution of polyamine immunoreactivity was sparse throughout the 

retina. Some of the polyamine labeling was colocalized with the inner layers of the 

IPL in Müller cells. Stacks from 10 single optical sections at 0.45 µm increments are 

shown.  DAPI is shown in blue. Scale bar: 10 µm. 

Figure 4.10 and 4.11 show labeling of mouse retinal sections stained with 

spermine antibodies from the light phase condition. To our surprise, spermine 

immunolabeling in these animals appeared to be concentrated in the outer most 

layer of the OPL corresponding to photoreceptor terminals. Based on these results 

we sought to investigate whether changes in polyamine content are driven by day 

light cycles. We stained some sections from animals corresponding to night phase 

and immunolabeling was specially reduced in the photoreceptor layer (Fig 4.12C) 

when compared to light phase (Fig 4.12B).  
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Fig 4.11. Spermine immunolabeling throughout the entire mouse retina. 
Strong Immunolabeling was confined in photoreceptor terminals in daytime 

retinal sections. Weak immunoreactive labeling was found in the form of small 

puncta in the IPL. Some labeling was confined to the most inner portion of the 

IPL, suggesting spermine labeling is present in bipolar cell terminals. Scale 

bar: 10 µm. 

 

 

 

Fig 4.12 Polyamine immunolabeling varied across photoreceptors and with 
time of the day.  All images were taken from OPL in mouse retina. (A) PSD95 
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monoclonal antibody labeling was used as marker for photoreceptor terminals. 

Cones were identified as trapezoidal structures weakly stained with PSD95 in the 

outer ring (arrowheads) whereas rod spherules were analyzed by the typical round 

shape strongly labeled (arrows). (B)  Merged image of A and B. Many 

photoreceptors were strongly labeled by the spermine antibody in daytime retina, 

including the cones. We found spermine labeling was not uniformly distributed in the 

OPL. C: Merge image for spermine and monoclonal anti-PSD95 immunolabeling in 

nightime retina. Spermine antibody labeling was markedly reduced on 

photoreceptors in nightime retina, and some photoreceptors showed no labeling at 

all. Scale bar: 10 µm. 

 

 Our results showed an increase in the amount of polyamines present in the 

photoreceptor terminals during the day vs. night condition, suggesting that 

polyamine levels are regulated by the time of the day (Fig. 4.12B and C).  We 

measured the amount of polyamines from high magnification optical sections taken 

in the OPL. These sections were double labeled with PSD95 to visualize the 

terminals of rod and cone photoreceptors. The amount of spermine labeling in rods 

and cones was compared between animals from day and night phase (Fig 4.13). 

Five measurements were taken from each animal corresponding to rods and cones 

at day and night conditions respectively. A mixed effect model was used to compare 

intensity measurements from both conditions. There was a significant difference 

between day conditions (p<0.001): on average, at night the intensity was 44.13% 

less than in day condition. The difference between rods and cones was negligible 

(p=0.083). These findings suggest that polyamines could regulate HC feedback by 

changing the efficacy by which Kir2.1 channels open up. With more rectification HCs 

would require more hyperpolarization in the day time and less hyperpolarization at 
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night bringing out more ephaptic signal at night. The underlying mechanism that 

controls ephaptic signals is yet to be resolved.   

 

Figure 4.13: Polyamine intensity measurements in the OPL day vs night animals. A 

total of 5 animals per condition was used.  The same level of adjustment for 

brightness and contrast was maintained across samples. There was no interaction 

term between time of the day and cell type (p=0.35). This indicated that amount of 

changes between day and night were similar between rods and cones. Asterisks 

represent difference between day and night condition is statistically significant 

 

4.5.1 Immunohistochemical evidence for polyamine transporter 

 

    We found the amount of polyamines is increased in photoreceptor terminals 

during the daytime. The differences in polyamine content of photoreceptor terminals 

could impose different regulatory states on the inward rectifier potassium channels in 

HCs. Furthermore, polyamines could also potentiate kainate receptors we found in 
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HCs.  We hypothesize this could only work if polyamines are released. Recent 

evidence suggests that a gene that encodes for vesicular monoamine transporter 

(SLC18B1) could be involved in the packaging of polyamines (Hiasa et al., 2014). 

We sought to investigate whether this transporter could be present in 

photoreceptors, which would suggest that polyamines are packaged into vesicles 

and are released.  To determine whether a vesicular mechanism is present we 

stained mouse retinas with antibodies against the monoamine transporter SLC18B1. 

SLC18B1 immunoreactivity was not clearly associated with photoreceptors and may 

have been present in glial cells (Fig 4.14A). Double labeling studies using PSD95, 

an antibody which is known to label rod and cone photoreceptor terminals, failed to 

confirm colocalization with SLC18B1 immunoreactivity (Fig 4.14B).  To our 

knowledge this is the first report examining vesicular polyamine transporter 

localization in the retina. 
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Fig 4.14A. Distribution of vesicular polyamine transporter SLC18B1 in the 

mouse retina. Immunoreactivity for an antibody against the gene that encodes a 

vesicular polyamine transporter (red) was abundant in the photoreceptor layer and 

labeled processes spanning across the entire retina consistent with glial cells.  Some 

labeling was observed in the end feet of Muller cells. Scale bar: 10 µm. 
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Fig 4.14B. Distribution of vesicular polyamine transporter SLC18B1 in the 

OPL. Immunoreactivity for an antibody against the gene that encodes a vesicular 

polyamine transporter (red) was sparse and labeled processes surrounding the 

photoreceptors. Immunostaining was absent in photoreceptor terminals as 

demonstrated with lack of colocalization with PSD95 (green) antibodies Scale bar: 5 

µm. 

 

4.6   DISCUSSION:  

 

In contrast to SAP102 and Chapsyn110/PSD93 being present as post-

synaptic scaffolds in rabbit, we found only the latter in HC tips of the mouse retina. 

Furthermore, Kir2.1 immunoreactive puncta were present in the tips of HCs 

reinforcing the idea that this channel could play a role in regulating synaptic 

communication between HCs and cone photoreceptors.  Kir2.1 channel 

immunoreactivity was similar to what we found in rabbit.   

We hypothesize Kir2.1 is a feedback channel.  The polyamines spermidine, 

spermine and putrescine are essential for cell growth in both eukaryotic and 
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prokaryotic systems. Polyamines are composed of single carbon chains with amino 

groups attached to them that become protonated at physiological pH. Under these 

conditions their chemical structure interacts with negatively charged molecules 

including nucleic acids and a variety of ion channels (Williams, K 1997). In the retina, 

spermine is found to modulate inward rectifying currents through K+ channels 

(Solessio et al., 2001). Activation of Kir channels is associated with hyperpolarization 

and binding of polyamines to internal residues within the channel pore which 

appears to be essential for blocking of the channel. (Igarashi and Kashiwagi, 2010; 

Pegg, 2016. Refer to Figure 1.7 and 1.8 taken from Traynelis et al., 2010. 

During depolarization, the channel becomes blocked by Mg2+ and polyamines 

(Fakler et al., 1995) and outward current decreases, suggesting the pore conducts 

K+ ions only at negative membrane potentials.  On hyperpolarization, the inward 

current increases by unblocking Mg2+ and polyamines from the channel pore just like 

NMDA receptors when they depolarize. We hypothesized that polyamines regulate 

the opening and closing of Kir2.1 channel. The higher the internal concentration of 

polyamines is the more blocked the channel is and more hyperpolarization is 

required to activate Kir2.1. This provides an opportunity for the cell to regulate its 

activity metabolically. Thus, polyamines could reduce the contribution of Kir2.1 to 

ephaptic feedback.  Our measurements of polyamine content suggests there is a 

natural mechanism to regulate the activity of Kir2.1 channel. See Figures 4.12 B and 

C. 

We used commercially available antibodies against polyamines to measure 

whether the amount of polyamines change at different times of the day. This would 
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suggest that the inward rectification properties of Kir2.1 could be regulated by 

changes in polyamine content. To our surprise, polyamine immunolabeling was 

confined to photoreceptor terminals. Though other areas of the retina were 

immunoreactive for polyamine content, labeling was specially prominent in the OPL.  

Furthermore, we found significant increase in the amount of polyamines present in 

photoreceptors during the day. Given the proximity of photoreceptor terminals to HC 

processes it is possible polyamines can be released by some unknown mechanism 

and modulate the activity of Kir2.1 channels at the tips of these cells.  Some 

evidence points to polyamine release by uptake mechanisms in brain synaptosomes 

(Masuko et al., 2003). This would suggest that polyamines can be released and 

transported back into the cell via vesicular mechanism. In support to our hypothesis, 

a vesicular monoamine transporter (VMAT) family was associated with the vesicular 

storage of polyamines in neurons (Hiasa et al., 2014). Immunolabeling for this 

transporter did not reveal its presence in photoreceptors. However, we cannot rule 

out the possibility that a different transporter may package polyamines into vesicles 

in photoreceptors.  

Our results suggest polyamines are regulated by the time of the day. If 

polyamines are released then they could potentially reduce the contribution of Kir2.1 

for ephaptic feedback causing more rectification and require more hyperpolarization 

to open the channels in a day time. The underlying mechanism of polyamine release 

is unknown but we think some type of vesicular transporter is involved.  Whether 

polyamines are released via vesicular mechanism or transporters remains to be 

elucidated. 
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Chapter 5.  FUTURE DIRECTIONS: 

 

Our study shows how the unique assembly of suites of proteins are anchored by 

synaptic scaffolds at invaginating processes of photoreceptors terminals.  We found 

SAP102 and Chapsyn110 are associated with photoreceptor synapses that formed a 

complex containing GluR6/7 and Kir2.1 in the tips of HCs. However, Chapsyn110 is 

more likely to be the key synaptic scaffold since it is present in both rabbit and 

mouse. Together these findings suggest this complex plays a role in synaptic 

signaling. Our synaptic model includes the presence of Chapsyn110 scaffold 

together with GluR6/7 and Kir2.1 channels forming a complex near the release sites.  

See model below.  

 



83	
	

Scaffolds anchors a complex:  implications for synaptic signaling 

We hypothesize that Chapsyn110/PSD93   is required to hold the complex in 

place to direct the signals to the invaginated synaptic cleft. To test this hypothesis 

we would use knockout models to determine whether immunoreactivity for GluR6/7 

and Kir2.1 is reduced in the outer retina where HCs receive photoreceptors inputs. 

By comparing labeling with wild type animals we would confirm whether 

Chapsyn110 is the key synaptic scaffold that assembles its binding partners in the 

photoreceptor synapse.  

Kainate receptor subunit GluR6/7: 

We hypothesize GluR6/7 receptors contribute to feedback of HCs to rod and 

cone photoreceptors. The AMPA receptors dominate the polarization of HCs but in 

rabbit these receptors have GluR2 which is not Ca2+ permeable (Pan et al., 2007). 

Recently, AMPA receptor GluR4 subunit knockout reveals a small residual kainate 

receptor current in mouse HCs (Strӧh et al., 2013). We found kainate receptors 

(GluR6/7) at the tips of HCs being anchored up in the cleft near the release sites. 

One possibility is that a portion of that Ca2+ current flowing through GluR6/7 subunits 

of kainate receptors could be used to drive GABA release and reduce HC feedback 

(Liu et al., 2013). To test whether kainate receptors contribute to acidification of the 

synaptic cleft we would need to measure local changes in pH and compared them at 

depolarized and hyperpolarized conditions.  
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Kir2.1 could participate in ephaptic signaling: 

The underlying mechanism that generates ephaptic feedback is controversial. 

The original hypothesis proposed positive feedback effects via open channels at the 

tips of HC dendrites; however HC cells generate negative feedback signals in the 

dark by relieving lateral inhibition, suggesting the presence of different type of 

channels in these cells. We found Kir2.1 channels are anchored by Chapsyn110 in 

the invaginating synapses contacting photoreceptors. We do not know whether 

Kir2.1 plays a physiological role but localization of the channel deep in the cleft is 

consistent with having functional significance in HC signaling.  Unlike other 

channels, inward rectifying channels contribute to K+ conductances when cells are 

hyperpolarized and they turn off upon depolarization. This particular characteristic 

makes Kir2.1 channels attractive for the generation of ephaptic signals.  

It is well established that the inward rectification of Kir2.1 can be blocked by 

external barium or cesium. This offers the possibility to test pharmacologically 

whether this channel contributes to the generation of ephaptic signals from HCs to 

cone phototoreceptors. Our colleague Wallace Thoreson tested the effects of 

blocking inward rectifying channels using cone-horizontal cell pair recordings to 

different voltage clamp steps and measuring calcium currents with 10 mM CsCl in 

amphibian slices (personal communication). However, blocking the channel did not 

have any effect on the development of the shift of the Ca2+ activation curve of the 

cones. It is unknown whether Kir2.1 plays a role on the amplitude or kinetics of the 

response. It could be that Kir2.1 channels are simply not present in the invaginating 

processes of amphibian species.  
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Alternatively, we could measure whether Kir2.1 plays a role on ephaptic 

feedback using a conditional knockout mouse line where the channel is not 

expressed in horizontal cells. This could be accomplished by crossing an already 

available knockin mouse line expressing a Cre recombinase under the promoter of 

Cx57 (Strӧh et al., 2013) with mouse line in which coding sequence for Kir2.1 is 

flanked by two loxP sites. To test whether Kir2.1 channel plays a role in ephaptic 

feedback we would expect to see a change in the polarization of the cones. We 

could record from cones in whole mount preparations using a large size annulus to 

maximize feedback signals and record light responses of the cones.  

Polyamines could regulate signaling through the day or could be regulating Gi 

signaling: 

Polyamines are associated with increase rectification of Kir2.1 channels. We 

used antibodies to measure whether changes in polyamine content are regulated by 

the time of the day. One hypothesis is that polyamines are released by 

photoreceptor terminals and regulate feedback by blocking the inward rectifier 

channel found directly apposed to release sites in the synaptic invagination.  It is 

unknown whether polyamines are released by photoreceptors. However, a vesicular 

amino transporter was recently identified in purified brain preparations suggesting a 

possible release mechanism for polyamines (Hiasa et al., 2014). We performed 

immunolabeling with antibodies raised against a gene that encodes for this vesicular 

polyamine transporter but immunoreactivity was only found in glia. Together these 

results are not consistent with vesicular release of polyamines from photoreceptors 
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due to lack of colocalization with PSD95 and the transporter.  However, we cannot 

rule out the possibility that other transporters are present in photoreceptor terminals.  

Our measurements show high level of polyamines in photoreceptor terminals 

during the day and low levels at night suggesting a natural mechanism to regulate 

the activity of feedback. However, it is unclear whether light adaptation mediates 

changes in the amount of polyamine being released. This is a group of animals we 

did not include in our experimental paradigm. Thus, from our experiments we cannot 

determine whether the difference between day and night times is circadian driven or 

light adaptation driven. 

One potential alternative to the release mechanism is whether polyamines 

regulate photoreceptor behavior. Giα is the type of G protein that is regulating 

Adenylate cyclase (AC) in photoreceptors. Dopamine receptor (D4) and Adenosine 

receptors (A1) are coupled to Giα in photoreceptors. Spermine has been found to 

regulate Giα proteins by inhibiting GTPase activity (Daeffler et al., 1999). This would 

prolong the activated state of Giα. Thus, we would expect in the day time activation 

by dopamine and very low activation of adenosine receptors to be enhanced 

(meaning the action of AC would be enhanced) by the polyamine content we found. 

At night time, on the other hand, we would expect less polyamine and less DA 

prolonging the activation of Giα, suggesting polyamine metabolism may regulate AC 

through its effects on G proteins. D4 receptor signaling and AC activity both control 

photoreceptor coupling as well as photoreceptor calcium channel activity (Li et al., 

2013). 
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Components for ephaptic mechanism in HCs: 

The presence of gap junctions and pannexin channels has been associated 

with ephaptic feedback signaling (Kamermans et al., 2001; Klaassen et al., 2011). 

Our immunolabeling of connexin channels is consistent with gap junctional 

expression in the OPL but our antibodies did not colocalize with synaptic scaffolding 

proteins. We found strong Pannexin 1 immunoreactivity in processes above the 

OPL, consistent with the ability of this channel to provide a current source for 

ephaptic feedback. Because HCs release ATP via Pannexin channels their unique 

localization in the invaginating processes of the photoreceptor synapse is consistent 

with proton-mediated feedback (Vroman et al., 2014). Presumably, Pannexin 1 

channels localized in the tips of HCs release ATP in the cleft and is hydrolyzed to 

protons and phosphate buffers producing an acidification of the cleft and inhibiting 

the calcium current of the cone photoreceptor. We would need to confirm whether 

Pannexin 1 labeling is localized to tips of HCs by performing double labeling studies 

with Calbindin, a marker that labels horizontal cells in mammalian retina.  

 

.  
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