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ABSTRACT OF DISSERTATION 
 

 

 

Localization and contribution of voltage-gated calcium channels in retinal ganglion cells and 
their unmyelinated axons 

 

 

by 

 

Allison Michelle Sargoy 
Doctor of Philosophy in Neurobiology 

University of California, Los Angeles, 2014 
Dr. Nicholas C. Brecha, Chair 

 

 

 

 

Retinal ganglion cell (RGC) death has been attributed to aberrant calcium signaling in injury and 

disease. Calcium has a dual nature in mediating both homeostatic and apoptotic signaling 

pathways that modulate cell survival and cell death, respectively. The regulation of excessive 

calcium signaling through the inhibition of voltage-gated calcium channels (VGCCs) provides a 

potential strategy to reduce the loss of RGCs in injury and disease. My dissertation outlines the 

identification and contribution of the VGCCs, their modulation through the use of 

pharmacological blockers and the identification of an injury-resistant subtype of RGCs to 

provide a platform for future studies to investigate the expression and functional properties of 

VGCCs that may contribute to the superior ability to withstand injury.   
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Calcium channel expression studies that utilized immunohistochemical techniques localized the 

L-, P/Q- and N-type VGCCs to the RGCs and the L-type VGCCs to the RGC axons. Weak 

immunostaining of the N-type VGCC was detected in the RGC axons.  Likewise, calcium 

imaging studies investigating the functional contributions of the VGCCs provided evidence for 

the L-, P/Q-, N- and T-type VGCCs to the RGCs and the L-type VGCCs to the RGC axons. 

Patch clamp analysis further confirmed the presence of T-type VGCCs in RGCs. Lastly, the 

survival of RGCs and their axons that underwent optic nerve transection was investigated to 

identify a RGC type that is more resistant to injury than any other RGC type in the retina. 

Immunohistochemical analysis further confirmed the M1 RGC as the most resistant RGC type in 

the retina to injury. 
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Retina  

The retina is a laminar structure composed of six main cell types that form intricate networks of 

microcircuits to create a representation of the complex visual world.  Such complexities become 

readily apparent as we breakdown our visual surroundings into individual components such as 

color, depth, shape and motion (DeYoe et al., 1988).  The retina employs parallel processing – 

the “simultaneous processing of information through independent circuits” (Nassi et al., 2009) to 

enable the retinal ganglion cells – the output cells of the retina – to convey the upstream 

complex processing to the visual centers of the brain.  

 

Given the significant role of RGCs as the cellular liaison between the retina and the visual brain 

centers, significant efforts have been directed towards understanding their neuronal properties 

to prevent or delay cell death. One of the main factors contributing to this profound interest is 

the large proportion of ocular neuropathies and eye diseases including glaucoma that are 

characterized by RGC death. Calcium signaling in RGCs has been the target of great interest as 

it mediates a wide range of mechanisms at homeostatic levels including trafficking of proteins to 

the membrane, gene transcription and exocytosis (Berridge et al., 2000). However, excessive 

calcium levels disrupt neuronal homeostasis and initiate a cascade of intracellular events that 

result in caspase-dependent cell death (Bredesen et al., 2006). In addition, such calcium levels 

lead to the breakdown of cytoskeletal properties that result in axonal loss in many 

neurodegenerative diseases (Coleman, 2005). The focus of my dissertation research has been 

on the contributions of the VGCCs in normal (uninjured) RGCs and their unmyelinated axons to 

enable future studies to investigate their modulation following injury.  

 

To fully appreciate the complex signal the RGCs convey to the visual centers of the brain, it is 

important to first understand the upstream cellular processes that convert the initial pattern of 

light detected by the photoreceptors (Nassi et al., 2009) into a signal processed by the six main 
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cell types of the retina: Rods, cones, horizontal cells, bipolar cells, amacrine cells and retinal 

ganglion cells. The following section briefly reviews the signaling pathways of the retina.  The 

role of ganglion cells, and their physiology and function in carrying retinal output in health and 

disease, is then discussed. 

 

Photoreceptors  

There are two main classes of light-sensitive photoreceptors: rods and cones.  While rods are 

responsible for the detection of photons in low light levels, cones are responsible for the 

detection of photons in high light levels (Rieke and Baylor, 1998).  In many animals, three 

separate cone types facilitate color vision: red sensitive (long-wavelength ~560 nm), green 

sensitive (middle-wavelength ~530 nm) and blue sensitive (short-wavelength ~430 nm) 

(Solomon and Lennie, 2007).  Photoreceptors form synaptic connections to the dendrites of the 

bipolar cells and horizontal cells (Wässle, 2004).  

 

Bipolar cells 

The subsequent response of the bipolar cell is mediated by the type of glutamate receptor it 

expresses: metabotropic mGluR6-expressing ON bipolar cells or iontropic AMPAR-expressing 

OFF bipolar cells. In mammals, we currently know of one rod bipolar cell type and nine cone 

bipolar cell types that mediate the rod and cone signaling pathways (Wässle, 2004). The 

following section outlines the two bipolar cell circuitries: the rod and cone pathways (Fig. 1).  

 

Rod Pathway  

Invaginations by bipolar and horizontal cell processes into the rod photoreceptors enable 

access to the presynaptic ribbons, the sites of photoreceptor neurotransmitter release (Wässle, 

2004). Light stimulation of the rod leads to hyperpolarization of the rod, which, via a sign 
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inverting synaptic mechanism, leads to the depolarization of the postsynaptic rod bipolar cell. 

The following section outlines the three main rod pathways. 

 

In the classical pathway, rods form synaptic connections onto the rod bipolar cells, all of which 

are ON-type (e.g. they depolarize during light stimulation). The rod bipolar cells form 

glutamatergic (AMPA) synaptic connections with the AII amacrine cells, which form gap 

junctions (via connexin-36) onto the ON cone bipolar cell axons and synaptic connections onto 

ON ganglion cells (Fig. 1; ON1). In addition, the AII amacrine cells also form a sign inverting 

(glycinergic) synaptic connection with OFF cone bipolar axons and then sign conserving 

synaptic connections with OFF ganglion cells (Fig. 1; OFF1).   

 

Another pathway for the rod system utilizes gap junctions between the rod and the cone pedicle 

formed by connexin-36.  The cone forms a sign inverting synapse with the ON cone bipolar cell 

and sign conserving synaptic connections with the ON ganglion cell (Fig. 1; ON2). The cone 

also forms a sign conserving synapse with the OFF cone bipolar cell and sign conserving 

synaptic connections with the OFF ganglion cell (Fig. 1; OFF2).   

 

Rods also form synaptic connections with the OFF cone bipolar cells, which form subsequent 

connections with the OFF ganglion cells (Fig. 1; OFF3).  
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Figure 1.  Schematic diagram of the ON1/OFF1, ON2/OFF2, and OFF3 rod pathways.  The 

green arrows indicate sign conserving synapses, while the red arrows indicate sign inversion 

synapses (Wässle 2004). 

 

Cone pathway 

Cones hyperpolarize in response to light and produce a graded release of glutamate (Snellman 

et al., 2011), which is elevated in low light levels and decreased in the presence of light  

(Wässle, 2004). Each cone forms invaginations to enable access to the 20 – 50 presynaptic 

ribbons by the dendrites of the horizontal and ON cone bipolar cells (Wässle, 2004). In contrast, 

OFF cone bipolar cells form synaptic contact outside of the cone invaginations at its base (Kolb, 

1970).  Both the ON and OFF bipolar cells send multiple projections to a given cone, enabling 

an individual cone to form approximately 500 synaptic connections (Wässle, 2004).  Similar to 

the rod pathway, the postsynaptic OFF cone bipolar cells express AMPARs, while the 

postsynaptic ON cone bipolar cells express mGluR6 receptors.  Whereas light stimulation leads 

to horizontal cell and OFF cone bipolar cell hyperpolarization, it causes a depolarization in ON 

cone bipolar cells (Thoreson and Mangel, 2012). Likewise, ON cone bipolar cells transmit their 
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signal through synaptic contacts to ON RGCs, while OFF cone bipolar cells form synaptic 

connections with OFF RGCs.   

 

Horizontal cells 

Horizontal cell dendrites form synaptic contacts on either side of the dendrites of the bipolar 

cells within the cone pedicles (Dowling and Boycott, 1966; Dowling, 1970; Kolb, 1970; 

Lasansky, 1972; Gray and Pease, 1971; Kolb and Jones, 1984) and rod spherules in the outer 

plexiform layer (OPL; Wässle, 2004). The mechanism by which horizontal cells exert their 

inhibitory input is widely debated.  Early investigations demonstrated that the release of the 

inhibitory neurotransmitter GABA provides inhibitory feedback onto the synaptic terminals of the 

photoreceptors and feed forward inhibition onto bipolar cells (Thoreson and Mangel, 2012). 

Under this assumption, horizontal cells provide lateral inhibitory feedback to the photoreceptors 

through the summation of the nearby cone signals (Wässle, 2004). Such inhibitory signals are 

proposed to contribute to edge detection and decrease activation induced by static brightness 

(Thoreson and Mangel, 2012). The GABA hypothesis was called into question due to 

inadequate evidence for the localization of GABARs on cones, the persistence of surround 

inhibition in the presence of GABA blockers (Thoreson and Mangel, 2012), and the deficient 

uptake of GABA by horizontal cells (Wässle, 2004). An alternative hypothesis involving electrical 

feedback suggests that horizontal cells form hemi-gap junction channels near photoreceptor 

terminals via connexins (Thoreson and Mangel, 2012).  Such channels alter the activation 

properties of photoreceptor calcium channels to provide inhibitory feedback through the 

subsequent modulation of glutamate release (Kamermans et al., 2001). Lastly, recent 

investigations provide support for a third hypothesis that suggests pH changes result in the 

alteration of calcium channel function and subsequent modulation of glutamate from 

photoreceptors (Hirasawa & Kaneko 2003; Liu et al., 2013). Regardless of which proposed 

model horizontal cells employ, their inhibitory signal is generated through the summation of 
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signals from photoreceptors that span a larger area, due, in part, to lateral coupling through gap 

junctions (Wässle, 2004).   

 

Amacrine cells 

Amacrine cells provide inhibitory signal to the RGCs through the release of inhibitory 

neurotransmitters GABA or glycine and are located in the INL and in the GCL.  Amacrine cells 

form synaptic input with the dendrites of the ganglion cells in the inner plexiform layer (IPL). 

Based on their dendritic morphology, amacrine cells are generally categorized into three groups: 

wide field, medium field and narrow field (Kolb et al., 1981).  The IPL is subdivided into 

sublamina A and B, which contain layers 1-2 and 3-5 of the IPL, respectively (Famiglietti and 

Kolb, 1976). Amacrine cell dendrites projecting to sublamina A form synaptic connections with 

the axons of bipolar cells and dendrites of RGCs of the OFF-RGC pathway, while amacrine 

cells that project to sublamina B form synaptic connections with bipolar and ganglion cell 

processes contributing to the ON-RGC pathway (Nelson et al., 1978).  

 

RGCs 

RGCs are the output neurons of the retina whose axons form the optic nerve to transmit visual 

information to the visual centers of the brain. RGCs perform a range of diverse tasks including 

direction-sensitive motion detection (Sivyer & Williams, 2013), orientation of a given object 

(Venkataramani and Taylor, 2010), as well as contrast, visual acuity and color coding (Sernagor 

et al., 2001). RGCs are morphologically diverse, displaying a wide range of somata size, 

dendritic arborization (Cajal, 1893; Wässle and Boycott, 1991; Rodieck, 1998), and output 

projections to various brain structures (Friedlander and Tootle, 1990; Garraghty and Sur, 1993; 

Yamagata and Sanes, 1995a; 1995b).  Utilization of both anatomical and electrophysiological 

techniques has helped establish functional properties of cells according to their morphological 

characterization (Sernagor et al., 2001). Retinal ganglion cells are located primarily in the 
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ganglion cell layer (GCL) and occasionally in the INL as displaced RGCs, while their dendrites 

form synaptic connections with the amacrine and bipolar cells in the IPL.  

 

In particular, OFF-RGCs project their dendritic processes to layers 1-2 of sublamina A of the 

IPL, while dendrites of the ON-RGCs project to layers 3-5 of sublamina 2 (Nelson et al., 1978). 

Interestingly, the RGCs also contain a cell type that bistratifies in layers 2 and 4 of the OFF and 

ON sublamina, respectively (Huberman et al., 2009). These specialized ON-OFF direction 

sensitive ganglion cells (DSGCs) detect direction-specific motions (Huberman et al., 2009). 

Together, these RGCs make up over 22 different subtypes in the mammalian retina (Volgyi et 

al., 2009), conferring different functions and targets. 

 

RGC axons  

In human, the optic nerve is made up of over one million RGC axons (Oster et al., 2004), while 

the optic nerve of the rat and mouse comprise of significantly fewer axons, 120,00 and 50,000, 

respectively (Hughes 1977; Oster et al., 2004). RGC axons fasciculate to form RGC axon 

bundles, which exit the eye at the optic nerve head as the optic nerve (Oster et al., 2004). 

These fascicules are formed with neighboring axons, suggesting an organization based on 

proximity rather than functionality (Oster et al., 2014). RGC axons project to many visual centers 

of the brain including the lateral geniculate nucleus of the thalamus, superior colliculus, 

pretectum and hypothalamus (Purves et al., 2001).   

 

Role of calcium 

As previously noted, calcium is an intracellular second messenger involved in maintaining 

homeostasis and a range of neuronal functions including gene expression, synaptic release and 

plasticity, and cell regulation (Berridge 1998, 2006). RGC death caused by aberrant calcium 

signaling is a result of many factors including increased calcium levels by activation of voltage-
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gated calcium channels (VGCCs), excessive production of nitric oxide (NO) (Kawasaki et al., 

2000) and glutamate-induced excitotoxicity through NMDARs (Nakano et al., 2011; Hartwick et 

al., 2008).  Increased calcium levels lead to the activation of various calcium-activated enzymes, 

release of intracellular stores and apoptosis signaling cascades that produce mitochondrial 

dysfunction (Kong et al., 2009) and subsequent RGC death. 

 

The degeneration of retinal ganglion cells has been well defined as a characteristic feature in 

vision impairment and blindness (Kanamori et al., 2010). This area of research is of particular 

interest due to many diseases that affect the RGC axons and the optic nerve including 

glaucoma, optic nerve stroke, optic neuritis, vascular disease and traumatic brain injury 

(Kanamori et al., 2004; Greenfield and Weinreb 2008). In the following section, I discuss the 

anatomical and functional properties of the α1 pore-forming and auxiliary subunits that account 

for the large diversity of VGCCs.  
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Voltage-gated Calcium Channels 

 

Figure 2.  A: Schematic diagram of a Ca channel showing the α1, β and α2δ subunits.                 

B: Dendrogram of the Ca channels (HVA = high voltage activated, LVA = low voltage activated) 

Dolphin 2012. 

 

VGCCs are involved in a wide range of functions including neurotransmitter release, the 

regulation of gene expression and neuronal migration (Arikkath & Campbell, 2003). VGCCs are 

multimeric proteins that enable the influx of calcium elicited by depolarizing stimuli (Catterall, 

2000). Functional VGCCs are composed of a primary α1 pore-forming subunit that plays the 

principle role in establishing the channel’s biophysical and pharmacological properties (Dolphin 

2009). The α1 subunit is made up of ~2,000 amino acids that are organized into four domains 

(I-IV), each comprising six homologous transmembrane segments (S1-S6) (Fig. 2) (Catterall 

2011).  
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The α1 pore-forming subunits of the Ca channels can be further subdivided into three families 

(CaV1, CaV2, CaV3) that have structural and functional similarities (Catterall, 2011). The CaVs 

can be further subdivided into two classes of VGCCs based on their functional properties: High-

voltage activated (HVA) and low-voltage activated (LVA). HVA channels include the CaV1 (L-

type) and CaV2 (P/Q-, N- and R-type) and require large depolarizations to activate, while the 

LVA channels include the CaV3 (T-type) VGCCs that require smaller depolarization for 

activation. The following section outlines the contribution and localization of the CaV1-3 families 

in the retina. 

 

The CaV1 family maintain ~75% amino acid homology (Catterall, 2011) amongst the four known 

isoforms: CaV1.1 (α1S), CaV1.2 (α1C), CaV1.3 (α1D) and CaV1.4 (α1F). There are three CaV2 

isoforms: CaV2.1 (α1A), CaV2.2 (α1B) and CaV2.3 (α1E) mediating the P/Q-, N- and R-type 

calcium currents. CaV2 Ca channels maintain >70% amino acid homology within their own 

family, as compared to a <40% amino acid homology with the CaV1 family (Catterall, 2011). 

CaV3 Ca channels maintain ~25% amino acid homology with the CaV1 and CaV2 family (Caterall 

2011). The CaV3.1 (α1G), CaV3.2 (α1H), and CaV3.3 (α1I) isoforms of the T-type VGCCs have 

been cloned and characterized (Pérez-Reyes, 2003; 2006).  

 

Functional properties of VGCCs 

CaV1 Ca channels 

Early recordings of calcium currents suggested that there were many different calcium currents 

with unique physiological and pharmacological properties (Catterall 2011, Tsien et al. 1988; 

Bean 1989a; Llinás et al. 1992). Studies investigating calcium currents in cardiac smooth and 

skeletal muscle identified what is now widely accepted as L-type Ca channels based on their 

high-voltage activation and slow inactivation properties, and large conductances of single 
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channels (Reuter 1979; Tsien et al. 1988).  L-type VGCCs are involved in a diverse range of 

roles including gene expression regulators, synaptic input integration and the release of 

neurotransmitters from sensory cell ribbon synapses (Tsien et al. 1988; Bean 1989a; Flavell and 

Greenberg 2008). The pharmacological properties of L-type VGCCs are well established and 

can be blocked by three classes of inhibitors: (1) phenylalkylamines (e.g. verapamil); (2) 

benzothiazapines (e.g. diltiazem); and (3) 1,4-dihydropyridines (DHPs) (e.g., nitrendipine, 

nifedipine, nimodipine) (Snutch et al., 2004). 

 

CaV1 in the Retina 

L-type VGCCs also play a major role in the retina, as they have been identified in all retinal 

cells.  In particular, the slow inactivation of the L-type VGCCs (de la Villa et al., 1998; Pan, 

2000; Yagi and Macleish, 1994) helps facilitate the graded potential, sustained release of 

glutamate from the photoreceptors and bipolar cells (Berntson et al., 2003; Nachman-Clewner 

et al., 1999; Rieke and Schwartz, 1996; Schmitz and Witkovsky, 1997). L-type VGCCs are also 

involved in the production and secretion of melatonin to mediate circadian rhythms (Ko et al., 

2007). 

 

The α1D L-type VGCC has been identified in the photoreceptor, bipolar and ganglion cell 

somata, as well as putative Müller glia cells in adult chick retinal sections (Firth et al., 2001).  

Likewise, α1D expression was also localized to photoreceptor somata and terminals in rat (Xu 

et al., 2002) and mice (Morgans et al., 2005). The α1C has been identified in the somata of the 

photoreceptors, horizontal, amacrine and bipolar cells, as well as the somata in the ganglion cell 

layer of transverse retinal sections in chicken comprising of RGCs and displaced amacrine cells 

(Ko et al., 2007). The α1C was also identified in Müller-like cells, as well as the horizontal cell 

dendrites in the OPL of chicken retina (Firth et al., 2001). In addition, the α1F isoform has been 
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localized to the somata of the photoreceptors, as well as the synaptic terminals of the rod 

photoreceptors, which, in the pathological absence of α1F, is the site where incomplete X-linked 

congenital stationary night blindness originates (Morgans 2001).  

 

CaV1 in RGCs 

L-type VGCCs have been identified in RGCs. As previously stated, the α1C subunit of the L-

type VGCCs has been shown to surround the somata in the ganglion cell layer (Ko et al., 2007; 

Firth et al., 2001). Recent studies have also localized the α1C and α1D subunits to the RGC 

somata and RGC axons (Sargoy et al., 2014).  

 

CaV2 Ca channels 

In addition to early investigations that identified the L-type calcium currents, electrophysiological 

studies in isolated dorsal root ganglion neurons identified N-type calcium currents through the 

use of whole-cell voltage clamp and recordings from single channels (Nowychy et al., 1985). 

Unlike the L-type calcium currents, N-type Ca channels require less depolarization to activate 

and inactivate at a much faster rate (Catterall 2011).  Early recordings in Purkinje cells first 

identified the P-type current (Llinás and Yarom 1981; Llinás et al. 1989), through the use of ω-

agatoxin IVA (Mintz et al. 1992). Similarly, recordings in cerebellar granule neurons (Randall 

and Tsien 1995) identified the Q-type calcium current through the application of ω-agatoxin IVA 

at lower concentrations (Catterall 2011).  Lastly, R-type calcium currents remain insensitive to 

the aforementioned peptides and organic calcium channel blockers in cerebellar granule 

neurons (Randall and Tsien 1995), but are inhibited by SNX-482 in various cell types (Newcomb 

et al., 1998).  
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CaV2 Ca channels play a large role in synaptic transmission from neurons (Catterall, 2011). Due 

in part to their fast kinetics, CaV2.1 Ca channels (P/Q-type) and CaV2.2 (N-type) are often found 

in spiking neurons (Allen, 1999) to help mediate rapid synaptic transmission by increasing 

calcium concentrations at active zones (Mallmann et al., 2013) to facilitate the release of various 

neurotransmitters including glutamate, acetylcholine and GABA (Catterall, 2011).  

 

CaV2 in the Retina 

In addition to their role in the brain, the CaV2 family plays a role in synaptic release in the retina. 

P/Q-, N- and R-type VGCC mRNA has been identified in the rat retina using Northern blot 

analysis (Kamphuis & Hendriksen, 1998). Furthermore, in situ hybridization revealed localization 

of the α1A to the ONL, INL and IPL; α1B to the ONL and INL; and α1E subunit to the INL 

(Kamphuis & Hendriksen, 1998). Studies provide evidence for L- and N-type VGCCs (and some 

P/Q-type VGCCs) in the release of glycine in amacrine cells (Bieda and Copenhagen, 2000). 

Reports also suggest a role for N-type VGCCs in the release of GABA from AII amacrine cell 

population (Taschenberger & Grantyn, 1995).  

 

CaV2 in RGCs 

P/Q- and N-type VGCCs have been pharmacologically identified in RGCs using partial whole 

cell current inhibition with ω-conotoxin-GVIA and ω-agatoxin-IVA (Guenther et al., 1994; Farrell 

et al., 2010). Immunohistochemical analysis revealed localization of the P/Q-type VGCCs to 

RGCs and N-type to both RGCs and their axons (Sargoy et al., 2014). 

 

CaV3 Ca channel 

The identification of calcium currents with unique properties differing from the CaV1 and CaV2 

families was established in early recordings in starfish eggs (Hagiwara et al., 1975). Later 

investigations utilized voltage clamp techniques to fully characterize the T-type calcium current 
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in dorsal root ganglia (Carbone and Lux, 1984; Fedulova et al., 1985; Nowycky et al., 1985). T-

type calcium currents exhibit unique properties such as their range of activation being at more 

negative membrane potentials, rapid inactivation and slow deactivation, conductance from 

single channels and pharmacological resistance to blockers of the CaV1 and CaV2 families 

(Catterall 2011).  Owing to their transient activation properties, T-type VGCCs play roles in the 

rhythmic action potential bursts in the thalamus, which are responsible for the regulation of 

cortical attention and sleep patterns (Lee et al., 2004).  

 

CaV3 in the Retina 

T-type VGCCs have been localized to the bipolar (Kaneko et al., 1989; Protti & Llano, 1998; 

Pan, 2000) and ganglion cell (Lee et al., 2003; Sargoy et al., 2014) types within the retina. T-

type VGCCs are involved in the initiation of regenerative potentials and spiking properties in 

bipolar cell terminals (Ma and Pan, 2003; Hu et al., 2009), potentially enabling bipolar cells to 

carry out parallel processing of the visual signal (Dreosti et al., 2011; Saszik and DeVries, 

2012).   Furthermore, differential expression of T-type VGCCs and their respective currents in 

bipolar cells (Pan, 2000; Hu et al., 2009) may further support their role in the segregation of 

visual input for parallel processing (Cui et al., 2012).  

 

CaV3 in RGCs 

T-type VGCCs in RGCs are thought to be involved in establishing intracellular [Ca2+] at resting 

membrane potentials and the generation of spiking (Lee et al., 2011). T-type VGCCs have been 

identified in retinal ganglion cells of the rat (Karschin and Lipton 1989; Guenther et al. 1994; 

Sargoy et al., 2014), turtle (Liu and Lasater 1994), goldfish (Bindokas and Ishida 1996), cat 

(Huang and Robinson 1998), and salamander (Henderson and Miller 2003).  T-type VGCCs are 

localized to only OFF-RGCs, while CaV1 and CaV2 VGCCs have been localized to both ON- and 
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OFF-RGCs (Margolis et al., 2010). Such differential expression of VGCCs is thought to mediate 

distinct visual processes (Margolis et al., 2010).  

 

Auxiliary Ca channel subunits  

In addition to the α1 pore-forming subunit, Ca channels are known to associate with auxiliary Ca 

channel subunits that mediate physiological properties of the calcium current induced by VGCC 

activation (Arrikath & Campbell, 2003). These α2δ, β and γ auxiliary Ca channels subunits have 

been shown to interact directly with the α1 pore-forming subunit (Arrikath & Campbell, 2003). 

CaV1 and CaV2 are known to associate primarily with α2δ and β auxiliary subunits (Buraei and 

Yang, 2010; Dolphin, 2012).  The CaV3 family has been shown to function normally in the 

absence of auxiliary subunits (Pérez-Reyes, 2006; Pérez-Reyes, 2003). The following sections 

outline the auxiliary protein composition, localization and their modulatory effects on the calcium 

current.  

 

α2δ  auxiliary Ca channel subunit 

The α2δ auxiliary subunits play a major role in trafficking of the Ca channel to the plasma 

membrane (Bauer et al., 2010) and altering the channels’ biophysical properties (Arikkath & 

Campbell, 2003; Davies et al., 2007). Four α2δ isoforms have been cloned: α2δ1, α2δ2, α2δ3 

and α2δ4. α2δ subunits derive from a single gene and are post-translationally cleaved into their 

respective α2 and δ subunits (Jay et al., 1991). The δ subunit is anchored to the transmembrane 

by a short intracellular domain (Arikkath & Campbell, 2003), while the entirely extracellular α2 

subunit is connected to the δ subunit via a disulfide bond (Dolphin, 2010). Although the δ 

subunit is anchored to the plasma membrane, the α2 subunit is responsible for interacting with 

the third membrane domain of the α1 subunit (Gurnett et al., 1997).  
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Localization of α2δ  auxiliary subunits 

α2δ1 and α2δ2 auxiliary Ca channel subunit localization 

mRNA expression levels of the α2δ1 and α2δ2 subunit have been identified in the nervous 

system, heart and numerous internal organs (Klugbauer et al., 1999; Gao et al., 2000; Barclay 

et al., 2001; Brodbeck et al., 2002; Gong et al., 2001; Cole et al., 2005).  The α2δ1 and α2δ2 

subunits have been of great interest due to their binding affinity for gabapentin and pregabalin 

(Bauer et al., 2010). Spinal nerve ligation studies in rat revealed an upregulation of both α2δ1 

and α2δ2 mRNA and protein expression levels in the dorsal root ganglion cells and spinal cord 

(Newton et al., 2001; Luo et al., 2001; Wang et al., 2002).  The up- and downregulation of α2δ1 

and α2δ2 was also shown to coincide with increased and decreased allodynia symptoms, 

respectively (Davies et al., 2007).  Interestingly, overexpression of α2δ1 in animals that did not 

undergo spinal nerve ligation also resulted in allodynia (Li et al., 2006). KO of the α2δ2 subunit 

resulted in a calcium current reduction of 30% in the Purkinje cells and a reduced firing rate in 

cerebellar slices (Donato et al., 2006).  

 

α2δ3 auxiliary Ca channel subunit localization 

In mouse, α2δ3 mRNA expression has been thought to be limited to the brain (Angelotti and 

Hofmann, 1996; Klugbauer et al., 1999; Gao et al., 2000; Gong et al., 2001). The α2δ3 subunit 

has been recently localized to ON bipolar cells in the mouse retina (Nakajima et al., 2009). In 

addition, its cDNA has been identified in rat atria (Chu and Best, 2002) and mRNA in human 

heart, skeletal muscle and kidney (Gong et al., 2001). The α2δ3 subunit has been demonstrated 

to play a significant role in synaptogenesis (Kurshan et al., 2009).  The α2δ3 KO Drosophila 

‘straightjacket mutant’ is unable to form synaptic terminals (Kurshan et al., 2009). Interestingly, 

since the phenotype was observed in the α1 KO Drosophila (cacophony mutant) – the authors 

deduced that synaptogenesis can occur in the absence of calcium channels (Kurshan et al., 
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2009).  However, overexpression of the α2δ3 protein rescued motor synaptogenesis in the 

straightjacket mutant (Kurshan et al., 2009). See discussion for the localization of the α2δ3 

auxiliary Ca channel subunit in the retina. 

 

α2δ4 auxiliary Ca channel subunit localization 

Immunohistochemical analysis in rat and mouse revealed α2δ4 localization to Müller cell 

processes and endfeet, the synaptic terminals and outer segments of photoreceptors (Pérez de 

Sevilla Müller et al., 2013). These findings further confirmed the role of α2δ4 auxiliary Ca 

channel subunit in calcium signaling in bipolar and Müller cell, as well as the modulation of L-

type VGCCs for photoreceptor neurotransmitter release (Pérez de Sevilla Müller et al., 2013). 

Mutations to the α2δ4 gene in mice result in a lack of ribbon synapses in rod photoreceptors, 

cone pedicle malformations and disrupted electroretinogram (ERG) (Wycisk et al., 2006a,b; 

Rueter et al., 2000).  

 

Modulatory effects of α2δ  auxiliary subunits 

Coexpression of the α2δ1 increases trafficking of the α1 subunit to the plasma membrane (Felix 

et al., 1997) and results in a hyperpolarizing shift in the voltage dependence of activation, 

increased current amplitude and faster activation and inactivation properties (Arikkath & 

Campbell, 2003). In contrast, the coexpression of the α2δ2 results in only an increase of current 

amplitude, while leaving the biophysical properties unaltered (Arikkath & Campbell, 2003).  

Interestingly, coexpression of the α2δ3 subunit with the CaV1.3 yielded no change in the current 

density, inactivation time course and voltage-dependent steady-state inactivation (Klugbauer et 

al., 1999), yet produced a small hyperpolarizing shift in the activation curve (Arikkath & 

Campbell, 2003). Coexpression of the α2δ4 with the CaV2.1/β3 Ca channel resulted in an 

increase in calcium current (Arikkath & Campbell, 2003).  
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β  auxiliary Ca channel subunits 

In addition to the primarily extracellular α2δ auxiliary subunit, Ca channels also express an 

entirely intracellular β subunit (Arikkath & Campbell, 2003) that alters the voltage dependence 

and activation/inactivation properties of the VGCCs, increases trafficking of the VGCC to the 

plasma membrane and regulates protein/signaling molecule modulators of the VGCCs 

(Josephson et al., 1996; Lacerda et al., 1991; Mori et al., 1991; Neely et al., 1993; Singer et al., 

1991; Stea et al., 1993; Stephens et al., 1997, Varadi et al., 1991; Zamponi, 2005).  Four 

mammalian genes have been identified that encode the β-subunits (β1-β4) (Buraei & Yang, 

2010). Interaction between the α1 and the β-auxiliary subunits is mediated through the Alpha 

Interacting Domain (AID) of the α1 subunit and the Beta Interacting Domain (BID) of the β-

auxiliary subunits (Pragnell et al., 1994; De Waard et al., 1994). AID mutations interfere with the 

proper binding of the α1 and β subunit, thereby affecting trafficking of the channel to the 

membrane (Arikkath & Campbell, 2003).  

 

Localization of β  auxiliary subunits in the retina 

β1 auxiliary Ca channel subunits 

The β1 subunit was localized to the somata in the inner nuclear layer (Ball et al., 2011). The 

processes in the ONL, OPL, INL and IPL were also immunopositive for β1. Lastly, the β1 

subunit was also localized to putative Müller-cell somata (Ball et al., 2011).  Localization of the 

β1 to the aforementioned regions confers involvement in synaptic cell signaling (Ball et al., 

2011).  

 

β2 auxiliary Ca channel subunits 

The β2 subunit was primarily localized to the OPL, with disperse staining in the IPL (Ball et al., 

2011). In the OPL, β2 immunostaining labeled synaptic ribbons, suggesting its role in bipolar 
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cell signaling (Ball et al., 2011).  In the IPL, disperse labeling of the β2 subunit was localized 

nearest the rod bipolar cell terminals, further supporting a minimal role in synaptic signaling. To 

further confirm the role of β2 in bipolar cell signaling, KO studies in mouse demonstrated that a 

lack of β2 inhibited OPL formation of the α1F subunit (Ball et al. 2002).  

 

β3 auxiliary Ca channel subunits 

The β3 subunit was localized to the IPL, INL and GCL (Ball et al., 2011). Double 

immunostaining with calretinin (a marker for amacrine cells, displaced amacrine cells, RGCs 

and three IPL sublaminea) and choline acetyltransferase (ChAT) (a marker for INL and GCL 

cholinergic amacrine cells and their IPL processes) helped localize the β3 subunit to the ON- 

and OFF-layers of the IPL, as well as a subpopulation of somata in the INL and GCL (Ball et al., 

2011).  

 

β4 auxiliary Ca channel subunits 

Lastly, the β4 subunit was localized to four sublamina in the IPL. Localization to the four 

sublaminae suggests its involvement in cell signaling in both the ON- and OFF-sublamina of the 

IPL (Ball et al., 2011).  

 

Modulatory effects of β  auxiliary Ca channel subunits 

The cytosolic β auxiliary subunits are primarily coexpressed with CaV1 and CaV2 channels in 

purified preparations (Buraei & Yang, 2010).  In particular, N-type Ca channels have been 

shown to preferentially associate with β3 subunits, while P/Q-type Ca channels preferentially 

associate with β4 subunits (Arikkath & Campbell, 2003). KO studies of β1 and β2 result in 

complete loss of function of the given VGCCs, while KO of the β3 and β4 lead to significant 

VGCC disruption (Buraei & Yang, 2010). Coexpression studies of the β subunits have not been 
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as widely studied as the α2δ auxiliary subunits. However, coexpression of the β subunit (isoform 

not specified) with the α2δ3 auxiliary subunit resulted in a large increase in current density, a 

shift in the hyperpolarizing direction of the current activation voltage-dependence, and a 

hyperpolarizing shift in the inactivation (Arikkath & Campbell, 2003).  

 

γ  auxiliary Ca channel subunit 

In addition to the α2δ and β auxiliary subunits, the cytosolic gamma subunits comprise of four 

transmembrane domains (Buraei & Yang, 2010). Eight mammalian genes have been identified 

that encode the γ subunits (γ1-8) (Buraei & Yang, 2010). Of the eight auxiliary γ subunits, only 

γ2-4 are known to associate with VGCCs (Kang et al., 2001; Sharp et al., 2001).  In particular, 

P/Q- and N-type VGCCs preferentially associate with the γ2 and γ3 subunits, respectively (Kang 

et al., 2001; Burgess et al., 2001). To date, no γ subunits have been identified in the retina.  

 

Functional properties of γ subunits 

In contrast to the α2δ and β subunits, γ auxiliary subunits do not increase trafficking of the Ca 

channel to the plasma membrane (Arikkath & Campbell 2003). Instead, γ subunits are thought 

to affect the voltage dependence by causing a hyperpolarizing shift and/or a positive shift of the 

inactivation and activation of VGCCs, respectively (Buraei & Yang, 2010). In particular, the γ1 

and γ2 auxiliary subunits inhibit calcium currents (Kang et al., 2001) and disrupt the activation 

and inactivation properties when coexpressed with CaV2.1 and CaV2.2 channels (Arikkath & 

Campbell 2003). In addition, γ2 and γ3 auxiliary subunits affect both the activation and 

inactivation, while the γ4 subunit alters only the inactivation properties when coexpressed to the 

CaV2.1 channel (Arikkath & Campbell 2003). Interestingly, the γ6 and γ7 are thought to inhibit 

the Ca channels through direct modulation of the CaV3.1 and mRNA turnover rate of CaV2.2, 

respectively (Lin et al., 2008; Ferron et al., 2008; Moss et al., 2002).  
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Contribution of calcium signaling to RGC injury 

Calcium Entry into RGCs 

As discussed in Hartwick et al., 2008, in addition to the entry of calcium into the somata of 

RGCs through VGCCs, calcium can enter through other calcium-permeable channels including 

nicotinic acetylcholine receptors (nAChRs), vanilloid-1 transient receptor potential (TRPV1) 

channels and glutamate receptors (NMDA, AMPA and/or kainate). Owing to the large population 

of glutamate receptors localized to RGCs, many studies have investigated the role of NMDA-, 

AMPA- and kainate-mediated excitotoxicity.  Single cell PCR examination revealed that nearly 

all RGCs in mouse express NMDA, AMPA and kainate receptors (Jakobs et al., 2007).  

However, future identification of a differential expression pattern of the glutamateric receptors to 

various RGC subtypes is expected to account for a diverse range of glutamate-induced calcium 

signals (Jakobs et al., 2007). In a study performed by Hartwick et al., 2008, researchers 

suggested that calcium entry into RGCs is mediated by both glutamate receptors and VGCCs.  

High concentrations of glutamate (100 µM) mediate calcium entry through both glutamate 

receptors and L- and N-type VGCCs, while lower glutamate concentrations (10 µM) elicit 

calcium entry primarily through NMDARs.  These findings suggests that the influx of calcium 

can occur through NMDARs when glutamate levels are low and when glutamate levels are high, 

the larger membrane depolarization that results from strong glutamate receptor activation 

produces the subsequent activation of VGCCs.  

 

Calcium entry into RGC axons 

Calcium entry into the unmyelinated axons of RGCs is primarily mediated by L-type VGCCs 

(Sargoy et al., 2014). The strong inhibition of calcium signals following application of the Na 

channel blocker TTX, suggest that increased [Ca2+]i is likely a result of spiking. Calcium 

signaling in the axon may mediate trafficking of calcium-dependent systems or trophic factors to 

and from the nucleus to report axonal activity.  Furthermore, such signaling might mediate 
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protein synthesis and trafficking of trophic factors to regulate the ever-changing axonal 

environment.  

 

Elevated [Ca2+]i lead to loss of RGCs and their axons 

Optic nerve head ischemia and reperfusion studies have implicated the increase in [Ca2+]i as a 

major player in the degeneration of RGCs (Stys et al., 1992). In addition, the reduction of [Ca2+]i 

following ischemia through the use of β-blockers has been shown to ameliorate the excitotoxic 

injury effects (Tomita, 2000). Increased intraocular pressure has also resulted in increased 

[Ca2+]i following the activation of TRPV1 channels (Sappington et al., 2009). Furthermore, 

increased [Ca2+]i following axonal injury was demonstrated to reverse the intra-axonal Na+/Ca2+ 

exchanger caused by the influx of Na+ through non-NMDA channels (Stys et al., 1992). 

 

As discussed in Vargas & Barres (2007), axonal calcium levels are known to increase 

immediately following axonal injury to help initiate the resealing process of the damaged region 

(Krause et al., 1994).  Axonal degeneration is thought to begin 30 mins after the initial insult in a 

spinal cord injury model (Kerschensteiner et al., 2005).  Axonal degeneration results in swelling 

or the formation of circular varicosities referred to as ‘beading’ along the membrane of the axon 

known as the axolemma (Vargas & Barres, 2007). This swelling and beading can develop 

between 8 – 24 hours following injury (George et al. 1995, Sievers et al. 2003, Zhai et al. 2003).  

Following swelling and beading, the axon undergoes cytoskeletol granular disintegration, 

whereby the cytoskeleton, including the neurofilament and microtubles, of the axon begins to 

fragment into pieces (Vargas & Barres, 2007).  Interestingly, in vitro studies demonstrated that 

calcium ionophores elicited the deterioration of the normal (uninjured) axons of dorsal root 

ganglion neurons in culture (George et al., 1995).  Likewise, in vitro addition of calpain inhibitors 

to axons that have undergone axotomy prevents any further axonal degeneration (George et al., 

1995), suggesting a role for calcium in the degradation of axons.  However, it is also important 
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to note that other mechanisms, such as the ubiquitin-proteasome system responsible for 

neurofilament degradation, are also involved in the degeneration of axons (Zhai et al. 2003; 

Vargas & Barres, 2007).  

 

Strategies employed to prevent RGC loss  

VGCC blockers have been utilized to prevent the deleterious effects of increased [Ca2+]i 

following optic nerve injury.  In particular, pharmacological inhibition of the L- and T-type VGCCs 

with lomerizine has been shown to elicit neuroprotective effects on RGCs by reducing [Ca2+]i in 

hypoxia models (Winkler et al., 2003).  In a study conducted by Selt et al. (2009), researchers 

investigated the neuroprotective effects of lomerizine on primary and secondary RGC 

degeneration.  Different degrees of degeneration were achieved by performing optic nerve 

transection on the dorsal axons (primary degeneration), while leaving the remaining ventral 

axons intact (secondary degeneration). As expected, these studies demonstrated that the 

density of RGCs from the transected axons significantly decreased one and three months post-

optic nerve injury. Treatment of lomerizine for one month prevented RGC death – however – 

treatment for three months did not maintain neuroprotective effects (Selt et al., 2010). Similarly, 

in a study conducted by Toriu et al. (2000), treatment of lomerizine decreased NMDA- and 

kainate-induced neurotoxicity in rat RGCs in vitro (Toriu et al., 2000). In addition, in vivo 

analysis demonstrated that intravenous application of lomerizine also reduced the neurotoxic 

effects of increased intraocular pressure (Toriu et al., 2000). While these results provide 

promising short-term effects, the lack of long-term neuroprotection has hindered the widespread 

therapeutic use of lomerizine.  

 

In a study conducted by Kuroki et al. (2014), researchers demonstrated that in vivo treatment of 

an L-type VGCC blocker nilvadipine reduced the excitotoxic effects of NMDA and Nitric Oxide 

Donor (NOC12).  Researchers intravenously injected nilvadipine (1 mg/kg) 15 minutes prior to 



	   26	  

the intravitreal injection of either NMDA (200 nmol/eye) or NOC12 (400 nmol/eye).  Following 

seven days of treatment with either NMDA or NOC12, immunohistochemical analysis with the 

hematoxylin and eosin stain (H&E stain) revealed that both drugs significantly reduced the loss 

of somata in the GCL.  However, it is important to note that the H&E stain cannot differentiate 

RGCs from displaced amacrine cells in the GCL (Kuroki et al., 2014). Future studies with the 

new RGC marker – RBPMS – are warranted to confirm the neuroprotective effects of nilvadipine 

to RGCs in the GCL. These findings will elucidate a role for Ca channels in the excitotoxic 

calcium signal following insult and further confer the neuroprotective effects of the inhibition of 

VGCCs.  

 

α2δ1 and α2δ2 as a therapeutic target  

The α2δ1 and α2δ2 subunits have been of particular interest due to their binding affinity for the 

antiepileptic GBP and pregabalin antagonists.  Previous studies have demonstrated that 

chronic, but not acute, application of gabapentin effectively reduced neuropathic pain in mouse 

(Field et al., 2006) by reducing excessive spinal cord synaptic transmission  (Bauer et al., 2010).  

These results suggest that chronic application of gabapentin reduced α2δ subunit membrane 

trafficking. Similarly, studies suggest that acute (2 or 5 minute) application of gabapentin 

reduced the calcium current in isolated RGCs, as well as the depolarization-evoked calcium 

signal in RGCs in the wholemount preparation (Farrell et al., 2014). In addition, pretreatment of 

GBP (4-18 hours) in isolated RGCs prior to the acute application of GBP (2 min) further reduced 

the calcium current providing evidence for short- and long-term effects of GBP on the reduction 

of [Ca2+]i (Farrell et al., 2014). These studies shed light onto the potential use of gabapentin as a 

therapeutic strategy to reduce aberrant calcium signaling following injury through the supposed 

inhibition of the α2δ1 and α2δ2 auxiliary Ca channels.  
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Perhaps one of the common threads contributing to the lack of long-term neuroprotection of 

RGCs following injury is the failure to explore the differential contributions of the VGCCs in both 

the RGCs and their axons. Thus, the experiments outlined in my dissertation seek to compare 

the localization of VGCCs in RGCs and RGC axons in normal retinas to determine possible 

differences in their contribution to calcium signaling. A potential outcome of achieving this goal 

would be the identification of novel therapeutic targets to reduce the loss of RGCs following 

optic nerve damage. 
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AIMS 

An understanding of the differential expression of the VGCCs could provide the rationale for the 

administration of selective VGCC blockers to promote ganglion cell survival following injury.  

Previous research has demonstrated that the administration of an L-type Ca channel blocker led 

to the enhancement of RGC survival (Otori et al., 2003).  As outlined by Selt et al. (2010), 

previous studies demonstrated that the administration of lomerizine exerted neuroprotection on 

RGCs in many injury models including ischemia, hypoxia and secondary death (Fitzgerald et al., 

2009a; Fitzgerald et al., 2009b; Hara et al., 1999; Karim et al., 2006; Toriu et al., 2000). 

Lomerizine also decreased the [Ca2+]i levels in a hypoxia model, which resulted in the 

prevention of RGC loss (Yamada et al., 2006). The different degrees of block by selective 

pharmacological agents suggest that targeted inhibition of VGCCs following optic nerve damage 

could promote the survival of RGCs and their axons. 

 

The overall objectives are to identify Ca channel subunits and to modify calcium signaling in 

retinal ganglion cells and their axons to regulate calcium levels in a manner that might increase 

cell survival.  

 

Aim 1: Localization and distribution of Ca channels along RGCs and RGC axons 

Aim 1 provides evidence for the localization of the Ca channels in the RGCs and their axons of 

normal (uninjured) retinas.  To date, very little research has been conducted on the differential 

localization and distribution of VGCCs in RGCs and RGC axons. This knowledge is essential for 

accomplishing our end goal of understanding how the modulation of L-, P/Q-, N- and T-type Ca 

channels may reduce the loss of RGCs following optic nerve damage. Localization of the 

VGCCs and their accessory subunits in RGCs and RGC axons are outlined in Sargoy et al., 

2014 and Pérez de Sevilla Müller et al., (In preparation).  
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Aim 2: Calcium signaling in RGCs and RGC axons 

Aim two tested the hypothesis that Ca channel antagonists regulate calcium signaling in RGCs 

and RGC axons. Calcium imaging experiments were conducted on normal (uninjured) retinas. 

Selected Ca channel blockers to the L-, P/Q-, N- and T-type Ca channels, as well as 

gabapentin, an antagonist of the α2δ1 and α2δ2 accessory subunit, were used in calcium 

imaging experiments to determine their individual contribution to the calcium signal in normal 

(uninjured) RGCs and RGC axons.  

 

Aim 3: Survival of injured RGCs and RGC axons 

The goal of the following studies was to identify a RGC type that is more resistant to injury than 

any other RGC type in the retina. The impetus behind the identification of an injury-resistant 

RGC type is to provide a platform for future studies to investigate the calcium signaling and 

expression patterns that contribute to its superior ability to withstand injury. Optic nerve 

transection models were employed to mimic a severe form of axonal injury. 

Immunohistochemical analysis further confirmed the M1 RGC as the most resistant RGC type in 

the retina to injury. 
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INTRODUCTION 

Calcium is an intracellular signalling messenger that plays a central role in many physiological 

functions including gene expression, synaptic plasticity and cell regulation [1,2]. Calcium 

signalling mediated through voltage-gated Ca channels (VGCCs), other calcium permeable 

channels, and intracellular stores, plays a key role in mediating cell degeneration following injury 

[3]. Unregulated elevated calcium signalling has been implicated in the degeneration of retinal 

ganglion cells (RGCs) in numerous injury models including those for ischemia, optic nerve 

trauma and elevated IOP [4]. Owing to its dual roles in maintaining homeostasis and triggering 

apoptotic pathways in healthy and injured cells, respectively, investigation of VGCC regulation 

of intracellular calcium as a potential strategy to reduce the loss of RGCs is warranted. Due to 

the anatomical accessibility of RGCs and their axons, the retina provides an advantageous 

system in which to investigate the mechanisms of calcium signalling in neurons and their 

unmyelinated axons within the eye. The goal of the present study was to describe the 

distribution of VGCC subtypes and their contribution to the calcium signal in ganglion cells 

bodies and axons in the normal retina, which provides a foundation for understanding RGC Ca2+ 

signalling and the cellular response to injury.  

 

VGCCs are transmembrane, multimeric proteins comprised of a pore forming α1 subunit that is 

typically associated with auxiliary α2δ and β subunits. The α1 subunit functions as the voltage 

sensor and establishes the biophysical and pharmacological properties of the channel [5]. The 

predominantly extracellular α2δ and intracellular β subunits enhance trafficking and expression 

of the Ca channel α1 subunits to the plasma membrane [5,6] and also alter the biophysical 

properties of the channel [7–9]. Ten mammalian genes have been identified that encode the α1 

subunit, while four genes have been identified that encode the α2δ and β subunits each [5]. 

VGCCs are also classified by electrophysiological and pharmacological properties, which give 



	   46	  

rise to L-, N-, P/Q-, R- and T-type Ca channel subtypes. Although physiological evidence has 

suggested that mammalian RGC somata express all of these Ca channel subtypes [10–16], 

questions still remain regarding the distribution of VGCCs and their contribution to calcium 

signalling in both ganglion cell bodies and their axons.  

 

We report differential expression of α1 subunits for L-, N-, and P/Q-type Ca channels in rat RGC 

somata and their axons. While immunostaining for T-type Ca channel α1 subunits was not 

possible due to a lack of selective reagents in rat RGSs, we patch clamped isolated RGCs and 

showed the presence of T-type Ca channels in RGC somata. Calcium imaging of RGCs showed 

that subtype specific Ca channel antagonists reduced depolarization-evoked calcium signals 

mediated by L-, N-, P/Q- and T-type Ca channels to different degrees in the cell bodies and 

axons. The differential expression and contribution of VGCC subtypes to calcium signals in 

RGC somata and their axons may provide insight into the development of target-specific 

strategies to spare the loss of RGCs and their axons following injury. 

 

METHODS 

Immunohistochemical, patch clamp and calcium imaging experiments were performed at UCLA 

in accordance with the guidelines for the welfare of experimental animals issued by the U.S. 

Public Health Service Policy on Human Care and Use of Laboratory Animals (2002). The 

University of California-Los Angeles Animal Research Committee approved this study and the 

institution where the studies were undertaken is authorized to house and sacrifice animals for 

research purposes. Male and female adult Sprague-Dawley rats (Charles River Lab, 

Wilmington, MA) between the age of 3–5 weeks were deeply anaesthetized with 1–3% 

isofluorane (IsoFlo, Abbott Laboratories), decapitated and the eyes removed. 
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Immunohistochemical labelling 

Following removal of the anterior chamber and lens, the eyecups were fixed in 4% (w/v) 

paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 15–60 min at room temperature, 

washed in 0.1 M PB and cryoprotected in 30% sucrose overnight at 4uC. Vertical sections (12 

mm) were cut using a Leica CM3050S cryostat (Leica Microsystems, Buffalo Grove, IL) and 

mounted onto gelatin-coated slides.  

 

Frozen retinal sections were thawed for 3 min at 37uC on a tissue-warming tray and rinsed in 

0.1 M PB (pH 7.4) three times for 10 min each. Retinal sections were incubated in a blocking 

solution containing 10% normal goat serum, 1% bovine serum albumin, 0.5% Triton X-100 in 

0.1 M PB for 1 h at room temperature. The primary antibodies were diluted in 3% normal goat 

serum, 1% bovine serum albumin, 0.5% Triton X-100 in 0.1 M PB, pH 7.4, for 12–16 h at room 

temperature. Secondary antibodies conjugated with Alexa Fluor 2488, 2568 or 2633, anti-rabbit, 

-guinea pig or –mouse (1:1000; Invitrogen, Carlsbad, CA) were applied for 1 h at room 

temperature. Images were acquired on a Zeiss Laser Scanning Microscope 510 Meta or 710 

(Carl Zeiss, Inc., Thornwood, NY) using a Zeiss C-Apochromat 40x(1.2 NA) corrected water 

objective. Images were further processed in Adobe Photoshop CS5 v12.1 (Adobe Systems, San 

Jose, CA) to improve contrast levels.  

 

Omission of the primary antibody was performed as a negative control to test for non-specific 

binding by the secondary antibody. Preadsorption controls were performed to evaluate the 

specificity of primary antibody immunostaining. In brief, the α1D and α1A antibodies were 

diluted with their corresponding antigen (RS Systems; immunogen sequence 

DNKVTIDDYQEEAEDKD and RDPDARRAWPGSPERAPGREGPYGRESEPQQRE, 

respectively) at a final concentration of 1 mg/ml for 12–16 h overnight at 4uC. Preadsorption 

controls were also performed with the α1C and α1B antibodies (Alomone; ACC-003 and ACC-
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002, respectively) at a final concentration of 1 mg/ml for 12–16 h overnight at 4uC. 

Immunostaining was absent in vertical retinal sections incubated with the preadsorbed antibody 

(Fig. 1). 

 

Antibodies 

The following polyclonal antibodies were used to obtain staining of the α1 subunits: α1C 

(CaV1.2, Alomone, ACC-003, 1:1000, Jerusalem, Israel), α1D (CaV1.3, Sigma, C1728, St. 

Louis, MO, 1:100), α1A (CaV2.1, Synaptic Systems, 152–103, 1:7500, Göttingen, Germany), 

α1B (CaV2.2, Alomone, ACC-002, 1:1000, Jerusalem, Israel). A neurofilament-medium (NF-M) 

(Millipore, MAB1621, Billerica, MA) antibody was used for the detection of RGC axons. A guinea 

pig polyclonal antibody was generated against the N-terminus of the RNA Binding Protein 

Multiple Splice (RBPMS) polypeptide (RBPMS4-24), GGKAEKENTPSEANLQEEEVR, by a 

commercial vendor (ProSci, Poway, CA). RBPMS is highly conserved among mammals and the 

polypeptide sequence used for immunization is identical in mouse, rat, monkey and human 

(NCBI Protein Bank, http:// www.ncbi.nlm.nih.gov/protein). Guinea pig sera were collected 

following immunization and affinity purified using a RBPMS polypeptide affinity column. The 

affinity purified antibody was shown to immunostain ganglion cells in mouse and rat retina 

(Rodriguez et al., 2013, submitted). To evaluate the specificity of the RBPMS immunostaining, a 

preadsorption control was performed with the rabbit antibody. Briefly, the RBPMS antibody was 

diluted in 0.1 MPB containing 0.5% Triton X-100 and mixed with the RBPMS polypeptide at a 

final concentration of 1 mg/ml for 2 h at room temperature. No RBPMS immunostaining was 

present in tissue sections incubated with the preadsorbed rabbit antibodies to RBPMS and 

processed by standard immunohistochemical techniques.  

 

Specificity of the rabbit polyclonal antibody against the α1A subunit was previously confirmed by 
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Western blotting in α1A knockout mice [17]. The rabbit antibody against the α1B protein was 

shown to detect a 200 kDa band in a Western blot of rat brain homogenates [18]. The specific 

band for the α1B protein was absent in Western blots incubated with the control antigen. The 

rabbit polyclonal antibody against the α1C protein was shown to detect major and minor bands 

in a Western blot of human cardiac tissue homogenates [19]. The rabbit polyclonal antibody 

against the α1D subunit has been shown to recognize a band corresponding to CaV1.3 α1 

subunit in Western blot of rat brain homogenates [20]. Preadsorption with the control antigen 

eliminated the band. 

 

Patch clamp recording from isolated ganglion cells 

Retinas were isolated in Ca2+ and Mg2+ free Hank’s Balanced Salt Solution (HBSS; HyClone) 

and transferred into 10 ml Hibernate A medium containing 126 units/ml deoxyribonuclease and 

1.5 mg/ml Bovine serum albumin (BSA) following incubation in 13 units/ml papain (Worthington) 

dissolved in Ca2+- and Mg2+- free HBSS at 37uC for 30 minutes. The enzymatically treated 

retinas were gently triturated with a fire-polished Pasture pipette and then plated on to glass 

coverslips, which were pre-coated with 0.1 mg/ml Con A. Cells adhered and were ready for 

patch clamping 1 h after plating. 

 

Ca channel currents were measured under whole-cell voltage clamp using patch electrodes 

fabricated from borosilicate glass (0.86/1.5 mm in inner/outer diameter) with a Flaming-Brown 

horizontal puller (P-87, Sutter Instrument Co, Novato, CA). After filling, electrodes had a final 

resistance of 5–7 MV. Patch electrodes were filled with internal solution containing (mM): 130 K 

gluconate, 20 KCl, 2 MgATP, 0.5 Na2GTP, 10 Na phosphocreatine, and 1 EGTA, at pH 7.2. 

Cells with access resistance of ,25 MV were used. Capacitance and series resistance were 

optimized and compensated by ~60%. Current recordings were not corrected for linear leakage 
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resistance. Cell membrane capacitance (Cm) was between 6–12 pF. The bath solution 

contained (in mM): 10 CaCl2, 140 TEACl, 1 MgCl2, 10 HEPES, 1 mM TTX, at pH 7.3, or 10 

BaCl2, 130 NaCl, 10 TEACl, 5 CsCl, 1 MgCl2, 10 HEPES, and 1 mM TTX, at pH 7.3. Voltage 

clamp experiments were performed at room temperature with an Axopatch 200B (Axon 

Instruments, Union City, CA). Pulse generation, data acquisition and analysis were done with a 

PC equipped with a Digidata 1322A analog-to-digital (A/D) interface in conjunction with 

Clampex 9.0 programs (Axon Instruments). Currents were filtered with a 4-pole Bessel Filter at 

5 kHz. The holding potential was -70 mV. 

 

Calcium imaging in wholemount retinas 

Following enucleation, Fluo-4 pentapotassium salt (0.5 ml of 40 mM stock in H2O) was injected 

into the optic nerve stump approximately 1 mm posterior to the globe. To enable retrograde 

labelling of RGCs and RGC axons, the eyeball was placed in mammalian saline solution 

bubbled with 95% O2/5% CO2 for 1 h at room temperature in the dark. The retina was then 

isolated from the eyecup and divided into quadrants. One quadrant was mounted on a glass 

slide using a harp slice grid (ALA Scientific, HSG 5DD, Farmingdale, NY). An eight channel 

gravity superfusion system (ALA Scientific, Farmingdale, NY) delivered solutions containing (in 

mM): 120 NaCl, 3 KCl, 2 CaCl2, 1.20 NaH2PO4, 1 MgCl2, 25 NaHCO3, and 10 glucose bubbled 

with 95% O2/5% CO2, to the retinal preparation. RGCs and RGC axons were depolarized by 

raising the [K+]o from 3 mM to 60 mM for 33 s to activate VGCCs. Na+ was reduced by 57 mM 

to maintain isosmolarity in the elevated K+ solution. K+ pulses were always applied in pairs with, 

680s separation. Images were acquired at 5 s intervals with a Zeiss LSM 5 Pascal laser 

scanning microscope equipped with a water immersion Axoplan 406 (NA 0.8) objective. 

Excitation was provided by the 488 nm line of the argon laser while collecting emission through 

a 505 nm long-pass filter. Fluorescence intensity values were acquired by placing regions of 

interest (ROIs) on specific RGC somata and axon bundles. 
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Analysis  

Fluorescence intensity changes were always recorded in response to paired high K+ pulses with 

the change produced by the second high K+ induced peak normalized to the change produced 

by the first high K+ peak. In all cases, control values were first recorded with paired K+ pulses 

with no drug and in cell bodies, these typically showed a modest reduction (a few percent) of the 

second peak relative to the first. Then, for testing of VGCC or Na channel blockers, drugs were 

applied only during the second K+ pulse of a pair, whose peak value was normalized against the 

first peak value. Thus, for each drug change value considered, the data were taken as the 

amplitude of the second K+ peak divided by that of the first, and these values were analyzed 

with respect to their matching controls derived from paired K+ peaks measured in the absence 

of drug. Experiments were performed on wholemount retinas from 3–5 rats for each drug. ROIs 

corresponding to individual RGC somata or axon bundles were averaged in every trial, each 

considered an independent observation for statistical testing using Student’s unpaired t-test with 

p, 0.05 considered significant. The value ‘n’ equals the number of independent trials, with which 

value averaged from 20–90 individual RGC somata or 2–12 RGC axon bundles. Variability is 

reported as standard error of the mean. Figures were processed using GraphPad Prism 4.0 

(GraphPad Software, Inc, La Jolla, CA). In the figures, fluorescence traces are shown 

normalized to the first of the paired responses to elevated K+ application. 

 

Drugs and Chemicals 

All chemicals and reagents, unless otherwise noted, were obtained from Sigma-Aldrich (St. 

Louis, MO). Verapamil, nifedipine, and mibefradil came from Tocris (Bristol, UK), ω-agatoxin-

IVA was from Abcam (Cambridge, MA) and fluo-4 pentapotassium salt came from Invitrogen 

(Carlsbad, CA). 
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RESULTS 

Differential L-, N-, and P/Q-type Ca channel localization in RGC somata and their axons 

To investigate the localization of VGCCs in RGCs, we immunostained rat retinal sections with 

RBPMS, a robust marker of RGCs [21,22] in conjunction with specific antibodies against the 

α1C, α1D, α1B and α1A VGCC subunits. Double immunolabelling with RBPMS antibodies and 

the corresponding VGCC subunit antibodies confirmed localization of the α1C, α1D, α1B and 

α1A subunits to RGCs (Fig. 1). In addition, antibodies against the L-type VGCC subunits, α1C 

(Fig. 1, top row) and α1D (Fig. 1, second row) revealed immunolabelling in the nerve fiber layer 

(NFL), which is composed of fascicles of RGC axons and glial cells. The α1C subunit antibody 

also immunostained radial processes likely to be Müller cell processes, as previously described 

in chicken retina [23].  

 

To determine if all RGCs in the ganglion cell layer (GCL) express the α1C and α1D subunits, 

we performed double immunostaining in wholemount retinas, which showed colocalization of L-

type VGCC subunits with all RBPMS-positive RGCs (Fig. 2). Immunoreactivity of the α1C and 

α1D subunits was also localized to cell bodies in the GCL that did not show immunoreactivity for 

the RBPMS antibody. Due to the size of the cell somata (~10 µm), these neurons are likely to 

be displaced amacrine cells [24,25]. 

 

To examine the colocalization of the α1C and α1D subunits to RGC axons of the nerve fiber 

layer (NFL), we performed triple immunostaining in wholemount retina with antibodies against 

the α1C or α1D proteins together with antibodies against RBPMS proteins and neurofilament-

medium (NF-M), a marker of the neuronal cytoskeleton of RGCs and RGC axons [26,27]. NF-M 

is also a marker for the large melanopsin-positive M2 cells [28]. Triple labelling revealed 

extensive colocalization of neurofilament with the α1C and α1D Ca channel subunits. 
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We also performed immunohistochemical analysis of N-type Ca channels in RGC somata and 

their axons in vertical sections and wholemount retina. Antibodies against the N-type VGCC 

α1B subunit revealed immunolabelling in most RGC somata, the IPL and in the NFL (Fig. 1, 

third row). To determine if all RGCs in the GCL express the α1B subunit, we performed double 

immunostaining for the α1B Ca channel subunits and RBPMS-positive RGCs (Fig. 3). As seen 

with the L-type Ca channel subunits, some immunoreactivity of the α1B subunit was localized to 

cell bodies in the GCL that did not show immunoreactivity for the RBPMS antibody. These cell 

bodies are ~10 µm in diameter, consistent with their identity as displaced amacrine cells. Triple 

labelling revealed colocalization of NF-M with the α1B Ca channel subunits, indicating 

localization of N-type Ca channels to the axons. 

 

Antibodies against the P/Q-type VGCC α1A subunit revealed immunolabelling in RGC somata 

but not in the NFL (Fig. 1, bottom row). Immunohistochemical analysis of P/Q-type Ca channels 

in RGC somata and their axons in wholemount retina is shown in Figure 4. Double 

immunostaining revealed colocalization of P/Q-type VGCC α1A subunits with RBPMS-positive 

RGCs. Triple staining with antibodies against NF-M was not successful. 

 

Patch clamp recording shows the presence of T-type Ca channels in RGC somata 

To confirm the presence of T-type Ca channels in rat RGCs, we patch clamped isolated cells 

and used voltage clamp stimulus paradigms designed to detect the presence of T-type Ca 

channels. Stimulated with voltage ramps in solutions containing Ba2+ and TTX to enhance Ca 

channel currents and block inward Na channel currents, a shoulder on the negative side of the 

typical Nshaped whole cell current voltage relation was often recorded, as exemplified in Figure 

5A. Such a shoulder is considered characteristic of T-channel activity [29]. In addition, by 

removing voltage-dependent inactivation with large negative holding potentials, step voltage 
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clamp stimuli elicited transient, inactivating inward currents, as shown in the Figure 5 inset, as 

would be expected from the activation of T-type Ca channels. T-type Ca channels were found in 

RGCs at a maximum of ~30% in young (P17–P21) rats and at a minimum of about 15% in adult 

rats (>4 weeks of age). 

 

Similar time course of calcium signals in RGCs and their axons 

Figure 6A shows fluo-4 labelling of RGC somata and axon bundles in wholemount retina. 

Transient increases in [Ca2+] levels during depolarization with elevated K+ pulses, averaged and 

normalized from recordings made simultaneously in the RGC somata and axons, are shown in 

Figure 6B. Data averaged from 24 RGC somata (lower panel) and 16 axon bundles (upper 

panel) indicate that the increase in mean fluorescence intensity in response to the depolarizing 

stimulus followed a similar time course in the axons and the somata. A 33 s pulse of 60 mM K+ 

produced a rapid increase in [Ca2+] levels, followed by a slower falling phase. The rising phase 

of the response at the cell body was complex in this example, showing several transient rising 

phases leading to a peak at 28.3 s. The falling phase of the calcium response in the cell bodies 

was best fit by a double exponential time course with time constants of 11.5 s and 65.8 s. In the 

axons, the rising phase of the response at the cell body was likewise complex with a peak in 

25.5 s, and the falling phase was well fit with a single exponential having a time constant of 25.7 

s. If the calcium signals in the unmyelinated axons resulted from diffusion of cytosolic calcium 

from their cell bodies, slower rising and falling phases of calcium concentration would have 

been observed due to the delay caused by the diffusion process. Previous measurements of 

photolytically stimulated Ca2+ diffusion obtained in RGC axons of the myelinated mouse optic 

nerve show that the length constant for Ca2+ diffusion is on the order of 30 µm [30]. The regions 

of axons from which we recorded calcium signals varied in distance from their cell bodies, with 

some in excess of 500 µm, making it unlikely that the rapid, simultaneous increase of [Ca2+]i in 

the axons was due to diffusion of the calcium signal generated in the somata and suggest that  
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Figure 1. Expression of L-, P/Q-, N-type Ca channels in the proximal retinal. Ca channel α1 

subunits co-express with the ganglion cell antibody RBPMS in vertical sections showing the 

inner plexiform layer (IPL), the ganglion cell layer (GCL) and the nerve fiber layer (NFL). (Top 

row) Double immunostaining with α1C subunit and RBPMS antibodies shows colocalization in 

the RGC somata (filled arrow). RGC axons (arrowhead) as well as putative Müller and  neuronal 

cell processes in the IPL showed immunostaining. Control preadsorption of α1C antibody with 

the immunization peptide showed no staining. (Second row) Double immunostaining with α1D 

subunit and RBPMS antibodies shows colocalization in the RGC somata (filled arrow). 

Numerous processes in the IPL as well as the RGC axons throughout the NFL (arrowhead) 

were also labelled. Control preadsorption of α1D antibody with the immunization peptide 

showed no staining. (Third row) Double immunostaining with α1B subunit and RBPMS 

antibodies shows colocalization in RGC somata (filled arrow). Processes in the IPL, putative 

displaced amacrine cells in the GCL (open arrows) and RGC axons throughout the NFL 

(arrowheads) showed immunostaining. Control preadsorption of α1B antibody with the 

immunization peptide showed no staining. (Bottom row) Double immunostaining with α1A 

subunit and RBPMS antibodies shows colocalization in the RGC somata (filled arrow). Labelling 

in the IPL and in putative displaced amacrine cells in the GCL (open arrows) was also seen. 

Control preadsorption of α1A antibody with the immunization peptide showed no staining. Scale 

bar is 20 µm. 
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Figure 2. Localization of L-type Ca channels in rat retina. (Top row) Rat wholemount retina 

triple labelled with RBPMS (red), α1C VGCC subunit (green), and NF-M (white) antibodies. α1C 

colocalized with RBPMS, which labels RGC somata (filled arrow), and NF-M, which labels RGC 

axons (arrowhead), as well as putative Müller cell endfeet. Stack of five z-axis optical sections 

each of 0.3 µm thickness. (Lower row) Rat wholemount retina labelled with RBPMS (red), α1D 

VGCC subunit (green), and NF-M (white) antibodies. α1D was localized to RGC somata 

(RBPMS) (filled arrow), RGC axons (NF-M) (arrowhead) and putative displaced amacrine cells 

(open arrow). Stack of four optical sections each of 0.3 µm thickness. Scale bar is 20 µm. 
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Figure 3. Localization of N-type Ca channels in ganglion cells in rat retina. Rat wholemount 

retina labelled with RBPMS (red), α1B VGCC subunit (green), and NF-M (white) antibodies. 

α1B colocalized with RBPMS in RGC somata (filled arrow), NF-M in RGC axons (arrowhead) 

and putative displaced amacrine cells (open arrow). Stack of six optical sections each of 0.3 µm 

thickness. Scale bar is 20 µm. 
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Figure 4. P/Q-type Ca channel expression in ganglion cells in rat retina. Retina labelled with 

RBPMS (red) and α1A VGCC subunit (green) antibodies. α1A was colocalized with RBPMS in 

RGC somata (filled arrow). Additional cell bodies in the GCL staining for α1A and not RBPMS 

are likely to be displaced amacrine cells (open arrow). Scale bar is 20 µm. Stack of 10 optical 

sections each of 0.3 µm thickness. 
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Figure 5. Patch clamp analysis of T-type Ca channels in isolated ganglion cells from rat retina. 

A. Current-voltage relation obtained from voltage-clamped whole cell currents in 10 mM Ba2+ in 

response to a voltage ramp from a holding potential of 2120 mV. Inset shows currents recorded 

in 10 mM Ca2+ at a test potential of 230 mV from holding potentials of 290 mV (black trace) or 

250 mV (grey trace). The bath solution contained 1 µM TTX. Scale bar (inset) shows 20 pA and 

50 ms. B. The rate of occurrence of T-type Ca channel currents declines with age. Over 30% of 

RGCs recorded from P13–P17 rats expressed T-type Ca channel current and this rate was 

reduced by more than 50% in rats 4 weeks or older (adult). 
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Figure 6. Depolarization-induced calcium signals in RGCs and their axons. A. Multiple RGC 

somata and axon bundles in fluo-4 labelled retinal wholemount. Scale bar is 20 µm. B. A 33 s 

application of 60 mM K+ was applied at the time indicated (bar below the rising phases of the 

traces) and the simultaneous responses of 23 RGC somata (lower panel) and 13 RGC axon 

bundles (upper panel) was recorded and fit with exponential functions for comparison. Both the 

axon bundle and the cell body responses were complex with sequential and unsynchronized 

rising phases but both the axon bundle and somatic responses relaxed with similar time 

courses. The falling phase of the axon bundles was best fit with a single exponential having a 

time course of 25.7 s (overlay trace in dots) while that of the cell body required a double 

exponential fit with time constants of 11.5 and 65.8 s (overlay trace in dots). 



	   62	  

local sources of calcium influx are present throughout the axon, as supported by the 

immunohistochemical data presented above. 

 

Block of calcium signals induced by depolarization of RGC somata in wholemount retina 

Electrophysiological studies have provided pharmacological and biophysical evidence for L-, N-, 

P/Q- and T-type VGCCs expression in rat RGCs [11,14]. Our calcium signalling studies extend 

these earlier results providing pharmacological evidence for the presence of L-, N-, P/Q- and T-

type Ca channels, differentially expressed in RGCs and their axons.  

 

Figure 7A shows fluo-4 labelling of RGC somata in wholemount retina, which enabled 

evaluation of increased intracellular [Ca2+] levels during depolarization with 60 mM K+ pulses. 

Superfusion of RGCs with 60 mM K+ has been shown to depolarize the cells to ~220 mV and to 

increase intracellular [Ca2+] from resting levels (~100 nM) up to ~1 µM [31]. Back-labelling from 

the nerve stump injection site prevented labeling of displaced amacrine cells, which make up 

~60% of the cells in the ganglion cell layer in the mammalian retina [32]. Calcium imaging of 

RGCs in wholemount retina demonstrated that superfusion of high K+ (60 mM) elicited changes 

in the mean fluorescence. Control paired K+ pulses showed a reduction of the second pulse 

amplitude that was on average 99% of the first. Application of selective Ca channel blockers 

reduced the second K+-evoked [Ca2+]i relative to control, as exemplified in Figure 7B where the 

effects of nifedipine are shown.  

 

To determine the contribution of L-type VGCCs to the depolarization-evoked [Ca2+]i, we applied 

the L-type VGCC blockers nifedipine (10 µM) and verapamil (100 µM). Nifedipine and verapamil 

reduced the second of paired high K+ pulses in the RGCs by 29%±7% (p= 0.0003; n= 20) and 

39%±5% (p, 0.0001; n =17), respectively (Fig. 7C). The application of the P/Q- and N-type 
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VGCC blockers, ω-agatoxin IVA (400 nM) and ω-conotoxin-GVIA (3 µM), reduced the K+-

evoked calcium signal by 35%±14% (p =0.0364; n= 9) and 23%±10% (p =0.0423; n =15), 

respectively (Fig. 7C). To estimate the contribution of T-type VGCCs to the high K+-evoked 

calcium signal in RGCs, we applied the T-type VGCC blocker mibefradil (3 µM), which reduced 

the signal by 21%±6% (p= 0.0011; n= 16; Fig. 7C). In addition, to show the extent to which Na 

channels contribute to the generation of [Ca2+]i transients in RGC somata during the high K+ 

stimulation, we applied the Na channel blocker TTX. TTX (200 nM) reduced the calcium signal 

by 40%±9% (p = 0.0004; n= 14). It is important to note that changes in the calcium signals of 

cells during VGCC block are not necessarily due only to block of the VGCCs in the RGCs 

themselves but may instead or in addition be due to block of VGCCs in a presynaptic cell that 

results in inhibition of the RGC calcium signal. 

 

Block of calcium signals induced by depolarization in RGC axons 

Figure 8A shows fluo-4 labelling of the unmyelinated RGC axons on the surface of the retina. 

Calcium imaging of RGC axons demonstrated that superfusion of K+ (60 mM) elicited changes 

in mean fluorescence intensity with control paired K+ pulses typically producing a small pair-

wise increase of ~5%. To determine the contribution of L-type VGCCs to the depolarization-

evoked [Ca2+]i, the L-type VGCC blockers nifedipine (10 µM) and verapamil (100 µM) were 

applied. Nifedipine and verapamil reduced the second of paired high K+ pulses in the RGC 

axons by 20%±6% compared to control (p =0.0053; n= 12) and 52%±9% compared to control 

(p<0.0001; n =9), respectively. The different degree of block of the calcium signal by verapamil 

and nifedipine could be due to the difference in concentration of the blockers and the different 

sensitivities of the Ca channels to these agents. To determine the contribution of P/Q- and N-

type VGCCs to the calcium signal in axons, we applied ω-agatoxin IVA (400 nM) and ω-

conotoxin-GVIA (3 µM), which did not reduce the Ca2+ signal in RGC and axons (Fig. 8C). The 
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Figure 7. Many VGCC subtypes contribute to calcium signalling in ganglion cell bodies. A. Fluo-

4 labelling of RGC somata in the wholemount retina. Scale bar is 20 µm. B. Application of 

nifedipine (NIF; 10 µM), an L-type Ca channel antagonist, reduced the second high K+-evoked 

calcium signal. C. Summary of Ca2+ imaging results in RGC somata showing the following 

changes in paired pulse Ca2+ signal in response to drugs (applied during the second K+ pulse) 

compared to their control paired K+ pulses (K): 10 µM nifedipine (29%±7%; p = 0.0003; n = 20), 

100 µM verapamil (VPM; 39%±5%; p<0.0001; n = 17), 400 nM ω-agatoxin IVA (AGT; 

35%±14%; p = 0.0364; n = 9), 3 µM ω-conotoxin-GVIA (CTX; 23%±10%; p = 0.0423; n = 15), 3 

µM mibefradil (MIB; 21%±6%; p = 0.0011; n = 16) and 200 nM TTX (40%±9%; p = 0.0004; n = 

14). 
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contribution of T type VGCCs to the calcium signal in axons was tested with 3 µM mibefradil, 

which reduced the signal by 13%±8% but which was not a significant reduction (p =0.13; n =12). 

Figure 8C provides a summary of the effects of L-, P/Q-, N- and T-type VGCC blockers on 

calcium signals in RGC axons in the wholemount preparation.  

 

Since TTX had reduced the calcium signal in RGC somata, we considered it important to 

confirm that action potentials generated in the RGC axons are a strong stimulus for VGCC 

activation. Applying the Na channel blocker TTX (200 nM) and measuring the change in peak 

calcium signal in response to high K+ depolarization, we found the calcium signal was reduced 

by 48%±11% (p<0.001; n= 8; Fig. 8), a similar reduction seen at the ganglion cell bodies. 

 

We further compared the suppression of depolarization-evoked Ca2+ signals by TTX (200 nM) 

and mibefradil (3 µM) together in RGC somata and axons. When mibefradil and TTX were 

applied simultaneously to RGC somata, a block of 46%±10% compared to control was observed 

(p,0.0001; n= 22). When the reduction of Ca2+ signal in RGC axon bundles by mibefradil and 

TTX together was measured, a slightly larger mean reduction was observed compared to TTX 

alone, with a reduction of 55%±13% (p = 0.0004; n =21) compared to control. In neither RGC 

somata nor their axon bundles was the mibefradil plus TTX reduction significantly different than 

the action of TTX alone. 
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Figure 8. L-type VGCC subtypes contribute to calcium signalling in ganglion cell axons. A. Fluo-

4 labelling of RGC axons in the wholemount retina. Scale bar is 20 µm. B. Application of 

nifedipine (NIF; 10 µM), an L-type Ca channel antagonist, reduced the second high K+-evoked 

calcium signal. C. Summary of Ca2+ imaging results from RGC axons showing the following 

changes in paired pulse Ca2+ signal in response to drugs (applied during the second K+ pulse) 

compared to their control paired K+ pulses (K): 10 µM nifedipine (20%±6%; p = 0.0053; n = 12), 

100 µM verapamil (VPM; 52%±9%; p<0.0001; n = 9) and 200 nM TTX (52%±11%; p = 0.0009; n 

= 8). 400 nM ω-agatoxin IVA (AGT; n = 9), 3 µM ω-conotoxin-GVIA (CTX; n = 7) and 3 µM 

mibefradil (MIB; n = 12) did not change the calcium signal in a statistically significant manner. 
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DISCUSSION 

The results presented here show strong correspondence between the immunohistochemical 

localization of Ca channel subunits in ganglion cells with the actions of Ca channel subtype 

blockers in the cell bodies and axons. The major findings are that RGC somata express L-, N-, 

P/Q-, and T-type Ca channels and that RGC axons express predominantly L-type Ca channels 

and that all of these channels subtypes provide robust calcium signaling contributions. The 

localization of T-type Ca channel α1 subunits in the RGC axons was not tested, but calcium 

imaging studies indicate that T-type Ca channels do not have a pronounced calcium signalling 

role in these structures. The results also highlight the strong stimulus provided by the firing of 

action potentials for the generation of calcium signals in both the cell bodies and the axons. 

 

VGCC localization to RGCs and RGC axons 

These studies provide evidence for the differential localization of the α1 subunits that form L-, 

P/Q- and N-type VGCCs to the RGCs somata and their axons. Double immunostaining of 

RBPMS-labelled RGCs with antibodies against either the α1A, α1B, α1C, or α1D subunits, 

indicated the presence of these subunits in virtually all RGCs. Antibodies for α1C subunits also 

showed immunostaining in Müller cell processes, including their endfeet enveloping the RGCs 

in the GCL. Expression of the α1C subunit has been reported on amacrine and bipolar cells, as 

well as Müller cells in rat retina [33,34]. Localization of the α1D subunit has been reported on 

Müller cells in rat [33] and AII amacrine cells in mouse [35] and ON-type bipolar cells in goldfish 

retina [36]. Further analysis to elucidate the localization of α1C and α1D to RGC dendrites is 

warranted.   

 

Immunoreactivity for α1A, α1B, α1C, or α1D subunits was also localized to cell bodies in the 

GCL that did not show immunoreactivity for the RBPMS antibody. Due to the size of these 
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somata (~10 µm) and the specificity of RBPMS immunolabelling for RGCs [21,22], these 

neurons are likely to be displaced amacrine cells [24,25]. 

 

Co-immunolabelling with NF-M antibodies to identify RGC axon fibers showed the presence of 

α1B, α1C and α1D subunits in these axons. Triple labelling experiments with NF-M, RBPMS 

and α1A subunits antibodies failed in wholemounts. However, there was no evidence of axon 

fiber staining for α1A subunits in either wholemounts or sections. 

 

Similar to previous findings that T-type Ca channels are not uniformly present in isolated RGCs 

[10,11,13,28], we found that the occurrence of T channels in RGCs varied from about 30% in 

young rats to about 15% in adult rats. This frequency of finding T channels is partly explained by 

their preponderance in OFF RGCs recorded in intact retinal preparations [15,16], and the age 

dependence is similar to previous reports showing increased T channel activity in younger 

animals [13,37]. Using whole cell patch clamp of isolated cells, we could not localize T-type Ca 

channels to cell structures other than the soma. 

 

Reduction of calcium signals by VGCC blockers 

Analysis of calcium signalling in RGC somata performed in this work aligned with the 

immunohistochemical findings by providing evidence for L-, N-, P/Q- and T-type VGCCs in rat 

RGC somata. This conclusion arises from the reduction of depolarization-induced Ca2+ 

transients in the RGC soma by nifedipine and verapamil (L-type blockers), ω-conotoxin-GVIA 

(N-type blocker), ω-agatoxin-IVA (P/Q-type blocker), and the reducing trend of mibefradil (T-

channel blocker). Previously, using patch clamp recording, the presence of L-type Ca channels 

in RGCs was shown with partial inhibition of the whole cell Ca channel current by nifedipine 

[11,14]. The presence of N- and P/Q-type Ca channels was also previously noted with partial 
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whole cell current inhibition by ω-conotoxin-GVIA and ω-agatoxin-IVA [11,14]. A somatic role of 

R-type channels remains possible but is not easily demonstrated with calcium imaging. The 

presence of R-type Ca channels may be inferred by the remainder of whole cell Ca channel 

current resistant to blockers [11]. T-type Ca channels were previously identified in RGCs by 

their unique kinetic properties observed under voltage-clamp [10,11,15], and their 

preponderance in OFF ganglion cells, a subclass of RGCs [16], account for the incomplete 

occurrence of T-channels in our patch clamp identification. 

 

VGCCs in cells presynaptic to RGCs could also drive calcium signals in RGCs that would be 

modified by VGCC blockers acting at these presynaptic sites. For example, L- and/or T-type Ca 

channels in bipolar cells mediate glutamate release [38–42], an excitatory influence on RGCs. 

In the presence of verapamil, nifedipine or mibefradil, reduced glutamate release from bipolar 

cells might lead to a reduction of RGC calcium signal. Block of N-, L-, or P/Q-channels in 

amacrine cells should have the opposite effect since reduction of GABAergic or glycinergic 

inhibition onto RGCs or bipolar cell terminals could permit greater depolarization and increased 

activation of Ca channels in the RGCs [34,35]. In addition, since TTX application would have 

reduced amacrine cell action potential generation, the indirect action of TTX inhibiting amacrine 

cells could also have led to greater depolarization of, and increased [Ca2+]i signals in, RGCs. If 

any of the indirect effects were dominant, then the responses of ganglion cell bodies and axons 

would have shown similar patterns, which was the case for the L-type Ca channel blockers but 

not the N- and P/Q-type Ca channel blockers. In our experiments, these indirect calcium signal 

effects may well have been present but they were overridden by what appear to be the direct 

effects of Ca channel blockers and TTX on RGCs. 

 

The calcium imaging analysis also provided evidence for L-type VGCCs in RGC axons, to the 

exclusion of other Ca channel subtypes. Block by nifedipine and verapamil was strong, but ω-
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conotoxin-GVIA, ω-agatoxin-IVA, and mibefradil did not reduce the Ca2+ signal significantly. 

These findings extend work indicating the presence of L-type Ca channels in myelinated rat 

optic nerve axons [43], albeit with limitations since that report used a combination of blockers 

that interact with numerous other ion channel types. In addition, an earlier report showed 

GABAmediated modulation of N-type Ca channels in rat myelinated optic nerve [44], and 

indicated the lack of L-type Ca channels. There may be differences in the composition of 

activatable ion channels in myelinated and unmyelinated RGC axons, either due to protein 

trafficking or to post-translational modification, such as the degree of phosphorylation. Indeed, 

our immunohistochemical analysis indicated the presence of N-type Ca channels in 

unmyelinated axons while our calcium imaging experiments showed little or no N-type channel 

contribution to the axonal Ca2+ transients. Another complication arises from the potential for 

axon-glial signalling to have produced changes in axonal calcium levels during calcium channel 

block in astrocytes. Astrocytes abundantly express L-type Ca channels as well as most other 

VGCC types [45]. A reduction in their release of factors such as ATP induced by the L-type Ca 

channel blockers used here might influence axonal calcium levels. 

 

Role of calcium signalling in RGC axons 

Compared to the well-established roles of Na and K channels in the generation of axonal action 

potentials, the roles of VGCCs are not as well-characterized or generalized in axons. 

Developmental roles [46] as well as dynamic tuning in the axonal initial segment [47] have been 

examined. Our results showing marked reduction of calcium signals in the presence of TTX, 

indicate that spike activity is a strong stimulus for raising [Ca2+]i and leads to the suggestion that 

the amplitude of the calcium signal could record the frequency of action potential generation. 

Such a signal could be used by axonal trafficking systems to report the level of activity in an 

axon to the cell nucleus via trophic factors or other calcium dependent signalling systems. This 

signalling might then direct protein synthesis and trafficking to the axon to support the changing 
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needs for metabolic regulation. For example, our immunohistochemical localization of α1 Ca 

channel subunits in axons may reflect in part, trafficking of these proteins to the synaptic 

terminal where well-established roles for VGCCs exist in synaptic release. 

 

The role of Na channels in depolarization-induced Ca2+signalling in RGCs 

TTX blocks the generation and propagation of action potentials and was the strongest inhibitor 

of [Ca2+]i during depolarization with 60 mM K+ in both RGC somata and their axons, an action 

that highlights the important stimulatory role of spikes in the activation of VGCCs. To determine 

whether the transient depolarizing nature of spikes had a preferential role in activating T-type 

Ca channels, we compared the actions of TTX, mibefradil, a T-type Ca channel blocker, and 

TTX and mibefradil together. Mibefradil by itself reduced Ca2+ transients relatively little, 

especially in axons, suggesting that the role of T-channels here is limited. Application of 

mibefradil plus TTX tended to reduce Ca2+ transients slightly more than TTX alone, but the 

increase was not significant. Mibefradil has been associated with block of other VGCCs and 

even Na channels in other tissues [48–50], but our results do not support the latter action 

strongly. Hence, block of action potentials is interpreted to reduce membrane depolarizations 

that activate all VGCCs in RGC somata and axons. 

 

Implications for injury and the role of VGCCs blockers as potential therapy 

Loss of vision caused by optic nerve damage and diseases such as glaucoma are characterized 

by RGC loss [51,52]. Dysregulated calcium signalling causing RGC loss has been attributed to 

glutamate excitoxicity mediated by overstimulation of NMDA receptors [53,54], compromised 

calcium buffering stores (for example, mitochondrial dysfunction) [55], excessive release of nitric 

oxide [56], and activation of Ca2+ permeable TRP channels [57]. While a mixture of channel 

blockers, including L- and T-type VGCC blockers, applied to the myelinated axons of the optic 

nerve abolished the immediate [Ca2+]i increase following optic nerve crush and improved axon 
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survivability [43], the detailed contribution of VGCCs to the calcium signal in the RGCs and their 

unmyelinated axons following injury remains unknown. Our results establish an understanding 

of VGCCs in RGCs to provide a platform for future experiments investigating their contribution in 

retinal injury models. 

 

Many injuries, including traumatic brain injury (TBI), are thought to produce two phases of 

degradation, 1) a primary injury effect, which is characterized by rapid cellular degeneration, 

and 2) a secondary effect, characterized by a delayed response to the primary injury [58]. The 

secondary phase appears to be caused by calcium dysregulation [59] and has also been 

described as a ‘gradual and less massive increase in intracellular calcium [that may] become 

predictive of cell survival’ [4]. For these reasons the secondary phase is of particular interest 

due to the potential time window for the administration of therapeutic agents. VGCC blockers 

have been shown to ameliorate secondary RGC loss [60,61]. 

 

Neurodegenerative diseases are characterized by a loss of axons as a result of trauma, 

excitotoxicity or ischemia [62,63]. Therapeutic strategies to prevent cell death have focused on 

restoring homeostatic conditions within the neural soma, but have paid less attention to the 

axon. Emerging evidence suggests that neuronal cell damage can occur beyond the point of 

recovery earlier than it can be detected at the cell body and thus targeting the axon directly may 

produce more efficient and beneficial therapeutic strategies [64]. 

 

Our findings suggest that there could be a prominent role for VGCCs in the increase in calcium 

signal in damaged unmeylinated intraretinal axons, extending previous work that showed an 

increase in [Ca2+]i following optic nerve crush in vivo [43]. This earlier work also demonstrated 

that application of a cocktail of Land T-type Ca channel and AMPA receptor blockers to the 

myelinated axons of the optic nerve abolished the [Ca2+]i increase following optic nerve crush. 
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Since functional deficits can occur early in the progression of glaucoma and other optic 

neuropathies, targeted Ca channel blockade may have a role to play in how optic neurpathies 

are treated [65]. 

 

CONCLUSION 

The present findings establish the differential cellular distribution of VGCCs between RGC cell 

bodies and their unmyelinated axons. These results support a prominent role for L-type VGCCs 

in depolarization-induced increases in Ca2+ signals in RGC somata, and a role played solely by 

L-type VGCCs in unmeylinated intraretinal axons of RGCs. VGCC blockers provide a potential 

therapeutic strategy for the protection of RGCs and their axons following injury that can be 

rationalized by knowledge of the distribution of VGCCs expressed in RGCs compartments. 

Further understanding of the expression of specific VGCC subunits to the different subtypes of 

RGCs, as well as their dendrites and their myelinated and unmyelinated axons, is warranted. 
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Abstract 

High voltage activated calcium channels are heterooligomeric complexes involved in the rapid 

influx of Ca2+, neurotransmitter release, gene transcription and synaptic plasticity. These 

channels are classified based on their primary α1 pore-forming subunit, which associate with 

primarily extracellular α2δ and intracellular β auxiliary subunits, that alter the gating properties 

and trafficking of the voltage-gated calcium channel (VGCC). Few studies have evaluated the 

expression of the auxiliary VGCC subunits in the retina. The cellular localization of the α2δ3 

subunit in the mouse and rat retina is unknown. In this study, the α2δ3 auxiliary subunit mRNA 

was localized to the retina and brain of mice and rat by RT-PCR. Western blot of rodent retina 

and brain lysates showed immunoreactivity isolated to a single 123 kDa band. 

Immunohistochemistry against the auxiliary α2δ3 VGCC subunit consistently revealed 

immunoreactive cell bodies in the ganglion cell layer (GCL), inner nuclear layer (INL), inner 

plexiform layer (IPL), and the outer plexiform layer (OPL) of the rodent retina. Double labeled 

immunostaining experiments demonstrated that α2δ3 is expressed by multiple cell types, 

including ganglion cells, amacrine cells, bipolar cells and photoreceptors, but not by horizontal 

cells. In conclusion, the auxiliary α2δ3 calcium channel subunit is localized in a discreet 

anatomical pattern that may suggest regulatory roles in retinal neurons by modifying the 

properties of the Ca2+ currents and assembling the α1 subunit in the cell membrane. 
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Introduction 

High voltage activated (HVA) calcium channels are transmembrane proteins comprised primarily 

of an α1 subunit that contains the channel pore and voltage-sensor, along with α2δ and β 

auxiliary subunits (reviewed in Catterall, 2000). The α1 subunit establishes the biophysical and 

pharmacological properties of the calcium channel (Catterall, 2000). The α2δ genes 

(CACNA2D1-4) encode four different α2δ subunits, α2δ1-α2δ4 (Klugbauer et al., 1999). The 

predominantly extracellular α2δ subunits increase plasma membrane trafficking and expression 

of the α1 subunit as well as altering the biophysical properties of the channel (reviewed in 

Davies et al., 2007; Bauer et al., 2010; Dolphin, 2012). The expression and localization of the 

α2δ1 and α2δ4 subunits have been recently reported in the retina (Huang et al., 2013; Pérez de 

Sevilla Müller et al., 2013). In rat retina, α2δ1 subunit staining is expressed by multiple retinal 

cells, including both neurons and glia cells (Huang et al., 2013). In mouse and rat retina, the 

α2δ4 subunit is mainly localized to Müller cells and photoreceptors (Pérez de Sevilla Müller et al., 

2013).  

 

The α2δ subunits are expressed differentially in the brain (Klugbauer et al., 1999; Barclay et al., 

2001; Brodbeck et al., 2002; Cole et al., 2005) and retina (Nakajima et al., 2009; Huang et al., 

2013; Pérez de Sevilla Müller et al., 2013). α2δ1 mRNA is reported in mouse cerebellar, 

hippocampal and cortical extracts (Klugbauer et al., 1999; Cole et al., 2005). In the central 

nervous system (CNS), α2δ1 subunit immunoreactivity is observed at all levels of the neuroaxis, 

including the dorsal horn of the spinal cord, brain stem, thalamus and cortex (Taylor and 

Garrido, 2008). In hippocampus, α2δ1 subunit staining was heterogeneous with greater density 

in areas of glutamate terminals (Taylor and Garrido, 2008). In the rat retina, the majority of 

ganglion cells, as well as bipolar, horizontal and amacrine cells express the α2δ1 subunit (Huang 

et al., 2013). In addition, Müller cells and astrocytes are reported to express the α2δ1 subunit 
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(Huang et al., 2013). In the mouse and rat CNS, α2δ2 mRNA is strongly expressed in cerebellar 

Purkinje cells and in interneurons of the cortex, hippocampus and striatum (Barclay et al., 2001; 

Brodbeck et al., 2002; Cole et al., 2005). To the best of our knowledge, there are no reports 

indicating the expression of α2δ2 in the retina. α2δ3 mRNA expression was initially reported to be 

restricted to multiple regions of the mouse CNS (Angelotti and Hofmann, 1996; Klugbauer et al., 

1999; Gong et al., 2001). More recent studies however, report α2δ3 mRNA expression using in 

situ hybridization histochemistry in ON bipolar cells in the mouse retina (Nakajima et al., 2009). 

In addition, α2δ3 subunit expression has been detected in rat atria (Chu and Best, 2002), human 

heart, skeletal muscle and kidney (Gong et al., 2001). Finally, the gene encoding the α2δ3 

subunit has been implicated as a tumor suppressor gene in human gastric cancer cells (Wanajo 

et al., 2008). The α2δ4 subunit is also expressed in non-neuronal endocrine cells (Arikkath and 

Campbell, 2003; Canti et al., 2003; Klugbauer et al., 2003) and recently, α2δ4 subunit 

immunoreactivity was reported to be localized to salamander photoreceptor terminals (Mercer et 

al., 2011).   Recently, our group reported α2δ4 mRNA in mouse and rat CNS and retina. In the 

retina α2δ4 subunit immunostaining was present in Müller cells and a few displaced ganglion 

cells, as well as ON bipolar cell dendritic tips and photoreceptor terminals (Pérez de Sevilla 

Müller et al., 2013). Interestingly, a mutation in the Cacna2d4 gene has been implicated in a 

novel cone-rod disease in mouse (Ruether et al., 2000; Wycisk et al., 2006a, b), suggesting a 

role in vision.  

 

The goal of the present study was to establish the expression and cellular localization of the α2δ3 

subunit in rat and mouse retina. α2δ3 mRNA was detected in retina and brain by RT-PCR and a 

single band corresponding to the predicted size of the α2δ3 subunit was detected in retina and 

brain extracts on Western blots. Cell bodies in the ganglion cell layer (GCL) and inner nuclear 

layer (INL) contain α2δ3 subunit immunoreactivity, and processes in the inner plexiform layer 
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(IPL) and puncta in the outer plexiform layer (OPL) have strong α2δ3 subunit immunoreactivity. 

Double-label immunostaining experiments demonstrated the expression of α2δ3 subunit in all 

retinal cell types except horizontal cells. These findings suggest the possibility that the α2δ3 

subunit has a regulatory role in the rodent retina, by mediating HVA channel properties, that 

would affect intracellular signaling pathways, neurotransmitter release, neuronal excitation, 

synaptic stabilization and synaptogenesis (Arikkath and Campbell, 2003; Dickman et al., 2008; 

Eroglu et al., 2009; Kurshan et al., 2009). 

 

 

Methods and Materials 

 

Animal preparation: All experiments were carried out in accordance with the guidelines for the 

welfare of experimental animals issued by the U.S. Public Health Service Policy on Human Care 

and Use of Laboratory Animals and the University of California-Los Angeles (UCLA) Animal 

Research Committee. Adult Sprague-Dawley rats (100–300 g, Charles River, Wilmington, MA), 

and wild-type C57BL/6 mice (20–30 g; Jackson Laboratory, Bar Harbor, ME) of both sexes were 

used for these studies. Animals were 2-3 months old at the time of the experiments. 

 

Animals were deeply anesthetized with 1–3% isoflurane (Abbott Laboratories, North Chicago, 

IL), and killed by decapitation or cervical dislocation. The eyes were removed and dissected  

in Hibernate A (Invitrogen, Carlsbad, CA). For vertical cryosections of the retina, the eyecups 

were fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4, for 15–60 

minutes at room temperature (RT). Eyecups were then cryoprotected in 20% sucrose for an 

hour or 30% sucrose in PB overnight at 4°C. The next day, the eyecups were embedded in 

optimal cutting temperature medium (Sakura Finetek Inc., Torrance, CA) and sectioned at 12–
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14 μm using a Leica CM3050S or Leica CM 1900 cryostat (Leica Microsystems, Buffalo Grove, 

IL) and tissue sections were mounted onto gelatin-coated slides. Sections were stored at -20oC 

until immunostaining. 

 

Whole-mount immunostaining: Retinas were dissected from the eyecup and mounted on 

cellulose filter paper (Millipore Corporation, Temecula, CA) with the GCL up and fixed in 4% 

PFA for 10 minutes. The whole-mounted retinas were then washed in PB three times for a total 

of 90 minutes and incubated in 10% normal goat serum at 4°C overnight. The retinas were 

subsequently incubated in primary antibody for 5–7 days at 4°C and washed three times for a 

total of 90 minutes in 0.1 M PB. The retinas were placed in the appropriate secondary antibody 

to incubate overnight at 4°C. After three final washes of a total of 90 minutes in PB, the retinas 

were mounted in Vectashield Mounting Medium (Vector Laboratories, Burlingame, CA). 

Coverslips were sealed with nail polish for prolonged storage. Slides were stored at 4°C and 

protected from light. 

 

Immunostaining in cryosections of the retina: Retinal sections were incubated in 10% 

normal donkey serum (NDS) or normal goat serum (NGS) diluted 1:15 in PB with 0.3-0.5% 

Triton X-100 for 1-2 hours at RT. Sections were then placed in the primary antibody (Table 1) 

diluted in PB with 0.3-0.5% Triton X-100 and 0.1% NaN3 overnight at 4°C. After the primary 

incubation, the sections were washed three times for a total of 30 minutes in PB and placed in 

their corresponding secondary antibodies, Alexa Fluor 488-, 555- or 594–rabbit IgG, Alexa Fluor 

555–mouse IgG, Alexa Fluor 546–goat IgG, Alexa Fluor 488–rat IgG (Invitrogen) at 1:500-

1:1000 dilutions for 2 hours at RT. After a final three washes for a total of 30 minutes the 

sections were mounted in Vectashield (Vector Laboratories, Burlingame, CA), Aqua Poly/Mount 

mounting medium (Polysciences, Inc., Warrington, PA) or Citifluor (Citifluor Ltd; London, UK).  
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To evaluate the specificity of the primary antibody immunostaining, a preadsorption control was 

performed. Briefly, the α2δ3 antibody was diluted in 0.1 M PB containing 0.3% Triton X-100 with 

a Protein Epitope Signature Tag (PrEST) antigen of human Cacna2d3 (Atlas Antibodies AB, 

Stockholm, Sweden) at a final concentration of 1 µg/ml for 12 hours at RT. This antigen is fused 

to a dual tag consisting of the His6 tag and albumin-binding protein. The antibodies directed 

against the dual tag were depleted before capturing the antigen (Cacna2d3)-specific antibodies 

in a separate purification step (manufacture’s datasheet). No immunostaining was present in 

sections incubated with the preabsorbed α2δ3 subunit antibody, demonstrating the specificity of 

the antibody (see Results). Except for the α2δ3 subunit antibody, all the antibodies employed in 

this study have been used previously with paraformaldehyde-fixed tissue; our immunostaining 

patterns were identical to those previously reported earlier (Haverkamp and Wässle, 2000; 

Deng et al., 2001; Johnson et al., 2003; Martínez-Navarrete et al, 2008; Pérez de Sevilla Müller 

et al., 2013). A negative control was performed to confirm the secondary antibody did not yield 

non-specific binding by omitting the primary antibody. Preadsorption controls were performed to 

determine primary antibody specificity. 

  

Antibody characterization (Table 1): 

A polyclonal rabbit antibody (cat. #HPA030850; Sigma-Aldrich, St. Louis, MO) to the human 

α2δ3 peptide sequence was used to detect α2δ3 subunit immunoreactivity. The antibody was 

characterized by Western blot analysis (Fig. 1B). The antibody detected a single protein band at 

123 kDa corresponding to the apparent molecular mass of the α2δ3 subunit under nonreducing 

conditions (mouse: http://www.uniprot.org/uniprot/Q9Z1L5; rat: 

http://www.uniprot.org/uniprot/Q8CFG5). Specificity of the α2δ3 subunit antibody was also 

demonstrated in mouse and rat retinal sections incubated in the primary antibody preadsorbed 

with the α2δ3 PrEST antigen. Immunostaining was absent in these sections (see Results). 
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A mouse monoclonal antibody against the Bassoon protein (cat. #SAP7F407; Enzo Life 

Sciences, Farmingdale, NY) detected a 400 kDa band on a Western blot of the mouse and rat 

brain (manufacturer's data sheet). The Bassoon monoclonal antibody is a well-established 

marker of photoreceptor ribbons and immunostaining is not detected in Bassoon knockout 

retinas (Brandstätter et al.,1999; Dick et al.,2003). 

 

A mouse monoclonal antibody against calbindin (cat. #C9848, cl. CB-955, Sigma) was raised 

against purified bovine kidney calbindin-28K. Calbindin recognized a specific 28 kDa protein on 

Western blots of mouse brain extracts and immunostaining was absent in the cerebellum of 

calbindin D-28K knockout mice (manufacturer's data sheet). No cross-reactivity was observed 

with other EF-hand-containing proteins (e.g., calbindin-9K, calretinin, myosin light chain, 

parvalbumin, S-100a/b/A2/A6; manufacturer's datasheet). The specificity of this calbindin 

antibody has been documented previously and it has been used to identify horizontal cells in the 

rodent retina (Peichl and González-Soriano, 1994; Haverkamp and Wässle, 2000; Hirano et al., 

2005). 

 

A goat polyclonal affinity-purified antibody to Chx10 (cat. #sc-21690; Santa Cruz Biotechnology, 

clone: N-18, Santa Cruz, CA) was raised against a peptide corresponding to human Chx1044–61 

(PPSSHPRAALDGLAPGHL). The Chx10 antibody detects a single 46 kDa band on a Western 

blot of mouse eye extracts corresponding to the predicted size of Chx10 (manufacturer's 

datasheet). Chx10 immunostaining is restricted to bipolar cells in the retina (Liu et al., 1994; 

Rowan and Cepko, 2004; Elshatory et al., 2007; Whitaker and Cooper, 2009). 

 

A mouse monoclonal antibody against the C-terminal binding protein 2 (CtBP2) (cat. #612044; 

BD Biosciences, San Jose, CA) detected a 48 kDa band on a Western blot of rat brain 

membrane fractions corresponding to the predicted size of CtBP2 (tom Dieck et al., 1998). This 
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monoclonal antibody recognizes synaptic ribbons in photoreceptors and bipolar cells of mouse, 

cow and monkey retinas (Schmitz et al., 2000; tom Dieck et al., 2005; Jusuf et al., 2006; Puller 

et al., 2007). 

 

A mouse monoclonal antibody to GAD67 (cat. #MAB5406; Millipore) detected a single band at 

67 kDa on Western blots of rat cortex (Erlander et al., 1991) and this antibody does not cross-

react with the GAD65 isoform in a Western blot of rat cortex (Fong et al., 2005). In addition, 

immunostaining in the brain showed an overall decrease in a conditional GAD67 knockout 

mutant (Heusner et al., 2008). The antibody stains GABAergic amacrine cells in the retina (Guo 

et al., 2010; Delgado et al., 2009). 

 

A rat polyclonal antibody to glycine (cat. #IG1002, ImmunoSolution, Queensland, Australia) was 

detected by dot blotting the same amino acid-PFA-thyroglobulin conjugate that was used to 

immunize the animals. The glycine polyclonal antibody also detected on dot blots, conjugates 

containing glycine, but not conjugates with amino acids (Pow et al.,1995). Immunostaining was 

absent following preabsorption with a PFA conjugate of glycine and thyroglobulin (Pow et 

al.,1995).  This antibody selectively immunostains amacrine cells in the retina of multiple 

species, including mouse and rat (Pow and Hendrickson, 1999; Haverkamp and Wässle, 2000). 

 

A mouse monoclonal antibody to Goα (cat. #MAB3073; Millipore) detected a single band of 42–

43 kDa in homogenates of the olfactory epithelium and the vomeronasal organ in Xenopus 

laevis and Bufo japonicas (Hagino-Yamagishi and Nakazawa, 2011). In the retina, Goα is 

expressed in rod and cone ON-type bipolar cells (Haverkamp and Wässle, 2000; Dhingra et al., 

2000). 
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A guinea pig polyclonal antibody to metabotropic glutamate receptor 6 (mGluR6) (cat. 

#GP13105; Neuromics, Northfield, MN) was raised to a peptide corresponding to the rat C 

terminal mGluR6859-871 (AAPPQNENAEDAK; manufacture’s datasheet). mGluR6 is selectively 

expressed at the dendrites tips of ON bipolar cells (tom Dieck et al., 2012). 

 

A mouse monoclonal antibody to protein kinase C (PKC) (cat. #K01107M; Biodesign 

International, Saco, ME) was raised against PKCα (79–80 kDa) from purified bovine brain. This 

antibody reacts with PKC-α/β1/β2 isoforms (manufacturer's data sheet). The PKC antibody 

recognized the purified PKC protein, as well as an 80 kDa band on Western blots from whole-

cell extracts of rat glioma and murine NIH3T3 cell lines. The antibody specifically 

immunoprecipitates PKC from cell lysates of 328 glioma and SVK 14 cell lines (Young et 

al.,1988). PKC is a marker for rod bipolar cells in the mouse and rat retina (Haverkamp and 

Wässle, 2000; Ghosh et al., 2001; Haverkamp et al., 2003). Immunostaining was completely 

eliminated by the full-length peptide, but was not by unrelated peptides (Young et al., 1988).  

 

A second mouse monoclonal antibody to PKCα (cat. #sc-80, Santa Cruz Biotechnology) was 

raised against purified bovine PKC, and its epitope mapped to its hinge region (amino acids 

296–317). The antibody recognizes a single band of 80 kDa on Western blots of human cell 

lines (manufacturer’s data sheet) and it has been previously used to demonstrate rod bipolar 

cells in rodent retinas (Martínez-Navarrete et al., 2007). 

 

A mouse monoclonal antibody to postsynaptic density protein 95 (PSD-95) (cat. #MAB1596, 

Millipore) detected a single band at ~100 kDa, corresponding to the apparent molecular weight 

of PSD-95 on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

immunoblots of rat, mouse, and bovine brain (manufacturer's data sheet). The PSD-95 antibody 
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recognized a major band at ~95 kDa and a minor band at ~80 kDa on Western blots of mouse 

and rat brain (manufacturer's data sheet). PSD-95 immunoreactivity is localized to 

photoreceptor terminals and postsynaptically to bipolar cell ribbon synapses in the IPL (Pérez 

de Sevilla Müller et al., 2013; Koulen at al., 1998). 

 

A guinea pig polyclonal antibody to RNA binding protein with multiple splicing (RBPMS) was 

generated to the N-terminus of RBPMS (GGKAEKENTPSEANLQEEEVR) and affinity purified 

using a RBPMS4-24 polypeptide affinity column (Rodriguez et al., 2014). The RBPMS antibody 

labeled a single band of the expected molecular size of ~24 kDa on Western blots of mouse and 

rat retinal extracts. No RBPMS immunostaining was present in tissues incubated with the 

RBPMS antibodies preadsorbed with RBPMS4-24. The affinity purified antibody was shown to 

exclusively immunostain ganglion cells in mouse and rat retina (Rodriguez et al., 2014). 

 

A mouse monoclonal antibody to the vesicular γ-aminobutyric acid (GABA) transporter (VGAT) 

(cat. #131 011; Synaptic Systems, Goettingen, Germany) recognizes a single band of the 

expected molecular size of 57 kDa (McIntire et al., 1997; Sagné et al., 1997) on Western blots 

of mouse brain and retina extracts (Guo et al., 2009). Preadsorption of this antibody with the 

VGAT N-terminus peptide [VGAT75-87 (AEPPVEGDIHYQR)] used for immunization eliminated 

the VGAT signal on a Western blot (manufacturer's data sheet) and abolished specific VGAT 

immunolabeling in mouse retina (Guo et al., 2009). This antibody immunostains amacrine and 

displaced amacrine cells and their processes in the IPL, and horizontal cells and their endings in 

the OPL in mouse retina (Guo et al., 2009). 

 

A guinea pig polyclonal antibody to the vesicular glutamate transporter 1 (VGluT1) (cat. 

#AB5905; Millipore) recognizes a single band of the expected molecular size of 62 kDa on 

Western blots of rat hippocampal membranes (McIntire et al., 1997; Sagné et al., 1997; 
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Pacheco Otalora et al., 2006) and immunostains photoreceptor and bipolar cell axon terminals 

in mouse retina (Bellocchio et al.,1998; Sherry et al., 2003). Preadsorption of the VGluT1 

antiserum with the peptide used for the immunization eliminates specific immunostaining (Fyk-

Kolodziej et al., 2004). Immunostaining was completely absent in retinae of VGluT1 null mice 

(Johnson et al., 2007). 

 

RT-PCR: Total RNA was extracted from homogenized retina, cerebellum, and liver of the 

mouse and rat using the Absolutely RNA Miniprep Kit (Agilent Technologies, Santa Clara 

CA, USA) according to the manufacturer's instructions. RNA concentrations  

were determined photometrically. The isolated poly(A)+ RNA (1.0 µg) was used as a template 

for first-strand cDNA synthesis by using oligo(dT) to prime Superscript III First-Strand Synthesis 

System for RT-PCR, as instructed by the manufacturer (Invitrogen). PCR was performed with 

primers specific for the α2δ3 transcript in rat and mouse, adapted from Schlick et al (2010): 

forward: 5’-gtatgaatacttcaatgctgtgctg-3’ and reverse: 5'-atttaatccctgggtactgtctga-3’. Primer set 

corresponded to nucleotide positions 381 to 685 in rat and 478 to 782 in mouse, covering exons 

4 through 7 of α2δ3 mRNA (NCBI Reference Sequences: NM_175595.2 and NM_009785.1, 

respectively). Expected fragment size was 305 bp. 

 

PCR was performed in a 20 μl reaction volume containing 0.25 μM of each primer, 0.1 units/µl of 

EconoTaq DNA Polymerase, 400 µM dATP, 400 µM dGTP, 400 µM dCTP and 400 µM dATP, 3 

mM MgCl2 (Lucigen Corporation, Middleton, WI, USA) with 2 μl (1/10th) of the cDNA synthesis 

reaction as template. The following temperature protocol was used: 2 minutes at 96°C, 35 

cycles of 30 seconds at 95°C, 30 seconds at 55°C, 1 minute at 72°C, followed by a final 

extension of 5 minutes at 72°C. 5 μl of the PCR was electrophoresed on a 1.5% agarose gel in 
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1X TAE (40 mM Tris-acetate, 1 mM EDTA buffer). DNA was visualized using Gel Red 

(1:10,000) (Biotium, Hayward, CA, USA).  

 

Western Blots: Rodent retina and brain samples were isolated and placed immediately in dH2O 

containing 1.5M Tris-HCl, 0.5M EDTA, 0.5M EGTA and 20% Triton-X on dry ice. Six mouse 

retinas or four rat retinas were prepared together. Cell lysis buffer contained 10 µl/ml Halt 

Protease Inhibitor and 10 µl/ml Halt Phosphatase Inhibitor cocktails (Thermo Fisher Scientific, 

Waltham, MA, USA). Samples were homogenized for 2 minutes and incubated on ice for 20 

minutes to lyse cells. After centrifugation (20,100 g; 30 minutes at 4°C), the supernatant 

fractions were removed. The NanoDrop Spectrophotometer (Thermo Fisher Scientific) was used 

to measure protein content of the samples. Protein samples were diluted in Laemmli sample 

buffer, pH 6.8 and samples were boiled for 10 minutes before loading onto the gel.  

 

Western blot analysis of the homogenates was performed after fractionating 35 µg of protein by 

4-20% SDS-PAGE (200V for 30 minutes) using Mini-PROTEAN® TGX™ precast polyacrylamide 

gels (Bio-Rad Laboratories, Hercules, CA, USA). Pre-stained marker proteins were used as 

molecular mass standards. The separated proteins were transferred to PVDF Immobilon-FL 

membranes (Millipore) by electroblotting at 360 mA for 2 hours at 4°C. Blots were allowed to dry 

completely to increase protein retention before blocking binding sites with a non-mammalian 

Odyssey Blocker (LI-COR Biosciences, Lincoln, NE) for 45 minutes at RT. Blots were then 

incubated with α2δ3 antibodies (see Table 1) at 1:200 in blocking buffer for 2 hours at RT. Blots 

were rinsed in a solution containing 0.1 M PB, 0.154 M NaCl and 0.05% Tween 20 (v/v) at pH 

7.4 for 30 minutes, and incubated in donkey anti-rabbit IgG conjugated IRDye 680RD (LI-COR) 

diluted 1:10,000, for 1 hour at RT. The blots were washed and immediately imaged using the LI-

COR Odyssey® Infrared Imaging System and accompanying software. 
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Measurements of distances: The distance of α2δ3 immunoreactive puncta to the closest tip of 

the given cell type was measured using the Zeiss LSM 510 proprietary software. 

 

Fluorescent image acquisition and colocalization analysis: Immunostaining was evaluated 

using a Zeiss Laser Scanning Microscope 510 Meta, Zeiss LSM 710 (Carl Zeiss, Thornwood, 

NY) or Leica TCS SP2 laser-scanning confocal microscope with a Zeiss C-Apochromat 40x 1.2 

NA corrected water objective, a Zeiss Plan-Neofluar 63x 1.4 NA corrected oil objective or a 

Leica HCX PL APO 63x/1.4-0.6 Oil Lbd BL at a resolution of 1024×1024 pixels. Images are 

presented either as single image scan or as projections of 3–8 image scans (z-axis step size 

0.3-0.5 μm). Confocal images were analyzed using the Zeiss LSM 510 proprietary software 

(version 3.2). The intensity levels and contrast of the final images were adjusted in Adobe 

Photoshop CS2 v.9.02 (Adobe Systems, San Jose, CA).  

 

RESULTS 

The α2δ subunits are a group of auxiliary calcium channel subunits that modify the properties of 

the α1 pore-forming and sensor subunit (Davies et al. 2007). In this study, we report the 

expression and localization of the α2δ3 subunit. 

 

Presence of α2δ3 mRNA: In mouse and rat retinal and brain extracts, RT-PCR yielded a strong 

single band at ~305 bp corresponding to the predicted size of the α2δ3 subunit fragment 

(Fig.1A). These findings indicate the presence of α2δ3 mRNAs in the retina and brain.  
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Specificity and characterization of the α2δ3 subunit antibody 

Western blotting of retina and brain extracts from rats and mice showed one band labeled 

corresponded to a molecular weight of ~123 kDa in membrane fractions of mouse and rat brain 

and retina (Fig. 1B).  

 

Immunohistochemical localization of α2δ3 subunit in rodent retinae  

α2δ3 subunit immunoreactivity was present in cell bodies in the GCL and INL. Weak 

immunostaining of the processes in the IPL and strong immunostaining of the puncta in the OPL 

of the rodent retina was present. The α2δ3 subunit immunostaining pattern was similar for both 

rat (Fig. 2A) and mouse (Fig. 2C) retina. In the retina, the α2δ3 subunit antibody labels cell 

bodies in the GCL that differ in their size, suggesting multiple retinal ganglion cell (RGC) 

populations and/or displaced amacrine cells. Immunostained cell bodies located in the proximal 

INL (near the IPL) likely correspond to amacrine cells, while cell bodies located in the middle of 

the INL likely correspond to bipolar cells (Nakajima et al., 2009). The strong immunofluorescent 

puncta detected in the OPL of the mouse retina correspond to photoreceptor terminals. Outer 

segments of photoreceptors were occasionally stained in both species. Specificity of the 

antibody was demonstrated by the absence of immunostaining in sections incubated with 

antibodies preadsorbed with the immunization peptide (Fig. 2B, D). 
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Figure 1. Retinal expression of the voltage-gated accessory calcium channel α2δ3 subunit 

mRNA and protein. RT-PCR of voltage-gated accessory calcium channel α2δ3 subunit primers 

in mouse and rat (A), comprising exons 4 through 7 in retinal and brain tissues. (B) 

Characterization of α2δ3 antibody by Western blot in the mouse and rat retina and brain. A 

protein band of ~123 kDa was detected in these tissues. 
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Figure 2. Localization of the α2δ3 accesory calcium channel subunit in the rodent retina. (A) 

Expression pattern of α2δ3 subunit in the rat retina. α2δ3 staining was in cells in the GCL, INL 

and the OPL. (B) Retina incubated with antibodies preadsorbed with the immunization peptide. 

No staining was observed. (C)  Expression pattern of the α2δ3 subunit in the mouse retina. 

α2δ3 staining was in cells in the GCL, INL and the OPL was immunostained with strong puncta. 

(D) Mouse section incubated with the blocking peptide as a control for the specificity of the 

antibody. No staining was ever observed. ONL: outer nuclear layer; OPL: outer plexiform layer; 

INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Scale bars: 20 µm. 
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Identification of α2δ3-immunoreactive ganglion and amacrine cells  

In order to study the α2δ3-expressing cell bodies in the GCL, we immunostained whole-mount 

retinas from mice (n=5 retinas) and rats (n=7 retinas). The α2δ3 subunit immunostaining revealed 

cell bodies with varying somal diameters that range from 7 to 25 µm in rat (Fig. 3A) and mouse 

(Fig. 3D), suggesting that α2δ3-expressing cells belong to different populations in the GCL. Most 

α2δ3-immunoreactive cell bodies in the GCL are likely to be RGCs based on their cell somal 

diameters.  There may also be some displaced amacrine cells that express this subunit based 

on the presence of some small soma diameters measuring less than 10 µm in diameter. 

 

To test if the α2δ3-expressing cells are RGCs, whole-mounted rat (n=6 retinas) and mouse (n=3 

retinas) retinas were immunostained with α2δ3 subunit and RBPMS antibodies. RBPMS is a 

selective marker of all RGCs in mouse (Rodriguez et al., 2014) and rat (Kwong et al., 2010; 

Rodriguez et al., 2014) retina. All RBPMS-immunoreactive cells contained α2δ3 subunit 

immunoreactivity, indicating that all RGCs express this auxiliary subunit in rat (Fig. 3A-C) and 

mouse (Fig. 3D-F). In addition, many of the small diameter α2δ3-immunoreactive cells in the GCL 

were not RBPMS immunoreactive (Fig. 3C, F, arrows) suggesting they are displaced amacrine 

cells (Jeon et al., 1998; Pérez de Sevilla Müller et al., 2007; Lin and Masland, 2006; Perry and 

Walker, 1980; Perry, 1981).  

 

Amacrine cells are composed of multiple types and most express either GABA or glycine as a 

neurotransmitter (Wässle and Boycott, 1991; Kay et al., 2011). Vertical sections were stained 

with antibodies to the glutamic acid decarboxylase 67 isoform (GAD67), a GABA synthesizing 

enzyme (Schnitzer and Rusoff, 1984). Numerous somata in the GCL and the proximal INL were 

GAD67 immunoreactive in both rat (Fig. 4B) and mouse (Fig. 4E) retina. In the rat retina, ~23% 

of the cells contained α2δ3 subunit immunoreactivity in the GCL and in the mouse retina ~42% of  
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Figure 3. Localization of the α2δ3 accesory calcium channel subunit in the wholemount rat and 

mouse retina. α2δ3 immunoreactivity (green) was expressed in RBPMS (magenta)-containing 

cells in the rat (A-C) and mouse (D-F) GCL. RBPMS is a selective marker for RGCs. 

Arrowheads indicate cells containing α2δ3 immunoreactivity and no RBPMS immunoreactivity, 

indicating that they are displaced amacrine cells. Scale bars: 50 µm. 
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Figure 4: Localization of GAD67 and α2δ3 subunit in the rodent retina. (A) α2δ3 

immunostaining in the rat retina. (B) GAD67 labeled IPL, OPL, and cell bodies in the proximal 

INL and GCL. (C) Merge image showing that some (arrowheads) but not all GAD67 (arrows) 

express the α2δ3 subunit in the GCL and INL. (D) α2δ3 immunostaining in the mouse retina. (E) 

GAD67 and (F) merge image showing colocalization of the α2δ3 subunit (arrowheads) with 

some but not all GAD67 amacrine cells (arrows) in the GCL and INL. OPL: outer plexiform layer; 

INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer. Scale bar (A-H): 20 

µm. 
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the cells contained α2δ3 subunit immunoreactivity in the GCL (arrowheads). In addition, there 

were ~50% of GAD67 immunostained cell bodies in the GCL that did not contain α2δ3 subunit 

immunoreactivity (arrows) in mouse and ~59% in the GCL in rat, suggesting the presence of 

displaced amacrine cells that do not express the α2δ3 subunit. 

In summary, these findings indicate that α2δ3 subunit immunoreactive cells in the GCL are 

expressed by all RGCs and some displaced amacrine cells in the GCL. 

 

Characterization of α2δ3-immunoreactive cell bodies in the INL 

Amacrine and bipolar cell markers were used to determine whether the α2δ3-expressing cell 

bodies in the INL are expressed by different amacrine and bipolar cell types in the mouse and 

rat retina.  In the rat retina, ~60% of the GAD67 cells contained α2δ3 subunit immunoreactivity in 

the INL (Fig.4A-C, arrowheads). In the mouse retina, ~68% of the cells contained α2δ3 subunit 

immunoreactivity in the INL (Fig.4D-F, arrowheads). In addition, ~53% of GAD67 immunostained 

cell bodies in the INL did not contain α2δ3 subunit immunoreactivity (arrows) in mouse and ~ 

80% in the INL in rat, suggesting the presence of amacrine cells that do not express the α2δ3 

subunit.  

 

Some α2δ3 immunoreactive cell bodies in the proximal INL contain glycine immunoreactivity in 

rat (Fig. 5A-C, arrowhead) and mouse (Fig.6A-C, arrowhead) retina. The expression of the α2δ3 

subunit by AII amacrine cells in the rat retina was tested by double immunostaining studies with 

the parvalbumin (PV) antibody, which exclusively labels AII amacrine cells in the rat retina 

(Wässle et al., 1993). PV-immunoreactive AII amacrine cells do not express the α2δ3 subunit (not 

shown). Bipolar cell bodies containing glycine immunoreactivity did not contain α2δ3 subunit  
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Figure 5: Cryostat sections of rat retina were used to study the immunostained profile of α2δ3 

antibody (green) in bipolar cells (magenta). Immunostaining against glycine showed α2δ3 

positive bipolar cells (A-C, arrow) and some glycinergic amacrine cells were positive to α2δ3 

immunostaining (arrowheads). Chx10, a pan-bipolar cell marked showed colocalization of α2δ3 

in some bipolar cells in the cell body (D-F, arrows). The immunostaining with PKCα antibody 

reveled co-localization with α2δ3 in rod bipolar cells (G-I, arrows). OPL: outer plexiform layer; 

INL: inner nuclear layer; IPL: inner plexiform layer. Scale bar: 10 µm. 
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Figure 6: Mouse retinal immunostaining profile was studied with antibodies against α2δ3 

(green) in bipolar cells (magenta). Glycine antibody staining (B-C) revealed that bipolar cells 

were not positive-immunostained to α2δ3 subunit antibodies (A-C, arrows) but some glycinergic 

amacrine cells were positive to α2δ3 immunostaining (arrowheads). Staining with anti-Chx10 

antibodies showed cell colocalization with α2δ3 in some bipolar cells (D-F, arrows). Rod bipolar 

cells positive to PKCα immunostaining showed co-localization of α2δ3 (G-I, arrows). OPL: outer 

plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer. Scale bar: 10 µm. 
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immunoreactivity (Fig.5A-C, arrow) in the rat retina. However, in the mouse retina, bipolar cells 

containing glycine immunoreactivity also contained α2δ3 immunoreactivity (Fig. 6A-C, arrows). 

 

Double label immunostaining studies with antibodies to the α2δ3 subunit and Chx10, a specific 

pan-bipolar cell marker (Liu et al., 1994; Rowan and Cepko, 2004; Elshatory et al., 

2007; Whitaker and Cooper, 2009) were used to study the localization of the α2δ3-

immunoreactive bipolar cells. The majority of Chx10-immunoreactive bipolar cells contained α2δ3 

subunit immunoreactivity in rat (Fig. 5D-F, arrows) and mouse (Fig. 6D-F, arrows) retina. These 

findings are consistent with earlier in situ hybridization histochemical findings (Nakajima et al. 

2009), which report α2δ3 subunit mRNAs in mouse bipolar cells. In addition, double 

immunostaining studies with the antibodies to the α2δ3 subunit and PKCα, a specific marker for 

rod bipolar cells (Haverkamp and Wässle, 2000) revealed α2δ3-immunoreactive cell bodies with 

PKCα immunoreactivity in rat (Fig. 5G-I, arrows) and mouse (Fig. 6G-I, arrows) retina.  

 

In summary, these findings indicate a differential expression of the α2δ3 subunit in glycine- and 

GABA-immunoreactive amacrine cells, as well as most bipolar cells in the INL of the rodent 

retina.  

 

Expression of the α2δ3 subunit puncta in the mouse outer retina 

To investigate the localization of the α2δ3 subunit expression in the OPL, we performed double-

labeling experiments with specific neuronal markers for bipolar and horizontal cells, and 

photoreceptors in mouse retina.  

 

The expression of the α2δ3 subunit by bipolar cell dendrites was tested by double 

immunostaining studies with an antibody to mGluR6, a dendritic tip marker of the bipolar cells  
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Figure 7. α2δ3 accessory calcium channel subunit in bipolar cell tips in the OPL of the mouse 

retina. (A) Double immunostaining of retinal sections with mGluR6 (green) and α2δ3 (magenta). 

(B-D) High magnification of single scan showing that mGluR6 immunoreactivity does not 

express the α2δ3 accessory calcium channel subunit (arrows). (E) Goα-immunoreactivity 

(green) and α2δ3-immunoreactivity subunit (magenta). (F-H) High-power photomicrograph 

(boxed area from E) showing that Goα-immunoreactivity and α2δ3 subunit do not colocalized 

(arrows). Scale bars (A, B): 20 µm, (B-D, F-H): 5 µm. 
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Figure 8. α2δ3 accessory calcium channel subunit is not expressed by horizontal cells in the 

mouse retina. (A) Single scan (boxed area from A) showing horizontal cells with calbindin  and 

α2δ3 subunit staining (magenta). (B-D) High magnification of single scan showing α2δ3 subunit 

and horizontal cell processes. α2δ3 subunit was never found to be colocalized with horizontal 

cells or their processes. (E) Single scan showing horizontal cells tips labeled with a VGAT 

antibody (green) and α2δ3 subunit staining (magenta). (F-H) High magnification (boxed area 

from E) of single scan showing α2δ3 subunit staining. Scale bar in (A, E): 20 µm, (B-D, F-H): 5 

µm.  
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(tom Dieck et al., 2012; Fig. 7A-D) and to Goα, a marker for ON bipolar cells (Vardi, 1998; 

Haverkamp and Wässle, 2000; Fig. 7E-H). The α2δ3 subunit puncta were adjacent to the bipolar 

cell tips without any overlap, suggesting that puncta are not located on the distal dendrites of 

ON bipolar cells. Few α2δ3 subunit puncta were located 0.24±0.09 µm from the ON bipolar cell 

tips. 

 

To test if α2δ3 subunit immunoreactivity is localized to horizontal cells, retinal sections were 

double immunostained with antibodies to the α2δ3 subunit, calbindin a specific horizontal cell 

marker (Röhrenbeck et al., 1987; Chun and Wässle, 1993; Massey and Mills, 1996; Haverkamp 

and Wässle, 2000; Hirano et al., 2005) and to VGAT, a marker for horizontal cell endings 

(Cueva et al., 2002; Guo et al., 2010; Lee and Brecha, 2010). α2δ3 immunoreactive puncta were 

found in the OPL - adjacent to neighboring horizontal cell processes,  indicating that they are 

not expressed by horizontal cells (Fig. 8A-D)(Fig. 8E-H). In addition, double immunostaining 

with α2δ3 and VGAT or calbindin revealed that some α2δ3 immunoreactive puncta were located at 

a distance of 0.4±0.1 µm and 0.24±0.11 µm from the closest tip, respectively. These findings 

suggest that the α2δ3-immunoreactive puncta are at the base of the photoreceptors or in the 

synaptic triad. 

 

To test if α2δ3 subunit immunoreactivity is localized to photoreceptor terminals, retinal sections 

were double stained with antibodies to the α2δ3 subunit and peanut agglutinin (PNA), a specific 

marker for cone pedicle bases (Blanks and Johnson, 1983). Single scan (z-axis=0.3 µm) 

immunohistochemical analysis revealed that the α2δ3 subunit is not located in the PNA-labeled 

cone pedicles (Figure 9A-D). Distance measurements of the α2δ3 subunit to the PNA-labeled 

cone pedicles indicate that the closest α2δ3 subunit is located at a distance of 1.4±0.2 µm. 
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Double label studies with antibodies to PSD-95, which is located in the plasma membrane of rod 

and cone photoreceptor terminals (Koulen et al., 1998; Pérez de Sevilla Müller et al., 2013) and 

the vesicular glutamate transporter 1 (VGluT1), another marker for photoreceptor terminals 

(Johnson et al., 2003; Sherry et al., 2003) were also used to determine if this subunit is 

expressed at photoreceptor terminals. Single scans for the α2δ3 subunit together with PSD-95 

(Fig. 10A-D) and VGluT1 (Fig. 10E-H) showed that the photoreceptor terminals contain all of the 

α2δ3 subunit immunoreactive puncta, indicating that the α2δ3 puncta in the OPL is located in rod 

and cone photoreceptors.  

 

Double label studies with antibodies to Bassoon and to CtBP2, which are presynaptic proteins 

associated with the synaptic ribbon in rod spherules and cone pedicles (Schmitz et al., 2000; 

Brandstätter et al., 1999) were also used to determine if this subunit is expressed at 

photoreceptor ribbon synapses. Some α2δ3 and Bassoon immunoreactive puncta  (Fig. 9E-H, 

arrowheads) colocalized with Bassoon-labeled ribbons, however, the majority of the α2δ3 

immunostaining was adjacent to or with little overlap to Bassoon immunostained puncta (Fig. 

9E-H, arrows). All α2δ3 puncta expressed an overlap to the CtBP2-labeled rod spherules (Fig. 9I-

L, arrows), suggesting that the α2δ3 subunits are associated with the photoreceptor synaptic triad 

(see Discussion).  
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Figure 9. α2δ3 accessory calcium channel subunit in photoreceptors of the mouse retina. (A) 

Labeling of cone pedicles with PNA–FITC and α2δ3 accessory calcium channel subunit. (B-D) 

High magnification of single scan indicating that α2δ3 subunit is not located in the cone 

pedicles. (E) Double immunolabeling of α2δ3 accessory calcium channel subunits (magenta) 

and Bassoon (green), a presynaptic protein. (F-H) High magnification (boxed area from E) 

showing colocalization of some α2δ3 subunits (arrowheads). (I) Double immunolabeling of α2δ3 

accessory calcium channel subunits (magenta) and CtBP2 (green), a ribbon synapse marker. 

(J-L) High magnification (boxed area from I) showing that a few of the α2δ3 subunits are 

adjacent to CtBP2 (arrows). Scale bars (A, E, I):20 µm; (B-D, F-H,J-L): 5 µm. 
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Figure 10. α2δ3 accessory calcium channel subunit in photoreceptors of the mouse retina. (A) 

Double immunolabeling of postsynaptic density protein 95 (PSD-95) (green) and α2δ3 subunit 

(magenta) in the mouse retina. (B-D): High-magnification view (boxed area from A) showing that 

all α2δ3 immunoreactive puncta were distributed inside the photoreceptor terminals. (E) Double 

immunolabeling of VGluT1 (green) for photoreceptor axon terminals and α2δ3 subunit 

(magenta) in the mouse retina. (F-H): High-magnification view (boxed area from E) showing that 

α2δ3 immunoreactive puncta are located inside the photoreceptor terminals. Scale bars (A, 

E):20 µm; (B-D, F-H): 5 µm. 
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Discussion 

With the exception of the α2δ4 (Ruether et al., 2000; Wycisk et al., 2006a,b; Mercer et al, 2011; 

Pérez de Sevilla Müller et al., 2013; Mercer and Thoreson, 2013) and α2δ1 subunit (Huang et al., 

2013), there remains a dearth of knowledge regarding the expression of the remaining α2δ 

auxiliary subunits in the retina. This is the first study to provide evidence for the expression of 

the α2δ3 subunit in the mouse and rat retina. The present study localized the α2δ3 subunit to all 

RGCs, some displaced amacrine cells, amacrine cells of the INL, rod and cone bipolar cells, 

and photoreceptors.  α2δ3 subunit immunoreactivity was not observed in horizontal cells or glia 

cells.  

  

α2δ3 subunit expression 

The α2δ3 subunit was initially reported to be exclusively expressed in the brain (Angelotti and 

Hofmann, 1996; Klugbauer et al., 1999; Gao et al., 2000). However, recent Northern blot 

analysis has revealed α2δ3 mRNA in human heart, brain and skeletal muscle (Gong et al., 2001), 

and in bipolar cells of the mouse retina by in situ hybridization (Nakajima et al., 2009). Our 

results are consistent with Nakajima’s report and extend this observation in the retina by 

providing evidence for α2δ3 subunit expression in RGCs, amacrine cells and photoreceptors of 

the mouse and rat retina.  

  

Our PCR experiments show a single band at ~305 bp, corresponding to the α2δ3 subunit in 

normal mouse and rat retina. The auxiliary calcium channel subunits have been implicated in 

disease, notably in cancer, with a downregulation of α2δ2 subunit expression in most of the non-

small cell lung cancer cell lines (Carboni et al., 2003), a loss or reduction of α2δ1-3 subunits, an 

upregulation of the α2δ4 subunit in cultured gastric cancer cell lines and an upregulation of α2δ1 

expression in rat spinal dorsal horn and dorsal root ganglia after peripheral nerve injury (Luo 
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et al., 2001; Newton et al., 2001). Previous studies provided evidence for Cacna2d3 as a 

reliable marker for malignant childhood neuroblastomas (Thorell et al., 2009; Chu and Best, 

2002; Howarth et al., 2012). However, in generalized progressive retinal atrophy models,  where 

photoreceptor death results in blindness, Cacna2d3 mRNA levels remain unaltered in domestic 

dogs (Lippmann et al., 2007).  

  

α2δ3 subunit expression in retinal cells 

Mutations or knockout mice of the α2δ subunits lead to nervous system defects, including 

neurodegeneration, cardiovascular dysfunction, epilepsy, neuropathic pain and alterations of the 

biophysical properties of L-type Ca2+ currents in cardiomyocytes (Snell, 1955; Fuller-Bicer et al., 

2009; Neely et al., 2010). Therefore, it is not surprising that a mutation in the human 

CACNA2D4 gene, which encodes the α2δ4 subunit, results in an outer retinal disease 

characterized by a reduction of the b-wave, the absence of a photopic ERG, loss of ribbon 

synapses in rod photoreceptor spherules as well as cone dystrophy (Ruether et al., 2000; 

Wycisk et al., 2006a, b). Since the α2δ3 subunit has a similar distribution to the α2δ4 subunit in 

the OPL of the mouse retina (Pérez de Sevilla Müller et al., 2013; this study), one might 

speculate that a mutation or deletion of the α2δ3 subunit could also lead to similar visual system 

deficits a reduction of the ERG b-wave, altered structure of the ribbon synapses, and/or cone 

and rod morphologies. However, this idea seems very unlikely due to the lack of anatomical 

changes presented in the brain of conditional Cacna2d3 knockout mouse line (Neely et al., 

2010), which could suggest a different functional role for the α2δ3 subunit in the outer retina than 

the α2δ4 subunit.   

 

The auxiliary subunits also play a role in the assembly and trafficking of the α1 subunits to the 

membrane (Arikkath and Campbell, 2003). α2δ subunits are known to function independently of 



	   115	  

calcium channels and participate in synaptogenesis and cytoskeleton formation (Eroglu et al., 

2009; Kurshan et al., 2009). α2δ3 subunits could have a role in targeting calcium channels to 

their presynaptic sites and play a role in the stabilization of the calcium channel (Dickman et al., 

2008). The presence of α2δ3 in the somata of ganglion cells, displaced amacrine cells, bipolar 

cells, their dendrites in the IPL and photoreceptors could be an indication of two different 

mechanisms of action (Hoppa et al., 2012): (1) α2δ3 may be involved in the trafficking of the α1 

subunit from the cell soma (Dickman et al., 2008); and (2) the α2δ3 subunit may be involved in 

increasing exocytosis at the presynaptic terminal when the Ca2+ influx is decreased (Hoppa et 

al., 2012). α2δ3 subunit could be responsible for modifying the biophysical properties of the L-

type VGCCs to mediate the release of glutamate from photoreceptors and bipolar cells 

(Heidelberger et al., 2005). 

 

α1C and α1D subunits are expressed in photoreceptors and bipolar cells (Puro et al., 1996; 

Nachman-Clewner et al., 1999; Xu et al., 2002; Mize at al., 2002) and α1C and α1E in RGCs 

and amacrine cells (Sargoy et al., 2014; Xu et al., 2003), which are coexpressed with the 

auxiliary calcium subunit α2δ3 in the mouse brain (Klugbauer et al., 1999). The α2δ3 subunit may 

also interact with the α1F L-type VGCC localized to rod photoreceptors and bipolar cells.  

  

In conclusion, the α2δ3 subunit could be involved in exocytosis in ganglion, amacrine, bipolar 

cells and photoreceptors as well as trafficking and stabilization of the corresponding α1 calcium 

channel subunit to their presynaptic sites. In addition α2δ3 mRNA could serve as a marker for 

eye diseases. Future studies investigating the regulation of α2δ3 mRNA levels in models of RGC 

death such as glaucoma are warranted.  
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Abstract 

In this paper we describe the tools, reagents, and the practical steps that are needed for: 1) 

successful preparation of wholemount retinas for immunohistochemistry and, 2) calcium 

imaging for the study of voltage gated Ca channel (VGCC) mediated calcium signaling in retinal 

ganglion cells. The calcium imaging method we describe circumvents issues concerning non-

specific loading of displaced amacrine cells in the ganglion cell layer. 

 

Introduction 

Retinal ganglion cells (RGCs) express L-, N-, P/Q- and T-type VGCC as determined through 

pharmacological blockade of these components of the whole cell Ca channel current.1,2 VGCC 

are transmembrane multimeric proteins that are involved in transmitter release, gene 

transcription, cell regulation and synaptic plasticity.3,4,5 Functional VGCCs are made up of at 

least three distinct classes of subunits: large, transmembrane α1 pore forming subunits that 

establish the channel’s biophysical and pharmacological properties, primarily extracellular 

auxiliary α2δ subunits and intracellular β subunits. The latter two form heteromeric complexes 

with different α1 subunits and alter the gating kinetics and trafficking of the channels to the 

plasma membrane.6 

 

Over recent decades, many techniques have been employed to study protein expression, such 

as immunohistochemistry, enzyme-linked immunosorbent assay, western analysis and flow 

cytometry. These techniques require the use of specific antibodies for the detection of a given 

protein of interest and provide powerful tools for the localization and distribution of specific 

proteins in different tissues. Techniques used to detect and quantify mRNA expression levels of 

a particular protein such as northern blot analysis, RT-PCR, real-time quantitative RT-PCR, in 

situ hybridization, cDNA microarrays and ribonuclease protection assay provide an alternative 

approach when antibodies are not readily available or if expression levels of a particular protein 
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are low.7 However, one limitation to the use of such molecular techniques is the required 

identification of the gene sequence. 

 

To localize proteins in the retina, immunohistochemistry can be performed on wholemount 

retinas. Due to the accessibility of the RGCs, the wholemount preparation provides an excellent 

platform to study the localization of specific proteins to the RGC somata and their axons. 

 

In addition to their localization, some functional properties of the VGCCs in RGCs can be 

demonstrated through the use of calcium imaging techniques. We describe a calcium imaging 

protocol to selectively label RGCs with a calcium indicator dye to measure intracellular calcium 

dynamics. The contribution of different VGCCs to the calcium signal in different cellular 

compartments can be isolated with the use of subtype-specific Ca channel blockers. 

 

Perhaps one of the most beneficial aspects of the calcium imaging technique described here is 

the ability to simultaneously and independently record from multiple RGCs and their axons. 

Although many physiological techniques, such as whole cell patch clamp recording, provide 

high temporal resolution recordings of membrane currents, the somatic or axonal source of 

these currents recorded cannot be discriminated and recordings can only be made from a single 

neuron at a time. Multielectrode arrays (MEAs) are capable of simultaneously recording spikes 

from many cells, but can neither detect nor discriminate the activation of, for example, different 

subtypes of Ca channels.  MEAs preferentially record from cells that are located in close 

proximity to a given electrode8 and record from cells that generate large spikes.9 Optical 

imaging methods provide an alternative strategy to enable the simultaneous and independent 

recordings of whole populations of cells that can be integrated with the information obtained 

from single cell microelectrode and patch clamp recording and MEA recording.  Although the 

calcium imaging techniques described here were employed to study the calcium dynamics of 
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RGCs, patch clamp and MEAs can also be used in parallel to further elucidate the ionic currents 

and spiking properties of RGCs. 

 

Since displaced amacrine cells make up approximately 60% of the neuronal population in the 

ganglion cell layer in the mouse retina,10 our goal was to use a loading technique that selectively 

labels RGCs with a synthetic calcium indicator dye in a wholemount preparation. Although 

synthetic calcium indicator dyes provide an excellent platform for the study of intracellular 

calcium dynamics, its widespread use has been hindered by the inability to effectively load 

specific populations of neurons within a given network.  Many techniques such as bulk loading11 

and electroporation8,12 have been performed to load entire populations of cells, however, such 

techniques do not discriminate between specific cell types. Genetically encoded calcium 

indicators provide the ability to selectively label specific populations of cells, however, such 

methods require the generation of transgenic animals.13 Our technique describes a method to 

selectively label RGCs in the wholemount preparation via optic nerve stump injection of a 

calcium indicator dye. 

 

Taken together, the structural and physiological techniques outlined in this article provide a 

platform to study the localization and contribution of the VGCCs to the calcium signal in RGCs 

and their axons. 

 

Protocol 

All experiments were carried out in accordance with the guidelines for the welfare of 

experimental animals issued by the U.S. Public Health Service Policy on Human Care and Use 

of Laboratory Animals and the University of California-Los Angeles (UCLA) Animal Research 

Committee. Male and female adult Sprague-Dawley rats (Charles River Lab, Wilmington, MA) 

between the age of 3-5 weeks were used. 
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1. Animal and Tissue Preparation for Wholemount Retina and Immunohistochemistry 

 

1. Prepare the following materials and tools: A dissecting microscope, 2 forceps with very fine 

tips, scissors, cellulose filter paper, plastic pipette and a microscope slide. 

2. Euthanize the rat in a closed chamber by deeply anesthetizing the animal with 1–3% 

isoflurane followed by decapitation with a guillotine. Remove the eyes with a pair of iris scissors 

and place in a petri dish containing the extracellular solution. Hibernate A, Ames Medium or 

physiological solutions are recommended. 

3. Optional step if backfilling of RGCs with Fluo-4 is desired]. Perform the Fluo-4 labeling as 

described in the steps 2.3-2.4. 

4. Using the dissecting microscope (light intensity: 1.6 x 108 photons/mm2-sec), remove the 

cornea by cutting off the front of the eye ball. Remove the lens and vitreous from the inner 

retinal surface with forceps. To remove the vitreous, stabilize the eyeball by holding the sclera 

firmly with one forcep. Gently peel the vitreous base toward the center of the retina with the 

other forcep. The preparation at this stage is called the eyecup, which is used for cryosections. 

More details about cryosections can be found in ref 14,15. 

5. Remove the retina from the eyecup. Then, make four cuts to allow the retina to lay flat. Gently 

mount the retina on a microscope slide with the photoreceptor layer up. Add one drop of 

solution to the retina and put cellulose filter paper on the retina. Once the retina attaches to the 

filter paper, place the retina back in solution. If needed, flatten the retina with a brush or forceps. 

6. Place the wholemounted retinas into 4% PFA for 10-15 minutes for fixation. 

7. Wash the wholemounted retinas three times for 30 minutes in 0.1 M phosphate buffer (PB), 

pH 7.4. Block the retinas with 5% normal goat serum or donkey serum in 0.1 PB containing 

0.3% Triton-X 100 and 0.1% NaN3 at 4°C overnight. We recommend a final volume of 500 

microliters for all the steps to save blocking solutions and antibodies. 

8. Next day, incubate the retinae wholemounts with the primary antibody 5-7 days at 4°C. 
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Optimal dilutions must be determined by the user. 

9. Wash the retinas 3x30 minutes in PB 0.1 M and incubate overnight at 4°C in the 

corresponding fluorophore-conjugated secondary antibody that is directed against the species 

of the primary antibody (concentration 1:1000). 

10. After three final washes of 30 minutes each with PB, mount the retinas in mounting 

medium. Seal the coverslips with nail polish for prolonged storage. Store samples at 4°C and 

protect from light. 

 

2. Labeling of Ganglion Cells and Axons in Rat Wholemount Retinas with a Calcium 

Indicator Dye 

 

1. Prepare 1000 ml of mammalian Ringer’s containing (in mM) 125 NaCl, 3 KCl, 2 CaCl2, 1.25 

NaH2PO4, 1 MgCl2, 25 NaHCO3, and 10 glucose bubbled with 95% O2/ 5% CO-
2. 

2. Perform the dissection as described in the steps 1.2-1.4. 

3. To load retinal ganglion cells (RGCs) and their axons with calcium indicator, inject 0.5 

microliters of fluo-4 pentapotassium salt (40 mM stock in H2O) into the optic nerve stump 

approximately 1 mm posterior to the eyeball using a syringe.To measure dynamic increases in 

ganglion cell [Ca2+]i an indicator with high affinity, such as fluo-4 with its Kd of 345 nM, is 

optimal. Fluo-4 offers the additional benefit of having a very high quantum efficiency resulting in 

an emission increase of >100 fold when bound to calcium. 

4. Place the eyecup in mammalian Ringer’s bubbled with 95% O2/ 5% CO-
2for 1 hour at room 

temperature in the dark. 

 

3. Calcium Imaging Protocol for Retinal Ganglion Cells and Axons. 

1. Remove the eye, lens and vitreous as described in steps 1.1-1.4. Isolate the retina from the 

eyecup and divide into quadrants.Mount one quadrant ganglion cell side up on a glass slide and 
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use a harp slice grid to stabilize it. Keep the other pieces dark-adapted in mammalian Ringer’s 

bubbled with 95% O2/ 5% CO-
2on ice for later use. 

2. Superfuse the recording chamber with mammalian Ringer’s solution and keep the solution 

bubbling continuously with 95% O2/5% CO2. 

3. Image the tissue under the microscope. Conduct experiments at room temperature (~23° C) 

or achieve physiological temperatures by warming the stage, heating the water bath under the 

specimen or applying warm air to the surface of the specimen. Note: It is important to note that 

many cellular functions are regulated by temperature, which plays a key role in maintaining 

intracellular homeostasis.16 However, introduction of warming measures may increase the rate 

of photobleaching, evaporation of the medium and focus drift caused by thermal expansion.17 

Use of room temperature decreases intracellular compartmentalization of fluo-4.18 

4. Perform a control of two paired high K+ pulses in the absence of drugs. Depolarize RGCs and 

RGC axons by raising the [K+]o from 3 mM to 60 mM for 33 seconds during each pulse to 

activate VGCCs with an eight channel gravity driven superfusion system. Reduce Na+by 57 mM 

to maintain isosmolarity in the elevated K+ solution. 

5. Assess the contribution of different VGCCs to the calcium signal with the use of general or 

specific Ca channel blockers. For example, the reduction in calcium signal following the 

administration of a non-specific calcium channel blocker, cobalt, provided a semi-quantitative 

measure of the contribution of the VGCCs to the high K+-evoked calcium signal. 

6. Acquire fluorescence intensity values by placing a region of interest (ROI) around the RGCs 

of interest (Figure 2). 

7. Normalize the change in fluorescence intensity produced by the second high K+ peak to the 

change produced by the first high K+ peak. Then, for testing of specific calcium channel 

blockers, apply drugs only during the second high K+ pulse of a pair and normalize this peak 

against the first peak value. To measure the affect of the drug on the high K+ peak, divide the 

amplitude of the second K+ peak by that of the first. Analysis should be performed on these 
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values in respect to their matching controls derived from paired high K+ peaks measured in the 

absence of drug. 

8. Acquire images at 5 sec intervals. To avoid photo-bleaching, keep the laser excitation as low 

as possible. Provide excitation by the 488-nm line of the argon laser, while the photomultiplier 

tube collects the fluorescent emission through a 505 nm LP filter. 

 

 

Representative Results 

Immunolabeling with specific antibodies provides a platform to study the localization of particular 

proteins of interest in the retina and the calcium imaging technique permits the study of the 

contribution of the VGCCs to the calcium dynamics in the retinal ganglion cells and their axons. 

 

By using an antibody against the ganglion cell protein RBPMS (RNA binding protein with 

multiple splicing) that selectively labels RGCs,19 we were able to show that the fluo-4 labeling is 

limited to ganglion cells (Figure 1). Stump-injection does not lead to the labeling of all ganglion 

cells as might be anticipated from this technique. 

 

A rabbit polyclonal antibody was generated against the N-terminus of the RBPMS polypeptide 

(RBPMS4-24), GGKAEKENTPSEANLQEEEVR, by a commercial vendor (Table 1). RBPMS is 

highly conserved among mammals and the polypeptide sequence used for immunization is 

identical in mouse, rat, monkey and human (NCBI Protein Bank, 

http://www.ncbi.nlm.nih.gov/protein). Rabbit sera was collected following immunization and 

affinity purified using a RBPMS polypeptide affinity column. The affinity purified antibody was 

shown to immunostain ganglion cells in mouse and rat retina. To evaluate the specificity of the 

RBPMS immunostaining, a preabsorption control was performed with the rabbit antibody. 

Briefly, the RBPMS antibody was diluted in 0.1 M PB containing 0.5% Triton X-100 and mixed 
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with the RBPMS polypeptide at a final concentration of 1 µg/ml for two hours at RT. No RBPMS 

immunostaining was present in tissue sections incubated with the preabsorbed rabbit antibodies 

to RBPMS and processed by standard immunohistochemical techniques. 

Calcium imaging techniques are used to study the contribution of VGCCs to the calcium signal 

in the RGCs and their axons. Fluorescent intensity values were acquired by placing ROIs on the 

RGCs of interest (Figure 2). 

Fluo-4 pentapotassium salt was used to label RGCs and their axons (Figure 3). 

The Zeiss LM5 Pascal system was set to capture images at a frame rate of 5 seconds and each 

full frame scan took 1.57 seconds at the settings used. A collection area of 318 µm X 318 µm 

was included in the scanned region of 512 X 512 pixels giving an area of 0.385 µm2 per pixel. 

These settings may be varied depending on the resolution desired. The system uses a 25 mW 

Argon laser for the 488 nm excitation. We used this line at 3% power. Saturation was minimized 

by first selecting the lowest concentration of the calcium indicator dye that yielded the robust 

responses to the depolarizing stimulus and then by reducing output gain. Reduction of laser 

power helped to avoid bleaching. Indicator concentration was not measured. Calibration of non-

ratiometric imaging is possible with the use of calcium ionophores, but the backfilling technique 

may work with ratiometric dyes as well. To determine the optimal indicator concentration, we 

compared the depolarization-evoked change in fluorescence with stump-injected concentrations 

of fluo-4 ranging from 1 – 40 mM. Circular and oval ROIs were drawn around RGCs and their 

axons, respectively that exhibited stable fluorescence intensity. RGCs and axons that drifted out 

of focus due to movement caused by superfusion were not selected. 
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Figure 1: Post-hoc immunostaining with antibodies against the RGC protein RBPMS (red) to 

show Fluo-4 (green) localization to the ganglion cells. An Alexa 568 goat anti-rabbit secondary 

antibody was used. Scale bar: 20 µm. 
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Figure 2: In order to acquire fluorescent intensity values, ROIs were placed on the ganglion cell 

somata and/or axons. Scale bar: 20 µm. 
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Figure 3: VGCC subtypes that contribute to calcium signaling in ganglion cell somata and their 

axons. A: Confocal image of a wholemount retina at baseline levels. RGCs and RGC axons can 

be seen labeled with fluo-4. B: Fluorescent signals from a single RGC somata demonstrating 

the increase in mean fluorescence intensity elicited by paired pulses of high-K+ (60 mM) bathing 

solution and the subsequent reduction in fluorescence in the presence of cobalt during the 

second pulse. Scale bar for A: 20 µm. 
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Discussion 

In this article, we have described two different techniques: 1) Immunohistochemistry to show 

Fluo-4 localization to the ganglion cells in retinal wholemounts, and 2) Calcium imaging to 

analyze calcium dynamics in retinal ganglion cells and their axons. 

Immunohistochemistry using wholemounts has been used to reveal the localization of proteins 

in the rodent retina.20,21,22,23 However, there are a few limitations. The quality of the staining 

relies heavily on the ability of the antibody to recognize its respective antigen and its ability to 

penetrate the retinal tissue to the particular layer of interest. These issues can be improved by 

increasing the incubation period in the primary antibody by up to seven days, increasing the 

concentration of Triton-X and/or incubating the retina without the filter paper to allow the 

diffusion of the antibody through the ganglion cell layer and the photoreceptors. Another 

limitation is the length and concentration of fixation. Some antibodies work better when the 

tissue is fixed for one hour, while other antibodies require a shorter fixation period. Likewise, 

while certain antibodies work best in 4% PFA fixation, others work better at reduced 

concentrations. We recommend that the user determine the optimal length and concentration of 

fixation, the length of incubation, the concentration of Triton-X, as well as the concentration of 

the primary antibody for optimal results. 

Calcium imaging was used to study the calcium dynamics in retinal ganglion cells and their 

axons. Superfusion of VGCC blocking agents allowed assessment of the relative blocking 

efficacy of the drugs and the presence of different Ca channel subtypes. In the event that RGCs 

and axons do not respond to high K+, try reducing the concentration of the calcium indicator 

dye, as high concentrations can lead to saturation. Incomplete removal of the vitreous may also 

act as a barrier, preventing high K+ from reaching the RGCs and their axons. In addition, failure 

to properly mount the harp on top of the retina can cause movement, resulting in an inability to 
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acquire fluorescence intensity values. If the retina continues to move, carefully remove the harp, 

dry the area surrounding the retina and re-mount the harp by adding more grease to its 

perimeter. Complete removal of the vitreous and minimal movement of the retinal wholemount is 

crucial to the success of the experiment. 

Agonists of the calcium-permeable glutamate receptors expressed by RGCs such as N-methyl-

D-aspartate (NMDA),24,25 α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) receptors 

and kainate-type ionotropic glutamate receptors,26,27,28,29 can be used to evoke direct entry of 

calcium as well as provide a depolarizing stimulus that activates VGCCs. Utilization of such 

agonists may lead to a non-uniform response due to the differential expression of the glutamate 

receptor subtypes to the different types of RGCs. Two-photon microscopy can also be utilized to 

investigate light-evoked calcium signals in RGCs30 and their dendrites.31 

Selective labeling of RGCs was achieved due to the membrane impermeant properties of the 

fluo-4 pentapotassium salt calcium indicator dye. Dextran-conjugated calcium indicator dyes 

have also been used to selectively label RGCs and their axons via intraretinal injections in 

rabbit32 and rat.33 In both studies, selective labeling of RGCs and their axons was achieved via 

intraretinal injections of the dextran-conjugated calcium indicator dye, followed by a 2-hour 

incubation in rabbit32 or a 7-hour incubation in rat.33 Despite providing an adequate incubation 

period to ensure uniform labeling in the retina, such methods result in increased labeling of 

RGCs and their axons nearest the injection site compared to sparse labeling in regions distal to 

the injection site. Non-uniform labeling at the injection site has been attributed to diffusional 

labeling of the soma as a result of dye uptake at the exposed (cut) dendrite, while labeling in 

distal regions is likely due to retrograde transport from uptake of the dye at the exposed axon.32 

Our technique provides improved methods to increase uniform labeling of RGCs and their 

axons and to minimize the required incubation period. 
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The present dye loading method provides an alternative strategy to conventional techniques 

such as bulk loading and electroporation that result in non-specific loading of displaced 

amacrine cells in the ganglion cell layer. With the availability of transgenic mouse lines 

expressing tdTomato or EGFP under the control of promoters that are in specific ganglion cell 

populations,34,35,36,37,38 future applications of this technique may include calcium imaging studies 

of specific retinal ganglion cell subtypes. 
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Introduction 

Gabapentin has been approved for the treatment of many clinical conditions involving the 

central nervous system since its initial FDA approval almost 20 years ago. Initially, gabapentin 

was designed to mimic the actions of GABA in the central nervous system; however, it has 

become clear that gabapentin has distinct actions unrelated to those of GABA (Rock et al., 

1993). Numerous studies investigating the actions of gabapentin have not provided a precise 

mechanism of action. Early studies in cultured neurons were unable to detect any action of 

gabapentin on common central nervous system receptors or ion channels (Rock et al., 1993), 

but subsequent studies have shown that gabapentin interacts with the α2δ auxiliary subunits of 

voltage-gated Ca2+ channels (VGCCs; Gee et al., 1996). However, the degree to which 

gabapentin affects the function of VGCCs appears to differ between experimental models 

(Stefani et al., 1998; Martin et al., 2002; Sutton et al., 2002; Li et al., 2006; Hendrich et al., 

2008). The aim of the present study was to determine whether acute and chronic application of 

gabapentin modulates VGCC function in retinal ganglion cells (RGCs).  

 

The primary function of VGCCs, to allow calcium into cells, is achieved by the pore-forming α1 

subunit of the channel. For the high-voltage activated (HVA) class of Ca2+ channels, there are 

seven isoforms of α1 that determine the physiological and pharmacological characteristics of 

the VGCC subtype (reviewed by Dolphin, 2009 a,b). However, it has become clear that the 

auxiliary subunits of these channels also play important roles in VGCC function and modulation 

(Birnbaumer et al., 1998; Walker and De Waard, 1998). HVA VGCCs typically associate with 

two auxiliary subunits; a β-subunit (subtypes 1–4) interacts with the α1 subunit on the 

intracellular face of the plasma membrane, whereas an α2δ subunit (subtypes 1–4) associates 

with the α1 subunit on the extracellular face of the membrane (reviewed by Dolphin, 2009 a, b). 

Interestingly, there appears to be little selectivity in the association between α1 subunit isoforms 
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and auxiliary subunit subtypes (Schlick et al., 2010). Intracellular β auxiliary subunits of VGCCs 

have been shown to be involved in second messenger signaling pathways [i.e., phosphorylation 

by protein kinase A (PKA); Gerhardstein et al., 1999], modulation of channel gating (reviewed 

by Buraei & Yang, 2010), and trafficking VGCCs to the cellular membrane (Mich & Horne, 

2008). Similarly, extracellular α2δ auxiliary subunits are known to modulate VGCC trafficking to 

and from the cell surface (Hendrich et al., 2008). In addition, α2δ1 and α2δ2 subunits are known 

to contain gabapentin binding sites (Gee et al., 1996). In the present study, we sought to 

determine whether RGCs express α2δ1 subunits and whether VGCC function could be 

modulated by the α2δ ligand gabapentin. 

 

Previous studies have shown that VGCCs and particularly α2δ1 subunit expression at the cell 

membrane are increased after nerve injury (Bauer et al., 2009). This increase in α2δ1 has been 

associated with increased pain signal transmission in the spinal cord (Li et al., 2004). 

Transgenic mice overexpressing α2δ1 show behaviors similar to those seen in neuropathic 

pain, even in the absence of nerve injury, and increased expression of α2δ1 results in increased 

ICa (Li et al., 2006). It is well established that excessive levels of intracellular calcium led to 

cellular dysfunction and even death. In the retina, studies have shown that blocking VGCCs on 

RGCs reduces cell loss after optic nerve injury (Osborne et al., 2004). However, nonselective 

inhibition of VGCCs using traditional calcium channel blockers may not be the best therapeutic 

strategy since calcium is required for many intracellular processes and its levels are normally 

tightly regulated (Osborne et al., 2004). In addition, in the setting of injury where VGCCs are 

upregulated, simply blocking the channel may be insufficient to prevent a pathologic rise in 

intracellular calcium levels. For this reason, strategies to modulate VGCCs after neuronal injury 

have been of particular interest. Indeed, studies using animal models of neuropathic pain have 

demonstrated that administration of gabapentin prevents the upregulation of α2δ1-containing 
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VGCCs after nerve injury (Bauer et al., 2009). The objective of the present study was to 

determine whether gabapentin influenced α2δ1 membrane expression and VGCC function in 

RGCs. The results of this study demonstrate that α2δ1 can be modulated by gabapentin in 

isolated RGCs and whole retina both on acute and chronic time scales, raising the possibility 

that gabapentin administration may provide neuroprotection to RGCs in the setting of optic 

nerve damage. 

 

MATERIALS AND METHODS 

Purified RGC culture 

Experimental protocols were approved by the Dalhousie University Committee on Laboratory 

Animals and performed in accordance with the Canadian Council on Animal Care Guide to the 

Care and Use of Experimental Animals (CCAC, Ottawa, ON: Vol. 1, second edition 1993; Vol. 2, 

1984).  

 

The two-step panning procedure to purify RGCs has been previously described (Barres et al., 

1988; Hartwick et al., 2004). Briefly, litters of Long-Evans rats (Charles River, Montreal, QU) 

were sacrificed at postnatal day 7 by overexposure to isoflurane and by decapitation. Dissected 

eyecups were immersed in Hibernate-A (BrainBits, Springfield, IL) with 2% B27 supplements 

and 10 µg/ml gentamicin. Retinas were removed and treated as described in Hartwick et al. 

(2004). Purified ganglion cells were plated onto poly-d-lysine/laminin-coated Biocoat glass 

coverslips (12-mm round; BD Biosciences, Bedford, MA) in 4-well tissue culture plates at a 

density of 2.5 x 104 cells per well. Cultures were maintained at 37°C in a humidified 5% CO2 –air 

atmosphere. Patch clamp recordings were made on the second day following cell dissociation 

and panning. 
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Immunohistochemical procedures 

Coverslips containing purified ganglion cells were fixed in 4% paraformaldehyde in 0.01-M PBS 

[Cedarlane Laboratories, Burlington, ON; 5 min, room temperature (RT)]. RGCs were washed 

with PBS and treated with normal goat serum blocking solution (Sigma Aldrich, Oakville, ON; 

20% in PBS, 30 min, RT). Coverslips were incubated for 18–24 h (4°C) with α2δ1 Ca2+ channel 

subunit primary antibody (affinity purified rabbit polyclonal, EPFPSAVTIKSWVDK, extracellular 

epitope; 1:200 in PBS; Alomone Laboratories, Jerusalem, Israel), then washed in PBS. Samples 

were incubated with Alexa Fluor 546 goat antirabbit antibody (Life Technologies Corp., 

Burlington, ON) for 2 h (RT), washed with PBS and mounted on microscope slides using 

VectaShield (Vector Laboratories, Burlington, ON). Cells were not permeabilized with Triton-X 

(omitted from all immunohistochemical buffers) to limit antibody staining to the cell surface. To 

determine the selectivity of the α2δ1 antibody, preadsorption control samples were performed in 

parallel using the supplied control peptide (Alomone Labs). The control peptide was incubated 

with the α2δ1 antibody (2:1 by weight, 4°C, overnight) prior to adding the suspension to the 

isolated RGCs. In addition, secondary antibody controls (omission of primary antibody) were 

performed to ensure selectivity of the Alexa Fluor 546 goat antirabbit for the α2δ1 antibody. 

 

Confocal imaging 

All immunohistochemistry samples were imaged using a Nikon Eclipse C1 confocal microscope 

(60x 1.40 N.A., Plan Fluor oil immersion objective; Nikon Canada Inc., Toronto, ON). For each 

experiment, the gain was adjusted using a positive control sample (α2δ1 antibody on cells 

without any drug treatment) and maintained at the same level for all drug-treated samples. For 

negative control samples (preadsorption and secondary antibody controls), the gain was 

increased to ensure the absence of staining. In these samples, cells were visualized under 

bright field to ensure that there were cells in the field of view being imaged. Z-stacks were 
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acquired using the smallest pinhole setting and 0.25 µm optical sections (total thickness of 

isolated RGCs was approximately 15 µm).  

 

Offline analysis of all confocal images was performed using ImageJ (NIH, Baltimore, MD) and 

ClampFit (Molecular Devices, Sunnyvale, CA) software. All optical sections were flattened into 

single z-stacked image using the maximum fluorescence intensities of each section (MAX 

setting in ImageJ). The brightness and contrast of z-stacked images were optimized using 

ImageJ; however, no filters or background subtractions were applied to any image. 

Quantification of cellular staining in the absence and presence of gabapentin was estimated by 

determining the area under the curve (AUC) of the fluorescence intensity within a 16-µm2 

(average cell soma size in these experiments) box centered on the cell body in the z-stacked 

image (ImageJ, ClampFit). Background fluorescence was subtracted from each sample by 

determining the AUC of a 16- µm 2 box adjacent to the cell of interest. 

 

Electrophysiological recordings 

In all recordings, isolated ganglion cells were perfused with extracellular bathing solution 

containing (mM): 137 NaCl, 5 KCl, 1 MgCl2, 2.5 CaCl2 , 22.2 glucose, and 5 HEPES, adjusted to 

pH 7.4 with NaOH. To isolate Ca2+ channel currents (ICa) in the absence and presence of 

gabapentin, the extracellular solution immediately surrounding the cell of interest was changed 

using a rapid perfusion inlet (VC8-S, ALA Scientific, Albany, NY) containing (in mM) 110 choline 

chloride, 5 KCl, 1 MgCl2, 7 BaCl2, 15 TEACl, 0.1 4-aminopyridine, 20 glucose, 10 HEPES, and 1 

µM tetrodotoxin, adjusted to pH 7.4 with CsOH. Bath applied gabapentin (acute treatment) was 

diluted in this barium choline extracellular solution and administered to RGCs using the ALA 

perfusion system (1–2 ml/min, 21–25°C). 
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Patch electrodes with 5–10 MΩ tip resistance were pulled from fire polished borosilicate glass 

capillary tubes using a micropipette puller (Sutter Instruments, Novato, CA). The intracellular 

pipette solution contained (in mM) 140 CsCl, 0.8 MgCl2, 0.1 CaCl2, 1 EGTA, and 10 HEPES, 

adjusted to pH 7.2 with CsOH. The bath reference electrode consisted of an agar bridge with an 

AgCl wire. Cell voltage was clamped with an Axopatch-1D amplifier (Molecular Devices) using 

whole-cell capacitance and series resistance compensation. Voltage command protocols and 

current signal acquisition were controlled by pClamp 10 software (Molecular Devices). All 

protocols were initiated from a holding potential of -60 mV. The current signal was filtered at 0.5 

kHz (Ithaco 4302 Dual 24dB/octave filter, Ithaca, NY) and digitized at 1 kHz with Digidata 1440 

(Molecular Devices). Currents were digitally leak and capacitance transient subtracted using 

ClampFit (Molecular Devices) and SigmaPlot software (Systat Software Inc, San Jose, CA). All 

measurements made in the presence of bath applied gabapentin were taken after recordings 

had reached steady-state (drug exposure for 1–2 min). 

 

Calcium imaging 

Calcium imaging experiments were performed in accordance with the guidelines for the welfare 

of experimental animals issued by the U.S. Public Health Service Policy on Human Care and 

Use of Laboratory Animals (2002) and the University of California-Los Angeles Animal 

Research Committee. Sprague-Dawley rats (3–5 weeks of age) were deeply anesthetized, 

decapitated, and the eyes enucleated. The lens and the anterior portion of the eye were 

removed and the calcium indicator fluo-4 pentapotassium salt (0.5 µl of 40 mM stock in H2O) 

was injected into the optic nerve stump ~1 mm posterior to the globe. The eyecup was placed in 

saline solution and bubbled with 95% O2 / 5% CO2 for 1 h at room temperature in the dark. The 

retina was then isolated from the eyecup, divided into quadrants, and one quadrant mounted on 

a glass slide using a harp slice grid (ALA Scientific, HSG 5DD). Solutions were delivered via an 

8-channel superfusion system (ALA Scientific) and contained (in mM) 125 NaCl, 3 KCl, 2 CaCl2, 
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1.25 NaH2PO4, 1 MgCl2, 25 NaHCO3, and 10 glucose (bubbled with 95%O2 / 5%CO2). Cells 

were depolarized with paired pulses of buffer containing elevated [K+]o (60 mM for 33 s per 

pulse; NaCl reduced to 68 mM, all other components remained the same). Fluo-4 confocal 

fluorescence images were acquired at ~5 s intervals with a Zeiss LSM 5 Pa laser scanning 

microscope using a water-immersion Axoplan 40x (NA 0.8) objective. Excitation was provided 

by an argon laser (488 nm), whereas emissions were collected using a 505-nm long-pass (LP) 

filter. Fluorescence intensity values were acquired by placing regions of interest (ROIs) on RGC 

somata and axon bundles. The ratio of fluo-4 fluorescence intensity change (Ca2+ transient 

amplitude) between the first pulse (always recorded in normal buffer) and the second K+ pulse 

measured in either normal buffer or in the presence of gabapentin (10 M for 5 min prior to and 

during the second K+ pulse) was reported. This method was used to reduce the effects of fl uo-4 

loading variability between experiments to allow comparison of Ca2+ transients between 

unpaired groups. 

 

Drugs and chemicals 

All chemicals and reagents, unless otherwise noted, were obtained from Sigma Aldrich. 

Gabapentin was purchased from Ascent Scientific (Princeton, NJ). Tetrodotoxin citrate (TTX) 

was purchased from Alomone Labs. Fluo-4 pentapotassium salt was purchased from Invitrogen 

(Carlsbad, CA). All drugs and reagents were prepared in double distilled water as stock 

solutions (stored at ~20°C) and warmed to room temperature or prepared fresh immediately 

before performing experiments. Drug pretreatments were performed by administering drugs 

directly to the cell culture dishes during incubation (37°C). 

 

Data analysis 

All data are reported as the means ± s.e.m. Data analysis was performed using Clampfit 10 

(Molecular Devices), ImageJ (NIH) and Prism 4 (GraphPad Inc., La Jolla, CA) software. 
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Graphing and statistical analyses were performed using SigmaPlot 11.0 (Systat Software Inc). 

Specifi c statistical tests used are noted in the figure legend in the appropriate Results sections. 

P values of less than 0.05 were considered statistically significant. All pair-wise multiple 

comparison procedures were performed in SigmaPlot, using the Holm–Sidak method. Figures 

containing confocal images were prepared using CorelDraw X4 (Corel Corporation, Ottawa, 

ON) graphics software. 

 

RESULTS 

The aim of the present study was to determine the effects of gabapentin administration on Ca2+ 

currents (ICa) in isolated RGCs and Ca2+ transients in intact retina. First, gabapentin (10 µM) 

was bath applied to isolated RGCs for 2 min. Using whole cell patch clamp techniques, ICa was 

recorded continuously before and during this acute administration of gabapentin. Fig. 1A shows 

an example of a patch clamp recording of ICa from an isolated RGC before (left) and after (right) 

administration of gabapentin (10 µM) for 2 min. This example shows that gabapentin reduced ICa 

at all three voltage steps shown. Mean data showed that gabapentin significantly reduced ICa 

between −20 and +10 mV compared to paired control recordings (Fig. 1B). The I–V 

relationships show use-dependence of gabapentin, with greater block at more depolarized 

potentials, as is often found in drug actions on ion channels due to the higher probability of drug 

interaction with the open channels. Similarly, in intact retina, acute administration of gabapentin 

(10 µM, 5 min) caused a reduction in Ca2+ transient amplitudes in both RGC somata and axon 

bundles (Fig. 2). Fig. 2A shows examples of fluo-4 fluorescence during membrane 

depolarization (60 mM K+) in the absence (left) and presence of gabapentin (right, 10 µM GBP 

administered 5 min before and during membrane depolarization). Ca2+ transients measured 

from these fluorescence images showed  
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Fig. 1. Acute administration of gabapentin reduced ICa in isolated rat RGCs. 

(A) Examples of ICa recorded from an individual RGC under voltage-clamp conditions in the 

absence (left) and presence of GBP (right; 10 µM, 2 min). Corresponding voltage command 

protocol shown below current traces. (B) Mean current–voltage (I–V ) relationships showed that 

a brief administration of 10 µM GBP (2 min; hollow symbols) significantly reduced ICa compared 

to control [filled symbols; n = 7; * P < 0.05, two-way repeated measure (RM) ANOVA vs. control, 

paired data]. 
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that intracellular Ca2+ levels were increased to a lesser extent in the presence of gabapentin 

(Fig. 2B, bottom) compared to control conditions (Fig. 2B, top) in RGC cell bodies (similar 

results in axon bundles, data not shown). Fig. 2C (left) shows mean data demonstrating that 

Ca2+ transient amplitudes in RGC somata, measured as a percentage of the first depolarization-

induced transient, were significantly smaller in retinas treated with gabapentin (10 µM, 5 min 

prior to and during second depolarization) compared to those not exposed to the drug. Similarly, 

mean data from ROIs measured along RGC axon bundles (Fig. 2C, right) showed significant 

reductions in Ca2+ transients in response to gabapentin administration compared to control 

retinas. These results demonstrate a rapid effect of gabapentin on intracellular Ca2+ levels in 

RGCs and their axons. 

 

Next, to determine the effects of gabapentin over longer time periods (i.e., chronic 

administration), gabapentin was added to the isolated RGC culture medium (10 µM) during the 

incubation period before electrophysiological experiments were performed. Experiments were 

performed either 4 or 18 h after gabapentin administration. Data collected from these two 

gabapentin pretreatment time points were not significantly different; therefore, these data were 

combined into a single group. Fig. 3A compares ICa recordings from two different isolated RGCs 

in the absence of gabapentin pretreatment (black trace) and a different cell that had been 

pretreated with gabapentin (red trace, 10 µM GBP, 4 h). These recordings show that 

pretreatment of RGCs with gabapentin caused a reduction in ICa. Mean data showed that ICa 

was significantly reduced in isolated RGCs that had been pretreated with gabapentin compared 

to the control group of cells that had not been pretreated (Fig. 3B, unpaired data). 
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Fig. 2. Application of gabapentin reduced the amplitude of Ca2+ transients in adult rat RGC 

bodies and axon bundles. (A) Examples of fluo-4 fluorescence images showing intracellular 

Ca2+ transients produced in response to membrane depolarization (evoked with 60 mM K+) in 

retinal wholemounts in the absence (left) and presence of GBP (10 µM, 5 min; right). (B) 

Examples of time course measurements of intracellular Ca2+ levels in RGC cell bodies in the 

absence (top) and presence of gabapentin (bottom). Solid lines shown under traces indicate 

application of high K+ and gabapentin solutions. Similar time courses were generated for axon 

bundles in the absence and presence of gabapentin. (C) The ratio of the second Ca2+ transient 

to the first was used to measure mean responses in the absence and presence of gabapentin. 

Mean data showed that GBP (10 µM 5 min prior to and during membrane depolarization; hollow 

bars) reduced Ca2+ transient amplitudes compared to control (filled bars) in both cell somata 

(left: Control: 99.8 ± 1.8%; n = 239 cells, 10 experiments; GBP: 58.3 ± 1.6%; n = 313 cells, 9 

experiments; * P < 0.05, one-way ANOVA, unpaired data) and axon bundles (right: Control: 

106.8 ± 3.0%, n = 40 axon bundles, 7 experiments; GBP: 93.4 ± 3.4%, n = 43 axon bundles, 5 

experiments; * P < 0.05, one-way ANOVA, unpaired data). 
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Fig. 3. Pretreatment of RGCs with gabapentin reduced ICa  in isolated rat RGCs.  

(A) Representative voltage clamp recordings of ICa from two isolated RGCs in the absence 

(black) and presence of GBP pretreatment (10 µM, 4 h; red). (B) Mean data show that I Ca 

recorded from RGCs after an extended exposure to GBP (10 µM, 4–18 h; red bars) was 

significantly smaller compared to cells that had not been pretreated with GBP (black bars; n = 

7–9; * P < 0.05, two-way RM ANOVA, unpaired data). 
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Previous studies have shown that gabapentin pretreatment reduces the presence of α2δ 

accessory subunit-containing calcium channels at the membrane surface of neuronal cells 

(Bauer et al., 2009). As gabapentin pretreatment reduced the amplitude of ICa in isolated RGCs, 

we aimed to determine whether gabapentin influenced the presence of α2δ1 accessory subunits 

on the membrane surface of RGCs. After isolation, coverslips containing isolated RGCs were 

pretreated with gabapentin prior to being fixed and stained with antibody against the α2δ1 

calcium channel accessory subunit. To reduce staining of α2δ1 in the cytoplasm of RGCs, 

Triton-X (a detergent used to permeabilize cells) was excluded from all immunohistochemical 

solutions (Bauer et al., 2009). Fig. 4A (top) shows an example confocal z-stack image of an 

isolated RGC stained for α2δ1 in the absence of gabapentin pretreatment. When individual 

confocal sections were examined (Fig. 4A, middle), α2δ1 staining appeared to be more 

predominant on the cell membrane (outer edges) of the cell body, and the dendrites were also 

strongly labeled. Fig. 4A (bottom) shows the staining intensity of a cell plotted versus distance 

across the cell (cross section indicated by white box in middle panel). This plot projection shows 

that α2δ1 staining intensity was greater on the cell membrane compared to the cytoplasm. In 

parallel experiments, pretreatment of RGCs with gabapentin (10 µM, 4h) reduced the overall 

staining intensity of α2δ1 in both the cell body and dendrites (z-stack, Fig. 4B, top). In addition, 

examination of individual confocal sections (Fig. 4B, middle) showed that α2δ1 staining did not 

appear to be localized to the cell membrane and was very diffuse overall. Indeed, the cross 

section plot profile (Fig. 4B, bottom) showed that staining was similar at the cell membrane and 

cytoplasm. These results suggest that gabapentin reduced the cell surface expression of α2δ1 –

containing Ca2+ channels. To quantify α2δ1 staining in the absence and presence of 

gabapentin, the fluorescence intensities of isolated RGC cell bodies were measured (Fig. 4C). 

The AUC for α2δ1 staining was significantly smaller in cells that had been pretreated with 

gabapentin compared control RGCs. In addition, measuring the ratio between the α2δ1 staining 
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intensity at the cell membrane and cytoplasm showed that cells pretreated with gabapentin had 

significantly less staining at the cell membrane compared to cells that had not been treated with 

the drug (Fig. 4D). Secondary antibody control (Fig. 4E, left) and peptide preabsorption samples 

(Fig. 4E, right) showed no nonspecific labeling. These results suggest that similar to previous 

studies (Bauer et al., 2009), RGCs undergo gabapentin-mediated trafficking of α2δ1-containing 

Ca2+ channels away from the cell membrane. 

 

To determine whether the effects of acutely applied gabapentin on ICa in RGCs were related to 

channel trafficking or to another more rapid mechanism, cells that had been pretreated with 

gabapentin were exposed to an additional application of gabapentin during patch clamp 

recording. Fig. 5A shows an example of ICa recorded from an RGC that had been pretreated 

with gabapentin (10 µM, 18 h; left). After bath administration of gabapentin (10 µM, 2 min), ICa 

was further reduced (Fig. 5A; right). Mean data showed that acute gabapentin administration to 

RGCs that had been pretreated caused a further, significant reduction in ICa (Fig. 5B). When 

compared to RGCs that had not been pretreated, acute application of gabapentin showed a 

similar reduction in ICa in RGCs pretreated with gabapentin (Fig. 5C). These results suggest a 

separate more rapid mechanism of gabapentin-mediated reduction of ICa in RGCs, in addition to 

the α2δ1-mediated Ca2+ channel trafficking mechanism. 
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Fig. 4. Staining of α2δ1 Ca2+ channel auxiliary subunits was reduced in rat RGCs pretreated 

with gabapentin. (A) An example of an isolated ganglion cell stained with α2δ1 antibody in the 

absence of drug (60°— objective; scale bars 20 µm). Top: flattened z-stack image; middle: 

progressive confocal sections (0.25- µm thickness, 1 µm between each image) showing greater 

α2δ1 staining at the outer membrane; bottom: plot projection of cross section of cell (indicated 

by white bar) showed higher staining intensity at the outer edge of the cell. (B) Isolated RGC 

stained for α2δ1 after pretreatment with gabapentin (10 µM, 4 h). Overall cellular staining was 

reduced, especially in the dendrites. (60x objective; scale bars 20 µm). Top: flattened z-stack 

image; middle: progressive confocal sections (0.25- µm thickness, 1 µm between each image) 

showing diffuse α2δ1 staining of the cell body and very little staining in the dendrites; bottom: 

plot projection of cross section of the cell (indicated by white bar) showed no difference between 

staining intensity at the outer edge of the cell compared to the cytoplasm. (C) Mean data 

showed that isolated RGCs pretreated with GBP (10 µM, 4 h; hollow bar) had significantly 

reduced α2δ1 staining (determined by fluorescence intensity; see Materials and methods 

section for detailed description) compared to cells not treated with GBP (4–9 cells per group; * P 

< 0.05, t -test). (D) Mean data of plot projections measured for every cell showed that cells not 

treated with GBP had higher ratios of α2δ1 staining at the cell membrane (outer edge) 

compared to the cytoplasm (cell center; 4–9 cells per group; * P < 0.05, t -test). (E) Secondary 

antibody control (left) and preadsorption control (right) showed no nonselective α2δ1 staining. 
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Fig. 5. Acute administration of gabapentin to rat RGCs that had been pretreated further reduced 

ICa. (A) Examples of ICa recorded from an isolated ganglion cell pretreated with gabapentin 

(GBP, 10 µM, 18 h; left). Upon acute administration of gabapentin during the voltage-clamp 

recording (GBP, 10 µM, 2 min; right), ICa was further reduced. (B) Mean I-V relationships 

showed that administration of GBP to cells already pretreated with GPB significantly reduced ICa 

(n = 6; * P < 0.05, two-way RM ANOVA vs. pretreatment, paired data). (C) Comparison of ICa 

suppression by GBP in untreated and GPB-pretreated cells showed that acute application of 

GBP reduced ICa to a similar extent in both groups. 
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DISCUSSION 

The aim of the present study was to determine the effects of short duration (acute) and long 

duration (chronic) gabapentin administration in rat RGCs. Results showed that acutely 

administered gabapentin significantly reduced the amplitude of ICa in isolated RGCs and 

reduced Ca2+ transient amplitudes in retinal wholemounts. In addition, treating RGCs with 

gabapentin for prolonged periods of time reduced ICa compared to cells that had not been 

treated with gabapentin. Immunohistochemical experiments showed that chronic administration 

of gabapentin reduced the membrane expression of α2δ1 VGCC subunits in isolated RGCs. 

Interestingly, acute application of gabapentin to cells that had been pretreated showed further 

reductions in ICa. These results suggest multiple mechanisms of action of gabapentin in RGCs.  

 

The present study is the first to show a significant reduction in ICa and Ca2+ transients in 

mammalian RGCs after acute administration of gabapentin. While some previous studies report 

no acute effect of gabapentin on calcium channels (Rock et al., 1993; Kang et al., 2002; Davies 

et al., 2006); several studies have documented inhibitory effects of gabapentin on VGCCs even 

with brief applications of the drug (Stefani et al., 1998, 2001; Martin et al., 2002; McClelland et 

al., 2004). There are several possibilities for the discrepancy in responsiveness of neuronal cells 

to gabapentin (reviewed by Uchitel et al., 2010). It is well known that gabapentin binds to α2δ 

auxiliary subunits of VGCCs (Gee et al., 1996) and that α2δ expression varies in different cell 

types (Cole et al., 2005). In addition, studies have shown that α2δ subtypes are not selectively 

associated with specific α1 subunit isoforms (Schlick et al., 2010). Therefore, it is plausible that 

different experimental neuronal preparations (and even different cell types within these 

preparations) will have varied expression patterns of VGCC accessory subunits; thus, respond 

differentially to gabapentin. 
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Studies using α2δ1 overexpression models have shown a significant reduction in ICa in response 

to gabapentin application (Li et al., 2006). In addition, membrane expression of α2δ1 is 

increased in injury or disease states (Fehrenbacher et al., 2003; Bauer et al., 2009). Thus, it has 

been proposed that the acute effects of gabapentin on ICa may not be detected in the absence 

of some kind of cellular insult (Uchitel et al., 2010). Indeed, most ex vivo cell preparations 

involve some kind of damage to isolate tissues and individual neurons and cell culture 

conditions also affect neuronal expression patterns of VGCC accessory subunits (Martin et al., 

2002). The results of the present study show that isolated RGCs both expressed α2δ1 on their 

cell surface and showed a significant reduction in ICa in response to acute applications of 

gabapentin. Thus, these findings suggest that isolated RGCs may be a good model system to 

study the mechanism by which acute application of gabapentin reduces ICa. 

 

The long-term (chronic) mechanism of gabapentin action involves the modulation of α2δ  

trafficking to the cell membrane (Bauer et al., 2009). Chronic application of gabapentin reduces I 

Ca by decreasing the number of functional VGCCs at the cell surface (Hendrich et al., 2008; 

Bauer et al., 2009). Results of the present study show that chronic application of gabapentin 

reduced the cell surface expression of α2δ1 in isolated RGCs. These results are similar to those 

reported in other neuronal cell types and expression systems (Heblich et al., 2008; Hendrich et 

al., 2008). In addition, RGCs that had been chronically treated with gabapentin had significantly 

smaller ICa amplitudes than cells that had not been treated with gabapentin. These results 

demonstrate that reduced cell surface expression of α2δ1 after gabapentin treatment caused a 

parallel decrease in ICa amplitude. Interestingly, the present study is the first of our knowledge to 

report that cells pretreated with gabapentin show a further reduction in ICa in response to acute 

application of gabapentin. These results show that the chronic treatment of RGCs with 

gabapentin does not totally eliminate cell surface expression of α2δ1, as shown by our 
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immunohistochemical data, leaving some α2δ subunits available on the cell surface for 

gabapentin binding in the acute setting. These results suggest two distinct mechanisms of 

gabapentin action in isolated RGCs. First, a long-term mechanism, occurring on the order of 

hours to days, involves gabapentin modulating the availability (cell surface expression) of viable 

VGCCs. This mechanism explains the efficacy of gabapentin reducing ICa in neuropathic pain 

models (Bauer et al., 2009). However, results of the present study suggest an additional 

mechanism where acute application of gabapentin is able to reduce ICa on a more rapid time 

scale, even after cells have been chronically treated with gabapentin. It is possible that 

gabapentin interacts with the channel α1 subunit directly or that it interacts with the bound α2δ 

subunit and through one of these actions alters channel gating. RGCs also express GABA B 

receptors (Koulen et al., 1998), activation of which modulates N- and L-type VGCC gating in a 

concentration dependent manner in RGCs of lower vertebrates (Shen & Slaughter, 1999). While 

binding studies show no interaction between gabapentin and GABA B receptors (Suman-

Chauhan et al., 1993), there remains the possibility of GABA B receptor activation as well as 

other nonspecific actions of gabapentin. Further studies are required to elucidate the acute 

mechanism of gabapentin inhibition of ICa. 

 

Despite gabapentin being used clinically for decades, its precise mechanism of action in 

different disease conditions remains unclear. Studies have determined gabapentin binding sites 

(Gee et al., 1996) and have started to elucidate mechanisms by which the clinical effects of 

gabapentin arise (Bauer et al., 2009). However, studies have demonstrated that under different 

conditions, gabapentin produces different effects (Stefani et al., 2001; Martin et al., 2002; 

Uchitel et al., 2010). In addition, other auxiliary subunits of VGCCs and other ion channels may 

play important roles in the actions of gabapentin (Stefani et al., 2001; Martin et al., 2002; Mich & 

Horne, 2008). Thus, further studies are required to determine the roles of development, 

environment and cellular preconditioning in VGCC subunit expression, and sensitivity to 
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gabapentin. Understanding these factors may allow the development of a selective treatment 

strategy for conditions where calcium dysregulation is a predominant feature. 
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INTRODUCTION 

Retinal, optic nerve and brain injury may lead to vision loss by compression or trauma to retinal 

ganglion cell (RGC) axons that often lead to RGC death. Glaucoma, the second leading cause 

of blindness worldwide affecting nearly 70 million people,1 as well as optic nerve stroke, cause 

blindness through nerve injury.  

 

In the retina, more than 50% of RGCs degenerate one week after axotomy2,3 and more than 

90% of RGCs are lost by the third week after axotomy.2,3,4,5,6 A small percentage of RGCs 

survive up to one year following axotomy.5,6,7 The goal of these studies is to identify and 

characterize the RGCs that survive after optic nerve transection (ONT), and to determine 

whether they are representative of all RGC types or a subpopulation of RGCs in the rat retina. 

Knowledge of surviving RGC type morphology and neurochemistry may provide insights into 

intrinsic RGC protective features that mediate cell survival. These properties could provide the 

basis for the development of neuroprotective interventions to save vision. 

 

In the present study we have identified and analyzed the RGCs that survive after ONT in the rat 

retina. We have found that M1 ganglion cells are the most common ganglion cell type that 

remains in the retina 60 days following optic nerve axotomy, comprising 82 ± 8% of all surviving 

RGCs. 

 

MATERIALS AND METHODS 

Animals: Male adult Sprague-Dawley rats (250-300 g., >1 month old, Charles River 

Laboratories, Wilmington, MA) were used for these studies. The UCLA Chancellor’s Animal 

Research Committee has approved the animal care and use protocols (ARC #1998-064) and all 

of these studies were performed in accordance with ARVO’s Use of Animals in Ophthalmic and 

Visual Research and PHS Policy on Humane Care and Use of Laboratory Animals. All rat work 
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was performed in accordance with IACUC guidelines. 

 

Optic nerve transection model: 

Rats were anesthetized with 3-5% isoflurane in oxygen (1.5 L/min) during ONT. A small incision 

was made in the temporal conjunctiva of the left eye and gently peeled back posteriorly to avoid 

cutting blood vessels. The optic nerve sheath was incised 2 mm longitudinally, starting about 2 

mm behind the globe to expose the optic nerve. The optic nerve was transected completely by a 

needle knife without damaging the adjacent blood supply. Direct ophthalmoscopic inspection 

confirmed there was no bleeding from retinal blood vessels. The right eye was left unoperated 

and used as a control.  

 

Animals were deeply anesthetized with isoflurane (IsoFlo, Abbott Laboratories) and euthanized 

by decapitation at 7, 14, 21 or 60 days after axotomy. In rat retina, ONT results in ~50% loss of 

RGCs in the ganglion cell layer (GCL) at 7 days and ~95% loss of cells at 3 weeks after 

transection, respectively.2,3 

 

Immunohistochemistry: 

Immunohistochemistry was performed on whole-mount retinas. Antibodies to neurofilament-M 

(1:1000, MAB-1621; Millipore, Billerica, MA), melanopsin (1:250, PA1-781; Thermo Scientific, 

Waltham, MA) and RNA binding protein with multiple splicing (RBPMS, 1:1000) were used. The 

RBPMS polyclonal antibodies were generated against the N-terminus of the RBPMS 

polypeptide, GGKAEKENTPSEANLQEEEVR, in guinea pig by a commercial vendor (ProSci, 

Poway, CA), and affinity purified and characterized in our laboratory.8 Retinas were mounted on 

cellulose filter paper (Millipore) with the GCL up and fixed in 4% PFA for 10 minutes. Whole-

mounted retinas were incubated in 10% normal goat serum at 4°C overnight. The retinas were 

subsequently incubated in primary antibody for 5-7 days at 4°C, washed three times in 
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phosphate buffer (PB) 0.1 M pH=7.4 and then incubated overnight at 4°C in the appropriate 

secondary antibody (1:500, coupled to Alexa Fluor 488, 633 or Cy3, Invitrogen, Carlsbad, CA). 

After three final washes in PB, the retinas were mounted in Vectashield Mounting Medium 

(Vector Laboratories, Burlingame, CA). Coverslips were sealed with nail polish for prolonged 

storage. Slides were stored at 4°C and protected from light. 

 

Image analysis: 

Images were acquired using a Zeiss Laser Scanning Microscope 510 Meta or 710 (Carl Zeiss, 

Thornwood, NY) with a Zeiss Plan-Neofluar 25x/0.80 mm or a Zeiss C-Apochromat 40x 1.2 NA 

corrected water objective at a resolution of 1024x1024 pixels. Images are presented as 

projections consisting of 6–17 optical sections (z-axis step size 0.3-1 mm). Three morphological 

parameters were analyzed: dendritic field area, dendritic field diameter and somal diameter. 

Dendritic field area was calculated by using the public domain Java image processing software 

ImageJ (NIH). Confocal images, dendritic field and somal diameters were analyzed using the 

Zeiss LSM 510 proprietary software (version 3.2). The intensity levels and contrast of the final 

images were adjusted in Adobe Photoshop CS2 v.9.02 (Adobe Systems, San Jose, CA). 

 

Quantification of RGCs: Confocal images were taken at 40x magnification of RBPMS-, NF and 

melanopsin immunoreactive cells from whole mounted retinas. Images were collected at 0.5-

mm intervals from the optic nerve head to peripheral retina. At least 3 retinal fields per quadrant 

of each retina were analyzed. Cells were manually counted. 

 

Statistical analysis: 

All values are given as mean ± standard deviation and were compared for statistical difference 

by using the unpaired Student’s t-test. One-way ANOVA followed by Tukey test was used when 

more than two groups were compared (SigmaPlot; Systat Software Inc., San Jose, CA). P ≤ 
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0.05 was considered to be statistically significant. 

 

RESULTS 

RGCs remaining after axotomy were identified by RBPMS immunoreactivity (Fig. 1a), a 

selective marker of mammalian RGCs that is primarily expressed in the cell body8,9 and 

neurofilament-M (NF, Fig. 1b, arrows), a general marker of large and small RGCs.10, 11,12,13,14 

 

Neurofilament-immunoreactive cells: 

Among the NF-immunoreactive cells, we identified an ON-cell type, based on the distribution of 

their dendrites in the ON sublamina of the inner plexiform layer (IPL), that survived axotomy 

(Fig. 2). These cells were characterized by three to five stout primary dendrites that branched 

laterally, and formed a large dendritic field. These cells are among the largest RGCs with a 

somal diameter of 24.6 ± 3.4 mm (n=9 cells). The stratification and general morphology of these 

cells resemble ON α-RGCs in the rat retina15 (Fig. 2a, arrows). These cells undergo 

morphological changes after axotomy, including more than a 50% decrease in their dendritic 

field (Fig. 2b) 21 days after axotomy. In addition, some of these large cells had asymmetric 

dendritic fields with enlarged dendrites (Fig. 2c, arrows), indicative of neuronal damage.16,17 

Two months after ONT (Fig. 2d), the ON α-like ganglion cells comprised the majority of NF-

positive cells (98 ± 3%, n=3 retinas). 

 

Percentage of surviving NF-immunostained ganglion cells: The NF-immunostained cells (Fig. 

3c) constituted 17% of all RBPMS immunoreactive cells (143 NF ganglion cells/mm2; n=1 

retina), 46 ± 9% (103 ± 28 NF ganglion cells/mm2; n=4 retinas), 39 ± 15% (21 ± 11 NF ganglion 

cells/mm2; n=3 retinas), and 16 ± 5% (4 ± 3 NF ganglion cells/mm2; n=3 retinas) of the surviving 

RGCs7, 14, 21 and 60 days after ONT, respectively. 



	   181	  

 

Fig. 1. Whole-mounted rat retinas showing the effect of axotomy on RGC number and 

morphology. Left column is a control retina from the non-operated eye (a) RBPMS 

immunostaining (a specific marker for ganglion cells) in the ganglion cell layer at 7, 14 and 21 

days after optic nerve transection. (b) Neurofilament-M immunostaining (arrows) at 7, 14 and 21 

days after optic nerve transection. (c) M1 ganglion cells at 7, 14 and 21 days after optic nerve 

transection. (a, c) Scale bar=50 µm; (b) Scale bar=20 µm. 
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Fig. 2. ON α-like ganglion cells are the most resistant type of the neurofilament-M 

immunoreactive cells after axotomy. (a) Control eye showing ON α-like ganglion cells (arrows) 

and other neurofilament-M positive ganglion cells in the peripheral area. (b,c) Examples of 

morphological changes (arrows in C) 21 days after axotomy in the peripheral area. (d) Example 

of an ON α-like ganglion cell 60 days after optic nerve transection in the peripheral area. Scale 

bar=50 µm. 
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Fig. 3. Characterization of surviving M1 and neurofilament-M ganglion cells. Surviving M1 (a) 

and neurofilament-M ganglion cells (c) compared to the number of RBPMS immunoreactive 

cells after axotomy. (b) Number of M1 ganglion cells/mm2. (d) Dendritic field diameter 

measurements and (e) Dendritic area of M1 ganglion cells remain unchanged 21 days after 

axotomy. n.s = no significance, * indicates P<0.05 and ** P<0.001. 
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M1 ganglion cells: 

A different subpopulation of RGCs, M1 ganglion cells, which are a component of the intrinsically 

photosensitive RGC (ipRGC) population that mediates non-image-forming vision,18 were 

identified using a specific melanopsin antibody.18,19,20 A large number of the M1 ganglion cells 

remained after axotomy (Fig. 1c). 

 

Percentage of surviving M1 ganglion cells: M1 ganglion cells comprise ~2.5% of all RGCs in the 

rat retina.18 In this study, we found M1 ganglion cells comprised 1.7 ± 1% (16 ± 8 M1 ganglion 

cells of 1065 ± 525 RGCs/mm2; n=3 retinas), 28 ± 14% (29 ± 22 M1 ganglion cells of 156 ± 77 

RGCs/mm2; n=4 retinas), 55 ± 13% (21 ± 3 M1 ganglion cells of 46 ± 14 RGCs/mm2; n=3 

retinas) and 82 ± 8% (30 ± 7 M1 ganglion cells of 34 ± 4 RGCs/mm2; n=5 retinas) of the 

surviving RGCs 7, 14, 21 and 60 days after ONT, respectively (Fig. 3a). There was an initial 

decrease of M1 ganglion cell density 7 days after ONT (Fig. 3b), while the cell density stabilized 

at 14, 21 and 60 days after ONT. 

 

Soma size: A previous study reported that the average RGC somal diameters reduced 7 days 

after ONT in the rat retina.21 In contrast, M1 ganglion cell morphology appeared to be similar in 

non-injured and ONT retinas; the major somal diameters of M1 ganglion cells from ONT retinas 

were unchanged (not shown; n=16 cells from 3 retinas at 7 days after ONT, one-way ANOVA 

followed by Tukey test p=0.865; n=19 cells from 2 retinas at 14 days after ONT, p=0.960; n=37 

cells from 5 retinas at 21 days after ONT, p=0.999; n=28 cells from 3 retinas at 60 days after 

ONT, p=0.879) compared to M1 ganglion cells from non-injured retinas (n=26 M1 ganglion cells 

from 3 retinas). Similarly the minor somal diameters of M1 ganglion cells from ONT retinas were 

unchanged (not shown; n=16 cells from 3 retinas at 7 days after ONT, one-way ANOVA 

followed by Tukey test p=0.985; n=19 cells from 2 retinas at 14 days after ONT, p=0.498; n=37 

cells from 5 retinas at 21 days after ONT, p=0.834; n=28 cells from 3 retinas at 60 days after 
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ONT, p= 0.881) compared to M1 ganglion cells from non-injured retinas (n=26 M1 ganglion cells 

from 3 retinas). 

 

Dendritic field size: M1 ganglion cell dendritic field size significantly increased 7 days after ONT 

(n=16 cells; major dendritic field; one-way ANOVA followed by Tukey test p<0.001; minor 

dendritic field p=0.021), yet remained similar in size to M1 ganglion cells in normal retinas and 

in retinas 14 and 21 days after ONT (Fig. 3d; one-way ANOVA followed by Tukey test major 

dendritic field p=0.654, p=0.980, respectively; minor dendritic field p=1.000, and p=0.929; 

respectively). However, the dendritic coverage of M1 ganglion cells was unchanged 21 days 

after axotomy (Fig. 3e; t-test p=0.633). Interestingly, we observed an increase in the major axis 

of the dendritic field but not in the minor axis of the dendritic field at 60 days after ONT (n= 21 

cells; one-way ANOVA followed by Tukey test, major dendritic field p=0.038; minor dendritic 

field p= 0.680). 

 

Stratification patterns: The laminar position of the M1 ganglion cell dendrites in the IPL did not 

change after axotomy. Fig. 4a shows a confocal projection of M1 ganglion cells in a non-injured 

retina and its ramification in lamina 1 of the IPL. Sixty days after the ONT, M1 ganglion cell 

dendrites ramified in the same lamina of the IPL (Fig. 4b). 

 

Other surviving RGCs: 

In addition to M1 and ON α-like ganglion cells, triple labeling experiments showed 1.2 ± 0.3% of 

the RGCs identified by RBPMS immunoreactivity as neither M1- nor NF-positive in the GCL 60 

days after surgery with a soma size of 9.8 ± 3.7 mm (n=5 cells from 2 retinas; see Discussion). 

 

Displaced RGCs: 

RGCs located in the inner nuclear layer (INL), known as displaced ganglion cells, which are 
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reported to constitute about 2 - 3% of the total RGC population in mouse22,23 and rat retina,24 

were also investigated. At least 16 different types of displaced ganglion cells have been 

described in the rodent retina.23 Figure 5a shows a confocal image of RBPMS immunoreactivity 

in displaced ganglion cells in the control eye. After the ONT, few RBPMS immunoreactive cells 

were identified (Fig. 5b). Displaced M1 ganglion cells were the only displaced RGCs that were 

present 21 (n=3 retinas; Fig. 5c) and 60 days following ONT (not shown; n=3 retinas). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   187	  

 

Fig. 4. Morphological comparison of M1 ganglion cells in normal and optic nerve transected 

retina. (a) M1 ganglion cell immunostaining in the control eye. Bottom panel shows a side view 

with the typical stratification in the OFF sublamina of the inner plexiform layer. (b) M1 ganglion 

cell immunostaining 60 days after optic nerve transection. A displaced M1 ganglion cell is 

included (arrow). Bottom panel shows that in the injured retina the M1 ganglion cell dendrites 

remain in the same lamina of the IPL as in the control retina. Scale bar=50 µm. 
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Fig. 5. Displaced ganglion cells in the rat retina. (a) RBPMS immunostaining shows numerous 

displaced ganglion cells in the control eye. (b) The majority of the RBPMS positive cells are lost 

21 days after axotomy. The surviving displaced ganglion cells (b) correspond to M1 ganglion 

cells (c). Scale bar=50 µm. 
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DISCUSSION 

M1 ganglion cells comprise the largest population of RGCs amongst all surviving RGC types 

following nerve injury; M1 ganglion cells comprised 82 ± 8% of the surviving RGCs two months 

after ONT. Several groups have reported that some RGCs are more resistant to axotomy, all of 

which were reported to have large cell bodies.25,26,27,28,29 

 

M1 ganglion cells are reported to be resistant to death in several injury and disease models, 

including axotomized mouse RGCs and chronic ocular hypertension.28,29,30 A study performed 

by Mey and Thanos (1993) described two “types” of RGCs that were resistant to axotomy at 3 

weeks. One of the RGCs was described as a “large ganglion cell,” which resembles the ON α-

like ganglion cell in our study. The second RGC type was the only cell type that survived one 

year following axotomy, which was described as a “new type” of RGC characterized by long and 

meandering dendrites. The descriptions of the morphology and dendritic field size of these cells 

match that of the M1 ganglion cells. 

 

The minority (1.2 ± 0.3%) of surviving RGCs that were neither M1- nor NF-positive (60 days 

following ONT) could correspond to another RGC type that also survives axotomy. One 

possibility is that these cells belong to another melanopsin ganglion cell type. However, to our 

knowledge, only the M1 ganglion cell type has been reported in rat retina compared to the five 

different melanopsin ganglion cell types in mouse retina.31 In view of the reports that utilized 

genetic techniques and improved antibodies to identify multiple cell types in mouse,31,32,33 there 

is a possibility that the other surviving cell types also contain low levels of melanopsin, which 

are below the level of detectability of the antibody used for these studies. 

 

The other RGC that remained after axotomy is an ON α-like ganglion cell, which corresponds 

best morphologically to M4 melanopsin ganglion cells in the mouse retina.34 Future experiments 
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are needed to determine whether the surviving ON RGC type is a melanopsin-containing RGC. 

Experiments could include light response recordings, intrinsic membrane properties and 

photocurrents to examine whether they exhibit sustained, synaptically driven ON responses as 

reported for the M4 ganglion cells.34 

 

We have shown that the surviving M1 ganglion cells undergo changes in their dendritic field size 

at 7 and 60 days following ONT. Dendritic elongation/reduction might be attributed to the 

absence of neighboring neurons and dendrites in the IPL. When dendrites are depleted, M1 cell 

dendrites might have a preference in the direction of their growth in response to the loss of 

synaptic contacts to ganglion cells, amacrine cells and bipolar cells. Precedents for asymmetric 

growth in RGC dendrites have been shown after local lesions in the retina.16,17 

 

One possible explanation for the survival of M1 ganglion cells is their close relationship to 

dopaminergic amacrine cells. Since dopamine has been shown to be neuroprotective against 

glutamate-related neurotoxicity in rat retinal neuron cultures and against glutamate-induced 

excitotoxicity,35,36 synaptic contacts between the dendrites of M1 ganglion cells and 

dopaminergic amacrine cells processes37 could provide support to the RGCs to prevent 

degeneration. 

 

A second possibility is that surviving RGCs may be supported by other retinal cells located in 

the INL that do not contact M1 dendrites. A subpopulation of M1 ganglion cells have collateral 

axons that do not leave the eye and innervate the IPL.38 These axonal collaterals could form a 

novel retinal circuit that maintains M1 ganglion cells after optic nerve injury. 

 

Finally, there are three major survival mechanisms that may impact these cells. A molecular 

mechanism mediating ganglion cell survival might involve PTEN/mTOR, JAK/STAT or PACAP 
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pathways. The PTEN/mTOR pathway, which regulates dendritic growth in cortical pyramidal 

neurons39 and supports ganglion cell axon regeneration in the retina,40 may also play a 

neuroprotective role in RGCs, including M1 ganglion cells. This speculation follows from studies 

showing that inhibition of the PTEN/mTOR pathway provides protection against many 

pathologies including neurodegenerative diseases, cancer, heart diseases, obesity and kidney 

disease.41,42,43 Akt plays a critical role in controlling the balance between survival and 

apoptosis44,45,46 and is activated by insulin and various growth and survival factors involving 

phosphatidylinositol 3-kinase (PI3-kinase).44,45 The phosphatase and tensin homologue deleted 

on chromosome ten (PTEN) is a major suppressor of phosphoinositide-3 kinase/Akt signaling, a 

vital survival pathway in lung parenchymal cells, RGCs, ischemic brain injury, and traumatic 

brain injury.47,48,49 PTEN plays a key role in cell migration, survival and apoptosis by negatively 

regulating phosphoproteins in the PI3K/Akt pathway. 

 

A second possible mechanism mediating RGC survival is an activation of the janus family 

tyrosine kinases (JAKs) and signal transducer and activator of transcription (STAT) proteins 

(JAK/STAT pathway). IL-6 is an activator of the JAK/STAT pathway, which is produced by 

Mu% ller cells and rescue photoreceptors under stress and RGCs after ischemia-reperfusion in 

vivo.50,51 This pathway is involved in cellular survival, proliferation, differentiation and 

apoptosis.52 

 

An alternative mechanism could be mediated by the neuropeptide pituitary adenylate 

cyclaseactivating polypeptide (PACAP), which has a cytoprotective action in neurons and other 

tissues.53 Since PACAP is colocalized with the melanopsin-containing ganglion cells,54 it would 

be interesting to determine whether M1 ganglion cells survive ONT in a PACAP knockout 

mouse. 
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Gap junctions are channels that are also involved in allowing the passage of proapoptotic 

signals between apoptotic cells and healthy surrounding cells.55,56 Although it is unclear which 

molecules are involved in promoting apoptosis, some proapoptotic signal molecules could 

include Ca2+, inositol triphosphate (IP3), ATP and cAMP.55 It has been reported that the effect 

of survival and apoptosis through gap junctions is partially connexin-dependent.55,56,57 In the 

retina, most RGC express Cx3658 and a few RGC types express Cx4559 and Cx30.2.60 It has 

been postulated that melanopsin RGCs express Cx30.2,61 which has the lowest single channel 

conductance among all members of the connexin family,62 and are coupled to amacrine cells 

rather than ganglion cells.61 One might speculate that the combination of these factors might 

impede the passage of death signals from apoptotic ganglion cells to the melanopsin RGCs. 

 

In conclusion, M1 ganglion cells are an optic nerve injury-resistant RGC subtype that offers an 

exceptional opportunity to explore neuroprotective molecules which could mitigate the loss of 

vision following optic nerve injury. 
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DISCUSSION 

Localization of VGCCs in RGCs and their axons 

Localization of the VGCCs to the RGCs extends the findings of previous studies that 

pharmacologically and biophysically isolated the contribution of L-, N-, P/Q- and T-type VGCCs 

in rat RGCs (Guenther et al., 1994; Farrell et al., 2010).  

 

Despite previous studies that identified VGCCs in whole retina and RGCs through the use of 

PCR and immunohistochemistry, respectively (Rodriguez et al., 2014), many questions still 

remain regarding the cellular localization and distribution of the Ca channels in the GCL. 

Contributing to this uncertainty is the lack of a specific RGC marker capable of identifying all 

RGC subpopulations. Use of the newly synthesized RGC marker – RNA-binding protein with 

multiple splicing (RBPMS) – which has been shown to label all subtypes of RGCs in rat, mouse, 

guinea pig and rabbit (Rodriguez et al., 2014), provides a superior method to localize the 

VGCCs to the RGCs. As outlined in Rodriguez et al. (2014), prior to the identification of RGCs 

with RBPMS, researchers utilized many techniques including retrograde labeling via injection of 

horseradish peroxidase (HRP), Fluorgold or 1,18-dioctadecyl-3,3,38,38-

tetramethylindocarbocyanine perchlorate (DiI) into CNS projections or RGC axons, respectively 

(Bunt et al., 1974; Berkelaar et al., 1994; Huxlin and Goodchild, 1997; Pang and Wu, 2011).  

However, such techniques require invasive injections and are often limited to labeling of a 

particular RGC type (Rodriguez et al., 2014). In addition, antibodies such as NeuN, Thy1, and 

substance P have also been utilized to differentiate RGCs from the displaced amacrine cells in 

the GCL (Rodriguez et al., 2014).  However, such antibodies are also limited in their capacity to 

label an antigen of a subpopulation of RGCs, which is often shared with displaced amacrine 

cells (Rodriguez et al., 2014; Barnstable and Drager, 1984; Perry and Cowey, 1984; Brecha et 

al., 1987; Mullen et al., 1992; Buckingham et al., 2008; Johansson et al., 2010). These findings 

provide the necessary groundwork to further investigate the localization of the auxiliary Ca 
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channels and to establish their functional properties and contributions of each VGCC to the 

depolarization-evoked calcium signal.  

 

Similar immunohistochemical preparations were utilized to localize the auxiliary α2δ3 subunit to 

the RGCs in both wholemount and transverse retinal preparations. The α2δ3 auxiliary Ca 

channel subunit colocalized with every RBPMS-positive somata in the GCL, suggesting that 

every RGC expresses the subunit in rat and mouse (Pérez de Sevilla Müller et al., in 

preparation). In the INL, the α2δ3 auxiliary Ca channel subunit colocalized differentially with the 

glycinergic and GABAergic amacrine cells and bipolar cells. These findings suggest that the 

α2δ3 auxiliary Ca channel subunit may be involved in the modulation of numerous regulatory 

mechanisms including, but not limited to, neurotransmitter release and synaptogenesis (Pérez 

de Sevilla Müller et al., 2014b, in preparation). 

 

The knowledge acquired in these studies has paved the road for future studies to investigate the 

co-expression of each VGCC with the auxiliary α2δ3 subunit.  Differential RGC expression of 

the α2δ3 to each VGCC will provide insight into the functional role of the auxiliary Ca channel 

protein.  Future studies are warranted to identify differential expression patterns of the auxiliary 

Ca channel proteins to the VGCCs in various subpopulations of RGCs.  

 

Functional properties of VGCCs in RGCs and their axons 

Following the anatomical identification of the L-, N-, and P/Q-type VGCCs to the RGCs and the 

L- and N-type VGCCs to the axons, we sought to investigate the contributions of each VGCC to 

the calcium signal. Given the accessibility of the RGCs and their axons, the wholemount retinal 

preparation provides a unique platform to study calcium signaling in both the somata and 

unmyelinated RGC axon bundles. These studies not only provided the groundwork for our 
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understanding of calcium signaling in RGCs, but also revealed an unexpected role for calcium 

signaling in the unmyelinated RGC axons.  The revelation of calcium signaling in RGC axons 

may lead to a paradigm shift in current therapeutic strategies whose primary focus has been to 

ameliorate the increased [Ca2+]i in the somata.  Targeted therapeutic intervention to reduce 

aberrant calcium levels in the axon provides a novel approach to reduce calcium levels in the 

somata.     

 

These studies established the foundations for which further research can be built upon to better 

understand the role of calcium signaling in an injury model such as optic nerve crush, optic 

nerve transection, trauma and neurodegenerative models. Investigation in an injury model will 

help elucidate which VGCC is predominantly responsible for the detrimental rise in calcium 

levels following injury.  

 

Methods used for localization and functional studies 

Wholemount and transverse retinal sections were processed for immunohistochemistry to 

localize the VGCCs to the RGCs and their axons.  Use of the retinal wholemount preparation 

provided a unique platform to identify the cellular distribution and percentage of Ca channel 

immunopositive RGCs, while transverse retinal sections provided a platform to visualize the 

stratification of the RGC dendrites within the IPL. 

 

Calcium imaging studies were employed to semi-quantitatively measure the functional 

contributions of each channel.  Given the high population of displaced amacrine cells in the 

GCL, unique dye-loading methods were utilized to selectively label RGCs and their axons (as 

described in Sargoy et al., 2014b). Therefore, conventional bulk loading with Fluo-4 AM could 

not be used due to its non-selective properties. The visualization of the aforementioned 
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techniques has provided a platform for future researchers to investigate the modulation of 

calcium signal in an injury model.  

 

Inhibition of calcium signals with the α2δ1 and α2δ2 inhibitor gabapentin 

Identification of the auxiliary α2δ1 and α2δ2 Ca channel subunits to RGCs and their axons has 

been of great interest due to the binding affinity of gabapentin – an FDA approved inhibitor of 

α2δ1 and α2δ2 subunits. Pharmacological analysis using calcium imaging and patch clamp 

techniques revealed significant acute and chronic effects of gabapentin on RGCs and their 

axons.  Due to the binding affinity of gabapentin to the α2δ1 and α2δ2 subunits, the reduction in 

calcium signal and calcium current is thought to be mediated by α2δ1 and α2δ2 inhibition.   

 

These studies further extend the findings of Sargoy et al. (2014a) that investigated the 

functional contributions of the Ca channels to the calcium signal. Such findings established the 

contribution of α2δ1 and α2δ2 Ca channel subunits to the depolarization-evoked calcium signal.  

These studies are of great interest due to the potential therapeutic modulation of aberrant 

calcium signaling through VGCCs coupled to α2δ1 and α2δ2 auxiliary subunits. Further analysis 

is warranted to reveal differential expression patterns of the α2δ1 and α2δ2 Ca channel 

subunits to the various VGCCs. These future studies will provide significant therapeutic insight 

to determine if inhibition of the α2δ1 and α2δ2 auxiliary subunits is capable of preventing RGC 

death caused by aberrant calcium signaling.  

 

Injury-resistant RGC 

The goal of the previous studies was to establish a concrete understanding of the localization 

and contribution of VGCCs and their auxiliary subunits in RGCs and their axons. These findings 

are expected to provide the groundwork for future studies to reduce aberrant signaling following 
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injury. The goal of the following studies was to identify a RGC type that is more resistant to 

injury than any other RGC type in the retina. The impetus behind the identification of an injury-

resistant RGC type is to provide a platform for future studies to investigate the calcium signaling 

and expression patterns that contribute to its superior ability to withstand injury. 

 

Melanopsin-containing RGCs have been widely studied due to their role in circadian regulation.  

Their large cell somata and well-characterized dendritic stratification serve as an excellent 

model for the study of cell survival following injury (Pérez de Sevilla Müller et al., 2014). Optic 

nerve transection was employed to mimic a severe form of injury.  Immunohistochemical 

analysis was performed as outlined in Sargoy et al. (2014b) to measure the morphological 

changes of the cell soma size and dendritic arborization. The use of RBPMS to identify RGCs 

provided a superior method over all existing techniques to localize melanopsin immunopositive 

labeling to the RGC population.  

 

Many explanations for the survival of M1 ganglion cells have been postulated in Pérez de 

Sevilla Müller et al. (2014), three of which are discussed. The first explanation suggests that the 

release of dopamine from dopaminergic amacrine cells – which has demonstrated 

neuroprotection against glutamate-induced excitotoxicity – is thought to contribute to M1 RGC 

survival (Pérez de Sevilla Müller et al., 2014). An alternative proposal suggests that the axonal 

processes of a subgroup of M1 RGCs that remain within the eye form synaptic connections in 

the IPL (Joo et al., 2013), where they receive synaptic input that confers neuroprotection. A third 

possibility suggests that M1 RGC survival is mediated through interactions with the 

PTEN/mTOR, JAK/STAT or PACAP pathways (Pérez de Sevilla Müller et al., 2014).  
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Ganglion cell loss as a cause of blindness 

Vision loss is a devastating condition that affects millions of people worldwide.  In the United 

States, approximately 3.6 million people over the age of 40 are visually impaired, while one 

million people over the age of 40 are legally blind (NEI and Prevent Blindness America, 2008).  

One of the causes in blindness is due to a condition known as glaucoma, which affects 

approximately 2.3 million people in the United States (NEI and Prevent Blindness America, 

2008).  

 

As the output cells in the retina, RGC somata have been the primary target for many of the 

neuroprotective strategies employed to ameliorate apoptosis that gives rise to vision loss 

(Quigley et al., 1995; Kerrigan et al., 1997; Huang et al., 2005a,b). Elevated IOP has been 

implicated as the primary cause of glaucoma due to its linkage with detrimental effects on the 

RGCs. In an effort to elucidate the role of elevated IOP on RGC death, many pharmacological 

strategies have been employed to lower IOP including surgical intervention and topical 

medication (Heijl et al., 2002). However, such studies revealed that elevated IOP does not 

necessarily correlate to the onset of glaucoma, as only ~ 50% of glaucoma patients present with 

increased IOP (Shields, 2008). The lack of therapeutic benefit from strategies targeting the 

reduction of elevated IOP has sparked interest in alternative strategies that directly target the 

mechanisms that underlie neurodegeneration (McKinnon et al., 2008) such as elevated [Ca2+]i 

levels.  

 

Recent efforts have been made to shift the focus from the RGC somata to the RGC axon to 

investigate alternative mechanisms that contribute to RGC death. As discussed in Crish & 

Calkins (2011), a new wave of research has emerged to investigate the role of 

‘compartmentalized degeneration,’ which describes the differential degeneration of the soma 

and its axon and/or dendrites. There are presently two lines of thought regarding the process by 
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which axons degenerate via Wallerian degeneration or dying back (Crish & Calkins, 2011; 

Coleman, 2005). Interestingly, Wallerian degeneration is thought to produce deterioration along 

the whole length of the axon in a concerted fashion (Crish & Calkins, 2011). On the other hand, 

deterioration of the axon in the dying back model is thought to begin at the distal tip and 

progress in a retrograde manner towards the soma (Crish & Calkins, 2011). This area of 

research is of particular interest due to many diseases that affect the RNFL including optic 

neuritis, compressive neuropathy and glaucoma (Rashid & Miller, 2008; Kanamori et al., 2004; 

Greenfield and Weinreb 2008). 

 

The process by which RGC axons undergo degeneration in neurodegenerative diseases such 

as glaucoma is currently under debate.  Wallerian degeneration was thought to account for the 

complete deterioration of the injured myelinated axons, which occurred prior to RGC loss 

(Salinas-Navarro et al., 2009; Crish & Calkins, 2011). However, conflicting reports suggest that 

RGC axons undergo dying back degeneration as evidenced by their functional proximal 

segments (Nickells, 2007; Crish et al., 2010).  Interestingly, the characteristic beading 

appearance of axons that have undergone Wallerian degeneration do not emerge in human or 

animal glaucoma models (Nickells, 2007; Crish et al., 2010).  

 

Regardless of the type of degeneration RGC axons undergo, elevated [Ca2+]i remain the 

unifying thread between Wallerian degeneration and the dying back phenomena that contribute 

to RGC death (Crish & Calkins, 2011).  As previously stated, increased calcium levels lead to a 

cascade of events that result in excitoxic effects including degradation of the cytoskeleton 

(Coleman, 2005), disruption of homeostasis and cell death induced by caspase-dependent 

processes (Bredesen et al., 2006). However, little research has been devoted to establishing a 

concrete understanding of the differential expression and contribution of the VGCCs that 

contribute to the increased calcium signal in the somata vs. axon.  
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Conclusion 

Future studies are warranted to investigate the differential cellular localization and distribution of 

each Ca channel and their auxiliary subunits to the RGC population in injury and disease 

models. An understanding of the modulation of Ca channel expression will help identify the main 

Ca channel players involved in the excessive increase in intracellular calcium, which serves as 

the common link between neuronal cell death and axonal loss in many neurodegenerative 

diseases (Crish and Caulkins, 2011).  Identification of such Ca channels will provide crucial 

insight into the development of therapeutic drugs to prevent the deleterious effects of aberrant 

calcium signaling and shed light onto potential neuroprotective roles of calcium that may 

account for the survival mechanisms underlying particular RGC subpopulations.   
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