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Abstract  
 
 

The cytoskeletal matrix of the active zone (CAZ) and synaptic voltage-

dependent calcium channels (VDCCs) are both required for the organization and 

regulation of synaptic vesicle release. Here we report a novel interaction between 

the CAZ protein family ELKS and VDCC β subunits. We found that two isoforms 

of ELKS (ELKS2 and ELKS1b) and two isoforms of VDCC β subunits (β1b and 

β4) co-immunoprecipitated. Using fluorescent immunohistochemistry, we 

observed colocalization between ELKS1b and VDCC β4 at synapses in the 

molecular layer of the cerebellum, suggesting a synaptic role for the interaction of 

these two proteins. Analysis of a P/Q-type VDCC knockout mouse (Cacna1a-/-) 

revealed that the localization of the VDCC β4 subunit to the molecular layer was 

disrupted, although ELKS1b protein localization was not affected. The results 

demonstrate that two isoforms of the ELKS family and two VDCC β subunits 

interact and suggest that their interaction may play a role in the organization of 

the active zone. 
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1. Introduction 
 

Study rationale 

Synaptic vesicle release results from the influx of calcium through voltage-

dependent calcium channels (VDCCs) (Katz, 1996) at highly specialized regions 

of the presynaptic membrane called active zones (Landis et al., 1988). When 

calcium enters the presynaptic terminal through a VDCC, the calcium 

concentration increases steeply in a small domain immediately surrounding the 

VDCC (Neher, 1998). As it is this increase in calcium concentration that triggers 

synaptic vesicle release (Katz, 1996), calcium channels, synaptic vesicles and 

regulatory proteins need to be in close proximity (Stanley, 1997), and are 

therefore likely to interact. This thesis is primarily concerned with the organization 

of the active zone and is particularly focused on the interactions between calcium 

channels and the proteins of the active zone cytomatrix that have structural and 

regulatory roles at the active zone. 

 

Calcium channels 

VDCCs are central to the process of synaptic transmission. VDCCs 

consist of the pore-forming α subunit and auxiliary β and α2δ subunits (Catterall, 

2000). The β subunit is an intracellular protein and has a strong affinity for the α1 

subunit (De Waard et al., 1995). The α2δ subunit is an extracellular protein and 

may have synaptogenic functions that are independent of its participation in the 

calcium channel complex (Eroglu et al., 2009; Kurshan et al., 2009). A γ subunit 
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has been proposed to join postsynaptic calcium channel complexes in some 

systems, but its presence and function is debated (Black, 2003; Leitch et al., 

2009). 

Of the genes that encode VDCC α subunits, α1A (P/Q-type VDCC, 

Cav2.1), α1B (N-type VDCC, Cav2.2) and α1E (R-type VDCC, Cav2.3) are the 

primary mediators of synaptic transmission (Catterall, 2000). While all four of the 

VDCC β subunits are able to interact with each VDCC α1 subunit (De Waard et 

al., 1995; Scott et al., 1996; Muller et al., 2010), it appears that some VDCC α1 

subunits have a preference for specific VDCC β subunits (Muller et al., 2010; 

Obermair et al., 2010). For instance, the VDCC α1A subunit (P/Q-type VDCC) 

binds most strongly to the VDCC β4 subunit (De Waard et al., 1995; Muller et al., 

2010). The biochemical basis for a preferential interaction between VDCC α1A 

and VDCC β4 may lie in the fact that, in addition to the high affinity binding site 

that allows all VDCC β subunits to bind to VDCC α subunits, VDCC β4 has two 

lower affinity interaction sites that increase its specificity to the VDCC α1A 

subunit (Walker et al., 1998; Walker et al., 1999).  

 

Calcium channels are important for the integrity of the active zone 

Previous work from our lab demonstrated that the interaction of calcium 

channels with the extracellular matrix molecule laminin β2 was necessary for 

maintenance of active zone structure at the neuromuscular junction (NMJ), as 

well as able to induce presynaptic differentiation in motor neurons (Nishimune et 

al., 2004). This suggests that VDCCs play an important role in the organization of 
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the active zone. The interaction between VDCC β4 and CAZ proteins reported in 

this thesis is one potential mechanism by which extracellular interactions of 

VDCCs might influence the organization of the active zone. 

 

Cytomatrix of the active zone 

The cytomatrix of the active zone (CAZ) is a densely interlinked network of 

proteins that overlies the presynaptic membrane (Landis et al., 1988; Schoch and 

Gundelfinger, 2006). CAZ proteins interact with synaptic vesicles, regulate 

synaptic vesicle fusion, and most likely specify the location of synaptic vesicle 

fusion (Rosenmund et al., 2003). Vertebrate active zone proteins include 

Bassoon, Piccolo, Muncs, RIMs, and the ELKS/CAST/Rab6 interacting protein 

family (Fig. 1.1) (Schoch and Gundelfinger, 2006). Many interconnections among 

CAZ proteins have been described, as exemplified by the ELKS/CAST/Rab6 

interacting protein family, which links to all known active zone proteins (Schoch 

and Gundelfinger, 2006; Hida and Ohtsuka, 2010).  

 

Links between Ca2+ channels and CAZ 

In contrast to the extensive knowledge about interconnections between 

CAZ proteins (Schoch and Gundelfinger, 2006), only two of the CAZ proteins, 

Rim and Piccolo, had been reported to interact with VDCCs when we began 

these studies (Coppola et al., 2001; Shibasaki et al., 2004; Kiyonaka et al., 2007; 

Uriu et al., 2010; Kaeser et al., 2011). In Drosophila NMJs, it was recently 

reported that the synaptic calcium channel (α1 subunit) interacts directly with the  
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Figure 1.1 Active zone function requires close association of VDCCs, 

synaptic vesicles and CAZ proteins like ELKS and Bassoon. The VDCC α1A 

subunit has a very tight association with the VDCC β subunit, but it also interacts 

with a wide variety of proteins (Muller et al., 2010). The CAZ proteins (Bassoon, 

Bsn; Piccolo, Pclo, Rim and ELKS) have so many interconnections amongst 

themselves that not all interactions could be shown. Synaptotagmin (Syt) and 

Rab3 proteins link the calcium channel and CAZ complexes to the synaptic 

vesicles, which is important for efficient neurotransmission. ELKS occupies a 

central position in the CAZ, as it binds to many of the other active zone proteins.  
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ELKS family member Bruchpilot (Fouquet et al., 2009). This suggested the 

possibility that the ELKS family of proteins might bind to VDCCs in vertebrates as 

well. Indeed, our recent publication demonstrated that vertebrate forms of ELKS2 

were capable of interacting with VDCCs through the β subunits (Chen et al., 

2011). We also showed that Bassoon could interact with VDCCs (Chen et al., 

2011). 

 

ELKS proteins 

ELKS proteins are encoded by two separate genes: ELKS1 and ELKS2 

(Wang et al., 2002). The nomenclature of these two genes was complicated by 

multiple independent clonings and characterizations (See Table 1 for summary). 

ELKS2 was first discovered in a screen for synapse-specific proteins and is very 

specific to the brain, so its role in the synapse is well characterized (Ohtsuka et 

al., 2002). It is also present in NMJs (Juranek et al., 2006).  

It appears that both ELKS1 and ELKS2 have multiple splice variants 

(Kaeser et al., 2009). Alternative splicing of exon 17 creates the best-

characterized splice variants of ELKS1, ELKS1a and ELKS1b, which have 

different C-termini. ELKS1a is a ubiquitous, cytosolic protein that interacts with 

Rab6 and MICAL3 to promote constitutive vesicle exocytosis and has also been 

implicated in insulin exocytosis regulation (Ohara-Imaizumi et al., 2005; Grigoriev 

et al., 2011). The mRNA for ELKS1a can be detected in the brain (Nakata et al., 

2002), but its protein expression by western blot is extremely low (Wang et al., 

2002; Kaeser et al., 2009).  ELKS1b is a brain-specific splice variant that has an 
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Table 1 ELKS nomenclature 

Reference ELKS1a ELKS1b ELKS2 

(Nakata et al., 2002) 
ELKSδ 
ELKSε 

ELKSα 
ELKSβ 
ELKS γ   

(Monier et al., 2002) Rab6IP2B Rab6IP2A   
(Wang et al., 2002) Erc1a Erc1b Erc2 
(Ohtsuka et al., 2002)     CAST 
(Deguchi-Tawarada et al., 2004)   CAST2 CAST1 
(Kaeser et al., 2009) ELKS1αA ELKS1αB ELKS2αB 
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identical C-terminus to that of ELKS2 and exhibits similar characteristics to 

ELKS2 in that it binds to Rim1 and localizes to the active zones (Ohtsuka et al., 

2002; Wang et al., 2002; Deguchi-Tawarada et al., 2004; Inoue et al., 2006). Like 

ELKS2, ELKS1b can be found in the insoluble synaptic fractions when the brain 

homogenate is subjected to subcellular fractionation, although it is also present in 

a soluble cytosolic form (Ohtsuka et al., 2002; Wang et al., 2002; Ko et al., 2006). 

Given these similarities to ELK2, ELKS1b is likely to be important for synaptic 

function. 

However, the exact function of ELKS proteins in the brain is currently 

unclear. Interruption of Rim1 binding to ELKS and siRNA-mediated knockdown of 

ELKS1b have been found to decrease Ca2+-dependent exocytosis in excitatory 

synapses in cell culture models (Takao-Rikitsu et al., 2004; Inoue et al., 2006), 

suggesting that ELKS is required for neurotransmission. However, in an ELKS2 

knockout mouse, the loss of ELKS2 protein enhanced inhibitory synaptic 

transmission (Kaeser et al., 2009), indicating that the normal function of ELKS2 is 

to restrict the amplitude of inhibitory synaptic transmission. It is therefore 

uncertain whether ELKS proteins positively or negatively regulate 

neurotransmission. The discrepancy might be resolved by considering that some 

functions of ELKS proteins may not have been apparent in the ELKS2 knockout 

mouse due to compensation by the ELKS1b protein. While an ELKS1 knockout 

has been made (Sudhof, 2008), no detailed report on it exists. According to the 

preliminary report in the Mouse Genome International database (Sudhof, 2008), 

the ELKS1 knockout mouse dies at embryonic day 9, consistent with a significant 
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role for this protein, although it is currently impossible to distinguish the 

phenotype due to loss of ELKS1b in the brain from that due to the loss of the 

ubiquitous ELKS1a isoform. 

 

Cerebellum  

The cerebellar cortex has three layers: the molecular, Purkinje cell and 

granule cell layers (Fig. 1.2). Granule cells send their axons (called parallel 

fibers) up into the molecular layer, where they bifurcate and run parallel to the 

cerebellum lobules (Palay and Chan-Palay, 1974). In this study we will use 

parasagittal sections of the cerebellum, so that the parallel fibers are cross-

sectioned and have a puncta-like appearance in the molecular layer. The parallel 

fibers form synapses with Purkinje cell dendrites that are called parallel fiber-

Purkinje cell synapses. These glutamatergic, excitatory synapses are the 

predominant synapse type in the molecular layer (Palay and Chan-Palay, 1974). 

ELKS1b is highly expressed in the granule cells of the cerebellum, where 

there is little to no ELKS2 expression (Ko et al., 2006; Kaeser et al., 2009). 

VDCC β4 is the most highly expressed β subunit in the cerebellum (Ludwig et al., 

1997). The expression pattern of ELKS1 and VDCC β4 can be seen in Figure 

1.3. The strongest expression of ELKS1 is in the granule cells, whereas VDCC 

β4 is expressed in both the granule cells and the Purkinje cells (Fig. 1.3). The 

high expression of ELKS1b and VDCC β4 combined with the low expression of 

ELKS2 makes the cerebellum an ideal place to probe a potential interaction 

between ELKS1b and VDCC β4. Therefore, we chose the cerebellum as a model 
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system to analyze the interaction between ELKS1b and VDCC β4 to determine 

whether they might connect the CAZ complex to VDCCs and contribute to active 

zone organization. 
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Figure 1.2 The cerebellar cortex contains three well-defined layers. The 

exterior molecular layer contains parallel fiber-Purkinje cells synapses. The 

dendrites of the Purkinje cells fan out in the parasagittal plane in the molecular 

layer, and the Purkinje cell bodies (blue) form a monolayer just below. The 

granule cell bodies (red) pack densely in the third layer.  The parallel fibers 

(granule cell axons, green) extend from the granule cell bodies into the molecular 

layer, run parallel to the parlobular plane, and synapse with the Purkinje cell 

dendrites (blue). For clarity, the processes of only one Purkinje and one granule 

cell were elaborated. 
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Figure 1.3 Expression of ELKS1 and VDCC β4 mRNA in cerebellum. In situ 

hybridization was performed on sagittal cerebellar sections using probes specific 

for ELKS1 and VDCC β4. Both ELKS1 and VDCC β4 are highly expressed in the 

granule cells (GC), which send axons up into the molecular layer (ML) to 

synapse with Purkinje cell (PC) dendrites. VDCC β4, but not ELKS1, is 

expressed in the PC. Data is from the Allen Brain Atlas at www.brain-map.org. 
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2. Methods 
 
 
Animals  
 
Cacna1a-/- mice on a C57BL6/J background were previously generated and 

analyzed by Jun and colleagues (1996). All animal procedures were performed in 

accordance with the regulations of the University of Kansas Medical Center.  

 

Plasmids  

Full-length Flag-ELKS1b was subcloned from the cDNA KIAA 1081 (Kazusa 

DNA research Institute, Kisarazu, Chiba, Japan) and expressed as a Flag-tagged 

fusion protein. Full-length Flag-ELKS2 was subcloned from the Image clone 

6331997 (Open Biosystems) and expressed as a Flag-tagged fusion protein. The 

expression plasmid for full-length VDCC β4 was obtained from Origene (Catalog 

#: MC201619; Rockville, MD). The pMT2 expression plasmid for VDCC β1b (rat 

Cacnb1; NM_145121) was a kind gift from Dr. W. A. Catterall. The expression 

plasmid for the C-terminal end of VDCC α1A (5290-6636 bp) was subcloned 

from full-length VDCC α1A and expressed as a myc-tagged fusion protein. 

 

Antibodies  

The antibodies used in this study were as follows: mouse anti-VDCC β4 

(Neuromab, Davis, CA), mouse anti-β1 (Neuromab, Davis, CA), rabbit anti-

ELKS1b/2 (anti-Erc1b/2, Synaptic Systems, Göttingen, Germany), mouse anti-

Flag (Sigma, St. Louis, MO), mouse anti-Bassoon (SAP7F407, Enzo Life 
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Sciences, Plymouth Meeting, PA). Goat secondary antibodies conjugated to 

Alexa Fluor 488, 568 and 647 were used for fluorescent immunohistochemistry 

(Invitrogen). Alkaline phosphatase-conjugated secondary antibodies (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA) were used for western blot 

detection. 

 

Co-immunoprecipitation 

HEK293T cells were cultured in DMEM (Sigma), 10% FBS (Sigma) and 2.5% 

Penicillin/Streptomycin (Invitrogen) at 37°C, in 5% CO2. Cells were transfected 

with the expression plasmids using the calcium-phosphate precipitation method. 

Cells were harvested after 48-72 hours and lysed by pipetting in Triton-X 100 

lysis buffer (150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 1% vol/vol Triton-X 100, 

protease inhibitor tablet (Roche), 20 mM Tris, pH 7.4).  After rocking for 30 

minutes at 4°C, lysate was centrifuged at 10 000xg for 20 minutes. The 

supernatant containing the heterologously expressed proteins was used in 

immunoprecipitation reactions. 

All incubations took place at 4°C while continually shaking at 1200 rpm in 

a Fisher Thermomixer. For the immunoprecipitation, the VDCC β- and Flag-

ELKS-containing lysates were mixed together in the indicated combinations and 

incubated for 2 hours. Anti-VDCC β1b or anti-VDCC β4 antibody (0.5 µg) was 

added to the protein mixture and incubated for one hour. Protein-G-conjugated 

magnetic beads (Invitrogen) were then added and incubated for one more hour. 

For the Flag-ELKS1b-VDCC β4 reverse immunoprecipitation, Flag-ELKS1b was 
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mixed with anti-Flag antibody (0.5 µg) and protein G-conjugated magnetic beads, 

and then incubated for two hours. The beads, now complexed with anti-Flag 

antibody and Flag-ELKS1, were isolated from the supernatant, and incubated 

with VDCC β4 lysate for an additional two hours. After the immunoprecipitation 

incubations, the beads were washed extensively in Triton-X lysis buffer without 

the protease inhibitor, boiled in SDS-PAGE buffer, run on either a 7.5 or 10% 

SDS-PAGE gel, and blotted onto PVDF membranes using standard protocols. 

Membranes were blocked in 1% BSA/TBS-0.1% Tween 20, incubated with the 

indicated primary antibodies overnight at 4°C, washed with TBS-0.1% Tween 20, 

incubated with alkaline phosphatase-conjugated anti-mouse antibody, washed, 

and developed using CDP-STAR (PerkinElmer, Boston, MA). 

 

Immunohistochemistry  

Three pairs of wild-type and Cacna1a-/- littermates were euthanized at postnatal 

day 19 with isoflurane (Abbot # 5260-04-05) and perfused with 10 ml phosphate-

buffered saline (PBS) followed by 10 ml of 4% paraformaldehyde (PFA) in PBS. 

Brains were removed and fixed in 4% PFA at room temperature for one hour, 

and then washed three times in PBS. Tissue was cryoprotected in 20% 

sucrose/PBS overnight at 4°C and embedded in Tissue Tek Optimal Cutting 

Temperature medium (Sakura Finetek USA Inc. #4583 Torrance, CA). Twenty-

µm-thick sections were cryosectioned and mounted onto Superfrost plus slides 

(Fisher). Sections were air-dried at room temperature for 10 minutes, rehydrated 

in PBS for 10 minutes and then blocked for one hour at room temperature in 
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blocking solution (2% bovine serum albumin (Sigma), 2% normal goat serum 

(GIBCO), 0.1% Triton X-100 (Sigma) in PBS). The sections were incubated 

overnight at 4°C with primary antibodies diluted in blocking solution. Sections 

were washed three times in PBS, incubated with secondary antibodies and 4,6-

diamidino-2-phenylindole (DAPI), washed again in PBS and mounted in 

Vectashield (Vector Laboratories, Burlingame CA). Epifluorescent images were 

obtained on a Nikon 80i microscope [Plan Fluor 4x lens, NA = 0.13] to evaluate 

overall staining pattern. 

 

Image acquisition for colocalization  

Single optical planes were obtained from the molecular layer of the cerebellum of 

three wild-type animals using a Nikon C1Si confocal microscope with a 100x 

APO TIRF lens (Numerical aperture = 1.49). The xy pixel size was 69.1 nm per 

pixel. Images were exported as 8-bit tiff files and evaluated for colocalization in 

ImageJ. 

 

Colocalization analysis  

An iterative thresholding method was adapted to identify puncta and perform 

colocalization analyses (Fish et al., 2008). In ImageJ, confocal images were 

thresholded using the automatic threshold function. Using the Analyze Particle 

function, puncta of a restricted size range were identified at each of the threshold 

levels between 255 and the automatic threshold grayscale value. The puncta 

size range was restricted to between 0.095 um2 and 0.285 um2 for the following 



   16 

reasons: The lower value represents the area of a circle with the diameter of the 

average active zone length of adult mouse cerebellar parallel fiber-Purkinje cell 

synapses (0.348 ± 12 µm) (Takeuchi et al., 2005). This size is used as the lower 

bound because synaptic proteins tend to be evenly distributed along the active 

zone (Tao-Cheng, 2007), so puncta of synaptic antigens should have a diameter 

that is close to the full extent of the active zone. The upper value (0.285 um2) 

represents the size below which ninety-five percent of synaptic puncta will fall 

when imaged by light microscopy (Mishchenko, 2010).  

The regions of interest (ROI) generated by this process were combined 

using the ROI manager function and a mask of the combined ROI was created, 

such that each puncta identified was represented by a particle on the mask. The 

overlapping area between ELKS1b and VDCC β4 was analyzed by dividing the 

area of colocalized signals by the total area of ELKS1b signal. The number of 

colocalizing puncta, which we called ELKS1b-VDCC β4 areas, was analyzed by 

counting the number of ELKS1b puncta that overlapped with at least 0.05 µm2 or 

0.023 µm2 of the VDCC β4 puncta and dividing that number by the total number 

of ELKS1b puncta.  

The percentage of ELKS1b-VDCC β4 areas that overlapped with the 

active zone marker Bassoon was also calculated to determine whether ELKS1b 

and VDCC β4 colocalize at synapses. For this, the mask of colocalized areas 

between ELKS1b and VDCC β4 was size-restricted to greater than 0.05 µm2 

using the Analyze Particles function, resulting in a mask of all the ELKS1b-VDCC 

β4 areas that were larger than 0.05 µm2. Then, this mask was compared to a 
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mask of Bassoon signal using the object-based method of colocalization in the 

JaCOP plugin (Bolte and Cordelieres, 2006). This program found the centers of 

the ELKS1b-VDCC β4 areas and then determined whether those centers were 

located within a Bassoon puncta, which was defined as colocalization. The 

percentage of ELKS1b-VDCC β4 areas that colocalized with Bassoon was then 

calculated by dividing the number of ELKS1b-VDCC β4 areas colocalizing with 

Bassoon by the total number of ELKS1b-VDCC β4 areas.  

  

Fluorescent intensity quantification 

Epifluorescent images were obtained on a Nikon 80i microscope [Plan 

Apo 20x lens, NA = 0.75]. Three pairs of wild-type and knockout littermates were 

evaluated, and similar areas were imaged for each pair. Four to five areas of the 

cerebellar cortex were imaged, measured and averaged for each animal. The 

mean fluorescent intensity of the molecular layer was measured in ImageJ using 

a box of fixed width (230 pixels) that extended from the pia to the tops of the 

Purkinje cells. The mean fluorescent intensity of the granule cell layer was 

measured using a box of 230 pixels squared.  

 

Statistics  

We used a paired t-test when comparing wild-type and Cacna1a-/-, because the 

animals were littermates and were prepared and analyzed in pairs. Data are 

reported as mean ± SEM. 
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3. Results 
 

ELKS proteins bind to VDCC β subunits 

 Our initial set of experiments was performed using the mouse NMJ as a 

model system (Chen et al., 2011). Therefore, we tested the binding of ELKS2 

and VDCC β1b, because these two proteins are expressed in motor neurons 

(Pagani et al., 2004; Juranek et al., 2006). Performing co-immunoprecipitation 

with heterologously expressed protein lysates, we found that ELKS2 bound to 

β1b, but not to the C-terminus of VDCC α1A (Fig. 3.1A, B)(Chen et al., 2011). 

We did not observe co-immunoprecipitation in the control reactions when the bait 

protein was omitted (Fig. 3.1A, B)(Chen et al., 2011). This result shows that 

ELKS2 and VDCC β1b form a protein complex in vitro. 

Next, we tested the binding of ELKS1b and VDCC β4, which are highly 

expressed in cerebellum. We found that Flag-ELKS1b protein co-

immunoprecipitated with VDCC β4 (Fig. 3.2A)(Billings et al., 2012). To confirm 

the specificity of this interaction, we performed the co-immunoprecipitation in 

reverse, using an anti-Flag antibody against the Flag-ELKS1b protein. We 

detected co-immunoprecipitation of VDCC β4, which was the same molecular 

weight as the input VDCC β4 band (Fig. 3.2B)(Billings et al., 2012). We did not 

observe co-immunoprecipitation in the control reactions when the bait protein 

was omitted (Fig. 3.2A and 3.2B; HEK)(Billings et al., 2012). These data 

indicated that ELKS1b and VDCC β4 form a protein complex in vitro.  
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A B

 

 

 

 

Figure 3.1 VDCC β1b and ELKS2 form a protein complex. HEK cell lysates 

containing heterologously expressed proteins were incubated together in the 

indicated combinations and then immunoprecipitated with either anti-VDCC β1b 

or anti-myc antibody. A, ELKS2 co-immunoprecipitated with the VDCC β1b  

subunit. B, The Myc-tagged C-terminal cytosolic domain of the α1A subunit did 

not bind to ELKS2. Input controls (right lanes of each panel) indicate expected 

molecular weights. Figure adapted from (Chen et al., 2011). 
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Figure 3.2 VDCC β4 and ELKS1b form a protein complex. HEK cell lysates 

containing heterologously expressed proteins were incubated together and then 

immunoprecipitated with either anti-VDCC β4 or anti-Flag antibody. A, Flag-

ELKS1b co-immunoprecipitated with VDCC β4 when an anti-VDCC β4 antibody 

was used. B, In the reverse co-immunoprecipitation, VDCC β4 co-

immunoprecipitated with Flag-ELKS1b when an anti-Flag antibody was used. 

The lower molecular weight band observed in both lanes is a non-specific 

detection of the immunoprecipitation antibody. Input controls (right panels) 

indicate expected molecular weights. Figure adapted from (Billings et al., 2012). 
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 Taken together, these results demonstrate that both ELKS family 

members are able to interact with a VDCC β subunit. 

 

ELKS1b and VDCC β4 colocalize at molecular layer synapses 

To further investigate the interaction of ELKS1b and VDCC β4 in vivo, we 

performed immunohistochemistry ELKS1 and VDCC β4 on sagittal mouse 

cerebellar sections. Consistent with previous work (Ludwig et al., 1997; Deguchi-

Tawarada et al., 2004), ELKS1b/2 and VDCC β4 antibodies both stained the 

molecular layer. The ELKS1b/2 antibody recognizes the shared C-terminus of 

ELKS1b and ELKS2. As ELKS1 is highly expressed in the cerebellum, whereas 

ELKS2 is below the western blot detection level (Kaeser et al., 2009), the 

majority of signal observed here is likely to represent ELKS1b staining. While 

VDCC β4 staining was highly concentrated in the molecular layer, ELKS1b/2 

staining was found at similar intensities in both the molecular layer and the 

granule cell layer (Fig. 3.3).  

We then acquired confocal images of the molecular layer to analyze 

colocalization. VDCC β4 and ELKS1b/2 staining revealed many small, closely 

packed puncta distributed throughout the molecular layer (Fig. 3.4A, B)(Billings et 

al., 2012), which is consistent with the distribution of synapses between granule 

cells and Purkinje cells (Palay and Chan-Palay, 1974). We created masks that 

demarcated the puncta for each antigen (Fig. 3.4D, E)(Billings et al., 2012). 

When the overlapping area was analyzed,  
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Figure 3.3 ELKS1b/2 and VDCC β4 protein expression pattern in the 

cerebellum. Sagittal sections of wild-type (WT) and Cacna1a-/- cerebella 

werestained with anti-VDCC β4 and anti-ELKS1b/2 antibodies and visualized by 

fluorescent secondary antibodies. Scale bar = 0.5mm 
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Figure 3.4 VDCC β4 and ELKS1b/2 colocalize in the molecular layer of the 

cerebellum. Single optical planes were acquired by confocal microscopy after 

fluorescent immunohistochemistry with antibodies against VDCC β4 and 

ELKS1b/2 (A, B), and iterative threshold masks of the puncta for each image 

were created (D, E). The merged image (C) and mask (F) show VDCC β4 in 

green and ELKS1b/2 in red and their colocalization in yellow. Scale bar = 5 µm. 

Insets show a magnified area of the images. Scale bar = 500 nm. Figure adapted 

from (Billings et al., 2012). 
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16.35 ± 1.06% of the ELKS1b/2 signal overlapped with the VDCC β4 signal 

(Billings et al., 2012). When the number of colocalizing puncta was analyzed, 

25.06 ± 0.89% of the ELKS1b/2 puncta overlapped with VDCC β4 puncta by at 

least 0.05 µm2, and 45.48 ± 1.45% overlapped by at least 0.023 µm2 (Billings et 

al., 2012). These results revealed a moderate overlap between VDCC β4 and 

ELKS1b/2 in the molecular layer and suggested that ELKS1b/2 and VDCC β4 

puncta are often found in close proximity to each other.  

To determine whether ELKS1b/2 and VDCC β4 puncta overlap at 

synapses, we co-stained with Bassoon antibody. Bassoon has been widely used 

as a CAZ marker due to its specific localization to the active zone (Tao-Cheng, 

2007) and the fact that it arrives at synapses very early during synaptogenesis 

(Zhai et al., 2000). Figure 3.5 shows an example of a Bassoon punctum that 

overlaps with both ELKS1b/2 and VDCC β4. To calculate the number of 

colocalized ELKS1b/2 and VDCC β4 puncta that overlap with Bassoon, we first 

created a mask of the areas that colocalized by at least 10 pixels (0.05 µm2) 

between ELKS1b/2 and VDCC β4, which we termed ELKS1b/2-VDCC β4 areas. 

Then, we calculated the number of these ELKS1b/2-VDCC β4 areas that 

overlapped with Bassoon signal. We observed that 33.81 ± 3.2% percent of 

colocalized areas between ELKS1b/2 and VDCC β4 overlapped with Bassoon 

signal. These data suggest that ELKS1b/2 and VDCC β4 colocalize at molecular 

layer synapses. 
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Figure 3.5 VDCC β4 and ELKS1b/2 colocalize at Bassoon-marked 

synapses. Single optical planes were acquired by confocal microscopy after 

fluorescent immunohistochemistry with antibodies against VDCC β4, ELKS1b/2 

and Bassoon (A-C). The merged image (D) shows VDCC β4 in green, ELKS1b/2 

in red, Bassoon in blue and their colocalization in yellow. Thirty-four percent of 

colocalized VDCC β4 and ELKS1 areas greater than 10 pixels (0.05 µm2) in size 

colocalized with Bassoon puncta. Scale bar = 500 nm. 
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VDCC β4 but not ELKS1b localization is disrupted in Cacna1a-/- cerebellum 

VDCC β4 is the preferred VDCC β subunit of VDCC α1A (Cav2.1) (Muller 

et al., 2010), which forms the P/Q-type VDCC (Catterall, 2000). We hypothesized 

that the loss of VDCC α1A would perturb the localization of VDCC β4 to the 

molecular layer, as β subunits are dependent on α subunits for targeting to the 

plasma membrane (Gao et al., 1999). Therefore, performing 

immunohistochemistry for VDCC β4 and ELKS1b/2 on P/Q-type VDCC knockout 

mice (Cacna1a-/-) allowed us to probe the potential in vivo interaction between 

VDCC β4 and ELKS1. We measured the fluorescence intensity for both VDCC 

β4 and ELKS1b/2 in the molecular layer and in the granule cell layer of  

Cacna1a-/- and wild-type littermates. 

The signal intensity of VDCC β4 decreased in the molecular layer of 

Cacna1a-/- cerebella (Fig. 3.6, left panels and 3.7A; wild-type: 12.38 ± 0.13 mean 

fluorescence intensity in arbitrary units (A.U.); Cacna1a-/-: 9.31 ± 0.39 A.U., p = 

0.02)(Billings et al., 2012). In contrast, there was no significant difference in 

VDCC β4 in the granule cell layer (Fig. 3.6, left panels and 3.7C; wild-type: 9.77 

± 0.44 A.U.; Cacna1a-/-: 8.96 ± 0.75 A.U., p = 0.23)(Billings et al., 2012). 

Additionally, Purkinje cell bodies appeared to have increased VDCC β4 signal in 

the Cacna1a-/- (Fig 3.6)(Billings et al., 2012). The reduction in VDCC β4 intensity 

in the molecular layer suggested that VDCC β4 localization is perturbed by the 

loss of the α1A subunit.  

However, ELKS1b/2 mean fluorescent intensity was unchanged in both 

the molecular layer (Fig. 3.6, right panels and 3.7B; wild-type: 11.79 ± 0.95 A.U.; 
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Cacna1a-/-: 11.95 ± 0.82 A.U., p = 0.74)(Billings et al., 2012) and the granule cell 

layer (Fig 3.6, right panels and 3.7D; wild-type: 8.08 ± 1.00 A.U.; Cacna1a-/-: 8.14 

± 0.55 A.U. p = 0.95)(Billings et al., 2012) of Cacna1a-/- cerebella. These data 

suggest that ELKS1 is not dependent on VDCC β4 for trafficking into the 

molecular layer. 
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Figure 3.6 VDCC β4 signal is reduced in the molecular layer of Cacna1a-/- 

cerebellum. Wild-type (WT) and Cacna1a-/- cerebella were stained for VDCC β4 

and ELKS1b/2 using fluorescent immunohistochemistry. The mean fluorescent 

intensity of VDCC β4 decreased in the molecular layer (ML, left panels) but not 

the granule cell layer (GC, left panels) of Cacna1a-/- cerebellum at postnatal day 

19 (n=3 animal pairs), whereas ELKS1b/2 showed no change (right panels). 

Purkinje cells (PC). Scale bar = 50 µm. Figure adapted from (Billings et al., 

2012). 
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Figure 3.7 Quantification of VDCC β4 and ELKS1 protein in the cerebellar 

cortex by immunohistochemistry. VDCC β4 in the molecular layer was 

decreased in Cacna1a-/- (A), while ELKS1b/2 did not change (B). The signals for 

both proteins in the granule cell layers did not change between WT and 

Cacna1a-/- (C, D). The asterisk indicates a p-value < 0.05. Figure adapted from 

(Billings et al., 2012).  
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4. Discussion 
 
 

VDCCs have an essential role in synaptic vesicle release (Catterall, 1998), 

and the CAZ has a very important role in regulating synaptic vesicle release and 

restricting it to the active zone (Rosenmund et al., 2003; Schoch and 

Gundelfinger, 2006). It therefore seems likely that these two components would 

need to be integrated together to accomplish spatially restricted, regulated and 

efficient synaptic vesicle release. However, our knowledge of the mechanisms 

and functions of interactions between the calcium and CAZ complexes remains 

incomplete. ELKS proteins are good candidates to mediate a connection 

between calcium channels and the CAZ because of their extensive intra-CAZ 

connections (Schoch and Gundelfinger, 2006).  

In this study, we have investigated the possibility that ELKS and VDCC β 

proteins connect the calcium channel and CAZ complexes. We detected an 

interaction between ELKS2 and VDCC β1b as well as between ELKS1b and 

VDCC β4 by co-immunoprecipitation, showing that at least two isoforms of both 

ELKS and VDCC β proteins can interact. We observed moderate colocalization 

between ELKS1b and VDCC β4 in the molecular layer of the cerebellum using 

fluorescent immunohistochemistry, suggesting that VDCC β4 and ELKS1b 

interact in molecular layer synapses. These results represent a novel connection 

between calcium channel and CAZ complexes.  

 

Interaction between VDCC and ELKS proteins 
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 We have shown that multiple isoforms of ELKS and VDCC β proteins are 

able to co-immunoprecipitate (Chen et al., 2011; Billings et al., 2012). These 

results are the first report of an interaction between ELKS and VDCC proteins in 

vertebrates. The fact that multiple isoforms can interact suggest that this 

interaction could be a mechanism that is present in many types of synapses, 

including both peripheral and central nervous system synapses.   

The lack of association between the vertebrate ELKS2 and the VDCC α1A 

C-terminus (Chen et al., 2011) contrasts with the results from Drosophila, in 

which the ELKS homolog Bruchpilot binds to the C-terminus of the VDCC α 

subunit Cac (Fouquet et al., 2009). This suggests that there are important 

differences in the organization of active zone proteins between Drosophila and 

vertebrates.  

 

Colocalization between ELKS1 and VDCC β4 at molecular layer synapses  

In the molecular layer of the cerebellum, we observed that ELKS1 and 

VDCC β4 puncta tended to reside next to each other, as shown by the high 

percentage of puncta that overlapped by 0.023 or 0.05 µm2 (Billings et al., 2012). 

Some areas of overlap between ELKS1 and VDCC β4 puncta could be found 

together with the synaptic marker Bassoon, suggesting that the two proteins 

colocalized at synapses. However, the overlap of the total area between VDCC 

β4 and ELKS1b was moderate. One possible reason is that although ELKS1b 

localizes to the active zone and interacts with CAZ proteins (Wang et al., 2002; 

Deguchi-Tawarada et al., 2004; Inoue et al., 2006), it may be less tightly 
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associated to the CAZ than ELKS2 (Wang et al., 2002; Ko et al., 2006). In retina, 

ELKS1b is associated with the ribbon itself, where as ELKS2 is found at the base 

of the ribbon, much closer to the active zone membrane (Deguchi-Tawarada et 

al., 2006), suggesting that ELKS1b is not as closely associated with the site of 

vesicle fusion.  

 

Cacna1a-/- mouse analysis 

 In order to further probe the relationship between VDCC β4 and ELKS1, 

we performed immunohistochemistry for VDCC β4 and ELKS1b on cerebella of 

Cacna1a-/- mice. We found that the signal intensity of VDCC β4 in the molecular 

layer decreased (Billings et al., 2012). This is the first report of a defect in the 

amount of VDCC β4 in the molecular layer in Cacna1a-/- mice. This could be due 

to less transport of VDCC β4 into the molecular layer, because VDCC β subunits 

are dependent on VDCC α subunits for normal plasma membrane targeting (Gao 

et al., 1999). The reduction of VDCC β4 in the molecular layer in spite of the 

expression of other VDCC α subunits in the cerebellum (Ludwig et al., 1997; Jun 

et al., 1999) suggests a specific interaction between VDCC α1A and β4 subunits 

that cannot be compensated for by other VDCC α subunits.  

While VDCC β4 signal decreased in the molecular layer in Cacna1a-/- 

mice, ELKS1b signal was not changed, suggesting that ELKS1b does not rely on 

VDCC β4 for trafficking into the molecular layer (Billings et al., 2012). However, 

the interactions between ELKS1b and other synaptic proteins may stabilize 

ELKS1b at the active zone in the absence of VDCC β4. Similarly, liprin-α, which 
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interacts directly with ELKS2α as well as many other synaptic proteins (Schoch 

and Gundelfinger, 2006), does not decrease in the synaptosomal fraction in 

ELKS2α knockout mice (Kaeser et al., 2009), showing that the loss of a single 

interaction partner was not sufficient to change the localization of liprin-α.  

 The Cacna1a-/- mouse NMJ was investigated previously, and the number 

of Bassoon puncta (by light microscopy) and the number of active zones (by 

electron microscopy) were decreased compared to wild-type (Nishimune et al., 

2004). Further work using a mouse model that lacked both P/Q- and N-type 

VDCC (Double knockout (DKO); Cacna1a-/- Cacna1b-/-) revealed an even 

stronger decrease in Bassoon signal, and also showed that Piccolo and ELKS 

signals were reduced at DKO NMJs (Chen et al., 2011). These data led us to 

postulate that the calcium channel has a central role in the organization of the 

active zone. 

As this important role of the calcium channel might be conserved among 

different types of synapses, we hypothesized that we would see a similar 

decrease in the amount of CAZ proteins in the cerebellum of Cacna1a-/- mice. 

However, ELKS1b/2 protein intensity did not change (Billings et al., 2012). This 

discrepancy between the results from the NMJ and the cerebellum could be due 

to a different degree of reliance on the P/Q-type VDCC for synaptic transmission. 

The parallel fibers of the cerebellum rely on multiple VDCC α subunits to carry 

their evoked calcium current (Mintz et al., 1995), whereas the mature NMJ relies 

exclusively on the P/Q-type calcium channel (Rosato Siri and Uchitel, 1999). The 
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active zone proteins at the NMJ might therefore be more sensitive to the loss of 

P/Q-type VDCC than those in the parallel fiber synapses. 
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5. Conclusions 
 

The findings demonstrated interactions between ELKS proteins and 

VDCC β subunits. Isoforms expressed in motor neurons (VDCC β1b and ELKS2) 

as well as those preferentially expressed in cerebellum (VDCC β4 and ELKS1b) 

were both found to co-immunoprecipitate. Furthermore, VDCC β4 and ELKS1b 

colocalized moderately at synapses in the molecular layer of the cerebellum, 

suggesting a synaptic function for a VDCC β4-ELKS1b interaction, such as 

linking VDCCs to the CAZ. 

We also showed for the first time that the loss of VDCC α1A affects VDCC 

β4 protein localization in vivo, supporting in vitro and cell culture model reports 

that VDCC β subunits require VDCC α subunits for trafficking (Gao et al., 1999; 

Bichet et al., 2000; Obermair et al., 2010). 

Overall, our study describes novel interactions between ELKS and VDCC 

β subunits that may contribute to active zone organization by linking calcium 

channels to the CAZ.  
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