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Abstract 

Recent studies have postulated the presence of functional autoantibodies (Abs) against 

L-type voltage gated calcium channels (VGCCs) in the serum of patients with type 1 

diabetes, with various proposed physiological consequences, both islet cell associated 

and extra-glandular.  Arguably, the most potentially damaging effect reported for 

these Abs is induction of apoptosis in pancreatic beta () cells, yet a convincing 

pathogenic mechanism remains to be demonstrated. In the current study, we report an 

assay of reactive oxygen species (ROS) stress induction in the rat insulinoma cell line 

Rin A12, as determined by 2’, 7’ -Dichlorofluorescein diacetate (DCF-DA) 

fluorescence detection by flow cytometry.  We demonstrate that incubation of Rin 

A12 cells with immunoglobulin G (IgG) containing anti-VGCC activity from patients 

with T1D mediates a significant increase in ROS, with subsequent induction of 

apoptosis, as determined by positivity for annexin V expression.  Neither T1D patient-

derived IgG lacking anti-VGCC activity or IgG from healthy donors altered ROS or 

annexin V expression, indicating the new assay is specific for the detection of 

functional anti-VGCC Abs.  Subsequent screening of IgG samples derived from 

individual patients indicated a prevalence of approximately 75% in a cohort of 20 

patients with T1D.  The new cell-based assay provides, for the first time, experimental 

evidence supporting a plausible pathophysiological mechanism underlying anti-

VGCC Ab-mediated apoptosis induction in  cells.  Additionally, the assay is a 

considerable advance on previously published methods for detecting and 

characterising the functional activity of anti-VGCC Abs in patient-derived samples.  

Keywords: type 1 diabetes; autoantibodies; voltage-gated calcium channels; reactive 

oxygen species; beta cells; apoptosis.  
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Abbreviations 

Abs autoantibodies 

RS reactive species 

ROS reactive oxygen species 

T1D type 1 diabetes 

VGCCs voltage-gated calcium channels 

IgG immunoglobulin G 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

1. Introduction 

 

Type 1 diabetes mellitus (T1D) is a chronic autoimmune disease characterised 

by insulin deficiency arising from immune-mediated destruction of insulin-producing 

beta () cells of the pancreas (Atkinson et al., 2014; Michels et al., 2015; Regnell & 

Lernmark, 2017).  Typically arising in childhood or early adolescence, the prevalence 

of T1D is highest in developed regions such as Europe and North America, with 

increasing incidence observed in these countries (Atkinson et al., 2014).  While the 

aetiology of autoimmune-mediated destruction of  cells remains a topic of 

investigation, it is believed that T cells play a central role, as studies using post 

mortem pancreatic samples obtained from patients with recent or established disease 

indicate onset of symptoms is concurrent with predominantly CD8+ T cell-mediated 

insulitis (Willcox et al., 2009; Coppieters et al., 2012). Furthermore, autoreactive 

CD8+ and CD4+ T cells specific to islet-derived epitopes have been demonstrated in 

isolates obtained from patient islets (Willcox et al., 2009; Coppieters et al., 2012; 

Pathiraja et al., 2015).   

 

To date, considerations of humeral responses in T1D have focused on the role 

of antibodies as diagnostic and/or prognostic markers of disease.  For example, since 

the publication over 20 years ago of seminal studies linking risk for T1D with the 

presence of serum antibodies against islet cell cytoplasmic antigens (Bonifacio et al., 

1990; Schatz et al., 1994; Verge et al., 1996a; Verge et al., 1996b),  a considerable 

body of research has confirmed the predictive value of serotyping autoantibody 

responses in at risk individuals (Ziegler et al., 1999; Steck et al., 2011; Parikka et al., 

2012; Ziegler & Bonifacio, 2012; Ilonen et al., 2013; Krischer et al., 2015).  To date, 

fine specification of the autoantibody responses in T1D has identified a number of  

cell autoantigens, including glutamic acid decarboxylase (GAD65), insulinoma-

associated autoantigen 2 (IA2) and zinc transporter 8 (ZnT8) (Atkinson et al., 2014).  

What remains to be established, however, is a relationship between the generation in 

individuals of autoantibodies to cytoplasmic  cell autoantigens and immune-

mediated pathogenesis resulting in  cell loss (Bloem & Roep, 2017).  
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It has been proposed that functional autoantibodies (Abs) directed against L-

type voltage-gated calcium channels (VGCCs) are present within the serum of a 

subset of patients with T1D, and are capable of inducing altered target cell function, 

both in vitro and in vivo, due to an apparent agonistic effect on VGCC activity 

(Jackson et al., 2004; Bason et al., 2013).  This is an important finding, as increased 

intracellular calcium resulting from various stimuli has been demonstrated to alter  

cell insulin release, and induce apoptosis (Wang et al., 1999; Chang et al., 2004; 

Juntti-Berggren et al., 2004; Lee et al., 2004; Zhou et al., 2015).  Indeed, these 

antibodies have recently been reported to induce apoptosis in cultured  cells, 

secondary to increased intracellular calcium flux (Bason et al., 2013). As such, the 

generation of anti-VGCC autoantibodies in patients with T1D may contribute to 

antibody-mediated loss of  cell function and/or islet cell mass, thereby contributing 

to the progression to insulin dependence, a key characteristic of the disease.  

  

In the present study, we have used a cell-based assay of reactive oxygen 

species (ROS) generation to demonstrate that anti-VGCC Abs from patients with T1D 

induce stress and apoptosis in the rat insulinoma cell line, Rin A12, findings that 

support a pathogenic role for these antibodies in the immune processes associated 

with the disease.  Further more, the cell-based stress induction assay is suitable for 

screening patients for the presence of these functional autoantibodies, thereby offering 

for the first time, a diagnostic assay capable of demonstrating both the presence and 

activity of these functional antibodies in larger patient cohorts, potentially improving 

the understanding of the role these antibodies play in the pathogenesis of T1D.  

 

2. Materials and methods 

 

2.1 Patient and control samples   

 

Blood samples were obtained with informed consent from patients with T1D (n=20) 

and healthy individuals (n=10) (Table 1.). Eight of 20 T1D patients had previously 

been assessed for the presence of serum-derived anti-VGCC immunoglobulin G (IgG) 

autoantibodies, as defined using a whole colon migrating motor complex assay 

(Jackson, 2004), with anti-VGCC activity detected in IgG derived from 6 of 8 patients 
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with T1D (Table 1.).  All procedures were reviewed and approved by the Southern 

Adelaide Clinical Human Research Ethics Committee. 

 

2.2 Preparation of IgG    

 

IgG was prepared from individual serum samples using the caprylic acid precipitation 

technique (Steinbuch and Audran, 1969) as described previously (Jackson et al., 

2008).  Briefly, serum was lowered to a pH of 4.8 using a solution of acetic acid (1M) 

and sodium hydroxide (0.5M), and stirred vigorously for 30 mins at room 

temperature.  Caprylic acid was added while stirring the solution, to achieve a final 

caprylic acid to serum ratio of 0.74:10.  Samples were then centrifuged at 12000 rpm 

for 20 mins, and supernatants recovered and filtered through a Millipore 0.20 μm 

filter (Sartorius Stedim Biotech, Goettingen, Germany).  Filtered samples were then 

combined with Hanks’ Balanced Salt Solution (HBSS, cat H6648, Sigma-Aldrich, 

Pty. Ltd, Australia) to a final volume of 10 mL. Samples were then spun down (4700 

x g) for 25 mins at 15°C using a Millipore B15 concentrator (10 kDa, Merck 

Millipore Ltd, Darmstadt, Germany). This step was repeated 3 times. Recovered 

samples were suspended in HBSS at a final volume of 500 uL.  The purified IgG was 

then dialysed against HBSS at pH 7.4 to reduce residual caprylic acid contamination 

using 7 kDa dialysis tubing (Medical International Ltd, London).  

 

2.3 Cell culture 

 

Rat insulinoma cells (Rin A12) were cultured at 37 °C in an atmosphere of 5% CO2 

in air, in RPMI 1640 (Sigma-Aldrich, Australia) containing penicillin/streptomycin, 

5% L-glutamine and supplemented with 10% foetal calf serum (Sigma-Aldrich, 

Australia).  The cells were harvested at confluences of between 60-70 % by trypsin 

digestion, washed twice and re-suspended in HBSS.  

 

2.4 Detection of Reactive Oxygen Species generation by 2’, 7’ -Dichlorofluorescein 

diacetate (DCF-DA)  

For determining levels of intracellular reactive oxygen species (ROS), Rin A12 cells 

were primed by incubation with 40 µM DCF-DA for 5 mins at 37°C, using a 

modification of previously reported methodology (Tampo et al., 2003).  DCF-DA 
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primed cells were then washed and re-suspended in individual vials in HBSS and 

incubated as follows:  i) for establishment of positive controls for ROS induction, 

cells were incubated in HBSS for 4 hrs, followed by 5 mins of incubation in the 

presence or absence of Rotenone (Sigma-Aldrich, Australia) at between 0.1 and 2 

µM, or for 4 hours in HBSS either with or without 30 µM Bay K8644 (Alomone 

Labs, Hadassah Ein Kerem, Israel), with addition or not of between 1 to 30 µM of 

nicardipine (Sigma-Aldrich, Australia); ii) in HBSS in the presence or absence of 

patient or control IgG at final concentrations of between 0.3 and 5 mg/mL.  

Experiments conducted with IgG also included duplicate vials of cells incubated in 

HBSS alone for 4 hours, followed by incubated for 5 mins in the presence of 1 µM 

Rotenone for confirmation of stress induction in each individual experimental run. 

Following incubations, cells were washed three times, and resuspended in HBSS (200 

µl) at room temperature. Propidium iodide (PI) (Sigma-Aldrich) (50 µg/ml) was 

added just prior to flow cytometric analysis. All samples were assessed in triplicate 

and on at least 2 separate occasions. DCF-DA incubation, and all subsequent 

incubations were performed in the dark.   

 

2.5 Assessment of apoptosis using Annexin V antibody.  

 

For assessment of IgG-mediated apoptosis, cells (2.5 X 10
5
/ml) were incubated in 

HBSS in the presence or absence of 1 mg/ml of patient or control IgG for 4 or 16 hrs.  

Following incubation, cells were washed in binding buffer (eBioscience, Invitrogen, 

Australia) and re-suspended in 100 µl of the same buffer, and a FITC-conjugated 

antibody against annexin V (BD Biosciences, Maryland) added at a ratio of 5 parts 

per 100 of binding buffer, and the cells incubated at room temperature in the dark for 

10 mins.  Controls included cells incubated for 4 or 16 hrs in binding buffer alone, 

either with or without annexin V labelling, and cells incubated in the presence of 0.1 

µM staurosporine (Sigma-Aldrich, Australia) as a positive control for induction of 

apoptosis.  Following incubation with the annexin V antibody, cells were washed 3 

times in binding buffer, and PI (50 µg/ml) was added just prior to flow cytometric 

analysis.  

 

2.6 Flow cytometric analysis 
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Analysis of ROS levels (as determined by DCF-DA) or annexin V expression in cells 

exposed to the various treatments was determined by flow cytometry using an Accuri 

C6 (Becton Dickinson, USA).  Briefly, just prior to acquisition, cells within individual 

vials were mixed by finger tap, and acquired at a fluidic flow rate of 5x10
3 

cells per 

min with a medium flow core size of 25 µM. DCF-DA positivity was determined for 

each experimental run by assessment of DCF-DA primed but untreated cells, where 

cells were gated to exclude debris, and the scatter plot for DCF-DA fluorescence used 

to determine a line of positivity. For each individual experimental run, a line of 

positivity was placed to the right of the captured cells such that approximately 98% of 

cells were present in the left quadrant of the scatter plot.  Subsequently, cells captured 

following incubation with the various experimental conditions were assessed as DCF-

DA positive if they appeared in the right quadrant of the scatter plot. To correct for 

inter experimental variation, treated cells captured within individual experimental 

runs were normalised to the values obtained from untreated cells within the same 

experiment. To ensure that only viable cells were assessed for DCF-DA positivity, 

cells positive for PI were excluded from analysis.  

Similarly, for determination of positivity for Annexin V, untreated but Annexin V 

antibody-labelled cells were acquired and used as the baseline for subsequent 

comparisons with treated cells from the same experimental run. As with DCF-DA 

primed cells, PI positive cells were excluded from analysis for Annexin V positivity.  

 

 

3. Results 

 

3.1 DCF-DA is a suitable marker of reactive species generation, and the L-type 

VGCC agonist, Bay K8466, mediates reversible stress generation in Rin A12 cells.   

 

To establish a reliable positive control for the stress induction assays, DCF-DA 

primed Rin A12 cells were incubated in media for 4 hrs, followed by 5 mins 

incubation with Rotenone at between 0.1 and 2 µM.  Flow cytometric analysis of PI 

negative cells indicated that incubation with Rotenone resulted in a concentration 

dependent increase in DCF-DA positive cells compared to baseline values, with 

significance by 2-way ANOVA achieved at Rotenone concentrations of 1 and 2 µM 

(Fig. 1 A).  In all subsequent experiments, 1 µM of Rotenone was used as a positive 
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control to confirm reactive species generation.  The cells were then assessed for 

reactive species generation in response to the L-type VGCC agonist, Bay K8644.  

Incubation of cells for 4 hours in the presence of 30 nM Bay K8644 resulted in a 

significant increase of approximately 350% in DCF-DA positive cells compared to 

baseline.  Co-incubation of cells with both Bay K8644 and nicardipine reduced the 

number of DCF-DA positive cells compared to Bay K8644 alone, with a significant 

reduction in DCF-DA positive cells achieved at 10 nM nicardipine (Fig. 1 B).  

 

3.2 Diabetic IgG with anti-VGCC activity induces reactive species generation in Rin 

A12 Beta cells as determined by flow cytometric analysis of DCF-DA.  

 

Previous studies have demonstrated that the serum, or the IgG fraction, from patients 

with T1D contains a functional Ab that acts as an agonist at the DHP binding site of 

L-Type VGCCs, and disrupts channel-mediated physiological responses in live tissue 

or cell-based assays (Catterall & Striessnig, 1992; Jackson et al., 2004; Jackson & 

Gordon, 2010). Recent reports indicate that these anti-VGCC Abs are capable of 

mediating over-activity of VGCCs in cultured pancreatic β cell lines, resulting in 

altered ion exchange and induction of apoptosis (Chang et al., 2004; Bason et al., 

2013; Yang et al., 2015).   

In the current study, DCF-DA primed cells were first incubated with IgG from healthy 

individuals (n=10) to establish background DCF-DA positivity values. In these 

experiments, incubation of cells for 4 hrs with concentrations of IgG ranging from 

0.3-2 mg/mL produced no significant change in DCF-DA positivity, however, both 3 

and 5 mg/ml of IgG resulted in significantly increased values when compared to no 

IgG addition (by 2-way ANOVA?) (Figure 1 C), likely resulting from non-specific 

effects of high IgG concentrations. Hence, IgG incubation of cells using patient-

derived samples was performed using IgG concentration of between 0.3-2 mg/ml. To 

optimise the time-course for the cell-based stress assay, IgG at between 0.3-2 mg/ml 

from control subjects was incubated with primed Rin A12 cells for between 1 and 7 

hrs, and DCF-DA positivity assessed.  At 1, 2 and 4 hrs of incubation, DCF-DA 

positivity values were not significantly altered by the presence of IgG, but were 

significantly higher following 7 hrs incubation with IgG at all concentrations when 

compared to cells incubated without IgG (Figure 1 D). Therefore, incubation with 

patient IgG was performed for 4 hrs.  
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To establish whether anti-VGCC Abs mediate increased stress in Rin A12 cells, IgG 

samples from T1D patients previously characterized for the presence of anti-VGCC 

activity (designated T1D+) were then assessed by incubation for 4 hrs with DCF-DA 

primed cells. Across the range of IgG concentrations between 0.3-2 mg/ml, T1D+ IgG 

from 6 of 6 patients mediated a significant increase in stress generation, as measured 

by DCF-DA positivity, in Rin A12 cells compared to the pooled mean baseline values 

(IgG from healthy individuals by 2way ANOVA) (Figure 2, Table 2). By contrast, 

incubating DCF-DA primed Rin A12 cells with IgG from patients previously 

characterised to be negative for anti-VGCC Abs (designated T1D-) did not result in a 

significant increase in DCF-DA positivity (Figure 2. C&D, Table 2). Hence, the cell-

based DCF-DA stress assay has the ability to detect the presence in IgG of functional 

antibodies to L-type VGCCs.  

 

3.3 The DCF-DA cell-based stress assay is a suitable screening assay for determining 

the presence in patient IgG of functional anti-VGCC Abs. 

 

After first establishing the utility of the DCF-DA cell-based assay for detecting anti-

VGCC Ab-mediated stress induction in cultured  cells, we then analysed the DCF-

DA positivity results from the previously characterised patients, and from controls, to 

determine an optimum IgG concentration for screening for the presence of anti-

VGCC Abs.  To achieve this, results at each IgG incubation concentration for patients 

were plotted against the mean + 2 standard deviations (SDs) of results from controls 

at the equivalent IgG incubation concentration (Table 2). Analysis of the DCF-DA 

positivity results from the 6 previously characterised T1D+ patients indicated that 

incubation of Rin A12 cells at 0.3 and 0.6 mg/ml of IgG resulted in mean values 

above the mean plus 2 SDs of comparable control values in 4 of 6 patients. However, 

mean values arising from incubation with 1 mg/ml IgG from 6 of 6 T1D+ patients 

were above the mean plus 2 SDs of DCF-DA positivity values produced by control 

IgG (Figure 3 A) (Table 2).  By contrast, DCF-DA positivity values obtained using 

IgG from previously characterised T1D- patients were below corresponding control 

means plus 2 SDs in all cases and at all IgG incubation concentrations (Figure 3 A) 

(Table 2).  As such, 1 mg/ml appears to be a suitable IgG incubation concentration for 
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detecting the presence of anti-VGCC Abs in IgG derived from T1D patients.  Indeed, 

analysis of results obtained using 2 mg/ml of IgG from T1D+ patients resulted in 

mean values above corresponding control means plus 2 SDs in only 2 of 6 cases. We 

then assessed optimisation of the incubation time.  For this, primed cells were 

incubated for 1, 2 or 4 hrs with 1 mg/ml IgG from T1D+ patient P2 (Table 2) and a 

control donor.  Significant induction of stress, as determined by DCF-DA positivity 

values compared to controls, was observed only in cells incubated with T1D+ IgG at 

4 hrs (Figure 2 E). Thus, the optimum incubation time for the cell-based stress assay 

is 4 hrs.  

 

After establishing 1 mg/ml IgG and 4 hrs incubation as optimal for the detection of 

anti-VGCC Abs as determined by induction of stress in DCF-DA-primed Rin A12 

cells, a further 12 patients with T1D (not previously characterised for the presence of 

anti-VGCC Abs by the CMMC assay) were assessed for the presence of functional 

Abs using the DCF-DA cell-based stress induction assay.  The criteria for determining 

the presence of anti-VGCC Abs in individual IgG samples was a DCF-DA value 

above the mean + 2 SDs of equivalent pooled control IgG values (Table 3).  Of the 12 

additional patients screened, individual IgG samples from 9 patients mediated a mean 

increase in DCF-DA positivity values above the criteria for the presence of anti-

VGCC Abs (Figure 3 B) (Table 3). Thus, in the cohort investigated in the current 

study, anti-VGCC Abs were present in the IgG fraction of serum from 15 of 20 

patients with T1D.  Some patients recruited for the study had been assessed for the 

presence of other T1D autoantibodies, including anti-GAD, IA-2 or ZnT8 (data not 

shown). There was not apparent correlation between the presence in patient serum of 

anti-VGCC Abs and other T1D autoantibodies.  

 

 

3.4 Anti-VGCC Abs induce apoptosis in Rin A12 cells as determined by assessment of 

Annexin V 

 

Anti-VGCC Ab-mediated apoptois has been reported in cultured cell lines derived 

from pancreatic  cells (Bason et al., 2013).  To establish whether incubation with 

anti-VGCC Abs induced apoptosis in the current study, Rin A12 cells incubated with 
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patient or control IgG were assessed using antibody labelling of annexin V.  For these 

experiments, Rin A12 cells were incubated for 4 or 16 hrs in the presence or absence 

of IgG (1 mg/ml) from either T1D+ (n=2, patients P2 & P7: Table 3) and T1D- (n=2, 

patients P17 & P19: Table 3) patients, or control donors (n=2).  Annexin positivity, as 

determined by flow cytometric analysis of annexin V-antibody labelled cells, was 

significantly higher in cells incubated with T1D+ IgG compared to controls following 

16 hrs of incubation (by 2-way ANOVA, pooled means of annexin V positivity 

values; T1D+ verses control), but not at 4 hrs, while T1D- IgG did not significantly 

alter annexin positivity at either time point (Fig. 4).   

 

4. Discussion 

 

Recently, a number of studies have described autoantibodies against L-type VGCC, 

including channels expressing the 1C and D subunits, in the immunoglobulin 

fraction of patients with T1D. The autoantibody appears to exert an agonistic effect on 

the channel, resulting in altered channel-mediated physiological responses both in 

vitro and in vivo (Jackson et al., 2004; Wan et al., 2007; Wan et al., 2008; Bason et 

al., 2013). As exogenous calcium flux via L-type VGCCs is crucial for mediating a 

wide range of physiological responses in excitable cells such as pancreatic  cells, the 

presence of a functional autoantibody to this channel has considerable potential to 

contribute to the altered insulin production associated with T1D.  Indeed, a recent 

study demonstrating these autoantibodies mediate over-activity in VGCCs expressed 

by pancreatic β cells, resulting in disrupted ionic exchange and induction of apoptosis, 

raises a number of questions as to the pathophysiological role anti-VGCC Abs play in 

the progression of the disease (Bason et al., 2013). To date however, the mechanism 

linking the increase in Ca
2+

 flux mediated by the antibody and the induction of 

apoptosis is unknown.  

In an attempt to investigate the pathophysiological mechanism responsible, a 

cell-based assay of intracellular RS generation was established using DCF-DA primed 

Rin A12 cells to investigate the role of stress in anti-VGCC Ab-mediated apoptosis. 

The Rin A12 cell is an insulin-producing clonal variant of the Rin m cell line of rat 

origin (Cram et al., 1999).  Expression of Cav1.2 L-type VGCCs has been 

demonstrated in pancreatic  cells of rat origin, and the putative antibody binding site, 
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namely the dihydropyridine sensitive ion pore, is highly conserved between 

mammalian species (Taylor et al., 2005; Tyson & Snutch, 2013). Importantly, IgG 

from patients previously characterised for the presence or absence of anti-VGCC Abs 

were used to validate the cell-based stress assay.  In the current study, IgG from 

patients previously tested positive for anti-VGCC Abs using the CMMC assay 

(Jackson et al., 2004) mediated increased stress in the DCF-DA cell-based assay.  

Similarly, IgG from patients previously characterised as negative for anti -VGCC 

Ab had no effect on the cells. The use of previously characterised patients allows a 

direct comparison between the gold standard CMMC assay and the current assay 

for the ability to discriminate the presence of anti-VGCC Abs in patient samples. 

In the current study, a 100% correlation in results was achieved between the two 

assays, hence the current assay is a suitable substitute for the CMMC assay.   This 

represents a considerable advancement, as the new cell-based assay is considerably 

less complex to perform than the tissue-based CMMC assay, and can be scaled to 

provide increased diagnostic capacity. Indeed, once validated, the RS cell assay was 

used to screen IgG from 12 previously untested patients with T1D.  Within this 

cohort, IgG samples from 9 individual patients were identified as having the ability to 

induce ROS stress induction.  Hence, in the total cohort used for the current study, 15 

of 20 individual patient IgG samples screened contained functional anti-VGCC Abs 

capable of mediating RS stress induction in pancreatic  cells. While interesting to 

note that the prevalence of anti-VGCC Abs in our study is 75%, a prevalence that 

matches that reported by Bason et. al (Bason et al., 2013), our cohort included a 

number of patients already known to be positive for the antibodies, and cannot be 

considered representative of unselected patient cohorts. As such, a more accurate 

understanding of the prevalence of functional anti-VGCC Abs in patients awaits 

further screening studies.   

 

In addition to an ability to detect the presence in immunoglobulin samples of 

anti-VGCC Abs, the new assay incorporating a functional assessment of stress 

induction has the ability to directly investigate the pathogenic effect of these Abs on β 

cells, the main target of autoimmune responses in T1D (Atkinson et al., 2014). 

Induction of RS-associated stress is particularly harmful for pancreatic β cells due to a 

low anti-oxidative capacity including low expression of superoxide dismutase 
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(SOD), catalase, and glutathione peroxidase (Lenzen et al., 1996; Lenzen, 2008; 

2017), leaving these cells vulnerable to dysfunction and apoptosis.  The current study, 

which assesses RS generation, provides for the first time a potential pathogenic 

mechanism underlying anti-VGCC Ab-mediated β cell apoptosis. Given the site of 

antibody activity is the L-type VGCC, it is highly likely that increased Ca
2+ 

flux 

mediated by Ab binding results in the stress response reported in the current study.  

Indeed, increased Ca
2+

 is a well described mediator of stress in a number of cell types, 

including β cells (Newsholme et al., 2007), and preliminary studies using the L type 

VGCC agonist, Bay K8644, demonstrated that direct activation of these channels 

results in stress induction in the current assay. Further to this, the effects of the 

channel agonist were blocked by addition of the DHP antagonist, nicardipine.  Thus, 

the effect of anti-VGCC Abs was mimicked by an agonist acting at the DHP site, a 

finding reported previously in several assay systems (Jackson et al., 2004; Wan et al., 

2007; Jackson & Gordon, 2010).  It is likely that the majority of the increased stress 

observed in the IgG-incubated cells is ROS, arising from the tricarboxylic acidic 

cycle in mitochondria, which has been reported to result from Ca
2+

 mediated 

activation of   cells, with excess exogenous Ca
2+

 flux via VGCCs reported to 

drive increases in ROS  (Newsholme et al., 2007).  The effect of the Abs was 

apparent, in terms of RS generation, after about 4 hours which is consistent with 

other studies assessing Ca
2+ 

mediated stress (Conroy et al., 2002; Newsholme et 

al., 2009). Other forms of RS include reactive nitrogen species, which generally 

arise from upregulation of inducible nitric oxide synthase, a feature of cytokine-

mediated stress responses in pancreatic  cells (Darville & Eizirik, 1998; Conroy 

et al., 2002).  The current assay does not utilize cytokines in the incubation media, 

thus it is proposed that a sustained elevation in exogenous Ca
2+ 

flux
 
mediated by 

anti-VGCC Abs drives an increase in ROS, secondary to elevated mitochondrial 

activity.   

In excess, the toxic effects of increased free radical generation via ROS has 

the potential to induce apoptosis.  Indeed, in the current study, induction of 

annexin V expression was detected in Rin A12 cells incubated with IgG containing 

anti-VGCC activity. While numerous studies have demonstrated that increased 

Ca
2+ 

flux resulting from over-activity of VGCCs is an inducer of apoptosis in 

various human, rat, and mouse cell types, the current study is the first to 
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hypothesize a link in  cells between autoantibody-mediated stress induction and 

apoptosis.  It is therefore contended that the apoptotic effects of anti-VGCC 

antibodies on pancreatic  cells, as has been reported in Min 6, Hit, INS, and Rin 

m5F cells (Starkov et al., 2002; Newsholme et al., 2009; Drews et al., 2010; 

Bason et al., 2013; Rharass et al., 2014; Görlach et al., 2015), results from Ca
2+

-

mediated generation of ROS.  Assessment of colonic migrating motor complex 

activity and bladder cystometry following passive transfer of IgG from anti-VGCC 

Ab positive patients to mice has demonstrated disrupted VGCC channel activity in 

vivo, indicating these antibodies are potentially pathogenic in vivo (Wan et al., 

2007; Wan et al., 2008).  The current study suggests further research is needed to 

address the direct effects of these pathogenic antibodies on  cell function and 

survival in patients, particularly in the preclinical phase when intervention of 

specific autoimmune processes by targeting  cells may alter disease outcomes.  

To date, a pathogenic role for autoantibodies in T1D remains unproven, which is 

perplexing given observations that humoral autoimmunity appears early in disease 

and is prognostic for disease progression, features shared with a number of other 

autoimmune diseases, including Sjögren’s syndrome and rheumatoid arthritis, 

where the pathogenic role of autoantibodies are well described (reviewed in 

(Rowley & Whittingham, 2015). Interestingly, in vivo neutralisation using 

immune-modulation by pooled IgG has been reported for anti-VGCC Abs, 

attributed to the blocking action of anti-idiotypic antibodies (Wan et al., 2008).  

To date however, clinical outcomes arising from humoral immune-modulation 

have been disappointing, likely due to application of these therapies after 

significant  cell loss has already occurred (Hamad et al., 2016). It is intriguing to 

speculate that early identification of autoantibody responses coupled with 

immunomodulation in ‘at risk’ individuals may provide clinically beneficial 

disease outcomes.   

In conclusion, we have developed a cell-based assay of stress induction in 

Rin A12 cells to detect the presence in patient IgG of autoantibodies to L-type 

VGCCs.  The new cell assay provides both a method of detection and an 

indication of pathogenicity arising from the functional activity of the antibodies, 

which is a considerable benefit compared to assays assessing only antibody 

binding.  By providing a cell-based platform for screening larger patient cohorts, 
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the new assay should facilitate a greatly improved understanding of the 

prevalence, timing and consequences of anti-VGCC Ab responses in patients with 

type 1 diabetes.  
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Fig. 1.  Optimisation of a 2’, 7’ -Dichlorofluorescein diacetate (DCF-DA) assay of 

reactive species generation in the rat insulinoma cell line, RinA12.  A. Incubation of 

Rin A12 cells with between 0.1 and 2 µM of the mitochondrial electron transporter 

inhibitor, rotenone, for 5 mins results in concentration-dependant induction of DCF-

DA positivity, with values achieving statistical significance compared to baseline 

following addition of 1 or 2 µM rotenone.  B. Incubation of RinA12 cells with 30 nM 

of the dihydropyridine (DHP) acting VGCC agonist, BayK8644, mediates a 

significant increase in DCF-DA positivity over 4 hrs (stripped bar) compared to 

untreated cells (baseline). The effect of BayK8644 (30 nM) on DCF-DA positivity is 

inhibited by addition of the DHP antagonist, nicardipine, at between 1 and 30 nM 

(solid bars), with significant inhibition achieved at 10 nM of nicardipine.  C. DCF-DA 

primed RinA12 cells incubated for 4 hrs in the presence of increasing concentrations 

of IgG from healthy donors (n = 4).  Concentrations of IgG at between 0.3 and 2 

mg/ml do not significantly alter DCF-DA fluorescence compared to baseline values.  

However, both 3 and 5 mg/ml of IgG resulted in significantly increased DCF-DA 

values compared to baseline.  D. Incubation of RinA12 cells with IgG (0.3 mg/ml, 

dark dotted bars; 0.6 mg/ml, solid bars; 1 mg/ml, light spotted bars; 2 mg/ml, striped 

bars) from healthy donors (n = 4) over 7 hrs.  No significant difference in DCF-DA 

values were observed at any IgG concentration when compared to equivalent baseline 

values at incubation times of 1, 2 or 4 hrs.  By contrast, 7 hrs of incubation resulted in 

significant increases in DCF-DA values compared to baseline at 0.3, 0.6, and 1 mg/ml 

IgG.  Note: Baseline values are equivalent cells incubated without IgG. Values are the 

mean and SEM from at least 2 independent assays incorporating triplicate samples. * 

Significance refers to P<0.05 by 2-way ANOVA, experimental treatment verses 

baseline. ** Significance refers to P<0.05 by 2-way ANOVA, Bay K verses Bay K + 

Nicardipine. 

 

Fig. 2.  IgG with anti-VGCC activity from patients with type 1 diabetes mediates 

increased stress as determined by DCF-DA positivity in RinA12 cells. A. IgG derived 

from patient P1 (previously characterised to contain anti-VGCC Abs) (dotted bars) 

mediated a significant increase in stress in Rin A12 cells compared to baseline values 

at a concentration of 1 mg/ml, but not other concentrations, following 4 hrs of 

incubation. By contrast, incubation of cells with equivalent concentrations of IgG 

from a healthy donor (solid bars) did not significantly alter DCF-DA positivity values.  
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B. IgG from patient P2 (also previously characterised to contain anti-VGCC Abs) 

(dotted bars), mediated a significant increase in stress in RinA12 cells at a 

concentration of 0.6 and 1 mg/ml, but not other concentrations, while equivalent 

concentrations of IgG from a healthy donor (solid bars) did not significantly alter 

DCF-DA positivity values. C&D. In contrast to the results produced using IgG 

containing anti-VGCC Abs, incubation of cells with up to 2 mg/ml of individual IgG 

samples from 2 patients with type 1 diabetes previously characterised to lack anti-

VGCC Abs (C = patient P7; D = patient P8) (dotted bars) did not significantly alter 

DCF-DA positivity values compared to baseline values, with DCF-DA values 

similarly not altered by IgG from healthy donors (solid bars). Values are the mean and 

SEM from at least 2 independent assays incorporating triplicate samples. Baseline 

values refer to DCF-DA positivity values of cells incubated under equivalent 

conditions but without IgG addition.  Patient codes refer to Table 1. *Significance 

refers to P < 0.05 by two-way ANOVA, experimental condition verses baseline. 

 

 

Fig. 3. The DCF-DA-based Rin A12 cell stress assay is suitable for screening patient 

IgG samples for the presence of anti-VGCC Abs. A. Pooled IgG-mediated (at 1 

mg/ml) DCF-DA positivity results (4 hrs incubation) from patients previously 

characterised for the presence (red triangles) or absence (black diamonds) of anti-

VGCC Abs (see Table 1).  Mean DCF-DA positivity values obtained using individual 

IgG preparations at 1 mg/ml from all 6 patients positive for anti-VGCC Abs were 

above the mean plus 2 standard deviations (see Table 2) (dotted line) of results 

obtained using IgG from 6 healthy individuals (black circles). In contrast, mean 

results using IgG from 2 patients lacking anti-VGCC Abs did not exceed the mean + 2 

SD of pooled control IgG results. B.  Pooled DCF-DA positivity results mediated by 1 

mg/ml of IgG from 10 control (black circles) and 20 type 1 diabetes patients (black 

triangles).  Mean DCF-DA positivity results from 15 of 20 individual patient IgG 

samples were above the mean plus 2 standard deviations of control results (dotted 

line).  Values represent the mean DCF-DA positivity values obtained from at least n = 

6 individual assessments of individual patient or control IgG specimens.  
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Fig. 4.  IgG containing anti-VGCC Abs mediates induction of apoptosis in Rin A12 

cells, as determined by annexin V. Assessment by flow cytometry of annexin V 

expression by Rin A12 cells incubated for 4 or 16 hrs with 1 mg/ml of IgG from 

healthy individuals (solid black bars; n = 4), or with patient IgG without (dotted bars; 

n = 2) or with (checked bars; n = 2) anti-VGCC Abs.  A significant increase in 

annexin V expression compared to baseline (cells incubated without IgG) was 

observed at 16 hrs in cells incubated with anti-VGCC positive IgG. Values are the 

mean and SEM from at least 2 independent assays incorporating triplicate samples. 

*Significance refers to P < 0.05 by two-way ANOVA, experimental condition verses 

baseline. 
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Table 1. Codes and demographic information for patients and controls.  
 

Code Gender Age at sample collection 

Anti-VGCC Ab positive 

patients 

P1 F 25 

P2 F 45 

P3 F 50 

P4 M 78 

P5 M 64 

P6 F 35 

Anti-VGCC Ab negative 

patients 

P7 F 18 

P8 F 73 

 

 

 

 

 

 

 

Uncharacterised Patients 

P9 F 61 

P10 M 38 

P11 F 33 

P12 M 58 

P13 M 27 

P14 F 26 

P15 F 26 

P16 M 50 

P17 M 17 

P18 M 27 

P19 M 20 

P20 M 33 

 

 

 

 

 

Healthy Controls 

C1 M 60 

C2 M 45 

C3 F 29 

C4 M 38 

C5 M 34 

C6 F 28 

C7 F 20 

C8 F 26 

C9 M 25 

C10 M 33 

 

Footnote: Anti-VGCC Ab positive or negative patients indicate patients where anti-

VGCC Abs have been detected in the IgG fraction of serum using a colon assay of 

colonic migrating motor activity and pharmacological confirmation, as reported in 

Jackson, et. al. 2004 (Jackson et al., 2004). Uncharacterised patients refers to patients 

recruited to the study where anti-VGCC Ab status is unknown.   
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Table 2. Stress induction in Rin A12 cells by patient or control IgG as determined by 

DCF-DA positivity.   

 
 

 
IgG concentration 

(mg/ml) 

Significance by 

2 way ANOVA (compared to CTRs 

values) 

 

  

  

0.3 0.6 1 2 

DCF-DA Positivity 

Values 

 CTRs 

(n=6) 62 73 

8

0 80 ------- 

 
(+)2S

D 140 147 

1

5

2 140  ------- 

T1D

+ 

P1 420 122 

3

4

7 87 0.0001 

P2 162 876 

2

2

7 90 0.0001 

P3 153 154 

1

9

2 174 0.0001 

P4 42 125 

1

9

8 1710 0.0001 

P5  149 324 

2

1

5 73 0.0001 

P6  115 170  

2

2

1  94 0.0013 

T1D- P7 116 100 

1

0

6 104 NS 

P8 35 46 

5

3 45 NS 

 

Footnotes: Rin A12 cells were incubated with corresponding IgG concentration for 4 

hrs.  Values in bold are above the mean + 2 SD of corresponding pooled means 

derived from IgG samples from healthy individuals.  DCF-DA positivity is expressed 

as a percentage of baseline (values for cells incubated without IgG).  CTRs refers to 

IgG from healthy individuals. T1D+ indicates individual patients previously 

characterised as positive for the presence of anti-VGCC Abs in the IgG fraction (see 

Table 1). T1D- refers to individual patients previously characterised as negative for 

the presence of anti-VGCC Abs in the IgG fraction (see Table 1).   

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 

 

Table 3. Determination of the presence of anti-VGCC Abs in patient IgG using DCF-

DA primed Rin A12 cells.  

 

SCREENED SAMPLES % DCF-DA Positivity values Positivity for 

Anti-VGCC 

Abs 

Pooled Healthy Donor Controls (n=10) 79 ±39 -------- 

+2SD 157 -------- 

P1 347 Y 

P2 227 Y 

P3 198 Y 

P4 192 Y 

P5 215 Y 

P6 175 Y 

P7 106 N 

P8 53 N 

P9 201 Y 

P10 272 Y 

P11 219 Y 

P12 565 Y 

P13 177 Y 

P14 169 Y 

P15 171 Y 

P16 191 Y 

P17 78 N 

P18 76 N 

P19 78 N 

P20 310 Y 

 

Footnotes: Values are derived from Rin A12 cells incubated with 1 mg/ml IgG, and 

are expressed as percentage of baseline (cells incubated without IgG).  Values above 

the mean + 2 SD of pooled values derived from control IgG indicate positivity for 

stress induction   
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