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 ..and now, what do you plan to do? 

 

Believe in the future, 

and persist in the present 

 

- Firion, to Matheus 
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CHAPTER 1 - INTRODUCTION 

The late sodium current (INaL) 

In excitable cells the sodium current (INa) is defined as the sodium flux 

that flows through voltage-gated sodium channels (VGSC). In 

muscles and neurons INa can be divided in two components: a fast 

activating and quickly inactivating one, commonly referred as 

transient INa (INaT), and a steady-state activated component (Late INa, 

INaL).  Like the other voltage gated ion channels, the dual nature of INa 

is the direct consequence of the VGSC gating. The steady-state 

activated portion of INa can be further divided in two main 

components: ‘true’ INaL and window currents (INaW), which have been 

established as distinct phenomena
1;2

. INaW occurs only in a small range 

of membrane potentials (Vm), where the opening probability and the 

availability of VGSCs are both different from 0, thus allowing steady-

state Na
+
 influx.

1
 On the other hand INaL is present in a different range 

of potentials which is broader than INaW; such an evidence has 

provided a more accurate definition of INaL, now accepted as the result 

of an intrinsic instability of the inactivated state of the channels
1
. 

According to this model, INaL results from channel reopening during 

sustained depolarization by two different modes, burst openings and 

scattered late openings (Fig. 1.1). The burst opening mode undergoes 

slow but complete voltage-dependent inactivation and quickly 

deactivates upon repolarization. On the other hand, scattered late 

openings inactivate very slowly and may include a non-inactivating 

component, which supports, in terms of macroscopic current, a truly 

steady-state or “background” INa
3
. 
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Figure 1.1. INaL. Single channel recordings showing the scattered late 

(A) and the burst (B) component of the late sodium current. 
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Under normal conditions the entity of INaL is very small compared to 

INaT (less than 1%), thereby limiting its impact on the normal cellular 

physiology. However, an enhancement of INaL has been recently found 

in several heart and neurological disorders, eg relative ischemia
4-6

, 

cardiac hypertrophy/heart failure 
5;7

, ischemia/reperfusion damage
8
 

and epilepsy
9
. These evidences of INaL involvement in several diseases 

raised the clinical interest of its blockade as an effective therapeutic 

tool. 
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Pathophysiology of INaL 

Since INaL enhancement was firstly linked to relative ischemia 

conditions (angina)
10

, cardiac myocytes have been intensively studied 

as subjects of INaL-induced damage. After the first findings regarding 

angina pectoris, INaL enhancement has also been reported in several 

other heart disease, including LQT-3 and LQT-4 syndromes
9;9;11;12

, 

heart failure
5;13-15

, ischemia-reperfusion damage
16;17

, atrial 

fibrillation
18;19

 and post-myocardial infarction remodeling
20

.  

In cardiac myocytes INa is the key element regulating action potential 

(AP) upstroke and signal conduction from the sinoatrial node to the 

ventricular chambers; however, since INaL is very small in normal 

conditions, the physiological role of INa is almost carried out by INaT.  

Besides genetic mutations affecting directly the VGSC gating
21;22

, 

several other conditions common in cardiac disease, like reactive 

oxygen species (ROS), hypoxia or ischemic metabolites, are strong 

enhancers of INaL
16;17;23

. Such an increase may have at least two 

functional consequences: electrical instability and ionic homeostasis 

derangements. 

The former is due to the impact of INaL on ventricular repolarization 

dynamics, which in turn are tightly coupled with the action potential 

shape (Fig. 1.2). In ventricular myocytes APs are evoked by the 

simultaneous opening of VGSCs, triggering a fast depolarization 

mostly driven by INaT (Phase 0). After this initial phase, INaT 

inactivates and the opening of K
+
 conductances (Ito) starts the 

repolarization process (Phase 1). The repolarization is partially 

counteracted by Ca
2+

 entry via the L-type Ca
2+

  current (ICaL), leading 

to the typical ‘plateau’ (phase II) responsible for the Ca
2+

 influx 
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necessary for systolic contraction. The subsequent shift of the balance 

between inward (ICaL and INaL) and outward (K
+
) currents leads to the 

final repolarization (Phase 3) and diastole (Phase 4). 

INaL is present throughout the repolarization process (mainly Phase 2 

and 3), but its impact on the AP is negligible in normal conditions
1
. 

However, in the presence of INaL enhancement, the higher inward 

current during the plateau leads to an abnormal prolongation of the AP 

duration (APD)
2;22

. 

The longer APD can reactivate Ca
2+

 channels, producing abnormal 

and proarryhthmic depolarizations (early afterdepolarizations, 

EADs)
24;25

. Moreover, INaL enhancement leads to intracellular Na
+
 

accumulation during the systole, altering the function of the Na/Ca 

exchanger (NCX). Since diastolic potential (Phase 4) is dependent 

from the balance between NCX activity and the K
+
 current IK1

26
, an 

increase in systolic Ca
2+

 will facilitate the forward mode of NCX in 

diastole, thus providing depolarizing current responsible for delayed 

afterdepolarizations (DADs) and triggered activity
26-28

. Therefore an 

enhancement of INaL can trigger both EADs and DADs, leading to 

spontaneous arrhythmias and ventricular fibrillation
2;28-31

. 

 

 

Fig. 1.2 Ventricular action potential.  
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The second effect of INaL enhancement is directly linked to the 

abnormal Na
+
 entry for a longer period of time (caused by APD 

prolongation), which leads to intracellular Na
+
 accumulation. This 

alters the normal extrusion of Ca
2+

 via NCX, with the net result of 

intracellular Ca
2+

 (Cai) overload
2;32

. Keeping high levels of Ca
2+

 may 

be a compensatory mechanism during systole in cases of afterload 

increase, but defects of Ca
2+

 removal may jeopardize myocardial 

relaxation during diastole and ultimately leads to diastolic 

dysfunction
14;17

. Moreover, Cai is a critical factor for several 

intracellular pathways, including gene expression and apoptosis
33-38

. 

Indeed Ca
2+

 overload is the common feature shared by all heart 

disease and it is tightly linked to ventricular remodelling, the process 

of progressive and detrimental changes in ventricular myocytes gene 

expression and function 
34;36;39-42

. It has been reported that both Ca
2+

 

overload and its negative effects are reduced by INaL blockade (Fig. 

1.3)
8;14;17;21;43;44

. 
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Fig. 1.3 Functional impact of INaL. Representative scheme of a 

ventricular myocyte during physiological (A and B) and pathological 

(C and D) conditions. Note the presence of both ionic (Ca
2+

 overload) 

and electrical (proarrythmic EADs and DADs) derangements in 

panels C and D. 
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It has been recently demonstrated that in failing myocytes INaL and 

Ca
2+

 overload are interconnected by a loop, in which high levels of 

Ca
2+

 activate the Ca/calmodulin-dependent protein kinase 

CaMKII
43;45

, that in turn phosphorylates the Na
+
 channel, thus 

enhancing INaL and closing the loop
46

. However, the evidence that Na
+
 

accumulation precedes Ca
2+

 overload
47

 suggests INaL as the most 

promising therapeutic target for interrupting this loop. 
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Pharmacology of INaL 

As expected from its nature, INaL is inhibited by common Na
+
 channel 

blockers (eg, TTX, Cd
2+

, lidocaine). However the common drugs 

affecting VGSC don’t discriminate between INaT and INaL, thus 

hampering their effectiveness in clinical practice. 

Nevertheless, the increasing evidence of INaL involvement in 

congenital and acquired disease has promoted the research for a 

selective blocker of INaL over its transient counterpart. Ranolazine 

(RAN), a piperazine derivative  approved by FDA as an antianginal 

drug
10;48;49

, is the drug already available in clinic with the most 

selectivity for INaL. (IC50 for INaL/IC50 for INaT: 37.8
13

).  

Despite the fact that RAN is also an aspecific blocker of the rapid 

delayed rectifier current IKr at therapeutic concentrations (IC50 for IKr: 

12 M)
50

,several groups demonstrated its efficacy as selective INaL 

blocker in conditions where INaL was induced by ischemia or 

pharmacological agents (ie ATX II)
17;51

. 

It has also been shown that INaL blockade by RAN was effective in 

reducing diastolic cell Ca
2+

 accumulation in chronic heart failure
14

 and 

in preventing ischemia-reperfusion injury
52

. Moreover, it has been 

shown that INaL blockade has beneficial effects in human hypertrophic 

cardiomyopathy
7
.  

Starting from this experimental evidences, several clinical trials tested 

RAN for the treatment of a wide spectrum of pathologies
4;6;53

. These 

clinical trials demonstrated the beneficial effects of RAN in stable 

angina when used alone (Monotherapy Assessment of Ranolazine in 

Stable Angina, MARISA)
53

 or associated with other commonly used 
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drugs (Combination Assessment of Ranolazine in Stable Angina, 

CARISA)
4
.  

The MERLIN-TIMI 36 clinical trial was designed to test the 

effectiveness of the extended-release formulation of RAN in patients 

with acute coronary syndrome (ACS) and demonstrated a significant 

reduction in the incidence of recurrent ischemia after the therapy
54

. 

However, addition of RAN to the standard treatment for ACS was not 

effective in reducing major cardiovascular events
54

.   

Despite its cardiac action, it has been shown from in vitro experiments 

that RAN is not selective for the cardiac VGSC isoform (NaV1.5), but 

the drug can interact with other isoforms, including the TTX-sensitive 

NaV1.7
55

, NaV1.4
56

 and the TTX-resistant NaV1.8 channels
55

. Since 

these VGSC isoforms are expressed mostly in systems different from 

the heart (ie DRG neurons
57

 or skeletal muscles
56

), ancillary effects of 

RAN might be expected.  

During the MERLIN-TIMI 36 clinical trial, it has been reported that 

chronic treatment with RAN had an unexpected, albeit important, 

beneficial effect in reducing glycosylated haemoglobin levels in type 

II diabetic patients
58

. Further studies on the streptozotocin (STZ)-

induced diabetes animal model demonstrated an improvement of 

glucose homeostasis in mice treated with RAN because of increased 

insulin secretion from pancreatic islets, subsequent to prevention of -

cell apoptosis
59

. These multiple evidences suggest that INaL may be 

involved in the insulin secretion process, thus opening a new potential 

therapeutic target for type II diabetes.   
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Type II diabetes mellitus 

Diabetes mellitus (DM) is a widespread pathology with multiple 

etiology characterized by defection in insulin secretion
60

, insulin 

action
61

 or both. In 2012 it was the most common endocrine disorder, 

affecting about 5% of the world’s population
62

. The general hallmark 

of DM is chronic hyperglycemia, associated with disturbances in 

carbohydrates, fat and protein metabolism.  

Traditionally DM has been divided into two major subtypes:  

 Type I DM (T1DM) is characterized by pancreatic  cell 

destruction, with little or no endogenous insulin secretory 

capacity. Because of its genetical cause, it is the less common 

type of DM (5-10% of all new cases of diabetes) and it is 

usually referred as an autoimmune disease
63

. 

 Type 2 DM (T2DM) is often recognized as ‘late onset’ 

diabetes, characterized by peripheral insulin resistance and -

cell dysfunction. It accounts for over 90% of all new cases of 

diabetes, thus it is the most frequent disorder in clinical 

practice
63

. 

Besides these two major classifications, other subtypes of DM, as the 

pregnancy diabetes or specific genetic defects, complete the state of 

the art of the pathology
63

. (Table 1) 
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Type I diabetes (-cell destruction, usually leading to absolute insulin deficiency) 

A. Immune mediated 
B. Idiopathic 

II. Type II diabetes (may range from predominantly insulin resistance with relative insulin deficiency 
to a predominantly secretory defect with insulin resistance) 

III. Other specific types 

A. Genetic defects of b-cell function 

1. Chromosome 12,HNF-1MODY3) 

2. Chromosome 7, glucokinase (MODY2) 

3. Chromosome 20, HNF4 (MODY1) 
4. Chromosome 13, insulin promoter factor-1 (IPF-1, MODY4) 

5. Chromosome 17, HNF-1MODY5) 

6. Chromosome 2, NeuroD1 (MODY6) 
7. Mitochondrial DNA 

B. Genetic defects in insulin action 

1. Type A insulin resistance 
2. Leprechaunism 

3. Rabson-Mendenhall syndrome 

4. Lipoatrophic diabetes 
C. Diseases of the exocrine pancreas 

1. Pancreatitis 

2. Trauma/pancreatectomy 
3. Neoplasia 

4. Cystic fibrosis 

5. Hemochromatosis 
6. Fibrocalculous pancreatopathy 

D. Endocrinopathies 

1. Acromegaly 
2. Cushing’s syndrome 

3. Glucagonoma 

4. Hyperthyroidism 
5. Somatostatinoma 

6. Aldosteronoma 

7. Others 
E. Drug- or Chemical-induced 

1. Vacor 

2. Pentamidine 
3. Nicotinic acid 

4. Glucocorticoids 

5. Thyroid hormone 
6. Diazoxide 

7. -adrenergic agonists 

8. others 
F. Infections 

1. Congenital rubella 

2. Cytomegalovirus 
3. Others 

G. Uncommon forms of immune-mediated diabetes 

1. ‘Stiff-man’ syndrome 
2. Anti-insulin receptor antibodies 

H. Other genetic syndromes sometimes associated with diabetes 

1. Down’s syndrome 
2. Klinefelter’s syndrome 

3. Turner’s syndrome 

4. Others 
IV. Gestational diabetes 

 

Table 1: Classification of diabetes based on its etiology 

Adapted from American Diabetes Association
63
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T2DM is the most common type of diabetes
64

; it is a complex 

heterogeneous group of metabolic conditions, thus involving almost 

all tissues and organs in the human body
64

. The involvement of each 

tissue or organ to T2DM is summarized in Fig. 1.4. Current theories 

on T2DM include a defect in insulin-mediated glucose uptake by 

skeletal muscle, a disruption of secretory function of adipocytes, a 

dysfunction of pancreatic  cells, impaired response to hyperglycemia 

in the central nervous system and impaired fatty acid oxidation due to 

obesity or genetic predisposition
64

. However, since insulin is the 

hormone mainly involved in glycaemic control, one of the main focus 

in treating T2DM is targeting the insulin secretion process in 

pancreatic  cells.  Indeed many mechanisms contributing to T2DM 

may trigger  cell apoptosis
65

 and reduce  cell mass or ability to 

compensate for insulin resistance
66

.   
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Physiology of insulin secretion 

Insulin is a peptide of 51 aminoacids, with a molecular mass of 

5,8kDa . Functional insulin consists of two polypeptide chains, A- and 

B-chain, linked together by disulphide bonds.  

The synthesis of insulin (Fig. 1.5) occurs in pancreatic -cells and is 

independent from blood glucose levels. The initial product deriving 

from insulin gene expression is a longer peptide, named preproinsulin. 

Preproinsulin contains a 24 aminoacids signal peptide, which acts as a 

cleavage signal for endoproteases. After this initial cleavage, 

proinsulin is formed. This new polypeptide undergoes subsequent 

cleavage and the disulphide bonds between A- and B- chain are 

formed, thus producing ‘final’ insulin and the residual C-peptide. C-

peptide itself is a functional polypeptide, as it is used to treat T1DM-

derived disorders
66-69

. Insulin is stored as hexamers containing Zn
2+

 

ions in vesicles present in the cytosol of pancreatic  cells. After 

secretagogue stimuli (eg high plasma glucose levels) promote granules 

exocytosis, insulin secretion occurs. 

 

Fig. 1.5 Insulin biosynthesis 
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The glucose-stimulated insulin secretion (GSIS) from pancreatic islets 

occurs in two phases: the first, lasting 5-10 minutes, is largely 

dependent on membrane electrical activity, whereas the second is 

longer (up to hours) and involves several metabolic pathways. 

The first phase of GSIS is commonly referred as the ‘KATP-channel 

dependent pathway’, because of the central role of IKATP in triggering 

the response. (Fig. 1.6) In low glucose conditions, KATP channels are 

constitutively open, thus maintaining the  cell in a hyperpolarized 

state. Following glucose metabolism, the ATP/ADP ratio increases 

and the KATP channels close, thus leading to membrane depolarization. 

Voltage-dependent Na
+
 and Ca

2+
 channels (respectively VGSC and 

VGCC) open in response to this initial depolarization, starting 

oscillatory electrical activity characterized by burst of action 

potentials
70

. The final result is an increase in intracellular Ca
2+

, which 

in turn triggers exocytosis of insulin granules.  
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Fig. 1.6 First phase of insulin secretion.  

Schematic representation of a pancreatic  cell under resting (low 

glucose, up) and stimulated (high glucose, below) conditions. 

 

Besides this traditional pathway, it has been proposed a second 

mechanism underlying the first phase of insulin secretion, named ‘the 

VRAC hypothesis’ 
71

. According to this theory, the accumulation of 

glucose metabolites leads to an increase of solutes in the  cell 

cytosol, thus producing cell swelling. The increase in volume of the 

cell leads to the opening of a volume-regulated anion channel 
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(VRAC), which mainly drives a putative Cl
-
 conductance responsible 

for membrane  depolarization and Ca
2+

 entry via VGCC
70

. This 

mechanism has been proposed as an ancillary pathway other than the 

classic KATP-dependent pathway
70

, and it may account for the 

presence of insulin secretion  in -cells exposed to high glucose levels 

in the presence of the KATP channel opener diazoxide
72

. However, 

glucose-induced cell swelling is not present in every pancreatic  cell 

model
72;73

, suggesting that the VRAC hypothesis may account for 

some insulin secretion only in particular conditions.  

Regardless the mechanisms that drive membrane depolarization, the 

latter is a crucial component for Ca
2+

 entry, necessary for the first 

phase of GSIS. In mouse cells, studies on the molecular machinery 

involved in insulin exocytosis identified synaptotagmin-7 (Syt7)  as 

the main Ca
2+

 sensor for the process
74

. In humans the Ca
2+

 sensor is 

represented by both Syt7 and Syt5 proteins, which are the ultimate 

molecular transducers before the first-phase exocytosis
75

. 

On the other hand, the second phase of GSIS is dependent from 

different intracellular signalling pathways. It has been demonstrated 

that this phase is not strictly dependent from intracellular Ca
2+ 

and 

requires high glucose in the extracellular environment
72

. Other 

intracellular pathways include long chain acyl-CoA molecules
76-78

, 

direct ATP interaction with secretory granules
79

, c-AMP levels 

modulation
80;81

, protein kinase A (PKA)
82

 and protein kinase C 

(PKC)
81

 activation. 

Insulin secretion from pancreatic -cells can be activated by several 

secretagogues other than glucose. Charged aminoacids, like arginine, 

can enter the cell and trigger depolarization of the cell membrane, thus 
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promoting Ca
2+

-dependent exocytosis of insulin granules
83

. Fatty 

acids may enhance insulin secretion by both mitochondrial (beta-

oxidation) and cytosolic (direct signalling on exocytosis) 

mechanisms
77;78;84

.  

Besides nutrients, other molecules, like neurotransmitters
85

, and 

hormones
86;87

 may affect insulin secretion. A crucial role is played by 

paracrine signals in the entire islet
88

. Indeed, glucagon produced by 

the neighbouring  cells acts as strong enhancer of insulin secretion
89

, 

while somatostatin (produced by  cells) is a known inhibitor of the 

process
89;90

. Since pancreatic -cells express the insulin receptor, 

insulin itself is a strong enhancer of GSIS, giving rise to autocrine 

signalling
91

. 

Moreover, several drugs have been developed to improve insulin 

secretion and are used in clinic to achieve glycaemic control in 

T2DM. This is the case of sulfonylureas, like tolbutamide or 

glibenclamide, which are direct blockers of KATP channels
92;93

. The 

insulin response induced by sulfonylureas is general lower than the 

response evoked by high glucose, but still they are effective in 

promoting insulin secretion.  

Other drugs that modulate the electrical activity of pancreatic  cells, 

such as K
+
 channels blockers (TEA, 4-aminopyridine)

94-96
 or Ca

2+
 

channels activators (Bay K)
97;98

, enhance the response of glucose in 

terms of insulin secretion. On the other hand, K
+
 channel activators (ie 

diazoxide)
99

 or Ca
2+

 channel blockers (nifedipine)
99-101

, are well 

known inhibitors of insulin release
102;102;103

. Thus, these evidences 

emphasize the strategy of modulating electrical activity as an effective 

therapeutic target in the management of T2DM.  
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Electrophysiology of the pancreatic cell 

The electrical activity in pancreatic islets is dependent from the levels 

of blood glucose and has an intrinsic oscillatory nature.
70

 

In low glucose (<3 mM) conditions, the  cell membrane is in a 

hyperpolarized state (about -70 mV) due to the presence of IKATP and 

background currents. When the glucose levels raise, the closure of 

KATP channels results in a net depolarization on which spontaneous 

action potentials (APs), single or grouped in ‘bursts’, are 

superimposed. These Vm oscillations are coupled with the oscillations 

in intracellular Ca
2+

 necessary for the GSIS process (Fig. 1.7)
75

.  

The oscillatory nature of Vm changes evoked by glucose is a direct 

consequence of the subset of ion channels that underlie the electrical 

activity and are expressed in  cells. In humans the ion channel 

complements include at least four subtypes of K
+
 currents (IKATP, 

delayed rectifier, IKs, IKCa), several Ca
2+

 (ICaN, ICaL and ICaT) and at least 

two Na
+
 currents (INaT and INaL)

103
. 
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Fig. 1.7 Glucose-induced Vm and Ca
2+

 oscillations.  

a Glucose-induced Vm depolarization and initiation of electrical 

activity.  

b Patterns of glucose-induced electrical activity. i single action 

potentials from a negative Vm  ii  oscillatory electrical activity 

c Oscillatory increases of Ca
2+

 following electrical activity 

(Adapted from Rorsman and Braun)
75
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K
+
 channels 

The voltage-gated K
+
 channels (VGKC) are tetrameric integral 

membrane proteins that form aqueous pores through which K
+
 can 

flow
104

. Since K
+
 currents (IK) are normally outward, VGKCs are the 

main proteins involved in the repolarization of Vm in all excitable 

cells. A particular group of K
+
 channels is represented by the inward 

rectifier channels (KIR), which are mainly responsible for maintaining 

the resting Vm of particular cell types in a hyperpolarized state (eg IK1 

in ventricular myocytes). 

The major IK involved in pancreatic cell physiology is IKATP, whose 

channels belong to the KIR family and are sensitive to intracellular 

ATP concentration. KATP channels are tetradimers composed of pore-

forming subunits (KIR6.x) and sulfonylurea receptor SURx, which act 

as regulatory subunits
105

. When ATP increases, such as after exposure 

to high glucose, the nucleotide binds a specific domain in the SURx 

sequence, causing the conformational change that drives the closure of 

the channel. On the other hand, when the ATP/ADP ratio drops, as in 

low glucose conditions, the nucleoside diphosphate  displaces ATP 

from the SUR binding domain and the channel reopens as a 

result
105;106

. Since in low glucose conditions IKATP is active at steady 

state, this current is the major controller of the membrane resting 

potential (-70 mV). Thus, IKATP blockade has been proposed as  

therapeutic target to improve insulin secretion in diabetes and several 

drugs, like sulfonylureas, have been demonstrated to be successful in 

the management of T2DM
107;108

. Upon depolarization caused by KATP 

channel closure, the other voltage-gated ion channels open, starting 

the electrical activity
109

. 
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Besides IKATP, other VGKCs regulate the electrical activity of 

pancreatic  cells. In humans the most relevant ones are the large-

conductance Ca
2+

 activated K channels (BK), the ether-à-go-go 

(hERG) and the KV 2.2 channels. 

The presence of hERG channels has been demonstrated by Rosati et 

al
110

. Addition of the selective blocker WAY- increased by 32% the 

firing frequency and the insulin secretion stimulated by both glucose 

and arginine by 70%
110

. However, since hERG channels are widely 

expressed throughout the central nervous system and play a major role 

in the repolarization of ventricular myocytes, blockade of these 

channels is unlikely to be used as therapeutic strategy in T2DM. 

BKs are critical for the maintenance of Vm  oscillations in human  

cells. These channels are encoded by the KCNMA1 gene and their 

gating is strictly dependent from the levels of Cai
111

.  The IK provided 

by these channels can be selectively blocked by iberiotoxin. The 

inhibition of BK channels increases the action potential height and 

enhances GSIS in human  cells
103

.  

Moreover, blockade of BK channels unmasks a stromatoxin-sensitive 

delayed rectifier IK, that has been found to be carried by Kv 2.2. 

Despite the failure of stromatoxin in enhancing GSIS
103

, recent 

evidence suggests that Kv 2.2 channels regulate exocytosis in human 

 cells independently of their ion-conducting function
103;112

, thus 

keeping open the possibility of modulating these proteins as 

therapeutic targets. 
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Ca
2+

 channels 

Upon glucose-induced Vm depolarization, the voltage-gated Ca
2+

 

channels (VGCCs) open, providing inward currents that participate to 

APs generation.  

Braun et al isolated several types of ICa in human -cells based on their 

pharmacology
103

. The sensitivity of the inward currents to isradipine 

and NNC 55-3096 demonstrated the presence of the L- and T-type ICa, 

while the response to agatoxin demonstrated the presence of 

neuronal types of ICa (P/Q and N types)
103

. Similar VGCC subtypes 

were identified in mice islet preparations
113;114

. It has been shown also 

that CaV1.3, rather than CaV1.2, is the L-type Ca
2+

 channel isoform 

more relevant in the stimulus secretion coupling of mice
99;100

. 

Since the T-type Ca
2+

 channels are low-voltage-activated (LVA), this 

subtype is the first to activate following IKATP closure and give rise to 

a transient ICa, that can be isolated with the selective blocker NNC 55-

3096
103

.  The initial opening of ICaT triggers further depolarization of 

Vm, allowing the activation of the high-voltage-activated (HVA) L and 

P/Q types VGCCs, thus enhancing the total Ca
2+

 influx into the cell.  

The following rise of Cai triggers further release of Ca
2+

 from the 

intracellular stores, that is in part mediated by Ryanodine receptors 

(RyRs)
115

, thus leading to the final rise to Cai necessary for GSIS.  

In human pancreatic  cells, addition of selective ICa blockers slowed 

the spontaneous firing of APs, even stopping the electrical activity 

induced by 20 mM glucose
103

. Since Ca
2+

 is the main responsible for 

the phase I exocytosis, blockade of ICa didn’t affect electrical activity 

only, but almost blunted GSIS
103

.  
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Role of INa in the pancreatic cell 

The presence of VGSCs in pancreatic islets has been known since 

1970
116

. The initial work about VGSCs in β-cells was controversial 

and concluded that INa was not involved in the spontaneous AP firing 

of  cells because glucose-induced electrical activity was not affected 

by tetrodotoxin (TTX)
117

. Subsequent studies reported that veratridine, 

a VGSC opener, increased insulin secretion from perfused isolated rat 

islets
118

 and this effect was blunted by TTX.  On the other hand, the 

VGSC activator BDF-9148 was found to be ineffective in the 

regulation of GSIS in mouse islets, because the drug didn’t affect the 

electrical activity of the  cells
119

. Moreover, studies on mice lacking 

the regulatory  subunit of the VGSC showed that these animals have 

a diabetic phenotype, with both glucagon and insulin secretion 

impairment
120

. 

The first demonstration of the physiological importance of INa was 

made in rat  cells by Hiriart and Matteson, who also showed that this 

current is functionally important for stimulus-secretion coupling 

because TTX partially inhibited  GSIS in their model
121

. TTX had no 

significant effect at or below 5 mM glucose, but at higher glucose 

concentrations TTX clearly inhibited the secretory response
121

. 

Further studies demonstrated that VGSCs are present and participate 

in GSIS by depolarizing the membrane in canine and human β-

cells
122;123

. The controversial effects of TTX on GSIS of different 

animals were partially explained by Plant, who demonstrated that 

most of the VGSCs in mice  cells are inactivated at the physiological 

‘resting’ potential, thus hampering INa impact on GSIS
124

. A recent 
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comparative work between mice and rat  cells showed that the 

percentage of VGSCs available for opening at the physiological 

resting potential (-70 mV) is species-specific
125

. Indeed, VGSCs 

expressed in rat  cells were only 50% inactivated at -70 mV, in 

contrast to those expressed in mice (nearly 99% inactivated)
125

. In 

humans the steady-state inactivation of INa is half-maximal at 

approximately -40 mV, thus VGSCs may be recruited to participate to 

AP generation until the glucose-induced depolarization exceeds this 

value
75

. This view is supported by the evidence that TTX inhibition of 

GSIS is maximal under exposure to a mild concentration of glucose 

(6-7 mM), while the toxin is less effective in the presence of high 

glucose concentration (20 mM)
103;122

. 

However, the impact of VGSCs on the physiology of pancreatic  

cells may not be limited to the net inward current provided by INa, 

because intracellular Na
+
 levels are tightly linked to both pH and Cai. 

The former is controlled by the activity of the Na/H exchanger (NHE), 

that plays a major role in the protection against metabolic acidosis, but 

its ablation has negligible effects on GSIS
126

. However, since the 

activity of several anabolic enzymes is strictly dependent on pH
127

, 

alterations in the NHE activity might still compromise the  cell 

function. 

It is widely recognized that blockade of Na/K ATPase by ouabain 

leads to an increase of intracellular Na
+
, thus promoting Ca

2+
 influx – 

or hampering Ca
2+

 efflux - by the activity of NCX
128

. It has been 

demonstrated that ouabain is effective even in  cells, where it 

enhances insulin secretion
118;129

. Moreover, inhibition of NCX activity 

results in enhancement of insulin secretion, probably because of less 
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Ca
2+

 extrusion from the cytosol
130

. Since both NHE and NCX are 

tightly coupled to the Na
+
 gradient across the membrane, INa may be 

involved directly in pH and Cai homeostasis independently from its 

depolarizing effects on membrane potential.  

The VGSC isoforms expressed in pancreatic cells are slightly different 

between species: whereas NaV 1.7 seems to be the main isoform in 

human  cells
103

, a fetal brain isoform (putatively NaV1.3) has been 

found in rats and dogs
131

.  In any case, all the VGSC isoforms found 

in the islets belong to the TTX-sensitive family (IC50 in the nanomolar 

range) and all display both a sizable INaT and INaL
132

. More 

importantly, it has been shown in other cell types that both NaV1.7 and 

NaV1.3 are sensitive to RAN blockade
55

, increasing the possibility that 

the drug may actually have an impact on the physiological INa in 

pancreatic  cells. 
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Scope of the thesis 

Despite the relevant clinical interest about RAN effects on T2DM 

patients, the impact of INaL on the pathophysiology of insulin secretion 

is still unknown. Nevertheless, the complexity of pancreatic islets as 

integrated systems and the lack of evidences about direct INaL 

involvement in the pancreatic  cell physiology are limiting new 

therapeutic approaches in the treatment of T2DM. 

The work in Chapter 2 aims to assess the presence of INaL and its 

impact on Vm and Cai  in a pure population of  cells, represented by 

the INS-1E  cell line. To evoke spontaneous electrical activity the 

work used the sulfonylurea tolbutamide instead of glucose, to avoid 

possible metabolic interferences by the latter.  INaL was investigated by 

comparing the effects of RAN with those of the common Na
+
 channel 

blocker TTX, in conditions simulating  health (tolbutamide only), 

pharmacological enhancement of INaL (induced by the alkaloid 

veratridine) and stressful conditions relevant to T2DM (chronic 

exposure to high glucose levels). 
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CHAPTER 2 – THE LATE SODIUM CURRENT 

(INaL) IN PANCREATIC  CELLS: FUNCTIONAL 

CHARACTERIZATION AND ROLE IN INSULIN 

SECRETION 

Rizzetto R., Rocchetti M., Villa A., Sala L., Ronchi C., Bertuzzi F., 

Belardinelli L. and Zaza A. 

Under submission 

Abstract 

AIM: To characterize the late sodium current (INaL) in a pure 

pancreatic -cell population and its impact on the membrane potential 

(Vm), intracellular Ca
2+

 (Cai) and glucose-stimulated insulin secretion 

(GSIS).  

METHODS: INa was blocked by 10 M ranolazine (RAN) or 0.5 M 

tetrodotoxin (TTX) and identified as the respective subtraction 

currents (IRAN and ITTX); veratridine (VERA) was used as INaL 

enhancer. The effects of INaL modulation on tolbutamide (TOLB) or 

glucose-induced electrical activity were assessed by patch clamp. 

Slow V-ramps (0.056 V/s) were used to isolate the steady-state 

activated currents. Cai changes elicited by step depolarizations were 

optically measured in Fluo4AM-loaded cells. GSIS was measured 

from cell supernatants by HTRF assay (Cisbio). RESULTS: TOLB-

induced action potential firing was abolished by TTX but not by RAN. 

INaL enhancement by VERA resulted in strong depolarization, an 

effect counteracted by both RAN and TTX. Under baseline ITTX and 

IRAN were similar, with minor differences in threshold. Both ITTX and 
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IRAN had a reversal potentials (Erev) negative to that expected from 

pure INa  (ENa). VERA strongly increased ITTX and, to a much lesser 

extent, IRAN. K
+
 -channels blockade shifted Erev of IRAN and ITTX  

toward ENa , thus  revealing coupling of INaL to a Na-activated K
+
  

conductance (IKNa). Selective IKNa activation by bithionol (10 M, in 

the presence of VERA) strongly hyperpolarized Vm   and negatively 

shifted the Erev  of ITTX. Transcript analysis (RT-PCR) detected the 

expression of Slick and Slack channels, known to underlie IKNa.  INaL 

blockade (by TTX) reduced Cai response to V steps (-10, 0 and +20 

mV), with maximal effect at 0 mV. Cai decay was accelerated by 

TTX, as expected from enhancement of Na
+
 /Ca

2+
 exchange. Chronic 

(24-72 hrs) exposure of INS-1E cells to 33 mM glucose markedly 

increased inward ITTX and IRAN, to indicate INaL enhancement by 

hyperglycemic stress (HG). Under baseline TTX and RAN did not 

affect GSIS; VERA strongly enhanced GSIS, an effect reversed by 

TTX and RAN. GSIS was strongly blunted by chronic INaL 

enhancement (HG or VERA) and partially restored by concomitant 

exposure to RAN.   

CONCLUSIONS: INaL is significantly expressed in pancreatic  cells 

and is functionally coupled to IKNa; by limiting INaL-induced 

depolarization, the latter might amplify Na
+
 influx and thus Cai 

overload. INaL blockade by RAN may decrease GSIS acutely, but it 

may improve GSIS when INaL is chronically enhanced by HG. These 

observations suggest INaL involvement in insulin deficiency and may 

provide a mechanistic interpretation of the positive effects of 

ranolazine on glycemic control in patients. 

 



 

 - 69 - 

Introduction 

Stimulus-secretion coupling in pancreatic  cells is a key factor 

modulating insulin secretion. Under normal conditions the response of 

 cells to an increase of plasma glucose levels is a biphasic 

phenomenon. Whereas the second phase is largely metabolic and 

involves complex intracellular pathways 
1;2

, the first phase of insulin 

secretion is dependent on membrane electrical activity. It is widely 

accepted that in -cells an acute exposure to high glucose leads to 

KATP channels closure, thus leading to Ca
2+

 entry into the cell 

following membrane depolarization. It has been shown that the 

membrane depolarization caused by KATP closure triggers spontaneous 

action potentials, driven by voltage-gated Na
+
 and Ca

2+
 channels

3;4
, 

which in turn open voltage-gated K
+
 channels that provide 

repolarization necessary for continuous action potential (AP) firing. 

Thus, the first phase of glucose-stimulated insulin secretion (GSIS) 

depends on the functional interplay between depolarizing (Na
+
 and 

Ca
2+

) and hyperpolarizing (K
+
) currents.

3
  

Recent works have highlighted the beneficial effects of ranolazine 

(RAN), an antianginal drug, on plasma glucose levels and 

glycosylated hemoglobin (HbA1c) in type II diabetic patients.
5
 

Moreover, RAN was found able to improve glucose homeostasis in 

diabetic mice by directly increasing insulin secretion from pancreatic 

islets, because of prevention of  cell loss
6
.  However, the molecular 

mechanisms of these evidences remain still unclear.  

Since the pancreatic islet works as an integrated system in which 

cell activity is tightly coupled with other cell types (i.e. the 

glucagon-producing cells), the direct effect of RAN on cells is 
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still debated. Furthermore, albeit RAN is a well known blocker of the 

late sodium current (INaL), the direct involvement of INaL in -cells 

electrical activity and function is still unknown.  

In cardiac myocytes INaL is enhanced by reactive oxygen species 

(ROS)
7
 and hypoxia

8;9
 all conditions known to be present in  cell 

dysfunction
10-12

. The existing evidence on Na
+
 channel activity in 

pancreatic islets is restricted to the transient INa
3;4;13;14

 and the novel 

effects of RAN provide the rationale to investigate the relevancy of 

INaL and its enhancement on the single  cell function. 

The aim of this work was to characterize INaL in a pure population of 

pancreatic -cells, represented by the INS-1E cell line, under 

stimulated conditions. To isolate INaL univocally, we compared the 

effect of RAN on steady-state activated currents with the common Na
+
 

channel blocker TTX. To avoid metabolic disturbances by glucose we 

used the sulfonylurea tolbutamide (TOLB) to provide KATP closure 

and AP firing. Since pathophysiological enhancement of INaL is a 

major cause of damage in the heart
15-17

, we used the Na
+
 channel 

opener veratridine and a model of chronic hyperglycemia to test the 

hypothesis that an abnormal increase of INaL may be involved in 

functional derangements of pancreatic  cells.   
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Methods 

Cell culture and maintainance 

INS-1E cell line, a kind gift of Dr. Wollheim (University of Geneve, 

Switzerland), were cultured in RPMI medium (Sigma) supplemented 

with 10% FBS, 2 mM L-glutamine, 1 mM Na-pyruvate, 50 M 2-

mercaptoethanol and 10 mM glucose.  

For chronic exposure to high glucose (HG) experiments, cells were 

plated in medium Petri dishes at a density of 90000 cells/dish and left 

in glucose-free medium overnight. Cells were washed once with PBS 

and put in complete medium with 33 mM glucose for 24 hours. The 

day of experiment cells were washed twice with complete medium 

with 2.5 mM glucose and left in 2.5 mM glucose Krebs for the 

measurement. 

Electrophysiology 

For electrophysiology measurements, cells were disattached the day 

before and plated in 35mm Petri dishes at a density of 100000 

cells/dish. All data was acquired by a MultiClamp 700A amplifier 

(Axon Instruments) at 5 kHz (2 kHz for V-Clamp measurements), 

filtered at 1 kHz (Axon Digidata 1200) and analyzed with a dedicated 

software (pCLAMP 9.0).  

I-Clamp 

Current clamp experiments were carried out at 35°C in the perforated 

patch configuration. All measurements were started when the access 

resistance was stable and lower than 20 MΩ. Changes in Vm were 

recorded by gap-free protocols in which test substances were 

superimposed. All experiments were performed in the presence of 2.5 

mM glucose and 50 M TOLB (Sigma).  
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V-Clamp 

The ruptured patch configuration was used to identify  TTX- and 

RAN- sensitive currents (ITTX and IRAN, respectively) activated during 

slow voltage ramps (0.056 V/s over 2.5 s, one pulse every 6 s) in the 

presence of test substances. All experiments were performed using 50 

M TOLB as baseline and in 2.5 mM glucose conditions.  

Intracellular Ca
2+

 measurements 

INS-1E cells were plated on fluorodishes at a density of 150000 

cells/dish two days before the measurement. Cells were incubated 

with 10 M Fluo4-AM for 45 min followed by 15 min washout, then 

put on an inverted microscope. Ca
2+

 increments were evoked by step 

depolarizations from -80 mV to the test potentials (-10, 0, 20 mV) in 

the perforated patch configuration. All experiments were performed at 

35°C in 2.5 mM glucose and 50 M TOLB was present in the 

extracellular solution. Ca
2+

 decrements at the end of the step were 

fitted by a monoexponential equation to obtain the time constant () of 

decay. 

Solutions 

Standard extracellular solution (Krebs) contained (in mM) 140 NaCl, 

3.6 KCl, 2 NaHCO3, 0.5 NaH2PO4, 0.5 MgSO4, 5 HEPES, 1.5 CaCl2, 

2.5 glucose (pH 7.4).  

For perforated patch, intracellular solution contained (in mM) 76 

K2SO4, 10 NaCl, 10 KCl, 1 MgCl2, 5 HEPES (pH 7.35). Freshly 

prepared amphotericin B (Sigma) was added before the experiment to 

reach a final concentration of 0.3 mM. 
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For ruptured patch, intracellular solution contained (in mM) 95 K-

gluconate, 30 KCl, 1 MgCl2, 5 HEPES, 5 Na2ATP, 1 Na2GTP, 1 

EGTA, 0.4 CaCl2, (pH 7.2). 

50 M TOLB was present in Krebs solution for all experiments. For 

some measurements 40 M veratridine (Alomone Labs, Israel) and 10 

M bithionol (Sigma) were added to the standard Krebs. 

For K-blockade experiments (K-blockade Krebs, KBK), 10 mM TEA-

chloride and 0.5 mM 4 aminopyridine (Sigma) were added to the 

standard Krebs, without removing NaCl in order to keep the Na
+
 

gradient across the membrane.  

TTX (Tocris, UK) was dissolved in water, ranolazine (Gilead 

Sciences, California) was dissolved in 0.1 M HCl and they were 

included in the Krebs solution at the concentration indicated. TOLB, 

bithionol were dissolved in DMSO. DMSO was balanced in all test 

solutions, in all conditions it never surpassed 1%.  

Real time qPCR  

Relative expression of mRNAs encoding Slo 2.1, Slo 2.2 and the NaV 

isoforms, was measured by RTq-PCR as previously described. 

Briefly, total RNA was extracted from INS1-E cells and its 

concentration and purity was determined as the 260/280 nm ratio 

(NanoDrop Thermo Scientific). One microgram of each RNA sample 

was reverse transcribed to cDNA using the 5X iScript cDNA 

Synthesis Kit system (Bio-Rad Laboratories, Hercules, United States). 

The amplification reaction was performed with SSoFast EvaGreen 

(Bio-Rad Laboratories, Hercules, United States) and specific primers 

(Table 1) designed using NCBI Primer3-Blast
18

. 
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Signal detection and analyses of results were performed using ABI 

Prism 7500 Sequence Detection System software (v1.6). Relative 

quantification was achieved with the comparative ΔΔCt method
19

 by 

normalization for β-Actin or GAPDH (data not shown). All samples 

were amplified in triplicate from the same RNA preparation and the 

mean value was computed. 

Insulin secretion 

For glucose-stimulated insulin secretion (GSIS) measurements, INS-

1E cells were plated in 96-multiwell dishes at a density of 10000 

cells/well and cultured in normal medium. Two days after plating, 

cells were washed once with glucose-free Krebs supplemented with 

0.1% BSA and incubated in 2.5 mM glucose Krebs (0.1% BSA) for 

45 minutes. After this pre-incubation, cells were washed once with 

glucose-free Krebs (0.1%  BSA) and incubated for 1 hour in Krebs  

(0.1% BSA) supplemented with test substances. Supernatants were 

then collected for insulin measurements.  

For chronic treatment, the cells were plated at the same density in the 

multiwell. After the first day medium was substituted with complete 

medium supplemented with 10 mM glucose (controls), 33 mM 

glucose (HG group), 33 mM glucose +10 mM ranolazine (HG+RAN 

group) or 40 mM veratridine (VERA group). Medium was changed 

every day to prevent drug degradation. After 72 h cells were washed 

twice with glucose-free Krebs (0.1% BSA) and then the glucose-

challenge test was performed. Insulin was detected from the 

supernatants and measured with a HTRF assay (Cisbio). Test 

substances were dissolved in the same solvents used for 
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electrophysiology. DMSO was balanced in each well, in any condition 

it never surpassed 1%. 

Statistical analysis 

All data was analyzed using paired or unpaired t-test, as requested. 

For multiple comparisons we used one-way ANOVA with Tukey or 

Bonferroni correction, depending on the experimental conditions. 
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Results 

INaL impact on tolbutamide-induced electrical activity 

To assess the effect of INaL blockers on Vm under stimulated 

conditions, we used 50 M TOLB to induce spontaneous firing of 

action potentials (AP). Vm was monitored by gap-free recordings in 

the perforated patch configuration. The effect of INaL blockade was 

studied under baseline conditions and in the presence of INaL 

enhancement by veratridine (40 µM, VERA). 

Baseline: Whereas 0.5 M TTX abolished AP firing almost 

completely, 10 M RAN didn’t prevent AP upstroke (Fig. 1A and 1B, 

respectively) and slightly depolarized the minimum interspike 

potential (TOLB: -35.6±2 mV; RAN: -28.9±2 mV; p<0.05). 

VERA: As shown in fig.2, VERA markedly depolarized Vm (to -

6.2±3.8 m; p<0.005 vs baseline) and completely stopped spontaneous 

AP firing. In the presence of VERA, both TTX and RAN 

hyperpolarized Vm, with TTX being more potent than RAN (TTX: -

24.4±2.7 mV; p<0.05 vs VERA. RAN: -16.2±4 mV; p<0.05 vs 

VERA). 

Steady-state ITTX and IRAN      

TTX- and RAN-sensitive currents (ITTX and IRAN respectively) were 

isolated as subtraction currents.  To avoid subtraction artefacts caused 

by time-varying IKATP activation, the latter current was blocked by 

including 50 M TOLB in the extracellular solution and 5 mM ATP 

in the intracellular one. The I/V relationships of steady-state  ITTX and 

IRAN  were obtained by applying slow depolarizing ramps (0.056 V/s 

over 2 s from a holding of -100 mV) under ruptured patch 

configuration.  
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As shown in fig. 3, although mean inward current density was similar 

(TTX: -3.29±0.46 pA/pF; RAN: -3.4 ±0.5 pA/pF;  N.S.), the 

activation threshold (ETH)was significantly more negative for ITTX than 

for IRAN (TTX: -26±2 mV, RAN: -17.9± 2.8 mV; p< 0.05).  ITTX 

recorded in  cells from human pancreatic islets had similar I/V 

relationship. (Suppl. Fig. 4). Both IRAN and ITTX included a marked 

outward component and their reversal potential (EREV, TTX: 11.3±3.5 

mV; RAN: 15.4±2.1 mV; N.S.) was substantially negative to that 

expected for a pure Na
+
 conductance under this experimental 

conditions (ENa: 64 mV). This indicates the presence of an outward 

conductance inhibited by both agents; the high TTX selectivity for 

Na
+ channels implies that such conductance is activated by Na

+
 influx. 

RT-PCR analysis confirmed the presence of several isoforms of the 

Na
+
 channel (Fig 3C), classically defined as ‘neuronal’ subtypes

20
. 

The main isoform was NaV 1.3, whose levels were quantitatively 

comparable with KIR 6.2 (KATP channel) mRNA.  

ITTX and IRAN modulation by veratridine 

As shown in fig. 4, VERA strongly affected ITTX. It shifted ITTX 

activation threshold by about -24 mV (CTRL: -26.7±2 mV; VERA: -

49.7±3 mV;  p<0.05); increased mean inward current twofold (CTRL: 

-3.29±0.46 pA/pF; VERA: -6.17±0.65 pA/pF; p<0.05) and moved Erev 

by +20 mV, i.e. to approach the predicted ENa (CTRL: 11.2±3.54 mV; 

VERA: 31.6±4.09 mV; p<0.01). The substantial negative shift in ETH 

points to enhancement of INaL through a set of TTX-S channels. The 

large shift in Erev suggests that, under VERA, INaL becomes largely 

predominant in the balance between INaL and the Na
+
 -activated 

outward component.     
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VERA effect on IRAN was much smaller, mean inward density 

remaining unchanged (CTRL: -3.41±0.5 pA/pF; VERA: -5.37±0.6 

pA/pF; N.S.).  This was mainly because the negative ETH shift was 

limited to -10 mV (CTRL: -17.9±2.8 mV; VERA: -28.06±2.1 mV; 

p<0.05) and EREV was not significantly affected (CTRL: 15.4±2.1 mV; 

VERA: 13.1±4.1 mV; N.S.). Failure of Erev to change suggests that in 

the case of IRAN the balance between INaL and the Na
+ -activated 

outward component was substantially preserved even in the presence 

of VERA. 

The effects of VERA on ETH of ITTX is consistent with previous 

reports 
21

. The differences between ITTX and IRAN in response to 

VERA suggest 1) VERA enhancement of a set of low-threshold Na
+
 

channels, which are TTX-sensitive, but not RAN-sensitive; 2) weak 

coupling of RAN-insensitive channels to activation of the Na
+
-

activated outward component.       

Nature of the outward component of ITTX and IRAN  

K
+
 currents are strongly represented in the global steady-state I/V 

relationship of INS-1E (Suppl. Fig. 1) and obvious candidates to 

account for the outward component contributing to ITTX and IRAN. 

Therefore, ITTX and IRAN were evaluated in the presence of conditions 

blocking a wide spectrum of K
+
 channels (KBK solution, described in 

methods). As shown in fig. 5, KBK abolished the outward component 

of both ITTX and IRAN similarly and this was associated with a shift of 

EREV towards the theoretical ENa (TTX, CTRL: 11.28±3.53 mV, KBK: 

39.2±5.1 mV; p<0.01   RAN, CTRL: 15.4±2 mV, KBK: 31.87±4.4 

mV; p<0.01). KBK was expected to unveil Na
+
 contribution to ITTX 

and IRAN; in spite of this, the inward peak amplitude was slightly 
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reduced by KBK, thus suggesting ancillary Na
+
 channel blockade by 

KBK components. Furthermore, in the presence of KBK the activation 

threshold of ITTX became identical to that of IRAN, which was 

significantly more positive under control conditions. 

Sensitivity to KBK indicates that the outward components of ITTX and 

IRAN are supported by K
+
 channels.   Whereas both RAN and TTX are 

Na
+
 channel blockers, ancillary blockade of a K

+
 current (IERG) is a 

known property of RAN only
22

; therefore, the K
+
 component shared 

by ITTX  and IRAN  must be  linked to Na
+
  influx and  likely  

represented by  IKNa. Furthermore, the I/V relationship of total 

membrane current, measured in the same conditions under which ITTX 

and IRAN were evaluated, was unaffected by E4031 (5µM), thus 

indicating negligible IERG contribution (online supplement). 

IKNa molecular identity and functional contribution  

The putative molecular identity of IKNa is represented by Na
+
-

activated K
+
 channels (KNaC). Therefore, the expression of KNaC 

gene transcripts (Slick and Slack) was assessed by quantitative RT-

PCR on INS-1E cell lysates. Both Slick and Slack transcripts were 

clearly detected and their expression level was similar(Fig. 5C) 

While IKNa is blocked by KBK components 
23;24

, selective 

blockers are not available for this current. Therefore, IKNa functional 

expression was evaluated by enhancing it with the specific Slack 

channel activator bithionol (10 M)
25

.  The effect of bithionol on Vm 

and ITTX was tested in the presence of 40 M VERA, to simulate the 

condition of INaL enhancement. As shown in Fig 6A, bithionol 

hyperpolarized Vm to a value(-40.2±3.02 mV) similar to ITTX 

activation threshold (light trace in Fig 4A).   ITTX I/V relationship 
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(recorded in the presence of VERA) was modified by bithionol in a 

way compatible to the activation of a large K
+
 conductance. In spite of 

its remarkable impact on the I/V contour, bithionol did not affect ETH 

(VERA:-49.72±3 mV; +bithionol:-43.1±6.5 mV; NS). Bithionol 

effects on Vm and ITTX converge to indicate that, albeit enhanced, IKNa 

may still depend on INaL for activation.  Put in terms of physiological 

interaction, these observations suggest that INaL causes IKNa activation 

which, in turn, may substantially offset the change in Vm which would 

result from INaL alone. By reducing Na
+
 driving force, Vm 

depolarization may actually limit influx through open Na
+
 channels; 

therefore the presence of IKNa is expected to amplify the impact of INaL 

on Na
+
 influx.  

Effect of Vm on INaL– dependent modulation of intracellular Ca
2+

  

Because cytosolic Na
+
 accumulation impairs Ca

2+
 extrusion through 

the Na/Ca exchanger, IKNa expression might simultaneously blunt the 

effect of INaL enhancement on Vm and amplify the one on intracellular 

Ca
2+

 homeostasis.  

To evaluate this hypothesis, the effect of INaL modulation on 

intracellular Ca
2+

 was tested while clamping membrane potential to 

values suitable to simulate the conditions of coupled INaL - IKNa  

activation (represented by ITTX)  and  INaL activation alone  

(represented by ITTX + KBK) respectively. 

Fluo4-AM (10 M) loaded INS cells were depolarized for 1 s 

from a holding potential of -80 mV to potentials respectively negative 

to  ITTX reversal (-10 and 0 mV), and encompassed by ITTX and INaL 

reversals (+20 mV) (Fig 5 A). The increments of intracellular Ca
2+

 

induced by depolarization were recorded in control and in the 
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presence of TTX, to block Na
+
 influx through INa. As shown in Fig. 7, 

TTX reduced the amplitude of Ca
2+

 responses at all the potentials, but 

its effect was maximal at the intermediate one (%, -10 mV: 

9.0±4.1% ; 0 mV: 16.2±1.78 %;  20 mV: 10,1±2.1%). This confirms 

the expectation that, by preventing Vm to approach INaL reversal, IKNa 

may increase INaL impact on intracellular Ca
2+

 handling. 

TTX also accelerated Ca
2+

 decay at -80 mV (%. -10 mV: 

20.7±4.5%; 0 mV: 15.6±2.0%; +20 mV: 20.1±2.4%), as expected 

from an increase in the driving force for the Na/Ca exchanger (NCX). 

However, in this case, TTX effect did not significantly depend on 

voltage of the previous step, thus suggesting that voltage-sensitivity of  

Na/Ca exchange is related to actual Na
+
 influx to the sub-sarcolemmal 

space, rather than to bulk cytosolic Na
+
 concentration

26
.        

INaL modulation by chronic exposure to high glucose  

The above findings indicate that INaL is normally expressed in β-cells 

and may thus be involved in their physiology. Nevertheless, as in 

other tissues, pathophysiological significance of INaL may require its 

enhancement under relevant conditions 
15;16

, which may be 

represented in this case by  chronic exposure to high glucose
27

.  Thus, 

INaL was evaluated in INS-1E cells incubated for 24h in a medium 

containing 33 mM glucose (HG)
27

. ITTX was measured under 

conditions identical to those of non-incubated cells (2.5 mM glucose + 

50 M TOLB), which were used as control (CTRL).  

As shown by fig. 8, HG markedly increased ITTX inward amplitude 

(Mean IIN, CTRL: -3.54±0.48 pA/pF; HG: -8.8±0.92 pA/pF p<0.05) 

and a significant, but small positive shift of EREV (CTRL: 11.2±2.2 

mV; HG: 16.12±2.3 mV p<0.05). HG tended to shift ETH (CTRL: -
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25.9±2.2 mV; HG: -20.8±1.5 mV p<0.05) and the voltage at peak ITTX 

in the positive direction.  

Comparison with fig 4 shows remarkable differences between the 

effects of HG and VERA on ITTX. Whereas the increment of inward 

component was comparable, HG did not induce the large negative ETH 

shift caused by VERA, thus indicating that HG may fail to affect the 

set of low-threshold channels enhanced by VERA. Furthermore, at 

variance with VERA, HG caused a small positive shift in Erev, thus 

suggesting comparatively smaller effect on the INaL /IKNa balance.    

Thus, chronic exposure to high glucose markedly enhanced INaL 

without disrupting the balance between INaL and IKNa.  

Effect of INaL modulation on insulin secretion 

Glucose-induced insulin secretion was studied in INS1-E preparations 

(Fig 9)   

Under baseline conditions, RAN failed to affect secretion. A trend for 

a decrease was observed with TTX, but it did not achieve statistical 

significance. Acute exposure to VERA sharply increased secretion; 

this effect was completely reversed by concomitant exposure to TTX 

and significantly blunted by RAN. 

Cell incubation for 72 hrs in HG or VERA respectively diminished 

and abolished the secretory response to high glucose (Fig. 9B). When 

RAN was added to the HG incubation medium the secretory response 

was significantly preserved. 
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Discussion 

This study provides information relevant to β-cells physiology: 

1)  selective INaL blockade (by RAN) did not prevent TOLB-induced 

firing and led membrane hyperpolarization only in the presence of INaL 

enhancement (by VERA); 2)  INaL was significantly expressed in INS-

1E cells under basal conditions and similar to that recorded from 

human pancreatic islets; 3) INaL was coupled, through Na
+
  influx, to a 

K
+
 conductance (IKNa), putatively mediated by Slack channels, whose 

transcript was highly expressed in INS-1E cells; 4) INaL affected 

intracellular Ca
2+

 response to depolarization in a voltage-dependent 

fashion; 5) INaL was enhanced by chronic exposure to high glucose, a 

condition relevant to diabetes. 

 

Effect of INaL modulation on membrane potential  

Action potential firing, induced by tolbutamide, was abolished 

by TTX, but not by RAN, thus confirming that the latter may 

selectively block the sustained INa component , as previously reported 

in cardiac myocytes and neurons
28;29

. Thus, while inhibiting Na
+
 

influx through INaL during sustained depolarization, RAN may not 

affect Na
+
 and Ca

2+
 influx triggered by action potentials.   

Further membrane depolarization induced by VERA may 

result from INaL enhancement, as indicated by its reversal by TTX and, 

to a lesser extent, by RAN.  Because TTX was applied at a 

concentration (0.5 µM) blocking “neuronal type” (or TTX-S) Na
+
 

channels only, the large effect of TTX is consistent with VERA 

enhancement of INaL through TTX-S channels isoforms 
21

.  

Nevertheless, the present results suggest that, at variance with RAN-S 
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ones, RAN-R channels may be weakly coupled to those carrying IKNa 

(see below) and this may contribute to explain the larger Vm changes 

associated with their modulation. 

 

NaV isoforms underlying INaL  

According to RT-PCR measurements, INS-1E cells express 

transcripts for several TTX-S channels (Nav 1.1 to 1.4, 1.6 and 1.7)
20

 

and one TTX-R (NaV1.9) isoform. Among TTX-S channels, those 

known to be sensitive also to RAN (at the concentration used) are NaV 

1.3, 1.4 and 1.7
30-32

.  On the other hand, NaV 1.1 is reportedly resistant 

to RAN (RAN-R)
33

; however, information concerning the remaining 

isoforms is missing.    

Under basal conditions, ITTX and IRAN differed only in terms of 

activation threshold (ETH), which was more negative for ITTX. This 

suggests the presence of a population of low-threshold channels 

sensitive to TTX, but resistant to RAN.  

 VERA caused a large negative shift of ETH for ITTX (Fig 4), 

which may be interpreted either as a gating effect, or as INaL 

enhancement through low-threshold TTX-S channels. On the other 

hand, ETH of IRAN was only slightly hyperpolarized by VERA, thus 

confirming poor sensitivity to RAN of the subset of TTX-S low-

threshold channels. According to the (incomplete) information on 

TTX vs RAN sensitivity of NaV isoforms, NaV 1.1 provides the best 

fit with the low-threshold, TTX-S and RAN-R pattern. Nevertheless, 

contribution by NaV 1.2 and 1.6 cannot be ruled out for lack of 

information on RAN sensitivity. 
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Coupling between INaL and IKNa   

Under basal conditions, the reversal potential (Erev) of ITTX and 

IRAN was largely negative to the value expected for selective Na
+
 

currents. Non selective blockade of K
+
 channels (KBK solution) 

strongly shifted Erev, to approach the expected Na
+
 equilibrium 

potential (Fig 5).  Altogether these findings indicate that ITTX and IRAN 

included a component carried by a K
+
 channel; i.e. they were 

composite INaL + IKNa currents.  Because TTX does not directly block 

K
+
 channels, this component must reflect a Na

+
-activated K

+
 

conductance (IKNa ). This argument might not hold for RAN, which 

directly blocks ERG-type K
+
 current  (IERG) at the concentration used 

22
; however, selective IERG blockade (by E-4031) had negligible effect 

on membrane current recorded during the ramp protocol (Supplement 

Fig 3), possibly because of extensive IERG inactivation during slow 

depolarizations. Thus, also in the case of IRAN, the steady-state 

outward component may largely reflect IKNa. 

Unfortunately, the KBK solution also reduced ITTX and IRAN 

inward amplitudes, thus implying ancillary INa blockade, a reported 

effect of 4-AP
34;35

. While this ancillary effect cannot account for the 

observed Erev changes, it prevents interpretation of ETH changes in 

terms of K
+
 channel blockade.  More solid information on the 

correspondence of IKNa activation with Na
+
 influx can be provided by 

the effect of the selective IKNa activator bithionol. As shown in fig 6B, 

albeit strongly shifting the Erev of ITTX , bithionol failed to change its 

ETH. This implies that IKNa activation was closely coupled to that of 

INaL, i.e. to Na
+
 influx.  
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    INaL enhancement by VERA (fig 4) and chronic exposure to 

high glucose (HG, Fig 8) significantly shifted the voltages at ITTX peak 

and reversal, but failed to modify the same parameters in the case of 

IRAN. Absence of changes in the voltage dependency of the composite 

INaL+IKNa current  upon INaL enhancement suggests strong coupling 

between the Na
+
  and K

+
 components. Thus, the Na

+
 channel isoforms 

blocked by RAN may be more closely coupled to IKNa channels than 

RAN-R ones. Comparison of available data on drug sensitivity and 

activation threshold 
20

 suggests that, among the NaV isoforms detected 

by rt-PCR, the best candidate for coupling with IKNa channels was NaV 

1.3 (highly expressed, RAN-S and higher threshold). 

Coupling to IKNa conceivably limits the impact of INaL on Vm, 

and this may explain why, in spite of clearly detectable INaL under 

basal conditions, Vm was not hyperpolarized by its selective blockade 

(Fig 1). Ancillary IERG blockade by RAN 
22

 might theoretically 

contribute to limit its impact on Vm; however, the negligible effect of 

E-4031 on ramp current (suppl Fig 3) suggests that IERG may be 

almost completely inactivated during sustained depolarization.   On 

the other hand, failure of Vm to depolarize in response to Na
+
 channels 

opening may actually enhance the driving force for Na
+
 influx, thus 

increasing the impact of INaL enhancement on intracellular ionic 

homeostasis. This view is supported by the observation that the effect 

of INaL blockade on intracellular Ca
2+

 was maximal at intermediate 

potentials. Nevertheless, Vm restrain by IKNa  might also blunt auto-

regenerative INa activation; thus, its net effect  on Na
+
 influx may 

ultimately depend on the position of Vm  relative to INa activation 
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curve (enhancement prevailing at more positive Vm , where Na
+
 

driving force becomes the limiting factor). 

The expression of channels potentially accounting for IKNa was 

investigated by rt-PCR and transcripts for both Slick and Slack 

proteins were identified.  These, channels, originally described in 

dorsal root ganglia
36

, are expressed throughout the nervous system 

37;38
. Tight functional coupling between INaL and IKNa has been 

previously described in central neurons 
39

 and recently confirmed by 

excised-patch recordings in olfactory neurons 
40

. These findings 

converge to suggest that channel co-localization may underlie the 

crosstalk between channels.  Although the present data do not include 

evidence of channel co-localization, strict coupling is indicated by the 

close match between INaL and IKNa in terms of voltage-dependency and 

sensitivity to blockade.  

Similar levels of Slack and Slick transcripts were detected by 

RT-PCR.; thus, both isoforms might contribute to IKNa . However, 

whereas Slick channel activation requires high intracellular Cl
-
 and is 

inhibited by ATP
41

, a  low Cl
-
 - high ATP pipette solution was used;  

moreover, only the Slack  isoform is  sensitive to bithionol.  

Therefore, Slack is a better candidate for supporting IKNa  in INS-1E 

cells. Albeit clearly detectable, transcript levels of each isoform were 

in the intermediate-low range if compared with KIR 6.2, which can be 

viewed as positive reference.  Nevertheless, it should be considered 

that the encoded channels have a large unitary conductance
23

; thus, 

they may support a functionally significant current even at low 

expression levels. 
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Na
+
 -activated K

+
  channels bear a functional analogy with  

Ca
2+

-activated ones 
37;42

, which are involved in generating periodical 

burst activity in neurons
36;41

. Thus, it can be hypothesized that IKNa 

may also contribute to the oscillatory response of Vm to glucose 

challenge in pancreatic β-cells.  

 

INaL is enhanced by long-term exposure to high glucose 

A novel finding of this work is the enhancement of ITTX and 

IRAN after chronic exposure to high glucose levels (HG, 33 mM, Fig. 

8). Both the inward and the outward component of these currents were 

enhanced by HG, thus preserving the INaL /IKNa balance.  INaL is linked 

to Ca
2+

 homeostasis, which may thus be chronically perturbed by HG-

induced INaL enhancement.  In cardiac myocytes, INaL enhancement 

boosts function (force development) acutely but, on the long run, it 

strongly contributes to failure
43

; the same paradigm might apply to β-

cells. Indeed, long term Ca
2+

 overload might impair glucose-induced 

insulin secretion functionally (e.g. by causing fasting insulin leak) and 

affect β-cell survival by facilitating apoptosis.  The observation that 

RAN prevented β-cell loss in mice with streptozotocin-induced 

diabetes
6
 is in line with this view. 

The evidence collected thus far in different tissues suggests 

that INaL enhancement may represent a widespread response to 

stress
43;44

, ultimately operated by CaMKII-dependent channel 

phosphorylation, but initiated by a variety of stimuli, including redox 

imbalance
7;45

. Accumulation of reactive oxygen species (ROS) is an 

important mechanism in streptozotocin-induced damage
46

 and is also 

among the consequences of chronic exposure to high glucose
47

.  Thus, 
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we speculate that ROS accumulation might be involved in HG-

induced INaL enhancement. 

 

Modulation of insulin secretion  

Na
+
 channels were first described in pancreatic β-cells in 1977 

48
; nevertheless, their functional impact on glucose stimulated insulin 

secretion (GSIS) is still debated.  

Theoretically, INa  might contribute to the voltage-triggered 

component of insulin secretion in two ways: 1) its transient 

component (INaT ) may support action potential firing, required for 

Ca
2+

 influx through high threshold Ca
2+

 channels; 2)  Na
+
 influx, also 

supported by  non-inactivating components (INaL) potentially unrelated 

to action potential firing, may contribute to Ca
2+

 loading through the 

Na
+
/Ca

2+
 exchanger (NCX). In murine β-cells up to 90% of Na

+
 

channels are  inactivated even at membrane potentials occurring in 

low glucose (about -70 mV)
49

. On the other hand, recent studies in 

mice  cells demonstrated that INa inactivation curve is positively 

shifted by intracellular ATP
50

; thus, high glucose might partially 

recover Na
+
 channel availability. Moreover, Braun et al.

3
 recorded 

sizable INaT  at a holding potential of -70 mV in human -cells. 

Overall, action potential firing may not be essential for V-triggered 

insulin secretion
51

, its quantitative contribution is debated and 

possibly species-dependent. Indeed, TTX (at concentrations blocking 

TTX-S channels only) had negligible effects on GSIS from mice 

pancreatic islets
52

, but inhibited GSIS from canine and human islets 
13

.  

Insulin secretion was found to be positively correlated with 

intracellular Na
+
 levels during acute exposure to a range of 
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experimental conditions ( INa blockade, low Na
+
  or Na

+
/K

+
 pump 

blockade)
3;13;48

. This is expected from the link between cellular Na
+
 

and Ca
2+

 regulation, the role of Ca
2+

 in modulating secretion and is 

apparently opposite to what needed to explain the improvement of 

glycaemic control in RAN-treated diabetic patients
5
. 

In the present experiments under baseline conditions, RAN did 

not affect glucose-induced secretion and, although a trend was 

present, TTX effect did not achieve significance (Fig. 9). While the 

method and sample size used may be inadequate to detect small 

secretion changes, RAN ineffectiveness is consistent with its failure to 

affect glycaemia in normal subjects 
5
,probably related to “normal” INaL 

magnitude and lack of effect on action potential firing. 

Secretion enhancement by acute exposure to VERA is again 

consistent with previous knowledge and its reversal by TTX and RAN 

provides further proof that INaL enhancement is involved. VERA 

modulation of TTX-S channels and the observation that these may be 

partly insensitive to RAN may explain why TTX was more effective 

in this action.  

Notably, after 72 hrs of exposure to either VERA or HG, 

glucose-induced secretion was strongly blunted, an effect opposed by 

adding RAN to the incubation medium. Thus the effects of acute and 

chronic INaL modulation on secretion were opposite.  This indicates 

that long-term INaL enhancement may impair β-cell function/survival, 

a finding reminiscent of the “remodelling” role of INaL described in 

cardiac muscle
43

 and potentially suitable to explain the beneficial 

effects of RAN on glycaemic control of diabetic patients. Of course, 

this does not rule out the possibility that RAN may also modulate the 
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function of glucagon-secreting cells in a direction contributing to 

restore balance under conditions of insulin deficiency. 

 

Limitations 

The majority of experiments in this study were performed on 

rat INS-1E cells and extrapolation to native β-cells may require 

caution. Nevertheless, we compared INaL recordings between INS-1E 

cells and cells acutely dissociated from normal human islets (most 

likely to represent β-cells) and found them superimposable 

(Supplemental data). Furthermore, the pattern of Vm response to 

glucose challenge of INS-1E cells (Supplemental data) was similar to 

that classically described for islet β-cells 
53

. The choice to use a pure 

β-cell preparation (as INS-1E) was motivated by the difficulty in 

discriminating cell types in islet preparations and to rule out paracrine 

crosstalk between cell types in secretion studies.   

 IKATP blockade (by tolbutamide), rather than glucose, was used 

as the inducing stimulus in the majority of experiments (except for 

secretion studies).  It is fair to stress that the two stimuli may differ 

because, whereas the latter may involve metabolic mechanisms, the 

former acts downstream and is purely electrophysiological. At the 

same time, the study focused on an electrophysiological mechanism (a 

transmembrane current); thus, the use of tolbutamide is justified by 

the need to facilitate interpretation of findings. In V-clamp 

experiments IKATP blockade was further motivated by the need to 

remove even small fluctuations in background current, potentially 

contaminating measurement of INaL by subtraction (as in ITTX or IRAN). 
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Conclusions and translational relevance 

The present findings demonstrate the presence of INaL in insulin-

secreting cells, and its functional coupling with IKNa, with 

consequences relevant to the electrophysiological component (i.e. the 

“early phase”) of secretion control.  INaL-IKNa coupling might exist in 

other cell types, including glucagon-secreting ones, thus opening the 

possibility that it may participate in glycaemic control by additional 

mechanisms. Unveiling the impact of the INaL/IKNa balance on the 

physiology of intact islets might disclose new therapeutic approaches 

to secretion deficiency. Moreover, the present findings show that INaL 

enhancement may result from long term exposure to high glucose and 

adversely affects insulin secretion. This provides at least one 

mechanistic interpretation of the beneficial effects of INaL blockade in 

patients with type 2 diabetes. 
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Figures 

 

Fig. 1 Effect of INaL blockers on Vm. Representative gap-free Vm 

recordings. Test substances applied as indicated by bars. Similar 

results were obtained for 6 cells (TTX, panel A) and 7 cells (RAN, 

panel B). 
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Fig. 2 Effect of INaL enhancement and blockade on Vm. A 

Representative gap-free Vm recordings during exposure to 

interventions, as indicated by bars. Similar traces were obtained for 7 

cells (VERA+TTX) and 11 cells (VERA+RAN). B Statistics of Vm. 

TOLB values refer to the mean Vm in the absence of firing *= p<0.05 

vs TOLB, # =p<0.05 vs VERA 
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Fig. 3 ITTX and IRAN under baseline conditions A Mean steady-state 

I/V relationship (± confidence intervals) of ITTX and IRAN  (N ITTX: 16; 

IRAN: 11) B Statistics for key parameters of  steady-state I/V 

relationships. ETH: threshold potential; Mean IIN: mean inward current; 

EREV: reversal potential. * = p<0.05 vs TTX  C Relative mRNA level 

expression (vs  actin) of NaV channel isoforms. The KATP channel  

subunit KIR 6.2 was used as positive control. Experiments were run in 

triplicates. 
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 Fig. 4 Effect of INaL enhancement by VERA on ITTX and IRAN.  

A Mean steady-state I/V relationships (± confidence intervals) of ITTX 

and IRAN in control and after exposure to 40 M veratridine (VERA) 

(N ITTX: CTRL:16, VERA: 11; IRAN CTRL:11, VERA: 7)  B Statistics 

for key parameters of steady-state I/V relationships, abbreviations as 

in Fig 1. * = p<0.05 vs CTRL. # = p<0.05 vs TTX 
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Fig. 5 Effect of K
+ 

channel blockade (KBK) on ITTX and IRAN.  

A Mean steady-state I/V relationship (± confidence intervals) of ITTX 

and IRAN in control and in presence of 10 mM TEA-chloride and 0.5 

M 4-aminopyridine (KBK) (N ITTX: CTRL:16, KBK: 9; IRAN 

CTRL:11, KBK: 7). B Statistics for key parameters of  steady-state 

I/V relationships, abbreviations as in Fig 1. * = p<0.05 vs CTRL. # = 

p<0.05 vs TTX  C Relative mRNA level expression (vs  actin) of 

SLICK (Slo2.1) and SLACK (Slo2.2) The KATP channel  subunit KIR 

6.2 was used as positive control. Experiments were run in triplicates. 
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Fig. 6 Effect of IKNa activation on Vm and ITTX.  

A Representative trace of gap free recordings of Vm. 10 M bithionol 

was superimposed on TOLB and VERA at the time indicated. Similar 

traces were recorded in 7 cells.  

B Up, mean I/V relationship (± confidence intervals) of ITTX  in 

VERA and after addition of 10 M bithionol. Bottom, quantitative 

analysis. ETH: threshold potential; Mean IIN: Mean inward current; 

EREV: reversal potential.  (N VERA:16, +BITHIO: 9)   

* = p<0.05 vs CTRL.  
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Fig. 7  TTX effect on V-evoked Ca
2+

 increments. 

A Representative traces of V-evoked Ca
2+ 

responses at three different 

test potentials, as shown in the V-clamp protocols above (time-

aligned). 

B Statistics for TTX effect on V-induced Ca
2+

 responses; TTX-

induced changes are shown in the insets. Left: amplitude; Right: decay 

time constants (). (N=7 for each potential). * = p<0.05 vs CTRL 
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Fig. 8 ITTX and IRAN after chronic exposure to 33 mM glucose 

(HG).  

A Mean steady-state I/V relationships (± confidence intervals) of ITTX 

and IRAN in control and after 24 h exposure to 33 mM glucose (HG)   

(N, TTX CTRL: 16; HG: 9 ; RAN CTRL: 11; HG:11)             

B Statistics for key parameters of steady-state I/V relationships, 

abbreviations as in Fig 1. * = p<0.05 vs CTRL. #=p<0.05 vs TTX 
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Fig. 9 Effect of INaL modulators on GSIS A Insulin secretion after 

acute exposure (1h) to the test substances (N=9) ° = p<0.05 vs 2.5 mM 

glucose; *= p<0.05 vs 20 mM glucose; #=p<0.05 vs vera 
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B Response to glucose challenge after chronic (72 hrs) exposure to the 

conditions indicated (CTRL: normal glucose; HG: 33 mM glucose; 

HG + RAN: 33 M glucose + 10 mM RAN; VERA: 40 M 

veratridine). For each intervention secretions in 2.5 and 20 mM 

glucose are compared.. The inset shows the % effect of glucose 

challenge. N= 9 for each group;  ò=p<0.05 vs CTRL; &=p<0.05 vs 

HG. 
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Supplementary material  

 

Fig. S1 Total steady-state I/V relationship of INS-1E cells. Mean 

steady-state I/V relationship of total membrane current (± confidence 

intervals) in INS-1E cells. Measurements were made in perforated 

patch to avoid disturbances in intracellular environment. (N, CTRL: 

12, TOLB: 11, TOLB+TEA+4AP: 12) 
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Fig. S2 Equivalence between INaL measurement by ramp and step 

protocols. Example of ITTX recorded from the same cell during whole-

cell conditions. Recordings performed in the presence of 50 M 

TOLB, 10 mM TEA and 0.5 M 4AP (KBK solution). 
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Fig. S3 E4031 effect on ramp currents. Representative recording; 

similar results in 5 cells. 
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Fig. S4 Comparison between ITTX in INS-1E cells and human 

pancreatic -cells (freshly isolated from islets). Average traces ± SE 

(N = 7 for human and 16 for INS-1E) 
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Fig. S5 Glucose effect on Vm in INS-1E cells. Representative gap 

free recording of electrical activity elicited by 20 mM glucose in INS-

1E cells. Similar traces were obtained in 8 cells.  
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CHAPTER 3 – CONCLUSIONS 

The findings reported in Chapter 2 can be summarized as follows: 

1) Pancreatic  cells express a sizable INaL, which is sensitive to 

both TTX and RAN blockade. 

2) The impact of INaL on Vm is negligible in normal conditions, 

but become more relevant when the current is 

pharmacologically enhanced (by VERA). 

3) The effects of TTX and RAN on Vm were compatible with the 

I/V relationships of ITTX and IRAN. VERA greatly affected ITTX, 

but produced only minor changes on IRAN, probably because of 

the presence of different subpopulations of VGSC, differently 

affected by the drugs.  

4) Besides INaL, ITTX and IRAN included a relevant outward 

component that was abolished in the presence of K-channel 

blockers. Such evidences demonstrated the presence of a Na-

activated K
+
 current (IKNa).  

5) Selective activation of IKNa by bithionol greatly reduced the 

inward component of ITTX, demonstrating the functional 

coupling between INaL and IKNa. Consistently, bithionol 

reverted the depolarization induced by VERA, suggesting that 

Vm is modulated by the equilibrium between INaL and IKNa 

when the former is enhanced.  

6) IKNa presence was confirmed at the molecular level by the 

presence of both SLACK and SLICK transcripts. Furthermore, 

RT PCR analysis detected several VGSC isoforms, confirming 

the evidences in point 3. 
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7) TTX reduction of the amplitude of Ca
2+

 increments was 

voltage-dependent, suggesting that the impact of INaL on Cai is 

tightly linked to Vm dynamics. The maximum effect of TTX 

was recorded at 0 mV, where the inward peak of the mixed 

INaL/IKNa current was found. Moreover, TTX accelerated the 

decay of Cai levels, as expected from an increase in the driving 

force for the Na/Ca exchanger (NCX).  

8) Chronic exposure to high glucose increased both the outward 

and the inward component of ITTX and IRAN, suggesting that 

pathophysiologically relevant conditions may produce INaL 

enhancement, with subsequent increase of IKNa. 

9) Consistently with previous works, TTX and RAN had 

negligible effect on the glucose-stimulated insulin secretion 

(GSIS) in basal conditions. Acute INaL enhancement by VERA 

resulted in a strong increase of insulin secretion, as expected 

from an acute Cai increment following intracellular Na (Nai) 

accumulation. This effect was blunted by TTX and reduced by 

RAN, demonstrating VGSC involvement in the entire process.  

10)  Chronic exposure to high glucose (33 mM) reduced the 

response to the glucose challenge, an effect similar to the 

chronic INaL enhancement by VERA, which abolished the 

response to glucose. Notably, the effects of chronic high 

glucose exposure were slightly ameliorated by concomitant 

exposure to RAN.  These evidences point to the fact that INaL 

enhancement, albeit beneficial for GSIS for brief periods, may 

become a relevant cause for insulin secretion dysfunction on 

the long term.  
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Overall, the evidences in Chapter 2 demonstrate the relevancy of INaL 

and its enhancement in a cell type (pancreatic  cells) different from 

neurons or cardiac myocytes.  

The pathological effects of INaL enhancement may roughly be divided 

into electrical and ionic derangements. Although the former represents 

a major issue in cardiac myocytes
1-3

, in pancreatic  cells the net 

inward current provided by INaL is effectively counteracted by the 

activation of the outward Na
+
 dependent K

+
 current (IKNa), thus 

limiting the INaL-induced alterations on the normal electrical activity 

elicited by secretagogue stimuli. However, since Vm is only one of the 

several factors affecting GSIS
4
, the presence of IKNa alone may not be 

sufficient to hamper the negative effects of INaL enhancement.  

As demonstrated by TTX effect on Cai reported in Chapter 2, the net 

Na
+
 influx consequent to INaL activation results in Cai overload, an 

effect shared with cardiac myocytes
4-6

. Since the effect of INa blockade 

in INS-1E cells was voltage-dependent, the functional interplay 

between INaL and IKNa represent a major factor in modulating ionic 

(most relevantly Ca
2+

) homeostasis. It is widely recognized that in 

pancreatic  cells the membrane oscillators, consequent to IKATP 

closure, are strictly dependent from the concentration of glucose
4
. The 

direct consequence is that altered glycemic levels might involve the 

balance between INaL/IKNa, and the consequent Ca
2+

 load, in a different 

extent, depending on the entity of the initial glucose stimulus. 

Depending on the levels reached by Vm, the presence of IKNa might 

sort beneficial or detrimental effects. Whereas the former may be due 

to Vm hyperpolarization opposing INaL activation, the same 

hyperpolarization might maintain a high driving force for Na
+
 entry 
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through VGSCs, worsening the Nai overload. However, since NCX 

activity is also modulated by Vm values, the glycemia-dependent 

effects of the combined INaL/IKNa currents on Cai might be even more 

complex. 

An important finding, with translational significance, was INaL 

enhancement in a model of chronic hyperglycemia, suggesting a 

potential common role of INaL enhancement as a marker of cell stress 

in different cell types. One possible explanation supporting this theory 

is the established cause-effect link between reactive oxygen species 

(ROS) and INaL enhancement. Since ROS production is a widespread 

response to different stress in almost all cell types
7
, INaL enhancement 

may represent one of the final effectors of functional cell damage. 

It is also important to notice that both the inward and the outward 

components of ITTX (and IRAN) were increased by chronic exposure to 

high glucose, suggesting that in pathophysiologically relevant 

conditions IKNa might follow INaL enhancement, as a protective 

mechanism trying to restore Vm ‘normal’ behavior. Such a mechanism 

has already been proposed in neurons, where IKNa could play a 

protective role against acute hypoxia
8
.    

Whereas the acute effects of INaL enhancers (veratridine) on insulin 

secretion are consistent with the Na-dependent Ca
2+

 overload pattern, 

chronic enhancement of INaL results in the opposite effect on GSIS. 

This may be explained by an increase in cell apoptosis or by chronic 

insulin leakage, resulting in reduced response to glucose due to 

depletion of the stores. In any case, the severe impairment of GSIS 

following chronic INaL enhancement may ultimately be ascribed to 

Ca
2+

 overload, responsible for both apoptosis and insulin leak. 
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As previously reported (CIT), chronic exposure to high glucose had 

negative effects on GSIS, but with magnitude inferior to VERA. This 

may be accounted for the different enhancement of INaL induced by the 

two conditions, as well as different IKNa and Cai response, although 

INaL is probably not the only mechanism participating in 

hyperglycemia-induced stress. Nevertheless, concomitant RAN 

exposure significantly ameliorated the response to glucose, suggesting 

that INaL is actually involved in hyperglycemic stress. However, RAN 

did not totally preserve the glucose response, suggesting the presence 

of at least one INaL-independent mechanism. 

 

Translational considerations 

The evidences found in Chapter 2 provide significant observations in 

terms of multi-organ and translational application to the clinic. The 

presence of INaL and the impact of its enhancement in pancreatic  

cells provide at least one mechanistic interpretation of the beneficial 

effects of RAN reported in T2DM patients
9
.  

Furthermore, since INaL enhancement has already been associated with 

several pathological conditions relevant to clinic (angina, epilepsy, 

heart failure) the demonstration of its involvement in hormone 

secretion mechanisms opens the possibility to consider INaL 

enhancement a widespread response to cell stress, thus making its 

selective blockers useful therapeutic tools to improve the treatment of 

several diseases in clinical practice. In particular, since the INaL 

blocker ranolazine is already used in clinic for the treatment of 

angina
10

 and has been shown to have anti-diabetic effects
9
, particular 

attention should be paid regarding the involvement of INaL on the 
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ancillary pathologic conditions of T2DM, ie diabetic cardiomyopathy 

and neuropathy. 

Besides INaL, the experiments presented in Chapter 2 unveiled the 

presence of a Na-activated K conductance (IKNa). Although this 

current is poorly studied, functional coupling between INaL and IKNa 

represents an important phenomenon modulating INaL-induced cell 

damage. Thus, better understanding of IKNa and its coupling with INaL 

enhancement may provide new potential therapeutic strategies in the 

treatment of cardiac, neuronal and pancreatic disorders.  
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