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Healthy nervous system function depends on proper transmission.  Synaptic 

transmission occurs by the release of transmitters from vesicles that fuse to the plasma 

membrane of a pre-synaptic cell. Regulated release of neurotransmitters, 

neuropeptides, and hormones occurs by exocytosis, initiated by the formation of the 

fusion pore. The initial fusion pore has molecular dimensions with a diameter of 1-2 

nm and a rapid lifetime on the millisecond time scale. It connects the vesicular lumen 

and extracellular space, serving as an important step for regulating the release of 

charged transmitters. Comprehending the molecular structure and biophysical 

properties of the fusion pore is essential for a mechanistic understanding of vesicle-

plasma membrane fusion and transmitter release. Release of charged transmitter 

molecules such as glutamate, acetylcholine, dopamine, or noradrenaline through a 

narrow fusion pore requires compensation of change in charge. Transmitter release 

through the fusion pore is therefore an electrodiffusion process. If the fusion pore is 

selective for specific ions, then its selectivity will affect the rate of transmitter release 

via the voltage gradient that develops across the fusion pore. The elucidation of these 

mechanisms can lead to a better understanding of nervous system cell biology, neural 

and endocrine signaling, learning, memory, motor control, sensory function and 



 

integration, and in particular synaptic transmission. This investigation can advance our 

understanding of neurological disorders in which noradrenergic and dopaminergic 

exocytosis is disturbed, leading to neurological consequences of developmental 

disorders, epilepsy, Parkinson’s disease, and other neurodegenerative diseases. 

Ultimately, understanding the role of selectivity in the fusion pore and its effects on 

exocytosis can contribute to the development of more effective therapies. This study 

investigates the selectivity of the fusion pore by observing the effects of ion influx and 

efflux through the fusion pore. The experiments reveal negatively charged transmitter 

release can occur through a fusion pore at larger conductance values, past a threshold 

range.  Narrow fusion pores with lower conductance values favor cation selectivity, 

which would accelerate the release of positively charged transmitters such as 

acetylcholine in the neuromuscular junction. However, release of negatively charged 

neurotransmitters such as glutamate can occur if an expanded fusion pore mediates 

release of this fast major excitatory transmitter.  The intention of this research is to 

expand our understanding of the nervous system, which can contribute to healthy 

shifts in our clinical and educational interventions that are commonly delivered.
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CHAPTER 1 
INTRODUCTION 

 

1.1 Motivation 
 

The evaluation and improvement of healthy medical and educational interventions rely 

on a deeper understanding of the nervous system.  Comprehending the molecular 

structure of vesicle-plasma membrane fusion and the permeation of ions through the 

fusion pore is essential for a mechanistic understanding of transmitter release via a 

mechanism known as exocytosis.  Exocytosis of transmitters is critical for successful 

cellular communication within the nervous system.  In previous experiments using cell 

attached configuration in neutrophils, initial fusion pore conductance was variable and 

could be as low as 50 pS  (Lollike et al., 1995) , and as high as hundreds of pS. In mast 

cells, eosinophils and chromaffin cells the average initial fusion pore conductance during 

exocytosis was close to 200-300 pS, (Breckenridge and Almers, 1987; Hartmann and 

Lindau, 1995; Dernick et al., 1999). For an aqueous fusion pore that spans two lipid 

bilayers this conductance corresponds to an estimated 1-2 nm fusion pore diameter. This 

value of conductance is also similar to a gap junction channel or potassium channel, 

which are channels made of proteins with charges that affect ion selectivity. Although 

there are two hypotheses debated about fusion pore composition being lipid or protein 

lined, when compared to conventional large ion channels, there is larger variability in 

initial fusion pore conductance (Lindau and Alvarez de Toledo, 2003).  This dissertation 

describes the development of ways to explore the ion selectivity of the fusion pore, which 

initiates the opening for exocytosis of charged transmitters.  The release of cationic 
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catecholamines through a narrow fusion pore requires compensation of changes in 

vesicular charge and is therefore an electrodiffusion process (Gong et al., 2007).. If the 

fusion pore has differential selectivity for different ions, then its selectivity may affect the 

rate of release of charged transmitter molecules from nerve terminals and endocrine cells, 

and other secretory processes.  These mechanisms can lead to a better understanding of 

nervous system cell biology, neural and endocrine signaling, learning, memory, motor 

control, sensory function and integration, and synaptic transmission.  Dopamine is a 

cationic transmitter known to modulate locomotion. Reduction of dopamine is related to 

locomotor deficits and Parkinson’s disease (Ryczko and Dubuc, 2017).  Animals repeat 

actions to stimulate their own dopamine-releasing neurons electrically (Garris et al., 

1999).  The regulation of the rest of the catecholamine family, such as adrenaline and 

noradrenaline, which are also cationic, can affect the major health issues observed in the 

cardiovascular system.  The anionic glutamate is the major excitatory neurotransmitter in 

the central nervous system, and plays a role in long term neuronal potentiation for 

learning and memory.  It can also be a potent neurotoxin that can result in excitotoxicity 

causing neurological diseases such as stroke and epilepsy (Platt, 2007).  This 

investigation of transmitter charge effects on the fusion pore can advance our 

understanding of neurological disorders in which noradrenergic and dopaminergic 

exocytosis is disturbed.  These disturbances lead to neurological consequences of 

developmental disorders, epilepsy, Parkinson’s disease, and other neurodegenerative 

diseases (Garris et al., 1999).  This work studies the selectivity of the fusion pore by 

investigating the effects of ion influx and efflux through the fusion pore.   



3 
 

1.1.1 The Nervous System and Transmission Detection 

 

Regulated release of hormones, neuropeptides, and neurotransmitters occurs by 

exocytosis, initiated by the formation of the fusion pore.  

 

Figure 1.1.1 Exocytosis of transmitters: boxes show sites in which vesicles fuse to 

plasma membrane and form fusion pore openings for transmission. 

 

 First, an action potential fires and propagates throughout the cell, activating voltage 

dependent calcium channels and calcium entry, which stimulates quantal release events.  

Intense stimulation of cells provokes a global calcium increase, promoting exocytosis by 

mobilizing vesicles and triggering the release of transmitters, regardless of vesicle 

location.  Whereas, a brief stimulus induces exocytosis of vesicles highly coupled to 

voltage dependent calcium channels (Cardenas and Marengo, 2016). The initial fusion 

pore has molecular dimensions with a diameter of 1-2 nm and a lifetime on the 

millisecond time scale.  It connects the vesicular lumen and extracellular space, serving 

as an important step of exocytosis (Figure 1.1.1).  Using biophysical techniques, such as 
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electrochemical detection and electrophysiology, neuroscientists can explore the neural 

basis of brain function and behavior or movement developed in the nervous system.  

Monitoring neurotransmitter release in living cells is an approach that elucidates the 

underlying mechanisms of neuronal communication and leads to the development of 

treatments that modulate these mechanisms.   

 

1.1.2 Transmitter Charge 

 

Monitoring the diffusion, dynamics, and flow of charges through the fusion pore allow 

neuroscientists to obtain a better understanding of its structure and function. One widely 

used model system is the chromaffin cell which releases positively charged 

catecholamine transmitters. The catecholamine family is composed of adrenaline and 

noradrenaline which are all biologically synthesized from the dopamine molecule, an 

important transmitter that has been a subject of active research because of its critical role 

in motivation, reward-based learning, and motor control.  Adrenaline and noradrenaline 

are also important in the regulation of cardiovascular issues.  Regulating these 

transmitters unlock the key to healthy nervous system functioning.  Exploring ion 

selectivity and dynamics is helpful in understanding the mechanisms that are necessary 

for fast transmitter release in the neuromuscular junction, and the conditions that are 

necessary also for important negatively charged transmitters ions to pass through the 

fusion pore, such as Adenosine Triphosphate (ATP) and Glutamate (Glu). ATP is a 

nucleoside that is critical for extracellular communication and for storing intracellular 

energy for most biological processes.  Glutamate is the major excitatory neurotransmitter 
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in the nervous system, and is a fundamental neurotransmitter involved in the 

development of memory and learning (Platt, 2007).  

 

1.1.3  Initial Fusion Pore Focus 

 

The initial fusion pore in chromaffin cells has an average conductance of ~330pS 

(Dernick et al., 2003). In a chromaffin cell, catecholamine molecules are initially released 

through this narrow fusion pore. The catecholamine release through the fusion pore can 

be measured as an amperometric “foot signal”, preceding a full fusion amperometric 

spike (Chow et al., 1992; Albillos et al., 1997). For each oxidized catecholamine 

molecule, two electrons are transferred (Baur et al., 1988), generating an oxidation 

current of a few pA. The amperometric current therefore indicates directly the flux of 

molecules through the fusion pore. 

 

Catecholamines are also monovalent cations and therefore carry also an ionic charge and 

thus generate a current through the fusion pore with an amplitude that is half that of the 

foot current because for each molecule carrying one ionic charge two electrons are 

transferred in the oxidation reaction. For an electrochemical foot current of 2 pA, the 

ionic current would be 1 pA, which would charge a typical bovine granule of 2.5 fF 

capacitance by 0.4 V/ms. Since the durations of foot currents is typically several 

milliseconds, the ionic current carried by catecholamine release would charge the vesicle 

to several volts (Gong et al., 2007). To allow the continuation of release, the narrow 
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fusion pore requires a mechanism of charge compensation to release these charged 

transmitter molecules from the vesicular space (Figure 1.1.3). 

 

Figure 1.1.3 Charge compensation through the fusion pore: A chromaffin granule has 

positive and negative charges in the vesicle.  Compensation of ionic charge carried by 

released catecholamines (solid blue arrow) could occur by the exchange of negative or 

positive charge (dashed arrows) with the extracellular solution through the fusion pore.  

 

Using patch amperometry in chromaffin cells, catecholamine exocytosis events were 

observed, without a resulting production of a net outward current. This showed that the 

compensation of charge does not result from the ion flow from the cytosol into the 

vesicular lumen via channels in the granule membrane (Gong et al., 2007). Therefore, 

charge compensation through the fusion pore must occur by the exchange of extracellular 

positive cationic sodium or the co-release of negative ions. A decrease of extracellular 

sodium concentrations in solutions surrounding the cell decreased the rate of transmitter 
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release through the fusion pore indicated by the foot current consistent with a mechanism 

where charge compensation is accomplished primarily by the entry of sodium ions, and 

not by co-release of negatively charged ions such as ATP (Gong et al., 2007). The lack of 

ATP co release may result from ATP being bound to the granular matrix and unavailable 

for release through the narrow fusion pore, or by cation selectivity of the initial fusion 

pore preventing co-release of ATP. The experiments described in this chapter are 

designed to distinguish between these two possibilities. 

 

The conductance of the initial fusion pore is comparable to that of large ion channels. As 

for ion channels, it is likely that the fusion pore shows some differential permeability for 

different ion species. Specifically, negative charges from proteins and lipid head groups 

may confer cation selectivity to the initial narrow fusion pore. The ion selectivity of the 

fusion pore will determine how modulation of the ionic composition of the extracellular 

ion composition can affect the rate of transmitter release based on the reversal potential 

established across the fusion pore. Mechanisms underlying the selectivity of fusion pore 

permeation and electrodiffusion will advance our understanding of how release is 

affected by the charge of important molecules of interest, such as the release of the 

negatively charged glutamate molecule. As the structure and function of the fusion pore 

are revealed in more detail, the kinetics of quantal transmitter release can be understood 

better.  Eventually, therapeutics may be developed to change the amount of release or 

acceleration of the fusion pore.   
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If the fusion pore allows for permeation of anions, then the flow of anions from the 

extracellular space into the vesicle is expected to reduce the rate of release of positively 

charged catecholamines by making the vesicle volume more negative. The extent of this 

reduction in release rate will be larger for anions with high mobility and smaller for 

anions with low mobility. The experiments performed here investigate the change in 

catecholamine flux through the fusion pore, as an amperometric foot signal, in the 

presence of extracellular solutions where Cl- is substituted by an anion with low mobility. 

Amperometric foot signals were measured from primary bovine chromaffin cells with a 

carbon fiber electrode in extracellular solutions containing as major anions either Cl- or 

D-glutamate to determine if the fusion pore is cation selective or also permeable to anions. 

 

1.1.4  Electrodiffusion and Ion Permeability 

 

This experimental design is developed to determine anion permeability of the fusion pore 

by analyzing the dependence of catecholamine flux through the fusion pore on 

extracellular anion species.  When the fusion pore opens, a voltage gradient is established 

across the fusion pore that depends on extracellular and intravesicular ion concentrations 

and the relative ion permeabilities of the fusion pore according to the Goldman-Hodgkin-

Katz electrodiffusion voltage equation. This voltage gradient contributes to the flux rate 

at which a charged transmitter is released. A decrease in concentration of extracellular 

sodium decreases the catecholamine flux through the fusion pore as expected from 

electrodiffusion theory in the absence of anion co-release (Gong et al., 2007). The lack of 

release of negatively charged molecules, such as ATP, may result from fusion pore 
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selectivity or from ATP being bound to the granular matrix and unavailable for co-release 

during the foot phase. If the fusion pore allows the permeation of anions, then the flow of 

anions from the extracellular space into the vesicle is expected to reduce the rate of 

release of positively charged catecholamines by making the vesicle more negative.  

Electrodiffusion theory has been applied with great success to understand ion channel 

function. Applying constant field theory, this approach leads to the Goldmann Hodkin 

Katz current equation that gives the voltage dependence of the partial currents for 

different ions in a system, depending on their concentrations and permeabilities through 

the channel of interest. Ion substitution experiments have been the key approach to 

determine channel selectivity. This approach is applied here to investigate the selectivity 

of the fusion pore. If the fusion pore is permeable to chloride, substitution of chloride by 

large organic ions that are impermeable or permeate the fusion pore with low mobility, 

would affect the rate of catecholamine release. For an aqueous fusion pore permeable for 

noradrenaline or adrenaline (MW 169 and 183 g/mol, respectively) the permeabilities for 

different anions should be proportional to their ionic mobility. The relative mobilities of 

chloride and D-Glutamate (MW 147) are 1.04 and 0.26 respectively (Ng and Barry, 

1995). If chloride ions enter the vesicle through the fusion pore while transmitter is 

released, then transmitter release would be slowed down because of the introduction of 

anions that make the granule more negative inside. This would shift the reversal potential 

of the fusion pore. The organic monovalent anion D-Glutamate can replace chloride to 

determine the effect of anions with 4 times lower mobility on the rate of catecholamine 

release through the fusion pore measured as amperometric foot signals.  
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1.2 Organization 

 

This dissertation is organized as follows:  Chapter 2 focuses on the preliminary findings 

through FSCV methods and osmolarity readings, in the development of appropriate 

experimental solutions and conditions for ion substitution experiments and real-time 

electrochemical monitoring of molecule release.  Chapter 3 looks at the effects of D-

glutamate on fusion pore measurements using amperometry and extracellular ionomycin 

or intracellular internal calcium stimulation.  This chapter also explores conductance 

classification of the fusion pore with complementary coarse grained molecular dynamics 

(CGMD) simulation. Chapter 4 discusses the use of CMOS chips to detect multiple 

secretory cells in various ion substitution solutions.  Chapter 5 looks into future directions 

and the development of a transfected cell line to monitor negative ion release through the 

fusion pore, by the overexpression of purinoreceptor 2 (P2X2), which negatively charged 

adenosine tri-phosphate (ATP) binds to.   

 

1.3 Acknowledgements       

   

This work was supported in part by the National Institute of Health under grants: 

R01GM085808, R21NS088253, R01MH095046, R01GM121787. 

 

 

 



11 
 

CHAPTER 2 
EXPLORING VARIOUS ANIONS AND DEVELOPING APPROPRIATE 

EXPERIMENTAL SOLUTIONS BASED OFF OF FREE CALCIUM LEVELS 
 

 

2.1 Introduction 

 

For an anion permeable aqueous fusion pore, the permeability for different anions is 

proportional to their ionic mobility. The flow of anions from the extracellular space into 

the vesicle is expected to reduce the rate of release of positively charged catecholamine 

by making the vesicle volume more negative. When the standard extracellular Cl- ions are 

replaced by ions with lower mobility, then the vesicle lumen is expected to be less 

negative and the rate of release of cationic catecholamines to be increased. The 

experiments described in this chapter are designed to determine the appropriate anions to 

study fusion pore dynamics in the presence of extracellular solutions that vary in major 

anion content. This chapter focuses on the control experiments that were performed to 

determine the best candidate for anion substitution experiments, by considering calcium 

binding and dopamine detection in different solutions. 

 

As candidates for anions with low relative mobility (PR) compared to that of Cl- ions 

(PR=1.04), D-glutamate (PR=0.26) and D-Gluconate (PR)=0.33 were considered (Ng and 

Barry, 1995). Experiments were performed to characterize properties of D-gluconate and 

D-glutamate ions to determine their suitability for ion substitution experiment.  The D-

enantiomer was used for experimental conditions because this enantiomer is inactive to 

receptors on the cell, and thereby avoids possible receptor mediated confounding effects. 
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2.1.1 Ionic Mobility 

 

Using functional biophysical methods to elucidate the effects of fusion pore selectivity on 

the mechanism of membrane fusion requires substitution of the majority of chloride 

anions with ions of lower mobility, to monitor its effects on the rate of release through 

the fusion pore.  When determining what anions are appropriate for these experimental 

solutions it is important to keep in mind ionic strength, dissociation constants, and 

possible effects on free calcium levels in the secretory cells.  Ionic conductivity and 

mobility of organic ions affect liquid junction potential corrections in electrophysiology 

measurements.  Liquid junction potentials arise when solutions of varying ion 

composition come in contact with each other.  Glutamate and gluconate are anions that 

are larger than regular chloride ions, which reduces their mobility to 0.26 and 0.33, 

respectively in comparison with control chloride (Ng and Barry, 1995).   

 

 

2.1.2 Calcium Action and Binding 

 

Fusion pore formation is initiated by a rise in free intracellular calcium concentration 

([Ca2+]i), which in neurons and chromaffin cells is mainly achieved by entry of 

extracellular Ca2+ ions into the cell via depolarization and opening of voltage gated 

calcium channels. 5 mM free extracellular calcium concentration ([Ca2+]e) is typically 

used for stimulation via depolarization or application of a Ca2+ ionophore to induce 
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exocytosis, the latter bypassing possible effects of experimental conditions on calcium 

channel function.  Organic anions may potentially bind Ca2+ ions and it is thus important 

to identify a low mobility anion that does not reduce [Ca2+]e. Calcium binding anions 

would reduce the efficiency of calcium influx in eliciting transmitter release, if it enters 

the cell from extracellular space.  Binding activities depend on the specific composition 

of solutions and calcium binding to ATP is for example antagonized by magnesium and 

hydrogen ions.  Many patch clamp solutions contain gluconate as a main intracellular 

anion.  A previous study indicated that gluconate may display calcium binding with low 

but significant affinity (Vavrusova et al., 2013). Also, ATP is known to be a fast calcium 

ligand (Woehler et al., 2014).  Using osmolality measurements we show in this chapter 

that gluconate binds Ca2+ and therefore is not a suitable Cl- replacement in ion 

substitution studies. In contrast, D-glutamate shows no significant Ca2+ binding 

(Vavrusova et al., 2013) and was therefore chosen for the subsequent series of 

experiments 

 

2.2 Methodology 

 

2.2.1 Solutions with Varying Calcium Concentration 

To determine the Ca2+ binding affinity of gluconate solutions that were considered for 

future experiment were prepared with various calcium concentrations to test for binding 

differences using osmolality measurements (Table 2.2.1).  To determine Ca2+ binding by 

gluconate, four solutions for vapor pressure osmometer measurements were prepared 

with equivalent major anion concentrations, in the presence of low and high 
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concentration of calcium chloride.  D-enantiomers, such as D-gluconate, are used for 

solutions to ensure that other activity is not present. 

 

Chloride-5mMCaCl2 Gluconate-5mMCaCl2 Chloride-24mMCaCl2 Gluconate-24mMCaCl2 

140 mM NaCl 140 mM NaD-gluconate 140 mM NaCl 140 mM NaD-gluconate 

5 mM KCl 5 mM KCl 5 mM KCl 5 mM KCl 

5 mM CaCl2 5 mM CaCl2 24 mM CaCl2 24 mM CaCl2 

1 mM MgCl2 1 mM MgCl2 1 mM MgCl2 1 mM MgCl2 

1 mM HEPES/NaOH 1 mM HEPES/NaOH 1 mM HEPES/NaOH 1 mM HEPES/NaOH 

1 mM glucose 1 mM glucose 1 mM glucose 1 mM glucose 

 

Table 2.2.1 Solutions used to quantify Ca2+ binding by gluconate. 

 

 

2.2.2 Vapor Pressure Osmometer Method 

 

Vapor pressure is determined passively without forced change in physical state of a 

solution.  The Vapro osmometer allows vapor pressure to be determined 

thermometrically by a fine wire thermocouple suspended in a small vapor space above 

the specimen in a sealed sample chamber, in which a series of microprocessor-controlled 

temperature changes happen for measurement.  The prepared solutions were run through 

a VAPRO® Vapor Pressure Osmometer Model 5520, after calibration with a 290 

mOsm/kg osmolality standard.   
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2.2.3 Equation for Calculations of Theoretical Gluconate Value 

 

If compound B buffers Ca2+ with known dissociation constant KD, then the total 

concentration of buffer plus Ca2+ is 

[B]total + [Ca2+]free = [B] + [BCa] + [Ca2+]free (2.1) 

This is the free buffer concentration [B], plus buffer-calcium complex concentration 

([BCa]), plus free calcium calcium concentration ([Ca2+]free), which are the calcium ions 

that are not bound to B.  The total calcium concentrations in the experimental solutions 

(Table 2.2.1) were 5 mM or 24 mM, which corresponds to the sum of bound and free 

Ca2+: [BCa] + [Ca2+]free.  If B does not bind any Ca2+ ions , then the total contribution to 

osmolality from buffer plus [Ca2+] is: 

[B]total + [Ca2+]free = [B]total + [Ca2+]total. 

However, if B does bind calcium, then the total contribution to osmolality is given by 

equation 2.1 

If B binds calcium with a dissociation constant KD,  

Ca2+ + B ↔ CaB 

𝐾𝐷 =
[𝐶𝑎2+]𝑓𝑟𝑒𝑒 ∙ [𝐵]

[𝐶𝑎𝐵]  

then the [Ca2+]free can be calculated:  

[𝐶𝑎2+]𝑓𝑟𝑒𝑒 = 𝐾𝐷 ∙
[𝐶𝑎𝐵]
[𝐵]  

The unknown concentrations [CaB] and [B] can be eliminated using the relations 

[𝐵]𝑡𝑜𝑡𝑎𝑙 = [𝐵] + [𝐶𝑎𝐵] 

and 
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[𝐶𝑎]𝑡𝑜𝑡𝑎𝑙 = [𝐶𝑎]𝑓𝑟𝑒𝑒 + [𝐶𝑎𝐵] 

giving 

[𝐶𝑎2+]𝑓𝑟𝑒𝑒 = 𝐾𝐷 ∙
[𝐶𝑎]𝑡𝑜𝑡𝑎𝑙 − [𝐶𝑎]𝑓𝑟𝑒𝑒

[𝐵]𝑡𝑜𝑡𝑎𝑙 − [𝐶𝑎𝐵] = 𝐾𝐷 ∙
[𝐶𝑎]𝑡𝑜𝑡𝑎𝑙 − [𝐶𝑎]𝑓𝑟𝑒𝑒

[𝐵]𝑡𝑜𝑡𝑎𝑙 − [𝐶𝑎]𝑡𝑜𝑡𝑎𝑙 + [𝐶𝑎]𝑓𝑟𝑒𝑒
 

This leads to the quadratic equation 

[𝐶𝑎]𝑓𝑟𝑒𝑒
2 + ([𝐵]𝑡𝑜𝑡𝑎𝑙 − [𝐶𝑎]𝑡𝑜𝑡𝑎𝑙 + 𝐾𝐷) ∙ [𝐶𝑎]𝑓𝑟𝑒𝑒 − 𝐾𝐷 ∙ [𝐶𝑎]𝑡𝑜𝑡𝑎𝑙 = 0 

which has the solution 

[𝐶𝑎]𝑓𝑟𝑒𝑒 = −1
2([𝐵]𝑡𝑜𝑡𝑎𝑙 − [𝐶𝑎]𝑡𝑜𝑡𝑎𝑙 + 𝐾𝐷) ± √1

4 ([𝐵]𝑡𝑜𝑡𝑎𝑙 − [𝐶𝑎]𝑡𝑜𝑡𝑎𝑙 + 𝐾𝐷)2 + 𝐾𝐷 ∙ [𝐶𝑎]𝑡𝑜𝑡𝑎𝑙       (2.2)  

which gives positive concentrations only for the positive root. The total contribution to 

osmolarity in the presence of binding according to equation 2.1 can thus be calculated 

using [Ca]free calculated according to equation 2.2. 

 

2.2.4 Fast Scan Cyclic Voltammetry Method 

 

Fast scan cyclic voltammetry (FSCV) recordings can be performed with a carbon fiber 

microelectrode (CFM), fashioned by pushing a carbon fiber through a 1.8mm glass 

capillary tube, which is heated and pulled to a 5µm wide tip.  In FSCV a the voltage 

applied to the CFM is swept linearly from an initial value to peak value within 5 ms, and 

then it returns to the initial value.  These 10 ms sweeps are repeated every 100 ms at a 

fast rate of voltage change.  The background current, without the presence of compound, 

is subtracted from the total current elicited in the presence of a compound, such as a 

transmitter from the catecholamine family.  A periodic voltage triangle pulse wave from -

0.45V to +1V is applied to a carbon fiber electrode relative to an Ag|AgCl reference 
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electrode in the absence, then presence of 1 µM dopamine, in solutions containing 

140mM NaCl or major anion substitution such as NaD-glutamate, plus [in mM] 5KCl, 

24CaCl2, 1MgCl2, 1HEPES/NaOH, 1glucose.   

 

Figure 2.2.4 Fast scan cyclic voltammetry: The carbon fiber electrode collects current to 

a HEKA EPC8 amplifier with a gain of 0.005mV/pA, filtered at 0.5kHz and digitized by 

a NIDAQ data acquisition board (Figure 2.2.4).  Data is collected and analyzed using 

IGOR software (Wavemetrics, Lase Oswego, OR). 

 

2.3 Results and Discussion 

 

2.3.1 Osmometer Readings and Theoretical Gluconate Value. 

 

To determine Ca2+ binding by gluconate, four solutions for vapor pressure osmometer 

measurements were prepared with equivalent major anion concentrations, in the presence 
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of low and high concentration of calcium chloride (Table 2.2.1).  In standard chloride 

based buffer there was an increase by 60 mOsm/kg when the CaCl2 concentration was 

increased from 5 mM to 24 mM close to the theoretically expected increase by 19 x 3 

mOsm/kg from the addition of 19 mM CaCl2 because CaCl2 dissociates into one calcium 

and two chloride ions.  In the D-gluconate buffer, however, the increase was smaller, 

indicating that part of the calcium is bound to gluconate. 

 

While these experiments were in progress, an apparent dissociation constant of 35mM 

was reported for D-gluconate calcium binding based on a different approach (Woehler et 

al., 2014). Using Equation 2.2, the calculated [Ca2+]free is 1 mM, for the 140 mM D-

gluconate/5 mM CaCl2 solution and 5.4 mM for the 140 mM D-gluconate/24 mM CaCl2 

solution, which indicates that ~15 mM of the added 19 mM CaCl2 is bound by D-

gluconate Therefore, the change in osmolality is expected to be only 42 mM (4 mM 

[Ca2+]free + 38 mM [Cl-]) when 19 mM CaCl2 is added to the D-gluconate based buffer. 

The experimentally measured difference in D-gluconate (Fig. 2.3.1) was 40 ± 2 mOsmol, 

in good agreement with the 35 mM KD value. Because of the significant Ca2+ binding by 

D-gluconate this anion was considered unsuitable for the ion substitution experiments to 

study anion permeability of the fusion pore.  
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Figure 2.3.1 Osmometer Readings for the solutions given in Table 2.2.1. For each 

solution 10 measurements were performed giving the values (mean ± s.e.m. in mOsm/kg): 

Cl + 5 mM CaCl2 278.1±0.5, Cl + 24 mM CaCl2 339.4±0.6; Gluconate + 5 mM CaCl2 

285.8±1.6, Gluconate + 24 mM CaCl2 325.9±0.8.  

 

2.3.2 FSCV measurements of dopamine in the presence of organic anions 

 

FSCV is a method where the voltage applied to a CFM scanned rapidly to determine the 

shape of oxidation/reduction voltammogram of specific compounds and provides a 

fingerprint of the electrochemical properties of the compound. FSCV measurements of 

dopamine were performed using chloride, HEPES and D-glutamate based buffers to 

determine if dopamine is properly detected in control and experimental substitution 

solutions.  A periodic voltage triangle wave pattern, ranging from -0.45V to +1V, is 
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applied to a carbon fiber electrode, first in the absence of dopamine for acquisition of a 

background trace, and then in the presence of dopamine for a signal trace.  The 

background traces (Figure 2.3.2 a,c,e, black lines) represent the currents charging the 

double-layer capacitance, the oxidation, and reduction of carbon surface moieties.  This 

background trace is subtracted from signal traces measured in the presence of dopamine 

(Figure 2.3.2 a,c,e, red lines) to reveal the currents that result from oxidation or reduction 

of dopamine.  This difference current plotted against the applied voltage (Figure 2.3.2 

b,d,f) to obtain the characteristic difference voltammogram.  Figure 2.3.2 shows very 

similar oxidation peaks near 0.75A in the presence of 140 mM NaCl, 140mM NaHEPES, 

and 140mM NaD-Glutamate.  This also shows similar reduction peaks near -0.25A in the 

presence of these different anions with different mobility. 
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Figure 2.3.2 FSCV measurements of Dopamine in Extracellular Ion Substitution 

Solutions. Applied voltage increased linearly from -0.45V to +1V and back to -0.45 V. 

Background traces without dopamine (black lines) and signal traces in the presence of 

1µM dopamine (red lines) in the presence of 140mM NaCl (a) and corresponding 

difference voltammogram (b). Corresponding traces in the presence of 140mM 

NaHEPES (c, d) and 140 mM NaD-Glutamate (e,f). 
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2.4 Summary 

 

D-gluconate, D-glutamate, and HEPES are anions with 0.3 mobility compared to normal 

chloride.  By mobility factor they are candidates for ion substitution experiments, but 

calcium binding and buffering effects must be considered.  The results allow one to 

distinguish why some of the anions should be ruled out as appropriate substitutions 

because of other confounding variables.  D-gluconate demonstrates significant affinity 

for calcium binding, which reduces the free calcium concentration available to stimulate 

exocytosis of transmitter in experimental conditions.  When 19 mM of calcium are added 

in the presence of 140 mM D-gluconate, most of the calcium is being bound, consistent 

with a dissociation constant of 35 mM. HEPES is commonly used as an organic chemical 

buffering agent with a high dissociation constant of 7.5 and it maintains physiological pH, 

and was not considered appropriate for ion substitution experiments due to its 

zwitterionic nature. Dopamine redox reactions were successfully detected in chloride, 

HEPES and D-glutamate based solutions, using FSCV with the reduction and oxidation 

peaks appearing at similar positions in the difference voltammograms. Considering the 

calcium binding and pH buffer effects D-glutamate was chosen as the best candidate for 

further experimental ion substitution experiments to study fusion pore selectivity.  
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CHAPTER 3 
ELECTROCHEMICAL EXPLORATION OF ION SELECTIVITY AND 

CONDUCTANCE CLASSIFICATION OF THE FUSION PORE THROUGH ION 
SUBSTITUTION AND INTRACELLULAR CALCIUM OR EXTRACEULLULAR 

IONOMYCIN STIMULATION 
 

 

3.1 Introduction 

 

3.1.1 Ion Selectivity of Fusion Pores and Significance for Transmitter Release 

 

Release of hormones and neurotransmitters occurs by exocytosis, which is initiated by 

the formation of a narrow fusion pore (Lindau and Almers, 1995). The initial fusion pore 

has molecular dimensions with an estimated diameter of 1-2 nm and a lifetime on the 

millisecond time scale.  Understanding how transmitter molecules permeate the early 

fusion pore is essential for a mechanistic understanding of transmitter release in the 

nervous system.  Glutamate and GABA are neurotransmitters that are associated with 

learning and memory.  Acetylcholine is associated with the neuromuscular junction, and 

catecholamines affect the cardiovascular system. These neurotransmitters and hormones 

carry a charge, which requires charge compensation, through the fusion pore. Therefore, 

transmitter release through the fusion pore is a process of electrodiffusion. 

The flux of catecholamines from single vesicles in chromaffin cells can be measured by a 

carbon fiber microelectrode (CFM) as an amperometric current spike that results from the 

oxidation of the released molecules (Wightman et al., 1991). Such amperometric spikes 

are frequently preceded by a so-called foot signal (Chow et al., 1992) that reflects the 

flux of catecholamines through a narrow fusion pore (Albillos et al., 1997).  For each 

molecule arriving at the CFM two electrons are transferred giving rise to an 
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amperometric current that is proportional to the flux of catecholamine through the fusion 

pore. Previous experiments have shown that in chromaffin cells, early fusion pores have 

variable conductance with a mean value of ~330 pS, and that catecholamines permeate 

the early fusion pore at a rate proportional to its conductance (Albillos et al., 1997; Gong 

et al., 2007). Reducing the extracellular NaCl concentration decreases the foot current 

amplitudes, indicating that positive charge carried by catecholamines out of the vesicle is 

compensated by influx of Na+ ions into the vesicle through the nascent fusion pore, and 

that there is no significant co-release of anions (Gong et al., 2007).  Chromaffin granules 

contain a high concentration of negatively charged ATP.  It is unknown if the lack of 

ATP co-release through the narrow fusion pore is due to cation selectivity of the fusion 

pore or due to negatively charged ions, such as ATP being bound to the granular matrix 

and unavailable for release (Pollard et al., 1979).  Cation selectivity of the fusion pore 

might be expected if the fusion pore is lined by negative charges from lipids and/or 

proteins. 

 

Acetylcholine, serotonin and catecholamines carry a positive charge and would permeate 

a cation selective fusion pore perfectly well. However, glutamate and gamma-

aminobutyric acid (GABA), the main fast excitatory and inhibitory neurotransmitters in 

the brain, carry a negative charge and if the early fusion pore were cation selective, this 

would imply that release of glutamate or GABA requires a more extended fusion pore 

with implications on the speed of synaptic transmission in the central nervous system. 

This would fundamentally change present concepts of transmitter release through the 

fusion pore. To determine if the early fusion pore is permeable to anions we performed 
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anion substitution experiments and measured the rate of catecholamine release through 

fusion pores from chromaffin granules by quantifying the amperometric foot current 

amplitudes. We also performed molecular dynamics simulations to assess the ratio of 

anion/cation permeation through early fusion pores.  

 

3.1.2 Electrodiffusion Theory 

 

Electrodiffusion theory (Hodgkin and Katz, 1949) can predict the rate of 

catecholamine release through fusion pores for various permeabilities in the 

presence of different ion substitution solutions. The release rate of the monovalent 

cationic catecholamines is determined by its fusion pore permeability, its 

intravesicular free concentration and the voltage present across the fusion pore. If 

vesicular anions are not co-released with catecholamine (CAT+ ) because they are 

bound to the granule matrix but the fusion pore is permeable to anions, then 

extracellular Cl- ions will enter the vesicle lumen through the fusion pore, making 

the vesicle more negative (Fig. 3.1.2 A). The more negative potential across the 

fusion pore will reduce the driving force for catecholamine efflux through the 

fusion pore, reducing the rate of release and thus the amperometric foot current 

amplitude. Substituting Cl- with D-glutamate, which has 4 times lower mobility 

(Ng and Barry, 1995),  will reduce the rate of anion entry via the fusion pore, thus 

making the vesicle interior less negative and thereby increasing the rate of 

catecholamine release (Fig. 3.1.2 B). 
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Figure 3.1.2 Fusion pore permeation predicted by electrodiffusion theory (A) Schematic 

representation of transmitter release rates for an anion permeable fusion pore.  Anions 

with high mobility (green arrow) will enter the vesicle at high rate making its interior 

more negative reducing the release rate of catecholamines (orange arrow). (B) Anions 

with lower mobility will enter the vesicle at lower rate (blue arrow) making the vesicle 

less negative accelerating catecholamine release (orange arrow).  

 

In contrast, if the fusion pore is impermeable to anions, anion substitution will have no 

effect on the potential across the fusion pore and on catecholamine efflux. We analyzed 

amperometric foot currents that are proportional the catecholamine flux through the 

nascent fusion pore measured in NaCl based bath solution with those measured in 

solutions where NaCl was substituted by Na D-Glutamate. D-Glutamate was chosen as 

an enantiomer that is physiologically inactive to cellular glutamate receptors.  

Quantitatively, ion permeation through membrane pores can be calculated using 

electrodiffusion theory applying the Nernst-Planck equation; assuming a constant field 

across the fusion pore, as in the Goldman-Hodgkin-Katz constant field theory (Hodgkin 

and Katz, 1949).   
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3.2 Methodology 

3.2.1 Cells and Solution Preparation 

Bovine chromaffin cells were prepared as described (Parsons et al., 1995). Adrenal 

glands were obtained from a freshly slaughtered cow and placed in a 1x salt solution on 

ice for transportation.  The 1x salt Buffer 2 is prepared from dilution of a 10x salt 

solution containing (in M) 1.2NaCl, 0.03KCl, 0.01NaH2PO4H2O, 0.01MgSO47H2O, 

0.11Glucose, 0.25HEPES, with a pH of 7.4 sterile filtered.  The diluted 1x Buffer 2 

solution is also supplemented with 0.1mg/L gentamycin, 0.1% Penicillin-Streptomycin, 

Minimum Essential Media (MEM) Vitamins 100x, MEM Amino Acids 100x, 0.2M L-

Glutamine, 100mM NaPyruvate from Thermo Fisher Scientific.  The collagenase buffer 

is composed of the previously described Buffer 2, plus the addition of 100mg/mL 

collagenase and 0.1% Bovine Serum Albumin (BSA) Fraction V.  The final buffer wash 

is the previously described solution with 0.1% BSA Fraction V, but without the 

collagenase component.  When the gland arrives to lab, fat is immediately cut away with 

sterile surgical blades, and the glands were nourished with oxygen gas for an hour, and 

then transferred into the collagenase buffer.  The buffer solutions run through the gland 

and then aspirated when switched to additional fresh buffer.  After the collagenase buffer 

perfusion, the gland is open and placed in a large dish.  White layer clumps containing 

chromaffin cells are isolated into sterile collagenase buffer and circulated at 37°C and 

oxygenated for an hour.  After these cells are filtered through sterile gauze into 50mL 

falcon tubes, the cells are centrifuged 3 times at 500 rpm for 10 minutes.  The buffer is 

aspirated and replaced with final buffer containing 0.1% BSA.  The dissociated 
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chromaffin cells are plated on glass cover slips 8mm in diameter, which were treated with 

0.02% poly-D-lysine.  The cells were cultured in an incubator with 8% CO2, in culture 

media with 43% DMEM, 43% HAM’s F-12, 9% fetal bovine serum, and 1% Penicilin-

Streptomycin, 0.2M L-Glutamine, 1M HEPES, 100x insulin transferring selenium.  Cells 

were used for amperometric recordings 24 hours after collection and isolation, and could 

remain active up to a week.  Generally, the most active days for chromaffin cell batches 

were 2 days after preparation. 

 

Individual coverslips with cultured cells were removed from the incubator and placed in a 

recording chamber with extracellular bath solution.  Bath solutions contained either 140 

mM NaCl or 140mM Na D-Glutamate (NaGlu) supplemented with (in mM) 5 KCl, 5 

CaCl2, 1 MgCl2, 10 HEPES/NaOH, with a pH of 7.3 and osmolarity adjusted to 

~325mmol/kg with ~20 mM D-glucose.   

 

The extracellular solution was changed every 10 minutes, altering between control 

(NaCl) and NaGlu based solution. Solution exchange was performed using a suction 

pump while new solution was provided to the recording chamber via gravity flow.  Some 

loose cells were removed from the dish by the bath perfusion.  Remaining healthy cells 

firmly attached to the coverslip were chosen for each single cell recording. A coverslip in 

the recording chamber did not exceed 1 hour out of culture.  Two minute traces of 

amperometric recordings were collected for each cell. 
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3.2.2 Amperometric foot current Measurements  

 

Amperometry was performed using custom made CFMs (Berberian et al., 2009).  A 

single carbon fiber (5 μm diameter) was inserted in a borosilicate glass capillary (1.8 mm 

o.d., Hilgenberg GmbH, Germany), which was then pulled using a pipet puller (model P-

97, Sutter instrument, U.S.A.) producing two CFMs that were separated with scissors. 

CFM tips were dipped in melting wax (Sticky Wax, Kerr Corporation, U.S.A.) for 2 min 

and subsequently cut using a blade (no. 10, Feather Safety Razor Co., Japan). For the 

experiments, CFMs were backfilled with 3 M KCl solution. Recordings were performed 

positioning the CFM near a chromaffin cell and applying +650mV vs. an AgCl reference 

electrode with an EPC-8 amplifier (HEKA, Lambrecht, Germany). A CFM was 

positioned close to the cell surface, <~5 μm, in order to minimize diffusion distance. 

Amperometric currents were filtered at 1 kHz and analyzed by a customized macro for 

IGOR software (Mosharov and Sulzer, 2005) determining for each event maximum 

current amplitude , half-width, and quantal size measured as the area underneath the 

spike of interest.  In an event when a delayed fusion pore opens, the observed foot 

currents were quantified as foot current amplitude and foot duration.  Analysis of fusion 

pore foot signals was restricted to foot currents with a minimum of 0.5pA amplitude and 

2 ms time duration. All the experiments are performed at room temperature.  
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3.2.3. Extracellular ionomycin stimulation 

 

Fusion events were stimulated by pressure ejection of 10μm ionomycin from a ~5μm 

diameter micropipette tip located ~30μm away from the cell.  The first 60 seconds of 

recording are without stimulation.  After the first minute, the pressure ejection was 

activated for two minutes of recording using a MPCU Ringer Bath Handler, which 

controls air pressure supplied to the stimulation pipette for local application of the 

ionomycin solution.  The amperometric trace was recorded for 400 seconds after 

stimulation begins. 

 

3.2.4 Intracellular calcium stimulation 

 

Cells were stimulated by intracellular application of 10 µM free Ca2+ in the whole cell 

patch clamp configuration with a pipette solution containing (in mM) 110 CsGlutamate, 8 

NaCl, 20 DPTA, 5 CaCl2, 2 MgATP, 0.3 Na2GTP, 40 HEPES, adjusted to pH 7.4 with 

CsOH, and osmolarity of ~325mmol/kg.  Patch pipettes were fabricated by inserting 

borosilicate glass capillary (1.8 mm o.d., Hilgenberg GmbH, Germany) into a model P-97, 

Sutter instrument, U.S.A. pipette puller.  The patch pipettes were fire polished to a 

resistance close to 3-5MΩ.  When the patch pipettes first enter the extracellular solution 

patchmaster software is used to automatically correct and hold the measured voltage 

value for the liquid junction potential appropriate for each patch pipette.  Cells were held 

at a constant holding potential of -60mV (without liquid junction potential correction) 

using an EPC9 amplifier (HEKA, Lambrecht, Germany).  
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3.2.5 Electrodiffusion Equations and Estimates 

 

Efflux of catecholamines through the fusion pore occurs by electrodiffusion.  To estimate 

the dependence of catecholamine flux through the fusion pore on extracellular anion 

mobility, Nernst-Planck electrodiffusion theory was applied testing two different models: 

a fusion pore selective for cations, and a non-selective fusion pore. For quantitative 

calculations, we assumed a constant field across the fusion pores, as in Goldman-

Hodgkin-Katz constant field theory and relative permeabilities of the permeant ions to be 

proportional to their mobilities inn aqueous solutions. 

 

The extracellular and intracellular free ion concentrations are listed in Table 3.2.5. While 

the extracellular concentrations are well defined in the experiment, the intravesicular 

concentrations of free Na+ and K+ were both assumed to be ~20 mM and free Ca2+ and 

Mg2+ were assumed to be negligible (Haigh et al., 1989). The intravesicular free anion 

concentrations are unknown but previous experiments revealed that during the 

amperometric foot signal, i.e. via a narrow fusion pore, there is no co-release of anions 

with catecholamine release (Gong et al., 2007). Therefore, the intravesicular free anion 

concentration was set to zero. The intravascular free catecholamine concentration 

[CAT+]free was set to 200 mM  to reproduce approximately the mean amperometric foot 

current amplitude measured in the 140 mM NaCl based solution. 
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For a non-selective fusion pore it was assumed that the permeability of the fusion pore 

for all individual ion species is proportional to their diffusion coefficients of the 

respective ions in aqueous solutions (Table 3.2.5), with the mobility of D-glutamate 

being 1/4 of the mobility of chloride (Gerhardt and Adams, 1982; Ng and Barry, 1995; 

Hille, 2001). For a cation selective fusion pore the Cl- and D-glutamate permeabilities 

were set to zero.   

 
 

Ion Diffusion Coefficient 
D (10-5 cm2 s-1) 

Free Vesicular 
Concentration (mM) 

Free Extracellular 
Concentration (mM) 

Sodium (+) 1.33 20 143 
Potassium (+) 1.96 20 5 

Catecholamine (+) 0.6 200 0 
Calcium (2+) 0.79 0 5 

Magnesium (2+) 0.71 0 1 
Chloride (-) 2.03 0 157/17 

Glutamate (-) 0.51 0 0/140 
 

Table 3.2.5 Diffusion coefficients and concentrations of ions used in the electrodiffusion 

calculations. 

 

3.2.6 Statistical Analysis 

 

Amperometric currents filtered at 1 kHz were analyzed by a customized macro for 

IGOR software (Mosharov and Sulzer, 2005) to extract foot and spike information 

according to the criteria of Chow & Ruden (1995). The amperometric event starts at the 

time where the leading edge of the transient (including “foot” signal) exceeds the 

baseline current by 2 times greater than the standard deviation of the baseline noise level. 

Foot analysis was restricted to detection of amperometric foot signals greater than 0.5 pA 
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in current amplitude, and 2 ms for a minimum foot time duration.   

 

Cumulative distributions of amperometric spike parameters are generated to pool a large 

sample size of fusion events, indicating if there are differences in distribution of values 

and frequency with ion substitution.  Ranges are selected for statistical analysis using 

JMP software (SAS, Cary, NC).  P value for test of significance was used as determined 

through least square regression in JMP software, with random effects accounted for by 

unique single cell identification nested in its respective animal adrenal gland source.  

Statistical data are expressed as mean + s.e.m.  

 

Because the distributions are not linear, a scaling function value can be determined by 

implementing IGOR pro software, to determine the scaling factor and observe fit changes 

in the cumulative distribution.  The cumulative distribution of data was analyzed through 

IGORpro software, using the “FindRoots” operation.  This function finds the foot current 

values that give the predicted glutamate values.   

 

 

3.3 Results 

 

3.3.1 Electrodiffusion Calculations and Predictions 

 

Electrodiffusion theory predicts amperometric foot current for catecholamine release for 

different fusion pore models and solutions.  Foot currents in NaCl based bath solution 
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were compared to those measured in solutions where NaCl was substituted by sodium D-

Glutamate. D-Glutamate was chosen as an enantiomer that is physiologically inactive to 

cellular glutamate receptors.  

 

Quantitatively, ion permeation through membrane pores can be calculated using 

electrodiffusion theory applying the Nernst-Planck equation; assuming a constant field 

across the fusion pore, as in the Goldman-Hodgkin-Katz constant field theory (Hodgkin 

and Katz, 1949). For permeant ions, we assumed that their fusion pore permeabilities are 

proportional to their bulk diffusion coefficients (Table 3.2.5), which seems justified 

because the fusion pore is large enough to allow permeation of large organic cations such 

as adrenaline (MW183 D). 

 

The current IS carried by ion S through a cylindrical fusion pore with length l and cross-

sectional area a is given by   

  (Equation 3.3.1A) 

 

where DS is the diffusion coefficient for ion S, zS its valency, and [SV] and [SE] are 

its respective vesicular and extracellular concentrations. V is the voltage across the 

fusion pore, F is Faraday’s constant, R the gas constant, and T absolute temperature. 

The conductance of the fusion pore can be used to substitute its geometric 

parameters  

       (Equation 3.3.1B) 

giving 

  

IS = - DS ×
a
l
×zS2 ×

VF 2

RT
SV[ ] - SE[ ] exp - zSVF /RT( )
1- exp - zSVF /RT( )

  

GP =s ×a /l
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(Equation 3.3.1), 

which is a more general representation for fusion pores with arbitrary non-

cylindrical and dynamically changing geometry (Lindau and Gomperts, 1991).  For 

the NaCl based bath solution the conductivity of the solution filling the fusion pore 

is approximately =15 mScm-1, and the quantity GP/  was calculated for a fusion 

pore conductance of GP=170 pS to be 1.13x10-8 cm. 

 

 

 

 Figure 3.3.1 Net current-voltage relations for 2 fusion pore models calculated 

according to Nernst-Planck electrodiffusion equation. For a non-selective fusion 

pore (Model 1) total fusion pore current is shown as a solid blue line for 140 NaCl 

solution, and as a dotted blue line for 140 NaD-glutamate solution. Total current for 

  

IS = - DS ×
GP
s
×zS2 ×

VF 2

RT
SV[ ] - SE[ ] exp - zSVF /RT( )
1- exp - zSVF /RT( )
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a cation-selective fusion pore (Model 2) is in black. Amerometric currents (green) 

are twice the fractional catecholamine current (red) because a transfer of 2 electrons 

per oxidized molecule is detected.  The vertical arrow lines indicate respective 

reversal potentials for the different models and conditions.  The intravesicular free 

catecholamine concentration was set to 200 mM to approximately match the 

average amperometric foot current amplitude measured in normal NaCl based 

solution (~2pA) at the reversal potential. 

 

The total net current voltage relationship for a nonselective fusion pore in standard 

140 NaCl based bath solution is shown in Fig. 3.3.1 (solid blue line). When the 

fusion pore opens, zero current voltage is established across the fusion pore with a 

time constant W=CV/GP, which for typical values of vesicle capacitance CV~2.5 fF 

and a low fusion pore conductance GP of ~100 pS is  ~25 µs.  The voltage gradient 

across the fusion pore is established accordingly at the reversal potential (Fig. 3.3.1, 

arrow labeled 140 NaCl) of -22 mV. When Cl- is substituted by D-glutamate- the 

current voltage relation is changed (Fig. 3.3.1, blue dashed line) and the reversal 

potential estimate changes from –22 mV to –8 mV (Fig. 3.3.1, arrow labeled 140 

NaGlu).  Due to the change in reversal potential, the fractional catecholamine 

current (Fig. 3.3.1 red line) and amperometric foot current (Fig. 3.3.1 green line) 

would increase by ~30%.  In contrast, if the fusion pore is not permeable to anions, 

the reversal potential remains unchanged (at +3 mV assuming the same 200 mM 

vesicular catecholamine concentration) and no change in amperometric foot current 

is expected (Fig. 3.3.1, black line, arrow labeled “cation selective fusion pore”). It 
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should be noted that for given concentrations the rate of catecholamine release is 

maximal for a cation selective fusion pore due to lack of anion entry into the vesicle.  

 

 

3.3.2 Amperometric Foot Current Recordings 

 

To determine if amperometric foot current amplitudes are increased when NaCl is 

substituted by NaGlu, individual release events from bovine chromaffin cells stimulated 

by intracellular application of 10 µM [Ca2+]free by a whole cell patch pipette were 

measured using a CFM (Fig. 3.3.2A). Individual amperometric events were analyzed to 

determine foot current amplitude and duration as well as quantal size, amperometric 

spike amplitude and half width (Fig. 3.3.2B). Amperometric spikes were recorded in the 

two solutions (Fig. 3.3.2 C,D) alternating between NaC and NaD-glutamate. Overall, the 

frequency of fusion events in NaD-glutamate was about half of that, in NaCl based 

solution. Amperometric spike maximum current amplitudes were similar in the two 

solutions, but quantal size and half widths were increased in D-glutamate based solution. 

In both solutions about half of the events had a detectable foot current with duration 

greater than 2 milliseconds before full fusion. 
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A.

 

 

 

Figure 3.3.2 Measurements and analysis of amperometric foot currents. (A) Release of 

catecholamines during individual vesicle fusion events is measured with a CFE 

positioned near the cell surface. The cell is stimulated by intracellular application of a 

solution containing 10 µM [Ca2+]free. (B) Individual amperometric events are analyzed 

determining foot current amplitude and duration as well as quantal size, maximum 

current and spike half width. The foot current indicates the rate of catecholamine release 

              B. 

C. 
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through a narrow fusion pore.  Series of amperometric events recorded in the presence of 

NaCl (C) and NaD-glutamate reveal foot currents present in both conditions (expanded 

amperometric spike examples). 

 

Comparison of the cumulative foot current amplitude distributions (Fig. 3.3.3 Bi) shows 

that the distributions obtained in the two different solutions are indistinguishable for 

small foot currents (<1 pA), but for larger foot currents the distribution in D-glutamate 

based solution is different.  The least square mean of small foot currents <1 pA (Fig.3.3.3 

Bii) in D-glutamate (red) is unchanged compared to that obtained in Cl solution (blue) 

but is significantly different (P < 0.0001) when compared to the expected scaled chloride 

values, which are predicted to be 30% larger than the chloride foot current values if the 

fusion pore were permeable to anions (Fig. 3.3.3 Bi, Bii, green).  In the cumulative 

distribution, there is a threshold observed around 1 pA indicating that the fusion pore is 

cation selective for foot currents <1 pA but becomes permeable to anions above that 

threshold (Fig 3.3.3 Bi.).  According to previous patch-amperometry measurements, 1 pA 

corresponds to fusion pores estimated to be 170 pS (Gong et al., 2007). The cumulative 

frequency distributions of amperometric foot duration are very similar (Fig. 3.3.3Ci) and 

are characterized by similar mean values (Fig, 3.3.3Cii).  
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        Bii 
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Ci        Cii 

 

 

 

 

 

Fig. 3.3.3 Comparison of amperometric foot parameters stimulated by intracellular 

application of 10 µM [Ca2+]free in Cl (blue lines) and Glu (red lines) based solutions. (A) 

Schematic of experimental recording conditions. (Bi) Cumulative distributions of foot 

current amplitudes, the green line is the distribution in Cl scaled to 30% larger foot 

current values. (Bii) Mean foot current values including the scaled value from Cl solution 

(green bar). (Ci) Cumulative distributions of foot durations and (Cii) mean foot duration 

values.  
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Figure 3.3.4 Comparison of amperometric foot parameters stimulated by extracellular 

application of ionomycin in Cl (blue lines) and Glu (red lines) based solutions. (A) 

Schematic of experimental recording conditions. (Bi) Cumulative distributions of foot 

current amplitudes, the green line is the distribution in Cl scaled to 30% larger foot 

current values. (Bii) Mean foot current values including the scaled value from Cl solution 

(green bar). (C) Cumulative distribution of foot duration. 

 

For extracellular ionomycin stimulation (Fig. 3.3.4 A), a similar trend in the cumulative 

distribution is observed with a threshold value of ~1.5 pA.  Small foot current values 

(<1.5pA) are indistinguishable between Cl and Glu solution (Fig. 3.3.4 B) and the mean 

foot current amplitudes in this range are not significantly different, indicating cation 

selectivity below a similar threshold corresponding to fusion pores estimated to have a 

conductance of ~ 230 pS. In this range, the foot current amplitude distribution and mean 

foot current values are again inconsistent with a 30% increase (Fig. 3.3.4, green).  For 

larger fusion pore conductance values the distributions deviate, showing a shift towards 

larger foot current values as expected for an anion permeable non-selective fusion pore. 

With ionomycin stimulation a small change was observed in the foot duration distribution 

(Fig. 3.3.4 C), while anion substitution did not demonstrate a change in foot duration for 

internal calcium stimulated fusion pore events.  This difference may be attributed to a 

possibly different rise in [Ca2+]i since the rate of fusion pore expansion increases and 

decreases with increasing and decreasing [Ca2+]i (Fernández-Chacón and Alvarez de 

Toledo, 1995; Hartmann and Lindau, 1995).  Fusion pore expansion is associated with 
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increasing anion permeability.  The experiments suggest that narrow fusion pores are 

cation selective while fusion pores with larger values are not.  

 

For a quantitative description, we used the function  

𝑅 = 𝑃𝐶𝑙
𝑃𝐾

= 1

1+(
𝐺1 2⁄

𝐺𝑃⁄ )
𝑛  (3.3.4.i), 

 
where R is the permeability ratio of Cl- permeability (PCl) over K+ permeability (PK) 

and GP is the fusion pore conductance, to fit the dependence of fusion pore selectivity: 

Equation 3.3.4.i provides a sigmoid curve for R rising from zero at small GP to one at  

large GP. G1/2 is the fusion pore conductance where R equals ½ and the exponent n 

determines the steepness of the curve. 

 

Based on electrodiffusion theory, amperometric foot currents are expected to 

increase by ~30% when extracellular Cl- is replaced by Glutamate- if the fusion pore 

is permeable to anions assuming that the ion permeabilities are proportional to the 

bulk diffusion coefficients of the respective ions. In contrast, amperometric foot 

currents will be unchanged if the fusion pore is impermeable to anions. The 

transition from a range with no change in foot current to the full 30% increase will 

likely be gradual as the fusion pore conductance increases. 

 

To analyze the change in foot current amplitude distribution, we assume that the 

relation between the foot current amplitudes in Glu- solution (Ifoot,Glu) and the  foot 

current amplitudes in Cl- solution (Ifoot,Cl) can be approximated by the relation: 
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𝐼𝑓𝑜𝑜𝑡,𝐺𝑙𝑢 = 𝐼𝑓𝑜𝑜𝑡,𝐶𝑙 ∙ (1 + 𝑅 ∙ (1.3 − 1))  (3.3.4.ii) 

 

With Ifoot,Cl being proportional to GP we rewrite eq.3.3.4.i as 

𝑅 = 1

1+(𝐼0 𝐼𝑓𝑜𝑜𝑡,𝐶𝑙⁄ )
𝑛   (3.3.4.iii) 

 

It should be noted that here GP is the fusion pore conductance in normal Cl- based 

solution and is as such a measure of fusion pore geometry (Gong et al., 2007). 

Substituting eq.3.3.4.iii in eq.3.3.4.ii we get 

 

𝐼𝑓𝑜𝑜𝑡,𝐺𝑙𝑢 = 𝐼𝑓𝑜𝑜𝑡,𝐶𝑙 ∙ (1 +
1.3−1

1+(𝐼0 𝐼𝑓𝑜𝑜𝑡,𝐶𝑙⁄ )
𝑛)  (3.3.4.iv) 

 

According to equation 4, Ifoot,Glu will be equal to Ifoot,Cl  for Ifoot,Cl<<I0  and approach 

1.3xIfoot,Cl for Ifoot,Cl>>I0. To see how the cumulative frequency distribution relates to 

such a model, the distribution obtained in Glu- solution was fitted using a more 

general version of equation 3.3.4.iv. In this generalized form we allow the change in 

foot current for large fusion pores to differ from the value of 1.3 because once the 

fusion pore allows for anion permeation, the entry of Glu- may further modify fusion 

pore properties: 

 

𝐼𝑓𝑜𝑜𝑡,𝐺𝑙𝑢 = 𝐼𝑓𝑜𝑜𝑡,𝐶𝑙 ∙ (1 +
𝑆−1

1+(𝐼0 𝐼𝑓𝑜𝑜𝑡,𝐶𝑙⁄ )
𝑛)  (3.3.4.v) 
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where S is the scaling factor of amperometric foot current for a larger fusion pore. 

Fitting based on equation 3.3.4.v is not trivial because essentially the frequency 

distribution values for Glu- solution are related to those measured in Cl- solution. 

Equation 3.3.4.v is of the form 

 

𝐼𝑓𝑜𝑜𝑡,𝐺𝑙𝑢 = 𝐹(𝐼𝑓𝑜𝑜𝑡,𝐶𝑙)  (3.3.4.vi). 

 

For the transformation of the distribution measured in Cl- solution to that measured 

in Glu- solution we need to determine the Ifoot,Cl values that correspond to given 

Ifoot,Glu values. We thus would need to solve for Ifoot,Cl to get an expression of the form 

 

𝐼𝑓𝑜𝑜𝑡,𝐶𝑙 = 𝐺(𝐼𝑓𝑜𝑜𝑡,𝐺𝑙𝑢)  (3.3.4.vii) 

 

Unfortunately equation 3.3.4.v is a nonlinear equation that we have not been able to 

solve for Ifoot,Cl analytically. It is, however, possible to do this numerically finding the 

Ifoot,Cl value that corresponds to a given Ifoot,Glu value according to equation 3.3.4.v. 

This was implemented in the fitting routine using the “FindRoots” operation 

implemented in IGOR pro. This function finds the Ifoot,Cl values that give the desired 

Ifoot,Glu values. 

 

Fitting the cumulative foot current amplitude distributions obtained in D-glutamate 

solution with ionomycin stimulation (Figure 3.3.5 A, red) using eq. 3.3.4.v and the 
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corresponding distribution measured in Cl solution (Figure 3.3.5 A, blue)  provided a 

scaling factor s=1.26, close to the 1.3 expected from electrodiffusion theory, a parameter 

I0=2.84 pA and an exponent n=2.7. The corresponding curve for the change in anion 

permeability R from 0 to 1 (equation 3.3.4.iii) is shown in Figure 3.3.5 B. Fit of the foot 

current amplitude distribution obtained with intracellular Ca2+ stimulation in Glu (Fig. 

3.3.5 C red) using the corresponding distribution measured in Cl (Fig. 3.3.5 A, blue) 

assuming s=1.3 as predicted by electrodiffusion equations, gives a good fit up to ~2 pA 

foot current (Fig. 3.3.5 C green). For larger foot currents the measured distribution is 

extended to larger foot current amplitudes. Fitting with parameter “s” as a free fit 

parameter provides s~2.4 and a good fit for the entire range (Fig. 3.3.5 D). The resulting 

scaling factor (Fig. 3.3.5. E) for intracellular calcium stimulated events  has a similar 

midpoint, as in Fig. 3.3.5. B, but increases to a value much larger than predicted by 

electrodiffusion theory. 
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 A.          B. 

 

 

 

 

C.            D. 

 

 

 

 

E. 

 

 

 

 

 

Figure 3.3.5 Fits to cumulative distributions of foot current values from extracellular 

ionomycin stimulation and intracellular calcium stimulation using equation 3.3.4.v.  (A) 

Fit of equation 3.3.4.v (green) of the foot current amplitude distribution obtained with 

extracellular ionomycin stimulation in Glu (red) using the distribution measured in Cl 

(blue) provides s=1.26..(B) Corresponding change of foot current scaling factor as a 

function of foot current amplitude. (C) Fit of equation 3.3.4.v (green) of the foot current 
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amplitude distribution obtained with intracellular Ca2+ stimulation in Glu (red) using the 

distribution measured in Cl (blue) assuming s=1.3. (D) Fitting with parameter “s”  as a 

free fit parameter provides s~2.4 (E) Corresponding change of foot current scaling factor  

as a function of  foot current. The sample size for extracellular ionomycin distribution is 

twice as large as the intracellular calcium stimulated data.  MD Simulations confirm 

change of anion permeability with fusion pore conductance. 

 

Course grain (CG) molecular dynamics (MD) simulations of SNARE-mediated nanodisc-

planar membrane fusion pores were analyzed to determine their anion permeability as a 

function of fusion pore conductance.  In these simulations, fusion pores formed by an 

arrangement of 4 SNARE complexes between a nanodisc and a planar membrane 

(Sharma and Lindau, submitted). The mean fusion pore conductance was determined 

averaging only non-zero fusion pore conductances, thereby excluding transient fusion 

pore closures.  The fusion pore conductances were estimated based on fusion pore 

geometry and the conductivity of the solution inside the pore ( =15 mScm-1).  

 

For narrow pores, there is a reduced water coefficient due to interactions of the water 

molecules with the walls of the pore. This reduction of water self diffusion has been 

determined by comparing the diffusion distances of water inside the pore with those of 

bulk water far away from the pore (Smart et al., 1999), an approach that was also applied 

to fusion pore simulations (Sharma and Lindau, submitted). This reduced diffusion of 

water and ions in a narrow pore leads to a correction factor, reducing the fusion pore 

conductance estimate based on solution conductivity alone. In the CGMD fusion pore 
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simulations this correction was only possible for pores where a continuous water filled 

channel was present for at least 25 ns. The pores with small average conductance showed 

rapid flickering such that sufficient data for the reduced water diffusion could not be 

obtained with this method. We therefore fitted the relation between corrected GP and 

uncorrected GP obtained from the fusion pores with long lifetime using the function 

𝐺𝑃,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝐺𝑃,𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

(1+(𝐺0 𝐺𝑃,𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑⁄ )
𝑛
)
     (3.3.4. viii) 

Which assumes that the correction factor approaches a value of 0 for very small fusion 

pores (no water/ion permeation) and a value of 1 for very large fusion pores (no 

correction compared to bulk diffusion). The exponent n allows for a variable steepness of 

the relation.  Fig. 3.3.6 A shows the relation between corrected and uncorrected fusion 

pore conductance from all 25 ns intervals of 4 independent fusion pore simulations with 

sufficient open time intervals together with the fit according to the function of pore 

conductance. The relation between corrected and uncorrected GP is indeed fitted very 

well by equation 3.3.4. viii. Fig. 3.3.6 B shows the average uncorrected and corrected 

conductance values of these 4 fusion pores as black symbols. Using the fit  (Figure 3.3.6 

B, red line) the corrected values are well reproduced (red markers above 300 pS 

uncorrected GP). This fit was then also used to estimate the corrected GP values for the 

fusion pores with lower conductance that showed only brief flickers in the simulations 

(Figure 3.3.6 B, red markers below  300 pS uncorrected GP).  

 

For all fusion pore openings the numbers of anions (PA) and cations (PC) permeating the 

fusion pore were counted and the ratio PA/PC was determined. Figure 3.3.6 C shows the 

permeability ratio as a function of corrected fusion pore conductance. The relative anion 
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permeability PA/PC was zero for small fusion pores with conductance <100 pS but 

increased with increasing fusion pore conductance reaching a value of 0.27 for the largest 

fusion pore with 380 pS corrected average conductance (Figure 3.3.6 C). The relation 

between permeability ratio and fusion pore conductance was well fitted using equation 

3.3.4. I, giving G1/2=382±19 pS and a steepness factor n=2.7±0.3. 

 

 

A. 

B. 
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C. 

Figure 3.3.6 Conductance of simulated fusion pores for (A) the uncorrected and 

corrected fusion pore conductance, (B) the CG corrected conductance, (C)  and the fusion 

pore conductance diffusion corrections with proportion of anion permeability is 

demonstrated. 

 

 

3.4 Discussion 

 

Previous studies compared electrochemical results, such as amperometric spike 

characteristics in two conditions, by pooling the values for spike characteristic from each 

group of cells and then statistically comparing the two samples.  Amperometry sensitivity 

permits quantification of transmitter molecule release from vesicles.  This provides 

information about intracellular transmitter synthesis, degradation, reuptake, while spike 

frequency gives information about vesicle release probability (Mosharov and Sulzer, 

2005).  According to previous statistical analysis of two populations of cells, results from 
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pooling all of the data into means is not an accurate description of conditions.  Rather, the 

method of creating samples from each group of cells by taking a mean for a spike 

characteristic per cell in a group, and then comparing two samples, more accurately 

meets the assumptions of statistical tests for two unrelated samples, by taking into 

account the variability in the number of events observed in individual cells (Colliver et al., 

2000).  The variable that contributes to variation is each unique cell physiology, which 

needs to be accounted for in analysis of fusion pore events in chloride or D-glutamate 

solution.   

 

By using least square fit mean comparison and adding a randomized attribute to 

individual cells nested in a batch of cell preparation, the variation is accounted for in a 

more advanced approach.  Comparison of cumulative distributions of values reveals 

changes that are predicted to be as small as 30%. Cumulative distribution function is used 

to specify the distribution of multivariate random variables.  These are variables of 

unknown values, because there is imperfect knowledge of its value.  When looking at 

differences in distributions of frequency of values, small changes may be detected and 

then processed through the method of least squares, a standard approach in regression 

analysis.  This approach was utilized here for the first time to determine significance of 

small changes in quantal release parameters. 

Ion substitution experiments as well as coarse grain molecular dynamics simulations 

revealed that very narrow fusion pores are cation selective, while larger fusion pores are 

not.  Electrodiffusion theory was applied to calculate expectations for fusion pore 

permeations and reveal its selectivity characteristics.  Also, with comparisons in 
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conditions expecting relatively small changes, examining cumulative frequency can 

reveal dynamics with more details than simple mean comparisons.  In the cumulative 

distribution of foot current during anion substitution, a change can be detected and a 

threshold is observed.  Small amperometric foot currents do not change when chloride is 

substituted by glutamate. 

 

The apparent transition from a cation selective fusion pore to a fusion pore that allows 

anion permeation occurred at ~1.2 pA foot current in the experiments with intracellular 

Ca2+ stimulation and at ~1.5 pA in experiments with extracellular ionomycin stimulation. 

To account for a gradual transition, the results were fitted based on a relation between 

anion permeability and fusion pore conductance, or the equivalent foot current amplitude. 

This function allows provides the effective foot current value I0 where the anion 

permeability is reduced to half the value expected from its diffusion coefficient and an 

exponent n that determines the steepness of the transition. The results from ionomycin 

stimulation provided fit parameters I0~2.8 and n~2.7. Data obtained with intracellular 

Ca2+ application from a patch pipette yielded fit parameters I0~1.7 and n~7. However, in 

these experiments the increase in foot current amplitudes was much larger for the large 

fusion pores, suggesting that under these conditions an additional change reduced the 

catecholamine release rate even more, the cause of which is presently unknown. 

 

The cation selectivity of narrow fusion pores is presumably due to the presence of 

negative charges lining the fusion pore. The SNARE protein, in previous studies with 

juxtamembrane synaptobrevin 2 involved in the fusion process, the C termini of the 
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protein may contribute negative charges lining the fusion pore (Ngatchou et al., 2010; 

Fang and Lindau, 2014).  To approach a mechanistic understanding, ion selectivity was 

also analyzed in coarse grain molecular dynamics simulations of fusion pores formed by 

4 SNARE complexes between a nanodisc and a planar membrane. Indeed the simulations 

revealed the presence of negative charges lining the fusion pore, which is in about equal 

amounts contributed from the C termini of the SNARE complex transmembrane domains 

and from negatively charged lipids. The MD simulations were analyzed to determine the 

number of permeating anions and cations, which revealed that fusion pores with 

conductance < 100pS were apparently impermeable to anions but larger fusion pores 

supported increasing anion permeability.  The relation between anion permeability and 

fusion pore conductance could be fitted with the same function used to fit the 

experimentally observed changes in foot current amplitude distributions. The fit   

indicates a value G0=380 pS where PCl/PK=0.5 and an exponent n=2.7 for the steepness.  

The value G0 should be compared to the value I0 obtained in the fits of the experimental 

data. A fusion pore conductance of 380 pS corresponds to an average foot current of ~2.5 

pA (Gong et al., 2007) and is very close to the I0 values measured experimentally (I0=2.7 

for ionomycin stimulation and I0=1.7 pA for intracellular Ca2+ stimulation). The 

transition from an anion impermeable fusion pore to an anion permeable fusion pore 

therefore occurs gradually when the fusion pore expands beyond ~200 pS.  

 

An anion impermeable fusion pore has a more positive reversal potential accelerating 

release of positively charged transmitters, as shown here for chromaffin cells which 

release positively charged catecholamine. Revealing the characteristics of the fusion pore 
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through models of electrodiffusion calculations, can enhance our predictions and 

understanding of different physiological conditions releasing charged transmitter.  Cation 

selectivity will accelerate acetylcholine release through a narrow fusion pore at the 

neuromuscular junction, thereby maximizing the speed of release. Release of glutamate 

or GABA may require a more extended fusion pore, or alternatively, may require 

additional molecular components to be located in the fusion pore that contribute positive 

charges and may increase the rate of release of these negatively charged 

neurotransmitters. The understanding of these fusion pore dynamics can lead to better 

therapeutic developments of nervous system restoration. 
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APPENDIX 

 

 

This Appendix for Chapter 3 reviews different types of analysis on a population level for 

control comparisons, and analysis on an individual cell level to compare sensitive change 

present in two conditions of anions, chloride and D-glutamate.  These statistical tests take 

into account small differences in the mobility of these anions, and the random differences 

between individual cells. 

A.1 Population and Variation 

There is variation from different animal sources of cells and in single cells. In a single 

recording trace, there are multiple events which vary in dynamics analysis also.  At 

synapses, the intracellular junctions of neurons, communication occurs by the release of 

transmitters. In a chemical synapse, the pre-synaptic neuron releases a neurotransmitter 

that is received by a post-synaptic neuron. Neurotransmitters are packaged in small clear 

vesicles (SSV) and large dense-core vesicles (LDCV) which fuse to the plasma 

membrane and release transmitters. Both vesicle types, SSV and LDCV, show a similar 

initiated release with a rapid time rise less than 60μs, suggesting the abrupt opening of a 

fusion pore (Bruns and Jahn, 1995).  This regulated release of neurotransmitters occurs 

by exocytosis, initiated by the formation of the fusion pore. It connects the vesicular 

lumen and extracellular space, serving as an important step for regulating exocytosis.  In 

previous studies, mouse chromaffin cells show a quantal content that is distributed with 

large and small events, and the distribution of vesicle size prediction by amperometry is 
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related to the measured electron microscopy (Grabner et al., 2005). Raising the quantal 

value to the third power represents the vesicle size, and we would expect to see similar 

distribution in chloride and D-glutamate solutions, because the experiments were all 

performed on bovine chromaffin cells that should have the same core vesicles.   

 

From the experiments described in Chapter 3, Figure 3.4.1 shows the mean values for 

both populations of vesicle size (Q(1/3)=0.5) are comparable when the extracellular 

chloride solution is switched to D-glutamate.  The general vesicle sizes do not change in 

the same bovine chromaffin cell model.  However, with the same amount of recording 

time for each condition, fewer overall events are detected in glutamate, and a comparable 

number of events are seen for the larger vesicle size. 

 

 

Figure 3.4.1 Q(1/3) Distribution in Chloride (blue) and Glutamate (red) 

 Q(1/3) corresponds with vesicle size.  A distribution of vesicle size is observed in chloride 
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(blue) and glutamate (red), showing a large population of small vesicles and a small 

number of events observed for larger vesicles. 

 

A.2  Processing Data for One Way ANOVA 

 

Analysis of variance (ANOVA) is the use of statistical models to analyze differences 

among group means.  ANOVA allows one to distinguish whether or not the means of 

several groups are equal and generalizes t-test for multiple groups.  It is important to note 

that a t-test is commonly applied when the test statistic follows a normal distribution.  

Foot current values are log transformed and then JMP® Statistical Software is used to 

create ANOVA analysis of the fusion pore data from the two solutions of chloride and d-

glutamate stimulated with 10 μM ionomycin, for 400 second duration amperometric trace 

recordings.   Most values for foot current are close to 0pA.  Because this is not a normal 

distribution, log transformation of foot current values was used to conduct a one-way 

ANOVA analysis.  The analysis of variance results in p = 0.0094.  However, to look at a 

comparison with physiological relevance, a separate ANOVA analysis was performed for 

the actual untransformed foot current values, resulting in chloride 3.3+0.2 and D-

glutamate 4.4+0.2 pA, with p = 0.0007.  The ANOVA means show a 32% increase from 

ion substitution with D-glutamate.  However, the ANOVA is a pool of all events and 

does not take into account unique cell or animal as a source of variation.   
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A.3 Processing Data for Fit Least Squares Test from Cumulative Distribution 

 

Cumulative distributions are reviewed to detect sensitive changes and possible thresholds 

to process data further into comparison analysis, such as Fit Least Squares Test, using 

JMP® Statistical Software.  The data is imported and includes unique cell identification, 

and dates to mark unique animal source of cells.  Specific ranges in distribution were 

analyzed in Chapter 3, showing that foot currents below a certain threshold were 

unchanged but did change above that threshold.  To compare conditions with thresholds 

of interest, such as ~1.2 pA in Chapter 3 seen in cumulative distribution of foot current, 

values can be chosen from rows and selections of data.  And under analysis tool of the 

software a fit model, of fit least squares test is chosen.  The Y value is the data of interest.  

For the X value, it is important to include the unique cell identification, nested in the 

batch of cells from the unique animal source or appropriate date.  A random attribute is 

added to these variables before running the least squares test.  The Fit Least Squares Test 

gives a Least Squares mean and P values for comparison. 

The threshold values used in JMP software, allow an analysis to account for cell and 

animal variability, and obtain a comparison of the scaled expected values with the 

experimental D-glutamate values, resulting in a P-value < 0.0001.   

 



60 
 

Figure 3.4.2 Increased Quantal Size and Half Widths: For both types of stimulation, (A) 

extracellular ionomycin and (B) intracellular calcium, trends of larger half widths are 

observed when chloride (blue) is switched to D-glutamate solution (red).  The maximum 

current (i) for both methods remains similar for both solutions, but an increase is seen in 

quantal size (ii.) and a more significant shift is observed in half widths (iii.) when the 

solution is switched to glutamate, an anion with lower mobility. 

 

In Chapter 3 two classes of fusion pore conductance is observed.  Fusion pore of low 

conductance, have corresponding low current thresholds are cation selective.  When the 

fusion pore expands past the threshold size into larger openings, then shifts in frequency 

rate are observed larger than the predicted.  In Figure 3.4.2, it is also observed that in 

both methods of stimulation, with intracellular calcium or extracellular ionomycin 

ionophore, the same current maximums are reached, but the quantal size and half width 
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duration frequency rate shifts again with glutamate.  These full fusion events are much 

greater than the small fusion pore conductance thresholds observed in Chapter 3 results, 

which may indicate that larger openings have other factors that may increase the effects 

of opening in the presence of a larger anion.   

 

In summary, the Q(1/3) Distribution is a good control analysis to make sure both 

conditions confirm similar vesicle size,  and ANOVA analysis can show a change with 

ion substitution, but the change detected would miss sensitive threshold values that a 

cumulative distribution can show.  Cumulative distribution shows that the large fusion 

pore values contribute to the change seen in the ANOVA, and low foot current values 

remain unchanged.  Cumulative distribution allows one to process comparisons between 

small changes, and the statistical software helps take into account individual cell 

variability.  The analysis comparing vesicle size in the presence of chloride and glutamate 

not only demonstrates that the extracellular solution would not affect vesicle size, but it 

also shows the difference in frequency of events observed in both conditions.  Also, the 

larger vesicle size release events observed are comparable, which may indicate a shift 

that occurs with the change of glutamate for larger quantal size events.  This is also seen 

in the cumulative distribution for full fusion events. 
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CHAPTER 4 
USING CMOS CHIP FOR ELECTROCHEMICAL RELEASE  

DETECTION IN VARIOUS SOLUTIONS 

 

4.1 Introduction 

 

Neurons are the basic unit of the nervous system.  These cells communicate to each other 

through chemical signaling by the storage and exocytosis of neurotransmitters, 

biochemical molecules which act as messengers that regulate behavior and function.  

When the presynaptic terminal is electrically stimulated, the vesicles fuse with the plasma 

membrane.  Transmitter release from a single vesicle is known as quantal release or the 

number of biomolecules expelled in a quantal release.  The CMOS Chip was developed 

to detect electrochemical changes and the release of these transmitter molecules.  In this 

chapter, we use the CMOS chip for anion substitution experiments, with tests in control 

chloride solution and experimental D-glutamate solution.  It is important to note that the 

development of the CMOS chip allows for a larger sample size rate of single cell 

recordings in a single solution. 

 

4.1.1 CMOS Chip Technology 
 
 
Transmitters, hormones, and catecholamine molecules are packaged into vesicles which  
 
fuse to the cell membrane, and then are released through a process named exocytosis.   
 
The modulation of this process is an important dynamic to understand for modifying  
 
therapeutic interventions that affect the nervous system.  Electrochemical detection  
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allows identification of such changes in transmitter release.  However, CFM recordings 
 
 are limited to single cells.  CMOS Chip technology is designed for parallel multiple cell 
 
 detection. 
  

The following experiments use high throughput technology to measure the properties of 

single transmitter release events from chromaffin cells on a fabricated 100 electrode 

amperometry CMOS chip. The CMOS chip with 100 electrodes enables high throughput 

amperometric readings of transmitter release from cells.   

 
4.2 Methodology 

 

4.2.1 Cell Preparation and Trapping On CMOS CHIP 

 

Cells are applied to the surface of the 100 electrode CMOS chip surface.  Platinum is the 

polarizable material that covers the electrode to avoid low resistance contact with 

solution. Oxidation current is collected and converted to voltage through the integration 

capacitor.  SU-8 deep wells enable cell trapping for measurements.  The chip has 20µm 

diameter microwells on the surface with the capacity to hold a single cell in individual 

microwells during amperometric recording.  

 

Bovine chromaffin cells were prepared and cultured as described by Parsons et al., 1995. 

Adrenal glands were obtained from a freshly slaughtered cow and placed in a 1x salt 

solution on ice for transportation.  The 1x salt Buffer 2 is prepared from dilution of a 10x 

salt solution containing (in M) 1.2NaCl, 0.03KCl, 0.01NaH2PO4H2O, 0.01MgSO47H2O, 
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0.11Glucose, 0.25HEPES, with a pH of 7.4 sterile filtered.  The diluted 1x Buffer 2 

solution is also supplemented with 0.1mg/L gentamycin, 0.1% Penicillin-Streptomycin, 

Minimum Essential Media (MEM) Vitamins 100x, MEM Amino Acids 100x, 0.2M L-

Glutamine, 100mM NaPyruvate from Thermo Fisher Scientific.  The collagenase buffer 

is composed of the previously described Buffer 2, plus the addition of 100mg/mL 

collagenase and 0.1% Bovine Serum Albumin (BSA) Fraction V.  The final buffer wash 

is the previously described solution with 0.1% BSA Fraction V, but without the 

collagenase component.  When the gland arrives to lab, fat is immediately cut away with 

sterile surgical blades, and the glands were nourished with oxygen gas for an hour, and 

then transferred into the collagenase buffer.  The buffer solutions run through the gland 

and then aspirated when switched.  After the collagenase buffer profusion, the gland is 

open and placed in a large dish.  White layer clumps containing chromaffin cells are 

isolated into sterile collagenase buffer and circulated at 37°C and oxygenated for an hour.  

After these cells are filtered through sterile gauze into 50mL falcon tubes, the cells are 

centrifuged 3 times at 500 rpm for 10 minutes.  The buffer is aspirated and replaced with 

final buffer containing 0.1% BSA.  The dissociated chromaffin cells are plated on glass 

cover slips 8mm in diameter, which were treated with 0.02% poly-D-lysine.  The cells 

were cultured in an incubator with 8% CO2, in culture media with 43% DMEM, 43% 

HAM’s F-12, 9% fetal bovine serum, and 1% Penicilin-Streptomycin, 0.2M L-Glutamine, 

1M HEPES, 100x insulin transferring selenium.  Cells were used for amperometric 

recordings 24 hours after collection and isolation, and could remain active up to a week.  

Generally, the most active days for chromaffin cell batches were 2 days after preparation. 

Cell suspensions are decanted from flasks and maintained in a humidified incubator at 
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37°C with 5% CO2. Freshly prepared cell suspensions were placed onto the CMOS chip.  

Cells settled into wells.  Bath solutions contained either 140 mM NaCl or 140mM Na d-

Glutamate (NaGlu) supplemented with (in mM) 5 KCl, 5 CaCl2, 1 MgCl2, 10 

HEPES/NaOH, with a pH of 7.3 and osmolarity adjusted to ~320 mmol/kg with ~20 mM 

D-glucose.   

 

4.2.2 Experimental Solution Preparation and Application 

The CMOS chip was washed with 20μL volumes of bath solution.  Bath solutions 

contained either 140 mM NaCl or 140mM Na D-Glutamate (NaGlu). For CMOS 

experiments, the extracellular solutions contained (in mM): (140 NaCl solution) 140 

NaCl, 5KCl, 5CaCl2, 1MgCl2, 10HEPES/NaOH, 10 glucose; (140 NaD-Glutamate 

solution) 140 NaD-Glutamate, 5KCl, 5CaCl2, 1MgCl2, 10HEPES/NaOH, 10 glucose; the 

pH was adjusted to 7.3 and the osmolarities were adjusted to ~320 mmol/kg with glucose.  

1mM ionomycin stock solutions are prepared with DMSO and stored in the freezer.  For 

each experimental day, ionomycin stock solution is freshly thawed and diluted into the 

respective bath solution being measured, which contain the concentrations stated above.  

The stimulation solution is diluted to a ionomycin concentration of 10 or 20µM, before 

addition to the CMOS chip.  During an experimental recording, the chip in 20μL of 

control solution without ionomycin was recorded for a full minute.  After 1 minute of 

initial recording, 20μL of ionomycin stimulation solution was added, resulting in a final 

experimental concentration of 5 or 10μM ionomycin, with a final volume of 40μL 

contained in the center of the chip.  The chip traces with ionomycin stimulation solution 

was recorded for 4 minutes, and then each well containing a cell was analyzed.  Each 
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well with a single cell has a single corresponding trace, that was converted into IGOR 

binary files and analyzed for quantal analysis described in Chapter 3. 

 

4.3 Experimental Results 

Overall, there was a small sample size of 104 events detected from 2 recordings, but 

events were successfully detected (Figure 4.1) on the CMOS chip in a solution of 140 

mM sodium chloride with a final concentration of 5μM ionomycin.   

 

Figure 4.1 Amperometric events detected from a single well on CMOS chip:  This is a 

partial recorded trace of a single cell releasing catecholamine in the presence of 

ionomycin and extracellular sodium chloride solution. 
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54 events from 12 cells were detected with 5 μM ionomycin stimulation.  50 events from 

11 cells were detected with 10 μM ionomycin stimulation.  Only one of these 10 μM 

ionomycin-stimulated events showed a delayed fusion pore event of 0.57 pA for 9.58 ms, 

with a quantal size of 0.005 pC.  For the 5 μM ionomycin-stimulated events, 14 delayed 

fusion pore events were detected, greater than 0.5 pA and at least 2 ms time duration.  

When taking into account a “random attribute” to the individual cells per well, using JMP 

statistical software, the fit least squares mean was equivalent to the overall grand mean of 

3.85 + 1.643 pA. The overall foot duration was 48.7 + 34.4 ms, and quantal size of foot 

0.059 + 0.028 pC. 

 

Figure 4.2 Ionomycin stimulation cumulative distribution of amperomtric foot current 

with CMOS (5uM) and CFM (2 or 10 uM) 

 

Figure 4.2 Cumulative distributions show frequency values from single CFM 

amperometry data stimulated with 2 or 10 μM ionomycin, and CMOS data stimulated 
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with 5 μM.  The CFM data comes from 400 second timed traces, with a sample size of 

692 delayed fusion pore events for a year from 10 μM ionomycin, and 136 delayed fusion 

pore events from 2 μM ionomycin stimulation for a quarter of a year.  Whereas, the 

CMOS data shows frequency from 14 fusion pore events from multiple cells on one chip 

for 240 second timed traces. 

4.4 Summary 

As technology, such as CMOS chip development, continues to progress, then the sample 

size of this type of ion substitution experiments can increase.  This sample size is still 

small to draw clear conclusions from trends, but for an equivalent amount of trials and 

cells, there was an equivalent number of events detected in both stimulation 

concentrations of 5 and 10 μM ionomycin.  However, with equivalent amounts of events 

in both stimulation concentrations, only delayed fusion pore events were detected from 

the trials of 5 μM ionomycin stimulation, resulting in 26% of the events detected.  Also, 

the trials with D-glutamate did not successfully detect events from the batch of cells in 

which control chloride was successful.  There is a possibility that more exploration with 

CMOS chip fabrication can lead to more consistency in detection, or consistency in the 

percentage of cells when plating and occupying the well space for experiments.  However, 

the results show that CMOS chips can successfully detect events in multiple cells with 

varying solutions and stimulation concentrations. The development of the CMOS chip 

allows for a larger sample size rate of single cell recordings in a single condition or 

treatment. 
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CHAPTER 5  
DEVELOPING METHODS FOR EXPLORING ATP RELEASE THROUGH THE 

FUSION PORE, FUTURE DIRECTION, AND CONTRIBUTION 
 
 

 
5.1 Introduction 

 

The previous chapters focused on measuring the positive charged ions that are released 

from the fusion pore, such as the catecholamine molecules that are detected by 

electrochemical methods.  This chapter focuses on the development of experimental 

design to observe negative charges, such as adenosine tri-phosphate (ATP), through the 

fusion pore.  The chapter also presents possible future directions, and general 

contributions. 

 

5.1.1 Negative and Positive Ions Detected Through the Fusion Pore 

In chromaffin cells, catecholamine exocytosis events were observed, without a resulting 

production of a net outward current.  The cell-attached patch amperometry measures a 

simultaneous catecholamine release that is significantly less than 2% if there are any 

cations from the cytosol.  This shows that charge compensation does not result from the 

ion flow from cytosol into vesicular lumen.  Therefore, charge compensation through the 

fusion pore may occur by the exchange of extracellular positive cationic sodium or the 

co-release of negative molecules.  A decrease of extracellular sodium concentrations in 

solution surrounding the cell decreased the amperometric fusion pore events.  Fusion 

pore events decrease from 72% to 44% in solutions containing 140mM and 0mM sodium 



70 
 

chloride, respectively(Gong et al., 2007).  The decrease in concentration of extracellular 

sodium decreases the catecholamine flux through the fusion pore as expected from 

electrodiffusion theory in the absence of anion co-release.  Vesicular anions, such as ATP, 

may be bound to the granular matrix and thus not readily available for co-release during 

the foot phase.  If the fusion pore allows for permeation of anions, then the flow of anions 

from the extracellular space into the vesicle is expected to reduce the rate of release of 

positively charged catecholamines. 

 

PC12 cells natively express an ATP receptor channel, P2X2 purinoceptor, which is a 

cationic channel that allows the influx of sodium and calcium. The flux of transmitters 

through the fusion pore can be detected as an amperometric foot signal using a carbon 

fiber electrode. The co-release of negatively charged ATP from the vesicle can produce a 

membrane current that will be simultaneously measured when ATP binds to the P2X2 

receptor, producing transient inward currents by whole cell patch-clamp 

electrophysiology techniques. To determine the relative amount of co-release the ratio of 

amperometric foot amplitude over spike amplitude is compared with the corresponding 

ration of whole cell current during the foot phase over peak phase. These proposed 

experiments will confirm the amount of simultaneous co-release of negatively charged 

ATP molecules, and allow determination of the extent to which it is released through the 

narrow fusion pore. 
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5.1.2 P2X2 Receptors 

 

Extracellular ATP is an important signaling molecule for intracellular communication. 

This negatively charged molecule is present in vesicles before full fusion release. To 

confirm that there is no or very little co-release of ATP through the narrow fusion pore, 

whole cell patch clamp experiments will be performed with simultaneous amperometric 

recording of individual release events. PC12 cells express endogenous P2X2 

purinoceptor cation channels which allow the influx of calcium and sodium when ATP 

binds to P2X2. To achieve a sustained by low rate of release events allowing 

identification of foot signals, the intracellular solution will contain a buffered free 

calcium concentration of 1-3μM. As previously reported, amperometric spikes will be 

accompanied by inward current, if there is co-release of ATP. Previous patch clamp 

based secretion assays were used to investigate the kinetics of quantal release of ATP 

from pancreatic beta cells, after expression of the P2X2 purinoceptor (Braun et al., 2007). 

These experiments show that measurements of current, induced by the opening of P2X2 

receptors, can be regarded as an endogenous reporter of vesicular exocytosis in 

pancreatic beta cells. ATP-dependent pedestals were observed when ATP is released 

through a fusion pore event. In comparison with smaller molecules of serotonin and 

GABA, with dimensions of 1.0x0.5x0.2nm and 0.75x0.3x0.2nm respectively, the fusion 
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pore seems to restrict the passage of ATP with its dimensions of 1.6x1.1x0.5nm 

(MacDonald et al., 2007). 

If cells express a suitable ATP receptor channel, then co-release of negatively charged 

ATP will produce a transient inward membrane current that can simultaneously be 

measured by the whole cell patch-clamp technique, while the release of catecholamines 

are detected as an amperometric current spike using a CFM.  These methods may confirm 

that there is little or no co-release of ATP through the narrow fusion pore. 

 

5.2 Methodology 

5.2.1 Preparation for P2X2 Transfection 

An 11Kb pSFV1 vector is used, with ires (internal ribosome entry site) and 4 cutting sites, 

to allow for a DNA insert before ires.  The ires allows for the coexpression of GFP for 

fluorescent detection.  A Kozak gene is used, with the addition of 4 bases before the 

restriction enzyme BamHI. 
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A. 

  

 

B.

 

 

Figure 5.2.1 P2X2 Molecular Method: (A) The P2X2 is inserted between the restriction 
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enzymes BamHI and BssHII, in ampicillin resistant pSFV1 vector.  (B) An overall flow 

chart of steps toward transfection is shown.  DNA digestion with restriction enzymes and 

gel purification should result in a vector band close to 11-12Kb.  Then transfection of 

ligase products to E. coli cells is performed before choosing clones and confirming by 

sequence. 

Once the  P2X2 insert is in the ampicillin resistant pSFV1 vector, then the two restriction 

enzymes BamHI and BssHII are used.  A miniprep is performed to extract DNA and then 

digestion with Spe I enzyme is performed.  Invitro transcription of RNA from linearized 

DNA is prepared by using 5 μg of DNA for a viral construct and 7 μg of DNA for 

HELPER SFV for every electroporation.  Spe I is used to cut DNA at 37°C.  Phenol 

chloroform was used to extract the DNA for precipitation overnight using 3M Sodium 

Acetate Buffer/Ethanol.  75 μL of DEPC-treated water was added to DNA enzyme 

mixture with 100 μL of cold phenol.  100 μL of chloroform is added between vortex.  

Then it was centrifuged at maximum speed for 10 minutes.  The supernatant, which 

contains DNA, was removed.  This DNA supernatant is treated with 3M sodium acetate, 

mixed and placed in freezer overnight.  The DNA is centrifuged at maximum speed for 

15 minutes.  The dry pellet is worked up with 10 μL of DEPC treated water.  Phenol 

chloroform extraction is performed to extract RNA.  The RNA is precipated with 3M 

sodium acetate and DEPC treated overnight at 20°C.  The RNA is centrifuged at 

maximum speed at 4°C for an hour.  The RNA pellet is washed with 70% ethanol/DEPC, 

and mixed gently.  It is air dried after another maximum speed centrifuge and worked up 

in 40 μL of DEPC water.  RNA gel is prepared with 1 μL RNA sample, 2 μL 5X buffer, 

3.5 μL formaldehyde, 10 μL formamide.  The mixture is heated at 65°C for a quarter of 
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an hour, then iced rapidly.  1 μL volumes of ethidium bromide and RNA loading dye are 

added before loading the mixture.  RNA gel is run at 4V/cm.  BHK cells are thawed and 

warmed in 5.0% FCS media.  FCS media contains 25mL FCS (5%), 420 mL OPTIMEM 

I, 10 mL 1M HEPES, 500 μL penicillin-streptomycin.  BHK cells are suspended in 75 

cm2 flasks and incubated with 20 μL of FCS media at 37°C.  Cells are 80% confluent, 

before electroporation can be performed.  Cells are centrifuged at 1200 rpm for five 

minutes to remove supernatant.  Electroporation parameters are kV = 0.400 = 400 V, and 

cuvettes with gap size 0.4 cm are used.  High voltage dial is at 500V.  When the cuvette 

contains only 800 μL of OPTIMEM media, the cuvette needs to be pre-zapped to 

discharge the instrument.  After electroporation, the cells are immediately placed on ice.  

Cells are removed with fresh FCS media, and then incubated at 37°C for four hours 

before GFP expression is checked.  Virus containing media is removed and centrifuged at 

2500 rpm for 5 minutes at 4°C.  The virus is resuspended into 450 μL aliquots.  When the 

virus is not being used, it can be stored at -80°C.  To transfect chromaffin cells the 100 

μL of chymotrypsin is added to the 450 μL virus aliquot.  After 40 minutes at room 

temperature, the virus is activated.  110 μL of aprotinin is added for 6 minutes.  The 

conditioned media is removed and the cells are incubated at 37°C.  Expression starts 4 

hours after transfection.  

 

Bovine chromaffin cells are prepared and cultured as described in Chapter 3. The 

dissociated chromaffin cells are plated on glass cover slips 8mm in diameter, which were 

treated with 0.02% poly-D-lysine.  The cells were cultured in an incubator with 8% CO2, 

in culture media with 43% DMEM, 43% HAM’s F-12, 9% fetal bovine serum, and 1% 
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Penicilin-Streptomycin, 0.2M L-Glutamine, 1M HEPES, 100x insulin transferring 

selenium.  Cells are transfected with P2X2 virus prepared in methods above.   

 

Individual coverslips with cultured cells were removed from the incubator and placed in a 

recording chamber with extracellular bath solution.  Bath solutions contained either 140 

mM NaCl or 140mM Na d-Glutamate (NaGlu) supplemented with (in mM) 5 KCl, 5 

CaCl2, 1 MgCl2, 10 HEPES/NaOH, with a pH of 7.3 and osmolarity adjusted to ~320 

mmol/kg with ~20 mM D-glucose.  Cell suspensions are decanted from flasks and plated 

onto poly-D-lysine (0.5mg/mL)-coated glass coverslips (8mm diameter).  There were 

approximately 104 cells per coverslip. The 8mm coverslips are kept in 20mm petri dishes 

filled with medium and maintained in a humidified incubator at 37°C with 5% CO2.  

5.2.2 Electrochemical Detection Method 

The goal of this method is to obtain simultaneous electrochemical CFM measurements 

and whole cell current recordings from cells expressing fluorescent P2X2 as an ATP 

sensor.  Microscopes are set up with GFP filters to detect cells that are successfully 

transfected.  When a fluorescent cell is observed, then an amperometry carbon fiber 

microelectrode is lowered to the cell of interest for electrochemical detection of release.  

Amperometric currents are filtered at 1 kHz and analyzed by a customized macro for 

IGOR software (Mosharov and Sulzer, 2005).  Foot signal analysis can be restricted to 

events with foot current greater than 0.5 pA and foot duration greater than 2ms, as 

presented in Chapter 3. Cells were stimulated by intracellular application of 10 µM free 

Ca2+ in the whole cell patch clamp configuration with a pipette solution containing (in 
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mM) 110 CsGlutamate, 8 NaCl, 20 DPTA, 5 CaCl2, 2 MgATP, 0.3 Na2GTP, 40 HEPES, 

adjusted to pH 7.4 with CsOH, and osmolarity of ~325mmol/kg.  Patch pipettes were 

fabricated by inserting borosilicate glass capillary (1.8 mm o.d., Hilgenberg GmbH, 

Germany) into a model P-97, Sutter instrument, U.S.A. pipette puller.  The patch pipettes 

were fire polished to a resistance close to 3-5MΩ.  When the patch pipettes first enter the 

extracellular solution patchmaster software is used to automatically correct and hold the 

measured voltage value for the liquid junction potential appropriate for each patch pipette.  

Cells were held at a constant holding potential of -60mV using an EPC9 amplifier 

(HEKA, Lambrecht, Germany).   

 

5.3 Preliminary Results and Discussion 

According to DNA sequencing results, the P2X2 was successfully isolated as linear DNA.  

Then the P2X2 product went through digestion with the addition of Spe I enzyme.  The 

electroporation of RNA into BHK cells was successful and the SFV virus was harvested.  

After transfection into chromaffin cells, 20-30% of the cells showed fluorescent 

properties.  This small percentage, with light fluorescent detection, was difficult to 

observe in the experimental rig and properly patch and stimulate.  Further adjustments to 

methodology and equipment can be explored to improve detection of P2X2 transfected 

cells.  Future work would allow recordings that could determine transient inward currents, 

in relationship to foot currents, depending on foot current amplitude.  
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5.4 Summary and Future Work 

 

Vesicular co-release of negatively charged adenosine triphosphate (ATP) can be detected 

through electrophysiology techniques, when ATP is released to bind to purinergic 

receptors and change the current across the cellular membrane.  P2X2 are purinergic 

receptors that can be successfully transfected into chromaffin cells.  Refining 

methodology of detected fluorescent GFP-tagged overexpressed P2X2 cells would allow 

for a better investigation of these effects of ATP release and a better understanding of 

negative ion movement through the dynamics of the fusion pore.  PC12 cells are also an 

alternative cell model that can be looked into since it already natively expresses 

purinergic receptors.  

Preliminary molecular work performed for overexpression of P2X2 in the chromaffin cell 

system, further experimentation can be employed to observe the effects of negative ions 

through the fusion events, which cannot be detected currently with real-time 

amperometry or CMOS chips, but by the whole cell patch clamp method.  Increasing the 

purinoceptor expression allows for quicker detection of the binding of negatively charged 

molecules, such as ATP that can be released from the vesicles of secretory cells.  

This approach is designed to allow determination of the extent to which ATP, an 

important intracellular communication molecule, is co-released with catecholamines 

through the narrow fusion pore.  Based on previous experiments the release of ATP 

through the early fusion pore is expected to be minimal.  Understanding the effects of co-

released molecules on fusion pore mechanisms, can allow for the development of new 
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methods by the detection of different co-released molecules.  This development can 

advance our understanding of transmitter release dynamics which ultimately affect neural 

and endocrine signaling. 

 

5.5 Contributions 

 

The results from these chapters reveal dynamics of the fusion pore that was never 

explored before, with new ideas of thresholds contributing to classification of fusion pore 

conductance, and the presentation of new methods to explore the characteristics of the 

fusion pore.   This includes methods of analysis which take into account individual cell 

effects and view overall trends from frequency distribution, fusion pore classification 

through conductance comparison and extracellular ion substitution, and the exploration of 

novel approaches to observe real-time co-release of negative charges.  Ion substitution 

with extracellular anions of lower mobility, can be used to examine the ion dynamics 

through the fusion pore, as long as the ions do not interfere with calcium binding.  And 

ions, such as D-glutamate, can be used to observe changes as small as 30%.  Gathering 

the cumulative distribution of sensitive values, allow for very sensitive comparison 

analyses when the expected values are predicted for a small 30% shift with anion 

substitution of D-glutamate.  Cumulative distribution shows changes in trends that can be 

smaller or larger than the predicted shift, depending on the threshold of comparison.  

These thresholds, allow a more clear comparison and a more defined classification size 

for fusion pore openings.  This allows us to see dynamics between two classes of fusion 

pore, which can be quantified by conductance values that correspond with size, since the 
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shape of a moving fusion event is dynamically shifting with real-time release of 

transmission. The classification size of small fusion pore opening, with low conductance 

values, demonstrates cation selective properties.  The fusion pore openings greater than 

these thresholds, result in frequency rate distributions that increase greater than predicted 

electrodiffusion calculations, which indicate that other factors besides electrodiffusion 

need to be explored when fusion pore openings of large conductance occur in the 

presence of D-glutamate.  However, the small class of low conductance fusion pores, are 

clearly anion impermeable.  The anion impermeable fusion pore has a more positive 

reversal potential accelerating release of positive catecholamines, as demonstrated by 

these experiments in chromaffin cells.   Revealing the characteristics of the fusion pore 

through models of electrodiffusion calculations enhances our understanding of different 

physiological conditions involving charged transmitter release.  Cation selectivity can 

accelerate release through a narrow fusion pore, such as neuromuscular acetylcholine.  

And release of glutamate may require a more extended fusion pore or additional 

molecular components that contribute positive charges near the fusion pore.  Overall, 

these findings give a better understanding of fusion pore structure and dynamics, with the 

strong possibility of a narrow fusion pore lined with negative charges.  The development 

of the CMOS chip, increases the sample size and rate of single cell fusion event analysis, 

and the expression of P2X2 receptors can serve as sensors of ATP co-release.  This 

serves as another method of detecting negative charges through simultaneous patch-

clamp whole cell recordings, with the amperometry detection of positive charged 

catecholamines. 
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