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ABSTRACT 

 

Title of Thesis:  Mitochondrial regulation of Ca2+ released from the intracellular 

stores 

Name of Candidate: Gong Li, Doctor of Philosophy, 2012 

Dissertation Directed by:  Joseph P. Y. Kao, Ph.D., Professor,  

            Department of Physiology 

Ca2+ is a ubiquitous second messenger that can be released from intracellular Ca2+ 

stores in the endoplasmic reticulum (ER) through ryanodine receptor (RyR) channels and 

IP3 receptor (IP3R) channels. The released Ca2+ is a cytosolic Ca2+ signal, which can 

regulate diverse cellular functions. Ca2+ clearance mechanisms are important because 

they directly affect the spatio-temporal characteristic of the Ca+ signal. Mitochondria 

have the capacity to take up cytosolic Ca2+ and are thus a key Ca2+ clearance mechanism. 

Mitochondrial Ca2+ uptake impacts cellular physiology in two ways. The first is the effect 

of mitochondria in sculpting cytosolic Ca2+ signals. The second is the effect of Ca2+ 

uptake on energy production by the mitochondria. In the present studies, I examined the 

relationship between mitochondria and Ca2+ released from the ER through both RyRs and 

IP3Rs in vagal sensory neurons. In the course of the work, diverse techniques were used, 

including patch clamp electrophysiology, focal photolysis of caged molecules to achieve 

intracellular generation of second messengers, as well as confocal imaging of fluorescent 

indicators of cytosolic and mitochondrial Ca2+ concentration, fluorescent organellar stains, 

and fluorescent indicators of mitochondrial membrane potential. 



The key findings of the studies are:  

1) Mitochondria in the sub-plasma-membrane region preferentially take up Ca2+ released 

from ER through RyR channelscompared with mitochondria in the cell interior. 

2) When sub-plasma-membrane RyRs are activated locally, the resulting cytosolic Ca2+ 

signal decays back to baseline more slowly than Ca2+ signals resulting from activation 

of RyRs in the cell interior; this is a consequence of differential Ca2+ handling by 

mitochondria near the plasma membrane. 

3) Preferential Ca2+ uptake by sub-plasma-membrane mitochondria is a consequence of 

these mitochondria having a more hyperpolarized membrane potential. 

4) Upon metabotropic activation of IP3 production and consequent IP3R-mediated Ca2+ 

release, sub-plasma-membrane mitochondria show preferential Ca2+uptake. 

5) Increase in mitochondrial Ca2+concentration following uptake drives increased NADH 

production. 
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I. Biological background 

Ca2+ is an important ion thatcan regulate many cellular functions. Almost every 

cellular response, such as contraction, exocytosis, mitosis, gene expression and cell death, 

is controlled by the changes of cytosolic free Ca2+ion concentration ([Ca2+]c)(Berridge et 

al., 2003;Bootman et al., 2001;Orrenius et al., 2003). A transient increase in [Ca2+]c (i.e., 

a “Ca2+ transient” or “Ca2+ signal”) can regulate many aspects of neuronal physiology 

including electrical excitability, neurotransmitter release, gene expression and 

neurotoxicity(Ghosh & Greenberg, 1995). The duration, amplitude and localization of 

transient increases in [Ca2+]c can affect a neuron’s activity. Ca2+ transients are terminated 

by transport processes that remove Ca2+ from the cytosol and by Ca2+ buffers. Therefore, 

Ca2+ clearance mechanisms directly affect Ca+ signaling, and thus, a wide range of 

neuronal functions. It is therefore important to understandthe cell-physiological 

characteristics of Ca2+regulation in neurons. The neurons used in this thesisare neuronal 

cell bodies from the inferior vagal, or“nodose”, ganglion of the rat, and are referred to as 

nodose ganglion neurons,or “NGNs”.The axons of NGNscomprise the sensory fibers of 

the vagus nerve. 

 

A. The vagus nerve and nodose ganglionneurons 

The vagus nerve, also called cranial nerve X, is the longest of the twelve cranial 

nerves. Like other cranial nerves, it is a paired nerve and the motor component 

originatesfrom the brainstem. It is the most widely distributed nerve. The word “vagus”, 

from medieval Latin,literally means “wandering”, and is also root to the words “vagrant” 

and “vagary”. As implied by the name, the vagus nerve wanders from the brain stem and 
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enters to the chest and abdomen.The vagus nerve has both motor and sensory functions. 

Except for the suprarenal (adrenal) glands, all the organs from theneck down to the 

second segment ofthetransverse colon are innervated by motor parasympathetic fibers 

which are part of the vagus nerve. The vagus also controls a few skeletal muscles. But, 80 

– 90% of the nerve fibers in the vagus nerve areafferent (sensory) nerves which collect 

information from the cardiovascular, respiratory and gastrointestinal systems. The somata 

of sensory neurons that innervate those visceral organs reside in several ganglia. The 

jugular ganglion contains somatic and visceral sensory neurons of the vagusnerve, 

whereas thenodose ganglion contains exclusively visceral sensory neurons of the nerve. 

The vagalsensory nerve conveys sensory impulses from the innervated organsto the 

brainstem (Figure 1.1). Because the current work was done entirely on NGNs,the 

introduction will discuss the visceral sensory functions of the vagus nerve. 

The pseudo-unipolar NGNs consist of a spheralcell body whichextends a single 

process(the stem process). The stem process,which canbeseveral to several hundred 

microns in length,bifurcates to form a central projection and a peripheral projection 

(Figure 1.2). The pseudo-unipolar nodose ganglion neuronsare visceral sensory neurons 

with central projections of the NGN synapse in the medulla,while the peripheral 

processesinnervate organs in the chest and abdomen(Figure 1.3). 

 

B. Ca2+ homeostasis in neurons 

 There are two principal sources for Ca2+transients or Ca2+ signalsin the cytosol:1) 

Ca2+ from the extracellular medium can enter the cytosol across the plasma membrane; 



 

4 

 

Figure 1.1 

 
 
 

 
Figure 1.1: Representation of the sensory ganglions of the vagus nerve 
The sensory neurons of the vagus nerve are held in several ganglia.The jugular ganglion 
holds sensory neurons that collect somatic and visceral sensory information. The nodose 
ganglion (ganglion nodosum) houses neurons that collect sensory information from the 
viscera. 
The source of the graphic is: http://commons.wikimedia.org/wiki/Image:Gray791.png 
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Figure 1.2 

A  Nodose ganglion taken out of a rat 

 

 

 

 

B  Cartoon of a pseudo-unipolar neuron 
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Figure 1.2: Rat nodose ganglion.  
(A)  A whole nodose ganglion that was dissected out of a rat. The bulge is where the cell 
bodies reside; nerve processes emerge from the two ends. 
(B)  A cartoon of a pseudo-unipolar neuron, the cell body produces a single stem process 
(ranging in length from a few micrometers to several hundred micrometers), which 
bifurcates to form a central projection and a peripheral projection. It is important to stress 
the vast difference between the length of the stem process on the one hand and the 
lengths of the central and peripheral processes, on the other. Whereas the length of the 
stem process is reckoned in micrometers, the lengths of the central and peripheral 
processes are in the decimeter to meter range. 
The source of this figure is: 
http://www.columbia.edu/cu/psychology/courses/1010/mangels/neuro/neurocells/neuroce

lls.html 
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Figure 1.3 

 

Figure 1.3: Targets innervated by the vagus nerve 
The superior ganglion contains somatic sensory neurons of the vagus nerve and inferior 
(nodose) ganglion holds neurons that collect sensory information from organs of the 
cardiovascular, respiratory and gastrointestinal systems. 
The source of this figure is: http://medical-dictionary.thefreedictionary.com/vagus+nerve 
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2) Ca2+can be released from intracellular storesin the endoplasmic reticulum (ER) into the 

cytosol.Ca2+ in the cytosol can be sequestered into the ER by thesarco-

endoplasmicreticulum Ca2+-ATPase (SERCA), extrudedinto the extracellular medium by 

theplasmamembrane Ca2+-ATPase (PMCA) or the Na+/Ca2+-exchanger (NCX). Cytosolic 

Ca2+can also be taken into mitochondria through the mitochondrialuniporter (Figure 1.4).   

 

1. ER as a Ca2+ store can release Ca2+ into the cytosol 

The ER,which is a multifunctional organelle,is a three-dimensional network that 

extends throughout the extra-nuclear volume of a cell.It is enclosedby a lipid bilayer 

membrane and is organized in a continuous network of tubules and cisternae. This 

continuous formation was inferredfrom electron microscopic observations and 

furtherrevealed by fluorescence microscopy on cells injected with ER-staining dyes 

(Martone et al., 1993;Terasaki et al., 1994). In neurons, which have complex morphology 

that can extend over macroscopic distances, the ER is still present throughout the cell. 

For example, the ER extends from the cell body through axons to the presynaptic 

terminals, as well as through dendrites to dendritic spines.In the cell body, the ER is 

continuous with the nuclear envelope(Terasaki et al., 1994). The functions of the ER are 

numerous, butsince the presentwork focuses on Ca2+ signaling, I will emphasize the role 

of the ER as a Ca2+ store. 

Ca2+ channels and transporters in the ER membrane ensure the ER’s ability to act 

as a dynamic Ca2+ store. Ca2+ is released from the ER through two families of Ca2+ 

channels: ryanodine receptor (RyR) channels and inositol 1,4,5-trisphosphate receptor 

(IP3R) channels.  Ca2+ pumps of the SERCA family use the energy from ATP hydrolysis  
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to transportCa2+ into the ER lumen. This resultsin very high [Ca2+] in the ER Ca2+ store 

([Ca2+]ER> 10-4 M).The very high [Ca2+]ER relative to the very low restingcytosolic 

concentration of free Ca2+ ions ([Ca2+]c) (≤ 10-7 M) serves as the driving force for 

Ca2+release into the cytosol once the Ca2+release channels are open. Ca2+ released from 

ER regulates manycellular processes. In the nervous system, this released Ca2+ can affect 

diverse neuronal functions, including electrical excitability(Usachev et al., 

1995;Weinreich & Wonderlin, 1987), neurotransmitter release(Krizaj et al., 1999;Llano 

et al., 2000), and synaptic plasticity(Lauri et al., 2003;Lei et al., 2003),among others. 

 

a. Ca2+ release channels 

In most neurons, both IP3R and RyR channels are expressed(Verkhratsky, 2002). 

But the intracellular distribution of IP3Rs and RyRs can be different in different 

neurons.Even within a single neuronthe distribution can be different (Meldolesi, 2001). 

Immunofluorescence labeling shows that RyRs and IP3Rs are both expressed in rabbit 

NGNs but their subcellular spatialpatterns of expressionaredifferent. Except for some 

punctuate expression in the interior of the neurons,IP3R appears more uniformly 

distributed throughout the cell as revealed by anti-IP3R staining.In contrast, anti-RyR 

staining revealed RyR expressionto be inhomogeneous in the NGN—within acortical, 

sub-plasma-membrane band, and in a larger region in the interior of the cell(Figure 1.5) 

(Hoesch et al., 2002). 

 

(1). Ryanodine receptors and Ca2+-induced Ca2+ release (CICR) 



 

 

F

F

L
an
(r
an
ex
fr
w
μ
T
 

Figure 1.5 

Figure 1.5: I

Laser scannin
nti-ryanodin
right column
ntibodies, f
xamined by 
rom NGNs t

were not inclu
μm. 
The source of

mmunofluo

ng confocal
ne receptor a
n, “anti-IP3R
followed by 
laser scanni
that were tr
uded in the i

f this figure 

orescence la

 images of 
antibody (lef
R”). Fixed, p

labeling w
ing confocal 
reated identi
incubation s

is: Hoesch e

11 

abeling of Ry

NGNs show
ft column, “a
permeabilize
with fluoresc

microscopy
ically, excep
solution durin

et al., 2002 

yRs and IP3

wing immun
anti-RyR”) o

ed NGNs we
cein-labeled

y. Control im
pt that the re
ng the first l

 

3Rs in NGN

nofluorescen
or anti-IP3 r

ere first labe
d secondary 
mages (bottom
espective pr
labeling peri

Ns 

nce labeling 
receptor anti
eled with pri

antibodies,
m) were obta
rimary antib
iod. Scale ba

with 
ibody 
imary 
, and 
ained 
odies 
ar: 25 



 

12 

 

The ryanodine receptor, RyR,is so named because of its specific, high-affinity 

binding to the plant alkaloid ryanodine. RyRs have been cloned, characterized, and their 

physiological functions have been studied extensively because of their vital role 

inexcitation-contraction (E-C) coupling in all forms of muscle. There are three major 

receptor subtypes in theRyR family.Although historically they were classified as 

“skeletal muscle”, “heart”, and “brain” types, they arenow referred to as RyR1, RyR2, 

and RyR3,respectively. Although RyR2is generally referred to as the“heart”isoform, it 

actually is also thepredominantly expressed isoformin neurons.The other two subtypes of 

RyRshavealso been detected in neurons. Allfunctional RyRsarehomotetramers, and each 

subunitis composed of three functionally significant parts: a large N-terminal domain 

(region 1), an intermediate regulatory domain (region 2) and a channel-forming 

transmembrane domain (region3)(Brini, 2004)(Figure 1.6). 

Ca2+ induced Ca2+ release (CICR) is a physiological process that contributes to a 

rise in [Ca2+]c following various triggers. CICR was first discovered and characterized in 

skeletal muscle,although its role and importance in skeletal muscle contraction are still 

being debated.In skeletal muscle, Ca2+ released from the sarcoplasmic reticulum (SR) 

through ryanodine receptors provides allthe Ca2+required for contraction (Endo, 

1977;Fabiato, 1983). Importantly, skeletal muscle E-C coupling does not require Ca2+ 

influx. In skeletal muscle, RyRs are physically coupled with voltage-gated Ca2+ channels 

(VGCCs), also known asdihydropyridine receptors (DHPRs), in the muscle plasma 

membrane. The DHPRs function as voltage sensors that detect depolarization of the 

muscle plasma membrane during an action potential.Depolarization causes 

conformational changes in the DHPRs, which then directly activate and open the RyRs to 
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Figure 1.6 

 

 
 
 
 

Figure 1.6: Schematic diagram for a subunit ofRyR. 
Each subunit of the tetramer RyR consists of (i) a large N-terminal domain protruding 
into the cytoplasm (region 1), (ii) an intermediate modulatory region which contains the 
binding sites for Ca2+ ions and other modulatory substances (region 2), and (iii) the 
transmembrane domain near the C-terminal end which is believed to form a channel 
(region 3). 
The source of this figure is: Iris LambertiZiober et al., 2009 
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allow Ca2+ release from the SR(Franzini-Armstrong & Jorgensen, 1994).In contrast to the 

situation in skeletal muscle, opening of RyRsin cardiac muscle cells has an absolute 

requirement forCa2+ influx fromthe extracellular medium. In a cardiac myocyte, 

depolarization of the cell membrane opens VGCCs (DHPRs) in the plasma membrane to 

allowCa2+ influx. In turn, the Ca2+ entering through the DHPRs bind to and activate the 

RyRs, thus allowing Ca2+ to be released from the SR into the cytosol.Because Ca2+ 

entering the cell further triggers release of Ca2+ from the SR, the process is called Ca2+-

induced Ca2+ release (CICR)(Figure 1.7). As in cardiac myocytes, opening of RyRs in 

neurons is triggered by CICR. 

RyR channels,like many other cation-selective channels,showconductance for 

both mono- and divalent cations(Meissner, 1994). Cytoplasmic Ca2+concentration 

regulates the open probability of the RyR channels. The opening probability of RyRs 

increases with [Ca2+]cin the 0.1 – 1 µM range. Maximal opening probability is 

reachedat~1 µM and is maintained to~100 µM,while higher levels ([Ca2+]c> 100 

µM)decrease the open probability (Bezprozvanny et al., 1991).The activity of RyRs is 

also regulated by the concentration of free Ca2+ions in the lumen of the ER or SR. 

Thus,increasing lumenal[Ca2+] increases the sensitivity of the RyRs to cytosolic 

Ca2+(Koizumi et al., 1999). 

Among the pharmacological tools that can activate CICR, caffeine is the most 

frequently used. Caffeine triggers CICR by increasing the sensitivity of the RyRs to 

cytosolic Ca2+. In the present studies, caffeine was used to trigger CICR because caffeine 

can freely diffuse through the plasma membrane and accessRyRs on the ER 

membrane.When caffeine is applied to the cell, the concentrations of caffeine in the 
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intracellular and extracellular compartments equilibrate rapidly, with the time constant 

being about 100 – 150 ms;caffeine’s wash-in and wash-out kinetics are quite 

similar(Usachev et al., 1993).As indicated above, the mechanism underlying caffeine’s 

ability to trigger CICR is that caffeine binding lowers theRyR channels’ threshold 

sensitivity to cytoplasmic Ca2+ions, so that even at a resting [Ca2+]c, CICR can be 

activated (Sitsapesan & Williams, 1990a). Direct electrophysiological experiments on 

isolated RyR channels have shown that atlow  concentrations (< 2 mM), caffeine 

increases the sensitivity of RyR channels to cytosolic Ca2+, allowing RyRto be 

activatedat submicromolar Ca2+ concentrations. At higher concentrations (>5mM), 

caffeine not only increases the Ca2+sensitivity of RyR channels,but increases the open 

time of theRyR channels as well(Hernandez-Cruz et al., 1995;Sitsapesan & Williams, 

1990a). 

 The CICR mechanisms and functions are different in different tissues. In heart 

muscle, coupling between excitation and contraction is mediated by CICR, whereas in 

neurons, a key role for CICR is probably the modulation of excitability. CICR can 

regulate many neuronal functions. For example, CICR can cause the activation of at least 

two distinguishable currents, namely Ca2+-dependent K+and Cl-currents. Indeed, in 

nodose neurons, CICRactivates a K+ current, IsAHP,that underlies the slow (seconds-

long)afterhyperpolarization (sAHP) evoked by action potentials(Cordoba-Rodriguez et 

al., 1999). The sAHPin turn controls spike frequency adaptation(Weinreich & Wonderlin, 

1987). 
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Figure 1.7 

 
 

Figure 1.7: Mechanisms for activating RyRs can differ in different cell types 
In skeletal muscle, RyR opening is directly coupled to depolarization (a). In cardiac 
muscle and neurons, RyR opening is triggered by Ca2+ influx into the cell (b). 
The source of this figure is: 
http://www.cs.stedwards.edu/chem/Chemistry/CHEM43/CHEM43/Ryanodine/RyRproje
ct.html#Overview & Structure 
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(2). Inositol 1,4,5-trisphosphate receptors and IP3-induced Ca2+ release (IICR) 

IP3R is the other Ca2+release channel of the ER.The IP3R family has three 

isoforms,IP3R1, IP3R2, andIP3R3. Different isoforms have different agonist affinities and 

tissue distribution. Binding of the ligand, IP3, activates the IP3R channel for Ca2+ 

release.But, like RyRs, IP3Rs are also sensitive to [Ca2+]c but different isoforms have 

different sensitivity to [Ca2+]c.The IP3R1 has a bell–shaped dependence on [Ca2+]c with 

maximal activation at ~300 – 400 nM; the IP3R2 and IP3R3 have a sigmoidal dependence 

on [Ca2+]c, but are not inhibited by larger [Ca2+]c rises (Bezprozvanny et al., 1991). All 

three isoforms are expressed in the nervous system, but  the intracellular distribution 

isprominently heterogeneous (Verkhratsky, 2005).Just like RyRs, a functional IP3R is a 

tetramer, with each monomeric IP3R having three domains: anIP3-binding domain, a 

regulatory domain and the ion channel domain (Figure 1.8).Near the N-terminus of the 

protein is the IP3 binding domain.The armadillo-repeat protein structures here are 

engaged in protein-protein interactions and mediate intramolecular interactions with other 

IP3R domains.They are also associated with other regulatory proteins. The C-terminal 

portion is where the ion channel domain resides.This transmembrane region isformed 

with hydrophobic residues. And finally, in between the other two domains is the 

regulatory domain.It is the least conserved and it may contribute to the functional 

differences among the three isoforms(Rizzuto et al., 2009).  

  
Direct injection of IP3 into the neuron can initiate IP3-induced Ca2+ release(IICR). 

But mostly physiological activation of IICR requires stimulation of plasmalemmal 

receptors coupled to phospholipase C(PLC), which in turn hydrolyzes  
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Figure 1.8 

 

 

 

Figure 1.8: Schematic representation of the IP3R on the ER membrane 
Two of the four subunits of IP3R are schematically shown on the ER, each has an IP3 
binding domain, a regulatory domain and a pore forming domain. 
The source of this figure is:  
http://gbiomed.kuleuven.be/english/dep/50000618/50753344/introduction-1 
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phosphatidylinositol 4,5-bisphosphate (PIP2) to generate two second messenger 

molecules, IP3 and diacylglycerol. Theseplasmalemmal receptors are G-protein-coupled 

receptors and are generally referred to asmetabotropicreceptors.By activating 

metabotropic purinergic (P2Y) receptors, ATP is known to evoke Ca2+ transients through 

IICR in a variety of neurons(Dubyak & el-Moatassim, 1993). In the rabbit 

nodoseganglion neurons, PPADS, a P2Y antagonist,and three antagoniststhatinterfere 

with components of the IP3 signaling pathway, U73122, neomycin and heparin,can all 

inhibit the Ca2+ transients triggered by ATP in Ca2+-free medium.This indicates that there 

is IICR in nodose neurons(Hoesch et al., 2002). The G-protein-coupled receptors which 

can produce IP3 are widely distributed in the nervous system and can be activated 

bymany synaptically released neurotransmitters. So IICR plays an important role in 

synaptic transmission (Verkhratsky, 2002). 

 

b. Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 

 ER as a Ca2+ store must have a mechanism to accumulate Ca2+ ions to restore the 

Ca2+ released through RyR and IP3R channels. SERCA is a P-type ATPase that serves 

this function. SERCA not only brings [Ca2+]c back to resting level after cell stimulation 

but also maintains the steep Ca2+ gradient between the lumen of the ER Ca2+ stores and 

the cytosol. At the expense of the hydrolysis of one molecule of ATP, SERCA transports 

2 Ca2+ions from cytosol into the ER lumen (Toyoshima & Inesi, 2004). The Ca2+ uptake 

rate through SERCA is regulated by the ERlumenal Ca2+ concentration—it increaseswith 

ER Ca2+depletion and decreases as ER Ca2+ content is replenished(Solovyova et al., 

2002). There are three gene products in the SERCA family: SERCA1, SERCA2, and 
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SERCA3. SERCA2 has two distinct isoforms: SERCA2a and SERCA2b. SERCA2b is 

ubiquitously expressedin central neurons and is responsible for ER Ca2+ homeostasis 

(Baba-Aissa et al., 1996)(John et al., 1998). 

 

2. Mitochondria 

Mitochondria play a central role in the life and death of a cell. Mitochondria are 

the “energy factory” where most of the ATP which is used by cells in energy-requiring 

processes is produced.Mitochondria can alsobe involved in shaping the spatiotemporal 

characteristics of intracellular Ca2+ signaling by taking up Ca2+.In the cells that are 

undergoing programmed cell death or apoptosis, several proteins that are involved in the 

apoptosis processes are found in mitochondria (Jacobson & Duchen, 2001).  

 

a. Mitochondrial physiology 

To better understand mitochondrial functions, it is necessary to review briefly 

some basic principles involved in the bioenergetics of the mitochondrial membrane 

potential, the mitochondrial redox state, and mitochondrial Ca2+handling. The Krebs 

cycle supplies the respiratory chain through the pool of reduced pyridine nucleotide 

(NADH) and reduced flavin nucleotide (FADH2)⎯NADH to complex I and FADH2 to 

complex II. Electrons are passed from either complex I or complex II via ubiquinone to 

complex III. Finally water is generated whenthe electrons are transferred to oxygen at 

cytochrome c oxidase.Mitochondria have a membrane potential of the order of −150 to 

−200 mV relativeto the cytosol. This proton-motive force is the result of protons 

translocatingacross the inner mitochondrial membrane to the intermembrane spaceduring 
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the redox reactions of complexesI, III, and IV. The lumen-negative mitochondrial 

potential, which is usually symbolized as ∆Ψm,provides the driving force for positively 

charged protons to flowthrough the F1F0-ATP synthase and generate ATP. The generated 

ATP isthen transported into the cytosol(Figure 1.9). 

The mitochondrial potential, ∆Ψm, has two major functions. As mentioned above, 

it provides the driving force for oxidative phosphorylation.It also provides the driving 

force for Ca2+ uptake into mitochondria.The mitochondrial uniporter, which is a highly 

selective ion transporter located in the mitochondrial inner membrane, uses∆Ψmas the 

driving force to transport Ca2+ into the mitochondria.Although the uniporter has a low 

affinity for Ca2+ (apparent Kd of 20 – 30 µM), it is capable of mediating substantial 

uptake of Ca2+ into mitochondria. A possible interpretation is thatuniporters are in close 

proximity to the Ca2+ releasing channels of the ER. In this way, when Ca2+effluxes 

through the release channels, microdomains of high [Ca2+]cforming around the channels 

extend over the uniporters, which can then take up Ca2+ efficiently(Filippin et al., 

2003;Gilabert & Parekh, 2000;Montero et al., 2000;Rizzuto et al., 1998). There are 

several pathways for removing or returning free Ca2+from the mitochondria to the cytosol. 

In neurons the free Ca2+is removed primarily by a Na+/Ca2+-exchange process (Bernardi, 

1999).In vitro experiments on isolated mitochondria from non-excitable cells, the 

lumenal Ca2+  is removed predominantly by a H+/Ca2+exchange process (Figure 

1.10)(Crompton et al., 1978;Goldstone & Crompton, 1982). At low [Ca2+]c, 

mitochondrial Ca2+ influx driven by ∆Ψm is balanced by Ca2+ efflux. When [Ca2+]c is 

elevated, the mitochondrial Ca2+uniporter can be activated and may result in robust rises 

ofintramitochondrial [Ca2+] (Rizzuto et al., 2000). Protonophores like carbonyl cyanide 
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Figure 1.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Mitochondrial respiratory chain  
Schematic representation of the four complexes of the respiratory chain and the 
mitochondrial ATP synthase (F0F1-ATPase, complex V) are shown at the top of the 
figure. In the lower part of the figure is a summary of drugs targeting the individual 
respiratory complexes and the F0F1-ATPase, as well as mitochondria uncouplers, which 
are protonophores like DNP, CCCP and FCCP. 
The source of this figure is: Foster et al., 2006 
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Figure 1.10 

 

 
 
 
 
Figure 1.10: Schematic representation of the mitochondrial Ca2+ transport 
pathways in energized mitochondria 
Uptake pathway: uniporter; efflux pathways: H+/Ca2+-exchanger (HCX), Na+/Ca2+-
exchanger (NCX), and the permeability transition pore (PTP). 
The figure is modified from Rizzuto et al., 2000. 
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m-chlorophenylhydrazone (CCCP) are usually used to equalize cytosolic and 

mitochondrial pH, and thus collapse ∆Ψm. Because ∆Ψmis the driving force for the 

Ca2+uniporter, application of a protonophore allows one to explore the consequence of 

preventing mitochondrial Ca2+uptake (Figure 1.9). 

 

b. The physiological consequences of mitochondrial Ca2+ uptake 

Mitochondria have significant capacity to take up Ca2+. There are at least two 

consequencesof mitochondrial Ca2+ uptake. One is the effectof mitochondrial Ca2+ uptake 

on mitochondrial function, particularly mitochondrial energy metabolism. The other is 

the effectof mitochondrial Ca2+ uptake on cellular Ca2+ signaling. 

 

(1) Mitochondrial metabolism 

Many stimuli can evoke a cytosolic Ca2+ signal which, in turn, can regulate or 

modulate diverse processes. The Ca2+ triggered processes (e.g., secretion, contraction, or 

solute transport)all consume energy. Therefore, one cellular consequence of Ca2+ 

signaling is increased energy demand, i.e., increased ATP utilization. The increased 

demand for ATP must be matched by increased supply. This is a finely tuned process. 

Pyruvate dehydrogenase (PDH), isocitrate dehydrogenase (IDH), and oxoglutarate 

dehydrogenase (OGDH) are three key enzymes of the Krebs cycle. When exposed to an 

increase in 

 
[Ca2+]m, each of these enzymes is activated through a distinct 

mechanism(Hansford, 1994;McCormack et al., 1990;Rizzuto et al., 1998;Denton, 2009). 
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Ca2+activation of IDH is straightforward⎯Ca2+ binding to IDH markedly lowers the Km 

for the substrate, isocitrate. PDH and OGDH are present in multi-enzyme complexes; the 

mechanisms underlying their activation by Ca2+ are more elaborate. 

PDH,together with dihydrolipoyltransacetylase (DLAT) and dihydrolipoyl 

dehydrogenase (DLD), comprise the pyruvate dehydrogenase complex (PDHC). PDH 

itself is inhibited by PDH kinase and activated by PDH phosphatase; the kinase and 

phosphatase are not integral components of the PDH complex. Elevating [Ca2+] promotes 

a binding interaction between PDH phosphatase and DLAT in the complex. This binding 

brings the phosphatase into proximity with PDH and stimulates the phosphatase activity; 

the result is dephosphorylation, and thus activation, of PDH. 

OGDH is also a member of a large enzyme complex; the other members are 

dihydrolipoylsuccinyltransferase (DLST) and dihydrolipoyl dehydrogenase (DLD). Ca2+ 

ions bind directly to OGDH and lower its Km for the substrate, oxoglutarate. Interestingly, 

the Ca2+ sensitivity of OGDH and IDH is strongly enhanced by a drop in ATP/ADP ratio, 

whereas the Ca2+ sensitivity of PDH is not dependent on the ratio. 

 [Ca2+]m generally changes in parallel with  [Ca2+]c. [Ca2+]m is typically in the nM 

to µM range, a range over which the activities of the three dehydrogenases can be 

modulated (Kd of 1-7 µM, measured on isolated enzymes) (Denton et al., 

1980;McCormack et al., 1990). Therefore, increasing [Ca2+]min the physiological range 

increases the availability of NADH to the respiratory chain. With an increased rate of 

respiration, which generates the proton-motive force used for ATP synthesis, the 

respiratory chain can match the increased energy demand initially triggered by stimulus-
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evoked Ca2+ signals. The result is an increased availability of ATP to the cell (Jouaville et 

al., 1999;Denton, 2009) (Figure 1.11). Notably, NADH and FAD+, two key molecules in  

energy metabolism, are autofluorescent, and their fluorescence emissions have been used 

as a convenient way to monitor changes in mitochondrial metabolism. 

 

(2). Effect of mitochondrial Ca2+ uptake on cellular Ca2+ signals 

Depolarization can triggera transient rise in [Ca2+]c in all excitable cells. The 

transient Ca2+signal rises rapidly and recovers in two phases: an initial rapid phase and a 

slower second phase that can lead to a plateau [Ca2+]c that is more elevated than the 

resting [Ca2+]c. Mitochondria can take up increased cytosolic Ca2+ through the 

uniporterbut they do not appear to retain Ca2+ for prolonged period of time. They release 

Ca2+ back to the cytosol through the activity of the mitochondrial Na+/Ca2+-exchanger. 

And this process is believed to contribute to the plateau recovery phase.Mitochondrial 

Ca2+ buffering can thus shape [Ca2+]c transients in neurons. In some cases, mitochondria 

can act asa powerful buffer that can attenuate the amplitude and increase the duration of 

the [Ca2+]c response (Werth & Thayer, 1994).At presynaptic terminals, the plateau phase 

can provide an elevated [Ca2+]c baseline so that subsequent stimulation can evoke an 

augmented Ca2+ signal and thusinitiate a greater synaptic response. One manifestation of 

this augmentation is posttetanic potentiation of synaptic transmission(Tang & Zucker, 

1997).Because SERCA activity is dependent on [Ca2+]c, and mitochondrial Ca2+ uptake 

affects[Ca2+]c, mitochondria can be seen to regulate ER Ca2+ handling as well. 

II. Methodological background 
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Figure 1.11 

 

 
 
Figure 1.11: Ca2+ ions in the regulation of ATP supply and demand 
The cytosolic [Ca2+] increase evoked by a stimulus to a cell would initiate a cellular 
response. Such a response increases ATP demand. The cell has a fine-tuned system to 
match ATP generation to ATP demand. The intramitochondrial dehydrogenases are Ca2+-
sensitive (they are activated by elevated [Ca2+]). Thus, when there is an increase in 
mitochondrial [Ca2+], turnover by the dehydrogenases would increase, leading to an 
increased supply of NADH which, in turn, would increase the ATP supply through 
respiratory chain reaction. 
The source of this figure is: Denton R.M. et al., 2009 
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A. Fluorescent indicators 

Most of the studies in this thesis used fluorescent indicators as a tool to measure 

various cell physiological changes; it is thus important to introduce the properties of the 

fluorescent indicators that were used in the experiments.  

 

1. Fluorescent stains for mitochondria 

MitoTracker, tetramethylrhodaminemethyl ester (TMRM) and the cyanine dye 

5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenximidazolylcarbocyanine iodide (JC-1) are 

allcations that are lipophilic, and thus membrane-permeant (Figure 1.12). Because of the 

highly negative mitochondrial membrane potential (∆Ψmbeing around -150 to -200 mV 

relative to the cytosol, while the cytosol is at about -70 mV relative to the extracellular 

solution), most of the dyes will be loaded into the mitochondria.According to the Nernst 

equation, [Dye]mitochondriashould be 1100×[Dye]cytosol, when taking the ∆Ψm as -180 

mV.MitoTracker probes are mostly used to label mitochondria because after they get into 

the cell, they can covalently bind to sulfhydryl groups on polypeptides.  

Compared to the other dyes that label mitochondria, JC-1 has unique 

properties.The fluorescence emission wavelength (color) of JC-1 changes depending on 

its concentration: green (527 nm) at low concentration and red (590 nm) at high 

concentration. Thus, mitochondrial populations with differing membrane potentials 

would be inherently color-coded: green at low and red at high membrane potentials 

(Reers et al., 1991). 

2. Fluorescent Ca2+ indicators 
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Figure 1.12 

 

Figure 1.12: Fluorescent stains for mitochondria 
The structures of three commonly used fluorescent stains for mitochondria are shown: 
tetramethylrhodamine, methyl or ethyl ester (TMRM or TMRE, with R = Me or R = Et, 
respectively in the drawing), MitoTracker Green, and JC-1. Note that each molecules is 1) 
positively charged (red +), and 2) quite lipophilic. Each stain is supplied as a salt in 
which the positive charge of the dye is balanced by a negative counterion (blue A−); A− is 
typically Cl−, Br−, I−, or ClO4

−. Note that in the case of MitoTracker Green, there are 
reactive benzylic chloride groups; these can react with the sulfhydryl groups on cysteine 
side chains to form covalent  linkages. 
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Common fluorescent Ca2+ indicators are polycarboxylate anions. Thus, in their 

functional form, they cannot cross lipid bilayer membranes. By converting the carboxyl 

groups on the indicator molecule into acetoxymethyl (AM) esters, the molecule can be 

made electrically neutral as well as hydrophobic. The AM ester form of the indicator is 

not Ca2+-sensitive but it can readily cross through the plasma membrane to enter the cell. 

After the AM ester get into the cell, the esterases in the cell enzymatically hydrolyze the  

AMesters to unmask the negatively charged carboxyl groups to restore the indicator 

molecule to its functional, Ca2+-sensitive form.The functional polycarboxylate form, 

bearing multiple negative charges, is once again membrane-impermeant, and thus 

becomes trapped in the cell (Figure 1.13)(Kao et al., 2010). 

There are two types of commonly used fluorescent Ca2+ indicators: ratiometric 

dyes and nonratiometric dyes.  For nonratiometric indicator, changes in [Ca2+] affect only 

the intensity of fluorescence emitted by the indicator—typically fluorescence intensity 

increases upon Ca2+ binding. A change in [Ca2+] essentially does not affect the shape of 

the fluorescence spectrum (for example, the wavelength of peak emission is essentially 

independent of [Ca2+]). For aratiometric indicator, changing [Ca2+] not only changes the 

fluorescence intensity but also the shape of the fluorescence spectrum. Another way of 

describing this is that the Ca2+- free and Ca2+-bound forms of the indicator each hasa 

distinct spectrum.Fluo-3 isa nonratiometric indicator,and is generally used to monitor the 

cytosolic [Ca2+] change.Rhod-2, also a nonratiometric indicator, carries a positive charge 

in its AM ester form and thus partitions preferentially into mitochondria during 

incubation. Upon AM cleavage by esterases in the mitochondria, rhod-2 is converted into 
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its functional polyanionic form, which is confined to the mitochondria. Therefore, rhod-2 

is used to monitor mitochondrial [Ca2+] change (Figure 1.13)(Kao et al., 2010).  

 

B. Caged compounds 

Caged compounds are usually used when we want to manipulate the biochemistry 

in a cell or tissue with precise temporal and spatial control. A caged compound is 

typically made by attaching a chemical group, the “cage”, to a biologically active 

moleculeto mask the biological activity. The bioactive molecule could be an intracellular 

signaling molecule such as a second messenger (e.g., IP3), an extracellular ligand such as 

a neurotransmitter (e.g., glutamate), or a pharmacological agonist or antagonist. The 

activity-blocking effect of the cage can be reversed by cleaving off the cage 

photochemically.The process of transforming the caged molecule by photolysis into a 

biologically active molecule is called “uncaging” or “photorelease”. The caged 

compound is inert until it is photoreleased and becomes biologically active. When light at 

anappropriate wavelength (usually near-UV light in the 300 – 400 nm range) is used to 

cleave the photolabilecage, the bioactive molecule is generated very rapidly and with 

good spatial resolution. The uncaging is fast because photochemical reactions are 

typically extremely fast (time scale on the order of nanoseconds to microseconds).Spatial 

resolution of photorelease can be excellent, because the spatial resolution is only limited 

by the ability to focus light. Since light can be focused to a diffraction-limited spot,focal 

photolysis of caged compounds can be achieved on a size scale of <0.5 µm.Because a 

caged compound is inert, it can be preloaded into the cell without triggering biological 

action. Once it is exposed to light, the biologically active molecule will be generated 
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Figure 1.13 

 

Figure 1.13: Structures of the nonratiometric fluorescent Ca2+ indicators, rhod-2 
and fluo-3 
The lipophilic AM ester forms are shown in the left column; the corresponding 
tetracarboxylate forms are shown in the right column. The AM ester forms are Ca2+-
insensitive, while the corresponding tetracarboxylate forms are Ca2+-sensitive. Note that 
the AM ester form of rhod-2 has a net positive charge (red +) and, being lipophilic, can 
partition preferentially into compartments with a negative membrane potential. In 
contrast, fluo-3 AM is electrically neutral and thus does not load preferentially into 
negative compartments. Rhod-2 AM is supplied as a salt, with the negative counterion 
(blue A− in the drawing) being usually Br−. 
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almost instantaneously, making it possible to manipulate cell biology with high temporal 

resolution. The advantages offered by caged compounds make it possible to probe sub-

cellularphysiology in NGNs.  
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CHAPTER 2 

GENERAL METHODS 
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The present studies were conducted on rat nodose ganglion neurons. All the 

materials and the various techniques that were used are described below.   

 

Cell dissociation 

Male Sprague-Dawley rats between 150 and 250 g were killed by CO2 

asphyxiation as approved by the Institutional Animal Care and Use Committee of the 

University of Maryland School of Medicine. The nodose ganglia were dissected from a 

rat and were dissociated enzymatically and mechanically to liberate nodose ganglion 

neurons (NGNs) as described previously (Jafri et al., 1997). Briefly, ganglia from rats 

were rapidly dissected and desheathed. Whole ganglia were then incubated in an enzyme 

solution which contained5 mg collagenase type 1A (Sigma Chemical Co., St Louis, MO) 

and 5 mg dispase II (Sigma Chemical Co.) in 5 ml of Ca2+- and Mg2+-free Hanks’ 

balanced salt solution (HBSS). After incubation at 37°C for 1 hour, ganglia were 

triturated with fire-polished Pasteur pipettes four to five times. Then the ganglia were 

incubated for another 1 hour. Finally NGNs were dissociated by being triturated with 

fire-polished Pasteur pipettes of decreasing tip diameters four to five times. Cells were 

collected by centrifugation (700 × g, 2min) and then washed with L-15 medium (Gibco, 

BRL, Rockville, MD) containing 10% fetal bovine serum (JRH Bioscience, Lenexa, KN). 

Cells were collected again by centrifuging and then suspended in L-15 culture 

mediumcontaining 10% fetal bovine serum 200-µl aliquots of the cell suspension were 

then plated onto 25-mm round No. 1 glass coverslips (Fisher, Newark, DE) coated with  

poly-D-lysine (0.1 mg ml−1, Sigma Chemical Co.). After being in a 37°C incubator for 2 – 
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4 h, the coverslips were transferred into a room temperature incubator to prevent neurite 

growth. NGNs were used for experiments within 48 hr. 

 

Reagents 

JC-1, fluo-3AM, rhod-2 AM, CellMask Deep Red, ER-Tracker Red and 

MitoTracker Green were obtained from Molecular Probes (a division of Invitrogen, 

Grand Island, NY). Caffeine and ATP were obtained from Sigma-Aldrich (St. Louis, 

MO); CCCP and oligomycin were from Calbiochem (La Jolla, CA). Caged IP3 was 

obtained from SiChem (Bremen, Germany). BiNiX and its acetoxymethyl ester, BiNiX-

AM, were synthesized in our laboratory (Ni et al., 2007).  

Reagent solutions were prepared daily from concentrated stock solutions in 

dimethylsulfoxide (Sigma, St. Louis, MO) or water;the stock solutions were always 

stored frozen. Unless otherwise noted, drugs were delivered via the superfusate by 

switching a three-way valve to a reservoir containing a known concentration of the drug 

in the extracellular solution. 

Reagent concentrations were as follows: caffeine, 10 mM; ATP, 100 µM; caged 

IP3 and IP3, 500 µM; BiNiX-AM, 80 µM; CCCP, 5 µM; oligomycin 10 µM. 

 

Physiological solutions 

The extracellular solution was Locke solution containing the following (in mM): 

120 NaCl, 3.0 KCl, 1.5 MgCl2, 1.0 NaH2PO4, 25 NaHCO3, 2.5 CaCl2, and 10.0 dextrose. 

The solution was equilibrated with 95% O2−5% CO2 to reach a final pH of 7.4. For 

nominally Ca2+-free solution, CaCl2 was replaced with MgCl2. 
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The intracellular solution contained the following (in mM): 152 KCH3SO3, 10.0 

HEPES (pH 7.20), 2.0 MgCl2, and 1.0 KCl. The intracellular solution also contained 37.5 

µM K2CaEGTA and 62.5 µM K2H2EGTA to buffer free Ca2+ concentration at [Ca2+] = 

60 nM. 

 

Staining with fluorescent probes and imaging 

To determine the spatial variation in ΔΨm, the dual-emission potentiometric dye 

JC-1, was imaged. When excited at 488 nm, JC-1 monomers show peak emission at 527 

nm (green fluorescence), whereas JC-1 J-aggregates1have peak emission at 590nm (red 

fluorescence) (Reers et al., 1995). Neurons on coverslips were incubated with 3µM JC-1 

in L-15medium containing 10% fetal bovine serum for 20min at 37°C before being 

transferred into dye-free Locke solution for confocal fluorescence microscopy(Dedov & 

Roufogalis, 1999).  

To show the spatial distributions of ER and mitochondria, as well as the location 

of the plasma membrane,cells stained with ER-Tracker Red,MitoTracker Green, and 

CellMask Deep Redwere imaged. Neurons on coverslips were incubated with 1µM 

ER-Tracker Red and 200 nMMitoTracker Green in L-15 medium containing 10% fetal 

bovine serum for 20min at 37°C.For the last 5 min of the incubation, 5 µg/ml CellMask 

Deep Red was added. The coverslips were then transferred into dye-free Locke solution 

for confocal fluorescence microscopy. 

                                                            
1 A dye aggregate whose fluorescence emission is shifted to longer wavelengths than that 
of the monomer (bathochromic shift) is called a J-aggregate. The “J” is for Edwin E. Jelly, 
an early investigator who reported on such dye aggregates (E.E. Jelly. 1936). In contrast, 
a dye aggregate whose emission shifts to shorter wavelengths (hypsochromic) is an H-
aggregate. 
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Fluo-3 was used to monitor cytosolic [Ca2+] change and rhod-2 was used to 

monitor mitochondrial [Ca2+] change.Neurons were loaded with 1 µM fluo-3 AM or 1 

µM rhod-2 AM in L-15 medium containing 10% fetal bovine serumfor 50min to 2 h at 

room temperature. After incubation, the coverslips were transferred into dye-free Locke 

solution for confocal fluorescence microscopy. 

For microscopy, coverslips bearing fluorescently stained neurons were superfused 

with Locke solution equilibrated with 95% O2−5% CO2. A Zeiss LSM 510 Axiovert 

microscope (Zeiss, Jena, Germany) equipped with an oil-immersion objective (Neofluar, 

40X, NA 1.3, Zeiss) was used for confocal fluorescence imaging of NGNs loaded with 

dyes. The detailed configurations used for the various fluorophores are listed below. 

JC-1 was excited at 488 nm (argon ion laser) and the dual fluorescence emissions 

at short and long wavelengthswere filtered through a 500−550 nm (green)bandpass filter 

and a 560−nm (red) long-pass filter, respectively, before photometric quantitation. 

For NGNs loaded with MitoTrackerGreen, ER-Tracker Red, and CellMask Deep 

Red, the three labels were excited at 488 nm (argon ion laser), 543 nm (helium-neon gas 

laser), and 633 nm (helium-neon laser), respectively;this was done using theMultitrack 

configuration on the LSM 510. The fluorescence emissions from the three stains were 

filtered througha 500−550 nm bandpass filter for MitoTracker Green, a 560-nm long-pass 

filter for ER-Tracker Red, and a 650-nm long-pass filter for CellMask Deep Red before 

photometric quantitation. 

NGNs loaded with fluo-3 were excited at 488 nm and the fluorescence emission 

was filtered through a 505-nm long pass filter before photometric quantitation. NGNs 
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loaded with rhod-2 and TMRM were excited at 543 nm and the fluorescence emission 

was filtered through a 560-nm long-pass filter. 

NADH is autofluorescent. NADH levels in NGNs were also detected by confocal 

fluorescence imaging using UV excitation. NADH was excited at 351 nm (krypton ion 

laser) and the blue fluorescence emission was filtered through a 435−485 nm bandpass 

filter. 

For all confocal microscopy images, the resolution of the scans was 512pixel × 

512 pixel.The intensity was digitized at 12-bit resolution. Regions of interest (ROIs) were 

defined using LSM software and the data were exported inASCIIformat for graphing and 

analysis. 

 

BiNiX delivery and photorelease 

BiNiX is a photoreleasableRyR ligand. It is a novel caged molecule that was 

synthesized and reported by the Kao lab. It is a caged methylxanthine agonist for RyRs. 

The AM ester form of BiNiX can be easily loaded into cells through incubation just like 

Ca2+ indicators(Ni et al., 2007). NGNs were loaded with 80 µM BiNiX AM in L-15 

medium containing fetal bovine serum for 1-3 h at room temperature. 

 The photorelease of BiNiXwas performed on the Zeiss LSM 510 microscope with 

a 40× oil-immersionNeofluar lens (which has high transmission in both the infrared and 

UV ranges). UV flashes of 10-msec duration were delivered to NGNs loaded with caged 

compounds. The 355-nm output of a frequency-tripled Nd:YVO4 laser (30 kHz pulse rate; 

series 3500, DPSS Lasers, Santa Clara, CA) is coupled into the microscope to form a ~5-

µm spot in the specimen plane. Light pulse duration is controlled by gating the laser Q-
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switch with TTL signals. Gating is controlled by a multichannel stimulator (Pulsemaster, 

world Precision Instruments, Sarasota, FL). 

 

Caged IP3 delivery and photorelease 

 The whole cell configuration was used to deliver the trisodium salt of D-myo-

inositol 1,4,5-trisphosphate P4(5)-1-(2-nitrophenyl)ethyl ester (caged IP3, Sichem, Bremen, 

Germany) to NGNs. A Flaming-Brown P97 micropipette puller (Sutter Instruments, 

Novato, CA) was used to fabricate borosilicate glass capillaries (1.5 mm OD, 1.12 mm 

ID, World Precision Instruments, Sarasota, FL) into patch micropipettes (1.5 – 3 MΩ). 

An Axo-patch 200B amplifier (Axon Instruments, Union City, CA) was used. Data were 

acquired with pClamp 8 software and a Digidata 1200 interface (Axon Instruments, 

Union City, CA). For experiments in which IP3 or caged IP3 was used, only the patch 

pipette tip was filled with the intracellular solution containing 500 µM IP3 or 500 µM 

caged IP3, respectively; the shaft of the pipette was filled with normal intracellular 

solution. After establishing a gigaohm seal (> 1.0 GΩ), the whole-cell configuration was 

established with the membrane potential clamped at −50 mV. Only NGNs with input 

resistance > 150 MΩ and holding current < 200 pA were used in the experiments. After 

the whole-cell configuration was established, a period of more than 2 min was allowed to 

elapse to ensure entry of IP3 or caged IP3 into the cell before the start of further 

experimental manipulations. 

 The photorelease of caged IP3 was performed on the Zeiss LSM 510 microscope 

with a 40× oil Neofluar lens (which has high infrared and UV transmission). UV flashes 

of 10-msec duration were delivered to NGNs loaded with caged compounds. The 355-nm 
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output of a frequency-tripled Nd:YVO4 laser (30 kHz pulse rate; series 3500, DPSS 

Lasers, Santa Clara, CA) is coupled into the microscope to form a ~5-µm spot in the 

specimen plane. Light pulse duration is controlled by gating the laser Q-switch with TTL 

signals. Gating is controlled by a multichannel stimulator (Pulsemaster, world Precision 

Instruments, Sarasota, FL). 

 

Data analysis 

For fluo-3, rhod-2 and NADH confocal measurements, intensity records were 

corrected by subtracting background fluorescence intensity, measured by selecting a 

region of interest (ROI ) in anarea of the image that did not contain NGNs. Ca2+ transient 

amplitude and NADH changes were reported as changes in fluorescence intensity 

normalized to baseline fluorescence intensity immediately preceding the transient 

(ΔF/F0). Origin software (OriginLab Corp., Northampton, MA) was used for all data 

analysis. 

 

Statistics 

Numerical results are reported as a mean ± SE. Student’s t-test (2-tailed) was used 

to assess significant differences between calculated means and p < 0.05 was considered 

significant. Origin software (OriginLab Corp., Northampton, MA) was used for statistical 

analysis. 
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CHAPTER 3 

MITOCHONDRIAL CONTROLOF Ca2+ RELEASED  

THROUGH RYANODINE RECEPTOR CHANNELS 



 

43 

 

Introduction 

 Ca2+-induced Ca2+ release (CICR) is a physiological process that contributes to a 

rise in cytosolic Ca2+ ([Ca2+]c) following various triggers. It was first discovered and 

characterized in skeletal muscle (Endo, 1977;Fabiato, 1983). 2 CICR is observed in 

neurons and it regulates diverse neuronal functions (Verkhratsky, 2005). CICR can 

significantly modulate neurotransmitter release (Krizaj et al., 1999;Llano et al., 2000). It 

has been reported that CICR may contribute to the release of neurotransmitter from the 

dense-core vesicles by raising the Ca2+ level above the threshold (Peng, 1996). CICR also 

can play important roles in postsynaptic plasticity (for example, in hippocampal LTP and 

LTD). CICR is involved in the induction of LTP in mossy fibers because blocking CICR 

with ryanodine can block the induction of LTP. LTD in CA3 requires voltage-gated Ca2+ 

influx from L-type Ca2+ channels; this Ca2+ activates CICR. Depleting the ER Ca2+ store 

prevents CICR, and LTD is blocked concomitantly. This suggests the involvement of 

CICR in LTD (Lauri et al., 2003;Lei et al., 2003). In sensory neurons, CICR regulates 

neuronal excitability by activating IK(Ca)(Cordoba-Rodriguez et al., 1999) 

In primary vagal sensory neurons (nodose ganglion neurons, NGNs), Ca2+ influx 

through voltage-gated channels can activate CICR, and the physiological importance of 

this CICR has been well demonstrated (Cohen et al., 1997;Cordoba-Rodriguez et al., 

1999;Moore et al., 1998). CICR can activate a Ca2+-dependent K+ current which is 

known to control spike frequency adaptation in a population of NGNs (Weinreich & 

                                                            
2Ironically, 40 years after its discovery in skeletal muscle, the role and importance of 
CICR in skeletal muscle excitation-contraction coupling is still not a fully resolved 
question. 



 

44 

 

Wonderlin, 1987;Moore et al., 1998). Thus, Ca2+ can regulate membrane excitability 

through CICR in NGNs. A Ca2+ signal is a transient elevation of cytosolic Ca2+ 

concentration ([Ca2+]c), i.e., a Ca2+ transient. Ca2+ transients are terminated by transport 

processes that remove Ca2+ from the cytosol. Therefore, Ca2+ clearance mechanisms 

directly affect Ca+ signaling and hence a range of neuronal functions. Ca2+ can be 

extruded from the cell by the plasma membrane Ca2+-ATPase (PMCA) and the Na+/Ca2+-

exchanger, and taken up by the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) into 

the endoplasmic reticulum (ER). It can also be taken up into mitochondria through the 

mitochondrial uniporter(Nicholls & Akerman, 1982). 

 Mitochondria, as a cytosolic Ca2+ buffer, take up Ca2+ rapidly but release Ca2+ 

slowly (Babcock et al., 1997). In rat sensory neurons they can shape the cytosolic Ca2+ 

signal by removing Ca2+ from the cytosol (Thayer & Miller, 1990). Mitochondrial 

activity can vary depending on cell type and even in different regions of the same cell. 

For instance, ATP generation in mitochondria at different subcellular locations of the cell 

can be different (Van et al., 2002). Mitochondria can be morphologically and 

functionally heterogeneous in different cell types. The mitochondrial potential(ΔΨ), 

which is the driving force for Ca2+ being taken up into mitochondria,can bedifferent 

within cells(Collins et al., 2002;Van et al., 2002). This difference may affect [Ca2+]c 

because resting [Ca2+]m is comparable to that in the cytosol (Pitter et al., 2002) and influx 

of Ca2+ into the mitochondrial matrix by the uniporter depends on ΔΨ(Nicholls & 

Akerman, 1982). 

 In the present studies, we have used 5,5',6,6' tetrachloro-1,1',3,3'-tetraethylbenz-

imidazol-carbocyanine iodide (JC-1) staining cells to determine whether mitochondria 
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within individual NGNs can display different ΔΨ. We also used rhod-2 to examine 

mitochondrial Ca2+ sequestration. Our studies indicate that there is functional 

heterogeneity with respect to ΔΨ and Ca2+ sequestration among mitochondria in NGNs. 

Furthermore, we found that this differential Ca2+ sequestration within the intracellular 

population of mitochondriahas manifestations in[Ca2+]c. 
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Materials and Methods 

Cell dissociation 

Male Sprague-Dawley rats between 150 and 250 g were killed by CO2 

asphyxiation as approved by the Institutional Animal Care and Use Committee of the 

University of Maryland School of Medicine. The nodose ganglia were dissected from a 

rat and were dissociated enzymatically and mechanically to liberate nodose ganglion 

neurons (NGNs) as described previously (Jafri et al., 1997). Briefly, ganglia from rats 

were rapidly dissected and desheathed. Whole ganglia were then incubated in an enzyme 

solution which contained5 mg collagenase type 1A (Sigma Chemical Co., St Louis, MO) 

and 5 mg dispase II (Sigma Chemical Co.) in 5 ml of Ca2+- and Mg2+-free Hanks’ 

balanced salt solution (HBSS). After incubationat 37°C for 1 hour, ganglia were 

triturated withfire-polished Pasteur pipettes four to five times. Then the ganglia were 

incubated for another 1 hour. Finally NGNs were dissociated by being triturated with 

fire-polished Pasteur pipettes of decreasing tip diameters four to five times. Cells were 

collected by centrifugation (700 × g, 2min) and then washed with medium which contains 

L-15 (Gibco, BRL, Rockville, MD) and 10% fetal bovine serum (JRH Bioscience, 

Lenexa, KN). Cells were collected again by centrifuging and then suspended in L-15 

culture medium containing 10% fetal bovine serum. 200-µl aliquots of the cell 

suspension were then plated onto 25-mm round No. 1 glass coverslips (Fisher, Newark, 

DE) coated with  poly-D-lysine (0.1 mg ml−1, Sigma Chemical Co.). After being in a 

37°C incubator for 2 – 4 h, the coverslips were transferred into a room temperature 

incubator to prevent neurite growth. NGNs were used for experiments within 48 hr. 
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Reagents 

JC-1, fluo-3AM, rhod-2 AM, CellMask Deep Red, ER-Tracker Red and 

MitoTracker Green were obtained from Molecular Probes (a division of Invitrogen, 

Grand Island, NY). Caffeine was obtained from Sigma-Aldrich (St. Louis, MO); CCCP 

and oligomycin were from Calbiochem (La Jolla, CA). BiNiX and its acetoxymethyl 

ester, BiNiX-AM, were synthesized in our laboratory (Ni et al., 2007).  

Reagent solutions were prepared daily from concentrated stock solutions in 

dimethylsulfoxide (Sigma, St. Louis, MO) or water;the stock solutions were always 

stored frozen. Unless otherwise noted, drugs were delivered via the superfusate by 

switching a three-way valve to a reservoir containing a known concentration of the drug 

in the extracellular solution. 

Reagent concentrations were as follows: caffeine, 10 mM; BiNiX-AM, 80 µM; 

CCCP, 5 µM; oligomycin 10 µM. 

 

Physiological solutions 

The extracellular solution was Locke solution containing the following (in mM): 

120 NaCl, 3.0 KCl, 1.5 MgCl2, 1.0 NaH2PO4, 25 NaHCO3, 2.5 CaCl2, and10.0 

dextrose.The solution was equilibrated with 95% O2−5% CO2 to reach a final pH of 7.4. 

For nominally Ca2+-free solution, CaCl2 was replaced with MgCl2. 

 

Staining with fluorescent probes and imaging 

To determine the spatial variation in ΔΨm, the dual-emission potentiometric dye 

JC-1, was imaged. When excited at 488 nm, JC-1 monomers show peak emission at 527 



 

48 

 

nm (green fluorescence), whereas JC-1 J-aggregates3have peak emission at 590nm (red 

fluorescence) (Reers et al., 1995). Neurons on coverslips were incubated with 3µM JC-1 

in L-15medium containing 10% fetal bovine serum for 20min at 37°C before being 

transferred into dye-free Locke solution for confocal fluorescence microscopy(Dedov & 

Roufogalis, 1999).  

To show the spatial distributions of ER and mitochondria, as well as the location 

of the plasma membrane,cell stained with ER-Tracker Red,MitoTracker Green, and 

CellMask Deep Redwere imaged. Neurons on coverslips were incubated with 1µM ER-

Tracker Red and 200 nMMitoTracker Green in L-15 medium containing 10% fetal 

bovine serum for 20min at 37°C.For the last 5 min of the incubation, 5 µg/ml CellMask 

Deep Red was added. The coverslips were then transferred into dye-free Locke solution 

for confocal fluorescence microscopy. 

Fluo-3 was used to monitor cytosolic [Ca2+] change and rhod-2 was used to 

monitor mitochondrial [Ca2+] change.Neurons were loaded with 1 µM fluo-3 AM or 1 

µM rhod-2 AM in L-15 medium containing 10% fetal bovine serumfor 50min to 2 h at 

room temperature. After incubation, the coverslips were transferred into dye-free Locke 

solution for confocal fluorescence microscopy. 

For microscopy, coverslips bearing fluorescently stained neurons were superfused 

with Locke solution equilibrated with 95% O2−5% CO2. A Zeiss LSM 510 Axiovert 

microscope (Zeiss, Jena, Germany) equipped with an oil-immersion objective (Neofluar, 

                                                            
3 A dye aggregate whose fluorescence emission is shifted to longer wavelengths than that 
of the monomer (bathochromic shift) is called a J-aggregate. The “J” is for Edwin E. Jelly, 
an early investigator who reported on such dye aggregates (E.E. Jelly. 1936). In contrast, 
a dye aggregate whose emission shifts to shorter wavelengths (hypsochromic) is an H-
aggregate. 
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40X, NA 1.3, Zeiss) was used for confocal fluorescence imaging of NGNs loaded with 

dyes. The detailed configurations used for the various fluorophores are listed below. 

JC-1 was excited at 488 nm (argon ion laser) and the dual fluorescence emissions 

at short and long wavelengthswere filtered through a 500−550 nm (green)bandpass filter 

and a 560−nm (red) long-pass filter, respectively, before photometric quantitation. 

For NGNs loaded with MitoTrackerGreen, ER-Tracker Red, and CellMask Deep 

Red, the three dyeswere excited at 488 nm (argon ion laser), 543 nm (helium-neon gas 

laser), and 633 nm (helium-neon laser), respectively;this was done using theMultitrack 

configuration on the LSM 510. The fluorescence emissions from the three stains were 

filtered througha 500−550 nm bandpass filter for MitoTracker Green, a 560-nm long-pass 

filter for ER-Tracker Red, and a 650-nm long-pass filter for CellMask Deep Red before 

photometric quantitation. 

NGNs loaded with fluo-3 were excited at 488 nm and the fluorescence emission 

was filtered through a 505-nm long pass filter before photometric quantitation. NGNs 

loaded with rhod-2 and TMRM were excited at 543 nm and the fluorescence emission 

was filtered through a 560-nm long-pass filter. 

For all confocal microscopy images, the resolution of the scans was 512pixel × 

512 pixel.The intensity was digitized at 12-bit resolution. Regions of interest (ROIs) were 

defined using LSM software and the data were exported inASCIIformat for graphing and 

analysis. 

 

BiNiX delivery and photorelease 
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BiNiX is a photoreleasableRyR ligand. It is a novel caged molecule that was 

synthesized and reported by the Kao lab. It is a caged methylxanthine agonist for RyRs. 

The AM ester form of BiNiX can be easily loaded into cells through incubation just like 

Ca2+ indicators(Ni et al., 2007). NGNs were loaded with 80 µM BiNiX AM in L-15 

medium containing fetal bovine serum for 1-3 h at room temperature. 

 The photorelease of BiNiXwas performed on the Zeiss LSM 510 microscope with 

a 40× oil-immersionNeofluarlense (which has high transmission in both the infrared and 

UV ranges). UV flashes of 10-msec duration were delivered to NGNs loaded with caged 

compounds. The 355-nm output of a frequency-tripled Nd:YVO4 laser (30 kHz pulse rate; 

series 3500, DPSS Lasers, Santa Clara, CA) is coupled into the microscope to form a ~5-

µm spot in the specimen plane. Light pulse duration is controlled by gating the laser Q-

switch with TTL signals. Gating is controlled by a multichannel stimulator (Pulsemaster, 

world Precision Instruments, Sarasota, FL). 

 

Data analysis 

For fluo-3, rhod-2 and NADH confocal measurements, intensity records were 

corrected by subtracting background fluorescence intensity, measured by selecting a 

region of interest (ROI ) in anarea of the image that did not contain NGNs. Ca2+ transient 

amplitude and NADH changes were reported as changes in fluorescence intensity 

normalized to baseline fluorescence intensity immediately preceding the transient 

(ΔF/F0). Origin software (OriginLab Corp., Northampton, MA) was used for all data 

analysis. 
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Statistics 

Numerical results are reported as a mean ± SE. Student’s t-test (2-tailed) was used 

to assess significant differences between calculated means and p < 0.05 was considered 

significant. Origin software (OriginLab Corp., Northampton, MA) was used for statistical 

analysis. 
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Results 

It has been shown that mitochondria can take up Ca2+ released from ER as well as 

Ca2+ influx through voltage-gated Ca2+ channels (VDCC) in rat peripheral sensory 

neurons, the dorsal root ganglion neurons(Thayer & Miller, 1990). In the present study, 

we investigated the characteristics of mitochondrial clearance of Ca2+ released from the 

ER in rat NGNs.  

To examine if mitochondria can take up Ca2+ released from ER through RyR 

channels in rat NGNs, we applied a 5-sec 10-mM caffeine pulse to neurons in nominally 

Ca2+-free Locke solution. Caffeine, being a RyR activator, can trigger Ca2+ release from 

the ER through RyRs. Caffeine increases the affinity of RyRs for Ca2+ so that even at 

resting [Ca2+]c, CICR can occur when caffeine is applied (Sitsapesan & Williams, 1990b). 

Here we used a nominally Ca2+-free Locke solution because in NGNs, in addition to 

activating CICR, caffeine can activate a Ca2+ influx pathway (Hoesch et al., 2001). Using 

nominally Ca2+-free extracellular solution thus eliminates any potentially confounding 

effects of caffeine-induced Ca2+ influx. In the experiment, rhod-2 AM, which is a 

positively charged and membrane-permeantform of the Ca2+ indicator, was used to load 

rhod-2 into the mitochondria. This allowedchanges in mitochondrial[Ca2+] to be 

monitored. The positive charge of rhod-2 AM allows it to partition preferentially into 

mitochondria. Enzymatic hydrolysis of the AM ester groups liberates the Ca2+-sensitive 

tetracarboxylate form of rhod-2, which becomes trapped within the organelle. 

Quantitative estimation in NGNs showed that ~80% of the intracellular rhod-2 reside in 

the mitochondria (Kao et al., 2010). Fluo-3AM, which loads mostly into the 
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cytosol,wasused to monitor changes in cytosolic [Ca2+]. Upon caffeine application, 

imaging of fluo-3 fluorescence showed an evenly distributed cytosolic [Ca2+] elevation. 

In contrast, imaging mitochondrial rhod-2 fluorescence revealed much greater increase in 

intensity in the sub-plasma membrane region compared with the interior of the cell 

(Figure 3.1). This suggests preferential uptake of Ca2+ by mitochondria in the cortical 

region of the neuron. When the same experiment was done with rabbit NGNs, the pattern 

of mitochondrial Ca2+ uptake as revealed by rhod-2 imaging is essentially the same as in 

rat NGNs (Figure 3.2). It thus appears that the properties of mitochondrial uptake of Ca2+ 

released from the ER through RyR channels are conserved between these two species. 

Because mitochondria at different subcellular locations appeared to retain Ca2+ 

differently, we then asked if this differencecould affect [Ca2+]cdifferently if RyRs are 

activated at different subcellular locations. To test this, we need a RyR agonist that would 

allow subcellular RyR activation with a spatial resolution on the micrometer scale. A 

caged compound which is biologically inert until it is exposed to light is best suited for 

this purpose. BiNiX is a caged methylxanthine agonist for RyRs (Figure 3.3). The AM 

ester form of BiNiX can be easily loaded into cells through incubation just like Ca2+ 

indicators. WhenBiNiX isphotoreleased by a focused flash of UV light, it can activate 

RyRs in a small subcellular region (Ni et al., 2007).BiNiX was loaded into NGNs by 

incubating with 80 µM BiNiX in L-15 medium containing 10% fetal bovine serum for 1 

h. To determine the behavior of the cytosolic Ca2+ signal when RyRs are stimulated to 

release Ca2+ in the interior of the cell and in the sub-plasma-membrane region, a UV laser 

beam wasfocused to a diameter of ~5 µm in the focal plane to uncageBiNiX at different 

subcellular locations (see schematic drawing in Figure 3.4).  
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Figure 3.1 
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Figure 3.1: Mitochondria in the sub-plasma-membrane region and the cell interior 
take up Ca2+ released through RyR differently in rat NGNs 
A rat NGN was loaded with rhod-2 AM and fluo-3 AM in L-15 medium containing 10% 
fetal bovine serum for 1-3 h. Then the neuron was imaged with the confocal microscope. 
Rhod-2 was used to monitor mitochondrial [Ca2+]; fluo-3 was used to monitor cytosolic 
[Ca2+]. Rhod-2 and fluo-3 fluorescence were imaged simultaneously (rhod-2 excitation at 
543 nm, with emission filtered by 560-nm long-pass filter; fluo-3 excitation at 488 nm, 
with emission filtered by a 500-530-nm bandpass filter). In Ca2+-free Locke solution, a 5-
sec 10-mM caffeine pulse evoked Ca2+ release from the ER, which caused a Ca2+ 
transient. The fluo-3 image shows that the Ca2+ signal was global and relatively even 
throughout the cell (green image B). The released Ca2+ was taken up by mitochondria, as 
revealed by the rhod-2 fluorescence change. Mitochondria in the sub-plasma-membrane 
region preferentially took up the released Ca2+ (red image B). Directly below the images, 
intensity profiles taken across the fluo-3 and rhod-2 images confirm that before and at the 
peak of response, the fluo-3 intensity was relatively even across the cell; in contrast, the 
rhod-2 intensity was relatively uniform before stimulation, but showed distinct spatial 
heterogeneity at the peak response. At the bottom, the line traces show time courses of 
changes in rhod-2 (red) and fluo-3 (green) fluorescence intensity relative to baseline 
(ΔF/F0) within a 5-µm-thick annular region-of-interest (ROI) positioned immediately 
within the perimeter of the cell. Three representative images in the time series are shown 
(at top), and they correspond to the time points marked by filled red and green circles on 
the line traces. The open bar indicates the period during which nominally Ca2+-free Locke 
solution was applied and the triangle marks the time of the caffeine pulse.
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Figure 3.2 
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Figure 3.2: Mitochondria in the sub-plasma-membrane region and the cell interior 
take up Ca2+ released through RyR differently in rabbit NGNs 
A rabbit NGN was loaded with rhod-2 and fluo-3 indicator by incubation with the AM 
esters. Rhod-2 was used to monitor mitochondrial[Ca2+] change and fluo-3 was used to 
monitor cytosolic [Ca2+] change. The fluorescence emissions of both indicators were 
imaged simultaneously by scanning confocal microscopy. In nominally Ca2+-
freephysiological saline solution, a 5-sec,10-mM caffeine pulse evoked Ca2+ release from 
the ER and caused a global cytosolic Ca2+ signal that wasrelativeeven, as revealed by 
fluo-3 fluorescence change. Mitochondria in the periphery of the cell preferentially take 
up Ca2+   and retain it longer,as revealed by rhod-2 fluorescence change. The line traces 
show time course of changes in rhod-2 fluorescence intensity (red) and fluo-3 
fluorescence intensity (green) relative to baseline (ΔF/F0) within a 7-µm-thick annular 
region-of-interest (ROI) positioned immediately within the perimeter of the cell. Four 
representative images in the time series are shown, and they correspond to the time points 
marked by filled red and green circles on the line traces. The gray bar shows the duration 
of the caffeine pulse; the open bar indicates the period during which nominally Ca2+-free 
physiological saline was applied. Images were collected using 543-nm excitation with 
fluorescence emission filtered through a 560-nm long-pass filter for rhod-2, and 488-nm 
excitation with fluorescence emission filtered through a 505-530-nm bandpassfilter for 
fluo-3. 
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Figure 3.4 

 

 

Figure 3.4: Schematic drawing of a typical NGN showing the size and the location of 
the laser photolysis spots 
In a rat NGN, whose diameter is 35 to 50 µm, a focused UV light flash is delivered to a 
5-μm spot located either in the sub-plasma-membrane area (purple), or in the cell interior 
(red), closer to the nucleus. 
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The UV flash used for photolysis could damage thecell, so we did a control 

experiment with NGNs that had not been loaded with BiNiX. Before and after 

deliveringa UV flash, the health of the cell was monitored by testing the response to 

caffeine. Fluo-3 was used to monitor [Ca2+]c; its excitation wavelength of 488 nm cannot  

photolyze the caged molecule.We loaded the NGNs with fluo-3 AM ester and took 

images with confocal microscopy. When we analyzed the regions of interest around the 

photolysis spot we found that a 30-ms UV pulse delivered to the 5-µm photolysis spot did 

not damage the cell, because a5-s, 10-mM caffeine pulse triggered reproducibleCa2+ 

release before and after the photolysis in 7 out of 7 NGNs tested. Caffeine-induced Ca2+ 

transients before the photolysis had an average amplitude of 1.02 ± 0.12 (ΔF/F0). This 

value was not significantly different from Ca2+ transients induced by caffeine after the 

photolysis, which had an average amplitude of 0.82 ± 0.17 (ΔF/F0) (n = 7; p = 0.30) 

(Figure 3.5). 

We also did an analogous check on the health of mitochondria by 

monitoring[Ca2+]mchange with rhod-2. The rhod-2 excitation wavelength is 543 nm, 

which also cannot photolyze the caged molecules. We incubated the NGNs with rhod-2 

AM ester and took images with confocal microscopy. When we analyzed the region of 

interest around the photolysis spot, a 5-s, 10-mM caffeine pulse triggered reproducible 

mitochondrial Ca2+ uptake before and after photolysis in 6 cells.Caffeine-induced 

mitochondrial Ca2+ transients before the photolysis had an average amplitude ofΔF/F0 

=0.75 ± 0.12. This is not significantly different from average amplitude of Ca2+ transients 

induced by caffeine after the photolysis, which was ΔF/F0 =0.67 ± 0.14(n = 6; p = 
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0.39)(Figure 3.6).Thus, exposure to UV light also does not adversely affect the 

mitochondria. 

Now we incubated the cells with 80 µM BiNiX AM ester and 1 µM fluo-3 AM 

ester, and then uncagedBiNiX at different subcellular locations of the cell (as 

diagrammed in Figure 3.4) and monitored the cytosolic [Ca2+] change with fluo-3 

indicator. Figure 3.7A shows the traces representing Ca2+ transients when 

uncagingBiNiX in the sub-plasma-membrane region (total of 8 cells) and in the cell 

interior (total of 7 cells). The time to 80% decay (t80%) of the peak amplitude of the 

cytosolic Ca2+ transients was determined. For the sub-plasma-membrane region, the 

average Ca2+ transient decay time was t80% = 65.0 ± 7.6 s, whereas in the interior, the 

average was t80% = 41.5 ± 3.4 s. The 80% decay timesare significantly different (p = 

0.014) (Figure 3.7). These results suggest that when CICR is activated at different 

subcellular locations, the corresponding cytosolic Ca2+ signals show different kinetic 

behavior. 

We already know that mitochondria in the sub-plasma-membrane region and in 

the interior of NGNs show different Ca2+ uptake behavior. Therefore, we wanted to test if 

this regional difference in mitochondrial Ca2+ uptake could explain the regional variation 

of cytosolic Ca2+ transient kinetics. Mitochondrial Ca2+ uptake depends on the 

mitochondrial membrane potential, ΔΨ(Nicholls & Akerman, 1982). Through the action 

of the electron transport chain, protons are translocated from the inner mitochondrial 

membrane into the intermembrane space (which is spatially continuous with the cytosol). 

This proton flux underlies the ΔΨ. Since ΔΨ drives mitochondrial Ca2+ uptake; 

abolishing ΔΨ inhibits Ca2+ uptake. ΔΨ is most readily abolished by dissipating the  
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Figure 3.5 
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Figure 3.5: Health of neurons before and afterexposure to a UV flash 
(A) NGNs were loaded with fluo-3 to monitor cytosolic [Ca2+].Fluorescence images of 
fluo-3 were collectedand fluorescence intensity changes were represented as changes 
relative to baseline (ΔF/F0). Representative trace showing that a 5-s,10-mM caffeine 
pulse evoked a Ca2+ transient. After a 30-ms UV flash was delivered, another 5-s, 10-mM 
caffeine pulsed again applied evoked a Ca2+ transient. The UV flash and caffeine 
stimulation were repeated once more. Black triangles mark the times at which caffeine 
pulses weregiven; red triangles mark the times at which UV flashes were delivered.  
(B) Group data showing that caffeine-induced Ca2+ transients before and after the UV 
flash had average amplitudes ofΔF/F0= 1.02 ± 0.12 andΔF/F0= 0.82 ± 0.17, respectively. 
The means were not significantly different (n = 7; p = 0.30). 
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Figure 3.6 
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Figure 3.6: Health of mitochondria before and after exposure to aUV flash 
(A) NGNs were loaded with rhod-2 to monitor mitochondrial [Ca2+].Fluorescence images 
of rhod-2 were collectedand fluorescence intensity changes were represented as changes 
relative to baseline (ΔF/F0). Representative trace showing that a 5-s,10-mM caffeine 
pulse evoked a Ca2+ transient. Then, after a 30-ms UV flash was delivered, another 5-s, 
10-mM caffeine pulse again evoked a mitochondrial Ca2+ transient. Black triangles 
marked the times at which caffeine pulses weregiven; the red triangle marks the time of 
delivery of the UV flash.  
(B) Group data showing that caffeine-induced mitochondrial Ca2+ transients before and 
after the UV flash had average amplitudes ofΔF/F0= 0.75 ± 0.12and ΔF/F0 = 0.67 ± 0.13, 
respectively. These means are not significantly different (n = 6; p = 0.39). 
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Figure 3.7 
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Figure 3.7:Cytosolic Ca2+ transients evoked by localized photo-activation of RyR 
channels in different subcellular locations have different decaykinetics 
(A)  NGNs were preloaded with fluo-3 (for monitoring cytosolic [Ca2+]) and BiNiX, a 
cage agonist for RyRs. Fluo-3 fluorescence images were collectedand fluorescence 
intensity changes were represented as changes relative to baseline (ΔF/F0). The black 
triangle marks the time a 30-ms UV flash was delivered to a 5-μm spot in the cell to 
uncageBiNiX. The photolysis spot was located either near the plasma membrane or in the 
cell interior (see Figure 3.4 for a schematic diagram of the geometry). The black trace is 
the Ca2+ transient evoked by BiNiXuncaging in the interior of the cell (average of 7 cells). 
The red trace is the Ca2+ transient evoked by BiNiXuncaging in the sub-plasma-
membrane region (average of 8 cells). 
(B)  Group data showing the average time to 80% decay (t80%) of the cytosolic Ca2+ 
transients. For the sub-plasma-membrane transients, the average is t80% = 65.0 ± 7.6 s; for 
the interior transients, the average is t80% = 41.5 ± 3.4 s. These t80% values are 
significantly different (p = 0.014). 
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proton gradient between the cytosol and the mitochondrial lumen. CCCP is a 

protonophore which is commonly used to dissipate ΔΨ. Therefore, after CCCP is applied 

to the cell, the mitochondria will not be able to take up Ca2+ from the cytosol. 

Before we examined the physiological effect of dissipating ΔΨ with CCCP, we 

first had to determine the kinetics of CCCP wash-in and wash-out in NGNs. We used 

mitochondrial staining by tetramethylrhodamine methyl ester (TMRM) as a reporter of 

the state of polarization of mitochondria. As a membrane-permeant lipophilic cationic 

dye, TMRM can preferentially distribute into polarized mitochondria, and the extent of 

accumulation in mitochondria depends on ΔΨ. At low concentrations of TMRM (20 nM) 

in the bathing solution, the mitochondrial TMRM fluorescence and concentration are 

expected to be proportional (Duchen et al., 2003). Given the range of ΔΨ (−150 to −200 

mV), assuming that TMRM distribution is Nernstian (and that the cell’s membrane 

potential is Vm = −50 mV) predicts the mitochondrial TMRM concentration to be at least 

340-fold higher than the concentration in the cytosol.4 Preferential accumulation into 

mitochondria implies that bright mitochondria should be observed against a dim 

cytoplasm. This spatial heterogeneity of fluorescence intensity in a microscopic image 

can be quantified with an appropriately defined mathematical parameter. One suggested 

parameter, σ/mean, is the ratio between 1) the standard deviation of intensity calculated 

                                                            
4 The point of this calculation is to show that if Nernstian behavior alone determines 
TMRM partition into the mitochondrion, then the bias in favor of mitochondrial 
accumulation is very large. In practice, lipophilic dyes like TMRM also show nonspecific 
binding to all organellar membranes. Such nonspecific binding (e.g., to ER membrane) 
gives rise to a non-mitochondrial background signal that makes the observed TMRM 
fluorescence intensity difference between the mitochondria and the cytoplasm less 
dramatic than what is predicted based on Nernstian behavior alone (Scaduto, Jr. & 
Grotyohann, 1999). 
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for all pixels within a cell and 2) the mean intensity averaged over all pixels within the 

cell (Duchen et al., 2003). When ΔΨ is intact, pixels corresponding to mitochondria 

would be very bright, while cytoplasmic pixels would be dim. This large intensity 

difference translates into a large standard deviation in the intensity. Upon dissipation of 

ΔΨ, TMRM would rapidly equilibrate into the cytoplasm; the intensity difference 

between mitochondria and cytoplasm would largely disappear. The increase in 

homogeneity of TMRM fluorescence would translate into a marked decrease in the 

standard deviation. The average intensity, however, should be roughly comparable before 

and after dissipation of ΔΨ, because the total amount of TMRM in the cell remains the 

same (only the location has changed). Therefore, σ/mean scales the magnitude of the 

TMRM fluorescence heterogeneity to the total amount of TMRM present. We use 

σ/mean as an index of the electrical polarization in mitochondria.  

In experiments where CCCP was used to dissipate ΔΨ, oligomycin, an inhibitor 

of the F1F0-ATPase was also applied. In polarized mitochondria, the F1F0-ATPase uses 

the energy stored in the proton gradient to synthesize ATP. When mitochondria 

depolarize, the F1F0-ATPase can operate in reverse mode⎯hydrolyzing ATP and 

pumping protons out of the mitochondria. During CCCP application, oligomycin prevents 

the F1F0-ATPase from destroying the cellular ATP pool (Budd & Nicholls, 1996). We 

used confocal microscopy to image TMRM-stained NGNs as 5 μM CCCP and 10 μM 

oligomycin were applied and washed out. The time course of change of σ/mean for the 

image series allowed us to determine the kinetics of CCCP wash-in and wash-out (Figure 



 

70 

 

3.8). The time for CCCP to dissipate ΔΨ is about 20 s, and after washout it also took 

about 20 sfor ΔΨ to be restored. 

Knowing the kinetics of CCCP action in NGNs, we were prepared to test if the 

(subcellular) regional differences in mitochondrial Ca2+ uptake could explain the regional 

variations in the kinetics of cytosolic Ca2+ signals generated by Ca2+ release through RyR 

channels. We applied 5 µM CCCP and 10 µM oligomycin to NGNs that had been loaded 

with BiNiX to allow photoactivation of CICR, and fluo-3 for monitoring [Ca2+]c. At 90 s, 

after CCCP application, a 5-ms UV flash was delivered to a 5-μm spot to uncageBiNiX 

to activate RyRs. Thet80% (time to 80% decay) of the photoactivated cytosolic Ca2+ 

transients was determined. For the sub-plasma-membrane area, the average was t80% = 

52.0 ± 9.5s while the interior had t80% = 46.0 ± 3.7 s (Figure 3.9). These t80% values are 

not significantly different (p = 0.51). These findings show that abolishing ΔΨ abolished 

the regional differences in the decay kinetics of Ca2+ signals generated by CICR. We 

infer that regional differences in mitochondrial Ca2+ uptake underlie the regional 

differences in CICR-dependent Ca2+ signals. 

The regional differencesin mitochondrial Ca2+ uptake could be becausespatial 

variation in the distribution of mitochondria within the NGN (for example, mitochondria 

may be preferentially localized near the plasma membrane). Alternatively, mitochondria 

in different subcellular locations may have different values ofΔΨ.To examine the spatial 

distribution of mitochondria with NGNs, we used MitoTracker Green to mark 

mitochondria, ER-Tracker Red to label the ER, and CellMask Deep Red to mark the  
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Figure 3.8 
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Figure 3.8: Time course of CCCP wash-in and wash-out as revealed by TMRM 
redistribution 
TMRM was loaded into the neurons by incubating the cell with 20 nM TMRM at 37 °Cin 
L-15 medium containing 10% fetal bovine serum for 20 min. The cell was then 
superfused with Locke solution. CCCP and oligomycin (5 μM and 10 μM, respectively) 
were applied simultaneously by superfusion to depolarize mitochondria. TMRM 
fluorescence changes were monitoredby confocal microscopy. For each image in the time 
series,σ/mean, the ratio of the standard deviation of pixel intensitiesto the mean pixel 
intensity was calculated and plotted as a function of time. Red triangles marked the start 
of CCCP application; blue triangles mark the start of CCCP wash-out. 
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Figure 3.9 
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Figure 3.9: Kinetics of Cytosolic Ca2+ transients evoked by localized photo-
activation of RyR channels in different subcellular locations after mitochondrial 
depolarization by CCCP application 
(A) NGNs were preloaded with fluo-3 (for monitoring cytosolic [Ca2+]) and BiNiX, a 
caged agonist for RyRs. Fluo-3 fluorescence images were collectedand fluorescence 
intensity changes were represented as changes relative to baseline (ΔF/F0).After 
continuous application of5 μM CCCP and 10 μMoligomycin for 90 s, a 30-ms UV flash 
was delivered to a 5-μm spot in the cell to uncageBiNiX. The photolysis spot was located 
either near the plasma membrane or in the cell interior (see Figure 3.4 for a schematic 
diagram of the geometry).The black triangle marks the time of the UV flash. The red 
trace isthe Ca2+ transient evoked by BiNiXuncaging in the interior of the cell (average of 
9 cells). The black trace is the Ca2+ transient evoked by BiNiXuncaging in the sub-
plasma-membrane region (average of 6 cells). 
(B)  Group data showing the time to 80% decay (t80%) of the cytosolic Ca2+ transients. 
For the sub-plasma-membrane Ca2+ transients, the average decay time is t80% = 52.0 ± 9.5 
s; for the interior Ca2+ transients the average is t80% = 46.0 ± 3.7 s. These t80% values are 
not significantly different (p = 0.51). 
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plasma membrane. We observed that mitochondria, like the ER, are distributed relatively 

evenly throughout the neuron (Figure 3.10). 

We next used two cationic fluorescent markers, TMRM and JC-1, to examine the 

mitochondria in the neuron. As mentioned previously, TMRM, is a cationic fluorophore 

that is driven by ΔΨ to partition preferentially into mitochondria. JC-1 is also a cationic 

dye that is driven by ΔΨ to partition into mitochondria, but JC-1 has the property that its 

state of aggregation depends on its concentration. High concentrations of JC-1 shift the 

dye molecules from being monomers to forming J-aggregates, with a corresponding 

change in fluorescence properties. The fluorescence emission wavelength (color) of JC-1 

changes depending on its concentration: 527 nm (green) at low concentration and 590 nm 

(red) at high concentration. Because the JC-1 concentration in a mitochondrion depends 

on ΔΨ, mitochondrial populations with different ΔΨ would be inherently color-coded: 

green at low ΔΨ and red at high ΔΨ(Reers et al., 1991). Staining the cell with TMRM 

again showed mitochondria being distributed relatively evenly in the cell (Figure 3.11A). 

Staining with JC-1, however, revealed discrete domains of red (J-aggregate) fluorescence 

in the sub-plasma-membrane region, but green (monomer) fluorescence in the cell 

interior (Figure 3.11B). 

We wanted to verify that a difference in mitochondrial membrane potential 

underlay the observed difference in JC-1 fluorescence. We imaged JC-1 fluorescence in 

NGNs before and after a 90-s application of 5 µM CCCP (along with 10 µM oligomycin). 

CCCP application completely abolished the red fluorescence of J-aggregates, and caused 

a more homogeneous distribution of green monomer fluorescence (Figure 3.12). This 

observation shows that the spatial differences in the color of JC-1 fluorescence reflect 
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Figure 3.10 
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Figure 3.10: Distribution of mitochondria and ER in rat NGNs 
NGNs were incubated with 200 nMMitoTracker Green and 1 µM ER-Tracker Red in L-
15 medium containing 10% of fetal bovine serum for 20 min at 37°C; in the last 5 min of 
incubation, 5 µg/ml CellMask Deep Red was added to the medium. NGNs loaded with 
ER-Tracker Red, MitoTracker Green and CellMask Deep Red were excited at 633 nm 
(helium-neon gas laser), 488 nm (argon ion laser), and 543 nm (helium-neon gas laser) 
respectivelyusingtheMultitrack configuration on the Zeiss LSM 510 confocal microscope. 
The fluorescence emission was filtered through a 560-nm long-pass filter for ER-Tracker 
Red, a 500-550-nm bandpass filter for MitoTracker Green, and a 650-nm long-pass filter 
for CellMask Deep Red. Each acquired images is the average of 16 frames. 
(A) Distribution of mitochondria labeled with MitoTracker Green.  
(B) Distribution of ER labeled with ER-Tracker Red. 
(C) Cell membrane labeled with CellMask Deep Red (magenta). 
(D) Overlay of images A, B and C. 
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Figure 3.11 
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Figure 3.11: Subcellular mitochondrial distribution revealed by TMRM and JC-1 
staining 
(A) A representative confocal image of an NGN loaded with TMRM showing that 
mitochondria are relatively evenly distributed throughout the cell. NGNs were incubated 
with 20 nM TMRM in L-15 medium containing 10% fetal bovine serum for 20 min at 
37°C and then imaged with confocal microscopy. TMRM was excited at 488 nm and the 
fluorescence emission was filtered through a 505-nm long-pass filter. 
(B) A representative confocal image of an NGN loaded with JC-1 showing the 
differential staining of mitochondria in different subcellular regions. Notably, 
mitochondria near the plasma membrane showed red JC-1 fluorescence, whereas those in 
the interior gave mainly green JC-1 fluorescence. NGNs were incubated with 3 µM JC-1 
for 20 min in the medium that contains L-15 and 10% of fetal bovine serum at 37°C and 
then imaged with confocal microscopy. JC-1 was excited at 488 nm and the fluorescence 
emission was filtered through a 500−550 nm band-pass filter to isolate green fluorescence 
and a 560-nm long-pass filter to isolate red fluorescence. 
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Figure 3.12 

 

 
Figure 3.12: JC-1 staining in a nodose neuron before and after mitochondrial 
depolarization by CCCP application 
(A) Confocal fluorescence image of a JC-1-stained NGN showing differential staining of 
mitochondria in different subcellular regions⎯with sub-plasma-membrane mitochondria 
showing red JC-1 fluorescence and mitochondria in the cell interior showing green JC-1 
fluorescence.  
(B) Image acquired after CCCP and oligomycin (5 and 10 μM, respectively) had been 
continuously applied for 90 seconds. Note the disappearance of the discrete red JC-1 
fluorescence corresponding to sub-plasma-membrane mitochondria, as well as the 
appearance of greater uniformity in green JC-1 fluorescence. 
NGNs were incubated with 3 µM JC-1 for 20 min in L-15 medium containing 10% fetal 
bovine serum at 37°C and then imaged with confocal microscopy. JC-1 was excited at 
488 nm and the fluorescence emission was filtered through a 500-550-nm bandpass filter 
to isolate green fluorescence, and a 560-nm long-pass filter to isolate red fluorescence. 
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underlyingΔΨ differences, because dissipation of ΔΨ caused concomitant disappearance 

of the spatial difference in JC-1 fluorescence.Thus, the observed spatial difference in 

JC-1 fluorescence suggests that mitochondria in the sub-plasma-membrane region have a 

more polarized membrane potential compared to those mitochondria in the cell interior. 

When JC-1 was loaded into NGNs that had been maintained in culture for 3 days, 

we observed that the more highly polarized mitochondria not only appeared near the 

plasma membrane but also at the beginning of the axon (Figure 3.13). 
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Figure 3.13 

 

 
Figure 3.13: JC-1 staining of mitochondria in a cultured nodose ganglion neuron 
A representative confocal image of an NGN that had been maintained in culture for 3 
days. JC-1 staining showed differential staining of mitochondria in different subcellular 
regions. As in the acutely dissociated NGNs, mitochondria showing red JC-1 
fluorescence can be seen near the plasma membrane. Note also the occurrence of 
mitochondria with red JC-1 fluorescence at the beginning of the process that is being 
extended by the neuron. The neuron was loaded with 3 µM JC-1 for 20 min in L-15 
medium containing 10% fetal bovine serum at 37°C and then imaged with confocal 
microscopy. JC-1 was excited at 488 nm and the fluorescence emission was filtered 
through a 500-550-nm bandpass filter to isolate green fluorescence and a 560-nm long-
pass filter to isolate red fluorescence. 
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Discussion 

Ca2+ can be released from the ER through RyR channels. In the present study, we 

made the following findings concerning mitochondrial handling of the Ca2+ released from 

the ER: 

1) Mitochondria can take up Ca2+ released from ER through RyR channels in rat NGNs;  

2) Mitochondria in the sub-plasma-membrane region preferentially take up Ca2+ released 

from ER through RyR channels compared with mitochondria in the cell interior; 

3) When sub-plasma-membrane RyRs are activated locally, the resulting cytosolic Ca2+ 

signal decays back to baseline more slowly than Ca2+signals resulting from activation 

of RyRs in the cell interior; 

4) Staining NGNs with MitoTraker Green and ER-Tracker Red showed relatively even 

distribution of mitochondria and ER throughout the neuron; 

5) Staining NGNs with JC-1, whose fluorescence emission wavelength depends on 

mitochondrial membrane potential, revealed that mitochondria in the sub-plasma-

membrane region show a more hyperpolarized membrane potential than mitochondria 

in the cell interior. 

Two techniques used in our studies merit further discussion, and will be 

considered in turn. First, rhod-2 was used in our experiments to measure mitochondrial 

[Ca2+]. The AM ester form of rhod-2 is membrane-permeant and carries a delocalized 

positive charge; these properties enable preferential partition of rhod-2 AM into, and thus 

preferential accumulation of rhod-2 in, mitochondria. Previous studies on nodose neurons 

showed that ~80% of the intracellular rhod-2 resides in the mitochondria (Kao et al., 
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2010). Approximately 5 – 10% of intracellular rhod-2 reside in non-mitochondrial 

organelles (e.g., lysosomes, ER, etc.). The rhod-2 in non-mitochondrial organelles can be 

considered as part of the background: Because [Ca2+] in such organelles is not expected 

to fluctuate, the fluorescence signal of rhod-2 from these organelles should not fluctuate 

significantly during an experiment. The rest of the intracellular rhod-2 (~10%) is in the 

cytosol. Although this cytosolic fraction is much less than the fraction in the 

mitochondria, it still may contribute a contaminating signal when the mitochondrial [Ca2+] 

is being monitored (Kao et al., 2010). In our experiments, we confirmed that this 

potential signal contamination does not impact our conclusion: We simultaneously 

monitored mitochondrial [Ca2+] with rhod-2 and cytosolic [Ca2+] with fluo-3. Then, upon 

global activation of Ca2+-induced Ca2+ release with caffeine, we observed a cytosolic 

Ca2+ (fluo-3) signal that was global and relatively uniform (Figures 3.1 and 3.2). In 

contrast, the mitochondrial Ca2+ (rhod-2) signal showed striking subcellular spatial 

variation⎯being largely restricted to the cortical (sub-plasma-membrane) region of the 

neuron (Figures 3.1 and 3.2). Moreover, the kinetics of decay back to baseline were also 

strikingly different for the two Ca2+ signals⎯the mitochondrial signal decayed much 

more slowly than the cytosolic signal (Figures 3.1 and 3.2). Thus, as expected, rhod-2 

principally reports the mitochondrial Ca2+ signal. 

The other, somewhat less common, indicator we used was JC-1. Monomeric JC-1 

(the form of the dye at low concentration) emits green fluorescence. At high 

concentrations, JC-1 forms J-aggregates, which emit red fluorescence. Because JC-1 is a 

lipophilic cationic dye whose partition into mitochondria depends on the mitochondrial 

membrane potential, the different emission colors effectively encodeΔΨ.  To test that JC-
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1 waswell loaded into the whole cell and not just the region close to the plasma 

membrane, the cell was imaged after incubation with JC-1 for 5, 10, 20 or 30 min. 

Irrespective of the time of incubation, we found the same pattern of JC-1 fluorescence: 

red at the periphery and green in the interior. This indicates that the distribution is not 

affected by the duration of staining. Furthermore, we used CCCP to show that after 

dissipation of the mitochondrial membrane potential, the red fluorescence of J-aggregates 

disappeared (Figure 3.13). This showed that the appearance of red J-aggregate 

fluorescence was indeed dependent on the state of polarization of the mitochondria. We 

thus infer from our JC-1 results that mitochondria in different subcellular regions of the 

neuron can have different membrane potentials. To our knowledge, this is the first time 

that mitochondria with different membrane potentials are observed to segregate spatially 

in primary neurons. 

The current experiments done here indicate that mitochondria in different sub-

regions of the cell (sub-plasma-membrane region vs. cell interior) affect [Ca2+]c signals 

differently, and that mitochondrial membrane potential differences contribute to this 

difference in Ca2+ handling. Mitochondria take up Ca2+ from the cytosol through the 

mitochondrial uniporter and release Ca2+ back into the cytosol through Na+/Ca2+-

exchanger. We observed that mitochondria in the sub-plasma-membrane region take up 

Ca2+ released through RyRs more avidly and retain Ca2+ longer. This observation in 

mitochondria is mirrored by the observation in the cytoplasm that the sub-plasma-

membrane cytosolic Ca2+ signals decay more slowly than Ca2+ signals in the cell interior. 

One potential consequence is that Ca2+-dependent ion channels at the plasma membrane 

may be exposed to a prolonged Ca2+ signal. The activity of Ca2+-activated K+ channels 
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and Ca2+-dependent inactivation of Ca2+ currents can be affected by a prolonged cytosolic 

Ca2+ signal (Eckert & Chad, 1984;Kohr & Mody, 1991). Therefore, a physiological 

consequence of the functionally distinct population of mitochondria in NGNs may be the 

regulation of ion channel activities and thus neuronal excitability. 
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CHAPTER 4 

MITOCHONDRIAL CONTROLOF Ca2+ RELEASED THROUGH 

INOSITOL 1,4,5-TRISPHOSPHATERECEPTOR (IP3R) CHANNELS 
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Introduction 

 Cytosolic Ca2+signals regulate many cellular processes. Generally, there are at 

least threesources of Ca2+ that could give rise to transient increases of cytosolic [Ca2+]:the 

extracellular fluid, which is rich in Ca2+; the intracellular Ca2+ store in the endoplasmic 

reticulum (ER), and potentially the mitochondria, which, being able to take up Ca2+, can 

subsequently release it back into the cytosol. There are two types of Ca2+-release 

channels in the ER membrane: ryanodine receptor (RyR) channels and D-myo-inositol 

1,4,5-trisphosphate receptor (IP3R) channels. Both channels are present in primary vagal 

afferent sensory neurons (i.e., nodose ganglion neurons, NGNs), as was demonstrated by 

immunofluorescence labeling (Hoesch et al., 2002). Both RyR channels and IP3R 

channels are functional in NGNs⎯selective activation of each type of channels causes 

Ca2+ release from intracellular stores, as evidence by the occurrence of cytosolic Ca2+ 

transients (Hoeschet al., 2002) 

Mitochondria play an important role in the clearance of Ca2+from neuronal 

cytosol (Thayer & Miller, 1990). Ca2+uptake by mitochondria has physiological 

effectsboth for the mitochondria and for the cytosol. Mitochondrial Ca2+ uptake can 

affect mitochondrial metabolism. The three dehydrogenase of the Krebs cycle are Ca2+-

regulated (Denton et al., 1980). An increase inmitochondrial lumenal [Ca2+] 

([Ca2+]m)thus leads to an increased flux through the Krebs cycle. The resulting increase in 

the production of NADH can bedetected as an increase in NADH 

autofluorescence(Denton, 2009). Since NADH is oxidized by the electron transport chain 

as protons are pumped out of the mitochondrion, and the proton electrochemical gradient 
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is used by the F1F0-ATPase to synthesize ATP, increased NADH production translates 

into increased ATP generation. The mitochondrial Ca2+uptake can also affect cytosolic 

Ca2+ signals. Mitochondria may act as a spatial Ca2+ buffer and determine the spatio-

temporal pattern of Ca2+ signaling in the cytosol. In somatosensory neurons, 

mitochondrial Ca2+ uptake can shape Ca2+ signals(Thayer & Miller, 1990). In Chapter 4, 

we present evidence in visceral sensory neurons that mitochondrial Ca2+ uptake can 

modify cytosolic Ca2+ signals resulting from Ca2+ release through RyR channels. 

In the present studies, we wanted to know if mitochondria can take up Ca2+ 

released from the ER through IP3R channels. We used two separate means to activate 

IP3Rs in NGNs⎯one artificial and one physiological. The artificial means comprised two 

approaches: 1) delivering IP3 into a cell through a patch pipette in the whole-cell 

configuration, and 2) delivering caged IP3 via patch pipette and then using a focused UV 

light flash to generate IP3 inside the cell. The more physiological means was using ATP 

as an agonist to activate metabotropic purinergic (P2Y) receptors on NGNs. Through G-

protein coupling, stimulation of P2Y receptors activatesphospholipase C (PLC), which 

hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to generate IP3. 

The two different approaches to activating IP3Rs gave surprisingly different 

results. When IP3 was delivered directly via patch pipette or photoreleased inside the 

NGNs to trigger Ca2+ release, the Ca2+ uptake responses of the mitochondria were 

generally fairly uniform across the entire cell (i.e., no marked distinction between 

mitochondria in the sub-plasma-membrane region and in the cell interior). Moreover, 

there was no change in NADH fluorescence, suggesting an unexpected disjunction 

between mitochondrial Ca2+ uptake and energy metabolism. 
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When we used ATP as a physiological stimulus to activate intracellular IP3 

generation,the ensuing mitochondrial Ca2+ uptake response was spatially 

heterogeneous⎯sub-plasma-membrane mitochondria showed preferential Ca2+ uptake 

compared to those in the cell interior. Furthermore, mitochondrial Ca2+ signals 

werecorrelated with increased NADH fluorescence, which reflects the coupling of 

[Ca2+]m and energy metabolism that is expected from the biochemistry of the Krebs cycle. 

Why the two different approaches to activating IP3 receptors should yield distinct 

cellular responses will be discussed at the end of this chapter. 

Materials and Methods 

Cell dissociation 

Male Sprague-Dawley rats between 150 and 250 g were killed by CO2 

asphyxiation as approved by the Institutional Animal Care and Use Committee of the 

University of Maryland School of Medicine. The nodose ganglia were dissected from a 

rat and were dissociated enzymatically and mechanically to liberate nodose ganglion 

neurons (NGNs) as described previously (Jafri et al., 1997). Briefly, ganglia from rats 

were rapidly dissected and desheathed. Whole ganglia were then incubated in an enzyme 

solution which contained5 mg collagenase type 1A (Sigma Chemical Co., St Louis, MO) 

and 5 mg dispase II (Sigma Chemical Co.) in 5 ml of Ca2+- and Mg2+-free Hanks’ 

balanced salt solution (HBSS). After being incubated at 37°C for 1 hour, ganglia were 

triturated by being taken up into and then expelled from fire-polished Pasteur pipettes 

four to five times. Then the ganglia were incubated for another 1 hour. Finally NGNs 

were dissociated by being triturated with fire-polished Pasteur pipettes of decreasing tip 
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diameters four to five times. Cells were collected by centrifugation (700 × g, 2min) and 

then washed with L-15 medium(Gibco, BRL, Rockville, MD) containing 10% fetal 

bovine serum (JRH Bioscience, Lenexa, KN). Cells were collected again by centrifuging 

and then suspended in L-15 culture medium containing 10% fetal bovine serum. 200-µl 

aliquots of the cell suspension were then plated onto 25-mm round No. 1 glass coverslips 

(Fisher, Newark, DE) coated with  poly-D-lysine (0.1 mg ml−1, Sigma Chemical Co.). 

After being in a 37°C incubator for 2 – 4 h, the coverslips were transferred into a room 

temperature incubator to prevent neurite growth. NGNs were used for experiments within 

48 hr. 

 

Reagents 

Fluo-3 AM and rhod-2 AM were obtained from Molecular Probes (a division of 

Invitrogen, Grand Island, NY). Caffeine and ATP were obtained from Sigma-Aldrich (St. 

Louis, MO); CCCP and oligomycin were from Calbiochem (La Jolla, CA). Caged IP3 

was obtained from SiChem (Bremen, Germany).  

Reagent solutions were prepared daily from concentrated stock solutions in 

dimethylsulfoxide (Sigma, St. Louis, MO) or water;the stock solutions were always 

stored frozen. Unless otherwise noted, drugs were delivered via the superfusate by 

switching a three-way valve to a reservoir containing a known concentration of the drug 

in the extracellular solution. 

Reagent concentrations were as follows: caffeine, 10 mM; ATP, 100 µM; caged 

IP3 and IP3, 500 µM; CCCP, 5 µM; oligomycin 10 µM. 
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Physiological solutions 

The extracellular solution was Locke solution containing the following (in mM): 

120 NaCl, 3.0 KCl, 1.5 MgCl2, 1.0 NaH2PO4, 25 NaHCO3, 2.5 CaCl2, and 10.0 dextrose. 

The solution was equilibrated with 95% O2−5% CO2 to attain pH 7.4. For nominally 

Ca2+-free solution, CaCl2 was replaced with MgCl2. 

The intracellular solution contained the following (in mM): 152 KCH3SO3, 10.0 

HEPES (pH 7.20), 2.0 MgCl2, and 1.0 KCl. The intracellular solution also contained 37.5 

µM K2CaEGTA and 62.5 µM K2H2EGTA to buffer free Ca2+ concentration at [Ca2+] = 

60 nM. 

 

Staining with fluorescent probes and imaging 

Fluo-3 was used to monitor cytosolic [Ca2+] change and rhod-2 was used to 

monitor mitochondrial [Ca2+] change.Neurons were loaded with 1 µM fluo-3 AM or 1 

µM rhod-2 AM in L-15 medium containing 10% fetal bovine serumfor 50min to 2 h at 

room temperature. After incubation, the coverslips were transferred into dye-free Locke 

solution for confocal fluorescence microscopy. 

For microscopy, coverslips bearing fluorescently stained neurons were superfused 

with Locke solution equilibrated with 95% O2−5% CO2. A Zeiss LSM 510 Axiovert 

microscope (Zeiss, Jena, Germany) equipped with an oil-immersion objective (Neofluar, 

40X, NA 1.3, Zeiss) was used for confocal fluorescence imaging of NGNs loaded with 

dyes. The detailed configurations used for the various fluorophores are listed below. 

NGNs loaded with fluo-3 were excited at 488 nm and the fluorescence emission 

was filtered through a 505-nm long pass filter before photometric quantitation. NGNs 
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loaded with rhod-2 and TMRM were excited at 543 nm and the fluorescence emission 

was filtered through a 560-nm long-pass filter. 

NADH is autofluorescent. NADH levels in NGNs were also detected by confocal 

fluorescence imaging using UV excitation. NADH was excited at 351 nm (krypton ion 

laser) and the blue fluorescence emission was filtered through a 435−485 nm bandpass 

filter. 

For all confocal microscopy images, the resolution of the scans was 512pixel × 

512 pixel.The intensity was digitized at 12-bit resolution. Regions of interest (ROIs) were 

defined using LSM software and the data were exported inASCIIformat for graphing and 

analysis. 

 

Caged IP3 delivery and photorelease 

 The whole cell configuration was used to deliver the trisodium salt of D-myo-

inositol 1,4,5-trisphosphate P4(5)-1-(2-nitrophenyl)ethyl ester (caged IP3, Sichem, Bremen, 

Germany) to NGNs. A Flaming-Brown P97 micropipette puller (Sutter Instruments, 

Novato, CA) was used to fabricateborosilicate glass capillaries (1.5 mm OD, 1.12 mm ID, 

World Precision Instruments, Sarasota, FL) into patch micropipettes (1.5 – 3 MΩ). An 

Axo-patch 200B amplifier (Axon Instruments, Union City, CA) was used. Data were 

acquired with pClamp 8 software and a Digidata 1200 interface (Axon Instruments, 

Union City, CA). For experiments in which IP3 or caged IP3 was used, only the patch 

pipette tip was filled with the intracellular solution containing 500 µM IP3 or 500 µM 

caged IP3, respectively; the shaft of the pipette was filled with normal intracellular 

solution. After establishing a gigaohm seal (> 1.0 GΩ), the whole-cell configuration was 
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established with the membrane potential clamped at −50 mV. Only NGNs with input 

resistance > 150 MΩ and holding current < 200 pA were used in the experiments. After 

the whole-cell configuration was established, a period of more than 2 min was allowed to 

elapse to ensure entry of IP3 or caged IP3 into the cell before the start of further 

experimental manipulations. 

 The photorelease of caged IP3 was performed on the Zeiss LSM 510 microscope 

with a 40× oil Neofluar lens (which has high infrared and UV transmission). UV flashes 

of 10-msec duration were delivered to NGNs loaded with caged compounds. The 355-nm 

output of a frequency-tripled Nd:YVO4 laser (30 kHz pulse rate; series 3500, DPSS 

Lasers, Santa Clara, CA) is coupled into the microscope to form a ~5-µm spot in the 

specimen plane. Light pulse duration is controlled by gating the laser Q-switch with TTL 

signals. Gating is controlled by a multichannel stimulator (Pulsemaster, world Precision 

Instruments, Sarasota, FL). 

 

Data analysis 

For fluo-3, rhod-2 and NADH confocal measurements, intensity records were 

corrected by subtracting background fluorescence intensity, measured by selecting a 

region of interest (ROI ) in anarea of the image that did not contain NGNs. Ca2+ transient 

amplitude and NADH changes were reported as changes in fluorescence intensity 

normalized to baseline fluorescence intensity immediately preceding the transient 

(ΔF/F0). Origin software (OriginLab Corp., Northampton, MA) was used for all data 

analysis. 
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Statistics 

Numerical results are reported as a mean ± SE. Student’s t-test (2-tailed) was used 

to assess significant differences between calculated means and p < 0.05 was considered 

significant. Origin software (OriginLab Corp., Northampton, MA) was used for statistical 

analysis. 
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Results 

 We have shown that mitochondria can take up Ca2+ released from the ER through 

RyR channels. Now we examine if mitochondria can take up Ca2+ released from the ER 

through IP3R channels. 

 We first tried to use IP3directly to activate IP3Rs. Since IP3Rs are expressed on 

the ER membrane, and IP3, being highly charged, cannot freely diffuse into the cell, we 

used patch-clamp recording in the whole-cell configuration to deliver IP3 into the cell. 

Monitoring the fluorescence change of a Ca2+ indicator in the mitochondria is a direct 

way to determine whether mitochondria can take up Ca2+ released through IP3R channels 

when IP3 is delivered into the cell. Rhod-2 is a fluorescent Ca2+ indicator whose AM ester 

is a membrane-permeant lipophilic cation that can preferentially partition into 

mitochondria. Inside the mitochondria, removal of the AM ester groups yields the 

tetracarboxylate, Ca2+-sensitive form of rhod-2(Kao et al., 2010). Therefore, we chose to 

use rhod-2 to monitor changes in mitochondrial [Ca2+] ([Ca2+]m). 

We first did a control experiment to show that establishing the whole-cell 

configuration does not in itself disturb [Ca2+]m. We omitted IP3from the intracellular 

solution in the patch pipette, and after breaking into the cell, there was no measurable 

change in [Ca2+]m change as indicated by rhod-2 fluorescence.However, a subsequent 2-s 

depolarization to +10 mV ora 5-s pulse of 10 mM caffeine each evokeda mitochondrial 

Ca2+transient (Figure 4.1). Thus, the whole-cell configuration by itself does not trigger a 

rise in [Ca2+]m and does not block the mitochondrial Ca2+ transients that normally result 

from CICR.This behavior was observed in 8 out of 8 control cells examined. In separate 

experiments where NGNs were loaded with fluo-3 to monitor cytosolic [Ca2+], 
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Figure 4.1 
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Figure 4.1: Establishing whole-cell configuration does not disturb mitochondrial 
[Ca2+] 
NGNs were loaded with rhod-2 to monitor mitochondrial [Ca2+].Fluorescence images of 
rhod-2 were collectedand fluorescence signals were represented as changes relative to 
baseline (ΔF/F0). The trace shows that right after establishing the whole-cell 
configuration (black triangle marked “Brk–in”), no Ca2+ transient was evoked. Then a 2-s 
depolarization (from −50 mV to +10 mV; marked by red triangle) evoked a Ca2+ transient. 
Thereafter,a 5-s,10-mM caffeine stimulation (marked by green triangle)evoked a robust 
Ca2+ transient.  
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establishing the whole-cell configuration by breaking in also did not trigger a rise in 

[Ca2+]c (data not shown). 

Next, we included IP3 in the patch pipette solutionso that IP3 could be delivered 

into the cell through the whole-cell configuration. In NGNs loaded with fluo-3 to monitor 

cytosolic [Ca2+], IP3 entering the cell after break-in reliably evoked a cytosolic [Ca2+] 

transient (n = 6; Figure 4.2). Thereafter, 200-ms and 2-s depolarizations (from a holding 

potential of −50 mV to +10 mV) also reliably evoked Ca2+ transients, showing that 

voltage-gated Ca2+ influx remained intact. Thus IP3 introduced through the patch pipette 

could trigger Ca2+ release reproducibly. In NGNs loaded with rhod-2 to monitor 

mitochondrial [Ca2+], IP3 entry evoked a mitochondrial Ca2+ transient, as reported bythe 

rhod-2 fluorescence change (Figure 4.3). Thereafter 200-ms and 2-s depolarizations 

(from a holding potential of −50 mV to +10 mV) also reliably evoked mitochondrial Ca2+ 

transients, which showed that voltage-gated Ca2+ influx remained intact (Figure 4.3). 

In41cells where IP3was introduced through the patch pipette to trigger a mitochondrial 

Ca2+ transient, two spatial patterns of mitochondrial Ca2+ rises were observed. In the vast 

majority of the cells (39/41), mitochondria exhibiting a Ca2+transientwere 

relativelyevenly distributedacross the cell (Figure 4.4). This is distinctly different from 

the spatial patterns observed in the experiments where RyRs were activated by caffeine 

(see Figures 3.1 and 3.2 in Chapter 3).In a small minority (2/41), spatial distribution of 

mitochondria that took up Ca2+was uneven⎯with mitochondria closer to the plasma 

membrane preferentially taking up more Ca2+ (Figure 4.5). We note that the sub-plasma-

membrane pattern is reminiscent of the patterns seen when RyRs were activated by 

caffeine (see Chapter 3), but the confinement of the responsive mitochondria to the 
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Figure 4.2 
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Figure 4.2: IP3 entering the cell through the whole-cell patch pipette evoked a 
cytosolic Ca2+ transient 
NGNs were loaded with fluo-3 to monitor cytosolic [Ca2+]. Fluorescence images were 
acquired and changes in fluo-3 fluorescence were represented as changes relative to 
baseline (ΔF/F0). The black triangle marks the time of break-in; the blue triangles mark 
the times at which 200-ms depolarizations were delivered; red triangles mark the times at 
which 2-s depolarizations were delivered. With 500 μM IP3 in the patch pipette, 
establishing the whole-cell configuration evoked a relatively long-lasting cytosolic Ca2+ 
transient, showing that IP3 entering the cell from the pipette could activate intracellular 
IP3 receptors. After the IP3-evoked Ca2+ transient had subsided, subsequent 200-ms and 
2-s depolarizations (from a holding potential of −50 mV to +10 mV) also reliably evoked 
cytosolic Ca2+ transients. This shows that voltage-gated Ca2+ influx remained intact. 
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Figure 4.3 
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Figure 4.3: IP3 entering the cell via patch pipette can evoke a rise in 
mitochondrial[Ca2+] 
NGNs were loaded with rhod-2 to monitor mitochondrial [Ca2+].Fluorescence images of 
rhod-2 were collectedand fluorescence signals were represented as changes relative to 
baseline (ΔF/F0). IP3 (500 µM) was included in the patch pipette and delivered to NGN 
through the whole-cell configuration. The trace shows that establishing the whole-cell 
configuration (marked by black triangle) evoked a long-lasting mitochondrial Ca2+ 
transient. Thereafter 200-ms and 2-s depolarizations (from −50 mV to +10 mV) also 
reliably evoked Ca2+ transients. Red triangles mark the times of the depolarization steps.  
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Figure 4.4 
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Figure 4.4: IP3 entering via patch pipette evoked mitochondrial Ca2+ responses that 
were not restricted to defined subcellular regions 
IP3 was introduced via patch pipette into a rat NGN loaded with rhod-2 to monitor 
mitochondrial [Ca2+]. Changes in rhod-2 fluorescence are represented as change relative 
to baseline (ΔF/F0). The trace is the time course of change of mitochondrial [Ca2+]. IP3 
entering upon break-in (black triangle) triggered ER Ca2+ release, and subsequent uptake 
by mitochondria led to a mitochondrial Ca2+ signal. A subsequent 2-s depolarization 
(from −50 mV to +10 mV; green triangle) also evoked a mitochondrial Ca2+ transient. 
Images shown correspond to points on the trace marked “A”, “B” and “C”. It can be seen 
that upon break-in, Ca2+ uptake occurred in mitochondria widely distributed throughout 
the cell (image B). In contrast, after depolarization, Ca2+ uptake was seen principally in 
mitochondria closer to the plasma membrane (image C). 
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Figure 4.5 
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Figure 4.5: IP3 delivered via patch pipette rarely caused selective Ca2+ uptake by 
mitochondria near the plasma membrane 
IP3 was introduced via patch pipette into a rat NGN loaded with rhod-2 to monitor 
mitochondrial [Ca2+]. Three represented images from the time series are shown. Upon 
break-in, IP3 entering the cell evoked Ca2+ release that was preferentially taken up by a 
subset of mitochondria that were closer to the plasma membrane. This behavior was 
observed in only 2 out of 41 NGNs tested with this protocol. 
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 cortical region is not as neat as in the caffeine experiments reported in Chapter 3. 

Mitochondrial Ca2+ uptake depends on the ΔΨm. Because CCCP is a protonophore 

that can abolish ΔΨm, it is a reliable toolfor blocking Ca2+ uptake by mitochondria. Next, 

we used a different approach to deliver IP3 in the cells. Weincluded caged IP3 in the 

patch pipette and delivered caged IP3 through the whole-cell configuration;fluo-3 was 

used to monitor cytosolic [Ca2+]. After break-in, we waited at least 2 min to let the caged 

IP3 diffuse into the cytosol. Then we delivered a 30-ms UV flash to a 5-μm spot in the 

cell to uncage IP3. IP3photorelease evoked a cytosolic Ca2+ transient (Figure 4.6A). After 

the Ca2+ transient had declined back to the baseline, a second 30-ms UV flash was 

delivered to uncage IP3. The second photoreleaseof IP3 again evoked a Ca2+ transient 

(Figure 4.6A). This behavior was consistently observed in 5 NGNs. The first and second 

Ca2+ transient peak amplitudes were ∆F/F0= 0.44 ± 0.23 and ∆F/F0 = 0.47 ± 0.21, 

respectively. They were not significantly different (p = 0.26). Thus IP3photorelease can 

trigger Ca2+ release reproducibly. 

Next we examined the effect of CCCP on cytosolic Ca2+ transients evoked by 

uncaging IP3. After the first Ca2+ transient triggered by IP3photorelease had decayed back 

to baseline, we applied a combination of 5 µM CCCP and 10 µM oligomycin for 90 s to 

dissipate the mitochondrial membrane potential (ΔΨ). Thereafter, a second 30-ms UV 

flash was used to uncage IP3 and evoke a Ca2+ transient. In 10 cells tested, we found no 

significant difference between the Ca2+ transients evoked by IP3photorelease before  

and after CCCP application. The first and second Ca2+ transient amplitudes were ∆F/F0= 

0.42 ± 0.32 and∆F/F0= 0.43 ± 0.30, respectively; these values were not significantly 
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Figure 4.6 
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Figure 4.6 (cont’d) 
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Figure 4.6: Effect of CCCP on cytosolic Ca2+ transients evoked by IP3photorelease 
NGNs were loaded with fluo-3 to monitor cytosolic [Ca2+].Fluorescence images of fluo-3 
were collectedand fluorescence signals were represented as changes relative to baseline 
(ΔF/F0). Caged IP3 was delivered through the whole-cell configuration. More than 2 min 
after break-in, a focused UV flash delivered to a 5-µm diameter spot in the cell 
photoreleased IP3.  
(A) Trace showing two 30-ms UV flashes delivered sequentiallyreliably evoked cytosolic 
Ca2+ transients. This result was consistently seen in 5 NGNs. The average amplitudes 
ofthe first and second Ca2+ transientswere ∆F/F0= 0.44 ± 0.23 and∆F/F0= 0.47 ± 0.21, 
respectively.The black triangles mark the times of the UV flashes.  
(B) Representative trace showing that UV photolysis of caged IP3evoked a cytosolic Ca2+ 
transient. After the Ca2+ transient declined to the baseline, a combination of 5 µM CCCP 
and 10 µM oligomycinwas applied for 90 s to dissipate mitochondrial ΔΨ and block Ca2+ 
uptake. Thereafter, another 30-ms 5 µm UV flash was given to photorelease IP3 and 
evoked a second cytosolic Ca2+ transient. In 10 cells tested, there was no significant 
difference between the twoCa2+ transients evoked by IP3photorelease before and after the 
application of CCCP. The first and second Ca2+ transient peak amplitudes were ∆F/F0= 
0.42 ± 0.32 and∆F/F0= 0.43 ± 0.30, respectively.Black triangles mark the times when UV 
flashes occurred. Open bar indicates the the time of CCCP/oligomycin application. 
(C) Group data showing that the 2nd to 1st peak height ratio is 1.12 ± 0.09 and 0.89 ± 0.07 
for the control group and the CCCP/oligomycin group, respectively (p = 0.08). 
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different (p = 0.16). We also computed the ratio of the second peak amplitude to the first 

for the control and for the CCCP experiments. The ratios were 1.12 ± 0.09 and 0.89 ± 

0.07 respectively (p = 0.08). This finding leads to the somewhat surprising inference that 

mitochondrial Ca2+ uptake is not a significant factor in shaping the cytosolic Ca2+ 

transient resulting from IP3R-mediated Ca2+ release (at least when the IP3 was delivered 

or generated by artificial means). 

Knowing that mitochondria can take up Ca2+ released from the ER through IP3R 

channels, we wanted to testif the Ca2+uptake could affect mitochondrial energy 

metabolism. As described in Chapter 1, three key dehydrogenases in the Krebs cycle are 

stimulated by Ca2+, so Ca2+ uptake into the mitochondria should increase flux through the 

Krebs cycle. The result should be increased production of NADH, which can be 

monitored through its autofluorescence (Figure 4.7). We again delivered IP3 into NGNs 

via patch pipette in the whole-cell configuration while monitoring mitochondrial [Ca2+] 

through rhod-2 fluorescence and levels of NADH through its autofluorescence. As 

expected, at break-in (and IP3 entry into the cell), a clear though modest mitochondrial 

Ca2+ signal was recorded (Figure 4.8). Surprisingly, however, there was no detectable 

change in NADH fluorescence. In order to confirm that an increase in NADH generation 

could be detected, we applied two additional Ca2+ stimuli⎯a 1-s depolarization from −50 

mV to +10 mV, and a 5-s pulse of 10 mM caffeine. Both of thesestimuli triggered robust 

rises of mitochondrial [Ca2+] as well as well-defined increases in NADH 

fluorescence.This behavior was consistently observed in 20 NGNs tested. We are thus led 

to the conclusion that IP3 introduced via patch pipette in the whole-cell configuration can 

evoke intracellular Ca2+ release, which can be taken up by mitochondria to give a 
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mitochondrial Ca2+ signal, but the increase in [Ca2+]meither cannot, or is too feeble to, 

accelerate NADH production. 

It is possible that the artificial means used to introduce IP3 into NGNs used in the 

above experiments might have disrupted cellular physiology in some fundamental way. 

Therefore, we used a more physiological stimulus to induce the cell to generate 

IP3intracellularly.In NGNs, ATP, by binding to and activatingmetabotropic purinergic 

(P2Y) receptors, can trigger intracellular generation of IP3through the action of 

phospholipase C (PLC)(Hoesch et al., 2002). We thus chose ATP as the physiological 

stimulus. Many NGNs also express ionotropicpurinergic (P2X) receptors which, when 

activated, activatenonselective cationconductances⎯for Na+, K+ and, most importantly, 

Ca2+(Hoesch et al., 2002). In order to eliminate Ca2+ influx when NGNs are stimulated 

with ATP, ATP was only applied to the cells when the cells were superfused with Ca2+-

free Locke solution. 

We used a 20-s, 100-µM ATP pulse to stimulate the neurons.The mitochondrial 

and cytosolic Ca2+responses were monitored by confocal imaging of rhod-2 and fluo-3 

fluorescence, respectively. Stimulation with ATP resulted in mitochondrialrhod-2 

responses that were distinctly heterogeneousacross the cell: the response is more intense 

in the sub-plasma-membrane region (Figure 4.9).Thus, mitochondria in the sub-plasma-

membrane region preferentially take up Ca2+ released from the ER through IP3R channels 

when IP3 is generated through a naturally signaling cascade. In contrast, the cytosolic 

Ca2+ signal, as revealed by fluo-3, was remarkably global and uniform (Figure 4.9).This 

was consistently seen in 8 NGNs.Comparing the present findings with those obtained  
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Figure 4.7 

 
 
Figure 4.7: Ca2+ ions in the regulation of ATP supply and demand 
The cytosolic Ca2+ increase evoked by a stimulus to a cell would initiate a coordinated 
cellular response. The stimulus creates increased ATP demand. The cell has a finely 
tuned system to match the ATP demand by increasing the ATP supply. The 
intramitochondrial dehydrogenases are Ca2+-activated; therefore, when there is an 
increase in mitochondrial Ca2+, there would be an increased supply of NADH which 
would increase the ATP supply through respiratory chain reactions. 
The source of this figure is: Denton R.M. et al., 2009 
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Figure 4.8 

 

 

Figure 4.8: NADH levels do not measurably changewhen IP3Rs are stimulated by 
IP3 entering via the patch pipette 
NGNs were loaded with rhod-2 to monitor mitochondrial [Ca2+].Fluorescence images of 
rhod-2 and NADH were collectedby confocal microscopy and fluorescence signals were 
represented as changes relative to baseline (ΔF/F0). Red traces show mitochondrial Ca2+ 
signals; blue traces show NADH fluorescence signals. Black triangles mark the time of  
patch break-in and IP3 influx. Red triangles mark the time of a 1-s depolarization (from 
−50 mV to +10 mV); green triangles mark the time of delivery of a 5-s 10-mM caffeine 
pulse. Left set of red and blue traces: IP3 entering via patch pipette evoked a 
mitochondrial Ca2+ transient but no detectable change in NADH. Middle and right sets of 
traces: The 1-s depolarization and 5-s caffeine application evoked mitochondrial Ca2+ 
transients and corresponding increases in NADH fluorescence. 
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Figure 4.9 
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Figure 4.9: Mitochondria in the sub-plasma-membrane region and the cell interior 
take up Ca2+ released through IP3R differently in rat NGNs 
A rat NGN was loaded fluo-3 to monitor cytosolic [Ca2+] and rhod-2 to monitor 
mitochondrial [Ca2+]. Fluorescence images of rhod-2 and fluo-3 were collected 
simultaneously; the time course of fluorescence is represented as change relative to 
baseline (ΔF/F0). In Ca2+-free Locke solution, a 20-sec 100 µM ATP application (black 
triangle marked “ATP”) evoked a Ca2+ release from the ER through IP3R channels 
leading to a transient elevation of cytosolic [Ca2+] with a correlated rise in mitochondrial 
[Ca2+]. After the Ca2+ transients subsided, a 5-s 10-mM caffeine pulse (black triangle 
marked “Caf”) triggered RyR-mediated Ca2+ release from the ER, leading to 
corresponding cytosolic and mitochondrial Ca2+ transients. Fluo-3 and rhod-2 images 
corresponding to time points on the ΔF/F0 trace (marked “A” through “E”) are shown. 
The images show that irrespective of whether Ca2+ release was mediated by IP3Rs (ATP-
triggered) or by RyRs (caffeine-triggered), the cytosolic Ca2+ signal was remarkably 
uniform (fluo-3 images). In contrast, mitochondria in the sub-plasma-membrane region 
preferentially took up Ca2+ irrespective of whether the Ca2+ release was mediated by 
IP3Rs or RyRs (rhod-2 images at point C). 
The open bar indicates the period during which Ca2+-free Locke solution was applied. 
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when caffeine was used to trigger CICR through RyRs (Figures 3.1 and 3.2 in Chapter 3), 

we find the responses of the mitochondria to be essentially similar. 

We next tested the effect of CCCP on cytosolic Ca2+ transients evoked by ATP. 

NGNs loaded with fluo-3 were stimulated with 20-s pulses of 100 µM ATPin Ca2+-free 

Locke solution to activate P2Y receptors. In any given cell, ATP pulses applied several 

minutes apart evoked reproducible Ca2+ transients (Figure 4.10A). Thereafter, 5 μM 

CCCP and 10 μM oligomycin were applied to dissipate ΔΨ. At 90 s into CCCP 

application, an ATP pulse again evoked a robust Ca2+ transient. This behavior was 

observed consistent in 7 NGNs tested.For the population, the mean Ca2+ transient 

amplitudes before and after CCCP application wereΔF/F0 = 1.02 ± 0.49 and ΔF/F0 = 1.66 

± 0.63, respectively;thesevalues are significantly different (p = 0.001) (Figure 4.10B). 

The data suggest that mitochondria can buffer Ca2+ released from ER through P2Y 

receptor mediated opening of  IP3R channels. 

We next tested if activation of IP3R channels by a physiological stimulus would 

have effects on mitochondrial metabolism. NGNs were loaded with rhod-2 to monitor 

mitochondrial [Ca2+], whileany change in the level of NADH was monitored through its 

autofluorescence. In Ca2+-free Locke solution, a 20-s 100 µM ATP pulse caused 

corresponding increases in both [Ca2+]m and NADH fluorescence (Figure 4.11). 

Subsequent stimulation with a 5-s 10-mM caffeine pulse also caused corresponding 

increases in [Ca2+]m and NADH fluorescence (Figure 4.11). This behavior was 

consistently seen in 8 NGNs tested. Thus, when a physiological stimulus (ATP) was used 

to trigger intracellular IP3generation and consequent Ca2+ release through IP3R channels,  
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Figure 4.10 
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Figure 4.10: Effect of CCCP on cytosolic Ca2+ transients evoked by ATP stimulation 
of P2Y receptors 
(A) NGNs were loaded with fluo-3 to monitor cytosolic [Ca2+].Fluorescence images of 
fluo-3 were collectedand fluorescence signals were represented as changes relative to 
baseline (ΔF/F0). The trace shows that in Ca2+-free solution, two successive 20-s,100-µM 
ATP stimulationsreliably evoked cytosolic Ca2+ transients. Thereafter, a combination of 5 
µM CCCP and 10 µM oligomycinwas applied for 90 s to dissipate mitochondrial ΔΨ and 
block Ca2+ uptake before another 20-s 100 µM ATP pulse was applied. The evoked Ca2+ 
transient was bigger than the control Ca2+ transient evoked when ΔΨ was intact. In 7 cells 
tested, the average Ca2+ transient amplitudes before and after CCCP application were 
ΔF/F0 = 1.02 ± 0.19 and ΔF/F0 = 1.66 ± 0.24, respectively (p = 0.001). The red bars mark 
the durations of Ca2+-free solution application; green bars mark the durations of 
CCCP/oligomycin application; blue bars mark the times of ATP application. 
 (B) Group data showing that ATP–evoked Ca2+ transient before mitochondrial 
depolarization had an average amplitude of ΔF/F0 = 1.02 ± 0.19, whereas after 
depolarization, the ATP-evoked Ca2+ transient had an average amplitude ofΔF/F0= 1.66 ± 
0.24(n = 7). These values are significantly different (p = 0.001). 
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Figure 4.11 
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Figure 4.11: Stimulation of IP3R-mediated Ca2+ release by ATP evoked rises in 
mitochondrial Ca2+ signal and NADH level 
NGNs were loaded with rhod-2 to monitor mitochondrial [Ca2+].Fluorescence images of 
rhod-2 and NADH were collectedby confocal microscopy and fluorescence signals were 
represented as changes relative to baseline (ΔF/F0). Red trace shows changes in 
mitochondrial [Ca2+]; blue trace shows NADH fluorescence change.  Representative 
traces showing that in Ca2+-free solution, ATP application (marked by black triangle 
labeled “ATP) evoked a mitochondrial Ca2+ transient and a corresponding rise in NADH 
level. Thereafter, a 5-s caffeine pulse also evoked a mitochondrial Ca2+ transient and a 
corresponding rise in NADH level. 
Open bar marks the time interval during which Ca2+-free solution was superfused. 
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theresulting increase in [Ca2+]mwas accompanied by a correspondingrise in mitochondrial 

NADH production. 
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Discussion: 

 Ca2+ can be released from the ER through IP3R channels. In the present study, we 

made the following findings concerning mitochondrial handling of the released Ca2+ in 

rat NGNs: 

1) Mitochondria can take up Ca2+ released from the ER through IP3R channels; 

2) When IP3was introduced via patch pipette to activate IP3Rs, in most NGNs (39/41), the 

distribution of mitochondria taking up Ca2+ was relatively uniform throughout the cell. 

Only in a small fraction (2/41) were the responsive mitochondria located closer to the 

plasmamembrane; 

3) When IP3 was generated intracellularly by photolysis of caged IP3 (which was 

introduced via patch pipette), the resulting cytosolic Ca2+ transient was insensitive to 

CCCP application; 

4) When IP3was introduced via patch pipette to activate IP3Rs, although the released Ca2+ 

was taken up by mitochondria and caused a modest rise in mitochondrial [Ca2+], no 

change in NADH level was detectable. 

5) When ATP in Ca2+-free solution was used to activate P2Y receptors to trigger 

intracellular IP3production and consequent IP3R-meidated Ca2+ release, mitochondria 

in the sub-plasma-membrane region preferentially took up Ca2+ compared to 

mitochondria in the cell interior; 

6) Whenmitochondria were depolarized by CCCP application, cytosolic Ca2+ 

transientsevoked by ATP in Ca+-free solution became markedly enhanced, which 
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suggests that mitochondrial Ca2+ uptake can directly affect IP3R-mediated Ca2+ signals 

evoked by a physiological agonist; 

7) When ATP in Ca2+-free solution was used to trigger Ca2+ release through 

IP3Rs,mitochondrial Ca2+ uptake led to increased [Ca2+]m and a corresponding rise in 

NADH level. 

 It is known that mitochondria can buffer increases in [Ca2+]c(Budd & Nicholls, 

1996). In dorsal root ganglion (DRG) neurons, mitochondria can buffer a [Ca2+]c rise 

caused byKCl depolarization and by CICR(Jackson & Thayer, 2006;Werth & Thayer, 

1994). In contrast, in trigeminal ganglion (TG) neurons, mitochondria can buffer a[Ca2+]c 

rise caused byKCl depolarization but not Ca2+ released from ER through RyR channels 

(Gover et al., 2007). Thus, in different types of cells, mitochondrial Ca2+ buffering may 

not be the same. In earlier studies on NGNs, we showed that mitochondria can buffer 

Ca2+ released from the ER through RyR channels. In the present studies, we asked if 

mitochondria can buffer Ca2+ released from the ER through IP3R channels. 

 IP3R channel is one of the two Ca2+-releasing channels on the ER. It can be 

activated by the second messenger IP3. Two artificial means were used to introduce IP3 

into cells: IP3 directly delivered to the cell cytoplasm through a patch pipette in the 

whole-cell configuration, and caged IP3 introduced through the patch pipette and 

subsequently photolyzed to generate intracellular IP3. Alternatively,a more natural way of 

generating IP3intracellularly isto stimulate plasma membrane receptors that are G-

protein-coupled to phospholipase C (PLC). NGNsexpress both ionotropic (P2X) and 

metabotropic (P2Y) purinergic receptors; therefore ATP in Ca2+-free solution was used to 
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activate P2Y receptors to trigger IP3 production by PLC while eliminating the Ca2+ influx 

that would normally occur through simultaneously activated P2X receptors. 

In the present studies we used both the artificial and physiological approachesto 

activating IP3Rs and obtained different results. When authentic IP3was introduced into 

the cell through the patch pipette, mitochondria showing an increase in 

[Ca2+]mwererelatively evenly distributed in the neuron. Moreover, simultaneous 

monitoring of [Ca2+]m and NADH showed that a rise in [Ca2+]m was not accompanied by 

a rise in NADH level, (a rise is expected in view of the Ca2+sensitivity of dehydrogenases 

in the Krebs cycle). In stark contrast, when we used a more physiological stimulus(ATP) 

to activate the IP3 signaling cascade in NGNs, mitochondrial Ca2+ uptake was spatially 

heterogeneous in the cell, with sub-plasma-membrane mitochondria preferentially taking 

up and showing a robust rise in [Ca2+]m. Furthermore, the rise in mitochondrial [Ca2+] 

was coupled to a rise in NADH production. Thus, the response of mitochondria to IP3-

triggered Ca2+ release appears to depend critically on the way in which IP3 appears in the 

cytoplasm. 

To address the question of why mitochondrial responses should depend on the 

way in which IP3 appears in the cytoplasm, we must consider the differences between the 

technical approaches we have taken. First, when an extracellular pulse of ATPis used to 

activate the phosphoinositide signaling cascade, intracellular IP3 generation is phasic (it 

begins with P2Y activation and ends shortly after ATP is withdrawn from the bathing 

medium). In contrast, when introduced through the patch pipette, IP3 is persistently and 

chronically present in the cytoplasm. One consequence is that the cytosolic Ca2+ 

transients show quantitative differences—sharp and brief with bath-applied ATP, but 
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broad and prolonged for IP3applied through the patch pipette, with correspondingly 

different peak amplitudes (large with bath-applied ATP, small with patch-deliveredIP3. 

These differences are evident when comparing Figures 4.2 and 4.10. As a result, 

mitochondria are presented with cytosolic Ca2+ in vastly different ways: at a high 

concentration for less than 30 seconds with ATP, and at a much lower concentration but 

for ~2.5 – 3 minutes with patch-pipette-delivered IP3. If cortical (sub-plasma-membrane) 

mitochondria have a largerdriving force for Ca2+ uptake compared to mitochondria in the 

cell interior, then preferential Ca2+uptake by cortical mitochondria would be favored by a 

large but brief episode of Ca2+ release—the type evoked byP2Y receptor activation. In 

contrast, modest but prolonged Ca2+ release from the ER extends Ca2+ availability, giving 

interior mitochondria the opportunity to take up Ca2+ significantly as well; this would be 

the situation with exogenous IP3. In this view, preferential Ca2+ uptake by cortical 

mitochondria during phasic Ca2+ release is a kinetic consequence. 

We now turn to the situation where caged IP3 was introduced through the patch 

pipette and then photolyzed to generate IP3 in the cytoplasm. The uncaging duration of 

IP3 is short (30 ms), and the photoreleased IP3 islikely to be metabolized very quickly 

(e.g., by IP3 kinase to IP4, which cannot activate IP3Rs).Thus one might expect that 

IP3photoreleasewould evoke phasic Ca2+ release. This was indeed the case—

IP3photorelease evoked modest Ca2+ transients lasting ≤ 60 s (see Figure 4.6). One aspect 

of IP3photorelease deserves attention, however. Photolysis was achieved with a spot of 

UV light ~5 µm in diameter. Assuming an optical resolution in the z-direction of ~1 µm 

means that uncaging occurred in a volume of ~20 µm3. Taking the average diameter of a 

rat NGN to be ~40 µm gives a cell volume of ~33,500 µm3. This means uncaging 
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occurred in a region with ~1/1700 of the cell volume. IP3 in the cytoplasm has a diffusion 

coefficient of D = 283 µm2/s (Allbritton et al., 1992). Diffusion of molecules in a volume 

is described by d = (6Dt)1/2, where d is the distance, D is the diffusion coefficient, and t is 

time. For IP3 to cover a distance equivalent to the NGN diameter (40 µm) by diffusion 

requires a length of time t = d2/6D = 0.9 second. Thus, IP3 generated in a small volume 

anywhere in the cell can rapidly spread throughout the cell—this was the conclusion of 

Stryer and colleagues who first investigated the intracellular signaling behavior of IP3 

(Allbrittonet al., 1992). Therefore, IP3photoreleased in the 20-µm3uncaging volume does 

not remain localized, but becomes rapidly diluted into the 1700-fold larger cell volume. 

Therefore, as performed in the present experiments, uncaging generates a small, phasic 

IP3 release that becomes spatially uniform on the order of ~1 second. Thus, we would 

expect a modest global cytosolic Ca2+ transient of brief duration, which should lead to a 

modest mitochondrial Ca2+ transient, as shown in Figure 4.12. The images shown in 

Figure 4.12 also show that mitochondrial response to IP3photorelease was relatively 

feeble and was not obviously heterogeneous across the cell. Two potential reasons could 

account for this, both relate to signal-to-noise issue. First, the signal-to-noise ratio of the 

images may be sufficiently low to make spatial heterogeneity difficult to discern. 

Alternatively, we recall that although ~80% of rhod-2 is in the mitochondria, ~10 % 

reside in the cytosol. A feeble IP3photorelease could evoke very modest Ca2+ release, but 

the resulting increase in cytosolic [Ca2+] may be too feeble as to allow only very minimal 

Ca2+ uptake into mitochondria. The net result would be that the rhod-2 fluorescence 

increase would be principally cytosolic in origin, and thus more uniform across the cell. 

These two possibilities are not mutually exclusive. 
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Figure 4.12 
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Figure 4.12: Mitochondrial Ca2+ transient evoked by photoreleased IP3 
Caged IP3 (500 µM) was delivered via patch pipette into an NGN loaded with rhod-2 to 
monitor mitochondrial [Ca2+]. Photolysis of caged IP3 was achieved with a 30-ms UV 
flash delivered to a 5-µm diameter spot. The red trace shows the time course of the 
mitochondrial Ca2+ transient; the black triangle marks the time of photolysis. Three 
images corresponding to time points marked by blue filled circles (and labeled “A”, “B” 
and “C”) on the red trace are shown below the trace. There is no apparent spatial 
heterogeneity in the mitochondrial response across the cell. Analyzing the intensity 
profiles across the three images, A, B, and C, yielded the traces shown at the bottom. 
These traces are distinctly different from those in Figure 3.1, where sub-plasma-
membrane mitochondrial response was most intense. 
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When using exogenous IP3 delivered via patch pipette to trigger IP3R-mediated 

Ca2+ release, we found clearly discernible mitochondrial Ca2+ uptake, but no readily 

detectable increase in NADH production (Figure 4.8). Three potential explanations can 

be offered. First, one could make the not unreasonable claim that the whole-cell 

configuration is unphysiological, and that normal signaling mechanisms may become 

de-coupled; this is not an attractive argument, nor is it informative. A second possibility 

is that perhaps from the patch pipette, IP3 had hindered access to the cytoplasm. This 

might rationalize why IP3 delivered via pipette always evoked a much smaller Ca2+ 

transient than did extracellularly applied ATP. But hindered access implies slow access, 

and this is not consistent with what was observed—the rising phases of the Ca2+ 

transients evoked by ATP and by pipette-delivered IP3 were not very different. The third 

possibility is that mitochondrial uptake of IP3-evoked Ca2+ release may be different in 

one quantitative aspect: that larger Ca2+ release may be required. In Figure 4.8, showing 

mitochondrial Ca2+ and NADH signals in parallel, whereas pulse stimulation by step 

depolarization and caffeine both caused corresponding rises in Ca2+ and NADH signals, 

pipette-delivered IP3 did not—there was no detectable change in NADH fluorescence. 

We note that the Ca2+ transient evoked by IP3 was much smaller than those evoked by 

depolarization and caffeine. Similar behavior can be seen in Figure 4.8. This third 

possibility requires a mechanism for differential Ca2+ sensitivity of NADH production; 

such a mechanism is still unknown. 

The discussion above is an attempt to rationalize why the two sets of findings, 

made using very different protocols (physiological vs. nonphysiological), were different. 

While this is a useful exercise, we do not lose sight of an important point—the results 
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obtained through physiological activation of IP3Rs with extracellularly appliedATP 

wereinternally consistent, wereconsistent with the earlier findings on mitochondrial 

handling of RyR-mediated Ca2+ release, and are consistent with what we know of the 

bioenergetics of the mitochondria. 
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CHAPTER 5 

DISCUSSION 
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Thereare two type of Ca2+ channels that mediate Ca2+ release from the ER: 

ryanodine receptor (RyR) channels and inositol 1,4,5-trisphosphate receptor (IP3R) 

channels.Both IP3R and RyR channels are expressed in most neurons (Verkhratsky, 

2002). In particular, RyRs and IP3Rs are both expressed in rabbit NGNs (Hoesch et al., 

2002). When Ca2+ is released from the ER into the cytosol through these two channels, 

Ca2+ clearance from the cytosol is mediated by several mechanisms:1) re-uptake into the 

ER by the SR/ER Ca2+-ATPase, SERCA, 2) extrusion out of the cell by the plasma 

membrane Ca2+-ATPase, PMCA, or by the Na+/Ca2+-exchanger, NCX, and 3) uptake into 

mitochondria through the mitochondrial Ca2+uniporter. 

 

Mitochondrial handling of Ca2+ released through RyR channels and IP3R channels 

In the present study, we showed that Ca2+ can be released from the ER when 

RyRs or IP3Rs are activated. The released Ca2+ can be taken up by mitochondria. When 

caffeine was used to stimulate Ca2+-induced Ca2+ release through RyRs, mitochondria in 

the sub-plasma-membrane region preferentially took up the released Ca2+ compared to 

mitochondria in the cell interior. By using focal photoactivation of RyRs in different 

subcellular locations, we showed that the regional differences in mitochondrial uptake 

affected the cytosolic Ca2+ signal differently: locally activated RyR-mediated Ca2+ 

transients decayed more slowly in the sub-plasma-membrane region than in the cell 

interior. With respect to the linkage between mitochondria Ca2+ signals and energy 

metabolism, previous work in the laboratory showed that a rise in mitochondrial [Ca2+] 

caused by uptake of Ca2+ following caffeine-evoked CICR was always accompanied by a 

rise in NADH levels. 
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When we used a physiological agonist, ATP, to trigger the generation of IP3 

through the phospholipase C pathway, the Ca2+ uptake behavior of mitochondria was 

spatially heterogeneous⎯mitochondria in the sub-plasma-membrane region again took 

up the released Ca2+ preferentially compared to those in the cell interior. The consequent 

increase in mitochondrial [Ca2+] was accompanied by a corresponding rise in NADH 

levels. Thus, mitochondrial handling of RyR-mediated Ca2+ release and IP3R-mediated 

Ca2+ release mirror each other. 

 

Subcellular variation of mitochondrial membrane potential 

We used two potentiometric dyes, TMRM and JC-1 to examine mitochondria. 

Both are lipophilic cationic dyes that preferentially partition into mitochondria, but JC-1 

has the property that its fluorescence emission wavelength depends on its state of 

aggregation, which in turn depends on the lumenal dye concentration, which is in turn a 

function of mitochondrial potential. The color of JC-1 fluorescence is thus an index of 

how polarized the mitochondrial membrane potential is. Using JC-1 led us to deduce that 

the sub-plasma-membrane mitochondria have a more hyperpolarized mitochondrial ΔΨ. 

This likely underlies the ability of these mitochondria to take up Ca2+ more avidly. 

 

Cellular physiological consequence of differential Ca2+ handling near the plasma 

membrane 

 The activity of Ca2+-activated K+ channels in the plasma membrane can be 

regulated by CICR (Moore et al., 1998). The observation that locally evoked RyR-

mediated Ca2+ transients are more persistent in the region near the plasma membrane may 
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thus have physiological consequences. The prolonged cytosolic Ca2+ signal may 

contribute to K+ channel’s activity and thus modulate neuronal excitability. This could be 

tested by locally photoactivating CICR in different subcellular regions with the 

mitochondria being either polarized or depolarized, while monitoring the Ca2+-activated 

K+ current. 

The studies reported here provide a view into the Ca2+ handling behavior of 

mitochondria within a cellular context. Our findings reveal that although the underlying 

mechanisms are complex, they are also orderly and comprehensible. The present studies 

are at the level of cellular physiology. In future, it would be illuminating to understand 

the Ca2+ handling mechanisms at an even more microscopic, structural level.  
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