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Abbrevations 
ADPR  adenosine diphosphoribose 

AM acetoxylmethyl ester 
AMP adenosine monophosphate 

ACR-1 Asante Calcium Red-1 
ATP adenosine triphosphate 

 [Ca2+]i free cytoplasmic calcium concentration 
cADPR cyclic adenosine diphosphoribose 

CAM calmodulin 
cAMP cyclic adenosine monophosphate 

CCD charge-coupled device 
CD cluster of differentiation 

CDI Ca2+-dependent inactivation 
CFP cyan fluorescent protein 

CICR calcium induced calcium release 
CRAC calcium release activated channels 

cSMAC central supramolecular activation cluster 
CTL CD8+ cytotoxic T lymphocyte 

DAG diacylglycerol 
DMSO dimethyl sulfoxide 

dSMAC  distal supramolecular activation cluster 
Epac1 exchange protein activated by cAMP 1 

ER endoplasmic reticulum 
FITC fluorescein isothiocyanate 

FRET fluorescence resonance energy transfer 
FWHM full width at half maximum 

ICAM-1 intercellular adhesion molecule-1 
ITAMs immuno-receptor tyrosine-based activation motifs 

IP3 D-myo-inositol-1,4,5-trisphosphate 
IP3R D-myo-inositol-1,4,5-trisphosphate receptor 

kDa kilodalton 
KO knockout 

Lat linker of activated T cells 
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Lck lymphocyte-specific protein tyrosine kinase 

LPC2 lymphocyte cytosolic protein 2 
LR Lucy-Richardson deconvolution 

mAb monoclonal antibody 
MHC major histocompatibility complex 

NAAD nicotinic acid adenine dinucleotide 
NAADP nicotinic acid adenine dinucleotide 2’-phosphate 

NAD nicotinamid adenine dinucleotide 
NADP nicotinamid adenine dinucleotide 2’-phosphate 

NCX Na+/Ca2+ exchanger 
Orai1 Calcium release-activated calcium channel protein 1 

OVA ovalbumin 
PBS phosphate – buffered salt solution 

PMCA plasma membrane Ca2+ ATPase  
PSF point-spread-function 

pSMAC peripheral supramolecular activation cluster 
RT room temperature 

RyR ryanodine receptors 
SEM standard error of mean 

SERCA sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 
SLP-76 lymphocyte cytosolic protein 2 

SNR signal-to-noise ratio 
SOAR STIM-Orai activating region 

SOCE store-operated Ca2+ entry 
STIM stromal interaction molecule 

TCR T cell receptor 
TIRF total internal reflection fluorescence 

TPC two pore channel 
TRP  transient receptor potential channels 

TRPM melastatin subfamily of TRP channels 
TRPM2 transient receptor potential channel, subfamily melastatin, member 2 

TRP-ML mucolipin subfamiliy of TRP channels 
WNR Wiener deconvolution 

WT wildtype 
YFP yellow fluorescent protein 
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Abstract 
Activation of T lymphocytes is the fundamental on-switch of the adaptive immune sys-

tem. Calcium (Ca2+) signaling is essential for T lymphocyte activation and is supposed 

to start by initial, localized Ca2+ microdomains. However, in contrast to excitable cells, 

in T lymphocytes such initial Ca2+ microdomains have not yet been characterized.  

In this thesis, a new high resolution imaging method that allows for the first time to 

characterize initial Ca2+ microdomains in Jurkat T lymphocytes as well as primary mu-

rine T lymphocytes, was developed (2.2; Wolf et al., 2015). A combination of two Ca2+ 

sensitive dyes (Fluo-4 and Fura Red) enables the fast acquisition (approx. 40 

frames/sec) of Ca2+ microdomains despite cellular movement and changes in cell shape. 

Further, the Ca2+ signaling method is technically limited by an amplitude differences as 

low as 18 nM (Jurkat T lymphocytes) or 32 nM (primary T lymphocytes) at a calculated 

spatial resolution of ~368 nm. Using antibody-coated beads, with the size of T lympho-

cytes, a cell-cell interaction could be mimicked and thus a directed activation of T lym-

phocytes was obtained. Directly after contact with an antibody-coated bead, Ca2+ mi-

crodomains were observed at the site of stimulation in Jurkat and primary wildtype 

(WT) T lymphocytes. Interestingly, the initial Ca2+ signals showed a bi-phasic pattern. 

In contrast, in ryanodine receptor (RyR) knockdown Jurkat and primary RyR1-knockout 

(KO) T lymphocytes the number of Ca2+ microdomains was significantly reduced and 

moreover, no bi-phasic pattern was detected. 

Since in primary and Jurkat lymphocytes, initial Ca2+ microdomains were observed very 

close to the plasma membrane, an early Ca2+ entry component was considered to be 

involved. Since transient receptor potential channel, subfamily melastatin, member 2 

(TRPM2) is a candidate channel for Ca2+ entry, primary murine TRPM2-KO T lympho-

cytes were analyzed. However, there was no significant difference in the number of 

Ca2+ microdomains per cell and Ca2+amplitude compared to the primary murine WT T 

lymphocytes. Thus, TRPM2 seems not to be involved in the formation of initial Ca2+ 

microdomains in primary T cells.  

To analyze the direct influence of NAADP on the initial localized Ca2+ signals, NAADP 

was directly microinjected in Jurkat T lymphocytes. In Jurkat T lymphocytes, initial 

Ca2+ signals after microinjection of NAADP were already observed after 20 msec fol-
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lowing a global activation of the cell. In RyR-knockdown Jurkat T lymphocytes neither 

initial Ca2+ signals nor a global activation was observed. Thus, already the initial, very 

fast Ca2+ signals were depend on functional RyRs, suggesting that the RyRs are directly 

targeted by NAADP. 

Furthermore, the well established but time-consuming analysis workflow was automa-

tized and implemented in MATLAB (MathWorks), resulting in a up to 24 times faster 

post processing time (2.1; Schetelig et al., 2015). During this process different deconvo-

lution algorithms were compared and the bleach-correction of Fura Red was additional-

ly optimized. 

Taken together, the high resolution imaging method described here allowed for the first 

time to characterize initial Ca2+ microdomains in T lymphocytes and to obtain evidence 

for important roles of RyRs in such signals. 
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Zusammenfassung 
Calcium (Ca2+) ist essentiell für die Aktivierung von T-Lymphozyten und somit für die 

Mobilisierung des adaptiven Immunsystems. Es wird vermutet, dass globale Ca2+ Signa-

le aus initialen, lokalen Ca2+ Mikrodomänen entstehen. Bisher konnten solche initialen, 

lokalen Ca2+ Mikrodomänen aber nur in erregbaren Zellen charakterisiert werden nicht 

aber in T-Lymphozyten.  

In der vorliegenden Doktorarbeit, wurde eine hochauflösende Ca2+ Life-Cell-Imaging 

Methode entwickelt, mit der es zum ersten Mal möglich war initiale Ca2+ Mikrodomä-

nen in Jurkat T-Lymphozyten und primären Maus T-Lymphozyten zu charakterisieren 

(2.2; Wolf et al., 2015). Eine Kombination aus zwei Ca2+ sensitiven Farbstoffen (Fluo-4 

und Fura Red) ermöglichte die Aufnahme von ca. 40 Bildern/sec, und dies obwohl sich 

die T-Lymphozyten bewegten und ihre Zell-Form veränderten. Mit der neuen Ca2+ Life-

Cell-Imaging Methode war es möglich noch Differenzen in der Ca2+ Amplitude von bis 

zu 18 nM bei Jurkat und 32 nM bei primäre T-Lymphozyten zu unterscheiden und dies 

bei einem berechneten Auflösungsvermögen von ~368 nm. Um die T-Lymphozyten 

gerichtet zu aktivieren und somit eine Zell-Zell-Interaktion zu imitieren, wurden Beads, 

welche die Größe von Jurkat T-Lymphozyten besitzen, mit aktivierenden Antikörpern 

beschichtet. Direkt nach dem Kontakt mit solchen Antikörper-beschichteten Beads, 

konnten sowohl in Jurkat als auch in primären Wild Typ (WT) T-Lymphozyten Ca2+ 

Mikrodomänen, direkt an der Kontaktstelle, detektiert werden. Interessanterweise, 

konnte hierbei ein bi-phasisches Ca2+ Signal beobachtet werden. Sowohl in Ryanodine 

Rezeptor (RyR) knockdown Jurkat und primären RyR1-KO T-Lymphozyten war dage-

gen die Anzahl der Ca2+ Mikrodomänen war signifikant reduziert und darüber hinaus 

konnte kein bi-phasisches Ca2+ Signal detektiert werden. 

Da sowohl in den primären als auch in den Jurkat T-Lymphozyten die initialen Ca2+ 

Signale direkt an der Plasmamembran detektiert wurden, wurde vermutet, dass ein frü-

her Ca2+ Einstrom an der Entstehung der Ca2+ Mikrodomänen beteiligt sein könnte. Da-

her wurde zusätzlich Transient Rezeptor Potential Kanal, Subfamilie M, Subtyp 2 

(TRPM2) als ein möglicher Ca2+ Einstrom-Kanal in der Plasmamembran untersucht. Es 

konnte aber kein signifikanter Unterschied in der Anzahl der Ca2+ Mikrodomänen und 

der Ca2+ Amplitude zwischen TRPM2-KO und WT T-Lymphozyten detektiert werden. 
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TRPM2 scheint daher nicht an der Entstehung der initialen Ca2+ Mikrodomänen in T-

Lymphozyten beteiligt zu sein. 

Um den direkten Einfluss von NAADP auf die Entstehung der initialen Ca2+ Signale zu 

untersuchen, wurde NAADP direkt in Jurkat T-Lymphozyten mikroinjiziert. In Jurkat 

T-Lymphozyten konnten bereits nach 20 msec initiale Ca2+ Signale detektiert werden, 

welche nachfolgend zu einer globalen Aktivierung der Zelle führten. In RyR knock-

down Jurkat T-Lymphozyten konnten weder initiale Ca2+ Signale noch ein globale Ak-

tivierung der Zelle detektiert werden. Somit sind bereits die initialen Ca2+ Mikrodomä-

nen abhängig von funktionalen RyR und NAADP scheint direkt auf die RyR zu wirken. 

Zusätzlich wurde der etablierte, aber zeitlich gesehen sehr aufwendige, Analyse-

Workflow  automatisiert und in MATLAB implementiert (MathWorks), wodurch die 

Nachbearbeitungs-Zeit um das bis zu 24 fache beschleunigt werden konnte (2.1; Schete-

lig et al., 2015). Außerdem wurden noch verschiedene Dekonvolutions-Algorithmen 

miteinander verglichen und die Bleichkorrektur von Fura Red optimiert.  

Zusammenfassend konnte mit der neu etablierten hochauflösenden Ca2+ Life-Cell-

Imaging Methode zum ersten Male initiale Ca2+ Mikrodomänen in T-Lymphozyten cha-

rakterisiert werden und zusätzlich wurde der Einfluss der RyRs auf die Entstehung sol-

cher Ca2+ Signale verdeutlicht. 
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1 Introduction 
 

1.1 Role of T lymphocytes in the immune system 

 

Every multicellular organism has to fight pathogens such as bacteria, viruses and unicel-

lular and multicellular parasites as well as malignantly transformed cells. Therefore, 

during evolution the immune system was established, which is a complex network from 

a variety of effector cells and biomolecules (Kenneth Murphy, 2011).  

The mammalian immune system can be differentiated in two main sections, the innate 

immunity, and the specific, adaptive immunity. T lymphocytes, together with B lym-

phocytes, form the adaptive immune response. There are two main subpopulations of T 

lymphocytes, the CD8+ cytotoxic T lymphocytes (CTLs) and the CD4+ T-helper-

lymphocytes (Th lymphocytes). CTLs kill infected and transformed cells. In contrast, Th 

lymphocytes activate macrophages and B lymphocytes. CD4+ T lymphocytes can be 

further subdivided by their cytokine profile and transcription factors into Th1, Th2, Th17, 

Th9 lymphocytes and regulatory T lymphocytes (Tregs) (Broere et al., 2011; Kenneth 

Murphy, 2011). Tregs, opposed to all other T lymphocytes, exhibit immunosuppressive 

functions (reviewed in Safinia et al., 2015). 

1.1.1 Activation of T lymphocytes 

The activation of T lymphocytes is tightly coordinated in a temporal and spatial fashion 

and in the end leads to clonal expansion (reviewed in Feske, 2007; Samelson, 2002). 

The functional T cell receptor-complex is made up of a highly variable, antigen-binding 

T cell receptor (TCR) α:β heterodimer with four invariant signaling chains collectively 

called CD3 (Call et al., 2002; Exley et al., 1991). Every TCR recognizes one specific 

antigenic peptide bound to major histocompatibility complexes (MHC) presented on the 

surface of antigen-presenting cells (APCs). Signaling from the TCR is initiated, after 

TCR-MHC ligation (Fig. 1). Then Ca2+ releasing second messengers, e.g. D-myo-

inositol‐1,4,5‐trisphosphate (IP3), cyclic ADP-ribose (cADPR) and nicotinic acid ade-

nine dinucleotide phosphate (NAADP), are formed (Ernst et al., 2013). NAADP triggers 
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the initial release of Ca2+ that is amplified by cADPR and/or IP3 through calcium in-

duced calcium release (CICR; Ernst et al., 2013; Gasser et al., 2006; Guse et al., 2013). 

The CICR is mediated by ryanodine receptors (RyR) and IP3-receptors (IP3R) on the 

endoplasmic reticulum (ER) membrane (Endo, 2009) subsequently leading to store-

operated Ca2+ entry (SOCE) and a sustained global Ca2+ signal (Kummerow et al., 

2009; Soboloff et al., 2012). These elevated Ca2+ concentrations induce proliferation 

and differentiation of the T lymphocytes via transcription factors like NFAT (nuclear 

factor of activated T cells), NF‐κB (nuclear factor‐κB) and CREB (cyclic‐AMP‐ respon-

sive‐element‐binding protein) (Fig. 1; Feske, 2007).  

 

 

Fig. 1 Simplified model of the intracellular signaling pathways initiated after T lympho-
cyte activation through the TCR 

After antigen recognition through the TCR complex protein tyrosine kinases, such as LCK and 
ZAP70 (ζ-chain-associated protein kinase of 70 kDa) are activated. This initiates the phosphory-
lation of adaptor proteins, like SLP76 (SRC-homology-2-domain-containting leukocyte protein 
of 76 kDa) and LAT (linker of activation of T cells). Next TEC kinase ITK (interleukin-2-
inducible T-cell kinase) and phospholipase Cγ1 (PLCγ1) are activated and recruited to the 
plasma membrane. The membrane phospholipid phosphatidylinositol‐4,5‐bisphosphate 
(PtdIns(4,5)P2) is then selectively cleaved by PLCγ1 resulting in two end products, inositol‐
1,4,5‐trisphosphate (IP3) and diacylglycerol (DAG). IP3 as well as cyclic ADP-ribose (cADPR) 
and nicotinic acid adenine dinucleotide phosphate (NAADP) trigger the release of Ca2+ from 
intracellular stores resulting in an increased cytosolic Ca2+ concentration. Upon Ca2+ release 
from ER the stromal interaction molecule 1 (STIM1) is stimulated and translocates to the plas-
ma membrane where in turn calcium‐release‐activated calcium (CRAC) channels are activated. 
Through the open CRAC channels Ca2+ can enter the cytosol, leading to a further and sustained 
elevation of the intracellular Ca2+ concentration and thus activating Ca2+‐dependent enzymes, 
like calcineurin. This in the end induces the translocation of transcription factors, like NFAT 
(nuclear factor of activated T cells), NF‐κB (nuclear factor‐κB) and CREB (cyclic‐AMP‐ re-
sponsive‐element‐binding protein) to the nucleus. IP3 receptors (IP3Rs); CaMK (calmodulin‐
dependent kinase); GADS (growth‐ factor‐receptor‐bound‐protein‐2‐related adaptor protein); 
IKK (inhibitor of NF‐κB kinase); RyR (ryanodine receptor) (modified from Feske, 2007).  
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Signaling through the TCR complex alone is not sufficient to activate naïve T lympho-

cytes. APCs that can activate naïve T lymphocytes also express co-stimulatory mole-

cules for example B7.1 (CD80) and B7.2 (CD86) on the cell surface. These co-

stimulatory molecules bind to co-stimulatory receptors, in this case, CD28 on naïve T 

lymphocytes (reviewed in Acuto and Michel, 2003). To become fully activated T lym-

phocytes must bind to the antigen presented on MHC and the co-stimulatory molecule 

on the same APC, this contact has to last several hours to induce changes in gene ex-

pression, at least in CD4+ T lymphocytes (Feske, 2007). However, the lytic granule ex-

ocytosis from CTLs upon TCR stimulation and the first signs of cell death of the target-

ed cell occur within less than 5 mins after ligation (Lyubchenko et al., 2001). Instead of 

a cell-cell-interaction, the release of lytic granules was achieved by the addition of anti-

CD3 antibodies (Lyubchenko et al., 2001). In Jurkat T lymphocytes Ca2+ signals upon 

activation with anti-CD3 antibodies (Okt3) were already observed within seconds (Guse 

et al., 1997a; da Silva et al., 1998).  

 

1.2 Calcium - an universal messenger in signal transduction 

 

Calcium ions (Ca2+) are a universal messenger in the human body and are used through-

out the life history, beginning with fertilization and going on with proliferation, devel-

opment, learning and memory (Berridge et al., 2000; Carafoli, 2003). Ca2+ plays a direct 

role in controlling transcriptional events and also apoptosis; thus, the Ca2+ concentra-

tions inside the cell are tightly regulated. Through a complex system containing Ca2+-

pumps and Ca2+-binding proteins (e.g. calmodulin) a high electrochemical gradient be-

tween cytosol, and the extracellular space and/or intracellular stores is established. In 

the cytosol the Ca2+ concentration at rest is approx. 30 to100 nM compared to the extra-

cellular space with a Ca2+ concentration around 1 mM (Berridge et al., 2000). Further-

more, intracellular Ca2+ stores like the endoplasmic reticulum (ER), lysosomes, or Golgi 

apparatus have luminal Ca2+ concentrations around 60-800 µM (Feske, 2007; Lloyd-

Evans et al., 2008; Miyawaki et al., 1997; Pinton et al., 1998).  

Once the cell is stimulated, the cytosolic Ca2+ concentration rises rapidly up to 1000 nM 

(Berridge et al., 2000). There are two possible ways Ca2+ can enter the cytosol, (1) from 
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the extracellular space through Ca2+ pores in the cell membrane, or (2) through Ca2+ 

release from intracellular Ca2+ stores (Berridge et al., 2000). The rise in [Ca2+]i stimu-

lates Ca2+ dependent signaling proteins. To return to the initial Ca2+ gradient the ER is 

replenished via sarco/endoplasmic reticulum Ca2+-ATPases (SERCAs) on the intracellu-

lar membranes (Toyoshima and Nomura, 2002; Toyoshima et al., 2000) and Ca2+ 

ATPases in the plasma membrane (PMCA) pump Ca2+ into the extracellular space. Fur-

thermore, various Ca2+ binding proteins buffer Ca2+ and thus control the Ca2+ concentra-

tion inside the cell (reviewed in Gilabert, 2012; Yáñez et al., 2012).  

1.2.1 Release of Ca2+ from intracellular Ca2+ stores  

The release of Ca2+ from intracellular Ca2+ stores is mediated by Ca2+ mobilizing second 

messengers. Up to now three different Ca2+ mobilizing second messengers have been 

described. These are D-myo-inositol 1,4,5-triphosphate (IP3), cyclic ADP-ribose 

(cADPR) and nicotinic acid adenine dinucleotide phosphate (NAADP). 

IP3 is the best-characterized second messenger and its Ca2+ releasing activity was first 

described in the early nineteen eighties in pancreatic acinar cells (Streb et al., 1983). 

After T lymphocyte stimulation, membrane phospholipid phosphatidylinositol‐4,5‐

bisphosphate (PtdIns(4,5)P2) is enzymatically cleaved by PLCγ1 resulting in two end 

products, IP3 and diacylglycerol (DAG) (Feske, 2007). IP3 binds to the IP3 receptor 

(IP3R), a ligand-activated Ca2+ channel, located on the ER which triggers Ca2+ release 

(reviewed in Foskett et al., 2007). There are three different subtypes of IP3Rs (IP3R1, -2, 

-3) (reviewed in Mikoshiba et al., 1994) which form homo- and heterotetrameric chan-

nels (Alzayady et al., 2013; Taylor et al., 1999; Wojcikiewicz and He, 1995). The ac-

tivity of all IP3R subtypes is mainly regulated by Ca2+ and IP3 (Foskett et al., 2007). In 

general, low Ca2+ concentrations (100-300 nM) increase the open probability of IP3R 

whereas higher Ca2+ concentrations (above 300 nM) inhibit the Ca2+ release from IP3R 

(Berridge et al., 2000; Foskett et al., 2007). Interestingly, IP3R3 has the highest affinity 

to Ca2+ followed by IP3R2 and IP3R1 shows the lowest affinity to Ca2+ (Tu et al., 2005). 

Just recently was discovered that each of the four IP3R subunits must bind IP3 before the 

receptor can open (Alzayady et al., 2016; Taylor and Konieczny, 2016). 

Another Ca2+ mobilizing second messenger is cADPR whose function was first ob-

served in sea urchin egg homogenates (Lee et al., 1989). By now cADPR has been 

shown to provoke Ca2+ signals in approx. 40 different cell types from protozoa to 

mammals (Galione and Churchill, 2002; Guse, 2004). Furthermore, cADPR is involved 
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in diverse cellular processes like fertilization, secretion, and contraction (Lee, 2001). 

cADPR is enzymatically synthesized from NAD by ADP-ribosylcyclases. In T lympho-

cytes stimulation via the TCR induces the production of cADPR (Guse et al., 1995a, 

1997b, 1999). cADPR mobilizes Ca2+ release by targeting the Ryanodine receptor 

(RyR) on the ER (reviewed in Lee, 2001, 2011) and augments the Ca2+ induced Ca2+ 

release (Galione et al., 1991; Lee, 1993). Accordingly in RyR-knock down T lympho-

cytes a suppressed Ca2+ signal was observed (Schwarzmann et al., 2002).  

The most potent Ca2+ releasing second messenger is NAADP (reviewed in Guse and 

Lee, 2008; Lee, 2000). In contrast to IP3 and cADPR, NAADP releases Ca2+ from intra-

cellular Ca2+ stores already at nanomolar concentrations. Fig. 2 summarizes present data 

showing the concentrations of the second messengers upon T lymphocyte stimulation 

with their corresponding [Ca2+]i increase. NAADP and its putative target receptors will 

be described in detail below, in chapter 1.3. 

 

 

Fig. 2 Concentration of Ca2+ mobilizing second messengers after T lymphocyte stimulation 
with anti-CD3 antibodies (Okt3) 

Shown are the concentrations of the Ca2+ mobilizing second messengers NAADP (Gasser et al., 
2006), cADPR (Guse et al., 1999) and IP3 (Guse et al., 1993) as well as the global [Ca2+]i after 
stimulation of Jurkat T lymphocytes with anti-CD3 antibodies (Okt3). Arrow indicates addition 
of Okt3. 
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1.2.2 Ca2+ entry from extracellular space  

Ca2+ signals arise from a combination of Ca2+ release from intracellular stores, predom-

inantly from the ER, and Ca2+ entry across the plasma membrane. After the activation of 

T lymphocytes, Ca2+ release from intracellular Ca2+ stores leads to Ca2+ depletion in the 

lumen of the ER, which subsequently triggers Ca2+ entry from the extracellular space 

(Soboloff et al., 2012). In 2005 the stromal interaction molecules (STIM) (Liou et al., 

2005; Roos et al., 2005) and a year later the calcium release-activated calcium modula-

tor (Orai) were identified as key proteins in this process called SOCE (Feske et al., 

2006; Vig et al., 2006; Zhang et al., 2006).  

The STIM proteins (STIM1, STIM2) are highly conserved type 1a single-span mem-

brane proteins (Manji et al., 2000) predominantly located in the ER (Hewavitharana et 

al., 2008; Williams et al., 2001). They are largely conserved across species and are 

broadly expressed in many tissues and organs (Oh-hora et al., 2008; Williams et al., 

2001). Highest RNA expressions of STIM1 and STIM2 in human tissue samples were 

found in pancreas, skeletal muscle, placenta, brain and heart revealed by northern blot 

analysis (Williams et al., 2001). The luminal domain of the STIM proteins contains two 

EF-hand motifs, to sense small changes in the ER Ca2+ concentration and a sterile α-

motif (SAM) domain (Stathopulos et al., 2006, 2008). Furthermore, the cytosolic do-

main comprises an STIM-Orai activating region (SOAR), which mediates the coupling 

to Orai (Kawasaki et al., 2009; Yang et al., 2012; Yuan et al., 2009). Interestingly, 

STIM1 and STIM2 differ in their functional properties, e.g. the EF-hand domains of 

STIM1 and STIM2 have different affinities to Ca2+, respectively ∼250 µM and 

∼500 µM, (Stathopulos et al., 2006, 2008; Zheng et al., 2008). Thus, STIM2 is already 

activated at smaller decreases in ER Ca2+ concentrations, near to the ER Ca2+ resting 

levels, compared to STIM1 (Brandman et al., 2007). Interestingly, upon activation 

STIM1 forms visual punctae with Orai1 at ER-plasma membrane junctions (Prakriya 

and Lewis, 2015). In contrast, STIM2 is not redistributing to visual punctae (Soboloff et 

al., 2006). In line with these results STIM2 is also a significantly weaker activator of 

Orai1 (Bird et al., 2009). This effect was recently pinpointed to the amino acid sequenc-

es of the SOARs (Wang et al., 2014b). The SOAR of STIM1, with a phenylalanine resi-

due at position 394 is a full Orai1-agonist, whereas the SOAR of STIM2, with a leu-

cine-replacement at position 394, is just a partial agonist (Wang et al., 2014b). Taken 

together, STIM1 seems to be the Ca2+ sensor for SOCE (Luik et al., 2008; Prakriya and 
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Lewis, 2015) while STIM2 regulates basal Ca2+ concentrations inside the cell (Bird et 

al., 2009). 

The Orai proteins are composed of three subtypes (Orai1, Orai2 and Orai3) and form 

the calcium release activated channel (CRAC) pore (Prakriya et al., 2006; Yeromin et 

al., 2006; Zhou et al., 2010). In T lymphocytes, in particular Orai1, is responsible for 

SOCE (Shaw et al., 2013). When overexpressed in different cell types Orai2 and Orai3 

form functional Ca2+ channels (DeHaven et al., 2007; Lis et al., 2007) but their physio-

logical role in T lymphocytes are still undefined (McCarl et al., 2009). Orai3 is only 

expressed in mammals (Shuttleworth, 2012) and the Orai3-induced store-operated Ca2+ 

currents were significantly slower compared to Orai1 and Orai2 (Lis et al., 2007). In 

mast cells, Orai2 is localized on secretory granules, maybe hinting to a new, different 

function of Orai2 (Ikeya et al., 2014). Generally, the functional roles of Orai 2 and 3 are 

poorly understood (Ikeya et al., 2014; Shuttleworth, 2012). Orai1 contains four trans-

membrane domains with two extracellular and one intracellular loop (Feske et al., 2006; 

Vig et al., 2006; Zhang et al., 2006) and the assembly of a hexameric Orai forms a func-

tional CRAC pore (Hou et al., 2012). In the C-terminal region of Orai1, a coiled-coil 

domain is present, which is required for the STIM1 binding and therefore the CRAC 

channel activation (Muik et al., 2008). Interestingly, in patch clamp experiments a fast 

(within tens of milliseconds) Ca2+-dependent inactivation (CDI) of CRAC was ob-

served, suggesting a local Ca2+ feedback (Shaw et al., 2013; Zweifach and Lewis, 

1995). 

Upon ER Ca2+ depletion, sensed by the dissociation of Ca2+ from luminal EF-hand do-

mains, STIM proteins oligomerize (Covington et al., 2010) and undergo rapid, reversi-

ble translocation to the plasma membrane (Fig. 3; Deng et al., 2009; Prakriya and Lewis, 

2015; Soboloff et al., 2012). For maximal CRAC channel activity, two STIM1 proteins 

need to bind one Orai1 (Hoover and Lewis, 2011) and dense ER-plasma membrane 

junctions are formed (Smyth et al., 2008). Once an activated STIM1-Orai1 complex is 

assembled Ca2+ enters the cytoplasm and a global and sustained Ca2+ influx is triggered, 

which in the end refills the luminal ER back to resting Ca2+ levels (reviewed in Prakriya 

and Lewis, 2015; Shaw and Feske, 2012; Shaw et al., 2013; Soboloff et al., 2012; Sri-

kanth and Gwack, 2013). The luminal STIM1 EF-hand domains again sense this refill-

ing through binding of Ca2+, leading to retreat from ER-plasma membrane junctions and 

the deactivation of Orai1 (Smyth et al., 2008; Stathopulos et al., 2008). The model for 

STIM1 activation and STIM1-Orai1 complex formation is shown in Fig. 3. 
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Fig. 3 Model of STIM1 activation and the Orai1 coupling process 

In the resting state the EF-Hands of STIM1 dimers are bound to Ca2+. Upon Ca2+ release from 
the ER, Ca2+ dissociates from the luminal EF-Hands and STIM1 is activated. STIM1 then starts 
to oligomerize and translocate into ER-plasma membrane junctions. The STIM-Orai activating 
region (SOAR) domain binds to and activates Orai1 proteins and Ca2+ can enter the cytosol. 
Each SOAR dimer interacts with one Orai1 protein (inlet). Low Ca2+ concentrations are purple 
and high concentrations are orange as indicated (modified from Soboloff et al., 2012). 

 

1.2.2.1 CRAC and SOCE in T lymphocyte activation 

For an efficient development of an immune response, T lymphocytes require sustained 

calcium influx through CRAC (Kummerow et al., 2009; Shaw and Feske, 2012) and the 

formation of a mature immunological synapse (reviewed in Dustin, 2014). During T 

lymphocyte stimulation mRNA expression of Orai1 and STIM1 are up-regulated and 

they translocate into the immunological synapse (Lioudyno et al., 2008; Quintana et al., 

2011). It is hypothesized that CRAC generate local Ca2+ influx microdomains for a sus-

tained T lymphocyte and thus NFAT activation (Quintana et al., 2011; Srikanth and 

Gwack, 2013). Mitochondria are also found in close proximity to CRAC in a mature 

synapse and PMCAs are re-distributed to decrease Ca2+ export (Quintana et al., 2011). 

Mitochondria are thought to act as Ca2+ buffers (Contreras et al., 2010; Pozzan et al., 

2000) that prevent CDI of CRAC in the immune synapse (Quintana et al., 2011; 

Schwindling et al., 2010).  

In patients with loss-of-function mutations in the Orai1 or the Stim1 genes, CRAC acti-

vation and consequently SOCE is abolished, resulting in severe immunodeficiency and 

autoimmunity with a clinical syndrome termed CRAC channelopathy (reviewed in Fes-
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ke, 2010; Shaw and Feske, 2012). For example CD4+ T lymphocytes from those pa-

tients show strongly reduced NFAT translocation as well as declined production of cy-

tokines like IL-2, IL-4, IFNγ and TNFα (Feske et al., 1996, 2001). In Orai1 knockout 

mice as well as non-functional Orai1 knock-in mice (Orai1KI/KI) SOCE in naïve T lym-

phocytes is only partially reduced, hinting that unlike in humans, Orai2 and Orai3 may 

provide essential Ca2+ entry (McCarl et al., 2010; Vig et al., 2008). But after in vitro 

differentiation with plate-bound anti-CD3 and anti-CD28 for two days, Orai1KI/KI T 

lymphocytes almost completely lack CRAC channel function (McCarl et al., 2010). 

These T lymphocytes failed to induce colitis and tolerated skin allografts longer than 

wildtype (WT) T lymphocytes (McCarl et al., 2010). Similar, deletion of either STIM1 

or STIM2 in murine T lymphocytes resulted in a decreased cytokine and NFAT produc-

tion (Oh-hora et al., 2008). A STIM1/STIM2 double knockout affected differentiation 

of T lymphocytes into Tregs and these mice establish signs of autoimmunity like blepha-

ritis and dermatitis (Oh-hora et al., 2008). 

1.3 Nicotinic acid adenine dinucleotide phosphate (NAADP) 

 

NAADP (Fig. 4) is the most potent, endogenous Ca2+ mobilizing second messenger 

(Chini et al., 1995; Lee and Aarhus, 1995) and triggers the release of Ca2+ from intracel-

lular Ca2+ stores already at low nanomolar concentrations (Berg et al., 2000; Clapper et 

al., 1987; Dammermann and Guse, 2005). In sea urchin egg homogenates this NAADP 

evoked Ca2+ release was first discovered, though it was thought at first that NADP was 

the effector (Clapper et al., 1987). It took eight years to reveal that NAADP, as an impu-

rity of NADP, was the actual Ca2+ mobilizing second messenger (Chini et al., 1995; Lee 

and Aarhus, 1995).  
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Fig. 4 Atomic Structure of Nicotinic acid adenine dinucleotide phosphate (NAADP)  

(http://www.chemspider.com/) 

	  

Upon specific extracellular stimulation fast production of NAADP was observed in 

many different cell types from clonal pancreatic beta cells (Masgrau et al., 2003), mouse 

pancreatic acinar cells (Yamasaki et al., 2005), myometrial cells (Soares et al., 2007), 

adipocytes (Song et al., 2012), myocytes (Lewis et al., 2012) as well as lymphokine-

activated killer cells (Rah et al., 2010) and human Jurkat T lymphoma cells (Gasser et 

al., 2006). The cytosolic concentration of NAADP in resting sea urchin eggs is approx. 

290 nM (Churchill et al., 2003) opposed to mammalian cells types with cytosolic con-

centration around 10 nM (Churamani et al., 2004; Gasser et al., 2006; Schmid et al., 

2012). Upon stimulation in Jurkat T lymphocytes the NAADP concentration increased 

up to approx. 35 nM, assuming an even distribution throughout the cell (Gasser et al., 

2006). Hence, in microdomains the NAADP concentration might be a lot higher. 

Already in 2000, NAADP was shown to be an essential regulator of T lymphocyte Ca2+ 

signaling and thus of the activation of the adaptive immune response (Berg et al., 2000). 

For example BZ194, a specific inhibitor of NAADP signaling (Dammermann et al., 

2009), ameliorated the clinical symptoms of active experimental autoimmune encepha-

lomyelitis (EAE; Cordiglieri et al., 2010), the T lymphocyte mediated animal model for 

multiple sclerosis (Wekerle et al., 1994). Moreover, the reactivation of effector T lym-

phocytes and also levels of pro-inflammatory cytokines like interferon-gamma (IFNγ) 

and interleukin-17 (IL-17) were significantly reduced (Cordiglieri et al., 2010). Thus, 

NAADP seems to be an essential regulator of T lymphocyte activation, whose primary 

function is to trigger initial Ca2+ release events, specifically blocking these initial Ca2+ 
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release leads to altered proliferation and cytokine secretion in T lymphocytes (Cordi-

glieri et al., 2010). 

 

1.3.1 Metabolism of NAADP 

In vivo, the formation pathway of NAADP is still unclear. CD38, a multifunctional ec-

toenzyme, in vitro catalyzes a base-exchange reaction using NADP as a substrate to 

generate NAADP. But this reaction only operates at non-physiological conditions at 

acidic pH (pH 5) and in the presence of excess of nicotinic acid (Guse et al., 2013). The 

topological paradox of an ectoenzyme forming intracellular active compounds was ex-

tensively discussed. In 1997 it was discovered that CD38 is also present on intracellular 

membranes (Yamada et al., 1997) and just recently CD38 was found in a minor amount 

also in type III orientation, where the carboxy-terminal catalytic domain is facing into 

the cytosol (Zhao et al., 2012). Also, CD38 mainly catalyzes the glycohydrolase reac-

tion forming ADPR or 2´-phospho-ADPR (reviewed in Schuber and Lund, 2004). Sur-

prisingly, in spleens and myometrial cells from CD38-KO mice, the NAADP concentra-

tion were increased (Schmid et al., 2011; Soares et al., 2007). Taken together, CD38 

seems to be involved in the degradation on NAADP rather than in its formation. Thus, 

NAADP formation remains unclear. However NAADP is rapidly formed within 10 -

 20 sec after the activation of Jurkat T lymphocytes (Gasser et al., 2006). 

 

1.3.2 Proposed target receptors of NAADP  

In 2009 it was shown that NAADP releases Ca2+ from acidic lysosomal stores via the 

activation of two-pore channels (TPCs) (Brailoiu et al., 2009; Calcraft et al., 2009; Ruas 

et al., 2010; Zong et al., 2009). However, the NAADP receptors and thus, the targeted 

organelles, are still controversially discussed (Guse et al., 2013). RyRs, TPCs, transient 

receptor potential channel, subtype mucolipin 1 (TRP-ML1) or subtype melastatin 2 

(TRPM2) have been proposed as NAADP sensitive ion-channels (Fig. 5). So far, no 

binding site for NAADP on either one of the proposed ion-channels has been discov-

ered. In 2012 with the help of 5-N3-NAADP, a radioactively labeled NAADP, different 

proteins in mammalian cells have been discovered, which likely bind NAADP (Lin-

Moshier et al., 2012). Hence, a unifying hypothesis for the NAADP signaling, probably 
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through a binding protein (bp), has been suggested (Fig. 5; Guse, 2012). The different 

putative target receptors of NAADP are presented in the next sections. 

 

 

Fig. 5 Model of proposed NAADP receptors in T lymphocytes 

After T lymphocyte activation, NAADP, probably through one or more binding proteins 
(NAADP-bp), triggers Ca2+ release/entry via different ion-channels. Proposed target receptors 
of NAADP are the RyR, the TPCs, TRPM2 as well as TRP-ML1 (modified from Ernst et al., 
2013). 

 

1.3.2.1 Ryanodine receptors (RyRs) 

RyRs are Ca2+ release channels localized in the membrane of the sarcoplasmic reticu-

lum and the ER. They form homotetramers and are the largest known ion channels 

(> 2 MDa; reviewed in Lanner et al., 2010; Zalk et al., 2007). Three different mammali-

an isoforms (RyR 1-3) with an amino acid identity of approx. 70% have been described 

(Rossi and Sorrentino, 2002). RyR1 is mainly expressed in skeletal muscle mediating 

excitation-contraction coupling, RyR2 is primarily found in cardiac muscles and RyR3 

is mostly expressed in the brain (Ledbetter et al., 1994). In addition, the RyRs are also 
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expressed in various tissues and cells of the immune system like dendritic cells, B lym-

phocytes, and Jurkat T lymphocytes, mediating Ca2+ signaling and proliferation (Guse 

et al., 1999; Hosoi et al., 2001; O’Connell et al., 2002; Sei et al., 1999). The closed state 

structure of the whole RyR1 complex has just recently been published (Zalk et al., 

2015), revealing a previously predicted EF-hand domain that modulates channel activity 

(Xiong et al., 2006).  

The first evidence that NAADP targets the RyRs was observed already in 2001 (Mo-

jzisová et al., 2001). NAADP, in concentrations ≥ 1 µM, increased the open probability 

of RyR2 from cardiac microsomes in lipid planar bilayers (Mojzisová et al., 2001). 

Since the cytosolic NAADP concentration in mammalian cells is in the range of approx. 

10 to 100 nM (Churamani et al., 2004; Gasser et al., 2006; Schmid et al., 2012), concen-

trations ≥ 1 µM are likely not physiological. In single channel recordings of purified 

RyR1 from skeletal muscle, NAADP increased the open probability in physiological 

concentrations of around 30 nM (Hohenegger et al., 2002). Furthermore ruthenium red 

and ryanodine blocked this effect and also NADP, a precursor of NAADP had no influ-

ence on the open probability (Hohenegger et al., 2002). Similar, microinjection of 

NAADP in Jurkat T lymphocytes resulted in global Ca2+ signals that were reduced via 

gene silencing of RyR as well as upon inhibition by ruthenium red (Langhorst et al., 

2004). Interestingly, NAADP microinjection in Jurkat T lymphocytes (Dammermann 

and Guse, 2005) resulted in Ca2+ signals similar to those observed in the first seconds 

upon ligation of the TCR complex with anti-CD3 antibodies (Kunerth et al., 2003). 

These initial Ca2+ signals were found within ≤ 1.5 sec after microinjection close to the 

injection site (Dammermann and Guse, 2005) or, in the case of antibody stimulation, in 

close proximity to the plasma membrane (Kunerth et al., 2003). In addition, in a chicken 

B lymphocyte cell line (DT40; Kiselyov et al., 2001) and primary human T lympho-

cytes (Thakur et al., 2012) coupling between RyRs and CRAC channels were observed, 

suggesting a positive feedback relationship. 

In contrast, in some publications, no effect of NAADP on RyRs from human β cells, 

skeletal muscle, and a mouse insulinoma β cell line (MIN6) was observed (Copello et 

al., 2001; Johnson and Misler, 2002; Mitchell et al., 2003). Whether NAADP acts di-

rectly (or via a binding protein) on RyR or only through the RyR-dependent Ca2+ in-

duced Ca2+ release (CICR) is still a matter of debate. In 2001 a two-pool model for 

NAADP signaling has been suggested where NAADP targets NAADP-sensitive stores 

and low amounts of Ca2+ are released (Churchill and Galione, 2001). This is taken up by 
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the ER resulting in overloading and hence, spontaneous Ca2+ release events from ER 

(Churchill and Galione, 2001). RyRs and IP3Rs on the ER subsequently amplify these 

Ca2+ release events (Churchill and Galione, 2001). However, one of the major problems 

is the spatio-temporal resolution of the imaging systems to capture this low, initial Ca2+ 

signals. 

Taken together, RyRs may be the target receptors of NAADP in some cell types like T 

lymphocytes, but the role of RyRs in NAADP signaling has yet to be further elucidated. 

 

1.3.2.2 Two pore channels (TPCs) 

TPCs are voltage-gated ion-channels that are localized on acidic Ca2+ stores within the 

endolysosomal system (reviewed in Patel, 2015). In humans and mice two isoforms 

(TPC1, TPC2) are described, whereas other primates, rodents, and sea urchins have 

three and plants only express one TPC (Brailoiu et al., 2010; Cai and Patel, 2010; Fu-

ruichi et al., 2001). The TPCs are predicted to function as homo- and heterodimers 

(Rietdorf et al., 2011) forming  pseudo-tetrameric complexes (Zong et al., 2009). Each 

TPC subunit contains two hydrophobic domains, consisting of six transmembrane re-

gions and a pore, and a connecting cytosolic loop (Churamani et al., 2012). TPCN1 is 

usually higher expressed than TPCN2, but both are widely expressed in the body of 

mice (Zong et al., 2009) . 

Three independent groups published first evidence for NAADP sensitizing TPCs in 

2009 (Brailoiu et al., 2009; Calcraft et al., 2009; Zong et al., 2009). For example, in 

human adenocarcinoma cell line SkBr3, overexpressing TPCs, microinjection of 10 nM 

NAADP induced transient Ca2+ signals (Brailoiu et al., 2009). The TPCs were localized 

within the acidic organelles and Ca2+ signals were inhibited by vacuolar type H+-

ATPase inhibitor bafilomycin A1 and also partially by ryanodine blocking the RyRs 

suggesting that NAADP triggers a Ca2+ release from TPC1, which is amplified by the 

RyRs (Brailoiu et al., 2009). Furthermore, in TPC gene knockout, small interfering 

RNA (siRNA) silencing and dominant-negative mutants, decreased NAADP-evoked 

Ca2+ signals have been observed (Brailoiu et al., 2009; Calcraft et al., 2009; Davis et al., 

2012; Tugba Durlu-Kandilci et al., 2010). Very recently, a new TPC1/2 deficient 

(Tpcn1/2-/-) mouse line was generated (Ruas et al., 2015). Embryonic fibroblasts from 

these mice showed significantly reduced NAADP-evoked Ca2+ signals and upon re-
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expressing TPCs the NAADP-evoked Ca2+ signals were restored back to wild type lev-

els (Ruas et al., 2015).  

These findings suggest a role for TPCs in NAADP-evoked Ca2+ signals, however, many 

reports have observed contrary results (Cang et al., 2013, 2014a, 2014b; Wang et al., 

2012). In all of these studies, TPCs were found to be primarily Na+ selective ion-

channels. Furthermore, no evidence for the regulation of TPCs by NAADP was ob-

served, but instead, the membrane lipid PI(3,5)P2 evoked Na2+ currents (Cang et al., 

2013; Wang et al., 2012). PI(3,5)P2 induced Na+ currents were abrogated in TPC dou-

ble-knockout mice (TPC1/2-KO) and no difference upon NAADP stimulation was 

found in WT, TPC1-KO or TPC2-KO (Fig. 6B; Wang et al., 2012). In a different study 

TPCs associated with mTOR (mammalian target of rapamycin) to form endolysosomal 

Na+ channel complexes (lysoNaatp) that detect nutrient status and are thus sensitive to 

ATP (Cang et al., 2013). Recently, Pitt and colleagues showed that TPC1 is permeable 

to Na+ and Ca2+ but interestingly, also to protons (H+) and potassium (K+) with Ca2+ 

being least permeable (Pitt et al., 2014). Furthermore, they were able to trigger H+ re-

lease by NAADP from TPC1 but PI(3,5)P2 had no effect on the open probability (Pitt et 

al., 2014). In addition, data about TPCs targeted by NAADP in T lymphocytes is scarce. 

Only in cytotoxic T lymphocytes the Ca2+-dependent exocytosis of cytolytic granules is 

mediated by NAADP via Ca2+ release through TPCs (Davis et al., 2012). 

In summary, the involvement of TPCs in NAADP-evoked Ca2+ signaling, especially in 

T lymphocytes, remains inconclusive. 

The latest model suggests that TPCs are likely co-regulated by NAADP and PI(3,5)P2 

and are permeable to H+, Na+ and Ca2+ (maybe other cations) and are blocked by phar-

maceuticals that bind to Na+ and Ca2+ channels (Fig. 6C; Patel, 2015).  
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Fig. 6 Models of TPC activation 

(A) First model based on findings from sea urchin egg homogenates. (B) Alternative model 
based on data that TPCs are mainly Na+ channels activated by PI(3,5)P2. (C) Latest model as-
suming that TPCs are co-regulated by NAADP, possibly via a binding protein, and PI(3,5)P2 
and that TPCs are permeable to H+, Na+ and Ca2+ (Patel, 2015). 

	  

1.3.2.3 Transient receptor potential channel, subfamily melastatin, member 2 
(TRPM2) 

TRPM2 is a homotetrameric, Ca2+-permeable nonselective cation channel and the se-

cond member of the transient receptor potential melastatin-related (TRPM) family (re-

viewed in Faouzi and Penner, 2014). TRPM2 was originally described as a plasma 

membrane channel, however; it has also been localized on lysosomal compartments in 

some cell types (Faouzi and Penner, 2014; Lange et al., 2009; Sumoza-Toledo et al., 

2011). Especially high expressions of TRMP2 were found in the central nervous system 

(CNS) (Fonfria et al., 2006a, 2006b; Kraft et al., 2004; Lipski et al., 2006; Nagamine et 

al., 1998; Olah et al., 2009; Roedding et al., 2013) but TRPM2 amongst others was also 

detected in immune cells like neutrophils, monocytes, macrophages, B lymphoblast 

cells, mast cells and T lymphocytes (Faouzi and Penner, 2014; Heiner et al., 2003; 

Kashio et al., 2012; Knowles et al., 2012; Lange et al., 2008; Magnone et al., 2012; Oda 

et al., 2013; Roedding et al., 2012; Wenning et al., 2011; Yamamoto et al., 2008).  

TRPM2 monomers consist of six putative transmembrane domains (S1-S6) with a pore-

forming loop domain between the last two transmembrane domains (Fig. 7). The N ter-

minus, the TRPM homology region, as well as the C terminus, are intracellular and the 
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C terminus contains an ADPR pyrophosphatase, homologous to the mitochondrial 

NUDT9 enzyme (Fig. 7; Perraud et al., 2001, 2003; Sano et al., 2001). 

 

Fig. 7 Schematic membrane topology of TRPM2 

TRPM2 consists six transmembrane domains and the N- and C- Termini are facing inside the 
cell. The C terminus contains a NUDT9 homology domain and TRPM2 is permeable to Na+ and 
Ca2+. Adenosine monophosphate (AMP) is a negative regulator of TRPM2 (from Faouzi and 
Penner, 2014). 

 

In 2006, for the first time, it was shown that NAADP can activate TRPM2 directly 

(Beck et al., 2006). In patch-clamp experiments using Jurkat T lymphocytes, NAADP 

strongly activated TRPM2, although with a non-physiological EC50 of around 703 µM, 

and this effect was completely suppressed by 8-Br-cADPR, a antagonist of TRPM2 

(Beck et al., 2006). Furthermore, in primary human neutrophils a synergistic activation 

of TRPM2 by NAADP and ADPR was demonstrated (Lange et al., 2008). In subthresh-

old concentrations of ADPR (100 nM) TRPM2 was already partially activated by 

NAADP concentrations of approx. 1 µM (Lange et al., 2008). Opposing, Tóth and Csa-

nády observed no synergistic effect NAADP and ADPR, further, they showed an ago-

nistic effect of NAADP (EC50 104 µM) alone, partially activating TRPM2 in Xenopus 

oocytes expressing human TRPM2 (Tóth and Csanády, 2010). Very recently, ADP ri-

bose-2-phosphate (ADPRP) was further identified as a novel, true agonist TRPM2 

(Toth et al., 2015). Moreover, impurities of ADPR and ADPRP in commercial prepara-

tions of NAADP, NAAD and NAD caused low activation of TRPM2 (Toth et al., 

2015). After the purification with human mitochondrial NUDT9 hydrolase, neither 

NAADP nor NAAD nor NAD evoked gating of TRPM2. Thus, NAADP seems not to 

directly bind and activate TRPM2 (Toth et al., 2015).  
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In conclusion, activation of lysosomal TRPM2 by NAADP alone is rather unlikely. 

Considering the high (≥ 100 µM) EC50 values of NAADP for TRPM2 on one hand and 

the nanomolar endogenous concentration of NAADP inside for example Jurkat T lym-

phocytes on the other. A synergistic activation by NAADP together with ADPR is con-

ceivable taken into account that in subcellular compartments concentrations of NAADP 

around 1 µM could be reached. However, it seems that NAADP effects on TRPM2 are 

rather due to impurities.  

 

1.3.2.4 Transient receptor potential channel, subfamily mucolipin, member 1 
(TRP-ML1) 

Another proposed target channel for NAADP is TRP-ML1 (reviewed in Guse et al., 

2013; Morgan et al., 2011). TRP-ML1 is a cation permeable channel localized on the 

membranes of late endosomes and lysosomes (Kiselyov et al., 2005; Venkatachalam et 

al., 2006; Zeevi et al., 2009) and is expressed in most tissues (Cheng et al., 2010) with 

the highest expression levels in the brain, kidney, spleen, liver and heart (Falardeau et 

al., 2002). Mutations of the TRP-ML1 gene (MCOLN1) in humans or in TRP-ML1-KO 

mice results in neurodegenerative disorder, with enlarged late endosomes and lyso-

somes as well as accumulation of lysosomal storage materials (Sun et al., 2000; Venu-

gopal et al., 2007). Similar to TRPM2, and all other TRP channels, TRP-ML1 consists 

of six putative trans membrane domains with the N- and C-Termini facing inside the 

cytosol (Cheng et al., 2010; Slaugenhaupt, 2002). The pore-forming region is between 

the last two trans membrane domains (S5 and S6) (Cheng et al., 2010). TRP-ML1 is a 

nonselective cation channel, permeable to Ca2+, iron ions (Fe2+), zinc ions (Zn2+), Na+ 

and K+ (Dong et al., 2009, 2008; Xu et al., 2007). 

In 2007, for the first time direct evidence that NAADP activates TRP-ML1 in concen-

trations ranging from 1 nM to 1 µM, was published (Zhang and Li, 2007). In rat liver 

lysosomes NAADP-sensitive Ca2+ release was observed that was markedly attenuated 

by anti-TRP-ML1 antibodies and also at higher NAADP concentrations (10 – 100 µM) 

(Zhang and Li, 2007). Interestingly, bafilomycin A1, as well as activators or blockers of 

ER, had no effect on the current (Zhang and Li, 2007). In addition, siRNA mediated 

knockdown of TRP-ML1 in coronary arterial myocytes significantly inhibited NAADP-

sensitive Ca2+ release channel activity from lysosomes (Zhang et al., 2009). In human 

fibroblasts lacking TRP-ML1 expression, no NAADP-induced lysosomal Ca2+ release 
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was observed, but this effect could be restored by introducing TRP-ML1 transgene into 

the fibroblasts (Zhang et al., 2011). Contradictory to these findings, neither microinjec-

tion of NAADP nor stimulation with membrane-permeable NAADP-AM resulted in 

lysosomal Ca2+ release events in human SKBR cells, transfected with TRP-ML1 (Ya-

maguchi et al., 2011). Interestingly, overexpression of TPC1 and TPC2, in the same 

cells, evoked NAADP-induced Ca2+ releases (Yamaguchi et al., 2011). Furthermore, the 

knockout of TRP-ML1 in murine pancreatic acinar cells had no effect on NAADP re-

sponses (Yamaguchi et al., 2011). Hence, TRPM-ML1 seems not to be essential for 

NAADP evoked Ca2+ signals (Yamaguchi et al., 2011).  

Due to these controversial results, the involvement of TRP-ML1 in NAADP-mediated 

Ca2+ signaling has to be further elucidated.  

 

1.4 Imaging subcellular Ca2+ signals 

 

Basically, there a two ways Ca2+ signals can be monitored inside the cell, (1) using a 

genetically encoded Ca2+ indicator (e.g. GCaMP2 (Tallini et al., 2006)) or (2) loading 

cells with a chemical Ca2+ sensitive dye, that is membrane-permeable due to covalently 

bound acetoxymethyl ester (AM; e.g. Fura-2AM (Grynkiewicz et al., 1985)). The labile 

AM esters are cleaved by ubiquitously expressed esterases inside the cell generating a 

polycarboxylate form, which is membrane-impermeant, leading to accumulation of dye 

in the cytosol (Fig. 8; Hagen et al., 2012; Kao et al., 2010; Tsien, 1981). The chemical 

Ca2+ sensitive AM-dyes can be further separated into one-wavelength dyes (e.g. Fluo-

4AM; Gee et al., 2000), dual-excitation (e.g. Fura-2AM) or dual-emission (e.g. Indo-1; 

Grynkiewicz et al., 1985) dyes. All Ca2+ indicators have in common that their fluores-

cence is sensitive to [Ca2+]. Thus, upon Ca2+ binding the fluorescence intensity changes 

or the spectral shifts (Helmchen, 2011). High concentrations of Ca2+ dyes inside the cell 

may act as Ca2+ buffer and thus, may interfere with natural Ca2+ signals (Wang et al., 

1997), therefore Ca2+ dye concentrations should be kept as low as possible.  
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Fig. 8 Schematic loading of AM esterified Ca2+ indicators into cells 

Hydrophobic AM ester diffuses into the cell through the plasma membrane. Ubiquitously ex-
pressed cellular esterases cleave the AM ester groups, generating a polycarboxylate the Ca2+ 
sensitive form of the dye. This polycarboxylated indicator is membrane-impermeant and thus 
trapped inside the cell (Kao et al., 2010). 

 

One of the major problems to capture subcellular Ca2+ signals is the temporal resolution 

of the imaging systems. Subcellular Ca2+ release events arise in the ms range in myo-

cyctes (Shkryl and Blatter, 2013) and initial Ca2+ signal in T lymphocytes in ≤1.5 sec 

(Dammermann and Guse, 2005). To overcome this problem in myocyctes, line scan 

techniques are used resulting in ultra-fast acquisition speeds up to 1000 frames/sec 

(Shkryl and Blatter, 2013). However, line scan data are one-dimensional while local 

Ca2+ signals proceed in three spatial dimensions. So far most of the subcellular Ca2+ 

imaging was performed in relatively large (~100 µm; (Maier et al., 2002)) and excitable 

cardiac and skeletal myocytes (Brochet et al., 2005; Shkryl and Blatter, 2013; Weisleder 

et al., 2012; Zhang et al., 2013). Recent work in endothelial smooth muscle cells used 

frame scanning of Fluo4-loaded cells at 30 to 60 fps and under these conditions it was 

possible to optically record single channel openings (Sonkusare et al., 2012). In primary 

T lymphocytes Fura-2 (Liu et al., 2014; Schwarz et al., 2007), Indo-1 (Wei et al., 2007) 

as well as Fluo-4 (Lioudyno et al., 2008) were used to monitor subcellular Ca2+ signals 

but the temporal resolution was in the sec to 10sec range. Recently human T lympho-

cytes were loaded with a combination of two different Ca2+ dyes (Fluo-4 and Fura Red) 

to analyze calcium waves mediated via purinergic receptors (Wang et al., 2014a). How-

ever, the acquisition speed was still in the range of sec (Wang et al., 2014a). 
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1.4.1 Classification of different subcellular Ca2+ signals 

Already in 1993, subcellular Ca2+ signals in quiescent rat cardiac cells were observed 

(Cheng et al., 1993). These spontaneous openings of Ca2+-release channels in the sarco-

plasmic reticulum were termed Ca2+ sparks (Cheng et al., 1993). This was the beginning 

of the so-called “Sparkology” (reviewed in Cheng and Lederer, 2008). In summary, a 

specific duration, size and amplitude of Ca2+ signals were associated with specific ion-

channels or clusters of ion-channels (Cheng and Lederer, 2008). Up to now there are 

many different classifications used for elemental signals and related structural compo-

nents (overview Table 1 in Cheng and Lederer, 2008). 

Well established are Ca2+ sparks which are defined as elementary Ca2+ release events in 

cardiac myocytes associated with the opening of RyR cluster and are characterized by 

an widely varying ratiometric amplitude of ΔF/F0 ~ 0.2 to ~ 4, which resembles an am-

plitude of ~170 nM, a duration of signal of ~10 - 100 ms and a size of approx. 1 – 3 µm 

(Bootman et al., 2001; Cheng and Lederer, 2008; Niggli, 1999). Further, fundamental 

Ca2+ release events in cardiac myocytes were termed Ca2+ quarks (Lipp and Niggli, 

1998; Niggli, 1999). Ca2+ quarks are associated with the Ca2+ release through single 

RyRs (Cheng and Lederer, 2008) and are characterized by an amplitude of ~37 nM and 

a spatial spread of 0.85 µm (Lipp and Niggli, 1998). Discrete local Ca2+ events mediat-

ed by IP3Rs are called Ca2+ puffs. Typically these Ca2+ puffs result in amplitudes of 

42 – 178 nM, a diameter of ~2.5 – 4.1 µm in none-excitable cells (Bootman et al., 2001; 

Tovey et al., 2001). In addition Ca2+ blips correspond to the opening of only one or a 

few IP3Rs (Cheng and Lederer, 2008).  

Most of the classification of different Ca2+ signals was done in excitable myocytes, 

however, intracellular Ca2+ release events are universal to almost all cell types (Cheng 

and Lederer, 2008). Spark-like, subcellular Ca2+ release events have been observed also 

in nonexcitable cells like vascular endothelial cells (Hüser and Blatter, 1997), HeLa 

cells (Bootman et al., 1997) and T lymphocytes (Kunerth et al., 2003). 
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1.5 Study objective 

 

The activation of T lymphocytes is tightly coordinated in a temporal and spatial fashion 

that in the end leads to an adaptive immune response (reviewed in Feske, 2007; Samel-

son, 2002). Ca2+ signaling is essential for T lymphocyte activation and is supposed to 

start by initial, localized Ca2+ microdomains. In contrast to excitable cells, in T lympho-

cytes, such initial Ca2+ microdomains have not yet been characterized.  

Up to now three different Ca2+ mobilizing second messengers (IP3, cADPR, and 

NAADP) have been described. NAADP is the most potent Ca2+ mobilizing second mes-

sengers (Chini et al., 1995; Lee and Aarhus, 1995) and rapidly synthesized after T lym-

phocytes stimulation with anti-CD3 antibodies (Gasser et al., 2006). However, the 

NAADP target receptors are still controversially discussed (Guse et al., 2013). So far, 

RyRs, TPCs, TRP-ML1 or TRPM2 have been proposed as NAADP sensitive ion-

channels. 

The main objective of my doctoral thesis was to characterize the initial Ca2+ microdo-

mains in T lymphocytes, presumably evoked by NAADP and hence, identify the 

NAADP target receptor. Therefore, a new Ca2+ live-cell-imaging method were initial 

microdomains after a directed T lymphocyte activation can be characterized, ought to be 

established. With the help of antibody-coated beads, the size of T lymphocytes, a di-

rected stimulation similar to cell-cell interaction should be mimicked. Upon activation T 

lymphocytes re-organize their cellular structure during the formation of an immune syn-

apse (Dustin, 2014; Kummerow et al., 2009), thus the new Ca2+ live-cell-imaging meth-

od had to be capable of fast acquisition rates despite cellular movement and changes in 

cell shape. 

The Ca2+ live-cell-imaging method should be established in Jurkat T lymphocytes and 

later also adapted to primary murine T lymphocytes. In order to get more insights in the 

NAADP target channels, initial Ca2+ microdomains in WT and RyR knock down Jurkat 

T lymphocytes ought to be compared. Furthermore, primary T lymphocytes from RyR1-

KO and TRPM2-KO mice should be investigated. Additionally, the post-processing 

workflow and deconvolution algorithms should be revised and possibly optimized. 

 



2 Publications 23 

23 

2 Publications 

2.1 Publication I 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 Publications 24 

24 

2.1.1 Contribution to publication I 

 

Daniel Schetelig, Insa M.A. Wolf, Björn-P. Diercks, Ralf Fliegert, Andreas H. Guse, 
Alexander Schlaefer, René Werner 2015 „A Modular Framework for Post-Processing 
and Analysis of Fluorescence Microscopy Image Sequences of Subcellular Calcium 
Dynamics“. DOI: 10.1007/978-3-662-46224-9_69 Conference: Bildverarbeitung für die 
Medizin 2015, At Lübeck, Volume: Informatik aktuell 

 

 

In this publication, our well-established post processing workflow for subcellular Ca2+ 

dynamics was implemented in MATLAB (MathWorks; see 2.1 Fig 1). With this adapted 

modular post-processing pipeline, the single cell processing time decreased from 1 – 2 h 

to approx. 5 – 10 min. Furthermore, different deconvolution algorithms and bleach cor-

rection strategies were compared. I was involved in the data acquisition of subcellular 

Ca2+ signals in Jurkat T lymphocytes. In addition, I conducted the evaluation of decon-

volution algorithms, bleach correction strategies, and assisted in writing the manuscript. 
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2.2.1 Contribution to publication II 

 

Insa M.A. Wolf*, Björn-P. Diercks*, Ellen Gattkowski, Frederik Czarniak, Jan Kemp-
ski, René Werner, Daniel Schetelig, Hans-Willi Mittrücker, Valeá Schumacher, Manuel 
van Osten, Dimitri Lodygin, Alexander Flügel, Andreas Guse 2015 „Frontrunners of T 
cell activation: Initial, localized Ca2+ signals mediated by NAADP and the type 1 
ryanodine receptor“. Science Signaling 8 (398), ra102. [doi: 10.1126/scisignal.aab0863]. 
* These authors contributed equally to this work. 

 

 

In this publication, I contributed to the project planning. Furthermore, I performed most 

of the experiments and data analyses. The development of a high-resolution imaging 

technique to analyze initial, localized Ca2+ microdomains in T lymphocytes is described 

in this publication in detail. Therefore, I tested different Ca2+ indicators in Jurkat T lym-

phocytes. In order to obtain a directed activation of Jurkat as well as primary T lympho-

cytes, I added magnetic beads that were coated with anti-CD3 or a combination of anti-

CD3 and anti CD-28 antibodies. With this newly established method, I investigated the 

involvement of RyR1 and TRPM2 on the formation of initial, localized Ca2+ microdo-

mains. In addition, also a direct link between NAADP and RyRs, in microinjection ex-

periments with RyR knockdown Jurkat cells, was verified. I was able to emphasize a 

role of RyR (RyR1 in primary) and NAADP in the early Ca2+ release events in T lym-

phocytes. Furthermore, I was decisively involved in Figure preparation and editing the 

manuscript. 

 

 

 

________________________       ________________________ 

Place, date             Signature of the supervisor  
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3 Discussion 
 

The aim of this thesis was to understand the initial Ca2+ microdomain formation during 

T lymphocyte activation and to explore the second messengers and Ca2+ channels, 

which are involved. With a new Ca2+ live cell imaging method the initial, localized Ca2+ 

microdomains of T lymphocytes after a directed stimulation were analyzed for the first 

time. Furthermore, the post-processing workflow was optimized and different deconvo-

lution algorithms and bleaching strategies were compared. The RyR1, as a proposed 

NAADP target receptor, seems to be essential for the development of Ca2+ microdo-

mains in T lymphocytes after directed activation, while TRPM2, also a proposed 

NAADP target receptor, is apparently not involved in the formation of initial Ca2+ mi-

crodomains.  

 

3.1 Establishing a method to detect subcellular, initial Ca2+ 
release events in T lymphocytes 

 

Subcellular Ca2+ release events arise in the msec range in myocytes (Shkryl and Blatter, 

2013) and initial Ca2+ signal in T lymphocytes in ≤ 1.5 sec (Dammermann and Guse, 

2005). Until recently, most of the subcellular Ca2+ imaging was performed in relatively 

large (~100 µm; Maier et al., 2002) and excitable cardiac and skeletal myocytes 

(Brochet et al., 2005; Shkryl and Blatter, 2013; Weisleder et al., 2012; Zhang et al., 

2013). Furthermore, line scan techniques with a confocal laser scanning microscope 

were used resulting in ultra-fast acquisition speeds up to 1000 frames/sec in myocytes 

(Shkryl and Blatter, 2013). However, line scan data are one-dimensional while local 

Ca2+ signals proceed in three spatial dimensions. Another possible set-up would be a 

total internal reflection fluorescence (TIRF) microscope, however, the cells must adhere 

to a glass surface and only Ca2+ indicators that are very close to the cell surface (1 –

 100 nm) are excited (Axelrod, 1981). The confocal spinning disk microscope enables 

for a fast acquisition of in vivo samples with confocal resolution (Gräf et al., 2005; In-
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oué, 1990). However, in our experiments the high laser power necessary for imaging 

our samples in a confocal spinning disk microscope resulted in the activation of T lym-

phocytes (not published). Without any further stimulation, most T lymphocytes re-

sponded with an intracellular Ca2+ increase after 30 – 60 sec (not published). Thus, here 

a wide-field microscope in combination with deconvolution was used to obtain digital 

confocal images. 

To analyze initial Ca2+ release events in Jurkat and primary mouse T lymphocytes a 

Ca2+ indicator with high fluorescence intensity was needed to obtain fast acquisition 

rates. Additionally, the Ca2+ dye should exhibit low photobleaching properties and a 

broad dynamic range. A genetically encoded Ca2+ biosensor was not applicable for the 

experiments because primary T lymphocytes are very difficult to transfect and the aim 

was to analyze initial, localized Ca2+ release events in primary mouse WT as well as KO 

T lymphocytes. Therefore, in this thesis, I focused on chemical Ca2+ sensitive dyes that 

are membrane-permeable due to a linked acetoxymethyl ester. So far Fura-2 (Liu et al., 

2014; Schwarz et al., 2007), Indo-1 (Wei et al., 2007), as well as Fluo-4 (Lioudyno et 

al., 2008), were used to monitor subcellular Ca2+ signals in primary T lymphocytes, but 

the temporal resolution was in the second to 10 sec range. Recent work from Wang and 

co-workers showed a combination of two different Ca2+ dyes (Fluo-4 and Fura Red) to 

analyze Ca2+ waves mediated via purinergic receptors in human T lymphocytes (Wang 

et al., 2014a). However, the acquisition speed was still in the range of seconds (Wang et 

al., 2014a).  

 

3.1.1 Single-wavelength Ca2+ indicators 

In this thesis, three single-wavelength Ca2+ indicators, namely Fluo-3, Fluo-4 and Fluo-

8 were tested in Jurkat T lymphocytes. Fluo-4 and Fluo-8 are analogues of the estab-

lished cytoplasmic Ca2+ indicator Fluo-3 (Minta et al., 1989). In vitro, all three dyes 

have a similar ion dissociation constants (Kd(Ca2+)) of approx. 345 nM (Fluo-4) and 

390 nM (Fluo-3 and Fluo-8; Gee et al., 2000; Hagen et al., 2012; Johnson, 2010). In 

their Ca2+ bound forms, they have excitation and emission maxima of 488 nm and 

520 nm (Gee et al., 2000; Johnson, 2010). Interestingly the fluorescence quantum yields 

of Ca2+-bound Fluo-3 and Fluo-4 are identical, but Fluo-4 absorbs 488 nm excitation 
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more efficiently generating a more intense fluorescence and consequently higher signal 

levels (Gee et al., 2000; Johnson, 2010).  

Fluo-4 was also the most promising single wavelength Ca2+ indicator with a high dy-

namic range and low photobleaching properties (2.2 – Fig. S1 A, B, C). However, sin-

gle-wavelengths Ca2+ indicators are most useful to measure relative, not absolute, 

changes in Ca2+ concentrations, considering that variations in fluorescence emission not 

necessarily mirror differences in Ca2+ concentrations (Bootman et al., 2013). An effec-

tive and commonly used way to address this uneven indicator concentration is to ex-

press the fluorescence signal relative to its starting signal (Bootman et al., 2013). There-

by all subsequent frames of the experiment (F) are divided by the first frame (F0), result-

ing in an F/F0 ratio (Bootman et al., 2013). For whole cell analysis this is a simple 

method, but since T lymphocytes are changing their morphological shape upon activa-

tion (Dammermann et al., 2009), an F/F0 ratio results in systematic errors (2.2 – Fig. 

S2). These systematic errors especially occurred close to the plasma membrane and re-

gions of interest (ROIs) could not be quantified correctly (2.2 – Fig. S2 B). Thus, Fluo-4 

as a single-wavelength Ca2+ indicator was not applicable to measure initial, subcellular 

Ca2+ release events in T lymphocytes. 

 

3.1.2 Dual wavelength dyes 

To circumvent the systematic errors that occurred with the single-wavelength Ca2+ sen-

sors, next dual-wavelength Ca2+ indicators were tested. The advantage of dual-

wavelength dyes is that one can acquire ratiometric image pairs, thus cellular move-

ments and morphological shape changes do not result in systemic errors. Moreover, 

dual-wavelength dyes can be used for the analysis of qualitative changes in Ca2+ con-

centrations (Bootman et al., 2013). However, one disadvantage of dual-wavelength in-

dicators, compared to single-wavelength indicators, is that their dynamic range between 

Ca2+-free and Ca2+-bound state is often lower, hence, it may be difficult to detect small 

Ca2+ signals (Bootman et al., 2013). Furthermore, when using dual-excitation Ca2+ indi-

cator the excitation wavelength has to switch. 

Hence, Fura-2, a frequently used dual-excitation Ca2+ indicator in our laboratory was 

unsuitable for fast Ca2+ imaging, due to the switch of the excitation wavelength (340 nm 

and 380 nm), resulting in a delay of approx. 10 msec. Thus, two dual-emission Ca2+ 
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dyes, namely Indo-1 (Grynkiewicz et al., 1985) and Asante Calcium Red-1 (ACR-1; 

Hyrc et al., 2013; Jahn and Hille, 2014) were tested. Both are emission-shift dyes and 

with a single dichroic mirror the emission spectra can be split (Bootman et al., 2013; 

Hyrc et al., 2013). However, as previously reported (Scheenen et al., 1996) Indo-1 is 

prone to strong photobleaching (2.2 – Fig. S1 A, B). Moreover, after stimulation with an 

anti-CD3 mAb Okt3 no fluorescence dynamic was observed, probably due to the in-

tense bleaching (2.2 – Fig. S1 B). ACR-1 exhibited the lowest intrinsic fluorescence at 

the start of acquisition; the intensities were barely above background levels (2.2 – Fig. 

S1 C). Taken together, both dual-emission Ca2+ indicators (Indo-1 and ACR-1) were not 

suitable for the measurement of fast initial Ca2+ signals in T lymphocytes. 

 

3.1.3 Combining Fluo-4 and Fura Red for subcellular Ca2+ imaging 

To maintain the advantage of an emission-shift ratiometric Ca2+ dye together with the 

photostability and dynamics of Fluo-4, a combination of two single-wavelength Ca2+ 

indicators, namely Fluo-4 and Fura Red was tested. The fluorescence of Fura Red excit-

ed at 488 nm decreases once the indicator binds Ca2+ (Johnson, 2010). Moreover, Fura 

Red has a very long wavelength emission maximum (~660 nm; Johnson, 2010) making 

Fura Red ideal for ratiometric Ca2+ imaging with Fluo-4. The combination of Fluo-3 

with FuraRed for ratiometric Ca2+ imaging has been reported previously in cardiac my-

octes and HeLa cells (Lipp and Niggli, 1993; Thomas et al., 2000) and very recently 

also the combination of Fluo-4 and Fura Red in human T lymphocytes (Wang et al., 

2014a). Due to different intrinsic fluorescence intensities of the Fluo-dyes and Fura 

Red, cardiac myocytes and human T lymphocytes were loaded with a 1:2 mixture (Lipp 

and Niggli, 1993; Wang et al., 2014a) (2.2 – Fig. S2 A, C). In addition, the intracellular 

concentrations were kept as low as possible, respectively 10 µM and 20 µM, to circum-

vent the buffering of Ca2+ signals and thus the disruption of small Ca2+ events (Wang et 

al., 1997). In primary astrocytes loaded with 20 µM Fura-2 significantly reduced Ca2+ 

waves were observed compared to 2.5 µM Fura-2 loaded astrocytes (Wang et al., 1997). 

However, in isolated ventricular myocytes, a concentration of 33.33 µM Fluo-3 and 

66.66 µM Fura Red (Lipp and Niggli, 1993) and in receptor neurons of Xenopus laevis 

even 50 µM Fluo-3 and 150 µM Fura Red were used to image Ca2+ signals (Schild et 

al., 1994).  
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One problem that may occur when two different Ca2+ indicators, with different Kd´s for 

Ca2+, are loaded into one cell is that they could show different subcellular loading pat-

terns and thus, no pixel-by-pixel ratioing should be applied (Floto et al., 1995). For ex-

ample, Floto and co-workers identified problems with determining subcellular Ca2+ sig-

nals because of strong intercellular loading variations of Fluo-3 and Fura Red (Floto et 

al., 1995). Fortunately, Fluo-4 and Fura Red exhibited very similar intensity distribu-

tions inside the T lymphocytes that matched those of the two-emission wavelengths of 

Fura-2 (2.2 – Fig. S4, A and B). Ratioing resulted in very similar data sets, thus, intra-

cellular variations were considerably low (2.2 – Fig. S4, A and B). Moreover, ratio im-

ages of Fluo-4 and Fura Red in Jurkat and primary T lymphocytes showed very similar 

distribution patterns compared to both dyes in a Ca2+ free-buffered solution (2.2 – Fig. 

S3). This implies that differences in the ratio values were caused by systemic noise of 

the CCD camera and not by differences in subcellular dye distributions.  

Another problem that may occur when two different Ca2+ indicators are used is that the-

se Ca2+ dyes are differently affected by photobleaching, which would lead to the domi-

nation of one Ca2+ dye in the ratio (Thomas et al., 2000). Unfortunately, Fura Red was 

affected stronger by photobleaching during fast acquisition then Fluo-4, but this could 

be corrected by a bi-exponential fitting curve (2.2 – Fig. S1 D). Photobleaching can 

generally be described by a negative exponential behavior that can be modeled with 

mono- or multi-exponential curves (L. L. Song, 1995; Vicente et al., 2007). Vicente and 

co-workers showed, that a bi-exponential fitting curve exhibited the most accurate way 

to correct for the photobleaching of fluorescein isothiocyanate (FITC; Vicente et al., 

2007) and this was also true for the photobleaching alteration of Fura Red (2.2 – Fig. S1 

D).  

Through the combination of Fluo-4 and Fura Red, both dyes were utilized as a single-

excitation dye with dual-emission, like Indo-1. Thus, one Kd for the Fluo-4/Fura Red 

dye combination was determined in situ (408 ± 12 nM; see Materials and Methods 2.2 – 

Fig. S9). Very recently, the first double-Kd model was published, where the classical 

Grynkiewicz equation, for the [Ca2+]i calibration of ratiometric Ca2+ dyes with one Kd 

(Grynkiewicz et al., 1985) was extended for the use of two dyes with different Kd´s 

(Assinger et al., 2015). This double-Kd equation should result in a higher accuracy and a 

higher dynamic range (Assinger et al., 2015). Comparing the double-Kd model to the 

one-Kd model no huge difference were observed in the [Ca2+]i calibration of primary 

and Jurkat T lymphocytes (Fig. 9). In primary T lymphocytes, the [Ca2+]i calibration 
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with the one-Kd model led to and overestimation of up to 18% whereas the [Ca2+]i cali-

bration in Jurkat T lymphocytes with the one-Kd model led to slight underestimation of 

up to 10 %. Still, here was one Kd used for the Fluo-4/Fura Red dye combination and 

the in situ Kd was similar to a previously published in vitro Kd for Fluo-3 and Fura Red, 

381 nM respectively (Lipp and Niggli, 1993). Interestingly, the same group reported 

three years later a Kd for Fluo-3/Fura Red of approx. 1.69 µM obtained in vivo in cardi-

ac myocytes (Lipp et al., 1996). This emphasizes how the intracellular environment, e.g. 

Ca2+ binding proteins, enzymes, and ions affect the Kd of Ca2+ indicators (Lipp et al., 

1996). Since the Kd for Fluo-4/Fura Red was obtained with Jurkat T lymphocytes that 

were lysed after loading, the whole intracellular environment was still present, possibly 

explaining the slightly higher Kd (408 ± 12 nM) compared to the in vitro value (381 nM; 

Lipp and Niggli, 1993).  

Interestingly, the [Ca2+]i calibration of Jurkat and primary T lymphocytes resulted in 

different calibration curves (Fig. 9). To determine a [Ca2+]i calibration, the identical in-

strumental sensitivity, optical path length and effective total dye concentration is needed 

(Grynkiewicz et al., 1985). Since the same instrumental sensitivity and optical path 

length were used for primary and Jurkat T lymphocytes, it is likely that the total dye 

concentration inside the cells varied. In primary T lymphocytes the same Fluo-4/Fura 

Red ratio resulted in a higher Ca2+ concentration, compared to Jurkat T lymphocytes, 

thus, higher dye concentration could be assumed. Moreover, in Jurkat T lymphocytes, a 

cancer T lymphocyte cell line, a higher density of multidrug-resistant pumps could be 

likely, hence, Fluo-4 and Fura Red could be actively secreted, leading to a decreased 

dye concentration (Amaral et al., 2007). 

 



3 Discussion 33 

33 

 

Fig. 9 Comparison of the [Ca2+]i calibration from Jurkat and primary T lymphocytes us-
ing the one- and the double-Kd model  

[Ca2+]i calibration for the one-Kd model was performed as described by Grynkiewicz et al., 
1985, with the in situ determined Kd of 408 ± 12 nM for Fluo-4/Fura Red dye combination. 
Jurkat and primary T lymphocytes were loaded with Fluo-4 AM and Fura Red AM. Rmax was 
determined using ionomycin in saturated Ca2+ conditions and Rmin was determined using the 
lowest ratio and fluorescence after chelation of Ca2+ with EGTA. The bleaching correction of 
Fura Red was not feasible in single-frame acquisition, thus it was assumed that the initial value 
of Fura Red was approx. as high as Fura Red after bleaching correction. For the double-Kd 
model the identical Rmax and Rmin values were used and the Kd for Fluo-4 (330 nM) and Fura 
Red (1069 nM) where taken from the Assinger et al., 2015 publication. 

 

A general problem with the [Ca2+]i calibration is that Ca2+ dyes inevitably alter the time 

course of [Ca2+]i inside the cell through indicator buffering, even with an accurate cali-

bration (Helmchen, 2011; Wang et al., 1997). Thus, the calibration of [Ca2+]i is always 

only an approximate value and may not reflect the physiological levels that are reached 

in the absence of Ca2+ dyes (Helmchen, 2011). 

Taken together, the combination of Fluo-4 and Fura Red allowed the calibration and for 

the first time also the measurement of subcellular Ca2+ microdomains in T lymphocytes 

with a temporal resolution of 40 frames/sec despite morphological cell shape changes 

(2.2 – Fig. S2 A lower panel, C).  

 

3.1.4 Activation of T lymphocytes in vitro 

There are many different methods to activate T lymphocytes in vitro under the micro-

scope. The easiest way to stimulate T lymphocytes is obtained using soluble antibodies 

against the TCR complex, e.g. CD3, or co-stimulation with CD3 and CD28. One of the 

major disadvantages is that soluble antibodies bind their specific targets all over the T 
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lymphocyte plasma membrane, thus, the T lymphocytes are activated from all sides and 

no directed stimulation, as in an immune synapse, is possible. 

In vivo T lymphocytes are activated via a directed stimulation by APCs, which present 

antigenic peptides bound to MHC together with co-stimulatory molecules (Kenneth 

Murphy, 2011; Kummerow et al., 2009). During this cell-cell-interaction T lymphocytes 

polarize and form a so-called immune synapse leading to morphological shape changes, 

with a central supramolecular activation cluster (cSMAC) consisting of TCR, a ring of 

adhesion molecules the peripheral SMAC (pSMAC) and a distal SMAC (dSMAC) with 

tyrosine phosphatase CD45 (Choudhuri et al., 2014; Dammermann et al., 2009; Freiberg 

et al., 2002; Kummerow et al., 2009; Monks et al., 1998).  

One method to achieve a more directed activation of T lymphocytes is obtained by coat-

ing immobilized surfaces with anti-CD3 and anti-CD28 antibodies (Rossy et al., 2013). 

Rossy and co-workers could show a re-localization of lymphocyte-specific protein tyro-

sine kinase (Lck) starting 2 min after T lymphocyte activation via TCR triggering on 

coated glass cover slips (Rossy et al., 2013). Yet an immobilized surface, even when 

coated with antibodies cannot replace a cell-cell-interaction (Lillemeier et al., 2010). To 

address artifacts that can occur when using immobilized surfaces, activating fluid lipid 

bilayers containing potent peptide-MHC complexes (dimeric IEk-MCC; Hamad et al., 

1998) and intercellular adhesion molecule-1 (ICAM-1) could potently stimulate T lym-

phocytes (Choudhuri et al., 2014; Lillemeier et al., 2010). In fluid lipid bilayers, pep-

tides move freely, similar to peptides in the plasma membrane of cells, compared to 

solid surfaces. T lymphocytes activated via fluid lipid bilayers developed an immune 

synapse rapidly with a cSMAC after 5 min (Choudhuri et al., 2014). Already after 1 min 

a distribution of TCR and the linker of activated T cells (Lat) towards the center of the 

synapse was observed (Lillemeier et al., 2010).  

A further improvement is the coating of antibodies on spheres, which mimic size and 

shape of T lymphocytes. Anti-CD3/CD28 coated beads are commonly used to activate 

and expand T lymphocytes in vitro (Guo et al., 2012; Hollyman et al., 2009; Li et al., 

2007). Therefore, here magnetic beads coated with anti-CD3 antibodies (Jurkat T lym-

phocytes) or anti-CD3/ anti-CD28 antibodies (primary T lymphocytes) were used to 

activate the cells. The beads were similar in size and shape compared to the T lympho-

cytes and could activate them in a directed fashion, mimicking the T lymphocyte APC 
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interaction. Directly after contact with the coated beads Jurkat as well as primary T 

lymphocytes showed Ca2+ microdomains at the site of contact (2.2 – Fig. 1A, 3B). 

Thus, compared to the in vivo activation a directed stimulation, with co-stimulation was 

feasible; still the activation with antibodies resembles not the in vivo activation with 

antigenic peptides bound to MHC. However, a cell-cell interaction could be mimicked 

with antibody-coated beads and initial subcellular Ca2+ microdomains in response to a 

directed, localized activation could be investigated for the first time.  

 

3.1.5 Discrimination between signal and noise 

One of the basic challenges with imaging data is the discrimination between noise and 

signals. Noise is defined, among other definitions, as “unwanted disturbance superim-

posed upon a useful signal, which tends to obscure the signal´s information content” 

(Dyer, 2004). Therefore, an optimal computational noise filter should remove these un-

wanted disturbance in the image while preserving the meaningful data, here the Ca2+ 

signals (Wang, 2003). Two different, commonly used, noise reduction approaches were 

applied, a temporal averaging and a low pass filter (Cardullo and Hinchcliffe, 2007; 

Wang, 2003). Temporal or frame averaging increases the signal-to-noise ratio and a 

major gain in noise reduction is already obtained with averaging just a few frames 

(Cardullo and Hinchcliffe, 2007). In contrast, a low pass filter eliminates high-

frequency noise leading to a smoothing of the signal (Cardullo and Hinchcliffe, 2007).  

First of all the noise of our system in ratio data of Fluo-4 and Fura Red was analyzed in 

a cell-free Ca2+-EGTA buffer ([Ca2+]= 100 nM). In random regions of interest (ROIs), 

with a size of about 0.368 µm (the calculated spatial resolution for our system), the 

peak-to-peak amplitude was measured over time (2.2 – Fig. S2 D). The analysis of the 

raw data resulted in a mean amplitude of 21 ± 4 nM Ca2+ (Fluo-4/Fura Red ratio 

0.15 ± 0.03). Applying a 2 Hz low pass filter resulted in a reduced peak-to-peak ampli-

tude of 6 ± 1 nM (Fluo-4/Fura Red ratio 0.05 ± 0.01), while five-frame averaging, 

where five sequential images were merged to generate an average image, decreased the 

peak-to-peak amplitude to 9 ± 2 nM (Fluo-4/Fura Red ratio 0.06 ± 0.02; 2.2 – Fig. S2 

D). To discriminate between noise and signal a commonly used factor is twice to three 

times the signal-to-noise ratio (SNR) for analytical method validation (Shrivastava and 

Gupta, 2011). Thus, here for the Ca2+ signals three times peak-to-peak amplitude was 
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used for the detection of initial subcellular Ca2+ release events. For 2 Hz low-pass fil-

tered data, this was 18 nM in Jurkat T lymphocytes. Since the [Ca2+]i calibration of pri-

mary T lymphocytes resulted in a steeper calibration curve (Fig. 9), three times peak-to-

peak amplitude after 2 Hz low pass filtering was 32 nM. The five-frame averaging 

method was applied to ratio figures.  

In conclusion, the newly established Ca2+ signaling method is technically limited by an 

amplitude differences as low as 18 nM (Jurkat T lymphocytes) or 32 nM (primary T 

lymphocytes) at a temporal resolution of ~40 frames/sec and a calculated spatial resolu-

tion of ~368 µm. 

 

 

 

3.2 Automation of the post-processing workflow 

 

The post-processing of single cell, subcellular Ca2+ imaging data is very time-

consuming (Fig. 10A). After the acquisition with a Dual-View module in front of the 

EMCCD camera (electron-multiplying charge-coupled device camera; C9100, Hama-

matsu) the emission signal of Fluo-4 and Fura Red was split in ImageJ (Schindelin et 

al., 2012). Moreover, both emission wavelengths were background-corrected and the 

bleaching of Fura Red was also corrected. In Openlab (Version 5.5.2, PerkinElmer Inc.) 

a no-neighbor deconvolution was applied to obtain digital confocal images. Before the 

ratioing, both emission wavelength images were registered manually in Openlab. The 

ratiometric images were median filtered (3x3 pixels) and exported as tiff or movie files. 

This whole post-processing took altogether approx. 1 - 2 hours to analyze one single 

cell (Fig. 10A). In cooperation with Dr. René Werner from the Department of Computa-

tional Neurosciences at the University Medical Center Hamburg-Eppendorf, we were 

able to automatize and optimize our established post-processing workflow (Fig. 10B). 
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Fig. 10 Comparison of the post-processing workflows 

Comparison of the established (A) and the automatized post-processing (B) workflow. (A) The 
acquisition and export of Ca2+ image data was done with Volocity (version 6.3.1; PerkinElmer 
Inc.). Afterwards in ImageJ 1.47v (Schindelin et al., 2012) the Fluo4 and Fura Red channels 
were split and both emission wavelengths were background corrected. Furthermore, the bleach-
ing of Fura Red was corrected trough a bi-exponential decay function using a modified Bleach 
Corrector plug-in by K. Miura and J. Rietdorf (http://cmci.embl.de/downloads/bleach_ correc-
tor). Openlab software (Version 5.5.2, PerkinElmer Inc.) was used for image deconvolution, 
post-measurement registration, ratioing of the two emission wavelengths and applying a median 
filter (3x3 pixels). In the end movies or tiff files were saved. This workflow was very time-
consuming and it took about 1-2 hours per cell to get a ratiometric movie. (B) The acquisition 
and export of Ca2+ image data was also done with Volocity (version 6.3.1; PerkinElmer Inc.); all 
other post-processing steps were automatized and implemented in MATLAB (MathWorks), 
leading to a 12 – 24 times faster post-processing workflow. 

 

The automation of our established post-processing workflow decreased the single cell 

post-processing time to 5 – 10 min, leading to a 12 – 24 times faster post-processing 

time. Further, only one program was needed for the whole post-processing workflow 

and, for example, the manual registration was replaced by an automated rigid sum of 

squared intensity difference registration. 
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3.2.1 Comparison of different deconvolution algorithms  

Deconvolution is an image-processing method that aims to computationally restore a 

distorted image and to reverse the effects of out-of-focus blurring in the microscope 

(Goodwin, 2014; Sibarita, 2005). Thus, the intention of deconvolution is to reassign 

optical out-of-focus blur to its original position and, hence, to reduce statistical noise 

(Sibarita, 2005). The blurring of a sample by an objective lens is represented by the 

point-spread function (PSF). The PSF can be either calculated computationally (Gibson 

and Lanni, 1991; Marian et al., 2007) or directly measured by imaging sub-resolution 

fluorescently-coated microspheres using the same optical set-up as for the samples 

(Wallace et al., 2001). Deconvolution can be generally divided in (A) deblurring and 

(B) image restoration algorithms (Goodwin, 2014). 

In our established post-processing workflow, a classical deblurring algorithm (no-

neighbor deconvolution algorithm) with an analytical PSF implemented in Openlab was 

used. Here, two different image restoration deconvolution algorithms were compared 

the Wiener deconvolution (WNR; Sibarita, 2005) and the Lucy-Richardson deconvolu-

tion (LR; Lucy, 1974; Richardson, 1972). Furthermore, analytically computed as well as 

experimentally acquired PSFs were tested. For the experimentally acquired PSF, fluo-

rescently coated microspheres with a diameter of 0.1 µm were imaged in our set-up. 

Generally, better results are obtained using empirically acquired PSFs, especially with 

high-numerical aperture objective lenses (NA lenses; Hiraoka et al., 1987, 1990). To 

evaluate the quality of the different deconvolution algorithms and PSFs commonly used 

parameters were analyzed, like the SNR (Sibarita, 2005; Swedlow and Platani, 2002) 

and the full width at half maximum (FWHM) intensities (Tab. 1; Sedarat et al., 2004). 

The different deconvolution algorithms were applied to images of the same micro-

spheres used for the empirically acquired PSF (Tab. 1). Moreover, the impact of the 

deconvolution approaches and the different PSFs was compared to the Ca2+ dynamics 

(number and diameter of local Ca2+ signals and maximum observed path lengths of Ca2+ 

signals over time) of the established post-processing workflow (2.1 – Tab.1 upper part). 
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Tab. 1 Summary of the Full-Width-Half-Maximum and the Signal-to-Noise Ratio after 
different deconvolution algorithms of a 0.1 µm microsphere. RAW = unprocessed; LR = Lucy-
Richardson deconvolution; WNR = Wiener deconvolution; Exp = experimentally acquired PSF; Analyt = 
analytically computed PSF. 

 Full-Width-Half-Maximum 
[µm] 

Signal-to-Noise Ratio 

RAW 3.56 1631 ± 0.07 

OpenLab 1.55 190 ± 0.27 

LRExp 3.45 1816 ± 0.03 

LRAnalyt 0.80 2333 ± 0.02 

WNRExp 8.94 59 ± 0.001 

WNRAnalyt 16.36 --- 

 

The Wiener deconvolution algorithm failed to clearly separate signal and noise whatev-

er PSF was applied (Tab. 1, 2.1 – Tab.1 upper part). In contrast, the LR deconvolution 

algorithm detected a similar number of Ca2+ signals, diameters and path length with 

both PSFs (2.1 – Tab.1 upper part). Interestingly the LR approach with the experimental 

PSF was closest to the reference of the established workflow, but the analytical PSF 

applied to the LR algorithm resulted in a superior SNR and was able to reduce the mi-

crosphere spreading by >40% (Tab. 1). McNally and co-workers also observed good 

similarity between analytically computed and experimentally acquired PSFs using low-

NA objective lenses (McNally et al., 1994).  

Additionally, Jurkat T lymphocytes were loaded with LysoTracker® (Molecular Probes, 

Life Technologies) to compare the LR deconvolution with unprocessed images and the 

OpenLab deconvolution in a whole cell (Fig. 11). Lysosomes are spherical compart-

ments inside the cell with a diameter of approx. 0.55 µm in mammalian cells (Glunde et 

al., 2003). Since Ca2+ signals can be very small and spherical, here the loaded lyso-

somes were used for comparison. 
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Fig. 11 Impact of different deconvolution algorithms on image quality 

Jurkat T lymphocytes were loaded with 75 nM LysoTracker® (Molecular Probes, LifeTechnolo-
gies) for 1h at 37°C. Imaging was performed using a Leica IRBE2 microscope with 100x mag-
nification, a Sutter DG-4 as lights source and an electron-multiplying charge-coupled device 
camera (C9100, Hamamatsu). Arrowheads indicate dark artifacts. Scale Bar represents 10 µm. 
RAW = unprocessed; LR = Lucy-Richardson deconvolution; Exp = experimentally acquired 
PSF; Analyt = analytically computed PSF. 
 

The LR deconvolution approach with the experimentally obtained PSF (LRExp) is al-

most identical to the unprocessed image (RAW; Fig. 11). The Openlab deconvolution 

resulted in a higher background and moreover, some dark artifacts appeared around the 

lysosomes (indicated with arrow-heads). In conclusion, the LR deconvolution algorithm 

with the analytically derived PSF resulted in the best restoration of the lysosomes and 

Ca2+ signals in T lymphocytes (Fig. 11), although in our microscope set-up high-NA 

objective lenses are used. 

3.2.2 Evaluation of bleaching correction strategies 

Bleaching or photobleaching is a process where fluorophores are irreversibly damaged 

by the radiation within the excitation spectrum, hence, the overall intensity decreases 

(Vicente et al., 2007). Fluorophores in their excited state can react with oxygen and 

thereby generate non-fluorescent molecules (Bootman et al., 2013).  

Fura Red is strongly affected by photobleaching during fast acquisition but in the estab-

lished post-processing workflow, the bleaching was corrected by a bi-exponential fitting 

curve with a multiplicative correction (2.2 – Fig. S1 D). This means that the bleaching 

correction was performed by multiplying all fluorescence values with one correction 

factor according to the bi-exponential fitting curve (Fig. 12). For the parameters of the 

bi-exponential fitting curve, data from four different cells was obtained. Using these 

parameters, the correction factor for each frame was calculated (Fig. 12). 

RAW OpenLab LRExp LRAnalyt 
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Fig. 12 Comparison of the multiplicative and additive bi-exponential bleaching correction 
of Fura Red in WT T lymphocytes 

The dark blue line shows the unprocessed (RAW) characteristics of Fura Red in a WT T lym-
phocyte after stimulation with antibody-coated bead. The bi-exponential fitting curve is depicted 
in red (bi-exp. fit) and the different bleaching correction strategies are displayed in light blue 
(multiplicative) and green (additive). Inlet magnifies the different bleaching correction strate-
gies in the first 600 frames (approx. 40 frames/sec thus 15sec) after bead contact.  

 

However, a multiplicative correction led to higher standard deviation and thus an ampli-

fication of the signal noise over time compared to an additive correction (Fig. 12). 

Therefore, the conservative additive correction strategy, where the difference in intensi-

ty due to bleaching, was summated rather than multiplied, was tested (Fig. 12). Even 

more, instead of the bi-exponential fitting curve, the bleaching of Fura Red was antago-

nized via specific elevation of single pixels to the overall mean intensity values at the 

start of the measurement (Fig. 13). This was done for each frame, hereafter named 

frame-by-frame approach. Hence, the mean value of Fura Red at the beginning of the 

acquisition remained the same during the measurement through additive as well as a 

multiplicative correction (Fig. 13A).  
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Fig. 13 Comparison of the frame-by-frame elevation using additive and multiplicative ap-
proaches  

(A) The blue line shows the unprocessed (RAW) characteristics of Fura Red in a CD3+ WT T 
lymphocyte after stimulation with antibody-coated bead and the different bleaching correction 
strategies are displayed in dashed lines in orange (multiplicative) and red (additive). (B) Com-
parison of the Fura Red fluorescence after different bleaching correction strategies (as indicated) 
at the end of the measurement. 

 

While the additive, as well as multiplicative bleaching corrections, resulted in the same 

mean intensity (Fig. 13A), the intensity values inside the cells varied dramatically, with 

a higher signal noise using the multiplicative approach (Fig. 13B). Furthermore, with the 

frame-by-frame bleaching correction Fura Red is not anymore participating to the dy-

namics of the Ca2+ induced fluorescent signal, but it is exclusively dominated by Fluo-4 

resulting in a pseudo-ratiometric measurement (Morgan et al., 2015). Hence, for the 

[Ca2+]i calibration the in situ obtained Kd for Fluo-4 only is needed in further experi-

ments as shown for pseudo-ratiometric imaging in lysosomes (Lloyd-Evans et al., 2008; 

Morgan et al., 2015; Sherwood et al., 2007). In lysosomes, a combination of Fluo-3 and 

Texas Red, a Ca2+ insensitive dye, was used (Morgan et al., 2015). Though the dynamic 

range of the ratio was reduced, only the Kd of Fluo-3 was needed for the calibration 

(Morgan et al., 2015).  
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To further evaluate the different bleaching correction approaches, the same Ca2+ dynam-

ic parameters as for the comparison of the different deconvolution algorithms were used 

(2.1 – Tab.1 lower part). Comparing the bi-exponential fitting curve with the frame-by-

frame elevation using the multiplicative correction resulted in a similar amplitude of 

Ca2+ signals, signal diameter and maximum observed path lengths of Ca2+ signals over 

time (2.1 – Tab.1 lower part). For the additive correction less, Ca2+ signals were found 

and the observed path lengths were shorter, as expected due to the potentially noise am-

plifying potential of the multiplicative approach (2.1 – Tab.1 lower part). Comparing 

the bi-exponential fitting curve with the frame-by-frame elevation approach using the 

additive correction rather small differences were obtained, but suboptimal bi-

exponential fitting of Fura Red resulted in artificial Ca2+ signals (Fig. 12). Thus, alt-

hough the amount of available fluorophores was reduced due to photobleaching and 

thus potential useful information was eliminated (Vicente et al., 2007), the frame-by-

frame elevation approach using the additive correction provided the most robust bleach-

ing correction strategy for Fura Red in T lymphocytes and with this approach only one 

Kd for the [Ca2+]i calibration is needed.   

 

3.3 Analyzing the fundamental Ca2+ network during T 
lymphocyte activation 

 

Already in 2000, it was shown that NAADP is an essential regulator of T lymphocyte 

Ca2+ signaling and activation of the adaptive immune response (Berg et al., 2000). Thus, 

the initial Ca2+ signals triggered by NAADP seem to regulate the fate of the T lympho-

cytes. Upon specific extracellular stimulation, fast production of NAADP after 10 sec 

has been observed in human Jurkat T lymphocytes (Gasser et al., 2006). Still the pro-

posed target receptors of NAADP, RyRs, the TPCs, TRPM2, and TRP-ML1, are con-

troversially discussed (Guse et al., 2013). 

3.3.1 Initial Ca2+ microdomains in T lymphocytes 

The major problem to capture initial Ca2+ signals was the spatio-temporal resolution of 

imaging systems. With the new Ca2+ live cell-imaging method developed in this thesis 
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this problem could be solved and for the first time initial, local Ca2+ microdomains after 

directed stimulation could be analyzed.  

Directly after contact with an antibody-coated bead, Ca2+ microdomains were observed 

at the site of stimulation in Jurkat and primary WT T lymphocytes (2.2 – Fig. 1A, 3B, 

6A). To exclude unspecific activation of the T lymphocytes, beads were coated with an 

unspecific anti-IgG antibody. In ~20% of the primary WT T lymphocytes stimulated 

with these beads Ca2+ signals were observed, but the number of signals per cells and the 

amplitude was dramatically reduced. Hence, beads coated with anti-CD3 or anti-

CD3/anti-CD28 specifically activated the T lymphocytes (2.2 – Fig. 3A). 

Interestingly, the initial Ca2+ signals showed a bi-phasic pattern. For example in Jurkat 

T lymphocytes the first signals were observed directly at the plasma membrane after 

0.13 sec for approx. 1 sec. Then the initial signals nearly completely diminished but 

after approx. 8 sec new Ca2+ signal arose still close to the site of stimulation, but not 

directly at the plasma membrane (2.2 – Fig. 1A). Similar responses were also observed 

in primary WT T lymphocytes but on a slightly different time-scale (2.2 – Fig. 3B, 6A). 

In primary WT T lymphocytes, the initial Ca2+ microdomains were also observed direct-

ly after bead contact at the site of stimulation and diminished again after approx. 1 sec. 

However, the second Ca2+ response was observed in a range between 9 - 50 sec after the 

initial activation (2.2 – Fig. 3B, 6A). TCR-mediated signaling of primary T lympho-

cytes is likely modulated by differentiation conditions (Farber et al., 1997; Hussain et 

al., 2002). The freshly isolated primary T lymphocytes were a mixture of naïve, effector 

and memory T lymphocytes with characteristic differentiation conditions, and this could 

explain the huge variation and the slower second Ca2+ response in comparison to Jurkat 

cells. Naïve T lymphocytes are mature but resting T lymphocytes that have never en-

countered an antigen in the periphery and thus have not been activated (Berard and 

Tough, 2002; Broere et al., 2011; Hussain et al., 2002). In contrast effector or memory 

T lymphocytes have been activated in the periphery (Berard and Tough, 2002). General-

ly, effector T lymphocytes are hyper-responsive to TCR stimulation with anti-CD3 

(Ahmadzadeh et al., 2001), although the CD3 expression is down-modulated (Liu et al., 

2000). In contrast, memory T lymphocytes are hypo-responsive and naïve T lympho-

cytes exhibit an activation kinetic midway of those two in proliferation assays 

(Ahmadzadeh et al., 2001). Moreover, these T lymphocytes subsets differ in their ex-

pression of lymphocyte cytosolic protein 2 (LCP2 or SLP-76; Hussain et al., 2002). 

SLP-76 is an adapter protein that is phosphorylated via ZAP-70 upon TCR-mediated 
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stimulation of the T lymphocytes. Relative to naïve T lymphocytes, memory T lympho-

cytes express fewer amounts while effector T lymphocytes express similar to elevated 

levels of SLP-76 (Hussain et al., 2002), corresponding to the proliferation kinetic after 

TCR stimulation with anti-CD3 (Ahmadzadeh et al., 2001). Furthermore, the RyR1 ex-

pression is significantly increased in vitro in effector T lymphocytes (von Osten, 2015). 

This could lead to a faster release of Ca2+ from the ER, hence a faster second Ca2+ re-

sponse and also a higher proliferation rate.  

Taken together, these differences in functional and differentiation conditions could ex-

plain the variable and mostly slower Ca2+ response in primary T lymphocytes. There-

fore it would be interesting to analyze particularly primary effector T lymphocytes; pos-

sibly their bi-phasic response would be closer to the Jurkat T lymphocytes, although 

Jurkat T lymphocytes, especially the JMP clone used in our laboratory, has a high CD3 

expression. 

 

3.3.1.1 Initial bi-phasic Ca2+ response in T lymphocytes  

How could such an initial bi-phasic Ca2+ response in T lymphocytes be explained? One 

possibility may be that these first, initial signals are artifacts, which result from the low 

intrinsic fluorescence of the magnetic beads added to stimulate the T lymphocytes. 

However, using IgG-coated beads no such initial signals directly at the site of stimula-

tion could be observed (Fig. 14). Thus, it seems very unlikely that the initial Ca2+ signals 

are artifacts caused by the magnetic beads. 
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Fig. 14 Ca2+ microdomains in primary T lymphocytes after stimulation with IgG-coated 
beads 

Shown is one representative cell from the 9 WT neg. cells (2.2 – Fig. 3A). Primary CD3+ WT 
T lymphocytes were freshly isolated from spleens by negative selection. The cells were loaded 
with Fluo-4 AM and Fura Red AM and Ca2+ imaging was performed as described Materials and 
Methods section 2.2. IgG-coated beads were used to stimulate the cells and bead contact sites 
are indicated schematically. Top: Frame scan of initial localized Ca2+ release events in a primary 
WT T lymphocyte upon bead contact. Bottom: Frame scan of a magnified region (4 × 4 µm) of 
the same cell near the bead is presented from the time of bead contact until 0.65 sec after con-
tact. Five sequential images were merged to generate an average image to decrease noise.  

 

Another explanation would be that two different compartments or Ca2+ releasing second 

messengers are involved; especially since the Ca2+ signals do not occur at the same po-

sitions (2.2 – Fig. 1A).  

NAADP is the most potent, endogenous Ca2+ mobilizing second messenger (Chini et 

al., 1995; Lee and Aarhus, 1995) that is synthesized rapidly after T lymphocytes stimu-

lation with anti-CD3 antibodies (Gasser et al., 2006). Thus, NAADP is the best candi-

date to be responsible for the formation of initial Ca2+ microdomains; the first Ca2+ re-

sponses. However, a significant increase of NAADP after Okt3 stimulation in Jurkat T 

lymphocytes was observed first after 10 sec (Gasser et al., 2006). However, for these 

experiments, an enzymatic cycling assay was used to quantify the endogenous NAADP 

concentration of whole cell lysates after stimulation and no shorter time points were 

analyzed (Gasser et al., 2006). Hence, it is possible that the NAADP concentration al-

ready rises in T lymphocytes directly after stimulation and NAADP triggers the devel-

opment of initial Ca2+ microdomains.  

In 2001 a two-pool model for NAADP signaling has been suggested which was rede-

fined in 2012 by a unifying hypothesis (Churchill and Galione, 2001; Guse, 2012). This 
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unifying hypothesis divided actions of NAADP in different steps. First, NAADP is 

formed, followed by the interaction with a putative binding protein (bp). The NAADP-

bp has not yet been identified. However, with the help of 5-N3-NAADP, a radioactively 

labeled NAADP photo affinity analog, small cytosolic proteins (22/23 kDa) have been 

discovered in mammalian cells that showed the highest affinity to NAADP (Lin-

Moshier et al., 2012). If NAADP mediates the initial Ca2+ events coupled to a bp al-

ready in msec (2.2 – Fig. 1A, 3B, 6A) the NAADP-bp has to be constantly available 

inside the cell. Presumably, the bp may get directly activated upon NAADP binding or 

could be activated by phosphorylation or de-phosphorylation. Reversible phosphoryla-

tion is the most widespread protein modification (Cieśla et al., 2011) and an essential 

step in the activation of T lymphocytes (Lillemeier et al., 2010; Rossy et al., 2013).  

After the NAADP-bp complex is formed, low amounts of Ca2+ are released in a trigger 

zone probably through lysosomal receptors (TPCs and TRP-ML1). RyRs and IP3Rs on 

the ER subsequently amplify these initial Ca2+ signals through CICR. Thus, the first 

Ca2+ signals could be triggered by TPC and/or TRP-ML1, amplified by RyRs and IP3Rs 

on the ER. Interestingly, the inhibition of IP3R neither reduced the number of Ca2+ sig-

nals nor the number of responding Jurkat T lymphocytes after bead stimulation (2.2 – 

Table 1). Thus, IP3 does not seem to be involved in the early CICR. Moreover, the for-

mation of IP3 in Jurkat T lymphocytes after stimulation with anti-CD3 (Okt3) antibodies 

was observed after 3 – 5 min rather than in secs (Guse et al., 1995b), thus IP3 seems not 

to trigger the initial Ca2+ microdomains. 

A recent publication showed that in pancreatic acinar cells both the RyRs and TPCs are 

required for NAADP-induced intracellular Ca2+ release events (Gerasimenko et al., 

2015). Inhibition of RyR1 with antibodies in these cells resulted in a similar decreased 

NAADP-induced Ca2+ release as TPC2-KOs where TPC1 was additionally blocked with 

antibodies (Gerasimenko et al., 2015). Still in both experiments, few NAADP-induced 

Ca2+ signals were observed, which were explained by the cooperation of RyR1 and 

TPC1/2 (Gerasimenko et al., 2015). Controversially, in many reports TPCs were found 

to be Na+ selective ion-channels, and not primarily Ca2+ selective ion-channels (Cang et 

al., 2013, 2014a, 2014b; Wang et al., 2012). Furthermore, no evidence for the regulation 

of TPCs by NAADP was found, but instead, the membrane lipid PI(3,5)P2 evoked Na2+ 

currents (Cang et al., 2013; Wang et al., 2012). In T lymphocytes, there is good evi-

dence that the RyRs might be involved in the formation of initial Ca2+ microdomains 

targeted by NAADP (Dammermann and Guse, 2005; Dammermann et al., 2009; 
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Langhorst et al., 2004). In other cell types, like the pancreatic acinar cells, also the TPCs 

might participate (Gerasimenko et al., 2015). Furthermore, the NAADP-bp could be the 

missing link for understanding the different NAADP sensitive channels in different cell 

types (Guse, 2012). 

Since the first signals were observed directly at the plasma membrane TRPM2 or the 

CRAC channels could be involved in the formation of trigger Ca2+. However, CRAC 

channel formation in Jurkat T lymphocytes was first observed 8 min after Raji cell con-

tact (Quintana et al., 2011). Further, STIM1 redistributed to punctae near the plasma 

membrane after 10 min (Smyth et al., 2008). 

Taken together, for the first time, a bi-phasic Ca2+ pattern in T lymphocytes was ob-

served in the first seconds after a directed activation. However, many different Ca2+ 

channels could be involved in the formation of this initial bi-phasic Ca2+ pattern in T 

lymphocytes.  

 

3.3.1.2 Comparison of initial Ca2+ microdomains in T lymphocytes to previously 
described Ca2+ sparks and quarks 

The Ca2+ signals observed in Jurkat T lymphocytes in the first 15 secs after bead stimu-

lation were characterized by an amplitude of ~79 nM (Fluo-4/Fura Red ratio 0.79± 

0.01) and a diameter of ~0.43 µm. A summary of previously described Ca2+ sparks and 

quarks in comparison to the initial Ca2+ microdomains observed in Jurkat and primary T 

lymphocytes is shown in Tab. 2.  

 

Tab. 2 Comparison of initial Ca2+ signals to previously described Ca2+ sparks and quarks. 
Jurkat = Jurkat T lymphocytes; primary = primary T lymphocytes. 

 Ca2+ amplitude 
[nM] 

 

ratiometric  
amplitude 

diameter 
[µm] 

 
Jurkat  79 ± 4 0.79 ± 0.01 0.43 

primary 180 ± 5 0.90 ± 0.02 0.37 

Ca2+ sparks 
(Bootman et al., 2001; Cheng and 

Lederer, 2008; Niggli, 1999) 

~170 Δ 0.2 – 4.0 2.0 
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Ca2+ quarks 
(Cheng and Lederer, 2008; Lipp 

and Niggli, 1998) 

37 ± 6  --- 0.4 – 0.85 

 

Ca2+ sparks have been proposed to result from clusters of RyRs and to underlie the 

CICR (Lipp and Niggli, 1998). The ratiometric amplitude of Ca2+ sparks varies widely, 

from ΔF/F0 ~ 0.2 to ~ 4 in ventricular myocytes which resemble a calibrated amplitude 

of ~170 nM (Bootman et al., 2001; Cheng and Lederer, 2008; Niggli, 1999). Further-

more the FWHM of Ca2+ sparks in cardiac muscle cells were 2.0 µm during the peak 

signal (Cheng and Lederer, 2008). Hence, the observed Ca2+ signals were approx. five 

times smaller in size and nearly half the calibrated amplitude of Ca2+ sparks, suggesting 

that these initial Ca2+ signals were more closely related to Ca2+ quarks. Ca2+ quarks are 

associated with the Ca2+ release through single RyRs (Cheng and Lederer, 2008) and are 

characterized by an amplitude of ~37 ± 6 nM and a spatial spread of 0.85 ± 0.2 µm, 

although the size of the smallest Ca2+ signaling events were ~0.4 µm (Lipp and Niggli, 

1998).  

Interestingly, a marked difference in the amplitude between Jurkat and primary T lym-

phocytes was observed. In primary WT T lymphocytes the initial Ca2+ release events 

were even smaller in size but the amplitude (~180 nM; Fluo-4/Fura Red ratio 

0.90 ± 0.02) was nearly twice as high, compared to Jurkat T lymphocytes. Maybe larger 

clusters of RyRs are activated, more NAADP is synthesized or less Ca2+ binding pro-

teins are expressed in primary T lymphocytes that buffer the Ca2+ signal. Additionally, 

when comparing Ca2+ signals with published Ca2+ sparks and quarks one has to take 

into account that different cell types (e.g. cell size, expression levels of Ca2+-bp, -

channels, -pumps) and also different Ca2+ indicators and microscopes (e.g. cameras, 

light-sources, filters) are used for the analysis Ca2+ sparks and quarks, thus a direct 

comparison is challenging.  

 

3.3.2 Using knockouts to decode the fundamental Ca2+ network T 
lymphocytes 

Among others, RyRs and TRPM2, are considered as the target receptors of NAADP 

(Beck et al., 2006; Dammermann and Guse, 2005; Hohenegger et al., 2002; Lange et al., 
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2008; Langhorst et al., 2004). Here RyR knockdown Jurkat T lymphocytes, RyR1-KO 

and TRPM2-KO primary T lymphocytes were analyzed to understand the formation of 

the initial, bi-phasic Ca2+ response. 

 

3.3.2.1 Involvement of RyRs in the formation of initial Ca2+ signals in T 
lymphocytes 

RyR knockdown in Jurkat cells, as well as the RyR1-KO in primary T lymphocytes, had 

similar effects on initial Ca2+ signals (2.2 – Fig. 3A). The number of responding cells 

was reduced about ~45% of the cells, no bi-phasic Ca2+ pattern and no initial Ca2+ mi-

crodomains at the site of stimulation could be observed (2.2 – Fig. 2A, 3C). Additional-

ly, the numbers of signals per cell were approx. twofold reduced in comparison to the 

control and WT T lymphocytes. If the initial Ca2+ signals would be exclusively mediat-

ed by RyRs one would expect a lower spatial spread of these signals but interestingly 

the size of the initial Ca2+ signals was not altered in RyR knockdown Jurkat cells and 

RyR1-KO in primary T lymphocytes compared to the controls, hence additional Ca2+ 

channels have to be involved. Still the [Ca2+]i amplitude was significantly lower in RyR 

knockdown Jurkat cells and RyR1-KO in primary T lymphocytes compared to the con-

trols (2.2 – Fig. 3A). Thus, the RyRs, at least partly, are involved in shaping the bi-

phasic Ca2+ pattern and formation of the initial Ca2+ microdomains. Although RyR3 is 

expressed in effector T lymphocytes (von Osten, 2015), RyR3 does not seem to be the 

additional Ca2+ channel involved in the formation of initial Ca2+ microdomains (Fig. 15). 

There is no significant difference in the number of responding cells, the number of sig-

nals per cell and [Ca2+]i amplitude in the first 15 sec after T lymphocyte stimulation 

with anti-CD3/anti-CD28 coated beads. However, there is a slight reduction in [Ca2+]i 

amplitude in RyR3-KO T lymphocytes, implying that RyR3 has minor effects on the 

Ca2+ release from the ER but the RyR3-KO is probably compensated by RyR1.   
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Fig. 15 Initial Ca2+ microdomains in primary WT and RyR3-KO T lymphocytes  

Primary CD3+ WT and RyR3-KO T lymphocytes were freshly isolated from spleens by negative 
selection. The cells were loaded with Fluo-4 AM and Fura Red AM and Ca2+ imaging was per-
formed as described Materials and Methods section 2.2. Anti-CD3/ anti-CD28-coated beads 
were used to stimulate the cells and the characteristics of initial Ca2+ microdomains were ana-
lyzed using MATLAB. In every frame of the first 15 sec Ca2+ signals with an amplitude ≥ 
112,5 nM and size ≥ 368 nm were detected. Data are means ± SEM of 30 to 38 cells. *P < 0.05, 
**P < 0.01, ***P < 0.001 by the Mann-Whitney U test. 
 

To easily compare the initial, localized Ca2+ signals of different cell types and treat-

ments a combined parameter was formed. This so-called “mean responsiveness” is the 

product of the number of signals per cell and the amplitude. In the mean responsiveness, 

a statistically significant decrease between control cells and RyR knockdown and pri-

mary RyR1-KO T lymphocyte was found (2.2 – Fig. 4). Furthermore, pharmacological 

inhibition of RyRs in control Jurkat T lymphocytes with 50 µM ryanodine reduced the 

number of responding cells and the amplitude while the number of signals per cell was 

not affected (2.2 – Table 1). Interestingly, also significant differences in global Ca2+ 

signals were observed comparing Jurkat WT and RyR knockdown T lymphocytes (2.2 – 

Fig. S5) indicating that these initial Ca2+ release events are essential for the global Ca2+ 

T cell activation and that RyRs are essential for the CICR in T lymphocytes. 

In conclusion, these results suggest that the RyRs (RyR1 in primary T lymphocytes) are 

involved in the formation of initial Ca2+ signals and CICR in T lymphocytes. RyR3, at 

least in primary T lymphocytes, seems to have no association in Ca2+ microdomain de-

velopment. Still the initiation of these initial Ca2+ signals did not strictly depend on 

RyRs, thus, additional Ca2+ channels seemed to be involved.  
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3.3.2.2 TRPM2 is not linked to the formation of initial Ca2+ signals in primary T 
lymphocytes 

Since TRPM2 has been proposed as one of the target receptors of NAADP (Beck et al., 

2006; Lange et al., 2008) and has been described as a plasma membrane and lysosomal 

channel (Faouzi and Penner, 2014), TRPM2 may be the missing link for the bi-phasic 

Ca2+ response of T lymphocytes. However, TRPM2 in primary T lymphocytes is not 

involved in the formation of initial Ca2+ signals (2.2 – Fig. 6). Neither the number of 

signals per cell, the amplitude nor the mean responsiveness was reduced in primary 

TRPM2-KO T lymphocytes; even more, all these parameters were slightly but not sig-

nificantly increased in TRPM2-KO cells (2.2 – Fig. 6C). Only the number of respond-

ing cells was slightly decreased in TRPM2-KO T lymphocytes. Furthermore, the initial 

Ca2+ microdomains in TRPM2-KO T lymphocytes were located directly at the bead 

contact site, similar to WT T lymphocytes and these also showed a distinct bi-phasic 

Ca2+ pattern (2.2 – Fig. 6A, B). Considering the high (≥ 100 µM) EC50 values of 

NAADP for TRPM2 (Tóth and Csanády, 2010) and the low endogenous NAADP con-

centration inside T lymphocytes after stimulation (~35 nM; Gasser et al., 2006) the in-

volvement of TRPM2 in the formation of initial Ca2+ microdomains seemed rather un-

likely and this assumption was experimentally confirmed here. Furthermore, it was very 

recently shown that impurities of ADPR and ADPRP in commercial preparations of 

NAADP, NAAD and NAD caused low activation of TRPM2 (Toth et al., 2015). Thus, 

it seems that the NAADP effects on TRPM2 were rather due to impurities. However, 

TRPM2 seems to be important in later stages in the Ca2+ signaling cascade because pri-

mary TRPM2-KO T lymphocytes exhibit a reduced cytokine production after stimula-

tion with anti-CD3/anti-CD28 beads in vitro and an ameliorated EAE phenotype was 

observed in TRPM2-KO mice (Melzer et al., 2012). Taken together, ADPR and ADPRP 

seem to be the only true agonists for TRPM2 (Toth et al., 2015). 

 

3.3.3 NAADP and initial, localized Ca2+ signals 

NAADP is the most potent Ca2+ releasing second messenger (Chini et al., 1995; Lee and 

Aarhus, 1995) and is rapidly formed after T lymphocyte stimulation with anti-CD3 an-

tibodies (Gasser et al., 2006). Further, NAADP is an essential regulator of T lympho-

cyte Ca2+ signaling and thus the activation of the adaptive immune response (Berg et al., 

2000). To validate the influence of NAADP on the initial localized Ca2+ signals, 
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NAADP was directly microinjected in Jurkat control (E2) and RyR-knockdown (#10; 

Langhorst et al., 2004) T lymphocytes (2.2 – Fig. 5B). Since the NAADP concentration 

upon stimulation in Jurkat T lymphocytes increased up to approx. 35 nM, assuming an 

even distribution throughout the cell (Gasser et al., 2006), the NAADP concentration in 

the microinjection pipette was adjusted to 60 nM. Still matter of debate was whether 

NAADP acts directly (or via a binding protein) on RyR or only through the RyR-

dependent CICR (Guse, 2012). In Jurkat, control cells (E2) initial Ca2+ signals after mi-

croinjection of NAADP were already observed after 20 msec following a global activa-

tion of the cell (2.2 – Fig. 5A). Thus, if NAADP acts via a bp, the protein seems to be 

directly activated by NAADP-binding within 20 msec, as discussed earlier. The initial 

Ca2+ signals after microinjection of NAADP were ~1.07 µm in diameter with [Ca2+]i 

amplitude of approx. 374 nM (Fluo-4/Fura Red ratio ~1.6; 2.2 – Fig. S8 B). The size 

and ratiometric amplitude of these initial Ca2+ signals corresponded to Ca2+ sparks in 

cardiac and ventricular myocytes (Tab. 2; Cheng and Lederer, 2008; Niggli, 1999). 

However the calibrated amplitude of approx. 374 nM seemed to be too high for Ca2+ 

sparks (Niggli, 1999).  

In RyR-knockdown Jurkat T lymphocytes (#10) neither initial Ca2+ signals nor a global 

activation was observed (2.2 – Fig. 5B). Thus, already the initial, very fast Ca2+ signals 

were dependent on functional RyRs, suggesting that the RyRs are directly targeted by 

NAADP. The RyR-knockdown Jurkat cells still responded to IP3 (2.2 – Fig. 3C) and 

even showed significantly higher Ca2+ amplitudes compared to WT Jurkat T lympho-

cytes (2.2 – Fig. S8). Hence, the release of Ca2+ from the ER was not altered in these 

cells and maybe knockdown of RyRs was compensated by a higher expression of IP3Rs. 

Moreover, the IP3-induced Ca2+ release events were slightly broader in diameter 

(~1.15 µm) compared to NAADP-induced Ca2+ signals, while the amplitude was more 

than twofold reduced (~151 nM; 2.2 – Fig. S8 B). This confirms again, that NAADP is 

a potent Ca2+ releasing second messenger and moreover, this may imply a higher densi-

ty of RyRs in the ER membrane compared to IP3Rs in Jukat T lymphocytes (2.2 – Fig. 

S8).  

IP3-induced Ca2+ signals are differentiated into Ca2+ puffs, discrete local Ca2+ events 

mediated by several IP3Rs, and Ca2+ blips that correspond to the opening of only one or 

a few IP3Rs (Bootman et al., 2001; Cheng and Lederer, 2008; Parker and Yao, 1996; 

Parker et al., 1996; Smith and Parker, 2009). A summary of the previously described 
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Ca2+ puffs and blips in comparison to IP3-induced Ca2+ signals observed in Jurkat T 

lymphocytes is shown in Tab. 3. 

 

Tab. 3 Comparison of IP3-induced Ca2+ signals to previously described Ca2+ blips and 
puffs. Jurkat = Jurkat T lymphocytes. 

 Ca2+ amplitude 
[nM] 

 

ratiometric  
amplitude 

diameter 
[µm] 

 
Jurkat  151 ± 23 1.17 ± 0.1 1.15 ± 0.13 

Ca2+ puffs 
(Tovey et al., 2001) 

42 – 178 --- 2.5 – 4.1 

Ca2+ blips 
(Parker and Yao, 1996) 

~ 1/5 < Ca2+ puffs Δ 0.11 ± 0.01 --- 

 

Typically Ca2+ puffs in non-excitable cells result in amplitudes of 42 – 178 nM, a diam-

eter of ~2.5 – 4.1 µm (Tovey et al., 2001). Thus, the amplitude of IP3-induced Ca2+ sig-

nals corresponded to Ca2+ puffs but the diameter seemed to be a bit too small for Ca2+ 

puffs. However, the previously described Ca2+ puffs were obtained in different cell 

types with a different microscopic set-up and Fluo-3 compared to dye combination of 

Fluo-4/Fura Red, thus, this could lead to a smaller Ca2+ puff diameter in Jurkat T lym-

phocytes. On the other hand, maybe the density of IP3Rs in the ER membrane is de-

creased in Jurkat T lymphocytes compared to the non-excitable cells analyzed by Tovey 

and co-workers (Tovey et al., 2001), this could also result in a decreased Ca2+ puff di-

ameter. 

Taken together, the strong dependence of RyRs in NAADP-induced Ca2+ signals in T 

lymphocytes, suggest that initial, localized Ca2+ signals are formed through NAADP 

targeting the RyRs and probably not through RyR-dependent CICR. However, to test 

this assumption NAADP has to be measured directly combined with fluorescently la-

beled RyRs. If NAADP directly targets the RyRs then the NAADP signal should exact-

ly overlap with the fluorescently labeled RyRs.   
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3.3.4 Strengths and limitations of the presented method 

With the here presented Ca2+ imaging method for the first time, subcellular Ca2+ micro-

domains in Jurkat and primary T lymphocytes could be characterized. Using antibody-

coated beads having the size of T lymphocytes, a cell-cell interaction was mimicked and 

thus a directed activation of T lymphocytes was obtained. 

However, the activation with antibodies resembles not the in vivo activation. Thus, a 

more physiological approach would be if antigenic peptides bound to MHC could be 

used for the activation of T lymphocytes. Since normally every T lymphocyte expresses 

a unique TCR which recognizes only the specific antigenic peptide (Kenneth Murphy, 

2011), T lymphocyte from so-called OT1 or OT2 transgenic T lymphocytes could be 

used. All CD4+ (OT2; Barnden et al., 1998) or CD8+ (OT1; Clarke et al., 2000) T lym-

phocyte from these mice express a specific TCR for the recognition of ovalbumin 

(OVA) peptides. For example, bone-marrow-derived-dendritic cells (BMDCs) may be 

loaded with OVA-peptides in vitro, if the transgenic T lymphocytes encounter an OVA-

peptide presented on BMDCs via MHC, these T lymphocytes should be activated in a 

more physiological manner and respond with Ca2+ signals. First experiments were al-

ready performed and it was possible to image and analyze global Ca2+ signals in this 

set-up, however, further development needs to be done for the measurement of subcellu-

lar Ca2+ microdomains using Ova-peptides presented on BMDCs. 

With the presented method, so far only Ca2+ signals and not Ca2+ releasing second mes-

sengers and/or Ca2+ channels could be imaged. To verify the involvement of NAADP 

during the bi-phasic Ca2+ response of the very first Ca2+ microdomains, NAADP has to 

be measured directly. One possibility would be a fluorescence resonance energy trans-

fer-based (FRET) biosensor (Gorshkov and Zhang, 2014). Epac1-camp, for example, is 

a FRET-based biosensor that binds the second messenger 3´,5´-cyclic adenosine mono-

phosphate (cAMP) using a specific binding domain of the exchange protein activated by 

cAMP 1 (Epac1) flanked by cyan fluorescent protein (CFP) and YFP (Nikolaev et al., 

2004). Upon binding, the FRET-based biosensor changes the conformation, leading to a 

fluorescent readout (Gorshkov and Zhang, 2014; Nikolaev et al., 2004). To develop 

such an FRET-based biosensor for NAADP a specific binding domain is needed, which 

changes its conformation upon binding. However, a suitable NAADP binding domain, 

e.g. from the NAADP-bp is not yet available and since NAADP functions in low nM 

concentrations the buffering of the biosensor might a problem. 
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To image the Ca2+ channels directly, it would be possible to tag a fluorescent fusion 

protein, like CFP or YFP, for example to the RyRs (Smyth and Shaw, 2008). However, 

the RyRs form the largest known ion channels each protein is approx. 500 kDa (Lanner 

et al., 2010; Zalk et al., 2007), thus the cloning and the transfection of such a large pro-

tein could be complicated, especially since Jurkat and primary T lymphocytes are diffi-

cult to transfect. Furthermore, to resolve single ion-channels under the microscope an 

advanced confocal or TIRF microscope is needed. 

Another limitation of the presented method is the deconvolution. Generally, it is always 

better to record the best possible data than to apply correction algorithms afterwards. 

Still, deconvolution algorithms are routinely used in biomedical research (Wallace et al., 

2001). Here classical no neighbor and LR deconvolution algorithms were applied, but 

recently published new deconvolution algorithms should significantly improve the reso-

lution (Arigovindan et al., 2013; Nieuwenhuizen et al., 2013). Thus, it would be inter-

esting to see how these new algorithms perform compared to the classical ones used 

here and if these algorithms optimize our Ca2+ microdomain detection. 

Furthermore, with the here presented Ca2+ imaging method, Ca2+ signals are detected in 

one layer of the T lymphocytes in two spatial dimensions, but local Ca2+ signals proceed 

in three spatial dimensions. A possible approach to analyzing spreading of Ca2+ micro-

domains in three dimensions would be to analyze, for example, three layers with differ-

ent z-axis orientation. Therefore, one layer above and one layer below the layer of inter-

est has to be recorded. This could be achieved using a piezoelectric motor, to step 

through the T lymphocyte in the z-direction. With this additional information, a three-

dimensional spreading of Ca2+ microdomains could be reconstructed. However, since 

the three different layers are not recorded at the same time, this might lead to systematic 

errors and due to the stepping in the z-direction, with only three layers the acquisition 

rate would be more than three times slower.  

 

3.3.5 Working model and open questions 

After T lymphocyte stimulation, via the TCR complex, here mediated by antibodies, 

NAADP is rapidly formed and the first Ca2+ microdomains are directly observed at the 

site of activation. Probably via a binding-protein (Guse, 2012; Lin-Moshier et al., 2012) 

located in the cytosol of T lymphocytes, NAADP targets directly RyR1 leading to bi-
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phasic Ca2+ response and an initial release of Ca2+ from the ER in the first secs. These 

initial Ca2+ release events boost a CICR by IP3Rs and further RyRs. The depletion of 

Ca2+ from the ER is sensed by STIM1/2, which thereupon change their conformation 

and activate Orai1. Then, Ca2+ from the extracellular space can enter the cytosol (Pra-

kriya and Lewis, 2015; Shaw and Feske, 2012; Shaw et al., 2013; Soboloff et al., 2012; 

Srikanth and Gwack, 2013). Since knockout of TRPM2 had no effect on localized initial 

Ca2+ signals in primary T lymphocytes, TRPM2 could be excluded as a possible target 

of NAADP, at least in mouse T lymphocytes. The results and open questions are sum-

marized in Fig. 16.  

 

 
Fig. 16 Summary of the obtained results and open questions  

Upon activation of T lymphocytes Ca2+ releasing second messenger are formed. NAADP (Nico-
tinic acid adenine dinucleotide phosphate), probably via a binding protein (NAADP-bp), medi-
ates the initial Ca2+ release through RyRs (RyR1 in primary T lymphocytes). TRPM2 (transient 
receptor potential channel, subfamily melastatin, member 2) is not involved in the formation of 
initial Ca2+ signals. The role of TPC1/2 (two-pore channel 1,2) and TRP-ML1 (Transient recep-
tor potential channel, subfamily mucolipin, member 1) as possible target receptors of NAADP 
needs to be investigated (indicated by a red question mark). The initial Ca2+ signals trigger fur-
ther Ca2+ release events via Ca2+-induced Ca2+-release (CICR) and subsequently STIM1/2 
(stromal interaction molecules 1,2) translocates to the plasma membrane and activates Orai1 
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(Calcium release-activated calcium channel protein 1). The CRAC-channel formation leads to a 
global activation by Ca2+ entry from the extracellular space. The involvement of STIM1/2 and 
Orai1 during the formation of initial Ca2+ signaling events needs to be investigated (indicated by 
a red question mark). APC (antigen-presenting cell); MHC (growth‐ factor‐receptor‐bound‐
protein‐2‐related adaptor protein); TCR (T cell receptor); IP3 receptors (IP3Rs); D-myo-inositol-
1,4,5-trisphosphate (IP3); cyclic adenosine diphosphate ribose (cADPR) (adapted from Ernst et 
al., 2013; Soboloff et al., 2012). 

 

However, the initial Ca2+ microdomains are not exclusively mediated by RyRs (RyR1 in 

primary T lymphocytes) as discussed earlier. Interestingly, some RyR1-KO T lympho-

cytes showed initial Ca2+ microdomains at the site of stimulation, similar to the appear-

ance of initial Ca2+ microdomains in WT T lymphocytes, but without a global activation 

after 50 sec (2.2 – Fig. S7). Furthermore, stimulation of WT and RyR knockdown 

Jurkat cells in Ca2+ free buffer resulted in a significant decrease in the mean responsive-

ness (2.2 – Fig. 4A). These results indicate that the Ca2+ entry channels are involved in 

forming the initial Ca2+ microdomains. Interestingly, in primary human T lymphocytes 

coupling between RyRs and the CRAC channels was observed, suggesting a positive 

feedback relationship (Thakur et al., 2012). The inhibition of RyRs by ryanodine re-

duced the SOCE in activated primary T lymphocytes while the store refilling under 

physiological conditions was enhanced (Thakur et al., 2012). Hence, the RyRs seemed 

to be coupled to the CRAC channel machinery. However, a co-localization of RyRs 

with STIM1 was first observed after 10 min following store depletion of HEK293 cells 

(Thakur et al., 2012). Thus, the involvement of the CRAC channels during initial Ca2+ 

signaling events in primary T lymphocytes needs to be further investigated, especially 

during the first phase of the bi-phasic response.  

As discussed earlier, there is also evidence from other cell types that the RyRs and 

TPCs are required for NAADP-induced intracellular Ca2+ release events (Gerasimenko 

et al., 2015). Inhibition of RyR1 with antibodies in permeabilized pancreatic acinar cells 

resulted in a similar decreased NAADP-induced Ca2+ release as TPC2-KOs where 

TPC1 was additionally blocked with antibodies (Gerasimenko et al., 2015). Similarly, 

here in RyR1-KO as well as RyR knockdown T lymphocytes still Ca2+ signals were 

observed, indicating that the initial Ca2+ signals are not strictly depended on RyRs. 

Nevertheless, the publications regarding TPC1 and TPC2 are very divergent. Hence, 

also a role of TPC1 and TPC2 in initial Ca2+ signaling events should be analyzed in 

primary T lymphocytes.  
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Further, TRP-ML1 was shown to be activated by NAADP in concentrations ranging 

from 1 nM to 1 µM (Zhang and Li, 2007). Despite, no evidence for a link between 

RyRs and TRP-ML1 the involvement of TRP-ML1 should also be analyzed in primary 

knockout T lymphocytes, too. 

In conclusion, RyRs seemed to be targeted directly by NAADP (or NAADP-bp) during 

the initial Ca2+ microdomains, however to completely understand the fundamental Ca2+ 

network during T lymphocyte activation the involvement of TPCs, TRP-ML1 and the 

CRAC system (Orai1 and STIM1, 2) during the first phase of activation needs to be 

further investigated. 
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