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ABSTRACT 

In lymphocytes, antigen receptor activation causes the IP,-mediated release of Ca2+ 

from intracellular stores, consequently stimulating C$+ influx at the plasma membrane. 

Two Ca" pumps, SERCA2b and SERCAJ, replenish the calcium stores of these cells. I 

tested the hypothesis that SERCA3 has a unique roIe in regulating lymphocyte ~ a "  

signaling and activation, using cells isolated from sercd4' mice. Compared to wild-type 

cells, the rate of decline of [~d'], following antigen receptor stimulation was ~ i ~ c a n t i y  

reduced in sercd"' splenic B cells and thyrnocytes, but not in splenic T cells. The latter, 

however, secreted significantly reduced levels of IL-2 when treated with potent 

pharmacological stimuli. Moreover, the Ca" stores of these cells were found to be more 

depleted, and their ~ a "  influx pathway reduced when compared to wild-type cells. These 

results suggest that SERCA3 expression is critically important for lymphocyte function 

when the C P  handling requirements of the cell are high. 
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CHAPTER ONE: 

In lymphocytes. an increase in the intracellular h e  Ca2+ concentration ([Ca2+li) is 

one of the earliest events observed following the stimulation of antigen receptors (Imboden 

et al., 1985: Tsien et d., 1982). This rise in intmcellular ca2+ levels is the result of both the 

release of Ca2+ from intracellular storage compartments associated with the endoplasmic 

reticulum and the influx of Ca" from the extraceLlular space. Numerous studies have 

subsequently demonstrated the critical importance of the Ca" signal in regulating aspects of 

lymphocyte maturation and activation (Dormadieu et al., 1992: Nakayama et al., 1992: 

Negulescu et al., 1996: T i e r m a n  et al.. 1996). Given its central role in mediating 

antigen receptor-induced responses, much research has been focused on the identification 

of proteins and mechanisms involved in the regulation of the Ca" signal. 

The *co(gndo) plasmic Reticulum C a > - ~ ~ ~ a s e  ( SERCA) Ca" pumps modulate 

[Cz?Ii by replenishing intracellular stores of ca2+, making the ion available for subsequent 

release and signal transduction. SERCA proteins therefore play an important role in the 

initiation, maintenance and termination of Ca" signals. Lymphocytes are one of a select 

number of cell types that express the third isoform of the SERCA pump (Wu et d., 19951, 

suggesting this isoform that it may be uniquely involved in regulating ~ a "  signaling in 

these cells. 

This introduction provides a review of the relevant literature pertaining to the 

initiation of ~ a "  signaling in lymphocytes, and the role that SERCA3 may play in 

regulating these processes. It begins with an overview of calcium regulation and signal 

transduc tion. 



I .  Calcium Ion and Signal Transduction 

Ionized calcium is a ubiquitous second messenger and increases in its intraceliular 

concentration serve as signals that mediate a diverse number of cellular processes, 

including cell proliferation and differentiation, apoptosis. and the secretion of molecules 

From the cell (Clapham, 1995). The maintenance of ~ a "  homeostasis is therefore critically 

important for cell function. 

The resting concentration of intracellular free calcium ([Ca2+li) is approximately 100 

nM, which is sevenl thousand fold lower than the concentration found extracellularly. In 

addition to this concentration gradient. the membrane potential of approximately -70 mV. 

also favours ca2+ entry. Therefore, a substantial electrochemical gradient facilitates the 

passive entry of caL+ into cells through channels that are regulated by hormones, second 

messengers or changes in membrane potential. 

Cytosolic ca2+ levels are regulated by the active or facilitated transport of Ca2+ 

across membranes into either the extracellular space or intncellular storage compartments. 

This removal is achieved by two predominant mechanisms. One mechanism involves 

exchanger proteins, which couple the extrusion of Ca2+ from the cell with the diffusion of 

Na+ into the cell down its electrochemical pdient  (Blaustein and Lederer, 1999), while the 

other involves ATP-dependent calcium pumps, which utilize the energy of ATP to actively 

remove cab from the cytosol (Pozzan et al., 1994). Two types of pumps are expressed in 

cells. One type is the plasma membrane Ca" ATPase (PMCA) calcium pump, and the other 

type is the SERCA calcium pump. which decreases cytosolic Ca" levels by pumping the 

ion into intracellular storage compartments present within the sarcoplasmic or endoplasmic 

reticulum (SR and ER, respectively) (CIapham, 1995; Pozzan et al., 1994). 

Due to the pervasive distribution of the SRlER throughout the cell, the existence of 

storage compartments within these organelles fhditates the removal of Ca2+ fiom the 



cytosol at distances from the plasma membrane. However, these stores do not solely 

function in providing a buffer for large increases in [~a"],, they also play a dynamic role in 

cells. Due to the biochemical properties of the proteins associated with the ~ a "  pools of the 

SR/ER, these stores are able to rapidly exchange caf+ with the cytosol, and thus represent a 

major source of signaling ca2+ in the cell. ~ a "  is accumulated within these stores by the 

activity of SERCA pumps, and is maintained in the organelle through low affity/high 

capacity interactions with calcium binding proteins such calreticulin and other chaperones 

present in the ER (Pozzan et al.. 1994). Ca2+ is released through ryanodine receptor ~ a "  

channels in the SR, or tP,-regulated channels in the ER (Clapham. 1995). The release of 

stored ca2+ generates a transient inc~ase in [CP],, due to the intrinsic inactivation of the 

release channels (Meszaros et al., 1998), as well their regulation by both phosphorylation 

and the local concentration of Ca2+ (Clapham, 1995). 

Released ca2+ can trigger numerous cellular events including the contraction of 

skeletal muscle, and the initiation of signaling pathways in non-excitable cells (Clapham, 

1995). Moreover, in non-excitable cells the sensitivity of PI-gated channels for its Ligand 

is regulated in a biphasic nature by [Ca2+],, resulting in the generation of propagating waves 

of released CaL+ along the ER (Bemdge, L997). The f~quency and amplitude of these 

waves are regulated by numerous processes, including the rate and amount of IP, 

production, the subcellular location of the C P  release channels, the re-uptake of ca2+ by 

SERCA pumps (Camacho and Lechleiter. 1995: Camacho and Lechleiter, 1993), and the 

influx of extracellular Ca" (Girard and Clapham, 1993; Lewis and Cahalim, 1995). 

Variations in the frequency and amplitude of the Ca2+ signal appear to encode information 

that has significant consequences for cellular hnction since both can activate multiple 

signaling pathways depending on the affinity of these events for Ca" (Berridge, 1997; 

Dohetsch et al., 1997; Dohetsch et d., 1998; Li et al., 1998). For example, increases in 



intracellular Ca2* levels of different amplitudes foilowing antigen receptor stimulation, have 

been shown to specifically activate different types of transcription factors, thereby 

mediating the expression of particular genes (Dolmetsch et al., 1997). 

The concentration of f ~ e  Ca" within the intracellular stores of the ER not only 

determines the makpitude of Ca" release. but also modulates the "capacitative" entry of 

Ca2+ through store-operated channels (SOC) at the plasma membrane (Hofer et al., 1998; 

Putney, 1990: Putney, 1993). The signal that couples the depletion status of intracellular 

stores to the activation of Ct? influx is not well understood, but may involve a difisible 

calcium influx factor that is released upon store depletion (Csutora et al., 1999; 

Randriamanpita and Tsien. 1993), or a mechanism that leads to a direct interaction between 

P, receptors in the ER and SOCs at the plasma membrane (Patterson et al.. 1999: Yao et 

al., 1999). The capacitative entry of Ca2+ through SOCs is believed to serve many 

functions in cells. It provides the necessary ca2+ for replenishing depleted stores, as well as 

facilitates the propagation of Ca2+ waves and the prolongation of ~ a "  signals that are 

necessary for stimulating gene expression (Bemdge, 1997; Fanger et al.. 1995: Girard and 

Clapham, 1993). 

Numerous types of Cd+ SOCs have been identified. including the Trp family of 

proteins, and calcium release activated calcium (CRAC) channels (Lewis and Cahdan, 

1995). Although CRAC channels have not as yet been cloned or purified, the 

characteristics of the current associated with them reveal that they are highly selective for 

ca2+, and do not conduct ~ a ' +  spontaneously, but instead are associated with a current that 

is temporaUy Linked to changes in [ca2'Ii (Lewis and Cahalan, 1995). Furthermore. CRAC 

channels are hhiiited by membrane depolarization and blocked by Ni" and cd3+ (Lewis 

and Cahalan, 1995). The channels formed when mammalian Trps are expressed have been 



shown to be non-selective for Caz+, suggesting that the highly selective CRAC channels are 

encoded by a different gene (Birnbaumer et al., 1996). 

The intracellular Ca2+ stores of the SRfER, and the ca2+ channels, pumps and 

binding proteins associated with them, therefore play an important role in regulating cellular 

Ca2+ homeostasis at rest and during signal transduction. by mediating the rapid initiation 

and termination of ~ a "  signals, which can be localized to particular areas within the cell. 

By accumulating Ca" within intracellular pools, SERCA pumps regulate the [Ca2+],, as 

well as the availability of stored C 4  for release, the influx of extracellular Ca2+, and the 

frequency of Ca2+ waves. 

11. The SERCA Family of Calcium P u m ~ s  

Biochemical studies rust identified the SERCA Ca" pump in rabbit skeletal muscle 

as the protein responsible for the ATPdependent transport of Ca2+ in sarcoplasmic 

reticulum (SR) membrane fractions (MacLennan, 1970). A family of SERCA proteins have 

subsequently been identified, and have been shown to be present in the SR or ER (Pouan 

et al., 1994). 

Mechanism of Ca2+ transport 

SERCA pumps are P-type ATPases that form a phosphoprotein intermediate during 

the course of their reaction cycIe (MacLennan et al., 1997). During this cycle, SERCA 

proteins undergo four major reversible changes in conformation (Figure 1). Formation of 

the E,P intermediate occurs following the occupation of two high affinity Caz+-binding 

sites, and subsequent phosphoryIation of SERCA by ATP. Phosphorylation resdts in the 

ca2+ becoming occluded and no longer able to exchange with cytoplasmic ~ a " .  The 

transition to the E,P intermediate is rate Limiting, and is followed by the loss of ~ a "  to the 



ATP ADP 

2 H+ 
(lumen) 

2 Ca2+ 
(lumen) 

Fig. 1. Reaction cycle of Ca2+ transport by SERCA pumps. The 

four reversible conformations of the enzyme (E) are shown. Brackets 

around Ca2+ and H+ indicate that the ions are occluded. 

Phosphorylation (P) of the enzyme by ATP occurs after the binding of 

2 Ca2+. Transition from the €1-P conformation to E2-P results in the 

loss of Ca2+ to the lumen of the SWER. Subsequent hydrolysis of 

enzyme in E2-P conformation results in the transition to the Ep 

conformation, which converts back to El, thereby regenerating the 2 

high affinity Ca2+ binding sites (Adapted from MacLennan et al. 

(1 997). 



lumen of the SR/ER due to the low Ca" affinity of the Q conformation. E,P is then 

hydrolyzed, and the L form of the enzyme converts back to the E, conformation, 

regenerating the two high affinity Ca3-binding sites (MacLennan et al., 1997). 

SERCA Isoforms 

At least seven SERCA isoforms are encoded by three different alternatively spliced 

genes; the SERCAl gene, ATP2AI. SERCA2 gene. ATPZAI. and SERCA3 gene, 

ATP2A3. The primary sequences of the isofom are highly conserved suggesting that they 

have essentially identical transmembrane topologies and tertiary structure; characterized by 

10 transmembrane spanning segments that are connected to a large cytoplasmic head by a 

st&-like structure. and a small lumenal region (2hang et al., 1998) (Figure 2). Although 

they share a similar o v e d  structure. and perform a qualitatively similar role in cells (the 

removal of Cal' from the cytopIasm through the loading of intracellular stores), numerous 

differences between the SERCA proteins with respect to their structure. function. and 

tissue distribution have been identified. 

The SERCA isoforms expressed in the SR are SERCAl and SERCA2a. The 

SERCAl isoform is found exclusively in fast-twitch skeletal muscle (Wu et ai., 1995). 

Two developmentdy regdated alternatively spliced species are transcribed from the 

SERCAl gene (SERCAia and SERCAlb) that M e r  by seven amino acids at their 

carboxyl termini (Braad1 et al., 1987). The SERCA2 gene also encodes two 

alternatively spliced transcripts, producing the SERCA2a and SERCA2b proteins that, 

similar to the SERCAl isoforms, differ at their cilrboxyl termini. SERCA2b possesses an 

extended hydrophobic sequence of approximately 50 amino acids that forms an additiond 

transmembrane spanning segment, with the C-terminal region residing in the lumen of the 

SR/ER (Bayle et al., 1995; Campbell et al., 1992). SERCA2a is expressed in cardiac and 



Carboxyl-terminal Hydrophobic Domsin 

present In 
SERCA2b 

udeotldel 
lnge Doman 

Fig. 2. The structure of SERCA ~ a 2 +  pumps. A. Illustration of the 

proposed membrane topology. 8. Model for the arrangement of the 

transmembrane regions shown in A, based on the electron density map of 

SERCA. The helices shown in yellow form a cavity leading to the ~ a 2 +  

binding sites. The red dot indicates a bound ~ a 2 +  ion (the other ion binds in 

a region behind helix 5). Adapted from mang et al. (1 998). 



slow-twitch skeletal muscle, whereas SERCA2b is an ubiquitously expressed form of the 

Ca" pump (Lytton et al., 1989; Wu et al., 1995). 

It has recently been demonstrated that both the human and mouse SERCA3 genes 

encode for at least three alternatively spliced transcripts that are expressed in a select 

number of non-muscle tissue (Dode et al.. 1998: Ozog et d.. 1998: Poch et al.. 1998). In 

the mouse, these transcripts encode for functional proteins of either 994, 1039 or 1027 

amino acids, that differ at the extreme C-terminal region, such that the last six amino acids 

of the 994 amino acid isoform are replaced with stretches of either 45 or 33 amino acids to 

produce the other two proteins (Dode et al., 1998; Ozog et al., 1998). The physiological 

hnctions of these different isofom are not yet known. In addition, unlike the C-terminal 

region of SERCA2b. the results of hydropathy analysis do not indicate that the C-terminal 

tails of the SERCA3 isofoms form transmembrane spanning segments (Dode et al., 1998). 

SERCAZb and SERCA3: Differences in structure, function and patterns o f  

expression 

SERCA2b and SERCA3 represent the non-muscle isoforms of the Ca2+ pump. At 

the amino acid level, the two proteins share -75% identity, differing mainly in the region of 

the nucieotide binding domain and the carboxyl terminus (Burk et al., 1989). These 

differences in primary sequence Likely contribute to the distinct biochemical properties of 

SERCA3 that are believed to result from an alteration of the conformational equilibrium of 

the isozyme (Lytton et al., 1992: Toyofuku et al., 1992). SERCA3 appears to have a faster 

reaction cycle compared to SERCA26, as suggested by its faster rate of Ca2+ mspoa and 

ATP hydrolysis (Lytton et al., 1992). In addition, SERCA3 has been shown to have an 

altered pH dependence, functioning maximally at a pH of 7.2-7.4, which is higher than the 

pH required for optimal activity of the other isoforms (pH 7) (Lytton et al,, 1992). 



The two proteins also differ with respect to their affinities for Ca". The apparent 

ca2+ affinity of rat SERCA3 (K,,- 1.1 pM) is much lower compared to that of rat 

SERCA2b (K,, - 0.27 pM) (Lynon et al., 1992). Similarly, the Ca" affinity of the 994 

amino acid form of mouse SERCA3 has been shown to be lower than that of pig 

SERCA2b (K,,z = 2.2 pM vs K,,? = 0.19 pM, respectively). The differences in the 

reported Kip values may be due to differences in the assay systems used, but consistently 

reveal that SERCA3 has a lower apparent affinity for Ca" than SERCAZb. Based on this 

observation it has been suggested that SERCA3 may be localized to an area with elevated 

levels of ca2+, since at a normal resting [Ca3Ii this isozyme would be inactive (Lytton et 

ai., 1992; Toyofuku et al., 1992). 

SERCA3 is expressed in the ER of a Limited number of non-muscle tissues, 

including epithelial and endothelid cells, lymphoid cells, platelets, and cerebellar Purkinje 

neurons (Anger et al., 1993; Bobe et al., 1998; Dode et al., 1998; Wu et al., 1995; 

Wuytack et al., 1994). In these cells, SERCA3 is always co-expressed along with 

SERCA2b, although the two isoforms differ in their relative levels of expression among 

different cell types (Wu et al., 1995). Using quantitative Northern blot analysis. Wu et a1 

showed that rat SERCA3 mRNA is most abundant in the lung, cerebellum gastrointestinal 

tract and lymphoid tissues, however its contribution to the total SERCA mRNA varied 

widely in these tissues. In the cerebellum, for example, SERCA3 mRNA represented only 

10% of the total SERCA mRNA, whereas in the small intestine and lung the SERCM 

message comprised 33% of the totd SERCA mWA. Two tissues in which SERCA3 

mRNA was more abundant than SERCA2b mRNA were the large intestine and thymus 

(69% and 68% of total SERCA transcripts, respectively). In situ hybridization studies on 

thymic tissue revealed SERCA3 expression to be restricted to the cortical regions, which 

are areas of thymocyte maturation (Abbas et al., 1997), whereas SERCA2b expression was 



evenly distributed throughout the tissue. SERCA3 and SERCA2b were found to be 

similarly expressed in the spleen and lymph node. Closer examination of the relative 

expression levels of SERCA.3 and SERCMb in T cells and non-T cells of the spleen (the 

latter representing predominately B cells) revealed that SERCA3 mRNA is more abundant 

than SERCA2b mRNA in B cells, but both are equally represented in splenic T cells. 

The hctional significance of two isoforms being expressed in the same cell type is 

unclear. Based on their structural and biochemical differences, and their different levels of 

expression in certain cells types, it has been hypothesized that the two isofonns may 

regulate physically distinct CaL' stores. lmmunocytochemiclll analysis of endogenously 

expressed SERCA2b and SERCA3 in Jurkat T cells, or overexpressed human SERCA3 or 

SERCA2b in human embryonic kidney cells, showed the two proteins possess 

indistinguishable reticular patterns of expression (Poch et al.. L998). It is possible, 

however, that imrnunocytochemicd techniques may not be suficiendy sensitive to identify 

subtle differences in the subcellular localization of the SERCA isoforms in these cells. 

Similar analysis of polarized salivary gland ancinar and duct cells showed SERCA2b and 

SERCA3 were localized to different subcellular regions (Lee et al., 1997). In certain cell 

types, then, SERCA3 and SERCA2b may regulate different pools of intracellular ~ a " .  

The Physiological Roles of SERCA Calcium Pumps 

SERCA pumps modulate intracellular Ca" levels by replenishing intraceUu1a.r pools 

present within the SR/ER. As desmid  above, the isoforms differ both structunlly and 

functionally. Moreover, they are expressed in a tissue specific manner. Together, these 

findings suggest that their expression is important for regulating the particular ca2+ 

handling requirements of the cells in which they are expressed. 

The first direct evidence that SERCA pumps have a dynamic role in regulating ca2+ 



signaling came fiom overexpression studies in Xenopus oocytes (Camacho and Lechleiter, 

1995; Camacho and Lechleiter, 1993). lo these studies overexpression of SERCA proteins 

altered the frequency and amplitude of ca2+ waves in response to cellular stimulation, 

revealing that SERCA activity may be important for signaling cellular responses that are 

dependent on oscillating levels of Ca" . 

With the exception of brain cerebelleurn and large intestine. which express quite 

high levels of SERCA mRNA, non-muscle tissues express only 2 to 20% of the SERCA 

content of skeletal muscle (Wu et al., 1995). It is in skeletal muscle cells, therefore, that the 

specific biological roles of SERCA proteins are best understood. As described above, 

muscle cells express either SERCA 1 ( fast-twitch skeletal muscle cells) or SERCA2a (slow- 

twitch skeletal muscle and cardiac cells). SERCA 1 and SERCA2a are critically important 

for lowering intncellular ~ a "  levels following muscle cell contracdon, thereby mediating 

relaxation, as wells as replenishing the SR stores needed to re-initiate contraction (Pouan 

et al., 1994). It is well established that SERCA2a activity conributes to the inotropic and 

chronotropic cardiac response to 8-adrenergic receptor stimulation, due to the 

phosphorylation of the SERCAZa inhibitor. phospholamban (Pozzan et d.. 1994). 

Phospholamban phosphorylation results in the release of SERCA2a inhibition. increasing 

the rate at which CaL4 is lowered, hence speeding relaxation, and increasing the SR caL' 

load. This in turn leads to enhanced Ca'+ release and stronger contraction. Recently, our 

understanding of SERCA2a function has been furthered by gene inactivation and transgenic 

studies in mice. Ablation of the sercd gene causes embryonic lethality (Periasamy et d., 

L999), revealing the critical importance of SERCA2 for viability. The role of this gene m 

the regulation of cardiac cell contraction and relaxation has been demonstrated more clearly, 

however, by studies that examined cardiac function in tissue isolated from mice 

heterozygous for a s e d  mutation (Periasamy et al., 1999), as well as in cells isolated 



from mice overexpressing a SERCA2 transgene (He et d., 1997). 

Additional information regarding the physiological functions of SERCA pumps has 

also been obtained through the study of genetic diseases associated with mutations in the 

SERCA genes. Mutations in sercal are associated with Brody's disease, an inherited 

disorder characterized by stiffness and cramps in the muscles. revealing the criticd role of 

SERCAi in mediating the relaxation of fast-twitch skeletal muscle (Odermatt et al.. 1996). 

In addition, mutations of the SERCA2 gene have recently been identified as being the cause 

of Darier-White disease, a rare skin disorder (Sakuntabhi et al.. 1999). This discovery has 

revealed a role for SERCA2b in mediating the differentiation of epidermal cells, as well as 

epidermal cell adhesion (Sakuntabhai et al., 1999). 

In all these studies, an interesting observation has been that the alteration in SERCA 

pump expression can be compensated for to varying degrees. For example, cells 

heterozygous for a sercti2 mutation upregulate the expression of the remaining copy of the 

gene (Periasamy et al., 1999). In cardiac cells overexpressing a SERCAZ transgene, the 

expression of the Na+Ica3 exchanger and phospholamban were shown to be altered (He et 

al.. 1997). Similarly, cardiac cells overexpressing SERCAla showed a decrease in the 

expression of endogenous SERCA2a (Loukianov et al., 1998). In addition, the mculty in 

establishing transgenic mouse models that overexpress SERCA proteins has been 

discussed (Loukianov et al., 1998). SERCA expression is regulated at both the level of 

transcription and translation, as revealed by the low level increases in rnRNA expression 

from transgenes, and even lower levels of expression of the protein (He et al., 1997; Ji et 

al., 1999). Together, these findings demonstrate that cells utilize mechanisms to 

compensate for alterations in SERCA expression, and reveal that cells tightly readate 

proteins involved in maintaining ca2+ homeostasis. 

Although a significant amount of information is currently avdable regarding the 



physiological roles of the SERCA 1 and SERCA2a isforrns, much less is understood about 

the biological roles of the non-muscle isoforms, SERCA2b and SERCA3. Two recent 

studies have shown that the expression of SERCA2b and SERCA3 are differentially 

reggated during rnyeloid cell differentiation (Launay et al., 1999) and T cell activation 

(Launay et d., 1997), suggesting that the relative expression levels of these SERCA pumps 

may be important for regulating Ca2+ homeostasis during signal transduction. 

Recently a gene-targeting approach has been used to develop a mouse model to 

examine the physiological role of SERCA3 (Liu et al.. 1997). These animals show no overt 

abnormalities. and matings of animals hornozygous for the mutation produce viable young. 

Aortic rings isolated from SERCA3-deficient mice. however, showed a reduced relaxation 

in response to acetylcholine (Ach) compared to those of wild-type mice (Liu et d., 1997). 

Ach. acting through its G-protein-coupled receptor on endothelid cells, stimulates 

relaxation of precontracted aortic rings by producing NO through an IP,-mediated ~ a "  

release mechanism (Liu et ill., 1997). Ca2+ imaging experiments performed on isolated 

aortic endothelid cells showed that the acetylcholine-responsive Ca2+ stores in the mutant 

cells were more depleted than those of wild-type control cells (Liu et d.. 1997). Moreover, 

the stores in the sercay"' cells were not replenished following the removal of acetylcholine. 

Therefore, the alteration in Ca2+ signaling caused by SERCA3 ablation in endothelid cells, 

may have contributed to the relaxation deficit observed in the aortas (Liu et d., 1997). 

Examination of trachea isolated from these same mice revealed that they have a 

reduced rate of relaxation following precontraction (IOo et al.. 1999). The relaxation was 

mediated by the surrounding epithelial cells, which normally express SERCA3. Aithough 

not directly tested, their results suggest that SERCA3 expression in epithelial cells is 

important for the regulation of Ca" signals that mediate epithelium-dependent relaxation of 

tracheal smooth muscle. Finally, it has recently been reported that various mutations in the 



SERCA3 gene may contribute to the genetic susceptibility to Type II diabetes (Varadi et d., 

1999). SERCA3 expression therefore has important consequences for the functioning of 

the cells in which it is expressed. Moreover. the results of Liu et al. revealed that SERCA.3 

regulates intncellular Ca2+ levels in endothelial cells in a manner that is not compensated for 

by the presence of SERCA2b. The physiological role of SERCA3 in lymphocytes, 

however, is not known. 

111. Antigen Rece~tor-mediated Sienalinp in Lvmohocvtes 

Early Signal Transduction from Antigen Receptors 

Lymphocytes are classified into two main cell types, cells that act against 

intncellular pathogens (T cells) and cells that protect against extracellular pathogens (B 

cells). Both cell types express antigen-specific receptors on their cell surfaces. Although the 

T cell receptor (TCR) and the B cell receptor (BCR) differ in their overall swcture and 

ligand specificities, the two receptors share many features in common. In addition, 

stimulated TCRs and BCRs appear to recruit similar families of effector molecules, and 

utilize common signal transduction pathways to mediate cel1ula.r responses. 

The TCR and BCR are oligomeric transmembrane spanning proteins that lack 

intrinsic enzymatic activity, and are organized such that their ligand binding and signal 

transduction regions are localized in distinct subunits (Kurosaki, 1999: Qian and Weiss, 

1997; Weiss and Littman, 1994). In the TCR, two variable chains recognize and bind 

antigen (Weiss and Littman, 1994). In the BCR, the ligand binding subunit is a surface 

immunoglobulin (sIg) possessing variable regions that confer Iigand specificity (Kurosaki, 

1999). In both receptors, the Ligand binding subunits am coupled non-covalently to 

invariant signal tlansducing subunits (Kurosaki, 1999; Weiss and Lithnan, 1994). These 



subunits possess Lmmunoreceptor yrosine-based activation sequence motifs (KAMs) in 

their extended cytoplasmic domaihs, that have been shown to be critical for the ability of 

the TCR and BCR to relay information into the cell interior (Kurosaki, 1999; Qian and 

Weiss, 1997; Reth, 1989; Weiss and Limnan, 1994). The TCR and BCR can be stimulated 

bv the binding of antigen, as well as through cross-linking with monoclonal antibodies 

(mAb). For TCRs, this can be accomplished using a secondary antibody to cross-link 

primary mAbs directed against their CD3e subunits. whereas BCRs can be stimulated by 

cross-linking their surface Ig molecules using specific mAbs. 

Stimulation of the TCR and BCR results in the aggregation of their cytoplasmic 

chains, and the recruitment of protein tyrosine kinases (PTKs) of the Src, S y W - 7 0  and 

Tec families to the receptor complex (Kurosaki, 1997: Qian and Weiss, 1997: Weiss and 

Littman, 1994). The initiation of phosphorylation events by the PTKs results in the 

activation of the phosphatidylinositol3' kinase, mitogen-activated protein kinase (MAPK). 

and phospholipase Cy (PLCy) signaling pathways, al l  of which are important for the 

production of second messengers responsible for triggering the intnceUuIar events that 

culminate in the induction of appropriate cellular responses (Dasgupta et al., 1992: Gold 

and Aebersold, 1994; Gold et al,, 1992; imboden and Stobo, 1985; [washima et d., 1994; 

van Oers rt ale. 1996; Wange and Samelson, 1996). 

The cellular responses induced following antigen receptor activation can vary 

depending on the developmental stage of the cell. In maturing lymphocytes, the stimulation 

of the TCR and BCR are important for the apoptotic ehimtion of self-reactive cells and 

the survival of cells capable of recognizing forgein antigen (Abbas et al., 1997). The stages 

of maturation of both B and T cells can be defined by the temporal expression of particular 

surface proteins. For T cells these proteins include CD4 and CD8 (Abbas et al., 1997). T 

cells mature in the thymus. Within this organ, the most immature cells express neither CW 



nor CD8 on their cell surface (CD4-CD83. As maturation proceeds, thyrnocytes express 

both CD4 and CD8 (CD4TD8'). These double positive cells undergo a process of 

selection resulting in the survival of cells capable of recognizing foreign antigen (positive 

selection), and the death or inactivation of cells that recognize self antigen (negative 

selection). The surviving cells develop further into mature single CD4+ or CD8' positive 

thymocytes, which are classified as "helper" T cells and 'bcytotoxic" T cells, respectively, 

that migrate from the thymus to peripheral organs such as the spleen, where they encounter 

forgein antigen. 

The CD4and CD8 surface molecules hnction as co-receptors that facilitate antigen 

recognition by binding to the major histocompatiiility complex that is expressed on the 

surface of an antigen presenting cell, and to which the antigen peptide is bound. The 

cytoplasmic t d s  of both CD4 and CD8 are associated with protein tyrosine kinases that are 

thus recruited to the TCR when antigen is present. The recruitment of these kinases to the 

vicinity of the TCR is believed to facilitate signal transduction from the ligated receptor 

(Janeway and Bottomly, 1994). 

In mature lymphocytes, the signaling pathways initiated following antigen binding 

can trigger cellular activation; a process characterized by morphological changes, and the 

initiation of gene transcription leading to cellular proliferation, and the acquisition of 

immunological functions, including the secretion of antibodies by B cells and lymphokines 

by T cells (Crabtree and Clipstone, L994; DeFranco, 1997; Weiss et al., 1987). 

Paradoxically, antigen receptor Ligation can also induce the apoptotic death of mature 

lymphocytes, due to the transcription and secretion of Fas ligand, which can lead to the 

activation of caspases following its receptor binding (Berridge, 1997). 

The specific signals that cause a cell to either proliferate or die are not clearly 

understood. Numerous factors appear to play a role in determining the ultimate response of 



lymphocytes to antigen binding, including the nature of the antigen (self vs foreign), the 

number of receptors engaged (Ashton-Rickardt et al., 1994), the developmental stage of the 

cell, and the initiation of additional signaling pathways following the ligation of co- 

receptors or accessory molecules on the surface of lymphocytes (Kis himoto and S prent, 

1999; Kurosaki. 1999; Ward, 1996). An example of the latter type includes the CD28 

molecule, which is expressed on the surface of T cells. CD28 stimulation by either its 

endogenous ligand, 87. or mAbs in vitru. initiates the co-stirnulatory signals that are 

required for the expression of interleukin-? and T cell proliferation following TCR 

activation (Janeway and Bottornly, 1994; Stein et al.. 1994). 

Calcium S tgnaling in Lymphocytes 

When examined in a population of cells, the increase in [Ca9li that occun soon 

after antigen receptor stimulation is biphasic in nature: characterized by an initial rapid spike 

followed by a lower sustained plateau in [ca2+li. In lymphocytes, the initiation of this Ca2+ 

signal is attributed to the activation of the PLCy pathway (Dasgupta et al.. 1992: Imboden 

and Stobo, 1985: Kurosaki. 1999; Sugawara et d.. 1997: Takata et al.. 1995). Figure 3 

highlights the known pathways that are activated following antigen receptor stimulation 

leading to the initiation of ~ a "  signaling in lymphocytes. Activated PLCy catalyses the 

conversion of phosphatidiyinositol4,5-bisphosphate (PIP,) to diacylglycerol (DAG) and 

inositol 14,s-triphosphate (P3) (Berridge and Irvine. 1989). DAG is a readator of protein 

kinase C (PKC), whose activation is important for the initiation of additional signaling 

pathways downstream of the antigen receptor (Truneh et ai., 1985). IP, induces a biphasic 
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Fig. 3. Signaling pathways activated by antigen receptors. 
Receptor ligation (1) initiates phoshorylation cascades by recruited protein 

tyrosine kinases (PTKs) (2), resulting in phosholipase C (PLC) activation (3) and 

the IPS-mediated release of Ca2+ from the ER (4). Depletion of ER stores 

activates CS+ entry at the plasma membrane (PM), through store-operated 

channels (5) (SOC). Ca2+-dependent and independent (6) signals converge to 

mediate cellular responses to antigen binding (7). AR, antigen receptor; PIP2, 

phophatidylinositol 4,5-bisphosphate; Ips, inositol 1,4,5-trisphosphate; IP3R, IP3 

receptor; DAG, diacylglycerol; PKC, protein kinase C; PMCA, plasma membrane 

Ca2+ ATPase pump; ER, endoplasmic reticulum. Adapted from izuierdo and 

CantrelI(1992) 



increase in [CaZ+li by binding to its receptor (IP,R), a Ca" channel expressed on the ER, 

resulting in the release of stored caz+ from this organelle (Clapham, 1995). 

The importance of IP, in initiating Ca3 signaling in lymphocytes is demonstrated 

by the finding that receptor-induced mobilization of intracellu1a.r ca2+ is abolished in DTJO 

B cells possessing null mutations in dl three isoforms of the P , R  (Sugawara et d.. 1997). 

The release of ca2+ from intracellular stores contributes to the initial transient peak in [~a"], 

observed following antigen receptor stimulation (Harnick et al.. 1995: Takata et at.. 1995). 

The release of stored calcium in lymphocytes may also be mediated by ryanodine recepters. 

which have recently been shown to be expressed in these cells (Hakamata et al.. 1994: Sei et 

31.. t 999). 

Functional responses associated with this rapid increase in [Ca"], include changes 

in T cell shape and motility (Negulescu et al., 1996). However, this initial transient 

increase is not sufficient for the expression of interleukin-2 (IL-2) (Gelfand et al.. 1988: 

Goldsmith and Weiss, 1988), the principle cytokine responsible for the induction of T cell 

proliferation (Cantrell and Smith, 1984; Meuer et al., 1984), and whose expression serves 

as a marker of early T cell activation induced by antigen receptor ligation (Crabtree and 

Clipstone, 1994). 

The transcription of IL-2, as well as T cell commitment, to activation require a 

sustained increase in [Ca2+Ii of -200 nM for at least two hours (Wacholtz and Lipsky. 

1993; Weiss et al., 1987). In lymphocytes. sustained increases in Ca2+ levels are dependent 

on the influx of extracellular ca2+ (Timmerman et d., 1996; Tsien et d.. 1982), which is 

believed to occur through the mechanism of capacitative ~ a "  entry (Gouy et d., 1990; 

Hofer et at., 1998; Mason et al., 199 I; Putney, 1990; Putney, 1993; Zweifach and Lewis, 

1993). Examination of the idlux current generated in Lymphocytes suggests that ~ a "  entry 

occurs predominately through CRAC channels (Fanger et d., 1995; Lewis and Cahdan, 



1995). Additional molecules in lymphocytes that may mediate extracellular ~ a ' +  influx 

include L-type ca2+ channels ( M a  et al., 1996), and CD20 in B cells (Bubien et al., 1993; 

Kanzaki et al., 1997; Kanzaki et d., 1995). 

When observed at the level of single cells, the sustained plateau phase of the Ca2+ 

transient appears as a series of asynchronous oscillating bursts of [caL+li (Donnadieu et a1 ., 

1992; Li et al., 1998; Negulescu et al., 1994). These oscillations are due to the repetitive 

release and re-uptake of Ca" by intracellular stores, as well as the influx of Ca" through 

CRAC channels (Carnacho and Lechleiter, 1993; Donnadieu et d., 1 992; Donnadieu et a1 ., 

1992: Girard and Clapham, 1993). 

The sustained increase in [ ~ a " ] ~ ,  and the frequency and amplitude of the CaL+ 

oscillations that comprise it, has been shown to mediate numerous cellular responses in 

lymphocytes following receptor activation, including the maintenance of interactions 

between T cells and antigen presenting cells, as well as lymphocyte proliferation, 

differentiation and death (Domadieu et al., 1992: Nakayama et d., 1992; Negulescu et al., 

1996; Timmeman et d., 1996). In maturing thymocytes, for example, high amplitude 

calcium elevations induced following TCR ligation are associated with the removal of self- 

reactive cells, whereas low amplitude calcium signals are asscciated with the survival of 

self-tolerant cells (Mariathasan et al., 1998). Oscillating levels of intracelluiar C P  of 

different kequencies and amplitudes can also induce gene transcription in mature 

lymphocytes (Dolmetsch et al., 1998; Neaulescu et al., 1994; Tsien et al., 1982). A 

particularly well characterized mechanism by which changes in [Ca2+], signals the onset of 

gene expression in lymphocytes involves the activation of the ~a"lcalmodulin-dependent 

serine/threonine phosphatase, cdcineurin (Crabtree and Clipstone, L994; O'Keefe et al., 

1992; Shibasaki et al., 1996; Venkataraman et al., 1994). 



The importance of cdcineurin for antigen receptor-mediated cellular responses is 

demonstrated by the following findings. Inhibition of calcineurin by immunosuppressive 

drugs inhibits the transcription of IL-2 in T cells (Clipstone and Crabtree. 1992: O'Keefe et 

al., 1992). Moreover, expression of a Gas-independent constitutively active mutant 

calcineurin can synergize with phorbol IZmyristate 13-acetate (PMA). an activator of 

PKC, to stimulate L-2 expression. thereby replacing the n o d  requirement for an 

increase in [Ca2+Ii (O'Keefe et al., 1992). 

Calcinewin stimulates gene expression in lymphocytes by regulating members of 

the nuclear factor of activated T cells (NFAT) f d y  of transcription factors (Loh et d.. 

1996; Shibasaki et al.. 1996: Wesselborg et al.. 1996), which arc required for IL-2 

expression (Chow et a[.. 1999). Activated calcineurin is believed to dephosphorylate 

associated NFAT proteins, resulting in the unmasking of a nuclear localization signal and 

thus their rapid translocation to the nucleus (Rao et al.. 1997; Shibasaki rt d.. 1996). It has 

subsequently been demonstrated that oscillating Ca" levels of a particular frequency and 

amplitude are associated with NFAT-dependent gene expression (Dolrnetsch et al.. 1 997: 

Dolmetsch et al.. 1998: Li et al.. 1998). These oscillations may result in the periodic 

activation of cdcineurin that is sufficient to maintain MAT in a dephosphorylated state, 

and thereby located in the nucleus (Crabtree and Clipstone, 1994). 

NFAT proteins transcriptionally activate genes in cooperation with other 

transcription factors, that are also activated in response to the ligation of antigen receptors 

or co-receptors. For IL-2 expression, these transcription factors include AP- 1, nuclear 

Factor icB, stirnulatory protein-1 (SP-1) and cREL (Chen et al., 1998; Crabtree and 

Clipstone, 1994; McCaffrey et al., 1993: Schwartz, 1997). Therefore, gene expression in 

lymphocytes involves the convergence of numerous signaling pathways in which changes 



in cytosolic Ca2+ levels are a critical component (lacinto et al., 1998; Su et al., 1994; 

Tirnmennan et d., L996; Woodrow et al,, 1993). 

SERCA3 and Lymphocyte Calcium Signaling 

From the above discussion it is clear that Ca2+ signaling plays a prominent role in 

mediating responses of lymphocytes to antigen receptor stimulation. The Ca2+ signal is 

generated by both the release of ca2+ from intracellular stores and the sustained influx of 

extraceIlular Ca", and depends upon the coordinated action of numerous proteins. By 

maintaining the f i g  status of intraceilular Ca" stores, SERCA pumps regulate the 

availability of ca2+ for release, and the activation of Ca" influx through store-operated 

channels at the plasma membrane. 

Such a role for SERCA activity in antigen receptor-induced Ca" signaling is 

supported by the results of numerous studies in which SERCA pumps were inhibited by 

thapsigargin. Thapsigargin specifically inhibits all forrns of the SERCA c$+ pumps, 

resulting in an increase in [ ~ a " ] ,  due to the leak of stored Ca" from the ER by a 

mechanism that is not well understood (Lytton et d., 1991; Thastrup et al., 1990). 

Thapsigarpin treatment of Jurkat T ceUs produced a caL+ current that was indistinguishable 

fkom the cunent characteristic of CRAC channels, suggesting that SERCA proteins regulate 

the Ca" pools that mediate Ca2+ influx in response to antigen (Zweifach and Lewis, L993). 

In rat thymocytes and a human CD4' T cell h e ,  the elevated [Ca2+], induced following the 

depletion of thapsigargin-sensitive Ca2+ stores was not increased further in response to 

TCR activation, nor was an increase in [ca2+'+li observed when the order in which these 

stimuli were applied was reversed (Gouy et al., L990: Lewis and Cahalan, L995), 

suggesting that SERCA proteins regulate ~;1" pools that are mobilized upon TCR 

activation. 



Additional studies have also demonstrated a role for SERCA proteins in regulating 

cellular responses in lymphoid cells. The inhibition of SERCA activity by thapzigargin was 

found to be sufficient to induce expression of the a-chain of the IL-2 receptor in human 

peripheral and Jurkat T ceUs (Sei and Reich, L995), and in combination with PMA 

treatment to induce L-2 expression in CD8' mouse T cell hybridoma cells (Negulescu et 

al., 1994). In addition, thapsigargin alone could stimulate the apoptotic death of immature 

rat thymocytes (Jiang et al., 1994). Therefore, ample experimental evidence suggests that 

SERCA proteins regulate intncellular Ca2+ stores associated with capacitative ca2+ entry in 

lymphocytes, and as a consequence. play m important role in mediating cellular responses 

in these cells. 

What is unclear, however, is the functional ~ i ~ c a n c e  of the co-expression of 

SERCA3 and SERCA2b in lymphocytes. In endothelid and epithelial cells, where Ca" 

signaling is also critically important for cell function, mutation of serca.3 results in 

alterations in Ca2+-mediated responses to cellular stimulation (Kao et al., 1999; Liu et a1 ., 

1997). SERCA3 possesses a lower affinity for Ca2+, and has a faster rate of turnover than 

SERCA2b (Lytton et al., 1992). The high expression levels of SERCA3 in lymphoid cells, 

particularly in B cells and thymocytes where it predominates over SERCAlb, suggests a 

hnctiond role for this isofom in regulating cytosolic Ca" levels, in a manner that is 

distinct from that of SERCA2b. 

Additional support for this hypothesis has been obtained from recent studies by 

Lamay et al., who showed that SERCA3 and SERCMb expression is differentidy 

regulated in lurkat T cells activated by ~ a "  ionophore and PMA treatment (Launay et al., 

1997). Western blot analysis revealed that SERCA3 protein levels were reduced by 40% 

after 12 hours of stimulation, and by 90% following 48 hours of stimulation. Conversely, 

SERCA2b expression Ievels increased slightly during this same time period. These results 



demonstrate that Jurkat ceUs regulate the hnctional stabs of their intracellular Ca2+ stores, 

and suggest that SERCA3 and SERCA2b contniute to ca2+ homeostasis in distinct ways 

during T cell activation (Launay et a l ,  1997). Decreases in SERCA3 may contniute to the 

maintenance of a sustained elevation of [ca2+li that is required for cellular activation, since a 

reduction in the SERCA3-associated ~ a "  pool could stimulate a sustained degree of Ca" 

influx. 



IV. Hv~othesis and 0 biectives 

The purpose of this research project was to gain a better understanding of the 

physiological role of SERCA3. Specifically, it was aimed at determining if SERCA3 

expression is important for mediating antigen-receptor induced Ca" signaling and cellular 

activation. Based on the findings summarized above, it was hypothesized that 

SERCA3 functions in maintaining the filling status of antigen receptor- 

associated CaL+ stores, and is therefore involved in regulating the 

magnitude of Ca2+ release and entry in response to antigen receptor 

stimulation. Moreover, by regulating Ca" influx, it was hypothesized that 

SERCA3 activity contributes to T cell activation. 

This hypothesis was tested using splenocytes and thymocytes isolated from mice 

with an inactive gene for SERCA3 (Liu et al., 1997), or wild-type animals. The objectives 

of my research were as follows: 

Objective 1: Determine the role of SERCA3 on the maturation of T cells in the thymus 

and the representation of B cells and T cell subsets in the spleen. 

Objective 2: Assess SERCA2b expression levels in lymphocytes lacking SERCA3 

Objective 3: Determine if SERCA3 has a functional role in mediating T cell activation in 

response to cellular stimulation. 

Objective 4: Determine the role of SERCA3 in regulating kinetic changes in [Ca"], 

following antigen receptor stimulation. 



CHAPTER TWO: MATl3RIALS AND MIETHODS 

I .  Genotyping of mice 

Litters resulting from crosses of mice heterozygous for the serca3 mutation were 

genotyped by performing a polymerase chain reaction (PCR) on genomic DNA isolated 

from biopsied tails. The DNA was isolated by incubating tails overnight at 37°C in 400 pL 

of Tail Buffer (LOO mM Tris (pH 8.5), 10 rnM EDTA, 200 mM NaCl, 0.2% SDS), to 

which Proteinase K (Boehringer Mannheim) was added at a &a1 concentration of 0.75 

mg/mL. Resulting debris was removed by centrifugation at 13,000 x g for 3-4 minutes. 

The DNA was precipitated using 95-100% ethanol, and washed using 70% ethanol. The 

final DNA pellets were resuspended in 100 LO mM Tris (pH 8.51, 1 mM EDTA. PCR 

was performed using three primes simultaneously, two specific for srrca.3 and one specific 

For the neomycin resistance gene. The conditions of the reaction were set such that 

fragments of either 260 bp or 142 bp, corresponding to a disrupted gene or wild-type gene, 

respectively, were amplified (Liu et al., 1997). PCR products were separated using 5% 

acryl-bisacrylamide gel electrophoresis, and visualized by ethidium bromide staining. 

11. Isolation of mouse splenocytes and thymocytes 

Six to eight week old mice homozygous for the srrcd deletion, or sex- and age- 

matched wild-type mice, were killed by cervical dislocation under non-s terile con& tions, 

and their dissected spleens and thymi were transferred to petri dishes containing 

bicarbonate- and Hepes-buffered Hank's Balanced Salt Solution (HBSS) (L3e 

Technologies). The tissues were subsequentIy transferred to a second dish of HBSS under 

sterile conditions, where they were homogenized using frosted microscope slides. For 



experiments involving the kinetic analysis of [Ca"], by flow cytometry, the homogenate 

was subsequently Ntered through a 44 pM nylon mesh (Small Parts Inc.) in order to 

remove any traces of non-cellular material. In dl cases, the homogenized cells were pelleted 

at 1,500 rpm (International Equipment Company, Rotor 2 15) at room temperature for 5 

minutes. Erythrocytes in the splenocyte preparations were lysed by resuspending the celI 

pellet in a hypotonic solution of Tris-buffered ammonium chloride (17mM Tris, 144mM 

NH,CI, pH 7.2), and incubating at room temperature for 10 minutes with periodic mixing 

(CoIigan et al.. 1997). Thymocyte preparations were treated similarly if erythrocytes were 

present. In these instances, the cells of the other member of the experimental pair were 

treated identically. Following hemolysis, the cell preparations were washed twice in a large 

volume of HBSS. The find cell pellets was resuspended in 10 rnL KBSS, and the number 

of Live cells counted using Trypan Blue dye (0.22% (vlv) final) and a Hausman 

Hemocytometer. 

111. Protein isolation and immunoblotting 

Freshly isolated splenocytes and thymocytes were washed once in 5 mL PBS 

(PBS: 130 mM NaCI, 3 rnM KCl, 8 mM N%HPO,, 2 rnM KH?PO,, pH 7.2) containing 

0.5 M EDTA, resuspended in 1 mL PBSEDTA, transferred to microcennifup tubes. and 

peueted at 5,000 x g for 1 min. Cells were cooled on ice and subsequently lysed with 70- 

to LOO pL/107 cells icecold lysis buffer (25 mM Tris, 1% Triton X-LOO, 0.58 

deoxycholate, 140 mM NaCl, 10 rnM EDTA, pH 7.3, plus a fieshIy added tablet of a 

protease inhibitor cocktail (Boehringer Mannheim). Cells were incubated on ice for 30 

minutes with periodic vortexing. The nuclear fraction was removed by centrifugation at 

13,000 x g for 15 minutes in the cold room. Protein concentrations of celi Lysates were 

determined by a Bradford dye binding assay using a BioRad Protein Assay Kit and bovine 



gamma-globulin as standard. An equivalent volume of lysis buffer was included in the 

prepantion of protein standards. Cell lysate corresponding to a desired quantity of protein 

was added to an equal volume of 4X SDS sample buffer, and then separated by SDS- 

PAGE using a 7.5% gel (Ausubel et d., 1997). The gel was subsequently 

electrophoretically transferred onto nitrocellulose membranes. 

For immunoblotting, membranes were blocked for 1 hour in PBS containing 0.1% 

TweenZO, 5% non-fat milk powder. and 1% BSA. Primary antibodies used for the 

detection of SERCA proteins and their working concentrations were as follows: 

N1 polyclond serum: recognizes all SERCA isoforms 1:4000 

(developed previously in our lab) 

C4 polyclonal purified IgG: recognizes all SERCA 

isoforms (developed previously in our lab) 2 pg!rnL 

PAL-910 polyclonal affinity purified; anti-SERCA3 2 ~ g / m L  

(Affinity Bioreagents Inc.) 

2A7-A1 monoclonal; anti-SERCA2 

(Affinity Bioreagents Inc.) 

In all cases, primary antibodies were diluted in PBSfO. 1% TweenZO/l% non-fat 

miik/O,2% BSA, and incubated with membranes for I hour. Membranes were then washed 

4 times (5 minutes each) in 0.1 % Tween201 PBS. Primary antibodies were detected using 

horseradish peroxidase conjugated secondary antibodies (goat anti-mouse IgG or goat anti- 

rabbit IgG; Jackson Immnuochemicals) diluted 1: 10,000 in 0.1% Tween-2O/PBS, and 

incubated with blots for 30 minutes. Following 4 washes (5 minutes each), membranes 



were incubated with Pierce Super Signal enhanced cherniluminescence soiutions and the 

signal visualized using Kodak BioMax fh. 

For the subsequent analysis of actin expression, blots were washed twice (10 

minutes each) in 0.1% Tween20iPBS to remove the chemiluminescent reagent, blocked 

again for 1 hour, and then probed with a monoclonal anti-actin antibody (Boehringer 

Mannheim) used at 0.1 pg/mL, following the same protocol as described above. 

IV. In vitro stimulation of splenocytes and IL-2 assay 

Freshly isolated splenocytes were resuspended at 2.5 x lo3 viable ceIls/jL in 

complete RPMI medium (RPMI medium supplemented with 9% FBS. 90 U/mL penicillin 

and 90 pg/mL streptomycin) (all Life Technologies). 2.5 x 10' cells (LOO +) were then 

plated in 96-well dishes. LOO pL of treatment compound diluted in complete medium was 

subsequently added to each well of cells to obtain the desired find concentration in 200 pL 

total. Control wells received 100 p.L of cell cukure medium alone. The fmal concentrations 

of the compounds used to stimulate the cells were as follows: 

10 pg/mL plate-bound anti-mouse C D ~ E  mAb 

Wells were pre-coated with anti-mouse C D ~ E  mAb by adding 50 pL of 10 

pg/rnL, of antibody in Coating Buffer (SO mM Tris, L50 rnM NaCI, pH 9.5) 

to each well, and incubating overnight at 4OC. Before cells were plated, the 

wells were washed twice with 5% FBS/RPMI to remove excess antibody. 

LO pglmL plate-bound anti-mouse CD3e + LO p9/mL soluble anti-mouse CD28 

(Pharmingen) 

5 p g / d  Conconavalin A (ConA) (Sigma) 

10 nM PMA (Sigma) + LOO n M  A23 187 (Boehringer Mannbeim) 



10 nM PMA done 

100 nM A23 187 done 

Nine wells per treatment condition were used. The cells were cultured in a 

humidified 37°C incubator with 5% CO, for 24 hours. after which time the supernatants 

were collected. Supernatants from three wells were pooled, therefore trip ticate samples 

were obtained for each treatment condition. The harvested supernatants were stored at 

-80°C. 

The IL-2 concentration in the havested supernatants was determined using a 

sandwich Enzyme-Linked [mmunosorbent Assay (ELIS A) kit (Genzyme). Microtitration 

plate wells were coated with 5 kg/rnL of anti-mouse L-2 antibody diluted in Coating 

Buffer ( 100 mM carbonate, pH 9 3 ,  and incubated overnight at 4°C. Following 3 washes 

in 0.05% Tween-20/PBS, wells were blocked with 4% BSAIPBS for 2 hours at 37°C. The 

blocking solution was then decanted and 100 pL of cell cultm supernatant, or 0- to 1000 

p g / d  of recombinant mouse L - 2  standard serially diluted in complete cell c d t w  

medium, were added to each well, in duplicate, and incubated for 1 hour at 37OC. 

Following the removal of unbound IL-2 by washing, the wells were incubated with 0.2 

pg/rnL of a biotinylated anti-mouse IL-2 antibody diluted in 0.05% Tween-Nl% BSA in 

PBS, for 1 hour at 37°C. Following 5 washes, antibody-antigen complexes were detected 

by adding a I : 1200 dilution of horseradish peroxidase-conjugated strepavidin to each well, 

and incubating for 15 minutes at 37OC. Unbound strepavidin was removed by washing, 

wells were subsequently reacted with a prepared substrate solution of tetramethyIbenzidine 

and hydrogen peroxide (Sigma). The reactions were stopped after 20 minutes with the 

addition of 2N RSO,. 



The optical density of each well was determined using a microplate reader set at 450 

nm. To correct for optical imperfections in the plates, absorbance readings at 570 nm were 

automatically subtracted from those made at 450 nm. The calculated mean absorbance of 

samples and standards from duplicate welIs were corrected by subtracting the average 

absorbance obtained with the 0 pe/mL standard. The IL-2 concentrations of the samples 

were determined from the standard curves generated. 

V . Cell viability assay 

Propidium iodide (PI) intercalation and flow cytometry (Sasdci et a(.. 1987) were 

used to assess the viability of CD4' and CD~E' splenic T cells at the time of isolation, and 

following 24 hours of stimulation. 2.5 x 10' viable splenocytes were plated in 96-well 

dishes in quadruplicate, and cultured in complete medium alone, or stimulated with either 

10 nM PMA plus 100 nM A23 187 or 10 pg/m.L plate-bound anti-CD3e plus 10 pg/mL 

soluble a n t i 0 2 8  mAbs. The cells were harvested following 24 hours of cuitunng in a 

37"C/5% CO, incubator. Pooled samples were stained with either FITC-anti-CD4, FITC- 

anti-CD3~~ or an mC-conjugated isotype control mAbs (see section VII. below, for the 

staining protocol). At the time of andysis, 5 pg/mL PI was added to the cell samples. The 

percentage of viable cells, which were cells excluded from PI staining, was calculated 

based on the percentage of stained cells, after correcting for background fluorescence 

registered before the addition of PI. 

VI. Flow Cytometry 

The method of Bow cytornetry was used in many of the experiments descriid 

below, because it provides a powerful and convenient way of simultaneously examining 

different parameters and cell types within a mixed population of cells, thus making the 



purification of a desired subpopulation unnecessary. For the purposes of this thesis, a brief 

description of flow cytometry, and how it was used is presented below. 

Flow cytometry describes the measurement of fluorescence and Light scattering 

emitted by whole cells present within a flowing stream of solution (Takahashi et al., 1999). 

These measurements are made using a flow cytometer. When a tube of cells in suspension 

is placed in the machine, a single-tile stream of cells is hydrodynamically forced into the 

centre of a surrounding sheath of fluid, and directed into the path of a laser beam 

(Takahashi et d., 1999). The beam of Light is used for the excitation of a fluorophore, or 

for the analysis of cell size and structure by light scattering (Takahashi et al., 1999). The 

flow cytorneter used in the experiments described in this thesis is a F A C S C ~ ~ ~ '  (Becton 

Dickinson), equipped with a single argon-ion laser light source that emits m excitation 

wavelength of 488 nm. This flow cytometer also possesses two light scattering detectors 

that monitor light scattered in the forward direction and at right angles when the laser beam 

hits a cell. The degree of light scattered in the fornard direction is proportional to cell size, 

whereas the degree of side scatter is proportional to cell granularity. The FACScan is also 

equipped with three fluorescence detectors: the fluorescence 1 (FLl), FL-2 and FL-3 

detectors, which detect light of 530 nm, 575 nm, and 675 nm, respectively. 

Specific cell types of interest within a mixed population of cells can be selected, or 

"'gated". for examination based on their light scattering properties, and by using 

fluorophore-conjugated ~onoclond maiiodie~ (mAbs) directed against cell-type specific 

surface antigens. In the experiments outlined below, ffuorophore-conjugated Abs were 

used to identify and examine B cells of the spleen, and subpopulations of thymic and 

splenic T cells. These fluorophores included Fluorescein Isothiocyanate (FTTC), which has 

a fluorescence emission maximum of -520 nm when excited by 488 nm Light, R- 

phycoerythrin (PE), which has an emission maximum of -576 nm, and Peridinin 



Chlorophyll Protein (PerCP), which has an emission spectrum that peaks at -677 nm. 

Other fluorophores used included the calcium indicating dye, fluo-3, and propidiurn iodide 

(PI). When excited with 488 nm Light, the emission maxima of fluo-3 and PI are -526 nrn 

and -600 am, respectively. Therefore, the fluorescence emissions of FTTC and FIuo-3 

were captured by the FL 1 detector, PE and PI fluorescence were registered by the FL-2 

detector, and PerCP fluorescence was captured by the FL-3 detector. Ruorescence and 

light scattering data were digitaLized and analyzed by computer using CeiiQuest software 

(Becton Dickinson). 

In order to examine multiple panmeters simultaneously, different fluorophores, 

specific for each panmeter of interest and possessing different emission maxima, are used 

in the same cell sample. A potential drawback of multi-colour analysis is that overlap exists 

in the emission spectra of some ff uorophores, which may result in the fluorescence signal 

emanating from one fluorophore being registered by an inappropriate detector. This could 

potentially lead to the misidentification of cells as positive for a cell surface antigen, and the 

attainment of artifactual histogram shapes. The effects of spectral overlap are aremoved by a 

process called compensation, which involves the electronic subtraction of unwanted signal 

from an inappropriate detector (Givan, 1992). For the experiments described in this thesis, 

compensation was initially set by examining cell samples stained with each fluorophore 

individually, and was then optimized using a cell sampIe in which both fluorophores were 

present (Rijkers et d., 1990). 

VII. Surface antigen staining and two-colour analysis by flow cytometry 

1 x 1U6 fkshly isolated viable splenocytes or thymocytes were aliquoted into 4 mL 

cenmge tubes. The cells were washed twice, resuspended in 50 pL FACS buffer (1% 

FBS, 0.1% sodium azide in PBS, and subsequently stained with combinations of the 



foilowing mAbs: FITC-anti-CD3&, FTC- or PE-anti-CD4, PE-anti-CDla, and PerCP- 

anti-B220 (al l  Pharminagen). In addition, FTTC-anti hamster IgG or PEconjugated anti-rat 

IgG mAbs (both Inmunotech) were used as isotype-matched negative controls for non- 

specific binding. As suggested by the suppliers, thymocytes were cultmd at 37OC for 2 4  

hours before staining with anti-CD~E to enhance the ability of the antibody to detect C D ~ E .  

AU mAbs were used at I pg/1O6 cells as recommended. Following 20 minutes of 

incubation at room temperature in the dark, the cells were washed twice and resuspended at 

a concentration of 2 x 10' cells/& in FACS buffer, or 2% fomaldehyde/PBS if not 

analyzed immediately. Single colour or two-colour analyses were performed using flow 

cytornetry. Lymphocytes were gated based on their tight scattering properties. Within this 

gate, cells were identified as being positive for a surface antigen if their fluorescence 

emission was above the background level. which was determined using unstained cells or 

isotype control samples. and was set at a value that routinely gave O% positive cells in 

these control samples. 

VIII. Kinetic analysis of changes in [Ca"], 

Fhco-3 loading md s~irface antigen staining 

The Ca2+ indicating dye, fluo-3, is considered one of the most suitable Ca" 

indicators for use in flow cytometry (Takahashi et al., 1999), based on a number of its 

properties. Its absorption specuum closely matches the emission output (488 nm) of the 

excitation light source in FACScan flow cytometers. In addition, it undergoes a 40- to LOO- 

fold increase in fluorescence intensity upon binding Ca2+ (Kao, 1994: Minta et al., 1989). 

therefore sufficiently amplifying the CaZ' signal for detection (Takahashi et al., 1999). 

For the Ioading of cells with dye, a protocoI based on those previously described by 



others (Thomis et al., 1997; Vandenberghe and Ceuppens, 1990) was used with some 

modifications. 1 x 107 freshly isolated, viable splenocytes or thymocytes were resuspended 

at 1 x LO7 ceWmL in HBSS containing 4 pM of the acetoxyrnethyl ester form of fluo-3 

plus 0.0 1% Pluronic F- 127 (both Molecular Probes), and incubated in the dark in a 37°C 

water bath for 20 minutes with periodic mixing. The cells were subsequently washed in 50 

mL of HBSS without fluo-3, followed by a second wash in 50 mL of Hepes-Buffered 

Saline solution (HBS: 137 mM NaCI, 5 mM KCl, 1 rnM NaHPO,, 5 mM dextrose. 0.1% 

w/v bovine serum albumin, 1mM CaCI,, 0.5 mM MgCl,, 25 mM Hepes, pH 7.4). The 

find pellet was resuspended at 2 x LO6 cellslmL in HBS, and 1 mL (2 x LO6 cells) was 

transferred to 4 mL centrifuge tubes. The cells were then pelleted and resuspended in 100 

pL HBS in preparation for surface antigen staining. 

For experiments aimed at examining T cell responses. (334' or CD8' T cells were 

identified by staining with PEtonjugated anti-- or CD8a rnAbs. respectively 

(Pharmingen). In addition. cells were simultaneously incubated with an unconjugated anti- 

CD3e rnAb (Pharmingen). Splenic B cells were identified by staining CD4' and CD8' T 

cells simultaneously, and then gating on the unstained population. Background levels of PE 

fluorescence were set using cell samples labeled with a PE-conjugated anti-rat IgG mAb 

(Irnmunotech). In all cases, L pg of mAb was used per LO6 cells. The cells were incubated 

at room temperature in the dark for 20 minutes. They were subsequently washed three 

times, and the fmal cell pellets were resuspended in HBS at 1.5 x lo6 ceits/mL, a 

concentration that initial experiments had revealed to be satisfactory for the kinetic analysis 

of ffuo-3 fluorescence. The cell samples were kept at room temperature until analyzed. 

For experiments aimed at examining the ca2+ idlux pathway, an identical dye 

loading and surface staining protocol was used with three exceptions; (i) cell samples 

contained 4 x lo6 cells, (ii) cells were not pre-labeled with an anti-CD~E mAb, and (iii) 



HBS prepared without CaC1, was used for the £ha1 three washes and for the resuspension 

of cell pellets. 

Celltdnr stirnuhion and kinetic analysis offluo-3j7~~orescence 

For the kinetic analysis of changes in [ca2+],. cells were continuously acquired and 

measurements of fluo-3 fluorescence were accumulated in time intervals of one second. For 

each experiment, antigen receptor stimulation was induced after a 30 second baseline 

measure of fluo-3 fluorescence intensity. Splenic T cells and thymocytes were stimulated 

by cross-linking anti-CD3e mAbs with 5 pg/mL or LO pg/mLT respectively, of a goat anti- 

hamster IgG secondary antibody (Pharmingen). B cells were stimulated by cross-linking 

surface IgG with LO pg/mL F(abT)2 rabbit anti-mouse IgG (Zymed Laboratories, Inc.). 

Data was acquired for an additional ten minutes following the addition of Abs. At the end 

of each experiment, a calibration procedure was performed in order that arbitmy 

fluorescence values could be converted to measures of [C$+], (see below). The cdiibration 

involved sequentially forcing the fluo-3 dye present within cells into two states; either 

saturated with CaL+ or ca2+-free (Grynkiewicz et al., 19851, using a protocol based on 

those previously described by others (Hesketh et d., 1983: Kao, 1994). [ntncellular Ca" 

was increased to saturating levels by adding the ca2+ ionophore, A23 187 (Boehringer 

Mannheirn Biochemicals), to a final concentration of LO pM, and data was collected for 5 

minutes. MnCL, was subsequently added at a final concentration of 3 mM in order to 

displace Ca2+ h r n  the dye, and incubated with the cetls for LO minutes. The resultant fluo- 

3 fluorescence intensity was then measured for an additional 3 minutes. 

Experiments essentially identical to those just described were performed on 

spfenocytes resuspended in nominally ca2+-free HBS, with the following exceptions. Fluo- 

3 fluorescence measurements were accumulated over time intervals of two seconds. At the 



time of the experiment, BAPTA was added to the cells at a final concentration of 2 mM in 

order to chelate Ca" to trace levels. Following a 30 second baseline measure of fluo-3 

fluorescence, 5 pgIrnL anti-CD3e mAb and I p.M thapsigargin was added to the cells. The 

antibody was subsequently cross-linked with 50 pg/mL goat anti-hamster igG 60 seconds 

later. Following 8 minutes of data acquisition, A23 187 was added to the cells at a final 

concentration of LOO nM. Flu03 fluorescence intensity was monitored for another 8 

minutes. This was followed by the addition of 3 rnM (fmd concentration) CaCl,, and data 

acquisition was resumed for an additional 5 minutes. At the end of each experiment, a 

calibration procedure was performed using 10 pM A23 I87 and 3 m M  MnCL,, as described 

above. 

Because no gates were imposed on the cell samples before the initiation of data 

collection, the acquired data represented changes in flu03 fluorescence intensity from dl 

cell types capable of responding to the applied stimulus. At the completion of an 

experiment. the response of specific subpopulations of cells to antigen receptor stimulation 

was determined by first gating on lymphocytes based on their Light scattering properties, 

and then examining the fluo-3 kinetic profde of desired cells based on whether they were 

positive or negative for a given surface antigen. The fluo-3 fluorescence data acquired over 

two time intervals were then converted to a measure of median fluorescence. All of these 

analyses were performed using FlowJo software (Treestar). 

Caicuhion of [Cfl],  

The median fluorescence intensity values obtained for each time interval were 

converted to a median measure of [ca"Ii using the following formula (Grynkiewicz er al., 

1985): 



In this equation, K, represents the effective dissociation constant of flu0 -3 for ~ a " ,  and is 

equal to 400 nM based on in situ and in vim calibrations performed by others (Minta et al., 

1989; Schnetkamp et al., 199 1). F represents the median fluo-3 fluorescence of the 

experimental samples. F,, represents the fluorescence intensity of fluo-3 when saturated 

with Caf+, and for the experiments described here, was made equal to the mean 

fluorescence observed following the addition of 10 @I A23 187 to the cells. F,, represents 

the fluorescence of fluo -3 in its metal-free state. This value was calculated based on the F,, 

value, and the mean fluo-3 fluorescence intensity observed in the presence of 3 rnM MnCl?, 

termed FM,. The difference between the fluorescence intensities corresponding to FMn and 

F,, is one-fifth the difference between F,, and F,, (ie. FM, - F,, = L/5 (F,, - F,,)) 

(Vandenberghe and Ceuppens, 1990). Remging the equation. F,, was cakulated as 

foIlows: 

Calculation of half-time (t,fl) of decay 

Rate constants for the decay portion of kinetic curves were derived from a 

computerized least squares minimization fit of the data to exponential equations using 

MacCweFit software (Kevin Rmer Software; www.home.aone.net/krs). The half-time 

(t,,) of the decay was then calculated by dividing the natural log of one-half by the derived 

rate constant and changing the sign (ie. ti,= -(In 0.5h); where b represents the rate 

constant), 



Some of the curves were best fit to double exponential equations, thus producing 

two rate constants corresponding to a fast and a slow component, with the fast component 

making the greatest contribution to the transient. The sercd"' and sercd+'+' experimental 

pairs consistently differed with respect to the f a t  component of the curve, but not the slow 

component. Therefore, in order to compare members of an experimental pair the rate 

constants for the slow component of the curves were made the same (usually this value 

correspond to that of the wild-type cell sample), the curves were re-fit. and a new t,, of the 

decay was calculated based on the rate constant obtained for the fast component of each 

curve. 

IX. Statistical analysis o l  data 

Tests of statistical significance were performed using pair-wise t-tests of the means. 

Data in the form of percentages or hctions were transformed by taking the inverse sine of 

the square root to obtain samples with normal distributions (Ausubel et al., 1997). The 

transformed data were then compared using pair-wise t-tests. 



CHAPTER TEREE: RESULTS 

I .  Characterization of serca3(&) soIenocvtes and thvmocvtes 

Expression patterns of B cells and T cells in ~ e r c a 3 ' ~ ~ '  mice 

During lymphocyte maturation, the ligation of the BCR and TCR can induce either 

the death or differentiation of immature B cells and T cells, respectively. As described in 

Chapter 1, the stages of maturation of T cells in the thymus can be defied by the 

expression patterns of CD4 and CD8 on the surface of these cells. Cells double positive for 

CD4 and CD8 undergo intense selection, resulting in the death of self-reactive cells and the 

survival of cells capable of recognizing foreign antigen. Changes in infracellular Ca2+ levels 

have been shown to be an important component of the signaling pathways that mediate 

these responses (Mariathasan et al., 1998: Nakayama et al., L992). For example, elevations 

in [ca2'li are associated with thymocytes that have contacted self-antigen, and are 

undergoing negative selection (Nakayama et al., 1992). SERCA3 is abundantly expressed 

in lymphoid cells, particularly in maturing thymocytes (Wu et al., 1995). Given the role of 

antigen receptor-induced Ca2+ signaling pathways for the maturation of B cells and T cells, 

initial experiments were aimed at determining if SERCA3 has a role in the maturation of 

these cell types. 

The expression of B cells and T cells in the spleen, and the distribution of 

subpopulations of T cells in both the spleen and thymus of sercd&) mice were compared 

with those of sercu3"'+' mice, using fI ow cytometry and fluorophore-conjugated antriodies 

directed against ceU-specific surface markers. B cells were identifed using an antlidy 

against the surface molecule 8220 (CD45R). which is a membrane-bound tyrosine 



phosphastase expressed on all mature B cells (Abbas et d., 1997). T cells were identified 

by staining the CD3e subunit of the TCR. The distriiution of CD4' and CD8' T cells in the 

spleen and thymus were determined using antibodies specific for these two surface 

proteins. 

Beginning with a p n e d  examination of the thymocytes of both genotypes, it is 

evident that these cells could be divided into three predominant groups based on their 

expression levels of CD3e (Figure 4). with about 30% falling in the background range 

(fluorescence values less than lo), P smaU fnction expressing very high levels of CD3e 

(fluorescence values above loo), and the majority expressing low levels of the surface 

protein (fluorescence levels between LO and 100). As shown in Figure 5 and summarized 

in Table 1, more than 95% of the isolated thymocytes were positive for either CD4 or CD8, 

and 80-85% were positive for both. Double positive cells undergo intense selection, with 

only a smail percentage surviving and maturing into single positive cells (10-15% CW 

single positive and 3% CD8 single positive: Figure 5 and Table I ) .  Two colour analysis of 

CD3e and CD4 (or CD8) expression showed that CD4 (or CD8) positive cells expressed a 

varied degree of C D ~ E  on their cell surface (Figure 5; Table 1). Therefore, the vast majority 

of mouse thymocytes were double positive for CD4 and CD8, and about 60% of them 

expressed low levels of CD3e (Table L).  Interestingly, as shown in Figure 5, the group of 

cells expressing the highest levels of C D ~ E  were predominately CD4' single positive 

thymocytes. 

Comparison of the thymocytes isdated fkom SERCA3-deficient and wild-type 

control mice revealed that the disruption of sercd did not affect the percentage of immature 

and maturing T cells in the thymus, as determined by the surface expression of CW and 

CD8 (Figure 5 and Table 2). In addition, the expression levels of CD4 and CD8, as well as 



serca3(-'1 thymocytes 

D sercad+f+) thymocytes 

Fig. 4. Expression levels of surface proteins on 
thymocytes isolated from wild-type and SERCAMeficient 
mice. Surperimposed histograms are shown illustrating the 
fluorescence intensity of wild-type (I) and SERCA3-deficient (a) cells 
stained with fluorophore-conjugated antibodies to the indicated 
lymphocyte sufface proteins. Cell samples were analyzed by flow 
cytometry, as described in Materials and Methods. A representative 
result from two experiments is shown. 



Fig. 5. Fluorescence-activated cell sorting analysis of 

thymocytes isolated from wild-type and SERCA3-deficient 
mice. Dot plots of the co-expression of the indicated T cell surface proteins 

as determined by two-colour flow cytometric analysis using fluorophore- 

conjugated antibodies, are shown. Representative results from two 

experiments are presented. The axes indicate increasing fluorescence 

intensity. The gates (horizontal and vertical lines) defining positive versus 

negative staining were based on the analysis of similar cells iabelled either 

with isotype control antibody, or without antibody. The percentages of cells 

stained by one, both, or neither, primary antibody are indicated in the 

appropriate quadrants of the graphs. 
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Table 1. 

Summary of the percent distribution of the indicated suflace markers 

on thymocytes isolated from wild-type (WT) and SERCA3-deficient 

(KO) mice. 

Surface  rotei in WT KO 

Values were determined by performing two-colour flow cytometric analysis of cells 

stained with antibodies to the indicated surface proteins. The individual percentages for 

two independent experiments are shown. 



Table 2. 

Summary of the percent representation of surface markers on 

thymocytes and splenocytes isolated from wild-type (WT) and 

SERCA3-deficient (KO) mice. 

Thymocytes 

- -- - -- 

Surface marker WT KO 
C D ~ E  63-56 61-58 
CD4 96-95 97,94 
CD8a 91-82 94-75 

Surface marker WT KO n 

Values were determined by flow cytometric analysis of cells stained with fluorphore- 

conjugated antibodies to the indicated surface proteins. Values shown for splenocyte 

samples are the mean percentages of cells f SEM for the indicated number of 

independent experiments (n). For thymocytes, the individual percentages for two 

independent experiments are shown. 



those of C D ~ E ,  on the cell surface did not differ between the two genotypes (Figure 4). 

Finally, the percentage distribution of CD4 or CD8 positive thymocytes expressing C D ~ E  

did not differ between SERCA3-deficient and wild-type animals (Figure 5 and Table I). 

Therefore, based on the expression patterns of these cell surface markers, which identlfy 

thyrnocytes at different stages of development, it can be concluded that SERCA3 activity is 

not required for T cell maturation in the mouse thymus. 

Lymphocytes migrate Erom their primary sites of maturation (thymus for T cells, 

and bone marrow for B cells) to the periphery, where they are exposed to antigen. Antipn 

receptor stimulates increases in intracelldar Ca2+ levels, leading to cellular responses 

including proliferation, and in some instances, cell death (Crabtree and Clipstone, 1994). 

From the results obtained for splenocytes of' both genotypes. it can be seen that B cells 

(%220+) and T cells (CD~E*) were roughly equally represented, and together comprised 80- 

9 1% of the cells isolated from the spleen (Figure 6: Table 2). Similar results were observed 

when the percentage of T cells positive for both CD4 and CD8 were compared to 8220' B 

cells (Figure 6 and Table 3). This is not surprising since virtually all CD4+ and CD8+ 

splenic T cells were also positive for CD3e (Figure 7 and Table 3). Unlike in thymocytes, 

CD3e expression on splenocytes was uniformly high (Figure a), and CD4' and CD8+ cells 

expressed similar Ievels of CD3e (Figure 7). It was evident that expression of CD4 and 

CD8 proteins on splenocytes was mutually exclusive (Figure 7 and Table 3) and that CD4' 

ceIls were more abundant than CD8' cells (-25% CD4+ vs. - 16% CD8') (Table 2). 

Comparing the expression and representation of these surface markers on 

SERCA3-deficient and wild-type cells, it was found that the mutation of serca3 does not 

alter the expression levels of CD~E, CD4, CD8 or B220 on the cell surface. Similarly, the 

percentage of splenocytes expressing these surface proteins were not found to differ 



-pt31~8sa~d aJe slueuysdxa 
Jel!ru!s awql uro~j svnsai ~ A ! ) E ) u B S ~ J ~ ~ ~  *sl!elep ~ s y v n l  JOJ s e~ n6! j  
01 pua6aj eas -spoy~efl pue sleuelen u! psqyosep se 's!sAj~ue 3u)e~uo~h 
MO~J ~nolo3-onrq 6upn peu~oped seM sefl3ouejds uo su!s)o~d paleqpu! 
ey) jo uo!ssa~dxe-03 -sJaqrew eaepns !la:, 1 PUP g JOJ a q u  
~ u a ! o ! g a p - ~ ~ 9 ~ 3 ~  pue sdAa-pl!m ruorj paaeloe! sa~Aoouajds 
l o  s!sAleue 6u!a~os 3 pa~e~!~3e-aoua3saronlj '9 *6! j  



Table 3. 

Summary of percent representation of surface markers on splenocytes 

isolated from wild-type (WT) and SERCA3-deficient (KO) mice. 

Surface protein WT KO 

B220TD3' 32 rt 5 38 4 5  

B220+CD3' 3 t l  4 & 2  
B220-CD3- 8 & 2  8 k 2  

B220'CD3+ 48k8 47 &4 

B220+CD4CD8' 33k6 36 + 5 
B220+CD4+CD8' 3 + 1  2 k 0.2 

B220-CD4CD8' 8 k 2  9&2 

B220'CD4+CD8' 56 k 5 48 & 5  

Values were determined by performing two-colour flow cytometric analysis of cells 

stained with anhimdies to the indicated surface proteins. Either individual values or mean 

percentages k SEM for the indicated number of experiments (n) are shown. 

n 
3 
3 
3 
3 

3 
3 
3 
3 

Surface protein WT KO 
CD4+CD3' 0.4-0.7 0.4,2 
CD4+CD3' 20-28 25-24 
CD4CD3' 53,49 47-56 
CD4-CD3' 27,22 22, I8 

CD8+CD3' 1 4 

CDS'CD3' 15 I7 
CDS'CD3' 53 55 
CD8-CD3+ 31 23 

CD4'CDS' 22,3 1 26,26 
CD4+CD8+ 0.7,0.6 1,2 
CD4CD8- 56,52 55,55 
CD4CD8' 22, 16 18,17 

n 
2 
2 
2 
2 

1 
1 

1 
1 

2 
2 
2 
2 



Fig. 7. Fluorescence-activated cell sorting analysis of T cell 
markers on splenocytes isolated from wild-type and 
SERCA3-deficient mice. Dots plots are shown of two-colour flow 

cytometric analysis of isolated splenocytes doubly-labelled with fluorophore- 

conjugated antibodies to the indicated surface markers. See legend to 

Figure 5 for further details. Representative result from one to two 

experiments are shown. 
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Fig. 8. Expression levels of surface proteins on 
spknocytes isolated from serca3 mutant and wild-type 
mice. Superimposed histograms are shown, illustrating the 
fluorescence intensity of wild-type (I) and SERCA3-deficient (I) cells 
stained with fluorophore-conjugated antibodies to the indicated B and T 
cell markers, and detected using flow cytometry. In each graph, the cell 
population with a fluorescence level of less than -10 corresponds to the 
background fluorescence observed for cells not stained with primary 
antibody, as determined by the analysis of similar cells with an isotype 
control antibody or without antibody. 



between the two genotypes (Table 21, revealing that the lack of SERCA3 expression does 

not affect the representation of B cells and T cell subtypes in the mouse spleen. 

Confirmation of lack of SERCA3 expression in ~ e r c a 3 ' ~ ~ '  lymphocytes 

Previously published results of Northern blot analysis of total mRNA isolated from 

gene-targeted mice revealed a serca.3 message that was shown to possess a 28 codon 

deletion and an intact reading frame (Liu et al., L997). Western blot analysis of microsomes 

prepared from human embryonic kidncy cells (HEK293 cells) transiently expressing the 

SERCA3 cDNA used for gene targeting, showed that the message transcribed from this 

construct is not translated into protein, and functional assays detected only background 

levels of SERCA activity in these samples (Liu et al., 1997). 

To confirm that SERCA3 was not endogenously expressed in the lymphocytes of 

these mice, immunoblot analysis was performed using an anti-SERCA3 antibody, 

PA 1-9 10, directed against a peptide corresponding to an N-terminal sequence conserved in 

rat and mouse SERCA3 proteins. The specificity of PAL-9 LO for SERCA3 is demonstrated 

in Figure 9A, where it was reacted against microsome preparations from HEK293 ceh 

(previously isolated by others in the lab), that were transientIy transfected with either rat 

SERCA2a, SERCA2b.or SERCA3 cDNA expression constructs. 

Given its specificity for SERCA3. PAI-9 10 was reacted against 20 or 40 pg of 

total protein isolated from sercd"' splenocytes and thymocytes and wild-type control cells, 

as described in Materials and Methods. 5 pg of a microsomal prepantion from HEK293 

cells overexpressing rat SERCA3 was also Loaded on gels as a positive control. As 

illustrated in Figure 9B, a band of predicted size was detected in the protein samples 

prepared from wild-type splenocytes and thymocytes, that was absent m the samples 
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Fig. 9. Lack of SERCAO expreesion in lymphocytes of 
swm3 genetargeted mice. A. lmmunoblot of 5 pg of microsomes 
isolated from HEK293 cells transfected with the indicated rat SERCA 
constructs. Cells transfected with SERCA cDNA inserted into vector in 
the reverse orientation served as Control. B. and C. lmmunoblot of 20 
pg (B) or 40 pg (C) of cell lysate isolated from wild-type (WT) or 
serca3(-/-) (KO) splenocytes (Spl) or thymocytes (Thymo). 5 pg of 
microsomes from same preparation as in A, served as positive control. 
In all cases proteins were separated by SDS-PAGE, transferred onto 
nitrocellulose membranes and reacted with PA1-910 antibody (2 pg/mL 
(A and 6) or 10 pg/mL of a different stock (C)). Actin expression was 
detected by subsequent incubation of blots with anti-actin antibody (0.1 
P ~ L )  - 



isolated from cells with mutant serca3. Subsequent incubation of the membrane with an 

anti-actin antibody revealed comparable protein levels between samples. 

The results of additional attempts to confirm this finding, using subsequent protein 

preparations and a new lot of the PAI-9 LO antibody, are shown in Figure 9C. The lot of 

antibody currently available is not as sensitive as the previously available one, as 

demonstrated by a lower level of detection of rat SERCA3 in 2.5pg of the same microsome 

preparation (Figure 9C), even though 5-fold more antibody was used. However, as shown 

in Figure 9C, a band of predicted size was observed in the sercd+'+' splenocytes that was 

absent from the sercd"' splenocytes. This band was not, however. observed in either of 

the thymocyte samples. Although preliminary. these results indicate that as expected 

SERCA3 protein is not present in the lymphocytes of these gene-targeted mice. 

Examination of SERCA2b expression in serca3("-' lymphocytes 

It has previously been reported that myocytes from mice heterozygous for serca2 

deletion, have a 4 5 %  reduction in SERCM mRNA, and a -35% reduction in both 

SERCMa protein and SERCA activity when compared to Ievels in sercd*+'+' myocytes. 

Therefore, mechanisms exist in these celIs to partially compensate for the loss of a single 

copy of the SERCA2 gene (Periasamy et al., 1999). Given the importance of SERCA 

activity in re,dating Ca2+ homeostasis, various compensatory mechanisms may operate in 

lymphocytes to minimize the effects of ablated SERCA3 expression. 

As discussed in Chapter 1. the SERCA2b isoform is also expressed in 

lymphocytes. To test the possibility that SERCA2b expression may be altered in the 

lymphocytes of gene-targeted mice, SERCA2b protein Ievels were examined by 

immunoreactivity, using the commercially available anti-SERCA2 antibody, 2A7-A1. The 

ability of 2A7-A1 to detect SERCA2b is demonstrated in Figure 10A, which shows a 
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Fig. 10. Failure of 2A7-A1 antibody to detect mouse 
SERCA2b in cell lysates. A. and B. lmmunoblots of 5 pg of 
m icrosornes isolated from HEK293 cells transfected with the indicated rat 
(rt) SERCA constructs. Rat SERCA cDNA inserted into vector in the 
reverse orientation served as Control. Blots were reacted with either 
monoclonal anti-SERCA2 antibody, 2A7-A1 (8 pglml), or polyclonal anti- 
SERCA antibody, C4 (2 pg/mL), as indicated. The band at -175 kDa in B 
is a rtSERCA2b aggregate seen previously by others (Lytton et al., 1992). 
C. lmrnunoblot of 30 pg of cell lysate isolated from wild-type (WT) and 
serca3(-/-I (KO) splenocytes (Spl) and thymocytes (Thy) were reacted with 
2A7-A1 (upper blot) and actin (0.1 ClglmL; lower blot) antibodies. 
Microsomes from HEW93 cells expressing rat SERCA2b sewed as a 
positive control. Migration position of SERCA2b (S2b) and SERCA3 (S3) 
are indicated. 



Western blot of the same microsome preparations as described above that were isolated 

from HEK293 cells. Figure LOB is a Western blot of these same microsomal samples, 

where SERCA proteins were detected using the C4 antibody. which recognizes all SERCA 

isoforms. Comparing the two figures it is evident that although 2A7-A1 was specific for 

SERCA2 compared to SERCA3 (compare right-hand lanes of Panels A and B), it was not 

particularly sensitive at detecting overexpressed rat SERCA2a and 2b above the 

background levels of human SERCA2b (Control sample). 

However, given its specificity for SERCAZ isoforms, 'A7-AI was used to 

examine SERCA2b expression levels in splenocytes and thymocytes of serca.3'"' and wild- 

type cells. As shown in Figure LOC, this antibody was unable to detect SERCA proteins in 

lymphocyte post-nuclear cell lysates. Protein was present in these samples as revealed by 

the detection of actin, 

Due to the fdure  of 2A7-A1 to detect SERCA2b in these protein samples, the anti- 

SERCA antibody, N 1, was used, which recognizes all SERCA isoforms. When N 1 was 

reacted against protein samples containing both SERCAZb and SERCA3 proteins, a 

doublet was detected, with the lower band corresponding to SERCA3 (97 kDa) and the 

upper band corresponding to SERCAZb ( 1 10 kDa) (Figure I 1B. lane 3). Therefore, it was 

thought that Nl may be useful for detecting SERCA2b expression in lymphocyte post- 

nuclear cell lysates. Figure 1 LA shows the result of an immunoblot analysis of totd protein 

isolated ffom sercu3"'+' or sercd"' splenocytes and thymocytes. Bands corresponding to 

SERCA proteins were detected in aLI samples. The band detected in the sere&"' spIenocyte 

sample is less intense than that in the wild-type sample. even though more protein appears 

to have been loaded in this lane as shown by the higher level of actin in this sample. No 

differences in band intensity were observed between the thymocyte samples, dthough more 

protein appears to have been loaded in the wild-type sample based on the greater intensity 
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Fig. 11. Detection of SERCA2b in cell lysates from SERCA3dficient 
mice. A. lmmunoblot of 40 pg of cell lysate from wild-type (WT) and 
sercad-1-1 (KO) splenocytes (Spl) or thymocytes (Thy). 2.5 pg of rnicrosornes 
isolated from HEK293 cells transiently expressing rat SERCA2b was included 
as a positive control-The blot in subsequently probed with anti-actin (0.1 
pglml) antibody. 5. lmmunoblot of 2.5 pg of microsomes from HEK293 cells 
transfected with the indicated rat (rt) SERCA constructs. SERCA cDNA 
inserted into the expression vector in the reverse orientation served as 
Control. The band at -1 75 kDa in is a rtSERCA2b aggregate seen previously 
by others (Lytton et al. (1992). Blots in A and 6 were reacted with polyclonal 
anti-SERCA antibody, N1 (1 :4000). The migration positions of SERCA2b 
(S2b) and SERCA3 (S3) are shown. 



of the actin band. Importantly, SERCA2b and SERCA3 proteins could not be distinguished 

in the post-nuclear cell lysates of sercd4+' lymphocytes, therefore the intensities of the 

bands observed in the sercd"' lymphocyte samples that presumably represent only 

SERCMb, could not be compared with SERCA2b levels in the wild-type cells. Given 

these results. possible alterations in SERCA2b expression in SERCA3-deficient 

lymphocytes remain unknown. 

11. IL-2 secretion and cell viabilitv follow in^ cellular stimulation in 

vitro 

Decreased levels of IL-2 secreted by stimulated serca3""' splenocytes 

As discussed in Chapter L ,  IL-2 is a cytokine secreted by mature T cells in response 

to antigen receptor stimulation, and is the principle growth factor responsible for inducing 

T cell proliferation during cellular activation ( Abbas et al.. 1997: CmtreU and Smith, L 984; 

Meuer et d., 1984). Its transcription has been shown to be dependent on a sustained 

elevation in intracelIular ~ a "  levels for -2 hours (Wacholtz and Lipsky, 1993; Weiss et 

al., 1987). The expression of IL-2 therefore serves as an important indicator of an dtered 

biological response resulting From changes in ~ a "  signding in T cells 

To test the role of SERCA3 in mediating Ca2+-dependent responses to TCR 

stimulation, SERCA3-deficient splenocytes were stimulated in vim for 24 hours with 

compounds previously shown to induce IL-2 expression in T cells. The stimulators used 

were ones that either act at the levei of the TCR. or act on signaling pathways downstream 

of the receptor. The former type included plate-bound anti-CDJE antibodies and ConA 

(Weiss et ai., I987), while the latter type included PMA and A23 187, which activate PKC 



and increase [Caz+],. Together, these two signals are sufficient to induce IL-2 expression 

(Truneh et al., 1985). 

Given the rule of capacitstive ~ a "  entry in mediating the influx of extracellular 

ca2+, and thus IL-2 expression by T cells in response to cellular stimuiation (Fanger et al., 

1995: Timrnerman et al.. 1996). it was predicted that the ablation of SERCA3 may 

stimulate a greater degree of IL-2 expression if SERCA3-regulated stores were associated 

with store-operated channels in the plasma membrane that are responsive to antigen 

receptor stimulation. 

As shown in Figure 12, and summarized in Table 4, 10 nM PMA in combination 

with LOOnM A23187 induced the greatest production of IL-2 by cells of both genotypes. 

Stimulation of the TCR done by plate-bound anti-CD~E antibodies resulted in small L-2 

responses by both serca3'" and ~erca.3"~ cells. A sizable response to plate-bound anti- 

CD3e antibody required a co-stirnulatory signal provided by the activation of the CD28 

surface protein ((Stein et al.. 1994). Figure 12 and Table 4). CD28 stimulation is bexeved 

to both enhance the magnitude of the signal from the TCR. and activate ca2+-independent 

signal transduction pathways that synergize with those induced downstream of the TCR 

(Sprent, 1999). ConA has been shown to specifically interact with the TCR (Weiss et aI., 

198'7). For cells of both genotypes, treatment with this lectin stimulated IL-2 secretion at 

levels slightly higher than those induced in response to plate-bound anti-CDL plus anti- 

CD28 rnAbs. Minimal IL-2 was found to be secreted by cells treated with PMA, A23 187, 

or cell culture medium done (Figure 12 and Table 4), as we1 as cell culture medium 

containing vehicle solutions (DMSOlethanol or PBS) (data not shown). 

Comparison of the IL-2 production by sercd"' and sere&+'+' cells reveals that, 

with the exception of PMA alone and plate-bound anti-CD~E, cells deficient in SERCA3 
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Fig. 12. IL-2 secretion by cultured splenocytes. The 
concentrations of secreted 11-2 in cell culture supernatants from wild-type 

(WT, El) and SERCA3-deficent (KO, m) splenocytes following 24 hours of 
stimulation with cell culture medium alone (cells alone), plate-bound anti- 
CD3e (10 pg/mL), plate-bound antECD3e (10 ~glmL) plus anti-CD28 (10 

pg/mL), ConA (5 pg/mL), or PMA (10 nM) plus A23187 (100 nM). 11-2 
concentrations were determined by €LISA, as described in Materials and 
Methods. Shown are the means of triplicate wells t SEM. A representative 
result from five similar experiments is shown. 



Table 4. 

Concentrations of secreted IL-2 (pg/mL) by wild-type and 

SERCA3-deficient (KO) splenocytes following stimulation in vifro. 

-- - - 

Stimulus WT KO n p-value 
- - 

Cell culture medium alone 0 0 5 - 
A23187 alone 0,o 0,4 2 0.5 
PMA alone 0,4 3, 17 2 0.5 
Plate-bound anti-CD~E Ab 38 k 10 45 k 23 5 0.8 

Plate-bound anti-CD~E 349 k 179 164 & 63 5 0.27 
+ antLCD28 Abs 
ConA 312k 104 186 k43 5 0.09 
PMA + A23187 5320 & 1300 2170 k718 5 0.01 

IL-2 concentrations (pgImL) in cell culture Supernatants collected after 24 hours of 

culturing were determined by ELISA. Individual values from duplicate experiments, or 

the mean + SEM for the indicated number of experiments (n) are shown. 



secreted reduced amounts of IL-2 following cellular stimulation (Figure 12 and Table 4). 

However, only the mean concentration of IL-2 secreted by sercd4-I splenocytes in 

response to PMA and A23 187 was significantly less than that secreted by sercd+'+' cells 

(Table 4). 

The concentration of secreted IL-2 was higNy variable between experiments, even 

though similar trends were observed when comparing wild-type and SERCA3-deficient 

cells (Table 4). In an attempt to diminish the variability in the data, the concentrations of 

secreted IL-2 were normalized to the cnmimum secreted IL-2 concentration for each 

experiment. In al l  cases, this corresponded to the IL-2 concentration secreted by wild-type 

cells treated with PMA plus A23187. Similar to what was observed before data 

normalization. SERCA3-deficient splenocytes showed a reduced level of IL-2 secretion in 

response to both anti-CD3dztnti-CMI antibodies and ConA treatment, and a marked 

reduction in response to PMA plus A23 187 (Figure 13). Secreted levels of IL-2 following 

stimulation with anti-CD3e antibody done. which were very low. did not differ 

significantly between SERCA3deficient and wild-type cells. T-tests of statistical 

siDa~cance comparing the results obtained for anti-CD3~hnti-CD28 antibodies and ConA, 

revealed that the secreted IL-2 concentration by SERCA3-deficient cells following ConA 

treatment was significantly different from that of wild-type control cells (p = 0.03, n = 5). 

For both SERCA34eficient and wild-type cells. the concentration of secreted IL-2 

in response to PMA plus A23 187 were more than 10-fold greater than the levels secreted m 

response to ConA or anti-CD3danti-CD28 (Table 4). The concentrations of IL-2 secreted 

by both ceLI types following PMAiA23 187 treatment were therefore considered to represent 

the maximum capacity of the cells to respond to stimulation, and that less potent stimuli 

induced a reduced IL-2 response. Based on these assumptions, the concentration of IL-2 
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Fig. 13. IL-2 secretion by cultured splenocytes normalized to the 
experimental maximum. 11-2 secreted by wild-type (WT, C3) and 
SERCA3-deficient (KO, I) splenocytes following 24 hours of stimulation 
in viiro with the indicated compounds is shown. Graph B is an enlarged 
version of A, with the results for PMNA23187 treatment omitted. 11-2 
concentrations were determined by ELISA, as described in Materiais and 
Methods. Percentages are relative to the concentration secreted by wild- 
type ceils in response to PMNA23187. The error bars indicate the 
standard error of the mean for five experiments. The asterisks (') 
indicates a significant difference between the WT and KO cells in 
response to ConA treatment (p=0.03). 
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WT splenocytes (n=5) 

KO splenocytes (nS)  

anti-CD3e anti-CD3e/ ConA 
anti-CD28 

Fig. 14. 11-2 secretion from cultured splenocytes normalized to 
the genotype maximum. IL-2 secreted by wild-type (WT, 0) and 
SERCA3-deficient (KO, I) splenocytes following 24 hours of 
stimulation in vitro with the indicated compounds is shown. IL-2 
concentrations in cell culture supernatants were determined by 
ELISA, as described in Materials and Methods. Percentages are 
relative to the amount secreted by cells of each genotype in response 
to PMA plus A231 87. The error bars indicate the standard error of the 
mean for five similar experiments. 



secreted in response to anti-CDL Ab, anti-CD3danti-CD28 Abs and ConA treatment was 

compared to the maximum response induced by PMAfA.23187 separately for cells of each 

genotype. The purpose of this comparison was to determine if SERCA3-deficient cells 

were capable of responding to anti-CD3e Ab, anti-CD3danti-CD28 Abs and ConA to the 

same degree as wild-type cells. The results show that the fnctiond L-2 responses of 

SERCA3-deficient cells to all three stimuli were slightly greater than those of wild-type 

cells, although the differences were not statistically significant (Figure 14). 

Viability of serca3"' splenocytes following stimulation 

A reduction in IL-2 concentration in cell culture supernatants could reflect the 

presence of fewer IL-2 producing cells, or be due to a reduced amount of IL-2 being 

secreted by individual cells. In an attempt to distinguish between these two possibilities, the 

viability of sercd4*' and serca3"" splenocytes was determined both before and following 

cellular stimulation with plate-bound anti-CDh plus anti-CD28 mAbs and PMA/A23 187. 

Since IL-2 is predominantly secreted by CD4+ T cells, the viability of these cells within the 

splenocyte population was specificdly examined using ETC-anti-CD4 antibodies. The 

viability of all T cells was also assessed using an FITC-anti-CD3e antibody. At the time of 

isolation, the viability of CD4' T cells and m3€+ T cells from SERCA3-deficient animals 

were found to be similar to those of wild-type cells (Figure 15). Following 24 hours of 

culturing in the presence of anti-CD3~hti-CD28 or P W A 2 3  187, the viabiiity of CD4' 

and CD3&+ sercd"' cells were slightly less than sercajr"" cells, but the differences were 

not significantly different for either of the treatment conditions. Similarly, the viability of 

sercd"' and sercd+'+' splenocytes (i-e. T cells and B cells), were not found to be 

significantly different either before or after 24 hours of treament (Figure 15). 
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Fig. 15. Viability of splenocytes following in vitro stimulation. 
The percentages of viable wild-type (WT, a) and SERCA3-deficient (KO, 
r)splenocytes are shown at the time of isolation (time zero) and following 24 
hours of culture with the indicated compounds. Viability was determined by 
propidium iodide exclusion, which was measured using flow cytometry. CD3e+ 
and CD4+ cells were identified by staining with FITC-conjugated antibodies. 
The error bars indicate the standard error of the mean for two to four 
experiments, as labelled. The asterisks indicates a significant difference 
between WT and KO cells for that time point (p=0.01). 



Given that the viability of SERCA3-deficient and wild- type splenocytes foUo wing 

cellular stimulation did not significantly differ, the generd trend of reduced L-2 secretion 

by serca.3'"' cells in response to cellular stimulation suggests that SERCA3 activity is a 

component of the signaling pathway that reboU1ates IL-2 expression in individual cells. A 

higbly significant deficit in IL-2 secretion was observed in response to treatment with PMA 

plus A23187, suggesting that the disruption of serca3 alters the ability of [L-2-producing 

cells to respond to potent stimuli. 

111. Calcium transients of serca3"' lvmphocvtes followinn antipen - 

r e c e ~ t o r  stimulation 

The observed alteration of ~a"-dependent IL-2 expression in stimulated sercd"' T 

cells, suggested that SERCA3 may regulate Ca" transients in response to antigen receptor 

stimulation. To test this hypothesis. B cells of the spleen and T cells of the spleen and 

thymus isolated from serca.3'"' mice were stimulated by antigen receptor cross-linking, and 

induced changes in [ca2+li were determined using the C$+-indicating dye. fluo-3, and flow 

cytometry. Cells isolated from sex- and age-matched serccd+'+' mice that were either 

unrelated or siblings, served as controls. 

Kinetic analysis of fluo-3 fluorescence by flow cytometry 

To demonstrate how the results presented in this chapter were obtained, the 

different stages of data acquisition for a representative experiment are presented in Figure 

L6. Panel A shows a dot plot ofsplenocytes, where cells were plotted based on their degree 
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Fig. 16. Illustration ot the steps of data analysis for ~ a 2 +  flux 
experiments. A. Dot plot showing light scattering properties of Me cells within 
the sample. The box denotes a gate that was placed around lymphocytes. B. 
Histogram showing fluorescence intensity of gated cells stained with both PE-anti- 
CD4 and PE-anti-CD8a antibodies. Two predominant populations are revealed. 
Marker placement was based on background fluorescence of cell sample labelled 
with PE-isotype control, and dilnguishes positively stained cells at right and 
unstained cells at left. C. and D. Pseudodensity dot plots of kinetic changes in 
fluo-3 fluorescence intensity in B cells (ie. unstained cells in 6) (C), and in 
CD4+CD8+ cells (O) following anti-lgG stimulation (indicated by arrow). 
Increasing densities of cells are shown with a rainbow scale from low (blue) to 
high (red). E and F. Kinetic curves showing the median flue3 fluorescence of 
data presented in C and 0, respectively. 



of forward- and side-scattering of light. The box denotes a gate that was placed around the 

lymphocytes, which are characterized by their small size and Low degree of gnaularity. 

These cells were stained with both PE-anti-CD4 and CD8a antibodies. Panel B shows a 

histognm of the gated cells detected by the FL-1 detector, and reveals two predominant 

populations. The marker dividing the two populations represents the level of background 

PE fluorescence, which was determined by staining similar cells with a PE-conjugated 

isotype control antibody. The population of cells that fds  to the right of the marker (above 

ZOO), therefore represents cells that are positive for both CD4 and CD8, and the population 

on the left represents cells that were not stained by either antibody. These negative staining 

cells were considered to represent B cells. As shown in Figure 7 and Listed in Tabie 3, 

-40% of splenocytes are negative for both CD4 and CD8, and -33-36% of splenocytes are 

B cells, as determined by their expression of B220. 

This particular experiment was aimed at examining B cell responses to surface IgG 

cross-linking. Therefore, the CD4CD8splenocytes, which will be referred to as B cells, 

were gated and, as shown in Panel C, changes in flu03 tluorescence intensity over time 

were selectively examined in these cells. It can be seen in Panel C that there was a fair 

number of cells within the gated population that did not respond to the anti-mouse IgG 

stimulus. Although SERCA3-deficient and wild-type animals did not ~i~~nificantty differ 

with respect to the number of non-responding cells (see Table S), a threshold of fluo-3 

fluorescence was set such that subsequent analyses focused only on cells that responded to 

the stimuius applied. Panel D shows that no increase in fluo-3 fluorescence intensity in 

response to anti-IgG was observed in cells that stained positively with anti-= and anti- 

CD8a antibodies. When the fluo-3 fluorescence intensity for a given time slice was 

examined, the responding celIs depicted in Panel C feu into a slightly positive-skewed 

distribution. Because a calculated mean fluorescence could potentidy be biased by the high 



responders, the median fluo-3 fluorescence intensity of cells, above a set threshold, was 

therefore caIcuIated for each time interval (see Panel E). These values were converted to 

median measures of [ C P ] , ,  as described in Materials and Methods. Panel F shows the 

medican fluo-3 fluorescence in CD4" and CD8' cells. 

Ca" transients of serca3("' lymphocytes in response to antigen-receptor 

cross-linking 

Figures 17, 18,19, 20, and 3 L, show typical kinetic profiles of changes in median 

[cP], observed in serca3-deficient and wild-type splenic B cells, CD4' or CD8' splenic T 

cells, and CD4'or CD4- thymocytes. respectively, following the addition of antibody. The 

measured Ca2+ transients possessed the characteristic biphasic increase in [Ca"],, where a 

peak increase in Ca2+ levels was followed by a decline to a sustained Ca2+ concentration that 

was above baseline levels. The baseline, peak and plateau [ca2+Ii obtained for each 

experiment ye presented in Tables 5 through 9. Pair-wise t-tests revealed no significant 

differences between the mean values obtained for serca.3-deficient cells and wild-type 

control cells (see Tables 5 through 9). 

Although the peak and plateau levels of [cP"]~ in sercd4-' and sercd"' B cells 

and thymocytes did not differ significantly, the half-time (t,,) of the decline of [ca2+Ii 

between these two levels was found to be significantly slower in SERCA3-deficient B 

cells, CD4' thymocytes, and CD4' thymocytes (Tables 5,8 and 9, and Figures 17, 20 and 

2 1 ). No significant difference in the rate of decline of Ca2' Ievels was observed between 

sercarf"' and sercd"+' CD4' or CD8' spIenic T cells in response to CD~E cross-linking 

with 5 pg/rnL goat anti-hamster secondary antibody (Tables 6 and 7, and Figures 18 and 

19). 
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Fig. 17. Calcium transients in splenic 6 cells (ie. CDeCD8' 

splenocytes). Kinetic changes in median [Ca2+Ii are shown for wild-type (0) 

and SERCAB-deficient cells (0) that were loaded with fluo-3. Ca2+ transients 
were initated by the addition of secondary antibody (indicated by arrow) to 
cross-link surface lgG. Fiuo-3 fluorescence intensity was monitored with time 
using flow cytornetric analysis. Specific responses of CD4-CD8- cells were 
determined by gating on the cell population that stained negatively with both 
PE-anti-CD4 and PE-anti-CD8a antibodies. Arbitrary fluorescence values were 
converted to measures of median [Ca2+Ii, as described in Materials and 

Methods. The filled symbols indicate data points that were fit to exponential 
equations to obtain rate constants for the declining portion of the curves. The 
resultant lines of best fit are shown. This is a representative result of four 
independent experiments. 



74 

Table 5. 

Summary of the ca2+ signaling parameters in wild-type (WT) and SERCA3- 

deficient (KO) splenic B cells (ie. CD4-CDS- cells) following the cross-linking of 

surfrce IgG* 

The resuits of four independent experiments and the resultant mean SEM, are 

presented. Within an experiment, two or more values for one genotype refer to duplicate 

or triplicate cell samples from the same animal. The mean of these samples was used in 

the calculation of the redtant mean. The ca2' concentrations before (baseline) and after 

stimulation are shown, as well as the half-time of the declining portion of the 

transient. Values in bold indicate statistically significant differences between mutant and 

wild-type cells. Non-responding ceUs were excluded fkom all analyses. 

% non- 
responding 

CD4-CD8 cells 

33 
- - -  - 32 -- -- - 

54 
37 
37 
37 ---- ----.----- 

41 
38 
19 
26 
66 

-- 
52 
54 
55 
55 

37*8 
41 * 6  

(p = 0.28) 

After slgG 
cross-lin king 

Ehperiment Baseline Peak Plateau t I n 
[ca27i [ca27i [ca2'l i of 
(nM) (nM) decline 

(seconds) 
1 WTL l10 195 145 

WT2 135 
- - - 190 145 - - - - .- - - - . 

KO1 I05 280 154 
KO2 100 180 130 

2 WT1 82 225 133 
WT2 8 1 290 147 

---- - -- --< ------ 

KO1 105 230 137 
KO2 110 275 151 

3 WT 90 400 I 70 
KO 90 350 170 

4 WTI I15 280 1 SO 
WT2 -- p- ---- - 

350 175- 87 - -- -- -- - 

KO1 87 290 1 70 
KO2 88 360 175 
KO3 88 320 180 

MeanSEM WT 9%9 202 =t 59 151k7 
KO 97*5 289 * 28 158*9 

( ~ 0 . 8 7 )  ( f l . 3 3 )  m.39) 

34 
- 36 

75 
87 
42 
29 
44 
47 
24 
60 
20 
23 --- ---- 
112 
64 
87 

29*4 
69*10 

(p 4.04) 
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Fig. 18. Calcium transients in CD4+ splenic T cells. Kinetic changes 

in median [Ca2+Ii are shown for wild-type (0) and SERCA3-deficient cells (0) 

that were loaded with fluo-3. Ca2+ transients were initated by the addition of 
secondary antibody (indicated by arrow) to cross-tin k anti-CD3e antibody 
already on the cell surface. Specific responses of CD4+ cells were determined 
by gating on the cell population that stained positively with PE-anti-CD4 
antibodies. See legend for Figure 17 for more details. This is a representative 
result of four independent experiments. 
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Table 6. 

Summary of the ca2+ signaling parameters in wild-type (WT) and SERCA3- 

deficient (KO) CD4' splenic T cells following the cross-linking of anti-CD~E 

aatibody. 

The resuIts of four independent experiments and the resultant mean kSEM are presented. 

Within an experiment, two values for one genotype refer to duplicate cell samples fkom 

the same animal. The mean of these two samples was used in the calculation of the 

resultant mean. The ~ a "  concentrations before (baseline) and after stimulation are 

shown, as well as the half-time (tin) of the declining portion of the transient. When 

curves were fit to two rate constants, the slower component was made equal for mutant 

and wild-type ceUs (in italics), and the fast component was compared. See Materials and 

Methods for finther details. Non-responding cells were excluded fkom all analyses. 

% non- 
responding 

CD4' T cells 

14 
12 
6 
8 
6 
9 
9 
13 
15 

9 * 2  
1 1 * I  

@ = 0.22) 

After CD3z cross- 
linking 

Experiment Baseline Peak Plateau t ~ n  
[ca2'] i [ca27i [ca2fl i of 
(nM) @MI (nM) decline 

(seconds) 
1 WT 85 400 121 

KO 90 650 160 
2 WT 87 740 141 

KO 85 630 133 
3 WT 82 558 172 

KO 100 830 500 
4 WT 90 1000 150 

KO1 155 613 I40 
KO2 216 800 235 

97 
32 

20,140 
21,140 
28,110 
32,1 10 
21,197 
60,197 
68, I97 

MeanfSEM WT 8 6 * 2  675k128 146*11 
KO 115*24 704*45 245*86 

@-029) @ = 0.84) @ 4.29) 

42&19 
37+g 

(p = 0.86) 
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Fig. 19. Calcium transients in CD8+ splenic T cells. Kinetic changes 

in median [Ca2+]i are shown for wild-type (0) and SERCA3-deficient cells (0) 

that were loaded with fluo-3. Ca2+ transients were initated by the addition of 
secondary antibody (indicated by arrow) to cross-link anti-CD3e. Specific 
responses of CD84 cells were determined by gating on the cell population that 
stained positively with PE-anti-CD8a antibodies. Refer to Figure 17 for further 
detaiIs. This is a representative result of four independent experiments. 
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Table 7. 

Summary of the ca2+ signaling parameters in wiid-type (WT) and SERCA3- 

deficient (KO) CDB+ splenic T cells following the cross-linking of anti-CD3s 

antibody. 

The results of four independent experiments and the resultant mean S E M  are presented. 

The ~ a ' +  concentrations before (baseline) and after stimulation are shown, as well as the 

half-time (tlr_) of the declining portion of the transient. Curves were fit to two rate 

constants. The slower component was made equal for mutant and wild-type cells (in 

italics), and the fast component was compared. See Materials and Methods for M e t  

details. Non-responding cells were excluded Eom dl analyses. Dashes (-) indicate data 

that could not be fit accurately to exponential eqpations due to random variations in the 

values. 

% non- 
responding 
CDS' cells 

18 
18 
9 
1 t 
7 
7 
9 
9 

1 1  * 2  
1 1  * 2  

(p = 0.39) 

After C D ~ E  cross- 
linking 

Experiment Baseline Peak Plateau t ~ n  
[ca27i [ca2'-h [ca27i of 
(nM) (OM) decline 

(seconds) 
1 WT 100 560 1 SO 

KO 113 550 138 
2 WT 133 740 190 

KO 92 930 180 
3 WT 80 570 145 

KO 82 660 1 75 
4 WT 90 480 I28 

KO 112 445 125 

MeanSEM WT 101 *11 588*55 153*13 
KO 100*8 646*104 155 *14 

( jH .95 )  (p = 0.34) @ = 0.9 1) 

- 
- 
- 
- 

22,116 
39, I16 
24, I61 
23,161 

23k 1 
31 *9 

(p = 0.57) 



Time (seconds) 

Fig. 20. Calcium transients in CD4+ thymocytes. Kinetic changes in 

median [Ca2+]i are shown for wild-type (0) and SERCA9deficient cells (0) that 

were loaded with fluo-3. Ca2+ transients were initated by the addition of 
secondary antibody (indicated by arrow) to cross-link anti-CD3e. Specific 
responses of CD4+ cells were determined by gating on the cell population that 
stained postively with PE-anti-CD4 antibodies, using flow cytometric analysis. 
Refer to Figure 17 for further details. A representative result of five independent 
experiments is shown. 
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Table 8. 

Summary of the ca2+ signaling parameters in wild-type (WT) and SERCA3- 

deficient (KO) CD4+ thymocytes (ie. CD~+CDB~/CD~+CDS cells) following the cross- 

linking of anti-CD3e antibody on the cell surface. 

The results of five independent experiments and the resultant mean SEM, are 

presented. The mean of these samples was used in the calculation of the resultant mean. 

The ca2+ concentrations before (baseline) and after stimulation are shown, as well as the 

half-time (tin) of the declining portion of the transient. Values in bold indicate 

statistically significant differences between mutant and wild-type cells. Non-responding 

cells were excluded from all analyses. 

% non- 
responding 
CD4+CD8+ 

& C D ~ + C D ~  cells 
54 
56 
34 
57 
56 
57 
50 
47 
74 
57 

After C D ~ E  
cross-linking 

Experiment Baseline Peak Plateau ~ I R  

[ca27i [cn2fii of 
(nM) (nM) (nM) decline 

(seconds) 
1 WT 110 665 123 

KO 110 600 117 
2 WT 126 3,550 132 

KO 126 744 185 
3 WT 155 970 160 

KO 125 490 125 
4 WT 145 1,400 170 

KO 118 1,220 125 
5 WT 121 500 140 

KO 113 590 120 

35 
43 
27 
51 
30 
57 
22 
30 
32 
45 

MeanSEM WT 134*10 1647k652 146*11 
KO 120*4 764*161 13&16 

( ~ ~ 0 . 1 8 )  @=0.26) ( ~ 0 . 7 3 )  

29*2 
4Si5 

( ~ 4 . 0 2 )  

54h6 
55*2 

(p = 0.88) 
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Fig. 21. Calcium transients in CD4- thymocytes. Kinetic changes in 

median [Ca2+]i are shown for wild-type (0) and SERCA3deficient cells (0) that 

were loaded with fluo-3. Ca2+ transients were initated by the addition of 
secondary antibody (indicated by arrow) to cross-link anti-CD3e. Specific 

responses of CD4- cells were determined by gating on the cell population that 

stained negatively with PE-anti-CD4 antibodies. See Figure 17 for further 
details. This is a representative result of four independent experiments. 
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Table 9. 

Summary of the ca2+ signaling parameters in wild-type (WT) and SERCA3- 

deficient (KO) CD4- thymocytes (ie. CD4-CDS/CD4-CD8+ cells) Collowi~g the cross- 

linking of anti-CD3s antibody on the cell surface. 

The results of four independent experiments and the resultant mean k SEM, are 

presented. The ~ a "  concentratioos before (baseline) and after stimulation are shown, as 

well as the half-time (tic) of the declining portion of the transient. Curves were fit to two 

rate constants. The slower component was made equal for mutant and wild-type cells (in 

italics), and the fast component was compared. See Materials and Methods for further 

details. Values in bold indicate statistically significant differences between mutant and 

wild-type cells. Non-responding cells were excluded fkom all analyses. Dashes (-) 

indicate data that could not be fit accurately to exponential equations due to random 

variations in the values. 

% non- 
responding 
CD4'CDS' 

& CD~'CD~+ cells 
61 
73 
56 
84 
62 
65 
68 
71 

62*3 
73 * 4  

(p = 0.15) 

After CD3e 
cross-lin king 

Experiment Baseline Peak Plateau t1n 
[ca27l [ca27i [ca27i of 

(aM) (nM) decline 
(seconds) 

1 W 105 400 110 
KO - - - 

2 WT 115 345 120 
KO 115 270 110 

3 WT 135 480 120 
KO 120 500 115 

4 WT - - -- 
KO U 

- 0- 

14,88 
- 

11,71 
40,7f 
18,85 
47,85 
- 
0- 

MeaniSEM WT 118*9 408*39 146*11 
KO 118*3  385*IIS 138k16 

@=0.5) @=0.67) (p =0.2) 

15*4 
42h2 

(~4 .047 )  



Based on the results of these experiments conducted on cells present in a 

suspension, SERCA3 activity contributes significantly to the decline of ~ a ' +  levels 

following the attainment of peak [ ~ a " ] ~  in stimulated B cells and thymocytes, but not in 

splenic T cells, following anti-CD3e cross-linking. The results also show that the baseline, 

peak and plateau [Ca"], following antigen receptor stimulation are not altered in cells 

lacking SERCA3, suggesting that SERCA3 activity is either functionally redundant, or is 

compensated for with respect to these components of the C$ transient. 

Altered Ca" influx in SERCA3-deficient CD4' splenic T cells 

Although the kinetic changes in the [Ca2+Ii levels of splenic T cells generated 

following TCR stimulation did not siwcantfy differ from those of wild-type cells. 

secreted a 1 2  concentrations were sieuficandy reduced in SERCA3-deficient splenocytes 

in response to 10 nM PMA plus LOO nM A23 187, and to a lesser extent with ConA. Since 

IL-2 expression is dependent on a sustained increase in [c$'ji resulting from the influx of 

extracellular ~ a " ,  I tested that role of SERCA3 in regulating Ca2+ iinflux in CD4+ splenic T 

cells, which are the predominant expresson of IL-2. 

This was done by cross-linking CD3e of fluo-3-loaded sercd"' T cells that were 

present in nominally Ca2+-free extracellular medium that contained BAPTA. In addition, the 

cells were treated with thapsigargin to inhibit SERCA pump activity and, thus, the re- 

uptake of Cab into intracellular stores (Lytton et al., 199 1: Thastrup et al., 1990). 

Moreover, LO0 RM A23 I87 was added to the extracellular medium following the return of 

[caZ+li to baseline levels, in order to assess the amount of ca" remaining in intracellular 

ca2+ stores. Since the stimulation of the cells by anti-CDI cross-linking, thapsigargin and 

A23187 was done in the absence of extracellular Ca2+, the observed increases m 

intracellular Ca2+ levels in response to these stimuli would be solely due to the release of 



stored ~ a " ,  and can therefore be used as a measure of the f w g  status of these intracelldar 

ca2+ stores (Gouy et al., L990: Liu et ai., 1998; Mason et al.. 1991). In addition, the 

combination of CD3e cross-linking, thapsigmgin and A23 187 treatments were expected to 

release all available caL+ from the intracelldar stores responsive to these stimuli, and as a 

result, fully deplete them. This in turn was expected to cause a maximal activation of the 

capacitative calcium entry pathway (Gouy et al., 1990; Mason et al., 199 1). The increase in 

[ca2+li following the subsequent addition of Ca" to the extracellular medium. was then 

used as a measure of this influx pathway (Hofer et al., 1998; Liu et al., 1998). 

As shown in Figure 22 and summarized in Table LO. the baseline CZ? 

concentrations in the presence of BAPTA were slightly higher in SERCA3deficient cells as 

compared to wild-type cells. although the differences were not statistically significant. 

Following anti-CD~E cross-linking and thapsigargin treatment, the increase in [Ca2+li was 

significantly reduced in sercddJ CD4+ T cells, as determined by the mean difference 

between the baseline and peak [Ca2+], (sercn3"'". 67k 4 nM. sere&&', 34 + 5 nM; p = 

0.03, n = I), suggesting that less CaL+ was released in SERCA3-deficient cells as 

compared to wild-type cells in response to stimulation. However, the mean peak [Ca"], of 

both cell types in response to stimulation did not differ signifcantly (Table 10). As would 

be expected in the absence of extncelIu1a.r CaL+, the [Ca2+li corresponding to the plateau 

phase of the ca'' transient was essentially identical to the initial baseline concentration 

(TabIe 10)- 

The subsequent addition of 100 nM A23 187 did not cause a siedcant increase in 

intracelldar ca2+ levels in either SERCA3deficient or control cells, suggesting that aII 

A23 187-responsive Ca2+ stores were depleted by the combined treatment of anti-CD~E 

antibodies plus thapsigargin (Figure 22 and Table 10). Upon the addition of caL+ to the 
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Fig. 22. Examination of the size of intracellular Ca2+ stores and the Cat+ 

influx pathway in CD4+ splenocytes. Kinetic changes in [Ca2+]i are shown for 

wild-type (a) and SERCASdeficient (0) cells that were loaded with fluo-3 and present in 

Ca2+-free medium. The Ca2+ transient was initiated by the addition of antCCD3e Ab plus 

thapsigargin (1). AntECD3e Ab was subsequently cross-linked with an anti-hamster IgG 

secondary Ab (2). Upon return to baseline Ca2+ levels, A23187 was added (3). followed by 

CaC12 (4). Resultant changes in fluorescence intensity were monitored with time using flow 

cytometric analysis. Specific responses of CD4+ splenocytes were determined by gating on 

the cell population that stained positively with a PE-anti-CD4 antibody. See Materials and 

Methods for more detaiis. This is a representative result of four independent experiments. 



Table 10. 

Summary of the measurement of ca2+ release and influx pathways in wild-type 

0 and SERCMeficient (KO) C D ~ +  splenic T cells following the cross-linking 

of anti-CD3c antibody and thapsigargin treatment. 

After CD3s cross-iin king 
& thapsigargin treatment 

Ex~eriment Baseline lca2+li Peak Plateau Mean Peak 

(OM) anti- (aM) (nM) after after 
CD3s A23187 CaClt 

(aM) (nM) 
1 WT 59 NID 133 56 60 3,600 

KO 63 N/D 82 63 69 1.100 

The results of four independent experiments and the resultant mean * SEM, are 
presented. The ca2+ concentrations before (baseline) and after stimulation are shown, as 

well as the half-time (tin) of the declining portion of the transient. Values in bold indicate 

statistically significant differences between mutant and wild-type cells. Sample marked 

with (*) had 25% non-responding cells, which were omitted fiom all andyses. N/D 

indicates "not done", because cells in this experiment were preincubated with anti-CD3s 

antibody, which was cross-linked at the time of the experiment. 



extracellular medium, the peak [Ca2+], observed in SERCA3-deficient cells was 

significantly reduced as compared to the levels observed in wild-type cells (Figure 22 and 

Table lo), revealing a marked decrease in the influx of Ca2+ in mutant cells in response to 

intraceUuiar Ca" store depletion. 

Together, these experiments showed that the intmcellular CaL+ stores of rered"' 

CD4+ splenic T cells are more depleted than those of wild-type cells. This result suggest 

that SERCA3 has a functional role in maintaining the f W g  status of antigen- and 

thapsigargin-sensitive Ca2+ stores. Moreover, the results revealed a marked reduction in the 

~ a "  influx pathway in the serca.3 mutant cells. The observed differences in calcium entry 

between mutant and wild-type CD4+ splenic T cells shown in these experiments are in 

contrast with the results summarized in the previous section, where kinetic changes in the 

cytosolic ~ a "  concentration of SERCA3-deticient and wild-type CD4' splenic T cek 

bathed in HBS containing I rnM ~ a " ,  were not found to differ si@xcantly following the 

cross-linking of anti-CD~E antibodies. 

Finally, the results reported here show that for both genotypes, the p e l  increase in 

inhacellular Cal' levels in response to CD3e ligation was markedly lower in the absence of 

extracellular Ca", as compared to when Ca" was present in the extracellular medium (egg. 

compare Table 6 to Table LO). A similar result has been shown by others examining ~ a "  

fluxes in primary mouse CD4+ splenic T cells (Liu et al., 1998). This result therefore 

demonstrates that the influx of extracellular ca2+ is the major component that determines the 

magnitude of both the peak and sustained levels of intracellular ca2+ following the 

stimulation of the antigen receptor on CD4' splenic T cells. 



CHAPTER FOUR: DISCUSSION 

I .  Overview 

TtE aim of my research was to determine the physiological role of SERCA3 in 

lymphocytes. Previously published studies have revealed the importance of Ca2+ signals in 

mediating lymphocyte matuntion and activation (CIipstone and Crabtree, 1992; Nakayama 

et al., 1992; Weiss and Littman, 1994), as well as both T cell mobility and contact with 

antigen-presenting cells (Negulescu et ai.. 1996). Increases in [ca2+li following antigen 

receptor ligation result from the release of stored ca2+, and capacitative caL+ influx. As 

demonstrated by the results reported here, the influx of extracellular ~ a "  is the 

predominant determinant of the magnitude of the Ca2+ signal. Therefore, the maintenance of 

the ca2' stores, and the resequesmtion of Ca2+ after its release, likely play a critical role in 

mediating cellular responses to antigen. 

The abundance of SERCA3 in lymphocytes, together with its distinct biochemical 

properties suggest that it may have a unique role in regulating lymphocyte Ca" signaling 

and cellular activation. This hypothesis was tested by examining kinetic changes in [Ca"], 

following antigen receptor stimulation in cells isolated from SERCA3 homozygous mutant 

mice. In addition, the secretion of IL-2 in response to cellular stimuiation in vitro was 

examined to determine if SERCA3 has a functional role in early T cell activation. 

11. Rote for SERCA3 in regulating Ca2+ fluxes in splenic B cells and 

thymocytes 

In splenic B cells, and both CD4' and CD4- thymocytes Lacking SERCA3, a slower 

rate of decline of intracellular Ca2+ levels was observed in response to antigen receptor 



stimulation. Interestingly, when the decline phase of Ca2+ transients showed two distinct 

components, the mutant and wild-type cells consistently differed with respect to the f s t  

component that occurs immediately after the peak [Ca'+Ii is reached. Peak intracellular 

levels are obtained when antigen-responsive stores have been depleted and a balance exists 

between the mechanisms of caz+ influx, reuptake and extrusion. The fast decline that 

follows is due to the rate of reuptake exceeding the rate of Ca2+ influx. SERCA2b has been 

shown to have a higher apparent Ca2+ affiinity and a slower rate of Ca'* transport and ATP 

hydrolysis, suggesting that the reaction cycle of this isozyme is slower compared to other 

SERCA proteins (Lytton et al., 1992). The slower decline of Ca" Levels in the SERCA3- 

deficient cells may therefore reflect the inability of SERCAZb to fully compensate for 

SERCA3 activity when intracellular Ca2+ Levels are at their highest (Lytton et al., 1992). 

111. SERCA3 expression is not necessary for B cell or T cell maturation 

The altered kinetics of the Ca2+ transients generated in B cells lacking SERCA3 

were not found to be associated with changes in the representation of B cells in the spleen. 

These findings are supported by the results of more detded experiments that showed the 

percent distribution of mature and maturing splenic B cells (determined by examining the 

surface expression of IgD and IgM) are unaffected in mice lacking SERCA3 (Liu 

unpublished results). In m a w  B cells, the activation of antigen receptors induces cell 

proliferation and the secretion of antibodies. It would be important therefore, to determine 

if the observed alteration in C P  signaling effects these cellular responses following BCR 

stimulation. 

A significant reduction in the rate of declining Ca2+ levels was also observed 

following antigen receptor stimulation of thymocytes. CD4' cells represent about 9546 

thymocytes (see Figure 5 and Table 2) and included LO- 15% mature CD4+ thymocytes (ie. 



CD4+CD8-) and 80-85% CD4+CD8+ thymocytes, which are the cells that undergo intense 

selection in the thymus. The majority of CD4+ cells expressed low levels of CDE on their 

ceU surface, whereas a minority of CD4+ cells, which may represent single positive mature 

cells, expressed high levels of CD3e. Therefore, it is unclear if the Ca2+ responses 

observed in C W  cells following anti-CD3e antibody cross-linking are the same for both 

low and high CD~E-expressing cells. It will be important to examine the calcium response 

in CD8- cells, most of which correspond to the CD4 single positives. Similarly, CIM* 

thymocytes are a mixture of both mature CD8+ thymocytes (ie. CD4'CD8+; 3% of 

thymocytes), and the immature CIMCDI thymocytes (2% of cells). Thus it is unclear if 

both cell populations have equally dtered ~ a "  signaling kinetics. 

SERCA3 is most abundantly expressed in the conical region of the thymus (Wu et 

al., 1995), which contains maturing thymocytes undergoing selection (ie. CD4+CD8+ cells) 

(Abbas et al., 1997). This is consistent with my data demonstrating an important role for 

SERCA3 in buffering Ca2+ changes in CD4+CD8' cells. Despite lower levels of SERCA3 

in other thymic regions, my data support a significant role for SERCA3 in all thyrnocytes, 

no matter what state of maturation. 

A si@cant reduction in sercd"' thyrnocyte protifention has been observed in 

response to in vitro stimulation with PMAIA23 187, and to a lesser extent with ConA (L. 

Liu, unpublished results). Although thymocytes were stimulated by the activation of C D ~ E  

in my experiments, the slower rate of decline in intracellular Ca2+ levels may be sufficient to 

alter the proLifentive response of these cells to stimulation, or may induce the death of cells 

and thus decrease the proportion of cells capable of responding to stimulation. How 

cytometric analysis, however, revealed no difference in the distriiution of immature versus 

maturing thymocytes, and no differences in the expression of CD~E in cells lacking 

SERCA3. Similarly, the distribution of mature T cells in the periphery was not different 



from that of wild-type control cells. Therefore, the expression of SERCA3 does not appear 

to be necessary for T cell maturation. The results, however, clearly show that SERCA3 has 

a role in the reedation of Ca" fluxes in thymocytes in response to antigen receptor 

stimulation. 

IV. A role for SERCA3 in the regulation of IL-2 expression and Ca2+ 

influx in splenic T cells 

SERCA3-deficient splenic T cells stimulated in vitro showed a significant reduction 

in IL-2 secretion in response to 10 nM PMA plus 100 nM A23 187. that did not appear to 

be due to a decrease in cell viability, thus revealing a role for SERCA3 in early T c d  

activation. However. examination of the Ca2+ transients induced following cross-linking of 

anti-CD3e antibodies on the surface of splenic T cells revealed no differences in the kinetic 

changes in [~a"] , ,  nor in the magnitude of the baseline, peak, or plateau phases of the Ca" 

signal. 

IL-2 expression requires a sustained elevation of [ ~a" ] ,  that is dependent on 

capacitative Ca2+ influx (Wacholn and Lipsky, 1993: Weiss et al., 1987). Examination of 

the filling status of the intracellular Ca2+ stores of both sercd4' and sercclS+'+' CD4+ splenic 

T cells, showed that the CD~E- and hapsigargin-sensitive stores of the mutant cells are 

more depleted than those of wild-type cells (see Figure 22), revealing that SERCA3 

regulates the f ~ g  status of these stores. Surprisingly, when the intracellular stores of 

both genotypes were maximally depleted by the subsequent addition of 100 nM A23 187, 

and CaZ+ was then added to the cells, a significant reduction in the magnitude of Ca" i d u x  

was observed in the mutant cells as compared to the wild-type cells. These results therefore 

suggest an uncoupling of the depletion of intraceHu1a.r stores, to the influx of extracellular 

~ a "  in sercd" CW' splenic T cells. In addition, the reduced magnitude of ca2+ influx in 



the sercu3 mutant cells may explain why lower levels of IL-2 were secreted by these cells in 

response to PMA plus A23 187. 

To determine if the deficit in IL-2 production in the SERCA3deficient cells is a 

direct result of a reduction in the influx pathway, it will be necessary to determine if the 

cells are capable of producing similar Ievels of IL-2 as wild-type cells. This could be 

accomplished by transiently overexpressing a constitutively active form of cdcineurin and 

examining secreted levels of IL-2 by ~erca.3'~' and serccz~"" cells (O'Keefe et d., 1992). 

This mutant fonn of cdcineurin in combination with PMA treatment has been shown to 

transcriptionally activate an IL-2 reporter gene construct independent of changes in [Ca"], 

(O'Keefe et al.. 1992). The results of such experiments would therefore confirm that the 

reduced levels of secreted L-2 by SERCA3 mutant cells are a result of altered ~ a "  

signaling, and are not due to alterations in the signaling pathway downstream of cdcineurin 

activation. Ln addition. although the results suggest that the decrease in secreted levels of 

IL-2 following in v i m  stimulation is due to a reduction in IL-2 expression by individual 

cells, this should be confirmed by examining intncellular IL-2 Ievels in permeabilized cells 

using flow cytometric analysis. 

V. Coupling of intracellular stores to Ca" entry in serca3'"' cells 

In lymphocytes, the influx of extracellular ~ a "  is believed to occur predominately 

through CRAC channels at the plasma membrane (Fanger et al.. 1995; Lewis and Cahalan, 

1995), and the magnitude of C k  influx has been shown to be regulated by the degree of 

intmceUular Ca2+ store depletion (Hofer et ai., 1998). The mechanism by which store 

depletion is coupled to the idlux of Ca2+ is not well understood. Moreover, CRAC 

channels have not as yet been identified molecularly. However, one way to determine if 

less ~ a "  is entering the SERCA3-deficient CD4+ T cells, would be to meamre the current 



induced following cellular stimulation in both mutant and wild-type cells. In addition, 

based on macroscopic and single channel currents, and the average open probability of the 

channels, it may be possible to estimate the number of CRAC channels expressed on the 

cell surface of SERCA3deficient lymphocytes, and determine if the number differs 

significantly from that estimated for wild-type cells (Kerschbaurn and Cahaian, 1999). 

A down-regulation of the influx pathway may explain why no differences were 

observed in the basal Ca2+ levels and the kinetic changes in intracellular Ca2+ in SERCA3- 

deficient and wild-type splenic T cells in response to anti-CD~E antibody cross-linking. 

Although the stores may be more depleted in the absence of SERCA3, which would tend to 

activate influx, by decreasing influx capacity, cells are able to maintain intncellular Ca2+ 

homeostasis. Only when the influx of Ca2* is maximally stimulated in the cells of both 

genotypes does the deficit in the influx pathway become apparent, with respect to 

intracellular ~ a ' +  levels and the expression of IL-2. Interestingly. the fraction of IL-2 

secreted in response to less potent stimuli (ie. plate-bound anti-CD3e plus Ylti-CD28 

antibodies. and Cowl) relative to the maximal response of each genotype tended to be 

similar. or slightly greater for the SERCA3-deficient cells, although the differences were 

not statistically significant. These results may indicate that lymphocytes lacking SERCA3 

are capable of responding equally as well as wild-type cells to less potent stimuli, perhaps 

because down-regulation of the influx pathway compensates for increased activation due to 

greater store depletion. 

A reduction in the magnitude of the intlux of extracellular Ca" could be due to 

either a reduction in Ca2+ influx or an increase in the rate of ~ a "  extrusion. Thus, an 

alternative explanation for the reduced peak in [ca2*Ii observed in sercd4-I cells following 

re-addition of Ca" to the medium, is that pathways such as the plasma membrane calcium 

pump (Lewis and Cahdan, L995) or mitochondrid sequestration (Hoth and Fanger, 1997), 



were increased. If the mechanisms responsible for the removal of cytosolic CaL* were up- 

regulated, one might have expected to see a decrease in the peak [Ca2+Ii in mutant cells in 

response to anti-CD~E antibody cross-linking. The results, however, show that the peak 

Ca2+ concentration following CD~E cross-linking and thapsigargin treatment was the same 

for both mutant and wild-type ceUs. 

Thus, the amount of Ca2+ released from intracellular stores and the amount removed 

from the cytosol resulted in a net change in [ca2+li in the mutant cells that was not different 

from that observed in wild-type cells. Moreover, a reduced amount of Ca2+ was released 

from the mutant cells in response to anti-CD~E Ab cross-linking and thapsigargin treatment. 

Given that SERCA activity was inhibited by 1 p M  thapsigargin in these experiments, 

theses results support the conclusion that mechanisms involved in decreasing cytosolic Ca2+ 

levels during signal transduction are not upregulated in SERCA3deficient cells. and 

instead either remained unchanged or may be down-regulated. 

VI. SERCA expression and its contribution to Ca2+ handling in 

lymphocytes 

The size of intracellular ~ a "  stores and the ca2+ influx pathway should be similarly 

examined in B cells and thymocytes to determine if common mechanisms of compensation 

are observed here. In addition, it would be interesting to test the tilling status of TCR- 

responsive Ca" stores using ConA. This ~ C M  appears to specifically interact with the 

CD3mCR complex of T cells and can be dissociated born the TCR by the addition of a- 

methyl mannoside, which binds ConA but not the TCR (Weiss et d., 1987). The 

reapplication of ConA, or subsequent C D ~ E  activation could then be used to examine the 

extent of refilling of intraceflular Ca" stores in cells lacking SERCM. Liu et d. showed 

that acetylcholine (Ach)-responsive caL' stores in endothelid cells lacking SERCA3 are 



more depleted and are not refilled following the removal of Ach, suggesting that SERCA3 

regulates a Ca2+ pool that is distinct from that regulated by SERCA2b (Liu et al., 1997). It 

would be interesting therefore to determine the extent to which SERCA3 and SERCA2b 

regulate Ca2+ stores responsive to antigen receptor activation. 

Although SERCA3-deficient splenic B cells and thymic T cells showed a slower 

rate of decline of Ca2+ in response to cellular stimulation, no such differences were 

observed in splenic T cells. Therefore, the ablation of SERCA3 has differential effects in 

these cell types. This could reflect differences in the contribution of SERCA3 to the 

hmdling of Ca2+ during signal transduction in these cells. For example, SERCA3 could 

play a more prominent role resequestering released C P  in B cells and thymocytes. This 

notion is supported by the observation that SERCA3 is more abundantly expressed than 

SERCA2b in these cells (Wu et al,, 1995). Therefore, the loss of SERCA3 hnction could 

be less well compensated for in splenic B cells and thyrnocytes. Conversely, compensation 

by increased SERCA2b expression or by other mechanisms may explain why the rate of 

decline [Ca2*li was not slower in splenic T cells lacking SERCA3. 

[n addition, given that [L-2 expression was altered in these cells, SERCA3 

expression may be important for regulating the frequency of Cal' oscillations, which would 

not be evident with the experimental protocols employed here. This could be determined 

using Ca" imaging to examine the responses of single lymphocytes, loaded with ca2+ 

indicating dye, to stimulation. These experiments would allow one to determine if the 

frequency of oscillating Ca" levels are altered in these cells in the absence of SERCA3. 

Unfortunately, the experiments outlined in this thesis aimed at examining possible 

alterations in the expression of SERCA2b in sere&"' lymphocytes were inconclusive. The 

fact that changes in the Ca" transients generated foUowing cellular stimulation were 

o b s e ~ e d  in splenic B ceh but not in spIenic T cells, could reflect differences in the 



compensatory changes adopted by these cells in response to the loss of SERCA3 activity. It 

may be important therefore to separate the two cell types when examining the expression 

levels of SERCA2b and other Ca2+-regulating proteins. In addition, given the low 

sensitivity of the available SERCA2-specific antibody for detecting mouse SERCA2b in 

whole-cell lysates, it may be worthwhile to obtain rnicrosomal frictions from cells in order 

to e ~ c h  for SERCab in protein samples. 

VII. Conclusion 

SERCA3 is abundantly expressed in lymphoid tissues, suggesting its expression is 

important for the readation of Ca" homeostasis in these cells. Surprisingly, mice with an 

inactivated SERCA3 gene appear phenotypically normal. In addition, the results of my 

experiments on lymphocytes isolated from these animals indicate that there are no 

alterations in the distribution or maturation of B cells and T cell subtypes in the absence of 

SERCA3. 

However, some changes in the dynamics of Ca" regulation were observed. Most 

notably was the reduction in the ca2+ influx pathway in SERCA3-deficient CD4+ splenic T 

cells, which correlated with a marked decrease in IL-2 expression by these cells in response 

to potent stimuli in vino . Therefore, defects in cell function resulting from the ablation of 

sercd appear to be revealed only when the ~ a "  handling requirements of the cell are at 

there highest. 

My results contrast those of Liu et ai. who examined effects of serca3 mutation on 

endothelid cell function. They showed a marked reduction in the release of ca2+ "om these 

cells in response to acetylcholine stimulation, even at relatively low concentrations, 

suggesting that SERCA3 regulates a fimctionally distinct intracellular Ca2+ store in 

endothelial cells. The experiments presented in this thesis showed that SERCA3 activity 



was only critically important when the demand on Ca2+ handling was high, suggesting that 

either SERCA2b expression, or other mechanisms of calcium regulation, compensate for 

the lack of SERCA3 expression in lymphocytes. Thus under a normal range OF 

physiologicd conditions these cells are able to maintain Ca2+ homeostasis in the absence OF 

SERCA3 expression. The identification of the compensatory changes may provide 

additional insight regarding the functional significance of high SERCA3 expression in 

lymphocytes. 
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