
 

 

Instituto Tecnológico y de Estudios Superiores de Monterrey 
 

Campus Monterrey 
 

School of Engineering and Sciences 

 

 

Characterizing the role of mitochondrial Ca2+ overload and permeability 
transition during BCR-dependent activation of murine B lymphocytes 

 

A thesis presented by 
 

Alejandro Daniel Torres Quintanilla 
 
 

Submitted to the 
 

School of Engineering and Sciences 
 

in partial fulfillment of the requirements for the degree of 
 
 

Master of Science 
 

In Biotechnology 
 

 

 

 

 

 

Monterrey Nuevo León, December 5th, 2017







iv 

 

“The pain of failure led me to understand 

that technical excellence was a moral requirement.”  

–Paul Kalanithi, MD † 

 

 

 

 

 

 

 

 

 

To my parents, for their endless support has  

allowed me to pursue my goals. 

 

 

 

  



v 

 

Acknowledgements 

 

 

To the faculty, staff and students at Hospital Zambrano Hellion  

research lab for sharing your knowledge and thought-provoking discussions. 

 

To my advisors for their continued feedback and motivation. 

 

To Tecnológico de Monterrey and CONACYT  

for tuition support and funding. 



vi 

 

Characterizing the role of mitochondrial Ca2+ overload                       

and permeability transition during BCR-dependent activation              

of murine B lymphocytes 

by 

Alejandro Daniel Torres Quintanilla 

 

Abstract 

 

Mitochondria have proved their role as major players for immunometabolism, regulating cell 

function by metabolic signals. Indeed, mitochondrial function during lymphocyte activation goes 

beyond ATP supply, as recent evidence shows that mitochondrial Ca2+ uptake and mitochondrial 

ROS (mROS) production regulate lymphocyte activation. Furthermore, the adaptive immune 

response depends on the differentiation of lymphocytes into various subsets. Whether metabolic 

signals determine lymphocyte differentiation has just began to be explored. Interestingly, recent 

evidence shows that mitochondrial signals determine B lymphocyte differentiation into memory 

cells. During lymphocyte activation, Ca2+ uptake into mitochondria has proven to be an important 

mechanism of regulation. However, if mitochondrial Ca2+ uptake capacity impacts B cell 

differentiation and activation is not yet determined. Here, we have generated an in vitro model of 

B lymphocyte mitochondrial Ca2+ overload to explore whether this mechanism is involved in B cell 

activation. Primary mice B lymphocytes were subjected to activation or thapsigargin treatment to 

induce Ca2+ overload. The effect on the expression of activation surface marker CD69 was 

explored using flow cytometry. Mitochondrial contribution was explored by Ca2+ uptake inhibition 

using Ru360 or treatment with the mitochondrial antioxidant MitoTEMPO. Mitochondrial 

membrane potential, Ca2+ uptake, and content were determined. Results show that our in vitro 

model effectively induces mitochondrial Ca2+ overload, as seen by higher Ca2+ content and 

mitochondrial membrane depolarization. Moreover, mitochondrial Ca2+ overload contributes to the 

expression of CD69 via mROS production. Lastly, results suggest that during BCR-dependent 

activation, mitochondria take up Ca2+ to increase mROS production that can alter the signaling 

cascade. The in vitro model generated herein, should allow for further exploration of whether 

mitochondrial Ca2+ overload impacts B cell differentiation. 
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Chapter 1 

1. Introduction 

Our immune system increases its effectiveness in eliminating infectious agents after repeated 

exposures to a certain microbe in what is known as the adaptive immune response. An important 

mechanism of adaptive immunity is the production of antibodies that bind to antigens in a specific 

manner, and these proteins are produced by B lymphocytes only. Once B lymphocytes encounter 

an antigen that is recognized by their specific antigen receptor, they become activated. 

Afterwards, cell differentiation ensues with two possible outcomes, either an effector cell or a long-

lived memory cell. Effector cells are short-lived agents that produce antibodies to fight off the 

current infection but die once it has been eliminated, whereas long-lasting memory cells will 

remain dormant until a repeated exposure occurs. However, lymphocyte activation is a complex 

process and even though the general intracellular signaling pathways have been described, fine-

tuning mechanisms are still under study. For example, although it has been described that B cell 

fate is determined by stochastic selection [1], the initial underlying changes that trigger either 

pathway are not defined. Remarkably, recent evidence suggests that these initial signals could 

come from mitochondria [2]. 

Mitochondria have long been regarded as powerhouses that run in the background 

producing ATP to support normal cell function. These organelles integrate different metabolic 

pathways into efficient oxidative ATP synthesis. They are also capable of switching between 

catabolism and anabolism, adapting quickly between providing energy or precursors for 

macromolecule synthesis [3]. In this sense, mitochondria work as metabolic hubs, and this very 

feature makes these organelles capable of exerting control on cell function, as it has now been 

described that different mitochondrial metabolites and byproducts have signaling properties [3,4]. 

Indeed, the concept of metabolism as a source of input signals to immune function has now 
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emerged, and this new area of research is known as immunometabolism [5]. This new paradigm 

postulates that metabolic signals can regulate immune cell function, and vice versa [4]. However, 

if immune function determines the metabolic configuration of a cell and metabolism can regulate 

cell function, feedback mechanisms between these two parts must certainly exist. For example, 

during the “fight or flight” response of the heart, cardiac cells are stimulated to increase the rate 

and force of contraction, and calcium (Ca2+) is taken up by mitochondria to accelerate ATP 

production to meet the higher energy demand [6,7]. Similarly, mitochondrial Ca2+ uptake is 

necessary for adequate glucose-dependent insulin secretion of pancreatic β cells [8]. In this way, 

cytosolic signals are relayed to mitochondria by Ca2+ uptake. Remarkably, this mechanism has 

also been observed during lymphocyte activation [9]. 

The ability of mitochondria to take up Ca2+ is of special relevance, since it allows these 

organelles to regulate many important biological processes. Through continuous Ca2+ uptake, 

mitochondria participate in cellular Ca2+ handling, Ca2+ signaling, and can even trigger cell death 

under Ca2+ overload [10–12]. Indeed, lymphocyte activation is transduced intracellularly by Ca2+ 

signaling, and it has been shown that mitochondrial Ca2+ uptake modifies these signals [13]. It is 

interesting that sustained Ca2+ uptake leads to mitochondrial dysfunction and cell death [11,13], 

as it has been shown that mitochondrial-dependent apoptosis is involved in lymphocyte death 

after activation [14–16]. This evidence suggests that continuous Ca2+ uptake by mitochondria 

during lymphocyte activation leads to mitochondrial Ca2+ overload, triggering apoptosis. After 

activation by antigen, lymphocytes undergo proliferation and differentiation into short-lived 

effector cells. Once the infection has been cleared, approximately 90% of activated cells undergo 

apoptosis, while the surviving fraction differentiates into long lasting memory cells [17]. However, 

if mitochondrial Ca2+ uptake capacity contributes to cell fate is not yet determined. Here, we 

propose to address if mitochondrial Ca2+ uptake during B cell activation leads to Ca2+ overload 

and mitochondrial dysfunction, impacting the activation signal. To answer this, we have generated 

an in vitro model of mitochondrial Ca2+ overload in B lymphocytes and evaluated whether the 
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activation signals were affected. Secondly, we explored if physiological stimulation through the B 

cell receptor (BCR) leads to mitochondrial Ca2+ overload. 

The area of immunometabolism has improved our understanding of how immune cell 

function is regulated. Indeed, autoimmune diseases like systemic lupus erythematosus (SLE) 

have been associated with metabolic alterations of lymphocytes [18,19]. For example, evidence 

from animal models and patients with SLE indicates that T lymphocytes undergo mitochondrial 

dysfunction, increased oxidative stress and ATP depletion, and the reversal of these metabolic 

abnormalities has shown therapeutic potential [19,20]. These findings open the possibility of 

manipulating cellular metabolism to prevent deleterious immune cell phenotypes as a novel 

therapeutic approach for autoimmune and inflammatory diseases [18]. Therefore, research 

addressing these phenomena is warranted.  
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Chapter 2 

2. Theoretical Framework 

2.1  Background 

Ca2+ functions as a universal second messenger, an intracellular signaling molecule that regulates 

different cell functions like proliferation, metabolism, exocytosis, gene transcription and apoptosis 

[21]. Indeed, Ca2+ signals are central for lymphocyte activation, effector functions and 

differentiation [22]. Remarkably, it has been described that these Ca2+ signals encode information 

in their amplitude and duration [23] and thus are finely regulated. An important mechanism that 

regulates lymphocyte Ca2+ signaling and was recently revived is mitochondrial Ca2+ uptake [24]. 

However, the full significance of Ca2+ uptake by mitochondria to lymphocyte function is not yet 

determined. 

2.1.1 Ca2+ signaling during lymphocyte activation 

After engagement of membrane receptors, an influx of Ca2+ is mediated by an intracellular 

cascade conserved throughout most immune cells. Engagement of the BCR, leads to the release 

of Ca2+ from the endoplasmic reticulum (ER) through inositol-1,4,5-triphosphate receptors (IP3R). 

Inositol-,1,4,5-triphosphate (IP3) is produced by hydrolysis of the membrane phospholipid 

phosphatydilinositol-4,5-biphosphate (PIP2). This reaction is catalyzed by phospholipase Cγ 

(PLCγ), the isoform of phospholipase C that is activated by tyrosine-kinases-linked receptors [25]. 

Ca2+ release from ER stores can only produce a transient increase in cytosolic Ca2+ concentration 

([Ca2+]c), yet engagement of immunoreceptors generates sustained responses for tens of minutes 

[23]. Thus, depletion of ER stores is insufficient to explain the cytosolic Ca2+ response of activated 

cells. 
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The mechanism responsible for a sustained influx of Ca2+ is known as store-operated 

calcium entry (SOCE) [23], since depletion of ER Ca2+ stores induces the entry of Ca2+ across the 

plasma membrane (Figure 1). The entities responsible for this process are single-pass 

transmembrane protein 1 (STIM1), an ER transmembrane protein that acts as a sensor of ER 

Ca2+ levels, and ORAI1, the pore-forming subunit of calcium release-activated calcium (CRAC) 

channels found on the plasma membrane [26–29]. Upon store depletion, STIM forms multimers 

in discrete puncta of ER-plasma membrane interaction, allowing for direct gating of ORAI and the 

influx of Ca2+ into the cytosol [26–29]. CRAC channels are homomeric assemblies of ORAI 

proteins [26,30,31] that form an ion channel showing an inward, rectifying, highly selective, low 

conductance, non-voltage gated Ca2+ current [27,29,32]. Accordingly, CRAC channel opening 

through SOCE is the main mechanism to generate sustained Ca2+ signals in lymphocytes, 

enabling cell activation, effector functions, cytokine production, gene expression, and cell 

differentiation [22,23]. 

The most important effector elements of this Ca2+ signaling during lymphocyte activation 

are the transcription factors NFAT (nuclear factor of activated T cells), CREB (cyclic-AMP 

responsive element binding protein), and NF-κB (nuclear factor kappa-light-chain-enhancer of 

activated B cells) [22,23]. Specifically for NFAT in lymphocytes, this transcription factor is 

activated by calcineurin after the activation-induced rise in [Ca2+]c . Calcineurin is a calcium and 

calmodulin (CaM) dependent serine/threonine phosphatase that activates NFAT by 

dephosphorylation. Activated NFAT can now be translocated to the nucleus to initiate transcription 

of genes related to activation. Accordingly, calcineurin is a target for drugs of the calcineurin 

inhibitors class, like cyclosporine and tacrolimus, which are potent immunosuppressants. 

This complex cytosolic Ca2+ dynamic is finely regulated by different means but an 

important one for lymphocytes is mitochondrial Ca2+ uptake. Almost two decades ago, it was 

observed that lymphocyte mitochondria permit a sustained activation signal over prolonged 
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periods of time [12]. However, in light of recent evidence, the role played by mitochondrial Ca2+ 

uptake during lymphocyte activation appears to be bigger than that. 

 

Figure 1. Store-operated Ca2+ entry in B lymphocytes. Antigen recognition by BCR activates PLC-γ 

through tyrosine kinase phosphorylation, leading to IP3 production and Ca2+ release from the ER through 

IP3R. ER Ca2+ store depletion is sensed by STIM1, leading to its multimerization and interaction with CRAC 

channels. Opening of CRAC channels permits a sustained Ca2+ entry that increases [Ca2+]c, leading to the 

activation of the Ca2+ dependent phosphatase calcineurin and consequently the activation of transcription 

factor NFAT. From Baba et al. (2014) [33]. 

 

2.1.2 Mitochondrial Ca2+ uptake during lymphocyte activation 

Ca2+ uptake by isolated energized mitochondria was demonstrated more than 50 years 

ago [34,35]. The accumulation of this positively charged ion requires a driving force and the 

crossing of two mitochondrial membranes. The mitochondrial membrane potential (Δψ)m, the 

major component of the electrochemical proton gradient (ΔμH+), represents a major driving force 

for Ca2+ accumulation in the mitochondrial matrix [10,36]. This ΔμH+ is the result of the H+ 

translocation across the inner mitochondrial membrane (IMM) by the electron transport chain 

(ETC), generating an electric potential difference (Δψ) and a proton concentration gradient (ΔpH) 
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[10]. Since the outer mitochondrial membrane (OMM) is permeable to solutes smaller than 5 kDa, 

the main obstacle is crossing the ion-impermeable IMM [10]. The most important mechanism 

responsible for Ca2+ transport across the IMM is the mitochondrial Ca2+ uniporter (MCU), a highly 

selective, low conductance Ca2+ channel [37]. After the discovery of the molecular identity of the 

pore-forming protein (MCU) [38,39], several other components and regulatory subunits have been 

identified, and it is now established that the uniporter consists of a complex named uniporter 

holocomplex or uniplex [40]. Through this mechanism, energized mitochondria take up Ca+2 and 

function as cytosolic Ca2+ buffers during the lymphocyte activation cascade. 

Despite the MCU’s low conductance, mitochondria are capable of rapid Ca2+ 

accumulation, acting as cytosolic Ca2+ buffers that impact cellular Ca2+ dynamics. This can be 

achieved because mitochondria locate in close proximity to Ca2+ channels, sensing localized 

hotspots (known as microdomains) of perimitochondrial [Ca+2] elevations that reach values 20-

fold higher than the global increase in [Ca+2]c [41]. When Ca2+ entry is triggered through SOCE in 

activated lymphocytes, CRAC channels open but are immediately subjected to negative feedback 

exerted by Ca2+, a phenomenon known as calcium-dependent inactivation of Ca2+ channels [42]. 

However, mitochondria in close proximity sense high [Ca2+]c microdomains and rapidly take up 

Ca2+ through MCU, acting as Ca2+ buffers delaying the calcium-inactivation of CRAC channels, 

essentially prolonging the lymphocyte activation signal [10,12,43]. Indeed, the role of lymphocyte 

mitochondria as Ca2+ buffers seems so significant, that it has been described that mitochondria 

translocate to the immunological synapse during lymphocyte activation [44]. 

After initial activation by antigen recognition, B lymphocytes come into cell-to-cell contact 

with T lymphocytes in what is termed the immunological synapse. Through this interaction, both 

B and T cells receive costimulatory signals that enhance their activation and/or differentiation. As 

mentioned previously, mitochondria translocate right under the plasma membrane of the cell pole 

interacting in the immunological synapse in both B and T lymphocytes [44,45]. This movement of 

mitochondria allows for efficient Ca2+ buffering and adequate Ca2+ signaling through SOCE during 
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T cell activation [46]. However, recent evidence suggests that mitochondrial Ca2+ uptake during 

lymphocyte activation might have other functions besides modifying Ca2+ dynamics. For example, 

it has been observed that during T CD4+ lymphocyte activation, mitochondrial Ca2+ uptake 

through MCU increases production of mitochondrial reactive oxygen species (mROS) which are 

then required for activation and cytokine production [9,47]. This evidence suggests that during 

lymphocyte activation the role of mitochondria extends beyond Ca2+ handling and into 

mitochondrial signaling. 

2.1.3 Mitochondrial signaling during lymphocyte activation 

It is well established that lymphocytes dynamically change their metabolism according to 

their functional state [48]. After activation, effector lymphocytes prefer aerobic glycolysis over 

oxidative phosphorylation (OxPhos), producing lactate from pyruvate even in the presence of 

sufficient oxygen and functioning mitochondria (also known as Warburg effect) [49]. On the other 

hand, memory cells engage in OxPhos over glycolysis for ATP production [48]. The 

straightforward explanation for this phenomenon is that cells adapt their metabolism according to 

cell phenotype. Activated cells have high rates of proliferation and aerobic glycolysis allows for 

synthesis of precursors like lipids and nucleic acids [49]. Memory cells quiescently await antigen 

rencounter and rely on basal metabolism through OxPhos [48]. However, overwhelming evidence 

has demonstrated that the interplay between immune cell function and metabolism is bidirectional, 

giving rise to the area of immunometabolism [5]. This new paradigm of immune cell function takes 

into account that metabolism is a source of input signals and regulation, and mitochondria appear 

to play a central role to immunometabolism [3]. 

Mitochondria are generally associated with oxidative metabolism and ATP production. The 

tricarboxylic acid (TCA) cycle allows mitochondria to integrate different metabolic pathways into 

the production of high energy electrons that are then used by the ETC to generate the proton-

motive force that drives ATP synthesis. Likewise, mitochondria can shift into anabolism, 
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synthesizing macromolecule precursors. Therefore, mitochondria adapt their function in 

accordance to cellular demand, and thus mitochondria receive input signals, a phenomenon 

known as anterograde signaling [3]. However, recent evidence demonstrates that mitochondria 

provide signals that regulate cell function, and this is termed retrograde signaling [47]. Retrograde 

signaling enables the coordination of cell fate decision with metabolic capacity, ensuring that a 

cell is capable of executing a biological process before committing to it [47]. Remarkably, recent 

evidence has shown that mitochondrial signaling is important for lymphocyte function [50].  

Mitochondria have various means to engage in retrograde signaling [47,51]. A mechanism 

of mitochondrial signaling important for lymphocyte function is the generation of TCA cycle 

metabolites that regulate epigenetic modifications [50]. For example, it has been shown recently 

that during CD4+ T cell differentiation into a specific subset, increased transport of the TCA cycle 

metabolite citrate into the cytoplasm is necessary to increase histone modification of the locus 

encoding IFN-γ, allowing for increased gene expression of this inflammatory cytokine secreted by 

this specific subset of differentiated T cell effectors [52]. A remarkable finding given that it is well 

known that activated T cells engage in aerobic glycolysis (Warburg effect), although this is 

generally associated to their high rates of proliferation. Considering the evidence mentioned 

previously, the authors suggest that pyruvate shunting into lactate production relieves demand on 

mitochondrial carbon oxidation, allowing for increased export of citrate into cytosol and conversion 

to acetyl-CoA to increase histone acetylation [52]. This finding clearly shows that gene expression 

is influenced epigenetically through a mitochondrial metabolite and that this mechanism is critical 

for lymphocyte differentiation. 

One of the most studied mechanisms for mitochondrial signaling in lymphocyte function is 

the production of mROS [3,50] as mROS are now appreciated as an important signaling platform 

and not just as a toxic byproduct of mitochondrial respiration. Through reversible redox 

modification of protein residues, mROS can alter the activity of different kinds of proteins [53], for 

example, the oxidation of a thiol group on a cysteine residue at the active site of an enzyme. 
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Indeed, it has been demonstrated that in B lymphocytes, mROS allow for a mitochondrial 

signaling cascade that specifically targets certain tyrosine kinases that participate in the 

transduction of activation signals through the BCR [54]. Because they can cause reversible 

modifications at critical sites that alter protein function, mROS can influence signaling cascades 

by turning on/off these molecular switches [53,55]. 

mROS have been shown to target phosphatases, kinases, ion channels, and transcription 

factors, and thus are capable of modulating signaling cascades at different levels [53]. For 

instance, it has been observed that prolonged mROS production is necessary for B cell activation 

by promoting sustained BCR signaling through the phosphoinositide 3-kinase (PI3K) pathway 

[56]. Similarly, it has been described that during T cell activation, mROS produced by complex III 

of the ETC activate transcription factor NFAT and lead to increased IL-2 production, both essential 

markers of T cell activation [9]. The same work shows that during T cell activation, increased 

mROS production is stimulated by mitochondrial Ca2+ uptake [9]. Indeed, mitochondrial Ca2+ 

uptake is an important regulator of mROS production [57], and this mechanism is of special 

interest, as this could mean that Ca2+ uptake by mitochondria allows for anterograde and 

retrograde signaling during lymphocyte activation (Figure 2). 

 

Figure 2. During T cell activation, anterograde and retrograde signaling is regulated by 

mitochondrial Ca2+ uptake. Modified from Murphy et al. (2013) [58]. 
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2.1.4 Does mitochondrial Ca2+ overload contribute to B cell activation and/or 

differentiation? 

mROS consist mainly of superoxide anion (O2
-), a highly reactive but short-lived ROS. 

mROS are produced as a byproduct of mitochondrial respiration, when electrons transported by 

the ETC prematurely escape and react with oxygen. Under normal conditions, less than 1% of O2 

consumed by mitochondria ends up as mROS, and the main site of production is complex III of 

the ETC [57]. As mROS are a byproduct of mitochondrial respiration, the rate of mROS production 

increases when the ETC is accelerated, for example by Ca2+ stimulation of mitochondria [57]. 

Thus, Ca2+ uptake by mitochondria increases mROS production by increasing the O2 consumption 

rate. Indeed, Ca2+ stimulates mitochondrial energetics through allosteric activation of various 

targets like TCA cycle dehydrogenases, ETC complexes and even the ATP synthase [57,59]. In 

this way, Ca2+ allows the communication of cytosolic signals to mitochondria, for example when 

ATP output needs to be increased to meet the cellular demand. Therefore, the interplay between 

Ca2+ uptake and ROS production by mitochondria is very important, as it allows these organelles 

for anterograde and retrograde signaling. Remarkably, recent work shows that the MCU Ca2+ 

current is regulated by its redox state, demonstrating that Ca2+ uptake and mROS production 

feedback on each other [60]. Conversely, excessive Ca2+ uptake and mROS production can lead 

to cell death triggered by mitochondrial dysfunction [11]. 

For normal mitochondrial function and cellular energetics, the impermeability of the IMM 

is of vital importance. It allows for the generation of the proton gradient that is necessary for ATP 

production through OxPhos, and the loss of (Δψ)m is often associated with cell death [61]. Indeed, 

mitochondria play an important role in the signaling cascade of apoptosis [11]. In brief, apoptosis 

generally occurs through either the extrinsic or the intrinsic pathway. Both pathways end with the 

activation of the executioner caspases, which mediate their effects by cleavage of different 

substrates like DNA. The main difference between the two is that while the extrinsic pathway is 

triggered by the ligand binding of death receptors, the intrinsic pathway is triggered by the release 
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of mitochondrial intermembrane space (IMS) proteins like cytochrome c. Nonetheless, 

mitochondrial membrane permeabilization is considered a universal feature of cell death and the 

“point of no return” in the cascade leading to apoptosis [11]. Mitochondrial membrane 

permeabilization leads to the release of cytochrome c, which triggers the formation of the 

apoptosome complex that activates caspases, resulting in apoptosis [11]. While the mechanisms 

underlying the permeabilization of the mitochondrial membrane are complex (as there is an inner 

and outer membrane), a phenomenon that triggers the release of cytochrome c is known as 

mitochondrial permeability transition (mPT) [62].  

mPT is defined as the sudden increase of the IMM permeability to solutes smaller than 

1.5 kDa [11]. This phenomenon is caused by the opening of a voltage-dependent, high 

conductance channel known as the mitochondrial permeability transition pore (mPTP), which 

forms by an assembly of preexisting proteins of the IMM and OMM [11,57]. mPTP formation is 

triggered by mitochondrial Ca2+ overload and oxidative stress [11,57], and is generally considered 

a pathological event that results in cell death. However, it has been proposed that mPTP could 

serve a physiological function as a “release valve” for excess mROS or mitochondrial Ca2+ by 

transient pore opening [63]. Remarkably, it has been suggested that transient mPTP opening 

could be linked to mitochondrial ROS signaling in cardiac cells [64]. Indeed, recent work has 

shown that T lymphocytes downregulate mPTP opening during activation [65]. This evidence 

opens the possibility that the mPTP is associated with lymphocyte activations signals, but this is 

yet to be answered. 

In summary, after antigen recognition, the receptor signaling of lymphocytes leads to a 

sustained increase of [Ca2+]c that triggers the activation program. Activated cells differentiate into 

effector lymphocytes and eventually 90% of them enter apoptosis and downregulation of mPTP 

prevents premature death of activated cells [65]. Surviving cells differentiate into long-living 

memory cells. Interestingly, it has been shown that B lymphocytes with a higher mitochondrial 

mass and (Δψ)m preferentially express surface markers of memory cells [2]. In view of all the 
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evidence described previously, we propose that mitochondrial Ca2+ retention capacity influences 

the activation and differentiation of B lymphocytes. This initial work will first address if 

mitochondrial Ca2+ uptake during B cell activation leads to Ca2+ overload and mitochondrial 

dysfunction. Moreover, if said mechanism impacts the activation signal will also be explored. For 

this purpose, a B lymphocyte mitochondrial Ca2+ overload in vitro model was generated, and the 

activation state was evaluated. Afterwards, if physiological stimulation through the BCR leads to 

mitochondrial Ca2+ overload was explored. Hopefully, the findings of this work will lay the 

foundations to continue exploring the proposed hypothesis. 

2.2  Hypothesis 

Continuous mitochondrial Ca2+ uptake occurs during B cell activation leading to Ca2+ 

overload and mitochondrial permeability transition. B cells capable of managing this Ca2+ surge 

can differentiate into memory cells 

2.3  General Objective 

Demonstrate that mitochondrial Ca2+ overload and mitochondrial permeability transition 

occur during B cell activation and that these events impact the activation signal. 

2.4  Specific objectives 

1. To generate an in vitro model of mitochondrial Ca2+ overload in primary mice splenocytes and 

purified B lymphocytes. 

2. To evaluate the effect of mitochondrial Ca2+ overload on B cell expression of activation markers 

by flow cytometry. 

3. To evaluate the effect of mitochondrial Ca2+ overload on B cell expression of differentiation 

markers by flow cytometry. 
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4. To assess if B lymphocytes undergo mitochondrial Ca2+ overload when subjected to a 

physiological activation stimulus and if inhibition of this phenomenon or its consequences modify 

the activation signal. 
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Chapter 3  

3. Materials and Methods 

Mice 

C57BL/6J male mice between the ages of 6-12 wk were used for experiments. Animal care and 

procedures were approved by the Institutional Animal Care and Use Committee at Tecnológico 

de Monterrey. 

 

Splenocytes, B cell purification and culture 

Spleens were removed and splenocyte cell suspensions obtained by mechanical disaggregation. 

Cells were then washed in PBS, centrifuged at 1,500 rpm for 5 min and the supernatant was 

discarded. Cell pellet was resuspended in 10 mL of erythrocyte lysing buffer (1.5 mM NH4Cl, 10 

mM NaHCO3, 0.1 mM EDTA) and incubated for 7 min at 37°C. Afterwards, cells were washed in 

PBS solution and resuspended at a density of 108 cells/mL. B lymphocyte were purified by 

magnetic cell sorting using a negative selection kit (MagniSort, StemCell Technologies) following 

user instructions. Splenocytes or B cells were cultured in RPMI 1640 medium (Sigma-Aldrich) 

supplemented with 23.8 mM of NaHCO3, 10 mM of HEPES, 50 μM of 2-mercaptoethanol, 10% 

fetal bovine serum (FBS) and antibiotic. Cells were stimulated with anti-IgM antibody (10 μg/mL; 

eBioscience) or thapsigargin (1 μM; Sigma-Aldrich) and cultured at 37°C and 5% CO2 during 4 or 

8 hrs. Cells were pre-treated during 30 min with Ru360 (5 μM) or MitoTEMPO (64 μM; Sigma-

Aldrich). 

 

Mitochondrial membrane potential, Ca2+ uptake and Ca2+content 

Mitochondrial membrane potential was measured semi-quantitatively in permeablized cells using 

the fluorescence of lipophilic, cationic indicator safranine[66]. After culture, cells were collected 
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and washed 2x in PBS. Last cell pellet was resuspended in 100 μL and protein concentration 

quantified by Lowry method. Cells were resuspended (0.3 mg/mL) and incubated in respiration 

buffer with added 10 mM succinate, 40 μM digitonin, 2 μg/mL rotenone, 20 μM EGTA, 1 μM CsA 

and 2 μM safranine. Fluorescence was registered at 488/590 nM (ex/em). Ca2+ Green 5N 

(ThermoFischer Scientific) at 1 μM was used for mitochondrial Ca2+ transport. Mitochondria were 

uncoupled using FCCP (1 μM). Mitochondrial Ca2+ content was determined in permeabilized cells 

in the absence of substrate after mitochondrial uncoupling using FCCP. [Ca2+]free was calculated 

according to [𝐶𝑎2+] = 𝐾𝑑
𝐹−𝐹𝑚𝑖𝑛

𝐹𝑚𝑎𝑥−𝐹
 . 

 

Flow cytometry, mROS determination and surface markers 

After culture, cells were collected and washed in PBS with 0.5% bovine serum albumin (BSA) 

(staining buffer). Cells were resuspended in 500 μL of staining solution containing Ghost dye (0.5 

μL; Tonbo Biosciences) and incubated at RT for 30 min. Cells were washed in staining solution 

and resuspended in 100 μL of staining solution containing antibody and incubated for 20 min at 

4°C. Lastly, cells were washed and analyzed in PBS solution. The following antibodies were used: 

APC-conjugated anti-mouse CD19 (1:300; BioLegend), PerCP-Cy5.5-conjugated anti-mouse 

CD69 (1:200; BioLegend). mROS were determined using MitoSOX Red (Invitrogen). Cells were 

washed and resuspended in PBS containing 5 μM of MitoSOX dye, incubated at 37°C for 30 min 

and washed again. Cells were analyzed on a FACSCanto II (BD Biosciences). FACS data was 

analyzed using FlowJo version 10.0 (Tree Star). 
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Chapter 4 

4. Results 

4.1  In vitro model of B lymphocyte mitochondrial Ca2+ overload 

Stimulation of B lymphocytes through the BCR triggers a sustained Ca2+ entry through the 

SOCE mechanism, which involves ER Ca2+ stores depletion. Indeed, the pharmacologic depletion 

of ER Ca2+ stores activates CRAC channels, reproducing the SOCE Ca2+ dynamic, and this can 

be achieved by the inhibition of the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) 

[29]. SERCA functions as a Ca2+ pump, using ATP to translocate Ca2+ into the ER against the 

concentration gradient, causing Ca2+ accumulation reaching 100-800 μM [22]. Thapsigargin, a 

plant derived lactone, is a selective inhibitor of SERCA [67]. To determine if mitochondrial Ca2+ 

overload impacts the activation signal of B lymphocytes, we first generated an in vitro model of 

mitochondrial Ca2+ overload in splenocytes. As expected, thapsigargin dissipated the (Δψ)m after 

4 hrs of stimulation (Figure 1A,B). The loss of (Δψ)m after thapsigargin treatment is caused by 

Ca2+ uptake by mitochondria, since pretreating cells with Ru360 (a selective MCU inhibitor) 

prevents said effect. Inhibition of MCU was confirmed by measuring mitochondrial Ca2+ uptake 

(Figure 1C). Moreover, thapsigargin treatment induces mitochondrial Ca2+ overload as measured 

by mitochondrial Ca2+ content, and this effect was partially reduced by Ru360 pretreatment 

(Figure 1 D,E). With this model, the effect of mitochondrial Ca2+ overload on B cell activation can 

now be explored. 

4.2  Mitochondrial Ca2+ overload contributes to early activation by increasing 

mROS production 

To explore if mitochondrial Ca2+ overload has an impact on the activation signals of B 

lymphocytes, we measured the effect of thapsigargin treatment on the expression of the early 

marker of activation CD69. Ca2+ entry is necessary for the expression of this marker, and protein 
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expression is observed as early as 3 hrs after stimulus [68,69]. Because thapsigargin treatment 

triggers the SOCE mechanism and Ca2+ entry into the cytosol, it induces CD69 expression. As 

expected, results show that after 8 hrs of thapsigargin treatment, CD69 expression is increased, 

an effect that is partially reduced by MCU inhibition (Figure 2A). This result suggests that 

mitochondrial Ca2+ uptake contributes to the activation signal of B cells. One of the most important 

means of mitochondrial retrograde signaling is the production of mROS, and mROS production 

is regulated by mitochondrial Ca2+ uptake. Indeed, pretreatment of B lymphocytes with a 

mitochondrial-targeted antioxidant, MitoTEMPO, reduced the effect of thapsigargin on the 

expression of CD69 (Figure 2B). Together, these results suggest that mitochondrial Ca2+ overload 

can impact the activation signaling of B lymphocytes by increasing mROS production. 

1 
Figure 3. Thapsigargin induces mitochondrial Ca2+ overload as assessed by dissipation of (Δψ)m 

and increases mitochondrial Ca2+ content. Splenocytes were stimulated for 4 hrs with thapsigarging       

(1 μM) in the presence or absence of pretreatment with Ru360 (5 μM, 30 min before thapsigargin).                  

A) Representative traces of mitochondrial membrane potential (Δψ)m measured by safranine fluorescence 

(F/F0), arrows indicate addition of substrate and FCCP. B) Pooled data of (Δψ)m calculated as FFCCP – Fmin . 

C) Mitochondrial Ca2+ uptake as measured by Ca2+ Green 5N fluorescence. D) Representative traces of 

mitochondrial Ca2+ content measured as Ca2+ Green 5N fluorescence in absence of substrate, arrow 

A B 

C D E 
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indicates addition of FCCP. E) Pooled data of mitochondrial Ca2+ content. (n=3-5 ± SEM). * p < 0.05 vs 

control; # p < 0.05 vs thapsigargin. 

 
Figure 2 

Figure 4. Mitochondrial Ca2+ overload contributes to activation as assessed by CD69 expression. B 

lymphocytes were stimulated for 8 hrs with thapsigargin (1 μM) in the presence or absence of pretreatment 

with Ru360 (5 μM, 30 min before thapsigargin) or MitoTEMPO (64 μM, 30 min before thapsigargin). A) 

Surface expression of CD69 in B lymphocytes treated with thapsigargin and Ru360 or B) MitoTEMPO. 

(n=3-8 ± SEM). * p < 0.05 vs control. 

 

4.3  mROS production contributes to BCR-dependent activation 

Since BCR signaling triggers a sustained increase in [Ca2+]c, mitochondria should 

continuously take up Ca2+ during B cell activation. This mechanism could allow mitochondria to 

provide feedback and regulate the activation signals by increasing the production of mROS. To 

address this, we evaluated the production of mROS after BCR stimulation. The BCR of naïve B 

cells consists of a membrane-bound immunoglobulin of the M class (IgM) that contains 

immunoglobulin tyrosine-based activation motifs (ITAM) that are phosphorylated when the BCR 

is bound to antigen. To simulate BCR-dependent activation, an anti-IgM antibody was used to 

crosslink BCR receptors, leading to ITAM phosphorylation and activating the signaling cascade 

[70]. Results show that after 8 hrs of BCR stimulation, CD69 expression is increased and this is 
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associated with increased production of mROS (Figure 3 A,B). Remarkably, pretreatment with 

MitoTEMPO reduced the effect of BCR stimulation on CD69 expression, and this was reflected 

on abolished mROS production. These results show that during BCR-dependent stimulation, 

mROS production contributes to the activation signal. 

 
Figure 3 

Figure 5. mROS contribute to BCR-dependent activation. B lymphocytes were stimulated for 8 hrs with 

anti-IgM antibody (10 μg/mL) in the presence or absence of pretreatment with MitoTEMPO (64 μM, 30 min 

before thapsigargin). A) Surface expression of CD69 in B lymphocytes after 8 hrs of treatment. B) mROS 

assessed by MitoSOX Red fluorescence after 8 hrs of treatment. (n=1-8 ± SEM). * p < 0.05 vs control;         

# p < 0.05 vs anti-IgM. 

 

4.4  BCR-dependent activation does not show mitochondrial Ca2+ overload 

Finally, we evaluated if BCR stimulation induces mitochondrial Ca2+ overload. Results 

show that after 4 hrs of BCR-dependent activation, (Δψ)m is not affected (Figure 4 A,B). 

Interestingly, cells pretreated with Ru360 show higher (Δψ)m compared to controls. These results 

suggest that after 4 hrs of stimulation, there is no apparent mitochondrial Ca2+ overload.  
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Figure 6. Mitochondrial Ca2+ overload is not apparent after 4 hrs of BCR stimulation. Splenocytes 

were stimulated for 4 hrs with anti-IgM antibody (10 μg/mL) in the presence or absence of Ru360 (5 μM, 

30 min before anti-IgM). A) Representative traces of (Δψ)m measured by safranine fluorescence (F/F0), 

arrows indicate addition of substrate and FCCP. B) Pooled data of (Δψ)m calculated as FFCCP – Fmin . C) 

Mitochondrial Ca2+ uptake as measured by Ca2+ Green 5N fluorescence. 

A B 

C 
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Chapter 5 

5. Discussion 

Here, we assessed whether mitochondrial Ca2+ overload is involved in the activation signal 

of primary B lymphocytes. First, we generated an in vitro model of mitochondrial Ca2+ overload 

and evaluated its impact on early activation through the expression of surface marker CD69. We 

found that thapsigargin treatment during 4 hrs is sufficient to dissipate (Δψ)m due to mitochondrial 

Ca2+ accumulation, as this effect was prevented by MCU inhibition with Ru360. Likewise, after 

thapsigargin treatment, cells showed higher levels of mitochondrial Ca2+ content. Next, we 

assessed if mitochondrial Ca2+ overload impacts the activation signaling of B lymphocytes. We 

found that mitochondrial Ca2+ overload contributes to the expression of CD69 by increased 

production of mROS, as pretreatment with Ru360 or a mitochondrial-targeted antioxidant reduced 

the effect of thapsigargin on CD69 expression. Finally, we found that during BCR stimulation, 

mROS production contributes to the activation signal but mitochondrial Ca2+ overload is not 

observed under our conditions. 

 These results are in agreement with observations made on lymphocytes, where mROS 

allows for the full translocation of NFAT and activation via TCR [9] and mROS contribute to BCR-

dependent activation of B lymphocytes through the PI3K pathway [56]. It is interesting that 

thapsigargin treatment dissipated (Δψ)m, as this would suggest mitochondrial dysfunction and 

mPTP opening [11,57]. Indeed, an inhibitor of mPTP opening that binds to cyclophilin D known 

as cyclosporine A is a potent immunosuppressant [71,72]. Before it was discovered that 

cyclosporine A inhibits calcineurin, the phosphatase that activates NFAT, it was thought that its 

immunosuppressive effect was related to its mPTP inhibition properties [73]. However, the 

immunosuppressant activity of this drug is generally attributed to calcineurin inhibition [74].  
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It would be interesting to dissect the role of mPTP opening on lymphocyte activation using 

a drug that lacks this undesirable effect. Remarkably, a novel compound known as sanglifehrin 

A, which binds to cyclophilin D but lacks affinity for calcineurin, shows immunosuppressant activity 

[75]. Unfortunately, its mechanism of action remains elusive [75]. The possibility that there is a 

role for mPTP during lymphocyte activation is further supported by the recent observation that 

activated T cells downregulate cyclophilin D expression to prevent mPTP opening and premature 

death [65]. Interestingly, mice in which the downregulation of cyclophilin D is inhibited, have higher 

mortality and a hyperinflammation phenotype after acute Listeria monocytogenes infection, 

showing reduced number of T cells and higher levels of inflammatory serum cytokines [65]. These 

findings suggest that lymphocyte activation leads to mPTP opening and excessive mROS 

production leads to cell death and hyperinflammation. Although the authors did not explore the 

mitochondrial Ca2+ content of these cells, a possible explanation is that mPTP opening is triggered 

by mitochondrial Ca2+ overload (Figure 7). Importantly, recent evidence describes that in a 

transgenic mice that shows mitochondrial Ca2+ overload, the levels of splenic B cells are markedly 

reduced [76]. 

 The recent identification of the molecular identities of the components of the uniplex [40] 

has allowed the fine manipulation of this channel to improve our understanding of its role and its 

regulation. For example, it is now established that an MCU regulator protein known as MICU1 

functions as a Ca2+ gatekeeper, impeding excessive uptake of Ca2+ by mitochondria. Indeed, 

transgenic mice with MICU1 deletion show mitochondrial Ca2+ overload in different tissues and 

manifest ataxia and muscle weakness [76]. Noticeably, these transgenic mice show markedly 

reduced numbers of splenic B lymphocytes with higher cell death but a normal count of T cells 

[76]. This evidence suggests that MCU might be differentially regulated in these two lymphocyte 

populations. Moreover, it has been shown that B cells with a higher mitochondrial mass and (Δψ)m 

preferentially differentiate into memory cells [2]. It would be very informative to evaluate whether 

the proportions of B cell effector and memory subsets are altered in MICU1 knockout mice, as 
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mitochondrial Ca2+ overload induced by lack of MCU gatekeeping might be detrimental to memory 

cells (Figure 7). 

 The in vitro model that was generated herein should allow us to continue exploring 

whether mPTP and mitochondrial Ca2+ overload mechanisms play a role during B lymphocyte 

activation and differentiation. Findings from the current literature and our working hypothesis are 

summarized in Figure 7. B cell activation triggers a Ca2+ signaling cascade that is transmitted into 

mitochondria through MCU, permitting anterograde signaling. Mitochondrial Ca2+ uptake is 

important to allow a sustained Ca2+ signal [12] and this buffering function is enhanced by 

mitochondrial translocation into the immune synapse [44,46] and increased expression of MCU 

[24]. Likewise, mitochondrial Ca2+ uptake increases mROS production, allowing mitochondria to 

engage in retrograde signaling and provide feedback to the activation cascade [9]. Continuous 

Ca2+ uptake by mitochondria triggers cell death through mPTP opening, eliminating short lived 

effector cells to allow the immune system to return to its basal state [14–16]. Cells with an 

increased mitochondrial mass and higher (Δψ)m survive and differentiate into long-living memory 

cells [2], possibly because of a higher mitochondrial Ca2+ uptake capacity (Figure 7). 

 

Figure 7. Working model of mitochondrial Ca2+ uptake during B cell activation and differentiation.
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Conclusion 
6. Conclusion 

 In summary, these initial findings show that thapsigargin treatment in B lymphocytes is a 

good in vitro model to explore the impact of mitochondrial Ca2+ overload on activation signals. 

Likewise, our results suggest that mitochondrial Ca2+ overload might play a role on the activation 

of B cells through mROS production. Future work should aim at exploring if mitochondrial Ca2+ 

overload and mitochondrial Ca2+ uptake capacity alters the differentiation of B cells into effector 

or memory subsets. 
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Appendix 

Abbreviations 

(ΔpH) Proton concentration 
gradient 

(ΔμH+) Electrochemical proton 
gradient 

(Δψ)  Electric potential 

(Δψ)m Mitochondrial membrane 
potential 

[Ca2+]c  Cytosolic Ca2+ concentration 

ATP  Adenosine triphosphate 

BCR  B cell receptor 

BSA  Bovine serum albumin 

Ca2+  Calcium, 

CaM  Calmodulin 

CRAC Calcium release-activated 
calcium 

CREB cAMP response element-
binding protein 

ER  Endoplasmic reticulum 

ETC  Electron transport chain 

FBS  Fetal bovine serum 

IFN-γ  Interferon-gamma 

IMM Inner mitochondrial 
membrane 

IP3  Inositol 1,4,5-triphosphate 

IP3R   Inositol triphosphate receptor 

MCU Mitochondrial calcium 
uniporter 

mPT Mitochondrial permeability 
transition 

mPTP Mitochondrial permeability 
transition pore 

mROS Mitochondrial reactive 
oxygen species 

NFAT Nuclear factor of activated T 
cells 

NF-κB Nuclear factor kappa-light-
chain-enhancer of activated 
B cells 

O2  Oxygen 

O2
-  Superoxide anion 

OMM Outer mitocondrial 
membrane 

ORAI Calcium release-activated 
calcium channel protein 

OxPhos Oxidative phosphorylation 

PI3K  Phosphoinositide 3-kinase 

PIP2 Phosphatidylinositol 4,5-
biphosphate 

PLC-γ  Phospholipase C-gamma 

ROS  Reactive oxygen species 

SERCA Sarcoplasmic/endoplasmic 
reticulum Ca2+ ATPase 

SLE Systemic lupus 
erythematosus 

SOCE  Store operated Ca2+ entry 

STIM1 Stromal interaction molecule-
1 

TCA  Tricarboxylic acid
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