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ABSTRACT 

Title of Dissertation:  Effects of Dietary Intake on Endoplasmic Reticulum 

Calcium Homeostasis 
 

Emily Simons Wires, Doctor of Philosophy, 2016 

 

Dissertation Directed by:  Dr. Brandon Harvey, Ph.D. 

    Senior Scientist 

    National Institute on Drug Abuse 

     

    Dr. William Randall, Ph.D. 

    Associate Professor 

    Department of Pharmacology 

 

    

  The endoplasmic reticulum (ER) contains the highest level of intracellular 

calcium, with concentrations approximately 1,000-10,000-fold greater than cytoplasmic 

levels. Tight control over ER calcium is imperative for protein folding, modification and 

trafficking. Perturbations to ER calcium can result in the activation of the unfolded 

protein response, a three-prong ER stress response mechanism, and contribute to 

pathogenesis in a variety of diseases. The ability to monitor ER calcium alterations 

during disease onset and progression is important in principle, yet challenging in practice. 

Currently available methods for monitoring ER calcium, such as calcium-dependent 

fluorescent dyes and proteins, have provided insight into ER calcium dynamics in cells, 

however these tools are not well suited for longitudinal in vivo studies.  Our lab has 

recently developed a novel secreted ER calcium monitoring protein (GLuc-SERCaMP), 

to longitudinally monitor ER calcium levels in vivo by measuring small volumes of 

blood. Additionally, we describe a complementary tool to measure the unfolded protein 

response utilizing a Nano luciferase (NLuc) reporter. This work highlights the application 

of both reporters in vivo. Furthermore, towards the overarching goal of monitoring ER 



 
 

calcium homeostasis in a disease model, we describe this use of GLuc-SERCaMP in in 

vitro and in vivo models of diet-induced obesity. Disruption to ER calcium homeostasis 

has been implicated in obesity, however, the ability to directly monitor fluctuations to ER 

calcium has been limited with previous techniques. GLuc-SERCaMP release revealed ER 

calcium depletion in the presence of free fatty acid (FFA), palmitate. Consumption of a 

cafeteria diet or high fat pellets further demonstrated alterations to hepatic ER calcium 

homeostasis in rats, as evidenced by increased GLuc-SERCaMP release. Attenuation of 

GLuc-SERCaMP was observed during dantrolene administration. Taken together, our 

results further corroborate the influence of dietary intake on ER calcium homeostasis.  
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Chapter 1: Scope of Dissertation and Introduction 

 

Scope of Dissertation  

 Understanding the role of endoplasmic reticulum (ER) calcium dysfunction in 

disease pathogenesis may lead to new therapeutics but studies have been limited by the 

available methods to longitudinally monitor ER calcium homeostasis.  The goal of this 

dissertation was to implement newly developed technologies, that circumvent limitations 

of prior methodologies, as means to further elucidate the role of ER calcium homeostasis 

in two in vivo models of diet-induced obesity. The ability to repeatedly sample and assay 

small volumes of extracellular fluid offers an advantage over methods that solely rely on 

cell culture or ex vivo processing. Such a technique allows for the longitudinal assessment 

of ER calcium homeostasis through repeated sampling of blood.  

 Towards the beginning of my dissertation research, our laboratory was developing 

SERCaMP technology using in in vitro models of ER stress, glutamate toxicity, 

hyperthermia, and COX-2 inhibitors. Data garnered from these experiments provided a 

solid foundation regarding the sensitivity and robustness of this sensor to ER calcium 

depletion. However, it had not been used in an in vivo model, let alone an in vivo model 

of disease. Furthermore, the lab sought to longitudinally monitor UPR activation 

concurrently with ER calcium homeostasis using two luciferase-based sensors. My work 

has produced four major findings: (1) parameters for intrahepatic transgene delivery 

using AAV serotype 1 vectors (2) GLuc-SERCaMP can be used to longitudinally monitor 

ER calcium homeostasis in an in vivo model of Tg- induced ER calcium depletion, (3) 

GLuc and Nano luciferases can be used to simultaneously assess ER calcium homeostasis 
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and ER stress, and (4) dietary intake, particularly of high fat content, can alter ER 

calcium homeostasis in vivo as detected by exogenous and endogenous SERCaMP.    

 

The Endoplasmic Reticulum  

The ER is one of the largest intracellular organelles. Ubiquitously present 

throughout cells and continuous with the nuclear envelope, it is imperative to the 

production, modification and maturation of proteins, as well as translocation of proteins 

destined for the secretory pathway (1, 2).  The ER is comprised of two distinct 

morphological domains; rough ER and smooth ER (2). The rough ER consists of 

membrane bound ribosomes responsible for the synthesis, proper folding and 

modification of proteins (3).  Whereas the smooth ER  is absent of ribosomes which gives 

it a smooth appearance by electron microscopy and serves as a site for vesicle budding 

and fusion, as well as a contact region for other intracellular organelles and membranes 

(3). This contact enables the non-vesicular transport of lipids between adjacent 

membranes, along with calcium signaling (2). Despite being ubiquitous in nature, the ER 

differs in structure and abundance among cells. This is evident in neurons where the 

rough ER predominately resides in the cell body, axons and proximal portions of 

dendrites (3). Hepatocytes, however, are enriched in both smooth and rough ER due to 

their highly secretory nature (2).  Primary functions of hepatic ER can be separated into 

four categories; protein maturation, lipid synthesis, detoxification, and calcium storage 

(2). Protein maturation encompasses the process of protein synthesis and transport of 

properly folded proteins via the secretory pathway. Hepatocytes are highly secretory and 

therefore require extensive protein folding capabilities and lipid synthesis within the ER 

(4). Lipid metabolism occurs in ER of  hepatocytes, where many of the necessary 
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enzymes reside (4). Additionally, many of the sensing mechanisms that contribute to the 

regulation of  lipogenesis are located in the ER (4). The liver is also the main site for drug 

metabolism/detoxification. Synthesis of essential enzymes involved in this complex 

pathway occur in the ER of hepatocytes (5). Lastly, calcium storage within the ER is 

essential to the regulation of calcium-mediated signaling and ER-resident protein 

function (4).  Hepatocyte ER perform a myriad of functions, however, for this 

dissertation I will focus on developing a method to longitudinally monitor ER calcium 

homeostasis in the context of obesity.  

The ER lumen contains the highest level of intracellular calcium, with 

concentrations estimated to be 1,000-10,000-fold greater than cytosolic levels (6). Such 

high concentrations of calcium are required for proper function of ER-resident proteins 

and post-translational enzymes. For example, protein disulfide isomerases as well as 

calnexin and calreticulin rely on calcium (7, 8). The ER maintains this steep calcium 

gradient by the active transport of calcium ions from the cytoplasm to the ER via the 

sarco/endoplasmic reticulum calcium ATPase (SERCA) (9). SERCA is a transmembrane 

protein comprised of a cytoplasmic head, luminal loops and transmembrane helices that 

contain calcium binding sites (10). There are eleven different isoforms, encoded by three 

genes, which can then undergo alternative splicing (10). SERCA2b is most the 

ubiquitously expressed isoform, as well as the most prevalent in the liver (11). 

Alternatively, the main calcium efflux channels in the ER are ryanodine receptors (RyRs) 

or inositol 1,4,5-triphopshate receptor (IP3R). Diversity among these efflux channels is 

observed among cells; three genes code for receptor subunits for both, as well as 

alternative splicing and formation of homo- and heterodimers (12). RyRs are 
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predominantly expressed in neuronal and muscle cells, but can be found in the liver (12, 

13). For example, a truncated form of RyR1 mRNA was detected in rat primary 

hepatocytes (13). Despite differing in size (8,500 base pairs versus 15,220 base pairs), 

hepatic RyR1 behave similarly to full length RyR1 as evident by ryanodine binding, 

pharmacological modulation, and interaction with IP3R calcium oscillations (13).  The 

RyR pore that permits the efflux of calcium ions remained unaffected by the size 

difference, which might explain the functional similarities between hepatic and skeletal 

RyR1.  Additionally, in a mouse model of partial hepatic ischemia and reperfusion, 

administration of a RyR antagonist and FDA-approved drug, dantrolene, decreased serum 

levels of pro- inflammatory cytokine, TNFα; increased levels of anti-inflammatory 

cytokine, IL-10; improved liver function and decreased necrotic tissue (14). Increased 

cytosolic calcium levels have been implicated in the development of inflammatory injury 

following ischemia reperfusion injury mainly due to its role in many cellular signaling 

cascades (14).  While the authors did not examine hepatic RyR expression before or after 

reperfusion injury, dantrolene has been characterized as a selective antagonist of RyRs, 

and this finding suggests a potential role of RyR function in regulating hepatic ER 

calcium release. Hepatic IP3R expression has also been examined. Dufour et al., 1999 

showed IP3R2 to be the most predominant hepatic isoform followed by isoforms 1 then 3 

(15). Interestingly, IP3R3 was not found in hepatocytes by histological and real-time 

quantitative PCR analysis, but present in intrahepatic bile duct epithelial cells (15). 

Isoform expression was examined in pathophysiological models of fibrosis and cirrhosis.  

Following fibrotic injury, IP3R2 was reduced and IP3R1/3 increased (15).  These data 

indicate that hepatocytes express both RyRs and IP3Rs that contribute to the maintenance 



5 
 

of ER calcium homeostasis. Pharmacological manipulation of RyRs to manipulate liver 

ER calcium will be described in a subsequent chapter.   

In summary, the ER employs a variety of mechanisms to maintain high 

concentrations of calcium. Perturbations to anyone of these mechanisms can threaten 

homeostatic environment leading to downstream effects such as ER stress. Disease states 

associated with decreased ER calcium as well as methods to assess calcium depletion will 

be further parsed in subsequent sections.  

 

ER Calcium Dysregulation and Obesity 

 As previously described, there are several mechanisms set forth to prevent ER 

calcium depletion or overload. Failure to maintain homeostasis can result in detrimental 

effects. Perturbations to ER calcium levels are associated with a variety of pathologies 

and have been implicated as a contributing factor to the development and progression of 

obesity-related disorders. Obesity is characterized by excessive food intake exceeding 

energy expenditure. Overconsumption stimulates lipogenesis as a way to meet the 

demand for increased energy storage (16).  Lipogenesis is a complex metabolic pathway, 

tightly regulated by an array of transcription factors, that can occur in adipose tissue as 

well as in the liver (2). Briefly, hepatic lipogenesis occurs when excess glucose, primarily 

from excessive dietary intake, undergoes glycolysis in the liver (instead of adipose 

tissue), which is then converted to fatty acids (17). A side effect is an increase 

phosphatidylcholine (PC); PC is the major component of the phospholipid coat of 

lipoproteins and used for packaging and storing of hepatic lipogenesis products (16). The 

increase in PC has been shown to change the phospholipid ratio within the plasma 
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membrane, with downstream effects on SERCA expression and function (16). As 

previously stated, SERCA is an integral part in maintaining ER calcium, perturbations to 

its expression and/or function can have unfavorable effects on ER homeostasis. Park et 

al., 2010 reported reduced levels (mRNA and protein) of SERCA2b in the livers of obese 

mice, suggesting that ER calcium concentrations would be altered under obese conditions 

(18). Furthermore, overexpression of SERCA2b in the liver of genetically induced obese 

mice markedly decreased genes associated with lipogenesis as well as markers of ER 

stress (18).  These data suggest an inability to maintain optimal ER calcium 

concentrations under obese conditions; however, do not directly assess ER calcium 

levels. Failure to maintain high levels of calcium can trigger other adaptive mechanisms 

set forth by the ER to reestablish homeostasis. Parsing out ER calcium homeostasis in 

diet-induced obesity models is essential to understanding cellular processes that 

contribute to disease progression.  

   

ER Stress and the Unfolded Protein Response 

The unfolded protein response (UPR) is an adaptive response employed by the ER 

to reestablish homeostasis in the ER by alleviating stress caused by the accumulation of 

misfolded proteins, calcium imbalance, and increased lipogenesis (1, 19, 20). In 

eukaryotic cells, the majority of secreted and transmembrane proteins fold and mature 

within the ER (21). As previously mentioned, hepatocyte ER is responsible for diverse 

functions spanning protein synthesis and secretion, cholesterol biosynthesis, lipogenesis 

to xenobiotic metabolism (22). For this reason, the ER monitors and adjust protein 

folding capacity to ensure continuous production of properly folded proteins.  To do this, 
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the ER relies on signal transduction pathways, such as the UPR, that convey messages to 

other cellular processes (21).  The three prongs of the UPR are IRE1 (inositol- requiring 

protein-1), ATF6 (activating transcription factor- 6), and PERK (protein kinase RNA-like 

ER kinase), each noted by its transmembrane receptor and subsequent signal cascade 

(Figure 1.1). While each prong is unique, these pathways do work in parallel and have 

some crosstalk. Initial activation of the UPR increases the expression of proteins that aid 

in folding, decreases general translation and translocates terminally misfolded proteins to 

the proteasome for degradation (20). Under normal physiological conditions, proteins 

specific to each signal cascade are located within the ER membrane bound to BiP/GRP78 

(binding immunoglobulin protein/glucose response protein-78). BiP was first discovered 

as a protein responsive to glucose deprivation as indicated by increased synthesis (23), 

and has since been used a marker of ER stress. BiP is comprised of an N-terminal 

ATPase and C-terminal substrate-binding domain (24). The interaction of these domains 

regulate binding of proteins (25). In the ATP-bound form (inactive), BiP binds peptides 

with low affinity (24). However, upon the hydrolysis of ATP to ADP binding affinity to 

the peptide increases (25). An unfolded peptide can interact with BiP through many 

cycles of binding and release until it eventually contains no BiP binding sites, eventually 

progressing to its final destination (25). One study elucidated the role of the UPR 

demonstrated that pharmacological inhibition of protein folding (inhibitors of cellular 

glycosylation and calcium ionophores) resulted in transcriptional upregulation of BiP 

associated with lipogenesis (26). Taken together, BiP serves as critical regulatory unit of 

the UPR.    
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Figure 1.1 Branches of UPR. Reprinted with permission from The American Association for the 

Advancement of Science: Science (19), copyright 2011. 
 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

The IRE1 pathway is the most conserved prong in lower eukaryotes. Upon 

dissociation from BiP, IRE1 oligomerizes, allowing for trans-autophosphorylation among 

kinase domains (21) (Figure 1.1). IRE1 has the unique ability to transmit signal via 

unconventional mRNA splicing of X-box binding protein 1 (XBP1) at two specific sites. 

This results in the ligation and translation of two exons to the active forms of 

transcription factor XBP1 (19). As a transcription factor, XBP1 facilitates ER-associated 

degradation (ERAD), transcription of ER chaperone genes, and lipogenesis (21, 27, 28).  

In a chronic state of ER stress often associated with obesity, IRE1 activation in 

hepatocytes may play a causative role in the accumulation of lipids in the liver 

Similar to IRE1 in structure and function, PERK is another prong in the UPR that 

undergoes trans-autophosphorylation following dissociation from BiP (21) (Figure 1.1). 

PERK then proceeds to phosphorylate the α—subunit of eukaryotic translation initiation 

factor -2 (eIF2α), thus reducing the levels of active eIF2 and ultimately suppressing 

translation initiation to alleviate ER stress (21). An exception to general translation 

suppression is the induction of activating transcription factor 4 (ATF4) (19). Downstream 

targets of ATF4 include transcription factors C-EBP homologous protein (CHOP) and 

growth arrest and DNA damage- inducible 34 (GADD34) (19). CHOP regulates genes 

involved in apoptosis and can often be detrimental in prolonged ER stress (19, 21). 

GADD34 encodes a regulatory subunit of a protein that counteracts PERK through the 

dephosphorylation of  eIF2α (19). In the context of hepatocytes and obesity, this prong 

seems to be least studied. However, Oyadomari et al., 2008 reported  eIF2α 

phosphorylation contributes to metabolic disorders associated with obesity through 

translational upregulation of transcription factors involved in lipid metabolism (29). 
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Briefly, authors reported increased eIF2α-P levels from liver lysates of mice fed a high 

fat diet, along with improved regulation of lipid metabolism in transgenic mice 

overexpressing the C-terminal of GADD34 (29). This suggests PERK activation may 

contribute to UPR activation associated with obesity.   

The third prong, ATF6, is a type II transmembrane protein containing a basic 

leucine zipper transcription factor within its cytoplasmic domain (30) (Figure 1.1). It is 

comprised of two homologous proteins, ATF6α and ATF6β, that localize in the ER 

lumen (24). Under homeostatic conditions, Golgi localization sequence 1 and 2 (GSL1 

and 2) are bound to BiP, thus sequestering ATF6 to the ER membrane (31). Upon 

accumulation of misfolded proteins, BiP dissociates and ATF6 is packaged into transport 

vesicles and moves from ER membrane to the Golgi as directed by GSL2 (19, 21, 24). 

Once at the Golgi, it is cleaved by Golgi-resident proteases, site-1 protease (S1P) and 

site-2 protease (S2P). S1P cleavage of the luminal domain of ATF6 occurs, resulting in 

nuclear translocation and transcriptional activation of ATF6-dependent UPR genes, such 

as BiP, GRP94 and calnexin (30, 31). As transcription factors, ATF6 and XBP1 can bind 

to the ER stress element (ERSE) and/or UPR element (UPRE) consensus sequences of 

many UPR target genes (32, 33). Many of the promoters of ER responsive genes such as, 

BiP, GRP94, and calreticulin contain these response elements (33). This not only 

highlights the overlap among UPR prongs, but also allows for the development of tools to 

monitor UPR activity, one of which will be described in Chapter 3. In regards to obesity, 

ATF6α knockout mice fed high fat diets have been reported to develop severe glucose 

intolerance (34). Similarly, ATF6α RNAi-mediated knockdown in wild type mice 

increases blood glucose levels (35). Overexpression of ATF6α in the liver of obese and 
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diabetic mice reduced blood glucose levels (35). Infusion of glucose and/or lipid 

(Lyposin III, intravenous fat emulsion) in live mice increased ATF6 activation (36). 

Interestingly, ATF6 translocation to the nucleus following ER calcium depletion has been 

visualized in cardiac myocytes (37). Together, these data suggest the ATF6 pathway is 

altered during an obese state and is activated in response to ER calcium depletion. It is 

therefore reasonable to use ATF6 activation as a reporter to further elucidate the role of 

ER calcium and ER stress in a model of obesity. 

The aforementioned, along with other reports contribute to the growing support 

that chronic ER stress is a consequence of obesity however there is not a consensus on 

the mechanism. Previous reports indirectly link ER calcium depletion as a consequential 

event of obesity (both diet- and genetically-induced) (16, 18), but fail to directly measure 

changes in ER calcium.  This, in combination with the importance ER calcium 

maintenance for overall cell function, begs the need for improved tools to monitor ER 

calcium dysregulation. In line with the scope of this dissertation, I plan to investigate how 

dietary intake affects ER calcium homeostasis using a tool recently developed in our lab 

as detailed in subsequent sections and chapters.  

 

Monitoring ER Calcium Homeostasis  

Monitoring ER calcium dynamics has proven to be challenging due to inherently 

high calcium concentrations. As previously mentioned, the ER is the primary reservoir 

for intracellular calcium, and heavily relies upon this gradient for proper function.  

Previous methods describe the use of cytoplasmic dyes or genetically encoded calcium 

indicators (GECIs) to measure fluctuations in ER calcium (38-41). While both have 
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contributed to further understanding of ER calcium dysregulation, they are not suitable 

for longitudinal studies. Furthermore, these methods tend to measure calcium flux into 

the cytoplasm and can therefore be affected by a multitude of other cellular processes 

(38). For instance, electrical, hormonal or mechanical stimulation can induce signal 

transduction pathways via receptor activation on the plasma membrane (42). Similarly, 

voltage-activated calcium channels on the plasma membrane can trigger ER calcium 

release via RyR activation (42). Mitochondria also contribute to cytoplasmic calcium 

concentrations. Calcium uptake by mitochondria is extremely important to energy 

production and also serves as a physiological buffer for intracellular calcium (43). These 

cellular processes make it difficult to discern the actual source of calcium fluctuations. 

Methods such as low affinity calcium dyes lack subcellular resolution and often require 

permeabilization of the plasma membrane, a procedure in itself can alter calcium 

concentrations (38).  

 Genetically encoded calcium indicators are chimeric fluorescent proteins, 

consisting of a calcium-binding domain fused to a fluorescent protein (44). GECIs can be 

targeted to specific cell types, as well as subcellular compartments (44).  This a notable 

enhancement over fluorescent dyes, but still limiting when attempting to measure ER 

calcium as most of these indicators have calcium affinities too high to use in the ER (38). 

To circumvent this limitation, a FRET-based D1ER GECI was developed (45). While this 

tool has been helpful in lessening some of the uncertainties surrounding indirect 

techniques, it has a limited dynamic range and requires specialized equipment (38). 

Recently, our lab and others have developed a new generation of ER-specific GECIs; 

GCaMPer and Calcium-measuring Organelle-Entrapped Protein Indicator (CEPIA)  (38, 
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39). Briefly, both technologies rely on decreased calcium affinities within calcium 

binding domains towards the goal of using in cellular compartments enriched with 

calcium. Moreover, imaging is required, which may prove technically challenging when 

trying to monitor from the liver of a live rat.  However, despite the apparent evolution of 

these methodologies none are permissive to longitudinal in vivo studies. For this reason, 

alternative methods are needed to further delineate the relationship ER calcium depletion 

and disease pathogenesis.  

 

Luciferase Reporters for Monitoring ER Calcium and ER Stress 

 Recently, our lab developed a novel secreted ER calcium monitoring protein 

(SERCaMP), to longitudinally monitor ER calcium levels in vivo. This tool requires 

minimal volumes of extracellular fluid (cell culture media, blood, cerebral spinal fluid); a 

notable enhancement from aforementioned methodologies. The basis of  SERCaMP  

technology is the appendage of  the carboxy-terminal peptide sequence of mesencephalic 

astrocyte-derived neurotrophic factor (MANF), alanine-serine-alanine-arginine-

threonine-aspartic acid-leucine (ASARTDL) to Gaussia luciferase (GLuc) (46). MANF is 

an ER localized protein responsive to ER stress (47). The final amino acid sequence is 

imperative to the retention and secretion (limited to calcium depletion) of MANF, and 

equally important  to retention and secretion (limited to calcium depletion) of unrelated 

proteins when appended (48). Henderson et al., 2013 highlighted this phenomenon 

through the generation of a variety of green fluorescent protein (GFP)-MANF stable cell 

line variants (48). Cells expressing GFP fused to full length human MANF as well as 

cells expressing GFP fused to the final four amino acids of MANF displayed increased 
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GFP release when pharmacologically depleted of ER calcium (48). Given the inherent 

caveats to GFP (e.g. low signal to noise ratio in cell culture media), Henderson et al., 

2014 created a second generation of reporters based on GLuc (46). GLuc is a naturally 

secreted 19.9kDa protein originating from the marine copepod, Gaussia princeps (49). 

GLuc-based reporters have been previously used to monitor ER stress in mammalian cell 

culture (50) in addition to in vivo monitoring of tumor growth (51, 52). Secreted reported 

assays offer advantages over prior methods such as imaging and western blotting due 

mainly due to the ability to continuously sample from the extracellular space. This is 

apparent in both cell culture and in vivo experiments, as both circumvent the need for 

terminal endpoint analyses. In vitro, GLuc-SERCaMP, localized to ER and was released 

in response to calcium in both primary cells and immortalized cell lines (46). Figure 1.2 

highlights the predicted mode of release of GLuc-SERCaMP in response to ER calcium 

depletion. Overall, the ability to append the ASARTDL sequence to proteins associated 

with the ER secretory pathway provides vast potential for examining the relationship 

between ER calcium and disease pathogenesis. The characterization and use of GLuc-

SERCaMP in an in vivo model of obesity is the focus of my dissertation and will be 

addressed in future chapters.  

 The temporal relationship between ER calcium depletion and UPR is not fully 

understood, particularly in models of human disease where progressive changes in these 

cellular processes occur.  To address this, Chapter 3 features the development and use of 

a separate sensor utilizing UPR element (UPRE) binding sites to drive transcription of 

Nano luciferase (NLuc) (5X-UPRE-secNLuc).  The ability to use both GLuc-SERCaMP 
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and 5X-UPRE-secNLuc to assess ER calcium homeostasis and ER stress, respectively, 

from the same sample furthers the understanding of these interweaving cellular processes.  

 

 

Figure 1.2 Schematic summarizing release of GLuc-SERCaMP in response to ER calcium depletion. 

Reprinted with permission from American Society for Cell Biology: Molecular Biology of the Cell (46), 

copyright 2014. 
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Chapter 2: Developing a method using a Gaussia luciferase SERCaMP to monitor 

endoplasmic reticulum calcium homeostasis1,2 

 

INTRODUCTION 

The endoplasmic reticulum (ER) is essential to many cellular functions including 

protein folding, protein secretion, lipid homeostasis, and intracellular signaling (27).  It 

contains the highest level of intracellular calcium, with concentrations estimated to be 

1,000-10,000-fold greater than cytosolic levels (6, 16, 53).  Maintenance of this gradient 

is vital to cell viability, as many ER-resident chaperone proteins are calcium-dependent. 

Also, calcium is a common second messenger in a host of signaling cascades, and 

therefore requires tight regulation. To maintain this gradient, the ER employs the 

sacro/endoplasmic reticulum calcium ATPase (SERCA), an ATP-dependent pump, to 

transport calcium ions from the cytosol to the ER lumen. Conversely, the ryanodine 

receptor (RyR) and inositol triphosphate receptor (IP3R) are calcium channels involved in 

ER calcium efflux (54, 55).  

ER calcium dysregulation has been implicated as a contributing factor to the 

pathophysiology of a variety of diseases including; cardiomyopathy, diabetes, Non-

Alcoholic Fatty Liver (NAFLD), Brody’s disease, Darier’s disease, Alzheimer’s, and 

Parkinson’s (12, 46).  Delineating the role of ER calcium depletion in these diseases has 

                                                           
1 Henderson MJ, Wires ES, Trychta KA, Richie CT, Harvey BK. SERCaMP: a carboxy-terminal protein 

modification that enables monitoring of ER calcium homeostasis. Mol Biol Cell. 2014;25(18):2828-39. doi: 

10.1091/mbc.E14-06-1141. PubMed PMID: 25031430; PMCID: PMC4161517 

2 Wires ES*,  Henderson MJ*,  Trychta KA, Yan X, Harvey BK. Monitoring Endoplasmic Reticulum 

Calcium Homeostasis Using a Gaussia Luciferase SERCaMP. J Vis Exp. 2015(103). doi: 10.3791/53199. 

PubMed PMID: 26383227 



17 
 

proven to be challenging with current methodologies; however, advances such as low 

affinity calcium dyes (56) and genetically encoded calcium indicators (D1ER, CEPIA, 

GCaMPer) have contributed to the growing knowledge regarding ER calcium 

homeostasis (38, 39, 45, 57, 58). These technologies, however, rely on fluorescence, and 

are not suitable for longitudinal studies, as they typically require ex vivo processing.  

Towards the goal of devising a less invasive method to longitudinally monitor ER 

calcium, a protein modification was identified to create the secreted ER calcium 

monitoring proteins (SERCaMPs) (46).    

The carboxy-terminal peptide ASARTDL (alanine-serine-alanine-arginine-

threonine-aspartic acid-leucine) was shown to be necessary for the retention and secretion 

of mesencephalic neurotrophic factor (MANF) under homeostatic conditions and ER 

stress, respectively (48). This sequence also produces a similar phenotype when 

appended to other, unrelated proteins. Here, we highlight the appendage of MANF’s final 

seven amino acids, ASARTDL, to Gaussia luciferase (GLuc-SERCaMP) for use in vivo. 

Under conditions that deplete ER calcium, this peptide sequence is no longer sufficient 

for ER retention. The protein, therefore is secreted, creating a robust reporter of ER 

calcium dysregulation.   The expression of GLuc-SERCaMP allows for biological fluids 

including cell culture medium and plasma to be analyzed for changes in GLuc activity as 

an indicator of ER calcium homeostasis.  The method has applications for the 

longitudinal study of progressive alterations in the ER calcium store both in vitro and in 

vivo.  This chapter highlights the use GLuc-SERCaMP to study ER calcium homeostasis 

in vivo, but can also serve as a guide for alternative reporter SERCaMPs. Additionally, it 
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presents work that has been featured in two publications and served as an integral part of 

my graduate work (46, 59).   

RESULTS 

GLuc-SERCaMP is detectable in blood 

Comprehensive characterization of GLuc-SERCaMP was done in cell culture 

models as well as in vivo models, and while both complement each other, data presented 

in this dissertation only highlights in vivo characterization. The overall schematic is 

depicted in Figure 2.1. Intrahepatic injections of AAV using a cytoplasmic luciferase 

protein has been previously reported (60). We adopted this model for the delivery of our 

secreted SERCaMP sensor due to the obvious parallels.  

To determine the optimal range for viral injections, rats were intrahepatically 

injected with varying does of AAV-GLuc-SERCaMP (Figure 2.2A). Previous results 

from pilot experiments (data not shown) indicated that concentrated virus led to 

decreased detectable signal, which we speculate is due to an immune response. 

Interestingly, only 1 rat injected with the highest dose (7.6 x 109 vg) maintained signal 

throughout duration of sampling. Lower viral concentrations, or at least to 7.6 x 108 vg, 

provided robust signal over the course of sampling. Next, we examined if viral 

concentration affects Tg) response. Rats were given a single i.p. injection of Tg 12 days-

post intrahepatic surgery. All rats responded similarly in magnitude to Tg, displaying an 

approximate 2.5-fold increase of signal (Figure 2.2B). However, rats injected with the 

lowest virus dose demonstrated different kinetics in response to Tg as  
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Figure 2.1 Overall schematic of intrahepatic injections of GLuc-SERCaMP. Reprinted with permission 

from American Society for Cell Biology: Molecular Biology of the Cell (46), copyright 2014. 
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Figure 2.2 Tg-induced GLuc-SERCaMP release into blood following intrahepatic injections over 

range of viral titers. (A) Raw luminescence values from rats (n = 8) intrahepatically injected with different 

AAV-GLuc-SERCaMP titers. Tg (1 mg/kg) injection (i.p.) was administered on day 12. Blood was 

collected at indicated time points and stored at -80 °C until time of assay. (B) Normalized luminescence 

values from panel A, demonstrating tTg-induced SERCaMP response in rats (n = 8) expressing various 

amounts of AAV-GLuc-SERCaMP. Reprinted with permission from Journal of Visualized Experiments 

(59), copyright 2015  
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highlighted by delayed peaks (Figure 2.2B). This data also highlights the variability of 

signal among animals despite viral concentration, highlighting that every animal should 

serve as its own pre-treatment control to account for transgene delivery and expression 

variability.  

Handling of plasma samples 

 Proper storage and handling of plasma samples is imperative for interpretable 

results. As such, we have demonstrated that SERCaMP is stable in plasma stored at 4°C 

for at least 72 hr prior to enzymatic assay (Figure 2.3A). Furthermore, plasma samples 

can undergo at least three freeze/thaw cycles with minimal effect on luminescence 

(Figure 2.3B). In practice, we store all samples at -80 °C, avoid unnecessary freeze-thaw 

cycles prior to assessing enzymatic assay, and analyze all samples for an experiment at 

the same time. 

Tg induces GLuc-SERCaMP release into blood 

To further verify that GLuc-SERCaMP could be used in vivo, we developed a 

model to monitor sensor release from rat liver. We used a similar approach to that 

previously described (60), with rats receiving intrahepatic injections of AAV-GLuc-

SERCaMP. SERCaMP expression in the liver was confirmed by immunostaining (Figure 

2.4A), and enzymatic activity was detectable in the blood, with a linear relationship 

between GLuc concentration and activity (data not shown).  By intravenous injection of 

GLuc-SERCaMP protein into naïve rats, we calculated the half-life to be less than 5 

minutes in circulation (Figure 2.4B).  This suggests changes in plasma GLuc-SERCaMP 

secreted from the liver represent an increase in the rate of secretion proximal to the time 
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Figure 2.3 Handling and storage of GLuc-SERCaMP plasma samples (in vivo). (A) Plasma was 

collected from rats intrahepatically expressing GLuc-SERCaMP (n = 10), aliquoted and stored at -80 °C 

until time of assays. Tubes were removed from -80 °C and stored at 4 °C for indicated times prior to 

luminescence measurement (mean ± SD). (B) Effect of multiple freeze/thaws of plasma samples on GLuc 

enzymatic activity. Plasma samples collected from rats intrahepatically expressing AAV-GLuc-SERCaMP 

(n = 10) were subjected to the indicated number of freeze-thaw cycles and assayed for luminescence (mean 

± SD). Reprinted with permission from Journal of Visualized Experiments (59), copyright 2015 
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of sampling and not a protracted accumulation over days.   

A single i.p. injection of Tg at 1mg/kg (day 12 post-AAV) resulted in an increase 

in GLuc-SERCaMP plasma levels, which persisted for 3 days (Figure 2.4C). We next 

compared the Tg-induced response of GLuc-SERCaMP to the untagged control.  The 

effect of gas anesthesia on GLuc secretion was assessed by subjecting the animals to 

three rounds of blood collection prior to the Tg challenge, which resulted in no 

appreciable change in GLuc in plasma (Figure 2.4C, -24 hour through 0 hour).  A single 

1mg/kg Tg exposure resulted in a small but significant increase in GLuc-‘No Tag’ at the 

50 hour time point, but less induction relative to the ASARTDL variant (Figure 2.4C, 

dark gray shaded box).   GLuc levels returned to baseline between 3 and 6 days post-Tg, 

consistent with elevated secretion in response to Tg exposure.  Together, these data 

support the further use and development of SERCaMPs as genetically-encoded 

biosensors for monitoring ER calcium dysfunction. 

DISSCUSSION 

The ability to monitor ER calcium fluctuations in vivo is advantageous when 

investigating progressive diseases. While other methods, such as fluorescent cytoplasmic 

dyes, are suitable for acute in vitro studies, a SERCaMP reporter is the first to allow 

longitudinal ER calcium monitoring. Our method outlines direct hepatic injections of 

AAV-GLuc-SERCaMP. We have detected steady levels of GLuc-SERCaMP in 

circulation of unchallenged animals for 56 days post-injection and predict longer 

experiments are possible (46).  AAV vectors are small in size, measuring approximately 

20nm in diameter, and pose minimal biosafety requirements (60). 
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Figure 2.4 AAV-GLuc-SERCaMP is responsive to Tg in an in vivo model.  (A) Transgene expression in 

liver was examined by immunohistochemistry.  Rats were intrahepatically injected with GLuc-SERCaMP 

(left) or AAV-GFP (right) and stained with anti-GLuc (red) to examine expression.  The viral titer injected 

(3x1011 vg) was ~400-fold higher than in panel (B) (7.6x108 vg) to allow for detection by 

immunohistochemistry.  Nuclei were stained with DAPI (blue).   Scale bar represents 200 microns.  (B) 

Effect of Tg on plasma levels of GLuc-ASARTDL (SERCaMP) and GLuc-‘No Tag’ was assessed (mean ± 

SEM, n=15 (SERCaMP), n=10 (No Tag)). The light gray shade box indicates pre-Tg samples, to monitor 

the effect of gas isoflurane anesthesia.  Blood was collected 6, 24, 31, 50, and 144 hours after 1mg/kg Tg 

administration, indicated by the dark gray shade box (SERCaMP: 1-way ANOVA (p<0.001), ***p<0.001; 

****p<0.0001 by Dunnett’s multiple comparison test versus 0 h; No Tag:  1-way ANOVA (p=0.09), 

*p<0.05 by Dunnett’s multiple comparison test versus 0 h). Tg induced response was greater for SERCaMP 

compared to No Tag (2-way ANOVA, p<0.0001).   (C) Half-life of GLuc proteins in vivo.  Conditioned 

media collected from stable SH-SY5Y cells was normalized for enzymatic activity, injected into WT rats 

fitted with a back port connected to the jugular vein, and blood was collected at indicated time points. Half-

life is estimated to be less than 5 minutes (one phase decay; 95% CI 3.5-4.7 min (ASARTDL/SERCaMP) 

and 3.1-3.5 min (No Tag)).  Rate of turnover for SERCaMP versus No Tag was not significantly different 

(t-test, p=0.92). Reprinted with permission from American Society for Cell Biology: Molecular Biology of 

the Cell (46), copyright 2014 

 

 

 

 

 

 

 

 

 

 

 



26 
 

To circumvent the requirement of converting an AAV single-stranded genome to 

double-stranded DNA within transduced cells, AAV-GLuc-SERCaMP was packaged as 

an AAV serotype-1 double-stranded vector (61).  AAV serotype-1 has been shown to 

effectively transduce rat livers (60, 62); however, a caveat of our injection approach is the 

potential for virus to travel to other tissues throughout the body.  Although the vector was 

directly injected into the liver, our methodology as presented cannot discern the source of 

SERCaMP release, and therefore it is possible that tissues other than the liver may 

contribute to the GLuc-SERCaMP signal detected in blood.  Future genetic manipulations 

will restrict expression to target tissue types.  For example, tissue-specific Cre driver 

lines crossed with a Cre-dependent GLuc-SERCaMP will allow for tissue-specific 

monitoring of ER calcium via plasma sampling. 

The described in vivo technique uses low viral titers due to the robust nature of 

the reporter. GLuc-SERCaMP release can be detected from a viral range of 7.6 x 107 vg 

to 7.6 x 109 vg (Figure 2.2) in 10µL of plasma. This viral genome range is 4-400 times 

lower than reported in previous work utilizing firefly luciferase-based viral injections of 

the liver (60). At higher concentrations, we observed a loss of detectable expression over 

time, which is possibly due to an immune response of the animal to the transgene (63). 

Higher titers of virus should be avoided when possible due to increased likelihood of 

signal loss. Lower titers than those presented have not been tested.  This chapter outlines 

injections of AAV-GLuc-SERCaMP into liver; similar approaches are feasible for other 

tissue types.  Parameters such as viral concentration and serotype must be optimized for 

sufficient expression in other tissues.  
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ER calcium depletion is implicated in the pathogenesis of a variety of diseases. It 

is often thought to be an upstream event that hinders cellular functions and leads to the 

activation of the unfolded protein response (UPR). The UPR is an adaptive response 

employed by the ER to reestablish homeostatic conditions (12). Chronic states of ER 

stress exceed the capacity of the UPR to restore homeostasis, ultimately leading to cell 

death. ER stress and ER calcium dysregulation are observed in diseases such as type 1 

diabetes, diabetic nephropathy, neurodegenerative diseases and cardiovascular diseases 

(12). The relationship between calcium dysregulation and disease pathogenesis, however, 

is difficult to delineate. The SERCaMP technology has the potential to track this process 

over the lifespan of an animal, thus providing insight into disease development and 

progression. Moreover, the evaluation of potential therapeutics designed to prevent or 

correct ER calcium dysregulation can be assessed through the use of SERCaMP.   Lastly, 

identifying diseases where GLuc-SERCaMP release occurs offers the opportunity to 

engineer and employ secreted therapeutic proteins or peptides as SERCaMPs as a gene 

therapy approach to combat disease.  

MATERIALS AND METHODS 

Intrahepatic Injections 

All procedures have been approved by IACUC NIDA IRP. Male, Sprague- 

Dawley rats weighing 180-200 grams were briefly anesthetized with gas isoflurane min 

(4%-5% Isoflurane delivered at 1000cc/min) followed by intraperitoneal injections of 

xylazine (8mg/kg) and ketamine (80mg/kg). Surgical area (low thoracic region) was 

shaved and underwent 3 alternating rounds of betadine and ethanol scrubs. Upon 
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successful anesthetization as evident by lack of toe pinch reflex, surgery began. A 

horizontal incision below rib cage (approximately 2-3 cm) was made and connective 

tissue was blunt dissected to separate from hypodermis. Abdominal muscle was cut to 

expose the right medial lobe of the liver (note: additional lobes may be injected based on 

end application). Under a surgical microscope, 105µL of pre-diluted AAV-GLuc-

SERCaMP (7.6x109vg/mL) was injected into 3 sites of the exposed lobe. Needle 

remained in tissue for 5-10 sec following injection to ensure delivery of the entire 

injection volume. Following injections, abdominal muscle and incision were separately 

sutured and Neosporin added to incision site. Rats were place in recovery chamber until 

consciousness was regained and then singly housed for the remainder of experiments. 

Comprehensive overview of surgical supplies can be found in Table A.1 (59).  

Immunohistochemistry 

 For rat liver immunohistochemistry, 100µL of virus diluted to 3.1 x 1012vg/mL in 

saline was injected into the liver at three different locations with a 30-gauge needle.  

AAV-eGFP was used as a control.  18 days post-injection, animals were perused with 4% 

paraformaldehyde and livers excised and transferred to 18% sucrose.  Frozen livers were 

sectioned on a Leica cryostat (40μm), stained with anti-GLuc (New England Bio Labs, 

Ipswich, MA) and anti-GFP (Roche), both at 1:500, and mounted to glass slides. Images 

were captured with using a Nikon Eclipse E800 equipped with QImaging Rolera em-c2 

camera and a 10X objective (.45 NA). 

Blood Collection  

Blood collection began 4-7 days post-surgery and continued to end of experiment.  
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Preparation of blood collection tubes involved labeling, pre-weighing and the addition of 

50µL heparin (1000U/mL) to each tube. Rats were placed in isoflurane anesthesia 

chamber for 3 minutes (4%-5% Isoflurane delivered at 1000cc/min) and then removed 

and placed in nose cone (2%-3% Isoflurane delivered at 500cc/min). Blood collection 

began once the rat was deeply anesthetized as demonstrated by lack of withdrawal reflex 

following tail pinch. Tip of tail was cut (1-2mm) and blood collected drop-wise into pre-

filled heparin tube. Blood was collected until volume reached greater than 2:1 blood to 

heparin ratio (>100µL blood/50µL heparin). Styptic powder was applied to the tail to 

stop bleeding. Sample tubes were stored at 4°C during the collection of subsequent 

samples.  

Once blood was collected, tubes were weighed and adjusted with heparin to 

obtain 2:1 ratio (blood:heparin).  This step normalized the amount of heparin in each 

sample. Samples were centrifuged at 2000 x g for 5 minutes at 4°C. Supernatant (plasma) 

was transfer to a fresh, pre-labeled tube and stored at -80°C until time of luciferase assay.  

Gaussia Luciferase Half-life 

 Male, Sprague-Dawley rats underwent jugular catheterization under anesthesia. 

Catheters were connected to a back port (Plastics One, Roanoke, VA); catheter patency 

was assessed with heparinized saline following port implantation and sealed with port cap 

to prevent coagulation. Three days post–catheter implantation, GLuc-SERCaMP half-life 

was measured in animals without anesthesia. Briefly, 400µL of conditioned medium from 

SH-SY5Y-GLuc-SERCaMP cells was infused through back ports. Ports were 

immediately flushed with heparinized saline following media infusion. Blood was 
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collected 5, 15, 30, and 60 minutes following media infusion into tubes prefilled with 

heparin (50µL at 1000 U/mL). The ratio of blood to heparin was normalized for all 

samples to 2:1 before further processing. Half-life was calculated using a one-phase 

decay model (GraphPad Prism6, La Jolla, CA). 

Tg Administration 

Tg (Sigma-Aldrich, St. Louis, MO) was diluted in ethanol to a final concentration 

of 2.5 mg/mL. and injected at 1 mg/kg i.p. into the lower abdomen. It is important to 

note, Tg increases thrombin-induced platelet coagulation (64) and can make blood 

collection from tail more difficult. 

Luminescence Assay 

 Coelenterazine (CTZ) (Regis Technologies, Morton Grove, IL) was prepared by 

diluting compound in acidified methanol (30µL of 10N HCl to 3mL of methanol) to 

20mM (final).  Working substrate was prepared from 20mM stock on day of the assay by 

diluting to 100µM (final) in 1X PBS, plus 500mM ascorbic acid (final) to reduce 

substrate oxidization and 5mM NaCl (final) and allowed to incubate at room temperature 

30 mins prior to assay. Note: this step is included due to reported observations of 

substrate decay. Empirically, we have found this step to be negligible (data not shown) 

and often include incubation period for in vivo assays for sake of consistency. 100µL of 

substrate was injected per well and luminescence read on an individual-well basis 

(BioTek Synergy II, Winooski, VT). Sensitivity was set to 150 and integration time was 5 

secs.  
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Chapter 3: Longitudinal monitoring of Gaussia and Nano luciferase activities to 

simultaneously assess ER calcium homeostasis and ER stress in vivo3 

 

INTRODUCTION 

The endoplasmic reticulum (ER) is an essential component of the secretory 

pathway, serving as the main site for protein synthesis and modification, lipid 

metabolism, lipoprotein secretion, and calcium homeostasis (4). Following perturbations, 

ER homeostasis is reestablished through the unfolded protein response (UPR).  The UPR 

is an adaptive response employed by the ER to alleviate stress caused by misfolded 

proteins (1, 19, 20). Endoplasmic reticulum stress is implicated in a variety of diseases 

and can be triggered by an array of stimuli (65, 66). For example, the ER lumen contains 

the highest level of intracellular calcium, with concentrations estimated to be 1,000-

10,000-fold greater than cytosolic levels (6). Perturbations to this gradient can decrease 

chaperone activity and result in the initiation of the UPR. UPR activation is mediated by 

three transmembrane proteins; IRE1 (inositol-requiring protein-1), ATF6 (activating 

transcription factor- 6), and PERK (protein kinase RNA-like ER kinase). Under 

physiological conditions, these branches are sequestered within the ER membrane bound 

to GRP78 (glucose response protein-78 or BiP) (21). Initial activation of UPR increases 

expression of proteins that aid in protein folding, decreases general translation and 

                                                           
3 Wires ES*, Henderson MJ*, Yan X, Trychta KA, Back S, Lutrey M, and Harvey BK. Longitudinal 

monitoring of Gaussia and Nano luciferase activities to simultaneously assess ER calcium homeostasis and 

ER stress in vivo. Submitted to PLoS ONE 8/2016 
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translocates misfolded proteins to the cytosol for proteasomal degradation (20). Inability 

to rectify ER stress, whether due to severity or prolonged activation, can result in cell 

death.  

We previously developed and characterized a reporter protein for assessing ER 

calcium homeostasis where secretion of the reporter, GLuc-SERCaMP, occurs in 

response to depletion of  ER calcium stores (46). The temporal relationship between ER 

calcium depletion and UPR is not fully understood, particularly in models of human 

disease where progressive changes in these cellular processes occur.  Activation of the 

ATF6 and IRE1 arms of UPR has been previously linked to ER calcium depletion. 

Thapsigargin (Tg), a pharmacological inhibitor of the sacro/endoplasmic calcium ATPase 

(SERCA) and depletor of luminal calcium, induces proteolytic cleavage and nuclear 

translocation of ATF6, which in turn activates ER stress response elements (ERSE) and 

UPR element (UPRE) (67). ER calcium depletion in rat cardiac myocytes resulted in 

ATF6 nuclear translocation, activation of SERCA2 promoter and increased SERCA2 

protein levels (37). These findings suggest ER calcium depletion and the ATF6 branch of 

the UPR are interconnected to restore ER calcium imbalance. Likewise, activation of the 

IRE1 branch increases following Tg treatment in keratinocyte and pancreatic cell lines 

(68, 69). We sought to concurrently measure both GLuc-SERCaMP and UPR activation, 

from a single biological sample (e.g. blood), to delineate the roles of ER calcium 

homeostasis and UPR.  To complement the previously reported GLuc-SERCaMP 

reporter, we developed a secreted Nano luciferase (NLuc) reporter that is NLuc is an 

attractive counterpart to GLuc for in vivo experiments due to its robust light emission and 

functional stability at human body temperature  (70, 71),  necessary characteristics for in 
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vivo monitoring. Despite the advantages of NLuc and GLuc as individual reporters, this 

pair poses technological challenges that limit multiplexing. NLuc catalyzes the ATP-

independent oxidation of furimazine (FMZ) to furimamide, yielding light as a product of 

the reaction (70).  Similarly, GLuc catalyzes the oxidation of coelenterazine (CTZ) to 

coelenteramide, also producing light in an ATP-independent reaction (51).  Assaying the 

enzymes in combination is limited primarily by two properties:  1) NLuc has substantial 

activity towards CTZ, an analog of FMZ (72); and 2) the broad emission spectra are 

highly similar, with a maximum emission at 460 nm for NLuc and 480 nm for GLuc (51, 

70). Previous work focusing on a computational approach to discern luciferase activities 

from dual-transfected samples has been described, but is not amenable for longitudinal in 

vivo studies (72).   

Here we describe an approach that separates GLuc and NLuc activities using 

enzyme-specific substrates to measure ER calcium dysregulation and UPR activation.  

The basis of this assay is the inclusion of a small molecule inhibitor of NLuc (73) such 

that it no longer reacts with CTZ, allowing for measurement of the individual enzymatic 

activities. We utilized this approach to develop a duplex assay for ER stress and ER 

calcium depletion.  Current methodologies for monitoring UPR activation in vivo require 

ex vivo processing or the use of transgenic models (74),  both of which are useful but 

limited.  The tools presented here expand upon preceding methods, allowing for 

longitudinal assessment of multiple components of ER homeostasis in vivo, and to our 

knowledge is the first report of its kind.   The assays described enable the establishment 

of a temporal profile between ER calcium homeostasis and UPR activation in disease 
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models and/or drug screening, and we envision this approach can be adapted to study 

other cellular pathways.  

RESULTS 

The NLuc inhibitor was previously identified in a high-throughput screen for 

compounds that would interfere with reporter gene assays (false positives) due to effects 

on NLuc/FMZ activity (73). We hypothesized that this compound would also inhibit the 

activity of NLuc towards CTZ, thus allowing for measurement of GLuc and NLuc from a 

single sample. We first tested the enzymatic activity of GLuc and NLuc using two 

substrates, CTZ and FMZ (Figure 3.1A) in the presence methyl 4-(4-ethoxy-3-

methoxyphenyl)-2-methyl-5-oxo-1,4-dihydroindeno[1,2-b]pyridine-3-carboxylate, the 

previously identified NLuc inhibitor (75) (referred to as “NLuc inhibitor” hereafter 

(Figure 3.1B).  The enzymatic activity of GLuc and NLuc on CTZ was measured in 

medium collected from SH-SY5Y human neuroblastoma cells expressing GLuc or 

secNLuc.  As expected, GLuc and secNLuc, a NLuc modified to secreted, both showed 

activity towards CTZ, with GLuc exhibiting flash kinetics and secNLuc producing a 

stable light emission profile (Figure A2.A).  The NLuc inhibitor decreased enzymatic 

activity of secNLuc towards CTZ, in a dose dependent manner, with minimal effect on 

GLuc activity (Figure 3.1C). The secNLuc showed stable light emission with its substrate 

FMZ, whereas GLuc had no detectable activity towards FMZ (Figure A.2B, C).  We 

observed a linear relationship between light emission and enzyme concentration for 

secNLuc/FMZ and GLuc/CTZ+inhibitor (Figure A.2D, E).   
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Figure 3.1 NLuc inhibitor blocks NLuc activity using CTZ as a substrate (A) Schematic showing 

expected activities of NLuc and GLuc with CTZ and FMZ substrates. (B)  Chemical structure of the NLuc 

inhibitor. (C)  NLuc Inhibitor blocks CTZ activity of secNLuc, but not GLuc.   The inhibitor was added to 

8µM CTZ substrate and light emission was measured (mean ± SD, n=3). Data courtesy of Dr. Mark 

Henderson, Ph.D. 
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For these studies, FMZ substrate was prepared according to the manufacturer’s 

instructions followed by a 20-fold dilution in PBS, as sufficient signal intensity and decay 

kinetics were observed under these conditions (data not shown).  Raw luminescence 

values increased with use of diluted substrate, which we hypothesize is due to the 

presence of an inhibitor that extends the light emission profile at the expense of 

brightness in the commercial substrate buffer.  In line with this hypothesis, we observed a 

more rapid decay of luminescence over twenty minutes when substrate was diluted 20-

fold in PBS (data not shown).  For our experiments, however, decay at the 20-fold 

dilution was not a concern due to the short time interval required to add substrate to all 

samples within an experiment (less than 1 minute).  For experiments where a significant 

time is elapsed between addition of substrate to the first and last sample, the substrate 

concentration can be adjusted to circumvent signal decay.   

 

GLuc-SERCaMP and secNLuc dual-reporter assay to monitor ER calcium 

homeostasis 

A set of adeno-associated viral (AAV) vectors (serotype 1) was constructed to 

express secNLuc and GLuc-SERCaMP (Figure 3.2A).  Using these in combination 

allows for simultaneous assessment of the secretory pathway (constitutively secreted 

secNLuc) and ER calcium homeostasis (GLuc-SERCaMP) (46).  Rat primary cortical 

neurons were transduced with AAV-secNLuc, AAV-GLuc-SERCaMP, or a combination 

of the viruses.  Medium was collected after treatment with Tg, a SERCA pump inhibitor 

used to deplete the ER calcium store.  As expected, only cells expressing secNLuc  
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Figure 3.2 Dual luciferase assay can be used to examine ER-calcium-dependent (GLuc-SERCaMP) 

and constitutive (secNLuc) secretion. (A)  Schematic of AAV-constructs used to express secNLuc and 

GLuc-SERCaMP. Orange represents hMANF signal peptide, light blue is hMANF C-terminal peptide, and 

purple is SV40 polyA tail. (B, C) Constitutive secretion and ER calcium-dependent secretion can be 

monitored simultaneously in rat primary cortical neurons using the dual GLuc and secNLuc reporter 

approach.  Neurons were transduced with AAV-secNLuc, AAV-GLuc-SERCaMP, or a combination of 

both viruses.  Secreted levels of the reporter proteins were assessed after 8 hrs of Tg (0-300nM) treatment 

using 5µl of culture medium and 100 µl of the indicated substrate (mean ± SEM, n=12).  (D, E) Blood was 

collected from rats expressing AAV-secNLuc, AAV-GLuc-SERCaMP, or a combination of both, prior to 

and following 1 mg/kg Tg exposure.  Plasma was assayed for GLuc-SERCaMP or secNLuc using FMZ or 

CTZ plus NLuc inhibitor, respectively. Raw luminescence values are shown (mean ± SEM, n=4 per group, 

2-way ANOVA, * p<0.05, Dunnett’s multiple comparison test vs. day 14; # p<0.05 Tukey’s multiple 

comparison test between viral groups). (F) Design of viral construct expressing both secNLuc and GLuc-

SERCaMP from a single transgene using a self-cleaving 2A peptide. (G, H) SH-SY5Y cells transfected 

with pAAV-EF1α-secNLuc-2A-GLuc- SERCaMP were treated with 300nM Tg for 8 hrs.  (G) Medium was 

collected and assayed for secNLuc using FMZ (mean ± SD, n=6; *p<0.01, two-tailed t-test).  (H)  Medium 

was collected and assayed for GLuc-SERCaMP activity using 8 µM CTZ + 5µM NLuc inhibitor (mean ± 

SD, n=6; *p<0.01, two-tailed t- test). Panels B, C, G, H data courtesy of Dr. Mark Henderson, Ph.D.  
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showed activity towards FMZ (Figure 3.2B).  Additionally, only cells expressing GLuc-

SERCaMP showed activity towards CTZ plus inhibitor (Figure 3.2C).   

To create a single viral vector expressing the two luciferase reporters, we 

constructed a plasmid encoding both secNLuc and GLuc-SERCaMP (Figure 3.2F).  The 

design utilized a single promoter with the transgenes separated by a foot-and-mouth 

disease virus-derived 2A peptide cleavage sequence (76) and a Ser-Gly-Ser-Gly spacer  

(73).  Enzymatic activity of the two transgenes in SH-SY5Y cells treated with Tg was 

examined using FMZ (Figure 3.2G) and CTZ plus NLuc inhibitor (Figure 3.2H).  GLuc-

SERCaMP activity increased in response to Tg (Figure 3.2H) whereas secNLuc slightly 

decreased in response to Tg (Figure 3.2G), a result consistent with delivering the 

reporters as independent vectors (Figure 3.2D). 

 

UPRE-dependent secNLuc reporter for monitoring UPR 

The UPR is an adaptive mechanism employed by cells to alleviate ER stress.  

Here we used the transcriptional activity of ATF6 as a means to longitudinally monitor 

UPR.   We created a reporter, 5X-UPRE-secNLuc, containing five UPRE binding sites 

followed by a minimal promoter to drive the expression of secNLuc (Figure 3.3A). SH-

SY5Y cells transfected with 5X-UPRE-secNLuc showed a dose-dependent increase in 

secNLuc activity following Tg treatment, which tracked well with an increase in BiP, an 

endogenous UPRE-responsive gene (Figure 3.3B).  The control reporter, MinP-secNLuc, 

which lacks the 5X UPRE binding sites showed minimal response to Tg (Figure A.3 A-

C). To test if 5X-UPRE-secNLuc expression is regulated by ATF6 activation, a  
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Figure 3.3 ATF6-induced secNLuc can be used to monitor ER stress. (A) schematic of AAV constructs 

used to express UPRE-dependent and control (minimal promoter, minP) secNLuc reporter. (B) Tg 

increases 5X-UPRE-secNLuc activity (culture medium) and endogenous BiP protein levels (cell lysates) in 

SH-SY5Y treated for 24 hrs with 100nM Tg (mean ± SD, n=9 wells/Tg treatment (secNLuc), n=4 wells/Tg 

treatment (BiP), **p<0.01, ****p<0.0001, 1-way ANOVA, Dunnett’s multiple comparison test control vs 

Tg. (C) TMP stabilizes 5X-UPRE-secNLuc but has minimal effect on MinP-secNLuc (mean ± SD n=6 

wells/transfection/TMP treatment ****p<0.0001, ordinary 2-way ANOVA). Panel C data courtesy of Steve 

Yan. 
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chemically-inducible model of ATF6 signaling was used (77). SH-SY5Y cells were co-

transfected with 5X-UPRE-secNLuc reporter and DHFR(dd) ATF6, a destabilized form 

of the protein. Briefly, when ATF6 is fused to a destabilizing domain (DHFRdd), ATF6 

is unstable and constitutively degraded. However, upon the addition of trimethoprim 

(TMP), a pharmacological stabilizer of DFHR, ATF6 becomes stabilized and is a 

functional activator of ATF6-dependent genes (77).  Cells co-transfected with AAV-5X-

UPRE-secNLuc and DHFR(dd) ATF6 showed a TMP dose-dependent increase in 

secNLuc activity, whereas TMP-stabilized ATF6 had a minimal effect on MinP-secNLuc 

control (Figure 3.3C). These data are the first to demonstrate a secreted luciferase-based 

monitoring system of UPRE activation and indicate that the ATF6 pathway of the UPR 

can be monitored by sampling extracellular fluid.   

 

Concurrently monitoring UPR and ER calcium homeostasis using UPRE-secNLuc 

and GLuc-SERCaMP 

Using the dual reporter secNLuc and GLuc assay, we proceeded to investigate 

both ER calcium homeostasis and UPR in a single organism over time. To validate this 

approach in vitro, a  SH-SY5Y GLuc-SERCaMP stable cell line previously described 

(46) was transfected with the 5X-UPRE-secNLuc and treated with Tg. The luminescence 

of both sensors increased in a dose-dependent manner in response to Tg treatment (Figure 

3.4A).  These data suggest ER calcium depletion can induce, or is concurrent with, UPRE 

activation.  
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Figure 3.4 Dual luciferase assay to examine ER calcium dysregulation and UPRE-induced secNLuc 

in vitro and in vivo. (A) Concurrent measurement of ER calcium homeostasis and ER stress. SY5Y-GLuc-

SERCaMP stable cells were transfected with 5X-UPRE-secNLuc and treated with Tg (0-300nM). Dose-

dependent response of both to increasing doses of Tg. (B) Effect of Tg on plasma levels of GLuc and 

secNLuc. Rats were intrahepatically injected with AAV-GLuc-SERCaMP and AAV-5X-UPRE-secNLuc. 

Luminescence was normalized to Tg administration day using blood collected immediately before Tg 

injection (mean ± SEM, n=4 rats, 1-way ANOVA, Dunnett’s multiple comparison test vs. Tg 

administration (days 14 and 28), *p<0.05, **p<0.01). (C)  qPCR analysis of endogenous UPRE targets, 

Hyou1 and BiP, from rat liver tissue 24 hrs post-Tg (1 mg/kg) or vehicle administration. Data expressed as 

fold change (2^-ΔΔCt) relative to vehicle-treated rats (mean ± upper and lower limits (2ΔΔCt±SD), n=3 rats 

(Tg), n=4 rats (vehicle), Multiple t-test, Holm-Sidak method (Tg vs Vehicle) transformed from ΔCt±SD, 

*p=0.01 Hyou1, *p=0.02 BiP). Panel A courtesy of Steve Yan. 
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To investigate the utility of the dual reporter approach for measuring ER calcium 

and ER stress in vivo, we again employed the liver model of ER stress. Animals were 

intrahepatically co-injected with AAV-GLuc-SERCaMP and AAV-5X-UPRE-secNLuc 

into the right medial lobe and of administered Tg (1mg/kg) intraperitoneally at day 14 

and 28 (Figure 3.4B). Following each Tg injection, NLuc and GLuc activities were 

significantly increased when compared to pre-Tg levels and notably returned to pre-Tg 

levels after several days (Figure 3.4B).  To confirm the UPRE reporter activation was 

biologically relevant, we assessed two endogenous targets of UPR signaling, Hyou1 and 

BiP. Twenty-four hrs post-Tg, Hyou1 and BiP mRNA increased by 6 and 2.9-fold, 

respectively when compared to vehicle-treated rats (Figure 3.4C).  Upregulation of these 

endogenous genes is consistent with UPRE activation in the liver in the model system 

employed in these experiments (Figure 3.4B).  

 

DISCUSSION  

 The ability to longitudinally monitor biological process in the same organism over 

time can offer insight into the progressive molecular and cellular adaptations to different 

physiologic or pathologic states.  The therapeutic efficacy of drugs targeting these 

biological processes, in the context of disease, could also be monitored longitudinally.  

Here we demonstrate the ability to measure two robust bioluminescent protein-based 

reporters in extracellular fluid as a general platform to longitudinally monitor biological 

processes.  More specifically, we demonstrate the ability to concurrently measure ER 

calcium homeostasis and UPR activation over time in rat liver.   
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Dual-luminescence based assays have been available for over 20 years, allowing 

for measurement of two biological events or providing internal controls for experiments 

(78). Our work to expand this potential to the NLuc and GLuc pair, which have higher 

signal-to-noise and more robust luminescence than predecessors (51, 70) allows for new 

experimental opportunities, particularly in vivo. Use of an NLuc inhibitor to separate 

enzymatic activities provides a simple approach to multiplexing the enzymes.  Previous 

work described a dual luciferase assay to measure NLuc and GLuc activity based on 

mathematical extrapolation instead of direct measurement (72), however were caveats to 

this approach. Using methyl 4-(4-ethoxy-3-methoxyphenyl)-2-methyl-5-oxo-1,4-

dihydroindeno[1,2-b]pyridine-3-carboxylate [20], to inhibit ~99% of NLuc activity we 

were able to isolate GLuc activity.   Recognizing that there is low residual NLuc activity 

(less than 1%) in presence of the inhibitor can be used to guide transgene design.  For 

instance, if one transgene is expected to have several orders of magnitude greater 

expression, GLuc should be used for the higher expressing of the pair and NLuc for the 

lower expressing.  This reduces the risk of NLuc cross-reactivity impacting the ability to 

effectively separate activities.  

ER calcium is imperative to cellular functions and its dysregulation is associated 

with a wide variety of prominent human diseases including diabetes, stroke, cardiac 

disease and asthma (12). We previously identified a protein modification that creates a 

secreted, ER calcium modulated protein (SERCaMP) which was used to make a GLuc-

based reporter, GLuc-SERCaMP (46).  The ability to repeatedly sample blood from an 

animal or a small volume of medium from the same cell culture vessel, without the need 

to lyse cells to detect enzymatic activity, is also advantageous for establishing temporal 
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relationship with cellular processes.  We sought a means to simultaneously measure a 

constitutively secreted protein, to control for effects unrelated to ER calcium depletion, 

and thus created a dual reporter utilizing secNLuc (Figure 3.2).  These experiments 

demonstrated Tg-induced GLuc-SERCaMP release from rat primary neurons (in vitro) 

and rat liver (in vivo) was not due to global increases in protein secretion. Notably, we 

observed a Tg-induced increase in circulating GLuc-SERCaMP with a corresponding 

decrease in circulating levels of constitutively secreted NLuc (Figure 3.2D, E).  These 

data are consistent with GLuc-SERCaMP as a reporter of ER calcium dysregulation and 

not general reporter of protein secretion.  We observed the GLuc-SERCaMP response 

was smaller in magnitude when liver was transduced with the combination of viruses 

compared to GLuc-SERCaMP alone, indicating that optimization of reporter transgene 

delivery for specific reporters will be necessary.   

The aforementioned ability to discern GLuc and NLuc activities was further 

exploited to measure ER calcium homeostasis and UPR activation. We developed and 

characterized an ATF6-dependent secNLuc reporter to measure ATF6 activation.  The 

increase in endogenous ATF6-mediated gene expression in both in vitro and in vivo 

models was confirmed by examining endogenous ATF6-regulated genes, BiP/GRP78 and 

Hyou1 (77).  We also demonstrated the NLuc-based reporter was activated by a ligand-

inducible form of ATF6 (67, 77)   In vivo, ER calcium homeostasis and UPRE activation 

were monitored over time, and both were responsive to Tg administration.   This is the 

first demonstration of simultaneously measuring UPR and ER calcium homeostasis in the 

same animal over time by repeated sampling of blood.  Examining this temporal profile is 

not only unique, but crucial to further elucidate the role of ER calcium and ER stress 
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activation in rodent models of disease. Overall, our results demonstrate that it is possible 

to measure both GLuc and secNLuc activities in rat plasma, opening opportunities to use 

this approach to probe two biological processes, such as ER calcium homeostasis and 

UPR. 

MATERIALS AND METHODS 

Plasmid construction 

GLuc-SERCaMP plasmid construction has been previously described (46). The 

pAAV-5X-UPRE-secNLuc plasmid (Addgene #82497) was constructed using p5x ATF6-

GL3 (Addgene #11976) as a template to amplify the five UPRE binding sites and c-fos 

minimal promoter region (79) using the following primers:  (fwd)-5’- 

ctgcggccgcacgcgttgcagcccaagcttgctcg -3’ and (rev)- 5’-ggccgccggctcagt-3’.  For the 

control plasmid, pAAV minP-secNLuc (Addgene #82498), the c-fos minimal promoter 

region (lacking the 5xATF6 binding sites) was amplified with (fwd)-5’- 

ctgcggccgcacgcgtcactcattcataaaacgcttgttataaaagc-3’ and (rev)- 5’-ggccgccggctcagt-3’.  

The secNLuc coding sequence was amplified from pNL1.3 (Promega, Madison, WI) 

using the following primers: (fwd)-5’- actgagccggcggccggtactgttggtaaagccaccatg-3’ and 

(rev)-5’-  atcgaattcggcgcgccactctagagtcgcggcctta-3’.  Phusion high-fidelity DNA 

polymerase (New England Biolabs) was used for all PCR reactions.  For pAAV-EF1a-

secNLuc-2A-GLuc-SERCaMP (Addgene #68367), the coding region was cloned into the 

NheI and AscI sites of pOTTC809.  A three-piece In-Fusion HD Cloning reaction was 

performed using secNLuc (amplified from pNL1.3, adding a Kozak sequence upstream 

of AUG), a Gblock encoding the SSGG-spacer followed by a 2A cleavage site (IDT 

DNA Technologies), and GLuc-SERCaMP (amplified from pdsAAV-CMV-GLuc-



47 
 

SERCaMP)(46).  PCR products were gel purified and the In-Fusion reaction contained 

100 fmol of each fragment and 50 fmol of the backbone. pdsAAV-CMV-secNLuc was 

created using pdsAAV-CMV-GLuc-SERCaMP plasmid and pNL1.3 (Promega) as 

templates. GLuc-SERCaMP and secNLuc coding regions were removed from respective 

plasmids using restriction enzymes, Kpn1 and Xba1 (New England BioLabs). secNLuc 

was ligated within the linearized pdsAAV-CMV-GLuc-SERCaMP backbone. All 

plasmids were sequence verified. pLenti CMV DHFR(dd)-hATF6 was a generous gift 

from Dr. Matthew Shoulders.  

Virus Production 

All vectors were prepared using triple transfection method in HEK293 cells as 

previously described (80). Cell and media pellets were thawed and then combined for a 

series of two freeze-thaw cycles. MgCl2 (2mM final; Sigma-Aldrich, St. Louis, MO) and 

Benzonase (EMD Millipore, Billerica, MA) were added at 50 U/mL of cell solution for 1 

h at 37°C while shaking. The mixture was then centrifuged for 20 minutes at 2450 × g at 

4°C. Supernatant was transferred to 75mL PBS with 2mM MgCl2 and sequentially 

filtered through 5-, 0.45-, and 0.22μm filters followed by a pass through of 1mL AVB 

Sepharose HI-TRAP column (GE Healthcare, Pittsburg, PA) using an AKTA purifier 

(GE Healthcare) at a rate of 2 mL/min and eluted using a 15mM sodium citrate solution 

(Sigma-Aldrich) at a rate of 1 mL/min. The fractions containing the peak of the 

OD254 and OD280 readings were collected and dialyzed using a 10,000 MWCO dialysis 

cassette (Thermo Fisher Scientific, Waltham, MA) in PBS containing 0.5 mM MgCl2 for 

3 exchanges over 25–30 hr. The equilibrated virus was aliquoted, snap-frozen, and stored 

at −80°C. 
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Cell culture 

SH-SY5Y-GLuc-SERCaMP and SH-SY5Y cells were cultured in a 37oC 

humidified incubator with 5.5% CO2 in DMEM (4.5 g/L D-glucose) containing 2mM 

GlutaMAX, 10% BGS (GE Healthcare Hyclone, Pittsburg, PA), 10 U/mL penicillin 

(Thermo Fisher Scientific), and 10 µg/mL streptomycin (Thermo Fisher Scientific). Cells 

were plated at 5 x 104 cells per well (100µL volume).  Cells were incubated for 24 hrs 

prior to adding 100nM Tg (Sigma-Aldrich). Media was collected (5µL) prior to and 4 hrs 

post-Tg treatment for enzymatic assay as previously described (59)  For TMP 

experiments, SH-SY5Y cells were plated at 1.75x105 cells per T25 flask in 5mL media.  

Cells were co-transfected with 2µg of pAAV-5X-ATF6-secNLuc or pAAV-minP-

secNLuc and 8µg of pCMV-DHFR(dd)-hATF6 using Lipofectamine 2000 (Thermo 

Fisher Scientific), as per manufacturers protocol. Three hours later, the transfection 

mixture was removed and replaced with 5mL cell culture media. Cells were incubated at 

37°C for 48 hrs and replated into 96 well plates at 5x104 per well, in a total volume of 

100µL.  TMP (Sigma-Aldrich) was added 16hrs later at indicated concentrations and 

remained on cells for 24 hrs. Isolation and maintenance of rat primary cortical cultures 

have been previously described (80).  

Gaussia luciferase secretion assay 

Five microliters of culture medium (in vitro) or 10µL of plasma (in vivo) was 

transferred to white 96-well plates. CTZ (Regis Technologies, Morton Grove, IL) was 

prepared as previously described (46, 59), however, it is worth noting, final 

concentrations of CTZ for in vitro and in vivo were 10µM and 100µM, respectively. 
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Prepared substrate was incubated at room temperature 30 mins prior to use. NLuc 

inhibitor, methyl 4-(4-ethoxy-3-methoxyphenyl)-2-methyl-5-oxo-1,4-dihydroindeno[1,2-

b]pyridine-3-carboxylate (MCule #5781513678, Palo Alto, CA) was added to a final 

concentration of 5µM. One hundred microliters of substrate was injected into each well 

followed by immediate luminescence reading. Plate reader parameters for in vitro and in 

vivo samples included an integration time of .5 secs and a sensitivity of 100 and 5 secs 

and a sensitivity of 150, respectively (Biotek Synergy II, Winooski, VT). For NLuc 

readings, the same volumes of culture medium and plasma were transferred to opaque-

walled plates, FMZ (Promega) was prepared according to the manufacturer’s protocol 

and then diluted 20-fold and 10-fold in 1X PBS for culture media and plasma, 

respectively. Wells were read on individual basis with same plate reader parameters as 

described above.  

Western blot 

SH-SY5 cells were plated at 7.5 x 105 cells per well (1.5mL volume) in 12 well 

plates and treated with DMSO or Tg (Sigma-Aldrich, St. Louis, MO).  Cells were rinsed 

in PBS and a modified RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 

1 mM EDTA, 1% Nonidet P-40, and 1X protease inhibitor was added to each well.  

Plates were rotated for at least 20 minutes at 4oC.  Lysates were centrifuged for 10 mins 

at 13,000 x g (4oC) and quantified using a DC assay (Bio-Rad Laboratories, Hercules, 

CA) and equal amounts of total protein were loaded on 4–12% NuPAGE gels with 

MOPS running buffer (Thermo Fisher Scientific). Proteins were transferred to 0.45μm 

polyvinylidene fluoride membranes (Life Technologies) and immunoblotted with the 

primary antibodies rabbit Anti-BiP (Cell Signaling, Danvers, MA) and mouse Anti-Actin 
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(Abcam, Cambridge UK). Secondary antibodies were IR700 and IR800 (Rockland 

Immunochemicals, Gilbertsville, PA), and blots were scanned using an Odyssey scanner 

(LI-COR). 

qPCR 

mRNA expression was measured by qPCR. Total RNA was isolated from rat liver 

tissue (right medial lobe) using the RNeasy Lipid Tissue Mini Kit together with the 

RNase-free DNase set (Qiagen, Germantown, MD) according to the instructions of the 

manufacturer. The RNA concentration was quantified with NanoDrop spectrophotometer 

(Thermo Fisher Scientific), and RNA samples were stored at -80°C until cDNA 

synthesis. Using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories), 1µg of the 

RNA samples was transcribed into cDNA in a 20µL reaction mix according to the 

instructions in the kit, and diluted 1:20 with DNase-free water. Primers and probes (Table 

A.1) were ordered from Integrated DNA Technologies (Coralville, IA). cDNA, along 

with appropriate primer/probe sets (final concentration 450nM and 50nM, respectively), 

and 2X Universal TaqMan Master Mix (Thermo Fisher Scientific) were amplified in 

20µL reaction mix using BioRad CFX96 (5 minutes at 95°C, 50 cycles of 20 seconds at 

94°C, 1 minute at 60°C). Ct values ±SD were normalized to the housekeeping genes, β-

actin (data not shown) and Ube2i of vehicle-treated rats. Fold change was calculated 

using 2ΔΔCt and data expressed as fold change with upper and lower limits (2ΔΔCt±SD). 

Intrahepatic injection of AAV-based reporters 

The animal studies conducted within this manuscript were approved by the NIDA 

IACUC and comply with the guidelines for animal research set by the National Institutes 
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of Health. GLuc-SERCaMP intrahepatic injections of male Sprague Dawley rats have 

been previously described (46, 59), and in these experiments virus was injected at 7.6 x 

109 vg/mL. AAV1-5xATF6-secNLuc was intrahepatically injected at 4.16 x 1011vg/mL. 

Injection volume did not exceed 105µL (injected at 3 sites using approximately 33µL per 

site). Blood collection and Tg administration have been previously described (46, 59). 
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Chapter 4: High fat diet disrupts ER calcium homeostasis in rat liver based on 

SERCaMP reporter assays 

 

INTRODUCTION 

 

Metabolic disorders have plagued developing countries in the past century. 

Excessive nutrient intake, sedentary lifestyles, and increased food availability have all 

contributed to disease progression. According to the World Health Organization (WHO), 

in 2014 approximately 1.9 billion adults were overweight, with 600 million estimated to 

be obese (81). Aside from comorbidities such as cardiovascular disease and type 2 

diabetes often associated with obesity, its effects are also appreciated on a cellular level. 

Hepatocytes in particular, are among those most affected by obesity (2). Within the past 

decade, much research has focused on the role of hepatocyte endoplasmic reticulum (ER) 

in obesity pathogenesis (16, 18, 41, 82). The ER is an intracellular organelle responsible 

for many intrinsic cellular functions and hepatocyte ER have four main functions: protein 

maturation, lipid synthesis, detoxification and calcium storage (2). Perturbations to these 

functions during pathological states, such as obesity, can lead to chronic ER stress and 

death if not ameliorated.  To deal with stress and reestablish homeostasis, the ER 

employs an adaptive mechanism called the unfolded protein response (UPR). The UPR is 

a signal transduction cascade, comprised of 3 distinct arms responsive to, but not limited 

to, the accumulation of unfolded proteins and calcium imbalance.  ER stress has been 

shown to contribute to the development of glucose intolerance and insulin resistance 

during obesity. Support for this is evidenced by decreased ER stress markers in obese 

livers upon the addition of chemical chaperones (82) and restoration of euglycemia upon 
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UPR attenuation (83).  Given the presence of ER stress in the pathophysiology of obesity, 

it is imperative to delineate contributing mechanisms.  

  The endoplasmic reticulum (ER) is the main reservoir for intracellular calcium, 

with concentrations estimated to be 1,000-10,000-fold greater than cytosolic levels (6). 

Regulation of this gradient is important for the proper function of many ER-resident 

chaperones and enzymes.  Perturbations to ER calcium levels are associated with a 

variety of pathologies, but in particular, has been implicated as a contributing factor to 

the development and progression of obesity-associated disorders (12). One of the key 

proteins for maintaining this crucial gradient is the sacro/endoplasmic reticulum calcium 

ATPase (SERCA) which pumps calcium into the ER. Three mammalian genes (ATP1-3) 

code for three SERCA isoforms (SERCA1-3), which can further be divided into two sub 

isoforms due to post-translational processing (18). SERCA2b is highly expressed in the 

liver (18, 84, 85). The relationship between obesity and ER calcium, particularly 

SERCA2b expression and function, has been recently identified. Fu et al., 2011 reported 

genes associated with de novo lipogenesis were upregulated in liver of obese mice, which 

had downstream consequences on membrane composition and SERCA function (16). 

Others have shown decreased mRNA and protein expression of SERCA2b in liver tissue 

harvested from genetically and diet-induced obese mice (18). Restoration of SERCA2b 

levels by viral transgene delivery reduced pharmacologically-induced ER stress, as well 

as increased glucose tolerance in obese mice (18). Additionally, in vitro models using 

fluorescent calcium indicators (40, 86) and genetically encoded calcium indicators 

(GECI) FRET-based D1ER (41) in hepatic and kidney cell lines report alterations to ER 

calcium in response to free fatty acids (FFA). Elevated levels of circulating FFA is a 
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hallmark of obesity and often observed as a result of insufficient lipid storage by 

adipocytes, thus leading to the accumulation of lipids in non-adipose tissue, such as the 

liver (87). Collectively, these data indirectly implicate ER calcium dysregulation as result 

of impaired SERCA function and expression. Furthermore, the relationship between 

cellular injury and chronic ER stress remains elusive, therefore the ability to 

longitudinally monitor ER calcium in disease models, such as obesity, is essential for 

further insight into ER calcium dysregulation in disease pathology.   

Our lab has previously developed a reporter protein, GLuc-SERCaMP that is 

responsive to ER calcium depletion (46).  Briefly, this construct consists of the final 

seven amino acids (ASARTDL) of mesencephalic astrocyte-derived neurotrophic factor 

(MANF) appended to Gaussia luciferase (GLuc) to create a secreted, ER calcium 

modulated protein (SERCaMP). This C-terminal appendage is similar to the canonical 

ER-retention sequence, KDEL, thus allowing for ER localization under homeostatic 

conditions.  Importantly, it also confers sensitivity to ER calcium depletion by causing 

the release of GLuc via secretory pathway when ER calcium is depleted. Here we 

highlight the use of GLuc-SERCaMP to investigate in vitro responses to FFA as well as 

how dietary intake influences ER calcium homeostasis in the rat liver. We also describe 

the measurement of an endogenous SERCaMP esterase activity which parallels the 

activity of our exogenous luciferase reporter 

 

 

 

 



55 
 

RESULTS 

Free fatty acid induces GLuc-SERCaMP response 

Previous studies found that FFA cause a decrease in ER calcium (40, 41). Using 

our GLuc-SERCaMP reporter cell line (SH-SY5Y-GLuc-SERCaMP) or a control cell 

line that constitutively secretes GLuc (SH-SY5Y-GLuc-No Tag) we tested the effect 

increasing concentrations of palmitate has on GLuc activity in cell culture media. 

Palmitate is the most prevalent circulating FFA in obese individuals and is commonly 

used in previous in vitro reports (88). For the SH-SY5Y-GLuc-SERCaMP cells, we 

observed a dose-dependent increase in GLuc activity in the media after 24hrs of 

treatment (Figure 4.1). There was no change in GLuc activity in the media of the SH-

SY5Y-GLuc-No Tag control cells suggesting the increase is not due to changes in overall 

secretion.   

High fat diet induces GLuc-SERCaMP and endogenous SERCaMP response 

ER stress in the liver has been linked to excessive nutrient intake (88, 89), but 

little is known about the state of ER calcium during various feeding conditions. To 

determine if dietary intake influences ER calcium homeostasis in liver, rats were injected 

intrahepatically with an AAV vector expressing the GLuc-SERCaMP reporter as 

described previously (59) and allowed ad lib or restricted access to a cafeteria diet plus 

standard chow or standard chow only. The cafeteria diet is an established experimental 

paradigm for feeding animals a variety of energy-dense, palatable human food items (90).  

Following AAV injections, a food restriction paradigm that entailed a 35% reduction in 

available food for 7 days was applied to ensure equivalent weights between test groups.  

Rats were sorted into feeding cohorts based on similar percent weight gain after 1 week  
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Figure 4.1 Palmitate induces GLuc-SERCaMP response in SH-SY5Y (A) SH-SY5Y-GLuc-SERCaMP 

or SH-SY5Y-GLuc-No Tag stable cell lines were treated with palmitate (0-600µM), and luminescence in 

the cell media was read 24hrs post-treatment (mean ± SEM, n=6 wells/treatment/cell line, ****p<0.0001, 

2-way ANOVA, Tukey’s multiple comparison test, 0µM vs other concentrations).  
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of restriction, and blood samples were collected throughout the study to monitor plasma 

levels of GLuc-SERCaMP. Rats allowed ad lib access to cafeteria diet had significantly 

elevated plasma levels of GLuc-SERCaMP activity when compared to restricted chow 

(Figure 4.2A), indicating dietary intake can alter ER calcium homeostasis. As expected, 

those on the cafeteria diet consumed more calories than restricted chow (Figure 4.2B) and 

gained more weight (Figure A.5). The cafeteria diet was composed of different menu 

groups with varying macronutrient composition, and, interestingly, the number of 

calories from fat paralleled GLuc-SERCaMP plasma levels in animals on cafeteria diet 

(Figure 4.2C).  Similarly, GLuc-SERCaMP remained constant for animals on restricted 

diet where fat levels were kept constant (Figure 4.2D). Figure 4.2E shows a significant 

correlation (r= 0.3217, p= 0.0101, n= 6) between average fat calories from each menu 

group on the cafeteria diet and the level of GLuc-SERCaMP in plasma relative to start of 

diet. No significant correlation was observed for restricted chow rats (r= 0.1598, p= 

0.3517, n= 4 rats) where the calories from fat remained relatively constant (92-94 calories 

per day). Collectively, these data suggest that high fat diet with increased caloric intake 

alter ER calcium homeostasis in liver homeostasis. Rats expressing GLuc-SERCaMP in 

liver were allowed ad lib or restricted access to high fat pellets or control pellets 

(nutritionally matched aside from fat content).  

Although the cafeteria diet is a tangible model of human obesity (90), the 

nutritional variability among diet items makes it challenging to control fat intake. We 

switched to high fat pellets to address the effects of dietary fat intake on ER calcium 

homeostasis. Rats expressing GLuc-SERCaMP in liver were allowed ad lib or restricted  
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Figure 4.2 Cafeteria diet induces GLuc-SERCaMP response. (A) Effect of dietary intake on plasma 

levels of GLuc-SERCaMP. Rats intrahepatically expressing GLuc-SERCaMP were allowed ad lib access to 

a cafeteria diet plus chow (green circles) or restricted access to standard chow (blue triangles). Rats allowed 

ab lib access to cafeteria diet plus chow showed increased release of GLuc-SERCaMP (mean ± SEM, n=7 

rats/cafeteria group, n= 4 rats/restricted chow group, *p<0.05, **p<0.01, 2-way ANOVA, Sidak’s multiple 

comparison test).   (B) Caloric intake of ad lib cafeteria diet plus chow versus restricted chow. (C, D) Fat 

intake tracks with changes in plasma GLuc-SERCaMP (percent of calories from fat calculated as 

percentage of total caloric intake based off nutritional labels). (E) Increased fat intake (calculated based on 

average per day on menu item) correlates with increase in GLuc-SERCaMP release in cafeteria diet-fed rats 

(Pearson’s correlation, r= 0.3217, p= 0.0101, n= 6 rats).  
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access to high fat pellets or control pellets (nutritionally matched aside from fat content). 

Access to ad lib high fat pellets increased plasma levels of GLuc-SERCaMP and the 

endogenous esterase SERCaMP, an effect which could be reversed by switching rats to 

restricted access (Figure 4.3B, D). Access to control pellets appeared to have no effect on 

GLuc-SERCaMP, as shown by similar fluctuations among ad lib and restricted groups 

(Figure 4.3C). Endogenous SERCaMP levels in control pellet groups had the same trend 

as GLuc-SERCaMP levels, however, a transient but significant increase in endogenous 

SERCaMP activity was observed following the switch to ad lib access (Figure 4.3E).   

Caloric intake was significantly higher in ad lib high fat pellets when compared to ad lib 

control pellets (Figure 4.3F, G), despite the rats consuming less food mass (Figure 4.3H). 

Together, these data suggest that food content plays a larger role in ER calcium 

homeostasis than the amount of food. 

To investigate a potential mechanism contributing to ER calcium dysregulation, 

rats were allowed ad lib access to high fat pellets or restricted control pellets up to 3 

weeks. Ad lib intake of high fat pellets significantly increased endogenous SERCaMP 

levels in plasma as compared to restricted control pellet access (Figure A.7A). In light of 

previous studies that have linked obesity to alterations in SERCA2b expression (18) and 

function (16), we hypothesized decreased SERCA2b expression contributes to SERCaMP 

release. On the contrary, expression was acutely upregulated (Figure A.7B). SERCA2b 

protein expression was analyzed from liver lysates collected at indicated time points 

(Figure A.7). Expression remained similar over time in rats restricted when compared 

control pellets (Figure A.7B), but decreased slightly between 1 week and 2 weeks of ad 

lib high fat pellets (Figure A.7B). 
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Figure 4.3 High fat pellets induce GLuc-SERCaMP and endogenous SERCaMP response. (A)  

Schematic of experimental paradigm color coded to match subsequent panels. (B) Ad lib access to high fat 

pellets increases GLuc-SERCaMP release (mean ± SEM, n=6 rats/group, *p<0.05, **p<0.01, ***p<0.001, 

2-way ANOVA, Sidak’s multiple comparison test). Color change indicates access change (dark blue= ad 

lib access, light blue= restricted access). Symbols and line pattern (closed circles and solid line versus open 

triangles and dotten line) represent same group of animals throughout experiment. (C) Control pellet intake 

has no effect on GLuc-SERCaMP release regardless of food access (mean ± SEM, n=6 rats/group, n.s., 2-

way ANOVA, Sidak’s multiple comparison test). Color change indicates access change (dark red= ad lib 

access, pink= restricted access). (D) Switch from restricted high fat pellet to ad lib access increases 

endogenous SERCaMP release (mean ± SEM, n=6 rats/group, *p<0.05, 1-way ANOVA, Dunnet’s multiple 

comparison test). (E) Switch from restricted control pellet to ad lib access increases endogenous SERCaMP 

release (mean ± SEM, n=6 rats/group, *p<0.05, 1-way ANOVA, Dunnet’s multiple comparison test). (F) 

Caloric intake over the course of the study in rats allowed ad lib and restricted access to high fat pellets and 

control pellets. Color, symbol, and line key same as previous panels.  (G) Sum of caloric intake among 

feeding cohorts. Rats with ad lib access to high fat pellets consumed more calories than rats with ad lib 

access to control pellets (mean ± SEM, n=6 rats/group, *p=0.0127, **p=0.0016, unpaired t-test with 

Welch’s correction). (H) Rats with ad lib access to high fat pellets consumed less food than rats with ad lib 

access to control pellets (mean ± SEM, n=6 rats/group, **p=0.0066, Unpaired t-test with Welch’s 

correction). 
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We cannot conclude the observed changes in SERCaMP reporters are due to decreased 

expression of SERCA2b in our diet paradigm. 

 

Dantrolene attenuates GLuc-SERCaMP response in high fat diet 

Dantrolene is a FDA-approved drug that stabilizes intracellular calcium by 

selectively antagonizing ryanodine receptors (RyRs). It has been vastly successful for the 

treatment of malignant hyperthermia, as evident by decreased mortality rates (91, 92). 

Ryanodine receptors are located within the membrane of the ER and serve as one of the 

main release mechanisms for intracellular calcium (54). We hypothesized that dantrolene 

administration during a high fat diet could stabilize ER calcium levels and reduce 

SERCaMP release. Following a food restriction period, rats were allowed ad lib access to 

high fat pellets and administered either vehicle or 15mg/kg (i.p.) dantrolene daily for 7 

days. Dantrolene administration decreased plasma GLuc-SERCaMP activity and 

endogenous SERCaMP activity when compared to vehicle during ad lib high fat diet 

(Figure 4.4A, B). Interestingly, rats administered dantrolene gained less weight compared 

to vehicle treated rats (Figure A.5B), and had decreased caloric intake (Figure 4.4C). 

Excessive nutrient intake and ER stress have been extensively linked (4, 16, 82, 93-96), 

with a high fat diet leading to increased expression levels of ER stress response genes, 

such as BiP (94).  Indeed, BiP mRNA was significantly decreased with the addition of 

dantrolene (Figure 4.4D), supporting the results from our SERCaMP assays indicating 

stabilization of ER calcium.  
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Figure 4.4 Dantrolene attenuates GLuc-SERCaMP and endogenous SERCaMP. (A, B) Dantrolene 

decreases GLuc-SERCaMP and endogenous SERCaMP release during ad lib access to high fat pellets. Rats 

were administered dantrolene (15mg/kg) or vehicle for 7 days during diet (mean ± SEM, n=6 rats/group, 

*p<0.05, 2-way ANOVA, Sidak’s multiple comparison test). (C) Decreased food consumption among 

dantrolene injected rats (mean ± SEM, n=6 rats/group, ****p<0.0001, 2-way ANOVA). (D) Dantrolene 

decreases BiP mRNA levels in liver tissue (data expressed as fold change (2^-ΔΔCt) relative to vehicle-

treated rats (mean ± upper and lower limits (2ΔΔCt±SD), n=6 rats/group, multiple t-test, Holm-Sidak method 

(dantrolene versus vehicle) transformed from ΔCt±SD, *p=0.01). 
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DISSCUSSION 

Our results demonstrate that dietary intake, particularly of high fat content can alter 

ER calcium homeostasis in rat liver. This was observed in two models of diet-induced 

obesity; cafeteria diet and high fat pellets. Animals with ad lib access to these diets 

rapidly gained weight and consumed more fat calories when compared to their control 

counterparts. Likewise, the plasma levels GLuc-SERCaMP activity and endogenous 

SERCaMP activity were significantly increased during these periods of high fat intake, 

suggesting disturbed ER calcium homeostasis. Dantrolene attenuated GLuc-SERCaMP 

and endogenous SERCaMP in response to high fat diet, however, we cannot fully 

attribute this to its activity on the RyR, as evident by decreased food intake.  While this is 

not the initial use of SERCaMP technology in vivo (46, 59), it is however, the first to 

demonstrate the use in an animal model of disease.  

The seven C-terminal amino acids (ASARTDL) of mesencephalic astrocyte-derived 

neurotrophic factor (MANF) confer secretion in response to ER calcium depletion when 

appended to reporter proteins (46, 48). MANF is an ER-localized protein that is secreted 

upon ER stress (47) and implicated as a marker and therapeutic of neurodegeneration 

(97-99).  Recently MANF’s potential as a disease biomarker has been investigated in 

both type I diabetes and kidney disease (100, 101). Both found increased levels of MANF 

in serum and urine in disease-associated samples, respectively.  We have recently 

identified other C-terminal tails of endogenous proteins (~80 proteins) within the human 

proteome with similar C-terminal sequences to MANF that also act as SERCaMPs in that 

they are localized to the ER and secreted in response to ER calcium depletion (Trychta et 

al, under review).  One of the proteins identified with a SERCaMP tail is 
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carboxylesterase 1 (CES1) which has a specific enzymatic activity for a previously 

described fluorescent substrate (102).  Using this substrate, we find a ER calcium 

dependent change in extracellular activity (Trychta et al, under review).   Here, we show 

that the endogenous esterase SERCaMP activity in plasma tracks with the activity of our 

exogenously expressed GLuc-SERCaMP.  Both are significantly increased in rats fed ad 

lib high fat pellets when compared to rats on a restricted control pellet diet (Figure 4.2D, 

Figure A.6).  Of the multiple endogenous SERCaMPs identified, many have enzymatic 

activities important for lipid metabolism and protein processing within the ER (Trychta et 

al, under review). Increased plasma levels of endogenous SERCaMP levels imply that the 

ER proteome is changing and losing key proteins necessary for ER function.  In the liver 

where fat metabolism, drug metabolism and carbohydrate metabolism require proper ER 

function, the disruption of ER calcium homeostasis may contribute to dysfunction of the 

liver by the secretion of necessary ER resident proteins.    Taken together, our data 

suggest that high fat diet may be altering the ER proteome as a consequence of ER 

calcium depletion.    

Although the results pertaining to SERCA2b expression appear inconsistent with 

previous work (18, 103), the feeding paradigms where SERCA2b was altered in response 

to high fat diet ranged from 6-16 weeks  (18, 103) whereas our study examined the 

changes at 2 weeks on high fat diet. We speculate the observed increases during the first 

week of ad lib high fat pellet may be due to an acute compensatory response whereby the 

cell upregulates SERCA2b to increased ER calcium levels. SERCA2b levels did slightly 

decrease from 1 week to 2 weeks in rats with ad lib access to high fat pellets.  Further 
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examination during longer feeding schedules is essential to delineate contributions to ER 

calcium depletion.   

Hepatic ER function is altered in obese livers (16). Genes associated with de novo 

lipogenesis and phospholipid synthesis are upregulated in livers of obese mice, while 

genes involved with ER-associated protein synthesis are downregulated (16).  Membrane 

lipid composition affects ER calcium transporters within the membrane (4, 16).  Notably, 

the ratio of phosphatidylcholine (PC) to phosphotidylethanolamine (PE) is increased in 

obese livers when compared to control (16).  Elevated levels of PC have been reported to 

hinder SERCA activity (16, 104, 105).  There is also growing evidence for changes in 

cholesterol composition of the ER membrane with UPR activation. Cholesterol is 

estimated to comprise 1% of the ER membrane; a minute amount when compared to the 

60-80% found within the plasma membrane (106). In cholesterol-enriched macrophages 

SERCA2b activity was inhibited, suggesting a role for cholesterol content in ER calcium 

homeostasis (104). Moreover, palmitate treatment has been shown to alter lipid raft 

composition and distribution in a pancreatic cell line (107). This disorganization within 

the membrane also altered PC:PE ratio (107). Our in vitro data suggest that the addition 

of the free fatty acid, palmitate, can cause GLuc-SERCaMP release which is consistent 

with other reports showing palmitate can alter ER calcium homeostasis (40, 41, 86). It 

would be of great value, to further investigate whether the changes we observed with 

GLuc-SERCaMP and endogenous SERCaMP during a high fat diet correspond to 

changes in ER membrane biochemistry that can alter ER calcium.  

Dantrolene’s specificity for RyRs and current use for the treatment of malignant 

hyperthermia made it an obvious choice for the pharmacological manipulation of diet-
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induced ER calcium dysregulation. While we did observe a significant decrease in GLuc-

SERCaMP, endogenous SERCaMP and BiP expression in animals on high fat diet that 

received systemic dantrolene administration, we cannot attribute these findings solely to 

its effect on RyR in liver ER.  We observed a decrease in overall caloric consumption 

(Figure 4.4C) and less weight gain for dantrolene treated animals on high fat ad lib diet 

compared to the vehicle-treated controls (Figure A.5B). Minimal literature is available 

corroborating this finding, however dantrolene has been reported to prevent the 

contraction of masseter muscles, one of the major muscles involved in chewing, in rats 

(108). What is clear however, is that consumption of fewer fat-related calories results in 

decreased SERCaMP release and BiP levels in liver.  Future studies examining other ER 

calcium modulating drugs will further our understanding of HF diet and ER calcium 

homeostasis and possibly liver dysfunction associated with high fat diets or other liver-

related diseases. 

 Collectively, our results demonstrate high fat consumption alters ER calcium 

homeostasis in the liver. Furthermore, our study supports existing literature regarding the 

effects of excessive nutrient intake on the ER using new methodologies. 

 

MATERIALS AND METHODS 

Cell Culture 

SH-SY5Y-SERCaMP/No-Tag generation and maintenance have been previously 

described (46, 48). Palmitate (Sigma-Aldrich, St. Louis, MO) was prepared as previously 

described (86, 109). Briefly, palmitic acid was dissolved in ethanol to a final 
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concentration of 195mM, coupled to BSA (Sigma-Aldrich) and diluted to final treatment 

concentration (complete media exchange).  

 

Intrahepatic Injections of AAV-GLuc-SERCaMP 

Animal studies were approved by the NIDA IACUC and comply with NIH 

guidelines for animal research. AAV1-GLuc-SERCaMP intrahepatic injections and blood 

collection techniques have been previously described (46, 59). For this study, the right 

medial lobe was injected with AAV1-GLuc-SERCaMP diluted to a final concentration of 

7.6 x 109 vg/mL. Injection volume did not exceed 105µl (injected at 3 sites using 

approximately 33µl per site).   

 

Diet 

Commercially available cafeteria diet items were purchased from Peapod. Rodent 

high fat soft pellets and control pellets, 36% and 7.2% fat, respectively, were purchased 

from BioServ. NIH standard chow (Teclan) contained 5% fat.  Animals had restricted 

access up to 1 week prior to cohort separation (standard NIH chow prior to cafeteria and 

BioServ control pellets for all other experiments). Restriction values were based on 

average ad lib intake, and reduced by 35%. Cohort assignment was based on similar 

percent weight gain among all animals (approximately 21-22% in each group). Food was 

weighed and replenished daily. For cafeteria experiments, animals had access to 1 savory 

item and 1 sweet item, along with NIH standard chow. Menu items changed every 2-3 

days. Nutritional information found on food packaging was used for caloric calculations. 

For pellet experiments, animals were allowed ad lib or restricted access to either high fat 
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pellets or control pellets. High fat pellet restriction was calorically similar to accessible 

control pellets.  

 

Dantrolene Injections 

Dantrolene (Cayman Chemicals, Ann Arbor, MI) was administered by i.p., 

15mg/kg daily for 7 days. Dantrolene powder was dissolved to a final concentration of 

5mg/mL in a 10% DMSO (Sigma-Aldrich) PBS solution. Following resuspension, 

dantrolene was warmed in a 37°C water bath for 15 mins to ensure powder was fully 

dissolved. Solutions were prepared daily. Injections occurred daily, immediately 

following blood collection and prior to food replenishment.  

 

Western Blot 

Liver lobes were harvested individually, flash frozen in isopentane (Sigma-

Aldrich), and stored at -80°C until time of use. Frozen tissue from right medial lobe was 

cut and sonicated in RIPA buffer consisting of 50mM Tris-HCl (pH7.4), 0.25% sodium 

deoxycholate, 150mM NaCl, 1mM EDTA, 1% Nonidet P-40, 2X Protease inhibitor 

cocktail (Sigma-Aldrich) until tissue was no longer visibly present (60-90 sec). Samples 

rotated for 2 hours at 4°C, centrifuged at 12,000 rpm for 20 minutes at 4°C, followed by 

transfer of supernatant. Total protein concentration was determined using DC assay 

according to manufacturer’s instructions (BioRad, Hercules, CA). Equal amounts of 

protein were separated on 4-12% NuPAGE gels using MOPS running buffer (Thermo 

Fisher Scientific, Waltham, MA), transferred to 0.45 µm PVDF membrane (Thermo 

Fisher Scientific) and immunoblotted with primary antibodies diluted in blocking agent 
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(Rockland Immunochemicals, Gilbertsville, PA); rabbit anti-SERCA2b (1:1000) (Cell 

Signaling Technology, Danvers, MA) and mouse anti-actin (1:2500) (Abcam, Cambridge 

UK). Secondary antibodies were DyeLight680 and DyeLight800 (1:10000) (Rockland 

Immunochemicals). Blots were scanned using Odyssey scanner (LI-COR). Image 

analysis was performed using Image J software. 

 

GLuc Secretion Assay 

Blood collection, plasma preparation, and GLuc secretion assay (in vitro and in 

vivo) have been previously described (46, 59). Briefly, 10µL of plasma or 5µL of culture 

medium was transferred to a white 96-well plate. Prepared substrate, coelenterazine 

(CTZ; Regis Technologies, Morton Grove, IL) was diluted to a final concentration of 

100µM or 10µM in 1X PBS for in vivo or in vitro assays, respectively, and injected into 

individual wells using an automated plate reader (BioTek Synergy II Winooski, VT). 

Luminescence was read on a per well basis and reading parameters included an 

integration time of 5 secs and a sensitivity of 150 or 0.5 secs and a sensitivity of 100 for 

in vivo or in vitro assays, respectively. 

 

Endogenous SERCaMP Assay 

The endogenous esterase SERCaMP assay for rat plasma is described elsewhere 

(Trychta, et al, under review).  Blood collection and plasma preparation have been 

previously described (46, 59). Twenty microliter of plasma was transferred to black-

walled, clear-bottomed plates (Thermo Fisher Scientific). Fluorescein diester substrate 

was previously described (102) and generously synthesized by Dr. Kenner Rice, Drug 
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Design and Synthesis Section, NIDA IRP. Substrate was diluted to a final concentration 

of 100mM in DMSO (Sigma-Aldrich) and stored under dark conditions at -80°C for 

single use. Prepared substrate was diluted to 100µM in imaging media (150mM NaCl, 

5mM KCl, 1mM MgCl2, 20mM HEPES, 1mM CaCl2, pH 5.0). Equal volume of prepared 

substrate (20µL) was added per well of plasma prior to fluorescence read. Immediately 

following substrate addition, fluorescence was read every minute for 60 minutes at 45°C 

using a plate reader (BioTek Synergy H2). Fluorescence was normalized to total protein, 

quantified by DC assay, according to manufacturer’s instructions (BioRad). Plasma 

sample were diluted 1:5 in RIPA buffer prior to DC assay.  
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Chapter 5: Concluding Remarks and Future Directions 

 

 Maintenance of ER calcium is essential for proper cell function. Depletion of ER 

calcium, along with accompanying UPR activation are hallmarks of several progressive 

diseases, such as obesity (12). However, the temporal relationship between ER calcium 

depletion and disease progression remains elusive. Longitudinal examination of ER 

calcium homeostasis in disease models is essential to delineating this relationship, but has 

been technically challenging with previous methodologies. The creation of GLuc-

SERCaMP has facilitated continuous sampling and assaying of small volumes of blood 

and/or cell culture media, eliminating the need for single, terminal time point analyses. 

Previous studies have indirectly linked ER calcium depletion as a contributing factor to 

the pathogenesis of obesity (16, 18), but lack direct measurement of ER calcium 

fluctuations in animals. This work details the development of novel technologies that 

assess ER calcium levels in models of diet-induced obesity. Understanding the 

mechanisms that contribute to ER calcium depletion are invaluable to the development of 

therapies that aim to reestablish ER calcium balance.  

 Towards the goal of establishing a relationship between ER calcium depletion and 

ER stress, a separate sensor utilizing UPRE binding sites to drive transcription of NLuc 

was created (5X-UPRE-secNLuc). The ability to measure these cellular processes in 

parallel using two secreted luciferase reporters is novel and circumvents temporal 

limitations previously described. Although dual luminescence assays have been available 

for quite some time, the methods described in Chapter 3 discern luminescence 

enzymatically, rather than relying mathematical extrapolation (72). Activation of the 

ATF6 and XBP1 prong of the UPR has been previously linked to ER calcium depletion 
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as evidenced by proteolytic cleavage and nuclear translocation in response to Tg- induced 

ER calcium depletion (67). However, there are two other prongs within the UPR that are 

activated during ER stress. Creating tools to assess both IRE1 and PERK activation 

would allow for more complete analyses delineating the relationship between ER calcium 

depletion and ER stress. While writing this dissertation, Chapter 3 was peer reviewed and 

our sensor was initially referred to as an “ATF6-reporter”.   A concern by reviewers 

pertained to the ATF6- specificity of our sensor.  This certainly is a valid concern; 

following nuclear translocation, ATF6α acts as a cis-transcription factor, binding to the 

CCACG sequence of the ER stress response element (ERSE) in a NF-Y-dependent 

manner (110). Briefly, NF-Y is a general transcription factor that binds to a nearby 

sequence within the ERSE (111). Aside from upstream events, XBP1 activates the ERSE 

in an identical manner (110, 111). Furthermore, the 5X binding sites within our sensor 

are not a part the ERSE, but rather sequences found within the UPR element (UPRE) 

(CGTGG instead of CCACG) (111). XBP1 preferentially binds to this sequence in a NF-

Y-independent manner, whereas ATF6 displays a much lower binding affinity (112). 

Presumably, convergence of XBP1 and ATF6 is driving the expression of our sensor, 

making it more of a general readout of ER stress instead of ATF6-specific. We also will 

be conducting experiments to further corroborate (or challenge) data from the 

chemically-inducible model of ATF6 signaling (Figure 3.3), by using the previously 

described cell line, HEK293DAX (77), to assess XBP1 activation of our sensor. Briefly, 

this is a stable cell in which XBP1 is induced by doxycycline and ATF6 is activated by 

TMP. Transfection of 5X-UPRE-secNLuc or control plasmids into this cell line followed 

by luminescence reads in the presence or absence of doxycycline would help address 
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uncertainties raised by reviewers. Certain controls, such as the effect of doxycycline on 

5X-UPRE-secNLuc, would need to be addressed in parental cells prior to any data 

interpretation. While more work remains to be done to fully define the relative sensitivity 

of the reporter to XBP1 and/or ATF6 signaling, this work “highlights a clever approach 

to enzymatically inhibit NLuc in samples with two luminescent sources” as pointed out 

by one reviewer of our paper.  

 The ability to longitudinally monitor ER calcium homeostasis in vivo is a great 

methodological advancement. Since its conception, we envisioned using GLuc-

SERCaMP in in vivo models to ER calcium depletion in associated disease models. This 

work highlights fruition of that goal. Chapter 4 demonstrates that dietary intake, 

particularly of high fat content can alter ER calcium homeostasis in rat liver even during 

an acute feeding paradigm. Prior literature indirectly links obesity and ER calcium 

dysregulation, focusing mostly on restoring SERCA2b expression and function in an 

obese state (16, 18). Future work may address longer periods of high fat intake, albeit 

within the limitations of transgene expression. Liver tissue analyses from rats with 

prolonged high fat intake may reveal similar reductions in SERCA2b levels as those 

allowed 16 weeks of access to the diet (18) compared to the 2-3 weeks allowed in our 

study. One could envision increased release (with possible plateau) of GLuc-SERCaMP 

correlating with decreased SERCA2b expression. Other techniques such as qPCR in 

addition to western blotting would provide a more comprehensive approach to expression 

analyses. Alternatively, the consequences of SERCA2b overexpression on GLuc-

SERCaMP release during a high fat diet could further parse out mechanisms of diet-

induced ER calcium depletion.  
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In an attempt to use both sensors to simultaneously monitor ER calcium 

homeostasis and ER stress in the context of dietary intake, rats were co-injected with 

GLuc-SERCaMP and 5X-UPRE-secNLuc. We hypothesized ad lib consumption of high 

fat pellets would result in increased release of both sensors. Previous results (Figure 4.3) 

demonstrated a significant increase in GLuc-SERCaMP in rats allowed ad lib high fat 

pellet access. Moreover, intrahepatic co-injections of GLuc-SERCaMP and 5X-ATF6-

secNLuc yielded a significant response to Tg (Figure 3.4). Unfortunately, results from 

this experiment were inconclusive.  Figure 5.1 shows no difference between ad lib high 

fat pellet access and restricted control pellets in both, GLuc-SERCaMP and 5X-UPRE-

secNLuc. Furthermore, an increase in GLuc-SERCaMP release was not observed 

following ad lib high fat pellet access (a result vastly different from Figure 4.3). We 

speculate the lack of GLuc-SERCaMP response to be an anomaly, based on previous 

observations; GLuc-SERCaMP release increased in two models of diet-induced obesity 

and was attenuated following dantrolene administration (albeit, this attenuation may be 

due to decreased food intake during dantrolene administration). Furthermore, food intake 

was comparable among rats injected with AAV-GLuc-SERCaMP and rats co-injected 

with AAV-GLuc-SERCaMP and AAV-UPRE-secNLuc. To test general responsiveness 

of the sensors, a single i.p. injection of Tg (1mg/kg) was administered 10 days after diet 

cohort split, eliciting increased release of both GLuc-SERCaMP and 5X-UPRE-secNLuc. 

Tg specifically inhibits SERCA2b, and we have observed increased release from a range 

of viral concentrations (Figure 2.2). The discrepancy observed in co-injected rats could 

be due to sub-optimal viral delivery parameters pertaining to viral concentration and/or 

receptor competition. The number of viral genomes (vg) injected differed between 
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Figure 5.1 Dual luciferase assay to examine effects of dietary intake on ER calcium homeostasis and 

ER stress in vivo (A) Measurement of GLuc-SERCaMP release in rats allowed ad lib high fat or restricted 

control pellet rats (mean ± SEM, n=6 rats/group, 2-way ANOVA, no significance, p=0.1830). (B) 

Measurement of 5X-ATF6-secNLuc release in rats allowed ad lib high fat or restricted control pellet rats 

(mean ± SEM, n=6 rats/group, 2-way ANOVA, no significance, p=0.0659). 
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AAV-GLuc-SERCaMP and AAV-5X-UPRE-secNLuc, 7.6x108 vg compared to 

5.4x1011vg, respectively. Viral delivery was previously optimized for each sensor prior to 

co-injection, however, this optimization was in response to Tg and therefore may require 

additional optimizing in the context of dietary intake. A future experiment could focus on 

delivering a viral range of AAV-5X-UPRE-secNLuc, followed by diet paradigms 

described in Chapter 4.   In regards to receptor competition, both viruses were AAV 

serotype 1. The first step of AAV infection involves the attachment of the viral capsid to 

carbohydrate moieties among the cell surface (113). AAV1, in particular, binds to  sialic 

acids present on N-linked glycoproteins (113). Wu et al., 2006 demonstrated 

compromised AAV1 transduction efficiency in the presence of a 200-fold excess empty 

AAV1 vector (113). Given both viruses were AAV serotype 1, along with AAV-5X-

UPRE-secNLuc was injected at a 710-fold excess compared to GLuc-SERCaMP, it is 

reasonable to predict that transduction efficiency was affected. To address this, viral 

DNA from livers harvested from rats injected with a single virus or co-injected could be 

analyzed and compared to viral titers. In summary, optimization regarding the co-

delivery of these viruses is needed for future experiments.   

As previously mentioned, the overarching goal of SERCaMP technology is its use 

in a variety of disease model associated with ER calcium depletion. In addition to my 

dissertation research, I had the opportunity to collaborate with a lab from the National  

Institute on Alcohol Abuse and Alcoholism (NIAAA). Pilot experiments examined the 

effects of ethanol exposure on ER calcium homeostasis and ER stress in rats exposed to 

ethanol vapor versus rats generally housed. GLuc-SERCaMP release increased in rats 

exposed to ethanol vapor (Figure 5.2). While promising, some caveats to this experiment  
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Figure 5.2 Effects of ethanol exposure on GLuc-SERCaMP release (A) Measurement of GLuc-

SERCaMP release in rats exposed to chronic, intermittent ethanol vapor (14 hours on, 10 hours off) versus 

rats generally housed (mean ± SEM, n=8 rats/group, 2-way ANOVA, Sidak’s multiple comparison test, 

*p<0.05, **p<0.01). Average BAL= 200mg/dL. 
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included: the viral vectors were intrahepatically injected into livers of animals who had 

been chronically exposed to ethanol (approximately 10 weeks) or livers of control 

animals, making it difficult to ascribe increased GLuc-SERCaMP release to post-ethanol 

exposure; and the absence of GLuc-No Tag, a control to a measure of overall secretion. A 

separate experiment was designed where AAV GLuc-SERCaMP and AAV-5X-UPRE-

secNLuc was injected prior to chronically increasing ethanol exposure to monitor ER 

calcium and ER stress. Neither GLuc-SERCaMP nor 5X-UPRE-secNLuc release 

increased, despite increasing blood alcohol levels (BAL) (Figure 5.3). Similar co-

injection caveats previously described may pertain to this experiment. To examine if 

GLuc-SERCaMP and 5X-UPRE-secLuc were generally unresponsive, a single injection 

of Tg (1mg/kg) was administered as a positive control. Similar to Figure 3.4, both sensors 

displayed increased release following Tg. Thus, future experiments addressing these 

caveats are warranted in determining the effects of ethanol exposure on ER calcium 

homeostasis and ER stress.  

 Another caveat to our approach of monitoring liver ER calcium homeostasis is 

our lack of data showing the transduction of other tissues with our sensor following 

intrahepatic injections. While injections occur directly into the right medial lobe (59), the 

liver is a highly perfused organ, and it is therefore plausible to suspect viral transduction 

of other organs. Tissue analyses from other organs following intrahepatic injections could 

only confirm this. However, through the use of transgenic animals, tissue specificity is 

attainable. The development of a tissue-specific GLuc-SERCaMP mouse (e.g. mouse 

ROSA26 flox-stop-GLuc-SERCaMP crossed with liver specific-Cre) could help parse the  
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Figure 5.3 Dual luciferase assay to examine effects of ethanol exposure on ER calcium homeostasis 

and ER stress in vivo (A) Measurement of GLuc-SERCaMP release in rats exposed increasing levels of 

chronic, intermittent ethanol vapor (mean ± SEM, n=6 rats). Tg increases GLuc-SERCaMP release 

following ethanol exposure (***p=0.0002, unpaired t-test, pre-Tg versus post-Tg). (B) Measurement of 

5X-UPRE-secNLuc release in rats exposed increasing levels of chronic, intermittent ethanol vapor (mean ± 

SEM, n=6 rats). Tg increases 5X-UPRE-secNLuc release following ethanol exposure (***p=0.0003, 

unpaired t-test, pre-Tg versus post-Tg).  
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contribution of ER calcium depletion in a tissue-specific manner in a variety of disease 

models.  Our lab is currently breeding these mice for future testing.   

This work demonstrates the in vivo use of GLuc-SERCaMP in both a 

pharmacological model of ER calcium depletion and disease model of obesity.  However, 

the mechanism regulating GLuc-SERCaMP release during ER calcium depletion is 

unknown, though it is speculated to be regulated by KDEL receptors. KDEL receptors 

are most known for their involvement in Golgi to ER retrograde transport in addition to 

KDEL being the canonical ER retention sequence (114). As previously stated in Chapter 

1, the final seven amino acids (ASARTDL) of MANF is the calcium-sensitive portion of 

GLuc-SERCaMP. In vitro screening of alternate KDEL receptor interacting peptide 

sequences revealed RTDL can interact with KDEL receptors (115).   Henderson et al., 

2013 described the ability of KDEL receptors to modulate MANF secretion through the 

overexpression of KDEL receptors (48).  Similarly, GLuc-SERCaMP secretion was 

modulated by KDEL receptor expression, as evidenced by a dose-dependent decrease in 

luminescence upon increased KDEL receptor expression (46). Furthermore, in a KDEL 

receptor enzyme-linked immunosorbent assay (ELISA) increased retention of GLuc 

variants (ASARTDL and ASAKDEL C-terminal sequences) compared to untagged 

control was observed (46). Collectively, these data suggest an alteration in the KDEL 

receptor retrieval pathway upon ER calcium depletion, providing an environment 

permissive to the release of GLuc-SERCaMP (or proteins with similar C-terminal amino 

acid sequences). Further examination is essential to delineate the relationship between 

KDEL receptors and ER calcium homeostasis. Much of the current research pertaining to 
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KDEL receptors does not consider KDEL isoforms. Topics of consideration for future 

experiments include: cell-specific expression of KDEL receptors (and isoforms), KDEL 

receptor (and isoform) expression before and after ER calcium depletion 

(pharmacological or disease model, such as obesity), and generation of KDEL isoform-

specific antibodies. One could envision creating a KDEL receptor profile among 

hepatocytes (cell line, primary cells, liver lysates) that correlates with GLuc-SERCaMP 

release before and after the addition of FFA or start of high fat diet. Establishing a shift in 

KDEL receptor repertoire could provide further insight to the release of GLuc-SERCaMP 

as well as endogenous SERCaMP.  

Collectively, this dissertation highlights the use of novel technologies to further 

understand cellular processes in various in vivo models of ER calcium depletion and ER 

stress. Understanding disease progression is essential to therapeutic approaches. Chapter 

4 describes the use of FDA-approved drug, dantrolene, to stabilize ER calcium during a 

high fat diet. Dantrolene, among many other compounds, was identified as a stabilizer of 

GLuc-SERCaMP (and therefore, ER calcium) during a high throughput screen in 

collaboration between our laboratory and the National Center for Advancing 

Translational Sciences (NCATS). Drugs identified in this screen could potentially be 

used to restore liver function through the attenuation of ER calcium dysfunction. Despite 

previously mentioned caveats, attenuation of GLuc-SERCaMP and endogenous 

SERCaMP was observed during dantrolene administration. Other alternatives to 

dantrolene, such as more water-soluble, azumolene, could be used in future experiments. 

Additional feeding parameters such as food restriction among the vehicle group to match 

intake in rats administered dantrolene with ad lib access could address the unexpected 
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result of decreased food consumption.  The results illustrated throughout this dissertation 

contribute to the understanding of ER calcium depletion in obesity, which in turn can aid 

therapeutic interventions.  
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APPENDIX 

 

 

Company Cat # Item Description 

Fisher  02-682-550 1.5mL tubes 

Fisher 14-823-30 1mL luer-lok syringes 

Rainin RT-L200F 200uL filter tips 

Fisher NC9598192 3-0 surgical sutures 

Fisher Scientific 14-821-13A  30g needles 

Fisher 22-246-073 Alcohol prep pads 

E-Z Anesthesia EZ-AF9000 Anesthesia Auto Flow System 

Lyon Vet 

ICU-912-

004 Animal recovery chamber 

Fisher NC9386574 Betadine solution 

Clorox n/a Bleach 

Puritan 806-WC Cotton tipped applicators 

WPI 501803 Cutting needles 3/8 circle sutures 

Fisher Scientific FS60D Digital ultrasonic cleaner 

CellPoint Scientific DS-401 Germinator 500 

Allmedtech 
63323-276-

02 
Heparin 

Butler Schein 29404 Isoflurane 

Henry Schein 995-2949 Ketamine 

Butler Schein 5867 Kwik Stop Styptic powder 

Bekman Colter 368831 Microfuge 22R Centrifuge 

Fisher 19-898-143 Neosporin 

Nikon SMZ745T Nikon Stereoscope 

Rainin L-200XLS+ P200 pipet 

E-Z Anesthesia EZ-258 ReFresh Charcoal Filter canister 

Fine Science tools Inc 10010-00 Scalpel blades, #10 

Charles River Rats SD rats 150-200g 

National Band and Tag 

co 1005-1 Small animal ear tags 

Braintree Scientific SP-MPS Sterile surgical drapes 

 
Table A.1 Comprehensive list of surgical supplies. 
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Figure A.2 Development of approach to measure GLuc and secNLuc from biological samples 

containing both proteins.    (A)  secNLuc and GLuc both show activity with coelenterazine substrate.  

Culture medium was collected from SH-SY5Y cells transfected with secNLuc or GLuc after 48 hrs.  Light 

emission was monitored over 10 min after adding 8µM coelenterazine (mean ± SD, n=2).   (B)  Kinetic 

analysis of secNLuc and GLuc light emission using 8µM coelenterazine containing 5µM NLuc inhibitor 

(mean ± SD, n=2) (C) Kinetic analysis of secNLuc and GLuc light emission with 1X furimazine substrate 

(mean ± SD, n=2). (D)  Linear relationship is observed for secNLuc concentration versus light emission for 

0.05X furimazine substrate.  Medium was collected from SH-SY5Y cells transfected with secNLuc and 

diluted with medium from untransfected SH-SY5Y cells. Light emission was measured (mean ± SD, n=4).  

(E)  Linear relationship is observed for GLuc concentration versus light emission using coelenterazine 

substrate (8μM).  Medium was collected from SH-SY5Y cells transfected with GLuc and diluted with 

medium from untransfected SH-SY5Y cells. Light emission was measured (mean ± SD, n=3) (F) NLuc 

inhibitor has activity on secNLuc, but not GLuc in plasma. NLuc inhibitor at various concentrations was 

added to coelenterazine substrate (100µM final) and light emission was measured in plasma containing 

GLuc-SERCaMP or secNLuc (mean ± SD, n=3). Panels A-E, data courtesy of Dr. Mark Henderson, Ph.D. 
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Figure A.3 Further characterization of secNLuc constructs. (A) SH-SY5Y cells transfected with 5X-

UPRE-secNLuc or MinP-secNLuc and treated with Tg (0-300nM) for 24 hrs (mean ± SD, n=12 wells/Tg 

treatment, ****p<0.0001, 2-way ANOVA). B) ATP viability of SH-SY5Y cells transfected with 5X-

UPRE-secNLuc or MinP-secNLuc and treated with Tg (0-300nM) for 24 hrs (mean ± SD, n=12 wells/Tg 

treatment). (C) SY5Y cells transfected with 5X-UPRE-secNLuc or MinP-secNLuc and treated with 100nM 

Tg for indicated time (mean ± SEM, n=6 wells/timepoint ***p<0.001, ****p<0.0001, 2-way ANOVA, 

Sidak’s multiple comparison test). Data courtesy of Steve Yan. Data analyses, Emily Wires. 
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Table A.4 List of primers and probes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Sequence 5'-3' 

Hyou1F gcagacctgttggcactgag 

Hyou1R caccggagttttcctccgaga 

Hyou1 probe (FAM, BHQ1) ccaggtccacagacatcacagccagtgt 

    

Grp78F agtggtggccactaatggagac 

Grp78R ggagtttctgcacagctctgttg 

Grp78 probe (FAM, BHQ1) cccgctgatcaaagtcttccccacccag 

    

Ube2iF gccaccactgtttcatccaaa 

Ube2iR gccgccagtccttgtcttc 

Ube2i probe (FAM, BHQ1) cgtgtatccttctggcacagtgtgc 

    

beta-actinF agccatgtacgtagccatcca 

beta-actinR gtctccggagtccatcacaatg 

beta-actin probe (HEX, BHQ1) tgtccctgtatgcctctggtcgtaccac 
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Figure A.5 Percent weight gain throughout cafeteria diet and ad lib high fat pellets. (A) Percent 

weight gain in rats allowed ad lib access to cafeteria diet plus chow versus restricted access to chow (mean 

± SEM, n=7 rats/cafeteria group, n= 4 rats/restricted chow group). (B) Percent weight gain among rats 

allowed ad lib access or restricted access to high fat pellets and either administered dantrolene, vehicle or 

no injection (naïve) (mean ± SEM, n=6 rats/group).  
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Figure A.6 Percent weight gain and overall consumption during pellet paradigm. (A, B) Overall 

weight gain among rats allowed access (restricted or ad lib) to high fat pellets or control pellets (mean ± 

SEM, n=6 rats/group). (C, D) Overall intake (grams) among rats allowed access (restricted or ad lib) to 

high fat pellets or control pellets (mean ± SEM, n=6 rats/group). (E, F) Overall intake (calories) among rats 

allowed access (restricted or ad lib) to high fat pellets or control pellets (mean ± SEM, n=6 rats/group). 
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Figure A.7 Effects of high fat diet on endogenous SERCaMP and SERCA2b levels. (A) Endogenous 

SERCaMP release is elevated in rats with ad lib access to high fat pellets versus restricted access to control 

pellets. All animals were restricted prior to access separation. Arrows indicate liver harvest time points. 

(mean ± SEM, n=15 rats total, **p<0.01, 2-way ANOVA). (B) SERCA2b western blot of liver lysates 

collected at indicated time points as noted in panel A (mean ± SEM, n=15 rats, 3/harvest time point, 1-way 

ANOVA, Tukey’s multiple comparison test *p=0.0405).  

 

 

 



92 
 

REFERENCES 

 

1. Kaufman RJ. Stress signaling from the lumen of the endoplasmic reticulum: 

coordination of gene transcriptional and translational controls. Genes Dev. 

1999;13(10):1211-33. PubMed PMID: 10346810. 

 

2. Baiceanu A, Mesdom P, Lagouge M, Foufelle F. Endoplasmic reticulum 

proteostasis in hepatic steatosis. Nat Rev Endocrinol. 2016. doi: 

10.1038/nrendo.2016.124. PubMed PMID: 27516341. 

 

3. Shibata Y, Voeltz GK, Rapoport TA. Rough sheets and smooth tubules. Cell. 

2006;126(3):435-9. doi: 10.1016/j.cell.2006.07.019. PubMed PMID: 16901774. 

 

4. Fu S, Watkins SM, Hotamisligil GS. The role of endoplasmic reticulum in hepatic 

lipid homeostasis and stress signaling. Cell Metab. 2012;15(5):623-34. doi: 

10.1016/j.cmet.2012.03.007. PubMed PMID: 22560215. 

 

5. Fujii-Kuriyama Y, Negishi M, Mikawa R, Tashiro Y. Biosynthesis of cytochrome 

P-450 on membrane-bound ribosomes and its subsequent incorporation into rough and 

smooth microsomes in rat hepatocytes. J Cell Biol. 1979;81(3):510-9. PubMed PMID: 

457773; PMCID: PMC2110398. 

 

6. Burdakov D, Petersen OH, Verkhratsky A. Intraluminal calcium as a primary 

regulator of endoplasmic reticulum function. Cell Calcium. 2005;38(3-4):303-10. doi: 

10.1016/j.ceca.2005.06.010. PubMed PMID: 16076486. 

 

7. Michalak M, Robert Parker JM, Opas M. Ca2+ signaling and calcium binding 

chaperones of the endoplasmic reticulum. Cell Calcium. 2002;32(5-6):269-78. PubMed 

PMID: 12543089. 

 

8. Lebeche D, Lucero HA, Kaminer B. Calcium binding properties of rabbit liver 

protein disulfide isomerase. Biochem Biophys Res Commun. 1994;202(1):556-61. doi: 

10.1006/bbrc.1994.1964. PubMed PMID: 8037762. 

 

9. Moore L, Chen T, Knapp HR, Landon EJ. Energy-dependent calcium 

sequestration activity in rat liver microsomes. J Biol Chem. 1975;250(12):4562-8. 

PubMed PMID: 806589. 

 

10. Stammers AN, Susser SE, Hamm NC, Hlynsky MW, Kimber DE, Kehler DS, 

Duhamel TA. The regulation of sarco(endo)plasmic reticulum calcium-ATPases 

(SERCA). Can J Physiol Pharmacol. 2015;93(10):843-54. doi: 10.1139/cjpp-2014-0463. 

PubMed PMID: 25730320. 

 

11. Brini M, Carafoli E. Calcium pumps in health and disease. Physiol Rev. 

2009;89(4):1341-78. doi: 10.1152/physrev.00032.2008. PubMed PMID: 19789383. 



93 
 

 

12. Mekahli D, Bultynck G, Parys JB, De Smedt H, Missiaen L. Endoplasmic-

reticulum calcium depletion and disease. Cold Spring Harb Perspect Biol. 2011;3(6). doi: 

10.1101/cshperspect.a004317. PubMed PMID: 21441595. 

 

13. Pierobon N, Renard-Rooney DC, Gaspers LD, Thomas AP. Ryanodine receptors 

in liver. J Biol Chem. 2006;281(45):34086-95. doi: 10.1074/jbc.M607788200. PubMed 

PMID: 16973607. 

 

14. López-Neblina F, Toledo-Pereyra LH, Toledo AH, Walsh J. Ryanodine receptor 

antagonism protects the ischemic liver and modulates TNF-alpha and IL-10. J Surg Res. 

2007;140(1):121-8. doi: 10.1016/j.jss.2006.12.003. PubMed PMID: 17359999. 

 

15. Dufour JF, Lüthi M, Forestier M, Magnino F. Expression of inositol 1,4,5-

trisphosphate receptor isoforms in rat cirrhosis. Hepatology. 1999;30(4):1018-26. doi: 

10.1002/hep.510300421. PubMed PMID: 10498655. 

 

16. Fu S, Yang L, Li P, Hofmann O, Dicker L, Hide W, Lin X, Watkins SM, Ivanov 

AR, Hotamisligil GS. Aberrant lipid metabolism disrupts calcium homeostasis causing 

liver endoplasmic reticulum stress in obesity. Nature. 2011;473(7348):528-31. doi: 

10.1038/nature09968. PubMed PMID: 21532591; PMCID: PMC3102791. 

 

17. Wang Y, Viscarra J, Kim SJ, Sul HS. Transcriptional regulation of hepatic 

lipogenesis. Nat Rev Mol Cell Biol. 2015;16(11):678-89. doi: 10.1038/nrm4074. PubMed 

PMID: 26490400; PMCID: PMC4884795. 

 

18. Park SW, Zhou Y, Lee J, Ozcan U. Sarco(endo)plasmic reticulum Ca2+-ATPase 

2b is a major regulator of endoplasmic reticulum stress and glucose homeostasis in 

obesity. Proc Natl Acad Sci U S A. 2010;107(45):19320-5. doi: 

10.1073/pnas.1012044107. PubMed PMID: 20974941; PMCID: PMC2984194. 

 

19. Walter P, Ron D. The unfolded protein response: from stress pathway to 

homeostatic regulation. Science. 2011;334(6059):1081-6. doi: 334/6059/1081 [pii] 

10.1126/science.1209038. PubMed PMID: 22116877. 

20. Lee J, Ozcan U. Unfolded protein response signaling and metabolic diseases. J 

Biol Chem. 2014;289(3):1203-11. doi: 10.1074/jbc.R113.534743. PubMed PMID: 

24324257; PMCID: PMC3894306. 

 

21. Ron D, Walter P. Signal integration in the endoplasmic reticulum unfolded 

protein response. Nat Rev Mol Cell Biol. 2007;8(7):519-29. doi: 10.1038/nrm2199. 

PubMed PMID: 17565364. 

 

22. Malhi H, Kaufman RJ. Endoplasmic reticulum stress in liver disease. J Hepatol. 

2011;54(4):795-809. doi: S0168-8278(10)01065-2 [pii] 

10.1016/j.jhep.2010.11.005. PubMed PMID: 21145844; PMCID: PMC3375108. 



94 
 

23. Shiu RP, Pouyssegur J, Pastan I. Glucose depletion accounts for the induction of 

two transformation-sensitive membrane proteinsin Rous sarcoma virus-transformed chick 

embryo fibroblasts. Proc Natl Acad Sci U S A. 1977;74(9):3840-4. PubMed PMID: 

198809; PMCID: PMC431753. 

 

24. Schröder M, Kaufman RJ. The mammalian unfolded protein response. Annu Rev 

Biochem. 2005;74:739-89. doi: 10.1146/annurev.biochem.73.011303.074134. PubMed 

PMID: 15952902. 

 

25. Gething MJ. Role and regulation of the ER chaperone BiP. Semin Cell Dev Biol. 

1999;10(5):465-72. doi: 10.1006/scdb.1999.0318. PubMed PMID: 10597629. 

 

26. Kammoun HL, Chabanon H, Hainault I, Luquet S, Magnan C, Koike T, Ferré P, 

Foufelle F. GRP78 expression inhibits insulin and ER stress-induced SREBP-1c 

activation and reduces hepatic steatosis in mice. J Clin Invest. 2009;119(5):1201-15. doi: 

10.1172/JCI37007. PubMed PMID: 19363290; PMCID: PMC2673873. 

 

27. Sitia R, Braakman I. Quality control in the endoplasmic reticulum protein factory. 

Nature. 2003;426(6968):891-4. doi: nature02262 [pii] 

10.1038/nature02262. PubMed PMID: 14685249. 

28. Lee AH, Scapa EF, Cohen DE, Glimcher LH. Regulation of hepatic lipogenesis 

by the transcription factor XBP1. Science. 2008;320(5882):1492-6. doi: 

10.1126/science.1158042. PubMed PMID: 18556558; PMCID: PMC3620093. 

 

29. Oyadomari S, Harding HP, Zhang Y, Oyadomari M, Ron D. Dephosphorylation 

of translation initiation factor 2alpha enhances glucose tolerance and attenuates 

hepatosteatosis in mice. Cell Metab. 2008;7(6):520-32. doi: 10.1016/j.cmet.2008.04.011. 

PubMed PMID: 18522833; PMCID: PMC2474721. 

 

30. Haze K, Yoshida H, Yanagi H, Yura T, Mori K. Mammalian transcription factor 

ATF6 is synthesized as a transmembrane protein and activated by proteolysis in response 

to endoplasmic reticulum stress. Mol Biol Cell. 1999;10(11):3787-99. PubMed PMID: 

10564271; PMCID: PMC25679. 

 

31. Shen J, Chen X, Hendershot L, Prywes R. ER stress regulation of ATF6 

localization by dissociation of BiP/GRP78 binding and unmasking of Golgi localization 

signals. Dev Cell. 2002;3(1):99-111. PubMed PMID: 12110171. 

 

32. Zhang K, Kaufman RJ. Signaling the unfolded protein response from the 

endoplasmic reticulum. J Biol Chem. 2004;279(25):25935-8. doi: 

10.1074/jbc.R400008200. PubMed PMID: 15070890. 

 

33. Samali A, Fitzgerald U, Deegan S, Gupta S. Methods for monitoring endoplasmic 

reticulum stress and the unfolded protein response. Int J Cell Biol. 2010;2010:830307. 

doi: 10.1155/2010/830307. PubMed PMID: 20169136; PMCID: PMC2821749. 

 



95 
 

34. Usui M, Yamaguchi S, Tanji Y, Tominaga R, Ishigaki Y, Fukumoto M, Katagiri 

H, Mori K, Oka Y, Ishihara H. Atf6α-null mice are glucose intolerant due to pancreatic β-

cell failure on a high-fat diet but partially resistant to diet-induced insulin resistance. 

Metabolism. 2012;61(8):1118-28. doi: 10.1016/j.metabol.2012.01.004. PubMed PMID: 

22386934. 

 

35. Wang Y, Vera L, Fischer WH, Montminy M. The CREB coactivator CRTC2 

links hepatic ER stress and fasting gluconeogenesis. Nature. 2009;460(7254):534-7. doi: 

10.1038/nature08111. PubMed PMID: 19543265; PMCID: PMC2730924. 

 

36. Boden G, Song W, Duan X, Cheung P, Kresge K, Barrero C, Merali S. Infusion 

of glucose and lipids at physiological rates causes acute endoplasmic reticulum stress in 

rat liver. Obesity (Silver Spring). 2011;19(7):1366-73. doi: 10.1038/oby.2011.71. 

PubMed PMID: 21475143. 

 

37. Thuerauf DJ, Hoover H, Meller J, Hernandez J, Su L, Andrews C, Dillmann WH, 

McDonough PM, Glembotski CC. Sarco/endoplasmic reticulum calcium ATPase-2 

expression is regulated by ATF6 during the endoplasmic reticulum stress response: 

intracellular signaling of calcium stress in a cardiac myocyte model system. J Biol Chem. 

2001;276(51):48309-17. doi: 10.1074/jbc.M107146200. PubMed PMID: 11595740. 

 

38. Henderson MJ, Baldwin HA, Werley CA, Boccardo S, Whitaker LR, Yan X, Holt 

GT, Schreiter ER, Looger LL, Cohen AE, Kim DS, Harvey BK. A Low Affinity 

GCaMP3 Variant (GCaMPer) for Imaging the Endoplasmic Reticulum Calcium Store. 

PLoS One. 2015;10(10):e0139273. doi: 10.1371/journal.pone.0139273. PubMed PMID: 

26451944; PMCID: PMC4599735. 

 

39. Suzuki J, Kanemaru K, Ishii K, Ohkura M, Okubo Y, Iino M. Imaging 

intraorganellar Ca2+ at subcellular resolution using CEPIA. Nat Commun. 2014;5:4153. 

doi: 10.1038/ncomms5153. PubMed PMID: 24923787; PMCID: PMC4082642. 

 

40. Wei Y, Wang D, Gentile CL, Pagliassotti MJ. Reduced endoplasmic reticulum 

luminal calcium links saturated fatty acid-mediated endoplasmic reticulum stress and cell 

death in liver cells. Mol Cell Biochem. 2009;331(1-2):31-40. doi: 10.1007/s11010-009-

0142-1. PubMed PMID: 19444596; PMCID: PMC2899892. 

 

41. Xu S, Nam SM, Kim JH, Das R, Choi SK, Nguyen TT, Quan X, Choi SJ, Chung 

CH, Lee EY, Lee IK, Wiederkehr A, Wollheim CB, Cha SK, Park KS. Palmitate induces 

ER calcium depletion and apoptosis in mouse podocytes subsequent to mitochondrial 

oxidative stress. Cell Death Dis. 2015;6:e1976. doi: 10.1038/cddis.2015.331. PubMed 

PMID: 26583319; PMCID: PMC4670935. 

 

42. Bootman MD. Calcium signaling. Cold Spring Harb Perspect Biol. 

2012;4(7):a011171. doi: 10.1101/cshperspect.a011171. PubMed PMID: 22751152; 

PMCID: PMC3385957. 

 



96 
 

43. Williams GS, Boyman L, Chikando AC, Khairallah RJ, Lederer WJ. 

Mitochondrial calcium uptake. Proc Natl Acad Sci U S A. 2013;110(26):10479-86. doi: 

10.1073/pnas.1300410110. PubMed PMID: 23759742; PMCID: PMC3696793. 

 

44. Tian L, Hires SA, Looger LL. Imaging neuronal activity with genetically encoded 

calcium indicators. Cold Spring Harb Protoc. 2012;2012(6):647-56. doi: 

10.1101/pdb.top069609. PubMed PMID: 22661439. 

 

45. Palmer AE, Jin C, Reed JC, Tsien RY. Bcl-2-mediated alterations in endoplasmic 

reticulum Ca2+ analyzed with an improved genetically encoded fluorescent sensor. Proc 

Natl Acad Sci U S A. 2004;101(50):17404-9. doi: 10.1073/pnas.0408030101. PubMed 

PMID: 15585581; PMCID: PMC535104. 

 

46. Henderson MJ, Wires ES, Trychta KA, Richie CT, Harvey BK. SERCaMP: a 

carboxy-terminal protein modification that enables monitoring of ER calcium 

homeostasis. Mol Biol Cell. 2014;25(18):2828-39. doi: 10.1091/mbc.E14-06-1141. 

PubMed PMID: 25031430; PMCID: PMC4161517. 

 

47. Apostolou A, Shen Y, Liang Y, Luo J, Fang S. Armet, a UPR-upregulated 

protein, inhibits cell proliferation and ER stress-induced cell death. Exp Cell Res. 

2008;314(13):2454-67. doi: 10.1016/j.yexcr.2008.05.001. PubMed PMID: 18561914. 

 

48. Henderson MJ, Richie CT, Airavaara M, Wang Y, Harvey BK. Mesencephalic 

astrocyte-derived neurotrophic factor (MANF) secretion and cell surface binding are 

modulated by KDEL receptors. J Biol Chem. 2013;288(6):4209-25. doi: 

10.1074/jbc.M112.400648. PubMed PMID: 23255601; PMCID: PMC3567670. 

 

49. Tannous BA. Gaussia luciferase reporter assay for monitoring biological 

processes in culture and in vivo. Nat Protoc. 2009;4(4):582-91. doi: 

10.1038/nprot.2009.28. PubMed PMID: 19373229; PMCID: PMC2692611. 

 

50. Suzuki T, Usuda S, Ichinose H, Inouye S. Real-time bioluminescence imaging of 

a protein secretory pathway in living mammalian cells using Gaussia luciferase. FEBS 

Lett. 2007;581(24):4551-6. doi: 10.1016/j.febslet.2007.08.036. PubMed PMID: 

17825828. 

 

51. Tannous BA, Kim DE, Fernandez JL, Weissleder R, Breakefield XO. Codon-

optimized Gaussia luciferase cDNA for mammalian gene expression in culture and in 

vivo. Mol Ther. 2005;11(3):435-43. doi: 10.1016/j.ymthe.2004.10.016. PubMed PMID: 

15727940. 

 

52. Venisnik KM, Olafsen T, Gambhir SS, Wu AM. Fusion of Gaussia luciferase to 

an engineered anti-carcinoembryonic antigen (CEA) antibody for in vivo optical imaging. 

Mol Imaging Biol. 2007;9(5):267-77. doi: 10.1007/s11307-007-0101-8. PubMed PMID: 

17577599. 

 



97 
 

53. Micaroni M. The role of calcium in intracellular trafficking. Curr Mol Med. 

2010;10(8):763-73. PubMed PMID: 20937019. 

 

54. Lanner JT, Georgiou DK, Joshi AD, Hamilton SL. Ryanodine receptors: 

structure, expression, molecular details, and function in calcium release. Cold Spring 

Harb Perspect Biol. 2010;2(11):a003996. doi: 10.1101/cshperspect.a003996. PubMed 

PMID: 20961976; PMCID: PMC2964179. 

 

55. Taylor CW, Tovey SC. IP(3) receptors: toward understanding their activation. 

Cold Spring Harb Perspect Biol. 2010;2(12):a004010. doi: 10.1101/cshperspect.a004010. 

PubMed PMID: 20980441; PMCID: PMC2982166. 

 

56. Paredes RM, Etzler JC, Watts LT, Zheng W, Lechleiter JD. Chemical calcium 

indicators. Methods. 2008;46(3):143-51. doi: 10.1016/j.ymeth.2008.09.025. PubMed 

PMID: 18929663; PMCID: PMC2666335. 

57. Whitaker M. Genetically encoded probes for measurement of intracellular 

calcium. Methods Cell Biol. 2010;99:153-82. doi: 10.1016/b978-0-12-374841-6.00006-2. 

PubMed PMID: 21035686; PMCID: PMC3292878. 

 

58. Tang S, Wong HC, Wang ZM, Huang Y, Zou J, Zhuo Y, Pennati A, Gadda G, 

Delbono O, Yang JJ. Design and application of a class of sensors to monitor Ca2+ 

dynamics in high Ca2+ concentration cellular compartments. Proc Natl Acad Sci U S A. 

2011;108(39):16265-70. doi: 10.1073/pnas.1103015108. PubMed PMID: 21914846; 

PMCID: PMC3182728. 

 

59. Henderson MJ, Wires ES, Trychta KA, Yan X, Harvey BK. Monitoring 

Endoplasmic Reticulum Calcium Homeostasis Using a Gaussia Luciferase SERCaMP. J 

Vis Exp. 2015(103). doi: 10.3791/53199. PubMed PMID: 26383227. 

 

60. Sobrevals L, Enguita M, Rodriguez C, Gonzalez-Rojas J, Alzaguren P, Razquin 

N, Prieto J, Fortes P. AAV vectors transduce hepatocytes in vivo as efficiently in 

cirrhotic as in healthy rat livers. Gene Ther. 2012;19(4):411-7. doi: 10.1038/gt.2011.119. 

PubMed PMID: 21850051. 

 

61. Wang Z, Ma HI, Li J, Sun L, Zhang J, Xiao X. Rapid and highly efficient 

transduction by double-stranded adeno-associated virus vectors in vitro and in vivo. Gene 

Ther. 2003;10(26):2105-11. doi: 10.1038/sj.gt.3302133. PubMed PMID: 14625564. 

 

62. Seppen J, Bakker C, de Jong B, Kunne C, van den Oever K, Vandenberghe K, de 

Waart R, Twisk J, Bosma P. Adeno-associated virus vector serotypes mediate sustained 

correction of bilirubin UDP glucuronosyltransferase deficiency in rats. Mol Ther. 

2006;13(6):1085-92. doi: 10.1016/j.ymthe.2006.01.014. PubMed PMID: 16581301. 

 

63. Hareendran S, Balakrishnan B, Sen D, Kumar S, Srivastava A, Jayandharan GR. 

Adeno-associated virus (AAV) vectors in gene therapy: immune challenges and strategies 



98 
 

to circumvent them. Rev Med Virol. 2013;23(6):399-413. doi: 10.1002/rmv.1762. 

PubMed PMID: 24023004. 

 

64. Smeets EF, Heemskerk JW, Comfurius P, Bevers EM, Zwaal RF. Thapsigargin 

amplifies the platelet procoagulant response caused by thrombin. Thromb Haemost. 

1993;70(6):1024-9. PubMed PMID: 8165595. 

 

65. Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: cell life and death 

decisions. J Clin Invest. 2005;115(10):2656-64. doi: 10.1172/JCI26373. PubMed PMID: 

16200199; PMCID: PMC1236697. 

 

66. Lindholm D, Wootz H, Korhonen L. ER stress and neurodegenerative diseases. 

Cell Death Differ. 2006;13(3):385-92. doi: 4401778 [pii] 

10.1038/sj.cdd.4401778. PubMed PMID: 16397584. 

67. Li M, Baumeister P, Roy B, Phan T, Foti D, Luo S, Lee AS. ATF6 as a 

transcription activator of the endoplasmic reticulum stress element: thapsigargin stress-

induced changes and synergistic interactions with NF-Y and YY1. Mol Cell Biol. 

2000;20(14):5096-106. PubMed PMID: 10866666; PMCID: PMC85959. 

 

68. Celli A, Mackenzie DS, Crumrine DS, Tu CL, Hupe M, Bikle DD, Elias PM, 

Mauro TM. Endoplasmic reticulum Ca2+ depletion activates XBP1 and controls terminal 

differentiation in keratinocytes and epidermis. Br J Dermatol. 2011;164(1):16-25. doi: 

10.1111/j.1365-2133.2010.10046.x. PubMed PMID: 20846312; PMCID: PMC3010253. 

 

69. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction 

of BiP and ER stress transducers in the unfolded-protein response. Nat Cell Biol. 

2000;2(6):326-32. doi: 10.1038/35014014. PubMed PMID: 10854322. 

 

70. Hall MP, Unch J, Binkowski BF, Valley MP, Butler BL, Wood MG, Otto P, 

Zimmerman K, Vidugiris G, Machleidt T, Robers MB, Benink HA, Eggers CT, Slater 

MR, Meisenheimer PL, Klaubert DH, Fan F, Encell LP, Wood KV. Engineered luciferase 

reporter from a deep sea shrimp utilizing a novel imidazopyrazinone substrate. ACS 

Chem Biol. 2012;7(11):1848-57. doi: 10.1021/cb3002478. PubMed PMID: 22894855; 

PMCID: PMC3501149. 

 

71. Loh JM, Proft T. Comparison of firefly luciferase and NanoLuc luciferase for 

biophotonic labeling of group A Streptococcus. Biotechnol Lett. 2014;36(4):829-34. doi: 

10.1007/s10529-013-1423-z. PubMed PMID: 24322775. 

 

72. Heise K, Oppermann H, Meixensberger J, Gebhardt R, Gaunitz F. Dual luciferase 

assay for secreted luciferases based on Gaussia and NanoLuc. Assay Drug Dev Technol. 

2013;11(4):244-52. doi: 10.1089/adt.2013.509. PubMed PMID: 23679848. 

 

73. Yang S, Cohen CJ, Peng PD, Zhao Y, Cassard L, Yu Z, Zheng Z, Jones S, Restifo 

NP, Rosenberg SA, Morgan RA. Development of optimal bicistronic lentiviral vectors 



99 
 

facilitates high-level TCR gene expression and robust tumor cell recognition. Gene Ther. 

2008;15(21):1411-23. doi: 10.1038/gt.2008.90. PubMed PMID: 18496571; PMCID: 

PMC2684456. 

 

74. Li J, Chen Z, Gao LY, Colorni A, Ucko M, Fang S, Du SJ. A transgenic zebrafish 

model for monitoring xbp1 splicing and endoplasmic reticulum stress in vivo. Mech Dev. 

2015;137:33-44. doi: 10.1016/j.mod.2015.04.001. PubMed PMID: 25892297. 

 

75. Ho PI, Yue K, Pandey P, Breault L, Harbinski F, McBride AJ, Webb B, Narahari 

J, Karassina N, Wood KV, Hill A, Auld DS. Reporter enzyme inhibitor study to aid 

assembly of orthogonal reporter gene assays. ACS chemical biology. 2013;8(5):1009-17. 

doi: 10.1021/cb3007264. PubMed PMID: 23485150. 

 

76. Ryan MD, King AM, Thomas GP. Cleavage of foot-and-mouth disease virus 

polyprotein is mediated by residues located within a 19 amino acid sequence. J Gen 

Virol. 1991;72 ( Pt 11):2727-32. PubMed PMID: 1658199. 

 

77. Shoulders MD, Ryno LM, Genereux JC, Moresco JJ, Tu PG, Wu C, Yates JR, Su 

AI, Kelly JW, Wiseman RL. Stress-independent activation of XBP1s and/or ATF6 

reveals three functionally diverse ER proteostasis environments. Cell Rep. 

2013;3(4):1279-92. doi: 10.1016/j.celrep.2013.03.024. PubMed PMID: 23583182; 

PMCID: PMC3754422. 

 

78. Martin CS, Wight PA, Dobretsova A, Bronstein I. Dual luminescence-based 

reporter gene assay for luciferase and beta-galactosidase. Biotechniques. 1996;21(3):520-

4. PubMed PMID: 8879594. 

 

79. Wang Y, Shen J, Arenzana N, Tirasophon W, Kaufman RJ, Prywes R. Activation 

of ATF6 and an ATF6 DNA binding site by the endoplasmic reticulum stress response. J 

Biol Chem. 2000;275(35):27013-20. doi: 10.1074/jbc.M003322200. PubMed PMID: 

10856300. 

 

80. Howard DB, Powers K, Wang Y, Harvey BK. Tropism and toxicity of adeno-

associated viral vector serotypes 1, 2, 5, 6, 7, 8, and 9 in rat neurons and glia in vitro. 

Virology. 2008;372(1):24-34. doi: 10.1016/j.virol.2007.10.007. PubMed PMID: 

18035387; PMCID: PMC2293646. 

 

81. WHO. Obesity and Overweight Fact Sheet 2016. Available from: 

http://www.who.int/mediacentre/factsheets/fs311/en/. 

 

82. Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, Smith RO, Görgün 

CZ, Hotamisligil GS. Chemical chaperones reduce ER stress and restore glucose 

homeostasis in a mouse model of type 2 diabetes. Science. 2006;313(5790):1137-40. doi: 

10.1126/science.1128294. PubMed PMID: 16931765. 

 

http://www.who.int/mediacentre/factsheets/fs311/en/


100 
 

83. Bailly-Maitre B, Belgardt BF, Jordan SD, Coornaert B, von Freyend MJ, 

Kleinridders A, Mauer J, Cuddy M, Kress CL, Willmes D, Essig M, Hampel B, Protzer 

U, Reed JC, Brüning JC. Hepatic Bax inhibitor-1 inhibits IRE1alpha and protects from 

obesity-associated insulin resistance and glucose intolerance. J Biol Chem. 

2010;285(9):6198-207. doi: 10.1074/jbc.M109.056648. PubMed PMID: 19996103; 

PMCID: PMC2825415. 

 

84. Ashby MC, Tepikin AV. ER calcium and the functions of intracellular organelles. 

Semin Cell Dev Biol. 2001;12(1):11-7. doi: 10.1006/scdb.2000.0212. PubMed PMID: 

11162742. 

 

85. Vangheluwe P, Louch WE, Ver Heyen M, Sipido K, Raeymaekers L, Wuytack F. 

Ca2+ transport ATPase isoforms SERCA2a and SERCA2b are targeted to the same sites 

in the murine heart. Cell Calcium. 2003;34(6):457-64. PubMed PMID: 14572804. 

 

86. Egnatchik RA, Leamy AK, Jacobson DA, Shiota M, Young JD. ER calcium 

release promotes mitochondrial dysfunction and hepatic cell lipotoxicity in response to 

palmitate overload. Mol Metab. 2014;3(5):544-53. doi: 10.1016/j.molmet.2014.05.004. 

PubMed PMID: 25061559; PMCID: PMC4099508. 

 

87. Karpe F, Dickmann JR, Frayn KN. Fatty acids, obesity, and insulin resistance: 

time for a reevaluation. Diabetes. 2011;60(10):2441-9. doi: 10.2337/db11-0425. PubMed 

PMID: 21948998; PMCID: PMC3178283. 

 

88. Pagliassotti MJ, Kim PY, Estrada AL, Stewart CM, Gentile CL. Endoplasmic 

reticulum stress in obesity and obesity-related disorders: An expanded view. Metabolism. 

2016;65(9):1238-46. doi: 10.1016/j.metabol.2016.05.002. PubMed PMID: 27506731; 

PMCID: PMC4980576. 

 

89. Dara L, Ji C, Kaplowitz N. The contribution of endoplasmic reticulum stress to 

liver diseases. Hepatology. 2011;53(5):1752-63. doi: 10.1002/hep.24279. PubMed 

PMID: 21384408; PMCID: PMC3082587. 

 

90. Sampey BP, Vanhoose AM, Winfield HM, Freemerman AJ, Muehlbauer MJ, 

Fueger PT, Newgard CB, Makowski L. Cafeteria diet is a robust model of human 

metabolic syndrome with liver and adipose inflammation: comparison to high-fat diet. 

Obesity (Silver Spring). 2011;19(6):1109-17. doi: 10.1038/oby.2011.18. PubMed PMID: 

21331068; PMCID: PMC3130193. 

 

91. Larach MG, Brandom BW, Allen GC, Gronert GA, Lehman EB. Cardiac arrests 

and deaths associated with malignant hyperthermia in north america from 1987 to 2006: a 

report from the north american malignant hyperthermia registry of the malignant 

hyperthermia association of the United States. Anesthesiology. 2008;108(4):603-11. doi: 

10.1097/ALN.0b013e318167aee2. PubMed PMID: 18362591. 

 



101 
 

92. Britt BA, Kalow W. Malignant hyperthermia: a statistical review. Can Anaesth 

Soc J. 1970;17(4):293-315. PubMed PMID: 4246871. 

93. Boden G, Duan X, Homko C, Molina EJ, Song W, Perez O, Cheung P, Merali S. 

Increase in endoplasmic reticulum stress-related proteins and genes in adipose tissue of 

obese, insulin-resistant individuals. Diabetes. 2008;57(9):2438-44. doi: 10.2337/db08-

0604. PubMed PMID: 18567819; PMCID: PMC2518495. 

 

94. Kawasaki N, Asada R, Saito A, Kanemoto S, Imaizumi K. Obesity-induced 

endoplasmic reticulum stress causes chronic inflammation in adipose tissue. Sci Rep. 

2012;2:799. doi: 10.1038/srep00799. PubMed PMID: 23150771; PMCID: PMC3495279. 

 

95. Hotamisligil GS. Endoplasmic reticulum stress and the inflammatory basis of 

metabolic disease. Cell. 2010;140(6):900-17. doi: 10.1016/j.cell.2010.02.034. PubMed 

PMID: 20303879; PMCID: PMC2887297. 

 

96. Gregor MF, Yang L, Fabbrini E, Mohammed BS, Eagon JC, Hotamisligil GS, 

Klein S. Endoplasmic reticulum stress is reduced in tissues of obese subjects after weight 

loss. Diabetes. 2009;58(3):693-700. doi: 10.2337/db08-1220. PubMed PMID: 19066313; 

PMCID: PMC2646068. 

 

97. Airavaara M, Chiocco MJ, Howard DB, Zuchowski KL, Peränen J, Liu C, Fang 

S, Hoffer BJ, Wang Y, Harvey BK. Widespread cortical expression of MANF by AAV 

serotype 7: localization and protection against ischemic brain injury. Exp Neurol. 

2010;225(1):104-13. doi: 10.1016/j.expneurol.2010.05.020. PubMed PMID: 20685313; 

PMCID: PMC2925275. 

 

98. Airavaara M, Shen H, Kuo CC, Peränen J, Saarma M, Hoffer B, Wang Y. 

Mesencephalic astrocyte-derived neurotrophic factor reduces ischemic brain injury and 

promotes behavioral recovery in rats. J Comp Neurol. 2009;515(1):116-24. doi: 

10.1002/cne.22039. PubMed PMID: 19399876; PMCID: PMC2723810. 

 

99. Voutilainen MH, Bäck S, Pörsti E, Toppinen L, Lindgren L, Lindholm P, Peränen 

J, Saarma M, Tuominen RK. Mesencephalic astrocyte-derived neurotrophic factor is 

neurorestorative in rat model of Parkinson's disease. J Neurosci. 2009;29(30):9651-9. doi: 

10.1523/JNEUROSCI.0833-09.2009. PubMed PMID: 19641128. 

 

100. Kim Y, Lee H, Manson SR, Lindahl M, Evans B, Miner JH, Urano F, Chen YM. 

Mesencephalic Astrocyte-Derived Neurotrophic Factor as a Urine Biomarker for 

Endoplasmic Reticulum Stress-Related Kidney Diseases. J Am Soc Nephrol. 2016. doi: 

10.1681/ASN.2014100986. PubMed PMID: 26940092. 

 

101. Galli E, Härkönen T, Sainio MT, Ustav M, Toots U, Urtti A, Yliperttula M, 

Lindahl M, Knip M, Saarma M, Lindholm P. Increased circulating concentrations of 

mesencephalic astrocyte-derived neurotrophic factor in children with type 1 diabetes. Sci 

Rep. 2016;6:29058. doi: 10.1038/srep29058. PubMed PMID: 27356471; PMCID: 

PMC4928177. 



102 
 

 

102. Tian L, Yang Y, Wysocki LM, Arnold AC, Hu A, Ravichandran B, Sternson SM, 

Looger LL, Lavis LD. Selective esterase-ester pair for targeting small molecules with 

cellular specificity. Proc Natl Acad Sci U S A. 2012;109(13):4756-61. doi: 

10.1073/pnas.1111943109. PubMed PMID: 22411832; PMCID: PMC3323987. 

 

103. Park HW, Park H, Semple IA, Jang I, Ro SH, Kim M, Cazares VA, Stuenkel EL, 

Kim JJ, Kim JS, Lee JH. Pharmacological correction of obesity-induced autophagy arrest 

using calcium channel blockers. Nat Commun. 2014;5:4834. doi: 10.1038/ncomms5834. 

PubMed PMID: 25189398; PMCID: PMC4157315. 

 

104. Li Y, Ge M, Ciani L, Kuriakose G, Westover EJ, Dura M, Covey DF, Freed JH, 

Maxfield FR, Lytton J, Tabas I. Enrichment of endoplasmic reticulum with cholesterol 

inhibits sarcoplasmic-endoplasmic reticulum calcium ATPase-2b activity in parallel with 

increased order of membrane lipids: implications for depletion of endoplasmic reticulum 

calcium stores and apoptosis in cholesterol-loaded macrophages. J Biol Chem. 

2004;279(35):37030-9. doi: 10.1074/jbc.M405195200. PubMed PMID: 15215242. 

 

105. Cheng KH, Lepock JR, Hui SW, Yeagle PL. The role of cholesterol in the activity 

of reconstituted Ca-ATPase vesicles containing unsaturated phosphatidylethanolamine. J 

Biol Chem. 1986;261(11):5081-7. PubMed PMID: 3007490. 

 

106. Lange Y, Ye J, Rigney M, Steck TL. Regulation of endoplasmic reticulum 

cholesterol by plasma membrane cholesterol. J Lipid Res. 1999;40(12):2264-70. PubMed 

PMID: 10588952. 

 

107. Boslem E, Weir JM, MacIntosh G, Sue N, Cantley J, Meikle PJ, Biden TJ. 

Alteration of endoplasmic reticulum lipid rafts contributes to lipotoxicity in pancreatic β-

cells. J Biol Chem. 2013;288(37):26569-82. doi: 10.1074/jbc.M113.489310. PubMed 

PMID: 23897822; PMCID: PMC3772204. 

 

108. van Willigen JD, Jüch PJ, Ballintijn CM, Broekhuijsen ML. A hierarchy of neural 

control of mastication in the rat. Neuroscience. 1986;19(2):447-55. PubMed PMID: 

3774150. 

 

109. Egnatchik RA, Leamy AK, Noguchi Y, Shiota M, Young JD. Palmitate-induced 

activation of mitochondrial metabolism promotes oxidative stress and apoptosis in 

H4IIEC3 rat hepatocytes. Metabolism. 2014;63(2):283-95. doi: 

10.1016/j.metabol.2013.10.009. PubMed PMID: 24286856; PMCID: PMC3946971. 

 

110. Yoshida H, Okada T, Haze K, Yanagi H, Yura T, Negishi M, Mori K. ATF6 

activated by proteolysis binds in the presence of NF-Y (CBF) directly to the cis-acting 

element responsible for the mammalian unfolded protein response. Mol Cell Biol. 

2000;20(18):6755-67. PubMed PMID: 10958673; PMCID: PMC86199. 

 



103 
 

111. Yamamoto K, Yoshida H, Kokame K, Kaufman RJ, Mori K. Differential 

contributions of ATF6 and XBP1 to the activation of endoplasmic reticulum stress-

responsive cis-acting elements ERSE, UPRE and ERSE-II. J Biochem. 2004;136(3):343-

50. doi: 10.1093/jb/mvh122. PubMed PMID: 15598891. 

 

112. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1 mRNA is induced 

by ATF6 and spliced by IRE1 in response to ER stress to produce a highly active 

transcription factor. Cell. 2001;107(7):881-91. PubMed PMID: 11779464. 

 

113. Wu Z, Miller E, Agbandje-McKenna M, Samulski RJ. Alpha2,3 and alpha2,6 N-

linked sialic acids facilitate efficient binding and transduction by adeno-associated virus 

types 1 and 6. J Virol. 2006;80(18):9093-103. doi: 10.1128/JVI.00895-06. PubMed 

PMID: 16940521; PMCID: PMC1563919. 

 

114. Capitani M, Sallese M. The KDEL receptor: new functions for an old protein. 

FEBS Lett. 2009;583(23):3863-71. doi: S0014-5793(09)00841-2 [pii] 

10.1016/j.febslet.2009.10.053. PubMed PMID: 19854180. 

115. Raykhel I, Alanen H, Salo K, Jurvansuu J, Nguyen VD, Latva-Ranta M, Ruddock 

L. A molecular specificity code for the three mammalian KDEL receptors. J Cell Biol. 

2007;179(6):1193-204. doi: jcb.200705180 [pii] 

10.1083/jcb.200705180. PubMed PMID: 18086916; PMCID: PMC2140024. 

 

 


