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Oxidative stress contributes to the genesis of several neurodegenerative disorders 

such as Alzheimer's Disease (AD). Oxidants such as, tert-butyl hydrogen peroxide 

(tBHP), have been used in in vitro models of neurons and of neurodegeneration to induce 

oxidative stress. Small changes in the regulation of the intracellular calcium (Ca2+) 

concentration can contribute to brain aging and increase vulnerability of neurons to 

cellular and functional damage in neurodegenerative diseases. In neurons, inositol 1, 4, 5-

trisphosphate (IP3), is a second messenger that is generated through receptor activity at 

the plasma membrane. IP3 receptors (IP3R) are located on endoplasmic reticulum (ER) 

membranes and are intracellular calcium channels (ICC) that release Ca2
+ into the 

cytoplasm in response to activation by their ligand IP3. The goal of the present study was 

to measure the contribution of ICCs to Ca2
+ dysregulation in neurons experiencing 

oxidative stress. I tested the hypothesis that oxidative stress induced with tBHP causes 

increased intracellular Ca2+ release via activation of IP3 receptors. I used the murine 

hippocampal cell line HT22, as a model for neuronal oxidative stress. 

Immunocytochemistry and Ca2+ imaging experiments were performed to identify areas of 

altered IP3R expression and activity under normal conditions and induced oxidative 

stress. tBHP treatment increased expression and Ca2
+ release activity of neuronal IP3 

receptors. My fmdings support that oxidative stress as seen in a number of 
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neurodegenerative diseases negatively affects regulation of Ca2
+ release through 

increased expression and activity of IP3 receptors. 
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I. INTRODUCTION 

A. Alzheimer's Disease 

AD is a rapidly growing neurodegenerative disease which currently affects more 

than five million people of the United States population and is projected to increase to 

seven million by the year 2030 (www.alz.org). AD can be categorized into two distinct 

types, familial and sporadic (www.alz.org). Sporadic AD is the most commonly form of 

AD usually occurring in the elderly. The most common abnormality that contributes to 

the pathology of AD is the formation of beta amyloid (A~) plaques and neurofibrillary 

tangles in certain regions of the brain, cognitive impairments and dementia (Terry et al., 

1991; Selkoe 2002). The formation of A~ plaques is known to contribute to oxidative 

damage leading to neuronal impairment (Yatin et al., 1999). Ca2
+ toxicity induction of 

oxidative damages and development of reactive oxygen species is one other cellular 

mechanism believed to be involved with AD pathophyisology (Butterfield et al., 1999). 

B. Reactive Oxygen Species 

Reactive oxygen species (ROS) contribute to the development of 

neurodegenerative diseases and also to age related cell death by causing oxidative 

damage using highly reactive free radicals (Halliwell et al., 1987). ROS are highly 

reactive with other molecules because of an unpaired valance shell electron. When ROS 

levels are high, the cell can undergo severe cellular damage in a process known as 

oxidative stress. ROS have been associated with aging neurodegenerative diseases since 



the late 1950s when Harman proposed his free radical theory of aging. Harman's theory 

states that organisms age because cells accwnulate free radical damage with the passage 

of time (Harman, 1956). Since then, there have been nwnerous advances in 

neurodegenerative diseases states such as AD, diabetes and cancer in which oxidative 

stress seems to be one major cause of the disease (Butterfield et al., 2002; Hagen et al., 

1994). A recent study supports that if oxidative damage contributes significantly to the 

cause of such diseases, then effective antioxidant treatments could reduce or possibly 

eliminate the onset of diseases from progressing (Halliwall, 1987). The rationale of the 

free radical theory of aging is that induced oxidative stress to cells can cause cellular 

damage which will then lead calciwn dysregulation and eventually to cell death (Fig.1 ). 

Therefore the study ofROS both in vivo and in vitro models is of high importance. 

Figure 1: Oxidative Damage Leads to Cellular Functional Deficits. 
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C. Murine Hippo~ampal Cell Line HT22 

HT22 cells are an imortalized murine hippocampal cell line. These cells are 

widely used to study oxidative stress treatments because the lack the capability to import 

cysteine into the cell. Cysteine is a critical compent in the synthesis of gluatthaione 

(GSH) which definsively fights off reactive oxygen species and other toxins to the cell 

(Mahyer). Therefore HT22 cells are adequate models to induce oxidative stress and study 

the effects of such oxidants. 

D. Intra~ellular Cal~ium Signaling 

Calcium (Ca2l is a highly versatile ion which can act as an intracellular second 

messenger to regulate many different cellular functions (Carafoli et al., 2000). Ca2+ can 

act as quickly as microseconds to trigger exocytosis or as longs as minutes to drive 

cellular proliferation (Berridge 2003). Although Ca2
+ carries vast responsibilities for 

cellular processes, maintaining calcium concentration (homeostasis) is just as important. 

Subtle changes in Ca2
+ levels can either protect cells or cause cellular death. The level of 

Ca2
+ concentration is maintained by balance with interplay of 'on' and 'off' reactions. 

This circuitry can direct Ca2
+ movement from inside the cell to outside, beginning the 

process ofCa2+ removal with a series of buffers, pumps and exchangers (Berridge, 2003). 

Alterations in Ca2
+ homeostasis could cause diseases such AD by inducing calcium 

toxicity Thus maintaining Ca2
+ homeostasis in a strict spatial and temporal pattern, is 

extremely important. . The cellular mechanisms generating Ca2
+ homeostasis occur in is a 

series of pulses or transients. Intracellular Ca2
+ release from endoplasmic reticulum (ER) 
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or sarcoplasmic reticulum (SR) can be controlled by Ca2+ itself by releasing a group of 

second messengers in a process known as Ca2+"induced-Ca2+ release (CICR) (Bootman et 

al., 2002). CICR signals for pumps like SRIER reticulum Ca2+ A TPase (SERCA) pumps 

and plasma membrane Ca2+ ATPase (PMCA) pumps to release Ca2+ into the cytosol. In 

the present study, the effectives of oxidative stress on intracellular Ca2+ ( [Ca2+]i) in 

neurons and the changes caused by a disruption in Ca2+ concentration were determined. 

In neurons, [Ca2ji plays an extensive role in cellular processes such as gene 

transcription, neurotransmitter release, and apoptosis (Berridge, 2003). On the reverse 

side abundant Ca2+, as mentioned earlier can cause cellular demise. Past studies have 

suggested that excess Ca2+ in cardiac myocytes could possibly be the mechanism 

underlying the cardiac pathology that occurs after ischemia (Fleckenstien et al., 1974). 

More recently it has been reported that both receptor over-stimulation (Leonard and 

Salpeter, 1979) and cytotoxic agents (Antonsson, 1997) were found to cause an influx of 

lethal Ca2+ concentrations into the cells. Ca2+ can also stimulate apoptotic enhancers such 

as calcineurin, phospholipases, endonucleases, and proteases (Hajnoczky et al., 2003; 

Orrenius et al., 2003). 

E. Inositoll,4,5- trisphosphate Receptors 

Inositol I, 4, 5-trisphosphate receptors (IP3Rs) are intracellular Ca2+ channels 

located on the endoplasmic reticulum that become activated upon binding of their ligand, 

inositol-! ,4,5-trisphosphate (IP3). IP3Rs become activated by extracellular stimuli, such 

as a neurotransmitter, binding to a G-protein coupled receptor causing a conformational 

change and subsequent release of phopholipase C (PLC). PLC will then activate the 

4 



hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP2), generating IP3 and 

diacylglycerol. IP3 can then bind respectively to the IP3R resulting in IP3-induced

Calcium-Release (IICR) (Berridge, 1993). There are three sub types of IP3Rs, IP3R Type 

1 (IP3R1 ), IP3R Type 2 (IP3R2) and IP3R Type 3 (IP3R3). IP3Rs show homology to 

Ryanodine Receptors, another member of intracellular Ca2+ release channel protein 

family (Furuichi et. al, 1989). The N-terminus of IP3R is the binding site for IP3 (Mignery 

et al., 1990) and the C-terminus is located in the ER membrane forming the Ca2
+ channel 

(Michikawa et. al, 1994 ). IP3R activity is dependent upon the concentration of IP3 (Iino, 

1993), concentration ofCa2
+ (Iino, 1991), concentration of ATP (Ferris et al., 1990; Iino, 

1991) and also pH (Tsukioka et al., 1994). Affinity for IP3 has the highest to IP3R2 and 

lowest to IPJR3. All IP3R subtypes are expressed in most tissues. IP3R1 is predominantly 

expressed in cells pertaining to the central nervous system (Furichi et al., 1989), IP3R2 

can be found specifically in cardiac myocytes and hepatocytes (Iino et al., 1999) and 

IP3R3 is found in pancreatic cells (Fujino et al., 1994). More specifically in mouse brains, 

IP3Rl can be found in the cerebellum, IP3R2 in glia and IP3R3 in the olfactory bulb 

(Sharp et al., 1999). The function of IP3Rs are regulated and modulated by 

phosphorylation (Krizanova et al., 2003), and pharmacological agents such as 

Xestospongin-D (Koulen et al., 2001). Other factors which regulate IP3R functions is 

Ca2+, IP3, phosphorylation and oxidizing agents (Berridge, 2003). For example, Renard

Rooney and associates report that the effects of oxidized GSH on IP3 binding and the 

activity of IP3-gated Ca2+ channels by increasing the number of binding sites (1995). 

IP3Rs play a critical role in Ca2+ -mediated signaling that triggers excitation-contraction 
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couplings, gene transcription, fertilization, cell proliferation, cell death and many other 

cellular processes (Marks et al., 1997). 

F. Inositoll,4,5- trisphosphate Receptors and Ca2
+ Signaling 

Ca2
+ signaling is regulated differently in the nucleus and the cytosol. This is 

because IP3R2 is predominately located on nuclear membrane, whereas IP3R1 and IP3R3 

are located on the ER membrane. The nuclear membrane also contains PIP2 and 

generation of IP3 can follow (Mazzotti et al., 1995). Therefore, Ca2
+ signaling patterns 

are dependent on the expression of IP3R subtype (Miyakawa et al., 1999). IP3R2-induced 

calcium release (IP3R2ICR) produces oscillations, while IP3R1 (IP3Rl1CR) and IP3R3-

induced calcium release (IP3R3ICR) produce single transient or rapid attenuation Ca2
+ 

oscillations (Iino, 1999). As mentioned earlier, one factor that regulates Ca2
+ release is 

the concentration of the ligand IP3. Therefore, it can be proposed that Ca2
+ oscillations 

are generated by activation of IP3R by a constant level of IP3 concentration (Wakui et al., 

1989). Another theory is that Ca2
+ oscillations are followed by oscillatory change in IP3 

concentration due to Ca2+ dependent activation of PLC and a positive feedback regulation 

of PLC activity (Meyer et al., 1988). This theory, also known as the IP3-Ca2
+ cross

coupling model, can best be explained as a Ca2
+ wave to be followed by an IP3 wave. 

G. Hypothesis 

The overall goal of this project is to test the hypothesis that ICCs contribute to the 

physiological functions of neurons and are involved in the pathophysiology of 

neurodegenerative diseases and age-related oxidative stress. More specifically, I 
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hypothesize that the redox state of the cells contributes critically to Ca2
+ dysregulation in 

neurons experiencing oxidative stress. In this study, I will focus on IP3Rs to detennine 

changes in the subcellular localization of ICCs and to analyze the contribution of ICCs to 

intracellular Ca2
+ signaling. 

II. MATERIALS AND METHODS 

A. Preparation of HT22 Cells 

Frozen murine hippocampal HT22 cells from passage 10, were thawed out in a 

37°C water bath and subsequently plated on glass coverslips coated with poly-D-lysine 

(22 or 25 mm, BD Biosciences, Bedford, MA). Plating medium consisted ofDulbecco's 

Modified Eagle Medium (DMEM) with 2% of penicillin-streptomycin and 10% Fetal 

Bovine Serum. HT22 cells were allowed to adhere for 24-48 hours and were incubated at 

3 7°C in a 5% C02 humidified environment until ready for experimental procedures. 

B. Oxidative Stress Incubation Treatment 

To evaluate induced oxidative stress effects on IP3R and Ca2
+ signaling, HT22 

cells were treated at various concentrations of tert-butyl hydrogen peroxide (tBHP) 

(Sigma) overnight 16-18 hours and incubated at 37°C in a 5% C02 humidified 

environment. The cells were then washed with phosphate buffered saline (PBS) after 

treatment and prepared for experiments. 
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C. Detection of Induced Oxidative Stress: 2 • -7' -dichlorofluorescin diacetate 

(DCFDA) Assay 

HT22 cells were cultured and plated in 96-well plates at a density of 2000 cells 

per well. The cells were allowed to adhere for 24-48 hours. The cells were then exposed 

to various concentrations of tBHP overnight for 16-18 hours. 5J..1.M DFCDA was then 

added to each well plate and incubated for 20-30 minutes. The fluorescent intensity was 

then analyzed by a plate reader (Victor-3, 1420 Multilabel Counter) according to the 

excitation spectrum of DCFDA ( 420-540 nm). The results were then plotted and graphed 

using Microsoft Excel. 

D. Immunocytochemistry 

HT22 cells were allowed to adhere for 24-48 hours to poly-L-lysine coated 

coverslips. Various concentrations of tBHP were added to the cells and incubated 16-18 

hours overnight. Cultures were then washed 3 times with Phosphate Buffered Saline 

(PBS} and fixed with 4% Paraformaldehyde in PBS for 20 minutes at room temperature. 

Cells were washed 3 times with PBS, subsequently, and then incubated with Pre

Incubation Solution in PBS containing 10% Normal Goat Serum (NGS), 1% Bovine 

Serum Albumin (BSA) and 0.05% Triton X-1 00, for one hour at room temperature. 

Primary antibodies, anti-IP3 type 1 and 3, were diluted in Incubation solution consisting 

of PBS containing 5% NGS, 1% BSA, and 0.05% Triton X-100 and incubated overnight 

in a humidified environment at 4°C (see table 1). The cells were then washed three times 

with PBS and the secondary antibodies diluted in incubation solution were added. 

Secondary antibodies, Alexa fluor 488 goat anti-rabbit lgG and Alexa fluo 594 goat anti-
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rabbit lgG; (Invitrogen), were incubated for four hours at room temperature also in a 

humidified environment. Once more, the cells were washed three times with PBS and 

mounted onto microscope slides using DAPI-Prolong Reagent (Invitrogen), which is also 

stains for nucleic acids. The slides were allowed for three days to dry at room 

temperature in complete darkness and then fluorescent imaging was obtained. 

Table 1 : Antibodies used in immunocytochemistry experiments. 

Antibody Supplier ID # Host Dilution 

Manufacturer 

1°- anti-IP3 407144 Rabbit 1:1000 

Receptor Type 1 Calbiochem 

1°- anti-IP3 AB6-2891 Rabbit 1:1000 

Receptor Type 3 Chemi-Con 

2°- RB594 AB-11012 Rabbit 1:1000 

Invitrogen 

2°- Alexa 488 AB-11008 Rabbit 1:1000 

Invitrogen 

E. Optical imaging of Ca2
+ 

HT22 cells were incubated with 4J.LM Ca2
+ indicator dye Fluo-3 

acetoxymethylester (AM) (Molecular Probes) in Leibovitz's L-15 Medium (Gibco, 

21083-027) for 30 minutes then rinsed with L-15. We measured changes in Ca2
+ by 

changes of fluorescence intensity of fluo-3 AM in loaded cells using time-lapse 

videomicroscopy (model IX70; Olympus, Japan; ORCA-ER, a high-resolution 12-bit 
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digital BIW cooled CCD camera, Hamamastu, Jan; Lambda DG-4 Ultra High Speed 

Wave length Switcher, Sutter Instrument Co., Novato, CA; Simple PCI Imaging 

Software, Ver 6.2; Compix Inc., Imaging systems/Hamamatsu Photonics Management 

Corp., Bridgewater, NJ). HT22 cells were then stimulated with IP3-AM (1 J.1M; 2,5,6-Tri-

0-Butyryl-myo-Inositol-1,3,4-triphophate-acetoxymethyl ester, AG Scientific, Inc.; San 

Diego, CA) resulting in IP3 ligand binding and Ca2
+ release. Fluorescence intensity was 

measured as a ratio of fluorescence relative to changes of intensity normalized to baseline 

(FIFO). In a separate set of experiments, cells were pretreated with lJ.1M Xestospongin-D 

(Calbiochem) which blocks IP3 receptors and calcium release was measured. Amplitude, 

slope and area under the curve were also calculated as kinetic parameters of calcium 

release (Fig. 2). 

Figure 2: Analysis of Kinetic Parameters in Ca2
+ Transients 
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F. Protein Analysis using Western Blots: 

HT22 cells were grown and collected for Western blot analysis. For protein 

preparation, a 1 OOJ.J.L of RIP A buffer (Santa Cruz, California) was added to sample and 

the cells were then homogenized. Bradford (Bio-Rad) assays were then preformed for 

protein concentration. Laemmli sample buffer (loading buffer) (BioRad #161-0737) 

activated with beta-mercaptoethanol and was added to desired protein concentrations. 

Sample preps were then loaded into Tris-HCl SDS-PAGE (BioRad #161-1156) 5-15% 

gradient gel in running buffer. Electric current at 10 volts was then applied and the gel 

ran overnight. Upon completion of electrophoresis, the gel was then prepared for 

horizontal protein transfer onto 0.45 J.!M PVDF transfer membrane (Life Sciences). The 

wet transfer apparatus (BioRad) was set up with Transfer Buffer and electrical current 

was applied at 60 volts for 150 minutes at 4°C. Upon completion of the protein transfer, 

the membrane was trimmed into the appropriate segments and placed into blocking 

solution (5g BSA fraction V in lOOml of Washing Buffer (1x PBS and 500J.!L Tween-

20)) for 30 minutes. The membranes were then washed with Washing Buffer for 20 

minutes and incubated in primary antibodies diluted in Blocking Buffer were added (see 

Table 2 below). The membranes were placed on a shaker at 4°C overnight. The 

membranes were then washed again with washing buffer for 20 minutes. Then secondary 

antibodies were added with proper dilution in Blocking Buffer (see table 2 below). The 

membranes were placed on a shaker for 90 minutes at room temperature. Upon 

completion of the addition of secondary antibodies, the membranes were washed with 

Washing Buffer and developed using the West Dura Chemiluminescence Kit (Thermo 

Scientific) and Lab Works Software. 
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Table 2: Antibodies used in Western Blot experiments. 

Antibody Supplier ID # Host Dilution 

Manufacturer 

1 o_ anti-IP3 # PA1-901 Rabbit 1:1000 
Receptor Type 1 Affinity BioReagents 

1 o_ anti-IP3 # 610312 Mouse 1:1000 

Receptor Type 3 BD Bioscience 

2°- anti-Rabbit #185415 Rabbit 1:2000 
HRP conjugate Pierce 

2°- anti-Mouse #1858413 Mouse 1:2000 

HRP conjugate Pierce 

G. Measurement of Esterase Activity using Calcein AM 

To measure differences in IP3-AM responses are not due to differential 

hydrolysis of the agonist precursor in different experimental conditions and to differential 

esterase activity, we used Calcein AM to measure the dynamics of cellular esterase 

activity. HT22 cells were plated onto 25mm poly-L-lysine coated cover slips. They were 

allowed for 24-48 hours to adhere in an incubator at 37°C and 5% C02 humidified 

environment. tBHP was added in various concentrations overnight for 16-18 hours. 

Subsequently, the coverslips were washed 3 times with PBS and then placed into 1ml of 

L-15 media. Using the Olympus microscope, the coverslips was placed onto the stage and 

recorded with time-lapse video microscopy. A total of 3J.LM Calcein AM was added to 

our bath setup and video was captured every 8 seconds until HT22 cells showed to bleach 

out. The data was then analyzed and graphed using Excel. 
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H. Statistical Analysis 

Results are given as mean± standard error of the mean (S.E.M) with the number 

of cells and/or treatment groups. A two sample T -test with equal or unequal variance was 

then analyzed. Data was considered significant if the p-value was less than 0.05. 
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III. RESULTS 

A. Expression of intracellular Ca2
+ channels in HT22 cells normal and induced 

oxidative stress conditions using immunochemical methods. 

(insert introduction) 

To provide evidence that tBHP does indeed induce oxidative stress we used the 

DCFDA assay, a measurement of ROS. I used low to moderate concentrations of tBHP 

ranging from 211M to 101J.M concentration. As a result we found that increasing 

concentrations of tBHP increase oxidative stress in a concentration-dependent manner 

(Fig. 3). To confirm that this was an effect oftBHP and not induced apoptosis, I visually 

measured cell viability. Following overnight incubation with 101J.M tBHP, I observed 

approximately 10-15% cell death. Immunochemical methods were employed to 

determine changes in expression, function and/or distribution of IP3Rs in response to 

oxidative stress in both normal and oxidative conditions. HT22 cells treated with 211M 

and 1 01'M tBHP were compared to a vehicle-treated control group. The cells were double 

immunostained with specific antibodies, anti-IP3R1 and anti-IPJR3, and also by nuclear 

acid staining with DAPI. Immunoflurescence was measured using the Olympus 

microscope and Simple PCI software was used to measure intensity. The ER membranes 

contain the highest density of IP3Rs resulting in intracellular Ca2
+ release in the cytosol. 

Other IP3RS can be found in perinuclear envelope of the nucleus. Therefore, my studies 

focused on specific regions of interest selected as the nucleus and cytosol!ER membrane. 
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I have identified with immunofluorescence that IP3Rs are highly expressed in HT22s 

cells. As shown in Fig. 4 panel B, IP3Rl expression in HT22 cells is uniformly 

distributed throughout the cell. With overnight treatment of 2J.LM tBHP, expression of 

IP3Rl decreases throughout the cell, but maintains immunofluorescence in the 

perinuclear region as seen in Fig 5, panel F. As tBHP concentration increases to lOJ.LM, 

IP3Rl expression increases overall in the neuronal processes but continues to sequester in 

the perinuclear region in comparison to 2J.LM tBHP treatment. This can be seen in Fig. 6 

panel J. Simple PCI software was used to analyze fluorescence intensity within specific 

areas of interest. For this particular study, the ER, which is the highest density of IP3Rs, 

and the nucleus were selected. As a result IP3R1 expression exhibits an U-shaped curve 

with significance at both levels of tBHP treatment (Fig. 7). AU-shaped curve indicates 

differential affects of IP3Rl which both IP3Rs exhibit lofty significance. 

In contrast, IP3R3 expression increased in a concentration-dependent manner with 

1 OJ.LM tBHP treatment being the most significant. HT22 cells under normal conditions 

(without tBHP) highly express IP3R3 throughout nuclear and cytosolic compartments 

(Fig.8, panel B). Cells treated with a lower concentration 2J.LM tBHP, show a significant 

increase in IP3R3 expression intensity uniformly throughout the entire cell (Fig.9, panel 

F). However, when the tBHP concentration is increased to 1 OJ.LM, I observed a uniform 

expression of IP3R3 intensity throughout the cell to be significantly increased (Fig 10, 

panel J). A representative fluorescence microphotograph is shown in Fig.11 displaying a 

concentration-dependence of increased immunofluorescence of 1P3R3 expression with 

tBHP, in contrast to IP3R1 immunofluorescence. 
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Western blot analysis was also preformed to measure a relative protein to Actin 

concentration ratio, using densitometry and chemiluminescence. As a result, an overall 

change receptor density cannot be defined for both IP3Rl (Fig.12) and IP3R3 (Fig. 13). 

This indicates that the overall concentration of the receptors does not change. 

Immunocytochemistry and Western Blot analysis together indicate altered distribution or 

translocation of both IP3Rl and IP3R3 within the cell. 
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B. The role of IP3R in regulating intracellular Ca2+ release in HT22 cells under 

normal and induced oxidative stress conditions 

To measure transient intracellular Ca2+ release, HT22 cells were incubated with 

Fluo-3-AM (Invitrogen), a calcium sensitive dye, and fluorescence was monitored 

with time-lapse video microscopy. The cells were stimulated with 1 fJ.M IP3AM, a 

membrane permeable agonist of IP3Rs, and changes in fluorescence were observed in 

real time. The change of fluorescence intensity was analyzed using Simple PCI 

software and graphed using Microsoft Excel. IP3AM induced Ca2+ release from 

internal stores was followed by a return of the Ca2
+ transient to baseline (Fig.l4). 

When oxidative stress was induced at 2J.!M tBHP, the rate at which Ca2
+ was released 

increased (Fig.15). Furthermore, when oxidative stress increased with 1 Of.lM tBHP 

treatment, Ca2
+ was released more rapidly (Fig. 16). To ensure that IP3 stimulation 

was a true IP3-mediated Ca2
+ response, we pretreated the cells with Xestospongin-D, 

a permeable blocker of IP3Rs, for 30 minutes. A block response to IP3 stimulation can 

be sin in Fig. 17 indicating the presence of an IP3-Specific-Ca2+"Release mechanism. 

Kinetic parameters, such as slope, amplitude and area under curve (Fig. 2) were 

measured to describe the mechanism behind Ca2
+ release under oxidative stress 

conditions. The slope of release can best be used to describe the rate Ca2
+ release 

from intracellular stores. HT22 cells at control conditions released Ca2
+ at a constant 

rate (Fig.18). As oxidative stress was induced, the slope increased also in a 
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concentration-dependent manner. More specifically, 10f.1M tBHP treatment increased 

the slope by approximately 50% (n=12, p<.0.0001, Fig. 18). The Amplitude of the 

transient, a measurement of the amount of Ca2+ released at a given time point was 

measured. When compared to control or untreated conditions, 2f.1M tBHP treatment 

conditions increased the amplitude significantly by almost 25% ( n=12, p=0.0172, Fig 

19). At 1 Of.1M tBHP treatment, the amplitude was significantly increased by nearly 

50% relative to control conditions (n=12, p<0.001, Fig, 19). Area under the curve is a 

representation of the amount Ca2
+ release at a specific amount of time. As a result 

there are no significant changes in amplitude within the groups indicating that 

oxidative stress does not affect the overall production of Ca2
+ per cell (Fig. 19) 
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Figure 3: tBHP in a Concentration-Dependent Manner Elevates ROSin HT22 Cells and 

Induces Cell Death 

A DCFDA assay was performed in a 96 well plate of HT22 cells at a density of 2000 

cells/well. tBHP at different concentrations ranging from 2f.1M to 1 Of..LM was added over 

night for 16-18 hours. Fluorescence was then measured with a plate reader and then 

plotted into a representative graph using Microsoft Excel with our y-axis labeled as 

relative fluorescence units (RFUs). As a result, tBHP elevates ROS in a concentration

dependent manner. I visually measured cell viability as it corresponds to oxidative stress 

by counting viable cells labeled with DAPI versus non-viable cells (non-stained). Here I 

show that at lower concentrations of 2f.1M tBHP I see less that 3% cell death. At our 

higher concentration of 10f.1M tBHP, I see 10-15% cell death. 
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Figure 4: IP3R type 1 Immunoreactivity is Uniformly Distributed in HT22s 

The cells were plated onto poly-L-lysine coated coverslips and allowed for 24-48 hours 

to adhere. They were then fixed with 4% PF A followed by permeablization with pre

incubation solution. Next, the cells were double stained with the IP3R typel antibody 

(red; panel B) and nuclear staining with DAPI (blue; panel C). A merged image is shown 

in panel D, respectively. Nomarski images of HT22 cells are shown in panel A. The 

image was taken at 20x magnification and the scale bar represents 50J.J.M in length. As a 

result, I see a uniform distribution of IP3Rl expressions with some levels of saturation on 

the cellular processes. 
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Figure 5: 2j..I.M tBHP Oxidative Stress Treatment Decreases IP3Rl Immunoreactivity in 

HT22 

The cells were plated onto poly-L-lysine coated coverslips and allowed for 24-48 hoW'S 

to adhere. Induced oxidative stress at 2j..I.M tBHP was applied overnight The cells were 

then washed and fixed with 4% PF A followed by permeabilization with pre-incubation 

solution. Next the cells were double stained with IP3R typel antibody (red; panel F) and 

nuclear staining with DAPI (blue; panel G). Nomarski images of HT22 cells are shown 

in panel E. A merged image is shown in panel H, respectively. 2j..I.M tBHP induced 

oxidative stress decreases overall IP3Rl expression. The image was taken at 20x 

magnification and the scale bar represents 50j..I.M in length. 
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Figure 6: lO!lM tBHP Induced Oxidative Stress Treatment Decreases IP3Rl 

Immunoreactivity 

After treatment with lOf..LM tBHP, the cells were double stained with anti-IP3R typel 

antibody (red; panel J) and nuclear staining with DAPI (blue; panel K). Nomarski 

images of HT22 cells are shown in panel I. A merged image is shown in panel L, 

respectively. As a result, overall expression is decreased to control, but the perinuclear 

region maintains original intensity. The image was taken at 20x maginificantion and the 

scale bar represents SOf..LM in length. 
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Figure 7: Differential Expression ofiP3Rl in Nucleus and Cytosol Reveals an U- shaped 

Relationship 

Using Simple PCI software, I was able to select regions of interest to measure intensity of 

IP3Rl. Specific areas that were chosen were the nucleus, since IP3Rs reside near the 

perinuclear region and the cytosol where the ER membrane located and contain high 

amounts of IP3Rs. The results were then graphed using Microsoft Excel. As a result, 

there is a significant initial decrease with an overnight treatment of 2J..1.M tBHP in both the 

nucleus and cytosol when compared to control conditions (n= 105, p<O.OOOI). At lOJ..I.M 

tBHP treatment, there is still a significant decrease in expression of both the nucleus and 

cytosol when compared to control (n=IOI, p<O.OOOI). The y-axis represents relative 

fluorescent units (RFU). 
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Figure 8: IP3R Type 3 Immunoreactivity is Uniformly Distributed in HT22 Cells 

HT22 cells double stained with appropriate IP3R type 3 antibody (green; panel B) and 

nuclear staining with DAPI (blue; panel C). Nomarski images of HT22 cells are shown 

in panel A. A merged image is shown in panel D, respectively. As a result, IP3R3 is 

uniformly distributed throughout the entire cell. The image was taken at 20x 

magnification and the scale bar represents 50f.1M in length. As a result, IP3R3 is 

uniformly distributed in HT22 cells. 
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Figure 9: 2J.LM tBHP Induced Oxidative Stress Increases IP3R3 Immunoreactivity 

HT22 were treated with 2uM tBHP overnight. The cells were double stained with 

appropriate IP3R type 3 antibody (green; panel F) and nuclear staining with DAPI (blue; 

panel G). Nomarski images of HT22 cells are shown in panel E. A merged image is 

shown in panel G, respectively. Overnight incubation with 2uM tBHP increases IP3R3 

expression by 25%. The image was taken at 20x magnification and the scale bar 

represents 50J.LM in length. As a result, the immunofluorescence for IP3R3 under 2J.LM 

tBHP induced oxidative stress is increased. 
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Figure 10: 1 Of.!M tBHP Induced Oxidative Stress Increases Overall IP3R3 

Immunoreactivity 

HT22 were treated with 1 Of.!M tBHP overnight. The cells were double stained with 

appropriate IP3R type 3 antibody (green; panel J) and nuclear staining with DAPI (blue; 

panel K). Nomarski images of HT22 cells are shown in panel I. A merged image is 

shown in panel L, respectively. Overnight incubation with 10f.!M tBHP increases overall 

IP3R3 expression by nearly 50%. The image was taken at 20x magnification and the scale 

bar represents SOf.lM in length. 
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Figure 11: Increased tBHP Treatments Increases Overall IP3R3 Immunoreactivty in a 

Concentration-Dependent manner. 

HT22 cells were treated with tBHP and then double stained with IP3R3 antibodies. 

Specific regions of interest, nucleus and cytosol were chosen. Using, Simple PCI 

software, we measured immunofluorescence intensity and plotted a representative bar 

graph. As a result I show overall increase of IP3R3 expression in both nucleus and 

cytosolic compartments as tBHP concentrations increased. More specifically control 

nucleus vs 2~-LM tBHP treated and lO!J.M tBHP treated were significantly increased 

(n=lOO, p<O.OOOI, n=llO p<O.OOl) When comparing the cell body as the area of highest 

ER density, I did see significant increase in IP3R3 expression for both treatment groups 

when compared to control (n=IOO, p<O.OOOl; n=llO p<O.OOOl). 
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Figure 12: Western Blot Densitometry ofiP3Rl Displays No Significant Change 

HT22 lysate was collected from our control and tBHP treated groups and the protein was 

separated by size using gel electrophoresis. The protein was then transferred onto PVDF 

membrane, blocked and stained with anti-IP3Rl antibodies. The density of the protein 

bands was detected using West Dura Chemiluminescence Kit (BioRad). The 

densitometry of the bands was analyzed using Lab Works Software and plotted into a 

representative graph with Microsoft Excel. HT22 highly express IP3Rl. The overall 

concentration of IP3Rl does not change among treatment groups. 
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Figure 13: Western Blot Densitometry Displays No Significant Change in IP3R3 

HT22 lysate was collected from our control and treated groups and protein was separated 

by size using gel electrophoresis. The gel underwent a vertical transfer set up and the 

density of the bands was detected using West Dura Chemiluminescence Kit 

(Thermo scientific). The densitometry of the bands was analyzed using Lab Works 

Software and plotted into a representative graph with Microsoft Excel. HT22 highly 

express IP3R3. As a result, the overall concentration of IP3R3 does not change among 

treatment groups. 
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Figure 14: HT22 Calcium Release Under Control Conditions 

HT22 cells were incubated with 4fJM Fluo-3-AM and set up for video acquisition of Ca2
+ 

release. The cells were stimulated with 1 fJM IP3AM in a bath application. Immediately, 

the intensity of the cells began to intensify as Ca2
+ was released from intracellular stores, 

and soon after the fluorescence returned to base line. The Ca2
+ transient data, as changes 

in fluorescence intensity, was then acquired using Simple PCI software, normalized to the 

background and then graphed using Excel producing a representative Ca2
+ transient. 
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Figure 15: HT22 Ca2
+ Release with 2JlM tBHP Induced Oxidative Stress 

HT22 cells were treated with 2JlM tBHP overnight for 16-18 hours. After treatment the 

cells were washed and incubated with 4JlM Fluo-3-AM and the set up for video 

acquisition of Ca2
+ Release. The cells were stimulated with 1JlM IP3AM in a bath 

application. Immediately, the intensity of the cells began to rapidly intensify as Ca2
+ was 

released from intracellular stores, and soon after the fluorescence returned to base line. 

Data was then acquired using Simple PCI software, normalized to the background and 

then graphed using Microsoft Excel producing a Ca2
+ transient. 
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Figure: 16: HT22 Ca2
+ Release with 1 Oj.!M tBHP Induced Oxidative Stress 

HT22 cells were treated with 1 OJ..LM tBHP overnight for 16-18 hours. After treatment the 

cells were washed and incubated with 4J..LM Fluo-3-AM and the set up for video 

acquisition of Ca2
+ Release. The cells were stimulated with 1j.!M IP3AM in a bath 

application. Immediately, the intensity of the cells began to rapidly intensify as Ca2
+ was 

released from intracellular stores, and soon after the fluorescence returned to base line. 

Data was then acquired using Simple PCI software, normalized to the background and 

then graphed using Excel 
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Fig. ure 17: Xestospongin-D Blocks IP3-dependent Ca2+ Release 

After treatment with tBHP the cells were incubated with 4J.LM of Fluo-3-AM indicator 

dye and lJ.LM Xestospongin-D, a membrane-permeable blocker of IP3Rs. As a result 

Xestospongin-D effectively blocks IP3R binding site, and therefore blocks Ca2
+ release. 

This result also concludes that IP3 stimulation of Ca2
+ release with IP3AM is indeed true 

IP3-Specific -Ca2
+ -Release mechanism. 
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Figure 18: Oxidative Stress Increases the Rate of Ca2
+ is Release in a Concentraion

Dependent Manner 

The slope is defined as the rate at which Ca2
+ is released from internal stores upon 

stimulation with IP3. Using Simple PCI software, I was able to calculate our maxium 

value (t-max) for each treatment group. Using the following calculation, Slope= mx+ b, I 

calculated the ratio of the slope. As a result, oxidative stress significantly increases the 

slope in a concentration-dependent manner (n=l2 p=0.072 2J..1.M tBHP; n=l2, p<O.OOl 

lOJ.iM tBHP) 
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Figure 19: Oxidative Stress Significantly Increases the Amplitude of Ca2
+ Release in a 

Concentration-Dependent Manner 

The Amplitude can be defined as the greatest amount of Ca2+ release at a specific point in 

time. Using Simple PCI software, I was able to calculate t-max value for each Ca2
+ 

transient and different treatment groups. The values were averaged and graphed using 

Microsoft Excel. As a result, oxidative stress significantly increases the amplitude of Ca2
+ 

release in a concentration-dependent manner (n=l2 p=0.072 21J.M tBHP; n=l2 p<O.OOOl 

l01J.M tBHP). 
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Figure 20: Induced Oxidative Stress Does Not Change Area Under the Curve 

Area under the curve was analyzed using Graph Pad Software Ver. 4.0. There are no 

significant changes between control and treatment groups, indicating that the overall 

c~ncentration of Ca2
+ produced by the cells does not vary under oxidative stress. 
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Figure 21: Esterase Transient Activity Under Normal Conditions 

Esterase activity was measured using time-lapse videomicroscopy. 3J..1.M Calcein AM was 

applied to a bath application. Changes in fluorescence was analyzed with Simple PCI 

software and then graphed as a transient. As a result, I see a uniform plateau in 

fluorescence once the AM group has been cleaved off. 
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Figure 22: Esterase Transient Activity Under Oxidative Stress Treatment 

Esterase activity was measured using time-lapse videomicroscopy. HT22 cells were 

treated with lOJ.!M tBHP overnight for 16-18 hours. 3J.!M Calcein AM was applied to a 

bath application. Changes in fluorescence were analyzed with Simple PCI software and 

then graphed as a transient with a y-axis labeled as Relative Fluorescent Units (RFUs). 

As a result, I see a plateau in fluorescence once the esterase has been cleaved off. 
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Figure 23: Induced Oxidative Stress Does Not Affect the Slope of Esterase Activity 

HT22 cells were treated with tBHP, set up for video microscopy and stimulated with 

31J.M Calein AM. With Simple PCI software, I was able to analyze changes in fluorescent 

activity. Using the following calculation, Slope = mx + b, I calculated the ratio of the 

slope. As a result, oxidative stress does not affect the slope. 
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Figure 24: Induced Oxidative Stress Does Not Affect the Area Under the Curve of 

Esterase Activity 

Changes in fluorescent intensity were analyzed using Simple PCI Software. Area under 

the curve was then analyzed using Graph Pad Software Ver. 4.0. There are no significant 

changes between control and treatment groups, indicating that the oxidative stress does 

not affect the overall concentration of Ca2
+ produced by the cells. 
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Figure 25: Induced Oxidative Stress Does Not Affect the Amplitude of Esterase Activity 

Simple PCI software, I calculated the t-max value for each Ca2
+ transient for each 

different treatment groups. The values were averaged and graphed using Microsoft Excel. 

As a result, oxidative stress does not affect the amplitude of esterase activity. 
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IV. Discussion 

Alterations in Ca2
+ homeostasis can cause numerous pathological conditions such 

as Alzheimer's disease. Therefore, to maintain Ca2
+ homeostasis in a spatial yet temporal 

pattern is crucial to the disease state of the cell (Berridge, 2003). Changes Ca2
+ 

homeostasis can cause neurodegenerative diseases. A key regulator of Ca2+ homeostasis 

is the intracellular Ca2
+ channel, IP3R and its isotypes 1 and 3. As previously mentioned, 

each isotype has specific expression patterns in different cell types. For the present study 

I used HT22 cells as they express all isotypes of IP3Rs (Duncan et. al, 2007). Oxidative 

damage caused by oxidative stress is also indicative of the pathological state of 

neurodegenerative disease. There is increasing evidence to suggest that oxidative stress 

causes Ca2
+ toxicity and therefore functional deficits. HT22s cells were chosen as a 

model system as they are widely used to study the effects of oxidative stress in neurons. 

In this study, I tested the hypothesis that oxidative stress alters intracellular Ca2
+ release 

via IP3Rs. As a result, I show tBHP adequately induces oxidative stress in a 

concentration-dependent . manner using DCFDA, a ROS determinant (Fig. 3). 

Immunochemical methods reveal measurement of the cell body/cytosol as the area of the 

highest ER density ofiP3R1 displays an U-shape concentration-dependent curve as IP3R1 

are translocated. (Fig. 7). Subsequently, immunoreactivty of IP3R3 expression also in the 

cell body/cytosol significantly increases with induced oxidative stress in a concentration

dependent manner (Fig. 11 ). However, my western blot data concludes that the overall 

concentration of IP3Rs does not change (Fig. 12 and Fig. 13). This suggests IP3Rs 

translocate under induced oxidative stress. Furthermore, cellular analysis confirmed that 
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IP3Rs translocate from cellular processes to the ER. Though, additional studies must be 

conducted to determine if such a phenomenon exists. 

My optical imaging of IP3-specific-Ca2
+ -release measurement of kinetic 

parameters, particularly slope and amplitude, are significantly altered in a concentration

dependent manner (Fig. 18 and Fig. 19). At the same AUC, a measurement of Ca2+ 

release at a given point in time does not change (Fig. 20) indicating store filling is not 

affected. (data not shown). This indicates that oxidative stress potentially alters 

intracellular calcium signaling through ICCs such as IP3Rs. 

This study also allowed me to understand the possible mechanism oxidative stress 

imposes on that stimulates translocation of Ca2
+ release regulatory proteins, IP3Rs, and 

their vital role in Ca2
+ homeostasis. 

My Calcein AM experiments measured the cells capability to process esterase 

activity. Esters are chemically attached to drugs to allow the drug to cross the plasma 

membrane. No significant changes in transients or kinetic parameters were seen (Figs. 21, 

22 & 23). This leads to the conclusion that an uptake of an agonist is uniform regardless 

of treatment conditions. This also shows that the chemical conversion of an inert 

compound to an activated agonist in not altered by oxidative stress. 

Several studies have indicated that Ca2
+ dysregulation due to oxidative damage 

alone plays a vital role in the pathophysiology of neurodegenerative diseases (Lanfield, 

2004). In the case of HT22s, overnight treatment of tBHP at low concentrations causes 

redistribution of IP3Rs. Under control normal conditions, IP3R1 and IP3R3 

sublocalization are expressed in the ER membrane and perinuclear region of the neuron 

(Duncan et al., 2007) and IP3R2 is expressed predominantly in the nuclear envelope 
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(Duncan et al., 2007). The subcellular distribution of the IP3Rs shape the amplitude 

duration and wave pattern of [Ca2li release into the cytosol (Hagar et al., 2000). 

Our findings of subcellular localization of IP3Rs around the nuclear envelope 

(NE) are consistent with other observations that protrusions from the ER and NE extend 

into the nuclear interior in most cell types (Leite et al., 2003). In our model system, 

immunochemical methods reveal some levels of saturation of IP3Rs surrounding the NE 

as oxidative stress increases but minimal expression in the interior of the nucleus. This 

led me to hypothesize that IP3-specific-Ca2
+ -release would be altered in oxidative stress, 

and the difference could be correlated to the differential changes in IP3R subtype 

expression. HT22 cells were stimulated with the IP3R agonist, IP3, at 1 J..I.M which is within 

the physiological range of concentrations to stimulate IP3R Ca2
+ channel activity (Leite et 

al., 2003; Berridge et al., 2003). Using time-lapse video microscopy, I was able to 

visualize lower affmity for IP3-induced-Ca2
+ -release in the nucleus than in the cytosol 

with the Ca2
+ sensitive dye, Fluo-3-AM. The use .of a single wavelength dye such as 

Fluo-3AM, allows us to quantify the amount of Ca2
+ release at physiological low Ca2

+ 

concentrations (Fluo-3AM Kd= 400nMIL). The amount of releasable Ca2
+ release by 

HT22 cells under oxidative stress is not significantly different from control conditions 

(Fig. 20). This correlates with my western blot densitometry data that the overall 

concentration of IP3Rs indicates no change. 

Another key conclusion drawn from the kinetics of the Ca2
+ transients produced 

among treatment groups is that amplitude and slope are significantly increased in a 

concentration-dependent manner with increasing oxidative stress. Functional 

consequences are due to alterations in kinetic paramters. Long term responses to Ca2
+ can 

67 



induce gene expression, cell proliferation, differentiation, and even trigger cellular 

apoptosis. On the other hand, short term responses to Ca2+ can lead to excitation

contraction coupling in skeletal and cardiac muscle or even interfere with stimulus

secretion coupling in endocrine and neuronal cells. 

I propose that oxidative stress alters Ca2+ signaling via IP3R translocation. The 

pattern of cytosolic Ca2+ transients after stimulation is a determining factor in the fate and 

function the neuron. An increase in slope and amplitude of the Ca2+ transient due to 

oxidative stress results in higher levels of [Ca2+]i, at specific points in time which may 

trigger signaling event leading to cell dysfunction and apoptosis. On the other hand, the 

amount of Ca2+ released due to oxidative stress may drive gene transcription to promote 

cellular survival. Future plans include the identification of mechanisms controlled by 

oxidative stress and their effects on all functions and viability. 

One of the confounding features of AD is the wide range of modifications in 

cellular functions that have been observed. Alterations in inflammatory response, 

membrane enzymes, transport proteins, lipids, mitochondrial functions, and Ca2+ 

homeostasis are just a few cellular changes documented in AD (Selkoe, 1991). One way 

to account for the numerous changes detected in AD is to postulate a free radicals 

process, in which protein or lipid moieties are attacked by free radicals to alter membrane 

structure. Considering that IP3Rs are located densely on the ER membrane and oxidative 

stress affects the membrane, it is plausible to conclude I have developed a model for 

neuronal death involving IP3-specific-Ca2+ -release associated with free radical oxidative 

stress. 
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