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ABSTRACT 

Duncan, Raymond S., N-acylethanolamine signaling in neurons. Doctor of Philosophy 

(Biomedical Sciences)~ December, 2008, 356 pp., 1 table, 70 illustrations, bibliography, 

576 titles. 

· Neurodegenerative diseases including Alzheimer's disease are and will continue to be 

significant health problems as the aging population increases. The maintenance of 

neuronal calcium homeostasis has been a focus in neurodegenerative disease research for 

many years. Within the last several years, lipids that activate cannabinoid receptors, and 

thus called cannabinoids, have gained recognition as neuroprotecants in models of 

neurodegenerative diseases. A subset of these cannabinoids, the N-acylethanolamines 

(NAEs), includes the well characterized neuroprotective lipid, arachidonylethanolarnine. 

Other NAEs, such as palmitoylethanolamine (PEA), are more abundant in neurons and 

do not activate cannabinoid receptors, suggesting other targets for these lipids exist. Since 

non-cannabinoid NAEs rapidly accumulate after neuronal injury, it is likely they play a 

role in cellular responses to injury. Interestingly, some NAEs can alter intracellular Ca2
+ 

signaling, but the underlying mechanism of action remains unclear. 

I hypothesized that the non-cannabinoid NAEs, such as PEA, protect the hippocampal 

cell line, HT22, from oxidative stress in part by reducing intracellular calcium release. I 

determined that HT22 cells and cultured mouse cortical neurons express proteins 

involved in NAE signaling, thus warranting the use of pharmacological inhibitors of 

these proteins in subsequent neuroprotection studies. 



Using HT22 cells, I detennined that PEA exhibits antiproliferative effects and 

neuroprotects against oxidative stress. In addition, I detennined that PEA facilitates the 

nuclear translocation of putative protective proteins that can be regulated by Ca2+ through 

a mechanism not involving cannabinoid receptor activation. These findings led me to 

hypothesize that PEA alters release of Ca2
+ from intracellular stores. 

To test this hypothesis, I detennined that our cell models express inositol 1 ,4,5-

trisophosphate receptors (IP3Rs) and ryanodine receptors (RyRs) both of which are 

intracellular Ca2
+ channels elevated in response to oxidative stress. I detennined that 

treatment of HT22 cells with PEA reduces intracellular Ca2
+ release elicited by chemical 

depolarization with KCI. My results suggest that non-cannabinoid NAEs, such as PEA, 

protect the hippocampal cell line, HT22, from oxidative stress in part by activating 

putative neuroprotective signaling proteins and by reducing intracellular calcium release. 
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CHAPTER 1 -INTRODUCTION AND BACKGROUND 

Alzheimer's Disease 

Alzheimer's disease (AD) is a serious health problem currently affecting 5.2 million people in 

the US with 5 million of those people over the age of 65 ( 1 ). There are predicted to be 454,000 

new AD cases per year by the year 2010 and over 7.7 million people in the US will have this 

disease by the year 2030 (1). There are two different types of AD: familial and sporadic. The 

most widespread form of AD, sporadic, is characterized by a late onset of symptoms in or after 

the sixth decade of life and post-mortem observance of amyloid plaques and neurofibrillary 

tangles in specific brain regions (1). In familial AD, the same pathological hallmarks are present, 

but the onset of symptoms occurs much earlier in life and there is a strong genetic association 

with the disease. 

Much AD research focus has been placed on understanding the role of amyloid precursor 

protein (APP) processing and tau hyperphosphorylation which is believed to be a causative 

mechanism for AD development. Currently, there are drugs available for treating AD including 

cholinesterase inhibitors and N-methyl-D-aspartate (NMDA) receptor inhibitors, but their 

efficacy is not great (2, 3). Multiple pathological processes occurring in AD at the cellular level 

have been described including induction of apoptosis, mitochondrial dysfunction, loss of Ca2
+ 

homeostasis and oxidative stress ( 4 - 7). 

Oxidative stress occurs in a wide variety of diseases, most especially in neurodegenerative 

diseases such as Alzheimer's disease (8). Oxidative stress occurs mainly when mitochondria 

produce reactive oxygen species (ROS) during oxidative phosphorylation (9). An elevation in 

ROS may then oxidize lipids, proteins and DNA, thus altering their function (8). Critical 

1 

• 



proteins, such as Ca2
+ pumps and Ca2

+ channels, are vulnerable to oxidative damage (10- 13). A 

rapidly-evolving area in AD research is in neuroprotection against Ca2
+ toxicity which is a 

consequence of A~ exposure in in vitro and in vivo models of AD (5 - 7). There have been 

numerous reports of a loss of Ca2
+ homeostasis in in vitro cell culture models and in genetically

modified animals with AD-like pathology (5, 14- 17). 

I hypothesize that maintenance of Ca2
+ homeostasis under conditions of oxidative stress will 

lead to neuroprotection. I have characterized the neuroprotective activities of specific lipids, N

acylethanolamines (NAEs), against oxidative stress in a cell culture model system of 

neurodegeneration. Furthermore, I have characterized the potential role of these lipids on 

intracellular Ca2
+ channel activity in HT22 cells and cultured mouse primary cortical neurons. 

Oxidative stress has a detrimental effect on Ca2+ homeostasis and result in altered Ca2+ 

homeostasis can, thereby, lead to further oxidative stress ( 19 - 21 ). Data provided in this work is 

of importance because little is known about the contribution of Ca2
+ release from intracellular 

stores on Ca2
+ toxicity resulting from oxidative stress in neurons. Since dysregulated intracellular 

Ca2+ can lead to increased concentration of reactive oxygen species (ROS) leading to oxidative 

stress (9). I hypothesize that regulating intracellular Ca2
+ release through inositol 1, 4, 5-

trisphosphate (IP3) receptors (IP3Rs) and ryanodine receptors (RyRs) will complement other 

existing strategies in the treatment of AD. I determined if the saturated non-cannabinioid 

receptor-activating lipids, N-acylethanolamines (NAEs), are neuroprotective in models of AD 

and ischemic stroke. In addition, I determined if these NAEs reduce intracellular Ca2
+ release 

through IP3Rs and RyRs possibly representing a novel potential therapeutic strategy for treating 

neurodegenerative diseases such as AD. The best approach for treating AD, however, will likely 

2 



be one that combines treatments regulating Ca2
+ homeostasis in addition with drugs that maintain 

neurotransmitter release, antioxidants and anti-inflammatory drugs. 

Ischemic stroke 

Stroke is the third leading causes of death in the United States with approximately 5.8 million 

current cases and approximately 780,000 new cases every year (22). Ischemic stroke is caused by 

a blood flow impediment to specific brain regions resulting in oxygen and glucose deprivation 

followed by the loss of Ca2
+ homeostasis (23 ). Excessive cytosolic Ca2

+ can lead directly to 

mitochondrial dysfunction, oxidative stress, and induction of apoptosis, and reperfusion to the 

affected area results in further oxidative stress (23). The oxidative stress and loss of Ca2
+ 

homeostasis observed in ischemic stroke is also similar to that observed in other 

neurodegenerative diseases such as Alzheimer's disease. These shared cellular pathologies make 

the pressent study relevent to both diseases. I determined the role of NAEs on IP3R and RyR 

activity in HT22 cells and primary cortical neurons. I hypothesize that specific NAEs are 

neuroprotective against ischemic insults by reducing the activity of the intracellular Ca2
+ 

channels IP3R and RyR. If the ischemia-mediated loss of Ca2
+ homeostasis and subsequent 

oxidative stress can be reduced, then a portion of neurons, especially in the penumbra of the 

ischemic region, may survive ischemic insult, thereby limiting stroke severity. This study is of 

importance because little is known about the contribution of intracellular Ca2
+ channels on Ca2

+ 

toxicity resulting from anoxia. 
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Role of Ca2
+ Homeostasis in Neurodegeneration 

Associations between altered Ca2
+ homeostasis and aging and neurodegenerative diseases 

such as Alzheimer's disease have been established by a large number of research groups (7, 24). 

Perhaps the most striking example is that many presenilin mutations leading to familial AD alter 

Ca2
+ homeostasis in a variety of cell culture and animal models (7). 

The role of IP3R expression or activity in AD or stroke has been studied for several years, but 

it is still not clear what role IP3Rs play in the disease process. Inositol 1, 4, 5-trisphoasphate ( 

IP3) signaling is altered and IP3 binding in reduced in brains of AD patients (25 - 28). Cultured 

neurons exposed to AP leads to IP3R-mediated Ca2
+ release leading to oxidative stress and cell 

death (29). Calcium release from IP3Rs is altered in cells expressing mutant PS 1 and PS2 

proteins and in PS1(Ml46V) expressing mice (30). Furthermore, cultured cells from PS1/PS2 

double knockout mice have elevated IP3Rl expression (31). Familial Alzheimer's disease (FAD) 

·mutant PS 1 expressed in Xenopus ·oocytes increases endoplasmic reticulum Ca2
+ stores and 

IP3R-mediated Ca2
+ release (32, 33). Similarly, FAD PS2 expression leads to elevated lPJR

mediated Ca2
+ release (34). 

In in vivo models of stroke, IP3R expression decreases in brain regions such as the 

hippocampus, but is not clear whether this is a compensatory response to neurodegeneration or 

whether it contributes to neurodegeneration (35 - 37). In a more recent study, cerebellar hypoxia 

led to an increase in ·1P3R 1 and IP3R2 protein levels and this response could be reversed with 

antioxidants, suggesting that free radicals may be involved (38). This result suggests that 

oxidative stress, which occurs both in AD and stroke, results in increased IP3R expression and 

may, therefore, result in increased IP3R-mediated Ca2
+ release. We determined the role of 
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oxidative stress on subtype-specific IP3R and RyR expression levels in HT22 cells and primary 

cortical neurons. 

Evidence for the role of RyR in human disease has been growing over the past several years. 

Evidence for RyR involvement in neurodegenerative diseases has also been demonstrated. In 

neurodegenerative disease such as AD, Ca2
+ dyshomeostasis contributes to neuronal dysfunction 

(5, 14 - 18). Furthermore, intracellular Ca2
+ channels, including RyRs, play a role in the 

progression of the disease by contributing to the overall Ca2
+ dyshomeostasis in the cell ( 15 -

18). 

RyR expression in brains of AD patients is altered. For example, there is a 40% reduction in 

cortical ryanodine binding and in tissue from Alzheimer's patients (39). More specifically, there 

is a 20% reduction in RyR2 expression in these tissues. AJJ peptide treatment of cortical neurons 

results in an increase in RyR3 expression ( 18). Furthermore, AJJ treatment of cortical neurons 

results in RyR-mediated ci+ release resulting and subsequent cell death (29). It may not be 

uncommon for different receptor subtypes (i.e., RyR2 versus RyR3) to be regulated differently in 

response to stimuli including cellular stress. There is also a difference in the 

technical/methodological approach used for these studies. For example, the reduced RyR2 

expression was from the intact cortex from AD brains using ryanodine binding and 

immunohistochemistry. The increased RyR3 expression and activity is from cultured cortical 

neurons from mice (or rats) treated with purified AJJ. 

Mice expressing mutant PS-1 exhibit increased RyR expression and elevated caffeine-induced 

Ca2
+ release ( 15). Furthermore, treatment with caffeine results invulnerability to AP (15). 

Treatment of cultured neurons from mutant PS-1-knockin and triple AD transgenic (PS-1/PS-

2/APP) mice with caffeine increases RyR expression and amplitude of Ca2
+ release (7). RyR3-
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mediated Ca2+ release is eleveated in cultured neurons from an AD transgenic model (18). 

Fibroblasts expressing the PS-2 M2391 mutation have reduced intracellular Ca2+ release and 

capacitative Ca2+ entry after ER store depletion ( 40). 

The role of RyRs in models of stroke is not completely clear. In the brain, for example, 

ischemia produced by common carotid artery occlusion results in rapid decrease of ryanodine 

binding in the gerbil hippocampal CAl region (41), suggesting that Ca2+-induced Ca2+ release 

(CICR) is altered in the CA 1 region during ischemia. In mouse cerebellar granule cells, however, 

hypoxia results in no detectable change in RyRl and RyR2 mRNA expression levels (41). The 

RyR antagonist dantrolene protects liver cells from ischemia, suggesting that RyRs may play a 

significant role in cellular pathology ( 42). Furthermore, dantrolene also protects retinal ganglion 

cells from excitoxic insult (43). These data support the idea that intracellular Ca2+ channels such 

as RyRs may be good pharmacological targets in neurodegenerative diseases. 

NAEs. Cannabinoids. and Cannabinoid Receptors 

Lipids, aside from being a major constituent of biological membranes, also act as signaling 

molecules and are ligands at receptors. The well characterized lipids prostaglandin E2 (PGE2) 

and leukotrienes (L T), for example, bind to G-protein-coupled receptor (GPCR) to exert their 

algesic and inflammatory actions (44, 45). Other signaling lipids of interest include the more 

recently characterized N-acylethanolamines (NAEs). The physiological function of only a small 

number of NAEs have been characterized including arachidonylethanolamine (AEA, 

anandamide), palmitoylethanolamine (PEA), oleoylethanolamine (OEA), linoleoylethanolamine 

(LOEA) and linolenoylethanolamirie (LNEA) (46 - 49). Only the function of anandamide, 

however, has been studied extensively. 
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AEA may be an endogenous ligand for the cannabinoid receptor, although other lipid ligands 

exist for this receptor (50, 51). Previous studies revealed that cannabinoid receptors were targets 

of tetrahydrocannabinols (THCs), the active components of marijuana (52). There are two 

cannabinoid receptors, CB l and CB2, and anandamide activates both subtypes, albeit at lower 

affinity than t\9-THC and 2-arachidonylglycerol (51 - 56). These receptors are seven 

transmembrane-spanning G-protein-coupled receptors that negatively- couple to inhibitory G

proteins (Gi!o) thereby inhibiting adenylyl cyclase (56- 59). The cannabinoid receptor-activating 

(cannabinoid) NAEs are involved m numerous physiological processes including 

neurotransmission; analgesia, reproduction, feeding, proliferation, inflammation and 

cytoprotection (60 - 63). Numerous unsaturated NAEs, including AEA, oleoylethanolamine, 

linoleoylehtanolamine and linolenoylethanolamine bind and activate vanilloid receptor I (VRl) 

cation channels, which are members of the transient receptor potential V (TRPV) channel family 

( 48, 64, 65). 

Some. NAEs do not bind to or activate cannabinoid receptors or vanilloid receptors, therefore, 

the molecular target and subsequent function of these NAEs remains to be determined. The 

presence or absence of these receptors in our cell culture model systems can be used to determine 

whether pharmacological interventions need to be taken in order to uncover the molecular targets 

for and function of some non-cannabinoid NAEs. 

Downstream Targets ofNAEs I NAE Signaling Pathways 

Activation of CB l and CB2 leads to a multitude of intracellular signaling events including 

the inhibition of adenylyl cyclase activity and subsequent inhibition of cAMP-dependent protein 

kinase (PKA) activity, activation of the MAP kinase pathway and ERK.l/2 phosphorylation, and 
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increases in focal adhesion kinase (FAK) phosphorylation (66- 73). Furthermore, cannabinoids 

inhibit N-, T- and P/Q-type Ca2
+ currents and VRl-mediated Ca2

+ influx in multiple cell models 

through activation ofCB1 (74- 79). Lastly, nuclear transcription factors peroxisome proliferator 

antigen receptors, PPARa and PPARy, are activated by some NAEs (80, 81). It is not clear 

whether non-cannabinoid NAEs, such as PEA, can activate specific kinases and transcription 

factors or alter Ca2
+ channel activity in a manner similar to AEA. 

Sites ofNAE Target Protein Expression 

NAE synthesis has been detected in numerous mammalian tissues including epidermis, 

cardiac tissue and brain tissue with the highest synthetic activity in the microsomal fraction (82-

90). In the brain, cannabinoid receptors are expressed in numerous brain regions as well as 

cerebral vasculature (91 - 98). The CB2 receptor (peripheral cannabinoid receptor) has been 

localized primarily to immune tissues, placenta, uterine smooth muscle and in cerebral 

vasculature (97 - 99). Recently, the CB2 receptor has been identified in neurons in the brain 

suggesting that its classification as a peripheral cannabinoid receptor should be re-evaluated (99). 

The· VR 1 receptor is predominantly expressed in sensory neurons, brain areas such as the 

hippocampus, cortex and cerebellum, and in the cerebral vasculature (96, 100, 101 ). It is not 

clear whether cultured neurons or cell lines relevant to the study of neurodegenerative diseases 

coexpress CB1, CB2, VRI and enzymes involved in NAE synthesis and degradation. This 

information will determine whether pharmacological interventions need to be taken in order to 

uncover any potential neuroprotective effects of some non-cannabinoid NAEs in these cell model 

systems. 
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NAEs Exhibit Neuroprotective Properties 

There is ample evidence demonstrating the neuroprotective effects of NAEs. Indirect 

evidence for NAE-mediated protection comes from numerous observations that NAE synthesis is 

upregulated in response to multiple chemical and traumatic insults. For example, some NAEs are 

produced in rat brain in response to ischemia (102, 103). Furthermore, some NAE species and 

their precursor molecules, N-acylphosphatidylethanolamines (NAPES), are upregulated in 

ischemic regions of infarcted canine myocardium (85, 86), suggesting their possible role in 

cytoprotection. NAE levels are rapidly elevated in response to hemispheric stroke in human 

patients (104). Cultured rat cortical neurons generate NAPE and NAE species after excitotoxicity 

mediated by glutamate activation ofNMDA receptor (105, 106). Age-related changes in NAEs 

and expression of targets of NAEs may be altered during age-related neurodegenerative diseases 

giving way to increased susceptibility. For example, NAEs and NAPEs occur at higher levels in 

aged rat cortical neuron cultures and aged rats lose the ability to accumulate NAPE levels in the 

brain in response to ischemia (105, 107). 

Direct evidence for NAE·mediated cytoprotection comes from multiple studies. For example, 

the non·cannabinoid NAE, oleoylethanolamine (OEA), protects rat cardiac mitochondria from 

peroxide-induced oxidative damage ( l 08). Furthermore, activation of CB 1 protects cultured 

cortical neurons from excitotoxicity and oxidative stress ( 109 - Ill). Intraperitoneal injection of 

the cannabinoid NAE anadamide into' mice and rats reduces the size and severity of AMPA and 

kainate receptor-induced brain lesions by a mechanism involving activation of CB 1 receptor 

(112). Synthesis of non·cannabinoid NAEs is upregulated in response to injury along with 

cannabinoid NAEs. Furthermore, non-cannabinoid NAE concentrations are higher than the 

concentration of cannabinoid NAEs. It stands to reason, therefore, that the non-cannabinoid 
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NAEs may be involved in cytoprotection, although through a mechanism different from 

cannabinoids. 

Non-Cannabinoid I Vanilloid Receptor Targets ofNAEs 

Other NAEs that do not bind cannabinoid receptors have been implicated in cytoprotection 

and as 'entourage' compounds, which are compounds that enhance the activity of other ligands 

such as anandamide by inhibiting the enzymes that degrade it (65, 113). 

Some saturated and monounsaturated NAEs activate the ERK 1/2 phosphorylation pathway 

through a CB !-independent mechanism ( 114). The NAE oleoylethanolamine (OEA) reduces the 

formation of iron-induced malondialdehyde (MDA) in rat heart mitochondria, suggesting that it 

may act as an antioxidant reducing lipid peroxidation (1 08). Furthermore, some NAEs, including 

PEA, decrease the mitochondrial inner membrane permeability and may protect cells from 

ischemic insult (115). Interestingly, the yeast Saccharomyces cerevisiae, which does not express 

cannabinoid or vanilloid receptors, synthesizes various NAE species in response to oxidative 

stress ( 116). Plants also synthesize NAEs but do not have cannabinoid or vanilloid receptors 

(117). These observations further substantiate a non-cannabinoid receptor- and a non-vanilloid 

receptor-mediated function for some NAEs. 

Some NAEs, including palmitoylethanolamine and anandamide, have been shown to 

stimulate Ca2
+ release from intracellular stores (115, 118, 119). Palmitoylethanolamine, which 

does not activate the CB 1 receptor, increases Ca2
+ influx and increases some parameters of 

sperm motility by an unknown mechanism (120). The NAEs, lauroylethanolamine and 

oleoylethanolamine, alter the rate of Ca2+ flux from sarcoplasmic reticulum vesicles isolated 

from rabbit skeletal muscle (115). In addition, it was suggested that this alteration ofCa2
+ release 
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from intracellular stores m cardiac muscle could lead to increased contractility (115). The 

mechanism by which NAEs alter intracellular Ca2
+ concentrations has not been resolved. I will, 

in part, determine the mechanism by which a small subset ofNAEs can alter Ca2+ signaling. 

NAE Involvement in Ca2+ Signaling 

In rat cerebellar Purkinje neurons, AEA reduces presynaptic P-type Ca2
+ currents by a 

mechanism independent of CB 1 or VR 1 ( 121 ). In addition to other unsaturated lipids, AEA 

inhibits T -type Ca2
+ channel currents through a direct interaction depending upon both the 

hydroxyl group and acyl chain (77). The degree of acyl chain saturation also affects their ability 

to inhibit currents (77). Treatment of cultured endothelial cells with AEA elicits an increase in 

intracellular Ca2+ through a CB !-dependent mechanism ( 122). 

Lipids can alter the activity of intracellular Ca2+ channels. For example, arachidonic acid 

inhibits IP3R activity and leukotriene 84 activates RyRs (123). There is growing evidence that 

some of the N-acylethanolamine (NAE) lipids such as arachidonylethanolamine (AEA) and 

palmitoylethanolamine (PEA) can elicit the release of intracellular Ca2
+. In canine kidney cells, 

AEA leads to intracellular Ca2
+ release and extracellular Ca2

+ influx ( 119). In human 

osteosarcoma cells, the AEA transport inhibitor inhibitor and VR 1 antagonist, AM404, causes 

release of Ca2
+ from intracellular stores and Ca2

+ influx from the extracellular space (124). In 

cultured hippocampal neurons, the plant cannabinoid, cannabidiol (CBD), leads to Ca2
+ release 

from intracellular stores and influx from the extracellular space (125). CB1 and VR1 antagonist 

treatment resulted in a reduction in these effects ( 125). 

In addition, AEA also leads to Ca2+ release via a phospholipase C-linked CB2 receptor ( 126). 

In HEK293 cells overexpressing CB 1 receptors, treatment with the CB 1 agonist, WIN55,212-2 
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led to an increase in intracellular Ca2+ (127). This response was blocked by inhibiting 

phospholipase, depleting intracellular stores with thapsigargin and inhibition of IP3Rs and RyRs 

(127). An additional G-protein-coupled receptor (GPCR), GPR55, can be activated by 

cannabinoids including AEA (128). GPR55 couples to Gaq and Ga12 and can lead to the release 

of Ca2+ through IP3Rs (128). In addition, GPR55 results in Rho-A-mediated Ca2+ transients and 

subsequent NFAT activation in response to lysophosphatidylinositol (LPI) treatment (129). 

Furthermore, the NAE oleoylethanolamide (OEA) is believed to be the endogenous ligand for 

GPR119, a GPCR previously classified as an orphan receptor (130). 

AEA treatment of endothelial cells causes the release of Ca2+ from caffeine-sensitive stores, 

suggesting the involvement of RyRs (118). This effect was only slightly reduced by the 

application of a CB I antagonist ( 118). Treatment of cultured hippocampal neurons with CB I 

agonists reduces NMDA-mediated Ca2+ released from RyRs by reducing PKA phosphorylation 

of RyR channels ( 131 ). This effect is associated with protection against NMDA toxicity ( 131 ). 

Interestingly, in CAl pyramidal neurons, Ca2+-induced Ca2+ release through RyR leads to 

endocannabinoid release and subsequent depolarization-induced suppression of inhibition (DSI) 

(132). 

Here, I have identified the presence and subcellular localization of proteins involved in NAE 

signaling in two widely-used cell culture model systems of neurodegeneration. In addition, the 

alteration of NAE synthesizing and degrading proteins in response to oxidative stress was 

measured. I also determined that the saturated non-cannabinoid/non-vanilloid NAE PEA is 

neuroprotective in HT22 cells against oxidiative stress. A 5 - 6 hour exposure to PEA is required 

to protect HT22 cells which, in tum, correlates with the time required for PEA to alter the 

immunolocalization of key signaling proteins known to be involved in neuroprotective signaling. 
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Previous data from our lab indicates that NAEs reduce the open probability of RyRs in a single

channel electrophysiological setup. This preliminary data in addition to the time frame of 

neuroprotection and changes in signaling proteins is consistent with a role for NAE in Ca2+ 

signaling. To determine what role NAE may have in intracellular Ca2
+ signaling, the expression 

and localization of the intracellular Ca2
+ channels, IP3Rs and RyRs, was characterized in our cell 

culture models under normal condition and conditions of oxidative stress. In addition, I measured 

the effect of NAEs on intracellular Ca2
+ signaling. I was not able to verify that treatment of 

HT22 cells with PEA for 3 hours or less has an effect on Ca2
+ signaling. Prolonged treatment of 

HT22 cells with PEA alters IP3R2, RyR2 and RyR3 immunoreactivities. Interestingly, data from 

experiments utilizing a longer PEA pretreatment time suggests that PEA reduces Ca2
+ transients 

in response to depolarization. Overall the results of these studies suggest that there is a 

relationship between the neuroprotective effects of PEA, the ability of PEA to activate 

neuroprotective kinases and transcription factors, and the ability of PEA to reduce intracellular 

Ca2
+ signaling mediated by depolarization. A diagrammatical summary of my results can be 

found in Fig. 1 below. 
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Fig. 1. A working model of PEA function in neurons. In Chapter2, receptors and metabolic 

enzymes involved in NAE signaling were identified using immunochemical methods. In 

addition, exposure of HT22 cells to oxidative stress increases the immunoreactivity of metabolic 

enzymes involved in NAE signaling. In chapter 3.1, I determined that treatment of HT22 cells 

with the NAE PEA reduces cellular proliferation possibly by reducing mitochondrial activity. In 

chapter 3.2, I determined that PEA protects HT22 cells from peroxidative stress. In chapter 3.3, I 

determined that PEA treatement leads to the nuclear translocation of Akt, pAkt and pERKl/2. In 

chapter 3.4, I determined that PEA treatment leads to the nuclear translocation of NFKB and 

NF ATc4. In chapter 4.1 we determined that the HT22 cell model system expresses all three IP3R 

subtypes with IP3R2 being expressed predominantly in the nuclear envelope. In chapter 4.2, I 

determined that, in addition to IP3Rs, HT22 cells express RyRs and cultured cortical neurons 

express IP3Rs and RyRs making the study of the effects ofNAEs on intracellular Ca2
+ signaling 

feasible. In chapter 5, I determined that PEA reduces Ca2
+ release mediated by chemical 

depolarization with KCI. Overall the results of these studies suggest that there is a relationship 

between the neuroprotective effects of PEA, the ability of PEA to activate neuroprotective 

kinases and transcription factors, and the ability of PEA to reduce intracellular Ca2
+ signaling 

mediated by depolarization. Cellular compartments are labeled with italicized blue text. The 

cellular activities and the proteins affected by PEA are indicated in red text. Red arrows indicate 

the proposed cellular effects of PEA treatment. The chapter numbers relevant to the information 

are enclosed in black boxes. 
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CHAPTER 2 - MODELS OF NEURODEGENERA TION EXPRESS PROTEINS INVOLVED 

IN N-ACYLETHANOLAMINE SIGNALING 

ABSTRACT 

N-acylethanolamines (NAEs) are lipids produced in multiple cell types, including neurons, 

from a wide variety of organisms. In mammals, NAEs are involved in numerous cellular and 

physiological processes and their expression is upregulated in response to ischemia and physical 

trauma suggesting a role in neuroprotection (I-8). Anandamide (AEA), an endocannabinoid 

NAE, is an agonist at cannabinoid receptors (CB I and CB2), vanilloid receptor I (VRI) and the 

nuclear transcription factor peroxisome proliferating antigen receptor gamma (PPARy) (9-I6). 

AEA and related compounds are neuroprotective in models of excitotoxicity, stroke and multiple 

sclerosis through activation of CBI (17-22). Although the function of AEA has been well 

characterized, the function of the more abundant NAEs, such as palmitoylethanolamine (PEA), is 

unclear. Since all NAEs are synthesized and degraded by many of the same proteins, we 

hypothesize that other NAEs, such as PEA, are neuroprotective. The identification and co

expresion of NAE signaling proteins in our cell model systems of neurodegeneration will 

provide a rationale for conducting neuroprotection studies utilizing the less well characterized 

PEA. I hypothesized that all NAE target proteins are expressed in cortical neurons and HT22 

cells, both of which have been used extensively to study neurodegeneration in vitro (23, 24). In 

addition, I hypothesized that oxidative stress would increase the expression of enzymes involved 

in NAE synthesis and degradation in these model systems. I detected the NAE signaling proteins 

CB 1, CB2, VR 1 and the NAE degrading enzyme, fatty acid amide hydroalse (F AAH) in our 

model systems. In addition, I determined that the less well characterized NAE synthesizing 
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enzyme N-acylphosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-PLD) and the 

amidase N-acylethanolamine acid amidase (NAAA) are also expressed in these models. 

Furthermore, exposure of HT22 cells and cortical neurons to oxidative stress leads to an increase 

in NAPE-PLD, FAAH and NAAA immunoreactivity. These results lay the groundwork for 

establishing the role of less well characterized NAEs, such as PEA, and the NAE proteins 

NAPE-PLD and NAAA in commonly-used in vitro models of neurodegeneration and 

neuroprotection. In addition, this work identifies the molecular targets of NAEs for 

pharmacological interventions to be utilized in future neurodegeneration studies. 

INTRODUCTION 

N-acylethanolamines (NAEs) are bioactive lipids predominantly synthesized from 

membrane N-acylphosphatidylethanolamine (NAPE) precursors through the enzymatic action of 

N-acylphosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-PLD) (25, 26). 

Degradation of NAEs occurs predominantly through the action of two amidase enzymes, fatty 

acid amide hydrolase (F AAH) and N-acylethanolamine acid amidase (NAAA) (27 - 29). The 

physiological function of only a small number of NAEs have been characterized including 

arachidonylethanolamine (AEA, anandamide) and, to a lesser extent, palmitoylethanolamine 

(PEA), oleoylethanolamine (OEA), linoleoylethanolamine (LOEA) and linolenoylethanolamine 

(LNEA) (9, 16, 30, 31). 

AEA, an endocannabinoid, is involved in numerous physiological processes including 

neurotransmission, analgesia, reproduction, feeding, proliferation, inflammation and 

cytoprotection (32 - 36). AEA is an endogenous ligand for the cannabinoid receptor, the target 
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of tetrahydrocannabinols {THCs), the active components of marijuana (9, 37). There are 

currently two known cannabinoid receptors, CB 1 and CB2, and anandamide activates both 

subtypes (9 - 11, 38 - 40). These receptors are seven transmembrane-spanning a-protein

coupled receptors that negatively couple to inhibitory G-proteins (Gito) thereby inhibiting 

adenylyl cyclase (10, 41 - 43). In the brain, cannabinoid receptors are expressed in numerous 

brain regions as well as cerebral vasculature ( 44 - 49). Recently, the CB2 receptor has been 

identifies in neurons in the brain suggesting that its classification as a peripheral cannabinoid 

receptor should be reevaluated (50). 

Activation of CB I and CB2 leads to a multitude of intracellular signaling events including 

the inhibition of adenylyl cyclase activity and subsequent inhibition of cAMP-dependent protein 

kinase (PKA) activity and activation of Akt!PKB, MAP kinase/ERK 112 phosphorylation, and 

focal adhesion kinase (F AK) phosphorylation (51 - 59). Furthermore, cannabinoids inhibit N-, 

T- and P/Q-type Ca2
+ currents and VRI-mediated Ca2

+ influx in multiple cell models through 

activation ofCB1 (60- 65). 

Numerous unsaturated NAEs, including AEA, OEA, LOEA and LNEA bind and activate 

vanilloid receptor 1 (VRI) cation channels, which are members of the transient receptor potential 

V {TRPV) channel family (12, 13, 16). The VRI receptor is expressed in brain areas such as the 

hippocampus, cortex and cerebellum, and in the cerebral vasculature (66). 

The saturated NAEs such as PEA do not activate CB 1 (67). PEA is thought to be a CB2 

agonist but it exhibits lower affinity and potency than other endogenous lipids making it an 

unlikely agonist for CB2 receptors (67, 68). PEA is thought to be mediate an 'entourage' effect 

by competing with AEA for F AAH and thus rendering AEA less prone to degradation (30, 31 ). 

The function of other non-cannabinoid NAEs, however, is poorly understood (17, 30, 67, 69). 
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Furthermore, it is not clear what the molecular target or targets for some NAEs are and which 

signaling pathways may be affected by the actions of non-cannabinoid NAEs. We hypothesize 

that non-cannabinoid NAEs are neuroprotective and the characterization ofNAE target proteins, 

therefore, is critical in determining the possible mechanism of action in neuroprotection. 

There is ample evidence demonstrating the neuroprotective effects of NAEs. Indirect 

evidence for NAE-mediated protection comes from numerous observations that NAPE and NAE 

synthesis is upregulated in response to multiple chemical and traumatic environmental insults, 

suggesting their possible role in cytoprotection (1-8). Direct evidence for NAE-mediated 

cytoprotection comes from multiple studies (17-22, 70). Little has been published on the 

molecular targets for and function of some NAEs in neurons, especially the saturated NAE PEA 

and monounsaturated OEA. Characterizing the presence and localization of known NAE 

signaling proteins in neurons will more effectively allow the study of the function of a wide 

variety of NAEs. Furthermore, carrying out this characterization in commonly-used in vitro 

models of neurodegeneration will help determine potential roles of some NAEs in 

neuroprotection or neurodegeneration. In the present study, I determined that cultured cortical 

neurons and HT22 cells express CBI, CB2, VRI, NAPE-PLD, FAAH and NAAA. In addition, I 

determined that oxidative stress leads to an increase in NAPE-PLD, F AAH and NAAA 

immunoreactivity. These results identify the molecular targets for pharmacological interventions 

in future neuroprotection studies using NAEs in these model systems. 
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MATERIALS AND METHODS 

Antibodies 

Rabbit anti CB I, CB2 and VR I were purchased from EMD/Calbiochem (San Diego, CA) or 

Chemicon (Temecula, CA). Rabbit anti-NAPE-PLD and NAAA antibodies were purchased from 

EzBiolab (Westfield, IN). The NAPE-PLD and NAAA affinity purified antibodies were 

compared to the preimmune and precipitated sera to determine specificity. 

Cell Culture 

HT22 cells were grown and maintained at a moderate confluency (<60%) in Dulbecco's 

Modified Eagle's (DME) medium with 4.5g/mol glucose, 2mM glutamine, 1 mM sodium 

pyruvate (Hyclone, Logan, UT) containing 10% heat-inactivated bovine growth serum (BGS) 

(Hyclone). Mouse primary cortical neurons were obtained from postnatal day 2 (P2) C57BIL6 

mice. After removal of the scalp and skull cap, an approximately lmm3 piece of frontal cortex 

was removed from each hemisphere and digested in 0.25% trypsin at 37°C for 20 min. The tissue 

was then briefly triturated with a fire-polished glass pipet or a disposable plastic pipet tip and 

centrifuged at 1,000 x g for 5 minutes. After removal of the trypsin, the resulting pellet was 

resuspended in complete media and triturated followed by centrifugation at 500 x g for 5 

minutes. The pellet was triturated and centrifuged once more. The pellet was resusended in 

complete medium and passed through a 40J,lm cell strainer and the resulting cell suspension was 

plated onto a substrate appropriate for the given technique. Primary cortical neurons were 

maintained in Neurobasal A media with 2% donor horse serum (DHS), 2% 827 supplement and 
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penicillin-streptomycin-fungizone antibiotic for 10- 14 days depending on suitable development 

of neurites. 

Immunob/otting 

Western blotting was conducted as described elsewhere (71). In brief, HT22 cell pellets were 

lysed in ice-cold cell lysis buffer (50mM Tris-HCl (pH 7.4), 150mM NaCI, 1mM EGTA, 1mM 

Na3V04, 1mM NaF, 2% NP-40) with added protease inhibitor cocktail (Roche Diagnostics, 

Mannheim, Germany). Electrophoresis samples were denatured and run with prestained broad 

range molecular weight markers (BioRad, Hercules, CA) . in either 4-15% gradient SDS 

polyacrylamide gels (BioRad, Hercules, CA) or freshly made 8% SDS-PAGE gels. Proteins 

were transferred from the gel to a PVDF membrane (Pall Life Sciences, Ann Arbor, MI), 

incubated in milk solution (5% powdered milk, 1% BSA, 0.005% tween-20 in phosphate

buffered saline; pH 7 .4) and incubated overnight in primary antibody diluted in milk at 4° C. 

After washing three times in PBS, the membrane was incubated in milk solution containing 

horseradish peroxidase-labeled goat anti-rabbit or anti-mouse secondary antibody for 1 hour at 

room temperature in the dark. After washing, the membrane was developed . using a 

chemiluminescent reagent kit (Super Signal West Dura, Pierce Biotechnology, Rockford, IL) 

followed by visualization using a UVP Epichemi 3 darkroom (UVP, Inc/, Upland, CA) with a 

mounted Hamamatsu C8484-51-03G camera (Hammamatsu, Japan) and LabWorks 4.5.0 

software version 4.5.0 (UVP, Inc., Upland, CA). 
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Immunocytochemistry and immunofluorescence 

Immunocytochemistry and immunofluorescence was conducted as described elsewhere (71). 

In brief, HT22 cells were grown for 24 - 48 hours to a density of <30% on poly-L-lysine-coated 

glass coverslips. Fixation of cells was carried out using 4% paraformaldehyde for 15 minutes 

followed by washing with PBS. After blocking with preincubation solution (1 0% normal goat 

serum, I% BSA, 0.05% tween-20 in PBS) for I hour, primary antibodies diluted in incubation 

buffer (3% normal goat serum, 1% BSA, 0.05% tween-20 in PBS) were added to cells. Primary 

antibody incubation was carried out at 4°C overnight. After washing with PBS, fluorescent 

Alexa488- or Alexa594-labeled goat anti-rabbit or goat anti-mouse lgG secondary antibody 

(Invitrogen) diluted in incubation solution (1:1000) was applied to cells for 1 hour at room 

temperature. Coverslips were washed in PBS three times and mounted onto glass slides with 

ProLong anti-fade reagent with DAPI (Invitrogen) and stored at 4°C overnight. Image 

acquisition was conducted with an Olympus IX70 fluorescence microscope (Olymus, Japan) 

using 20X magnification. Images were saved into a 24-bit TIFF format. 

Generation of Sublethal Oxidative Stress 

HT22 cells on coverlips were treated with tert-butylhydroperoxide (tBHP) (Acros Organics, 

Geel, Belgium) at a concentration range of2- 10J..t.M overnight (I6- 20 hours) prior to fixation 

with 4% PFA and subsequent immunocytochemistry. We have previously determined that tBHP 

concentrations at or below 10J..t.M have no significant effect on HT22 cell viability. 
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Microfluorimetric Analysis of Images 

Microfluorimetric analysis was conducted on TIFF images using Simple PCI (version 6.0) 

software (Compix). First, regions of interest within the soma of cells were selected followed by 

measurement of fluorescence intensity (grey level). Data was exported into Microsoft Excel and 

graphed. 

Densitometry 

Densitometry of immunoblots was carried out using Lab Works version 4.0 software. First, a 

preset rectangular region was placed over each band consistent with the protein molecular weight 

followed by intensity measurement. The same was done for actin-labeled bands. Resulting 

numerical data were exported and graphed in Microsoft Excel as intensity of protein of interest 

over actin intensity. 

Groups and Statistics 

For all microfluorimetry experiments, five (5) microscope fields per treatment group were 

analyzed for NAPE-PLD, F AAH and NAAA. For NAPE-PLD, the number of cells analyzed for 

untreated, 2J.tM, 6J.1M, IOJ.lM and I5J.1M tBHP groups was 98, 87, 95, 90 and 97 cells, 

respectively. For FAAH, the number of cells analyzed for untreated, 2J.1M, 6J.1M, IOJ.!M and 

l5J.1M tBHP groups was 65, 98, 82, Ill and 104 cells, respectively. For NAAA, the number of 

cells analyzed for untreated, 2J.1M, 6J.1M, I OJ.lM and l5J.1M tBHP groups was I 0 I, 94, 68, 86 and 

1I6 cells, respectively. 

An F-test was conducted in Excel between each treatment group and the untreated control 

group to determine which type of T -test should be used for group comparisons. The mean 

fluorescence intensity from each treatment group was separately compared to the mean 
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fluorescence intensity of the untreated control group using a two-sample T-test with either equal 

or unequal variances. 

RESULTS 

Immunofluorescent detection of NAE signaling proteins in HT22 cells and primary cortical 

neurons 

Both cannabinoid receptors, CB I and CB2, are expressed in HT22 cells and mouse primary 

cortical neurons as demonstrated by indirect immunofluorescence and Western blot analysis 

(Figs. I and 2). Indirect immunofluorescence was used to determine the overall subcellular 

distribution of the CB I and CB2 in both cell model systems. 

In HT22 cells and cortical primary neurons, CB I is predominantly expressed in the plasma 

membrane and in intracellular compartments such as the endoplasmic reticulum (ER) and the 

nuclear region (Fig. I). In primary cortical neurons, CB 1 is expressed in the soma and in neurites 

(Fig. I). Western blot analysis reveals that in cortical tissue, an intense CBI band appears at 

approximately 70 - 75 kDa and at 180 kDa (Fig. I). The HT22 lysate lane reveals a very faint 

band at approximately 180 kDa (Fig. I). Mouse CB I has 473 amino acids and a calculated 

molecular weight of 53 kDa and an apparent MW of approximately 60 kDa with faint bands at 

approximately 23, 72 and 180 kDa (72). In addition, there is also a report of an apparent MW for 

CB I of 45 -50 kDa (73). 

In both models systems CB2 exhibits a predominant intracellular localization with little or no 

labeling in the nuclear region (Fig. 2). Interestingly, CB2 immunoreactivity in HT22 cells is 

strongest intracellular regions or patches on two opposite sides (poles) of the cell (Fig. 2). There 
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has been some controversy about whether the so-called 'peripheral' cannabinoid receptor, CB2, 

is present in neurons. These results demonstrate the clear presence of CB2 immunoreactivity in 

neurons as well as in non-neuronal cells from the cortex. These findings support data from others 

demonstrating the presence of CB2 immunoreactivity in neurons (50). Western blot analysis 

reveals that both model systems exhibit a CB2 band at approximately 45 kDa and a faint band at 

approximately 50 kDa (Fig. 2). The HT22 cell lysate lane exhibits prominent CB2 bands at 30 

kDa and 90 kDa (Fig. 2). Mouse CB2 has 347 amino acids and a calculated molecular weight of 

38 kDa (NCBI). Apparent molecular weights of approximately 45 and 63 kDa are reported for 

CB2 (Calbiochem). 

In addition, HT22 cells and mouse primary cortical neurons express VR l as demonstrated by 

Western blot analysis (Fig. 3). Immunofluorescence was used to determine the overall 

subcellular distribution of the VRl in both cell model systems. In both cell models, VRl is 

predominantly expressed intracellularly with some plasma membrane expression (Fig. 3). 

Western blot analysis reveals that both models express VRI-immunoreactive bands (Fig. 3). The 

cortical lysate lane exhibits a faint band at approximately 95 KDa and stronger bands at 60 and 

80 kDa (Fig. 3). The HT22 lysate lane exhibits predominant bands at approximately 150 kDa and 

doublet bands at 80 and 84 kDa (Fig. 3). The pattern of observed bands between the cortical 

lysate and HT22 lysate lanes is different, but each has bands at molecular weights observed by 

others (74). VRI has 839 amino acids with a calculated molecular weight of 94.8 kDa (NCBI). 

Others have reported an apparent molecular weight for VRI at approximately I 00 kDa 

(Chemicon), 200 kDa and a doublet at 84/80 kDa (74). 

NAPE-PLD, F AAH and NAAA are expressed in both cell culture model systems as 

detennined by Western blot and immunofluorescence analysis. FAAH expression in both cell 
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models is predominantly intracellular as determined by immunofluorescence (Fig. 4). Western 

blot analysis reveals F AAH immunoreactive bands at 50 kDa with faint bands at 65 and 120 kDa 

in the HT22 lysate lane and bands at approximately 40, 55 and 120 kDa in the cortical tissue 

lane. F AAH has 579 amino acids with a calculated molecular weight of 63 kDa (NCB I). Others 

have reported a 60 - 65 kDa single band in COS cells overexpressing F AAH (27). 

NAPE-PLD immunoreactivity in HT22 and primary cortical neurons is extremely weak 

suggesting either very weak expression levels or that the antibody is not suitable for use in 

immunocytochemistry (Fig. 5). HT22 cells and cultured cortical neurons exhibit very weak 

NAPE-PLD immunoreactivity as determined by indirect immunofluorescence. Cultured cortical 

neurons exhibit slightly better labeling than HT22 cells. NAPE-PLD immunoreactivity is faint in 

both cortical tissue and HT22 cell lysates. Both models exhibit a faint band at approximately 70 

kDa. In addition, the HT22 cell lysate exhibits a more priominent band at 60- 65 kDa. Mouse 

NAPE-PLD has 396 amino acids with a calculated molecular weight of 45.6 kDa (NCBI). The 

most prominent band shown above is at -55- 60 kDa with several other faint bands above and 

below. 

NAAA expression in HT22 cells and primary cortical neurons is predominanatly intracellular 

(Fig. 6). HT22 cells and cultured cortical neurons exhibit weak NAAA immunoreactivity as 

determined by indirect immunofluorescence. Cultured cortical neurons exhibit more robust 

labeling that HT22 cells. NAAA immunoreactivity appears to be present predominantly in the 

ER!cytosolic compartment (Fig. 6). Western blot analysis reveals that cortical tissue and HT22 

cell lysates exhibit positive immunoreactivity for NAAA (Fig. 6). In both model systems, a 

prominent band appears at approximately 25 and 40 kDa (fig. 6). Furthermore, a faint band is 

observed at 80 - 90 kDa in the HT22 lysate lane. Mouse NAAA has 362 amino acids with a 
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calculated molecular weight of 39.9 kDa (NCBI). The above blot indicates a prominent band at 

39 - 45 kDa consistent with the calculated molecular weight. 

Oxidative and Anoxic Insult Alters the Expression of Proteins Involved in NAE Synthesis and 

Degradation 

Overnight exposure of HT22 cells to sublethal tBHP led to an increase in NAPE-PLD 

immunoreactivity (Fig. 7). Concentrations of tBHP between 2 and I O~M resulted in a similar 

increase in immunoreactivity whereas a 15~M tBHP exposure led to a further increase in 

immunoreactivity (Fig. 7). As a result, we conclude that, in HT22 cells, oxidative stress increases 

NAPE-PLD expression. 

Overnight exposure of HT22 cells to sublethal tBHP led to a significant increase in F AAH 

immunoreactivity as tBHP concentrations approached toxic levels only (10 to 15~M) (Fig. 8). 

Overnight exposure of cultured primary cortical neurons to sublethal tBHP had no effect on 

F AAH immunoreactivity (Fig. 8). As a result, we conclude that, in HT22 cells, oxidative stress 

increases F AAH expression. In cultured primary cortical neurons, however, oxidative stress has 

no effect on F AAH expression. 

Exposure of HT22 cells to sublethal tBHP leads to an increase in NAAA immunreactivity at 

tBHP concentrations approaching lethality (10- 15~) (Fig. 9). Western blot analysis on lysates 

from HT22 cells exposed to sublethal tBHP reveals that NAAA immunoreactivity is significantly 

increased in response to oxidative exposure. The top panel shows NAAA while the actin loading 

control in shown in the panel below. 
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DISCUSSION 

Here, I report that two commonly-used cell model systems of neurodegeneration, HT22 cells 

and cultured mouse primary cortical neurons, express several proteins involved in NAE 

signaling. Specifically, I detected CBI, CB2, VRI, FAAH, NAAA and NAPE-PLD in these cell 

models using immunochemical methods. This data suggests that CB2 is expressed in HT22 cells 

and primary cortical neurons and, therefore, should be considered a receptor in the CNS. This 

study supports the findings from others that neurons express CB2, a receptor previously thought 

to be present only in non-neuronal tissue (50). In addition, I measured changes in NAAA 

immunoreactivity in response to oxidative stress further supporting the important role that the 

NAE signaling system plays in neurodegenerative diseases. 

My data provides relevant information about both cannabinoid and non-cannabinoid proteins 

in two cell model systems of neurodegeneration. Experimental studies relevant to 

neurodegenerative diseases utilize the HT22 cells model system and mouse cortical neurons (23, 

24). Since cannabinoids have gained a lot of attention as neuroprotectants in the last several 

years, determination of the protein targets for cannabinoids is important. Furthermore, there is 

interest in the function of non-cannabinoid NAEs as they relate to neuroprotection. 

Characterization of the relevant proteins involved in NAE signaling will determine what 

phannacological interventions, if any, must be included in experimental studies seeking to 

elucidate the function of non-cannabinoid NAEs and to rule out the so-called entourage effects of 

someNAEs. 

I used immunocytochemistry and indirect immunofluorescence to detect NAE signaling 

proteins. As always with immunocytochemistry, it is difficult to determine the specificity of 
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antibodies without use of a blocking peptide, which were not utilized in these studies. Antibodies 

used in this study, except for NAAA and NAPE-PLD, have been characterized and used by 

others (27, 72 - 74). To verify that the immunofluorescently-labeled proteins were indeed NAE 

proteins, I conducted Western blots on cell lysates using the same antibodies when possible. In 

most cases, a band either corresponding to the calculated molecular weight of the protein of 

interest or bands previously observed by and described by others appeared (27, 72- 74). Since I 

used cortical tissue and not enriched neurons from culture for my Western blots, I can not 

definitively rule out the contribution of non-neuronal cells (glia) to the immunoreactivity. 

Since a wide variety of NAEs are produced in response to toxic stimuli and the well

characterized NAE AEA exhibits neuroprotective properties, the NAE species that do not 

activate cannabinoid and vanilloid receptors also likely play a role in the neuroprotective 

process, albeit through a different mechanism of action (I - 8, 17 - 22). This study underscores 

the need to include cannabinoid and vanilloid receptor antagonists when determining any 

potential non-cannabinoid/non-vanilloid effects of NAEs or similar compounds in these cell 

culture model systems. Furthermore, a pharmacological approach will determine if the 

mechanism of action for NAEs, such as PEA or OEA, act through the proposed AEA-enhancing 

entourage effect. It is not clear that this observed entourage effect is physiologically-relevant. 
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FIGURES 

Fig. l - Expression of CBl in HT22 Cells and Mouse Cortical Neurons. Using indirect 

immunofluorescence, both HT22 cells and cultured mouse cortical neurons exhibit CB I 

immunoreactivity (IR) in both the ER!cytosolic and nuclear compartments (scalebar is 25Jlm). 

lmmunolabeling of CB I in cortical neurons reveals prominent labeling of neurites. Western blot 

analysis reveals that in cortical tissue, an intense band appears at approximately 70 - 75 kDa and 

at 180 kDa. The HT22 lysate lane reveals a very faint band at approximately 180 kDa. Mouse 

CB 1 has 4 73 amino acids and a calculated molecular weight of approximately 53 kDa (72). The 

expected molecular weight is indicated by the red arrow. The protein bands are reported to 

exhibit apparent molecular weights of approximately 60 kDa with faint bands at approximately 

23, 72 and 180 kDa (Calbiochem). A report of an apparent molecular weight of 45 - 50 kDa also 

exist (73). 
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Fig. 2 - Expression of CB2 in HT22 Cells and Mouse Cortical Neurons. HT22 cells and 

culture mouse primary cortical neurons exhibit CB2 immunoreactivity predominantly in the 

ER!cytosolic compartment and not in the nuclear compartment (scalebar is 25J.l.m). Western blot 

analysis reveals that both model systems exhibit a band at approximately 45 kDa and a faint band 

at approximately 50 kDa. The HT22 cell lysate lane exhibits prominent bands at 30 kDa and 90 

kDa. Mouse CB2 has 34 7 amino acids and a calculated molecular weight of 38 kDa (NCB I). The 

expected molecular weight is indicated by the red arrow. CB2 also exhibits apparent molecular 

weights of approximately 45 and 63 kDa (Calbiochem). 
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Fig. 3 - Expression of VRl in HT22 Cells and Mouse Cortical Neurons. HT22 cells and 

cortical neurons exhibit VRI immunoreactivity predominantly in the ER/cytosolic compartment 

(scalebar is lOflm for primary neurons and 25flm for HT22 cells). Western blot analysis reveals 

that both models express VR }-immunoreactive bands. The cortical lysate lane exhibits a faint 

band at approximately 95 kDa and stronger bands at 60 and 80 kDa. The HT22 lysate lane 

exhibits a predominant band at approximately 150 kDa and doublet bands at 80 and 84 kDa. The 

pattern of observed bands between the cortical lysate and HT22 lysate lanes are different, but 

each have bands at molecular weights observed by others (74). VRI has 839 amino acids with a 

calculated molecular weight of 94.8 kDa (NCB I). The expected molecular weight is indicated by 

the red arrow. An apparent molecular weight of approximately 100 kDa has been reported 

(Calbiochem), but the band in the image is approximately 90 - 95 kDa. A report from 

Rosenbaum et al. 2002 indicates apparent molecular weights of 200 kDa and 84/80 kDa 

(doublet) (74). 
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Fig. 4 - Expression of F AAH in HT22 Cells and Mouse Cortical Neurons. HT22 cells and 

cortical neurons exhibit F AAH immunoreactivity predominantly in the ER!cytosolic 

compartment as determined by immunofluorescence (scalebar is 25J.1m). Western blot analysis 

reveals F AAH immunoreactive bands at 50 kDa with faint bands at 65 and 120 kDa in the HT22 

lysate lane and bands at approximately 40, 55 and 120 kDa in the cortical tissue lane. FAAH has 

579 amino acids with a calculated molecular weight of 63 kDa (NCB I). The expected molecular 

weight is indicated by the red arrow. A report from Giang et al. 1997 indicates a 60 - 65 kDa 

single band in COS cells overexpressing F AAH (27). 
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Fig. 5 - Expression of NAAA in HT22 Cells and Mouse Cortical Neurons. HT22 cells and 

cultured cortical neurons exhibit weak NAAA immunoreactivity as determined by indirect 

immunofluorescence (scalebar is 25J..1m). Cultured cortical neurons exhibit more robust labeling 

that HT22 cells. NAAA immunoreactivity appears to be present predominantly in the 

ER!cytosolic compartment. Western blot analysis reveals that cortical tissue (I) and HT22 cell 

lysates (10,000 x g pellet, 2 and 10,000 x g supernatant, 3) exhibit positive immunoreactivity for 

NAAA. In both model systems, a prominent band appears at approximately 25 and 40 kDa. 

Furthermore, a faint band is observed at 80 - 90 kDa in the HT22 lysate lane. Mouse NAAA has 

362 amino acids with a calculated molecular weight of 39.9 kDa (NCBI). The above blot 

indicates a prominent band at 39 - 45 kDa consistent with the calculated molecular weight 

(arrow). 
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Fig. 6 - Expression of NAPE-PLD in HT22 Cells and Mouse Cortical Neurons. HT22 cells 

and cultured cortical neurons exhibit very weak NAPE-PLD immunoreactivity as determined by 

indirect immunofluorescence (scalebar is 25J.tm). Cultured cortical neurons exhibit slightly better 

labeling than HT22 cells. NAPE-PLD immunoreactivity is faint in both cortical tissue (I) and 

HT22 cell Iysates (1 0,000 x g pellet, 2 and 10,000 x g supernatant, 3). Both models exhibit a 

faint band at approximately 70 kDa. In addition, the HT22 cell lysate exhibits a more prominent 

band at 60 - 65 kDa. Mouse NAPE-PLD has 396 amino acids with a calculated molecular 

weight of 45.6 kDa (NCBI) (arrow). The most prominent band shown above is at approximately 

55-60 kDa with several other faint bands above and below. 
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Fig. 7 - Exposure of HT22 Cells to Oxidative Stress Increases NAPE-PLD 

Immunoreactivity. Exposure of HT22 cells to overnight sublethal tBHP leads to an increase in 

NAPE-PLD immunreactivity as detmined by microfluorimetry. Five (5) microscope fields per 

treatment group were analyzed for NAPE-PLD. The number of cells analyzed for untreated, 

2J.LM, 6J.LM, lOJ.LM and l5J.LM tBHP groups was 98, 87, 95, 90 and 97 cells, respectively;*=:=:: 

0.05, *** = :S 0.00 I. 
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Fig. 8 - Exposure of HT22 Cells to Oxidative Stress Increases FAAH Immunoreactivity. 

Exposure of HT22 cells to overnight sublethal tBHP leads to an increase in F AAH 

immunreactivity as determined by microtluorimetry. Five (5) microscope fields per treatment 

group were analyzed for F AAH. The number of cells analyzed for untreated, 2J..LM, 6J..LM, 1 OJ..LM 

and 15J.LM tBHP groups was 65, 98, 82, Ill and I 04 cells, respectively; *** = ~ 0.00 I. 
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Fig. 9 - Exposure of HT22 Cells to Oxidative Stress Increases NAAA Immunoreactivity. 

(A), Exposure of HT22 cells to overnight sublethal tBHP leads to an increase in NAAA 

immunreactivity as detmined by microfluorimetry. (B), Western blot analysis on lysates from 

HT22 cells exposed to sublethal tBHP reveals that NAAA immunoreactivity is significantly 

increased in response to oxidative exposure. The top panel shows NAAA while the actin loading 

control in shown in the panel below. Five (5) microscope fields per treatment group were 

analyzed for NAAA. The number of cells analyzed for untreated, 2J1.M, 6J1.M, lOJlM and l5J1.M 

tBHP groups was I 0 I, 94, 68, 86 and Il6 cells, respectively; ** = ~ 0.0 I, *** = ~ 0.00 1. 
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CHAPTER 3.1 - ANTIPROLIFERA TIVE AND APOPTOTIC EFFECTS OF NAEs IN HT22 

CELLS AND PRIMARY CORTICAL NEURONS 

ABSTRACT 

Cellular proliferation is a process involved in normal growth and development of an organism 

as well as in pathophysiological states such as cancer. In the central nervous system, neurons, 

with the exception of neuroprogentior cells and stem cells, are not proliferative and do not 

regenerate themselves after damage (1). Proliferative and antiproliferative effects of drugs are 

important in determining the physiological consequences such as cell survival in models of 

disease. One such important example is that the use of drugs of neuroprotection studies utilizing 

proliferative cell lines of neuronal origin. The effective chemical insults often used in 

neuroprotection studies, such as peroxides, depend upon cellular density. It stands to reason that 

if a compound exhibits antiprolerative effects, cells may become more vulnerable to the toxic 

effects of the insult. Over the last several years, the multiple functions of cannabinoids and the 

function of proteins that they interact with have become much clearer and have received a great 

deal of attention. The putative endogenous cannabinoid (endocannabinoid) anandamide (AEA) is 

a partial agonist at cannabinoid receptors (CB 1 and CB2) as well as an agonist at the transient 

receptor potential VI (TRPV I) channel and the transcription factor peroxisome proliferator

activated receptor y (PPARy) (2 - 7). N-acylethanolamines, other than AEA, are much less 

understood. For example, the saturated NAE palmitoylethanolamine (PEA) contentiously is 

thought to be a ligand of the type 2 cannabinoid receptor (CB2) (8, 9). In addition, the AEA

enhancing entourage effects of PEA make its function more challenging to study (10, 11). Many 

other NAE species exist and most do not have appreciable affinity for CB I, CB2 or VR I. The 

75 



neuroprotective effects of NAEs in models of epilepsy, ischemia and neuroinflammation make 

them significant to study (12 - 17). In order to determine any putative effects of the less well 

characterized NAEs, such as PEA and SEA, it is first necessary to determine if these NAEs 

themselves have antiproliferative or toxic effects. I hypothesized that PEA decreases HT22 cell 

proliferation. In this study, I determined that PEA reduces HT22 cell proliferation and has no 

significant effect on HT22 viability. These studies lay the groundwork for better understanding 

the potential neuroprotective effects that non-cannabinoid NAEs have in neurodegenerative 

diseases. 

INTRODUCTION 

The N-acylethanolamines (NAEs) are lipids involved in signal transduction in a wide variety of 

cells (2 - 11 ). The best characterized and most studied NAE is arachidonylethanolamine (AEA) 

or anandamide. AEA was shown to be one of the endogenous ligands for the cannabinoid 

receptor, the target of the psychoactive constituent of marijuana, tetrahydrocannibinols (THCs) 

(2, 18). 

Interestingly, AEA levels in a variety of tissues including the brain are relatively low compared 

to other NAE species such as PEA (19, 20). NAE precursor synthesis is differentially affected by 

apotosis and necrosis (21). For example, NMDA-induced excitotoxicty results in increased 

levels of all NAPE species (22). Work in macrophages has shown that the NAE 

palmitoylethanolamine (PEA) has CB2 receptor-independent effects (23) and others propose that 

PEA does not activate CB2 (24, 25). 

AEA stimulates the proliferation ofhemopoetic cells (26, 27) and it also affects mast cells and 

macrophages (28). Cannabinoids have exhibited some antiproliferative effects in cancer cells and 
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are variable and depend greatly upon cell type. Their influence on proliferation also differs 

between the endogenous, plant and synthetic cannbinoids. AEA inhibits proliferation of the 

brea.st cancer cell lines MCF-7 and EFM-19 by a CBI-mediated mechanism (29). AEA 

antiproliferation through CB I led to the reduced expression of the prolactin receptor, which is 

involved in proliferation of these cancer cell lines (29) and this outcome is dependent upon 

inhibition of PKA and activation of the MAPK pathway (30). In addition, AEA inhibits 

proliferation of human breast cancer cells by inhibiting Cdk2, thus inducing cell cycle arrest 

(31 ). AEA also inhibits cell adhesion and migration of human breast cancer cells through a 

possible mechanism involving CB I receptor modulation of focal adhesion kinase (F AK) (32). 

The proliferation of the C6 glioma cell line is inhibited by AEA and 2-AG (33). 

The effect of PEA on cell proliferation is different from that observed for AEA. There my 

knowledge is no evidence of PEA directly reducing cellular proliferation except through 

probable AEA-enhancing entourage effects. For example, exposure of human breast cancer cells 

to PEA (up to IOJ.lM) enhances the antiproliferative effects ofVRI agonists {34). PEA, itself, has 

no effect on proliferation but acts to affect proliferation through entourage effects {34). Another 

study showed that prolonged PEA treatment resulted in reduced F AAH expression resulting in 

AEA-induced human breast cancer cell proliferation (35). PEA, unlike AEA, had no effect on C6 

glioma cell proliferation (36). 

Here, I provide evidence that PEA reduces the proliferation of the murine hippocampal cell 

line, HT22. This analysis is significant because HT22 cells are a widely-used for neuroprotection 

studies. Furthermore, cell density may be a critical factor in cellular vulnerability to toxic agents 

used in models of neurodegenerative diseases such as oxidative stress. Previous observations 

show that cell density renders HT22 cells more sensitive to tert-butylhydroperoxide (tBHP) 
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toxicity. The data presented here suggest that reduced cellular proliferation may need to be taken 

into account when determining potential neuroprotective effects of PEA in a proliferative cell 

line such as HT22. 

MATERIALS AND METHODS 

Chemicals 

Palmitoylethanolamine (PEA) was purchased from Alexis Biochemicals (Switzerland). 

Linolenoylethanolamine was purchased from Sigma (St. Louis, MO). Lauroylethanolamine 

(LEA) was provided by Kent Chapman at the University of North Texas, Denton, TX. JWH-

015, AM-1242 and AM-630 was purchased from Alexis Biochemicals. Calcein-acetoxymethyl 

ester (AM) was purchased from Alexis Biochemicals or EMD/Calbiochem. 5-(and-6)-carboxy-

2 ', 7' -dichlorodihydrofluorescien 

(Invitrogen/Molecular Probes). 

Cell culture 

diacetate was purchased from 

HT22 were cultured as described previously (Duncan et al. 2007). In brief, HT22 cells were 

grown in DMEM with high glucose and I mM sodium pyruvate (Mediatech), 2mM Glutamax 

(Invitrogen), 5% bovine growth · serum (BGS) (Hyclone) and peniciilin-streptomycin 

(Mediatech). Cultures were kept at a con fluency of less than 70% during the culturing process. 

Cells were removed from flasks during routine culturing by using either 0.25% trypsin in EBSS 

without Ca2+ and with EGTA (Hyclone) or cell lifting buffer (Hank's balanced salt solution 

without Ca2+ or Mg2+ (Hyclone) with lmM EGTA). 
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Assessment of cellular proliferation 

The fluorimetric calcein-AM and colorimetric MTT assays were conducted in 96 well plates 

in order to assess cell proliferation in a high-throughput format. All 96 well plate assays for 

HT22 cell proliferation were conducted using a cell density of 2,000 - 5,000 cells/well. Calcein

AM fluorescence was measured using a fluorimetric plate reader (Perkin-Elmer Victor3
) with 

filters accommodating 485nm excitation and 530nm emmission light. The MTT assay was 

measured at an absorbance wavelength of 560nm using the same plate reader. 

Cell counts were carried out using a hemocytometer by counting at least three separate 1 mm2 

fields and averaging the counts. HT22 cells were grown in 25cm2 flasks and treated with either 

0.67% EtOH or 1 OOJ!M PEA for 16 -24 hours. After this preincubation time, cells were split into 

96 well plates at a density of 4,000 cells/well and incubated for 6 hours. After the brief 

incubation, cells from both groups (EtOH or PEA pretreated groups) were treated with I OOJ!M 

PEA overnight. A calcein-AM and MTT assay was conducted to determine if there were 

differences between the two groups. Alternatively, after incubation overnight in 1 OOf..lM PEA, 

cells were trypsinized and counted using a hemocytometer. These cells were then plated into 

black-walled 96 well plates at 20,000 cells/ml and, 5 - 6 hours later, treated again with either 

0.67% EtOH or 1 OOJ!M PEA overnight. 

Assessment of oxidative stress 

HT22 cells were plated in 96 well plates at 20,000 cells/ml and grown overnight. The cells 

were then loaded with 1 Of..LM CH2DCFDA for 45 minutes, washed and then treated for 5 hours 

with PEA or palmitate (PA) at t 0, 50 and t OOJ!M concentrations. The cells were then rinsed and 

CH2DCFDA fluorescence was read in a fluorimetric plate reader (Perkin-Elmer Victor3
) with 

filters accommodating 485nm excitation and 530nm emmission light. CH2DCFDA fluorescence 
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was measured after 5 hours to determine if PEA (or PA) alone has an effect on the oxidative 

status in HT22 cells. As a control, 50 and 1 OOJ.!M tBHP for 5 hours was included in the same 

plate as a control for oxidative stress in the assay. Furthermore, a separate plate of HT22 cells 

was insulted (for 5 hours) with tBHP concentrations from 5J.!M to 200J.!M to verify the dose

dependent increase in CH2DCFDA fluorescence elicited by tBHP. 

Statistics 

An F -test was conducted in Excel between each treatment group and the untreated control 

group to determine which type of T -test should be used for group comparisons. The mean 

fluorescence intensity from each treatment group was separately compared to the mean 

fluorescence intensity ofthe untreated control group using a two-sample T-test with either equal 

or unequal variances. A P-value of less than or equal to 0.05 was considered significant. 

RESULTS 

Assessment of HT22 Proliferation after PEA Exposure 

Treatment of HT22 cells overnight ( 16 - 20 hours) with PEA (from 20 to 120~) leads to a 

slight reduction in calcein-AM fluorescence, which only reaches statistical significance at 20~ 

and 120~ concentrations (Fig. 1A). As a result, it can be concluded that reduction in 

fluorescence mediated by PEA does not exhibit a dose-dependent effect. Overnight treatment of 

HT22 cells with other NAEs such as linolenoylethanolamine (LLEA) at concentrations from 5-

50J.1M lead to a slight reduction in calcein-AM fluorescence (Fig. 18). PEA treatment of HT22 

cells leads to a dramatic decrease in MIT reduction indicating that PEA is either toxic or it alters 

mitochondrial activity (Fig. 3A). Microscopic observation of PEA treated cells prior to or during 
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MIT loading provides no evidence for a toxic effect of PEA as cells exhibit normal morphology 

(data not shown). 

Work from others suggests that PEA is an endogenous ligand at C82 receptors (2, 3). To rule 

out any effects of PEA at Gvo-coupled C82 receptors, we conducted calcein-AM and MIT 

assays on HT22 cells treated with the C82 receptor agonists JWH-015 and AM1241. Treatment 

of HT22 cells with JWH-015 or AM1241 was not able to mimic the effects of PEA on calcein

AM fluorescence or MIT absorbance (Fig. 2 and 3, respectively). Interestingly, JWH-015 within 

a concentration range from 0.1 to 1 OJ,LM has no significant effect on MIT absorbance (Fig. 38) . 

. In fact, AM 1241 at 0.1 to 1 J1M had no effect on MIT absorbance, but at 1 01J.M, it dramatically 

and significantly increased MTT absorbance, suggesting that PEA effects on MTT reduction by 

mitochondria are the opposite for that observed for AM 1241 (Fig. 38). PEA is considered a 

weak partial agonist at C82, whereas JWH-0 15 and AM 1241 are considered potent selective 

agonists at C82. It stands to reason that, if the anitproliferative effects of PEA were mediated 

through activation of C82, then JWH-0 15 and AM 1242 treatment would be expected to yield 

similar results and likely even greater effects than measured for PEA. 

In addition, HT22 cells were treated with PEA in the presence or absence of the potent and 

selective CB2 antagonist AM630. Treatment of cells with AM630 was not able to block or 

reverse the PEA-mediated reduction in calcein-AM fluorescence (data not shown). In fact, AM-

630 treatment alone results in a trend toward an increase in calcein-AM fluorescence which is 

the opposite effect measured for PEA (data not shown). Treatment with AM-630 has no 

significant effect on MTT reduction in HT22 cells and it does not block PEAs ability to 

significantly decrease MTT reduction. 
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Cells pretreated overnight with 1 OOJJM PEA exhibit no significant change in cell number as 

determined by hemocytometer counts compared to the vehicle controls ( 101,250 cells/ml for 

vehicle versus 130,000 for 100JJM PEA pretreated) (Fig. 4A). The calcein-AM results for the 

same cells replated at the same density and retreated overnight with PEA reveal that the PEA

treated cells were much more 'sensitive' to a second exposure of PEA than vehicle treated cells 

(Fig. 48). These results suggest that the putative antiproliferative effects of PEA may take 

several hours to appear thus affecting the calcein-AM assay on the second day more that the cell 

counts on the first. 

Subsequent hemocytomoeter counts demonstrated that there was a trend toward a decrease in 

cell number for the PEA-pretreated cells (-25% decrease) compared to the vehicle-treated cells, 

but this decrease was not statistically significant (Fig. 5). Calcein-AM results suggest that, for 

the vehicle-treated group, PEA treatment results in a slight decrease in cell number compared to 

the vehicle-treated group, but the decrease failed to reach statistical significance (Fig. 5). For the 

PEA-treated group, however, PEA-retreatment resulted in a significant decrease ( -17% 

decrease) in calcein-AM fluorescence compare to the vehicle-treated control group (Fig 5). 

These provide evidence for an antiproliferative effect for PEA that takes several hours to take 

effect. Furthermore, these results do not support the view that PEA treatment 'removes' a PEA

sensitive subpopulation of HT22 cells thereby resulting in PEA-resistant cells. 

In addition, exposure of HT22 cells to 50 and 1 OOJJM PEA for 72 hours results in a dramatic 

and significant decrease in cell number as determined by hemocytomoeter counts (Fig. 6). The 

EtOH vehicle-treated cells went from 100,000 cells/ml to over 1,350,000 cells/ml in 72 hours. 

The PEA-treated cells went from 100,000 cells/ml to no more than 290,000 cells/ml within the 

same period of time (Fig. 6). Overall, these results suggest that, after several hours of PEA 
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exposure, cell division begins to slow and after another day of exposure, cell division slows very 

significantly or ceases. 

Assessment of HT22 Cell Death after PEA Exposure 

To rule out possible apoptotic effects of NAEs on HT22 cells, cell viability assays were 

conducted on cells treated overnight with NEAs. Overnight incubation of HT22 cells with I OJ.!M 

and 1 OOJ.!M LEA or 1 OJ.!M and 1 OOJ.!M PEA did NOT cause any statistically-significant increase 

in HT22 apoptosis (TUNEL-Iabeling) (Fig. 7). Likewise, the number of attached cells (as 

determined by the number of DAPI-stained nuclei among the different treatment conditions) 

showed no significant difference (Fig. 7). There is no difference between vehicle and 1 OOJ.!M 

PEA-treated cells. Therefore, it is unlikely that these concentrations ofNAEs cause appreciable 

apoptosis. The cell count data (quantitation of DAPI-labeled nuclei) rule out any significant cell 

loss. Furthermore, treatment of HT22 cells with PEA does not lead to elevated extracellular 

glucose-6 phosphate dehydrogenase activity, a marker for necrotic cell death (data not shown). 

We determined whether treatment of HT22 cells with PEA results in oxidative stress, which is . 

one indicator of cellular degeneration. HT22 cells loaded with the redox-sensitive fluorescent 

indicator dye, CH2DCF A, and treated with I 0 - I OOJ.!M PEA reveal that CH2DCFDA 

fluorescence is slightly increased (+3.6%) by lOOflM PEA (but not by 10 or 50f.1M PEA) (Fig. 8). 

This PEA-mediated increase in CH2DCFDA fluorescence, however, is only a very small fraction 

of the increase elicited by toxic concentrations of tBHP (+3.6% versus +273%) (Fig. 8). In 

another experiment, oxidative insult of HT22 cells with 20J.1M tBHP for 5 hours results in a 

dramatic and significant increase in CH2DCFDA fluorescence (204% increase) (data not shown). 
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This suggests that PEA {up to lOOJ.tM) likely does not cause significant oxidative stress and 

toxicity. 

Work from others has revealed a strong connection between mitochondrial activity and 

cellular proliferation (38 - 40). Because PEA at high concentrations (I OOJ!M) reduces cell 

proliferation, calcein-AM fluorescence and MIT absorbance, but doesn't cause appreciable cell 

death, we thought that PEA may alter mitochondrial activity. To determine PEAs effects on 

HT22 mitochondrial membrane potential, cells were loaded with the dye MitoTracker Red. 

HT22 cells were treated with 1 OOJ.LM PEA for 5 hours and then loaded with MitoTracker Red for 

45 minutes. Microscopic observation and subsequent microfluorimetric analysis revealed that 

PEA-treated cells exhibited reduced MitoTracker Red fluorescence compared to vehicle controls 

(Fig. 9). 

DICSUSSION 

Here I provide evidence that PEA exhibits antiproliferative effects in the hippocampal cell line 

HT22. Since neither a known antiproliferative compound nor a mitogen was used in any of the 

antiproliferation experiments with PEA, it is currently unclear whether PEA is a mild or potent 

antiproliferative compound. Nonetheless, these results indicate that caution must be taken when 

assessing any potential neuroprotective effects elicited by PEA in proliferative cell line 

population. Since PEA reduces cellular proliferation, a population of cells pretreated with it may 

be more vulnerable to oxidative stress or other insults. I have observed a relative decrease in 

HT22 cell viability at a low cell density when exposed to tBHP compared to when cells are at a 

higher cell density. As a result, any neuroprotective effect elicited by PEA may be 
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underestimated due to the antiproliferative effects on the overall population. It also stands to 

reason that a measureable protective effect by PEA in HT22 cells may be masked by 

antiproliferation. Since primary neurons are terminally differentiated, antiproliferative effects of 

PEA would not likely have an effect on cell population vulnerability to oxidant exposure. My 

findings also suggest that PEA may be an attractive compound to study for diseases where 

cellular proliferation plays a role in overall pathology, such as cancer. 

In order to determine if the observed antiproliferative effects of PEA were due to activation of 

CB2, I treated HT22 cells with the CB2 agonists, JWH-015 and AM-1241 (Fig. 3). Treatement 

with these agonists did not mimic the antiproliferative effects of PEA, suggesting that CB2 

activation is not involved in PEAs effect. In fact, the CB2 agonist JWH-0 15 had no effect on 

HT22 proliferation while AM-1241 increased cell proliferation. I did not, however, include a 

CB2 antagonist such as AM-630 with the CB2 agonists to verify that the effects of JWH-015 and 

AM-1241 were indeed due to CB2 activation and not activation of a yet undetermined receptor. 

I utilized a PEA pretreatment followed by a retreatment paradigm to assess whether PEA is 

toxic or if it exhibits antiproliferative effects. If an overnight ( 16 - 20 hour) PEA exposure 

caused significant cell death, then presumably the cell number would be significantly lower and 

the cell morphology would be altered. This was not the case as determined by microscopic 

observations and cell counts. If, however, PEA was simply antiproliferative, then the initial 

overnight PEA treatment would result in a slow or gradual reduction in cellular proliferation 

which would further be reduced by a second exposure to PEA. Any antiproliferative effects of 

PEA should become more prominent after a longer time of exposure. My microscopic 

observations, cell counts and plate reader assays (calcein-AM and MTT assays) support an 

antiproliferative effect of PEA but do not support a toxic effect of PEA. 
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Cannabinoids have exhibited some pro-apoptotic effects in cancer cells. Cannabinoid-induced 

ceramide accumulation results in apoptosis of glioma cells ( 41 ). Treatment of prostate cancer cell 

lines with (AEA) .results in reduced EGF receptor expression and EGF-mediated cell growth 

followed by cell death through a mechanism partially dependent upon ceramide production ( 42). 

The apoptotic effects of cannabinoids are also thought to occur through the activation of 

vanilloid receptor I (VRl) (43). Interestingly, activation of CBI receptor can protect cells 

against cell death mediated by VRl activation (43). In a cervical carcinoma cell line and glioma 

cell lines, AEA treatment results in apoptosis of cells expressing VR 1 and activation of CB 1 or 

CB2 protects these cells from cell death (44, 45). Since PEA does not directly activate VRI, it 

would not likely have the same effect as AEA. 

In a neuroblastoma and lymphoma cell line, AEA treatment results in an increase in 

intracellular Ca2+ concentration, uncoupling of the mitochondrial electron transport chain, and 

release of cytochrome c resulting in apoptosis ( 43). Congeners of AEA, such as 

linoleoylethanolamide, oleoylethanolamide, and palmitoylethanolamide did not lead to 

apoptosis. My results provide preliminary evidence that PEA treatment of HT22 cells results in a 

decrease in markers of mitochondrial activity in addition to reducing cellular proliferation in the 

hippocampal cell line HT22. 
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FIGURES 

Fig. 1 - NAE treatment of HT22 cells leads to reduced calcein-AM fluorescence. 

(a), Treatment of HT22 cells overnight (16- 20 hours) with PEA (from 20 to 120J.1M) leads to a 

slight reduction in calcein-AM fluorescence, but only reaches statistical significance at 20J.!M 

and 120J.1M concentrations. (b), Treatment of HT22 cells overnight (16 - 20 hours) with LLEA 

(from 5 to 50J.!M) leads to a slight reduction in calcein-AM fluorescence. For (a) and (b), n 

equals five (5) plates totaling 36 wells per condition. P-values =::; 0.05 and=::; 0.01 are indicated by 

*and **,respectively. 
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Fig. 2 - Effects of PEA on calcein-AM fluorescence are independent of CB2. Overnight 

treatment of HT22 cells with 1 OOJ!M PEA results in a decrease in calcein-AM fluorescence. 

Treatment of cells with JWH-0 15 and AM 1241 , selective and potent agonists of the CB2 

receptor, do not exhibit a similar effect on calcein-AM tluroescence. For this study, n equals 

three (3) experiments totaling 12 wells per condition. A P-value of s 0.05 is indicated by*. 
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Fig. 3 - Effects of PEA on MTT reduction are independent of CB2 . Overnight treatment of 

HT22 cells with I OOJ.LM PEA results in a dramatic decrease in MTT reduction (A). Treatment of 

cells with JWH-0 15 and AM 1241, selective and potent agonists of the CB2 receptor, have the 

opposite effect on MTT reduction (B). For this study, n equals three (3) experiments totaling 12 

wells per condition. A P-value of~ 0.00 I is indicated by * * *. 
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Fig. 4 - PEA exposure affects calcein-AM fluorescence more than cell number. Overnight 

( 16 - 20 hour) exposure of HT22 cells to lOOJ.LM PEA has no significant effect on cell number as 

determined by hemocytomoeter counts, although there is a trend toward an increase (top graph). 

After plating at the same density the next day followed by retreatment with 1 OOJ.LM PEA, 

calcein-AM fluorescence (cell proliferation) significantly decreased (bottom graph). For the cell 

counts (top graph), n equals eight (8) wells per condition. For the calcein-AM data (bottom 

graph), n equals thirty (30) wells for each condition. A P-value of ,:S 0.001 is indicated by***. 
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Fig. 5 - Antiproliferative effects of PEA are greater over longer periods of exposure time. 

HT22 cells were treated overnight (16- 20 hours) with IOOJ.!M PEA (or EtOH vehicle). Cells 

from these treatment groups were then plated into a 96 well plate and each population was 

treated with either 1OOM PEA or EtOH vehicle. After another overnight incubation in PEA (or 

EtOH), a calcein-AM assay was conducted. For the hemocytometer cell counts (top graph), n 

equals five (5) wells per condition. For the calcein-AM data (bottom graph), n equals twenty

four (24) wells for EtOH pretreated/EtOH treated and PEA pretreated/ EtOH treated conditions 

while n equals thirty (30) wells for the EtOH pretreated/PEA treated and PEA pretreated/PEA 

treated conditions. A P-value of~ 0.001 is indicated by * * *. 
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Fig. 6 - Chronic PEA treatment leads to profound inhibition of cell growth. A chronic (72 

hour) exposure of HT22 cells to 50 and I OOJ.!M PEA results in a dramatic and significant 

decrease (>80% decrease) in cell number compared to EtOH vehicle controls as determined by 

hemocytometer counts. For this study, n equals three (3) wells for the vehicle and five (5) wells 

for the PEA condition. A P-value of< 0.01 and~ 0.001 is indicated by** and***, respectively. 
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Fig. 7 - PEA does not cause apoptosis in HT22 cells. Microscopic counts of fixed HT22 cells 

previously exposed overnight (16- 20 hours) to LEA or PEA reveal no significant cell loss (top 

graph). Furthermore, TUNEL labeling of the same NAE-treated samples reveals no significant 

increase in apototic cells compared to vehicle controls (bottom graph). For this study, n equals 

four (4) microscope fields (at 20X magnification) for each condition. 
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Fig. 8 - High concentrations of PEA cause does not cause oxidative stress. Treatment of 

CH2DCFDA-loaded HT22 cells with I OOJ.!M PEA (but not I 0 or 50J.!M PEA) for 5 hours results 

in a very slight but significant increase (+3.6%) in CH2DCFDA fluorescence. Compared to the 

increase in fluorescence elicited by tBHP (+273%), however, the PEA-mediated effect was very 

small and likely would not lead to oxidative stress and cell death. For this study, n equals five (5) 

wells for each condition. A P-value of < O.OI and _::: 0.001 is indicated by ** and 

respectively. 
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Fig. 9- PEA treatment causes a reduction in mitochondrial membrane potential in HT22 

cells. Treatment of HT22 cells for 5 hours with 1 OOJ!M PEA results in a reduction in the 

fluorescence of the mitochondrial activity-sensitive dye MitoTracker Red fluorescence, 

suggesting that PEA alters mitochondrial activity. For this study, n equals three (3) coverslips for 

each condition with three (3) microscope fields (at 20X magnificantion) per coverslip. The 

number of cells analyzed were 229 cells and 193 cells for EtOH and PEA, respectively. A P

value of .:S 0.001 is indicated by***. 
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CHAPTER 3.2- NEUROPROTECTION OF HT22 CELLS BY NAEs 

ABSTRACT 

N-acylethanolamines (NAEs) are lipids upregulated in response to tissue injury are involved 

in cytoprotection (l - II). Arachidonylethanolamine (AEA) is a well characterized NAE that is 

an endogenous ligand at cannabinoid and vanilloid receptors, but it exists in small quantities 

relative to other NAE species (II - I7). The abundant quantity of other NAE species, such as 

palmitoylethanolamine (PEA), together with the uncertainty of their function has prompted me to 

examine their neuroprotective poperties. I hypothesized that PEA protects HT22 cells from 

oxidative stress. I determined that PEA protects HT22 cells from oxidative stress and that a PEA 

preincubation time of 5 - 6 hours is required to offer protection. These results establish a role for 

PEA as a neuroprotectant against oxidative stress, which occurs in a variety of neurodegenerative 

diseases such as Alzheimer's disease. 

INTRODUCTION 

Cannabinoids exhibit neuroprotective properties against a wide variety of pathological insults 

including excitotoxicity, oxidative stress and hypoxia (2- 4, 6- 11). Cannbinoids activate CBl 

and CB2 leading to downregulation of PKA and activation of the ERK MAPK pathway, which 

has been shown to be a neuroprotective signaling pathway ( I2, I4, 18 - 23). Furthermore, the 

activation of Akt by cannabinoids further supports their role as neuroprotectants (24, 25). 

Win 55212 and CP 55940 activation of CBl rdecreases NMDA-mediated hippocampal 

neuron cell death (26). NMDA-induced intracellular Ca2
+ increases were also reversed by Win 
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55212 and by ryanodine, suggesting that RyR is a target for CB 1 signaling. Activation of CB 1 

results in a reduction in PKA-mediated RyR phosphorylation and reduced RyR activity and 

subsequent Ca2
+ toxicity (26). By utilizing a CB1 knockout mouse model, it was shown that CB1 

offers protection of cortical neurons against kainite-induced excitotoxicity ( 1 0). PEA, but not 

AEA, reduces glutamate toxicity in cerebellar granule cells and this effect was antagonized with 

AEA (2). 

CB1_,_ mice exhibit increased neuronal death caused by FeCh insult (27). The CB1 agonist 

Win 55212 reduces FeCh-induced neuronal death by a CB 1-dependent mechanism involving 

inhibition of PKA but not activation of PBK (27). PEA can partially protect cells from 

peroxidative stress induced by tert-butylhydroperoxide (tBHP) (28). Oxyhomologation of the 

amide bond of PEA results in increased protection against oxidative stress and intracellular Ca2
+ 

overload (28). 

In addition to protecting against general excitotoxicity, hypoxia and oxidative stress, 

cannabinoids protect neurons in specific models of Alzheimer's disease (29). For example, in 

AD brains, CB I receptor expression is reduced (30) and CB2 and F AAH is upregulated in glia 

associated with neuritic plaques (31 ). A~ treatment of C6 glioma cells results in · a decrease in 

both CB I and AEA levels and increase CB2 levels (32). Administration of AEA protects 

differentiated human cell line from A~ peptide toxicity (33). Treatment of these cells with a CB I 

agonist and CB2 antagonist reduced reactive gliosis induced by A~ insult, suggesting that CB2 

may be a potential target for the treatment of AD (32). CB 1 expression is reduced in human AD 

brain (34). Both CB 1 and CB2 nitration is increased and senile plaques express CB 1 and CB2. 

Furthermore, synthetic cannabinoid administration to rats prevents microglial activation, loss of 

neurons and cognitive impairment (34). 
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Interestingly, AEA levels in various tissues including the brain are relatively low compared to 

other NAE species such as PEA ( 16, 17). NAE precursor synthesis is differentially affected by 

apotosis and necrosis (35). For example, NMDA-induced excitotoxicty results in increased 

levels of all NAPE species ( 1 ). 

Some saturated and monounsaturated NAEs have been shown to activate ERK.l/2 

phosphorylation pathway through a CB }-independent mechanism (36). The NAE 

oleoylethanolamine (OEA) reduces the formation of iron-induced malondialdehyde (MDA) in rat 

heart mitochondria, suggesting that it may act as an antioxidant reducing lipid peroxidation (37). 

Furthermore, some NAEs, including PEA, decrease the mitochondrial inner membrane 

permeability and may protect cells from ischemic insult (38). Interestingly, the yeast 

Saccharomyces cerevisiae, which does not express cannabinoid or vanilloid receptors, 

synthesizes various NAE species in response to oxidative stress (39). This result further 

substantiates a non-cannabinoid receptor- and a non-vailloid receptor-mediated function for 

someNAEs. 

MATERIALS AND METHODS 

Chemicals 

Palmitoylethanolamine (PEA), URB-597, JWH-015, AM-1242 and AM-630 was purchased 

from Alexis Biochemicals (Switzerland). Linolenoylethanolamine was purchased from Sigma 

(St. Louis, MO). Lauroylethanolamine (LEA) was provided by Kent Chapman at the University 

of North Texas, Denton, TX. N,N-bis(2-hydroxyethyl)-hexadecanamide 

(palmitoyldiethanolamine, PDEA) and hexadecanoic acid adamantan-1-ylamide 

(palmitoyladamantanamide, PAA) were purchased from Avanti polar lipids. Calcein-
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acetoxymethyl ester (AM) was purchased from Alexis Biochemicals or EMD/Calbiochem. 5-

(and-6)-carboxy-2',7'-dichlorodihydrofluorescien diacetate (CH2DCFDA) was purchased from 

(Invitrogen/Molecular Probes). Tert-butylhydroperoxide (tBHP was purchased from Acros 

Organics (Belgium). N-cyclohexanecorbonylpentadecylamine (N-CHCPDA) was purchased 

from Cayman Chemical. 

Cell culture 

HT22 were cultured as described previously ( 40). In brief, HT22 cells were grown in DMEM 

with high glucose and 1 mmM sodium pyruvate (Mediatech), 2mM Glutamax (Invitrogen), 5% 

bovine growth serum (BGS) (Hyclone) and peniciilin-streptomycin (Mediatech). Cultures were 

kept at a confluency of less than 70% during the culturing process. Mouse primary cortical 

neurons were obtained from postnatal day 2 (P2) mice after anesthesia on ice. Animals were 

decapitated and the scalp and skull was removed without disturbing the integrity of the brain. A 

I - 1.5mm2 piece of cortex was removed from each hemisphere of the brain with fine-tipped 

#5/45 forceps and placed into 0.25% trypsin in HBSS with EGTA and without Ca2
+. Tissue was 

incubated in trypsin at 37° C for 20 minutes followed by addition of 1 volume of complete media 

and subsequent trituration several times with a fire-polsihed glass pipet or a I ml capacity 

micropipette tip. Tissue was centrifuged at 1 ,000 x g for 5 minutes to pellet the viscous tissue. 

Media was removed and the pellet was resuspended in 2 ml of complete media followed by 

trituration. Cells were centrifuged again at 400 x g for 5 minutes. The supernatant was removed 

and the pellet was resuspended in 2ml of complete media followed by trituration. The resulting 

cell suspension was passed through a 40J.Lm cell strainer and quantitated using a hemocytometer. 

Cell density was adjusted to I X l 06 
- 2 X I 06 cells/ml depending upon the application. All 
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neurons were plated on either poly-D-Iysine/laminin-coated 12mm coverslips (BioCoat™ BD 

Biosciences) or poly-L-Iysine-coated 12mm coverslips depending upon the application. Mixed 

neuronal cultures were maintained at 37°C I 5% C02 environment for 7- 14 days. Before using 

coverslips, neurons were inspected visually under a microscope to determine their development 

of neurites and overall healthy appearance. Only cultures with the majority of neurons bearing 

neurites were used in experiments. 

Assessment of cell viability 

Oxidative stress was induced by exposing cells to tert-butylhydroperoxide (tBHP). The 

fluorimetric calcein-AM and VYBRANT cytotoxicity assay (Invitrogen) and the colorimetric 

MTT assays (Invitrogen) were conducted in 96 well plates in order to assess cell viability in a 

high-throughput format. All 96 well plate assays for HT22 cell proliferation were conducted 

using a cell density of 2,000 cells/well unless noted otherwise. For the calcein-AM assay, media 

was removed from plates followed by replacement with Hank' s balanced salt solution (HBSS) 

with 2mM CaCb and calcein-AM dye at a final concentration of 4J.1M for 20 minutes to load 

cells. Calcein-AM fluorescence was measured using a fluorimetric plate reader (Perkin-Elmer 

Victo~) with filters accommodating 485nm excitation and 530nm emission light. The 

VYBRANT cytotoxicity assays were conducted according to the manufacturer's instructions 

with a substrate reaction time of 5-6 hours at 37°C and read at 530nm excitation and 560nm 

emission. The MTT assay was measured at an absorbance wavelength of 560nm using the same 

plate reader. All raw data was analyzed, normalized and graphed in Microscoft Excel. 

Alternatively, HT22 cells were treated with 0.1, 1, 10 or 100fJ.M PEA for -1 hour followed by 

exposure to highly toxic concentrations of tBHP (30fJ.M) for a relatively short duration ( 11 - 12 
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hours versus 16 - 20 hours). VYBRANT cytotoxicity and calcein-AM assays were then 

conducted. 

The fluorimetric terminal deoxynucleotidyl transferase (TdT)-mediated-dUTP nick-end 

labeling (TUNEL) assay (Promega, Madison, WI) was used to measure apoptosis according to 

the manufacturer's protocol. For neuroprotection assay using TUNEL, HT22 cells (at -50% 

confluency on coverlips) were treated with either LEA or PEA (10 and lOOJ..LM) for two (2) hours 

followed by a 15f..LM tBHP insult overnight. A TUNEL assay was conducted according to the 

manufacturer's protocol. Coverslips were counterstained with ProLong Anti-Fade reagent with 

DAPI. Images were acquired at 20X using the Olympus IX-70 fluorescence microscope. 

Measurement of cellular oxidative stress 

HT22 cells in 96 well plates were loaded with lOJ.!M CH2DCFDA for 45 min. The media was 

removed and replaced with media containing I OOJ.!M PEA (or vehicle) followed by incubation in 

PEA for I hour. tBHP (lOOJ.!M) was added to the wells followed by incubation for up to 4 hours. 

Readings were taken at 3 hours (in the complete DMEM medium) and later at 4 hours in added 

HBSS. 

Statistics 

An F-test was conducted in Excel between each treatment group and the untreated control 

group to determine which type of T -test should be used for group comparisons. The mean 

fluorescence intensity from each treatment group was separately compared to the mean 

fluorescence intensity of the untreated control group using a two-sample T -test with either equal 

or unequal variances. A P-value of less than or equal to 0.05 was considered significant. 
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RESULTS 

Oxidative insult in HT22 cells 

From initial fluorimetric viability assays, we determined which oxidant would be suitable for 

use in neuroprotection assays. We concluded glutamate was not suitable due to the fact that 

many of our cell stocks were HT22 cells were glutamate-resistant. This result is consistent with 

previous reports of glutamate resistance in the HT22 cell line (Sagara et al. 1998). Exposure of 

HT22 cells to 2,2' -dithiodipyridine (DTDP) leads to cell detachment prior to change in cell 

morphology (data not shown) making it a poor choice for use in assays. Hydrogen peroxide 

(H202) did not kill HT22 cells as effectively as tBHP and it is less stable making it undesirable 

for use in our assays. We conclude that tBHP is the best choice as an oxidant due to its stability 

relative to H202 and its lipid peroxidizing properties. In order to determine effective tBHP 

concentrations for experiments, HT22 cells were exposed to 2, 4, 6, I 0 or l5f.1M tBHP overnight 

(16- 20 hours) followed by a calcein-AM assay and MIT assay. Concentrations oftBHP below 

and up to lOflM resulted in no measureable decrease in calcein-AM fluorescence, while l5f.1M 

tBHP led to an approximate 10% decrease in calcein-AM fluorescence. Concentrations of tBHP 

at or below I OJ,1M did not decrease MIT reduction. Exposure of cells to 15f.1M tBHP resulted in 

a significant decrease in MIT reduction, suggesting that tBHP becomes significantly toxic at this 

concentration. The potency of tBHP is variable which we attribute to possible phenotypic 

variation of HT22 cells over increasing passage numbers and degradation of tBHP stocks over 

time. To address this, we used HT22 passage numbers of 35 or under and we acquired new 

stocks oftBHP once diminished potency became apparent. 
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F/uorimetric assessment of oxidative stress HT22 cells 

HT22 cells loaded with IOJ!M 5-(and-6)-carboxy-2', 7' -dichlorodihydrofluorescien diacetate 

(CH2DCFDA) were exposed to tBHP concentrations between 1 and 200J!M for up to 6 hours. 

The cells were read in the plate reader at 485nm/530nm to detect changes in CH2DCFDA 

fluorescence. Another plate from the same cell stock at the same density was allowed to grow 

overnight (16 - 20 hours) before a calcein-AM was conducted. Cells treated with tBHP 

concentrations up to I OJ!M did not exhibit a decrease in calcein-AM fluorescence (Fig. 1 ). At 

I5J.1M tBHP, however, there was a substantial and statistically significant decrease in calcein

AM fluorescence, suggesting that this concentration is toxic. tBHP concentrations from 15 - 200 

exhibited a precipitous drop in calcein-AM fluorescence. The LCso for tBHP in most 

experiments lies within the 15 and 25J!M range (Fig. 1). 

Cells treated with tBHP concentrations up to 5J!M did not exhibit an increase in DCFDA 

fluorescence, but at 1 OJ.!M tBHP, there was a slight but significant increase in DC FDA 

fluorescence (Fig. 1 ). tBHP concentrations from 15 - 200 exhibited a precipitous increase in 

DCFDA fluorescence (Fig. I). The approximate ECso for tBHP in this experiment (with OJ!M 

tBHP as a minimal fluorescence reading and I OOJ!M as a maximal fluorescence reading) was 25 

- 30J.tM. As expected, there is an inverse relationship between calcein-AM and CH2DCFDA 

fluorescence in response to tBHP. At concentrations of 15J!M tBHP and higher, oxidative stress 

(CH2DCFDA fluorescence) increases and cell viability (calcein-AM fluorescence) decreases 

significantly. 
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Effect of Acute and Short-Term PEA Treatment on HT22 cell viability 

HT22 cells in 96 well plates were treated with l OOJ!M PEA, 20J.lM tBHP or PEA and tBHP at 

the same time (co-treatment paradigm) followed by overnight (16 - 20 hour) incubation. A 

calcein-AM and MTT assay was conducted to assess cell viability. Not surprisingly, treatment of 

HT22 cells with l OOJ!M PEA leads to a reduction in calcein-AM fluorescence (I 0 - 15 % 

reduction) confirming its antiproliferative properties. Application of20J!M tBHP resulted in mild 

to moderate reduction in calcein-AM fluroescence (-30- 40%) and addition of PEA together 

with tBHP (co-treatment paradigm) resulted in a very slight trend toward protection, but this 

effect was not significant (data not shown). Treatment ofHT22 cells with lOOJ.lM PEA results in 

a dramatic and significant reduction in MTT absorbance compared to vehicle controls. Previous 

cell viability experiments rule out potentially toxic effects on PEA on HT22 cells. Therefore, we 

interpret that the decrease in MIT reduction may be due to an effect of PEA on mitochondrial 

activity. The addition of PEA with tBHP resulted in a further decrease in MIT absorbance 

compared to vehicle with tBHP (data not shown). These results suggest that PEA does not 

protect HT22 cells against tBHP when applied together with tBHP. 

Pretreatment of HT22 cells with 1 OOJ!M PEA 1 hour prior to tBHP exposure led to a trend 

toward an increase in calcein-AM and decrease in VYBRANT fluorescence (Fig. 2). This 

suggests that 1 OOJ.1M PEA is produces a trend toward protection against highly-toxic levels of 

tBHP (30J.1M). The 1 OJ.1M PEA treatment followed by tBHP exposure led to a non-significant 

trend toward protection against tBHP as measured by the calcein-AM assay and G6PD 

cytotoxicity assay (data not shown). 

HT22 cells were treated with PEA (10 and IOOJ!M) for I hour prior to an overnight 30J!M 

tBHP exposure. Treatment with both I 0 and I OOJ!M PEA resulted in a slight but significant 
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reduction in calcein-AM fluorescence and but only I OOJ.1M PEA led to a reduction in MIT 

absorbance. In the presence oftBHP, however, 100J.1M PEA resulted in a trend toward protection 

using the calcein-AM and G6PD cytotoxicity assays, but it failed to reach statistical significance 

(Fig. 2). _ 

A 5-6 hour PEA treatment protects HT22 from oxidative stress 

HT22 cells were treated with PEA (1 0 and 1 OOJ.1M) for 5 - 6 hours prior to overnight tBHP 

exposure. A 6 hour I OOJ.1M PEA pretreatment significantly protected HT22 cells from tBHP 

exposure as indicated by an increase in calcein-AM fluorescence (Fig. 3). In addition, 

VYBRANT cytoxicity assay results indicate that PEA exhibit neuroprotective properties as well. 

(Fig. 3) PEA pretreatment had no effect on the changes in MTT absorbance resulting from tBHP 

exposure. 

Effect of Prolonged PEA Treatment on HT22 Cells Exposed to Oxidative Stress 

Pretreatment of HT22 cells with 100J.1M PEA overnight (16 hours) prior to a 6 hour 20J.1M 

tBHP insult led to a trend toward an increase in calcein-AM fluorescence and significant 

decrease in VYBRANT fluorescence, suggesting protection against tBHP-mediated necrotic cell 

death (Fig. 4). Similar results were seen with a 40J.1M LLNEA pretreatment (data not shown). 

In a similar experiment, overnight PEA pretreatment prior to tBHP exposure resulted in a 

trend toward a trend toward decrease calcein-AM fluorescence (Fig. 5; p=0.090) and a 

significant decrease in MIT absorbance (data not shown). These results suggest that an 

overnight (12hr.) PEA pretreatment does not protect HT22 cells against tBHP, but the tBHP 
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toxicity was significantly less than observed in previous experiments. I conclude, therefore, that 

PEAs ability to neuroprotect is greater under high tBHP toxicity. 

DISCUSSION 

From these studies, I conclude that PEA (at 1 OOJ.!M) protects HT22 cells from peroxidative 

stress but only if cells are pretreated with PEA for 5 - 6 hours prior to tBHP exposure. Shorter 

PEA pretreatment times led to a trend toward protection in some cases. Interestingly, PEA 

pretreatment of HT22 cells for several hours did not protect cells from tBHP insult. This study 

identifies PEA as a neuroprotectant that is endogenous to cells. In addition, previous studies 

indicate that PEA pretreatment (I OJ.!M and 50J.!M) for 5 hours prior to exposure to a brief anoxic 

insult led to a slight but significant decrease in CH2DCFDA fluorescence (approximately 9.3% 

decrease) (data not published). This suggests that PEA may decrease cellular oxidative stress in 

cells. 

Short pretreatment of cells with PEA offers no protection. I interpret this as a possible 

requirement for cells to accumulate exogenously-applied PEA before protective effects can be 

observed. Alternatively, PEA treatment may initiate protective signaling pathways within the 

cells that require a minimum amount oftime to exert their effects thereby rendering the cell more 

resistant to oxidative stress. Treatment of cells with PEA for several hours does not protect cells. 

It is possible that this prolonged PEA treatment results in reduced proliferative capacity of cells 

thus rendering them more sensitive to oxidative stress. My previous study identified 

antiproliferative effects of PEA which supports this hypothesis. Alternatively, exposure of cells 

to prolonged PEA may result in significant degradation into palmitic acid at a time when the 
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initial stages of oxidative stress begin. It is possible that this renders the cells sensitive to 

oxidative stress. It is also possible that prolonged exposure to PEA may lead to a downregulation 

in target proteins involved in the neuroprotective effect thus rendering cells sensitive to oxidative 

stress. From a representative TUNEL assay, pretreatment of HT22 cells 50J.1M PEA prior to an 8 

hour exposure to 20J.1M tBHP led to an increase in the number of attached cells and a trend 

toward a decrease in the number of TUNEL-positive cells. This suggests that prolonged PEA 

exposure may delay apoptosis. 

In the majority of calcein-AM experiments with a l - 2 hour PEA pretreatment paradigm, the 

percent change in calcein-AM fluorescence of the l OOJ.1M PEA-treated/tBHP-exposed cells 

versus PEA-treated cells alone was slightly ( -1 0%) but significantly higher than that of vehicle

treated/tBHP-exposed cells versus vehicle alone. In other words, 1 OOJ.1M PEA, although reducing 

calcein-AM fluorescence, offers slight neuroprotection against tBHP. It is important to note that 

PEA exhibits antiproliferative properties in HT22 cells. As a result, the population of cells 

surviving tBHP exposure may exhibit reduced proliferative capacity potentially leading to 

further reduction in calcein-AM fluorescence. In other words, protective effects of PEA may be 

masked by its antiprolifertive effects. It stands to reason, therefore, that protective effects of PEA 

may be underestimated. 

Alternative strategies to PEA treatment have been implemented to test for neuroprotective 

effects of NAEs. For example, treatment of HT22 cells with the NAAA inhibitor, N

cyclohexanecarbonylpentadecylamine (N-CHCPDA), was expected to exhibit some 

neuroprotective effects or to enhance PEAs neuroprotective effects. Interestingly, treatment of 

HT22 cells with lOJ.lM N-CHCPDA led to an increase (-50% increase) in VYBRANT 

fluorescence (released G6PD), suggesting that N-CHCPDA at this concentration is inherently 
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toxic to HT22 cells. This is interesting because the reported IC50 for this inhibitor is only -4 -

5J.LM (41). PEA (lOOJ.LM) addition alone has no effect on VYBRANT fluorescence suggesting 

that the cell death elicited by N-CHCPDA is likely not due to elevation of endogenous PEA. 

This suggests that caution should be taken when using N-CHCPDA to elicit increases in 

endogenous NAEs. 

Furthermore, treatment ofHT22 cells with lOjJ.M palmitic acid (PA), a degradation product of 

PEA, exhibited significant inherent toxicity. This result excludes the possibility that effects 

observed for PEA are due to PA. 

In addition, treatment of HT22 cells with the PEA analog palmitoyldiethanolamine (PDEA) 

at lOJ.LM had no effect on clacein-AM fluorescence but it significantly increased VYBRANT 

fluorescence, suggesting some toxicity. Treatment with IOOJ.LM PDEA, however, exhibited a 

dramatic and significant decreased in calcein-AM fluorescence and an increase in VYBRANT 

fluorescence, suggesting that PDEA is very toxic at this concentration. 

From our studies with PEA, it is apparent that PEAs ability to protect HT22 cells from 

oxidative stress increases as the severity of the tBHP insult increases. For example, when HT22 

cells are pretreated with 1 OOJ.LM PEA for 6 hours followed by overnight exposure to low 

(sublethal) tBHP concentrations (0 - 1 OjJ.M tBHP), calcein-AM fluorescence and MTT was 

reduced compared to vehicle controls. When PEA-pretreated HT22 cells are exposed to high 

(lethal) tBHP concentrations (20 - 40j..I.M tBHP) there is an increase in calcein-AM fluorescence 

compared to the vehicle controls. PEA had no effect on decreased MTT reduction resulting from 

toxic tBHP concentrations. Furhtermore, pretreatment of cells with 1 Oj..I.M PEA did not have the 

same effect as 1 OOj..I.M concentrations. This kill curve experimental approach determined that 
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PEA is antiproliferative to HT22 cells under normal and sublethal conditions, but protective 

under conditions of toxicity. 

When cell viability in the calcein-AM assay was plotted against tBHP concentration as a line 

graph, 10J..LM PEA treatment exhibited a downward line with poor fit(~= 0.415). Similar results 

for 10J..LM PEA were seen with the MTT assay. When cell viability was plotted against tBHP 

concentration as a line graph, 1 OOJ.!M PEA treatment exhibited an upward line with a very good 

· fit (~ = 0.820). Similar results for 1 OOJ.!M PEA were seen with the MIT assay with an r2 value of 

0.785. This analysis suggests that, in the calcein-AM and MIT assays, lOOJ.!M PEA (but not 

10J.!M PEA) leads to increased protection ofHT22 cells compared to vehicle as the concentration 

oftBHP rises. 
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FIGURES 

Fig. 1 - Characterization of tBHP toxicity in HT22 cells. HT22 cells were treated for 6 hour 

or overnight with various tBHP concentrations (1 - 100J.1M) prior to conducting a CH2DCFDA 

assay to assess oxidative stress or calcein-AM assay to assess cell viability. Oxidative stress 

begins at 1 OJ.1M tBHP exposure while loss of cell viability begins at l5J.1M tBHP exposure. For 

. this study, n equals six (6) wells per condition. A P-value of::: 0.05, ::: 0.01 and ::: 0.001 is 

indicated by*,** and***, respectively. 
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Fig. 2- A one (1) hour PEA pretreatment does not protect HT22 cells from tBHP exposure. 

HT22 cells were pretreated with 1 OOJ.lM PEA for 1 hour prior to an overnight tBHP exposure. 

PEA pretreatment led to a trend toward neuroprotection. For this study, n equals six (6) wells per 

condition. A P-value of~ 0.01 is indicated by * *. 
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Fig. 3 - A five - six (5 - 6) hour PEA pretreatment protects HT22 cells from tBHP exposure. 

HT22 cells were pretreated with I OO!J.M PEA for 5 - 6 hours prior to an overnight tBHP 

exposure. PEA pretreatment led to a significant neuroprotection against oxidative stress. For this 

study, n equals five (5) wells per condition. A P-value of~ 0.05 and~ 0.0 I is indicated by * and 

* *, respectively. 
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Fig. 4 - A prolonged (overnight) PEA pretreatment exhibits a protective trend against 

oxidative stress in HT22 cells. HT22 cells were pretreated with 1 OOJ..lM PEA overnight (16 

hours) to an eight (8) hour tBHP exposure. PEA pretreatment led to a trend toward an increase in 

calcein-AM fluorescence and a significant decrease in VYBRANT fluorescence suggesting 

neuroprotection against necrosis. For this study, n equals three (3) wells per condition. A P-value 

of~ 0.001 is indicated by***. 
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Fig. 5 - A prolonged (overnight) PEA pretreatment fails to protect against mildly-toxic 

oxidative stress in HT22 cells. HT22 cells were pretreated with 1 OOJlM PEA overnight ( 12 

hours) to an overnight tBHP exposure. PEA pretreatment led to a reduction in calcein-AM 

fluorescence suggesting a failure to protect against a mild degree of oxidative stress. For this 

study, n equals five (5) wells per condition. 
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CHAPTER 3.3 - NAEs ALTER THE ACTIVITY OF KINASES INVOLVED IN 

NEUROPROTECTIVE SIGNALING 

ABSTRACT 

Cells respond to their environment in a variety of ways including activation of intracellular 

signal transduction cascades. Neurons can respond to toxic stimuli, in part, by activating key 

- proteins such as protein kinases to facilitate an adaptive response thereby increasing the 

probability of survival. Two well characterized families of protein kinases involved in 

neuroprotective signaling are the mitogen-activated protein kinases (MAPKs) such as 

extracellular signal-transducing receptor kinase 1/2 (ERKl/2) and Akt (1 - 5). I hypothesized 

that PEA treatment of HT22 cells and cortical neurons can increase pAkt and pERK 1/2 

immunreactivity. In the present study, I determined that the lipid neuroprotectant 

palmitoylethanolamine (PEA) can activate the ERKI/2 MAPK and Akt proteins using 

microfluorimetric measurements. Here, I reveal that PEA can increase ERK 112 and Akt 

phosphorylation and nuclear translocation of Akt and pAkt which suggests that the 

neuroprotective effects of PEA may be mediated, in part, by activation of these kinases. 

Furthermore, I provide evidence that this effect of PEA is not mediated through the activation of 

cannabinoid receptor type 2 (CB2). 

INTRODUCTION 

Some protein kinases, including mitogen-activated proteins kinases (MAPKs) and protein 

kinase B (Akt) have been shown to initiate neuroprotective responses (1 - 5). In the murine 

hippocampal cell line, HT22, short-term activation of ERK1/2 is involved in a cellular adaptive 
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response to glutamate toxicity (4). In PC12 cells, H20 2 treatment leads to the rapid 

phosphorylation of ERKI/2 and p38 (6). In hypoxic hippocampal neurons, the anesthetic 

isoflurane increases release of Ca2
+ from IP3R stores and increases the phosphorylation of the 

ERK 1/2 MAPK and Akt proteins leading to neuroprotection (7). Progesterone can increase the 

recruitment and subsequent activation of PKA, MAPK and the PI-3K/Akt pathways leading to 

neuroprotection (5). 

Akt is a member of the AGC kinase family of kinases and its activity is involved in a variety 

of cellular functions including proliferation, growth, metabolism and survival. It is implicated in 

neuroprotection and is involved in a variety of cancers (I, 2). In neurons, Akt activation results 

in in neuroprotection by inhibiting pro-apoptotic proteins including Bad, FOXO, GSK3a/P and 

caspase-9 (2). Akt activation can inhibit FOXO- and p53-mediated transcription of death genes 

such as FasL and Bax (8). Akt can phosphorylate Raf proteins to subsequently inhibit the 

ERK 1/2 and p38 MAPK pathways (2). 

Cannabinoids activate CB 1 and CB2 cannabinoid receptors, both of which are coupled to the 

inhibitory G-protein Gito ultimately leading to a reduction of cAMP and subsequent 

downregulation of PKA activity (9 - 11 ). For example, the endogenous cannabinoid 

(endocannabinoid), arachidonylethanolamine (AEA), can activate the ERK1/2, p38 and JNK 

MAPKs in addition to Akt ( 12 - 19). 

Cannabinoids exhibit neuroprotective properties against a wide variety of pathological insuts 

including excitotoxicity, oxidative stress and hypoxia (20 - 29). Cannabinoid activation CB 1 and 

CB2 leading to downregulation of PKA and activation of the ERK MAPK pathway, which has 

been shown to be a neuroprotective signaling pathway (3 - 5, 12 - 14). Furthermore, the 

activation of Akt further supports a role for cannabinoids as neuroprotectants (15, 19). In 
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addition to protecting against general excitotoxicity, hypoxia and oxidative stress, cannabinoids 

protect neurons in specific models of Alzheimer's disease, Parkinson's disease and other 

neurodegenerative diseases (30). For example, in AD brains, CB 1 receptor expression is reduced 

and F AAH is upregulated (31, 32). 

The AEA transport inhibitor AM404 and fatty acid amide hydrolase (F AAH) inhibitor 

AM374 lead to elevated AEA levels and they both increase MAPK activation in hippocampal 

~ slice cultures as well as reducing markers of neuronal degeneration (33). This result was also 

measured in vivo and was blocked with a CB1 antagonist. AM374 injected into rats led to 

increased AEA levels and activated the ERK MAPK pathway (34). Injection of AM374 also 

reduced the neuronal damage induced by kainite injection in addition to improving behavioral 

deficits. In mice, CB I is involved in the regulation of ERK 1/2, Akt and calcineurin activity in 

the amygdala during extinction of the conditioned fear response (35). 

Studies in immune cell reveals that the NAE palmitoylethanolamine (PEA) has CB2 receptor

independent effects (36). Several NAEs including AEA, linolenoylethanolamine, 

oleoylethanolamine, oleoylethanolamine and palmitoylethanolamine (PEA), J.ead to increase 

ERK phosphorylation and AP-I activity in mouse JB6 epidermal cells (37). The CB 1 agonist 

Win 55212, however, could not stimulate ERK phosphorylation or AP-I activation suggesting a 

CHI-independent function ofNAEs in cell signaling and gene transcription (37). 

I previously showed that the non-cannabinoid NAE, PEA, protects HT22 cells from 

peroxidative stress. Here I determined whether PEA treatment of HT22 cells alters ERK l/2 

MAPK and Akt phosphorylation and nuclear translocation within a time frame consistent with 

neuroprotection. Furthermore, I provide evidence that these effects of PEA are not mediated by 

activation of CB2. 
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MATERIALS AND METHODS 

Cell culture 

HT22 were cultured as described previously (38). In brief, HT22 cells were grown in DMEM 

with high glucose and 1 mmM sodium pyruvate (Mediatech), 2mM Glutamax (Invitrogen), 5% 

bovine growth serum (BGS) (Hyclone) and peniciilin-streptomycin (Mediatech). Cultures were 

- kept at a con fluency of less than 70% during the culturing process. 

Mouse primary cortical neurons were obtained from postnatal day 2 (P2) mice after anesthesia 

on ice. Animals were decapitated and the scalp and skull was removed without disturbing the 

integrity of the brain. A 1- 1.5mm2 piece of cortex was removed from each hemisphere of the 

brain with fine-tipped #5/45 forceps and placed into 0.25% trypsin in HBSS with EGT A and 

without ci+. Tissue was incubated in trypsin at 37° C for 20 minutes followed by addition of 1 

volume of complete media and subsequent trituration several times with a fire-polsihed glass 

pipet or a 1ml capacity micropipette tip. Tissue was centrifuged at 1,000 x g for 5 minutes to 

pellet the viscous tissue. Media was removed and the pellet was resuspended in 2 ml of complete 

media followed by trituration. Cells were centrifuged again at 400 x g for 5 minutes. The 

supernatant was removed and the pellet was resuspended in 2m I of complete media followed by 

trituration. The resulting cell suspension was passed through a 40~m cell strainer and quantitated 

using a hemocytometer. Cell density was adjusted to 1 X 106 
- 2 X 106 cells/ml depending upon 

the application. All neurons were plated on either poly-D-lysine/laminin-coated 12mm coverslips 

(BioCoat™ BD Biosciences) or poly-L-lysine-coated 12mm coverslips depending upon the 

application. Mixed neuronal cultures were maintained at 37°C I 5% C02 environment for 7- 14 

days. Before using coverslips, neurons were inspected visually under a microscope to determine 

144 



their development of neurites and overall healthy appearance. Only cultures with the majority of 

neurons bearing neurites were used in experiments. 

El8 rat PC neurons were ordered from Genlantis Corporation and plated at -4,000- 8,000 

cells/coverslip on 12mm poly-L-lysine-coated coverslips. Neurons were maintained for 8 days in 

vitro before PEA and LEA treatments. 

Immunocytochemistry after PEA treatment 

HT22 cells were plated on poly-L-lysine-coated 12mm coverslips at 40,000 cells/ml and 

maintained for 24 hours. The media was removed and replaced with media containing 1 OO~M 

PEA or LEA (or EtOH vehicle) for various s time points (2 - 6 hours). After the PEA or LEA 

exposure, the cells were rinsed and fixed with 4% PF A followed by immunocytochemistry (ICC) 

using polyclonal sera rasied against Akt, phosphor-Akt, ERKl/2, phosphor-ERKl/2, p38 or 

monoclonal rabbit anti-phospho-p38 antibody. After completion of ICC and mounting, images 

were acquired using an Olympus IX70 fluorescence microscope. TIFF images were analyzed in 

Simple PCI by selecting three (3) background ROis followed by nuclear then cytosolic ROis for 

each cell. The nuclear and cytosolic data was separated in Excel and graphed. 

Statistics 

An F-test was conducted in Excel between each treatment group and the untreated control 

group to determine which type ofT-test should be used for group comparisons. The mean 

fluorescence intensity from each treatment group was separately compared to the mean 

fluorescence intensity of the untreated control group using a two-sample T -test with either equal 

or unequal variances. A P-value of less than or equal to 0.05 was considered significant. 
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RESULTS 

NAE treatment increases Akt!PKB and phospho-Akt/PKB kinase immunoreactivity 

Exposure of HT22 cells to PEA, but not LEA, for four (4) and six (6) hours resulted in a 

significant increase in nuclear pAkt immunoreactivity (Fig. 1 ). When nuclear versus cytosolic 

pAkt immunreactivity was calculated as a ratio, four (4) and six (6) hour PEA exposure and six 

(6) hour LEA exposure resulted in an increased value (Fig. 2). 

In addition, treatment of cultured postnatal day 2 (P2) mouse cortical neurons with LEA and 

PEA resulted in an increase in nuclear Akt immunoreactivity (Fig. 3). PEA treatment, but not 

LEA treatment, resulted in an increase in cytosolic Akt immunoreactivity (Fig. 3). The nuclear I 

cytosolic Akt ratio was significantly increased in both LEA- and PEA-treated cells (Fig. 3). 

Treatment of cortical neurons with LEA resulted in a significant decrease in nuclear pAkt but no 

change in cytosolic pAkt (Fig. 4). Treatment with PEA, however, resulted in a significant 

increase in both nuclear and cytosolic pAkt immunoreactivity (Fig. 4). The nuclear I cytosolic 

pAkt IR ratio was significantly reduced for LEA-treated and dramatically and significantly 

increased for PEA-treated cells (Fig. 4). Like for HT22 cells, this suggest that these effects are 

specific for PEA. 

Similarly, in rat embryonic day 18 (E 18) cortical neurons, nuclear pAkt immunoreactivity was 

slightly increased by 2 hour PEA treatment and significantly increased after 4 hour PEA 

treatment compared to vehicle controls (data not shown). Furthermore, LEA exposure for 2 and 4 

hours resulted in a slight increase in nuclear pAkt levels compared to controls (data not shown). 

To determine whether or not PEAs effects on Akt phosphorylation and nuclear translocation 

required activation of CB2, HT22 cells were treated with the CB2 agonists, JWH-0 15 and 
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AM1241, for 6 hours prior to Akt and pAkt immunolabeling. Treatment of HT22 cells with 

1 OJ.lM JWH-0 15 had no effect on nuclear or cytosolic Akt immunreactivity but it led to a 

decrease in cytosolic pAkt immunreactivity (Fig. 5). Treatment of cells with lOJ.lM AM1241 led 

to a significant increase in nuclear Akt immunreactivity, but it had no effect on pAkt 

immunoreactivity (Fig. 5). Additional studies with JWH-1 05 failed to mimic the effects of PEA 

on Akt and pAkt immunoreactivity in HT22 cells. This suggests that PEAs ability to increase 

~ nuclear Akt and pAkt is through a CB2-independent mechanism. 

Alternatively, the CB2 antagonist, AM630 was utilized to rule out CB2 activation in PEAs 

effects on Akt and pAkt. A 6 hour treatment of cells with AM630 led to a significant increase in 

nuclear Akt compared to PEA-treated cells. Furthermore, AM630 treatment resulted in a 

dramatic and significant decrease in cytosolic Akt similar to that observed with PEA. 

Interestingly, combined treatment with PEA and AM630 led to an increase in nuclear Akt 

immunoreactivity, but cytoslic Akt immunoreactivity was not changed. A 6 hour treatment of 

cells with AM630 led to a significant increase in nuclear Akt and a decrease in cytoslic Akt 

immunreactivity similar to that observed for PEA-treated cells, indicating that PEAs effects were 

not mediated through CB2 receptor activation. Interestingly, combined treatment with PEA and 

AM630 had no effect on nuclear Akt immunoreactivity, but it decreased cytoslic Akt 

immunoreactivity. These results suggest that alterations in Akt and pAkt compartmentalization 

are affected differently by PEA and AM630. These results do not provide evidence that CB2 

activation is responsible for the observed changes in Akt and pAkt immunoreactivities in HT22 

cells. 
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Effict ofNAE treatment on ERK.l/2 and phospho-ERKJ/2immunoreactivity 

Exposure of HT22 cells to 30 minute or 60 minute PEA or LEA had no effect on ERKI/2 

immunoreactivity. Exposure of cells to PEA for 30 minutes, but not 60 minutes, however, led to 

a significant increase in nuclear and cytosolic phospho-ERK 1/2 (pERK) immunoreactivity (Fig. 

7). Exposure of HT22 cells to LEA for 60 minutes led to an increase in nuclear and cytosolic 

pERK immunoreactivity (Fig. 7). Treatment of HT22 cells with the CB2 agonist, JWH-0 15, for 

~ 60 minutes had no effect on ERKI/2 or pERKl/2 immunoreactivity, suggested that LEAs effects 

observed at 60 minutes were not attributable to CB2 activation (Fig. 8). 

Effect of NAE treatment on p38 and phospho-p38 MAP Kimmunoreactivity 

Exposure of HT22 cells to PEA for 30 minutes had no effect on nuclear phospho-p38 

immunoreactivity, but there was a trend toward a decrease in phospho-p38 immunoreactivity 

(Fig. 9). Exposure of cells to PEA for 60 minutes, however, resulted in a dramatic and 

significant decrease in both nuclear and cytosolic · phospho-p38 immunoreactivity (Fig. 9). 

Exposure of HT22 cells to LEA for 30 minutes led to a significant increase in nuclear phospho

p38 immunoreactivity. Exposure of cells to PEA for 60 minutes, however, resulted in a dramatic 

and significant increase in cytosolic phospho-p38 immunoreactivity (Fig. 9). These results 

suggest that LEA affects phopho-p38 localization differently than that of PEA. 

DISCUSSION 

Here, I provided evidence that PEA treatment, and to lesser extent LEA treatment, can 

facilitate the nuclear translocation of Akt and pAkt in a neuronal cell line and in cultured cortical 

neurons. Furthermore, I determined that PEA and LEA can lead to a rapid and transient increase 

148 



in nuclear and cytosolic pERK1/2, but not ERK 112. In addition, I determined that PEA exposure 

leads to a significant reduction in nuclear and cytoslic phopsho-p38 immunoreactivity in HT22 

cells. I previously determined that PEA pretreatment for five (5) to six (6) hours protects HT22 

cells from oxidative stress. Together, these data suggest that PEA and LEA activate kinases 

known to be involved in neuroprotective signaling, thus providing a possible mechanism by 

which NAEs neuroprotect. 

Numerous studies have revealed that the cannabinoid NAE, AEA, is neuroprotective through 

activation of CB 1 (20 - 29). Since the saturated NAEs, PEA and LEA, do not bind CB 1 and they 

exhibit poor affinity for CB2, I hypothesized that these NAEs exhibit neuroprotective properties 

by a mechanism independent of CB2 (39, 40). To rule out CB2-mediated effects in PEA 

neuroprotective signaling, I measured the effect of CB2 agonists on Akt/pAkt and ERK/pERK 

immunoreactivity. The CB2 agonist, JWH-015 had no effect on nuclear Akt or pAkt 

immunoreactivity in HT22 cells. The CB2 agonist AM 1241, however, increased nuclear Akt 

immunoreactivity, but it had no effect on pAkt immunoreactivity. Together, these data suggest 

that PEAs effect on Akt and pAkt were not mediated through CB2 activation. Further evidence 

for this comes from the observation that treatment of cells with the CB2 antagonist, AM630, 

mimics instead of inhibits the effects of PEA on cytosolic Akt immunoreactivity and nuclear and 

cytosolic pAkt immunoreactivity in HT2 cells. 

There are several reports of AEA activating the ERK 1/2 MAPK pathway through activation 

of CBI (12 - 15). Here, I determined that the non-cannabinoid PEA can increase nuclear 

pERKI/2 translocation and this effect can not be mimicked by the CB2 agonist JWH-015. Also, 

the p38 MAPK pathway is altered by PEA. PEA treatment of HT22 cells leads to a rapid 

reduction in nuclear and cytosolic phospo-p38 immunoreactivity. 
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Overall, my data suggests that PEA activates the neuroprotective Akt and ERK 1/2 MAPK 

signaling pathways by a CB2-independent mechanism. These effects are within the timeframe 

required to cause neuroprotection in HT22 cells. Interestingly, PEA-mediated elevation of 

pERK.l/2 immunoreactivity occurs much earlier that measured elevation of Akt and pAkt nuclear 

translocation. This suggests that the ERK 1/2 MAPK pathway is activated before the Akt 

signaling pathway. 

Previous studies indicate that activation of Akt can result in phosphorylation of inositol 1, 4, 

5-trisphosphate receptors (IP3Rs) and lead to enhanced Ca2+ release (41, 42). Interestingly, 

intracellular Ca2
+ can activate a wide variety of signaling pathways including those mediated by 

Ras, which include the PI3-K/Akt and MAPK pathways (43). These data, in part, are consistent 

with a possible effect of PEA on Ca2
+ signaling in neurons. 
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FIGURES 

Fig. 1 - PEA treatment of HT22 cells leads to an increase in nuclear pAkt 

immunoreactivity. A four (4) and six (6) hour treatment led to a significant increase in nuclear 

pAkt immunoreactivity in HT22 cells. The structurally similar NAE, LEA, had no significant 

effect on nuclear pAkt immunoreactivity. For the four (4) hour treatment groups, n equals 78, 70 

~ and 85 cells for vehicle, LEA and PEA treatments, respectively. For the six (6) hour treatment 

groups, n equals 64, 71 and 71 cells for vehicle, LEA and PEA treatments, respectively. A P

value of~ 0.01 is indicated by * *. 
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Fig. 2 -PEA and LEA treatment of HT22 cells leads to a significant increase in the nuclear 

I cytosolic pAkt ratio. After a four ( 4) hour PEA exposure, nuclear I cytoslic pAkt ratio is 

increased in HT22 cells. It requires a six (6) hour LEA exposure to have a similar effect. For the 

two (2) hour treatment groups, n equals 54, 67 and 51 cells for vehicle, LEA and PEA 

treatments, respectively. For the four (4) hour treatment groups, n equals 78, 70 and 85 cells for 

vehicle, LEA and PEA treatments, respectively. For the six (6) hour treatment groups, n equals 

"64, 71 and 71 cells for vehicle, LEA and PEA treatments, respectively. A P-value of,:::: 0.05 and 

,:::: 0.00 I is indicated by * and * * *, respectively. 
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Fig. 3 - PEA treatment of cultured primary cortical neurons leads to an increase in nuclear 

and cytosolic Akt immunoreactivity. A six (6) hour PEA treatment led to a significant increase 

in both nuclear and cytosolic Akt immunoreactivity in cultured cortical neurons. LEA treatment 

increased nuclear Akt immunoreactivity but had no effect on cytosolic immunoreactivity. 

Furthennore, both NAEs increase the nuclear I cytosolic Akt ratio in neurons. For this study, n 

equals 48, 34 and 48 cells for vehicle, LEA and PEA treatments, respectively. A P-value of~ 

· 0.05 and~ 0.001 is indicated by* and***, respectively. 
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Fig. 4 - PEA treatment of cultured primary cortical neurons leads to an increase in nuclear 

and cytosolic pAkt immunoreactivity. A six (6) hour PEA treatment led to a significant 

increase in both nuclear and cytosolic pAkt immunoreactivity in cultured cortical neurons. LEA 

treatment, however, decreased nuclear pAkt immunoreactivity but had no effect on cytosolic 

immunoreactivity. Furthennore, PEA increased while LEA decreased the nuclear I cytosolic 

pAkt ratio in neurons. For this study, n equals 39, 46 and 69 cells for vehicle, LEA and PEA 

~ treatments, respectively. A P-value of .S: 0.05 and .S: 0.001 is indicated by* and***, respectively. 
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Fig. 5 - The CB2 agonist AM1241, but not JWH-015, increases nuclear Akt 

immunoreactivity. Treatment of HT22 cells with the CB2 agonist JWH-0 15 had no effect on 

nuclear Akt immunoreactivity. Treatment with AM1241, however, led to an increase in nuclear 

Akt immunoreactivity. Treatment of HT22 cells with the CB2 agonists JWH-015 and AM1241 

had no effect on nuclear or cytosolic pAkt immunoreactivity. In fact, JWH-015 led to a reduction 

~. in pAkt immunoreactivity. For the Akt study, n equals 61, 56 and 59 cells for vehicle, JWH-015 

and AM-1241 treatments, respectively. For the pAkt study, n equals 80, 91 and 64 cells for 

vehicle, JWH-015 and AM-1241 treatments, respectively. A P-value of :S 0.01 and :S 0.001 ts 

indicated by** and***, respectively. 
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Fig. 6- The CB2 antagonist, AM630, alters Akt and pAkt immunoreactivity in HT22 cells. 

Treatment ofHT22 cells with AM630 leads to an increase in nuclear and a decrease in cytosolic 

Akt and pAkt immunoreactivity in a more pronounced manner than PEA. Cotreatment of cells 

with both PEA and MA630 results in an increase in nuclear Akt with no effect on cytosolic Akt 

and a decrease in cytosolic pAkt with no effect on nuclear pAkt. For the Akt study, n equals 50, 

66, 52, 53, 62 and 65 cells for vehicle (PEA), PEA, vehicle (AM-630), AM-630, vehicle (PEA 

~and AM-630) and PEA and AM-630 treatments, respectively. For the pAkt study, n equals 56, 

75, 94, 78, 75 and 89 cells for vehicle (PEA), PEA, vehicle (AM-630), AM-630, vehicle (PEA 

and AM-630) and PEA and AM-630 treatments, respectively. A P-value of_::: 0.05, < 0.01 and_::: 

0.001 is indicated by*,** and***, respectively. 

166 



25 

20 
5' 
lL 
~ 
~ 15 ·:; 
:1:1 u 
Ill 
Cll .. 
0 
c 10 :I 
E 
.E 
lil 
~ 5 

0 
vehicle vehicle PEA PEA vehicle vehicle AM830 AMS30 vehicle vehicle PEA + PEA + 
(nuc) (cyt) (nuc) (cyt) (nuc) (cyt) (nuc) (cyt) (nuc) (cyt) AM630 AM630 

(nuc) (cyt) 

25 

*** 
5' 20 
lL 
~ 

f = 15 
X 
I! 
0 c 
:I 
E 10 
.E 
lil 
'1 

6 

0 
Vehicle Vehicle PEA PEA Vehicle Vehicle AM630 AM630 Vehicle Vehicle PEA + PEA+ 
(nuc) (cyt) (nuc) (cyt) (nuc) (cyt) (nuc) (cyt) (nuc) (cyt) AM630 AM630 

(nuc) (cyt) 

167 



Fig. 7 - PEA and LEA increase nuclear and cytosolic pERKl/2 immunoreactivity in HT22 

cells. A brief, 30 minute PEA treatment of HT22 cells results in a transient increase in nuclear 

and cytosolic pERK/12 (but not ERK1/2) immunoreactivity. Treatment of cells with LEA for 60 

min. (but not 30 min.) leads to an increase in nuclear and cytosolic ERK1/2 immunoreactivity. In 

the ERKl/2 immunofluorescence experiment, for the 30 minute treatment group, n equals 24, 33 

and 34 cells for vehicle, LEA and PEA treatments, respectively. For the 60 minute treatment 

group, n equals 26, 25 and 32 cells for vehicle, LEA and PEA treatments, respectively. In the 

pERK1/2 immunofluorescence experiment, for the 30 minute treatment group, n equals 46, 35 

and 81 cells for vehicle, LEA and PEA treatments, respectively. For the 60 minute treatment 

group, n equals 41, 63 and 57 cells for vehicle, LEA and PEA treatments, respectively. A P

value of~ 0.001 is indicated by ***. 
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Fig. 8- Treatment of HT22 cells with JWH-15 for 60 minutes has no effect on ERK/12 or 

pERKl/2 immunoreactivity. Treatment of HT22 cells with the CB2 agonist JWH-015 fails to 

significantly increase ERKI/2 or pERKI/2 immunoreactivity. In the ERKI/2 

immunofluorescence experiment, n equals 54 and 59 cells for vehicle and JWH-0 15 treatments, 

respectively. In the pERKl/2 immunofluorescence experiment, n equals 34 and 40 cells for 

.vehicle and JWH-015 treatments, respectively. 
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Fig. 9 - NAEs alter phospho-p38 MAPK immunoreactivity in HT22 cells. Treatment of 

HT22 cells with PEA for 30 min. had no effect on phospho-p38 immunoreactivity. A 60 minute 

exposure, however, resulted in a dramatic and significant decrease in both nuclear and cytosolic 

phospho-p38 immunoreactivity. Interestingly, LEA treatment led to an increase in nuclear 

phospho-p38 at 30 minute and an increase in cytosolic phospho-p38 at 60 minutes. In this study, 

for the 30 minute treatment group, n equals 42, 32 and 35 cells for vehicle, LEA and PEA 

~ treatments, respectively. For the 60 minute treatment group, n equals 50, 29 and 41 cells for 

vehicle, LEA and PEA treatments, respectively. A P-value of,:::: 0.05 and,:::: 0.001 is indicated by 

*and***. 
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CHAPTER 3.4- EFFECTS OF NAEs ON THE ACTIVITY OF TRANSCRIPTION FACTORS 

INVOLVED IN NEUROPROTECTIVE SIGNALING 

ABSTRACT 

The activation of specific transcription factors and the subsequent alteration in gene 

expression may facilitate an adaptive response to a stressful environment thereby decreasing cell 

· death. Two examples of transcription factors involved in neuronal signaling are nuclear factor 

kappa B (NFJCB) and nuclear factor of activated T-cells 3 (NFATc4) (l- 5). I hypothesized that 

PEA increases the nuclear translocation of NFKB and NF A Tc4 in HT22 cells and primary 

cortical neurons. Here, I determined that the lipid neuroprotectant palmitoylethanolamine (PEA) 

can lead to the nuclear translocation of NFKB and NF A Tc4 using microfluorimetric 

measurements. These data suggests that NFKB and NF ATc4 may, in part, mediate the observed 

neuroprotective effects of PEA. 

INTRODUCTION 

The NFKB is a ubiquitous transcription factor composed of heterodimers of ReiA (p65), ReiB, 

RelC, p50 and p52 (3). IKK activation activation of NFKB occurs through liberating the 

transactivation domain of the RelA/p65 subunit (6). In addition, a variety of kinases, including 

PKAc, PKC~, Akt, CKII and GSK3f3, can directly phosphorylate the RelA (p65) subunit of 

NFJCB leading to the subsequent activation NFKB (7). 

Activated NFKB can regulate the expression of a variety of genes in neurons including those 

involved in apoptosis and neuroprotection (3). Whether NFKB activation in neurons leads to 
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neuroprotection of enhances neurodegeneration is currently not clear. Glutamate can activate 

NFKB in cerebellar cultures (8) and NFKB activation can lead to the transcription of genes that 

inhibit apoptosis and protect neurons against oxidative stress (1, 8, 9). 

More than 200 physiological stimuli have been shown to activate NFKB (1 0) and it can, in 

tum, activate the transcription of a very large number of genes. NFKB activity has been studied 

most extensively in the field of immunology as NFKB is a major regulator of the immune 

response and in viral gene expression. NFKB is kept in an inactive state through an interaction 

with IKB. IKB, in tum, is inactivated through phosphrylation by IKB kinase (IKK), casein kinase 

II (CSII) or c-Src (4). A variety of other kinases, including PKAc, PKC~, Akt, CKII and GSK3p, 

can phosphorylate the RelA (p65) subunit of NFKB leading to the subsequent activation NFKB 

(4). 

In neurons, NFKB activation plays a role in neuroprotection and neurodegeneration depending 

upon which NFKB protein subunits form heterodimers (11). In HT22 cells, exposure to glutamate 

resulted in the activation of NFKB (ReiA/p65) followed by delayed cell death (11 ). Its not clear, 

however, what effect activated NFKB (Re1A/p65) has on cells HT22 cells exposed directly to 

oxidants such as tert-butylhydroperoxide (tBHP). 

The NF AT family of transcription factors is made up of several members and each becomes 

activated by dephosphorylation of the calcium sensor I translocation domain by the phosphatase 

calcineurin (5). This dephosphorylation exposes the nuclear localization sequence leading to 

protein import into the nucleus. NF A Tc4 is also believed to be involved in neurite outgrowth 

through neurotrophins such as BDNF and NGF (5). Calcium release from intracellular stores by 

IP3Rs may activate NF AT and, interestingly, NF A Tc4 can regulate IP3R 1 gene expression by 

binding specific sites in the IP3R1 promoter (2, 12). In skeletal muscle cells and C2Cl2 cells, 
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depolarization results in RyR-mediated NF AT activation and long lasting, low frequency 

stimulation increases this activation (13). 

Immune cells function is modulated by cannabinoid activation of CB1 and CB2 (14). 

Anandamide (AEA) stimulates the proliferation of hemopoetic cells (15, 16) and it also affects 

mast cells and macrophages ( 17). Cannabinoids activate CB 1 and CB2 cannabinoid receptors, 

both of which are coupled to the inhibitory G-protein Gi!o ultimately leading to a reduction of 

~'CAMP and subsequent downregulation of PKA activity. Activation of PKA in immune cells 

results can lead to activation of NF AT, CREB and NFKB resulting in increased immune function 

(18, 19). 

Cannabinoids exhibit neuroprotective properties against a wide variety of pathological insults 

including excitotoxicity, oxidative stress and hypoxia (20 - 29). Activation of the protein kinase 

Akt further supports a role for cannabinoids as neuroprotectants. In mice, CB 1 is involved in the 

regulation of Akt and calcineurin activity in the amygdala during extinction of the conditioned 

fear response (30), suggesting that cannabinoids may activate NFKB and NF AT through 

activation of Akt and calcineurin, respectively. 

Several non-cannabinoid NAEs including linolenoylethanolamine (LNEA), 

oleoylethanolamine (OEA), stearoylethanolamine (SEA) and palmitoylethanolamine (PEA) lead 

to increase ERK phosphorylation and AP-I activity in mouse JB6 epidermal cells (31 ). The CB 1 

agonist, Win 55212, could not stimulate ERK phosphorylation or AP-1 activation suggesting a 

CB !-independent function of NAEs in cell signaling and gene transcription (31 ). Furthermore, 

studies using immune cells has shown that PEA has CB2 receptor-independent effects (32). 

Since non-cannabinoid NAEs have also been shown to activate neuroprotective signaling 
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pathways, I hypothesized that the non-cannabinoid NAE, PEA, can lead to the nuclear 

translocation ofNFKB and NFATc4. 

MATERIALS AND METHODS 

Cell culture 

HT22 were cultured as described previously (33). In brief, HT22 cells were grown in DMEM 

'With high glucose and I mmM sodium pyruvate (Mediatech), 2mM Glutamax (Invitrogen), 5% 

bovine growth serum (BGS) (Hyclone) and penicilin-streptomycin (Mediatech). Cultures were 

kept at a confluency of less than 70% during the culturing process. Mouse primary cortical 

neurons were obtained from postnatal day 2 (P2) mice after anesthesia on ice. Animals were 

decapitated and the scalp and skull was removed without disturbing the integrity of the brain. A 

1 - 1.5mm2 piece of cortex was removed from each hemisphere of the brain with fine-tipped 

#5/45 forceps and placed into 0.25% trypsin in HBSS with EGTA and without Ca2
+. Tissue was 

incubated in trypsin at 37° C for 20 minutes followed by addition of I volume of complete media 

and subsequent trituration several times with a fire-polsihed glass pipet or a 1 ml capacity 

micropipette tip. Tissue was centrifuged at 1,000 x g for 5 minutes to pellet the viscous tissue. 

Media was removed and the pellet was resuspended in 2 ml of complete media followed by 

trituration. Cells were centrifuged again at 400 x g for 5 minutes. The supernatant was removed 

and the pellet was resuspended in 2ml of complete media followed by trituration. The resulting 

cell suspension was passed through a 40flm cell strainer and quantitated using a hemocytometer. 

Cell density was adjusted to I X 106 
- 2 X 106 cells/ml depending upon the application. All 

neurons were plated on either poly-D-lysine/laminin-coated 12mm coverslips (BioCoat™ BD 

Biosciences) or poly-L-lysine-coated 12mm coverslips depending upon the application. Mixed 
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neuronal cultures were maintained at 37°C I 5% C02 environment for 7 - 14 days. Before using 

coverslips, neurons were inspected visually under a microscope to determine their development 

of neurites and overall healthy appearance. Only cultures with the majority of neurons bearing 

neurites were used in experiments. 

Immunocytochemistry after PEA treatment 

Primary cortical neurons at 10- 14 d.i.v. were treated with 100J.1M PEA (or EtOH vehicle) for 

2 or 4 hours after which they were fixed with 4% paraformaldehyde and subjected to 

immunocytochemisty as described elsewhere using rabbit anti-NFKB (Santa Cruz 

Biotechnology), anti-NF ATc4 (Santa Cruz Biotechnology) and mouse anti-NF, 70KDa 

(Chemicon) (33). Images were acquired with the Olympus IX-70 fluorescence microscope and 

intensity analysis was done using Simple PCI 6.0 by defining cytosolic and nuclear regions of 

interest. Alternatively, rat E 18 cortical neurons from Genlantis Corporation were plated on poly

L-lysine-coated 12mm coverslips and maintained in culture for 7 days before treatments and 

subsequent immunocytochemistry. 

Statistics 

An F-test was conducted in Excel between each treatment group and the untreated control 

group to determine which type of T -test should be used for group comparisons. The mean 

fluorescence intensity from each treatment group was separately compared to the mean 

fluorescence intensity of the untreated control group using a two-sample T -test with either equal 

or unequal variances. A P-value of less than or equal to 0.05 was considered significant. 
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RESULTS 

Effect of NAE treatment on NFKB (Re/A!p65) immunoreactivity 

Exposure of HT22 cells to PEA for 2 hours resulted in a significant increase in nuclear NFKB 

(p65) (Fig. 1) and a significant decrease in cytosolic NFKB (p65) (data not shown). Interestingly, 

exposure of HT22 cells to 4 hour PEA did not significantly alter NFKB immunoreactivity or 

IQcalization compared to vehicle controls. There was, however, a trend toward an increase in 

NFKB in the nucleus (p = 0.076). 

In mouse primary cortical neurons, a two (2) and four (4) hour PEA treatment resulted in an 

increase in nuclear NFKB (Re!A/p65) immunoreactivity compared to vehicle controls (Fig. 2). 

The nuclear translocation ofNFKB was greater for the 4 hour PEA-treated group compared to the 

2 hour PEA-treated group (Fig. 2). The amount of cytosolic NFKB in the PEA-treated group 

exhibited a non-significant trend (p = 0.175) toward an increase only at the 4 hour PEA treatment 

time point (data not shown). Interestingly, exposure of rat E 18 cortical neurons to PEA had no 

effect on NFkB immunoreactivity (data not shown). 

· Effect ofNAE treatment on NFATc4 immunoreactivity 

Exposure of HT22 cells to PEA for four (4) hours (but not for two (2) hours) leads to a 

significant increase in nuclear NF ATc4 immunoreactivity (Fig. 3). In addition, exposure of 

cultured mouse primary cortical neurons with PEA for two (2) and four (4) hours resulted in a 

significant increase in nuclear NF A Tc4 immunoreactivity (Fig. 4). The amount of cytosolic 

NF A Tc4 in the PEA-treated group exhibited a significant decrease only at the 4 hour PEA 

treatment time point. Exposure of rat E 18 cortical neurons to 1 OOJ.1M PEA for 4 hours resulted in 
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a significant increase in nuclear NF A Tc4 immunoreactivity (data not shown). Treatment of 

HT22 cells with the CB2 agonist, JWH-015, was not able to increase NFATc4 immunoreactivity 

(Fig. 5), suggesting that PEAs effects on NF A Tc4 are not mediated by CB2. 

DISCUSSION 

Here, I provided evidence that PEA treatment can facilitate the nuclear translocation ofNFKB 

(RelA/p65) and NF A Tc4 in a neuronal cell line and in cultured cortical neurons. I previously 

determined that PEA pretreatment for five (5) to six (6) hours protects HT22 cells from oxidative 

stress. Together, these data suggest that PEA can activate transcription factors known to be 

involved in neuroprotective signaling, thus providing a possible mechanism by which NAEs 

neuroprotect. 

Numerous studies have revealed that the cannabinoid NAE, AEA, is neuroprotective through 

activation of CB 1 (20 - 29). Since the saturated NAEs, PEA and LEA, do not bind CB 1 and they 

exhibit poor affinity for CB2, I hypothesized that these NAEs exhibit neuroprotective properties 

by a mechanism independent of CB2. To rule out any potential role of CB2 activation on the 

alteration of NFKB and NF ATc4 immunoreactivity, .I measured the effect of a CB2 agonist on 

nuclear NFATc4 immunoreactivity. The CB2 agonist, JWH-015 had no effect on nuclear 

NF A Tc4 immunoreactivity in HT22 cells, suggesting that PEAs effect on NF ATc4 were not 

mediated through CB2 activation. This result is similar to our observation that CB2 agonists do 

not mimic the effects of PEA on Akt/pAkt and ERK/pERK immunreactivities in HT22 cells. 

Overall, my data suggests that PEA activates NFKB and NF A Tc4 signaling pathways by a 

CB2-independent mechanism. These effects are within the timeframe required to cause PEA

mediated neuroroptection in HT22 cells. Activation of CB 1 leads to the regulation of Akt and 
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calcineurin activity in the amygdala (30). This suggests that cannabinoids may activate down 

stream componenets of Akt and calcineurin such as NFKB and NF AT, respectively. Previously, I 

determined that PEA can induce Akt and pAkt nuclear translocation. This result is consistent 

with the hypothesis that PEA-mediated effects on Akt may be, in tum, be involved in NFKB 

nuclear tranlocation. 

Previous studies indicate that activation of Akt can result in phosphorylation of inositol 1, 4, 

5-trisphosphate receptors (IP3Rs) and lead to enhanced Ca2+ release (34, 35). Interestingly, 

intracellular Ca2
+ can activate calcineurin and, subsequently NFAT (12, 13). These data, in part, 

are consistent with a possible effect of PEA on Ca2
+ signaling in neurons as evidenced by NF AT 

nuclear translocation. 
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FIGURES 

Fig. 1 - PEA treatment of HT22 cells leads to an increase in nuclear NFKB 

immunoreactivity. A two (2) and four (4) hour treatment led to a significant increase in nuclear 

NFKB immunoreactivity in HT22 cells. For the two (2) hour treatment groups, n equals 42 and 

48 cells for vehicle and PEA treatments, respectively. For the four (4) hour treatment groups, n 

equals 70 and 87 cells for vehicle and PEA treatments, respectively. A P-value of::: 0.05 is 

indicated by *. 
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Fig. 2 - PEA treatment of mouse primary cortical neurons leads to an increase in nuclear 

NFKB immunreactivity. A two (2) and four (4) hour treatment led to a significant increase in 

nuclear NFKB immunoreactivity in cortical neurons. For the two (2) hour treatment groups, n 

equals 37 and 56 cells for vehicle and PEA treatments, respectively. For the four (4) hour 

treatment groups, n equals 74 and 42 cells for vehicle and PEA treatments, respectively. A P

value of~ 0.001 is indicated by***. 
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Fig. 3 - PEA treatment of HT22 cells leads to an increase in nuclear NF A Tc4 

immunreactivity. A four ( 4) hour treatment led to a significant increase in nuclear NF A Tc4 

immunreactivity in HT22 cells. For the two (2) hour treatment groups, n equals 31 and 34 cells 

for vehicle and PEA treatments, respectively. For the four (4) hour treatment groups, n equals 35 

and 27 cells for vehicle and PEA treatments, respectively. A P-value of .:5 0.01 is indicated by **. 
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Fig. 4- PEA treatment of mouse cortical neurons leads to an increase in nuclear NFATc4 

immunreactivity. A two (2) and four (4) hour PEA treatment led to a significant increase in 

nuclear NF A Tc4 immunreactivity in cortical neurons. For the two (2) hour treatment groups, n 

equals 36 and 56 cells for vehicle and PEA treatments, respectively. For the four (4) hour 

treatment groups, n equals 72 and 53 cells for vehicle and PEA treatments, respectively. A P

value of_:::: 0.001 is indicated by ***. 
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Fig. 5 -Treatment of HT22 cells with the CB2 agonist, JWH-015, has no effect on NF A Tc4 

immunreactivity. Treatment of HT22 cells with the CB2 agonist JWH-015 fails to significantly 

increase NFAT immunoreactivity. For this study, n equals 60 and 63 cells for vehicle and JWH-

015 treatments, respectively. A P-value of .:5 0.05 and .:5 0.001 is indicated by * and 

respectively. 
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ABSTRACT 

Differential intracellular distribution ofthe three pharmacologically and biophysically distinct 

types of IP3Rs can lead to different subcellular Ca2+ transients each coupled to discrete 

intracellular functions. Here, we report the functional localization of differentially distributed 

IP3 receptor types in the commonly-used hippocampal cell line HT22. The distinct subcellular 

localization and Ca2+ signaling properties of these receptors determine the potential role of 

specific IP3 receptor types in cellular function. By utilizing immunoblotting, we conclude that 

HT22 cells express all three IP3 receptors with types 1 and 3 being expressed predominantly in 

the endoplasmic reticulum and perinuclear regions and type 2 being expressed predominantly in 

the nuclear envelope. Optical imaging studies using the Ca2+-sensitive indicator dye fluo-3 show 

that nuclear IP3 responses have greater amplitude and faster kinetics than cytosolic IP3 responses 

corresponding to the biophysical characteristics of the differentially distributed receptor types. 

These results support the hypothesis that differentially distributed IP3R isotypes mediate distinct 

cellular functions through differential, organelle-specific Ca2+ signaling. 

INTRODUCTION 

Calcium (Ca2+) is a critical second messenger that facilitates a variety of cellular processes 

including gene expression (Hardingham et al., 1997; Bading, 2000; West et al., 2001), 

neurotransmitter release (Atlas, 2001) and apoptosis (Paschen, 2003). Cytoplasmic Ca2+ is 

maintained at a low concentration (20 - 1 OOnM) relative to the endoplasmic reticulum (ER) 

lumen and the extracellular environment (Berridge, 1997). The regulation of Ca2+ homeostasis is 

198 



critical for normal cellular function and survival and prolonged disruption of the cytoplasmic 

Ca2
+ concentration is detrimental (Verkhratsky and Toescu, 2003). Release of Ca2+ from 

intracellular stores is mediated predominantly through inositol 1, 4, 5-trisphosphate receptors 

(IP3Rs) (Streb et al., 1983; Berridge and Irvine, 1984), ryanodine receptors (RyRs) (Fill and 

Coronado, 1988) and polycystin-2 (Koulen et al., 2002). 

The IP3Rs are well characterized intracellular Ca2
+ channels that are activated by their ligand, 

inostol-1 ,4,5-trisphosphate (IPJ) (Streb et al., 1983;, Berridge and Irvine, 1984; Ehrlich and 

Watras, 1988), and are regulated by Ca2
+ (Iino, 1987; Iino, 1990; Bezprozvanny et al., 1991), 

ATP (Ehrlich and Watras, 1988; Maeda et al., 1991; Bezprozvanny and Ehrlich, 1993) and 

multiple interacting proteins (Bootman et al., 2002; Thrower et al., 2003; Yang et al., 2002; 

Ando et al., 2003). These channels are also regulated by phosphorylation from cAMP-dependent 

protein kinase and Akt kinase (Volpe and Alderson-Lang, 1990; Tang et al., 2003; Khan et al., 

2006). 

There are three types of IP3Rs with distinct physiological, pharmacological and biophysical 

properties: type 1, type 2 and type 3 (Furuichi et al., 1989; Mignery et al., 1989; Migitery et al., 

1990; Sudhof et al., 1991; Ross et al., 1992, Yoshikawa et al., 1992; Blondel et al., 1993; Koulen 

and Thrower, 200 I). They exist predominantly in the endoplasmic reticulum (Maeda et al., 

1991; Ross et al., 1989; Maeda et al., 1990; Koulen et at., 2005) although localization has been 

reported in other intracellular membranes contingent with the ER, such as the nuclear envelope 

(Koulen et at., 2005; Humbert et at., 1996; Leite et al., 2003). Each type of IP3R is differentially 

expressed in some tissues and exhibits different properties such as affinity for IP3 and sensitivity 

to Ca2+ and ATP. The affinity ofiP3R isotypes for IPJ follow a potency rank oflP3R2 > IP3Rl > 

IP3R3 (Miyakawa et al., 1999) and this affinity is influenced by the cytosolic Ca2
+ concentration 
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(Bezprozvanny et al., 1991; Cardy et al., 1997). IP3Rs, like RyRs, are calcium-induced calcium 

release channels and, as a result, optimal cytosolic Ca2
+ concentrations potentiate IP3-mediated 

Ca2
+ release (Bezprozvanny et al., 1991; Cardy et at., 1997; Iino and Endo, 1992). High 

intraceHular levels of Ca2
+ bound to IP3R1 and IP3R3 leads to decreased affinity for IP3 through 

distinct mechanisms demonstrating differential regulation between these receptors (Cardy et at., 

1997). IP3R 1 exhibits a bell-shaped Ca2
+ response curve whereas IP3R3 does not, demonstrating 

differences in Ca2
+ regulation between different IP3 receptor isotypes (Bezprozvanny et al., 1991; 

Bezprozvanny and Ehrlich, 1993; Hagar et al., 1998). The sensitivity of IP3Rs to Ca2
+ activation 

follow a rank ofiPJRI > IP3R2 > IP3R3 (Miyakawa et al., 1999). 

Activation of specific IP3R isotypes leads to distinct Ca2
+ transients mediating diverse 

functions within a cell. In non-pigmented epithelial cells, for example, stimulation of IP3 

production with acetycholine results in IP3R3-mediated Ca2
+ waves from the apical pole and 

repetitive IP3R 1-mediated Ca2
+ increases in the basal pole (Hirata et at., 1999). Activation of 

IP3Rl and IP3R3 in DT40 B-cells leads to less prominent monophasic Ca2
+ transients whereas 

activation of IPJ.Rl exhibits prominent prolonged Ca2
+ oscillations (Miyakawa et al., 1999). In 

retinal rod bipolar cells, intracellular Ca2
+ transients in somata and dendrites with distinct 

physiological profiles are mediated by differentially distributed IP3R I and IP3R2 subpopulations 

(Koulen et at., 2005) while, in a liver cell line, Ca2
+ transients in the nucleoplasm and the 

cytoplasm are controlled separately by differentially distributed IP3R2 and IPJR3 subpopulations 

(Leite et al., 2003). Differential distribution of IP3R I and IPJR3 also explains differences in Ca2
+ 

transients in soma versus neurites in cultured PC12 cells (Johenning et at., 2002). The functional 

consequence of these differentially distributed IP3R types has not been fully established in 

neurons. 
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HT22 cells are a murine hippocampal cell line commonly used as a model for studying 

neuroprotection against oxidative stress (Sagara et at., 1998; Green et al., 1998). In this study, 

we hypothesized that HT22 cells express all three IP3R isotypes and that they each exhibit 

differential distribution and Ca2
+ signaling properties. We identified the distribution and Ca2

+ 

signaling properties of all three IP3R subtypes using immunocytochemiCal and optical imaging 

techniques. Direct stimulation of IP3 receptors with their ligand led to nucleoplasm- and 

cytoplasm-specific Ca2
+ signaling patterns. Our data suggest that a hippocampal cell line 

relevant for neurodegeneration research is capable of utilizing differentially distributed 

intracellular Ca2+ release channels to regulat~ separate Ca2
+ dependent signaling pathways 

independently. This potentially represents novel targets for regulation of neuronal development 

and function. 

MATERIALS AND METHODS 

Antibodies 

Antibodies against IP3Rl was purchased from Calbiochem (San Diego, CA) and Chemicon 

(Temecula, CA), IP3R2 antibodies were purchased from Calbiochem and Chemicon, and IP3RJ 

antibodies were purchased from Sigma (St. Louis, MO) and BD Transduction Laboratories (San 

Diego, CA). For immunoblotting, horseradish peroxidase-conjugated goat anti-rabbit IgG 

secondary antibody (Calbiochem) was used. For immunofluorescence detection, Alexa 488-

labeled goat anti-rabbit IgG and Alexa 594-labeled goat anti-mouse IgG antibodies (Invitrogen, 

Carlsbad, CA) were used. 
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Immunoblotting 

Cells used for immunoblotting were grown in 150cm2 flasks to a high confluency (80- 100%) in 

the appropriate medium at 37°C in 5% C02• HT22 cells were cultured in Dulbecco's Modified 

Eagle's (DME) medium with 4.5g/mol glucose, 2mM glutamine, 1mM sodium pyruvate 

(Hyclone, Logan, UT) containing 10% heat-inactivated bovine growth serum (BGS) (Hyclone). 

AR42J cells were cultured in F-12K media with L-glutamine (Mediatech Inc., Herndon, VA) 

containing 10% BGS and RIN-5F cells were cultured in RPMI media with glutamine (Mediatech 

Inc.) containing 10% BGS to maximal confluency. Cells were collected by first rinsing with 

PBS for one minute followed by scraping with a rubber cell scraper in PBS. Cells were then 

centrifuged at low speed (500 x g) and the pellets were frozen at -80°C until later use. Cell 

lysates for immunoblotting were generated by solublizing HT22, AR42J and RIN-5F cell pellets 

in ice-cold cell lysis buffer (50mM Tris-HCl (pH 7.4), 150mM NaCl, 1mM EGTA, 1mM 

Na3V04, 1mM NaF, 2% NP-40) with added protease inhibitor cocktail (Roche Diagnostics, 

Mannheim, Gennany). Mouse cerebella from postnatal day 3 mice were minced with small 

scissors and solublized by the same method as the cell culture samples. Excess HT22 lysate 

volume over control samples was loaded in acrylamide gels because HT22 cells were not 

expected to express high amounts of any one IP3R subtype relative to controls. Samples for 

electrophoresis were denatured in 6X SDS-PAGE loading buffer (135mM Tris-CI (pH 6.8), 30% 

glycerol, 1% SDS, 500mM OTT and l.2mg bromophenol blue), boiled for 3 minutes, and placed 

on ice to cool. Samples were loaded along with either prestained or biotinylated broad range 

molecular weight markers (BioRad, Hercules, CA) and run in 4-15% gradient SDS 

polyacrylamide gels (BioRad, Hercules, CA). Proteins were transferred to PVDF membranes 

(Pall Life Sciences, Ann Arbor, Ml) followed by incubation in milk block solution (5% 
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powdered milk, I% BSA, 0.005% tween-20 in phosphate-buffered saline; pH 7 .4). The 

membrane was then incubated in primary antibody diluted in milk block solution overnight 

gently shaking at 4° C. Primary antibodies for IP3RI, IP3R2 and IP3R3 were from Calbiochem, 

Chemicon and Sigma, respectively. The membrane was then washed three times before addition 

of milk block solution containing horseradish peroxidase-labeled goat anti-rabbit (for IP3RI and 

IP3R2 primary antibody) or goat anti-mouse (for IP3R3 antibody) secondary antibody. 

Incubation in secondary antibody was done at room temperature gently shaking in the dark for l 

hour. After three washes in PBS, the membrane was developed with Su~r Signal West Dura 

chemiluminescent reagent (Pierce Biotechnology, Rockford, IL). Membranes were visualized 

using a UVP Epichemi 3 darkroom (UVP, Inc/, Upland, CA) with a mounted Hamamatsu 

C8484-51-03G camera (Hammamatsu, Japan) and LabWorks 4.5.0 software version 4.5.0 (UVP, 

Inc., Upland, CA). 

Immunocytochemistry and immunofluorescence 

HT22 cells used for immunocytochemistry were removed from flasks using 0.25% tryp~in in 

HBSS (Hyclone). Cells were grown for 48 hours to a confluency of20- 30% on glass coverslips 

(22mm) coated with 0.01% poly-L-lysine (Sigma-Aldrich) using culture media and incubation 

conditions described above. Cells were fixed with 4% paraformaldehyde for 15 minutes and 

then washed three times for 5 minutes with PBS. Cells were then blocked with preincubation 

solution ( 10% normal goat serum, 1% BSA, 0.05% tween-20 in PBS) for 1 hour. Primary 

antibodies used to label IP3Rl (Calbiochem), IP3R2 (Calbiochem) and IPJR3 (BD Tansduction 

laboratories) were diluted in incubation buffer (3% normal goat serum, 1% BSA, 0.05% tween-

20 in PBS) and added to cells and incubated at 4°C overnight and then washed three times for 5 
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minutes with PBS. Fluorescent Alexa488- or Alexa594-labeled goat anti-rabbit or goat anti

mouse IgG secondary antibody (Invitrogen) was diluted in incubation solution (1: 1 000) and 

applied to cells for I hour at room temperature in the dark. Coverslips were then washed in PBS 

three times for 5 minutes with PBS and then mounted onto glass slides using ProLong anti-fade 

reagent with DAPI (Invitrogen) and left to cure overnight at 4°C overnight. Slides were viewed 

within 5 days after mounting. Samples were visualized at ambient temperature (21 - 23° C) under 

a fluorescence microscope (Olympus IX70, Japan) using a 20X interference contrast or 

fluorescence microscopy. A constant exposure time was maintained among images to facilitate 

the c~mparison among images. Images were saved in a 24-bit TIFF file format. 

Optical imaging of intracellular eel+ concentrations 

HT22 cells ( 1 x 1 05
) were plated on poly-L-lysine-coated 15mm glass coverslips and grown for 

24hr as described above. HT22 cells were incubated in 4).1M of the cell-permeant fluorescent dye 

Fluo-3-AM (Invitrogen) at 37°C for 30 minutes in Ll5 media (Invitrogen). The coverslips with 

dye-loaded cells were placed in a perfusion chamber containing extracellular solution (137mM 

NaCI, 5mM KCl, lmM Na2HP04, IOmM HEPES, 22mM Glucose, and 5mM EGTA, pH 7.4) 

and placed on an inverted microscope (Olympus IX70, Japan) at ambient temperature. Changes 

in fluorescence intensity were recorded using time-lapse videomicroscopy and calculated by 

dividing the measured fluorescence intensity during drug application (F) by the measured 

average baseline fluorescence intensity before drug application (Fo) using an inverted 

fluorescence microscope (Olympus IX70) with Simple PCI software (C-Imaging). The cells were 

treated with bath-applied I ).1M cell-permeant IP3-AM (A.G. Scientific, Inc., San Diego, CA). For 

some experiments, cells were pretreated with 1 uM XeD (Calbiochem) to block IPJ receptors. 
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The slope of Ca2
+ transients was calculated by plotting the mean fluorescence intensity within 

the 20 to 80 percent range of the maximum fluorescence intensity over time followed by addition 

of a linear trendline. The duration of Ca2
+ transients was calculated by subtracting the average 

time at which the Ca2
+ transient returned to baseline level from the time when the ligand was 

applied to the perfusion chamber. The Tmax112 was calculated by subtraCting the time at which 

the half maximal fluorescence intensity was reached after ligand application from the time at 

which the ligand was applied. The slope, duration and Tmax112 were calculated using Microsoft 

Excel. 

RESULTS 

Detection of IP3Rs in HT22 Cells by Immunoblotting 

lmmunoblot analysis indicates the presence of all three IP3R isotypes (Fig. 1 ). A band of 

approximately 260 kD corresponding to IPJR 1 was detected in the lane containing the HT22 

lysate (Fig. 1, top panel, C) and this band showed the same molecular weight as the IP3R1 band 

from the positive control cerebellum lysate lane (Fig. 1, top panel, B) (Ross et al., 1989) and the 

250 kD prestained molecular weight marker band (BioRad) (Fig. I, top panel, A). For IP3R2, 

AR42J cells were run as a positive control (Wojcikiewicz and He, 1995). As expected, a band of 

approximately 260 kD was observed in the HT22 lysate lane (Fig. I, middle panel, C) which 

showed the same molecular weight as the IP3R2 band in the AR42J lysate lane (Fig. I, middle 

panel, B). A similar result for HT22 lysate was seen for IPJR3 (Fig.1, bottom panel, C) which 

corresponded with the 260 kD IPJR3 band from the RIN-5f cell positive control lane (Fig.1, 

bottom panel, B) (Wojcikiewicz and He, 1995). The molecular weight marker band shown in the 
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middle and bottom panels is a 200 kD band from the biotinylated broad range molecular weight 

marker (BioRad). 

Immunocytochemical Characterization of IP3Rs in HT22 Cells 

Immunocytochemistry was used to determine the expression of IP3Rs in cultured HT22 cells. 

All three IP3Rs are expressed in HT22 cells (Fig. 2) confirming our Western blot data (Fig. 1). 

IP3Rl immunoreactivity is localized predominantly to the endoplasmic reticulum (ER) and is 

also found in the perinuclear region (Fig. 2a). IP3R3 is localized predominantly to the 

endoplasmic reticulum but it exhibits less perinuclear expression than IP3Rl (Fig. 2c). IP3R2, on 

the other hand, displays a different distribution and is localized predominantly to the nuclear 

envelope with relatively little ER localization (Fig. 2b). Differential localization of IP3R types 

suggests that there are different IPJR signaling complexes within specific compartments within 

the cell. Semi-quantitative analysis was done using Simple-PCI software to examine the relative 

expression levels of IPJR types in nucleus versus cytosoi!ER for each antibody used (Fig. 3). 

There is no significant difference between nuclear and cytosolic/ER expression levels of IP3Rl 

.(Fig. 3). The other two isotypes, however, exhibit significant differential localization (Fig. 3). 

IP3R3 is predominantly localized to the cytosol/ER compartment (Fig. 2C and Fig. 3), whereas 

IP3R2 exhibits predominant nuclear expression with only a small amount of punctate expression 

in the cytosol/ER (Fig. 2B and Fig. 3). 

Optical Imaging of IP ;-mediated intracellular ci+ transients 

To measure Ca2+ responses of HT22 cells to IPJ, cultured cells were loaded with 4J.1M Fluo-3-

acetoxymethyl ester (Fluo-3-AM), placed in a perfusion chamber and observed under a 
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fluorescence microscope during either vehicle treatment or 1 ~M IP3-acetoxymethyl ester (IP3-

AM) treatment (Fig. 4). Application of IP3-AM to cells resulted in an increase in intracellular 

Ca2
+ concentration ([Ca2

+]i) as determined by an increase in Fluo-3 fluorescence (Fig. 4, right 

panel, Fig. 5A, and Fig. 6). Treatment of cells with vehicle alone elicited minimal Ca2+ response 

(Fig. 4, left panel, Fig. 5B, and Fig. 6). Because the extracellular solution contained no Ca2
+, 

these responses were due to release of Ca2
+ from intracellular stores. To further confirm that 

these IP3-mediated Ca2
+ transients were generated by IP3 receptors, cells were pretreated with the 

IP3 receptor-selective antagonist Xestospongin D (XeD) prior to IP3AM application (Fig. 5C and 

Fig; 6). Pretreatment of cells with XeD prevented the IP3-AM-mediated Ca2+ release suggesting 

that the observed Ca2
+ transients originated from IP3Rs (Fig. 5C and Fig. 6). 

Analysis of Ca2
+ imaging data demonstrates that the slope of the rate of Ca2+ release is 

significantly greater for IP3AM-treated cells than for vehicle-treated cells (Fig. 7), indicating that 

the Ca2
+ responses were IP3-mediated. The slope of the nuclear Ca2

+ response was statistically 

significantly greater than that of the cytosolic response (Fig. 7), suggesting that nuclear IP3 

receptors (Fig. 2) exhibit greater sensitivity to the ligand IP3. Interestingly, the vehicle (DMSO) 

elicits a statistically significant difference in slope between nuclear and cytosolic responses. The 

duration of the cytosolic Ca2
+ response was statistically significantly greater for IP3AM-treated 

cells compared to that of vehicle-treated cells (Table 1). Interestingly, there was no statistically 

significant difference in the duration of nuclear Ca2
+ response between vehicle-treated and IP3-

AM-treated cells (Table I). There was also no statistically significant difference in duration of 

Ca2+ responses between the nuclear and cytosolic regions for each condition (Table 1 ). There is 

no statistically significant difference in Tmax112 of nuclear versus cytosolic Ca2
+ transients for 

each treatment condition (Table 1 ). There is, however, a statistically significant difference in 
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Tmax112 of both nuclear and cytosolic Ca2
+ transients between vehicle- and IP3-AM-treated cells 

(Table 1). 

DISCUSSION 

The present ·study provided evidence for differentially distributed IP3R isotypes in HT22 cells. 

IP3R2 was found predominantly in the nuclear envelope and IP3R1 and IP3R3 were detected in 

the ER. Optical imaging of Ca2
+ responses demonstrated that IP3AM-mediated release of Ca2+ in 

the nucleus through IP3R2 occurs before release of Ca2
+ from the ER through IP3R1 and IP3R3. 

This data agrees with earlier studies demonstrating that nuclear Ca2
+ responses are regulated 

differently than cytosolic responses in a HepG2 cell line (Leite et al., 2003). The nuclear IPJ 

receptor isotype, IP3R2, exhibits a higher affinity for IP3 and, as a result, gives rise to earlier and 

higher Ca2
+ transients than that seen from IP3R3 in the cytosol. The presence of all three IPJ 

receptor isotypes in HT22 cells, however, does not rule out a contribution of IPJ1 and IPJR3 to 

nuclear Ca2+ responses as well as IP3R2 Ca2
+ responses in the ER. In addition to the parallel 

activation of IP3R subtypes, expression of IPJ receptor heterotetramers can not be ruled out 

(Wojcikiewicz and He, 1995). In contrast to Miyakawa et al., 1999, one study demonstrates that 

IP3RI exhibits a slightly higher affinity for IPJ than lt'3k2 (Km of 1J.LM versus 2~, 

respectively), suggesting that IP3R 1 would · likely become activated by IP3 before IP3R2 

(Wojcikiewicz and Luo, 1998). In this study, however, we show that Ca2
+ release from the 

IP3R2-enriched nucleus occurs before release from the IP3Rl-enriched ER (Fig. 5) supported by 

the reported higher affinity of IP3R2 for IP3 than for the other IP3R types (Miyakawa et al., 

1999). 
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It is possible in HT22 cells that IP3 is generated near the plasma membrane upon activation of 

phospholipase C where it diffuses to the nuclear envelope to activate high affinity receptors. 

Exogenous application of cell-permeable IP3, which was done in the present study, would be 

expected to activate cytosolic IP3Rs before IP3Rs in the nuclear envelope, provided affinities of 

IP3Rs are equal among organelles. An alternative explanation for faster miclear Ca2+ response by 

endogenously-generated IP3 may be due to IP3 being generated at intracellular membranes such 

as the ER or nuclear envelope in addition to generation at the plasma membrane. The 

extracellular application of cell-permeable IP3 can be used to substitute for endogenaously

generated IP3• Interestingly, nuclear PLCP expression and activity has been described in different 

cell models (Irvine, 2003). The presence of the PLCP in the nuclear envelope suggests that IP3 

may more readily activate nuclear IP3 receptors. The ability to produce IP3 near its binding site 

would likely decrease the time required to activate the receptor. Furthermore, IP3 receptors have 

been detected in the nucleoplasm of adrenal chromaffin tissue and NIH3T3 cells using 

immunogold electron microscopy (Huh and Yoo, 2003). 

The biological significance of IP3 receptors in the nuclear membrane is apparent as there are 

Ca2+ -sensitive transcriptional activators and repressors that could potentially be regulated by 

Ca2+. The activation of Ca2+-sensitive kinases and phosphatases such as Ca2+/calmodulin

dependent protein kinases and calcineurin B, respectively, have been shown to regulate gene 

transcription (Ikura et al., 2002). A transcriptional repressor that is regulated directly by Ca2+ is 

downstream response element antagonist modulator which has been shown to bind to 

downstream response elements in gene promoters such as the c-fos and prodynorphin genes in 

the absence of Ca2+ (Osawa et al., 2001 ). When Ca2+ is present, it leads to derepression (Osawa 

et al., 2001 ). It is possible that IP3 receptor-mediated release of Ca2+ from the nucleoplasmic 
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reticulum into perinuclear cytoplasm, ·or into the nucleoplasm directly, may be a mechanism by 

which cells can activate transcriptional activators or repressors and regulate the expression of 

genes in response to Ca2
+ signaling events. 

The differential distribution of IP3Rs can be a means for the cell to generate signal diversity 

and to regulate the strength of a Ca2
+ signal in a tissue. In the retina, for example, a differential 

distribution of IP3 receptors in rod bipolar cells allows for distinct Ca2
+ signals to be generated 

within a particular subcellular compartment (Koulen et al., 2005). Interestingly, the strength of 

group I metabotropic glutamate receptor activation leads to differential activation of IP3R 

isotypes residing in distinct cellular compartments (Koulen et al., 2005). For example, in 

cultured rod bipolar cells, application of 1 OJ..LM of the group I metabotropic glutamate receptor 

agonist (S)-3,5-dihydroxyphenylglycine leads to IPJR2 receptor-mediated Ca2
+ release 

predominantly in dendrites whereas activation with 1 OOJ..LM generates Ca2
+ transients through 

IPJR 1 receptors in both the soma and dendrites (Koulen et al., 2005). In differentiated PC 12 

cells, intracellular Ca2
+ channel types (IP3R and RyR types) elicit different Ca2

+ responses in 

neurites than in the soma, suggesting that location of these channels plays a major role in their 

physiological function (Johenning et al., 2002). 

The HT22 cell line was used in this study because it is well characterized and it has been a 

good model system for neuroprotection studies and studying the effects of oxidative stress on 

cell function (Sagara et al., 1998; Green et al., 1998). Little has been reported on IP3 receptor 

signaling and function in HT22 cells and the effects of IP3R activity on Ca2
+ homeostasis as it 

relates to neurodegeneration and neuroprotection. The HT22 line is polyclonal and consists of 

cells of different morphological and physiological characteristics. This was originally of interest 

when conducting these studies because differences in IP3R expression and Ca2
+ responses 
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between individual cells could make analysis of data difficult. Immunofluorescence results 

demonstrate, however, that there is little variation in labeling of any one particular IP3 receptor 

isotype between individual cells (Fig. 2). There was also little variation in Ca2+ responses when 

conducting optical Ca2
+ imaging experiments (Fig. 4). The vast majority of cells exhibited 

similar Ca2
+ responses with respect to amplitude and duration of response in each treatment 

condition. This study using the HT22 cell line lays the groundwork for future studies on IP3 

receptor-mediated Ca2
+ signaling, especially selective Ca2

+ release from nuclear stores in a 

neuronal cell line relevant for neurodegeneration and neuroprotection research. 
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TABLES 

Table 1. Ca2
+ response kinetics of IP3AM-treated HT22 cells. 

Parameter I 
Duration {sec} Tmaxu~ {sec} 

Experimental 

Condition 
Nucleus Cytosol Nucleus Cytosol 

Vehicle-

treated cells 37.78 ± 1.31 32.85 ± 2.64. 18.18 ± 0.34 •• 17.41 ± 0.45 •• 

(n = 12) 

8.79 + 0.11 8.18 + 0.26 .. 
IP3-AM- 42.51 ± 2.65 39.75 ± 1.31. 

(peak 1) (peak 1) 
treated cells (peaks (peaks 

24.29 + 1.os·· 22.75 + 0.76 •• 

(n = 16) combined) combined) 
(peak 2) (peak 2) 

•- p = <0.05 for Student's T -test comparison of duration of cytosolic transients between vehicle

treated and IP3-AM-treated cells 

**- p = <0.01 for Student's T-test comparison ofTmaxl/2 ofCa2+ transients between vehicle

treated and IP3-AM-treated cells (1st peak and 2"d peak). 

There is no statistically significant difference between the Tmax 1/2 of Ca2+ transients between 

nuclear and cytosolic compartments. 
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No statistical significance was found for duration or Tmaxl/2 using a Student's T-test when 

comparing nuclear versus cytosolic Ca2
+ transients for each treatment condition and for 

comparing the duration of nuclear transients between vehicle-treated and IP3-AM-treated cells. 
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FIGURES 

Fig. 1. Western blot of HT22 cell lysate to detect IP3R isotypes. Detection of IP3Rl receptor 

(top panel) in HT22 cell lysate (C), mouse cerebellar lysate (B) and 250 kD molecular weight 

marker (A). IP3R2 receptor (middle panel) visible in HT22 cell lysate (C) and AR42J cell lysate 

(B) with 200 kD molecular weight marker (A). IP3R3 receptor (bottom panel) visible in HT22 

cell lysate (C) and RIN-5f cell lysate (B) with biotinylated broad range molecular weight marker 

(A). Note that the molecular weight marker band indicated for IP3Rl (top panel) are from 

prestained broad range standards and they are different from molecular weight marker bands for 

IP3R2 (middle panel) and IP3R3 (bottom panel) which are from biotinylated broad range 

standards. 
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Fig. 2. Immunofluorescent localization of IP3Rs in cultured HT22 cells. Cultured HT22 cells 

were processed for immunocytochemistry using primary antibodies against specific types of 

IP3Rs. IP3Rl (A) , IP3R2 (B), and IP3R3 (C) were detected in HT22 cells. Red arrows denote 

the nuclear region while white arrows denote the nuclear region in a representative cell. The 

images shown were acquired with an Olympus UApo/340 20X objective (numerical apperature 

of0.75) and the scale bar in A, Band Cis 25J..Lm. 
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Fig. 3. Semi-quantitative comparison between nuclear and cytosolic immunoreactivities for 

IP3Rs in HT22 cells. Cells were fixed and immunocytochemistry was conducted to label IP3R 

types. Cytosolic and nuclear regions of interest were defined and fluorescence intensity was 

measured and quantitated using Simple PCI software. Nuclear I cytosolic IP3R immunoreactivity 

was calculated and compared among each IP3R type using a two sample t-test. Statistical 

significance at p = <0.01 is indicated by double asterisks(**). For IP3Rl and IP3R2, N = 34. For 

IPJR3, N = 31. 
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Fig. 4. Optical imaging of Ca2
+ in IP3-AM-stimulated HT22 cells. Cultured HT22 cells were 

ester-loaded with fluo-3 dye and treated with either DMSO vehicle (left panel) or cell-permeable 

IP3 (right panel). Intracellular Ca2
+ release was measured as the change in fluorescence at 

different time points (20s, 45s or 80s) after vehicle or IP3-AM application. All images were 

obtained at 20X magnification. 
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Fig. 5. (A), the nuclear and cytosolic Ca2
+ responses in HT22 cells are indicated for a 

representative cell. Fluorescence over the average initial baseline fluorescence (FIFo) is 

represented on the y-axis. Changes in nuclear and cytosolic Ca2
+ concentrations over time were 

recorded in IP3-AM-treated (top panel) and vehicle-treated (middle panel) cells as well as IP3-

' , AM-treated cells in the presence of the IP3R blocker Xestospongin D (bottom panel). IP3-AM

treated cells demonstrate a robust Ca2
+ transient (top panel) while vehicle treatment elicits no 

statistically significant Ca2
+ response in either subcellular compartment (middle panel). 

Xestospongin D pretreatment (bottom panel), prevents the IP3-AM-mediated Ca2+ response. 

(B), The maximal amplitude of changes in fluorescence in response to IP3-AM-treated HT22 

cells were measured. Maximal fluorescence over the initial baseline fluorescence (F/Fo) is 

represented on the y-axis. HT22 cells were ester-loaded with fluo-3, treated with either vehicle 

(DMSO) or IP3-AM. IP3-AM was applied to cells that were pretrated with Xestospongin D to 

establish whether Ca2
+ transients were mediated by IP3 receptors. Fluorescence changes were 

measured using time trace intensity monitoring using Simple PCI software. Statistical 

significance among subcellular compartments was calculated for each treatment using a paired 

sample Student's t-test while comparison between different treatments was done using a two

sample Student's t-test. Statistical significance at p = < 0.01 is labeled with **. For DMSO 

vehicle and IP3-AM +XeD, N= 12. For IP3-AM, N = 16. (C), the slope ofthe Ca2
+ transients 

from IP3-AM-treated HT22 cells were calculated. The slope of the IP3-AM-mediated, vehicle

mediated and IP3-AM with XeD-mediated transients are shown for nuclear and cytosolic 

compartments. Statistical significance at p = <0.01 is labeled with**. For vehicle, IP3-AM, and 

· IP3-AM+XeD, N = 10,16 and 12, respectively. 
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CHAPTER 4.2 - EXPRESSION OF INTRACELLULAR CALCIUM CHANNELS IN 

MODELS OF NEURODEGENERA TION 

ABSTRACT 

Calcium (Ca2+) is a universal signaling constituent involved in almost every cellular process 

( 1 ). Intracellular Ca2
+ channels such as inositol 1, 4, 5-trisphosphate (IP3) receptors (IP3Rs) and 

ryanodine receptors (RyRs), are critical constituents ofCa2
+ signaling machinery in all cells (2-

7). We previously described the differential intracellular distribution and signaling properties of 

IP3R subtypes in the HT22 neuronal cell line (8). Here, I characterized the presence and 

distribution of IP3Rs and RyRs in mouse primary cortical neurons and RyRs in HT22 cells. I 

hypothesized that HT22 cells express RyR2 and RyR3 and cultured cortical neurons express 

IP3Rl, IP3R2, IP3R3, RyR2 and RyR3. Like HT22 cells, primary cortical neurons express all 

three IP3R subtypes. Unlike HT22 cells, however, IP3R2 in cortical neurons does not exhibit a 

predominant nuclear localization and IP3R3 exhibits significant nuclear localization. In addition, 

HT22 cells and primary cortical neurons exhibit RyR2 and RyR3 immunoreactivity. Both of 

these cell types represent commonly-utilized cell model systems of neurodegeneration (9 - 1 0). I 

hypothesized that IP3R and RyR immunoreactivity is increased in response to oxidative stress. 

Here, I reveal that the relative immunoreactivities of IP3Rs and RyRs are increased in HT22 

cells exposed to oxidative stress. Better understanding of the distribution of IP3R and RyR 

subtypes and the alteration of this expression in response to oxidative stress in these model 

systems will allow future mechanistic analysis for the contribution the role of intracellular Ca2
+ 
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channel expression and function in the progression of neurodegenerative diseases such as 

Alzheimer's disease. 

INTRODUCTION 

Calcium (Ca2+) regulates a variety of biological processes within cells including 

neurotransmission, gene transcription and cell survival (11 - 15). Regulation of the intracellular 

Ca2
+ concentration is necessary to maintain normal function and cell viability (16). Inositol 1, 4, 

5-trisphosphate receptors (IP3Rs) and Ryanodine receptors (RyRs) are the major types of 

channels releasing Ca2
+ from intracellular stores (2- 7, 17). 

There are three types of 1P3Rs (types 1 - 3) each with discrete biophysical properties (3 -

7 , 18 - 21 ). They are expressed in the endoplasmic reticulum and the nuclear envelope and are 

activated to release Ca2
+ from intracellular stores upon binding inostol-1,4,5-trisphosphate (IP3) 

(6, 17, 22- 27). Furthermore, IP3R activity is regulated by Ca2
+ and ATP (6, 24, 28- 31 ). 

RyRs are activated by the same ion they conduct, Ca2
+, and are, thus, called Ca2

+ -induced 

Ca2+ release (CICR) channels (2, 32). In addition, other putative ligands for RyR have been 

described including cyclic adenosine diphosphate-ribose ( cADPR) and nicotinic acid adenine 

dinucleotide phosphate (NAADP) (33, 34). Release of Ca2
+ by RyRs is also regulated in large 

part by the luminal and cytoplasmic Ca2
+ concentration, A TP and multiple proteins that 

physically interact with them (35 - 39). Multiple kinases can phosphorylate RyRs and alter their 

activity (39). 

Three types of RyR subtypes exist (RyRl, RyR2 and RyR3), each with distinct biophysical 

and physiological properties (2, 39). 
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Numerous studies indicate the importance of intracellular Ca2
+ channels in neurodegenerative 

diseases. For example, cortical IP3R and RyR expression and function is altered in the brains of 

AD patients. IP3 generation and IP3 binding is reduced in brains from Alzheimer's patients (40-

42). There is also a reduction in hippocampal RyR binding with increasing deposition of ~

amyloid and AD symptoms (43). 

Numerous in vitro studies demonstrate the effects of mutant presenilin proteins (PS-1 and PS-

2) on RyR channel activity. For example, exposure of cultured mouse neurons with A~ peptide 

results in an increase in RyR3 expression (44). In addition, exposure of cultured neurons to A~ 

results in increased Ca2
+ release from RyRs resulting in subsequent neuronal death ( 45). Mutant 

PS-I-expressing PC12 cells and mutant PS-1 knock-in mice exhibit increased RyR expression 

and elevated caffeine-induced Ca2
+ release ( 46). Furthermore, neurons from mutant PS-1-

knockin mice or PS-1/PS-2/ APP triple AD transgenic mice stimulated with caffeine resulted in 

elevated RyR expression and increased Ca2
+ release (47). 

HT22 cells are a hippocampal cell line used often as a cell model system for neuroprotection 

studies (9, 10). In a previous study, we characterized the subcellular distribution and Ca2
+ 

signaling properties of IPJR subtypes in HT22 cells (8). We concluded that IP3R2, the subtype 

exhibiting the highest affinity for the ligand IPJ, was expressed predominantly in the nucleus. 

Furthermore, we showed that IP3-AM treatment of HT22 cells resulted in nuclear Ca2
+ release 

with faster kinetics that that of cytosolic IP3R subtypes. 

The importance on intracellular Ca2
+ channels, such as IP3Rs and RyRs, in neurodegenerative 

diseases has prompted us to characterize the expression and localization of RyRs in HT22 cells 

and IP3Rs and RyRs in culture primary cortical neurons. Here, I hypothesize that cultured mouse 

primary cortical neurons express all three IP3R subtypes and the neuron-specific RyR subtypes, 
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RyR2 and RyR3. In addition, I hypothesize that HT22 cells express RyR2 and RyR3. I detected 

all three IP3R subtypes as well as RyR2 and RyR3 in cultured cortical neurons using 

immunochemical methods. In addition, I detected the expression of RyR2 and RyR3 in HT22 

cells. The subcellular localization of IP3Rs in cortical neurons exhibited some discrete 

expression patterns. 

Furthermore, I determined if exposure of cells to a sublethal peroxidative stress alters IP3R . 

and RyR immunoreactivities. These data suggest that cultured primary cortical neurons and 

HT22 cells, both relevant for the study of neurodegenerative diseases, likely utilize differentially 

distributed IP3R and RyR subtypes to control distinct Ca2+ dependent signaling pathways. 

Furthermore, I reveal that sublethal oxidative stress alters IP3R and RyR immunoreactivity. 

These data possibly represents novel targets for the modulation of neuronal function. 

MATERIALS AND METHODS 

Cell Culture 

HT22 cells were cultured as described elsewhere (Duncan et al., 2007). Mouse primary 

cortical neurons were obtained from postnatal day 2 (P2) C57BIL6 mice. After removal of the 

scalp and skull cap, an approximately 1 mm3 piece of frontal cortex was removed from each 

hemisphere and digested in 0.25% trypsin at 37°C for 20 min. The tissue was then briefly 

triturated with a fire-polished glass pipet or a disposable plastic pipet tip and centrifuged at 1,000 

x g for 5 minutes. After removal of the trypsin (supernatant), the resulting pellet was 

resuspended in complete media and triturated followed by centrifugation at 500 x g for 5 

minutes. The pellet was triturated and centrifuged once more. The pellet was resuspended in 
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complete medium and passed through a 40Jlm cell strainer and the resulting cell suspension was 

plated onto a substrate appropriate for the given technique. Primary cortical neurons were 

maintained in Neurobasal A media with 2% donor horse serum (DHS), 2% 827 supplement and 

penicillin-streptomycin-fungizone antibiotic for 10- 14 days depending on suitable development 

of neurites. 

Immunocytochemistry and Immunofluorescence 

HT22 cells were grown on poly-L-lysine-coated coverslips at 2,000 - 4,000 cells/coverslip 

(density of -50 - 70%). Mouse primary cortical neurons were plated on oly-0-lysine/laminin

coated 12mm coverslips at a density of 1 - 2 x105 cells/coverslip. Immunocytochemistry was 

conducted as described previously (Duncan et al., 2007) using rabbit anti- IP3R l (Calbiochem), 

IP3R2 (Calbiochem), RyR2 (Chemicon AB9080) and RyR3 (Chemicon AB9082. Monoclonal 

antibodies were used to immunolabel IP3R3 (BD Biosciences), RyRl (University of Iowa) and 

RyR2 (Affinity Bioreagents). Slides were viewed on Olympus IX-70 fluorescence microscope. 

Immunob/otting 

Immunoblotting was conducted on HT22 cell lysates and mouse cortical tissue as described 

elsewhere (Duncan et al. 2007) 

Statistics 

An F ~test was conducted in Excel between each treatment group and the untreated control 

group to determine which type of T -test should be used for group comparisons. The mean 

fluorescence intensity from each treatment group was separately compared to the mean 
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fluorescence intensity of the untreated control group using a two-sample T -test with either equal 

or unequal variances. 

RESULTS 

Immunofluorescent Detection of/P3R Subtypes in Cultured Mouse Primary Cortical Neurons 

lmmunofluorecent detection of IP3R subtypes in HT22 cells · has been previously 

characterized using standard fluorescence microscopy (8). IP3R1 immunoreactivity in cultured 

mouse primary cortical neurons exhibits a predominant ER/cytosolic localization with relatively 

little nuclear localization (Fig. 1 ). Using an additional IP3R 1-specific antibody reveals similar 

IP3R1 immunoreactivity (data not shown). These results suggest that IP3Rl may be primarily 

involved in generating Ca2
+ signals within the ER/cytosolic region of the cells facilitating Ca2

+

sensitive process there. 

IP3R2 immunoreactivity in cultured primary cortical neurons exhibits a predominant 

ER/cytosolic localization with moderate nuclear localization similar to that observed for IP3R1 

(Fig. 2). Using an additional IP3R2-specific antibody reveals similar immunolabeling pattern. 

IP3R2 immunolabeling in HT22 cells exhibits a predominant nuclear localization suggesting a 

possible involvement of this subtype in nuclear processes such as gene expression (8). 

Immunolabeling of IP3R3 with a polyclonal antibody reveals intense labeling m the 

ER/cytosolic compartment and moderate labeling in the nuclear region (Fig. 3). These results 

suggest that in cultured primary cortical neurons, but not in HT22 cells, IP3RJ may be involved 

in nuclear Ca2+ ~ignaling and possible regulation of gene expression. In addition, 

immunolabeling of IP3R3 in cultured mouse primary cortical neurons with a widely-used 
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monoclonal antibody results in very weak labeling with both ER/cytosolic and nuclear 

localization. Since IP3R3 immunoreactivity in HT22 cells is exclusively in the ER/cytosolic 

region, we would predict that it is not involved in HT22 nuclear Ca2+ signaling and gene 

expression. 

Immunofluorescent Detection of RyR Subtypes in HT22 Cells and Cultured Mouse Primary 

Cortical Neurons 

In HT22 cells, RyR2 immunoreactivity is predominant in the ER/cytocolic compartment with 

weaker labeling in the nuclear region (Fig. 4). The nuclear localization of RyR2 suggests a 

possible role in nuclear Ca2
+ signaling regulating gene expression. Immunolabeling of mouse 

cortical neurons for RyR2 with a widely-used monoclonal antibody reveals weak labeling in both 

the ER!cytosolic and nuclear compartments (Fig. 5). Immunolabeling of mouse cortical neurons 

with a polyclonal antibody for RyR2 reveals strong labeling in the ER/cytosolic compartment 

with some (but not all) cells exhibiting strong labeling in the nucleus as well. 

RyR3 immunoreactivity in HT22 cells is found in the ER and more intensely in the nuclear 

envelope (Fig. 6). RyR immunoreactivity is predominant in the nuclear envelope similar to that 

of IP3R2, suggesting a possible involvement in gene expression. Cultured cortical neurons 

exhibit RyR3 immunoreactivity in both the ER/cytsolic and nuclear compartments (Fig. 7). 

These results suggest that RyR3, like RyR2, may be involved in nuclear Ca2
+ signaling 

regulating gene expression. 
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Characterization oftBHP Lethality in HT22 Cells 

Exposure of HT22 cells to tBHP concentrations up to 1 OJ.1M have no significant effect on 

calcein-AM fluorescence and are thus considered to be sublethal (Fig. 8). As determined by the 

calcein-AM assay, the approximate LC50 of tBHP in HT22 cells lies within the range of 15 -

25J!M (Fig. 8). Since the tBHP kill curve is very steep, the degree of tBHP toxicity varies 

slightly from experiment to experiment depending on the cell passage number and culture 

conditions such as cell density. Exposure of HT22 cells to tBHP concentrations up to l5J.1M 

exhibit no reduction in MIT absorbance (data not shown). Interestingly, concentrations of 6-

I OJ!M tBHP result in a significant increase in MTT absorbance but I5J.1M tBHP results in a 

decline in MIT absorbance back to baseline levels (data not shown). These data suggest 

different levels of mitochondrial activity at sublethal tBHP compared to mildly-lethal tBHP 

concentrations. Overall, we interpret these results to mean that tBHP concentrations up to I OJ.1M 

do not significantly affect HT22 cell viability, but l5J.1M tBHP causes some reduction in 

viability. These studies have identified a tBHP concentration range that elicits oxidative stress 

but does not kill cells thereby rendering them available for study. Use of higher tBHP 

concentrations for shorter periods of time prevents the measurement of molecular and 

physiological changes that would occur in response to adaptive gene expression and protein 

synthesis before the onset of cell death. We feel that lower levels of oxidative insult for a longer 

period of time (i.e., overnight) more closely resembles the oxidative conditions occurring in 

neurodegenerative diseases. 
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Effect of Oxidative Stress on IP 3R Expression in Models of Neurodegeneration 

Overnight (16 - 20 hour) exposure of HT22 cells to sublethal concentrations of tBHP results 

in subtle but significant increases in IP3Rl immunoreactivity in the ER/cytosolic region as 

determined by microfluorimetric analysis of immunolabeled cells (Fig. 9). Immunolabeling of 

HT22 cells with two different IP3R 1 antibodies reveals that overnight (16 - 20 hour) tBHP 

exposure leads to a significant increase (up to 40%) in IP3R1 immunoreactivity compared to 

untreated controls (Fig. 9). This effect of tBHP, however, appears to be biphasic with tBHP 

concentration approaching lethality resulting in a return in IP3R1 immunoreactivity to baseline 

levels. 

Western blot analysis of lysates from HT22 cells exposed to sublethal tBHP concentrations 

results in a significant increase in IP3R1 immunreactivity (Fig. 10). This Western blot data 

corroborates the immunocytochemistry (immunofluorescence) data. 

In HT22 cells, exposure to low sublethal tBHP concentrations (2 - 4J..LM) results in a slight 

but significant decrease in IP3R2 immunoreactivity (Fig. 11 ). Tert-BHP, however, leads to a 

dose-dependent increase in IP3R2 immunoreactivity from low to higher sublethal tBHP 

concentrations. Unlike that observed for IP3R 1, 1 OJ..LM tBHP does not cause a decline in IP3R2 

immunreactivity back to baseline levels. Overall, exposure of HT22 cells to sublethal tBHP 

alters the nuclear relative to cytosolic IP3R2 immunoreactivity (Fig. 11 ). Exposure of HT22 cells 

to sublethal tBHP concentrations just below measureable toxicity ( 1 OJ..lM) leads to a noticeable 

and significant increase in nuclear IP3R2 immunoreactivity. 

In another experiment, exposure of HT22 cells to sublethal tBHP results in a dose-dependent 

increase in both nuclear and cytosolic IP3R2 immunoreactivity. This effect is more exaggerated 

for nuclear IP3R2. Unlike that observed for IP3R 1, I OJ..LM tBHP does not cause a decline in IP3R2 
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immunreactivity back to baseline levels. Sublethal tBHP dose-dependently alters nuclear relative 

to cytosolic IP3R2 immunoreactivity. Western blot analysis of lysates from HT22 cells exposed 

to sublethal tBHP concentrations results in a significant increase in IP3R2 immunreactivity (Fig. 

12). Western blot data corroborates the immunocytochemistry (immunofluorescence) data. This 

suggests that IP3R2 may be regulated differently than IP3Rl in response to oxidative stress. 

Overnight (16 - 20 hour) exposure of HT22 cells to sublethal concentrations of tBHP 

results in significant increases in IP3R3 immunoreactivity at low tBHP concentrations and 

significant decrease in IP3RJ immunoreactivity at higher tBHP concentrations as determined by 

microtluorimetric analysis of immunolabeled cells (Fig. 13). The biphasic pattern of IP3R3 

immunoreactivity is similar to that observed for IP3Rl, but different than IP3R2 

immunoreactivity at higher tBHP concentrations. Overall, these results suggest that IP3Rl and 

IP3RJ may be regulated in a similar manner in response to oxidative stress and in a manner 

different that that of IP3R2. 

Effect of Oxidative Stress on RyR Expression in Models of Neurodegeneration 

Exposure of HT22 cells to sublethal tBHP results in a trend toward an increase in RyR2 

immunoreactivity as tBHP concentrations approach lethality (15J.LM) when a widely-utilized 

monoclonal antibody is used (data not shown). Use of a polyclonal antibody, however, reveals a 

possible trend toward a decrease at 2).1M and I OJJ.M tBHP but does not change at the intermediate 

(6J.LM and 1 OJJ.M) tBHP concentrations (data not shown). These results are contradictory and 

unclear. 
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Exposure of HT22 cells to tBHP concentrations approaching lethality (1 0 - l5f..1.M) result in a 

significant increase in RyR3 immunoreactivity (Fig. 14, arrows). These results indicate that 

oxidative stress may alter the expression of RyRs. 

DISCUSSION 

Here, I report that two commonly-used cell moel systems of neurodegeneration, HT22 cells 

and cultured mouse primary cortical neurons, express IP3Rs and RyRs, both of which are critical 

Ca2
+ channels regulating the release of Ca2

+ from intracellular stores. Specifically, I detected 

IP3Rl, IP3R2, IPJR3, RyR2 and RyR3 in these cell models systems using immunochemical 

methods. In addition, the subcellular distribution was determined using immunofluorescence. 

Furthermore, I measured significant changes in IP3R and RyR immunoreactivity in response to 

oxidative stress lending support to the idea that intracellular Ca2
+ channels, such as IP3Rs and 

RyRs, play an important role in neurodegenerative diseases. 

These data provide relevant information about the IP3R and R YR subtypes expressed in HT22 

cells and cultured cortical neurons. The differential distribution of IP3Rs and RyRs (i.e. 

ER/cytosolic versus nuclear) provides clues to the potential discrete function of intracellular Ca2
+ 

channels as it relates to specific cellular functions. For example, IP3R2 in HT22 cells and IP3R2 

and IP3R3 in cultured cortical neurons are predominantly localized to the nucleus suggesting that 

they may play a role in the regulation of gene transcription. The apparent discrepancy between 

strong nuclear IP3R2 immunoreactivity in HT22 cells and weaker nuclear IP3R2 

immunoreactivity in primary cortical neurons could be attributed to the proliferative properties of 

the HT22 cell line versus the terminally differentiated state of cultured neurons. Others have 

identified a role that IP3Rs and RyR play in gene regulation, but little information on which 
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subtypes are involved in this process have been determined (12, 13, 15). Colabeling of cultured 

mouse primary cortical neurons with IP3R 1- and IP3R3-specific antibodies reveals that there is 

no complete colocalization and only partial colocalization at best. All observed cells exhibiting a 

neuronal phenotype and expressing IP3R3 also express IP3Rl. Interestingly, some neuronal cells 

exhibiting high levels of IP3Rl immunoreactivity do not have appreciable IP3R3 

immunoreactivity. These results suggest that cultured cortical neurons may express IP3Rl more 

exclusively compared to IP3R3. 

The alterations observed in IP3R and RyR immunoreactivity in response to oxidative stress 

suggests possible alteration in their function in neurodegenerative diseases exhibiting oxidative 

stress. IP3Rs and RyR have been shown to play a role in neurotransmitter release (11). Any 

changes in their expression may have implication in neurotransmission. The changes in IP3R and 

RyR expression described in this work underscore the possible contribution they may have in 

neurodegeneration. 

It is interesting to note that the biphasic nature of the change in IP3Rl and IP3R3 

immunoreactivities in response to oxidative stress. A possible interpretation for the initial 

increase in immunoreactivity at low concentrations of tBHP could be that oxidative stress alters 

the structure or conformation of the receptor thereby increasing the affinity of the antibody for 

the epitope. This interpretation, however, can be ruled out due to the fact that denatured protein 

used in Western blots also exhibits the same initial increase. Alternatively, higher tBHP 

concentration likely result in some change in cellular morphology such as the adaptation of a 

spherical shape which results in greater cell depth and consolidation and clustering of epitope 

leading to subsequent increases in fluorescence. 
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Our interpretation is that oxidative stress activates an adaptive response leading to IP3R gene 

transcription. These adaptive changes could conceivably be facilitated by the activation (or 

deactivation) of a kinase, phosphatase or transcription factor. Others have identified numerous 

kinases and transcription factors that can be activated under conditions of oxidative stress ( 48, 

49). 

The decrease in immunoreactivity near lethal tBHP concentrations could be due to possible 

degradation of proteins which can occur during apoptosis and necrosis · (50). In addition, the 

decrease in immunoreactivity near lethal tBHP concentrations could be due to the initiation of an 

additional signaling pathway counteracting or antagonizing the pathway responsible for 

increasing gene expression at low levels of oxidative stress. 

To our knowledge, we are the first to measure changes in IP3R and RyR immunoreactivity 

elicited by oxidative stress in cultured neurons. Others have measured changes in IP3 signaling 

and binding as well as IP3R and RyR expression in brains of animals or humans (40- 44). My 

data supports the data from others revealing that exposure of neurons to toxic stimuli result in an 

elevation of RyR3 expression ( 44, 46). 

Immunocytochemical characterization of IP3R and RyR expression in response to a stimulus 

such as oxidative stress does not establish a functional consequence such as Ca2
+ release. As a 

result, optical imaging of intracellular Ca2
+ with and without oxidant treatment should be 

conducted to determine if observed changes in IP3R or RyR immunoreactivity have functional 

consequences. 
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FIGURES 

Fig. 1 -Cultured Mouse Primary Cortical Neurons Express IP3Rl. IP3Rl immunoreactivity 

in cultured mouse primary cortical neurons exhibits a predominant ER/cytosolic localization 

(arrow) with relatively little nuclear localization (scalebar is 25J.tm). 
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Fig. 2 - Cultured Mouse Primary Cortical Neurons Express IP3R2. IP3R2 immunoreactivity 

in cultured primary cortical neurons exhibits a predominant ER/cytosolic localization (white 

arrow) with moderate nuclear localization (red arrow) similar to that observed for IP3Rl 

(scalebar is 25J.lm). 
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Fig. 3 - Cultured Mouse Primary Cortical Neurons Express IP3R3. Immunolabeling of IP3R3 

with a polyclonal antibody reveals strong labeling in the nuclear region (red arrow) similar to 

that observed in the ER/cytosolic compartment (white arrow) (scalebar is 25~1.m). 
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Fig. 4 - HT22 Cells Express RyR2. Using polyclonal RyR2-specific antibody, RyR2 

immunoreactivity is apparent in HT22 cells with labeling predominantly in the ER!cytosolic 

compartment and little in the nuclear region (scalebar is 25f.J.m). Western blot analysis HT22 

lysate (triplicate samples) reveals a band at greater than 500 kDa consistent with the molecular 

weight of RyR2 (arrow). 
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Fig. 5 - Cultured Mouse Primary Cortical Neurons Express RyR2. Immunolabeling of 

mouse cortical neurons with a polyclonal antibody for RyR2 reveals strong labeling in the 

ER/cytosolic compartment with some cells exhibiting strong labeling in the nucleus as well (red 

arrow) (scalebar is 25J.t.m). 
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Fig. 6 - HT22 Cells Express RyR3. RyR3 immunoreactivity in HT22 cells is strong and it 

exhibits ER!cytosolic as well as some nuclear localization (scalebar is 25f.t.m). Western blot 

analysis HT22 lysate (triplicate samples) reveals a band at greater than 500 kDa consistent with 

the molecular weight ofRyR3 (arrow). 
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Fig. 7- Cultured Mouse Primary Cortical Neurons Express RyR3. Cultured cortical neurons 

exhibit RyR3 immunoreactivity in both the ER/cytsolic and nuclear compartments (scalebar is 

25Jlm). 
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Fig. 8 -Characterization of HT22 Viability in Response to Various tBHP Concentrations. 

Exposure of HT22 cells to tBHP concentrations up to 1 OJ.!M has no significant effect on HT22 

cell viability(% calcein-AM fluorescence compared to untreated cells) and is thus considered to 

be sublethal. These results suggest that the approximate LC50 oftBHP in HT22 cells is within the 

range of 15- 25J.1M. For this study, n equals six (6) wells per condition. Comparisons between 

treatment groups and the control group were done using a two-sample T -test. A P-value of .:S 0.01 

and .:S 0.001 is indicated by** and***, respectively. 
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Fig. 9 - Exposure of HT22 Cells to Sublethal tBHP Concentrations Alters IP3Rl 

Immunoreactivity. Overnight (16- 20 hour) exposure ofHT22 cells to sublethal concentrations 

of tBHP results in subtle but significant increases in IP3Rl immunoreactivity as determined by 

microfluorimetric analysis of immunolabeled cells. The top graph and bottom graph were 

generated from data obtained from the use of two distinct anti-IP3Rl antibodies. At tBHP 

concentrations approaching lethality (lOlJ.M), immunoreactivity for IP3Rl in both graphs 

decreases back to baseline. For this study, n equals 45 cells and 120 cells pet treatment group for 

the top and bottom graph, respectively. Comparisons between treatment groups and the control 

group were done using a two-sample T -test. A P-value of :S 0.05 and :S 0.01 is indicated by * and 

* *, respectively. 
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Fig. 10. - Exposure of HT22 Cells to Sublethal tBHP Concentrations Alters IP3Rl 

Immunoreactivity. (A), Western blot semiquantitative analysis of lysates from HT22 cells 

exposed to sublethal tBHP concentrations (2 and lOJlM) results in a significant increase in IP3Rl 

immunoreactivity. (B), The bottom panel shows duplicate HT22 lysate samples previously 

unexposed or exposed overnight to lOJlM tBHP. This Western blot data corroborates the 

immunocytochemistry (immunofluorescence) data. For this study, n equals 2 experiments for the 

2JlM tBHP-treated while n equals 3 for the untreated and 1 OJlM tBHP-treated groups. 

Comparisons between treatment groups and the control group were done using a two-sample T

test. A P-value of~ 0.05 and ~ 0.01 is indicated by * and * *, respectively. · 
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Fig. 11 - Exposure of HT22 Cells to Sublethal tBHP Concentrations Alters IP3R2 

Immunoreactivity. (A), Cells exposed overnight to lOJ.tM tBHP exhibit an increase in IP3R2 

immunoreactivity, especially in the nuclear region (white arrows; scalebar is 25Jlm). (B), 

Exposure to low sublethal tBHP concentrations (2 - 4JlM) has no effect on IP3R2 

immunoreactivity. Higher tBHP concentrations (6J.1M - 1 OJlM), however, lead to a dose

dependent increase in IP3R2 immunoreactivity. Unlike that observed for IP3R1 , lOJlM tBHP 

does not cause a decline in IP3R2 immunoreactivity back to baseline levels. For this study, n 

equals 35 cells per treatment group. Comparisons between treatment groups and the control 

group were done using a two-sample T-test. A P-value of_::: 0.05 and_::: 0.001 is indicated by * 

and***, respectively. 
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Fig. 12 - Exposure of HT22 Cells to Sublethal tBHP Concentrations Alters IP3R2 

Immunoreactivity. Semiquantitative Western blot analysis of lysates from HT22 cells exposed 

to low sublethal tBHP concentrations {2f.1M and 1 OflM) leads to a non-significant trend toward 

an increase in IP3R2 immunoreactivity. For this study, n equals one (I) experiment for the 2flM 

tBHP-treated while n equals two (2) for the untreated and lOflM tBHP-treated groups. 

Comparisons between treatment groups and the control group were done using a two-sample T

test. 
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Fig. 13 - Exposure of HT22 Cells to Sublethal tBHP Concentrations Alters IP3R3 

Immunoreactivity. Overnight (16 - 20 hour) exposure of HT22 cells to sublethal 

concentrations of tBHP results in significant increases in IP3R3 immunoreactivity as determined 

by microfluorimetric analysis of immunolabeled cells. The biphasic pattern of IP3R3 

immunoreactivity is similar to that observed for IP3Rl. For this study, n equals 93, 85, 121, 104 

and 126 cells for the untreated, 2~M-, 4~M-, 6~M- and 10~M-treated groups, respectively. 

Comparisons between treatment groups and the control group were done using a two-sample T-

test. A P-value of:=: 0.05 and:=: 0.01 is indicated by * and * *, respectively. 
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Fig. 14 - Exposure of HT22 Cells to Sublethal tBHP Concentrations Alters RyR3 

Immunoreactivity. (A), Exposure of HT22 cells to tBHP concentrations approaching lethality 

(10- 15J.tM) result in a significant increase in RyR3 immunoreactivity within the ER!cytosolic 

region (arrows; scalebar is 25Jlm). (B), a graphical representation of the immunofluorescence 

data reveals that sublethal tBHP exposure leads to a significant increase in RyR3 

immunroeactivity in HT22 cells. For this study, n equals 46, 69, 63, 68 and 55 cells for the 

untreated, 2J.!M-, 6JlM-, IOJ.tM- and l5J.tM-treated groups, respectively. Comparisons between 

treatment groups and the control group were done using a two-sample T-test. A P-value of .:S 0.05 

and ,::: 0.00 I is indicated by * and * * *, respectively. 

275 



A 

B 
160 

~ 140 
·;:c-
:,:1 ° 120 ¥!! 
!l 100 c 0 
:;,u 

~~ 80 ·- .... 
.., 0 60 
~~ 
a:- 40 

20 

0 

*** *** 

[tBHP] 

276 



.. 

CHAPTER 5 - EFFECT OF NAE APPLICATION OF INTRACELLULAR Ca2+ CHANNEL 

ACTIVITY IN MODELS OF NEURODEGENERA TION 

ABSTRACT 

Calcium is an important messenger involved in a variety of critical cellular functions ( 1 ). The 

maintenance of calcium homeostasis is vital for normal cell function and survival (2, 3). 

Neurodegenerative diseases such as Alzheimer's disease exhibit multiple pathological hallmarks 

including loss of calcium homeostasis (3). As a result, the control of calcium release from 

intracellular stores has recently gained attention as a potential therapeutic approach in combating 

neurodegenerative diseases (2 - 4). It has been shown that lipid neuroprotectants, the N

acylethanolamines (NAEs), in addition to activating cannabinoid receptors, may also alter 

intracellular calcium concentrations potentially leading to neuroprotection (5 - 7). I hypothesize 

that the NAE, palmitoylethanolamine (PEA) reduces intracellular Ca2
+ release. My results reveal 

that PEA reduces intracellular Ca2
+ release in response to chemical depolarization with KCI in 

the neuronal cell line HT22. 

INTRODUCTION 

Calcium (Ca2+) is a universal signaling component within every cell in all organisms (1). 

Furthermore, intracellular Ca2+ (Ca2
\) is involved in every known physiological function within 

cells (I). As a result, the temporal and spatial regulation of Ca2
+i concentration is critical for 

cellular function and cell survival (I - 3). The major sources of Ca2
+i are from the extracellular 

space and intracellular organelles such as the endoplasmic reticulum {ER) and mitochondria {1). 
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The major Ca2
+ channels regulating release of Ca2+ from intracellular stores are the inositol 1, 

4, 5-trisphosphate (IP3) receptors (IP3Rs) and ryanodine (Ry) receptors (RyRs) (8- 11 ). IP3Rs are 

activated by the ligand IP3 and activation is further regulated by ATP, Ca2
+ and multiple proteins 

that interact with the receptors (8, 9, 12 -18). The RyRs, on the other hand, are activated by the 

very same ion they conduct, Ca2
+, and their activation is regulated by A TP, Ca2

+ and multiple 

interacting proteins (19- 24). 

The role that some Ca2
+ channels play in neurodegenerative diseases is well understood. For 

example, the N-methyi-D-aspatate (NMDA) receptor (NMDAR), is the major Ca2+ channel 

causing excitotoxicity (25, 26). NMDA receptor antagonists exhibit neuroprotective effects in in 

vitro models of neurodegenerative diseases involving excitotoxicity (27). 

The role that intracellular Ca2
+ channels, IP3Rs and RyRs, play in neurodengenerative diseases 

is less clear. The generation of IP3 and the expression of IP3Rs are altered in Alzheimer's 

disease. Phosphatidylinositol and IP3 generation is altered in brains of AD patients and also IP3 

binding sites are reduced in several brain regions from AD patients (28- 33). Furthermore, there 

is some evidence that IP3Rs can contribute to neuronal survival and neuronal death. Cortical 

neurons treated with AJ3 leads to IP3R-mediated Ca2
+ release resulting in oxidative stress and cell 

death (34). Intracellular calcium release is altered in cultured cells expressing mutant presenilin 

(PS) proteins. For example, IP3-mediated Ca2
+ transients are significantly increased in mutant 

PSI knock-in mice while cells from PS double knockout mice exhibit reduced luminal 

endoplasmic reticulum Ca2
+ concentration in addition to increased expression of IP3Rl (35, 36). 

In cell lines, PS 1 and PS2 FAD mutants · interact with IP3Rs and significantly increase their 

activity elicited IP3 (37). Studies in neurons also show increased IP3R-mediated Ca2
+ release 

elicited by FAD PS-1 and PS-2 mutatns (37). 
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RyR expression and function is also altered in Alzheimer's disease. For example, there is a 

40% decrease in cortical ryanodine binding and in tissue from Alzheimer's disease patients (38). 

There is a 20% decrease in RyR2 expression in these tissues. Furthermore, there are significant 

reductions in RyR binding in the hippocampus that correlate with AD symptoms and AP 

deposition (38). Exposure of cultured cortical neurons to AP peptide specifically increases 

expression of RyR3 (39). Treatment of cultured cortical neurons with AP treatment of cortical 

neurons results in RyR-mediated Ca2
+ release and cell death (34). Mutant APP or PS-I

expressing mice and cell lines expressing mutatnt PS-I exhibit elevated cellular RyR expression 

and caffeine-induced Ca2
+ release ( 40). Furthermore, caffeine treatment of cells expressing 

mutant PS-I results in increased vulnurability to AP exposure ( 40). Cultured neurons from 

mutant PS-I-expressing and triple transgenic (PS-1/PS-2/APP) mice resulted in elevated Ca2
+ 

release in response to caffeine treatment due to an increase in RyR expression ( 41 ). In addition, 

neurons from an AD transgenic mice exhibit elevated ryanodine-mediated Ca2
+ release 

specifically from the RyR3 subtype (39). 

N-acylethanolamine (NAEs) have gained prominence as neuroprotectants in a wide variety 

of disease models including AD (42, 43). The most widely-studied NAE, 

arachidonylethanolamine (AEA), exhibits cytoprotective properties (44 - 46), however, it 

accounts for only a fraction of the NAEs generated in response to tissue injury. This suggests 

that other NAEs may play a prominent role in cytoprotection as well. AEA is an endogeonous 

ligand for the G-protein-coupled cannabinoid receptors (CBI/CB2) (47, 48). 

Other predominant NAEs, including palmitoylethanolamine (PEA) do not bind cannabinoid 

receptors with appreciable affinity (49, 50). These non-cannabinoid NAEs have been implicated 
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in cytoprotection and as 'entourage' compounds (51). These entourage NAEs may enhance the 

activity of other ligands such as anandamide at specific protein targets (51). 

Some saturated and monounsaturated non-cannabinoid NAEs have been shown to activate 

ERKl/2 phosphorylation pathway through a CHI-independent mechanism (52). The NAE 

oleoylethanolamine (OEA) reduces the formation of iron-induced malondialdehyde (MDA) in rat 

heart mitochondria, suggesting that it tnay act as an antioxidant reducing lipid peroxidation (53). 

Furthermore, some NAEs, including PEA, decrease the mitochondrial inner membrane 

permeability and may protect cells from ischemic insult (54). Interestingly, the yeast 

Saccharomyces cerevisiae, which does not express cannabinoid or vanilloid receptors, 

synthesizes various NAE species in response to oxidative stress (55). This result further 

substantiates a non-cannabinoid receptor- and a non-vailloid receptor-mediated function for 

someNAEs. 

In rat cerebellar Purkinje neurons, AEA reduces presynaptic P-type Ca2
+ currents by a 

mechanism independent of CB I or VRl (56). In addition to other unsaturated lipids, AEA 

inhibits T -type Ca2
+ channel currents through a direct interaction depending upon both the 

hydroxyl group and acyl chain (57). Treatment of cultured endothelial cells with AEA elicits an 

increase in intracellular Ca2
+ through a CB 1-dependent mechanism (58). 

Lipids can alter the activity of intracellular Ca2
+ channels. For example, arachidonic acid 

inhibits IP3R activity and leukotriene 84 activates RyRs (59). There is growing evidence that 

some of the N-acylethanolamine {NAE) lipids such as arachidonylethanolamine (AEA) and 

palmitoylethanolamine (PEA) can elicit the release of intracellular Ca2
+. In canine kidney cells, 

AEA leads to intracellular Ca2
+ release and extracellular Ca2

+ influx (60). In human 

osteosarcoma cells, the AEA transport inhibitor inhibitor and VRl antagonist, AM404, causes 
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release of Ca2
+ from intracellular stores and Ca2

+ influx from the extracellular space (61). In 

cultured hippocampal neurons, the plant cannabinoid, cannabidiol (CBD), leads to Ca2+ release 

from intracellular stores and influx from the extracellular space (62). CB 1 and VR I antagonist 

treatment resulted in a reduction in these effects (62). 

In addition, AEA also leads to Ca2
+ release via a phospholipase C-linked CB2 receptor (63). In 

HEK293 cells overexpressing CB 1 receptors, treatment with the CB I agonsit, WIN55,212-2 led 

.. to an increase in intracellular Ca2
+ (64). This response was blocked by inhibiting phospholipase, 

depleting intracellular stores with thapsigargin and inhibitionof IP3Rs and RyRs (64). Recently, 

another G-protein-coupled receptor (GPCR), GPR55, had been shown to be activated by 

cannabinoids including AEA (65). GPR55 couples to Gaq and Ga12 and can lead to the release of 

Ca2
+ through IP3Rs (65). In addition, GPR55 results in Rho-A-mediated Ca2

+ transients and 

subsequent NF AT activation in response to lysophosphatidylinositol (LPI) treatment (66). 

Furthermore, the NAE oleoylethanolamide (OEA) is believed to be the endogenous ligand for 

GPRII9, a GPCR previously classified as an orphan receptor (67). 

AEA treatment of endothelial cells causes the release of Ca2
+ from caffeine-sensitive stores, 

suggesting the involvement of RyRs (68). This effect was slightly, but not fully, reduced by the 

application of a CBI antagonist (68). Treatment of cultured hippocampal neurons with CBI 

agonists reduces NMDA-mediated Ca2
+ released from RyRs by reducing PKA phosphorylation 

ofRyR channels (69). 

Both AEA and PEA exhibit neuroprotective properties in models of neurodegenerative 

diseases making the study of their cellular functions in neurons significant ( 44, 70). In previous 

studies, I determined that pretreatment of HT22 cells with PEA six (6) hours prior to tBHP 

exposure increased cell viability (see Chapter 3.2). In addition, PEA pretreatment of HT22 cells 

281 



and cultured cortical neurons for up to 6 hours led to an increase in ERKI/2 phosphorylation, 

Akt phosphorylation and nuclear translocation, and NFKB and NF A Tc4 nuclear translocation, all 

of which are consistent with activation of a neuroprotective response (Chapters 3.3 and 3.4). 

Activation of these signaling proteins, in addition to the time frame of these observed events, led 

me to hypothesize that PEA treatment may lead to an alteration in release of Ca2+ from 

intracellular stores. I determined that exposure of HT22 cells to PEA for six (6) hours or more 

led to a significant reduction in depolarization-induced Ca2
+ release in the nuclear region. 

Unexpectedly, overnight exposure of HT22 cells to PEA led to a significant increase, not a 

decrease, in IP3R2, RyR and RyR3 immunoreactivity. These result suggests that PEA may 

induce an activity-dependent change in IP3R and RyR expression. Together, these data suggest 

that, after several hours, PEA can reduce the activity of Ca2
+ -induced Ca2+ release channels in 

the nucleus despite increasing intracellular Ca2
+ channel immunoreactivities. 

MATERIALS AND METHODS 

Cell Culture 

HT22 cells were cultured as described elsewhere (71). Mouse primary cortical cultures were 

maintained in Neurobasal A medium (Invitrogen) containing 2mM Glutamax (Invitrogen), 2% 

horse serum, 2% B-27 supplement (Invitrogen) and penicillin-streptomycin-fungizone antibiotic 

(Mediatech). Mouse cortical tissue was obtained from postnatal day two (2) C57BIL6 mice. 

Mouse pups were anaesthetized on ice followed by decapitation. After removal of the scalp and 

skull cap, small pieces of cortical tissue approximately 1 - 1.5 mm3 in size were removed from 

the frontal cortex of both .hemispheres and placed in 0.25% trypsin. Tissue was incubated in 

trypsin at 37°C for 20 minutes. Two volumes of complete Neurobasal A medium was then added 
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to the tissue followed by gentle trituration using a fire-polished glass pipet. The tissue was then 

centrifuged at 500 x g for 5 minutes. The resulting pellet was resuspended in complete 

Neurobasal A medium, triturated again and centrifuged at 200 x g. The resulting cell pellet was 

resuspended, triturated and cells were passed through a 40J.lm cell strainer. The cell suspension 

was then quantitated with a hemocytometer. The cell concentration was adjusted to 

approximately 1 X I 06 cells/mi. The cortical cells were plated on either poly-L-Iysine- or poly-

D-lysine/laminin-coated coverslips. A one-half volume media exchange was conducted on the 

third or fourth day after plating. Cultures used for optical imaging of intracellular Ca2+ were used 

between 7 and 17 days in vitro after microscopic inspection revealed adequate neurite outgrowth. 

Immunocytochemistry and Immunofluorescence 

HT22 cells were plated on 12mm poly-L-lysine-coated coverslips and grown overnight (16-

20 hours). Cultured primary cortical neurons were maintained on 12mm coverslips in complete 

Neurobasal medium for 7 - 14 days until treatments and immunocytochemistry. Cells were 

exposed to NAE (I OOf.lM LEA or PEA) or EtOH vehicle for overnight. After overnight NAE 

exposure, cells were fixed with 4% paraformaldehyde and immunocytochemistry was conducted 

· as described elsewhere using antisera recognizing IP3Rl (Calbiochem), IP3R2 (Calbiochem), 

RyR2 (Chemicon) and RyR3 (Chemicon) (71). After mounting, slides were viewed within a 

week using an Olympus-IX70 fluorescence microscope. Fluorescence intensity was measured 

using Simple PCI v 6.0 by highlighting three (3) background regions of interest (ROis) followed 

by a nuclear then cytosolic ROI for each cell. Nuclear and cytosolic greylevel values were 

separated and graphed in Microsoft Excel. 
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N-Acylethanolamine treatments and optical imaging of intracellular Ca2+ 

HT22 cells were plated onto poly-L-lysine-coated 25mm glass coverslips and grown 

overnight in DMEM containing 5% bovine growth serum and penicillin/streptomycin. Cultured 

primary cortical neurons were maintained on poly-0-lysine/laminin-coated 12mm coverslips in 

complete 'Neurobasal medium for 7 - 14 days until treatments and subsequent optical imaging. 

N-acylethanolamines (NAEs) were dissolved in 100% EtOH and stock solutions were stored at 

4°C until use. HT22 cells were treated with NAEs within a concentration range of 1 - 1 OOJ..LM 

diluted in complete medium for varying amounts of time. After the desired treatment time, cells 

were incubated in fresh complete DMEM medium containing 4J..LM of the cell-permeant 

fluorescent dye Fluo-3-AM (Invitrogen) at 37°C for 30 minutes. The coverslips with dye-loaded 

cells were rinsed with HBSS buffer, placed in a perfusion chamber containing either HBSS 

without Ca2
+ and Mg2

+ (Invitrogen) or extracellular solution (137mM NaCl, 5mM KCI, 1 mM 

Na2HP04, IOmM HEPES, 22mM Glucose, and 5mM EGTA, pH 7.4) and placed on an inverted 

microscope (Olympus IX70, Japan) at ambient temperature. Alternatively, HBSS or ECS 

solution containing 2mM CaCh was used in experiments requiring extracellular Ca2
+. Optical 

imaging of intracellular Ca2+ was done using an Olympus-IX70 inverted objective fluorescence 

microscope with Simple PCI software (C-Imaging). Time lapse videomicroscopy was conducted 

as described elsewhere (71). In brief, fluorescence intensity was measured using Simple PCI 

software during and after the application of the stimulus (F) and was divided by the measured 

average baseline fluorescence intensity before application of the stimulus (Fo) in Microsoft 

Excel. Cells were stimulated with bath-applied I - 10J..LM cell-permeant IP3-AM (A.G. Scientific, 

Inc., San Diego, CA), lOmM caffeine or IOOmM KCI. After FIFo was calculated in Microscoft 

Excel, data was exported to GraphPad Prism software (version 5.0, LaJolla, CA) and row 
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averages (an average FIFo value at each time point) was calculated for the cell population in each 

recording. The average of the row averages was graphed for each treatment to visualize and 

compare the responses between treatment conditions. 

Statistics 

An F-test was conducted in Excel between each treatment group and the untreated control 

~ group to determine which type ofT-test should be used for group comparisons. The mean 

fluorescence intensity from each treatment group was separately compared to the mean 

fluorescence intensity ofthe untreated control group using a two-sample T-test with either equal 

or unequal variances. A P-value of less than or equal to 0.05 was considered significant. 

RESULTS 

Effect of NAE exposure on IP 3R and RyR immunoreactivity in HT22 cells 

Overnight exposure of HT22 cells to PEA had no consistent and no overall significant effect 

on IP3Rl immunoreactivity (Fig. 1). Furthermore, we can find no evidence that overnight PEA 

alters IP3R3 immunoreactivity in HT22 cells (data not shown). In HT22 cells, IP3R2 

immunoreactivity is predominant in the nuclear region and exists at lower levels in the 

ER/cytosolic region of the cell. Overnight exposure to PEA resulted in a significant increase in 

both nuclear and cytosolic IP3R2 immunoreactivity (Fig. 2). In some cases, overnight PEA 

exposure significantly increases the nuclear over cytosolic (nuc/cyt) IP3R2 immunoreactivity 

ratio (Fig. 2). No apparent change in cell area or measured change in nuclear area was observed 

after PEA treatment (data not shown). These results suggest that PEA may alter nuclear IP3R2 

Ca2+ responses relative to ER!cytosolic IP3R2 Ca2
+ responses in HT22 cells. Overnight exposure 
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of HT22 cells to LEA, however, had no effect on IP3R2 immunoreactivity. Overnight exposure 

of HT22 cells to 1 OOJ.1M PEA led to a significant increase in both RyR2 and RyR3 

immunoreactivity (Fig. 3 and Fig. 4, respectively). These data suggest a possible transcriptional 

or protein trafficking effect of PEA on intracellular Ca2
+ channel expression. 

Effect of short-term NAE exposure on intracellular ccJ+ channel activity 

Acute treatment of HT22 cells with PEA had no effect on fluo-3 fluorescence (Fig. 5), 

suggesting that PEA does not activate Ca2+ channels. A short-term pretreatment (1 -2 hours) ,of 

HT22 cells with PEA had no consistent significant effect on IP3-AM- caffeine- and KCl

stimulated Ca2+ responses. Specifically, stimulation of HT22 cells with bath-applied IP3-AM in 

the absence of extracellular Ca2+ leads to a low percentage of responding cells. As a result, 

analysis of peak amplitude, slope and Tmax112 were not practicable. Interestingly, in the presence 

of extracellular Ca2+ (Ca2+0 ), IP3wAM-mediated Ca2+ responses were much higher in amplitude 

and were much more variable with respect to the number of responding cells, the onset time of 

the response, the slope of the response, time to half maximal response (T maxl/2) when compared 

to responses in Ca2+wfree media. 

Exposure of HT22 cells to PEA 1-2 hour prior to stimulation with caffeine results in Ca2+ 

responses that vary greatly in response time after stimulation making comparison of average 

peak amplitudes over the entire recording unfeasible (Fig. 6). As a result, only the peak 

amplitude of the responsive portion of the recordings was analyzed and compared (Fig 6). This 

analysis revealed that there were no significant differences between vehicle- and PEA-treated 

cells (Fig. 6). 
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PEA pretreatment decreases depolarization-induced eel+ release in HT22 cells 

Treatment of HT22 cells with PEA for 6 hours prior to KCI stimulation resulted in a 

significant decrease in peak fluo-3-AM fluorescence in the nuclear region of HT22 cells (Fig. 7). 

This suggests that at this time point, PEA exerts an inhibitory effect on depolarization-induced 

nuclear calcium release. A prolonged (14 hour) PEA pretreatment had no significant effect on 

IP3-AM-mediated Ca2
+ responses in HT22 cells possibly due to high variability between 

recordings (Fig. 8), but prolonged PEA pretreatment reduced caffeine-mediated responses (Fig . 

9). Likewise, a prolonged PEA pretreatment led to a dramatic and significant reduction in 

depolarization-induced Ca2
+ release, especially in the nuclear region of HT22 cells (Fig. 8). LEA 

pretreatment resulted in less pronounced decreases in depolarization-induced Ca2
+ responses 

compared to that for PEA-pretreated cells. Since chemically-induced depolarization with KCl 

activates voltage-gated cation channels, thus leading to elevated cytoplasmic Ca2
+ 

concentrations, the prominent nuclear responses observed here are likely due to Ca2
+ -induced 

Ca2
+ release channels such as RyRs. Thus, we suggest that PEA reduces RyR activity. 

DISCUSSION 

Here I have determined that an overnight exposure of HT22 cells to PEA increases IP3R2, 

RyR and RyR3 immunoreactivity. In addition, I determined that PEA treatment of HT22 cells for 

6- 14 hours reduces depolarization-induced Ca2
+ release in the nuclear region ofHT22 cells. As · 

a result, I conclude that PEA may reduce Ca2
+ toxicity associated with neurodegenerative 

diseases. The upregulation of IP3R2, RyR2 and RyR3 expression in response to PEA may be due 

to a compensatory response to this inhibition. 

Short-term exposure (1 - 2 hour) of HT22 cells to PEA had questionable effects on IP3-AM

and caffeine-mediated Ca2+ responses. For example, IP3AM- and caffeine-mediated responses 
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were highly variable and heterologous amking a straightforward analysis of peak amplitude and 

slopes difficult. In an attempt to detect differences in amplitude, slope, Tmax112 and area under 

the curve (AUC) as a direct measure of total Ca2
+ release between the highly variable responses 

obtained in the presence of Ca2
+ 0, responses exhibiting similar morphological characteristics 

were compared. For example, responses from a treatment condition exhibiting a 'sawtooth'

shaped profile on line graphs were compared between treatment groups. Overall, analysis of Ca2+ 

transients categorized according to response type reveals no significant differences between 

PEA-treated cells and vehicle controls (data not shown). 

HT22 cells pretreated with PEA for 2 hours followed by stimulated with caffeine resulted in 

no definitive change in tluo-3 fluorescence. This result was determined by analyzing the peak 

amplitude of only the responsive portion of the recordings. Alternatively, responses with similar 

amplitudes were selected for the comparison of the slope or AUC of the responses. In addition, 

responses exhibiting similar AUC were selected for the comparison of the amplitude or slope of 

the responses. The comparison of vehicle- and PEA-pretreated cells exhibiting similar AUC 

values reveals that PEA-pretreated cells exhibit a non-significant trend toward an increase in 

peak amplitude of IP3-AM responses. Comparison of vehicle- and PEA-pretreated cells 

exhibiting similar peak amplitude values, however, reveals that PEA-pretreated cells exhibit a 

slight but significant decrease in the AUC. 

Similar analysis was conducted on caffeine-stimulated cells. The comparison of vehicle- and 

PEA-pretreated cells exhibiting similar small AUC values (AUC <50), but not large AUC (AUC 

> 50) values, reveals that PEA-pretreated cells exhibit a significant decrease in peak amplitude of 

caffeine responses. Furthermore, comparison of vehicle- and PEA-pretreated cells exhibiting 

similar peak amplitude values reveals that PEA-pretreated cells exhibit a slight but significant 
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increase in the AUC for small amplitude responses (FIFo of 0.5 to 1.5) and a significant decrease 

in the AUC for large amplitude responses (FIFo of> 2.50). 

The mechanism by which AEA and PEA elicit neuroprotection has focused almost entirely on 

their activation of CBt and CB2 receptors, respectively. The consensus is that AEA is an 

endogenous ligand for CBt receptors, although other endogenous high affinity ligands also exist. 

PEA, however, is not likely to be the endogenous agonist for CB2 since its affinity for the 

receptor is quite low compared to other endogenous ligands (49). Recently; an orphan G-protein 

coupled receptor (GPCRs), GRP55, has been shown to exhibit a high affinity for PEA compared 

to CB2 (72). Similarly, the orphan GPCR, GRP119, has been shown to bind oleoylethanolamine 

(OEA) and, to a lesser extent, PEA with high affinity (67). Since GPR119 activation results in an 

increase in cellular cAMP, many of its effects are likely mediated by protein kinase A (PKA). 

These recent data suggest that some orphan GPCRs may be the target for NAEs of unknown 

function. Since PEA treatment of HT22 cells did not itself elicit a Ca2
+ response, we have 

provided evidence against any Gq-coupled GPCR that can be activated by PEA in HT2cells. 

The increase in the number of responding cells, amplitude of responses and slope of responses 

in the presence of (Ca2
+ 0 ) compare to that of responses in Ca2

+ -free media may be due to the 

contribution of store-operated Ca2
+ channels (SOCs). Store filling is highly affected by the 

presence or absence of (Ca2
+0 ) (73). In the absence of (Ca2

+0 ), SOCs can maintain and possibly 

increase the Ca2
+ storing capacity of the ER. It is interesting to note that in the absence of Ca2

+ 0 , 

baseline fluo-3 AM fluorescence levels are greatly reduced compare to the baseline fluorescence 

levels in the presence of Ca2
+ 0 • This suggests that the reduced or weak responses observed in the 

absence of Ca2+ 0 may in part be due to a reduction in ER store filling or maintenance of normal 

ER store capacity. 
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Data from the present work suggest that, after several hours of expsore to cells, the non

cannabinoid NAE, PEA, can reduce nuclear depolarization-induced Ca2+ release. Since 

chemically-induced depolarization with KCl activates voltage-gated cation channels and thus 

leads to elevated cytoplasmic Ca2+ concentrations, the prominent nuclear responses are likely 

due to Ca2+-induced Ca2+ release channels such as RyRs. Thus, I suggest that PEA reduces RyR 

activity. 
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Fig. 1- Overnight treatment ofHT22 cells with PEA has no effect on IP3Rl immunoreactivity. 

For this study, n equals 55 and 60 cells for the EtOH vehicle and PEA treatment conditions, 

respectively. 
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Fig. 2 - Overnight treatment of HT22 cells with PEA increases IP3R2 immunoreactivity. Both 

nuclear and cytosolic IP3R2 immunoreactivity in increased in HT22 cells (top graph) and, in 

addition, the nuclear I cytoslic IP3R2 ratio is increased (bottom graph). For this study, n equals 

.132 and 149 cells for the EtOH vehicle and PEA treatment conditions, respectively. A P-value of 

~ 0.05 and~ 0.001 is indicated by* and***, respectively. 
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Fig. 3 - Overnight treatment of HT22 cells with PEA increases cytosolic RyR2 

immunoreactivity. For this study, n equals 79 and 96 cells for the EtOH vehicle and PEA 

treatment conditions, respectively. A P-value of.::: 0.001 is indicated by***. 
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Fig. 4 - Overnight treatment of HT22 cells with PEA increases cytosolic RyR3 

immunoreactivity. For this study, n equals 98 and 83 cells for the EtOH vehicle and PEA 

treatment conditions, respectively. A P-value of~ 0.01 is indicated by * *. 
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Fig. 5- Application of PEA to HT22 cells elicits no Ca2
+ response. For this study, n equals two 

microscope fields (two coverslips), one with 30 cells and the other with 34 cells being analyzed. 
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Fig. 6 - A short-tenn (1 - 2 hour) PEA pretreatment has no significant effect on caffeine-

mediated Ca2
+ responses in HT22 cells. The x-axis of the graph starts at the addition of caffeine 

(red arrow). For this study, n equals four microscope fields per treatment group, one with 153 

cells (EtOH vehicle treatment group) and the other with 163 cells (PEA treatment group) being 

analyzed. 
i 
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Fig. 7 - A 6 hour PEA pretreatment decreases depolarization-mediated (KCI-mediated) Ca2
+ 

release in HT22 cells. For this study, n equals three coverslips per treatment group. For EtOH 

vehicle-treated condition, a total of90 cells were analyzed. For EtOH vehicle-treated condition, a 

total of 74 cells were analyzed. A two-sample t-test was conducted to compare the PEA-treated 

groups to the EtOH vehicle-treated group. P-values ranging from_::: 0.05 to,::: 0.001 are indicated 

by*/*** . 
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Fig. 8 - A prolonged ( 14 hour) PEA pretreatment has no significant effect on IP3-AM-mediated 

Ca2
+ responses in HT22 cells. For this study, n equals one coverslip for the EtOH vehicle and 

LEA treatment group and two coverslips for the PEA treatment group. For EtOH vehicle- and 

LEA-treated conditions, a total of 32 and 28 cells were analyzed, respectively. For the PEA

treated condition, a total of 53 cells were analyzed. 
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Fig. 9 - A prolonged ( 14 hour) LEA and PEA pretreatment decreases caffeine-mediated Ca2
+ 

responses in HT22 cells. For this study, n equals one coverslip for each treatment group. A total 

of25, 25 and 16 cells were analyzed for vehicle, LEA and PEA, respectively . 
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Fig. 10 - A prolonged (14 hour) LEA and PEA pretreatment decreases depolarization-induced 

(KCl-induced) Ca2
+ responses in HT22 cells. For this study, n equals one coverslip for the LEA 

· treatment group and two coverslips for the EtOH vehicle and PEA treatment groups. For EtOH 

vehicle- and PEA-treated conditions, a total of 82 and 58 cells were analyzed, respectively. For 

the LEA-treated condition, a total of30 cells were analyzed . 
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CHAPTER 6 - OVERALL DISCUSSION 

Here, I report that two commonly-used cell model systems of neurodegeneration, HT22 cells 

and cultured mouse primary cortical neurons, express the NAE signaling proteins CB 1, CB2, 

VRI, FAAH, NAAA and NAPE-PLD (Fig.l). This data suggests that CB2 is expressed in HT22 

cells and primary cortical neurons and, therefore, should be considered a receptor in the CNS. In 

addition, I measured changes in NAAA immunoreactivity in response to oxidative stress further 

supporting the important role that the NAE signaling system plays in neurodegenerative diseases 

(Fig. 1). 

This data provides relevant information about both cannabinoid and non-cannabinoid proteins 

in two cell model systems of neurodegeneration. Characterization of the relevant proteins 

involved in NAE signaling will determine what pharmacological interventions, if any, must be 

included in experimental studies seeking to elucidate the function of non-cannabinoid NAEs and 

to rule out the so-called entourage effects of some NAEs. 

Since a wide variety of NAEs are produced in response to toxic stimuli and the well

characterized NAE AEA exhibits neuroprotective properties, the NAE species that do not 

activate cannabinoid and vanilloid receptors also likely play a role in the neuroprotective 

process, albeit through a different mechanism of action ( 1, 2). My data underscores the need to 

include cannabinoid and vanilloid receptor antagonists when determining any potential non

cannabinoid/non-vanilloid effects of NAEs or similar compounds in these cell culture model 

systems. Furthermore, a pharmacological approach will determine ifthe mechanism of action for 

NAEs, such as PEA or OEA, act through the proposed AEA-enhancing entourage effect. It is not 

clear that this observed entourage effect is physiologically-relevant. 
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In addition, I provided evidence that PEA exhibits antiproliferative effects in the hippocampal 

cell line HT22 (Fig. 2). These results indicate that caution must be taken when assessing any 

potential neuroprotective effects elicited by PEA. Since PEA reduces cellular proliferation, cells 

pretreated with it may be more vulnerable to oxidative stress or other insults. As a result, any 

neuroprotective effect elicited by PEA may be underestimated. It also stands to reason that a 

measureable protective effect by PEA may be masked by antiproliferation. 

My findings also suggest that PEA may be an attractive compound to study for diseases where 

cellular proliferation plays a role in overall pathology, such as cancer. My results also provide 

preliminary evidence that PEA treatment of HT22 cells results in a decrease in markers of 

mitochondrial activity. 

I also determined that PEA (at IOOJ!M) protects HT22 cells from peroxidative stress but only 

if cells are pretreated with PEA for 5 - 6 hours prior to tBHP exposure (Fig. 2). Shorter PEA 

pretreatment times led to a trend toward protection in some cases. Interestingly, PEA 

pretreatment of HT22 cells for several hours did not protect cells from tBHP insult. This study 

identifies PEA as a neuroprotectant that is endogenous to cells. In addition, present study 

indicates that PEA pretreatment (I OJ!M and 50J.1M) for 5 hours prior to exposure to a brief anoxic 

insult led to a slight but significant decrease in CH2DCFDA fluorescence (approximately 9.3% 

decrease) (data not published). This suggests that PEA may decrease cellular oxidative stress in 

cells. 

Short pretreatment of cells with PEA offers no protection. I interpret this as a possible 

requirement for cells to accumulate exogenously-applied PEA before protective effects can be 

observed. Alternatively, PEA treatment may initiate protective signaling pathways within the 

cells that require a minimum amount of time to exert their effects thereby rendering the cell more 
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resistant .to oxidative stress. Treatment of cells with PEA for several hours does not protect cells. 

It is possible that this prolonged PEA treatment results in reduced proliferative capacity of cells 

thus rendering them more sensitive to oxidative stress. The present study identified 

antiproliferative effects of PEA which supports this hypothesis. Alternatively, exposure of cells 

to prolonged PEA may result in significant degradation into palmitic acid at a time when the 

initial stages of oxidative stress begin. It is possible that this renders the cells sensitive to 

oxidative stress. It is also possible that prolonged exposure to PEA may lead to a downregulation 

in target proteins involved in the neuroprotective effect thus rendering cells sensitive to oxidative 

stress. 

From these studies with PEA, it is apparent that PEAs ability to protect HT22 cells from 

oxidative stress increases as the severity ofthe tBHP insult increases. For example, when HT22 

cells are pretreated with 1 OO~M PEA for 6 hours followed by overnight exposure to low 

(sublethal) tBHP concentrations (0 - 1 O~M tBHP), calcein-AM fluorescence and MTT was 

reduced compared to vehicle controls. When PEA-pretreated HT22 cells are exposed to high 

(lethal) tBHP concentrations (20 - 40~M tBHP) there is an increase in calcein-AM fluorescence 

compared to the vehicle controls. PEA had no effect on decreased MTT reduction resulting from 

toxic tBHP concentrations. Furthermore, pretreatment of cells with 1 0~ PEA did not have the 

same effect as I 00~ concentrations. This kill curve experimental approach revealed that PEA 

is antiproliferative to HT22 cells under normal and sublethal conditions, but protective under 

conditions of toxicity . 

. Furthermore, I established that PEA treatment, and to lesser extent LEA treatment, can 

facilitate the nuclear translocation of Akt and pAkt in a neuronal cell line and in cultured cortical 

neurons (Fig. 2). Furthermore, I determined that PEA and LEA can lead to a rapid and transient 
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increase in nuclear and cytosolic pERKl/2, but not ERKl/2 (Fig. 2). In addition, I determined 

that PEA exposure leads to a significant reduction in nuclear and cytoslic phopsho-p38 

immunoreactivity in HT22 cells. PEA pretreatment for five (5) to six (6) hours protects HT22 

cells from oxidative stress and, together, these data suggest that PEA and LEA activate kinases 

known to be involved in neuroprotective signaling, thus providing a possible mechanism by 

which NAEs neuroprotect. 

Numerous studies have revealed that the cannabinoid NAE, AEA, is neuroprotective through 

activation of CB I ( 1, 2). Since the saturated NAEs, PEA and LEA, do not bind CB 1 and they 

exhibit poor affinity for CB2, we hypothesized that these NAEs exhibit neuroprotective 

properties by a mechanism independent of CB2. To rule out CB2-mediated effects in PEA 

neuroprotective signaling, I measured the effect of CB2 agonists on Akt/pAkt and ERK/pERK 

immunoreactivity. The CB2 agonist, JWH-015 had no effect on nuclear Akt or pAkt 

immunoreactivity in HT22 cells. The CB2 agonist AMI241, however, increased nuclear Akt 

immunoreactivity, but it had no effect on pAkt immunoreactivity. Together, these data suggest 

that PEAs effect on Akt and pAkt were not mediated through CB2 activation. Further evidence 

for this comes from the observation that treatment of cells with the CB2 antagonist, AM630, 

mimics instead of inhbits the effects of PEA on cytosolic Akt immunoreactivity and nuclear and 

cytosolic pAkt immunoreactivity in HT2 cells. 

There are several reports of AEA activating MAPK pathways through activation of CB I (3 -

5). Here, we determined that the non-cannabinoid PEA can increase nuclear pERKI/2 

translocation and this effect can not be mimicked by the CB2 agonist JWH-015. Also, the p38 

MAPK pathway is altered by PEA. PEA treatment of HT22 cells leads to a rapid reduction in 

nuclear and cytosolic phospo-p38 immunoreactivity. 
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Overall, these data suggests that PEA activates the neuroprotective Akt and ERK 1/2 MAPK 

signaling pathways by a CB2-independent mechanism. These effects are within the timeframe 

required to cause neurorptection in HT22 cells. Interestingly, PEA-mediated elevation of 

pERKl/2 immunoreactivity occurs much earlier that measured elevation of Akt and pAkt nuclear 

translocation. This suggests that the ERK I /2 MAPK pathway is activated before the Akt 

signaling pathway. 

Previous studies indicate that activation of Akt can result in phosphorylation of inositol 1, 4, 

5-trisphosphate receptors (IP3Rs) and lead to enhanced Ca2+ release (6, 7). Interestingly, 

intracellular Ca2
+ can activate a wide variety of signaling pathways including those mediated by 

Ras, which include the PB-K/ Akt and MAPK pathways (8). These data, in part, are consistent 

with a possible effect of PEA on Ca2
+ signaling in neurons. 

I established that PEA treatment can facilitate the nuclear translocation of NFKB (RelA/p65) 

and NF A Tc4 in a neuronal cell line and in cultured cortical neurons (Fig. 2). I previously 

determined that PEA pretreatment for five (5) to six (6) hours protects HT22 cells from oxidative 

stress. Together, these data suggest that PEA can activate transcription factors known to be 

involved in neuroprotective signaling, thus providing a possible mechanism by which NAEs 

neuroprotect. 

Numerous studies have revealed that the cannabinoid NAE, AEA, is neuroprotective through 

activation of CB 1 (3 - 5). Since the saturated NAEs, PEA and LEA, do not bind CB 1 and they 

exhibit poor affinity for CB2, we hypothesized that these NAEs exhibit neuroprotective 

properties by a mechanism independent of CB2. To rule out any potential role of CB2 activation 

on the alteration of NFKB and NF A Tc4 immunoreactivity, we measured the effect of a CB2 

agonist on nuclear NFATc4 immunoreactivity. The CB2 agonist, JWH-015 had no effect on 
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nuclear NF A Tc4 immunoreactivity in HT22 cells, suggesting that PEAs effect on NF A Tc4 were 

not mediated through CB2 activation. This result is similar to our observation that CB2 agonists 

do not mimic the effects ofPEA on Akt/pAkt and ERK/pERK immunreactivities in HT22 cells. 

Overall, our data suggests that PEA activates NFKB and NF A Tc4 signaling pathways by a 

CB2-independent mechanism. These effects are within the timeframe required to cause PEA-

mediated neuroroptection in HT22 cells. Activation of CB I leads to the regulation of Akt and 

calcineurin activity in the amygdala (9). This suggests that cannabinoid-s may activate down 

stream componenets of Akt and calcineurin such as NFKB and NF AT, respectively. In the 

present study, I determined that PEA can induce Akt and pAkt nuclear translocation. This result 

is consistent with the hypothesis that PEA-mediated effects on Akt may be, in tum, be involved 

in NFKB nuclear tranlocation. 
i i . 
1 Previous studies indicate that activation of Akt can result in phosphorylation of inositol l, 4, 
! 

5-trisphosphate receptors (IP3Rs) and lead to enhanced Ca2
+ release (6, 7). Interestingly, 

intracellular Ca2
+ can activate calcineurin and, subsequently NF AT (1 0, 11 ). These data, in part, 

are consistent with a possible effect of PEA on Ca2
+ signaling in neurons as evidenced by NF AT 

nuclear translocation. 

I also provided evidence for differentially distributed IP3R isotypes in HT22 cells (Fig. 3). 

IP3R2 was the predominant subtype in the nuclear envelope and IPJR l and IPJR3 were 

predominant in the ER (Fig. 3). · Optical imaging of intracellular Ca2
+ concentrations revealed 

that IP3AM-mediated release of nuclear Ca2
+ through IPJR2 occurs prior to release of Ca2

+ from 

the ER through IP3R1 and IP3R3. This data corroborates previous studies in a HepG2 cell line 

demonstrating that nuclear Ca2
+ responses are regulated differently than cytosolic responses (12). 

The IP3R2 subtype in the nuclear region exhibits a higher affinity for IPJ and, as a result, gives 
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rise to earlier and higher Ca2+ transients than that seen from IP3R3 in the cytosol. In this study, 

we reveal that Ca2+ release from the IP3R2-enriched nucleus occurs prior to Ca2+ release from the 

IP3R !-enriched ER supported by the reported higher affinity of IP3R2 for IP3 than for the other 

IP3R types (13). 

Because there are Ca2+-sensitive transcriptional regulators regulated by Ca2+, the presence of 

IP3 receptors in the nuclear membrane is of biological significance. Calcium-sensitive kinases 

and phosphatases such as Ca2+/calmodulin-dependent protein kinases and calcineurin B, 

respectively can regulate gene transcription (14 ). In addition, a Ca2+ -regulated transcriptional 

repressor, downstream response element antagonist modulator, can bind to promoter response 

elements in the c-fos and prodynorphin genes (15). IP3 receptor-mediated release of Ca2+ from 

the nucleoplasmic reticulum could be a mechanism by which cells can regulate the expression of 

genes. The differential distribution of IP3Rs within cells may be a means to generate a diversity 

of signals in a tissue. 

The HT22 cell line was utilized in this study because it is a good model system for studying 

the effect of oxidative stress on cell function (16, 17). Little knowledge exists on the role ofiP3 

receptor signaling and function in HT22 cells as it relates to Ca2+ homeostasis and 

neurodegeneration. The present studies utilizing HT22 cells lay the groundwork for future 

studies . on IP3 receptor-mediated Ca2+ signaling relevant to neurodegeneration and 

neuroprotection. 

I also report that two commonly-used cell model systems of neurodegeneration, HT22 cells 

and cultured mouse primary cortical neurons, express IP3Rs and RyRs, both of which are critical 

Ca2+ channels regulating the release of Ca2+ from intracellular stores (Fig. 3). Specifically, I 

detected RyR2 and RyR3 in HT22 cells and IP3R 1, IP3R2, IP3R3, RyR2 and RyR3 in primary 
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cortical neurons using immunochemical methods. In addition, the subcellular distribution was 

determined using immunofluorescence. Furthermore, I measured significant changes in IP3R and 

RyR immunoreactivity in response to oxidative stress lending support to the idea that 

intracellular Ca2
+ channels, such as IP3Rs and RyRs, play an important role in neurodegenerative 

diseases (Fig. 3). 

My data provide relevant information about the IP3R and R YR subtypes expressed in HT22 

cells and cultured cortical neurons. The differential distribution of IP3Rs and RyRs (i.e. 

ER/cytosolic versus nuclear) provides clues to the potential discrete function of intracellular Ca2
+ 

channels as it relates to specific cellular functions. Others have identified a role that IP3Rs and 

RyR play in gene regulation, but little information on which subtypes are involved in this process 

have been determined (14, 18, 19). 

The alterations observed in IP3R and RyR immunoreactivity in response to oxidative stress 

suggests possible alteration in their function in neurodegenerative diseases exhibiting oxidative 

stress. IP3Rs and RyR have been shown to play a role in neurotransmitter release (20- 23). Any 

changes in their expression may have implication in neurotransmission. The changes in IP3R and 

RyR expression described in this work underscore the possible contribution they may have in 

neurodegeneration. 

My interpretation is that oxidative stress activates an adaptive response leading to IP3R gene 

transcription. These adaptive changes could conceivably be facilitated by the activation (or 

deactivation) of a kinase, phospahtase or transcription factor. Work from others has identified 

numerous kinases and transcription factors that can be activated under conditions of oxidative 

stress (24 - 27). 
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To my knowledge, this study is the first to measure changes in IP3R and RyR 

immunoreactivity elicited by oxidative stress in cultured neurons. Immunocytochemical 

characterization of IP3R and RyR expression in response to a stimulus such as oxidative stress 

does not establish a functional consequence such as Ca2
+ release. As a result, optical imaging of 

intracellular Ca2
+ with and without oxidant treatment should be conducted to determine if 

observed changes in IP3R or RyR immunoreactivity have functional consequences. 

I also determined that an overnight exposure of HT22 cells to PEA increases IP3R2, RyR and 

RyR3 immunoreactivity (Fig. 3). In addition, I determined that PEA treatment of HT22 cells for 

6 - 14 hours reduces depolarization-induced Ca2
+ release in the nuclear region of HT2 cells (Fig. 

3). Short-term exposure (I - 2 hour) of HT22 cells to PEA had questionable effects on IP3-AM

and caffeine-mediated Ca2
+ responses. As a result, I conclude that PEA may reduce Ca2

+ toxicity 

associated with neurodegenerative diseases. The upregulation of IP3R2, RyR2 and RyR3 

expression in response to PEA may be due to a compensatory response to this inhibition. 

The mechanism by which AEA and PEA elicit neuroprotection has focused almost entirely on 

their activation of CB, and CB2 receptors, respectively. The consensus is that AEA is an 

endogenous ligand for CB, receptors, although other endogenous high affinity ligands also exist. 

PEA, however, is not likely to be the endogenous agonist for CB2 since its affinity for the 

receptor is quite .low compared to other endogenous ligands (28). Recently, an orphan G-protein 

coupled receptor (GPCRs), GRP55, has been shown to exhibit a high affinity for PEA compared 

to CB2 (29). Activation of GRP55 couples to Gan which likely affects cytoskeleton dynamics 

and cellular morphology and motility (30). Similarly, the orphan GPCR, GRP119, has been 

shown to bind oleoylethanolamine (OEA) and, to a lesser extent, PEA with high affinity (31). 
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Since GPR119 activation results in an increase in cellular cAMP, many of its effects are likely 

mediated by protein kinase A (PKA). 

These recent data suggest that some orphan GPCRs may be the target for NAEs of unknown 

function. Since PEA treatment of HT22 cells did not itself elicit a Ca2
+ response, we have 

provided evidence against any Gq-coupled GPCR that can be activated by PEA in HT2cells. 

The increase in the number of responding cells, amplitude of responses and slope ofresponses 

in the presence of (Ca2
+ o) compare to that of responses in Ca2

+ -free media may be due to the 

contribution of store-operated Ca2
+ channels (SOCs). Store filling is highly affected by the 

presence or absence of (Ca2
+0 ) (32). In the absence of (Ca2

+0 }, SOCs can maintain and possibly 

increase the Ca2
+ storing capacity of the ER. It is interesting to note that in the absence of Ca2

+ 0 , 

baseline fluo-3 AM fluorescence levels are greatly reduced compare to the baseline fluorescence 

levels in the presence of Ca2
+ 0 • This suggests that the reduced or weak responses observed in the 

absence of Ca2
+ 0 may in part be due to a reduction in ER store filling or maintenance of normal 

ER store capacity. 

Data from this work suggest that, after several hours of exposure to cells, the non-cannabinoid 

NAE, PEA, can reduce nuclear depolarization-induced Ca2
+ release. Since KCl depolarization 

activates voltage-gated cation channels and thus leads to elevated cytoplasmic Ca2
+ 

concentrations, the prominent nuclear responses are likely due to Ca2
+ -induced Ca2

+ release 

channels such as RyRs. Thus, we suggest that PEA reduces RyR activity. 
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Fig. 1. Characterization of the expression of proteins involved in NAE signaling. Using 

immunochemical methods, the presence of receptors (CBl, CB2 and VRI) and metabolic 

enzymes (NAPE-PLD, F AAH and NAAA) involved in NAE signaling were identified in HT22 

cells and cultured cortical neurons. Exposure of HT22 cells to oxidative stress resulted in an 

increase in immunoreactivity ofthe metabolic enzymes involved in NAE signaling (red text and 

arrows). The PEA enzymatic breakdown products, palmitic acid and ethanolamine are indicated 

by PA and EtNH+, respectively. 
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Fig. 2. A working model for the neuroprotective mechanism of action of PEA. Treatment of 

HT22 cells with PEA reduces cellular proliferation by a mechanism independent of CB2 and 

possibly involving mitochondria (Chapter 3.1 ). Furthermore, PEA treatment of HT22 cells 

protects against oxidative stress (Chapter 3.2) by a mechanism possibly involving Akt and 

ERIG/2 kinases (Chapter 3.3) and NFKB and NFATc4 (Chapter 3.4). 
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Fig. 3. A working model for the mechanism of action of PEA in intracellular Ca2
+ 

homeostasis. Using immunochemical methods, the presence ofiP3Rs (IP3Rl - IP3R3) and RyRs 

(RyR2 and RyR3) in HT22 cells and cultured cortical neurons. Exposure of HT22 cells to 

oxidative stress resulted in an increase in immunoreactivity of the all IP3R subtypes and RyR2 

and RyR3 (red text and arrows). Treatment of HT22 cells to PEA leads to an increase in IP3R2 

and RyR3 immunoreactivity and a reduction in caffeine- and chemical depolarization-induced 

Ca2
+ release (Chapter 5). 
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