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ABSTRACT 

Although it is generally accepted that Aβ contributes to the pathogenesis of 

Alzheimer's disease (AD), other factors that impact the severity and time of onset of the 

disease are not well known. Aside from genetic factors, environmental factors, such as 

stress, may also play a critical role in the manifestation of AD. Epidemiological studies 

indicate that individuals suffering from chronic stress are at an increased risk for 

developing AD. The present study investigated the effect of chronic psychosocial stress 

in an at-risk, subthreshold Aβ (subAβ) rat model of AD by three techniques: learning and 

memory tests in the radial arm water maze, electrophysiological recordings of long-term 

potentiation (LTP) and long-term depression (LTD) in anesthetized rats, and immunoblot 

analyses of learning- and memory-related signaling and AD-related molecules. Chronic 

psychosocial stress was induced using a rat intruder model. The subAβ rat model of AD 

was induced by continuous i.c.v. infusion of 160 pmol/day Aβ1-42 via a 14-day mini-

osmotic pump.  

Behavioral tests, electrophysiological recordings, and molecular analyses showed 

that subAβ rats were not significantly different from control rats, thus validating this 

model as an at-risk model of AD without phenotypic characteristics or cognitive deficits 

commonly associated with AD. However, chronically stressed subAβ-infused rats 

showed significantly greater impairment of cognitive functions and synaptic plasticity 

than that caused by stress alone. Molecular analyses of essential signaling molecules 
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showed that animals subjected to stress have reduced basal levels of p-CaMKII, 

decreased p-CaMKII/CaMKII ratio, and increased basal levels of calcineurin. The infusion 

of subAβ into the cerebral ventricle of chronically stressed rats also decreased basal 

levels of p-CREB, total CREB and BDNF and increased basal levels of BACE. Furthermore, 

multiple high frequency stimulation failed to increase levels of p-CREB and BDNF during 

the late-phase of long-term potentiation. However, paired pulse stimulation produced a 

decrease in levels of BDNF during long-term depression in the stress/subAβ animals. 

Together, the results of our behavioral, electrophysiological, and molecular studies 

suggest that prior and concomitant exposure of subAβ-infused rats to chronic stress 

intensify the severity of stress-induced cognitive and synaptic plasticity deficits. Thus, 

chronic stress may accelerate the impairment of learning, memory, and synaptic 

plasticity in individuals “at-risk” for AD. 
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1.   INTRODUCTION AND STATEMENT OF PROBLEM 

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder in which 

early symptoms include memory loss and cognitive decline which interfere with social 

and occupational activities. The disease is also characterized by extracellular amyloid 

plaques, intracellular neurofibrillary tangles, and neuron loss in selected brain regions 

(Tanzi and Bertram, 2005; Castellani et al., 2008). AD is now the most prevalent form of 

dementia, accounting for approximately 50% of dementia cases worldwide and affecting 

between 24% and 33% of aged individuals over 85 in the Western world (Blennow et al., 

2006; Querfurth and LaFerla, 2010). 

 Molecular studies have shown that missense mutations in genes for amyloid 

precursor protein (APP), presenilin 1 (PS1) or presenilin 2 (PS2) account for the majority 

of familial AD cases (Selkoe, 2004; Williamson et al., 2009). However early-onset familial 

AD represents less than 1% of AD cases, while the remaining cases are classified as 

sporadic, late-onset AD (Blennow et al., 2006; Alzheimer's-Association, 2010). In 

addition to its late-onset, the variation in susceptibility to and time course of the disease 

suggests that aside from genetic factors, environmental determinants, such as stress, 

may also play a critical role in the etiology of sporadic AD. 

Exposure to stress is a daily occurrence in the lives of most individuals, conveying 

both positive and negative aspects. The impact of stress is strongly influenced by the 

type and duration of the stressor. In its acute form, stress is a necessary adaptive 
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mechanism for survival producing only transitory changes within the brain. However, 

severe and/or prolonged stress causes over-activation and dysregulation of 

hypothalamic-pituitary-adrenal (HPA) axis thus inducing negative effects on the brain 

morphology and chemistry (McEwen, 2008). Therefore, chronic stress is often 

considered a negative modulator of the learning and memory process (McEwen and 

Sapolsky, 1995; Garcia, 2001; Sandi and Pinelo-Nava, 2007). Chronic exposure to stress 

diminishes health and increases susceptibility to mental disorders (Schindler, 1985). 

Stress exacerbates changes and remodeling associated with various disorders including 

schizophrenia (Walker et al., 2008), Cushing’s disease (Whitworth et al., 2000), 

hypothyroidism (Gerges et al., 2004b) and AD (Srivareerat et al., 2009a). 

Synaptic plasticity, long-lasting activity-dependent changes in synaptic efficacy, is 

considered as a model for learning and memory. Two forms of activity-dependent 

synaptic plasticity, long-term potentiation (LTP) and long-term depression (LTD), have 

been extensively investigated as putative cellular mechanisms underlying learning and 

memory. LTP and LTD are elicited by particular patterns of electrical stimulation in 

which afferent stimulation at high frequencies results in LTP and at low frequencies 

results in LTD (Bliss and Collingridge, 1993). The best understood forms of this 

phenomenon are found in the CA1 region of the hippocampus, a brain region known to 

be essential for learning and memory. The hippocampus is particularly susceptible to 

stress and is one of the first regions in the brain to be affected by AD in which 
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degenerative symptoms include significant impairments in the hippocampus-dependent 

cognitive abilities.  

With longer life expectancy in Western countries and the growing elderly 

population, the number of individuals that may develop AD will grow substantially. 

Though current treatments approved by the US Food and Drug Administration have 

been shown to slow the progression and ameliorate the symptoms associated with AD, 

it does not stop the progression of the disease nor does it provide a cure (Roberson and 

Mucke, 2006; Turner, 2006; Rafii and Aisen, 2009). The fact that the majority of AD 

cases having a sporadic nature and a variable late onset, is suggestive that AD may also 

be triggered or accelerated by environmental factors, such as stress. We have previously 

shown that chronic psychosocial stress coupled with chronic infusion of a pathogenic 

dose of Aβ peptides impairs learning and memory and severely diminishes LTP in the 

hippocampal CA1 region of anesthetized rats. Furthermore, the combined treatment is 

markedly more devastating than either chronic stress or Aβ infusion alone (Srivareerat 

et al., 2009a).  

In this study, we introduce a novel at-risk rat model of AD, which is intended to 

represent seemingly normal individuals who may have traits that predispose them to AD 

but do not yet display AD-associated symptoms. The present study investigated the 

effect of chronic stress on cognition as well as synaptic and molecular plasticity in an at-

risk rat model of AD induced by chronic i.c.v. infusion of a subthreshold/subpathogenic 
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dose of Aβ (subAβ). The following hypotheses were examined: 1) subthreshold infusion 

of Aβ1-42 does not cause impairment in cognition or synaptic plasticity, 2) chronic 

psychosocial stress accelerates spatial learning and memory impairment when coupled 

with 2 weeks of subAβ infusion, 3) concurrent subAβ infusion and stress produces 

greater enhancement of the suppression of LTP and magnitude of LTD than stress alone, 

4) the presence of chronic stress increases the level of AD-related proteins in subAβ-

infused animals.  

 To evaluate our hypotheses, the present study utilized an intruder model to 

induce chronic psychosocial stress for a period of six weeks in conjunction with an in 

vivo model of AD induced by chronic infusion of subpathogenic dose of Aβ1-42 (160 

pmol/day) during the last two weeks of chronic stress. To test these hypotheses, we 

utilize three approaches: behavioral, electrophysiological, and molecular studies. 

Behavioral studies were carried out in the radial arm water maze (RAWM) to determine 

the effect of stress and/or subAβ infusion on learning and memory processes. In a 

different set of animals, electrophysiological recordings were performed in the 

hippocampus of urethane-anesthetized rats to determine the effect of stress and/or 

subAβ infusion on the expression of LTP and LTD. Finally, molecular analyses by 

immunoblotting were performed to determine the effect of stress and/or subAβ 

infusion on the levels of AD-related molecules and signaling molecules involved in 

cognition and synaptic plasticity. 
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 The findings from this study will contribute to the understanding of the 

behavioral, electrophysiological, and molecular mechanisms responsible for the 

variation in severity and onset of AD, thus possibly leading to earlier diagnosis in order 

to slow or halt progression of the disease. In addition, understanding the role of stress 

in the onset or progression of AD may facilitate the development of effective measures 

and therapeutic strategies for preventing or reversing symptoms of this devastating 

brain disorder. 
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2. REVIEW OF LITERATURE 

2.1. Memory 

 Learning and memory are highly complex processes with extremely intricate 

mechanisms. Memory is commonly divided into two distinct temporal phases: short-

term memory, lasting minutes to hours, and long-term memory, which can store 

information for days, weeks, or even years. 

 

2.1.1.  Hippocampus and memory 

Several lines of evidence suggest an important role for the hippocampus as a 

crucial brain structure involved in learning and memory in animals and humans. Most 

notable among human patients has been the case of Henry Gustav Molaison, better 

known as H.M., who developed anterograde amnesia following bilateral hippocampal 

removal as a treatment for epilepsy. Consequently, H.M. was able to recall early 

memories but unable to form new episodic memories (Scoville and Milner, 1957). Since 

H.M., additional studies have confirmed importance of the hippocampus as a structure 

for memory formation and long-term memory storage (Izquierdo and Medina, 1997; 

Ivanco and Racine, 2000; Vianna et al., 2000). Animal studies have shown that damage 

or lesions to the hippocampus result in impairment in learning and/or spatial memory 

(Morris et al., 1986; Martin et al., 2005; Ramos, 2008). Furthermore, 

electrophysiological recordings provide corroborative evidence that the hippocampus is 
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involved in learning and memory processes (Kullmann and Lamsa, 2007; Neves et al., 

2008; Srivareerat et al., 2009a).  

 

2.1.2.  Anatomy of the hippocampus 

 The hippocampus is a bilateral limbic structure that lies beneath the cortical 

surface. The upper portion of the hippocampus is known as the dorsal (septal) 

hippocampus, whereas the bottom portion is known as ventral (temporal) 

hippocampus. A cross section of the hippocampus reveals its internal laminal structure 

as two interdigitating “Cs.” One “C” corresponds to Cornu Ammonis (CA1-CA3 regions) 

while the other “C” represents the dentate gyrus (DG). The principle cell layers of the CA 

regions and DG are the pyramidal cells and granule cells, respectively. The hippocampus 

is characterized by a trisynaptic circuitry (Fig. 1) in which three major unidirectional 

afferent pathways run from the entorhinal cortex to the CA1 region (Kandel, 2001). The 

perforant pathway runs from the entorhinal cortex to synapse on the granule cells in the 

dentate gyrus. The mossy fiber pathway contains the axons of the granule cells and 

synapses on the large pyramidal cells in the CA3 region of the hippocampus. Long-term 

potentiation (LTP) in this region does not result from the activation of NMDA (N-methyl-

D-aspartate) receptors and is thought to be initiated by a rise in presynaptic calcium. 

Finally, the pyramidal cells of the CA3 region send excitatory collaterals, the Schaffer 

collaterals pathway, to the ipsilateral CA1 pyramidal cells and to contralateral CA3 and 
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CA1 pyramidal cells through commissural connections (Neves et al., 2008). Unlike the 

mossy fiber pathway, LTP in the perforant pathway and the Schaffer collateral pathway 

is NMDA-dependent (Amaral and Witter, 1989; Kandel et al., 1995; Daoudal and 

Debanne, 2003). Repetitive stimulation of any of the three major pathways of the 

hippocampus results in long-lasting changes in synaptic responses of the neurons 

downstream of that particular pathway.  

 

 

Figure 1. Three major pathway forms the trisynaptic circuitry of the hippocampus. The perforant 
pathway from the entorhinal cortex forms excitatory connections on the granule cells of the 
dentate gyrus. The mossy fiber pathway contains the axons of the granule cells of the dentate 
gyrus and synapses on CA3 pyramidal cells. The Schaffer collateral pathway connects the 
pyramidal cells of the CA3 area to the pyramidal cells of the CA1 area of the hippocampus 
(Kandel, 2001).  
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2.1.3.  Behavioral models for testing learning and memory 

 Mazes come in a variety of shapes and sizes ranging from the unconstrained 

search area of the water maze to the predetermined pathways of the radial arm maze 

(Buresova et al., 1985; Hodges, 1996). Most mazes are designed to test spatial learning 

and memory. In general, animals must learn which location(s) provides safety, food, or 

water reinforcement using spatial cues in the environment.  

 The original radial arm maze (RAM; Fig. 2A) consists of eight arms radiating from 

a central start location (Olton, 1987). This behavioral maze requires the animals to be 

placed on a dietary restriction. Training begins with a habituation phase in which 

animals are introduced to the maze and the presence of food at the end of the maze 

arms. The RAM can be used in two different scenarios. In the first scenario, all maze 

arms are baited with food. A response is marked as correct if the animal entered the 

arm once to obtain the reinforcement. In contrast, a response is marked as incorrect if 

the animal entered an arm which has been previously entered. Alternately, the second 

method consists of only baiting some of the arms. This requires the animals to learn the 

location of the baited versus unbaited arms. If the animal enters an arm in which the 

bait was already consumed, it is considered a short-term memory error. On the other 

hand, if the animal enters an unbaited arm, it is considered a long-term memory error. 

However, the major limitations in the RAM are food deprivation and odors which can 

affect the memory task of the animal. 
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 The Morris water maze (MWM; Fig. 2B) is another spatial navigation task in 

which the goal is swimming to find a submerged platform using distant spatial 

landmarks (Brandeis et al., 1989). The maze is based on the concept that rodents are 

highly motivated to escape from water (positive reinforcement) by the quickest and 

most direct route possible. Briefly, the animal is placed in the pool at a random location 

between quadrants in a circular pool filled with water and made opaque by adding 

nontoxic paint or powdered milk. The animals are expected to find and learn the 

location of the submerged platform using spatial cues not associated with the platform. 

After multiple training trials with the platform in the pool, the submerged platform is 

removed and the time spent in the former regions of the platform is measured as a test 

of spatial memory. An advantage of the MWM is that it has built-in control parameters. 

The swim speed and swim pathway provide measures of procedural abilities to perform 

the task. An addition advantage is that it eliminates food deprivation and olfactory 

guiding cues associated with the RAM. However, swimming close to the sides of the 

circular MWM is one of the main disadvantages of the MWM.  

 The radial arm water maze (RAWM; Fig. 2C) is a hybrid of the RAM and MWM 

and is discussed in detail on page 39. It resembles a RAM inserted into MWM, thus 

forming a defined swimming field in which multiple arms projects out of a central swim 

area. In this study, we utilized the RAWM because it maintains the advantages while 
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minimizing the disadvantages of the both the RAM and MWM (Buresova et al., 1985; 

Hodges, 1996; Diamond et al., 1999; Alamed et al., 2006).  

 

Figure 2. Maze diagrams of the A) radial arm maze, B) Morris water maze, and C) radial arm 
water maze. In the radial arm water maze, the light blue regions are the swimming central and 
arms field. The opaque oval in arm 4 is the submerged platform. 
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2.1.4. Electrophysiological models 

 The well-defined structure of the hippocampus allows electrophysiological 

studies to be carried out for several hours in hippocampal slices and anesthetized 

animals for several days and even weeks in intact animals. The standardization of the 

slice preparation has made it relatively simple to record extracellular synaptic responses 

from hippocampal slices. In addition, it allows investigators to examine the effects of 

various pharmacological manipulations in a quantitative manner. However, the 

interpretations from the in vitro studies may be limited by disrupted circuitry, loss of 

neurotransmitter, temperature variations, and altered regulation of signaling molecules 

(Danzer et al., 2004; Ho et al., 2004). Electrophysiological recordings in this study were 

performed in vivo, thus avoiding the disadvantages associated with slice preparations. 

 Long-term potentiation (LTP) and long-term depression (LTD) are widely 

accepted cellular correlates of the memory process. Repetitive stimulation of excitatory 

synapses in the hippocampus can cause long-lasting increases (LTP) or decreases (LTD) 

in synaptic strength depending on the frequency and patterns of stimulation (Bliss and 

Collingridge, 1993; Malenka and Nicoll, 1999; Kemp and Bashir, 2001). Experimental 

arrangement for studying LTP and LTD involves placement of stimulating and recording 

electrodes to activate pathways of the hippocampus in order to evoke and record 

population spikes (pSpike). Commonly two measurements are taken from the pSpike: 

slope of excitatory postsynaptic potential (EPSP) and the amplitude of pSpike.  
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2.2. Synaptic Plasticity 

Since Donald Hebb’s original proposal of long-lasting activity-dependent changes 

in synaptic efficacy as a model for learning (Hebb, 1949), the search to identify the 

molecular and cellular processes that underlie learning and memory formation has been 

one of the most significant challenges in neuroscience. One approach has been to focus 

on long-lasting alterations in the efficacy of synaptic transmission that are elicited by 

particular patterns of electrical stimulation. Two such forms of synaptic plasticity, long-

term potentiation (LTP) and long-term depression (LTD), have received much attention. 

 

2.2.1. LTP expression 

 LTP is a long-lasting increase in synaptic effectiveness that results from high 

frequency stimulation of excitatory synapses. Due to the long lasting nature of LTP and 

the fact that the electrical stimulation used to induce LTP resembles the patterns 

observed in the brains of behaving animals, LTP has emerge as an attractive model for 

the possible cellular mechanism of learning and memory. With the complexity and the 

vast amount of information still unknown about LTP, it is has proven difficult to 

elucidate the detailed cellular and molecular changes that produces LTP (Bliss and 

Collingridge, 1993; Malenka and Nicoll, 1999; Sweatt, 1999). 

 One of the major challenges concerning LTP is discerning whether the increase in 

synaptic strength is due primarily to modification of the presynaptic or postsynaptic side 
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of the synapse (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999). However, it is 

generally believed that LTP results when presynaptic activity coincides with strong 

postsynaptic depolarization beyond a threshold value. In the present study, we 

examined NMDA (N-methyl-D-aspartate) receptor (NMDAR)-dependent LTP at the 

synapses between the Schaffer collaterals of commissural neurons in the CA1 area of 

the hippocampus, which is the mostly widely studied type of LTP. LTP is generally split 

into two distinct sequential phases: early-phase (E)-LTP and late-phase (L)-LTP (Huang et 

al., 1996). One single train of stimuli induces E-LTP, a protein synthesis-independent 

phase that lasts only 1 to 3 hours. In contrast to E-LTP, L-LTP is generally induced by 

multiple trains of electrical stimuli and requires the stimulation of gene expression and 

subsequent synthesis of new proteins. L-LTP is more persistent than E-LTP, lasting 

longer than 3 hours. 

Upon induction of E-LTP by high frequency stimulation (HFS), glutamate is 

released from the presynaptic terminal and binds to three types of receptor on the 

postsynaptic terminal: NMDA, AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid), and metabotropic glutamate (mGlu) receptors (Fig. 3). Binding of 

glutamate to NMDA receptor, does not activate the receptor until the postsynaptic 

membrane is strongly depolarized to remove the Mg2+- induced block. Depolarization of 

the membrane is achieved by activation of AMPA receptor which increases the sodium 

ion   conductivity.   Activation   of   NMDA   receptor  leads   to  a   transient   increase  of  
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Figure 3. E-LTP scheme. Depolarization of the postsynaptic membrane by AMPA receptors and 
binding of presynaptic glutamate to NMDA receptor, relieves the Mg2+-blockage from the NMDA 
receptor. Calcium influx through the NMDA receptor binds to calmodulin (CaM) forming the 
calcium/calmodulin (Ca2+/CaM) complex which activates CaMKII. Activated CaMKII (p-CaMKII) 
has the ability to phosphorylate various molecules including AMPA receptors and synapsin. 
Protein phosphatases can dephosphorylate p-CaMKII thus deactivating it. Modified from Purves, 
2008.  
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intracellular Ca2+ into the postsynaptic cell which is augmented by Ca2+ release from 

intracellular stores by activation of mGlu receptors. Activation of mGlu receptors 

activates phopholipase C (PLC) which in turn generates inositol triphosphate (IP3) and 

diacylglycerol (DAG). IP3 binds to a receptor on the endoplasmic reticulum to release 

calcium from internal stores. DAG remains in the membrane where it activates protein 

kinase C (PKC) which releases calmodulin (CaM) by phosphorylating neurogranin, a CaM-

binding PKC substrate. Thus, calcium elevation in the postsynaptic cell leads to the 

formation of Ca2+/CaM complex and activation of several kinases, including 

phosphorylated Ca2+/CaM-dependent protein kinase II (p-CaMKII) (Malenka et al., 1989). 

P-CaMKII ability to autophosphorylate allows it to be constitutively active even in the 

absence of elevated calcium levels. When CaMKII is activated, it can continue to 

phosphorylate and activate other substrates such as synapsin and AMPA receptors 

(Lisman et al., 2002; Colbran and Brown, 2004). The phosphorylation of AMPA receptor 

causes an increase in AMPA receptor channel conductance and insertion of new AMPA 

receptors from the silent stores into the postsynaptic terminal. 

Repeated tetanic stimulation used in the expression of L-LTP results in a large 

and more focused calcium influx into the postsynaptic terminal (Fig. 4). The rise in 

calcium activates adenylyl cyclase (AC) which catalyzes the conversion of ATP into 

cAMP. cAMP molecules bind to and activate cAMP-dependent protein kinase (PKA).     

Activated  PKA   is  transported  to  the   nucleus   where  it   phosphorylates   cyclic  AMP                 
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Figure 4. L-LTP scheme. Multiple high frequency stimulation (MHFS) induces L-LTP through the 
activation of several kinases including calcium/calmodulin-dependent protein kinase IV 
(CaMKIV). The activated kinases translocate to the cell nucleus where they phosphorylate and 
activate cyclic-AMP response element binding protein (CREB), a transcription factor that induces 
the expression of specific genes to produce new proteins. Synthesis of new proteins can lead to 
morphological changes associated with memory formation. Modified from Purves, 2008. 

 

 

 



18 
 

response element binding protein (CREB). Activation of CREB leads to downstream gene 

expression and subsequent synthesis of new proteins. Increase in protein synthesis that 

accompanies L-LTP may contribute to reported morphological changes associated with 

memory formation, such as increase in postsynaptic surface area, dendritic spine 

number, and spine area (Lynch, 2004). Additionally, the calcium influx also activates 

CaMKIV, which is localized predominantly in neuronal nuclei. CaMKIV can also 

phosphorylates CREB, thus modulating CREB-regulated gene expression.  

  

2.2.2.  LTD Expression 

 Paired pulse stimulation induces LTD by increasing the postsynaptic 

concentration of Ca2+. Since both LTP and LTD depends on the increases in postsynaptic 

Ca2+, it is the quantity of Ca2+ that determines whether LTP or LTD is induced. While LTP 

results from a large increase in Ca2+, LTD results from a prolonged, modest increase in 

Ca2+. As in LTP, Ca2+ binds to CaM to form the Ca2+/CaM complex (Fig. 5). However, the 

moderate increase preferentially activates calcineurin instead of CaMKII. Calcineurin in 

turn dephosphorylates and inactivates inhibitor 1 (I-1) which releases and thus activates 

protein phosphatase 1 (PP1) (Kemp and Bashir, 2001). PP1 facilitates the expression of 

LTD by dephosphorylating AMPA receptors and p-CaMKII. Upon dephosphorylation, 

AMPA receptors become down regulated by decreasing the single channel conductance 

or decreasing open channel probability, thus reducing AMPA receptor-mediated 
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transmission (Massey and Bashir, 2007). In addition, the number of AMPA receptors are 

also decreased, which may result from endocytosis of AMPA receptors on the 

postsynaptic membrane. 

 

 

 

Figure 5. LTD scheme. Paired pulse stimulation results in a moderate increase in intracellular 
calcium forming the calcium/calmodulin (Ca2+/CaM) complex. Moderate amount of Ca2+/CaM 
has a higher affinity for calcineurin, thus at lower concentrations, Ca2+/CaM activates 
calcineurin. Calcineurin dephosphorylates various molecules including p-CaMKII and AMPA 
receptors on the postsynaptic terminal through activation of PP1. Modified from Purves, 2008. 
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2.3. Signaling molecules 

Several signaling molecules are critically important for synaptic plasticity and 

memory. Alterations in the levels and activities of these signaling molecules disrupt 

synaptic plasticity and memory and may be important in the pathogenesis of various 

conditions such as stress and AD. Several signaling molecules are critically important for 

both synaptic plasticity and memory (Izquierdo, 1994; Ma et al., 1998). Absence or 

inhibition of such molecules impairs memory and blocks LTP.  

 

2.3.1. Calcium/calmodulin-dependent protein kinase II (CaMKII) 

 Two major classes of proteins are implicated to be extensively involved in 

cognitive functions: protein kinases and protein phosphatases. One particular kinase is 

CaMKII. CaMKII is a highly abundant, Ca2+-activated enzyme in the brain and is believed 

to play a crucial role in the regulation of synaptic transmission and the induction and 

maintenance of LTP in the hippocampus (Barria et al., 1997; Lisman et al., 2002). Several 

lines of evidence suggest CaMKII as a key component of the molecular machinery of LTP. 

CaMKII has several features that make it an attractive candidate as a memory molecule: 

its ability to autophosphorylate and remain active even after a fall in Ca2+ 

concentrations, its abundance in the brain, and its large spectrum of substrates. 

 CaMKII is activated during LTP induction and this activation is necessary and 

sufficient to generate LTP. Induction of LTP by HFS leads to a persistent increase in total 
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(phosphorylated and non-phosphorylated) CaMKII in hippocampal slices and 

anesthetized animal hippocampi. Activation of CaMKII occurs through binding of 

Ca2+/CaM to the autoinhibitory domain which frees the catalytic domain and exposes 

the Thr286/Thr287 segment on the autoinhibitory domain for phosphorylation. Rapid 

autophosphorylation of CaMKII by a neighboring subunit prevents the catalytic and 

autoinhibitory domain from reassociating, resulting in a constitutively active CaMKII 

such that CaMKII remains active even after Ca2+ levels return to baseline and Ca2+/CaM 

dissociates from the enzyme. When CaMKII is activated, it can phosphorylates and 

activates other substrates. Dephosphorylation of phosphorylated CaMKII by a suitable 

protein phosphatase stops the activity of CaMKII and converts it to its inactive non-

phosphorylated form (Lisman et al., 2002; Colbran and Brown, 2004).  

The role of CaMKII in the induction of LTP has been extensively investigated. 

Postsynaptic injection of CaMKII inhibitors (Malinow et al., 1989; Otmakhov et al., 1997) 

or genetic modification of a critical CaMKII subunit (Giese et al., 1998) blocks the ability 

to generate LTP. In contrast, applications of postsynaptic CaMKII have been shown to 

mimic synaptic enhancement similar to that observed during LTP (Pettit et al., 1994; 

Lledo et al., 1995). Together, pharmacological and genetic evidence strongly suggests 

that CaMKII is necessary and sufficient for LTP induction and that this enzyme is 

involved in a core process in LTP. Therefore, it is plausible to postulate that any 
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processes or conditions that alter the levels of CaMKII or its phosphorylation may have a 

direct effect on the ability of the neuron to generate LTP. 

 

2.3.2. Calcineurin 

 Of all the Ca2+-dependent protein phosphatases and kinases available, 

calcineurin is the most Ca2+-sensitive. In fact, calcineurin is the only Ca2+-activated 

protein phosphatase in the brain. Therefore, during instances of moderate increase in 

intracellular calcium, such as during LTD, calcineurin is activated instead of other Ca2+-

dependent proteins, such as CaMKII. Calcineurin are responsible for the 

dephosphorylation of phosphorylated molecules, thus converting these molecules to 

their inactive form. It has been reported that overexpression of calcineurin in the 

hippocampus blocks the hippocampal-dependent memory formation and the induction 

of LTP (Barad et al., 1998). Due to calcineurin involvement in synaptic plasticity, its 

induction or overexpression could result in deficits in memory and LTP associated with 

neuronal disorders like AD. For example, acute application of Aβ has been shown to 

inhibit LTP in the hippocampus by activation of calcineurin (Zhao et al., 2004). 

 

2.3.3. Cyclic AMP response element binding protein (CREB) 

CREB belongs to a family of proteins that function as transcription factors by 

binding to promoter cAMP response element (CRE) sites. Expression of CREB occurs in 
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all cells in the brain. Increases in the concentration of either calcium or cAMP can trigger 

the activation of CREB through phosphorylation of Ser133 (Silva et al., 1998). This 

transcription factor is involved in intracellular signaling that regulates a wide range of 

functions. For example, CREB plays an essential role in the maintenance of L-LTP (Wu et 

al., 2007) such that transgenic mice with constitutively active CREB show facilitated L-

LTP (Barco et al., 2002). Similarly, deficits in long-term, but not short-term memory, 

have been observed in Drosophilia with a dominant negative mutant of CREB 

(Schulman, 1995). In addition, disruption of the α and δ CREB isoforms in mice results in 

impairment of LTP and several learned behavioral tasks (Bourtchuladze et al., 1994). 

Several studies have implicated a role for CREB in AD-associated impairment of memory 

and synaptic plasticity. For example, high intracellular concentrations of Aβ block 

nuclear translocation of phosphorylated CREB resulting in a decrease of CRE-mediated 

responses (Arvanitis et al., 2007). Furthermore, Aβ reduces CREB phosphorylation by 

decreasing NMDA receptor activation (Snyder et al., 2005). 

 

2.3.4. Brain-derived neurotrophic factor (BDNF) 

BDNF is a member of a neurotrophic family of target-derived growth factors, 

including nerve growth factor, neurotrophin-3, and neurotrophin-4/5. BDNF improves 

survival of cholinergic neurons of the basal forebrain (Knusel et al., 1992), as well as 

neurons in the hippocampus (Lindholm et al., 1996; Lowenstein and Arsenault, 1996) 
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and cortex (Ghosh et al., 1994). In addition to its action on neuronal survival and 

differentiation, BDNF also has a role in the regulation of synaptic strength. It can act as 

an activity-dependent modulator of neuronal structure, and its release after tetanic 

stimulation modulates the induction and maintenance phase of LTP in the hippocampus 

(Bramham and Messaoudi, 2005; Soule et al., 2006). Experimental evidence supports 

the role of BDNF in memory processes. For example, BDNF mRNA expression have been 

shown to correlate with behavioral performance in various learning and memory tests 

(Yamada et al., 2002). Furthermore, studies reveal that genetic manipulation or 

pharmacological deprivation of BDNF or its receptor, TrKB, in the hippocampus results in 

severe impairment of memory and LTP (Patterson et al., 1996). Due to BDNF’s critical 

role in memory and synaptic plasticity, it is possible that it may also contribute to 

cellular loss and memory deficits associated with neurodegenerative diseases such as 

AD. Studies have shown that oligomers of amyloid-beta can inhibit BDNF-induced 

increase of activity-regulated cytoskeleton-associated gene (Acr) expression in cultured 

cortical neurons. Inhibition of Arc protein synthesis have been shown to impair both the 

maintenance of LTP and consolidation of long-term memory, thus may contribute to the 

memory deficits observed during the early stages of AD  (Wang et al., 2006; Echeverria 

et al., 2007). Furthermore, marked downregulation of BDNF mRNA and protein has been 

reported in the hippocampus and temporal cortex of autopsied AD brains (Connor et al., 

1997). 
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2.4. Stress 

 Stress can broadly be defined as a disruption of homeostasis (Miller and 

O'Callaghan, 2002). The maintenance of homeostasis in the event of internal or external 

stressors requires constant adjustments of cellular and molecular mechanisms. When 

the body is required to continuously cope with the demand of stressors outside of the 

normal operating range, it can lead to a negative impact on the individual by 

compromising learning and memory.  

 

2.4.1. Stress models 

 Stress can be induced experimentally by application of various stressor 

protocols. The type of stress is commonly divided into two categories: physical and 

social stress. Physical stress often involves exposure to noxious stimuli including cold, 

heat, footshock, noise, body vibration, and restraint stress (Heinrichs and Koob, 2006; 

Patchev and Patchev, 2006; Buynitsky and Mostofsky, 2009). In contrast, social stress 

models include social isolation, intruder aggression, and maternal deprivation in which 

social disruption is induced by withdrawing the animal from a group housing, attack 

within unfamiliar territory by a dominant male, or separation of preweanling pup from 

its mother, respectively (Kim and Kirkpatrick, 1996; Bhatnagar and Vining, 2003; Kikusui 

and Mori, 2009). Both physical and social stress can be used to induce acute or chronic 

stress. Due to the social nature of social stress, the procedures are considered more 
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naturalistic and species-typical than the artificial noxious stimulus procedures 

associated with physical stress models (Heinrichs and Koob, 2006). In the current study, 

an intruder model was used to induce chronic psychosocial stress in which to mimic 

social stress experienced by humans. Specifics of the model are explained in detail on 

page 37.  

 

2.4.2. Stress response 

 In response to stress, the organism activates the autonomic nervous system and 

the hypothalamic-pituitary-adrenal (HPA) axis in order to restore homeostasis (Tsigos 

and Chrousos, 2002; Lupien et al., 2009; Ulrich-Lai and Herman, 2009). Organized as a 

classical neuroendocrine axis, activation of the HPA axis (Fig. 6) results in the production 

and subsequent release of corticotropin-releasing hormone (CRH) from the 

paraventricular nucleus of the hypothalamus. Release of CRH into the bloodstream 

stimulates the production and secretion of adrenocorticotropic hormone (ACTH) from 

the anterior pituitary. ACTH triggers the adrenal cortex to synthesize and release 

species-specific glucocorticoids (cortisol in primates, corticosterone in rodents). 

Regulation of the HPA axis occurs via negative feedback mechanisms in which high 

levels of glucocorticoid suppress CRH release through the hippocampal and 

hypothalamic corticosteroid receptors (Fig. 6). There are two types of intracellular 

corticosteroid receptors: a high-affinity mineralocorticoid (Type-1) receptor and a low-
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affinity glucocorticoid (Type-2) receptor. Type-2 receptors bind glucocorticoids at a ten-

fold lower affinity than Type-1 receptors. At low-basal glucocorticoid levels, Type-1 

receptors are already activated to a large extent. However, when the circulating 

glucocorticoid levels are high, such as after stressful events, Type-2 receptors are also 

activated. Corticosteroid receptors are expressed throughout the brain, in particular, 

both receptors are highly expressed in the hippocampus. These nuclear receptors can 

act as transcription factors by binding to DNA thus regulating gene expression (Joels, 

2006). 

 

Figure 6. Hypothalamic-pituitary-adrenal (HPA) 
axis. Exposure to stress activates neurons in the 
paraventricular nucleus of the hypothalamus to 
release corticotropin-releasing hormone (CRH) into 
the blood stream. CRH acts on the anterior 
pituitary resulting in the release of 
adrenocorticotropic hormone (ACTH), which in 
turn acts on the adrenal cortex to initiate the 
synthesis and release of glucocorticoid hormones. 
Regulation of the HPA axis occurs through negative 
feedback mechanism involving increase 
glucocorticoids levels at the pituitary and many 
sites in the brain, including the hippocampus 
(Lupien et al., 2009).  
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2.4.3. Stress, memory, and synaptic plasticity 

Stress is a necessary mechanism for survival; however, chronic stress and high 

level of stress hormones confers negative effects on brain structure and cognitive 

functions including learning and memory. In particular, the hippocampal formation, an 

important brain structure in learning and memory, is particularly vulnerable to stress 

hormones due to its high density of corticosteroid receptors, in spite of its remarkable 

plasticity (McEwen, 1999a, 2001). Stress mediates a variety of effects on neuronal 

excitability, neurochemistry, and structural plasticity of the hippocampus (McEwen, 

1999a). For example, excessive glucocorticoids are associated with deleterious changes 

in hippocampal excitability, LTP and learning (Alfarez et al., 2006; Lucassen et al., 2006). 

The harmful effects of stress on memory have been confirmed by several studies in 

rodents and humans. Chronic psychosocial stress has been shown to impair 

hippocampus-dependent learning and memory in animal models (Diamond et al., 1999; 

Gerges et al., 2004b; Touyarot et al., 2004; Srivareerat et al., 2009a) and humans 

(Lupien et al., 2007). In addition, electrophysiological studies have shown that stress 

significantly suppresses LTP in the CA1 region of the hippocampus in urethane-

anesthetized rats (Srivareerat et al., 2009a) and in hippocampal slices (Kim et al., 1996). 

Furthermore, studies have shown that stress facilitates the induction of LTD (Xu et al., 

1997; Aleisa et al., 2006a).  
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The mechanisms mediating stress-induced impairment on cognition and LTP are 

largely unknown. However, advances in animal and human studies have lead to the 

establishment of various hypotheses. Studies in adult and older animals and humans 

have led to a glucocorticoid cascade hypothesis, which suggests that there is a 

relationship between cumulative exposures to high glucocorticoid levels and 

hippocampal atrophy (Sapolsky, 1999). This is supported by animal studies in aged rats 

in which glucocorticoid hypersecretion is correlated with memory impairments and 

reduced hippocampal volume (Issa et al., 1990). Furthermore, middle-aged rats exposed 

to high levels of glucocorticoids also developed memory impairments and hippocampal 

atrophy (Landfield et al., 1978). In an attempt to clarify the mechanism by which 

glucocorticoid levels correlate with hippocampal atrophy, a neurotoxicity hypothesis 

was developed (Gilbertson et al., 2002). This hypothesis suggests that prolonged 

exposure to glucocorticoids reduces the ability of neurons to resist insults, thus 

increasing the rate at which they are damaged. High glucocorticoid levels may exert 

neurotoxicity by activation of Type-2 glucocorticoid receptors in the hippocampus.  

 

2.5. Alzheimer’s disease 

 Alzheimer’s disease (AD) is a neurodegenerative disease that was first 

characterized by the physician Alois Alzheimer and subsequently named after him by 

Emil Kraepelin about 100 years ago from a case involving a middle-aged female patient 
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with severe cognitive impairment and neuropathological features of plaques and tangles 

(see reviews by Goedert and Spillantini, 2006; Hardy, 2006). 

 

2.5.1. Types of AD 

 AD is a heterogeneous disease with both familial and sporadic forms. Familial AD 

is an autosomal dominant disorder with early onset before age 65. Mutations in three 

genes have been identified to cause the familial form of the disease. The first mutation 

that was identified, occurred in the amyloid precursor protein (APP) gene on 

chromosome 21 in close vicinity of amyloid-beta (Aβ) part of the molecule, but this 

mutation only accounted for a minority of the familial cases (Goate et al., 1991). 

However, identification of mutations in the presenilin 1 (PSEN1) and presenilin 2 

(PSEN2) genes, accounted for most cases of familial AD. One commonality of the 

disease-causing mutations in these genes is that they all affect the metabolism or 

stability of Aβ. However, familial AD is relatively rare with prevalence for less than 1% of 

total AD cases (Blennow et al., 2006; Alzheimer's-Association, 2010). 

 Most cases of AD occur in a sporadic fashion accounting for the vast majority of 

AD cases. The primary risk factor for AD is age. In addition, inheritance of ε4 allele of 

apolioprotein E (APOE) is the only well-established genetic risk factor for sporadic AD. 

Meta-analysis shows that the APOE ε4 allele increases the risk of AD by three times in 

individuals carrying one APOE ε4 allele and by 15 times in individuals carrying two APOE 
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ε4 alleles (Farrer et al., 1997). Due to the varying onset and differences in degree of 

progression, it may be possible that several susceptibility genes act together in a 

complex interaction with environmental factors to trigger the onset of sporadic AD. 

 

2.5.2.  Amyloid hypothesis 

Although the etiology of AD remains unclear, the amyloid hypothesis has 

emerged as the leading hypothesis for how Alzheimer’s is caused. The hypothesis 

suggests that an imbalance between production and clearance of Aβ results in 

aggregation of the peptides causing Aβ to accumulate, and that this excess may be the 

key pathological event in AD pathogenesis, and other established features of AD such as 

neurofibrillary tangles, cell loss, vascular damage, and dementia follow as a direct result 

of this accumulation (Hardy and Allsop, 1991; Hardy and Higgins, 1992; Hardy and 

Selkoe, 2002).   

The Aβ peptides, products of normal cellular metabolism, exist predominantly as 

a 40- or 42-amino acid protein (Haass et al., 1992). The longer isoform, Aβ1-42, has an 

increased propensity to form the fibrillar amyloid aggregates and is believed to be more 

toxic than the less fibrillogenic Aβ1-40 (Querfurth and LaFerla, 2010). In the normal brain, 

Aβ1-40 peptides are much more prevalent than the aggregation-prone Aβ1-42 species. The 

Aβ peptide is produced initially as a monomer, but it can readily aggregate into multiple 

assembly states such as small soluble ogliomers which can grow into larger protofibrils 
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and fibrils. While monomeric Aβ is generally non-toxic, there is growing evidence that 

Aβ oligomers and intermediate amyloids are the most pathological and believed to be 

responsible for the synaptic dysfunction observed in AD (Lue et al., 1999; Querfurth and 

LaFerla, 2010). 

 

2.5.3.  Trafficking and proteolytic process of APP 

Amyloid precursor protein (APP) is a transmembrane protein with a long 

extracellular N-terminal segment and a short intracellular C-terminal tail. The Aβ domain 

is partly embedded in the plasma membrane and includes 28 residues located just 

outside the membrane and the first 12-14 residues in the transmembrane domain. 

Cleavage and processing of APP can occur along two main pathways: a 

nonamyloidogenic pathway, which does not produce pathogenic Aβ peptides, and an 

amyloidogenic pathway which does (Lue et al., 1999; Thinakaran and Koo, 2008; 

Querfurth and LaFerla, 2010).  

Cleavage of APP is achieved by the sequential cutting of APP by three enzymes: 

α-, β-, and γ-secretase. Three enzymes belonging to the ADAM family (a disintegrin and 

metalloproteinase family enzyme) have been identified to have α-secretase activity: 

ADAM9, ADAM10, and ADAM17 (Postina, 2008). Most β-secretase activity originates 

from an integral membrane aspartyl protease called β-site APP cleaving enzyme 1 

(BACE1) and it serves as the rate-limiting step in Aβ production (Vassar et al., 1999). The 
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γ-secretase is composed of a complex of enzymes in which presenilin forms the catalytic 

region that is responsible for the intramembranous cleavage of APP (Bergmans and De 

Strooper, 2010). 

The prevalent nonamyloidogenic pathway is initiated by α-secretase cleavage of 

APP at 83 amino acids from the C terminus (Fig. 7; left panel). A large soluble APP 

fragment (soluble alpha-amyloid precursor protein; α-sAPP) is released, leaving behind 

an 83-residue C-terminal fragment (C83). The C83 is retained in the membrane and 

subsequently cleaved by γ-secretase, a protein complex with presenilin constituting the 

active site, producing a short fragment called P3. The remaining APP intracellular 

domain (AICD) is metabolized in the cytoplasm. Notably, cleavage by the α-secretase 

occurs within the Aβ domain, thereby precluding the formation of pathogenic Aβ 

peptide (Querfurth and LaFerla, 2010). 

In the amyloidogenic pathway, production of Aβ peptides begins with the 

proteolytic cleavage of APP just before the Aβ domain by β-secretase releasing soluble 

beta-amyloid precursor protein (β-sAPP) fragment and yielding the C-terminal fragment 

99 (C99) (Fig. 7; right panel). The remaining C99 fragment is cleaved by γ-secretase 

substrate to generate AICD and Aβ peptides of varying length, depending on the site of 

cleavage (Querfurth and LaFerla, 2010). 
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Figure 7. Generation of amyloid-beta (Aβ) from amyloid precursor protein (APP). Right panel: 
Cleavage of β-secretase generates the N-terminus of Aβ and intramembranous cleavage by γ-
secretase forms the C-terminus of Aβ. Left panel: Cleavage by α-secretase precludes Aβ 
formation. Modified from LaFerla FM, et al., 2007. 
 

2.5.4.  Stress and AD  

Stress has been shown to exacerbate various disorders, including schizophrenia 

(Walker et al., 2008), hypothyroidism (Gerges et al., 2001), and AD (Srivareerat et al., 

2009a). In addition, as with stress, the hippocampus is a particularly susceptible 

neuronal target in AD and early symptoms include significant deficits in the 

hippocampus-dependent cognitive abilities. There are several studies that suggest that 

elevations of glucocorticoid, as in chronic stress, increase neuronal vulnerability to age-
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related damages thus accelerating the progression of brain aging (Landfield et al., 2007). 

One possible explanation for this susceptibility is that age-related deterioration of the 

hippocampus may affect the negative feedback inhibition of the HPA axis. This 

dysregulation could result in elevated plasma cortisol and adrenal activity observed in 

Alzheimer’s patients (Jacobson and Sapolsky, 1991; Hartmann et al., 1997). 

Furthermore, studies from animal models of AD provide corroborative evidence of 

stress-induced changes in AD. For example, exposure to stress results in an increase in 

the levels of Aβ and/or Aβ-related proteins suggesting that stress may drive APP 

processing along the amyloidogenic pathway (Catania et al., 2007; Srivareerat et al., 

2009a). These pieces of evidence prompted the hypothesis that stress and 

glucocorticoids may contribute to the development and/or maintenance of AD. In 

further support of this hypothesis, epidemiological evidence suggests a role for stress as 

a risk factor for AD because elderly individuals prone to psychological distress are more 

likely to develop the disorder than age-matched, non-stressed individuals (Green et al., 

2006). 
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3.   METHOD AND MATERIALS 

3.1.  Animal and housing conditions 

The study used adult male Wistar rats (Charles River Laboratories, Wilmington, 

MA), weighing 200-225 g at the beginning of the experiment. Animals were housed in 

groups of six in a climate-controlled room (25oC) with food and water available ad 

libitum on a 12-hour light/dark schedule (lights on at 7:00 AM). Experiments were 

performed between 8:00 AM and 6:00 PM. All animal procedures were carried out in 

accordance with the National Research Council’s Guide for the Care and Use of 

Laboratory Animals and on approval of the University of Houston Institutional Animal 

Care and Use Committee.  

 

3.2.  Treatments 

Four experimental groups were used in the study; control, stress, subAβ, and 

stress/subAβ. When the animals arrived at the facility, they were allowed to acclimate 

for 7 days (Fig. 8). After the acclimation period, the stress and stress/subAβ groups were 

subjected to a chronic intruder stress for 6 weeks. Four weeks after the acclimation 

period, the animals were implanted with 14-day osmotic pumps (Alzet, Alza, CA). At the 

beginning of week 8, the animals were subjected to behavioral, electrophysiological or 

molecular testing (Fig. 8). 
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Figure 8. Treatment schematic. 

 

3.2.1.  Chronic psychosocial stress 

Chronic psychosocial stress was induced by a form of “intruder” stress as 

described (Gerges et al., 2001; Aleisa et al., 2006d). When the rats arrive at the facility, 

they were kept with the same cage mates for an acclimation period of 1 week to 

establish a social hierarchy. Rats were assigned into 4 groups: control, stress, subAβ, and 

stress/subAβ. Stress was established by randomly switching two rats from one cage with 

two rats from another cage on a daily basis for a period of 6 weeks (Fig. 8). This stress 

model produces stress by disrupting the established social hierarchy, thus, forcing rats 

to continuously adjust to new stressful conditions. This model of psychosocial stress 

mimics psychosocial stress in humans displaying two salient indicators of stress: marked 

increase (by 50%) in blood corticosterone level after six weeks of chronic stress (Gerges 

et al., 2001) and in blood pressure during the first week of stress which continued until 

the conclusion of the experiment (elevation of up to 40mm Hg; Szyilgyi, 1991; Alkadhi et 
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al., 1998). Control and subAβ animals were not switched and kept with the same 

cagemates, thus, remained unstressed. 

One week after cessation of intruder stress, the increase in blood pressure 

associated with this model of chronic psychosocial stress has been shown to reverse 

back to normal unstressed value (Alkadhi et al., 2005) indicating the effects of chronic 

stress has dissipated. Behavioral tests in the radial arm water maze require a minimum 

of 8 days and may last up to two weeks, thus the stressing procedure must continue 

until the conclusion of the experiment to avoid effects due to stress cessation. Since 

stress is continuous, it is not known whether the observed changes are due to the acute 

effect of daily stress applied during the experiment or the accumulation of six weeks of 

chronic stress. To investigate this issue, the experimenter may add another group of 

animals in which stress does not begin until the first day of the behavioral testing. The 

results from this acute stress group can be compared with the chronic stress group to 

differentiate the acute effects from the chronic effects. Another possible option is to 

utilize the version of the radial arm water maze which only requires one day of testing 

instead of eight days. This will allow the experimenter to stop the stress procedure 48 

hours before initiation of the behavioral test to negate the possible effects of acute 

stress without reversing the effects of chronic stress. 
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3.2.2.  Osmotic pump implantation 

Four weeks after acclimation period, the animals were implanted with 14-day 

mini-osmotic pumps (Alzet, Cupertino, CA) as described (Fig. 8; Nitta et al., 1994; 

Srivareerat et al., 2009a; Tran et al., 2010). Aβ was prepared as described (Srivareerat et 

al., 2009b). The Aβ peptides (AnaSpec Inc., San Jose, CA) were dissolved in a solution of 

35% acetonitrile/0.1% trifluoacetic acid (TFA) to prevent aggregation of Aβ peptides in 

the osmotic minipump. The day before pump implantation, the pumps were assembled 

and filled with the Aβ solution. The mini-osmotic pump assembly consisted of an L-

shape cannula, a flow moderator, a catheter, and a pump. The cannula was attached to 

one end of the catheter while the flow moderator was attached to the other end of the 

catheter. A syringe with an attached filling tube was used to fill the pump assembly with 

Aβ solution. The flow moderator was inserted into the pump. The assembled pump was 

then primed in an isotonic saline solution overnight at 37oC. On the day of implantation, 

rats were anesthetized with i.p. injections of a mixture of ketamine (100 mg/kg), 

xylazine (2.5 mg/kg), and acepromazine (2.5 mg/kg) (Phoenix Pharmaceuticals, St. 

Joseph, MO). Once the animal was anesthetized, the skin over the implantation site was 

shaved and wiped with alcohol. The rat was then placed into a stereotaxic frame. 

Starting slightly behind the eyes, a 2.5 cm midline sagittal incision was made to expose 

the skull. The periosteal connective tissue which adheres to the skull was removed and 

the exposed skull was pat dried. A hole was drilled into the skull over the right cerebral 



40 
 

lateral ventricle at (AP: -0.3, L: 1.2, V: 4.5), according to the rat brain atlas (Paxinos and 

Watson, 1986). The cannula was placed into the hole and held in place with dental 

cement. After the cement had set, a subcutaneous pocket in the midscapular area of the 

back of the rat was made by inserting and opening a hemostat. The assembled osmotic 

pump was inserted into the subcutaneous pocket and positioned such that the delivery 

port was pointing toward the cannula site. The scalp wound was closed with wound 

clips and treated with iodine and antibiotic ointment to prevent bacterial infection. The 

rat was removed from the stereotaxic apparatus, placed back into its cage, and 

monitored until it awakened from anesthesia. Continuous i.c.v. infusion of non-

pathogenic subAβ dose (160 pmol/day) was maintained for two weeks. The subAβ and 

stress/subAβ groups were infused with Aβ1-42, while the control group was infused with 

a similar dose of Aβ42-1, a nontoxic reverse peptide fragment. Psychosocial stress 

continued during the 2-week infusion period. 

 

3.3.  Behavioral experiments: radial arm water maze 

The four experimental groups were tested for learning and memory 

performance in the radial arm water maze (RAWM). The RAWM consisted of a black 

circular tank filled with water at a temperature of 24oC. Within the tank, 6 V-shaped 

stainless structures were arranged to create 6 swim paths radiating out of an open 

central swim area (Gerges et al., 2004b; Alzoubi et al., 2006; Srivareerat et al., 2009a; b). 
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The maze was placed in a dimly lit room with various visual cues placed on the walls. All 

groups were tested for a minimum of 8 days in the RAWM with continuing stress during 

all testing days. The daily training procedure consisted of a learning phase (composed of 

4 consecutive learning trials) and two memory tests: a 20-min short-term memory test 

and a 24-hr long-term memory test, in which animals were placed in the RAWM 20 min 

and 24 hr after the 4th learning trial, respectively. At the beginning of a trial, a rat was 

placed in a random start arm. Selection of the start arm was randomized for each trial 

with the stipulation that it could not be the same arm successively nor could it be the 

arm containing the hidden platform. The animals had to locate a black hidden platform 

that was submerged 2 cm below the water level near the end of one of the 6 swim 

arms, designated as the “goal arm.” The rat was allowed to swim freely for one minute 

until it found the hidden platform at the end of the goal arm. If the rat did not find the 

hidden platform after a minute, the observer would guide the rat to the hidden 

platform. Once on the platform, the rat was allowed to remain on the platform for 15 

seconds in order to observe the visual cues in the room, before removal, to begin the 

next trial in a different start arm. An error was scored each time the rat entered an arm 

other than the goal arm. The hidden platform was placed in the same goal arm for all 

trials for a given rat, on a given day, and randomly placed in any one of the 6 goal arms 

across days. This procedure was conducted for a minimum of 8 consecutive days and 

until the rats reached the days to criterion (DTC). The DTC was defined as the number of 
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days in which the rat committed a maximum of one error in three consecutive days in 

the fourth learning trial and the memory tests. Two sets of data were obtained from 

these trials; the number of errors for each trial per day and the DTC. 

 

3.4.  Electrophysiological experiments 

As an index of synaptic transmission, we recorded the extracellular field 

potentials from pyramidal layer of the CA1 area of the hippocampus in anesthetized rats 

before and after induction of E-LTP, L-LTP, and LTD. From the recorded potentials, we 

measured the slope of the field excitatory postsynaptic potential (fEPSP) and the 

amplitude of the population spike (pSpike) and compared the resulting data across all 

groups (control, stress, subAβ, and stress/subAβ).  

Standard procedures for in vivo electrophysiological recording from the Cornu 

Ammonis field 1 (CA1) region of anesthetized rats were performed as described (Aleisa 

et al., 2006b; Alzoubi et al., 2006; Srivareerat et al., 2009a; Tran et al., 2010). Rats were 

anesthetized with urethane (1.2 g/kg i.p.; Sigma, USA) and placed in a sterotaxic frame 

(nose bar at 0.0). The skull was exposed and two holes were drilled for placement of two 

electrodes. Rats were grounded through a subcutaneous wire to prevent electrical noise 

in the recording. A concentric bipolar stimulating electrode was placed in the CA3 region 

of the left hippocampus at a 5˚ angle toward the midline to stimulate the Schaffer 

collaterals/commissural pathway (AP: -3, L: 3.5, V: 2.8). A glass capillary recording 
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electrode, filled with 1% fast green in 2 M NaCl, was placed in the CA1 region of the 

right hippocampus (AP: -3, L: 1.8, V: 2.0). The stimulating electrode was connected to a 

stimulator through an isolation unit (Grass Technologies, West Warwick, RI) while the 

recording electrode was connected to an amplifier (Axoclamp 2A amplifier, Axon 

Instruments, Inc., Foster City, CA). A maximum population spike was obtained by 

stimulating the left CA3 region and recording from the right CA1 region (Fig. 9).  

 

Figure 9. Diagram of the mid-sagittal section of the rat brain showing positions of the 
stimulation and recording electrodes. The left CA3 area was stimulated to record from the right 
CA1 area. 

 
 

After the response was obtained, a 30 min stabilization period was maintained in 

which no stimulation or recording occurred. After the stabilization period, input/output 

(I/O) curves were generated by gradually increasing stimulus intensity and measuring 

the ensued responses. Following the I/O curves, a baseline recording was established by 

applying a test stimulus every 30 s for 20 min. The test stimulus intensity was adjusted 
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to approximately 30% of that required to elicit a maximum response in order to obtain 

maximum enhancement of synaptic transmission after high frequency stimulation (HFS) 

(Gerges et al., 2001). For LTD, the stimulus intensity was adjusted to approximately 60% 

of the maximum response (Thiels et al., 1996). 

 

3.4.1.  E-LTP Induction 

E-LTP was induced by applying HFS consisting of a train of 8 pulses (400 Hz) 

applied every 10 seconds for a period of 70 seconds to the Schaffer 

collaterals/commissural pathway of the contralateral (left) CA3 region (Gerges et al., 

2001; Gerges et al., 2003). After induction of E-LTP, responses were recorded every 30 s 

for 60 min (Fig. 10). 

 

 

 

Figure 10. Stimulation protocol for induction of E-LTP.  

 

 

High Frequency Stimulation 
8 pulses at 400 Hz / 10 s 

(repeated 8 times) 

 

Baseline Test Stimulus 
1 pulse / 30 s 
(30% of max) 

Test Stimulus 
1 pulse / 30 s 

Stabilization 

 > 30 min                  20 min                                             E-LTP (1 hr) 
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3.4.2.  L-LTP Induction 

Late-phase LTP (L-LTP) was evoked by multiple high frequency stimulation 

(MHFS) consisting of 4 trains applied at 2.5-min intervals between trains. Each train 

consisted of 8 pulses (400 Hz) applied every 10 seconds for a period of 30 seconds 

(Gerges and Alkadhi, 2004). Following conclusion of MHFS, responses were recorded 

every 30 s for 5 h (Fig. 11). 

 

 

 

Figure 11. Stimulation protocol for induction of L-LTP.  

 

3.4.3.  LTD Induction 

The baseline recording for LTD experiments consisted of 10 pulses (0.1 Hz) 

applied every 5 min for a period of 20 min. LTD was induced by paired pulse stimulation 

in the form of 3 trains, spaced by 15 min. Each train is composed of 200 paired pulses 

with an inter-pulse interval of 25 ms and an inter-pair interval of 2 s. The stimulus 

Multiple High Frequency Stimulation 
8 pulses at 400 Hz / 10 s / 30 s 

(repeated 4 times / 2.5 min for 8 min) 

 

Baseline Test Stimulus 
1 pulse / 30 s 
(30% of max) 

Test Stimulus 
1 pulse / 30 s 

Stabilization 

 > 30 min                  20 min                                             L-LTP (5 hr) 
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intensity was approximately 60% of the maximum response. After paired pulse 

stimulation, test stimulation was resumed for 1 hr (Fig. 12). 

 

 

 

 
 

Figure 12. Stimulation protocol for induction of LTD.  

 

Two measures were obtained from the extracellular data set: the slope of the 

fEPSP and the amplitude of the pSpike (Fig. 13). The fEPSP, which represented the 

intensity of synaptic activity, was the slope of the initial rising phase of the evoked 

response. The pSpike, which reflected synaptic activation (action potentials) of neurons, 

was obtained by measuring the vertical distance from the minimum of the population 

spike to the midway point between the two positive peaks of the field response. 

Computer-based stimulation, recordings and data analyses were performed by the use 

of pCLAMP 10.1 software and DigiData 1440A (Axon Instruments, Inc.). 

 

Paired Pulse Stimulation 
200 paired pulses 

interstimulus interval (25 ms) 
interpair interval (2 s) 

Baseline Test Stimulus 
10 pulses at 0.1 Hz / 5 min 

(60% of max) 

Test Stimulus 
10 pulses at 0.1 Hz / 5 min 

Stabilization 

 > 30 min                  20 min                                             LTD (1 hr) 
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Figure 13. Measurement of fEPSP slope and pSpike amplitude. The trace represents a typical 
evoke population spike (pSpike). The amplitude of the pSpike was measured from the mid-point 
between the red dashed lines to the lowest point of the spike. Slope of fEPSP is measured from 
upstroke between the two green lines. 
 
 

3.5.  Molecular experiments 

3.5.1.  Hippocampal dissection and processing 

Animals were sacrificed under urethane anesthesia and processed as described 

(Aleisa et al., 2006c; Alzoubi et al., 2007a; Srivareerat et al., 2009a; Tran et al., 2010). 

Brains were rapidly extracted, and the right hippocampi were removed and dissected to 

yield the dorsal (septal) and ventral (temporal) sides of the CA1 area. Once removed 

from the brain, the hippocampus was placed on a filter paper soaked in 0.2 M sucrose 

solution (to prevent the hippocampus from adhering to the filter paper) over a petri 
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dish, filled with dry ice. The two ends of the hippocampus were trimmed. Then, the 

hippocampus was separated into three parts: septal, medial, and temporal parts. The 

medial portion was discarded. The septal and temporal parts of the hippocampus were 

placed in a vertical position to visualize the CA1, DG, and CA3 under a light microscope. 

The CA3 area was removed to facilitate the dissection of the CA1 area. The boundary 

between the CA1 area and the DG was marked by the hippocampal fissure, making it 

possible to separate and isolate the CA1 region. The dissected septal and temporal sides 

of the CA1 region were placed into prelabeled microcentrifuge tubes and stored at         

–80°C until homogenization and processing of the samples. 

Stimulation of the CA3 area of the septal side of the left hippocampus evoked 

responses recorded in the CA1 area of the septal side of the right hippocampus. It has 

been reported that the Schaffer collaterals of the CA3 neurons project to as much as 

75% of the CA1 neurons in the septal side of the right hippocampus while the CA1 

neurons in the temporal side receive a much smaller input (Laurberg, 1979; Tamamaki 

et al., 1988; Ishizuka et al., 1990; Papatheodoropoulos and Kostopoulos, 2000). Thus, 

the septal side of the contralateral (right) hippocampus, where LTP is generated, was 

considered as the "stimulated" side, whereas the temporal side, which receives 

relatively negligible input from the septal side of the left hippocampus, was considered 

as the unstimulated or "internal" control for the same animal (Fig. 14). In order to 

reduce individual variation, the protein levels of the stimulated septal part were 
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expressed as a percentage of the protein levels of the unstimulated temporal part of the 

CA1 as described (Gerges et al., 2004a; Gerges et al., 2005). 

 

 
Figure 14. Schematic of the 
hippocampal septo-temporal 
structures. Stimulation of the 
septal side of the left CA3 region 
of the hippocampus evokes 
responses recorded in the septal 
side of the right CA1 region of 
the hippocampus. It is known 
that each CA3 neuron synapses 
to as much as 75% of the septal 
side of epsilateral and 
contralateral CA1 field.  
 

 

 

 In this study, the temporal side of the hippocampus was used as an internal 

control in addition to GAPDH as a loading control. However, in some of the 

representative blots, the temporal sides of the experimental groups display differential 

effects from the temporal side of the control. A possible reason for the effect may be an 

error in dissection or protein sample processing, in which the unstimulated temporal 

region may have been contaminated by stimulated septal region. Additional caution 

should be taken in future experiments during dissection and sample processing to avoid 

sample contamination. 
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3.5.2.  Homogenization and sample preparation 

Protein extracts from hippocampal tissue were homogenized and sonicated in 

200 µl isotonic lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA (pH 7.4), 

1 mM EGTA (pH 7.4), 1% Nonidet P-40, 0.1% SDS, 5 mM Na4P2O7, 100 µg/ml PMSF, 40 

mM beta-glycerophosphate, 50 mM NaF, 1 mM PMSF) in the presence of protease 

inhibitor cocktail (Roche Applied Sciences, Indianapolis, IN). Protein concentration was 

estimated by micro bicinchoninic acid (BCA) assay (Pierce, Rockford, IL).  

 

3.5.3.  Immunoblotting 

Immunoblotting involved six steps: (1) Sample preparation: Tissue homogenates 

were diluted with 4X E-PAGE loading buffer 1 and 10X NuPAGE sample reducing agent 

(Invitrogen, Carlsbad, CA) and heated to 70oC for 10 min. (2) Protein electrophoresis: A 

volume of 10 μL (containing 10 μg of protein) of each homogenate was loaded onto an 

8%, 48-well protein electrophoresis gel (E-PAGE 48, Invitrogen) and resolved by E-PAGE 

high-throughput protein electrophoresis system (E-BASE, Invitrogen). (3) Transfer: 

Proteins on the gel were transferred onto polyvinylidene fluoride (iBlot gel transfer 

stacks, PVDF, Invitrogen) using a dry blotting system (iBlot gel transfer device, 

Invitrogen). After the transfer, the PVDF was activated by immersing the membrane in 

methanol (for approximately 1 min). (4) Blocking: Membranes were incubated, 

overnight, in 5% bovine serum albumin (BSA) in Tris-buffered saline (TBS) with 0.1% 
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Tween-20 (TBS-Tween) to block non-specific binding. (5) Addition of the antibody: 

Membranes were first incubated with unlabeled primary antibody (Table. 1) for 1 h at 

room temperature or overnight at 4oC. Next, the membranes were washed three times 

with TBS-Tween to remove unbound antibody. After which, the membranes were 

incubated in horseradish peroxidase conjugated secondary antibody (Table. 1) for 1 h at 

room temperature. After incubation of the secondary antibody, the blot was washed 

three times with TBS-Tween. (6) Detection: The antigen-antibody complex was visualized 

by enhanced chemiluminescence (ECL) western blotting substrate (Pierce, Rockford, IL) 

and captured digitally using the Alpha Innotech imaging system. The intensity of the 

immunoreactive bands was measured by densitometry using AlphaEase software and 

expressed as a ratio to that of the glyceraldehyde phosphodehydrogenase (GAPDH). 

GAPDH antibody served as a loading control to compensate for any discrepancies that 

may have occurred during protein concentration estimation. 

For detection of different molecules in the same blot, a stripping step was used 

to remove previously bound antibodies. Blots were washed for 5 min in distilled water. 

Next, the blots were placed in the 0.2 M NaOH stripping buffer for 5 min. Then, the blots 

were washed for another 5 min with distilled water. After which, the membranes were 

blocked in 5% BSA in TBS-Tween for 30 min at room temperature. Then the steps were 

repeated starting from the addition of antibodies step.  
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3.6.  Statistical analysis 

All statistics were carried out with one-way analysis of variance (ANOVA) 

followed by post-hoc test (Prism, Graphpad). Minimal significance level accepted was 

set at p < 0.05. Results are expressed as means ± SEM. 

 
Table 1: Antibodies, dilutions and sources: Summary of the primary and secondary antibodies 
that were used to detect the given molecules. 
 

 Primary Antibody Secondary Antibody 

p-CaMKII 
mouse anti-p-CaMKII mAb 

1:1000 
Santa Cruz Biotechnology, Inc., CA 

goat anti-mouse IgG, HRP 
1:1000 

Santa Cruz Biotechnology, Inc., CA 

t-CaMKII 
rabbit anti-CaMKII pAb 

1:1000 
Santa Cruz Biotechnology, Inc., CA 

goat anti-rabbit IgG, HRP 
1:1000 

Santa Cruz Biotechnology, Inc., CA 

Calcineurin 
rabbit anti-calcineurin pAb 

1:1000 
Millipore, MA 

goat anti-rabbit IgG, HRP 
1:2000 

Santa Cruz Biotechnology, Inc., CA 

BDNF 
rabbit anti-BDNF pAb 

1:1000 
Santa Cruz Biotechnology, Inc., CA 

goat anti-rabbit IgG, HRP 
1:1000 

Santa Cruz Biotechnology, Inc., CA 

p-CREB 
goat anti-p-CREB-1 pAb 

1:1000 
Santa Cruz Biotechnology, Inc., CA 

rabbit anti-goat IgG, HRP 
1:1000 

Santa Cruz Biotechnology, Inc., CA 

t-CREB 
rabbit anti-CREB-1 pAb 

1:1000 
Santa Cruz Biotechnology, Inc., CA 

goat anti-rabbit IgG, HRP 
1:2000 

Santa Cruz Biotechnology, Inc., CA 

GAPDH 
mouse anti-GAPDH mAb 

1:5000 
Millipore, MA 

goat anti-mouse IgG, HRP 
1:5000 

Santa Cruz Biotechnology, Inc., CA 

APP 
rabbit anti-APP pAb 

1:1000 
Abcam, MA 

goat anti-rabbit IgG, HRP 
1:2000 

Santa Cruz Biotechnology, Inc., CA 

BACE 
rabbit anti-BACE1 pAb 

1:1000 
Abcam, MA 

goat anti-rabbit IgG, HRP 
1:2000 

Santa Cruz Biotechnology, Inc., CA 
 



53 
 

4. RESULTS 

4.1. Behavioral results: radial arm water maze (RAWM) 

Numerous studies have shown that spatial learning and memory are dependent 

on the integrity of the hippocampus (Astur et al., 2002; Bohbot et al., 2002; Squire, 

2009). A reliable and sensitive behavioral model for analyzing hippocampal-dependent 

spatial learning and memory is the RAWM (Buresova et al., 1985; Hodges, 1996; 

Diamond et al., 1999; Alamed et al., 2006). 

 

4.1.1. Effect of chronic stress on spatial learning in at-risk rats 

On the first two days of the RAWM behavioral test, the rates at which the four 

experimental groups learned the location of the hidden platform were not significantly 

different (Fig. 15A, trials 1-4). However, with each successive trial, the animals were able 

to locate the platform with less difficulty as shown by the decreasing number of errors 

from trial 1 to trial 4, which became more noticeable with each passing day (Fig. 15B, C). 

Errors were highest during trial 1 and remained similar on subsequent days. In contrast, 

in trial 4, there was a noticeable decrease in the number of errors committed by the 

control, stress, and subAβ groups but not the stress/subAβ group on the final days of 

the RAWM (control: 0.29 ± 0.09; stress: 0.54 ± 0.11; subAβ: 0.43 ± 0.12; stress/subAβ: 

1.44 ± 0.23; n = 12-14, F3,161 = 12.14, p < 0.001; Fig. 15C, trial 4). The learning curves of 

animals in these groups improved with each successive trial and continued to improve 
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with each passing day (Fig. 15B, C). However, unlike the other three groups, the 

stress/subAβ rats showed no significant improvement in the ability to learn the location 

of the platform in trial 4 (Fig. 15C). These results were further confirmed by the DTC 

values for the fourth learning trial, which showed that the stress/subAβ animals 

required significantly more days than the control (p < 0.001), stress (p < 0.05), and 

subAβ (p < 0.05) groups to reach DTC (control: 6.21 ± 0.48; stress: 6.25 ± 0.63; subAβ: 

6.55 ± 0.49; stress/subAβ: 9.20 ± 0.95; n = 10-14, F3,43 = 4.65; Fig. 16A). The results 

showed that the learning ability of the subAβ rats was not different from the control 

group, whereas, the stress/subAβ rats were markedly impaired when compared to the 

other three experimental groups. 

 

4.1.2. Chronic stress accelerates impairment of short-term and long-term memory in 

the subAβ-infused animals. 

There were no significant differences in short-term and long-term memory 

among the four experimental groups on days 1–2 of the RAWM training (Fig. 15A). 

However, by days 3–5, the animals have begun to acquire the procedural components 

of the task allowing differences among the groups to become more noticeable (Fig. 

15B). On these days, significantly more errors were committed by the stress (p < 0.05) 

and stress/subAβ (p < 0.01) compared to the control and subAβ rats in the short-term 

memory test (control: 0.49 ± 0.17; stress: 1.78 ± 0.40; subAβ: 0.73 ± 0.15; stress/subAβ: 
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2.42 ± 0.51; n = 12-14, F3,133 = 6.79;  Fig. 15B). Long-term memory was also significantly 

impaired in stress/subAβ animals compared to the other three experimental groups 

(control: 0.91 ± 0.28; stress: 1.34 ± 0.31; subAβ: 1.41 ± 0.24; stress/subAβ: 2.97 ± 0.45; n 

= 12-14, F3,133 = 7.51, p < 0.01; Fig. 15B). 

On days 6–8, stress (p < 0.05) as well as stress/subAβ rats (p < 0.001) continued 

to commit significantly more errors than the control and subAβ groups on the short-

term memory test (control: 0.35 ± 0.14; stress: 0.90 ± 0.17; subAβ: 0.35 ± 0.10; 

stress/subAβ: 1.83 ± 0.39; n = 12-14, F3,157 = 8.95; Fig. 15C). In addition, short-term 

memory was significantly (p < 0.05) more impaired in the stress/subAβ groups than in 

the stress groups (Fig. 15C). The differences in long-term memory between stress/subAβ 

rats and the other three experimental groups also became more evident. The 

stress/subAβ animals committed significantly (p < 0.01) more errors than the control, 

stress, and subAβ groups in the long-term memory test (control: 1.07 ± 0.33; stress: 0.83 

± 0.28; subAβ: 1.07 ± 0.33; stress/subAβ: 2.76 ± 0.47; n = 12-14, F3,160 = 6.09; Fig. 15C). 

These results were further confirmed by the DTC of short-term and long-term 

memory. The stress/subAβ rats required significantly more days to reach the criterion 

than control (p < 0.001), stress (p < 0.05), and subAβ (p < 0.001) rats in the short-term 

memory DTC test (control: 5.71 ± 0.71; stress: 8.67 ± 0.57; subAβ: 6.50 ± 0.66; 

stress/subAβ: 11.29 ± 0.73; n = 10-14, F3,48 = 14.07; Fig. 16B). As expected (Gerges et al., 

2004b), stress rats also required significantly (p < 0.05) more days than the control and 
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subAβ groups to reach DTC in the short-term memory trials. The long-term memory DTC 

values were markedly higher in the stress/subAβ animals than the other three 

experimental groups (control: 6.64 ± 0.59; stress: 6.91 ± 0.97; subAβ: 7.75 ± 0.70; 

stress/subAβ: 13.75 ± 0.18; n = 10-14, F3,42 = 26.54, p < 0.001; Fig. 16C). 
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Learning, Short-Term and Long-Term Memory: Days 1-2 

 

Figure 15A. Learning, short-term and long-term memory performance on days 1-8 in the radial arm water maze. Trials 1-4 represents the 
acquisition (learning) phase. The short-term and long-term memory trials were conducted 20 min and 24 h after the last learning trial, 
respectively. Trials were performed every day for a period of 8 days. On days 1-2, all four experimental groups learned the location of the hidden 
platform at equivalent rates in trials 1-4. No significant difference was observed in the short-term and long-term memory tests. Values are 
expressed as mean ± S.E.M from 12-14 rats. 
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Learning, Short-Term and Long-Term Memory: Days 3-5 

 

Figure 15B. Learning and memory performance in the radial arm water maze. On days 3-5, all four experimental groups learned the location of 
the hidden platform at equivalent rates. In the short-term memory trial, there was a significant impairment in stress (p < 0.05) and stress/subAβ 
(p < 0.01) rats compared to the control and subAβ rats. Long-term memory was also significantly (p < 0.01) impaired in the stress/subAβ group 
compared to the other three experimental groups. (*) Denotes significant difference from control and subAβ groups and (#) from control, stress, 
and subAβ groups (n = 12–14 rats/group). Values are expressed as mean ± S.E.M.  
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Learning, Short-Term and Long-Term Memory: Days 6-8 

 

Figure 15C. Chronic stress accelerated impairment of learning, short-term and long-term memory in subAβ-infused rats. On days 6-8,   there was 
a significant (p < 0.001) impairment in the ability of the stress/subAβ rats to locate the hidden platform. Short-term memory was significantly (p 
< 0.05) impaired in the stress rats compared to the control and subAβ rats. Exposure of subAβ rats to chronic stress significantly impaired short-
term memory compared to control and subAβ rats (p < 0.001) and stress rats (p < 0.05) as well. Long-term memory was markedly impaired (p < 
0.01) in stress/subAβ animals. (*) Denotes significant difference from control and subAβ groups and (#) from control, stress, and subAβ groups (n 
= 12–14 rats/group). Values are expressed as mean ± S.E.M. 
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   (A)                                                                         (B)                                                                        (C) 

 

Figure 16. Learning and memory functions measured as days required to reaching a criterion. Days to criterion (DTC) is reached when the animal 
commits no more than one error over 3 consecutive days in a designated trial. Chronic stress significantly impaired (A) learning, (B) short-term 
memory, and (C) long-term memory in the subAβ rat model of AD. Stress/subAβ group required significantly more days than the other three 
experimental groups to reach DTC in both learning and memory tests. Stress group also required significantly more days than the control and 
subAβ groups to reach the DTC for short-term memory. (*) Denotes significant difference from control and subAβ groups (p < 0.05) and (#) from 
control, stress, and subAβ groups (p < 0.05-0.001, n = 10–14 rats/group). Values are expressed as mean ± S.E.M. 
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4.2. Electrophysiological results 

 In this section, we assessed the effect of chronic stress and/or subAβ infusion on 

two widely accepted cellular models for learning and memory: long-term potentiation 

(LTP) and long-term depression (LTD). To recorded changes in LTP and LTD, rats were 

irreversibly anesthetized with urethane and placed in a stereotaxic frame for in vivo 

extracellular recording. Extracellular field potentials were recorded from the CA1 region 

of the hippocampus. From the responses, fEPSP slope and pSpike amplitude were 

compared across the experimental groups (control, stress, subAβ, and stress/subAβ). 

 

4.2.1.  Basal synaptic transmission 

 In order to evaluate basal synaptic transmission in the CA1 region of the 

hippocampus, an input/output (I/O) curve was generated by gradually increasing 

stimulus intensity and measuring the resulting fEPSP slopes or pSpike amplitudes. 

Neither chronic stress, subAβ infusion, nor the combination caused any significant 

differences in the I/O curves for fEPSP slope (Fig. 17A) or pSpike amplitude (Fig. 17B). As 

an additional measure of basal synaptic transmission, we measured the stimulus 

intensities required to generate the minimum, maximum, or 30% of maximum 

responses (Fig 17C), where we found no significant difference among the four 

experimental groups (Fig. 17C). From these data, it did not seem that chronic stress 

and/or subAβ infusion altered basal synaptic transmission. 
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    (A)                                                                         (B)                                                                        (C) 

 
 
Figure 17. Basal synaptic transmission in the CA1 region of the hippocampus. Input/output (I/O) curves of (A) fEPSP slope and (B) pSpike 
amplitude resulting from different stimulus intensities. Stimulus intensity numbers are arbitrary units: where 1 is intensity that gives minimum 
response and 8 is intensity that produces maximum responses. There is no significance difference in fEPSP slope and pSpike amplitude among 
the four experimental groups. (C) Stimulus intensity required to produce the minimum, maximum and 30% of the maximum response. There is 
no significance difference in the stimulus intensity required to produce the different responses among the control, stress, subAβ, and 
stress/subAβ groups. Values are mean ± SEM from 8-10 animals. 
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4.2.2.  Early-phase long-term potentiation (E-LTP) 

 To confirm our behavioral results concerning the negative effect of chronic stress 

alone or in combination with subAβ infusion on short-term memory, a correlate of 

early-phase (E)-LTP, we examined the effect of stress on the magnitude of HFS-induced 

E-LTP in subAβ animals. From the extracellular field potentials recorded from the CA1 

area of the hippocampus, we compared the fEPSP slope and pSpike amplitude of 

recorded responses across all groups. 

 

4.2.2.1. Chronic stress impairs E-LTP 

In the control and subAβ animals, high-frequency stimulation (HFS) induced E-

LTP manifested as a marked increase in the slope of fEPSP (at 60 min after HFS: control: 

153.36 ± 5.06%; subAβ: 157.27 ± 5.12% of baseline; Fig. 18A) and the amplitude of 

pSpike (at 60 min after HFS: control: 279.17 ± 13.11%; subAβ: 183.92 ± 11.92% of 

baseline; Fig. 18B) in the CA1 region of the hippocampus. In the stress group, the slope 

of fEPSP (131.64 ± 1.66% of baseline) and amplitude of pSpike (183.92 ± 11.92% of 

baseline) were significantly higher than baseline values, but there was a significant 

decrease in the slope of fEPSP (n = 4-6, F4,17 = 23.19, p < 0.01; Fig. 18A) and amplitude of 

pSpike (n = 4-6, F4,17 = 10.38, p < 0.05; Fig. 18B) compared to the control and subAβ 

groups. These results indicate that chronic stress alone is sufficient to cause impairment 

in E-LTP in the CA1 area of the hippocampus.  
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4.2.2.2. Effect of chronic stress on E-LTP in subAβ-infused animals 

In the stress/subAβ rats, HFS significantly (p < 0.05) increased the slope of the 

fEPSP (116.35 ± 2.90% of baseline) compared to baseline values; however, it was 

markedly lower (p < 0.001) than that of the control and subAβ groups at all time points 

after application of HFS (Fig. 18A). Furthermore, the slope of fEPSP in stress/subAβ 

animals was significantly lower (p < 0.05) than that of the stress animals at 60 min after 

HFS (n = 4-6, F4,17 = 23.19; Fig. 18A). 

Application of HFS to the Schaffer collateral synapses produced significant 

increases in the amplitudes of the pSpike in all animals. However, at nearly all time 

points, the pSpike amplitudes of the stress and stress/subAβ rats were significantly 

lower (p < 0.05) than control and subAβ rats (t = 60 min: stress: 183.92 ± 11.92%; 

stress/subAβ: 158.09 ± 19.05% of baseline; n = 4-6, F4,17 = 10.38; Fig. 18B).  
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Figure 18. Early-phase long-term potentiation (E-LTP) in the CA1 region of the hippocampus induced by high frequency stimulation (HFS) applied 
(at time 0) to the Schaffer collaterals/commissural pathway of anesthetized rats. E-LTP was measured as increases in the slope of fEPSP and 
amplitude of pSpike expressed as percentage of the baseline values. (A) Slope values in stress/subAβ rats are significantly lower than those of 
the three other groups at all time point after applying HFS. The stress group showed significantly decreased slope values compared to control, 
and subAβ rats. (B) pSpike amplitude is significantly decreased in stress and stress/subAβ animals compared to control and subAβ groups after 
HFS. Points between the 2 (*) denotes significant difference from control and subAβ groups and those between the 2 (#) indicate significant 
difference from control, stress, and subAβ groups (p < 0.05-0.01, n = 4–6 rats/group). Insets are representative pSpike traces. 
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4.2.3.  Chronic stress impairs late-phase (L)-LTP in subAβ rats  

In this section, we examined the effect of stress on the magnitude of multiple 

high frequency stimulation (MHFS)-induced L-LTP in subAβ animals. Application of MHFS 

to the Schaffer collateral/commissural pathway in the CA1 region of the hippocampus 

evoked a long lasting increase in the slope of fEPSP in the control, stress, and subAβ 

animals (t = 300 min: control: 145.61 ± 0.93%; stress: 140.37 ± 3.22%; subAβ: 136.10 ± 

5.13% of baseline; Fig. 19A). However, fEPSP values of the stress/subAβ animals (113.15 

± 5.42% of baseline) after MHFS were markedly lower (p < 0.05) than the values of the 

other three experimental groups (n = 4-7, F4,14 = 14.36; Fig. 19A).  

Additionally, MHFS caused a significant increase in the pSpike amplitude of all 

animal groups at the beginning of the recording. However, as time progressed, the 

response from the stress/subAβ rats gradually decreased back to baseline values (t = 

300 min: control: 182.11 ± 9.32%; stress: 179.36 ± 31.07%; subAβ: 172.50 ± 16.67%; 

stress/subAβ: 93.29 ± 16.27% of baseline; n = 4-7, F4,20 = 6.14; Fig. 19B). Thus, chronic 

stress or subAβ infusion alone did not affect L-LTP. However, when the two conditions 

were combined, there was a marked impairment of L-LTP, which seemed to correlate 

with our behavioral data showing impaired long-term memory in stress/subAβ animals. 
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Figure 19. Late-phase long term potentiation (L-LTP) in the CA1 region of the hippocampus evoked by multiple high frequency stimulation 
(MHFS) applied at time zero to the Schaffer collaterals/commissural pathway of anesthetized rats. L-LTP was measured as increases in the slope 
of fEPSP and amplitude of pSpike and expressed as percentage of the baseline values (before MHFS). (A) fEPSP slope values in stress/subAβ rats 
are significantly lower than those of control, stress, and subAβ groups at all time point after applying MHFS. (B) Stress or subAβ infusion alone 
was not significantly different from control; however, the combination caused a significant decrease in pSpike amplitude values compared with 
the control group. All points between the 2 (*) indicates significant difference from control, stress, and subAβ groups (p < 0.05, n = 4-7 
rats/group). Insets are pSpike traces from representative experiments. 
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4.2.4.  Long-term depression (LTD)  

 While high frequency stimulation potentiates synaptic transmission, low 

frequency stimulation causes depression of synaptic responses. In this section, we 

examined evoked LTD by applying paired pulse stimulation to the Schaffer 

collateral/commissural pathway in the hippocampus and measuring the resulting 

changes in fEPSP slope and pSpike amplitude. 

 

4.2.4.1. Chronic stress enhances the magnitude of LTD 

In another set of animals, we used paired-pulse stimulation to test if stress alone 

affected the magnitude of LTD. The paired-pulse stimulation induced LTD in all groups 

and was measured as a decrease in the slope of fEPSP and amplitude of the pSpike (Fig. 

20A and B, respectively). The magnitude of LTD was significantly (p < 0.05) enhanced in 

the stress rats compared to the control and subAβ rats as shown by the decrease in 

slope of fEPSP (at 60 min after PPS: control: 78.38 ± 1.97%; stress: 62.93 ± 4.35%; 

subAβ: 75.98 ± 3.41% of baseline; n = 4-7, F4,18 = 23.42; Fig. 20A) and amplitude of 

pSpike (at 60 min after PPS: control: 76.20 ± 3.87%; stress: 50.89 ± 7.49%; subAβ: 74.79 

± 6.51% of baseline; n = 4-7, F4,19 = 6.33; Fig. 20B). These results indicate that chronic 

stress alone is sufficient to enhance the magnitude of LTD in the CA1 area of the 

hippocampus. 
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4.2.4.2. Effect of chronic stress on LTD in subAβ-infused animals 

The combination of stress and subAβ infusion enhanced the magnitude of LTD 

compared to stress alone (Fig. 20A). The slope of fEPSP was significantly (p < 0.001) 

lower in stress/subAβ (33.98 ± 6.47% of baseline) than those of control, stress, and 

subAβ rats (n = 4-7, F4,18 = 23.42; Fig. 20A). In addition, the pSpike amplitude in 

stress/subAβ rats (57.51 ± 1.70% of baseline) was significantly (p < 0.05) lower 

compared to control and subAβ rats but was equivalent to that of stress rats (n = 4-7, 

F4,19 = 6.33; Fig. 20B). 
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Figure 20. Long-term depression (LTD) of the CA1 region in the hippocampus induced by paired pulse stimulation (PPS) to the Schaffer 
collaterals/commissural pathway of anesthetized rats. LTD was measured as decreases in fEPSP slope and pSpike amplitude expressed as 
percentage of the baseline value. (A) One hour after PPS, the slope of the fEPSP was significantly (p < 0.05) decreased in stress rats compared to 
control and subAβ rats. In addition, the fEPSP slope of stress/subAβ was markedly (p < 0.001) lower than control, stress, and subAβ animals. (B) 
The pSpike amplitudes were significantly (p < 0.05) decreased in stress and stress/subAβ rats compared to control values. Results are expressed 
as mean ± S.E.M. Points between the 2 (*) are significantly different from control values and points between the 2 (#) are significantly different 
from control, subAβ, and stress groups (n = 4-7 rats/group). Insets are representative pSpike traces.  
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4.3. Molecular Results 

 Behavioral results reveal that chronic psychosocial stress impaired learning and 

memory in subAβ animals. Electrophysiological data from the CA1 region support our 

behavioral results by revealing that stress accelerates impairment of LTP and 

enhancement of LTD in subAβ-infused rats. To investigate the deficits observed in 

stress/subAβ animals from the behavioral and electrophysiological studies, we 

investigated the changes in levels of signaling molecules involved in AD pathogenesis 

and synaptic plasticity. In addition, we also investigated the levels of signaling molecules 

during expression of E-LTP (1 hour after HFS), L-LTP (5 hours after MHFS), and LTD (1 

hour after PPS) in the CA1 region of the hippocampus. 

 

4.3.1. Basal levels of signaling molecules involved in AD pathogenesis 

 One of the leading hypotheses in AD suggests that the initiating factor in AD may 

result from an imbalance between production and clearance of Aβ leading to 

aggregation and eventual excess accumulation of the peptide. To determine whether 

the observed impairment of learning, memory, and LTP in stress/subAβ rats was 

associated with increases in Aβ-related protein levels, we examined the effect of chronic 

stress on the basal levels of APP and BACE in the total homogenate of the CA1 region of 

subAβ-infused animals. 
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4.3.1.1. Basal levels of APP 

 Processing of amyloid precursor protein (APP) through the amyloidogenic 

pathway yields Aβ. Western blot analysis was used to measure the basal levels of APP in 

the CA1 region of the four experimental groups. Neither chronic stress, subAβ infusion, 

nor the combination of the two produced any significant changes in the basal levels of 

APP between any of the experimental groups (Fig. 21). 

 

4.3.1.2. Basal levels of BACE 

 In the amyloidogenic pathway, proteolytic cleavage of APP by the sequential 

enzymatic actions of beta-site amyloid precursor protein-cleaving enzyme (BACE, a β-

secretase), followed by γ-secretase releases Aβ. Western blot analysis was used to 

measure the basal levels of BACE in the CA1 region of the four experimental groups. 

Analysis of hippocampal CA1 homogenates indicated that stress, by itself, had no effect 

on the basal levels of BACE (Fig. 22). However, chronic stress significantly (p < 0.05) 

increased the levels of BACE in subAβ-infused animals compared to control, stress, and 

subAβ rats (control: 0.65 ± 0.04; stress: 0.64 ± 0.04; subAβ: 0.67 ± 0.03; stress/subAβ: 

0.79 ± 0.04; n = 6-7, F3,22 = 4.15; Fig. 22). The increase in basal levels of BACE in 

stress/subAβ rats suggests that in these rats processing of APP though the 

amyloidogenic pathway may have increased.  
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Basal Levels of APP 

 

Figure 21. Basal levels of amyloid precursor protein (APP) in the hippocampal subfield CA1. No 
significant changes in the basal levels of APP among the four experimental groups were 
observed. Results are expressed as mean ± S.E.M from 6-7 rats. Insets are representative bands. 
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Basal Levels of BACE 

 

Figure 22. Basal levels of beta-site amyloid precursor protein-cleaving enzyme (BACE) in the CA1 
region of the hippocampus. Chronic stress significantly increased the basal level of BACE in 
subAβ-infused rats. Results are expressed as mean ± S.E.M. (*) Indicates significant difference (p 
< 0.05, n = 6-7 rats/group) from control, stress, and subAβ values. Insets are representative 
bands. 
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4.3.2. Basal levels of signaling molecules involved in memory and synaptic plasticity 

 In this section, we determined the effect of chronic stress and/or subAβ infusion 

on the basal levels of p-CaMKII, total CaMKII, calcineurin, p-CREB, total CREB, and BDNF 

in the total homogenate of the CA1 region. 

 

4.3.2.1. Basal levels of p-CaMKII and t-CaMKII 

 Calcium/calmodulin-dependent protein kinase II (CaMKII) is one of the most 

abundant proteins in neurons and its phosphorylation is a critical mediator in synaptic 

plasticity and memory (Giese et al., 1998; Lisman et al., 2002; Colbran and Brown, 

2004). We measured the basal levels of phosphorylated (p)-CaMKII and total CaMKII in 

the CA1 region of the hippocampus. Exposure to chronic stress significantly decreased 

the basal levels of p-CaMKII in stress and stress/subAβ rats compared to control (p < 

0.05) and subAβ (p < 0.01) rats (control: 0.73 ± 0.05; stress: 0.55 ± 0.03; subAβ: 0.78 ± 

0.05; stress/subAβ: 0.55 ± 0.02; n = 6-7, F3,24 = 8.61; Fig. 23A). By contrast, there was no 

difference in the basal levels of total CaMKII among the four experimental groups (Fig. 

23B). However, there was a significant (p < 0.05) reduction in the ratio of p-CaMKII/total 

CaMKII in stress and stress/subAβ rats compared to control and subAβ rats (control: 

0.57 ± 0.03; stress: 0.37 ± 0.04; subAβ: 0.56 ± 0.04; stress/subAβ: 0.39 ± 0.05; n = 6-7, 

F3,24 = 7.26; Fig. 23C). 
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4.3.2.2. Basal levels of calcineurin 

 Calcineurin is the only Ca2+-activated protein phosphatase in neurons, which 

plays a vital role in the dephosphorylation of CaMKII (Mansuy, 2003). To investigate the 

role of calcineurin in animals exposed to stress and/or subAβ infusion, we measured the 

basal levels of calcineurin in all groups. In hippocampal CA1 total homogenate, the basal 

levels of calcineurin were significantly increased in stress (1.31 ± 0.08; p < 0.05) and 

stress/subAβ group (1.36 ± 0.08; p < 0.01) compared to control and subAβ groups 

(control: 1.04 ±  0.04; subAβ: 1.02 ± 0.05; n = 7-8, F3,28 = 7.58; Fig. 24).  

 

 

 

 

 

 



77 
 

 

 
 
Figure 23. Basal levels of phosphorylated calcium/calmodulin-dependent protein kinase II (p-CaMKII) and total (t)-CaMKII in the hippocampal 
subfield CA1. Chronic stress (stress and stress/subAβ) caused a significant decrease in the basal levels of p-CaMKII (A) without any significant 
changes in the basal levels of t-CaMKII (B). Stress and stress/subAβ rats also displayed a marked reduction in the ratio of p-CaMKII/t-CaMKII (C). 
Results are expressed as mean ± S.E.M. (*) Indicates significant difference (p < 0.05-0.01, n = 6-7 rats/group) from control and subAβ values. 
Insets are representative bands. 
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Basal Levels of Calcineurin 

 

Figure 24. Basal levels of calcineurin in the CA1 region of the hippocampus. There was a 
significant increase in the basal levels of calcineurin in animals exposed to chronic stress. Results 
are expressed as mean ± S.E.M. (*) Indicates significant difference (p < 0.05-0.01, n = 7-8 
rats/group) from control and subAβ values. Insets are representative bands. 
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4.3.2.3. Basal levels of p-CREB and total CREB 

 cAMP response element binding protein (CREB) is a transcription factor involved 

in learning and memory processes. Application of chronic stress or subAβ infusion alone 

did not produce any significant changes in the basal protein levels of phosphorylated 

(p)-CREB or total CREB. However, when the two conditions were combined, we detected 

a significant reduction in the basal protein levels of p-CREB (control: 0.54 ± 0.03; stress: 

0.56 ± 0.03; subAβ: 0.53 ± 0.02; stress/subAβ: 0.43 ± 0.03; n = 5-6, F3,17 = 4.75, p < 0.05; 

Fig. 25A) and total CREB (control: 0.68 ± 0.03; stress: 0.74 ± 0.04; subAβ: 0.67 ± 0.04; 

stress/subAβ: 0.53 ± 0.03; n = 5-6, F3,17 = 7.17, p < 0.05;  Fig. 25B) compared to the other 

three experimental groups. No change was observed in the ratio of p-CREB to total CREB 

among the four experimental groups (Fig. 25C).  

 

4.3.2.2. Basal levels of BDNF 

 The basal levels of BDNF were not changed in stress and subAβ animals 

compared to control animals. However, when chronic stress was coupled with subAβ 

infusion, there was a significant (p < 0.05) decrease in the basal level of BDNF compared 

to the control and stress groups (control: 0.77 ± 0.03; stress: 0.78 ± 0.04; subAβ: 0.69 ± 

0.03; stress/subAβ: 0.64 ± 0.01; n = 6-7; F3,21 = 4.39; Fig. 26). 
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Figure 25. Basal levels of phosphorylated cyclic AMP response element binding protein (p-CREB) and total CREB in the hippocampal subfield CA1. 
The combination of chronic stress and subAβ infusion caused a significant decrease in the basal levels of p-CREB (A) and total CREB (B). There 
was no difference in the ratio of p-CREB to total CREB among the four groups (C). Results are expressed as mean ± S.E.M. (*) Indicates significant 
difference (p < 0.05, n = 5-6 rats/group) from control, stress, and subAβ values. Insets are representative bands. 
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Basal Levels of BDNF 

 

Figure 26. Basal levels of brain-derived neurotrophic factor (BDNF) in the CA1 region of the 
hippocampus. There was a significant decrease in the basal levels of BDNF in animals exposed to 
both chronic stress and subAβ infusion. Results are expressed as mean ± S.E.M. (*) Indicates 
significant difference (p < 0.05, n = 6-7 rats/group) from control and stress values. Insets are 
representative bands. 
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 Table 2 summarizes the effect of stress and/or subAβ infusion on the basal levels 

of APP, BACE, p-CaMKII, t-CaMKII, calcineurin, p-CREB, CREB, and BDNF in CA1 region of 

the hippocampus 

 

 Stress SubAβ Stress/SubAβ 

APP No change No change No change 

BACE No change No change Increase 

p-CaMKII Decrease No change Decrease 

t-CaMKII No change No change No change 

p-CaMKII/t-CaMKII ratio Decrease No change Decrease 

Calcineurin Increase No change Increase 

p-CREB No change No change Decrease 

CREB No change No change Decrease 

p-CREB/CREB ratio No change No change No change 

BDNF No change No change Decrease 

 
Table 2. Basal levels of AD-related and signaling molecules. Summary of the effects of stress 
and/or subAβ infusion on the basal levels of APP, BACE, p-CaMKII, t-CaMKII, calcineurin, p-CREB, 
CREB, and BDNF in CA1 area of the hippocampus compared to control. 
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4.3.3. Levels of signaling molecules during E-LTP 

 In this section, we reported the effect of chronic psychosocial stress and/or 

subAβ infusion on the levels of p-CaMKII, total CaMKII, and calcineurin at one hour after 

high frequency stimulation (HFS). 

 

4.3.3.1. Levels of p-CaMKII and total CaMKII during expression of E-LTP 

One hour after the induction of E-LTP in area CA1 of the hippocampus by HFS, 

the levels of p-CaMKII in the CA1 area were markedly increased in the stimulated (s)-

control and s-subAβ groups (by 27 ± 4% and 23 ± 4% in the s-control and s-subAβ 

groups, respectively), but not in the s-stress and s-stress/subAβ groups compared to 

unstimulated control values (n = 6-7, F4,30 = 10.91, p < 0.05; Fig. 27A). The levels of total 

CaMKII were significantly increased to similar levels in all stimulated groups (s-control: 

41 ± 4%; s-stress: 44 ± 11%; s-subAβ: 46 ± 8%; and s-stress/subAβ: 54 ± 11% of 

unstimulated control; n = 6-7, F4,29 = 5.23, p < 0.05) after induction of E-LTP (Fig. 27B). 

Furthermore, the ratio of p-CaMKII/total-CaMKII was markedly decreased in stimulated 

groups exposed to chronic stress (by 28 ± 7% and 30 ± 7%: s-stress and s-stress/subAβ 

animals, respectively) compared to the unstimulated control group (n = 6-7, F4,30 = 4.60, 

p < 0.05; Fig 27C). 
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4.3.3.2. Levels of calcineurin during expression of E-LTP 

 Calcineurin is a protein phosphatase responsible for the dephosphorylation of p-

CaMKII. The levels of calcineurin were significantly increased in all stimulated groups (s-

control: 53 ± 15%; s-stress: 37 ± 8%; s-subAβ: 49 ± 10%; and s-stress/subAβ: 48 ± 13% of 

unstimulated control; n = 4-6, F4,20 = 3.03, p < 0.05)  after the induction of E-LTP in the 

CA1 area of the hippocampus (Fig. 28). 

 

Table 3 summarizes the effect of stress and/or subAβ infusion on the levels of p-

CaMKII, t-CaMKII, and calcineurin in CA1 region of the hippocampus during expression 

of E-LTP. 

 

 Control Stress SubAβ Stress/SubAβ 

p-CaMKII Increase No change Increase No change 

t-CaMKII Increase Increase Increase Increase 

p-CaMKII/t-CaMKII ratio No change Decrease No change Decrease 

Calcineurin Increase Increase Increase Increase 

 
Table 3. Levels of signaling molecules during E-LTP. Summary of the effects of HFS on the levels 
of p-CaMKII, t-CaMKII, and calcineurin in the septal side of the right CA1 area of the 
hippocampus compared to the corresponding temporal side in stimulated (s)-control, s-stress, s-
subAβ, s-stress/subAβ compared to unstimulated control. 
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Figure 27. Levels of CaMKII (phosphorylated and total) in the hippocampal CA1 area during E-LTP. (A) HFS stimulation of the Schaffer collaterals 
synapses in the hippocampus caused a significant increase in the levels of phosphorylated (p)-CaMKII in the CA1 of stimulated (s)-control and s-
subAβ groups but not in the s-stress and s-stress/subAβ animals. (B) The levels of total (t)-CaMKII are significantly increased in all stimulated 
groups compared to the unstimulated control. (C) The ratio of p-CaMKII/total-CaMKII are significantly decreased in the s-stress and s-
stress/subAβ rats compared to the unstimulated control. (*) Indicates significant difference from unstimulated control values (p < 0.05, n = 6-7 
rats/group). Insets are representative bands. 
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Levels of calcineurin during E-LTP 

 

Figure 28. Levels of calcineurin in the CA1 region of the hippocampus during E-LTP. Application 
of HFS caused significant increases in the levels of calcineurin in all stimulated groups. Results 
are expressed as mean ± S.E.M. (*) Indicates significant difference (p < 0.05, n = 4-6 rats/group) 
from unstimulated control. Insets are representative bands. 
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4.3.4. Levels of signaling molecules during L-LTP 

To evaluate the role of p-CREB, total CREB and BDNF in stress-induced 

impairment of L-LTP in subAβ infused rats, we measured the levels of these signaling 

molecules during L-LTP expression. Five hours after induction of L-LTP by MHFS, the 

animals were sacrificed and the septal and temporal regions of the CA1 area of the right 

hippocampus were removed and processed for Western blot analysis.  

 

4.3.4.1. Levels of p-CREB and total CREB during expression of L-LTP 

Five hours after the induction of L-LTP in the CA1 area of the hippocampus by 

MHFS, the levels of phosphorylated (p)-cyclic AMP response element binding protein 

(CREB) in area CA1 were markedly increased by 27 ± 3%, 28 ± 6%, and 29 ± 6 % in s-

control, s-stress, and s-subAβ animals, respectively, but not in the s-stress/subAβ groups 

compared to unstimulated control (n = 6-9, F4,37 = 5.67, p < 0.05; Fig. 29A). The levels of 

total-CREB were similar in all experimental groups and did not significantly change after 

induction of L-LTP (Fig. 29B). The ratio of p-CREB/total-CREB was significantly increased 

after MHFS in the s-control, s-stress, and s-subAβ animals (by 44 ± 8%, 35 ± 6%, and 30 ± 

4%, respectively), but not in the s-stress/subAβ groups (n = 6-9, F4,31 = 5.85, p < 0.05; Fig. 

29C). 
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4.3.4.2. Levels of BDNF during expression of L-LTP 

 After induction of L-LTP in area CA1 of the hippocampus, the levels of BDNF were 

significantly increased in the s-control, s-stress, and s-subAβ animals (by 30 ± 6%, 45 ± 

11%, and 59 ± 11%, respectively), but not in the in those of the s-stress/subAβ, which 

were not significantly different from levels in unstimulated control (n = 4-5, F4,17 = 7.35, 

p < 0.05; Fig. 30). 

 

Table 4 summarizes the effect of stress and/or subAβ infusion on the levels of p-

CREB, CREB, and BDNF in CA1 region of the hippocampus during expression of L-LTP. 

 

 Control Stress SubAβ Stress/SubAβ 

p-CREB Increase Increase Increase No change 

CREB No change No change No change No change 

p-CREB/CREB ratio Increase Increase Increase No change 

BDNF Increase Increase Increase No change 

 
Table 4. Levels of signaling molecules during L-LTP. Summary of the effects of MHFS on the 
levels of p-CREB, CREB, and BDNF in the septal side of the right CA1 area of the hippocampus 
compared to the corresponding temporal side in stimulated (s)-control, s-stress, s-subAβ, s-
stress/subAβ compared to unstimulated control. 
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Figure 29. Effect of chronic stress and/or subAβ infusion on the levels of CREB (phosphorylated and total) in the hippocampal CA1 area during L-
LTP. (A) MHFS stimulation of the Schaffer collaterals synapses in the hippocampus caused a significant increase in the levels of phosphorylated 
(p)-CREB in the CA1 of stimulated (s)-control, s-stress, and s-subAβ groups but not in the s-stress/subAβ animals. (B) There was no difference in 
the level of total CREB among the experimental groups. (C) The ratio of p-CREB/total-CREB levels indicates reduced phosphorylation in the 
stimulated stress/subAβ rats. (*) Indicates significant difference (p < 0.05, n = 6–9 rats/group) from unstimulated control values. Insets are 
representative bands. 
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Levels of BDNF during L-LTP 

 

Figure 30. Levels of BDNF during expression of L-LTP. The levels of BDNF after MHFS were 
significantly increased in all stimulated groups except the stimulated (s)-stress/subAβ group 
compared to the unstimulated group. Results are expressed as mean ± S.E.M. (*) Indicates 
significant difference (p < 0.05, n = 4-5 rats/group) from unstimulated control values. Insets are 
representative bands. 
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4.3.5. Levels of signaling molecules during LTD 

 In this section, we investigated the effect of stress and/or subAβ infusion on the 

levels of calcineurin, p-CaMKII, total CaMKII, and BDNF in the CA1 region after paired 

pulse stimulation.  

 

4.3.5.1. Levels of calcineurin during expression of LTD 

 An hour after paired pulse stimulation, the levels of calcineurin was significantly 

(p < 0.05) increased by 30 ± 6% in stimulated stress group and 26 ± 3% in stimulated 

stress/subAβ group compared to the unstimulated control group (n = 5-8, F4,28 = 4.56, p 

< 0.05; Fig. 31). Paired pulse stimulation did not induce any changes in the levels of 

calcineurin in stimulated control and stimulated subAβ compared to those of the 

unstimulated control (Fig. 31). 

 

4.3.5.2. Levels of p-CaMKII and total CaMKII during expression of LTD 

The levels of p-CaMKII were significantly (p < 0.05) increased by 116 ± 31% in 

stimulated stress rats and 125 ± 47% in stimulated stress/subAβ rats compared to the 

unstimulated control rats (n = 5-7, F4,28 = 4.95; Fig. 32A). However, there was no 

significant change in the levels of p-CaMKII in stimulated control values and stimulated 

subAβ values compared to unstimulated control values (Fig. 32A). When examining the 

levels of total CaMKII, there were significant (p < 0.05) increases in all stimulated groups 
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(by 22 ± 1%, 30 ± 3%, 18 ± 5%, and 23 ± 4%: s-control, s-stress, s-subAβ, and s-

stress/subAβ animals, respectively) compared to the unstimulated control with no 

significant difference among the stimulated groups (n = 5-7, F4,28 = 6.65; Fig. 32B). 

Furthermore, the ratio of p-CaMKII/total-CaMKII was markedly decreased in stimulated 

groups exposed to chronic stress (s-stress: 56 ± 26% and s-stress/subAβ: 70 ± 26% of 

unstimulated control; n = 7-9, F4,24 = 4.39, p < 0.05; Fig 32C). 

 

4.3.5.3. Levels of BDNF during expression of LTD 

 One hour after pair pulse stimulation, there was no change in the levels of BDNF 

in the stimulated control, stimulated stress, and stimulated subAβ groups compared to 

the unstimulated control group (Fig. 33). However, when subAβ infusion was coupled 

with chronic stress, there was a significant (p < 0.05) decrease by 25 ± 10% compared to 

the unstimulated control group (n = 7-8, F4,33 = 3.05; Fig. 33). 

 

 

 

 

 



93 
 

Table 5 summarizes the effect of stress and/or subAβ infusion on the levels of 

calcineurin, p-CaMKII, t-CaMKII, and BDNF in CA1 region of the hippocampus during 

expression of E-LTP. 

 

 Control Stress SubAβ Stress/SubAβ 

Calcineurin No change Increase No change Increase 

p-CaMKII No change Increase No change Increase 

t-CaMKII Increase Increase Increase Increase 

p-CaMKII/t-CaMKII ratio No change Increase No change Increase 

BDNF No change No change No change Decrease 

 
Table 5. Levels of signaling molecules during LTD. Summary of the effects of paired pulse 
stimulation on the levels of calcineurin, p-CaMKII, t-CaMKII, and BDNF in the septal side of the 
right CA1 area of the hippocampus compared to the corresponding temporal side in stimulated 
(s)-control, s-stress, s-subAβ, s-stress/subAβ compared to unstimulated control. 
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Levels of calcineurin during LTD 

 

Figure 31. Levels of calcineurin in the CA1 region of the hippocampus during LTD. Exposure to 
chronic stress caused a significant increase in the levels of calcineurin during LTD. Results are 
expressed as mean ± S.E.M. (*) Indicates significant difference (p < 0.05, n = 5-8 rats/group) 
from unstimulated control. Insets are representative bands. 
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Figure 32. Levels of CaMKII (phosphorylated and total) in the hippocampal CA1 area during LTD. (A) PPS stimulation of the Schaffer collaterals 
synapses in the hippocampus caused a significant increase in the levels of phosphorylated (p)-CaMKII in the CA1 of stimulated (s)-stress and s-
stress/subAβ groups (B) The levels of total CaMKII are significantly increased in all stimulated groups compared to the unstimulated control. (C) 
The ratio of p-CaMKII/total CaMKII was significantly increased in the s-stress and s-stress/subAβ rats compared to the unstimulated control. (*) 
Indicates significant difference from unstimulated control values (p < 0.05, n = 5-7 rats/group). Insets are representative bands. 
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Levels of BDNF during LTD 

 

Figure 33. Levels of BDNF during LTD. There was a significant decrease in the levels of BDNF in 
animals exposed to both chronic stress and subAβ infusion. Results are expressed as mean ± 
S.E.M. (*) Indicates significant difference (p < 0.05, n = 7-8 rats/group) from unstimulated 
control. Insets are representative bands. 
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5. DISCUSSION 

 Although several studies have been published on various genetic risk factors of 

AD (Sherrington et al., 1995; Citron et al., 1997; Bertram and Tanzi, 2008; Sleegers et al., 

2010), insufficient attention has been directed at the influence of environmental factors, 

such as chronic stress, on the severity and time of onset of the disease. Therefore, the 

aim of the present study was to determine, by various experimental approaches, the 

impact of chronic psychosocial stress on hippocampal-dependent learning, memory and 

synaptic plasticity in an at-risk AD rat model. 

The results from this study clearly show that our at-risk rat model of AD is not 

significantly different from control rats in all tests performed, thus validating it as a 

model for symptomless AD-prone individuals. However, when this AD rat model was 

generated in chronically stressed rats, impairment of learning and memory in the radial 

arm water maze was significantly greater than that caused by chronic stress alone, thus 

the chronically stressed at-risk rat showed all signs of a full-fledged model of AD as 

previously reported (Srivareerat et al., 2009a). Our electrophysiological results revealed 

that the i.c.v. infusion of subAβ into chronically stressed rats intensified the impairment 

of E-LTP while producing greater enhancement in the magnitude of LTD, than observed 

with stress alone. Furthermore, the combination of chronic stress and subAβ also 

impaired L-LTP, when neither condition alone had any effect on L-LTP. The molecular 

results from the CA1 region of the hippocampus revealed a decrease in the basal levels 
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of p-CaMKII and an increase in the levels of calcineurin in chronically-stressed animals. 

Additionally, the combination of chronic stress and subAβ infusion produced a reduction 

in basal levels of p-CREB, total CREB, and BDNF. On AD-related molecules, the 

combination of stress and subAβ significantly increased BACE level with no significant 

effect on APP levels. Immunoblot analyses of signaling molecules in chronically stressed 

rats showed that there was no increase in the levels of p-CaMKII after induction of E-

LTP. MHFS of the Schaffer collateral pathway resulted in a significant increase in the 

levels of p-CREB and BDNF in the control, stress, and subAβ animal, but not in animals 

exposed to both chronic stress and subAβ infusion. Paired pulse stimulation resulted in 

a significant increase in the levels of calcineurin and p-CaMKII in all animals exposed to 

stress. Furthermore, when stress was coupled with subAβ infusion, it significantly 

decreased the levels of BDNF, which was not observed in the other three experimental 

groups. 

 

5.1. Behavioral effects: stress, subAβ, and memory 

Several lines of evidence have implicated Aβ peptides as the pathogenic culprits 

that trigger the cascade of events leading to AD. Aβ peptides are natural products of 

cellular metabolism (Haass et al., 1992), suggesting that it may possess an unknown 

physiological function (Kamenetz et al., 2003). However, its neurotoxic nature appears 

as a result of aberrations in its normal production cascade. Various studies have shown 
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that Aβ exerts dose-dependent effects both in vitro (Goodman and Mattson, 1994; 

Green et al., 1996; Lambert et al., 1998; Assis-Nascimento et al., 2007) and in vivo 

(Cullen et al., 1997; Lue et al., 1999; Ingelsson et al., 2004; Carrotta et al., 2006). This 

suggests that Aβ neurotoxic effects may not be harmful until it reaches a threshold 

concentration, which is likely a result of an imbalance in Aβ production and clearance. 

Based upon this information, a non-transgenic at-risk rat model of AD was designed in 

this laboratory to represent a condition in which there is a heightened susceptibility to 

AD, but no observable phenotypic characteristics associated with the disease, including 

cognitive deficits.  

Cognitive deficits associated with AD have been extensively investigated through 

behavioral analysis of various lines of transgenic and non-transgenic models of AD. 

Animal models of AD displayed impairment of learning and memory in various 

behavioral paradigms, including Morris water maze (Nabeshima and Nitta, 1994; 

Nalbantoglu et al., 1997; Liu et al., 2008), radial arm maze (Sweeney et al., 1997), and 

RAWM (Morgan et al., 2000; Arendash et al., 2001; Srivareerat et al., 2009a). The 

RAWM used in this study is a hybrid of the radial arm maze and the Morris water maze, 

which combines the variable spatial complexity of the radial arm maze with the rapid 

motivated learning of the Morris water maze, while minimizing their disadvantages 

(Buresova et al., 1985; Hodges, 1996; Diamond et al., 1999; Alamed et al., 2006). 

Conditions that adversely affect hippocampal function such as aging (Buhot et al., 2003), 
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chronic stress (Gerges et al., 2004b), AD-like model (Srivareerat et al., 2009a), epilepsy 

(Karnam et al., 2009) and hypothyroidism (Alzoubi et al., 2009) have been shown to 

impair performance in the RAWM.  

In the current study, subAβ-infused animals were evaluated for learning and 

memory performance in the RAWM. SubAβ infusion produced no significant difference 

in the learning and memory tests when compared with control animals. Thus, we 

conclude that subAβ infusion does not affect hippocampal-dependent learning and 

memory in the RAWM. In contrast, previous studies from our lab utilized a similar rat 

model of AD, but the animal was infused with 300 pmol/day of Aβ peptides (Srivareerat 

et al., 2009a; Srivareerat et al., 2009b), showed severe cognitive impairment. Several 

reports from various labs, including ours, have shown that Aβ infusion at 300 pmol/day 

for two weeks results in impairment of learning and memory (Nitta et al., 1994; Nitta et 

al., 1997; Oka et al., 2000; Srivareerat et al., 2009a; Srivareerat et al., 2009b). 

 

 In contrast to the subAβ infusion, six-weeks of chronic psychosocial stress 

impairs short-term memory without affecting learning ability or long-term memory in 

the RAWM, which is in agreement with findings from previous studies performed in our 

lab (Gerges et al., 2004b; Srivareerat et al., 2009a). However, a recent study reported an 

impairment of long-term memory by employing the same model of chronic psychosocial 

stress for a duration of 3 months rather than the 6 weeks we use in our study (Alzoubi et 
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al., 2009). Exposure to various stressors is often accompanied by activation of the 

hypothalamic–pituitary–adrenal (HPA) axis and the subsequent release of 

glucocorticoids into the blood stream (Huether, 1996; Miller and O'Callaghan, 2002; 

Tsigos and Chrousos, 2002). Due to the hippocampus involvement in cognition and its 

high density of corticosteroid receptors, exposure to chronic stress may have a 

deleterious effect on hippocampal structure and function (McEwen, 1999b; Aleisa et al., 

2006d). During normal conditions, the level of circulating glucocorticoids is relatively low 

and can only successfully activate the Type 1 mineralcorticoid receptors (Pavlides et al., 

1995; Kim and Yoon, 1998), promoting memory and increasing the magnitude of LTP. 

However, under stressful conditions, the circulating glucocorticoids reach a level that is 

high enough to activate the Type 2 glucocorticoid receptors, causing impaired memory 

and LTP (Pavlides et al., 1995; Kim and Yoon, 1998). 

 

Since most cases of AD are the late onset sporadic type, it is presumed that it 

may be triggered or accelerated by nongenetic risk factors, such as exposure to chronic 

stress. Clinical studies have shown elevated plasma cortisol levels in individuals with 

dementia including AD patients (Hartmann et al., 1997; de Bruin et al., 2002; Armanini 

et al., 2003; Csernansky et al., 2006). Accordingly, it has been postulated that stress may 

be associated with AD (Deshmukh and Deshmukh, 1990; Sauro et al., 2003; Landfield et 

al., 2007). This is further supported by the epidemiological findings that individuals 
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prone to experience psychological distress are more likely to develop mild cognitive 

impairment, or even AD, than nonstressed individuals (Wilson et al., 2003; Wilson et al., 

2007). In our study, we show that chronic psychosocial stress in the AD-prone model 

produces greater impairment of learning, short-term, and long-term memory, than 

exposure to stress alone. The precise mechanism by which stress accelerates the 

pathogenesis of AD is not fully understood. One possibility is that excessive secretion or 

prolonged exposure to glucocorticoids increases neuronal vulnerability to age-related 

damage (Porter and Landfield, 1998; Landfield et al., 2007). Furthermore, exposure to 

glucocorticoids could accelerate the progression of brain aging, resulting in hippocampal 

deterioration and eventual cognitive decline. It is postulated that this is due to aging-

induced hippocampal deterioration, which causes the hippocampus to lose some of its 

negative feedback control on the HPA axis. This loss of inhibition results in elevated 

basal levels of glucocorticoid and adrenal activity due to hyperactivation of the HPA axis 

(Landfield et al., 2007). In support of this hypothesis, previous studies in this lab have 

shown that this model of intruder stress elevates the plasma corticosterone levels by 

50% (Gerges et al., 2001).  

 

5.2. Electrophysiological effects: stress, subAβ, and synaptic plasticity 

Accumulation of Aβ peptides in the brain has been linked to memory loss in AD 

patients and animal models. Furthermore, several lines of evidence have implicated the 
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involvement of Aβ in the impairment of synaptic plasticity (Cullen et al., 1997; Rowan et 

al., 2007; Selkoe, 2008). These studies support the predominant role of Aβ in etiology of 

AD, which gave rise to the amyloid cascade hypothesis. This hypothesis proposes that 

gradual accumulation of Aβ assemblies in the brain may initiate a complex cascade of 

biochemical and cellular alterations resulting in manifestation of phenotypic 

characteristics of AD. However, the synaptic mechanism by which Aβ causes memory 

deficits remains unclear.  

In the present study, subAβ infusion alone, does not change the magnitude of 

LTP in its early or late phase form in the CA1 region of the hippocampus, compared to 

the control group. In addition, subAβ infusion did not affect the magnitude of 

hippocampal LTD in the CA1 area compared to control. Thus, a possible reason for the 

absence of impairment in subAβ animals may be that this model does not acquire a 

sufficient amount of Aβ peptide accumulation or ogliomerization to interfere with 

synaptic plasticity.  

 

Consistent with our previous studies (Gerges et al., 2004a; Aleisa et al., 2006b; 

Aleisa et al., 2006c; Srivareerat et al., 2009a) and the results of other laboratories (Foy 

et al., 1987; Kim et al., 1996), the present findings show that our model of chronic 

psychosocial stress alone, impairs the magnitude of E-LTP, but has no effect on L-LTP 

magnitude. An established difference between the expression of E-LTP and L-LTP is that 



104 
 

E-LTP requires activation of kinases, whereas L-LTP requires synthesis of new proteins. 

Thus, the stress-induced impairment of E-LTP in the present study may be explained by 

the observed changes in kinases levels such as the reduction in the basal levels of p-

CaMKII and failure of HFS to increase the levels of p-CaMKII in the CA1 region of the 

hippocampus.  

In vitro (Kim et al., 1996; Xu et al., 1997) and in vivo (Aleisa et al., 2006a) studies 

have shown that stress facilitates the induction of LTD. In the current study, chronic 

stress also enhances PPS-induced LTD in the CA1 region of the hippocampus. 

Furthermore, the stress-induced increase in the basal levels of calcineurin and the 

increase in the levels of calcineurin after application of paired pulse stimulation may 

contribute to this enhancement. The influence of calcineurin on cognition and plasticity 

is supported by various studies, including ours, in which the level of calcineurin is 

observed to be inversely proportional to memory and synaptic plasticity (Winder et al., 

1998; Riedel, 1999; Aleisa et al., 2006a; Alzoubi et al., 2008; Srivareerat et al., 2009a). In 

short, these studies reveal that as calcineurin increases, deficits in memory and synaptic 

plasticity become more pronounced. 

 

 We have shown that infusion of subAβ alone does not affect E-LTP, L-LTP, or LTD 

when compared to control. In contrast, exposure to chronic psychosocial stress 

produced a significant impairment in the expression of E-LTP while enhancing the 
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magnitude of LTD. However, when these two conditions are combined, there is a 

greater impairment of E-LTP and L-LTP and enhancement of LTD, than observed with 

stress alone. Previous studies from this lab, involving pathogenic Aβ rat model of AD, 

reveal similar intensified impairment of E-LTP (Srivareerat et al., 2009a), thus suggesting 

that when chronic psychosocial stress is combined with subAβ infusion, it produces 

synaptic impairment comparable to that seen in pathological doses of Aβ. It is notable 

that concurrent stress exposure and subAβ infusion cause impairment in L-LTP, when 

neither condition alone has an effect on L-LTP. The mechanism by which chronic stress 

induces synaptic impairment in subAβ animals is not completely understood. One 

possible mechanism by which stress accelerates impairment in synaptic plasticity is that 

stress may shift the processing of APP toward amyloidogenesis in the rat hippocampus, 

resulting in increased levels of APP-cleaved products such as Aβ and C99 fragments. 

Increased levels of such products have been found to have neurotoxic properties 

leading to deficits in both memory and synaptic plasticity (Cleary et al., 2005; Selkoe, 

2008; Catania et al., 2009). The implication of stress playing a role in the 

etiopathogenesis of AD is supported by studies in which stress or glucocorticoids 

increase levels of Aβ and Aβ-related protein such as APP, BACE, and C99 (Green et al., 

2006; Catania et al., 2009).  
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5.3. Molecular effects 

5.3.1. AD-related proteins 

Aβ is formed by cleavage of APP by β-secretase and γ-secretase to form the N-

terminus and C-terminus of Aβ, respectively. The present experiments reveal that 

although neither stress nor subAβ alone affects the levels of BACE, the combination of 

stress and subAβ infusion results in a significant increase in the basal levels of BACE, an 

enzyme responsible for cleaving the N-terminus of Aβ peptides. An increase in BACE 

levels suggests that the combination of the two conditions alters processing of APP to 

favor the amyloidogenic pathway. Additionally, since BACE is the rate limiting enzyme in 

the production of Aβ, the increase in BACE levels is likely accompanied by an increase in 

the levels of Aβ peptides. Previous studies from this lab also show a similar increase in 

the basal levels of BACE in the pathogenic Aβ rat model of AD (Srivareerat et al., 2009a), 

thus confirming that the combination of chronic stress and subAβ infusion causes 

molecular changes resembling those found in the full Aβ dose AD model. At nanomolar 

concentrations, soluble Aβ oligomers have been shown to block hippocampal LTP 

(Walsh et al., 2002), cause dendritic spine retraction (Shankar et al., 2007), and impair 

spatial memory (Lesne et al., 2006). The mechanism by which Aβ inhibits synaptic 

functions is unclear. However, recent studies, investigating possible physiological 

functions of Aβ, suggest that malfunctions or dysregulation may contribute to its 

neurotoxicity (Kellett and Hooper, 2009; Kim and Tsai, 2009; Lauren et al., 2009). For 
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example, one study was able to identify prion protein (PrP) as specific receptor for 

oligomeric Aβ1-42 that may be responsible for the observed suppression or impairment 

of LTP (Lauren et al., 2009). PrP is involved in neurodegeneration via its conversion from 

the normal cellular form (PrPC) to the infectious form (PrPSc). The physiological roles of 

PrPC have still not been fully established. However, it has been proposed that PrPC may 

have a role in neuroprotective signaling, neurite growth, synaptogenesis, cellular 

signaling, and cell viability. It was reported that Aβ1-42 binds to PrPc with high affinity and 

specificity. Furthermore, Aβ1-42 inhibitory effects on LTP were not seen in the absence of 

PrPc. Additionally, blocking Aβ1-42- PrPc interaction with antibodies against the Aβ1-42 

binding site of PrPc also prevented the effects of Aβ (Lauren et al., 2009). This suggests 

that there is a direct interaction between Aβ1-42 and PrPc and that this interaction 

mediates the inhibitory effects on synaptic plasticity. 

One of the possible mechanisms by which stress impacts AD is that it may alter 

the processing and production of various AD-related proteins resulting in negative 

alterations in cognition and synaptic plasticity. Studies have also shown that exposure to 

stress or glucocorticoids increases the levels of APP, C99, and BACE, confirming our 

suggestion that stress is driving the processing of APP toward the amyloidogenic 

pathway, which may account for the increased levels of Aβ (Green et al., 2006; Catania 

et al., 2009; Srivareerat et al., 2009a) and the increased amount of plaque formation 

that has also been observed with stress (Lee et al., 2009). However, in our study we did 
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not detect an increase in the levels of APP as a result of exposure to stress as reported 

by some studies (Green et al., 2006; Catania et al., 2009). This discrepancy may be due 

to differences in the type of stress induced and model of AD. For example, Catania et. al 

(2009) employed a chronic unpredictable stress which consisted of a combination of 

physical and social stressors. In contrast, our psychosocial model of chronic stress is 

intended to mimic the daily stress encountered by individuals in occupational and social 

environments, which is less severe than the chronic unpredictable stress paradigm. 

Furthermore, these studies employed animal models of AD that are designed to display 

pathological alterations, such as Aβ plaques, and cognitive deficits associated with fully-

developed pathogenic AD. In contrast, our subAβ model, which receives a subthreshold 

concentration of Aβ, was designed to mimic susceptibility to AD without exhibiting AD-

associated hallmarks and cognitive deficits. 

 

5.3.2. Cognition and plasticity-related signaling molecules in the hippocampus 

5.3.2.1. BDNF 

Studies which reveal decreases in mRNA and protein levels of BDNF in the 

hippocampus of AD patients, suggest a possible role for BDNF in the disease (Phillips et 

al., 1991; Connor et al., 1997). BDNF belongs to the family of neurotrophins which are 

important regulators of neuronal development, function, survival, and plasticity (Lipsky 

and Marini, 2007). Several lines of evidence have suggested that BDNF is involved in L-
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LTP and long-term memory (Barco et al., 2005; Alzoubi et al., 2007b). L-LTP is impaired 

in BDNF knockout mice and mice with mutations in the BDNF receptor (Minichiello et 

al., 2002; Pang and Lu, 2004). In addition, L-LTP is impaired in hippocampal slices that 

are treated with antibodies against BDNF or tyrosine kinase (TrkB) (Kang et al., 1997). In 

the current study, stress exposure in subAβ-infused animals caused a significant 

decrease in the basal levels of BDNF in the subAβ-infused animals compared to the 

control animals, but this decrease was not observed in animals exposed to chronic 

stress or subAβ infusion alone. Thus, chronic stress may impair memory and LTP in the 

cognitively normal at-risk model of AD by curtailing BDNF expression. Since BDNF is one 

of the various genes transcribed by CREB, the failure of MHFS to increase levels of 

phosphorylated CREB in stress/subAβ animals may account for the failure of MHFS to 

increase BDNF levels in the same animals. Due to the critical role of BDNF and CREB in L-

LTP, these changes may account for the impairment of L-LTP observed in animals 

exposed to chronic stress and subAβ infusion.  

As previously stated, the combination of chronic stress and subAβ infusion may 

drive processing of APP toward the amyloidogenic pathway. However, Aβ peptides are 

not the only products of APP processing. Other products from APP processing may also 

play a role in AD. Cleavage of APP by BACE also produces the ectodomain, β-sAPP, which 

is subsequently cleaved to form the N-APP fragment. N-APP may contribute to the 

neuronal deficits of AD by binding directly to death receptor 6 and triggering axonal 
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pruning and neuronal culling (Nikolaev et al., 2009). Nikolaev et al. (2009) found that 

trophic deprivation triggers cleavage of APP by BACE, yielding the β-sAPP fragment, and 

subsequently N-APP. In correlation with our study, signaling molecules, such as BDNF, 

may also play a role in the synaptic plasticity deficits observed in the stress/subAβ 

animals. The observed decrease in the level of BDNF in the stress/subAβ animals may 

trigger increased BACE activity, thus activating N-APP and death receptor 6, resulting in 

neurodegeneration of axons and neurons. 

 

5.3.2.2. CaMKII 

Consistent with results from previous findings in this lab, we show that chronic 

stress reduces the basal levels of phosphorylated (p)-CaMKII and the ratio of p-

CaMKII/total-CaMKII in the CA1 region of the hippocampus (Aleisa et al., 2006d; 

Srivareerat et al., 2009a). In addition, the observed increase in the basal levels of 

calcineurin in the CA1 homogenate may contribute to the decrease in p-CaMKII levels.  

The significant impairment of learning, memory, and synaptic plasticity observed 

in behavioral and electrophysiological studies may also be associated with the failure of 

HFS to increase p-CaMKII production in stress and stress/subAβ rats, during expression 

of E-LTP. Coupled with the reduced phosphorylation in the stress and stress/subAβ 

animals, indicated by the decreased ratio of p-CaMKII/total CaMKII, the results suggest 

that the observed cognitive deficits may be due, at least partly, to curtail CaMKII 
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phosphorylation. In order for LTP to be properly maintained, the rate of 

autophosphorylation must exceed the rate of dephosphorylation. However, levels of 

phosphorylated CaMKII and ratio of p-CaMKII/total-CaMKII do not differ significantly 

between the stress and stress/subAβ animals after E-LTP expression. Thus, these 

changes may not account for the greater impairment of cognition and E-LTP observed in 

stress/subAβ animals in the behavioral and electrophysiological experiments or the 

method accuracy is not enough to detect lower levels of p-CaMKII. The presence of 

abnormal levels of Aβ peptides has been shown to disrupt activation and 

phosphorylation of CaMKII and LTP induction in both in vivo and in vitro studies (Zhao et 

al., 2004; Townsend et al., 2007; Srivareerat et al., 2009a). Thus, we propose that the 

reduction in CaMKII-dependent protein phosphorylation may contribute to the 

mechanism by which chronic stress impairs memory and LTP in the cognitively normal 

at-risk model of AD. 

In the present study, we also investigated changes in CaMKII levels during LTD. 

Paired pulse stimulation significantly increased the levels of total CaMKII in all 

stimulated groups, whereas the levels of p-CaMKII were only increased in groups 

exposed to stress. This suggests that p-CaMKII may be involved in the expression of LTD 

and that increase in levels of p-CaMKII may enhance the magnitude of LTD. The possible 

significance and source of p-CaMKII in the expression of LTD have been investigated in 

various studies (Lisman, 1994; Stevens et al., 1994; Stanton and Gage, 1996). The finding 
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that a mutation causing a constitutively active form of CaMKII resulted in expression of 

an enhanced LTD (Mayford et al., 1995), suggested differential synaptic loci of the 

function of CaMKII in LTD and LTP. Furthermore, studies showing that postsynaptic 

intracellular injection of CaMKII inhibitors blocked LTP but exhibited normal LTD 

(Fukunaga et al., 1995), while extracellular applications of CaMKII inhibitors blocked LTD 

induced by low frequency stimulation suggested that activation of presynaptic CaMKII, 

but not postsynaptic CaMKII, was involved in expression of LTD (Stanton and Gage, 

1996). These studies show that CaMKII is involve in LTD expression which may seem 

paradoxical because CaMKII has also been shown to be a necessary and sufficient factor 

in the generation of LTP. A possible explanation for this contradiction is that the locus of 

CaMKII activity is different for LTP and LTD. While activation of postsynaptic CaMKII is 

required for induction of LTP, LTD is dependent on activation of CaMKII at the 

presynaptic terminal (Stanton and Gage, 1996). Thus, the increase of p-CaMKII during 

LTD, observed in animals exposed to stress, may be due to increased activation of 

CaMKII in the presynaptic terminal, and this increase may contribute to the enhance 

magnitude of LTD observed in stressed-animals. 

 

5.3.2.3. Calcineurin 

 Calcineurin is the only Ca2+-activated protein phosphatase in the brain (Klee et 

al., 1979). An increase in intracellular Ca2+ allows the formation of the Ca2+/calmodulin 
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complex, which binds to and activates calcineurin. Activation of calcineurin leads to 

activation of PP1 by dephosphorylating PP1 inhibitor, I-1. PP1 is now free to 

dephosphorylate p-CaMKII and AMPA receptors on the postsynaptic membrane, thus 

reducing LTP (Groth et al., 2003). In the current study, the basal levels of calcineurin in 

the subAβ animals were not significantly different from control animals. However, the 

basal levels of calcineurin in chronically stressed animals were markedly increased 

compared to control values. Therefore, the observed decrease in the basal levels of p-

CaMKII of animals exposed to chronic stress may be triggered primarily by excessive 

dephosphorylation resulting from enhanced basal levels of calcineurin.  

The levels of calcineurin were increased in all groups after expression of E-LTP. 

This increase in calcineurin probably acts as a buffer to prevent excessive activation of 

the neuron and to return the levels of kinases back to normal. The increase in 

calcineurin levels may also serve to negatively modulate learning, memory, and synaptic 

plasticity in order to prevent saturation of neural circuits and, thus allow further 

acquisition of new information (Moser et al., 1998; Mansuy, 2003). 

 The stress-induced increases in the basal levels of calcineurin in the 

hippocampus may account for the enhancement of LTD observed in animals exposed to 

stress. In the current study, paired pulse stimulation increased the levels of calcineurin 

only in animals subjected to stress (stress and stress/subAβ) and not in the control and 

subAβ animals. The dephosphorylation of p-CaMKII and AMPA receptors by calcineurin 
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through actions of PP1 is an important process involved in the expression of LTD (Kemp 

and Bashir, 2001). Therefore, high calcineurin levels in stressed animals after paired 

pulse stimulation may play an important role in stress-induced enhancement of LTD. 

 

5.3.2.4. CREB 

CREB is a highly expressed nuclear protein in the brain that serves as one of 

many transcription factors that bind to the cAMP-response element (Silva et al., 1998; 

Carlezon et al., 2005). The basal levels of p-CREB and total CREB were significantly 

decreased in the stress/subAβ animals but not in the stress or subAβ animals. However, 

the ratio of p-CREB/total CREB was not significantly different between the four 

experimental groups. These results suggest that the combination of stress and subAβ 

infusion affects the levels of CREB protein without affecting its level of phosphorylation. 

The significant impairment observed in the behavioral and electrophysiological studies 

may also be associated with the inability of the stress/subAβ animals to increase p-CREB 

production during expression of LTP. Due to the critical and highly conserved role of 

CREB in long-term synaptic plasticity, long-term memory, and neuronal survival 

(Lamprecht, 1999; Walton and Dragunow, 2000; Bito and Takemoto-Kimura, 2003), the 

reduced basal levels of p-CREB and total CREB, in addition to decrease stimulated levels 

of p-CREB during L-LTP, may be responsible for the observed impairment in L-LTP and 

long-term memory in the stress/subAβ animals. The importance of CREB is further 
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emphasized by studies where disruption of CREB functions by dominant-negative 

mutation or deletion of CREB isoforms blocks long-term memory (Bourtchuladze et al., 

1994), whereas increasing CREB function facilitates long-term memory (Yin et al., 1995). 

Furthermore, variations in the levels of Aβ have been shown to influence the signaling 

mechanisms associated with phosphorylation of CREB (Ma et al., 2007; Yamin, 2009). It 

has been shown that high intracellular levels of Aβ blocked nuclear translocation of p-

CREB (Arvanitis et al., 2007). Together, these results support the involvement of 

deficient CREB phosphorylation in the observed impairment of L-LTP and long-term 

memory in the stress/subAβ animals. 

 

5.4. Metaplasticity, stress, and subAβ 

The direction or degree of change in synaptic efficacy can be modulated by prior 

history of synaptic activity. This prior activity does not necessarily have to induce a 

change in synaptic efficacy but it may alter the ability of a synapse to undergo plastic 

changes (Abraham and Bear, 1996; Abraham and Tate, 1997; Martin et al., 2000; 

Jedlicka, 2002). For example, prior application of a short tetanus can inhibit LTP (Huang 

et al., 1992) and facilitate LTD (Holland and Wagner, 1998), while prior synaptic 

disinhibition can facilitate LTP and suppress LTD (Hsu et al., 1999). In 1996, Abraham 

and Bear coined the term metaplasticity to describe this phenomenon, which basically 

means plasticity of synaptic plasticity (Abraham and Bear, 1996).  
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One theoretical model of metaplasticity, the Beinenstock-Cooper-Munro (BCM) 

model, which was initially developed to account for aspects of visual cortex 

development, describes a synaptic modification rule for the induction of LTP and LTD 

(Bienenstock et al., 1982). The BCM model suggests that low levels of postsynaptic 

activity result in LTD, while high levels of post synaptic activity result in LTP (Bienenstock 

et al., 1982; Jedlicka, 2002). In addition, the BCM theory proposes that the threshold for 

induction of LTP and LTD, represented as a sliding modification threshold (θm; Fig. 34), is 

not fixed and can be influenced by previous treatments and/or conditions that affect 

synaptic activity (Deisseroth et al., 1995).  

 

Figure 34. The original Bienenstock-Cooper-Munro (BCM) theory, modified from Kim and Yoon, 
1998. 
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Since the combination of stress and subAβ infusion enhances the magnitude of 

LTD and suppresses the expression of LTP, more than stress alone, it is possible to 

conclude that stress may cause a shift in θm toward LTD, and the combination of the two 

treatments will intensify this shift. To test the BCM theory in relation to our study, fEPSP 

slope values were plotted against different stimulation protocol, one hour after its 

induction. In our experiments, exposure to chronic stress shifts the threshold making it 

easier to induce LTD and harder to induce LTP (Fig. 35). Furthermore, this shift is 

enhanced by the addition of subAβ infusion, further enhancing the magnitude of LTD 

and impairing the expression LTP (Fig. 35). 

 

Figure 35. Effect of chronic stress and/or subAβ infusion on the slope of field excitatory 
postsynaptic potential (fEPSP) measured 1 h after paired pulse stimulation, high frequency 
stimulation (HFS; 8 pulses at 400 Hz), and multiple high frequency stimulation (MHFS; 4 tetani of 
8 pulses at 400 Hz). Values are mean ± S.E.M. from 5-7 rats. 
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A physiological mechanism based on the entry of Ca2+ into the postsynaptic cell 

has also been proposed to explain the BCM theory. It suggests that different threshold 

levels of postsynaptic activity are required in order to induce LTP and LTD. Specifically, 

Ca2+-dependent kinases and phosphatases actively modulate neuronal processing by 

forming a tightly regulated balance (Lisman, 1989; Mansuy, 2003) in which high 

frequency stimulation results in high levels of Ca2+-activated kinases (CaMKII) leading to 

induction of LTP while low frequency stimulation results in low levels of Ca2+-activated 

phosphatases (calcineurin) resulting in LTD (Bear, 1995; Kim and Yoon, 1998). Since the 

combination of stress and subAβ infusion decreases the basal levels of p-CaMKII while 

increasing the levels of calcineurin in the CA1 region, the shift in θm toward LTD may 

result from an imbalance between kinase and phosphatase homeostasis, in which 

phosphatase levels exceeds kinase levels.  

 

Figure 36. Schematic of possible mechanism by which stress affects synaptic plasticity in subAβ-
infused animals. Stress causes a decrease in kinase levels (CaMKII) and an increase in 
phosphatase levels (calcineurin) resulting in LTP impairment and LTD enhancement. The 
addition of subAβ infusion to chronically stressed rats also causes a decrease in the levels of 
CREB and BDNF as well as an increase in the levels of BACE, the rate limiting enzyme in Aβ 
production. These changes result in a greater impairment and enhancement of LTP and LTD, 
respectively, more than stress alone. 



119 
 

5.5. Summary and conclusions 

 

1. The results from our behavioral, electrophysiological, and molecular experiments 

show that infusion of Aβ1-42 at a subthreshold (subpathogenic) concentration of 

160 pmol/day for 2 weeks has no effect on cognition or synaptic plasticity. These 

results validate this model as a non-transgenic, at-risk, rat model of AD, which 

reproduces a condition in which there is a heighten susceptibility to AD-like 

symptoms without phenotypic and cognitive features resembling that of AD.  

 

2. Prior and concomitant exposure of subAβ-infused rats to 6 weeks of chronic 

psychosocial stress intensified the severity of stress-induced impairment of 

cognitive abilities, which was similar to the effects seen in a full-fledged AD 

model from previous studies performed in this lab (Srivareerat et al., 2009a). 

These results suggest that the infusion of subAβ produces a highly vulnerable 

state, which is particularly sensitive to incidental insults. Therefore, exposing 

subAβ infused rats to chronic stress could trigger a cascade of cellular and 

molecular mechanisms that hasten the appearance of AD-like symptoms.  

 

3. Under our experimental conditions, chronic stress impaired the expression of E-

LTP and enhanced the magnitude of LTD without affecting the expression of L-
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LTP in the CA1 region of the hippocampus. Although subAβ infusion showed no 

significant effect on the expression of synaptic plasticity, when combined with 

chronic stress, there was a greater significant impairment of E-LTP and L-LTP and 

enhancement of LTD, than that seen with stress alone. These results imply that 

administration of stress causes a shift in the sliding modification threshold (θm) 

toward LTD and that exposing subAβ-infused rats to chronic stress intensifies 

this shift. Thus, making it harder to induce LTP but easier to induce LTD. 

 

4. Immunoblot analyses of basal levels of BACE and APP revealed a significant 

increase in the levels of BACE in stress/subAβ animals with no changes in the 

levels of APP. Since BACE cleavage of APP is considered the rate-limiting step in 

the production of Aβ, this suggests that APP processing is favoring the 

amyloidogenic pathway. Thus, the synaptic impairment of LTP and enhancement 

of LTD during chronic psychosocial stress in the subAβ infused animals may be, 

at least partially, the result of increased basal levels of BACE, and consequently 

increasing the levels of Aβ pathogenic peptides.  

 

5. In the CA1 region of the hippocampus, chronic stress alone reduced the basal 

levels of p-CaMKII and increased those of calcineurin. Infusion of subAβ in 

chronically stressed rats also decreased the basal levels of p-CREB, t-CREB, and 
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BDNF. The stress-induced changes in the levels of kinases and phosphatases may 

shift the balance of the kinase/phosphatase toward the phosphatase, which may 

explain the observed shift in θm toward LTD during stress. Furthermore, the 

reduction in p-CREB, t-CREB, and BDNF may intensify the imbalance toward 

phosphatase and thus increase the shift toward LTD. 

 

6. HFS-induced E-LTP produced a significant increase in the levels of total CaMKII 

and calcineurin in the CA1 region of all stimulated groups. While HFS increased 

the levels of p-CaMKII, an important protein in the expression of LTP, in the 

control and subAβ rats, it failed to increase the levels of p-CaMKII in both the 

stress and stress/subAβ rats. This suggests the reduction of this signaling 

molecule levels as a possible mechanism by which stress impairs the expression 

of LTP. However, the decrease in these levels is similar in magnitude in both the 

stress and stress/subAβ animals, thus it cannot account for the greater decrease 

in E-LTP in the stress/subAβ animals comparing to the stress animals. Thus, 

future studies should be performed to investigate other molecules, such as PKC 

activity and the calmodulin content, which have been shown to affect the 

expression of E-LTP.  
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7. Evokes L-LTP by MHFS produced a significant increase in the levels of p-CREB and 

BDNF in the control, stress, and subAβ rats, but it fails to increase the levels of 

these molecules in the stress/subAβ rats. The involvement of these molecules in 

the expression of L-LTP has been well established. This suggests a reduction of 

signaling molecule levels as a possible mechanism by which the combination of 

stress and subAβ impairs the expression of L-LTP.  

 

8. Paired pulse stimulation increased the levels of total CaMKII in all stimulated 

groups. Exposure to chronic stress (stress and stress/subAβ rats) caused a 

marked increase in the levels of calcineurin and p-CaMKII compared to the other 

experimental groups. This increase in the levels of calcineurin and p-CaMKII 

could explain the enhanced magnitude of LTD in the chronically stressed rats. 

Furthermore, the combination of chronic stress and subAβ infusion also 

decreased the levels of BDNF, which were not affected by either condition alone. 

Thus, the greater enhancement in the magnitude of LTD in the stress/subAβ 

animals may be due to decreased BDNF levels. 

 

9. This project addresses an area of AD research that has largely been overlooked: 

the influence of chronic stress on the onset of AD pathogenesis. This study 

established a subthreshold Aβ rat model of AD which can help researchers to 
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study the integral relationship between chronic stress and AD. Furthermore, this 

research reveals that alteration of several signaling and AD-related molecules 

which may be involved during the early stages of AD. Current treatments for AD 

ameliorate the symptoms but do not stop the progression of the disease. 

Therefore, investigation of possible risk factors for AD would provide a valuable 

alternative to current treatments. This study proposes that therapeutic 

approaches which decrease the exposure or response to stressful stimuli may 

prevent or delay the onset of AD especially in individuals who have a heightened 

susceptibility to the disease. 
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