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ABSTRACT 

Study Objectives: Evidence suggests that regular exercise can protect against learning and 
memory impairment in the presence of insults such as stroke and neurodegeneration. The 
purpose of this study was to determine the effect of regular exercise on hippocampus-
dependent learning and memory impairment associated with sleep deprivation. 

Experimental Design: We investigated the effects of 4 weeks of regular treadmill exercise 
on learning and memory impairment in 24 hour sleep-deprived rats. Sleep deprivation was 
accomplished using the columns-in-water model. We tested the effects of exercise and/or 
sleep deprivation using three approaches: the radial arm water maze (RAWM) task to test 
spatial learning and memory performance; electrophysiological recording in the Cornu 
Ammonis (CA1) and dentate gyrus (DG) areas of the hippocampus to measure synaptic 
plasticity; and western blot analysis to quantify the levels of key signaling molecules that are 
related to memory and synaptic plasticity.   

Results: In the RAWM, regular exercise prevented the sleep deprivation-induced 
impairment of spatial learning, short-term memory, and early-phase long-term potentiation 
(E-LTP) in both CA1 and DG areas. In correlation, exercise prevented the sleep deprivation-
associated decrease in basal levels of phosphorylated and total calcium/calmodulin-
dependent protein kinase II (P/total-CaMKII) and brain-derived neurotrophic factor (BDNF). 
High frequency stimulation (HFS), which increased the P-CaMKII and BDNF levels in normal 
animals, did not change these levels in sleep-deprived rats but did increase levels of the 
phosphatase calcineurin. In contrast, exercise increased BDNF and P-CaMKII levels in 
exercised/sleep-deprived rats, probably by preventing increases in calcineurin levels, thus 
maintaining appropriate P-CaMKII levels.  

Regular exercise also prevented the sleep deprivation-induced impairment of long-term 
memory and late-phase LTP. In correlation, exercise increased the basal levels of 
phosphorylated cAMP response element binding protein (P-CREB) and total-CREB as well as 
P/total- mitogen activated protein kinase (MAPK/ERK) in CA1 and DG areas of sleep-
deprived rats. Also, exercise allowed multiple HFS to increase the levels of BDNF and 
P/total-CREB during L-LTP expression in sleep-deprived rats.  

Conclusions: These findings suggest that sleep deprivation impairs both the CA1 and DG 
areas whereas exercise prevents this impairment. Regular exercise exerts a protective effect 
against sleep deprivation-induced impairment probably by inducing BDNF expression, which 
can positively modulate basal and/or stimulated levels of P-CaMKII, P-CREB, P-MAPK/ERK 
and calcineurin. As a result, exercise-induced BDNF could contribute to the restoration of 
hippocampus-dependent learning and memory as well as LTP in both CA1 and DG areas. 
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1- INTRODUCTION AND STATEMENT OF THE PROBLEM 

According to the National Sleep Foundation (NFS), seven to eight hours of sleep 

are necessary for optimal cognitive performance in adults. Deficits in cognitive function 

as a consequence of sleep loss are particularly relevant today in modern societies as 

social and occupational demands force us to sacrifice sleep to increase productivity. 

Indeed, the percentage of Americans that claim less than seven hours of sleep has 

increased in the past 4 decades to an estimated 37.1% ((CDC). 2011). While the National 

Sleep Foundation estimates that as of 2001, 38% of adult Americans reportedly slept an 

average of eight hours per night, this figure had dropped to 28% by 2009 (National Sleep 

Foundation, 2009). Treatments available to offset the negative effects of sleep loss are 

limited by their adverse effects as well as their potential for abuse (Bonnet et al., 2005); 

thus, there is an urgent need to develop a better strategy to offset sleep deprivation-

associated cognitive impairment. 

The theory that sleep is merely metabolically restorative offers a limited view 

into the complex processes that occur in the sleeping brain (Kalia, 2006; Luppi, 2010). 

For instance, sleep incorporates brain regions involved in information processing during 

wakefulness. One such brain region, the hippocampus, is involved in memory of 

locations or spatial memory and considered a fundamental contributor to neural 
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function (Blissitt, 2001; Diekelmann and Born, 2010). The main findings that support this 

role for sleep are the increase in sleep amount after learning (Lucero, 1970), the 

improved memory after REM sleep (Smith et al., 1974; Smith and Lapp, 1991), and the 

presence of certain waking brain activity patterns in rapid eye movement (REM) sleep 

(Timo-Iaria et al., 1970; Cantero et al., 2003). Current evidence suggests that sleep is a 

privileged time window when the brain is free of interference from outside sensory 

inputs and thereby able to consolidate newly acquired memories (Bryson and Schacher, 

1969; Diekelmann and Born, 2010). In fact, adequate sleep is essential for fostering 

connections among neuronal networks for memory consolidation in the hippocampus 

(Kim et al., 2005; McDermott et al., 2006).  

Sleep is a homeostatically regulated process whose disruption produces a stress 

response in the organism. As a result, the brain meticulously tracks sleep like an 

unforgiving accountant that considers lost sleep as a debt to be repaid. If one sacrifices 

too much sleep, the interest on this sleep debt eventually manifests as fatigue or illness 

and forces the debtor to sleep. The emerging repercussions of irregular sleep are based 

on increasing epidemiological evidence, suggesting a corresponding increased incidence 

of metabolic and cardiovascular diseases (Penev, 2007) in addition to profound 

cognitive impairment (Harrison and Horne, 2000a; Belenky et al., 2003).  Although much 

is unclear about sleep; one thing is evident, sleep is necessary for survival 
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(Rechtschaffen et al., 1989). As a result, current evidence for sleep’s role in memory 

consolidation derives from sleep deprivation (SD) studies which have shown that SD can 

negatively impact memory formation. For example, sleep loss prior to learning reduces 

learning ability and impairs hippocampus dependent memory (Yang et al., 2008; 

Hagewoud et al., 2009), whereas SD following learning impairs memory formation 

(Harrison and Horne, 2000b; Li et al., 2009; Wang et al., 2009). Evidence also indicates 

that while sleep loss causes a significant decrease in hippocampal activity after a 

learning task (Yoo et al., 2007), the opposite occurs when subjects are permitted to 

sleep (Gais et al., 2007). This is increasingly relevant in the context of certain 

occupations (e.g. military) where lack of sleep is sometimes forced when accurate and 

timely mental performance is crucial to operational effectiveness or even survival 

(Belenky, 2005).  Under such circumstances, performance usually depends on attention 

to the spatial context at hand or “situational awareness”, which is primarily provided by 

the hippocampus in conjunction with higher brain areas. Therefore, it is not surprising 

that sleep disruption negatively affects hippocampus dependent (spatial) learning and 

memory since the hippocampus plays a key role in all three main stages of memory 

formation: 1) acquisition, 2) consolidation, and 3) retrieval (Youngblood et al., 1997; 

Diekelmann and Born, 2010) (Smith and Rose, 1997; Youngblood et al., 1999).  
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Even though research has elucidated much of the underlying physiology of sleep 

and its role in cognitive function, the impact of environmental interventions such as 

physical activity has on cognitive impairment remains elusive. Accumulating evidence 

has shown that physical activity (e.g. aerobic exercise) exerts beneficial effects on 

neuronal function in humans as well as laboratory animals. In particular, exercise has 

been shown to exert positive effects on cognitive function most often in the presence of 

brain injury or disease-induced impairments including stroke, Alzheimer’s disease and 

Parkinson’s disease (Bohannon, 1993; Grealy et al., 1999; Kramer et al., 1999; Cotman et 

al., 2007).  In addition to animal studies, epidemiological analysis in humans suggest that 

regular exercise can act as a preventive treatment against cognitive disorders (e.g. 

amnesia, dementia) with minimal cost and adverse effects. 

 Recent studies have revealed that exercise-induced adaptations in skeletal 

muscle can initiate various signaling mechanisms that can lead to physiologic changes in 

both muscle and neuronal networks.  Indeed, it is now accepted that the nervous 

system has evolved feedback mechanisms with peripheral structures such as muscles or 

joints to ultimately influence brain function and adaptability (Lista and Sorrentino, 2009; 

Sofi et al., 2011). The functional consequences of these adaptations in the hippocampus 

can be manipulated by the type, amount, and duration of exercise (Leasure and Jones, 

2008; Berchtold et al., 2010). For instance, regular aerobic exercise leads to (1) 
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improved performance in spatial memory tasks (Nichol et al., 2007; Grace et al., 2009; 

Khabour et al., 2009), (2) increased endogenous neurotrophin levels (e.g. brain derived 

neurotrophic factor (BDNF) (Khabour et al., 2009; Kim SE, 2010), which in turn, enhance 

hippocampal plasticity and its signaling cascade. However, despite the beneficial effects 

that exercise has on physical and mental health, only 32.5% of the US population 

actually perform 30 minutes of exercise daily (CDC, 2008).  

Given the opposing effects of SD and exercise on cognitive function, it is 

reasonable to suggest that preconditioning the brain with regular exercise could prevent 

or attenuate the deleterious effects of SD on learning and memory. This is especially 

pertinent as the long-term effects of exercise on SD-induced learning and memory 

impairment have not been fully investigated. Specifically, this project was designed to 

test whether 4 weeks of treadmill exercise in rats (the equivalent of approximately 9 

years of exercise in a young adult) can prevent the cognitive impairment associated with 

SD. Therefore, our central hypothesis was that regular exercise could prevent memory 

impairment induced by acute sleep deprivation by antagonizing the deleterious changes 

in key signaling molecules involved in memory. The following hypotheses were tested: 

1) “regular exercise prevents SD-induced spatial learning and memory impairment” 2) “ 

regular exercise prevents SD-induced impairment of the early and late phases of long 

term potentiation (LTP) in the hippocampal CA1 and DG areas” and, 3) “regular exercise 
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prevents SD-induced effects on cognition and synaptic plasticity by preventing SD-

induced deleterious changes in the levels of key signaling molecules (e.g. CaMKII, BDNF, 

CREB and  calcineurin) in both CA1 and DG areas. 

2. LITERATURE SURVEY 

2.1. Memory 

  Learning and memory are distinct cognitive processes for acquiring and retaining 

information (Bailey et al., 1996; Lynch, 2004). Based on the contribution of various brain 

structures and neural circuits during assessments of recall and recognition, memory can 

be divided into two major categories: 1) implicit and 2) explicit (Fig. 1; (Schacter et al., 

1992). 
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  Implicit, or non-declarative memory, is the recall of information for tasks or skills 

that result from repeated practice and does not require conscious remembrance (e.g., 

driving a car). Implicit memory is believed to rely on the striatum and cerebellum, 

although current reports also suggest a function for hippocampus in implicit memory 

(Heindel et al., 1989; Packard et al., 1989; Bailey et al., 1996; Barco et al., 2006; 

Diekelmann and Born, 2010). On the other hand, explicit, or declarative memory, 

involves conscious and intentional recall of faces, spatial arrangements, objects, and 

events. This type of memory primarily relies on the hippocampus and associated medial 

temporal lobe structures along with neocortical areas for long-term storage (Cohen and 

Squire, 1980; Diekelmann and Born, 2010). The memory for implicit and explicit 

 

Figure 1: Explicit and implicit memory categories. Explicit memory is largely hippocampus dependent 
and includes faces, events and spatial memory. Implicit memory depends on striatal circuits and 
includes stimulus response habits and motor learning and memory.  

(Stangor, 2006) 
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categories can be graded, and its duration can be sub-classified into two distinct forms: 

short-term memory, which lasts for a few minutes and up to two hours; and long-term 

memory, which persists for several hours, days, weeks, and in some situations, even a 

lifetime (Glanzer, 1971). 

2.2. The hippocampus and memory 

Accumulating evidence supports the essential role of the hippocampus in 

learning and memory. For instance, the hippocampus was found to be critical for the 

formation of memory in the case study of Henry Molaison (H.M.), a man who became 

amnesic following the removal of his medial temporal lobe.  H.M. displayed a peculiar 

symptom as a result of his lobotomy; his recollection of events that occurred recently 

was impaired but he was still able to recall early memories (Scoville and Milner, 1957; 

Miller, 2009; Winters et al., 2010).  Additional studies have confirmed that the 

hippocampus stores new information before transferring it to the cerebral cortex for 

long-term storage, revealing the hippocampus to be a vital structure for explicit memory 

formation (Ivanco and Racine, 2000).  

  In another case, a patient known as R.B. was diagnosed with severe anterograde 

amnesia associated with ischemic damage as a result of open heart surgery. Post-

mortem examination of R.B.’s brain revealed bilateral lesions that were localized in the 

CA1 area of the hippocampus (Zola-Morgan et al., 1986). This finding clearly showed 
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that damage to the CA1 area is enough to generate memory deficit and is consistent 

with animal studies. For example, animals with  a damaged hippocampus displayed a 

severe deficit of spatial memory in the Morris water maze (MWM) task (Morris et al., 

1982) and radial arm maze (RAM) task (Olton, 1977; Olton and Papas, 1979).  Similarly, 

hippocampal lesions impaired the ability of rats to use environmental spatial cues to 

remember particular places or to perform relational operations on remembered 

material (Gilbert and Kesner, 2002).  

2.3. Anatomy of the hippocampus 

  The hippocampus, a bilateral structure composed of two interlocking C shaped 

regions located beneath the cerebral cortex, functions as a temporary storage depot for 

memory (Meissner, 1966; Teyler and DiScenna, 1985,   1986).  The first “C” corresponds 

to Amman’s Horn or Cornu Ammonis (CA1-CA3), in which pyramidal cells form the 

principal cell layer. The second “C” corresponds to the dentate gyrus (DG) area, in which 

granule cells form the principal cell layer (Cajal, 1911).  

  The most obvious feature of the hippocampus is its lamellar arrangement and 

prominent trisynaptic circuitry (Fig. 2-3), which offers a unidirectional  pathway for 

information to flow through (Amaral and Witter, 1989; Witter et al., 1989). Both CA1 

and DG areas are involved in the intrinsic flow of information within the hippocampus 

(Amaral and Witter, 1989; Witter et al., 1989; Xavier et al., 1999). Repetitive stimulation 
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of any of these pathways leads to long-lasting changes in synaptic efficacy in the target 

neurons of that particular pathway. Overall, the hippocampal tri-synaptic circuitry (Fig. 

2-3) coupled with its transverse and parallel layout allows for information processing in 

associative networks. In these networks, new memory traces are combined with 

different information from other brain regions to enrich and facilitate recall of the 

memory (Nakazawa et al., 2002; Rolls et al., 2002; Gold and Kesner, 2005; Kirwan et al., 

2005).  
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Figure 2 (a) an illustration of the rodent hippocampal circuitry. (b) The traditional excitatory tri-synaptic 
circuitry (Entorhinal cortex (EC)–DG–CA3–CA1–EC) is delineated using solid arrows while the dotted arrows 
indicate minor projections that modulate activity in each sub-field of the hippocampus. The medial perforant 
pathway (MPP) extends from the EC to the DG. The DG in turn sends projections to the pyramidal neurons of 
the CA3 area via the mossy fiber pathway. Then, the CA3 pyramidal neurons relay information through the 
Schaffer collateral/commissural pathway to CA1 pyramidal neurons on both sides of the hippocampus which 
also sends back-projections to the EC. The CA3 area also receives direct projections from EC layer II neurons 
through the lateral perforant path (LPP) in parallel to the DG. Whereas, the CA1 area receives direct 
innervations from EC layer III neurons through the temporo-ammonic pathway (TA).  (Deng et al., 2010) 
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2.3.1 Dentate Gyrus (DG) area 

  The dentate gyrus (DG), sits below the CA1 area (Fig. 2) and is composed of small 

granule cells, which have a relatively high input resistance (R); according to Ohm’s law 

(V=IR), these granule cells require very little current (I) in order to produce a significant 

change in voltage (V). These cells are innervated by the perforant path which extends 

from layer II of the entorhinal cortex (EC) and perforates the subiculum in order to 

synapse onto the apical dendrites of DG granule cells. This pathway represents incoming 

sensory information from cortical association areas with which the DG can act as a 

competitive learning network to remove redundancy from the inputs, producing a more 

orthogonal, and categorized set of outputs to the adjacent CA3 area (Rolls, 1996; Gilbert 

et al., 2001; Deng et al., 2010). The DG plays a crucial role in acquisition especially when 

new information is similar or overlapping. For example, DG-lesioned animals performed 

poorly in a water maze task as they were not able to differentiate between similar 

starting points (Hunt, 1994). This seems to indicate that the DG acts to produce separate 

representations of different places on a metric scale but not topographically (Goodrich-

Hunsaker et al., 2005).  

It is important to note that the DG is one of the  privileged sites in the brain that 

can produce new neurons that can integrate into the functional granule cell layer (Zhao 
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et al., 2008). Adult neurogenesis has been observed in every mammalian species 

examined from rats to rabbits and macaques to humans (Kaplan and Hinds, 1977; 

Eriksson et al., 1998; Kornack and Rakic, 1999). Although the kinetics of neurogenesis is 

generally species dependent it has been most well characterized in mice (Deng et al., 

2010).   

In the mouse DG new neurons begin as progenitors in the subgranular zone and 

slowly proliferate and integrate into existing neuronal networks. Initially, these 

progenitor cells paradoxically respond to the neurotransmitter GABA as an excitatory 

neurotransmitter. As these cells mature and grow closer to the granule cell layer, the 

dendrites and axonal connections become properly formed and the neurons begin to 

respond to the excitatory neurotransmitter glutamate (Schmidt-Hieber et al., 2004; 

Zhao et al., 2008; Deng et al., 2010). Finally, these cells continue to mature for an 

additional 2 weeks as they begin integrating into the functional neuronal circuitry of 

granule cell layer. Neurogenesis may be functionally significant in learning because 

unlike the CA1 which can code and recode information using the same neuron (via place 

cells), the DG may require new neurons (a larger catalogue) to index the abundant 

information from cortical areas(Deng et al., 2010).  

2.3.2 Cornu Ammonis 3 (CA3) area  

The DG projects to the CA3 area via the mossy fiber pathway (Fig. 2), which 

sparsely innervates the apical dendrites of the pyramidal cells in the CA3 (Rolls et al., 
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1989; Treves and Rolls, 1992). The pyramidal cells are larger than the granule cells and 

also receive perforant path input directly from the EC (Fig. 2; (Per Andersen, 2007). 

Mossy fibers demonstrate enhanced synaptic plasticity but are not N-methyl D-

aspartate receptor (NMDAR) dependent. Instead they are dependent on the 

metabotropic glutamate receptor (mGlur) along with tetanic stimulation. Therefore, the 

changes in synaptic plasticity take a longer time to reach peak levels as opposed to the 

immediate peak seen in NMDAR-dependent LTP of the CA1 and DG (Conquet et al., 

1994). The CA3 is unique in that it has a system of recurrent collaterals that act as an 

auto-association network allowing the pairing of one aspect of a memory (e.g. object) to 

be associated with another (e.g. space) (Rolls et al., 2002). The sparse but powerful 

connectivity from the DG to the CA3 is important during acquisition to force a new 

pattern of firing onto the CA3 neurons, which dominates the activity of the recurrent 

collaterals, thereby enabling a new memory to be stored (Rolls et al., 1989).  

2.3.3 Cornu Ammonis 1 (CA1) area 

The CA3 projects to the CA1 area via the Schaffer collaterals (Fig. 2) as well as to 

the other side of the hippocampus via the commissural pathway. The pyramidal cells in 

this layer of the hippocampus are similar to the CA3 area pyramidal cells except that 

they seem to code for spatial arrangement in rats. These pyramidal cells (i.e. place cells) 

are able to fire in specific locations according to various visual cues in the environment, 

and have led to the theory that the hippocampus is responsible for forming a cognitive 
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map of the environment (Per Andersen, 2007). In fact, these place cells fire more 

frequently in preference to certain spaces in the environment which underscores their 

role in coding for spatial and temporal information of the environment. A certain 

combination of place cells fire when the rat is in a particular space in the environment. 

Furthermore, place cells are known to be reactivated during sleep in the same spatial 

and temporal pattern as when the animal is awake. Hippocampal rhythmic activity (i.e., 

theta rhythm) causes place cells to fire in bursts and leads to the concerted reactivation 

of memory traces during the depolarization phases of the rhythm. Thus, the theta 

rhythm is thought to allow for selective consolidation of novel information regarding the 

environment, while efficiently depotentiating cells that code for familiar environment. 

Functionally, the CA1 mediates associations involving a temporal or novel 

component and is also involved in pattern completion or recall. In addition to memory 

retrieval of an incomplete or partial cue by the CA3 recurrent collaterals, recall of that 

information to the neocortex can be performed via CA1 and the hippocampo-cortical 

and cortico-cortical back-projections (Per Andersen, 2007). 
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2.4. Memory models 

  Several models have been established to test various types of memory tasks in 

order to determine the brain areas involved in certain cognitive processes.  

2.4.1 Animal mazes 

 The maze was is a popular behavioral assay of cognitive function such as spatial 

memory in laboratory animals. The idea is based on the assumption that an animal uses 

local spatial cues in order to learn and remember the location of certain goals such as 

food or safety (Paul et al., 2009). Conceptually, the maze task is derived from the 

 

Figure 3: Line drawing of the rat brain highlighting the septotemporal and transverse axes of the 
hippocampal formation. The top part of the hippocampus is called the “dorsal” or “septal” 
hippocampus, while the bottom part is known as the “ventral” or “temporal” hippocampus. (Amaral 
and Witter, 1989) S- septal and T-temporal 
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hippocampal place cells which can associate specific points in space but not necessarily 

in relation to the local spatial cues provided (Paul et al., 2009).   In general, mazes come 

in different sizes and shapes ranging from a featureless area, such as MWM, to the 

predetermined pathways found in the radial arm water maze (RAWM). Various types of 

mazes have been established and successfully used to test different types of learning 

and memory. Although mazes are relatively sensitive to manipulations of normal 

cognitive function in different brain areas, they are still less specific for certain 

impairments in one brain area as opposed to another (Per Andersen, 2007). Overall, the 

development of the maze has introduced behavioral evaluation of cognitive function 

into neuroscience, primarily leading to these mazes being used as “litmus tests” of 

normal brain function.  

2.4.1.1. The radial arm maze (RAM) 

  In 1976, the RAM was designed by Olton and Samuelson to test spatial learning 

and memory (Olton, 1987; Dubreuil et al., 2003). The original RAM consisted of eight 

arms radiating from a central location. In order to 

test short- and long-term memory, the ends of four 

of eight arms were baited with food for each daily 

training trial. The baited arms remained constant 

throughout the trials. Following food deprivation, 
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each animal was placed in the center of the maze and permitted to enter different arms. 

Training continued until all four food rewards were consumed or until five minutes had 

passed. The animal should have remembered which arms were visited previously during 

a particular trial in order to avoid re-entering the arms without food, in effect solving 

the problem of getting the reward with the least effort. The RAM has the advantage of 

simultaneously evaluating both short-term memory and long-term memory. In this 

respect, behavioral evaluation consisted of short-term memory errors (retracing: 

entering a baited arm more than once) and long-term memory errors (re-enrty: entering 

an unbaited arm). Although the RAM is seemingly a pure spatial reference memory task 

(i.e. memory used arcross all trials), it later became clear that working memory (i.e. 

memory required for one trial) was also affected. Also, rats with lesions in the 

hippocampus exhibit  impaired place memory in the RAM, futher supporting the theory 

that the hippocampal integrity is required for initial place learning and eventual storage 

(i.e. location of unbaited and baited arms) in cortical areas (Jarrard, 1978; Jarrard et al., 

1986; Barnes, 1988). Nevertheless,  the RAM is limited by the presence of food 

deprivation and odors which come from the baited arms and test animals. Another 

limitation is that animals can perform perfectly without using a spatial memory strategy 

by choosing to enter only adjacent arms (i.e. a serial strategy) (Paul et al., 2009).  
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2.4.1.2. The Morris water maze (MWM) 

The “water maze” or "MWM” was created by Richard Morris in 1981, and 

developed by David Olton in 1982. The MWM requires the animal to find its way around 

a large round tub of opaque water (made white 

with powdered milk) to a hidden platform located 

in the center of one of four quadrants. The MWM 

is commonly used to test spatial memory by using 

visuo-spatial cues to enable swimming animals to 

locate the hidden platform (Morris, 1984). The animal is released from one of four 

cardinal points around the maze and the time spent by animals to locate the hidden 

platform should decrease as the trials progress, which reflects the speed of learning. 

Subsequently, a probe trial takes advantage of spatial bias to test spatial memory in 

which the hidden platform is removed and the time spent in the former location of the 

platform is recorded. The MWM eliminates some of the disadvantages of the RAM 

including food deprivation and olfactory guiding cues during training. However, the fact 

that animals display swimming pattern variability is one of the main disadvantages. For 

instance, the animal may swim a fixed distance around the sides of the tub (i.e. 

thigmotaxis) as a strategy to find the hidden platform (Hodges, 1996; Paul et al., 2009). 

Similar to the RAM, hippocampal lesions have been shown to impair spatial memory in 
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the MWM. However as water immersion is considered a stressful stimulus, it is possible 

that other cognitive (fear, associative, anxiety) and non-cognitive processes (reflexes, 

stress) are also involved (Paul et al., 2009). 

2.4.1.3. The radial arm water maze (RAWM) 

 The RAWM, developed by Buresova et al. (1985), is a combination of both the  

RAM and MWM in that the maze can be seen as a 6-arm RAM inserted into a MWM. 

The detailed procedure of the RAWM is discussed in section 3.5.  

 In the current study, we used the RAWM to 

evaluate spatial learning and memory 

performance. The RAWM maintains the advantage 

of simultaneously evaluating short-term/working 

memory and long-term/reference memory. 

Additionally, the RAWM removes the 

disadvantages of food deprivation and odor associated with the RAM apparatus and 

eliminates the issue of thigmotaxis (i.e. swimming along the sides of the tank) by 

confining the animal to a pre-established route (Shukitt-Hale et al., 2004; Paul et al., 

2009).   
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2.4.2. Electrophysiological studies of synaptic plasticity 

Hippocampal neurons communicate with each other to form networks, which 

are arranged in functionally related circuits (McIntosh, 2000). Behavioral performance is 

therefore, an outcome of the integrated function of these neuronal systems. Hence, an 

understanding of hippocampal electrophysiology is essential to assess the functional 

integrity of neural pathways on the cellular level.  

  The distinct regimented anatomical and histological arrangement of the 

hippocampus allows for electrophysiological experiments to be performed both in vivo 

and in vitro. Studies of brain slices are informative because they are easy to manipulate. 

For example, pharmacological manipulation can be carried out in a quantitative way and 

the direct visualization of definite hippocampal subfields allow for precise placement of 

electrodes. However, these brain slices are highly reduced preparations and do not 

always reproduce normal physiology. Additionally, the interpretations from the in vitro 

studies may be affected by disrupted circuitry, loss of neurotransmitters, and 

temperature variations. In fact, slicing of hippocampal tissue can reduce glutamate 

receptor content, increase dendritic branching as well alter the levels of signaling 

molecules (e.g. BDNF, CaMKII) involved in NMDA receptor-dependent LTP (Danzer et al., 

2004). As LTP is highly dependent on the balance between protein kinase and 

phosphatase signaling pathways, alterations in this balance due to slice preparation or 
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maintenance has been shown to influence cellular responses to various forms of 

stimulation. In this regard, tissue slices are typically maintained below physiological 

temperature and essentially deafferented for long periods of time, which can lead to 

lower than normal kinase activity and dephosphorylation of key activity-dependent 

signaling molecules including CaMKII and the AMPA receptor GluR1 subunit (Ho et al., 

2004). At the same time, glutamate release and subsequent NMDA receptor activation 

that could occur during slicing can transiently phosphorylate MAPK/ERK and activate the 

MAPK/ERK pathway but returns to baseline after a few hours (Ho et al., 2004). These 

time-dependent changes in protein phosphorylation in hippocampal slices can have 

functional effects on synaptic plasticity, as seen by enhancement of LTD in slices 

maintained for longer periods of time (Ho et al., 2004). Thus, the fact that the method of 

preparation can itself confound accurate analysis of these signaling molecules in the 

hippocampus precludes the use of slice-preparations in our studies. 

2.5. Synaptic Plasticity and Memory Hypothesis  

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

models used to induce bidirectional control over synaptic strength. These two 

phenomena have become prime candidate mechanisms linking activity-dependent 

plasticity with behavior. Nevertheless, there is not enough definitive evidence to 

demonstrate a causal connection between a specific pattern of synaptic activity and 
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behavioral modification due to a specific learning experience (Citri and Malenka, 2008). 

Many studies have suggested that synaptic plasticity is a plausible mechanism for 

information storage because: (1) associative induction of pre- and post-synaptic activity 

is similar to the association of ideas in memory, (2) a synapse-specific (i.e. input-

specificity) mechanism allows for greater storage capacity and (3) storage of any 

information leads to persistent changes at the synapse.  

Electrophysiological experiments provide a large body of evidence that has 

supported the use of LTP as a cellular correlate of learning and memory. For example, 

during spatial learning tasks and LTP induction there is an increase in glutamate release 

that coincides with an enhancement of postsynaptic activity in the perforant pathway 

(Richter-Levin et al., 1995). Since LTP is a saturable phenomenon, many investigators 

have hypothesized that if learning and memory mediate LTP-like changes, saturation of 

LTP should prevent the acquisition of new learning and memory. Indeed, induction of 

LTP prior to a spatial task impairs subsequent learning and memory (McNaughton et al., 

1986; Moser et al., 1998).  

In addition to electrophysiological experiments, pharmacological and genetic 

manipulations confirm the correlation between memory and LTP. Both memory and LTP 

depend on similar molecular cascades for storage and expression respectively. For 

instance, N-methyl-D-aspartate (NMDA) glutamate receptor activation is required for 
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both spatial memory formation and induction of LTP. Antagonizing NMDA receptors 

with 2-amino-5-phosphonopentanoate impairs spatial learning and memory, and 

prevents LTP (Morris et al., 1986). Additionally, mice that lack the NMDA receptor GluN1 

or GluN2A subunits (formerly known as NR1 or NR2A respectively) in the CA1 area 

exhibit spatial memory and LTP deficits (Sakimura et al., 1995; Tsien et al., 1996).  

Another electrophysiological phenomenon that is thought to be associated with 

learning and memory is long-term depression (LTD), which is an activity-dependent 

decline of synaptic strength. While LTP is primarily due to preferential activation of 

calcium-calmodulin dependent protein kinase II (CaMKII) in the presence of high 

intracellular Ca2+, LTD is thought to be primarily mediated by more modest increases in 

intracellular Ca2+ activating a calcium-dependent protein phosphatase cascade that 

includes calcineurin, PP1 and a phosphoprotein known as inhibitor-1 (Lisman, 1989). 

Dephosphorylation of key protein kinases, namely CaMKII, cAMP dependent protein 

kinase (PKA) and protein kinase C (PKC) leads to a general endocytosis of post-synaptic 

glutamate alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors 

and decreased conductance culminating in the depotentiation and shrinkage of the 

synapse. Induction of LTD can be accomplished with several protocols in many parts of 

the brain that are known to support LTP (e.g. CA1 area). For instance, LTD can be 

induced by low frequency stimulation in hippocampal slices of young animals (Fujii et 
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al., 1991; O'Dell and Kandel, 1994) or by paired pulse facilitation in anesthetized or 

freely moving adult animals (Doyere et al., 1996; Thiels et al., 1996; Aleisa et al., 2006b; 

Alzoubi et al., 2007a). 

Depotentiation of synapses via LTD seems crucial during sleep where it can reset 

the synapses that did not successfully encode information during wakefulness in 

preparation for subsequent learning after sleep (Blitzer et al., 2005). Interestingly, LTD is 

enhanced under stressful conditions such as psychosocial stress, infusion of amyloid 

peptides and drug abuse which could imply a different role for LTD than a cellular 

phenomenon that prevents saturation of synapses(Aleisa et al., 2006b). Overall, these 

studies show that similar to memory, LTP and LTD are expressed in the hippocampus, 

rely on alterations in the synaptic efficacy of neuronal networks, and consists of diverse 

phases with different durations and molecular cascades (Sweatt, 1999) 

2.6. Hippocampal formation and long-term potentiation 

Two major phases of hippocampal LTP have been identified in the CA1 and the 

DG areas: early (E-LTP) and late (L-LTP), which require NMDA receptor activation by 

glutamate (Sweatt, , 1999). A single train of high frequency stimulation (HFS) generates 

E-LTP, an increase in synaptic strength that lasts more than 30 minute and up to three 

hours. In contrast, L-LTP requires at least four HFS trains to generate an increase in 
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synaptic strength that lasts more than three hours. Each phase of LTP is activated by 

different protein kinases while the expression of L-LTP requiring gene expression and 

protein synthesis (Frey et al., 1993; Sweatt, 1999). 

2.6.1. Expression of E-LTP and L-LTP 

Induction of LTP encompasses the transitory events that trigger changes in the 

synapse without themselves affecting it, whereas the expression of LTP includes the pre- 

and post-synaptic signaling mechanisms that directly affect synaptic plasticity (Fig. 4-5). 

Typically, induction takes place upon single or repetitive HFS and coincidental 

depolarization of both the pre- and post-synaptic terminals. Newly released glutamate 

activates the post-synaptic ionotropic NMDA receptors (Ascher and Nowak, 1988) along 

with voltage gated Ca2+ channels producing a large influx of Ca2+ (Fig. 4). The increased 

intracellular level of Ca2+ activates a signaling cascade involving various kinases including 

CaMKII, which is generally known to be an important gatekeeper for LTP induction 

(Malenka et al., 1989; Pettit et al., 1994; Thomas et al., 1994; Lledo et al., 1995; Giese et 

al., 1998). Autophosphorylation of CaMKII makes it constitutively active (Fig. 4), even in 

the absence of Ca2+, until protein phosphatases such as calcineurin dephosphorylate the 

active CaMKII (P-CaMKII). The expression phase of LTP includes long lasting 

enhancements in synaptic efficacy which include phosphorylation and trafficking of 

AMPA receptors and increased pre-synaptic transmitter release.  
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Multiple tetanic stimulation is required to induce L-LTP and consists of 3-4 trains 

of HFS (Fig. 5) so as to produce a more massive and focused Ca2+ influx into the post-

synaptic membrane. Although there are no stimulation protocols that express late (L)-

LTP without preceding phase of E-LTP, L-LTP still requires activation of its own distinct 

kinase cascade including calcium/calmodulin kinase IV (CaMKIV) and mitogen-activated 

protein kinase (MAPK/ERK), which phosphorylate cAMP response element-binding 

protein (CREB) (Fig. 5). Active (phosphorylated) CREB stimulates the expression of target 

genes including brain derived neurotrophic factor (BDNF), which in turn cycles back and 

regulates CREB activity (Nguyen and Kandel, 1996; Bolshakov et al., 1997; Lu et al., 

1999; Kandel, 2001; Barco et al., 2002; Barco et al., 2005; Bramham and Messaoudi, 

2005). 
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Figure 4: E-LTP scheme. At normal intracellular calcium concentrations [Ca
2+

]i, 
neurogranin forms a stable complex with calmodulin (CaM). However, high [Ca

2+
]i after 

HFS will bind to calmodulin forming calcium-calmodulin complex (Ca/CaM) which 
activates CaMKII. Activated CaMKII (P-CaMKII) maintain its activity for a few hours and 
has the ability to phosphorylate AMPA-receptors. P-CaMKII is inactivated by protein 
phosphatases. Additionally, BDNF enhances activation of CaMKII probably through 
tyrosine kinase B receptor/phospholipase Cγ pathway (Modified from Kandel and 
Schwartz 2001). 
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Figure 5: L-LTP scheme. Upon multiple high frequency stimulation (MHFS), generation of 
Ca-CaM activates ACI-PKA-MAPKp44/42 pathway and CaMKIV, which in turn phosphorylate 
CREB. Active (phosphorylated) CREB induces the expression of target genes including brain-
derived neurotrophic factor. BDNF acting on TrkB prevents activation of phosphatases, and 
activates CaMKIV and MAPKp44/42 (Modified from Kandel and Schwartz 2001). 
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2.7. Important molecules involved in LTP and memory  

The postsynaptic increase in Ca2+ concentration is crucial for the expression of E-

LTP and L-LTP, which directs attention to the downstream signaling regulators including 

CaMKII, calcineurin, BDNF, CREB, and CaMKIV. 

2.7.1. Calcium calmodulin-dependent protein kinase II (CaMKII) 

CaMKII is a holoenzyme that consists of 12 subunits arranged in rotational 

symmetry and primarily composed of differentially spliced α and β isoforms. Evidence 

indicates that CaMKII is required for and, once activated, capable of eliciting LTP in the 

CA1 area (Malenka et al., 1989; Pettit et al., 1994; Lledo et al., 1995; Giese et al., 1998). 

For instance, CaMKII inhibition by peptide inhibitors, and pharmacological antagonists, 

or by genetic deletion prevents the expression of LTP (Malenka et al., 1989; Malinow et 

al., 1989; Ito et al., 1991; Silva et al., 1992), while CaMKII activators generate synaptic 

enhancement similar to LTP (Lisman et al., 2002). It has been shown that SD reduces the 

gene expression of CaMKII (Guzman-Marin et al., 2006), whereas regular exercise 

induces CaMKII expression in the hippocampus (Vaynman et al., 2007). 

In the absence of synaptic activity, the catalytic subunit of CaMKII is masked by 

its own auto-inhibitory domain and renders CaMKII inactive (Okamoto et al., 2009). 

Induction of E-LTP in the Schaffer collateral/CA1 synapses leads to the release of 
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glutamate, which in turn activates postsynaptic glutamate receptors. Activation of 

NMDA receptors increases the concentration of intracellular Ca2+ which binds 

calmodulin and proceeds to interact with a special calmodulin-binding region on CaMKII. 

This results in a conformational change that removes the auto-inhibitory domain 

allowing for activation of the enzyme by ATP. After the transient Ca2+ surge, CaMKII can 

autophosphorylate to remain autonomously active (Fig. 4) independent of calcium levels 

(Lisman and McIntyre, 2001). This rapid autophosphorylation of CaMKII phosphorylates 

AMPA receptors and recruits them for insertion into the post-synaptic density (PSD), an 

isolated biochemical compartment located in the dendrite, which  is important for the 

expression of LTP (Fukunaga et al., 1996; Nayak et al., 1996).   

In fact, the phosphorylation of CaMKII is especially important in the PSD because 

it can also lead to saturation of phosphatase activity which ensures stable 

kinase/phosphatase equilibrium. Thus, newly phosphorylated CaMKII can readily enter 

the PSD and act as a molecular switch that could mediate long-term information storage 

despite changes in CaMKII turnover (Lisman and McIntyre, 2001).   

2.7.2. Calcineurin (PP2B) 

In hippocampal neurons, a number of protein phosphatases are responsible for 

the dephosphorylation and deactivation processes of previously phosphorylated 

molecules. Despite the fact that much of the literature classifies phosphatases as a 
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generic “off” switch that equilibrates the cellular environment after kinase activity is 

finished, calcineurin has been shown to both increase and decrease synaptic efficacy 

by modulating ion channels (e.g. L-type Ca2+channels), receptors (e.g. AMPA receptors) 

in addition to kinases (CaMKII, MAPK), transcription factors (e.g. CREB), and other 

phosphatases (e.g. PP1) (Groth et al., 2003). 

The activation of calcineurin by Ca2+/calmodulin leads to the activation of protein 

phosphatase 1 (PP1), which  in turn inactivates P-CaMKII (Fig. 4)(Mulkey et al., 1993; 

Mulkey et al., 1994). Activation of calcineurin depends upon the strength and duration 

of stimulus as well as the level of intracellular Ca2+.  As calcineurin has a much higher 

affinity for Ca2+/calmodulin than CaMKII, calcineurin can act as the “first responder” to 

synaptic stimulation. For example, the initial elevations in intracellular Ca2+ result in 

calcineurin-mediated phosphatase activity (Bito et al., 1997). After strong and 

prolonged stimulation, calcineurin is inactivated and a greater activation of protein 

kinases results (Deisseroth et al., 2003). 

There are three major types of protein phosphatases in hippocampal neurons: 

PP1, PP2A and PP2B. Phosphatases PP1 and PP2A are effective in dephosphorylation 

of CaMKII at Thr286, thus reverting CaMKII constitutive activity to basal levels. It has 

been shown that induction of LTP in the hippocampus is associated with a marked 

decrease in PP2A activity, which results in elevation of CaMKII activity and potentiation 
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of synaptic efficacy (Fukunaga et al., 2000). The effects of calcineurin on learning and 

memory are largely regulatory so as to limit the saturation of learning and its 

underlying synaptic processes. For instance, it has been shown that over-expression of 

calcineurin in the hippocampus attenuates hippocampal-dependent memory 

formation (Mansuy et al., 1998b). Additionally, mice over expressing a truncated form 

of calcineurin exhibited spatial learning deficits (Malleret et al., 2001). Paradoxically, 

knocking out the regulatory unit of calcineurin disrupted working memory while 

calcineurin inhibition led to improved short-term and long-term memory in a spatial 

task (Mansuy et al., 1998a). In response to multiple forms of leaning and/or synaptic 

stimulation, calcineurin initiates both short- and long-term changes in neuronal 

function, which ultimately translate to behavioral modification (Groth et al., 2003). 

2.7.3. Brain-Derived Neurotrophic Factors (BDNF) 

The neurotrophic factor, BDNF, is widely believed to be important in memory 

(Kiprianova et al., 1999; Alonso et al., 2002) and its cellular models  (Akaneya et al., 

1997; Kiprianova et al., 1999). Although the exact molecular mechanism remains to be 

elucidated, BDNF is a pivotal modulator in various processes including neuronal 

plasticity, neurogenesis, and cognition (Kang and Schuman, 1995).  
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Synthesis of mature BDNF involves enzymatic cleavage of a precursor protein 

(proBDNF) in the endoplasmic reticulum at both pre- and post-synaptic terminals. The 

proBDNF passes through the trans Golgi network where it is sorted into 2 different types 

of secretory vesicles (Goodman et al., 1996).  The constitutive pathway includes vesicles 

that are transported directly to the membrane and continuously release their contents 

into the extracellular space. However, the majority of proBDNF is secreted by the 

regulated secretory pathway in which vesicles accumulate at the plasma membrane 

until exocytosis is triggered by synaptic activity (Thomas and Davies, 2005; Greenberg et 

al., 2009). The preferential sorting of BDNF into the regulated secretory pathway is due 

to the lipid raft associated sorting receptor carboxypeptidase E (CPE), which interacts 

with the conformation-dependent sorting motif of BDNF (Lou et al., 2005). 

Upon proBDNF release, the serine protease tissue-type plasminogen activator 

(tPA) plays an important role in producing mature BDNF in the extracellular space. 

Neural activity stimulates tPA to mediate the enzymatic cleavage of plasminogen to 

plasmin, which in turn cleaves proBDNF into mature BDNF (Plow et al., 1995; Pang et al., 

2004).   Additionally, post-transcriptional localization and function of BDNF depends on 

the length of the 3’ un-translated region (UTR) found on BDNF mRNA. In this respect, 

BDNF mRNA with a longer 3’ UTR is localized in the dendritic compartment and 

produces BDNF protein that may modulate synapse-specific structural and functional 
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plasticity. Whereas BDNF mRNA with a shorter 3’UTR is restricted to the soma and may 

produce BDNF protein to regulate neuronal survival and proliferation (An et al., 2008). 

Mature BDNF can bind the extracellular domain of the tyrosine kinase  B receptor 

(TrkB), which induces ligand-receptor dimerization and autophosphorylates tyrosine 

residues on the intracellular kinase domain(Greenberg et al., 2009; Minichiello, 2009). 

Phosphorylation then leads to recruitment of various adaptor molecules including Shc 

and phospholipase Cγ1 to activate downstream signalling cascades involved in neuronal 

growth, differentiation and plasticity (Minichiello, 2009). The TrkB receptor can be 

located either pre- or post-synaptically at glutamate synapses and can affect various 

downstream signalling molecules involved in synaptic plasticity such as the scaffolding 

protein synapsin-I and the transcription factor CREB (Ang and Gomez-Pinilla, 2007). 

Traditionally, BDNF was relegated to the role of encouraging growth, 

differentiation, and survival of new neurons and synapses during development (Barde, 

1994). However, BDNF is now recognized as an essential modulator of spatial learning 

and memory and synaptic plasticity in the adult brain (Vaynman et al., 2007). For 

example, BDNF can act pre-synaptically by increasing quantal release of glutamate and 

postsynaptically by enhancing NMDA receptor subunit functionality, thereby increasing 

calcium influx and promoting actin polymerization to enhance structural plasticity 

between synapses (Vasuta et al., 2007; Lista and Sorrentino, 2009). BDNF modulates the 
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signal-transduction mechanisms that are thought to mediate synaptic plasticity by 

increasing CaMKII availability while decreasing levels of calcineurin (Boulanger and Poo, 

1999b; Berchtold et al., 2005; Griffin et al., 2009). In the hippocampus, BDNF enhances 

activation of CaMKII and CREB, probably by a mechanism that involves the release of 

Ca2+ from the internal stores through tyrosine kinase B receptor/phospholipase Cγ 

(TrkB/PLCγ) pathway (Blanquet and Lamour, 1997; Finkbeiner et al., 1997; Minichiello et 

al., 2002). Specifically, BDNF binds to TrkB receptors and activates the PLCγ signaling 

pathway to generate diacylglycerol (DAG) and inositol tri-phosphate (IP3) and the latter 

releases Ca2+ from cytoplasmic stores. After HFS, TrkB receptor activation induces 

translation of proteins at the synapse by phosphorylating eukaryotic initiation factor 4E 

(eIF4E) and by activating mammalian target of rapamycin (mTOR) (Jiang and Schuman, 

2002). Also, HFS leads to phosphorylation of eukaryotic elongation factor (eEF2), which 

halts peptide elongation apparently to allow the translation machinery to focus on other 

more plasticity-related molecules such as CaMKII and the immediate early genes (Jiang 

and Schuman, 2002) 

The immediate early genes (IEGs) include genes whose expression are induced 

after LTP and are independent of any previous protein synthesis. At the synaptic level, 

these genes play an important role in memory formation and consolidation  (Lanahan 

and Worley, 1998). Some of these genes function as transcription factor IEGs (e.g. 
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zif268) and regulate late- response genes whereas others encode synaptic proteins 

directly involved in cytoskeletal restructuring such as activity-regulated cytoskeleton-

associated protein (Arc), Homer1a, and BDNF. Studies have implicated BDNF in 

triggering memory consolidation (L-LTP) via MAPK-induced synthesis of Arc protein in 

dendritic spines. Sustained increases in Arc are thought to be required in order to drive 

synaptic consolidation to completion (Bramham and Messaoudi, 2005) 

According to various findings, BDNF can act as a potent excitatory transmitter 

and plays a pivotal role in LTP and memory formation (Kang and Schuman, 1995; 

Patterson et al., 1996). For instance, BDNF-knockout mice showed impairment in spatial 

memory (Linnarsson et al., 1997) and hippocampal LTP (Korte et al., 1995; Patterson et 

al., 1996). Furthermore, the gene expression of BDNF has been reported to be increased 

in the hippocampus after spatial learning tasks (Mizuno et al., 2000; Gooney et al., 2002) 

and the induction of LTP (Patterson et al., 1992; Castren et al., 1993; Dragunow et al., 

1993; Springer et al., 1994; Morimoto et al., 1998). Numerous studies reported an 

increase of synaptic transmission and potentiation of the synaptic response, which 

resembled LTP, after acute treatment of exogenous BDNF in hippocampal slices (Korte et 

al., 1995; Figurov et al., 1996) and anesthetized rats (Messaoudi et al., 1998). In the 

hippocampus, sleep-deprived rats showed a reduction in the expression of BDNF mRNA  

(Guzman-Marin et al., 2006).  Various interventions including exercise, exposure to novel 
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environments and even learning can increase hippocampus BDNF levels (Vaynman et al., 

2004b; Berchtold et al., 2010) and improve performance in hippocampal dependent 

tasks (Falkenberg et al., 1992; Hall et al., 2000). 

2.7.4. cAMP response element binding protein (CREB) 

The brain has the innate ability to sense, associate, and adapt to its perceived 

environment via a network of genes that alter neuronal connections. CREB is a 

transcription factor involved in the regulation of cAMP response element (CRE) 

containing genes and is also a major enabler of activity-dependent protein synthesis 

that is synapse-specific. Accumulating evidence has shown that long-term memory and 

expression of L-LTP requires CREB activation (Yin et al., 1994; Tully, 1997; Abel and 

Kandel, 1998; Abel et al., 1998). CREB is activated by various protein kinases (e.g. 

CaMKIV, MAPK, and PKA) and neurotrophic factors (e.g. BDNF), which allow it to 

regulate transcription factor cascades by binding CRE sequences in the regulatory 

regions of plasticity related genes. Many different combinations of kinases are activated 

by different stimuli allowing for combinatorial selection of transcription factors involved 

in synaptic plasticity. For instance, BDNF-mediated increases in intracellular Ca2+ can 

phosphorylate a specific combination of transcription factors along with CREB (e.g. 

calcium response factor (CRF), which when present together can induce the activity-

dependent transcription of BDNF (West et al., 2002). 
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Long-term memory and L-LTP require CREB-induced protein synthesis to be 

consolidated. This is supported by the fact that repression or activation of CREB affects 

long-term memory leaving short-term memory unaffected (Yin et al., 1994; Yin et al., 

1995). Mice with a mutated form of CREB have defective L-LTP and long-term memory, 

but normal E-LTP and short-term memory (Bourtchuladze et al., 1994). Additional 

evidence shows that intrahippocampal infusion of oligonucleotides blocking CREB gene 

expression does not alter short-term spatial memory in rats but affects memory tested 

two days after learning (Guzowski and McGaugh, 1997). Interestingly, spatial memory 

tasks enhance CREB phosphorylation in the hippocampus (Colombo et al., 2003) as does 

L-LTP induction (Bito et al., 1996) supporting the theory that CREB functions as a rate-

limiting step in its biochemical pathway (Tully et al., 2003).  

2.7.5 Calcium/calmodulin-dependent protein kinase IV (CaMKIV) and mitogen-

associated protein kinase (MAPK/ERK) 

The transcriptional activator CaMKIV, a member of calcium/calmodulin dependent 

kinase family, is present in the nuclei and cytosol of neurons in different brain areas 

including the hippocampus (Jensen et al., 1991a; Jensen et al., 1991b; Lonze and Ginty, 

2002). Upon multiple high frequency stimulation (MHFS), Ca2+-loaded calmodulin 

translocates to the nucleus allowing CaMKIV to be phosphorylated at Ser133 and 

subsequently phosphorylate and activate CREB (Bito et al., 1996; Tokuda et al., 1997) 
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(Fig. 5). Therefore, CaMKIV plays a modulatory role in parallel with other signaling 

pathways to ultimately ensure activation of CREB. Indeed, mice with mutation in 

CaMKIV showed impairment in L-LTP, long-term memory and CREB phosphorylation in 

the hippocampus but normal E-LTP and short-term memory (Ho et al., 2000; Kang et al., 

2001). 

Other Ca2+-dependent signaling pathways also play a crucial role in CREB 

activation such as Ras/mitogen-associated protein kinase (MAPK/ERK). The MAPK/ERK 

pathway can be triggered by BDNF, G-protein coupled receptors, tyrosine kinases and by 

HFS. The MAPK/ERK cascades primarily carry extracellular signals to the nucleus and are 

initiated by the small G proteins. The G proteins, Ras and Rap-1, in turn activate the 

MAP kinase kinase kinases (M3Ks): Raf-1 and B-Raf, respectively. The M3Ks converge on 

MAP kinase kinase (MEK) which proceeds to phosphorylate a pair of MAP kinases known 

as p42MAPK and p44MAPK (or extracellular regulated kinase 1/2 (ERK)).  

Many studies have supported a role for the MAPK/ERK cascade in synaptic 

plasticity. For instance, LTP induction increases phosphorylation of p42/44 MAPK 

(ERK1/2) whereas MEK inhibitors nullify both E-LTP and L-LTP in CA1 hippocampal slices 

(English and Sweatt, 1997). Specifically, others have suggested that the MAPK/ERK 

pathway can enhance E-LTP via the G protein Ras, which is involved in AMPA receptor 

trafficking in LTP (Zhu et al., 2002). Interestingly, MAPK/ERK activation decreases the 
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threshold for back-propagation and enhances LTP signaling (Sweatt, 2004). However, L-

LTP induction leads to phosphorylation of MAPK/ERK in both dendrites and soma, which 

can directly activate CREB via downstream kinases (Lonze and Ginty, 2002).  

2.8. Sleep and memory 

Sleep is a natural physiological process hallmarked by the cyclic occurrence of 

two main stages: non-rapid-eye movement (non-REM) sleep followed by a much shorter 

period of rapid-eye movement (REM) sleep (Stones, 1977; Smith, 1995). As the night 

proceeds, the length of NREM decreases whereas the length of REM sleep increases. 

Non-REM sleep includes slow-wave sleep (SWS; stages 3 and 4) and lighter sleep (stages 

1 and 2) (Fig. 6A). SWS is characterized by different field potential oscillation patterns 

(slow oscillation, spindle, and sharp wave-ripple) (Fig. 6B). On the other hand, REM sleep 

is characterized by muscle paralysis as well as by ponto-geniculo-occipital waves and 

theta waves (Fig. 6B) (Diekelmann and Born, 2010). The cyclical occurrence of sleep is no 

coincidence as each sleep stage possesses a particular chemical, cellular and anatomical 

signature.  

 During sleep, previously encoded but labile memory traces are reactivated and 

eventually consolidated in the neocortex due to certain neuromodulators (i.e. 

neurotransmitters) and cellular processes (i.e. gene expression, protein translation). 

Much of the literature supports a long-term integrative or consolidative role for 
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different phases of sleep in recently acquired memory (Stickgold, 2005; Walker and 

Stickgold, 2006).  

2.8.1 Sleep Architecture 

Polysomnography studies show that throughout the course of the night, 

different sleep stages manifest and alternate regularly in a composed manner classified 

as sleep cycles. A complete night of sleep consists of five to six major cycles, and 

although all sleep cycles in a night last about 90 minutes, the duration of each of the 

 

 

Figure 6: Stages of sleep and their electrophysiological features. (a) Sleep is hallmarked by cyclic 
occurrence of two main stages: NREM and REM. (b) Patterns of field potential rhythms in NREM and REM 
phases of sleep (Diekelmann and Born, 2010) 
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two major sleep cycle changes as the night progresses with rapid eye movement (REM) 

sleep increasing and non-REM slow wave, delta sleep decreasing. The deepest most 

restorative sleep occurs during stage 4 NREM sleep and is characterized by low overall 

neuronal activity. In contrast, REM sleep, which begins after NREM sleep, is a period of 

increased brain activity similar to that observed during wakefulness. In addition, REM is 

hallmarked by events, including a generalized loss of skeletal muscle tone that occurs in 

temporal association with rapid eye movements (McCarley, 2007).  

2.8.2 Neurochemistry during Sleep 

The brain functions differently during wakefulness and sleep; the complex 

neurochemical interplay between acetylcholine and monoamine-producing neurons (i.e. 

noradrenergic and serotonergic) allows for the same brain regions to mediate both 

sleep and wakefulness. For instance, there are brain stem neurons that release 

acetylcholine from the basal telencephalon, serotonin from the dorsal raphe nucleus 

(DRN) and from the locus coeruleus (LC) to generate the activity necessary to maintain 

wakefulness (Porkka-Heiskanen et al., 1995). The same brain stem regions involved in 

wakefulness show diminished activity during NREM sleep with the exception of 

serotonergic neurons of the DRN, which paradoxically play a role in triggering sleep. At 

NREM sleep onset, cholinergic and noradrenergic  activity in the brain stem declines so 

as to allow the DRN neurons to stimulate the anterior hypothalamus and block waking 
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brain activity from reaching higher brain regions such as the thalamus and cortex 

(McGinty and Harper, 1976). The brain’s neurochemical environment changes once 

more during the transition from NREM to REM sleep. Specifically, REM sleep manifests 

when both of the monoamine releasing neurons of the LC and DRN are simultaneously 

quiescent, which in turn permits the large cholinergic neurons in the brain stem to 

produce the excessive activity similar to that of wakefulness (McCarley, 2007). This 

intricate neurochemical modulation across different brain regions is what produces the 

neuronal activity characteristic of sleep which can be visualized with polysomnography 

recordings.  

2.8.3 Sleep and memory consolidation  

Two main hypotheses have been introduced to elucidate the mechanism behind 

the role of sleep in memory consolidation, the synaptic homeostasis and active system 

consolidation hypotheses (Tononi and Cirelli, 2006; Marshall and Born, 2007; 

Diekelmann and Born, 2010). During the waking state, declarative memory traces are 

encoded into a fast-learning temporary store represented by the hippocampus and a 

slow-learning permanent store corresponding to the neocortex. As SWS progresses, 

slow field oscillations synchronize to evoke widespread depolarization allowing 

reactivation and gradual redistribution of encoded memories from the temporary store 

to the long-term store (Fig. 7) (McClelland et al., 1995; Diekelmann and Born, 2010).  
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This active system consolidation overlaps with the synaptic homeostasis 

hypothesis, which suggests that weaker synaptic connections are relatively eliminated. 

The depotentiation of weak synapses allows stronger connections to be preserved, 

thereby, preventing the saturation of synapses during reactivation (Tononi and Cirelli, 

2006; Diekelmann and Born, 2010). After the integration of memories into a pre-existing 

cortical long-term memories system, the REM phase disconnects neural systems 

Figure 7: Contribution of NREM (SWS) and REM sleep to memory consolidation. During waking, newly 

acquired memory traces are encoded (solid lines) in both the short- and long term memory 

(representing the hippocampus and neocortex, respectively). Upon SWS, synchronized burst firing of 

neurons in the hippocampus reactivates encoded memories while at the same time driving reactivation 

of respective memory representations in the neocortex (dotted lines). However during REM sleep, 

these brain systems become dissociated or disconnected from each other, which allows for the newly 

reorganized memories in the neocortex to undergo local synaptic consolidation processes (Diekelmann 

and Born, 2010). 
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between the temporary (hippocampus) and long-term memory (neocortex) depots. This 

disentanglement subsequently allows for regional synaptic consolidation processes to 

take place (Fig. 7), which further improve the memory representations that previously 

went through consolidation (Diekelmann and Born, 2010).  

Sleep contributes significantly to the process of memory and neuronal plasticity 

(Samkoff and Jacques, 1991; Blissitt, 2001; Peigneux et al., 2001; McDermott et al., 

2003). It is also known that adequate sleep is essential for fostering connections among 

neuronal networks for memory consolidation in the hippocampus (Kim et al., 2005; 

McDermott et al., 2006). In fact, hippocampal activity increases during sleep after a 

learning task (Gais et al., 2007) and sleep has been shown to increase hippocampus 

dependent memory (Cai et al., 2009). 

2.8.1. Sleep Deprivation Paradigms 

 Sleep deprivation experiments play a key role in elucidating many of the effects 

that sleep exerts on learning and memory (Smith and Butler, 1982; Smith and Kelly, 

1988; Smith and Rose, 1996).  The design is simple, as synaptic plasticity is thought to 

underlie memory formation, blocking the consolidation that occurs during these sleep 

stages using SD models should reveal certain impairments. SD studies are generally 

divided into partial SD, which is defined as one night of reduced or fragmented sleep 

and total SD, which involves no sleep during a normal sleep/wake cycle. Overall, SD is 
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regarded as an extreme case of sleep loss in which a subject is awake for an extended 

period of time. Many useful approaches have been utilized to evaluate the role of sleep 

loss on cognitive functions, each with relative advantages and disadvantages.  

2.8.1.1. Gentle handling paradigm 

The gentle handling paradigm, also known as “hand deprivation” or “novel 

objects exposure”, involves introducing tactile, olfactory or visual stimulus when the 

animals enter a particular sleep phase (REM or non-REM) as noted by 

electroencephalographic (EEG) recordings or visual observation (Tobler et al., 1990; 

Tobler and Scherschlicht, 1990; Franken et al., 1993; Ocampo-Garces et al., 2000; 

Vyazovskiy et al., 2002a; Modirrousta et al., 2005).  

Although this paradigm is useful for shorter deprivation periods (e.g. 2-8 hours) 

it requires dedicated and continuous supervision by the examiners. There is also the 

issue of animals becoming accustomed to the novel stimuli, which significantly limits the 

duration of sleep loss. In addition, introduction of novel stimuli to an environment may 

not only keep animals awake, but it becomes a potential confounder by enriching the 

animal’s environment and perhaps affecting subsequent behavioral performance (Kopp 

et al., 2007).  
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2.8.1.2. Forced locomotion paradigm 

Forced locomotion paradigms, such as the rotating disc over water (DOW) 

method or the treadmill method, have been shown to reduce total sleep (REM and 

NREM equally) to around one tenth of baseline after 24 hours of total SD (Stefurak et 

al., 1977). The forced treadmill paradigm applies forced locomotion to sleep-deprive the 

subjects (Levitt, 1966; Guzman-Marin et al., 2003). However, this model introduces  

fatigue as a probable confounder as the animals frequently lose muscle tone after SD 

(Webb and Agnew, 1962).  

Another forced locomotion SD model is the rotating disc over water paradigm. 

This model consists of a metal disc suspended over a shallow pool of water and involves 

the use of a yoked-control animal that does not come into contact with the water. 

Electroencephalographic (EEG) recordings are then utilized to identify when the animal 

enters a prohibited sleep phase upon which the disc is rotated (low speed of 1.33 rpm) 

and the animal must awaken to avoid falling into the water (Stefurak et al., 1977; 

Campbell et al., 2002). One obvious limitation is the fact that both the rotating disc and 

treadmill techniques depend on forced activity, which can lead to confounder stress 

(Stefurak et al., 1977; Campbell et al., 2002; Guzman-Marin et al., 2003; O'Callaghan et 

al., 2007).  
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2.8.1.3. Modified multiple platform paradigm 

The modified multiple platform technique, also known as the “water tank” or 

“columns-in-water” or “inverted flowerpot” paradigm, was designed for REM sleep 

deprivation. Although this method is effective in suppressing about 95% of REM sleep, it 

can interfere with NREM sleep as well (Grahnstedt and Ursin, 1985; Machado et al., 

2004). The single inverted flowerpot method was proposed by Jouvet in 1964 (Suchecki 

et al., 1998). This technique consists of a single platform or upside down flower pot 

immersed in a water tank. The animal is placed on top of a small platform, which is 

about 2 cm above the pool. Accordingly, SD is achieved when the animal, upon entering 

REM sleep and losing muscle tone, comes in contact with the water and awakens 

(Coenen and Van Hulzen, 1980; van Hulzen and Coenen, 1981; Suchecki and Tufik, 2000; 

Rechtschaffen and Bergmann, 2002). However, the fact that the animal is confined to 

the single platform introduces isolation stress as a confounding factor. Thereafter, the 

multiple platforms method was developed to alleviate forced immobility associated with 

the single flowerpot method, thereby allowing freedom of movement. Later, the 

multiple platform technique was expanded into the less intrusive modified multiple 

platform method, which allows multiple animals from the same cage to undergo SD 

together. The new adaptation addresses psychosocial, immobilization and isolation 
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stress as confounders often observed in the previous flowerpot paradigms (Suchecki 

and Tufik, 2000; Machado et al., 2004).  

2.8.1.4. Head-lifting 

The head-lifting method is believed to be more specific for REM sleep 

deprivation. The researcher utilizes polysomnographic recordings to recognize the onset 

of REM sleep in an animal housed in a different room. In this method, the researcher 

pushes a mechanical lever, which is connected to the rat through a series of pulleys and 

a flexible wire within 2-3 seconds of REM onset. As a result, the animal’s head is gently 

lifted by 2 inches in order to awaken the animal (Datta et al., 2004). This method is 

useful in eliminating REM sleep episodes within a 3-5 second window, making it REM 

sleep specific, but it is a laborious and time consuming method. Additionally, this 

method is neither applicable for long durations of time nor it is useful for multiple 

animals.  

2.8.1.5. Enlarged environment 

The enlarged environment paradigm method was developed to accomplish total 

SD up to about four hours. In this method, sleep loss is carried out by stimulating the 

animal’s natural tendency to explore novel surroundings by providing the animal with 

an enlarged environment. Furthermore, this method has been reported to be a stress-
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free SD paradigm since the levels of corticosterone were unaltered after sleep loss in 

this paradigm (Kopp et al., 2006). However, similar to the novel objects exposure 

method above (see 2.8.1.1), the possible confounding influence of the enlarged 

environment method on the learning process of behavioral tasks cannot be excluded 

(Kopp et al., 2007). 

2.8.2. Sleep deprivation, memory, and synaptic plasticity 

Accumulating evidence indicates a strong correlation between SD and memory 

impairment in both animals and humans (Polzella, 1975; Youngblood et al., 1997; Smith 

et al., 1998; McDermott et al., 2003; Guan et al., 2004; Tartar et al., 2006; Ferrara et al., 

2008). Suppression of certain sleep stages negatively impacts different types of 

memory. For instance, declarative memory seems to be strengthened in the presence of 

NREM sleep whereas procedural memory is strengthened with REM sleep (Diekelmann 

and Born, 2010). Yet animal studies of REM SD using the columns-in-water method 

showed impaired spatial memory as tested in the MWM and RAWM (Wang et al., 2009; 

Alhaider et al., 2010a).  

Although SD suppresses LTP in hippocampal CA1 (McDermott et al., 2003; Kim et 

al., 2005; Kopp et al., 2006; Tartar et al., 2006) and DG areas (Marks and Wayner, 2005; 

Ishikawa et al., 2006), LTD, induced by paired-pulse facilitation, is not affected after 24 

hours of sleep loss (Tartar et al., 2006). LTP is impaired after varying durations of SD, 



52 
 

which indicates that synaptic plasticity does not occur due to weakened associations 

between synapses in the hippocampus (Kim et al., 2005).  The negative impact that SD 

has on synaptic plasticity is thought to be a product of the underlying deleterious 

changes in intracellular signaling.  For instance, NMDA receptors, which are critical to 

LTP induction, show negative alterations in receptor subunit composition and turnover 

after 24 hours of REM SD (Chen et al., 2006). In addition, 12 hours of SD impairs both 

phosphorylation and membrane trafficking of hippocampal glutamate AMPA receptors 

which are crucial in initiating synaptic plasticity (Hagewoud et al., 2010). Molecular 

studies have also shown that the expression of key signaling molecules and growth 

factors (e.g. MAPK, CREB and BDNF) involved in LTP and memory are impaired in the 

hippocampus after 8, 24 and 48 hours of SD (Guan et al., 2004; Guzman-Marin et al., 

2006; Alhaider et al., 2010a). In particular, the expression of P-CaMKII is markedly 

decreased after 24 hours of SD whereas the levels and activity of calcineurin are 

increased (Wang et al., 2009; Alhaider et al., 2010a). Furthermore, sleep loss lowers 

excitatory postsynaptic currents and decreases the GluN1 subunit of NMDA receptors of 

the CA1 area (Chen et al., 2006; Ravassard et al., 2009).  Moreover, other intracellular 

signaling pathways that converge on CREB such as the cAMP/PKA pathway are also 

disrupted by SD as short as 5 hours (Vecsey et al., 2009).  
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2.9. Exercise and memory 

Regular aerobic exercise is showing much promise as a practical non-

pharmacological approach that can ameliorate memory impairment secondary to brain 

injury (Ding et al., 2004; Sim et al., 2004; Toldy et al., 2009), enhance cognitive function 

(Garcia-Capdevila et al., 2009), prevent memory decline in the aged brain (Nichol et al., 

2007; Kim SE, 2010), and decrease anxiety related behaviors (Vollert et al., 2011).  

Exercise can positively modulate learning and memory at the synaptic level by 

increasing neurotrophin expression and neurotransmitter release (Ang and Gomez-

Pinilla, 2007; Lista and Sorrentino, 2009). Mild to moderate exercise regimens seem to 

be most beneficial in terms of increasing the availability of key signaling molecules 

crucial to learning and memory in the hippocampus. In fact, approximately 30 minutes 

after  a single bout of mild exercise there is an induction of the immediate early genes 

(IEGs) including c-fos (Lee et al., 2003) and plasticity related molecules including CaMKII 

(Vaynman et al., 2007), TrkB receptor (Vaynman et al., 2004b) and BDNF (Soya et al., 

2007)(Fig.8). 

Exercise has been found to modulate learning and memory mechanisms in 

manifold ways: angiogensis, neurotrophin expression and neurotransmitter modulation 

(Fig.8). Exercise has been shown to attenuate oxidative stress (Radak et al., 2006; Radak 

et al., 2008), and induce angiogenesis as well as enhancements in cerebral vascular 
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diameter and growth in concert with BDNF (Van der Borght et al., 2009). Additionally, 

exercise enhances DG granule cell survival, proliferation, and maturation rates and is 

positively correlated with the degree of neuroprotection against insult (Leasure and 

Jones, 2008; Snyder et al., 2009). Running can also increase cholinergic neuronal survival 

and connectivity, 

 which may be indirectly responsible for the positive effects on learning and 

memory (Ang and Gomez-Pinilla, 2007).  
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Figure 8: Possible mechanisms of exercise on learning and memory (Lista and Sorrentino, 2009). BDNF 
plays a central role in modulating the energy-independent signaling cascades that underlie learning and 
memory. In addition, BDNF can induce neurogenesis in the DG area of the hippocampus and 
synaptogenesis/synaptic plasticity via the various combinations of kinases and transcription factors that 
control the potentiation and depotentiation of synapses. There are also energy-dependent mechanisms 
that such as cellular hypoxia and glucose deficiency that in conjunction with vascular endothelial 
growth factor (VEGF) induce angiogenesis in brain areas involved in learning and memory. 
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2.9.1. Exercise, memory and synaptic plasticity 

Various epidemiological and animal studies have shown that regular physical 

activity such as running enhances learning and memory in various conditions, including 

decreasing the risk of age-related neurodegenerative disorders such as Alzheimer’s 

disease and dementia as well as facilitating functional recovery from brain injury 

(Bohannon, 1993; Grealy et al., 1999; Kramer et al., 1999; Cotman et al., 2007).  

Exercise can lead to beneficial changes in synaptic plasticity and its underlying 

molecular cascade by increasing the availability of endogenous neurotrophic factors 

including BDNF (Fig.8), which can, in turn, positively modulate neuronal growth and 

plasticity (Shen et al., 2001; Griffin et al., 2009). These molecular changes enhance the 

activity of neuronal networks, which eventually manifests as enhanced LTP expression 

and improved performance in hippocampus dependent tasks such as the RAM, MWM, 

and RAWM (Anderson et al., 2000; Greenwood et al., 2003; Farmer et al., 2004; 

O'Callaghan et al., 2007; Vasuta et al., 2007; Alhaider et al., 2010a).  

BDNF has become an especially attractive candidate to mediate the modulatory 

effects of exercise on synaptic plasticity and its signaling cascade as it can 1) be stored 

and released in the dendrites and axons of hippocampal neurons, 2) regulate activity-
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dependent protein synthesis and 3) stimulate its own release at synaptic sites allowing 

for regenerative signaling for extended periods (Bramham and Messaoudi, 2005). 

However, much of the recent emphasis on the beneficial effects of exercise are 

exclusively tied to the DG area of the hippocampus due to its unique capability of 

neurogenesis (van Praag et al., 1999b; Farmer et al., 2004; Xu et al., 2006; Leasure and 

Jones, 2008) but have largely over-looked its role in synaptic plasticity signaling 

mechanisms in other brain regions (e.g. CA1).  

3. MATERIALS AND METHODS 

3.1. Animal and housing conditions 

All animal experiments were carried out in accordance with the National 

Research council’s Guide for The Care and Use of Laboratory Animals and on approval of 

University of Houston Institutional Animal Care and Use Committee. We used adult 

male Wistar rats (Charles River Laboratories, Wilmington, MA), weighing 175-200g at 

the beginning of the study, and housed 5 rats to a plexiglas cage in a climate-controlled 

room (25 °C) on a 12/12-hour light/dark schedule (lights on at 7 am) with ad libitum 

access to standard rodent chow and water. This strain of rat was has proven to be 

consistent runners and has also been successfully used to model a variety of cognitive 

insults to the hippocampus including Alzheimer’s disease pathology, psychosocial stress 

and sleep deprivation(Aleisa et al., 2006c; Srivareerat et al., 2009; Alhaider et al., 
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2010a). After arrival at the animal care facility, all rats were allowed to acclimate for one 

week before starting the experiments. Four experimental groups were designated; 

control, sleep deprivation, exercise and exercise/sleep deprivation. All experiments 

were carried out between 8 AM and 5 PM. 

3.2. Treatments 

3.2.1. Regular exercise: 

Rats ran as forced exercise on Eco 3/6 Treadmill at 0° inclination (Columbus 

Instruments, USA), Monday through Friday during the light cycle, between 9:00am and 

2:30pm, for a total of 4 weeks using the protocol outlined in Scheme 1.  

 

The literature includes various exercise paradigms each with relative strengths 

and weaknesses. For our purposes (cognitive function) we chose to use a forced exercise 

Scheme 1: Exercise protocol for rats during the course of the experiment. The exercise 

protocol utilized in this study was mild-moderate in that it gradually increased in speed 

and duration across the 4 week period so as to allow for classic adaptations and avoid 

fatigue. 

 

Week 1

2 x 15min sessions

5 days

10 m/min

Week 2

2 x 15 min sessions

5 days

10 m/min

Week 3

3 x 15 min sessions

5 days

15 m/min

Week 4

4 x 15 min sessions 

5 days

15 m/min

Figure 7. Exercise Protocol 

 



59 
 

protocol as it allowed for the intensity, duration, and timing of the exercise to be 

controlled.   We reduced stress by familiarizing the rats to the treadmills before 

initiating exercise. Animals that refused to run were encouraged by a light push on the 

back. The treadmills are also equipped, at the back end, with wire loops that administer 

a mild electric shock (average intensity of 0-0.5mA with an interpulse interval of 1-2 

seconds) so as to motivate the rats to run continuously on the belt. The rats were 

observed while exercising to ensure they run throughout the exercise session and to 

monitor for any signs of unnecessary confounders such as pain or exhaustion.  On this 

note, the rats were able to adapt within the first week by curling their tails and running 

toward the front of treadmill effectively avoiding foot shocks for the remainder of the 

exercise sessions. The rats were offered water at the end of each exercise session.  Rats 

were evaluated after every exercise session (on a scale of 0-5; 5= best (continuous 

runner), 0= worst (refuses to run)) in order to evaluate which rats would be included in 

the exercising groups. A rating of 3-5 (i.e. rat runs 75% of exercise period without 

stopping) were included in to the exercise group and a rating of 0-2 which would be 

included as sedentary control () after the first 5 days of exercise. 

3.2.2. Sleep deprivation 

Sleep consists of two main stages NREM and REM sleep. The two stages occur 

alternately across the night in 4-5 cycles (Blissitt, 2001). Wister rats in the SD and 
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exercise/sleep deprivation groups were sleep-deprived for a 24 hour period using the 

columns-in-water method (Fig. 9); an adaptation for the modified multiple platform 

model. Loss of muscle tone during REM sleep phase caused the rats to fall into the 

water and awaken.  

This method has been reported to interfere with both NREM and REM sleep, 

but it mainly eliminates REM sleep (Grahnstedt and Ursin, 1985). Five rats from the 

same cage were placed in a large aquarium at room temperature (24 °C ± 1 °C). The 

aquarium contained twenty columns (diameter: 5 cm, with platforms 2 cm above the 

water level), spaced 7 cm apart (edge to edge), arranged in 2 rows such that rats could 

 

 

Figure 9: Picture of the columns-in-water method (Modified multiple platforms method). For a 
detailed description see above section (2.8.1.3). 
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move freely from one platform to another. During the sleep deprivation period, rats had 

free access to water bottles and food pellets baskets hanging from the aquarium cover 

(Alhaider et al., 2010a). In order to test the effect of possible stresses of the aquarium 

environment, we kept the rats of the wide platform group in the aquarium. For this 

purpose, we used wide platforms (12 cm in diameter) in order to allow the rats in the 

wide platform group to sleep without falling into the water. This group was used in the 

behavioral study only, where they were subjected to learning, short-term memory, and 

long-term memory tests in the RAWM. 

Since electrophysiological experiments were conducted in animals under 

anesthesia, the possibility remains that the brain was “sleeping” during anesthesia. 

Some anesthetics interfere with sleep; for example, both benzodiazepines and 

barbiturates are known to impact sleep patterns by interfering with the gamma amino-

butyric acid (GABA) receptor function (Curtis and Lodge, 1977; Maggi and Meli, 1986; 

Orser, 2006). In the current experiments, we used urethane, which acted by reducing 

the intrinsic excitability of neuronal membranes without affecting synaptic transmission 

(Maggi and Meli, 1986). This attribute made urethane suitable for the investigations of 

neural functions in the central nervous system. 
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3.3. Behavioral Experiments: Radial Arm Water Maze procedure 

All four experimental groups (control, sleep deprivation (SD), exercised and 

exercised/sleep deprived (Ex/SD)) were tested for spatial learning and memory 

performance in the radial arm water maze. 

The RAWM is a black circular pool filled with water at room-temperature containing six 

V-shaped structures arranged so as to create six swim paths from one open central area 

as described (Devan et al., 1996; Diamond et al., 1999; Aleisa et al., 2006d; Alzoubi et 

al., 2009b). All behavioral experiments were carried out in a dimly lit room with visual 

cues placed on the surrounding walls. Each rat was randomly assigned a goal arm, which 

contains a hidden black platform (2 cm below the water level) near the end of the arm. 

The rats were randomly released at an arm different from the goal arm where they 

would swim and locate the platform, which was submerged about 1 cm under the 

water. The rats were allowed a maximum time of 1 minute for each learning trial or 

memory tests. An error was counted when the rat entered more than halfway into an 

arm other than the goal arm. An error was also counted if the rat entered more than 

half of the goal arm but failed to approach the platform. The number of errors ranged 

from 1 to a maximum of 7, as the rat could only swim into 7 arms within 1 minute. If the 

rat failed to locate the platform within 1 minute, the rat was manually guided to the 

platform and is scored with 7 errors. Upon reaching the platform, the rat was allowed 
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15 seconds sitting time on the platform before the next trial began. We used a one-day 

maze protocol to test short-term memory and long-term memory as previously 

reported (Alhaider et al., 2010a).  In order to test learning and short-term memory, the 

rats in the sleep deprivation and exercise/sleep deprivation groups were sleep-deprived 

for 24 hours and subsequently subjected to the first set of six learning trials (trials # 1-6) 

followed by a five minute rest period and then another set of six learning trials (trials # 

7-12). The animals were tested for short-term memory 30 minutes after the end of 12th 

trial. To test the long term memory, we used a slightly different protocol, the post-

learning sleep deprivation protocol, where all the four groups first went through the 

two sets of six learning trials (trials #1-12). After the end of the 12th trail, we sleep-

deprived the rats in the sleep deprivation and exercise/sleep deprivation groups for 24 

hours, then immediately after that, we subjected the rats to the long-term memory test. 

3.4. Electrophysiological Experiments  

Electrophysiological recording of population spike (pSpike) from anesthetized 

animals was performed as reported (Gerges et al., 2001; 2003a; Gerges and Alkadhi, 

2004; Alzoubi et al., 2005b; Aleisa et al., 2006b; Alhaider et al., 2010a). A new set of four 

groups of rats after exercise and SD as designated were anesthetized with urethane (1.2 

g/kg i.p.). The rat was positioned in a stereotaxic frame (nose bar at 0.0) in preparation 

for extracellular in vivo recording from hippocampal CA1 and DG areas. The skull was 
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subsequently exposed and holes were drilled above the appropriate areas. A heat pad or 

heating lamp was used to maintain normal body temperature of the rat. Additionally, 

the rat was grounded through a subcutaneous wire in order to eliminate electrical noise. 

Positioning of the stimulating and recording electrode in the CA1 area 

For LTP induction in the CA1 area, a concentric bipolar stimulating electrode 

(twisted tephlon-coated stainless steel wires) was placed through a predrilled hole, in 

area CA3 at an angle of 5 degrees toward the midline (anterior posterior [AP], -3; lateral 

[L], 3.5; dorsal [D] 2.8). A glass recording microelectrode (tip resistance; 1-5 m) filled 

with 1% Fast Green dye in 2 M NaCl, was inserted through another predrilled hole in 

stratum pyramidale of CA1 area of the right hippocampus (AP, -3; L, 1.8; D, 2.0). The left 

CA3 area was stimulated and responses were recorded from the right CA1 area (Fig. 10). 

Positioning of the stimulating and recording electrode in the DG area 

For LTP induction in the DG area, a bipolar stimulating electrode was placed in 

the right angular bundle (AP, -8; L, 4.4; D, 3). A glass recording microelectrode was 

placed in the granule cell layer of DG area of the right hippocampus (AP, -3; L, 1.8; D, 

3.0). The right angular bundle region was stimulated and responses were recorded from 

the right DG area (Fig. 10). 
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Figure 10: Positioning of the stimulating and recording electrodes. The left CA3 area was stimulated to 
record from right CA1 area. The recording electrode in the right DG area recorded responses evoked by 
stimulation of the angular bundle (AB). 

 

The position of the recording electrode was adjusted to evoke population 

spikes (pSpike) by infrequent stimulation in the pyramidal cell layer of the CA1 area or in 

the granule cell layer of the DG area. After stabilization of the response for about 30 

minutes, input-output (I/O) curves were generated by gradually increasing the stimulus 

intensities (input) and recording pSpikes generated (output). Thereafter, a stimulus 

intensity of approximately 30 % of the maximum response was chosen to evoke test 

responses. A baseline recording was achieved by giving a test stimulus, adjusted to 

evoke approximately 30% of the maximal response, every 30 sec for a period of 20 min. 

Similar test stimuli were applied for one hour after high frequency stimulation (HFS) or 

CA3

CA1

DG

AB

Stimulation

Stimulation Recording 

CA3

CA1

DG

AB

Stimulation

Stimulation Recording 
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five hours after multiple high frequency stimulation (MHFS) (Alzoubi et al., 2005a; 

2006a; Aleisa et al., 2006d; 2007b) 

3.4.1. E-LTP induction protocol 

Early phase-LTP was induced by applying HFS to the Schaffer 

collaterals/commissural pathway or to the perforant path. The HFS consisted of a train 

of 8 pulses (400 Hz) applied every 10 sec for a period of 70 sec (scheme 2).  

 

3.4.2. L-LTP induction protocol 

In a separate group of rats, MHFS trains were applied to Schaffer 

collaterals/commissural pathway or the perforant path to evoke L-LTP. MHFS consisted 

of 4 trains with 2.5 minute intervals between the trains; each train consisted of eight 

pulses (400 Hz) given every 10 seconds for a period of 30 seconds (scheme 3). 

 

Scheme 2: Stimulation protocol for induction of E-LTP. 

 

High frequency stimulation 

8 pulses at 400 Hz / 10 s for 70 s 

 

Baseline test stimuli 
1 pulse / 30 s 
(30% of max) 

 

(1 h) E-LTP 20 min >30 min 

Test stimulus  
1 pulse / 30 s 

 
 

Stabilization 
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Evoked pSpikes were recorded from the CA1 and DG areas of the right 

hippocampus for 60 minute after HFS, or five hours after MHFS, and amplified 

(Axoclamp 2A amplifier, Axon Instruments, Inc., Foster City, CA, USA). The slope of fEPSP 

and amplitude of pSpike were measured as described in figure 11. Briefly, the slope of 

fEPSP (mV/ms) was measured from upstroke between the two lines as shown in (Fig. 

11), whereas the amplitude of pSpike (mV) was measured by calculating the voltage 

difference from the mid-point of the two peaks (the dashed lines) to the lowest point of 

the spike (Fig. 11). Computer-based stimulation and recording were achieved by using 

pCLAMP 10.2 software and DigiData 1440A (Axon Instruments, Inc.).  

All recorded responses were normalized to the average value of the baseline. 

The amplitudes of the pSpike and values of the slope of the fEPSP at each point in 

graphs were averaged from 10 consecutive traces. 

 

Scheme 3:  Stimulation protocol for induction of L-LTP. 

 

Scheme 2: Stimulation protocol for induction of E-LTP. 

 

Multiple high frequency stimulation  
(8 pulses at 400 Hz / 10 s / 30 s) 

repeated 4 times / 2 min for 8 min 

 

20 min 

Baseline test stimuli  
1 pulse / 30 s 
(30% of max) 

(5 h) L-LTP >30 min 

Test stimulus  

1 pulse / 30 s 

Stabilization 
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The slope of fEPSP provided a reliable measure of the strength of synaptic 

activity that resulted from presynaptic stimulation, whereas the amplitude of pSpike 

provided a measure of the number of postsynaptic neurons reaching threshold from this 

synaptic input. We considered the increase in the slope of fEPSP, which lasts at least one 

hour after HFS a measure of E-LTP. The increase in the slope of fEPSP measured four 

hours after MHFS was considered as a measure of L-LTP. 

 

 

 

Figure 11: The method of measurement of fEPSP slope and pSpike amplitude. The trace reflects a typical 
induced population spike (pSpike) recorded from the DG area upon stimulation of the angular bundle. 
The amplitude of the pSpike was measured from the mid-point between the dashed lines to the lowest 
point of the spike. Slope of fEPSP is measured from upstroke between the two lines (a and b) as shown 
(mV/ms). 

 

 

a 

b 

fEPSP 

 Slope 
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Population  

  

 amplitude 
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3.5. Molecular Experiments 

3.5.1. Brain dissection and processing 

For the basal levels of the signaling molecules, the rats were sacrificed after the 

end of treatment and the right hippocampi were removed to dissect out the right CA1 or 

DG areas as reported (Gerges et al., 2003b; Aleisa et al., 2006c; Alzoubi et al., 2006a; 

Alzoubi and Alkadhi, 2007). To determine the stimulated levels of signaling molecules in 

the CA1 or DG area, one hour after induction of E-LTP or five hours after induction of L-

LTP, the right hippocampi were removed, and immediately positioned on filter paper 

soaked in 0.2 M sucrose (to avoid brain sticking to filter paper) over a covered petri dish 

containing dry ice. The two tips of the hippocampus were trimmed. Then, the 

hippocampus was cut into three parts: septal (dorsal), temporal (ventral), and middle. 

The septal and temporal parts of the hippocampus were placed in a vertical position to 

dissect CA1 or DG area under a light microscope. We considered the temporal part as 

un-stimulated internal control since most of the stimuli went into the septal portion of 

the same right hippocampus (Fig. 3 & 12) (Tamamaki et al., 1988; Papatheodoropoulos 

and Kostopoulos, 2000). Previous reports from this lab have shown that levels of 

signaling molecules in un-stimulated control rat are not significantly different in the 

septal and temporal sides of the same area (Gerges et al., 2004a). Therefore, the levels 

of signaling molecules in septal side of area CA1, for example were expressed as percent 
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of those levels in the temporal side of area CA1. The samples were placed into 

prelabeled microcentrifuge tubes and then stored at -80 C until homogenization and 

processing. 

 

Figure 12:  Septo-temporal structure of the hippocampus during stimulation. Stimulation of the septal side 
of the left Cornu Ammonis (CA)-3 area of the hippocampus induces responses recorded in the septal side 
of the right CA1 area of the hippocampus. It has been reported that each CA3 neuron synapses to as much 
as 75% of the septal part of ipsilateral and contralateral CA1 fields, whereas the temporal part receives 
negligible inputs (Tamamaki et al., 1988). Thus, we used the temporal part of the right CA1 area of the 
hippocampus as unstimulated "internal" control. 

 

3.5.2. Homogenization and preparation of samples 

Preparation of tissues for immunoblot analysis was carried out as reported 

(Srivareerat et al., 2008; Alhaider et al., 2010a). protein extracts from hippocampal 

tissues were homogenized separately in 200 µl of lysis buffer cocktail containing 

protease and phosphatase inhibitors (Tris-HCl pH 7.4, 50 mM; NaCl, 150 mM; PMSF, 1 

mM; NaF, 50 mM; EDTA, 1 mM; EGTA, 1 mM; Na4P2O7 15 mM; B-glycerophosphate; 40 
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mM; nonidet P-40, 1%; SDS, 0.1%) by using polytron homogenizer PRO250 (PRO 

Scientific, Oxford, CT) at a medium speed for five sec, repeated three times. The 

homogenates were then sonicated three times for five seconds each using an 

ultrasonicator (Vibra cell, Sonics & Materials Inc., Newtown, CT). Total protein was 

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

then stored at -80 °C until use.  

3.5.3. Immunoblotting analysis 

Immunoblotting technique was carried out through six steps. The first step is the 

sample preparation, where the tissue homogenates were removed from the freezer, left 

to thaw on ice, diluted with 4X E-PAGETM loading buffer and 10 X NuPAGE® reducing 

agent (Invitrogen, Carlsbad, CA) and then heated at 70° C for 10 minute or alternatively 

were diluted with 4x Laemmli buffer (50mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 

0.1mg/ml bromphenol blue), and boiled for 3 min. In the second step, the gel 

electrophoresis, the same quantity of protein from each homogenate was loaded onto 

either an 8%, 48-well protein electrophoresis gel (EPAGE 48, Invitrogen) for each 

experiment and resolved by E-PAGE high throughput (HTP) protein electrophoresis 

system (E-BASE, Invitrogen) or alternatively resolved by 8-12% sodium dodecyl sulfate 

polyacrylamide (SDS-PAGE) for one hour at 150V. For the third step, transfer, the 

proteins on the pre-cast gel were transferred to polyvinylidine fluoride (PVDF) 
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membrane through the buffer-less, dry blotting system (iBlot, Invitrogen) or 

alternatively the SDS-PAGE resolved gels were placed in transfer buffer (pH 8.3; tris base 

0.3%; Glycine 1.44%; methanol 20%) before the transfer step. The membrane was 

activated by presoaking in methanol (95%; approximately for one min). In the fourth 

step, the blocking, the PVDF membranes were soaked in 5% albumin, from bovine 

serum (BSA) in TBS/Tween for 60 minutes to block any non-specific binding. The fifth 

step included addition of the antibodies in which blots were first incubated with primary 

antibody (table1). The incubation period could be either one hour at room temperature 

or overnight at 4 °C. To remove the excess of primary antibody, the membranes were 

washed three times with TBS/Tween. After that, the membranes were incubated with 

horseradish peroxidase enzyme-conjugated secondary antibody in 5% non-fat dry milk 

(table 1) for one hour at room temperature. The membranes were then washed with 

TBS/Tween before the final, detection step. The blots were developed using 

chemiluminescence reagent (ECL; Alpha Diagnostic, San Antonio, TX), and captured 

visually in the Alpha Innotech imaging system. The intensity of immunoreactive bands 

was then quantified by densitometry using Fluorchem FC8800 software. Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) was used as loading control, and the band 

intensities of all signaling molecules were expressed as a ratio to the GAPDH intensity.   
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In order to detect different proteins in the same blot, antibodies were removed 

from the blot using a stripping solution. In this process, blots were first washed with 

distilled water for five min, and then incubated with a stripping solution (5 mL 10% SDS; 

175 µL mercapto-ethanol; 3.125mL 0.5M Tris-HCl pH 6.8, qs distilled water to 25mL) for 

15 minutes followed by a final five minute wash with distilled water. After this, the 

stripped blots were ready for a new round of protein detection. 

3.6. Statistical analysis 

All of the groups were compared using one-way analysis of variance (ANOVA), 

followed by Tukey’s post-hoc test. P values < 0.05 were considered significant. All values 

were represented as mean ± standard error of the mean (SEM). Analyses were 

conducted using GraphPad Prism (5.0) (software, Inc. San Diego, CA) 
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 Primary antibody Secondary antibody 

P-CaMKII 

Mouse monoclonal antibody 

anti-P-CaMKII (1:500; Santa Cruz 

Biotechnology, Inc. CA) 

Goat anti-mouse antibody, HRP 

(1:5000; Santa Cruz 

Biotechnology, Inc. CA) 

Total CaMKII 

Rabbit polyclonal antibody anti-

CaMKII (1:1000; Santa Cruz 

Biotechnology, Inc. CA) 

Anti-rabbit antibody (1:5000; 

Santa Cruz Biotechnology, Inc. 

CA) 

Calcineurin 

Rabbit polyclonal anti-

calcineurin antibody (1:1000; 

Upstate Biotechnology, NY) 

Anti-rabbit antibody (1:5000; 

Santa Cruz Biotechnology, Inc. 

CA) 

 

BDNF 

 

Rabbit polyclonal anti-BDNF 

(1:500; Santa Cruz 

Biotechnology, Inc. CA) 

Anti-rabbit antibody (1:5000; 

Santa Cruz Biotechnology, Inc. 

CA) 

P-CREB 
Rabbit polyclonal antibody anti-

P-CREB (1:1000; Milipore, MA) 

Anti-rabbit antibody (1:5000; 

Santa Cruz Biotechnology, Inc. 

CA) 

Total CREB 

Rabbit polyclonal antibody anti-

CREB (1:100; Santa Cruz 

Biotechnology, Inc. CA) 

Anti-rabbit antibody (1:5000; 

Santa Cruz Biotechnology, Inc. 

CA) 

CaMKIV 

Rabbit polyclonal anti-CaMKIV 

(1:1000; Cell Signaling 

Technology, MA) 

Anti-rabbit antibody (1:5000; 

Santa Cruz Biotechnology, Inc. 

CA) 

P/total-MAPK/ERK 

Rabbit monoclonal anti-P-

ERK/total-ERK (1:1000; Cell 

Signaling Technology, MA) 

Goat anti-mouse antibody, HRP 

(1:5000; Santa Cruz 

Biotechnology, Inc. CA) 

GAPDH  

Rabbit monoclonal antibody 

against GAPDH (1:2000; 

Millipore, MA) 

Anti-rabbit antibody antibody 

(1:5000; Santa Cruz 

Biotechnology, Inc. CA) 

 

Table 1: Antibodies, dilutions and sources:  Summary of the primary and secondary antibodies 

that were used for the different molecules. 
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4. RESULTS: 

4.1. Behavioral results:  

Many studies have shown that spatial learning and memory is a hippocampus-

dependent task (Morris et al., 1982; Lopes da Silva et al., 1986; Sherry et al., 1992; 

Squire, 1993; He et al., 2001; Astur et al., 2002; Burgess et al., 2002) and that SD impairs 

spatial learning and memory (Youngblood et al., 1997; Youngblood et al., 1999; Graves 

et al., 2003; Guan et al., 2004; Ruskin et al., 2004; Bjorness et al., 2005). In this study, we 

tested the effect of four weeks of regular exercise on SD-induced spatial learning and 

memory impairment in rats using the RAWM task. 

4.1.1. Regular exercise prevents spatial learning impairment after 24 hours SD 

The RAWM is a widely-accepted test for hippocampus dependent spatial 

learning as well as reference memory (Shukitt-Hale et al., 2004).  All four groups learned 

to find the hidden platform at the same rate during the first six learning trials as 

indicated by the gradual decrease in the number of errors in trials 1-6 (Fig. 13A). During 

the second six learning trials, sleep-deprived rats were markedly impaired in their ability 

to find the hidden platform in learning trials 11 and 12 seen by the significantly higher 

number of errors (p < 0.05-0.01; 2.4 ± 0.4 errors: trials 11 and 12, respectively) 

compared to control (1.01 ± 0.29 errors; Fig. 13A). In contrast, the, exercised and 

exercised/sleep-deprived groups (1.3 ± 0.36 and 1.25 ± 0.39 errors, respectively) 
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continued to find the hidden platform similar to control with less errors compared to 

the sleep-deprived group. These results suggest that regular exercise prevents spatial 

learning deficits induced by SD. 

4.1.2. Regular exercise prevents spatial short-term memory impairment 

Following the completion of the learning trials, all groups were given a 30 minute 

break before administering a one-trial short-term memory test. The short-term memory 

test results reflect the previous learning trial performance in that the sleep-deprived 

rats found the hidden platform with a higher number of errors (p < 0.001; 3.6 ± 0 .4 

errors) compared to all other groups, which indicated short-term memory impairment. 

This impairment was prevented in the exercised/sleep-deprived group as they found the 

hidden platform with significantly less errors (p < 0.001; 1.18 ± 0.3 errors) than sleep-

deprived rats (Fig. 13B). It is also interesting to note that the exercised (1.27 ± 0.3 

errors) and exercised/sleep-deprived rats did not perform significantly better than the 

control group (1.0 ± 0.2 errors) in the short-term memory test, which could indicate that 

the protective effect of the current exercise protocol in the presence of SD may be to 

maintain cognitive function rather than improving it beyond a sedentary baseline. 
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Figure 13: RAWM and short-term memory performance in rats with 24 hour SD and/or exercise.  The SD 
group revealed marked impairment of learning and short-term memory. Learning during the first 6 trials 
seemed similar across groups. Note that rats in the sedentary SD group made significantly more errors 
than those in the other groups especially during trials 11-12. Note also that exercised rats showed no 
significant difference with sedentary controls in STM. (*) denotes significant difference (p < 0.001; 10-12 
rats/group) from all other groups. 
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4.1.3. Regular exercise prevents spatial long-term memory deficit associated with 

sleep deprivation 

To test long term memory, we used a post-learning long-term memory protocol 

in which immediately after the 12th learning trial the sleep-deprived and 

exercised/sleep-deprived groups were sleep-deprived for 24 hours as described (Aleisa 

et al., 2011; Alhaider et al., 2011). Behavioral performance during the acquisition phase 

was similar across all groups as indicated by the average number of errors recorded to 

find the goal arm by each group (Fig. 14A).  

 
Twenty-four hours after the end of trial number 12, long-term memory 

performance was assessed by comparing the number of errors made by each treated 

group with the number of errors made by the control group. The sleep-deprived  group 

committed significantly (F3,42 = 19.65, p < 0.001) more errors (5 ± 0.37) in finding the 

hidden platform than the control group (1.4 ± 0.40; Fig. 14 A, B) indicating marked 

impairment of long-term memory. The exercised/sleep deprived group showed a 

significantly reduced number of errors (p < 0.001; 2.1 ± 0.35) compared to the sleep-

deprived group but was similar to control (Fig. 14 A, B). However, the exercised rats 

showed no significant difference in long-term memory performance in the RAWM as 

compared to control rats, which supports the idea that regular exercise does not affect 

normal memory but prevents SD-induced impairment.  
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Figure 14: Effect of regular exercise on SD-impaired long-term memory. (A) All groups performed similarly 
during learning phase (without SD). Following 24 hour SD, the sleep-deprived rats showed more errors in 
finding the hidden platform than control rats. Regular exercise prevented long-term memory impairment 
induced by 24 hour SD. (B) This graph summarizes the average number of errors made by each of the 4 
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groups in the long-term memory test Each point is the mean ± SEM of 12-15 rats. (*) indicates significant 
difference (p < 0.001) from all other groups.  

 

4.2. Electrophysiological results 

In this section, we assessed the effect of SD and/or exercise on synaptic function 

in the CA1 before and after induction of long-term potentiation (LTP), which is a widely 

accepted cellular model for learning and memory (Martin et al., 2000). Sleep deprivation 

did not affect basal synaptic transmission and suppressed E-LTP and L-LTP in both CA1 

and DG areas of the hippocampus. Exercise seemed to enhance synaptic transmission 

and prevented the SD-induced suppression of E-LTP and L-LTP in both CA1 and DG 

areas. 

4.2.1. Electrophysiological results in the CA1 area 

4.2.1.1. Exercise enhances basal synaptic function in CA1 area 

In order to assess the effect of exercise on basal synaptic function in sleep-

deprived rats, input-output (I-O) curves were plotted as changes in slope of the field 

excitatory postsynaptic potential (fEPSP) against increasing stimulus intensities (i.e. 

voltages) (Fig. 15A). Overall, no significant differences were seen in the I/O relationship 

among the control, sleep-deprived and exercised/sleep-deprived groups (Fig. 15A). For 

example, at the maximum intensity, the mean fEPSP slope value was 6.09 ± 0.3 mV/ms 
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for sleep-deprived rats, and 5.82 ± 0.4 mV/ms for exercised/sleep-deprived rats, which 

was statistically comparable to the mean fEPSP slope value for control animals (5.76 ± 

0.8  mV/ms) (Fig. 15A). However, the fEPSP slope values were slightly increased (not 

significant) in the exercised group compared with other groups (Fig. 15A) across all 

stimulus intensities and especially at maximum voltage (7.7 ± 1.3 mV/ms). 

As an additional measure of basal synaptic function, we determined the voltages 

required to evoke minimal, maximal, and 30% of maximal fEPSP responses. The voltages 

required for obtaining fEPSP responses in the three categories were statistically 

comparable in the control and sleep-deprived groups. However, the voltages required to 

obtain maximal fEPSP responses in the exercised/sleep-deprived group were 

significantly lower (p < 0.01-0.001) than both control and sleep-deprived groups. Also, 

the voltages required to obtain minimal, maximal and 30% of maximal fEPSP responses 

in the exercised group (7.2 ± 0.5; 10.7± 0.4 V, respectively) were significantly lower (p < 

0.05-0.01) compared to both control and sleep-deprived rats (Fig. 15B). These results 

suggest that SD does not have an appreciable effect on basal synaptic function but that 

regular exercise may improve basal synaptic transmission by lowering the threshold for 

excitation.  
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Figure 15: Basal synaptic transmission in the CA1 area of exercised and/or sleep-deprived rats. (A) 
input/output curves were obtained from responses to different stimulus intensities in the CA1. Stimulus 
intensity numbers are arbitrary units where 1 is the intensity that generated minimum responses, and 8 is 
the intensity that generated maximum responses.  (B) Stimulus intensity required to evoke the minimum, 
maximum, and 30% of the maximum response. Values are mean ± S.E.M. from 4-6 rats (*) indicates 
significant difference (p < 0.05-0.001) from control and sleep-deprived groups. 

0 1 2 3 4 5 6 7 8
2.0

4.5

7.0

9.5
Control

SD

Exercise

Exercise/SD

A
Input/Output curves

Stimulus Intensity (arbitrary units)

fE
P

S
P

 s
lo

pe
 (

m
V

/m
s)

0

3

6

9

12

15

18 Control
SD
Exercise
Exercise/SD

      30%
of Maximum

Minimal
Response

Maximal
Response

B Stimulus Intensity required to elicit fEPSP

responses

*
*

*
*

St
im

ul
us

 in
te

ns
it

y 
re

qu
ir

ed
 (V

)



83 
 

4.2.1.2. Regular exercise prevents sleep-deprivation induced early phase-LTP (E-LTP) 

impairment. 

Using extracellular in vivo recording from the CA1 area of hippocampus, the 

slope of the field EPSP (a measure of synaptic activity) and population spike amplitude 

(a measure of the numbers of post-synaptic neurons reaching threshold) were 

determined one hour after HFS and considered as measures of E-LTP magnitude.  

High frequency stimulation caused a small increase in the fEPSP slope of the 

sleep-deprived group (Fig. 16A) that gradually declined back to baseline after one hour 

(113 % ± 5% of the baseline). In contrast, one hour after HFS, the exercised/sleep-

deprived rats showed sustained increases in the fEPSP slope (p < 0.01; 148 % ± 7% of the 

baseline) compared to sleep-deprived rats. Similar to the exercised/sleep-deprived and 

control groups, the exercised group (140% ± 1.8 % of the baseline) showed consistently 

increased fEPSP slopes (p < 0.01) one hour after HFS compared to the sleep-deprived 

group (Fig. 16A). The same trend was observed with the population spike amplitude, 

which failed to significantly increase above the baseline one hour after HFS in the sleep-

deprived group (119.2 % ± 12% of the baseline). The exercised/sleep-deprived rats 

(162.9 % ± 25.4 % of the baseline) displayed significant increases in pSpike amplitude 

values one hour after HFS, as did the exercised (163% ± 15.7% of the baseline) and 

control (174 % ± 6.4% of the baseline) groups (p < 0.05-0.001; Fig. 16B). It is important 
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to note that although the sleep-deprived group fEPSP slope and population spike 

amplitude values were slightly higher than the baseline, they were significantly (P < 

0.05) lower than all other groups (Fig. 16A-B). Also, although regular exercise prevented 

SD-induced E-LTP impairment, the fEPSP slope and pSpike amplitude values of the 

exercise/sleep-deprived group were not significantly different than those of sedentary 

control or exercise alone (Fig. 16A-B). These findings may strengthen the correlation 

between memory and synaptic plasticity.  
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Figure 16: Hippocampal early LTP (E-LTP) measured as increases in fEPSP slope (A)  and pSpike 
amplitude (B) of the CA1 area evoked by HFS (applied at time zero) of the Schaffer 
collateral/commissural synapses in anesthetized rats. (A) In sleep-deprived rats, fEPSP slopes are 
significantly more impaired than in the other groups. Regular exercise prevents SD-induced E-
LTP impairment. (B) Sleep deprivation suppresses pSpike amplitudes in the CA1 area. Regular 
exercise prior to SD prevents the decrease in pSpike amplitude.  Each point is the mean ± SEM of 
4-6 rats. All points between (*) are significantly different from all groups (p <0.05-0.001). Inset is 
a representative experiment; calibrations, 5 mV/5 ms, apply to all traces. 
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4.2.1.3. Regular exercise prevents sleep deprivation-induced impairment of late phase 

long-term potentiation (L-LTP) in the CA1 area  

The late phase of LTP is said to be a cellular correlate of long-term memory. To 

support our behavioral data in which regular exercise prevented long-term memory 

deficit induced by 24 hour SD, we determined the impact of four weeks of regular 

exercise on the magnitude of L-LTP decline in sleep-deprived rats. 

Multiple high frequency stimulation (MHFS) of the Schaffer-collateral pathway in 

area CA3 of the hippocampus evoked increases in both fEPSP slope and pSpike 

amplitude values compared to the pre-MHFS baseline recording. However, in the sleep-

deprived group, this initial increase in fEPSP slope and pSpike amplitude values 

(fEPSP=137.53 ± 7.7% and 137.1 ± 30% of baseline, respectively) gradually declined 

toward baseline at five hours (fEPSP=98.87 ± 9.29% and pSpike=117.2 ± 12% of baseline; 

Fig. 17). In contrast, five hours after applying MHFS the exercised/sleep-deprived group 

showed a sustained increase (p < 0.001) in the fEPSP slope (133.1 ± 5.93% of baseline) 

and pSpike amplitude (189.6 ± 17.8% of baseline) compared to the sleep-deprived 

group.  Also, both exercised (fEPSP= 141.2 ± 17.8% and pSpike= 220.3 ± 9.9% of 

baseline) and control groups (fEPSP= 143.37 ± 8.25 % and pSpike= 192 ± 23.84% of 

baseline, respectively Fig. 17A-B) showed similar sustained increases five hours after 

MHFS compared to the sleep-deprived group (p < 0.05-0.01). It is important to note that 
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although the fEPSP slope and pSpike amplitude values in the sleep-deprived group were 

slightly increased after MHFS, they were nevertheless consistently and significantly 

decreased compared with all other groups. The fact that the sleep-deprived group 

showed sustained impairment of L-LTP expression seems to correlate with our 

behavioral results that SD impaired long-term memory in the RAWM.  
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Figure 17: Late-phase long term potentiation (L-LTP) in the CA1 area of the hippocampus evoked by MHFS 
applied at time zero to the Schaffer collateral/commissural pathway of anesthetized rats. L-LTP was 
measured as increases in the slope of fEPSP and amplitude of pSpike expressed as percentage of the 
baseline values (before MHFS). (A) fEPSP slope values in the sleep-deprived rats are significantly lower 
than those of the other groups at all time points after applying MHFS, but regular exercise prevents fEPSP 
slope suppression. (B) Regular exercise prevents the SD-induced reduction in pSpike amplitude. All points 
between (*) are significantly different from all groups (p < 0.05-0.01, n = 4-8 rats/group). Insets are 
representative experiments; calibrations, 5 mV/5 ms, apply to all traces. 
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4.2.2. Electrophysiology studies in the DG area 

4.2.2.1 Exercise enhances basal synaptic function in the DG area 

 Baseline fEPSP slopes of responses resulting from stimulating the perforant 

path-DG synapses were recorded by applying a series of increasing stimulus intensities 

(i.e. voltages) to construct I/O curves. There were no significant differences between 

control and sleep-deprived rats as both groups showed progressively increasing slopes 

as the stimulus intensity was increased. Interestingly the exercised/sleep-deprived 

group (fEPSP=9.5 ± 0.86) showed a significantly increased (p <0.05) fEPSP slopes 

especially at maximal voltages, compared to control and sleep-deprived groups (Fig. 

18A). The exercised group (9.2 ± 1.1) showed a similar tendency toward higher fEPSP 

slope values especially towards higher voltages. Moreover, the voltages required to 

produce the minimum, maximum and 30% maximal fEPSP responses were significantly 

lower (p < 0.05-0.01) in the exercised and exercised/sleep-deprived groups compared to 

the control and sleep-deprived groups (Fig. 18B). Therefore, similar to our area CA1 

findings, the basal synaptic function in the DG area is unaltered by 24 hours of SD but 

facilitated by regular exercise.  

 



90 
 

 

Figure 18: Basal synaptic transmission is normal in the DG of the sleep-deprived rats and enhanced in 
exercised rats. (A) input/output curves were obtained from responses to different stimulus intensities in 
the DG. Stimulus intensity numbers are arbitrary units; where 1 is the intensity that generated minimum 
responses, 8 is the intensity that generated the maximum responses. (B) Stimulus intensity essential to 
evoke the minimum, maximum, and 30% of the maximum response. Values are mean ± S.E.M. from 4-6 
rats. (*) Denotes significant difference (p < 0.05-0.01) from control and sleep-deprived groups. 
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4.2.2.2. Regular exercise prevents sleep deprivation-induced impairment of E-LTP in 

the DG  

Application of HFS to the angular bundle area to generate E-LTP in the DG area 

led to sustained potentiation of the fEPSP slope and pSpike amplitude in all groups 

except the sleep-deprived group. In the sleep-deprived group, HFS initially generated 

small increases in the fEPSP slope and pSpike amplitude that eventually declined toward 

baseline one hour after HFS (fEPSP=103.25 ± 6.23% and pSpike=115.8 ± 14.3% of the 

baseline, F3,15 = 5.14, p < 0.001; Fig. 19A-B).  In contrast, one hour after HFS the 

exercised/sleep-deprived group showed a sustained increase in the fEPSP slope and the 

pSpike amplitude (fEPSP=133.8 ± 8.47% and pSpike=201.036 ± 24.8%; Fig. 19A, B) that 

was similar to those of control and exercised rats but significantly different compared to 

the sleep-deprived group (p < 0.05). One hour after HFS, the fEPSP slope and pSpike 

amplitude values of the exercised (fEPSP=128.8 ± 9.1% and pSpike=192.6.36 ± 19% of 

baseline) and sedentary control (fEPSP=132.2 ± 9.6% and pSpike=224.36 ± 18% of 

baseline) were also significantly different (p < 0.05-0.01) from the sleep-deprived group. 

This result reveals the particularly detrimental impact of SD on  synaptic plasticity as the 

DG area has previously been shown to be more resilient to LTP impairment in the face 

of insult (Gerges et al., 2001). Also, as E-LTP is generally accepted as the cellular 
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correlate of short-term memory, these results support our behavioral experiments, that 

exercise could prevent SD-induced impairments of short-term memory. 
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Figure 19: Hippocampal E-LTP in the DG evoked by HFS was measured as increases in the slope of fEPSP 
and pSpike amplitude. (A) Sleep-deprived rats exhibited markedly impaired fEPSP slopes, which was 
prevented by regular exercise. (B) Regular exercise prevented the SD-induced reduction in pSpike 
amplitude. Each point is the mean ± SEM from 5-7 rats. All points between (*) are significantly different 
from all groups (p <0.05-0.001). Inset is a representative experiment; calibrations, 5 mV/5 ms, apply to all 
traces. 
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4.2.2.3. Regular exercise prevents sleep deprivation-induced impairment of L-LTP in 

the DG  

In the DG area of the hippocampus, we examined L-LTP induced by MHFS of the 

perforant path.  Applying MHFS induced marked potentiation of the fEPSP slope and 

pSpike amplitude that was maintained for the duration of the recording (5hours) in all 

except the sleep-deprived group. In the sleep-deprived group, MHFS failed to generate 

potentiation of the fEPSP slope (t = 300 min: 99.3 ± 5.6% of the baseline; p < 0.05-0.01) 

or the pSpike amplitude (109.9 ± 15.3% of the baseline; p < 0.05) compared to the 

control group. In contrast, five hours after applying MHFS the exercised/sleep-deprived 

group showed sustained increases in fEPSP slope (150.3± 16.7% of the baseline; Fig. 

20A) and the pSpike amplitude (196.95 ± 12.1%; Fig. 20B) that were significantly 

different (p < 0.05-0.01) from the sleep-deprived group. Moreover, fEPSP slope and 

pSpike amplitude values of the exercised/sleep-deprived group were not different from 

those of the control (140.31 ± 9.6% and 217.37 ± 11.1% of baseline, respectively) and 

exercised groups (153.15 ± 10.66% and 227.37 ± 38.16% of baseline, respectively). The 

consistent suppression of L-LTP in sleep-deprived rats may correlate with the 

impairment of long-term memory revealed in our RAWM studies. Thus, while this study 

further elucidates the severity of SD-induced impairment of synaptic plasticity, it also 

demonstrates the ability of regular exercise to prevent SD-induced impairment of L-LTP 
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in the DG. The results of the effect of regular exercise and/or SD on E-LTP and L-LTP in 

CA1 and DG areas are summarized in table 2. 
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Figure 20: L-LTP in the DG area of the hippocampus evoked by MHFS applied at time zero to the perforant 
path of anesthetized rats. L-LTP was measured as increase in the slope of fEPSP and amplitude of the 
pSpike expressed as a percentage of baseline values (before MHFS). (A) Slope values in sleep-deprived 
rats are significantly lower than those of control, exercised, and exercised/sleep-deprived groups at all 
time points after applying MHFS. (B) Regular exercise prevents SD-induced reduction in pSpike amplitude. 
All points between (*) are significantly different from all groups (p <0.05-0.001). Inset is a representative 
experiment; calibrations, 5 mV/5 ms, apply to all traces. 
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Group 

 
E-LTP 

expression 
in CA1 

 
E-LTP 

expression 
in DG  

 
L-LTP 

expression 
in CA1  

 
L-LTP 

expression 
in DG  

 
Control 

fEPSP-147** 
pSpike-181*** 

fEPSP-132*** 
pSpike-224*** 

fEPSP-143.4* 
pSpike-192* 

fEPSP-140.3* 
pSpike-217* 

 
SD 

fEPSP-113 
pSpike-119 

fEPSP-103.2 
pSpike-115.8 

fEPSP-98.9 
pSpike-117.2 

fEPSP-99.3 
pSpike-109 

 
Exercise 

fEPSP-139** 
pSpike-163** 

fEPSP-128.8** 
pSpike-193** 

fEPSP-141.2* 
pSpike-220.3** 

fEPSP-153** 
pSpike-227* 

 
Exercise/SD 

fEPSP-148** 
pSpike- 165.3* 

fEPSP-133.8*** 
pSpike-201** 

fEPSP-133.1* 
pSpike-228.7** 

fEPSP-150* 
pSpike-197 

 

Table 2: Summary of the average fEPSP slopes and pSpike amplitude values in SD and/or regular 

exercise 1 hour after E-LTP and 5 hours after L-LTP induction in the CA1 and DG areas of the 

hippocampal formation. (*) denotes significant difference from SD group (p < 0.05), (**; p < 

0.01), and (***; p < 0.001) 
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4.3. Molecular results 

Behavioral and electrophysiological results showed that regular exercise 

prevented impairments of spatial learning, memory and hippocampal-LTP in sleep-

deprived rats. In order to relate behavioral and cellular results to possible changes in 

signaling molecules, we proceeded to investigate whether the basal levels of signaling 

proteins important for cognitive function and synaptic plasticity would be altered as a 

result of SD and/or regular exercise in the CA1 and DG areas. In addition, we 

investigated the changes in the levels of these signaling molecules during the expression 

of E-LTP and L-LTP. 

4.3.1 Molecular results in CA1 area 

4.3.1.1. Basal levels of E-LTP-related signaling molecules 

As CaMKII, calcineurin, and BDNF are major signaling molecules in the expression 

of E-LTP, we examined the effect of SD and/or exercise on the basal protein levels of 

these molecules in the CA1 area. 

4.3.1.1.1 Basal protein levels of P-CaMKII and total CaMKII 

Active CaMKII is widely accepted to be involved in spatial short-term memory 

and hippocampal E-LTP (Malenka et al., 1989; Pettit et al., 1994; Thomas et al., 1994; 
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Lledo et al., 1995; Aleisa et al., 2006c). Inhibitors of CaMKII prevent LTP (Barria et al., 

1997) while CaMKII activators facilitate LTP (Pettit et al., 1994).  

In our study, western blot analysis revealed a significant reduction in the basal 

levels of P-CaMKII (0.75 ± 0.05; p < 0.05) in the sleep-deprived group compared to 

control (1.10 ± 0.08; Fig. 21A). Similarly, there was also a significant reduction (p < 0.05) 

in the level of total CaMKII (1.21 ± 0.2) in the sleep-deprived group compared to all 

other groups (Fig. 21B). However, exercised/sleep-deprived rats showed significantly 

elevated (p < 0.05) basal levels of both total (2.2 ± 0.2) and P-CaMKII (1.24 ± 0.2) 

compared to sleep-deprived rats but similar to that of control (Fig. 21 A-B). This effect 

was also observed in exercised rats, where the basal levels of total-CaMKII (2.22 ± 0.22; 

p < 0.05) and P-CaMKII (1.5 ± 0.11; p < 0.001) were significantly higher compared to 

sleep-deprived rats (Fig. 21 A-B). In addition, it is important to note that both exercised 

and exercised/sleep-deprived groups showed a trend (not significant) toward higher P- 

CaMKII values compared to control. There was no significant change in the ratio of P-

CaMKII: total-CaMKII across the groups (Fig 21C), which may suggest an overall decrease 

in total protein levels of CaMKII in SD. Regular exercise probably prevents the reduction 

in the levels of P-CaMKII in sleep-deprived rats by maintaining the basal levels of total 

CaMKII, which correlates with their normal performance seen in spatial learning, 

memory and hippocampal E-LTP. 
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Figure 21: Basal levels of P-CaMKII (A) and total-CaMKII (B) in the CA1 area. Regular exercise prevented 

the SD-induced decrease in the basal levels of P-CaMKII and total CaMKII in hippocampal CA1 area, as 

measured in the total homogenate. (C) No alteration in the P-CaMKII/CaMKII ratio is associated with SD 

and/or exercise. Values are mean ± SEM; n= 4-7. (*) indicates significant difference from all other groups 

(p < 0.05-0.001). Insets are representative blots. 
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4.3.1.1.2 Basal protein levels of calcineurin and BDNF 

Calcineurin is a protein phosphatase that is responsible for dephosphorylating P-

CaMKII to its inactive form (Wang and Kelly, 1997). Previously, it has been reported in 

the hippocampus that SD does not influence the levels of phosphatase-1, which is 

activated by calcineurin (Guan et al., 2004). Despite a trend toward increase (not 

significant) in calcineurin levels in the sleep-deprived group above the other groups, our 

data indicated that sleep loss for 24 hours did not significantly change the levels of 

calcineurin in the total homogenate of the CA1 area (Fig. 22A). 

Brain-derived neurotrophic factor (BDNF) plays an important role in hippocampal 

memory and synaptic plasticity. It has been reported that SD for 8 or 48 hours reduces 

the levels of the BDNF in the hippocampus (Guzman-Marin et al., 2006). In agreement, 

our studies showed that 24 hours of SD reduced the basal levels of BDNF (0.53 ± 0.07) 

compared to the control values (0.98 ± 0.2) although the difference was not statistically 

significant between the two groups (Fig. 22B). However, prior regular exercise increased 

the BDNF basal levels (1.95 ± 0.3; Fig. 6B) not only above those of the sleep-deprived 

rats (p < 0.001) but of sedentary controls as well (p < 0.01). In addition, exercised/sleep-

deprived rats also produced a similar significant increase in BDNF levels (1.93 ± 0.6; p < 

0.001) above those of control and SD rats (Fig. 22B).  
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Figure 22: Effect of regular exercise and/or SD on the protein levels of calcineurin (A) and BDNF (B); 
measured in CA1 area and expressed as a ratio to the GAPDH.  Regular exercise did not increase 
calcineurin levels above baseline. However, both exercised groups did show significantly increased BDNF 
expression above controls and sleep-deprived rats at basal levels. Each point is the mean ± SEM of 4-6 
rats. (*) indicates significant difference from both exercised and exercised/sleep-deprived groups (p < 
0.01-0.001). Insets are representative blots. 
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4.3.1.2. Levels of signaling molecules during the expression of E-LTP in the CA1 area 

 In order to better correlate the alterations in memory- and synaptic plasticity-

related signaling molecules with the reduction in E-LTP expression, we measured 

protein levels of P-CaMKII, total-CaMKII, calcineurin, and BDNF one hour after E-LTP 

induction.  

4.3.1.2.1. Levels of P-CaMKII and CaMKII during E-LTP in the CA1 area 

In area CA1, one hour after induction of E-LTP by HFS, the levels of P-CaMKII in 

the S-sleep-deprived group (0.93 ± 0.04) were not significantly different from those of 

un-stimulated control (0.98 ±0.06; Fig. 23A). However, one hour after HFS there was a 

marked elevation of P-CaMKII levels in the S-exercised/sleep-deprived (1.36 ± 0.12; p < 

0.01) group compared to un-stimulated control and S-sleep-deprived groups. There were 

similar increases in the levels of P-CaMKII in the S-control (1.24 ± 0.06; p < 0.05-0.01) 

and S-exercised (1.43 ± 0.04; p < 0.01-0.001) groups compared with the un-stimulated 

control and S-sleep-deprived animals. No significant differences in the levels of P-CaMKII 

were observed among the S-exercised, S-exercised/sleep-deprived and S-control groups. 

The protein levels of total-CaMKII were significantly (p < 0.05) increased in all groups 

compared to the un-stimulated control group (Fig. 23B). The ratio of P-CaMKII: total-

CaMKII was similar across the S-control, S-exercised, and S-exercised/sleep-deprived 

groups but was significantly lower in the S-sleep-deprived group compared to the other 
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groups (Fig. 23C). These findings may suggest that SD mainly impairs the 

phosphorylation process of CaMKII while regular exercise prevents this impairment.  

4.3.1.2.2 Levels of calcineurin and BDNF during E-LTP in the CA1 area 

The calcineurin levels were significantly (p < 0.05-0.01) increased in stimulated 

control and sleep-deprived groups compared to un-stimulated control, which is in 

agreement with previous findings (Alhaider et al., 2010a). However, one hour after HFS 

calcineurin levels in the exercise and exercised/sleep-deprived groups not only remained 

similar to un-stimulated control but were significantly different than the S-sleep-

deprived group values, indicating suppression of activity dependent calcineurin 

expression by regular exercise (Fig. 24A).  

One hour after HFS, the levels of BDNF in the S-sleep-deprived group (1.05 ± 

0.07) failed to increase and did not differ from those of the un-stimulated control group. 

However, the BDNF levels were significantly increased (approximately 52% and 53%, 

respectively; p < 0.05) compared to those of un-stimulated control in the S-

exercised/sleep-deprived (1.49 ± 0.08) and S-exercised (1.5 ± 0.2) groups. Similar to the 

exercised groups, the S-control group (1.24 ± 0.12) showed a trend toward significantly 

increased BDNF protein levels compared to un-stimulated control (Fig. 24B).   
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Figure 23: Effect of regular exercise and/or SD on the protein levels of P-CaMKII (A) and total CaMKII (B) 
one hour after the induction of E-LTP, as measured in the septal side of CA1 area and expressed as a ratio 
to the temporal side. S refers to stimulated groups. (C)The ratio of P-CaMKII to T-CaMKII is unchanged 
after HFS in all groups except the S-SD group, which is decreased.  In order to reduce individual variations, 
the temporal side of the same hippocampus was used as an “internal control.” Protein levels in the septal 
side were normalized as a percentage of those of the temporal side. Each point is the mean ± SEM of 4-6 
rats. (*) indicates significant difference from all stimulated groups (p < 0.05-0.001). Insets are 
representative blots. 
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Figure 24: Effect of exercise and/or SD on the protein levels of calcineurin (A) and BDNF (B) one hour after 

the induction of E-LTP; measured in the septal CA1 area and expressed as a ratio to the temporal side. S 

refers to the stimulated group. Each point is the mean ± SEM of 4-6 rats. (#) indicates significant 

difference from all groups except S-SD group (p < 0.05-0.01).  (*) indicates significant difference from un-

stimulated control and S-exercised and S-exercised/sleep-deprived groups (p < 0.05-0.01). Insets are 

representative blots. 
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4.3.1.3 Basal levels of L-LTP-related signaling molecules 

It is widely accepted that cAMP response element binding protein (CREB) and 

CaMKIV are the key molecules implicated in long-term memory and L-LTP. In this 

section, we examined the effects of SD and/or regular exercise on the protein levels of 

CREB and CaMKIV. The immunoblot method was used to measure the levels of CREB 

and CaMKIV in the total homogenate of CA1 and DG areas. 

4.3.1.3.1 Basal levels of P-CREB and total-CREB in the CA1 area 

Manipulation of CREB produces deleterious alterations in L-LTP (Bourtchuladze 

et al., 1994; Barco et al., 2002; Alarcon et al., 2004; Barco et al., 2005). Sleep loss for as 

little as 8 hours reduces the gene expression of CREB (Guzman-Marin et al., 2006). In the 

present study, we detected a significant reduction in the basal levels of P-CREB (p < 

0.05-0.001; 0.32 ± 0.04; Fig. 25A) and total CREB (p < 0.01-0.001; 0.4 ± 0.08; Fig. 25B) in 

the CA1 area of the sleep-deprived group compared with all other groups. The SD-

induced decrease in both P- and total-CREB levels was prevented with regular exercise 

and was significantly (p < 0.001) elevated in the exercised/sleep-deprived group (1.1 ± 

0.21; 1.17 ± 0.01, respectively) compared to sleep-deprived rats (Fig. 25 A, B). It is 

important to note that although the levels of P-CREB and total-CREB were increased in 

both exercised (1.13 ± 0.14; 1.24 ± 0.11, respectively) and exercised/sleep-deprived 
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groups compared to control, this difference was only significant (p < 0.05) for P-CREB in 

the exercised group. The ratio of P-CREB: total-CREB (Fig. 25C) was not significantly 

different between the groups, which could indicate a decrease in the total protein levels 

of CREB in SD. Altogether these findings show that regular exercise may prevent SD-

induced impairment at the molecular level, which correlates with our long-term 

memory results obtained in the RAWM as well as our CA1 L-LTP findings. 

4.3.1.3.2 Basal levels of calcium/calmodulin-dependent protein kinase IV (CaMKIV) 

CaMKIV is involved in the activation of CREB during the expression of L-LTP (Bito 

et al., 1996; Tokuda et al., 1997). In this study, the sleep-deprived group showed 

significantly (p < 0.05) reduced basal levels of CaMKIV (0.84 ± 0.1) compared to all 

groups. However, the SD-induced reduction in the basal levels of CaMKIV was prevented 

in the exercised/sleep-deprived group (1.62 ± 0.23; p < 0.05; Fig. 26). Also, although 

both exercised (1.65 ± 0.1) and exercised/sleep-deprived groups seemed to have higher 

CaMKIV levels compared to the control group, this trend did not reach significance. 

Thus, it is likely that the ability of exercise to prevent the reduction in the levels of 

CaMKIV in SD contributes to the neuroprotective effect of exercise. 
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4.3.1.3.3 Basal levels of P- and total mitogen activated kinase (MAPK/ERK) 

The MAPK/ERK pathway is activated by learning and is instrumental in long term 

memory consolidation due to its activation of CREB (Vaynman et al., 2007). As a key 

modulator of synaptic plasticity and its underlying cascade, MAPK is influenced by many 

active molecules ranging from phosphatases such as calcineurin and neurotrophins such 

as BDNF (Blum et al., 1999).  

The basal protein levels of active MAPK/ERK (P-MAPK/ERK) in the sleep-deprived 

group (0.7 ± 0.1) were not significantly different from the control group (1.0 ± 0.2). 

However, P-MAPK/ERK levels were significantly higher in exercised/sleep-deprived (1.69 

± 0.12) and exercised (1.9 ± 0.1) animals compared to both the control and sleep-

deprived groups (p < 0.05-0.001; Fig. 27A). Moreover, the basal protein levels of total-

MAPK in the control (1.64 ± 0.18) and sleep-deprived (1.39 ± 0.19) groups were 

significantly (p < 0.05-0.01) lower than the exercised (2.7 ± 0.11) and exercised/sleep-

deprived groups (2.5 ± 0.28; Fig. 27B). It is possible that 24 hour SD does not significantly 

hinder the MAPK phosphorylation process or decrease the availability of activated MAPK 

compared to control. Coupled with the fact that there were no significant differences in 

the ratio of P-MAPK/ERK: total- MAPK/ERK, (Fig. 27C), could further suggest that the 

MAPK/ERK pathway may not be particularly influenced by SD in the CA1 area. On the 
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other hand, the current result also suggests that regular exercise is able to positively 

regulate the expression of MAPK/ERK. 

 

Figure 25: Regular exercise prevented the SD-induced reduction in the basal levels of P-CREB (A) and total 
CREB (B). There were no significant changes in the ratio P-CREB: total CREB (C). (*) Denotes significant 
difference from all other groups (p < 0.01-0.001). (#) Denotes significant difference from all groups except 
exercise/sleep-deprived rats (p < 0.05). Values are mean ± SEM; n= 4-7. Insets are representative blots. 
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Figure 26: Regular exercise prevented SD-induced decreases in the basal levels of CaMKIV in hippocampal 
CA1 area, measured in the total homogenate. Values are mean ± SEM; n= 5-6. (*) indicates significant 
difference from all groups (p < 0.05-0.01). Insets are representative blots. 
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Figure 27: Regular exercised animals had significantly elevated basal levels of P-MAPK/ERK (A)  and total 
MAPK/ERK (B) above that of sleep-deprived and control animals  in hippocampal CA1 area, measured in 
the total homogenate. (C) Although no significant differences were seen in the P-MAPK: T-MAPK ratio, the 
ratio was slightly reduced in the sleep-deprived group compared to other groups. (*) indicates significant 
difference from exercised & exercised/sleep-deprived groups only (p < 0.05-0.001).  Values are mean ± 
SEM; n= 4-7. Insets are representative blots. 

Control SD Exercise Exercise/SD
0.0

0.5

1.0

1.5

2.0

2.5

Control SD Exercise Ex/SD

GAPDH
A

*

P-p44 MAPK

P-p42 MAPK

*
Im

m
u

n
o

re
ac

ti
vi

ty

(r
at

io
 t

o
 G

A
P

D
H

)

0

1

2

3

Control SD Exercise Ex/SD

GAPDH
B

p44 MAPK

p42 MAPK

Control ExerciseSD Exercise/SD

*
*

Im
m

u
n

o
re

ac
ti

vi
ty

(r
at

io
 t

o
 G

A
P

D
H

)

Control SD Exercise Exercise/SD
0.0

0.5

1.0

C

R
at

io
 o

f 
P

-M
A

P
K

to
 T

-M
A

P
K



113 
 

4.3.1.4. Levels of signaling molecules during the expression of L-LTP in CA1 area 

In order to ascertain the changes in L-LTP-related molecules that could be 

responsible for the protective effect of exercises on L-LTP impairment in sleep-deprived 

rats in the CA1 area, we determined the protein levels of P-CREB, total-CREB, CaMKIV, 

and BDNF five hours after induction of L-LTP.  

4.3.1.4.1 Levels of P-CREB and total-CREB during L-LTP 

Phosphorylation and activation of CREB is essential for L-LTP and long-term 

memory (Bourtchuladze et al., 1994). Five hours after the induction of L-LTP in the CA1 

area by MHFS, the levels of P-CREB were increased in all groups except in the S-sleep-

deprived group (0.8 ± 0.14; Fig. 28A). However, five hours after MHFS the 

exercised/sleep-deprived group showed significantly increased P-CREB levels (1.61 ± 

0.18; p < 0.05-0.01) compared to un-stimulated control and the S-sleep-deprived groups, 

in effect preventing the SD-induced suppression of activated CREB (Fig. 28A). Similarly, 

both S-control (1.5 ± 0.12) and S-exercised (1.68 ± 0.23) groups also showed significantly 

(p < 0.05) increased P-CREB levels compared to un-stimulated control (0.99 ± 0.05). The 

protein levels of total-CREB in all stimulated groups were similarly increased compared 

to the un-stimulated control group (p < 0.05-0.01; Fig. 28B). The ratio of P-CREB: total 

CREB (Fig. 28C) was significantly (p < 0.01) reduced in the sleep-deprived group 

compared to all other groups, which along with the reduced P-CREB levels we observed 
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may suggest that SD negatively alters the phosphorylation process of CREB. 

Furthermore, these results also suggest that regular exercise is able to prevent the SD-

induced inhibition of CREB phosphorylation. 

4.3.1.4.2. Levels of CaMKIV during L-LTP  

Five hours after the induction of L-LTP in the CA1 area by MHFS, all stimulated 

groups showed a trend toward increased levels of CaMKIV compared to the un-

stimulated control group although this was to a lesser extent in the sleep-deprived 

group (Fig. 29). After MHFS both exercised/sleep-deprived and exercised (1.33 ± 0.2 and 

1.29± 0.2, respectively) groups showed slight increases in CaMKIV levels compared to 

the S-sleep deprived group. These findings may suggest regular exercise and/or SD do 

not substantially modulate protein expression of CaMKIV during L-LTP in the CA1 area. 

4.3.1.4.3. Levels of BDNF during L-LTP  

The BDNF gene, which is a target of CREB (Tao et al., 1998), plays an essential 

role in the persistence of long-term memory (Bekinschtein et al., 2008). In the current 

study, MHFS failed to produce an increase in BDNF levels in S-sleep-deprived rats (1.07 ± 

0.07) compared to un-stimulated control. However, in exercised/sleep-deprived rats, 

levels of BDNF were markedly increased (approximately 64%, 1.64 ± 0.24; p < 0.05) 

compared to un-stimulated control and to an extent similar to that of the S-control 
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(62.4%; 1.6 ± 0.14; p < 0.05) and S-exercised (78%; 1.78 ± 0.25; p < 0.01) groups (Fig. 30). 

In addition, the exercised and exercised/sleep-deprived groups showed significantly p < 

0.01) higher BDNF protein levels than S-sleep-deprived animals, which suggests that 

regular exercise can normalize the activity dependent regulation of BDNF expression in 

the CA1 area. 
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Figure 28: Effect of regular exercise and/or SD on the levels of P- and total-CREB 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 P-CREB in the CA1 of all stimulated groups except the S-sleep-deprived 
animals. (B) The levels of CREB in all stimulated groups were significantly increased compared to the un-
stimulated control group. (C) The ratio of P/T-CREB was significantly reduced in sleep-deprived rats. In 
order to reduce individual variations, the temporal side of the same hippocampus was used as an 
“internal control.” Protein levels in the septal side were normalized as a percentage of those of the 
temporal side.  (*) indicates significant difference from all other stimulated groups. (p < 0.05-0.01, n = 6-8 
rats/group). Insets are bands from representative blots. 
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Figure 29: Effect of regular exercise and/or SD on the levels of CaMKIV in the hippocampal CA1 area 
during L-LTP. The levels of CaMKIV in all stimulated groups were slightly (not significant) increased 
compared to the un-stimulated control group. The temporal side serves as an “internal control” for the 
septal side of the hippocampus. (n = 4-7 rats/group). Insets are bands from representative blots. 

 

 

Figure 30: BDNF levels during L-LTP in the CA1 area of the hippocampus. The levels of BDNF after MHFS 
are significantly increased in all stimulated groups except the sleep-deprived group compared to the un-
stimulated control group. (*) indicates significant difference compared to all stimulated groups. (p < 0.05-
0.01; n = 5-7 rats/group). Insets are bands from representative blots. 
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4.3.2. Molecular studies in the DG area  

4.3.2.1. Basal levels of E-LTP-related signaling molecules in DG area 

4.3.2.1.1 Basal protein levels of P-CaMKII and total CaMKII 

The basal protein levels of P-CaMKII in the DG area of the sleep-deprived group 

(0.60 ± 0.07) were markedly reduced (p < 0.05) compared to that of the control group 

(1.17 ± 0.07). However, P-CaMKII levels tended to be higher in the exercised/sleep-

deprived (1.5 ± 0.2) and exercised (1.69 ± 0.38) groups compared to both the sleep-

deprived and control groups, although this was only significant in the sleep-deprived 

group (p < 0.01; Fig. 31A). The decrease in the P-CaMKII levels may account for the 

short-term memory and E-LTP impairment associated with SD.  

Moreover, the basal protein levels of total-CaMKII in sleep-deprived rats (1.2 ± 

0.15) were reduced compared to all groups but was only significant (p < 0.05) in the 

exercised/sleep-deprived (1.85 ± 0.2) and exercised (1.89 ± 0.2) groups (Fig. 31B). The 

ratio of P-CaMKII: total CaMKII (Fig. 31C) was reduced in the sleep-deprived group 

compared to all groups but was only significantly different exercised and 

exercised/sleep-deprived groups (p < 0.05). These findings could indicate that SD 

essentially hinders the phosphorylation process of CaMKII in the DG area whereas 

regular exercise may prevent impairment of CaMKII phosphorylation.  
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Figure 31: Regular exercise prevented the SD-induced decrease in the basal levels of P-CaMKII (A) and 

total CaMKII (B) in the DG, measured in the total homogenate. A decrease in the P-CaMKII/CaMKII ratio is 

associated with SD whereas the ratio in exercised groups was unchanged (C). Values are mean ± SEM; n= 

4-7. Insets are representative blots. (*) Denotes significant difference from all groups (p < 0.05-0.01).  (#) 

Denotes significant difference from exercised and exercised/sleep-deprived groups (p < 0.05).  

Control SD Exercise Exercise/SD
0.0

0.5

1.0

1.5

2.0

*

A
Control ExerciseSD Ex/SD

P-CaMKII

GAPDH

Im
m

un
or

ea
ct

iv
it

y

(r
at

io
 t

o 
G

A
PD

H
)

Control SD Exercise Exercise/SD
0.0

0.5

1.0

1.5

2.0

2.5

B
Control ExerciseSD Ex/SD

T-CaMKII

GAPDH

#

Im
m

un
or

ea
ct

iv
it

y

(r
at

io
 t

o 
G

A
PD

H
)

Control SD Exercise Exercise/SD
0.0

0.5

1.0

1.5

C

#

R
at

io
 o

f P
-C

aM
K

II

to
 T

-C
aM

K
II



120 
 

4.3.2.1.2 Basal protein levels of calcineurin and BDNF 

In this section, we assessed the effect of 24 hours of SD on the basal levels of 

calcineurin in the DG area and found that there was no significant difference in the 

calcineurin levels across all groups, which is in agreement with our previous report (Fig. 

32A) (Alhaider et al., 2010b). 

The present results showed that the sleep-deprived group had significantly 

reduced (p < 0.05) basal levels of BDNF (0.49 ± 0.4) compared to the control group (1.06 

± 0.08; Fig. 32B). In addition, BDNF levels in the exercised (1.56 ± 0.2) and 

exercised/sleep deprived (1.5 ± 0.08) groups were not only significantly different from 

the sleep deprived group (p < 0.01) but seemed trend beyond those of control as well 

(Fig.32B). 
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Figure 32: Effect of regular exercise and/or SD on the protein levels of calcineurin (A) and BDNF (B); 

measured in DG and expressed as a ratio to GAPDH. Each point is the mean ± SEM of 4-6 rats. (*) indicates 

significant difference from all groups (p < 0.05-0.01). Insets are representative blots. 
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4.3.2.2. Levels of signaling molecules during the expression of E-LTP in the DG area 

4.3.2.2.1. Levels of P-CaMKII and CaMKII during E-LTP in the DG 

One hour after the induction of E-LTP in the DG area by HFS, the levels of P-

CaMKII were significantly (p < 0.05) increased in all groups except in the S-sleep deprived 

group (1.04 ± 0.09) compared to un-stimulated control (Fig. 33A). The levels of P-CaMKII 

in the exercised/sleep deprived group (1.5 ± 0.13) were similar to that of the S-control 

(1.45 ± 0.14) and S-exercised (1.48 ± 0.14) groups, and were all significantly (p < 0.05-

0.01) different compared to the S-sleep-deprived animals (Fig. 33A). The protein levels of 

total-CaMKII in all stimulated groups were significantly (p < 0.05-0.01) increased 

compared to the un-stimulated control group (Fig. 33B). The P-CaMKII: total CaMKII ratio 

was similar across the groups except in the sleep-deprived group, which was significantly 

(p < 0.05-0.01) decreased compared to the exercised and exercised/sleep-deprived 

groups (Fig. 33C). This result could be due to a decline in the phosphorylation process of 

CaMKII and is likely a main contributing factor to the impairment of E-LTP in the DG area 

and short-term memory. 
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4.3.2.2.2. Levels of calcineurin and BDNF during E-LTP  

During the expression of E-LTP in the DG area, the levels of calcineurin were 

significantly (p < 0.05-0.01) increased in the S-control (1.5 ± 0.11) and S-sleep-deprived 

(1.56 ± 0.14) group compared to the other groups. In fact, HFS failed to appreciably 

increase calcineurin levels in the exercised (1.1 ± 0.057) and exercised/ sleep-deprived 

(1.13 ± 0.07) groups (Fig. 34A).   

The induction of E-LTP increased the levels of BDNF in all stimulated groups 

compared to un-stimulated control with the exception of the S-sleep deprived group 

(approximately -9.4%; 0.94 ± 0.03). In fact, one hour after HFS there were significant 

increases in BDNF levels only in the S-exercised (approx. 19.2%; 1.3 ± 0.03) and S-

exercised/sleep deprived (approx. 22.7 %; 1.27 ± 0.1) groups as compared to un-

stimulated control and the sleep deprived group (p < 0.05-0.01; Fig. 34B). Also, although 

not significant, the S-control group did show a slight trend toward increased BDNF levels 

after HFS compared to un-stimulated control. These findings may suggest the possibility 

that increasing the availability of BDNF in exercised animals in an activity dependent 

manner is able to offset the restrictive effects that calcineurin has on LTP.  

A summary of the effects of HFS on the levels of P-CaMKII, total-CaMKII, 

calcineurin, MAPK/ERK and BDNF on all groups, in the total homogenate of CA1 and DG 

areas is presented in table 3. 
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Figure 33: Effect of regular exercise and/or SD on the protein levels of P-CaMKII (A) and total CaMKII (B) 
one hour after the induction of E-LTP, measured in the septal side of the DG and expressed as a ratio to 
the temporal side. Ratio of P-CaMKII: T-CaMKII during E-LTP in DG compared to un-stimulated control (C).  
S refers to stimulated groups. Each point is the mean ± SEM of 5-7 rats. (*) indicates significant difference 
from all stimulated groups (p < 0.05-0.01). Insets are representative blots. 
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Figure 34: Effect of regular exercise and/or SD on the protein levels of calcineurin (A) and BDNF (B) one 

hour after the induction of E-LTP. Percent change in BDNF after MHFS (C) measured in the septal DG area 

and expressed as a ratio to the temporal side. S refers to the stimulated group. Each point is the mean ± 

SEM of 4-6 rats. (#) indicates significant difference from un-stimulated control and both exercised groups. 

(*) indicates significant difference from both exercised groups (p < 0.05-0.01). Insets are representative 

blots. 
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4.3.2.3. Basal levels of signaling molecules related to L-LTP in the DG area 

4.3.2.3.1. Basal levels of P-CREB and total-CREB in the DG 

The basal protein levels of P-CREB in the DG area in the sleep-deprived group (0.3 

± 0.04) were significantly (p < 0.05-0.01) decreased compared to all other groups. In 

particular, the SD-induced decrease in P-CREB levels was prevented by regular exercise 

as seen in the exercised/sleep-deprived group (p < 0.05; 1.05 ± 0.04; Fig. 35A), which 

was similar to the exercised (1.05 ± 0.27) group. Moreover, the basal protein levels of 

total-CREB in sleep-deprived rats (0.72 ± 0.1) were significantly decreased compared to 

all groups (p < 0.01; Fig. 35B). Regular exercise prevented the decrease (p ˂ 0.01) in basal 

levels of total-CREB in sleep-deprived animals. Although the ratio the sleep-deprived rats 

showed a reduced (p < 0.05) P-CREB: total CREB ratio compared to other groups. This 

could suggest that in SD there is an overall decrease in the total protein levels of CREB 

that is available to be phosphorylated in the DG area. 
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4.3.2.3.2. Basal levels of CaMKIV in the DG 

The basal protein levels of CaMKIV in sleep-deprived rats (0.84 ± 0.097) showed a 

trend toward decreased values compared with all groups (Fig. 36), although this 

difference did not reach statistical significance. Exercised/sleep-deprived rats (1.62 ± 

0.23) showed similar CaMKIV levels compared to those of control (1.35 ± 0.083) and 

exercised rats (1.65 ± 0.24) in the total homogenate of the DG area.  

4.3.2.3.3 Basal protein levels of P-MAPK and total-MAPK (P/T MAPK/ERK) in the DG 

In the DG area, the basal protein levels of P-MAPK/ERK in the sleep-deprived 

group (0.98 ± 0.2) showed a trend toward decreased values compared to the control 

group (1.4 ± 0.2). However, P-MAPK/ERK levels were significantly increased (p < 0.05-

0.01) in the exercised/sleep-deprived group (1.86 ± 0.12) and exercised (2.0 ± 0.14) 

compared to the sleep-deprived group and showed a similar trend compared to control 

(Fig. 37A). The basal protein levels of total-MAPK/ERK in sleep-deprived rats (1.2 ± 0.14) 

were also significantly (p < 0.05) reduced compared to the exercised/sleep-deprived 

(2.02 ± 0.2) and exercised groups (2.2 ± 0.3; Fig. 37B). The control group also showed 

similar total-MAPK/ERK levels to the sleep-deprived group but were not significantly 

different than those of exercised and exercised/sleep-deprived rats, which echoes our 

CA1 area findings that 24 hours of SD may not significantly affect MAPK/ERK expression 

in the DG area. 
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It is also possible the trend toward decreased phosphorylation of MAPK in the 

sleep-deprived group could be due to increased calcineurin activity or decreases in other 

key activators such as BDNF, both of which are negatively altered during SD (Cirelli and 

Tononi, 2000; Guan et al., 2004; Wang et al., 2009). The fact that the P-MAPK/ERK: total 

MAPK/ERK ratio was largely unchanged across the groups (Fig. 37C), could imply that 

any deficit in P-MAPK/ERK is likely due to decreased overall protein synthesis of 

MAPK/ERK in SD. Regular exercise is probably able to prevent SD-induced impairment by 

maintaining basal levels of total MAPK/ERK, which thereby maintains the production of 

P-MAPK/ERK.  

Summary of the effects of exercise and/or SD on the basal levels of all the 

molecules involved in E-LTP and L-LTP in all groups, in the total homogenate of CA1 and 

DG areas are presented in table 4. 
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Figure 35: (A) Regular exercise prevented the SD-induced decrease in the basal levels of P-CREB and (B) 

total CREB in the DG area, measured in the total homogenate. (C) Although not significant, SD was 

associated with a lower P-CREB: total CREB ratio compared to other groups. Values are mean ± SEM; n= 5-

7. Insets are representative blots. (*) indicates significant difference from all groups (p < 0.05-0.001). 
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Figure 36: Regular exercise did not significantly alter the SD-induced decrease in the basal levels of 
CaMKIV in hippocampal DG area, measured in the total homogenate. Values are mean ± SEM; n= 5-7. 
Insets are representative blots.  

 

0

1

2

Control SD Exercise Ex/SD

CaMKIV

GAPDH

Control ExerciseSD Exercise/SD

Im
m

u
n

o
re

ac
ti

vi
ty

(r
at

io
 t

o
 G

A
P

D
H

)



131 
 

 

Figure 37: Regular exercise increased basal levels of P-MAPK/ERK (A) and total MAPK/ERK (B) above that 
of sleep-deprived and control in the DG, measured in the total homogenate. (C) Ratio of P-MAPK: total-
MAPK was unchanged by SD or exercise in the DG. Values are mean ± SEM; n= 4-5. Insets are 
representative blots. (*) indicates significant difference from both exercised groups (p < 0.05-0.01). 
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4.3.2.4. Levels of signaling molecules during the expression of L-LTP in the DG  

4.3.2.4.1. Levels of P-CREB and total-CREB during L-LTP  

Five hours after the induction of L-LTP in the DG of the hippocampus by MHFS, 

the levels of P-CREB in the DG area were significantly increased in the exercised/sleep-

deprived (1.82 ± 0.35), S-exercised (1.77 ± 0.15) and S-control (1.36 ± 0.1) groups 

compared to the un-stimulated control and S-sleep-deprived animals (0.91 ± 0.09; Fig. 

38A).  

The levels of total-CREB detected in the total homogenate among all groups 

were significantly increased compared to un-stimulated controls (p < 0.05-0.001; Fig. 

38B). The ratio of P-CREB: total CREB was largely unchanged across the groups except in 

the sleep-deprived group, which was significantly (p < 0.05-0.01) lower than the other 

groups (Fig. 38C). Altogether these findings may suggest that the cognitive deficits 

observed in SD are more likely due to negative alterations in CREB phosphorylation.  

4.3.2.4.2. Levels of CaMKIV during L-LTP in the DG 

Five hours after the induction of L-LTP, the levels of CaMKIV were significantly 

increased in the S-control, S-exercised, S-exercised/sleep-deprived groups (1.65 ± 0.1; 

1.94 ± 0.14 and 1.94 ± 0.9, respectively; p < 0.001) compared to the un-stimulated 

control group (1.04 ± 0.05; Fig. 39). The sleep-deprived group also showed a marked (p < 

0.05) increase in CaMKIV levels (1.65 ± 0.1) compared to un-stimulated control. In 
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addition, the S-sleep-deprived CaMKIV levels were significantly (p < 0.01) different than 

S-exercised and S-exercised/sleep-deprived groups, which may suggest that regular 

exercise positively modulates the activity-dependent expression of CaMKIV in SD. 

4.3.2.4.3. Levels of BDNF during L-LTP in the DG 

Five hours after L-LTP induction, the levels of BDNF in the sleep-deprived group 

did not change (0.94 ± 0.06) compared to un-stimulated control. However, five hours 

after L-LTP, BDNF levels were significantly increased (p < 0.001) in the S-exercised/sleep-

deprived (approx. 70%; 1.65 ± 0.06), S-exercised animals (64%; 1.7 ± 0.1), S-control 

(41.4%; 1.4 ± 0.12; Fig. 40) compared to un-stimulated control. In fact, in both exercised 

groups, the increase in BDNF trended higher than the S-control animals, which suggests 

that exercise may enhance activity dependent expression of BDNF in the DG area.  

A summary of the effects of MHFS on the levels of P-CREB, total-CREB, CaMKIV, 

and BDNF, on all groups, in the total homogenate of areas CA1 or the DG is presented in 

table 5. 
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Figure 38: Effect of regular exercise and/or SD on the levels of P- and total-CREB in the hippocampal DG 
area during L-LTP. (A) MHFS stimulation of the perforant path synapse caused a significant increase in the 
levels of P-CREB in the DG of stimulated (S)-control, S-exercised, and S-exercised/sleep-deprived groups 
but not in the S-sleep-deprived animals. (B) The levels of CREB in all stimulated groups were increased 
compared to the un-stimulated control. (C) Ratio of P-CREB: T-CREB in DG area. (*) Indicates significant 
difference from all stimulated groups (p < 0.05-0.001, n = 6-8 rats/group. Insets are bands from 
representative blots. 
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Figure 39: Effect of regular exercise with and without SD on the levels of CaMKIV in the DG during L-LTP. 
The levels of CaMKIV were significantly increased compared to the un-stimulated control in all stimulated 
groups. (*) indicates significant difference from all stimulated groups. (#) indicates significant difference 
from both exercised groups only (p < 0.05-0.001, n = 4-7 rats/group). Insets are bands from representative 
blots  
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Figure 40: BDNF levels during L-LTP in the DG area of the hippocampus. The levels of BDNF after MHFS are 
significantly increased in all stimulated groups compared to the un-stimulated control group except the S-
sleep-deprived group. (*) Indicates significant difference from all stimulated groups (except S-SD). (p < 
0.05-0.001; n = 4-6 rats/group). Insets are bands from representative blots. 
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 S-Control S-SD S-Exercise S-Exercise/SD 

 CA1 DG CA1 DG CA1 DG CA1 DG 

P-CaMKII 
+* +* 

No 
change 

No 
change +* +* +* +* 

Total-CaMKII 
+* +* +* +* +* +* +* +* 

Calcineurin 
+* +* +* +* 

No 
change 

No 
change 

No 
change 

No 
change 

BDNF 
+ + 

No 
change 

No 
change +* +* +* +* 

 

Table 3: Summary of the effects of HFS on the levels of signaling molecules during the expression of E-LTP. 
Protein levels of P-CaMKII, total-CaMKII, calcineurin, and BDNF in the septal side of the right CA1 or DG 
area of the hippocampus compared to the corresponding temporal side in control, sleep- deprived, 
exercised, and exercised/sleep-deprived groups compared to the un-stimulated control group. (S-) 
indicates stimulated.  (+*) Denotes significant increase compared to unstimulated control (p <0.05-0.001). 
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 SD Exercise Exercise/SD 

        CA1                     DG                         CA1                       DG                CA1                       DG 

P-CaMKII ↓* ↓* ↑ No change No change No change 

Total-CaMKII ↓* ↓ No change No change No change No change 

P-CaMKII: T-

CaMKII 
No change ↓ No change No change No change No change 

Calcineurin No change No change No change No change No change No change 

BDNF ↓ ↓* ↑* ↑ ↑* ↑ 

P-CREB ↓* ↓ ↑* ↑ ↑ ↑ 

Total-CREB ↓* ↓* No change No change No change No change 

P-CREB:T-CREB No change ↓ No change No change No change No change 

CaMKIV ↓ ↓ No change No change No change No change 

P-MAPK/ERK ↓ No change ↑* ↑ ↑* ↑ 

Total-MAPK/ERK No change No change ↑* ↑ ↑* ↑ 

P-MAPK:T-MAPK ↓ No change No change No change No change No change 

 

Table 4: Summary of the effects of regular exercise and/or SD on the basal levels of signaling molecules 
important for E-LTP and L-LTP expression compared to control. Protein levels of P-CaMKII, total-CaMKII, 
ratio of P-CaMKII to total-CaMKII, calcineurin, BDNF, P-CREB, total-CREB, ratio of P-CREB to total-CREB, 
CaMKIV, P-MAPK/ERK and total-MAPK/ERK in the CA1 or DG areas of sleep-deprived, exercised, and 
exercised/ sleep-deprived rats are compared to those of the control rats. (*) Denotes significantly 
different from control (p <0.05-0.001). 
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 S-Control S-SD S-Exercise S-Exercise/SD 

 CA1 DG CA1 DG CA1 DG CA1 DG 

P-CREB 
+ + 

No 
change 

No 
change 

+* +* +* +* 

Total-CREB 
+* +* + + +* +* +* +* 

CaMKIV 
+ +* 

No 
change 

+* + +* + +* 

BDNF 
+* +* 

No 
change 

No 
change 

+* +* +* +* 

 

Table 5: Summary of the effects of MHFS on the levels of signaling molecules during the expression of L-
LTP. Protein levels of P-CREB, total-CREB, CaMKIV, and BDNF in the septal side of the CA1 or DG area of 
the hippocampus compared to the corresponding temporal side in control, sleep-deprived, exercised, and 
exercised/sleep-deprived groups compared to the un-stimulated control group. (S-) indicates stimulated.  
(+*) Denotes significant increase compared to unstimulated control (p <0.05-0.001). 
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5. DISCUSSION 

Although numerous studies have shown that physical activity and SD seemingly 

produce opposite effects on cognitive function and synaptic plasticity, the combined 

effect of exercise and SD on hippocampus-dependent learning and memory has not 

been fully investigated. In this study, we tested the effect of regular treadmill exercise 

on SD-induced memory impairment using three experimental approaches: behavioral, 

electrophysiological, and molecular. Our behavioral assessment (i.e. RAWM task) 

reveals that 4 weeks of regular treadmill exercise can  protect against SD-induced 

impairments in the learning, short-term memory, and long-term memory trials. 

Moreover, regular exercise can also prevent the SD-induced deficit in E-LTP and L-LTP, 

which are believed to be the cellular correlates of short-term and long-term memory, 

respectively, in both the CA1 and DG areas. In correlation with this, analysis of the levels 

of signaling molecules by western blot indicated that regular exercise prevented the 

decrease in the basal protein levels of CaMKII, BDNF, CREB, and CAMKIV in both the CA1 

and DG areas in sleep-deprived rats. Additionally, the failure of HFS to increase the 

levels of these molecules in the sleep-deprived group is prevented by regular treadmill 

exercise. Therefore, these findings seem to imply that there is an upstream regulator 

that is involved in preventing the deleterious changes observed in acute SD. A likely 

candidate for such a role is BDNF, which regulates downstream signal transduction 
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pathways involved in neural plasticity and itself is up-regulated by exercise. Thus, 

exercise-induced BDNF expression and signaling could be responsible for protection 

against SD-associated impairments in the hippocampus. 

5.1 The columns-in-water model 

The harmful effect of sleep loss on cognition has been demonstrated using the 

various models discussed in section 2.8.1. In our study, we sleep-deprived rats using the 

modified multiple platform model, which depends on the loss of muscle tone during 

REM sleep. This model produces a marked decrease (90-95%) in rapid eye movement 

(REM) sleep, which has been confirmed in studies using electroencephalographic 

recording to monitor sleep-deprived subjects (Datta et al., 2004; Machado et al., 2004). 

The columns-in-water (modified multiple platforms) method has several advantages as 

it removes confounds associated with the single and multiple flowerpot techniques. This 

approach eliminates both the isolation and immobilization stress associated with the 

single flowerpot technique by allowing rats from the same cage to maintain established 

social hierarchy, as well as the freedom to move from one platform to another (van 

Hulzen and Coenen, 1981; Suchecki et al., 1998; Rechtschaffen and Bergmann, 2002; 

Machado et al., 2004). Moreover, some methods such as head lifting and gentle 

handling require continuous monitoring by the investigator, which may limit the 

duration and effects of SD (Vogel, 1975; Vyazovskiy et al., 2002b; Datta et al., 2004; 
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Vecsey et al., 2009). In addition, the disk over water and treadmill techniques involve 

forced physical activity similar to treadmill exercise (Stefurak et al., 1977; Guzman-

Marin et al., 2003), which could interfere with hippocampal LTP and memory 

(O'Callaghan et al., 2007). 

Many SD studies echo the results of this study, showing that suppression of 

certain sleep stages negatively impacts certain types of memory, the possibility remains 

that the current findings could be due to confounder variables inherent to the aquarium 

environment such as novel surroundings, social anxiety, or humidity. Although, a perfect 

control is not always possible in SD studies, one of the better ways to control for 

the environment using our technique is to use wide platforms. The rats on these wider 

platforms (12 cm in diameter), are subjected to the same environment but allowed to 

sleep relatively undisturbed. Previous experiments have shown that the cognitive ability 

of rats kept on the wide platforms in the aquarium for 24 hour is not significantly 

different than that of the home cage control rats (Alhaider et al., 2010a). Our lab has 

also shown that stress fundamentally affects the CA1 differently than the DG. For 

instance, psychosocial stress and/or hypothyroidism impairs hippocampal-dependent 

LTP in area CA1 but not in the DG area (Gerges et al., 2001; Gerges et al., 2004b; Aleisa 

et al., 2006d)  whereas SD affects LTP in both areas (Alhaider et al., 2010a; 2010b). This 

may indicate that memory impairment seen in rats sleep-deprived using the columns-in-
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water method is actually from prolonged wakefulness as opposed to any non-specific 

stress resulting from being in the aquarium environment.,  

Accordingly, one study looking at plasma levels of corticosterone, a common 

surrogate marker of stress, showed that rats tested for 72 hours on wide platforms did 

not have elevated corticosterone compared to home cage control rats (Mirescu et al., 

2006).  The same study also reported that rats placed on narrow platforms for 24 hours 

of SD did not have elevated levels of corticosterone. Additionally, rats sleep-deprived 

using the modified multiple platform method for 96 hours then immediately treated 

with metyrapone, an inhibitor of corticosterone synthesis, still showed a marked 

memory deficit (Tiba et al., 2008), which may suggest that SD-induced cognitive 

impairment is a consequence of prolonged wakefulness rather than non-specific 

stressors.  

The social stability of sleep-deprived rats could also attenuate any confounder 

stress related to the aquarium environment (Suchecki and Tufik, 2000). Cage-mates that 

are sleep-deprived together in socially stable groups show decreased levels of stress 

hormones such as plasma corticosterone and ACTH compared to socially 

unstable groups. Similarly, the animals in our study were sleep-deprived with their cage-

mates to maintain a stable social group and reduce the development of psychosocial 

and isolation stress.   These results may suggest that environmental stress does not 

mediate cognitive impairment in the columns-in-water method of sleep deprivation. 
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At least one study utilizing 4 days of sustained SD in the modified multiple 

platform model found increased corticosterone and ACTH levels due to forced 

awakenings resulting from increased social interaction. However, no mention was made 

of social stability of the sleep-deprived rats, which could have explained the increased 

stress hormone release. Also, given the fact that a large number of rats (7) were sleep-

deprived for a relatively lengthy period of time (4 days), it is not surprising that the 

resulting social tension or competition for resources (food, water, platforms) would be 

stressful in this case (Medeiros et al., 1998). 

 

5.2. Behavioral experiments 

The behavioral model used in this study (radial arm water maze) is a 

combination of the radial arm maze (RAM) and the Morris water maze (MWM). The 

radial arm water maze (RAWM) maintains the advantages of both RAM and MWM while 

curtailing their drawbacks (Buresova et al., 1985; Hodges, 1996; Diamond et al., 1999; 

Alamed et al., 2006). The RAWM combines the spatial complexity of the RAM with the 

efficient learning of the MWM. Furthermore, the structure of the RAWM forces the 

animals to swim either in the central open area or in the arms, which abolishes the 

major disadvantage of the MWM, that is, swimming around the walls. Given that food is 

not required in the RAWM, the consequence of smell cues in the RAM is eliminated. 
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Also, reports have consistently shown that the RAWM task is sensitive to  certain 

treatments and conditions that negatively affect hippocampal functions such as: aging 

(Buhot et al., 2003), high fat diet (Alzoubi et al., 2009a), chronic stress (Aleisa et al., 

2006d), Alzheimer’s disease (AD) (Srivareerat et al., 2008), epilepsy (Karnam et al., 

2009), hypothyroidism (Alzoubi et al., 2009b), and combination of stress and beta-

amyloid peptides (Tran et al., 2010). 

5.2.1 Sleep deprivation and memory 

Several lines of evidence from animal and human studies suggest that SD 

adversely affects functions of the central nervous system.  In particular, SD impairs the 

ability to retain new information and disrupts memory consolidation (Youngblood et al., 

1999; McDermott et al., 2003; Guan et al., 2004; Ruskin et al., 2004; Yoo et al., 2007; 

Yang et al., 2008; Gohar et al., 2009; Mograss et al., 2009). Results from our study 

revealed that 24 hour SD, prior to training, negatively impacted spatial learning 

acquisition and short-term memory in the RAWM. Similarly, 24 hours of SD after 

training also markedly impaired long-term memory in the RAWM task. Our behavioral  

findings are consistent with other SD studies using the columns-in-water method, which 

showed impaired spatial memory as tested by a variety of memory tests including the 

MWM (Youngblood et al., 1999; Li et al., 2009; Wang et al., 2009), RAM (Smith et al., 

1998), contextual fear conditioning (Graves et al., 2003), and novel arm recognition task 
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(Hagewoud et al., 2009). Additionally, longer bouts of SD, up to 72 hours, using the 

columns-in-water model also impaired spatial learning and memory in the MWM (Wang 

et al., 2009). In contrast, some reports have shown that SD had no effects on memory 

function (Samkoff and Jacques, 1991; Blissitt, 2001). This discrepancy could be 

attributed to differences in the type of memory tested, complexity of the task and 

training, stage of sleep disrupted, duration of sleep loss, and the experimental protocols 

employed. 

Mazes are designed on the assumption that animal performance is the 

expression of spatial memory acquired via underlying learning processes. Therefore, it is 

possible that there are other factors that disrupt the physical expression of what the 

animal “knows” (i.e. performance). For instance, factors that could disrupt performance 

without affecting cognition include impaired motor function, stress (e.g. repeatedly 

falling into the water), and related disorders such as anxiety. Although we did not 

measure the swim speed of rats, there were no obvious signs of impaired ability to swim 

among the groups, which is consistent with other reports (van Praag et al., 1999a). 

Stress may contribute to the cognitive deficits seen in the electrophysiological and 

molecular studies, but we believe that SD is the major contributor as stress influences 

the hippocampus in a significantly different way than SD. In contrast to SD, chronic 

psychosocial (intruder) stress does not affect learning acquisition or long-term memory 
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(Aleisa et al., 2006d), nor does it impair expression of LTP in the DG area (Gerges et al., 

2001). 

5.2.2. Exercise and memory 

Exercise is known to positively modulate learning and memory by increasing 

neurotrophin expression and neurotransmitter release at the synaptic level (Fordyce 

and Farrar, 1991; Ang and Gomez-Pinilla, 2007; Lista and Sorrentino, 2009).  The current 

expert consensus views the effects of exercise on cognitive function as being 

represented by an inverted U-shape curve in which mild or high intensity exercise fails 

to exert beneficial effects on the brain (Stillman et al., 1998; Shors, 2004; Blustein et al., 

2006). Moderate exercise regimens are thought to be most beneficial in terms of 

improved spatial learning and memory performance (Fordyce and Wehner, 1993). 

Therefore, most studies that measure cognitive abilities often utilize prolonged 

moderate exercise regimens to reduce stress and fatigue in order to maximize benefits 

on cognitive performance. For instance,  many behavioral studies have shown improved 

acquisition and/or retention in hippocampus dependent tasks after moderate exercise 

including: object recognition (O'Callaghan et al., 2007), MWM (van Praag et al., 1999a), 

RAM (Schweitzer et al., 2006), RAWM (Nichol et al., 2007; Berchtold et al., 2010) as well 

as in hippocampus independent anxiety-related behaviors such as the elevated plus 

maze (Greenwood et al., 2003) and open field apparatus (Vollert et al., 2011). However, 



148 
 

more relevant to our study, various epidemiological and animal studies have shown that 

regular exercise enhances learning and memory under a number of conditions, from 

decreasing the risk of age-related neurodegenerative disorders such as Alzheimer’s 

disease and dementia to facilitating functional recovery from brain injury (Grealy et al., 

1999; Kramer et al., 1999; Cotman et al., 2007). For instance, 7 weeks of forced-

treadmill exercise rescued spatial learning deficits in aged animals and attenuated the 

negative effects of ethanol induced brain insults on spatial learning (Albeck et al., 2006; 

O'Callaghan et al., 2007).  

  Similar to the latter study, we did not find that our exercise regimen produced 

an enhancement in learning, short-term memory, and long-term memory in normal 

animals. These results may be due to differences in: the intensity and duration of 

exercise, stage of memory tested, or the experimental protocol that we used. Certainly, 

the possibility remains that the RAWM task in this study is sensitive to SD-induced 

impairments in spatial learning and memory rather than enhancements due to exercise. 

In other words, with behavioral tests it is difficult to link spatial learning to a specific 

task (finding a hidden platform) as this task depends on different upstream (sensory) 

and downstream (motor) processes. As a result, one could argue that exercise could be 

altering task performance by altering these upstream or downstream processes as 

opposed to affecting hippocampal memory (Per Andersen, 2007).  
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In addition, the longer, more consistent running pace characteristic of our 

exercise regimen makes it inherently neuroprotective and not neuroenhancing. 

Relevant to our findings, one study showed that rats submitted to 1 week of voluntary 

exercise then tested in the MWM tasks, were significantly better at locating the hidden 

platform compared to sedentary control rats (Vaynman et al., 2004b). Additionally, one 

week of forced treadmill exercise did not affect spatial memory in cognitively normal 

rats, which supports the notion that perhaps forced exercise regimens are more 

restorative in the face of an insult or impairment such as prenatal exposure to ethanol, 

ischemia, stroke, neurodegeneration (Barnes et al., 1991; O'Callaghan et al., 2007; 

Griffin et al., 2009) or SD. Hence, in agreement with other behavioral studies, it is 

possible that with our exercise regimen, any benefits may be subject to a “ceiling effect” 

after which performance does not increase above cognitively normal control levels 

(Aleisa et al., 2006d; Alzoubi et al., 2006b; Alhaider et al., 2010a).  

Although some studies have shown significant improvements in spatial learning 

and memory with exercise (Ang et al., 2006), other studies have reported a lack of 

improvement. For instance, Barnes et al. found no improvement of spatial memory in 

the circular platform spatial memory task in aged F-344 rats that were exercised for 10 

weeks. Yet it is important to note that certain variables such as the use of a relatively 

intense and prolonged exercise regimen as well as the lack of a young exercise control 

group could have produced such negative results (Barnes et al., 1991) . 
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The fact remains, however, that the wide variety of exercise paradigms 

described in the literature makes it difficult to generalize the beneficial effects of 

exercise across all regimens. We chose a forced exercise protocol as it allowed for the 

intensity, duration, and timing of the exercise to be controlled, which would facilitate 

extrapolation to humans. In fact, treadmill exercise which lasts for a limited time and 

forces activity is considered a better general model for human exercise regimens than 

voluntary wheel running exercise (Uda et al., 2006; Leasure and Jones, 2008). As the 

parameters we measured were sensitive to certain nonspecific stressors such as 

isolation stress, our forced exercise regimen allowed for group housing and avoided the 

individual housing that voluntary exercise would require for an accurate measurement 

of wheel running. Additionally, we also placed sedentary rats in the same treadmill 

environment for the same length of time as exercised groups (no running) to control for 

environmental stress. Moreover, at the end of the exercise regimen, exercised and 

sedentary control animals did not show elevated corticosterone levels, which indicated 

that repeated exposure of the animals to the same treadmill environment resulted in 

gradual habituation and diminished hypothalamic-adrenal-pituitary axis activation 

(Vollert et al., 2011). 
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5.3. Electrophysiological experiments 

Information storage is dependent upon changes in synaptic efficacy that 

strengthen the connection between two neurons and eventually whole neural networks 

across brain regions. Long-term potentiation is generally considered the closest cellular 

model for storing new information within neuronal networks (Malenka and Bear, 2004). 

Indeed, the expression properties of LTP in an animal correlate with the characteristics 

of learning and memory. Consistent with this picture, accumulating evidence 

demonstrates that LTP as well as memory are impaired during aging (Rosenzweig and 

Barnes, 2003; Shukitt-Hale et al., 2004), chronic stress (Gerges et al., 2001; Diamond et 

al., 2004; Gerges et al., 2004b), AD (Chapman et al., 1999; Srivareerat et al., 2009), 

epilepsy (Kleschevnikov et al., 1994), and with pharmacological blockade of receptors 

and molecules involved in synaptic plasticity (Riedel et al., 2003; Lynch, 2004; McDonald 

et al., 2005).  

5.3.1 Sleep deprivation and long-term potentiation 

A substantial body of evidence confirms the detrimental impact of SD on 

hippocampal LTP (Ravassard et al., 2009). Consistent with earlier findings, our 

electrophysiological investigations show that SD causes impairment of hippocampal E-

LTP and L-LTP in the pyramidal cells of area CA1 as well as in the granule cells of the DG 

area in anaesthetized rats. This is consistent with previous reports of SD induced 
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impairment of E-LTP and L-LTP both in vivo and in vitro (McDermott et al., 2003; Kim et 

al., 2005; Marks and Wayner, 2005; McDermott et al., 2006; Alhaider et al., 2010a; 

2010b,   2011). For instance, in vivo LTP is impaired after 24 or 48 hours of SD in rats, 

which suggests that the process of synaptic plasticity is hindered due to weakened 

associations between synapses throughout the hippocampus (Kim et al., 2005).   

For instance, during LTP in both the CA1 and DG areas, the expression of 

phosphorylated CaMKII (P-CaMKII), is markedly decreased after 24 hours of SD whereas 

the levels of calcineurin, which dephosphorylates CaMKII, is increased (Alhaider et al., 

2010a; 2010b); impairment of synaptic plasticity in the hippocampus may be due to an 

imbalance between calcineurin and P-CaMKII. Previous reports have shown impaired 

synaptic plasticity in various brain disorders to be correlated with impaired levels of P-

CaMKII and P-CREB during expression of E-LTP and L-LTP, respectively (Gerges et al., 

2005; Aleisa et al., 2006c; Srivareerat et al., 2009; Alhaider et al., 2011). This is 

consistent with our present results in the CA1 and DG areas, where 24 hour SD caused a 

marked deficit in both E-LTP and L-LTP, possibly by preventing the increase in the levels 

of P-CaMKII and P-CREB.  

Specifically, the negative impact that SD has on LTP and synaptic plasticity is 

thought to be a product of the underlying deleterious changes in intracellular signaling 

molecules and receptors including NMDA (Chen et al., 2006; Ravassard et al., 2009) and 
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AMPA receptors (Hagewoud et al., 2010). For instance, molecular studies have shown 

that the expression of key signaling proteins and trophic factors (e.g. CREB and BDNF) 

involved in LTP and memory are impaired in the hippocampus after 8, 24, and 48 hours 

of SD (Guzman-Marin et al., 2006; Alhaider et al., 2010a). Also, SD can negatively impact 

other intracellular signaling pathways such as the cAMP/PKA pathway, which plays an 

important modulatory role in LTP and memory. Sleep deprivation as short as 5 hours 

was able to increase levels of Phosphodiesterase IV, which in turn decreased the levels 

of cAMP and impaired LTP expression (Vecsey et al., 2009). 

5.3.1.2 Differential aspects of CA1 and DG areas 

There are extensive interactions between area CA1 and DG that contribute to 

the intrinsic flow of information within the hippocampus. Indeed, both CA1 and DG 

areas share a laminar arrangement coupled with NMDA-receptor dependent LTP 

mechanisms. hippocampal CA1 and DG areas differ in the distribution of receptors and 

ion channels as well as modulation of function by drugs and resilience to insult. For 

instance, the neurotransmitter norepinephrine modulates the release of glutamate in 

the DG area but not in the CA1 or CA3 area of the same animal (Lynch and Bliss, 1986). 

Differences in discharge behavior also have been reported due to the presence of a 

persistent inward rectifier current in the DG but not in the CA1 area (Stabel et al., 1992). 

Another study looking at calcium channels and NMDA receptors in the CA1 and DG 



154 
 

areas concluded that these differential responses of the might be attributable to major 

differences in the density and/or distribution of NMDA receptors and T-type calcium 

channels (Song et al., 2001). Most notably, the DG granule cells appear to be 

more resistant than CA1 pyramidal neurons to several conditions including stress, 

anoxia, transient cerebral ischemia, obesity, and hypothyroidism (Hsu et al., 1998; Yao 

et al., 1998; Gerges et al., 2001; Gerges and Alkadhi, 2004; Alzoubi et al., 2005a). 

However, our LTP and molecular results indicated that the DG is just as severely 

impaired by sleep loss as area CA1, which suggests the particularly powerful impact of 

sleep loss. 

5.3.1.3 LTP in the DG: a role for neurogenesis 

Another key difference is that granule cells of the DG have been reported to 

have a stronger ability to express BDNF mRNA than CA1 pyramidal neurons (Song et al., 

2001). The preponderant levels of the neurotrophin BDNF in the DG could act as a 

buffer against various cognitive insults by influencing the growth, proliferation and 

survival of new born neurons.  Specifically, BDNF may be linked to damage-induced 

neurogenesis, which are both modulated and regulated by exercise (van Praag et al., 

1999b). In this respect, damaged neurons due to sleep loss (Reimund, 1991) for 

instance, could induce neurogenesis to contribute to functional recovery. For example, 

damage-induced neurogenesis could be responsible for maintaining NMDA receptor 
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functionality and expression in the DG after transient cerebral ischemia (Hsu et al., 

1998; Arvidsson et al., 2001). Although we did not measure neurogenesis in the current 

study, it is possible that new born neurons play a role in memory encoding and pattern 

separation in the DG, which may suggest neurogenesis contributes to the cellular basis 

of learning and memory (Deng et al., 2010). In fact, new born neurons can integrate into 

the existing neural network where they show a decreased threshold for LTP (Schmidt-

Hieber et al., 2004). Thus, given the fact that exercise can modulate both neurogenesis 

and LTP, it is possible that the ability of exercise to prevent SD-induced E-LTP and L-LTP 

impairment in the DG area is in part due to damage-induced neurogenesis. However, 

the fact that regular exercise was also able to prevent SD-induced impairment in the 

CA1 area casts doubt on this explanation and implies the involvement of other 

mechanisms. 

5.3.2. Exercise and LTP 

Our results show that regular treadmill exercise in cognitively normal rats did not 

enhance either E-LTP or L-LTP in both CA1 and DG areas. However, it is widely accepted 

that moderate exercise exerts a positive influence on synaptic plasticity. In this respect, 

exercise is thought to increase BDNF availability, which has the ability to increase levels 

of downstream signaling molecules involved in LTP including P-CaMKII, P-CREB and P-

MAPK/ERK (Fig. 42). We have shown that acute SD is detrimental to hippocampal 
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synaptic plasticity; therefore, to understand how exercise modulates learning and 

memory we examined LTP, a physiological correlate of memory. 

5.3.3. Exercise prevents LTP impairment induced by sleep deprivation 

On the cellular level, regular exercise protects the CA1 and DG areas against the 

negative effects of SD. Interestingly, the present results show that the input/output 

relationship in the perforant path and Schaffer collateral synapses is slightly higher in 

the exercised groups compared to the control and sleep-deprived groups, which may 

suggest enhanced basal synaptic transmission in the exercised rats. In addition, the 

voltage required to evoke an action potential was significantly lower in the exercised 

groups than in the sedentary groups. This finding correlates with the trend toward 

increased basal levels of plasticity-related molecules (e.g. BDNF, CaMKII, CREB, CaMKIV, 

MAPK/ERK) observed in the exercised groups in comparison to the control and sleep-

deprived groups. BDNF is thought to play a significant role in enhancing synaptic 

function by increasing the efficacy of neurotransmitter release from the pre-synaptic 

terminal (Kang and Schuman, 1995). Indeed, blocking BDNF action at synapses induces 

synaptic fatigue and decreases synaptic vesicle proteins that carry and release 

neurotransmitters (Pozzo-Miller et al., 1999; Vaynman et al., 2006). Furthermore, BDNF 

signaling modulates synaptogenesis and axonal outgrowth, which may sub-serve the 

ability of exercise to enhance neuronal plasticity (Bramham and Messaoudi, 2005). Thus, 
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an enhanced input/output  relationship due to exercise is important as it could imply 

that regular exercise could enhance synaptic excitability and the synaptic machinery at 

the active zone, which in turn could set the stage for improved activity-dependent 

plasticity (i.e. LTP) and behavioral performance in the RAWM.  

The current study showed that regular exercise prevents 24 hour SD-induced 

impairment of E-LTP and L-LTP in both the CA1 and DG areas. This correlates with our 

behavioral results showing the same exercise regimen prevented spatial learning and 

memory impairment in the RAWM induced by the same period of sleep loss. This finding 

coincides with the enhanced basal synaptic transmission we observed in both CA1 and 

DG areas. This finding could further support the view that regular exercise develops the 

synaptic machinery possibly through BDNF modulation of CaMKII and CREB to increase 

the resilience of synapses to the fatigue of prolonged wakefulness. The decreased levels 

of signaling molecules both at baseline and during LTP expression attest to the 

detrimental effects of SD on plasticity-related signaling transduction. It is possible that 

the enhanced synaptic transmission in the exercised/sleep-deprived rats would 

translate to normalized LTP expression. In essence, the synapses being potentiated 

would have developed and expressed the necessary synaptic machinery and signaling 

molecules to withstand the SD-induced impairments in LTP.  

5.4. Signal Transduction Pathways: 
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Evidence supports two distinct phases of LTP in the hippocampus, the kinase 

dependent E-LTP and the protein-synthesis dependent L-LTP that are analogous to short-

term and long-term memory, respectively (Bliss and Collingridge, 1993). Pre-synaptic 

neurotransmitter release and Ca2+ influx triggers post-synaptic signaling cascades that, in 

turn, influence AMPA and NMDA receptors function critical to LTP induction. If enough 

activity is produced in the post-synaptic neuron, the signaling cascade reaches the 

nucleus where it can induce long lasting (protein synthesis-dependent) changes to the 

structure and function of the activated synapse. Calcineurin, CaMKII, CaMKIV, CREB, 

BDNF and MAPK all play integral roles in translating the initial influx of Ca2+ through the 

NMDA channel, into persistent changes in synaptic plasticity.  

5.4.1 CaMKII  

Much emphasis has been placed on kinase/phosphorylation cascades and in 

particular the role of Ca2+/calmodulin-dependent protein kinase II (CaMKII), which is 

considered the gatekeeper for LTP induction (Pettit et al., 1994). The negative impact 

that SD has on memory is thought to be mediated by deleterious changes in intracellular 

signaling indicated by the down-regulation of basal and stimulated P-CaMKII protein 

expression in both the CA1 and DG areas (Alhaider et al., 2010a). Other molecular 

studies support this conclusion showing that the expression and activation of CaMKII is 

impaired in the hippocampus after various durations of SD (Guzman-Marin et al., 2006; 



159 
 

Alhaider et al., 2010b). For instance, the expression of P-CaMKII during E-LTP is markedly 

decreased after 24 hours of SD whereas the level of calcineurin, which dephosphorylates 

CaMKII, is increased (Alhaider et al., 2010a; 2010b). In the present study, we measured 

the levels of P-CaMKII and total-CaMKII in exercised and/or sleep-deprived rats before 

and after LTP induction. Most notably, SD for 24 hours reduced the ratio of P-CaMKII: 

total CaMKII at basal and stimulated levels in the DG area, which may indicate that SD 

mainly hinders the phosphorylation process of CaMKII under these conditions. In the 

CA1 area however, the ratio of basal P-CaMKII: total CaMKII was largely unchanged 

across the groups, which may imply that SD primarily decreases P-CaMKII levels by 

decreasing overall synthesis of CaMKII. Decreased P-CaMKII as a result of SD has far-

reaching consequences on other molecules and receptors (e.g. AMPA and NMDA 

receptors) that ultimately lead to suppression of synaptic plasticity in the hippocampus 

(Chen et al., 2006; Hagewoud et al., 2010) . 

 Regular exercise positively modulates CaMKII protein expression (Kim et al., 

2009); combination with BDNF, a dual modulation is very likely to mediate the beneficial 

effect of exercise on learning and memory.  According to our findings, basal and 

stimulated levels of P-CaMKII were increased in the CA1 and DG areas after regular 

exercise. Therefore, exercise was able to prevent the SD-induced impairments in E-LTP 
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expression and short-term memory probably by increasing the basal and stimulated 

levels P-CaMKII.  

In the CA1 area, SD probably affects overall synthesis of CaMKII more at basal 

levels and the phosphorylation of CaMKII more during E-LTP expression. However, in the 

first case regular exercise may prevent SD-induced decreases in basal P-CaMKII levels by 

up-regulating BDNF and overall CaMKII synthesis, which would maintain production of 

P-CaMKII in the CA1 area  (Bramham and Messaoudi, 2005).  In the latter, regular 

exercise probably prevents the SD-induced increase in calcineurin levels observed 

during E-LTP, thus curtailing the dephosphorylation of CaMKII.  In the DG area, the P-

CaMKII: total CaMKII ratio is decreased at basal levels and during E-LTP in sleep-

deprived rats, which seems to implicate decreased phosphorylation of CaMKII more 

than overall CaMKII availability. Thus, regular exercise may prevent SD-induced 

decreases in basal P-CaMKII levels by up-regulating BDNF protein levels, which in turn, 

could maintain the production of P-CaMKII. In addition, as the DG area shows less 

endogenous calcineurin at basal levels in general, it is possible that exercise-induced 

BDNF restored P-CaMKII levels by decreasing calcineurin and curtailing 

dephosphorylation of CaMKII in the DG area (Alzoubi et al., 2005a) . 

The protein levels of total-CaMKII, when measured during expression of E-LTP, 

were increased in all stimulated groups, including the sleep deprivation group compared 

to the un-stimulated control group in both CA1 and DG areas. However, whereas the 
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stimulated control and exercised groups showed increased levels of P-CaMKII, HFS 

stimulation failed to increase the P-CaMKII levels in the stimulated sleep-deprived group, 

which may correlate with diminished LTP magnitude. The failure of repetitive 

stimulation to increase P-CaMKII levels in the sleep-deprived group was prevented by 

regular exercise. Together, the electrophysiological and molecular results stress the 

essential function of P-CaMKII in the expression of LTP, which is in agreement with 

previous findings (Malenka et al., 1989; Pettit et al., 1994; Thomas et al., 1994; Lledo et 

al., 1995). 

5.4.2 Calcineurin 

Calcineurin is an essential signaling molecule for the regulation of memory and 

synaptic plasticity via its role in dephosphorylating P-CaMKII. Evidence indicates that 

calcineurin reduces post-synaptic activity and impairs LTP in the hippocampus (Wang 

and Kelly, 1997; Winder et al., 1998). It has been reported that over-expression of 

calcineurin in the hippocampus impairs LTP (Winder et al., 1998) and that 

pharmacological inhibitors of calcineurin facilitate LTP in hippocampal slices (Wang 

and Kelly, 1997). Calcineurin exerts its action by suppressing natural inhibitor-1, which 

leads to stimulation of protein phosphatase 1 (PP1) (Mulkey et al., 1994). The 

activated PP1 dephosphorylates P-CaMKII, which results in memory impairment (Wang 
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and Kelly, 1997). Thus, calcineurin exerts a powerful effect on LTP and its signaling 

cascade at the neuronal level by maintaining a crucial balance with P-CaMKII.  

It is possible that increased phosphatase levels or activity both before and after 

stimulation could mediate the decreases in P-CaMKII and P-CREB expression, which 

eventually manifest as impairment in LTP and memory at the behavioral level (Wang et 

al., 2009; Alhaider et al., 2010b). However, the present findings indicated that protein 

levels of calcineurin in the total homogenate of the CA1 and DG areas were not affected 

by 24 hours of SD or exercise. Indeed, our findings indicated that basal calcineurin levels 

were similar in all the groups. Nevertheless, it is still possible that SD can increase 

phosphatase activity without affecting its expression levels as previously reported (Wang 

et al., 2009). Although we did not measure phosphatase activity in the present project, 

the possibility remains that SD may affect calcineurin phosphatase activity or the 

level/activity of another phosphatase (Wang et al., 2009). 

Additionally, calcineurin levels usually increase after tetanic stimulation probably 

to buffer against LTP saturation and allow for continuous learning (Alhaider et al., 

2010a).  In our findings, calcineurin levels significantly increased in the stimulated 

control and sleep-deprived groups but not in the stimulated exercised groups in both 

the CA1 and DG areas. The fact that HFS failed to increase calcineurin levels altogether 

in the exercised groups implies that calcineurin may be acting in a different capacity. For 
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instance, studies have shown that calcineurin has a higher affinity for Ca2+ than CaMKII 

and therefore acts as a “first responder” to initial Ca2+ influx, which is deactivated when 

a strong enough stimulus leads to increased intracellular Ca2+ in the post-synaptic 

neurons (Bito et al., 1996). In this respect, calcineurin could play a role in setting a 

stimulus threshold required for CREB-induced gene expression. In effect, calcineurin can 

act as a wall to protect against unnecessary CREB activation due to otherwise 

meaningless stimuli. Hence, only stimuli that are meaningful or exceed a certain 

threshold can produce lasting changes in neurotransmission, ensuring only relevant 

information is encoded and consolidated (Groth et al., 2003).  The finding that exercised 

rats failed to show an increase in calcineurin levels after HFS, could mean that the 

effects of exercise are not only limited to kinases (e.g. CaMKII) but could also include the 

BDNF-induced modulation of calcineurin levels to lower the stimulus threshold and 

facilitate memory encoding and consolidation. Inasmuch as calcineurin sets the 

threshold for what information should be stored, it is likely that calcineurin increases 

with HFS so as to limit what can be learned, as seen in both CA1 and DG areas of our 

control and sleep-deprived rats. Exercise could substantially lower this learning 

threshold by increasing BDNF availability, which would thereby lower calcineurin levels 

during learning or E-LTP and thereby facilitate the learning process and its underlying 

synaptic processes.   Although we did not measure calcineurin levels during L-LTP in the 

present study, it is possible that exercise could modulate calcineurin levels and/or 
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activity so as to work in parallel with other signaling molecules to initiate both short- 

and long-term changes in neuronal function and ultimately behavioral modification.   

5.4.3. BDNF  

BDNF is activity dependent (Mowla et al., 1999; Farhadi et al., 2000; Lu, 2003) 

and is  induced to differing degrees by  applying tetanic stimulation to the hippocampus 

(Balkowiec and Katz, 2000; Hartmann et al., 2001; Gartner and Staiger, 2002). The 

protein family of neurotrophins, including BDNF, is known to regulate neurogenesis and 

synaptogenesis in an activity dependent manner (Lewin and Barde, 1996; Huang and 

Reichardt, 2001). Indeed, accumulating evidence suggests that BDNF plays a critical role 

in hippocampal synaptic plasticity/LTP and spatial memory (Lessmann et al., 1994; Kang 

and Schuman, 1995; Figurov et al., 1996; Kesslak et al., 1998).  BDNF influences synaptic 

plasticity by raising the efficiency of synaptic transmission through activation of CaMKII 

and CREB (Finkbeiner et al., 1997; Boulanger and Poo, 1999a). Particularly in the 

hippocampus, BDNF enhances activation of CaMKII and CREB, probably by a mechanism 

that involves the release of Ca2+ from the internal stores through the TrkB 

receptor/phospholipase Cγ (PLCγ) pathway (Blanquet and Lamour, 1997; Finkbeiner et 

al., 1997; Minichiello et al., 2002). Upon binding to its TrkB receptors, BDNF activates 

the PLCγ signaling pathway to generate diacylglycerol (DAG) and inositol tri-phosphate 
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(IP3), and the latter releases Ca2+ from cytoplasmic stores, which activates CaMKII and 

eventually CREB.  

We examined BDNF availability before and after E-LTP and L-LTP expression in 

the CA1 and DG areas. In both of these areas, SD prevented the expected stimulation-

induced increase in BDNF levels whereas exercise prevented these deleterious effects of 

SD on BDNF expression.  

5.4.3.1 BDNF in E-LTP signal transduction: 

It is possible that SD impairs E-LTP by suppressing the increase of BDNF and P-

CaMKII at basal levels and after stimulation, which is prevented by regular exercise. 

Similarly, SD for 8 and 48 hour periods decreases the gene expression and the protein 

levels of BDNF in the hippocampus (Guzman-Marin et al., 2006). In our studies, the 

decreased basal levels of up-stream effectors such as BDNF in the CA1 and DG areas of 

sleep-deprived rats may be considered a contributing factor to the reduction of both P-

CaMKII and P-CREB basal levels. The SD-induced suppression of BDNF up-regulation 

after stimulation is indicative of decreased availability of extracellular BDNF and is 

consistent with previous findings (Alhaider et al., 2010a; 2010b,   2011). Our moderate 

exercise regimen was able to prevent the SD associated deleterious changes in BDNF 

expression at both basal and stimulated levels in the CA1 and DG areas.  Indeed, 

moderate exercise regimens have been shown to be beneficial in terms of increasing the 
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availability of key signaling molecules which are crucial to learning and memory in the 

hippocampus. For instance, anywhere from 3 days to 6 weeks voluntary or forced 

exercise induces an increase in BDNF gene expression (Molteni et al., 2002; Soya et al., 

2007; Chae et al., 2009). In addition, BDNF has been shown to improve memory and 

enhance E-LTP by increasing CaMKII availability and activity while decreasing levels of 

calcineurin (Boulanger and Poo, 1999b; Berchtold et al., 2005; Griffin et al., 2009). These 

findings are significant because they imply that exercise-induced BDNF expression could 

modulate synaptic plasticity in such a way as to condition hippocampal neurons to 

withstand SD associated insult.  For instance, BDNF can act pre-synaptically by 

increasing quantal release of glutamate and postsynaptically by enhancing NMDAR 

subunit functionality, thereby increasing calcium influx and promoting actin stabilization 

to enhance synaptic plasticity (Fig. 41) (Vasuta et al., 2007; Lista and Sorrentino, 2009). 

In our studies, it is possible that regular treadmill exercise increased both the basal and 

stimulated BDNF availability to levels above those of control and sleep-deprived rats, 

which in turn, may have prevented the SD-induced impairment of E-LTP.   
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Figure 41: Brain-derived neurotrophic factor (BDNF) is a natural candidate to mediate the benefits of 

exercise on synaptic plasticity. (a) BDNF is transported to synapses, where it positively modulates synaptic 

machinery to facilitate neurotransmission, participate in gene transcription, change synaptic morphology, 

and enhance neuronal resilience. BDNF transcription and protein expression increase in an activity-

dependent manner. (b) BDNF binds to the TrkB receptor pre-synaptically to modify transmitter release 

and post-synaptically to modify post-synaptic sensitivity, for example, via interaction with NMDA 

receptors (Levine and Kolb, 2000). Figure from (Cotman and Berchtold, 2002) 

 

5.4.3.2 BDNF and L-LTP signal transduction: 

Five hours after MHFS, the protein levels of BDNF were increased in the CA1 and 

DG areas of all stimulated groups with the exception of the stimulated sleep-deprived 

group, which indicated that regular exercise prevented the SD-induced decrease in 
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BDNF availability. It is well known that BDNF activates CREB-dependent protein 

synthesis, and that the BDNF gene is considered to be a target of CREB-induced 

transcription (Patterson et al., 1992; Finkbeiner et al., 1997; Shieh et al., 1998; Tao et al., 

1998). As a consequence, BDNF synthesis can be stimulated upon CREB activation 

during L-LTP, which supports our findings that the levels of BDNF and CREB were 

elevated in parallel in both exercised and exercised/sleep-deprived rats compared to 

those in both stimulated sleep-deprived and un-stimulated control rats in the CA1 and 

DG. Therefore, the failure of MHFS to enhance the BDNF levels in sleep-deprived rats 

and the significantly higher levels of BDNF in stimulated exercised/sleep-deprived rats 

may suggest that regular exercise exerts a protective effect on L-LTP expression 

mechanisms in the presence of SD in both CA1 and DG areas.   

5.4.3.3 BDNF modulates synaptic plasticity: 

Although some reports attribute a transitory function to BDNF during the 

induction and early maintenance phase of LTP (Kossel et al., 2001; Alhaider et al., 

2010a), it seems that up-regulation of BDNF by exercise is important in maintaining and 

developing the synaptic “machinery” required to produce activity-dependent plasticity 

and eventual memory consolidation (Fig. 41). Thus, the enhanced basal levels of BDNF, 

which persist in the hippocampus even well beyond the end of exercise, could serve to 

prime synapses for subsequent learning acquisition and memory consolidation 
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(Berchtold et al., 2005, 2010). In this respect, BDNF signaling is believed to play both 

permissive and instructive roles in modulating synaptic plasticity under basal conditions 

and in response to stimulation, respectively. The former implies a role for BDNF in 

inhibiting synaptic fatigue and setting the stage for LTP processes by facilitating vesicle 

trafficking (Xu et al., 2000; Berchtold et al., 2010) and neurotransmitter exocytosis 

(Thakker-Varia et al., 2001). For instance, under the direction of BDNF, exercise 

enhances the expression of key pre-synaptic molecules involved in synaptic transmission 

including synapsin-I and synaptophysin, which are involved in vesicle pool formation and 

synaptic vesicle formation and budding respectively (Vaynman et al., 2006). This 

permissive role coincides with our findings that increased BDNF availability at baseline 

may enhance basal synaptic function probably by decreasing the voltage required to 

evoke a response at both maximal and sub-maximal levels (Berchtold et al., 2010).  The 

instructive implies that BDNF, as a neuroexcitant, can ultimately produce long-lasting 

changes in synaptic plasticity by modulating intracellular calcium signaling to induce E-

LTP that will eventually lead to L-LTP. For instance, BDNF initiates CREB-induced 

transcription of immediate early genes (e.g. arc and zif268) (Messaoudi et al., 2002; Ying 

et al., 2002; Berchtold et al., 2010) and increases CaMKII synthesis in active synapses to 

mediate L-LTP expression (Frey and Morris, 1997; Steward, 1997).  
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In order to differentiate the activated synapses from the rest, BDNF is thought to 

set a synaptic tag at activated dendritic spines that can capture and regulate expression 

of stored CaMKII mRNA transcripts and translate them upon synaptic activity. This 

theory could support our findings that P-CaMKII and total-CaMKII levels increased one 

hour after HFS in the total homogenate of CA1 and DG areas in all groups except the 

sleep-deprived group (Kelleher et al., 2004). Furthermore, the P-CaMKII: T-CaMKII and 

P-CREB: T-CREB ratios in both CA1 and DG areas were significantly decreased in the 

sleep-deprived group, which suggested a deficit mainly in CaMKII phosphorylation is 

responsible. The fact that the two ratios in the exercised/sleep-deprived group are 

similar to those of control may suggest that increased BDNF availability in the CA1 and 

DG areas of these rats can help to maintain the production of P-CaMKII and P-CREB and 

positively affect memory and synaptic plasticity.  

The fact that exercise can prevent SD-induced impairments in both CA1 and DG 

areas is significant as the CA1 pyramidal cells are known to be more susceptible to a 

variety of insults than the DG granule cells, which may suggest that the benefits of 

exercise are not necessarily limited to the DG area as some reports suggested (van Praag 

et al., 1999b; Farmer et al., 2004; Cotman et al., 2007). 

As mentioned previously, we did not observe that our exercise regimen in 

normal rats produced an enhancement of cognition in either RAWM performance or E-
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LTP and L-LTP expression despite basal and stimulated BDNF levels being enhanced 

above those of control and sleep-deprived rats in the CA1 area for instance.  Contrary to 

our findings, studies using voluntary exercise found that animals that had increased 

BDNF availability and TrkB expression were significantly better at locating the hidden 

platform than controls in the MWM and RAWM tasks (Radecki et al., 2005; Berchtold et 

al., 2010). This benefit was subsequently eliminated when BDNF signaling was inhibited 

by injecting a TrkB-IgG chimera to block the action of BDNF on the TrkB receptor 

(Vaynman et al., 2006). Related to our finding, one week of forced treadmill exercise 

enhanced LTP in the DG area but did not affect spatial memory in cognitively normal 

rats despite increased BDNF protein expression; forced exercise regimens may be more 

restorative in the presence of an insult or impairment such as prenatal exposure to 

ethanol, ischemia, stroke or neurodegeneration (O'Callaghan et al., 2007). Similarly, 

another study reported that whereas hippocampal BDNF infusion protected against 

chronic restraint stress-induced impairments in spatial learning and memory and 

hippocampal LTP, it had no appreciable effect on these parameters in control rats 

(Radecki et al., 2005). Additionally, chronic nicotine treatment that increased BDNF 

levels in control animals failed to show a neuroenhancing effect in behavioral 

performance or on LTP expression (Aleisa et al., 2006d; Alzoubi et al., 2006b; Alhaider et 

al., 2010a). Altogether these findings support a neuroprotective role for regular exercise 

in our studies and that exercise-induced BDNF could exert its protective effects in a 
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need-dependent manner (i.e., when there is memory impairment). Alternatively, the 

possibility remains that the behavioral and electrophysiological tests utilized in this 

study may not be sensitive enough to detect the types of enhancements that are 

occurring at the cellular and behavioral levels. 

5.4.4. cAMP response element binding protein (CREB):  

CREB mediates the synthesis of proteins that are important for long-term 

synaptic plasticity and memory. The gene expression of CREB has been found to 

decrease after 8 and 48 hour periods of sleep loss in the hippocampus (Guzman-Marin 

et al., 2006). This reduction could be attributed to the significant decrease in the 

upstream modulators of CREB including MAPK/ERK and CaMKIV. In fact, it has been 

reported that sleep loss decreases the levels of  P-MAPK/ERK (Guan et al., 2004), which 

is consistent with our findings in both the CA1 and DG areas. In the present study, we 

found that sleep-deprived rats showed a significant trend in both CA1 and DG areas 

toward decreased basal protein levels of total-CREB and P-CREB compared to both 

exercised groups. Additionally, regular treadmill exercise not only prevented SD-induced 

decreases in the levels of total-CREB and P-CREB in the hippocampus but slightly 

enhanced their levels in normal rats as well. Coupled with the fact that the P-CREB: total 

CREB ratio was largely unchanged, it is likely that regular exercise induces P-CREB up-
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regulation by increasing the availability of overall CREB that can be phosphorylated by 

upstream signaling kinases (e.g. MAPK, PKA, CaMKIV etc.) in both the CA1 and DG areas. 

After expression of L-LTP, the levels of total-CREB were increased in all 

stimulated groups compared to un-stimulated control in the CA1 and DG areas. 

Although this MHFS-induced increase was slightly less in sedentary normal and sleep-

deprived rats. The inability of MHFS to increase the phosphorylation of CREB could be 

responsible for the impairment of L-LTP and long-term memory of sleep-deprived rats. 

Furthermore, 24 hours of SD decreased the P-CREB: total CREB ratio in both CA1 and DG 

areas of sleep-deprived rats five hours after MHFS. Our result therefore may indicate 

that prior regular exercise can prevent the SD-induced impaired phosphorylation 

process of CREB by up-regulating BDNF, which in turn, up-regulates CREB as well.  

5.4.5. CaMKIV and MAPK/ERK:  

CaMKIV and the MAPK/ERK have been implicated in long-term memory and LTP 

by virtue of their ability to activate CREB (Ho et al., 2000; Kang et al., 2001; Lonze and 

Ginty, 2002). Our results showed reduced basal protein levels of CaMKIV in the CA1 of 

the sleep deprived group, which may signify that reduced CaMKIV availability is a key 

factor in deranged CREB phosphorylation in the CA1. The fact that regular exercise can 

normalize the levels of CaMKIV in sleep-deprived rats means that exercise could 

contribute to normal CREB phosphorylation and intact L-LTP in the CA1. The role of 
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BDNF is implicit in these findings as it has been shown to positively modulate CaMKIV 

and CREB phosphorylation in an activity-dependent manner. However, unlike in the 

CA1, in the DG area the basal levels of CaMKIV were largely unchanged with SD and/or 

exercise. Interestingly after MHFS, the levels of CaMKIV were increased in all stimulated 

groups in the DG and CA1 area. Although regular exercise enhanced the stimulated 

levels of CaMKIV above the sleep-deprived group in the DG, this was not the case in the 

CA1. The levels of CaMKIV in the CA1 were similarly increased across the groups after 

MHFS, which is consistent with other area CA1 reports (Tokuda et al., 1997; Alhaider et 

al., 2011). This may imply that exercise influences the activity-dependent expression of 

CaMKIV in the DG area more than in the CA1, which emphasizes the role of CaMKIV in 

the expression of robust L-LTP in the DG of the hippocampus.  

We observed that P-MAPK/ERK basal expression was markedly increased in 

exercised rats compared to sleep-deprived rats, which is consistent with other reports 

(Shen et al., 2001; Ding et al., 2006a). There were no significant differences in the ratio 

of P-MAPK/ERK: total MAPK/ERK in either the CA1 or DG areas. Thus, it is possible that 

24 hours SD hinders the MAPK phosphorylation process and decreases the availability of 

activated MAPK due to increased calcineurin activity or decreased levels of other key 

activators such as BDNF, both of which are negatively altered during SD (Cirelli and 

Tononi, 2000; Guan et al., 2004). However the fact that the levels of P- and total-
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MAPK/ERK in the CA1 and DG areas were largely unchanged in control and sleep-

deprived rats could further suggest that the MAPK/ERK pathway may not be particularly 

influenced by 24 hour SD as much as it is by our exercise regimen. Indeed, exercise 

seems to be able to influence MAPK/ERK and its relevant downstream signaling targets 

(e.g. BDNF) to modulate synaptic plasticity even in the presence of SD-induced 

impairment (Chae et al., 2009). Yet, as MAPK/ERK activation is highly regulated by 

several neuromodulators ranging from trophic factors to monoamines, it is difficult to 

segregate the pathways by which exercise and/or SD influence the expression of P-

MAPK/ERK. One possibility is that SD can decrease P-MAPK/ERK levels by disrupting 

BDNF expression (Guzman-Marin et al., 2006; Ravassard et al., 2009). This finding could 

implicate BDNF in the ability of exercise to increase P-MAPK/ERK levels as others 

reported (Shen et al., 2001; Ding et al., 2006a). However, there is some discrepancy in 

the timeline of events that precede exercised-induced elevations in BDNF and 

MAPK/ERK. For instance, some studies reported decreases in P-MAPK/ERK after 1 week 

of exercise (Hu et al., 2009) while others showed sustained elevations up to 1 month 

after the end of exercise (Shen et al., 2001). One possible explanation is that the initial 

period of exercise can activate various feedback mechanisms that exert deleterious 

effects due to stress including: induction of heat shock proteins (Ding et al., 2006b) and 

release of corticosteroids (Stranahan et al., 2008). In this regard, it is likely that after 4 

weeks of treadmill exercise, the brain can move past this initial stressful period so that 
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exercised-induced BDNF is able to effectively sustain levels of MAPK/ERK to ensure 

sufficient CREB activation in the presence of SD-induced L-LTP impairment.  

5.5. How does exercise protect against sleep deprivation-induced memory impairment 

in hippocampus? 

To answer this question one must ask what the role of sleep is in memory and 

how exercise can condition the brain to withstand or compensate for the loss of sleep. 

There is growing body of evidence that claims sleep plays a critical role in 

consolidating memories that had been previously encoded during wakefulness. The 

mechanism behind the consolidation of previously encoded information is thought to 

require a synaptic tag of unknown identity that is set at previously activated synapses 

during learning. Upon subsequent sleep, the tag would capture pre-existing gene 

transcripts from the cell body of the neuron and translates them into various proteins 

involved in synaptic plasticity such as protein kinases, cytoskeletal scaffolding proteins, 

AMPA receptors etc. (Frey and Morris, 1998).  Thus, these gene transcripts are left over 

from previous wakefulness (learning) to be picked up by polyribosomes in or near active 

synapses which translate these transcripts into proteins that mediate plasticity, allowing 

the transition from short-term memory (E-LTP) to long-term memory (L-LTP) to occur 

(Fig. 7) (Reymann and Frey, 2007).  
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With loss of sleep, the efficient consolidation and restructuring of information 

stored in previously activated synaptic networks is not able to proceed to completion 

and is ultimately lost, resulting in disrupted memory. This disruption is most detrimental 

in the hippocampus which plays a major role in encoding and consolidating temporary 

information and gradually transferring it to higher brain regions such as the cortex 

during sleep. Although the precise mechanism by which regular exercise prevents the 

deleterious effects of SD on memory and LTP is not clearly understood, neurotrophins 

such as BDNF possess most of the properties that could mediate the effects of exercise 

on neuronal transmission and connectivity as well as activity-dependent plasticity. 

Considerable evidence has shown that exercise, through BDNF, can act on key players in 

the brain’s biochemical machinery responsible for synaptic plasticity (Fig. 42). Exercise 

induces the expression of a wide array of plasticity-related genes (e.g. BDNF and IEGs) 

which may prepare synapses structurally and functionally so as to facilitate activity 

dependent plasticity in the presence of sleep-deprivation-induced insult. Specifically, 

emerging evidence suggests that exercise is able to up-regulate BDNF by engaging 

aspects of epigenetic regulation. Specifically, exercise is thought to influence DNA 

methylation so as to facilitate access to the bdnf gene promoter IV region without any 

changes to the intrinsic DNA sequence. Transcription involving promoter IV is 

dependent on neural activity and is thought to mediate synaptic plasticity and learning 

and memory processes (Feng et al., 2007). Exercise has been shown to promote 
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chromatin remodeling to increase bdnf gene expression and ultimately enhance 

cognitive abilities (Gomez-Pinilla et al., 2010). This finding could provide mechanistic 

insight in to our result as well as others showing that regular exercise up-regulates and 

maintains BDNF protein availability in the hippocampus to influence cognitive function 

(Farmer et al., 2004; Vaynman et al., 2004a; Berchtold et al., 2005; 2010). 

The protective mechanism of 4 weeks of prior treadmill regular exercise against 

SD-induced E-LTP and L-LTP impairment may involve increasing BDNF availability in the 

hippocampus, which through its modulatory effects can enhance activity of various 

signaling pathways to ultimately prevent the decrease in the levels of P-CaMKII and P-

CREB in sleep-deprived rats (Fig. 42). Similarly, exercise is generally considered to 

alleviate stress, depression and anxiety in humans, which could be due to a 

compensatory increase in BDNF availability (Cotman and Berchtold, 2002). Stress, like 

sleep deprivation, disrupts homeostasis and is detrimental to cognitive function in 

animals because of increases in corticosterone levels that down-regulate BDNF 

expression (Schaaf et al., 1999) and impair neuronal plasticity (Woolley et al., 1990). 

However, using a design similar to our own, at least one study using a forced-swimming 

paradigm has shown that one week of prior voluntary exercise attenuates stress-

induced BDNF mRNA down-regulation and improves behavioral measures of stress 

(Russo-Neustadt et al., 2000).  
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Additionally, exercise-induced increases in BDNF could initially decrease the 

threshold required for LTP induction or information encoding and storage by preventing 

the HFS/learning-induced increase in calcineurin levels. In this regard, exercise-induced 

BDNF could then proceed to facilitate synaptic plasticity by increasing the levels of 

subsequent rate-limiting kinases (i.e. CaMKII) as well as regulators (e.g. MAPK/ERK, 

CaMKIV, PKA), which are able to more effectively activate CREB related gene expression 

(Fig. 42). Indeed the fact that regular exercise can induce sustained increases in P-CREB 

and MAPK/ERK that last well beyond the end of exercise is consistent with how BDNF 

levels can remain elevated for weeks after exercise (Shen et al., 2001; Berchtold et al., 

2005; 2010) This finding further supports that CREB-mediated BDNF expression serves a 

positive feedback function to maintain elevated CREB levels throughout the exercise 

period (Shen et al., 2001; Berchtold et al., 2010). Thus, the most plausible explanation is 

that exercise preconditions the brain by inducing a sustained increase in BDNF and its 

downstream effectors during SD, which acts as a buffer against impaired synaptic 

plasticity and memory. 

Our studies show that exercise has a potentially potent pre-conditioning effect 

on brain function and structure, which agrees with other literature showing that 

exercise can ameliorate and condition the brain to withstand neurodegenerative and 

ischemic insults (Ding et al., 2004; Albeck et al., 2006; Nichol et al., 2007). These findings 
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could be extrapolated to human conditions requiring the maintenance of situational 

awareness during times when sleep is not a viable option, for instance with soldiers, 

pilots or doctors. The basis of situational awareness is dependent on fast and accurate 

cognition as well as attention to detail (Belenky, 2005). Sleep deprivation hinders both 

the ability to acquire and consolidate new information in neuronal networks and 

thereby impairs situational awareness and puts the sleepless individual at risk for 

making inaccurate decisions, fatigue and schematic thinking (Belenky, 2005; Christie et 

al., 2008; Walker, 2008; Orzel-Gryglewska, 2010). Psycho stimulants can alleviate these 

effects for only limited periods before dose-limiting adverse effects become apparent 

(Bonnet et al., 2005). However, individuals placed in any occupation are able to more 

easily incorporate exercise into their daily routine or training as it is relatively 

innocuous, non-addictive activity that is generally beneficial to overall cardiovascular 

and metabolic health (Caspersen et al., 1985; Cotman et al., 2007; Horowitz, 2007). 

Thus, regular moderate exercise starting from adolescence may provide these sleepless 

individuals with the proper conditioning to maintain peak cognitive performance during 

a period of sleep loss.  
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Figure 42: The proposed mechanism by which BDNF exerts it effects on E-LTP and L-LTP signaling 
cascades. The scheme shows the effect of BDNF on the levels of key upstream regulators of CaMKII and 
CREB, which mediate E-LTP and L-LTP, respectively. Regular exercise prior to SD increases BDNF 
availability which by activating the TrkB receptor can(yellow/red arrow) protects against the changes in 
the CaMKII and CREB in the sleep-deprived rats, by facilitating  Ca

2+
-mediated in normal E-LTP and L-LTP in 

CA1 and DG areas of the hippocampus (modified from Voglis and Tavernarakis, 2006). 
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6. SUMMARY AND CONCLUSIONS 

1. Under our experimental conditions, regular exercise alone has no significant 

effect on learning and memory in normal animals. However, 4 weeks of regular 

exercise prevents the deleterious effect of sleep deprivation on learning, short-

term memory, and long-term memory. These results support our view that our 

forced exercise regimen exerts its beneficial effects only in the presence of 

existing memory impairment. Therefore, our regimen of regular treadmill 

exercise seems to be neuroprotective rather than neuroenhancing to memory 

function. 

2. Regular exercise prevents sleep deprivation-induced reduction of the basal levels 

of CaMKII (total and phosphorylated), and BDNF. The reduction in the basal 

levels of P-CaMKII may be due to sleep deprivation-induced reduction in BDNF. 

Regular exercise can prevent SD-induced impairment of P-CaMKII by increasing 

BDNF, which in turn, enhances overall synaptic CaMKII synthesis and maintains 

the production of P-CaMKII in the CA1 and DG areas. Also, the basal synaptic 

function in the CA1 and DG areas of exercised rats shows a trend toward 

enhanced transmission especially at higher voltage intensities, which implies that 

exercise-induced BDNF is able to prime synapses for activity dependent 

plasticity. 
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3. The present findings indicate that protein levels of calcineurin in the total 

homogenate of the CA1 and DG areas are not affected by 24 hours of sleep 

deprivation. However, the possibility remains that sleep deprivation may affect 

calcineurin activity without affecting its levels, or it may act by affecting the 

level/activity of other phosphatases.  

4. On the cellular level, our results show that 4 weeks of regular treadmill exercise 

protects against sleep deprivation-induced E-LTP impairment in the CA1 and DG 

areas. Sleep-deprived rats showed suppressed E-LTP probably due to the failure 

of HFS to significantly increase protein levels of P-CaMKII in the total 

homogenate of CA1 and DG areas. Calcineurin levels were elevated in the sleep-

deprived and control rats but failed to increase in exercised rats one hour after 

HFS. We propose that exercise-induced BDNF is able to decrease calcineurin 

levels and facilitate learning and E-LTP induction. These alterations in signaling 

molecules involved in E-LTP correlate with BDNF availability, which was 

diminished in sleep-deprived rats and enhanced in exercised rats. Therefore, we 

propose that regular exercise is beneficial during E-LTP expression at the cellular 

level due to its ability to enhance BDNF availability and prevent the SD-induced 

imbalance in P-CaMKII and calcineurin. 
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5. Sleep deprivation reduces the basal levels of P-CREB in CA1 and DG areas of the 

hippocampus. This reduction in the basal levels of P-CREB could be due to a 

combination of sleep deprivation-induced reduction in overall CREB synthesis 

and reduction of upstream modulators such as CaMKIV and MAPK/ERK. Regular 

exercise normalizes the basal levels of both P- and total CREB and the levels of 

upstream regulators of CREB (CaMKIV and MAPK/ERK) in sleep-deprived animals. 

We propose that exercise-induced BDNF may be responsible for maintaining 

overall CREB and P-CREB synthesis, ultimately leading to normal long-term 

memory as well as normal L-LTP expression in exercised/ sleep-deprived rats.  

6. Five hours after MHFS, there is a significant increase in the levels of total CREB, 

and CaMKIV in the CA1 and DG areas of all stimulated groups. After MHFS, the 

levels of P-CREB and BDNF, which are important for the expression of L-LTP in the 

CA1 and DG areas, increase in control and exercised rats, but fail to increase in 

sleep-deprived rats. This finding suggests that sleep deprivation reduces the 

levels of key signaling molecules (e.g. BDNF, CaMKIV, and CREB) resulting in 

impairment of L-LTP expression. However, sleep-deprived rats that were 

exercised showed robust L-LTP after MHFS, which correlated with increases in 

the levels of BDNF, P-CREB and CaMKIV. 
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7. Altogether, the current study provides an important insight into the cellular and 

molecular mechanisms of how regular exercise conditions and protects the 

hippocampus against spatial memory impairment associated with 24 hour sleep 

deprivation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



186 
 

7. REFERENCES  

 

(CDC)., C. f. D. C. a. P. (Effect of short sleep duration on daily activities --- United States, 2005--
2008. MMWR. Morb. Mortal. Wkly. Rep. 60:239-242.2011). 

Abel, T. and Kandel, E. (Positive and negative regulatory mechanisms that mediate long-term 
memory storage. Brain Res Brain Res Rev 26:360-378.1998). 

Abel, T., Martin, K. C., Bartsch, D. and Kandel, E. R. (Memory suppressor genes: inhibitory 
constraints on the storage of long-term memory. Science (New York, N.Y 279:338-
341.1998). 

Akaneya, Y., Tsumoto, T., Kinoshita, S. and Hatanaka, H. (Brain-derived neurotrophic factor 
enhances long-term potentiation in rat visual cortex. J Neurosci 17:6707-6716.1997). 

Alamed, J., Wilcock, D. M., Diamond, D. M., Gordon, M. N. and Morgan, D. (Two-day radial-arm 
water maze learning and memory task; robust resolution of amyloid-related memory 
deficits in transgenic mice. Nat Protoc 1:1671-1679.2006). 

Alarcon, J. M., Malleret, G., Touzani, K., Vronskaya, S., Ishii, S., Kandel, E. R. and Barco, A. 
(Chromatin acetylation, memory, and LTP are impaired in CBP+/- mice: a model for 
the cognitive deficit in Rubinstein-Taybi syndrome and its amelioration. Neuron 
42:947-959.2004). 

Albeck, D. S., Sano, K., Prewitt, G. E. and Dalton, L. (Mild forced treadmill exercise enhances 
spatial learning in the aged rat. Behav Brain Res 168:345-348.2006). 

Aleisa, A. M., Alzoubi, K. H. and Alkadhi, K. A. (Chronic but not acute nicotine treatment reverses 
stress-induced impairment of LTP in anesthetized rats. Brain research 1097:78-
84.2006a). 

Aleisa, A. M., Alzoubi, K. H. and Alkadhi, K. A. (Nicotine prevents stress-induced enhancement of 
long-term depression in hippocampal area CA1: electrophysiological and molecular 
studies. J Neurosci Res 83:309-317.2006b). 

Aleisa, A. M., Alzoubi, K. H. and Alkadhi, K. A. (Post-learning REM sleep deprivation impairs long-
term memory: Reversal by acute nicotine treatment. Neurosci Lett 499:28-31.2011). 

Aleisa, A. M., Alzoubi, K. H., Gerges, N. Z. and Alkadhi, K. A. (Chronic psychosocial stress-induced 
impairment of hippocampal LTP: possible role of BDNF. Neurobiol Dis 22:453-
462.2006c). 

Aleisa, A. M., Alzoubi, K. H., Gerges, N. Z. and Alkadhi, K. A. (Nicotine blocks stress-induced 
impairment of spatial memory and long-term potentiation of the hippocampal CA1 
region. Int J Neuropsychopharmacol 9:417-426.2006d). 

Alhaider, I. A., Aleisa, A. M., Tran, T. T. and Alkadhi, K. A. (Caffeine prevents sleep loss-induced 
deficits in long-term potentiation and related signaling molecules in the dentate 
gyrus. Eur J Neurosci 31:1368-1376.2010b). 

Alhaider, I. A., Aleisa, A. M., Tran, T. T. and Alkadhi, K. A. (Sleep deprivation prevents 
stimulation-induced increases of levels of P-CREB and BDNF: protection by caffeine. 
Mol Cell Neurosci 46:742-751.2011). 



187 
 

Alhaider, I. A., Aleisa, A. M., Tran, T. T., Alzoubi, K. H. and Alkadhi, K. A. (Chronic caffeine 
treatment prevents sleep deprivation-induced impairment of cognitive function and 
synaptic plasticity. Sleep 33:437-444.2010a). 

Alonso, M., Vianna, M. R., Depino, A. M., Mello e Souza, T., Pereira, P., Szapiro, G., Viola, H., 
Pitossi, F., Izquierdo, I. and Medina, J. H. (BDNF-triggered events in the rat 
hippocampus are required for both short- and long-term memory formation. 
Hippocampus 12:551-560.2002). 

Alzoubi, K. H., Abdul-Razzak, K. K., Khabour, O. F., Al-Tuweiq, G. M., Alzubi, M. A. and Alkadhi, K. 
A. (Adverse effect of combination of chronic psychosocial stress and high fat diet on 
hippocampus-dependent memory in rats. Behavioural brain research 204:117-
123.2009a). 

Alzoubi, K. H., Aleisa, A. M. and Alkadhi, K. A. (Impairment of long-term potentiation in the CA1, 
but not dentate gyrus, of the hippocampus in Obese Zucker rats: role of calcineurin 
and phosphorylated CaMKII. J Mol Neurosci 27:337-346.2005a). 

Alzoubi, K. H., Aleisa, A. M. and Alkadhi, K. A. (Molecular studies on the protective effect of 
nicotine in adult-onset hypothyroidism-induced impairment of long-term 
potentiation. Hippocampus 16:861-874.2006a). 

Alzoubi, K. H., Aleisa, A. M. and Alkadhi, K. A. (Adult-onset hypothyroidism facilitates and 
enhances LTD: reversal by chronic nicotine treatment. Neurobiol Dis 26:264-
272.2007a). 

Alzoubi, K. H., Aleisa, A. M. and Alkadhi, K. A. (Nicotine prevents disruption of the late phase 
LTP-related molecular cascade in adult-onset hypothyroidism. Hippocampus 17:654-
664.2007b). 

Alzoubi, K. H., Aleisa, A. M., Gerges, N. Z. and Alkadhi, K. A. (Nicotine reverses adult-onset 
hypothyroidism-induced impairment of learning and memory: Behavioral and 
electrophysiological studies. J Neurosci Res 84:944-953.2006b). 

Alzoubi, K. H. and Alkadhi, K. A. (A critical role of CREB in the impairment of late-phase LTP by 
adult onset hypothyroidism. Exp Neurol 203:63-71.2007). 

Alzoubi, K. H., Gerges, N. Z., Aleisa, A. M. and Alkadhi, K. A. (Levothyroxin restores 
hypothyroidism-induced impairment of hippocampus-dependent learning and 
memory: Behavioral, electrophysiological, and molecular studies. Hippocampus 
19:66-78.2009b). 

Alzoubi, K. H., Gerges, N. Z. and Alkadhi, K. A. (Levothyroxin restores hypothyroidism-induced 
impairment of LTP of hippocampal CA1: electrophysiological and molecular studies. 
Exp Neurol 195:330-341.2005b). 

Amaral, D. G. and Witter, M. P. (The three-dimensional organization of the hippocampal 
formation: a review of anatomical data. Neuroscience 31:571-591.1989). 

An, J. J., Gharami, K., Liao, G. Y., Woo, N. H., Lau, A. G., Vanevski, F., Torre, E. R., Jones, K. R., 
Feng, Y., Lu, B. and Xu, B. (Distinct role of long 3' UTR BDNF mRNA in spine 
morphology and synaptic plasticity in hippocampal neurons. Cell 134:175-187.2008). 



188 
 

Anderson, B. J., Rapp, D. N., Baek, D. H., McCloskey, D. P., Coburn-Litvak, P. S. and Robinson, J. K. 
(Exercise influences spatial learning in the radial arm maze. Physiol Behav 70:425-
429.2000). 

Ang, E. T., Dawe, G. S., Wong, P. T., Moochhala, S. and Ng, Y. K. (Alterations in spatial learning 
and memory after forced exercise. Brain Res 1113:186-193.2006). 

Ang, E. T. and Gomez-Pinilla, F. (Potential therapeutic effects of exercise to the brain. Curr Med 
Chem 14:2564-2571.2007). 

Arvidsson, A., Kokaia, Z. and Lindvall, O. (N-methyl-D-aspartate receptor-mediated increase of 
neurogenesis in adult rat dentate gyrus following stroke. Eur J Neurosci 14:10-
18.2001). 

Ascher, P. and Nowak, L. (The role of divalent cations in the N-methyl-D-aspartate responses of 
mouse central neurones in culture. J Physiol 399:247-266.1988). 

Astur, R. S., Taylor, L. B., Mamelak, A. N., Philpott, L. and Sutherland, R. J. (Humans with 
hippocampus damage display severe spatial memory impairments in a virtual Morris 
water task. Behavioural brain research 132:77-84.2002). 

Bailey, C. H., Bartsch, D. and Kandel, E. R. (Toward a molecular definition of long-term memory 
storage. Proceedings of the National Academy of Sciences of the United States of 
America 93:13445-13452.1996). 

Balkowiec, A. and Katz, D. M. (Activity-dependent release of endogenous brain-derived 
neurotrophic factor from primary sensory neurons detected by ELISA in situ. J 
Neurosci 20:7417-7423.2000). 

Barco, A., Alarcon, J. M. and Kandel, E. R. (Expression of constitutively active CREB protein 
facilitates the late phase of long-term potentiation by enhancing synaptic capture. 
Cell 108:689-703.2002). 

Barco, A., Bailey, C. H. and Kandel, E. R. (Common molecular mechanisms in explicit and implicit 
memory. J Neurochem 97:1520-1533.2006). 

Barco, A., Patterson, S., Alarcon, J. M., Gromova, P., Mata-Roig, M., Morozov, A. and Kandel, E. 
R. (Gene expression profiling of facilitated L-LTP in VP16-CREB mice reveals that 
BDNF is critical for the maintenance of LTP and its synaptic capture. Neuron 48:123-
137.2005). 

Barde, Y. A. (Neurotrophins: a family of proteins supporting the survival of neurons. Prog Clin 
Biol Res 390:45-56.1994). 

Barnes, C. A. (Spatial learning and memory processes: the search for their neurobiological 
mechanisms in the rat. Trends Neurosci 11:163-169.1988). 

Barnes, C. A., Forster, M. J., Fleshner, M., Ahanotu, E. N., Laudenslager, M. L., Mazzeo, R. S., 
Maier, S. F. and Lal, H. (Exercise does not modify spatial memory, brain 
autoimmunity, or antibody response in aged F-344 rats. Neurobiol Aging 12:47-
53.1991). 

Barria, A., Muller, D., Derkach, V., Griffith, L. C. and Soderling, T. R. (Regulatory phosphorylation 
of AMPA-type glutamate receptors by CaM-KII during long-term potentiation. 
Science (New York, N.Y 276:2042-2045.1997). 



189 
 

Bekinschtein, P., Cammarota, M., Katche, C., Slipczuk, L., Rossato, J. I., Goldin, A., Izquierdo, I. 
and Medina, J. H. (BDNF is essential to promote persistence of long-term memory 
storage. Proceedings of the National Academy of Sciences of the United States of 
America 105:2711-2716.2008). 

Belenky, G., Wesensten, N. J., Thorne, D. R., Thomas, M. L., Sing, H. C., Redmond, D. P., Russo, 
M. B. and Balkin, T. J. (Patterns of performance degradation and restoration during 
sleep restriction and subsequent recovery: a sleep dose-response study. J Sleep Res 
12:1-12.2003). 

Berchtold, N. C., Castello, N. and Cotman, C. W. (Exercise and time-dependent benefits to 
learning and memory. Neuroscience 167:588-597.2010). 

Berchtold, N. C., Chinn, G., Chou, M., Kesslak, J. P. and Cotman, C. W. (Exercise primes a 
molecular memory for brain-derived neurotrophic factor protein induction in the rat 
hippocampus. Neuroscience 133:853-861.2005). 

Bito, H., Deisseroth, K. and Tsien, R. W. (CREB phosphorylation and dephosphorylation: a Ca(2+)- 
and stimulus duration-dependent switch for hippocampal gene expression. Cell 
87:1203-1214.1996). 

Bito, H., Deisseroth, K. and Tsien, R. W. (Ca2+-dependent regulation in neuronal gene 
expression. Curr Opin Neurobiol 7:419-429.1997). 

Bjorness, T. E., Riley, B. T., Tysor, M. K. and Poe, G. R. (REM restriction persistently alters 
strategy used to solve a spatial task. Learning & memory (Cold Spring Harbor, N.Y 
12:352-359.2005). 

Blanquet, P. R. and Lamour, Y. (Brain-derived neurotrophic factor increases Ca2+/calmodulin-
dependent protein kinase 2 activity in hippocampus. J Biol Chem 272:24133-
24136.1997). 

Bliss, T. V. and Collingridge, G. L. (A synaptic model of memory: long-term potentiation in the 
hippocampus. Nature 361:31-39.1993). 

Blissitt, P. A. (Sleep, memory, and learning. J Neurosci Nurs 33:208-215.2001). 
Blitzer, R. D., Iyengar, R. and Landau, E. M. (Postsynaptic signaling networks: cellular cogwheels 

underlying long-term plasticity. Biol Psychiatry 57:113-119.2005). 
Blum, S., Moore, A. N., Adams, F. and Dash, P. K. (A mitogen-activated protein kinase cascade in 

the CA1/CA2 subfield of the dorsal hippocampus is essential for long-term spatial 
memory. J Neurosci 19:3535-3544.1999). 

Blustein, J. E., McLaughlin, M. and Hoffman, J. R. (Exercise effects stress-induced analgesia and 
spatial learning in rats. Physiol Behav 89:582-586.2006). 

Bohannon, R. W. (Physical rehabilitation in neurologic diseases. Curr Opin Neurol 6:765-
772.1993). 

Bolshakov, V. Y., Golan, H., Kandel, E. R. and Siegelbaum, S. A. (Recruitment of new sites of 
synaptic transmission during the cAMP-dependent late phase of LTP at CA3-CA1 
synapses in the hippocampus. Neuron 19:635-651.1997). 

Bonnet, M. H., Balkin, T. J., Dinges, D. F., Roehrs, T., Rogers, N. L. and Wesensten, N. J. (The use 
of stimulants to modify performance during sleep loss: a review by the sleep 



190 
 

deprivation and Stimulant Task Force of the American Academy of Sleep Medicine. 
Sleep 28:1163-1187.2005). 

Boulanger, L. and Poo, M. M. (Gating of BDNF-induced synaptic potentiation by cAMP. Science 
(New York, N.Y 284:1982-1984.1999a). 

Boulanger, L. M. and Poo, M. M. (Presynaptic depolarization facilitates neurotrophin-induced 
synaptic potentiation. Nat Neurosci 2:346-351.1999b). 

Bourtchuladze, R., Frenguelli, B., Blendy, J., Cioffi, D., Schutz, G. and Silva, A. J. (Deficient long-
term memory in mice with a targeted mutation of the cAMP-responsive element-
binding protein. Cell 79:59-68.1994). 

Bramham, C. R. and Messaoudi, E. (BDNF function in adult synaptic plasticity: the synaptic 
consolidation hypothesis. Prog Neurobiol 76:99-125.2005). 

Bryson, D. and Schacher, S. (Behavioral analysis of mammalian sleep and learning. Perspect Biol 
Med 13:71-79.1969). 

Buhot, M. C., Wolff, M., Benhassine, N., Costet, P., Hen, R. and Segu, L. (Spatial learning in the 5-
HT1B receptor knockout mouse: selective facilitation/impairment depending on the 
cognitive demand. Learning & memory (Cold Spring Harbor, N.Y 10:466-477.2003). 

Buresova, O., Bures, J., Oitzl, M. S. and Zahalka, A. (Radial maze in the water tank: an aversively 
motivated spatial working memory task. Physiol Behav 34:1003-1005.1985). 

Burgess, N., Maguire, E. A. and O'Keefe, J. (The human hippocampus and spatial and episodic 
memory. Neuron 35:625-641.2002). 

Cai, D. J., Shuman, T., Gorman, M. R., Sage, J. R. and Anagnostaras, S. G. (Sleep selectively 
enhances hippocampus-dependent memory in mice. Behav Neurosci 123:713-
719.2009). 

Cajal, R. y. (Histologie du systeme nerveux de Phomme et des vetbres. Paris: Maloine 2.1911). 
Campbell, I. G., Guinan, M. J. and Horowitz, J. M. (Sleep deprivation impairs long-term 

potentiation in rat hippocampal slices. Journal of neurophysiology 88:1073-
1076.2002). 

Cantero, J. L., Atienza, M., Stickgold, R., Kahana, M. J., Madsen, J. R. and Kocsis, B. (Sleep-
dependent theta oscillations in the human hippocampus and neocortex. J Neurosci 
23:10897-10903.2003). 

Caspersen, C. J., Powell, K. E. and Christenson, G. M. (Physical activity, exercise, and physical 
fitness: definitions and distinctions for health-related research. Public Health Rep 
100:126-131.1985). 

Castren, E., Pitkanen, M., Sirvio, J., Parsadanian, A., Lindholm, D., Thoenen, H. and Riekkinen, P. 
J. (The induction of LTP increases BDNF and NGF mRNA but decreases NT-3 mRNA in 
the dentate gyrus. Neuroreport 4:895-898.1993). 

Chae, C. H., Jung, S. L., An, S. H., Park, B. Y., Wang, S. W., Cho, I. H., Cho, J. Y. and Kim, H. T. 
(Treadmill exercise improves cognitive function and facilitates nerve growth factor 
signaling by activating mitogen-activated protein kinase/extracellular signal-
regulated kinase1/2 in the streptozotocin-induced diabetic rat hippocampus. 
Neuroscience 164:1665-1673.2009). 



191 
 

Chapman, P. F., White, G. L., Jones, M. W., Cooper-Blacketer, D., Marshall, V. J., Irizarry, M., 
Younkin, L., Good, M. A., Bliss, T. V., Hyman, B. T., Younkin, S. G. and Hsiao, K. K. 
(Impaired synaptic plasticity and learning in aged amyloid precursor protein 
transgenic mice. Nature neuroscience 2:271-276.1999). 

Chen, C., Hardy, M., Zhang, J., LaHoste, G. J. and Bazan, N. G. (Altered NMDA receptor trafficking 
contributes to sleep deprivation-induced hippocampal synaptic and cognitive 
impairments. Biochem Biophys Res Commun 340:435-440.2006). 

Christie, M. A., McKenna, J. T., Connolly, N. P., McCarley, R. W. and Strecker, R. E. (24 hours of 
sleep deprivation in the rat increases sleepiness and decreases vigilance: 
introduction of the rat-psychomotor vigilance task. J Sleep Res 17:376-384.2008). 

Cirelli, C. and Tononi, G. (Gene expression in the brain across the sleep-waking cycle. Brain Res 
885:303-321.2000). 

Citri, A. and Malenka, R. C. (Synaptic plasticity: multiple forms, functions, and mechanisms. 
Neuropsychopharmacology 33:18-41.2008). 

Coenen, A. M. and Van Hulzen, Z. J. (Paradoxical sleep deprivation in animal studies: some 
methodological considerations. Prog Brain Res 53:325-330.1980). 

Cohen, N. J. and Squire, L. R. (Preserved learning and retention of pattern-analyzing skill in 
amnesia: dissociation of knowing how and knowing that. Science (New York, N.Y 
210:207-210.1980). 

Colombo, P. J., Brightwell, J. J. and Countryman, R. A. (Cognitive strategy-specific increases in 
phosphorylated cAMP response element-binding protein and c-Fos in the 
hippocampus and dorsal striatum. J Neurosci 23:3547-3554.2003). 

Conquet, F., Bashir, Z. I., Davies, C. H., Daniel, H., Ferraguti, F., Bordi, F., Franz-Bacon, K., 
Reggiani, A., Matarese, V., Conde, F. and et al. (Motor deficit and impairment of 
synaptic plasticity in mice lacking mGluR1. Nature 372:237-243.1994). 

Cotman, C. W. and Berchtold, N. C. (Exercise: a behavioral intervention to enhance brain health 
and plasticity. Trends Neurosci 25:295-301.2002). 

Cotman, C. W., Berchtold, N. C. and Christie, L. A. (Exercise builds brain health: key roles of 
growth factor cascades and inflammation. Trends Neurosci 30:464-472.2007). 

Curtis, D. R. and Lodge, D. (Pentobarbitone enhancement of the inhibitory action of GABA. 
Nature 270:543-544.1977). 

Danzer, S. C., Pan, E., Nef, S., Parada, L. F. and McNamara, J. O. (Altered regulation of brain-
derived neurotrophic factor protein in hippocampus following slice preparation. 
Neuroscience 126:859-869.2004). 

Datta, S., Mavanji, V., Ulloor, J. and Patterson, E. H. (Activation of phasic pontine-wave 
generator prevents rapid eye movement sleep deprivation-induced learning 
impairment in the rat: a mechanism for sleep-dependent plasticity. J Neurosci 
24:1416-1427.2004). 

Deisseroth, K., Mermelstein, P. G., Xia, H. and Tsien, R. W. (Signaling from synapse to nucleus: 
the logic behind the mechanisms. Curr Opin Neurobiol 13:354-365.2003). 



192 
 

Deng, W., Aimone, J. B. and Gage, F. H. (New neurons and new memories: how does adult 
hippocampal neurogenesis affect learning and memory? Nat Rev Neurosci 11:339-
350.2010). 

Devan, B. D., Goad, E. H. and Petri, H. L. (Dissociation of hippocampal and striatal contributions 
to spatial navigation in the water maze. Neurobiol Learn Mem 66:305-323.1996). 

Diamond, D. M., Park, C. R., Heman, K. L. and Rose, G. M. (Exposing rats to a predator impairs 
spatial working memory in the radial arm water maze. Hippocampus 9:542-
552.1999). 

Diamond, D. M., Park, C. R. and Woodson, J. C. (Stress generates emotional memories and 
retrograde amnesia by inducing an endogenous form of hippocampal LTP. 
Hippocampus 14:281-291.2004). 

Diekelmann, S. and Born, J. (The memory function of sleep. Nat Rev Neurosci 11:114-126.2010). 
Ding, Q., Vaynman, S., Akhavan, M., Ying, Z. and Gomez-Pinilla, F. (Insulin-like growth factor I 

interfaces with brain-derived neurotrophic factor-mediated synaptic plasticity to 
modulate aspects of exercise-induced cognitive function. Neuroscience 140:823-
833.2006a). 

Ding, Q., Vaynman, S., Souda, P., Whitelegge, J. P. and Gomez-Pinilla, F. (Exercise affects energy 
metabolism and neural plasticity-related proteins in the hippocampus as revealed by 
proteomic analysis. Eur J Neurosci 24:1265-1276.2006b). 

Ding, Y. H., Luan, X. D., Li, J., Rafols, J. A., Guthinkonda, M., Diaz, F. G. and Ding, Y. (Exercise-
induced overexpression of angiogenic factors and reduction of ischemia/reperfusion 
injury in stroke. Curr Neurovasc Res 1:411-420.2004). 

Doyere, V., Errington, M. L., Laroche, S. and Bliss, T. V. (Low-frequency trains of paired stimuli 
induce long-term depression in area CA1 but not in dentate gyrus of the intact rat. 
Hippocampus 6:52-57.1996). 

Dragunow, M., Beilharz, E., Mason, B., Lawlor, P., Abraham, W. and Gluckman, P. (Brain-derived 
neurotrophic factor expression after long-term potentiation. Neurosci Lett 160:232-
236.1993). 

Dubreuil, D., Tixier, C., Dutrieux, G. and Edeline, J. M. (Does the radial arm maze necessarily test 
spatial memory? Neurobiol Learn Mem 79:109-117.2003). 

English, J. D. and Sweatt, J. D. (A requirement for the mitogen-activated protein kinase cascade 
in hippocampal long term potentiation. J Biol Chem 272:19103-19106.1997). 

Eriksson, P. S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A. M., Nordborg, C., Peterson, D. A. and 
Gage, F. H. (Neurogenesis in the adult human hippocampus. Nat Med 4:1313-
1317.1998). 

Falkenberg, T., Mohammed, A. K., Henriksson, B., Persson, H., Winblad, B. and Lindefors, N. 
(Increased expression of brain-derived neurotrophic factor mRNA in rat hippocampus 
is associated with improved spatial memory and enriched environment. Neurosci 
Lett 138:153-156.1992). 

Farhadi, H. F., Mowla, S. J., Petrecca, K., Morris, S. J., Seidah, N. G. and Murphy, R. A. 
(Neurotrophin-3 sorts to the constitutive secretory pathway of hippocampal neurons 



193 
 

and is diverted to the regulated secretory pathway by coexpression with brain-
derived neurotrophic factor. J Neurosci 20:4059-4068.2000). 

Farmer, J., Zhao, X., van Praag, H., Wodtke, K., Gage, F. H. and Christie, B. R. (Effects of voluntary 
exercise on synaptic plasticity and gene expression in the dentate gyrus of adult male 
Sprague-Dawley rats in vivo. Neuroscience 124:71-79.2004). 

Feng, J., Fouse, S. and Fan, G. (Epigenetic regulation of neural gene expression and neuronal 
function. Pediatr Res 61:58R-63R.2007). 

Ferrara, M., Iaria, G., Tempesta, D., Curcio, G., Moroni, F., Marzano, C., De Gennaro, L. and 
Pacitti, C. (Sleep to find your way: the role of sleep in the consolidation of memory 
for navigation in humans. Hippocampus 18:844-851.2008). 

Figurov, A., Pozzo-Miller, L. D., Olafsson, P., Wang, T. and Lu, B. (Regulation of synaptic 
responses to high-frequency stimulation and LTP by neurotrophins in the 
hippocampus. Nature 381:706-709.1996). 

Finkbeiner, S., Tavazoie, S. F., Maloratsky, A., Jacobs, K. M., Harris, K. M. and Greenberg, M. E. 
(CREB: a major mediator of neuronal neurotrophin responses. Neuron 19:1031-
1047.1997). 

Fordyce, D. E. and Farrar, R. P. (Physical activity effects on hippocampal and parietal cortical 
cholinergic function and spatial learning in F344 rats. Behav Brain Res 43:115-
123.1991). 

Fordyce, D. E. and Wehner, J. M. (Physical activity enhances spatial learning performance with 
an associated alteration in hippocampal protein kinase C activity in C57BL/6 and 
DBA/2 mice. Brain Res 619:111-119.1993). 

Franken, P., Tobler, I. and Borbely, A. A. (Effects of 12-h sleep deprivation and of 12-h cold 
exposure on sleep regulation and cortical temperature in the rat. Physiology & 
behavior 54:885-894.1993). 

Frey, U., Huang, Y. Y. and Kandel, E. R. (Effects of cAMP simulate a late stage of LTP in 
hippocampal CA1 neurons. Science 260:1661-1664.1993). 

Frey, U. and Morris, R. G. (Synaptic tagging and long-term potentiation. Nature 385:533-
536.1997). 

Frey, U. and Morris, R. G. (Synaptic tagging: implications for late maintenance of hippocampal 
long-term potentiation. Trends Neurosci 21:181-188.1998). 

Fujii, S., Saito, K., Miyakawa, H., Ito, K. and Kato, H. (Reversal of long-term potentiation 
(depotentiation) induced by tetanus stimulation of the input to CA1 neurons of 
guinea pig hippocampal slices. Brain Res 555:112-122.1991). 

Fukunaga, K., Muller, D. and Miyamoto, E. (CaM kinase II in long-term potentiation. Neurochem 
Int 28:343-358.1996). 

Fukunaga, K., Muller, D., Ohmitsu, M., Bako, E., DePaoli-Roach, A. A. and Miyamoto, E. 
(Decreased protein phosphatase 2A activity in hippocampal long-term potentiation. J 
Neurochem 74:807-817.2000). 

Gais, S., Albouy, G., Boly, M., Dang-Vu, T. T., Darsaud, A., Desseilles, M., Rauchs, G., Schabus, M., 
Sterpenich, V., Vandewalle, G., Maquet, P. and Peigneux, P. (Sleep transforms the 



194 
 

cerebral trace of declarative memories. Proceedings of the National Academy of 
Sciences of the United States of America 104:18778-18783.2007). 

Garcia-Capdevila, S., Portell-Cortes, I., Torras-Garcia, M., Coll-Andreu, M. and Costa-Miserachs, 
D. (Effects of long-term voluntary exercise on learning and memory processes: 
dependency of the task and level of exercise. Behav Brain Res 202:162-170.2009). 

Gartner, A. and Staiger, V. (Neurotrophin secretion from hippocampal neurons evoked by long-
term-potentiation-inducing electrical stimulation patterns. Proceedings of the 
National Academy of Sciences of the United States of America 99:6386-6391.2002). 

Gerges, N. Z., Aleisa, A. M. and Alkadhi, K. A. (Impaired long-term potentiation in obese zucker 
rats: possible involvement of presynaptic mechanism. Neuroscience 120:535-
539.2003a). 

Gerges, N. Z., Aleisa, A. M., Schwarz, L. A. and Alkadhi, K. A. (Chronic psychosocial stress 
decreases calcineurin in the dentate gyrus: a possible mechanism for preservation of 
early ltp. Neuroscience 117:869-874.2003b). 

Gerges, N. Z., Aleisa, A. M., Schwarz, L. A. and Alkadhi, K. A. (Reduced basal CaMKII levels in 
hippocampal CA1 region: possible cause of stress-induced impairment of LTP in 
chronically stressed rats. Hippocampus 14:402-410.2004a). 

Gerges, N. Z. and Alkadhi, K. A. (Hypothyroidism impairs late LTP in CA1 region but not in 
dentate gyrus of the intact rat hippocampus: MAPK involvement. Hippocampus 
14:40-45.2004). 

Gerges, N. Z., Alzoubi, K. H. and Alkadhi, K. A. (Role of phosphorylated CaMKII and calcineurin in 
the differential effect of hypothyroidism on LTP of CA1 and dentate gyrus. 
Hippocampus 15:480-490.2005). 

Gerges, N. Z., Alzoubi, K. H., Park, C. R., Diamond, D. M. and Alkadhi, K. A. (Adverse effect of the 
combination of hypothyroidism and chronic psychosocial stress on hippocampus-
dependent memory in rats. Behavioural brain research 155:77-84.2004b). 

Gerges, N. Z., Stringer, J. L. and Alkadhi, K. A. (Combination of hypothyroidism and stress 
abolishes early LTP in the CA1 but not dentate gyrus of hippocampus of adult rats. 
Brain research 922:250-260.2001). 

Giese, K. P., Fedorov, N. B., Filipkowski, R. K. and Silva, A. J. (Autophosphorylation at Thr286 of 
the alpha calcium-calmodulin kinase II in LTP and learning. Science 279:870-
873.1998). 

Gilbert, P. E. and Kesner, R. P. (Role of the rodent hippocampus in paired-associate learning 
involving associations between a stimulus and a spatial location. Behav Neurosci 
116:63-71.2002). 

Gilbert, P. E., Kesner, R. P. and Lee, I. (Dissociating hippocampal subregions: double dissociation 
between dentate gyrus and CA1. Hippocampus 11:626-636.2001). 

Glanzer, M. (Short-term storage and long-term storage in recall. J Psychiatr Res 8:423-438.1971). 
Gohar, A., Adams, A., Gertner, E., Sackett-Lundeen, L., Heitz, R., Engle, R., Haus, E. and Bijwadia, 

J. (Working memory capacity is decreased in sleep-deprived internal medicine 
residents. J Clin Sleep Med 5:191-197.2009). 



195 
 

Gold, A. E. and Kesner, R. P. (The role of the CA3 subregion of the dorsal hippocampus in spatial 
pattern completion in the rat. Hippocampus 15:808-814.2005). 

Gomez-Pinilla, F., Zhuang, Y., Feng, J., Ying, Z. and Fan, G. (Exercise impacts brain-derived 
neurotrophic factor plasticity by engaging mechanisms of epigenetic regulation. Eur J 
Neurosci 33:383-390.2010). 

Goodman, L. J., Valverde, J., Lim, F., Geschwind, M. D., Federoff, H. J., Geller, A. I. and Hefti, F. 
(Regulated release and polarized localization of brain-derived neurotrophic factor in 
hippocampal neurons. Mol Cell Neurosci 7:222-238.1996). 

Goodrich-Hunsaker, N. J., Hunsaker, M. R. and Kesner, R. P. (Dissociating the role of the parietal 
cortex and dorsal hippocampus for spatial information processing. Behav Neurosci 
119:1307-1315.2005). 

Gooney, M., Shaw, K., Kelly, A., O'Mara, S. M. and Lynch, M. A. (Long-term potentiation and 
spatial learning are associated with increased phosphorylation of TrkB and 
extracellular signal-regulated kinase (ERK) in the dentate gyrus: evidence for a role 
for brain-derived neurotrophic factor. Behav Neurosci 116:455-463.2002). 

Grace, L., Hescham, S., Kellaway, L. A., Bugarith, K. and Russell, V. A. (Effect of exercise on 
learning and memory in a rat model of developmental stress. Metab Brain Dis 
24:643-657.2009). 

Grahnstedt, S. and Ursin, R. (Platform sleep deprivation affects deep slow wave sleep in addition 
to REM sleep. Behavioural brain research 18:233-239.1985). 

Graves, L. A., Heller, E. A., Pack, A. I. and Abel, T. (Sleep deprivation selectively impairs memory 
consolidation for contextual fear conditioning. Learning & memory (Cold Spring 
Harbor, N.Y 10:168-176.2003). 

Grealy, M. A., Johnson, D. A. and Rushton, S. K. (Improving cognitive function after brain injury: 
the use of exercise and virtual reality. Arch Phys Med Rehabil 80:661-667.1999). 

Greenberg, M. E., Xu, B., Lu, B. and Hempstead, B. L. (New insights in the biology of BDNF 
synthesis and release: implications in CNS function. J Neurosci 29:12764-
12767.2009). 

Greenwood, B. N., Foley, T. E., Day, H. E., Campisi, J., Hammack, S. H., Campeau, S., Maier, S. F. 
and Fleshner, M. (Freewheel running prevents learned helplessness/behavioral 
depression: role of dorsal raphe serotonergic neurons. J Neurosci 23:2889-
2898.2003). 

Griffin, E. W., Bechara, R. G., Birch, A. M. and Kelly, A. M. (Exercise enhances hippocampal-
dependent learning in the rat: evidence for a BDNF-related mechanism. 
Hippocampus 19:973-980.2009). 

Groth, R. D., Dunbar, R. L. and Mermelstein, P. G. (Calcineurin regulation of neuronal plasticity. 
Biochem Biophys Res Commun 311:1159-1171.2003). 

Guan, Z., Peng, X. and Fang, J. (Sleep deprivation impairs spatial memory and decreases 
extracellular signal-regulated kinase phosphorylation in the hippocampus. Brain Res 
1018:38-47.2004). 



196 
 

Guzman-Marin, R., Suntsova, N., Stewart, D. R., Gong, H., Szymusiak, R. and McGinty, D. (Sleep 
deprivation reduces proliferation of cells in the dentate gyrus of the hippocampus in 
rats. The Journal of physiology 549:563-571.2003). 

Guzman-Marin, R., Ying, Z., Suntsova, N., Methippara, M., Bashir, T., Szymusiak, R., Gomez-
Pinilla, F. and McGinty, D. (Suppression of hippocampal plasticity-related gene 
expression by sleep deprivation in rats. J Physiol 575:807-819.2006). 

Guzowski, J. F. and McGaugh, J. L. (Antisense oligodeoxynucleotide-mediated disruption of 
hippocampal cAMP response element binding protein levels impairs consolidation of 
memory for water maze training. Proceedings of the National Academy of Sciences 
of the United States of America 94:2693-2698.1997). 

Hagewoud, R., Havekes, R., Novati, A., Keijser, J. N., EA, V. D. Z. and Meerlo, P. (Sleep 
deprivation impairs spatial working memory and reduces hippocampal AMPA 
receptor phosphorylation. Journal of sleep research.2009). 

Hagewoud, R., Havekes, R., Novati, A., Keijser, J. N., Van der Zee, E. A. and Meerlo, P. (Sleep 
deprivation impairs spatial working memory and reduces hippocampal AMPA 
receptor phosphorylation. J. Sleep Res. 19:280-288.2010). 

Hall, J., Thomas, K. L. and Everitt, B. J. (Rapid and selective induction of BDNF expression in the 
hippocampus during contextual learning. Nat Neurosci 3:533-535.2000). 

Harrison, Y. and Horne, J. A. (The impact of sleep deprivation on decision making: a review. J Exp 
Psychol Appl 6:236-249.2000a). 

Harrison, Y. and Horne, J. A. (Sleep loss and temporal memory. Q J Exp Psychol A 53:271-
279.2000b). 

Hartmann, M., Heumann, R. and Lessmann, V. (Synaptic secretion of BDNF after high-frequency 
stimulation of glutamatergic synapses. Embo J 20:5887-5897.2001). 

He, J., Yamada, K., Zou, L. B. and Nabeshima, T. (Spatial memory deficit and neurodegeneration 
induced by the direct injection of okadaic acid into the hippocampus in rats. J Neural 
Transm 108:1435-1443.2001). 

Heindel, W. C., Salmon, D. P., Shults, C. W., Walicke, P. A. and Butters, N. (Neuropsychological 
evidence for multiple implicit memory systems: a comparison of Alzheimer's, 
Huntington's, and Parkinson's disease patients. J Neurosci 9:582-587.1989). 

Ho, N., Liauw, J. A., Blaeser, F., Wei, F., Hanissian, S., Muglia, L. M., Wozniak, D. F., Nardi, A., 
Arvin, K. L., Holtzman, D. M., Linden, D. J., Zhuo, M., Muglia, L. J. and Chatila, T. A. 
(Impaired synaptic plasticity and cAMP response element-binding protein activation 
in Ca2+/calmodulin-dependent protein kinase type IV/Gr-deficient mice. J Neurosci 
20:6459-6472.2000). 

Ho, O. H., Delgado, J. Y. and O'Dell, T. J. (Phosphorylation of proteins involved in activity-
dependent forms of synaptic plasticity is altered in hippocampal slices maintained in 
vitro. J Neurochem 91:1344-1357.2004). 

Hodges, H. (Maze procedures: the radial-arm and water maze compared. Brain Res Cogn Brain 
Res 3:167-181.1996). 

Horowitz, J. F. (Exercise-induced alterations in muscle lipid metabolism improve insulin 
sensitivity. Exerc Sport Sci Rev 35:192-196.2007). 



197 
 

Hsu, J. C., Zhang, Y., Takagi, N., Gurd, J. W., Wallace, M. C., Zhang, L. and Eubanks, J. H. 
(Decreased expression and functionality of NMDA receptor complexes persist in the 
CA1, but not in the dentate gyrus after transient cerebral ischemia. J Cereb Blood 
Flow Metab 18:768-775.1998). 

Hu, S., Ying, Z., Gomez-Pinilla, F. and Frautschy, S. A. (Exercise can increase small heat shock 
proteins (sHSP) and pre- and post-synaptic proteins in the hippocampus. Brain Res 
1249:191-201.2009). 

Huang, E. J. and Reichardt, L. F. (Neurotrophins: roles in neuronal development and function. 
Annu Rev Neurosci 24:677-736.2001). 

Hunt, K., and Evans (Memory for spatial location: Functional dissociation of entorhinal cortex 
and hippocampus. Psychobiology 22:186-194.1994). 

Ishikawa, A., Kanayama, Y., Matsumura, H., Tsuchimochi, H., Ishida, Y. and Nakamura, S. 
(Selective rapid eye movement sleep deprivation impairs the maintenance of long-
term potentiation in the rat hippocampus. Eur J Neurosci 24:243-248.2006). 

Ito, I., Hidaka, H. and Sugiyama, H. (Effects of KN-62, a specific inhibitor of calcium/calmodulin-
dependent protein kinase II, on long-term potentiation in the rat hippocampus. 
Neurosci Lett 121:119-121.1991). 

Ivanco, T. L. and Racine, R. J. (Long-term potentiation in the reciprocal corticohippocampal and 
corticocortical pathways in the chronically implanted, freely moving rat. 
Hippocampus 10:143-152.2000). 

Jarrard, L. E. (Selective hippocampal lesions: differential effects on performance by rats of a 
spatial task with preoperative versus postoperative training. J Comp Physiol Psychol 
92:1119-1127.1978). 

Jarrard, L. E., Feldon, J., Rawlins, J. N., Sinden, J. D. and Gray, J. A. (The effects of 
intrahippocampal ibotenate on resistance to extinction after continuous or partial 
reinforcement. Exp Brain Res 61:519-530.1986). 

Jensen, K. F., Ohmstede, C. A., Fisher, R. S., Olin, J. K. and Sahyoun, N. (Acquisition and loss of a 
neuronal Ca2+/calmodulin-dependent protein kinase during neuronal differentiation. 
Proceedings of the National Academy of Sciences of the United States of America 
88:4050-4053.1991a). 

Jensen, K. F., Ohmstede, C. A., Fisher, R. S. and Sahyoun, N. (Nuclear and axonal localization of 
Ca2+/calmodulin-dependent protein kinase type Gr in rat cerebellar cortex. 
Proceedings of the National Academy of Sciences of the United States of America 
88:2850-2853.1991b). 

Jiang, C. and Schuman, E. M. (Regulation and function of local protein synthesis in neuronal 
dendrites. Trends Biochem Sci 27:506-513.2002). 

Kalia, M. (Neurobiology of sleep. Metabolism 55:S2-6.2006). 
Kandel, E. R. (The molecular biology of memory storage: a dialog between genes and synapses. 

Biosci Rep 21:565-611.2001). 
Kandel, E. R. and Schwartz, J. H. (2001) Principles of neural science: Elsevier/North-Holland. 
 



198 
 

Kang, H. and Schuman, E. M. (Long-lasting neurotrophin-induced enhancement of synaptic 
transmission in the adult hippocampus. Science 267:1658-1662.1995). 

Kang, H., Sun, L. D., Atkins, C. M., Soderling, T. R., Wilson, M. A. and Tonegawa, S. (An important 
role of neural activity-dependent CaMKIV signaling in the consolidation of long-term 
memory. Cell 106:771-783.2001). 

Kaplan, M. S. and Hinds, J. W. (Neurogenesis in the adult rat: electron microscopic analysis of 
light radioautographs. Science 197:1092-1094.1977). 

Karnam, H. B., Zhou, J. L., Huang, L. T., Zhao, Q., Shatskikh, T. and Holmes, G. L. (Early life 
seizures cause long-standing impairment of the hippocampal map. Exp Neurol 
217:378-387.2009). 

Kelleher, R. J., 3rd, Govindarajan, A. and Tonegawa, S. (Translational regulatory mechanisms in 
persistent forms of synaptic plasticity. Neuron 44:59-73.2004). 

Kesslak, J. P., So, V., Choi, J., Cotman, C. W. and Gomez-Pinilla, F. (Learning upregulates brain-
derived neurotrophic factor messenger ribonucleic acid: a mechanism to facilitate 
encoding and circuit maintenance? Behav Neurosci 112:1012-1019.1998). 

Khabour, O. F., Alzoubi, K. H., Alomari, M. A. and Alzubi, M. A. (Changes in spatial memory and 
BDNF expression to concurrent dietary restriction and voluntary exercise. 
Hippocampus 20:637-645.2009). 

Kim, B. S., Kim, M. Y. and Leem, Y. H. (Hippocampal neuronal death induced by kainic acid and 
restraint stress is suppressed by exercise. Neuroscience.2009). 

Kim, E. Y., Mahmoud, G. S. and Grover, L. M. (REM sleep deprivation inhibits LTP in vivo in area 
CA1 of rat hippocampus. Neurosci Lett 388:163-167.2005). 

Kim SE, K. I., Kim BK, Shin MS, Cho S, Kim CJ, Kim SH, Baek SS, Lee EK, Jee YS (Treadmill exercise 
prevents aging-induced failure of memory through an increase in neurogenesis and 
suppression of apoptosis in rat hippocampus. Exp Gerontol 45:357-365.2010). 

Kiprianova, I., Sandkuhler, J., Schwab, S., Hoyer, S. and Spranger, M. (Brain-derived neurotrophic 
factor improves long-term potentiation and cognitive functions after transient 
forebrain ischemia in the rat. Exp Neurol 159:511-519.1999). 

Kirwan, C. B., Gilbert, P. E. and Kesner, R. P. (The role of the hippocampus in the retrieval of a 
spatial location. Neurobiol Learn Mem 83:65-71.2005). 

Kleschevnikov, A. M., Sinden, J. D. and Marchbanks, R. (Fimbria-fornix lesions impair spatial 
performance and induce epileptic-like activity but do not affect long-term 
potentiation in the CA1 region of rat hippocampal slices. Brain research 656:221-
228.1994). 

Kopp, C., Longordo, F. and Luthi, A. (Experience-dependent changes in NMDA receptor 
composition at mature central synapses. Neuropharmacology 53:1-9.2007). 

Kopp, C., Longordo, F., Nicholson, J. R. and Luthi, A. (Insufficient sleep reversibly alters 
bidirectional synaptic plasticity and NMDA receptor function. J Neurosci 26:12456-
12465.2006). 

Kornack, D. R. and Rakic, P. (Continuation of neurogenesis in the hippocampus of the adult 
macaque monkey. Proc Natl Acad Sci U S A 96:5768-5773.1999). 



199 
 

Korte, M., Carroll, P., Wolf, E., Brem, G., Thoenen, H. and Bonhoeffer, T. (Hippocampal long-term 
potentiation is impaired in mice lacking brain-derived neurotrophic factor. Proc Natl 
Acad Sci U S A 92:8856-8860.1995). 

Kossel, A. H., Cambridge, S. B., Wagner, U. and Bonhoeffer, T. (A caged Ab reveals an 
immediate/instructive effect of BDNF during hippocampal synaptic potentiation. 
Proc Natl Acad Sci U S A 98:14702-14707.2001). 

Kramer, A. F., Hahn, S., Cohen, N. J., Banich, M. T., McAuley, E., Harrison, C. R., Chason, J., Vakil, 
E., Bardell, L., Boileau, R. A. and Colcombe, A. (Ageing, fitness and neurocognitive 
function. Nature 400:418-419.1999). 

Lanahan, A. and Worley, P. (Immediate-early genes and synaptic function. Neurobiol Learn Mem 
70:37-43.1998). 

Leasure, J. L. and Jones, M. (Forced and voluntary exercise differentially affect brain and 
behavior. Neuroscience 156:456-465.2008). 

Lee, T. H., Jang, M. H., Shin, M. C., Lim, B. V., Kim, Y. P., Kim, H., Choi, H. H., Lee, K. S., Kim, E. H. 
and Kim, C. J. (Dependence of rat hippocampal c-Fos expression on intensity and 
duration of exercise. Life Sci 72:1421-1436.2003). 

Lessmann, V., Gottmann, K. and Heumann, R. (BDNF and NT-4/5 enhance glutamatergic synaptic 
transmission in cultured hippocampal neurones. Neuroreport 6:21-25.1994). 

Levine, E. S. and Kolb, J. E. (Brain-derived neurotrophic factor increases activity of NR2B-
containing N-methyl-D-aspartate receptors in excised patches from hippocampal 
neurons. J Neurosci Res 62:357-362.2000). 

Levitt, R. A. (Sleep deprivation in the rat. Science (New York, N.Y 153:85-87.1966). 
Lewin, G. R. and Barde, Y. A. (Physiology of the neurotrophins. Annu Rev Neurosci 19:289-

317.1996). 
Li, S., Tian, Y., Ding, Y., Jin, X., Yan, C. and Shen, X. (The effects of rapid eye movement sleep 

deprivation and recovery on spatial reference memory of young rats. Learn Behav 
37:246-253.2009). 

Linnarsson, S., Bjorklund, A. and Ernfors, P. (Learning deficit in BDNF mutant mice. Eur J 
Neurosci 9:2581-2587.1997). 

Lisman, J. (A mechanism for the Hebb and the anti-Hebb processes underlying learning and 
memory. Proc Natl Acad Sci U S A 86:9574-9578.1989). 

Lisman, J., Schulman, H. and Cline, H. (The molecular basis of CaMKII function in synaptic and 
behavioural memory. Nat Rev Neurosci 3:175-190.2002). 

Lisman, J. E. and McIntyre, C. C. (Synaptic plasticity: a molecular memory switch. Curr Biol 
11:R788-791.2001). 

Lista, I. and Sorrentino, G. (Biological mechanisms of physical activity in preventing cognitive 
decline. Cell Mol Neurobiol 30:493-503.2009). 

Lledo, P. M., Hjelmstad, G. O., Mukherji, S., Soderling, T. R., Malenka, R. C. and Nicoll, R. A. 
(Calcium/calmodulin-dependent kinase II and long-term potentiation enhance 
synaptic transmission by the same mechanism. Proc Natl Acad Sci U S A 92:11175-
11179.1995). 



200 
 

Lonze, B. E. and Ginty, D. D. (Function and regulation of CREB family transcription factors in the 
nervous system. Neuron 35:605-623.2002). 

Lopes da Silva, F. H., Gorter, J. A. and Wadman, W. J. (Kindling of the hippocampus induces 
spatial memory deficits in the rat. Neuroscience letters 63:115-120.1986). 

Lou, H., Kim, S. K., Zaitsev, E., Snell, C. R., Lu, B. and Loh, Y. P. (Sorting and activity-dependent 
secretion of BDNF require interaction of a specific motif with the sorting receptor 
carboxypeptidase e. Neuron 45:245-255.2005). 

Lu, B. (BDNF and activity-dependent synaptic modulation. Learning & memory (Cold Spring 
Harbor, N.Y 10:86-98.2003). 

Lu, Y. F., Kandel, E. R. and Hawkins, R. D. (Nitric oxide signaling contributes to late-phase LTP and 
CREB phosphorylation in the hippocampus. J Neurosci 19:10250-10261.1999). 

Lucero, M. A. (Lengthening of REM sleep duration consecutive to learning in the rat. Brain Res 
20:319-322.1970). 

Luppi, P. H. (Neurochemical aspects of sleep regulation with specific focus on slow-wave sleep. 
World J Biol Psychiatry 11 Suppl 1:4-8.2010). 

Lynch, M. A. (Long-term potentiation and memory. Physiol Rev 84:87-136.2004). 
Lynch, M. A. and Bliss, T. V. (Noradrenaline modulates the release of [14C]glutamate from 

dentate but not from CA1/CA3 slices of rat hippocampus. Neuropharmacology 
25:493-498.1986). 

Machado, R. B., Hipolide, D. C., Benedito-Silva, A. A. and Tufik, S. (Sleep deprivation induced by 
the modified multiple platform technique: quantification of sleep loss and recovery. 
Brain research 1004:45-51.2004). 

Maggi, C. A. and Meli, A. (Suitability of urethane anesthesia for physiopharmacological 
investigations in various systems. Part 1: General considerations. Experientia 42:109-
114.1986). 

Malenka, R. C. and Bear, M. F. (LTP and LTD: an embarrassment of riches. Neuron 44:5-21.2004). 
Malenka, R. C., Kauer, J. A., Perkel, D. J., Mauk, M. D., Kelly, P. T., Nicoll, R. A. and Waxham, M. 

N. (An essential role for postsynaptic calmodulin and protein kinase activity in long-
term potentiation. Nature 340:554-557.1989). 

Malinow, R., Schulman, H. and Tsien, R. W. (Inhibition of postsynaptic PKC or CaMKII blocks 
induction but not expression of LTP. Science 245:862-866.1989). 

Malleret, G., Haditsch, U., Genoux, D., Jones, M. W., Bliss, T. V., Vanhoose, A. M., Weitlauf, C., 
Kandel, E. R., Winder, D. G. and Mansuy, I. M. (Inducible and reversible enhancement 
of learning, memory, and long-term potentiation by genetic inhibition of calcineurin. 
Cell 104:675-686.2001). 

Mansuy, I. M., Mayford, M., Jacob, B., Kandel, E. R. and Bach, M. E. (Restricted and regulated 
overexpression reveals calcineurin as a key component in the transition from short-
term to long-term memory. Cell 92:39-49.1998a). 

Mansuy, I. M., Winder, D. G., Moallem, T. M., Osman, M., Mayford, M., Hawkins, R. D. and 
Kandel, E. R. (Inducible and reversible gene expression with the rtTA system for the 
study of memory. Neuron 21:257-265.1998b). 



201 
 

Marks, C. A. and Wayner, M. J. (Effects of sleep disruption on rat dentate granule cell LTP in vivo. 
Brain Res Bull 66:114-119.2005). 

Marshall, L. and Born, J. (The contribution of sleep to hippocampus-dependent memory 
consolidation. Trends Cogn Sci 11:442-450.2007). 

Martin, S. J., Grimwood, P. D. and Morris, R. G. (Synaptic plasticity and memory: an evaluation of 
the hypothesis. Annu Rev Neurosci 23:649-711.2000). 

McCarley, R. W. (Neurobiology of REM and NREM sleep. Sleep Med 8:302-330.2007). 
McClelland, J. L., McNaughton, B. L. and O'Reilly, R. C. (Why there are complementary learning 

systems in the hippocampus and neocortex: insights from the successes and failures 
of connectionist models of learning and memory. Psychol Rev 102:419-457.1995). 

McDermott, C. M., Hardy, M. N., Bazan, N. G. and Magee, J. C. (Sleep deprivation-induced 
alterations in excitatory synaptic transmission in the CA1 region of the rat 
hippocampus. The Journal of physiology 570:553-565.2006). 

McDermott, C. M., LaHoste, G. J., Chen, C., Musto, A., Bazan, N. G. and Magee, J. C. (Sleep 
deprivation causes behavioral, synaptic, and membrane excitability alterations in 
hippocampal neurons. J Neurosci 23:9687-9695.2003). 

McDonald, R. J., Hong, N. S., Craig, L. A., Holahan, M. R., Louis, M. and Muller, R. U. (NMDA-
receptor blockade by CPP impairs post-training consolidation of a rapidly acquired 
spatial representation in rat hippocampus. Eur J Neurosci 22:1201-1213.2005). 

McGinty, D. J. and Harper, R. M. (Dorsal raphe neurons: depression of firing during sleep in cats. 
Brain Res 101:569-575.1976). 

McIntosh, A. R. (Towards a network theory of cognition. Neural Netw 13:861-870.2000). 
McNaughton, B. L., Barnes, C. A., Rao, G., Baldwin, J. and Rasmussen, M. (Long-term 

enhancement of hippocampal synaptic transmission and the acquisition of spatial 
information. J Neurosci 6:563-571.1986). 

Medeiros, R., Lenneberg-Hoshino, C., Hoshino, K. and Tufik, S. (Neuroethologic differences in 
sleep deprivation induced by the single- and multiple-platform methods. Braz J Med 
Biol Res 31:675-680.1998). 

Meissner, W. W. (Hippocampal functions in learning. J Psychiatr Res 4:235-304.1966). 
Messaoudi, E., Bardsen, K., Srebro, B. and Bramham, C. R. (Acute intrahippocampal infusion of 

BDNF induces lasting potentiation of synaptic transmission in the rat dentate gyrus. J 
Neurophysiol 79:496-499.1998). 

Messaoudi, E., Ying, S. W., Kanhema, T., Croll, S. D. and Bramham, C. R. (Brain-derived 
neurotrophic factor triggers transcription-dependent, late phase long-term 
potentiation in vivo. J Neurosci 22:7453-7461.2002). 

Miller, G. (The brain collector. Science 324:1634-1636.2009). 
Minichiello, L. (TrkB signalling pathways in LTP and learning. Nat Rev Neurosci 10:850-860.2009). 
Minichiello, L., Calella, A. M., Medina, D. L., Bonhoeffer, T., Klein, R. and Korte, M. (Mechanism 

of TrkB-mediated hippocampal long-term potentiation. Neuron 36:121-137.2002). 
Mirescu, C., Peters, J. D., Noiman, L. and Gould, E. (Sleep deprivation inhibits adult neurogenesis 

in the hippocampus by elevating glucocorticoids. Proc Natl Acad Sci U S A 103:19170-
19175.2006). 



202 
 

Mizuno, M., Yamada, K., Olariu, A., Nawa, H. and Nabeshima, T. (Involvement of brain-derived 
neurotrophic factor in spatial memory formation and maintenance in a radial arm 
maze test in rats. J Neurosci 20:7116-7121.2000). 

Modirrousta, M., Mainville, L. and Jones, B. E. (Orexin and MCH neurons express c-Fos 
differently after sleep deprivation vs. recovery and bear different adrenergic 
receptors. The European journal of neuroscience 21:2807-2816.2005). 

Mograss, M. A., Guillem, F., Brazzini-Poisson, V. and Godbout, R. (The effects of total sleep 
deprivation on recognition memory processes: a study of event-related potential. 
Neurobiol Learn Mem 91:343-352.2009). 

Molteni, R., Ying, Z. and Gomez-Pinilla, F. (Differential effects of acute and chronic exercise on 
plasticity-related genes in the rat hippocampus revealed by microarray. Eur J 
Neurosci 16:1107-1116.2002). 

Morimoto, K., Sato, K., Sato, S., Yamada, N. and Hayabara, T. (Time-dependent changes in 
neurotrophic factor mRNA expression after kindling and long-term potentiation in 
rats. Brain Res Bull 45:599-605.1998). 

Morris, R. (Developments of a water-maze procedure for studying spatial learning in the rat. J 
Neurosci Methods 11:47-60.1984). 

Morris, R. G., Anderson, E., Lynch, G. S. and Baudry, M. (Selective impairment of learning and 
blockade of long-term potentiation by an N-methyl-D-aspartate receptor antagonist, 
AP5. Nature 319:774-776.1986). 

Morris, R. G., Garrud, P., Rawlins, J. N. and O'Keefe, J. (Place navigation impaired in rats with 
hippocampal lesions. Nature 297:681-683.1982). 

Moser, E. I., Krobert, K. A., Moser, M. B. and Morris, R. G. (Impaired spatial learning after 
saturation of long-term potentiation. Science 281:2038-2042.1998). 

Mowla, S. J., Pareek, S., Farhadi, H. F., Petrecca, K., Fawcett, J. P., Seidah, N. G., Morris, S. J., 
Sossin, W. S. and Murphy, R. A. (Differential sorting of nerve growth factor and brain-
derived neurotrophic factor in hippocampal neurons. J Neurosci 19:2069-2080.1999). 

Mulkey, R. M., Endo, S., Shenolikar, S. and Malenka, R. C. (Involvement of a 
calcineurin/inhibitor-1 phosphatase cascade in hippocampal long-term depression. 
Nature 369:486-488.1994). 

Mulkey, R. M., Herron, C. E. and Malenka, R. C. (An essential role for protein phosphatases in 
hippocampal long-term depression. Science 261:1051-1055.1993). 

Nakazawa, K., Quirk, M. C., Chitwood, R. A., Watanabe, M., Yeckel, M. F., Sun, L. D., Kato, A., 
Carr, C. A., Johnston, D., Wilson, M. A. and Tonegawa, S. (Requirement for 
hippocampal CA3 NMDA receptors in associative memory recall. Science 297:211-
218.2002). 

Nayak, A. S., Moore, C. I. and Browning, M. D. (Ca2+/calmodulin-dependent protein kinase II 
phosphorylation of the presynaptic protein synapsin I is persistently increased during 
long-term potentiation. Proc Natl Acad Sci U S A 93:15451-15456.1996). 

Nguyen, P. V. and Kandel, E. R. (A macromolecular synthesis-dependent late phase of long-term 
potentiation requiring cAMP in the medial perforant pathway of rat hippocampal 
slices. J Neurosci 16:3189-3198.1996). 



203 
 

Nichol, K. E., Parachikova, A. I. and Cotman, C. W. (Three weeks of running wheel exposure 
improves cognitive performance in the aged Tg2576 mouse. Behav Brain Res 
184:124-132.2007). 

O'Callaghan, R. M., Ohle, R. and Kelly, A. M. (The effects of forced exercise on hippocampal 
plasticity in the rat: A comparison of LTP, spatial- and non-spatial learning. Behav 
Brain Res 176:362-366.2007). 

O'Dell, T. J. and Kandel, E. R. (Low-frequency stimulation erases LTP through an NMDA receptor-
mediated activation of protein phosphatases. Learn Mem 1:129-139.1994). 

Ocampo-Garces, A., Molina, E., Rodriguez, A. and Vivaldi, E. A. (Homeostasis of REM sleep after 
total and selective sleep deprivation in the rat. Journal of neurophysiology 84:2699-
2702.2000). 

Okamoto, K., Bosch, M. and Hayashi, Y. (The roles of CaMKII and F-actin in the structural 
plasticity of dendritic spines: a potential molecular identity of a synaptic tag? 
Physiology (Bethesda) 24:357-366.2009). 

Olton, D. S. (Spatial memory. Sci Am 236:82-84, 89-94, 96, 98.1977). 
Olton, D. S. (The radial arm maze as a tool in behavioral pharmacology. Physiology & behavior 

40:793-797.1987). 
Olton, D. S. and Papas, B. C. (Spatial memory and hippocampal function. Neuropsychologia 

17:669-682.1979). 
Orser, B. A. (Extrasynaptic GABAA receptors are critical targets for sedative-hypnotic drugs. J 

Clin Sleep Med 2:S12-18.2006). 
Orzel-Gryglewska, J. (Consequences of sleep deprivation. Int J Occup Med Environ Health 23:95-

114.2010). 
Packard, M. G., Hirsh, R. and White, N. M. (Differential effects of fornix and caudate nucleus 

lesions on two radial maze tasks: evidence for multiple memory systems. J Neurosci 
9:1465-1472.1989). 

Pang, P. T., Teng, H. K., Zaitsev, E., Woo, N. T., Sakata, K., Zhen, S., Teng, K. K., Yung, W. H., 
Hempstead, B. L. and Lu, B. (Cleavage of proBDNF by tPA/plasmin is essential for 
long-term hippocampal plasticity. Science 306:487-491.2004). 

Papatheodoropoulos, C. and Kostopoulos, G. (Decreased ability of rat temporal hippocampal 
CA1 region to produce long-term potentiation. Neuroscience letters 279:177-
180.2000). 

Patterson, S. L., Abel, T., Deuel, T. A., Martin, K. C., Rose, J. C. and Kandel, E. R. (Recombinant 
BDNF rescues deficits in basal synaptic transmission and hippocampal LTP in BDNF 
knockout mice. Neuron 16:1137-1145.1996). 

Patterson, S. L., Grover, L. M., Schwartzkroin, P. A. and Bothwell, M. (Neurotrophin expression in 
rat hippocampal slices: a stimulus paradigm inducing LTP in CA1 evokes increases in 
BDNF and NT-3 mRNAs. Neuron 9:1081-1088.1992). 

Paul, C. M., Magda, G. and Abel, S. (Spatial memory: Theoretical basis and comparative review 
on experimental methods in rodents. Behav Brain Res 203:151-164.2009). 

Peigneux, P., Laureys, S., Delbeuck, X. and Maquet, P. (Sleeping brain, learning brain. The role of 
sleep for memory systems. Neuroreport 12:A111-124.2001). 



204 
 

Penev, P. D. (Sleep deprivation and energy metabolism: to sleep, perchance to eat? Curr Opin 
Endocrinol Diabetes Obes 14:374-381.2007). 

Pettit, D. L., Perlman, S. and Malinow, R. (Potentiated transmission and prevention of further 
LTP by increased CaMKII activity in postsynaptic hippocampal slice neurons. Science 
(New York, N.Y 266:1881-1885.1994). 

Plow, E. F., Herren, T., Redlitz, A., Miles, L. A. and Hoover-Plow, J. L. (The cell biology of the 
plasminogen system. FASEB J 9:939-945.1995). 

Polzella, D. J. (Effects of sleep deprivation on short-term recognition memory. J Exp Psychol 
[Hum Learn] 104:194-200.1975). 

Porkka-Heiskanen, T., Smith, S. E., Taira, T., Urban, J. H., Levine, J. E., Turek, F. W. and Stenberg, 
D. (Noradrenergic activity in rat brain during rapid eye movement sleep deprivation 
and rebound sleep. Am J Physiol 268:R1456-1463.1995). 

Pozzo-Miller, L. D., Gottschalk, W., Zhang, L., McDermott, K., Du, J., Gopalakrishnan, R., Oho, C., 
Sheng, Z. H. and Lu, B. (Impairments in high-frequency transmission, synaptic vesicle 
docking, and synaptic protein distribution in the hippocampus of BDNF knockout 
mice. J Neurosci 19:4972-4983.1999). 

Radak, Z., Chung, H. Y., Koltai, E., Taylor, A. W. and Goto, S. (Exercise, oxidative stress and 
hormesis. Ageing Res Rev 7:34-42.2008). 

Radak, Z., Toldy, A., Szabo, Z., Siamilis, S., Nyakas, C., Silye, G., Jakus, J. and Goto, S. (The effects 
of training and detraining on memory, neurotrophins and oxidative stress markers in 
rat brain. Neurochem Int 49:387-392.2006). 

Radecki, D. T., Brown, L. M., Martinez, J. and Teyler, T. J. (BDNF protects against stress-induced 
impairments in spatial learning and memory and LTP. Hippocampus 15:246-
253.2005). 

Ravassard, P., Pachoud, B., Comte, J. C., Mejia-Perez, C., Scote-Blachon, C., Gay, N., Claustrat, B., 
Touret, M., Luppi, P. H. and Salin, P. A. (Paradoxical (REM) sleep deprivation causes a 
large and rapidly reversible decrease in long-term potentiation, synaptic 
transmission, glutamate receptor protein levels, and ERK/MAPK activation in the 
dorsal hippocampus. Sleep 32:227-240.2009). 

Rechtschaffen, A. and Bergmann, B. M. (Sleep deprivation in the rat: an update of the 1989 
paper. Sleep 25:18-24.2002). 

Rechtschaffen, A., Bergmann, B. M., Everson, C. A., Kushida, C. A. and Gilliland, M. A. (Sleep 
deprivation in the rat: X. Integration and discussion of the findings. Sleep 12:68-
87.1989). 

Reimund, E. (Sleep deprivation-induced neuronal damage may be due to nicotinic acid 
depletion. Med Hypotheses 34:275-277.1991). 

Reymann, K. G. and Frey, J. U. (The late maintenance of hippocampal LTP: requirements, phases, 
'synaptic tagging', 'late-associativity' and implications. Neuropharmacology 52:24-
40.2007). 

Richter-Levin, G., Canevari, L. and Bliss, T. V. (Long-term potentiation and glutamate release in 
the dentate gyrus: links to spatial learning. Behav Brain Res 66:37-40.1995). 



205 
 

Riedel, G., Platt, B. and Micheau, J. (Glutamate receptor function in learning and memory. Behav 
Brain Res 140:1-47.2003). 

Rolls, E. T. (A theory of hippocampal function in memory. Hippocampus 6:601-620.1996). 
Rolls, E. T., Miyashita, Y., Cahusac, P. M., Kesner, R. P., Niki, H., Feigenbaum, J. D. and Bach, L. 

(Hippocampal neurons in the monkey with activity related to the place in which a 
stimulus is shown. J Neurosci 9:1835-1845.1989). 

Rolls, E. T., Stringer, S. M. and Trappenberg, T. P. (A unified model of spatial and episodic 
memory. Proc Biol Sci 269:1087-1093.2002). 

Rosenzweig, E. S. and Barnes, C. A. (Impact of aging on hippocampal function: plasticity, network 
dynamics, and cognition. Prog Neurobiol 69:143-179.2003). 

Ruskin, D. N., Liu, C., Dunn, K. E., Bazan, N. G. and LaHoste, G. J. (Sleep deprivation impairs 
hippocampus-mediated contextual learning but not amygdala-mediated cued 
learning in rats. The European journal of neuroscience 19:3121-3124.2004). 

Russo-Neustadt, A. A., Beard, R. C., Huang, Y. M. and Cotman, C. W. (Physical activity and 
antidepressant treatment potentiate the expression of specific brain-derived 
neurotrophic factor transcripts in the rat hippocampus. Neuroscience 101:305-
312.2000). 

Sakimura, K., Kutsuwada, T., Ito, I., Manabe, T., Takayama, C., Kushiya, E., Yagi, T., Aizawa, S., 
Inoue, Y., Sugiyama, H. and et al. (Reduced hippocampal LTP and spatial learning in 
mice lacking NMDA receptor epsilon 1 subunit. Nature 373:151-155.1995). 

Samkoff, J. S. and Jacques, C. H. (A review of studies concerning effects of sleep deprivation and 
fatigue on residents' performance. Acad Med 66:687-693.1991). 

Schaaf, M. J., Sibug, R. M., Duurland, R., Fluttert, M. F., Oitzl, M. S., De Kloet, E. R. and 
Vreugdenhil, E. (Corticosterone effects on BDNF mRNA expression in the rat 
hippocampus during morris water maze training. Stress 3:173-183.1999). 

Schacter, D. L., Cooper, L. A. and Valdiserri, M. (Implicit and explicit memory for novel visual 
objects in older and younger adults. Psychol Aging 7:299-308.1992). 

Schmidt-Hieber, C., Jonas, P. and Bischofberger, J. (Enhanced synaptic plasticity in newly 
generated granule cells of the adult hippocampus. Nature 429:184-187.2004). 

Schweitzer, N. B., Alessio, H. M., Berry, S. D., Roeske, K. and Hagerman, A. E. (Exercise-induced 
changes in cardiac gene expression and its relation to spatial maze performance. 
Neurochem Int 48:9-16.2006). 

Scoville, W. B. and Milner, B. (Loss of recent memory after bilateral hippocampal lesions. J 
Neurol Neurosurg Psychiatry 20:11-21.1957). 

Shen, H., Tong, L., Balazs, R. and Cotman, C. W. (Physical activity elicits sustained activation of 
the cyclic AMP response element-binding protein and mitogen-activated protein 
kinase in the rat hippocampus. Neuroscience 107:219-229.2001). 

Sherry, D. F., Jacobs, L. F. and Gaulin, S. J. (Spatial memory and adaptive specialization of the 
hippocampus. Trends in neurosciences 15:298-303.1992). 

Shieh, P. B., Hu, S. C., Bobb, K., Timmusk, T. and Ghosh, A. (Identification of a signaling pathway 
involved in calcium regulation of BDNF expression. Neuron 20:727-740.1998). 

Shors, T. J. (Learning during stressful times. Learn Mem 11:137-144.2004). 



206 
 

Shukitt-Hale, B., McEwen, J. J., Szprengiel, A. and Joseph, J. A. (Effect of age on the radial arm 
water maze-a test of spatial learning and memory. Neurobiol Aging 25:223-
229.2004). 

Silva, A. J., Wang, Y., Paylor, R., Wehner, J. M., Stevens, C. F. and Tonegawa, S. (Alpha 
calcium/calmodulin kinase II mutant mice: deficient long-term potentiation and 
impaired spatial learning. Cold Spring Harb Symp Quant Biol 57:527-539.1992). 

Sim, Y. J., Kim, S. S., Kim, J. Y., Shin, M. S. and Kim, C. J. (Treadmill exercise improves short-term 
memory by suppressing ischemia-induced apoptosis of neuronal cells in gerbils. 
Neurosci Lett 372:256-261.2004). 

Smith, C. (Sleep states and memory processes. Behavioural brain research 69:137-145.1995). 
Smith, C. and Butler, S. (Paradoxical sleep at selective times following training is necessary for 

learning. Physiol Behav 29:469-473.1982). 
Smith, C. and Kelly, G. (Paradoxical sleep deprivation applied two days after end of training 

retards learning. Physiol Behav 43:213-216.1988). 
Smith, C., Kitahama, K., Valatx, J. L. and Jouvet, M. (Increased paradoxical sleep in mice during 

acquisition of a shock avoidance task. Brain Res 77:221-230.1974). 
Smith, C. and Lapp, L. (Increases in number of REMS and REM density in humans following an 

intensive learning period. Sleep 14:325-330.1991). 
Smith, C. and Rose, G. M. (Evidence for a paradoxical sleep window for place learning in the 

Morris water maze. Physiol Behav 59:93-97.1996). 
Smith, C. and Rose, G. M. (Posttraining paradoxical sleep in rats is increased after spatial 

learning in the Morris water maze. Behav Neurosci 111:1197-1204.1997). 
Smith, C. T., Conway, J. M. and Rose, G. M. (Brief paradoxical sleep deprivation impairs 

reference, but not working, memory in the radial arm maze task. Neurobiol Learn 
Mem 69:211-217.1998). 

Snyder, J. S., Glover, L. R., Sanzone, K. M., Kamhi, J. F. and Cameron, H. A. (The effects of 
exercise and stress on the survival and maturation of adult-generated granule cells. 
Hippocampus 19:898-906.2009). 

Sofi, F., Valecchi, D., Bacci, D., Abbate, R., Gensini, G. F., Casini, A. and Macchi, C. (Physical 
activity and risk of cognitive decline: a meta-analysis of prospective studies. J Intern 
Med 269:107-117.2011). 

Song, D., Xie, X., Wang, Z. and Berger, T. W. (Differential effect of TEA on long-term synaptic 
modification in hippocampal CA1 and dentate gyrus in vitro. Neurobiol Learn Mem 
76:375-387.2001). 

Soya, H., Nakamura, T., Deocaris, C. C., Kimpara, A., Iimura, M., Fujikawa, T., Chang, H., McEwen, 
B. S. and Nishijima, T. (BDNF induction with mild exercise in the rat hippocampus. 
Biochem Biophys Res Commun 358:961-967.2007). 

Springer, J. E., Gwag, B. J. and Sessler, F. M. (Neurotrophic factor mRNA expression in dentate 
gyrus is increased following in vivo stimulation of the angular bundle. Brain Res Mol 
Brain Res 23:135-143.1994). 

Squire, L. R. (The hippocampus and spatial memory. Trends in neurosciences 16:56-57.1993). 



207 
 

Srivareerat, M., Tran, T. T., Alzoubi, K. H. and Alkadhi, K. A. (Chronic Psychosocial Stress 
Exacerbates Impairment of Cognition and Long-Term Potentiation in beta-Amyloid 
Rat Model of Alzheimer's Disease. Biological psychiatry.2008). 

Srivareerat, M., Tran, T. T., Alzoubi, K. H. and Alkadhi, K. A. (Chronic psychosocial stress 
exacerbates impairment of cognition and long-term potentiation in beta-amyloid rat 
model of Alzheimer's disease. Biol Psychiatry 65:918-926.2009). 

Stabel, J., Ficker, E. and Heinemann, U. (Young CA1 pyramidal cells of rats, but not dentate gyrus 
granule cells, express a delayed inward rectifying current with properties of IQ. 
Neurosci Lett 135:231-234.1992). 

Stangor, C. (2006) Introduction  to Psychology: Flat World. 
 
Stefurak, S. J., Stefurak, M. L., Mendelson, W. B., Gillin, J. C. and Wyatt, R. J. (A method for sleep 

depriving rats. Pharmacology, biochemistry, and behavior 6:137-139.1977). 
Steward, O. (mRNA localization in neurons: a multipurpose mechanism? Neuron 18:9-12.1997). 
Stickgold, R. (Sleep-dependent memory consolidation. Nature 437:1272-1278.2005). 
Stillman, M. J., Shukitt-Hale, B., Levy, A. and Lieberman, H. R. (Spatial memory under acute cold 

and restraint stress. Physiol Behav 64:605-609.1998). 
Stones, M. J. (Memory performance after arousal from different sleep stages. Br J Psychol 

68:177-181.1977). 
Stranahan, A. M., Lee, K. and Mattson, M. P. (Central mechanisms of HPA axis regulation by 

voluntary exercise. Neuromolecular Med 10:118-127.2008). 
Suchecki, D., Lobo, L. L., Hipolide, D. C. and Tufik, S. (Increased ACTH and corticosterone 

secretion induced by different methods of paradoxical sleep deprivation. Journal of 
sleep research 7:276-281.1998). 

Suchecki, D. and Tufik, S. (Social stability attenuates the stress in the modified multiple platform 
method for paradoxical sleep deprivation in the rat. Physiology & behavior 68:309-
316.2000). 

Sweatt, J. D. (Toward a molecular explanation for long-term potentiation. Learn Mem 6:399-
416.1999). 

Sweatt, J. D. (Mitogen-activated protein kinases in synaptic plasticity and memory. Curr Opin 
Neurobiol 14:311-317.2004). 

Tamamaki, N., Abe, K. and Nojyo, Y. (Three-dimensional analysis of the whole axonal arbors 
originating from single CA2 pyramidal neurons in the rat hippocampus with the aid of 
a computer graphic technique. Brain research 452:255-272.1988). 

Tao, X., Finkbeiner, S., Arnold, D. B., Shaywitz, A. J. and Greenberg, M. E. (Ca2+ influx regulates 
BDNF transcription by a CREB family transcription factor-dependent mechanism. 
Neuron 20:709-726.1998). 

Tartar, J. L., Ward, C. P., McKenna, J. T., Thakkar, M., Arrigoni, E., McCarley, R. W., Brown, R. E. 
and Strecker, R. E. (Hippocampal synaptic plasticity and spatial learning are impaired 
in a rat model of sleep fragmentation. The European journal of neuroscience 
23:2739-2748.2006). 



208 
 

Teyler, T. J. and DiScenna, P. (The role of hippocampus in memory: a hypothesis. Neurosci 
Biobehav Rev 9:377-389.1985). 

Teyler, T. J. and DiScenna, P. (The hippocampal memory indexing theory. Behav Neurosci 
100:147-154.1986). 

Thakker-Varia, S., Alder, J., Crozier, R. A., Plummer, M. R. and Black, I. B. (Rab3A is required for 
brain-derived neurotrophic factor-induced synaptic plasticity: transcriptional analysis 
at the population and single-cell levels. J Neurosci 21:6782-6790.2001). 

Thiels, E., Xie, X., Yeckel, M. F., Barrionuevo, G. and Berger, T. W. (NMDA receptor-dependent 
LTD in different subfields of hippocampus in vivo and in vitro. Hippocampus 6:43-
51.1996). 

Thomas, K. and Davies, A. (Neurotrophins: a ticket to ride for BDNF. Curr Biol 15:R262-
264.2005). 

Thomas, K. L., Laroche, S., Errington, M. L., Bliss, T. V. and Hunt, S. P. (Spatial and temporal 
changes in signal transduction pathways during LTP. Neuron 13:737-745.1994). 

Tiba, P. A., Oliveira, M. G., Rossi, V. C., Tufik, S. and Suchecki, D. (Glucocorticoids are not 
responsible for paradoxical sleep deprivation-induced memory impairments. Sleep 
31:505-515.2008). 

Timo-Iaria, C., Negrao, N., Schmidek, W. R., Hoshino, K., Lobato de Menezes, C. E. and Leme da 
Rocha, T. (Phases and states of sleep in the rat. Physiol Behav 5:1057-1062.1970). 

Tobler, I., Franken, P. and Scherschlicht, R. (Sleep and EEG spectra in the rabbit under baseline 
conditions and following sleep deprivation. Physiology & behavior 48:121-129.1990). 

Tobler, I. and Scherschlicht, R. (Sleep and EEG slow-wave activity in the domestic cat: effect of 
sleep deprivation. Behavioural brain research 37:109-118.1990). 

Tokuda, M., Ahmed, B. Y., Lu, Y. F., Matsui, H., Miyamoto, O., Yamaguchi, F., Konishi, R. and 
Hatase, O. (Involvement of calmodulin-dependent protein kinases-I and -IV in long-
term potentiation. Brain research 755:162-166.1997). 

Toldy, A., Atalay, M., Stadler, K., Sasvari, M., Jakus, J., Jung, K. J., Chung, H. Y., Nyakas, C. and 
Radak, Z. (The beneficial effects of nettle supplementation and exercise on brain 
lesion and memory in rat. J Nutr Biochem 20:974-981.2009). 

Tononi, G. and Cirelli, C. (Sleep function and synaptic homeostasis. Sleep medicine reviews 
10:49-62.2006). 

Treves, A. and Rolls, E. T. (Computational constraints suggest the need for two distinct input 
systems to the hippocampal CA3 network. Hippocampus 2:189-199.1992). 

Tsien, J. Z., Huerta, P. T. and Tonegawa, S. (The essential role of hippocampal CA1 NMDA 
receptor-dependent synaptic plasticity in spatial memory. Cell 87:1327-1338.1996). 

Tully, T. (Regulation of gene expression and its role in long-term memory and synaptic plasticity. 
Proceedings of the National Academy of Sciences of the United States of America 
94:4239-4241.1997). 

Tully, T., Bourtchouladze, R., Scott, R. and Tallman, J. (Targeting the CREB pathway for memory 
enhancers. Nat Rev Drug Discov 2:267-277.2003). 



209 
 

Uda, M., Ishido, M., Kami, K. and Masuhara, M. (Effects of chronic treadmill running on 
neurogenesis in the dentate gyrus of the hippocampus of adult rat. Brain Res 
1104:64-72.2006). 

Van der Borght, K., Kobor-Nyakas, D. E., Klauke, K., Eggen, B. J., Nyakas, C., Van der Zee, E. A. and 
Meerlo, P. (Physical exercise leads to rapid adaptations in hippocampal vasculature: 
temporal dynamics and relationship to cell proliferation and neurogenesis. 
Hippocampus 19:928-936.2009). 

van Hulzen, Z. J. and Coenen, A. M. (Paradoxical sleep deprivation and locomotor activity in rats. 
Physiology & behavior 27:741-744.1981). 

van Praag, H., Christie, B. R., Sejnowski, T. J. and Gage, F. H. (Running enhances neurogenesis, 
learning, and long-term potentiation in mice. Proc Natl Acad Sci U S A 96:13427-
13431.1999a). 

van Praag, H., Kempermann, G. and Gage, F. H. (Running increases cell proliferation and 
neurogenesis in the adult mouse dentate gyrus. Nat Neurosci 2:266-270.1999b). 

Vasuta, C., Caunt, C., James, R., Samadi, S., Schibuk, E., Kannangara, T., Titterness, A. K. and 
Christie, B. R. (Effects of exercise on NMDA receptor subunit contributions to 
bidirectional synaptic plasticity in the mouse dentate gyrus. Hippocampus 17:1201-
1208.2007). 

Vaynman, S., Ying, Z. and Gomez-Pinilla, F. (Exercise induces BDNF and synapsin I to specific 
hippocampal subfields. J Neurosci Res 76:356-362.2004a). 

Vaynman, S., Ying, Z. and Gomez-Pinilla, F. (Hippocampal BDNF mediates the efficacy of exercise 
on synaptic plasticity and cognition. Eur J Neurosci 20:2580-2590.2004b). 

Vaynman, S., Ying, Z. and Gomez-Pinilla, F. (The select action of hippocampal calcium calmodulin 
protein kinase II in mediating exercise-enhanced cognitive function. Neuroscience 
144:825-833.2007). 

Vaynman, S. S., Ying, Z., Yin, D. and Gomez-Pinilla, F. (Exercise differentially regulates synaptic 
proteins associated to the function of BDNF. Brain Res 1070:124-130.2006). 

Vecsey, C. G., Baillie, G. S., Jaganath, D., Havekes, R., Daniels, A., Wimmer, M., Huang, T., Brown, 
K. M., Li, X. Y., Descalzi, G., Kim, S. S., Chen, T., Shang, Y. Z., Zhuo, M., Houslay, M. D. 
and Abel, T. (Sleep deprivation impairs cAMP signalling in the hippocampus. Nature 
461:1122-1125.2009). 

Vogel, G. W. (A review of REM sleep deprivation. Archives of general psychiatry 32:749-
761.1975). 

Vollert, C., Zagaar, M., Hovatta, I., Taneja, M., Vu, A., Dao, A., Levine, A., Alkadhi, K. and Salim, S. 
(Exercise prevents sleep deprivation-associated anxiety-like behavior in rats: 
Potential role of oxidative stress mechanisms. Behav Brain Res.2011). 

Vyazovskiy, V. V., Borbely, A. A. and Tobler, I. (Interhemispheric sleep EEG asymmetry in the rat 
is enhanced by sleep deprivation. J Neurophysiol 88:2280-2286.2002a). 

Vyazovskiy, V. V., Deboer, T., Rudy, B., Lau, D., Borbely, A. A. and Tobler, I. (Sleep EEG in mice 
that are deficient in the potassium channel subunit K.v.3.2. Brain research 947:204-
211.2002b). 



210 
 

Walker, M. P. (Cognitive consequences of sleep and sleep loss. Sleep Med 9 Suppl 1:S29-
34.2008). 

Walker, M. P. and Stickgold, R. (Sleep, memory, and plasticity. Annu Rev Psychol 57:139-
166.2006). 

Wang, G. P., Huang, L. Q., Wu, H. J., Zhang, L., You, Z. D. and Zhao, Z. X. (Calcineurin contributes 
to spatial memory impairment induced by rapid eye movement sleep deprivation. 
Neuroreport 20:1172-1176.2009). 

Wang, J. H. and Kelly, P. T. (Postsynaptic calcineurin activity downregulates synaptic 
transmission by weakening intracellular Ca2+ signaling mechanisms in hippocampal 
CA1 neurons. J Neurosci 17:4600-4611.1997). 

Webb, W. B. and Agnew, H. W., Jr. (Sleep deprivation, age, and exhaustion time in the rat. 
Science (New York, N.Y 136:1122.1962). 

West, A. E., Griffith, E. C. and Greenberg, M. E. (Regulation of transcription factors by neuronal 
activity. Nat Rev Neurosci 3:921-931.2002). 

Winder, D. G., Mansuy, I. M., Osman, M., Moallem, T. M. and Kandel, E. R. (Genetic and 
pharmacological evidence for a novel, intermediate phase of long-term potentiation 
suppressed by calcineurin. Cell 92:25-37.1998). 

Winters, B. D., Saksida, L. M. and Bussey, T. J. (Implications of animal object memory research 
for human amnesia. Neuropsychologia 48:2251-2261.2010). 

Witter, M. P., Van Hoesen, G. W. and Amaral, D. G. (Topographical organization of the 
entorhinal projection to the dentate gyrus of the monkey. J Neurosci 9:216-
228.1989). 

Woolley, C. S., Gould, E. and McEwen, B. S. (Exposure to excess glucocorticoids alters dendritic 
morphology of adult hippocampal pyramidal neurons. Brain Res 531:225-231.1990). 

Xavier, G. F., Oliveira-Filho, F. J. and Santos, A. M. (Dentate gyrus-selective colchicine lesion and 
disruption of performance in spatial tasks: difficulties in "place strategy" because of a 
lack of flexibility in the use of environmental cues? Hippocampus 9:668-681.1999). 

Xu, B., Gottschalk, W., Chow, A., Wilson, R. I., Schnell, E., Zang, K., Wang, D., Nicoll, R. A., Lu, B. 
and Reichardt, L. F. (The role of brain-derived neurotrophic factor receptors in the 
mature hippocampus: modulation of long-term potentiation through a presynaptic 
mechanism involving TrkB. J Neurosci 20:6888-6897.2000). 

Xu, W. P., Shan, L. D., Gong, S., Chen, L., Zhang, Y. J., Yin, Q. Z., Hisamitsu, T., Jiang, X. H. and 
Guo, S. Y. (Forced running enhances neurogenesis in the hippocampal dentate gyrus 
of adult rats and improves learning ability. Sheng Li Xue Bao 58:415-420.2006). 

Yang, R. H., Hu, S. J., Wang, Y., Zhang, W. B., Luo, W. J. and Chen, J. Y. (Paradoxical sleep 
deprivation impairs spatial learning and affects membrane excitability and 
mitochondrial protein in the hippocampus. Brain research 1230:224-232.2008). 

Yao, H., Huang, Y. H., Liu, Z. W., Wan, Q., Ding, A. S., Zhao, B., Fan, M. and Wang, F. Z. ([The 
different responses to anoxia in cultured CA1 and DG neurons from newborn rats]. 
Sheng Li Xue Bao 50:61-66.1998). 



211 
 

Yin, J. C., Del Vecchio, M., Zhou, H. and Tully, T. (CREB as a memory modulator: induced 
expression of a dCREB2 activator isoform enhances long-term memory in Drosophila. 
Cell 81:107-115.1995). 

Yin, J. C., Wallach, J. S., Del Vecchio, M., Wilder, E. L., Zhou, H., Quinn, W. G. and Tully, T. 
(Induction of a dominant negative CREB transgene specifically blocks long-term 
memory in Drosophila. Cell 79:49-58.1994). 

Ying, S. W., Futter, M., Rosenblum, K., Webber, M. J., Hunt, S. P., Bliss, T. V. and Bramham, C. R. 
(Brain-derived neurotrophic factor induces long-term potentiation in intact adult 
hippocampus: requirement for ERK activation coupled to CREB and upregulation of 
Arc synthesis. J Neurosci 22:1532-1540.2002). 

Yoo, S. S., Hu, P. T., Gujar, N., Jolesz, F. A. and Walker, M. P. (A deficit in the ability to form new 
human memories without sleep. Nature neuroscience 10:385-392.2007). 

Youngblood, B. D., Smagin, G. N., Elkins, P. D., Ryan, D. H. and Harris, R. B. (The effects of 
paradoxical sleep deprivation and valine on spatial learning and brain 5-HT 
metabolism. Physiology & behavior 67:643-649.1999). 

Youngblood, B. D., Zhou, J., Smagin, G. N., Ryan, D. H. and Harris, R. B. (Sleep deprivation by the 
"flower pot" technique and spatial reference memory. Physiol Behav 61:249-
256.1997). 

Zhao, C., Deng, W. and Gage, F. H. (Mechanisms and functional implications of adult 
neurogenesis. Cell 132:645-660.2008). 

Zhu, J. J., Qin, Y., Zhao, M., Van Aelst, L. and Malinow, R. (Ras and Rap control AMPA receptor 
trafficking during synaptic plasticity. Cell 110:443-455.2002). 

Zola-Morgan, S., Squire, L. R. and Amaral, D. G. (Human amnesia and the medial temporal 
region: enduring memory impairment following a bilateral lesion limited to field CA1 
of the hippocampus. J Neurosci 6:2950-2967.1986). 

 

 
 

 

 

 

 

 

 

 

 



212 
 

 

 

 

 

 

 

 

 

 

 

 


