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ABSTRACT 

This dissertation focuses on the effect of aging on the hippocampal glutamatergic 

system and how modulation of this system affects age-related deficits. Previous studies 

have shown that the function of glutamatergic system changes w ith age in a region-

specific and receptor-specific manner. The glutamate response ratio in the dentate gyrus 

increases with age, which might be due to a fixed developmental process or accumulated 

experience over the lifespan. To address these possibilities, young rats were given one of 

three different treatments; standard single housing; wheel running and pair-housing; or 

enriched environment housing. The enrichment-treated rats learned the spatial version of 

the Morris swim task significantly more rapidly than did the other two groups. Neither 

the ratio of AMPAr- vs NMDAR-mediated field EPSP ampUtudes, nor AMPAr- vs 

NMDAr mediated slope conductance measured with whole-cell patch clamp recording 

differed significantly between groups. These results suggest that the change in the 

glutamate response ratio in the dentate gyrus over the lifespan is developmentally 

regulated. 

Hippocampal complex-spike cells exhibit place-spccific firing, and these 

hippocampal place representations in young rats expand following repeated traversals of 

a route. The place field expansion is suggested to be important for sequence learning, 

and is glutamatergic system-dependent. The expansion, however, is less robust in aged 

rats. One question is whether the place field expansion in old rats can be restored by the 

application of AMPAr modulator, CX516. Injections of 35mg/kg CX516 did not result 

in changes in firing characteristics of CAL pyramidal neuron etisembles, including place 
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field expansion. Aged rats were tested using two versions of the Morris swim task. There 

was no drug effect on initial learning or memory of the platform location, nor on spatial 

learning in new visuospatial contexts after extensive training. Spatial memory in aged 

rats was also assessed using a radial arm maze task. CX516 facilitated memory retrieval 

but did not affcct acquisition or consolidation processes. Thus, administration of 

35mg/kg CX516 appeared to have limited effect on spatial memory performance of old 

rats, and did not affect place field plasticity, suggesting that this short-term plasticity may, 

in part, share different mechanisms with LTP. 
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PREFACE 

Society is currently undergoing a significant aging of its population. This factor 

demands research on age-related issues, especially science concerned with improving the 

life quality of aged people. Among the problems that occur in the old, deficits in learning 

and memory are among the most common. Therefore, it is important, and rather urgent, 

to understand the mechanisms that underlie age-related memory deficits, in order to 

facilitate discoveries that can lead to development of therapeutics for this problem. To do 

that, it is necessary to know what kind of changes occur and what brain areas are 

responsible for age-related memory deficits. It appears that the glutamatergic system in 

the hippocampus is an important target for such studies. 

The hippocampus is a medial temporal lobe region that receives inputs from many 

association cortices, which handle different sensory modalities (Amaral and Witter 1995). 

This special input network allows the hippocampus to form associative memories 

involving all aspects of an experience. The hippocampus is widely believed to be 

important for episodic memory, especially spatial memory. One finding that gives strong 

support to a cmcial role of the hippocampus in spatial memory is the discovery that the 

primary neurons in the hippocampus show place-specific activity patterns (O'Keefe and 

Dostrovsky 1971). The cells that fire selectively in a particular location of a given 

environment arc called place cells, and the representation of the particular region of space 

where a place cell fires is referred to as that cell's place field. 

An important property of place fields is the observation that they can be modified 

by experience. Place fields expand rapidly after young rats repeatedly traverse a route 
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(Mehta, Barnes et al. 1997). This experience-dependent plasticity, referred to as the 

place field expansion effect, is important for sequence learning (Barnes 2003; 

Rosenzweig and Barnes 2003). Place field expansion, however, is less robust in aged rats, 

and therefore may lead to less accuratc encoding for spatial location in older animals 

(Shen, Barnes et al. 1997). In addition, hippocampal place cells in old rats tend to form 

place representations (a 'map') that in some situations exhibit different maps for same 

environment (Barnes, Sustcr et al. 1997), while in other situations the map remains the 

same even when the environment has changed (Tanila, Shapiro et al. 1997; Tanila, Sipila 

ct al. 1997). These changes may, therefore, covary with the widely observed spatial 

learning and memory deficits in old subjects. 

A critical neurotransmitter system for hippocampal synapses is the glutamate 

system, the most widespread excitatory neurotransmitter system in the brain. Moreover, 

glutamate NMDA and AM PA receptor subtypes play crucial roles in the induction and 

expression of long-term-potentiation (LTP) (e.g.,Collingridge, Kehl et al. 1983; Harris, 

Ganong et al. 1984; Nicoll and Malenka 1999; Malenka 2003). As its name states, LTP 

is a durable enhancement of synaptic connections, and is currently widely acccpted as the 

most likely cellular and molecular mechanisms for learning and memory. In old rats, 

under some conditions, there are deficits in LTP induction (Barnes, Rao et al. 2000). 

Furthermore, if LTP is robustly induced in old animals, it decays faster than in the young 

counterparts, sometimes with a speed comparable to that of spatial memory decay 

(Barnes 1979; Barnes and McNaughton 1985; Bach, Barad et al. 1999). 
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Similar to the age-related changes observed in LTP, the quantity and the function 

of glutamate receptors in the hippocampus also changes with age. Interestingly, age-

related changes in the glutamatergic system are region-specific and receptor-specific. For 

example, it has been shown that NMDA receptor (NMDAR) binding declines in an age-

dependent fashion in the CAL, CA3 and subicular cell regions, but not in the FD/hilar 

region, whereas the number of AMPA receptors (AMPAR) show age-related decline in 

the FD/hilar region, but remains stable in the CA regions (Wenk and Barnes 2000). It is 

noteworthy, however, that the change in the number of receptors is not necessarily 

equivalent to the change in the function of the receptors. It has been shown that both the 

glutamate AMPAR and NMDAR function (measured by field EPSP (fEPSP) amplitude) 

decreases in response to a given presynaptic input amplitude in the hippocampal CAl 

region of aged rats (Barnes, Rao et al. 1997). In the dentate gyrus, however, the AMPAR 

mediated fEPSP amplitude increases while NMDAR mediated fEPSP amplitude 

decreases for a given presynaptic input amplitude (Rao, Barnes et al. 1994). 

The result of this receptor-specific change is that the ratio of AMPAR- to NMDAR 

-mediated fEPSP amplitudes in the dentate gyrus increases with aging, with the ratio 

measured in old rats being more than two times larger than that measured in young rats. 

The age-related change of response ratio in the dentate gyrus is not observed in CA 1, and 

may result from some fixed developmental process or from accumulated experiences 

over the lifespan. The first experiment in the present dissertation, ''Effects of Experience 

on Glutamatergic Responses in the Dentate Gyrus and on Learning and Memory was 

designed to examine the effect of experience on the ratio of AMPAR- to NMDAR -
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mediated fEPSPs amplitude and on the ratio of AMPAR- to NMDAR-mediated slope 

conductance. To achieve this, young rats were trained in different environments, 

including a standard single housed situation with no specific handling, a condition with 

free access to a running wheel and pair-housing with another rat. or housing in enriched 

environments in which many rats were housed together in a big cage scattered with 

frequently-changed toys and tunnels. The rats in the enriched environment treatment 

group were also allowed to explore additional different environments twice per week. 

After being exposed to each of these treatments for 10 months, the rats were first tested 

on a spatial memory task. AMPAR - and NMDAR -mediated synaptic transmission in the 

dentate gyrus was then examined using either fEPSP recordings or whole-cell patch 

clamp recordings. Both memory capacity and the glutamate response ratio were 

compared among the groups with different experience. 

It is noteworthy that although the first experiment was designed to examine 

effects of enriched environment treatment on young rats, this treatment may be a possible 

therapeutic tool for age-related memory deficits. It has been shown that enriched 

environment treatment can modify not only the morphology and biochemistry, but also 

the function of the hippocampus in young rats (e.g., Krech, Rosenzweig et al. 1960; 

Falkenberg, Mohammed et al. 1992; Foster, Gagne et al. 1996; Kempermann, Kuhn et al. 

1997). Although aging weakens some effects of the enriched environment treatment, it is 

clear that the hippocampus in aged subjects remains plastic and can be modified (Sharp, 

Barnes et al. 1987; Kempermann, Kuhn et al. 1998; Williams, Luo et al. 2001). It is 

possible that the memory facilitation effect of enriched environment treatment might be 



larger in old subjects than in young subjects, considering the observation that this 

facilitation effect is more obvious in rats with brain damage than in normal controls 

(luvone, Geloso et al. 1996). 

The second experiment of the present dissertation also focused on aging and the 

hippocampal glutamatergic system, and involved the examination of potential therapeutic 

strategies, other than enriched environment treatment, to help alleviate age-related 

memory deficits. It has been shown that experience-dependent place field expansion in 

young rats is blocked by the glutamate NMDAR antagonist CPP (Ekstrom, Meltzer et al. 

2001). A natural question is whether place field expansion can be restored and spatial 

memory deficits be rescued in old rats by boosting the function of their glutamatergic 

systems. 

The most promising candidates in this category are the ampakines, a family of 

small compounds which cross the blood-brain-barrier easily and work as positive 

modulators of the glutamate AMPA receptor to enhance and prolong AMPAR-mediated 

responses (Arai, Kessler et al. 1996). One chemical in the anipakine family, CX516, is of 

special interest, due to its efficiency and safety. It has been shown that CX516 facilitates 

the induction of in vivo LTP in young rats when a sub-optimal stimulus protocol is 

applied (Arai, Kessler et al. 1996; Arai, Xia et al. 2002). Moreover, it improves the 

memory performance of young rats in several tasks (e.g.. Granger, Staubli et al. 1993; 

Larson, Lieu et al. 1995). It has also been shown that CX516 facilitates old rats' 

performance in radial mazes (Davis, Moskovitz et al. 1997), and improves the delayed 

recall of nonsense syllables in old human subjects (Lynch, Granger et al. 1997). 
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The second experiment of this dissertation, "Effects of Ampokines on Age-related 

Memory Deficits and Place Cell Characteristics was to examine whether CX516 was 

able to modify place field expansion and improve spatial memory performance in old rats. 

To achieve this, intraperitoneal injection of 35 mg/kg CX516 or saline was administered 

on alternate days 10 min before the old rat ran on a circular track. Lap-based place cell 

characteristics were compared between the drug-treated and saline-treated behavioral 

conditions. The effect of CX516 on memory performance was also examined, using 

several spatial memory tasks. Two of these tasks were performed in Morris water maze. 

In one protocol, the rats were pre-trained to swim in an environment without cues, then 

were given 6 spatial learning trials a week later. This task was called 'swim task with 

sub-optimal training'. In the other protocol, the rats were first well trained in the spatial 

version of the swim task, and were then brought to different environments to examine 

their spatial learning and memory performance under different visuospatial contexts. 

This task was called 'swim task in altered environment'. A third behavioral task was 

performed on a radial arm maze. The radial maze training protocol involved learning one 

correct arm choice per day with the target arm pseudo-randomly chosen from day to day. 

The first several chapters of this dissertation lay out the background and 

motivation for conducting the two primary experiments of this dissertation. The methods 

(Chapter 7), results (Chapter 8) and discussion (Chapter 9) chapters for these experiments 

follow these introductory chapters. Chapter 1, "The Hippocampus and Memory", reviews 

the neuroanatomy and connections of the hippocampus, as well the important 

involvement of the hippocampus in memory, especially the evidences for its crucial role 
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in spatial memory. This chapter also briefly reviews responses of the hippocampus to 

enriched environment treatment. Chapter 2, ^'Memory Deficits in Aging", focuses 

particularly on the spatial memory deficits observed in old human beings, non-human 

primates and rodents. Chapter 3, "LTP and the Glutamatergic System", reviews the 

biophysical and gene cascade mechanisms involved in LTP induction, expression and 

maintenance, as well as the correlation between LTP and memory that suggests that it 

may be the neurobiological basis for some types of memory. Chapter 4, "Changes in 

L TP and the Glutamatergic System in Aging", reviews age-related changes in the number 

of hippocampal neurons and synapses, the region-specific and receptor-specific changes 

in the glutamatergic system, as well as induction and maintenance of LTP. Chapter 5, 

"Hippocampal Place Cells and Changes during Aging", reviews the characteristics of 

place cells and how hippocampal ensembles are affected by aging. Chapter 6, 

"Therapeutics for Age-related Memory Deficits", briefly discusses compounds that have 

been shown to ameliorate age-related memory deficits. Studies on ampakines were 

specifically emphasized. In addition, the potential therapeutic value of enriched 

environment treatment is discussed. 
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CHAPTER 1: THE HIPPOCAMPUS AND MEMORY 

1.1 Memory and Amnesia 

Memory is the process by which information is encoded, stored and later retrieved. 

There are various forms of memory, which can be classified as "explicit" or "implicit" 

memory. Implicit memory is memory about skills, that is, how to perform something. 

The memory for how to play tennis is one example. Implicit memory is also referred to 

as "non-declarative memory" as it can be recalled without verbal awareness. Explicit 

memory, on the other hand, is memory about factual knowledge, such as what the word 

'tennis' means, and when, where and with whom you may have played tennis recently. 

Contrary to implicit memory, explicit memory requires effort, which is why it has also 

been referred to as "declarative memory". This taxonomy of implicit versus explicit 

memory was first proposed because of observations that lesions of some brain areas 

caused a deficit in some types of memory whereas other types of memory remained intact, 

suggesting that different types of memory processes may involve distinct brain regions. 

Figure 1.1 is one conceptualization of the taxonomy of memory. While such descriptions 

are useful for guiding experimental questions concerning memory representations in 

different brain regions, the brain regions listed in Figure 1.1 are oversimplified, based on 

our current knowledge of memory. 
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LONB-TERM MEMORY 
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Figure 1.1 Various forms of memory and proposed brain 
regions that might be engaged in these functions. 
Figure from Milner (1989). 

As shown in Figure 1.1, explicit and implicit memory can be further divided into 

more subtypes. For example, explicit memory can be divided into semantic and episodic 

memory. Semantic memory refers to conceptual knowledge of words, grammar and 

objects, as well as factual knowledge of the world and public events, such as the name of 

first president of the United States, or the details of the '911' attack in the United States. 

Episodic memory incorporates personal events or episodes (Nadel and Moscovitch 1997), 

such as the most salient experience in your life, or what you were doing at the moment 

when you heard the striking news of the '911' attack. This dissertation will focus on a 

form of memory which is episodic in nature, namely, spatial memory. 

Amnesia is a condition in which serious memory loss has occurred. It can result 

from disease or injury, such as brain tumors, encephalitis, chronic alcoholism, concussion, 
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or even brain surgery. Amnesia can be further divided into retrograde and anterograde 

amnesia. Retrograde amnesia is the loss of memory for events that happened prior to 

brain trauma; whereas anterograde amnesia is the inability to form new memories after 

the trauma. Damage to different brain areas not only affects the different types of 

memory differently, but also produces different effects upon anterograde or retrograde 

amnesia. Although not always true (see Section 1.4.2 for more detail), retrograde 

amnesia sometimes shows a pattern in which memory for events that happened long 

before the injury tend to be intact, while events occurring closer to the time of injury are 

more disrupted. This phenomenon is called temporally graded retrograde amnesia 

(Rempel-Clower, Zola et al. 1996); 

1.2 Medial Temporal Lobe Memory Systems 

1.2.1 The medial temporal lobe 

Figure 1.1 indicates that the medial temporal lobe and diencephalons are involved 

in explicit memory. The medial temporal lobe structures include the hippocampus, 

amygdala and three other adjacent cortices (perirhinal cortex, entorhinal cortex and 

parahippocampal cortex (in the monkey) or postrhinal cortex (in the rat) (Figure 1.2). In 

some views, the medial temporal lobe memory system does not include the amygdala 

(Squire and Zola-Morgan 1991). In addition, as can be seen later in Section 1.2.3, the 

entorhinal cortex sometimes is also included as part of the hippocampal formation 

(Amaral and Witter 1995). In this section, however, each area is treated separately for 

discussion purposes. The anatomy and connections of the hippocampus will be discussed 
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in detail in Section 1.2.3, and a brief overview of the anatomy and function of the 

entorhinal cortex, perirhinal cortex and parahippocampal / postrhinal cortex are given 

below. The nomenclatures of these structures arc as described in reviews by Suzuki et al. 

(Suzuki 1996; Suzuki and Aniaral 2003; Suzuki and Amaral 2003) (for monkey) and 

Burwell et al. (Burwell, Witter et al. 1995; Burwell 2000; Burwell 2001) (for rat). The 

detailed cytoarchitectonic characteristics and intrinsic connections of these cortices, as 

well as the dispute about the exact borders among these regions (see review written by 

Suzuki et al. (Suzuki and Amaral 2003; Suzuki and Amaral 2003) and Burwell (Burwell, 

Witter et al. 1995; Burvvell 2000; Burwell 2001) for more information) , are beyond the 

scope of the present dissertation, and will not be discussed below. A brief summary of 

the positions of these regions in the monkey and rat brain, and their interconncctivity 

with hippocampus and neocortex will be given, to help highlight their respectively 

functional importance. 

1.2.1.1 Location of medial temporal lobe (MTL) structures 

As shown in Figure 1.2, the medial temporal lobe is located in the ventral medial 

part of the macaque monkey brain and the caudal ventral part of the rat brain. The 

organization of different medial temporal cortices is better viewed ventrally or laterally in 

the monkey or rat brain, respectively. While the entorhinal and perirhinal cortices in the 

monkey brain are homologous to those respective cortices in the rat brain, the 

parahippocampal cortex in the monkey is homologous to the postrhinal cortex in the rat, 

based on topological, histochemical and connectional criteria (Burwell, Witter et al. 1995) 



In the monkey brain, the perirhinal cortex is laterally adjacent to the full 

rostrocaudal extent of the rhinal sulcus (Figure 1.2 c). Area 35 of the perirhinal cortex is 

situated in the fundus and lateral bank of the rhinal sulcus as a narrow band. Area 36 is 

situated lateral to area 35, and is adjacent to the unimodal visual area TE on the other side. 

Different from the monkey brain, the perirhinal cortex occupies only the caudal part of 

the rhinal sulcus in the rat brain, with area 35 and area 36 situated on the ventral and 

dorsal bank of the rhinal sulcus, respectively (Figure 1.2 b, d). 

The rostral portion of the entorhinal cortex in the rat brain is located ventral to 

area 35 of the perirhinal cortex, and its caudal portion is ventral to postrhinal cortex 

(Figure 1.2 b). The entorhinal cortex is located medial to the rhinal sulcus in the monkey. 

Nonetheless, the spatial relationships among entorhinal cortex, area 35 and area 36 are 

similar for the two species, with the three structures adjacent to each other in the 

mediolateral plane in the monkey and in the ventrodorsal plane in the rat. 

Both the parahippocampal cortex in the monkey and the postrhinal cortex in the 

rat are situated caudal Iy to the perirhinal and entorhinal cortices. The parahippocampal 

cortex in monkey is composed of area TH and area TF. Area TH is situated caudal to 

entorhinal cortex and parasubiculum, and area TF is located lateral to TH and caudal to 

the perirhinal cortex. 
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Figure 1.2 The positions of entorhinal, perirhinal, parahippocampal and 
postrhinal cortices in the brain. a and c are from macaque monkey 
brain; b and d are from rat brain, c and d are the unfolded maps of the colored 
region in a and b, respectively. Abbreviation: EC, entorhinal 
cortex; POR, postrhinal cortex; rs, rhinal sulcus; Te3 and Te2, temporal cortex. 
Figures in a and b are adapted from Brown and Aggleton (2001); Figure c and d 
are adapted from Lavenex et al. (Lavenex, Suzuki et al 2002) and Burweil 
(2001), respectively. 



It has been found that both the combined areas of the perirhinal and postrhinal 

cortices in the rat and the combined areas of perirhinal and parahippocampal cortices in 

the monkey occupies about 5% of the entire neocortical surface area. The size of the 

entorhinal corte.x, however, is not scaled to that of the neocortical surface in the two 

species, in fact, as shown in Figure 1.2 b and Figure 1.2 c, while the entorhinal cortex in 

the rat is about the same size as the perirhinal/postrhinal cortices, it is only about one 

fourth the size of the perirhinal/parahippocampal cortices in the monkey brain. As is 

suggested by Burwell et al., the enlarged entorhinal cortex in rat might be related to the 

large amount of projections from the olfactory system (Figure 1.3 B) (Burwell, Witter et 

al. 1995). 

1.2.1.2 Interconnectivity of medial temporal lobe (MTL) structures with 

the hippocampus and neocortex 

As shown in Figure 1.3, both the perirhinal cortex and the parahippocampal 

cortex in the monkey brain, as well the perirhinal cortex and postrhinal cortex in the rat 

brain, receivc extensive projections from unimodal and polymodal association areas. The 

perirhinal cortex and parahippocampal/postrhinal cortex not only have bi-directional 

connections between each other, but also send out projections to the entorinal cortex. 

The latter structure sets up very strong bi-directional connection with the hippocampal 

formation. In addition, there are also weak but direct projects from the perirhinal and 

parahippocampal/postrhinal cortices to the hippocampal formation. 
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Figure 1.3 Connectional diagram of the routes by which sensory information 
reaches the hippocampus through other medial temporal lobe structures in 
the monkey (A) and rat (B). The thickness of the arrows indicates the size of the 
projection. Abbreviation: STG, superior temporal gyrus; S I S, superior temporal 
sulcus. Figure is adapted from Brown and Aggleton (2001). 

There are differences between the rat and the monkey brain with respect to the 

connections from sensory cortices to perirhinal and postrhinal parahippocampal cortices. 

These species differences are presumably related to the fact that rat and monkey depend 

differentially on various sensory modalities. For example, monkeys, like human beings, 

use visual or visual/spatial sensory information to a large degree; rats, however, also 

depend heavily on olfactory, auditory and somatosensory information (Figure 1.3). As 

mentioned in the last section, the entorhinal cortex in the rat receives extensive direct 

projections from olfactory associate cortex. Inputs from the perirhinal/postrhinal cortices 

occupy about one fifth of all the cortical input to the entorhinal cortex in the rat, whereas 

that percentage (perirhinal/ parahippocampal to entorhinal) in the monkey is 



approximately two thirds. Moreover, the connections between polysensory cortices and 

the hippocampal formation is unilateral in the monkey but reciprocal in the rat (Burwell, 

Witter et al. 1995; Burwell and Amaral 1998; Burwell and Amaral 1998). 

In addition, the transmission of some types of sensory information has different 

sources and targets in the monkey and rat. For example, in the monkey, somatosensory 

stimulation arises from the insula and projects to the perirhinal cortex; whereas in the rat, 

it arises from the parietal cortex and projects to the postrhinal cortex. Despite all the 

differences in interconnectivity between the monkey and the rat, it is clear that in both 

species, the medial temporal lobe structures receive diverse sensory inputs from primary 

and association cortices, and therefore would be able to accompHsh high level integration. 

The hippocampal formation, especially, stands at the top of this pyramid. 

1.2.2 Medial temporal lobe structures and memory 

It was once believed that all the different structures of the medial temporal lobe 

formed a single functional system which supported the explicit or declarati ve memory, 

and that the greater the damage to this system, the greater the severity of the memory 

deficit (Squire and Zola-Morgan 1991; Zola-Morgan, Squire et al. 1994). Among all the 

medial temporal lobe structures, the hippocampus and amygdala were hypothesized to be 

more involved in explicit memory functions, whereas other medial temporal lobe 

structures were relays for more sensory-specific information between the hippocampus 

and the rest of the neocortical mantle. These hypotheses, however, were challenged by 

experiments using new lesion techniques, such as excitotoxin injection together with a 



stereotaxic surgical approaches guided by magnetic resonance imaging (MRJ). Lesion 

accuracy has become much more selective than the traditional aspiration methods which 

could damage brain regions around the target area (Murray 1999). In addition to more 

precise methods for damaging tissue, the protocols used for behavioral training have also 

been scrutinized more recently. It was found that pre-training animals on some memory 

tasks before surgical lesions were performed affected the outcome of the behavioral 

experiment dramatically (Erickson and Barnes 2003). Armed with these new technical 

innovations and insights, it is now believed that, instead of being a single functional unit, 

different structures of the medial temporal lobe play quite dissociable roles in different 

types of memory. 

The memory performance following lesions in the monkey medial temporal lobe 

has been tested primarily with delayed non-matching-to-sample ( DNMS) or delayed-

matching to sample tasks. Tasks using essentially similar principles have also been 

developed in rats. In brief, the animal is exposed to a sample stimulus for a short period 

of time, the stimulus is then removed and a variable time delay is given. The familiar 

sample stimulus is then presented together with a novel stimulus. Based on the 

requirement of the task, the animal should sclect the novel stimulus (DNMS) or the 

familiar stimulus (DMS) to get reward. This task is clearly a recognition memory task, 

whether visual, olfactory, or spatial stimuli are used. 

As Brown and Aggleton suggested, recognition memory is composed of at least 

two processes, familiarity discrimination and recollective matching. The first process is 

essentially 'knowing', or 'I know 1 have seen you before but I do not remember a specific 
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episode'; the second process, however, is, 'remembering', or 'I know I have seen you 

before because I can remember a specific episode'(Brown and Aggleton 2001). Brown et 

al. suggested that the perirhinal cortex is more related to familiarity discrimination, 

whereas the hippocampus is more important for recollective matching. 

The functional dissociation between the hippocampus and the perirhinal cortex 

can be observed in numerous experiments. For example, Wan et al. found that pictures of 

novel individual objects selectively activated the perirhinal cortex and area TE of the 

temporal lobe. By comparison, pictures of novel arrangements of familiar items produce 

significantly greater activation in the postrhinal cortex and the sub field C A1 of the 

hippocampus. Significantly less activation was found in the dentate gyrus and subiculum, 

while the perirhinal cortex and area TE were unchanged (Wan, Aggleton et al. 1999). 

These results suggested that the perirhinal cortex processed information essential for 

recognition of the novelty of individual items, whereas the hippocampus was important 

for recognition of the spatial arrangements of items. In addition, fornix transection that 

induces hippocampal dysfunction, impairs rats' performance in spatial tests such as 

delayed nonmatching-to-position, a spatial discrimination and its subsequent reversals, 

and delayed spatial alternation in a T-maze place reversal task. Fornix transection, 

however, does not disrupt rats' perfonnance on an object recognition memory task. On 

the other hand, ablation of the perirhinal cortex produced the opposite results (Ennaceur, 

Neave et al. 1996). These results suggest that while the hippocampus is necessary for 

non-object-based spatial tasks such as place reversal learning, perirhinal cortex is 
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involved in object-based spatial tasks and is necessary for spatial memory only to the 

extent that "object" processing is involved in that spatial memory. 

The hippocampus and perirhinal cortex are functionally dissociated not only with 

each other, but also with the amygdala. When testing monkeys' acquisition of systematic 

preferences among four novel foods, Gaffan (1994) found that food preference learning 

was significantly disturbed in monkeys with amygdalectomy, but not in the monkeys 

with hippocampal lesion or perirhinal cortex ablation. 

The current view is that there are multiple functional subdivisions in the medial 

temporal lobe. While the hippocampus is critical for knowledge about places and 

episodes, and the amygdala is important for linking objects, events or place information 

with affective valence, the perirhinal cortex, parahippocampal/postrhinal cortex, and 

entorhinal cortex also contribute directly to memory function, and their involvement in 

memory is largely related to their anatomical connections within the brain. For example, 

area TH of the parahippocampal cortex is likely to be particularly important for auditory 

memory (Tranel, Brady et al. 1988); and area TP of the parahippocampal cortex might 

join with the dorsolateral prefrontal cortex and posterior parietal cortex to form a network 

that is involved in visuospatial processing and memory (Goldman-Rakic 1987). The 

experimental data also suggest that the parahippocampal cortex is important for 

topographic spatial memory in human beings (Aguirre, Detre et al. 1996), memory for 

landmarks and contexts (Bohbot, Kalina et al. 1998) as well as object recognition and 

object identification (Murray, Bussey et al. 2000). Perirhinal cortex is very important for 

visual recognition, as well as other stimulus-stimulus recognition tasks (Murray and 
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Bussey 1999). Since the entorhinal cortex gets its input mainly from polymodal 

association cortical areas, it may be a site at which these higher order associations 

converge and are integrated. 

Because the medial temporal lobe is organized in a hierarchical fashion, the 

perirhinal cortex, parahippocampal postrhinal cortex, and the entorhinal cortex appear to 

provide the initial stage of processing that involves object recognition, association and 

identification. In later stages, the processed information about objects would be linked 

with events or affective valences by the hippocampus and amygdala, respectively. The 

following sections of this chapter, as well as subsequent chapters will focus on one part 

of the medial temporal lobe, the hippocampus. 

1.3 General Anatomy and Connections of the Hippocampus 

It has been introduced in Section 1.2.1 that the percentage of perirhinal and 

parahippocampal/postrhinal cortices to the entire neocortex is roughly same (about 5%) 

in the monkey and rat, and the percentage of the size of the endorhinal cortex to that of 

the neocortex is much smaller (about one forth) in the monkey than that in rat (Burwell, 

Witter et al. 1995). The relative size of the hippocampal formation in relation to the 

neocortex is even smaller in primate than that in rat, as shown in Figure 1.4. On one side 

this observation suggests the expansion of the neocortex with evolution, but on the other 

side it also suggests the crucial role of the hippocampal formation in rat's life. 

Since the experimental section in the present dissertation used rats as subjects, the 

hippocampus in the rat brain, especially its morphology and connectivity, will be the 
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focus of present section. In addition, the word "hippocampus" is used for the 

hippocanipal formation below. 
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Figure 1.4 Position of the hippocampus in human (A) and rat (B) brain. 
Note the difference in relative size of the hippocampus to the neocortex in 
human compared with rat brain. Part A is from Pinel (2000). Part B is adapted 
from Amaral and Witter (1995). 

1.3.1 Anatomical definitions of the hippocampus 

The hippocampus is locatcd medial to the lateral ventricle in the temporal lobe. 

"Hippocampus" is Latin for 'sea horse', and gets its name from its folded, seahorse like 

shape. Its shape also reminded Lx)rente de No of a ram's horn, so he named one part of 

the hippocampus cornu ammonus ('Amnion's horn'). 

The hippocampal formation can be divided into the hippocampus proper which 

includes the cornu ammonus (CAl, CA2 and CA3), the dentate gyrus (also called fascia 

dentata), the subiculum, presubiculum and parasubiculum. The entorhinal cortex has also 
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been included as part of the hippocampal formation by some authors (Figure 1.5 ). The 

hippocampus proper and dentate gyrus is the focus of this section. 

The CA2 region is a narrow zone (less than 250 }xm) of large cells that are 

interposed between CA3 and CAl. Although having its own distinct features, such as 

denser acetylcholinesterase staining (Paxinos and Watson 1982), and denser calcium 

binding protein parvalbumin (Baimbridge and Miller 1982) than adjacent CAl and CA3 

regions, CA2 resembles the CAB region in many respects. The function of CA2 has not 

been studied intensely, and therefore will not be reviewed further in this section. 

Figure 1.5 Schematic diagram of the subregions of the hippocampus. 
This slab of hippocampal tissue is cut perpendicular to the long 

axis of the hippocampus. Abbrev iations: IEC, lateral entorhinal cortex; mEC, 
medial entorhinal cortex; pS, pre- and para-subiculum; S, subiculum; CAl, 
comu ammonus 1; CA3, comu ammonus 3; DG, dentate gyms or fascia dentata. 
Figure adapted from Burgess and O'Keefe (1996). 

Different from most of the phylogenetically new cortical areas that have 6 layers, 

the hippocampus has only three layers. As shown in Figure 1.6, both CAl and CA3 have 
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a polymorphic layer {stratum oriens), pyramidal layer {stratum pyramidale), and 

molecular layer {stratum radiatum and stratum lacunosum-moleculare)', the dentate gyrus 

has a polymorphic layer {hilus), granular layer {stratum granulosum), and molecular 

layer {stratum moleculare). Cell bodies in the pyramidal layer of CAl and those in the 

granular layer of the dentate gyrus are densely packed. 

Other than these principal cells (granule cells in the dentate gyms and pyramidal 

cells in CA3 and CAl), there are different types of intemeurons in the hippocampus. The 

intemeurons show quite different properties in comparison with the principal cells. For 

example, their firing is only weakly spatially-selective (Wilson and McNaughton 1993); 

and they do not exhibit long-term plasticity (McBain, Freund et al. 1999). Nevertheless, 

the activities of hippocampal intemeurons dramatically affect the ilinction of the 

hippocampal neural network, and play critical role in memory storage and retrieval 

(McNaughton and Nadel 1990). The detail anatomy and connectivity of the hippocampal 

intemeurons (see Freund and Buzsaki's review (1996)), however, are beyond the scope of 

this dissertation, therefore will not be discussed below. 
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Figure 1.6 Layers of rat 
hippocampus shown from a 
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Figure from Amaral and 
Witter (1995). 

1.3.2 Hippocampal connectivity 

Different types of neurons in different sub-regions of the hippocampus are 

intertwined into a complicated and delicate neural network. The traditional 'trisynaptic 

loop' (Andersen, Bliss et al. 1971) described an unidirectional and serial information 

flow in the hippocampus: 1) inputs from neocortical areas, especially the cntorhinal 

cortex, project to the granule cells of the dentate gyrus through the perforant pathway; 2) 

granule cells innervate the CA3 pyramidal cells through their mossy fiber axons; 3) CA3 

pj^amidal cells then innervate the CAl pyramidal cells through the Schaffer collateral 

axons. From CA 1, information flows out of the hippocampus proper to the subiculurn. 
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Figure 1.7 Summary diagram of the hippocampal network. 
Only major intrinsic connections and extrinsic cortial inputs were 
shown here. Abbreviation: EC, entorhinal cortex; DG, dentate 
gyms; CAS, cornu ammonus 3; CAl, comu ammonus 1; S, 
subiculum; PrS, presubiculum; PaS, parasubiculum. 
Figure from Amaral and Witter (1995). 

This traditional view has been shown to be oversimplified as the development of 

advanced neuroanatomical methods has revealed connections to be much more 

complicated. Figure 1.7 summarizes a more complicated picture of the hippocampal 

circuitry. In brief, the entorhinal cortex not only receives input from polymodal 
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association cortex through the perirhinal cortcx, but also receives projections from the 

subiculum and CAl. There are also recurrent projections within the entorhinal cortex 

itself The entorhinal cortex not only projects to the dentate gyrus, but also to CA3, CAl 

and the subiculum. Moreover, the two areas of the entorhinal cortex, the lateral 

entorhinal area (LEA) and the medial entorhinal area (MEA), project to different 

hippocampal dendritic domains. The LEA projects to the outer 1/3 of the apical dendrites 

of the dentate gyrus and to the outer half of the stratum lacunosum-moleculare of CAB, 

while the MEA projects to the middle 1/3 of the dendrites of the dentate gyrus and the 

inner half of the stratum lacunosum-moleculare of CA3. In addition, whereas the LEA 

projects to the distal regions of CAl and the proximal regions of the subiculum, the MEA 

projects to the proximal and distal regions of those structures, respectively. This 

segregation of projections even continues into hippocampal outputs (Figure 1.8). As will 

be discussed in Chapter 3, the synapses formed by axonal projections from LEA and 

MEA to the dentate gyrus and CA3 have very distinct properties and mechanisms in 

long-term potentiation (LTP) induction. 
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This complexity of connections also exists in other hippocampal regions (Figure 

1.7). The granule cells in the dentate gyrus and CAS pyramidal cells send projections to 

CA3 and CA1, respectively, and also have recurrent projections that remain in their own 

structure. CAl pyramidal cells not only project to subiculum, but also to entorhinal 

cortex and other neocorlical areas, including the frontal cortex. Other than sending 

projections to the entorhinal cortex, not only directly but also indirectly through the 

presubiculum and parasubiculum, the subiculum also projects to other neocortical areas 

including the perirhinal cortex, the retrosplenial cortex and the medial frontal cortex. In 

addition, all the hippocampal structures receive input from the contralateral hippocampus 

through the hippocampal commissure. Because the hippocampus receives inputs from 

association cortex such as perirhinal cortex, frontal cortex, retrosplenial cortex, which 

handle different sensory modalities, the hippocampus resides at a high level of the 

pyramid of cognition. This places it in a position to form associative memories involving 

all aspects of an experience. 

The lamellar concept of hippocampal circuitry, developed in the early 1970's, 

suggested that the major hippocampal connections were all oriented perpendicular to the 

long axis of the structure. In this view, the hippocampus could be described as a stack of 

similarly organized but connectionally isolated slices. The most important contribution 

to arise from the lamellar concept is that it formed the basis for the development of in 

vitro electrophysiological studies using the in vitro slice preparations. The lamellar 

concept, however, was also oversimplified, as the only strictly lamellar projections in the 

hippocampal formation have been found to be the mossy fibers of granule cells. 
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Nonetheless, the hippocampal slice preparation is still widely used in the study of the 

hippocampal cellular physiology and plasticity mechanisms. 

1.3.3 Distinct characteristics of several hippocampal sub-regions 

1.3.3.1 Dentate Gyrus 

There are about 2x10^ granule cells in the dentate gyrus granule layer of each 

hemisphere (Boss, Peterson et al. 1985; Boss, Turlejsld et al. 1987), roughly the total 

number of cells in all the other hippocampal structures. These granule cells receive input 

from approximately 2 x 10^ entorhinal cells, and in turn project to approximately 3x10^ 

pyramidal cells in CA3. Thus a large (about tenfold!) expansion and divergence occurs 

from the entorhinal cortex to the dentate gyrus, after which a similarly dramatic 

compression and convergence occurs from the dentate gyrus onto the CA3 region. 

Because the dentate gyrus provides anatomical divergence, it could amplify the 

difference between two originally very similar inputs. Therefore, the dentate gyrus helps 

to separate similar inputs, and this "sparse coding" network scheme increases the 

efficiency of a netw ork, and allows it to store more information (McNaughton and Nadel 

1990). 

1.3.3.2 CA3 

There are about 3x10^ pyramidal cells in the CA3 pyramidal layer of the rat 

brain (Boss, Turlejski et al. 1987), and each of them projects to more than half the extent 

of CA3 on both hemispheres to contact approximately 6,000 other CA3 pyramidal cells. 



Based on the Hebb-Marr network theory, a strong auto-association network like CA3 

could not only facilitate pattern completion, but also can participate in error correction to 

some degree (McNaughton and Nadel 1990). Pattern completion is the completion of 

some previously-stored patterns from fragmentary input, which is analogous to the 

process of memory retrieval from pieces of incomplete information. A network that can 

do error correction is robust because it is capable of retrieving correct patterns even when 

the input is partly corrupted. The way the autoassociation network achieves error 

correction is by relaxing recall criterion. Thus the correct memory could be retrieved by 

neglecting some incorrect or conflicting input information. The CA3 autoassociation 

network also plays a crucial role in sequence learning. 

1.3.3.3 CAl 

There are about 4.2 x 10""' pyramidal cells in the CA1 pyramidal layer of the rat 

brain (Boss, Turlejski et al. 1987). Those small cells are neatly and densely packed and 

are in an ideal position for electrophysiological experiments. Most of hippocampal 

ensemble activities discussed in this dissertation are, indeed, recorded from this area. 

Among all the hippocampus subregions, CAl is extremely sensitive to 

impainnent caused by ischemia, hypoxia and epilepsy, and is especially sensitive to the 

transient forebrain ischemia (Zola-Morgan, Squire et al. 1986; Kuroiw a, Terakado et al. 

1996). For example, a patient named R.B. suffered a sudden atrial tear after a coronary 

artery bypass operation, w hich resulted in 800-1000 cc of blood lost in less than two 

minutes and about 5,000 cc of blood lost in total. His systolic pressure reduced to 40mm. 
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It is easy to guess that many regions of his brain underwent ischemia at that time. The 

postmortem neuropathological analysis of his brain, however, showed that except for 

some minor pathology of other regions, only the bilateral entire CAl field of the 

hippocampus was significantly impaired (Zola-Morgan, Squire et al. 1986). 

This high vulnerability of CA1 to these essentially excitotoxic impairments may 

be related to its high density of glutamate NMDA receptors, suppression of specific 

receptor (the ryanodine receptor) binding, lower calcium binding protein, or low activity 

of mitochondrial respiratory enzymes as well as some other distinct characteristics (e.g., 

Benveniste 1991; Kuroiwa, Terakado et al. 1996; Nozaki, Tanaka et al. 1999; Kirino 

2000). Most of these factors could cause larger amounts of calcium influx through the 

glutamate NDMA (N-methyl-D-aspartate) reccptor when cells are excited and finally 

mediate excitotoxic lesions. Interestingly, the influx of calcium ions through the NMDA 

receptor is a critical trigger for long-term potentiation (LTP), an assumed cellular and 

molecular mechanism for memory (sec Chapter 3 for more details), suggesting that it 

functions as a double-edged sword. 

1.4 The Role of the Hippocampus in Memory 

1.4.1 Knowledge from case studies 

The importance of the hippocampus to memory is not only predicted by its special 

input and output network, which set the hippocampus at the top of the pyramid of 

cognitive information processing, but has been proved by many observations and 

experiments. 



52 

The early studies of the relationship betw een hippocampus and memory was 

initiated by a striking case study reported by Scoville and Miiner (Scoville and Milner 

1957). Patient H.M. received bilateral medial temporal lobectomy to treat his intractable 

seizures. Although the surgery did greatly reduce H.M.'s seizures, it also caused another 

unbearable 'side effect' — he "appears to forget the incidents of daily life as fast as they 

occur" (Scoville and Milner 1957). For example, H.M. could not remember what he had 

eaten for lunch just a half hour later; in fact, he even could not recall whether he had had 

lunch at all. Intensive studies about H.M. during the past half century disclose an 

interesting pattern (for review, see Cork in's review (Corkin 2002)); H.M. showed severe 

anterograde amnesia and he has also had retrograde amnesia back to 11 years before the 

surgery (Sagar, Cohen et al. 1985). His memory deficits were mainly in the reahn of 

explicit memory, whereas his implicit memory was largely intact. 

In a mirror-tracing task in which H.M. was asked to draw outlines of a figure 

without seeing his hand movement and the figure, his performance improved after 

repeated training. Furthermore, he retained the learned skill over a year long interval 

(Gabrieli, Corkin et al. 1993). This preserved procedure / skill learning formed a clear 

contrast to his deficit in explicit memory in which he had no recall or recognition of 

having done the task at all! H.M. also showed preserved learning and memory in most 

kinds of repetition priming tasks, such as completing word-stems. The repetition priming 

tasks in which he failed might in fact have required other forms of memory. H.M. does 

show normal complex picture recognition if allowed to study the pictures longer; 

however, this success might be based on familiarity judgment rather than conscious 
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recollection. In comparison to H.M.'s severely impaired autobiographical episodic 

memory, his public semantic knowledge is less severely affected. For example, he could 

name President John F. Kennedy or Ronald Reagan by viewing their photographs. He 

even did marginally better than healthy controls in naming famous faces from 1920s and 

1930s, which might be due to his difficulties in forming new memories and therefore lack 

of retroactive interference (Corkin 2002). What's truly striking is that despite his severe 

impairment on spatial memory, H.M. could draw an accurate floor plan of a house he 

moved to five years after his surgery, suggesting that he is still able to form new long-

term memory if allow ed to learn the information slowly and repeatedly. 

It should be emphasized that Scoville and Milner named their first report about 

H.M.'s amnesia as "Loss of recent memory after bilateral hippocampal lesions", 

indicating their belief that a lesion of the hippocampus was the cause of the memory 

deficit in H.M. MRI studies administered years later (Corkin, Amaral et al. 1997), 

however, confirmed that the lesion in H.M.'s brain was not just limited to the 

hippocampus. The bilaterally symmetrical lesion also covered the medial temporal polar 

cortex (Brodmann area 38), and nearly the entire amygdala and entorhinal cortex (Figure 

I.9). Interestingly, the hippocampal lesion in H.M was not complete, and only 

approximately half of the rostrocaudal extent of the intraventricular portion of the 

hippocampal formation (dentate gyrus, hippocampus, and subicular complex) was 

damaged. The remaining portion of the hippocampal formation, however, was basically 

functionally isolated. As reviewed in Section 1.2, the damage to each of those individual 

medial temporal lobe structures could cause different kinds of disruptions in learning and 
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memory. Thus, the memory deficits observed in H.M. might well be related, at least in 

part, to the lesions of these other brain areas. 

Figure 1.9 Imaging H.M.'s lesion. T1-weighted MRl 
of the left side of H.M.'s brain shows the extent of his medial 
temporal lobe resection. The asterisk indicates the missing 
region, while the arrow indicates the spared hippocampal tissue. 
Damage to the right side of the brain was similar. Figure from 
Cork in et al. (Corkin, Amaral et al. 1997). 

There have been, however, other patients who had very limited lesions in the 

hippocampus, including the patient R.B., mentioned in above. Although his histological 

damage was only limited to the CA1 region of the hippocampus, R.B. exhibited obvious 

anterograde amnesia much like that of H.M. but little, if any, retrograde amnesia (Zola-

Morgan, Squire et al. 1986). Later, three more cases were reported from this laboratory 

(Rempel-Clower, Zola et al. 1996). Similar to R.B, patient G.D. suffered a transient 

ischemia event during a surgery which damaged the hippocampal CAl area. He 

exhibited moderate anterograde amnesia and little retrograde amnesia. Patient L.M. had 
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similar but more severe anterograde amnesia in comparison to R.B. and G.D., however, 

his retrograde amnesia was extensive, and covered at least 15 years. Postmortem 

pathology revealed damage to his hippocampus proper (CAl, CA2, CA3), dentate gyrus 

and entorhinal cortex, which were likely caused by severe tonic clonic seizures. In 

addition to suffering more severe anterograde amnesia than all three other patients 

discussed above, patient W.H. also had severe, temporally graded retrograde amnesia 

which covered as much as 25 years. The cause for those memory deficits was not known 

for certain, but was suggested to be cerebral ischemia. W.H.'s hippocampus proper, 

dentate gyrus, subiculum and entorhinal cortex all exhibited pathological changes. These 

cases suggest that lesions apparently limited to the CAl area of the hippocampus are 

enough to disrupt the formation of new explicit memories, and that this anterograde 

memory impairment can be more severe when more of the hippocampal formation is 

damaged. In addition, damage limited to the hippocampal formation can also induce 

severe, possibly temporally graded retrograde amnesia. 

1.4.2 Standard consolidation theory versus multiple trace theory 

The findings of retrograde amnesia in people with medial temporal lobe damage 

suggest the existence of a process of memory reorganization or 'consolidation', in which 

the neural substrate of memory must be reorganized gradually as time passes. The 

memory would remain vulnerable to disruption, until the reorganization process is 

finished. The observations of temporally graded retrograde amnesia, in combination with 

the finding that hippocampal lesions induce profound anterograde amnesia, inspired some 
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scientists to propose a 'standard consolidation model' to explain the role of the 

hippocampus (or, the medial temporal lobe) in memory (Alvarez and Squire 1994; 

Alvarez, Zola-Morgan et al. 1995; Squire and Alvarez 1995). 

Cortexl 
slow-changing 
connections 

MTL 

Cortex2 

changing connections 

Figure 1.10 Schematic diagram of the standard 
consolidation model. A key feature 
of this model is that the connections to and from the medial 
temporal lobe (MTL) change much faster than connections 
between the two neocortical association areas (Cortex 1 and 
Cortex2). Figure from Alvarez and Squire (1994). 

According to the standard consolidation model (Figure 1.10), a given event or fact 

is registered by both the hippocampus and multiple, geographically separated neocortical 

areas. The interaction between the hippocampus and the neocortex is proposed to be 

needed to form long-term explicit memories. The connections in the hippocampus, as 

well as the reciprocal connections between the hippocampus and neocortex, are more 

rapidly modified than the connections among separated neocortical areas; however, the 

storage capacity in hippocampus is much less than that of the neocortex. Thus, instead of 
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storing the entire memory representation itself, the hippocampus is thought to store 

sufficient information to point to and activate the relevant sites in neocortex (Teyler and 

DiScenna 1985). It could bind together those distributed neocortical areas that store the 

multi-model representations of the given event / fact to form a whole memory. When 

those neocortical areas were repeatedly co-activated by the hippocampus during memory 

recall, they will gradually form long-lasting changcs. This is the consolidation process. 

Eventually, the cortico-cortical connections become strong enough to represent the given 

fact / event alone, and the hippocampus is no longer necessary for the recall. Thus, 

lesions to the hippocampus will not generate retrograde amnesia after consolidation has 

taken place. 

The consolidation model has dominated thinking in the field of hippocampus and 

memory for almost a half century, but it was recently challenged by a 'multiple trace 

model' (Nadel and Moscovitch 1997; Moscovitch and Nadel 1998; Moscovitch and 

Nadel 1999; Nadel, Samsonovich et al. 2000). There are several assumptions made by 

the standard consolidation model: first, that retrograde amnesia is temporally graded; 

second, that the severity of retrograde and anterograde amnesia is correlated; third, that 

episodic and semantic memory are equivalent. Each of these assumptions, however, can 

be challenged by some experimental result. As mentioned in the last section, the episodic 

memory of H.M. was much more severely impaired than his semantic memory. In 

addition, from the thorough summary of retrograde amnesia in humans and animals 

(Nadel and Moscovitch 1997), it is obvious that sometimes the retrograde gradient of 

amnesia after hippocampal damage is flat. That is, remote memory is often damaged as 
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severely as recent memory. This is especially true for autobiographical episodic events in 

human and for spatial memory in animals. Moreover, when retrograde amnesia lasts for 

more than 15 to 25 years (Rempel-Clower, Zola et al. 1996), it does not make sense to 

call the involvement of the hippocampus in consolidation 'temporary'. With these 

potentially contradictory data in mind, Nadel and Moscovitch proposed a multiple trace 

model to revise the standard consolidation model. 

Both of the models share the common belief that the hippocampus is important 

for short-term consolidation, in which the hippocampus works as a pointer, or index, to 

those distributed neocortical neurons that are registered in a given event / fact, and binds 

all the information into a whole memory trace. Instead of having a long-term 

consolidation process that occurs after repeated recall and eventual transfer of 

information storage to neocortex, as stated by the standard consolidation model, the 

multiple trace model proposes that each recall occurs in an altered context and therefore 

creates a newly encoded hippocampal trace. This new trace shares some or all of the 

information present in the original trace. The creation of multiple, related traces could 

gradually separate the factual information (semantic memory) from the specific context 

in which it is acquired (episodic memory). Ultimately, the storage of semantic memory 

becomes hippocampal independent, whereas the storage and retrieval of spatial and 

temporal contextual information always depends on the hippocampus (spatial information) 

and the frontal cortex (temporal information). It is proposed that the interaction of 

hippocampus and frontal cortex could, thus, form spatio-temporal contextual or episodic 

memories. 
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For example, one may first have learned about Pearl Harbor in history class. 

When viewing the movie 'Pearl Harbor', the same semantic information about Pear 

Harbor may be retrieved, such as when it happened, what happened, how it affected the 

World War 11. The context in which these semantic information is acquired, however, is 

different in these different situations (here one is in class, the other is in theater). 

Therefore, the semantic memory starts to separate from episodic memory. The semantic 

memory, but not the episodic memory, is repeated and strengthened. On the other hand, 

while one may almost never recall a middle school history class event, one may have 

many opportunities to recall what happened in that theatre, for example, that it was a first 

date. Therefore whereas the memory trace for the history class fades, many very similar 

traces about the episodic memory for the first date are created. These multiple traces not 

only make the retrieval of that memory easier, but also make that memory more robust to 

hippocampus lesion since it is represented multiple times. 

Although still in dispute (Knowlton and Fanselovv 1998; Graham 1999), the 

multiple trace model nicely explains the greater vulnerability of episodic memory than 

semantic memory to hippocampal damage, and the long lasting, flat retrograde amnesia 

observed sometimes after hippocampus lesions. It suggests that the hippocampus is not 

only important for the acquisition of new episodic memories, but may also be necessary 

for recall of episodic memories. 
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1.4.3 The hippocampus and spatial memory 

Both the "standard consolidation model' and the 'multiple trace model' agree that 

the hippocampus is important for episodic memory. One type of the episodic memory, 

spatial memory, is the focus of the current dissertation. A brief review will be given 

below about the experimental evidence for a role of the hippocampus in spatial memory. 

1.4.3.1 Lesion-behavior studies 

The earliest and most widely used methods to study the role of the hippocampus 

in spatial memory are various types of lesion methods. Lesions of the hippocampus can 

be achieved in a number of different ways, such as cutting the fimbria-fornix, aspiration, 

radiofirequency (heat) lesions, electrolytic lesions, and more recently, excitotoxic lesions. 

It is noteworthy that the lesions generated by most of those methods, are often not 

selectively limited to the hippocampus (Jarrard 1989; Jarrard 1993; Jarrard 2002). Such 

lesions can impair adjacent brain areas, disturb the vascularture or damage fibers-of-

passage. Even the ibotenic acid lesion method developed by Jarrard himself (Jarrard 

1989) might be problematic. Although this lesion method is selective and axon-sparing, 

the dying hippocampal cells might give out persistent and lasting 'noisy' output to 

structures like amygdala and cortex and therefore severely disrupt memories, especially 

recent ones, in those structures (Anagnostaras, Gale et al. 2001). Nevertheless, the 

lesion-behavior studies have provided rather consistent evidence for a critical role of 

hippocampus in spatial memory. It may be possible to achieve more highly selective 

lesions in the future, with the development of newer procedures, such as immunotoxins 
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or antisense methods (Jarrard 2002). Several examples of lesion-behavior studies are 

described below. Details of the behavior tasks will be given in Chapter 2. 

Morris et al. (Morris, Garrad et al. 1982) removed the entire dorsal and ventral 

hippocampus as well as a small amount of neocortex overlying the hippocampus in 

female Lister rats by aspiration, and then examined the rats' performance in a swim task. 

They found that, compared to control rats that had comparable neocortex lesions, the 

hippocampal lesioned rats had significantly longer latencies to find the hidden platform in 

the spatial version of the swim task. The performance of the lesioned rats was 

comparable to that of the control rats, however, when the platform was visible in the cued 

version of the swim task. In addition, in the probe version of the task in which the 

platform was removed out of the tank, the control group showed a clear preference for the 

quadrant of the tank where the hidden platform was previously located than did the 

hippocampal lesioned rats. These results clearly suggest that hippocampus lesions cause 

severe place-navigation deficits in rats without affecting their non-spatial navigation 

abilities. 

Using aspiration to remove hippocampus, Aggleton et al. (Aggleton, Hunt et al. 

1986) examined the effects of this type of lesion on Y maze behavior. Two different 

tasks were applied in this maze. In the non-spatial non -matching-to-sample task, the rat 

was always rewarded for selecting the novel box when presented a pair of boxes. In the 

spatial alternation task, the rat was first forced to enter an arm in an 'information run', 

then the rat was brought back to the start box and was free to enter either arm. The 

correct response was to enter the arm that had not been visited in the information run, to 
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get food reward. Aggleton et al. (Aggleton. Hunt et al. 1986) found that the performance 

of hippocampal lesioned rats in the forced-choice spatial alternation task was 

significantly poorer than that of the sham control group or the cortical lesioned control 

groups; but there was no significant difference among the performance of these three 

groups on a non-spatial non-matching-to-sample task. 

Jarrard et al. (Jarrard 1983) examined the effects of hippocampal lesions on a 

radial eight-arm maze, using procedures to assess two kinds of learning (place and cue) 

and two memory functions (reference memory and working memory) (see Section 2.2.3.3 

for more details about this task). In the place learning version of the task, the spatial 

locations of the four target arms were the same from trial to trial. In the cue learning 

version, different textured floor inserts were moved from trial to trial, and the rats were 

rewarded for choosing the same four cues. Rats were considered to make reference 

memory errors if they entered arms or chose cues that were never rewarded, whereas they 

made working memory errors if they repeatedly entered arms that had already been 

visited within the trial. Jarrard et al. found that rats with complete hippocampal removals 

by aspiration, and rats with subiculum lesions through a local injection of kainic acid, 

were especially impaired on the place task, but were not impaired on the cue task. 

Moreover, the errors on the place task tend to be reference memory errors rather than 

working memory errors. 



63 

1.4.3.2 Functional imaging studies 

The development of computer-generated virtual reality environments, whether a 

town or a water maze, has provided a very powerful and useful tool in studying spatial 

memory in human beings (e.g., Astur, Ortiz et al. 1998; Maguire, Burgess et al. 1998; 

Sandstrom, Kaufman et al. 1998). In combination w ith functional brain imaging 

techniques, virtual reality tasks have implicated the involvement of the hippocampus in 

episodic, especially spatial, memory (e.g., Burgess and O'Keefe 1996; Maguire, Burgess 

et al. 1998; Maguire, Gadian et al. 2000; Burgess, Maguire et al. 2002; Maguire, Spiers et 

al. 2003). 

Using positron emission tomography (PET), Maguire et al. (Maguire, Burgess et 

al. 1998) scanned subjects' brains while they navigated in a virtual reality environment 

(Figure 1.11), Brain activation was examined when the subjects navigate directly, or 

had to take a detour, towards the goal, in comparison with a control state in which the 

subjects just passively followed arrows on the screen to move through the virtual town. 

They found that the right hippocampus was more active during navigation than during 

trail-following. Moreover, the more active the hippocampus was, the more accurate the 

navigation was. Successful detour navigation activated the left frontal lobe when 

compared with successful direct navigation, confirming the importance of the frontal 

lobe in planning and decision making. Their study suggests that while the hippocampus 

provides an allocentric (environment-based) representation of space, the parietal cortex 

(especially its right inferior part) provides egocentric (body-centered) representation of a 

location. 
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A 

Figure 1.11 Activity 
in the human brain 
related to spatial 
navigation. A: A 
virtual town was 
shown on a computer 
monitor. Subjects 
were required to 
navigate through this 
town. B: Increased 
brain activity in the 
right hippocampus and 
left caudate tail is 
detected by PET 
imaging method when 
the subject is working 
on the virtual spatial 
navigation task. Figure 
from Maguire et al. 
(Maguire, Burgess et 
al. 1998). 

Another interesting fact described in this study is the lateralization of function. 

The human right hippocampus is more critical for such spatial tasks than is the left 

hippocampus. Consistent with this observation, previous studies also suggest that the 

right hippocampus is predominantly associated with visuo-spatial or object-location 

memory (Smith and Milner 1981; Smith and Mihier 1989), and the left hippocampus is 

more related to the long-term maintenance of verbal information presented in a context 

(Frisk and Milner 1990). 
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The function of the hippocampus not only shows lateralization, but also shows 

differences between males and females. Good et al. used a voxel-based morphometry 

(VBM) analysis of structural MR I scans to examine the brains of 465 normal adults. 

They found that in comparison with females, males have larger gray matter volume in the 

amygdala.Tiippocampal complexes including entorhinal and perirhinal cortex (Good, 

Johnsrude et al. 2001). This might explain the observations that males did significantly 

better than females on some virtual spatial learning tasks (Astur, Ortiz et al. 1998), as 

well as exhibit better overall spatial memory. The sex difference in navigation capacity 

may partly result from the different strategies used by males and females (Sandstrom, 

Kaufman et al. 1998; Maguire, Burgess et al. 1999). When navigating through a 

computer-generated virtual water maze, females rely predominantly on landmark 

information, whereas males more readily use room geometry information as well as 

landmarks (Sandstrom. Kaufman et al. 1998; Maguire, Burgess et al. 1999). 

Also using the voxel-based morphometry analysis, Maguire et al. compared the 

brains of taxi drivers in London with those of normal healthy controls. They found that 

the posterior hippocampi of taxi drivers were significantly larger, and the amount of time 

spent taxi-driving is positively correlated with the volume of posterior hippocampus, but 

negatively correlated with the anterior hippocampus (Maguire, Gadian et al. 2000). Since 

driving a taxi in London puts a high demand on one's spatial memory, and people have to 

undergo extensive training to get a taxi-drivers license, it is difficult to tell whether the 

increased volumes of the posterior hippocampus is the result of taxi driving (storage of 

more detailed representations of the city) or the cause of taxi driving (gifted in navigation 
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capacity, and thus is able to become a taxi driver). Another experiment on a group of 

non-taxi-driver subjects found no correlation between their navigational expertise and 

volume of posterior hippocampal gray matter (Maguire, Spiers et al. 2003). These data 

suggest that the observed increase in posterior hippocampal grey matter volume in 

London taxi-drivers may reflect larger and more detailed storage of spatial 

representations. 

1.4.3.3 Electrophysiological studies 

Some direct and very striking evidence concerning the involvement of the 

hippocampus in spatial learning and memory has come from electrophysiological studies. 

The application of multi-channel parallel electrophysiological methods has made it 

possible to observe the activity within large ensembles of hippocampal neurons in 

specific spatial and temporal contexts (e.g., Wilson and McNaughton 1993; Wilson and 

McNaughton 1994). It has been repeatedly shown that pyramidal cells in the 

hippocampus show characteristic firing properties. That is, these cells fire solely or 

maximally when the animal is at some particular position in an environment (e.g., 

O'Keefe and Dostrovsky 1971; Wilson and McNaughton 1994). These cells are called 

place cells and the respective position where their firing rate increases is called their 

place field. In their 1978 book (O'Keefe and Nadel 1978), O' Keefe and Nadei proposed 

the cognitive map theory of the hippocampus, partly based on the fact that hippocampal 

cells show place-related firing. Since the research in this field directly bears on the 
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studies in the current dissertation, a detailed review will be given in a separate chapter 

(see Chapter 5 for more information). 

1.4.3.4 Cellular and molecular studies 

The study of immediate early genes (lEGs) has provided insights into the 

involvement of the hippocampus in memory at the cellular and molecular levels. The 

importance of lEGs in the formation of long term potentiation and memory will be 

discussed more in Chapter 3. 

Some of the experiments mentioned in Section 1.2.2 that demonstrated double 

functional dissociations between the perirhinal cortex and the hippocampus suggested 

that neurons are differentially activated in these structures when animals are performing 

different tasks, using the lEG, c-fos, as a marker. With this method, it was found that the 

hippocampus was selectively activated by pictures of novel arrangements of familiar 

objects (Wan, Aggleton et al. 1999) or by the rearrangement of the positions of distant 

cues in a once familiar environment (Jenkins, Amin et al. 2004) or by novel environment 

(Zhu, McCabe et al. 1997). In addition, the counts of /av-stained neurons in the 

hippocampus increases as the spatial demands of some spatial memory tasks increase, 

with a larger increment in the dorsal hippocampus than in the ventral hippocampus (Vann, 

Brown et al. 2000). More about the difference between the dorsal and ventral 

hippocampus in relation to spatial memory will be discussed in Chapter 5. 

Another lEG that is important for the study of the hippocampus and memory is 

Arc, the activity-regulated cytoskeletal-associated gene. Arc is an 'effector' lEG, which 
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means it may directly modulate specific cellular functions. The expression of Arc RNA 

is regulated by patterned stimulation that induces LTP (Lyford, Yamagata et al. 1995 ). 

Furthermore, Arc protein interacts with CaMKIl, a dendritic protein that is critical to 

synaptic plasticity and long-term memory formation (Guzowski, McNaughton et al. 2001) 

(.see Section 3.3 for more about the CaMKIl in LTP). Inhibition of Arc protein 

expression with intrahippocampal infusions of antisense oligodeoxynuclcotides impairs 

the maintenance phase but not the induction phase of LTP, and impairs the consolidation 

of long term memory for a spatial water maze task but not the acquisition of the task 

(Guzowski, Lyford et al. 2000). It is easy to deduce from these facts that Arc may be 

critical for the memory consolidation process. The finding that spatial water maze 

training increased Arc RNA expression in hippocampal CAl and CA3 principal cells and 

in the granule cells of the dentate gyrus further suggests the importance of Arc in spatial 

memory. 

It is also known that Arc RNA and protein can be specifically localized to recently 

activated synapses (Steward et al, 1998), and the expression of ̂ rc RNA shows some 

temporal and location-specific characteristics. For example. Arc RNA appears in discrete 

intranuclear foci within minutes of neuronal activation and then disappears from the 

nucleus and translocates to the cytoplasm by about 15 minutes. Based on this clear 

temporal and location distinct pattern of Arc expression, Guozwski et al. developed a new 

imaging method, catFISH (cellular compartment analysis of temporal activity by 

fluorescence in situ hybridization), which could detect the activity history of neural 

ensembles in whole brain with temporal and cellular resolution (see Guozwski et al.'s 



review (Guzowski, McNaughton et al. 2001). Using this method, it was found that the 

pattern of Arc expression in single hippocampal cells match amazingly well with 

hippocampal ensemble activity recorded with multi-channel parallel recording methods 

(Guzowski, McNaughton et al. 1999; Guzowski, Lyford et al. 2000; Guzowski, Setlow et 

al. 2001; Redish, Battaglia et al. 2001). Activation of ̂ rc RNA can be induced by 

behavioral exploration and detected in the nuclei of the hippocampal pyramidal cells 

immediately ( ~2min) following the behavior, and move to the cytoplasm of those 

pyramidal neurons after about 20 to 30 minutes (Figure 1.12). About 40% of pyramidal 

cells in CAl region will express Arc RNA following exploration in a given environment, 

and this proportion of activation is similar to the proportion of cells that express place 

fields in electrophysiological recording studies in similar sized environments. 

Ensemble neurophysiological recordings show that young rats will show the same 

'cognitive map' (hippocampal ensemble activity) when they explore the same 

environment multiple times, and a different cognitive map for different environments (for 

more about this, see Chapter 5). The expression of Arc RNA, when rats are exposed to 

different environment^;, corresponds closely to this pattern (Guzowski, McNaughton et al. 

1999). Rats were first placed in environment 'A' for 5 min and then returned to their 

home cage for 20 min. They were then either brought back to the same environment A 

(A/A group) or placed in a different environment 'B' (A/B group) for 5 min. If same 

cells are activated in the first and the second exploration session, then the same cells 

should show Arc staining in the nucleus and the cytoplasm. This is exactly what was 

observed; that is, many 'double' labeled cells in the A/A group. In contrast, neurons in 
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the A/B group show three distinct populations of cell staining patterns; cytoplasmic only, 

intranuclear foci only, or combined cytoplasmic and intranuclear foci. Suppose 

approximately 40% of CA1 neurons would express Arc RNA when rat is exposed to 

environment A or B, and environment A and B activate distinct but partially overlapping, 

populations of neurons, then in the A/B group there should about 16% {- 40% * 40%) of 

neurons that are double labeled for both cytoplasmic and intranuclear focal staining, 

about 24% ( = 40% - 16% ) of the neurons that contain cytoplasmic staining only, and 

another 24% that contain intranuclear focal staining only. This predication is confirmed 

with the experimentally observed Arc expression frequencies (Figure 1.12(b)). The high 

degree of reactivation of neurons in the A/A group and the dissimilar activation in the 

A/B group not only confirm the findings in young rats with multi-channel parallel 

recording methods, but also suggest that Arc transcription in CAl neurons is closely 

linked to information processing. 

The experience-dependent expression of several other lEGs in hippocampus have 

also been reported (Guzowski, Setlow et al. 2001; Guzowski 2002; Vazdarjanova, 

McNaughton et al. 2002). Using double-label fluorescence in situ hybridization, 

Vazdarjanova et al. found that exploration of a novel environment can induce the 

expression of Arc and another effector lEG, Homer la in the same hippocampal neurons. 

Guzowski compared the expression of Arc with that of two regulatory transcription 

factors lEGs (meaning that they can broadly influence cell functions by regulating their 

"downstream" genes), zif268 and c-fos, in rat hippocampus after performance of a spatial 

or cued water maze task. Although the three lEGs show similar expression patterns and 



similar time courses for RNA induction in the hippocampus by water maze training, the 

levels of Arc, but not c-fos or zif268, are significantly correlated with the proficiency of 

performance in the spatial task. That is, the rats that showed the best spatial memory 

performance, tended to have the highest levels of hippocampal Arc expression. The 

performance of the cued task shows no correlation with the expression of .^rc. Another 

distinct characteristic of Arc expression is that hippocampal and entorhinal cortical Arc 

RNA levels increased after spatial reversal learning (Guzowski, Setlow et al. 2001). 

Taken together, different studies all draw same conclusion that the hippocampus 

is critical for spatial memory. 
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Figure 1.12 Expression of Arc RNA following sequential exposure of rats 
to two environments (different or same), (a) Time course of Arc RNA 
induction in different brain regions. Par Cx: the parietal cortex; yellow arrow-
individual Arc intranuclear foci; white arrow: cytoplasmic Arc labeling, (b) 
Induction of ̂ rc in CAl neurons following sequential exploration of different 
environments. A, B represents different environment. Figure is from 
Guzowski et al. (Guzowski, McNaughton et al. 1999). 
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1.5 How Does Experience Affect Hippocampus and Learning and Memory 

The brain is a modifiable structure. It changes with aging, and it also is affected 

to some degree by an individual's experience. There are many experiments that have 

been conducted to understand how experience affects the sensory or motor cortex, which 

are beyond the scope of this chapter. The focus in this section w ill be on how 

experiences may modify the hippocampus, including variables such as neurogenesis, 

biochemistry, and synaptic function. Furthermore, the effect of experience on animals' 

learning and memory performance will be discussed. 

1.5.1 Exercise, hippocampal neurogenesis and memory 

Exercise is known to contribute to good health, but one question that remains is 

whether it can also make people smarter, van Pragg et al. (van Pragg, Kempermann et al. 

1999) trained young adult mice under different exercise conditions to determine whether 

these treatment would affect cognition: the Control group was raised in a standard 

housing situation without any specific training; the swimmers group was left to swim in a 

big tank without a platform; the learners group was also left to swim in a water tank, but 

were trained to find a hidden platform; the runners group was given free access to a 

running wheel; and the enriched group was housed in an enriched environment. They 

found that neither the learner nor the swimmer group had increased neurogenesis in the 

dentate gyrus of the hippocampus; but both the runner and the enriched group doubled 

the number of surviving newborn granule cells. Thus, voluntary exercise, like running, is 

enough to enhance neurogenesis in the adult mouse hippocampus (Figure 1.13). Since 
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the hippocampus is important for memory function, they further investigated whether 

running would alter spatial learning and long-term potentiation (LTP) in these mice, and 

the answer was 'yes' to both variables (van Praag, Christie et al. 1999). 

:a ° b . 
• leaiaw 

Figure 1.13 Neurogenesis in hippocampus after different experiences, 
(a) Total number of BrdU-positive cells per dentate gyrus one day after the 
last BrdU injection, to estimate ongoing proliferation. Significantly more 
cclls were labeled in the runners as compared to the other groups, (b) Total 
number of BrdU-positive cells per dentate gyrus four weeks after the last 
BrdU injection, to estimate survival of labeled cells. Enrichment and 
running significantly increased the survival of newborn cells. *p < 0.02. 
From van Praag et al. (van Pragg, Kempermann et al. 1999). 

The results from the learner group in van Pragg et al.'s study suggested that 

training mice in the spatial version of the water maze did not affect neurogenesis in its 

dentate gyrus. This finding was challenged, however, by other studies. Gould et al. 

found that spatial water maze learning, as well as other associative learning tasks that 

require the hippocampus, such as trace eye-blink conditioning, could greatly increase the 

number of adult-generated neurons in the rat dentate gyrus; and in contrast, training on 



associative learning tasks that do not require the hippocampus, such as the cue version of 

the water maze task, did not alter the number of new cells (Gould, Beylin et al. 1999). 

The contradictory results might due to the survival stage of the cells counted, differences 

between mice and rats, and also possibly, the differences in the experimental design 

(Greenough. Cohen et al. 1999). 

In addition, the effect of exercise might not as promising in aged rats as in young 

mice. For example, Barnes et al. (Barnes, Forster et al. 1991) found that ten weeks of 

training on a motorize track did not improve the spatial memory of old F-344 rats. 

1.5.2 The effects of enriched environments on the hippocampus 

1.5.2.1 Enriched environment 

Although research on the effect of exercise on neurogenesis in the hippocampus 

sometimes have resulted in conflicting outcomes, studies of enriched environments on 

neurogenesis have produced more consistent results, in an enriched environment, 

animals are usually exposed to different types of stimuli. For example, they may have 

access to running wheels, be housed with many other animals for social interaction 

experience, and also may be exposed to tunnels, toys or even some types of associative 

learning experiences. It has been repeatedly shown that these multi-modal stimuli can 

induce neurogenesis, modulate neurochemistry and affect the function of the brain (e.g., 

Falkenberg, Mohammed et al. 1992; Foster, Gagne et al. 1996; Kempermann, Kuhn et al. 

1997; Nilsson, Perfilieva et al. 1999; van Praag, Christie et al. 1999; Duffy, Craddock et 

al. 2001). 



1.5 .2.2 Effects on the anatomy of the hippocampus 

It has been shown that enriched environment treatment increases the thickness of 

hippocampus, especially its granule cell layer, and the density of glial cells (Walsh, 

Budtz-Olsen et al. 1969). In adult mice, expericncc-related neurogenesis occurs 

primarily in the subgranular zone of the dentate gyrus (Kcmpermann, Kuhn et al. 1997). 

It is noteworthy that neurogenesis is composed of several distinct stages. Enrichment 

treatment does not affect neuron proliferation, but strengthens survival and differentiation 

of neurons (Kempermann, Kuhn et al. 1998) (see Section 6.3 for more details ). 

Enriched environments not only affect hippocampal neurogenesis, but also 

increase the number of hippocampal synapses. Such synaptogenesis is, after all, a 

theoretically plausible process considering Hebb's 1949 hypothesis of use-induced 

plasticity of the nervous system. Using laser-scanning confocal microscopy, Moser et al. 

confirmed a significantly increased spine density in CA1 basal dendrites (but not in 

oblique apical dendritic branches) of rats trained in cnriched environments. This result 

suggests that cnriched environment training increases the number of excitatory synapses 

per neuron. In addition, this treatment altered the spine distribution pattern in 

hippocampal CAl pyramidal neurons, causing high spine density to occur in a small 

subset of dendritic segments (Moser, Trommald et al. 1997). 

Besides stimulating neurogenesis and synaptogenesis, enriched environments can 

also help prevent cell death and promote resilience of hippocampal cells against insults. 

Young et al. found that housing 3-week-old rats in enriched environments for 3 weeks 
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inhibited rates of spontaneous apoptosis in the rat hippocampus by 45%, and protected 

against kainate-induced seizures and excitotoxic injury (Young, Law lor et al. 1999). 

1.5.2.3 Effects on the biochemistry of the hippocampus 

The earliest report on the effects of experience on cortical ncurochemistry was 

from Krech et al. in 1960. They found that raising rats in enriched environments 

increased their cortical acetylcholinesterase (AChE) level (Krech, Rosenzweig et al. 

1960). Other influences of enriched environment treatment on the acetylcholine system 

included a long-lasting increase in caudate acetylcholine (Ach) synthesis (Park, Pappas et 

al. 1992). 

Another neurotransmitter system affected by environmental enrichment is the 

glutamatergic system. In adult rats, environmental enrichment selectively increases 

AMPA binding in the hippocampus (Foster, Gagne et al. 1996; Gagne, Gelinas et al. 

1998). This increment was probably not a direct conscquence of modification in the 

expression of the glutamate receptor subtype A MP A (a-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid), since none of the mRNA levels of the three subtypes of the 

AMPA receptor were modified by environmental enrichment, nor did the levels of GluR 1 

and GluR2/3 proteins increase. Instead, 'H-AMPA binding increases might be mediated 

by activation of endogenous enzymatic processes through some calcium-dependent 

mechanism (Gagne, Gelinas et al. 1998). 

Enriched environments also modulate the neurotrophin system. This treatment 

induces expression of glial-derived neurotrophic factor (GDNF) and brain-derived 
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neurotrophic factor (BDNF), and enhances expression of neurotrophin-3 niRNA 

(Torasdotter, Metsis et al. 1996). Furthermore, enriched environments increase not only 

immuno-reactivity to CREB (cyclic-AMP response element binding protein) (Williams, 

Luo et al. 2001), but also the phosphorylation of this transcription factor in the 

hippocampus. These results indicate that the influence of the environment on 

spontaneous apoptosis and cerebral resistance to insults may be mediated through 

transcription factor activation and induction of growth factor expression (Falkenberg, 

Mohammed et al. 1992; Young, Lawlor et al. 1999). 

Moreover, environmental enrichment treatment also enhances expression of 

glucocorticoid mRNA (Olsson, Mohammed et al. 1994) and alters the cAMP-FKA 

signaling pathway (Duffy, Craddock et al. 2001). Since both CREB and cAMP-PKA 

pathways are important for synaptic plasticity (see Chapter 3 for more information), these 

biochemical changes may underlie the changes in brain fiinction observed after cnriched 

environment treatment, as will be described below. 

1.5.2.4 Effects on the elcctrophysiology of the hippocampus 

Not only arc the number of hippocampal spines increased, but synaptic function is 

also altered by environmental enrichment (Sharp, McNaughton et al. 1985; Green and 

Greenough 1986; Duffy, Craddock et al. 2001). For example, Green et al. provided a 

thorough investigation on how rearing affects the in vitro postsynaptic responses 

following activation of medial perforant path (MPP) axons. Stimulation of the MPP 

evoked significantly larger granule cell population spikes (PSs) as well as larger slopes of 
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population excitatory postsynaptic potentials (EPSPs) in slices taken from enriched rats; 

but there was no significant effect of rearing on the amplitude of the presynaptic fiber 

volleys (FVs) as well as the PS/EPSP relationships. The results suggested that 

experience in an enriched environment resulted in greater MPP synaptic transmission 

(Green and Greenough 1986). 

Duffy et al. found a single burst of 100-Hz stimulation of the Schaffer collateral 

pathway of area CAl induced larger long-term potentiation (LTP) in hippocampal slices 

from enriched female mice than in slices from nonenriched mice (Figure 1.14 A) (Duffy, 

Craddock et al. 2001). Contrary to this result, however, Foster et al. found that enriched 

environment treatment inhibited LTP induction in the dentate gyrus in male rats induced 

by two bursts of high frequency stimulation (100 pulses at 100 Hz) (Figurel. 14 B). They 

suggested that environmental enrichment treatment interacted with the mechanisms that 

are responsible for the induction of LTP, thus inhibited further increases in synaptic 

strength following LTP-inducing stimulation (Foster, Gagne et al. 1996). The conflicting 

results from the above two groups may arise because of variations in protocols of 

enriched environment treatment or differences in recording location and protocols used to 

induce LTP. 
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Figure 1.14 Effects of enriched env ironment treatment on 
LTP induction. Two experiments conducted in 
two different laboratories resulted in different outcomes; A. 
Enrichment treatment enhanced LTP recorded in CAl. Figure 
from Green et al. (Green and Greenough 1986); B. Enrichment 
treatment inhibited LTP recorded in the dentate gyrus. Figure 
from Foster et al. (Foster, Gagne et al. 1996). 
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1.5.3 The effects of enriched environment treatment on memory 

Enriched environments have also been shown to improve learning and memory 

performance (e.g., Falkenberg, Mohammed et al. 1992; Rosenzweig and Bennett 1996; 

Nilsson, Perfilieva et al. 1999; van Praag, Christie et al. 1999; Rampon, Tang et al. 2000; 

Williams, Luo et al. 2001). Most of the experiments have applied hippocampal-

dependent tasks, such as the Morris water maze (for more details about this task, see 

chapter 2) in rats or contextual fearing learning in mice, to test the memory facilitation 

effect of enrichment treatment. In fact, at least one experiment showed that enriched 

environment treatment did not affect hippocampal-independent memory (Duffy, 

Craddock et al. 2001). 

Interestingly, two separate experiments using similar protocols observed rather 

different patterns of memory performance following enriched environments (Falkenberg, 

Mohammed et al. 1992; Nilsson, Perfilieva et al. 1999 ). Sprague-Dawley rats of similar 

ages (50 days versus 10 weeks) were trained in similar enriched environments (rats 

housed together in a big cage with inbuilt ladders, shelves / platforms as well as 

frequently changed toys) for similar amount of time (34 days versus 4 weeks), and then 

were both tested on the spatial version of the Morris water maze task. Although data 

from both groups showed that the enriched rats learned faster (took significantly shorter 

amount of time or swam shorter distances to find the hidden platform) than the control 

group, a closer examination showed that the memory facilitation effect of enriched 

environments occurred at a different stage of the spatial learning in those two studies. 

Falkenberg et al. found that the enriched rats only did better on the early stage of training 
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(the first day out of three days), and were identical to control rats in performance by the 

end of training (Falkenberg, Mohammed et al. 1992). On the other hand, the enriched 

rats in Nils son et al.'s experiment did much better than the control group only on the 

second half of the training trials (Nilsson, Perfilieva et al. 1999) (Figure 1.15). 

60 

s; 

1 a* 
a 

20 

* * 
enriched 

impoverished 

4 6 » IO (2 
Tfiats 

B 

700-

s 
s. 6C»-
<& 

SX)-

iS 
to 400-

'•B 
E 300-

1 200-
c 
(0 a 100" S 

0 - -
» 2 

Days 

enriched 

isolated 

Figure 1.15 Effect of enriched environment treatment on spatial memory. 
Two conflicting results from two different laboratories on the effect of 
enriched treatment on spatial memory in the water maze. A: Significantly 
enhanced memory performance was observed early in training. Figure was 
adapted from Falkenberg et al. (Falkenberg, Mohammed ct al. 1992). B: 
Significantly enhanced memory performance was observed late in training. 
Figure was adapted from Nilsson ct al. (Nilsson, Perfilieva et al. 1999). 

These results are difficult to reconcile because comparable protocols would not be 

expected to generate different results. It is noteworthy that in another enriched 

environment experiment that used the Morris water maze to test spatial memory, the 

enriched group also learned only slightly better (but not significantly) than the control 

group. There was, however, a facilitation effect of the enriched environment in those rats 

that suffered from anoxia treatment (luvone, Geloso et al. 1996). Thus, the effect of 



enriched environment treatment on learning and memory might be smaller in memory-

intact animals, and more dramatic in memory-impaired animals. 

Enriched environment treatment has also been shown to improve mice's memory 

for contextual fear conditioning, a type of memory that depends on both the hippocampus 

and the amygdala. On the other hand, memory for cued fear conditioning (dependent 

only on the amygdala) is unaffected (Duffy, Craddock et al. 2001). Consistent with this 

result, enriched environment treatment rescued the memory deficits on contextual fear 

memory in CA1 -specific NMD A receptor 1 subunit-knockout (CAl-KO) mice. 

Moreover, this treatment also rescued the impairment of CAl-KO mouse on two other 

hippocampal-dependent, non-spatial memory tasks: object recognition and olfactory 

discrimination (Rampon, Tang et al. 2000). These observations suggest that enriched 

environment treatment is particularly effective in rescuing memory deficits following 

disrupted brain function, such as anoxia (luvone, Geloso et al. 1996) or gene knockout. 

These data also consistent with the findings that enriched environments prevent apoptosis 

and make the brain more resistant to insults anatomically (Young, Lawlor et al. 1999). 



CHAPTER 2: MEMORY DEFICITS IN AGING 

2.1 Age-related Memory Deficits 

Memory deficits in normal healthy old mammals are, in general, rather subtle. 

Certainly the changes observed are much milder than those caused by specific brain 

damages, through stroke, tumors, surgery or Alzheimer's disease. Consistent with the 

observation that memory is not a unitary phenomenon, changes in memory capacity that 

occur in old mammals are also task-dependent. 

Light et al. (Light, Singh et al. 1986) reported that a week after learning a list of 

words, young adults did better than old adults in recognizing whether a word had been 

shown in the list, but there was no difference between the two age groups on completing 

fragments with words that had shown on the list. The latter task taps into the category of 

"priming" as described in Figure 1.1. In addition, age-related deficits were detected in 

free recall and cued recall (Light and Singh 1987). Light et al. thus suggested that older 

adults were impaired on tasks requiring explicit memory; but not on those that depend on 

implicit memory. 

It is noteworthy, though, that old subjects sometimes can show implicit memory 

deficits, depending on the task examined (e.g., Ingram and Peacock 1980; Guanowsky, 

Misanin et al. 1983; WoodmfF-Pak, Steinmetz et al. 1988; Woodruff-Pak and Thompson 

1988). Particularly resistant to the effect of age is performance on taste aversion tasks. 

In these tasks animals learn to avoid eating or drinking something previously paired with 

a noxious event. Old animals do not differ from the adult animals in the retention of this 

experience after either a 1 -day or 28-day interval, and both groups show stronger 



retention of the aversion than do weanling rats (Guanowsky and Misanin 1983; 

Guanovvsky, Misanin et al. 1983). In a similar experiment, Ingram et al. found that while 

there was little age-related difference in the acquisition of taste aversion, older animals 

showed an even stronger resistance to the extinction of the acquired aversion (Ingram and 

Peacock 1980). 

Using a different aversive paradigm, Houston et al., however, did find age-related 

deficits in freezing (immobility) response in the presence of aversive stimuU (Houston, 

Stevenson et al. 1999). No age difference was detected in the acquisition of the 

conditioned freezing response after the rats received tone-foot shock pairing. The old rats, 

however, exhibited less freezing than did young and adult rats when tested in the original 

context in the absence of tone or shock twenty days later. This weakened freezing in 

aged rats most likely resulted from their deficits in memory incubation. The incubation 

process is a progressive increase in memory strength with time following some aversive 

stimulus, even without further exposure to the stimulus. When tested for the 

generalization of freezing behavior to a novel context, old rats again showed smaller 

incubation effects than did young and adult rats. Since the incubation is hypothesized to 

accompany memory consolidation processes, these results suggest that aged subjects may 

have consolidation deficits. 

The classically conditioned eyeblink response has also been suggested as a model 

to study age-related memory disorders (Woodruff-Pak and Thompson 1985 ). Woodruff-

Pak et al. (Woodruff-Pak and Thompson 1988) examined classical conditioning of the 

eye-blink response among subjects ranging in age from 18 to 83 years. For subjects with 
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normal unconditioned responses, there was a high and negative correlation between age 

and the total percent of conditioned responses. Statistically significant age-related 

differences in classical conditioning appeared in the decade of the 40s. Similar changes 

also appeared in middle aged rabbits. To exclude the potential influence from altered 

peripheral auditory pathology with aging, Woodruff-Pak et al. directly stimulated mossy 

fibers in the pons as the conditioned stimulus (CS) (Woodruff-Pak, Steinmetz et al. 1988). 

Older rabbits exhibited obvious difficulty in conditioning when the CS was paired with a 

corneal air-puff unconditioned stimulus (UCS). 

The two best studied paradigms for this type of learning are delay and trace 

conditioning protocols. In delay conditioning, the CS and UCS are overlapped in time, 

with different intervals before the UCS is given. For example, the CS might remain on 

for 500 ms and the UCS might overlap the last 100 ms of the CS. In the trace 

conditioning procedure, however, a "trace interval" is inteiposed between the CS and 

UCS. In other words, there is a stimulus-free period between the CS offset and the UCS 

onset. These two paradigms engage different brain regions. While delay conditioning is 

unimpaired in the presence of hippocampal damage, cerebellar lesions cause profound 

impairments. Hippocampal lesions, however, do produce deficits in trace conditioning 

(Solomon, Vander Schaaf et al. 1986; Moyer, Deyo et al. 1990). Importantly, old 

animals show larger deficits in trace than in delay conditioning, as discussed below. 

Solomon and Groccia-Ellison compared the age of onset of classical conditioning 

deficits in rabbits under these different paradigms: delay (500-ms CS, 100-ms ISI), long-

delay (1000-ms CS. 900-ms ISI) or trace (500-ms CS, 400-ms stimulus-free period) 
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paradigm (Solomon and Groccia-Ellison 1996). They found that significant conditioning 

deficits first appeared in rabbits greater than 4 years old in the delay and long-delay 

paradigms. In the trace conditioning paradigm, however, significant conditioning deficits 

became apparent even at 2 years of age. 

Thus, age-related deficits in implicit memory appear to be task-dependent. Age-

related explicit memory deficits, however, appear to be more widespread. Spatial 

memory performance is a form of explicit memory that can be tested in many mammalian 

species and is known to deteriorate with age. These spatial memory deficits in aged 

subjects will be described in detail below. 

2.2 Spatial Memory Deficits in Aged Subjects 

2.2.1 Aged human beings 

Many experiments have shown that older people have spatial memory deficits, 

including mental spatial rotation, spatial learning, spatial recognition and spatial recall 

(e.g., Perlmutter, Metzger et al. 1981; Bruce and Herman 1983; Herman and Bruce 1983; 

Cherry and Park 1989; Kirasic 1991; Armstrong and Cloud 1998; Rabbitt and Lowe 

2000). The age of 'aged' subjects examined in different tests is not fixed, and mainly fall 

into the range of between 60 to 80 years. Uttl et al. (Uttl and Graf 1993) assessed spatial 

memory of more than 300 visitors to a museum exhibit, ranging in age from 15 to 74 

years old. They found an age-related decline in memory for the spatial location of the 

exhibits visited. In addition, the data suggested that the onset of this decline is in the 

sixth decade of life. 
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Compared to young adults, aged people took more time to finish a mental spatial 

rotation task in which they need to mentally rotate a figure to compare whether it was 

congruent with another figure (Gaylord and Marsh 1975). By testing the recall of 

identities or spatial locations of some letters arranged randomly within a grid, Schear et al. 

(Schear JM 1980) confirmed a decrement in elderly subjects in both spatial and verbal 

memory. Wilkniss et al. (Wilkniss, Jones el al. 1997) tested subjects on recall of relevant 

route information as well as recognition of temporal ordering of landmark information 

observed along a route. Older subjects had no problem in recognizing the landmarks that 

occurred on the route, but had greater difficulty in temporal-spatial ordering of those 

landmarks, as well as in retracing the route. In addition, older subjects had more trouble 

in memorizing a 2-dimensional representation of a route and in subsequently navigating 

the route from memory. 

In a virtual environment navigation test (Moffat, Zonderman et al. 2001), subjects 

needed to 'navigate' a maze shown on computer monitor which consisted of a richly 

textured series of interconnected hallways and alleys. Some hallways led to dead ends 

and others led to a designated goal location in the environment. Any deviation from the 

correct route into a dead end was classified as an error. Compared to younger subjects, 

older people took longer to solve each trial, traversed a longer distance, and made 

significantly more spatial memory errors in the virtual environment. Figure 2.1 is an 

example of the path traveled by a young and an old subject. After five learning trials, 

86% of young subjects could locate the goal without error, while only 24% of elderly 

subjects could do that. 
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Figure 2.1 Performance of subjects in a virtual environment 
navigation task. Overhead plot of the path traveled by 1 
young (A) and 1 old (B) subject on their first trial in the maze. S; 
start location; G; goal. Notice that the old subject made more errors 
and traveled a longer linear distance before locating the goal. 
Figure adapted from Moffat SD (2001). 

Although the aged persons have trouble learning spatial information, they seem to 

have no problem in using the spatial information once acquired. Gilbert et al. (Gilbert 
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DK 1999) assessed the ability of aged persons to acquire, utilize and extend a spatial 

mental model, which consisted of a map of nine buildings. They found that the 

acquisition of the spatial model declined with aging; but once acquired, the older adults 

had no problem in utilizing the model and to extend their mental model to sixteen 

buildings. 

Spatial recognition performance in aged persons has been shown to be affected by 

the difficulty level of the task. For example, Rutledge et al. (Rutledge, Hancock et al. 

1997) examined the recall of spatial information following various retention intervals in 

young and elderly subjects. The elderly adults were significantly less accurate than were 

young adults following a 30-min retention interval, but not following the 3-min or 15-min 

retention intervals. In addition, aged subjects' spatial memory might be more 

disadvantaged, relative to young adults, with abstract, meaningless objects than with 

everyday objects in environments that lack visually distinctive cues. Sharps et al. (Sharps 

MJ 1988) reported that the elderly subjects did significantly poorer in a free-recall of a 

two-dimensional, black-and-white map than did young adults, but there was no 

significant age difference when visually distinctive cues were added to the spatial context. 

2.2.2 Aged non-human primates 

Due to complex factors that might affect human beings' performance, such as the 

education level or life style, non-human primates have become a very useful model to 

study the effects of aging on memory. Spatial memory deficits indeed have been 
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detected in aged non-human primates (e.g., Herndon, Moss et al. 1997; Moss, Killiany et 

al. 1997; Rapp, Kan sky et al. 1997; Lacreuse, Herndon et al. 1999). 

Moss et al. (Moss, Killiany et al. 1997) compared the recognition memory of 

eight old rhesus monkeys (25 to 27 years of age) to that of five young adult monkeys (5 

to 7 years old), using the spatial version and color version of the delayed recognition span 

test (DRST) (Figure 2.2). In the spatial DRST test, the monkey is required to choose the 

disk that appears in a new position on each trial to obtain food reward. In the color 

DRST test, the monkey is required to choose the disk that appears with new color on each 

trial. Old monkeys were impaired in both versions of DRST, achieving about two-thirds 

of the span of the young adult group. Recognition span, the number of correct responses 

before an error is committed, is used as an index of memory load. Thus, monkeys show 

age-related deficits when memory load demands are high. 

Figure 2.2 Schematic 
drawing of the 
spatial condition of 
the DRST. 
Sequence of four 
presentations in the 
task was shown with 
10 seconds delay 
before the next 
presentation. + 
denotes baited well. 
Adapted from Moss et 
al. (Moss, Killiany et 
al. 1997). 

If sscfwdinto-sal 

leseciMjii iateiral 



Hem don et al. (Hemdon, Moss et al. 1997) studied the prevalence of cognitive 

decline in specific age ranges in mature non-human primates. They compared the 

cognitive performance of young adults (<15 years old) with different age groups; early-

aged (19-23 years old), advanced-aged (24-28 years old) and oldest-aged monkeys (29+ 

years old). Six cognitive tests were employed: (1) acquisition of the delayed-non-match-

to sample task (DNMS); (2) performance of the DNMS task with a delay of 120 sec; (3) 

the spatial version of the DRST task; (4) the color version of the DRST task; (5) spatial 

reversal learning (food reward is either in the left or in the right food well, and on each 

new trial, the previously un-rewarded location is rewarded while the previously rewarded 

location is no longer rewarded); and (6) object reversal learning, in which a previously 

un-rewarded object became rewarded. Herndon et al. found that the age-related 

impairment was detected on all the behavioral tasks except the DRST-color condition; 

however, the pattern of cognitive impairment was not uniform across tasks or age groups. 

There were significant trends toward progressively higher performance impairments in 

advanced-aged and oldest-aged monkeys on DNMS-acquisition and DRST-color and 

spatial reversal learning tasks. Herndon et al. suggested that tasks involving a spatial 

component, such as the spatial version of the DRST or the spatial reversal learning task, 

were particularly sensitive at revealing age effects, since these tasks were most likely to 

be impaired in early-aged monkeys. 

Lacreuse et al. (Lacreuse, Herndon et al. 1999) compared the cognitive 

performance between twelve young (4-7 years old) and fourteen old (20-27 years old) 

rhesus monkeys. Young males showed better performance on spatial tasks than did 



females, but equivalent performance on tasks of object memory and executive function. 

These results support the hypothesis that there are sex differences in spatial memory 

ability, as discussed in Section 1.4.3.2. This superior spatial ability in young male 

monkeys, however, declines sharply with age, such that there is no sex difference in 

spatial memory performance in aged monkeys. It is noteworthy that aged monkeys did 

significantly worse than did young ones not only on spatial memory tasks such as the 

spatial version of the DRST and on a spatial reversal test, but also on several non-spatial 

tasks such as the acquisition of DNMS task, DNMS task with delay, and the object 

version of DRST. Thus, it is clear that memory in domains other than spatial are affected 

by aging process. 

Rapp et al. (Rapp, Kansky et al. 1997) trained their monkeys to retrieve rewards 

from eight locations in a large open field test apparatus surrounded by curtains with 

different cues hung on the curtain (Figure 2.3). The monkey could only retrieve food 

reward from each location once per trial, and revisiting any reward location in that trial 

would be counted as an error. Although aged and adult monkeys learned this task at 

similar rates, they used different strategies. Aged monkey used a response sequencing 

strategy, in which they always traveled to an adjacent reward site after retrieving reward 

from one reward site, while adult monkeys preferred to use a spatial strategy. When the 

visual cues on the surrounding curtain w ere scrambled in a probe trial, the performance 

of the adult monkeys was severely affected while that of aged monkeys not. These 

results confirmed that adult monkeys used spatial cues to solve the task whereas aged 
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monkeys did not As will be repeatedly shown in this chapter, aged and adult subjects 

often used different strategies to solve tasks. 

Figure 2.3 Schematic drawing of a behavioral task used to 
test spatial memory in primates. The maze was 
surrounded by curtains on which there were visual cues. 
Adapted from Rapp et al. (Rapp, Kansky et al. 1997). 

Furthermore, the old monkeys were preferentially impaired when the memory 

load of the task was increased. Rapp et al. (Rapp, Kansky et al. 1997) imposed delays of 

5 minutes to 4 hours between the retrieval of the first four rewards and the last four 

rewards. The performance of aged monkeys was significantly w orse than that of adult 

monkeys when there were 30 minutes and 2 hours delay. This result is consistent with 

the results from the delayed recognition span test (DRST) in monkeys (Moss, Killiany et 

al. 1997) and spatial recall or recognition tests in humans (Sharps and Gollin 1988; 

Rutledge, Hancock et al. 1997), as discus.sed above. These observations suggest that age-
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related memory deficits are more easily to be detected in tasks with higher memory 

demands. 

2.2.3 Aged rats / mice 

Old rats and mice also show age-related memory impairments (e.g., Barnes 1979; 

Barnes, Nadel et al. 1980; de Toledo-Morrell, Morrell et al. 1984; Gage, Dunnett et al. 

1984; Barnes and McNaughton 1985). In addition, they have a number of advantages for 

use in aging experiments, including relatively easy application of invasive approaches 

and genetic manipulations. Below is a brief summary of selected results from different 

behavioral tasks. 

2.2.3.1 Morris Water Maze 

There are several different training protocols for this task, but they all use escape 

from water to motivate the rodent to locate a hidden platform (e.g., Morris 1981; Staubh, 

Rogers et al. 1994; Barnes, Suster et al. 1997). Milk or nontoxic white paint is added to 

the water in a big tank to make the water opaque (Figure 2.4). In the spatial version of 

the task, there is a hidden platform barely below the water level in the tank. When the 

animal finds the platform he can stand on it to escape from the water. The platfonn is 

always in the same location relative to the room. The visual cues around the tank can be 

used to locate the platform (Figure 2.4). In the probe version of the task, the platform is 

removed, and the animal is allowed to swim freely in the tank for a while (usually 60 
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seconds). In the cued version of the task, the platform is raised above the water so that 

the animal can escape onto the platform if he has normal visual discrimination ability. 

Figure 2.4 Pictures of water maze setup. Left: empty tank and some distal 
and local visual cues for the Morris water maze. Right; the position of the 
hidden platfonn in the tank filled with cloudy water. 

Compared w ith young animals, old animals learned the spatial version of this task 

significantly slower. When the platform is removed during probe trials, old rats also 

show a much weaker bias for swimming in the quadrant where the platform was 

previously located. The number of crossings of the previous platform location during 

probe trials is also significantly lower. Old rats, however, perform as well as do young 

adults in the visible version of the task (Gage, Dunnett et al. 1984; Rapp, Rosenberg et al. 

1987; Shen, Barnes et al. 1997). 

Barnes et al. (Barnes, Suster et al. 1997) found that aged rats exhibited bimodal 

performance in the water maze. In fact, both young and old rats displayed a pronounced 

bimodality in their performance score distributions at the beginning of the training. That 
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is, the swim path to find the hidden platform was sometimes short and sometimes long. 

With fiirther training, however, the young rats exhibited unimodal pattern of a large 

proportion of short swim paths. Old rats, in contrast, remained markedly bimodal in their 

behavior. They did not show deficits on every trial, instead, aged rats performed nearly 

as well as did adult rats on approximately 30% of trials. 

2.2.3.2 Barnes circular platform 

The Barnes circular platform (Figure 2.5) is another spatial memory task, which 

utilizes the fact that rats and mice prefer dark enclosed places to bright open spaces. 

Animals are released from the center of the circular platform and are allowed to find 

which one of 18 holes lining on the periphery of the platform leads to a dark escape 

tunnel underneath the surface. Visual cues are available to help the animals locate the 

escape tunnel. 

Old rats are impaired in learning to find the target hole on the circular platform by 

utilizing the spatial cues in the room. Old rats learn this task slower, and forget faster 

than do young rats, (e.g., Barnes 1979; Barnes and McNaughton 1985; Markowska, 

Stone et al. 1989; Barnes, Markowska et al. 1990). Furthermore, old rats exhibited more 

difficulty in learning a reversal or change of location of the escape box (Banies 1979). 

Grcferath et al. (Greferath U 2000) found that spatial learning impairments in the Barnes 

circular platform task occurred with increasing frequency with age. No female Dark 

Agouti rats showed impairment at six months, but 50% were impaired at 14 months, and 

71 % of 26-month-old rats showed learning deficit. 
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Figure 2.5 Schematic drawing of the Barnes circular platform. 
Left: Schematic drawing of circular platform, start box, and curtained 
room. Right; Overhead view of maze. Visual cues placed on the curtain 
were arranged around the platform. The darkend hole indicates the 
position of the goal tunnel. Adapted from Barnes et al. (Barnes, Nadcl et 
al. 1980). 

Age-related deficits on the circular platform were also observed in mice. Bach et 

al. (Bach, Barad et al. 1999) examined the perfonnance of four age groups of C57BL/B6 

mice (3, 6, 12, and 18 month old) on the spatial version of the Barnes circular platform. 

They found a significant age-related deficit in the mean number of errors, and the number 

of errors was positively and significantly correlated when the age groups were combined. 

Further analysis of the data showed that aged and young mice employed different search 
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strategies. While initially both young and aged cohorts used a random search strategy, 

aged mice then switched to a serial search strategy whereas the majority of young mice 

employed a spatial search strategy. The discrepancy of search strategies between 

different age groups resembles that in monkeys (see Section 2.2.2 for more details), and 

in rats (Barnes 1979). Bach et al. (Bach, Barad et al. 1999) then compared the 

performance of different age groups on the cued version of the circular platform. When a 

cue was put behind the hole where the tunnel was placed so that the position of the tunnel 

was visible to the mice, the age difference observed in the spatial version disappeared. 

Thus, the age-related deficits in the spatial task are likely to have resulted from memory 

deficits than from other sensory or motor defects. 

2.2.3.3 Radial arm maze 

In contrast to the above two aversively motivated tasks, the radial maze is 

appetitively motivated (Figure 2.6). There are different variants of the task. In the spatial 

versions of the task, the animals should use spatial strategy to solve the task, based on the 

cues available in the environment. In one version of the task, the animal is exposed to all 

eight arms and needs to enter each arm of the maze once to obtain food or water reward; 

re-entering any arms count as errors. In another version, the animal is first exposed to 

several (usually four) arms, and then exposed to all eight arms after a delay, and is 

expected to visit the arms that are not previously visited after that delay. Both of the 

tasks require the animal to temporarily remember which arms had been visited, and thus 

are considered a spatial working memory test. 
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Nadeletal 1980). 

Figure 2.6 Schematic 
drawing of radial 8-
arm maze. The maze 
was placed in a 
curtained room, with 
different visual cues 
attached to the curtain. 
Reward sites are at the 
ends of some or all of 
the arms. Adapted from 
Barnes et al. (Barnes, 

A number of studies have shown that old animals take significantly more trials to 

reach a given criterion of performance (e.g., Barnes, Nadel et al. 1980; Gallagher, 

Bostock et al. 1985; Van Gool, Mirmiran et al. 1985; Gallagher and Pelleymounter 1988; 

Mizumori, Lavoie et al. 1996). van Gool et al. (van Gool, Mirmiran et al. 1985) recorded 

visual evoked potentials and performance on the radial arm maze from young and old 

male Brown-Norway rats. They found no correlation between these two parameters, 

suggesting that the impairment of spatial working memory on the radial arm maze in 

aged rats is not readily explained by a decline in visual sensitivity. Neither can this 

deficit be explained by the inefficiency of old rats in learning the motor requirements of 

the task (Gallagher, Bostock et al. 1985). 

It is noteworthy that the age-related memory deficits on the radial maze are 

selectively limited to the spatial versions of the task. Barnes et al. (Barnes, Green et al. 
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1987) examined the performance of old rats on two non-spatial versions of the radial 

maze task. In a non-spatial reference memory task, the correct arm was indicated with a 

particular tactile cue on the arm surface. In a non-spatial working memory task, the rats 

were required to recognize the previously visited arms based on tactile cues, and not to 

reenter those that have been chosen previously. No age-related difference was detected 

in either of these tasks. These results suggest that first, aged rats are still able to learn 

difficult non-spatial tasks; second, not all kinds of working memory decline with aging; 

third, and most important, it is the spatial learning and memory component that is most 

vulnerable to age-related deficits. 

2.2.3.4 T-maze 

Another appetitively motivated task is the T-maze, or 3-arm maze (Figure 2.7). In 

this two-choice discrimination task the animals learn to choose one of two arms to get 

food or water reward. Three strategies can be used to solve the problem: the rats could 

use a 'cue strategy' and always go to the arm with (or without) some local cue, like a 

rubber mat; the rat could also use a 'response strategy' and always turn to the right (or 

left) arm from the start arm; or the rat could use 'place strategy' and go to the arm that is 

located in a certain room coordinate based on the distal visual cues. 

Barnes et al. (Barnes, Nad el et al. 1980) found that although young and old Long 

Evans rats learned this task at the same rate, they used different strategies to do so. 

Again, young rats prefer to apply a place strategy to solve the problem, whereas the old 

rats tend to use a response strategy most frequently. Both age groups use a cue strategy 
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the least. This strategy shift with aging may be related to a decline in the ability to use 

spatial information effectively in aged animals. Lowy et al. (Lowy, Ingram et al. 1985) 

compared the performances of young and aged ACl rats on the T-maze with different 

discrimination tasks, which require different demands on memory processing. One task 

required long-term spatial reference memory whereas the other task required working 

memory. The old rats made more errors on both of these tasks. The old rats' 

performance did not differ, however, in solving brightness discrimination in a T-maze 

task. These results suggest that the age-related impairment in the two-choice 

discrimination T-maze task may be restricted to the cognitive demands of the task, 

specifically, spatial memory. 
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Figure 2.7 Three types of probe trials in the T-maze. A. Cue 
probes. B. Response probes. C. place probes. Solid lines represent 
the unambiguous use of a given strategy whereas broken lines show 
the ambiguous choice. Adapted from Barnes et al. (Barnes, Nadel et 
al. 1980). 
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CHAPTER 3: LTP AND THE GLUTAMATERGIC SYSTEM 

3.1 The Glutamatergic System 

Glutamate is the most widely distributed excitatory neurotransmitter in the central 

nervous system. The glutamate system is suggested to play important role in many 

physiological or pathological states including learning and memory, ischemia, epilepsy 

and schizophrenia. 

3.1.1 Two categories of glutamate receptors 

Glutamate receptors can be divided into two broad categories: the ionotropic 

receptors and the metabotropic receptors. The first type directly gate channels, whereas 

the second type indirectly gate chaimels through a second messenger system. Each 

category can be further divided into additional subtypes according to their most selective 

agonists. The ionotropic glutamate reccptors include NMDA (N-methyl-D-aspartate), 

AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolc propionic acid) and kainate receptors. 

The latter two are often referred to as non-NMDA receptors. The metabotropic receptors 

include the AP4 (2-amino-4-phosphonobutyrate) receptor and ACPI) (trans-(lS,3R)-l-

amino-cyclopentanedicarboxylic acid) receptor. The discussion below will be focuscd on 

the glutamate ionotropic receptors. 

AMPA receptors and NMDA receptors show quite distinct pharmacological and 

electrophysiological characteristics. For example, AMPA receptors are selectively 

blocked by CNQX, whereas NMDA receptors are blocked by APV, PCP (angel dust, a 

hallucinogenic drug) and MK801. After selective blockade of the AMPA or NMDA 
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receptor, patch clamp studies and field excitatory post synaptic potential (EPSP) 

recording studies have shown that AM PA and NMDA receptors mediate fast and slow 

currents respectively (e.g., Hestrin, Nicoll et al. 1990). Together, these currents form the 

early and late components of the EPSP. 

3.1.2 Exceptional properties of the NMDA receptor 

NMDA reccptors have separate binding sites for glycine, Zn"^, PCP, MK801, 

Mg"' and glutamate. NMDA receptors control cation channels with high conductance 

which are permeable to Ca""* as well as Na' and K'. The opening of channels formed by 

NMDA receptors not only requires extracellular glycine as a cofactor, but also is 

dependent on membrane voltage. Under normal physiological conditions, the 

concentration of glycine in the extracellular fluid is sufficient as a cofactor, but the 

channels are blocked by Mg'*" at the resting membrane potential. Mg'"'" can be removed 

by sufficient membrane depolarization (Figure 3.1). Thus, when glutamate is released 

from the presynaptic membrane, it will combine with the A MP A receptor on the 

postsynaptic membrane. Opening of AM PA receptor-gated channels allows ion influx 

and Na' ion out-flux, and the net result is depolarization. This depolarization constitutes 

the fast component of EPSP. Membrane depolarization causes the removal of the Mg^'" 

blockade on the NMDA channels, and allows the channels to open. Thereafter, there is 

an influx of Ca^"^ and Na^^ through the NMDA channels, which results in the slow 

component of the EPSP. The influx of Ca"\ if it reaches a certain threshold, triggers a 
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cascade that results in long term potentiation (LTP) (See following sections for more 

details about LTP). 

The NMDA receptor is, therefore, acts as a molecular coincidence detector. In 

the following sections, this exceptional property of the NMDA receptor w ill be discussed 

further, as it forms the basis of a critical logical property of LTP, and is a molecular 

analogue of Hebb's coincidence-detection rule. 

"•E--' Mi;-, -ii-/ 
po'.iimla! • During aspo'arizauon 

Figure 3.1 Model for the induction of LTP. During 
normal synaptic transmission, glutamate (Glu) is released from the 
presynaptic bouton and acts on both AMPARS and NMDARS. Mg"' 
blocks the channel of the NMDAR. Depolarization of the 
postsynaptic cell relieves the Mg^"^ block of the NMDAR channel, 
allowing Ca^^ influx, which is the critical trigger for LTP. 
Figures from Malenka and Nicoll (1999). 
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3.2 Discovery of LTP and Basic Properties of LTP 

In 1973, Bliss, Lomo and Gardner- Medwin published two papers (Bliss and 

Gardner-Medwin 1973; Bliss and Lomo 1973) that reported their observation of a "long-

lasting potentiation" of the perforant path-granule cell synapse in the dentate gyrus of 

anaesthetized or un-anaesthetized rabbits in response to "tetanic" (i.e., high frequency) 

stimulation (Figure 3.2). Due to the fact that this synaptic plasticity mechanism might 

reflect the biological basis of learning and memory (see Section 3.5 for more details), 

numerous efforts have been expended on the study of this phenomenon, which now is 

called long-term potentiation (LTP) (Douglas and Goddard 1975), during the last thirty 

years. These two earliest papers have become among the most highly cited references in 

neuroscience. 

Although LTP was discovered at the perforant path-granule cell synapse, the 

majority of experiments on LTP have been performed at the excitatory synaptic 

connection between the Schaffer collateral axons and CA1 pyramidal neurons. LTP 

induced in other areas can show different properties (see Section 3.4 for more), but this 

section and Section 3.3 will focus on the LTP induced at CA 1 synapses. 

LTP shows several important properties that make it an excellent candidate for a 

mechanism of information storage in the nervous system (see Section 3.5 for more). 

Although there have been some reviews of LTP in which the basic properties of LTP 

were suggested to include cooperativity, specificity and associativity (e.g.. Bliss and 

Collingridge 1993; Kandel 2000; Malenka 2003), cooperativity and associativity, are 

logically equivalent, as will be discussed below. 



108 

Si'nf. -C".':'o-'r,r 

.ir 

Ai'sisr s^rf^rgfertiag 
Exp • Gosit 

%ik 

•%l I I 

•i iC>  ̂f 
a« I 

»" I 

c. & S t J -

& I'ifl 
e 
< •  

: riV 
•"•1 JC 

I * •**» :% » 

^ # # 

Figure 3.2 Long lasting potentiation. Figure from Bliss and 
Lome (1973) showing the increase in synaptic response resulting 
from tetanic stimulation compared with the synaptic amphtude of 
the pathway stimulated at low frequency. 

3.2.1 Coactivity 

An important property of LTP is that its induction requires sufficient coactivity of 

inputs (e.g., McNaughton, Douglas et al. 1978; Barrionucvo and Brown 1983). It is 

noteworthy that sufficient coactivity can be achieved through different protocols. These 

different protocols have been referred to by different names (such as 'cooperativity' and 

'associativity') to describe the same fundamental property of LTP. Several examples for 

this are given below. 
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LTP can be induced by simultaneously activating a crucial number of presynaptic 

fibers with a certain strength of stimulus (this was originally referred to as 'cooperativity). 

LTP can also be induced through the coactivation of two w eak presynaptic inputs from 

different sources, even though stimulation of either input alone failed to do so. For 

example, medial and lateral perforant paths can make synaptic contacts onto the same 

granule cells in the dentate gyrus. McNaughton et al. found that stimulation of either 

medial or lateral perforant paths alone induced no (or very weak) LTP, whereas 

concurrent stimulation of both resulted in robust LTP in each pathway (McNaughton, 

Douglas et al. 1978). Furthermore, a low-frequency, sub-threshold stimulus can also 

trigger LTP when it is facilitated by a strong LTP-inducing stimulus (Barrionuevo and 

Brown 1983). The two stimuli can be given at adjacent and independent sets of synapses 

on the same cell, but need to be temporally concurrent (given within a specific temporal 

window). This has been referred to as 'associativity' in some review papers discussing 

the properties of LTP. 

As will be mentioned in more detail in this chapter, LTP, as a neural basis of 

memory, is related to a model for memory that has deeply influenced research in this 

field, Hebb's Posulate (Hebb 1949). According to Hebb's Postulate, if a presynaptic cell 

and a postsynaptic cell fire action potentials at the same time, the strength of the synaptic 

connection between these two cells will increase. The essence of this idea is that a weak 

synapse could only be modified if sufficient postsynaptic depolarization occurs 

(McNaughton 2003), and these three protocols, mentioned above, ail result in strong 

postsynaptic depolarization. The molecular basis of the cooperativity/associativity 
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principle of LTP resides in the NMDA receptor. That is, the postsynaptic membrane 

must be sufficiently depolarized to relieve the magnesium blocker on the NMDA receptor, 

thus allowing calcium influx. 

3.2.2 Specificity 

Another important property of LTP is synapse specificity. This can be further 

divided into postsynaptic specificity and presynaptic specificity. The postsynaptic 

specificity refers to the fact that when LTP is generated at one set of synapses on a 

postsynaptic cell, the adjacent synapses on the same cell normally will not show an 

increment in synaptic strength (McNaughton and Barnes 1977). Presynaptic specificity 

was first demonstrated on the ipsilateral and contralateral entorhinal cortical pathways to 

the dentate gyrus (Levy and Steward 1979). Stimulation of the entorhinal cortical 

pathway reliably elicits LTP at the ipsi lateral synapses, but failed to induce LTP on the 

synapse formed by its collateral, crossed pathway with the contralateral dentate gyrus. 

Thus, for a given presynaptic cell, one branch of its axon may undergo LTP while 

another branch may not. 

3.3 The Glutamatergic System and Long-term Potentiation (LTP) 

Both the glutamate NMDA receptor and AMPA receptor play important roles in 

the LTP process. LTP is usually divided into three phases; induction, expression and 

maintenance. The influx of calcium into postsynaptic cells through the NMDA receptor 



is vital in triggering the induction of LTP, and AMP A receptor trafficking is critical for 

the expression of LTP. 

3.3.1 The induction of LTP 

Since the early discovery that an NMDA receptor antagonist could abolish the 

generation of LTP (Collingridge, Kehl et al. 1983; Harris, Ganong et al. 1984), the 

critical role of the NMDA receptor in LTP induction has been repeatedly confirmed. The 

induction of LTP depends on several postsynaptic factors. First, postsynaptic membrane 

depolarization, which can be achieved in several ways: tetanic stimulation (typically 

trains of stimuli (5-100) at 100-400 Hz (Douglas and Goddard 1975)), theta-burst 

stimulation (bursts of several stimuli at 100 Hz with a 200ms inter-burst interval 

(Capocchi, Zampolini et al. 1992) ), primed-burst stimulation (a single burst of 4 stimuli 

at 100 Hz given 200ms after a single priming stimulus (Diamond, Dunwiddie et al. 

1988)), pairing-protocol stimulation (repeated pairing low-frequency, low-intensity 

stimuli with directly depolarizing pulses delivered to target cell (Gustafsson and 

Wigstrom 1986)). 

Depolarization removes the magnesium blockade and activates the voltage-

sensitive NMDA receptors. Calcium ions then flow through channels formed by NMDA 

receptors, and LTP is triggered. Malenka et al. (Malenka, Lancaster et al. 1992) studied 

the time coursc of elevated intracellular Ca" ' concentration ([Ca'^]i) required to induce 

LTP using diazo-4, a photolabile Ca' buffer which could bind with Ca' upon flash 

photolysis. They found that LTP could be blocked by photolysis given 1 s after tetanic 
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stimulation, but not by that given 2 s later. Photolysis given 1.5 to 2s after stimulation or 

reduced photolysis often resulted in short-term potentiation (STP). These results not only 

confirm the crucial role of levels of [Ca" '], in LTP induction, but also suggest that the 

belovv-threshold increment of Ca'' can generate STP, or sometimes even long-term 

depression (Malenka 2003). 

The final stage of LTP induction is the activation of some second messenger 

systems triggered by the increased Ca"' levels, such as CaMKJl (a-calcium-calmodulin-

dependent proteinkinase II), PKC (protein kinase C) and PKA (cyclic adenosine 3',5'-

monophosphate (cAMP) dependent protein kinase). 

The most critical second messenger system for LTP induction appears to be 

CaMKlI. Inhibiting the activity of CaMKII blocks the induction LTP (Malinow, 

Schulman et al. 1989). On the other hand, expression of a constitutively active form of 

CaMKII, CaMKl 1(1-290) in postsynaptic hippocampal slice neurons increases CaMKJl 

activity, enhances synaptic transmission, and prevents more potentiation by an LTP-

inducing protocol (Pettit, Perlman et al. 1994). Taken together, these finding suggest that 

postsynaptic CaMKII activity is necessary, and might even be sufficient, to generate LTP. 

What is important about CaMKII is that once it is activated, it undergoes an auto-

phosphorylation process on Thr'"^*^, and its activity then becomes independent of Ca'^-

cahnodulin (CaM). Thus, once activated, CaMKII continues its activity even long after 

the removal of the CiV^ signal (Lisman 1994; Malenka and Nicoll 1999). Giese et al. 

(Giese, Fedorov et al. 1998) blocked the autophosphorylation of CaMKII through a point 

mutation, and found that the mutant mice were not only deficit in LTP but also in spatial 
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memory. Furthermore, CaMKI I might be also crucial for LTP expression (see the 

following section for detail). 

3.3.2 The e.xpression of LTP 

Historically, the question of whether LTP expression is primarily due to 

presynaptic or postsynaptic modification or both was highly controversial. Presynaptic 

modification could occur as an increase in the release of glutamate or in the probability of 

neurotransmitter release, whereas postsynaptic modification can be achieved by changing 

the function and/or number of postsynaptic receptors (e.g., BHss and Collingridge 1993; 

Malenka and Nicoll 1999; Nicoll and Malenka 1999). The current view of the 

mechanisms of LTP expression will be given below. 

3.3.2.1 Presynaptic contributions to LTP; pros and cons 

Support for increased glutamate release probability mainly came from the 

following findings; first, the observations of increased glutamate release after LTP this 

was detected by measuring increases in extracellular glutamate concentration, or 

increases in vesicle exocytosis in hippocampal cultures (e.g.. Bliss, Douglas et al. 1986). 

Second, the observations of increased transmitter release probability following LTP 

induction, judged by observations such as decreased proportion of synaptic failures 

(failure rate), or decreased coefficient of variation (CV) during LTP (e.g., McNaughton 

1982; Bekkers and Stevens 1990; Malinow and Tsien 1990; Kamiya, Sawada et al. 1991). 
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There are, however, several observations that are not consistent with or contradict 

some of the experimental evidences for the presynaptic changes listed above. First, there 

is no increase in glutamate release follow ing LTP induction, as measured by synaptically 

activated glutamate transporter currents in hippocampal astrocytes (Diamond, Bergles et 

al. 1998); Second, if the probability of glutamate release increased after LTP, then it 

should affect the synaptic responses mediated by AMPA and NMD A receptors similarly. 

The observations, however, are that LTP increases AMPA receptor-mediated EPSCs to a 

greater extent than NMDA receptor-mediated EPSCs (Kauer, Malenka et al. 1988; Liao, 

Hessler et al. 1995); Third, some forms of presynaptic plasticity such as paired-pulse 

facilitation should be dramatically influenced by altered probability of release, but it is 

not affected by LTP (Manabe, Wyllie et al. 1993); Fourth, increasing the probability of 

glutamate release to its maximum should occlude LTP, if it was involved in its 

production, but this does not occur (Hjelnistad, Nicoll et al. 1997); Finally, the decrease 

in synaptic failure probability of LTP was shown to be an artifact of the temperature of 

the bathing media (McNaughton, Shen et al. 1994). 

It is still possible, however, that the presynaptic terminal participates in the LTP 

process through the release of a retrograde messenger from the postsynaptic cell onto the 

presynaptic terminal, which may up-regulate the probability of glutamate release. 

Currently several small molecules such as nitric oxide, carbon monoxide, arachidonic 

acid, and platelet-activating factor are under investigation as possible candidates for the 

retrograde messenger. But so far no convincing proof has been collected to rule out 

definitely the participation of any of these molecules. Furthermore, any increase in 
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probability of release that would be predicted from increased retrograde messenger 

signals suffers from the same criticizes as discussed above. 

3.3.2.2 Current model of LTP expression 

Currently, it is widely accepted that LTP expression is due to postsynaptic 

modification, and the regulation of the function and numbers of AMPA receptors is the 

most critical variable for explaining LTP expression, as summarized in the model below. 
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Figure 3.3 
Simplified model for 
the expressioH of 
LTP. 
CaM; calmodulin; 
CaMKIL Ca-^-CaM-
dependent 
proteikinase II; P: 
phosphorylation 
Figure from Malenka 
and Nicoll (1999). 

The current LTP expression model is supported by several observations. First, the 

GluRl subunit of the AMPA receptor can be phosphorylated on Ser831 by CaMKII and 

PKC, and on Ser845 by PICA. The induction of LTP causes a specific increase of 

phosphorylation on Ser831 of the AMPA receptor, which is correlated with the activation 

and autophosphorylation of CaMKII, and is blocked by the CaMKII inhibitor KN-62 
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(Barria, Muller et al. 1997). The phosphorylation event increases the single-channel 

conductance of AM PA receptor (Derkach, Barria et al. 1999). 

Furthermore, using two-photon laser scanning microscopy or electron microscopy 

to monitor the movement of the A MP A receptor subunit GluRl which was tagged with 

green fluorescent protein, Shi et al. (Shi, Hayashi et al. 1999) observed that a tetanic 

synaptic stimulation given to hippocampal CA1 neurons can induce a rapid delivery of 

tagged receptors into dendritic spines as well as clusters in dendrites. Furthermore, it was 

found that blocking membrane fusion could reduce LTP whereas introducing protein that 

promotes membrane fusion could enhance synaptic transmission ( Lledo, Zhang et al. 

1998). 

In addition, the discovery of silent synapses provides more evidence for AMP A 

receptor trafficking. Silent synapses are a subset of excitatory synapses that express only 

NMDA receptors, but not functional AMPA receptors. These synapses therefore stay 

silent at the resting membrane potential, due to the voltage-dependent property of the 

NMDA receptor. The silent synapse can be detected experimentally with minimal 

stimulation and whole-cell recording techniques (Isaac, Nicoll et al. 1995; Isaac, Oliet et 

al. 1996). They yield no detectable EPSCs ('silent') at a membrane potential of -60 mV, 

but do yield NMDA receptor-dependent EPSCs when the membrane is depolarized to 

between +30 and +60 mV. Treating these silent synapses with LTP induction protocols, 

however, causes AMPA receptor-mediated EPSCs to appear when the membrane 

potential is returned to -60 mV. The conversion of silent synapses to functional synapses 

is NMDA-dependent since it is blocked by NMDA receptor antagonist D-APV (Isaac, 



Nicoll ct al. 1995). These observations suggest that the function and/or number of 

AM PA receptors can be modified under certain situations. It is noteworthy, however, 

that most of the studies about silent synapses have been perfomied in very young animals 

\ and thus the conversion of silent synapses into functional ones is not necessary a 

general mechanism to explain L IT expression. 

Taken together, the above results suggest that postsynaptic AMPA receptor 

trafficking, possibly through membrane fusion, contributes importantly to LTP 

expression (for reviews, see Malinow and Malcnka (2002) and Malenka (2003)). 

3.3.3 The maintenance of LTP 

LTP can be divided into an early phase and a late phase. The early phase lasts 

about one to three hours and is independent of new protein synthesis; the late phase lasts 

for more than 24 hours and requires new RNA and protein synthesis. Obviously the late 

phase reflects the most durable component of the LTP maintenance process. It involves 

gene expression and protein synthesis and may lead to some morphological changes, such 

as the growth of dendrites spines, on the cell where LTP is induced and expressed. 

As shown in Figure 3.4, weak stimulation protocols can lead to early LTP by 

activating NMD A receptors to allow Ca~^ influx into the postsynaptic cell, which thereby 

activates a set of second messengers. On the other hand, stimulation protocols that cause 

substantial depolarization of the postsynaptic cell can cause significant Ca^^ influx and 

' Nusser et al. (Nusser, Lujan et al. 1998) obseived a significant population ofhippocampal synapses 
without detectable AMPA receptors in adult Wistar rats, using imraunohistochemical methods. The age of 
the 'adult' rats, however, was not listed. The weight of the rats (-150 g) suggests they are also quite young. 
Moreover, the observation of synapses without detectable AMPA receptors is not definitive evidence that 
theyare silent synapses. Electrophysiological evidence obtained from adult synapses is needed to make a 
further judgement on this issue. 
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can further recruit adenylyl cyclase and lead to longer lasting forms of LTP. Adenylyl 

cyclase activates the cAMP kinase (cAMP-dependent protein kinase) and induces its 

translocation to the nucleus. cAMP kinase then triggers a transcriptional cascade, 

through phosphorylating CREB-1 (the cAMP response element binding protein-1). 

CREB-1 then in turn binds to CRE (cAMP response element) in the promoters of target 

genes, leading to the activation of a set of immediate early genes (lEGs), and finally 

resulting in the maintenance of LTP. 
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Figure 3.4 Schematic graph of LTP maintenance. 
Biochemical and immediate early gene pathways involved in 

LTP maintainance. Figure is adapted from Kan del (2000). 
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It was found that three proteins encoded by a single Aplysia CREBl gene all play 

important roles in the generation of long-term synaptic change; CREBla is necessary and, 

upon phosphorylation, sufficient for initiating long-term facilitation; CREBlb represses 

long-term facilitation; and CREB1 c modulates both short- and long-term facilitation 

(Bartsch, Casadio et al. 1998). One property of CREB is that it is phosphorylated not 

only by PKA (protein kinase A), but also by CaM kinases as well as by a specific CREB 

kinase, which is activated by the action of certain growth factors, such as NGF. This 

property allows multiple extracellular pathways to converge on the same target gene in a 

given cell. Besides CREB, several other broad families of transcription factors have also 

been identified, such as zinc-finger, leucine-zipper and helix-loop-helix proteins, each 

referring to structural features that help mediate the interaction of the transcription factor 

with its DNA binding site. 

It has been shown that high frequency electrical stimulation that is used to 

trigger LTP can induce lEGs. For example, high frequency stimulation of the perforant 

path-grannule cell synapse markedly increased zif/268 (also termed Egr-1, NGF I-A, Krox 

24) niRNA level (Cole, Saffen et al. 1989) and induced c-fos mRNA and protein 

(Dragunow, Abraham et al. 1989) in dentate gyrus granule cells. These lEG responses 

were blocked by NMDA-receptor antagonists. It is also been found that LTP induction 

results in increase of approximately 30 other l EGs, including c-jun, fas B,jun B. Some 

products of these lEGs are themselves transcription factors which play important roles in 

neuronal gene regulation, other products include cytoskeletal proteins, growth factors. 
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metabolic enzymes, and proteins involved in signal transduction (Lanahan and Worley 

1998). 

In addition, using intrahippocampal infiision of antisensc oligodeoxynudeotides, 

which inhibit the expression of Arc protein, Guzowski et al. (Guzowski, Lyford et al. 

2000) found that the maintenance phase of LTP was blocked, but not the induction phase 

(Figure 3.5). These experiments were conducted in vivo at the perforant path-granule cell 

synapse in the dentate gyrus in awake rats. This result provides strong support for the 

idea that lEGs are important for LTP maintenance. 
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Figure 3.5 
Blocking Arc 
expression 
disrupts the 
maintenance 
but not the 
induction 
phase of LTP. 
Figure from 
Guzowski et 
al. (Guzowski, 
Lyford et al. 
2000). 

3.4 Different Forms of Hippocampal LTP 

As mentioned in Section 3.2, the majority of current work on LTP is at the 

Schaffer collateral / commissural synapses in the CAl region of the hippocampus. LTP 
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is also induced in other subfields of the hippocampus, and, in fact, LTP was discovered at 

the perforant path / granule cell synapses in the dentate gyms (Bliss and Gardner-Medwin 

1973; Bliss and Lomo 1973). LTP has also been induced at mossy fibers synapses in the 

CA3 region (Alger and Teyler 1976), as well as at the direct perforant path projections to 

CA3 region (Do, Martinez et al. 2002). Although LTP recorded from the three 

hippocampal subfields is superficially similar, it actually shows some very distinct 

differences. LTP can be divided into two forms; NMD A receptor- (NMDAR-) dependent 

and NMDAfi-independent (Nicoll and Malenka 1995). The NMDAR dependent LTP has 

been reviewed in Sections 3.2 and 3.3, and the distinct mechanisms and properties of 

NMDAR -independent LTP will be briefly summarized below. 

3.4.1 Induction, expression and maintenance mechanisms of NMDAR -

independent LTP 

The NMDAR-independent form of LTP observed at the mossy fiber-CA3 synapse 

is consistent with the low density of NMD A receptors in stratum lucidum, the termination 

zone of mossy fibers (Monaghan and Cotman 1985). Synaptic transmission at mossy 

fiber synapses is glutamatergic and mainly mediated by the AM PA receptor. In fact, 

mossy fiber LTP is not only unaffected by NMDAR antagonists, but is also independent 

of postsynaptic calcium and postsynaptic membrane potential. Since the first and critical 

step in inducing NMDAR-dependent LTP is to depolarize the postsynaptic membrane to 

open NMDAR channels and to allow Ca^^ influx, the NMDAR-independent LTP works 

through fundamentally different mechanisms. 
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It was found that kynurenate, a glutamate NMDA rcccptor channel antagonist, 

blocked synaptic transmission during a tetanus, but had no affect on the magnitude of 

mossy fiber LTP after the antagonist was washed out. Mossy fiber LTP was completely 

blocked, however, when all extracellular Ca~ * was removed, preventing any calcium 

influx into the presynaptic terminals (Castillo, Weisskopf et al. 1994; Nicoll and Malenka 

1995 ). These results suggest that it is the entry of Ca'^ into presynaptic terminals 

following a tetanus that is critical for the induction of mossy fiber LTP. 

Another important characteristic of NMDA-independent LTP is that it is opioid 

receptor-dependent. The induction of mossy fiber LTP is blocked by naloxone, an opioid 

receptor antagonist, in a stereospecific and dose-dependent manner. Once LTP is 

induced, however, it is not reversed by naloxone. Interestingly, naloxone does not affect 

induction of NMDAr -dependent LTP, nor does it attenuate mossy fiber fEPSPs evoked 

at low stimulation frequency. These results suggest that although opioid peptides are not 

the principle excitatory transmitter for mossy fiber synaptic transmission, these peptides 

are crucial for the induction phase of mossy fiber LTP (Derrick, Weinberger et al. 1991). 

How the opioid peptides affect LTP induction is not clear, but it was suggested that the 

tetanus caused endogenous opioid peptide release, which combined with the |x opioid 

receptor and contributed to calcium influx into the presynaptic terminal (Derrick, 

Rodriguez et al. 1992; Breindl, Derrick et al. 1994). 

Thus, it is generally agreed that the expression of NMDA-independent LTP 

occurs presynaptically (Nicoll and Malenka 1995). The presynaptic entry of calcium 

triggers a series of cascades that finally result in a persistent enhancement in transmitter 
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2"^ release. Currently, it is postulated that presynaptic entry of Ca could activate the 

Ca''/calmodulin-depcndent adenylyl cyclase, thereby increasing the level of cAMP 

(cyclic adenosine monophosphate), and activate protein kinase A (PKA) in the 

presynaptic terminals (Nicoll and Malenka 1995; Kandel 2000). The down-stream events, 

however, remain unclear. Since the short-term sensitization induced in Aplysia also 

involves PKA-dependent presynaptic facilitation, this short-term sensitization and 

NMDAr -independent LTP may share similar mechanisms. It has been suggested that for 

the short-term sensitization, the activation of PKA may increase neurotransmitter release 

by phosphorylating K' channels, and decreasing K ' currents. The decreased potassium 

currents prolong the action potential, and may lead to increases in Ca' influx. PKA may 

also enhance the efficiency of exocytotic release machinery, or directly open some 

calcium channels on the presynaptic membrane (Kandel 2000). 

Although the NMDAR-dependent and NMOAn-independent forms of LTP have 

fundamentally different mechanisms for LTP induction and expression, they might share 

similar mechanisms for LTP maintenance, since both are blocked by gene or protein 

synthesis inhibitors (Frey, Krug et al. 1988; Huang, Li et al. 1994). 

3.4.2 Coactivity of NMDAR-independent LTP 

Although the induction of NMDAR-independent LTP bypasses the NMD A 

receptor, the molecular coincident detector, this form of LTP still shows a requirement 

for coactivity. For example, a sufficient number of tetanizing pulses are required to 

induce it (at least bursts of 25-30 pulses at 100 Hz). It is noteworthy, however, that the 
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tetanus does not serve to depolarize the postsynaptic membrane. Instead, it may serve to 

ensure the release of endogenous opioid peptides. Support for this hypothesis come from 

the observation that the threshold of stimulation necessary to induce mossy fiber LTP can 

be reduced with the application of DAMGO, an opioid receptor agonist (Derrick and 

Martinez 1994). 

Furthermore, Derrick et al. found that when low-intensity mossy fiber trains were 

delivered in conjunction with trains delivered to commissural-CA3 afferents, or with 

commissural trains and an opioid-receptor agonist, previously sub-threshold stimuli 

induced mossy fiber LTP (Derrick and Martinez 1994). This type of LTP is also 

recorded when sub-threshold MPP/LPP trains were delivered in conjunction with high 

intensity trains to the alternate pathway or to commissural/associational-CA3 synapses 

(C/A-CA3); or when weak commissural / associational trains were delivered in 

conjunction with high frequency MPP or LPP trains (Martinez, Do et al. 2002). 

Although these afferent projections to CAB use different mechanisms to induce LTP (as 

will be discussed in Section 3.4.3), it is possible that the afferents could cooperate to 

induce LTP. 

As described in Chapter 1, the CA3 region of the hippocampus distinguishes itself 

from other hippocampal sub fie Ids with its recurrent excitatory projections within CA3. 

The commissxiral / associational CA3 s3mapses form an auto-association network that 

plays a critical role in memory recall or pattern completion. The activity of this network, 

however, needs to be initiated, possibly by direct perforant path-CA3 or mossy fiber-CA3 

synaptic activity. The findings that different afferent projections to CA3 are not only 



capablc of LTP, but also associatively modifiable by each other, provides strong support 

to the autoassociative theories of CA3 information processing (Treves and Rolls 1992; 

Treves and Rolls 1994). 

3.4.3 Different forms of hippocampal LTP 

It used to believe that LT P recorded in CA1 and dentate gyrus was NMDAjr-

dependent whereas LTP recorded in CA3 was nmdar-independent. Such 

categorization, however, has been proved to be over simplified (Bramham, Errington et al. 

1988; Derrick, Weinberger et al. 1991; Breindl. Derrick et al. 1994; Do. Martinez et al. 

2002). In fact, LTP induced at the medial-perforant path (MPP) - dentate granule cell 

synapse and LTP induced at the lateral-perforant path (LPP) - dentate granule cell 

synapse are different. The former one is NMDAr-dependent whereas the latter one is not. 

Instead, the LPP-granule cell LTP is opioid-dependent, and can be blocked by the opioid 

antagonist, nalxone. Similar differences in LTP mechanisms occur at the LPP and MPP 

projections to the CA3 region. LPP-CA3 synapse share similar LTP induction 

mechanisms with mossy fiber-CA3 synapse and LPP-dentate granule cell synapse; 

whereas MPP-CA3 LTP share similar mechanisms with Shaffer collateral-CAl LTP and 

MPP-dentate gyrus LTP. Commissural CA3-CA3 LTP is also NMDAr -dependent 

(Derrick and Martinez 1994; Hernandez, Derrick et al. 1994). 

It is noteworthy that the mechanism for the three NMDAR-independent LTP is 

just similar, not same. The induction of mossy fiber - CA3 LTP and LPP - CA3 LTP can 

be blocked by the selective mu opioid receptor antagonist C FOP, but not by the selective 
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delta opioid receptor antagonist NT!; whereas induction of LPP-dentate gyrus LTP 

depends on both mu- and delta-opioid receptors (Do, Martinez et al. 2002). 

Moreover, another form of LTP was discovered in CAl pyramidal cells (Grover 

and Teyler 1990). This form of LTP, called vdccLTP, is not affected by NMDA receptor 

blockadc, but is also different in induction mechanism from the NMDA-independent LTP 

mentioned above. vdccLTP is suppressed by an antagonist of voltage-dependent Ca^^ 

channels. It can be induced by very high-intensity stimuli, and appears to be mediated by 

postsynaptic Ca^^ influx through voltage-dependent L-type Ca^^ channels (VDCCs). 

3.5 Correlation Between LTP and Memory 

3.5.1 Properties of LTP and memory that suggest that they may be related 

The most basic property shared by LTP and memory is the fact that they are both 

long lasting. Early research showed that LTP was durable, lasting more than half an hour 

(Bliss and Lomo 1973), but in fact, LTP recorded in vivo with chronically implanted 

electrodes lasted for weeks to months (Barnes 1979). This is consistent with the durable 

nature of memory. 

Moreover, factors that affect LTP can also cause comparable changes in memory. 

For example, repeated stimulation increases the duration of LTP, and similarly, frequent 

recall of some events or facts strengthens memory about these events or facts, making the 

memory last longer. Memory also becomes more resistant to interference following 

repetition. Furthermore, whereas old subjects show clear memory deficits (see Chapter 2 

for more details), LTP induced in old rats also show some deficiencies, including 

increased threshold to induce LTP and faster day of LTP once induced. Barnes et al. 
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reported that the amount of synaptic enhancement induced by high-frequency stimulation 

in hippocampal dentate gyrus was statistically correlated with a rat's ability to perform a 

spatial task both within and between age groups (Barnes 1979). Moreover, the relative 

rate for old rats to learn and forget the location of the escape tunnel in Barnes circular 

platform is similar to the relative rate of LTP induction and decay recorded in old rats 

(Barnes and McNaughton 1985). More about the changes of LTP with aging, as well as 

the correlation between age-related LTP deficits and memory deficits, will be discussed 

in Section 4.3. 

Experimental support for the idea that LTP and memory arc related has come 

from a variety of studies that have used pharmacological blockade of memory and LTP. 

It has been shown repeatedly that NMD A receptor antagonists, not only block LTP 

induction but also impair memory. For example, Morris et al. examined the effects of 

chronic intraventricular infusion of D,L-AP5, a selective NMD A receptor antagonist, on 

rats' memory performance and on the induction of in vivo LTP (Morris, Anderson et al. 

1986; Abeliovich, Paylor et al. 1993). They found that APS administration suppressed 

LTP, and also caused selective impairment of hippocampal-dependent spatial and probe 

versions of the water maze task, without affecting hippocampal-independent cued 

versions of that task (for more about water maze, see Section 2.2.3.1). These results 

suggest that LTP is invol ved in at least some types of memory. 

Specific gene knock out techniques provides another manipulation that has 

contributed to this literature. When the NMDAri gene in CAl pj^amidal cells is 

knocked out to generate CAl-KO mice, they grow into adulthood without obvious 



128 

abnormalities. These CAl-KO mice, however, show deficits on spatial memory 

performance. Moreover, application of tetanic stimulation fails to induce LTP at the 

Schaffer collateral-CAl synapse in slices from CAl-KO mice, whereas LTP induction at 

the perforant path-granule cell synapse remains intact (McHugh, Blum et al. 1996; 

Tonegawa, Tsien et al. 1996; Tsien, Huerta et al. 1996; Wilson and Tonegawa 1997). 

Mutations that affect the other stages of LTP induction and maintenance have also 

been investigated. For example, mice with a mutation in the alpha-CaMKII are deficient 

in LTP induction even though they exhibit an intact postsynaptic NMD A receptor-

mediated response. These mutant mice also exhibit specific spatial learning impairments 

(Silva, Paylor et al. 1992; Silva, Stevens et al. 1992; Silva, Wang et al. 1992). In addition, 

the correlation between hippocampal synaptic plasticity and learning capacity has also 

been confirmed in mice with mutations of PKC gamma {Abeliovich, Paylor et al. 1993). 

Moreover, targeted mutation of CREB in mice results in profound deficiencies in long-

term memory for fear conditioning and in the spatial version of the water maze task, but 

does not affect short-term memory that lasts between 30 to 60 minutes. Consistent with 

these behavioral results, LTP can be induced in hippocampal slices from CREB mutants, 

but decays 90 minutes later (Bourtchuladze, Frenguelli et al. 1994). It is noteworthy, 

however, that results from gene mutation studies need to be treated cautiously because all 

the effects of these mutations may not be transparent. 

Comparable changes between LTP and memory have also been observed by 

Guzowski et al. (Guzowski, Lyford et al. 2000). As discussed in Section 3.2.3, inhibition 

of the expression of Arc protein impairs the maintenance phase of LTP without affecting 
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its induction. More interestingly, this manipulation also impairs consolidation of long-

term memory for the spatial version of the water maze task without affecting the 

acquisition of that task. 

3.5.2 Neural network models of memory and LTP 

A very important model that deeply influenced the field of memory research is 

Hebb's Posulate: "When an axon of cell A is near enough to excite cell B and repeatedly 

or persistently takes part in firing it, some growth process or metabolic change takes 

place in one or both cells such that A's efficiency, as one of the cells firing B, is 

increased" (Hebb 1949). While this postulate is very close to the definition of LTP, the 

Hebb synapse forms the computing element that lies at the heart of current neural 

computational models. Some models propose several critical standards for confirming 

LTP as a mechanism for at least some forms of memory. For example, the neuronal 

network model hypothesizes that maximally saturating the network by strengthening LTP 

at all connections should have an effect on learning new material and should also affect 

memory for material that was recently learned and therefore not fully consolidated. In 

addition, blocking LTP should producc anterograde amnesia without disturbing retention 

of well learned episodes. Furthermore, reversal of LTP should result in retrograde 

amnesia (McNaughton and Morris 1987). 

Consistent with these predictions, it was found that saturating LTP through in vivo 

high-frequency activation of the perforant pathway resulted in a profound and persistent 

deficit in the acquisition of new spatial memory and retention of recently acquired spatial 
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information, but did not affect well-established spatial memory (McNaughton, Barnes et 

al. 1986). Although some controversy surrounded this initial finding (Robinson 1992; 

Sutherland, Dringenberg et al. 1993), the consensus at present is that when sufficient 

saturation is produced across large areas of hippocampus, memory deficits can be found 

reliably (for review, see Moser and Moser (1999)). 

As described in Section 3.5.2, blockade of LTP with different protocols has been 

reported to impair animal's memory performance, especially the ability to acquire new 

spatial information. Since LTP can be saturated and this saturation interferes with the 

formation of new memory, it is important that it can be reversed so that new memories 

can be formed (Rosenzweig, Barnes et al. 2002). It has been shown that LTP can be 

reversed or erased, either experimentally by induction of long-term depression (LTD) or 

by exploration of a new, non-stressful environment (Xu, Anwyl et al. 1997). 

Recently, Villarreal et al. (Villarreal, Do et al. 2002) addressed another critical 

question about the relationship between LTP and memory. That is, if new memory erases 

old ones, can the old one be preserved by blocking the formation of new ones? The 

answer is 'yes'! Daily injection of CPP, a competitive NMD A receptor antagonist, for a 

five-day period, prevented the normal decay of perforant path-dentate gyrus LTP and 

enhanced the retention of spatial memory. 

Taken together, the above findings suggest that the rationale for considering LTP 

as the cellular and molecular mechanisms of memory is very strong. 
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CHAPTER 4: CHANGES IN LTP AND THE GLUTAMATERGIC SYSTEM IN 

AGING 

The hippocampus is important for spatial learning and memory as was outlined in 

Chapter 1. The glutamatergic system plays a critical role in the induction and expression 

of long-term potentiation (LTP), which is suggested to be a neural mechanism of at least 

some types of memory (see Chapter 3 for more detail). These findings led to the question 

of whether the glutamatergic system and LTP recorded in the hippocampus were altered 

during the aging process, and therefore formed the neural basis for spatial memory 

deficits observed in aging animals (see Chapter 2 for more detail). 

As introduced in Chapter 2, memory deficits in normal aging are very mild 

compared with those caused by brain damage, such as stroke, tumors or Alzheimer's 

disease. It follows, then, that the changes in the glutamatergic system and LTP in normal 

aging should also be subtle compared to the changes caused by the above pathological 

causes. Because most of the data about age-related changes in the hippocampal 

glutamatergic system and LTP have been obtained from the rodent, this chapter will 

mainly focus on work utilizing rats and mice, with occasional data from humans. 

4.1 How Does Aging Affect the Moiphology of the Hippocampus? 

4.1.1 Age-related changes of the number of hippocampal neurons and synapses 

MR! studies have shown that the total amount of white matter, but not that of gray 

matter, in the human brain declines significantly with age (Albert 1993). This result 

suggests that there may be little cell loss in the aged brain; instead, the connectivity 
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between cells may be the most affected by aging. Are the changes observed during aging 

in the hippocampus of rats consistent with this observation in the human brain? 

4.1.1.1 Number of the hippocampal neurons 

Historically, it was assumed that the hippocampus would be particularly 

susceptible to neuronal degeneration with normal aging, and that hippocampal neuron 

loss would be a hallmark of aging. Just like some early thoughts about the anatomy and 

function of the hippocampus, which have been modified with the development of new 

techniques (sec Chapter 1 for more detail), this assumption has also been challenged with 

new stereological cell-counting methods. The new stereological dissector methods for 

anatomical analysis apply principles to serial brain sections and are unbiased with respect 

to the shape, size or orientation of neurons (West 1993), and therefore provide more 

accurate data than do the methods used in early studies. 

Many recent studies using these new techniques found no significant age-related 

cell loss in the hippocampus. For example, Rapp et al. (Rapp and Gallagher 1996) 

detected no statistically distinguishable differences in the total neuron numbers in the 

granule cell layer, the CA3/2 fields or the CAl pyramidal cell layer of the hippocampus 

among young, memory-intact aged, and memory-impaired aged rats (Figure 4.1). This 

result suggests that there is no decline in the number of hippocampal primary neurons in 

aged rats, and therefore hippocampal ccll loss cannot be responsible for age-related 

memory deficits. Results obtained from human subjects also show no change in cell 

numbers in CAl, CA3 and the dentate gyrus; however, there is a substantial loss of 
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neurons in the subiculum (52%) and in the hilus of the dentate gyrus (31%) in aged 

humans (West 1993). In addition, similar stereological analysis performed in monkeys 

revealed no changes in the number of neurons in the hippocampus, or in the neocortical 

areas examined (Peters, Rosene et al. 1996). Overall, it appears that age-related memory 

deficits are not a result of widespread loss of hippocampal primary neurons. 
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Figure 4.1 Number of the hippocampal neurons in young, memory-intact and 
memory-impaired aged rats. A; Mean estimated total neuron 
number in the granule cell layer. B: Mean estimated total neuron number in the 
CA3/2 fields and C.A2 pyramidal cell layer. C; Scatter plot to show no correlation 
between total neuron number in the CA3/2 fields and spatial learning performance 
for individual rats. Figure from Rapp and Gallagher (1996). 
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4.1.1.2 Synapse number across age 

Studies on age-related changes in hippocampal synapses have generated 

contradictory data (Geinisman, Detoledo-Morrell et al. 1995; Geinisman 1999). For 

example, Bondareff ct al. reported a 27% decrease in the number of synapses in the 

middle molecular layer of the dentate gyrus in 25 month old rats, in comparison with that 

measured in 3 month old rats (Bondareff and Geinisman 1976). In contrast, Curcio and 

Hinds (1983) failed to detect age-related changes in synaptic density or spine volume in 

the dentate gyrus of rats of 6, 24 and 30 months of age. 

Those inconsistent results might arise from large individual variability in aged 

rats and differences in methods used. Furthermore, these synapse counting studies were 

not conducted using stereological methods and may have been biased due to the use of 

procedures such as identifying synapses in single but not serial sections, counting 

synapses with two-dimensional instead of three-dimensional probes, or using the 

numerical density rather than using total number of synapses as standards (Geinisman, 

Gundcrsen et al. 1996; Geinisman 1999). Using unbiased stereological dissector analysis, 

Geinisman et al. examined the synapses in the middle (MML) and inner (IML) molecular 

layers of the hippocampal dentate gyrus. They found a significant decrease in the total 

number of synaptic contacts per neuron in both MML and IML in 28 month old rats, in 

comparison with their 5 month old controls. The age-related synaptic loss occurred 

mainly at axonspinous, but not axodendritic synapses (Geinisman, de Toledo-Morrell et 

al 1992). 
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Another innovative and much less time-consuming analysis of synapse number 

was used recently by Nicolle et al. (Nicolle, Gallagher et al. 1999). This method uses 

three different synaptic proteins (membrane proteins of synaptic vesicles, synaptophysin 

and synaptotagmin, and proteins of presynaptic axon terminals SNAP-25) to make an 

estimate of synapse numbers. After the entire hippocampal formation is dissected free, 

the levels of those three synaptic proteins are examined with quantitative Western 

blotting. As shown in Figure 4.2, there is no significant difference on the amount of 

immunoreactivity for synaptophysin, synaptotagmin and SNAP-25 between young and 

aged rats when all areas of the hippocampal are combined. Moreover, there is no 

difference in the levels of those synaptic proteins between aged rats that have severe 

spatial learning deficit in the Morris water maze and aged rats with preserved spatial 

learning capacity (Nicolle, Gallagher et al. 1999). 
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Figure 4.2 The lack of relationship between immunoreactivity of synaptic 
proteins with age and spatial learning performance. Higher scores 
indicate poorer learning in the Morris water maze. Figure from 
Nicolle et al. (Nicolle, Gallagher et al. 1999). 
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It is noteworthy that Nicollc et al.'s experiment (Nicolle, Gallagher et al. 1999) 

treated the hippocampus as a whole instead of making a distinction among different 

hippocampal subregions and/or laminae. It is known that there are anatomical, 

neurochemical and functional differences between different subregions of the 

hippocampus, as well as between the dorsal (septal) and ventral (temporal) portions of the 

hippocampus. For example, spatial learning capacity of rats is very sensitive to lesions of 

the dorsal hippocampus. In contrast, lesions to the ventral hippocampus have relatively 

little effect on spatial learning performance (Moser, Moser et al. 1993). 

Electrophysiological recording of hippocampal place cell activity also shows that there 

are fewer and significantly less specific "place fields" in the ventral CAl region (Jung, 

Wiener et al. 1994). In addition, as will be discussed in Section 4.2.2, the age-related 

changes in the flinction and morphology of the hippocampal glutamate system are region-

specific, sometimes with increments in function in one subfield and decrements in 

another. Therefore treating the hippocampus as a whole structure may obscure 

meaningful changes in specific subregions. 

Regardless of whether electron microscopic analyses are used to count synapses, 

or Western blotting is used to examine synaptic proteins, these methods can only report 

on whether the synapses or proteins exist, and can not report anything about "functional 

synaptic connections". One example of this issue is the existence of 'silent' synapses in 

the hippocampus. As discussed in Chapter 3, they yield no detectable synaptic responses 

at regular membrane potential. Thus, the existence of those 'silent" synapses should 
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increase the count of total number of synapses, without reporting on the function of those 

synapses. 

Another example of the "quantity versus function" issue is the fact that synapses 

can have very different morphologies and functions, such as do perforated and 

nonperforated synapses. These two subtypes of axospinous synapses have a different 

shape of postsynaptic density (PSD). Perforated synapses have complex-shaped PSDs, 

and usually exhibit discontinuities or perforations when viewed in serial section, whereas 

nonperforated synapses have simple-shaped disc-like PSDs. Perforated synapses have 

been suggested to be especially important for synaptic plasticity because they may evoke 

larger postsynaptic responses than nonperforated synapses do (Ganeshina, Berry et al. 

2004). Counting synapses without distinguishing them as perforated or nonperforated 

can therefore blur the actual functional capacity of the synapse. Therefore, both age-

related quantitative measurements along with electrophysiological measurement of 

function are required for a complete picture of hippocampal changes with age in the 

hippocampus. 

4.1.2 Age-related changes in glutamate receptor binding 

Studies on glutamate receptor binding in the hippocampus have also led to 

conflicting results. For example, Shimada et al. evaluated NMDA receptor binding using 

[^Hjdizocilpine and [^HJCGP 39653 as the radioligands, and found no age difference in 

glutamate binding in hippocampus using these methods (Shimada, Mukhin et al. 1997). 

Tamaru et al, however, found a significant reduction of ['^H]glutamate binding and 

[^H]MK-801 binding, but not of [^H]AMPA binding nor [^H]kainate binding in the 
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hippocampus of aged rats, suggesting that glutamate NMD A receptors are selectively 

defective with aging (Tamaru, Yoneda et al. 1991). These apparently conflicting results 

might be caused by differences in the species or strain investigated, or the particular 

ligands used in the binding assays (Magnusson and Cotman 1993; Magnusson 2000). It 

is also possible that some of the conflicting data arose from the fact that whole 

hippocampi, instead of specific regions of the hippocampus, were examined. 

Wenk and Barnes (2000) compared binding sites for NMD A and AMPA 

receptors in CA (includes CAl, CA3 and subicular cell regions) and FD (fascia dentate 

and hilar regions) region across the lifespan of the rat. They found age-related, region-

specific and receptor type-specific changes. As shown in Figure 4.3, there is an age-

related decline in the number of NMDA receptor binding sites in CA, but not in FD 

regions. The number of AMPA receptor binding sites declined in the FD region, but not 

in the CA region of the hippocampus of aged rats. Notice that the decline of the AMPA 

receptors in FD is not linear with increasing age. There is a sudden drop between the age 

of 3 and 12 months, at which time the receptors are stable. Therefore, no change in 

numbers of AMPA receptors in the dentate gyrus might be detected if the comparison 

was made between 12 and 29 month old rats. This might also help to explain some 

conflicting results observed earlier. 
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Figure 4.3 Age-
related changes in 
NMDA and AMPA 
receptor number In 
two discrete 
regions of the 
hippocampus. 
Thirty-eight rats, 
ranging in age from 
3 to 31 months were 
used. CA: includes 
CAl, CA3 and 
subicular cell 
regions; FD: include 
fascia dentate and 
hilar region. 
Figure from Wenk 
and Barnes (2000). 

It is noteworthy that the changes of receptor binding observed do not necessarily 

reflect changes in receptor numbers with aging. Instead, these data may result from 

alterations in binding characteristics of the receptor site with aging. In addition, similar 

to what was discussed in Section 4.1.1.2, the changes do not necessarily reflect changes 

in the function of receptors. As will be discussed in the coming section, the function of 

AMPA and NMDA receptors, as measured with electrophysiological recording, do, in 

fact, show a quite different pattern of change with age, depending on the hippocampal 

subregions. 
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4.2 How Does Aging Affect the Function of the Hippocampal Glutamatergic System? 

4.2.1 Basic biophysical properties 

Table 4.1 Comparison between young and old subjects on selected hippocampal 

cellular characteristics. Adapted from Barnes (1994). 

Cell Properly Hippocampal area 

FD CA3 CAl 

Resting potential - - -, or 
More hyperpolarized 

Input resistance - - or i 

Na"^ action potential - - -, or t 

Ca^^ action potential - t 

EPS? rise time and half width - -

Membrane time constant - -

Rheobase - or t 

AHP (gk(Ca)) - or t, or i 

no change; increase; decrease 
AHP: after-hyperpolarizing potential 

The basic biophysical properties of hippocampal cells, such as the resting 

membrane potential or input resistance of the postsynaptic cell, have been measured 

using the in vitro hippocampal slice preparation. As shown in Table 4.1, recordings from 

different laboratories sometimes show contradiction results but are, overall rather 

consistent. For example, Barnes et al. found that the input resistance recorded in CAl 

pyramidal cells of aged rats as the same as that in young rats (Barnes, Rao et al. 1987), 
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whereas l urner et al. found that the input resistance in aged rats was larger than that in 

young rats (Turner and Deupree 1991). The most striking thing to note, however, is that 

most of these basic properties are essentially preserved across age groups (see Barnes's 

review (1994)). It must be kept in mind that these experiments used sharp electrodes and 

recorded from the soma, and thus is not possible to be sure that differences would not 

arise if recordings were made from the dendrites. 

4.2.2 Age-related, region-specific and receptor-specific functional change 

Although most cellular properties remain stable with age, there are some 

important age-related changes that occur in synaptic transmission. More importantly, the 

age-related functional changes that do occur, exhibit changes in a region-specific and 

NMDA receptor or AMPA receptor-specific manner. 

4.2.2.1 Dentate gyrus 

Comparing the function of perforant path - granule cell synapses in old and 

young rats using in vivo and in vitro recording methods, Barnes et al. found that although 

the threshold stimulus intensity required to activate perforant path axons remained 

unchanged w ith age, there is a significant reduction in the size of the presynaptic fiber 

potential and the excitatory synaptic field potential (EPSP). These reduced ampHtudes 

occur at about threshold for production action potentials in the stimulus intensities 

(Barnes and McNaughton 1980). These results suggest that there is a loss of afferent 

s5mapses with advanced age in the dentate gyrus, and is consistent with the observation of 
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Geinisman et al. who found, using unbiased stereological dissector methods, that old rats 

had reduced numbers of synapses in the middle molecular layer of the dentate gyrus 

(Geinisman, de Toledo-Morrell et al. 1992). 

For a given number of axons activated, however, there is a larger EPSP produced 

in the old animals (Barnes and McNaugliton 1980). This increase in synaptic response 

was found to be caused by increment in quantal size (Foster, Barnes et al. 1991). Using 

minimal stimulation methods, Foster et al. were able to show that the amplitude of the 

unitary granule cell EPSP was larger in old than in young rats. These results suggest that 

synaptic transmission in the dentate gyrus may become more powerful, to compensate for 

a loss of perforant path afferent synapses 

Subsequently, Rao et al. (Rao, Barnes et al. 1994) confirmed most of the above 

findings, and went on to show that changes in synaptic responses of old rats were AMPA 

receptor (AMPAR) or NMD A receptor (NMDAR) specific. They confirmed that the 

threshold for activating afferent fibers was unchanged, and the fiber potential and fEPSP 

at given stimulus intensity decreased in the aged rats (Figure 4.4). Moreover, they found 

that for a given fiber potential, the AMPAR-HIedIated fEPSPs increased while the 

NMDAR -mediated EPSPs decreased with aging. This result suggests that the increased 

synaptic efficacy in the perforant path-granule cell synapses in the aged rats is mediated 

by AMPA receptors. 
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Figure 4.4 Age-related changes in glutaniate receptor-mediated EPSPs in 
the dentate gyrus. A; non-NMDA (i.e., recorded in normal 
artificial cerebral spinal fluid) fiber potential amplitudes at the Schaffer 
collateral-CAl synapse at different stimulus intensities. B: non-NMDAa 
EPSP amplitudes in CAl At different fiber potential levels. C: fiber potential 
amplitudes at different stimulus intensities after the application of CNQX. D: 
EPSP amplitudes in CAl at different fiber potential levels after the application 
of CNQX. Figure from Rao et al.(Rao, Barnes et al. 1994). 

Barnes summarized all the above findings, and suggested a diagrammatical model 

which could explain the observed changes at perforant path-granule cell synapses in 

senescent animals (Barnes 1994). As shown in Figure 4.5, there are fewer perforant path 



axons in the dentate gyrus of aged rats, but the remaining synapses become more 

powerful through the strengthening of AMPA receptor mediated responses. 

Parameter 

Presynaptic fiber potential 

Field EPSP 

Field EPSP / 
presynaptic fiber potential 

AMPA sensitivity 

Unitary EPSP 

Quantal size 

NMDA EPSP 

NMDA EPSP / 
AMPA EPSP 

Figure 4.5 Region-specific changes in electrophysiology and connectivity with 
age. Left: Summary of electrophysiological results. Right: 
Diagrammatical model of synaptic changes that could cause these results. In the 
dentate gyixis (DG), there are a loss of afferent axons, a compensatory 
strengthening of the AMPAR- mediated response at the remaining synapses, and a 
reduction of the NMD Aft-mediated response at the remaining synapses. In C A1, 
in contrast, there is no loss of input axons, but each axon makes fewer synaptic 
contacts onto the pyramidal cells. The function of the remaining synapses appears 
unchanged. Figure from Rosenzweig and Barnes (2003). 

It is noteworthy that the electrophysiological results that show increased AMPAR-

mediated EPSP and decreased NMDAa-mediated EPSP in the aged dentate gyrus, appear 

to be 'opposite' to the receptor binding results described in Section 4.1.2. That is, 

AMPAR binding decreased and NMDAR binding remained same in the dentate gyrus of 

aged rats (Wenk and Barnes 2000). Although these results appear to be contradictory, 
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they do not necessarily conflict with each other since binding does not indicate function. 

It is possible that even with fewer AMPA receptors in aged dentate gyrus, larger 

AMPAa-mediated EPSP may result, with dramatically increased synaptic efficacy. 

The observation of an increased ratio of AMPAR- to NMDAR-mediated fEPSPs in 

the dentate gyrus in aged rats is also difficult to reconcile with results from a whole-cell 

patch clamp recording experiment conducted by Krause et al. (Krause 2002). In this 

study the slope conductance of the AMPAR and NMDAR of granule cells were compared 

between young and old rats. Both the AMPAR and NMDAR slope conductance were 

found to be smaller in aged than in young rats, with the old rats AMPAR slope 

conductance decreasing more proportionately. Thus, the ratio of AMPAR to NMDAR 

slope conductance was found to be smaller in old rats using this method of measurement 

(Krause 2002). 

This apparent contradiction between fEPSP recording and whole-cell recording 

methods is under investigation. It is noteworthy that several chemicals (for example 

cesium chloride) are added to the patch pipette to block dendritic ion channels (such as 

several different types of potassium channels). These ion channels, however, were not 

blocked in fEPSP recording studies, and thus, depending on the ions in pipette, could 

boost or dampen the amplitude of field potentials. If the number and/or distribution 

pattern of those dendritic ion channels are age-dependent, blocking those channels could 

affect the recording results differently for different age groups. In addition, the slope-

conductance is calculated from the current-potential relationship when the membrane 

potential is held between -10 to +50 mV, whereas the fEPSP was done at resting 
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membrane potential (approximately -60 ~ -70 mV). The discrepancy in measurement 

increases the difficulty of making direct comparisons between the results from these two 

studies. 

4.2.2.2 CAl 

The Schaffer collateral-CAl pyramidal cell synapses appear to undergo different 

changes during the aging process. Barnes et al. (Barnes, Rao et al. 1997) studied age-

related changes in NMBAa-mediated EPSP and AMPAR-mediated fEPSP at CAl 

synapses using a protocol similar to the one used by Rao et al. at dentate gyrus synapses 

(Rao, Barnes et al. 1994). As shown in Figure 4.6, the threshold intensities of stimulation 

to elicit either the AMPAR-mediated EPSP or the NMDAR -mediated EPSP are 

equivalent across age groups. In addition, at a given stimulus intensity, there is no 

difference among the three age groups in the amplitude of presynaptic fiber potential. 

Furthermore, at a given input level, the amplitude of both the AMPAR-mediated EPSP 

and NMDAR-mediated EPSP decrease more dramatically in the 26-month old rats than in 

the 1 -month or 9-month old rats. Thus, the ratio of the amplitude of AMPAR- to 

NMDAR-mediated EPSP is the same across age groups. 

Other studies conducted in CA1 also show that there are no aged-related changes 

in quantal size or the mean size of unitary synaptic responses to minimal stimulation 

(Barnes, Rao et al. 1992). Taken together, these results suggest that although there is no 

age-related change in the average strength of individual CAl synapses, the number of 

functional synaptic contacts between individual Schaffer collateral axons and CAl 
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pyramidal neurons decreases in old rats. In other words, it appears that there are fewer 

actual, or functional synapses per Schaffer collateral axon branch in the CAl region of 

old rats. This decrease equally involves AMPAu-mediated and NMDAR-mediated 

synapses. These findings concerning age-related changes of the Schaffer collateral fiber-

CAl pyramidal cell synapses are diagrammatically illustrated in Figure 4.5. 
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Figure 4.6 Age-related changes in the glutamate receptor-mediated EPSP 
in CAl. A: Fiber potential amplitudes at the Schaffer collateral-CAl 
synapse at different stimulus intensities in the absence of CNQX. B: EPSP 
amplitudes in CAl at different fiber potential levels in the absence of CNQX. 
C; Fiber potential amplitudes at different stimulus intensities after the 
application of CNQX. D; EPSP amplitudes in CAl at different fiber potential 
levels after the application of CNQX. Figure from Barnes et al. (Barnes, 
Rao et al. 1997). 
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The results from these electrophysiological recording studies and receptor binding 

studies (Magnusson and Cotman 1993; Magnusson and Cotman 1993; Wenk and Barnes 

2000) in CA1 appear more similar than is the case for the dentate gyrus. The number of 

binding sites for the NMDAr decreases in CA 1, which corresponds to the decreased 

NMDAR-mediated EPSP. 

4.3 How Does Aging Affect LTF? 

4.3.1 LTP induction 

As discussed in Chapter 3, both glutamatc A MP A and NMDA receptors play 

crucial roles in the induction and expression of long-term potentiation (LTP). Section 4.2 

outlined the evidence for the decreased NMDA receptor mediated synaptic connection in 

both CA 1 and the dentate gyrus. Because of the NMDA receptor's role in LTP, these 

data suggest that LTP should be altered in senescent animals. Early studies using robust 

stimulation protocols to induce LTP, however, rather consistently failed to detect a deficit 

in LTP induction in aged animals. This was true at the Schaffer collateral-CA 1 

pyramidal cell synapse in vitro (Landfield and Lynch 1977) or in vivo (Landfield and 

Lynch 1977; Landfield, McGaugh et al. 1978). and at the perforant path-granule cell 

synapse in vitro (Diana, Scotti de Carol is et al. 1994) or in vivo (Barnes 1979). 

For example, Barnes (1979) induced in vivo LTP through electrodes chronically 

implanted into the dentate gyrus, using 20ms bursts of 400 Hz stimuli repeated 15 times. 

LTP was monitored for a week after one such high-frequency session. There was no 

deficit in induction or decay rate after using these protocols. When the same stimulation 
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protocol was delivered once per day for 3 days, and LTP was monitored for 2 weeks 

following that treatment, the magnitude of LTP induced in aged groups was significantly 

reduced only after the last stimulus session but not after all the other stimulus sessions. 

Age-related LTP induction deficits, however, are detected after the application of 

'peri-threshold stimulation protocols'. These include: 4 or 10 pulses at 100 Hz (Deupree, 

Turner et al. 1991; Deupree, Bradley et al. 1993), primed burst stimulation protocols in 

which a single priming pulse is followed 170 ms later by 4 pulses at 200 Hz (Moore, 

Browning et al. 1993), or an intracellular depolarization pairing protocol (Barnes, Rao et 

al. 2000). For example, Barnes et al. induced in vitro LTP at the perforant path-granule 

cell synapse by pairing a weak 25 p A orthodromic stimulation of medial perforant path 

fibers with intracellularly delivered series of current pulses into the granule cells. While 

significant LTP can be induced in young and adults rats by pairing the orthodromic 

stimulation with 0.6 nA and 0.8 nA intracellular depolarization current, it can not be 

observed in aged rats until the current level reaches 1 nA (Barnes, Rao et al. 2000). This 

result suggests that the threshold to induce LTP increases with aging, and therefore 

makes it more difficult for LTP to occur in aged animals. 

One issue that should be emphasized is that the high-frequency stimuli used in 

early studies of LTP induction in aged rats would never occur naturally in the brain. 

Even the 'peri-threshold' protocols are still far from physiological. It is possible that age-

related LTP induction deficits may be more obvious in a natural situation (such as during 

learning and memory process); however, it has been very difficult to detect LTP-like 

changes while animals are behaving. It has been shown, however, that the size of place 
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fields of hippocampal pyramidal cells increase after young rats repeatedly traverse a 

given environment (Mehta, Barnes et al. 1997), and this experience-dependent plasticity 

is blocked by the NMD A receptor antagonist, CPP (Ekstrom, Meltzer et al. 2001) (see 

Section 5.1.4 for more detail). These results suggest that the place field expansion effect 

may be a 'natural' LTP-Iike phenomenon in the brain. More interestingly, the 

experiencc-dcpendent place field expansion effect is lacking or much less robust in the 

hippocampus of old rats (Shen, Barnes et al. 1997) (see Section 5.2.2 for more detail), 

providing support for the hypothesis that aged animals suffer LTP induction deficits in a 

natural situation. 

4.3.2 LTP maintenance 

In early studies of LTP at the Schaffer collateral-CAl synapse, decay rates were 

not found to be different between young and old rats over the course of 1 hr (e.g., 

Landfield and Lynch 1977; Landfield, McGaugh et al. 1978). Observations of LTP 

maintenance over a longer time scale, however, did reveal changes between young and 

old rats (e.g., Barnes 1979; Barnes and McNaughton 1980; Barnes 2003). For example, 

Barnes and McNaughton (1980) saturated LTP induction by administering LTP-inducing 

stimuli at 24-hour intervals for 12 consecutive days. The evoked field potential responses 

were then monitored for several weeks. As shown in Figure 4.7, the maximum LTP 

observed at the end of the high-frequency stimulation session is equivalent between the 

young and old rats, as assessed by measuring the EPSP amplitude (although old rats take 

more trials to reach maximum LTP than do young rats); however, the old rats showed 
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faster decay of LTP over the ensuing days, and the decay rate for LTP in aged group is 

about twice as fast as that in young animals. 
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Figure 4.7 LTP induction and maintenance in 
different age groups. To the left of the 
dashed line is LTP induction ( LTP-inducing 
stimuli given every 24 hr); to the right of the 
dashed line is LTP maintenance after high 
frequency stimulation was stopped. Figure 
adapted from Barnes (2003). 

As discussed in Chapter 3, LTP maintenance is a cAMP- PKA (protein kinase A)-

CREB (the cAMP response element binding protein) pathway dependent process and 

involves gene expression and protein synthesis (sec Section 3.3.3 for more details). It has 

been reported that CRE-binding activity decreases remarkably in aging in many brain 

regions, especially in the basal forebrain, the striatum and the hippocampus (Asanuma, 

Nishibayashi et al. 1996). A natural question arises as to whether the age-related LTP 

maintenance deficit is caused by a deficit in the cAMP-PKA-CREB pathway or in altered 
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gene expression or protein synthesis efficacy. A recent experiment investigated the role 

of the CREB pathway in LTP maintenance in young and aged mice. Bach et al. (Bach, 

Barad et al. 1999) induced protein-synthesis-dependent late phase LTP (L-LTP) in the 

CAT region of mouse hippocampal slices. Although there was no difference in LTP 

induction immediately after tetanization, a significant difference between age groups 

emerged three hours later, suggesting a deficit in LTP maintenance in old C57BL/B6 

mice. Because agonists of dopamine D1/D5 receptors are positively coupled to adenylate 

cyclase and modulate L-LTP in young mice, two dopamine D1/D5 receptors agonists (6-

bromo-ApB hydrobromide and SKF 38393) were then added to the in vitro media. 

Although the drugs showed no effect on the synaptic response when applied alone, they 

significantly attenuated age-related declines in L-LTP when appUed before or during 

tetanic stimulation. These results suggest that the cAMP-PKA dependent pathway is 

defective in aged animals, and this may contribute to the age-dependent faster decay of 

LTP. 

4.3.3 Correlalion between age-related LTP deficits and memory deficits 

Several experiments have shown a correlation between LTP and memory defects 

in aged animals (e.g., Barnes 1979; Barnes and McNaughton 1985; De Toledo-Morrell 

and Morrell 1985; Bach, Barad et al. 1999). The earliest study to examine spatial 

memory and LTP changes in old rats was conducted by Barnes (1979). She examined the 

behavioral performance of old rats on the circular platform task (see Chapter 2 for more 

details about this task), and showed that old rats took longer path-lengths and took a 
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longer time to find the escape box. Old rats also had more difficulty in learning a 

reversal or change of location of the escape box. Furthermore, the animal's .spatial 

memory performance was statistically correlated with the durability of synaptic 

enhancement in the dentate gyrus, both within and between age groups (Barnes 1979) 

In Bach et al.'s experiment described above (Bach, Barad et al. 1999), a modified 

version of the circular platform was used to test spatial memory of C57BL/B6 mice from 

different age cohorts. There was a significant and negative correlation between spatial 

memory errors and late phase LTP (L-LTP) w ithin the aged {hut not young) cohorts or 

across different aged cohorts. That is, the mouse that showed strong L-LTP 3 hrs after 

the LTP induction tended to have fewer errors in spatial memory task. The high 

correlation between spatial memory performance and L-LTP suggests that L-LTP may be 

directly involved in a component of long-term memory consolidation. Moreover, D1/D5 

receptors agonists (6-bromo-ApB hydrobromidc and SKF 38393) that ameliorate age-

related L-L'T P defects in vitro also reduced the errors made in the spatial task in old mice. 

Bach et al. also found that a cAMP phosphodiesterase inhibitor, rolipram, improved the 

spatial memory performance of 18-month old mice in the Barnes circular platform task. 

This result confirms de Toledo-Morrell et al.'s result that inhibiting phosphodiesterase 

with pentoxifylline reversed spatial memory deficits in old Fischer 344 rats (de Toledo-

Morrell, Morrell et al. 1984). 

An even more dramatic correlation between age-related changes in memory and 

LTP was found by Barnes et al. (Barnes and McNaughton 1980; Barnes and McNaughton 

1985). They found a highly parallel change between the rates of acquisition and 



forgetting of spatial memory, tested with Barnes circular maze, and the rates of increase 

and decay of LTP induced by high-frequency stimulation of the perforant path. Old rats 

made slower progress in reaching their final asymptotic performance levels and forgot the 

problem faster than did the young rats. Similarly, LTP induced in old rats reached its 

maximum more slowly and decayed more quickly. The old rats forgot the location of the 

escape box about twice as fast as did the young rats, a rate similar to the LTP decay rate 

difference observed between young and old groups. Thus, the faster decay of LTP in 

aged animals may underlie their susceptibility to forget what they have learned before. 

On the other hand, the correlation between LTP and memory gives strength to the 

argument that LTP is the neurobiological mechanism of at least some types of memory 

(see Section 3.5 for more discussion about this issue). 
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CHAPTER 5: HIPPOCAMPAL PLACE CELLS AND AGE-RELATED 

CHANGES 

5.1 Hippocampal Place Cells 

5.1.1 Place cell discovery and definition 

In 1971, O'Keefe and Dostrovsky first reported the location-specific firing 

characteristics of some hippocampal neurons in fi-eely moving rats (O'Keefe and 

Dostrovsky 1971). Those hippocarapal neurons fire "solely or maximally when the rat is 

situated in a particular part of the testing platform facing in a particular direction", and 

are now called "place cells". The place in the environment where a place cell fires is 

called its 'place field', which is generally 30-50 cm in diameter, depending on the 

environment and on the criteria used to determine the boundary of place field (Muller and 

Kubie 1987; Muller 1996). The existence of hippocampal place cells has been repeatedly 

confirmed by others and provides powerful support to the claim that the hippocampus 

plays critical role in spatial learning and memory (see Section 1.4.3 for more about the 

hippocampus and spatial memory). 

In his 1979 review, O'Keefe (1979) attempted to define place cell in several ways 

with increasing rigidity. According to these definitions, a place cell is a cell: (a) 'whose 

firing rate or pattern consistently discriminated between different parts of an 

environment'; or (b) 'whose firing rate or pattern varies as a function of the animal's 

location in an environment but can not be shown to be dependent on a single specific 

sensory input' ; or (c) 'which constructs the notion of a place in an environment by 
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connecting together several multi-sensory inputs each of which can be perceived when 

the animal is in a particular part of an environment'. Each definition, however, has its 

own problem. For example, as the weakest definition, the first one might result in the 

inclusion of some 'sensory' cells in the category; although slightly more rigorous than the 

first one, the second definition is flawed in that it is hard to completely exclude all 

sensory input for sure; although it may be hard to detect 'multi-sensory inputs' in some 

experiments, the last definition might, in fact, be the best one. 

Obviously, using different definitions may alter the decision of whether a 

recorded cell is a place cell or not. Different experiments sometimes have applied 

different criteria in judging the cells recorded, but a place cell should at least express 

spatial selectivity, and that selectivity should not be induced solely by the presence of 

some sensory input. It is noteworthy that even though a dominant visual cue can have a 

pow erful effect on a place cell, there are some other sensory inputs, such as vestibular 

information, that can affect the activity of place cells. This will be discussed further in 

the next section. 

When the weakest definition (a) discussed above is used, place cells can be 

detected in all the subregions of the hippocampus. Most studies of place cells have been 

performed on the hippocampal CAl and CAS pyramidal neurons. The CAl region is in a 

position in the dorsal hippocampus that can be reached easily in electrophysiological 

experiments. It exhibits a high percentage of cells that fire selectively in a given 

environment. Cells with various levels of spatial selectively have also been recorded in 

regions outside of the hippocampus proper. Granule cells in the dentate gyrus show the 
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most selective firing patterns of any in the hippocampus (Jung and McNaughton 1993). 

Neurons in the superficial layer of the medial cntorhinal cortex, one of the major 

structures to relay cortical information to the hippocampus, are less selective, but show 

significant location-specific firing patterns (Quirk, Muller et al. 1992). In addition, place 

cells have also been recorded in the subicular complex, one of the major output zones for 

the hippocampus. Most subicular cells show a robust although a widespread locational 

signal. They fire throughout most part of an environment, but with higher firing rates at 

some locations and relatively low firing rates at other locations (Sharp and Green 1994). 

A small population of parasubiculum cells also appear to fire with some selectivity within 

an environment (Taube 1995). 

There is difference between the dorsal (septal) and ventral (temporal) 

hippocampus in the way in which cell firing properties are tuned to position. Although 

place cells have been recorded from the ventral hippocampus of rats chasing food in a 

cylindrical arena (Poucet, Thinus-Blanc et al. 1994), most of studies examining spatial 

coding in the hippocampus of freely moving rats have been performed in the dorsal one-

third of the hippocampus (Jung, Wiener et al. 1994). Although Poucet et al. found that 

place cells recorded in the ventral hippocampus have firing patterns and 

electrophysiological properties similar to those of dorsal hippocampal place cells, Jung et 

al. suggested place cells in the ventral hippocampus show less space selectivity and that 

there were significantly fewer place cells in the ventral hippocampus than that in the 

dorsal hippocampus. 



The discrepancy in results between Poucet et al. and Jung et al.'s experiments 

may have arisen from different procedures and techniques that were used. For example, 

different recording sites were used for the dorsal hippocampus (Poucct et al.'s: 3.8 P, 2.7 

L; Jung et al; 3.3-3.8 P, 1.7-2.0 L to bregma) and the ventral hippocampus (Poucet et 

al.'s: 4.8 P, 4.0 L; Jung et al.: 5.8-6.3 P, 5.5-5.8 L to bregma), and Poucet et al.'s 

recording sites were relatively more dorsal than were Jung et al.'s recording site. 

Furthermore, Poucct et al. recorded 22 complex cells in the ventral hippocampus, 18 of 

which were place cells (a very high percentage, even in dorsal CAl); whereas Jung ct al. 

sampled a larger number of cells (129 complex cells), of which 22 were place cells (a 

proportion lower than observed in dorsal CAl). It is not clear whether the different type 

of recording electrodes used may have contributed to this difference. 

Because the difference in spatial characteristics between the dorsal and ventral 

hippocampus found in the Jung et al.'s study is supported by lesion-behavior studies, this 

suggests that this is a more accurate reflection of the properties of the ventral 

hippocampus. That is, spatial learning performance of rats is much more sensitive to 

lesions of the dorsal hippocampus than to the ventral hippocampus (Moser, Moser et al. 

1993). In addition, immediate early gene (lEG) study also suggests that larger percentage 

of the dorsal hippocampal cells is activated by spatial exploration than that in the ventral 

hippocampus (Sutherland 2003). 

Jung et al. suggested that the dorsal and ventral hippocampus might be involved 

in different modes of spatial information processing. For example, the dorsal 

hippocampus may deal with high-resolution spatial information for a small environment 
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(e.g., inside the recording chamber), whereas the ventral hippocampus may process low-

resolution information for a large environment (e.g., the whole recording room). 

Most of the studies of place cells have been performed on rats and mice, but cells 

with place-related activity have also been recorded in the hippocampal formation of the 

monkey (e.g.,Ono, Eifuku et al. 1993; Ono and Nishijo 1999; Hori, Tabuchi et al. 2003). 

Recently, a very striking study showed that place cells also exist in the human 

hippocampus. Ekstrom et al. (Ekstrom, Kahana et al. 2003) recorded the activity of 

single neurons from seven epileptic patients who had been implanted with intracranial 

electrodes to identify the seizure focus. 317 neurons in the medial temporal and frontal 

lobes were recorded when the subjects explored a virtual town in a taxi driver computer 

game. Ekstrom ct al. found that place-responsive cells were significantly more prevalent 

in the hippocampus than in the parahippocampal region, the amygdala, and the frontal 

lobes, with roughly 24% of the hippocampal cells exhibiting bona fide place responsive 

activity. One caveat of the Ekstrom et al.'s result is that the brain activity may have been 

altered by epilepsy. Nonetheless, it is certainly possible that neurons with place-selective 

activities do exist in the normal human brain, based on the results from neuroimaging 

studies (e.g., Maguire, Burgess et al. 1998) (see Section 1.4.3.2 for more details). 

Taken together, the data suggest that cells with location-specific firing have 

been found in several different regions of the hippocampus in several different species. 

Nonetheless, most of the experiments discussed below have been conducted in the dorsal 

hippocampus of rats or mice. 
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5.1.2 Place cell characteristics 

The most dramatic characteristic of a place cell is its location-specific activity. 

While a place cell is almost silent in other locations, the same cell fires with a rate of 10-

20 Hz when the animal reaches its "place field" (Figure 5.1). The firing of a place cell 

reaches maximum at the center of the place field, and falls close to zero at the border of 

the field. A place cell in young rats always fires solely or maximally in the same place 

when the rat reenters the same environment (Barnes, Suster et al. 1997); however, a place 

cell that fires in one environment may or may not fire in another different environment. 

It is impossible to use the firing position of a place cell in one environment to predict its 

place field position in another environment (O'Keefe and Conway 1978). 

ÎsSI 
Figure 5.1 Spatial firing 
distributions of 80 
simultaneously recorded 
hippocanial pyramidal neurons 
and interneurons. Each panel 
represents the spatial distribution 
of the firing rate for one cell while 
rats foraged in a square box for 
food reward. Dark blue color 
represents no discharge, and the 
hotter the color, the higher the 
firing rate. Note that the 6 higer 
firing rate cells are interneurons, 
and that some cells show no firing 
at all in this space. Figure from 
Wilson and McNaughton (1993). 

Animals do not need to perform a specific spatial memory task in order for place 

cells to be activated. As will be discussed below, the location-specific firing of 
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hippocampal pyramidal cells is often induced by allowing the rat to forage for food in an 

open field, a cylindrical apparatus, or different shapes of tracks. This, however, does not 

mean that the firing of place cells is not influenced by different task demands. In 

comparing place cell activity in the same open circular platform, but with two different 

tasks, Markus et al. found that the place fields formed when the rat foraged randomly 

dispersed food pellets in the platform are quite different fi-om those formed when the rat 

searched for food at fixed locations in the platform, following repeated trajectories 

(Markus, Qin et al. 1995). Thus, even in the same environment, the firing patterns of a 

place cell can change with changing task demands. Moreover, place fields are more 

spatially- and directionally-selective on a radial maze or other tracks that constrain 

movement trajectory than in an open cylindrical environment, regardless of the visual 

environment. 

In addition, many place cclls show their spatially-specific firing when the rat is 

exposed to an environment for the first time. Hill pre-trained rats in a straight-line shuttle 

box and then transferred them to a T-maze to which they had never been exposed. He 

found that 10 out of 12 place cells showed place fields on the very first passage of the rat 

through the T-maze, whereas the other 2 cells developed fields within 10 minutes of 

exposure (Hill 1978 ). This result suggests that the formation of place representations in 

the hippocampus is experience-independent. But experience does modify this 

representation. For example, as will be discussed in Section 5.1.4, the size of the place 

field of a place cell increases after a young rat repeatedly traverses in an environment, a 

phenomenon called place field expansion (Mehta, Barnes et al. 1997). Moreover, Wilson 
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and McNaughton found that the hippocampal spatial representation was not fully 

expressed at the time of the animal's first entry into the place field, but it improved 

rapidly with more exploration of the environment (Wilson and McNaughton 1993). This 

improvement might be related to place field expansion. 

Unlike neurons in the sensory cortex, where neighboring neurons usually exhibit 

correlated firing properties and form topographic 'maps', neighboring hippocampal 

pyramidal neurons show neither spatial nor temporal firing correlations. It has been 

suggested that independence of encoding properties of neighboring neurons allows the 

hippocampus to maximize its information storage capacity (Redish, Battaglia et al. 2001). 

Thompson and Best (1989) estimated that about one third of the dorsal hippocampal 

pyramidal neurons had a place field in a given environment, and Arc RNA (for more 

about ̂ rc RNA, see Section 1.4.3.4) is expressed in about 40% of CAl neurons after a 

rat is exposed to a novel, 3600 cm' environment (Guzowski, McNaughton et al. 1999; 

Redish, Battaglia et al. 2001). The percentage of activated place cells in Figure 5.1 is 

also about 40%. With millions of primary neurons in the hippocampus, and the apparent 

independence of firing between neighboring neurons, the place cells can form numerous 

distinct combinations to represent different environmental experiences of the rat. This 

storage capacity is even larger when considering the re-recmitment of a place cell that 

has already participated in the representation of part of the environment. The re-

recruitment of place cells is supported by findings that show that some cells have more 

than one place field in a given environment (e.g., O'Keefe and Conway 1978; Shen, 

Barnes et al. 1997). 
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It is noteworthy that the number of place cells recruited is related to the size of the 

environment. Gerrard et al. examined the activity of hippocanipa! neurons when rats 

traversed in a hallway that was 13 meter in length. When rats entered new portions of the 

hallway, new place cells were randomly recruited to encode the new region (Gerrard 

2001). Thus, more place cells may be required to reflect larger environments. Of course 

it is possible, as described above, for the hippocampus to re-recruit some place cells. 

Although the place cell is defined by its location-specific discharge, it is affected 

by other factors, such as visual and vestibular cues, and place-specific firing is abolished 

when the animal is immobile. Due to the important roles played by these factors in place 

cell activity, they will be discussed in more detail below. 

5.1.3 Why do place cells fire where they fire? 

Human navigation is usually guided by two broad classes of information; external 

cues, such as visual landmarks, and internally generated signals (idiothetic information) 

such as vestibular input. Similarly, the firing of place cells is also modified by both 

external and internal cues. 

5.1.3.1 External sensory cues 

In an early investigation of the influence of external sensory cues on place cell 

activity, O'Keefe and Conway (1978) put an elevated T-maze into an environment with 

four salient cues: a light, a white card, a fan and a buzzer. External cue manipulation not 

only includes rotation or removal of these distal cues, but also includes alteration of local 
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cues through interchanging the three arms of the maze. They found that place cell 

activity is influenced more by the distal cues than local cues. While some place cells 

were dependent on one or two of the four distal cues, others were dependent more on the 

global arrangement and maintained their place fields when any two of the four cues were 

available. These cells lose location-specific firing when all cues are removed. 

The importance of external cues, especially salient visual cues, to the spatially-

selective activities of place cells has been repeatedly confirmed. One persuasive method 

is cue rotation. Muller and Kubie (1987) found that rotating the salient cue card in a 76 

cm diameter cylinder caused equal rotations of place fields, such that the place fields 

retained the same relative position to the visual cue. Knierim et al. (Knierim, Kudrimoti 

et al. 1995) found similar place field rotations following the rotation of a single salient 

cue (Figure 5.2). This kind of rotation, however, did not happen when the rats were 

disorientated before being introduced into the environment during training. This will be 

discussed further in next section. 
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Figure 5.2 Rotation of place fields with salient visual cue in two 
simultaneously recorded CAl place cells. The circle 
represents the cylindrical arena. The blue arc represents the single 
salient cue card. Dark blue color represents no cell discharge, and 
the hotter the color, the higher the firing rate. Figure adapted 
from Knierim et al. (Knierim, Kudrimoti ct al. 1995). 

Different from O'Kecfe and Conway's report. Muller and Kubie (1987) observed 

much milder effects after removal of all the visual cues from a cylindrical environment. 

The removal did not affect the size, shape or radial positions of place fields, but did cause 

fields to rotate to unpredictable angular positions. Furthermore, Mark us et al. recorded 

place cell activity even in the darkness, although the place fields became less specific and 

less rcHable over time than when in the light. There are even a small number of cells that 

had place fields unique to the dark condition (Markus, Barnes et al. 1994). Quirk ct al. 

found that 24 out of 28 cells kept their place fields when the light was turned off after the 
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rats had been introduced into the environment, whereas 14 out of 22 cells changed their 

firing patterns dramatically when the light was turned off before the rats entered the arena. 

Interestingly, the altered fields in the darkness persisted when the light was turned on 

(Quirk, Muller et al. 1990). More convincing data about the independence of place fields 

on visual cues comes from studies on blind rats. Save et al. (Save, Cressant et al. 1998) 

surgically removed the eyes of some rats one week after they were bom, and then 

recorded the activity of their hippocampal neurons when the rats were introduced to an 

environment that they had never seen. They found that the blind rats had placc cells very 

similar to normal rats. In addition, place fields get established even after the deprivation 

of both auditory and visual input (Hill and Best 1981). Together, these results suggest 

that place cells can have spatially-specific discharge even without visual information 

input. 

There are other external inputs that also affect place cell firing pattern. In the cue 

manipulation experiment mentioned above, Muller and Kubie (1987) found that doubling 

the diameter and height of the cylinder caused 52% of the place cells to change firing 

patterns and 12% of the cells stopped firing in the new environment. The remaining 36% 

scaled their fields and remained at the same angular position and at the same relative 

radial position. Similar results were obtained when enlarging a small rectangular field. 

When the apparatus floor plan was changed from circular to rectangular, the firing 

patterns of place cells in one apparatus showed no correlation with that in the other 

apparatus. More interestingly, inserting an opaque or transparent barrier to bisect a 

previously recording firing field will abolish the field in most of cases. In contrast, the 
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base used to anchor the vertical barrier did not affect the place fields. These results 

suggest that the firing patterns of place cells are affected by the cues in some cases, but 

cue change does not produce remapping in some other cases. 

5.1.3.2 Internal cues 

Internal cues can arise from different sources, such as vestibular input, head 

direction information, proprioceptive input that provides efference copy of body 

movement, visual motion input involving optic flow along the retina, as well as 

.somatosensory input. Among these inputs, the influences of vestibular input on the firing 

patterns of place cells have been most intensively investigated. 

Sharp et al. (Sharp, Blair et al. 1995) trained rats in a cylindrical apparatus with its 

walls painted with vertical black and white stripes. The wall and floor of the apparatus 

could be independently rotated to provide visual motion and vestibular inputs, 

respectively. By combining light or dark conditions with fast or slow wall and/or floor 

rotation, they found that place cell firing patterns can be influenced by both vestibular 

activation through fast rotation of floor and visual motion that is caused by fast rotation 

of stripes on the wall. Two manipulations w ere performed: both the wall and floor w ere 

rotated together under the light-off condition w ith either fast (W+F OFF FAST) or slow 

(W+F OFF SLOW) rotation speed. The rapid rotation is assumed to activate the 

vestibular system w hile the slow rotation is assumed to be below the threshold of 

vestibular activation. Slow rotation typically resulted in a similar rotation of place fields, 

whereas the fast rotation often resulted in no rotation of the place fields. The possible 
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explanations for these results are that when the vestibular system failed to detect the 

rotation during W+F OFF SLOW manipulation, the place field moved along with the 

gradually rotated apparatus. In contrast, when the vestibular system detected the rotation 

under W+F OFF FAST manipulation, it made adjustments of orientation so that the place 

fields retained a constant spatial relationship to the outer, laboratory framework. These 

data strongly implicate vestibular system influence on place cell activity. The finding 

that only one cell rotated its field under the fast wall rotation manipulation suggests that 

visual motion information can reach hippocampal circuitry to help place cells maintain 

stable place fields. 

Another internal cue is motor efference copy. It has been shown that the firing of 

place cells is also related to voluntary movement. The location-selective discharge of 

CAl pyramidal neurons is abolished when a rat is wrapped in a towel and completely 

unable to move its limbs, but is free to perform head movements and exploratory 

myostatial sniffing. Place-specific firing of a place cell is present when the rat is 

manually transported to its place field unrestrained, but place-specific firing is not present 

if the animal is manually transported to its place field during restraint (Foster, Castro et al. 

1989). Since place cell firing can also be recorded when the rat sits within its place field, 

movement per se does not appear to be essential for place cell activity, as long as the rat 

is free to move if he so desires. Foster et al. (Foster, Castro et al. 1989) suggested that 

information from the motor programming system ("motor set") makes a major 

contribution to place-selective activity of place cells. 
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5.1.3.3 Head direction cells and path integration 

Before moving on to talk about the interaction between explicit and internal cucs, 

it is necessary to introduce head direction cells. These are a population of neurons that 

signal head direction of an animal primarily on the basis of angular motion signals, 

regardless of the spatial location of the animal. Head direction cells have been recorded 

in widespread but interconnected structures, including the postsubiculum (Taube, Muller 

et al. 1990; Taube, Muller et al. 1990), posterior cortex (Chen, Lin et al. 1994; Chen, Lin 

et al. 1994), anterior thalamus (Mizumori and Williams 1993), and striatum (Wiener 

1993 ). Head direction cells are tuned for the horizontal component of head orientation, 

and appear to be independent of pitch or roll attitude. 

Figure 5.3 is a model that shows how internal direction sense is updated (Knierim 

1996). The outer ring represents a population of head direction cells, with each cell's 

preferred firing direction represented by its angular position in the ring. The adjacent 

points (those cells that tune to closer orientation) in the ring are strongly interconnected, 

and more distant points are weakly interconnected or not interconnected at all. The inner 

two rings represent rotation cells, which fire only when they receive simultaneous input 

from the corresponding head direction cells and corresponding vestibular cells, which 

could detect right and left turn of the head in an azimuthal plane. The firing of rotation 

cells signals the combination of a particular head direction and a particular right or left 

turn in that head direction. Another component of the model is "visual cells", which 

represent particular local views of landmarks visible at each particular head direction. 

There are two crucial features of this model; first, the connections of the rotation cells 
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back onto the head direction cells are asymmetric, displaced in the direction of rotation; 

second, the visual cells have modifiable synapses onto the head direction cells. 

Vestbularoan 

VMbylar c«li (I«f4 

Figure 5.3 A model of the rat's internal sense of 
direction. Figure from Knierim (1996). 

According to the model, when the rat is stationary, only the corresponding head 

direction cells fire, and form a firing peak representing the specific direction that the rat is 

facing (e.g., north). When the rat turns his head (e.g., turn right), the corresponding 

vestibular cells are activated, and in turn activate the corresponding rotation cells (here. 
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are those signal 'facing north and right turn'). The asymmctric connection from rotation 

cells to head direction cells then cause the shift of firing peak of head direction cells to 

the direction of rotation (here, right). When the rat stops moving, the vestibular cells and 

rotation cells shut off, and the firing peak of the head-direction cells remains at its new 

location, thus representing the new direction the rat is facing now. On the other hand, 

when the rat faces a certain direction, he would see a corresponding local view of 

landmarks. Since the synapses between visual cells and head direction cells are 

modifiable, they could be strengthened by the repeatedly simultaneous firing of some 

visual cells and corresponding head direction cells. In the head direction model, the 

primary drive of the direction sense in a novel environment is the vestibular system. This 

system, however, is prone to cumulative errors, and might be finally overridden by the 

visual landmarks. The latter can help to recalibrate the direction sense. 

McNaughton et al. (McNaughton, Barnes et al. 1996) proposed a model of the 

path integration system to interpret the function of the hippocampus. The path 

integration model is quite similar in principle to the head direction cell model introduced 

above, and uses the head direction cell model as a component. As shown in Figure 5.4, 

this model is composed of several classes of cells: head direction cells (H ) that encode 

the azimuthal component of the rat's current head orientation; vestibular and other cell 

(H') that encode information of the direction and magnitude of rotation; The H and H' 

system converge on the H'H system, which is similar to the rotation cells in Figure 5.3, 

and is tuned to both azimuth and the direction of rotation. The portion of the system 

enclosed in the solid rectangle is basically the model of the head direction cell. The 
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hippocampalplace cells (P), encode a rat's position in space, and converge with the H 

system onto a separate population of place-direction cells (PHxM). PHxM depends on 

both head direction and location, and is modulated by locomotion. The PHxM system 

forms asymmetric contacts back onto the P system, analogous to the asymmetric 

connection between rotation cells onto head direction cells in Figure 5.3. Finally, the 

visual cells form associatively modifiable synapses onto the place cell system through an 

LTP-like process. 

PHxM 

Figure 5.4 A model of the path integration system at 
the neuronal level. Figure from McNaughton et 
al. (McNaughton, Barnes etal. 1996). 

Analogous to the head direction model, the PHxM system in the path integration 

model is also prone to accumulate errors. This helps to explain the less specific and less 

reliable place fields recorded in the dark (Markus, Barnes et al 1994). These errors, 

however, can be recalibrated by visual input, if the relationship between visual system 

and place system is stable. 
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One prediction of the head direction model and path integration model is: if the 

relationship between the visual cue and the internal direction sense, or that between 

visual cuc and placc cell system, is stable, the visual cue can form strong control over the 

head direction cells and place cells. Otherwise, the control would be weak. This is 

exactly what Knierim et al. found in rats that have disorientation training (Knierim, 

Kudrimoti et al. 1995). 

The rats are disorientated by actions such as being carried from the home cage to 

the recording room in a covered Styrofoam box, following different routes, being rotated 

in the cage and being blocked from auditory cues by static noise. The disorientation 

manipulation makes the single salient white cue card in the recording room to be 

perceived as an unreliable visual landmark since it mismatches with the internal direction 

sense. Thus, the modifiable synapse between head direction cells and visual cells cannot 

be strengthened. As shown in Figure 5.5, although the hippocampal place cells and 

thalamic head direction cells remain constant with respect to the cue card in session 1, 3 

and 4, this pattern changes in session 2. When the cue card is rotated 90 degrees 

counterclockwise, the head direction cell and one placc cell rotate 45 degrees clockwise, 

one place cell changes its field and another place cell gains a field. This remapping of the 

hippocampal representation in disorientated rats forms a striking contrast with that in 

non-disorientated rats (Figure 5.2), in which the place field always rotates with the salient 

cue card. The result with non-disorientated rats again confirm the predication that the 

consistent simultaneous activation of the place cell system and visual cue strengthens the 
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associatively modifiable synapses betMcen them, and finally the visual cues can override 

the head direction and locomotion input. 

The effect of mismatch between external visual cues and internal self-motion 

information has also been studied in another experiment. Gothard et al. (Gothard, Skaggs 

et al. 1996) recorded the hippocampal representations when the rat ran back and forth 

along a linear track between a movable start and fixed target site. During the outbound 

journey (start target), internal self-motion cues and external visual cues provide 

information about the rat's position relative to the start and target site, respectively. 

During the inbound journey ( target -> start), self-motion cues and visual cues provide 

position information relative to the target and start site respectively. Since the start site 

moved from trial to trial, the external and internal information was mismatched. Gothard 

et al. found that place fields near the origin site generally aligned to the origin site, 

whereas place fields near the target site generally aligned to the room, and the 

hippocampal map realigns during the course of each journey. In either outbound or 

inbound journeys, place cell firing is controlled by internal self-motion cues for a large 

portion of the jouniey, then switches to external visual cue information w hen the animal 

approaches its goal ( target site for outbound, start site for inbound journey ). This result 

supports the above head direction model and path integration model in treating the 

internal cues as the initial driving factor. 
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Figure 5.5 Remapping of the hipocampal 
representation when the head direction cell rotates 
away from the cue card. Firing rate map of three 
CAl place cells and the head direction tuning curve of 
one simultaneously recorded thalamic cell are shown. The 
circle represents the cylindrical arena. The blue arc 
represents the single salient cue card. The Dark blue color 
represents no discharge, and the hotter the color, the 
higher the firing rate. Figure from Knierim et al. 
(Knierim, Kudrimoti et al. 1995). 
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5.1.4 Place field expansion 

As discussed in Section 5.1.2, although the place-fields are formed when the rat 

first enters an environment, they become finer-tuned with experience. A dramatic finding 

observed in cxpericnce-dependent place field plasticity is that the place field size 

increases rapidly during the first few trials when a young rat traverses through the field in 

a given environment repeatedly. Between the first lap and 17 laps, place field sizes 

increased about 20% (Mehta, Barnes et al. 1997). This phenomenon is called 'Place field 

expansion'. 

Importantly, the place field expanded asymmetrically, in the direction opposite to 

the direction that the rat runs on the track. As Mehta et al. observed, the centers of the 

place fields shifted backward. Thus, on a 1 ()() cm track (0-100cm), if a place cell fired at 

position 30-60 cm in the first lap of running, it might fire at position 24-60 cm in the 15''' 

lap. 

The place field expansion was predicted from Hebbian asymmetric learning rules. 

As shown in Figure 5.6, when the rat runs on the same route, its place cells are activated 

in the same temporal sequence (A-B-C) repeatedly. Due to asymmetric strengthening, 

the synapses from the cells that fire earlier in the route onto the cells that fire later get 

strengthened (A-B, B-C), while the reciprocal connections (B-A, C-B) do not increase in 

strength. Eventually, a given cell will be driven to fire by the activation of the cell earlier 

in this temporal sequence. For example, instead of being activated by landmarks on the 

verge of its initial place field, cell B starts firing even when the rat is still in the place 
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field of cell A. Hence the place field of the cell expands in a direction opposite to the 

direction of motion of the rat. 

J' 
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Figure 5.6 Place field expansion. A: Schematic diagram of three cells 
connected reciprocally. After extensive sequential activation (A-B-C), the 
connections from A to B and from B to C are strengthened (thick arrows). B: 
Schematic diagram of the effects of such asymmetric synapse strengthening on 
place fields. Repeated running from left to right causes the backwards expansion 
of the fields of cells B and C. Figure from Rosenzweig and Barnes (2003). 

The place field expansion in young rats is blocked by the glutamate NMDA 

receptor antagonist CPP (Ekstrom, Meltzer et al. 2001), suggesting that this experience-

dependent plasticity might be caused by some LTP-like process. Different from LTP, 

however, experience-dependent place field expansion does not persist from day to day. 

That is, although the place field has expanded after one day's repeated traversal, the size 

of the place field goes back to its original size when the rat is first put into the same 

environment on the next day. Thus, the place field expansion reflects a shorter-lasting 

form of synaptic plasticity. 
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5.1.5 Correlation of place cell firing with spatial memory 

Based on the location-specific firing characteristics of hippocampal primary 

neurons, O'Keefe and Nadel (1978) suggested that the hippocampus is a 'cognitive map' 

which provides the animal with information about the spatial organization of 

environments. Powerful support for this hypothesis was provided by the observation that 

is possible to reconstruct an animal's trajectory in an environment from the ensemble 

activity of neurons recorded simultaneously. Wilson and McNaughton (1993) recorded 

large ensembles (71-141) of hippocampal CA1 pyramidal neurons while rats ran in a 62 

cm X 62 cm square arena. They computed the expected rate vectors for each location in 

the environment using the mean firing rate of each place cell at that location. The 

expected rate vector for each location is then compared with the actual rate vector over 

each one second time window, and the site where those two vectors show maximal 

correspondence is assigned as the estimated location for that time window. Wilson et al. 

predicted the trajectory of the rat in the environment accurately, with only 2-5 cm 

prediction error. This result confirms that the hippocampus is able to encode a location. 

If the hippocampal map really provides an animal with information about the 

animal's current position and spatial organization of its environments, then disturbing this 

map should affect the animal's spatial learning and memory performance. This has been 

confirmed by many experiments in which place fields have been disrupted by gcnetic, 

pharmacological, or experimental treatments. For example, Mizumori et al. (Mizumori. 

Miya et al. 1994) reversibly inactivated the lateral-dorsal thalamus (LDT) through micro 
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injection of a 2% tetracaine solution. The inactivation of LDT not only disrupted place 

fields, but also decreased the rat's choice accuracy on a radial eight arm maze. 

Other proof for the behavioral correlation of place cell firing comes from recent 

studies with advanced gene knockout methods (e.g., McHugh, Blum et al. 1996; 

Tonegawa, Tsien et al. 1996; Wilson and Tonegawa 1997). NMDARI gene in CA1 

pyramidal neurons can be specifically knocked out, producing CA 1 - NMDARI -KO 

mice. Location-specific firing of CA 1 pyramidal cells is preserved substantially in the 

CAl - NMDARI-KO mice. Those place cells, in comparison with cells recorded from 

control littermates, however, exhibit two major abnormalities. First, the spatial 

specificity of place fields in the knockout mice is clearly poorer. They are broad and 

diffuse, and lack a salient firing peak, as shown in Figure 5.7. The mean size of the place 

fields in CAl - NMDARI-KO mice is greater by about one third than those in control mice. 

The second abnormal characteristic of place cells in the knockout mice arises the fact that 

pairs of cells of CA 1 - NMDARI-KO mice exhibit uncorrelated firing over a recording 

session (i.e., two cells that have overlapping place fields on one traversal of the track may 

not show coincident firing in that position later in the session), while pairs of cells with 

overlapping fields from control mice exhibit correlated and consistent firing over the 

entire session. These abnormalities of place fields in the CAl - NMDARI-KO mice will 

surely result in faulty hippocampal mapping. 

' In the references, the transgenic mice with CAl NMDAri gene selectively knocked out arc called CAI
RO mice. Here they are called CAl - NMDApj-KO mice. 
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Figure 5.7 Place fields of CAl NMDA1 -receptor knockout mice are 
significantly larger in all environments. A: Rate maps of place-specific 
activity of two pyramidal cells from control animals and two pyramidal cells from 
knockout animals in each behavioral environment. B: Histogram demonstrating 
the distribution of CAl pyramidal-cell field sizes in control (n = 55 cells) and 
mutant animals (n 74 cells). Figure from Wilson and Tonegawa (1997). 

Consistent with this prediction, the CAl-KO mice are severely deficient in the 

spatial and probe task of the water maze test, but remain normal in the cued task. 

Moreover, application of tetanic stimulation failed to induce LTP at the Schaffer 

collateral-CA I synapse in the CA1 - NMDAri-KO slice, whereas LTP induction at the 

perforant path-granule cell synapse remains intact (Wilson and Tonegawa 1997). These 

results suggest that L I P, the formation of hippocampal maps and spatial memory are 

related. 

Such correlation is also confirmed by Kcntros et al. ( Kentros, Hargreaves et al. 

1998). Kentros et al. studied the effect of NMDA receptor blockade on the formation and 

stability of the hippocampal map. They found that the administration of the competitive 
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NMD A receptor antagonist CPP did not interfere with a previously formed map in a 

familiar environment; neither did it prevent the formation of new map in a novel 

environment, and this new map remained stable for at least 1.5 hours. This new map, 

however, changed when the rat was tested in the same environment one day later. These 

results suggest thai NMD A receptors are crucial in the long-term stability of the newly 

formed hippocampal map. Consistent with this finding, NMD A blockade does not 

interfere with established LTP in slices or with previously formed spatial memories, but 

blocks the induction of LTP and the acquisition of new memory (e.g.. Saucier and Cain 

1995; Morris and Frey 1997). These results thus defined the correlation among LTP, 

hippocampal map and spatial memory clearer: the mechanisms underlying LTP induction 

^may be required for "long-term stabilization of new place field maps", which in turn 

may be required for effective spatial memory. 

It is noteworthy that there are some consistent as well as inconsistent results about 

place cell characteristics and the hippocampal map between the CA1 - NMDARI-KO mice 

and CPP-treatcd rats. As described earlier, place cells in the CA1 - NMDAri-KO mice 

have enlarged and diffused place fields, whereas CPP had no effect on place field size or 

quality (Kentros, Hargreaves et al. 1998). In fact, Ekstrom et al. (Ekstrom, Meltzer et al. 

2001) reported smaller place fields in the CPP-treated rats, due to the lack of place field 

expansion (for more, see Section 5.1.4). Note that the larger place field in the CAl-

NMDARI-KO mice is not a result of place field expansion. Place field expansion is an 

" Based on their observations of the characteristics of the hippocampal map in the presence of NMDAr 
blockade, Kentros et al. fi-amed their intei-pretation of these data with respect to the relationship between 
long-term maintenance of LTP, long-term stabilization of hippocampal maps and long-temi spatial memory. 
It is noteworthy, however, that the NMDA receptor is important for LTP induction, not for long-term 
maintenance. Thus, "the induction of LTP" was used in the discussion here when referring to this effect. 
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expericnce-dependent transient plasticity, and the place field still keeps its spatial 

specificity after it expands. In contrast, the large fields in knockout mice are a result of 

less-specific firing, which make position encoding less accurate (Figure 5.7 B). A 

possible explanation for the discrepancy between place field size in the NMDAri 

knockout compared to NMD A receptor blockade is that the NMD A knockout procedure 

in these mice could have interfered with genetic or developmental events that contribute 

to place field formation. As discussed in Section 5.1.2, many place cells show their 

specific spatial firing when the rat is exposed to an environment for the first time, 

suggesting that initial place field formation is a hard-wired process. Gene knockouts 

might interfere with this process. In addition, the CAl- NMDAri-KO mice only lost 

functional NMDA receptors in the CAl region, whereas CPP blockade affected the 

NDMA receptors in the whole brain. The impact on other brain regions may also affect 

the activity of CAl pyramidal neurons. 

McHugh et al. (McHugh, Blum et al. 1996) reported that place cells in the CAl-

NMDAri-KO mice formed place fields in a noval environment that remained stable for at 

least 1 hour. This observation is consistent with the observation that hippocampal maps 

formed in a noval environment were stable for at least 1.5 hours, even in the presence of 

NMDA blockade (Kentros, Hargreaves et al. 1998). Kentros et al. further showed that 

this new map lacked long-term stability. McHugh et al., however, did not examine the 

long-term stability of place fields in their knockout mice, and thus could not make direct 

comparisons with Kentros et al.'s results. It is noteworthy, however, that in the knockout 

mice, place cell pairs, which tuned to similar spatial locations, lacked coordinated firing. 
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Thus, a pair of place cells that had overlapping place fields at one time may fire 

completely in an unrelated fashion at other times within the same environment. Such 

hippocampal ensemble activity would inevitably result in poor long-term stability of 

hippocampal maps. 

Taken together, both the specific knockout of NMDAri in CAl and global 

pharmacological blockade of the NMDA receptor affect the stability of hippocampal 

maps and causes spatial memory deficits. These results support the notion that place cell 

firing and spatial memory are related. 

5.2 Place Cells and the Hippocampal Map in Aged Rats 

5.2.1 Firing characteristics of place cells 

Barnes et al.'s 1983 experiment (Barnes, McNaughton et al. 1983) on place cell 

characteristics in young and old rats is the earliest study that compared CA1 firing 

patterns during aging. In that study, Barnes et al. compared the place cell activity of 5 

adult and 5 old rats that performed a forced-choice radial eight-arm maze task. No age 

difference was found in the spike heights, spike widths, average firing rates, peak firing 

rate, or the inter-spike interv al distributions of the single units recorded. The unchanged 

basic firing characteristics have been confirmed by later studies (Table 5.1) (e.g., Markus, 

Barnes et al. 1994; Barnes, Suster et al. 1997; Shen, Barnes et al. 1997; Oler and Markus 

2000). 
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Table 5.1 Firing characteristics of place cclls recorded in young (n--6) and old (n-6) rats. 
Table adapted from Shen et al. (Shen, Barnes et al. 1997). 

Young Old 

Cell firing property (SEM) (SEM) f P 

Amplitude (/iV) 214J (14.1) 229.0(30.3) 0.'1?9 0,68 

Width (iiisec) 0.34 (0,011) 0.34(0.013) 0.031 0.86 

Mean rate in slow-wavc sleep (Hz) 0.62 (0,017) 0.62(0.09g) 0.97 

Mean rale in REM sleep (Hz) 0.55 (0,045) 0.71 (0.108) 1.867 0.20 

Mean rate on raa/e (Hz) 1.1 J (0.083) 0.81 (0.103) 5.(1)7 0.05'^ 

Maxitnuni rate (Hz) H.93 (0,61) 9.05 (1.32) 3,930 0.08 

Field size (cm) 30.% (1,34) 23.84(2.04) 8.519 0.02'= 

Field rale integral (cm X Hz) 179.1 (12.1) 134.7(14.8) 5.395 0.04'^ 

No. of fields per ceil 2.1 (0.])' 1.9 (0.2) 0.f)53 0.44 

Only ceils with place fields on tlie track are included (young,« = 354; old, n = 24s). 

" Statistically significant 

5.2.2 Place fields in old rats 

In the Barnes et al.'s study (Barnes, McNaughton et al. 1983), the place fields of 

old rats were significantly less spatially-specific and reliable than those from young rats. 

At that time, these observations were interpreted to reveal that old rats had coarser maps 

of their environments. Subsequently, it was found that this result was a function of the 

procedure employed, and thus could be interpreted differently. When recording from the 

animals on the maze. After each trial, rats were removed from the maze to "untwist" the 

recording cable. It is most likely that some of the old rats may have "remapped" (see 

Section 5.2.3 below) when they were returned to the maze after cable untwisting. 

Place cells in aged rats do not show experience-dependent place field expansion 

as robustly as observed in young rats. As discussed in Section 5.1.4, the size of place 
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fields in young rats increase rapidly after few repeated travcrsals in a given environment. 

In aged rats, however, there much less, if any, place field expansion (Figure 5.8) (Shen, 

Barnes et al. 1997). The lack of robust experience-dependent plasticity in aged rats might 

be caused by a failure of an LTP-like process. As discussed in Section 4.3, LTP 

induction is more difficult to achieve in aged animals. Since place field expansion may 

aid in the encoding of spatial sequences, this deficit may contribute to spatial memory 

changes, and predicts changes in learning of sequences in old rats (see Chapter 2 for 

more). 
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Figure 5.8 The effect of 
age on experience-
dependent place field 
expansion. While the 
field size is not difference 
on the first lap, after 
subsequent laps young rat 
show substantially more 
expansion than do old rats. 
Figure from Shen et al. 
(Shen, Barnes et al. 1997). 

5.2.3 Hippocampal maps 

Barnes et al. (Barnes, Suster et al 1997) recorded the place cell activity when 

young or old rats ran on a rectangular figure-8 maze. The rats were removed from the 

recording room for one hour and later were brought back for another recording session. 

Young rats reliably retrieved the same map when returned to the recording room, whereas 
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the old rats occasionally retrieved a different (or incorrect) map even though the abundant 

visual, auditory, tactile and olfactory cues in the environment are all remain unchanged. 

As shown in Figure 5.9, when such a remapping occurs, some place fields change 

locations, some fields disappear while some cells that previously did not have place fields 

show fields. For example, the place cell whose place field is represented with yellow 

color at the upper left hand corner of the maze in the first episode, changed to fire when 

the rat reached the left arm of the maze in the second episode. 

Tanila et al. (Tanila, Sipila et al. 1997) compared the place fields of hippocampal 

place cells in young, memory-intact old and memory-impaired old rats in two different 

environments: one is highly familiar, the other is the same room but with many of the 

spatial cues changed. Although young and old rats show similar spatial selectivity of 

place cells in the familiar environment, the spatial selectivity decreased considerably in 

aged memory-impaired rats compared with that of young or aged memory-intact rats. 

After the environment was changed, all place fields in young rats either disappeared or 

appeared in a new location, but 35-42% of place fields in aged rats remained the same 

shape and location with respect to the maze before the environment was changed (Table 

5.2). 
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Mait 1 Maze 2 

Figure 5.9 Place-field distributions from one young and 
one old rat recorded on two consecutive episodes of 
running on a rectangular figure-8 maze. Between 
episodes (Maze 1, Maze 2), the rats were removed from the 
room. The locations at which spikes were emitted are 
represented as colored dots, with a different color for each 
neuron. The color scheme is consistent between episodes for 
each rat. The grey lines indicate the trajectories of the rats. 
Figure from Barnes et al. (Barnes, Suster et al. 1997). 
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Table 5.2 Changes in place fields in response to altered environment, in which many 
spatial cues have been changed. Table adapted from Tanila et al. (Tanila, 
Sipila et al. 1997). 

Change Young Aged intact Aged impaired 

No change 0 (0%) 3 (15%) 3 (25%.) 

Rotation 0(0%) 4 (20%) 2 (17%) 

Disappearance 9 (50%) 2(10%) 3 (25%^) 

New field(s) 8(44%) 11 (55%) 3 (25%) 

Mixed response i (6%:) 0 (0%) 1 (8%) 

Tanila et al. (Tanila, Shapiro et al. 1997) also checked the firing patterns of place 

cells under different manipulations of the cues, such as removal of distal cues, removal of 

local cues, scrambled distal cues, scrambled local cues, as well as simultaneously rotated 

distal and local cues in opposite directions (double rotation) (Figure 5.10). They found 

that most cells in young rats were influenced by distal and local cue removal similarly; 

however, cells in aged memory-impaired rats were dominantly affected by distal cue 

alteration. For example, about half of cells in young rats generated new maps under the 

double rotation condition, w hereas most cells of aged memory-impaired rats rotated their 

fields corresponding to the distal cue alterations. The selective dependence on distal cues 

in aged rats is not caused by failure to perceive the local cues. Some cells in aged 

memory-impairment rats not only formed new representations when local cues were 

removed or scrambled, but also rotated their fields following the local cues when the 

distal cues were scrambled. The authors suggested that aged rats selectively encode 
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distal cues, which are sufficient to solve spatial problems, whereas young rats tend to 

encode and integrate more information than absolutely needed. 
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Figure 5.10 Changes in spatial firing patterns of 
hippocampal neurons during different test conditions. 
For each type of manipulation the change in the 
hippocampal representation is quantified by the 
proportions of cells that responded in one of four different 
ways; no change, rotation with new distal cue, rotation 
with new local cue, or new spatial representation. 
Figure from Tanila et al. (Tanila, Shapiro et al. 1997 ). 
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Although Barnes et al.'s result that aged rats remap (Barnes, Suster et al. 1997) 

appears to conflict with result from Tanila et al. who showed that old rats failed to remap 

when they should (Tanila, Shapiro et al. 1997; Tanila, Sipila et al. 1997), these results are 

logically compatible (Rapp 1998; Redish, McNaughton et al. 1998). In fact, they work in 

counterpoint. On one hand, old rats remap when the environment has not changed 

(Barnes, Suster et al. 1997); on the other hand, old rats do not remap when the 

environment has changed. Both of them result in unreliable hippocampal maps in aged 

rats. 

Redish et al. (Redish, McNaughton et al. 1998) suggested that Barnes et al. and 

Tanila et al.'s results reflected an age effect on two hippocampal computation models: 

pattern separation and pattern completion. As discussed in Section 1.3.3, pattern 

separation is accomplished in the dentate gyrus by orthogonalization, a process by which 

representations are decorrelated. Pattern separation serves to magnify differences among 

inputs. Pattern completion, on the contrary, serves to minimize differences among inputs. 

It is accomplished in the recurrent autoassociation network in CA3 by neglecting or 

minimizing differences among inputs. Impaired pattern separation in aged rats might 

result in failure to generate a new map in response to an altered environment. Impaired 

pattern completion in aged rats might be responsible for map retrieval deficits of a single 

environment. 

The deficit in pattern separation in aged rats is also supported by an observation 

made by Oler and Mark us (2000). Although both adult and old rats have reliable 

hippocampal representations for a figure-8 track, age-related differences arises when the 



191 

top and bottom arcs of the figure-8 track are removed and the track is therefore converted 

into a plus maze. Consistent with the Muller and Kubie's (1987) experiment mentioned 

in Section 5.1.3.1, this kind of manipulation changes the reference framework for the rat. 

Aged rats are less likely to remap in situations where large changes occur in comparison 

with adult rats. The unreliability of the hippocampal maps, arising from deficits in either 

pattern completion, pattern separation or both, could result in spatial memory deficits in 

aged rats. 

Age-related changes in the hippocampal map are also reflected in map 

realignment. Using a task similar to the one used by Gothard et al. (Gothard, Skaggs et a! 

1996) (see Section 5.1.3.3 for more detail about that task), in which information from 

external cues and internal cues are mismatched and the hippocampal map is realigned to 

solve the mismatch, Rosenzweig et al. (Rosenzweig, Redish et al. 2003) found that map 

realignment is delayed in aged rats. That is, the hippocampal map changes from an 

internal self-motion-based alignment to an external visual-cue-based alignment when rats 

are closer to the end of the track. The old rats show this realignment closer to the end of 

the track than do the young rats. As discussed in Section 5.1.3.3, the path integration 

model treats internal cues as the initial drive (inertially driven) of the hippocampal map, 

and the external cues are bound to the map secondarily through some LTP-like process. 

Since old rats are deficit in LTP induction and maintenance, the binding of external 

visual cues to the map should be affected. If old rats depend on visual cues less, then 

they may rely more on internal cues. Therefore, the realignment from internal self-
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motion-based alignment to an external visual-cue-based alignment should be delayed in 

old rats, as Rosenzweig et al. observed. 

Interestingly, Wilson et al. (Wilson, Ikon en et al. 2004) detected all the 

abnormalities of hippocampal maps in aged animals mentioned above, in a single 

experiment. That is, rigidity (or resistant to change) (Tanila, Shapiro et al. 1997; Tanila, 

Sipila et al. 1997), instability (Barnes, Suster et al. 1997), and delayed use of external 

cues (Rosenzweig, Redish et al. 2003) were all observed at different stages of training. 

When the old rats were initially introduced into an altered environment, in which all 

salient spatial cues were changed and only subtle internal or external cues remained, their 

hippocampal spatial representations were abnormally maintained between the familiar 

and novel environments {'rigidity'). Although the representations to the novel 

environment were not controlled by the external cues initially, they did rotate with the 

landmarks with additional experience, eventually becoming anchored to the external cues 

{'delayed use of external cues'). Finally, even after numerous repeated exposures of old 

rats to an environment, the rotation of the landmarks occasionally resulted in the 

formation of representations of the same environment without regard to the landmarks 

{'instability or remapping'). Thus, Wilson et al.'s observations show that these different 

characterizations of age-related hippocampal map defects are all correct, and can be 

observed within an individual animal. 

Wilson et al. (Wilson, Ikonen et al. 2004) suggested that weakened control of 

external cues over hippocampal maps causes these dysfunctions in the aged rats. They 

further suggested four possible explanations for weakened control of spatial cues. First, 
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aged rats may have increased emphasis on idiothetic cues. Second, aged rats may suffer 

impaired visual attention. Third, aged rats may fail to integrate all of the available spatial 

information into their hippocampal map, and thus use only a subset of available cues on 

each trial. Fourth, aged rats may learn spatial information at a slower rate than young rats. 

Aged rats, in fact, do appear to depend more on idiothetic cues, as suggested by 

Rosenzweig et al's observations, as well as results from many behavioral experiments in 

which old monkeys, rats and mice prefer to use non-spatial strategies to solve tasks (e.g., 

Barnes 1979; Barnes, Nadel et al. 1980; Rapp, Kansky et al. 1997; Bach, Barad et al. 

1999) (see Chapter 2 for more detail). It is unclear, however, whether an increased use of 

idiothetic cues is the major factor underlying the weakened control of external cues. It is 

also possible that aged rats must rely on idiothetic cues because of the LTP deficits which 

weakens their use of external cues (as discussed before, they may be unable to bind visual 

cues to the hippocampal map effectively). For now these questions may have to be set 

aside with the other 'chicken-egg' questions. 

The decreased visual attention in aged rats is supported by Muir et al.'s 

observation (Muir, Fischer et al. 1999) that aged rats showed impaired visual attention in 

a 5-choice serial reaction time task. This hypothesis, however, may not be consistent 

with Barnes et al's observation (Barnes, Green et al. 1987), in which old rats showed 

intact performance on a non-spatial working memory task in radial arm maze (see 

Section 2.2.3.3 for more details). It is noteworthy that the age-related deficits may have 

depended on the attention load in Muir et al.'s experiment. Thus, the visual attention 

deficits in aged rats, if do exist, possibly reflect the decreased memory load with age, as 
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repeatedly discussed in Chapter 2. The deficits under increased memory load, may also 

explain the failure of old rats to fully integrate all available information into their spatial 

representations. 

In summary, most of the age-related changes in place cell properties and the 

hippocampal map can be traced back to a deficit in the synaptic plasticity with aging (see 

Section 4.2 and 4.3). Weakened synaptic plasticity might result in lack of robust place 

field expansion, and poor binding of visual cues for map stabilization. This in turn could 

cause retrieval deficits of the hippocampal map and delayed map realignment. 

Furthermore, this weakened hippocampal network might result in an impairment in 

pattern completion and pattern separation, also contributing to incorrect retrieval of the 

hippocampal map. Deficits in place field expansion and hippocampal map retrieval are 

likely to contribute to spatial memory deficits in aged animals. 
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CHAPTER 6: THERAPEUTICS FOR AGE-RELATED MEMORY DEFICITS 

6.1 Compounds That Ameliorate Age-related Memory Deficits 

As the baby-boom generation ages, age-related memory deficits (see Chapter 2) 

are gaining more attention. A number of compounds have been reported to ameliorate 

memory deficits in experiments using different kinds of behavioral tasks in a variety of 

aged animals. These compounds have targeted different mechanisms of brain function to 

correct age-related changes that occur in different systems. One example of this involves 

the cholinergic system. Since the "Cholinergic Hypothesis of Geriatric Memory 

Dysfunction" was initially formulated (Bartus, Dean et al. 1982), many studies have 

focused on enhancing the cholinergic system to amehorate memory deficits in normal 

aging and Alzheimer's disease (for review, see Gallagher and Colombo (1995) and 

Bartus (2000)). 

Another important approach to improving memory function during aging is based 

on the hypothesis that altered Ca'' homeostasis may play a significant role in normal 

brain aging (Landfield and Pitler 1984; Landfield 1987). Much of this work has focused 

on the effects of nimodipine, a calcium channel antagonist, on age-related spatial memory 

deficits (e.g., Sandin, Jasmin et al. 1990; Levere and Walker 1992; McMonag 1 e-Strucko 

and Fane Hi 1993; Ingram, Joseph et al. 1994). in addition, as discussed in Section 4.3.2, 

alteration in the cAMP- PKA -CREB pathway may contribute to deficits in LTP 

maintenance and spatial memory in aged animals. Drugs that modified this system, such 

as cAMP phosphodiesterase (PDE) inhibitors like pentoxifylline and rolipram (which 

increase cAMP levels), and dopamine D1/D5 receptor agonists like SKF38393 and 6-
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bromo-ApB-hydrobromide (which arc positively coupled to adenylyl cyclase), have been 

shown to improve memory performance in aged subjects (e.g., de Toledo-Morrell, 

Morrell et al. 1984; Barad, Bourtchouladze et al. 1998; Bach, Barad et al. 1999). 

Neurotrophic factors are also candidates for therapeutic treatment of age-related 

memory deficits. Neurotrophins such as nerve growth factor (NGF), brain-derived 

neurotrophic factor (BDNF), neurotrophin 3 (NT-3), or neurotrophin 4/5 (NT-4/5), have 

been shown to reverse memory deficits in aged animals (e.g., Fischer, Wictorin et al. 

1987; Fischer 1994; Fischer, Sirevaag et al. 1994; Backman, Rose et al. 1996; Martinez-

Serrano, Fischer et al. 1996). Moreover, even dietary treatment with vitamin E or 

vitamin A supplements may be able to relieve age-related memory deficits (e.g., Enderlin, 

Alfos et al. 1997; Enderlin, Pallet et al. 1997; Pallet, Azais-Braesco et al. 1997; Murray 

and Lynch 1998). 

Ampakines, a group of glutamate AMPA receptor modulators, are also candidates 

for ameliorating age-related memory deficits (e.g.. Granger, Deadvvyler et al. 1996; Davis, 

Moskovitz et al. 1997; Lynch 1998). Since CX516, a member of ampakine family is the 

focus of the present dissertation, ampakines will be discussed in more detail below. 

6.2 Ampakines 

As discussed in Chapter 3, the glutamatergic system plays a crucial role in the 

induction and expression of LTP, a proposed neural mechanism of learning and memory. 

Since aging is accompanied with rather dramatic and specific changes of the 

glutamatergic system (see Chapter 4 for more detail), it is reasonable to deduce that some 
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pharmacological manipulation of the glutamatergic system can improve memory 

performance in aged animals. Lynch and colleagues have performed a number of 

experiments that suggest that a group of chemicals called 'ampakines' are strong 

candidates for treatment of memory dysfunction in aging (see Lynch's review (1998; 

2002)). 

6.2.1 What are ampakines? 

Ampakines are a family of more than 100 small compounds which can easily pass 

the blood-brain-barrier to work on their targets inside brain, namely, the glutamate DL-

alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor. Although 

showing no detectable agonist or antagonist actions, ampakines modulate the function of 

glutamate AMPA receptors, and boost the excitatory synaptic response when glutamate is 

bound to the AMPA receptors. 

Based on their diverse structures, ampakines can be grouped into several 

subfamiUes (Arai, Xia et al. 2004), including the benzothiadiazides group, among which 

cyciothiazide is the most potent one in modulating the functions of AMPA receptors 

(Yamada and Tang 1993 ), the biarylsulfonamides group (e.g. LY392098 and LY404187 

(Miu, Jarvie et al. 2001)), as well as the benzamides group (e.g. aniracetam, CX516 (1-

(quinoxalin-6-ylcarbonyl) piperidine) and CX546 (l-(l,4-benxodioxan-6-ylcarbonyl) 

piperidine)). As will be discussed below, the benzamides subfamily can be further 

divided into two subgroups, represented by CX516 and CX546 respectively (Arai, Xia et 

al. 2002). The benzamides subfamily is the main focus for this chapter. 
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Among the ampakines family, CX516 (Figure 6.1), also called BDP-12 or BA-74, 

has been investigated intensely, as discussed below. CX516 is under development by 

Cortex Pharmaceuticals, in collaboration with Shire and Servier, for the potential 

treatment of Alzheimer's disease (AD), schizophrenia and mild cognitive impairment 

(MCI). Phase II trials are being conducted or planned to test its potential treatment of 

these disorders plus attention deficit hyperactivity disorder (ADHD), fragile X syndrome 

and autism (Danysz 2002 ). Although there are preclinical and clinical studies on the 

effects of ampakines on treating schizophrenia (Marenco, Egan et al. 2002), depression 

(Knapp, Goldenberg et al. 2002), as well as its neuro-protective effect against 

neurotoxicity (Munirathinam, Rogers et al. 2002), these topics are beyond the scope of 

this dissertation, and will not be discussed below. The focus will be on the effect of 

ampakines, especially CX516 and several other benzamides subfamily members, on 

behavior and learning. 

CX516 
(BDP-12) 

CX614 

0 

CX546 

Figure 6.1 Chemical structures of CX516 and several 
other AMPA receptor modulators (ampakines). 
Figure from Arai et al. (Arai, Xia et al. 2002). 
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6.2.2 How do benzamide ampakines work? 

The function of ampakines in modulating AMPA receptor function is mainly 

through its modification of receptor kinetics and synaptic transmission, especially the 

desensitization and deactivation of the AMPA receptor. Desensitization refers to the 

phenomenon where a receptor channel stops opening in the continuous presence of a 

transmitter or its agonist. Deactivation refers to the process in which receptor mediated 

currents return to baseline (the channel closes) following an agonist pulse. By slowing, 

or even blocking, desensitization and/or deactivation, ampakines are able to increase the 

amplitude and/or duration of AMPA receptor-mediated fast excitatory transmission, 

respectively. 

Different ampakines, however, are highly diverse in their effects on AMPA 

receptor kinetics and synaptic transmission. Even drugs that belong to same subfamily 

can exhibit some degree of functional diversity. For example, comparing CX554 (BDP-

20) (Arai, Kesslcr et al. 1996) and CX516 (Arai, Kessler et al. 1996) discloses quite 

different patterns in function. In patch clamp experiments, CX554 reduces the rate of 

AMPA receptor desensitization more than 10-fold, whereas CX516 has only modest 

effects on desensitization. In in vitro EPSP recording experiments, CX554 dramatically 

increases the duration of the EPSP, whereas CX516 mainly enhances the amplitude of the 

EPSP. Studies on CX614 (2//,3i/,6ai/-pyrrolidino[2",r'-3',2']l,3-oxazino[6',5'-

5,4]benzo[e]l,4-dioxan-10-one) showed that this compound had about ten times higher 

potency than CX554, but they share similar mechanisms. That is, CX614 is also 

effective in blocking desensitization and in prolonging EPSPs (Arai, Kessler et al. 2000). 
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In a recent experiment, Aral et al. (Arai, Xia et al. 2002) finished a detailed 

comparison between CX516 and CX546, and found that these two ampakines display 

very distinct features that appear to complement each other. For example, in excised 

patch recordings, following 1-ms pulses of glutamate, CX546 shows a much stronger 

effect on deactivation than does CX516 (Figure 6.2, 1®' row). The decay phase of CX516 

is similar to that of a control group and is adequately fit with single-exponential functions, 

whereas CX546 is best fitted with two-exponential functions. Both the EPSCs recordings 

(Figure 6.2, 2"^ row) and fEPSP recordings (Figure 6.2, 3'"' row) show that CX546 is 

more powerful than CX516 on prolonging the duration of the synaptic response. On the 

other hand, CX516 is equally or more efficacious than is CX546 in increasing the 

ampUtude of the synaptic response. The double dissociation of these compounds' effects 

on amplitude versus duration of synaptic responses indicates that CX516 is not just a 

weaker version of CX546. Instead, they have qualitatively different actions on AM PA 

receptors. While CX516 preferentially accelerates channel opening, CX546 

preferentially slows channel closing. More importantly, Arai et al. (Arai, Xia et al. 2002) 

found that even millimolar concentrations of CX516 did not influence the dose-response 

relation of CX546, suggesting that CX516 appears not to compete at the binding site with 

CX546. Thus, these two compounds may bind to different sites on the AM PA receptor. 

As will be discussed in the next session, the functional divergence between 

CX516 and CX546 also exists in their efficacy to induce LTP and LTD. The compounds 

in the CX516 and CX546 category are so different from each other functionally that they 

may represent two distinct subgroups in the benzamide subfamily of ampakines (Arai, 



201 

Xia et al. 2002). One potential negative effect of the CX546 subfamily is that they may 

cause cumulative EPSP summation and progressive depolarization by prominently 

increasing response duration. The effect may in turn destabilize networks with recurrent 

connections, such as the CA3 region of the hippocampus (see Section 1.3.3.2 for more 

detail). In fact, CX546 can cause epileptic discharge even at concentrations below half-

saturation. in contrast, CX516 is better tolerated by hippocampal slices. On the 

behavioral level, while CX516 has a threshold therapeutic index around or below 10 

mg'kg, it does not induce seizures at doses up to 500 mg/kg (Arai, Xia et al. 2002). Arai 

et al. suggest that CX516-type drags, with an intrinsically limited efficacy in augmenting 

synaptic responses, may have the greater therapeutic utility. 

It is noteworthy that there may be some endogenous regulatory factors under 

native situations that could alter the activation properties of the AMPA receptor. 

Suppiramaniam et al. (Suppiramaniam, Bahr et al. 2001) investigated the effect of CX509 

(1 -(1,3-benzodioxol-5-ylcarbonyl)-l ,2,3,6-tetrahydropyridine) on AMPA receptors that 

were isolated from rat brain and reconstituted in lipid bilayers. The facilitation of CX509 

on AMPA receptors in reconstituted membranes is stronger than those on native synaptic 

membranes. 
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Figure 6.2 Comparison of the effects of CX516 and CX546 on AM PA receptor-mediated responses in various 
preparations. Traces recorded in the presence and absence of the drugs are shown superimposed on the left for 
CX516 and on the right for CX546. The graphs in the middle show the corresponding group data. 
1"^ row: Effects of 5mM CX516 and ImM CX546 on responses to a 1 ms pulse of lOmM Glu in a patch excised from 
a CAl pyramidal neuron. Holding potential (HP): -50mV. row: Effects of 2mM CX516 and 400 pM CX546 on 
EPSCs. HP: -70mV. amp: amplitude; HW: half-width; ratio Rp = drug effect on HW / drug effect on amp. 
Rp = 1 indicates equal increases in both amplitude and half-width; Rp > 1 indicates a greater selectivity for 
modulating channel closing. 3'"'' row: Effects of ImM CX516 and 200 nM CX546 on CAl field EPSPs. 
Figure from Arai et al. (Arai, Xia et al. 2002). 
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6.2.3 Effects of ampakines on synaptic plasticity 

Arai et al. (Arai, Xia et al. 2004) tried to induce LTP using "theta burst 

stimulation" in which 10 bursts of pulses were delivered at 5 Hz (theta frequency) and the 

pulses within the bursts were delivered at a frequency of 100 Hz. The efficacies of 

CX516 and CX546 to induce LTP in CAl slices were compared under two different 

paradigms: '4-pulse burst' which has four pluses in each burst, and '3-pulse burst' which 

has three pluses in each burst. As shown in Figure 6.3, with the 'optimal' stimulation 

paradigm, (4-pulse burst), the maximal level of potentiation induced in the presence of 

CX546 was much larger than for CX516. Arai et al. (Arai, Xia et al. 2004) suggested 

that CX546 exerted its robust effect on LTP by prolonging AMPA receptor-mediated 

depolarization, which then leads to increased efficiency of NMDA receptor activation 

and results in exceptionally large potentiation. In the normal control group, it is difficult 

to induce LTP with a sub-optimal stimulation paradigm (3-pulse burst) (Figure 6.3C). 

The presence of either CX516 or CX546, however, greatly increased the probability that 

LTP induced. While CX516 has an even larger probability of successfully inducing LTP 

(Figure 6.3 C), CX546 induces a larger maximal response (Figure 6.3 B). Moreover, 

CX546, but not CX516, also enhances nearly two-fold the NMDA receptor-dependent 

long-term depression (LTD) induced by heterosynaptic 2 Hz stimulation. 

Thus, although CX516- and CX546-type benzamide ampakines have different 

modes and sites of action (Arai, Xia et al. 2002), they can facilitate LTP induction, 

especially when a sub-optimal stimulation paradigm is used. This is especially important 
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for senescent animals that have LTP induction deficits when peri-threshold protocols are 

used (see Section 4.3.1 for more detail). 
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Figure 6.3 Effects of three ampakines on LTP induction. A: LTP was 
induced using standard theta-burst stimulation with 4-pulse bursts. B: Effects 
of ampakines on the 'burst area' under 4-pulse and 3-pulse burst paradigms. 
C; Percentage of experiments exhibiting stable LTP ('% incidence') with 3-
pulse paradigm in the absence and presence of ampakines. Figure adapted 
from Arai et al. (Arai, Xia et al. 2002). 
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Facilitation of in vitro LTP induction was also confirmed in several other 

ampakines. For example, 500 pM IDRA 21 (7-chloro-3-methyl-3,4-dihydro-2H-1,2,4-

benzothiadiazine S,S-dioxide, a benzothiadiazides ampakine) significantly increases the 

amplitude and half-width of fEPSPs, and induced robust LTP with stimulation paradigms 

that are only partially effective in the absence of the drug (Arai, Guidotti et al. 1996). 

Similarly, aniracetam, a nootropic drug that works via facilitating AMP A receptors, 

promotes LTP induction with sub-optimal stimulus paradigms (Arai and Lynch 1992). 

Facilitation of LTP induction by ampakines has also been observed w ith in vivo 

recording. Ampakine BDP (l-(l,3-benzodioxol-5-ylcarbonyl) piperidine, also called 1-

BCP, CX465, BA-14) has been shown to greatly increase AMP A receptor-gated currents 

(Arai, Kessler et al. 1994), and increases the amplitude and duration of fEPSPs recorded 

in slices (Staubli. Rogers et al. 1994). Staubli et al. (Staubli, Perez et al. 1994) examined 

the effects of BDP and its analogue BDP-5 (1 -(1,3-benzodioxol-5 -ylcarbonyl)-1,2,3,6-

tetrahydropyridine), on synaptic responses in the hippocampus of freely moving rats. 

Both BDP and BDP-5 cause an increase in the amplitude and decay time of the fEPSP 

without affecting its slope, confirming the results from in vitro recording. Moreover, 

intraperitoneal injections of the drug 45 minutes prior to "theta burst stimulation" greatly 

facilitated the subsequent induction of long-term potentiation (LTP). Treatment with this 

compound also increases the duration of LTP. 
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6.2.4 Effects of ampakines on behavioral performance 

6.2.4.1 Sensory processing and exploratory activity 

Shors et al. (Shors, Servatius et al. 1995) tested the effect of BDP on the 

classically conditioned eyeblink response. They found that administration of 100 mg/Kg 

BDP did not alter the spontaneous blink rate or pain sensitivity, but increased the 

probability of an eyeblink response to an acoustic stimulus of moderate intensity. These 

results suggest that ampakines selectively enhance responses to sensory information 

without enhancing fine motor activity or altering pain threshold. In addition, BDP 

facilitated learning of classical conditioning. Thus, ampakines may enhance the 

processing of sensory information and contribute to subsequent contingency detection. 

Ampakines show dose-dependent and task-dependent effects on exploratory 

behavior. For example, administration of BDP, CX516 (BDP-12) and CX554 (BDP-20) 

all resulted in a dose-dependent suppression of spontaneous locomotor activities such as 

midline crossing and rearing in rats (e.g.. Granger, Staubli et al. 1993; Larson, Lieu et al. 

1995; Davis, Moskovitz et al. 1997). Granger et al. (Granger, Staubli et al. 1993) 

reported that CX516 reduces exploratory activity at 25-35 mg'kg (no statistics was 

reported), whereas Larson et al. (Larson, Lieu et al. 1995 ) observed that the significant 

suppression occurs at doses larger than 50mg/kg. In a balance beam task which measures 

the drug effect on sensory-motor coordination and motivation, rats were trained to run 

back and forth on a 1 m long and 2 cm wide square wooden beam to get water reward. 

50 mg.'kg CX516 administration did not disturb sensory-motor coordination. Neither did 

it affect the time taken for each beam traversal. It did, however, greatly reduce the 
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number of beam traversals per trial. 30 mg/kg CX516 administration showed no 

detectable effect on any aspect of the behavior on the balance beam task, and left 

unaffected a variety of behaviors in an olfactory task, suggesting that CX516 at dosages 

of 30 mg/kg had little influence on arousal, motivation, sensor-motor processing and 

attention (Larson, Lieu et al. 1995). 

Davis et al. (Davis, Moskovitz et al. 1997) compared the effect of CX554 and 

CX516 on spontaneous exploratory activity and behavioral performance in a memory 

task in aged rats. While CX554 decreases spontaneous exploratory activity of aged rats 

in a familiar environment, it increases activity in a radial maze such that rats treated with 

CX554 have a shorter latency to retrieve available food reward. 30mg/kg CX516 

produces similar patterns of effects on behavior. The dosage necessary for CX516 and 

CX554 to generate comparable behavioral effects, however, is different. The relative 

behavioral potency of CX554 is roughly ten-fold greater than CX516, which is consistent 

with their different efficacy in modulating AMPA receptor function (see Section 3.2.2 for 

more detail). The task-dependent effects of ampakine treatment on exploratory behavior 

may result from the activation of distinct glutamatergic circuitry engaged by different 

behavioral tasks. 

6.2.4.2 Learning and memory performance in young subjects 

While the ampakines have no obvious effect on motivation, attention or fine 

motor control, they have been repeatedly shown to improve learning and memory 

performance. Most of the experiments have been performed on young animals. Several 

examples are given below to show the facilitation effects of ampakines on different tasks. 
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Larson et al. (Larson, Lieu et al. 1995) examined the effect of BDP-12 on 

olfactory learning performance. Injection of 30 mg/kg BDP-12 10 minutes before odor 

acquisition trials significantly increased correct responses during five training trials. 

Moreover, drug treatment significantly improves retention performance tested one to 

three days later. Staubli et al. (Staubli, Rogers et al. 1994) also confirmed that injections 

of 120mg/kg BDP 30 min prior to learning a two-odor discrimination task improved rats' 

performance in a retention test carried out four days later (Figure 6.4). BDP-5 also 

facilitates retention of olfactory memory (Staubli, Perez et al. 1994). 

In addition, Staubli et al. (Staubli, Rogers et al. 1994) tested the effects of BDP on 

the Morris swim task and the radial arm maze. Rats were pre-trained 4 trials per day for 

3 days to learn that a hidden platform was present in a large pool surrounded by a black 

curtain. One week later, they were given four trials to find a submerged platform in the 

presence of spatial cues, and were then tested in a single trial one day later. Rats injected 

with the drug 30 min before the training session had significantly shorter latencies than 

vehicle-injected controls in returning to the platform location in the test trial (Fig 6.4). In 

the radial eight arm maze task, well trained rats (trained over 3 months) were allowed to 

retrieve rewards from four arms and were then tested for reentry errors 8 hours later. As 

shown in Figure 6.4, intraperitoneal injection of 120 mg/kg BDP 30 minutes before 

training significantly prolonged the rats' memory retention on the radial arm maze test. 

Retention for radial arm maze performance has also been achieved by injection of 120 

mg/kg BDP-5 (Staubh, Perez et al. 1994) or 15 mg/kg CX516 (Granger, Staubli et al. 

1993). 
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Figure 6.4 Effects of BDP on three behavioral paradigms. 
A: Retention of a two-odor discrimination. B; Retention in a Morris 
water maze. C: Retention in a radial arm maze. Control 
(Con): vehicle injection group. Experimental (Exp.): 120mg/kg BDP 
injection group Figure from Staubli et al. (Staubli, Rogers el al. 1994) 
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Ampakine CX516 has also been shown to facilitate rats' memory on a spatial 

version of the delayed-non-match-to-sample ( DNMS ) test (Hampson, Rogers et al. 1998). 

Compared with the vehicle-treated control group, rats injected with 35 mg/kg CX516 

approximately 5 minutes before the sample phase of the DNMS exhibited a marked and 

progressive improvement in the recognition phase, particularly on trials with delays 

longer than 5 seconds. Moreover, cumulative drug effects were observed in 9 out of 12 

rats, in that the positive effect of the drug was also present on nondrug days between 

CX516 administration and after cessation of CX516 injections ( Figure 6.5). It is 

noteworthy that such a sustained direct effect of ampakines is not supported by the short 

half-life (about 15 to 20 minutes) of the drug. This cumulati ve effect has not been 

observed in other experiments using a radial arm maze or odor discrimination tasks, in 

which the same rats have been repeatedly treated with drug and vehicle (Granger, Staubli 

et al. 1993; Staubli, Perez et al. 1994; Staubli, Rogers et al. 1994; Granger, Deadwyler et 

al. 1996; Davis, Moskovitz et al. 1997). The authors suggested that CX516 treatment 

might help rats develop some new and more efficient means of performing the DNMS 

task. 

In a companion article, Hampson et al. (Hampson, Rogers et al. 1998) reported 

firing correlates of simultaneously recorded cells in the hippocampal CAl and CA3 fields 

when DNMS performance was facilitated by CX516. Neuron firing during the sample 

and delay period of the DNMS was increased by 100-350% under CX516, during the 

same period that rats were showing improved performance of the DNMS task. More 

importantly, the increases of firing were restricted to correct trials only, and were largest 
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on trials with long delays. Interestingly, for those three animals that showed no 

cumulative drug effects on behavior, increased cell firing also paralleled the time course 

of the performance improvement. The authors suggested that ampakines, through 

increasing the depolarization at each active synapse, might help strengthen existing 

associations in the hippocampus network. They hypothesized that hippocampal neuronal 

activity participated critically to encode and represent events in the DNMS task. It is 

noteworthy that this hypothesis is not strongly grounded because the results simply 

showed a strong correlation between hippocampal neurons firing and behavioral 

performance, but did not show a causal relationship. 
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Figure 6.5 Carryover versus aoncarryover effects of CX516 in 
DNMS task. DNMS performance is plotted as mean percent increase in 
performance from baseline (Pre-CX516). Vertical lines demarcate 
CX516 treatment days. Dashed line indicates performance over the same 
period for Control group given vehicle-only injections. 
Figure from Hampson et al. (Hampson, Rogers et al. 1998). 
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The memory facilitation effect of ampakines has also been observed in human 

beings. Lynch et al. (Lynch, Kessler et al. 1996) tested the effects of CX516 on delayed 

recall performance of human subjects. They found that 600-1200 mg CX516 facilitates 

the delayed recall of nonsense syllables. Ingvar et al. (Ingvar, Ambros-Ingcrson el al. 

1997 ) examined the effects of administrating a 300 mg CX516 capsule (approximately 4 

mg/kg) on four different tests; visual association, odor recognition, acquisition of a 

visuospatial maze, and location and identity of playing cards. Drug treatment 

significantly improved retention of complex visual cues and recognition memory of odors. 

There is also significant within-subjcct improvement of visuospatial learning in the drug 

group compared with the control group, in addition, there is a trend for better 

performance of the drug-treated subjects on immediately recall of visual and spatial 

infomiation. Since those different tasks involve multiple brain regions, these results 

suggest that the effects of ampakine administration may influence multiple cortical areas. 

It is noteworthy that the wide-ranging effects are not attributed to increased levels of 

general arousal or attention, because drug treatment does not affect performance on two 

tests, digit cancellation and finger tapping test, which are sensitive to vigilance and 

attention. 

6.2.4.3 Learning and memory performance in aging and aged subjects 

Although CX516 was originally developed as a potential treatment for 

Alzheimer's Disease and several other disorders (Danysz 2002), little data exists 

concerning its effects on memory performance in aged subjects. 
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One experiment that did examine the effects of ampakines on age-related memory 

deficits, involved the use of a radial eight arm maze. Five arras were made available 

during an acquisition session, and rats were required to retrieve water reward from the 

other three arms during the retention session given 5 to 8 hours later. Compared with 

young (3-month old) rats, middle-aged (14-month old) Long-Evans rats exhibited 

significant deficits in the acquisition session by making more barrier approaches and re

entry errors, and in the retention session by making significantly fewer correct responses 

before their first re-entry error. 30 mg/kg CX516 treatment 10 minutes before the 

acquisition session attenuated both the acquisition and retention deficits in the middle-

aged rats. Using a similar task, Davis et al. (Davis, Moskovitz et al. 1997) examined the 

effects of 1, 2, or 3 mg/kg BDP-20 or 30 mg/kg BDP-12 administration in 19 month old 

Long-Evans rats. Drug treatment significantly increases the number of correct responses 

before the first re-entry error and the total number of correct responses in the retention 

session of the radial arm maze. 

Lynch et al. (Lynch, Granger et al. 1997) examined the effect of CX516 on 

delayed recall performance in 65 to 76 year old human subjects. Ten three-letter 

nonsense syllables were played to the subjects, who were then asked to recall as many 

syllables as possible 5 minutes later. The delayed recall test was given prior to, 75 

minutes or 135 minutes after ingestion of placebo or different doses of CX516. Plasma 

concentration of CX516 in the 900-mg group was almost three times those of the 600-mg 

group. In addition, the blood concentration of drug measured at 120-150 minutes after 

ingestion dropped by more than 50% from that measured at 60-90 minutes. Consistent 
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with the blood concentration values, the 900-mg drug group recalled significantly more 

syllables than did the control and 300-mg group. This recall facilitation, however, does 

not persist when subjects were tested 135 minutes after the drug ingestion (Figure 6.6). 

Pre-drug 

0 300 ^ 900 fflg 0 300 600 900 mg 0 300 000 900 mg 

Figure 6.6 Effects of CX516 on delayed recall of syllables in aged humans. 
Different hsts of 10 nonsense syllables were read to subjects prior to, 75 min, 
and 135 min after ingestion of placebo or different dosage of drug. n=12 for the 
control group, n-6 for each drug group. *; P- 0.015. Figure from Lynch 
et al. (Lynch, Granger et al. 1997). 

In summary, ampakines greatly increase AMP A receptor-mediated synaptic 

responses, facilitate in vivo and in vitro LTP induction, and improve memory 

performance on different tasks in young rats and human subjects. It was also shown to 

improve retention of radial arm maze performance in old rats and delayed recall of old 

human beings. Whether ampakines affect LTP induction or place cell activity in the 

hippocampus of old subjects remains unknown. 
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6.3 Enriched Environment Treatment 

As discussed in Section 1.5, enriched environment treatment stimulates 

hippocampal neurogenesis and synaptogenesis, alters the biochemistry and affects 

synaptic responses in the hippocampus. It also improves animals' performance on 

hippocampal-dependent learning and memory tasks. Thus, enriched environment 

treatment is a possible way to ameliorate age-related memory deficits. The crucial 

question is whether the hippocampus in old subjects still has the capacity to change in a 

manner similar to that of young subjects. 

Experiments from Rosenzweig's lab have shown similar cortical effects whether 

rats were assigned to differential experience at weaning (25 days of age), as young adults 

(105 days) or as adults (285 days) (Riege 1971; Rosenzweig and Bennett 1996), 

suggesting that cerebral plasticity exists in adult animals. It is noteworthy, however, that 

although older subjects retain the capacity for plasticity, the neural effects of differential 

environmental experience develop more rapidly in younger than it does in older animals, 

and the magnitude of the effect is often larger in the younger animals (Rosenzweig and 

Bennett 1996). 

As for the hippocampus, neurogenesis continues to occur in the dentate gyrus of 

senescent mice and can be stimulated by living in an enriched environment. 

Kempermann et al. (Kempermann, Kuhn et al. 1998) examined the effects of enriched 

en vironment treatment on three distinct stages of neurogenesis (proliferation, survival 

and differentiation) separately. They introduced young (6-month old) and old (18-month 

old) mice into enriched environments for 68 days, and found that such treatment did not 
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affect proliferation in either age group. Survival of the progeny cells, however, is 

affected by enrichment treatment. Living in enriched environments increases the number 

of surviving cells by 68% in young mice and by 32% in old mice. The effect of treatment 

on neural differentiation is more dramatic, with a threefold net increase (105 versus 32 

cells) of BrdU-labeled neurons in old mice, and a more than twofold (684 versus 285 

cells) increase in young mice, in comparison with standard-reared littermates (Figure 6.7). 

Therefore, although neurogenesis decreases with increasing age (Kuhn, Dickinson-Anson 

et al. 1996; Kenipermann, Kuhn et al. 1998), neurogenesis in the aging dentate gyrus can 

still be regulated by enriched environment treatment. 
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Figure 6.7 Effects of enriched environment treatment on neurogenesis in 
old mice. A: Total number of BrdU-positive cells per dentate gyrus 1 day 
after the last injection of BrdU to estimate ongoing proliferation {hatched bars) 
and 4 weeks later to assess survival of BrdU-positive cells (open bars). B and 
C: Percentage of the surviving BrdU-positive cells that differentiated into either 
neuronal {filled bars) or glial {hatched bars) phenotypes or showed no 
differentiation {open bars). D: the total number of BrdU-labeled neurons 
generated over the 12 d of BrdU injections (values derived from the phenotypic 
ratio times the number of BrdU-positive cells at 4 weeks. *p, 0.05; **p, 0.005. 
Figure from Kcmpcrmann et al. (Kcmpermann, Kuhn et al. 1998). 

Williams et al. (Williams, Luo et al. 2001) compared the effect of entering mice 

into enriched environments at different ages on the levels of hippocampal CREB (cAMP 

response element binding protein). The early-treatment group was exposed to enriched 

environments during 35-94 days of age, whereas the late-treatment group received 
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treatment at 100-159 days of age (see Figure 6.9 for the timeline of the experiment). 

While both groups showed a trend toward increased CREB immuno-reactivity, the early 

treatment produced a larger effect. The failure to dctect significant treatment effects 

might results from the small sample size. It is noteworthy that this experiment did not 

really check the treatment effect on CREB levels in old mice. Nonetheless, it suggests 

that the effect of enriched environment treatment on increasing the level of CREB may 

decrease as animals age. Whether training old mice in enriched environments can 

increase the level of CREB remains to be investigated. 

There is also an age difference in experience-induced changes of hippocampal 

excitability. Sharp et al. (Sharp, Barnes et al. 1987) compared in vivo chronic evoked 

responses in the dentate gyrus of the adult (14 month) and old (32 month) rats, before, 

during and after 11 days of exposure to enriched environments. Although a short period 

of exposure to enriched environments did not affect the amplitude of the field EPSP in 

either group, it increased the population spike component by about 125% over baseline in 

both age groups. If rats are removed from the complex environment and returned to an 

impoverished environment, the enhanced population spike decays. The older rats showed 

a much faster decay than did the young rats (Figure 6.8). Interestingly, electrically-

induced plasticity also shows a faster decay in old rats (Barnes 1979), suggesting that the 

electrically- and environmentally-induced response enhancement might share a common 

mechanism. 
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Figure 6.8 Effect of enriched eaviroiiment 
treatment on fractional change of the population 
spike over its average baseline. Enriched 
treatment is from day 15 to day 25. The enhanced 
population spike decays faster in old rats. Figure 
from Sharp et al. (Sharp, Barnes et al. 1987). 

Few studies have investigated the effects of enriched environment treatment on 

memory performance in aged animals. Kempermann et al. (Kempermann, Kuhn et al. 

1998) found that old mice that lived in enriched environments had significantly shorter 

latency in finding the hidden platform in water maze task. The shorter latency, however, 

may result from the increased swimming speed in the enriched group, as they have found. 

In Williams et al.'s experiment mentioned above (Williams, Luo et al. 2001), they also 

compared the treatment effect on mice's spatial memory performance on the Morris 

water maze. They suggested that environmental enrichment, particularly if given during 

the earlier period, improved spatial memory (Figure 6.10). 
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Figure 6.9 Effects of early and late enrichment treatment on spatial 
memory performance. Mean latencies required to find the hidden 
platform across trials in the Morris water maze task during the first test period 
(A) and the second test period (B). Below is the timeline for experimental 
protocol. Figure adapted from Williams et al.( Williams, Luo et al. 2001). 

Taken together, the above experiments suggest that although aging weakens some 

of the effects of enrichment treatment, the hippocampus in aged animals is still able to 

respond to such treatment. Therefore, enriched environment conditions might be a 

possible way to ameliorate age-related memory deficits. 
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CHAPTER 7: MATERIALS AND METHODS 

7.1 Behavioral Test 

7.1.1 Swim task 

7.1.1.1 Maze characteristics 

The circular pool was 180cm in diameter and 44cm in depth. The water was 

maintained at room temperature and was made opaque by adding white, nontoxic paint. 

The pool was partly surrounded by curtains attached to which were multiple visual 

stimuli. A chair and a metal board w ere positioned against the wall of the pool as 

proximal cues. The circular escape platform was 14 cm in diameter. For the spatial 

version of the water task, the platform was about 1 cm below the water surface, and was 

maintained in a fixed position; for the probe version of the task, the platform was 

removed from the tank; for the cued version of the task, the platform, marked by black 

tape around its edge, was above the water level approximately 2 cm, and the position was 

varied across trials. The movement of the rat in the pool was tracked by a video camera 

hung on the ceiling, which was connected to a VP 114 tracking system (HVS Image, 

England). The white rats were fitted with a black "jackef during swimming because the 

tracker detects a dark target. In the cued trials, a small cue was hung directly above the 

platform. The X and Y coordinates were acquired by special purpose software (TR, J. 

Forster). After each block of training or testing, the rat was kept warm in an incubator to 

prevent hypothermia. 
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7.1.1.2 Standard screening swim task 

This task included three parts; 24 spatial trials, 1 probe trial and 12 cued trials. 

On the spatial task, the rat was given 3 blocks of 2 training trials on each day, with about 

a one-hour inter-block interval. Right before the first trial, the rat was left to sit on the 

platform for 30 sec. On each trial, the rat was released into the water from one of seven 

locations spaced evenly at the side of the pool. The releasing position varied from trial to 

trial. After the rat found the escape platform or swam for a maximum of 60 sec, it was 

allowed to sit on the platform for 30 sec. At the end of the 4"' day of spatial training 

(after 24 spatial trials), a probe test was given. The hidden platform was removed in the 

probe test. Rats were released from same position, and were allowed to swim in the pool 

freely for 60 sec. After an approximate 2 hr rest period, the rat was given 6 training trials 

on the cued version of the swim task, with an inter-trial interval of approximately 15 

minutes. On the 5^'' day, another 6 cued trials were given. This task involved finding the 

location of the visible platform when both the starting location at the side of the pool and 

the platform location (in one of the 4 quadrants), were changed randomly across trials for 

all rats. 

7.1.1.3 Swim task with sub-optimal training 

This task included 12 pre-training trials, 6 spatial trials, 1 probe trial and 12 cued 

trials. With the exception of fewer numbers of spatial trials, the protocols for the spatial, 

probe and cued trials were same as those for the standard screening swim task described 

in the Section 7.1.1.2. During the 3 days' pre-training session, the tank was surrounded 
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by black curtains and there were no distant or local visual cues available. The rat was 

given 4 trials per day, with a 1 hr inter-trial interval, to swim in the tank. The location of 

the submerged platform varied across trials, and the rat was released from a different 

location each trial. If the rat failed to find the platform after 60 sec in any trial, the 

experimenter would put him onto the platform for 30 sec. One week after pre-training, 

the black curtain was removed and distant and local visual cues were presented. Both the 

young and old rats were divided into two groups, one group received saline injection, the 

other received drug injection. For more details about the injection procedure, see Section 

7.2. Injection was given 10 minutes before the rat was allowed to sit on the hidden 

platform for 30 sec, then 6 spatial learning trials were given. One day later, the memory 

of the previous day's learning was tested using a probe trial. Then 6 cued trials were 

given that day and another 6 cued trials were given the day after. 

7.1.1.4 Swim task in altered environments 

As shown in Table 7.1, this version of the task was composed of 24 spatial trials 

and 1 probe trial in the original environment 1, 6 spatial trials and 1 probe trial in an 

alternative environment 2 (Figure 7.1), another 6 spatial trials and 1 probe trial and 12 

cued trials in alternative environment 3 (Figure 7.1). The protocols for the spatial, probe 

and cued trials were the same as that of the standard screening swim task described in 

Section 7.1.1.2. The alternative environments for this procedure were achieved by 

changing the distal (including the curtains) and local visual cues as much as possible, and 

by varying the location of the submerged platform. On day 5, in the alternative 
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environment 2, 10 min before spatial trial 1 and 5, odd or even tail marked rats received 

drug or saline injections, respectively. On day 6, in the alternative environment 3, odd 

tail marked rats received saline injection, whereas even tail marked rats received drug 

injection. For more details about the injection procedure, see Section 7.2. 

Figure 7.1 The setup for alternative environments in swim task. 
Left: Alternative environment 2. Right: Alternative environment 3. 
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Table 7.1 Experimental protocol of swim task in altered environments 

Day Trial Task Environment Platfonn 
Location 

Injection 

1 to 4 1 to 24 Spatial 1 1 No 

25 Probe 1 No No 

5 26 to 31 Spatial 2 5 lOmin before trial 26 & 30 

32 Probe 2 No No 

6 33 to 38 Spatial 3 3 lOmin before trial 33 & 37 

39 Probe 3 No No 

7 40 to 45 Cued 3 Varied No 

46 to 51 Cued 3 Varied No 

7.1.1.5 Swim task analysis 

The off-line analysis was accomplished by in-house software (WMAZE, 

M.Williams). In both spatial and cued tasks, the latency and the path-length to escape the 

water were measured. Since different release locations were different distances to the 

platform, a corrected integrated path-length (CIPL) was calculated to normalize the path 

length so that the rats' performance from different release locations was comparable. 

In the probe task, the search time of the rat in each quadrant and the number of 

target crossing, that is, how many times the rat swim across the location where the hidden 

platform used to be, were recorded to measure the rat's memory of the location of the 

platform. 
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Statistics on the variable measured in swim task were performed using ANOVA 

analysis and Post-hoc tests were done with Fisher's PLSD analysis using the Statview 

software. 

7.1.2 Radial eight arm maze 

7.1.2.1 Maze 

A black 8-arm radial maze was used (Figure 7.2). Eight arms (70 x 10cm), 

radiated from a round central platform (35cm in diameter) that was elevated 91cm above 

the floor. The arms were bordered by edges raised 4mm above the surface, and the floors 

were covered with plastic pads. There was a hole at the distal ends of each arm, where 

plastic food cups could be inserted. Each arm was hinged and the proximal half could 

either be raised so that it was flush with the central platform, or lowered to restrict access 

to that arm from the center. Presentations of individual arms were accomplished by 

remote manual control. 

Figure 7.2 Picture 
of the radial eight 
arm maze. 
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7.1.2.2 Training 

In total, three batches of 24-month-oId rats were trained on the radial eight arm 

maze. The training of rats in this task usually took 3 to 4 weeks. Rats were food-

dcprived, and maintained at 80% of their ad libitum body weight. They were first 

released from a randomly chosen arm of the radial arm maze and were allowed to explore 

the maze freely for 30 min each day for three consecutive days. Subsequently, each 

day's training was divided into 5 trials, and reward was available only on one arm. There 

were always two arms up in the first trial, one was the release arm, which varied across 

trials, and the other was the target arm, which was fixed across trials but varied across 

days. The number of arms up during trial 2 to 5 gradually increased in the training 

process, until the rat could perform reasonably well (e.g., averaged less than 4 errors per 

trial) with all the 8 arms being raised. After this, the formal test started. 

7.1.2.3 Task 
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Figure 7.3 Diagram of the training protocol in the radial arm maze. 

As shown in Figure 7.3, the test included an afternoon learning session and a 

morning memory session. The learning session consisted of 5 trials in batch 1 and batch 

3, and 6 trials in batch 2. There were always two arms up in the first trial and eight arms 
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up in the other trials. The rat was released from different arms to find food reward that 

was kept in a fixed target arm for that session. If the rat failed to find the reward within 5 

min, the experimenter would then guide him to the correct arm and gave him partial food 

reward. 

In each afternoon learning session, the release arms were pseudo-randomly 

chosen so that the rat was released from different arms across trials. A different target 

arm was assigned for each rat each day. And in 8 consecutive days, the target arm for 

each rat was not repeated. 

On the following morning, approximately 20 hours later, a memory session was 

given. The memory session included only one trial with all the 8 arms up. A new release 

arm, which was different from all the release arms in the learning session, was used. The 

target food-reward arm was the same as that of the learning session given in the day 

before. A new afternoon learning session with a new target arm was started at least 3hrs 

later. 

The maze was sprayed and cleaned with I-cbreze after each trial, to minimize 

olfactory cues. 

7.1.2.4 Test protocols 

There were three drug administration regimens (Group 1,2, 3) that varied the 

time of drug injection (Figure 7.4). The Group 1 procedure was designed to test the 

effect of the drug on acquisition, and thus the drug or saline injections were given 10 min 

before the afternoon learning session. The Group 2 procedure was designed to test the 
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effect of drag on memory consolidation, and injections were given immediately after the 

learning session. The Group 3 procedure was designed to test the effect of drug on 

memory retrieval, and the injections were given 10 min before the morning memory 

session. For more details about the injection procedure, see Section 7.2. 
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Figure 7.4 Diagram of three regimens in the radial arm maze. The 
different regimens varied in the timing of drug or saline injection. 

All the animals in batch 1 were tested in all 3 group conditions. Each regimen 

lasted for 10 days, and consisted of daily alternate injections of either saline or drug. At 

the completion of the 10-day testing block, there was a break day (continue training, but 

no injection) before the animals were rotated to the next injection regimen. The break 

day was set to avoid the potentially overlapped effects of two different regimens. For 

example, if a rat had received Group 2 (consolidation) procedure during the first 10-day 

testing block, and was set to receive Group 3 (retrieval) procedure during the second 10-

day testing block, it would be impossible to ascertain whether his performance on the 

morning memory session on day 11 was affected by injection after the learning session 

on day lO'^ or before the memory session on day 11^. The order for each rat to receive 

the three treatments was pseudo-randomized to reduce the possible confounds from 
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ceiling effects (which might make it hard to detcct the effect of drug on the last treatment) 

or accumulated drug effect (which might blur the effects between two treatments). 

After analyzing the results of batch #1, the drug effect was only tested on memory 

acquisition and retrieval procedures in batch #2. There were two blocks in batch #2, and 

each block was composed of 14 days. A third batch was added that only involved the 

third treatment procedure. 

Table 7.2 Comparison of the three batches in the radial arm maze task 

Batch Memory Stages Examined Number 
of Blocks 

Number of 
days in 

each block 

Number of trials 
in the learning 

session 

1 acquisition, consolidation, 
retrieval 

3 10 5 

2 acquisition, retrieval 2 14 6 

3 retrieval 1 20 5 

7.1.2.5 Radial arm maze analysis 

The number of errors and the latency before reaching the reward were recorded. 

An error was counted only when all the four legs of the rat entered an incorrect arm. The 

path length was also calculated offline using a mapping tool. Since the latency turned out 

to be a very unstable parameter, only the number of errors and path length were used to 

depict the rat's learning and memory performance. 

As shown in Figure 7.5, for Group 1, the immediate drug effect on the rats' 

performance in the afternoon learning session was assessed, as well as the possible 
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longer-term drug effect on the next morning's memory session. For Group 2, the drug 

effect was examined on performance of the memory session given the following morning. 

For Group 3, the drug effect was assessed on the following memory session. 
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Figure 7.5 Diagram of the analysis of tlie three regimens in the radial arm 
maze. The effect of regimen 1 treatment was tested on the following 
afternoon learning session and morning memory session. The effect of regimen 
2 or 3 treatment was tested on the following morning memory session. 

Statistics on errors and path-length measured for the radial eight arm maze was 

done with ANOVA using the Statview software. 

7.1.3 Circular track 

7.1.3.1 Track 

The wooden circular track (Figure 7.6) was 10cm wide, with an outer diameter of 

91cm and an inner diameter of 71cm. The floor of the track was covered with smooth 

plastic material. The track was raised 34 cm above a platform by four wooden legs. The 

platform and the track were surrounded by black curtains, and both distal and local visual 

cues were present. There was a camera and cables on the ceiling above the center of the 
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track, which sent images to the data recording system in the next room. A commutator 

was also installed on the roof, which allowed the cable to be untwisted when the rat 

stopped for food reward. 

All seven aged rats used in the place field expansion study (see Section 7.3.2) 

were tested on the circular track. Rats were food-deprived, and maintained at 80% of 

their ad libitum body weight. As shown in Figure 7.7, the rat was allowed to rest in a pot 

for 30min, and resumed resting for an additional 10 more minutes after a brief 

interruption with an injection. Rats received drug or saline administration on alternate 

days. For more detail about the injection, see Section 7.2. Ten minutes following the 

injection, the rat was placed on the track and allowed to run in a clockwise direction on 

the circular track for food reward at a specific location. The running session lasted 30 

minutes or 40 laps, whichever was first. The rat was then allowed to rest in the pot for 

another 30min. 

Figure 7.6 Picture 
of the circular 
track. 

7.1.3.2 Task 
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Figure 7.7 Diagram of the protocol of 
electrophysiological experiment on the circular track. 

1.1.4 Enriched environment procedure 

Thirty 3 month old Fisher 344 rats were divided into three treatment groups: 11 

rats in the standard control group, 9 rats in the wheel running / social enrichment group, 

and 10 rats in the enriched environment group. Due to the loss of some rats in the 10 

month treatment period, rats at same age were added into the group. The final number of 

rats receiving standard screening swim task in the above three groups were 9, 9, 10, 

respectively. 

7.1.4.1 Standard control group 

Each rat was raised in a single standard cage (Figure 7.8A). No specific handling 

was given to these animals, other than the routine weekly weighing and cage cleaning. 

7.1.4.2 Wheel running / social enrichment group 

Because only three wheel cages were available, on each three consecutive weeks, 

each rat spent one week in a wheel cage where a running wheel was freely accessed 

(Figure 7.8B), and the other two weeks the animals were pair-housed (Table 7.3). The 
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roommates in each cage were different across different weeks, but were repeated over the 

10 months treatment period. 

Table 7.3 Diagram of treatment procedure in the wheel running /social enrichment 

group. 

Wheel running Pair-housed 

Week 1 

o o o 
Rat 1 Rat 2 Rat 3 Week 1 

o o o 
Rat 1 Rat 2 Rat 3 

Rat -1 & 
Rat 1 

[ Rai 5 & 
1 Ra t s  

Rat <6 & 
Rat 9 Week 1 

o o o 
Rat 1 Rat 2 Rat 3 

Week 2 Rat 4 Rat 5 Rat 6 Week 2 Rat 4 Rat 5 Rat 6 R9t 1 & 
Ral 1 

Rat 2 & 
Ret 8 

Ral 3 & 
Rat 9 

Week 2 Rat 4 Rat 5 Rat 6 

Weeks Rat 7 Rat 8 Rat 9 Weeks Rat 7 Rat 8 Rat 9 
Rat 1 & 
Rat ^ 

! Rat 2 & 
1 Ra te  

Ra t3&  
R;=.t 6 Weeks Rat 7 Rat 8 Rat 9 
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Figure 7.8 Pictures of the three different treatment groups. 
A: standard control group. B: wheel running/social enrichment group (only 
wheel component is shown). C; enriched environment group. 



7.1.4.3 Enriched environment group 

As shown in Figure 7.8 C, all the rats in this group were housed together in a big 

cage (approximately 100cm X 100cm X 80cm). Many different toys and tunnels were 

scattered in the cage, and the combination of toys and tunnels were changed every week. 

A running wheel was added into the cage every other week. The rats were taken to a big 

room or a big tank scattered with toys and other things for free exploration for one hour 

twice per week. 

7.2 Drug Treatment 

CX516 was dissolved in saline (0.9%) to make 35mg/ml solution. Solution is 

stored at room temperature for a short period, and stored in the refrigerator for a long 

period. 

On drug administration days, animals were injected intraperitoneally with a 

CX516 solution (1 ml/kg of the 35 mg/ml solution to provide 35 mg/kg). Exccpt in the 

memory consolidation test on the radial arm maze (see Section 7.1.2.4 for details), in 

which the drug was injected immediately after the radial eight arm maze learning, the 

drug was always in jected intraperitoneally 10 min before the start of the experiment. 
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7.3 Electrophysiology 

7.3.1 In Vitro Experiments 

7.3.1.1 Preparation of ACSF 

Fresh artificial cerebral spinal fluid (ACSF) was made everyday. The 

components of regular ACSF in mM were; NaCl 124, KCl 2, KH2PO4 1.25, MgS04 2, 

NaHCOi 26, dextrose 10 and CaCb 2. CaCh stock solution (IM) was made in advance, 

stored in a refrigerator, and added into the ACSF after all the other components had been 

added. After bubbling with 95% O2 / 5% CO2 for about 10 min, the pH value was 

measured and adjusted with IM NaOH or IM HCl to 7.4. Low magnesium ACSF 

solution was made in the same way, cxcept that the concentration of Mg"' was 1 mM. 

7.3.1.2 Preparation of hippocampal slices 

Hippocampal slices were prepared as described previously (Barnes, Rao et al. 

1987). Briefly, the rat was deeply anesthetized with metofane (Pitman-Moore) and 

decapitated. After the brain was dissected, one hemisphere was used for the field 

excitatory postsynaptic potentials (fEPSPs) recording, and the other hemisphere was used 

for whole-cell patch clamp recording. All patch clamp recordings were conducted by 

Michael Krause, while the fEPSP recordings were conducted by Zhiyong Yang. 

With the hemisphere used for fEPSP recording, transverse slices (450 fxm) from 

the dorsal hippocampus were cut using a tissue chopper along the longitudinal axis of the 

hippocampus. Slices were placed onto an interface slice chamber perfused with the 

regular ACSF. The slices were oxygenated with a 95% O2 / 5% CO2 gas mixture, and 
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maintained at 32 + 1 "C. One hour after the slice was placed into the chamber, the 

perfusion solution was changed to low magnesium ACSF. The electrophysiological 

recording started after one more hour of incubation in the low magnesium ACSF. 

With the hemisphere used for patch clamp recording, transverse slices (350 |am) 

from the dorsal hippocampus were cut using a vibratome (Campden Ltd, UK), and stored 

up to 6 hours in an interface-type holding chamber. The ACSF in that chamber was 

oxygenated with a 95% O2 / 5% CO2 gas mixture at room temperature. After more than 1 

hr of incubation, one slice was transferred to a submerged chamber for 

electrophysiological recording, where the slice was kept in place by a grid made out of 

nylon strings. 

7.3.1.3 Preparation of stimulating and recording electrodes 

The bipolar stimulating electrode was made from a twisted pair of 76fxm Teflon-

coated stainless steel wires, with the distance between the centers of the two wires being 

approximately 125 p,m. The recording pipettes for fEPSP experiments were pulled with a 

micropipette puller (Sutter Instrument Co.) from borosilicate glass (ID 1.0 mm, OD 

0.58mm). The resistance of the pipettes was about 1-6 MQ. The pipettes were filled 

with low -magnesium ACSF solution. 

The patch-pipettes were pulled from borosilicate glass (ID 0.9 mm, OD 1.5 mm) 

and their resistances ranged for 3-5 MO. The pipettes were filled with a solution 

containing (in mM): CsCl 115; TEA 20; NaCl 5; Mg-ATP 4; HEPES 10; EGTA 5; QX-

314 5; OTP 0.4;pR 7.35, 285-295 mOsm 
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7.3.1.4 Recording 

7.3.1.4.1 Field EPSPs recording 

Extracellular iEPSPs were recorded in the molecular layer of the upper blade of 

dentate gyrus (Figure 7.9). The responses were maximized by adjusting the depths of the 

electrodes into the tissue. The stimulus input / response output (I-O) curves were 

collected at thirteen stimulus intensities using 100 fxsec biphasic stimulus pulses (Figure 

7.10 A). The stimulus intensity at which the tEPSP reached maximal response amplitude 

was used as the 10^'^ intensity in the series. The other intensities were set in steps of 75 

percent above or below that value. Another intensity at OmV was also used. Five 0.25 

Hz pulses were given at each intensity in a decreasing order of the intensities, and then 

another set of intensities were delivered in the order of increasing intensities. 

After the acquisition of the I/O curves, 2mM CNQX (6-cyano-7-

nitroquinoxaline-2,3-dione), a selective AMPA receptor blocker was applied to the slice 

with a glass pipette. When the response stabilized, another I/O curve was collected, with 

same method (Figure 7.10 B). 

>- RECORD 

Figure 7.9 Schematic 
drawing of the setup 

recording. 
for field EPSP 
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Data were collected with DataWave software, and then further processed with 

Mat lab software to calculate the slope of fEPSP and fiber potential before and after the 

application of CNQX. 

Granule cells in the upper blade of the dentate gyrus were patched using the 

"blind method" (Blanton, Lo Turco et al. 1989) and recorded in the whole-cell 

configuration of the patch-clamp technique ( Hamill, Marty et al. 1981). Granule cells 

were identified by the position in the slice and electrophysiologically by the presence of 

glutamatergic EPSCs upon afferent stimulation of the perforant path. The lateral 

perforant path was stimulated at a frequency of 0.1 Hz with bipolar stainless steel 

electrodes. The uncompensated series resistance was 24 + 2.4 MO. EPSPs were 

recorded at holding potentials ranging from -110m mV to +50 mV. Currents were low-

After CNQX Before CNQX 

Figure7.10 Examples of extracellular perforant path-evoked EPSPs 
recorded in FD. Responses recorded at 13 different stimulus 
intensities were overlapped. A; Before adding CNQX to block non-NMDA 
response, and B: after adding CNQX to the bath. 

7.3.1.4.2 Patch clamp recording 
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pass filtered at 1 KHz, amplified with an Axopatch 200B patch-clamp amplifier, and 

sampled at 5 KHz. 

The slopes of the fiber potentials and EPSPs at different stimulus intensities were 

measured with cursors set as shown in Figure 7.11. For each slice, the ratio of AMPAr-

to NMDAR-mediated EPSP was the averaged ratio of the slopes of the EPSPs recorded 

before and after CNQX application that had comparable fiber potential slopes. All data 

obtained from multiple slices of each rat were averaged before the final ratios were 

calculated and statistics were performed with ANOVA (i.e., n = number of rats). 

7.3.1.5 Data analysis 

7.3.1.5.1 Analysis of fEPSP data 

Siope of Fiber potentia! 

Slope of EPSP 

Figure 7.11 
Example of the 
cursors placements 
used to measure the 
slope of the EPSP 
and fiber potential. 

2 ms 

7.3.1.5.2 Analysis of patch clamp data 

For each holding potential between -10 to +50 mV, the AMPAR-mediated 

currents were measured as the maximal amplitudes, which usually appeared at about 6-14 
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ms after onset of stimulation, and the N MDAr<-mediated currents were measured as the 

amplitudes 50ms after onset of stimulation. The current / voltage (I/V) relationship for 

each dataset was constructed, and the slope conductance of AMPAr- or NMDAr-

mediated currents was calculated from linear regression analysis (least square method) 

performed on the 1. V plots. Data from different slices of one animal were averaged to 

calculate the final ratio of the slope conductance of AMPAr- or NMDAR-mediated 

currents. 

7.3.2 In vivo experiment 

7.3.2.1 Hyperdrive construction: 

The hyperdrive is a multi-electrode micro-drive that allows independent 

manipulation of its 14 tetrodes. A tetrode is a four-channel electrode constructed by 

twisting together four strands of 13|am polyimide-coated nichrome wires. The 

construction of the hyperdrive had been described in detail elsewhere (Gothard, Skaggs et 

al. 1996). Briefly, each tetrode was mounted and glued into two nested polyamide tubes 

(78 pm and 110 pm outside diameter, respectively), which were then loaded into the 

hyperdrive assembly. The foundation of the hyperdrive assembly was a cone shaped 

plastic core with 14 guide holes. A bundle of fourteen 30-gauge stainless steel guide 

cannulae was inserted into the core so that each cannula fed into one of the guide holes. 

There was a set of 14 drive screws distributed around the top of the hyperdrive assembly. 

Each screw was coupled to a 23 gauge drive cannula via a plastic nut. When the screws 

were turned the 23 gauge drive cannulae were directed through corresponding 30-gauge 
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guide cannulae. Each tetrode assembly (a tetrode and corresponding polyamide tubes) 

was inserted into one drive cannula and glued to it. Therefore, turning each screw could 

adjust the depth of the corresponding tetrode in the brain independently. A full turn of 

the screw advanced the drive cannula and tetrode approximately 340 um. 

Since the hypcrdrive core was cone-shaped, the distribution of the tetrodes was 

also cone-shaped. On one end, the fourteen tetrodes emerged from the guide cannulae 

array (approximately 5-7mm beyond the base of the guide cannulae) in a parallel 

hexagonal lattice (occupied an area less than 2 mm'). Each wire was gold-plated 

separately to reduce its impedance 0.5-1.0 MO. This was the end that was implanted 

into the brain. On the other end, the tetrodes fanned out and were connected to a 

connecter board, which had a multiple-pin connector plug, and could be connected with 

the data acquisition system. 

Figure 7.12 Schematic drawing of a hyperdrive, 
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7.3.2.2 Surgery: 

After the rat had learned to run on a circular track for food reward, a hyperdrive 

was implanted on the right hemisphere. NIH guidelines were followed for all surgical 

procedures used for electrode implantation. Briefly, the rat was deeply anesthetized with 

0.65cc / kg weight Nembutal (sodium pentobarbital), it was also injected with bicilin 

(0. Icc in each hindleg) to combat infection. After the rat's head was shaved, it was 

placed into a stereotaxic apparatus. An incision was made to expose the skull, 8 small 

holes were drilled to accommodate jeweler's screws to anchor the implant. One large 

circular hole was drilled in the skull at coordinates of approximately 3.8 mm posterior to 

bregma and 2.0mm lateral to the midline. The hyperdrive was positioned over the 

craniotomy, with the tips of the electrodes just touching the brain surface. Silastic was 

applied around the electrodes, and the entire assembly was then cemented in place with 

dental acrylic. Immediately after the surgery, all tetrodes were advanced 3 full turns 

(~lmm). The rat was then injected with 3cc of sterile saline to prevent dehydration and 

monitored in an incubator while resting until he was ambulatory. 

7.3.2.3 Recording apparatus; 

The hyperdrive is attached to a unity gain preamplifier and headstage for 

recording. The headstage is connected via a multi-wire cable to connect to the data 

acquisition system, which also contains LEDs so that the position of rat (represented by 

the coordinates of the diode arrays) on the circular track could be tracked at 60Hz by a 

camera. The neural signals picked up by the tetrodes (32 KHz sampling rate for single 
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units, 2 KHz for continuous EEC) wore amplified through the hcadstage and variable 

gain amplifiers (up to 5K) (Assembly Hunter amplifiers, Neuralynx, Tucson, AZ), and 

filtered through the recording system. The filter settings were 600-6000 Hz for the single 

units, and 1-100 Hz for the electroencephalogram (EEG) channel. All signals that 

exceeded a manually set voltage threshold were acquired by the Cheetah system 

(Neuralynx, Tucson, AZ) for 1 msec, beginning .25 msec before threshold crossing. 

7.3.2.4 Recording procedure: 

Of the fourteen tetrodes on each hyperdrive, twelve were used for unit recording, 

one was used as reference for differential recording, and the other was specifically used 

for EEG recording. On the second day after the surgery, the reference electrode was 

lowered into the corpus callosum (about 1400-1600um under the dura), the EEG 

electrode into the vicinity of the hippocampal fissure to optimize recording of the theta 

rhythm. All the other twelve tetrodes were lowered just above the CA 1 cell body layer of 

the dorsal hippocampus, and then were turned up 3 turns. In the following days, the 

turning of those twelve tetrodes w ere repeated, with the number of turns backward 

gradually reduced until the tips of the tetrodes were only 1/4 turn away from the CAl cell 

body layer. Then the formal recording was started after adjusting the depth of the 

tetrodes to optimize cell isolation. Tlie arrival of each tetrode into the hippocampus was 

recognized by several criteria, including the presence of 100-300Hz "ripples" in the EEG 

(Buzsaki, 1992), the polarity of "sharp waves" in the EEG (Buzsaki, 1996), and the 

sudden appearance of complex spike discharges as rats were in a quiet waking state. 
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The protocol for the in vivo electrophysiological experiment had been described 

earlier in Section 7.1.3.2. The running session, as well as the sleep sessions prior to and 

after the running session, was recorded. The day for drug or saline administration was 

alternated. Six to eight recording sessions (i.e. days) were recorded for each rat. 

7.3.2.5 Analysis 

7.3.2.5.1 Off-line single-unit isolation (cluster cutting) 

Since the four micro-wires in each tetrode were closely-spaced (with an overall 

diameter of approximately 40 jim for one tetrode), cells recorded by any of these wires 

would always be recorded simultaneously by one or more of other w ires, but with a 

different amplitude relationship (McNaughton, O'Keefe et al. 1983; Wilson and 

McNaughton 1993). Putative cells (clusters in the feature space defined by the four 

channels) were separated subjectively using in-house software (MClust, A.D. Redish, and 

BBClust, P. Lipa) based on algorithms developed by McNaughton and colleagues 

(McNaughton, O'Keefe et al. 1983; Mizumori, McNaughton et al. 1989) (Figure 7.13). 

Briefly, BBClust technique assign each spike a point in a multidimensional space based 

on its spike characteristics, such as spike amplitude, peak-to-trough amplitude, spike 

width and energy. Spikes were then assigned to isolated single-units based on their 

tendency to cluster together in multidimensional space. 
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Energy on channel 1 

Figure 7.13 Clustering of different cells recorded from one 
tetrode. Left: Plot showing 5 separate cells defined by their 
spike clustering. Right: An example of the analog signals 
recorded from each of the 4 channels of the tetrode probe for cells 
1 to 5 (cells are color coded). Figure adapted from Redish et al. 
(Redish, Battaglia et al. 2001). 

7.3.2.5.2 Place field boundary definition 

The two-dimensional circular track was first aligned to a one dimension linear 

track and the whole track was divided into 360 bins. The spike locations were smoothed 

with a Gaussian function (Figure 7.14 A). Following the criteria of Muller et al. (1987), 

the place field boundary of one cell was set to where the firing rate of a place cell fell to 

less than 10% of the peak rate for at least 20 bins (about 14 cm) (Figure 7.14 B). For 

cells with multiple place fields, each field was treated separately in subsequent analyses 

(Figure 7.14 C). 
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Figure 7.14 Diagram of 
the analysis procedure 
for measuring place 
field expansion. 
A: Example of the effect 
of Gaussian smoothing 
(red line represented the 
result after smoothing). 
B: Example of the place 
field determination. Blue 
line showed the place 
field boundary. C: 
Example of cells that 
had more than one place 
field. D; One cell's 
firing position on the 
track across laps. The 
blue line represented its 
place field boundary. 
The first and last spike 
within the boundary 
were marked as cyan 
circle or blue star, 
respectively 

to 
00 
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7.3.2.5.3 Lap-based analysis 

Since place fields expand in the first few laps of traversal, it is necessary to 

separate the spikes into different laps. In each lap, the feeding position (about 20 degree 

on the track) was excluded. For each cell, only firings within its general place field were 

considered. 

7.3.2.5.4 Analysis for place field expansion 

Four major parameters were used to analyze place field expansion (Shen, Barnes 

et al. 1997; Ekstrom, Mcltzer et al. 2001). Numbers of spikes in the place field, lap-

specific place field size and firing rate integral were determined to evaluate whether the 

place field expanded. The center of mass of the field was determined to evaluate the 

direction that the place field expanded (i.e., in the direction of motion, opposite to the 

direction of motion, or equally distributed between these). 

For each cell, the number of spikes in the place field was the total number of all 

the spikes within the cell's general place field. Only cells that fired more than a certain 

number of spikes were kept for further analysis. The lap -specific place field size 

was the distance between the one-dimensional firing location of the first and last spikes 

(e.g., the spike marked with the cyan circle and blue star in Figure 7.14 D), within the 

cell's general place field across laps. The firing rate integral was the sum of the firing 

rates within the defined place field, and was normalized with Hz * Degree. To calculate 

the center of mass, a respective weight value was first assigned to each bin in the general 

place field. The center bin of the place field had a weight of zero; the weight of firing in 
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other bins was the distance (in bins) between its firing position and the center of place 

field. Thus positive and negative values indicated firing after or before the center of a 

given cell's place field, respectively. The firing rate in each bin was multiplied with its 

corresponding weight, and all the values across each bin in the placc field were averaged 

to get the value for the center of mass. 

If the placc field does expand, then the number of spikes in place field, the lap-

specific place field size and the firing rate integral should become larger, and the 

center of mass should shift in the direction of more negative values. 

7.3.2.6 Histological confirmation of the recording site 

After the recording was finished, a subset of rats were sacrificed and perflised. 

The hyperdrives were removed and the brains were removed from the skull and stored in 

10% Formal saline. 40pm slices were cut with vibratome (Leica lOOOS) and sections 

were stained with Cresyl violet. The sections were then examined under a microscope 

(Nikon Optiphot), and photomicrographs were taken. 
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CHAPTER 8: RESULTS 

EXPERIMENT 8.1: Effects of Experience on Glutamatergic Responses in the Dentate 

Gyrus and on Learning and Memory 

8.1.1: Treatment summary for different behavioral groups 

Table 8.1 summarizes the total wheel mnning revolutions for each animal in the 

wheel running / social enrichment group. Wheel running revolution counts were taken 

before and during the electrophysiology experiment. These data were summarized 

separately because the paired treatment patterns were altered as subjects were used in that 

experiment. While the wheel running pattern was always kept same, the social 

enrichment pattern was altered for some animals after rats in this group began being 

sacrificed. For example, when rat A was taken out of the wheel cage and would have 

been pair-housed normally w ith another rat  B, rat  A may have been housed alone if  rat  B 

was sacrificed for the fEPSP recording experiment. 

Six rats in the enriched environment group were lost early in the experiment. 

They were replaced with other rats that were of same age. Moreover, the enriched 

environment rats were brought into the fEPSP recording experiment in random order, 

which further altered the exact length of experience among those rats. Table 8.2 

summarizes the treatment of each rat as well as its contribution to the 

electrophysiological analysis. 



Table 8.1 Treatment summary for the rats in the wheel running/ social enrichment group 

Before electrophysiology experiment During the electrophysiology experiment In total 

Rat: 

Total No. 
of 

revolutions 

No. of 
revolutions 

/day 

No. of 
days in wheel 

cage 
Total No. of 
revolutions 

No. of 
revolutions 

/day 

No. of 
days in wheel 

cage 
Total No. of 
revolutions 

No. of 
revolutions 

/day 

No, of 
days in 

wheel cage 

6544 27085 352 77 2038 146 14 29123 320 91 

6545 20880 271 77 1880 134 14 22760 250 91 

6546 21980 285 77 1088 363 3 23068 288 80 

6547 34813 452 77 4449 212 21 39262 401 98 

6548 24328 316 77 4462 135 33 28790 262 110 

6562 14016 250 56 3419 132 26 17435 213 82 

6550 23297 303 77 3329 166 20 26526 274 97 

6551 26285 341 77 1949 139 14 28234 310 91 

6552 23392 304 77 3695 264 14 27087 298 91 
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Table 8.2 Treatment summary for the rats in the enriched enrichment group 

Rat ID Start Date Slice Date Length of 
treatment 

Number of 
slices used in 
EPSP analysis 

Notes 

6663 5/6/1999 8/2/1999 12.5 week 0 

6665 5/6/1999 8/7/1999 13 week 2 

6553 3/19/1999 8/10/1999 20.5 week 1 

6554 3/19/1999 8/12/1999 21 week 2 
One eye 
cataract 

6555 3/19/1999 8/18/1999 21.7 week 1 

6563 3/19/1999 8/20/1999 22 week 0 

6537 1/7/1999 8/23/1999 32.5 week 2 

6538 1/7/1999 8/28/1999 33.2 week 3 

6541 1/7/1999 8/31/1999 33.7 week 1 

6543 1/7/1999 9/2/1999 34 week 0 

8.1.2: Effect of experience on learning and memory 

8.1.2.1 Effect of experience on spatial learning and memory 

The spatial memory capacity of rats in the standard control group (n = 9), wheel 

running / social enrichment group (n = 9) and enriched environment group (n = 10) were 

tested with the swim task used previously for standard screening (see Section 7.1.1.2 for 

more details about the task). 

The enriched environment treatment significantly (P < 0.05, A NOVA factorial 

analysis) reduced the latency for the rats to find the hidden platform on the second day of 

the swim task (Figure 8.1 A), in comparison with that of either the standard control group 
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or the wheel running / social enrichment group. This result suggested that enriched 

environment treatment faciUtates the speed of learning in this task. The reduced latency 

in the enriched environment group could not be attributed to increased swimming speed, 

since the path length in the swim task also showed a similar pattern of learning 

facilitation in the enriched group ( Figure 8.1 B). Consistent with other enrichment 

treatment experiments using the water maze task (Falkenberg, Mohammed et al. 1992), 

there was no performance difference among different treatment groups by the end of the 

training. This may reflect a ceiling effect, that is, the rats in the standard control group 

and wheel running/ social enrichment group were all performing well in this task with 

more training. 

The performance of the standard control group and the wheel running / social 

enrichment group were close to each other across all the four spatial training days, 

suggesting that running plus social contact did not produce a dramatic improvement on 

spatial learning and memory. 

8.1.2.2 Effect of experience on the probe task 

After finishing 4 days and 24 total trials of spatial learning, all the rats were tested 

with a probe trial on the standard screening swim task. Two different statistical methods 

were used to analyze the number of target crossing in the probe task: standard ANOVA 

analysis and a modified ANOVA analysis for non-continuous data. The standard 

ANOVA analysis showed that the enriched environment group tended to have more 

target crossings in the probe task (Figure 8.1 C); however, this difference did not reach 



statistical significance (P -  0.0892 in comparison with the standard control group; P = 

0.1111 in comparison with the wheel running / social enrichment group). Performance 

was also similar between the standard control group and the wheel running / social 

enrichment group (P = 0.9106) 

Because the target crossing measure reflects non-continuous data, the data were 

also analyzed with a modified ANOVA analysis, in which the standard ANOVA was 

changed to handle categorical data (written by M. Newton). With this approach, there 

was a significant difference [P < 0.05) between the enriched environment group and the 

standard control group on the number of target crossing in the probe trial with this 

categorical analysis. No significant difference was detected between the wheel running / 

social enrichment and the standard control group. 

As shown in Figure 8.1 D, the enriched environment rats spent more time in the 

target quadrant than did the wheel running / social enrichment rats or the standard control 

rats.  Post-hoc analysis showed that  the difference reached statist ical  significance (P < 

0.05) between the enriched environment and the wheel running / social enrichment group, 

but not between the enriched environment and standard control group (P = 0.2186). Also, 

the wheel-running / social enrichment group did not differ from the standard control 

group (P - 0.2025). 

8.1.2.3 Effect of experience on cued learning and memory 

As shown in Figure 8.1 .E and F, the enriched environment group did much better 

than did the other two groups on the first day of the cued task ( P < 0.05), but the 



difference among groups was reduced on the second day {P -  0.1893 in comparison with 

the standard control group; P < 0.05 in comparison with the wheel running / social 

enrichment group). The performance of the wheel running / social enrichment group 

again showed no difference with that of the standard control group (P - 0.9691 in the 

first day; P - 0.2711 in the second day). These results suggested that all the three groups 

had a similar capacity to solve the cued task, whereas the enriched environment rats were 

faster in learning the task. The better performance of the enriched environment group 

might be attributed to the observation that they appeared to be less apprehensive of the 

newly introduced cues. 
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Figure 8.1 Effects of experience on rats' performance in Morris swim 
task A: Mean latency to find the hidden platform in the spatial task 
in the three treatment groups. B: Mean path length taken to find the hidden 
platform. C: Mean number of target crossings in the probe task. D; Mean time 
spent in the target quadrant (out of totally 60 sec) in the probe task. E: Mean 
latency to reach the visible platform in the cued task. F: Mean path length 
taken to reach the visible platform in the cued task. 
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8.1.3 Correlation between the length of experience and learning and memory 

performance 

The correlation between the length of enriched environment treatment and spatial 

memory performance (as reflected by the number of target crossings and time spent in the 

target quadrant during the probe task) were calculated using the correlation calculation 

function in Matlab software. Similar calculations were done between the length of wheel 

running (including total or average revolutions over the entire experiment, and total or 

average revolutions before the start of electrophysiology experiment, see Table 8.1) and 

spatial memory performance. Because the results calculated from different wheel count 

methods were similar, only those of the total and average revolutions over the entire 

experiment are listed in Table 8.3. 

As shown in Table 8.3, no significant correlation was found between the length of 

enriched environment treatment and spatial memory performance. Neither was there a 

relation between the amount of wheel running and spatial memory performance. It is 

noteworthy, however, that even the rat that had least experience in the wheel 

running/social enrichment group had 17435 revolutions in total (Table 7.1), and the rat 

that had least experience in the enriched environment group had received treatment for 

12.5 weeks. This suggests that while enrichment treatment may improve rats' spatial 

memory performance, increases in the length of treatment may not confer any additional 

improvement 
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Table 8.3 Correlation between the length of experience and memory performance. 
Numbers listed in the table are R values. None of the values are statistically significant 
(P > 0.05 ). 

Enriched 

environment group 

Wheel running/social enrichment group 

Length of enriched 

experience 

Total revolutions Averaged daily 

revolutions 

Number of target 

crossing 

-0.1941 -0.2464 -0.1421 

Time spent in 

target quadrant 

0.2778 0.068 0.1201 

8.1.4; Effect of experience on in vitro field EPSP amplitudes: 

The results obtained from different slices talce from one animal were averaged. 

Thus, the number of samples (n value) for the enriched environment group, wheel 

running / social enrichment and standard control group is 7, 5, and 8, respectively. 

The amplitudes for the fEPSP and presynaptic fiber potential were proportional to 

slope measures (mV/ms) (for the calculation of the slopes, see Section 7.3.1.4.1 for more 

detail). Thus, the term 'amplitude' and 'slope' are used interchangeably below for 

description purposes. 

Slices from the enriched environment group had slightly larger fiber potential 

slopes than did those of the other two groups at a given stimulus intensity before the 

application of CNQX (Figure 8.2 A). This difference, however, did not reach statistical 

significance. For a given presjmaptic input amplitude, there were no significant 
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differences in the slope of AMPAR-mediated EPSP among the three treatment groups 

(Figure 8.2 C). 

In the presence of 2mM CNQX, which blocked the non-NMDA receptors, there 

was no difference among the three treatment groups in the slope of fiber potential at any 

given stimulus intensity (Figure 8.2 B). For any given amplitude of presynaptic input, 

there were no treatment-related differences in the slope of NMDA receptor-mediated 

fEPSPs (Figure 8.2 D). These results suggest that rearing in different environments did 

not significantly alter the strength of synaptic transmission in the dentate gyrus. 
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Figure 8.2 AMPAr -
to NMDAr-mediated 
EPSP. A; The 
slope of the fiber 
potential at different 
stimulus intensities 
before the application 
of CNQX. B: The slope 
of the fiber potential at 
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intensities after the 
application of CNQX. 
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The ratio of AMPAR- to NMDAR-mediated fEPSP amplitude was calculated at 

comparable presynaptic input amplitude levels. Treatment in different environments did 

not stat ist ically significantly affect  the AMPAR- to NMDAR-mediated fEPSP ratio (P > 

0.05 for the comparison between any two groups) (Figure 8.3 A). In fact, the enriched 

environment group even showed trend for a reduced ratio. 

m enriched 

^ wheel 

[m standard 

Figure 8.3 Effects of experience on glutatmate response ratio. A: 
The effect of experience on the ratio of AMPAR- to NMDAR- mediated fEPSP. 
B: The effect of experience on the ratio of slope conductance of AMPAR to 
NMDAR-mediated currents. No statistically significant differences were 
detected between these treatment variables. 



8.1.5 Correlation of spatial learning and memory performance with the ratio of 

AMPAR- to NMDAR-mediated EPSPs 

The correlation between spatial learning performance (calculated as (mean 

pathlength in Day 1 - mean pathlength in Day 2) / mean pathlength in Day 1 * 100) or 

spatial memory performance (represented by time spent in the target quadrant during the 

probe task) and the ratio of AMPAR- to NMDAR-mediated fEPSP amplitude was 

analyzed. The correlation R value was calculated and a least square regression line was 

drawn using a Matlab function. Statistical analysis was performed using the 'Regression' 

data analysis function in Microsoft Excel. 

As shown in Figure 8.4 A, there was a trend toward a negative correlation 

between spatial memory performance and the glutamate response ratio in the enriched 

environment group. That is, the lower the response ratio, the better the spatial memory. 

This trend, however,  did not reach statist ical  significance (R -  -0.2653; F(l ,6)=0.3786; P 

= 0.5653). The correlation between time spent in target quadrant and AMPAR- to 

NMDAR-mediated response ratio of the average value from each of the three treatment 

groups was plotted, and it was also not significantly different from chance (R = -0.8350; 

F{ 1,2)- 2.3035; P = 0.3709) (Figure 8.4 B), nor was there a difference when data from 

rats across the three treatment groups were combined (R = -0.1719; F( 1,18)- 0.5177; P = 

0.4816) (Figure 8.4 C). There is also no significant correlation between the ratio of 

AMPAR- to NMDAR-mediated fEPSP and improvement in the pathlength measure 

between the first and second day of training (Fig 8.5). 
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Figure 8.4 
Correlation 
between glutamate 
response ratio and 
performance in 
probe version of 
the water maze 
task. 
Least square 
analysis of the 
regression between 
time spent in the 
target quadrant in 
the probe trial of the 
swim task and ratio 
of AMPAR- to 
NMDAR- mediated 
fEPSP. A: 
Correlation for the 
enriched 
environment group. 
B: Correlation using 
the average value 
for each treatment 
group;C: 
Correlation in all 
the subjects, using 
individual rat 
performance. 
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Figure 8.5 Least 
square analysis of 
the regression 
between giutatmate 
response ratio and 
improvement on 
performance in 
spatial version of the 
swim tasL 
Performance 
improvement is 
measured as the 
percent change in path 
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learning. 
A; Correlation for the 
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group alone. B: 
Correlation using the 
average value for each 
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Correlation in all 
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performance on days 
1 and 2. 
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Because different treatment groups may have different means and standard 

deviations for both the glutamate response ratio and spatial learning and memory 

performance, Z-scorcs were calculated for the AMPAR- to NMOAa-mediated fEPSP 

amplitude, the percent change of path length between the first and second day of spatial 

swim task, and time spent in the target quadrant in the probe swim task. The Z-score is 

calculated as follows: subtract each treatment group's average from each single data point 

of that group, and then divide by the group's standard deviation. The correlation between 

the Z-score of glutamate response ratio and Z-score of time spent in target quadrant was 

calculated. As shown in Fig 8.6 A, there was no statistically significant correlation. 

Neither was there significant correlation between the Z-score of glutamate response ratio 

and Z-score of percent improventment on pathlength. 

Taken together, the results, at least w ith the n employed in the present experiment, 

do not support the hypothesis that there is a correlation between glutamate response ratio 

and spatial learning performance, as none of the regression lines reached statistical 

significance. 
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Figure 8.6 Z-score correlation between glutaniate response ratio and 
spatial learning and memory performance. A; Correlation between 
time spent in the target quadrant in the probe trial of the swim task and ratio of 
AMPAR- to NMDAR- mediated fEPSP, using all rats from different treatment 
groups. B; Correlation between improvement on performance in the spatial 
version of the swim task and glutatmate response ratio in all subjects. 
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8.1.6: Effect of experience on the slope conductance of AMPAR and NMDAR 

Figure 8.7 shows some representative patch clamp recordings of fast synaptic 

transmission after stimulating the perforant path of rats raised in different environments. 

Figure 8.8 shows the current / voltage relationship for the AMPAR- and NMDAR-

mediated currents recorded from the enriched environment group (n - 7), the wheel 

running / social enrichment group (n = 3) and the standard control group (n = 6). 

Because the NMDAR mediated current was weak when the holding potential was more 

negative than -10 mV, the slope conductance was calculated from responses recorded 

when the holding potential was from -10 to +50 mV. 

No statistically significant differences were found in the ratio of slope 

conductance of the AMPAR to NMDAR-mediated currents between rats from standard 

control group, the wheel-running / social enrichment group and the enriched environment 

group {P > 0.05 for the comparison between any two groups) (Figure 8.3 B). 



Enriched Wheel Standard 

lOOpA 

Figure 8.7 Representative recordings of fast synaptic currents after perforant path stimulation 
in different experience groups. Recordings at holding potentials from -110 to +50 mV 
were shown (currents at -30 and -10 mV not shown). 
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Figure 8.8 Current-voltage relationships in different treatment groups. 
Amplitude for AMPAR-mediated currents (0) was measured at 

the maximum amplitude. Amplitude for NMDAR-mediated currents (•) was 
measured 50 ms after stimulation. 
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EXPERIMENT 8.2; Effects of Ampakines on Age-related Memory Deficits and Place 

Cell Characteristics 

8.2.1 Behavior 

8.2.1.1 Performance in the swim task with sub-optimal training 

Two batches of male Fisher 344 rats were tested using this task (see Section 

7.1.1.4 for more details about the task). The first batch included 12 young and 12 old rats; 

the second batch included 12 young and 14 old rats. One old rat died before completing 

the experiment in batch 2. Two other old rats failed in the cued version of the swim task 

and were removed from the final analysis. Thus a total of 24 young and 23 old rats were 

used for this analysis. Twelve young and twelve old rats were treated with 35 mg/kg 

CX516 ten minutes before the first and fifth spatial learning trials; whereas twelve young 

and eleven old rats were treated with saline. Young rats were all 9 month old, and old 

rats were all 24 month old. 

Figure 8.9 A shows the performance of young and old rats in the 3 days of pre-

training in which no distal or local visual cues are available. Although starting at similar 

performance levels, young rats performed better than did old rats when given more pre

training trials ( P < 0.05 ). This suggests that the young rats had developed some other 

strategies to assist the solution of the swim task problem even with no distal or local 

visual cues available. There was no significant difference in the pre-training performance 

between the rats later used for the saline and the drug treatment (Figure 8.9 B). 
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The rats were given 6 trials in the spatial version of the swim task one week after 

pre-training. The young rats again learned significantly faster than did the old rats (  P < 

0.05 ), with shorter latency, shorter path length and smaller CIPL across all trials (Figure 

8.9 C and D); however, drug treatment did not improve the spatial learning of either 

young or old rats (Figure 8.9 C and E). 

The young rats crossed the previous target location more often than did the aged 

rats ( P< 0.05 ) (Figure 8.10 A) in the probe version of the swim task. There was no 

significant difference, however, between the drug and saline treatment group for either 

young or old rats (Figure 8.10 A). Similar results were also obtained by assessing drug 

and age effects on the time spent in the target quadrant in the probe task (Figure 8.10 B). 

The young rats performed significantly better than did old rats in the cued swim 

task (P< 0.001), but the CX516 treatment did not affect behavior in either age groups 

(Figure 8.10 C). 

Taken together, these results suggest that the young rats learn the swim task with 

sub-optimal training faster than do old rats, and have better memory performance tested 

in the probe trial. Intraperitoneal injection of 35 mg/kg CX516 does not affect spatial 

learning and memory performance in either the young or the old rats. Drug treatment 

also did not affect old and young rats' performance in a non-spatial cued version of the 

swim task. 
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Figure 8.9 Effects of CX516 on performance in the pre-training and the 
spatial version of the Morris swim task with the sub-optimal training protocol 
in young and old rats. A: Performance of young and old rats in the non-
spatial pre-training trials. B: Comparison of performance in the pre-training trials 
of rats that were used later in the drug or saline group. C; Drug and age effects on 
the spatial version of the swim task. D; Age effect (collapsed over treatment 
condition) on the spatial version of the swim task. E: Drug effect (collapsed over 
age) on the spatial version of the swim task. 
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Figure 8.10 Effects of CX516 on performance in the probe and 
cued versions of the Morris swim task with the sub-optimal 
training protocol in young and old rats. A: Drug and age effects 
on the number of target crossing in the probe version of the swim task. 
B: Drug and age cffects on the time spent in the target quadrant in the 
probe version of the swim task. C: Drug and age effects on the 
performance in the cued version of the swim task. 
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8.2.1.2 Performance of the Morris swim task in altered environments 

Nine 24 month old male Fisher344 rats were tested in this task. These rats 

exhibited learning curves similar to other experiments in which old Fisher344 rats have 

been tested in the spatial version of the swim task (Figure 8.11 A). These rats also 

showed a learning curve in the cued task that was equivalent to the ones previously 

observed in young animals (Figure 8.11 B). As described in Section 7.1.1.2, after the 

spatial learning trials in environment 1, the rats were trained in two different 

environments (in environment 2 on the first day, and in environment 3 on the second day). 

The effect of intraperitoneal injection of 35 mg/kg CX516 on the rats' 'sub-optimal' 

learning and memory performance in these new visuo-spatial contexts were examined. 

Rats that received drug or saline treatment in environment 2 were treated with saline or 

drug in environment 3, respectively. 

There was no significant drug effect on any of the variables measured, including 

latency, path length, or CIPL (Figure 8.11 C). This result suggested that 35 mg/kg 

CX516 drug treatment does not facilitate learning new environments. In addition, 35 

mg/kg CX516 did not affect the performance in the probe task (Figure 8.12 A and B). 

Although the saline group crossed the previous target location slightly more often, and 

spent more mean time in the target quadrant, the difference between the drug and saline 

treatment groups did not reach statistical significance (F(l,16) = 0.258, P - 0.6184 for 

comparing the target crossing; F{ \,\6) " 3.548, P ---• 0.0779 for comparing the time spent 

in the target quadrant). 
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Moreover, there was no significant difference in the number of target crossings 

made in the probe trial whether the rats received drug treatment in environment 2 (first 

day) or in environment 3 (second day) (Figure 8.12 C). This result suggests that 35 

mg/kg CX516 treatment does not show a sustained effect 24 hours later on this task. 

Saline 

T rials 

Figure 8.11 Effect of CX516 on performance of the Morris swim task 
in altered environments. A; Rats' performance on the spatial task in 
Environment 1 without drug treatment. B: Rats' performance on the cued 
version of swim tasks in Environment 3 without drug treatment. C; Drug 
effect on the rats' performance of the spatial task in Environment 2 and 3. 
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Figure 8.12 Effect of CX516 on performance in the probe trial 
of the Morris swim task in altered environments. A; 
Drug effect on the number of target crossing in the probe task in 
Environment 2 and 3. B: Drug effect on the time spent in the 
target quadrant in the probe task in Environment 2 and 3. C; 
Comparison of effect of drug administration in Environment 2 
(day 1) and Environment 3 (day 2). 
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8.2.1 .3 Performance in the radial eight arm maze 

Three batches of 24-month-old male Fisher 344 rats were tested in the radial eight 

arm maze. All the rats were tested with the standard screening swim task first (see 

Section 7.1.1.2 for more details about this task ). Rats that failed in the cued version of 

the swim task were dropped from the experiment. There were eight rats in the first batch, 

seven rats in the second batch, and four rats in the third batch. 

All the rats used in the radial arm maze exhibited age-appropriate spatial learning 

curves during the spatial version of the standard screening swim task. They also showed 

normal visual discrimination capacity in the cued task (Figure 8.13). 



Day 1 Day 2 Day 3 Day 4 

Day 1 Day 2 

Figure 8.13 Performance of rats used in the radial arm 
maze test in the standard screening swim task. A; Mean 
CIPL in the spatial test. B: Mean number of target crossings 
made on the probe test. C: Mean time spent in the target 
quadrant during the probe test. D: Mean CIPL in the cued test. 



One important issue for the radial eight arm maze task was to ensure that the 

rats used spatial cues, rather than other sensory cues such as olfactory information or 

local "texture" information to solve the problem. To avoid the use of local cues, the floor 

of each arm, as well as the center platform of the maze, was covcrcd with the same type 

of plastic pad, and the maze was cleaned after each trial with Febrezc. To make sure that 

the rats did not use olfactory or other local information, at least two maze-rotation trials 

were given to each rat. The maze was rotated, clockwise or counterclockwise, 90 degrees 

or 135 degrees for two days before the experiment was formally started, as well as in the 

break days between different regimens. The rotation was given right before the last trial 

of the afternoon learning session for each rat. If the rat did use local information, he 

would enter the incorrect, pre-rotated target arm, and would miss the spatially-defined 

current target arm in the rotation trial. For example, suppose the original reward arm in 

Figure 8.14 was arm 1, then the correct reward arin would be arm 6 after the maze was 

rotated clockwise 135 degrees. If the rat used local cues instead of spatial cues, he would 

still go to arm 1. 
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Figure 8.14 Diagram for the rotation of radial eight arm maze. 
Left: Different ami positions in the original setting. Right; Maze was 

rotated 135 degrees clockwise. The position for each arm changed while 
the external cues were unchanged. 

The results from the maze rotation trials (Table 8.4) showed that most rats went to 

the spatially-defined current target arm with no errors. In the cases where a rat made an 

error, few of these errors could be explained on the basis of local cucs. Even for the rats 

that made errors by entering the pre-rotated target arm, they did not repeat this error on 

subsequent rotation trials. This result suggests that rats do not use olfactory or other local 

Information, but use spatial information to solve the task. 

Table 8.4 Results of maze rotation in the radial eight arm maze test 

Total number of 
trials with rotation 

Number of rotation 
trials that had errors 

Number of trials with 
rotation-related errors 

Batch #1 16 9 1 

Batch #2 28 8 1 

Batch #3 13 6 2 
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Drug effect on acQuisition in the radial arm maze 

The drug effect on acquisition was examined by administrating 35 mg/kg CX516 

intraperitoneally 10 minutes before the afternoon learning sessions. As shown in Figure 

8.15 A and B, drug administration did not affect rats' performance in 'trial V, in which 

only two arms were reachable, the release arm and the target arm. This treatment, 

however, significantly (P < 0.05) increased the number of errors and path-length made 

before reaching the reward location during the first or first several trials in which all the 

eight arms were available. This impairment on spatial learning and memory perfonnancc 

in the radial arm maze disappeared with more training, because the performance of the 

drug-treated group was similar to that of saline-treated group in the last several eight-arm 

trials of the afternoon learning session (Figure 8.15 A and B). There was also no 

statistically significant difference between the memory performance of the drug- and 

saline-treated groups when tested in the following morning memory session (Figure 8.15 

C and D). 
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Figure 8.15 Drug effects on acquisition of the radial arm maze task. 
The 'relatively short-term' effect of drug injection lOmin before the 

learning session on the number of errors (A) and path-length (B) in the 
learning session. The number of errors (C) and path-length (D) in the memory 
session tested in the following morning showed no difference between the 
drag- and saline-treated groups. *: P< 0.05. 
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Administration of 35 mg/kg CX516 appeared to increase the likelihood that the old rats 

would enter the target arm of the previous day (as well as the target arm on the morning 

memory session). As shown in Figure 8.16, the fraction of the rats entering the previous 

target arm was significantly larger in drug-treated rats than in saline-treated rats (P < 

0.05 ). Thus, the transient impairment of acquisition of the radial maze task following 

injection of 35 mg/kg CX516 was most likely caused by this reentry error. 

I Saline 

• Drug 
.6 1 

Trial2 Triai3 Trial4 TirlaS Trial6 

Figure 8.16 The effect of drug treatment 
on the fraction of rats that entered the 
previous target arm in the learning session 
of the radial arm maze task. Trail 1 was 
not included in the figure because it was a 
'two-arm' trial and frequently did not 
involve the previous target arm. *: P < 0.05. 
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Drug effects on memory consolidation in the radial arm maze 

Drug injection administered immediately after the afternoon learning session 

affected neither the number of errors (F(l,75) = 0.287, P = 0.5938) nor the path-length 

(F(l,75) = 0.438, P 0.51) before reaching the reward in the memory session given on 

the following morning (Figure 8.17 A and B). These results suggest that intraperitoneal 

injection of 35 mg/kg CX516 does not improve old rats' memory consolidation, as tested 

in the radial eight arm maze. 
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Figure 8.17 Drug effects on memory consolidation in the radial arm 
maze. Drug injections administered immediately after the 
afternoon learning session showed no effect on the number of errors (A) or 
the path-length (B) in the memory session given on the following morning. 

maze. 
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Drug effects on metnorv retrieval in the radial armmaze 

Injection of 35 mg/kg CX516, administered 10 minutes before the morning 

memory session, resulted in no statistically significant effect ( P > 0.05 ) on the number 

of errors and the path length made before reaching the reward in the following memory 

session, if the magnitude of difference was considered (Figure 8.18 A and B). If the 

proportion of rats which were affected by the drug was considered, however, statistically 

significantly more rats performed better under drug administration (P < 0.01, Chi-square 

analysis). 

It is also noteworthy that the drug effect was much more obvious in batch #1 

ratsthan in batch #2 and #3 rats (Figure 8.18 C and D). Drug administered in all the other 

behavioral experiments (8.2.1.1 and 8.2.1.2) and the electrophysiological experiment 

(8.2.2) was from the same lot with that administered in the batch #1 of radial arm maze 

test. Drug administered in batch #2 and #3 was from the same lot, but had different lot 

number from that in batch #1. 
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Figure 8.18 Drug effect on memory retrieval in the radial arm 
maze. When data from all three batches were combined, rats 
injected with 35 mg/kg CX516 10 minutes before the morning memory 
session showed no statistically significant difference on the number of 
errors (A) and path length (B) on the memory retrieval test, compared 
with rats that were injected with saline. When only data from Batch #1 
rats was considered, there was a trend for a drag effect on the number of 
errors (C) or path length (D) although it was not statistically significant. 
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8.2.2 Eleclrophysiology 

A total of 7 old (mean age of 25 months) male Fisher 344 rats were used in the in 

vivo single unit electrophysiology study. All these rats were tested with the standard 

screening swim task first (see Section 7.1.1.2 for more details about this task). These old 

rats showed a learning curve expected from old animals in the spatial version of the swim 

task, but showed a learning curve in the cued task that was equivalent to ones previously 

observed in young animals. 

8.2.2.1 Recording position confirmation 

Although the recording position (CAl region in the dorsal hippocampus) could be 

confidently judged by several response characteristics, such as the presence of "ripples" 

and complex spike bursts, as w ell as the polarity of "'sharp waves" in the EEG, further 

confirmation was done w ith histological examination in three rats. 

Figure 8.19 shows the position of the tips of the tetrode recording electrodes in 

one rat for which histology was performed. The region from which the recordings were 

made, was, in fact, in the CA1 region of the hippocampus. 
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Figure 8.19 Example of the position of the recording tetrodes in 
the hippocampus showing the track passing through the CAl 
region of the dorsal hippocampus. The 40 pm tissue 
sections were stained with Cresyl violet and examined with a light 
microscope slices. Upper: 40 X; Lower: 100 X. 
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8.2.2.2 Hippocanipal C AI cells recorded 

In total, the data used for the analysis were obtained from 21 saline treatment 

sessions and 18 drug treatment sessions. Infrequently, cells were recorded that had spike 

trains with average firing rates on the maze larger than 5 Hz. These were excluded from 

further analysis, as they were most likely intenieurons. Spike trains that had maximum 

firing rates less than 1 Hz could not be used for the place field expansion analysis 

(because of sampling issues) and thus were also excluded from the final analysis. 

Two additional criteria were also applied that restricted the number of place cells 

kept for the final analysis. First, place cells which fired less than 50 spikes during the 

entire running session were excluded. The final numbers of cells that met this less strict 

criterion were 217 in the saline group and 172 in the drug group. A more stringent 

criterion was also applied, in which place cells that fired less than 100 spikes during the 

first 30 laps were excluded for fixrther analysis. The final numbers of cells that met this 

stringent criterion were 160 in the saline group and 126 in the drug group. 

8.2.2.3 Drug effect on the mean running speed on the maze 

Analysis was done either based on the number of datasets or on the number of rats. 

The datascts-based analysis was calculated from the average speed of running on the 

circular track across laps in each dataset. Because acceptable data were from 21 saline 

days and 18 drug days, the number of samples (the n value) in this analysis was 21 and 
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18, respectively. For the rat-based analysis, the averaged speed for all the saline or drug 

days for each rat was first calculated, thus the n value in this analysis was 7 in each group. 

As shown in Figure 8.20, the running speed in the drug group was not 

significantly different from that in the saline group, whether using the dataset-based 

(F(l,37) = 0.243, P = 0.6249) or rat-based analysis (F(l,12) = 0.014, P = 0.908). This 

result suggests that intraperitoneal injection of 35 mg/kg CX516 does not affect running 

behavior of the rats on the circular track. 
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Figure 8.20 Rats' ruiming speed on the circular track under saline or drug 
treatment conditions. A; Dataset- based analysis. B: rat-based analysis. 
Neither of these analyses generated a statistically significant treatment 
difference. 
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8.2.2.4 Drug treatment on general characteristics of CAl single unit firing 

properties 

Similar to the analysis of running speed, the effect of CX516 was assessed with 

regard to the mean firing rate on the maze and mean place field sizes, using either 

dataset-based or rat-based analysis. 

As shown in Figure 8.21, the mean firing rate of the place cells while rats 

traversed the circular track (not limited to their corresponding place fields) was not 

affected by the drug treatment. This was true whether the analysis was based on the n 

from datasets (F(l,37) = 0.169, P = 0.6833) or rats (F(l,12) - 0.458, P = 0.5112). This 

result suggested that intraperitoneal injection of 35 mg/kg CX516 did not affect the 

overall firing rates of the complex spike cells recorded in CAl. 
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Figure 8.21 Comparison between drug-treated and saline groups on the 
rats' mean firing rate on the maze. A; Dataset- based analysis. B; 
Rat-based analysis. Neither of these analyses detected significant 
differences between the treatment groups. 
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The effect of drug treatment on the mean size of the 'general place field' of place 

cells was also examined. The 'general place field' for each cell was calculated as the 

distance between the place field boundaries, while the boundary was defined based on the 

overall firing rate distribution along the track (see Section 7.3.2.5.2 for more details about 

place field boundary definition). Note that the 'general place field' was different than the 

'lap-based place field'. Each dataset had only one 'general place field', but has an array 

of'lap-based place fields' (the length of the array was depend on the number of laps the 

rat ran, usually equal to 30). Furthermore, the 'general place field' was much coarser 

than the 'lap-based place field'. 

Figure 8.22 A and B show the dataset-based analysis and rat-based analysis, 

respectively. Neither analysis revealed a significant drug effect (F(l ,37) = 0.33, P = 

0.5692) for dataset-based analysis; (F(l,12) = 0.366, P --- 0.5564 for rat-based analysis). 
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Figure 8.22 Comparison between drug and saline treatment groups on 
the rats' mean place field size. A; Dataset- based analysis. B: 
Rat-based analysis. Neither of these analyses revealed a significant 
difference between the treatment groups. 
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8.2.2.5 Drug treatment effects on place field expansion 

Because the place field expands rapidly after repeated traversals of a track in a 

given environment, it is helpful to examine it using a lap-by-lap analysis (see Section 

7.3.2.5.3 for more about lap-based analysis). The effects of CX516 on place field 

expansion were examined using four major parameters: the number of spikes per lap, the 

lap-based place field size, the firing rate integral for each lap, and the center of mass for 

each lap. 

Analysis was performed using place cells restricted from the two different criteria 

described in Section 8.2.2.1. Thus, the effect of the CX516-treated datasets and saline-

treated datasets on place field expansion in old rats was compared based on place cells 

that either fired more than 50 spikes during the running session (Figure 8.23 and 8.24) or 

fired more than 100 spikes during the first 30 laps (Figure 8.25 and 8.26). Because the 

place field expansion usually appears rapidly, the four major parameters were applied to 

the data from lap 1, 4, 7 and 10 specifically. Figure 8.24 and 8.26 shows the results for 

lap 1, 4, 7, 10 based on data in Figure 8.23 and 8.25, respectively. 

Although occasionally there was a significant treatment effect on individual laps, 

there was no overall consistent significant difference between the drug group and saline 

group on all the four major parameters for the place field. This was true no matter which 

criterion was used to restrict place cells used for analysis. 
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Figure 8.23 Comparison of place field expansion between the drug-treated and saline-treated 
datasets in aged rats, with place cells firing less than 50 spikes during the entire running session 
excluded from analysis. A: Comparison of the number of spikes across all laps. B: Comparison of 
lap-based place field size across all laps. C; Comparison of the firing rate integral across all laps. D; 
Comparison of the center of mass across all laps. 
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Figure 8.24 Comparison of place field expansion in the first several laps 
between the drug-treated and saline-treated datasets in aged rats, with 
place cells firing less than 50 spikes during the entire running session 
excluded from analysis. A: Comparison of the number of spikes. B: 
Comparison of lap-based place field size. C: Comparison of the firing rate 
integral. D: Comparison of the center of mass. 
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Figure 8.25 Comparison of place field expansion between the drug-treated and saline-treated 
datasets in aged rats, with place cells firing less than 100 spikes during the first 30 laps excluded 
from analysis. A: Comparison of the number of spikes. B: Comparison of the lap-based place field 
size. C; Comparison of the firing rate integral. D: Comparison of the center of mass. 
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Figure 8.26 Comparison of place field expansion in the first several laps 
between the drug-treated and saline-treated datasets in aged rats, with 
place cells firing less than 100 spikes during the first 30 laps excluded 
from analysis. A; Comparison of the number of spikes. B; 
Comparison of the lap-based place field size. C; Comparison of the firing 
rate integral D; Comparison of the center of mass. 
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Hampson et al. (Hampson, Rogers et al. 1998; Hampson, Rogers et al. 1998) 

reported that there can be a cumulative drug effect of CX516 when animals were trained 

on a spatial version of delayed non-match to sample test (see Section 6.2.4.2 for detail). 

To examine whether there may have been a cumulative drug effect on place field 

expansion in the present study, the first saline day, which proceeded all the drug days, 

was used as a day that would be able to reflect a "pure saline effecf. Data collected on 

the first saline day was compared to that obtained from the drug day as well as that from 

all the other saline days, which did have intervening drug treatment. Only cells that fired 

more than 100 spikes in the first 30 laps were used for this analysis. As shown in Figure 

8.27, no consistently significant difference was found among all the three groups, no 

matter which of the four major parameters to judge place field expansion was used. 

Taken together, there appears to be no significant effect of ampakines on place 

field expansion in old rats. This was true whether the number of spikes, the lap-based 

place field size, the firing rate integral or the center of mass across laps were compared, 

in hippocampal CA1 complex spike cells. These results suggest that contrary to the 

original hypothesis, injection of 35 mg/kg CX516 10 minutes before environment 

navigation does not alter place field expansion in old rats. 
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Figure 8.27 Comparison of place field expansion in aged rats among drug-treated, saline-treated before any 
drug administration, and other saline-treated datasets, with place cells firing less than 100 spikes during the 
first 30 laps excluded from analysis. A: Comparison of the number of spikes. B: Comparison of the lap-based 
place field size. C; Comparison of the firing rate integral. D: Comparison of the center of mass. 



301 

CHAPTER 9; DISCUSSION 

9.1 Experiment 1; Effects of Experience on Glutamatergic Responses in the Dentate 

Gyrus and on Learning and Memory 

Previous in vitro electrophysiology studies have shown that the function of the 

glutamatergic system alters with age in a region-specific and receptor-specific manner 

(for more details, see Section 4.2.2). For example, evidence from whole-cell recording 

studies indicates that in the early stages of synaptogenesis, many synapses in the Schaffer 

collateral input to the hippocampal CAl region express a functional complement of N-

methyl-D-aspartate receptors (NMDAR), but not of the a-amino-3-hydroxy-5-

methylisoxazole-4-proprionate receptors (AMPAR). The expression of functional 

AMPAR in the developing hippocampus can be induced by an LTP-like mechanism 

(Isaac, Nicoll et al. 1995; Durand and Konnerth 1996; Durand, Kovalchuk et al. 1996; 

Isaac, Oliet et al. 1996). In the Schaffer collateral pathway, the adult strengths of the 

NMDAR- and AMPAR- mediated components of the field excitatory post synaptic 

potential (fEPSP) are achieved by about one month of age, and remain virtually constant 

throughout the lifespan in spite of an apparent decline in the total number of these 

synapses. Thus, for a given presynaptic input amplitude, both the NMDA receptor- and 

AMP A receptor-mediated fEPSP amplitude decrease with age in CAl, but the ratio of 

AMPAR- to NMDAR-mediated EPSP amplitude in CAl remains constant across age 

groups (Barnes, Rao et al. 1997). In the dentate gyras, however, AMPAR-mediated EPSP 

amplitude is larger for a given presynaptic input amplitude in old rats, in comparison with 

that in young rats. NMDAR-mediated EPSP amplitude, in contrast, decreases with age. 
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Thus, the ratio of AMPAR- to NMDAR-mediated EPSP amphtudc increases with age. The 

ratio increased more than two fold from young (3 month old) to old (27 month old) rats 

(Rao, Barnes et al. 1994). 

This increase in AMPA to NMDA response ratio with age in the dentate gyrus 

may be due to a fixed developmental process (proportionately more NMDA receptors in 

early development, to a higher proportion of AMPA receptors in old age), or could result 

from greater experience over the lifespan. It also can not be excluded that both of these 

factors contribute to the altered response ratio. As discussed in Section 3.5 and 6.3, 

experience can modify the morphology and function of the hippocampus (e.g., 

Falkenberg, Mohammed et al. 1992; Kempermann, Kuhn et al. 1997; Nilsson, Perfilieva 

et al. 1999), whereas aging can also affect the efficacy of enriched environment treatment 

on neurogenesis and synaptic excitability in the hippocampus (e.g., Sharp, Barnes et al. 

1987; Kempermann, Kuhn et al. 1998). The historically argued 'nature vs. nurture' issue 

is now believed to be oversimplified, and the two factors are intertwined. Nonetheless, 

Experiment 1 was designed to address the contribution that experience makes to the 

glutamate response ratio. 

Young rats were raised in three different environments: standard single housing; 

free access to a running wheel and pair-housed with another rat; or housed in enriched 

environments. One hypothesis tested in this experiment was that enriched environment 

treatment could improve rat's spatial learning and memory performance. Furthermore, if 

experience was the determinant of the response changes observed across the lifespan, 

then significantly increasing "experience" by 10 months of enrichment treatment should 
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produce a glutamate transmission profile that is more like an "old rat" for the young rats 

that were enriched. On the other hand, if the glutamate response ratio remained same for 

different experience groups or even smaller in the enriched environment group, then the 

increased ratio over lifespan would more likely result from a fixed developmental process. 

In the present experiment, the glutamate response ratio was not only measured as the 

AMPAR- versus NMDAR-mediated evoked field potential responses, but also examined 

with the ratio of slope conductance of AMPAR- versus NMDAR-mediated synaptic 

currents in the same animals. 

The main findings in Experiment 1 confirmed the hypothesis that enriched 

environment treatment facilitated spatial learning and memory performance of adult rats. 

Consistent with previous reports (Falkenberg, Mohammed et al. 1992; luvone, Geloso et 

al. 1996) (see section 1.5.3 for more detail), the memory facilitation effect of enriched 

environment tieatment was rather small. The significant enrichment effect in this 

experiment was only detected on the second day of the four days acquisition procedure. 

In another words, rats that had received enriched environment treatment appeared to 

acquire the task more rapidly than did the other groups, but were identical to control 

groups by the end of training. Because all the rats used in this study were adult, it is 

possible that the subtle improvement in the enriched groups was due, in part, to a ceiling 

effect. On the other hand, it is equally possible that this treatment only had modest 

effects on spatial learning rate in young and healthy animals. 

The most important finding of the present study was that environmental 

enrichment did not alter glutamate response ratio in the dentate gyrus. This was true 
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whether judged with fEPSP amplitude at a given presynaptic input amplitude or with 

slope conductance of synaptic currents measured with whole-cell patch clamp method. 

This result suggests that the glutamate response ratio could not be modified by 

experience. Thus, the increment in the AMPAR- to NMDAR-mediated fEPSP with age in 

the dentate gyrus is likely to be developmentally-regulated rather than experience-

dependent. 

A surprising result of Experiment 1 was that there was no statistically significant 

correlation between the glutamate response ratio and spatial learning and memory 

perfonnance in the Morris water maze test. There is a possibility, however, that 

increasing the number of rats in the study would have allowed for an effect to be detected. 

With the sample employed in the present experiment, there was a conflicting trend 

between the correlation of glutamate response ratio to performance in the spatial version 

of swim task, and correlation of that ratio to performance in the probe version of that task. 

Specifically, the higher the ratio, the less number of target crossing in the probe test 

(worse memory) and the larger change in path length between the first two days of the 

spatial test (learn faster). Thus, it can be concluded that there was no consistent 

correlation between the glutamate response ratio and spatial memory performance. 

When the AMPA and NMDA component were examined separately, the 

decreased NMDAR-mediated field response in aged dentate gyrus may suggest a 

decreased plasticity, because the induction of both LTP and LTD at the medial perforant 

path-granule cell synapses is NMDAR-dependent. This predication is supported by the 

observation that the threshold for LTP induction in the dentate gyrus increased in old rats 
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(Barnes, Rao et al. 2000). In addition, as will be discussed in Section 9.2, strengthening 

AMPAR-mediated response with ampakine showed a stronger effect on spatial memory 

retrieval than on acquisition and consolidation. Considering the large number of neurons 

and sparse coding scheme of the dentate gyrus, this makes it an ideal candidate site for 

information storage''. Thus, the increased AMPAR-mediated response in aged dentate 

gyrus may help to preserve previously stored information. The decreased NMDA 

response could actually help to restrict the induction of further plasticity, which may 

prevent stored information from being overwritten (Villarreal, Do et al. 2002). Thus, old 

rats may preserve storage of old information by sacrificing learning new information. 

Compared with aging, the enriched environment treatment has a rather limited 

influence not only on rats' spatial memory performance, but also on both AMPAR- and 

NMDAR-mediated evoked field responses in the dentate gyrus of the hippocampus. At a 

given presynaptic fiber potential amplitude, there were no significant differences in 

AMPAR- and NMDAR-mediated fEPSP amplitude across different treatment groups. The 

present study did not confirm Green et al.'s observations (Green and Greenough 1986) 

that enriched environment treatment strengthened medial perforant path synaptic 

transmission. The conflicting results may arise from variations in protocols of enriched 

environment treatment. For example. Green et al. assigned younger rats (22 days old 

Long-Evans hooded rats versus 3 months old Fisher 344 rats) to more intensely enriched 

environments (objects in the big chamber were rearranged every day versus every week, 

* Although the standard consolidation theory believes that the hippocampus is only a temporary repository 
of information, the multiple trace theory (Nadel and Moscovitch, 1997) suggests that the storage and 
retrieval of spatial memory is always depends on the hippocampus (see Section 1.4.2 for more details). 
Here we propose these predications based on the multiple trace theory. 
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and exploration of other env ironments every day versus twice a week) for a shorter 

period (3-4 weeks versus 10 months). 

In summary, the results from Experiment 1 suggest that enriched environment 

treatment improves rats' spatial memory performance, but does not affect the ratio of 

AMPAR- to NMDAR-mediated fEPSP amplitude, nor does it affect the ratio of slope 

conductance of AMPAR- versus NMDAR-mediated synaptic currents in the dentate gyrus, 

suggesting that the previously observed increased response ratio in old rats is 

developmen tally-regulated. 
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9.2 Effects of Ampakines on Age-related Memory Deficits and CAl Single Cell 

Properties and Plasticity 

Previous studies have shown that experience-dependent place field expansion 

plasticity is NMDA-receptor dependent (Mehta, Barnes et al. 1997; Ekstrom, Meltzer et 

al. 2001), consistent with the hypothesis that it may reflect a behaviorally-induced 1.TP-

like process. In addition, old rats have been shown to have deficits in LTP induction 

when pcri-threshold stimulation protocols are used (Deupree, Tunier et al. 1991; Moore, 

Browning et al. 1993; Barnes, Rao et al. 2000) (see Section 4.3.1 for more detail). Old 

rats also show less robust place field expansion when compared with young rats (Shen, 

Barnes et al. 1997). Because of these observations, a natural question that arose was 

whether place field expansion in old rats could be modified through manipulations that 

facilitated LTP. 

CX516, an AMP A receptor modulator, has been shown to increase the amplitude 

of fEPSP and to facilitate the induction of LTP in young animals (Arai, Kessler et al. 

1996; Arai, Xia et al. 2002). in addition, CX516 has been shown to improve olfactory 

learning performance and retention for radial arm maze task in young rats (Granger, 

Staubli et al. 1993; Larson, Lieu et al. 1995), to improve old rats' performance in radial 

maze (Davis, Moskovitz et al. 1997), and to facilitate the delayed recall of nonsense 

syllables in old human subjects (Lynch, Granger et al. 1997) (see Chapter 6 for more). 

The hypothesis for Experiment 2 was that CX516 administration could modify 

place field expansion in old rats, and improve their performance in several spatial 

memory tasks. The main findings of Experiment 2, however, were that intraperitoneal 
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injection of 35 mg/kg CX516 failed to alter place field expansion in old rats, and showed 

only limited effects on spatial learning and memory performance in old rats. These 

results apparently do not provide strong support to the original experimental hypotheses. 

How should this apparent contradiction be interpreted? 

The first question to be answered was whether the CX516 we used could really 

affect AMPA receptor-mediated S3maptic transmission in old animals. For example, was 

it possible that there are too few AMPA receptors in the hippocampus in old rats, which 

led to the lack of targets for the drug? Did the intraperitoneally injected CX516 actually 

reached the brain? Was the dosage of 35 mg/kg CX516 used in the present study an 

effective dose for old animals? Considering the fact that CX516 was developed as a 

candidate for ameliorating Alzheimer's disease-related memory deficit, the number of 

experiments which have examined the memory facilitation effect of CX516 on aged 

animals is oddly few (Davis, Moskovitz et al. 1997: Lynch, Granger et al. 1997); 

furthermore, in one of these very experiments (Davis, Moskovitz et al. 1997), the 'old' 

rats (19-month old Long-Evans) being examined may be more pertinent to be considered 

as 'middle-aged'. 

Wenk and Barnes (2000) studied binding sites for the AMPA receptor across the 

lifespan of the rat. They found that the AMPA receptor binding sites in CAl region did 

not decline with age. Although there was a sudden drop (approximately 50%) for AMPA 

binding in the dentate gyrus between the age of 3 and 12 months, the receptor binding is 

stable after 12 months of age (for more detail, see Section 4.1.2). It could be deduced 

that even in the dentate gyrus, there should not be a large difference on the number of 
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AMPA receptors between the young (usually 9 month old) and old (usually 24 montli old) 

rats used in the present study. Thus, there was not lack of target sites for the AMPA 

receptor modulator to have an effect, either for the electrophysiological study (which was 

recorded in CA1) or the behavioral study. It is noteworthy, however, that there are no 

data to determine whether the sensitivity of the AMPA receptor in response to ampakines 

is altered with aging. 

Intraperitoneal injection of 35 mg/kg CX516 did alter the performance of old rats 

in the radial arm maze in the present experiment, suggesting that the drug did have some 

effect on brains of old rats, and was able to modify their function. It is noteworthy, 

however, that CX516 cannot be detected in blood plasma, in about 10% of the 

administrations, after intraperitoneal injection (personal communication with Gary 

Rogers, unpublished observation from the Cortex Pharmaceuticals). This apparently 

increases the difficulty in detecting the drug effect. Nevertheless, intraperitoneal 

injections of 30 mg/kg CX516 has been shown to improve 'old' rats' performance in the 

retention session of the radial arm maze (Davis, Moskovitz et al. 1997). Taking the 

above findings together, it is very unlikely that an injection of 35 mg/kg CX516 would 

fail to modify the function of AMPA receptors in old rats, even though this modification 

may be not as strong as in young rats. 

A second question to be answered was whether the drug had sustained or 

cumulative effect when given repeatedly. Hampson et al. (Hampson, Rogers et al. 1998; 

Hampson, Rogers et al. 1998) detected cumulative drag effects on a delayed non-

matching to sample task, in which a positive drag effect was present on non-drag days 
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between CX516 administration and after cessation of CX516 injection (see Section 

6.2.4.2 for more details). Because the same rat was given either drug or saline treatment 

alternatively in both the in vivo electrophysiology study and behavior study in the present 

dissertation, a sustained effect of the drug, if it exists, could blur the difference between 

the drug and saline treatment days. Certainly a sustained drug effect is an appealing 

explanation of present results that showed place field expansion in old rats under both the 

saline and drug treatment groups, even though the expansion was less robust when 

compared with that of young rats. 

The existence of a sustained drag effect, however, is unlikely because of the 

following factors. First, theoretical analysis of the pharmaceutical characteristics of the 

drug did not support a sustained drug effect. Previous studies using PET scans and 

physiological recordings have shown that CX516 crosses the blood-brain barrier in less 

than 5 minutes following intra-peritoneal injections (Granger, Staubli et al. 1993). Peak 

concentration was reached at 10 minutes, after which it was metabolized rapidly, with a 

half-life of 18 minutes (personal communication). Thus, it is unlikely that the drug could 

affect place field activity 24 hours later. 

Second, one characteristic of place field expansion is that it is a short-lasting form 

of plasticity of the hippocampal neural network. Place fields expand rapidly after 

repeated traversal of a route in a given environment, but the field returns to its original 

size if the rat is removed and then replaced into that same environment. Such a short-

lasting plasticity would not be expected to support a drug carryover effect, because even 
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if the drug could cause the place field to expand in aged rats, the place field will resume 

to its original size when it is examined on the following day. 

Third, and most importantly, the present results show that there is no significant 

difference in place field expansion between the naive saline days (before any drug was 

administrated) and saline days following CX516 administrations. Furthermore, there was 

no significant difference between the pure saline days and drug treatment days. Taken 

together, the lack of drug effect on modifying place field expansion in old rats could not 

be explained by a proactive effect. 

The third question to be addressed is why there was place field expansion in old 

rats even on saline-treated days in the present study. Although this expansion was less 

robust compared to that in young rats, it was stronger than that in old rats observed by 

Shen et al. previously (Shen, Barnes et al. 1997), especially when parameters like number 

of spikes per lap, firing rate integral or center of mass were used in judging the place field 

expansion. When lap-based place field size was used as criterion, however, the 

expansion in old rats in the present study was completely comparable with Shen et al.'s 

result for old rats, where the lap -based place field size was approximately 20 cm in both 

studies, even though different shapes of track were used, and different definitions for 

place field boundaries were applied in these two experiments. 

Both Shen et al.'s and present study have applied Muller et al.'s criteria (Muller 

and Kubie 1987) to define place field: a group of adjoining bins (sharing at least one side) 

with the average firing rate of each bin exceeding a specified threshold. The threshold, 

however, was set at a constant rate of 1 Hz in Shen et al.'s study, whereas it was set to 
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10% of the peak rate for cach complex spike cell in the present study. The latter standard 

was same to what used by Ekstrom et al. (Ekstrom, Meltzer et al. 2001). In addition, the 

minimal number of adjacent bins was set at 10 in Shen et al.'s experiment, in which a 

rectangular track (94 X 40 cm) was linearized and divided into 64 bins. In present study, 

a circular track (83cm in diameter) was divided into 360 bins, corresponding to 360 

degree, and the place field boundary was set when the firing rate fall off to less than 10% 

of the peak rate and remained for at least 20 bins. This difference in bins helps to explain 

the different value for firing rate integral in the two experiments. 

In addition, the mean firing rate on the maze of the complex spike cells and the 

running speed of old rats on the maze were also similar between these two studies. One 

difference, however, between the present study and Shen et al.'s study is the age of the 

old rats used for investigation. The average age of rats used in Shen et al.'s study was 

28-months old, whereas the rats used in present study were, on average, 25-months old. 

It is possible that place field expansion may becomc less and less robust with advancing 

age. 

Another possible contributing factor to the observed mild place field expansion 

might be that some place cells failed to fire or fire very sparsely in their place fields 

during the first several laps (usually the first two or three laps) on the circular track. As 

discussed in Chapter 5, the formation of place representations is experience-independent, 

and spatial-selective firing usually can be detected when the young rat is exposed to an 

environment for the first time (Hill 1978). In the present electrophysiological study, it 

was observed, however, that some place cells did not show or showed very sparse space-
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specific firing when the old rat was first introduced onto the circular track, even though 

those cells showed very clear place fields after repeated traversals. Thus, the parameters 

for place field expansion (especially the number of spikes and the firing rate integral) 

measured in the latter laps appeared to be larger than those measured in the earlier laps, 

resulting in the observation of place field expansion. Whether this sudden change from 

sparse (sometimes even from none) firing to normal pattern of space-specific firing truly 

reflects place field expansion, however, remains unknown, because this change is much 

more dramatic than the usual place field expansion. On the other hand, the observations 

of place-specific firing of place cells when young rats is exposed to a given environment 

for the first time suggest that this firing is more like some intrinsic characteristics of 

hippocanipal neurons. The observation of lack of such kind of firing in the present study 

may reflect some deficits of the hippocampal network in the aged rats in dealing w ith 

spatial problems. It is noteworthy that there is no detectable drug eflect on reducing the 

failure of space-specific firing during the first several laps. 

Taken together, although CX516 administration is very likely to have modulated 

the function of AMP A receptor in the old rats, this modulation fails to modify place field 

expansion in old rats. Because place field expansion in young rats is abolished by 

NMDA receptor antagonism (Ekstrom, Meltzer et al. 2001), it is likely that the AM PA 

receptor may not be as important as the NMDA receptor for place field expansion. In 

addition, AM PA receptors play critical roles in LTP, especially in depolarizing 

postsynaptic membrane to remove the Mg'' blockade on NMDA receptor to induce LTP, 

and in LTP expression (Malenka and Nicoll 1999) (see Section 3.3 for more details). The 
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observation that modifying the function of AMP A receptors shows no detectable effect 

on place field expansion, suggests that a short-lasting plasticity like place field expansion 

may not share exactly the same mechanisms with those long term plasticity. Such a 

strong conclusion, however, requires more investigation. For example, the effect of 

ampakines on LTP and place field expansion should be compared under a more 

comparable situation. An experiment to examine whether intraperitoneal injection of 35 

mg/kg CX516 (that is, same drug, same dosage, same treatment) can facilitate LTP 

induction in CAl (same brain area) in aged rats may help to clarify this issue. 

Several behavioral experiments have also been performed to examine the effect of 

CX516 on spatial memory performance. In the swim task with sub-optimal training, a 

protocol similar to w hat Staubli et al. had used previously (Staubli, Rogers et al. 1994) 

was applied. Briefly, rats were given 12 trials of pre-training in a no-cue environment 

one week before spatial learning. Drug was given before the first spatial trials. The task 

is referred to as "sub-optimal" training because there were only few (4 or 6) spatial trials, 

compared with 24 spatial trials in the standard screening swim task. As discussed in 

Chapter 2, age-related spatial memory deficits are usually more obvious when tested with 

more difficult tasks (Sharps and Gollin 1988; Rapp, Kan sky et al. 1997; Rutledge, 

Hancock et al. 1997). Thus it is possible that a drug effect on spatial memory 

performance in aged rats might be more detectable with .such sub-optimal training. 

Young rats were also tested in the experiment, to 'replicate' Staubli et al's experiment. 

An additional hypothesis about this experiment was that young rats should have better 

performance than do old rats even with sub-optimal training. 
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The present results did show that young rats learned the spatial trials faster than 

did old rats, and show ed better memory in the probe trial of the swim task. In fact, young 

rats even did better in the pre-training trials, in which the platform was surrounded by 

black curtains with no distal or local cues available. This result suggests that young rats 

may have developed some other strategy to assist task solution, such as searching a 

certain distance away from the border of the tank. Both old and young rats were able to 

solve the cued version of the swim task, as we expected. The present study, however, did 

not detect a drug facilitation effect on either the young or the old group. 

The present study did not confirm Staubli et al.'s observation that ampakine 

treatment significantly reduced the latency to find the hidden platform in memory trials in 

young rats. The conflicting results between the two experiments might arise from 

different ampakines (35 mg/kg CX516 versus 120 mg/kg BDP), different brands of 

animals (Fisher344 rats versus Long-Evans rats), and different details of the protocol that 

were used in different experiment. In Staubli et al.'s experiment (Staubli, Rogers et al. 

1994), the injection was given 30 minutes prior to spatial training, which consisted of 

four separated trials. In addition, the memory performance was examined as the latency 

to find the hidden platform in a 'probe' trial given 24 hours later after the spatial training. 

In the present study, considering the pharmaceutical characteristics of CX516, the drug 

was injected 10 minutes prior to spatial learning. In consideration of the general poor 

performance of young rats on the first day of the standard swim task, six spatial trials (in 

three trial pairs) were given to avoid 'the ceiling effect', in which even the rat with best 

memory might perform poorly with very few training trials. Moreover, the probe trial in 
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the present study involved the removal of the platform, allowing the rat to swim freely in 

the tank. Data concerning the number of times that the previous target location was 

crossed or time spent in the target quadrant were collected. These are better criteria for 

judging the rat's memory performance than the methods used by Staubli et al., which 

may over-valued an accidental bump of the platform. Furthermore, latency, generally, 

may not be a good parameter for examining the effect of ampakines on memory 

performance, because ampakines have been shown to affect the speed of animals in a 

task-dependent manner (Granger, Staubli et al. 1993; Larson, Lieu et al. 1995; Davis, 

Moskovitz et al. 1997) (see Section 6.2.4.1 for more details). 

An additional swim task test was conducted in which the environment altered. 

Rats were first trained using the standard screening swim task to help them become 

familiar with the necessary behavioral performance and spatial strategy required. 

Following spatial training trials, rats were tested in two different environments with a 

sub-optimal learning (6 trials) procedure. One of the advantages of this design is that, if 

the drug has no sustained effect, then each rat could be used as its own control. The 

hypothesis for this experiment was that old rats would learn faster in a new environment 

and show better memory in the probe trial on drug-treated days than on saline-treated 

days. In addition, there should be no significant difference on spatial memory 

performance whether the old rats were treated with drug in the first altered environment 

or in the second altered environment. 

The present study, however, only confirmed the second hypothesis. That is, there 

is no significant difference in the number of target crossings made in the probe trial, 
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whether the rats received 35 mg/kg CX516 injection in Environment 2 or Environment 3. 

The present results show no significant difference between drug-treated datasets and 

saline-treated datasets. 

The other behavioral test used in the present study was conducted on the radial 

eight arm maze. It is noteworthy that this task was very different from the radial maze 

task used by Davis et al. (Davis, Moskovitz et al. 1997) to examine amapkine effects on 

'old' rats. In Davis et al.'s experiment, the rats were exposed to 5 out of the 8 arms to get 

water reward in the acquisition session. The rats were then returned to the maze 8 hours 

later for the retention session, in which only the three previously blocked arms were 

baited. In the present study, a food reward was only available in the target arm, and the 

target arm was fixed during the learning and memory session pair. The interval between 

learning and memory sessions was approximately 20 hours. Whereas Davis et al.'s 

experiment mainly tested spatial working memory in rats, the present experiment tested 

spatial reference memory. 

The biggest advantage of the present .study is that even old rats learned the task 

fast (usually in about 3 to 4 weeks). In contrast, it took 4 months to train the rats to leani 

the task in the Davis et al. study. The time requirement for the task is especially 

important for the study in old rats. The present study used 24 month old rats, and several 

of them died in the middle or soon after the experiment. In fact, Davis et al. appeared to 

start the training when the rats ( Long-Evans) were at 15 months of age. 

The radial maze task used in present study was also convenient for examination of 

the drug effect on acquisition, consolidation and retrieval separately. A previous study 
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with the NMD A antagonist APV and the AM PA receptor antagonist CNQX showed that 

the acquisition of spatial memory (during the Morris swim task) involved AM PA and 

NMDA receptors, that the consolidation process involved NMDA receptors. 

Interestingly, the administration of CNQX, but not APV significantly impaired memory 

retrieval (Liang, Hon et al. 1994). Thus, the hypothesis for the present study was that 

CX516 treatment would facilitate the acquisition and retrieval of the task but may not 

affect the old rats' performance on consolidation. 

The present study on the radial eight arm maze task shows that administration of 

35 mg/kg CX516 immediately after the learning session did not affect memory 

consolidation. Significantly more rats exhibited better memory retrieval performance 

following drug administration, however, even though the magnitude of improved 

performance was not significantly altered. Contrary to our hypothesis for the effect of 

the drug on acquisition, drug administrated 10 minutes before the learning session 

show ed transient impairment on acquisition of the radial arm maze task. This impaimient, 

however, was most likely caused by interference from facilitated retention of the location 

of the previously corrected arm, because dnig-treated rats had higher tendency to enter 

the previous target arm. This result suggests that the drug does have a significant effect 

on memory retention, and that it may even disturb the extinction of old memories. 

In summary, administration of 35 mg/kg CX516 did not affect place field 

expansion in old rats, suggesting that this short-term plasticity may, in part, share 

different mechanisms with LTP. Furthermore, administration of 35 mg/kg CX516 

showed limited effect on spatial memory performance of old rats, which appeared to be 



much weaker than its memory facilitation effect in young animals, as reported from 

previous studies. Moreover, positive modification of the function of AMPA receptors 

may be more helpful for the facilitation of memory retrieval than for acquisition or 

consolidation in aged rats. 
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