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ABSTRACT 

 

  

 The normal aging process is accompanied by changes in cognitive function. One 

of the brain regions known to be an early target of the aging process is the hippocampus, 

a medial temporal lobe structure that is critically involved in spatial learning and memory 

function. The formation and maintenance of memory relies on rapid and sustainable 

synaptic modification, which requires new gene expression.  Immediate-early genes are 

the first genes to be induced following relevant stimuli, and include genes that encode 

transcription factors, such as c-fos and zif268, and effector proteins that directly influence 

cellular function, such as Arc (activity-regulated cytoskeletal gene) and Homer1A. 

Blocking the expression of any one of these genes interferes with memory function, and 

thus, each of these genes is thought to have a memory enhancing effect. The hypothesis 

tested here was that aged animals would show a reduction in the expression of memory-

promoting immediate-early genes within the hippocampus, and moreover, that these 

changes in expression would be subregion specific, based on the finding that the dentate 

gyrus is most vulnerable to the aging process.  

 Potential age-related changes in immediate-early gene expression within the 

hippocampus was determined under basal conditions and after induction by a simple 

behavioral task. Of the genes under investigation, only c-fos did not show age-related 

changes under basal conditions, or following behavioral induction. The remaining genes, 

Arc, zif268 and Homer1A, each showed subregion specific patterns of change within the 

hippocampus under basal conditions or following induction (or both).  The coordinate 
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expression of immediate-early genes within the hippocampus was also investigated by 

assessing the extent to which Arc was expressed within the same neurons as c-fos, zif268 

or H1a. The coordinate transcription of these genes was not significantly altered in the 

aged hippocampus, even though changes in the size of Arc and zif268 neural ensembles 

occurs within the aged denate gyrus.  

 Taken together, these data indicate that age-related reductions in the basal and 

induced levels of immediate-early genes occur within the hippocampus, and that these 

changes are subregion specific.  
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CHAPTER 1: GENERAL INTRODUCTION 
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“…I’m not quite senile, not yet. I can still keep up appearances, and there are points on 

which I can still outtalk younger colleagues. But – between you and me, privately – the 

picture is one of a slow, inevitable loss of cognitive capacity. For one of my theoretical 

persuasion, it’s fascinating to watch.” – Donald Olding Hebb, 1978. 

 

 

 One way to emphasize the urgency for aging research is to consider the dramatic 

demographic shift in the United States and in other countries of the world. According to 

the Administration on Aging, 2% of the United States population was age 65 or older a 

century ago, whereas today over 12% of the population is in that age category (see Figure 

1.1). By 2030 the projected percentage of people over the age of 65 is 20%. 

Accompanying this demographic shift is an increase in the incidence of disease 

associated with advancing age, for example, stroke, heart disease, and Alzheimer’s 

disease. Research aimed at understanding the aging process, including how learning and 

memory processes change as a function of age, is therefore needed to provide the basis 

for development of better preventative and treatment strategies to enable an increasingly 

older population to age successfully. 
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Figure 1.1 US Census Bureau’s data on the number of people age 65 and over. Data from 

1900 to 2000 is based on the resident population of the US. Projected data for the years 

2010 to 2050 is an estimate of the number of people age 65 and over that is based on the 

data from 1900 to 2000. 

 

 In the general field of aging research, substantial effort has been focused on 

pathological aging that may be associated with diseases such as Alzheimer’s disease. 

While this disease, and many others, is certainly devastating in terms of its impact on 

quality of life of the affected individual and their family, most people will not suffer from 

a dementing condition as they age
1
. Instead, most individuals will develop milder 

cognitive deficits known as age-associated memory impairment (AAMI; Crook et al., 

1986; Crook and Ferris, 1992; Ferris and Kluger, 1996). The memory deficits associated 

with AAMI are relatively subtle in comparison to those associated with dementing 

                                                 
1
 Alzheimer’s disease affects about 10% of people between the ages of 65 and 85 and about 40% of people 

over the age of 85.  
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conditions, such as Alzheimer’s disease. Subjective complaints include difficulty 

remembering names, misplacing objects, difficulty remembering multiple items or 

multiple tasks to be performed, problems remembering telephone numbers or zip codes, 

and difficulty recalling information quickly or following distraction. The importance of 

identifying changes in cognition that are distinct from pathology and can be expected 

with age can be appreciated in the context of early detection of disease states, as well as 

realistic estimation of performance characteristics of an aging worforce.  

 Before one can contemplate the age-related changes that occur in cognitive 

function and why these changes might occur, one must first consider what is meant by the 

terms ‘old’ or ‘aged’. Simply put, aging is difficult to define, not only in biological terms, 

but also in its cognitive manifestations. The simplest solution to the question of “how 

old” an individual is to assign a number to that person based on the number of years he or 

she has lived. This chronological assessment of aging, however, has a number of 

shortcomings (Bourliere, 1970; Ingram, 1983). To take an extreme example, some older 

individuals, for example centenarians, may be more cognitively intact than someone 30 

years younger than themselves (see Perls, 2004). This highlights a key concept in 

biological gerontology: individuals appear to age at different rates in chronological time, 

and therefore biological age does not always match the number of years we have been 

alive. In terms of mnemonic function, our cognitive abilities change throughout the 

course of our development (from birth to death), but for each of us, this change will take 

its own individualistic course. Although such issues certainly complicate the study of 

aging, they also provide an opportunity to discover the processes that allow some of us to 
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age successfully, in the absence of debilitating learning and memory decline. 

Nevertheless, chronological age is still the most widely used predictor of the functional or 

biological age of the organism being studied (Costa and McCrae, 1980). For humans, the 

age at which one is considered to be “old” is typically considered to begin at 65 years, 

and for many laboratory animals, particularly rodents, ages past the point of a 50% 

mortality rate for the particular organism or strain being studied, is considered “old”. This 

is the definition of aging used in the current work.  

 Normal aging is accompanied by subtle changes in particular brain areas (for 

reviews see Burke and Barnes, 2006; Rosenzweig and Barnes, 2003; Wilson et al., 2006). 

Of the brain regions to be identified as showing changes correlated with cognitive 

alterations, the hippocampus continues to be one of the more heavily investigated brain 

regions (although there are certainly others, such as the prefrontal cortex, that are targets 

of early age-associated processes).  This is partly because the hippocampus is well 

established as fundamental to learning and memory processes. In particular, the 

hippocampus is known to be important for spatial memory, and this is true for every 

species studied. Important for this dissertation, spatial memory is also one of the 

cognitive domains affected by the normal aging process and is also targeted in the 

etiology of Alzheimer’s disease. For these reasons, this dissertation highlights a selected 

domain of cognition, spatial learning and memory, which can be readily studied across 

mammalian species and that has known age-related neurobiological underpinnings 

(discussed in Chapters 3 and 4).  
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 There are many research directions that could be undertaken to investigate age-

associated changes in hippocampal function. The avenue pursued in the current work 

involves an examination of a particular group of memory-promoting genes, known as 

immediate-early genes, that were hypothesized to underlie some of the cognitive changes 

observed during the normal aging process. In recent years, several of these genes have 

been shown to play important roles in memory processes (discussed in Chapter 3). A 

large body of work has shown that not only are these genes ‘induced’ by behavioral 

paradigms that reflect memory function, but blocking the expression of these genes can 

interfere with normal memory function in adult animals (reviewed by Guzowski, 2002; 

Miyashita et al., 2007). The genes that are investigated in the current work were chosen 

because they have been identified as necessary for memory function or because the 

function of the gene is known, and therefore if an age-associated change in its expression 

is identified, one can make educated guesses regarding how cellular function may be 

affected. In Chapter 6, evidence for subregion specific age-related changes in the 

immediate-early gene Arc (activity-regulated cytoskeletal gene, Lyford et al., 1995; also 

known as Arg3.1, Link et al., 1995) are presented. Chapter 7 presents data that subregion 

specific changes also occur for the immediate-early genes zif268 and Homer1a, but not c-

fos. The changes in immediate-early gene transcription that are observed are discussed in 

light of what is known about the function of each of these genes. Chapter 8 presents data 

suggesting that while changes may occur in immediate-gene transcription, aged 

hippocampal cells are nonetheless able to coordinately transcribe immediate-early genes, 

although it may do so in a smaller proportion of cells, as is the case for the dentate gyrus.  
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 A summary of the work presented in this dissertation is provided in Chapter 9, 

along with a proposed model for how the particular changes in immediate-early gene 

expression observed in the current work may contribute to information processing 

deficits in the aged rat.  
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 There are a number of different ways in which learning and memory have been 

defined, and the relatively subtle differences between definitions probably stems from the 

approach taken in studying how learning and memory ‘work’. For the purposes of this 

dissertation, the definitions provided by Sweatt (2003) will be adopted. In this view, 

learning can be defined as the acquisition of an altered behavioral response due to some 

stimulus, and memory is a process through which learned information is stored. Recall is 

the retrieval process through which the altered behavior is observable. This nomenclature 

is preferred because it emphasizes three distinct processes, each of which may be related 

to distinct cellular and molecular events, some of which will be discussed in the pages to 

follow. 

 Long-term memory, which is what we are primarily concerned with here, can be 

divided into two broad categories, commonly known as declarative or explicit memory, 

and nondeclarative or implicit memory (Figure 2.1). Explicit memory typically involves 

factual knowledge, such as the meaning of a word, where you live, and how long you 

have lived there. Implicit memory, on the other hand, involves remembering something 

without being aware that you are remembering it, and usually involves memory for a skill 

or procedure, such as how to ride a bike. Although not overtly represented in the 

taxonomy (Figure 2.1), explicit memory is often divided into semantic memory, which is 

the conceptual knowledge of words grammar and objects as well as factual knowledge of 

the world and public events, and episodic memory which involves personal events or 

episodes (Nadel and Moscovitch, 1997).  
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Figure 2.1. Subdivisions of human memory and associated brain regions. Milner et al. 

(1998). 

 

 As shown in Figure 2.1, different brain regions can be assigned to a particular 

type of explicit or implicit memory. Although simplistic, and also probably wrong in 

some of its details, this memory taxonomy is probably the most widely accepted, and at 

the very least, can be used as a guide when considering memory representation in specific 

brain regions. For the most part, the work discussed in the following pages focuses on the 

hippocampus, part of the medial temporal lobe. Before discussing the role of this brain 

region in memory function, the anatomy of the medial temporal lobe is discussed in the 

following section.   

   

 

 



 

26 

Medial Temporal Lobe Anatomy 

 The medial temporal lobe (MTL) is made up of several well connected structures, 

some of which are illustrated in Figure 2.2. While there is not complete agreement as to 

which brain structures comprise the MTL, the following are typically included: the 

hippocampus, amygdala (but see Squire and Zola-Morgan, 1991), and three adjacent 

cortices – the perirhinal cortex, entorhinal cortex and parahippocampal (monkey) or 

postrhinal (rat) cortex. Each of the components of the MTL receive information from 

many different areas of the brain (see Figure 2.3), and there are also interconnections 

within the MTL itself. Although the perirhinal and entorhinal cortices will be discussed 

here, the focus of the following discussion will be largely focused on the hippocampal 

formation. A number of excellent reviews detail the anatomy and function of the 

entorhinal, perirhinal and parahippocampal/postrhinal cortices, including Suzuki (1996) 

and Suzuki and Amaral (e.g., 1994a, b; 2003a, b), Burwell et al. (e.g., 1995, 2000, 2001, 

2004), Furtak et al. (2007), and Kerr et al. (2007).    
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Figure 2.2 Diagram showing comparative views of medial temporal lobe structures for 

the human (A) and monkey (B) and homologous structures for the rat (C). Unfolded 

maps of the relevant cortical structures are shown for the human brain (D), the monkey 

brain (E), and the rodent brain (F). The rodent POR is the homolog of the primate PH. 

Figure from Burwell and Agster, 2007. Abbreviations: cs, collateral sulcus; EC, 

entorhinal cortex; HF, hippocampal formation; ParaS, parasubiculum; PER, perirhinal 

cortex ; PH, parahippocampal area ; POR, postrhinal cortex ; rs, rhinal sulcus ; rs, rhinal 

sulcus. 

 

 

 The hippocampus receives direct or indirect inputs from all of the sensory areas of 

cortex, including visual cortex, auditory cortex, and somatosensory cortex. The 

hippocampus also receives fairly direct input from the olfactory system though the 

olfactory bulb. Sensory information from these areas is directed to the hippocampus via 

the perirhinal cortex (which includes areas 35 and 36 in both money and rat species, 

discussed below) and the entorhinal cortex (discussed below). These areas are 

homologous in money and rat brains, but the parahippocampus in the monkey, which is 
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composed of areas TH and TF, is homologous to the postrhinal cortex in the rat (see 

Burwell et al., 1995). Once sensory information has reached the perirhinal and entorhinal 

cortices, the outputs of these cortices then project to the dentate gyrus and the 

hippocampus proper, which are jointly referred to as the hippocampal formation (referred 

to simply as the hippocampus throughout the following discussion). Because the 

hippocampus receives input from nearly every sensory modality, it is in a unique position 

to form associative memories that encompass all aspects of an experience (Figure 2.3).  

 

 

 

Figure 2.3 Illustration of the pathway from sensory perceiving regions of cortex through 

the perirhinal and entorhinal cortices to the hippocampal formation. Adapted from Squire 

and Lindenlaub (1990). 
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The perirhinal and postrhinal cortices 

 The postrhinal cortex (Figure 2.2 and Figure 2.5) is found at the caudal pole of the 

rodent brain, just dorsal to the medial entorhinal area (MEA) and caudal to the perirhinal 

cortex. At more posterior levels, the postrhinal cortex is bordered dorsally by visual 

association cortex (Furtak et al., 2007).   

 The afferent input to the postrhinal cortex comes mostly from cortical regions, 

with the strongest input originating in occipital regions of cortex, including the lateral and 

medial visual association areas and the primary visual cortex (Burwell and Amaral, 

1998a; Furtak et al., 2007). The postrhinal cortex has strong reciprocal connections with 

the ventral temporal cortex and visual association areas, and moderate reciprocal 

connections with the posterior parietal cortex, and the dorsal retrosplenial cortex. Each of 

these regions have been implicated in visuospatial functions (Vaudano et al., 1991; Shi 

and Cassell, 1997; Broussard et al., 2006). The postrhinal cortex also has some 

connections with other subcortical brains regions that process visual information, such as 

the superior collicuclus (Furtak et al., 2007) and the lateral posterior nucleus of the 

thalamus, a homolog of the primate pulvinar nucleus, which has been implicated in visual 

attention (Posner and Petersen, 1990). In fact, unlike the perirhinal cortex, the postrhinal 

cortex receives limited input from nonvisual sensory modalities, suggesting that is 

heavily involved in visuospatial orienting (Furtak et al., 2007). Finally, the postrhinal 

cortex provides strong input to the medial entorhinal cortex (Naber et al., 1997; Burwell 

and Amaral, 1998a), including the dorsocaudal medial entorhinal area, which has recently 

been shown to play a unique role in spatial function (Fyhn et al., 2004; Hafting et al., 
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2005). Specifically, entorhinal cells in this region, called ‘grid cells’ have been recorded 

that have multiple firing fields with regular spacing that tessellate the environment in a 

hexagonal pattern (Hafting et al., 2005). This function may, at least partly, depend on 

input to the dorsocaudal medial entorhinal area (Kerr et al., 2007). The postrhinal cortex 

also has direct connections with area CA1 in the hippocampus proper, and with the dorsal 

subiculum (Naber et al., 2001; Kloosterman et al., 2003; Agster, 2007), which may 

indicate the direct communication of visuospatial information to the hippocampus (Furtak 

et al., 2007). 

 

 

 

Figure 2.4 Summary of the afferent and efferent connections of the postrhinal cortex 

(POR). The strongest projections of the postrhinal cortex are reciprocal. Strong 

connections are represented by black arrows, moderate connections by dark gray arrows, 

and weak connections are indicated by the light gray arrows. From Furtak et al. (2007). 
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 The rodent perirhinal cortex occupies the caudal portion of the rhinal sulcus with 

area 35 and area 36 situated on the ventral and dorsal bank of the rhinal sulcus, 

respectively. The perirhinal cortex sits dorsal to the entorhinal cortex and rostral to the 

postrhinal cortex. The most rostral part of the perhinal cortex is bordered by the 

subcortical posterior part of the claustrum, and the most dorsal part is bordered by the 

ventral temporal cortex (e.g. Burwell et al., 1995; Burwell, 2001). 

 As detailed in Figure 2.4, the perirhinal cortex has extensive efferent and afferent 

connections. Area 36 receives strong projections from the ventral temporal cortex and 

amygdala, moderate connections from the insular cortex and auditory-related nuclei of 

the thalamus, and weaker afferents from the postrhinal cortex and the entorhinal cortex 

(e.g. Burwell, 2001; Furtak et al., 2007). Area 35 is innervated by agranular insular 

cortex, the amygdala, the entorhinal cortex and this area also receives significant 

olfactory sensory information from both the piriform cortex and the subcortical olfactory 

areas (Burwell and Amaral, 1998a, b; Furtak et al., 2007).  

 Projections from areas 35 and 36 of the perirhinal cortex terminate in the lateral 

entorhinal cortex (Witter et al., 1990, 2000; Naber et al., 1997, 1999; Burwell and 

Amaral, 1998b), and direct connections between the perirhinal cortex and the subiculum 

have also been documented (Kosel et al., 1983; Naber et al., 1997, 1999; Kloosterman et 

al., 2003). There are also significant projections from areas 35 and 36 to the basal 

ganglia. In addition to these efferents, the perirhinal cortex also terminates in the 

amygdala, subcortical olfactory areas, and the postrhinal, temporal, parietal, frontal and 

insular cortices (Burwell and Amaral, 1998a; Burwell, 2001; Furtak et al., 2007).   



 

32 

 Functional studies of other species, including primates, supports an essential role 

for perirhinal cortex in the perceptual processing of complex mulitmodal stimuli (Gaffan 

et al., 2000; Buckley et al., 2001; Eacott et al., 2001; Bussey et al., 2002; Barense et al., 

2005; Lee et al., 2005). Moreover, because the perirhinal cortex has a strong connection 

with the amygdala, it has been suggested that it may be involved in the affective 

processing of behaviorally relevant stimuli (Burwell et al., 2004; Furtak et al., 2007).  

 

 

 

Figure 2.5 Summary of the afferent and efferent connections of areas 35 and 36 of the 

perirhinal cortex (PER). A: A summary diagram of afferent connections to the perirhinal 

cortex. B: A summary diagram of efferent connections of the perirhinal cortex. Strong 

connections are represented by black arrows, moderate connections by dark gray arrows, 

and weak connections are indicated by the light gray arrows. From Furtak et al., 2007. 
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The entorhinal cortex  

 In the rat, the entorhinal cortex is located at the most caudal, ventral, and lateral 

aspect of the brain (Figure 2.2). Most cortical input to the hippocampus arrives via the 

perforant pathway, which encompasses the entorhinal layer II projection to the dentate 

gyrus and CA3, as well as a layer III projection to CA1 (Witter et al., 2000). The 

projections of the entorhinal cortex to the dentate gyrus are organized into three discrete 

bands of neurons that each project to different septotemporal level of the dentate gyrus 

(Dolorfo and Amaral, 1998). Specifically, the lateral band projects to the dorsal half of 

the dentate gyrus; the middle band projects to the third quarter of the dentate gyrus; and 

the medial band projects to the ventral part of the dentate gyrus, and there is some 

indication that each of the bands are functionally distinct (e.g., Hargreaves et al., 2005; 

Moser et al., 1995).  Return projections, orginating in the subiculum and CA1, project to 

deep layers of the EC (Kohler, 1985; Dolorfo and Amaral, 1998; van Haeften et al., 

2000), which in turn project back out to cortical areas, and also send associational 

projections to more superficial layers of the entrohinal cortex (Kohler, 1985; Dolorfo and 

Amaral, 1998; van Haeften et al., 2000).  

 There is evidence suggesting that different areas of the entorhinal cortex have 

distinct information processing functions, thus warranting a distinction between the the 

lateral entorhinal area (LEA), found in the rostrolateral portion of the entorhinal cortex, 

and the medial entorhinal area (MEA) (Krieg, 1946a,b; Blackstad, 1956), which occupies 

the caudomedial portion of the entorhinal cortex (Insausti et al., 1997; Dolorfo and 
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Amaral, 1998).The MEA is though to contribute spatially specific information, while 

neurons in the LEA are less spatially specificity (Fyhn et al., 2004; Hafting et al., 2005). 

The LEA receives strong input from the piriform cortex and insular regions and weaker 

input from the visual, posterior parietal, and retrosplenial cortices.  The LEA also 

receives significant input from the amygdala and olfactory structures. Along with inputs 

from the insular cortex, and strong reciprocal connections with the perirhinal cortex, 

these connections may provide nonspatial information about context (e.g. emotional 

significance, Kerr et al., 2007). 

 The lateral band of the MEA receives heavy input from the visual association, 

posterior parietal, and cingulated cortices. The lateral and intermediate bands of the MEA 

receive strong input from the dorsal thalamus, presubiculum, parasubiculum and 

postrhinal cortices, as well as visuospatial input from cortical and subcortical areas.  The 

medial band of the MEA receives ~75% of its hippocampal input from the ventral 

hippocampus, coming mostly from area CA1 and the subiculum. The medial MEA, in 

turn, sends projections to the ventral dentate gyrus, area CA1, the ventral subiculum and 

the postrhinal and perhinal cortices (Kerr et. al., 2007). 

 As previously noted, the entorhinal cortex contains grid cells, which have been 

identified in the superficial layers of the dorsocaudal MEA (Hafting et al., 2005). Most of 

the input to this area comes from cortical regions, including the occipital, parietal, 

temporal, cingulate, and frontal cortices (Burwell and Amaral, 1998a).  Projections from 

the hippocampus (especially the dorsal hippocampus) account for more than half of the 
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dorsocaudal MEA input, which arise primarily from area CA1. The parahippocampal 

region also sends a strong projection to this area (Kerr et al., 2007).  

  

 

Figure 2.6 Summary of the major connections of the lateral (LEA) and the medial (MEA) 

entorhinal areas. A. A summary diagram of the afferent connections of the entorhinal 

cortex. B. A summary diagram of the efferent connections of the entorhinal cortex. Note, 

strong connections are represented by black arrows, moderate connections are denoted by 

dark gray arrows, and weak connections are indicated by light gray arrows. From Kerr et 

al. (2007). 

 

  

The hippocampus 

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

anatomy of the rodent hippocampus will highlighted. The ‘hippocampus’ received its 

name from the anatomist Giulio Cesare Aranzi, who first used the term to describe this 
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brain region because of its obvious visual resemblance to the shape of a seahorse (see 

Figure 2.7).  

 

 

Figure 2.7 Diagram of the subregions of the hippocampus. The schematic is sliced 

perpendicular to the long axis of the hippocampus. Abbreviations: lEC, lateral entorhinal 

cortex; mEC medial entorhinal cortex; pS, pre- and para-subiculum; S, Subicumlum; 

CA1, cornu ammonus 1; CA3, cornu ammonus 3; DG, denate gyrus. From Burgess and 

O’Keefe (1996).  

   

 

 The hippocampus can be divided into the hippocampus proper, which includes 

cornu ammonus (Ammon’s horn), and is comprised of three subregions known as CA1, 

CA2, and CA3; the dentate gyrus (also known as fascia dentata); and the subiculum, 

presubiculum and parasubiculum which are sometimes grouped together into the 

subicular complex.  
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Figure 2.8 Cross section of the rat hippocampus. Abbreviations: EC, entorhinal cortex; 

DG, dentate gyrus; CA, cornu ammonus; S, subiculum; PrS, presubiculum; PaS, 

parasubiculum; ab, angular bundle; so, striatum oriens; pcl, pyramidal cell layer; sl, strum 

lucidum; sr, stratum radiatum; s l-m, stratum lacunosum moleculare; PoDG, polymorphic 

layer of the DG; GL, granule layer of the DG; ML, molecular layer of the DG. From 

Amaral and Witter, 1995. 

 

 

The dentate gyrus 

 The dentate gyrus (see Figure 2.8) has a polymorphic layer (hilus), granular layer 

(stratum granulosum), and molecular layer (stratum moleculare). The granule cell layer 

of the dentate gyrus contains ~0.6 x 10
6  

to 2.2 x 10
6
 granule cells, the principal cell type 

of the dentate gyrus, within each hemisphere (e.g. Amaral et al., 1990; Boss et al., 1985; 
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Gaarskjaer 1978a, b; West et al., 1988). Estimates of dentate gyrus principal cells vary 

due to factors such as the age and strain of the animal used to determine cell numbers, 

and may also be due to a small but continuous proliferation of granule cells throughout 

the life of the animal (e.g. Altman and Das, 1965; Kaplan and Hinds, 1977; for review 

see Bruel-Jungerman et al., 2007).  

 Granule cells receive input from ~2 x 10
5  

layer II entorhinal cells whose axons 

run in the fiber pathway refered to as the perforant path, which brings information 

primarily from layer II of the entorhinal cortex. Axons of the granule cells are 

unmyelinated, and project to CA3 pyramidal cells of the hippocampus. These axons are 

refered to as ‘mossy fibers’, a term used by Ramon y Cajal to describe the varicosities 

along their lengths, giving them a ‘mossy’ appearance. These axonal projections from the 

dentate gyrus reach ~3 x 10
5
 pyramidal cells in CA3 (Amaral and Witter, 1995). The 

dramatic expansion and divergence that occurs from the entorhinal cortex to the dentate 

gyrus, followed by the compression and convergence from the denate gyrus to CA3, 

lends clues to the purported role of the dentate gyrus in information processing. 

Specifically, this pattern of divergence and convergence may allow the dentate gyrus to 

amplify difference between two inputs that are very similar, and this kind of ‘sparse 

coding’ can increase the efficiency of the network by allowing it to store more 

information (Kesner, 2007a; Kesner et al., 2004; Marr, 1971; McHugh et al., 2007; 

McNaughton and Nadel, 1990). 
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Cornu ammonus   

 In Ramon y Cajal’s description of the cornu ammous, two clear regions are 

identified, one which contains large-sized cells (regio inferior), and one which contains 

smaller-sized cells (regio superior).  Later, Lorente de No referred to these regions in a 

way that is now more widely accepted: CA3, CA2, and CA1. Much of the discussion to 

follow details the structure and function of CA3 and CA1; the function of CA2 is less 

well explored, but there are several lines of research that argue well for the 

neuroanatomical distinct (see Amaral and Witter, 1995; Zhao et al., 2007).  

 The principal cell type of cornu ammonus is the pyramidal cell. Both CA1 and 

CA3 have a polymorphic layer (stratum oriens), pyramidal layer (stratum pyramidale), 

and molecular layer (stratum radiatum and stratum lacunosum-moleculare). The ~3 x 10
5
 

pyramidal cells of CA3 give rise to projections to CA1, CA2, and CA3 into ipsilateral 

and contralateral hippocampus. In addition, the CA3 pyramidal neurons also project to 

more than half the extent of CA3 in both hemispheres. The existence of these recurrent 

connections within CA3 has led to the hypothesis that it functions as an auto-associative 

network, a concept introduced by Marr (1971), and elaborated by McNaughton and 

Morris (1987),  McClelland et al. (1995) and  Treves and Rolls (1994). This kind of 

network would facilitate pattern completion, which is the completion of some previously 

stored patterns from incomplete input, a process analogous to the process of memory 

retrieval from bits of incomplete information. This network can also participate in error 

correction, so that it is able to retrieve correctly even when the input is partially missing 

or incorrect (Kesner, 2007b; Kesner et al., 2004; McNaughton and Nadel, 1990).  
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 In CA1, it has been estimated that there are approximately 4.2 x 10
5
 pyramidal 

cells (Boss et al., 1987) that are densely packed into the pyramidal cell layer. This makes 

it an ideal location for obtaining stimulus evoked extracellular field potentials and 

behaviorally evoked single unit recordings. In fact, many of the studies measuring the 

plasticity characteristics and ensemble activity properties of the hippocampus take 

measurements from this brain region. Area CA1 receives direct input from the entorhinal 

cortex, in addition to the inputs received from CA3. This region projects to the 

subiculum, as well as to the entorhinal cortex (directly and indirectly via the 

presubiculum and parasubiculum), and other neocortical regions, such as the frontal 

cortex. Moreover, as is the case for the dentate gyrus and CA3, CA1 receives input from 

the contralateral hippocampus via the hippocampal commissure (Amaral and Witter, 

1995).  
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Figure 2.9 The hippocampal network. Major intrinsic connections and extrinsic cortical 

inputs are shown. Abbreviations: EC, entorhinal cortex; DG, dentate gyrus; CA3, cornu 

ammonus 3; CA1, cornu ammonus 1; S, subiculum; PrS, presubiculum; PaS, 

parasubiculum. Not shown is a weak projection back from the subiculum to CA1. From 

Amaral and Witter, 1995.  

 

 

 Although the hippocampus is often treated as a unidirectional ‘trisynaptic loop’ 

(Andersen et al., 1971), detailed descriptions of the hippocampal network indicate that 

the hippocampal connections are more complicated, as suggested in Figure 2.9. For 

example, note that the entorhinal cortex receives input not just from associational cortices 

via the perirhinal cortex, but also receives projections from the subiculum and CA1. 

Layer II of the entorhinal cortex projects to the dentate gyrus and CA3, and layer III 
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projects to CA1 (Witter et al., 2000). Projections from the entorhinal cortex come from 

two distinct areas, the lateral entorhinal cortex (LEA) and medial entorhinal cortex 

(MEA), which each project onto distinct hippocampal dendritic domains. The LEA 

projects to the outer 1/3 of the apical dendrites and the outer half of the stratum 

lacunosum-moleculare of area CA3, whereas 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 

area CA3. In area CA1, the LEA projects to distal regions, while the MEA projects to 

more proximal regions (Amaral and Witter, 1995). The respective organization of these 

projections also continues into hippocampal outputs, as outlined in Figure 2.10.  
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Figure 2.10 Segregation of information flow through the hippocampus. Abbreviations: 

LEA, lateral entorhinal area; MEA, medial entorhinal area; Prox., proximal; Dist., distal. 

From Amaral and Witter, 1995. 

 

 

Involvement of the Hippocampus in Spatial Learning and Memory 

 In their book, The Hippocampus as a Cogntive Map, O’Keefe and Nadel (1978) 

proposed that hippocampal place-cells (discussed below), are the basic units of a 

cognitive map. There is now a huge literature suggesting that the hippocampus plays an 

important role in spatial memory in humans, monkeys, dogs, rats, mice, etc. Because the 
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experiments described in this dissertation rely on a simple spatial task to induce gene 

expression, an overview of the experimental evidence for the role of the hippocampus in 

spatial memory follows. The details of the behavioral tasks discussed below will be 

described in greater detail in Chapter 4. 

A number of different methods have been used to implicate the hippocampus in 

spatial memory processes. These include lesioning techniques such as knife cuts of the 

fimbria-fornix, aspiration of the hippocampus, electrolytic lesions, or chemical lesions.  

Additionally, electrophysiological recordings have been made while animals perform 

spatial tasks, or explore an environment freely. Functional imaging techniques have been 

used in humans while virtual navigation tasks are performed. Molecular methods that 

allow the visualization of individual cells that are activated by spatial behaviors have 

been examined in rodents. Data from experiments using each of these techniques will be 

discussed in the following sections. 

 

Electrophysiological studies 

 The first evidence for the existence of cognitive maps in the brain was provided 

by O’Keefe and Dostrovsky (1971) who described what they called ‘place cells’ within 

the dorsal hippocampus of freely behaving rats. In these experiments, the extracellular 

action potentials of single cells within the hippocampus were recorded while a rat 

explored an environment, and it was soon observed that certain cells fired only when the 

rat was in a specific location of an open field or maze. This area of high firing rates for a 

given cell was called the ‘place field’ of that cell and defines the specific location in the 
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environment where where a hippocampal cell is active (Figure 2.11). Outside of the place 

field of the cell, furing rates of place cells are near zero. 

 

 

Figure 2.11 Place cell firing patterns. A. Diagram of the position of rat within the 

environment. The position of the rat corresponds to the place cell firing shown in B. B. 

Histogram of firing at each location shown in A, and raw firing patterns during periods 

marked 1 and 2 in the histogram. From O’Keefe and Dostrovsky, 1971.  

 

  Since the initial report by O’Keefe and Dostrovsky, more sophisticated recording 

techniques have been developed that make it possible to record the activity from large 

ensembles of neurons simultaneously. When the activity of many place cells are recorded 

simultaneously, the position of the rat in a given environment can be accurately 

constructed into a place ‘map’ for that environment (Wilson and McNaughton, 1993; see 

Figure 2.12).  
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Figure 2.12 Ensemble activity of hippocampal place cells. Panel (a) shows the place 

specific firing properties of pyramidal neurons as a rat traverses a linear track. One way 

in which place fields can be represented is through a firing rate map; a top-down view of 

the environment with areas of high firing rate shown in red and yellow and areas with no 

firing shown in blue. From Nakazawa et al., 2004. In panel (b), 80 firing rate maps of 

cells simultaneously recorded from CA1 of a rat exploring a square arena are shown. 

Most cells are silent as the rat forages, with only about 40% of the pyramidal cells active 

in this environment. The six cells that fire throughout the environment are thought to be 

interneurons. From Wilson and McNaughton, 1993. 

 

Place fields can develop during a single transversal of an environment (Hill, 

1978), although the place-specificity of the fields increases over the course of ~30 

minutes in a novel environment (Wilson and McNaughton, 1993; Tanila et al., 1997). 
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Once they have developed, place fields can remain very stable over days and months 

(e.g.Thompson and Best, 1990). The firing of place cells, however, is relative, meaning 

that any given place cell will fire randomly with respect to one another across different 

environments. One source of information that assists animals in determing their position 

in space is visual cues (e.g. Muller and Kubie, 1987; O’Keefe and Speakman, 1987; 

Knierim et al., 1995; O’Keefe and Conway, 1978). For example, removing visual cues 

within an environment causes a change in the place-cell firing patterns relative to the 

patterns observed with the distal cues present (O’Keefe and Speakman, 1987). However, 

because place fields can develop in the dark (O’Keefe, 1976; McNaughton et al., 1989; 

Quirk et al., 1990; Markus et al., 1994), and in blind animals (Hill and Best, 1981; Save 

et al., 1998), visual cues are not the only source of input used by the hippocampus for the 

purpose of navigation. Other kinds of modulation such as self motion (e.g., Knierim et 

al., 1995; Sharp et al.,1995; Gothard et al., 1996, 2001; O’Keefe and Burgess, 1996; 

Jeffery and O’Keefe, 1999; Save et al., 2000), and changes in task demands (Markus et 

al., 1995; Oler and Markus, 2000) represent other kinds of modulatory influences. 

There are several changes that occur to the place maps of aged rats that may 

contribute to why or how spatial learning and memory deficits occur, which will be 

discussed in Chapter 4.  

 

Brain lesions 

 Although many of the methods used to lesion the hippocampus are not selective 

and may damage closely lying brain structures or fibers-of-passage, these approaches 
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have nonetheless provided experimental evidence for a critical role of the hippocampus in 

spatial memory. For example, Morris et al. (1982) removed the entire dorsal and ventral 

hippocampus and a small area of overlying cortex in rats and then assessed the effects of 

these lesions on spatial learning and memory using the Morris water maze (see detailed 

description of the task in Chapter 4). Compared to control rats that had comparable 

cortical lesions, the hippocampal lesioned rats took longer to locate the hidden platform 

on the spatial version of the task, but when the platform was visible, lesioned rats 

performed no differently from control rats. Moreover, on the probe trial, when the 

platform is removed from the tank, control rats showed a preference searching for the 

quadrant of the tank where the hidden platform was previously located. The lesioned rats, 

on the other hand, did not show this preference (Figure 2.13). Animals with lesions of the 

hippocampus and its closely related structures also show severe deficits on other spatial 

tasks such as the 14-unit T-maze (Bresnahan et al., 1988), the Y-maze (Aggleton et al., 

1986), the radial arm maze (Olton et al., 1978), and the circular platform task 

(McNaughton et al., 1989). These deficits mimic those observed in the memory-impaired 

aged rat on the same tasks; the deficits associated with hippocampal lesions affect 

performance when the task is spatial in nature but not when the task is nonspatial. 

Although as discussed in Chapter 4 the impairments observed in aged rats are much less 

severe than that of animals with direct lesions of the components of or the entire 

hippocampus formation. 
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Figure 2.13 Effects of hippocampal lesions on escape latency in the Morris swim task. 

Squares indicate hippocampal lesioned rats, filled circles indicate cortical lesioned rats, 

and open circles indicate control animals. Overall, hippocampal lesioned rats showed 

significantly longer latencies to find the hidden platform when the task was spatial in 

nature, but when the task was cued, hippocampal lesioned rats performed no differently 

from cortical lesioned and controls rats. From Morris et al., 1982.     

  

 

Functional imaging studies 

 Several human studies using functional brain imaging have also supported the 

idea that the hippocampus is critically involved in spatial memory (e.g. Astur et al., 1998; 

Ghaem et al., 1997; Grön et al., 2000; Hartley et al., 2003; Maguire et al., 1997, 1998, 

2000, 2006). For example, Maguire et al. (1998) used positron emission tomography 

(PET) to scan subjects’ brains while they navigated a virtual town. Brain activation was 

compared between a condition in which the subject navigated directly to a goal, versus a 

control condition in which the subject was directed via arrows through the virtual town. 
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The right hippocampus was shown to be more active during navigation than during 

passive traversal of the town. In addition, the degree of hippocampal activation was 

positively correlated with more accurate navigation to the goal.  

 Maguire et al. (2000) have also assessed structural MRIs of the brains of licensed 

London taxi drivers, who were compared to control non-taxi driver subjects. The 

posterior hippocampi of taxi drivers were significantly larger relative to those of control 

subjects, and this volume positively correlated with the amount of time spent as a taxi 

driver, but was negatively correlated with the volume of the anterior hippocampus. While 

these data are intriguing, the difference in hippocampal volume between taxi drivers and 

controls may be associated with innate navigational expertise, rather than a result of the 

taxi driving (i.e, acquired representations of London streets). Maguire et al. (2003) 

assessed this alternate hypothesis in a group of subjects who were not taxi drivers. The 

group assessed in the follow up study showed a range of navigational expertise, but no 

association between expertise and posterior hippocampal grey matter volume. These data 

are consistent with the interpretation that structural differences in human hippocampal 

volume could reflect acquired spatial representations by the taxi driver, rather than an 

innate navigational expertise. 

 There are also several studies that have examined young and aged human subjects 

using similar imaging techniques. These studies are presented in Chapter Four. 
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Molecular studies 

 Immediate-early genes (IEGs), which are discussed at length in Chapter Three, 

have been widely used as markers of cell activity within the brain. One immediate-early 

gene in particular, the activity-regulated cytoskeletal-associated gene (Arc), has been 

used with great success to investigate the role of the hippocampus in memory processes 

(e.g., Guzowski et al., 1999, 2006; Small et al., 2004; Vazdarjanova et al., 2002). Arc is 

an effector IEG, meaning that it directly modulates cellular function, but as discussed 

here, its function as a neuronal activity marker is highlighted. There are at least two 

reasons why Arc is particularly attractive as an activity marker. First, Arc is expressed 

only in principle neurons of a given brain region; this means that it can be expressed in 

the glutamatergic neurons of the hippocampus, and also in GABAergic neurons of the 

striatum (Vazdarjanova et al., 2006). Second, the kinetics of Arc transcription are 

precisely regulated following an inducing stimulus, and in the hippocampus, the kinetics 

of Arc are well understood (Guzowski et al., 2005). Arc mRNA appears as discrete 

intranuclear foci within ~2 minutes of an inducing stimuli, then subsequently moves to 

the cytoplasm, where it can be detected for ~45 minutes post-induction. Based on these 

findings, Guzowski et al. (1999) developed a novel imaging method known as catFISH 

(cellular compartmental analysis of temporal activity by fluorescence in situ 

hybridization) which can map the activity history of neural ensembles in the brain with 

both temporal and cellular resolution. Recall that neurophysiological recordings have 

demonstrated that young rats retrieve the same map (ensemble of place cell activity) 

when they are exposed to the same environment over multiple trials, and a different map 



 

52 

(i.e, an independent ensemble of cells) when they are exposed a different environment. 

Using the catFISH technique, Guzowski et al. (1999) demonstrated similar results. Rats 

first explored an environment for a five minute period, and were then returned to their 

home cages for a 20 minute rest period. Following the rest period, some rats were 

returned to the environment for another five minute period of exploration (A/A 

condition), while others explored a second, unfamiliar environment that they explored for 

five minutes (A/B condition). If the same neurons are activated during both explorations, 

then the same cells will show a distinct pattern of Arc expression, which can be detected 

in both the nucleus and the cytoplasm. This is exactly what is observed in rats in the A/A 

condition. Rats exposed to the A/B condition, on the other hand, show similar proportions 

of Arc-labeled cells, but these cells show a different pattern of Arc expression in the 

different cell compartments (nucleus, cytoplasm). For these cells, Arc can be detected in 

either the nucleus or the cytoplasm, and less frequently, show combined nuclear and 

cytoplasmic labeling (see Figure 2.14) 
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Figure 2.14. Expression of Arc mRNA following sequential exposure of rats to two 

distinct environments. A. Representative images of different brain regions to show the 

time course of Arc mRNA. In the immediate condition, Arc is in the nucleus, whereas in 

the delayed condition, Arc has moved to the cytoplasm. Note that caged controls show 

little Arc transcription in any of the brain regions presented. B. The transcription of Arc 

in CA1 neurons after a single exposure to an environment (A, immediate), a single 

exposure plus a 20 min delay before sacrifice (A, delay), or the sequential exploration of 

the same (A/A) or different environments (A/B) defines distinct CA1 neuronal ensembles 

that are active under the different environment treatment conditions. From Guzowski et 

al., 1999. 
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 Several other immediate-early genes have also been used as neural activity-

markers, including c-fos (e.g., Jenkins et al., 2003; Jo et al., 2007; Reijmers et al., 2007; 

Smith et al., 2007), zif268 (e.g., Cotterly et al., 2007; Hall et al., 2001; Hernandez et al., 

2006), and Homer 1a (e.g., Cotterly et al., 2007; Hernandez et al., 2006; Petrovich et al., 

2005; Vazdarjanova et al., 2002;  Vazdarjanova and Guzowski, 2004). Each of these 

genes is expressed in the hippocampus following spatial behavior, and blocking their 

expression (as well as the expression of Arc) after training on a spatial task can block the 

expression of memory for the trained task (e.g., Guzowski et al., 2000; 2001). Taken 

together, these results provide further support for the idea that the hippocampus is 

involved in spatial memory. A more thorough discussion of immediate-early expression 

and function within the hippocampus will be provided in the next chapter.  

    

Long-Term Potentiation: An Experimental Analog of Memory  

 Thus far, evidence has been presented that points to the hippocampus as a 

structure that is critically involved in spatial memory function. Long-term memory 

function of any kind requires an observable alteration within the brain, a point addressed 

by Donald Olding Hebb, in his book The Organization of Behavior (1949): 

 

When an axon of cell A….excites cell B and repeatedly or persistently takes part in firing 

it, some growth process or metabolic change takes place in one or both cells so that A’s 

efficiency as one of the cells firing B is increased.  
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As Hebb postulated in 1949, most current theories regarding the cellular basis of learning 

and memory function suggest that information is stored via activity-dependent changes at 

the synapse.  

 In 1973 Bliss and Lomo (1973) described a long-lasting increase in the strength of 

synaptic transmission within the (rabbit) hippocampus, a phenomenon that eventually 

became known as long-term potentiation (Douglas and Goddard, 1975). To accomplish 

this, Bliss and Lomo delivered brief, high frequency (tetanic) stimulation to the perforant 

path inputs into the dentate gyrus, and recorded subsequent changes in the amplitude of 

population excitatory post synaptic potentials (EPSPs). As shown in Figure 2.15, tetanic 

stimulation of the perforant path resulted in an increase in the amplitude of the EPSP that 

lasted for several hours after the stimulation has ceased. Since this initial observation, 

there are literally thousands of papers reporting on various aspects of the LTP 

phenomenon, and evidence has accumulated that is consistent with the hypothesis that 

LTP represents an experimental analog of memory.     
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Figure 2.15 Data from Bliss and Lomo’s first LTP experiments. Arrows indicate the 

delivery of high-frequency synaptic stimulation. The filled circles indicate responses 

from the tetanized pathways, and the open circles indicate the control pathway that did 

not receive tetanic stimulation. From Bliss and Lomo (1973).  

 

  

 LTP displays some characteristics that make it an attractive model for studying 

memory, including the observations that it requires co-activity of inputs, and that it shows 

specificity. Evidence for the need for cooperativity was first provided by McNaughton et 

al. (1978), who found that stimulation of either the medial or lateral perforant paths 

alone, which each make synaptic contacts on distinct dendritic regions of the same target 

neuron, resulted in LTP that was weak or even absent. If, however, stimuli were applied 

simultaneously to the medial and lateral perforant paths, robust LTP was induced in each 

pathway. Barrionuevo and Brown (1983) also demonstrated that low-frequency, sub-

threshold stimulation can induce LTP if it is facilitated by a strong LTP-inducing 

stimulus if the two stimuli are delivered within a narrow temporal window. The 
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molecular basis that underlies this feature of LTP is the NMDA receptor, which will be 

discussed below.  

 The second important property of LTP is that it is synapse specific. In the same 

study discussed above (McNaughton et al., 1987), the postsynaptic specificity of LTP 

was demonstrated by strongly stimulating either the medial or lateral perforant pathways. 

By doing so, McNaughton et al. (1987) demonstrated that LTP was induced only at the 

synapses of the stimulated pathway. Presynaptic specificity was demonstrated by Levy 

and Steward (1979) by examining the sparse contralateral projections of the perforant 

path. These projections consist of branches of the same axons that project ipsilaterally 

and contralaterally, yet ipsilateral stimulation failed to induce LTP in the contralateral 

synapses. Thus, for a given presynaptic cell, one branch of its axon may undergo LTP, 

while another may not. 

 Much of what we know about synaptic plasticity within the hippocampus has 

come from studying the mechanisms of LTP induction (sometimes referred to as early-

phase LTP) and maintenance (sometimes referred to late-phase LTP).  In the 

hippocampus, LTP can induced at the perforant path-granule cell synapse, as discussed 

above, and also at the Schaffer-collateral-pyramidal cell synapse. LTP can also be 

induced in other parts of the brain, but for the purposes of this discussion, the focus will 

be on LTP within the hippocampus. In addition, although other forms of LTP have been 

described, the LTP-induction mechanism studied most intensely centers on the NMDA 

receptor, and thus the discussion will be limited to NMDA receptor-dependent LTP (see 

Figure 2.16).   
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 The NMDA (N-methyl-D-aspartate) receptor is a ligand-gated cation channel 

selective for glutamate, the major excitatory neurotransmitter in the mammalian brain. 

This receptor is unlike other glutamatergic receptors, such as the AMPA receptor, which 

mediates fast synaptic transmission, and the kainate receptor, in that it requires both its 

preferred ligand and a large membrane depolarization in order to allow the flow of 

cations through it’s channel. The need for simultaneous depolarization and glutamate 

binding permits this receptor to associate the convergent activity of multiple inputs 

to a cell, and thus it acts as a coincidence detector at the synapse. Moreover, unlike the 

AMPA receptor, which is mostly impermeable to Ca
2+

, the open NMDA receptor allows 

a considerable flow of Ca
2+

 ions into the postsynaptic cell. In order for this occur 

however, the Mg
2+

 plug that blocks the NDMA receptor channel pore, must be moved. 

This occurs only when enough glutamatergic inputs are simultaneously active, resulting 

in the depolarization of the postsynaptic membrane via the AMPA receptors, expulsion of 

the Mg
2+

 plug from the NMDA receptor channel pore, and an influx of Ca
2+

 that activates 

second messenger systems (e.g., α-calcium-calmodulin dependent kinase II; see Figure 

2.13). Graham Collingridge (1983a, b) was the first to demonstrate that NMDA receptor 

antagonists, such as APV (amino-phosphono-valeric acid), can block the induction of 

LTP without affecting baseline synaptic transmission. This initial observation has been 

subsequently confirmed (see Bliss and Collingridge, 1993), and it is now widely accepted 

that the NMDA receptor is also critically involved in some types of memory (for reviews 

see Morris, 2006; Nakazawa et al., 2004). 
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Figure 2.16 Model for the induction of LTP. During normal synaptic transmission, 

glutamate (Glu) is released from the presynaptic bouton and acts on both AMPA 

receptors (AMPAR) and NMDA receptors (NMDAR). Mg
2+

 blocks the channel of the 

NMDAR, but when the postsynaptic cell is depolarized, the Mg
2+

 block is expelled from 

the NMDAR channel, permitting Ca
2+

 influx, which is the critical trigger for LTP. From 

Malenka and Nicoll (1999). 

 

 The maintenance phase of LTP involves the continued expression of increased 

synaptic efficacy, and is thought to be dependent on new RNA and protein expression 

(discussed in Chapter 3). In the aged animal, LTP induction and maintenance deficits 

have been observed that are correlated with deficits on tasks of spatial learning and 

memory. This work will be discussed in greater detail in Chapter 4.  
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Summary 

 The role of the hippocampus in spatial memory has been repeatedly demonstrated 

using a number of techniques, including lesions, electrophysiological recordings, 

functional and/or structural brain imaging, and molecular markers of activity. Each of 

these techniques, when applied to the question of whether the hippocampus is involved in 

spatial memory converge onto the conclusion that this structure does indeed play a 

critical role in memory. 

 But what mechanisms underlie hippocampal-dependent memory? Some 

preliminary answers to this question have come from studies investigating long-term 

potentiation, which is hypothesized to engage mechanisms that are analogous to those 

normally used by the brain to acquire and store new information. In fact, much of what 

we know about the synaptic and molecular mechanisms of memory has come from work 

investigating LTP, and specifically, LTP within the hippocampus. Some of these studies 

will be the topic of discussion in the chapter to follow, which highlights the role of gene 

expression in LTP and memory function. 
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CHAPTER 3: IMMEDIATE-EARLY GENES AND MEMORY FUNCTION 
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 The signaling events that take place within the neuron are numerous, and will 

either originate or ultimately converge at the site of the cell nucleus where information 

from the entire cell is integrated and transmitted into the transcription of genes. This 

genetic transmission of information has far-reaching effects on the expression of neuronal 

proteins, affecting not only the function of the individual neuron, but potentially entire 

neuronal networks.  Long-term memory and LTP are two examples of long-lasting 

changes in neuronal function that are a result of changes in gene expression.  

In eukaryotic cells, each neuron contains the entire DNA library for the particular 

species under investigation, but only a portion of the genes coded in the neuron are active 

at any one time.  Synaptic activity-dependent gene expression is initiated by 

neurotransmitter binding to ionotropic or metabotropic postsynaptic receptors, an influx 

of Ca
2+ 

or release of Ca
2+

 from intracellular stores (Berridge, 1998; West et al., 2001), 

and activation of a signal transduction cascade that includes second-messengers systems 

and protein kinases, including protein kinase A (PKA; Delghandi et al., 2005; Shaywitz 

and Greenberg, 1999), mitogen-activated protein kinase (MAPK; Cammarota et al., 2000; 

Davis and Laroche, 2006; Davis et al., 2000; Sweatt, 2001; Wu et al., 2001), and α-

calcium-calmodulin-dependent kinase II (αCamKII; Deisseroth et al., 1998; Ginty, 1997; 

Soderling and Stull, 2001; Soderling et al., 2001). The activated kinases target specific 

constitutive regulatory transcription factors (RTFs) in the nucleus, such as the cAMP 

response element binding protein (CREB) and serum response factor (SRF). Once RTFs 

bind to promoter regions of immediate-early genes (CREB to CRE and SRF to SRE), 

second messengers and growth factors are then responsive (Finkbeiner and Greenberg, 
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1998; Shaywitz and Greenberg, 1999). Activated RTFs also recruit the transcriptional 

machinery necessary to initiate IEG transcription (Finkbeiner and Greenberg, 1998; 

Ginty, 1997), and increased levels of IEG transcription are observed within minutes of 

stimulation (e.g., Guzowski et al., 1999; Vazdarjanova et al., 2002). The study of the 

molecular basis of memory function has resulted in the identification of several 

molecules, including RTFs and immediate-early genes (IEGs), which are thought to be 

needed for normal cognitive functioning. For an overview of the cell signaling cascades 

that will be discussed in the text, see Figure 3.1. 
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Figure 3.1. Simplified scheme of some of the cellular events involved in the regulation 

CREB and the induction of IEGs. Neurotransmitters and neurotrophins act at membrane 

receptors (e.g. TrkB, AMPA receptors, NMDA receptors and G-protein-coupled 

receptors) to trigger intracellular signaling cascades that culminate in phosphorylation (P) 

of CREB. Phosphorylation of CREB at serine 133 activates CREB-mediated gene 

transcription. The pathways depicted in the figure oversimplify the interactions that exist 

among the different intracellular signaling pathways, some of which are shown by the 

broken lines. As just one example, activation of a Gi-linked receptor might be expected to 

reduce CREB phosphorylation via inhibition of adenylyl cyclase, but in fact such events 

have been observed to induce CREB phosphorylation in some cell types, possibly via 

activation of MAPK cascades. The protein products of numerous representative CREB 

target genes are depicted in green. Abbreviations not defined in the main text: CaM, 

calmodulin; GluR1Rs, glutamate receptor subunit GluR1 homomeric AMPA receptors; 

PDE, phosphodiesterase; PLC, phospholipase C; TrkB, neurotrophin tyrosine kinase 

receptor type 2. From Carlezon et al., 2005. 
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Before proceeding, it should be noted that the evaluation of IEG studies is 

complicated by a number of factors including: (1) the different methods used to induce 

their expression (e.g., electrical stimulation that induces seizures or LTP, chemical 

stimulation with drugs, behavioral stimulation, such as exploration of a novel 

environment or learning and memory tasks, or no manipulation, so that the resting or 

basal activity of these genes can be evaluated); (2) the methods used to evaluate where 

and to what degree their expression takes place (e.g., in situ hybridization or 

immunohistochemistry to look at the proportions of cells that express a particular mRNA 

or protein respectively, reverse transcriptase polymerase chain reaction (RT-PCR) to 

evaluate the number of gene copies for a given sample); (3) the brain regions under 

investigation (e.g., different regions of the hippocampus such as the dentate gyrus, cornu 

ammonis, subcortical or different cortical regions). In spite of the fact that the 

conclusions drawn are constrained and differ depending on the methods applied, there are 

several key molecules now known to be involved in memory processes. Moreover, age-

associated alterations in the expression of some of these molecules are thought to 

contribute to the learning and memory deficits observed in the aged organism.  

  

cAMP-response-element-binding protein (CREB) 

cAMP-response-element-binding protein (CREB) has been the focus of 

considerable attention in the arena of learning and memory, although the exact 

mechanism through which CREB works is still debated (Mayr and Montminy, 2001; 

Cha-Molstad et al., 2004). Nevertheless, CREB is a common target for many signaling 
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pathways and can be activated by kinases (e.g. MAPK), signaling pathways involving 

adenylyl cyclase (AC), cAMP, and Ca
2+ 

(for overview see Nguyen and Woo, 2003; 

Carlezon et al., 2005). In the nucleus, CREB binds as a dimer to cAMP-response element 

(CRE) found in the promoter region of numerous genes, and becomes ‘active’ when it is 

phosphorylated at serine 133 (p-CREB; Gonzalez and Montminy, 1989; Shaywitz and 

Greenberg, 1999). CREB is present in the nucleus in two forms, as an activator of gene 

transcription (CREB-1), or as a repressor of gene transcription (CREB-2).  

Numerous studies have demonstrated an important role for CREB-1 in the 

regulation of memory consolidation or related processes. For example, early work in 

Aplysia demonstrated that interfering with the normal binding of CREB-1 to native CRE 

sites on target genes blocked the maintenance of long-term enhancement without 

affecting acquisition, and moreover, treatment with the active form of CREB-1 (p-CREB) 

produced long-term enhancement on it’s own  (Dash et al., 1990). Similar work in 

Drosophila demonstrated that overexpressing CREB-1 significantly reduced the number 

of trials needed to train Drosphila on a memory task, whereas overexpressing CREB-2 

(the repressor) blocked the formation of long-term memory (Yin et al., 1995).  

Evidence that CREB is involved in mammalian learning and memory has come 

from studies using knockout mice, which exhibited impairments in spatial memory 

(Bourtchuladze et al., 1994). In addition, a study in rats by Guzowski & McGaugh (1997) 

showed that knocking down CREB expression with antisense oligonucleotides injected 

directly into the hippocampus impaired long-term memory for the Morris water maze, 

without impairing learning of the task. The role of CREB has also been investigated in 
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regard to its role in LTP. For example, mice with a partial knockout of CREB-1 show 

normal induction of LTP in area CA1 of the hippocampus, but in these animals, LTP 

decays to baseline more rapidly than in normal control animals, within 1 or 2 hours 

(Bourtchuladze et al., 1994). 

These studies with adult animals have important implications for the aged brain. 

For example, recent evidence has shown that overall, CREB-1 is significantly lower in 

the hippocampus of aged memory-impaired rats in comparison with non-impaired aged 

rats or young rats, but there is no significant change in levels of CREB-2 between these 

groups of animals (Brightwell et al., 2004). These results suggest that the dysregulation 

of CREB-1 in the hippocampus may contribute to the spatial memory deficits observed 

among some aged subjects.  Further studies have revealed that in the aged rat, the 

phosphorylated or “active” form of CREB-1 (p-CREB) is reduced in the hippocampus of 

aged compared to young rats (Hattiangady et al., 2005; Kudo et al., 2005). This reduction 

in p-CREB could therefore alter the transcription of downstream target genes that may 

also be needed to support normal learning and memory function (Hattiangady et al., 

2005). Although these studies do not demonstrate causality, they do suggest that the 

dysregulation of CREB in the aged brain plays a role in the memory deficits observed in 

some aged rats, most likely as a result of alterations in gene transcription that is 

dependent on CREB regulation. 
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Immediate-Early Genes 

 The next step in the molecular events that may lead to long-term memory 

formation involves the transcription of immediate-early genes (IEGs). As the name 

suggests, IEGs are among the first group of genes to be expressed following synaptic 

activity, and are defined as those genes expressed in the presence of protein synthesis 

inhibitors (Sheng and Greenberg, 1990). These genes can be broadly classified into: (1) 

genes encoding transcription factors, such as c-fos and zif268 (also known as Krox-24, 

EGR-1, NGFI-A) which influence cellular activity by regulating the expression of target 

genes, and (2) genes coding for effector proteins, such as Arc (activity regulated 

cytoskeletal gene; also known as Arg3.1), Narp (neuronal activity-regulated pentraxin), 

BDNF (brain-derived neurotrophic factor) and Homer1A that directly affect cellular 

function (Guzowski, 2002; Hughes and Dragunow, 1995; Hughes et al., 1999). IEGs 

encode a diverse array of proteins, including regulatory transcription factors, structural 

proteins, growth factors, signal transduction proteins, proteases and enzymes (Lanahan 

and Worley, 1998), and are therefore essential for regulating a whole host of function 

within the neuron. Lanahan and Worley (1998) have estimated that there are 

approximately 30-40 neuronal IEGs, and out of these, about 10-15 are thought to be 

regulatory transcription factors, while the others encode neuronal effector IEGs. For a 

partial list of IEGs and their presumed function, see Table 3.1. 
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Table 3.1. A partial list of IEGs and their purported functions. From Guzowski, 2002. 

 

To begin the discussion, let us first consider some of the evidence that IEGs are 

involved in learning and memory consolidation. Correlative studies provided the first 

evidence that the expression of IEG RNAs and their proteins can be increased in 

hippocampal neurons following training on behavioral tasks such as two-way avoidance 

(Nikolaev et al., 1992), brightness discrimination (Tischmeyer et al., 1990; Grimm and 

Tischmeyer, 1997),  exposure to a novel environment (Papa et al., 1993; Hess et al., 

1995b; Wallace et al., 1995), and odor discrimination tasks (Hess et al., 1995a; Hess et 

al., 1995b), to name only a few examples. A careful study by Guzowski et al. (2001) 

compared the expression of Arc, c-fos, and zif268 RNA in the hippocampus following 

training on different versions of the Morris water maze. For all genes, RNA levels were 

significantly increased above basal levels (i.e. compared to control levels) at 30 minutes 
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following training on either the spatial version (hippocampal-dependent task) or the cued 

version (hippocampal-independent task) of the water maze task (Guzowski et al., 2001).  

Along with these behavioral studies, a number of studies also suggest that several 

of the IEGs are needed for other forms of long-lasting plasticity, in particular, LTP. Gene 

studies have shown that hippocampal stimulation resulting in LTP also results in the 

expression of a number of IEGs in the hippocampus (Davis et al., 2003; Frey et al., 1988; 

Goelet et al., 1986; Guzowski et al., 2000; Lee et al, 2004). Moreover, a study by 

Guzowski et al. (2000) has demonstrated that knocking down Arc expression with 

infusions of antisense oligonucleotides against Arc results in LTP maintenance 

impairments and long-term memory deficits in the Morris water maze task (Guzowski et 

al., 2000). Studies using mice with a targeted disruption of zif268 indicate that LTP can 

be induced in the dentate gyrus of these mice, but that the maintenance of LTP is 

impaired, when measured 24 and 48 hours after stimulation. Further, on both spatial and 

non-spatial learning tasks, short-term memory remained intact in the mutant mice, but 

performance was impaired in tests requiring long-term memory (Jones et al., 2001). 

These results suggested that much like the effector IEG Arc, zif268 is also essential for 

the transition from short- to long-term synaptic plasticity and for the expression of long-

term memories. Overall, studies like these, which employ strategies to selectively disrupt 

the expression of specific genes together with the correlative studies discussed above, 

provide strong evidence that several of the IEGs are required for long-lasting plastic 

changes in the brain. To follow is a discussion of each of the genes under investigation in 

this dissertation, Arc, c-fos, zif268, and Homer 1a. 
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Activity-regulated cytoskeletal gene (Arc) 

 Arc (Lyford et al., 1995), also known as known as Arg3.1 (Link et al., 1995) is an 

effector IEG that has been extensively investigated in the field of learning and memory, 

partly due to its tight experience-dependent regulation in behaviorally defined neural 

networks (Guzowski et al., 1999; Vazdarjanova et al., 2002). Arc does not have 

homology with any other genes and does not belong to any gene family, whereas most 

other IEGs do (i.e., c-fos, Homer1A, zif268), suggesting a unique function. That being 

said, Arc does show low to modest homology to actin binding α-spectrin, a cytoskeletal 

component, and hence the name for this gene. Arc is also unique among most of the IEGs 

in that its mRNA is expressed and transported to activated synapses (Figure 3.2), and this 

selective transport can be blocked by blocking NMDA receptors (Steward and Worley, 

2001). 
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Figure 3.2. Activity-dependent Arc and dendritic localization. Newly synthesized Arc 

mRNA is selectively targeted to dendritic domains that have been synaptically activated. 

Panel A shows the distribution of Arc mRNA in a control dentate gyrus (i.e., 

unstimulated), after a single electroconvulsive seizure (B), and after delivery of high 

frequency trains of stimulation delivered to the medial perforant path over a 2-hour 

period (C). Note the uniform distribution of Arc across the dendritic laminae after an ECS 

and the prominent band of labeling on the middle molecular layer after high frequency 

stimulation of medial perforant path. A schematic illustration of the dendrites of a typical 

dentate granule cell and the pattern of termination of the medial perforant path is shown 

in D. gcl, granule cell layer; hf, hippocampal fissure. After Steward andWorley, 2001.    

 

  Arc is induced selectively in the principal cells of the hippocampus and in other 

brain regions, by neural activity that is specifically associated with active information 

processing (for review see Guzowski et al., 2005; Miyashita, 2007). Moreover, Arc is 

induced exclusively in α calcium-calmodulin kinase II (αCAMKII) containing neurons 

(Vazdarjanova et al., 2006). CaMKII has been implicated in mechanisms of synaptic 

plasticity and memory consolidation (Lisman and Zhabotinsky, 2001; Lisman et al., 

2002; Miller et al., 2002; Braun and Schulman, 2003), and thus the observation that Arc 

is always expressed in α CaMKII-positive principal neurons may suggest that Arc and 

CaMKII may participate as ‘plasticity partners’ in terms of the structural or functional 

changes that underlie synaptic plasticity and memory consolidation (Vazdarjanova et al., 
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2006). Interestingly, Arc and CaMKII proteins co-localize in the postsynaptic density 

(Donai et al., 2003), lending some support to this idea.  

 Arc is required for the maintenance of LTP and long-term memory (Guzowski et 

al., 2000; Plath et al., 2006). When Arc expression is inhibited using antisense 

oligonucleotides ODNs), there is no significant effect on the induction of LTP, or on 

acquisition of the Morris swim task; however, there is interference with the maintenance 

of LTP over several days (Guzowski et al., 2000). Moreover, rats that had previously 

learned the location of the hidden platform on the Morris swim task, when treated 8 hours 

after acquisition of the task, failed to recall the platform’s location upon later testing 

(Guzowski et al., 2000). Experiments using Arc knockout mice have revealed similar 

effects on long-term spatial, taste, and fear memory (McIntyre et al., 2005; Plath et al., 

2006).  

 Finally, the kinetics of Arc transcription are well known, and this enables Arc to 

form the basis of the catFISH method, described in Chapter 2 (Guzowski et al., 1999).  

One of the first uses of this technique demonstrated that Arc mRNA is induced in the 

same proportion of neurons of dorsal hippocampal cells as would be expected from 

ensemble recordings obtained under similar behavioral conditions (Guzowski et al., 

1999).  Briefly, following a temporally discrete stimulus, such as exploration of an 

environment, Arc RNA is detected in neuronal nuclei as discrete foci within ~2 min, 

indicating the sites of Arc transcription at genomic alleles. Within ~15 min Arc foci are 

undetectable, but Arc mRNA can be detected in the cytoplasm and dendrites ~20–60 min 

after exploring the environment. Because the time course of the nuclear signal is distinct 
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from the cytoplasmic signal, the activity history of individual neurons at two different 

times can be inferred using the Arc catFISH method (Figure 3.3). In addition to the 

studies in hippocampus, Arc catFISH has been used to investigate neuronal ensemble 

responses in parietal (Burke et al., 2005) and olfactory (Zou & Buck, 2006) cortices. 

 

  

Figure 3.3 Imaging neural activity 

with temporal and cellular resolution 

using Arc catFISH. A. Projection 

image generated from a confocal 

image stack showing a CA3 neuron 

with Arc foci (white arrows) and 

cytoplasmic mRNA labeling (yellow 

arrow). Nuclei are blue and Arc RNA 

is red. B. Behavioral timeline for a 

typical catFISH experiment. The 

approximate time course of detection 

for Arc foci (solid line) and 

cytoplasmic Arc mRNA (dotted line) 

following neuronal activation in a 

two epoch Arc catFISH experiment. 

The behavioral epochs for which Arc 

foci or Arc cytoplasmic mRNA 

provide ‘readout’ are shown above 

the curves From Guzowski et al., 

2005. 

  

 

 

The tight regulation of Arc transcription is seen in several brain regions, including 

the pyramidal cell layers of the hippocampus (areas CA1 and CA3), neocortex, striatum, 

and the amygdala (Burke et al., 2005; Guzowski et al., 2001; Han et al., 2007; Ramirez-

B 
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Amaya et al., 2005; Zhang et al., 2005; Zou and Buck, 2006). In the dentate gyrus, the 

regulation of Arc appears to be different (Ramirez-Amaya et al., 2005). Here, Arc RNA 

and protein show prolonged periods of expression, up to 8 hours following behavioral 

induction (Ramirez-Amaya et al., 2005). Although the functional consequences of this 

sustained activity are not yet known, one intriguing possibility is that it is necessary for 

long-term memory consolidation (Guzowski et al., 2000; Messaoudi et al., 2007).   

 The exact function of Arc is not yet known, but recent evidence suggests that it 

plays a critical role in regulating AMPA receptor trafficking (Chowdhury et al., 2006) 

and homeosynaptic scaling of synapses that contain AMPA receptors (Rial Verde et al., 

2006; Shepherd et al., 2006), both of which are essential for efficient and reliable 

synaptic plasticity (Bredt and Nicoll, 2003; Malinow and Malenka, 2002). In other words, 

neuronal cells must possess mechanisms to maintain synaptic strength within a range that 

can accommodate increases or decreases in synaptic transmission so that synapses 

become neither saturated nor silent over time (Figure 3.4).  Interestingly, Barnes et al. 

(1994) and Moser et al. (1998) have demonstrated that saturation of hippocampal LTP 

impairs spatial learning on certain tasks, and a later study by Brun et al. (2001) 

demonstrated that this impairment is NMDA receptor dependent. NMDA-receptor-

dependent genes that are rapidly induced and localized to activated dendritic regions, 

such as Arc, may support this function. Moreover, if this is indeed one of the functions of 

Arc, one might also suggest that a deficit in homeosynaptic scaling could lead to memory 

deficits in the aged brain.   
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Figure 3.4 A model proposed by Rial Verde et al. (2006) to illustrate how Arc might 

regulate homeosynaptic scaling. The schematic illustrates the scenario in which a region 

of the dendrite receives a synapse-strengthening stimulus that causes different amounts of 

potentiation in three neighboring synapses and induces Arc mRNA expression and 

localization to that region. Synapse 1 is 100% potentiated, synapse 2 is not potentiated, 

and synapse 3 is 50% potentiated. Arc preferentially affects synapses with relatively more 

GluR2/3 content. Consequently, the potentiated-to-nonpotentiated synaptic-strength ratio 

is increased by Arc-induced GluR2/3 removal, e.g., synapse 1-to-synapse 2 ratio: initially 

1, becomes 2 after LTP and increases to 3 after Arc has acted. In addition, total synaptic 

strength for that dendritic region is homeostatically regulated (initially 6, becomes 9 after 

LTP, returning to 6 after Arc’s action). From Rial Verde et al. (2006). 

 

 

C-fos 
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C-fos is part of a family
 
of transcription factors consisting of c-fos, fosB, and the

 

Fos-related antigens 1 and 2 (Fra-1 and Fra-2). C-fos has enjoyed a moderate level of 

celebrity since it was first identified in neural tissue (Morgan et al., 1987). At that time, c-

fos was already known to be both a proto-oncogene and transcription factor, leading 

Morgan et al. (1987) to hypothesize that long-term neuronal responses may be very 

similar to the hierarchical genomic response underlying cell growth. Since its discovery 

in neural tissue, numerous studies have demonstrated that this transcription factor can be 

activated in many areas of the brain by a plethora of stimuli, for example, in barrel cortex 

by vibrissae stimulation (Melzer and Steiner, 1997), in visual areas after exploration of a 

novel environment (Montero, 1997), in the hippocampus after long-term potentiation 

elicited by high frequency stimulation (Worley et al., 1993), and in the hippocampus and 

neocortex following a variety of learning and memory tasks (e.g., Hughes et al., 1999; Jo 

et al., 2007 Reijmers et al., 2007; Smith et al., 2007; Teather et al., 2005). Interestingly, 

although c-fos is activated by many stimuli, a key feature associated with its expression 

appears to be novelty, since rats exposed to novel environments or objects show much 

higher levels of c-fos expression than if the stimulus is familiar (Papa et al., 1993; Zhu et 

al., 1997). Basal levels of c-fos and its protein are low and appear relatively restricted in 

the adult brain, and in particular, basal c-fos levels are low in hippocampus of both rat 

and cat (Hughes et al., 1992).  

C-fos was postulated, from its discovery in neural tissue, to participate in the 

molecular mechanisms of learning and memory (Tischmeyer and Grimm, 1999; 

Guzowski, 2002), and as noted above, numerous studies have been published 
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documenting that c-fos is activated following various memory tasks. However, because c-

fos is induced
 
by so many kinds of stimuli, many were skeptical of its role in learning and 

memory, questioning the
 
functional relevance of its expression in the brain. In other 

words, simply showing that c-fos was activated after a memory task did not provide proof 

that it was necessary for the task to be completed successfully. In order to do this, at the 

very least, one had to show that blocking c-fos expression in a particular brain region 

known to be necessary for the solving the task would result in a deficit in performing the 

task. 

This kind of approach took off in the early 1990’s with the introduction of knock-

out and knock-in technology. Answering the question of whether or not c-fos actually 

played a role in learning and memory was one of the many early uses of this technology, 

beginning with a conventional c-fos knock-out mouse (Johnson et al., 1992; Paylor et al., 

1994). Behavioral characterization of these mice revealed that, compared to wild-type 

and heterozygous litter mates, c-fos-deficient mice were impaired on the spatial version 

of the Morris water maze, and poor performance on this task was significantly correlated 

with performance on the non-spatial version of the task. On a more simple learning task,  

requiring left/right discrimination on a T-maze, mutants did not perform differently from 

wild-type or heterozygous littermates (Paylor et al., 1994). Although the behavioral 

characterization of these mice was far from thorough, these results at least suggested that 

c-fos appeared to be necessary for complex, but not simple learning tasks.  

Unfortunately, however, these mice were also shown to have a number of 

developmental malformations, such as severe osteoporosis and lymphopenia, and so it 
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was not possible to discriminate
 
memory impairments from confounding motor

 

dysfunctions in these studies (Johnson et al., 1992; Paylor et al., 1994; Watanabe et al., 

1996). Following the introduction of the knockout mouse, additional knockout 

technologies that allowed greater specific and also temporary knockdown of a gene were 

introduced, including successful use of antisense oligonucleotide (ODN) treatment and 

site directed knockouts. For example, Fleischmann et al. (2003) generated mice with a 

nervous system-specific c-fos knock-out using the Cre-loxP system to avoid the 

confounding developmental abnormalities in conventional knockouts. Adult mice lacking 

c-fos in the CNS showed normal general and emotional behavior but were impaired on 

hippocampus-dependent spatial and associative learning tasks (Fleischmann et al., 2003). 

These results were consistent with
 
another study using the antisense oligonucleotide 

strategy to knockdown gene expression in the hippocampus for short periods of time 

(Figure 3.5). This study showed that temporarily reducing c-fos protein expression 

resulted in impaired long-term
 
spatial learning but normal strategic learning in the water

 

maze (Guzowski, 2002). 
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Figure 3.5 Antisense oligonucleotides against c-fos impairs spatial memory. A. Mean 

escape latency for training session 1 (TS1), training session 2 (TS2), and retention test 

(RT). Retention test escape latency is impaired in the c-fos antisense group, relative to 

scrambled ODN controls. B. Normalized retention scores for retention trial 1 (R1), 

retention trial 2 (R2), retention trial 3 (R3), and session mean (RET mean). Normalized 

retention is the retention trial escape latency value divided by the training session mean 

value for each rat. This value provides an index of retention that is normalized to 

acquisition performance for each rat. From Guzowski, 2000.  

 

 

However, one additional study using yet another knockout technique did not agree 

with these results. This study used mice with a hippocampus-specific
 
disruption of c-fos, 

and did not find a deficit in performance in the Morris water maze (Zhang et al., 2002). 

There are two methodological issues to address between the two knockout studies: one is 

that the hippocampal recombination
 
rate in the Zhang et al. (2002) study was 95% in 

principal CA1 neurons but only 70% in dentate granule
 
cells, meaning that there very 

likely was Fos present or not completely knocked down, and second, the technique used 

by Fleischmann et al. (2003) is not restricted to the hippocampus, but resulted in Fos 

deletion throughout the CNS. Thus, the lack of c-fos expression
 
in brain areas outside of 

the hippocampus may have also contributed
 
to the learning deficits found by this group.  

 

A 

 

             B 
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Additional studies that support the idea that c-fos plays some role in memory 

demonstrate that c-fos induction is regionally specific, and correlates specifically with the 

demands of a particular task. For example, Vann et al. (2000) compared Fos 

immunostaining following performance on spatial tasks that used allocentric versus non-

allocentric strategies to solve the task. In one experiment, one group of rats performed a 

standard eight-arm radial maze task (allocentric task), while their control group was
 

trained to transverse a single arm of the maze (non-allocentric task), with the number
 
of 

runs and rewards being identical in both conditions. In a second experiment, two groups 

of rats were trained on the eight-arm maze located in different rooms.
 
On the day of 

sacrifice, both groups were run in the same room
 
so that one group performed with novel 

landmarks. Cell counts revealed that all hippocampal
 
subfields, including the dentate 

gyrus, CA1 and CA3 regions, as well as the subiculum, showed increases in Fos after 

both experiments.
 
However, the number of neurons expressing Fos increased as the 

spatial
 
demands of the tasks increased. Moreover, although the increase in Fos activation 

was found in both the dorsal and
 
ventral hippocampus, there was

 
a significantly greater 

increase in the dorsal hippocampus when rats ran the maze in a novel environment 

(second experiment) (Vann et al., 2000). This finding is consistent with previous work 

that a novel apparatus or novel
 
pattern arrangement results in increased activation 

preferentially in the dorsal hippocampus (Hess et al., 1995; Zhu et al., 1997), and a 

number of other studies that also show that c-fos is induced in regionally specific areas 

depending on the cognitive demands of the task (Colombo et al., 2003; Jenkins et al., 

2003; Jenkins et al., 2004). 
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Zif268 

 Zif268 (also known as Egr-1, krox-24, NGFI-A, TIS8, and ZENK in avian species) 

functions as an inducible regulatory transcription factor, and it is known to regulate the 

transcription of about 20 late-response genes (Table 3.2; for review see Knapska and 

Kaczmarek, 2004). Thus, zif268 alone can have a dramatic effect on long-term cellular 

homeostasis. In the behaving animal, zif268 is upregulated in the hippocampus after 

exploration of a novel environment (Wallace et al., 1995), and Yau et al. (1996) 

demonstrated a positive correlation between spatial learning and the basal expression of 

zif268 in CA1 pyramidal neurons.  

 Additional work aimed at finding a direct role for zif268 in learning and memory 

has turned primarily to knock-out technology. Using a mutant mouse with a targeted 

disruption of zif268, Jones et al. (2001) addressed whether zif268 is required for the 

maintenance of late LTP and for the expression of long-term memory. In this study, 

mutant mice exhibited early LTP in the dentate gyrus, but late LTP was absent when 

measured 24 and 48 hours after tetanus in the freely moving animal. Further, on both 

spatial and non-spatial learning tasks, short-term memory remained intact in the mutant 

mice, but performance was impaired in tests requiring long-term memory. These results 

suggested that zif268 is essential for the transition from short- to long-term synaptic 

plasticity and for the expression of long-term memories (Jones et al., 2001).  

 In the same year, another group found region-specific differences in zif268 

expression in the hippocampus. French et al. (2001) found that in granule cells of the 

dentate gyrus, LTP induced in vivo by stimulation of the perforant path resulted in strong 
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induction of zif268, but this what not the case when LTP was induced by high-frequency 

stimulation of the commissural projection to CA1 pyramidal cells. These results establish 

the existence of a region-specific transcriptional response to LTP-inducing stimulation in 

the hippocampus, and demonstrate that in area CA1, enhanced transcription of zif268 is 

not required for the induction of late phase LTP (French et al., 2001). These data are 

interesting in terms of potential changes associated with aging: it is known that normal 

aging is accompanied by regionally specific changes in hippocampal synaptic 

transmission (Barnes, 1994), and further, a recent study indicates that the dentate gyrus is 

particularly vulnerable to age-associated changes (Small et al., 2004). Thus, further 

research directed at extending these findings in memory impaired aged rats is needed. 

 

 
 

Table 3.2 The known late-response genes that are regulated by zif268. From Knapska and 

Kaczmarek, 2004. 
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Homer1A 

 Homer is a component of the postsynaptic density (PSD), and has been shown to 

regulate the structural and molecular organization of dendritic spines (Pak et al., 2001; 

Sala et al., 2001). A total of 12 Homer cDNAs have been cloned, all of which function 

differently to regulate cellular function (Xiao et al., 1998). Homer1a (H1a) is an activity-

inducible short-splice variant of Homer and was originally identified on the basis of rapid 

upregulation of its mRNA in the hippocampus after seizure (Brakeman et al., 1997; Kato 

et al., 1997). H1a can also be induced in dentate granule cells by tetanic stimulation of 

the perforant path but not in CA1 pyramidal cells following high-frequency stimulation 

of the commissural projection in vivo (French et al., 2001).  

 There are three main hypotheses regarding the functional role of Homer in the 

brain, all of which are supported, to some degree, with experimental data (see Figure 

3.6). One hypothesis is that Homer regulates the coupling of membrane receptors with 

intracellular pools of releasable Ca
2+

 (Tu et al., 1998; Naisbitt et al., 1999; Tu et al., 

1999).  The second hypothesis is that Homer proteins regulate synaptogenesis and 

targeting of metabotropic glutamate receptors (Naisbitt et al., 1999; Tu et al., 1999), and 

a third hypothesis regarding Homer’s function in the brain is that Homer proteins may be 

involved in receptor trafficking (Roche et al., 1999; Ciruela et al., 2000). This idea is 

supported by work showing that expression of Homer alters the cellular distribution of 

mGluRs in vitro. H1a in particular, has been shown to be permissive for insertion of 

group 1 mGluRs into the plasma membrane, whereas other Homer variants, such as 
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Homer1b caused retention of the mGluRs in the endoplasmic reticulum (Roche et al., 

1999).   

 

 

 

Figure 3.6 The regulation of mGluR signaling by Homer. A. Constitutively expressed 

Homer proteins (CC-Homers in panel A) are localized to the postsynaptic compartment, 

where they bind the carboxyl terminus of group I mGluRs and IP3Rs. These receptors are 

physically coupled by CC-Homers to form an efficient signaling complex that generates 

IP3 and releases Ca
2+

 from intracellular pools. B. In response to neural activity, H1a is 

rapidly upregulated and competes with CC-Homer to disassemble the signaling complex. 

This competition between H1a and CC-Homer may involve other targets of Homer. 

Thus, neural activity evokes a feedback mechanism to reduce glutamate-induced release 

of Ca
2+

 from intracellular pools. C, carboxyl terminus; DAG, diacylglycerol; ER, 

endoplasmic reticulum; N, amino terminus; PIP2, phosphatidylinositol bisphosphate; PL-

Cb, phospholipase Cb. From Xiao et al., 2000.  
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 H1a has also been used, in conjunction with Arc, to map neural ensembles. This 

method, which is a variant of the catFISH method already described for Arc, capitalizes 

on the precise onset and shutoff of synaptic activity-dependent IEG transcription and the 

differences in the structure of the primary transcripts for Arc and H1a; Arc mRNA is 

derived from a short primary transcript (~3.5 kb), while H1a mRNA is generated from a 

much longer and more complex primary transcript (~5 kb). To detect Arc and H1a, a 

double label FISH is performed, using a H1a 3’ UTR (untranslated region) specific 

riboprobe and a full length Arc riboprobe. Cells activated 2–15 min before sacrifice are 

labeled with Arc foci, and cells activated 25–40 min earlier are labeled with H1a foci 

(Figure 3.7).  
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Figure 3.7 Imaging neural activity with temporal and cellular resolution using Arc/H1a 

catFISH. Panel A shows a projection image generated from a z-series confocal image 

stack from the CA3 region of rat hippocampus, showing a cell with Arc foci (red arrows), 

H1a foci (green arrow) and both Arc and H1a foci (yellow arrow). Nuclei are shown in 

blue. B. Behavioral timeline for a typical catFISH imaging experiment. The approximate 

time course of detection for Arc foci (solid line) and H1a foci (dotted line) following 

neuronal activation in a two experience experiment. The behavioral epochs for which Arc 

foci or H1a foci provide a ‘readout’ are shown above the curves. From Guzowski et al., 

2005. 

  

 

 Several catFISH studies have been performed using the Arc/H1a technique, and 

have confirmed that the expression of Arc and H1a is related to specific neural 

information processing (reviewed in Guzowski et al., 2005). For example, the proportions 

of hippocampal neurons expressing Arc in the hippocampus (CA1, CA3, and dentate 

A 
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gyrus) are comparable to the proportions of neurons that are observed to express place 

fields within an environment of comparable size. In addition, when rats are exposed to 

two different environments, the proportions of overlap also correspond to 

electrophysiological observations. This method has also been used to show that CA3 

ensembles exhibit greater pattern completion than do CA1 ensembles when minor 

alterations of an environmental are made between exposures, a finding consistent with an 

independent electrophysiological study. Outside of the hippocampus, Petrovich et al. 

(2005) used the Arc/Homer 1a catFISH technique in combination with tract tracing 

methods to study the influence of amygdalar and prefrontal cortical inputs to the lateral 

hypothalamus in driving conditioned potentiation of feeding. 

 

Summary 

 Since their discovery, immediate-early genes have been purported to play a role in 

memory function. Long-term memory requires the expression of new RNA and protein, 

and although it is unlikely that the expression of any single gene, or even any single 

family of genes are sufficient to maintain long-term memories, the immediate-early genes 

represent an excellent starting point for studying the genomic mechanisms of long-term 

memory. This is because they are rapidly and dynamically expressed within the brain and 

thus, the immediate-early genes that have been characterized have a memory-promoting 

function. How these genes may contribute to age-related cognitive dysfunction is 

discussed in the following chapter.    
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CHAPTER 4: THE NEUROBIOLOGY OF AGE-RELATED CHANGES IN 

SPATIAL MEMORY FUNCTION 
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 Normal aging involves changes in cognitive function. Such changes are not the 

result of an aggressive age-associated pathology process, like those that underlie 

Parkinson’s disease, Alzheimer’s disease or other dementing conditions. Rather, the 

neurobiological changes that take place across the life span involve subtle alterations in 

neuronal morphology, the ways in which cells communicate with each other, and 

mechanisms such as gene expression that promote the ability of the aged brain to be 

‘plastic’ and efficiently store and retrieve information. Notably, different regions of the 

hippocampus undergo different kinds of age-related neurobiological changes, and this has 

a direct impact on the way in which the aged hippocampus functions.  These issues will 

be the topic of the chapter to follow.  

 

Learning and Memory Changes Associated with Aging 

Numerous behavioral tests of learning and memory have been used to examine 

the question of whether these variables change with age. These include classical 

conditioning tasks, such as eyeblink and heart rate conditioning, conditioned taste 

aversion, fear conditioning, as well as operant conditioning tasks such delayed matching 

to sample and delayed non-matching to sample tasks. Instrumental learning tasks have 

also been used such as active avoidance, passive avoidance and maze learning tasks (for 

review see Barnes, 1991; Burke and Barnes, 2006; Ingram, 2001; Rosenzweig and 

Barnes, 2003). The performance of older animals has been shown, in some instances, to 

be markedly different from that of younger animals, whereas performance on other tasks 

is unaffected or only marginally affected in aged subjects. Instead of providing a 
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comprehensive review of the literature regarding age-related cognitive changes, the 

following discussion will focus on one particular behavior that is consistently altered with 

age, that of spatial learning and memory. This form of learning and memory involves the 

ability of the organism to acquire and retain information that is critical for successful 

navigation through space.   

The rationale for choosing this particular behavior is based on the notion that the 

study of aging, using nonhuman animal models, is most effective when the behavior 

under investigation has some analogue to human behavior. If the behavior under 

investigation changes in an age-dependent manner in both the nonhuman animal model 

and in the human case, then the task of making inferences from the nonhuman subject is 

greatly simplified. Moreover, a great deal of accumulated evidence indicates that in all 

mammals tested, spatial abilities are altered during aging.   As discussed in the Chapter 

Two, spatial memory has been the subject of laboratory studies for decades, and 

represents an excellent example of a behavior that can be readily tested in both human 

and nonhuman subjects.  

 

Spatial Learning and Memory: Rodent Models 

Maze learning tasks are very useful methods for investigating age-related changes 

in rodents, in part because rodents are naturally excellent foragers and therefore tend to 

learn these sorts of tasks exceptionally well. In such tasks, the animal begins at a specific 

start position in the maze, and then must navigate to a goal position to receive food or 

water reward (positive reinforcement), or to avoid foot shock, bright light, or cool water 
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(negative reinforcement). Simple mazes require the animal to learn a limited number of 

discriminations to reach the goal target, and delays can be imposed to complicate the 

task. Complex mazes, on the other hand, require the animal to learn and remember a 

greater number of discriminations in order to reach the target goal. 

Behavioral investigation of age-associate memory changes using mazes dates 

back, at least, to the seminal work of Stone (1929a, 1929b) who used a battery of tests to 

investigate age-associated learning and memory changes in rats up to 24 months of age 

(Figure 4.1A).  Although the results reported by Stone did not reveal significant 

differences between groups of rats when the data are considered on a per animal basis, a 

small proportion of the oldest rats tested by Stone did show deficits. One possible 

explanation for the weak aging effect reported by Stone is that he used a long-lived strain 

of rat with an average life span of 36 months. Thus, he may have been collecting data 

from “biologically younger” animals, or rats in late maturity as opposed to old age. In 

fact, subsequent studies have consistently found age-related deficits using multiple T-

mazes (similar to one the Stone himself used) and shorter lived rat strains (Goodrick, 

1968; Klein and Michel, 1977; Skalicky et al., 1984; Ingram, 1985; Goldman et al., 1987; 

Lohninger et al., 2001). For example, an early study by Verzar-McDougall (1957) 

reported that with advancing age, rats have greater difficulty with both the acquisition 

and retention of the complex T-maze task. Moreover, after 20 months of age, individual 

variability increased significantly, with the oldest rats performing the worst. These 

studies highlight the importance of considering the issue of whether the subjects tested 

are truly ‘aged’.  
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Many other tasks have been used to assess spatial memory in rats of different 

ages. One such task is the circular platform task (also known as the Barnes maze) which 

was developed specifically for age comparisons of spatial memory (Figure 4.1B). This 

task is well suited for testing aged animals because it does not require food or water 

deprivation for motivation, and performance on this task is not affected by age-related 

changes in speed or stamina. For this task, the rat is placed onto a large, open, brightly lit 

platform, and must discover which of 18 holes, located on the perimeter of the platform, 

leads to a dark escape chamber. Rats prefer dark enclosures to brightly lit open spaces, 

and are therefore motivated to complete the task based on this preference. The escape 

hole is always placed in the same location of the room with respect to distal cues in the 

environment. Thus, the most effective strategy for solving this task over multiple trials is 

to remember the location of the escape box in relation to the distal cues in the room (i.e., 

spatial strategy). Compared to young rats, aged rats tend to have difficulty learning the 

location of the escape tunnel and retaining the memory of the tunnels’ location from day 

to day (e.g., Barnes, 1979; Barnes et al., 1980; Barnes and McNaughton, 1985; Barnes et 

al., 1989; Markowska et al., 1989; McLay et al., 1999; Greferath et al., 2000). These 

findings have been replicated by Bach et al. (1999) in the aged mouse using a modified 

version of the circular platform task that included a control version for determining how 

well older animals could see and use distal cues.  

Perhaps the most widely used test of spatial learning and memory in rodents is the 

Morris water maze (Morris, 1981). In its most basic form, a large circular tub of water is 

filled with opaque water and it is the rats’ job to locate a hidden escape platform 
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submerged just beneath the surface of the water (Figure 4.1C). On each trial, the rat is 

released into the water at different predetermined start locations and allowed to swim 

until either the escape platform is located, or a certain amount of time has elapsed. 

Initially, rats will swim around the pool randomly, but after having found the platform 

over repeated trials, most young animals learn to swim directly to the escape platform. 

The two dependent variables that are typically measured are the latency to find the hidden 

platform, and the path length taken to reach the platform, although other more complex 

analyses can be used, such as Gallagher’s “corrected integrated path length” or “learning 

index” (Gallagher et al., 1993). After a certain number of training trials (typically 20-24), 

a probe trial can be administered in which the platform is removed from the tank. Those 

animals that have learned the task (i.e., the location of the platform) will spend a 

considerable amount of time swimming in the area where the platform was previously 

located, whereas those animals that have not successfully learned the task will continue to 

swim randomly around the tank.   
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Figure 4.1 Examples of maze tasks used to assess spatial learning and memory function. 

(A) Diagram of the 14-unit T-maze, or Stone maze. The start box is indicated by an “S,” 

and the arrows show the direction in which the animals must travel to find the goal box 

(“G”) correctly. Guillotine doors are used to divide the maze into five segments 

(indicated by lines at choice points) so that the animals are not allowed to go backward 

through the maze. Motivation for performance can either be food or water reward at the 

goal or footshock [After Ingram, 1988]. (B) Photograph of a rat swimming in the spatial 

version of the Morris water maze. The water is made opaque so that the submerged 

platform is not visible to the animal. The rat must use distal cues in the room to locate the 

escape platform. The arrow indicates the location of the hidden platform. (C) Photograph 

of a radial 8-arm maze, with a rat prepared for and attached to electrophysiological 

recording equipment. Food reward is available at the ends of each of the arms in cups, 

and on any given trial the cup is baited only once. (D) Photograph of the Barnes maze, or 

circular platform task, illustrating the rat making an “error” by looking into a hole that is 

not over the dark escape chamber. The arrow points to the correct location of the hole 

over the goal, which the rat must find on the basis of the features of the environment 

distal to the platform. From Barnes, 1991. 
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Numerous laboratories have demonstrated that aged rats are consistently slower at 

learning the Morris water maze task than are adult rats, and show poorer retention of the 

hidden platform location from test day to test day than do younger animals (e.g. Gage et 

al., 1984; Biegon et al., 1986; Pelleymounter et al., 1987; Rapp et al., 1987; Markowska 

et al., 1989; Frick et al., 1995; Barnes et al., 1997b; Shen et al., 1997; Bizon et al., 2004; 

Nicholson et al., 2004; Tombaugh et al., 2005). When the performance of individual rats 

is assessed for each trial, both young and aged rats show bimodal performance on early 

learning trials (Barnes et al., 1997b). This means that on some trials, both age groups 

sometimes take a short path to the platform, but on others take a long path (Figure 4.2). 

Over the course of training, however, the performance of young rats is increasingly 

unimodal since most young rats will learn to consistently take the most direct path to the 

platform. In contrast, the aged rats continue to display relatively bimodal performance, 

even on the final days of training. This indicates that aged rats are not completely 

forgetting or not learning the location of the hidden platform; in fact aged rats do show 

moderate improvements in performance over the course of training. Rather, aged rats 

have more difficulty than young rats in consistently retrieving the correct memory for the 

platform’s location.  
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Figure 4.2 Performance of old and young rats on the Morris swim task. (a) Old rats are 

significantly impaired at finding the hidden platform in relation to external spatial 

landmarks. (b) Frequency distribution of mean performance scores for old rats during the 

last six trials (day 4), when performance was nearing asymptote. Although mean 

performance was variable across rats, there is no evidence that old rats segregate into 

distinct groups. Panels c– f, show that frequency distributions of performance on 

individual trials were strongly bimodal in both young and old rats early in training (day 2 

shown in panel (c) for old rats, and panel (e) for young rats). By day 4 the performance of 

young rats was almost unimodal (f), whereas old rats exhibited about equal proportions of 

short and long swim paths (d). From Barnes et al., 1997b.  
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 The Morris water maze can be modified to become a visual discrimination task 

instead of a spatial task with the platform made visible above the waterline. A large 

beacon can also be placed over the platform, making it easier to find. When this non-

spatial version of the task is used, aged rats without visual deficits have little difficulty 

solving the task (e.g. Rapp et al., 1987; Rosenzweig et al., 1997; Shen et al., 1997). 

Additional studies have demonstrated that aged rats can perform well on maze tasks 

when alternative strategies for solving the task can be used. For example, Barnes et al. 

(1980) investigated the kind of strategies aged and adult rats use to solve a T-maze task, 

altering the task so that it could be performed using: (1) a local-cue strategy in which the 

rat learns to associate a particular arm of the maze with a rubber mat on the track surface; 

(2) a response strategy in which the rat learns to turn left or right, depending on the 

sequence of behaviors already performed on the maze; (3) a place strategy in which the 

rat learns to enter the arm located in a particular area of the room, using extra-maze cues 

as a coordinate system to make this decision. This study revealed that aged rats were 

more likely than adult rats to use a response strategy to solve the task, whereas the adult 

rats were more likely to use a place strategy. This finding, along with those of other 

laboratories, suggest that aged rats may not use effective spatial strategies to solve these 

problems (e.g., Barnes et al., 1980; Rapp et al., 1987; Gallagher and Pelleymounter, 

1988). 

 Finally, one additional task that has been used to test learning and memory 

function is the radial arm maze (Figure 4.1D), which consists of a central platform with 8 

arms containing rewards radiating from it. The rat is required to obtain each of the 
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rewards without re-entering an arm where reward has already been obtained. Re-visiting 

arms where reward was already obtained is considered an error of spatial working 

memory. The task can be made more difficult by imposing a delay between the retrieval 

of the first four and the last four rewards. Numerous laboratories have demonstrated that 

aged rats are impaired on this task, with and without the imposed delay (e.g., Barnes et 

al., 1980; Wallace et al., 1980; de Toledo-Morrell et al., 1984; Beatty et al., 1985; de 

Toledo-Morrell and Morrell, 1985; Gallagher et al., 1985; van Gool et al., 1985; 

Geinisman et al., 1986; Caprioli et al., 1991; Mizumori et al., 1996; McLay et al., 1999; 

Rossi et al., 2005). When this task is modified so that it can be solved using non-spatial 

strategies (i.e., a local cue strategy), aged rats perform as well as young rats (Barnes et 

al., 1987). 

 

Spatial Learning and Memory: Human studies 

  Age-related declines in navigational skills are well documented in humans (for 

review see Rosenzweig and Barnes, 2003; Allen et al., 2004; Driscoll et al., 2005). An 

example from an early study that examined this issue used a large scale real-world 

environmental setting to examine the navigational performance of aged (60-80 years) and 

middle-aged (26-45 years) residents. The task was to recall as many buildings as possible 

from the downtown area of Orange, California and to locate them on a grid. To minimize 

the types of variables that can negatively impact aged subjects’ performance (i.e., speed, 

anxiety) the task was self-paced, and subjects were told that the purpose of the study was 

to help urban planners design better cities. Although aged subjects had actually lived in 
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the area longer than the younger subjects, they had less complete knowledge of their 

home environment when asked to recall environmental features and locate them 

accurately on a grid (Evans et al., 1984). A more recent study by Uttl and Graf (1993) 

assessed the spatial memory of several hundred young and old visitors (15 to 74 years of 

age) to a museum exhibit. In this study, participants were required to recall 3 pieces of 

information: 1) the route they traveled through the exhibit, 2) the landmarks they 

encountered on the route they traveled, and 3) the temporal order of landmarks they 

encountered. Aged subjects were able to recognize the landmarks they had encountered, 

but had difficulty recalling the route they traveled through the exhibit, as well as the 

temporal order of the landmarks they encountered (Uttl and Graf, 1993).  

 As noted in the previous section, the Morris water maze is one of the most widely 

used tests of spatial learning and memory for rodents. A task has been developed for 

humans that parallels the Morris water maze task used for rats. In the human version, 

subjects are explicitly instructed to learn the location of a landmark relative to extra-maze 

cues that are located outside of a large arena. Subjects are then required to place the 

landmark in the correct location after the environment has been manipulated in some 

way. As observed in aged rats, aged humans have more difficulty learning the correct 

location of the landmark than do young subjects (Newman and Kaszniak, 2000). As one 

might expect, these findings very closely parallel those seen with aged rats in the Morris 

water maze. 

Virtual navigation tasks have become increasingly popular in assessing human 

spatial cognition. For example, Moffat et al. (2001) had subjects ‘navigate’ a computer 
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generated maze that consisted of a series of interconnected hallways and alleys, some of 

which lead to target goal positions within the virtual environment, while others led to 

dead ends. Performance of the aged subjects was significantly impaired on this task; 

following the 5
th

 learning trial, 86% of the young participants located the target goal 

without error, whereas only 24% of the aged subjects performed at this level. In addition 

to making significantly more spatial memory errors (i.e., traveled to more dead ends) 

aged participants also traveled a greater distance and took longer to complete the task 

than did younger subjects.  

A virtual analogue of the Morris water maze, known as the Computer-Generated 

Arena (C-G Arena) has also been developed (Jacobs et al. 1997; 1998) and has been used 

to assess age-related changes in human spatial navigation (Thomas et al., 1999). For this 

task, participants are required to search and locate a target hidden within the virtual 

environment. Compared to younger adults, older adults had difficulty learning the 

location of the platform and travel a greater distance through the virtual environment in 

their search for the platform. In addition, on subsequent probe trials, aged subjects spent 

less time in the quadrant of the virtual environment that had previously contained the 

platform than did young subjects.  This same pattern of results is demonstrated even 

when environmental support (i.e., a larger platform, more salient distal cues) and more 

practice trials are allowed prior to testing (Thomas et al., 1999). As noted above for the 

rodent studies, aged rats have particular difficulty with tests that rely on knowledge of the 

relationships between environmental cues, but if the task can be solved using an 

alternative strategy, aged rats perform as well as young rats (e.g., Barnes et al., 1980). 
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Young adults in the Thomas et al. (1999) study reported using a spatial strategy to solve 

the task, whereas aged adults were less likely to report using a spatial strategy. Thus, 

taking these findings together with those described for rodents, it is clear that spatial 

information processing poses a problem for the aged. The next obvious question to 

address, is what underlies these changes in spatial memory function. 

 

Neuroanatomical Findings 

 Early work on the question of whether aging is accompanied by significant 

neuron death reported that as much as 25 to 50% of neurons in neocortical areas and 

some hippocampal subfields were lost in humans without Alzheimer’s disease, as well as 

in nonhuman primates and rodents (Brody, 1955; Ball, 1977; Brizzee et al., 1980; for 

review see Coleman and Flood, 1987). These studies, however, were not conducted using 

unbiased sampling methods, and thus, the results were based on neuron density in the 

structure under investigation instead of total neuron numbers (for review see Morrison 

and Hof, 1997). More recent studies that have employed unbiased stereological methods
2
 

have not detected a significant age-related loss of principle cells in the rat (Rapp and 

Gallagher, 1996; Rasmussen et al., 1996) mouse (Calhoun et al., 1998), non-human 

primate (West et al., 1993; Peters et al., 1996), or human (West, 1993). These studies, 

therefore, have lead to the conclusion that significant neuron loss is not an inevitable 

consequence of the normal aging process, at least with respect to the hippocampus and 

                                                 
2
 Stereology methods are used to analyze biological tissue in 3-D. This method uses unbiased sampling and 

estimation methods to determine parameters of volume, surface area, length and number in the biological 

tissue being analyzed. 
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much of the neocortex
3
. In addition, although the rate of hippocampal neurogenesis 

declines with increasing age, new neurons do continue to be generated in the aged rat 

hippocampus (e.g., Kuhn et al., 1996; Kempermann et al., 2002; Heine et al., 2004). 

Granule cells are also born in the aged mouse dentate gyrus and the rate of neurogenesis 

can be significantly increased by exercise (van Praag et al., 2005; Kronenberg et al., 

2005). It remains to be determined, however, if the rate of neurogenesis affects memory 

function; one study has reported that exercise-induced increases in neurogenesis is 

associated with better performance on the Morris water maze (van Praag et al., 2005), 

whereas other studies have found no correlation (Bizon and Gallagher, 2003) or a 

negative correlation (Bizon et al., 2004) in the aged rodent.  

If it is largely true that principle cell numbers are not altered in the aged 

hippocampus, then what is responsible for the age-related hippocampal-dependent 

cognitive changes that have been observed? Likely anatomical candidates include the 

dendrites and axons that connect cells to each other. Early studies that investigated 

dendritic branching suggested that age-related deterioration occurred in the hippocampus 

and entorhinal cortex (Scheibel et al., 1976; Scheibel, 1979), but these reports were later 

challenged primarily on the basis that both demented and non-demented subjects were 

included in the analysis and non-stereological techniques were used. Subsequent studies 

that screened participants more carefully, demonstrated extensive dendritic branching in 

CA1, CA3 and the subiculum of both normal aged and young human (Flood et al., 1987a; 

Flood, 1991; Hanks and Flood, 1991), and some studies have also reported increased 

                                                 
3
 A notable exception is reported by Smith et al. (2004) who demonstrate a 30% reduction in neuron 

number of area 8A of the dorsal lateral PFC. 
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dendritic branching and length in the dentate gyrus of aged compared to young adults 

(Flood et al., 1987b). 

 The work done in humans has been confirmed in other animals. In the rat, no 

significant age-associated changes in dendritic length are apparent in granule cells of the 

dentate gyrus, although a trend toward increased dendritic length in middle to old age has 

been suggested (Flood, 1993). Similarly, dendritic extent also remains unchanged in the 

CA1 of aged rats, with some evidence that a subset of CA1 neurons in the aged rat show 

an increase in basilar dendritic length and branching (Pyapali and Turner, 1996; Turner 

and Deupree, 1991; but also see Markham et al., 2005).   

Additional studies have investigated possible changes in cell connectivity by 

assessing synapse numbers, but unfortunately these attempts have produced mixed 

results, either as an artifact of the method used to count synapses, or because the 

cognitive status of the animals included in some of these studies was not known (e.g., 

Bondareff and Geinisman, 1976; Geinisman, 1979; Anderson et al., 1983; Scheff et al., 

1985). Studies using unbiased stereological methods and behaviorally characterized rats 

have provided a clearer picture. For example, work by Geinisman and his colleagues 

(1992) demonstrated a decrease in the number of nonperforated axospinous synapses in 

the inner and middle molecular layers of the aged dentate gyrus, and a significant 

decrease in perforated synapses in the middle molecular layer. This finding was specific 

to aged memory-impaired rats; groups of young rats and aged rats that were not memory-

impaired were not significantly different from one another. Physiological measures 

obtained form the dentate gyrus support this finding, showing an age-related decrease in 
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the pre-synaptic fiber potential elicited by stimulation of the perforant path (e.g., Barnes 

and McNaughton, 1980a; Foster et al., 1991), indicating that fewer axons are present at 

the perforant path-dentate granule cell synapse. In addition, an age-related decrease in the 

field EPSP has been recorded from dentate granule cells (e.g., Barnes, 1979; Barnes and 

McNaughton, 1980a; Foster et al., 1991). Both of these findings support the idea that 

synapse loss is a feature of the aged dentate gyrus. 

 In area CA1 however, the number of axospinous synapses are not different 

between aged memory-impaired and unimpaired or young animals (Geinisman et al., 

2004). This might seem surprising since the field EPSP in CA1 is also reduced in the 

aged rats (Landfield et al., 1986; Barnes et al., 1992; Deupree et al., 1993). In contrast to 

the dentate gyrus, the pre-synaptic fiber potential in CA1 remains unchanged in aged rats 

(Barnes et al., 1997a; Rosenzweig et al., 1997; Barnes et al., 2000b), suggesting that the 

decrease in the field EPSP is a result of a loss of functional synaptic contacts rather than a 

loss of incoming axons. Additional analysis of the CA1 region has focused on changes in 

the size of the postsynaptic density (Nicholson et al., 2004). The postsynaptic density is a 

structure that is located at the postsynaptic membrane, where neurotransmitter receptors, 

such as those for glutamate, are particularly dense (Baude et al., 1995; Desmond & 

Weinberg, 1998; Ganeshina et al., 2004; Peters et al., 1991). Analysis of the postsynaptic 

density revealed a significant decrease in the size at axospinous perforated synapses of 

memory-impaired aged rats but not aged-unimpaired and young rats (Nicholson et al., 

2004). This finding, taken together with the physiological data does suggest that a 
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decrease in functional synaptic contacts is a feature associated with aging in this brain 

region.   

Although neuroanatomical measures have been taken from human tissue, there 

are several methodological issues that impact these results. For example, the cognitive 

status of the brain donor may not be known, and issues related to how the brain tissue 

was handled or preserved prior to analysis can not always be consistent. Well-designed 

structural MRI studies can avoid some of these difficulties and therefore represent a 

powerful method that can be used to measure potential age-related neuroanatomical 

changes and to correlate such changes with cognitive function. The relationship between 

hippocampal size and memory function, however, is not as straightforward as one might 

first suppose. Studies that have used this technique have reported conflicting results; 

some studies demonstrate a significant positive correlation between hippocampal volume 

and memory function, some a significant negative correlation, while others have 

demonstrated no correlation (for reviews see Hedden and Gabrieli, 2005; Van Petten, 

2004). There are numerous issues that may contribute to the variability across studies, 

including the age of the participants in the study, the types and sensitivity of the 

neuropsychological tests used to assess cognitive function, if or how normalization to 

head size and/or body size is carried out, and possibly the inclusion of subjects in the 

early stages of Alzheimer’s disease or some other underlying pathological condition.  

A comprehensive meta-analysis of 33 studies by Van Petten (2004) demonstrated 

that the relationship between hippocampal volume and episodic memory in healthy aged 

subjects was weak due to significant variability across studies. Van Petten did find, 
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however, that the trend was toward volume-memory correlations becoming more positive 

as the age of the sample under investigation increased (i.e., greater volume is associated 

with better memory performance). Since the current discrepancy in the literature may be 

partly due to the inclusion of subjects in the early stages of Alzheimer’s disease, 

assessing hippocampal volume in an organism that does not get Alzheimer’s disease is 

critical. For example, Shamy et al. (2006) measured hippocampal volume in behaviorally 

characterized rhesus monkeys, a species that does not get Alzheimer’s disease. The 

results of this study indicate that memory-impaired aged monkeys do not show 

significant decreases in hippocampal volume when compared to younger monkeys. These 

findings provide additional evidence for the idea that normal cognitive aging occurs 

independently of gross structural deterioration in the hippocampus.  

 

Age-Related Changes in LTP 

 Just as gross anatomical deterioration is not a feature of normal aging, most of the 

basic electrical properties of the hippocampus remain relatively constant over the 

lifespan. Studies investigating resting membrane potential, membrane time constant, 

threshold to action potential, input resistance and the amplitude and duration of the Na
+
 

action potential have not revealed age-associated changes in these properties (for review 

see Barnes, 1994; Rosenzweig and Barnes, 2003). Some studies, however, have shown an 

increase in the amplitude of the after-hyperpolarizing potential (AHP) for pyramidal cells 

of the CA1 and CA3 subregions (e.g., Landfield and Pitler, 1984; Disterhoft et al., 1996; 

Thibault and Landfield, 1996), and this change has been correlated with cognitive 
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functioning (Disterhoft et al., 1996; Tombaugh et al., 2005). The larger AHP may be due 

to changes in Ca
2+

 homeostasis since the outward K
+
 current that underlies the AHP is 

Ca
2+

 dependent (Thibault and Landfield, 1996). In fact, aged CA1 pyramidal cells have a 

greater density of L-type Ca
2+

 channels, which may be a major contributing factor to the 

increased AHP (Thibault and Landfield, 1996). 

A great deal of work has also been aimed at determining if changes in either the 

induction or maintenance of LTP contributes significantly to the memory deficits 

associated with aging (see Figure 4.4). In regards to LTP induction, while variable results 

have been reported, the difference can be attributed to the specific stimulation parameters 

used to induce LTP, and the region of the hippocampus under investigation. When high-

intensity stimulation protocols that are well above threshold for LTP induction are used, 

there are no age-related deficits in LTP induction at the CA3-CA1 Schaffer collateral 

synapse (e.g., Landfield and Lynch, 1977; Landfield et al., 1978) or the perforant-path-

granule cell synapse (e.g., Barnes, 1979). When stimulus parameters are set very close to 

the LTP induction threshold, however, aged rats consistently show LTP induction deficits 

at the Schaffer collateral CA1 synapse and the perforant path-granule cell synapse (e.g., 

Deupree et al., 1993; Moore et al., 1993; Barnes et al., 2000a).  

 After LTP has been induced, the durability or maintenance of LTP can also be 

measured and can be divided into an early phase lasting one to three hours and a late 

phase lasting for more than 24 hours. New protein synthesis is not required to sustain the 

early phase of LTP, but new RNA and protein synthesis is required to maintain the late 

phase. Several studies have demonstrated that in the short-term (i.e., over 1 hour), LTP 
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decay rates are not different between aged and young rats (e.g. Landfield and Lynch, 

1977; Landfield et al., 1978). Over a longer time course however, clear age-related 

maintenance deficits do appear (e.g. Barnes, 1979; Barnes and McNaughton, 1980b; for 

review see Barnes, 2003). For example, Barnes and McNaughton (1980b) administered 

LTP-inducing stimuli at 24-hour intervals on 12 consecutive days, then monitored the 

evoked field response for several weeks. Although there were no age-related differences 

in the final levels of LTP induction, LTP decayed nearly twice as fast in the aged rats 

over several weeks (see Figure 4.3).  

 Several experiments have also demonstrated a significant correlation between 

LTP and memory deficits in aged animals (Barnes, 1979; Barnes and McNaughton, 

1980b; Barnes and McNaughton, 1985; de Toledo-Morrell and Morrell, 1985; Bach et al., 

1999). This was first demonstrated by Barnes (1979) who showed that aged rats took 

longer path lengths and a greater amount of time to solve the circular platform spatial 

memory task and also had greater difficulty learning a reversal or change of location for 

the escape box. These deficits in spatial memory performance were significantly 

correlated with the durability of synaptic enhancement in the dentate gyrus both within 

and between age groups. In subsequent studies, Barnes et al. (1980; 1985) also 

demonstrated a significant correlation between the rates of acquisition and forgetting of 

spatial memory and the induction and maintenance of LTP. Aged rats were slower to 

reach asymptotic performance levels and forgot the problem faster than did young rats. 

Similarly, LTP was induced more slowly and decayed more rapidly in aged rats. In both 

cases, the rate of decay for the memory of the escape box and LTP was nearly twice as 
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fast for the aged rats. Bach et al. (1999) also found a significant relationship between 

LTP decay rates in area CA1 in vitro and performance on the Barnes maze in aged but 

not young mice. These findings are further supported by observations that old animals 

with spatial memory deficits on the 8-arm radial maze also show faster decay rates for 

hippocampal LTP (de Toledo-Morrell and Morrell, 1985). Taken together, the currently 

available data indicate that learning and memory deficits observed in aged rats and mice 

parallel deficits in the induction and maintenance of LTP.   
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Figure 4.3 Summary of age-related changes in LTP and LTD for young and aged 

animals. The y axes show the change in excitatory postsynaptic potential (EPSP) slope 

following the induction of LTP or LTD, and the x axes show the retention intervals for 

maintenance of LTP or LTD. (a) When supra-threshold stimulation parameters are used, 

LTP induction is intact in the aged hippocampus, but decay over several days, is more 

rapid for aged rats in the in the dentate gyrus and area CA3 (b) When peri-threshold 

stimulation parameters are used, aged rats can show LTP induction deficits (c) In area 

CA1, aged rats are more susceptible to LTD than are adult rats, but this can be prevented 

by administration of drugs that prevent the release of Ca
2+

 from internal Ca
2+

 stores. (d) 

Aged rats are also more likely than young rats to show reversal of LTP. From Burke and 

Barnes, 2006. 
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 In order to prevent saturation of a network, a mechanism must be in place to 

reduce synaptic strengths in addition to strengthening them. There are two mechanisms 

that exist to accomplish this, known at long-term depression when induced at ‘naive’ 

synapses, and depotentiation when induced at previously-potentiated synapses.  The 

induction and expression mechanism of LTD, like LTP, are induced by an influx of Ca
2+

 

into the postsynaptic cell (e.g. Lynch et al., 1983; Mulkey and Malenka, 1992; Bolshakov 

and Siegelbaum, 1994; Cummings et al., 1996; Cho et al., 2001), but lower levels of Ca
2+

 

influx may preferentially induce LTD (Bienenstock et al., 1982; Lisman, 1989; Artola 

and Singer, 1993; Hansel et al., 1997). Aged rats appear to be more susceptible to LTD 

and depotentiation than are adult rats (Norris et al., 1996; Foster and Norris, 1997). 

Together, the increased threshold for LTP, and the decreased threshold for LTD in aged 

rats could theoretically make it more difficult for aged rats to both encode a memory and 

erase a memory.   

 The distinct age-related changes in synaptic plasticity, discussed above, have 

consequences for the information processing capabilities of aged place cells.  As 

discussed in Chapter 1, the ensemble activity of hippocampal place cells can be recorded 

while a freely behaving rat transverses an environment. Several studies have provided 

evidence that the place cell activity of aged rats undergoes subtle alterations that may 

contribute to the deficit observed on spatial tasks (reviewed in Burke and Barnes, 2006; 

Rosenzweig and Barnes, 2003; Wilson et al., 2006). The first study to compare place cell 

characteristics between young and aged animals used a forced-choice eight-arm radial 

maze, and reported that the basic characteristics of place cell activity (i.e., spike height 
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and width, average and peak firing rats, and inter-spike intervals) do not change with age 

(Barnes et al., 1983), a finding that has been confirmed in subsequent studies (e.g. 

Markus et al., 1994; Barnes et al., 1997; Shen et al., 1997; Oler and Markus, 2000).  

 Other properties of aged place cells do change, however, including experience-

dependent place field expansion (Shen et al., 1997).  In the young rat, CA1 place fields 

expand asymmetrically when a route is repeatedly transversed (i.e., a circular track), 

resulting in a shift in the ‘center’ of place fields in the direction opposite to the animal’s 

movement (Mehta et al., 1997; Shen et al., 1997; Figure 4.4). In the aged rat, the 

magnitude of place field expansion is significantly reduced, and it has been proposed that 

this deficit may be attributable to the LTP deficits discussed above. Evidence for this 

hypothesis comes from the observation that place field expansion can be blocked in the 

young rat when the NMDA receptor antagonist CPP (3-(2-carboxypiperazin-4-yl)propyl-

1-phosphonic acid) is administered (Ekstrom et al., 2001). In addition, a recent study has 

demonstrated that the deficit in place field expansion can be ‘rescued’ in aged rats by the 

administration of memantine, a non-competitive NMDA receptor antagonist, but not by 

CX516, a compound belonging to the ampakine family of drugs that enhance and prolong 

AMPAR-mediated responses (Burke et al., in press).   
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Figure 4.4 Place-field expansion. A. Schematic diagram of three cells connected 

reciprocally. After extensive cell activation in the sequence A-B-C (i.e during the 

repeated transversal of a route), 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. The field of cell A, which is not 

immediately preceded by another field, shows no expansion, although such a boundary 

condition may not exist in the brain (i.e. it is not clear that there is ever a ‘first’ place 

field). From Rosenzweig and Barnes, 2003. 

 

 

 The stability of place maps is also affected in the aged rat. As discussed in 

Chapter 2, the place fields for any particular environment can remain stable for long 

periods of time in young rats, meaning that when a rat is removed, and then later returned 

to an environment that same environment, the same place map for that particular 

environment is retrieved. Although this can also occur in the aged rat, some of the time 

an old rat will recall a different place map when it is returned to a previously explored 

environment, a phenomenon known as ‘remapping’ (Barnes et al., 1997b; Figure 4.5). 

The functional consequences of this re-mapping can be observed on tasks of spatial 

memory, as discussed above. For example, recall that on the Morris swim task, both 
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young and aged rats show bimodal performance on early learning trials, but over the 

course of training, the performance of young rats is increasingly unimodal, as they find 

the submerged platform consistently across trials, whereas aged rats continue to display 

relatively bimodal performance, even on the final days of training (Barnes et al., 1997b). 

It is thought that the trials on which aged rats do not successfully find the hidden platform 

represent examples of map retrieval failures. As is the case for place field expansion, it is 

thought that these map retrieval failures may reflect deficits in LTP in the aged rats, since 

the maintenance of place maps between trials will require plasticity. In support of this 

idea, blocking NMDA receptors, or interfering with new protein synthesis results in map 

retrieval errors in young rats (Agnihotri et al., 2004; Kentros et al., 1998). 
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Figure 4.5 Multi-stability of aged cognitive maps. Each observation represents a single 

recording session. For young animals the distribution is unimodal, reflecting a high 

degree of consistency of the place-field map between episodes. In old animals (a) the 

distribution is bimodal, with one peak (~70% of trials) near that of the young animals (b), 

and another peak (~30% of trials) near zero. Within a session, however, place-field 

distributions were highly correlated in both old (c) and young rats (d), and are therefore 

similarly stable. From Barnes et al. (1997). 

 

 

 There are also instances in which place maps are too ‘rigid’ in aged rats, meaning 

that they do not change in instances when they should, and this is typically a feature of 

the place cells of area CA3 (Wilson et al., 2005). When young rats explore a familiar 

environment, and then are introduced into a novel environment, CA3 place maps for the 
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two environments are independent. When this is done with aged rats, spatial 

representations in area CA3 remain the same even though the environment has changed. 

In addition, the extent of the rigidity of the CA3 place cells is significantly correlated 

with the magnitude of spatial memory impairment on the Morris swim task (Wilson et al., 

2005). It has been hypothesized that the dentate gyrus, which is down stream from CA3, 

and is particularly vulnerable to the aging process (Small et al., 2004), may contribute to 

the failure of aged CA3 networks to form new spatial representations when it should.  

 

Age-Related Changes in Immediate-Early Gene Expression 

 In Chapter 3, evidence was presented that supports the idea that several 

immediate-early genes (IEGs) are involved in normal memory function. Age-related 

deficits in memory function may be the result of changes in IEG expression within the 

hippocampus. The investigation of potential changes in IEG expression in the aged brain 

has, to some degree, looked to the studies in adult animals to guide the search for 

potential candidates. As there are many potential changes that could take place, some 

studies have looked at panels of IEGs to identify the ones that change. For example, 

using LTP-inducing stimuli to induce IEG expression, an initial screen of 7 IEG 

transcription factors, did not find differences in the hippocampus of behaviorally 

characterized aged and young rats using in situ hybridization and immunohistochemistry 

techniques (Worley et al., 1993). A later study, which evaluated the expression of a panel 

of 19 transcription factors and effector IEGs using a Reverse Northern strategy, however, 

found that only c-fos was elevated in the hippocampus of aged rats compared to young 
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rats (Lanahan et al., 1997). The discrepancy between these two studies can be explained 

by two key methodological differences: the studies used different methods of inducing 

gene expression, and the methods used to measure gene expression were different 

between the two studies
4
. Overall, however, the results from these two studies suggest 

that no age difference in gene expression occurs, even after a treatment that is known to 

be affected by aging (i.e, LTP). One possible explanation for this finding may be due to 

the electrical stimulation used to induce IEG expression.  Such a treatment results in 

activity in the brain that is far above what would occur under normal conditions. Thus, 

the IEG response in both young and aged brains after LTP-inducing stimulation may not 

be able to reveal age differences in IEG expression because such stimuli brings detection 

limits to ceiling levels with the molecular methods currently available to measure such 

changes. In fact, additional studies that used behavioral treatments to induce IEG 

expression have found age differences for some genes, making this a likely explanation.  

One example of this is provided by Touzani et al. (2003), who investigated 

behavioral activation of c-Fos in adult and aged mice following performance on a radial 

arm maze task  (Touzani et al., 2003). As expected, aged mice had difficulty learning the 

maze task compared to the adult mice, and immunohistochemistry revealed that aged 

mice had fewer Fos-positive cells than the adult mice after a 6 day retention test, in both 

the CA1 and CA3 regions of the hippocampus, but not in dentate granule cells.  

                                                 
4
 The study by Worley et al. (1993) used in situ hybridization to measure the number of cells that express 

the mRNA of interest and immunohistochemistry to detect the number of cells that express the protein of 

interest. The study by Lanahan et al. (1997) used a Reverse Northern strategy in which RNA is detected 

with a hybridization probe, and then the amount of RNA present in the sample under investigation is 

analyzed using gel electrophoresis. 
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A second example of age-related changes in behaviorally induced IEG expression 

comes from the work on Arc. As discussed above, Arc is an effector IEG whose role in 

long-term plasticity in the brain has been well-established (reviewed in Miyashita et al., 

2007). Thus, one might expect that this gene may also play an important role in the 

memory deficits observed in some aged animals. A study by Small et al. (2004) used 

catFISH (discussed above) to map Arc expression in the hippocampus of aged and adult 

rats after they explored a novel environment. This study demonstrated that in aged rats 

there is a decrease in the proportion of cells expressing Arc mRNA in the dentate gyrus, 

but not in other hippocampal subfields.  

Besides the studies that have investigated induced levels of IEGs in the aged 

brain, there are also studies that have sought to specifically characterize basal levels of 

IEG expression. In the case of zif268, Yau et al. (1996) found that zif268 mRNA 

expression decreased with age in area CA1 of the hippocampus, a finding echoed by 

Desjardins et al. (1997) who found that compared to young rats, old rats had significantly 

fewer immunostained cells in the CA1 region of the hippocampus. Desjardins et al. 

(1997) also reported no difference in fos expression between young and old animals, a 

finding later supported by Smith et al. (2001) who found no consistent age-related change 

in basal levels of hippocampal c-Fos or c-Jun mRNA expression (also see Lund et al., 

2004). 

 More recently, gene microarray technology has been applied to the problem. 

Blalock et al. (2003) used this technology to screen for age-related changes in several 

hundred genes, including many IEGs. Animals in this study were behaviorally 
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characterized prior to extraction of the CA1 region of the hippocampus for analysis. 

Importantly, it should be noted that in contrast to the two studies discussed above, these 

authors did not induce gene expression (i.e, there was no treatment), but investigated 

potential age-related differences in basal levels of expression. As one might expect with 

such a large screening process, some genes were found to be upregulated in the aged 

brain, others downregulated, and still others showed no difference. Among the 

downregulated genes were the IEGs zif268, Arc, and Narp (neuronal activity-regulated 

pentraxin). In regards to Arc, an additional study has evaluated potential changes in Arc 

protein expression in the hippocampus, and has reported that basal level of Arc protein 

are higher in the hippocampus of aged rats compared to adult rats (Monti et al., 2005). As 

this is the first study to report on Arc protein levels in the aged brain, additional work is 

needed to determine what implications this finding has for the aged brain.  

 An additional microarray analysis of age-related changes in gene expression 

looked at the expression of induced genes in whole hippocampal samples (Rowe et al., 

2007). In this study, aged rats were separated into cognitively unimpaired or impaired 

groups based their performance on the Morris swim task relative to young-adult animals. 

Gene expression was assessed in these groups on the fifth day of maze training 

(following a visually cued trial) or 21 days post training, and in caged control rats. This 

study found that with ‘general aging’, there was downregulation of several groups of 

genes (e.g., axonal growth, cytoskeletal assembly/transport, signaling, and 

lipogenic/uptake pathways), a select downregulation of genes in aged memory-impaired 

rats after training (e.g., insulin, and G-protein signaling, lipogenesis, glucose utilization 
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pathways), and in aged unimpaired rats an upregulation of receptor/signal transduction 

genes. Among the plethora of individual genes that changed in aged memory-impaired 

rats (after induction) are Arc and zif268. H1a showed a downregulation in all aged groups 

(memory impaired and unimpaired) after induction, and both Arc and H1a showed 

downregulation of basal levels of expression. This study provides an excellent overview 

of age-related changes within the hippocampus. 

 With the exception of the study discussed above, work has not yet been published 

on H1a in the aged hippocampus. One study, however, assessed gene expression in an 

animal model of AD (precursor protein + presenilin transgenic mouse), and therefore 

significant pathology was present in the brain. This study reported reduced H1a mRNA 

expression in brains regions that had significant amyloid deposition (Dickey et al., 2004). 

This gene, which regulates mGluR signaling, therefore awaits further investigation.   

 

Summary 

 During the normal aging process, animals experience age-related changes in 

memory function. Of interest to the current work, significant age-related deficits in 

spatial memory have been documented in laboratory animals and in humans. Early 

studies indicated that the primary reason for age-related declines in memory function 

were the result of massive cell loss within the brain, but it has since become apparent that 

the etiology of age-related memory decline is the result of more subtle changes in, for 

example, dendritic morphology, Ca
2+

 dysregulation, and gene expression. These changes 
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may have a direct impact on the plasticity of the aged hippocampus, thereby affecting 

cognitive function.  
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CHAPTER 5: MATERIALS AND METHODS 

 

 

All of the experimental procedures outlined were approved by the University of Arizona 

Institutional Animal Care and Use Committee (IACUC). 
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Animals 

Adult (9-12 months, n =42) and aged (24-32 months, n = 42) male Fischer-344 

rats (National Institute on Aging at Harlan-Sprague Dawley, Indianapolis, IN) were used 

in these experiments. The rats were housed individually in Plexiglass guinea pig tubs and 

maintained on a 12-hour light-dark cycle. They had free access to food and water.  

 

Behavioral Procedures 

 Prior to the beginning of IEG experiments, the spatial and visual discrimination 

abilities of each rat were assessed using the Morris swim task as described in detail by 

Shen & Barnes (1996). Testing took place in a circular pool ~180 cm in diameter and 44 

cm in depth. The pool was filled with water made opaque by the addition of white, non-

toxic paint. Care was taken to ensure that prominent distal and proximal visual cues 

located at various points around the perimeter of the pool were held constant over the 

course of testing.  

Rats were tested on six spatial trials with a hidden platform for 4 consecutive days 

so that each rat received 3 blocks of two consecutive trials on the each of the training 

days. Prior to the beginning of the first trial, the rat was placed on the hidden platform for 

30 sec. Rats were released into the pool from one of seven pre-marked locations spaced 

evenly around the pool, and the location at which rats were released varied from trial to 

trial. After being released into the pool, the rats were given 60 seconds to find the 

location of the hidden platform. Each white rat wore a black ‘jacket’ throughout the swim 

task so they could be easily tracked by an overhead video camera connected to a VP114 
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tracking unit (HVS image, England) which works by detecting the movement of a dark 

target.  Following the final training trial on day 4, rats were challenged using a probe trial 

to determine retention of the platform location. For this trial only, the platform was 

removed from the tank and the rat was allowed to swim freely for 60 seconds. Following 

the spatial version of the swim task, rats also completed 10-12 cued visual discrimination 

trials in which the platform was marked and clearly visible ~2 cm above the waterline. 

The location of the platform, which was fixed in previous training trials (i.e. trials 1-24), 

was changed randomly across visual trials for all rats (for overview of the training 

protocol see Figure 5.1).  

 

 

Figure 5.1. Overview of the Morris swim task protocol.  
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Performance on the hidden-platform and visible-platform components of the 

swim task was analyzed using the rat’s corrected integrated path length (CIPL; Gallagher 

et al., 1993). CIPL is the sum of the rat’s distances from the platform at each point in 

time (sampled at 10 Hz), corrected for the rat’s initial distance from the platform. Probe 

trial performance was assessed according to the average distance (AD) of the rat from the 

platform’s previous location, which was unchanged during spatial training. Some aged 

rats did not fully complete the Water maze testing, and were used as MECS technical 

controls (see below). 

 

Exploration Task  

Three to seven days following the completion of the Morris swim task, an 

exploration task was used to induce IEG transcription in the hippocampus. These 

experiments took place at least 2 hours after the house lights in the animal colony room 

were shut off, and care was taken to ensure that rats remained undisturbed in their home 

cages prior to the start of the experiment.  

Animals were divided into 3 groups: (1) caged control (CC) animals that were 

sacrificed after being taken directly from their home cages, without any behavioral 

treatment (negative controls); (2) rats that explored the novel environment; (3) rats that 

were subjected to maximal electroconvulsive shock (MECS; Cole et al., 1990) treatment. 

Following attachment of saline-soaked earclips, the electroconvulsive shock, (consisting 

of a 1-s, 100-Hz, 85-mA stimulus of 0.5-ms square-wave pulses) was delivered using a 

constant current signal generator (ECT unit, Ugo Basil). Using these settings, all animals 
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had generalized tonic-clonic convulsions with hindlimb extension. Tissue derived from 

animals given MECS was used as a technical control for in situ hybridization and RT-

PCR experiments, because it is known that this treatment results in extremely robust IEG 

transcription (Cole et al., 1990). Rats assigned to the exploration group and the MECS 

groups were further divided into time point groups, such that the time from the beginning 

of the experiment to the time of death was 5 min, 30, or 60 min (see Figure 5.2).  

The procedure used for environmental exploration was identical to the procedure 

described by Guzowski et al. (1999). Rats were shuttled inside a flower pot covered with 

towels to a dimly lit room containing several distinct landmarks. Once in the room, rats 

were placed within a square box measuring 61 X 61
 
cm with cardboard walls 20 cm high. 

The environment was divided into 9 squares, measuring 412 cm
2
 each and during the 5 

minute exploration sessions, rats were gently placed within a different square every 15 

seconds on a semi-random schedule. This was to ensure that each rat sampled all aspects 

of the environment. Arc expression has been shown to be the same in the hippocampus of 

rats given this type of “assisted exploration”, compared with rats who freely explore the 

same size environment (Vazdarjanova and Guzowski, 2004). Although the environment 

that the rats explored was novel to them on the first exploration, it has recently been 

demonstrated that novelty is not a requirement for Arc induction under these conditions 

(Guzowski et al., 2006). Rats assigned to the 5 min group were sacrificed immediately 

following the 5 min session, rats assigned to the 30 and 60 min groups explored the 

environment on two separate occasions separated by a 20 or 50 minute rest period in their 

home cages (Figure 5.2).  
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Figure 5.2. Overview of exploration procedure described in the text to induce immediate-

early gene mRNA expression.  

 

 

Tissue Harvesting  

Rats were sacrificed by decapitation under 5% isoflurane anesthesia. For 

combined in situ hybridization and real-time PCR studies, brains were rapidly removed, 

hemisected and the right hemisphere was quick-frozen in a beaker of isopentane bathed 

in a dry ice/ethanol slurry. The left hippocampi was removed from surrounding brain 

tissue and micro-dissected on ice into the CA region and the dentate gyrus. Animals used 

for hemisphere comparison studies were sacrificed as described above. The left and right 

hippocampi were micro-dissected and flash frozen separately. All samples were stored at 

–70°C until further processing for PCR. Care was taken to ensure that all samples were 

frozen within 180 seconds from decapitation in order to maintain RNA integrity. 
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Brain Blocking 

Before sectioning, brain hemisections containing the right dorsal hippocampus 

from eight rats were molded in a block with Tissue-Tek OCT compound (Miles, Elkhart, 

IN), so that all experimental conditions were represented on each slide for each of the 

time points. Twenty-µm thick coronal sections through the dorsal hippocampus (–3.2 to –

3.8 mm from bregma; Paxinos and Watson, 1986) were cut and arranged on slides 

(Superfrost Plus, VWR). Sections were thaw-mounted and dried prior to storage at –

70°C. 

 

Fluorescence In Situ Hybridization  

Plasmids from which the riboprobes used for in situ hybridizations were 

generated were a generous gift from Dr. Paul Worley. Plasmids underwent restriction 

digestion using the appropriate restriction enzyme and the resulting target cDNA served 

as the template to transcribe riboprobes. Prior to the generation of riboprobes, gel 

electropheresis was used to confirm successful restriction digestion. Riboprobes were 

then generated using a commercially available transcription kit (Maxiscript; Ambion, 

Austin, TX) and labeled using an RNA labeling nucleotide mix containing digoxingenin-

labeled UTP or fluorescein-labeled UTP (Roche Molecular Biochemicals, Nutley, NJ). 

The riboprobe was purified on a G-50 spin column (Boehringer Mannheim, Indianapolis, 

IN) and a small aliquot was subjected to gel electrophoresis to determine the yield and 

integrity of the riboprobe.  



 

130 

Fluorescence in situ hybridization was performed as described by Guzowski et al. 

(1999). Slides containing the tissue sections were thawed to room temperature, fixed in 

buffered 4% paraformaldehyde at 4°C degrees, treated with 0.5% acetic anhydride/1.5% 

triethanolamine at room temperature, incubated in methanol and acetone (1:1) at -20°C, 

and equilibrated in 2X SSC at room temperature. Sections were incubated with 110-µl 

1X prehybridization buffer (Sigma, St. Louis, MO) for 30 min at room temperature. 

Approximately 100 ng of riboprobe was diluted in 1X hybridization buffer (Amersham, 

Piscataway, NJ), denatured at 90°C, chilled on ice, and applied to each slide. Each slide 

was coverslipped and incubated in a humid chamber overnight (12-14 hours) at 56°C. 

Posthybridization washes started with 2X SSC and increased in stringency to 0.5X SSC 

at 56°C. RNase A (10 mg/ml) at 37°C was used to degrade any single-stranded RNA. 

After quenching the endogenous peroxidases in 1% H2O2, slides were blocked with NEN 

blocking agent (NEN Life Sciences, Boston, MA) and incubated with anti-digoxigenin 

antibody conjugated with HRP (Roche Molecular Biochemicals) or anti-fluorescein 

antibody conjugated with HRP (Jackson Laboratories) overnight at 48°C. Slides were 

washed with Tris-buffered saline containing 0.05% Tween-20, and the HRP-antibody 

conjugate was detected using a Cyanine-3 (CY3) amplification kit (PerkinElmer, Boston, 

MA) or a fluorescein-tyramide amplification kit (PerkinElmer, Boston, MA). After 

nuclear counterstaining with Sytox-green (Molecular Probes, Eugene, OR) or TOPRO-3 

iodide (Molecular Probes, Eugene, OR) coverslips were applied with a small amount of 

Vectashield (Vector Labs, Burlingame, CA) and sealed with nail polish. For double-label 

in situ hybridizations, the protocol is identical except that slides were first processed for 
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CY3, followed by an additional quenching step in 1% H2O2, and then processed for 

fluorescein as described. These slides were counterstained with TOPRO-3 iodide, and 

coverslipped as described.  

 

Image Acquisition and Analysis.  

 Images of the CA1 region and the dentate gyrus were collected using a Zeiss 510 

Metaseries laser scanning confocal microscope. Photomultiplier tube assignment, pinhole 

size and contrast values were held constant for each brain region on a slide. The areas of 

analysis were z-sectioned in 0.75 to 1.0 µm optical sections. For area CA1, stacks were 

taken at 40X magnification in 3 non-overlapping areas of CA1. To determine the location 

of these 3 points for analysis, we used anatomical landmarks provided by the dentate 

gyrus so that CA1 images were taken in reference to: (1) the crest of the dentate gyrus, 

(2) the midpoint point between the crest and the furthest extent of the suprapyramidal 

blade, and (3) the lateral tip of the suprapyramidal blade (see Figure 5.3). These methods 

were also used to acquire images of the dentate gyrus, except that the whole structure was 

imaged in 1.0 µm optical sections.  

 

Figure 5.3. Cresyl violet stained image of 

the hippocampus showing the anatomical 

landmarks of the dentate gyrus that were 

used to determine the sites where confocal 

images of CA1 were taken (indicated by 

rectangles over the pyramidal cell layer).  
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 Image analysis was done as described in Guzowski et al. (1999). Neurons were 

segmented and classified using MetaMorph imaging software. Although Arc is not 

present in hippocampal glia cells (Vazdarjanova et al., 2006), care was taken to 

discriminate glial cells in order to ensure that their numbers were not included in 

neuronal cell counts.  Glial nuclei were identified based on their smaller size (~5 µm in
 

diameter) and intense and uniform DNA staining. Only whole neuron-like cells found in 

the middle 20% of each stack (in the case where stacks were analyzed) were included in 

the analyses. For Arc analysis in area CA1 and the dentate gyrus, segmented cells were 

classified as: 1) foci positive neurons which had one or two intense internuclear foci 

present in at least three plains; 2) cytoplasmic positive neurons which had perinuclear or 

cytoplasmic staining surrounding at least 60% of the cell and visible in at least three 

plains together with the cell nucleus; 3) double positive neurons which fulfilled both 

criteria 1 and 2, or 4) negative neurons which did not have any detectable staining above 

background levels. Image analysis was performed by an experimenter blind to the 

experimental conditions. 

 Image analysis for double-label in situ hybridization (Arc + c-fos, Arc + 

Homer1a, or Arc + zif268) focused on tissues recovered from animals that explored the 

environment on two occasions with an intervening rest period of 20 minutes (A-20-A). 

This time point was chosen because all of the genes under investigation can be visualized 

at this time point and the use of this time point was particularly important for the 

detection of Homer1A, whose product is unusually large for an immediate-early gene. 

Moreover, by focusing on this time point, tissues taken from the same group of animals 
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could be used to assess the co-ordinate expression of c-fos, Homer1A and zif268 with 

Arc. Because Arc and Homer1A are the only two genes of this group that have been 

reliably used to conduct compartment analysis (“catFISH”), image analysis was 

conducted so that segmented cells were classified as: 1) Arc positive (which could be foci 

positive neurons or cytoplasmic positive neurons); 2) ‘other’ positive (i.e., c-fos, zif268, 

or Homer1a) using similar criteria used for Arc positive neurons; 3) double positive 

neurons which fulfilled both criteria 1 and 2, or 4) negative neurons which did not have 

any detectable staining above background levels. Image analysis was performed by an 

experimenter blind to the experimental conditions.  

 

Transcriptional Foci Analysis  

 An assessment of Arc intranuclear foci fluorescent intensity in area CA1 was 

conducted on tissue from rats that explored the environment for one 5 minute session.  A 

subset of the confocal image stacks of area CA1 that were used for cell counts (the 

images taken at the midpoint point between the crest and the lateral tip of the 

suprapyramidal blade), were also used for the transcriptional foci analysis.  This time 

point was chosen because the images collected from animals who explored for a single 5 

minute period are relatively free of ‘background’ cytoplasmic Arc staining, and therefore 

optimization of these images for foci analysis was minimal. These image stacks were 

analyzed using the region measurement tool function in the Metamorph software package 

(Universal Imaging).  The average and integrated intensity measures were obtained using 

a method similar to that described by Guzowski et al. (2006).   
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RNA Extraction and cDNA Synthesis for RT-PCR 

All brain tissue was processed in batches so that all samples for each time point 

were processed together (i.e., 5 min, 30 min, 60 min) along with samples taken from 

caged control rats (n = 3-4 control animals/time point/age). Hippocampal samples used 

for RT-PCR were disrupted in 200µl of lysis/binding solution and total RNA samples 

were prepared using the RNAqueous-4PCR (Ambion, Austin, TX) kit according to the 

manufacturers instructions. Briefly, after tissue disruption, a 64% ethanol solution was 

added to each sample and passed through filter cartridges to bind RNA. The filters were 

washed three times to remove residual DNA, protein and contaminates. RNA was then 

eluted from the washed filters and DNase-treated to remove any remaining contaminating 

DNA prior to cDNA synthesis. 

Total RNA was reverse transcribed into cDNA using the SuperScript First Strand 

Synthesis System for RT-PCR (Invitrogen) according to the manufacturer’s instructions. 

Briefly, RNA (2 µg) was incubated for 10 min at 70 °C in a total reaction volume of 11 µl 

with oligo-dT primers (5 ng/µl) and chilled on ice. A cDNA synthesis buffer (4 µl), 0.1M 

DTT (2 ul) and 10mM dNTPs were added to the reaction and incubated at 45 °C for 

2 min. Reverse transcriptase (1 µl; 200 units SuperScript) was added to the reaction and 

incubated at 45 °C for 60 min. cDNA was diluted in 1X TE and stored at −20°C. A 

negative control was included in which no reverse transcriptase was added.  
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Primers and Probes 

Primers for real-time PCR were designed using Primer 3 software 

(www.genome.wi.mit.edu) based on the relevant rat sequences in GenBank at the 

National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov). 

See Table 5.1 for primers sets.  

 

Gene 3’ 5’ 

Arc CTCCAGGGTCTCCCTAGTCC  TGAGACCAGTTCCACTGCTG 

GapDH AATGGGAGTTGCTGTTGAAG CTGGAGAAACCTGCCAAGTA 

Fos GGGGACAGCCTTTCCTACTA TGGGGATAAAGTTGGCACTA 

Homer1A CATTTACACCCACGGTCTTC GCTGTAGATGTCCTCGTCAT 

Zif268 TCTAGTGCTGAAGGGAGCAA ACTTTCAGCTGCCTGAAACAG 

 

Table 5.1. Sequences for primers used for Real-Time PCR. 

  

  

Real-Time Quantitative PCR 

PCR amplification of cDNA was performed using the BioRad iCycler Real-Time 

Detection System (BioRad Laboratories, Hercules, CA). cDNA (4 µl) was added to a 1X 

reaction master mix (46 µl) containing 3 mM MgCl2, KCl, Tris-HCl, iTaq DNA 

polymerase, SYBR Green I (25 units/ml), dNTPs, fluorescein (10 nM) and gene specific 

primers (~500 nM each of forward and reverse primer). For each experimental sample, 

duplicate reactions were conducted in 96-well plates (BioRad, Hercules, CA). PCR 
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cycling conditions consisted of hot-start activation of iTaq DNA polymerase at 95 °C and 

40 cycles of denaturation (95 °C, 30 s), annealing (56 °C, 30 s), and extension (72 °C, 

30 s). A melt curve analysis was conducted to determine the uniformity of product 

formation, primer-dimer formation, and amplification of non-specific products. PCR 

product was denatured (95 °C, 1 min) prior to melt curve analysis, which consisted of 

incrementally increasing reaction temperature every 10 s from 58 to 95 °C. The negative 

first derivative of the melt curve (fluorescence versus temperature) plotted against 

temperature will yield a single peak (Tm of product) if primers are specific to the gene of 

interest. The presence of specific amplification products was confirmed by a single peak 

on the melting curve and plotted as the negative derivative of fluorescence as a function 

of temperature (-d(RFU)/dT). See Figure 5.4 for representative melt curves for each 

primer set. 
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Figure 5.4 Specificity of PCR amplification for each of the primer sets used in this study 

were verified by melt curve analysis at the end of each RT-PCR reaction. For each 

amplification reaction only a single peak was present on the melt curve indicating an 

absence of non-specific amplification and primer-dimer formation.  Arc (A), GapDH (B), 

c-fos (C), Homer1a (D), and zif268 (E). 

 

For each RT-PCR an RT control was included, which had no RT enzyme added. 

Each sample was run in duplicate, and GapDH was used to normalize data. The threshold 

for detection of PCR product above background was set at 10X the standard deviation of 

the mean background fluorescence for all reactions. Background fluorescence was 

determined from cycles 1–5 prior to the exponential amplification of product and 

subtracted from the raw fluorescence of each reaction/cycle. The threshold for detection 
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of a PCR product fell within the log-linear phase of amplification for each reaction. 

Threshold cycle (CT; number of cycles to reach threshold of detection) was determined 

for each reaction. 

Relative gene expression was determined using the 2
−
∆∆CT method (Livak and 

Schmittgen, 2001). The mean CT of duplicate measures was computed for each sample 

and the sample mean CT of GapDH (the internal control) was subtracted from the sample 

mean CT of the gene being measured (i.e., Arc, c-fos, Homer1A, zif268) to yield ∆CT. To 

determine the fold change in mRNA levels from baseline, the average CT of the samples 

from untreated (caged control) animals for the gene of interest and GapDH were then 

subtracted from the mean ∆CT of each experimental sample (∆∆CT). 2
−
∆∆CT yields fold 

change in gene expression of the gene of interest normalized to the internal control gene 

expression and relative to the calibrator sample (in this case, the caged control animals). 

In order to determine differences in the relative levels of mRNA between adult and aged 

rats at baseline and following the behavioral treatment, the ∆CT was determined for each 

sample (CT gene - CT GapDH). However, in this case, the adult samples were used as the 

calibrator samples in place of the caged control samples. 

Potential differences in Arc mRNA levels between hemispheres for CA1 and the 

dentate gyrus of adult and aged rats was also determined. For these samples, the mean CT 

of duplicate measures was computed for each sample and the sample mean CT of GapDH 

was subtracted from the sample mean CT of Arc (∆ CT). These values were then 

compared for CA1 and the dentate gyrus for adult and aged rats.  
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Data Analysis  

For cell count data, Statview software was used to perform one-way ANOVA 

tests. When an overall ANOVA was significant, individual between-group comparisons 

were performed using Tukey post hoc tests. The significance level was set at 0.05. In 

cases where a comparison was made between aged and adult rats only (i.e. RT-PCR 

data), unpaired t-tests were used. The significance level was set at 0.05. All data are 

presented as the mean and standard error of the mean. 
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CHAPTER 6: AGED-RELATED CHANGES IN ARC mRNA EXPRESSION 
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The formation and maintenance of memories relies on rapid and sustainable 

synaptic modification, and these processes require new gene expression. Arc (activity 

regulated cytoplasmic gene, Lyford et al., 1995; also known as Arg3.1, Link et al., 1995), 

an immediate-ealry gene, is particularly interesting because it is induced selectively in the 

principal cells of the hippocampus and in other brain regions by neural activity that is 

specifically associated with active information processing (for review see Guzowski et 

al., 2005; Miyashita, 2007). Arc also forms the basis of the catFISH method 

(compartment analysis of temporal activity by fluorescence in situ hybridization; 

Guzowski et al., 1999) that can be used to map networks of neurons activated by specific 

behaviors.  

Although catFISH represents a powerful technique for mapping the cells included 

in neural circuits relevant for specific behaviors, when used in isolation it does not 

provide a quantitative mapping of the magnitude of gene activation per cell. In other 

words, while comparable proportions of neurons may be active in any group comparison, 

the activated neurons may not transcribe similar amounts of Arc mRNA, and this may 

affect the ultimate outcome of synaptic changes within individual neurons. In this regard, 

methods such as RT-PCR and gene microarrays, offer an alternative approach to the 

question of whether the amount of a particular mRNA species changes with age (Jiang et 

al., 2001; Lee et al., 2000; Blalock et al., 2003; Verbitsky et al., 2004). In particular, 

Rowe et al. (2007) have successfully applied this technique to identify categories of 

genes that change in the whole hippocampus of memory-impaired rats versus those that 

are impaired, or that change generally as a function of age. Although these techniques 
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offer high throughput analysis and measurement of even very small changes in the 

amount of a target mRNA, they do so without consideration of the population or 

proportion of cells that are transcribing the mRNA of interest. Thus, gene microarray 

analysis cannot address questions concerning network function. With these issues in 

mind, the catFISH method was combined with RT-PCR within the same brain.  Thus, in 

the present study, it was possible to determine if the transcriptional response of aged 

hippocampal neurons is different than adult hippocampal neurons under both resting 

conditions and following behavioral activation of Arc.  Using catFISH, the proportion of 

CA1 pyramidal neurons and dentate granule cells that transcribed Arc mRNA under 

resting conditions (i.e., basal levels) and following exploration of a new environment was 

measured. Within the same brain, RT-PCR was also performed on the tissue to quantify 

the amount of Arc present within the CA1 and the dentate gyrus regions. The 

combination of these methods has revealed region specific, age-related alterations in Arc 

transcription under both resting conditions, and following exploratory behavior. 

 

Results 

Aged rats show impairments on the spatial version of the Morris Swim Task 

 As shown in Figure 6.1, the behavioral data are consistent with previous age-

related behavioral comparisons on the Morris swim task (Gage et al., 1984; Gallagher et 

al., 1993; Rosenzweig et al., 1997; Shen et al., 1997). There was a significant overall 

effect of age on the corrected integrated path length (CIPL) over the entire 4-day training 

period; the aged rats tended to take longer path lengths to the platform than did the 
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younger rats (p = 0.0014; Figure 6.1A). Post-hoc analysis showed that this effect 

appeared on day one of training and persisted on to the 4
th

 day of training (day 1: p = 

0.0011; day 2: p = 0.0001; day 3: p < 0.0001; day 4: p < 0.0001; all data presented as 

mean + SEM). Overall, young rats showed significant improvement across days on the 

spatial version of the swim task, whereas older rats showed less robust learning. This 

result was further confirmed on the probe trial immediately following the final training 

trial (Figure 6.1B), in which younger rats spent significantly more time in the target 

quadrant of the pool than did the old rats (p = 0.0014).  

 On visible trials (Figure 6.1C), there was no significant effect of age on the 

corrected integrated path length (CIPL) on either day 1 (p = 0.1872) or day 2 (p = 0.0696) 

of testing. Both age groups showed significant learning across days, taking a significantly 

shorter path to the platform on day 2 of the visible trials compared to day 1 (aged, p = 

0.0002; adult, p = 0.0029). Thus, both adult and aged rats learned the visible-platform 

task. 
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Figure 6.1 Aged rats show impaired acquisition of the spatial version of the Morris swim 

task. A. Aged rats take a significantly longer path length (CIPL) to reach the platform 

than do adult rats, and this difference was significant on all 4 days of training. B. On the 

probe trial, aged rats spent significantly less time in the target quadrant than did adult 

rats. C. On the cued version of the task, in which the target quadrant was visible, both 

adult and aged rats showed improvement in performance over 2 days of training. There 

was no significant effect of age on either day. 
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There are no significant hemispheric differences in levels of Arc mRNA 

 Levels of Arc were measured in the left and right CA1 and dentate gyrus for both 

adult and aged animals, following the initiation of Arc transcription as a result of 5 

minutes of exploration behavior (n = 6 per age group). Levels of Arc were similar in the 

left (7.742 + 0.215) and right (8.183 + 0.287) CA1 (p = 0.1377) and the left (9.750 + 

0.092) and right (9.758 + 0.197) dentate gyrus (p = 0.9561) of aged rats. This was also 

true for the CA1 (left, 7.325 + 0.128; right, 7.383 + 0.149; p = 0.5407) and the dentate 

gyrus (left, 9.417 + 0.158; right, 9.300 + 0.553; p = 0.5957) of adult rats.  Analysis of 

potential age differences in Arc mRNA lateralization did not reveal a significant effect 

for either CA1 (p = 0.1793) or the dentate gyrus (p = 0.6297). Thus, the level of Arc 

mRNA expressed in the left and right hemispheres of CA1 and the dentate gyrus are 

similar for both aged and adult rats, and moreover, the degree to which Arc mRNA is 

lateralized is similar between aged and adult rats for both brain regions. 

 

Basal levels of Arc in the hippocampus of aged and adult rats 

 In order to assess potential age differences in both the levels of Arc mRNA and 

the proportion of cells that transcribe Arc mRNA under basal conditions, a group of rats 

were sacrificed directly from their home cages (n = 10 rats total per age group). RT-PCR 

data was analyzed so that adult caged control rats were used as the calibrator sample to 

which the aged rats were compared. Using this method, we determined that aged caged 

control rats had significantly lower basal levels of Arc mRNA in area CA1 relative to 

adult rats (Figure 6.2A; p = 0.023). As this difference may be the result of fewer 
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pyramidal neurons transcribing Arc in aged rats, we used FISH to determine the 

proportion of CA1 pyramidal cells that transcribe Arc mRNA under basal conditions.  We 

found that similar proportions of CA1 neurons transcribed Arc in both aged and adult 

caged control groups (Figure 6.2B; p = 0.4363). When rats are sacrificed directly from 

their home cage, the proportion of pyramidal cells that transcribe Arc mRNA is low; less 

than 12% of pyramidal cells were Arc-positive, values that are in line with previously 

published reports for adult rats (e.g., Burke et al., 2005; Chawla et al., 2005; Guzowski et 

al., 1999; Ramirez-Amaya et al., 2005; Rosi et al., 2005). Examples of the pattern of Arc 

activation for the caged control rats are shown in Figure 6.2C. Taken together, these data 

indicate that the basal rate of Arc transcription in area CA1 is affected by age, and that 

this effect is not due to changes in the proportion of neurons that transcribe Arc, but 

rather, aged CA1 pyramidal cells transcribe less Arc mRNA per cell compared to adult 

pyramidal cells. 

 In contrast to area CA1, there was no significant age effect on basal levels of Arc 

mRNA in the dentate gyrus (Figure 6.2D; p = 0.592).  In addition, similar proportions of 

aged and adult dentate granule cells transcribe Arc under basal conditions (Figure 6.2E; p 

= 0.9924). For both age groups, less than 0.5% of granule cells were Arc-positive. 

Examples of the pattern of Arc activation for the caged control rats are shown in Figure 

6.2F. These data indicate that under conditions in which rats are confined to familiar 

home cages, the same proportion of granule cells transcribe similar amounts of Arc 

mRNA in both the aged and adult rat hippocampus. 
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Figure 6.2 Basal levels of Arc mRNA in area CA1 and the dentate gyrus. A. Basal levels 

of Arc measured by RT-PCR are lower in aged, caged control rats compared to adult rats 

in area CA1. B. Aged caged control rats and adult rats have similar proportions of CA1 

pyramidal neurons that transcribe Arc under basal conditions as determined by FISH. C. 

Sample confocal image of cells expressing Arc mRNA (red) in area CA1 (40X 

magnification) of an adult and aged caged control rat. Nuclei are counterstained with 

Sytox Green. Calibration bar = 20 µm. D. Basal levels of Arc measured by RT-PCR are 

similar in aged caged control rats compared to adult rats in the dentate gyrus. E. Aged 

and adult caged control rats have similar proportions of dentate granule neurons that 

transcribe Arc under basal conditions. F. Sample confocal image of cells expressing Arc 

mRNA (red) in the dentate gyrus (40X magnification) of an adult and old caged control 

rat. Nuclei are counterstained with Sytox Green. Calibration bar = 20 µm. 
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Exploration-induced Arc in area CA1 is altered in the aged rat 

 After a single 5 minute episode of spatial exploration, adult and aged rats showed 

a similar fold increase in Arc above caged control levels (Figure 6.3A), although the 

relative levels of Arc were lower for the aged rats compared to the adult rats (Figure 

6.3B; p = 0.0316), which is likely the result of reduced basal levels of Arc in pyramidal 

cells (Figure 6.2A). Thus, even though the old rats show robust behavioral induction of 

Arc transcription, Arc mRNA levels remain lower in aged rats because the starting point 

(i.e. basal levels) were significantly lower to begin with.   

Next, we determined the proportion of CA1 pyramidal neurons that expressed Arc 

mRNA following 5 minutes of exploration using catFISH analysis. This behavioral 

treatment results in a robust increase in the number of Arc-positive pyramidal neurons in 

area CA1 in both adult and aged rats, when compared to their respective caged control 

groups (Figure 6.3C). The percentage of Arc positive neurons was 34% for adult rats, and 

38% for aged rats, percentages which are consistent with previous studies using a similar 

task (e.g., Vazdarjanova et al., 2004). This difference was not statistically different (p = 

0.3643), indicating that aged and adult rats recruit similar proportions of CA1 neurons 

following a brief period of spatial behavior. Using catFISH, we determined that nearly all 

of the Arc-positive pyramidal cells showed intranuclear transcriptional foci (Figure 

6.3D), indicating that these cells began transcribing Arc within the 5 min period 

immediately prior to sacrifice (Figure 6.3C), and thus, the initial transcriptional kinetics 

of Arc are similar between age groups. 

 



 

149 

D

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
B

R
e

la
ti
v
e

 m
R

N
A

*

>5%

Cyto. Foci

C

0

10

20

30

40

50

60

CA1 catFISH

P
e

rc
e

n
t 

p
o

s
it
iv

e

Adult

Aged

A

0

1.0

2.0

3.0

4.0

A
rc

 m
R

N
A

 (
fo

ld
 i
n

c
re

a
s
e

)

Cyto.
+

Foci
Total

Adult

Aged

D

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
B

R
e

la
ti
v
e

 m
R

N
A

**

>5%

Cyto. Foci

C

0

10

20

30

40

50

60

CA1 catFISH

P
e

rc
e

n
t 

p
o

s
it
iv

e

Adult

Aged

Adult

Aged

A

0

1.0

2.0

3.0

4.0

0

1.0

2.0

3.0

4.0

A
rc

 m
R

N
A

 (
fo

ld
 i
n

c
re

a
s
e

)

Cyto.
+

Foci
Total

Adult

Aged

 
 

Figure 6.3 Real-time RT-PCR and catFISH data for area CA1 after a single 5 min 

exposure to the environment (A-5’). A. After exploring an environment for 5 min, the 

fold increase in Arc mRNA from caged control levels measured by RT-PCR is similar for 

both aged and adult rats. B. Relative levels of Arc are lower in aged rats compared to 

adult rats. C. After the 5 min exploration treatment, similar proportions of CA1 pyramidal 

neurons transcribe Arc for both aged and adult rats (Total). The percentage of cells with 

Arc in the cytoplasm (Cyto) or nucleus (Foci) only or that were double-labeled (Cyto + 

Foci) was also similar between age groups. CatFISH analysis of the pattern of Arc 

labeling revealed that after the A-5’ treatment, most Arc
+
 cells are foci-labeled, indicating 

that transcription of Arc began ~5 min prior to sacrifice. D. Sample confocal images of 

cells expressing Arc mRNA (red) in area CA1 (40X magnification) from adult and aged 

rats that were sacrificed 5 min after exploration. Nuclei are counterstained with Sytox 

Green. Calibration bar = 20 µm. 

 

 

For the two-exposure exploration treatment (i.e., two 5 minute explorations 

separated by a 20 minute rest period), RT-PCR analysis indicated that the fold increase in 

Arc in CA1 (over basal levels) was similar for aged and adult rats (Figure 6.4A; p = 

0.059). Despite a robust increase in Arc mRNA levels for aged animals, relative levels of 

Arc were significantly lower in aged rats (Figure 6.4B; p = 0.05), which is likely the 

result of lower basal levels of Arc in aged rats. Despite these differences in the relative 
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levels of Arc, FISH revealed that the total proportion of Arc
+
 pyramidal neurons after the 

A-20-A treatment was similar for aged (48%) and adult rats (47%; Figure 6.4C). Taken 

together, this suggests that for the aged rats, the same number of pyramidal neurons 

transcribe Arc, but some or all of them are transcribing less. Using catFISH analysis, we 

determined the majority of Arc
+
 neurons had both intranuclear foci and cytoplasmic 

staining, indicating that most Arc
+
 neurons transcribed Arc on both exposures to the 

environment in both age groups (Figure 6.4C and 6.4D).   

 

 
Figure 6.4 Real-time RT-PCR and catFISH data for area CA1 after two 5 min exposures 

to the environment, separated by a 20 min rest (A-20-A). A. After the A-20-A treatment, 

the fold increase in Arc mRNA from caged control levels is similar for aged and adult 

rats as measured by RT-PCR. B. The relative amount of Arc mRNA is significantly lower 

in aged compared to adult rats. C. The proportion of CA1 pyramidal neurons that 

transcribe Arc after the A-20-A treatment is similar for aged and adult rats (Total). The 

percentage of cells with Arc in the cytoplasm (Cyto) or nucleus (Foci) only or that were 

double-labeled (Cyto + Foci) was also similar between age groups. CatFISH analysis of 

the pattern of Arc labeling indicates that after the A-20-A treatment, most Arc
+
 cells have 

both cytoplasmic and nuclear Arc labeling, indicating that most of the Arc
+
 pyramidal 

neurons were activated by both the first and second behavioral epochs. D. Sample 

confocal images of cells expressing Arc mRNA (red) in area CA1 (40X magnification) of 

adult and aged rats that were sacrificed after the A-20-A treatment. Nuclei are 

counterstained with Sytox Green. Calibration bar = 20 µm. 
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Arc mRNA accumulates in the cytoplasm, and can be detected up to ~45 minutes 

after transcription has been induced (Guzowski et al., 1999). For the 50 minute interval, 

two-exposure exploration treatment, RT-PCR analysis revealed that the fold increase in 

Arc in CA1 was not different between aged and adult rats (Figure 6.5A; p = 0.202). 

Similarly, an age effect was not detected in the total relative levels of Arc mRNA at this 

time point (Figure 6.5B; p = 0.578). CatFISH analysis suggests that the total proportion 

of pyramidal neurons that transcribe Arc following the A-50-A treatment is similar 

between aged and adult pyramidal neurons (Figure 6.5C; p = 0.706), and that the majority 

of neurons showed Arc nuclear label (Figure 6.5D). This indicates that the majority of 

Arc
+
 neurons were activated on the second exposure to the environment, with very little 

Arc persisting from the first exposure (i.e., cytoplasmic staining). The catFISH results are 

similar to those seen following the A-5’ treatment (Figure 6.4), and indicate that the 

longer-term kinetics of Arc distribution in pyramidal cells are similar in aged and adult 

rats. 
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Figure 6.5 Real-time RT-PCR and catFISH data for area CA1 after two 5 min exposures 

to the environment, separated by a 50 min rest (A-50-A). A. After the A-50-A treatment, 

the fold increase in Arc mRNA from caged control levels is not statistically different 

between age groups as measured by RT-PCR. B. The relative levels of Arc mRNA did 

not differ between age groups at this time point. C. The proportion of pyramidal neurons 

that transcribe Arc after the A-50-A treatment is similar for aged and adult rats (Total). 

CatFISH analysis of the pattern of Arc labeling indicates that after the A-50-A treatment, 

most Arc
+
 cells show nuclear label (Foci), indicating that most of the Arc

+
 pyramidal 

neurons were activated ~5 min prior to sacrifice (i.e, the second exposure to the 

environment) and by inference, the Arc from the first exposure is no longer in the 

cytoplasm, and these kinetics are similar across age groups. D. Sample confocal images 

of cells expressing Arc mRNA (red) in area CA1 (40X magnification) from adult and 

aged rats that were sacrificed after the A-50-A treatment.  Nuclei are counterstained with 

Sytox Green. Calibration bar = 20 µm. 

 

 

Exploration-induced Arc in the aged dentate gyrus 

 Analysis of Arc transcription in the dentate gyrus (Figure 6.6A) revealed that after 

the A-5’ exploration treatment, aged rats had a significantly smaller fold increase in Arc 

than did adult rats following exploration (A-5’, p = 0.015). This smaller fold increase in 

Arc mRNA levels for the aged rats resulted in less Arc in the dentate gyrus relative to 

adult rats (Figure 6.6B; p = 0.032). Despite lower levels of Arc in the aged dentate gyrus, 

we did not observe a difference in the total proportion of dentate granule neurons that 
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transcribed Arc at 5 min. At this time point, a single exposure to the environment (A-5’) 

activated less than 2% of the total numbers of granule cells in the dorsal hippocampus for 

both young and aged groups; 1.3% of adult granule cells transcribed Arc and 1.7% of 

aged granule cells transcribed Arc in response to this treatment (Figure 6.6C). This 

difference between age groups was not statistically significant (p = 0.064). Furthermore, 

the catFISH analysis indicates that the majority of Arc-positive neurons had the expected 

nuclear labeling in both age groups (Figure 6.6D). 
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Figure 6.6 Real-time RT-PCR and FISH data for the dentate gyrus after a single 5 min 

exposure to the environment (A-5’). A. After exploring an environment for 5 min (A-5’), 

the fold increase in Arc mRNA from caged control levels is significantly reduced in aged 

rats compared to adult rats. B. The relative amount of Arc, as measured by RT-PCR is 

lower in aged compared to adult rats. C. Similar proportions of aged and adult dentate 

granule neurons transcribe Arc after a single 5 min exploration treatment (Total). The 

percentage of cells with Arc in the cytoplasm (Cyto) or nucleus (Foci) only or that were 

double-labeled (Cyto + Foci) was also similar between age groups. CatFISH analysis of 

the pattern of Arc labeling indicates that after the A-5’ treatment, most Arc
+
 cells have 

nuclear (Foci) Arc labeling, indicating that most of the Arc
+
 pyramidal neurons were 

activated during the 5 min exploration period. D. Sample confocal images of cells 

expressing Arc mRNA (red) in the DG (40X magnification) from adult and aged rats that 

were sacrificed after the A-5’ treatment.  Nuclei are counterstained with Sytox Green. 

Calibration bar = 20 µm. 
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 Following two exposures to the environment, separated by a 20 minute rest 

period, aged rats also showed a smaller fold increase in Arc mRNA in the dentate gyrus 

compared to adult rats (Figure 6.7A; p = 0.011), and further, had significantly lower 

levels of Arc mRNA when compared to the adult rats (Figure 6.7B; p = 0.011). Unlike 

the A-5’ treatment, however, adult rats had a greater proportion of Arc-positive granule 

cells by FISH analysis (2.3%) than did the aged rats (1.75%; p = 0.017). CatFISH 

analysis revealed that for both aged and adult rats, the majority of Arc-positive neurons 

had both nuclear and cytoplasmic labeling, indicating that these neurons were active on 

both exposures to the environment (Figure 6.7C and 6.7D). 
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Figure 6.7 Real-time RT-PCR and FISH data for the dentate gyrus after two exposures to 

the environment, separated by a 20 min rest (A-20-A). A. After the A-20-A treatment, the 

fold increase in Arc mRNA from caged control levels is significantly lower for aged 

compared to adult rats. B. The relative amount of Arc as measured by RT-PCR is 

significantly lower in aged compared to adult rats. C. A smaller proportion of aged 

dentate granule neurons transcribe Arc compared to adult rats (Total). CatFISH analysis 

revealed that the percentage of cells with Arc in the cytoplasm (Cyto) or nucleus (Foci) 

were not different between adult and aged rats, but the percentage of Arc
+
 neurons that 

were double-labeled (Cyto + Foci) was significantly reduced in aged rats. Overall, the 

majority of Arc
+
 neurons were activated during both behavioral epochs in both age 

groups. D. Sample confocal images of cells expressing Arc mRNA (red) in the DG (40X 

magnification) from adult and aged rats that were sacrificed after the A-20-A treatment.  

Nuclei are counterstained with Sytox Green. Calibration bar = 20 µm. 

 

In animals that were given the A-50-A treatment (a 50 minute rest period in 

between two 5 min exposures to the environment), no difference between age groups was 

detected in the fold increase from basal levels assessed by RT-PCR (Figure 6.8A). The 

mean fold increase in the old rats, however, is less than in the adult rats and is similar to 

the pattern observed after one 5 min exploration session (Figure 6.6A). Additionally, the 

relative levels of Arc remained significantly lower in the aged rats (Figure 6.8B, p=0.023) 

as was observed after a single behavior treatment (Figure 6.6B).  In situ hybridization 
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showed that aged and adult rats had a similar proportion of Arc-positive cells following 

the A-50-A treatment (Figure 6.8C and 6.8D).  This indicates that for about half of the 

Arc
+
 neurons, transcription of Arc began ~5 min prior to sacrifice, and for about half of 

Arc
+
 neurons, Arc message persisted from a previous activation as well as from the 

exploration that occurred immediately prior to sacrifice. The catFISH results are distinct 

from those observed after the A-5’ treatment, which would be the predicted outcome if 

dentate Arc kinetics were similar to the kinetics observed in CA1. Thus, these results 

indicate that the kinetics of Arc are different in the dentate gyrus, but are similar in aged 

and adult rats. 
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Figure 6.8 Real-time RT-PCR and FISH data for the dentate gyrus after two exposures to 

the environment, separated by a 50 min rest (A-50-A). A. After the A-50-A treatment, the 

fold increase in Arc mRNA from caged control levels is similar for aged compared to 

adult rats. B. The relative amount of Arc, however, is significantly lower in aged 

compared to adult rats. C. Similar proportions of aged and adult dentate granule neurons 

transcribe Arc at this time point (Total). The percentage of cells with Arc in the 

cytoplasm (Cyto) or nucleus (Foci) only or that were double-labeled (Cyto + Foci) was 

also similar between age groups. CatFISH analysis of the pattern of Arc labeling revealed 

that after the A-50-A treatment, most Arc
+
 cells are either foci-labeled, or double-labeled 

(Cyto + Foci). This indicates that for about half of the Arc
+
 neurons, transcription of Arc 

began ~5 min prior to sacrifice, and for the other ~half of Arc
+
 neurons, Arc message 

persisted from a previous activation as well as from the exploration that occurred 

immediately prior to sacrifice. D. Sample confocal images of cells expressing Arc mRNA 

(red) in the DG (40X magnification) from adult and aged rats that were sacrificed after 

the A-50-A treatment.  Nuclei are counterstained with Sytox Green. Calibration bar = 20 

µm. 

 

 

Transcriptional foci analysis  

 Within ~2 minutes of stimulation, Arc can be detected at the genomic site of 

transcription using FISH (Bottai et al., 2002; Guzowski et al., 1999). These intranuclear 

foci are detectable up to 15 minutes following the initiation of transcription 

(Vazdarjanova et al., 2002).  We have reported that the number of pyramidal neurons that 
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transcribe Arc are similar between adult and aged rats in area CA1, but using RT-PCR, 

we have shown that aged rats actually have less Arc mRNA relative to adult rats. Because 

the same number of cells transcribe Arc following behavior in CA1, this reduction in Arc, 

as measured by RT-PCR, may be the result of some or all aged pyramidal neurons 

transcribing less Arc. In order to address this question, we measured the average and 

integrated fluorescent intensity of Arc intranuclear foci to determine if the amount of 

primary transcript detected per Arc
+
 CA1 neuron is different between adult and aged rats. 

The results of this analysis (Figure 6.9A and 6.9B) indicate that the average intensity and 

integrated fluorescent intensity (p = 0.0001 for both measures) from aged rats are 

significantly lower than adult rats, suggesting an age-related decrement in the amount of 

primary transcript after 5 min of spatial exploration.   

 

 

Figure 6.9 Mean average intensity and the mean integrated intensity of CA1 intranuclear 

foci after 5 minutes of spatial exploration treatment. A. The mean average intensity of 

intranuclear foci measured in CA1 is significantly lower in aged rats compared to adult 

rats. B. The mean integrated intensity of intranuclear foci is also significantly lower in 

aged rats compared to adult rats. 
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Discussion 

Combining catFISH and RT-PCR methodologies allowed an examination to be 

made of both the network composition and transcriptional participation of individual cells 

activated by discrete behavioral experiences. The present findings provide several critical 

insights into the Arc transcriptional response under conditions of “rest” and exploratory 

behavior. These include the observations that resting and behavioral activation of Arc 

transcriptional responses are altered with aging in both hippocampal pyramidal cells and 

granule cells but that the effects of aging are distinct in these two cell types. The 

differences in the cell-type pattern of age-related changes occur in network activation, 

resting levels of Arc per cell, and in levels of Arc activated by behavior (see Figure 6.10 

for summary diagram). These independent alterations are likely to impact the information 

processing capacity of the aging network in slightly different ways, as elaborated below.    
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Figure 6.10.  The effects of age-related changes in Arc mRNA expression on information 

processing in the hippocampus. A. At time 0 (i.e. basal conditions) the same proportions 

of neurons transcribe Arc in the dentate gyrus, CA3, and in CA1.  In CA1, basal levels of 

Arc mRNA are lower in aged rats relative to adult rats, and this is likely the result of 

some CA1 pyramidal neurons transcribing less Arc (indicated by yellow filled circles; red 

filled circles indicate ‘normal’ Arc transcription).  B. At time 30’, which follows two 

exposures to an environment before sacrifice, the ensemble of granule cells that 

transcribe Arc is reduced, which may result in a failure of the dentate gyrus to reduce 

similarity in input. CA3 may engage in excessive pattern completion (Wilson et al., 

2005). Similar sized ensembles of pyramidal neurons transcribe Arc, but some or all of 

the CA1 pyramidal neurons respond to the two exploration experiences with a blunted 

transcriptional response (yellow filled circles). This may contribute to the unreliability of 

CA1 to represent information over multiple trials (i.e., Barnes et al, 1997). In the dentate 

only, over a longer period of time (not shown), sustained transcription may be required 

for representation of long-term memory, and this process may undergo age-related 

changes. 
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Arc activity in ensembles of hippocampal neurons 

 Arc, and other IEGs have often been used to identify the individual neurons and 

neuronal networks activated by a specific behavior.  Using either conventional in situ 

hybridization or the catFISH method (Guzowski et al., 1999), the utility of Arc as an 

activity marker has been well documented (e.g., Burke et al., 2005; Chawla et al., 2005; 

Guzowski et al., 2001; Han et al., 2007; Petrovich et al., 2005; Ramirez-Amaya et al., 

2005; Small et al., 2004; Zhang et al., 2005; Zou and Buck, 2006).  The Arc catFISH 

method is more powerful than conventional in situ hybridization techniques in at least 

two important ways.  The first advantage involves the fact that catFISH allows a within 

animal comparison of two cellular activity ‘maps’ that result from two temporally-

discrete behavioral epochs. This can be accomplished because of the precise timing of 

Arc transcription and mRNA processing, such that Arc detected within the cytoplasm 

provides a marker for neurons activated ~30 min prior to death, whereas Arc intranuclear 

transcription foci mark neurons activated just prior to death.  Because two behavioral 

epochs can be overlaid within the same brain, the reliability or independence of specific 

behavioral experiences can be examined:  reliability of circuit activation is assessed by 

the extent to which Arc is expressed within the same cells in response to two identical 

experiences; independence of circuit activation is assessed by the extent to which Arc is 

expressed in different cell populations within the network following two different 

experiences.  The second strength of the Arc catFISH method is that the proportions of 

cells that show Arc expression are similar to the proportions of single cells recorded 

electrophysiologically that exhibit behavior-locked firing rate increases.  Although other 
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IEGs may also be shown to identify cells that participate in active information processing 

that is correlated with ensemble cell firing activity, this relationship has only been 

demonstrated rigorously for Arc (and to some extent for Homer 1a, Vazdarjanova et al., 

2002).  

 In the current study, we applied the catFISH technique to determine if neuronal 

ensembles activated by spatial exploration are similar in adult and aged rats, in terms of 

size (i.e., proportion of neurons activated) and to determine the overlap between 

ensembles activated by two exposures to the same environment. In CA1, the ensemble 

activated by a single spatial experience was similar in aged and adult rats, as measured by 

the proportion of CA1 neurons with intranuclear transcription foci. In order to measure 

the overlap of ensemble activity resulting from two behavioral epochs, a separate group 

of rats were exposed to the same environment on two separate occasions with an 

intervening rest period of 20 min. In this case, the size of the ensembles activated by 

these behaviors were again similar between adult and aged rats. Moreover, the overlap 

within a single animal was very high, as indicated by a very high proportion of Arc
+
 

neurons with both intranuclear transcription foci and cytoplasmic Arc labeling.   This 

indicates that under these conditions, aged rats are as capable as adult rats of activating a 

similar sized ensemble of CA1 neurons, and reactivating this same ensemble of neurons 

upon re-exposure to the same environment. At face value this finding appears to 

contradict electrophysiological experiments which have shown that under some 

conditions, when an old rat is removed from an environment and then later returned to the 

same, unaltered environment, the place cells of aged rats can sometimes ‘remap’ (Barnes 
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et al., 1997). The observed multi-stability in place cell firing of old rats, however, is 

known to occur in a given old rat in a probabilistic manner. At least two possible 

explanations may reconcile these electrophysiological and molecular data in the old rats. 

First, in the Arc experiment, the rats were only exposed twice to the environment rather 

than multiple times, making it less probable that a ‘remapping’ would be detected. 

Second, the exploration procedure in which the rats are moved around the environment 

by the experimenter may have provided salient cues that increased CA1 map stability in 

the old rats. In combination, these factors may have contributed to the reliable map 

retrieval in aged rats observed in the present study.  

  

Ensemble activity in the dentate gyrus 

 The pattern of age-related change is different in the dentate gyrus. This region not 

only has a different principle cell type, but is also thought to be involved in different 

aspects of information processing than CA1 pyramidal neurons (e.g. Aimone et al., 2006; 

Leutgeb et al., 2007; McHugh et al., 2007). The proportion of granule cells activated by 

spatial behavior is much smaller than the proportion activated in CA1, typically ~2% 

compared to the ~40% activated in CA1. In the present study, a single episode of spatial 

behavior engages similar proportions of dentate gyrus granule neurons in adult and aged 

rats (>2%). If the rat has been exposed to the environment twice with a 20 min 

intervening rest period, however, a significantly smaller proportion of aged granule cells 

transcribe Arc. This effect is not seen when there is a 50 min intervening rest period, 

which may reflect differences in the kinetics of Arc transcription that are specific to the 
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DG.  In area CA1, Arc transcription is tightly regulated, such that Arc is detected in the 

cytoplasm for about 45 min. Chawla et al. (2007) have recently demonstrated that the 

transcription of Arc is sustained for longer periods of time (up to ~8 hours) in 

approximately 50% of dentate granule neurons once they have been activated. Although 

the functional consequences of this sustained transcription are not yet known, one 

intriguing possibility is that it is necessary for long-term memory consolidation 

(Guzowski et al., 2000; Messaoudi et al., 2007).  In the present study, two distinct 

populations of granule neurons are apparent, those that show a nuclear signal, and thus 

respond to the A-50-A treatment as they would to a single 5 min exploration, and those 

that show sustained transcription resulting in nuclear and cytoplasmic labeling after the 

A-50-A treatment. Interestingly, no age difference is apparent following the A-50-A 

treatment in terms of the proportion of Arc
+
 granule cells that are activated, suggesting 

that the sustained transcription of Arc is different between adult and aged rats. Because 

fewer Arc+ granule neurons are activated after the A-20-A treatment in old animals, it 

would be predicted that a similar age-difference would be apparent after the A-50-A 

treatment. Since this is not the case, one possibility is that a greater proportion of aged 

granule cells show sustained transcription, and therefore a similarly sized ensemble of 

dentate granule neurons is observed. If this is the case, it may represent a compensatory 

mechanism within the aged dentate gyrus to deal with lower levels of Arc mRNA 

contained within the ensemble, as discussed below. 
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Measuring Arc with RT-PCR  

 Although it is instructive to determine the size and stability of activated 

ensembles of CA1 pyramidal and dentate granule neurons following spatial behavior, the 

‘readout’ provided by catFISH does not include information about ‘how much’ Arc is 

present within the activated population of neurons. As diagramed in Figure 11, one could 

count a similar proportion of activated neurons, but this would not indicate how much 

mRNA a particular neuron transcribes. In order to address this issue, we used RT-PCR to 

measure the amount of Arc contained in samples taken from CA1 and from the dentate 

gyrus.  

 As discussed above, the proportion of CA1 neurons that transcribe Arc in 

response to spatial behavior is similar in adult and aged rats. RT-PCR reveals, however, 

that when Arc is transcribed in response to one or two epochs of spatial behavior, aged 

rats show a fold increase, from ‘basal’ levels, that is similar to the response of younger 

rats. Because basal levels of Arc are lower in the aged rat, however, aged rats ultimately 

show lower Arc mRNA levels relative to adult rats. This may suggest that some or all of 

the Arc-transcribing CA1 neurons make less mRNA, and this could ultimately affect the 

function of individual CA1 neurons within the activated ensemble. This hypothesis was 

supported by an additional analysis of the intensity of intranuclear foci, which revealed 

an age-associated decrease in both the average and integrated intensity of CA1 

transcriptional foci.   

 The ensemble of neurons activated in the dentate gyrus, on the other hand, is 

either similar in size or larger in the adult rat (in terms of the proportion of neurons 
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activated). When measurements are made of the amount of Arc in dentate gyrus samples 

using RT-PCR, the fold increase in the amount of Arc (from ‘basal’ levels) is larger in 

adult rats compared to the aged rats, resulting in higher levels of Arc in the adult dentate 

gyrus. The purported role of the dentate gyrus in cognition is to orthogonalize incoming 

information such that similar inputs are made less similar before being passed through to 

other parts of the hippocampus. Input to the dentate gyrus comes from layer II of the 

entorhinal cortex, and it has been observed that the dentate gyrus receives reduced input 

from the entorhinal cortex (i.e., fewer perforated synaptic connections, Geinisman et al., 

1992). One possible outcome of this reduced input is the smaller ensemble of granule 

cells or lower levels of Arc mRNA within the aged denate gyrus, which may affect its 

ability to distinguishing between similar inputs.  

 

‘Resting’ or ‘basal’ levels of Arc  

 Arc, like many other IEGs, is transcribed at low levels when an animal is quietly 

‘resting’, and the activity of Arc under resting conditions is typically thought of as its 

‘basal’ or steady state activity. To take a measurement of ‘basal’ activity, most studies 

sacrifice a group of animals who have not been exposed to the experimental condition, 

but who have been confined to a home cage until the time of sacrifice. The animal in a 

home cage however, is certainly processing some sensory information. In fact, Marrone 

et al. (2008) have recently found that the pattern of IEG transcription under these 

conditions reflects information processing that occurs in relation to this particular 

environment and is not simply ‘noise’ (Marrone et al., 2008).  Thus, the amount of basal 
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transcription may ultimately have an effect on the final ‘readout’ of transcription 

following some experimental condition. This finding matches well with several studies 

suggesting that the consolidation of memory traces occurs when the hippocampus is not 

actively processing external information, or is “off-line” (e.g., Wilson and McNaughton, 

1994; Kudrimoti et al., 1999; Hoffman and McNaughton, 2002).  

 In the present study, the basal expression of Arc is lower in aged CA1, but not in 

the dentate gyrus as measured by RT-PCR, even though the number of pyramidal neurons 

and dentate granule neurons that transcribe Arc under these same resting conditions is not 

different between adult and aged rats. In the case of CA1 pyramidal neurons, this may 

suggest that some or all of the pyramidal neurons transcribing Arc under this condition 

transcribe less. A lower basal rate of Arc transcription per cell may create a situation in 

which these neurons are less able than those in a younger brain to respond to even simple 

behavioral experiences such as exploration. Taken together, these findings suggest that 

plasticity mechanisms that are important “off-line” for memory consolidation may be 

defective in aged animals, possibly resulting in inferior memory stabilization.  

  

Arc and synaptic plasticity 

 The potential for age-related changes in synaptic plasticity have been well 

documented electrophysiologically using paradigms that, for example, induce long-term 

potentiation (LTP) which is thought to reflect a mechanism underlying the establishment 

and maintenance of associative memory. Several studies have shown that when stimulus 

parameters are set very close to the LTP induction threshold, aged rats consistently show 
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induction deficits at the Schaffer collateral CA1 synapse and the perforant path-granule 

cell synapse (e.g., Deupree et al., 1993; Moore et al., 1993; Barnes et al., 2000a). After 

LTP has been induced, the durability or maintenance of LTP is also compromised in the 

aged brain, decaying nearly twice as fast in aged rats compared to young rats (Barnes and 

McNaughton, 1980). The consequences of these age-associated changes in plasticity 

mechanisms are reflected in hippocampal network function. For example, hippocampal 

place cells of old rats are often less stable in CA1 (Barnes et al., 1997), but more rigid in 

CA3 compared to young rats (Wilson et al., 2005).   

 Although the exact function of Arc is not known, recent evidence suggests that it 

plays a critical role in regulating AMPA receptor trafficking (Chowdhury et al., 2006) 

and homeosynaptic scaling of synapses that contain AMPA receptors (Rial Verde et al., 

2006; Shepherd et al., 2006), both of which are essential for efficient and reliable 

synaptic plasticity (Bredt and Nicoll, 2003). Earlier work by Guzowski et al. (2000) 

provided strong evidence for Arc’s involvement in long-lasting synaptic plasticity. When 

Arc expression was blocked using antisense oligonucleotides, there was no significant 

effect on the induction of LTP, or on the learning of the Morris swim task; however, 

blocking Arc translation did have an effect on the maintenance of LTP over several days 

time, which decayed more rapidly in the absence of Arc expression. Moreover, rats that 

had previously learned the location of the hidden platform during training on the Morris 

swim task, when treated 8 hours after acquisition of the task, failed to recall the 

platform’s location upon later testing. Experiments using Arc knockout mice have 

revealed similar effects on long-term spatial, taste, and fear memory (McIntyre et al., 
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2005; Plath et al., 2006). Although aged rats do not typically show the same degree of 

memory impairment seen in knockout studies, lower levels of Arc in the aged 

hippocampus may contribute to the deficits observed in LTP maintenance and other 

plasticity mechanisms such as place field expansion (Shen et al., 1997), and the subtle 

memory impairments seen in the aged rat.   

 We propose that although the ensemble activity, as measured by catFISH appears 

‘normal’ in CA1 pyramidal cells and CA3 pyramidal cells (Small et al., 2004) of aged 

rats, the reduced levels of Arc mRNA as measured by RT-PCR, may compromise the 

ability of the ensemble to encode new information with sufficient strength, resulting in 

unreliable representation of new episodes. CA1 may be also be affected by information 

that reaches it from the dentate gyrus and CA3, which under certain conditions shows 

more rigidity in old rats than does CA1 (Wilson et al., 2005). In the dentate gyrus, the 

ensemble activity of dentate granule neurons is sometimes reduced, and the level of Arc 

mRNA is also reduced even when ensemble activity appears ‘normal’. If Arc is, in fact, a 

necessary component of the molecular cascade that underlies memory formation, these 

subtle changes may disrupt the plasticity needed for efficient memory storage and 

retrieval.  
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CHAPTER 7: AGE-RELATED CHANGES IN THE IMMEDIATE-EARLY 

GENES C-FOS, ZIF268, AND HOMER 1A  
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 As discussed in Chapter 3, Arc is certainly not the only immediate-early gene 

(IEG) that is dynamically regulated within the brain, and moreover, many of the IEGs 

have distinct cellular functions. To further assess age-related alterations in gene 

expression within the hippocampus, three additional IEGs were selected for analysis 

using methods similar to those used for Arc in the preceeding Chapter.  These genes are: 

c-fos, an activity induced regulatory transcription factor; zif268, also an activity-induced 

transcription factor; and Homer 1a (H1a), an effector IEG.  Each of these genes have 

been implicated in learning and memory processes, and are significantly upregulated in 

the hippocampus following LTP-inducing stimuli (e.g., Barnes et al., 1994; Dragunow et 

al., 1989; Cole et al., 1989; French et al., 2001; Jones et al., 2001; Lanahan et al., 1997; 

Worley et al., 1993).  

 In the following experiments, mRNA samples obtained from the same 

hippocampi that were used for Arc analysis in Chapter 6, were used to assess potential 

age-related differences in basal levels of c-fos, zif268 and H1a, and to assess potential 

age-related changes in induced levels of each of these genes. One ‘time point’ was 

selected for analysis based on the kinetics of transcription for these genes. Samples taken 

from rats that explored an environment for five minutes on two separate occasions 

separated by a 20 minute rest period (A-20-A) were selected. At this time point, the 

mRNA of all 3 genes can be easily visualized using FISH and confocal microscopy, and 

several studies have observed a significant upregulation of each of these genes following 

behavior (e.g., Chawla et al., 2005; Fleischmann et al., 2003; Gill et al., 2007; Guzowski 

et al., 1999; 2000; 2001; Jenkins et al., 2004; Jones et al., 2001; Lee et al., 2004; 
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Ramirez-Amaya et al., 2005; Rosi et al., 2005;Vazdarjanova et al., 2002; 2004; see 

Figure 7.1).  

  

 

Figure 7.1 The kinetics of Arc, zif268, c-fos and Homer 1a (H1a) mRNA following 

behavioral induction. A. Arc, zif268 and c-fos mRNA are optimally increased above 

caged control levels in the hippocampus following training on the Morris swim task 

(from Guzowski et al., 2001). B. H1a intranuclear foci (i.e., sites of active H1a mRNA 

transcription) are optimally detected in area CA1 of the hippocampus ~25 minutes after 

exploration of an environment (from Vazdarjanova et al., 2002).   

 

 

 The specific aim of the following experiments was to determine if there is an age-

related dysregulation of the basal expression of c-fos, zif268 and/or H1a mRNA in area 

CA1 and in the dentate gyrus. The second aim was to determine if age-related 

dysregulation of the mRNA of each of these genes occurs after exploratory behavioral 

(described above; also see Chapter 5, Materials and Methods). Because neither memory 

nor aging processes can be modulated by a single gene (i.e. Blalock et al., 2003; Rowe et 

al., 2007), and each of these IEGs have been implicated in memory function, it is 

expected that each of these genes will show age-related dysregulation within the 
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hippocampus. Moreover, because each of these genes has a unique function within the 

brain, an investigation into the distinct patterns of basal expression and induced 

expression in the hippocampus may provide insight into the mechanisms that underlie 

age-associated cognitive dysfunction. 

 

Results 

Basal levels of c-fos 

 To assess potential age differences in both the levels of c-fos mRNA and the 

proportion of cells that transcribe c-fos mRNA under basal conditions, an identical 

procedure to the one used to assess basal levels of Arc mRNA in Chapter 6 was 

employed. Using this method, we determined that adult and aged caged control rats had 

similar levels of c-fos mRNA within CA1 (Figure 7.2A). In addition, similar proportions 

of neurons express c-fos mRNA under basal conditions (Figure 7.2B and 7.2C). For both 

adult and aged rats, the total proportion of pyramidal cells that express c-fos is less than 

7%. Thus, basal levels of c-fos mRNA are low in adult and aged animals within CA1 and 

are not affected by the aging process.    
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Figure 7.2 Basal levels of c-fos in CA1. A. Basal levels of c-fos mRNA are similar in 

adult rats and aged rats, as measured by RT-PCR. B. The proportion of CA1 pyramidal 

neurons that transcribe c-fos under resting conditions are also similar in adult and aged 

rats. C. Representative confocal images from the dentate gyrus. Green = c-fos, Blue = cell 

nuclei stained with TOPRO. Magnification = 40X. Scale bar = 20 µm. 

 

 

 Similar results were obtained in the denate gyrus, where no age effect was 

apparent on the basal levels of c-fos mRNA, as measured by RT-PCR (Figure 7.3A) or in 

terms of the proportion of dentate granule neurons that transcribe c-fos under basal 

conditions (Figure 7.3B and 7.3C).   
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Figure 7.3 Basal levels of c-fos in the dentate gyrus. A. Basal levels of c-fos mRNA are 

similar in adult rats and aged rats, as measured by RT-PCR. B. The proportion of dentate 

granule neurons that transcribe c-fos under resting conditions are similar in adult and 

aged rats. C. Representative confocal images from the dentate gyrus. Green = c-fos, Blue 

= cell nuclei stained with TOPRO. Magnification = 40X. Scale bar = 20 µm. 

 

 

Exploration induced c-fos mRNA expression 

 The relative levels of c-fos mRNA expression after two explorations of an 

environment with an intervening 20 minute rest period were not significantly different 

between adult and aged rats in CA1 (Figure 7.4A), as measured by RT-PCR, nor was 

there a difference in the proportion of CA1 pyramidal neurons that transcribe c-fos 

following this treatment (Figure 7.4B and 7.4C). 
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Figure 7.4 Induced levels of c-fos in CA1. A. Induced levels of c-fos mRNA are not 

different in adult rats relative to aged rats, as measured by RT-PCR. B. The proportion of 

CA1 pyramidal neurons that transcribe c-fos after exploration are similar in adult and 

aged rats. C. Representative confocal images from CA1. Green = c-fos, Blue = cell nuclei 

stained with TOPRO. Magnification = 40X. Scale bar = 20 µm. 

 

  

 Similar results were obtained in the dentate gyrus. Here, the relative levels of 

induced c-fos mRNA was not significantly different between adult and aged rats, as 

measured by RT-PCR (Figure 7.5A), nor was there a difference in the proportion of 

dentate granule neurons that transcribe c-fos following this treatment (Figure 7.5B and 

7.5C).  
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Figure 7.5 Induced levels of c-fos in the dentate gyrus. A. Induced levels of c-fos mRNA 

are not different in adult rats relative to aged rats, as measured by RT-PCR. B. The 

proportion of dentate granule neurons that transcribe c-fos after exploration are similar in 

adult and aged rats. C. Representative confocal images from the dentate gyrus. Green = c-

fos, Blue = cell nuclei stained with TOPRO. Magnification = 40X. Scale bar = 20 µm. 

 

 

Basal levels of zif268 

 Basal levels of zif268 mRNA were significantly lower in aged caged control rats 

relative to adult rats (Figure 7.6A.; p = 0.005). As this difference may be the result of 

fewer pyramidal neurons transcribing zif268 in aged rats, FISH was used to determine the 

proportion of CA1 pyramidal cells that transcribe zif268 mRNA under basal conditions.  

Similar proportions of CA1 neurons transcribed zif268 in both aged and adult caged 

control groups (Figure 7.6B); when rats are sacrificed directly from their home cage, the 

proportion of pyramidal cells that transcribe zif268 mRNA is less than 7% for both age 

groups. Examples of the pattern of zif268 activation for the caged control rats are shown 

in Figure 7.6C. Taken together, these data indicate that the basal rate of zif268 

transcription in area CA1 is affected by age, and that this effect is not due to changes in 

the proportion of neurons that transcribe zif268, but rather, it is likely that aged CA1 
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pyramidal cells transcribe less zif268 mRNA per cell compared to adult pyramidal cells, a 

finding that is similar to the one obtained for Arc (Chapter Six).   

 

 

 

Figure 7.6 Basal levels of zif268 in area CA1. A. Basal levels of zif268 mRNA are higher 

in adult rats relative to aged rats, as measured by RT-PCR (p = 0.005). B. The proportion 

of pyramidal neurons that transcribe zif268 under resting conditions, are similar in adult 

and aged rats. C. Representative confocal images from area CA1. Green = zif268, Blue = 

cell nuclei stained with TOPRO. Magnification = 40X. Scale bar = 20 µm. 

 

  

 There was no significant age effect on basal levels of zif268 mRNA in the dentate 

gyrus (Figure 7.7A), and moreover, similar proportions of aged and adult dentate granule 

cells transcribe zif268 under basal conditions (Figure 7.7B). For both age groups, less 

than 0.5% of granule cells were zif268-positive. Examples of the pattern of zif268 

activation for the caged control rats are shown in Figure 7.7C. These data indicate that 

under conditions in which rats are confined to familiar home cages, the same proportion 

of granule cells transcribe similar amounts of zif268 mRNA in both the aged and adult rat 

hippocampus. 
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Figure 7.7 Basal levels of zif268 in the dentate gyrus. A. Basal levels of zif268 mRNA are 

similar in adult rats (n=6) and aged rats (n=6), as measured by RT-PCR (p = 0.1515). B. 

The proportion of dentate gyrus granule cells that transcribe zif268 under resting 

conditions, are similar in adult and aged rats. C. Representative confocal images from the 

dentate gyrus. Green = zif268, Blue = cell nuclei stained with TOPRO. Magnification = 

40X. 

 

 

Induced levels of zif26 after exploration 

 The relative levels of zif268 mRNA are not significantly different between adult 

and aged rats in area CA1 (Figure 7.8A) after the A-20-A treatment. The proportion of 

CA1 pyramidal neurons that transcribe zif268 after exploration are also similar between 

age groups (Figure 7.8B and 7.8C) following exploration. 
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Figure 7.8 Induced levels of zif268 in CA1. A. Induced levels of zif268 mRNA are not 

different in adult rats relative to aged rats, as measured by RT-PCR. B. The proportion of 

CA1 pyramidal neurons that transcribe zif268 after exploration are similar in adult and 

aged rats. C. Representative confocal images from CA1. Green = zif268, Blue = cell 

nuclei stained with TOPRO. Magnification = 40X. Scale bar = 20 µm. 

 

 

 In the dentate gyrus, the relative levels of zif268 mRNA are significantly lower in 

aged rats relative to adult rats (Figure 7.9A; p = 0.0049) after exploration. The proportion 

of dentate granule neurons that transcribe zif268 is also significantly lower for aged rats 

relative to adult rats (Figure 7.9B and 7.9C; p <0.05)   
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Figure 7.9 Induced levels of zif268 in the dentate gyrus. A. Induced relative levels of 

zif268 mRNA are significantly lower in aged rats compared to adult rats relative to aged, 

as measured by RT-PCR (p = 0.0049). B. The proportion of dentate granule neurons that 

transcribe zif268 after exploration is significantly lower in aged rats (p <0.05). C. 

Representative confocal images from the dentate gyrus. Green = zif268, Blue = cell 

nuclei stained with TOPRO. Magnification = 40X. Scale bar = 20 µm. 

 

 

Basal levels of Homer 1A 

 Like zif268 and Arc, basal levels of H1A are significantly lower in aged caged 

control rats in area CA1 relative to adult rats (Figure 7.10A; p = 0.046), and this 

difference is not due to changes in the proportion of pyramidal neurons that transcribe 

H1A (Figure 7.10B and 7.10C). Examples of the pattern of H1A activation for the caged 

control rats are shown in Figure 7.10C. Taken together, these data indicate that the basal 

rate of H1A transcription in area CA1 is affected by age, and that this effect is not due to 

changes in the proportion of neurons that transcribe H1A, but rather, aged CA1 pyramidal 

cells transcribe less H1A mRNA per cell compared to adult pyramidal cells. 
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Figure 7.10 Basal levels of Homer 1A in area CA1. A. Basal levels of H1A mRNA are 

higher in adult rats relative to aged rats, as measured by RT-PCR. B. The proportion of 

pyramidal neurons that transcribe H1A under resting conditions are similar in adult and 

aged rats. C. Representative confocal images from area CA1. Green = H1A, Blue = cell 

nuclei stained with TOPRO. Magnification = 40X. Scale bar = 20 µm. 

 

 

 The basal levels of H1A were also significantly different between adult and aged 

rats in the dentate gyrus (Figure 7.11A; p = 0.046), but similar proportions of aged and 

adult dentate granule cells transcribe H1A under basal conditions (Figure 7.11B and 

7.11C).  
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Figure 7.11 Basal levels of Homer 1A in the dentate gyrus. A. Basal levels of H1A 

mRNA are higher in adult rats relative to aged rats, as measured by RT-PCR (p = 0.046). 

B. The proportion of dentate granule neurons that transcribe H1A under resting 

conditions are similar in adult and aged rats. C. Representative confocal images from the 

dentate gyrus. Green = H1A, Blue = cell nuclei stained with TOPRO. Magnification = 

40X. Scale bar = 20 µm. 

 

 

Exploration-induced H1a mRNA  

 After the exploration treatment, the relative levels of H1a mRNA were 

significantly lower in aged rats relative to adult rats in area CA1 (Figure 7.12A; p = 

0.0461). The proportion of CA1 pyramidal neurons that transcribe H1a, however, are not 

different between age groups following exploration (Figure 7.12B and 7.12C).  
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Figure 7.12 Induced levels of H1a in area CA1. A. Induced relative levels of H1a mRNA 

are significantly lower in aged rats compared to adult rats, as measured by RT-PCR (p = 

0.0461). B. The proportion of CA1 pyramidal neurons that transcribe H1a after 

exploration are similar in adult and aged rats. C. Representative confocal images from 

area CA1. Green = H1A, Blue = cell nuclei stained with TOPRO. Magnification = 40X. 

Scale bar = 20 µm. 

 

 The relative levels of H1a after exploration in the dentate gyrus were not 

significantly different between aged and adult rats (Figure 7.13A), nor was there a 

significant difference between age groups in the proportion of dentate granule neurons 

that transcribe H1a after exploration (Figure 7.13B and 7.13C). 
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Figure 7.13 Induced levels of H1a in the dentate gyrus. A. Induced levels of H1a mRNA 

are not different in adult rats relative to aged rats. B. The proportion of dentate granule 

neurons that transcribe H1a after exploration are similar in adult and aged rats. C. 

Representative confocal images from the dentate gyrus. Green = H1A, Blue = cell nuclei 

stained with TOPRO. Magnification = 40X. Scale bar = 20 µm. 

 

 

Discussion 

 These experiments provide a comparison of age-related changes of two regulatory 

transcription factor immediate-early genes, c-fos and zif268, and an effector IEG, Homer 

1A. A summary of the results for each are shown in Table 7.1 (basal levels) and 7.2 

(induced levels).  The principle findings from these experiments indicate that, with the 

exception of c-fos, each of the genes investigated here show a unique pattern of age-

related dysfunction in the hippocampus. These studies, therefore, provide evidence that 

the dysregulation of IEGs in the aged brain is not limited to Arc, nor are all IEGs affected 

in the same way.  
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Gene CA1 DG 

Arc  = 

zif268  = 

Homer 1A   

c-fos = = 

 

Table 7.1 Summary of the age-related change in basal levels of Arc, zif268, Homer 1A 

and c-fos, relative to adult basal levels as measured by RT-PCR. The proportion of 

neurons that transcribe these genes under basal conditions are not different between age 

groups under basal conditions. Results from Arc studies (Chapter 6) are shown for 

comparison. 

 

 

 With the exception of c-fos, each of the genes showed age-related decreases in 

basal levels of mRNA expression in either CA1 (zif268) or in both CA1 and the dentate 

gyrus (H1a) when RT-PCR are used to measure basal expression. Although the 

proportion of neurons that actively transcribe c-fos, zif268 and H1a are not different 

under resting conditions, a logical hypothesis is that differences in relative basal levels 

reflect changes in the amount of mRNA transcribed by some or all of active cells. This 

may set up a scenario in which some aged neurons are less ‘plastic’ at rest. As noted in 

Chapter 6, it has recently been reported that basal mRNA transcription is not simply 

‘noise’, but rather, IEG expression during rest can closely mimic the pattern of 

transcription generated in response to a previous experience (Marrone et al, 2008). This 

may indicate that IEGs contribute not only to encoding these experiences, but also to 

‘off-line’ consolidation (Marrone et al., 2008). Although this phenomenon has only been 
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measured in CA1, it might be expected to also occur in other areas of the hippocampus, 

including the dentate gyrus, where basal levels are lower for H1a in the aged. Taken 

together, these findings may suggest that one of the mechanisms contributing to age-

related cognitive dysfunction is a deficit in IEG-mediated memory consolidation 

processes during rest, and this change may be reflected in a downregulation in IEG 

transcription per cell, rather than a gross change in the population of neurons activated 

during rest. Consistent with this hypothesis is the finding that transcriptional foci 

intensity is reduced in aged rats compared to adult rats for Arc, as described in Chapter 6.  

Unique patterns of age-related changes in zif268 and H1a were also found after 

transcription was induced by environmental exploration. A summary of the findings are 

shown in Table 2. With the exception of c-fos, age-related changes in the induced levels 

were observed in either CA1 or the dentate gyrus. This finding underscores the need to 

investigate subregions of the hippocampus separately, since they appear to be 

differentially affected by the aging process (Small et al., 2003; Wilson et al., 2006), and 

thus, may contribute to age related cognitive decline in different ways. The implications 

of these findings are discussed below. 
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Gene CA1 DG 

Arc   

zif268 =  

Homer 1A  = 

c-fos = = 

 

Table 7.2 Summary of the age-related change in induced levels of Arc, zif268, Homer 1A 

and c-fos, relative to adult levels as measured by RT-PCR. Red arrows indicate instances 

in which the proportion of neurons that transcribe the gene under investigation are also 

reduced in aged rats. Black arrows indicate a change in the levels of the gene as measured 

by RT-PCR only. The results for Arc, which are reported in Chapter 6, are shown for 

comparison. 

 

 

Implication of age-related changes in zif268 

Studies of zif268 in the hippocampus indicate that it is necessary for memory 

function, and there is some evidence from previous studies that zif268 is affected by the 

aging process. A limited number of studies have shown that in memory-impaired aged 

rats, zif268 mRNA basal levels are decreased in CA1, one which used microarray 

methods (Blalock et al., 2003) and one which used in situ hybridization and densitometry 

measurements (Yau et al., 1996). The study by Yau et al. (1996) also evaluated basal 

levels of zif268 in the dentate gyrus, where no difference was found. A recent microarray 

study (Rowe et al., 2007) that measured age-related changes in basal gene expression, did 

not observe age-related changes in zif268. The differences between studies likely reflect 

the different methods used to measure gene expression, as well as differences in the 
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samples that were measured (Blalock et al., 2003, CA1 only; Yau et al., 1996, in situ 

hybridization and densitometry measures; Rowe et al., whole hippocampus samples). The 

current experiments show a decrease in basal expression of zif268 in CA1 but not in the 

dentate gyrus using RT-PCR methods, findings that are similar to Blalock et al. (2003) 

and Yau et al. (1996). Thus, in our hands, the basal expression of zif268 appears to be 

selectively affected by age in area CA1, a finding similar to the one obtained for Arc 

(Chapter Six).   

A different result is obtained for induced levels of zif268, which are lower only in 

the dentate gyrus, and is likely the result of a significantly smaller proportion of dentate 

granule cells that transcribe zif268 mRNA after exploration. No significant age effect was 

observed for induced levels of zif268 in CA1, supporting the idea that aging affects the 

hippocampus in a subregion specific manner. As discussed in Chapter Three, zif268 

functions as a regulatory transcription factor, and it is known to regulate the transcription 

of about 20 late-response genes (for review see Knapska and Kaczmarek, 2004), some of 

which are known to function at the synapse (e.g. Synapsin I and II; Thiel et al., 1994; 

Petersohn et al., 1995), and may support synaptic plasticity mechanisms. Because zif268 

can regulate the transcription of so many late response genes, a change in its expression 

alone could have a dramatic effect on cellular functions.  Interestingly, other studies in 

humans, monkeys and rats have demonstrated repeatedly that the dentate gyrus is the 

hippocampal subregion most vulnerable to advancing age, whereas the pyramidal cell 

subregions are relatively spared (e.g., Small et al., 2002, 2004; Smith et al., 1980). The 
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vulnerability of the dentate gyrus to the normal aging process may be mediated, in part, 

by changes in zif268 mRNA expression.  

 

Implications of age-related changes in H1a 

The effector IEG H1a is reduced in both CA1 and the dentate gyrus under basal 

conditions. In addition, the relative levels of H1a are also lower in aged rats and after 

exploration in CA1, although the proportion of pyramidal neurons that transcribe H1a are 

not different.  H1a, which is found at the postsynaptic density, is an effector IEG whose 

function in the brain is to regulate mGluR signaling by reducing glutamate-induced 

release of Ca
2+

 from intracellular pools (reviewed in Xiao et al., 200). 

 The Ca
2+

 hypothesis of brain aging (Toescu et al., 2004) proposes that Ca
2+

 

homeostasis becomes dysregulated early on in the aging process and affects multiple 

signaling pathways, which may then affect cellular physiology, molecular functions and, 

eventually, cell structure.  As discussed in Chapter Four, several studies have 

demonstrated that in the aged brain, a number of important Ca
2+

 related changes occur, 

including age-related increases in the Ca
2+

 dependent afterhyperpolarization and an 

increase in the number of available L-type voltage gated Ca
2+

 channels. In addition to the 

mGluRs, several Ca
2+

 signaling proteins express Homer ligands and bind Homer (e.g. IP3 

receptors, TRPC channels and some L-type Ca
2+

 channel isoforms). Because the Homer 

proteins, as a group, function as negative regulators of Ca
2+

, a reduction in the induced 

levels of H1a within CA1 may directly modulate some of the Ca
2+

 dysregulation 

observed in the aged brain, thereby affecting memory function. 
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 It should also be noted that for each of the activity-dependent IEGs investigated in 

the current work, their expression is at least partially dependent on Ca
2+

, and that each of 

these genes may also affect some of the processes that modulate Ca
2+

 function either 

directly (H1a) or perhaps, indirectly. In either circumstance, it is unlikely that the process 

is a simple one. Further work directed at teasing these issues apart may shed further light 

on brain aging.  

 

C-fos is unchanged in the hippocampus of aged rats 

 Previous studies investigating potential age-differences in c-fos have 

demonstrated either no change (Worley et al., 1993) or an age-related increase in c-fos 

following LTP stimulation (Lanahan et al., 1997). A behavioral study with Fos protein 

has shown that aged mice who had difficulty learning a maze task compared to the adult 

mice, also showed fewer Fos-positive cells than the adult mice after a 6 day retention test, 

in both the CA1 and CA3 regions of the hippocampus, but not in dentate granule cells 

(Touzani et al., 2003). The results of these studies are difficult to compare since each 

used a different method for inducing c-fos (or its protein) and a different method for 

measuring changes in c-fos (or Fos) expression. In our hands, neither basal nor induced 

levels of c-fos changed as a function of age, whether measured using RT-PCR methods, 

or FISH. Although the findings reported here may indicate that c-fos does not change as a 

function of age, an alternative hypothesis is also offered. Work on normal adult or young 

animals has indicated that c-fos induction depends on the cognitive demands of the task 

(Colombo et al., 2003; Jenkins et al., 2003; Jenkins et al., 2004). In our study, the 
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cognitive demands of the task used to induce IEG transcription (assisted exploration), 

were minimal. Thus, it is possible that age-related changes in c-fos may be observed 

following a more cognitively demanding task, and this may therefore set c-fos apart from 

other IEGs.  This idea has yet to be investigated. 

 

Summary 

 Changes in basal and induced levels of several IEGs occur within the 

hippocampus of aged rats. In particular, basal levels of zif268 are reduced in CA1, and 

basal levels of H1a are reduced in CA1 and in the dentate gyrus. It is proposed that these 

reductions may affect memory consolidation processes that occur while an animal is “off-

line”. Induced levels of zif268 are reduced in the dentate gyrus, and this is accompanied 

by a reduction in the proportion of neurons that transcribe zif268. Induced levels of H1a 

are reduced selectively in CA1 even though similar proportions of neurons transcribe 

H1a.  These region-specific changes in zif268 may affect the function of the hippocampus 

through regulation of other late response genes, while H1a’s function may be mediated 

directly through its effects on glutamate-induced release of Ca
2+

 from intracellular pools.  
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CHAPTER 8: AGE-RELATED CHANGES IN THE COORINDATE 

EXPRESSION OF IMMEDIATE-EARLY GENES IN CA1 AND THE DENTATE 

GYRUS 
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 As discussed in previous chapters, immediate-early genes are often used as 

activity markers for mapping the neuronal circuits involved in a behavior (i.e., learning 

and memory, sensory processing, etc). Several studies have reported that when rats are 

exposed to an environment on two occasions separated by an intervening rest period, one 

can observe the neuronal circuit involved in this simple behavior using the catFISH 

method (e.g., Guzowski et al., 1999, 2005). With this technique, we have demonstrated 

that aged rats have neural circuits that are very similar to adult rats in area CA1, but in 

the dentate gyrus, the neural circuit appears to be significantly smaller in aged rats when 

measured after the A-20-A treatment, when the detection of both Arc foci and 

cytoplasmic mRNA labeling are optimal.  

 Other immediate early genes, including c-fos, H1a and zif268, have also been 

used to map neural circuits involved in a wide variety of behaviors (e.g., Colombo et al., 

2003; Gill et al., 2007; Hamlin et al., 2007; Jenkins et al., 2003, 2004; Staples et al., 

2007; Vazdarjanova et al., 2002, 2004; Yasoshima et al., 2005). The experiments 

presented in Chapter 6 and in Chapter 7 assessed individual ensembles of Arc, c-fos, 

zif268 and H1a expressing cells, which were activated after spatial behavior, 

demonstrating subregion specific, age-related changes for Arc and zif268. However, the 

studies outlined in Chapters 6 and 7 do not provide information regarding the co-ordinate 

expression of immediate-early genes in neural ensembles. The possibility exists that the 

optimal function of networks of neurons depends on coordinated expression of genes 

within that network, and that the coordinated expression of these genes is altered in the 

aged animal.  
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Thus, the work in the current chapter sought to determine if zif268, H1a and/or c-fos are 

co-regulated with Arc within the same neurons, and thus within overlapping ensembles of 

neurons following exploration of an environment.     

 

Results 

Neuronal numbers are not affected by aging 

 Equivalent numbers of neurons in adult and aged rats in area CA1 and the dentate 

gyrus were counted from confocal stacks for each of the genes assessed. Thus, these 

brains regions do not show age-related declines in the number of neurons that can be 

detected using FISH and confocal methodologies, and the significant results obtained in 

terms of the proportions of neurons that express c-fos, H1a and zif268 are not a result of 

significant differences in the total number of neurons assessed between age groups or 

between treatment groups. 

 

 

Figure 8.1 Number of neurons counted for adult and aged rats. A. The mean total number 

of neurons counted in area CA1 for adult and aged rats. B. The mean total number of 

neurons counted in the dentate gyrus for adult and aged rats. For both brain regions, and 

for all treatment groups, equivalent numbers of neurons were assessed in each of these 

brain regions.  
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Co-ordinate transcription of c-fos and Arc 

 Using FISH and confocal microscopy, the co-ordinate expression of Arc and c-fos 

was determined in area CA1 and the dentate gyrus. Animals that explored an 

environment on two occasions with an intervening 20 minute rest period showed a 

significant increase in the proportion of neurons that co-ordinately transcribe both Arc 

and c-fos in area CA1 (p < 0.0001; Figure 8.2A). The proportion of neurons that 

transcribe both Arc and c-fos are not significantly different between the adult and aged 

rats. The proportion of pyramidal neurons that transcribe either Arc only or c-fos only 

were low among the rats given the A-20-A treatment and the caged control rats, and there 

was no significant age or treatment effect on this population of cells.  Finally, the total 

proportion of all pyramidal neurons that transcribe either Arc (Both + Arc only) or c-fos 

(Both + c-fos only) was significantly above caged control levels (p < 0.0001), but there 

was no significant effect of age on the total proportion of pyramidal cells that transcribe 

either of these genes. These results indicate that adult and aged pyramidal neurons are 

able to co-ordinately transcribe both Arc and c-fos in area CA1 of the hippocampus after 

exploration of a novel environment, and that the size of the ensemble of neurons that 

transcribe Arc and c-fos following by this behavior is unaffected by age in area CA1. 
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Figure 8.2 Cell counts for Arc and c-fos in area CA1. A. For both adult and aged rats, the 

exploration treatment (A-20-A) resulted in a significant increase in the number of Arc + 

c-fos positive neurons (Both). Adult and aged rats had similar proportions of Arc only 

and c-fos only neurons after exploration and in the caged control groups. B. The total 

proportion of Arc positive neurons (Both + Arc only) and the total proportion of c-fos 

positive neurons (Both + c-fos only) were significantly above caged control levels, but 

there was no significant age effect. C. Representative confocal images from adult and 

aged rats (40X magnification). Nuclei are counterstained with TOPRO (blue), Arc is 

shown in red, and c-fos is shown in green. Calibration bar = 20 µm. ** A-20-A vs. caged 

controls 

 

 

 In the dentate gyrus, the proportion of neurons that transcribe both Arc and c-fos 

after the A-20-A treatment were significantly above caged control levels, and both adult 
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and aged rats showed similar proportions of dentate granule neurons with this double-

label profile. The proportion of singly labeled neurons, for Arc only, or for c-fos only 

were similar between caged control animals and animals that underwent the A-20-A 

treatment, and between adult and aged rats (Arc, p = 0.6301; c-fos, p = 0.0753). The total 

proportion of neurons that transcribe Arc (Both + Arc only) was significantly different 

between adult and aged rats following the A-20-A treatment, with aged rats having a 

smaller total proportion of Arc labeled dentate granule neurons compared to adult rats (p 

< 0.05). The total proportion of c-fos positive cells, while significantly above caged 

control levels (p < 0.0001), was not different between adult and aged rats. These results 

indicate that dentate granule neurons coordinately express Arc and c-fos following 

exploration, and that both adult and aged rats coordinately express these genes in similar 

proportions. Overall, however, the proportion of neurons that express Arc (Both + Arc 

only) is affected by the aging process. Aged rats have significantly fewer total Arc 

positive neurons in the dentate gyrus compared to adult rats (p < 0.05), but this is not true 

for c-fos positive neurons.   
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Figure 8.3 Cell counts for Arc and c-fos in the dentate gyrus. A. For both adult and aged 

rats, the exploration treatment resulted in a significant increase in the proportion of 

double-labeled Arc and c-fos positive neurons (Both). Adult and aged rats had similar 

proportions of Arc only and c-fos only neurons after exploration and in the caged control 

groups. B. The total proportion of Arc positive neurons (Both + Arc only) was 

significantly greater in adult rats compared to aged rats (p<0.05), and for both groups, 

these levels were significantly above caged control levels. The total proportion of c-fos 

positive neurons (Both + c-fos only) was significantly above caged control levels, but 

there was no significant age effect. C. Representative confocal images from adult and 

aged rats (40X magnification). Nuclei are counterstained with TOPRO (blue), Arc is 

shown in red, and c-fos is shown in green. Calibration bar = 20 µm.**A-20-A vs. caged 

controls, *adult A-20-A vs. aged A-20-A 
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Co-ordinate transcription of H1a and Arc 

 Next, we looked at the coordinate expression of Arc and H1a in area CA1 and in 

the dentate gyrus. In CA1, the proportion of neurons that coordinately express both Arc 

and H1a (Both) is significantly increased in area CA1 following exploration compared to 

caged control levels (p<0.0001). The proportion of Arc only and H1a only neurons, 

however, were not different between groups. The total proportion of Arc positive 

pyramidal neurons was significantly above caged control levels, but was not different 

between adult and aged rats. This was also the case for H1a. Thus, like c-fos, adult and 

aged pyramidal neurons of area CA1 can coordinately express Arc + H1a (Both).  

 

 

 

Figure 8.4 Cell counts for Arc and H1a in area CA1. A. For both adult and aged rats, the 

exploration treatment resulted in a significant increase in the number of double-labeled 

Arc and H1a positive neurons (Both). Adult and aged rats had similar proportions of Arc 

only and H1a only neurons after exploration and in the caged control groups. B. The total 

proportion of Arc positive neurons (Both + Arc only) was similar in adult rats and aged 

rats, and for both groups, these levels were significantly above caged control levels 

(p<0.05). The total proportion of H1a positive neurons (Both + H1a only) were 

significantly above caged control levels, but there was no significant age effect. **A-20-

A vs. caged controls. 
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 In the dentate gyrus, the coordinate expression of Arc + H1a (Both) was 

significantly above caged control levels for both aged and adult rats, but a difference was 

not observed between age groups (Figure 8.5A and 8.5C). The proportion of neurons that 

express Arc only or H1a only following exploration, were significantly above caged 

control levels, indicating that a smaller ensemble of Arc only and H1a only dentate gyrus 

granule neurons accompanies the larger ensemble of Arc + H1a neurons (Figure 8.5A). 

The total proportion of dentate granule cells that express Arc only were significantly 

above caged control levels, and the proportion was significantly lower in aged rats 

compared to adult rats (Figure 8.5B). For H1a positive neurons, the proportion of cells 

that express this gene after exploration was significantly above caged control rats, but no 

significant age effect was observed (Figure 8.5B).  
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Figure 8.5. Cell counts for Arc and H1a in the dentate gyrus. A. For both adult and aged 

rats, the exploration treatment resulted in a significant increase in the number of double-

labeled Arc and H1a positive neurons (Both). The proportion of neurons that express Arc 

only or H1a only following exploration, was also significantly above caged control 

levels, indicating that each of these genes is expressed independently in a smaller 

ensemble of cells (~0.8%). B. The total proportion of Arc positive neurons (Both + Arc 

only) was significantly greater in adult rats compared to aged rats, and for both groups, 

these levels were significantly than caged control levels. The total proportion of H1a 

positive neurons (Both + H1a only) were significantly above caged control levels, but 

there was no significant age effect. *A-20-A vs. aged A-20-A, ** A-20-A vs. caged 

controls. 
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Coordinate transcription of zif268 and Arc 

 The proportion of neurons that express both Arc and zif268 following exploration 

is significantly above caged control levels, and similar proportions of adult and aged CA1 

pyramidal neurons coordinately express these genes in both age groups. The proportion 

of neurons that transcribe Arc only or zif268 only after exploration were not significantly 

different from the proportion that express each of these independently in caged control 

rats. The total proportion of CA1 pyramidal neurons that express Arc and zif268 after 

exploration was significantly above caged control rats, for both adult and aged animals, 

and no significant age effect was apparent.  
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Figure 8.6 Cell counts for Arc and zif268 in area CA1. A. For both adult and aged rats, 

the exploration treatment resulted in a significant increase in the number of double-

labeled Arc and c-fos positive neurons (Both). Adult and aged rats had similar 

proportions of Arc only and zif268 only neurons after exploration and in the caged control 

groups. B. The total proportion of Arc positive neurons (Both + Arc only) was similar in 

adult rats compared to aged rats, and for both groups, these levels were significantly 

greater than caged control levels. The total proportion of zif268 positive neurons (Both + 

zif268 only) were significantly above caged control levels, but there was no significant 

age effect.  **A-20-A vs. caged controls. 
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 In the dentate gyrus, the coordinate expression of Arc and zif268 (Both) after 

exploration is significantly above caged control levels, and this proportion is significantly 

smaller in aged rats compared to adult rats (p < 0.05).  The proportion of dentate granule 

neurons that express Arc only or zif268 only were not different from caged control levels 

for either adult rats or aged rats. The total proportion of neurons that express Arc in the 

dentate gyrus is significantly above caged control levels for both adult rats and aged rats, 

but aged rats show a significantly smaller proportion of Arc positive neurons following 

exploration (p < 0.05). Similarly, the total proportion of zif268 positive neurons is 

significantly above caged control levels for both adult and aged rats, but aged rats show a 

significantly smaller proportion of zif268 positive dentate granule cells after exploration 

when compared to adult rats (p < 0.05).  
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Figure 8.7 Cell counts for Arc and zif268 in the dentate gyrus. A. Adult rats had a 

significantly greater proportions of Arc + zif268 labeled neurons compared to old rats, but 

the proportion of Arc only and zif268 only labeled neurons was similar between age 

groups after exploration and in the caged control groups. B. The total proportion of Arc 

positive neurons (Both + Arc only) was significantly greater in adult rats compared to 

aged rats, and for both groups, these levels was significantly greater than caged control 

levels. The total proportion of zif268 positive neurons (Both + zif268 only) were 

significantly above caged control levels, and adult rats had a significantly larger 

proportion of zif268 positive neurons compared to aged rats.   *adult A-20-A vs. aged A-

20-A, **A-20-A vs. caged controls. 
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Discussion 

 The current findings demonstrate that the transcription of Arc coincides with the 

transcription of additional IEGs, H1a, c-fos and zif268, all of which have been implicated 

in memory processes. In CA1, the coordinate transcription of these genes within the same 

cell is not affected by the aging process, since most pyramidal cells that transcribe Arc 

also transcribe c-fos, zif268, and H1a. In the dentate gyrus, there is a high degree of 

overlap for H1a, c-fos and zif268 with Arc, but only zif268 mimics the reduction in 

ensemble size seen for Arc. Thus, at the single cell level, the immediate-early genes 

studied here, can be coordinately expressed in the aged brain (and usually are), and at the 

network level, the total size of the ensemble is affected in a gene specific and subregion 

specific manner. After exploration, only Arc and zif268 ensembles are affected by age, 

and this occurs only in the dentate gyrus.  

 As discussed in Chapter 4, electrophysiological studies have repeatedly 

demonstrated that the network properties of CA1 and CA3 hippocampal neurons are 

altered in the aged animal. Although one might have predicted that age-related changes in 

network function in CA1 would be apparent in IEG studies, there are a number of 

possibilities as to why this might not be the case. Recall that under some conditions, 

when an old rat is removed from an environment and then later returned to the same, 

unaltered environment, the place cells of aged rats can sometimes ‘remap’ (Barnes et al., 

1997). The observed multi-stability in place cell firing of old rats, however, is known to 

occur in a given old rat in a probabilistic manner. The experiments performed for this 
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dissertation, exposed rats only twice to the environment rather than multiple times, 

making it less probable that a ‘remapping’ would be detected.  

 It is not yet known if there is a dose dependent effect for IEGs. In other words, 

while any neuron may express an IEG after exploration, it is possible that it expresses 

more or less, and this is what may have an effect on the function of that particular neuron. 

This possibility is supported by the finding that while the proportions of neurons that 

express Arc and H1a are not different between aged and adult rats in CA1, relative levels, 

measured by RT-PCR, are different between adult and aged rats. Moreover, intensity 

measurements of Arc foci reveal that for aged rats, the intensity of these foci are reduced 

in aged rats, suggesting that aged CA1 neurons transcribe less Arc after activation. Both 

Arc and H1a are found at synapses. A reduction in the amount of Arc and H1a transcripts 

at the synapse will affect AMPA receptor trafficking (Arc) and mGluR signaling (H1a), 

and this may ultimately affect the ability of cells to communicate effectively with each 

other. It is proposed here that for area CA1, network function in aged rats is in fact 

affected in a coordinated, dose-dependent manner by Arc and H1a. Because Arc and H1a 

are expressed in the same cells ~90% of the time, these genes may work synergistically to 

affect CA1 network function, including place field stability and perhaps place field 

expansion.  

 The story is different for the dentate gyrus, where very low numbers of neurons 

are activated by exploration. Here, Arc mRNA is coordinately expressed with H1a, c-fos 

and zif268, but the size of the Arc ensemble and the zif268 ensemble are reduced in aged 

rats. One possible explanation for this reduction in Arc and zif268 ensemble size is that 
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the aged dentate gyrus receives less synaptic input from layer II of the entorhinal cortex, 

and thus the smaller ensembles are simply a result of this change. If this were the case, 

however, one would expect that ensembles of neurons transcribing H1a and c-fos might 

also be affected. The possibility exists that Arc and zif268 are more sensitive to these 

kinds of changes, and it should be noted that for both c-fos and H1a, the trend was toward 

a decrease in the size of their respective ensembles.  Nevertheless, a reduction in the size 

of Arc and zif268 ensembles may affect the function of the dentate gyrus in a number of 

different ways. As discussed above, Arc is thought to regulate AMPA receptor 

trafficking, and zif268 regulates the expression of about 20 identified late response genes. 

The finding that these genes are coordinately reduced in dentate granule cells is 

interestingly in the light of evidence that zif268 can directly regulate Arc (Li et al., 2005). 

Recall that Arc transcription can be sustained in the dentate gyrus, and can therefore be 

regulated as a late response gene in the dentate gyrus (Li et al., 2005), which may be 

required for LTP maintenance (Messaoudi et al., 2007). Thus, in the current study, the 

finding that Arc and zif268 ensembles are coordinately reduced in the aged rat may reflect 

the actions of zif268 on Arc ensembles. The dentate gyrus functions as a pattern 

separator, making stimuli that are alike dissimilar, and thus hypofunction of the dentate 

may interfere with the ability of aged rats to distinguish between similar contexts. The 

consequences of this action may be reflected in the rigidity of CA3 place fields, and the 

instability of CA1 place fields.  

 The function of any cell, including neurons, is dictated by the networks of 

proteins within that cell. A distinctive feature of neurons is that they must integrate a 
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plethora of extracellular signals, such as neurotransmitters, neuromodulators, hormones, 

growth factors, and cytokines into an orchestrated change in genomic expression. Gene 

microarray studies have proved enormously helpful in appreciating the complexity of the 

genomic response in the aged brain. These studies, however, lack the cellular specificity 

afforded by the approach taken in the current work, and therefore cannot address 

questions concerning how ensembles of neurons might be affected by processes such as 

aging. In the current study, we show that coordinated regulation of the IEGs Arc, c-fos, 

zif268 and H1a takes place in ensembles of CA1 and dentate gyrus cells. We suggest that 

age-related changes in network function are not a result of wholesale changes in this 

coordinated expression, but rather, are due to subtle alterations in Arc and H1a in CA1 

pyramidal cells, and in Arc and zif268 in dentate gyrus granule cells.  
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CHAPTER 9: SUMMARY  
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 Investigation into the mechanisms of learning and memory function focus on the 

role of hippocampus, and a great deal of evidence indicates that this structure is involved 

in spatial learning and memory (Chapter 2). Moreover, much of what we know about 

mechanisms of synaptic plasticity, in general, have been most extensively characterized 

in this brain structure. The hippocampus also represents one of the brain regions that is an 

early target of the normal aging process. Previous research into the role of the 

hippocampus in memory function has laid the groundwork for understanding the 

mechanisms that contribute to age-related cognitive changes, including how the 

expression of genes contribute to these changes (Chapters 3 and 4). The hypothesis tested 

in the experiments of this thesis was that aged animals would show a reduction in the 

expression of memory-promoting immediate-early genes within the hippocampus, and 

moreover, that these changes in expression would be subregion specific, based on the 

finding that the dentate gyrus is most vulnerable to the aging process (Small et al., 2004).  

 Age-related changes in immediate-early gene expression was determined under 

basal conditions and after induction by a simple behavioral task. In Chapter 6, it was 

demonstrated that age-related changes in Arc mRNA expression can be detected under 

resting conditions and following spatial behavior. The reliability of the aged neural 

ensemble was also assessed using the catFISH technique, and the results indicate that the 

same neurons are activated following two exposures to the same environment in CA1, but 

a reduction in the size of the ensemble is observed in the dentate gyrus. We propose that 

although the ensemble activity, as measured by catFISH appears ‘normal’ in CA1 

pyramidal cells and CA3 pyramidal cells (Small et al., 2004) of aged rats, the reduced 
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levels of Arc mRNA as measured by RT-PCR, may compromise the ability of the 

ensemble to encode new information with sufficient strength, resulting in unreliable 

representation of new episodes. CA1 may be also be affected by information that reaches 

it from the dentate gyrus and CA3, the latter under certain conditions showing more 

rigidity in old rats than does CA1 (Wilson et al., 2005). In the dentate gyrus, granule cell 

ensemble activity is sometimes reduced (e.g. after the A-20-A treatment), and the level of 

Arc mRNA is also reduced even when ensemble activity appears ‘normal’ (e.g. after the 

A-5’ treatment). If Arc is, in fact, a necessary component of the molecular cascade that 

underlies memory formation, these subtle changes may disrupt the mechanisms involved 

in efficient memory storage and retrieval.  

 In Chapter 7, an additional group of immediate-early genes were investigated in 

order to further elucidate specific age-related patterns of change within the subregions of 

the hippocampus. These experiments demonstrated that basal levels and induced levels of 

zif268 and H1a change as a function of age, and that for each gene a unique pattern of 

change is observed between area CA1 and the dentate gyrus. Interestingly, the 

immediate-early gene c-fos was not different between aged and adult animals. It is 

proposed that the region specific changes in zif268 may affect the function of the aged 

hippocampus through regulation of other late response genes, while H1a’s contribution to 

age-related hippocampal dysfunction may be mediated more directly through its effects 

on glutamate-induced release of Ca
2+

 from intracellular pools.  

 Chapter 8 investigated the coordinate expression of immediate-early genes within 

the hippocampus. These studies, using fluorescence in situ hybridization for two genes, 
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permitted visualization of the overlap in Arc ensembles of neurons with c-fos ensembles, 

zif268 ensembles, and H1a ensembles within CA1 and the dentate gyrus. The reliability 

of coordinate gene transcription was assessed by the extent to which Arc is expressed 

within the same cells as c-fos, zif268 or H1a, whereas the independence of coordinate 

expression for these genes is assessed by the extent to which each gene is expressed in 

different cell populations within the network. The overlap among the genes was 

remarkably similar in area CA1 for both adult and aged rats, and no age-effect was noted 

in this region of the hippocampus. Thus, the ability of the aged brain to coordinate 

immediate-early trancription in ensembles of neurons in area CA1 is intact. In the dentate 

gyrus, the proportions of neurons that transcribe Arc are significantly reduced in aged rats 

(Chapter 6), and this was also the case for zif268 (Chapter 7), but not for c-fos or H1a. 

Even though the proportion of dentate gyrus granule cells that transcribe Arc and zif268 is 

reduced, there was a significant degree of coordinate expression of each of the genes (c-

fos, H1a and zif268) with Arc mRNA. Thus, even though age-related changes in the size 

of the Arc and zif268 neural ensembles does occur, a similar alteration does not occur for 

all genes investigated, and moreover, for those dentate granule cells that are Arc positive, 

most of them retain the ability to coordinately express other immediate-early genes. This 

suggests a specific mechanism for age-related alterations in Arc and zif268 ensembles. 

 Taken together, these data indicate that age-related changes in the basal and 

induced levels of transcription of memory-promoting immediate-early genes within the 

hippocampus is subregion specific. A summary diagram of how these changes may affect 

information processing within the aged hippocampus is shown in Figure 9.1. 
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Figure 9.1 The effects of age-related changes in immediate-early gene transcription on 

information processing in the hippocampus.  

 

 

 At time 0 (i.e. basal conditions, shown in A) the same proportions of neurons (and 

in fact, the majority of the same neurons) transcribe Arc, c-fos, zif268 and H1a in the 

dentate gyrus and in area CA1. In addition, previous studies indicate that Arc does not 

change in CA3 (Small et al., 2004).  In CA1, basal levels of Arc, zif268 and H1a are 

lower in aged rats relative to adult rats, and this is likely the result of some CA1 

pyramidal neurons transcribing less (indicated by yellow filled circles; red filled circles 

indicate ‘normal’ Arc transcription).  After immediate-early transcription is induced (time 
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30’, shown in B), the ensemble of granule cells that transcribe Arc and zif268 is reduced, 

which may result in a failure of the dentate gyrus to reduce similarity in input. One 

potential consequence of this dysfunction may include excessive pattern completion in 

area CA3 (Wilson et al., 2005). Similar sized ensembles of pyramidal neurons transcribe 

Arc, c-fos, zif268 and H1a, but some or all of the CA1 pyramidal neurons respond to the 

two exploration experiences with a blunted transcriptional response for Arc and H1a 

(yellow filled circles). This may contribute to the unreliability of CA1 to represent 

information over multiple trials (i.e., Barnes et al, 1997). In the dentate gyrus only, over a 

longer period of time (not shown), sustained transcription may be required for 

representation of long-term memory, and this process may undergo age-related changes. 

 Although it is likely that other genes may also undergo age-related changes in 

transcription, the data presented here provide a window into the complexity of the age-

related changes in memory promoting immediate-early gene transcription that is likely to 

underlie some of the cognitive deficits observed in the aged organism. 
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