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ABSTRACT 

Nieves-Martinez, Erasmo 

FRONTOSTRIATAL AGE-RELATED COGNITIVE DECLINE: ROLE OF THE 

STRIATAL CHOLINERGIC NEURONS 

 Dissertation under the direction of Michelle M. Nicolle, Ph.D. Associate Professor of 

Internal Medicine and Physiology & Pharmacology 

 

         Normal aging can result in cognitive decline even in the absence of 

neurodegenerative disease. Successful identification of neurobiological changes that 

occur in association with age-related cognitive decline is needed to develop strategies to 

restore or preserve cognitive function in elderly individuals and to understand the 

neurobiology of aging. The present studies were designed to assess the effects of aging 

on cognitive abilities dependent on hippocampal/mediotemporal lobe and frontostriatal 

function, brain regions involved in memory and behavioral flexibility, respectively, and 

to investigate potential factors associated with cognitive decline. 

            In the first study, the effect of peri-pubertal growth hormone deficiency in spatial 

learning ability was investigated. This study demonstrates that deficits in growth 

hormone around the time of puberty affects hippocampal/mediotemporal lobe function by 

mid life and led to the conclusion that manipulation of growth hormone for a relatively 

brief period during the transitional period between puberty and young adulthood is 

sufficient to alter age-related pathology later in life. 

           



 viii 

 The second study investigated the effects of aging on the memory and executive 

cognitive domains across the lifespan and its relationship with striatal cholinergic 

function. In this study, young, middle-age and aged Fisher344 x BN rats were cognitively 

characterized in spatial leaning, reversal learning and set-shifting abilities. By old age, 

cognitive deficits were pronounced across cognitive domains, suggesting deterioration of 

both hippocampal and frontostriatal-dependent damage. Middle-age rats were impaired in 

spatial learning ability, but unaffected in reversal learning and set shifting abilities when 

compared to young. Studies have shown that acetylcholine function, an important 

neuromodulator, is involved in cognitive function. Assessment of muscarinic receptor 

function in the striatum showed a significant decrease in muscarinic GTP-coupling 

limited to the dorsomedial striatum of aged rats while no difference in muscarinic GTP-

coupling was observed in the dorsolateral striatum, cingulate and motor cortices. Our 

results demonstrate that muscarinic receptor function in the dorsomedial striatum is 

significantly reduced due to aging, and suggests its involvement in age-related decline 

behavioral flexibility. 

 Together, the studies presented in these studies suggest that GH/IGF-1 levels 

early in life are fundamental for later-in-life cognitive function and emphasize the 

importance of early diagnosis of growth hormone deficiency and supplementation in 

children. In addition, these studies suggest an association between age-related changes in 

striatal function and behavioral flexibility impairment. Therapies to help prevent or 

restore striatal cholinergic neurotransmission may help in the prevention or amelioration 

of age-related impairment in behavioral flexibility.  
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CHAPTER I 

 

 

INTRODUCTION 

1. Statement of Problem 

 Given the increase of the elderly population in the upcoming years, there is a rising 

demand in understanding the neurobiology of aging. By 2030, up to 20% of the US population 

will be at least 65 years old (US Census Bureau). An association between aging and cognitive 

decline has been demonstrated in humans and animal models of aging. Consequently, the 

number of people suffering from cognitive decline will increase significantly. Successful 

identification of neurocognitive factors associated with age is needed to develop strategies to 

restore and/or preserve cognitive function in elderly individuals and to understand the 

neurobiology of aging. The present studies were designed to assess the effects of aging and 

hormonal deficiency on cognitive abilities, and to investigate the role of acetylcholine (ACh) 

signaling in the striatum as a putative factor involved in age-related cognitive decline. 

 

2. Effects of Aging on Cognitive Function and Brain Composition 

A. Basic principles of cognitive aging 

Normal aging can result in cognitive deficits reflective of medial temporal lobe (MTL) 

and frontostriatal damage even on the absence of neurodegenerative disease (Albert, 1997; 

Gallagher and Rapp, 1997). Within the abilities often affected by normal aging are activities of 

daily living, memory recall and the formation of new memories (Albert, 1997; Gallagher and 
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Rapp, 1997; Buckner, 2004). These abilities rely on the integrity of distinct brain regions and are 

part of different cognitive domains (Owen et al., 1991; Owen et al., 1996).  Activities of daily 

living are basic living activities including the activities involved in self-care (feeding, dressing 

up, bathing, grooming), work and homemaking. These activities require executive control and 

are part of the executive function domain. Successful performance of these activities involves the 

ability to plan and modify behavior which relies on the integrity of frontostriatal neural systems 

(Robbins, 2007).  In contrast, the formation of new memories and memory recall depends on the 

integrity of the mediotemporal lobe (MTL), and belong to the memory cognitive domain (Dore 

et al., 1998; Ploner et al., 1999; Gilboa et al., 2006; Finke et al., 2008).  

  Across species cognitive decline does not affect old subjects uniformly (Albert, 1997; 

Gallagher and Rapp, 1997; Buckner, 2004). Studies investigating the effects of aging in 

frontostriatal-dependent function in humans, non-human primates and rats reported age-

associated increase variability of cognitive measures (Boone et al., 1993; Barense et al., 2002; 

Moore et al., 2003). Within the aged population, some subjects perform as well as young, or 

significantly better than other age-matched individuals in reversal learning and set shifting ability 

tasks reflecting a differential effect of aging on abilities dependent on frontostriatal-dependent 

function. Individual differences in cognitive aging have also been reported in abilities dependent 

on the integrity of MTL (Albert, 1997; Gallagher and Rapp, 1997; Buckner, 2004).  Regardless 

of their age, some aged rats maintain intact spatial learning ability when compared to young 

while others are significantly impaired. Together, these studies indicate that chronological aging 

does not reflect cognitive status, and suggests that the increase variability of cognitive measures 

within the aged population results from individual neurobiological changes that accumulate 

during the lifespan.  
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 Age-related decline in abilities dependent on different cognitive domains/ brain systems 

are not necessarily associated (Gallagher and Burwell, 1989; Barense et al., 2002). In human, 

non-human primates and rodents, functional dissociations of the effects of aging have been 

reported in abilities dependent on the integrity of the prefrontal cortex (PFC) and MTL (Barense 

et al., 2002), among others (Gallagher and Burwell, 1989). Aged rats with memory impairment 

were unimpaired in behavioral flexibility and vice versa, suggesting a dissociation of the effects 

of aging across cognitive domain. Similar results have been demonstrated in aged humans in 

other tasks that assess frontal lobe and MTL function (Glisky EL, 1995). Together, these data 

demonstrate that across species aging does not affect cognitive function uniformly, but affects 

individuals in a cognitive domain/system specific manner.  

 

B. Brain morphological changes associated with age 

 Regional age-associated morphological brain changes in the MTL and frontal lobe have 

been reported across species. In the MTL, aging results in changes in dendritic morphology 

whereas neuronal number is mostly unaffected (West et al., 1994; Rapp and Gallagher, 1996; 

Rapp et al., 2002). Dendritic extent is not affected by age in the  CA1, CA3 and DG regions  of 

the rat hippocampus (Flood, 1993). However, in humans, a regional increase in dendritic extent 

was found in the dentate gyrus whereas no change was observed in the CA1 and CA3 areas 

(Turner and Deupree, 1991; Pyapali and Turner, 1996).  In addition to these changes, age-

associated changes in spine density have been reported in the MTL. Non-human primates show 

significant reduction in spine density in the subiculum (Uemura, 1985) while in the dentate gyrus 

and CA1 regions (Markham et al., 2005) the number of spines are stable. The frontal lobe also 

shows regional age associated changes in morphology. In the frontal lobe, studies in non-human 
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primates have reported a 30% reduction in neuron number in area 8A while no loss was observed 

in area 46 (Grill and Riddle, 2002; Peters, 2002a, b; Smith et al., 2004). However, these changes 

do not uniformly affect the PFC. In the rat, dendritic branching was reduced in the frontal cortex 

while non-human primates and humans show reduced myelination. Together, these data 

demonstrate that aging detrimentally affects different morphological features of the MTL and 

frontal lobe. Additionally, these studies indicate that aging does not have a broad effect in brain 

morphology, but affects the brain in specific anatomical areas. 

 

C. Neurobiological changes associated with cognitive aging  

 The spatial learning water maze task has been useful in the identification of 

neurobiological changes associated with MTL function (Gallagher and Nicolle, 1993). On this 

task, rats have to find a hidden platform using spatial cues. This task measures the ability of the 

rats to learn the location of the hidden escape platform and the accuracy of their search (Morris, 

1984). As a group, aged rats are less accurate in their search and learn the location of the escape 

platform at a slower pace when compared to young rats; however, a subset of  aged rats perform 

as well as their young counterparts allowing for cognitive phenotype distinctions of “aged 

unimpaired” (AU) and “aged impaired” (AI). Importantly, the effects of aging on MTL function 

and the presence of individual differences translate to humans and monkeys (Rapp et al., 1997; 

Laczo et al.).  

           Several neurobiological changes associated with cognitive decline in MTL-dependent 

function have been identified. Higher levels of muscarinic receptor activity (Rossi et al., 2005; 

Zhang et al., 2007), PKCγ-immunoreactivity in the hippocampus (Colombo and Gallagher, 

2002) and no loss of perforated synapses in the hippocampal CA1 region (Nicholson et al., 2004) 
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have been reported in AU rats when compared to AI rats. In addition to preservation of young-

like brain properties, AU rats show increased NMDA-independent LTP  (Lee et al., 2005), 

supporting the notion that a shift in neural plasticity mechanisms may be used by AU rats to 

overcome detrimental effects of aging in synaptic plasticity. 

           Neurobiological changes associated with frontostriatal-dependent cognitive impairment 

due to aging have been reported in different species. In humans and non-human primates, an 

association between white matter changes in the PFC and age-related decline in behavioral 

flexibility has been observed (Gunning-Dixon and Raz, 2000; Ziegler et al., 2008). In addition, 

changes in monoamine receptors in the PFC (Smith et al., 2004; Moore et al., 2005), as well as 

neuronal loss and reduced activation of frontal lobe regions are associated with cognitive 

impairment (Cabeza et al., 2000; Smith et al., 2004). Furthermore, changes in function have been 

shown to occur in the aged frontal lobe. Studies investigating brain regional activation profiles 

using functional Magnetic Resonance Imaging (fMRI) in old and young individuals showed that 

aged individuals use additional brain regions to the ones used by young  when solving a task 

(Cabeza et al., 2000; Rajah and D'Esposito, 2005). It has been hypothesized that the additional 

recruitment of brain regions may help reduce cognitive load in aged individuals. 

 

3. Growth Hormone Involvement in Age-Related Cognitive Decline 

 The GH/IGF-1 (growth hormone/insulin-like growth factor 1) is primarily regulated by 

growth hormone. Growth hormone (GH) is produced in the anterior pituitary and then released to 

the bloodstream. In the liver, GH receptor activation stimulates the synthesis and secretion of 

IGF-1 (insulin-like growth factor 1). About 90% of the IGF-1 levels in the bloodstream are 

produced by the liver; however, some types of cells, including neurons are capable of producing 
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IGF-1. Anabolic functions such as protein synthesis, cell survival, growth and differentiation 

were long thought to be the primary function of the GH/IGF-1 axis; nevertheless, recent 

evidence support a role of the GH/IGF-1s axis in brain synaptic plasticity and cognitive function. 

 Given the age-associated decline in bloodstream GH/IGF-1 levels and GH/IGF-1 receptors 

(Nyberg, 1997; Chung et al., 2002) in brain regions involved in cognitive function, it has been 

suggested that the loss of function of the GH/IGF-1 axis contributes to the cognitive impairment 

observed in aged individuals. Experiments in support of this hypothesis have demonstrated an 

involvement of the GH/IGF1 axis in synaptic plasticity properties that are involved in brain 

function. Aged rats receiving intracerebroventricular (i.c.v.) infusions of insulin-like growth 

factor-1 (IGF-1) for 28 days showed  an increase in postsynaptic density length and the number 

of multiple spine bouton complexes when compared to aged control rats (Shi et al., 2005). In 

addition, interaction between interferon gamma and IGF-1 in hippocampus impacts the ability of 

rats to sustain long-term potentiation (Lynch et al., 2001). These data support a role of GH/IGF-1 

axis in morphological and plasticity correlates of enhanced synaptic efficacy that may be 

decreased in subjects with age-related cognitive impairment. 

 Studies in humans investigating the role GH/IGF-1 levels in age-associated cognitive 

decline have produced contrasting results (Papadakis et al., 1996; Morley et al., 1997; Rollero et 

al., 1998; Aleman et al., 2000; Arai et al., 2001). In support of the role of GH/IGF-1 levels in 

cognitive function, aged individuals with higher IGF-1 levels showed better perceptual motor 

performance and information processing speed. In addition, Morley et al. (1997) found 

significant correlations between IGF-1/GH ratio in auditory and visual learning (Morley et al., 

1997). Conversely, no correlation was found between IGF-1 levels and attention, fluid 
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intelligence and memory (Aleman et al., 1999; Aleman et al., 2000). Together, these studies 

demonstrate that the role of GH/IGF-1 axis in cognitive decline due to aging is still under debate. 

 Studies in animal models have suggested an involvement of the GH/IGF-1 axis in age-

related cognitive decline. In rats, replacement of IGF-1 by injecting GH-releasing hormone 

prevents age-related cognitive decline in spatial learning ability (Thornton et al., 2000). 

Additionally, studies demonstrated attenuation of age-related deficits in working memory and 

object recognition after 28 days of i.c.v. IGF-1 infusion (Markowska et al., 1998). These 

experiments suggest that the decline in GH/IGF-1 axis is involved in aged-related cognitive 

impairment, and promote the replacement and/or supplementation of GH/ IGF-1 to ameliorate 

the effects of aging on cognitive function. 

 Whereas the involvement of GH in age-related cognitive decline has been investigated, 

little is known of the effects of GH deficiency during development on cognitive function later in 

adulthood (Deijen et al., 1998; van Dam et al., 2005; Laron, 2006; van Nieuwpoort and Drent, 

2008). Developmental GH deficiency can occur due to tumors in the pituitary gland, mutations 

affecting the cells that synthesize GH, and/or cancer related treatments. In addition to GH 

deficiency, these individuals often suffer from different hormonal deficiencies and other health 

problems (high comorbidity) making difficult to determine the role of GH deficiency in the 

cognitive deficits observed.  To further elucidate the role of GH deficiency in cognitive function, 

we used a rat model of GH deficiency that is relatively free of comorbidity (reviewed in 

(Sonntag et al., 2005b).  Chapter II reports and discusses the effects of GH deficits during 

development on cognitive function in adulthood using this rat model of early onset growth 

hormone deficiency. 
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4. Involvement of Frontostriatal Regions in Behavioral Flexibility and Aging 

 Behavioral flexibility allows one to quickly adapt to changes in the environment by the 

creation of correct stimuli/outcome associations. Failure to form the appropriate associations 

results in inappropriate responses and disinhibited behavior, and may affect survival. Multiple 

types of stimuli are present in the environment allowing the possibility of creating numerous 

associations. In order to form stimulus/outcomes associations, brain regions involved in the 

processing of sensory and motor information must be engaged. 

 The striatum and PFC receive information from sensory and motor areas of the brain, 

making them suitable for the formation of stimuli/outcomes association. The frontal lobe projects 

to the striatum forming the frontostriatal system. Frontostriatal function has been shown to be 

fundamental for successful behavioral flexibility. Distinct aspects of behavioral flexibility are 

mediated by the striatum and PFC. The PFC mediates the formation of stimulus outcome 

associations, whereas the striatum is involved in the engagement of the correct response. Both 

the PFC and striatum integrity is essential for successful behavioral flexibility and has been 

shown to be compromised in aged individuals.  

 Lower and higher-order mechanisms have been proposed to explain different types of 

behavioral flexibility processes (Ragozzino, 2007; Robbins, 2007). A lower-order process is 

thought to be involved in the inhibition of specific responses within the same dimension, in 

which the stimuli to be inhibited and the stimuli to be reinforced are of the same type.  Reversal 

learning is representative of this lower-order process given that it involves a change in exemplar 

not in category. A higher-order processing is thought to enable the formation of new associations 

in which the stimuli to be inhibited and reinforced belong to different dimensions. Higher order 
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mechanisms allow the subject to reconceptualize the approach being used and to attend new 

information. 

 The ability to adapt to different situations is often tested in laboratories using multiple 

tasks. The most common behavioral flexibility task often tested in laboratories are: 

discrimination reversal learning, attentional set-shifting and strategy shifting tasks (Boone et al., 

1993; Barense et al., 2002; Boulougouris et al., 2007; Ragozzino, 2007; Robbins, 2007). 

Reversal learning is involved in the adaptation of behavior in response to changes in stimulus-

reinforcement associations, and examines the ability to break previously learned associations in 

order to form new ones (Chudasama and Robbins, 2003; McAlonan and Brown, 2003; 

Delamater, 2007). Attentional set-shifting and strategy shifting task measure the ability to learn 

abstract associations. These tasks not only require the inhibition of previously learned responses 

or strategies, but require the shifting of attention to previously irrelevant information (Robbins, 

2007). 

 

A. PFC involvement in behavioral flexibility       

 The PFC generally comprises the anterior part of the frontal lobe of the brain lying 

anterior to the motor and premotor regions (for review see Kolb, B.  et al., 1990 ). It is a highly 

interconnected brain region that receives and sends projections to all cortical, subcortical and 

limbic areas. Although differences exist in thalamocortical connections within primates and 

rodents, experimental data provides behavioral evidence for shared functions between the rat and 

primate PFC (Brown and Bowman, 2002). The rodent medial PFC (mPFC) is homologous to the 

primate dorsolateral PFC (dPFC). Within the different regions of the PFC, the medial PFC 

(mPFC) and orbitofrontal regions (OFC) have been implicated in behavioral inhibition 
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(Ragozzino, 2007; Robbins, 2007). Both regions connect to subcortical structures involved in 

motivation and affective behavior, as well as to the basal ganglia.  

 Studies in humans, rodents and non-human primates have commonly recognized the 

OFC, a subregion of the PFC, as a region crucial to sustain reversal learning (Chudasama and 

Robbins, 2003; Boulougouris et al., 2007; Ragozzino, 2007; Rudebeck and Murray, 2008).  

Bilateral OFC lesions impair discrimination reversal learning performance in rodents and non-

human primates but not the learning of the initial discriminations (Dias et al., 1996; McAlonan 

and Brown, 2003; Schoenbaum et al., 2003). Although multiple types of reversal learning tasks 

have been used, the basis of these tasks is the same. During the initial learning stage of 

discrimination experiments, subjects are reinforced by responding to one of two stimuli (the 

positive stimulus) while neglecting the other (negative stimulus). Once the initial discrimination 

is acquired, the former negative stimulus is rewarded so that the animals must switch to respond 

to the former negative stimulus for reinforcement (reversal stage). Lesioned animals are impaired 

in the reversal stage by continuing to choose the former relevant, but now irrelevant cue. These 

responses are classified as perseverative errors and defined by repetitive responding to a 

previously correct stimulus. Several experiments in different species have demonstrated a 

functional dissociation of PFC subregions (Dias et al., 1996; Birrell and Brown, 2000; McAlonan 

and Brown, 2003). In rodents, the attentional set-shifting task has been useful in elucidating the 

role of the mPFC and OFC in reversal learning and set shifting. On this task, rats have to 

discriminate between odors or digging media to get a reward that is buried at the bottom of one 

of two terracotta pots. Bilateral ibotenic acid lesions to the mPFC does not affect the acquisition 

or reversal of odor/media discriminations, but rather results in impairment when shifting 

behavior after the reinforcement dimension has changed (extradimensional shift) (Birrell and 



 
 

11 
 

Brown, 2000). These data suggest that the mPFC mediates the learning of abstract 

discriminations (e.g., odor, digging media) while the orbitofrontal cortex mediates discrimination 

reversal within the same dimension (e.g., odor A, odor B) (McAlonan and Brown, 2003).  

 

B. Striatum: Functional distinctions and role in behavioral flexibility 

 Regional and functional distinctions exist in the striatum. Associative, sensorimotor and 

limbic functional subregions of the striatum have been characterized based on cortical inputs and 

lesion studies (Haber, 2003; Levesque et al., 2003; Ragozzino, 2007; Robbins, 2007; Pennartz et 

al., 2009). The functional distinctions of the striatum are topographically organized into 

dorsolateral, dorsomedial and ventral areas. The caudate nucleus and the putamen compose the 

dorsal striatum. Whereas the caudate is mostly involved in associative functions, the lateral 

caudate as well as the putamen, receives inputs from sensorimotor cortices (Everitt et al., 1988; 

Pisa, 1988; Olmstead and Franklin, 1996; Ferry et al., 2000). The dorsomedial striatum receives 

projections from the mPFC/dPFC and orbitofrontal cortex regions, which contribute to 

behavioral flexibility. In contrast, the dorsolateral striatum receives projections from 

sensorimotor areas and primary motor cortices, and therefore mediates sensorimotor processing 

and motor control. Ventrally, the striatum is composed by the nucleus accumbens and olfactory 

tubercle, and is involved in mechanisms of reward (limbic functions) (Woodward et al., 1999; 

Paulus, 2007; Floresco et al., 2008).  

The dorsomedial striatum is involved in flexible behavior that requires lower order 

processing (Everitt et al., 1988; Pisa, 1988; Robbins et al., 1989; Olmstead and Franklin, 1996; 

Ferry et al., 2000; Ragozzino, 2007). Inactivation of the dorsomedial striatum results in reversal 

learning impairment (Ragozzino, 2003; Ragozzino et al., 2009; Castane et al.). Importantly, the 
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learning of the initial stimulus-condition association is unaffected, suggesting impairment in the 

inhibition of previously learned responses (Ragozzino, 2007), similar to the pattern reported in 

our studies (see Chapter III).  

 The role of the dorsomedial striatum on higher order mechanisms is under debate. Human 

studies investigating the effects of Parkinson and Huntington disease, both of which affect 

striatal integrity, in set-shifting ability have yielded contradictory results. Parkinson and 

Huntington disease patients have been shown to be affected in the Wisconsin card sorting test 

(WCST) and attentional set-shifting test (Lawrence et al., 1996; Azuma et al., 2003; Witt et al., 

2006). However, in animal models of Parkinson disease, striatal dopaminergic depletion does not 

impair set-shifting ability (Collins et al., 1998; Crofts et al., 2001). In agreement with these 

experiments, functional MRI studies have also suggested that the striatum is not involved in rule 

alternation. Cools et al, (2004) found that switching responding between objects activates the 

PFC and the striatum, but only the PFC was activated following the alternation of the rule (Cools 

et al., 2004).  While these results may suggest that the striatum does not play a role in higher 

order discriminations, other studies support its involvement. Functional MRI studies demonstrate 

striatal activation during WCST suggesting a supporting role of the striatum in set-shifting 

ability (Lie et al., 2006). Furthermore, Ragozzino et al. (2002) demonstrated that lesions to the 

dorsomedial striatum impair the learning of a task that requires a shift of strategy (Ragozzino et 

al., 2002). Dorsomedial striatal lesions resulted in impaired performance when rats had to shift 

from a response to visual cue discrimination.  Together, this data demonstrate that the role of the 

dorsomedial striatum in higher order discriminations is still under debate. 

 The striatum, OFC and mPFC have different roles in behavioral flexibility. Functional 

distinctions between the OFC, mPFC and striatum have been possible by categorizing the type of 
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errors made during the reversal and shifting phases of the discriminations (Ragozzino, 2007). 

Perseverative errors are defined by continuous selection of the previously learned rule or 

exemplar. In contrast, regressive errors are defined as the number of errors in which a rat 

regresses to a previously correct choice.  Dorsomedial striatal lesions results in significant 

increase of regressive errors during reversal learning and set-shifting task, but not perseverative 

errors. Increase regressive responding suggests the inability to reliably maintain a new correct 

choice. In contrast to the inhibition of previously learned responses and shift of attention to new 

information, functions dependent on OFC and mPFC, respectively, the dorsomedial striatum is 

involved in the engagement of a new correct choice.             

Summary:                                                                                                                

Behavioral flexibility requires the representation of different stimuli, their valence and 

the appropriate behavioral response. The dorsomedial striatum receives input from the 

orbitofrontal and mPFC/dPFC suggesting a common role of these brain regions in behavioral 

flexibility. While the role of the dorsomedial striatum in reversal learning is well documented, its 

role in higher order mechanisms is still under debate. In some behavioral tasks, lesions to the 

dorsomedial striatum mimic the impairments observed as a result of lesions to the mPFC and 

OFC, suggesting overlapping function with these regions. Nevertheless, the dorsomedial striatum 

is involved in the engagement of newly learned responses while the inhibition of previously 

learned information and shift of attention to new information depends on the integrity of OFC 

and mPFC, respectively. 

C. Effects of aging on behavioral Flexibility    

  Across species, elderly individuals are often affected in abilities that require flexible 

behavior, suggesting age-associated damage on frontostriatal regions (Albert, 1997; Gallagher 
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and Rapp, 1997; Buckner, 2004). Multiple behavioral tasks have been used to investigate the 

effects of aging on behavioral flexibility in each of these species (Robbins, 2007). Within the 

frontostriatal-dependent abilities often affected by aging is reversal learning ability. Impairments 

in reversal learning have been documented across species, and reflect difficulties in modifying 

behavior appropriately in response to changes in environmental contingencies (Bachevalier et al., 

1991; Lai et al., 1995; Schoenbaum et al., 2002; Mell et al., 2005). Such deficits are 

characteristic of orbitofrontal and striatal damage. Aged non-human primates are impaired in 

visual and spatial reversal learning while rodents have been reported to be impaired in olfactory 

discriminations. While the overall consensus is that aging affects reversal learning abilities, 

contrasting data has been reported (Lai et al., 1995; Barense et al., 2002). 

 Aging can result in set shifting ability impairment across species. In humans, the WCST 

has shown that attentional-set shifting ability is impaired in aged individuals (Boone et al., 1993; 

Rhodes, 2004). In this task, the cards can be sorted following shapes, color of shapes or the 

number of the shapes. Once the subject has correctly sorted the cards a defined number of times, 

the sorting rule changes and the subject has to discover the new rule by trial and error. Aged 

subjects perform poorly in this task needing more trials to reach passing criteria and making 

numerous perseverative errors. Non-human primate and rodent versions of this task have been 

developed.  On the conceptual set-shifting task, monkeys are trained to discriminate between 

colors and shapes. Aged monkeys show difficulty in the learning of the new rule, once the rue 

has been shifted (Moore et al., 2003). Similar results were observed in rats tested on the 

attentional set-shifting task (Barense et al., 2002). In addition to set-shifting ability assessment, 

in rodents, the attentional set-shifting task includes a phase that assesses reversal learning ability. 

Using this task, Barense et al (2002) demonstrated that the effects of aging on PFC function can 
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be dissociated. In his studies, aged Long Evans rats were impaired in set-shifting ability, 

characteristic of mPFC damage, in this particular study no effect of aging on reversal learning 

was observed (Barense et al., 2002). Conversely, results from a similar study completed for this 

thesis (Chapter III) demonstrates that aged F344xNBF1 rats are not only impaired in set shifting 

ability, but also in reversal learning. 

 

5.  Role of Striatal Ach in Behavioral Flexibility and Aging   

A. Striatal composition and cytoarchitecture     

The striatum is a subcortical region of the forebrain and major input of the basal ganglia 

(Pennartz et al., 2009). It is composed of the caudate and putamen nucleus and together with the 

external and internal globus pallidus and the substantia pars reticulata the striatum comprises the 

basal ganglia. Cortical pyramidal afferents from layers II-V innervate the striatum mainly ending 

on GABAergic projection neurons know as medium spiny neurons (major neuronal output of the 

striatum) (Tepper et al., 2007). These corticostriatal projections are topographically organized in 

a series of “loops” running from the cortex to the striatum, pallidum, and thalamus and feeding 

back to the cortex and have shown to mediate distinct functions. The prefrontal-ventral loop has 

been shown to be involved in reward and motivational process, while the prefrontal-dorsal loops 

are engaged in cognitive and sensorimotor processes (Pennartz et al., 2009). These loops are 

under modulatory controlled of dopamine release from neurons originating in the ventral 

tegmental area (VTA) and substantia nigra (SN). 

  Distinct neuronal populations are present in the striatum. About 95-96% of the total 

neurons in the striatum are GABAergic medium spiny neurons, whereas, 1-2% are cholinergic 

interneurons. Cholinergic interneurons are relatively large measuring around 20-50 µm in 



 
 

16 
 

diameter and have widespread dendritic trees allowing the integration of synaptic inputs over 

relatively large areas (Weiner et al., 1990; Bennett and Wilson, 1999; Zhou et al., 2002). These 

neurons receive thalamic, cortical glutamatergic and prominent synaptic contacts from the 

substantia nigra. Striatal cholinergic interneurons primarily innervate medium spiny neurons, and 

are thought to modulate the processing of input and output in the striatum by their connections 

with striatal projection neurons (medium spiny neurons). Conversely, cholinergic interneuron 

activity is modulated by GABAergic medium spiny neurons by the released substance P 

(Govindaiah et al., 2010) 

 

B. Cholinergic neurotransmission 

Acetylcholine is a neurotransmitter in the central (CNS) and peripheral nervous system 

(PNS). It is synthesized at axon endings by the enzyme choline acetyltranferase, from choline 

and acetyl-CoA. In the PNS, ACh is a primary excitatory neurotransmitter, while in the CNS it 

has a modulatory role. Once released, ACh binds to metabotropic (muscarinic) and ionotropic 

(nicotinic) receptors. At the synapse, ACh is degraded to choline and an acetate group by the 

enzyme acetylcholinesterase. Degradation of ACh at the synapse serves as a mechanism that 

terminates ACh neurotransmission. 

        Acetylcholine activates different nicotinic and muscarinic receptor subtypes (Jerusalinsky et 

al., 2000). Muscarinic receptors belong to the G-protein coupled receptors superfamily. 

Muscarinic M1, M3 and M5 receptors couple to the Gαq11-mediated signaling cascades, whereas 

M2 and M4 receptors activate Gi/Go. Activation of M1, M3 & M5 receptors stimulate β isoforms 

of phospholipase C that hydrolyze phosphatidylinositol phosphate to diacylglycerol and inositol 

trisphosphate, leading to protein kinase C activation and intracellular Ca2+ mobilization, 
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respectively. In contrast, M2 and M4 receptor activation inhibits the cAMP dependent pathway 

by blocking adenylate cyclase activity, decreasing the production of cAMP, which, in turn, 

results in decreased activity of cAMP-dependent protein kinase. These pathways have been 

shown to be involved in modulation of neurotransmitter, neurotransmitter enhancement and 

cognition (Blokland, 1995). Activation of nicotinic receptors increase permeability of Ca2+ ions 

into the cell cytoplasm resulting in depolarization (Sarter et al., 2009). The effects of nicotinic 

receptors in neuronal function have a more transient effect, but can act more rapidly than 

muscarinic receptors. Nicotinic function has been shown to be involved in cognition, affect 

modulation and neurotransmitter enhancement as well (Koos and Tepper, 2002; Livingstone and 

Wonnacott, 2009; Sarter et al., 2009). 

 

C. Role of the cholinergic interneurons in the striatum 

 Muscarinic and nicotinic receptors activation regulates important aspects of striatal 

neurotransmission and synaptic plasticity (Calabresi et al., 2000; Lovinger). In the striatum, 

which contains of M1-M4 receptors types, M2 receptors are the predominant autoreceptors, 

while all receptor subtypes can function as presynaptic heteroreceptors (Hersch et al., 1994). 

Muscarinic and nicotinic receptor activation modulates the function of medium spiny neurons 

(Calabresi et al., 2000; Lovinger, 2010). In vitro studies in rat corticostriatal slice preparations 

show that activation of M1 muscarinic receptors increases NMDA-receptor-mediated responses 

in striatal projection neurons, thereby facilitating cortical long-term potentiation (LTP) 

(Calabresi et al., 1999). In contrast, activation of M2 muscarinic receptors has an inhibitory 

effect on glutamate release in striatal projection neurons (Calabresi et al., 1998).  

http://en.wikipedia.org/wiki/Cyclic_adenosine_monophosphate�
http://en.wikipedia.org/wiki/CAMP-dependent_protein_kinase�
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  Muscarinic receptor activation influences striatal dopamine release. Positive and negative 

regulation of dopamine release by cholinergic action has been reported (De Klippel et al., 1993; 

Kudernatsch and Sutor, 1994; Zhang et al., 2002; Grilli et al., 2008). Recent evidence suggests 

that cholinergic activation produces a variable control on dopamine release (Threlfell et al., 

2010). Muscarinic receptor activation results in decreased dopamine release evoked by low-

frequency stimuli, while increasing sensitivity of dopamine release to presynaptic activity, thus, 

enhancing its release at high frequencies (Threlfell et al., 2010). This dual dopamine release 

modulation is supported by distinct muscarinic receptors. Muscarinic M2 and M4 receptors 

modulate dopamine release in the caudate and putamen while M4 receptors control dopamine 

release in the nucleus accumbens (Threlfell et al., 2010). Additionally, it has been suggested that 

synchronous activation of striatal cholinergic interneurons opens a temporal window in which 

pauses of cholinergic interneuron activity enhance the sensitivity of dopaminergic synapses 

(Carrillo-Reid et al., 2009). In support of this hypothesis, dopaminergic firing coincides with the 

presence of salient and conditioned-reinforcement predicting cues while simultaneously the 

activity of striatal cholinergic interneurons is paused. 

Distinct combinations of nicotine receptors subunits are involved in dopamine release 

(Livingstone and Wonnacott, 2009). The synapses formed by cholinergic interneurons onto 

medium spiny neurons are modulated by nicotinic receptors. Nicotinic receptors have been 

shown to affect the inhibition exerted by GABAergic interneurons on medium spiny neurons and 

are thought to be involved in the translation of the cholinergic pause on striatal output (Koos and 

Tepper, 2002; Sarter et al., 2009). Since nicotinic receptors act more rapidly than muscarinic 

receptors, nicotinic receptor activity may play predominant role during short activity periods.                                                                                                                               
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D. Involvement of cholinergic striatal interneurons in behavioral flexibility 

 Striatal cholinergic neurotransmission strongly influences output patterns that may be 

involved in behavioral flexibility and is involved in reversal learning (Ragozzino, 2003; 

Ragozzino et al., 2009). To investigate the role of cholinergic interneurons in reversal learning, 

Ragozzino et al (2009) studied changes in ACh output during a place reversal learning task. 

Increased dorsomedial striatum ACh output was observed during the reversal phase but not 

during the acquisition phase suggesting a role of ACh on reversal place learning. Importantly, the 

increase in ACh output observed was exclusive to the dorsomedial striatum and was not 

observed in the dorsolateral and ventral regions. This supports a role of the dorsomedial striatum 

in behavioral flexibility. Furthermore, the increase of ACh output was blocked by using an M2 

antagonist, and resulted in impaired reversal learning. Importantly, similar results have been 

demonstrated in other experiments in agreement with the role of cholinergic neurotransmission 

in behavioral flexibility (McCool et al., 2008). 

 

E. Effects of aging on striatal cholinergic interneurons  

 Several aspects of striatal cholinergic neurotransmission are affected by aging. Studies 

have reported an age-related decrease in the activity of acetyltransferase. A 37% decrease in 

choline acetyltranferase activity was observed in striatal homogenates of aged rats when 

compared to controls (Zambrzycka et al., 2002). Age-related decrease in acetyltransferase 

activity was reported by other studies (Sherman and Friedman, 1990; Ogawa et al., 1994). 

Moreover, age-related reductions in acetylcholinesterase have been observed (Das et al., 2001). 

In addition to the effects of aging on ACh synthesis, synthesis and degradation, the striatum 

exhibit an age-related loss in muscarinic receptor number, specifically the M1, M4 and M2 
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subtypes (Tayebati et al., 2004). Together these data demonstrate that striatal cholinergic 

neurotransmission is detrimentally affected by aging, and suggest its involvement in cognitive 

deficits observed dependent on frontostriatal function. 

A commonality between the studies described above is the lack of behavioral assessment. 

To date, to our knowledge there have been no studies examining Ach signaling in the striatum in 

aged rats with documented impairment in behavioral flexibility. This gap in the literature is 

addressed in this thesis in Chapter III. 

 

6. Conclusions 

 Normal aging often results in cognitive decline reflective of MTL and frontostriatal 

damage. Identification of neurobiological factors associated with cognitive function is necessary 

to develop strategies to restore and/or preserve cognitive function in elderly individuals and to 

understand the neurobiology of aging. The work in this thesis examines the involvement of GH 

deficiency during development in cognitive abilities later in life and explores the role of ACh 

signaling in the striatum as a putative factor involved in age-related deficits in behavioral 

flexibility.  

 The studies described in Chapter II are first to demonstrate that GH deficiency around the 

time of puberty affects hippocampal/mediotemporal lobe function by mid-life, and identify a 

critical period for GH replacement to prevent cognitive deficits. These studies emphasize the 

importance of early diagnosis of GH deficiency in children and identified a critical period for 

GH replacement, therefore, may play a role in the development of effective therapies to prevent 

later in life cognitive deficits cause by GH deficiency. 
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 To our knowledge, the studies presented in Chapter III are first to investigate the effects 

of aging on striatal muscarinic receptor function and its involvement in behavioral flexibility. 

These studies convey new insights of the involvement of striatal muscarinic function with 

cognitive deficits on behavioral flexibility due to aging, and suggest the dorsomedial striatum as 

a pharmacological target to restore and/or prevent age-related decline in behavioral flexibility.  
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Figure 1. Schematic illustration of the GH/IGF-1 axis.  Growth hormone release is controlled 

by growth hormone releasing hormone (GHRH) and somatostatin (ss). GHRH stimulates the 

production of growth hormone in the pituitary. Once in the bloodstream, GH binds to GH 

receptors in the liver and other tissues. In the liver stimulation of GH receptors promote the 

production and release of IGF-1. IGF-1 can mediate their action through activation of its 

receptors in different tissues. GH release is inhibited by somatostatin. Figure was adapted from 

(Sonntag et al., 2005a) 
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Figure 1 
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Figure 2. Muscarinic and nicotinic receptor signaling. Activation of distinct muscarinic 

receptor results in recruitment of distinct signaling cascades. M1, M3 & M5 receptors stimulate β 

isoforms of phospholipase C (PLC) that hydrolyze phosphatidylinositol phosphate (PIP2) to 

diacylglycerol (DAG) and inositol trisphosphate (IP3), leading to protein kinase C  (PKC) 

activation and intracellular Ca2+ mobilization, respectively, whereas  M2 and M4 receptor 

activation inhibits the cAMP dependent pathway by blocking adenylate cyclase (AC) activity, 

decreasing the production of cAMP, which, in turn, results in decreased activity of cAMP-

dependent protein kinase (PKA). In contrast to the muscarinic receptors, nicotinic activation has 

more transient effect and result in changes in membrane polarity by increasing Ca2+  

permeability. Figure was adapted from (Resende and Adhikari, 2009). 
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Figure 2 
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Figure 3. Striatal cholinergic system. Cholinergic interneurons influence striatal function 

through different mechanisms. Cortical glutamatergic projections release glutamate on striatal 

projection neurons and cholinergic interneurons. Activation of M2 receptors on the glutamatergic 

projections result in inhibition of glutamate release while on cholinergic interneurons inhibit 

acetylcholine release. Through activation on M1 receptors, acetylcholine is involved in the 

generation of corticostriatal long-term potentiation (LTP). Cholinergic interneurons by regulating 

the release of ACh in the striatum modulate dopamine (DA) release from the mesostriatal 

dopaminergic fibers. Dopaminergic fibers express nicotinic receptors, these receptors regulate 

DA release (Threlfell et al., 2010). Figure adapted from (Calabresi et al., 2000). 
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Figure 3 
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ABSTRACT 

Growth hormone (GH) levels increase to high concentrations immediately before puberty 

then progressively decline with age. GH deficiency (GHD) originating in childhood is 

treated with GH supplementation to foster somatic development between puberty and 

adulthood. It is not clear if or how early GH replacement affects memory in adulthood, or 

whether it can prevent the cognitive deficits commonly observed in adults with 

childhood-onset GHD (COGHD). Rats homozygous for the Dw-4 mutation (“dwarf”) do 

not exhibit the normal increase in GH at 4 weeks of age when GH levels normally rise 

and were used to model childhood or early-onset GHD (EOGHD). One group of these 

rats was injected with GH from 4 to 14 weeks of age to model GH supplementation from 

puberty to young adulthood with GHD beginning in adulthood (adult-onset GHD; 

AOGHD). Another group received GH from 4 weeks throughout the lifespan to model 

normal lifespan GH (GH-replete). Age-matched, Dw-4 heterozygous rats (“HZ”) do not 

express the dwarf phenotype and were used as controls. At 8 and 18 months of age, 

spatial learning in the water maze was assessed. At 8 months of age all experimental 

groups were equally proficient. However, at 18 months of age, the EOGHD group had 

poor spatial learning compared to the AOGHD, GH-replete and HZ groups.  Our data 

indicate that GH deficiency immediately after puberty has negative effects on learning 

and memory that emerge by middle-age unless prevented by GH supplementation during 

a 4-10 week ‘critical period’ between puberty and young adulthood. 
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INTRODUCTION 

The levels of growth hormone (GH) and its effector insulin-like growth factor-1 

(IGF-1) vary substantially throughout the lifespan (Nyberg 2000).  Postnatal GH and 

IGF-1 levels are low, but increase to higher concentrations immediately before puberty, 

and then progressively decline with increasing age. Deficits in GH in childhood can be 

due to a congenital deficiency or acquired in either childhood or adulthood due to 

hypothalamic-pituitary tumors, GH insensitivity or disorders involving GH secretion. The 

clinical emphasis on treating childhood-onset GH deficiency (COGHD) currently focuses 

on the somatic role of GH in increasing body size (mainly height) during puberty 

(Clayton, et al. 2007; Nilsson, et al. 2007). Continued GH treatment during this important 

transition period between adolescence and adulthood may be important for the normal 

development of bone and muscle in adulthood (20-30 years old) (reviewed in (Clayton et 

al. 2007; Nilsson et al. 2007)). As the body continues to develop into young adulthood in 

humans, the brain also continues to mature (Rice and Barone 2000).  The effects of 

COGHD on cognition in adulthood indicate that it causes impairments on measures of 

hippocampal/medial temporal lobe function. For example, a study of  24-year-old 

subjects with COGHD and age-matched controls indicated that COGHD results in  poor 

performance on delayed verbal memory when compare to age-matched controls (van 

Dam, et al. 2005). However, it is not clear if the adult onset of this memory impairment 

can be remediated by GH supplementation earlier in the lifespan. 

Dwarf (Dw-4/Dw-4) rats have chronically low levels of GH and IGF-1 and make 

an excellent animal model of COGHD (Charlton, et al. 1988). These rats have a 

spontaneous mutation that results in decreased GH secretion from the pituitary (Carter, et 
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al. 2002a; Carter, et al. 2002b; Charlton et al. 1988). A relatively circumscribed exposure 

of the dwarf rats to GH during postnatal weeks 4-14 influences the timing of intra-

cerebral hemorrhage or cardiac thrombus later in life and increases the lifespan by 15% 

(Sonntag, et al. 2005).  This has led to the conclusion that manipulation of GH levels for 

a brief transitional period between puberty and young adulthood is sufficient to alter age-

related pathology later in life. It is not known if this circumscribed exposure also 

influences cognition in adulthood and mid-life. 

The present study was designed to further explore the consequences of alterations 

in the peripubertal rise in GH on memory in adult animals.  Because of the high density 

of GH and IGF-1 receptors in the hippocampus (Adem, et al. 1989; Lai, et al. 1993; 

Sonntag, et al. 1999) and the finding that IGF-1 infusion can restore the age-related 

decline in hippocampal-dependent memory (Markowska, et al. 1998), hippocampal-

dependent memory was assessed using a standardized assessment of spatial learning in a 

water maze that has been demonstrated to be sensitive to the effects of age (Gallagher, et 

al. 2003; LaSarge and Nicolle 2009).  For this study, we examined spatial learning at 8 

and 18 months of age in dwarf animals treated with vehicle alone to model COGHD 

(Early-Onset GHD; EOGHD). The spatial learning ability of the EOGHD rats was then 

compared with dwarf rats treated from 4-14 weeks of age to model a GH intervention in 

the peripubertal or transitional stage (Adult-Onset GHD; AOGHD). Long-term GH 

replacement (GH-replete) throughout the lifespan of dwarf rats was used to model 

lifetime supplementation with GH. In addition to the manipulations of GH in the dwarf 

rats, littermates that were hetereozygous (HZ) for the autosomal recessive Dw-4 mutation 

(non-dwarf phenotype) were used as controls to model normal lifetime levels of GH. Our 
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results support the conclusion that GH deficiency during the puberty/young adulthood 

transition period results in deficits in learning and memory that are manifest at mid-life. 

Furthermore, GH supplementation during this period, but not beyond, is sufficient to 

prevent and /or reduce this early decline in learning and memory. 
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MATERIALS AND METHODS 

Subjects are male Lewis rats that are heterozygous or homozygous for the 

spontaneous autosomal recessive Dw-4 mutation which causes a decrease in GH 

secretion from the pituitary gland (Charlton et al. 1988). Female hetereozygous (Dw-4/-) 

Lewis  rats were bred with male homozygous Lewis dwarf rats (Dw-4/ Dw-4) to generate 

heterozygous  (Dw-4/_) offspring with a normal phenotype (“HZ” ) or homozygous rats 

(Dw-4/ Dw-4) with  a dwarf phenotype (“dwarf”).  Classification as HZ or dwarf was 

based on their body weight at 28 days of age.  Beginning on day 30, dwarf rats were 

divided into 3 experimental groups: 1) early-onset GHD (EOGHD) given  saline;  2) 

adult-onset GHD (AOGHD) with GH administered between 4 and 14 weeks of age; or 3) 

GH-replete with  GH administered beginning at 4 weeks of age and continued throughout 

the lifespan. Saline or GH  (200 µg recombinant porcine GH, Alpharma, Victoria, 

Australia) was injected s.c. twice daily.  The HZ rats were used as controls and given 

saline injections twice daily from 4 weeks of age to the end of life.  Terminology and 

treatment groups are described in Table 1.  Two experimental cohorts were studied, one 

with water maze testing at 8 months of age and another with  testing at 18 months of age. 

Cohort one had the following numbers of subjects per groups: HZ = 9, EOGHD = 5, 

AOGHD = 10, GH-replete = 10. The second cohort had the following subject numbers: 

HZ = 14, EOGHD = 5, AOGHD = 13, GH-replete = 13. Rats had access to food and 

water ad lib and were housed in pairs in the vivarium of the Department of Physiology 

and Pharmacology at Wake Forest University Medical School. Body weights were 

Subjects and Experimental Design  
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measured prior to spatial learning assessment. All studies were approved by the Wake 

Forest University Institutional Animal Care and Use Committee. 

 

              Rats were tested in a water maze at either 8 or 18 months of age based on a 

standard assessment of spatial learning ability (Gallagher, et al. 1993). The maze 

consisted of a circular pool (diameter, 1.83 m; height, 0.58 m) with an escape platform 

centered in one of the four maze quadrants. Rats were trained over 12 sessions (3 

trials/day) to locate an escape platform hidden just below the water’s surface. There were 

two types of trials, training trials and probe trials. During a training trial, the animal was 

allowed to swim for 90s to locate the platform. Every sixth trial consisted of a 30s probe 

trial to assess the development of a spatially localized search for the escape platform. 

During the probe trial, the platform was made unavailable for escape. The accuracy of the 

search for the platform location was measured by the proximity to the location for 30 

seconds with the subject’s position sampled 10 times/sec and summed. There were four 

interpolated probe trials, the sum of which was used to generate a composite score. 

Lower proximity scores represent a more accurate search. Cue training to a visible 

platform occurred on the last day of training to test for sensorimotor and motivational 

factors independent of spatial learning. Cue training consisted of 6 sequential trials with 

randomized start and visible platform locations. 

Spatial Learning Assessment 
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Measurement of Plasma IGF-1.  

Rats were anesthetized with isofluorane and plasma was obtained via tail bleed 

within one week of behavioral assessment.  Total IGF-I levels in plasma tissue 

homogenates were determined using R&D Systems Quantikine® mouse IGF-I 

Immunoassay (MG100; Minneapolis, MN) as previously described (Adams, et al. 2009). 

Briefly, blood was collected into tubes with 38 units porcine heparin per milliliter, 

incubated on ice, and centrifuged. The plasma was collected and stored in aliquots at -

80°C.  For IGF-I measurement, samples were thawed to room temperature, gently 

vortexed, diluted serially in kit calibrator diluent at 1:2091 final, and assayed according 

to the manufacturer’s instructions. Results are reported as ng IGF-I per milliliter plasma. 

 

Training trial (hidden platform) data from the water maze were analyzed using repeated-

measures ANOVA with group as a factor. Significant interactions were followed with 

Fisher’s PLSD. Other measures were analyzed using a one-way (group) ANOVA unless 

otherwise specified. Data were analyzed within a specific age group (8 or 18 months of 

age) and not compared across ages due to the design of the experiment. 

Statistical Analysis  

 

 

 

 

 

 



46 
 

RESULTS 

Spatial learning ability was assessed using a standardized protocol in the water 

maze (Gallagher et al. 2003; LaSarge and Nicolle 2009).  At 8 months of age, all groups 

became more proficient with increased training during the acquisition phase of the water 

maze indicated by a main effect of training trial block [F(3,4) = 137.81, p <0.0001] 

(Figure 1A).  Overall, there were no differences between the groups in acquisition of the 

task during training trials (Figure 1A) or in the accuracy of their searches during probe 

trials (Figure 1B).  At 18 months old (Figure 1C), a main effect of block indicated that all 

groups performed more accurately by the end of training and acquired the task [F(3,3) = 

174.63, p < 0.0001] (1B).  A main effect of group [F(3,41) = 8.88 p ≤ 0.0001], an 

interaction between group and block [F(3,9) =3.85, p < 0.0005]  and a subsequent  

Fisher’s PLSD post hoc, however, indicated that the HZ group  performed significantly 

better than all other groups (p < 0.05, each) and that the EOGHD group performed 

significantly poorer than all other groups (p<0 .05, each; Figure 1C). There were no 

significant differences in spatial learning between AOGHD or GH-replete groups 

indicating no further effect of continuing GH supplementation after the 10 week 

treatment period. Overall, the data indicate that by 18 months of age, AOGHD rats 

receiving GH supplementation from 4 to 14 weeks of age demonstrate cognitive 

performance that is better than that of EOGHD rats, but not fully improved to the level of 

the HZ group. 

Spatial Learning 

The probe trial data in Figure 1D shows a similar pattern to the acquisition data 

described above:  the HZ group had a significantly more accurate search for the escape 
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platform compared to all other groups [main effect: F(3,41) = 10.37, p <0.0001, post ho, 

p <0.05] and the EOGHD group  had the least  accurate search  in finding the location of 

the platform compared to all other groups (Fisher’s PLSD post hoc, p <0.05). No 

significant differences in search accuracy were observed between AOGHD and GH-

replete rats, indicating that additional GH supplementation after 14 weeks of age were not 

of added value in the prevention of spatial learning decline at 18 months of age. 

Swim speed and visual ability were measured during the visible platform test (cue 

training). HZ and the dwarf groups were not different, nor was there an effect of GH 

treatment in the dwarfs at either 8 or 18 months of age (data not shown). These data 

indicate that the differences in spatial learning and memory ability are due to deficits in 

learning, and not due to group differences in sensory or motor ability. 

 

IGF-1 levels were measured in plasma obtained from tail blood one week after 

water maze testing.  Figure 2 shows that at both 8 and 18 months of age, HZ and dwarf 

GH-replete rats had significantly higher plasma IGF-1 levels compared to the EOGHD 

and AOGHD rats (p ≤ 0.05, each), indicating that twice daily administration of GH to the 

dwarf rats increases plasma IGF-1 and that discontinuation of GH administration at 14 

weeks of age results in a return to GH-deficiency [main effect of group, 8 months: 

F(3,27) = 56.66, p < 0.0001; 18 months: F(3,39) = 12.73, p<0.0001]. At 8 months of age, 

the GH-replete group had slightly higher levels of IGF-1 compared to the HZ group (p ≤ 

0.005) whereas at 18 months the GH-replete group had slightly lower levels than the HZ 

group (p ≤ 0.05). These data could indicate an upregulation of some signaling 

Plasma IGF-1 Levels and Body Weight  
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mechanisms at 8 months of age that become less responsive by 18 months of age. There 

were no significant differences in IGF-1 plasma levels between the AOGHD and 

EOGHD groups at either age. The HZ and GH-replete rats expressed the typical 

phenotype of adequate growth hormone levels, indicated by increased body weight 

(Figure 3). At both ages, the HZ and GH-replete rats weighed significantly more than the 

AOGHD and EOGHD groups [8 months; main effect F(3,29) =94.50, p < .0001; 18 

months; main effect F(3,41) = 21.71, p< .0001 and post hoc comparisons p<.0001]. 

Higher levels of serum IGF-1 significantly correlated with higher body weight at both 8 

and 18 months of age [R= +.88, p< .0001 and R = +.64, p=.0001, respectively].  Overall, 

the data indicated that GH administration to dwarf rats significantly increased IGF-1 

plasma levels and body weights comparable to those in HZ rats. 
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DISCUSSION 

The data presented in the current study demonstrate that the absence of the 

peripubertal rise of GH in dwarf rats between 4 and 14 weeks of age (EOGHD) results in 

spatial learning and memory impairment at 18 months of age compared to HZ rats. These 

results are in accordance with human studies that show a greater disturbance in cognitive 

function in EOGHD patients than in those that become GH deficient later in life 

(AOGHD) (van Dam et al. 2005). GH supplementation in dwarf rats during this 

peripubertal period to model AOGHD improved memory at 18 months of age, as 

indicated by the comparable spatial learning and memory ability between the HZ and 

AOGHD groups. Interestingly, the additional supplementation after 14 weeks of age 

(GH-replete) did not provide any additional therapeutic benefit. These data provide 

supportive evidence for the existence of a peripubertal ‘critical period’ during which 

elevated levels of GH are necessary to delay or prevent cognitive impairment in mid-life. 

The peripubertal rise in GH, independent of GH levels in adulthood, may exert a 

unique effect on the brain and permanently alter brain neurochemistry and/or the 

neuronal circuitry necessary for the development and maintenance of neural circuitry in 

adulthood. This hypothesis is congruent with the clinical data indicating that continued 

GH administration throughout the transitional period between puberty and adulthood in 

COGHD patients may be necessary for normal somatic development manifest later in 

adulthood (Clayton et al. 2007; Nilsson et al. 2007). In the human brain, diffusion tensor 

magnetic resonance imaging has shown continued maturation of certain brain 

connections, particularly fronto-temporal connections, into the  2nd and 3rd decades of life 

(Lebel, et al. 2008). There is also evidence in humans and rodents that myelination 
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occurs throughout the adolescent period (Giedd, et al. 1999; Hunter, et al. 1997; Wiggins 

1982). In the rat, there is evidence of continued brain maturation, measured by dopamine 

receptor levels, until postnatal day 60 (PND 60, 8 weeks of age) (Tarazi and Baldessarini 

2000), and some forms of hippocampal-dependent learning, such as spatial delayed 

alternation, are not evident until PND 40 (Stanton 2000). Thus, endocrine modulators 

such as GH and IGF-1 reach peak levels just at precisely the time of formation and 

maintenance of critical connections. Dysfunctional regulation of brain development may 

be subtle and not fully apparent until revealed by the additional insult of increased age. 

In humans, the effects of COGHD or AOGHD on cognition in adulthood 

generally have been associated with attentional and memory deficits along with mood 

disorders (Falleti, et al. 2006; Frankel and Laron 1968; Galatzer, et al. 1993; Laron and 

Galatzer 1981; van Nieuwpoort and Drent 2008). For example, individuals with COGHD 

exhibit delayed verbal memory recall and deficits in the Trail Making Test A (a test of 

planning, processing speed and attention) and these deficits are associated with 

reductions in the brain N-acetylaspartate/choline ratio, a marker of neuronal integrity 

(van Dam et al. 2005). The optimal  GH supplementation strategy to  improve deficits in 

cognition in GHD patients is still highly debatable but there is some evidence that 

discontinuation of supplementation during the transitional adolescent period may impact 

somatic development (e.g., see (Clayton et al. 2007)).  GH substitution therapy does 

improve long-term and working memory in 27 year-old COGHD patients treated for 6 

months (Arwert, et al. 2006). Whether or not GH supplementation during the peripubertal 

stage has greater impact than supplementation in adulthood is not known. 
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Previously published findings and the results reported in the present study provide 

compelling evidence that the administration of GH to deficient individuals between 

puberty and young adulthood results in pleiotropic actions that are manifest late during 

the lifespan. For example, replacement of GH to dwarf rats only from postnatal week 4 

through week 14 produces  adult-onset GH deficiency and increases lifespan by 15% 

(Sonntag et al. 2005). This relatively circumscribed exposure to GH during postnatal 

weeks 4-14 also appears to influence the timing of intra-cerebral hemorrhage or cardiac 

thrombus in the older brain (Sonntag et al. 2005).  These results have led to the 

conclusion that manipulation of GH for a relatively brief period during the transitional 

period between puberty and young adulthood is sufficient to alter age-related pathology 

later in life, although future studies are needed to identify the explicit boundaries of the 

optimal treatment time. The present data add to our understanding of this critical period 

by indicating that the absence of GH during this time period is also a risk factor for the 

early emergence of cognitive deficits at middle age. 

In conclusion, our results indicate that GH deficiency between puberty and young 

adulthood deleteriously impacts brain function later in life and may result in the early 

emergence of age-related deficiencies in learning and memory. Supplementation of dwarf 

rats with GH during this transitional developmental period results in performance 

comparable to that of HZ rats and additional GH supplementation after 14 weeks of age 

has no additional benefits. The specific mechanisms for the effects of GH during the 

transitional period remain to be determined, but may include the formation or 

stabilization of the micro-circuitry of essential synaptic transmission (Mahmoud and 

Grover 2006; Ramsey, et al. 2005). 
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Table 1. Rats experimental groups. 

GROUP/Model Genetic 
background 

Treatment:  
4 -14 weeks of age 

Treatment: 
14 weeks of age until 
sacrifice 

Heterozygous 
 (HZ) 
 

Dw-4/- Saline vehicle, twice daily  Saline vehicle, twice daily 

Early Onset GH 
Deficiency 
 (EOGHD) 
 

Dw-4/Dw-4 Saline vehicle, twice daily  Saline vehicle, twice daily 

Adult Onset GH 
Deficiency 
(AOGHD) 
 

Dw-4/Dw-4 Growth hormone, twice daily  Saline vehicle, twice daily 

GH Replete 
 

Dw-4/Dw-4 Growth hormone, twice daily  Growth hormone, twice daily 
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Figure 1. Spatial learning at 8 (panels A and B) and 18 months of age (panels C and 

D) in heterozygous (HZ) and dwarf rats.. At 8 months of age, all groups showed 

similar performance in the acquisition of the escape platform location (A) and in probe 

trial performance (B).  At 18 months of age, however, acquisition of the escape platform 

location (C) was significantly better in the HZ group compared to all other groups (p< 

0.05) and EOGHD rats were significantly impaired compared to all other groups, p< 0.05 

(see text for further description). The search accuracy during the probe trial (D) was 

similarly affected, with the HZ group showing the best performance compared to all other 

groups (p’s < 0.05) as indicated by the lower proximity to the platform, and the EOGHD 

group showing the worst performance compared to all other groups, p’s < .05.  * p <0.05 

compared to all other groups. HZ = heterozygous, EOGHD = early-onset GH deficiency, 

AOGHD = adult-onset GH deficiency. 
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Figure 1. 
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Figure 2. Plasma IGF-1 levels after spatial learning assessment in 8- and 18 month-

old heterozygous (HZ) and dwarf rats. At both 8 and 18 months of age, plasma IGF-1 

levels were significantly higher in the HZ and GH-replete groups compared to the 

EOGHD and AOGHD groups. EOGHD and AOGHD levels did not differ at either age. 

At 8 months of age, GH-replete rats have higher levels of IGF-1 relative to all other 

groups, including the HZ rats (p < .05). At 18 months of age, GH-replete rats had slightly 

lower levels of IGF-1 compared to the HZ rats.   See text for discussion of statistics. * p< 

.05 from all other groups, **p < .05 HZ vs GH-replete.  
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Figure 2.   
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Figure 3. Effects of GH/IGF-1 deficiency and supplementation on body weight.      

The HZ and GH-replete rats expressed the typical phenotype of adequate growth 

hormone levels, indicated by increased body weight (Figure 3). At both ages, the HZ and 

GH-replete rats weighed significantly more than the AOGHD and EOGHD groups [8 

months; main effect F(3,29) =94.50, p < .0001; 18 months; main effect F(3,41) = 21.71, 

p< .0001 and post hoc comparisons p<.0001]. Higher levels of serum IGF-1 significantly 

correlated with higher body weight at both 8 and 18 months of age [R= +.88, p< .0001 

and R = +.64, p=.0001, respectively].  Overall, the data indicated that GH administration 

to dwarf rats significantly increased IGF-1 plasma levels and body weights comparable to 

those in HZ rats. 
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Figure 3. 
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CHAPTER III 

OLD RATS IMPAIRED IN REVERSAL LEARNING AND SET SHIFTING 
HAVE REDUCED M2/M4 MUSCARINIC RECEPTOR ACTIVITY OF G-

PROTEINS IN THE DORSOMEDIAL STRIATUM  
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ABSTRACT 

  Behavioral flexibility, the ability to change responses due to changing task 

demands, is detrimentally affected in aging. Pharmacological studies in rodents have 

indicated that activation of muscarinic cholinergic receptors in the dorsomedial striatum 

plays an important role in behavioral flexibility (e.g. Ragozinno et al 2009). To 

investigate the possible association between striatal muscarinic receptor function with 

age-related changes in behavioral flexibility and the temporal emergence of the decline in 

cognitive abilities across cognitive domains, young, middle-aged, and old  F344 X Brown 

Norway F1 rats were assessed for reversal learning and set shifting ability in the 

attentional-set shifting task and spatial learning ability in the Morris water maze. By old 

age, cognitive deficits were pronounced across cognitive domains, suggesting 

deterioration of both hippocampal and frontostriatal regions. Middle-aged rats were 

impaired in spatial learning ability, but unaffected in reversal learning and set shifting 

abilities when compared to young. Muscarinic M2/M4 receptor function in the striatum 

was assessed by oxotremorine-M-stimulated [35S]GTPγS binding autoradiography. 

Analyzed brain regions include the dorsomedial and dorsolateral striatum, motor cortex 

and cingulate cortex. A significant decline in oxotremorine-M-stimulated [35S]GTPγS 

binding was limited to the dorsomedial striatum of old rats when compared to young and 

middle-aged rats. No significant differences were observed in the other regions studied. 

These results suggest that a decrease in M2/M4 muscarinic receptor activation of G-

proteins may be involved in age-associated decline in behavioral flexibility. 
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INTRODUCTION 

 Across species, even in the absence of neurodegenerative disease, aged 

individuals can exhibit cognitive impairment (Albert, 1997; Gallagher and Rapp, 1997; 

Buckner, 2004). Within the abilities often affected by aging are those that require flexible 

behavior. Behavioral flexibility is mediated by the prefrontal cortex (PFC) and the 

striatum (Robbins, 2007).  In adult rats, bilateral lesions to the dorsomedial striatum 

(DMS) result in reversal learning and strategy shifting impairment (Ragozzino et al., 

2002; Robbins, 2007), similar to that observed in aging, suggesting an association 

between decline in behavioral flexibility and striatal integrity in the aged brain.  

 Striatal cholinergic neurotransmission is involved in behavioral flexibility and is 

detrimentally affected by aging. Acetylcholine release activates postsynaptic M1 

receptors on GABAergic medium spiny neurons and is controlled by M2-M4 on striatal 

cholinergic interneurons. Activation of cholinergic autoreceptors M2 (Ragozzino et al., 

2009) and blockade of M1 receptors (McCool et al., 2008) in the DMS result in place 

reversal learning, demonstrating an involvement of the striatal  cholinergic system in 

flexible behavior. Multiple studies have reported age-related changes in striatal 

cholinergic neurotransmission including declines in striatal acetylcholine synthesis and 

release, receptor function and number, and degradation of acetylcholine (Sherman and 

Friedman, 1990; Joseph et al., 1993; Ogawa et al., 1994; Das et al., 2001), suggesting an 

involvement of the striatal cholinergic neurotransmission in age-associated decline in 

behavioral flexibility. Nevertheless, the role of striatal cholinergic neurotransmission in 

mediating the age-related decline in flexible behavior has not been investigated. 
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 In an attempt to identify neurobiological associations of aged-related impairments, 

the current studies investigated the effect of aging on muscarinic receptor function in 

DMS, dorsolateral striatum (DLS), motor (M1) and cingulate (Cg) cortices in 

behaviorally characterized rats. Additionally, as a secondary aim, we determined the 

relative susceptibility of distinct cognitive domains to age-related cognitive decline.  Our 

studies investigated the temporal emergence of age-related deficits in spatial learning, 

reversal learning and set shifting by testing young, middle-aged and old F344xBNF1 rats 

in the Morris water maze and attentional set shifting tasks, respectively.  
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MATERIALS AND METHODS: 

Fisher 344 x Brown Norway (F344BNF1) male rats (NIA) were housed 

individually with ad lib water and on a 12 hr light/dark cycle. All behavioral testing was 

conducted during the light phase of a 12-h light/dark cycle. A total of 45 rats were 

assessed for spatial leaning ability: young, 8 mo old, N = 11; middle aged (MA), 18 mo 

old, N = 12; and  Old, 27 mo old, N = 22. After water maze training, a subset of rats from 

each age group that spanned the range of spatial learning proximity scores were then 

tested on  attentional-set shifting task, resulting in a final N of 23, young, N = 7, MA, N = 

8, Old, N = 8. For the attentional set shifting task, rats were maintained on a restricted 

diet to achieve an ad lib body weight of 85%. After behavioral testing, only the brain 

tissue from rats that were tested on both tasks were assessed for oxotremorine-M-

stimulated [35S]GTPγS autoradiography. 

Subjects 

  

Spatial learning ability was assessed using a standardized protocol (Gallagher et 

al., 1993). The water maze consists of a circular tank (1.83m diameter and 0.58 m height) 

with a removable platform centered in one of the quadrants. The maze is surrounded with 

curtains affixed with different patterns with the purpose of providing spatial cues. The 

water in the tank was clouded by the addition of food coloring and the escape platform 

was submerged 2 cm below the water surface. Rats were tested during nine days. A daily 

session consisted of three trials. During these trials, rats are trained to locate a 

Spatial Learning in the Water Maze 
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camouflaged platform. The platform location remains constant during the testing period. 

On training trials, rats are placed in the water at the perimeter of the pool and allowed 90 

seconds to locate the escape platform. If the rat cannot locate the platform they are guided 

to it. Once the platform is found, the rats are allowed to stay on the platform for 30 

seconds. There is a 60 seconds inter-trial interval. The position of entry to the platform 

varies on each trial. Every sixth trial consists of a free swim that serves to assess the 

development of a spatial bias to locate the platform (probe trial). During these trials, rats 

are allowed to swim for 30 seconds without the escape platform present. A “sum 

proximity score” is generated from the proximity of the rat to the platform during probe 

trials and used as a learning index. 

Sensory-motor ability of the rats was tested on the last day and was determined by 

cue training to a visible platform. Cue training consisted of one session of six trials. On 

each of these six trials, the platform is placed in different locations to test for sensory, 

motor and motivational factors that may influence spatial learning. No spatial cues are 

used for cue testing. During the test, the data is collected using a video tracking system 

(Ethovision, Noldus). 

The protocol for the attentional set-shifting task is a modification of the test 

developed by Verity Brown (McAlonan and Brown, 2003).A pair of terra-cotta flower 

pots was used as digging bowls. The reward used was 1/2 peanut butter crunch (Quaker 

Oats Company, Illinois). The reward was placed at the bottom of the pot. During odor 

Attentional Set-Shifting Task 
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simple or compound discriminations the rim of the flower pots was scented with essential 

oils. 

Animals were tested in their home cage.  During testing day, animals were 

transported to the testing room. The home cage was placed in a bigger plastic rectangular 

container to minimize visual cues and distractions. Two digging pots were placed 

adjacent to each other in one end of their cage. A plastic opaque beaker was used to 

prevent the rats from moving until testing. Access to the pots was given by raising the 

plastic container. 

 After food deprivation, subjects in their home cages were habituated to the test 

apparatus (opaque container and pot holder) and then shaped to dig a reward after release 

from the plastic container. Two pots were filled with bedding and a piece of peanut butter 

crunch was placed at the very bottom of both pots to encourage the rats to dig vigorously 

to find it. The subjects were released from the holding area and allowed to dig in the pots. 

When the reward was found, the rat was recovered to the holding area using the plastic 

container. This session lasted 10-15 minutes for 8 days. At the end of this period, rats 

were trained sequentially on two simple discriminations (SD) problems. One consisted of 

an odor, and the other one a media discrimination. Importantly, the odor and media pairs 

presented were not used again in subsequent testing. 

Habituation and shaping 

A trial began by raising the plastic container to allow the rat access to two digging 

pots, only one of which was baited. The location of the pots was randomized. The first 

Testing Paradigm 
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four trials of each discrimination consisted of an exploratory period in which the rat was 

allowed to dig in both pots. An error was recorded if the rat first dug in the unbaited pot. 

Once the first four trials were completed, the rats were only allowed to dig in one of the 

two pots. An error was recorded after the rat vigorously dug in the wrong pot. Testing 

continued until reaching a criterion of six consecutive correct trials. Once criterion was 

reached the next discrimination followed. 

The first discrimination was a simple discrimination between either two odors or 

two digging media, followed by a compound discrimination (CD) with the same positive 

stimulus as the initial SD. Importantly in the CD, the new dimension did not reliably 

predict the location of the reward. Once criterion was reached, an extradimensional shift 

(EDS) was presented. The IDS is a new CD with two new pairs of odors and media. After 

criterion for the IDS phase was achieved, the IDS was then reversed (IDS-R). In the IDS-

R phase, the formerly negative stimulus becomes the positive stimulus (and vice versa). 

Lastly, an extra-dimensional shift (EDS) was presented. During this phase, the irrelevant 

dimension becomes the relevant one, thus the former rewarded dimension no longer 

predicted the reward.  

Rats were killed by decapitation approximately one week after set shifting.  

Brains were extracted and flash frozen in -80 °C isopentane, and stored at −80°C. 

Coronal brain sections (20 μm) through the striatum were cut on a cryostat at -20 °C, 

mounted onto gelatin-coated slides, and stored at −80°C until use. 

Agonist-stimulated [35S]GTPγS autoradiography 

At the time of assay, sections from all subjects were processed simultaneously. 

All assay conditions are at 25 °C. Sections were rinsed in TME buffer (50 mM Tris-HCl, 
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3 mM MgCl2, 0.2 mM EGTA, and 100 mM NaCl, pH 7.4) for 10 min and then pre-

incubated in TME with 2 mM GDP and 1ul/100ml adenosine deaminase (“assay buffer”) 

for 15 min. Following the pre-incubation, sections were incubated for 120 minutes at 25 

°C in assay buffer containing 0.04 nM[35S]GTPγS. Basal [35S]GTPγS binding was 

defined by binding in the absence of agonist, and M2/M4-stimulated binding was 

determined by the addition of (oxotremorine-M, 10µM). Non-specific [35S]GTPγS  

binding was defined by competition with 10 µM  unlabeled GTPγS. The reaction was 

terminated by a quick rinse in ice-cold 50 mM Tris-HCl buffer (pH 7.4), followed by one 

rinse in deionized distilled H2O. Slides were dried overnight, then exposed to phosphor 

imaging screens along with [14C] standards for approximately 36 h. 

Imaging                                                                     

Densitometric analysis of phosphor was analyzed using NIH IMAGEJ. Measurements of 

optical density were referenced to [14C] standards and were converted to nCi/g [35S] (Sim 

et al., 1995). Data are reported as mean values ± SEM of three to six sections per subject 

and condition. Non-specific binding was subtracted from basal and stimulated sections. 

Net binding was obtained by subtracting stimulated binding from basal binding. A 

schematic illustration of the sampling procedure is shown in Figure 5. 

 

Spatial learning ability: Age comparison was assessed using a repeated measures 

ANOVA (age x training block) to compare pathlength followed by a Fisher's PLSD test 

to identify the groups that were significantly different. A one-way ANOVA (age) was 

used to compare proximity scores derived from probe trials. 

Data Analysis: 
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Attentional set-shifting task: Analysis of the effects of aging on the attentional set-

shifting task was done using a repeated measures ANOVA (age x phase) followed by 

Fisher's PLSD analysis to identify the groups that were significantly different. To 

compare significant interactions phase x age were explored using post hoc one-way 

ANOVAS. 

Densitometric analysis of oxo-M-mediated [35S]GTPγS binding : A one-way 

ANOVA  by age  was used to compare [35S]GTPγS binding in each region. 
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RESULTS 

Effects of Aging on Spatial Learning Ability 

Spatial learning ability in the water maze was assessed in young, MA  and old 

rats. A repeated measures ANOVA (age x training block) showed a main effect of age in 

the acquisition phase of the task during training trails (F(2,43) = 9.46 p <.05). Subsequent 

Fisher's PLSD analyses indicated that MA and old rats performed significantly poorer 

when compared to young, but the MA and old rats did not differ between each other, in 

finding the platform location as demonstrated by greater pathlength scores (Fig. 2A, p 

<.05) A main effect of age was also observed in the accuracy of the search for the 

platform during probe trials. A one-way ANOVA shows that MA and old rats performed 

significantly poorer than young rats during probe trials as shown by greater group mean 

proximity scores (Fig. 2B, F(2,43) = 29.73, p <.05), but the MA and old were not 

significantly different from  each other. Importantly, some middle-aged and old rats 

performed as well as young during probe trials suggesting that a subset of middle age and 

old rats have intact spatial learning ability (Fig. 2B).  No difference was observed in 

latency to reach visible platform between groups (Fig. 3C); however, swimming speed 

was affected by aging. Old rats swam significantly slower than young rats (Fig. 2, F(2,43) 

= 3.98, p <.05). Overall, the data indicate that in F344xBNF1 rats age-related cognitive 

decline in spatial learning ability emerges at middle age and demonstrate that spatial 

learning ability decline is not simply predicted by chronological age. 

Effects of aging on reversal learning and set-shifting ability 

The results of the attentional set-shifting task showed a main effect of age in the 

acquisition of the discrimination problems (F(2,19) = 7.91 p < .05) (Fig. 3). Old rats were 
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impaired in reversal learning (IDS-R) and set shifting (EDS) phases when compared to 

young and middle-age rats (Fisher's PLSD, p < .05). No difference in performance was 

observed in any of the simple and compound discrimination phases between young and 

middle age rats. Overall, the data indicate that impairment in reversal learning and set 

shifting is not apparent until 27 months of age. 

 

Relationship between reversal learning, attentional set shifting and spatial learning 

ability 

Determination of the relationships of the cognitive deficits observed was limited 

to the aged group given that this group was the only group that showed significant 

cognitive decline in both tasks.  Linear regression analysis demonstrates that cognitive 

performance in reversal learning and set-shifting ability are not associated with spatial 

learning ability (Fig. 4A & 4B). Additionally, no relationship was found between 

performance on IDS-R and EDS phases (Fig. 4C). 

 

Effects of aging on oxo-M-stimulated [35S]GTPγS binding autoradiography 

 [35S]GTPγS autoradiography revealed significant stimulation of binding by oxo-

M (10µM) in rat striatum and cortex (see autoradiograms in Fig. 5). Stimulation of 

[35S]GTPγS binding by oxo-M was mediated in striatal sections by M2/M4 muscarinic 

receptors, since oxo-m stimulated binding was blocked by the M2/M4 antagonist AF-DX 

116 (data not shown). Densitometric analysis of oxo-M-stimulated [35S]GTPγS 

autoradiograms indicated a significant decrease in net oxo-M-stimulated [35S]GTPγS 

binding  limited to the dorsomedial striatum of old rats when compared to middle-aged 
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and young (F(2,18) = 11.46,  p < .05). In contrast, no difference in net binding was 

observed in dorsolateral striatum, cingulate or motor cortex between the three groups of 

rats (Fig. 6).  No changes in in either basal or non-specific [35S]GTPγS binding was 

observed (data not shown).  
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DISCUSSION 
 

These experiments investigated the effects of aging on muscarinic receptor 

function in rats that were cognitively assessed for reversal learning, set shifting and 

spatial learning ability. Muscarinic receptor function was reduced in the aged DMS when 

compared to young and middle-aged rats, while no significant differences were observed 

in the Cg, M1 and DLS. The results of the cognitive assessment showed that middle-aged 

and old rats were impaired in spatial learning ability when compared to young, whereas 

only old rats showed reversal learning and set-shifting impairment.  

Aged rats impaired in reversal learning and set-shifting ability showed reduced 

M2/M4-mediated [35S]GTPγS binding limited to the DMS. In vitro autoradiography 

allows for neuroanatomical analysis of different brain regions. An advantage of this 

technique is that it is suitable to detect age-related alterations that could be limited to a 

particular brain system or subregions. These studies demonstrated reduced oxo-M 

mediated [35S]GTPγS binding exclusively in DMS, but not in the DLS, of old rats when 

compared to young and middle-aged rats. Importantly, old rats were impaired in reversal 

learning and set shifting ability when compared to young and middle-aged rats, 

suggesting an association between the deficits observed in behavioral flexibility and 

reduced muscarinic receptor function due to aging.  In support of the involvement of the 

DMS in behavioral flexibility, acetylcholine release increases exclusively in the DMS, 

but not in the DLS or ventral striatum, during the reversal phase of the place 

discrimination but not during the acquisition (Ragozzino et al., 2009). Together, these 

studies suggest that cholinergic function in the DMS is involved in behavioral flexibility 

and is associated with the impairment in flexible behavior due to aging.   
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          Whereas our studies show an age-related decline in muscarinic receptor function in 

the DMS of old rats, the specific receptors involved in this decline have not been 

determined. Oxo-M is a non-selective muscarinic receptor agonist (Freedman et al., 

1988); thus, the oxo-M-stimulated [35S]GTPγS binding is a combination of the activity of 

distinct muscarinic receptors present in the regions analyzed. The striatum expresses 

muscarinic receptors M1-M5, M4 being the receptor type predominantly expressed. The 

muscarinic receptor activation profiles obtained from the current experiments parallel the 

muscarinic receptor radioligand profiles of M2/M4 receptor types obtained by other 

studies (Aubert et al., 1995; Pilar-Cuellar et al., 2005), and further suggest that the oxo-

M-mediated [35S]GTPγS binding reflect M2/M4 receptor function in the DMS. Since, in 

a radioligand study, Tayebati et al (2004) reported, using a radioligand binding assay and 

light microscope autoradiography, an age-associated loss of M4 receptors in the dorsal 

striatum of 22 months old Fisher 344 rats, whereas M1, M3, M2, and M5 receptors levels 

are maintained (Tayebati et al., 2004), the decline in muscarinic receptor function 

obtained in the current studies may be related to a loss of M4 receptor number in the 

dorsal striatum. 

The current findings suggest that M2/M4 cholinergic activity in the DMS may be 

necessary for successful striatal function involved in flexible behavior. Striatal 

cholinergic interneurons and mesostriatal dopaminergic neurons play important roles in 

signaling and learning of motivational significance. Interactions between dopamine and 

ACh are involved in the regulation of dopamine release (Threlfell et al., 2010). 

Cholinergic M2/M4 receptors control dopamine release in the caudate. Activation of 

these receptors inhibits ACh release from cholinergic interneurons, limiting nicotinic 
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receptors activation on mesostriatal dopaminergic projections and enhancing 

dopaminergic sensitivity (Threlfell et al., 2010). In our studies, aged rats were found to 

have reduced DMS M2/M4 activity. Decreased M2/M4 activity may result in cholinergic 

hyperfunction that will limit dopaminergic sensitivity, changing the 

cholinergic/dopaminergic balance necessary for successful flexible behavior (Threlfell et 

al., 2010). 

Deterioration of corticostriatal projections may influence muscarinic receptor 

function. Diffusion tension experiments have revealed aged-related deterioration of 

corticostriatal connections. We speculate that the selective decrease in muscarinic 

receptor function in the DMS could be related to age-associated damage in corticostriatal 

projections that innervate the striatum. Age-associated damage to corticostriatal 

projections have been suggested from diffusion tensor imaging studies (Madden et al., 

2004). Corticostriatal projections can deteriorate due to intrinsic age related changes 

and/or indirectly mediated by changes on the integrity of the PFC. 

  Cognitive decline dependent on MTL function precedes frontostriatal decline.  

By old age, rats performed poorly when compared to young and middle-aged rats in 

spatial learning ability, set shifting and reversal learning, however, middle-aged rats were 

only impaired in spatial learning ability.  These results demonstrate that in our rat strain, 

using these tasks and our protocols, deficits in frontostriatal function precedes 

MTL/hippocampal deficits. Our results suggest that MTL/hippocampal function is more 

vulnerable than frontostriatal function to the effects of aging. 

The cognitive deficits observed in old rats were not associated. Old rats impaired 

in spatial learning were not impaired in set shifting ability, suggesting that cognitive 
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abilities are affected by aging in a cognitive domain/system specific manner, as 

demonstrated by other studies (Gallagher and Burwell, 1989; Barense et al., 2002). 

Additionally, our studies show a dissociation of cognitive performance within set shifting 

and reversal learning abilities, suggesting a differential effect of aging within behavioral 

flexibility processes. Our findings contrast with a previous aging study using the 

attentional-set shifting task. In our study, aged rats were impaired in reversal learning 

ability and shifting as a group, whereas in the studies published by Barense et al. (2002), 

aged rats were found to be impaired only in set shifting ability, and show a trend to 

significance for reversal learning deficits as a group.  Differences in rat strain and/or 

testing protocols could have caused the discrepancy in the results.  

In conclusion, the present experiments demonstrated reduced M2/M4 receptor 

activity in the DMS of old rats impaired in reversal learning and set shifting ability but 

not in the DLS, Cg, M1 regions.  Additionally, our studies showed that age-related 

decline in spatial learning ability precedes reversal learning and set-shifting deficits, and 

that deficits in reversal learning and set shifting are not necessarily associated within 

individuals. 
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Figure 1. Schematic illustration of the attentional-set shifting task. During the task, 

rats have to solve a series of simple and compound discriminations. In the first 4 phases, 

the same dimension is rewarded. Reversal learning ability is assessed by reversing the 

rewarded/unrewarded exemplars of the IDS. In the extradimensional shift, the previously 

unrewarded dimension is rewarded requiring a shift of attention. 
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Figure 1. 
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Figure 2. Effects of aging on spatial learning in the water maze in young, middle age 

and old rats. Old and middle-age rats performed poorly when compared to young on the 

acquisition of the platform location during training trials (A) and have a less accurate 

search for the platform during probe trials (B).  Sensorimotor ability testing demonstrated 

that aging did not affect visual acuity, (C) but impaired swimming speed. Old rats swam 

significantly slower than middle-age and young rats (D, * Old vs. young, p < .05). 
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Figure 2. 
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Figure 3. Effects of aging on reversal learning and set shifting ability. Old rats 

performed poorly when compared to young and middle-aged rats in the reversal learning 

(IDS-R) and set shifting phases of the attentional-set shifting tasks, reflective of 

orbitofrontal and medial PFC damage. (*, ** old vs. young and old vs. MA, p <.05) 
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Figure 3 
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Figure 4. Aged rats showed dissociations of cognitive performance between and 

within cognitive domains. Deficits in spatial learning ability were not associated with 

the deficits observed in reversal learning (IDS-R) and set shifting ability (EDS) (A & B). 

In addition, no relationship was observed between the deficits observed in reversal 

learning and set shifting ability. 
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Figure 4. 
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Figure 5. Assessment of M2/M4 muscarinic receptor function using oxo-M-

stimulated [35S]GTPγS binding. A. Schematic illustration of the anatomical areas 

sampled (shaded gray). B. Typical autoradiograms of coronal sections from young, 

diddle-aged and old rats, showing basal (top) and oxo-M-stimulated [35S]GTPγS  binding 

Brain sections of young, middle-aged and old rats were analyzed as described in 

methods.  Reduced muscarinic [35S]GTPγS  binding was observed in the DMS of old rats 

when compared to young and middle-aged rats. Cing., cingulate cortex, M1, primary motor 

cortex; DLS, dorsolateral striatum; DMS, dorsomedial striatum.  
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Figure 5. 
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Figure 6. Densitometric analysis of oxo-M -stimulated [35S]GTPγS in different brain 

regions from young, middle-aged and old rats. The optical densities of basal, non-

specific and oxo-M stimulated binding were obtained from autoradiograms as described 

in Methods. A significant decrease in net oxo-M-stimuted [35S]GTPγS binding in the 

dorsomedial striatum of old animals was observed when  compared to young and middle 

age-rats (*, p < .05). No significant difference was observed in oxo-M-stimuted 

[35S]GTPγS binding between groups in the other brain regions examined.  
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Figure 6. 
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CHAPTER IV 

DISCUSSION 

 

 

 Cognitive decline often affects elderly individuals even in the absence of 

neurodegenerative disease (Albert, 1997; Gallagher and Rapp, 1997).  In the past two 

decades, the study of the neurobiology of cognitive aging has revealed numerous age-

associated brain changes that are/or could be involved in cognitive decline; however, still 

today, therapies to prevent and/or restore cognitive function are scarce. A better 

understanding of the effects of aging on cognitive abilities and identification of the neural 

substrates involved in cognitive decline are necessary for successful development of 

therapies to restore or prevent cognitive decline.  

The present studies investigated two specific biological aspects of cognitive 

decline, the involvement of GHD in cognitive function and the effects of aging on striatal 

muscarinic receptor function. Additionally, our studies determined the temporal 

emergence of deficits in behavioral flexibility and spatial learning ability. Together, these 

studies identify early and late-in-life biological aspects of cognitive function. 

In the studies presented in Chapter II, GH-deficient rats were impaired in spatial 

learning ability at middle-age, unless prevented by GH supplementation. 

Supplementation with GH for 10 weeks (4-14 weeks postnatally) prevented the deficits in 

spatial learning ability at 18 months of age. GH supplementation after this peripubertal 

developmental stage was of no added value. 
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In studies presented in Chapter III, decreased muscarinic M2/M4 function was 

observed in the DMS (dorsomedial striatum), but not in the DLS (dorsolateral striatum), 

cingulate and motor cortices of old rats impaired in reversal learning, set shifting and 

spatial learning ability. These studies suggested an involvement of the dorsomedial 

striatum in reversal learning and set-shifting deficits observed in old rats. In addition, 

these studies determined the temporal emergence of age-related deficits in spatial 

learning ability, reversal learning and set shifting. Aging resulted in deficits by middle-

age on spatial learning ability while reversal learning and set shifting deficits were not 

observed until later in life. Importantly, the deficits observed in old rats across and within 

cognitive domains were not associated, suggesting a dissociation of the effects of aging 

on abilities dependent on the integrity of the MTL (mediotemporal lobe) and 

frontostriatal systems, respectively.  

1. Early deficits in GH/IGF-1 levels impairs memory function by mid-life  

A. dw/dw rats as a model to study GH deficiency 

 The dwarf model of GH deficiency used in our studies has several advantages 

over utilizing human subjects to determine the effects of reduced GH/IGF-1 levels in 

cognitive function. In dw/dw rats, synthesis of GH is selectively reduced to about 10% in 

males without affecting the concentration of other trophic hormones (LF, TSH, PRL and 

ACTH) (Charlton et al., 1988; Kamegai et al., 1998; Sonntag et al., 2005). In contrast, the 

degree of the deficiency in GH/IGF-1 varies within GHD patients and these patients are 

often affected by multiple comorbidities.  Given the high heterogeneity within GH 

patients, it is really difficult to make strong conclusions from the experiments; however, 
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the consensus is that GHD patients have impaired cognitive function. By utilizing dw/dw 

rats, we were able to investigate the effects of GHD in cognitive function while 

minimizing the confounds that often affects human research.  The validity of dw/dw rats 

as a model of GHD has been demonstrated by exogenous administration of GH in 

numerous experiments (Ramsey et al., 2002; Grill et al., 2005; Sonntag et al., 2005; 

Lichtenwalner et al., 2006; Hua et al., 2009), as well as in ours (Nieves-Martinez et al., 

2010). In these rats, GH supplementation restores circulating IGF-1 levels, similar to the 

results observed after GH supplementation in GHD patients (Richmond and Rogol, 

2010). 

 The dw/dw rat is not a model of aging, but rather a means to test the effects of 

GH/IGF-I deficiency in the absence of other (GH-independent) age-related changes. 

Humans with GHD have changes in body composition (Tauchmanova et al., 2007) and 

cognitive function (van Nieuwpoort and Drent, 2008). Normal aging causes changes in 

body composition (Jakobsdottir et al., 2009) and cognitive function in association with 

decreased  IGF-1 levels (Ceda et al., 2005). Given the similarities between decline in 

body composition and cognitive function observed in GH-deficient patients and normal 

aging, it has been suggested that GHD patients may show a premature aging phenotype. 

Nevertheless, while there are some similarities, normal aging results in multiple changes 

that are independent of GH/IGF-1 axis. By utilizing dw/dw rats, we were able to study the 

effect of GHD in the absence of GH independent age-related changes. 
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B.  The role of GH is temporally defined  

 The temporal emergence and the degree of the GH/IGF-1 deficiency influence the 

pathology of the deficiency. Both childhood and adult-onset GH deficiency can affect 

individuals as a result of mutations affecting the cells that secrete GH, pituitary tumors 

and/or cancer treatments resulting in reduced GH/IGF-1 bloodstream levels. Growth 

hormone deficiency patients often suffer from reduced muscle mass, bone density, height, 

quality of life and cognitive function (Christ et al., 1997).  Studies have demonstrated that 

individuals suffering from childhood-onset GH deficiency have a more severe prognosis 

than those suffering from adult-onset GH deficiency (e.g. short height), suggesting the 

existence of temporally defined aspects that are more sensitive to changes in GH/IGF-1 

levels early in life than during adulthood (Attanasio et al., 1997; van der Lely et al., 1998) 

C. Role of GH during brain development  

  In contrast to the rest of the tissues in the body, few neurons are continuously 

replaced in the brain during the lifespan (Fuchs and Gould, 2000; Weaver, 2009), 

suggesting that even minor changes during brain development could detrimentally affect 

its function (Weaver, 2009). Furthermore, the brain continues to develop postnatally, 

allowing its development to be influenced by numerous factors. Considering the 

pleitropic action of GH and the slow and continued development of the brain, GH may 

play different roles during brain development, maturation and aging. During development 

GH may have a predominant role in cell genesis and survival whereas in the adult brain 

GH may be predominantly involved in plasticity events and protective functions. 



98 
 

 Growth hormone plays an important role in brain composition and synaptogenesis 

during the development of the brain. Growth hormone/IGF-1 levels affects cell genesis 

through systemic, autocrine and paracrine routes. Studies have demonstrated that the 

genesis of neurons, oligodendrocytes and astrocytes are sensitive to GH/IGF-1 levels 

postnatally (Noguchi et al., 1982; Morisawa et al., 1989), in adulthood (Hua et al., 2009), 

in senescence (Lichtenwalner et al., 2001; Sun and Bartke, 2007) and during the 

development of the embryo (Turnley et al., 2002). In mice deficient to GH and IGF-1 due 

to a receptor on the GH-releasing hormone receptor, studies demonstrated that levels of 

GH/IGF-1 are involved oligodendrocyte proliferation, resulting in hypomyelination 

(Noguchi et al., 1982; Morisawa et al., 1989). In agreement with these findings, treatment 

with GH antiserum resulted in  reduced myelination and proliferation in growing rats 

(Pelton et al., 1977). Furthermore, in models of GH overexpression and GH 

hypersensitivity, increased brain weight, GFAP and reduced neuronal number was 

observed (Miller et al., 1995). Conversely, in GH receptor null mice, the neuron to glia 

ratio is increased (Ransome et al., 2004). Additionally, studies using IGF-1 KO mice 

have demonstrated postnatal hypomyelination, reduced neuron number, granule cells in 

the hippocampus and oligodendrocytes (Beck et al., 1995; Cheng et al., 1998). In addition 

to the involvement of GH/IGF-1 in brain composition, GH/IGF-1 levels affects 

synaptogenesis. Overexpression of IGF-1 results in increase synaptogenesis and 

neurogenesis in the dentate gyrus postnatally (O'Kusky et al., 2000). Together, these 

studies demonstrate that GH/IGF-1 levels affect neuronal and glial numbers and 

synaptogenesis during development.  
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D. Effects of GHD on cognitive function 

 Impaired performance in cognitive abilities dependent on memory and attention 

has been reported in AOGHD and COGHD patients. However, the role of GH in these 

deficits is not clear since GHD patients often suffer from congenital hormonal 

deficiencies. In our studies, we modeled COGHD in rats and demonstrated that chronic 

deficiency through the lifespan results in learning and memory deficits at 18 months of 

age. Supplementation with GH for 10 weeks (4-14 weeks postnatally) to mimic AOGHD 

and the peripubertal rise of IGF-1 bloodstream levels, prevented the memory deficits 

observed. Growth hormone supplementation after 14 weeks of age was of no added value 

in the prevention of spatial learning decline at mid-life, suggesting that the peripubertal 

rise in GH/IGF-1 is necessary for cognitive function later in life. These results suggest 

that GH/IGF-1 has an important role during the peripuberty and demonstrate that chronic 

deficiency of GH/IGF-1 before puberty has more serious effects on cognitive function 

than adult-onset GH deficiency. In our Dwarf rat model, the AOGHD and GH replaced 

groups perform significantly better than the COGHD group, but are significantly 

impaired when compared to heterozygous. A possible explanation for the discrepancy in 

performance between heterozygous, AOGHD and GH replaced groups could be the lack 

of GH during the first 28 postnatal days. The lack of GH during this period can influence 

neurogenesis, glial genesis and synaptogenesis during development and may explain why 

even when GH is being replaced the AOGHD and GH replaced rats do not perform as 

well as heterozygous. However, differences in cognitive performance did not become 

apparent until mid-life (18 months). This suggests that as the dw/dw rats age, the changes 

mediated by the GHD during development become more apparent suggesting the 
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involvement of an aging component. The lack of growth hormone during the peripubertal 

stage may increase the vulnerability of the medial temporal lobe to the effects of aging, 

perhaps resulting in an early manifestation of age-related cognitive impairment. 

2.  Old rats show reduced muscarinic receptor M2/M4 function in the DMS                                                                                                                                         

A. Role of cholinergic neurotransmission in striatal function and aging 

 In the striatum, acetylcholine-mediated neurotransmission plays a crucial role in 

motor control and organized behavior (Calabresi et al., 1998; Calabresi et al., 1999; 

Calabresi et al., 2000; Tepper et al., 2007; Threlfell et al., 2010). Delayed initiation of 

motor execution affects Parkinson disease patients and animals subjected to 

pharmacological blockade or dopamine depletion studies (Bergman et al., 1998). 

Administration of ACh receptor antagonist is one of the earliest therapies for Parkinson’s 

disease (PD), and its efficiency led to the suggestion of a the necessity of functional 

balance between ACh and dopaminergic striatal systems for successful striatal function 

(Lehmann and Langer, 1983). In the studies presented in Chapter III, an association was 

found between the deficits observed in behavioral flexibility and a reduction in M2/M4 

muscarinic receptor G-protein activity. To further understand how reduced M2/M4 

muscarinic receptor function in the DMS may affect behavioral flexibility, this section 

describes the involvement of cholinergic function in striatal output and the interpretation 

of our results. 

 Cholinergic neurotransmission modulates striatal function through distinct 

mechanisms. Cholinergic interneurons are tonically active neurons. Cholinergic 

interneuron activity has been shown to be associated with reward prediction, temporal 
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predictability of stimuli, and generation of action, thereby, playing an important role in 

flexible behavior (Calabresi et al., 1998; Schultz, 1998; Calabresi et al., 1999; Calabresi 

et al., 2000; Partridge et al., 2002; Schultz, 2002; Zhang et al., 2002; Pisani et al., 2003; 

Bonsi et al., 2008; Threlfell et al., 2010). Additionally, studies have demonstrated that 

ACh, through its action on distinct receptors, has a bidirectional control of corticostriatal 

LTP and LTD (long-term potentiation, long-term depression, respectively)  (Calabresi et 

al., 1998; Calabresi et al., 1999; Bonsi et al., 2008; Threlfell et al., 2010) and mesostriatal 

dopaminergic sensitivity (Threlfell et al., 2010). Given of the role of ACh in distinct 

aspects of striatal plasticity, the age-related decrease in muscarinic M2/M4 G-protein 

activity reported in our studies could affect striatal output through different mechanisms. 

To facilitate the understanding of the discussion, some of the striatal cellular and receptor 

interactions are shown in Figure 1. 

 Corticostriatal LTP and LTD are mediated by muscarinic receptor function 

(Calabresi et al., 1998, 2000; Wilson, 2006; Bonsi et al., 2008). High levels of ACh 

promote LTP in corticostriatal projection neurons (Calabresi et al., 1998, 2000), whereas 

in low ACh levels promote LTD (Wilson, 2006; Bonsi et al., 2008). This relationship has 

been demonstrated by several experiments, more recently in studies with M2 and M4 

receptor knockout (KO) mice (Wilson, 2006; Bonsi et al., 2008). In M2 receptor KO 

mice, LTD is reduced. In M2 and M4 double KO mice, LTD is completely abolished 

without affecting LTP. Regulation of LTP is mediated by M1 receptors and is unaffected 

by M2 and M4 KO. Our data demonstrate a decline in muscarinic M2/M4 receptor 

function in the dorsomedial striatum of old rats. As suggested by the studies discussed 

above, old rats with reduced M2/M4 function may have reduced LTD. In mice, aging 
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results in impaired striatal LTP (putatively M1-dependent), however, the effects of aging 

on LTD have not been studied. Additionally, since M2/M4 receptors are ACh 

autoreceptors, old rats may have enhanced ACh activity due to a loss of M2/M4 function. 

Nevertheless, studies have reported decreased ACh activity in the aged striatum of rats 

(Akopian and Walsh, 2006).  Further studies will be necessary to untangle the apparently 

contradictory pattern of data emerging from the literature. 

 Dopaminergic neurotransmission in the striatum is modulated by cholinergic 

function and is involved in flexible behavior. Mesostriatal dopaminergic neurons and 

striatal cholinergic interneurons encode information about salient contextual stimuli 

through temporally coincident changes in their firing activity (Schultz, 1998; Partridge et 

al., 2002; Schultz, 2002; Zhang et al., 2002; Pisani et al., 2003). It has been hypothesized 

that pauses in cholinergic interneuron firing increase dopaminergic sensitivity by 

deactivating nicotinic receptors on mesostriatal projection neurons. In support of this 

hypothesis, a lack of striatal modulation of dopaminergic release was observed in M2 and 

M4 KO mice in the caudate (Threlfell et al., 2010). Since our data demonstrate reduced 

M2/M4 receptor function in the DMS in old rats and activation of M2/M4 is necessary to 

inhibit ACh release, the relative ACh hyperfunction may prevent the inactivation of 

nicotinic receptors on mesostriatal fibers. These effects would result in decreased 

dopaminergic sensitivity, dopamine, as well as an impairment in the ACh/dopaminergic 

balance necessary for striatal function. 

 One difficulty in interpreting how the decrease of muscarinic M2/M4 G-protein 

activity in the DMS of aged rats affects striatal function is the lack of information 

regarding acetylcholine release. Whereas the loss of M2/M4 activity in theory may result 
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in enhanced or hyperactive striatal ACh function in young animals, aging has a 

detrimental effect on the synthesis, release and degradation of ACh (Sherman and 

Friedman, 1990; Joseph et al., 1993; Ogawa et al., 1994; Das et al., 2001). Additionally, a 

loss of muscarinic receptors have been reported (Tayebati et al., 2004). It is possible that 

the reduction M2/M4 receptor activity in the dorsomedial striatum of old rats is due to 

receptor number loss. The lack of measurements of ACh release and other cholinergic 

markers in the rats used in our experiments makes the interpretation of the results 

challenging.  

3. Effects of aging on cognitive function                                                                             

A. Effects of aging across cognitive domains 

 The behavioral results in Chapter III suggest a dissociation of the effects of aging 

in cognitive abilities across and within cognitive domains. In our studies, we evaluated 

two cognitive domains in the same rats: memory (spatial learning) and executive function 

(reversal learning and set shifting). Previous studies have demonstrated that cognitive 

performance on abilities that belong to different cognitive domains or utilize different 

brain systems are not necessarily associated (Gallagher and Burwell, 1989; Barense et al., 

2002). In our studies, we found a dissociation of the effects of aging in old rats in spatial 

learning ability, reversal learning and set shifting, with spatial learning deficits appearing 

by middle age and behavioral flexibility deficits not appearing until old age. Spatial 

learning ability performance was not associated with the number of trials to criteria in the 

reversal learning and set shifting phases of the attentional set-shifting task. Additionally, 

reversal learning performance and set shifting ability were not associated. Together, our 
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data demonstrate that aging has a differential effect on cognitive abilities across and 

within cognitive domains. 

B. Frontostriatal function and flexible behavior  

 Behavioral flexibility is dependent upon the integrity of frontostriatal brain 

systems including the orbitofrontal, mPFC/dPFC and striatum (Ragozzino, 2007; 

Robbins, 2007). Lesion studies of the orbitofrontal cortex and mPFC result in reversal 

learning and set-shifting impairment, respectively (Birrell and Brown, 2000; McAlonan 

and Brown, 2003). However, lesions to the DMS result in reversal learning deficits while 

its role in set shifting is still under debate (Robbins, 2007). Given the effects of aging on 

frontostriatal function, our studies suggest a detrimental effect of aging on the 

functionality of these regions. In addition to the age-related changes in M2/M4 

muscarinic receptor function in the DMS demonstrated in our studies, multiple studies 

have found distinct associations between neurobiological changes in frontostriatal regions 

and behavioral flexibility performance (Cabeza et al., 2000; Gunning-Dixon and Raz, 

2000; Smith et al., 2004; Moore et al., 2005; Rajah and D'Esposito, 2005; Ziegler et al., 

2008) . 

C. Interactions between frontostriatal and MTL/hippocampal systems  

 Experimental evidence suggests dissociation between cognitive functions 

mediated by the MTL/hippocampal and frontostriatal regions (Packard et al., 1989; 

McDonald and White, 1993; Knowlton et al., 1996; White, 1997). In a study utilizing a 

cross maze in rats, hippocampal and striatal learning was shown to occur independently 

and resulted in different behavioral responses (Packard et al., 1989). Furthermore, 
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improved performance in striatal-dependent cognitive function (procedural tasks) has 

been observed after lesions to the hippocampus and fornix. It has been proposed that 

reduced interference after hippocampal lesions results in better striatal performance 

(Staubli et al., 1984; Eichenbaum et al., 1986; Packard et al., 1989).  Spatial learning 

ability is mostly dependent on MTL/hippocampal function, but is impaired by damage to 

frontostriatal systems (Kolb et al., 1982; Sutherland et al., 1982; Takahama and Ichitani, 

2000). Successful spatial learning performance was suggested to depend on three 

components (executive function, short-term memory and mnemonic function) by a series 

of studies in humans (Owen et al., 1991; Owen et al., 1993; Owen et al., 1995; Owen et 

al., 1996; Owen et al., 1997). The short-term memory and executive function component 

are suggested to be dependent on the PFC, striatum and hippocampus, while the memory 

component depends on hippocampal function. The hippocampal system is recruited when 

memory requirements increase. In agreement with this, in the delay non-matching-to-

sample task in monkeys, lesions to the frontal lobe result in impairment across all the 

delays tested, while hippocampal lesions only affects performance at long delays (ref). 

Together, these data suggest that while MTL/hippocampus in predominantly involved in 

spatial learning, the PFC and striatum may still be involved in the acquisition of a spatial 

learning task playing a role in functions unrelated to memory. 

 Spatial learning ability in the water maze has been associated with hippocampal, 

mPFC and striatal function. Bilateral mPFC lesions in rats result in impaired spatial 

learning performance (Kolb et al., 1982; Sutherland et al., 1982); nevertheless, recent 

studies have not found an involvement of the mPFC in spatial learning ability (Lacroix et 

al., 2002). The discrepancy between these studies may be due to animals not being 
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guided to the platform after not finding it, thus depriving these animals of relevant 

experience reinforcement necessary for the task.  The striatum is involved in spatial 

learning. Striatal lesions result in impaired spatial learning ability. Rats with bilateral 

lesions to the striatum tend to swim around the edges of the maze, adopting a circular 

swimming search to find the platform (Takahama and Ichitani, 2000). In our studies, the 

rats that were impaired in spatial learning ability did not adopt a circular swimming 

search, suggesting normal striatal function. Together, these data demonstrate that spatial 

learning ability can be influenced by lesions in frontostriatal systems. 

 In our studies, we assessed spatial learning ability with the Morris water maze 

task in order to measure MTL/hippocampal-mediated function. Middle-aged and old rats 

were impaired in the spatial learning ability suggesting age-related damage to the 

MTL/hippocampus. Nevertheless, given the involvement of frontostriatal regions in the 

learning of spatial tasks, it is not clear if the decrease we observed in cholinergic 

signaling in the DMS was a contributing factor to the decline in spatial memory. It must 

be noted, however, that spatial learning deficits emerged prior to alterations in M2/M4 

signaling, making its role in spatial learning impairment doubtful.  It may still be possible 

that age-related changes on frontostriatal regions influence spatial learning performance 

in the Morris water maze task. 

D. Temporal emergence of spatial learning ability, reversal learning and set shifting 

 Determination of the temporal emergence of cognitive decline may facilitate the 

understanding of age-related cognitive and the design of therapies to prevent and/or 

restore function. In humans, rodents and monkeys, the majority of the investigations 
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utilize young and old groups to characterize the effects of aging on cognitive abilities, 

limiting the interpretation of the results to whether or not old subjects are impaired when 

compared to young. Since a middle-aged group is often missing, the relative temporal 

emergence of the cognitive deficits observed is not determined. In our studies we tested a 

middle-aged group to determine whether or cognitive deficits in one or both domains 

occurs early in the lifespan.   Our results demonstrated that in F344xBNF1 rats, spatial 

learning impairment precedes reversal and set-shifting impairment, indicating a 

vulnerability of hippocampal/MTL function to aging. Specifically, middle-aged rats were 

impaired in spatial learning but not set shifting or reversal learning, whereas old rats were 

impaired in spatial learning ability as well as set shifting ability and reversal learning. 

These imply that cognitive abilities dependent upon the memory domain are more 

sensitive to the effects of aging than those dependent on the executive function domain. 

However, as discussed before, it is still a possibility that age-related decline in 

frontostriatal function may influence performance on spatial learning ability tasks. Our 

results contrast with a study in monkeys investigating the effects of aging on set-shifting 

(Moore et al., 2006). In that study, middle-aged monkeys were impaired in set shifting 

ability. Differences in species could explain the differences in the results. Additionally, it 

may be possible that the pairs used in the discriminations were easy to discriminate, and 

thus, not sensitive enough to detect deficits in reversal learning and/or set shifting at 

middle-age. 

4. Future Studies 

 In Chapter II, the work conducted in this thesis demonstrated that early in life 

GHD detrimentally affects cognitive function at middle-age. In addition, we identified a 
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temporal window where normal GH levels are needed to maintain healthy cognitive 

function in middle age. Nevertheless, our studies do not identify the neurobiology of the 

cognitive deficits observed due to GHD. Studies investigating the effects of GHD 

postnatally and during peripuberty are necessary to identify the neurobiology of the 

deficits observed. Specifically, since GH/IGF-1 levels are involved in neuronal and glial 

genesis and synaptogenesis, investigations of the effects of GHD on the proper 

development of brain composition are encouraged. These studies should focus in the 

effects of GHD on neuron, glial and oligodendrocytes number. Additionally, the effects 

of GHD in distinct cognitive functions, such as reversal learning and set shifting, should 

be assessed to determine if the cognitive deficits observed due to early-in-life GHD are 

cognitive domain/system specific or a generalized deficit across domains. 

 In Chapter III, our studies demonstrated reduced muscarinic M2/M4 receptor G-

protein activity in the DMS of old rats in association with reversal learning and set- 

shifting deficits. Future studies to determine the mechanisms by which reduced M2/M4 

receptor G-protein activity in the DMS relates to behavioral flexibility impairment should 

investigate the effects of aging on ACh release, muscarinic receptor activity and number 

and dopaminergic release and receptor function in the same behaviorally characterized 

rats. The dopamine/ACh interaction in the striatum is fundamental for behavioral 

flexibility. Understanding the interaction and the effect of aging on striatal ACh and 

dopamine neurotransmission, would allow a better understanding of how aging results in 

behavioral flexibility impairment by changes in striatal dopamine/ACh interaction.  
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5. Conclusions 

 The work in this thesis led to the identification of neurobiological factors involved 

in cognitive function. In Chapter I, in a model of GHD without the confounds often 

observed in human research, we demonstrated that levels of GH/IGF-1 are involved in 

cognitive function. Our results showed that early-in-life GHD results in memory 

impairment at middle age. Additionally, we identified a temporal window for GH 

supplementation that results prevents the memory deficits induced by deficiency early-in-

life. In Chapter II, we demonstrated that old but not middle-aged rats, have reduced 

M2/M4 muscarinic receptor G-protein activity in the DMS. Reduced M2/M4 muscarinic 

receptor G-protein activity was associated with reversal learning and set-shifting 

impairment. Additionally, we showed that age-related deficits in spatial learning ability 

precede deficits in reversal learning and set shifting. 

 In conclusion, our studies suggest that GH/IGF-1 levels early in life are 

fundamental for cognitive function and emphasize the importance of early diagnosis of 

GH deficiency and supplementation in children. In addition, our studies suggest an 

association between age-related changes in striatal function and behavioral flexibility 

impairment. Therapies to help prevent or restore striatal cholinergic neurotransmission 

may help in the prevention or amelioration of age-related impairment in behavioral 

flexibility. 
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Figure 1. Mechanisms of cholinergic neurotransmission in the aged striatum. 

Cholinergic interneurons by regulating the release of ACh in the striatum modulate 

dopamine (DA) release from the mesostriatal dopaminergic fibers. Dopaminergic fibers 

express nicotinic receptors, these receptors regulate DA release (Threlfell et al., 2010). 

Decreased muscarinic M2/M4 receptor G protein activity may cause ACh dysregulation 

in the striatum resulting in changes in DA release. Figure adapted from (Calabresi et al., 

2000). 
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Figure 1. 
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