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ABSTRACT 

Molina Diaz, Doris P.  
 
 

EFFECT OF GROWTH HORMONE ON AGE-RELATED CHANGES IN 
GLUTAMATERGIC SYNAPTIC TRANSMISSION IN THE HIPPOCAMPUS 

 
Dissertation under the direction of 
Judy K. Brunso-Bechtold, Ph.D., 

 Professor of Neurobiology and Anatomy 
 

  
Growth hormone (GH), a polypeptide hormone stored in and secreted by the 

pituitary, has been implicated in cognitive processing and maintenance of 

hippocampal function. Hippocampal function is mediated primarily by the AMPA 

and NMDA glutamatergic receptors, and these receptors are important for the 

basal synaptic transmission and long term potentiation (LTP) that underlie 

learning and memory processes.  Cognitive function has been reported to decline 

with age, as reflected by a decline in performance on hippocampal-dependent 

tests of learning and memory. Parallel to this age-related cognitive decline is a 

reduction in the pulsatile release of GH. Chronic GH treatment has been 

observed to ameliorate the age-related cognitive decline. Furthermore, GH has 

been reported to enhance glutamatergic transmission in juvenile rats and to 

increase mRNA levels of subunits of the AMPA and NMDA types of glutamate 

receptors. The studies in this dissertation addressed whether deficits in 

glutamatergic synaptic transmission in old rats are mitigated by treatment with 

GH. Using an in vitro hippocampal slice model, direct application of GH acutely 

enhanced AMPA- and NMDA- dependent synaptic transmission in old as well as 

in young rats. Hippocampal slices from rats receiving 6 months of twice daily GH 



viii 
 

treatment also demonstrated increased AMPA- and NMDA-dependent synaptic 

transmission as well as enhanced LTP. These results demonstrate, for the first 

time, that GH can directly enhance glutamatergic transmission and synaptic 

plasticity in old rats when cognitive function demonstrates age-related decline.  
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CHAPTER I 

INTRODUCTION 

 
A significant portion of the elderly population will experience age-related 

cognitive decline. More specifically, one form of cognitive decline that can result 

during normal aging is impaired spatial learning and memory. Numerous studies 

have shown that many elderly individuals have difficulty remembering spatial 

relationships Weber et al., 1978; Pezdek and Hartman, 1983; Kirasic et al., 1992; 

Wilkniss et al., 1997). Data from recent Census estimates revealed that in 2009, 

the number of people 60 and older was 264 million, and it is estimated that within 

the next four decades it will increase by 58 percent totaling an estimated 416 

million by 2050. The NIH indicates that the challenges presented by an age-

related cognitive decline in the elderly population are especially relevant to the 

individual. The individual is impacted because they will progressively experience 

decreased quality of life that can impede independent living. In addition, the 

concern over an age-related decline with an increasing aging population is made 

relevant to the national healthcare crisis in the increased cost of healthcare. 

Understanding the underpinnings of alterations in cognitive function that occur 

with age could contribute significantly to improving the quality of life of 

individuals, as well as reducing national healthcare costs.  

Mild cognitive impairment 

Cognitive function has been reported to decline in the absence of 

pathology as a consequence of normal brain aging. Such subclinical age-related 
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cognitive deficits are considered to be a form of mild cognitive impairment (MCI, 

Petersen et al., 1999). MCI is defined as a state in which a single form of 

cognitive function, usually memory, is compromised in a greater fashion than 

would be expected for age without affecting overall cognitive function and the 

normal capacity for daily activities. Thus, individuals displaying MCI exhibit 

cognitive decline with increasing age, but are considered to be functioning in a 

reasonably normal fashion (Petersen et al., 1997; Petersen et al., 1999; Ritchie 

et al., 2001). However, although many individuals with MCI might not experience 

more than mild memory impairments some individuals are still at risk of 

developing dementia and other neurodegenerative disease such as Alzheimer’s 

disease. The rate of progression from mild cognitive impairment to dementia is 

estimated to be as high as 10%-15% annually and can reach at least 50% within 

a 5 year period (Petersen et al., 1997; Petersen, 2003). These statistics present 

a relevant context for the detection and treatment of MCI in elderly individuals.  

In order to assess MCI, the use of memory tasks that provide the most 

sensitive indices of early memory impairment are required. Two major clinical 

screening instruments can be utilized to assess MCI:  i] the CAMCog, a 

cognitive, self-contained part of the Cambridge Mental Disorders of Elderly 

Examination, which is a standardized instrument for the diagnosis of mental 

disorders of the elderly with special reference to the early detection of dementia 

(Roth et al., 1986); and ii] the SISCO, a Structured Interview of the Diagnosis of 

Dementia-Score, which is an instrument for the symptomatic diagnosis and 

measurement of dementia (Zaudig et al., 1991). The most widely used cognitive 
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test, the MMSE or Mini-Mental State Examination, is also considered to be a 

good indicator of cognitive impairment in the early stages of dementia. The 

neural correlates engaged include the entorhinal cortex, the perforant pathway 

and hippocampal formation of the medial temporal lobe (Arriagada et al., 1992a; 

Arriagada et al., 1992b; Braak et al., 1991).   

There are numerous biological and physiological changes that are 

associated with diminished cognitive function. In order to improve the quality of 

life for aged individuals with MCI and reduce the impact of age-related cognitive 

decline on healthcare costs it is important to understand the neural changes that 

could be underlying this cognitive decline as well as develop therapeutic 

treatments that could attenuate these age-related changes. The prevention or 

delay of the appearance of more severe cognitive deficits would present a 

successful outcome in treatment of MCI. However, there is currently no treatment 

for MCI approved by the Food and Drug Administration (FDA).  

Age-related cognitive decline in rodents 

As in humans, age-related cognitive impairments have been demonstrated 

in rodents. In rats, cognitive impairment is most frequently assessed using the 

MWM test of spatial learning and memory. The MWM consists of a platform 

submerged in a tank filled with opacified water and surrounded by visual cues. 

Rats are placed in the tank and trained to find a hidden escape platform. In order 

to assess the spatial learning component, the tank is divided into 4 imaginary 

quadrants and the platform is placed in one of the quadrants for the duration of 
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the assessment. Rats are released from different non-platform quadrants 

determined at random and the animals are then allowed to find the platform. 

Normal rats learn the location of the hidden platform, and when the platform is 

removed they will search for the platform in its original location (Morris, Garrud et 

al., 1982f). The experiment is performed over the course of several days and 

more than 1-8 training trials can be performed per day; the lower the number of 

trials per day the more challenging the task is. The rat’s performance is 

determined using parameters such as total distance traveled to platform, escape 

latency and swim velocity (Gallagher et al., 1993). Impaired spatial learning is 

demonstrated by a performance displaying an increase in the distance traveled, 

path length, and escape latency as compared to the performance in normal 

animals.   

Spatial memory also is evaluated by the MWM test, and it is assessed 

after the conclusion of spatial learning component training trials. The spatial 

memory component is tested by presenting rats with a probe trial during which 

the platform is removed and the rats are allowed to search in the pool. Spatial 

reference memory is determined by assessing the mean distance to the site 

where the platform was located, the time spent by the rat in the immediate 

vicinity of the previous platform location, and the target quadrant preference 

(Morris et al., 1982; Shi et al., 2006). The results of MWM testing in aging studies 

have demonstrated a significant decline the performance of old rats. For 

instance, MWM comparison between young (4-5 month old) and old (18-20 

month old) F344xBN rats demonstrated an impaired performance in place 
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navigation (Lindner and Schallert, 1988). In addition, comparison of mean search 

error in the spatial version of the MWM demonstrated that in old (27-28 month 

old) compared to young (6 month old) rats, learning was significantly impaired. In 

this study, old rats were also reported to exhibit significant deficits in the 

accuracy of spatial searching (Rapp et al., 1996). Interestingly, close assessment 

of MWM parameters has demonstrated that while some aged rats (24 month old) 

demonstrated significant impairment compared to young (3 month old), another 

group of age-matched old rats was not significantly different from young, and are 

thus age unimpaired (Pawlowski et al., 2009). Therefore the MWM is a sensitive 

test for the assessment of age-related cognitive impairment and provides an 

instrument for the determination of interventions that could recuperate the age-

related cognitive impairment.  

The MWM is particularly sensitive to the effects of hippocampal lesions in 

rats; thus, impaired MWM performance is indicative of compromised 

hippocampal function (Morris, et al., 1982; McDonald and White, 1994)(Morris, 

Garrud et al., 1982a; Morris, Garrud et al., 1982b; McDonald and White, 

1994)(Morris, Garrud et al., 1982a; Morris, Garrud et al., 1982b; McDonald and 

White, 1994). As the MWM task is hippocampal-dependent, impaired 

performance in the MWM in aged rats can be related directly to compromised 

hippocampal function.  
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Growth Hormone 

 GH is a 191-amino acid, single chain polypeptide hormone secreted by 

the anterior pituitary in a pulsatile manner. The release of GH is regulated by GH 

releasing hormone (GHRH) and somatostatin, hormones expressed in the 

hypothalamus, as well as by ghrelin, a hormone produced in the stomach. GHRH 

and ghrelin stimulate GH secretion (Mayo et al., 1995; Date et al., 2000) 

however, somatostatin plays an inhibitory role in GH secretion (Brazeau et al., 

1973; Brown and Vale, 1975). When released, GH binds GH binding protein 

(GHBP) and/or GH receptors. High affinity GHBP is the soluble extracellular 

portion of the GH receptor derived by proteolytic cleavage. GHBPs bind 40-50% 

of the circulating GH, and it appears that GHBP protects GH from elimination and 

degradation, implicating GHBP in GH regulation (Kratzsch et al., 1995; Tzanela 

et al., 1997; Amit et al., 2000). Upon ligand binding, the GH receptor recruits the 

tyrosine kinase Janus kinase (JAK2; (Argetsinger et al., 1993) which leads to the 

activation of the Janus kinase-signal transducers and activators of transcription 

(JAK-STAT) transduction pathway (Roupas and Herington, 1989). This activation 

leads to the subsequent phosphorylation of other intracellular proteins, including 

PKC, MAPK, insulin substrate proteins, as well as STAT proteins (Gent et al., 

2003). This downstream signaling mechanism leads to an increase in c-fos, c-

jun, serine phosphatase inhibitor-1, insulin-like growth factor-I (IGF-I) gene 

expression, and consequently the local synthesis and release of IGF-I (Xu and 

Sonntag, 1996). In addition, activation of GH receptors in the liver stimulates the 

paracrine secretion of IGF-I (Murphy et al., 1988; Donahue et al., 2006). 
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Although IGF-I can serve as a mediator of GH, considerable evidence supports 

the notion that GH can exert many of its effects directly (Lu, et al., 2001; 

Mahmoud and Grover, 2006). 

Growth hormone in humans  

GH plays an important role during adulthood and is implicated in the 

regulation of body composition and physiological function. The biological role of 

GH in the adult has been determined primarily through the examination of the 

effects of growth hormone deficiency in individuals with adult onset growth 

hormone deficiency (AO-GHD). These studies have demonstrated that AO-GHD 

is associated with a disturbance in body composition as a result of GH’s ability to 

promote lipolysis and inhibit lipogenesis, and thus leadis to an increase in body 

fat, a decrease in lean body mass, and ultimately to a redistribution of body fat 

(Stewart et. al., 2001; Merriam and Cummings 2003). Furthermore, individuals 

with AO-GHD exhibit an increased activity of 11-β-hydroxysteroid 

dehydrogenase, the enzyme that converts inactive cortisone to the active form of 

glucocorticoid cortisol. Assessments of lean body mass in AO-GHD have 

revealed a reduction of 7%-10%, as well as a loss of skeletal muscle mass in 

AO-GHD of up to 15% and compromised muscle strength (Stewart et. al., 2001; 

Cummings and Merriam 2003).  

In addition to changes in body mass composition, a more life-threatening 

feature of AO-GHD is the impairment of cardiovascular function. This impairment 

is manifested as a reduction in the thickness of the left ventricular wall resulting 
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in atrophied cardiac muscle, and ultimately, in impaired cardiac capacity. 

Moreover, GH is involved in the regulation of lipoprotein metabolism, and AO-

GHD is associated with an atherogenic lipid profile consisting of an increase in 

cholesterol, low-density lipoproteins, and triglycerides, as well as decreased 

high-density lipoproteins (Markussis et al., 1992). These changes, together with 

the other cardiovascular alterations induced by GH deficiency, can result in an 

increased risk of cardiovascular mortality (Rosén and Bengtsson 1990; 

Cummings and Merriam 2003).  

Additional implications of GH deficiency include a reduced capacity for 

physical activity due to a significant reduction in maximal oxygen consumption 

(Cummings and Merriam, 2003). Individuals with AO-GHD also display mineral 

densities that are at least a standard deviation below those of age-matched 

controls, ultimately increasing the risk of osteoporotic fractures (Cummings and 

Merriam, 2003). In addition, AO-GHD patients display decreased cardiac output 

as well as reduced skin thickness and skin that is dryer and cooler due to a loss 

of the direct anabolic actions of GH on skin cells (Cummings and Merriam). 

Finally, individuals with AO-GHD have been reported to experience an increased 

incidence of psychological and social difficulties, including low self-esteem as 

well as inadequate energy and vitality (Hernberg-Stahl, et al., 2001; Herschbach 

et al., 2001; Monson et. al., 2000; Merriam and Cummings 2003).  

GH has been consistently reported to decline with age in humans. 

Specifically, plasma levels of GH as well as the nocturnal surges of GH release 

decrease across lifespan (Carlson et al., 1972; Finkelstein et al., 1972). It is 
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important to make the distinction, however, that unlike AO-GHD which presents 

as a pathological GH deficiency, aging is not a disease state and the age-related 

decrease in GH is instead a physiological state of relative deficiency. This 

distinction between AO-GHD and normal aged individuals is made evident by the 

higher GH secretion and physiological responses in aged individuals compared 

to age-matched AO-GHD patients (Merriam et. al, 2002; Hersch and Merriam, 

2008). In order to elucidate the consequences of the age-related GH decline, the 

effects of treatment with GH in the elderly have been studied. The results of 

those studies have demonstrated effects on body composition, specifically 

decreased body fat, especially visceral fat, and increased lean muscle mass, 

skeletal muscle mass, and skin thickness (Papadakis et al., 1996; Blackman et 

al., 2002;Hersch and Merriam 2008) as well as improved immune function 

(Rudman et al., 1990; Cuneo et al., 1991a; Cuneo et al., 1991b; Cuneo et al., 

1991c; Johannsson and Bengtsson, 1997; Franco et al., 2006). Furthermore, GH 

treatment in the elderly results in an increase in plasma IGF-I to levels present in 

young adults. Notably, IGF-I is the anabolic mediator of GH and is thought to 

mediate many of the effects of GH (Rudman et al., 1990).  

While studies of GH administration present some benefits to aged 

individuals, the literature is limited. Moreover, most studies are of short duration 

and thus the implications of long term GH administration on clinical outcomes or 

risks such as fall fractures, maintenance of functional status, or effects of 

cardiovascular morbidity and mortality are not known (Cummings and Merriam 

2003; Merriam and Cummings, 2003). This limited amount of information is due 
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in part to reported negative side-effects associated with chronic GH treatment. 

Common side effects include fluid retention, with peripheral edema, arthralgias 

and carpal tunnel syndrome (Anawalt and Merriam 2001; Cummings and 

Merriam, 2003; Merriam and Cummings, 2003). In addition, increased fasting 

glucose levels have been reported and less frequently reported side effects 

include headache, tinnitus and benign intracranial hypertension (Merriam and 

Cummings 2003; Merriam and Wyatt, 2006). Since GH and IGF-I are growth 

factors, concerns that the increase in these factors might promote cancer cell 

growth are prevalent (Merriam, 2002). In order to study the implications of long 

term GH administration on neural function without the potentially serious risks 

that are present for humans, an animal model of age-related cognitive is 

necessary. Rodents provide a model of age-related cognitive decline that permits 

the study of long term GH administration and its benefits for ameliorating the 

compromised cognitive function that occurs with age (Ramsey et al., 2004).  

Growth hormone in rodents 

Consistent with findings in humans, a decline in GH levels is also 

observed in rats. For instance, both the pulsatile release of GH (Sonntag et al., 

1980) and the serum levels of GH (Florini and Ewton, 1981) in old male rats are 

reduced compared to young animals. GH administration has been observed to 

have benefits in adult rodents. Comparing the effects of GH treatment in adult 

onset GH deficiency (AO-GHD) rodents to those in early onset GH deficiency 

(EO-GHD) rodents revealed improvement in spatial learning of MWM in the EO-

GHD, but not the AO-GHD group suggesting that GH treatment has the greatest 
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impact on cognition when administered during development (Nieves-Martinez et 

al., 2010). However, studies of rodents demonstrating a decline in cognitive 

function with age indicate that GH treatment is able to ameliorate that decline. 

For instance, it has been reported that treatment of F344xBN rats with GHRH 

from 9 to 30 months of age prevents the development of spatial learning deficits 

as assessed by the MWM (Thornton et al., 2000). Moreover, aged rodents that 

received 300µg injections of GH twice daily from 24-30 months demonstrated an 

improved performance in the MWM, as demonstrated by a decrease in the 

latency to the platform and the distance traveled to the platform compared to 

aged-matched controls, and  by performance that was similar to young controls 

(Ramsey et. al., 2004). Altogether, these findings support an important role for 

GH in cognitive function in rodents that permits the study of GH treatment in a 

model of age-related cognitive decline.  

GH potential for direct effects  

 The presence of GH receptor mRNA as well as GH receptors in the brain 

(Eppler et al., 2007) strongly supports the potential for direct effects of GH in the 

brain. GH receptor mRNA is found in the septum, hippocampus, dentate gyrus 

and amygdala in rats (Castro et al., 2000). Moreover, GH receptor binding sites 

have been detected in the rodent choroid plexus, hippocampus, thalamus, and 

pituitary (Nyberg and Burman, 1996; Nyberg, 2000).  Although locally produced 

GH can readily activate receptors in the brain, GH produced peripherally must 

pass through the blood brain barrier (BBB) in order to activate receptors in the 

brain. The BBB acts as an interface that restricts and regulates the exchange of 
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molecules between the central nervous system and blood (Banks and Erickson, 

2010). The BBB is composed of tightly packed endothelial cells making up the 

walls of the capillaries that greatly restrict the passage of molecules into the brain 

(Pardridge, 2007). The ability of GH to cross the BBB has been demonstrated by 

studies detecting radioactively labeled GH in the rat brain after peripheral 

intravenous injections (Pan, Yu et al., 2005). The use of pharmacokinetic 

quantification also has shown that the GH molecule traverses the BBB while 

remaining intact (Pan, Yu et al., 2005). The ability of GH to stimulate IGF-I 

expression, the fact that both GH and IGF-I can cross the BBB, and the presence 

of both GH and IGF-I mRNA in the brain have made the dissociation of GH 

effects from those of IGF-I difficult in studies of GH treatment. Determination of 

the effects of GH that are independent from those of IGF-I would significantly 

contribute to the understanding of GH mediated cognitive benefits during aging.   

Rodent model of age-related decline in hippocampal function  

Age-related changes in hippocampus 

In rats, the cognitive function assessed using the MWM test of spatial learning 

and memory (Olton and Werz, 1978; Lindner and Schallert, 1988; Markowska, 

Stone et al., 1989; Rapp and Gallagher, 1996; Ramsey et al., 2004) is closely 

related to the hippocampus. Specifically, the MWM is particularly sensitive to the 

effects of hippocampal lesions in rats; and impaired MWM performance has been 

shown to be indicative of compromised hippocampal function (Morris et al., 1982; 

McDonald and White, 1994). 
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Hippocampal structure 

The hippocampus is a three layered cortical structure found in the medial 

temporal lobe of the forebrain. The hippocampus (Figure 1) is comprised of three 

major subdivisions, Cornus Amonis (CA) 1, CA3, and dentate gyrus (DG) that 

each have distinct molecular and cellular layers. The DG is comprised of a 

molecular layer which is relatively cell free and is the most superficial layer. The 

molecular layer is further divided into outer molecular layer (OML), middle 

molecular layer (MML) and inner molecular layer (IML). The molecular layer is 

occupied by dendrites, axons, and terminal axonal arbors from the entorhinal 

cortex (EC). Deep to the molecular layer is a dense layer of tightly packed 

granule cells which is the principal cell layer. The principal cell layer in CA1 and 

CA3 is the pyramidal cell layer. In CA1, the pyramidal cell layer is tightly packed 

but it is more loosely packed in CA3; this distinction is clearly visible and allows 

the clear differentiation of these two major anatomical regions (Amaral and 

Witter, 1989). CA3 actually includes another subdivision, CA2 that is commonly 

included with CA3 because of the difficulty to distinguish these two regions 

anatomically and physiologically (Amaral, 1990). Deep to the pyramidal cell layer 

in CA1 and CA3 is a narrow layer known as the stratum oriens (SO). Although 

this layer is cell-sparse, it contains the basal dendrites of pyramidal cells as well 

as interneurons. In the CA3 subdivision, stratum lucidum (SL) is located 

superficial to the pyramidal layer and is occupied by mossy fiber projections from 

the granule cells in DG. Superficial to the SL in CA3 and to the pyramidal cell 

layer in CA1 is the stratum radiatum (SR) containing mainly associational and 
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commissural fibers. The layer superficial to SR in CA1 and CA3 is the stratum 

lacunosum-moleculare (SL-M). SL-M is the most superficial layer of the 

hippocampus proper and is occupied by a variety of interneurons in addition to 

fibers from the entorhinal cortex that terminate in this layer (Amaral et al., 2007).  

 

 

 

 

 

 

 

 

 

Figure 1. Nissl stained coronal section depicting the CA1, CA3, and the dentate 

gyrus (DG) subdivisions of the hippocampus. 

 CA1, CA3 and DG are critical components of the pathway that comprises 

the flow of information through the hippocampus, the trisynaptic pathway. The 

trisynaptic pathway is a unidirectional pathway from DG to CA3 to CA1. Most of 

the neocortical contribution to the trisynaptic pathway is received from EC 

projections into the DG (Witter and Amaral, 1991). The projections from 

superficial layer II of the EC synapse onto cells of the principal or granule cell 

CA3 

CA1 
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layer of the DG, and is referred to as the perforant pathway (Amaral and Witter, 

1989). The axons of the granule cells in turn comprise the mossy fibers (MF) that 

synapse onto cells in the pyramidal layer of CA3. Pyramidal cells in the DG/CA3 

border have highly collateralized axons that project transversely and obliquely 

through the CA1 subdivision (Ishizuka, Weber et al., 1990) as an axonal pathway 

referred to as the Schaffer collaterals (SC, Amaral and Witter,1989) and 

innervate the SR of CA1. Pyramidal cells in CA1 project to the subiculum as well 

as back to EC. As the major output source of the trisynaptic pathway, CA1 

provides the opportunity to study structural and functional alterations that occur 

throughout the hippocampus. 

Age-related changes to hippocampal structure 

Neuron number. The complexity of the hippocampal structure and 

connections suggests that its structural components may be critical for the 

maintenance of the effective flow of information through the hippocampus. 

Anatomical studies have been performed in order to determine which, if any, 

aspects of the hippocampal structure are compromised during aging. Earlier 

studies reported an age-related decline in neuron number (Brody, 1955; Devaney 

and Johnson, 1980; Henderson et al., 1980; Peinado et al., 1993). Previous 

studies designed to assess whether hippocampal neurons were lost during aging 

were based on estimates of neuronal density. However, the use of neuronal 

density as a measure of change in neuron number was found to be subject to 

confounding effects of tissue processing and sampling design (West, 2002). As a 

result, more recent studies have employed stereology, a different technique that 
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permits a more accurate assessment of neuronal number. Results of 

stereological quantification revealed that neuron number remains stable with age 

(Rasmussen, Schliemann et al., 1996; Rapp and Gallagher, 1996c; Peters, 

Morrison et al., 1998). Therefore, functional changes in the aged hippocampus 

may be the result of subtle changes in synaptic connectivity at structural, 

molecular and physiological levels.   

Synapse number. Numerous studies have used a variety of techniques to 

assess age-related changes in synapses in the hippocampus and have yielded 

contradictory findings. Early quantitative analyses of electron micrographs 

reported an age-related loss of synapses in hippocampus (Bondareff, 1979; 

(Geinisman et al., 1977; Haug and Eggers, 1991) as well as other brain regions 

(Haug and Eggers, 1991). It is possible that synapses are lost as a consequence 

of partial deafferentation that reduces the ability of presynaptic elements to 

maintain the structural integrity of their synapses in the hippocampus and thus 

resulting in cognitive decline (Bondareff, 1979). However, more recent studies 

using stereological techniques have presented a different picture of the effect of 

aging on synapse number. Stereological techniques are more accurate because 

they sample objects with a probability that is proportional to their number and not 

to their size using systematic random sampling. Stereological studies assessing 

the number of synapses per granule cell, and the size of dendritic spines in the 

DG indicated that neither synaptic density nor mean spine volume changed with 

age (Curcio and Hinds, 1983). Additional stereology studies reported that total 

synapse number remains stable in stratum radiatum of CA1 with age (Geinisman 



17 
 

et al., 2004; Shi et al., 2007). Similarly, studies on aged F344xBN rats performed 

in our laboratory further support these findings by establishing that mean number 

of synapse per neuron remains stable  in the middle molecular layer of the DG 

(Newton et al., 2007) and in stratum lucidum of CA3 remains stable (Poe et al., 

2001; Figure 2). Interestingly, immunoreactivity studies showed that while there 

are no differences in synaptophysin immunoreactivity in CA3 SLM in as a 

function of chronological age alone, aged animals with spatial learning deficits 

showed statistically significant reduction in synaptophysin when compared to 

younger animals or age-matched unimpaired animals (Smith, et al., 2000). 

Therefore, in the absence of alterations in neuron and synapse number with age, 

cognitive impairment may be as a result of very subtle region- and layer-specific 

synaptic alterations occurring with age affecting the integrity of the hippocampal 

circuitry. 
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Figure 2. Synapse number per neuron in primary subregions of the hippocampus 

(DG, CA1, and CA3) in young, middle aged and old F344xBN rats. Change in the 

number of synapses per neuron across lifespan is not statistically significant. 

(Modified from Newton et al. 2007, Poe et al., 2001, and Shi et al., 2007a.) 

 

 

Glutamatergic synaptic transmission in the hippocampus 

Excitatory synaptic transmission in the hippocampus is principally mediated by 

the neurotransmitter glutamate (Hollmann and Heinemann, 1994). Stimulation of 

the perforant path portion of the trisynaptic pathway evokes glutamate release 

from presynaptic terminals in CA3 (Dolphin et al., 1982; Walker, Galley et al., 

1995) and glutamate immunostaining is evident at presynaptic terminals in the 

hippocampus (Ottersen et al., 1990).  Many of the actions of glutamate in the 

hippocampus are mediated by ionotropic glutamate receptors, which mediate fast 

excitatory transmission (Hollmann and Heinemann, 1994). Ionotropic receptors 

are ligand-gated ion channels and, upon glutamate binding, allow the flow of 

charged ions such as K+, Na+ and Ca2+ through the receptor ionophore 

resulting in a depolarization of the plasma membrane. Depolarization as a result 

of ionotropic receptor activation produces an electrical current that is propagated 

down the axons of the depolarized neurons to synaptic boutons terminating on 

other neurons; this electrical current underlies synaptic transmission and 

plasticity processes.  
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Ionotropic receptors are comprised of three subfamilies: kainate (KA), 

amino-3-hydroxyl-5-methyl-isoxazole-propionic acid (AMPA), and N-methyl-D-

aspartate (NMDA) (Hollmann and Heinemann, 1994). All three subfamilies are 

distinct in their pharmacological characteristics and functions. KA receptors can 

modulate presynaptic neurotransmitter release at mossy fibers synapses 

(Hollmann and Heinemann, 1994; Dingledine and Conn, 2000; Frerking, Schmitz 

et al., 2001; Regalado et al., 2001; Schmitz et al., 2001). AMPA receptors 

mediate the majority of the fast excitatory synaptic transmission (Hollmann and 

Heinemann, 1994; Dingledine and Conn, 2000) and with NMDA receptors, 

characterized by slow kinetics, are crucial for the induction of specific forms of 

synaptic plasticity (Hollmann and Heinemann, 1994; Malenka and Nicoll, 1999; 

Dingledine and Conn, 2000). 

AMPA Receptors  

AMPA receptor composition and activation  

AMPA receptors are known for their rapid onset, offset, and 

desensitization kinetics which is why they are known to mediate fast excitatory 

neurotransmission (Sprengel, 2006). AMPA receptors consist of tetrameric 

assemblies of subunits referred to as GluR1-4 or GluRA-D (Hollmann and 

Heinemann, 1994). Each subunit consists of a bilobed amino-terminal domain, 

the two-domain ligand-binding core, an ion channel with three transmembrane 

domains and an ion pore, as well as a cytoplasmic domain of variable length 

(Mayer, 2005). The tetrameric assemblies of subunits form a receptor channel 
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that, when bound to the ligand causes the binding cores of the receptor to shift 

from open to closed channel states. Once glutamate binds, the receptor channels 

are rapidly activated, and the dimers shift from open to closed state permitting 

the opening of the channel pore (Stern-Bach, 2004). Opening of the channel pore 

enables the influx of ions such as Na+ and Ca2+ which depolarize the membrane 

(Kubo and Ito, 2004). Milliseconds later, the pore closes, either because of ligand 

release or as a result of a conformational change of the receptor into a long-

lasting, closed, desensitized state.   

AMPA receptor subunit temporal and spatial regulation  

Expression of individual AMPA subunits is regulated developmentally and 

regionally in the hippocampus. GluR1-3 mRNA transcripts are rare early in life 

and are upregulated gradually through development (Durand and Zukin, 1993). 

GluR4, in contrast, is prevalent in the developing rat hippocampus and is 

scarcely expressed during adulthood (Zhu et al., 2000). Immunocytochemical 

studies examining subunit expression in the hippocampus indicated that Glu1-3 

mRNA transcripts were abundantly expressed in the pyramidal cell layer of the 

CA1 and CA3 regions of the hippocampus (Ong et al., 1996). Studies have 

demonstrated that only a small population of receptor complexes contains both 

GluR1 and GluR3 subunits and that most complexes in CA1 are comprised of 

GluR1 and GluR2 or GluR3 and GluR2; (Wenthold et al., 1996). The presence of 

GluR2 in most CA1 glutamate receptor complexes supports and important role 

for GluR2 as an obligatory subunit for AMPA-mediated synaptic function in the 

hippocampus.  
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AMPA receptor trafficking 

The density of AMPA receptors at the synapse must be carefully regulated 

as they are the major determinant of postsynaptic excitability. For instance, in a 

study using a double knockout for GluR2 and GluR3 to determine the in vivo 

function of the GluR2/GluR3 receptor, the absence of these receptor subunits 

reduced the mean amplitude of basal synaptic transmission, indicating that 

GluR2/GluR3 receptors are essential to maintain levels of synaptic transmission 

in vivo (Meng et al., 2003). However, the mutant mice were still competent in LTP 

and LTD (Meng et al., 2003). It is therefore possible that the GluR2/GluR1 

heteromer mediates synaptic plasticity in the absence of GluR2/GluR3 

heteromeric receptors or that the GluR1 subunit alone is capable of modulating 

synaptic plasticity (Meng et al., 2003c; Derkach et al., 2007). Thus, regulation of 

different receptor subunit complexes to the postsynaptic membrane is critical for 

changes in postsynaptic excitability. Regulation is in part mediated by trafficking 

of receptor complexes in and out of the synaptic membrane. GluR1/GluR2 

heteromers and GluR1 homomers are trafficked to the postsynaptic density in an 

activity-dependent manner; conversely, heteromeric GluR2/GluR3 and 

homomeric GluR2 receptors can be incorporated into synapses in an activity-

independent manner (Zhu et al., 2000). Once at the membrane, the C-terminal 

tails on each subunit interact with specific cytoplasmic proteins. Cytoplasmic 

proteins have single or multiple PDZ domains; these domains are protein to 

protein interaction motifs that bind to the C-terminal tails of target proteins 

(Sheng and Lee, 2001). In addition, phosphorylation of residues on the C-
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terminals of the different subunits adds another level of regulation to the 

trafficking of receptors in and out of the synaptic membrane.   

Phosphorylation of AMPA receptors 

  Properties exhibited by AMPA receptors can also be modified by post-

translation modification of the subunits; one way in which this occurs is through 

phosphorylation. Phosphorylation sites have been identified on distinct serine, 

threonine and tyrosine sites in the C-terminal region of the AMPA receptors. The 

GluR1 subunit is phosphorylated at serine residues 831 and 845 (Roche et al., 

1996; Wang et al., 1996; Mammen et al., 1997; Barria et al., 1997). Serine 831 

can be phosphorylated by two different kinases, PKC and CAMK, and serine 845 

is specifically phosphorylated by PKA. GluR2 is also a substrate for protein 

kinases and phosphorylation of this subunit occurs at serine 863 and serine 880 

of the C-terminus (Matsuda et al., 1999; McDonald et al., 2001). GluR3, however, 

has a limited number of serine residues and thus phosphorylation of this subunit 

has not been reported (Wang et al., 1996).  

Phosphorylation of AMPA receptors alters the properties of subunits and 

regulates the insertion of AMPA receptors at the synapse; this in turn alters 

synaptic strength which can mediate changes in synaptic plasticity (Wang et al., 

2006). Phosphorylation of the intracellular C-terminus of the GluR1 subunit 

significantly enhances single-channel conductance of homomeric GluR1 AMPA 

receptors (Derkach et al., 2007). This enhancement is achieved by the coupling 

between glutamate binding and channel opening (Erreger et al., 2004; Derkach 
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et al., 2007). Knock-in mutant mice lacking important phosphorylation sites in the 

GluR1 subunit exhibit deficits in LTP and LTD. These mice also exhibit 

impairments in spatial learning tasks, indicating that phosphorylation of the 

GluR1 subunit is required for proper spatial memory function as well as for LTP 

and LTD (Lee et al., 2003). Under basal conditions, most heteromeric AMPA 

receptors containing the GluR1 subunit are regulated by phosphorylation 

differently than they are during synaptic plasticity. For example, GluR1 containing 

heteromers do not exhibit the enhancement in single-channel conductance 

necessary for LTP and learning (Oh et al., 2006; Derkach et al., 2007). However, 

the presence of homomeric GluR1 receptors in a specific phosphorylation state is 

important to mediating the LTP process, as well as spatial memory (Glade-

McCulloh et al. 1993; Lee et al., 2010). Importantly, such post-translational 

modification of the GluR1 subunit and the balance between the expression of the 

heteromeric and homomeric receptors leads to changes in synaptic transmission 

and plasticity that may affect spatial memory processes during aging.  

NMDA Receptors  

In general, the NMDA type of glutamate receptor has very slow kinetics 

and can remain activated for several milliseconds after the glutamate pulse has 

ended (Lester et al., 1990). NMDA receptors are made up of subunits belonging 

to two relatively distinct types, NR1 and NR2A-D subunits (McBain and Mayer, 

1994). An additional subunit type, NR3A-B, was characterized recently, but as 

yet has no defined function in the hippocampus (Low and Wee, 2010).  The NR1 

homomeric receptor contains a binding site for another amino-acid, glycine or D-
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serine, that acts as a co-agonist to glutamate (Johnson and Ascher, 1987). The 

NR2A-D group of subunits is encoded by four genes and contains the glutamate 

binding site. Once glutamate molecules are bound to NMDA receptors, they 

remain bound for a relatively long time (several hundred milliseconds), during 

which time the ion channel pore can undergo repeated opening. This extremely 

slow receptor binding rate to glutamate may explain the slow kinetics of the 

receptor (Lester et al., 1990).  

NMDA receptor subunit composition and properties  

NMDA receptors that are comprised of different subunit combinations 

have distinct properties. For example, NMDA receptors comprised exclusively of 

NR1 subunits exhibit low amplitude responses and the homomeric NR1 complex 

are not fully efficacious, suggesting that other subunits are necessary for optimal 

function of the NMDA receptors. Similarly, the NR2 subunits do not assemble 

into functional channels when expressed as homomeric. However, NMDA 

receptors are functional when NR2 subunits are combined with the NR1 subunit 

(Hollmann and Heinemann, 1994), thus supporting the role of NR1 as an 

obligatory subunit. Each heteromeric combination of NR1 with the NR2A-D 

subunits produces different receptor properties. For example, NR1/NR2A 

receptors have a higher affinity for the competitive inhibitor (2-amino-5-

phosphonopentanoic acid (AP5) than do NR1/NR2B receptors. However, the 

AP5 affinity of NR1/NR2B receptors is higher than that of either NR1/NR2C or 

NR1/NR2D receptors (Kutsuwada, et al., 1992). In addition, although Mg2+ ions 

normally block NMDA receptors, NR1/NR2C receptors have a lower affinity for 
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Mg2+ as a channel blocker. Comparisons between NR1/NR2A and NR1/NR2C 

have revealed that these receptor types have different current decay times 

(Monyer et al., 1992; Hollmann and Heinemann, 1994). These differential 

properties of NMDA receptor subunit combinations play an important role in 

modulating synaptic transmission. Therefore, alterations to synaptic transmission 

during aging may be the result of modifications to the NMDA receptor subunits or 

the balance between those subunits.  

Temporal and spatial distribution of NMDA receptor subunit composition  

 The distribution of NMDA receptor subunits is regionally and 

developmentally regulated. NR2A mRNA is present in most brain regions shortly 

after birth, while the NR2B subunit is found in mostly cortex, olfactory bulb and 

hippocampus during embryonic development. The NR2C subunit, however, is 

detectable postnatally, mostly in the cerebellum (Monyer et al., 1992b; Akazawa 

et al., 1994) and NR2D is mainly expressed in the embryonic and neonatal 

diencephalon, brainstem and spinal cord and levels are lowest in the adult brain 

(Dunah et al., 1996; Wenzel et al., 1996). After birth the NR2B subunit is present 

across brain regions, however, NR2A expression is low and restricted to the 

hippocampus, cerebral cortex and striatum. The expression patterns of these two 

subunits are altered throughout the first 3 postnatal weeks; NR2B becomes 

restricted and confined to forebrain structures, while NR2A becomes abundantly 

expressed across the brain, and then both subunits decrease to adult levels 

(Wenzel, Villa et al., 1996). The NR1 subunit is expressed abundantly in almost 

all brain regions indicating that it is a vital component of the NMDA receptor 
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complex (Zukin and Bennett, 1995). However, levels of the NR1 subunit have 

been reported to decrease with age (Shi et al., 2007; Newton et al., 2008). 

Studies looking at subunit composition have demonstrated a general decrease in 

NR2B-containing receptors during development that parallels an increase in 

NR2A-containing receptors to the synaptic current (Ito et al., 1997; Tovar and 

Westbrook, 1999; Momiyama, 2000; Misra, Brickley et al., 2000). Investigation of 

the effects of this developmental switch on hippocampal function demonstrated 

as the brain matures and NR2A expression rises, activation of NR2B receptors 

became no longer necessary for LTP induction (Foster et al., 2010). This finding 

suggests that the relative balance of NR2A and NR2B receptor subunits in the 

hippocampus is involved in age-related changes hippocampal synaptic function.  

Phosphorylation of NMDA receptors 

Like AMPA, NMDA receptors are modulated by phosphorylation at serine, 

threonine and tyrosine in their C-terminus (Dingledine, Borges et al., 1999). NR1 

is phosphorylated at threonine 879, serine 890 and 896 sites by protein kinase C 

(PKC, (Tingley et al., 1993; Tingley et al., 1997). Subunit NR2B is modulated by 

calcium calmodulin kinase II (CaMKII) as well as PKC at serine 1303 and PKC 

can also phosphorylate serine 1323 (Omkumar et al., 1996; Liao et al., 2001). 

Regulation through phosphorylation modulates the properties of the NMDA 

receptor subunits. Specifically, phosphorylation of serine sites by PKC prevents 

calmodulin binding of the NR1 subunit, thereby preventing the inactivation of 

NMDA receptors by calmodulin (Hisatsune et al., 1997), potentially enhancing 

NMDA receptor function. Furthermore, phosphorylation of NR2A or NR2B at 
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tyrosine or serine sites has been reported to positively regulate NMDA receptor 

currents, and consequently, enhance synaptic strength (Wang and Salter, 1994; 

Rostas et al., 1996; Liao et al., 2001).  

Phosphorylation of NMDA subunits can also lead to the enhancement of 

glutamatergic transmission by contributing to the regulation of receptor 

trafficking, and interactions with synaptic scaffolding proteins in response to 

changing inputs (Hall and Soderling, 1997; Dunah et al., 2004; Chung et al., 

2004). PKC-regulated receptor trafficking occurs via SNARE (synaptosome-

associated protein receptor)-dependent exocytosis. Interaction of NMDA 

receptors with PSD (postsynaptic density protein) 95 and other scaffolding 

proteins increases the number of surface NMDA receptors and reduces PKC 

potentiation of channel activity (Carroll and Zukin, 2002). NMDA receptors bind 

via the C-terminal tail domain of the NR2B subunit to the synaptic protein PSD-

95 by its domain-binding motif; the complex of NR2B/PSD-95 suppresses NR2B-

mediated internalization and stabilizes NMDA receptors in surface clusters 

(Carroll and Zukin, 2002). Accordingly, deletion of the PDZ domain-binding motif 

within the C-terminal tail of NR2B disrupts the receptor’s bond to PSD-95 by PKC 

phosphorylation (Tingley et al., 1997). This disruption can promote the lateral 

movement of NMDA receptors to extrasynaptic sites where they can be targeted 

for internalization (Carroll and Zukin, 2002). In addition, receptor subunit 

composition of the PSD is altered during plasticity processes and this alteration 

in subunit composition is dependent on the phosphorylation state of the subunits. 

For instance, LTP induction was observed to increase the surface density of 
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NMDA receptors. In addition, LTP induction altered NMDA receptor subunit 

composition at CA1 synapses in a PKC-dependent manner. Furthermore, 

phosphorylation by Src family kinases, which are tyrosine kinases, also 

contributed to altering the NMDA receptor subunit composition (Grosshans et al., 

2002). Therefore, phosphorylation of NMDA subunits and scaffolding proteins are 

important in increasing the surface expression of receptors at the synaptic 

membrane.  

NMDA receptor mediation of intracellular calcium levels 

 NMDA receptors are highly permeable to calcium ions and monovalent 

cations (Ascher and Nowak, 1988). Ca2+ ions are ubiquitous second 

messengers and NMDA receptor activation has been shown to trigger further 

release of Ca2+ from intracellular stores (Emptage et al., 1999). This high 

permeability to Ca 2+ is accompanied by a relatively high single-channel 

conductance (Jahr and Stevens, 1987; Gibb and Colquhoun, 1992). Moreover, 

Ca2+ ion influx through NMDA receptors plays an important role in several forms 

of long-term synaptic plasticity. For instance, a rise in postsynaptic Ca2+ is 

required for NMDA-dependent LTD (Mulkey and Malenka, 1992). NMDA 

receptors also are permeable to Mg2+, monovalent cations that block the 

ionophore in a voltage-dependent manner (Nowak et al., 1984; Mayer, 

Westbrook et al., 1984). Specifically, in the presence of Mg2+, NMDA receptors 

are unable to mediate an excitatory postsynaptic potential (EPSC) at resting 

membrane potentials, even if glutamate and glycine (an NMDA receptor co-

agonist) bind to them. Glutamate and glycine will mediate an ion flux only when 
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the membrane is depolarized. The Ca2+ permeability and Mg2+ blockade of 

NMDA receptors makes them unique as synaptic coincidence detectors: Ca2+ 

influx occurs only if there is both presynaptic glutamate release and postsynaptic 

depolarization (Wigstrom and Gustafsson, 1986). Therefore, in addition to 

modifications of AMPA and NMDA receptor subunit complexes, age-related 

modifications to Ca2+ regulation and modifications of Ca2+ regulated kinases 

may affect the induction of LTP, and thus cause impairments in cognitive 

function.  

Long term potentiation 

Neural plasticity entails long-lasting changes in the efficacy of synaptic 

transmission and is considered to be of fundamental importance for the storage 

of information and for the development of neural connectivity. An experimental 

model of synaptic plasticity is LTP.  LTP is the long lasting increase in synaptic 

efficacy following electrical stimulation and it is induced by the correlation of pre- 

and post-synaptic activity and exhibits several properties typical of learning and 

memory (Bliss and Gardner-Medwin 1973; Bliss and Lomo, 1973; Maren and 

Baudry 1995). A neural substrate for both LTP and learning and memory is the 

hippocampus. LTP induction in the hippocampus is accomplished by applying 

brief trains of rhythmic high frequency stimuli to excitatory axons that project to 

hippocampal pyramidal neurons. Once induced, LTP is expressed as a persistent 

and synapse-specific increase in the amplitude of synaptic responses elicited by 

the stimulation of excitatory afferents (Maren and Baudry 1995). At excitatory 

afferents, during high frequency stimulation (HFS) strong postsynaptic 
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depolarization coupled with presynaptic glutamate release results in the voltage-

dependent release of the Mg2+ blockade and the subsequent activation of 

NMDA receptors (Mayer et al., 1984; Nowak et al., 1984; Maren and Baudry 

1995). Activation of NMDA receptors results in Ca2+ influx and ultimately in the 

initiation of a series of a series of enzymatic cascades that lead to a persistent 

modification of synaptic efficacy that characterizes LTP.  

NMDA receptor involvement in LTP 

 NMDA receptors are critical for the induction of synaptic plasticity. The 

role of the NMDA receptor in LTP induction has been demonstrated in studies in 

which the addition of NMDA receptor antagonist to slice preparations prevents 

the induction of LTP in hippocampal CA1 (Collingridge et al., 1983; Dudek and 

Bear, 1992; Harris et al., 1994; Hrabetova and Sacktor, 1997; Liu et al., 2004b).  

Moreover, specific NMDA receptor subunits are thought to be critical for the long 

term synaptic alterations responsible for synaptic plasticity. Studies using 

hippocampal slices of mice deficient in NMDA receptor subunit NR1 showed 

impairment of LTP and LTD induction (Sakimura et al., 1995). Importantly, it has 

been shown that the subunit composition of NMDA receptors plays an important 

role in the regulation of Ca2+ levels that is critical for the induction of LTP and 

LTD. In fact, external lowering of Ca2+ can change a protocol that normally 

induces LTD to one that produces LTP (Mulkey and Malenka, 1992). Although 

NMDA receptor-mediated synaptic currents in CA1 neurons were reduced 

significantly in mice in which the NR2A subunit was knocked-out or truncated, 

LTP induced by stimulating the Schaffer collaterals of CA1 and spatial learning 
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were only slightly impaired in those mice (Sakimura et al., 1995). This finding 

suggests that in the absence of the NR2A subunit, NMDA receptors comprised of 

the NR1/NR2B receptors were sufficient for the induction of LTP. Furthermore, 

NR2B knock-out animals exhibited an absence of NMDA receptor-mediated 

current and LTD at CA1 synapses (Kutsuwada et al., 1996). Recent observations 

have shown further that selective blockade of NR2B-containing receptors 

abolishes the induction of LTD, but not LTP. Conversely, preferential inhibition of 

NR2A-containing NMDA receptors prevents the induction of LTP without 

affecting LTD (Liu et al., 2004b). Taken together, these studies suggest that the 

mechanisms underlying synaptic plasticity require NR1, and the presence of 

NR2A and NR2B may determine the induction of either LTP or LTD.   

Enzymatic cascades leading to the induction of LTP 

Based on our current understanding of AMPA and NMDA function, and 

the intracellular cascade that is initiated upon receptor activation, a general 

scenario of the interaction between these two types of glutamate receptors in the 

induction and maintenance of LTP can be summarized (Miyamoto, 2006). First, 

glutamate is released from presynaptic neurons and activates NMDA receptors 

that are located in the postsynaptic density. Ca2+ then enters the postsynaptic 

neurons through activated NMDA glutamate receptors. The subsequent elevation 

of intracellular Ca2+ levels leads to the activation of CaMK II by the Ca2+ binding 

protein calmodulin. The active form of CaMK II phosphorylates AMPA receptors, 

activating them. CaMK II activation of AMPA receptors increases Ca2+ 

conductance (Benke et al., 1998; Miyamoto, 2006), leading to a greater influx of 
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Ca2+ into postsynaptic neurons through AMPA receptors, and thus inducing LTP 

(Miyamoto, 2006). The maintenance of LTP is thought to depend on long-lasting 

changes in the strength of synaptic connections between neurons. In order for 

the strengthening of synaptic connections between neurons to occur, aside from 

the CAMK II-induced increase in Ca2+, mitogen-activated protein kinase (MAPK) 

and CaMK IV must be activated during LTP. Studies with hippocampal neurons 

have shown that MAPK activation is due at least in part to the stimulation of 

NMDA receptors (Kurino et al., 1995; Kasahara et al., 2001). The active forms of 

these kinases may target the cAMP response element binding (CREB) 

transcription factor. The phosphorylation of CREB during LTP may stimulate c-

fos protein expression and this pathway may lead to the new synthesis of 

synaptic proteins, dendritic sprouting and formation of new neuronal circuits (Ahn 

et al., 1998; Miyamoto, 2006). Interestingly, incubation of hippocampal slices in 

the presence of the protein synthesis inhibitors emetine, cycloheximide or 

puromycin reduces the occurrence of LTP in CA1 (Stanton and Sarvey, 1984). 

This finding supports the necessity of new synthesis or rapid turnover of proteins 

for the induction of LTP in the hippocampus. Therefore, the interaction between 

AMPA and NMDA receptors and the signaling cascades that follow their 

activation are critical to the induction and maintenance of synaptic plasticity and 

therein, to the processes thought to underlie learning and memory.  

LTP as a model of learning and memory 

While direct evidence for the role of LTP in learning and memory is 

unavailable, a broad range of findings reported in the literature are consistent 
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with the involvement of  LTP in behavioral learning and memory. For instance, 

hippocampal LTP displays properties characteristic of learning and memory, 

including specifically, rapid formation, long duration, associativity and 

cooperativity (Bliss and Collingridge, 1993; Teyler and DiScenna, 1984). In 

addition, LTP is induced by patterns of stimulation that mimic endogenous theta-

rhythms, a prominent rhythm in the EEG of animals engaged in exploratory 

behavior (Vanderwolf 1969). The relationship between theta rhythms and 

learning and memory has been established (Klemm, 1976; Landfield, 1976) and 

the characterization of molecular and cellular mechanisms of LTP provides an 

explanation for the relationship between the local storage of information the 

global events occurring during information processing (Maren and Baudry 1995). 

Furthermore, LTP-like changes in hippocampal electrophysiology during 

associative learning (Roman et al., 1987; Skelton et al., 1987; Weisz et al., 1984) 

and exploration (Green et al., 1990) have been reported. Furthermore, in studies 

using electrical stimulation to saturate LTP before training in hippocampal 

dependent spatial tasks, LTP induction impairs learning (McNaughton, 1996; 

Castro et al., 1989), and in non-spatial tasks it facilitates learning (Berger, 1984; 

Doyere and Laroche 1992; Thomspon 1990). Moreover, behavioral 

manipulations that impair LTP induction, such as stress, have also been 

demonstrated to impair hippocampal-dependent spatial learning (Shors and 

Thompson, 1992). Therefore, even in the absence of direct evidence implicating 

LTP in learning and memory there are sufficient reports suggesting LTP 

involvement in learning and memory.  
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The effect of age on functional plasticity of synaptic connections can be 

assessed by measuring age-related alterations in LTP. Aged rats have been 

demonstrated to have deficits in both the induction and maintenance of LTP 

(Rosenzweig and Barnes, 2003; Burke and Barnes, 2010). However, the effects 

of age on LTP induction and maintenance can vary depending on the protocol 

used to induce LTP and the region where LTP is induced. For instance, in the 

hippocampus, no age-related alterations in LTP were observed in DG (Barnes, 

1979), CA3 (Dieguez and Barea-Rodriguez, 2004) and CA1 (Landfield, 1978) 

when robust stimulus protocols were used. However, deficits in LTP in aged rats 

were observed in both dentate gyrus (Diana, 1994; Sierra-Mercado, 2008) and 

CA1 (Rosenzweig and Barnes, 2003; Burke and Barnes, 2010) when weaker 

stimulation protocols were utilized. Interestingly, although in the maximal capacity 

for LTD does not seem to be compromised with age in the Schaffer Collaterals of 

CA1, aged animals demonstrate more susceptibility to LTD induction and 

reversal to LTP in this hippocampal pathway (Foster and Kumar, 2007; Kumar et 

al., 2007). Interestingly, in vivo recordings in the CA1 region have demonstrated 

compromised place field expansion plasticity in old rats (Mehta, 2000) supporting 

a correlation with changes in LTP in vitro and experience dependent associations 

with space in aged rats. These age-related changes in LTP and place field 

expansion at the Schaffer-collaterals are present model for studying age-related 

changes in spatial memory associated with the alterations observed in MWM 

performance in aged rats.   
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Both AMPA and NMDA receptors have been reported to be critical for the 

induction and maintenance of LTP and LTD in the hippocampus (Xiao et al., 

1995; Malinow and Malenka, 2002). Interestingly, both AMPA and NMDA 

receptors have been reported to undergo age-related changes (Magnusson et 

al., 2002; Shi et al., 2007; Adams et al., 2008; Newton et al., 2008). In addition, 

glutamatergic receptor subunits have been reported to be altered by GH 

treatment; specifically, treatment with GH has been reported to increase 

glutamate receptor subunits mRNA levels in old rats (Le Grevès et al, 2006). 

Thus, the studies in this dissertation will focus specifically on these two 

subfamilies in the context of GH amelioration of age-related changes.  

Hypothesis statement 

The mechanism by which GH ameliorates age-related cognitive deficits is 

not well understood. First, it is unclear whether GH acts directly to improve 

cognitive performance following chronic GH administration (Ramsey et al., 2004), 

or whether the reported improvement is due to indirect effects of GH, acting 

through IGF-I. Similarly, it is not known whether the increased expression of NR1 

and NR2A receptor subunit mRNA transcripts in aged hippocampal tissue 

following 10-days of subcutaneous GH injections (Le Grevès et al., 2006) involve 

direct or indirect effects of GH.  Although recent electrophysiology studies have 

shown that acute GH application enhances glutamatergic transmission in the 

hippocampal slices from juvenile rats, (Mahmoud and Grover, 2006) the question 

remains as to whether such a direct effect of GH also occurs in old animals, at 

the age when chronic GH treatment improves cognitive function. Moreover, 
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determining the effect of chronic GH treatment on glutamatergic transmission, 

particularly LTP as the presumed physiological correlate of learning and memory, 

is essential for understanding the mechanism of the GH-mediated amelioration of 

age-related cognitive impairment. Because of the critical involvement of NMDA 

and AMPA receptors in the basal synaptic transmission and LTP and the 

likelihood of their involvement in age-related cognitive function, our overall 

hypothesis is that GH will mitigate age-related deficits in NMDA and AMPA 

synaptic transmission at a time in lifespan when the administration of GH 

is able to ameliorate age-related cognitive impairment. Two experiments 

have been designed to address this hypothesis. First, in order to determine the 

whether GH has direct effects on glutamatergic function in old animals, we will 

assess the effects on NMDA- and AMPA-mediated basal synaptic transmission 

of acute GH application in hippocampal slices and test the hypothesis that 

application of GH will enhance both AMPA- and NMDA- dependent synaptic 

transmission in rats at a time in lifespan when cognitive function is 

compromised. Second, in order to determine whether chronic GH treatment can 

alter glutamatergic function in old animals, we will assess the effects of 6 months 

of GH treatment on basal synaptic transmission and synaptic plasticity on 

hippocampal slices from old rats and test the hypothesis that chronic GH 

treatment will enhance basal synaptic transmission and LTP, and increase 

protein subunit levels of glutamatergic receptors in hippocampal region 

CA1. 
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ABSTRACT 

In rats, as in humans, normal aging is characterized by a decline in hippocampal-

dependent learning and memory, as well as in glutamatergic function. Both 

growth hormone (GH) and insulin-like growth factor-I (IGF-I) levels have also 

been reported to decrease with age, and treatment with either GH or IGF-I can 

ameliorate age-related cognitive decline. Interestingly, acute GH and IGF-I 

treatments have been shown to enhance glutamatergic synaptic transmission in 

the rat hippocampus during the first 3 months of life. However, whether this 

enhancement also occurs in old rats, when cognitive impairment is ameliorated 

by GH and IGF-I, remains to be determined.  To address this issue, we used an 

in vitro CA1 hippocampal slice preparation and extracellular recording techniques 

to study the effects of acute application of GH and IGF-I on compound field 

excitatory postsynaptic potentials (fEPSPs), as well as AMPA- and NMDA- 

fEPSPs, in young adult (10 mo) and old (28 mo) rats.  The results indicated that 

both GH and IGF-I enhanced compound-, AMPA- and NMDA fEPSPs to a similar 

extent via a postsynaptic mechanism in slices from both age groups.  Initial 

characterization of the signaling cascades underlying these effects revealed that 

the GH-induced enhancement was not mediated by the JAK2 signalling element 

in either young adult or old rats, but that IGF-I induced enhancement involved a 

PI3K-mediated mechanism in old, but not young adult rats. The present findings 

are consistent with a role for GH or IGF-I enhancement of glutamatergic 

transmission in mitigating age-related cognitive impairment in old rats.  
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INTRODUCTION 

It is well-established that both growth hormone (GH) and insulin-like 

growth factor-I (IGF-I) have important roles in mammalian growth and 

development.  These polypeptide hormones play major roles in the regulation of 

cellular processes in tissues throughout the body (Gahete et al., 2009) including, 

but not limited to, protein synthesis (Lo and Ney, 1996), regulation of bone 

metabolism (Ohlsson et al., 1998), immune and cardiovascular function (Cittadini 

et al., 1999; Conti et al., 2008; Hattori, 2009). However, in addition to the 

peripheral effects of GH and IGF-I, these factors also impact the central nervous 

system, in particular, the hippocampus of adult animals (Lobie et al., 2000). 

Cognitive function, including that involving hippocampal processing, 

declines with advancing age (Frick et al., 1995; Rosenzweig et al., 1997b; 

Ramsey et al., 2004). Parallel to this age-related decline in hippocampal-

dependent cognition, levels of GH and IGF-I also decrease across lifespan 

(Sonntag et al., 1980; Richman et al., 1981; Carter et al., 2002; Sonntag et al., 

2005). Importantly, GH and IGF-I supplementation in rodents has been shown to 

ameliorate hippocampal-dependent cognitive deficits associated with normal 

aging (Markowska et al., 1998; Thornton et al., 2000; Ramsey et al., 2004).  One 

potential mechanism for the amelioration of age-related cognitive impairment by 

GH and IGF-I is an enhancement of excitatory synaptic transmission. Excitatory 

synaptic transmission in the hippocampus is mediated primarily by glutamatergic 

receptors, principally the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) and N-methyl D-aspartic acid (NMDA) types of the glutamate 
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receptor.  Subunits that comprise the AMPA and NMDA receptors in the 

hippocampus have been reported to decline with age (Foster, 2002; Shi et al., 

2007; Adams et al., 2008; Newton et al., 2008) and AMPA- and NMDA-receptor 

mediated synaptic transmission is reduced as well (Barnes, 1990; Bauman et al., 

1992; Barnes et al., 1992; Deupree et al., 1993; Papatheodoropoulos and 

Kostopoulos, 1996; Barnes et al., 1997; Jouvenceau et al., 1998; Barnes et al., 

2000; Barnes et al., 2000).  Moreover, administration of either GH or IGF-I has 

been reported to increase mRNA and protein levels of those subunits (Sonntag, 

Bennett et al., 2000b; Le Greves et al., 2005).   Notably, GH and IGF-I can also 

enhance glutamatergic synaptic transmission in rat hippocampal slices during the 

first 3 months of life (Ramsey et al., 2005; Mahmoud and Grover, 2006), an effect 

that may contribute to improved cognitive performance (Porrino et al., 2005; Goff, 

Lamberti et al., 2008; Hamlyn et al., 2009; Hampson et al., 2009).   

The cognitive benefits of GH and IGF-I supplementation have been 

demonstrated in aged animals, however, the enhancement of hippocampal 

synaptic transmission by GH and IGF-I has been demonstrated only during the 

first 3 months of life and little is known about the effects of GH or IGF-I on 

glutamatergic synaptic transmission in adulthood or old age. The question then 

arises as to whether GH and IGF-I can enhance synaptic transmission in old 

animals when chronic supplementation with these hormones ameliorates 

impaired hippocampal-dependent cognitive function. Thus, in the present study, 

we used extracellular recording methods to evaluate the effect of acute GH and 

IGF-I application on hippocampal glutamatergic synaptic transmission in brain 
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slices from young adult and old rats. The results demonstrate that both GH and 

IGF-I enhance AMPA and NMDA function to a similar extent in young adult and 

old rats, supporting the notion that acute effects of either hormone may 

contribute to the reported GH and IGF-I mediated amelioration of age-related 

cognitive impairment. Our findings also provide initial evidence of possible age-

dependent differences in the signaling cascades that mediate the effects of these 

hormones on rat glutamatergic synapses.  

 

METHODS 

Experimental Subjects and Slice preparation 

Juvenile (1-2 mos), young (10 mo) and old (28 mo) male Fisher 344 x Brown 

Norway rats (F344 x BN) rats from the Harlan Sprague Dawley, National Institute 

of Aging, were anesthetized with halothane and decapitated. The brain was 

removed and submerged in chilled, oxygenated artificial cerebrospinal fluid 

(aCSF) containing 124mM NaCl, 3.3mM KCl, 2.4mM MgCl2, 2.5mM Ca Cl2, 

1.2mM KH2PO4, 10-D-glucose, and 25.9mM NaHCO3 and saturated with 95% O2 

– 5% CO2. Right and left hemispheres were separated and cut coronally into 400 

µm thick slices using a vibratome (Leica VT1000S; Vashaw Scientific, Atlanta, 

GA).  The hippocampus in each slice was dissected from surrounding tissue, and 

equilibrated in an incubation chamber with oxygenated aCSF at 20-25ºC for 90 

min. During experiments, slices were placed in a recording chamber and 

perfused with oxygenated aCSF at a flow rate of 2 ml/min at 32ºC. All 
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experiments were conducted in accordance with Guidelines for the Care and Use 

of Experimental Animals and approved by the Institutional Animal Care and Use 

Committee. 

Field Excitatory Postsynaptic Potential (fEPSP) Recordings 

Electrodes were prepared from filamented borosilicate glass capillary tubes (0.86 

mm ID) using a horizontal micropipette puller (Sutter P-97; Sutter, Novato, CA) 

and filled with aCSF. Slices were transferred to a recording chamber, a twisted 

bipolar stimulating electrode (FHC, Bowdoinham, ME, USA) was placed in the 

Schaffer collaterals of CA3, and fEPSPs were recorded from the stratum 

radiatum of CA1. Stimulation was adjusted to elicit ~30% of the peak amplitude 

(pAmp) and responses were recorded every 20s, prior to growth hormone (GH) 

or insulin-like growth factor -I (IGF-I) application. Compound (CMPD) responses 

were defined as fEPSPs elicited in the absence of either AMPA or NMDA 

inhibitors. For experiments evaluating AMPA- and NMDA-mediated synaptic 

transmission, appropriate inhibitors were added for 20 min (see Drug 

preparation) before a baseline was recorded. The enhancement of CMPD, 

AMPA- and NMDA-dependent fEPSPs after GH or IGF-I application in young 

adult and old hippocampal slices was determined by comparing the last 5 min of 

GH or IGF-I application to the last 5 min of baseline.  Paired pulse ratio studies 

were conducted by presenting two consecutive stimuli with an interpulse interval 

of 50 ms. The ratio between the second stimulus pulse (P2) and the first stimulus 

(P1) was calculated in the presence and absence of GH or IGF-I.  
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Drug preparation 

The selective NMDA receptor blocker D-(-) 2-amino-5-phosphonovaleric acid 

(APV, Sigma, St. Louis, MO, 20µM) was used for the pharmacological isolation of 

AMPA-dependent fEPSPs. To isolate NMDA-dependent fEPSPs, 6,7-

dinitroquinoxaline-2,3-dione (DNQX, Sigma, St. Louis, MO, 50µM), a selective 

AMPA/KA receptor blocker, combined with bicuculline methylbromide (BIC, 

Sigma, St. Louis, MO, 30 µM) a gamma-aminobutyric acid type A (GABAA) 

channel blocker, and glycine (Sigma, St. Louis, MO, 1µM), an allosteric 

modulator of NMDA receptors were used. The drugs were prepared as stock 

solutions in dimethyl sulfoxide (DMSO; final DMSO concentration <0.05%, 

Sigma, St. Louis MO) for DNQX or in deionized water for APV and BIC.  

Porcine GH (Ozbiopharm, Australia) was prepared as a stock solution in 

deionized water. Human des(1-3)-IGF-I (Gropep, Thebarton, South Australia) 

was prepared as a stock solution in 0.1 N glacial acetic acid (final concentration 

0.1 acetic acid < 0.005%). Des-IGF-I is a truncated form of IGF-I that does not 

interact with the IGF-I binding proteins that normally sequester circulating IGF-I 

(Clemmons et al. 1992).  

Drugs used to block signaling components involved in GH and IGF-I mediated 

effects were: tyrphostin AG 490 (Sigma, St. Louis, MO, 10µM), a Janus kinase 2 

(JAK2) inhibitor, and wortmannin, (PI3K, Sigma St. Louis, MO, 1µM), a 

phosphoinositide 3-kinase inhibitor. Both inhibitors were made up as stock 

solutions in DMSO (final DMSO concentration <0.05%). During recordings, all 
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drugs were applied with aCSF in known concentrations via calibrated syringe 

pumps (Razel; Stamford, CT).  

Statistics 

Post-treatment effects of GH and des-IGF-I on pAmp of fEPSPs were defined as 

percent of pre-treatment baseline values. Paired Student’s t-tests were used to 

compare post-treatment to pre-treatment values for compound, AMPA- and 

NMDA- dependent fEPSPs. Signaling cascade inhibitor effects on GH and IGF-I 

mediated changes in fEPSPs pAmp were analyzed by one-way ANOVA followed 

by Newman-Keuls test for pairwise comparison, when appropriate. All statistical 

analyses were performed using Sigmastat version 3.5 (SYSTAT Software, Point 

Richmond, CA). Statistical significance was defined as p < 0.05. 

RESULTS  

Concentration-Response Curves  

In the first set of experiments, concentration-response curves were generated to 

determine the optimal GH and IGF-I concentrations for the present studies of the 

effects of these hormones on excitatory synaptic transmission in the CA1 field of 

hippocampal slices from young adult and old rats. Concentrations of 88 ng/ml of 

GH and 80 ng/ml of IGF-I were selected because both were intermediate among 

the concentrations tested and both exerted significant enhancement above 

baseline in young adult and old rats (Figures 1A-D).  
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GH and IGF-I enhance fEPSPs in young adult and old rats Age-related 

differences in the effect of GH or IGF-I on glutamatergic synaptic transmission 

were assessed in hippocampal slices (Figure 2). Baseline recordings were 

performed in each slice during which pAmp remained within 10% of the mean 

value for 10 min. CMPD and AMPA- dependent fEPSPs were characterized by 

short-latency negative-deflecting potentials (Karnup and Stelzer, 1999), whereas 

NMDA- dependent fEPSPs were characterized by prolonged negative-deflecting 

potentials preceeded by an initial, rapid negative deflection. These NMDA- 

dependent fEPSPs were similar in appearance to those described previously 

(Eckles-Smith et al., 2000). Our results reveal that GH induced a statistically 

significant enhancement above baseline in CMPD (144±7%, n=18), AMPA- 

(142±15%, n=8), and NMDA-dependent (145±15%, n=7) fEPSPs in slices from 

young adult rats (Figure 2A).  A similar, significant GH induced enhancement of 

CMPD (161±7%, n=14), AMPA- (138±15%, n=8), and NMDA-dependent 

(178±17%, n=7) fEPSPs was also observed in slices from old rats (Figure 2A). 

IGF-I also induced a statistically significant enhancement above baseline in 

young adult, CMPD (140±8%, n=20), AMPA- (123±13%, n=12), and NMDA- 

(133±8%, n=12,) dependent synaptic transmission, as well as in old CMPD 

(159±11%, n=17), AMPA- (118±2%, n=11) and NMDA- (122±3%, n=12) fEPSPs 

(Figure 2B). Our results demonstrate that CMPD, AMPA- and NMDA-dependent 

synaptic transmission was enhanced above baseline by either GH or IGF-I and 

that the enhancement was comparable in young adult and old rats.  
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Paired pulse facilitation is unaltered by GH and IGF-I 

Since GH and IGF-1 significantly enhanced glutamatergic synaptic transmission 

in slices from young adult and old animals, we next sought to characterize the 

synaptic locus underlying these effects.  Alterations in the paired pulse ratio 

(PPR) of fEPSPs can be used as an indicator of changes in neurotransmitter 

release, and thus may reveal changes that are of a presynaptic origin (Foster et 

al., 1991; Storm. 1992; Schultz et al., 1994).  We therefore measured the PPR of 

CMPD fEPSPs following direct application of these hormones. Figure 3). 

Although bath application of GH significantly potentiated the responses, GH had 

no effect on the PPR in recordings from either young adult or old rats (Figure 

3A). Similarly, IGF-I application also enhanced CMPD fEPSPs with no effect on 

PPR in either young adult or old hippocampal slices (Figure 3B). The 

observation that neither hormone altered the PPR is consistent with the notion 

that GH and IGF-I enhancement of synaptic transmission in young adult and old 

hippocampal slices is not mediated by an increase in glutamate release and 

instead may involve postsynaptic mechanisms.  

GH and IGF-I signaling cascade elements are altered with age 

In light of the comparable enhancement of glutamatergic transmission 

observed in young adult and old hippocampal slices treated with GH or IGF-I, we 

also conducted initial studies to investigate whether age-dependent changes in 

the dominant elements of the GH and IGF-I signaling cascades could underlie 

these effects. Studies indicate that the non-intrinsic tyrosine kinase GH receptor 
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dimerizes and associates with a non-receptor cytoplasmic tyrosine kinase JAK2 

for its activation (Carter-Su et al., 1996). Furthermore, JAK2 phosphorylation has 

been proposed to be critical for GH signal transduction (Jin et al., 2008). To 

compare the role of this element of the GH signaling cascade in young adult and 

old rats, the JAK2 inhibitor tyrphostin AG 490 was added to slices from both 

groups 20 min prior to and throughout GH application. The results demonstrated 

that tyrphostin AG 490 did not block GH enhancement in either young adult or 

old slices (Figure 4A). These findings are in contrast to reports that GH-

enhancement is diminished by tyrphostin AG 490 in 2-3 month old juvenile rats 

(Mahmoud and Grover, 2006). Therefore, we assessed inhibition of the JAK2 

signaling cascade by tyrphostin AG 490 in slices from rats in that age range and 

found a significant inhibition of GH-induced enhancement similar to that 

described by Mahmoud and Grover (2006), (Figure 4A).  These data indicated 

that tyrphostin AG 490 can inhibit JAK2 before 3 months of age, but not in 10 or 

28 month old rats, suggesting that the signaling cascade mediating GH 

enhancement in young adult and old rats is not dependent on JAK2.  

One of the major signaling cascades initiated by IGF-I receptor activation 

is the phosphatidylinositol 3-kinase (PI3K) signaling cascade. It has been 

proposed that the PI3K-dependent pathway contributes to the maintenance of 

cognitive function (Sun et al., 2005) and this pathway is involved in the IGF-I 

potentiation of hippocampal AMPA EPSCs in 1-2 month old rats (Ramsey et al., 

2005). To determine if there were age-dependent changes in this signaling 

cascade, we tested the effect of the PI3K inhibitor wortmannin on IGF-I 
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potentiation of fEPSPs in young adult and old rats. The results indicated that 

wortmannin reduced IGF-I enhancement in slices prepared from old, but not 

young adult, rats (Figure 4B).  

 

DISCUSSION 

The results of this study provide the first evidence that acute GH and IGF-I 

application significantly enhance excitatory synaptic transmission in the 

hippocampus of young adult and old rats. Isolation of AMPA- and NMDA-

dependent fEPSPs demonstrate that both hormones significantly enhance 

AMPA- and NMDA- mediated synaptic transmission in young adult and old rats. 

PPR experiments suggest that the GH and IGF-I induced enhancement is not 

mediated by a presynaptic facilitation of glutamate release. Finally, our data also 

provide initial evidence of significant age-dependent changes in the signaling 

cascades responsible for these effects.  Although the JAK2 pathway is required 

for GH potentiation of fEPSPs in rats during the first 3 months of life, blockade of 

this pathway had no effect on GH modulation of glutamatergic transmission in 

slices from young adult and old rats.  In addition, inhibition of PI3K revealed that 

IGF-I enhancement involves the PI3K signaling cascade in old rats, but not in 

young adults. 

The present results indicated that application of GH or IGF-I enhances 

excitatory synaptic transmission in the hippocampus of young adult and old rats. 

A previous study reported that GH enhancement involved both AMPA and NMDA 
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receptors in hippocampal slices from 2-3 month old rats (Mahmoud and Grover, 

2006). The present study extends those findings by demonstrating that i] GH also 

enhances AMPA- and NMDA-dependent synaptic transmission in young adult 

and old rats and ii] the level of enhancement was comparable in young adult and 

old rats. A similar enhancement in excitatory glutamatergic transmission is also 

evident following application of IGF-I in slices from adult and old rats. Importantly, 

we found that IGF-I enhances both AMPA- and NMDA-dependent fEPSPs. This 

finding is in contrast to a previous report that IGF-I enhanced AMPA- dependent, 

but not NMDA-dependent synaptic transmission in 1-2 month old rats (Ramsey et 

al., 2005).  These data, taken together with the present results, suggest that 

there may be age-related changes in the glutamate receptors responsible for 

IGF-I enhancement of hippocampal excitatory synaptic transmission. Specifically, 

IGF-I enhancement appears to only involve AMPA receptors early in life (1-2 

months, (Ramsey et al., 2005), but involves both AMPA and NMDA receptors by 

young adulthood (10 months of age, present findings). This developmental 

change could be due to the addition or maturation of NMDA receptor subunit 

complexes. NMDA receptors are comprised of heteromeric complexes consisting 

of an NR1 subunit and a complement of NR2 subunits (A-D) which exhibit distinct 

physiological and pharmacological properties (Meguro et al., 1992; Kutsuwada et 

al., 1992; Cull-Candy et al., 2001), and the relative proportions of these subunits 

have been documented to demonstrate functionally significant changes during 

development (Monyer et al., 1994; Portera-Cailliau et al., 1996; Bellone and 

Nicoll, 2007).  
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The enhancement of hippocampal glutamatergic synaptic transmission by 

GH and IGF-I demonstrated in the present study provides a mechanism for the 

reported amelioration of age-related cognitive impairment by GH and IGF-I 

supplementation. Specifically, we show here that GH- and IGF-I each can directly 

modulate hippocampal synaptic transmission not only in young adults, but also at 

old age when cognitive performance can be improved by either GH- or IGF-I 

(Markowska et al., 1998; Ramsey et al., 2004). Compromised AMPA- and 

NMDA-dependent synaptic transmission has been reported in rats with cognitive 

deficits (Porrino et al., 2005; Liu et al., 2008; Goff et al., 2008; Li and Tsien, 

2009; Kessels and Malinow, 2009; Hamlyn et al., 2009; Hampson et al., 2009), 

and enhanced activation or expression of glutamatergic receptors maintains 

cognitive function (Tang et al., 1999; Porrino et al., 2005; Cao et al., 2007; 

Hamlyn et al., 2009; Hampson et al., 2009). 

The results of our PPR experiments suggest that the effects of GH and 

IGF-I observed here may not involve increased glutamate release and may 

instead reflect changes in the glutamate receptors in the postsynaptic 

membrane. For example, increased trafficking of NMDA or AMPA subunits to the 

postsynaptic membrane could occur following GH or IGF-I administration.  In the 

cerebellum, IGF-I mediates NMDA receptor trafficking by subunit phosphorylation 

(Chen and Roche, 2007; Chen and Roche, 2007) and other growth factors have 

been shown to enhance NMDA subunit phosphorylation as well (Suen et al., 

1998; Lin et al., 1998; Lin et al., 1999). Moreover, the expression of both NR2A 

and NR2B subunit protein levels in old rats is enhanced by IGF-I (Sonntag et al., 
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2000). Finally, AMPA subunit phosphorylation also plays a critical role in receptor 

trafficking and synaptic plasticity (Malinow and Malenka, 2002). Thus, the effects 

of GH and/or IGF-I on subunit phosphorylation, as well as expression, may be 

essential in the enhanced synaptic transmission reported here by IGF-I.  

Although the ability of GH and IGF-I to enhance synaptic transmission 

does not change appreciably between 10 and 28 months of age, the signaling 

pathway implicated in the IGF-I mediated enhancement appears to be modified 

during that time. Specifically, blocking the PI3K signaling pathway involved in the 

maintenance of cognitive function (Sun et al., 2005), reduces the IGF-I mediated 

enhancement in old, but not in young adult rats.  It may be that an alternative 

pathway such as MAPK is more involved (Kim et al., 1997; Sullivan et al., 2008) 

in young adult rats with a molecular switch in signaling molecules, i.e., to a 

greater dependence on PI3K, occurring with age. This type of age-related switch 

has been reported to occur in the expression patterns of neurotrophins TrkA and 

p75NTR and is thought to involve IGF-I receptor activation (Costantini et al., 

2006). In contrast, blocking the JAK2 pathway, reported to be a major signaling 

pathway for GH induced effects, was equally ineffective in reducing GH-mediated 

synaptic enhancement in young adult and old rats. It is possible that in young 

adult and old rats GH mediates its effects primarily by recruiting other kinases 

such as c-src and that the effects mediated through the recruitment of c-src are 

independent of JAK2 (Zhu et al., 2002). Alternatively, a GH-induced increase in 

intracellular Ca2+ might be responsible for the enhancement of synaptic 

transmission during JAK2 inhibition (Zhang et al., 2004).  
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SUMMARY 

Taken together, the results presented here demonstrate that either GH or IGF-I 

application to hippocampal slices enhanced synaptic transmission in both young 

adult and old rats. These findings reveal for the first time that both GH and IGF-I 

have direct effects on AMPA and NMDA-dependent synaptic transmission at a 

time in the lifespan that administration of either GH or IGF-I is able to ameliorate 

age-related cognitive decline. Understanding the mechanisms by which GH and 

IGF-I mediate synaptic enhancement is essential for understanding how the 

chronic administration of these factors ameliorates the age-related decline 

cognitive function. The involvement of AMPA and NMDA receptors in the GH and 

IGF-I induced enhancement and the alteration to the IGF-I signaling cascade 

between young adult and old age provide opportunities for therapeutic strategies 

to mitigate cognitive impairment in the elderly.  
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Figure 1 
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Figure 3 
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Figure 1. Concentration-dependence of GH (A,B) and IGF-I (C,D) potentiation of 

compound fEPSPs in young adult (A,C) and old (B,D) rats.  

 

Figure 2. Effect of GH (A) and IGF-I (B) on compound (CMPD) fEPSPs and 

pharmacologically isolated AMPA- and NMDA fEPSPs in young adult and old 

hippocampal slices. Field EPSP enhancement above baseline (100%) was 

significant in both young adult and old F344 x BN rats (all p-values < 0.05) and 

there were no significant effects of age under any of the recording conditions. 

 

Figure 3 Effect of GH (A) and IGF-I (B) on paired pulse ratios of CMPD fEPSPs. 

A paired pulse stimulus train was generated in the hippocampal slices at an 

interpulse interval of 50ms. The ratio of the second (P2) pulse over the first pulse 

(P1) was determined under baseline conditions (before) and after GH and IGF-I 

application. Neither GH nor IGF-I application altered paired pulse ratios 

significantly in young adult or old rats.  

 

Figure 4. Effect of age on the signaling cascades responsible for GH and IGF-1 

potentiation of CMPD fEPSPs. In the GH (A) signaling cascade tyrphostin AG 

490 was used to block the JAK-STAT pathway, in slices prepared from juvenile, 

young adult, and old rats. Tyrphostin AG 490 partially blocked the GH 

enhancement of fEPSPs in slices from juvenile, but not young adult, or old rats. 
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In the IGF-I (B) signaling cascade wortmannin was used to block the PI3K-Akt 

pathway. Wortmannin partially blocked IGF-I enhancement in slices from young 

adult but not old animals (*,p-values < 0.05).  
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CHAPTER 3 

 
Effects of chronic GH treatment on synaptic transmission and plasticity in 

hippocampal CA1 of old rats. 

 

D.P. Molina, O.J. Ariwodola, C.M. Linville, W.E. Sonntag, J.L. Weiner, M.M. 
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Abstract  

Normal aging is a multifactorial process accompanied by impairments in 

hippocampal-dependent memory.  Decline in hippocampal glutamatergic function 

is thought to be one contributor to age-related cognitive decline and our 

laboratory has shown that the alpha-amino-3-hydroxy-5-methyl-4-

isoxazolepropionate (AMPA) and N-methyl-D-aspartatate (NMDA) type of the 

ionotropic glutamate receptor subunits decline with age. GH is thought to be a 

potential regulator of AMPA- and NMDA-dependent excitatory transmission, and 

the pulsatile release of GH has been reported to decrease with age. Moreover, 

GH supplementation ameliorates the age-related cognitive decline and 

upregulates glutamate receptor subunit mRNA transcripts (Le Greves M., 

Steensland et al., 2002; Le Greves M., Le et al., 2005). In order to assess the 

effects of chronic GH supplementation in aged animals, we used an in vitro CA1 

hippocampal slice preparation to compare basal synaptic transmission in old 

animals treated with GH. Specifically, we recorded field excitatory post-synaptic 

potentials (fEPSPs) to generate paired pulse ratios (PPRs), input-output (I/O) 

curves, and long term potentiation (LTP) in the CA1 region of hippocampal slices 

from young (10mo) Fisher 344 x Brown Norway rats that had received saline 

injections and old (28mo) that had received either GH or saline injections. All 

groups were treated for 6-8 months. Our major findings indicate that GH 

supplementation restores NMDA- dependent basal synaptic transmission in old 

rats to the levels of young and enhances AMPA-dependent basal synaptic 

transmission in old rats above the levels of young. Furthermore, an enhancement 
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in LTP was observed. All of these alterations in synaptic function were mediated 

in the absence of alterations to overall levels of AMPA and NMDA receptor 

subunits and plasma or tissue IGF-I levels.  
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Introduction 

Growth hormone (GH) plays an important role in the central nervous 

system (CNS) throughout lifespan. GH is secreted by the anterior pituitary and is 

involved in neural processes including neurogenesis, gliogenesis, cell migration 

and differentiation, synaptogenesis, and myelination, as well as neuroprotection  

(Aberg et al., 2006; Aberg et al., 2007; Aberg, 2010). GH levels are high during 

development and puberty, and then decline with advancing age (Bartke, 2008). 

Correlated with this decline is a reduction in cognitive function in rodents, 

demonstrated by an age-related impairment in performance on the Morris Water 

Maze (MWM), a hippocampal-dependent test of spatial learning and memory 

(Olton and Werz, 1978; Rapp et al., 1987; Gage et al., 1989; Frick et al., 1995; 

Rosenzweig et al., 1997).  Interestingly, old rats receiving 4 to 8 months of GH 

treatment perform significantly better on the MWM than age-matched, untreated 

controls (Ramsey et al., 2004), suggesting that GH can ameliorate the age-

related changes in hippocampal function that underlie this cognitive impairment. 

 GH-induced amelioration of impaired hippocampal function may occur as 

a result of modulating glutamatergic synaptic transmission in the hippocampus. 

Glutamate is the primary excitatory neurotransmitter in the hippocampus and 

glutamatergic synaptic transmission involves the activation of ionotropic 

receptors which include the AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole 

propionate) and NMDA (N-methyl-D-aspartate) types of glutamate receptors. 

These receptors mediate long term potentiation (LTP), a process thought to 

underlie learning and memory, and one that has been shown to be compromised 
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with age (Eckles-Smith et al., 2000; Clayton et al., 2002; Woodruff-Pak). 

Importantly, changes in the subunits that comprise AMPA and NMDA receptors 

have a significant impact on basal synaptic transmission as well as LTP (Granger 

et al., 1996; Tang et al., 1999; Lynch and Gall, 2006; Cao et al., 2007) and levels 

of individual subunits have been reported to decline with age (Shi et al., 2007; 

Adams, Shi et al., 2008; Newton et al., 2008). Thus, changes in AMPA and 

NMDA receptor dependent function may underlie the age-related impairment in 

cognitive function that is ameliorated by GH.  

Although IGF-I has been recognized to serve as an anabolic mediator of 

the biological effects of GH, GH also has been shown to directly modulate 

glutamatergic synaptic transmission in the CA1 region of hippocampus. 

Specifically, acute GH application enhanced compound as well as isolated 

NMDA and AMPA fEPSPs in hippocampal slices not only from young rats 

(Mahmoud and Grover, 2006), but also from old rats (Chapter 2) at an age when 

the GH-induced amelioration of cognitive impairment has been shown to occur 

(Ramsey et al., 2004b. These reports, together with the presence of GH receptor 

mRNA in the brain (Walsh et al., 1990; Fraser et al., 1990; Burton et al., 1992; 

Lobie, Garcia-Aragon et al., 1993; Zhai et al., 1994; Hull and Harvey, 1998) and 

evidence that GH crosses the blood brain barrier (Pan et al., 2005), suggest that 

GH may directly influence glutamate receptors. Such direct influence of GH on 

excitatory synaptic transmission in the hippocampus, provides a potential 

mechanism for the GH-induced amelioration of cognitive function in aged rats.  
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Although acute application of GH can directly enhance synaptic 

transmission in hippocampal slices from old rats, the question remains of 

whether the regimen of chronic GH treatment that has been shown to ameliorate 

age-related cognitive impairment in old rats also results in the enhancement of 

synaptic function in old rats. To address this issue, we have compared basal 

synaptic transmission and LTP in old rats treated with GH for 6-8 months to that 

in young and old saline-treated rats. Our results indicate that 6-8 months of GH 

treatement enhances AMPA- and NMDA- dependent basal glutamatergic 

synaptic transmission and LTP in the CA1 subdivision of hippocampus in old rats 

in the absence of i] changes in overall tissue levels of NMDA and AMPA 

glutamate receptor subunits, or ii] increases in plasma or hippocampal levels of 

IGF-I.   

Methods  

GH Treatment 

Young (3 mo; n=33) and old (23 mo; n=76) male Fisher 344 x Brown 

Norway (F344 x BN) rats were obtained from the National Institute of Aging 

Colony at Harlan Sprague Dawley. One half of the old rats were injected with 

300µg of porcine GH twice daily for 6-8 months (O-GH). The other half of the old 

rats and all of the young rats were injected with saline (O-S and Y-S, 

respectively) for the same time period. Body weights were recorded every 2 

weeks for the duration of the study. Rats from each group were tested for 

alterations in basal glutamatergic synaptic transmission and plasticity in the CA1 
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region of the hippocampus (Figure 1). Plasma and hippocampal IGF-I levels as 

well as CA1 glutamate receptor subunit levels were also examined to identify 

potential biochemical changes underlying modifications in synaptic transmission 

and plasticity. The animal protocol for this study conforms to National Institute of 

Health guidelines and was approved by the Animal Care and Use Committee of 

Wake Forest University Health Sciences.  

Drug preparation  

Porcine GH (Ozbiopharm, Australia) was prepared as a stock solution in 

deionized water. For the pharmacological isolation of AMPA-dependent fEPSPs 

the drug, D-(-) 2-amino-5-phosphonovaleric acid (APV, Sigma, St. Louis, MO, 

20µM), a selective NMDA receptor blocker was used. To isolate the NMDA-

dependent fEPSPs, 6,7-dinitroquinoxaline-2,3-dione (DNQX, Sigma, St. Louis, 

MO, 50µM), a selective AMPA/KA receptor blocker, combined with bicuculline 

methylbromide (BIC, Sigma, St. Louis, MO, 3mM) a gamma-aminobutyric acid 

type A (GABAA) channel blocker, and glycine (Sigma, St. Louis, MO, 1µM), an 

allosteric modulator of NMDA receptors was used. The drugs were prepared as 

stock solutions in dimethyl sulfoxide (DMSO; final DMSO concentration <0.05%, 

Sigma, St. Louis MO) for DNQX or in deionized water for APV and BIC. 

Hippocampal slice preparation  

Rats to be used for hippocampal slice recordings were anesthetized with 

halothane (Sigma-Aldrich, Inc., St. Louis, MI) and decapitated with a guillotine. 

The brains were removed and submerged in chilled, oxygenated artificial 
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cerebrospinal fluid (aCSF) containing  124mM NaCl, 3.3mM KCl, 2.4mM MgCl2, 

2.5mM Ca Cl2, 1.2mM KH2PO4, 10-D-glucose, and 25.9mM NaHCO3 and 

saturated with 95% O2 – 5% CO2. Right and left hemispheres were separated 

and cut coronally into 400 µm thick slices using a vibratome (Leica VT1000S; 

Vashaw Scientific, Atlanta, GA). The hippocampus in each slice was dissected 

from surrounding tissue, and equilibrated in an incubation chamber with 

oxygenated aCSF at 20-25ºC for 90 min. During experiments, slices were placed 

in a recording chamber and perfused with oxygenated aCSF at a flow rate of 2 

ml/min at 32ºC.  

Field excitatory post-synaptic potential (fEPSP) recordings  

 Synaptic transmission and LTP studies were studied by eliciting fEPSPs in 

hippocampal slices. Recording electrodes were prepared from filamented 

borosilicate glass capillary tubes (0.86 mm ID) using a horizontal micropipette 

puller (Sutter P-97; Sutter, Novato, CA) and filled with aCSF. Information flow 

through the hippocampus depends on the trisynaptic pathway which is comprised 

of the perforant path projecting from entorhinal cortex to the dentate gyrus (DG) 

subregion of the hippocampus, the mossy fibers projecting from DG to the CA3 

subregion, and the Schaffer collaterals projecting from CA3 to the CA1 

subregion. For all recording experiments, after slices were transferred to a 

recording chamber, a twisted bipolar stimulating electrode (FHC, Bowdoinham, 

ME, USA) was placed in the Schaffer collaterals of CA3 and fEPSPs were 

recorded from the stratum radiatum of CA1 (Figure 1). As the major output 

source of the trisynaptic pathway, CA1 provides the opportunity to study 
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structural and functional alterations that occur throughout the hippocampus. The 

stimulation that elicited the highest response in peak amplitude was determined 

and reduced to elicit ~30% of the peak amplitude (pAmp) and thus control for 

ceiling effects.   

Basal Synaptic Transmission 

Input/output (I/O) curves, curves depicting the response to a stepwise 

increase in stimuli intensity in Y-S, O-S, and O-GH were used to examine the 

effect of chronic GH treatment on age-related changes in basal glutamatergic 

synaptic transmission. I/O curves were generated for compound (CMPD), AMPA- 

and NMDA- mediated responses of CA1 neurons following electrical stimulation 

of the Schaffer’s collaterals. Compound responses consisted of fEPSPs recorded 

under baseline conditions. Field EPSPs recorded in the presence of amino-5- 

phosphonovalerate (APV, a selective NMDA channel blocker) are mediated by 

the AMPA receptor. For isolation of NMDA fEPSPs I, 6,7-dinitroquinoxaline-2,3-

dione (DNQX, a selective AMPA channel blocker), bicuculline (GABA channel 

blocker), and glycine (allosteric modulator of NMDARs) were added to 

hippocampal slices. The amplitude of three averaged fEPSPs, elicited at an 

interpulse interval of 20s utilizing the Axon pClamp 9.0 software, was plotted as a 

function of the logarithm exponent of stimulus intensity (LogE(STIM)). Best-fit 

sigmoid curves were created to compare all three experimental groups under 

CMPD, AMPA and NMDA recording conditions. The median effective stimulus 

intensity was determined from the best-fit sigmoid curve for each animal for each 



90 
 

CMPD, AMPA- and NMDA- condition. The median effective stimulus intensity 

was defined as the stimulus intensity that elicited 50% of the maximum pAmp.  

Paired-pulse facilitation is the relative change in neurotransmitter release 

from the following recurrent stimulation, and thus assesses changes to the 

presynaptic component of basal synaptic transmission. Paired pulse facilitation 

was examined by utilizing a paired pulse protocol programmed in Axon pClamp 

software to send two pulses 50ms apart. Paired pulse ratios (PPRs) were 

generated from 5 paired pulses by determining the ratio of the second (P2) to the 

first (P1) evoked pulse. The mean of the five PPRs were determined for 

comparison and an increase in the ratio suggests an increase in neurotransmitter 

release. 

Long term potentiation 

Synaptic plasticity was assessed by examining changes in LTP in healthy 

slices from Y-S, O-S, and O-GH rats. LTP was generated by means of a high 

frequency protocol that was programmed through the Axon pClamp LTP 

Assistant by creating two sub-protocols. The first sub-protocol elicited pulses 

every 20s at a stimulus intensity that generated approximately 30% of the 

maximum peak amplitude (pAmp) response for 10-15min. Field EPSPs recorded 

under the first protocol were used to establish a pre-LTP baseline. Once a stable 

baseline was recorded in which a response was sustained for at least 10min 

within 10% of the mean peak amplitude, the second sub-protocol was utilized to 

generate a train of high frequency stimulation (HFS, 100 Hz) for 1s in order to 



91 
 

induce LTP; recordings then were continued for 35 min under baseline 

stimulation. LTP was defined as the sustained increase in potentiation lasting for 

at least 35 min. Hippocampal slices were discarded if the increase in potentiation 

was not sustained for 35 min following HFS. Percent potentiation was determined 

by comparing the last 5 min of potentiation to the last 5 min of baseline 

recordings pre-LTP.   

Glutamate receptor subunit levels 

For Western blot analysis of glutamate receptor subunit levels, Y-S, O-S, 

and O-GH rats (n=12/group) were anesthetized with sodium pentobarbital 

(150mg/kg) and decapitated, the brains were removed, and the hippocampus 

dissected into subregions (Newton et al., 2008). Protein levels of subunits in the 

hippocampal subregion CA1 were determined in Western blot experiments as 

described previously (Shi et al., 2006; Shi et al., 2007). Briefly, tissue was 

homogenized using a Laemmli-based buffer supplemented with protease 

inhibitors and protein concentrations were determined using the BCA method 

(Pierce Technology, Rockford, IL). For analysis of NMDA and AMPA receptor 

subunits levels,  samples were loaded onto gels, separated using SDS-PAGE, 

transferred onto membranes, and probed with the following primary antibodies: 

rabbit monoclonal antibody to the NR1 (0.07 µg/ml Chemicon), NR2B (0.07 µg/ml 

Chemicon), NR2A (0.07 µg/ml, Chemicon), GluR1 (0.01 µg/ml, Upstate, Placid, 

NY), GluR2 (0.25 µg/ml, Chemicon), and mouse monoclonal antibody to actin 

(0.002 µg/ml, Chemicon). Peroxidase-conjugated donkey anti-rabbit IgG (10 

ng/ml, Jackson Laboratory) and peroxidase-conjugated donkey anti-mouse IgG 
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(10ng/ml, Jackson Laboratory) secondary antibodies were used with SuperSignal 

West Pico Chemiluminescent Substrate (Pierce Technology) for detection. Blots 

were exposed on Kodak Biomax film and individual bands were quantified with 

Bio-Rad VersaDoc and Quantity One analysis software (Bio-Rad Laboratories).  

Plasma and tissue collection for IGF-I levels  

IGF-I levels in plasma and hippocampus were determined as described 

previously (Adams et al., 2009). Briefly, Y-S, O-S, and O-GH rats (n=12/group) 

were anesthetized, cardiac blood was removed from the left ventricle of the 

heart, centrifuged, and plasma IGF-I levels (reported as mg IGF-I per mL 

plasma) were quantified using a modified ELISA (R & D Systems Quantikine ® 

mouse IGF-I immunoassay; MG100; Minneapolis, MN, USA). After blood 

samples were removed, rats were perfused transcardially with phosphate 

buffered saline containing 5mM dextrose and decapitated. The hippocampus was 

removed and homogenized in 1M acetate homogenization buffer for IGF-I acid 

extraction. IGF-I levels in hippocampus (µg IGF-I per mg hippocampus) were 

determined using the same ELISA modification as for plasma.  

Statistics 

The median effective stimulus intensity for CMPD, AMPA- and NMDA- 

dependent I/O curves were analyzed compared using a two-way ANOVA 

followed by a Newman-Keuls post hoc test for pairwise comparison, when 

appropiate. Paired pulse ratios of the 2nd to the 1st evoked response were 

analyzed by a two-way ANOVA followed by the Newman-Keuls post-hoc test for 
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pairwise comparison. Furthermore, for the analysis of LTP the percent 

potentiation above baseline in Y-S, O-S, and O-GH was analyzed by a two-way 

ANOVA followed by a Newman-Keuls test for pairwise comparison, when 

appropriate. The effect of GH on glutamatergic subunit proteins, was examined 

by comparing the normalized Gaussian trace optical densities for NR1, NR2A, 

NR2B, GluR1, GluR2, and actin using a two-way ANOVA followed by the 

Newman-Keuls test for pair-wise comparison, when appropriate. IGF-I levels in 

plasma and hippocampus for each experimental group were analyzed by a two-

way ANOVA followed by Newman-Keuls. Statistical significance was be defined 

as p < 0.05.  

Results  

GH treatment alters AMPA- and NMDA-dependent basal synaptic 

transmission 

To determine the effect of 6-8 months of GH treatment on basal synaptic 

transmission in CA1 of old rats, the I/O relationship in Y-S, O-S, and O-GH rats 

was examined. Best-fit sigmoid curves were generated and the half maximal 

LogE(STIM) (LogE(STIM1/2MAX)) was compared for all conditions. The best-fit sigmoid 

curves were similar among groups and the LogE(STIM1/2MAX) for CMPD 

glutamatergic responses showed no group differences (Y-S, 

LogE(STIM1/2MAX)=0.4457; O-S LogE(STIM1/2MAX)=0.4329; O-GH, 

LogE(STIM1/2MAX)=0.4302; p=0.997, Figure 2A). Following administration of APV, 

the LogE(STIM1/2MAX) for isolated AMPA- dependent synaptic responses was similar 
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in Y-S and O-S rats. However the LogE(STIM1/2MAX) was significantly higher for O-

GH (LogE(STIM1/2MAX) =0.3204) compared to both Y-S (LogE(STIM1/2MAX) =0.4057  

p=0.037) and O-S rats (LogE(STIM1/2MAX) =0.4329) (p=0.010). This increased 

responsiveness is demonstrated by the best-fit sigmoid curve for O-GH rats 

compared to both Y-S and O-S rats (Figure 2B). Following administration of 

DNQX, bicuculline, and glycine, the best-fit sigmoid curves indicated that the 

median effective pAmp for isolated NMDA-dependent synaptic responses for O-S 

rats demonstrated a shift towards a decline in responsiveness to stimulus 

intensity compared to Y-S rats (Figure 2C) that was ameliorated by GH 

treatment. Analysis of the median effective pAmp demonstrated significantly 

lower responsiveness in O-S (O-S (LogE(STIM1/2MAX)))=0.5715) rats than in Y-S 

rats (Y-S (LogE(STIM1/2MAX)) =0.4540 p=<0.001). Importantly the responsiveness in 

O-GH rats (O-GH (LogE(STIM1/2MAX)) =0.5129) was significantly higher than in O-S 

rats (p= 0.011) and Y-S rats (p=0.008). 

To determine whether chronic GH treatment altered glutamate release at 

excitatory synapses in the CA1 region, we measured PPRs in Y-S, O-S, and O-

GH rats. PPR is the ratio between the second stimulus pulse (P2) and the first 

stimulus pulse (P1) with an interpulse interval of 50ms and changes in the PPR 

are often used as an indicator of alterations in neurotransmitter release 

probability, consistent with changes of presynaptic origin (Zucker and Regehr, 

2002; Xu-Friedman and Regehr, 2004).  The results indicate no difference 

among Y-S, O-S, and O-GH rats in PPRs recorded in hippocampal slices (Y-

S=1.534; O-S=1.548; O-GH=1.431, p=0.662; Figure 3). The absence of 



95 
 

alteration in PPRs following GH treatment are consistent with the observed 

effects of chronic GH on basal glutamatergic synaptic transmission in old rats 

being mediated by a postsynaptic mechanism.  

GH treatment enhances long term potentiation  

To assess the effects of GH treatment on synaptic plasticity we utilized a 

HFS (100Hz for 1s) protocol to elicit LTP on the CMPD glutamatergic response in 

CA1 of hippocampal slices from Y-S, O-S, and O-GH rats. Stable baseline 

recordings were obtained from healthy hippocampal slices before HFS 

stimulation. In slices from all 3 groups, HFS elicited a sharp response followed by 

afterhyperpolarization and a sustained potentiation, or LTP that lasted for at least 

30-35 min after induction (Figure 4A). The average pAmp response of the last 5 

min of sustained LTP was compared to the last 5 min of baseline recordings, and 

the percent potentiation above baseline was derived. Hippocampal slices from O-

GH rats exhibited an enhanced potentiation compared to both Y-S and O-S rats 

(Y-S=41.83%; O-S=28.92%; O-GH=56.15%; Figure 4A). Importantly, analysis of 

the percent potentiation indicated that LTP in O-GH rats was significantly 

enhanced compared to O-S rats (p=0.016; Figure 4B).   

Glutamate receptor subunit levels are unaltered by GH treatment  

In order to determine whether chronic GH treatment altered levels of 

NMDA and AMPA subunits in CA1, Western blot analysis was used to compare 

protein levels of those subunits in Y-S (NR1=0.986; NR2A=0.988; NR2B=1.147; 

GluR1=1.063; GluR2=1.035), O-S (NR1=0.961; NR2A=1.015; NR2B=0.928; 
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GluR1=0.978; GluR2=0.998), and O-GH (NR1=1.053; NR2A=1.063; 

NR2B=0.953; GluR1=0.996; GluR2=0.966) rats (Figure 5). The results 

demonstrated declines in O-S compared to Y-S rats that fell short of significance 

for all subunits except NR2B (p=<0.001). Subunit levels did not differ significantly 

between O-S and O-GH rats for any subunit analyzed.  

IGF-I plasma and hippocampal levels are unaltered by GH treatment  

IGF-I levels in plasma and hippocampus were assessed to determine if 

those levels were altered by the chronic GH treatment that enhanced AMPA- and 

NMDA-dependent basal synaptic transmission and synaptic plasticity in old rats. 

Neither plasma nor hippocampal levels of IGF-I differed significantly between O-

S and O-GH rats  or between Y-S and O-S rats; however, plasma IGF-I was 

significantly less in O-GH compared to  Y-S rats (p = 0.02) (Figure 6).    

DISCUSSION 

The results of this study provide the first evidence of an effect of chronic 

GH treatment on excitatory basal synaptic transmission and synaptic plasticity in 

the hippocampus. Six months of twice daily GH treatment enhanced AMPA-

dependent synaptic transmission and ameliorated the age-related deficit in 

NMDA-dependent synaptic transmission in old F344xBN rats. In addition, GH 

treatment increased LTP, indicating enhanced synaptic plasticity. The absence of 

GH-induced changes in paired pulse facilitation further suggests that the 

observed enhancement in synaptic transmission and synaptic plasticity is 

mediated by a postsynaptic mechanism. These changes in synaptic transmission 
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and plasticity occurred in the absence of either alterations in overall CA1 levels of 

glutamatergic subunits or elevations in plasma or hippocampal IGF-I levels. 

Basal synaptic transmission  

GH treatment has been reported to provide significant benefits for 

cognitive function and synaptic transmission. Treatment of GH releasing 

hormone prevents the development of the age-related cognitive deficit and 

chronic GH administration attenuates the age-related cognitive impairment 

(Thornton et al., 2000; Ramsey et al., Sonntag, 2004). Assessment of the effects 

of chronic GH treatment on synaptic transmission suggested that GH attenuates 

the gamma aminobutyric acid (GABA) inhibitory tone (Ramsey et al., 2004). Our 

findings demonstrate that GH enhances both NMDA- and AMPA- dependent 

function in the absence of an increase in the expression levels of the subunits of 

these receptors in CA1. Furthermore, basal synaptic transmission demonstrated 

an age-related decline in NMDA- but not in AMPA- consistent with an age-related 

decline in the NMDA subunit NR2B (although not NR1 or NR2A) and with an 

absence of a decline in AMPA subunits GluR1 and GluR2. This age-related 

decline in the NR2B subunit suggests that the NR2B receptor subunit could be 

contributing to the deficit in NMDA- dependent synaptic transmission. 

Nevertheless, it is important to note that treatment with GH did not alter the 

protein expression levels of NR2B or of any other subunits, despite a GH-

induced enhancement in both AMPA- and NMDA- dependent synaptic 

transmission. Thus, GH does not mediate its effects on glutamatergic 

transmission by increasing subunit expression. Instead, GH may upregulate 
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number of receptors at the synaptic membrane, or alter the subunit ratio 

composition of the receptor complexes present at the synaptic membrane. 

Finally, GH could also target elements of the downstream signaling cascade of 

NMDA receptors to enhance glutamatergic function.  

Long term potentiation 

GH treatment enhances LTP by enhancing NMDA-dependent synaptic 

transmission. LTP induced by a HFS protocol is mostly NMDA dependent, and 

the findings in this study indicate a restoration of NMDA-dependent synaptic 

transmission in aged rats. A direct role for  GH in the enhancement of NMDA- 

dependent synaptic transmission has been previously demonstrated by acute 

treatment of hippocampal slices from juvenile (Mahmoud and Grover, 2006), 

young and old rats with GH (Chapter 2). One possibility is that the GH-induced 

changes observed here in LTP by could be mediated by changes at the 

postsynaptic membrane. Changes in the ratio of NR1/NR2A and NR1/N2RB 

receptor complexes at the postsynaptic membrane are known to alter synaptic 

function as well as synaptic plasticity. For instance, it has been reported that 

mice deficient in the NR1 subunit showed impairment in the induction of LTP and 

long term depression (LTD) (Sakimura et al., 1995).  Studies in which the NR2A 

subunit was knocked-out or truncated, demonstrated impaired LTP (Sakimura et 

al., 1995). In addition, NR2B knock-out animals exhibited an absence of NMDA 

receptor-mediated current and LTD at CA1 synapses (Kutsuwada et al., 1996). 

Moreover, the presence of different NMDA receptor complexes at the 

postsynaptic membrane alters the regulation of Ca2+ levels (Monyer et al., 1994) 



99 
 

and this in turn results in modifications in LTP. External lowering of Ca2+ can 

change a protocol that normally induces LTD to one that produces LTP (Mulkey 

and Malenka, 1992). Thus, the GH-induced enhancement of LTP reported here 

could involve alterations to the subunit composition of NMDA receptors at the 

postsynaptic membrane.  

Phosphorylation mediates changes in plasticity 

 Plasticity can be enhanced by phosphorylation of receptor subunits as well 

as by signaling molecules in the absence of changes in subunit levels. For 

instance, phosphorylation of the NR2B subunit by the kinase Ca2+ calmodulin 

kinase II (CaMKII) initiates the translocation the NR2B subunit to the synaptic 

membrane (Barria et al., 1997; Lee et al., 2000). Similarly the GluR1 subunit is 

phosphorylated by CaMKII as well, and this phosphorylation permits the 

trafficking of the GluR1 subunit to the synaptic membrane (Lisman et al., 2002). 

The synaptic strengthening that occurs during synaptic plasticity also involves 

alterations to the phosphorylation state of elements in the NMDA downstream 

signaling cascade (Rong et al., 2001). Specifically, studies have indicated that 

autophosphorylation of (CaMKII) and phosphorylation of mitogen activated 

protein kinase (MAPK) are required during LTP for synaptic strengthening to 

occur (Kurino et al., 1995; Kasahara et al., 2001). Phosphorylation of CaMKII has 

been linked to the restoration of a decline in NMDA- dependent LTP in aged 

animals (Bodhinathan et al., 2010) and MAPK has been observed to be critical 

for some forms of LTP potentiation (Kim et al., 2002). Therefore, it may be that 
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GH-mediated enhancement of synaptic plasticity involves the phosphorylation of 

NMDA signaling elements.   

Considerable evidence in the literature suggests that IGF-I can serve as a 

mediator of the actions of GH, and the neurobiological effects of GH treatment 

are often attributed to a secondary increase in plasma levels of IGF-I (Sonntag et 

al., 1980; Florini and Ewton, 1981). Consistent with this notion, treatment with 

GH and IGF-I have similar benefits for cognitive function in old animals 

(Markowska et al., 1998; Sonntag et al., 2000). The present study, however, 

indicates that GH treatment resulted in enhanced synaptic transmission and 

plasticity in the absence of elevated IGF-I levels in either plasma or hippocampal 

tissue, suggesting a direct role for GH in the amelioration of age-related changes 

in synaptic function. Consistent with this possibility, recent studies have 

demonstrated that acute application of GH enhanced glutamatergic transmission 

in hippocampal slices from 1.5-3 month old (Mahmoud and Grover, 2006), young 

adult, and old rats (Chapter 2). Importantly, GH receptors are found in the 

hippocampus as well as elsewhere in the brain (Walsh et al., 1990; Fraser, 

Attardo et al., 1990; Burton et al., 1992; Lobie et al., 1993; Zhai et al., 1994; Hull 

and Harvey, 1998) and GH has been shown to cross the blood brain barrier (Pan 

et al., 2005). Taken together, these studies and the present findings demonstrate 

that GH can act directly on the nervous system, as well as indirectly through IGF-

I.  

In summary, the present study demonstrates a direct role for GH in the 

amelioration of age-related changes in basal synaptic transmission and synaptic 
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plasticity in the CA1 region of the hippocampus. Importantly, this GH-mediated 

amelioration may contribute to the reported benefits of chronic GH treatment on 

cognitive impairment in old animals.  Although the exact postsynaptic mechanism 

by which GH enhances the activity of AMPA and NMDA receptors is unclear, 

they likely involve the regulation of receptor subunits at the postsynaptic terminal, 

potentially through phosphorylation. The changes in synaptic transmission and 

plasticity following chronic GH treatment reported here provide compelling 

evidence for a direct role for GH in the mediation of cellular events that are 

critical for the maintenance of optimal synaptic function.  Moreover, they suggest 

that AMPA and NMDA receptors provide potential targets for therapeutic 

interventions that could ultimately contribute to the amelioration of cognitive 

function in the elderly.  
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Figure 6 

 

 

Figure Legends 

Figure 1:  Anatomical section of hippocampus; see paragraph #1 of Methods. 

Figure 2:  Compound input/output (I/O) curves (A), NMDA-mediated I/O curves 

(B), and AMPA-mediated I/O curves (C) were generated in CA1 in a hippocampal 

slice preparation. Young rats treated with saline, and old rats treated with either 

saline or GH, received twice daily injections for 6-8 months; slice recordings were 

made from young rats at 9-11 months of age and from old rats at 29-31 months 

of age. Compound I/O curves were unaffected by age or GH treatment. AMPA-

mediated synaptic transmission did not differ between young and old saline 

treated rats, but slices from old GH treated rats showed significant enhancement 

compared to both young and old rats treated with saline. NMDA-mediated 

synaptic transmission declines with age and is enhanced by chronic GH 

treatment to the I/O levels present in young saline rats.  

Figure 3: Paired pulse ratio is an indicator of pre-synaptic activity. The mean 

ratios of the 2 peak pulse amplitudes (50ms interval, pulse 2/pulse 1) in young 

saline rats and in old rats treated with either saline or GH did not differ groups (p 

> 0.05). 
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Figure 4: The time course of LTP induction in young saline rats and in old rats 

treated with saline or GH is represented as percent amplitude compared to 

baseline (A). Analysis of the percent potentiation in the last 5 min of LTP (30-35 

min) compared to the baseline (1-5 min) (B) for each treatment group reveals 

that LTP in old GH treated rats is significantly greater than in old saline rats; 

young saline rats did not differ significantly from either old group.  

Figure 5:  Densitometric Western blot analysis of subunit proteins in CA1 

evaluated relative levels of the NR1, NR2A, and NR2B subunits of the NMDA 

receptor, and the GluR1 and GluR2 subunits of the AMPA. Although a trend 

toward an age-related decline was present for all subunits, only NR2B declined 

significantly with age. Chronic GH treatment twice daily for 6-8 months of did not 

produce a significant change in level of any of the NMDA or AMPA subunits 

compared to that present in old saline treated animals, although levels of both 

NR2B and GluR 2 were significantly less in old GH than in the young saline rats.  

Figure 6:  IGF-I levels were determined in the plasma (A) and hippocampus (B) 

of young saline rats and old rats treated with either saline or GH. The decrease in 

plasma IGF-I between young and old saline rats falls short of significance. 

Plasma IGF-I levels in old rats treated with GH do not differ significantly from old 

saline rats, but are significantly lower than in young saline rats. IGF-I levels in 

hippocampus do not differ with age or GH injection.  
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CHAPTER 4 

DISCUSSION 

Taken together, the results of these studies demonstrate for the first time 

that the age-related deficit in glutamate receptor function associated with the 

reported age-related decline in cognitive function can be mitigated directly by 

GH. Hippocampal slice recordings from old rats demonstrated both that acute 

application of and chronic treatment with GH enhanced AMPA- and NMDA- 

dependent basal synaptic transmission and that chronic treatment enhanced 

LTP. The absence of an alteration in paired pulse facilitation by GH in both 

studies suggests that the enhancement of synaptic function is mediated by a 

postsynaptic mechanism. Assessment of the major signaling cascade elements 

following acute GH application further revealed that the enhancement is not 

mediated by the JAK2 signaling element. The observed changes in AMPA and 

NMDA receptor function following chronic GH treatment were not accompanied 

by alterations in overall protein levels of subunits of AMPA or NMDA type 

glutamate receptors in the CA1 region of the hippocampus. Of particular interest, 

the enhancement in glutamatergic synaptic transmission and plasticity after 

chronic GH treatment occurred in the absence of an increase in plasma or 

hippocampal levels of its secondary mediator,  IGF-I.  

GH-induced enhancement of synaptic function 

 The results demonstrate that both NMDA- and AMPA- dependent basal 

synaptic transmission are sensitive to GH. Both of these types of glutamate 
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receptors are known to be integral to the induction and maintenance of synaptic 

plasticity. Repetitive synaptic activation as induced by a high frequency 

stimulation protocol activates NMDA receptors and the resulting influx of Ca2+ 

through NMDA receptors then triggers the activation of key kinases such as 

calcium/calmodulin-dependent kinase II (CaMKII) which can result in the 

enduring modulation of AMPA receptors. Therefore, alterations to NMDA and 

AMPA receptors provide a viable mechanism for the GH-mediated changes in 

glutamatergic synaptic function observed here, and ultimately to the changes in 

cognitive function following GH treatment.  

Possible alterations to NMDA and AMPA receptors that can contribute to 

the regulation of glutamatergic function are i] changes in the number or subunit 

composition of NMDA and AMPA receptors, as well as ii] alterations to the 

kinase-mediated trafficking of receptors to and from the postsynaptic density 

(PSD).These alterations can increase the presence of functional glutamatergic 

receptors at the PSD and, as a result, can contribute to the enhancement of 

glutamatergic synaptic transmission. Thus, they present potential targets for GH-

induced enhancement of excitatory synaptic function in the hippocampus of aged 

animals.  

Regulation of receptor composition 

Alterations to the protein levels of the receptor subunits that comprise 

NMDA and AMPA receptors can result in the significant changes in synaptic 

transmission and plasticity, and GH could potentially increase the abundance of 
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these subunits. For example, ten days of GH treatment can increase gene 

transcripts of the NMDA receptor subunits NR1, N2A and NR2B (Le et al., 2002). 

However, the present study revealed enhanced synaptic function in the absence 

of changes in overall NMDA and AMPA subunit protein levels in the CA1 

subregion of the hippocampus. This absence of change, however, does not 

necessarily mean that no GH-induced changes to NMDA or AMPA receptors or 

their subunits occurred. Even though we assessed subunit levels in CA1 rather 

than the whole hippocampus, specific changes within individual layers would be 

masked by analysis of the whole CA1 subdivision. In CA3, for example, age-

related synaptic changes limited to the SLM layer have been reported. 

Furthermore, the assessment of overall CA1 subunit levels does not distinguish 

between subunits in the membrane and those in cytosolic pools within the cells. 

Therefore, alterations to functional receptors specifically present at the PSD may 

not be detectable by the technique used here. In order to determine the protein 

levels of subunits at the PSD, membrane fractionation and assessment of 

subunit levels in the synaptosomal fraction would be necessary (Zhao et al., 

2009). Alternately, numbers of AMPA and NMDA receptors at the PSD could be 

quantified at the electron microscopic level utilizing immunogold-labeled 

antibodies (Adams et al., 2004).  

Not only is level of glutamatergic receptor subunits a potential regulatory 

target for GH, the specific subunit composition of NMDA and AMPA receptors is 

also functionally important. For example, GH could be modulating the ratio of the 

subunits that comprise the NMDA and AMPA receptor complexes at the PSD. 
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NMDA receptors in the CA1 region of the hippocampus are mostly comprised of 

NR1/NR2A and NR1/N2B receptor complexes. These complexes have been 

reported to behave differently from one another based on the functional 

properties of the subunits. Although NR1 is an obligatory component of functional 

NMDA receptors, the presence of the NR2A or NR2B subunit appears to dictate 

whether LTP is induced. Specifically, targeted disruption of the NR2A subunit in 

mice demonstrated only a slight deficit in LTP (Sakimura et al., 1995e), but 

blockade of the NR2B subunit eliminated LTP at CA1 synapses (Kutsuwada et 

al., 1996b). Thus, while the NR2A subunit is sufficient for the induction of LTP, 

the NR2B subunit is necessary for LTP induction, supporting the notion that the 

ratio and nature of the subunit complexes present at the membrane dictate the 

induction of LTP.  

Importantly, NR1/NR2A and NR1/NR2B receptor complexes vary in their 

permeability to Ca2+, and therefore, the ratio of these complexes can dictate 

Ca2+ permeability into the cells and ultimately determine changes in synaptic 

function in the hippocampus. While Ca2+ permeability is similar for the 

NR1/NR2A and NR1/NR2B receptor complexes (Schneggenburger, 1996), these 

receptors differ in their regulation of the time course of Ca2+ entry of into the cell. 

The NR2A subunit exhibits faster kinetics than the NR2B subunit. Therefore, 

while NR2A permits rapid changes in Ca2+ concentration, the NR2B subunit 

exhibits a slower Ca2+ signal (Erreger et al., 2005). These temporal changes in 

Ca2+ levels mediated by the NR2A and NR2B subunits can dictate changes in 

synaptic plasticity. For instance, external lowering of Ca2+ levels can change a 
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protocol that normally induces LTD to one that produces LTP (Mulkey and 

Malenka, 1992). Thus, GH-induced alterations to the ratio of subunits comprising 

the receptor can influence synaptic function by modulating Ca2+ permeability 

and GH could potentially influence synaptic plasticity by altering the Ca2+ 

permeability as a result of modified NMDA receptor composition.   

Regulation of receptor trafficking 

Chronic GH treatment also could be influencing the population of AMPA 

and NMDA receptors present at the synaptic membrane and ultimately the 

diversity of the subunit complexes by regulating the trafficking of NMDA and 

AMPA receptors. Numerous processes have been implicated in the trafficking of 

glutamate receptors, and these processes are therefore important for the 

synaptic strengthening that underlies LTP. For instance, the C-terminal region of 

glutamate receptor subunits and its association to PDZ-domain family of proteins 

have been reported to play a pivotal role in the regulation of glutamate receptors 

at the PSD. Furthermore, the phosphorylation state of glutamate receptors also 

plays a role in their delivery to the PSD. Thus, chronic GH treatment could be 

mediating its effects on synaptic function by affecting processes important for the 

trafficking of these receptors to the synaptic membrane.  

Important to the function of glutamate receptors is the carboxy (C) terminal 

cytoplasmic tail present on glutamatergic subunits. The cytoplasmic tails of 

NMDA receptors subunits have been demonstrated to be critical for the 

regulation of synaptic plasticity. In organotypic hippocampal slice cultures, 
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chimeric NR2B subunits in which the C-terminal cytoplasmic tail of the NR2B 

subunit is replaced by that of the NR2A subunit, result in the failure to generate 

LTP. Furthermore, the reverse chimera, in which the N2A subunit cytoplasmic tail 

was replaced with the NR2B cytoplasmic tail, LTP was restored.  The results of 

this study imply that it is the intact cytoplasmic tail of the NR2B subunit that is 

required for the induction of LTP (Foster et al., 2010). Importantly, the C-terminal 

of the NR2B subunit can modulate NMDA receptor channels by a protein kinase 

C activator and is phosphorylated by CaMKII (Mori et al., 1993; Omkumar et al., 

1996). It has been demonstrated that the C-terminal cytoplasmic tails of the 

receptor subunits contain sites that permit their interaction with PDZ-domain 

containing family of proteins (Kornau et al., 1995; Niethammer et al., 1996; Kim, 

Cho et al., 1996). These interactions contribute to the anchoring of receptors to 

the PSD, and play an important role in the induction of LTP.  

The interaction of the glutamatergic subunit cytoplasmic tails with PDZ-

domain family of proteins involves post-translational modification of the subunits. 

For instance, NMDA receptor subunit cytoplasmic tails bind the PSD-95 family of 

PDZ-domain proteins (Lim et al., 2003). PSD-95 associates with NMDA subunits 

and modulates the properties of NR1/NR2 complexes permitting the clustering of 

these receptor complexes at the PSD. PSD-95 also interacts with the protein 

guanylate kinase-associated protein (GKAP), and the association with this kinase 

potentiates the NMDA receptor channel activity, enhancing potentiation (Yamada 

et al., 1999). In addition, protein kinase C (PKC) phosphorylation of AMPA 

receptor subunit GluR2 modulates the interaction of the GluR2 subunit 
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cytoplasmic tail with PDZ-domain containing proteins GRIP1 and PICK1. 

Specifically, phosphorylation of serine residue 880 within the GluR2 cytoplasmic 

tail can reduce the binding of GluR2 to GRIP1 without affecting its binding to 

PICK1 (Chung et al., 2000). In this way, PKC phosphorylation of the GluR2 

subunit permits binding to PICK1 and results in a rapid internalization of surface 

GluR2 subunits. This internalization increases the ratio of GluR2 to GluR1 

subunits at the synaptic membrane, and thus alters hippocampal synaptic 

function (Hrabetova and Sacktor, 1997; Thiels et al., 2000).  

Phosphorylation of glutamatergic receptor subunits plays an especially 

important role in synaptic transmission. One kinase of particular interest, CaMKII, 

has been shown to phosphorylate the subunits GluR1 and NR2B on specific 

residues present on the cytoplasmic tails of these subunits and that 

phosphorylation permits transport of the subunits to the synaptic membrane 

(Barria et al., 1997; Lee et al., 2000; Lisman et al., 2002). Oxidative stress that 

occurs with age has been reported to compromise CaMKII activity, and 

compromised CaMKII activity has been demonstrated to reduce the synaptic 

strengthening that occurs with LTP (Foster et al., 2010). GH could contribute to 

the activation of CaMKII and the phosphorylation of the GluR1 and NR2B 

subunits and their translocation to the PSD. The presence of these subunits at 

the membrane could contribute to the synaptic strengthening necessary for LTP 

(Hayashi et al., 2000; Clayton et al., 2002). Thus, GH may enhance synaptic 

transmission by increasing the trafficking of NMDA and AMPA subunits to the 
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synaptic membrane by activating kinases necessary for phosphorylation of the 

cytoplasmic tail of the subunits.  

It has been established that changes in the levels of intracellular Ca2+  

lead to the raising and lowering of cytosolic Ca2+ that ultimately impact synaptic 

function. Significantly, it has been hypothesized that the regulation of Ca2+ is 

altered during aging and this dysregulation is consistent with the impairments in 

magnitude of LTP induction that occur with advanced age and the increase in 

susceptibility to LTD with age (Zhou et al., 2004; Shinoda et al., 2005; Foster, 

2007). This age-related Ca2+ dysregulation is thought to be associated with a 

decrease in the NMDA receptor-mediated Ca2+ influx, an increased voltage-

dependent Ca2+ channel (VDCC) Ca2+ influx, and the release of Ca2+ from 

intracellular Ca2+ stores (Foster, 2007). Interestingly, GH has been reported to 

increase intracellular Ca2+ levels in BRIN-B11 beta cells which are insulin 

secreting pancreatic cells (Zhang et al., 2004; Zhang et al., 2006). This increase 

in intracellular Ca2+ was eliminated by addition of inhibitors to JAK2 and c-Src 

tyrosine, kinases known to be involved GH signaling, supporting the notion that 

the intracellular Ca2+ increase is mediated by the elements of the GH signaling 

cascade (Fresno et al., 2001; Zhu et al., 2002). Although GH can increase 

intracellular Ca2+ levels in BRIN-B11 cells, it is not known whether GH also has 

this impact in the CNS. However, it may be that GH mediates its effects not only 

by altering glutamatergic receptor activity, but also by enhancing synaptic 

function that is mediated by VDCC and Ca2+ induced Ca2+ release from 

intracellular stores.   
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 Among the changes that occur with age that could underlie age-related 

cognitive decline is the increased propensity for oxidative damage to DNA, lipids, 

and proteins. This increased propensity for oxidative damage could be a 

consequence of a reduction in the cellular redox potential, which in turn could 

result from either an increased generation of reactive oxygen species (ROS) or a 

decrease in the ability to detoxify ROS. For instance, glutathione (GSH), an 

endogenous antioxidant tripeptide known to be abundant the body, is important 

for intra- and intercellular signaling in the brain (Bush, 2000; Cruz-Aguado et al., 

2001). GSH scavenges superoxide radicals and hydrogen peroxide and this 

oxidation reaction leads to the formation of GSH disulfide (GSSG). The reduction 

of GSSG by several antioxidants, including GSSG reductase, is used for the 

detoxification of ROS as it reduces GSSG back to GSH (Aoyama et al., 2008). 

Therefore, decreased levels of intracellular GSH can exacerbate oxidative 

damage, while maintenance of intracellular GSH levels can limit oxidative stress 

(Aoyama et al., 2008). Importantly, GSH depletion by diethylmaleate in the 

hippocampus impaired learning in the MWM when administered before training, 

supporting a role for glutathione in spatial memory acquisition (Cruz-Aguado et 

al., 2001). Furthermore, it has been demonstrated that 4 week administration of 

GH results in a more efficient GSH redox system and reverses the oxidation of 

GSH to GSSH, resulting in a significant increase in the GSH levels compared to 

old controls (Donahue et al., 2006). Thus, GH treatment could mediate an 

enhancement in glutamatergic transmission by restoring a deficient redox system 

in old rats.  
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 Not only has GSH been reported to play numerous roles in keeping 

oxidant homeostasis in the cells, it has also been observed to play a role in intra- 

and intercellular signaling in the brain, including the regulation of NMDA and non-

NMDA receptor activity (Ogita et al., 1995; Oja et al., 1999) as well as the 

homeostatic maintenance of intracellular Ca2+ (Gilbert et al., 1991). Importantly, 

the flexibility of the GSH tripeptide allows it to bind to all classes of glutamate 

receptors in a fashion similar to the glutamatergic receptor natural agonist, 

glutamate (Varga et al., 1989; Oja et al., 1986; Ogita et al., 1986; Ogita et al., 

1995; Jenei 1998; Varga et al., 1994). It may be that this interaction of GSH with 

glutamatergic receptors could influence glutamatergic synaptic transmission by 

inhibiting the fast depolarization of AMPA and thereby inhibiting the voltage-

dependent opening of NMDA receptors that occurs during basal synaptic 

transmission (Oja et al., 2000). In addition, GSSG, the reduced form of GSH, was 

demonstrated to significantly diminish NMDA activity as well as effectively inhibit 

the intracellular CA2+ increase that occurs upon depolarization (Gilbert et al., 

1991). Thus, alterations to the oxidant homeostasis by GH could result in the 

modulation of glutamatergic transmission, and ultimately, in changes to LTP and 

learning and memory in aged rodents.   

Direct effects of Growth Hormone 

Studies in the literature indicate that many of the effects of GH on 

glutamatergic synaptic transmission are exerted through a secondary mediator, 

namely IGF-I (Sonntag, Steger et al., 1980; Florini and Ewton, 1981). Consistent 

with this notion, treatment with GH and IGF-I exhibit similar benefits for cognitive 
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function in old animals (Markowska, Mooney et al., 1998c; Sonntag, Bennett et 

al., 2000). However, the findings of the present studies suggest that the observed 

enhancement in synaptic transmission and plasticity are likely to be mediated 

directly by GH. Specifically, acute application of GH to young and old 

hippocampal slices enhanced synaptic transmission, in a manner similar to that 

observed after direct application of IGF-I (Chapter 2). Moreover, a direct 

neurobiological effect of GH would be consistent with the enhanced synaptic 

function observed here in animals that received chronic GH treatment, but 

demonstrated no increase in plasma or hippocampal levels of IGF-I (Chapter 3).  

Providing further support for direct neurobiological effects of GH, recent 

studies have demonstrated that acute application of GH enhanced glutamatergic 

transmission in hippocampal slices from 1.5-3 month old (Mahmoud and Grover, 

2006). In addition, GH receptors are found in the hippocampus as well as 

elsewhere in the brain (Fraser, Attardo et al., 1990b; Walsh, Mangurian et al., 

1990; Burton, Kabigting et al., 1992a; Lobie, Garcia-Aragon et al., 1993; Zhai, Lai 

et al., 1994; Hull and Harvey, 1998), and GH has been shown to cross the blood 

brain barrier (Pan, Yu et al., 2005a). Furthermore, in addition to direct effects in 

the CNS, GH has been reported to stimulate hypertrophy of isolated 

cardiomyocytes and cause alterations in the cellular metabolic profile in the 

absence of metabolic changes in IGF-I or changes in IGF-I gene expression (Lu, 

Schwartzbauer et al., 2001). Altogether these findings indicate that GH can have 

direct biological effects that are independent of IGF-I.  
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Although our findings following acute GH application strongly indicate that 

GH is acting directly to enhance synaptic function, our findings following chronic 

GH treatment are consistent with, but do not provide unequivocal evidence for, 

direct action of GH. Importantly, even though plasma and hippocampal levels of 

IGF-I did not increase following GH treatment, we cannot rule out the possibility 

of a GH-mediated increase in IGF-I receptors. While the time course of synaptic 

enhancement in our acute GH study is too short to produce changes in receptor 

levels, the effects of chronic GH treatment on IGF-I receptors in the CNS has not 

been determined. Nevertheless, evidence in the literature suggests the necessity 

of IGF-I for certain somatic effects of GH. For example, it has been demonstrated 

that administration of GH to mice lacking IGF-I function due to overexpression of 

a dominant-negative IGF-I receptor did not result in the increase in body weight 

or in the weights of GH-responsive organs that was seen in wild type mice (Kim, 

Barton et al., 2005). Although these somatic effects of GH do not occur in the 

absence of the IGF-I receptor, our observations following acute GH application 

suggest that at least some of neurobiological changes are direct and not 

mediated through IGF-I. 

Future Directions 

Our findings suggest that GH can enhance synaptic function by altering 

glutamatergic receptors subunits at the PSD. Therefore, in order to assess 

exactly how GH is regulating changes in glutamate receptor subunits at the PSD 

and ultimately modifying the ratio of complexes at the PSD, examination of 

changes in the receptor subunits at the PSD would be necessary. Fractionation 
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techniques permit the isolation of the synaptic membrane fragment from whole 

cell homogenate and allow a more accurate assessment of receptor subunit 

levels at the PSD. In addition, the use of immunogold staining and 

electromicroscopy would permit the localization of specific synaptic proteins. 

Either of these techniques could be used for the study of glutamatergic subunits, 

as well as postsynaptic density proteins involved in anchoring, such as PSD-95, 

GRIP1 and PICK1. Determining changes in the levels or distribution of these 

proteins after chronic GH treatment would provide insight into synaptic changes 

occuring specifically at the synaptic membrane.  

Furthermore, phosphorylation of receptor subunits plays an important role 

in the trafficking of receptor subunits to the PSD. An evaluation of the levels of 

phosphorylated glutamatergic subunits after chronic GH treatment would provide 

insight into possible GH involvement in the phosphorylation of receptor subunits, 

and ultimately in their trafficking. Also, examination of levels of specific kinases, 

such as CaMKII as well as the phosphorylated, active form of CaMKII, following 

chronic GH treatment would reveal whether GH-mediated changes in excitatory 

synaptic transmission are associated with alterations in the levels or activity of 

kinases that are important for the trafficking of subunits.  

Although the findings discussed in this dissertation are focused on 

glutamatergic trasmission, there are numerous transmitter systems involved in 

the induction and maintenance of LTP. Findings in a previous study demonstrate 

that GH influences the GABAergic system in the hippocampus and that the 

interplay of GABAergic inhibition along with glutamatergic excitation plays an 
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important role in synaptic function in the hippocampus GH (Ramsey et al., 2004). 

Thus, GH could contribute to the restoration of the balance between the inhibitory 

and excitatory tone that may underlie improved cognitive function in aged 

animals.  Moreover, in addition to the involvement of GABAergic and ionotropic 

glutamatergic transmission in LTP, other neurotransmitter systems are reported 

to be involved in LTP, for instance, metabotropic receptors (mGluRs). Although 

the most common form of LTP is NMDA- dependent, substantial evidence 

supports alternative forms of LTP induction at excitatory synapses that are 

dependent on the activation of mGluRs (Anwyl et al., 2009). Particularly, 

metabotropic receptor dependent LTP has been reported to involve the activation 

of mGluR1 (Suzuki et al., 2010) and mGluR5 (Bikbaev et al., 2008). Therefore, 

an assessment of the impact of GH on mGluRs and mGluR-induced LTP could 

contribute to futher understanding of how GH mediates the amelioration of age-

related cognitive function by modulating the glutamatergic system.  

While our findings suggest that the effects of chronic GH treatment are 

direct and independent of changes in plasma or hippocampal levels of IGF-I, a 

potential role of IGF-I cannot be fully ruled out. Assessment of changes in the 

levels the IGF-I receptor will be necessary to determine whether the observed 

effects of chronic GH treatment on synaptic function could involve increased 

levels of IGF-I receptors. It has been demonstrated that in juvenile animals, 

partial inactivation of the IGF-I receptor selectively inhibited GH and IGF-I 

pathways after birth resulting in growth impairments and metabolic alterations 

(Kappler et al., 2008).  Thus, an increase in the levels of IGF-I receptors could 
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result in an increase in IGF-I function in the absence of an increase in plasma or 

hippocampal levels of IGF-I. In addition, it has been reported that changes in 

IGF-I binding protein 3 (IGF-IBP3) levels reflect availability of bioactive IGF-I 

(Juul, 2003; Pollak 2004; Yu, 2002). Accordingly, measuring protein levels of 

IGF-I receptors, as well as IGF-IBP3, could provide insight into whether 

increased IGF-I receptor and IGF-IBP3 levels contribute to increased IGF-I 

activity in the absence of an increase in plasma and tissue levels. Therefore, 

while some effects of chronic GH treatment could be mediated by GH directly, it 

could also be that the observed enhancement in synaptic transmission may be 

mediated indirectly by increased IGF-I function.  

In addition to assessing IGF-I receptor and IGF-IBP3 levels to further 

investigate IGF-I involvement in the effects of chronic GH treatment, GH could be 

applied to the brain in vivo. Our current findings and studies present in the 

literature support benefits of both exogenous increase of GH by systemic GH 

treatment, or the endogenous increase of GH by GH releasing hormone 

treatment (Ramsey et al., 2004; Thornton et al., 2000). However, as pointed out 

previously, the exogenous increase of GH by systemic treatment does not rule 

out the possibility that GH is mediating its effects indirectly through other factors. 

Nevertheless, findings in this thesis do support a direct role for GH in influencing 

AMPA- and NMDA- dependent synaptic transmission in the Schaffer Collaterals 

of CA1 in hippocampal slices (Chapter 2), consistent with findings in juvenile 

rodents (Mahmoud and Grover, 2006). One way to corroborate those findings, 

and also to further assess whether GH mediates its effects directly, would be to 



132 
 

evaluate the effects of intracerebroventricular (icv) infusion of GH on 

hippocampal synaptic transmission. In previous studies, icv infusion of IGF-I has 

been shown to ameliorate cognitive impairment (Markowska et al., 1998) and 

well as to increase PSD length and number of multiple synaptic bouton synapses 

(Shi et al., 2005). A similar study infusing GH icv in a pulsatile manner or 

continuously, and assessing the changes in synaptic function evaluated in 

Chapter 3 could eliminate the confound of other secondary factors mediating the 

effects of GH. 

The physiological regulation of GH release occurs in a pulsatile fashion 

with variable pulses that results in changing plasma levels throughout the day. In 

our study we injected a concentration of 300ug/mL of GH twice a day for a 

duration of 6 months. However, while the dosage used in our study and in 

previous studies (Ramsey et al., 2004) has been shown to be effective for 

improving performance of the MWM as indicated in Chapter 1 (this may produce 

a supraphysiological systemic level of GH and it is possible that replicating a 

more physiological regulation of GH results in similar benefits that could be 

detectable in a shorter time frame. While our study only addresses the benefits of 

chronic GH at a set concentration for the duration of 6 months, a more thorough 

investigation of the treatment of GH and its effects on MWM performance a 

different time points would provide clearer insights as to the effectiveness of 

different GH concentrations.  

In addition to alternative means of exogenously manipulating levels of GH, 

numerous studies have reported a robust increase in endogenous plasma GH 
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levels following exercise (Roth et al., 1963; Iranmanesh et al., 1991; Giustina et 

al., 1998; Gibney et al., 2007; Jenkins, 1999; Stokes, 2003; Frystyk and Jan, 

2008). Interestingly, although levels of GH have been demonstrated to increase, 

the levels of IGF-I remain unchanged, consistent with a mechanism by which GH 

levels could be increased in the absence of an increase in IGF-I. Thus, studies of 

the neurophysiological effects of exercise would permit an assessment of direct 

GH effects separate from those of IGF-I. However, while exercise would permit a 

physiological manipulation of endogenous GH levels, the response of GH to 

exercise is complicated by numerous factors such as obesity, VO2max, and 

more importantly, age-related changes in GH. In a study of the effect of exercise 

on GH levels in previously active or sedentary young men and in previously 

active or sedentary old men, while there were exercise-induced increases in 

plasma GH levels in both old active and old sedentary men, these increases 

were not significant. Moreover, exercise resulted in lower GH levels in the old 

active compared to the young active men (Hagberg et al., 1988). Therefore, 

although exercise increases GH levels endogenously, the increase appears to be 

compromised with age (Silverman and Mazzeo, 1996). As a result, although 

raising GH plasma levels through exercise is a feasible physiological option, it 

might not be efficient in the aged individual.  

Summary 

The results of the studies presented in this dissertation demonstrate for 

the first time a direct role for GH action on synaptic transmission and plasticity in 

the aged brain. These studies present a significant contribution to the 



134 
 

understanding of factors underlying the age-related cognitive decline and 

potential sites of therapeutic action. Principally, age-related changes to excitatory 

receptors contribute to a decline in synaptic transmission and plasticity, and GH 

application and treatment can ameliorate these age-related deficits. In light of the 

increasing problem that cognitive decline with age becomes for elderly 

individuals and the health care system, developing potential therapeutic 

strategies and understanding their sites of action is imperative to tackling and 

reducing the impact that cognitive decline represents as the elderly population 

increases (Figure 1). 

 

Figure 1. Summary figure illustrating the proposed mechanisms underlying the 

GH enhancement of synaptic function. GH can enhance AMPA and NMDA 

dependent synaptic transmission in old rats in the absence of changes in overall 
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CA1 levels of AMPA and NMDA receptor subunits and IGF-I levels. A GH 

mediated enhancement of glutamatergic synaptic function could be mediate by 

changes in PSD levels of glutamate receptor subunits, alterations to receptor 

trafficking and/or changes in the levels of kinases or kinase activity.  

 

While GH represents a potential therapeutic agent for the treatment of 

age-related cognitive decline, GH treatment can also present some dangers in 

the aged individual. For instance, GH receptors have been detected in brain 

tumors including pituitary adenomas, in adrenal tumors, and in neuroendocrine 

tumors of the gastrointestinal tract (Pisarek, Stepien et al., 2009; Pisarek, 

Pawlikowski et al., 2009). This presence of GH receptors poses a serious 

concern for the use of chronic GH treatment in the elderly since these tumors 

increase in incidence with age and GH could contribute to the faster aberrant cell 

division of these tumors. Thus less intrusive ways of elevating endogenous GH 

could present an alternative treatment without the negative implications. 

Understanding the mechanism by which chronic GH treatment enhances 

synaptic transmission and thereby ameliorates the age-related deficit in cognitive 

function allows for the development of alternative treatments that would not 

present the serious health hazards of chronic GH treatment. Moreover, in the 

context of our findings, treatments that enhance NMDA- and AMPA- dependent 

synaptic transmission present a feasible option for the treatment of age-related 

cognitive decline. Presently, the use of glycine treatment for the enhancement of 

NMDA receptor function, and AMPAkines for AMPA dependent function are 
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alternatives that are currently in use for the treatment of other brain disorders 

(Kemp and Leeson, 1993; Muller, Scheuer et al., 1994; Ren, Poon et al., 2006; 

Ren, Ding et al., 2009; Greer and Ren, 2009; Hamlyn, Brand et al., 2009) and 

should be considered for the treatment of age-related decline in cognitive 

function.  
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