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ABSTRACT 

Alzheimer's disease (AD) is the most common type of dementia in the 

elderly. The deposit of extracellular amyloid B-peptide (AB) is a distinct feature of the 

disease. Recent studies have shown that AB interferes with glucose uptake in cultured 

neurons; however, how AB inhibits glucose uptake is not know. This study proposed a 

pathway in which A625-35. a neurotoxic portion of the AB peptide identical to the 25-35 

amino acid-sequence in AB, decreases neuronal glucose uptake. The inhibitory effect of 

A625-35 on neuronal glucose uptake was reduced by a G protein antagonist (GPAnt-2). In 

the first part of the study, we demonstrated a signaling pathway in which AB25-35, a 

neurotoxic portion of the AB peptide corresponding to amino acids 25-35, inhibits neuronal 

glucose uptake by hippocampal neurons. The GPAnt-2, which blocks Gs, prevented the 

inhibitory effect of AB on the glucose uptake. Cholera toxin, which stimulates adenylyl 

cyclase by activating Gs protein, also inhibited neuronal glucose uptake. Furthermore, the 

inhibitory effect of cholera toxin on glucose uptake was potentiated by .AB. Exposure of cells 

to AB resulted in a transitory increase in intracellular levels of cAMP. Addition of dibutyryl 

cAMP (BticAMP) or an adenylyl cyclase activator, forskolin, to the culture medium 

inhibited neuronal glucose uptake, and a protein kinase A inhibitor (KT-5720) blocked the 

AB-mediated inhibition of glucose uptake. Thus, our findings suggest that AB inhibits 

glucose uptake by activating the Gs-coupled receptors and involves the cAMP-PKA system. 

The second part of this study examined the effects of insulin and insulin-like growth factor I 

(IGF-I) on the inhibitory effect of AB on neuronal glucose uptake. Insulin and IGF-I elevated 

neuronal glucose uptake, but the effect of IGF-I was more potent than insulin. Neurons 

exposed to AB25-35 showed 38% less glucose uptake than the control. However, IGF-I and 

insulin prevented this inhibitory effect of AB. To study the signaling pathway of IGF-I that 

stimulates glucose uptake, hippocampal neurons were studied for their glucose uptake 

following exposure to a phosphoinositide 3-kinase (PI3K) inhibitor (LY294002) or a 

mitogen-activated protein kinase (MAPK) inhibitor (PD-98059). The LY294002 decreases the 

stimuiatory effect of IGF-I on neuronal glucose uptake while PD-98059 has no effect on the IGF-I 
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increase neuronal glucose uptake. The results demonstrates that (1) both IGF-I and insulin are 

effective in elevating neuronal glucose uptake and preventing the inhibitory effect of AB and 

(2) PI3K plays a regulatory role in neuronal glucose uptake. The present study shows that AB 

may inhibit neuronal glucose uptake via G protein and cAMP-dependent protein kinase 

pathway and insulin and IGF-I reverse the AB inhibition effect on neuronal glucose uptake. 

However, how the two hormones interact to the AB inhibition effect need to be further 

investigated. 
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CHAPTER 1, GENERAL INTRODUCTION 

Neurons in Alzheimer's disease 

Alzheimer's disease (AD) claims 65% of the dementias found in the elderly [70]. AD is 

characterized by deposition of amyloid B-peptide (A6) in many areas of the brain. This extra­

cellular peptide lies in the neuropathological lesion, the neuritic plaque. Neuritic plaques are 

classified into two types: a diffuse amyloid plaque which consists only of an amorphous form 

AB and a mature plaque, which consists of a core of aggregated amyloid filament surrounded 

by dystrophic neurites and reactive glial cells [87], A6 is derived from a transmembrane glyco­

protein called A6 precursor protein (BAPP) [45]. It is a 39 - 43 amino acid peptide cleaved from 

extracellular and transmembrane domains of BAPP [86]. 

The evidence supporting AB deposition as the primary pathological process is the iden­

tification of pathogenic mutations in the AB precursor protein gene and neuropathology similar 

to AD in transgenic mice overexpressing BAPP [27.42]. Although degenerating neurons in 

transgenic mice accompany the AB deposition, the mechanisms involved in A6-mediated neu­

ronal degeneration are not well understood, but it has been shown that the neurotoxic portion of 

AB is amino acids 25-35 (AB25-35) of the full-length A6 peptide [62,113]. In primary cell 

cultures, AB is neurotoxic [73,88,114]. This toxic effect seems to depend on the stage of neu­

ronal differentiation and the aggregation stage of AB [73,74,92]. Thus, AB was neurotoxic only 

to mature hippocampal neurons [114], But even neurons at the early stages undergo 

neurodegeneration if exposed to aggregated AB [73]. Although synthetic AB has been shown to 

have neuronal toxicity on cultured cells, injecting this synthetic peptide into the brain of young 

rats did not induce neuronal degeneration. In contrast, injection of AB (AB 1 -40) into old rats did 

result in neurodegeneration [52]. Similarly, in the brain of the aging rhesus monkey, AB caused 

neurodegeneration, while it did not in the brain of the young rhesus monkey [28], suggesting 

that AB-induced neuronal death is specific to aging. 



AB-mediated inhibition of neuronal glucose uptake 

In vitro study has shown that A6 impairs glucose uptake in hippocampal neurons [60] 

and astrocytes [69]; however, it is not known whether AB affects neuronal and astrocytic glu­

cose uptake in AD patients. There is some evidence suggesting that glucose metabolism is 

changed in the brains of AD patients [20.46.76.78]. Studies by positron emission tomography 

(PET) scans detected a decrease in glucose uptake in the cerebral cortex [20.46.76.78]. It was 

calculated that reduction of cerebral glucose utilization ranges from 19% in mild cases to 40% 

and more in severe cases of AD [41.54]. Immunohistochemical study further revealed a de­

crease in glucose transporters (GLUTI. GLUT3) in several brain regions, including the hippoc­

ampus, the area commonly affected in AD patients [36,93]. Reduced glucose uptake by indi­

viduals genetically at risk for developing AD also supports the notion that glucose deprivation 

precedes neuronal degeneration [49,72,77]. Although in vitro effect of AB may not accurately 

represent an in situ situation, previous in vitro experiments [2.61] have often proved their use­

fulness in simulating cellular responses in situ [29.30.32]. Thus, it is likely that the decreased 

cerebral glucose uptake in AD may reflect, in part, the inhibitory effect of AB on neuronal and 

astrocytic glucose uptake. 

In healthy, nonstarved mammalian brain, glucose is the only substrate for the formation 

of energy in the form of ATP [21]. Glucose deprivation results in increased use of endogenous 

substrates, depletion of ATP, membrane depolarization, extracellular accumulation of excita­

tory amino acids, loss of neuronal homeostasis and ultimately neuronal cell death [61]. Neurons 

interfered with glucose uptake or exposed to AB result in impaired mitochondrial activity and 

suppressed production of ATP [61]. Based on the rates of oxidized glucose and oxygen, it was 

estimated that the rate of cerebral ATP formation decreases by 7% in early-onset AD, and 20% 

in late-onset AD [39]. Such metabolic impairment of neurons was shown to increase their vul­

nerability to glutamate toxicity and oxidative insults [61]. It was shown that AB inhibits astro­

cytic glutamate uptake [69] and stimulates microglial release of toxic levels of nitric oxide [8]. 
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Thus, their functional changes by AS may be fatal to those neurons suffering from glucose 

deficiency. 

Regulation of neuronal glucose 

The mechanism involved in A6 inhibition of glucose uptake is not known. It was sug­

gested that lipid peroxidation by AB is involved in impairment of neuronal glucose transport 

[60]. Lipid peroxidation generates 4-hydroxynonenal (HNE). Since HNE binds to neuronal 

glucose transporter GLUTS and exogenous application of HNE induces an impairment of glu­

cose transport, it is suggested that HNE binding with GLUTS inhibits glucose transport in 

neurons. However, there is no direct evidence at present showing functional impairment of 

GLUTS by HNE binding. In spite of importance of glucose for neural functions, very little is 

known about the regulatory mechanisms involved in neuronal glucose uptake, GLUTS expres­

sion, and GLUT translocation from cytoplasmic pool to plasma membrane. In neurons, the rate 

of glucose uptake depends on the number of GLUTS on the plasma membrane, not on extracel­

lular glucose concentration [71]. In cultured hippocampal neurons, A6 did not affect GLUTS 

orotein levels, even after 6 hr of A6 treatment [60]. This suggests that AB induces an intrinsic 

ft-nctional change in GLUTS on the plasma membrane. In adipocytes, phosphorylation of GLUT4 

is known to inhibit insulin-stimulated glucose transport [47.57], Phosphorylation of GLUT4 is 

confined to the intracellular domain at the COOH-terminal region and this terminal region 

appears to play an important role in the regulation of transport activity [7S]. In Chinese hamster 

ovary (CHO) cells, changing Ser*®® to an Ala prevented phosphorylation of GLUT4: however, 

dibutyryl cAMP (Bt,cAMP) was still able to inhibit glucose transport even after this mutation 

[75]. Although the data seems to suggest that phosphorylation is not required for the inhibition 

of GLUT4, it is not conclusive. The effect of phosphorylation may also depend on the cell type 

in which the transporter is expressed. For example, the function of GLUT4 is to transport glu­

cose in response to insulin, a function not present in CHO cells [43,91 ]. It was also shown that. 
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in CHO ceils, cAMP-dependent PKA had no effect on glucose uptake [75]. Interestingly, PKA 

inhibitor, H-89, was shown to prevent A6-induced apoptotic cell death [99], It is, therefore, 

conceivable that phosphorylation of GLUT3 inhibits neuronal glucose uptake. A6 inhibition of 

neuronal glucose uptake could also be mediated by Ca^Vcalmodulin-sensitive adenylyl cyclase 

and increase cAMP levels, the process known to occur in the hippocampus [65], However, 

Ca-Vcalmodulin-mediated inhibition of glucose uptake is less likely because it was shown that 

AB-induced apoptosis was not inhibited by KN-62, an inhibitor of Ca-Vcalmodulin dependent 

protein kinase [98]. 

To date the role of cAMP in the regulation of neuronal glucose is not known. Forskolin 

was shown to stimulate adenylate cyclase, elevating the intracellular cAMP level and inhibiting 

the glucose uptake by neurons and astrocytes [34]. Dibutyryl cAMP was also shown to inhibit 

glucose uptake in L6 myoblast [58] and hamster ovary ceils [73]. In vitro study suggests that 

AB inhibits glucose uptake by activating the cAMP-PKA system. How these in vitro data relate 

to the decreased glucose metabolism in AD is not certain. It is possible that the decreased 

cerebral glucose uptake shown in AD may reflect, in part, the inhibitory effect of AB on neu­

ronal and astrocytic glucose uptake. Such an hypothesis infers the presence of functional G 

protein-stimulated activity of adenylyl cyclase and cAMP in AD patients. Postmortem studies 

of AD patients have shown normal G-protein levels [12,63,79,104], catalytic activity of cAMP, 

and PKA [7,24,64,81]. However, the regulatory function of G protein on adenylyl cyclase was 

reported as either normal [79] or reduced [12,24,84]. This inconsistency may reflect differ­

ences in postmortem instability of the enzyme at different stages of Alzheimer's disease [7]. 

The regulatory function of G protein on adenylyl cyclase could also be affected only at the 

terminal stage of AD disease. 
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Protective role of insulin and insulin-like growth factor (IGF) on A6 inhibition of neu­

ronal glucose uptake 

Neurons exposed to AB become more susceptible to glucose deprivation [11]; but, IGF-

I and IGF analogues are effective in promoting cell survival under such condition [10.35]. 

Furthermore, IGF-I is shown to protect, and more importantly, to rescue rat hippocampal neu­

rons against AB toxicity [18]. The protective mechanism of IGF-I is not known, but it was 

shown that insulin and IGF-I act as a neuronal growth factor [89.103]. In transgenic mice that 

overexpress IGF-I in the brain, glucose uptake increases significantly in the brain [31 ]. /n vitro 

studies have also shown that IGF-I increases glucose uptake in skeletal muscle, L6 myombes 

and PC12 cells [23.37.56.111], while insulin increases glucose uptake in PC 12 cells [III]. 

Although several studies in humans suggest the imponance of insulin in hippocampal energy 

metabolism [26.40] and memory facilitation [13.14], it is not known whether insulin and IGF-

I promote glucose uptake by neurons. In both skeletal muscle and adipocytes, insulin and IGF-

I were shown to stimulate translocation of GLUT4. increasing the number of GLUT4 in the 

plasma membrane [59.71,110]. Similarly, insulin and IGF-I were shown to translocate GLUT3 

in L6 myotubes [67]; however, what regulates translocation of neuronal GLUT3 is not known 

at present. 

Whether insulin can regulate glucose metabolism within the brain has been a contro­

versy for some time. An increasing body of evidence suggests that insulin has a vital role in 

brain function [108]. E.xpression of the insulin gene and insulin synthesis occur in a highly 

specific pattern, with the highest density in hippocampal pyramidal neurons [17]. Plasma insu­

lin was also shown to cross the blood-brain barrier by saturable receptor-mediated transcytosis, 

and residual insulin is removed through the CSF [3,5,85]. At present, normal insulin and IGF-

I levels in the human brain are not known. However, a deficit in these hormones is suspected in 

the brains of AD patients because of their higher plasma insulin and IGF-I, and lower CSF 
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insulin levels [15]. Insulin and IGF-I receptors are also present in the human brain [68.80,83], 

and their numbers increase in the brains of AD patients [6,16,25]. If this proliferation of insulin 

and IGF-I receptors is the brain's attempt to compensate for a lack of insulm and IGF-I, the 

reduced cerebral glucose utilization found in AD may reflect the cerebral insulin and IGF-I 

deficit in AD [41], IGF is synthesized primarily in the liver, but it is also made by neurons in the 

developing brain [4]. 

Alzheimer's patients have abnormally low blood glucose [44] and infusion of glucose 

has been shown to enhance memory in Alzheimer's patients and normal elderly adults [13,50], 

Because glucose infusion is usually associated with elevation of plasma insulin, a group of 

Alzheimer's patients was further assessed by raising plasma insulin, but preventing a rise in 

plasma glucose [14]. There was a striking memory enhancement in these patients, suggesting a 

functional importance of insulin in the brain. Insulin levels in CSF can be elevated by oral 

glucose load in patients with AD [26]. Furthermore, intraventricular administration of insulin 

exerts anabolic effects on hippocampal energy metabolism. In contrast, intraventricular injec­

tion of streptozotocin (STZ), the inhibitor of tyrosine kinase of the insulin receptor, caused 

significant decreases in glucose utilization and ATP levels [40]. At present, insulin levels in the 

human brain is not known; however, insulin deficit in the brains of Alzheimer's patients is 

suspected because of their higher plasma insulin and lower CSF insulin levels in Alzheimer's 

patients [15]. The proliferation of insulin and IGF-I receptors in AD [16,25] was interpreted as 

the brain's attempt to compensate for a lack of insulin and IGF-I. The insulin deficit in the brain 

may also be responsible for the reduced cerebral glucose utilization found in AD [41]. 

Insulin and IGF-I share structural and functional features, including an a-subunit that 

binds the hormone-like agent and a B-subunit that has a tyrosine-specific protein kinase [101], 

The metabolic effects of these hormones are initiated by their binding to the extracellular do­

main of the specific membrane receptors, which lead to the activation of, among others, Ras 

and phosphoinositide 3-kinase (PI3K) [33,90]. Many of these kinases appear to be arranged in 
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cascades, including a cascade that results in the elevation of glucose uptake in insulin sensitive 

cells [100]. The signaling pathways that stimulate neuronal glucose uptake are not known. In 

adipocytes, PI3K was shown to increase GLUT4 translocation to the plasma membrane and 

glucose transport [22,38,48.51]. Furthermore, PI3K inhibitor, LY294002, was shown to inhibit 

glucose uptake [82] by interfering with insulin mediated translocation of GLUT4 [9]. 

The short-term metabolic effect of insulin (e.g., increase in glucose transport) appears 

to require PI3K. In both skeletal muscle and adipocytes, insulin and IGF-I control the actual 

number of GLUT4 in the plasma membrane by stimulating translocation of GLUT4 from an 

intracellular store to the plasma membrane [59,71,110]. Similarly, insulin and IGF-I were shown 

to translocate GLUT3 in L6 myotubes [67]; however, what regulates translocation of neuronal 

GLUT3 is not known at present. In adipocytes, PI3K mediates the following events: (i) insulin-

induced reorganization of actin filaments [106], (ii) activation of 3-phosphoinositide-depen-

dent PKB [I] and PKC-zeta [94,95], (iii) GLUT4 translocation to the plasma membrane, (iv) 

glucose transporter exocytosis [112] and (v) glucose transport [22,38,48,51 ]. Very little is known 

about PKB and PKC-zeta in their role in glucose metabolism. Activation of PKB induces in­

crease in glucose uptake, glycogen synthesis, and protein synthesis in L6 myotubes. Such PKB 

action is independent ofRas and MAPK activation [19,55,100,102]. Insulin also activates PKC-

zeta through PI3K, contributing to the activation of GLUT4 translocation [94,95]. Thus, PKB 

and PKC-zeta appear to act as key enzymes for multiple biological functions of insulin, includ­

ing glucose uptake. PKB may also stimulate glucose uptake by phosphorylating GLUT3, much 

like PKB in adipocytes that phosphorylates phosphodiesterase 3B (PDE-3B) [109]. The MAPK 

cascade, on the other hand, may have a role in the regulation of gene transcription, and hence 

the more long-term effect of insulin [66]. Insulin and IGF-I activate RasGTP and MAPK cas­

cade in 3T3-LI adipocytes, skeletal muscle and myotubes [19,53,55,96,102,107]. Chronic (16 

hr) treatment with insulin was shown to increase GLUT3 mRNA and protein in UMR 106-01, 

a clonal osteosarcoma cell line [97], while, IGF-I induced p53 mRNA in cardiac muscle cells 
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[105], If insulin deficit occurs in the brain and such deficit accompanies deposition of Afi, it is 

conceivable that the long-term neuronal effect of such condition include significant reduction 

in numbers of GLUTS, and subsequent decrease in glucose uptake. 

Although there are numerous published reports linking A6 to neurotoxicity in vitro and 

in vivo, research investigating the mechanisms involved in reduced glucose utilization in AD 

has been primarily focused on free radicals generated by AC [61]. It has been shown by others 

that neurons exposed to A6 become more susceptible to glucose deprivation; but, IGF-I and 

IGF analogues are effective in promoting cell survival under such condition. Furthermore, IGF-

I is shown to protect and rescue rat hippocampal neurons against A6 toxicity. Studies in human 

also suggest the importance of insulin in hippocampal energy metabolism [26,40] and memory 

facilitation [13,14]. Reduced cerebral glucose uptake by individuals genetically at risk for de­

veloping AD also supports the notion that glucose deprivation precedes neuronal degeneration 

[49,72,77]. A perturbed control of glucose breakdown may severely damage cellular homeosta­

sis and subsequently causes not only a substantial impact on cellular function, but also in­

creased neuronal vulnerability to, among others, glutamate toxicity and oxidative insults. There­

fore, understanding the mechanisms involved in neuronal glucose regulation by AB and hor­

mones (insulin and IGF-I) are a critical importance for improving neuronal glucose utilization 

in AD. 

Research objectives 

There were two research objectives. The first objective was to test the hypothesis that G 

protein and cAMP mediate AB25-35 inhibition of neuronal glucose uptake. This part was car­

ried out by studying the effect of (1) G protein antagonist on glucose uptake, (2) cholera toxin 

on glucose uptzike, (3) A625-35 on intracellular cAMP, (4) cAMP on glucose uptake, and (5) a 

protein kinase A (PKA) inhibitor (KT-5720) on glucose uptake. The second objective was to 

test the hypothesis that insulin and IGF-1 prevent the inhibitory effect of A6 on neuronal glu­
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cose uptake by either PI3K or MAPK. This part was carried out by studying the effect of A625-

35 on neuronal glucose uptake under the influence of (I) insulin or IGF-I and (2) PI3K inhibi­

tor (LY294002) or mitogen-activated protein kinase (MAPK) inhibitor (PD-98059). 

Dissertation organization 

This dissertation is organized into 4 chapters; a general introduction, two papers pre­

pared for submission, and a general discussion. Each chapter has individual references and 

figures at the end. The papers are being submitted for publication to Nature and Brain Re­

search, respectively. The general discussion addresses the finding of both papers. 

References 

[1] Alessi, D.R. and Cohen, P.. Mechanism of activation and function of protein kinase B. 

Curr. Opin. Genet. Dev., 8 (1998) 55-62. 

[2] Araujo, D.M. and Cotman. C.W.. B-amyloid stimulates glial cells in vitro to produce 

growth factors that accumulate in senile plaques in Alzheimer's disease. Brain Res., 569 

(1992) 141-145. 

[3] Banks, W.A., Jaspan, J.B. and Kastin, A.J., Selective, physiological transport of insulin 

across the blood-brain barrier: Novel demonstration by species-specific radioimmunoassays. 

Peptides, 18 (1997) 1257-1262. 

[4] Bartlett, W.P., Li, X.S., Williams, M. and Benkovic, S.. Localization of insulin-like 

growth factor-1 mRNA in murine central nervous system during postnatal development. Dev. 

BioL, 147(1991)239-250. 

[5] Baura, G.D., Foster, D.M. and Porte, D.J., Saturable transport of insulin from plasma into 

the central nervous system of dogs in vivo. A mechanism for regulated insulin delivery to the 

brain. J. Clin. Invest., 92 (1993) 1824-1830. 



10 

[6] Blum-Degen, D., Frolich. L., Hoyer, S. and Riederer, P., Altered regulation of brain 

glucose metabolism as a cause of neurodegenerative disorders?, J. Neural. Transm., 46 

(1995) 139-147. 

[7] Bonkale, W.L., Fastbom, J., Wiehager, B., Ravid, R., Winblad, B. and Cowbum, R.F., 

Inpaired G-protein-stimulated adenylyl cyclase activity in Alzheimer's disease brain is not 

accompanied by reduced cyclic-AMP-dependent protein kinase A activity. Brain Res., 737 

(1996) 155-161. 

[8] Chao. C.C.. Hu, S.. Molitor. T.W.. Shaskan, E.G. and Peterson. P.K., Activated microglia 

mediate neuronal cell injury via a nitric oxide mecahnism, J. Immunolo., 149 (1992) 2736-

2741. 

[9] Cheatham, B., Vlahos. C.J., Cheatham, L., Wang, L., Blenis, J. and Kahn, C.R., 

Phosphatidylinositol 3-kinase activation is required for insulin stimulation of pp70 S6 kinase, 

DNA synthesis, and glucose transporter., Mol. Cell Biol., 14 (1994) 4902-4911. 

[10] Cheng, B. and Mattson, M.P., IGF-I and IGF-II protect cultured hippocampal and septal 

neurons against calcium-mediated hypoglycemic damage, J. Neurosci., 12 (1992) 1558-1566. 

[11] Copani, A.. Koh, J.-Y. and Cotman, C.W., Beta-amyloid increases neuronal susceptibil­

ity to injury by glucose deprivation, NeuroReport, 2 (1991) 763-765. 

[12] Cowbum, R.F.. O'Neill, C.. Ravid. R., Alafuzoff, I., Winblad, B. and Fowler, C.J., 

Adenylyl cyclase activity in postmortem human Brain: evidence of altered G protein 

medation in Alzheimer's disease, J. Neurochem., 58 (1992) 1409-1419. 

[13] Craft, S., Dagogo-Jack, S.E., Wiethop, B.V., Murphy, C., Nevins, R.T., Fleischman, S., 

Rice, v.. Newcomer, J.W. and Cryer, P.E., Effects of hyperglycemia on memory and hormone 

levels in dementia of the Alzheimer type: a longitudinal study, Behav. Neurosci., 107 (1993) 

926-940. 



II  

[14] Craft, S., Newcomer, J., Kanne, S., Dagogo-Jack, s., Cryer, P., Sheline, Y., Luby, J., 

Dagogo-Jack, A. and Alderson, A., Memory improvement following induced hyperinsu-

linemia in Alzheimer's disease. iVewro^io/. Agmg, 17 (1996) 123-130. 

[15] Craft, S., Peskind. E., Schwartz, M.W.. Schellenberg, G.D., Raskind, M. and Porte, D., 

Jr., Cerebrospinal fluid and plasma insulin levels in Alzheimer's disease: relationshp to 

severity of dementia and apolipoprotein E genotype. Neurology, 50 (1998) 164-168. 

[16] Crews, FT.. McElhaney, R., Freund, G.. Ballinger, W.E.J. and Raizada, M.K., Insulin­

like growth factor I receptor binding in brains of Alzheimer's and alcoholic patients, J. 

Neurochem., 5% {\992) 1205-1210. 

[17] Devaskar, S.U., Giddings, S.J., Rajakumar, P.A., Camaghi, L.R., Menon. R.K. and 

Zahm, D.S., Insulin gene expression and insulin synthesis in mammalian neuronal cells, J. 

Biol. Chem., 269 (1994) 8445-8454. 

[18] Dore, S., Kar, S. and Quirion, R., Insulin-like growth factor I protects and rescues 

hippocampal neurons against B-amyloid- and human amylin-induced toxicity, Proc. Nail. 

Acad. Sci. USA. 94 (1997) 4772-47777. 

[19] Dorrestijn. J., Ouwens, D.M., Van den Berghe, N., Bos, J.L. and Maassen, J.A., Expres­

sion of a dominant-negative Ras mutant does not affect stimulation of glucose uptake and 

glycogen synthesis by insulin, Diabetologia. 39 (1996) 558-563. 

[20] Duara, R., Grady, C., Haxby, J., Sundaram, M., Cutler, N.R., Heston, L., Moore, A., 

Schlageter, N., Larson, S. and Rapoport, S.I., Positron emission tomography in Alzheimer's 

disease, TVeuro/, 36 (1986) 879-887. 

[21] Erecinska, M. and Silver, I.A., ATP and brain functon, J. Cereb. Blood Flow Metab., 9 

(1989) 2-19. 



12 

[22] Evans, J.L., Honer, C.M., Womelsdorf, B.E., Kaplan, E.L. and Bell, P.A., The effects of 

wortmannin, a potent inhibitor of phosphatidylinositol 3-kinase, on insulin-stimulated glu­

cose transport, GLUT4 translocation, antilipolysis, and DNA synthesis. Cell Signal., 1 (1995) 

365-376. 

[23] Fang, C.H., Li, B.G., James, J.H., Fischer, J.E. and Hasselgren, P.O., Cytokines block 

the effects of insulin-like grwoth factor I (IGF-I) on glucose uptake and lactate production in 

skeletal muscle but do not influence IGF-I-induced changes in protein trunover. Shock, 8 

(1997) 362-367. 

[24] Fowler, C.J.. Cowbum. R.F.. Garlind, A.. Winblad, B. and O'Neill, C., Disturbances in 

signal transduction mechanisms in Alzheimre's disease. Molecular and cellular Biochem., 

149 (1995) 287-292. 

[25] Frolich, L., Blum-Degen, D.. Hoyer, S. and Riederer, P., Regional distribution of insulin, 

insulin receptors and IGF-I receptors in post-mortem brain cortex in aging and in dementia of 

Alzheimer type, Neurobiol. Aging, 17 (1996) sl84. 

[26] Fujisawa. Y., Sasaki, K. and Akiyama, K., Increased insulin levels after OGTT load in 

peripheral blood and cerebrospinal fluid of patients with dementia of Alzheimer type, Biol. 

Psychiatry, 30 (1991) 1219-1228. 

[27] Games, D., Adams, D., Alessandrini, R., Barbour, R., Berthelette, P., Blackwell, C., 

Carr, T., Clemens, J., Donaldson, T., Gillespie, F. and et al., Alzheimer-type neuropathology 

in transgenic mice overexpressing V717F beta-amyloid precursor protein [see comments]. 

Nature, 373 (1995) 523-527 issn: 0028-0836. 

[28] Geula, C., Wu, C.K., Lorenzo, S.D., Yuan, M. and Yankner, B.A., Aging renders the 

brain vulnerable to amyloid beta-protein neurotoxicity, Nat. Med., 4 (1998) 827-831. 

[29] Gomez-Pinilla, E, Cummings, G.J. and Cotman, C.W., Induction of basic fibroblast 

growth factor in Alzheimer's disease pathology, NeuroReport, 1 (1990) 211-214. 



13 

[30] Griffin, W.S.T., Stanley, L.C., Ling, C. White, L., MacLeod, V., Perrot, L.J., White, C.L. 

and Araoz, C., Brain interleukin-1 and S-100 immunoreactivity are elevated in Down syn­

drome and Alzheimer's disease. Proc. Natl. Acad. Sci. USA, 86 (1989) 7611-7615. 

[31] Gutierrez, O., G., Saum. L.. Calikoglu. A.S., Diaz-Cintra, S., Barrios, F.A. and D'Ercole, 

A.J., Increased neural activity in transgenic mice with brain IGF-I overexpression: a 

[3H]2DG study, Neuroreport, 8 (1997) 2907-2911. 

[32] Haga, S., Akai, K. and Ishii, T.. Demonstration of microglial cells in and around senile 

(neuritic) plaques in the Alzheimer brain. Acta NeuropathoL, 77 (1989) 569-575. 

[33] Hara, K., Yonezawa, K., Sakaue, H.. Ando, A., Kotani, K., Kitamura, T., Kitamura, Y, 

Ueda, H., Stephens, L. and Jackson, T.R., I-phosphatidylinositol 3-kinase activity is required 

for insulin-stimulated glucose transport but not for RAS activation in CHO cells, Proc. Natl. 

Acad. Sci. USA, 91 (1994) 7415-7419. 

[34] Hara, M., Matsuda, Y, Hirai, K.. Okumura, N. and Nakagawa, H., Characteristics of 

glucose transport in neuronal cells and astrocytes from rat brain in primary culture, 

Neurochem.. 52 (1989) 902-908. 

[35] Harper. S.J., Macaulay. A.J., Hill, R.G. and Priestley, T.. The effects of insulin-like 

grwoth factor analogues on survival of cultured cerebral cortex and cerebellar granule neu­

rons, Brain Res., 709 (1996) 303-310. 

[36] Harr, S.D., Simonian. N.A. and Hyman, B.T., Functional alterations in Alzheimer's 

disease: Decreased glucose transporter 3 immunoreactivity in the perforant pathway terminal 

zone, J. Neuropathol. Exper. Neurol., 54 (1995) 38-41. 

[37] Heilig, C.W., Liu. Y. England, R.L.. Freytag, S.O., Gilbert, J.D., Heilig, K.O., Zhu, M., 

Concepcion, L.A. and Brosius, F.C.r., D-glucose stimulates mesangial cell GLUTl expres­

sion and basal and IGF-I-sensitive glucose uptake in rat mesangial cells: implications for 

diabetic nephropathy. Diabetes, 46 (1997) 1030-1039. 



14 

[38] Heller-Harrison, R.A., Morin, M., Guilherme, A. and Czech, M.P., Insulin-mediated 

targeting of phosphatidylinositol 3-kinase to GLUT4-containing vesicles, J. Biol Chem., 271 

(1996) 10200-10204. 

[39] Hoyer, S.. Oxidateve energy metabolism in Alzheimer brain. Studies in early-onset and 

late onset cases, Mol. Chem. NeuropathoL, 16 (1992) 207-224. 

[40] Hoyer, S., Henneberg, N., Knapp, S., Lannert. H. and Martin, E., Brain glucose metabo­

lism is controlled by amplification and desensitization of the neuronal insulin receptor. Ann. 

NY Acad. Sci., 777 (1996) 374-379. 

[41] Hoyer, S.. Nitsch. R. and Oesterreich, K.. Predominant abnormality in cerebral glucose 

utilization in late-onset dementia of the Alzheimer type: a cross-sectional comparison against 

advanced late-onset and incipient early-onset cases, J. Neural Transm., 3 (1991) 1-14. 

[42] Hsaio, K., Chapman, P.. Nilsen. S.. Eckman. C., Harigaya, Y., Uounkin, S., Yand. E and 

Cole, G., Correlative memory deficits. Ab elevation, and amyloid plaques in transgenic 

mice. Science. 21A (1996) 99-103. 

[43] Hudson, A.M.. Ruiz. M.L. and Bimbaum, M.J.. Isoform-specific subcellular targeting of 

glucose transporters in mouse fibroblasts. J. Cell Biol., 116 (1992) 785-797. 

[44] Itagaki, T., Itoh, Y., Sugai. Y.. Suematsu, N.. Ohtomo, E. and Yamada, M., Glucose 

metabolism and Alzheimer's dementia, Nippon Ronen Igakkai Zasshi. 33 (1996) 569-572. 

[45] Iversen, L., Smith, R., Pollack. S. and Shearman. M.. The toxicity of in vitro beta -

amyloid protein. Biochem. 7.. 311 (1995) 1-16. 

[46] Jagus, W.J., Seab. J.P., Huesman, R.H., Valk, P.E., Mathis, C.A., Reed, B.R., Coxson, 

P.G. and Budinger. T.F., Diminished glucose transport in Alzheimer's disease: dynamic PET 

studies, J. Cereb. Blood Flow Metab., 11 (1991) 323-330. 

[47] James, D.E.. Hiken. J.E and Lawemce, J.C., Jr., Isoproterenol stimulates phosphoryla­

tion of the insulin-regulatable glucose transporter in rat adipocytes, Proc. Natl. Acad. Sci. 

USA, 86 (1989) 8368-8372. 



15 

[48] Katagiri, H., Asano, T.. Ishihara, H., Inokai, K., Shibasaki, Y., Kikuchi, M., Yazaki, Y. 

and Oka, Y, Overexpression of catalytic subunit pliOaipha of phosphatidylnositol 3-kinase 

increases glucose transport activity with translocation of glucose transporters in 3T3-L1 

adipocytes, J. Biol. Chem..H\ (1996) 16987-16990. 

[49] Kennedy. A.M.. Frackowiak. R.S.. Newman. S.K.. Bloomfield, P.M., Seaward, J., 

Roques, R, Lewington, G., Cunningham, V.J. and Rossor, M.N.. Deficits in cerebral glucose 

metabolism demonstrated by positron emission tomography in individuals at risk of familial 

Alzheimer's disease, A^ewrojcz. L^rr., 186(1995) 17-20. 

[50] Korol, D.L. and Gold, RE.. Glucose, memory, and aging. Am. J. Clin. Nutr, 67 (1998) 

7645-77IS. 

[51] Kotani, K., Carozzi. A.J.. Sakaue. H.. Hara. K.. Robinson. L.J.. Clark. S.F., Yonezawa. 

K., James, D.E. and Kasuga, M.. Requirement for phosphoinositide 3-kinase in insulin-

stimulated GLUT4 translocation in 3T3-L1 adipocytes, Biochem. Biophys. Res. Commun., 

209(1995) 343-348. 

[52] Kowall, N.W.. Beal, M.F.. Busciglio, J.. Duffy, L.K. and Yankner, B.A., An in vivo 

model for the neurodegenerative effects of B-amyloid and protection by substance P. Proc. 

Natl. Acad. Sci. USA, 88 (1991) 7247-7251. 

[53] Kuemmerle. J.F. and Bushman. T.L., IGF-I stimulates intestinal muscle cell growth by 

activating distinct PI 3-kinase and MAP kinase pathways. Am. J. Physiol., 275 (1998) G151-

G158. 

[54] Kumar, A., Schapiro, M.B., Grady, C., Haxby, J.V., Wagner, E., Salerno, J.A., Friedland. 

R.P. and Rapoport, S.I., High-resolution PET studies in Alzheimer's disease, 

Neuropsychopharmacology, 4 (1991) 35-46. 



16 

[55] Lazar, D.F., Wiese, R.J., Brady, M.J.. Mastick, C.C., Waters, S.B., Yamauchi, K., Pessin, 

J.E., Cuatrecasas, P. and Saltiei. A.R.. Mitogen-activated protein kinase kinase inhibition 

does not block the stimulation of glucose utilization by insulin, 7. Biol. Chem., 270 (1995) 

20801-20807. 

[56] Ling, P.R., Sierra. P.. Qu. Z. and Bistrian, B.R., Insulin-like growth factor-I improves 

glucose utilization in tumor necrosis factor-treated rats under hyperinsulinemic-eugiycemic 

conditions. Metabolism, 46 (1997) 1052-1058. 

[57] Lowrence, Hiken. J.F. and James. D.E., Phosphorylation of the glucose trans­

porter in rat adipocytes. J. Biol. Chem.. 265 (1990) 2324-2332. 

[58] Lowrence, Piper. R.C.. Robinson. L.J. and James, D.E., GLUT4 facilitates insulin 

stimulation and cAMP-mediated inhibition of glucose transport, Proc. Natl. Acad. Sci. USA, 

89 (1992) 3493-3497. 

[59] Maher, P., Vannucci, S.J. and Simpson. I.A.. Glucose transporter proteins in brain, 

FASEB, 8 (1994) 1003-1011. 

[60] Mark. R.J., Pang, Z., Geddes, J.W., Uchida, K. and Mattson, M.P., Amyloid B-peptide 

impairs glucose transport in hippocampal and cortical neurons; Involvement of membrane 

lipid peroxidation, y. Neurosci.. 17 (1997) 1045-1054. 

[61] Mattson, M., Cellular actions of B-amyloid precursor protein and its soluble and 

fibrillogenic derivatives, Physiol. Rev., 77 (1997) 1081-1132. 

[62] Mattson, M.P., Cheng, B., Davis, D., Bryant, K., Lieberburg, I. and Rydel, R.E., 6-

amyloid peptides destabilize calcium homeostasis and render human cortical neurons vulner­

able to excitotoxicity, J. Neurosci., 12 (1992) 376-389. 

[63] McLaughlin, M., Ross, B.M., Milligan, G., McCulloch, J. and Knowler, J.T., Robustness 

of G proteins in Alzheimer's disease: An immunoblot study, J. Neurochem., 57 (1991) 9-14. 

[64] Meier-Ruge, W., Iwangoff, P. and Erichlmeier, K., Neurochemical enzyme changes in 

Alzheimer's and Pick's disease, Arc/i. Gerontol. Geriatr., 3 (1984) 161-165. 



17 

[65] Mons, N. and Cooper, D.M.F., Adenylate cyclases: Critical foci in neuronal signaling, 

TINS, 18 (1995) 536-542. 

[66] Moule, S.K. and Denton, R.M., Multiple signaling pathways involved in the metabolic 

effects of insulin. Am. J. Cardiol.. 80 (1997) 41A-49A. 

[67] Mueckler. M.. Facilitative glucose transporters, Eur. J. Biochem.. 219 (1994) 713-725. 

[68] Pardridge, W.M., Eisenberg, J. and Yang, J., Human blood-brain barrier insulin receptor. 

J. Neurochem., 44 (1985) 1771-1778. 

[69] Parpura-Gill, A., Beitz, D. and Uemura, E.. The inhibitory effects of B-amyloid on 

glutamate and glucose uptakes by cultured astrocytes. Brain Res.. 754 (1997) 65-71. 

[70] Pendlebury, W. and Solomon, P.. Clinical Symposia. Ciba-Geigy Corp., Summit, NJ, 

1996, 32 pp. 

[71] Pessin, J.E. and Bell, G.I., Mammalian facilitative glucose transporter family: structure 

and molecular regulation, Anna Rev Physiol. 54 (1992) 911-930. 

[72] Pettegrew, J.W.. Panchalingam. K., Klunk, W.E., McLure, R.J. and Muenz, L.R., Alter­

ations of cerebral metabolism in probable Alzheimer's disease, Neurobiol. Aging, 15 (1994) 

117-132. 

[73] Pike, C.J.. Burdick, D.. Walencewicz, A.J.. Glabe. C.G. and Cotman, C.W., 

Neurodegeneration induced by B-amyloid peptides in vitro: the role of peptide assembly 

state, J. Neurosci.. 13 (1993) 1676-1687. 

[74] Pike, C.J., Walencewicz Wasserman, A.J., Kosmoski, J., Cribbs, D.H., Glabe, C.G. and 

Cotman, C.W., Structure-activity analyses of beta-amyloid peptides: contributions of the beta 

25-35 region to aggregation and neurotoxicity, J-Neiirochem, 64 (1995) 253-265 issn: 0022-

3042. 

[75] Piper, R.C., James, D.E., Slot, J.W., Puri, C. and Lawrence. J.C.J., GLUT4 phosphoryla­

tion and inhibition of glucose transport by dibytyryl cAMP, J. Biol. Chem., 268 (1993) 

16557-16563. 



18 

[76] Rapoport, S.I., Horwitz, B., Grady, C.L., Haxby, J.V., DeCarli, C. and Schapiro, M.B., 

Abnormal brain glucose metabolism in Alzheimer's disease, as measured by positron emis­

sion tomography. Plenum Press, New York, 1991, 231-248 pp. 

[77] Reiman, E.M., Caselli. R.J., Yun, L.S.. Chen, K., Bundy, D., Minoshima, S., Thibodeau, 

S.N. and Osborne, D., Preclinical evidence of Alzheimer's disease in persons homozygous 

for the epsilon 4 allele for apolipoprotein E, New Engl. J. Med., 334 (1996) 752-758. 

[78] Riege, W.H. and Metter. E.J.. Cognitive and brain imaging measures of Alzheimer's 

disease, Neurobiol. Aging, 9 (1988) 41-42. 

[79] Ross, B.M., McLaughlin, M.. Roberts. M.. Milligan, G., McCulloch, J. and Knowler. 

J.T., Alterations in the activity of adenylate cyclase and high affinity GTPase in Alzheimer's 

disease. Brain Res, 622 (1993) 35-42. 

[80] Roth, R.A., Morgan, D.O.. Beaudoin. J. and Sara, V.. Purification and characterization of 

the human brain insulin receptor, J. Biol. Chem., 1986 (1986) 3753-3757. 

[81] Saitoh, T. and Dobkins, K.. Increased in vitro phosphorylation of a Mr 60,000 protein in 

brain from patients with Alzheimer's disease. Proc. Natl. Acad. Sci. USA, 85 (1988) 6218-

6221. 

[82] Sanchez-Margalet, V.. Goldfme, I.D., Vlahost, C.J. and Sung, C.K., Role of 

phosphatidylinositol-3-kinase in insulin receptor signaling: Studies with inhibitor, LY294002, 

Biochem. Biophys. Res. Commun., 204 (1994) 446-452. 

[83] Sara, V.R., Hall, K., Von, H.H., Humbel, R., Sjogren, B. and Wetterberg, L., Evidnece 

for the presence of specific receptors for insulin-like growth factors 1 (IGF-I) and 2 (IGF-2) 

and insulin throughout the adult human brain, Neurosci. Lett., 34 (1982) 39-44. 

[84] Schnecko. A., Witte, K., Bohl, J., Ohm, T. and Lemmer, B., Adenylyl cyclase activity in 

Alzheimer's disease brain: stimulatory and inhibitory signal transduction pathways are 

differently affected. Brain Res.. 644 (1994) 291-296. 



19 

[85] Schwartz, M.W., Figlewicz, D.P., Baskin. D.G., Woods, S.C. and Porte, D.J., Insulin in 

the brain: a hormonal regulator of energy balance, Endcr. Rev., 13 (1992) 387-414. 

[86] Selkoe, D.J., The molecular pathology of Alzheimer's disease. Neuron, 6 (1991) 487-

498. 

[87] Selkoe, D.J., Alzheimer's disease: a central role for amyloid [see comments], J-

Neuropathol-Exp-Neurol, 53 (1994) 438-447 issn: 0022-3069. 

[88] Shearman, M.S.. Ragan. C.I. and Iversen. L.L., Inhibition of PCI2 cell redox activity is 

a specific, early indicator of the mechanism of beta-amyloid-mediated cell death, Proc Nad 

Acad Sci US A, 91 {1994) 1470-1474. 

[89] Shemer, J., Raizada, M.R.. Masters, B.A., Ota, A. and LeRoith, D., Insulin-like growth 

factor I receptors in neuronal and glial cells: characterization and biological effects in pri­

mary culture, J. Biol. Chem.. 262 (1987) 7693-7699. 

[90] Shepherd, P.R., Withers, D.J. and Siddle, K., Phosphoinositide 3-kinase: the key switch 

mechanism in insulin signalling, Biochem. J., 333 (1998) 471-490. 

[91] Shibasaki, Y., Assano, J.. Lin, J.-L., Tsukuda, K., Kitagiri, H., Ishihara, H., Yazaki, Y. 

and Oka, Y., Two glucose transporter isoforms are sorted differentially and are expressed in 

distinct cellular compartments. Biochem. 281 (1992) 829-834. 

[92] Simmons, L.K., May, P.C., Tomaselli, K.J.. Rydel, R.E.. Fuson, K.S., Brigham, E.F., 

Wright, S., Lieberburg, I., Becker. G.W.. Brems, D.N. and et al.. Secondary structure of 

amyloid beta peptide correlates with neurotoxic activity in vitro, Mol Pharmacol, 45 (1994) 

373-379. 

[93] Simpson, I.A., Koteswara, K.R., Davies-Hill, T., Homer, W.G. and Davies, P., Decreased 

concentrations of GLUT 1 and GLUT3 glucose transporters in the brain of patients with 

Al2Jieimer's disease, Ann. Neurol., 35 (1994) 546-551. 



20 

[94] Standaert, M., Bandyopadhyay, G.. Galloway, L., Ono, Y., Mukai, H. and Farese, R., 

Comparative effects of GTPgammaS and insulin on the activation of Rho, phosphatidyl-

inositol 3-kinase, and protein kinase B in rat adipocytes. Relationship to glucose transport. J. 

Biol. Chem., 273 (1998) 7470-7477. 

[95] Standaert, M.L., Galloway, L., Kamam, R. Bandyopadhyay, G., Moscat, J. and Farese, 

R.V., Protein kinase C-zeta as a downstream effector of phosphatidyl inositol 3-kinase during 

insulin stimulation in rat adipocytes. Potential role in glucose transport. J. Biol. Chem.. 272 

(1997) 30075-30082. 

[96] Teruel, T.. Valverde, A.M., Navarro, P., Benito, M. and Lorenzo, M., Inhibition of PI 3-

kinase and RAS blocks IGF-I and insulin-induced uncoupling protein I gene expression in 

brown adipocytes, J. Cell Physiol., 176 (1998) 99-109. 

[97] Thomas. D.M., Maher, F., Rogers, S.D. and Best, J.D.. Expression and regulation by 

insulin of GLUT3 in UMR 106-01, a clonal rat osteosarcoma cell line, Biochem. Biophys. 

Res. Commun., 218 (1996) 789-793. 

[98] Tokumitsu, H., Chijia, T.. Hagiwara. M.. Mizutani. A.. Terasawa, M. and Hidaka, H., 

KN-62, l-[N.O-bis(i,5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4-phenyl-piperazine, a 

specific inhibitor of Ca^+Zcalmodulin-dependent protein Kinase II, J. Bio. Chem.. 265 (1990) 

4315-4320. 

[99] Ueda, K., Yagami, T., Kageyama, H. and Kawasaki, K., Protein kinase inhibitor attenu­

ates apoptotic cell death induced by amyloid 6 protein in culture of the rat cerebral cortex, 

Neurosci. Lett., 203 (1996) 175-178. 

[100] Ueki, K., Yamamoto-Honda, R., Kaburagi, Y, Yamauchi, T., Tobe, K., Burgering, 

B.M., Coffer, P.J., Komuro, I., Akanuma, Y, Yazaki, Y and Kadowaki, T., Potential role of 

protein kinase B in insulin-induced glucose transport, glycogen synthesis, and protein synthe­

sis, J. Biol, chem., 273 (1998) 5315-5322. 



21 

[101] Ullrich, A., Gray, A., Tam, A.W.. Yang-Feng, T., Tsubokawa, M., Collins, C, Henzel, 

W., LeRon, T., Kathuria, S.. Chen. E.. Jacobs, S.. Francke, U., Rachmandrian, J. and Fujita-

Yamaguchi, Y, Insulin-like growth factor I receptor primary structure: comparison with 

insulin receptor suggests structural determinants that define functional specificity, EMBO J., 

5(1986) 2503-2512. 

[102] Van den Berghe. N.. Ouwens, D.M.. Maassen, J.A., van Mackelenbergh, M.G., Sips. 

H.C. and Krans, H.M.. Activation of the Ras/mitogen-activated protein kinase signaling 

pathway alone is not sufficient to induce glucose uptake in 3T3-L1 adipocytes, Mol. Cell 

Biol., 14(1994) 2372-2377. 

[103] Wallace, W.C.. Akar, C.A.. Lyons. W.E., Kole, H.K.. Egan, J.M. and Wolozin. B., 

Amyloid precursor protein requires the insulin signaling pathway for neurotrophic activity. 

Brain Res. Mol. Brain Res, 52 (1997) 213-227. 

[104] Wang, H.-Y. and Friedman, E., Receptor-mediated activation of G protein is reduced in 

postmortem brains from Alzheimer's disease patients. Neurosci. Lett., 173 (1994) 37-39. 

[105] Wang, F.H.. G.J.. S.. Chen, W.H.. J.. F. Prins, B.A., Levin, E.R. and Bahl, J.J., IGF I 

induction of p53 requires activation of MAP kinase in cardiac muscle cells, Biochem. 

Biophys. Res. Commun., 245 (1998) 912-917. 

[106] Wang, Q., Bilan. P.J.. Tsakiridis, T., Hinek. A. and Klip, A., Actin filaments participate 

in the relocalization of phosphatidylinositol 3-kinase to glucose transporter-containing 

compartments and in the stimulation of glucose uptake in 3T3-L1 adipocytes, Biochem. J., 

331 (1998) 917-928. 

[107] Weyman, C.M. and Wolfman, A., Mitogen-activated protein kinase kinase (MEK) 

activity is required for inhibition of skeletal muscle differentiation by insulin-like growth 

factor 1 or fibrobalst growth factor 2, Endocrinology, 139 (1998) 1794-1800. 

[108] Wickelgren, I., Tracking insulin to the mind. Science, 280 (1998) 517-519. 



22 

[109] Wijkander. J.. Landstrom, T.R., Manganiello. V.. Belfrage, P. and Degerman, E.. Insu­

lin-induced phosphorylation and activation of phosphodiesterase 3B in rat adipocytes: pos­

sible role for protein kinase B but not mitogen-activated protein kinase or p70 S6 kinase. 

Endocrinology, 139 (1998) 219-227. 

[110] Wilson, C.M., Mitsumoto. Y.. Maher, F. and Klip, A., Regulation of cell surface 

GLUTI. GLUT3. GLUT4 by insulin and IGF-I in L6 myotubes. FEBS Lett., 368 (1995) 19-

22. 

[111] Yakovchenko. E.. Whalin, M., Movsesyan. V. andGuroff, G., Insulin-like growth factor 

I receptor expression and function in nerve growth factor I differentiated PC 12 cells, J. 

Neurochem., 67 (1996) 540-548. 

[112] Yang, J.. Clarke. J.F.. Ester, C.J.. Yound, P.W., Kasuga, M. and Holman, G.D.. 

Phosphatidylnositol 3-kinase acts at an intracellular membrane site to enhance GLUT4 

exocytosis in 3T3-L1 cells. Biochem. 7.. 313 (1996) 125-131. 

[113] Yankner. B., Dawes. L., Fisher. S.. Villa-Komaroff. L., Oster-Granite, M. and R., N., 

Neurotoxicity of a fragment of the amyloid precursor associated with Alzheimer's disease. 

Science, 245 (1989) 417-420. 

[114] Yankner, B.A., Duffy, L.K. and Kirschner, D.A.. Neurotrophic and neurotoxic effects of 

amyloid B protein: Reversal by tachykinin neuropeptides. Science, 250 (1990) 279-282. 



23 

CHAPTER 2: G PROTEIN AND CAMP-DEPENDENT PROTEIN KINASE (PKA) 

MEDIATE AMYLOID B-PEPTIDE INHIBITION OF NEURONAL 

GLUCOSE UPTAKE 

A paper to be submitted to Nature 

Teerasak Prapong, Etsuro Uemura, and Walter H. Hsu 

Alzheimer's disease (AD) is characterized by deposition of amyloid B-peptide (AB), a 

39-43 amino acid protein ^. AJ3 has been shown to impair glucose uptake in cultured hippocam-

pal neurons^ and astrocytes^. It is not known whether AB affects neuronal glucose uptake in the 

brains of AD patients; however, ample evidence exists to suggest that glucose metabolism has 

changed in their brains'^ ^ ^. The mechanism by which AB inhibits glucose uptake in cultured 

cells is not known. Here we demonstrated a signaling pathway in which A625-35, a neurotoxic 

portion of the AB peptide corresponding to amino acids 25-35^^, inhibits neuronal glucose 

uptake by hippocampal neurons. The GP antagonist-2'^, which blocks Gs, prevented the in­

hibitory effect of AB on the glucose uptake. Cholera toxin, which stimulates adenylyl cyclase 

by activating Gs protein, also inhibited neuronal glucose uptake. Furthermore, the inhibitory 

effect of cholera toxin on glucose uptake was potentiated by AB. Exposure of cells to AB re­

sulted in a transitory increase in intracellular levels of cAMP. Addition of dibutyryl cAMP 

(Bt^cAMP) or an adenylyl cyclase activator, forskolin, to the culture medium inhibited neu­

ronal glucose uptake, and PKA inhibitor KT-5720 blocked the AB-mediated inhibition of glu­

cose uptake. Thus, our findings suggest that AB inhibits glucose uptake by activating the Gs-

coupled receptors and involves the cAMP-PKA system. 

To examine whether AB inhibition of neuronal glucose uptake is mediated by a G pro­

tein, hippocampal neurons were exposed to GP antagonist-2, which blocks the receptor-Gs 

interactionIn this study, cultured hippocampal neurons at day 4 post-plating were exposed 

to synthetic AB25-35 for 24 hr with or without 10 pM GP antagonist-2 in the culture medium. 
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The neuronal glucose uptake was measured and expressed as picomol ['"HZ] D-glucose per mg 

of cellular protein^. AB25-35 significantly inhibited neuronal glucose uptake [F(3,8)=66.8. 

p=0.0001] (Fig. la). Those neurons exposed to AB25-35 showed 40% less glucose uptake com­

pared with the control. However, the G protein antagonist prevented this inhibitory effect of 

Afi, suggesting G protein mediates AB inhibition of neuronal glucose uptake. 

To further assess the role of Gs on the inhibitory effect of A6 on neuronal glucose 

uptake, the effect of cholera toxin, which stimulates adenylyl cyclase by activating Gsl"^. was 

studied in cultured hippocampal neurons. In this study, neuronal glucose uptake was assessed at 

day 4 post-plating following exposure to cholera toxin (0.01,0.1 or 1 jig/ml) in the medium for 

one hr. Cholera toxin at 0.01 and 0.1 )ig/ml had no effect on neuronal glucose uptake, but 1 (ig/ 

ml cholera toxin significantly inhibited glucose uptake [F(3,8)=38.63, p=0.001] (Fig. lb). Based 

on this observation, the two low doses of cholera toxin (0.01, 0.1 jig/ml) were used to study 

whether this toxin potentiates the inhibitory effect of A6. In this study, neurons at day 4 post-

plating were exposed for 24 hr to both A625-35 coated on cover slips and cholera toxin at either 

0.01 or 0.1 ^.g/ml in the culture medium. Those neurons exposed to AB25-35 showed 38% less 

glucose uptake than the control (t=3.78. p=0.(X)01). When neurons were exposed to both A625-

35 and 0.1 |ig/ml cholera toxin, their glucose uptake was 53% less than the control (t=5.99, 

p=0.001) and 26% less than those exposed to AB25-35 alone (t=4.87, p=0.0004). Thus, cholera 

toxin potentiated the effect of AB25-35, suggesting that AB inhibits glucose uptake by activat­

ing the Gs-coupled receptors. 

Since Gs activates adenylyl cyclase ̂  we studied the effect of AB on intracellular cAMP 

levels in cultured hippocampal neurons. In this smdy, neurons at day 4 post-plating were ex­

posed to AB25-35 for 2 hr, 2 days, or 3 days. Neurons were analyzed for cAMP content using 

radioimmunoassay (Amersham). A significant change in intracellular cAMP levels was ob­

served in neurons exposed to AB [F(1.12)=75.5, p=0.0001] and this change was time-depen­

dent [F(2.12)=19.3, p=0.0002] (Fig. 2a). The highest cAMP level was found in neurons ex­
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posed to A6 for 2 hr. followed by those neurons exposed to A6 for 48 hr. cAMP levels at 72 hr 

post-exposure were not different from the control. 

An elevation of intracellular cAMP levels by AB25-35 within 2 hr of application sug­

gests that A6 stimulates Gs-adenylyl cyclase coupling. To further assess the role of cAMP in 

neuronal glucose uptake, we studied the effect of c AMP on neuronal glucose uptake in hippoc-

ampal neurons. At post-plating day 4. cultured neurons were exposed for one hr to either Bt^c AMP 

(0,0.5. 1.5, 10.50 |iM) or forskolin (0. 10.25.50. 100 |iM). Neurons were assessed for glucose 

uptake and cellular protein at 0 and 1 hr post-treatment. Neuronal glucose uptake was signifi­

cantly inhibited by Bt,cAMP [F(5. 18)=9.07. p=0.0002] (Fig. 2b) or forskolin [F(4, 15)=4.68. 

p=0.0006] (Fig. 2c). This inhibitory effect was dose-dependent for both Bt^cAMP (r^.54) and 

forskolin (r^.58). Neurons exposed to either 50 jiM Bt,cAMP or 100 [iM forskolin showed 

only 13% of glucose uptake by the control neurons. Since A6 elevated intracellular cAMP 

levels within 2 hr, we assessed the inhibitory effect of A6 on glucose uptake following exposure 

for 3 hr to A625-35. Glucose uptake was significantly inhibited by A1325-35 (t=2.97. p=0.025) 

(Fig. 2d), suggesting an acute inhibitory effect of A625-35. 

Inhibition of neuronal glucose uptake by Bt^cAMP and forskolin suggests that glucose 

uptake is regulated by cAMP-dependent protein kinase (PKA). To examine whether PKA plays 

a regulatory role in neuronal glucose uptake, the effect of a PKA inhibitor KT-5720 was studied 

in cultured hippocampal neurons. At day 4 post-plating, neurons were exposed to KT-5720 (0.1 

|iM and 1 |iM) in the culture medium and AB25-35 on cover slips for 24 hr. Neuronal glucose 

uptake and cellular protein were assessed at 1 hr post-sampling time. Glucose uptake by control 

neurons was 40 pmol/mg cellular protein (Fig. 3). In contrast, AB25-35 significantly reduced 

glucose uptake to 15 pmol/mg cellular protein, i.e., 38% of the control neurons. This inhibitory 

effect of A625-35 was prevented by I |iM KT-5720, but not by 0.1 pM KT-5720. This dose-

dependent effect of the PKA inhibitor was highly significant [F(3, 16)=8.62, p=0012]. The 

result suggests an inhibitory role by PKA on neuronal glucose uptake. 
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Discussion 

The present study demonstrates that G protein and cAMP mediate A625-35 inhibition 

of neuronal glucose uptake. How these in vitro data relate to the decreased glucose metabolism 

in AD is not certain. It is possible that the decreased cerebral glucose uptake shown in AD may 

reflect, in part, the inhibitory effect of AB on neuronal and astrocytic glucose uptake. Such an 

hypothesis infers the presence of functional G protein-stimulated activity of adenylyl cyclase 

and cAMP in AD patients. Postmortem smdies of AD patients have shown normal G-protein 

levels catalytic activity of cAMP. and PKA^^"~ However, the regulatory function 

of G-protein on adenylyl cyclase was reported as either normal or reducedThis 

inconsistency may reflect differences in postmortem instability of the enzyme at different stages 

of Alzheimer's disease The regulatory function of G-protein on adenylyl cyclase could also 

be affected only at the terminal stage of AD disease. In this respect, our study seems to suggest 

that chronic exposure to AC desensitizes Gs in regulating adenylyl cyclase. AB inhibition of 

neuronal glucose uptake could also be mediated by Ca'Vcalmodulin-sensitive adenylyl cyclase 

and an increase cAMP levels, the process known to occur in the hippocampus^'^. However, 

Ca'Vcalmodulin-mediated inhibition of glucose uptake is less likely because it was shown that 

AB-induced apoptosis was not inhibited by KN-62. an inhibitor of Ca-Vcalmodulin dependent 

protein kinase^S. in neurons, the rate of glucose uptake depends on the number of GLUT3 on 

the plasma membrane, not on extracellular glucose concentration^^. In cultured hippocampal 

neurons, AB did not affect GLUTS protein levels, even after 6 hr of AB treatment^. This sug­

gests that AB induces an intrinsic functional change in GLUTS on the plasma membrane. In 

adipocytes, phosphorylation of GLUT4 is known to inhibit insulin-stimulated glucose trans­

port 27,28 In our smdy, the PKA inhibitor, KT-5720, prevented the inhibitory effect of AB on 

neuronal glucose uptake, suggesting GLUTS phosphorylation by PKA as an important regula­

tor of GLUTS function in hippocampal neurons. Also consistent with our present findings, the 
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PKA inhibitor, H-89, was shown to prevent AB-induced apoptosis^^. Considering the impor­

tance of glucose in the CNS function, the effect of A6 on neuronal glucose metabolism in AD 

warrents further study. 
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Figure legends 

Figure 1. G protein mediates A6 inhibition of neuronal glucose uptake. Abbreviations used for 

figure: C=control, AB=amyloid B-peptide, Ga=GP antagonist 2, Ctxl=l |ig/ml cholera toxin, 

Ctx. 1 =0.1 [ig/ml cholera toxin, Ctx.01 =0.01 |ig/ml cholera toxin, a, Culmred hippocampal neu­
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rons at day 4 post-plating were exposed to synthetic AB25-35 for 24 hr with or without 10 pM 

GP antagonist-2 in the culture medium. Those neurons exposed to Afi25-35 showed 40% less 

glucose uptake compared with the control. However. GP antagonist 2 prevented this inhibitory 

effect of A6. b. Neuronal glucose uptake was assessed at day 4 post-plating following exposure 

to cholera toxin (0.01, 0.1 or 1 Hg/ml) in the medium for one hr. Cholera toxin at 0.01 and 0.1 

(ig/ml had no effect on neuronal glucose uptake, but 1 p.g/ml cholera toxin significantly inhib­

ited glucose uptake, c. Two low doses of cholera toxin (0.01, O.I |a.g/ml) were used to study 

whether cholera toxin potentiates the inhibitory effect of A6 in neuronal glucose uptake. Neu­

rons at day 4 post-plating were exposed to synthetic AB25-35 for 24 hr with cholera toxin at 

either 0.01 or 0.1 p.g/ml in the culture medium. As noted above (a), neurons exposed to A625-

35 showed 38% less glucose uptake than the control. Neurons exposed to both AB25-35 and 

0.01 M.g/ml cholera toxin did not differ in their glucose uptake from those exposed to A625-35 

alone. However, those neurons exposed to both A625-35 and 0.1 |J.g/ml cholera toxin showed 

26% less glucose uptake than those exposed to AB25-35 alone. 

METHODS. A625-35 and scrambled control peptide were prepared according to Parpura-

Gill et al.^. Hippocampal neurons from 17E Sprague-Dawley rats were cultured according to 

Abe and Kimura^O; however, we used N2 instead of N1 supplement in our cultures. Neurons 

plated onto 24-well tissue culture plates were exposed to A625-35 or scrambled control peptide 

by using cover slips coated with the peptides. The coated-side was placed on top of the cultured 

neurons at post-plating day 4. Neuronal uptake of glucose was assayed by using ['•'C]D-glucose 

(313 |xCi/mmol, ICN) at final glucose concentrations of 600 nM (0.1 (iCi/500(il media in well). 

Cell lysates were used for determination of radioactivity by using a beta liquid scintillation 

counter (Packard, 1600TR) and for assay of total cell protein (Bio-Rad protein assay kit). Neu­

ronal uptake of ['•'C]D-glucose was expressed as pmol of glucose/mg of cellular protein. Each 

experiment was replicated three times (n=3) with 4 wells per condition per replication. All data 

were analyzed using all pups from each pregnant rat as an experimental unit. Data were ana­
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lyzed for treatment differences by analysis of variance and intertreatment differences were 

determined by post-hoc test (Tukey's). 

Figure 2. cAMP mediates AB inhibition of neuronal glucose uptake. Abbreviations used 

for figure: C=control. A6=amyloid B-peptide. a. Neurons at day 4 post-plating were analyzed 

for cAMP content following exposure to AB25-35 or scrambled control peptide for 2 hr. 2 days, 

or 3 days. A significant change in intracellular c AMP levels was observed in neurons exposed 

to AB and this change was time-dependent. The highest cAMP level was found in neurons 

exposed to AB for 2 hr. The cAMP level had fallen to the control level by 72 hr. b-c. Neurons at 

day 4 post-plating were assessed for glucose uptake and cellular protein at 0 and 1 hr following 

exposure for one hr to either Bt,cAMP (0. 0.5, 1. 5. 10, 50 |jM) or forskolin (0. 10, 25. 50, 100 

^iM). Neuronal glucose uptake was significantly inhibited by Bt., cAMP (b) or forskolin (c). 

This inhibitory effect was dose-dependent for both Bt, cAMP and forskolin. d. Since 6A25-35 

elevated cAMP by 2 hr (a), neurons at day 4 post-plating were assessed for glucose uptake at 0 

and 1 hr following exposure to either AB25-35 or forskolin (10 (iM) for 3 hr. Glucose uptake 

was significantly inhibited by AB25-35, suggesting an acute inhibitory effect of AB25-35. 

METHODS. The cAMP content of culmred neurons was determined with the acetyla-

tion protocol of '^I cAMP radioimmunoassay (Amersham). Each experiment was replicated 

three times (n=3) with 4 wells per condition per replication. All data were analyzed using all 

pups from each pregnant rat as an experimental unit. Data were analyzed for treatment differ­

ences by analysis of variance and intertreatment differences were determined by subsequent 

post-hoc test (Tukey's). 

Figure 3. PKA mediates AB inhibition of neuronal glucose uptake. Abbreviations used 

for figure: C=control, A6=amyloid B-peptide, PKAi=PKA inhibitor. Neurons at day 4 post-

plating were analyzed for glucose uptake and cellular protein following exposure to KT-5720 

(0.1 [iM or 1 |JM) in the culture medium and A625-35 or scrambled control peptide on cover 

slips for 24 hr. Glucose uptake by control neurons was 40 pmol/mg cellular protein. In contrast. 
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AB25-35 significantly reduced glucose uptake to 15 pmol/mg cellular protein, i.e., 38% of the 

control neurons. This inhibitory effect of AB25-35 was prevented by 1 |iM KT-5720, but not by 

0.1 pM KT-5720. This dose-dependent effect of PKA was highly significant. Each experiment 

was replicated three times (n=3) with 4 wells per condition per replication. All data were ana­

lyzed using all pups from each pregnant rat as an experimental unit. Data were analyzed for 

treatment differences by analysis of variance and intertreatment differences were determined 

by post-hoc test (Tukey's). 
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CHAPTER 3: EFFECTS OF INSULIN AND INSULIN-LIKE GROWTH FACTOR 1 

aCF-I) ON AB INHIBITION OF NEURONAL GLUCOSE UPTAKE 

A paper to be submitted to Brain Research 

Teerasak F*rapong, Etsuro Uemura, and Walter H. Hsu. 

Abstract 

Alzheimer's disease (AD) is characterized by deposition of amyloid B-peptide (AB). AB 

has been shown to impair glucose uptake in cultured hippocampal neurons in vitro. However, 

how AB inhibits glucose uptake is not known. We examined the effects of insulin and insulin­

like growth factor 1 (IGF-I) on the inhibitory effect of AB on neuronal glucose uptake. Insulin 

and IGF-I elevated neuronal glucose uptake, but the effect of IGF-I was more potent than insu­

lin. Neurons exposed to AB25-35 showed 38% less glucose uptake than the control. However, 

IGF-I and insulin prevented this inhibitory effect of AB. To study the signaling pathway of IGF-

I that stimulates glucose uptake, hippocampal neurons were studied for their glucose uptake 

following exposure to a phosphoinositide 3-kinase (PI3K) inhibitor (LY294C)02) or a mitogen-

stimulated protein kinase (MAPK) inhibitor (PD-98059). The stimulatory effect of IGF-I on 

neuronal glucose uptake was significantly inhibited by LY294002, but not by PD98059. The 

results suggest that (1) both IGF-I and insulin are effective in elevating neuronal glucose uptake 

and preventing the inhibitory effect of AB and (2) PI3K, but not MAPK, plays a regulatory role 

in neuronal glucose uptake. 

Introduction 

The neuropathology of AD is characterized by deposition of AB, a 39-43 amino acid 

protein [61]. AB is the primary protein component of neuritic plaques [38], the morphology of 

which varies from diffuse deposits of nonfibrillar AB to fibrillar AB. Although there are numer­

ous reports linking AB to neurotoxicity in vitro and in vivo [39], the mechanisms involved in 
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A6-mediated neuronal degeneration are not well understood. In vitro study has shown that A6 

impairs glucose uptake in cultured hippocampal neurons [37] and astrocytes [43]; however, it is 

not known whether AB affects neuronal and astrocytic glucose uptake in AD patients. There is 

some evidence suggesting that glucose metabolism is changed in the brains of AD patients 

[14,29,46,48]. It was calculated that reduction of cerebral glucose utilization ranges from 19% 

in mild cases to 40% and more in severely diseased patients [27,34], Alzheimer's patients have 

abnormally low blood glucose [28] and glucose has been shown to enhance memory in 

Alzheimer's patients and normal elderly adults [8.32]. Because glucose infusion is usually 

associated with elevation of plasma insulin, a group of Alzheimer's patients was further as­

sessed by raising plasma insulin, but preventing a rise in plasma glucose [9]. There was a 

striking memory enhancement in these patients, suggesting a functional importance of insulin 

in the brain. Reduced cerebral glucose uptake by individuals genetically at risk for developing 

AD also supports the notion that glucose deprivation precedes neuronal degeneration [31,45,47]. 

Neurons exposed to AI3 become more susceptible to glucose deprivation [7]; however. 

IGF-I and IGF analogues are effective in promoting cell survival under this condition [6,22]. 

Furthermore, IGF-I is shown to protect, and more importantly, to rescue rat hippocampal neu­

rons against A6-induced toxicity [ 13]. The protective mechanism of IGF-I is not known, but it 

was shown that insulin and IGF-I act as a neuronal growth factor [53,57]. In transgenic mice 

that overexpress IGF-I in the brain, glucose uptake increases significantly in the brain [20]. In 

vitro studies have also shown that IGF-I increases glucose uptake in skeletal muscle, mesangial 

cells, L6 myotubes, and PC 12 cells [17,23,35,60]. .Although several smdies in humans suggest 

the importance of insulin in hippocampal energy metabolism [19,26] £uid memory facilitation 

[8,9], it is not known whether insulin and IGF-I promote glucose uptake by neurons. In the 

present study, the effects of insulin and IGF-I on glucose uptake were examined in hippocam­

pal neurons exposed to AB25-35 in vitro. The signaling pathways of insulin and IGF-I that 

stimulate neuronal glucose uptake were examined by exposing hippocampal neurons to a 
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phosphoinositide S-kinase (PI3K) inhibitor or a mitogen-stimulated protein kinase (MAPK) 

inhibitor. 

Material and Methods 

A625-35, a neurotoxic portion of AB peptide that corresponds to amino acids 23-35 of 

A6 found in AD [61 ] and scrambled peptide [40]were synthesized and purified at the Univer­

sity of Iowa Protein Facility. The scrambled peptide has the following sequence: H-IIe-Met-

Leu-Gly-Asn-Gly-Ala-Ser-IIe-Gly-OH. Scrambled peptide and A625-35 were dissolved in 

Millipore-filtered double distilled water (pH 7.2, 10 mg/ml) and aliquots were stored at -20 °C. 

The working concentrations of each peptide (10-100 fXg/ml) were prepared by further dilution 

in double-processed tissue culture water. Rat hippocampal neurons were prepared by modify­

ing the method previously described by [ 1 ]; however, we used N2 instead of NI supplement in 

our culture. E17 - E18 pregnant rats (Holtzman) were euthanized in the halothane chamber. 

The fetuses were removed by cesarean section. Then, the brains were dissected and put into 

cold Earles Balance Salt Solution (EBSS) by sterile technique. Hippocampi were dissected 

under the stereoscope and placed into cold sterile EBSS. The tissues were incubated in a 0.2% 

trypsin EBSS solution for 15 minutes and in a 0.2% trypsin inhibitor EBSS solution for 5 

minutes, respectively. The tissue was dissociated by tituration through a fire-polished pasteur 

pipette in Minimum Essential Medium (MEM) supplemented with 40 mM glucose, 2 mM L-

glutamine, 1 mM pyruvate, 2 mM NaHCO^, 100 lU/ml penicillin, 100 |ig/ml streptomycin and 

I ml of N-2 supplement (Gibco). Tissue suspension with a density of 1-3 x lO' cells/mi in 

MEMN2 media was plated in 24 -well tissue culture plates coated with polyethylenelmine 

(PEI) alone or re-coated with either A625-35 or scrambled peptide. The culture was incubated 

at 37 °C in 5% CO, humidified atmosphere for 4 days before treatment. 

To study the effect of AB, IGF-I, and insulin on neuronal glucose uptake, cells were 

exposed, at day 4 post-plating, to 10 nM AB25-35 coated on cover slips, 50 nM IGF-I, or 50 nM 
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insulin for 24 hr. Cover slips coated with AB25-35 were prepared by allowing 50 |il of AB25-35 

placed on a round cover slip (12 mm in diameter) to air dry. The coated-side of the cover slip 

was placed on top of cultured neurons. Neuronal uptake of glucose was assayed by using D-[U-

'•'Cjglucose (313 mCi/mmol, ICN) at final glucose concentration of 600 nM (0.1 |iCi/500 p.1 

media in well). Cell lysates were used for determination of radioactivity by using a beta liquid 

scintillation counter (Packard. 1600TR) and for assaying of total cell protein (Bio-Rad protein 

assay kit). Neuronal uptake of ['"'C] D-glucose was expressed as pmols of glucose/mg of cellu­

lar protein. To examine the signaling pathway of IGF-I that elevates neuronal glucose uptake, 

hippocampal neurons at day 4 post-plating were exposed to 50 nM IGF-I or 50 nM insulin for 

24 hr, in the presence of either 50 |iM PI3K inhibitor (LY294002, Eli Lilly) or 30pM MAPK 

inhibitor (PD-98059. Biomol). Each experiment was replicated three times (n=3) with 4 wells 

per condition per replication. All data were analyzed using all pups from each pregnant rat as an 

experimental unit. Data were analyzed for treatment differences by analysis of variance and 

intertreatment differences were determined by subsequent post-hoc test (Tukey's ). 

Results 

The effects of insulin and IGF-I on glucose uptake were examined in hippocampal neu­

rons exposed to AB25-35. Hippocampal neurons responded significantly to Afi25-35. IGF-I. 

and insulin [F(5,12)=72.9, p=0.000I] (Fig. 1). Neuronal glucose uptake was increased by either 

IGF-I (t=-6.78, p=0.0001) or insulin (t=-3.29, p=0.006), but the effect of IGF-I was more potent 

than insulin (t=3.49. p=0.0045). AB25-35 inhibited the glucose uptake by 38% compared with 

the control (t= 10.84, p=0.0001). Both IGF-I and insulin prevented this inhibitory effect of AI325-

35, but the preventive effect of IGF-I was more potent than that of insulin (t=3.47, p=0.0046). 

Thus, neurons exposed to both AB and IGF-I showed significantly more glucose uptake than 

the control (t=-2.81, p=0.016), while those cells exposed to both AB and insulin had glucose 

uptake similar to the control. The results suggest that both IGF-I and insulin are effective in 
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elevating neuronal glucose uptake and preventing an inhibitory effect of A6. 

Since both IGF-I and insulin significantly elevated neuronal glucose uptake, the effects 

of a PI3K inhibitor (LY294002) and a MAPK inhibitor {PD-98059) were assessed on the stimu­

latory effect of IGF-I on glucose uptake. The effect of 50 pM LY294002 on glucose uptake is 

shown in Fig. 2. PI3K inhibitor alone had no effect on neuronal glucose uptake; however, it 

significantly prevented the stimulatory effect of IGF-I on glucose uptake (t=2.85, p=0.02). The 

effect of PD-98059 is shown in Fig. 3. The MAPK inhibitor alone did not affect neuronal 

glucose uptake; however, unlike the PI3K inhibitor, the MAPK inhibitor did not prevent the 

stimulatory effect of IGF-I on glucose uptake. The results suggest that PI3K. not MAPK. medi­

ates the elevation of glucose uptake by IGF-I. 

Discussion 

The present study has shown that both IGF-I and insulin are effective in elevating glu­

cose uptake by cultured hippocampal neurons. In both skeletal muscle and adipocytes, insulin 

and IGF-I were shown to control the actual number of GLUT4 in the plasma membrane by 

stimulating translocation of GLUT4 [36.44.59]. Similarly, insulin and IGF-I were shown to 

translocate GLLrT3 in L6 myotubes [41]; however, what regulates translocation of neuronal 

GLUT3 is not known at present. Insulin and IGF-I share structural and functional feamres, 

including an a-subunit that binds the hormone-like agent and a B-subunit that has a tyrosine-

specific protein kinase [56]. The metabolic effects of these hormones are initiated by their 

binding to the extracellular domain of the specific membrane receptors, which lead to the acti­

vation of, among others, Ras and PI3K [21,54]. Many of these kinases appear to be arranged in 

cascades, including a cascade that results in the elevation of glucose uptake in insulin sensitive 

cells [55]. The signaling pathways that stimulate neuronal glucose uptake are not known. In 

adipocytes, PI3K was shown to increase GLIJT4 translocation to the plasma membrane and 

glucose transport [16,24,30,33]. Furthermore, a PI3K inhibitor, LY294002, was shown to in­
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hibit glucose uptake [50] by interfering with insulin mediated translocation of GLUT4 [5]. 

Similarly, our smdy demonstrated that LY294002, but not MAPK inhibitor, inhibits IGF-I stimu­

lated neuronal glucose uptake. This suggests that IGF-I stimulated increase in glucose transport 

by hippocampal neurons involves a signaling pathway of PI3K. 

Those neurons exposed to AB25-35 for 24 hr showed 38% less glucose uptake com­

pared with the control. Thus, our data confirms the previous study [37)]. The present study has 

also shown that insulin and IGF-I prevent this inhibitory effect of A6, elevating the glucose 

uptake either to the control levels by insulin or more than control levels by IGF-I. In healthy, 

nonstarved mammalian brain, glucose is the only substrate for the formation of energy in the 

form of ATP [15]. Neurons with impaired glucose uptake or exposed to AB have impaired 

mitochondrial activity and suppressed production of ATP [39]. How these in vitro data relate to 

the brains of AD patients is not certain, but it was estimated, based on the rates of oxidized 

glucose and oxygen consumption, that the rate of cerebral ATP formation decreases by 7% in 

early-onset AD and 20% in late-onset AD [25]. Thus, the capacity of insulin and IGF-I to 

promote glucose uptake and prevent AB inhibition of neuronal glucose uptake is of importance 

to normal and pathological brain functioning. An increasing body of evidence suggests that 

insulin has a vital role in brain function [58]. Expression of the insulin gene and insulin synthe­

sis occur in a highly specific pattern, with the highest density in hippocampal pyramidal neu­

rons [12]. Plasma insulin was also shown to cross the blood-brain barrier by saturable receptor-

mediated transcytosis, and residual insulin is removed through the CSF [2,3,52]. At present, 

normal insulin and IGF-I levels in the human brain are not known. However, a deficit in these 

hormones is suspected in the brains of AD patients because of their higher plasma insulin and 

IGF-I, and lower CSF insulin levels [10]. Insulin and IGF-I receptors are also present in the 

human brain [42,49,51 ], and their numbers increase in the brains of AD patients [4,11,18]. If 

this proliferation of insulin and IGF-I receptors is the brain's attempt to compensate for a lack 
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of insulin and IGF-I, the reduced cerebral glucose utilization found in AD may reflect the cere­

bral insulin and IGF-I deficit in AD [27]. 
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Control IGF-I Insulin A6+IGF-I AB+Insulin 

Experimental Condition 

Figure 1. The effects of insulin and IGF-I on glucose uptake in hippocampal neurons exposed 

to AB25-35. 
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Figure 2. The effect of a PI3K inhibitor (LY294002) on the stimulatory effect of IGF-I on 

neuronal glucose uptake. 
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Figure 3. The effect of a MAPK inhibitor (PD-98059) on stimulatory effect of IGF-I on 

neuronzd glucose uptake. 
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CHAPTER 4: GENERAL DISCUSSION 

The research in this dissertation was to test the hypothesis that (I) G protein and c AMP 

mediate Afi inhibition of neuronal glucose uptake, (2) Insulin and IGF-I prevent the inhibitory 

effect of Afi on neuronal glucose uptake, and (3) either IP3K or MAPK mediates the effect of 

IGF-I (Figure 1). The results from the studies suggested that (1) the inhibitory effect of Afi 

(A625-35) on glucose uptake by culture hippocampal neurons is mediated via a G protein and 

cAMP-dependent PKA pathway, (2) both insulin and IGF-I induce elevation of glucose uptake 

and prevent the inhibitory effect of Afi, and (3) IGF-I stimulates glucose uptake via IP3-Kinase. 

To test the first hypothesis, G Protein antagonist-2 (GPAnt-2) was used to block the 

binding of the receptor with G protein [44]. The GPAnt-2 minimized the inhibitory effect of 

AB25-35 on neuronal glucose uptake, suggesting that G protein plays a key role in A6 decreas­

ing glucose transport of neurons. It is known that cholera toxin activates G protein activity 

resulting in more cAMP in the cells [30]. Cholera toxin in the present study not only inhibited 

neuronal glucose uptake, but also potentiated the inhibitory effect of Afi. Based on these data, 

cAMP and PKA were speculated as two molecules involved in the pathway. By using dibutyryl 

cAMP (Bt^cAMP) and forskolin. it was concluded that they have an inhibitory role in neuronal 

glucose uptake further supporting the involvement of cAMP. In the cAMP-dependent protein 

kinase pathway, cAMP exerts its action on cAMP-dependent protein kinase or PKA [45]. The 

present study shows that PKA inhibitor can prevent the inhibitory effect of Afi on neuronal 

glucose uptake. This could be the reason for the attenuation effect of PKA on Afi toxicity on 

cultured rat cerebral neurons shown by Ueda et al. [59]. 

The present study demonstrates that G protein and cAMP mediate Afi25-35 inhibition 

of neuronal glucose uptake. How these in vitro data relate to the decreased glucose metabolism 

in AD is not certain. It is possible that the decreased cerebral glucose uptake shown in AD may 

reflect, in part, the inhibitory effect of Afi on neuronal and astrocytic glucose uptake. Such an 
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Figure 1. Hypothetical pathways mediating the inhibitory effcct of A6 and the stimula­

tory effect of insulin and IGF-I on neuronal glucose uptake 
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hypothesis infers the presence of functional G protein-stimulated activity of adenylyl cyclase 

and cAMP in AD patients. Studies from brain tissues of AD patients revealed that Ga-subunit 

is unchanged [42] or even elevated Gs a-mRNA [26]. Catalytic activity of cAMP and cAMP-

dependent protein kinase was also reported as normal [9,22,43,49]. Nevertheless, other studies 

indicated the opposite [16,53]. This inconsistency may reflect differences in postmortem insta­

bility of the enzyme at different stages of Alzheimer's disease [9]. 

The present study assessed intracellular cAMP following exposure to A625-35 for 2 

hrs to 72 hrs. Interestingly, chronic exposure to A6 resulted in a decrease of cAMP that may be 

due to desensitization of G protein-coupled receptors. The mechanism of desensitization of G 

protein-coupled receptors was reviewed; it was found that tachykinin, M2 muscarinic and nico­

tinic receptors can be desensitized [15]. The tachykinin receptor was reported to be a site for AB 

binding [14,66]. More over, nicotinic receptors and M2 muscarinic receptors are decreased in 

AD patients [41,54]. Both cAMP and PKA also play a role in the process of desensitization 

[15]. It was proposed here that in the early state of decreasing glucose uptake caused by AB, 

cAMP and PKA might be key molecules affecting the intrinsic activity of GLUT3. Conse­

quently, rising cAMP and PKA activity leads to desensitization of receptors for AB binding 

which would lead to a decline of cAMP. The present study showed that the cAMP level is 

inversely related to the rate of glucose uptake. Decreased cAMP levels as a result of desensiti­

zation of G protein-coupled receptors should make the rate of glucose uptake return to normal. 

However, it did not. It is possible that AB-mediated elevation of cAMP suppressed GLUT3 

mRNA, and the subsequent decrease in number of GLUT3 available for glucose transport. In 

3T3-L1 adipocytes, increasing cAMP by either forskolin or 8-bromo-cAMP was shown to re­

press expression of the GLUT4 gene [32]. However, GLUT3 mRNA levels in neurons chroni­

cally exposed to AB is not known. 

The second study was to test the hypothesis that insulin and IGF-I prevent the inhibitory 

effect of AB on glucose uptake and either PI3K or MAPK mediates the effect of IGF-I. The 
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brains of humans and rodents were shown to have receptors, mRNAs and binding proteins for 

insulin and IGFs [ 1 -5,7,8.10,13,19,24.27,29,33.37-40,46.48,51,52,56-58,62,64,65]. Recent stud­

ies found alteration of insulin and its receptors in AD patients [23]. The patients have high 

levels of plasma insulin and IGF. whereas their CSF levels are lower than non AD people of the 

same age [18]. In addition, insulin and glucose were shown to improve memory in AD patients 

[17,35], and injecting streptozotocin into the rat brain was shown to impair memory due to 

desensitization of insulin receptors [31.47]. IGF-I. which has a structure and receptors similar 

to insulin was shown to prevent A6 toxicity and increase glucose uptake in PC 12 cells in vitro 

[20,65]. Whether and how insulin and IGF exert their function on neuronal glucose uptake in 

vivo is not known. 

The present study showed that both insulin and IGF-I elevate glucose uptake in the 

cultured neurons. The result agrees with the previous study in PC 12 cells [65]. IGF-I and IGF-

n were reported to have their protective action against calcium-mediated hypoglycemic dam­

age in cultured hippocampal and septal neurons [12]. However, the study did not look for the 

effect of IGFs on normal glucose uptake. The hippocampus is one of the prominent areas in the 

brain having IGF-I receptors [29]. This suggests why IGF-I has more potency to increase glu­

cose uptake in the cultures used in this study. Nevertheless, how insulin and IGFs regulate 

neuronal glucose uptake is not known. It was demonstrated in L6 myotubes that insulin and 

IGF-I increase translocation of GLUT3 from the cytosol pool to plasma membrane[6,63]. How­

ever, the translocation of GLUT3 in neurons has not been demonstrated at present. The present 

study showed that both IGF-I and insulin were able to prevent the inhibitory effect of AB25-25 

on glucose uptake, although IGF-I is more potent than insulin. Insulin was shown to increase 

GLUT3 mRNA in rat brain under chronic insulin hypoglycemia [60], suggesting the involve­

ment of insulin in cerebral glucose metabolism. 

The present study also investigated the pathway used by IGF-I to regulate neuronal 

glucose uptake. The results showed that a IP3K inhibitor (LY294002), but not MAPK inhibitor 
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(PD98059), prevents the stimulatory effect of IGF-I on neuronal glucose uptake. This suggests 

that IGF-I modulates the glucose uptake via a PI3K pathway. The metabolic effects of IGF-I 

and insulin are initiated by their binding to the extracellular domain of specific membrane 

receptors, which lead to the activation of, among others, Ras and PI3K [25,55], Many of these 

kinases appear to be arranged in cascades, including a cascade that results in the elevation of 

glucose uptake in insulin sensitive cells [61]. The signaling pathways that stimulate neuronal 

glucose uptake are not known. In adipocytes, PI3K was shown to increase GLUT4 transloca­

tion to the plasma membrane and glucose transport [21,28,34,36]. Furthermore, a PI3K inhibi­

tor, LY294002, was shown to inhibit glucose uptake [50] by interfering with insulin mediated 

translocation of GLUT4 [11]. Similarly, the present study demonstrated that LY294002, but 

not a MAPK inhibitor (PD98059), inhibits IGF-I stimulated neuronal glucose uptake. This 

suggests that IGF-I stimulated increase in glucose transport by hippocampal neurons involves a 

signaling pathway of PI3K. 
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