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EXPLANATORY NOTES

Slide 3

Sources:  
1. Alzheimer’s Disease Statistics Fact Sheet, Alzheimer’s association 1995.

2.  Rosenberg et al.  National Center for Health Statistics; 1996.
Slide 4. Metabolism is the primary source of oxidants

( The reduction of O2 to H2O, which is the key energy producing biological  

reaction, is associated with the production of reactive oxygen species (ROS) 

which, due to their high reactivity, can interact with a spectrum of biological                   

molecules.

( The brain has the highest level of O2 consumption and as such generates the 

highest levels of ROS (the brain which constitutes 2 – 3% of the body 

weight utilizes 20 – 25% of the basal metabolism)

( Brain metabolism is reduced in AD and may also be associated with 

decreased metabolic regulation and increased ROS levels.

Slide 5. Activated microglia and astrocytes in AD

AD brains contain reactive microglia which can be differentiated by their changed morphology and relative lack of processes.


( AD is associated with astrogliosis (lower panel).

Slide 6

Source:

Smith MA, Perry G. What are the facts and artifacts of the pathogenensis (sic) and etiology of Alzheimer disease?  J Chem Neuroanat 16:35-41, 1998.

Slide 7. Age is the key risk factor for AD

( All theories regarding the etiology and pathogenesis of AD have to take into 

account that aging is the key risk factor of AD.

( There is an inverse relationship between the metabolic rate of an animal and 

its maximum life span. This led to the hypothesis that aging is a process 

related to damage to tissues and cells which is caused by radicals and ROS.

From: Smith MA, Hirai K, Nunomura A, Perry G. Mitochondrial abnormalities: a primary basis for oxidative damage in Alzheimer’s disease.  Drug Dev Res 46:26-33, 1999. John Wiley & Sons

Slide 8. The TAUist and BAPtist view of AD

These views assert that it all starts at either tau or A(.

Slide 9. Non TAUist and non BAPtist: Agnostic?

The key difference between this view and the “catholic” TAUist and BAPtist views is that TAU phosphorylation and A( are viewed as a consequence of age-related neuronal dysfunction and not as parts of the cause.

Slide 11. The classical and modern definitions of oxidative stress

The classical definition views antioxidants as a static defense line that crumbles once overwhelmed by oxidants.  The modern approach views the REDUCTION/OXIDATION system as a regulated, buffering system that can respond dynamically to oxidant insults by moving to a new regulated steady state. The modern definition is particularly applicable to chronic situations of “non-excessive” oxidative stress, whereas the classic definition is applicable to extremely acute cases such as head trauma in which the magnitude of the oxidative insult is large and cannot be contained by the systems’ regulatory apparatus.

Source:
Perry G, Nunomura A, Siedlak SL, Harris PLR, Zhu X, Castellani RJ, Aliev G, Smith MA. Oxidant and antioxidant responses in Alzheimer disease.    Recent Res Devel Biophys Biochem 1:35-41, 2001.
Slide 12. Oxidative modifications affect all cellular macromolecules 

( Lipids, proteins, nucleic acids and polysaccharides are all oxidized in AD. 

The following is a brief description of the chemistry of the oxidative 

reactions and of their cellular location in the brain in AD.

( Glycation – Reducing sugars react with protein side chains to form 

reversible and stable products [advanced glycation endproducts (AGE)] that 

require oxidation.  Glycation products, particularly highly stable ones, are 

prominent in senile plaques, NFT, and neuronal cell bodies.

( Lipid peroxidation – Hydroxy radical attack of unsaturated lipids initiates 

lipid radical chain reactions leading to the non-stoichometric generation of 

highly reactive secondary products, particularly reactive carbonyls.  

Reactive aldehydes are the most toxic product of oxidative damage as they 

can inactivate enzyme active sites.  Also, oxidized membranes have altered 

mobility.  Aldehyde adducts to protein are common on senile plaques and 

NFT and are most prominent in cell bodies of vulnerable neurons.

( Protein oxidation can directly oxidize protein amino acid side chains and 

cleave the peptide bond.  Reactive carbonyls are often generated.  Protein 

nitration is a related phenomena and can be from peroxynitrite or 

peroxidative nitration.  Protein oxidation is most prominent in neuronal cell 

bodies.

( Nucleic acid – Hydroxy radical attack of DNA and RNA leads to altered 

bases.  DNA oxidation can be mutagenic while the effect on RNA is 

unknown.  The most prominent oxidized nucleic acids are in vulnerable 

neuronal cell bodies.

From:
1. Sayre L.M., Zelasko D.A., Harris P.L.R., et al., 4-Hydroxynonenal-derived advanced lipid peroxidation end products are increased in Alzheimer’s disease.  J Neurochem 1997; 68: 2092-7.  By premission of Blackwell Publishing.

2. Smith M.A., Sayre L.M., Anderson V.E., et al., Cytochemical demonstration of oxidative damage in Alzheimer disease by immunochemical enhancement of the carbonyl reaction with 2,4-dinitrophenylhydrazine.  J Histochem Cytochem 1998; 46: 731-5. Reproduced with permission of the Histochemical Society.

3. Nunomura A., Perry G., Pappolla M.A., et al., RNA oxidation is a prominent feature of vulnerable neurons in Alzheimer’s disease. 

Journal of Neuroscience 1999; 19: 1959-64. © 1999 by the Society for Neuroscience.

4. Castellani R.J., Harris P.L.R., Sayre L.M., et al., Advanced glycation in neurofibrillary pathology of Alzheimer disease: Ne-(carboxymethyl) lysine and hexitol-lysine. Free Radic Biol Med 2001; 31: 175-80. Reproduced with permission from Elsevier.

Slide 13. The temporal relationship between oxidative stress and cytoskeletal alterations

( Early reports of oxidative stress in AD focused on glycation and protein adducts of the lipid peroxidation product hydroxynonenal (HNE) and on the demonstration that they are associated with NFT. However, as these oxidized products are refractory to degradation, it was not possible, utilizing these measurements, to assess the temporal relationship between oxidative stress and the formation of NFT.

( Protein nitration is a non crosslink-related oxidative modification resulting from either peroxynitrate attack or peroxidative nitration. Utilizing this marker, it was shown that labeling occurs first in neurons without NFT. The same results were obtained when the levels of oxidized RNA (8OHG) were monitored. Furthermore, the levels of oxidized RNA and nitrated proteins were lower in NFT-containing neurons than in the labeled neurons that did not contain NFT. It thus seems that the oxidative processes occur initially in the neuronal cytoplasm and that the association of oxidative markers with NFT is due either to the accumulation of damaged/oxidized material or to the fact that cytoskeletal proteins can take part in oxidative adduction.

From:  Smith MA, Hirai K, Nunomura A, Perry G. Mitochondrial abnormalities: a primary basis for oxidative damage in Alzheimer’s disease.
Drug Dev Res 46:26-33, 1999.  John Wiley & Sons.

Slide 14. Causes of ROS in AD

Redox active metals: NFT and A( deposits contain redox-active iron. Furthermore, this iron is found in the cytoplasm of affected neurons in AD. Iron is also found in the ER and in lipofuscin granules. Such redox-active iron deposits are barely seen in age-matched controls.

Advanced glycation end products can bind metals and act as a redox center.  They can also activate the receptor for advanced glycation endproducts (RAGE) and lead to oxygen radicals.

Active microglia: AD brains contain activated microglia near neuritic plaques as well as throughout the brain. Activated microglia, like activated macrophages in the periphery, release high levels of ROS.

A(: The peptide itself can generate ROS, can bind iron, and promotes catalytic redox cycling. But there is a debate if A( functions as a generator of ROS or modulator of redox reactions. 

Mitochondria: See Slide 19.

Slide 15  Partial reduction of oxygen generates ROS

( Partial reduction of O2 generates superoxide.

( The superoxide can react with NO to yield peroxynitrite or via SOD to 

hydrogen peroxide.

( The hydrogen peroxide can be converted by means of the Fenton reaction to 

hydroxy radicals.

( The key villains in this cascade are hydroxy radicals and possibly 

peroxynitrite, which can react directly with proteins, lipids and nucleic acids.

( Catalase and the glutathione enzymes can inactivate hydrogen peroxide.

From:  Barzilai A, Rotamn G, Shiloh Y, DNA Repair 1 3-25, 2002.  Reproduced with permission from Elsevier.

Slide 16
Sources:
McGeer PL. Walker DG. Akiyama H. Yasuhara O. McGeer EG. Involvement of microglia in Alzheimer's disease.  Neuropathology & Applied Neurobiology. 1994 20(2):191-2.

McGeer PL. Akiyama H. Itagaki S. McGeer EG. Activation of the classical complement pathway in brain tissue of Alzheimer patients.  Neuroscience Letters. 1989 107(1-3):341-6.

WF Stewart, C Kawas, M Corrada, EJ Metter,  Risk of Alzheimer's disease and duration of NSAID use.   Neurology 1997 48: 626-632.

Slide 18.  Mitochondrial DNA is increased in AD

( The fact that increased oxidation, including that of DNA, is cytoplasmic prompted an examination of the possibility that mitochondria and mitochondrial DNA are altered in AD.

( Micrographs show in situ hybridization of AD and control hippocampal pyramidal cells with probes for normal and mtDNA damage by deletion.  Both normal mtDNA and mtDNA with the common deletion are directly compared as an internal control for a general increase in mtDNA versus a specific increase in damaged mtDNA.

( In the case of the deleted mtDNA, the probe was against the now combined edges of mtDNA displaying the common 5kb deletion, in which genes for several key mitochondrial proteins are missing.

( In AD, mtDNA damaged by the 5kb deletion as well as normal mtDNA at that site are increased in AD.

( The cells staining for elevated levels of mtDNA also contain other oxidative products. mtDNA is found in cell bodies (not in axons or dendrites).

( Much of the mtDNA is found in lysosomal vacuoles associated with lipofuscin and may be a result of autophagic clearing of damaged mitochondria.

( In contrast to the increase in mtDNA, there is a decrease in the number of intact functional mitochondria.

From:  Hirai K. Aliev G. Nunomura A. Fujioka H. Russell RL. Atwood CS. Johnson AB. Kress Y. Vinters HV. Tabaton M. Shimohama S. Cash AD.Siedlak SL. Harris PL. Jones PK. Petersen RB. Perry G. Smith MA. Mitochondrial abnormalities in Alzheimer's disease.  Journal of Neuroscience. 2001 21(9):3017-23.  ©  2001 by the Society for Neuroscience.

Slide 19. The cellular distribution of mtDNA, 8OHG and nitrotyrosine

( Vulnerable neurons which contain elevated mtDNA also contain oxidative damage marked by 8OHG (RNA and DNA) and nitrotyrosine (protein).  Ultrastructurally, the localization is primarily to the endoplasmic reticulum.

( Importantly the pathology is not associated with tangles.

From:  Nunomura A. Perry G. Aliev G. Hirai K. Takeda A. Balraj EK. Jones PK. Ghanbari H. Wataya T. Shimohama S. Chiba S. Atwood CS.Petersen RB. Smith MA. Oxidative damage is the earliest event in Alzheimer’s disease.  Journal of Neuropathology &Experimental Neurology. 2001 60(8):759-67. Reproduced with permission from the Journal of Neuropathology & Experimental Neurology.

Slide 20. Mitochondrial components are in autophagosomes

( Autophagy is a process by which the cell removes damaged organelles. This is performed by wrapping the damaged constituents with an intracellular membrane, and translocation and fusion of the membrane with vacuoles where they are degraded.

From:  Hirai K. Aliev G. Nunomura A. Fujioka H. Russell RL. Atwood CS. Johnson AB. Kress Y. Vinters HV. Tabaton M. Shimohama S. Cash AD.Siedlak SL. Harris PL. Jones PK. Petersen RB. Perry G. Smith MA. Mitochondrial abnormalities in Alzheimer's disease.  Journal of Neuroscience. 2001 21(9):3017-23.  ©  2001 by the Society for Neuroscience.

Slide 21. Hypothetical relationship between the mitochondrial problem and microtubule pathology

( Microtubules are reduced with age and there are cytoskeletal abnormalities in AD (e.g., ( hyperphosphorylation). This may be linked to the mitochondrial abnormality in that τ hyperphosphorylation results in diminished axonal transport of mitochondria and consequently increased mitochondrial turnover in the cell body.

( This may be viewed either as a pathological process due to axonal abnormality or as an orchestrated partial shutdown mechanism where a stressed neuron “cuts it losses” by regrouping all its resources in the cell body.

Source:
Cash AD. Aliev G. Siedlak SL. Nunomura A. Fujioka H. Zhu X. Raina AK. Vinters HV. Tabaton M. Johnson AB. Paula-Barbosa M. Avila J., Jones PK. Castellani RJ. Smith MA. Perry G. Microtubule reduction in Alzheimer's disease and aging is independent of tau filament formation.

American Journal of Pathology. 2003 162(5):1623-7.

Slide 22. Number of microtubules are decreased in AD and normal aging.

(  The number of microtubules decreases with normal aging.

 ( In pyramidal neurons, whether or not they contain PHF, but not in non-pyramidal neurons, there is a decrease in microtubule length and density.  Pyramidal are the neurons showing oxidative stress, mtDNA in vacuoles, and vulnerability to death in AD.

 ( The effect is not related to PHF since neurons with PHF have similar microtubule density and even slightly greater microtubule length as compared to those of neurons without NFT.

( This effect provides a mechanism for the accumulation of mitochondria in the cell bodies.

From:  Cash AD. Aliev G. Siedlak SL. Nunomura A. Fujioka H. Zhu X. Raina AK. Vinters HV. Tabaton M. Johnson AB. Paula-Barbosa M. Avila J., Jones PK. Castellani RJ. Smith MA. Perry G. Microtubule reduction in Alzheimer's disease and aging is independent of tau filament formation.
American Journal of Pathology. 2003 162(5):1623-7.

Slide 23. Microtubules (arrows) remain intact even when in close proximity to PHF (*) within the same neurons.

From:  Cash AD. Aliev G. Siedlak SL. Nunomura A. Fujioka H. Zhu X. Raina AK. Vinters HV. Tabaton M. Johnson AB. Paula-Barbosa M. Avila J., Jones PK. Castellani RJ. Smith MA. Perry G. Microtubule reduction in Alzheimer's disease and aging is independent of tau filament formation.
American Journal of Pathology. 2003 162(5):1623-7.

Slide 25. The relationship between ( accumulation and oxidative stress
1. The τ/8OHG figure shows double immunocytochemistry stained for 8OHG  

    (blue and light) and τ (AT8) (brown and dark).  

( ALZ50 immunoreactivity increases in heme oxygenase (antioxidant enzyme) positive neurons.  (-hyperphosphorylation (mAb AT8)  increases in cells with and without elevated heme oxygenase.

This suggests that tau phosphorylation _precedes_ heme oxygenase activation and that the latter may play a role in the τ conformation changes which are detected by ALZ50.

2. The oxidative burden (8OHG levels) is lower in cells with NFT.

The general flow of events seems to be τ phosphorylation (mAb AT8); increased oxidation accompanied by conformational changes of tau (ALZ50), subsequent decrease in oxidative stress (decreased 8OHG) followed by the appearance of PHF.

From:
Takeda A., Smith M.A., Avila J., et al., In Alzheimer disease, heme oxygenase is coincident with Alz50, an epitope of tau induced by 4-hydroxy-2-nonenal modification.  J Neurochem 2000; 75: 1234-41.
Nunomura A. Perry G. Aliev G. Hirai K. Takeda A. Balraj EK. Jones PK. Ghanbari H. Wataya T. Shimohama S. Chiba S. Atwood CS.Petersen RB. Smith MA. Oxidative damage is the earliest event in Alzheimer’s disease.  Journal of Neuropathology &Experimental Neurology. 2001 60(8):759-67. Reproduced with permission from the Journal of Neuropathology & Experimental Neurology.

Slide 26. Overexpression of heme oxygenase suppresses tau levels
Results shown are the effects of overexpression of HO-1 on tau in M17 neuroblastoma cells in culture.  As can be seen, HO-1 overexpression results in suppression of τ levels while overexpression of HO-2, the non-inducible form of heme oxygenase, or ferritin does not affect τ.  Cep refers to the mock transfected cells, the control cells.  The suppression of τ protein was partially alleviated following the addition of an HO inhibitor to the media, zinc-deuteroporphyrin.

From:  Takeda A., Perry G., Abraham N.G., et al., Overexpression of heme oxygenase in neuronal cells, the possible interaction with tau. 

J Biol Chem 2000; 275: 5395-9.  American Society for Biochemistry and Molecular Biology

Slide 27. The relationship between amyloid load and oxidative damage

( Down syndrome is associated with an age-dependent increase in A( deposition and can thus be employed as a model for searching the temporal relationship between oxidative damage and amyloid load.

( Results show that increased amyloid deposit correlates with decreased oxidative damage for cortical pyramidal neurons.

From:  Nunomura A. Perry G. Pappolla MA. Friedland RP. Hirai K. Chiba S. Smith MA. Neuronal oxidative stress precedes amyloid-beta deposition in Down syndrome. Journal of Neuropathology & Experimental Neurology. 59(11):1011-7, 2000 Nov. Reproduced with permission from the Journal of Neuropathology & Experimental Neurology.

Slide 28. The AD lesions are protective

Theoretically, the plaques could be the cause of AD (the catholic BAPtist view), could have a functional protective role or could simply be a byproduct of little pathophysiological significance.

( The importance of A( to dementia of AD is unclear.  Normal individuals can 

have as much amyloid burden as cases of AD.  In Down syndrome, dementia 

follows by years the temporal progression of amyloid.

( A( is the major antioxidant of cerebral spinal fluid, protecting lipids from 

peroxidation.

( In vitro studies with A( show it binds copper and zinc to perform red/ox 

reactions.

Slide 29. A( protects against oxidative stress

Established antioxidant responses are increased in AD.

( HO-1 induction.

( Pentose phosphate pathway induced.

( Increased sulfhydryls.

( Stress kinases induced.

From:  Obrenovich ME. Joseph JA. Atwood CS. Perry G. Smith MA. Amyloid-beta: a (life) preserver for the brain.  

Neurobiology of Aging. 2002 23(6):1097-9. Reproduced with permission from Elsevier.

Slide 31. Stress response and protein phosphorylation

( Numerous stress-related protein kinases are elevated in vulnerable pyramidal neurons in AD, the same neurons showing oxidative stress.

( Stress-related kinases are activated early based on Braak staging and likely predate NFT formation, which occurs in the same neuronal populations.

( HNE promotes the assembly of phosphorylated tau but not of regular tau.

From:
1. Zhu X., Castellani R.J., Takeda A., et al., Differential activation of neuronal ERK, JNK/SAPK and p38 in Alzheimer disease: the “two hit” hypothesis.

Mech Ageing Dev 2001; 123: 39-46. Reproduced with permission from Elsevier.
2, 3.  Perez M, Cuadros R, Smith MA, Perry G, Avila J, Phosphorylated, but not native, tau protein assembles following reaction with the lipid peroxidation product, 4-hydroxy-2-nonenal.  FEBS Letters, 2000 486:270-274. Reprinted by permission of Federation of the European Biochemical Societies.

Slide 32. Axonal neurofilament proteins are also oxidized

( Axons of young, old and AD patients also contain oxidative products. So we studied them by focusing on HNE-protein adducts.

( Immunoblot experiments revealed that the two major axonal proteins which react with HNE in vitro are NF-H and NF-M and that HNE probably reacts with the lysine residues of these proteins.

( Levels of HNE, as measured by NFH adduct antibodies, do not change markedly with age. HNE-Michael can recognize several HNE adducts to three different amino acids, whereas HNE-pyrrole is specific to HNE adducts to lysine.  Absorption with specific amino acid adducts shows most modification is to lysine.

( Dephosphorylation of NF proteins reduces the extent to which HNE can react with these proteins.

From: Wataya T., Nunomura A., Smith M.A., et al., High molecular weight neurofilament proteins are physiological substrates of adduction by the lipid peroxidation product hydroxynonenal.  J Biol Chem 2002; 277: 4644-8.  American Society for Biochemistry and Molecular Biology.

Slide 34. Antioxidants and anti-inflammatories are protective

( Antioxidants, including selegiline, lipoic acid, vitamin E, and a diet rich in antioxidants act to protect the body against free radical damage.  Studies have shown that these agents may slow the progression of the disease.

( Women taking estrogen replacement therapy have a decreased risk of AD.

( Anti-inflammatories, aspirin and ibuprofen, have been proposed to reduce the onset of AD after certain populations that take NSAIDs therapeutically were found to have a lower incidence of dementia.

( ALCAR, a naturally occurring compound, may help neuron energy production by keeping mitochondria healthy.

From:  Smith MA, Petot GJ, Perry G. Diet and oxidative stress: a novel synthesis of epidemiological data on Alzheimer’s disease.
J Alzheimers Dis 1:203-206, 1999.  P. 204. With permission from IOS Press.
Slide 35. Antioxidant diet is protective

The data presented represents five years of data collection from a case control study of 104 AD cases, and 223 controls. (lutein and lycopine are fruit and vegetable protective agents.) 

From:  Smith MA, Petot GJ, Perry G. Diet and oxidative stress: a novel synthesis of epidemiological data on Alzheimer’s disease.
J Alzheimers Dis 1:203-206, 1999.  P. 204. With permission from IOS Press.
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