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Notes and references

Slide # 5

From Weisgraber K.H.  Adv. Protein Chem. (1994) 45: 249-302.  Fig 14 (modified). 

©  Elsevier/Academic Press

Slide # 5

The effects of apoE genotype on the age onset of AD
ApoE4 decreases the age of onset of AD in a gene dosage dependent manner.  0, 1,2 in the figure correspond to the number of apoE alleles. Consequently, 50% of the apoE4 homozygous subjects who are going to get the disease do so at age (65 years whereas of the non-apoE4 subjects who are going to get the disease, 50% do so at the age of (85 years.

Slide # 6

The effects of apoE genotype on the rate of progression of AD
The results depicted show that rate of progression of AD, unlike its age of onset, is not significantly affected by apoE genotype.

Source:  Gomez-Isla T., West H.L., Rebeck G.W., Harr S.D., Growdon J.H., Locascio J.J., Perls T.T., Lipsitz L.A., Hyman B.T.   Ann. Neurol. (1996) 39: 62-70.  Fig 2.   

© John Wiley & Sons, Inc. 

Slide # 7

The frequency of apoE genotype and apoE alleles in AD
(Results shown are of a European population). Note that and allele frequency of 39% translate to 61% of the cases carrying either one or two alleles.

Rebeck C.W., Hyman B.T.  “Alzheimer’s Disease,” (eds. Terry R.D., Katzman R., Bick K.L., Sisodin S.S.).    (1999) p. 340.   Lippincott, Williams & Wilkins.

Slide # 8

ApoE related genes which have also been linked genetically to sporadic AD
Although the association of these genes to AD is not as strong as that of apoE4, they strengthen the importance of the apoE system in the pathogenesis of AD (one + vs two ++).

Adapted from Herz J., Beffert U.  Nat. Rev. Neurosci. (2000) 1: 51-58, table 1.  Nature Publishing Group.

Slide # 9

Slide depicts immunohistochemical staining for apoE of an AD brain section. As can be seen, both the senile plaques (asterisk) and neurofibrillary tangles (arrows) stain positively for apoE

Adapted from Huang Y., Liu X.Q., Wyss-Coray T., Brecht W.J., Sanan D.A., Mahley R.W.   Proc. Natl. Acad.  Sci. USA, (2001) 98(15): 8838-8843. Fig 1a.

Slide # 12

The effects of apoE genotype on normal aging.
The slide shows neurites stained with an anti MAP-2 mAb in the following lines of one-year-old mice:


A  = control


B  = apoE KO background


C  = human apoE3 on mouse apoE KO background


D  = human apoE on mouse apoE KO background

The observed effect is age dependent and is not seen in 3 months old mice.
From Veinbergs  I., Mallory M., Mante M.,, Rockenstein E., Gilbert J.R., Masliah E. 

Neurosci. Lett. (1999) 265(3): 218-222, fig 2.  With permission from Elsevier.

Slide # 13

The effects of apoE genotype on normal aging.
The slide depicts synaptophysin immunohistochemistry from one-year-old apoE4 and apoE3 transgenic mice. As can be seen the synaptophysin staining is less intense and covers a smaller fraction of the section’s area in the apoE4 than in the apoE3 transgenic mice (the dark areas are nucleic). The observed decrease in the levels of this presynaptic marker in the apoE4 mice is age-dependent and is not seen in 3 months’ old mice.

From Buttini M., Akeefe H., Lin C., Mahley R.W., Pittas R.E., Wyss-Coray T., Mucke L.  Neuroscience (2000) 97(2): 207-210, fig. 3.  With permission from Elsevier.

Slide # 14

Cognitive assessment of the effects of the apoE genotype on normal aging.
Results shown are performance of one-year-old mice in a radial arm maze. The observed deficit is age-dependent and is not observed in 3 months’ old mice.

From Hartman R.E., Wozniak D.F., Nardi A., Olney J.W., Sartorius L., Holtzman D.M.  Exp. Neurol. (2001) 170: 326-344.  Fig 2c.  With permission from Elsevier.

Slide # 15

The susceptibility of apoE transgenic mice to closed head injury.
1.
The mice were subjected to closed head injury as described in Sabo et al., Neuroscience, 2000, 101, 879.

2.
Mortality refers to the number of mice out of the total that died in each line following injury. (X/Y is X animals died out of Y).

3.
Recovery was assessed by a Neurological Severity Score which is composed of several measurements of motor behavior and reflexes, and whose score ranges from 10 (death) to 0 (complete recovery). Results shown were obtained a week following injury.

Adapted from Sabo T., Lomnitski, L., Nyska A., Beni S., Maronpot R.R., Shohami E., Roses A.D.  Neuroscience (2000) 101(4): 879-884.  Modification of table 2 and fig 1.  With permission from Elsevier.

Slide # 16

The susceptibility of apoE transgenic mice to closed head injury.
1.
The mice were closed head injured as described by Sabo et al.

2.
Sections depicted were obtained from mice, which were sacrificed 11 days following brain injury. As can be seen the brains of the apoE3 transgenic mice were least affected by head injury.

Adapted from Sabo T., Lomnitski, L., Nyska A., Beni S., Maronpot R.R., Shohami E., Roses A.D.  Neuroscience (2000) 101(4): 879-884, 

fig 2.  With permission from Elsevier.

Slide # 17

An enriched environment cage containing exploratory objects such as toys and tunnels, and a running wheel.

Slide # 18
A ‘wet’ T-maze for testing learning and memory. 

Learning is measured by a paradigm which is composed of 8 daily sets of runs consisting of a “forced” run in which the mouse is directed to the arm of the maze where the raised platform is located, followed by a “choice” run in which the mouse is scored for its ability to correctly return to the arm in which it was rewarded during the forced run. Working memory is measured after the mice reached a criterion of at least 7 correct choices per day for 2 consecutive days. This is performed by varying the time interval between the forced and choice runs and by measuring the number of correct choices as a function of the duration of the delay.

Slide # 19

The effects of environmental stimulation on T-maze learning.
1. Following weaning, the different mice groups were subjected to environmental stimulation for 4 months.

2. Learning data are from T-maze experiments in which the mice were subjected to 8 daily pairs of ‘forced’ and ‘choice’ runs in which they were scored for their ability to remember during the ‘choice’ run the arm to which they were directed to at the ‘forced’ run.

3. Results shown are of 8 daily tests for the indicated number of days. They show that all mice groups learn the paradigm, but that the enriched apoE3 improve their performance more than the corresponding apoE4 mice.

From Levi O., Jongen-Relo A.L., Feldon J., Roses A.D., Michaelson D.M.  Neurobiol. of Dis. (2003) 13(3): 273-282.  With permission from Elsevier.

Slide #20

The effects of environmental stimulation on working memory.
1. The experiment was performed after all  the animals reached the learning criteria (at least 7 correct choices in 2 consecutive days).

2. Working memory was assessed by changing the duration of the delay between the ‘forced’ and ‘choice’ runs.

3. Results show that apoE3 and apoE4 mice maintained in a regular  environment performed similarly and that the enriched environment improved the performances (working memory) of the apoE3 but not that of the apoE4 mice.

From Levi O., Jongen-Relo A.L., Feldon J., Roses A.D., Michaelson D.M.  Neurobiol. of Dis. (2003) 13(3): 273-282.  With permission from Elsevier.

Slide # 21

Schematic presentation and an electron micrograph of a synapse.

The vesicular location of the presynaptic marker synaptophysin is indicated by the arrow.

Slide # 22

The effects of environmental stimulation on hippocampal synaptophysin levels.
Exposure to the enriched environment results in elevated levels of the presynaptic protein synaptophysin in the hippocampus of control and apoE3 transgenic mice but not in that of the apoE4 transgenic mice.

From Levi O., Jongen-Relo A.L., Feldon J., Roses A.D., Michaelson D.M.  Neurobiol. of Dis. (2003) 13(3): 273-282.  With permission from Elsevier.

Slide # 23

The effects of environmental stimulation on cortical synaptophysin levels
As can be seen, cortical synaptophysin levels, unlike those of the hippocampus, are similarly increased in the apoE3 and apoE4 transgenic mice following environmental stimulation .

From Levi O., Jongen-Relo A.L., Feldon J., Roses A.D., Michaelson D.M.  Neurobiol. of Dis. (2003) 13(3): 273-282.  With permission from Elsevier.

Slide # 24

ApoE4 is dominant over apoE3 in transgenic mice.
1. Sections are of 8 months’ old transgenic mice that have the indicated genotypes of apoE3 and/or apoE4.

2. The results show that apoE4 induces presynaptic, neuritic and axonic pathology as compared to apoE3 transgenics.

3. The apoE3/apoE4 transgenic mice have a phenotype similar to that of the apoE4 mice, showing that apoE4 is dominant over apoE3.

4. The experiments were performed with apoE3 and apoE4 hemizygotes. Accordingly, the levels of apoE3 and apoE4 of the apoE3/apoE4 mice were similar to those of the corresponding apoE3 and apoE4 transgenic mice.

From Buttini M., Akeefe H., Lin C., Mahley R.W., Pittas R.E., Wyss-Coray T., Mucke L.  Neuroscience (2000) 97(2): 207-210.  With permission from Elsevier.

Slide # 25

Quantitation of the results shown in the previous slide.

From Buttini M., Akeefe H., Lin C., Mahley R.W., Pittas R.E., Wyss-Coray T., Mucke L.  Neuroscience (2000) 97(2): 207-210.  With permission from Elsevier.

Slide # 26

Schematic summary of the phenotypic effects of the apoE genotype in apoE transgenic mice, in which the expression of apoE is under the regulation of human regulatory sequences.
1.
In paradigms such as ICV injection of LPS, apoE4 has a loss of function. Namely, the response of the apoE4 mice is lower than that of the mouse controls or of the apoE3 transgenics and is similar to that of apoE knockout mice.

2.
In the enriched environment, paradigm ApoE4 has a gain of negative function (i.e., inability to enhance synaptogenesis following environmental stimulation relative to mouse apoE and apoE3 mice, and to apoE deficient mice).

3.
In the head injury paradigm, the apoE3 mice recover faster than the three other mice groups and thus have a gain of positive function. 

Sources:

Sabo T., Lomnitski L., Nyska A., Beni S., Maronpot R.R., Shohami E., Roses A.D. Neuroscience (2000) 101: 879-884.

Levi O., Jongen-Relo A.L., Feldon J., Roses A.D., Michaelson D.M.  Neurobiol. of Dis. (2003) 13: 273-282.

Ophir G., Meilin S., Efrati M., Chapman J., Karussis D., Roses A, Michaelson DM,  Neurobiol of Dis. (2002) 12: 56-64.

Slide # 27

The phenotypic effects of the apoE genotype in different lines of apoE transgenic mice.

Results shown are a summary of data obtained by several groups utilizing three different lines of apoE transgenic mice that were subjected to 8 types of treatments. This revealed that the 8 different paradigms yielded results which fall into the indicated 4 phenotypic categories, which are each defined by the relative score of the apoE3 and apoE4 transgenics and of the control and apoE deficient mice in each paradigm. For example, apoE4 gain of toxic function corresponds to a paradigm in which apoE4 confers a negative function (e.g., increased mortality) relative to all the other mice groups, including the apoE deficient mice.

Interestingly, apoE4 has a different phenotypic profile when expressed only in neurons or only in astrocytes (e.g. neuronal vs. astrocytic promoter), whereas both profiles are observed in the human apoE promoter mice in which apoE is expressed in both neurons and astrocytes.

Sources:  Raber et al. (1998); Buttini et al. (1999); Veinbergs et al. (1999); Sabo et al. (2000) ; Hartman et al. (2001); Levi et al. (2003);  Ophir et al. (2003).

Slide # 28

A schematic presentation of the two common phenotypic expressions of the apoE4 genotype corresponding either to a dominant gain of a pathological function (right) or to a loss of function (left).

Slide # 31

The effects of apoE4 on the age of onset and progression of multiple sclerosis (MS).

The results show that the rate of progression of MS is faster in apoE4 carriers, whereas the age of onset of this disease is not affected by the apoE genotype. This phenotypic dependency on the apoE genotypes is just the opposite of that observed in AD.

Adapted from Chapman J., Vinokurov S., Achiron A., Karussis D.M., Mitosek-Szewczyk K., Birnbaum M., Michaelson D.M., Korczyn A.D.  Neurology (2001) 56: 312-316.

Slide # 32

Summary slide showing the opposing effects of apoE4 on the age of onset and rate of progression of AD and MS.

From:

Chapman J., Vinokurov S., Achiron A., Karussis D.M., Mitosek-Szewczyk K., Birnbaum M., Michaelson D.M., Korczyn A.D.  Neurology (2001) 56(30): 312-316.

Corder E.H., Saunders A.M., Strittmatter W.J., Schmechel D.E., Gaskell P.C., Small G.W., Roses A.D., Haines J.L., Pericak-Vance M.A.  Science (1993)  261(5123): 921-923.  AAAS.

Gomez-Isla T., West H.L., Rebeck G.W., Harr S.D., Growdon J.H., Locascio J.J., Perls T.T., Lipsitz L.A., Hyman B.T.  Ann. Neurol. (1996) 39: 62-70.

Slide # 33

Source:  Chapman J., Korczyn A.D., Karussis D.M., Michaelson D.M, Neurology (2001) 

57: 1482-1485.

Slide # 35

The unifying concept is that the biological deterioration is faster in apoE4 than in non- apoE4 subjects (this slide), but that the clinical manifestations of the effects depend on the threshold at which the disease becomes clinically visible (next slide).

From Chapman J., Korczyn A.D., Karussis D.M., Michaelson D.M.  Neurology (2001) 57: 1482-1485.

Slide # 36

The unifying concept is that the biological deterioration is faster in apoE4 than in non- apoE4 subjects (previous slide), but that the clinical manifestations of the effects depend on the threshold at which the disease becomes clinically visible (this slide). Accordingly, AD, which becomes clinically apparent 10-20 years after the initiation of degeneration, will show a marked effect of the apoE genotype on age of onset of the disease. In contrast, in diseases that are detected early on (e.g. MS, Motor Neuron Disease) the apoE genotype will mainly affect the progression and not the age of onset of the disease.

From Chapman J., Korczyn A.D., Karussis D.M., Michaelson D.M.  Neurology (2001) 57: 1482-1485.

Slide 39

The primary structure of the LDL receptor family.
1. Seven receptors have been identified based on sequence homology.

2. Those tested (e.g. LDLR, VDVLR, apoER2, LRP, megalin) all bind apoE.

3. The common features of all receptors are:

a. All receptors have a single trans-membrane domain.

b. The intracellular cytoplasmic domain contains the NPxY motif either once or twice (the NPxY motif is needed for clustering and for endocytosis). Other than that, there is great variability in the cytoplasmic domain of the different receptors.

c. The extracellular N terminal domain is composed of three types of sub-domains (e.g. complement type Cys rich repeat; EGF precursor homology domain and O-linked sugar domain), which vary in their abundance in the different receptor types.

4. LDL receptor is the smallest and presumably the youngest member of the family.

5. The different members of the family exist in drosophila and C. elegans suggesting that they rose early in evolution.

6. The LRP receptor family evolved with the appearance of multicellular organisms but long before the appearance of circulatory systems. This suggests an early and circulation independent role, in cellular communication.

7. ApoE arose late in evolution (it is absent in birds). It thus seems that apoE took advantage of a system originally developed for other purposes.

From Herz J., Beffert U.  Nat. Rev. Neurosci. (2000) 1: 51-58.

 For further information see:

Herz (2001) Trends in Neuroscience, 4:1913.

Slide # 40

Intracellular and extracellular ligand binding domains of the LDL receptor family.
1.
In all members of the family the apoE-binding domain is the complement-like, cysteine-rich domain, which exists in varying copies in the different receptors. The megalin and LRP receptors are unique in that they contain several clusters of these repeat domains.

2.
LRP is unique in that clusters II, III, IV of the complement-like, cysteine rich domain can bind more than 30 different ligands. The exact ligand binding features of each of the domains were determined by expressing mini LRP receptors which contain only one of the above clusters and by assessing its ligand binding properties.

3.
Note that LRP binds the Kunitz inhibitor and activated (2M, as these ligands will be addressed later.

4. 
The C terminals of the receptor can recognize numerous intracellular and scaffold proteins, some of which are recognized by all the receptors of the family (e.g. Dab 1). Some of these interactions, however, are receptor-specific and thus provide a mechanism by which a given receptor can interact specifically with another membrane receptor (e.g. FE65 in the case of LRP×APP interactions and PSD-95 in the case of LRP×NMDA cross-talk).

5.
Another class of ligands, not shown in the graph, includes intracellular chaperon proteins such as RAP (receptor associated protein), which resides in the ER and binds to LDL-receptors on their way out during secretion. RAP binds to the N terminal of the receptors and can serve as a receptor antagonist in in vitro studies.

From Herz J., Beffert U.  Nat. Rev. Neurosci. (2000) 1: 51-58.

Slide # 41

From Herz J., Bock H.H,   Annu. Rev. Biochem. (2002)  71: 405-434.
Reprinted, with permission, from the Annual Review of Biochemistry, Volume 71 ©2002 by Annual Reviews, www.annualreviews.org.
Slide # 42

From Herz J., Bock H.H,   Annu. Rev. Biochem. (2002)  71: 405-434.
Reprinted, with permission, from the Annual Review of Biochemistry, Volume 71 ©2002 by Annual Reviews, www.annualreviews.org.
Slide # 44

Ligand uptake mechanisms mediated by members of the LDL receptor family.
1.
The uptake of circulating proteins and lipoproteins is by endocytosis for all receptors with the specificity determined by ligand-receptor interaction.

2.
The first example (i.e. lipoprotein uptake) is mediated by LDL-receptor and LRP.

3.
The uptake by LRP of circulating proteins such as protease inhibitors or bacterial Exotoxin A (PEA) (second and third panel) is illustrated in the absence of lipoproteins, which of course could compete with the proteins for binding and internalization

4.
The megalin example can refer to Vitamin D complexed to its binding proteins .

From Willnow T.E., Nykjaer A., Herz J.  Nature Cell Biol. (1999) 1: E157-162.   Nature Publishing Group.

Slide # 45

Neuronal cell migration related to the Reelin phenotype.
1.
Reelin is a strain of mice that arose spontaneously due to an autosomal recessive mutation in the late 1940s.

2.
The strain has cerebellar dysplasia which results in uncoordinated movements.

3.
Reelin is a large modular protein which is secreted by Cajal-Retzius neurons and by granule cell precursors on the surface of the developing neocortex.

4.
Reelin plays a key role in directing/attracting migrating neurons during development.

5.    Lack or dysfunction of Reelin results in inversion of cortical neuronal layers. This is particularly apparent in the cerebellum, where migration of Purkinge cells is Reelin- dependent.

6.
The connection between Reelin and ApoE receptors:

a)
ApoER2-KO have abnormal layering of neurons in neocortex.

b)
VLDL-receptor KO – have abnormal layering of neurons in cerebellum.

c)
Double ApoER2 and VLDL-receptor KO have a pathology virtually identical to that of Reelin.

d)
Mice in which the intracellular adaptor protein Disabled-1 (Dab1) has been knocked out have a Reelin-like phenotype.

Conclusion: Normal Reelin function in development involves apoE2 receptor and the LDL receptor whose intracellular signaling activity is mediated in Dab 1.

From Trommsdorff M., Gotthardt M., Hiesberger T., Shelton J., Stockinger W., Nimpf J., Hammer R.E., Richardson J.A., Herz J.  Cell (1999) 97: 689-701.  With permission from Elsevier.

Slide  # 46

Three lines of evidence show that LRP, via its ligands t-PA and (2M*, can activate NMDA receptors, and thereby induce excitotoxicity and neuronal death:

(i)
As presently shown, t-PA, an LRP ligand, enhances NMDA induced toxicity.

(ii)
Stimulation of cortical neurons releases t-PA which in turn increase NMDA mediated Ca2+ influx (not shown).

(iii)
( macroglobulin ((M( , which has undergone proteolytic activation ((M*) and is an LRP ligand, induces Ca2+ influx into mouse cortical cultures (not shown).
From Nicole O., Docagne F., Ali C., Margaill I., Carmeliet P., MacKenzie E.T., Vivien D., Buisson A.  Nature Medicine (2001) 7: 59-64.    Nature Publishing Group.

Source:  Bacskai B.J., Xia M.Q., Strickland D.K., Rebeck G.W., Hyman B.T.  Proc. Natl. Acad. Sci.  USA (2000) 97: 11551-11556.

Slide # 51

Regulation of the transcription of the apoE gene by transacting elements. 

The experiments describe the tissue specificity of the expression of human apoE in transgenic mice, which were prepared utilizing the four indicated human constructs. The results obtained (table on the left) yielded a map, which is represented schematically on the right, of tissue-specific control elements.

From Simonet W.S., Bucay N., Pitas R.E., Lauer S.J., Taylor J.M.  J. Biol. Chem. (1991) 266(14): 8651-8654.  By permission of the American Society for Biochemistry and Molecular Biology.

Slide # 52

Regulation of the transcription of the apoE gene by cis acting elements. 

The cis acting elements include upstream regulatory elements (URE1,2,3) which contain positive elements for transcription as well as consensus sequences of transcription factors (SP1, AP2).

From Theuns J., Van Broeckhoven  C., Hum. Mol. Genet. (2000) 9: 2383-2394.   By permission of Oxford University Press.

Slide # 54

This slide shows the predicted secondary structure of human apoE, whose main features  were subsequently proven to be correct by crystallography.

General features of the predicted structure:

a)
Two domains each containing (helices and which are connected by a random coil domain.

b)
The N terminal contains 4 helices.

c)
Lys, Arg rich domain is in helix #4.

d)
The ( helices in C domain are amphipathic and thus most suitable for interactions with lipids.

From Weisgraber K.H.   Adv. Protein Chem. (1994) 45: 249-302.   Elsevier/Academic Press.

Slide # 55

1.
3D structure of apoE3:
a)
N terminal composed of 4 helices (upper panel).

b)
Helix 4 contains the VLDL receptor-binding region (a.a. 136-150). For more information about apoE receptors see Section 1.1.

c)
Helix 2 and Helix 4 are on opposing sides of the molecule.

d)
The intact apoE molecule has not been crystallized and thus the structure of the C terminal and its interactions with the N terminal are not fully deciphered.

2.
Structural implications of Arg 158 and Cys 112:

a)
Arg 158 salt bridges Asp 154, thereby liberating Arg 150 to take part in the interactions of the receptor’s binding site with the receptor.

b)
Cys 112 has no specific interactions – but note that in apoE3 Arg 61 is attracted by Glu 169.

From:  

Weisgraber K.H., Adv. Protein Chem. (1994) 45: 249-302.  Elsevier/Academic Press

Mahley R.W.,  Rall S.C.Jr.,  Curr. Opin. Lipidol. 10:207-19

Slide # 56

Comparison of the structure of apoE2 and apoE3:
1.
The substitution Arg to Cys 158 in apoE2 is on helix 4.

2.
Although the amino acid change (Cys 158 in apoE2 vs Arg 158 in apoE3) is 8 amino acids away from the edge of the VLDL receptor-binding site, the binding of apoE2 to the receptor is greatly impaired (x 100 fold reduction in binding).

3.
The loss of the positive charge of Arg 158, due to its replacement in apoE2 with Cys, liberates the negatively charged Asp 154, which now interacts with Arg 150 and thereby removes a positive charge from the receptor-binding domain. Accordingly, these interactions translate to loss of a charge in the receptor-binding domain to apoE, which results in lower affinity to the receptor.

4.
There is no apparent difference between apoE2 and apoE3 in the interaction between their N and C terminal domain. This assertion is based on the fact that the interaction between these domains is via helix 2 (see next slide) and that there are no differences between helix 2 of apoE3 apoE4.

From Mahley R.W.,  Rall S.C.Jr.,  Curr. Opin. Lipidol. 10:207-19.   Lippincott, Williams & Wilkins

Slide # 57

Comparison of the structure of apoE4 and apoE3:
1.
The substitution Cys 112 in apoE3 to Arg 112 in apoE4 is in  helix 3 and does not affect the VLDL receptor-binding site.

2.
The resulting effects are across helices and result in the liberation in apoE4 of Arg 61 of helix 2 which in apoE3 was  bound to Glu 109.

3.
Since helix 2 is juxtapositioned to helix 4, this means that Arg 61 is on the surface of apoE opposite to that which binds to the receptor and thus most likely faces the lipophilic C terminal part of the molecule.

4.
Point mutation experiments revealed that Arg 61 indeed binds to Glu 255 on the C terminal. This interaction has a marked effect on the interaction of apoE4 with lipids (see Section 2.2).

5.
Mouse apoE is apoE4-like in that it contains Arg in positions 112 and 158. However, mouse apoE does not contain Arg 61 (it has Threonine instead). Consequently mouse apoE does not have the N terminal to C terminal domains interaction of human apoE4. Accordingly, mouse apoE is more like human apoE3 in terms of its interactions with lipids.

From Mahley R.W., Rall S.C.Jr.,  Curr. Opin. Lipidol. 10:207-19.   

Slide # 60

Serum (left panels) and CSF (right panels) lipoproteins.
1.
Letters in the different panels correspond to lipoprotein classes.

2.
The major CSF lipoprotein particles are similar in size to serum HDL.

3.
ApoE is the major CSF lipoprotein. ApoA is second in abundance. The CSF lipoproteins also contain apoJ.

4.
There is heterogeneity in terms of the distribution of the lipoproteins on different particles (e.g. particles with only apoE, only apoA, or both) (not shown).

5.
In vitro astrocytes secrete lipoprotein discs, which are similar to immature HDL. Presumably, and like in the serum, these particles can pick up cholesterol and mature into HDL-like particles. Indeed these particles contain the appropriate enzymes (e.g. Lecitin:cholesterol acetyltransferase (LCAT)) which catalyze the esterification  of cholesterol to cholesterol ester by transferring fatty acids from phosphatidylcholine. Interestingly, apoE and apoJ seem to reside on different lipoprotein particles.

6.
Serum and CSF apoE pools do not mix. Liver transplantation operations in which the apoE genotype of the donor and recipient happened to differ revealed that the serum apoE of the recipient became that of the donor whereas its brain apoE genotype was unaltered.

Slide # 59

From David Nelson and Michael M. Cox, “Lehninger Principles of Biochemistry.“ 1993. 2nd edition, p 482. ©  1982, 1993 by Worth Publishers.

Slide # 61

From:

Koch S., Donarski N., Goetze K., Kreckel M., Stuerenberg H.J., Buhmann C., Beisegel U.   J. Lipid Res. (2001)  42(7): 1143-1151.  By permission of the American Society for Biochemistry and Molecular Biology.

LaDu M.J., Gilligan S.M., Lukens J.R., Cabana V.G., Reardon C.A., Van Eldik I.J., Holtzmann D.M.  J. Neurochem. (1998) 70(5): 2070-2081.  Blackwell Publishing.
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The distribution of the different apoE isoforms in serum lipoprotein.

Results depicted are agarose chematography of serum plasma that was preincubated with radiolabeled apoE isoforms. The arrows indicate the elution positions of the indicated lipoproteins, as can be seen.

1.
ApoE2 and apoE3 have similar distributions in serum lipids and are most abundant in HDL.

2.
ApoE4 is more abundant as a component of VLDL.

3.
The above is the main biophysical difference between apoE4 and the other apoE alleles and is probably due to the N terminal to C terminal interaction specific to apoE4 (see section 2.1).

From Weisgraber K.H., Adv. Protein Chem. (1994) 45: 249-302.  Elsevier/Academic Press.
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The effects of AD and the apoE genotype on CSF and serum levels of apoE and cholesterol.

Sources: 

Fukumoto H., Ingelsson M., Garevik N., Wahlund L.O., Nukina N., Yaguchi Y., Shibata M., Hyman B.T., Rebeck G.W., Irizarry M.C.  Exp. Neurol. (2003) 183: 249-253.

Kunicki S., Richardson J., Mehta P.D., Kim K.S., Zorychta E. Clin. Biochem. (1998) 31: 409-415.

LeFranc D., Vermersch P., Dallongeville J., Daems-Monpeurt C., Petit H., Delacourte A.  Neurosci. Lett. (1996) 212: 91-94.

Panza F., Solfrizzi V., D’Introno A., Capurso C., Colacicco A.M., Monti M., Capurso S., Sabba M., Capurso A. Am. J. Geriatr. Psychiatry (2003) 11: 695-696.

Yamauchi K., Tozuka M., Hidaka H., Hidaka E., Kondo Y., Katsuyama T. Clin. Chem. (1999)  45: 1431-1438.
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Isoform-specific effects of apoE on neurite outgrowth.

1.
Results shown are of DRG neurons treated in culture with either apoE3 or apoE4 in the presence of the exogenous lipid carrier (-VLDL.

2.
Similar results have now been reported in numerous cell lines (e.g. neuroblastoma N2a) and in primary brain neuronal cultures.

3.
The effect is blocked by RAP (receptor associated protein) and by lactoferrin, both of which block LRP mediated mechanisms. This suggests that the effects of apoE on neurite outgrowth are mediated by LRP.

From Nathan B.P., Bellosta S., Sanan D.A., Weisgraber K.H., Mahley R.W., Pitas R.E. Science (1994) 264: 850-852. ©  AAAS
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The effects of apoE3 and apoE4 on lipoprotein uptake.
1.
Neuroblastoma N2a cells were incubated with radiolabeled (-VLDL (A) or with DiI-(-VLDL (B) in the presence of either apoE3 or apoE4. The results depicted show that apoE simulates the uptake of lipoprotein proteins (A) and lipids (B) but that the effect is NOT isoform-specific.

2.
This example is typical of results obtained with other systems. 

From Ji Z.S., Pitas R.E., Mahley R.W.  J. Biol. Chem. (1998) 273(22): 13452-13460.  By permission of the American Society for Biochemistry and Molecular Biology.
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Isoform-specific effects of apoE on lipid efflux.
1.
Results are of cholesterol, phospholipid and apoE secretion by astrocytes prepared from brains of apoE3 and apoE4 transgenic mice.

2.
The results depicted reveal that the apoE3 astrocytes release more cholesterol and phospholipids than do the apoE4 astrocytes (right panel) BUT that they release similar amounts of apoE (left panel).

From Gong J.S., Kobayashi M., Hayashi H., Zou K., Sawamura N., Fujita S.C., Yanagisawa K., Michikawa M., J. Biol. Chem. (2002) 277(33): 29919-29926.

By permission of the American Society for Biochemistry and Molecular Biology.
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A model of the lipoprotein particles released by astrocytes of apoE3 and apoE4 transgenic mice.

Based on the lipid and protein contents of the released lipoproteins and on size measurements, the following model is suggested:

a)
The apoE3 and apoE4 lipoproteins are roughly the same size and have similar lipid compositions.

b)
The apoE3 lipoprotein particles contain less apoE3 molecules per particle than do the corresponding apoE4 lipid particles. This implies that apoE3 is more effective than apoE4.

c)
Other studies (not shown) revealed that lipid secretion from astrocytes of apoE- deficient mice is greatly reduced. Taken together, these results show that apoE is required for secretion of lipids and that apoE3 does so more effectively than apoE4.

From Gong J.S., Kobayashi M., Hayashi H., Zou K., Sawamura N., Fujita S.C., Yanagisawa K., Michikawa M., J. Biol. Chem. (2002) 277(33): 29919-29926.

By permission of the American Society for Biochemistry and Molecular Biology.
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The effects of apoE on lipid synthesis.
1.
Results shown here are from primary rat cortical cultures and they show that apoE4 in the presence of (-VLDL inhibits isoform-specifically the incorporation of [14C]acetate into cholesterol.

2.   Comp corresponds to the statin compactin, which inhibits cholesterol synthesis by    inhibiting HMG-CoA reductase.

3.    In general the data regarding isoform-specific effects of apoE on lipid synthesis is very sparse.

From Michikawa M., Yanagisawa K., Mech. Ageing Dev. (1999) 107(3): 233-243.  By permission of Elsevier.

Slide #70

ApoE3 is taken up preferentially by neurons in culture.
1.
Results shown are from neuroblastoma N2a cells which were treated with the different apoE isoform in the presence of (-VLDL.

2.
The left panel depicts an experiment utilizing radiolabeled apoE3 and apoE4 and the results show that apoE3 is taken up by the cells more effectively than apoE4.

3. The panels on the right are consecutive optical sections of N2a cells following incubation with either apoE3 or apoE4. ApoE was visualized with a pan anti-apoE primary antibody followed by fluorescently labeled second antibodies.

From Ji Z.S., Pitas R.E., Mahley R.W., J. Biol. Chem. (1998) 273(22): 13452-13460.

Nathan B.P., Chang K.C., Bellosta S., Brisch  E., Ge N., Mahley R.W., Pitas R.E., J. Biol. Chem. (1995) 270(34): 19791-19799.

By permission of the American Society for Biochemistry and Molecular Biology.

Slide # 71

Differential fragmentation of apoE in AD.
1.
Anti intact and fragmented apoE antibodies were used for studying the levels of whole apoE and of apoE lacking the C-terminal (C-truncated), in brains of AD and controls.

2.
Left panel: Immunohistochemistry of an AD brain showing that the anti apoE N-terminal anti sera binds to both plaque- and tangle-like structures, whereas the anti- apoE C-terminal Ab binds only to plaques. This suggests that tangles contain C-truncated apoE.

3.
The immunoblot data shown on the right reveal that brains contain a small (~28 kD) piece of apoE, which is recognized by the apoE anti sera (left panels of the immunoblots) but not by the anti apoE C-terminal Abs (right panels of the immunoblots). The levels of this band and of additional bands in the pellet are higher in AD than in control.  AD1 to 3 correspond to three individual patients, whereas N1 and N2 are to normal controls. These results suggest that apoE is processed into C-truncated fragments and that this processing may be more pronounced in AD than in control. Further experiments with larger samples are needed in order to substantiate this point.

4. It should be noted that, although the three AD subjects whose brains were subjected to the immunoblot analysis had E4/E2, E4/E4, E4/E3 genotypes, it remains to be determined whether apoE fragmentation is indeed more pronounced in apoE4 than in apoE3 AD cases.

From Huang Y., Liu X.Q., Wyss-Coray T., Brecht W.J., Sanan D.A., Mahley R.W.,  Proc. Natl. Acad.  Sci. USA (2001) 98(15): 8838-8843.
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Isoform specific anti-oxidant effects of apoE.
1.
Results shown are from an in vitro experiment in which the ability of apoE3 and apoE4 to prevent the oxidation of (-VLDL by Ca+2 was monitored spectrophotometrically (increased OD234 is a measure of increased peroxidation).

2.
Miyata and Smith (Nature Genetics, 1996, 14, 55) have also studied apoE2 and shown that the antioxidant capacity of apoE in apoE2 > apoE3 > apoE4. Furthermore, it was shown that apoE can protect cells from A( toxicity in the same rank order, and that this may be related to their antioxidant activity (e.g. apoE2 is the best and apoE4 the worst protector from A( toxicity).

From Lomnitski L., Koen R., Chen Y., Shohami E., Trembovler V., Vogel T., Michaelson D.M., Pharmacology, Biochemistry, and Behavior Vol 56 669-673.  By permission of Elsevier.

Slide # 73

Isoform-specific effects of apoE on Ca2+ homeostasis.
1.
Results shown are Fura-2 measurements of Ca2+ in hippocampal primary neuronal cultures. Picture on the left is false color-coded Ca2+ images of a neuron rich hippocampal culture. Results on the right are time-course of Ca2+ loading of a typical neuron which was treated alternatively with the different apoE isoforms. As can be seen, apoE4 is more effective than apoE3 in elevating intracellular Ca2+ levels.

2.
Results shown were obtained with recombinant apoE (20 nmol/liter), which was added together with a lipid emulsion of phosphatidylcholine and triolein.

3.
Similar results were obtained with astrocytes.

4.
The effect of apoE is NOT mediated by LRP (i.e., it is not sensitive to either RAP or lactoferrin).

5.
The effect of apoE on Ca2+ influx (apoE4 > apoE3 > apoE2) is sensitive to (-agatoxin and nickel but not to nifedipine and (-conotoxin. This suggests that apoE activates P/Q type Ca2+ channels.

From Muller W., Meske V., Berlin K., Scharnagl H., Marz W., Ohm T.G., Brain Pathol. (1998) 8: 641-653.

Slide # 74

Schematic presentation of the apoE4 specific LRP mediated effects of apoE4 on Ca2+ influx. 

Results shown correspond to three different systems in which the effects of apoE4 and LRP were either directly on Ca2+  influx or via activation of NMDA receptors and voltage-dependent Ca2+ channels.

Source:

Veinbergs I., Everson A., Sagara Y., Masliah E., J. Neurosci. Res. (2002) 67: 379-387.

Bacskai B.J., Xia M.Q., Strickland D.K., Rebeck G.W., Hyman B.T., Proc. Natl. Acad. Sci. USA (2000) 97: 11551-11556. 

Muller W., Meske V., Berlin K., Scharnagl H., Marz W., Ohm T.G., Brain Pathol. (1998) 8: 641-653.
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The  levels of A( deposition in apoE4-positive AD patients is higher than that of corresponding  patients who lack apoE4 (left). 

The micrograph on the right depicts a typical field of senile plaques of an apoE4-positive AD patient.

From Walker L.C., Pahnke J., Madauss M., Vogelsang S., Pahnke A., Herbst E.W., Strausske D., Walther R., Kessler C., Warzok R.W.  Acta Neuropathol. (Berl.) (2000) 100: 36-42. By permission of Springer Verlag.
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The effects of human apoE3 and apoE4 and of apoE deficiency on A( deposition in transgenic mice. 

Results shown were adapted from Holtzman et al. (2000) and are from the hippocampus of 15 months’ old APP x apoE double transgenic mice. They reveal that the dependence of A( deposition on apoE in this brain area and at this time point is: ApoE4 > apoE mouse> apoE Ko ( apoE4

The general time and apoE dependence of A( deposition is quite complex and can be summarized as follows:

1. In APP x mouse apoE mice, A( deposition starts at about 9 months of age and is associated with time dependent increase of fibrillar and non-fibrillar A( deposits.

2. In APP x apoE KO mice A( deposition also starts at ~ 9 months, but is somewhat less robust than in the APP x mouse apoE mouse. Furthermore, A( deposition in these mice is non-fibrillar.

3. In the APP x human ApoE3 and APP x human apoE4 mice, the deposition of A( is retarded and is not seen until the age of 15 months. These observations and the direct measurements of the levels of soluble A( suggest that apoE also plays a role in the clearance of A( from the brain and that this process is performed more effectively by human apoE (apoE3 = apoE4) than by mouse apoE.

4. At ages older than 15 months, the APP x apoE4 mice begin to deposit fibrillar and non fibrillar A(, whereas the APP x apoE3 mice develop less A( deposits, all of which are non fibrillar.

From Holtzman D.M., Bales K.R., Tenkova T., Fagan A.M., Parsadanian M., Sartorius I.J., Mackey B., Olney J., McKeel D., Wozniak D., Paul S.M.  Proc. Natl. Acad. Sci. USA (2000) 97(6): 2892-2897.  
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A schematic summary of the apoE dependency of A( metabolism depicting the stage which is enhanced specifically by apoE4 (i.e. formation or diffuse A( deposits) and those which are driven by apoE but not isoform-specifically (e.g. dissolution and fibrillization of the diffuse A( deposits and removal of A( from the brain).

The scheme is based on the combined work of the Holtzman group with APP x apoE double transgenics and on experiments with apoE single transgenics from the Michaelson lab, in which A( metabolism was monitored prior to and following inhibition of the A( degrading enzyme neprilysin.

Slide # 78
The effects of apoE on the levels and degradation of APP. 

The results show that the hippocampal APP and APPs( levels of apoE transgenic mice under normal control conditions are not affected by the apoE genotype. In contrast, head trauma results in specific decrease of the non amyloidogenic APP product APPS( and in the apoE4 but not the apoE3 transgenic mice.

From Ezra Y., Oron L., Moskovich L., Roses A.D., Beni S.M., Shohami E., Michaelson D.M, Neuroscience (2003) 121(2): 315-325.  By permission of Elsevier.
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