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PREFACE

This book represents the fourth in a series of international conferences related to
Alzheimer’s (AD) and Parkinson’s (PD) diseases. The first one took place in Eilat, Israel
in 1985; the second in Kyoto, Japan, in 1989; and the third in Chicago, IL, USA in 1993.
This book incorporates the proceedings of the Fourth International Conference on Pro-
gress in Alzheimer’s and Parkinson’s Diseases, held in Eilat, Israel, on May 18-23, 1997.
This Conference was the 41st in the series of annual OHOLO Conferences sponsored by
the Israel Institute for Biological Research (IIBR). It was also conducted under the aus-
pices of the Alzheimer’s Association Ronald and Nancy Reagan Research Institute, USA.

The Conference was attended by 550 participants from 28 countries, representing a
broad spectrum of research interests; and included a well-balanced representation from aca-
demia, clinical institutions and pharmaceutical industry. The four-and-one-half day meeting
served as an excellent medium for surveying the current preclinical and clinical develop-
ments in AD, PD, and other related disorders. The scientific program was divided into 24
oral sessions and daily poster sessions. The conference culminated in a round table discus-
sion. There were 122 talks and 161 posters. This book incorporates a combination of both.

Many people and organizations were instrumental in the success of this multidiscipli-
nary international conference and the scientific quality of this book. We thank the members
of the Scientific Advisory Board, the Local Advisory Committee, and Prof. Y. Mitzuno from
Japan, for their constructive input and their excellent service as chairpersons and speakers in
the conference. We would like to acknowledge the backup of IIBR, and in particular Dr. A.
Shafferman, the Director of IIBR for contributing his moral support for this endeavor. Mr.
G. Rivlin and Ms. D. Dreman and their devoted team from Kenes are to be commended for
the excellent organization of this Conference. Also thanks to Ms. Dalia Wallach for her
dedicated secretarial support for the conference. In particular, we would like to acknow-
ledge the supreme effort of Ms. Corrine Arthur for reformatting and reprinting most of the
chapters in these proceedings.

The conference would not have been as successful as it turned out to be without the
financial support of a number of important contributors. These are listed on the following
pages in a special acknowledgment section.

Finally, the measure of a conference is dependent upon the participants themselves.
The diverse international community was well represented at this meeting. It is hoped that
this conference provided the medium for friendly and active exchange among all the partici-
pants, and that it contributed to the development of new collaborative efforts for the future.

Abraham Fisher
Israel Hanin
Mitsuo Yoshida
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THE PATHOGENESIS OF ALZHEIMER’S DISEASE
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The great majority of Alzheimer investigators seems to be convinced that the deposi-
tion of B-amyloid lies at the heart of the pathogenetic problem. More than 2,500 papers
have been published in the last 15 years concerning this Alzheimer amyloid (AP), and that
is more publications than on almost any other protein. While we know an enormous
amount of detail about this amyloid—its origin, anabolism, catabolism, configuration, in
vitro function, etc., there remains a number of reasons why its primary, causal significance
in Alzheimer disease must be regarded with some skepticism.

For example, the beta amyloid which is characteristic of Alzheimer disease (AD) is
not specific to that disorder, but has been found in such remote and diverse situations as
human congenital cerebral vascular anomalies and rat gracile nucleus (Ichihara et al.,
1995). Many studies have shown that there is no correlation between the clinical severity
of the cortical symptoms and the quantity of cortical amyloid (Arriagada et al., 1992).
Only two reports disagree. One is quite old and has been much disputed on the basis of its
statistical methods (Blessed et al., 1968). The other involves the entorhinal cortex (Cum-
mings et al., 1995) where amyloid containing plaques are a minor epiphenomenon relative
to neurofibrillary tangles. Particularly significant in regard to this failure of correlation is
the point that pharmacologic reduction or prevention of amyloid might have only a mini-
mal effect on the clinical severity of the disease unless the therapy has other, more pri-
mary physiologic effects.

To advance arguments against amyloid as a primary factor, one might also point out
that AP can be present in large quantities in the normal, nondemented elderly brain. Neo-
cortical tangles are not to be found or are very rare in such situations, but numerous
neuritic plaques containing beta amyloid are quite common in patients whose cognition is
apparently normal. This also indicates that the presence of AB does not induce the forma-
tion of neurofibrillary tangles. Diffuse plaques are frequent in both normal elderly and in
demented Alzheimer patients. If one examines these diffuse plaques which lack filamen-
tous amyloid for the presence of synapse markers, one finds that the apparent concentra-
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tion of presynaptic elements is normal in the area of the unformed, diffusely deposited A
(Masliah et al., 1990). So this kind of amyloid is not toxic to synapses.

The toxicity of amyloid is well documented in vitro (Yankner, 1989), but proof is
lacking in vivo, where it is to be seen that inoculation of fibrillar amyloid into the brain does
not result in toxic changes, but only in trauma, such as one might see with any inert mate-
rial. If amyloid contains a soluble toxic component, we would expect there to be a gradient
of observable damage to the brain parenchyma extending from the nidus of amyloid deposi-
tion. In fact, however, such a gradient is not present. The diminished concentration of syn-
apses typical of AD is quite uniform from the edge of one plaque to the edge of another.

It is said that in Down’s syndrome, amyloid is deposited very early in life (Burger et
al., 1973). One wonders whether this is indeed the case in Alzheimer disease. Electron mi-
croscopic examination of human brains (Terry et al., 1970), as well as these of nonhuman
primates (Wisniewski et al., 1973) and dogs (Wisniewski et al., 1970) reveals that dys-
trophic neurites appear prior to the deposition of the amyloid and certainly in its topo-
graphic absence. This might also be the case in Down’s, but preceding dystrophy has not
been sought there.

In regard to instances of APP mutations, it must be pointed out that in the human
such mutations of chromosome 21 account for only about one-tenth of one percent (0.1%)
of the Alzheimer population. Mutations on chromosomes 14 and 1 are more common but
do not directly or exclusively effect the metabolism or the synthesis of amyloid. In the
Athena mouse, where amyloid deposition is present in well formed plaques (Games et al.,
1995), this phenomenon actually follows loss of synapses and diminished GAP43
(Masliah, personal communication).

Now, there is no doubt that AP is present in every case of Alzheimer disease, for
without it the diagnosis is untenable. The AP is thus a totally consistent marker of AD, but
that alone does not prove it to be a primary causal factor. For example, fever is an almost
constant sign of infection, but it does not cause the infection, and treating the fever alone
will not change the progress of the disease. The phlogiston theory has disappeared in the
face of contrary evidence concerning etiology and pathogenesis.

So, how is it that amyloid has so captured the attention of the research community?
Glenner very importantly isolated AP from Alzheimer meningeal vessels in the mid-
1980s, and reported it to be a specific small peptide (Glenner et al., 1984). That period of
scientific development involved especially technology of protein chemistry, and A was
an ideal subject. First, it had to do with a major human disease as had been shown, and
second, the technology for its study was readily available, and so was the peptide itself.
Dozens of laboratories were attracted and became involved. Had the same peptide been
discovered 1020 years earlier, very little could have been done with it, and attention
might have been turned elsewhere.

The leading theory concerning amyloid-dominant pathogenesis of AD has it that amy-
loid precursor protein (APP) is synthesized in many cells, but most importantly in the cell
body of neurons from which it is transported by rapid axoplasmic flow (Price et al., 1994))
to the presynaptic terminals where the A itself is released to damage the synaptic terminal
either from within the cell or from the extracellular space. It is the last part of that sequence
which is problematic. It has been stated that the formed element of amyloid, that is the fila-
ment, is the toxic part, at least in vitro (Pike et al., 1991); but formed filaments are not to be
found at the synapse by electron microscopic study of the tissue. Synapses are being lost
throughout the neuropil without visible amyloid filaments. If it is soluble amyloid which is
doing the damage, then this is contrary to the major in vitro evidence, as well as being con-
trary to the findings concerning the diffuse plaque (vide supra) in tissue.
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No, despite it popularity, the amyloid hypothesis seems to be inadequate. But there
are several other possibilities as to the cause of Alzheimer disease; as for example, oxida-
tive stress (Beal, 1994), calcium homeostasis (Mattson et al., 1992), even infections
(Itzhak et al., 1997). The one which came up early and still holds my own attention has to
do with the neuronal cytoskeleton. We noticed in the early electron microscopic studies 35
years ago, that in brain biopsies from Alzheimer patients, there was a paucity of micro-
tubules in the cortical neurons especially obvious in those cells with tangles. We suggested
in 1967 (Suzuki et al.) that the dystrophic terminals in the plaques and in the neuropil
could be the result of inadequate substrate coming from the remote cell bodies due to defi-
cient axoplasmic flow, that function being dependent on the microtubules. The latter struc-
tures are essential for bi-directional linear movement in axons, where material flows at
different rates, thanks to certain motor proteins acting along the cytoskeleton.

More recently, it has been shown that hyperphosphorylation of tau protein desta-
bilized microtubules and that this hyperphosphorylation is prominent in neurofibrillary
tangles (Goedert, 1993). But the number of tangles in the neocortex is not at all great
enough to account for the much larger loss of neuronal cell bodies (Gomez-Isla et al.,
1977). Therefore, there must be other causes of neuronal death, and there might well be
other forms of cytoskeletal abnormalities leading to the diminished axoplasmic flow. In
this regard, it has very recently been shown that the actin gene is up-regulated in cells ex-
pressing amyloid precursor protein (Ramakrishna et al., 1997).

Destabilization of the microtubules leads to dispersion of the Golgi apparatus (Stie-
ber et al., 1996) which would result in abnormal Golgi functions. Since these must include
post translational effects on amyloid precursor protein (APP), this dispersion might ulti-
mately result in excessive production of amyloid that we see in Alzheimer disease. It is in-
teresting the presenilin 1 and 2 from chromosomes 14 and 1 are both Golgi (Kovacs et al.,
1996) or endoplasmic reticulum (Walter et al., 1996) proteins, and may have similar dis-
ruptive functions in their mutated forms.

The markedly diminished axoplasmic flow should certainly cause the loss of syn-
apses, since they are dependent on substrate coming from the perikaryon. Degenerative
synapses elicit activation of the microglia (McGeer et al., 1994) which then secrete cytoki-
nes adding to the destruction. Synaptic loss is greater than neuronal loss and, therefore,
probably comes first. Furthermore, synapse concentrations are the best correlate of cogni-
tive function in AD (Terry et al., 1991).

The loss of terminal axons, again due to diminished axoplasmic flow, would lead to
diminished return of trophic factors to the cell bodies since these factors come from the tar-
get areas and are returned to the cell body by means of retrograde axoplasmic flow. Diminu-
tion of trophic factors available to the cells causes apoptosis, and it has been shown that
apoptotic cells secrete amyloid. The neurons disappear by way of apoptosis, which is a quite
rapid process and is therefore rarely found in situ in the histologic study of the brain. Fi-
nally, the deficiency of synapses results in transmitters not being available to receptors.
Thus, cerebral functions are disconnected, and dementia is the result (Terry, 1996).

The appended (Terry, 1996) chart (Figure 1) shows a possible mechanism which enve-
lopes all the known changes regarding the histologic lesions and the transmitter chemistry.
It might be regarded as a sort of final common pathway into which the several causal genes,
as well as the risk gene (apoE) feed. It is to be noted that amyloid appears as a bi-product of
the Golgi abnormalities and of the dystrophic neurites, but that it does not contribute signifi-
cantly to the dementia. Microglia, as stated above, are activated by degeneration of the
synapses, but their cytokine secretions once activated add to the damage. The death by
apoptosis of neuronal cell bodies is the result of a failure of neurotrophic substance, which
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Figure 1. Pathogenesis of Alzheimer’s Disease.

is due to the loss of synapses and the loss of retrograde axoplasmic flow associated with
cytoskeletal deficiency.
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INTRODUCTION

The formation of neurofibrillary tangles in patients with Alzheimer’s Disease is
probably the end result of a number of biochemical processes which take place in specific
neuronal populations. The Braak’s and their colleagues (Braak and Braak, 1991; Braak,
Braak and Bohl, 1993) have provided a very useful staging system which has been exten-
sively used to attempt to work out the temporal sequence of biochemical events. This
scheme defines the stage of disease essentially through definition of the brain regions con-
taining neurofibrillary pathology within neurons. The transentorhinal cortex appears to be
the first area in which these abnormalities are found, with subsequent “spread” to the hip-
pocampal formation and then to association cortex. For the work described in this report,
Braak staging was used to identify cases of Alzheimer’s Disease very early in the course
of the illness.

A new series of monoclonal antibodies has been developed to examine the early bio-
chemical changes taking place in neurons in the brains of patients with Alzheimer’s Dis-
ease. Antibodies were produced by immunization of mice with proteins prepared by
immunoaffinity chromatography using an IgGl class switch variant of Alz-50 (Wolozin et
al., 1986; Vincent and Davies, 1992) These new antibodies define two distinct abnormali-
ties that distinguish tau in the normal brain from what has been called PHF-tau. These an-
tibodies have been used in both biochemical and immunocytochemical studies, especially
of the hippocampus of early Alzheimer’s Disease cases. The results outlined here suggest
that the earliest detectable abnormalities of tau occur in the perikarya of entorhinal cortex
and hippocampal neurons, before the formation of neurofibrillary tangles and indeed be-
fore formation of paired helical filaments. In early Alzheimer’s Disease (AD) cases, this
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abnormal tau is very prominently localized to the perikarya and proximal portions of both
basal and apical dendrites of hippocampal pyramidal cells, rather than in the axons of
these neurons.

Antibodies Sensitive to Tau Conformation

The MCI and Alz-50 antibodies both appear to define a conformational change that
tau undergoes in early AD. Neither antibody reacts with recombinant tau or with tau pre-
pared from the normal human or animal brain if solution assays such as ELISA or immu-
noprecipitation are used. They both react well with tau from Alzheimer’s Disease brain
tissue in these assays, and with all forms of tau after treatment with SDS/ beta mercap-
toethanol and immobilization on nitrocellulose. Using recombinant tau and assaying anti-
body reactivity by immunoblotting, we have shown that both antibodies require two
widely separated tau sequences for reactivity (Jicha et al., 1997). There is an essential N-
terminal sequence, limited to the first 15 amino acids reported previously (Goedert et al.,
1991) and which requires Phe8 (Ksiezak-Reding et al., 1995) and the two glutamates at
positions 7 and 9 (the numbering system used refers to the 441 amino acid form of tau).
The second required sequence is in the region 312 to 342, which includes the third micro-
tubule binding domain (MTBD). Neither the first nor the second MTBD can substitute for
the third, despite suggestions to the contrary (Carmel et al., 1996). The simplest interpreta-
tion of this data is that tau from the AD brain is folded such that the N-terminus is in close
association with the third MTBD (see Figure 1), and that this conformation does not occur
at significant levels in the normal brain. Other interpretations are possible, including a va-
riety of models in which the presence of the third MTBD leads to “exposure” of the N-ter-
minus. These seem difficult to reconcile with the existing models of tau structure, which
indicate essentially a random coil structure in solution (Schweers et al., 1994). Further
work is in progress, but it seems clear that both MCI and Alz-50 binding requires a con-
formational modification of tau that is associated with AD, in that tau from normal brain
in solution is simply not reactive with these antibodies.

NORMAL TAU (RANDOM COIL)

BOTH AN N-TERMINAL AND A THIRD MTBD SEQUENCE
ARE REQUIRED FOR ALZ-50 OR MC1 BINDING

— N
E————
1 2 3 4

PHOSPHO-THR231 IS ONLY RECOGNIZED BY TG3 IF
A FOLD SEPERATES IT FROM PHOSPHO-SER235
PThr23t
PSer23§ N
(o
I 2 3 a4
Figure 1. A simple model of how tau might be folded in the Alzheimer brain.
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Antibodies Recognizing Phosphoepitopes

The second group of antibodies used recognize phosphorylated epitopes on tau that
are associated with the formation of paired helical filaments (see for example, Hasegawa
et al., 1992). There is considerable confusion in the literature concerning the “abnormal-
ity” of some of these phosphorylations. Immunoblot studies of biopsy-derived human
brain tissues show that tau is phosphorylated at more sites than can be detected in autopsy
derived normal brain tissues (e.g., serines 235 and 396) (Greenberg et al., 1992; Matsuo et
al., 1994). However, it is also clear that these phosphoepitopes are much more stable in
autopsy AD brain tissue than in normal, and that this difference in stability results from
the nature of the phosphorylated tau, rather than from a difference in protein phosphatase
activity (Vincent and Davies, 1990; and unpublished data). When present in PHF, all the
phosphoepitopes we have examined are considerably more resistant to the action of alka-
line phosphatase than are the same phosphoepitopes on recombinant tau. It also seems to
be the case that the extent of phosphorylation at any given site is higher in the tau from
autopsy AD brain than it is in tau from biopsied normal brain.

One monoclonal antibody, designated TG3 (Dickson et al., 1995; Vincent Rosado
and Davies, 1996), that specifically recognizes a phosphorylation of threonine 231 of tau
also appears to be sensitive to the conformation of the phosphorylated tau. Threonine 231
appears to be phosphorylated at low levels in the normal (biopsy) brain, although the epi-
tope is not usually detectable in normal autopsy brain (Goedart et al., 1994; Matsuo et al.,
1994). Phosphorylation of serine 235 appears to follow the same pattern. However, when
both sites are phosphorylated, normal tau is not reactive with TG3, although tau from the
AD brain, also phosphorylated at both sites, is strongly reactive. These results argue for a
conformational difference between normal tau phosphorylated at these two sites and simi-
larly phosphorylated AD derived tau. Recent work in collaboration with Otvos and Hoff-
mann (Jicha et al., submitted 1997) has been able to find support for this idea in studies of
TG3 reactivity with a diphosphopeptide, phosphothreonine 231 —phosphoserine 235,
which is only TG3 reactive under certain solvent conditions which stabilize a beta turn in
the peptide molecule. This work provides further support for the notion that tau in the AD
brain is quite different in conformation than that in the normal brain (see Figure 1).

Immunocytochemistry

Investigations are ongoing in an attempt to answer the important and obvious ques-
tion of which comes first in Alzheimer’s Disease, the conformational change in tau or the
accumulation of phosphoaminoacids. These studies are greatly facilitated by the fact that
both MC1 and TG3 appear by immunocytochemistry of routine autopsy tissues fixed in
formalin to be very specifically reactive with neurons undergoing the neurofibrillary de-
generation of Alzheimer’s Disease (both antibodies also demonstrate the same specificity
in paraffin embedded tissue, which allows studies of archival material). Detailed immuno-
cytochemical studies of early AD cases have been conducted with the two types of anti-
bodies described in brief above. Light and electron microscope single and double labeling
studies have been conducted on a series of cases which fit into the Braak staging scheme
as Stage 1 and 2 cases, in which neurofibrillary pathology is largely confined to the en-
torhinal cortex and hippocampus. In these cases both MCI and TG3 reveal hippocampal
pyramidal cell staining that has never been found in brain tissue from young normal indi-
viduals. This staining is particularly intense in the perikarya of CA1 and sometimes CA2
neurons, where there often appears to be a perinuclear intensificatiorn of the staining. Im-
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munoreactivity extends into both the basal and apical dendrites, fading out some 200-300
nanometers from the cell body. Electron microscopy reveals that in most cases the staining
is cytoplasmic, and is not associated with filaments of any type. Staining is also occasion-
ally observed in pyramidal cells of CA4 and to a surprising extent in both cell bodies and
dendrites of dentate granule neurons. Again, in these early AD cases, most of the staining
is cytoplasmic rather than filamentous.

Hippocampal CA1 neurons in a relatively small number of cases (11) have been ex-
amined with double labeling at the EM level, to attempt to determine if there are neurons
which do not contain paired helical filaments that are positive for either TG3 or MC | (but
not both). To date, it appears that MC1 labeling of such cells is quite frequently found in
the absence of TG3 staining, implying that the conformational change in tau precedes the
accumulation of phosphoepitopes. It is noteworthy that it is very rare to find evidence for
phosphorylation at serine 235 or serine 396 in the hippocampal pyramidal cells of these
cases, implying that these phosphoepitopes accumulate fairly late in the process of fila-
ment formation and degeneration.

CONCLUSION

. This work raises many questions about the nature of the neurodegenerative process
in AD. At the very earliest stages, neurons that do not appear to be abnormal by mor-
phologic criteria have accumulations of a highly abnormal tau in the somatodendritic
compartment. Does the tau accumulate because it is abnormal in conformation and some-
times highly phosphorylated, thus preventing axonal localization? Does the tau accumu-
late in cell bodies and dendrites because of some failure in axonal transport and then
become abnormally folded and phosphorylated? The new generations of monoclonal an-
tibodies seem to allow studies of molecular events taking place in the earliest stages of
AD, although they do not allow us to define the relative importance of the biochemical
changes they detect. Two quite different interpretations are possible. In the first, the ab-
normalities of tau are critical to the state of the microtubule system of the neuron, and
degeneration proceeds because of lack of functional tau. In the second, the changes in
tau conformation and phosphorylation state are simply results of derangement of neuro-
nal biochemistry, and serve as markers for the degenerative process without having any
direct consequences for the cell. Cell and molecular biological studies will be needed to
address these intriguing questions.
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INTRODUCTION

The role of apolipoprotein E (ApoE) allele €4 as a risk factor for AD is generally
agreed (Strittmatter and Roses, 1995). ApoE can be detected by immunohistochemistry in
senile plaques, neurofibrillary tangles, and cerebrovascular amyloid, the major neuro-
pathologic changes in AD brain. ApoE contributes to the transport of cholesterol and other
lipids, and it is also involved in the growth and regeneration of nerves during development
or following injury (Poirier, 1994). ApoE isoforms also differ in their binding properties to
amyloid B-protein (AB) and tau protein suggesting that ApoE might be involved in the
pathogenesis of AD (Strittmatter and Roses, 1995). ApoE &4 allele is associated with earlier
age of onset of AD, increased accumulation of f amyloid (AB) in AD brains (Schmechel et
al., 1993; Rebeck et al., 1993) and even brains of elderly nondemented subjects (Polvikoski
et al., 1995), increased counts of neurofibrillary tangles (Nagy et al., 1995), and decreased
plastic response (Arendt et al., 1997). Moreover, recent data have indicated that the degree
of the cholinergic deficit in AD brains is related to the number of €4 alleles (Poirier, 1994;
Soininen et al., 1995).

Loss of memory is often the first symptom of AD accompanied later by impairment
in visuospatial, executive, and verbal functions. Many studies have shown that reduction
of the hippocampal volume measured on magnetic resonance imaging (MRI) scans is a
sensitive and early indicator of AD. Hippocampal atrophy also correlates with degree of
memory impairment in tests assessing delayed recall (Lehtovirta et al., 1995).

Recent data have suggested that the presence of the ApoE &4 allele may significantly
enhance the magnitude of hippocampal atrophy. The &4 allele seems also to be associated
with severe memory impairment in AD and is related to impaired learning ability even in
the nondemented elderly. Therefore, ApoE €4 allele may to be a significant contributor to
memory impairment in the elderly population.

Progress in Alzheimer’s and Parkinson’s Diseases
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HIPPOCAMPAL VOLUMES AND MEMORY ARE AFFECTED BY
ApoE ¢4 ALLELE

A study evaluating the deficits in cognitive performance in AD patients showed that
the only difference in the cognitive profile of AD patients related to the number of ApoE
€4 alleles, was more severe memory impairment (Lehtovirta et al., 1995 and 1996). AD
patients carrying the €4 allele also showed more severe hippocampal damage than AD pa-
tients without €4. The patients were in the early stage of the disease, and patients with 2,
1, or 0 ApoE &4 alleles were comparable in global severity of dementia assessed by rating
scales. The AD £44 subjects displayed the most pronounced volume loss, they had signifi-
cantly smaller volumes of the right hippocampus (-54% of control) than all the other
study groups. The AD €44 patients also had the lowest scores in delayed memory tests,
and differed from €33 AD patients in delayed recognition of learned words.

Nondemented elderly carrying €4 were also reported to have minor hippocampal
changes (Soininen et al., 1995), namely a decrease in hippocampal asymmetry that is de-
tected in normal controls.

Data from a population based study supported these findings and suggested that
ApoE £2 might be protective for learning and memory functions whereas €4 seemed to be
deleterious (Helkala et al., 1995). This study of 916 nondemented subjects showed that the
individuals with 22 or 23 phenotype had better learning ability that than those carrying an
€4 allele. The groups did not differ in Mini-Mental Status scores or performance in psy-
chometric tests assessing other cognitive domains. Three years later, 632 subjects partici-
pated in a follow-up screening, and the subjects with €22 or €23 had maintained their
verbal learning performance, whereas learning ability of subjects with other ApoE pheno-
types deteriorated (Helkala et al., 1996).

CHOLINERGIC DEFICIT AND ApoE GENOTYPE

Depletion of choline acetyltransferase (ChAT) in the neocortex and hippocampus
and degeneration of the cholinergic neurons in the nucleus basalis of Meynert are the most
consistent neurochemical changes in AD brain. A post-mortem study indicated that AD pa-
tients carrying the £4 allele have a more severe cholinergic deficit (-72% of control) in the
frontal cortex than the AD patients without the &4 allele (—48% of control) (Soininen et al.,
1995). The ChAT deficit was most pronounced for the AD patients with the €44 genotype.
These data are in line with a report of a decrease of ChAT proportional to the number of
€4 alleles in the post mortem temporal cortex and hippocampus of AD patients (Poirier,
1994). Moreover, decreased number of nicotine binding sites and decreased neuronal den-
sity in the nucleus basalis have been reported to associate with the ApoE €4 in AD brain
(Poirier et al., 1995). Interestingly, AD patients carrying €4 have shown a decreased re-
sponse to tacrine, an acetylcholinesterase inhibitor. Moreover, another study reported in-
creased activity of acetylcholinesterase, an enzyme degrading acetylcholine, in the CSF of
AD patients carrying €4 (Soininen et al., 1995). These findings may have implication for
drug treatment of AD patients with cholinomimetics. At the moment, in many drug trials
the ApoE genotype will be determined and its effect to the drug response will be analyzed.

TEMPORAL LOBE STRUCTURES ARE VULNERABLE TO ApoE &4

Both in AD patients and in nondemented elderly subjects, memory functions and
medial temporal lobe structures such as the hippocampus, seem to be particularly suscepti-
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ble to adverse effects of the ApoE €4 allele. In contrast, €2 might be protective; elderly
subjects with €2 maintain their learning ability (Helkala et al., 1996). Bondi and cowork-
ers (1995) also showed that episodic memory changes were associated with the ApoE g4
allele in nondemented older adults. Another study in normal older twins showed lower
cognitive performance in subjects carrying the ApoE &4 allele (Reed et al., 1994). The
ApoE €4 allele has been reported to be a strong predictor of development of AD in mem-
ory impaired individuals (Petersen et al., 1995). Moreover, many studies have documented
earlier in age of onset in AD patients carrying 2 €4 alleles. This kind of data propose that
€4 carriers among the elderly suffering from memory impairment may be a group that is at
high risk for dementia and outline a possible target group for preventive procedures if
these become available in the future.

How ApoE exerts its action AD, is not known yet. However, new data about its possi-
ble mechanisms of action have rapidly accumulated. ApoE isoforms differ in binding to AB
and tau (Strittmatter and Roses, 1995), and ApoE is involved in regeneration and synapto-
genesis following injury. ApoE-deficient mice have also shown reduced synaptic density and
diminished regenerative capacity following hippocampal lesions (Mashliah et al., 1995).
Moreover, in vitro studies have indicated that ApoE3 enhances while ApoE4 inhibits neurite
outgrowth in neuronal cell cultures (Nathan et al., 1994). Because transport of cholesterol
and other lipoproteins plays a crucial role in synaptogenesis, it is possible that AD patients
differing in ApoE phenotype also differ in their capacities for plastic response and synapto-
genesis. Finally, the £4 allele is related to severe cholinergic deficit in the frontal cortex
(Soininen et al., 1995), temporal cortex and hippocampus (Poirier, 1994). ApoE may be of
major importance for the cholinergic system which is partly dependent of phospholipid meta-
bolism in neurons (Wurtman, 1992). In concert with results from AD patients, ApoE knocked
out mice were reported to have cholinergic depletion in the frontal cortex and hippocampus
and also impairments in working memory but not in reference memory (Gordon et al. 1995).

To sum up, increasing evidence is accumulating that the ApoE €4 may be harmful,
particularly, for memory functions. The ApoE €4 allele is associated with severe hippocam-
pal damage and memory impairment in AD. In contrast, the ApoE &2 seems to be protective
for memory functions in the elderly. ApoE &4 is also associated with severe cholinergic defi-
cit in AD that may imply a reduced response to cholinomimetics as has been found concern-

ing tacrine.
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INTRODUCTION

Apolipoprotein (apo-) E is a 299-amino acid, 34-kDa protein that is synthesized and
secreted by hepatocytes, macrophages, and astrocytes. It is a component of both plasma
and cerebrospinal fluid lipoproteins (Borghini et al., 1995; Mahley, 1988; Pitas, 1997, Pi-
tas et al., 1987). As a component of lipoproteins, apo-E is a ligand for several members of
the low density lipoprotein (LDL) receptor gene family, including the LDL receptor itself
and the LDL receptor-related protein (LRP) (Krieger and Herz, 1994; Mahley, 1988; Pitas
et al., 1979). Apo-E occurs in three common forms that are products of different alleles at
the same gene locus (Zannis and Breslow, 1981). The proteins apo-E2, apo-E3, and apo-
E4 differ by single amino acid changes at amino acids 112 and 158 (Mahley, 1988). Apo-
E2 has cysteine at both positions, apo-E4 has arginine at both positions, and apo-E3 has
cysteine at position 112 and arginine at 158 (Mahley, 1988; Weisgraber, 1994). These
amino acid substitutions have a profound impact on the metabolic properties of the pro-
teins and their association with disease. Of particular interest is the observation that the
apo-E4 allele is overrepresented in subjects with late-onset Alzheimer’s disease (AD) and
furthermore that subjects who carry the apo-E4 allele develop AD at an earlier age than
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those with the apo-E3 allele (Corder et al., 1993; Mayeux et al., 1993; Poirier et al., 1993;
Saunders et al., 1993). Apo-E4 is therefore a major risk factor for the development of late-
onset AD.

In our initial attempts to determine how apo-E4 might contribute to AD, we exam-
ined the effect of apo-E-enriched lipoproteins on the outgrowth of neurites from neurons
in culture. In primary cultures of dorsal root ganglion neurons (Nathan et al., 1994) and a
murine neuroblastoma cell line (Neuro-2a) (Nathan et al., 1995), incubation with apo-E3-
enriched lipoproteins stimulated neurite outgrowth, whereas incubation with apo-E4-en-
riched lipoproteins inhibited neurite outgrowth. Free apo-E, which is not a ligand for
lipoprotein receptors, had no effect. Similar results were observed in Neuro-2a cells stably
transfected to secrete either apo-E3 or apo-E4 (Bellosta et al., 1995). Cerebrospinal fluid
lipoproteins or B-VLDL (cholesterol-rich plasma very low density lipoproteins) stimulated
neurite outgrowth from cells expressing apo-E3 and inhibited outgrowth from cells ex-
pressing apo-E4. Several lines of evidence demonstrate that the effect of the apo-E3- and
apo-E4-enriched lipoproteins on neurite outgrowth is mediated after interaction with the
LRP (Bellosta et al., 1995; Holtzman et al., 1995).

The differential effects of apo-E3 and apo-E4 on neurite outgrowth were associated
with differential effects on the cytoskeleton (i.e., microtubules are disrupted in apo-E4-
treated but not in apo-E3-treated cells) and with the differential accumulation of apo-E3
and apo-E4 in cells (Nathan et al., 1995). Inmunocytochemical detection of apo-E in
Neuro-2a cells demonstrated greater accumulation of apo-E in the cell body and neurites
in cells incubated for 48 hr with apo-E3-enriched lipoproteins than in cells incubated with
apo-E4-enriched lipoproteins. These results were confirmed by studies with iodinated apo-
E. This differential accumulation of apo-E3 and apo-E4 in neurons is somewhat surprising
because apo-E3 and apo-E4 stimulate LRP-mediated uptake of lipoprotein-derived choles-
terol to a similar extent in non-neuronal cells (Kowal et al., 1990).

The goals of the current study were to determine the reason for the differential accu-
mulation of apo-E3 and apo-E4 in neurons and to determine if the differential accumula-
tion occurs in other cell types as well (Ji et al., 1997).

METHODS

To examine the metabolism of apo-E-enriched B-VLDL by cells and to determine
the mechanism for the differential accumulation of apo-E3 and apo-E4, two types of ex-
periments were performed. In one set of studies, the metabolism of the apo-E-enriched f3-
VLDL particles was examined by using either iodinated B-VLDL or B-VLDL labeled with
the fluorescent molecule 1,1 dioctadecyl-3,3,3°,3 -tetra-methylindocarbocyanine (Dil) to
follow the metabolism of the major protein component of the lipoprotein, apo-B, or the
lipid moieties of the particles, respectively. In the other set of studies, apo-E metabolism
was assessed directly using three different techniques: immunofluorescence detection of
cellular apo-E, western blotting of cellular apo-E, and by examining the metabolism of B-
VLDL enriched with iodinated apo-E.

In the various studies, the cells were incubated at 37°C or, where indicated, at 18°C
with B-VLDL alone or with B-VLDL enriched with apo-E3 or apo-E4. The apo-E3 or apo-
E4 were preincubated with the B-VLDL for 1 hr at 37°C before addition to the cells. The
cells were then assayed for cell association or internalization of ligand. Cell association
includes both bound and internalized material, whereas internalization was assayed after
the release of surface-bound ligand with suramin.
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RESULTS

In experiments performed with iodinated B-VLDL, apo-E3 and apo-E4 increased
the cell association of B-VLDL with Neuro-2a cells to a similar extent, as compared with
the cell association of B-VLDL alone. Similar results were observed with the Dil-labeled
B-VLDL, where the internalization of the fluorescently labeled lipoproteins was. quanti-
tated. Both apo-E4 and apo-E3 stimulated the uptake of Dil-labeled B-VLDL to a compa-
rable extent. Incubation of cells with apo-E3- and E4-enriched B-VLDL also resulted in
similar increases in the cholesterol content of the cells. These results, which are consis-
tent with data previously obtained in fibroblasts, demonstrate that apo-E3 and apo-E4
mediate the delivery of an equivalent number of lipoprotein particles to neurons. When
the uptake of apo-E by the cells was assessed more directly, different results were
obtained.

Cells were incubated with apo-E-enriched B-VLDL for various periods of time, and
cell-associated immunoreactive apo-E was quantitated by confocal microscopy in 60 cells
at each time point. Starting at the earliest time point measured (2 hr) and continuing
through 48 hr, apo-E3 accumulated to a greater extent than apo-E4. Western blot analysis
of cell extracts confirmed the differential cell association of apo-E3 and apo-E4; the
greater accumulation of apo-E3 was noted at 1 hr, the earliest time point measured and
continued through 36 hr. The apo-E was intact and migrated at the same position as puri-
fied apo-E. We next performed studies in which Neuro-2a cells and human fibroblasts
were incubated with B-VLDL enriched with iodinated apo-E. Neuro-2a cells internalized
twice as much apo-E3 as apo-E4 (Fig. 1). Similar results were obtained in fibroblasts.

Subsequent experiments to determine the mechanism for the differential accumula-
tion were performed with fibroblasts because they adhere better in the cell culture experi-
ments than neurons and because mutant fibroblasts are available as tools to help dissect
the pathways responsible for the differential accumulation. To determine if preferential
degradation of apo-E4 accounted for the difference in accumulation, the internalization of
iodinated apo-E-enriched B-VLDL was examined in fibroblasts treated with chloroquine
to block lysosomal degradation or maintained at 18°C, a temperature at which lipoprotein
internalization occurs but degradation does not. In these studies, apo-E3 also accumulated
in the cells to a greater extent than apo-E4, demonstrating that the differential accumula-
tion was not secondary to lysosomal degradation. Similar results were obtained with
Neuro-2a cells.

g

Figure 1. Cell association of '*I-apo-E-enriched p-VLDL
with Neuro-2a cells. Neuro-2a cells were grown to ~100%
confluence, washed twice with serum-free medium, and
incubated overnight. They were then incubated with either
151_apo-E3-enriched B-VLDL or '*I-apo-E4-enriched B-
VLDL at 37°C for 2 hr. The '*I-apo-E (7.5 pg/ml) and -
VLDL (5 pg protein/ml) were mixed and incubated for 1
hr at 37°C before addition to the cells. The cells were
washed five times on ice with 0.1M phosphate-buffered sa-
line (PBS) containing 0.2% bovine serum albumin and
once with 0.1M PBS and then dissolved in 0.1N NaOH.
The '*’l-apo-E cell association was measured by gamma 125 Apo-E3  1251-Apo-E4
counting and cellular protein determined. +p-VLDL +p-VLDL
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Next we examined the importance of the LDL receptor, the LRP, and heparan sulfate
proteoglycans (HSPG) in the differential accumulation of apo-E3 and apo-E4. To study the
role of the LDL receptor, we used normal human fibroblasts, which express the LDL recep-
tor, and human fibroblasts from patients with familial hypercholesterolemia, which do not
express LDL receptors. The differential accumulation of apo-E3 and apo-E4 occurred in
both types of fibroblasts, demonstrating that the LDL receptor is not involved. Heparinase
totally blocked the differential accumulation, suggesting that the effect is mediated either by
the HSPG-LRP complex or by cell-surface HSPG. To distinguish between these possibili-
ties, we used murine fibroblasts (obtained from J. Herz) that were either heterozygous for
LRP expression or lacked LRP expression. Again, the differential accumulation was ob-
served in both types of fibroblasts, demonstrating that the LRP is not required for the effect.
To examine the role of HSPG directly, we performed a similar experiment in wild-type Chi-
nese hamster ovary (CHO) cells and in CHO cells deficient in either HSPG expression or in
expression of all proteoglycans (obtained from J.D. Esko) (Fig. 2). The differential accumu-
lation of apo-E3 and apo-E4 was observed in the wild-type cells but not in the HSPG-defi-
cient cells, clearly demonstrating that HSPG are required for this process.

Proteoglycans can associate with cell membranes either by phospholipid anchors or
by transmembrane spanning of their core proteins (Bernfield et al., 1992; Yanagishita,
1992). These proteoglycans undergo different rates of cellular processing (Yanagishita,
1992). The glycero-phosphatidylinositol (GPI)-anchored proteoglycans undergo fast en-
dosome-to-lysosome transport, resulting in lysosomal degradation within 30 min after in-
ternalization. In contrast, the core protein—anchored proteoglycans undergo slow
endosome-to-lysosome transport, resulting in delayed processing of up to 4 hr. Retention
of apo-E by the cells would be consistent with use of the slow pathway for degradation
and would suggest that the differential accumulation of apo-E3 and apo-E4 in the cells is
not due to internalization of apo-E with GPI-anchored proteoglycans.

To test this hypothesis, we examined the effect of specific phospholipase C on the
cell association of iodinated apo-E-enriched B-VLDL with fibroblasts. Treatment with

Figure 2. Internalization of '*l-apo-E-enriched B-VLDL by wild-type and mutant CHO cells. Wild-type and
HSPG-deficient CHO cells were grown to ~100% confluence in F12 medium containing 7.5% fetal bovine serum,
washed twice with serum-free F12 medium, and incubated with either '*I-apo-E3-enriched B-VLDL or '*’I-apo-
E4-enriched B-VLDL at 37°C for 2 hr. The 'I-apo-E and B-VLDL (7.5 ug/ml and 5 ug protein/ml, respectively)
were mixed and incubated together at 37°C for 1 hr before use. After incubation, the cells were washed twice on
ice with Dulbecco’s modified Eagle’s medium—Hepes. The cells were then incubated with 10 mM suramin at 4°C
for 30 min, washed with 0.1M PBS, and dissolved in 0.1 N NaOH. The radioactivity and protein concentration of
the cells were determined.
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phospholipase C, which removes GPI-anchored HSPG, did not affect the differential accu-
mulation of apo-E3 and apo-E4 in the cells, demonstrating that GPI-anchored HSPG are
not involved.

DISCUSSION

These studies demonstrate that the differential cellular accumulation of apo-E3 and
apo-E4 from apo-E-enriched B-VLDL occurs in fibroblasts as well as in neurons, that the
LDL receptor and the LRP are not responsible for the differential accumulation, and that
cell-surface HSPG are required for the differential accumulation of apo-E3 and apo-E4.
Whereas the accumulation of apo-E in the cells clearly requires HSPG, the mechanism for
the differential accumulation of apo-E3 and apo-E4 remains to be determined. The differ-
ential accumulation could result from a different affinity of apo-E3- or apo-E4-enriched
lipoproteins for a specific HSPG, with apo-E3 having a higher affinity and hence greater
uptake leading to a higher intracellular concentration. Alternatively, there could be a dif-
ferent intracellular fate for the HSPG-bound apo-E. Apo-E3 may be sequestered and re-
tained, whereas apo-E4 might undergo retroendocytosis and loss from the cell, resulting in
a lower intracellular accumulation. At present there are no data to differentiate these possi-
bilities. In addition the current studies do not rule out the possibility that an as yet uniden-
tified co-receptor functions together with the HSPG in the accumulation of apo-E in cells.

The cellular compartment where apo-E is retained has not been determined; how-
ever, certain studies suggest that apo-E can occur in the cytoplasm of neurons (Han et al.,
1994; Han et al., 1994). If so, apo-E might be available to interact with cytoplasmic com-
ponents that could affect the cytoskeleton and neurite outgrowth. In vitro studies have
shown that apo-E3, but not apo-E4, interacts with the microtubule-associated proteins tau
and MAP2c (Huang et al., 1994; Huang et al., 1995; Strittmatter et al., 1994), and it has
been postulated that apo-E3 may bind to tau in cells, preventing overphosphorylation and
neurofibrillary tangle formation (Roses, 1994; Strittmatter et al., 1994). This hypothesis
has not been tested, but there is evidence suggesting that apo-E3, but not apo-E4, may in
fact interact with tau in vivo. Lovestone et al. recently showed that the intracellular distri-
bution of apo-E3 and apo-E4 differs in COS cells transfected to express tau (Lovestone et
al., 1996). When the cells were incubated with cerebrospinal fluid lipoproteins, the site of
intracellular apo-E was dependent upon the apo-E genotype. Apo-E4 was sequestered in
vesicles, whereas apo-E3 was observed diffusely in the cells, and was colocalized with
tau, suggesting that apo-E might be present in the cytoplasm. In future studies, it will be
important to identify the intracellular compartments where apo-E3 and apo-E4 reside and
to determine definitively whether intracellular apo-E4 contributes to the microtubule dis-
ruption and inhibition of neurite outgrowth observed in vitro (Bellosta et al., 1995; Nathan
et al., 1994; Nathan et al., 1995) and to the pathogenesis of AD.
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INTRODUCTION

Both environmental and genetic factors are involved in Alzheimer’s Disease (AD) aeti-
ology. Mutations in the amyloid precursor protein (APP) and in presenilin PS1 and PS2 genes
cause early-onset forms of the disease while the apolipoprotein ApoEe4 allele is a risk factor
for AD (reviewed in Selkoe, 1996; Hardy, 1997). Environmental factors such as trauma and
inflammation have also been implicated in the pathology but the overall mechanism of the
disease is poorly understood, hampering the development of therapeutic treatments. An ani-
mal model of the disease would be of great interest to both unravel the pathophysiological
mechanism in vivo and to provide a model for testing of therapeutic approaches. Recently,
large overexpression of mutated forms of APP in two transgenic mouse models has been
shown to lead to amyloid plaque formation and behavioral deficits (Games et al., 1995; Hsiao
et al., 1996). However, mutations in APP and PS’s proteins have also been recently shown to
contribute to a similar pathological process, the increase in production of the long form of A
(AP1-42, Selkoe, 1996, Duff e$Xal., 1996; Borchelt et al., 1996), possibly through a direct
physical interaction (Weidemann et al, 1997). Therefore, rather than large overexpression,
transgenic models based on a combination of the known genetic factors expressed at more
physiological levels could potentially lead to a more suitable model of the disease. Towards
that goal, we have generated several human mutant APP, and PS’s transgenic rodent lines and
combined them by breeding both together and with ApoE-KO animals.

APP TRANSGENICS

Several mutant and truncated forms of APP have been expressed in transgenic mice
under the control of a modified HMG-CoA reductase promoter. Of special interest is the
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Figure 1. Expression and processing of APP in the brain of APPSDL20 and ApoE—/— mice. Brain homogenates
were analyzed by western blot for (A) total APP expression using the 22C11 antibody, (B) Ap production after im-
munoprecipitation with a polyclonal Ap antibody. (C) A levels were quantified by RIA using the Peninsula labo-
ratory kit as directed.

mutant APP line bearing three mutations (Swedish, Dutch and London) on the same- hu-
man APP 695 cDNA (line APPSDL20, Czech et al., 1997). The expression levels of the
transgene are moderate with total APP representing 1.3—1.5 times APP levels in litter-mate
controls (Fig.1A), starting early in embryogenesis. The expression of hAPP was demon-
strated by immunohistochemistry to be essentially neuronal with a broad distribution in
the brain. AP peptide and APP amyloidogenic C-terminal fragments could be clearly de-
tected in these animals (Fig. 1B, lane APPSDL20), but without formation of amyloid
plaques even at 12—16 months of age (Czech et al., 1997).

To analyze behavioral performances in the Morris water maze, the APPSDL20 line
was transferred onto a C57B16 genetic background by 3 rounds of backcrossing with
C57B16 mice. This genetic background is the most suitable for the water maze analysis. At
both 3 and 12 months of age, the transgenic animals displayed learning capacities identi-
cal to litter mate controls both in the acquisition (7-day training) and in the retention
(probe test with platform removed) phases (M.R., in preparation). In the probe test, treat-
ments with amnesic agents, scopolamine (1 mg/kg i.p., 1h before test) or MK801 (0.125
mg/kg i.p., 1h before test), induced a total loss of retention in control animals. However,
transgenic animals were totally insensitive to these treatments, preferentially spending
time in the correct quadrant (where the platform was previously located) with no differ-
ence as compared to untreated transgenic or control animals (Fig. 2). Interestingly, the
APPSDL20 were also less sensitive to systemic injections of lethal doses of NMDA (data
not shown). Since APPSDL20 display lesser sensitivity to both NMDA antagonist and
agonist, it is conceivable that the NMDA component of the glutamatergic pathways has
been selectively decreased during embryogenesis. These observations can be linked to the
known increased sensitivity to NMDA of neurons treated with low doses of AB (Mattson
and Rydel, 1992) since the APPSDL20 animals produce A early in embryogenesis. Addi-
tionally, a similar decreased sensitivity to NMDA agents has recently been reported in an-
other APP transgenic model (Moechards et al., 1996) displaying apoptosis in the CNS.

The behavioral phenotype of the APPSDL20 is somewhat counterintuitive since a
straight loss of mnesis capacities would have been expected. However, AB-induced gluta-
mate toxicity occuring early on in embryogenesis could lead to compensatory mechanisms
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Figure 2. Decreased sensitivity to amnesic treatments in APPSDL20 mice. After 7 days of training, mice (n = 6)
were subjected to a probe test. The platform was removed from its former SW location and the percentage of time
spent in each quadrant was measured. Mice were treated (closed bars) or not (open bars) one hour before test.
Note the sharp decrease of time spent in the SW quadrant for treated litter mate controls but not the treated

APPSDL20 mice.

leading to replacement by non-NMDA type of receptors and normal behavior and we are
currently testing this hypothesis.

Although the APPSDL20 mice do not present an obvious AD-like pathology, they
provide us with a valuable tool to measure AP levels in vivo (and APP processing in gen-
eral) and present a slight behavioral deficit which might reflect some aspects of AP toxic-

ity in vivo.

APP AND ApoE-KO DOUBLE TRANSGENICS

The molecular mechanism underlying the ApoE4 involvement in AD pathology has
not been elucidated yet although an increase in AP load in €4 carrier would suggest an in-
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teraction with AP production. Some authors have demonstrated that ApoE levels in the
brain of 4 carriers are decreased, suggesting a loss of function (Poirier, 1994), whereas a
gain of function for ApoE4 is also conceivable. To test the loss of function hypothesis, we
transferred the APPSDL20 transgenics on an ApoE-KO genetic background by breeding
and analyzed APP processing and AP production. At 6 month of age, the double trans-
genics showed neither modification of APP nor elevation of AP levels both in Western blot
analysis (Fig. 1b) and by RIA assay (Fig. 1c). This result would indicate that ApoE does
not participate in the clearance mechanism or homeostasis of AP in the rodent brain unless
compensatory mechanisms have been elicited in the ApoE-KO. Our results would rather
point towards a gain of function of ApoE4 and human ApoE4 transgenic mice would be of
great interest.

PRESENILIN TRANSGENICS

In accordance with our overall strategy of combining the different genetic factors
of AD, wild-type PS1 transgenic mice and rats and mutated PS1 mice have also been
generated. Different lines have been studied displaying various levels of expression in
the brain. In vivo, PS1 is essentially present as a 30 kD N-terminal (Fig. 3, lane: non
transgenic) and 19-20 kDa C-terminal proteolytic fragments as previously described
(Thinakaran et al., 1996). On high resolution SDS-PAGE, the N-ter fragment migrate as
a doublet. A similar cleavage occurs for the transgenic human PS1 with, however,
slightly different molecular weights which makes it possible to distinguish between
transgenic and endogenous mouse PS1 (data not shown). In the low expressing trans-
genic lines only fragments of hPS1 can be detected whereas in the high expressing trans-
genic lines (approximately 5 times endogeneous levels), the full length PS1 protein is
detectable at around 44 kDa (Fig. 3, from left to right increasing levels of expression
with appearance of the full length PS1 with high expression) suggesting that PS1 cleav-
age processes are saturated. A similar processing of PS1 and its saturation was also ob-
served in our different lines of PS1 wt transgenic rats. The FAD mutation M146 L does
not seem to affect this proteolytic cleavage neither qualitatively nor quantitatively (data
not shown). Transgenic PS1 protein is detectable in various brain regions like cortex,
cerebellum, striatum, and hippocampus. No pathology has been detected in 12-month-old
animals.

To study the effects of PS1 overexpression on human APP processing, we crossed
one transgenic mouse line expressing high amounts of PS1wt and of PSIM146L with the
APPSDL20 mice. Since the same promoter has been used for the two types of transgenics,
it is probable that the same neurones will express both transgenes simultaneously in the
double transgenics. Processing of PS1 is not modified in double transgenic mice (Fig. 3,
lane 5). Conversely, the hAPP and the APP C-terminal fragment (12 kDa) levels in the
double transgenic are comparable to APPSDL 20 mice alone. Regarding total Ap levels,
we have observed a high interindividual variability in double transgenics with both wt and
mutant PS1 which was not apparent in the parental APPSDL20 line. We are currently test-
ing a larger set of animals at different ages for total AP as well as more specific AB1-40
and AB1-42 levels as selective increase of the latter has been shown with mutant PS1
(Duff et al., 1996; Borchelt et al., 1996). Pathological and behavioral characterization of
these lines, especially of aged animals, is under progress. In parallel, PS2 wt and mutant
transgenic animals are under analysis.
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Figure 3. Expression levels of PS1 in transgenic mice. Brain homogenates of several lines PS1 transgenic mice
were analyzed in Western blot using an antibody (93/23, generous gift from C. Masters ) directed against the N-
term of PS1.

CONCLUSION

We have generated transgenic animals for most of the different genetic factors of
AD. By breeding, combination of these factors at levels which individually do not induce
a pathology, could potentially lead to new animal models of AD. Such models would offer
the opportunity to reanalyze each of the mono-transgenics to detect some of the early
signs of the pathology and to unravel the functional interactions between the different fac-
tors. Additional external stress factors like trauma or lesions could further contribute to the
development of an AD-like pathology. The development of such animal models of AD
would provide key elements for the understanding of the pathophysiological mechanisms
and the development of new therapeutic approaches.
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INTRODUCTION

According to current hypotheses, neurodegenerative pathologies could be due to an
increase of free radicals production in the brain and/or to a deficit in protective enzymatic
mechanisms, physiologically lower in the brain than in the liver (Minn et al.,1991). In
fact, cerebral oxidative processes seem to increase in normal aging, and even more in
pathological aging such as Alzheimer’s disease (AD) (Volicer et al., 1990, Mattson, 1995,
Smith et al., 1995). AD is also accompanied by a loss of brain cholesterol and phos-
pholipids (PL) (Wurtman, 1992). Among the protein accumulating in the brain amyloid
deposits characteristic of this disease, amyloid-B (AB) and apolipoprotein E (apo E) are
largely studied. The Apo E gene presents a polymorphism defining the 3 major isoforms
E2, E3, E4. The €4 allele has widely been shown to be a risk factor, while €2 allele seems
to be a protective factor, for AD (reviewed by Siest et al., 1995). The major function de-
scribed for apo E is the transport and the redistribution of cholesterol and PL among cells.
In addition, apo E plays a central role in nerve regeneration (Mahley, 1988) and synaptic
plasticity (Poirier, 1994). Apo E is a major apolipoprotein present in the brain and can
constitute a potential target to oxidation in the brain, as is the case for the major circulat-
ing apolipoprotein apo B (Lecomte et al., 1993). Oxidation of apo E could impair its func-
tion, thus contributing to biological features of pathological cerebral aging, as an early
neuronal density decrease (Gomez-Isla et al., 1996).

Moreover, the increase of the €4 allele frequency in AD points to the question of
the differential implication of the 3 apo E isoforms. While apo E could be a pathological
chaperone favoring the fibrillogenesis of Ap (Wisniewski et al., 1992), the oxidation of
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apo E was proposed to favor the interaction between apo E and AP (Strittmatter et al.,
1993). The aim of this work was to study the oxidation of the 3 apo E isoforms in pres-
ence of free radicals or chloramines produced by the action of neutrophils-secreted
myeloperoxidase (MPO), an oxidative enzyme also present in the brain (Jolivalt et al.,
1996). Furthermore, most studies to date were performed with lipid-free apo E while
most of the physiologically relevant apo E is complexed to lipids as to form high density
lipoproteins (HDL)-like particles in cerebrospinal fluid. We thus examined the conse-
quences of apo E oxidation on its interaction with PL, and compared PL-free and PL-
bound apo E oxidation.

MATERIALS AND METHODS

The 3 isoforms of recombinant human apo E (E2, E3, E4) cDNAs were cloned in
modified pARHS-2 and produced in E. Coli BL21(DE3) as a fusion protein of about 44
kDa. This 44 kDa apo E results from the fusion of apo E and a peptide containing a poly-
histidine sequence, which allows the recombinant proteins to be purified by single-step af-
finity chromatography on nickel gel (Barbier et al., 1997).

In vitro oxidation assays with MPO, isolated from polymorphonuclear neutrophils,
were performed as previously described (Jolivalt et al., 1996), with slight modifications of
pH adapted to the formation of apo E/PL discoidal complexes. Chloramines were formed
by the reaction of MPO in 55 mM phosphate buffer (pH 4.5), 100 mM NaCl and 10 mM
leucine with different concentrations of H,0, (0;1.25; 4; 5.75; 7.6 mM). Then, native apo
E was oxidized by these chloramines at physiological pH (pH 7.4). Proteins were submit-
ted to SDS-PAGE in non-reducing conditions and tranferred to PVDF (Millipore) mem-
branes.

The protein carbonyl content was measured by forming labelled protein hydrazone
derivatives using 2,4-dinitrophenyl hydrazine (DNPH) (Keller et al., 1993). The dini-
trophenyl moities formed on apo E were revealed by enhanced chemiluminescence (ECL,
Pierce) after blot incubation with rabbit anti-DNP antibodies (Sigma) followed by incuba-
tion with HRP-labelled anti-rabbit antibodies (Sigma). After stripping, western blots were
incubated with monoclonal anti-apo E antibodies (kind gift from Dr. Y. Marcel, Canada)
followed by incubation with secondary anti-mouse antibodies labelled with HRP (Sigma),
and then revealed by ECL.

Discoidal complexes were made by a detergent reconstitution method adapted from
Jonas (1984). The PL, dipalmitoyl phosphatidylcholine (DPPC), was dispersed in sodium
cholate and incubated with apo E in a 3/1 (w/w) ratio of PL/protein. The spontaneously
formed apo E/PL discs were isolated from cholate by adsorption on Bio Beads (Biorad).
Lipoproteic complexes were separated from free apo E and PL by gel filtration, and con-
centrated by centrifugation on Centriplus 100 (Amicon). DPPC complexes formed were
detected at 280 nm. Apo E and DPPC contents of the resulting protein/PL complexes were
estimated, respectively, by absorbance measurement at 280 nm and by PL measurement
using a colorimetric assay (Boehringer Mannheim).

RESULTS

The oxidation based on MPO activity was initially established at pH 4.5, the optimal
pH of the enzyme in neutrophils (Jolivalt et al., 1996). We then slighty modified experi-
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Figure 1. Immunoblotting analysis of the 3 isoforms of apo E after oxidation at pH 7.4, using anti-DNP antibod-
ies. Line 1: apo E4; line 2: apo E4 +MPO; line 3: apo E4 + MPO + 0.025 mM H,0,; line 4: apo E4 + MPO +.5
mM H,0,; line 5: apo E3; line 6: apo E3 +MPO; line 7: apo E3 + MPO + 0.025 mM H,0,; line 8: apo E3 + MPO
+ 0.5 mM H,0,; line 9: apo E2; line 10: apo E2 +MPO; line 11: apo E2 + MPO + 0.025 mM H,0,; line 12: apo E2
+ MPO + 0.5 mM H,0,; line 13: molecular weight ladder. Arrows indicate specific apo E material.

mental conditions to allow protein oxidation at pH 7.4 by using the formation of chlorami-
nes ( Zcliczynski et al., 1993). At pH 4.5, SDS-PAGE analysis revealed that the apo E-spe-
cific band migrated with a higher apparent molecular weight (MW) with simultaneous
formation of high molecular weight polymerization products (60 kDa and higher) (not
shown). At pH 7.4, the apo E-specific band mainly exhibited a shift in MW (Figure 1).
These shifts were visualized for the 3 apo E isoforms, and are differential according to the
apo E isoforms. The difference observed between the main apo E band before and after
oxidation is more important for apo E4 than apo E3 than apo E2 (Table 1).

The capacity of apo E isoforms to interact with DPPC was evaluated through the
elution profiles of apo E/DPPC complexes. Material eluted in fractions 2 to 10 represent
apo E/DPPC complexes, while fractions eluting after fraction 10 correspond to free apo E
(Figure 2). All 3 native apo E isoforms form heterogeneous complexes with similar effi-
ciency (about 65%). In contrast, oxidized apo E isoforms exhibit a differential decrease in
their ability to interact with DPPC. Actually, yields of oxidized apo E complexed to DPPC
are 0, 17 and 33% for apo E4, apo E3 and apo E2 complexes, respectively.

Thus, oxidation of apo E makes the protein greatly lose its ability to interact with
PL. Such decrease in apo E interaction with PL led us to check for apo E oxidative profile
by oxidizing apo E/PL complexes. Figure 3 illustrates that oxidation of apo E in DPPC
discs gives rise to apo E alterations different from those observed with lipid-free apo E.

Table 1. Apparent molecular weight of the major band
of the 3 isoforms of apo E after oxidation at pH 7.4

Major apo E
band (kDa) MW shift (%)
E4 46
ox 0.025 mM 473 +2.8
ox 0.5 mM 49.1 +6.7
E3 447
0x 0.025 mM 45.7 +2.2
ox 0.5 mM 46.2 +33
E2 452
ox 0.025 mM 45.2 +0
ox 0.5 mM 45.7 +1.1

These values are obtained by scanning autoradiogram shown in Figure
1, using a Biomax software (Kodak). Similar results were obtained
when comparing apo E isoforms oxidized at pH 4.5.
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Figure 3. Immunoblotting analysis of oxidized lipid-bound apo E isoforms, after oxidation at pH 7.4, using anti-
apo E antibodies. Line 1: apo E4/DPPC + MPO + 0.025 mM H,0,; line 2: apo E4 +MPO + 0.025 mM H,0,; line
3: apo E4/DPPC + MPO + 0.5 mM H,0,; line 4: apo E4 + MPO +0.5 mM H,0,; line 5: apo E3/DPPC + MPO +
0.025 mM H,0,; line 6: apo E3 + MPO + 0.025 mM H,0,; line 7: apo E3/DPPC + MPO + 0.5 mM H,0,; line 8:
apo E3 + MPO + 0.5 mM H,0,; line 9: apo E2/DPPC + MPO + 0.025 mM H,0,; line 10: apo E2 + MPO + 0.025
mM H,0,; line 11: apo E2/DPPC + MPO + 0.5 mM H,0,; line 12: apo E2 + MPO + 0.5 mM H,0,. Numbers on
the right indicate position of molecular weight. Arrows indicate specific apo E material.

Namely, the apo E band is shifted in both cases towards higher MW, but oxidation of
apoE/PL results in the appearance of bands at about 30 and 60 kDa, while oxidation of na-
tive apo E results in the appearance of a high MW smear probably reflecting aggregated
material. In addition, most of the initial apo E specific band (see Figure 1) is lightly re-
vealed to the benefit of both the 230 and ~60 kDa bands, and the patterns resulting from
oxidation of apo E2 in DPPC discs is different from those observed for apo E3 and E4. No
bands of MW below 30 kDa were observed.

DISCUSSION

Apo E4 is associated with AD (Siest et al., 1995). Moreover, oxidative process are
increased in AD whose apo E could be a target (Montine et al., 1996). The apo E allele
specificity linked to pathological aging points to the differential susceptibility of apo E to
oxidation. Indeed, apo E4 is more oxidized than apo E3, itself more than apo E2. This dif-
ferential oxidation is characterized by a differential mobility in SDS-PAGE. Oxidation
may modify amino acid residues, which in turn modify the function and/or the protein
structure. The amino acid residues the more susceptible to oxidation are cystein, methion-
ine, tryptophane, proline, lysine, histidine, tyrosine, in a decreasing order. As shown by
Anantharamaiah et al. (1988) through a combination of reverse-phase high performance
liquid chromatography (RP-HPLC) and cyanogen bromide cleavage, oxidation of apo Al
methionine alters the secondary structure of the protein. By RP-HPLC, we confirmed the
apo E structural modification by the decrease of the retention time of apo E after oxidation
(data not shown). Moreover, Heinecke et al. (1993) showed crosslinking of protein after
oxidation by MPO, through formation of bityrosine. Oxidative modification of apo E can
lead to polymerization products at pH 4.5, a condition of oxidation stronger than at pH 7.4
(Jolivalt et al., 1996). The difference between the 3 apo E isoforms could be due to a dif-
ference in their structure, by differentially exposing oxidable amino acids residues. It is
known that discrete amino acid residues may mediate isoform-specific conformational
changes which alter apo E interaction with lipids and receptors (Weisgraber, 1994, Dong
et al., 1996). Furthermore, the differential susceptibility of apo E isoforms to oxidation
may be related to their primary structure as they differ in their cysteine content: cysteine
residues may act as antioxidants, and apo E4 is Argll2-Argl58, apo E3 is Argll2-
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Cys158, and apo E2 is Cys112-Cys158. In addition, methionine residues were recently
proposed to also act as internal antioxidants in proteins (Levine et al., 1996). Depending
on the exposure of the methionine residues (8 in apo E), we might expect a differential ca-
pacity of apo E isoforms to resist to reactive species attack. Cyanogen bromide cleavage
experiments are in progress to precise the impact of methionine residues in apo E oxyda-
tion. Such properties could correlate with the differential antioxidant properties of apo E
isoforms (Miyata et al., 1996).

It is likely that oxidation linked modifications in apo E conformation alters its ca-
pacity to interact with PL and other components. To test this hypothesis, we prepared com-
plexes of oxidized apo E and DPPC for the 3 apo E isoforms. Oxidation of apo E before
its incorporation in DPPC discs leads to the decrease of its binding to PL. This results are
in agreement with those obtained by Anantharamaiah et al. (1988), showing that apo Al
affinity for DMPC is reduced after oxidation. In addition, the 3 apo E isoforms show a dif-
ferential decrease in their interaction with DPPC after oxidation. More the apo E isoform
is susceptible to oxidation, greater is its loss in DPPC binding ability after oxidation. In-
deed, oxidized apo E4 becomes unable to form apo E/DPPC complexes after oxidation.

Furthermore, we obtained preliminary evidence showing that oxidation of apo E
isoforms does not modify their effect on AP fibrillogenesis (data not shown). Other func-
tional implications of apo E oxidation must be sought at the level of the antioxidant
properties of apo E. Apo E decreases AP neurotoxicity in an isoform-dependent manner
(Miyata et al., 1996), presumably by counterbalancing AP-generated reactive species
(Miyata et al., 1996, Behl et al., 1994). Apo E isoforms active as antioxidants are thus
logically targets of reactive species, with apo E4 presenting the greater susceptibility to
oxidation, and the lowest antioxidant ability. Taken altogether, these observations rein-
force the link between apo E4 and AD, and could correlate with the loss of brain PL in
AD, due to the loss of the PL recycling activity of apo E4, and with the increased levels
of crosslinking of apo E with products of lipid peroxydation in apo E4-AD brains (Mi-
yata et al., 1996).

Apo E inclusion in DPPC discs modifies its conformation, which could lead to ex-
pose oxidation-susceptible amino acid residues in a pattern distinct than those exposed in
lipid-free apo E. Effectively, apo E included in DPPC discs is differently altered by oxi-
dation than lipid-free apo E. Oxidation at pH 7.4 was usually not accompanied by the ap-
pearance of aggregated material of high MW. This phenomenon was consistently
observed at pH 4.5 (Jolivalt et al., 1996), and was minor in some experiments at pH 7.4
(Figure 3). Although we can not exclude that the aggregated material is secondary to the
initial fragmentation of apo E, the evidence for the generation of apo E fragments upon
oxidation is clearly illustrated by the oxidation pattern of DPPC-bound apo E. Most im-
portantly, these results indicate that PL-bound apo E is more prone to fragmentation
upon oxidation, with apo E2 generating additional bands as compared with the two other
isoforms (Figure 2). The precise identity of the 30 and 60 kDa bands observed after oxi-
dation of apo E/DPPC complexes remains to be elucidated. As we could not detect any
apo E fragments with a size below 30 kDa, whether using monoclonal (Figure 3) or poly-
clonal (data not shown) antibodies, we speculate that the 30 kDa band might correspond
to the N-terminal domain of apo E, while the 60 kDa band might correspond to the ag-
gregated C-terminal domain of the protein. If true, such fragmentation pattern of physi-
ological apo E-containing lipoproteins might be relevant of the neuropathology of AD,
since C-terminal fragments were detected in senile plaques (Castano et al., 1995), and N-
terminal fragments of the protein were shown to exhibit isoform-specific neurotoxicity
(Marques et al., 1996).
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CONCLUSION

The differential susceptibility to oxidation of the 3 apo E isoforms and its conse-
quence on the ability of apo E to bind PL could explain at least part of apo E implication
in AD. The apo E association with PL seems to be determinant, not only for binding to
lipoproteins receptors and further PL recycling, but also for the generation of specific apo
E fragments. Studies are required to further precise the link between apo E and oxidation
on the one hand, and apo E- and AB-related neurotoxicity on the other hand.
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INTRODUCTION

The overlap between symptoms of depression and dementia in elderly patients has
been well established. Depressed elderly patients often complain of poor memory. They
may develop cognitive dysfunction which in some cases may be severe enough to meet
the criteria for dementia. Some authors have suggested that depression in the elderly in-
creases the risk of dementia. Alternatively, depression may be an early manifestation of
dementia (Davanand et al., 1996).

A major task in this field is to identify distinct biologic features which could serve
as markers and help to provide information about the underlying pathology. Recently, a
great deal of interest has been generated in the status of the apolipoprotein E gene
(ApoE) as a risk factor for Alzheimer’s disease (AD). It appears that the €4 allele is over-
represented in patients with familial or sporadic AD relative to control subjects (Corder
et al., 1993; Saunders et al., 1993). To gain insight into the relationship between depres-
sion and AD in late life, we compared the distribution of ApoE phenotypes and of ApoE
allele frequencies in depression and in AD, in a sample of community dwelling elderly
patients.
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PATIENTS AND METHODS

The study included 87 consecutively admitted outpatients attending a memory clinic
in Paris. We selected patients who were 60 years or older and met the DSMIIIR criteria for
either a current major depressive episode or dementia (APA, 1987). Demented patients
had to fulfil the NINCDS/ARDRA criteria for AD (Mckhann et al., 1984). We excluded
patients suffering from either AD with depressive symptoms or depression with severe
cognitive impairment.

Cognitive status was evaluated by the Mini Mental Test (MMSE) (Folstein et al.,
1975) and a battery of neuropsychologic screening tests known as the Cognitive Effi-
ciency Profile (CEP) which has been shown to detect early impairment of cognitive func-
tions (De Rotrou et al., 1991). Psychiatric diagnoses and previous history of depression
were derived from the results of semi-structured inpatient evaluation supplemented by
information from family members (usually the patient’s spouse or child) or another
caregiver. The intensity of depression was assessed by the Geriatric Depression Scale
(GDS) (Yesavage and Brink, 1983) and a self-administered questionnaire for the self-
evaluation of depressive symptoms in elderly patients (QD2A) (Pichot et al., 1984).

Patients underwent a complete physical and neurologic examination, laboratory tests
(including blood count, creatinine, electrolytes, thyroid hormones, vitamin B12 and fo-
lates and TPHA assay). All the demented patients had brain computed tomography.
Apolipoprotein E phenotyping was performed by an agarose isoelectric focusing im-
munoblot method (Bailleul et al., 1993). As this method has been used in large population
studies, population estimates of APOE allele frequencies based on this method are avail-
able. ApoE typing was performed blindly in relation to clinical diagnosis.

We compared patients with AD or depression to aged-matched controls from a pre-
vious French study (Brousseau et al., 1994.). Characteristics and mean test scores of pa-
tients with AD and depression were compared by Student’s t test. ApoE phenotype
distributions and ApoE allele frequencies were respectively compared by Fisher’s exact
test and the chi square test.

RESULTS

AD was diagnosed in 53 patients, and depression in 34 (Table 1). The two groups
did not differ significantly as regards age. Thirty-nine out of 53 patients in the AD group
were women, and 19 out of 34 in the depressed group.

Cognitive functions were significantly more impaired in AD than in depressed pa-
tients as shown by MMSE (19 % 5 versus 29 + 1), and by CEP (25 * 12 versus 73.1 £ 11.3,
p < 0.001). The respective evaluations of depressive symptoms by a psychiatrist and a
neuropsychologist were in close agreement. The severity of depressive symptoms was
greater in depressed than in AD patients, as shown by GDS (16 5 versus 7  5), and by
QD2R (8 + 3 versus 4 + 3, p <0.001). '

As shown in Table 2, there was no significant difference between the distribution
of ApoE phenotypes in depressed and AD patients, but their distribution in each group
differed significantly from that of the controls (p = 0.005 for depression and p < 0.0001
for AD).

ApoE &2 allele frequency was significantly lower in AD patients than controls (p =
0.0047). ApoE &4 allele frequencies in AD and depression were nearly four times higher
than in the controls but were not significantly different from each other (Table 3).
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Table 1. Characteristics of patients with
Alzheimer’s disease (AD) and depression

Subjects  Sex (F/M) Age (mean = SD)

Controls 38 33/5 80+8.2

AD 53 39/14 79+8
Depression 34 26/8 73.1%7

Data for controls were derived from the French study by Brousseau et
al. (1994).

DISCUSSION

The results of this study confirm previous reports of increased ApoE &4 frequency
and decreased ApoE &2 allele frequency in AD patients compared to control subjects (Cor-
der et al., 1993; Saunders et al., 1993). However, our principal findings suggest an asso-
ciation between the presence of the ApoE €4 allele and the major depression that occurs
late in life. A spurious increase in ApoE €4 allele frequency in the subjects with depres-
sion, due to mistaken diagnosis, i.e. that they were suffering from AD with depression
rather than primary major depression, seems unlikely, because we used a highly sensitive
battery of neuropsychologic tests in a careful attempt to exclude from this study patients
suffering from AD with depressive symptoms.

Several authors have proposed that depression late in life is a heterogeneous condi-
tion in which organic factors play a key role. Thus, an increasing number of changes in
white brain matter were detected by both computerized tomography and magnetic reso-
nance imaging in elderly patients with depression suggesting the importance of vascular
factors in this pathology (Greenwald et al., 1996; Lesser et al., 1996; O’Brien et al., 1996).
Some authors recently proposed that the particular form of vascular depression should be
individualized (Alexopoulos et al., 1997; Krishnan et al., 1997). However, other
neuroimagery and biochemical studies in elderly depressive subjects with cognitive im-
pairment showed alterations in brain regional volume (Pearlson et al., 1989) and in plate-
let monoamine oxidase-specific activity (Alexopoulos et al., 1987) similar to those found
in patients with AD. In follow-up studies, a substantial number of depressed elderly pa-
tients presenting with either mild cognitive impairment or disability were found to de-

Table 2. Comparative distributions of ApoE phenotypes in patients
with Alzheimer’s disease (AD) or depression versus controls

Phenotype
frequencies Controls (n = 38) AD (n=53) Depression (n = 34)
€2/g2 0.025 0 0
€2/€3 0.21 0.05 0.09
€3/e3 0.66 0.49 0.53
€3/e4 0.08 0.4 0.35
ed/ed 0 0.05 0.03
€4/e2 0.025 0 0
L p <0.0001* |
I NS |
I p = 0.005* |

Data for controls were derived from the French study by Brousseau et al. (1994).
*Fisher’s exact test. NS = not significant.
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Table 3. Comparison of ApoE allele frequencies in patients with
Alzheimer’s disease (AD) or depression versus controls

Allele
frequencies  Controls (n = 76) AD (n=106) Depression (n = 68)
€2 0.15 0.03 0.04

| p=0.0047*
€3 0.8 0.72 0.75
e4 0.05 0.25 0.21

L p.=0.0003* |

| p=0.02* |
Data for controls were derived from the French study by Brousseau et al. (1994). *Chi
square test.

velop primary dementia (Alexopoulos et al., 1997; Kivela et al., 1994; Reding et al.,
1985). Furthermore, in community-residing elderly subjects without dementia, Davanand
et al. (1996) showed that the presence of a depressed mood was associated with a moder-
ate risk of dementia, which on follow-up was mostly proved to be AD. The present study
lends support to this hypothesis.

An association between the 4 allele and major depression in late life has already
been shown by Krishnan et al. (1996). However, these authors did not compare the fre-
quency of the ApoE &4 in depressed and AD patients as we did in the present work.
Zubenko et al. (1996) found that apoE €4 allele frequency increased in depressed patients
with psychotic symptoms but was not increased either in patients with cognitive impair-
ment or in their depressed group. The depressed patients described by these authors were
of the same age as ours (73 + 8 and 73 % 7 respectively), but unlike ours, included inpa-
tients with severe major depression, mostly accompanied by psychotic features and pre-
vious depressive episodes. The patients in the present series were communitky-living and
were undergoing a milder depressive episode—in most cases their first—than Zubenko et
al.’s patients. One possible explanation for the divergent results of Zubenko’s study and
ours may be the difference between the depressed groups in each study and consequently
the probable difference in the underlying pathology.

It is thus tempting to postulate that AD may be the underlying condition in a group
of late-onset depressed patients such as the one considered here. Such late-onset depres-
sive subjects may be in an early stage of some form of dementia that cannot be diagnosed
at first, but manifests itself later. Although the trend was not significant, the mean age of
our depressed subjects tended to be lower than that of the AD patients. Alternatively, we
cannot rule out the hypothesis that the ApoE €4 allele is a risk factor for AD in elderly
subjects with depression. A prospective study in which those patients presenting with both
depression and ApoE &4 are followed up should help to clarify this issue.
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INTRODUCTION

It is a common premise that the irreversible loss of brain function in AD is due to the
disruption of synapses and the loss of neurons that make those synapses. Accordingly,
identification of the mechanisms causing circuit disruption and neuronal loss is critical to
understanding and interrupting the progression of AD pathology.

Recent evidence suggests that neuronal loss in AD may be caused at least in part by
apoptotic mechanisms. While apoptosis is a normal process that is known to occur during
the developmental elimination of excess neurons, it may be reinitiated pathologically dur-
ing aging by certain stimuli causing the loss of significant numbers of neurons and leading
to dementia. Indeed, as discussed in this chapter, increasing evidence supports the hy-
pothesis that apoptosis is a mechanism that contributes to neuronal death in AD.

Our approach for experimentally evaluating this theory has been to use cell culture
to identify possible mechanisms and markers of neuronal apoptosis, then examine post-
mortem AD brain tissues for the presence or absence of similar events. In this chapter, we
will briefly summarize evidence demonstrating that cultured neurons are induced to un-
dergo apoptosis when subjected to many of the conditions that develop in the AD brain,
suggesting that apoptosis may be a cell death mechanism for at least some neurons in AD.
Second, we will describe new data on the relative effectiveness of various antioxidants for
their ability to protect neurons from various inducers of neuronal apoptosis. These data are
particularly relevant in view of recent data showing that vitamin E appears to slow the
progression of the disease. The unexpected finding is that on primary neurons a variety of
antioxidants are ineffective against -amyloid induced apoptosis but are effective against
induction by hydrogen peroxide, tertiary butyl hydroperoxide and iron.
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B-Amyloid Initiates Apoptosis in Cultured Primary Neurons

In the aging and AD brain, B-amyloid accumulates in the extracellular space as
small deposits and larger senile plaques. Based on the observation that neurites surround-
ing B-amyloid deposits show sprouting and degenerative responses, we proposed that this
peptide is not metabolically inert as was initially believed, but rather possesses biological
activity. We discovered that B-amyloid stimulates a transient growth of neuronal proc-
esses, and then, as it self-assembles into small aggregates and B-sheet structures, it ac-
quires an ability to activate degenerative mechanisms (Cotman et al., 1995; Cotman et al.,
1996; Yankner, 1996) that culminate in cell death via apoptotic mechanisms (Loo et al.,
1993; Watt et al., 1994). This observation has been confirmed by many laboratories (For-
loni et al., 1993; Copani et al., 1995; Geschwind and Huber, 1995; Paradis et al., 1996).

B-Amyloid induces classic properties of apoptosis, including membrane blebbing,
cell shrinkage, DNA damage, the generation of nuclear apoptotic bodies and a DNA lad-
der. Consistent with other neuronal apoptosis paradigms (Estus et al., 1994; Ham et al.,
1995) apoptosis induced by B-amyloid involves an early and sustained elevation in the im-
mediate early gene product c-Jun within vulnerable, but not resistant neurons (Anderson et
al., 1995). Similarly, in the AD brain we have observed DNA damage, cell shrinkage, nu-
clear apoptotic bodies and increases in c-Jun levels within degenerating neurons (Cotman
et al., 1995; Anderson et al., 1994).

Many Inducers of Apoptosis Accumulate in the AD Brain

Apoptosis can be induced in most neurons by a variety of stimuli many of which are
present in the AD brain (Table 1). As discussed above, B-amyloid can initiate apoptosis
and this inducer accumulates in proximity to neurons and neuronal processes. In parallel
with characteristic AD pathology, B-amyloid induces the formation of dystrophic-like
neurite morphology in cultured neurons (Pike et al., 1992). Also, oxidative insults readily
initiate neuronal apoptosis (Whittemore et al., 1994; Ratan et al., 1994) and oxidative
damage is known to occur in the aging and AD brain (Behl, 1995; Beal, 1995; Smith et al.,
1995). Similarly, reductions in glucose metabolism have been suggested to contribute to

Table 1. Many inducers of apoptosis correspond to conditions present in the AD brain

Stimull/Inducers of Apoptosis

AD Conditions

B-amyloid

Reactive oxygen species
Elevated intracellular calcium
Low neurotrophic support

Low energy

Excitotoxins (e.g., Glutamate)
4-hydroxynoneal (HNE) oxidants

Combinations of conditions (e.g., B-amyloid,
oxidation)

Accumulation of B-amyloid

Increased oxidative damage

Abnormalities in calcium homeostasis

BDNF deficiency, defect in connectivity and retrograde
transport

Reduced metabolism (vascular angiopathy prevalent)
proposed but not established

Presence of lipid peroxidation products

Combinations of the above conditions increases with disease
progression

Genetic Risk Factors AD Conditions
PS1, PS2 Familial AD
APP Familial AD
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neurodegeneration in AD (McGeer et al., 1995; Hoyer, 1993; Behl et al., 1993; Beal et al.,
1993; Finch et al., 1997), and B-amyloid has been shown to exacerbate neurodegeneration
in cultured neurons when glucose levels are reduced (Copani et al., 1991). Multicompo-
nent insults may accumulate and drive neurons toward their apoptotic threshold. Further-
more, the recently described presenilin genes appear to make cells more vulnerable to
apoptotic inducers.

Inhibition of Oxidative Neuronal Loss by Antioxidants

To evaluate the potential contribution of oxidative stress to AP neurotoxicity vs.
other apoptosis inducers, the effective doses of antioxidants were first determined for de-
fined oxidative insults and then tested for protective effects against Ap. Three classic,
widely utilized oxidative insults were chosen for study: iron, hydrogen peroxide (H,0,)
and tert-butyl hydroperoxide (tBOOH). As shown in Figure 1, each oxidant induced dose-
dependent neuronal loss over the 1824 h experimental period. Cell injury mediated by
H,0, and tBOOH typically was visible within a few hours after treatment and appeared
complete within approximately 12 hours. In contrast, cell damage caused by iron gener-
ally was not noticeable for at least 12 hours, but rapidly progressed thereafter. Using these
data, a single concentration of each oxidant was chosen that would generate levels of oxi-
dative stress sufficient to induce robust cell death (70—-100%).

Next, several antioxidant agents were evaluated to determine the maximally effec-
tive dose to protect against oxidative insults. The tested antioxidants included two free-
radical scavengers propyl gallate and Trolox, a water-soluble analog of vitamin E, and the
lipid peroxidation inhibitor probucol, since several groups have reported AB-induced lipid
peroxidation and suggested this event as a primary site of AB’s oxidative actions (Butter-
field et al., 1994; Mark et al., 1997).

Dose-response neuroprotection curves for each of these antioxidants were generated
using iron as the oxidative insult. As shown in Figure 2, all of the antioxidants were ex-
tremely effective against iron-mediated toxicity, providing at least 80% protection. Based
upon these data, maximally protective doses of these antioxidants were established for fur-
ther study: 1 mM Trolox, 5 pM propyl gallate, and 10 uM probucol. These optimized anti-
oxidant doses also were assessed for protection against both H,0, and tBOOH. Similar to
their inhibition of iron-mediated toxicity, the free radical scavengers Trolox and propyl
gallate significantly reduced cell death induced by H,0, and tBOOH. However, the lipid
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peroxidation inhibitor probucol was ineffective against these insults. These data suggest
that antioxidants differ significantly in their ability to protect neurons even against primar-
ily oxidative type insults.

Antioxidants Do Not Inhibit Ap Toxicity

After establishing the efficacy of several antioxidant agents in inhibiting oxidative
cell death, their effectiveness against aggregated AP peptides was examined. The experi-
mental design paralleled that used for the oxidative insults: cultures were preloaded with
antioxidants, pre-aggregated AP peptides were added at an established toxic concentration
(25 pM) and cell viability was quantified 24 h later. In contrast to the robust protection an-
tioxidants afforded to classic oxidative insults, the tested antioxidants did not significantly

reduce neurotoxicity mediated by Ap1-42 (Fig. 3).

Induction of Lipid Peroxidation by Iron and Af

The data presented above fail to support a classic oxidative mechanism of AP toxicity
but do not directly address whether AP induces oxidative stress. Several investigators who
have observed attenuation of AB-toxicity by antioxidants also reported that AP caused a sig-

100
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Figure 3. Antioxidants did not provide significant protection against toxicity induced by Ap1-42.
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Figure 4. Iron, but not AB, induced lipid peroxidation in neuronal membranes in a cell free system.

nificant increase in lipid peroxidation (Butterfield et al., 1994; Mark et al., 1997). Lipid
peroxidation is an attractive candidate for AB-induced oxidative damage since A readily
associates with lipid components in membranes and synthetic bilayers and appears to in-
duce cell death subsequent to membrane interactions. Accordingly, levels of lipid peroxida-
tion products were quantified using a TBARS assay. Initial experiments examined lipid
peroxidation in a cell-free, neuronal lysate system to evaluate the possibility that AR may
act as a direct peptide radical. As shown in Figure 4, iron caused a large increase in TBARS
whereas A had no significant effect on TBARS in this cell-free paradigm.

To evaluate the possibility that AP indirectly induces lipid peroxidation following
neuronal interaction, TBARS were measured in neuronal cultures treated for various times
(024 h) with iron or AB. Toxic doses of iron rapidly caused a mild but significant in-
crease in TBARS that increased to approximately 200% of control values after 1624 h.
AB peptide also induced a mild increase in lipid peroxidation with significant values ap-
pearing within one hour of treatment. However, unlike the robust TBARS values observed
with iron, AP levels were typically only 30—50% above control values.

Notably, induction of TBARS by both iron and AP occurred well before cell death,
which suggests possible contributions of lipid peroxidation to the degenerative mecha-
nism(s) of these insults. To evaluate this possibility, we examined how an inhibitor of lipid
peroxidation affected TBARS values and cell viability. Pretreatment of cultures with the
antioxidant probucol (10 uM) significantly inhibited the induction of lipid peroxidation by
both iron and AB. This probucol-mediated reduction in TBARS was paralleled by signifi-
cant neuroprotection against iron but not Ap (Fig. 5).

Oxidative Stress Potentiates AB-Mediated Neurotoxicity

The data presented above show that although AP toxicity is not inhibited by a vari-
ety of antioxidants it is associated with increased TBARS, an indication of oxidative
stress. This finding suggests a possible degenerative synergism between AP and oxidative
stress whereby neurons under oxidative challenge may exhibit significantly enhanced sen-
sitivity to AP. To begin evaluation of this possibility, we compared the neurotoxicity of A
in the presence and absence of a 24 h pretreatment with subtoxic doses (1-3 uM) of iron.
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Figure 5. In cultured neurons, both iron and AP induced significant lipid peroxidation that was inhibited by
probucol (left panel). However, probocol protected against iron but not AP induced neuronal apoptosis (right
panel). Thus some insults that drive neurons into apoptosis are relatively resistant to most antioxidants.

We observed that the toxicity of AP over a complete dose-response range was significantly
increased by iron. Notably, the combination of otherwise non-toxic levels of Ap (1 uM)
and iron caused significant neuronal loss.

CONCLUSION

Increasing evidence suggests that a proportion of neurons in the AD brain may de-
generate by apoptotic mechansims. Neurons show many of the molecular and morphologi-
cal signatures of apoptosis and many of the conditions which accumulate in the AD brain
are inducers of apoptosis. In the studies discussed in this chapter it is clear that antioxi-
dants can protect neurons in culture from some but not all insults. In particular, relatively
classic inducers of oxidation readily induce apoptosis as expected and the neurons are pro-
tected by antioxidants though some are more effective than others. In contrast, AB induced
apoptosis occurs in the presence of antioxidant doses that protect against such oxidative
inducers as hydrogen peroxide and iron. We suggest that the primary mechanism driving
AP apoptosis is not oxidative damage to the cell but rather some other mechanism. That is,
select antioxidants reduced AP induced lipid peroxidation but did not reduce neuronal de-
generation. One alternative mechanism we have previously suggested is that AR may
cause cross-linking of cell surface receptors and thereby induce activation induced cell
death in neurons in a manner analogous to Fas induced apoptosis.

The AD brain contains many conditions which can induce apoptosis and these can act
together to be additive or synergistic. Indeed, the concentration of AP necessary to induce
apoptosis was reduced in the presence of subthreshold doses of iron. Thus it would be pre-
dicted that antioxidants would act to reduce the toxicity of AP in the presence of some other
insults but not eliminate it. While the actual site of action of Vitamin E in AD is unknown it
may be that it affords some protection to neurons affected later in the disease by inhibiting the
accumulation of adverse conditions that can promote entry into a cycle of terminal apoptosis.
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INTRODUCTION

Since the populations of many countries are increasing in age, with all the attendant
age-related functional alterations increasing in frequency, delineation of the mechanism(s)
involved in neurodegeneration and neuronal dysfunction, especially in diseases that in-
crease in incidence as a function of age, has become extremely important. This is particu-
larly true in the case of neuronal dysfunction and associated behavioral changes (i.e.,
decrements in memory and motor behavior functions). It should be noted here that these
changes can occur even in the absence of specific age-related neurodegenerative diseases.
Unfortunately, very little is known about the mechanisms involved in these age-related de-
clines in memory and motor functions, and attempts to reverse or retard their decline have
been, with very few exceptions, singularly unsuccessful. However there is a great deal of
evidence which suggests the involvement of oxidative stress (OS) in these declines.

OXIDATIVE STRESS

OS is defined as an imbalance between oxidants and antioxidants in favor of the for-
mer, resulting in oxidative damage to molecules such as lipids, DNA, and proteins. As is
well known (e.g., see Halliwell and Gutteridge, 1989; Halliwell, 1994; Yu 1994, for re-
views), this insult can arise from both extra metabolic (e.g., pollution, radiation, toxins,
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etc.) and metabolic sources. Concerning the latter of these, among the most significant
biological sources of free radicals are those that lead to O, derived superoxide (O;") from
electron transport associated with mitochondrial membranes. In this case the conversion
of oxygen to water requires electron transfer. Among the products formed by these reac-
tions are the: hydroperoxyl radical (HO;), hydrogen peroxide (H,0,) and the hydroxyl
radical (*OH), which is potentially the most damaging pro-oxidant in cellular systems.
Other cellular sources of free radical generation are those of microsomal and nuclear
membranes. Fortunately, during normal functioning, cells contain a number of antioxidant
defenses that remove excess superoxides and H,0,. These include superoxide dismutase
(SOD), catalase and various peroxidases. In addition, there are low molecular mass anti-
oxidants such as glutathione, vitamin E and ascorbic acid. Since organisms do not scav-
enge free radicals with 100% efficiency, the repair of oxidative damage in DNA, proteins
and lipids is extremely important. Thus, a wide variety of enzymes, proteases and chain-
breaking antioxidants exist to aid in this repair (see reviews by Halliwell, 1994; Yu, 1994).
In both aging and age-related neurodegenerative disease there appear to deficits in both
protection and repair mechanisms to offeset the deleterious OS effects that lead to in-
creased vulnerability to continued free radical insult.

NEURODEGENERATION, AGING, AND BEHAVIOR

As can be seen from the brief description above, there are numerous free radicals
that can be generated by a variety of systems with associated protection systems. In aging,
however, there may be decreases in the efficacy of these scavenging systems that are asso-
ciated with an increasing inability to cope with OS that occurs throughout the life-span.
After life-long free-radical insult on an organ, which already shows increased vulnerabil-
ity to OS, functional deficits are observed. Indeed, one of the primary efforts in aging re-
search is to investigate putative changes in these repair processes, as well as in the
antioxidant defenses. In this regard, there is a great deal of evidence suggesting that oxida-
tion is a primary factor in cellular aging (e.g., Harman, 1981; Halliwell, 1994; Shigenaga
et al., 1994). However, there is less evidence demonstrating a role for OS in normal aging,
especially in the brain. In fact, it is only recently that this is beginning to be specified with
respect to the nervous system. The brain may show greater vulnerability to the effects of
OS than other extraneuronal sites, since it is relatively deficient in free radical protection,
and utilizes high amounts of oxygen (Olanow, 1992). Moreover, there is increasing evi-
dence to suggest that OS may contribute to the declines seen in age-related neurodegen-
erative diseases (e.g., Youdim et al., 1994; Alzheimer’s Disease, Benzi and Moretti, 1995;
Choi-Miura and Oda, 1996; Jenner, 1996; Simonian and Coyle, 1996; Parkinson’s Dis-
ease, Jenner, 1996; Jenner and Olanow, 1996; Ebadi et al., 1996). Research also indicates
that several indices of antioxidant protection appear to be reduced in aging. As examples:
a) The ratio of oxidized to total glutathione in the reduced form (GSH) increased as a
function of age in several brain areas including: hippocampus, cortex and striatum (Zhang
et al., 1993); b) Higher levels of a-tocopherol were observed in older age groups, possibly
indicating an attempt to respond to age-related increases in OS (Zhang et al., 1993); and c)
Significant lipofuscin accumulation with bcl-2 increases and membrane lipid peroxidation
have been observed as a function of age (Yu, 1994) in lipofuscin-containing vacuoles of
neurons, glia and vascular cells (Migheli et al., 1994).

However, there have been few studies directed toward demonstrating age-related in-
creases in sensitivity to OS on neuronal parameters that are known to change with age. In
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this regard, we have developed two such tests (oxotremorine-enhancment of K*-evoked
dopamine release from striatal slices and carbachol-stimulated GTPase activity) which are
age- and OS-sensitive (Joseph et al., 1996). These tests were utilized to examined the na-
ture of the rather ubiquitous loss in sensitivity expressed by muscarinic receptors as a
function of age in the striatum. The findings, thus far, have indicated that: a) Oxotremor-
ine (oxo) enhancement of dopamine (DA) release (K'-ERDA) (in superfused striata)
shows significant declines with aging; b) K'-ERDA deficits are exacerbated by OS in an
age-dependent manner; ¢) These changes were associated with significant deficits in mo-
tor function on several tests. Several subsequent studies have shown that these deficits are
primarily the result of deficits in signal transduction, since carbachol-stimulation of
GTPase activity (an indicator of receptor-G protein coupling/uncoupling) was also found
to be reduced with aging and OS (Yamagami et al., 1992; Joseph et al., 1996).

Thus, if these age-related changes in signal transduction are the result of OS and if
OS vulnerability increases as a function of age, then it is extremely important to delineate
the mechanisms involved in these alterations.. Recent ongoing work from our laboratory
has suggested that in addition to the putative decreases in antioxidant protection that are
cited above, vulnerability increases also may be the result of increases in membrane lipids,
particularly sphingomyelin and may be dependent to a large extent on the composition of
the receptor population in a particular brain area.

MEMBRANE LIPIDS AND OXIDATIVE STRESS

It has been shown in numerous experiments that alterations cell membrane lipid con-
stituencies in aging can increase rigidity and lead to decreased signal transduction, and
cell loss. These include significant age-related increases in membrane cholesterol (Viand,
et al., 1991; Cho et al., 1995; Lope et al., 1995) and sphingomyelin (Giusto et al., 1992)
and/or lipid peroxidation (Yu et al., 1992; Cho et al., 1995). Since previous findings indi-
cate that among, its other effects, OS increases membrane rigidity, it was hypothesized
that in aging OS impinges upon membranes that are already exhibiting increases in rigid-
ity and therefore, there may be an enhancement of the effects of OS. Moreover, it has been
shown that one common effect of OS appears to be to induce a deficit in Ca** homeostasis
that may lead to cell death (e.g., see McCord 1987; Lee et al., 1991; Cheng et al., 1994)
and that there are elevations of intracellular Ca** in normal aging (e.g., Landfield and
Eldridge, 1994) and age-related neurodegenerative diseases (e.g. see Pagliusi et al., 1994).
From these and other studies it has been suggested that a direct, initial free radical insult
which increases the intracellular calcium ([Caz*][) and decreases Ca®* extrusion may lead
to the indirect generation of additional pro-oxidants. Thus, in aging and age-related
neurodegenerative diseases, OS appears to impinge upon systems that are already compro-
mised in their ability to regulate Ca** flux.

In order to examine in relative isolation the interaction of membrane lipids and OS
on specific indices of Ca”* flux, PC-12 cells were assessed. Cells were incubated in main-
tenance media (RPMI-1640 with 2 mM glutamine, 10% horse serum and 5% fetal bovine
serum (FBS) and 120 U/ml penicillin/streptomycin). These media were removed and re-
placed with the same media with or without 300 pM H,0, and further incubated at 37°C
for 30 minutes. Cells were then washed 3 times with the maintenance media, incubated in
RPMI-1640 with 1% FBS and 2 uM Fura-2 AM (45 minutes), followed by Kreb’s-Ring-
ers-Hepes (KRH) Buffer (30 min) to allow hydrolyzation of the Fura-2 AM and then held
on ice for up to 2 hours. A coverslip with treated PC-12 cells was then inserted into a
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Leiden cover slip dish (37°C) that was mounted on the stage of an Olympus IMT-2 in-
verted fluorescent microscope

For each test, a group of 5 to 15 representative cells was selected. Near simultaneous
images of the cells at 510 nm emission and either 340 or 380 excitation wavelengths were
captured (Compix, Inc.). The interval between capture ranged from 2.4 to 3.5 seconds. Af-
ter approximately 60 seconds, the cells were depolarized by the addition of 0.1 ml of 300
mM KCl (for a final concentration of 30 mM), and image capture continued for an addi-
tional 15 minutes.

Pixel-by-pixel comparisons of the captured images were made, and a ratio of Ca**-
bound fura (340 nm excitation) to unbound fura (380 nm excitation) was generated for
each pair of images. Three parameters of Ca’* flux were examined using fluorescence im-
aging: baseline, pre-KCl Ca®* levels), depolarization (expressed as % of Ca?" increase) (to
30 mM KCl), and recovery ([Ca®], extrusion). Results showed that baseline Ca®* levels
were significantly increased by H,O, treatment (e.g., 300 pM, 200%), while the rise in
free intracellular Ca®* following KCl stimulation (i.e., peak) was decreased (e.g., 300 pM,
50%) and Ca** recovery time following depolarization was significantly decreased and led
eventually to cell death 24 hrs after H,0, (Live/Dead Eukolight Kit, Molecular Probes)
(Joseph et al., 1997).

In a subsequent study attempts were made to determine if these response patterns
would be altered further after modification of membrane lipid composition induced by in-
cubating the PC-12 cells (All lipid or lipid metabolite [see below] incubations were car-
ried out for 1h at 37°C prior to H,0, treatment). with 660 pM cholesterol (CHL) in the
presence or absence of 500 uM sphingomyelin (SPM). Following incubation, the mem-
brane levels of CHL or SPM were similar to those seen in aging.

While neither CHL nor SPH had synergistic effects with H,0, on baseline, SPH sig-
nificantly decreased recovery in the presence or absence of H,0, by 50% and significantly
increased level of conjugated dienes by 750%. These effects were not seen with CHL pre-
treatment. The results indicated that membrane sphingomyelin could be a critical factor in
determining OS vulnerability and Ca®* translocation in membranes. This may be espe-
cially important in aging where there is increased membrane SPH and significant loss of
calcium homeostasis (Densiova et al., 1997).

In additional experiments, attempts were made to determine the particular metabo-
lite of SPM that might be contributing to the increased effectiveness of H,0, on recovery.
In these studies, membrane SPM was depleted by incubating the PC-12 cells in either 100
mU/ml Staphylococcus aureus sphingomyelinase(Sase) or 2 mM L-Cycloserine (L-CS)
500 pM SPH and incubated in H,0, or incubation medium alone and Ca®" recovery exam-
ined. Results showed that endogenously induced depletion of SPH by L-CS significantly
increased the ability of the cells to recover. With Sase pretreatment increases in the vul-
nerability to H,0, were observed that were similar to those seen with SPM incubation.
These findings indicated that a metabolite of SPM was involved in these increases in OS
vulnerability, since L-CS primarily antagonized the synthesis of SPM and thus, decreased
membrane SPM metabolite levels.

Subsequent evaluations in which the cells were incubated in SPM metabolites C2-
ceramide (Cer, 100 pM) or 1 pM sphingosine-1-phosphate (S-1-P, 1 pM) indicated that
Cer had no effect on the H,0,-decreases in recovery, while S-P-1P significantly increased
the vulnerability of cells to H,0,-induced decreases in recovery. The nature of this effect
is not clear. It seems there are at least two different SPM pools (plasma membrane and
new-synthesized in cis-medial Golgi stacks). Both pools affect Ca>* homeostasis but only
the newly-synthesized SPH was able to significantly decrease cells vulnerability to OS.
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Therefore, these findings do indicate that one factor that is important in determining OS
vulnerabilty is membrane lipid content and that age-related increases in membrane SPM
content may be extremely critical in this regard.

MUSCARINIC RECEPTOR SUBTYPES

In addition to lipid modifications, a second factor that might be important in deter-
mining OS vulnerability in aging may involve qualitative/quantitative differences in re-
ceptor subtypes in various neuronal populations. For example, it has been known for many
years that there are region-specific variations in brain aging and some areas show more
deleterious effects than others (e.g., striatum). Therefore, if OS is involved in inducing
these changes, selective regional vulnerability to OS may reflect the qualitative make-up
of the receptor populations. To this end we exposed COS-7 cells transfected with one of
five muscarinic receptor subtypes (M,-M; AChR) to low concentrations of H,0, (0, 300 or
500 uM for 30 minutes in growth medium) or DA (1 mM for 4 hrs) and examined intracel-
lular Ca®* levels prior to and following 500 pM oxotremorine (to induce depolarization)
(ox0), as well as cell death following OS exposure.

Following H,0, exposure the number of cells showing oxo-induced depolarization
and Ca® recovery varied as a function of transfected mAChR subtype. The percent of
cells showing the greatest decreases in responding (depolarizing) to oxo were those trans-
fected with the M, (300 or 500 pM H,0,, 30%) and M, (45%) subtypes while M, ,, and ;
cells showed no significant decreases in responding with H,0,. However with respect to
recovery, M, , or M,-transfected cells showed the greatest decreases following H,O,
(50-100%) or DA (25-50%). Recovery in M,- and M-transfected DA- or H,0,-exposed
cells was not significantly decreased. Similar patterns in were observed in subsequent ex-
aminations of the degree of alterations in cell viability (Live/Dead Eukolight kit) in cells
transfected with M, or M, at 4 hrs and 24 hrs post DA treatment to these seen for Ca®" re-
covery. Analysis of the degree of cell death by apoptosis following DA exposure (Apo-Tag
Kit) indicated that it was about 10% of the 40% cell death in M,-transfected cells. No cell
death was observed in M,-transfected, DA- exposed cells. Thus, it may be that receptor
differences in OS vulnerability may determine, in-part, regional susceptibility to cell
death. For example, it has been shown in the striatum that: a) M, receptor protein is ex-
pressed in 78% of the neurons; b) M, receptors may be the predominant muscarinic recep-
tor; c) M, receptors were localized to 44% of striatal cells (Hersch et al., 1994); and d)
there are high concentrations of DA (which form a variety of OS-based toxic products
e.g., Ben-Shachar et al., 1995; Hastings and Zigmond, 1994). Thus the profound age-
related changes in the striatum may be reflective of the interactions between DA and
specific populations of OS vulnerable receptors. We are examining these possibilities.
However, it should be clear that in age-related neurodegenerative diseases (AD and PD)
there are even greater decreases in the ability to respond to OS superimposed upon a nerv-
ous system that is already showing increased sensitivity to free radical insult.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that culminates
in selective neuronal loss in discrete regions of the brain. AD is genetically heterogeneous
and is best characterized as a syndrome with a common but variable pathologic sequela.
Rare familial forms of AD follow conventional patterns of autosomal dominant Mendelian
inheritance (St. George-Hyslop et al., 1990; Schellenberg et al., 1992; Levy-Lahad et al.,
1995a,b), occur earlier in life and account for less than 5% of all AD cases. The vast ma-
jority of AD cases (approximately 95%) appear late in life after the age of 60, without
clearly discernible chromosomal linkages. However, first-degree relatives of affected pro-
bands are at higher risk for AD than the general population (Silverman et al., 1994a,b) and
lack of a family history is a negative risk factor for AD (Payami et al., 1994). Further, the
risk of AD increases when a maternal relative is afflicted with AD (Duara et al., 1993; Ed-
land et al., 1996). Sporadic inheritance with familial association, maternal transmission,
and variable phenotypic expression are hallmarks of mitochondrial genetic disease (Johns,
1995; Luft, 1994). These features typify the mode of genetic presentation of late-onset AD

in the population.

Progress in Alzheimer’s and Parkinson's Diseases
edited by Fisher et al., Plenum Press, New York, 1998. 59



60 S. S. Ghosh et al.

We have proposed that a significant proportion of AD cases is associated with oxida-
tive stress that arises from a primary and focal enzymatic defect in cytochrome ¢ oxidase
(CO), the terminal complex of the mitochondrial electron transport chain (ETC) (Davis, et
al, 1997; Swerdlow et al., 1997). We have examined the functional consequences of mito-
chondrial dysfunction associated with AD through the analysis of cytoplasmic cellular hy-
brid (cybrid) systems. AD cybrids have been generated by fusing platelets from AD
donors with p° cell lines lacking endogenous mitochondrial DNA (mtDNA). We have
shown that cybrids transformed with mitochondria from sporadic AD donors exhibit a spe-
cific decrease of cytochrome c oxidase activity, increased production of reactive oxygen
species (ROS) and altered calcium homeostasis.

MITOCHONDRIAL DYSFUNCTION AS A CENTRAL ETIOLOGIC
EVENTIN AD

Mounting evidence suggests that the AD is associated with focal defects in energy
metabolism with accompanying increases in oxidative stress. Positron emission tomogra-
phy studies have reported regionally specific deficits in energy metabolism in AD brains
(Kuhl et al., 1985; Haxby et al., 1990, Azari et al., 1993). Functional magnetic resonance
spectroscopy studies indicate decreased production of ATP in AD brain as inferred from
elevated inorganic phosphate to phosphocreatine ratios (Pettegrew et al., 1994; Pettigrew
et al., 1995). AD pathology shows prominent signs of oxidative injury, implicating ROS in
neuronal degeneration. AD brains at autopsy show increased levels of DNA, protein and
lipid oxidation (Palmer & Burns, 1994; Pappolla et al., 1992; Jeandel et al., 1989; Balazs
& Leon, 1994; Mecocci et al., 1994, Smith et al., 1996). Neurofibrillary tangles also ap-
pear to be prominent sites of protein oxidation (Schweers et al., 1995). In addition, the ac-
tivity of critical antioxidant enzymes, particularly catalase, are reduced (Gsell et al., 1995)
suggesting that the AD brain is vulnerable to increased ROS production.

Several lines of evidence place mitochondrial dysfunction at the center of AD pa-
thology. Cell death in AD is presumed to be apoptotic because signs of programmed cell
death (PCD) have been observed (Smale et al., 1995; Cotman & Anderson, 1995). It is
likely that apoptotic cell death of neurons in the AD brain occurs as a consequence of mi-
tochondrial dysfunction. Evidence suggests that alterations of mitochondrial function oc-
curs early in the PCD pathway (Kroemer et al., 1995). In several cell types, including
neurons, sequential reduction of the mitochondrial membrane potential (A%¥m) and gen-
eration of ROS precede nuclear DNA degradation (Zamzami et al., 1995a,b). Mitochon-
dria release cytochrome ¢ in apoptotic cells that triggers activation of caspases and DNA
fragmentation (Liu et al., 1996). Importantly, the Bcl-2 family of anti-apoptosis gene
products are located within the outer mitochondrial membrane (Monaghan et al., 1992)
and overexpression of Bcl-2 prevents cells from undergoing apoptosis in response to a
variey of stimuli (Reed, 1994). Recent studies show that Bcl-2 prevents the apoptotic
process by inhibiting the release of cytochrome ¢ from mitochondria (Yang et al., 1997,
Kluck et al., 1997). To the extent that apoptotic cell death is a prominent feature of
neuronal loss in AD, mitochondrial dysfunction may be critical to the progression of this
disease.

Excitotoxic neuronal death is associated with inadequate mitochondrial ATP syn-
thesis. This can lead to partial neuronal depolarization, followed by activation of NMDA
receptors by ambient glutamate concentrations (Beal, 1992). Overstimulation of NMDA
receptors, in turn, triggers massive calcium influx into the cell. Since the mitochondrion
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is the critical cellular organelle for maintaining calcium homeostasis (Harrington et al.,
1996), its dysfunction can lead the induction of glutamate neurotoxicity (Schinder et al.,
1996).

The clearest link implicating mitochondrial dysfunction with the bioenergetic de-
fects and oxidative stress in AD is the observation of specific defects in the catalytic ac-
tivity of CO in platelets from AD patients and in AD brain at autopsy (Parker et al. 1990;
Kish et al., 1992; Parker et al., 1994; Parker et al., 1994; Mutisya et al., 1994; Chagnon
et al., 1995; Parker & Parks, 1995). The activities of other components of the ETC are
normal in AD brain and platelets. Importantly, these findings differ from those demon-
strating a complex I dysfunction in Parkinson’s disease brain and platelets (Schapira et
al. 1992; Krige et al., 1992). These data indicate that the CO defect associated with AD is
disease specific, and that it is not simply a non-specific consequence of neurodegenera-
tion, postmortem change or aging. A pronounced catalytic impairment of CO would be
expected to result in bioenergetic failure and increased ROS production that could con-
tribute to neurodegeneration.

AD CYBRID CELLS: AN IN VITRO MODEL OF AD
MITOCHONDRIAL DYSFUNCTION

The indication of an anatomically generalized expression of the CO defect as seen in
both neuronal and non-neuronal AD tissues was suggestive of alterations in DNA. The
functional implication of this observation was probed by fusion of platelets from donor in-
dividuals into SY5Y neuroblastoma cells that were depleted of endogenous mtDNA, but
not nuclear DNA (essentially mtDNA knockout cells). Exogenous mtDNA along with
other cytoplasmic contents were introduced into p° SY5Y cells by polyethylene glycol-
mediated fusion of platelets derived from blood of AD patients and cognitively normal,
age-matched controls (Miller, et. al., 1996). This procedure creates cybrids where the mi-
tochondrial DNA (mtDNA) from the donor is expressed in the nuclear and cellular envi-
ronment of the host p° cell. Cybrids derived from normal age-matched controls (control
cybrids) displayed the normal aerobic phenotype with complex I and CO activities that
were equivalent to the parental cell lines. In contrast, cybrids derived from AD individuals
generally had reduced CO activity whereas complex I activity remained normal (Fig-
ure 1). Since the nuclear environments in the AD and control cybrid cell lines are identi-
cal, the CO defect in the AD cybrids must arise from the mitochondrial DNA transfer from
AD donors. In addition, AD cybrids displayed increased basal cytosolic calcium concen-
tration and impaired intracellular calcium homeostasis (Sheehan et al., 1997).

A CO defect should lead to increased leakage of electrons from the ETC that can
subsequently react with molecular oxygen to generate ROS. As anticipated, the fluores-
cent probe, dichlorofluorescin diacetate (DCF-DA), detected significantly elevated pro-
duction of ROS in AD cybrids as compared to control cybrids (Figure 2). In response to
increased oxidative stress, significant induction of radical scavenging enzymes such as
glutathione reductase and glutathione peroxidase is seen in SH-SY5Y AD cybrids as com-
pared to control cybrids (Miller and Davis, unpublished results). Upregulation of Cu/Zn
superoxide dismutatase (SOD) and Mn SOD in Ntera2/D1 (NT2) AD cybrids has been ob--
served as a compensatory response to increased ROS (Swerdlow et al., 1997). AD cybrids
also show increased vulnerability to apoptosis in response to a variety of stimuli (Dykens
and Davis, unpublished results).
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Figure 1. Characterization of complex I and IV activity
of AD and control cybrids. Complex I and CO activity
were assayed in isolated cells as described previously
and expressed as rate for complex I (nmol.min™.mg™)
and relative rate for CO (min~'.mg™). (Miller et al.,
1996). CO activity was significantly decreased in AD
cybrids relative to control cybrids. The group means
were significantly different (p = 0.00005). In contrast,
complex I activity, another complex encoded in part by
the mitochondrial genome, was not different in a subset
of AD and normal control cybrids.

INCREASED RATIOS OF NUCLEAR PSEUDOGENE DNA/mtDNA
CORRELATE WITH AD

CO is a thirteen polypeptide multimeric complex and three of its subunits (COI, COII
& COIII) are encoded by mtDNA. The lack of nuclear genetic associations in most AD cases
and a transferable CO defect into AD cybrids prompted us to search for AD-associated mu-
tations in the mitochondrial genes. White buffy coat fraction of blood was isolated from AD
patients, cognitively normal age matched controls, patients with non-insulin diabetes mellitus
(NIDDM) and neurological controls. The cells were lysed by a boiling procedure to release
the DNA. Clonal sequence analysis revealed a unique DNA sequence that carried a linked
set of specific point mutations in the CO1 and CO2 genes. This DNA was found to be over-
represented in a majority of AD patients (Davis et al., 1997). We originally suggested that
these polymorphisms were disease related. Subsequent work (Hirano et al., 1997; Wallace
et al., 1997) established these polymorphisms to be present in a nuclear pseudogene. We
have characterized the pseudogene as a 5.8 kb fragment that is largely in frame with mi-
tochondrial nucleotide positions 3911-9755 (Herrnstadt et al., 1998). The sequence is found
with flanking non-mitochondrial sequences and is absent in immunopurified mitochondria
from SH-SY5Y and blood cells. Since these polymorphisms are apparently not expressed,
it is unlikely to account for decreases in CO activity in AD cybrids. The etiology and ge-
netics of this focal CO defect therefore requires further investigation.

Nonetheless, the association of AD with increased levels of pseudogene DNA in re-
lation to wild type mtDNA is significant and has diagnostic potential. A competitive

Figure 2. Intracellular generation of reactive oxygen species in AD and control cybrids. ROS was measured by
the DCF-DA assay in a subset of the normal control and AD cybrids. Each bar represents the group mean percent
change from the level of DCF fluorescence of parental SH-SYS5Y cells (relative mean fluorescence/cell number).
AD cybrids produced significantly more reactive oxygen species than control cybrids (p = 0.0007).
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Figure 3. Nuclear pseudogene DNA/mtDNA ratios for AD patients and controls. Six nucleotide positions that dis-
tinguish the nuclear pseudogene from mtDNA were monitored by a quantitative primer extension assay. Each bar
represents the group mean percentage of the polymorphic base in the nuclear pseudogene relative to the wild-type
mtDNA base. Error bars represent the SEM for each group. AD total group represents 660 AD cases, and controls
(N =124) comprised cognitively normal, age matched individuals, neurologic controls and patients with NIDDM.
The AD high ratio group (A20% of all AD cases) represents those AD cases whose pseudogene DNA/mtDNA ra-
tios exceeded those of any control case. At each site, AD cases had significantly higher levels of the mean pseudo-
gene DNA/mtDNA ratio than controls as determined by independent t tests (p < 0.001).

primer extension assay on approximately 800 AD patients and controls revealed that the
pseudogene appears at low levels in most controls, but the pseudogene to mtDNA ratio
was elevated in most AD cases. Approximately 20% of AD cases can be detected with ab-
solute specificity based on their high pseudogene to mtDNA ratios, whereas A60% of sus-
pected AD cases against 20% of controls can be identified at an intermediate pseudogene
to mtDNA ratio threshold. The appearance of elevated pseudogene to mtDNA ratios is
relatively disease specific. Elevated pseudogene to mtDNA ratios were not observed in pa-
tients with NIDDM or in neurologic controls.

Mitochondrial DNA in AD blood cells must be altered for the above disease associa-
tion to hold. Preliminary evidence suggests that these changes are due to inefficient ex-
traction of mtDNA from AD blood tissue when using heat lysis. It is likely, but not proven,
that the mtDNA in AD patients is associated with membrane lipids or proteins, which is
consistent with other evidence for mtDNA alterations in AD.

DISCUSSION

While a clear molecular link has yet to be established, our studies provide strong
evidence that AD cybrids prepared from two different host cell lines (SY5Y and
Ntera2/D1) recapitulate important features of the AD phenotype: metabolic dysfunction,
focal decreases in cytochrome c oxidase activity, and increased generation of reactive oxy-
gen species with attendant display of oxidative markers. In addition, AD cybrids show
perturbations in calcium homeostasis, induction of antioxidant enzyme defense systems,
and pronounced susceptibility to apoptotic stimuli. The finding that the cytochrome c oxi-
dase defect can be transferred from AD platelets to cybrid cell lines supports the evidence
that mitochondrial abnormalities are present in AD blood cells.
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INTRODUCTION

In 1983, Langston et al. determined that a recreational opiate contaminant, N-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), was responsible for an epidemic of
parkinsonism in a group of California drug addicts (Langston et al., 1983). Two years
later, Nicklas and Heikkila showed that 1-methyl-4-phenyl pyridinium (MPP+), a pyridine
metabolite of MPTP, inhibited the mitochondrial electron transport chain (ETC) enzyme
NADH:ubiquinone oxidoreductase (complex I) (Nicklas and Heikkila, 1985). Relevance
of this finding to those with idiopathic Parkinson’s disease (PD) was established in 1989,
when several groups announced Parkinson’s disease patients also manifested complex I
abnormalities (Parker et al., 1989; Schapira et al., 1989; Mizuno et al., 1989).

Distribution of Complex I Dysfunction in PD

The tissue distribution of complex I dysfunction in PD patients was initially contro-
versial. Schapira et al. proposed that PD complex I dysfunction was limited to substantia
nigra (Schapira et al., 1990), even though Parker et al. observed a complex I defect in en-
riched mitochondria from PD platelets (Parker et al., 1989). Support for a nigra-limited
complex I defect was provided by the London group (Mann et al., 1992), who studied PD
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patient complex I activity in crude platelet homogenates rather than enriched platelet mi-
tochondria and did not find a defect. Additional support for a nigra-limited defect came
from the study of Schapira et al. who assayed complex I activity in multiple regions of PD
brain but only found a relative (to control brain) defect in substantia nigra (Schapira et al.,
1990). Assays in this brain study also used crude tissue homogenates instead of enriched
mitochondria.

The study of Krige et al. underscored the technical shortcomings of assaying ETC
activities in crude homogenates. When the London group again assayed complex I activity
in PD platelet mitochondria, this time using an enriched mitochondrial fraction, a complex
1 defect was detected. Multiple studies from multiple laboratories now confirm the finding
of Parker et al. that complex I is defective in PD platelet mitochondria (Krige et al., 1992;
Yoshino et al., 1992; Benecke et al., 1993; Haas et al., 1995). Unfortunately, no stand-
ardized method for assaying PD platelet complex I activity has emerged, and negative PD
platelet complex I studies using different methods continue to enter the literature (Blake et
al., 1997). These studies do not refute the positive studies because methodology is not
comparable. Potential pitfalls encountered in our experience include the use of decylu-
biquinone (DB) as a coenzyme Q analog instead of Q1 and the addition of bovine serum
albumin to the spectrophotometric assay, which minimize differences between PD and
control complex I activities clearly present when measured by other methods. Failure to
detect PD platelet complex I dysfunction in these studies appears more consistent with
methodological complications than the lack of a complex I defect in mitochondria from
this tissue.

Methodologic issues also complicate the question of whether complex I dysfunction
is present in PD muscle. Multiple studies demonstrate the presence of complex I dysfunc-
tion in this tissue in PD patients (Bindoff et al., 1991; Shoffner et al., 1991; Nakagawa-
Hattori et al., 1992; Cardellach et al., 1993; Blin et al., 1994). Some studies failed to find
a complex I defect in this tissue, but as in the platelet literature, methodology in these
negative studies was unique to these studies or else not described in adequate detail to al-
low for comparison and so do not refute the positive studies (Mann et al., 1992; Anderson
et al., 1993; DiDonato et al., 1993). Finally, there is the study of Mytilineau et al. demon-
strating complex I dysfunction in fibroblasts from PD patients (Mytelineau et al., 1994)
and the study of Barroso et al. (Barroso et al., 1993) reporting a complex I defect in PD
lymphocytes. Overall, data support the presence of complex I dysfunction in multiple tis-
sues of PD patients, and complex I dysfunction in PD most likely represents a systemic
defect. The presence of complex I dysfunction in non-degenerating tissues indicates this
observed enzymatic defect is unlikely to be occurring as a consequence of tissue degen-
eration. Taken with the observation that toxic complex I inhibition by MPP+ causes a
clinical and pathological PD-like syndrome (Langston et al., 1983; Forno et al., 1986), a
primary role for complex I dysfunction in PD is envisioned.

Mitochondrial DNA in Parkinson’s Disease

A potential role for mutation of mitochondrial DNA (mtDNA) in the PD complex I
defect was initially proposed by Parker and co-investigators (1989). Mitochondrial DNA
codes for seven of the 41 known subunits of complex I. Furthermore, mtDNA, like most
idiopathic PD, does not follow the rules of Mendelian inheritance. Mutation of mtDNA
leading to complex I dysfunction is thus consistent with the epidemiology of PD.

Initial studies of mtDNA mutation in PD concentrated on the search for large scale
deletions, particularly the so-called “common deletion”. An early report from Ikebe et al.
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found the proportion of mtDNA genomes containing the common deletion to be increased
in PD brain relative to control brain (Ikebe et al., 1990). Subsequent studies suggested that
this deletion was not quantifiably different between PD and control brains and therefore
both this deletion and other deletions of significant size were not likely to account for the
complex I defect of PD (Schapira et al., 1990; Lestienne et al., 1990; Lestienne et al.,
1991; Mann et al., 1992; Sandy et al., 1993; DiDonato et al., 1993).

Shoffner et al. used a restriction fragment length polymorphism strategy to screen
for mtDNA mutations in PD and Alzheimer’s disease (AD) subjects. Despite the fact that
less than 10% of the mitochondrial genome was surveyed, a missense point mutation in a
tRNA gene (tRNA®", nucleotide pair 4336) was found to exist in higher amounts in a
group of AD/PD patients than in control patients (Shoffner et al., 1993). More recently,
Ikebe et al. sequenced mtDNA complex I genes in five PD patients and found point muta-
tions in all five (Ikebe et al., 1995).

Swerdlow et al. used cytoplasmic hybrids (cybrids) to screen for mtDNA mutation
in sporadic PD subjects (Swerdlow et al., 1996). Briefly, a human neuroblastoma cell line
was depleted of endogenous mtDNA to form #° cells. Mitochondria (and hence mtDNA)
from PD subjects was then transferred to these fi° cells to form unique cybrid cell lines that
express the transferred mitochondrial genes. Control cybrid lines were also created using
mtDNA from age-matched control subjects. This system allows for controlling of nuclear
genetic and environmental input between PD and control subjects because nuclear DNA is
clonal (the same) between cybrid lines and all cybrid lines are handled identically. At the
genetic level cybrids differ only in that their mtDNA is derived from different individuals.
Therefore, phenotypic/biochemical differences observed between cell lines is most consis-
tent with differences in mtDNA.

Twenty four PD cybrid lines and 28 control cybrid lines were created and complex I
activity was assayed spectrophotometrically. Complex I activity was decreased in the PD
cybrid group relative to the control cybrid group (Figure 1). This finding is most consis-
tent with abberation of PD mtDNA, since transfer of complex I dysfunction to this system
was associated with transfer of mtDNA from PD subjects. Complex IV activity was not
significantly decreased, suggesting the genetic defect was restricted to one or a combina-
tion of the seven complex I encoding genes of mtDNA.
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Figure 1. A complex I defect transfers to cybrid cell lines with mtDNA from PD subjects (A). Complex IV activi-
ties in PD cybrids are not significantly reduced (B).
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Cybrids in PD: A Potential Model for the Disease?

The magnitude of the catalytic defect observed in our PD cybrids was small. Com-
pared to control cybrids, PD cybrid complex I activity was reduced by only 20%. This is
comparable to the magnitude of the complex I defect observed in some studies showing
complex I dysfunction in non-nigral tissues of PD subjects (Krige et al., 1992; Yoshino et
al., 1992; Cardellach et al., 1993; Haas et al., 1995). It is possible that the magnitude of
the complex I defect in PD platelets is not as great as that of brain, a post mitotic tissue in
which defective mtDNA may accumulate over time. Regardless, the PD cybrid complex I
defect does confer substantial functional consequences to the cybrid cells that express it.

Mitochondria are important sites of free radical generation, ETC dysfunction is as-
sociated with increased free radical production, and evidence of oxidative stress is ob-
served in PD patients (Dexter et al., 1994; Sanchez-Ramos et al., 1994). We hypothesized
that the apparent mtDNA-determined complex I defect could act as a free radical gener-
ator. To test this, we incubated control and PD cybrid lines with 2',7'-dichlorodihy-
droflourescein diacetate (DCFDA), a dye which flouresces in the presence of reactive
oxygen species (ROS). As a group, DCFDA flourescence was higher in the PD cybrid
group, indicating the PD mtDNA-encoded complex I product acted as a genetically deter-
mined free radical generator (Figure 2). Increased ROS production thus represents an im-
portant gain-of-function consequence of the complex I PD defect, at least in our cybrid
system. This increase was observed despite the presence of a significant increase in free
radical scavenging enzymes in PD cybrids (glutathione reductase and peroxidase; total,
Mn-dependent, and Cu/Zn dependent superoxide dismutase; and catalase), thereby reca-
pitulating to some extent oxidative pathology in PD patients (Martilla et al., 1988; Saggu
et al., 1989; Kalra et al., 1992; Damier et al., 1993).

PD cybrids also exhibit impaired calcium homeostasis (Sheehan et al., 1997). Mito-
chondria, together with endoplasmic reticulum and plasma membrane transporters, play an
important role in cellular calcium buffering. In neurons, mitochondria appear to help regu-
late even mild to moderate cytosolic calcium fluctuations (Werth and Thayer, 1994). We
incubated PD and control cybrids in the presence of fura-2, a dye which flouresces in the
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Figure 2. As shown by DCFDA fluorescence, ROS gen-
eration is increased in PD cybrids. Fluorescence shown
PD Control is relative to that of native SH-SYS5Y neuroblastoma
(n=8) (n=8) cells.
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presence of cytosolic calcium. Basal cytosolic calcium levels were equivalent in the non-
manipulated state. Following exposure to the ETC uncoupler carbonyl cyanide m-chlo-
rophenylhydrazone (CCCP), which eliminates the mitochondrial membrane potential and
causes efflux of sequestered matrix calcium, cytosolic calcium was higher in the control
cybrid lines. This indicates that PD mitochondrial calcium sequestration was diminished,
presumably as a consequence of the mtDNA-determined complex I defect in these cells
(Figure 3).

In addition to alterations of basal cytosolic calcium homeostasis, dynamic calcium
handling was impaired in PD cybrids. Cybrids were exposed to carbachol, a cholinergic
agonist which binds to acetylcholine receptors and causes an IP3 mediated calcium signal-
ling transient. The generated cytosolic calcium “spike” is removed via transport of cal-
cium to other compartments. In PD cybrids, elimination of cytosolic calcium was
diminished following carbachol exposure. We determined that this was due to decreased
mitochondrial calcium buffering. The mtDNA-determined PD complex I defect therefore
effects the ability of cells to respond to neurotransmitter induced, receptor mediated cal-
cium signalling transients. Since impairments of calcium signalling can play a role in pro-
grammed cell death (Nicotera and Orrenius, 1992: Hartley et al., 1993; Oshimi and
Miyazaki, 1995), we believe this is another pathway by which a primary bioenergetic de-
fect (complex I dysfunction) contributes to neurodegeneration in PD.

The genetically determined complex I defect observed in our PD cybrids also con-
ferred increased susceptibility to the toxin MPP+. PD and control cybrid lines were ex-
posed to MPP+ at varying concentrations and durations. Resultant cybrid cell death was
consistently higher in the PD cybrids compared to control cybrids. This indicates that tox-
ins may still play an important role in the development of PD, especially in persons carry-
ing the specific complex I defect seen in our PD cybrids. A genetic-toxin interaction such
as this one may explain why some persons exposed to a given toxin at a particular concen-
tration and for a particular duration develop PD whereas others exposed to the same toxin
under similar conditions do not.

Mitochondrial ultrastructure was also altered in PD cybrids. Electron microscopy
studies revealed that PD cybrid mean mitochondrial size was larger than that of control cy-
brids. Therefore, even though the magnitude of the complex I defect was small in PD cy-
brids, mitochondria were adversely effected by the genetically determined complex I defect
as shown by a number of physiologic and anatomic measures. The relevance of complex 1
catalytic dysfunction to PD neurodegeneration, even if it is as small in brain in vivo as it is
in our PD cybrids, should not be underestimated. The functional consequences resulting
from this abnormal enzyme, even when the catalytic defect is small, are substantial. There
is precedence for this phenomenon. Transgenic mice expressing the G37R superoxide dis-
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mutase (SOD) mutation develop ALS pathology, despite the fact that their SOD catalytic
activity is normal (Wong et al., 1995). We propose that even if complex I catalytic activity
in a PD patient is comparable to activity in non-PD subjects, the enzyme may not necessar-
ily be normal and may still contribute to neurodegeneration in that person.

To further consider the relationship of defect magnitude to disease relevance, it is
important to note that individual cybrid line mtDNA subclones were not selected for
analysis in these experiments. The advantage of treating all subclones generated within a
given line as part of an overall cybrid line population is that it helps avoid subclone selec-
tion bias while still addressing the question of whether mtDNA defects are or are not
transferred from a given mtDNA donor. This strategy does not, however, address the po-
tential mtDNA heteroplasmic variation that may exist from cell to cell. Some cells within
a cybrid line may indeed carry a substantial complex I catalytic defect that is not readily
apparent when the complex I activities from all the cells of a line are averaged. This phe-
nomenon requires consideration since the distribution of complex I dysfunction between
individual PD neurons in vivo is unknown. If a population of neurons crippled by severe
complex I dysfunction were assayed together with neurons exhibiting little-to-absent dys-
function, only a mild to moderate defect would be apparent. Under such circumstances it
would be a mistake to declare the observed defect irrelevant because of its overall low
magnitude.

Origin of Complex I mtDNA Mutation(s)

The mutation rate of mtDNA is higher than that of nuclear DNA (Linnane et al.,
1989). The proximity of mtDNA to a site of free radical generation could also contribute
to somatic mutation/degradation of the genome. It is possible that mtDNA is degraded or
mutated as a consequence or epiphenomenon of an independent primary PD pathophysi-
ologic process, and that the mitochondrial pathophysiology observed in our cybrid system
is simply an effect of the disease and not a cause. We think that this explanation is un-
likely. The use of platelets instead of brain as mtDNA donors in the aforementioned ex-
periments makes tissue degeneration an unlikely causative factor in our cybrid system.
The finding that activity of cytochrome c oxidase, another ETC enzyme with mtDNA en-
coded subunits, was not significantly depressed in PD cybrids is not consistent with ran-
dom degradation of the mitochondrial genome. As was already discussed, PD mtDNA
does not appear to carry large scale deletions. The most likely mutation(s) responsible for
the PD complex I defect are therefore point mutation(s) in one or a combination of the
seven ND genes of mtDNA.

PD epidemiology further argues that the cybrid-implied mtDNA mutation(s) are not
somatic. A recent study by Wooten et al. found a maternal inheritance bias in PD when
probands with both an affected sibling and parent were considered (Wooten et al., 1997).
This strategy screens for PD cohorts that are not large enough to demonstrate clear Men-
delian inheritance patterns, yet are not truly “sporadic” and appear to have a genetic etiol-
ogy. In this study, the likelihood that the proband’s affected parent was the mother was
greater than what should have been observed by chance. This is consistent with the pres-
ence of a maternally transmitted genetic factor (ntDNA). Somatic mtDNA mutations can-
not account for this observation.

We studied a family in which PD is present in multiple family members over three
generations (Wooten et al., 1997). While the pedigree does not rule out the presence of a
Mendelian genetic factor, it is notable that in each generation the disease is passed through
maternal lines. We prepared cybrids from 15 members of this family encompassing two
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generations. Eight cybrids were constructed using mitochondrial genes from family mem-
bers descended through female lineages and seven cybrid lines were constructed using mi-
tochondrial genes from family members descended through male lineages. Complex I
activity in the maternal descendents was significantly lower than that of the paternal de-
scendents, suggesting the presence of non-somatic, inherited mutation of mtDNA. Al-
though the techniques used are different from those employed in linkage studies of
Mendelian genes in human disease, the end result is the same—localization of a genetic
defect to a particular stretch of DNA (in this case mtDNA).

SUMMARY

We propose that the PD complex I defect is systemic and that in sporadic PD it arises
from mutation of mtDNA. We further propose that this genetic ETC defect results from in-
herited rather than somatic mutation of the mitochondrial genome. This genetically deter-
mined bioenergetic defect is responsible for both loss-of-function and gain-of-function
consequences that are relevant to neurodegenerative pathophysiology. Epidemiologic stud-
ies suggest an etiologic role for mtDNA mutation in sporadic PD. The cybrid strategy ap-
pears useful for studying PD pathophysiology. However, definitive validation of the results
of cybrid methodology in PD basic research will result only upon demonstration of actual
specific mtDNA sequence alterations in PD patients, and after drugs ameliorating mitochon-
drially-related pathophysiology in cybrids are shown to benefit persons with the disease.
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INTRODUCTION

One of the most striking features of the intraneuronal inclusions of Alzheimer (AD)
and Parkinson (PD) diseases is that, although they are derived from the neuronal cy-
toskeleton, they are fundamentally altered. Among these alterations is their insolubility
in denaturants (Selkoe et al., 1982; Galloway et al., 1992) and it is our contention that
the elucidation of the posttranslational modifications responsible for insolubilization will
provide a fundamental insight into the cytopathology of AD and PD.

ROLE OF POSTTRANSLATIONAL MODIFICATION IN
INSOLUBILITY

Extensive phosphorylation of t protein (Grundke-Igbal et al., 1986) and neurofila-
ments (Sternberger and Sternberger, 1983) found in neuronal inclusions provided a putative
link between insolubilization and abnormalities in kinases (Trojanowski et al., 1993). Un-
fortunately, the role of increased phosphorylation and insolubilization is complex. First, the
phosphorylation of cytoskeletal proteins found in inclusions is not abnormal but rather part
of the normal pattern of axonal metabolism (Sternberger and Sternberger, 1983; Goedert et
al., 1993; Matsuo et al., 1994). Therefore, terms such as “hyper-" or “aberrant” phosphory-
lation which imply a nonphysiological process are misleading. Instead, the phosphorylation
associated with the inclusions in AD and PD is quite similar, if not identical, to that found
normally and differs only in location, occurring in the cell body rather than in the axon
(Sternberger et al., 1985). Further, phosphorylation of t protein is not an absolute require-
ment for its incorporation into the inclusion since non-phosphorylated t is also present in
NFT (Bondareff et al., 1995). Finally, NFT insolubility persists even following complete
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dephosphorylation (Smith et al., 1996a). Therefore, overall, these findings suggest that the
relationship between phosphorylation and NFT formation is indirect, i.e., phosphorylation
acts to free 1 protein from its role in stabilizing microtubules and to instead promote t pro-
tein self-assembly into the abnormal filaments of NFT. Indeed, it is likely that phosphoryla-
tion may be the molecular switch controlling pathological versus physiological interaction.

While NFT and Lewy bodies are insoluble in chaotropes and denaturants, they are sol-
uble at high pH (Smith et al., 1996a) as well as in amines (Perry and Smith, unpublished
observations). These solubility properties are consistent with well known oxidative cross-
linking from aldol condensation of carbonyl adducts. Protein-based carbonyls arise from at
least three sources; reducing sugars, lipid peroxidation products and direct oxidation, and all
three are associated with NFT and Lewy bodies (Smith et al., 1994a, 1996b; Castellani et
al., 1996; Sayre et al., 1997). Glycation, the most established oxidative posttranslational
modifications of proteins in aging (Cerami et al., 1987), perhaps better known as the Mail-
lard reaction, is the adduction of reducing sugars to free amines and, while glycation was
first known from the food industry as being responsible for spoilage of canned food, more
recent studies show that glycation, in vivo, can be rapid and dynamic. Indeed, while the re-
action between glucose and the amines of lysine residues is slow and of little consequence,
save increased insolubility, in contrast, in vivo far more reactive sugars are involved. Fur-
ther, the subsequent transition metal-catalyzed oxidations, in addition to creating free radi-
cals, also leads to the formation of advanced glycation end products (AGEs). Pentosidine
and pyrraline, two well characterized AGE products, have been found in NFT, senile
plaques and Lewy bodies (Smith et al., 1994a; Castellani et al., 1996).

NEURONS ARE THE TARGET OF OXIDATIVE STRESS

The chemistry of lipid peroxide adduction to proteins is analogous to glycation since
the most reactive products are, as reducing sugars, carbonyl-containing intermediates.
Subsequent rearrangement leads to stable advanced lipid-peroxidation endproducts, some
of which are identical to products of AGEs (Baynes et al., 1991). Significantly, increased
lipid peroxidation is a sensitive and direct index of oxidative damage since polyunsatu-
rated lipids are the most oxidation-susceptible class of macromolecules found in cells.
Further, while the carbonyl-containing and other intermediates of lipid peroxidation are
short-lived, the resultant advanced products are not only stable, but through extensive
crosslinking, can also inhibit proteolysis (Friguet et al., 1994). The most well studied lipid
adducts are those between proteins and malondialdehyde (MDA) or hydroxynonenal
(HNE). While MDA is the dominant product of lipid peroxidation, HNE is the most reac-
tive with proteins (Esterbauer et al., 1991), and adducts of both MDA and HNE are found
in AD (Yan et al., 1994; Montine et al., 1997; Sayre et al., 1997). Of note, instead of being
confined to NFT, the neuronal cytoplasm in regions affected by NFT in AD also shows in-
creased HNE adduction compared to controls (Sayre et al., 1997). This latter finding not
only indicates that increased lipid peroxidation is independent of NFT formation but fur-
ther suggests that AD is associated with a global increase in neuronal oxidative stress.

Two other assessments of oxidative damage also show global increases in neuronal
oxidative stress. First, peroxynitrite-mediated damage, evidenced by nitrotyrosine, has es-
sentially the same distribution as HNE-adducts (Smith et al., 1997a). Second, analysis of
free carbonyls, resulting from direct oxidation as well as adduction by lipid and sugars,
also shows an identical pattern of neuronal involvement. In sum, these findings support a
widespread increase in oxidative stress in neurons in the CNS of AD.
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ANTIOXIDANT RESPONSE

As a result of oxidative stress, cells upregulate antioxidant defenses. In one such
case, inducible heme oxygenase-1 (HO-1) catalyzes the first step in the conversion of
heme to bilirubin, producing an antioxidant from a prooxidant. In AD and PD, HO-1 is as-
sociated with the cytoskeletal abnormalities leading to inclusion formation (Smith et al.,
1994b; Castellani et al., 1996), however, in the case of AD, it exactly overlaps the distri-
bution of intraneuronal t protein accumulation, even that preceding NFT (Smith and
Perry, unpublished findings). Therefore HO-1 induction does not appear to be simply a re-
sponse to increased oxidative stress but, rather, to oxidative damage extensive enough to
involve cytoskeletal proteins. This apparent correlation may even be direct since in vitro
studies with neuroblastoma cells demonstrate that AGE-modified t can increase oxidative
stress (Yan et al., 1994, 1995).

While HO-1 activation increases the antioxidant bilirubin, its additional products,
CO and free iron, may have damaging effects. Iron catalyzes the formation of hydroxyl
radicals that are essential to both advanced glycation and lipid peroxidation endproducts.
Understanding whether HO-1 is a source of excess free iron associated with NFT in AD
(Smith et al., 1997b) is critical to understanding whether the brain’s response to chronic
oxidative damage actually exacerbates the problem.

SUMMARY

In just three years, results from a number of laboratories have implicated oxidative
stress in the pathogenesis of AD. One of the most important unresolved issues is whether
the production of free radicals is a result of the pathology or serves to initiate pathological
damage. The importance of resolving these and other issues is all the clearer from recent
clinical and epidemiological findings showing that antioxidants slow down or delay the
onset of Alzheimer disease. Therefore, efforts to understand and reduce oxidative stress
may have direct therapeutic value in both assisting patients and in solving the complex
pathogenesis of AD.
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INTRODUCTION

The central core of the hypothesis underlying the present chapter is that terminally
differentiated cells like neurons that have irreversibly exited the cell cycle have acquired
programmed cell death (apoptosis) as an alternative effector pathway. This pathway may
be activated in response to molecular events that lead to transformation of dividing stem
cell populations. For example, alterations of those genes that can cause transformation in
dividing cell populations, can cause apoptosis of terminally differentiated neurons. Up to
now, it is quite evident that apoptosis is an important component in many progressive and
acute neurodegenerative diseases. The extracellular signals as well as the intracellular
mechanisms inducing and regulating apoptosis (or different types of apoptosis) of neuro-
nal cells are still a matter of investigation.

The present chapter will review some recent data obtained in our laboratory with
the aim both to identify and to characterize the mechanism of action of cytosolic and nu-
clear proteins known to be involved in cell cycle regulation as well as in promoting de-
generation and apoptosis of neurons. Since their established role in regulating cell cycle
of peripheral and/or tumor cells, two molecules have to be taken into consideration: p53
and MSH2. These proteins are apparently linked one to each other by consecutive tran-
scriptional activation, thus suggesting the existence of an intracellular pathway responsi-
ble for the induction and progression of neuronal apoptosis. Identification of such
mechanisms could be relevant for understanding the apoptosis associated with various
neurodegenerative diseases, as well as for developing novel strategies of pharmacologi-
cal intervention.
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THE TUMOR SUPPRESSOR PROTEIN p53 IN THE CNS

The tumor suppressor protein p53 is a cell cycle checkpoint protein that contributes
to the preservation of genetic stability. Upon certain conditions, including physical or
chemical DNA damage, p53 gene expression can be activated to either arrest cell cycle
progression in the late G1 phase, thus allowing the DNA to be repaired before its replica-
tion, or induce apoptosis (Lane, 1992). Due to its role, p53 has been defined as a “safe-
guard against tumorigenesis”. Indeed, in tumor cells lacking functional p53, the above
described pathways are not functional, resulting in inefficient DNA repair and the emer-
gence of genetically unstable cells (Vogelstain and Kinzier, 1992). More recently, it was
found that p53 may also play a role in cell differentiation (Eizenberg et al., 1996).

The mechanism(s) by which p53 can induce cell cycle arrest and/or apoptosis is still
largely unknown. Development of transgenic mice deficient for p53 has recently gained
further insight on the functional role of p53 (Donehover et al., 1992). Interestingly, mice
homozygous for p53 null allele appear normal. Thus, at least from these data and with the
awareness of the intrinsic limitation of the experimental model, p53 function appears to be
dispensable in many apoptotic processes that occur physiologically during the entire life-
span in a large variety of organs and systems. However, p53 deficient mice are prone to
the spontaneous development of a variety of neoplasms by 6 months of age, suggesting
that the lack of the p53 gene predisposes the animal to neoplastic diseases, although it is
not obligatory for tumorigenesis. Interestingly, normal development and high risk of tu-
mor are found in family members with dominantly inherited Li-Fraumeni syndrome and
this syndrome has been associated with germ line p53 mutation (Srivastava et al., 1990).

Nevertheless, p53 appears to play an important role in promoting apoptosis and this
function could have relevant implications for brain function. Indeed, apoptosis of neurons
is observed physiologically during development and aging. Furthermore, apoptosis has
been associated, at least in part, with neurodegeneration detectable in various neurological
diseases, including Huntington’s (Portera-Cailliau et al., 1995) and Alzheimer’s diseases
(Duguid et al., 1989).

A series of recent papers have mainly contributed to unravel the role of p53 during a
neurodegenerative process (Li et al., 1994; Sakhi et al., 1994; Xiang et al., 1996). In par-
ticular, systemic injection of kainic acid, a potent excitotoxin that produces seizures asso-
ciated with a defined pattern of neuronal cell loss, induced p53 expression in neurons
exhibiting morphological evidence of damage (Sakhi et al., 1994). More recently, Morri-
son et al., (1996) found that systemic injection of kainic acid to p53 gene deficient mice
did not induce neuronal cell death. A further indirect although intriguing link between ex-
citotoxicity and p53 has been provided by Didier et al., (1996) who showed accumulation
of single-strand DNA damage as an early event in excitotoxicity. This particular DNA
damage is indeed capable of inducing p53 expression (Jayaraman and Prives, 1995; Lee et
al., 1995).

We studied the role of p53 in cultured, genetically unmodified neurons, namely rat
cerebellar granule cells, during development in vitro and in response to neurotoxicity in-
duced by excitatoxins. Primary cultures of cerebellar granule cells offer not only a mor-
phologically defined system for studying transsynaptic regulation of neuronal gene
expression, but also provide the opportunity to analyze the precise temporal sequence of
molecular events following stimulation of specific glutamate receptor subtypes. Advan-
tages of this experimental model also include the possibility to study the function of a
given gene product using the oligonucleotide antisense technology, thus avoiding redun-
dancy on compensation that may occur in transgenic animal models.
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We found that primary cultures of rat cerebellar granule cells, although definitely
post-mitotic and terminally differentiated, express the tumor suppressor phosphoprotein
p53 (Uberti et al., 1997). In particular, granule cells both expressed significant levels of
p53 mRNA and positively reacted to an anti-p53 antibody, from the first day of culturing.
During neuron differentation, pS3 mRNA content did not significantly change, at least up
to 12 days in vitro, while p53 immunoreactivity increased gradually. p53 expression ap-
peared to be further modulable, being upregulated after stimulation of glutamate ionot-
ropic receptors by glutamate or kainate. Although qualitatively similar, p53 induction by
glutamate and kainate differed in terms of intensity and time-course. The glutamate-in-
duced increase of p53 immunoreactivity appeared within 30 min after the treatment and
lasted for at least 2 h. Kainate-induced increase of pS3 immunoreactivity was delayed, be-
coming apparent within 2 h and lasting for at least 8 h. As shown by the electrophoretic
mobility shift analysis, both glutamate and kainate induced increases of p53 DNA binding
activity. Blockade of p53 induction by a specific p53 antisense oligonucleotide resulted in
a partial reduction of excitotoxicity with a complete inhibition of the excitatory ami-
noacids-induced apoptosis. Our data suggest that stimulation of ionotropic glutamate re-
ceptors in neurons results in a p53-dependent apoptosis.

DNA DAMAGE REPAIR SYSTEM(S) IN THE CNS

DNA repair is one of the most essential system for mantaining the inherited nucleo-
tide sequence of genomic DNA over time. In eukaryotic cells, damaged DNA can be re-
paired by the activation of different pathways which involve nucleotide or base excision,
and pair mismatch recognition. Previous studies have demonstrated the presence in brain
cells of different factors involved in DNA repair processes (Walker and Bachelard, 1988;
Dragunow, 1995; Ono et al., 1995). Up to now, very little is known about the mismatch
DNA repair systems in neurons (Brooks et al., 1996). It is still unclear whether or not they
are expressed, functioning, and modulable and, maybe more important, if there is any rea-
son for them to be expressed in postmitotic cells like neurons. In this regard, it should be
noted that repair of non-replicating DNA would be expected to be particularly important
in neurons, because neurons are among the longest-living cells in the body. There are at
least three different events which may induce mismatched nucleotides in DNA: i) genetic
recombination; ii) misincorporation of nucleotides during DNA replication; and iii) physi-
cal damage. Since neurons are definitely postmitotic cells thus unable to replicate, only
the latter possibility can be taken into consideration as a possible inducer of DNA mispair.
Indeed, physical damage induced by water, oxygen, ultraviolet light, ionizing irradiation,
or drugs, to DNA can give rise to mismatched bases (Friedberg, 1985).

Mismatched nucleotides produced by these mechanisms are known to be recognized
and repaired by specific enzyme systems. The MutHLS mismatch repair pathway has been
originally identified as one of the major repair systems in E. Coli (see Modrich 1994 as re-
view). DNA mismatch recognition in human cells is thought to be mediated by a series of
components, homologs of MutHLS, that have been named MSH2, MSH3, MSH6, MLH 1
and PMS2 (Kunkel, 1995). In response to a DNA mismatch proliferating cells arrest at
various checkpoints (Wiebauer and Jiricny, 1990; Modrich, 1994; Habraken et al., 1996;
Acharya et al., 1996). The arrest in G1 phase, possibly mediated by p53 activation, gives
the cells time to repair critical damage before DNA replication occurs, thereby avoiding
the propagation of genetic lesions to progeny cells. In theory, these functions can be ap-
plied only partially to neurons. In fact, terminally differentiated neurons do not reenter the
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cell cycle, and they cannot be transformed. However, DNA damage can be developed in
neuron both in physiological and pathological conditions and this may represent the func-
tional basis for the expression of such systems (Robbins, 1985; Anderson et al., 1996,
Evans et al., 1996).

We first studied the distribution of MSH2 in rat brain by immunohistochemical
analysis. A heterogeneous level of expression was observed in the different brain areas
(Belloni et al., 1997). Immunoreactivity was found in the pyramidal neurons of the hippo-
campus and in the granular cells of the dentate gyrus. The staining was observed in all the
fields of the hippocampus and in the dentate gyrus, without appreciable changes in inten-
sity. The immunoreactivity was specifically localized in the nucleus. According to the lo-
calization of the positive cells the expression of the protein is generally restricted to the
neurons. High levels of expression were observed in the entorhinal cortex and in the
fronto-parietal cortex. Positive cells were also observed in the substantia nigra and in the
cerebellum (granular cells and Purkinje cells).

We then investigated the possible correlation between activation of DNA mismatch
repair system and cell death in rat brain neurons both in vivo and in vitro (Belloni et al.,
1997). Excitotoxicity was chosen as the experimental paradigm to induce cell death. In re-
cent years dysfunction of the ionotropic glutamate-activated neurotransmitter receptors,
which are the principal providers of fast neurotrasmission in mammalian brain, has been
extensively implicated in neurodegeneration since excessive or persistent activation of
these receptors results in neuronal death. Brain damage through excitotoxicity has been
closely associated to acute conditions like stroke, trauma, ischaemia, hypoglycemia, but
also to epilepsy and ALS. In addition a contribution of excitotoxicity to chronic and pro-
gressive neuropathologies like Alzheimer’s and Parkinson’s diseases has also been sug-
gested (Lipton 1994). Interestingly, DNA damage has been found to be deeply involved in
many of these diseases, including ischaemia and Alzheimer’s Disease (Robbins et al.,
1985; Mazzarello et al., 1992; Boerrigter et al., 1992; Liu et al., 1996).

Systemic administration of kainic acid induces various behavioural alterations and a
typical pattern of neuropathology, with cell death in specific brain areas. The pyramidal
neurons of the fields CA1 and CA3 of the hippocampus appear to be the most vulnerable.
In our study, rats were treated intraperitoneally with kainic acid at the dose of 10 or 15
mg/kg body weight and their brains examined after a survival period of 8 h. We found a
marked increase in MSH2 immunoreactivity in the hippocampal neurons. The effect was
particularly in the CA1 and CA3 fields and specific, since no changes in immunoreactivity
were detected in other hippocampal fields and brain areas. The overexpression was in-
duced also by the lowest dose, which did not result in a significant cell loss.

TRANSCRIPTIONAL CASCADE LEADING TO CELL DEATH

There is an emerging consensus that glutamate, through the activation of specific glu-
tamate receptor subtypes, activates a series of genes whose products trigger long-term phe-
notypic changes in neurons. Nevertheless, the relative functional contribution of the
individual gene products in processing the glutamate signal to induce neuronal death is still
unknown. Stimulation of NMDA -sensitive glutamate receptor subtypes that are present in
primary cultures of cerebellar granule cells results in the induction of a number of transcrip-
tion factors, including the NFkB/rel transcription factor family (Kaltschmidt et al., 1994;
Guerrini et al., 1995; Grilli et al., 1996a). We recently showed that blockade of glutamate-
induction of NFkB by salicylate results in a complete prevention of glutamate-induced cell
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death (Grilli et al., 1996b, Grilli and Memo, 1997). Since p53 is one of the target genes of
NFxB (Wu and Lozano, 1994), it may be inferred that glutamate, possibly by increasing in-
tracellular calcium concentration, may activate a restricted number of transcription factors,
including NFxB, which in turn amplify the signal by recruiting other genes to dictate a
long-lasting transcriptional program. At present, the p53 target genes triggered by glutamate
receptor stimulation are largely unknown. Studies in normally or abnormally proliferating
cells have shown that several genes are indeed transcriptionally regulated by p53, most of
them regulating cell cycle arrest and DNA repair (Kastan et al., 1992; El-Diery et al., 1993;
Barak et al., 1993; Miyashita et al., 1994). One of the genes involved in recognizing and re-
pairing mismatch DNA lesions, and transcriptionally activated by p53 (Scherer et al., 1996),
is the MSH2 gene (Palombo et al., 1994). In this regards, we found that cerebellar granule
cells contain MSH2 protein and that its expression is up-regulated by glutamate injury (Bel-
loni et al., 1997). It may be inferred that a number of cytosolic and nuclear proteins, known
to be involved in cell cycle regulation, are indeed relevant contributors in promoting degen-
eration and apoptosis of neurons. Among the others, since their established role is in regu-
lating cell cycle of peripheral and/or tumor cells, are p53 and MSH2. These proteins are
apparently linked one with another by consecutive transcriptional activation, possibly trig-
gered by glutamate-induced NF-kB induction. This cascade of transcription factor recruit-
ment suggests the existence of an intracellular pathway responsible for the induction and
progression of neuronal apoptosis. The understanding of this diverging cascade of nuclear
events may unravels novel targets for pharmacological intervention for those neurological
diseases in which necrosis and apoptosis play a differential role.
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INTRODUCTION

The cytotoxic action of beta-amyloid has been considered to be the primary determi-
nant of the neurodegeneration observed in Alzheimer’s disease. Many aspects of the mo-
lecular mechanisms associated with neurotoxic activity of beta-amyloid are being
investigated using the synthetic peptide—the active fragment of beta amyloid protein con-
taining residues from 25 to 35 of the parent compound [beta (25-35)].

Beta (25-35) is highly lipophilic and inserts into the membrane hydrocarbon core.
Following the intercalation of beta (25—35) to this location in the membrane, the protein
fragment may interact with regulatory membrane proteins (Mason et al., 1996). Neuro-
toxicity of beta-amyloid in vitro is dependent upon its spontaneous adoption of an aggre-
gated structure, significant levels of beta (25-35) aggregation being always associated
with significant neurotoxicity (Pike et al., 1995).

Beta (25-35) displays direct cytotoxicity to neurons. Chronic exposure of neuronal
cultures to the peptide induces neuronal death by apoptosis (Forloni et al., 1993; Forloni
et al.,, 1996). There are data suggesting that beta (25-35) induces apoptotic cell death
through the protein kinase A-mediated pathway (Ueda et al.,, 1996) and through the

Progress in Alzheimer’s and Parkinson’s Diseases
edited by Fisher et al., Plenum Press, New York, 1998. 89



90 N. V. Gulyaeva et al.

modifications in the control of calcium homeostasis (Scorziello et al., 1996). Chen et al.
(1996) demonstrated that beta (25-35) produced a cavitational lesion in rat hippocampus
and also reduced tyrosine hydroxylase and glutamate immunoreactivities in locus co-
eruleus as well as choline acetyltransferase immunoreactivity in medial septum. Singh et
al. (1995) revealed the stimulation of phospholipases A, C and D activities of LA-N-2
cells by beta (25-35).

Beta (25-35) increased the membrane permeability of brain neurons, resulting in a
destabilized intracellular homeostasis leading to neuronal death (Furukawa et al., 1994).
Not only membrane permeability of inorganic ions such as Ca?*, Na* and K* increased,
but also that of organic molecules. Therefore, the brain neuron membrane was suggested
to lose its integrity in the presence of beta (25-35) that resulted in neuronal death
(Oyama et al., 1995). Using nerve growth factor-treated PC12 cells, Joseph and Han
(1992) noted that beta (25-35) caused a specific and dose-dependent increase in intracel-
lular Ca** due to an influx of extracellular Ca®*. Beta (25-35) potentiated the Ca**-de-
pendent release of excitatory amino acids from depolarized hippocampal slices (Arias et
al., 1995) and enhanced excitatory activity in glutamatergic synaptic networks, causing
excitatory potentials and Ca**influx, property probably contributing to the toxicity of
beta (25-35) (Brorson et al., 1995).

There is evidence that oxidative damage plays a causative role in Alzheimer’s dis-
ease and amyloid beta protein toxicity (see Gulyaeva and Erin, 1995 and Richardson et al.,
1996, for review). Zhou et al. (1996) showed that both the disruption of Ca’* homeostasis
and the reduction of cell viability produced by beta-amyloid in PC12 cells are mediated by
free radical-based processes. The neurotoxic effects of of beta (25-35) and its effects on
cytosolic free Ca** were blocked by the antioxidant lazaroid U-83836E and by vitamin E.
The hydrophilic antioxidant ascorbic acid and the lipophilic antioxidant 2-mercap-
toethanol both protected significantly against beta (25-35) neurotoxicity in cultured rat
hippocampal neurons (Prehn et al., 1996, Zhou and Kumar, 1996). Harris et al. revealed
that beta (25-35) significantly inhibited L-glutamate uptake in rat hippocampal astrocyte
cultures and this inhibition was prevented by the antioxidant Trolox. Decreases in astro-
cyte function, in particular L-glutamate uptake, may contribute to neuronal degeneration,
these results leading to a revised excitotoxicity/free radical hypothesis of beta amyloid
toxicity involving astrocytes.

Iron is frequently a potent facilitator of free radical production due to its ability to
mediate the conversion of H,0, to hydroxyl radicals via the Fenton reaction or by virtue
of hypervalent iron compounds. Schubert et al. (1995) showed that iron facilitated beta
amyloid toxicity to cultured cells. Beta (25-35) stimulated release of NO in a neuronal
cell line, this phenomenon contributing to understanding the molecular basis of amyloid-
induced oxidative stress (Hu and el-Fakahany, 1993).

There are only few studies on the effects of beta (25-35) administrated to animals.
Beta (25-35) could impair short-term memory when infused in the rat: a significant amne-
sia in the social recognition test was observed after intraseptal injection of of beta (25-35)
(Terranova et al., 1996). Maurice et al. (1996) showed potent amnestic ability of aggre-
gated beta (25-35), injected intracerebroventricularly, in mice. They also revealed beta
(25-35)-induced neurodegeneration and beta-amyloid deposits in rat brain areas. De-
lobette et al. (1997) demonstrated that aggregated beta (25-35) was a better inducer of
amnesia in rats as compared with soluble beta (25-35).

Herein, we report on the neurodegeneration and oxidative stress in rats after intrac-
erebroventricular injection of beta (25-35).
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METHODS

Animals

Male Wistar rats (n = 63), weighing 230-290 g at the beginning of the experiment,
were housed five per cage and maintained on a natural light/dark cycle. Food and water
were provided ad libitum. Rats were randomly divided into two groups: sham-operated
and beta (25-35)-treated.

Stereotaxic Surgery

Animals under ketamine anesthesia (150 mg/kg) (Calipsol, Gedeon Richter, Hungary)
were positioned in a stereotaxic instrument and a midline sagittal incision was made in the
scalp. Holes were drilled in the skull over the lateral ventricles using the following coordi-
nates: 0.8 mm posterior to bregma; 1.5 mm lateral to the sagittal suture; 3.8 mm beneath the
surface of the brain. Either artificial CSF or 7.5 nmol of beta (25-35) (RBI) aggregated ac-
cording to Maurice et al. (1996) was injected at a rate of 1 pl/min into each cerebral ventricle.

Behavioral Tests

Twenty seven rats (13 sham-operated and 14 with beta (25-35) administration) were
used in behavioral experiments. Spatial working memory performance was assessed 16
days after the surgery by recording spontaneous alternation behavior in a Y-maze (Sarter
et al., 1988). Twenty days after the surgery, long-term memory was examined using the
step-through type of the passive avoidance task (Bures et al., 1983). The “open field” test
(Kelley, 1993) was carried out on the 9 and 28 days after the surgery. The following pa-
rameters were evaluated during 5 min: latency of movement start, horizontal and vertical
locomotor activity, number of entries to the center of the lighted area, grooming, defeca-
tion number, freezing time.

Tissue Preparation

The animals were killed by decapitation 1, 3, 5, and 30 days after the surgery (n =6
in each group). Brain was immediately taken out and washed in isotonic NaCl solution.
Neocortex, hippocampus and cerebellum were isolated. Brain tissue was handled as de-
scribed by Gulyaeva et al. (1994).

Evaluation of Free Radical-Mediated Processes

2-Thiobarbituric acid (TBA) reactive substances were detected using spectro-
photometric method according to Kagan et al. (1979). The analysis of H,0O, - induced lumi-
nol-dependent chemiluminescence (total light emission) was used for watching free radical
generation (Gulyaeva et al., 1994). Superoxide scavenging/generating activity (SSGA)was
determined according to method described by Gulyaeva et al. (1989) based on the spectro-
photometric assay of superoxide dismutase elaborated by Nishikimi et al. (1972). The
method makes it possible to evaluate the steady state between superoxide generation and su-
peroxide scavenging in brain tissue revealing the prevalence of either process. If superoxide
scavenging is higher than superoxide generation, the metod can assess the net superoxide
scavenging activity (SSGA is positive), if superoxide generation is higher, SSGA is nega-
tive. Protein concentration was determined by using the method of Bradford (1976).
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Histology

Thirty days after the surgery brains of sham-operated and beta (25-35)-treated rats
were fixed by intracardial perfusion with 10% neutral formalin prepared on phosphate
buffer. Dissected brains were postfixed in the same fixing solution during 4 days and then
were embedden in paraffin. frontal serial paraffin sections (12 pm) mounted on gelati-
nized slides were deparaffinized and stained with Nissl (cresyl fast violet), haematoxylin-
eosin and vanadium acid fuchsin-toluidin blue. The latter method selectively reveals
necrotic neurons as red cells and chromatophylic neurons as blue (Victorov and Barskov,
1993). Congo red (Putchler et al., 1962) and thioflavin S (Francis, 1990) staining were
used for identification of beta-amyloid deposites. As a positive control, paraffin sections
of postmortal brain (frontal cortex) from a patient with clinical diagnosis of Alzheimer’s
disease were stained in parallel in each experiment. Sections from each brain were also
silver impregnated for neurofibrilary tangles and neuritic plaques (Reusche, 1991).

Materials

All chemicals were from Sigma, unless otherwise stated.

Data Analysis

The results are expressed as mean + S. E. M. Statistical analysis of the data was per-
formed using Mann-Whitney criterion.

RESULTS

Behavior

The i.c.v. administration of aggregated beta (25-35) resulted in a significant de-
crease in alternation behavior. Though the total number of alternation during the 8-min
session did not differ in sham-operated group (15.3 £ 1.7) and beta (25—35)-treated rats
(13.7 £ 1.5), the percent alternation significantly decreased (76.9 + 3.1 and 62.6 % 2.4%,
respectively, p = 0.02).

In step-through passive avoidance test, latencies did not differ in sham-operated and
beta (2535 group) initially (10.5 £ 3.1 s and 9.8 £ 0.7 s), 1 day after the training session
(143.3 £ 8.0 and 144.4 + 33.2 s) and 7 days after the session (128.9 £ 31.9 and 145.0 + 34.7,
respectively).

No difference in the «open field» test indices were revealed 9 and 28 days after the
surgery (data not shown), with the exception of horizontal locomotor activity which was
significantly lower (p = 0.03) in beta (25-35) group (42.6 + 6.3 squares crossed/5 min) than
in sham-operated group (64.2 * 6.8 squares) 28 days after beta (25—35) administration.

Free Radical-Mediated Processes

Beta (25-35) administration induced a generalized, slowly developing oxidative
stress in the brain: most expressed accumulation of TBA-reactive substances (Table 1) and
increase of superoxide generation (Table 2) were revealed 30 days after the surgery. How-
ever, the time course of free radical-mediated processes was region-specific. E.g., free
radical generation increased in cerebellum 5 days after the surgery and in cerebral cor-
tex—30 days after the surgery (Table 3).
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Table 1. TBA-reactive substances (OD/mg protein) in
rat brain after i.c.v. injection of aggregated beta (25-35)

Brain structure

Days Groups Cerebral cortex Hippocampus Cerebellum

1 Sham 0.21 £0.02 0.24 £0.02 0.18 £ 0.01

Beta (25-35) 0.20 £ 0.02 0.23 £ 0.01 0.19 £ 0.01

3 Sham 0.18 £ 0.01 0.19 £ 0.02 0.26 £ 0.09

Beta (25-35) 0.22 +£0.03 0.27 £ 0.02** 0.18 £ 0.04

5 Sham 0.14£0.01 0.21 £0.02 0.17 £ 0.02

Beta (25-35) 0.21 £ 0.03** 0.27 £ 0.01** 0.16 £ 0.02

30 Sham 0.19 % 0.01 0.21 £0.02 0.19+0.01
Beta (25-35) 0.37 £ 0.06*** 0.28 £ 0.03 ** 0.24 £ 0.01***

**P < 0.05; ***P < 0.02 sham-operated vs. beta (25-35).

Table 2. Superoxide scavenging/generating activity (arbitrary units)
in rat brain after i.c.v. injection of aggregated beta (25-35)

Brain structure
Days Groups Cerebral cortex Hippocampus Cerebellum
1 Sham -10.7+1.4 0.2+£2.0 -129+2.2
Beta (25-35) -9.3%3.7 —0.6+2.9 —2.9 1 2,1%**
3 Sham -5.8+3.11 2435 -49+3.4
Beta (25-35) -16.4+4.0* -1.2+47 -69%24
5 Sham -10.1£2.0 43128 -54%0.9
Beta (25-35) -109+5.1 -4.1%22 -2.5%5.6
30 Sham 4219 1.3+£24 -1.8+£04
Beta (25-35) —5.7 £ 0.6*** -74%2.7* -54+14*

*P < 0.08; **P < 0.05; ***P < 0.02 sham-operated vs. beta (25-35).

Table 3. Free radical generation (arbitrary units) in rat brain
after i.c.v. injection of aggregated beta (25-35)

Brain structure
Days Groups Cerebral cortex Hippocampus Cerebellum
1 Sham 488.2 £49.0 178.7+6.3 4423 £37.7
Beta (25-35) 496.1 + 34.6 158.1 £2.9 ** 404.4 £32.7
3 Sham 469.6 +£27.2 175.2+£10.0 414.1 £22.6
Beta (25-35) 509.3 £ 43.7 171.4£3.2 408.6 £ 29.4
5 Sham 508.0 £27.1 1743 £8.2 367.2%£59
Beta (25-35) 469.2 + 46.1 169.1 £ 6.1 431.4£19.7 **
30 Sham 514.9 £ 30.2 174.5+ 6.5 544.0 £39.9
Beta (25-35) 648.7 + 36.1** 176.0 £ 5.3 506.3 + 52.3

**P < 0.05; ***P < 0.02 sham-operated vs. beta (25-35).
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Histology

In all animals bilateral symmetric neuronal degeneration was observed in anterior
cingulate and posterior cingulate (retrosplenial) cortex and primary olfactory cortex. In
neocortex, single and grouped degenerating neurons were found in fronto-parietal motor
and somatosensory areas of neocortex. In neocortex, degenerated neurons often formed
vertical columns and were localized near radial arterioles. In hippocampal region, neuro-
nal degeneration was most expressed in enthorinal cortex and CA3 field of Ammon’s
horn, however, degenerating neurons were observed also in CA1 field and fascia dentata.
Single degenerating neurons were found in septum, caudato-putamen and amygdala (Figs
1 and 2).

No traces of amyloid depositions or signs of neurofibrillary neuronal degeneration
and neuritic plaques were found in cortical and subcortical structures of all rat brains
studied.

DISCUSSION

Maurice et al. (1996) attempted to induce a potential Alzheimer’s-type amnesia in
mice after direct i.c.v. administration of aggregated beta (25-35). Pretraining administra-
tion of aggregated beta (25-35) induced dose-dependent decreases in both alternation be-
haviour and step-down type passive avoidance. Treatment of animals with cholinergic
agents: cholinesterase inhibitor tacrine and the nicotinic receptor agonist (—)-nicotine re-
sulted in a dose-dependent abrogation of the beta (25—35)-induced decreases in alternation
behaviour and passive avoidance and also reversed the beta (25-35)-induced impairment
of place learning and retention in the water-maze. Histological examination indicated a
moderate cell loss within the frontoparietal cortex and the hippocampal formation of mice
treated with aged beta (25-35). Examination of Congo red-stained sections in the same
animals demonstrated the presence of amyloid deposits throughout these brain areas.
These results confirmed that the deposition of beta-amyloid peptide in the brain is in some
way related to impairment of learning and cholinergic degeneration.

In the present study we demonstrated that i.c.v. administration of aggregated beta
(25-35) to Wistar rats (15 nmol/rat) resulted in the impairment of spontaneous alternation
performance (spatial working memory performance) in a Y-maze. However, there were no
differences between rats treated with beta (25-35) and sham operated rats in the perform-
ance of a step-through passive avoidance task. Thus, beta (25-35) induced impairments of
working memory without any effect on long-term memory. The spontaneous locomotor
activity in the «open field» test decreased, this decrease being evident 28 days after beta
(25-35) administration.

Pathohistological staining revealed numerous degenerated neurones in cingulate cor-
tex, neocortex and hippocampus of rats treated with beta (25-35). However, no reliable
data indicating beta-amyloid deposits were obtained. Takashima et al. (1995) reported
about in vitro accumulation of amyloid precursor protein derivatives in the cytoplasm of
neurons induced by beta (25-35), and Maurice et al. (1996) revealed amyloid deposits in
mouse brain after i.c.v. administration of beta (25-35). The absence of beta-amyloid de-
posits in the rat model may be related to differences in beta-amyloid metabolism in mouse
and rat brain. It also can’t be excluded that amyloid deposition after beta(25-35) admini-
stration takes more time in rats and one month is not enough for this process or that higher
doses of beta (25-35) can induce amyloidogenesis in rat brain.
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Figure 1. Neuronal degeneration in allocortex and hippocampal region. A) Retrosplenial granular cortex; B) Pri-
mary olfactory cortex; C) enthorinal cortex; D) CA3 field of Ammon’s horn and Fascia dentata. Vanadium acid
fuchsin - Toluidin blue staining. Bar: 100 pm.
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Figure 2. Neuronal degeneration in neocortex. A) Fronto-parietal somato-sensory cortex; B,C) Fronto-parietal
motor cortex; D) perivasal localization of degenerating neurons. Vanadium acid fuchsin - Toluidin blue staining.
Bar: 100 pm.
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Signs of beta (25-35)-induced oxidative stress were evident in all brain regions
studied. One month after the surgery, manifestations of oxidative stress (TBA-reactive
substances accumulation and increased superoxide generation) were most striking: How-
ever, the time course of different indices of free radical-mediated processes was dependent
on the region. It should be noted that along with increases in free radical generation, com-
pensatory changes in hippocampus and cerebellum (decrease of free radical generation)
could be seen.

The results of the present study confirm that beta (25-35) induces Alzheimer’s type
amnesia, neurodegeneration and oxidative stress in rat brain and suggest that oxidative
stress and neurodegeneration are in some way related to impairment of learning in rats af-
ter beta (25-35) administration.
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INTRODUCTION

The idea that inflammatory processes contribute to the pathology of neurodegenera-
tive diseases and in particular of Alzheimer’s disease (AD), has been supported by
epidemiological and clinical studies. Multiple retrospective epidemiological analyses indi-
cate that patients receiving anti-inflammatory drugs or suffering from conditions in which
such drugs are routinely used, have a decreased risk of developing AD (see McGeer and
McGeer, 1995, as review). In a preliminary double-blind clinical trial, the non steroidal
anti-inflammatory drug (NSAID) indomethacin has proven to reduce progression of cog-
nitive decline in AD patients (Rogers et al., 1993). Obviously, more comprehensive clini-
cal trials need to be carried out, but the future of anti-inflammatory therapy in AD holds
great promise.

Among NSAIDs, aspirin is still one of the most widely prescribed compounds to treat
inflammation (Insel, 1996). More recently, other previously unappreciated beneficial effects
of prophylactic doses of acetyl salicyclic acid (ASA), including reduced risk of heart dis-
ease, transient ischemic attacks and decreased incidence of breast, colon and lung cancer
have been demonstrated, as evidence of the peculiarly wide spectrum of action of this drug.

Here we provide further evidence for such a pleiotropic therapeutic value of ASA. In
particular we demonstrate for ASA and its metabolite sodium salicyclate (NaSal) a novel
effect, which could potentially synergize with their strict anti-inflammatory properties to
ameliorate neurodegenerative states. At concentrations which are compatible with plasma
levels maintained during chronic inflammatory therapeutic regimens (i.e. arthritis) (Insel,
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1996), the drugs potently counteract neurotoxicity elicited by the excitatory amino acid
glutamate (Grilli et al., 1996).

SALICYLATES AND EXCITOTOXICITY

Glutamate is the most abundant excitatory neurotransmitter in the brain; however,
under certain undefined conditions, it may become a potent excitotoxin whose contribu-
tion to the neurodegeneration associated with acute and chronic neurodegenerative dis-
eases is widely recognized (Lipton and Rosenberg, 1995). Several models of neurons in
culture have been extensively used to unravel the molecular events triggered by glutamate
and leading to cell death as well as to develop a variety of pharmacological compounds
able to counteract excitotoxicity. Among them, there is the primary culture of rat cerebel-
lar granule cells, where a brief pulse of glutamate, through activation of the NMDA-type
of glutamate receptor, induces cell death (Gallo et al., 1982). In the present study, ASA
and NaSal were added to the culture medium 5 min before and during a 50 uM glutamate
pulse, a concentration which is able to reduce cell survival by 70—-80%. Cell viability after
a glutamate pulse, applied in the absence or presence of the antiinflammatory drugs was
evaluated 24 h later and expressed as percentage of neuroprotection. The range of concen-
tration for the tested drugs was accurately chosen to correlate with the plasma concentra-
tions for optimal antiinflammatory effects in patients with rheumathic diseases (Table 1)
(Insel, 1996). A dose-dependent protection against glutamate-induced neurotoxicity was
observed in the presence of both drugs (Grilli et al., 1996). For ASA the calculated EC,,
value was 1.7 mM, with maximal effect (equivalent to 90% protection) exerted at 3 mM.
The concentration of NaSal giving 50% of protection was about 5 mM, while maximal re-
sponse (87% protection) was observed at 10 mM. Indomethacin, an effective antiinflam-
matory drug, was tested under the same experimental conditions. Unlike salicylates, at
doses compatible with the plasma levels during drug chronic treatment (1-20 pM), in-
domethacin was unable to prevent glutamate-evoked cell death (Table 1).

Neuroprotection was also evaluated in a different experimental model involving
slices of 8 day-old rat hippocampus (Garthwaite and Garthwaite, 1989). This experimental
setting offers several advantages compared to primary cultures of neurons which make it
more predictive for an in vivo effect of these drugs. First of all, the hippocampus contains
neurons which are most vulnerable to excitotoxic damage, namely pyramidal and granular
cells; additionally, the ex vivo preparation represents a heterogenous population of neurons
which have been differentiated in vivo. In agreement with previous findings (Pizzi et al.,
1996a), stimulation of the NMDA receptor subtype by application of the selective agonist

Table 1. Correlation between plasma levels maintained during chronic anti-inflammatory
therapy and neuroprotective effects of the tested drugs

Plasma levels

during chronic Neuroprotection Neuroprotection Inhibition of
antiinflammatory in hippocampal in primary glutamate-induced
Agent therapy in humans® Tested doses®  slices (EC50)°  neurons (EC50)®° NF-kB activation
Aspirin 1-3mM 1-3 mM <3mM 1.7mM +
NaSalicylate 1-3 mM 2-10 mM <2mM 5 mM -
Indomethacin 1-20 uM 1-20 pM ND NS +

ND, not determined; NS, not significant.
®Data from Insel, 1996; °data from Grilli et al., 1996.
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(30 puM, for 30 min), specifically induced a characteristic cell injury. Most of the pyrami-
dal neurons of CA1, CA3 and granule cells of dentate gyrus (DG) became acutely ne-
crotic: they exhibited highly swollen cytoplasm containing large vacuoles, nuclear
shrinkage and focal clumping of chromatin. We found that appiication of ASA preserved
hippocampal cell viability from the NMDA-mediated injury. The effect of ASA was evalu-
ated at concentrations ranging from 1 to 10 mM. ASA did not modify cell viability at 1
mM concentration, while at 3 mM specifically the drug produced a significant neuropro-
tection in the CA3 region. Higher concentration of ASA elicited almost complete preven-
tion of the NMDA effect even in CAl and DG, besides CA3. Per se, the drug did not
modify neuron viability. Interestingly, compared to what was observed in primary culture
of rat cerebellar granule cells, as low as 2 mM NaSal was sufficient to efficiently counter-
act NMDA-mediated toxicity in hippocampal slices.

SALICYLATES AND GLUTAMATE-REGULATED CALCIUM
HOMEOSTASIS

In an attempt to dissect the molecular mechanisms by which salicylates protect
against glutamate-induced neurotoxicity, we first evaluated the possibility that these drugs
might counteract glutamate-evoked cell death by diminishing the NMDA-mediated cal-
cium entry. The hypothesis was tested in primary cultures of rat cerebellar granule cells by
measuring [Ca®"], at the single cell level using microfluorimetry technology (Pizzi et al.,
1996b). Application of glutamate in the absence of external Mg** caused a rapid increase
of [Ca?], followed by a sustained plateau, principally due to the NMDA receptor subtype
activation. ASA, applied at the neuroprotective concentrations (1-3 mM) 2 min before
glutamate exposure, induced a low transient increase of [Caz*]i but it did not modify cell
responsiveness to the following glutamate response. Similarly, NaSal at neuroprotective
concentrations ranging from 2 to 10 mM, produced a transient [Caz"]i elevation without al-
tering glutamate response. These results strongly excluded a possible negative modulatory
effect of both ASA and NaSal on the NMDA receptor efficiency and suggested their inter-
ference with intracellular molecular targets further downstream from glutamate receptor
activation in the cascade of events triggering excitotoxicity. In this regard, salicylates ap-
pear distinguishable from most of the drugs endowed with neuroprotective properties.
Moreover, the data indicate that, in contrast to what it is usually believed, neuroprotection
can also occur independently of mechanisms controlling [Ca’"], homeostasis.

SALICYLATES AND NF-xB TRANSCRIPTION FACTORS

Despite their wide use in several clinical settings, the mechanisms underlying the
anti-inflammatory properties of aspirin-like drugs have not been completely established.
Drug effectiveness has been mainly ascribed to ability to prevent prostaglandin (PG) and
thromboxane (TX) production by inhibiting the Prostaglandin Endoperoxide H Synthase
(PGHS) enzyme (Insel, 1996). Nevertheless, some inconsistences within this hypothesis
make the mechanism of action of these drugs still a matter of debate. For instance, saly-
cilic acid lacks inhibitory activity on PGHS (Amin et al., 1995); moreover, doses of drugs
needed to treat chronic inflammatory diseases are consistently higher than those required
to inhibit PGs synthesis (Insel, 1996). The recent finding that, at plasma concentrations
maintained during treatment of chronic inflammatory diseases, ASA and NaSal inhibit the
activation of NF-kB transcription factors (Kopp and Gosh, 1994), has provided an addi-
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tional explanatory mechanism for the anti-inflammatory properties of these drugs. The
NF-kB/Rel family of transcription factors is indeed widely implicated in controlling ex-
pression of a large number of genes crucially involved in immune and inflammatory func-
tion (Grilli et al., 1993). Recently our and other groups (Kaltschmidt et al., 1994; Grilli et
al., 1995; Guerrini et al. 1995; Grilli et al., 1996a) have demonstrated the presence of NF-
kB/Rel proteins in primary neurons and in several brain areas. The functional significance
of these proteins is still not completely understood but since certain subsets of neurons ap-
pear to contain constitutively active DNA-binding activity, it seems likely that they may
participate in normal brain function. On the other hand, NF-kB/Rel proteins may be hy-
pothesized as well as crucial third messengers in pathological brain states. In fact: i) in
neurons, the NF-kB activity can be further modulated by signals like cytokines and gluta-
mate, which are commonly involved in neurodegenerative processes (Guerrini et al., 1995;
Kaltschmidt et al., 1995; Grilli et al., 1996a); ii) among the genes under the control of NF-
B molecules there is the amyloid precursor protein gene, whose involvement in the neu-
ropathology associated with Alzheimer’s disease is well established (Grilli et al., 1995;
1996a); iii) Yan and colleagues (1995) have shown a specific activation of NF-xB in
brains of AD patients, and in particular in neuron subsets which show signs of degenera-
tion, i.e tau accumulation.

As previously demonstrated, administration of glutamate to primary cultures of rat
cerebellar granule cells, under the appropriate experimental conditions which elicit cell
death via NMDA-receptor activation, results in a significant upregulation of NF-xB nu-
clear activity (Grilli et al. 1996; 1996a). In the present study, cells were exposed to a
neurotoxic dose of glutamate (50 uM, 15 min pulse) in the absence or presence of ASA (1,
3 mM) and NaSal (3, 10 mM). Nuclear extracts were prepared 1 h after stimulation. We
found that both drugs inhibited glutamate-induced increase of NF-kB activity in a dose-
dependent manner (Grilli et al., 1996). Parallel experiments of cell viability, performed at
later times (24 h), revealed a strict correlation between doses of anti-inflammatory drugs
which are neuroprotective and blockade of induction of NF-kB. The salicylate effect on
NF-kB/Rel proteins was specific. In fact, neuroprotective concentrations of ASA and Na-
Sal failed to modify, under the same conditions, the glutamate-mediated nuclear induction
of transcriptional complex AP1 (Curran and Franza, 1988).

CONCLUSION

In this report we demonstrate that, at concentrations compatible with plasma levels
reached during treatment of chronic inflammatory states, ASA prevents glutamate-induced
neurotoxicity. The neuroprotective effect does not appear to correlate with the anti-inflam-
matory properties of this compound since: 1) indomethacin was inactive; ii) in our experi-
mental settings, aspirin is equi- or more potent than its metabolite salicylic acid; iii)
preliminary studies of structure-activity relationship indicate in derivatives of benzoic acid
the simplest core molecules that still retain neuroprotective ability (unpublished results).

The molecular target for ASA and sodium salicylate to exert neuroprotection appears
to be localized downstream from the glutamate receptor. Along the cascade of events trig-
gered by stimulation of the NMDA receptor the compounds are able to counteract gluta-
mate-mediated induction of NF-kB activity. A strict correlation was observed between
doses of the drugs able to prevent cell death and to block induction of the nuclear activity.
The effect was specific, since under the same conditions, glutamate-mediated induction of
AP-1 was unaffected.
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The impact of the novel pharmacological property of salicylates in clinical use and
in particular in acute and chronic neurodegenerative disorders, has still to be evaluated
but it could be of great relevance. Our results offer a novel contribution to the emerging
theme of anti-inflammatory therapy in AD, since they suggest an additional unexpected
effect of salicylates which could beneficially counteract neurodegenerative states. These
molecules would appear to possess a wider pharmacological spectrum compared to other
NSAID. In view of their dual and distinct ability of acting not merely as anti-inflamma-
tory compounds but also directly as antidegenerative molecules, we would predict a po-
tential high benefit from the employment of aspirin-like drugs in neurodegenerative
processes.
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INTRODUCTION

Recently, it has been indicated that apoptosis is a type of cell death in the neurode-
generative disorders, such as Parkinson’s disease (PD) and Alzheimer’s disease. In PD, the
apoptotic features were detected in the dopamine neurons of the substantia nigra by the
terminal deoxylnucteotidyl transferase-mediated nick end labeling (TUNEL) method (Mo-
chizuki et al., 1996) and also by electromicroscopic study (Anglade et al., 1997). How-
ever, the detailed mechanism to induce apoptosis has not been well clarified.

The discovery of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which elic-
its parkinsonism in humans, supports a hypothesis that a neurotoxin synthesized and accu-
mulated in the dopamine neurons might induce PD. Among neurotoxin candidates, 1(R),
2(N)-dimethyl-1,2,3,4-tetrahydroisoquinoline [N-methyl(R)salsolinol, NM(R)Sal] is one
of the most probable ones (Naoi et al., 1997). After injection of NM(R)Sal in the striatum,
the rat showed behavioral changes, such as hypokinesia, rigidity of the tail and rhythmical
twitch of the limbs. By histo-pathological study dopamine neurons were found to be selec-
tively depleted in the substantia nigra without necrotic tissue reaction, which might indi-
cate that NM(R)Sal induces apoptosis (Naoi et al., 1996).

In this paper, the mechanism of the cell death was examined using human dopamin-
ergic neuroblastoma SH-SYSY cells, which were differentiated with retinoic acid. DNA
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damage caused by NM(R)Sal and related compounds was quantitatively analyzed by use
of a single cell gel electrophoresis (comet) assay (Ostling and Johanson, 1984; Singh et
al., 1988). NM(R)Sal was found to induce apoptosis in the cells. The involvement of oxi-
dative stress to apoptotic cell death and factors to protect the death process will be dis-
cussed in relation to the pathogenesis of PD.

MATERIALS AND METHODS

The (R)- and (S)enantiomers of 1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquino-
line (salsolinol, Sal) and NMSal were synthesized according to Teitel et al. (1972). 1,2-Di-
methyl-6,7-dihydroxyisoquinolinium ion (DMDHIQ") was synthesized by the method of
Bembenek et al. (1990). Cycloheximide, retinoic acid and superoxide dismutase were pur-
chased from Sigma (St. Louis, MO); catalase, 4',6-diamidino-2-phenylindole (DAPI),
agarose (low melting-temperature), reduced glutathione (GSH) and other reagents were
from Nacalai Tesque (Kyoto, Japan). In situ apoptosis detection kit was obtained from
Takara Biomedicals (Kyoto, Japan) for the TUNEL method (Gavrieli et al., 1992).

SH-SYS5Y cells were cultured in the abscence or presence of 10 uM retinoic acid for
3 days, and after the morphological change and arrest of the proliferation were confirmed
in the cells treated with retinoic acid, they were used for the comet assay. SH-SYS5Y cells
were dissociated with trypsin, gathered, washed with Cosmedium-serum solution, then
washed twice with phosphate-buffered saline (PBS). The cells were then suspended in 500
ul (a total volume) of the Krebs-Ringer solution and incubated with NM(R)Sal and other
isoquinotines at 37°C. Then, the cells were centrifuged, washed with PBS, and DNA dam-
age was assessed by the comet assay. The cells (5 x 10* cells) were suspended in 100 pl of
PBS free from calcium and magnesium, 20 pl of which was mixed with 14 pl of 1% low-
melting agarose in PBS. The mixture (100 pl) was applied on a microscope slide, and al-
lowed to stand at 4°C for 10 min. The slide was subjected to alkaline lysis at 4°C for 1
hour in 10 mM Tris buffer, pH 10.0, containing 2.5 M NaCl, 100 mM EDTA, 1% sarcos-
ine and 1% Triton X-100, to which dimethyl sulfoxide (DMSO) was added to 10% just be-
fore use. The slides were equilibrated with an alkaline electrophoresis buffer, 300 mM
NaOH solution containing 1 mM EDTA 2Na, at 4°C for 20 min. Electrophoresis was car-
ried out with 25 V and 300 mA at 4°C for 20 min. After neutralization with 0.4 M Tris-
HCI buffer, pH 7.5, DNA was stained with DAPI solution (1 pg/ml). The comet image was
observed through a video camera attached to a fluorescence microscope at 200 time mag-
nification. Two hundred images were randomly selected and their length (the nucleus plus
migrated DNA tail) was measured on the screen.

The effects of antioxidants and other compounds were examined. The cells were in-
cubated at 37°C for 20 min in a total volume of 500 ul with GSH (100 uM, final concen-
tration), catalase (0.5 mg), superoxide dismutase (2000 units), deprenyl (20 uM) or
semicarbazide (100 uM), or 60 min with cycloheximide (5 uM). Then, NM(R)Sal (0.5
mM) was added and the effects were examined after a 3 hour incubation. The effects of
the antioxidants were examined also in the cells differentiated by the retinoic acid. The
cells were pre-incubated with mannitol (10 mM), N-acetylcysteine (500 pM), n-propyl
gallate (5 uM), tocopherol (250 uM), Tris (10 mM) and butylated hydroxyanisole (20
uM), and then NM(R)Sal (0.2 mM) was added and incubated for 3 hours.

Morphological detection of apoptosis was performed by staining differentiated SH-
SYSY cells treated with NM(R)Sal after stained by the TUNEL method and with hema-
toxylin-eosin (H-E) solution. The cells were incubated with NM(R)Sal at 37°C for 3 hours
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as in the case of the comet assay. Control and NM(R)Sal-treated cells were resuspended in
PBS and applied on a slide glass, dried immediately by cool air, stained using H-E and the
TUNEL method according to the manufacture’s instructions, and viewed by a light mi-
croscopy. After H-E stain, the cytoarchitectural characteristic of apoptosis was assessed by
cell shrinkage, condensation of nuclear chromatin, formation of membrane blebs and
apoptotic bodies.

RESULTS

One mM of NM(R)Sal induced DNA damage in almost all cells (Fig. 1), whereas in
the cells incubated without isoquinotines or with (R)- and (S)Sal and DMDHIQ", DNA
damage was negligible. The distance from the comet head to the tip of the tail was deter-
mined as the comet length and the cells with the length longer than 45 pm was assessed as
positive for DNA damage.

The nature of DNA damage by NM(R)Sal was investigated by morphological obser-
vation. After incubation with NM(R)Sal, some of the cells showed morphological features
specific for apoptosis; condensation of chromatin materials and also “apoptotic” bodies.
The specific immuno-cytochemical TUNEL method was applied to detect 3'-OH ends of
increased small nucleosomal units. Positive staining was detected in the cells incubated
with NM(R)Sal.

A protein synthesis inhibitor, cycloheximide, prevented DNA damage induced by
0.5 mM NM(R)Sal, as shown in Table 1. Pre-incubation of the cells with 5 pM cyclohexi-
mide reduced occurrence of the DNA damage. Allowing for the fact that cycloheximide it-
self induced some DNA damage, it can be seen that pre-treatment with cycloheximide
prevented the DNA damage essentially completely.

Table 2 summarizes the effects of 1 mM NM(R)Sal and its related compounds on the
tail length of the cells. Only (R)- and (S)-enantiomers of NMSal induced significant DNA
damage, but the effect of NM(R)Sal was much profound than NM(S)Sal. The effect of
both enantiomers of NMSal was further compared with different concentrations. The rate
of induced DNA damage was dependent on the concentration (p < 0.01) for both the enan-
tiomers and the effect of NM(R)Sal was about 20 times greater than the (S)-enantiomer.

The differentiation of the cells by retinoic acid clearly increased the sensitivity to the
neurotoxicity by NM(R)Sal. As shown in Fig. 2, in the differentiated cells apoptosis was ob-
served with NM(R)Sal at much lower concentrations than the cells without treatment.

The effects of anti-oxidants and anti-oxidative enzymes were examined. With 0.5
mM NM(R)Sal about 18% cells showed the typical comet image of DNA damage. Pre-
treatment with catalase, GSH, deprenyl or semicarbazide protected the cells from the DNA
damage. On the other hand, superoxide dismutase did not prevent the DNA damage in-
duced by NM(R)Sal, and the number of cells with DNA damage was not different from
the cells incubated with NM(R)Sal alone. The cells treated with retinoic acid were pre-in-
cubated with anti-oxidants, and the effect of 0.2 mM of NM(R)Sal was examined. Manni-
tol, N-acetylcysteine, n-propyl gallate, Trisand butylated hydroxyanisole reduced DNA
damage, but tocopherol did not.

DISCUSSION

Apoptosis is an active process of cell death observed during development, but re-
cently postmitotic cells such as neurons were found to apoptose. Apoptosis can be initi-
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Figure 1. Fluorescence photomicrographs of SH-SYS5Y cells. Cells were incubated without (A) or with (B) | mM
of N-methyl(R)salsolinol for 3 hours and subjected to the comet assay, as described in Materials and Methods.

ated by various stimuli such as oxidative stress and ATP depletion (Hartley et al., 1994,
Wolvetang et al., 1994) and a neurotoxin 1-methyl-4-phenylpyridinium ion (MPP*) was
reported to induce apoptosis (Dipasquale et al., 1991, Mutoh et al., 1994). In this article
endogenous dopaminergic neurotoxin NM(R)Sal was found to induce DNA damage in
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Table 1. Effect of cycloheximide on DNA
damage induced by N-methyl(R)salsolinol

SH-SYS5Y cells treated with % of DNA damaged cells
Control 1.30 £ 0.65
Cycloheximide (5 pM) 15.34 £ 6.90
N-methyl(R)salsolinol (0.5 mM) 28.13£3.72
Cycloheximide + N-methyl(R)salsolinol 6.40 £+ 4.20*

SH-SYSY cells were pre-treated with 5 uM of cycloheximide for 1 hour and then, 0.5
mM of N-methyl(R)salsolinol was added in the cell suspension and incubated further
for 3 hours. The cells with the comet length greater than 40 pm were determined as
DNA damaged cells. Percentage of DNA damaged cells was compared with cells with-
out treatment (control), cells treated with cycloheximide alone or N-methyl(R)salsoli-
nol alone. Each value represents the mean * SD of 3 independent experiments.

*p < 0.05 compared to cells treated with N-methyl(R)salsolinol alone by ANOVA.

Table 2. Effect of dopamine-derived
isoquinolines on SH-SY5Y cells

SH-SYS5Y cells incubated with Comet length (um)
Control 11.00 £ 1.00
(R)Salsolinol 10.45 £2.21
(S)Salsolinol 9.92 +1.60
N-methyl(R)salsolinol 57.24 £ 5.08*
N-methyl(S)salsolinol 12.60 + 4.53**
DMDHIQ+ 10.44 £ 1.47

SH-SYS5Y cells were treated with 1 mM of each isoquinolines for 3

hours as described in Materials and Methods. The comet length was

measured on a TV screen attached to a fluor microscope.

Each value represents the mean + SD of comet length of 100 cells.

*p < 0.01, **p< 0.05 compared to control by analysis of variance
(ANOVA).

% of DNA-damaged cell
& 3 8

8

0 . 1. 1 1 )

0 200 400 600 800 1000 1200 1400
N-Methyl(R)salsolinol concentration (M)

Figure 2. The effect of N-methyl(R)salsolinol on SH-SYS5Y cells cultured with (I, open circle) and without (II,
filled circle) retinoic acid. SH-SY5Y cells were cultured with 10 pM of retinoic acid for 3 days prior to the experi-
ment. Then, the cells were suspended in Krebs-Ringer solution and treated with various concentration of N-
methyl(R)salsolinol for 3 hours. The cells with comet length greater than 40 um were assessed to be positive for
DNA damage. Each circle represents the mean of 2 independent experiments.
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dopaminergic neuroblastoma cells. An inhibitor of protein synthesis, cycloheximide, pro-
tected the cells from the damage, indicating that active intracellular process was in-
volved in the mechanism. In addition, the morphological study confirmed DNA damage
was apoptosis. This is the first report to demonstrate apoptosis induced by an endogenous
neurotoxin. The (R)-enantiomer of NMSal was found to be more potent to induce DNA
damage than the (S)-enantiomer. It indicates that some intracellular molecules may dis-
tinguish the enantiomeric characteristics of NMSal and initiate the death process.
NM(R)Sal was found to produce hydroxyl radical in vivo and in vitro and DMDHIQ" si-
multaneously (Maruyama et al., 1995a,b). Catalase and other radical scavengers, GSH,
semicarbazide, mannitol, N-acetylcysteine, n-propyl gallate and Tris protected the cell
from DNA damage. It suggests the radical generation may account for apoptosis induced
by NM(R)Sal.

The mechanism of the protective effect of deprenyl should not be ascribed to its in-
hibition of type B monoamine oxidase (MAO-B), because SH-SYSY cells do not have
MAO-B activity (Maruyama et al., 1997b). Recently there are reports supporting that the
neuroprotective action of deprenyl cannot be simply ascribed to MAO-B inhibition, but
that deprenyl can modulate the transcription of genes involved in apoptotic process (Tat-
ton et al., 1996).

The analysis of human brains showed that there exist only (R)-enantiomer of Sal and
NMSal. In addition, (R)Sal distributed in whole brain regions examined, whereas
NM(R)Sal occurred in the substantia nigra and the caudate-putamen, and DMDHIQ" was
detectable only in the substantia nigra (Maruyama et al., 1997a). NM(R)Sal might be syn-
thesized and accumulated in dopamine neurons of the nigro-striatal system and oxidized
and accumulated in the substantia nigra. Increased activity of a (R)Sal N-methyltrans-
ferase in the PD lymphocyte (Naoi et al., this book) and probably in the brain might result
in an increase of NM(R)Sal, as already shown in the cerebrospinal fluid of untreated Park-
insonian patients (Maruyama et al., 1996). The result here indicates NM(R)Sal might in-
duce apoptosis in dopamine neurons of the substantia nigra and subsequently PD after
long term of accumulation.
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INTRODUCTION

The pathogenesis of Alzheimer’s disease (AD) is believed to involve multiple fac-
tors including known and unknown genetic as well as acquired influences (Selkoe, 1994).
The known genetic mutations involve the amyloid precursor protein (APP), trisomy 21 in
Down’s syndrome, presenilin 1 and presenilin 2 (Selkoe, 1994; Hardy, 1997). However, in
more than 90% of AD patients, the disease is sporadic with onset in late adulthood al-
though the probability of developing AD is increased by the presence of the &4 allele of
apolipoprotein E (Corder et al., 1993). While all the inherited and sporadic cases of AD
are believed to involve abnormal processing and deposition of fibrillar amyloid (AB) pep-
tides derived from APP (Selkoe, 1994; Hardy, 1997), there are many indications that Ap
peptide processing is not the only critical factor in AD dementia, and that other factors
may interact with AP peptide to potentiate the toxicity.

It is notable that in all of the sporadic, familial and congenital (trisomy 21) forms of
AD, the incidence of dementia increases with advancing age. In trisomy 21, the incidence
of AD type of dementia and behavioral changes increases with increasing age after 40, the
mean age of onset being 56 years (Zigman et al., 1996; Visser et al., 1997), although the
histopathology characteristic of AD begins earlier and is almost uniform over 35 years
(Del Bo et al., 1997). These data suggest the existence of general factors in normal aging
that potentiate AD or AD type of dementia. Such age-related factors may be: (1) effects
accumulated over time from the environment or from endogenous metabolic processes,
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such as reactive oxygen species; or (2) effects of postadult differentiation of gene expres-
sion with age, which is manifested as cell-specific changes in expression of selective
genes with advancing age after reproductive years. (Chauhan and Siegel, 1996). While
presumably not subject to evolutionary pressure, these changes in gene regulation may or
may not be desirable to the organism living past the reproductive phase. Candidates for
this type of gene, the regulation of which might potentiate AD pathogenesis, would be
those (a) that show changes in normal aging and (b) that show greater than normal
changes correlated with the earliest pathologic events in AD.

Although there have been numerous studies of gene expression in AD brains com-
pared to age-matched controls, there have been very few comparisons of expression in
normal aged to young human subjects. The only available data for changes in expression
in both normal aging human brain and in AD indicate increases in mRNA for glial fibril-
lary acidic protein (GFAP) (Nichols et al., 1993) and glial S-100 (Sheng et al., 1996), de-
creases in mRNA for calbindin-28K (Iacopino and Christakos, 1990), and alterations in
the proportions among the three mRNA constructs for APP (Oyama et al., 1993; Tanaka et
al., 1993).

On the other hand, studies of rat brain have shown age-related, cell-specific differ-
entiation of Na,K-ATPase catalytic (o) subunit isoform expression. The mRNA for the a3
or neuron-specific catalytic subunit isoform of Na,K-ATPase is reduced 3 to 4-fold in neu-
rons while the al-isoform mRNA, which is found in glia and in some neurons, is in-
creased 7 to 8-fold in regions of aged rat brain (Chauhan and Siegel, 1996, 1997a, 1997b).
Na,K-ATPase is the enzyme responsible for the major portion of brain energy expenditure
and the Na* gradients critical to many nerve functions (Albers et al., 1994). Age-related
differentiation of this enzyme, if it occurs also in humans, might be a candidate for poten-
tiation of neurodegeneration. Therefore, we analyzed cell-specific Na,K-ATPase a1- and
a3-isoform mRNAs by in situ hybridization in the superior frontal cortex of five cases of
AD and five cases of nondemented control males between 69 and 84 years and three cases
of young control males between 35 and 46 years of age.

METHODS

Cases were selected from the Loyola University/Hines VAH Brain Bank. Severity of
AD was graded according to CERAD criteria.Total cellular RNA was extracted from
isopentane-frozen samples, electrophoretically separated on denaturing gels, transferred to
GeneScreen membranes, and hybridized with *’P-labeled human B-actin cRNA. Only
cases with excellent preservation of 18S and 28S ribosomal RNA bands and consistent la-
beling with the B-actin probe were studied. In situ hybridization was performed on 10%
buffered formalin-fixed, Sum-thick Paraplast sections with the use of [**S]CTP-ribo-
probes. Cloned rat a-isoform cDNAs, provided by Dr. Robert Levenson (Yale University)
and by Dr. Jerry Lingrel (University of Cincinnati College of Medicine) were used to pre-
pare subclones containing portions of al- and a3-subunit cDNAs. Preparation of ribo-
probes and procedures for in situ hybridization and quantitative image analysis with the
BioQuant OS/2 System were carried out as described previously (Chauhan and Siegel,
1996). Total grain densities for al- and a3-mRNAs were counted under dark-field illumi-
nation in five cortical columns separated by ~1.0—1.2 cm in each of two adjacent sections.
Each column of 180um-width was divided into 4 depths orthogonal to the pial surface be-
tween the pia and the white matter. For each case, 10 measurements per depth were ob-
tained. In addition, within depth 4, grain-clusters over individual pyramidal neuron were
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counted. Ten pyramidal neurons within depth 4 of each column, in 3 columns per section
and 6 columns per case, totaling 60 pyramidal neurons per case were analyzed. Diffuse
and neuritic plaques were counted in the same regions on adjacent sections stained with
the Bielschowsky silver method. Data were statistically analyzed by two-way ANOVA for
testing variations in a.1- and a3-mRNA-densities within total neuropil of (1) different cor-
tical depths, and (2) different groups; and one-way ANOVA for comparing mean a.3-
mRNA density over pyramidal neurons within different groups. al- and o3-mRNA
densities can not be compared to each other since the actual amount of radioactivity bound
per molecule is not known. Ratios for the different regions and isoforms are the means
based on 3 cases of young normal, and 5 cases each of the aged normal and AD.

RESULTS

Grains representing o.1-mRNA were distributed diffusely through the cortex. Den-
sity measurements showed that the mean al-mRNA per unit area of neuropil was
slightly increased by 10% in the deepest layer of the normal aged relative to young
brains but this value did not reach significance. In AD brains, however, the a1-mRNA
density was increased significantly by 13—18% in all the layers relative to both the nor-
mal aged (p < 0.003) and young (p < 0.003) brains.

On the other hand, grains representing a3-mRNA were localized in clusters over py-
ramidal neurons. In addition, there was an even distribution of a3-mRNA as fine grains
throughout the dendritic neuropil, presumably in neuronal extensions (although electron
microscopy would be required to distinguish these from glial processes), in all the cortical
layers of normal young and aged brains (Fig. 1). No amyloid plaques were seen in the nor-
mal aged brain (Fig. 2). When clusters of grains over individual neurons in depth 4 were
counted, it was found that the mean a3-mRNA content per neuron was decreased by 14%
in the normal aged group (p < 0.01) and by 44% in the AD group relative to young brains
(p < 0.001). Density measurements of total 3-mRNA in the neuropil were significantly
decreased by 31-38% in all cortical layers of the AD brains relative to the normal aged
(compare Figs. 1 and 3) and young controls (p < 0.0001). However, a.3-mRNA grain den-
sity in the neuropil was not significantly different between the normal aged and normal
young groups. AD brains showed marked reductions in a3-mRNA content per neuron
(Fig. 3) and accumulation of amyloid plaques in adjacent sections (Fig. 4).

Sections of cerebellar vermis from the same cases were carried through the same
procedures with the frontal cortex sections. There were no significant differences with re-
spect to al- or a3-mRNA densities in granular, Purkinje cell or molecular layers among
the three groups of subjects (p = 0.2). These data together with the facts that the a1- and
a3-mRNA densities change in opposite directions in the cortex prove that the differences
observed in frontal cortex between young, normal aged and AD groups cannot be ascribed
to artifacts of tissue shrinkage or fixation, differential postmortem preservation of a.1- and
a3-mRNAs, agonal conditions, or handling of tissues or sections. Moreover, since not
even a tendency for small differences in the vermis was observed, the significant changes,
albeit small, observed in the pyramidal neuron perikarya of the normal aged frontal cortex
relative to the young are considered of probable biological significance with respect to ag-
ing. However, data are needed from more cases at various ages and with other types of
neurodegeneration.

In order to test a correlation of changes in mRNA density with neuropathologic
characteristics of AD, the cortical burdens of diffuse and of neuritic/core plaques were
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Figure 1-4. In situ distribution of Na,K-ATPase a3-mRNA (Figs. 1 and 3) and modified Bielschowsky silver stain
(Figs. 2 and 4) in layer V of the superior frontal cortex from a 78 year-old male control brain (Figs. 1 and 2) and
83 year-old male Alzheimer’s disease (AD) brain (Figs. 3 and 4). The control brain shows abundant distribution of
a3-mRNA in the neuropil and pyramidal neurons (Fig. 1) and absence of plaques in the adjacent section (Fig. 2).
The AD brain shows marked reduction in a3-mRNA (Fig. 3) and accumulation of amyloid plaques (arrowheads)
in the adjacent section (Fig. 4). Scale bar = 25 pm.

plotted versus the densities of o 1-mRNA and of a3-mRNA in each cortical depth for each
case of AD. Linear regression analysis suggests an inverse correlation of the diffuse
plaque counts with total neuropil a3-mRNA density in depths 1, 3 and 4 from case to case
(r values: 0.806, 0.805, 0.753; p values: 0.099, 0.1, 0.142). However, given the small N of
five, additional cases are needed to establish statistical significance. There was no obvious
correlation of a3-mRNA with neuritic plaque counts nor of a.l-mRNA with either diffuse
or neuritic plaques.
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DISCUSSION

This study shows that the normal aged group exhibits small but significant declines
of a3-mRNA in the deep cortical neuronal perikarya, but not in the neuropil, relative to
young controls, while the AD group is subject to 3-fold greater (44%) perikaryal reduc-
tions than in the normal aged group and significant 31-38% decreases in the neuropil of
all the cortical layers as well. These data taken together indicate that declines of a3-
mRNA in neuronal perikarya begin in normal aging, independently of AD, and are accel-
erated in AD. In AD, the declines in perikaryal a3-mRNA are exaggerated and are
accompanied by further declines of total a3-mRNA in perikarya as well as in cell exten-
sions in the neuropil. The declines in a3-mRNA are in contrast to the significant increases
(13—18%) of total a.1-mRNA in neuropil. The increased a1-mRNA is probably related to
glial hypertrophy or activation as evidenced by increases in GFAP (Nichols et al., 1993)
and S-100 mRNAs (Sheng et al., 1996). This is not to say that such changes occur only in
AD, since other types of neurodegenerations have not yet been studied in this way. Also, it
should be kept in mind that these data represent steady-state levels of mRNA and that in-
formation regarding turnover of either the mRNA or proteins is lacking.

If diffuse plaques represent one of the earliest forms of AP deposition and AP is
critical to the pathogenesis (Cummings et al., 1996), then their inverse correlation with
a3-mRNA density in the neuropil in individual cases suggests that the decline in a3-
mRNA begins early in the disease, certainly before neuronal dystrophic changes or
neuritic plaques, and that the acceleration of declines relative to the normal aged group is
also an intrinsic part of the disease progression. The questions are: which is the cause and
which the effect, or is it a vicious cycle? Although these data clearly show that declines in
a3-mRNA do not depend on AD histopathology since they begin in normal aging, we do
not know what is the earliest age at which an AD-specific process actually begins.

Mattson and colleagues have found that B-amyloid peptides inhibit Na,K-ATPase
prior to producing cytotoxicity, Ca™ influx and cell death in cell cultures (Mark, et al.,
1995). Exposure of cultured cells to ouabain, the specific inhibitor of Na,K-ATPase, also
produces cytotoxic effects similar to those of the B-amyloid peptides (Mark et al., 1995).
In addition, inhibition of Na,K-ATPase potentiates glutamate excitotoxicity (Brines and
Robbins, 1992).

It is plausible to hypothesize that reductions in the capacity to upregulate neuron-
specific Na,K-ATPase in vivo, such as may result from decreased mRNA levels in nor-
mal aging, would either predispose to or potentiate any pathologic process that produces
inhibition of the enzyme. According to this hypothesis, age-related declines in neuronal
expression of catalytic subunit would be synergistic with AB inhibition of Na,K-ATPase
in the pathogenic process, which would lead to further cell toxicity and exaggerated re-
ductions of a3-mRNA in a vicious cycle. It is possible, moreover, that AP itself, which
activates tyrosine phosphorylation in cell cultures (Luo et al, 1996), produces intracellu-
lar signaling effects that lead to synergistic reductions in Na,K-ATPase mRNA levels.
The elements of this hypothesis can be tested better in cell cultures and transgenic mouse
models of AD than in humans.

CONCLUSIONS

These observations do not mean that reduced Na,K-ATPase mRNA is the cause of
AD but that (1) these changes in Na,K-ATPase gene regulation occur with normal aging
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and that (2) these changes are exaggerated in neurons prior to any obvious dystrophic cell
changes early in the course of AD. Postadult differentiation of Na,K-ATPase isoform ex-
pression may be a normal age-dependent factor that potentiates AD. Elucidation of normal
age-related differentiation of gene expression and the possible impact of such changes on
the cell toxicity of AD-specific factors such as amyloid and neurofibrillary tangles may
open new avenues for interventions to delay or ameliorate the AD disease as well as for
studying the neurobiology of normal aging.

ACKNOWLEDGMENTS

This work was supported in part by the Chicago Association for Research, Educa-
tion and Science, Hines Veterans Affairs Hospital and the Bane Charitable Trust, Loyola
University Chicago. The authors acknowledge the assistance provided by Phyllis Ander-
son and Gerda Kirshner, Medical Media Service, Hines Veterans Affairs Hospital and the
technical support of Debra Magnuson, Department of Pathology, Loyola University
Medical Center.

REFERENCES

Albers, R.W,, Siegel, G.J.and Stahl, W.L., 1994, Membrane Transport, in Basic Neurochemistry: Molecular, Cellu-
lar and Medical Aspects, 5th edit., Siegel, G.J., et al., eds., Raven Press, New York, pp. 49-74.

Brines,M.L. and Robbins, R.J., 1992, Inhibition of a2/ a3 sodium pump isoform potentiates glutamate neurotoxic-
ity. Brain Res. 591:94-102.

Chauhan, N.B. and Siegel, G.J., 1996, In situ analysis of Na,K-ATPase a.1- and a3-isoform mRNAs in aging rat
hippocampus. J. Neurochem. 66 (4):1742-1751.

Chauhan, N.B. and Siegel, G.J., 1997a, Differential expression of Na,K-ATPase a-isoform mRNAs in aging rat
cerebellum. J. Neurosci. Res. 47 (3): 287-299.

Chauhan, N.B. and Siegel, G.J., 1997b, Na,K-ATPase: Increases in a.1-messenger RNA and decreases in a3-mes-
senger RNA levels in aging rat cerebral cortex. Neuroscience 78:7-11.

Corder, E.H.,Saunders, A.M., Strittmatter, W.J., et al.. 1993, Gene dose of apolipoprotein E type 4 allele and the
risk of Alzheimer’s disease in late onset families. Science 261:921-923.

Cummings, B.J., Satou, T., Head, E., et al., 1996, Diffuse plaques contain C-terminal A-beta(42) and not A-
beta(40). Evidence from cats and dogs. Neurobiol. Aging 17 (4):653—659.

Del Bo, R., Comi, G.P., Bresolin, N., et al., 1997, The apolipoprotein E epsilon 4 allele causes a faster decline of
cognitive performances in Down’s syndrome subjects. J. Neurol. Sci. 145 (1):87-91.

Hardy, J., 1997, Amyloid, the presenilins and Alzheimer’s disease. Trend Neurosci. 20:154—159.

Tacopino, A.M. and Christakos, S., 1990, Specific reduction of calcium-binding protein (28-kilodalton calbindin-
D) gene expression in aging and neurodegenerative diseases. Proc Natl. Acad. Sci. U.S.A. 87 (11):
4078-4082.

Lou, Y., Sunderland,T. and Wolozin, B., 1996, Physiologic levels of 4-amyloid activate phosphatidylinositol 3 -ki-
nase with the involvement of tyrosine phosphorylation. J. Neurochem. 67:978-987

Mark, R.J., Hensley, K., Butterfield, D.A. and Mattson, M.P., 1995, Amyloid 4-peptide impairs ion-motive AT Pase
activities: Evidence for a role in loss of Ca** homeostasis and cell death. J. Neurosci. 15 (9):6239—6249.

Nichols, N.R., Day, J.R., Laping, N.J., et al., 1993, GFAP mRNA increases with age in rat and human brain.
Neurobiol. Aging 14 (5): 421-429.

Oyama, F., Shimada, H., Oyama, R., et al., 1993, Beta-amyloid protein precursor and tau mRNA levels versus
beta-amyloid plaque and neurofibrillary tangles in the aged human brain. J. Neurochem. 60 (5):1658—1664.

Selkoe, D.J., 1994, Normal and abnormal biology of the B-amyloid precursor protein. Ann. Rev. Neurosci. 17:
489-517.

Sheng, J.G., Mrak, R.E., Rovnaghi, C.R., et al., 1996, Human brain S 100 beta and S 100 beta mRNA expression
increases with age: Pathogenic implications for Alzheimer’s disease. Neurobiol. Aging 17 (3):359-363.

Tanaka, S., Nakamura, S., Kimura, J., et al., 1993, Age-related change in the proportion of amyloid precursor pro-
tein mRNAs in the gray matter of cerebral cortex. Neurosci. Lett. 163 (1):19-21.



Age-Related Na,K-ATPase mRNA Expression and Alzheimer’s Disease 119

Visser, F.E., Aldenkamp, A.P,, van Huffelein, A.C., et al., 1997, Prospective study of the prevalence of Alzheimer-
type dementia in institutionalized individuals with Down’s syndrome. Am. J. Ment. Retard. 101 (:4):
400-412.

Zigman, W.B., Schupf, N., Sersen E., et al., 1996, Prevalence of dementia in adults with and without Down syn-
drome. Am. J. Ment. Retard. 100 (4): 403-412.



18

HB-GAM, ANOVEL AMYLOID ASSOCIATED
PROTEIN, IS PRESENT IN PRION RELATED
DISORDERS AND OTHER CEREBRAL
AMYLOIDOSES

Maciej M. Lalowski,'? Marc Baumann,* Heikki Rauvala,’ Blas Frangione,’
and Thomas Wisniewski?

'Polish Academy of Science, Medical Research Centre
Department of Cellular Signalling
5 Pawinskiego Street, 2-106 Warsaw, Poland
*Department of Pathology and
*Department of Neurology
New York University Medical Center
550 First Avenue, New York, New York 10016
“Institute of Biomedicine
Department of Medical Chemistry, P.O. Box 8
University of Helsinki
FIN-00014, Finland
SLaboratory of Molecular Neurobiology
Institute of Biotechnology, P.O. Box 45
University of Helsinki
FIN-00014, Helsinki, Finland

INTRODUCTION

The amyloidoses form a collection of diseases sharing several common properties
including the deposition of a protein, which has a soluble precursor, as a fibril with a pre-
dominantly B-pleated secondary structure. There are over 16 biochemically distinct forms
of amyloid (Ghiso et al., 1994). Each of these amyloid deposits are associated with a
group of amyloid associated proteins. The progressive deposition of amyloid B peptide
(AP) occurs as part of Alzheimer’s disease (AD), Down’s Syndrome (DS), Hereditary
Cerebral Hemorrhage with Amyloidosis-Dutch Type (HCHWA-D) and with aging. A fea-
ture of all Gerstman-Striussler-Scheinker (GSS) and about 10% of Creutzfeld Jakob dis-
ease (CJD) cases is the presence of PrP amyloid plaques. British amyloidosis is a cerebral
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amyloidosis characterized by deposition of cerebral amyloid in the forms of congiophilic
angiopathy and parenchymal amyloid plaques, which are not yet biochemically fully char-
acterized (Plant et al., 1990; Baumann et al., 1996). Meningocerebrovascular amyloidosis-
Hungarian type (AHun) is a cerebral amyloidosis caused by a novel transthyrethin
mutation at codon 18 where Asp is replaced by Gly (D18G) in a Hungarian kindred (Vidal
et al., 1996). To date several proteins have been found to be associated with both cerebral
and systemic amyloid deposits including: apolipoproteins E, J and A1, amyloid P-compo-
nent and proteoglycans (Ghiso et al., 1994), while other proteins, such as B,-antichy-
motrypsin and presenilin-1 are more closely associated with AD amyloid deposits
(Abraham et al., 1988; 27). Although the precise role of these molecules is not known, it
was suggested that some may act to promote or stabilize a B-sheet structure (Wisniewski
et al., 1992; Ma et al., 1994). Alternatively the binding of some of these proteins may be
related to the known hydrophobic and “sticky” nature of amyloid deposits. HB-GAM-
heparin binding growth associated molecule, or pleiotrophin is a novel 18 Kda novel type
of developmentally regulated cytokine, initially identified as a mitogen for fibroblasts and
neurite outgrowth-promoting factor (Li et al., 1990; Rauvala, 1989; Merenmies et al.,
1991; Raulo et al., 1992). Several studies showed the expression of HB-GAM in a variety
of tissues including the central nervous system (CNS), according to a temporal and spatial
pattern during development (Li et al., 1990; Rauvala, 1989; Hampton et al., 1992). While
HB-GAM is downregulated in non-brain tissues, in the brain it persists beyond neonatal
stages (Li et al., 1990; Rauvala, 1989). As shown by in vitro assays it exhibits neurite out-
growth-promoting activities activities due to substrate bound- proteins (Li et al., 1990;
Rauvala, 1989; Hampton et al., 1992). Additionally HB-GAM forms extracellular tracts
along growing neurites in tissue, suggesting a role in formation of neural connections
(Rauvala et al., 1994). It is also known that HB-GAM binds to syndecan-3/N-syndecan,
one of the HSPG’s (heparan sulfate proteoglycans) and 6B4-proteoglycan/phosphacan,
one of the ChSPG’s (chondroitin sulfate proteoglycans) with high affinity (Li et al., 1990;
Rauvala 1989; Merenmies et al., 1991; Raulo et al., 1992; Hampton et al., 1992; Maeda et
al., 1996). Previously we have identified HB-GAM as a component of both diffuse
(preamyloid) and neuritic plaques, as well as in the amyloid laden vessels in cerebral amy-
loidoses of Alzheimer’s disease and Down’s syndrome (Wisniewski et al., 1996). It was
suggested that HB-GAM is one of the cofactors associated with cerebral plaques of AB
and acts as a marker of neuronal injury (Wisniewski et al., 1996). Here we explore the role
played by HB-GAM in other cerebral and systemic amyloidoses, as well its interactions
with amyloid peptides in vitro.

MATERIALS AND METHODS

Immunohistochemistry

Paraffin embedded, formalin fixed 6 um brain tissue sections were obtained from
autopsy material from three cases of CJD, one with GSS syndrome, 3 cases with
HCHWA-D, one with ABri, one case of novel meningocerebrovascular amyloidosis of
Hungarian type, 3 cases of light chain deposition and one case of gelsolin related amyloi-
dosis. The tissue sections were stained with Congo Red and Thoflavin S for the presence
of amyloid. The adjacent sections were stained with affinity purified rabbit polyclonal an-
tibodies against recombinant protein HB-GAM (HB-GAM rec.) (2 pg/ml) (Merenmies et
al., 1991) and against the N-terminus of HB-GAM rec. (2 Bg/ml) (Rauvala, 1989), mono-
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clonal anti-apolipoprotein E (apoE) (1:300) (Biodesign Int., Kennenbunk, ME), mono-
clonal anti-a-chain of apolipoprotein J (apo J) (1:100) (a kind gift from Dr.Nam-Ho-Choi
Miura), monoclonal anti-heparan sulfate proteoglycan (HSPG) (a kind gift from Dr.R.N.
Kalaria). As positive controls 4G8, monoclonal anti-AB17—24 (1:500) (Senetec, Plc.),
monoclonal anti-prion protein 3F4 (Senetec.Plc.), polyclonal anti-British amyloid (Bau-
mann et al., 1996) and polyclonal anti-TTR (Pras et al., 1983) were used. Systemic sec-
tions were stained with anti-amyloid A (Dako), polyclonal anti-gelsolin-related amyloid
(Wisniewski et al., 1991), polyclonal anti-k and anti-A light chains (Chemicon Int. Inc.,
Temecula), monoclonal anti-amylin (Pennisula Lab. Inc., Belmont, CA), and polyclonal
anti-fibrinogen (Chemicon). Deparaffinized sections were either pretreated with 98% for-
mic acid for 30 minutes or hydrated autoclaving for 20 minutes, followed by quenching of
endogenous peroxidase activity with 0.3% H202 in methanol and blocking in 10% fetal
calf serum in phosphate buffer, pH 7.4 for one hour at room temperature. The primary
antibodies were diluted in the same buffer and incubated overnight at 4°C, followed by
application of secondary biotinylated species specific antibodies (Amersham Corp. Air-
lington Heights, IL) and horseradish linked streptavidin (Sigma Chemical Co., St. Louis,
MO) in the same buffer as above. Sections were developed in a staining mixture contain-
ing 0.01% 3,3'-diaminobenzidine in phosphate buffered saline with or without cobalt
hexachloride ions (0.006%) (both reagents from Sigma Chemical Co., St. Louis, MO).
Controls included preabsorption of the primary antibody to recombinant HB-GAM and N-
terminus of the molecule with an excess of antigen and replacement of the primary anti-
body with preimmune serum. The purity of recombinant HB-GAM was greater than 99%
by sodium dodecyl sulfate polyacrylamide gel electrophoresis.

Binding Studies

Recombinant HB-GAM (2 Bg each or 0.36 x 10 M) was incubated at 37°C for 24
hours with AB1-40 (1-20 Bg or 0.025-0.75 x 10~* M) in 50 Bl phosphate-buffered saline
(PBS), pH = 7.4. Stock solutions of the peptides were prepared in 50% acetonitrile in
deionized-distilled water with final concentrations of 5-10 mg/ml. Stock solutions were
stored at ~70°C prior to use. Aliquots of the stock solutions were mixed with the desired
amount of proteins and incubated as described above. The protein-peptide solutions were
analyzed by Tris-Tricine SDS-PAGE according to Schégger and Jagow. Incubations were
stopped by the addition of a modified Laemmli sample buffer (containing 1%SDS) into
each vial, under non-reducing conditions. Samples were not boiled but incubated at 37°C
for 5-10 minutes. Protein-peptide complexes were electrophoresed on 16.5% Tris-Tricine
gels as described in the figure legend.

Fluorometric Assay with Thioflavin T

Aliquots of peptides were incubated for different times at room temperature in 0.1M
Tris/HCI, pH 7.4. Amyloid formation was quantified by using the Thioflavin T (ThT) fluo-
rescence method (Naiki et al., 1991; Wisniewski et al., 1994). After incubation, AB1-40
peptides alone and in the presence of HB-GAM were added to 50 mM glycine, pH 9.2,
containing 2 M ThT in a final volume of 2 mL. As negative control BSA alone and in the
presence of AB1-40 were used. Immediately thereafter, fluorescence was monitored at ex-
citation 435 nM and emission 485 nM in a Hitachi F-2000 fluorescence spectrophotome-
ter. A time scan of fluorescence was performed and three values (280, 290, 300s) were
averaged after subtracting the background fluorescence of 2 uM ThT.
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Determination of Binding Constant between HB-GAM and AP
Peptides Using Fluorescence Quenching Method

HB-GAM (5 mM) was incubated with increasing concentrations of Ap1-40, AB1-28
and AP1-42 peptides (1-500 nM) in 300 Bl of 0.1 M Tris/HCIl, pH 7.4. Fluorescence of
HB-GAM solutions and HB-GAM in the presence of varying concentrations of Ap pep-
tides was measured after 20 min. of equilibration at emission 285 nM and excitation 290-
415 nM on the spectrofluorimeter LS50S (Perkin-Elmer, San Francisco, CA, USA)(Soto
et al., 1996b). The rate of quenching of endogenous fluorescence of HB-GAM in the pres-
ence of increasing concentrations of the AP peptides was further analysed by using the
nonlinear regression algorithm (GraphPad Prism, v.2.0) .

RESULTS

Immunohistechemistry

Our GSS patient had PrP plaques in the cerebral and cerebellar cortex, as judged by
positive Congo red and anti-PrP staining (not shown). Most of these plaques, with a cen-
tral amyloid core were also positive for a presence of HB-GAM (Figure 1b). These pat-
terns of immunoreactivity correlated well with anti-apoE staining (Figure 1a). The brains
of 3 HCHWA-D cases did not contain neuritic plaques and NFTs as judged by negative
Congo red and Thioflavin T staining. Positive Congo red staining was found in many of
the cerebral, cerebellar and neuropil vessels. Amyloid laden vessels were also positive for
AB protein. In addition many preamyloid (diffuse) deposits in the neuropil were also AB
positive (Figure 2a). Antibodies anti-recombinant HB-GAM stained many of the lep-
tomeningal, cortical and cerebellar vessels (Figure 1b), with faint staining of some diffuse
deposits (arrow, Figure 2b).

The neuropathological features of the patients with ABri are the presence of amyloid
in the form of congophilic angiopathy and non-neuritic plaques (Plant et al., 1990). Our
cerebral sections were positively stained for the presence of amyloid using anti-apoE anti-
body (Figure 3a). The adjacent sections were stained with anti-HB-GAM rec. (Figure 3b)
and faintly by an anti-HSPG antibody (Figure 3c). The staining of plaques by anti HB-
GAM rec. antibody co-localized well with the presence of amyloid and staining with anti-
apoE antibody.

Figure 1. Gerstmann-Striussman-Scheinker. Amyloid deposits in the
cerebral cortex: a) PrP plaques (arrow) were immunoreactive with anti-
HB-GAM: b) a sequential section to a) immunoreacted with mono-
clonal anti-apoE antibody. Magnification, x 400.
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Figure 2. A section from frontal cortex of an HCHWA-D pa-
tient: a) immunoreacted with anti-Ab (MAbA4GS), showing
staining of diffuse plaques (black arrows) and amyloid laden
vessel (see large open arrow); b) Sequential section to A) im-
munoreacted with anti-HB-GAM antibody recognizing amy-
loid laden vessel (large open arrow) and some diffuse AP
lesions (black arrow). Magnification, x 200.

As expected, the AHun deposits in the meningeal vessels and subpial areas were
strongly immunoreactive with antibodies to TTR (Figure 4b), and apo E (Figure 4c) (Vidal
et al.,, 1996). The same deposits, were also strongly immunoractive with anti-HB-GAM
antibodies (Figure 4a).

In all the sections stained with anti-HB-GAM rec. antibody was enhanced by pre-
treatment with 98% formic acid or hydrated autoclaving. The sections of systemic amy-
loidoses (light chain deposition and gelsolin-related amyloidosis) failed to show specific
HB-GAM immunostaining, even when pretreated with 98% formic acid or hydrated
autoclaving

Binding Studies

In order to determine if HB-GAM and AP can form a complex in vitro 2 pg of
HPLC purified recombinant HB-GAM was incubated for 24 hours at 37°C, with increas-
ing concentrations of AB1-40 peptide. Figure 5 shows the results of binding run on 16.5%
Tris-Tricine gel. The HB-GAM/AP complex was formed in the presence of low percent-
age of SDS in sample buffer and absence of denaturating agents. Formation of the com-
plex appeared to be concentration dependent (see Figure 5 and insert, lanes 2 and 3). This
complex was also recognized by anti-Ap and anti-HB-GAM antibodies (not shown). Fluo-
rescence quenching studies revealed that HB-GAM can interact with several AB peptides
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Figure 3. Meningiocerebrovascular
amyloidosis of Hungarian type. a)
Immunoreactivity of amyloid laden
vessels (large open arrows) and sub-
pial deposits (black arrows) with
anti-HB-GAM; b) Sequential section
immunoreacted with anti-TTR and
anti-apoE; c). Magnification, x 100.

with high affinity. The dissociation constant (KD) for interaction of HB-GAM with
APB1-40 was in low nanomolar range (KD = 12.1 nM) (Fig. 6B). A similar range for inter-
action of HB-GAM with AB1-28 (KD = 13.0 nM, B_,, = 192 + 11.3 nM) and for AB1-42
(KD = 22.1 nM, B_,, = 141.5 *+ 13.3 nM) was also noted, suggesting that HB-GAM can
form high affinity complexes with different amyloid peptides.

DISCUSSION

Among the characteristic features of the amyloidoses is the invariant association
with amyloid associated proteins. Many amyloid associated proteins are found in both
systemic and cerebral amyloidoses, such as amyloid P component, proteoglycans, apoE,
apoJ, apoA1 and complement components (Ghiso et al., 1994). Only a few amyloid asso-
ciated proteins have been found to be more specific. Presenilin-1 and a.1-antichymotrp-
sin have been reported to be specific for Ap related deposits (Abraham et al., 1988). In
the cases we studied immunohisto-chemically, HB-GAM was found only in cerebral
amyloidoses, suggesting that it is a more specific amyloid associated protein. Since HB-
GAM has been shown in vitro to binding proteoglycans (Li et al., 1990; Rauvala, 1989;
Merenmies et al., 1991; Raulo et al., 1992; Hampton et al., 1992; Maeda et al., 1996),
this is one possible reason for its presence in amyloid deposits. Proteoglycans are also
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present in systemic amyloid deposits; however, HB-GAM is mainly expressed in the
CNS, explaining its absence in systemic deposits. There are likely to be additional fac-
tors responsible for the presence of HB-GAM in cerebral amyloid deposits. We have
demonstrated high affinity binding between AP peptides and HB-GAM; hence, in AD,
HCHWA-D and DS related lesions HB-GAM may also be binding directly to the main
component of the deposits.
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Figure 5. Binding studies. Results of binding between HB-GAM and AB1-40 run on 16.5% Tris-Tricine gel. The
HB-GAM/AB complex was formed in the presence of low percentage of SDS in sample buffer and absence of de-
naturating agents. Formation of the complex appeared to be concentration dependent (see Figure 5 and insert,
lanes 2 and 3).

Figure 6. A) Endogenous fluorescence quenching of HB-GAM by increasing amounts of AB1-40 peptide. B) A
binding constant between HB-GAM and AP1—40. The binding constant was found to be in low nanomolar range.
The fluorescence quenching was performed as described in Material and Methods and analyzed further by fitting a
nonlinear regression algorhitm (GraphPad Prism, v.2.0).

What the role of HB-GAM is within cerebral amyloid deposits is speculative. HB-
GAM is known to be a cytokine that functions as a neurite outgrowth factor (Li et al.,
1990; Rauvala, 1989; Merenmies et al., 1991; Raulo et al., 1992). Our previously pub-
lished data showed that HB-GAM is upregulated in the AD brain and that the immuno-
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Figure 7. A) Molar ratio dependence of amyloid formation, by using Thioflavin T assay. For each experiment 30
pg of AB1-40 were used.The peptides alone and in the presence of HB-GAM or BSA (negative control) were in-
cubated for 4 days at room temperature in 0.1M Tris-HCIl, pH=7.4. Amyloid formation was quantitated by
fluorometric assay. The values shown here correspond to average of three different samples. HB-GAM alone did
not produce any fluorescence above ThT background. The highest increase was found at molar ratio HB-GAM:
AB (1:50), B) Time dependent effect of HB-GAM on amyloid formation by AB1-40. The peptide alone and in the
presence of HB-GAM was incubated as described above. Molar ratio used for these experiments was 1:50 (HB-
GAM: AB). The values correspond to the average of three different experiments done in triplicates.

histochemical staining in AP related lesions co-localized with markers of neuronal injury
(Wisniewski et al., 1996). Hence the presence of HB-GAM in AD and in other types of
cerebral amyloid deposits may be regarded as part of a reactive process reflecting neuro-
nal damage. In addition, we have shown that under certain in vitro conditions, where the
AP peptide concentration is high, HB-GAM can be associated with greater amyloid-like
fibril formation. Some amyloid associated proteins, such as apoE and o.1-antichymotryp-
sin, have been proposed to function as a“pathological chaperone”, acting to promote
and/or stabilize a B-sheet conformation (Wisniewski et al., 1992; Ma et al., 1994; Wis-
niewski et al., 1994). In vitro it has been shown that apoE can induce a B-sheet confor-
mation and amyloid-like fibril formation in A peptides, when the experiments are done
using a high concentration of AP peptides (Sanan et al., 1994; Wisniewski et al., 1994;
Sanan et al., 1994; Soto et al., 1996a). In addition, it has been shown that apoE preferen-
tially binds AP peptides that are in a B-sheet conformation (Golabek et al., 1996). Inter-
estingly it has also been shown that when lower concentrations of AP peptide are used,
apoE can inhibit amyloid-like fibril formation (Evans et al., 1995; Wood et al., 1996;
Schwarzman et al., 1994; Naiki et al., 1997). We suggests that apoE, HB-GAM and some
other amyloid associated proteins may be initially up-regulated in AD to serve a protec-
tive role; however, later in the pathological process under local conditions of high brain
AP peptide concentrations, these proteins can have an opposite role and are associated
with amyloid fibril formation by binding to a B-sheet conformation and rendering it re-
sistant to degradation.
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APPAND AB IN ALZHEIMER DISEASE

A hallmark of Alzheimer disease (AD) is the build-up of an amyloid protein (AB)
(Glenner and Wong, 1984, Masters et al., 1985) in the brain parenchyma and in the cere-
brovasculature (Tomlinson and Corsellis, 1984). AP is derived from a large transmem-
brane precursor, the amyloid protein precursor (APP) (Goldgaber et al., 1987, Kang et al.,
1987, Kitaguchi et al., 1988, Ponte et al., 1988, Robakis et al., 1987, Tanzi et al., 1987,
Tanzi et al., 1988). For a variety of reasons, many researchers believe that the build-up of
AP in the brain causes the synaptic loss and associated dementia which occurs in AD.
These reasons include the observation that one of the several mutations (hereafter referred
to as the Swedish mutation, Mullan et al., 1992) in APP which cosegregate with AD is as-
sociated with abnormally high production of AP (Cai et al., 1993, Citron et al., 1992). It
therefore seems plausible to argue that increased production of Ap might underlie the
symptoms of AD in individuals bearing this mutation. More recently it has been shown
that an allele of apolipoprotein E (ApoE(4)) is associated with forms of AD (Corder et al.,
1993, Strittmatter et al., 1993). This allele of ApoE is especially prone to inducing the ag-
‘gregation and precipitation of A in vitro. In the case of individuals with ApoE(4) it is
possible that there is an associated increase in AP deposition (Schmechel et al., 1993)
which again might underlie the symptoms of AD. Thus, there is evidence to suggest that
both increased AP production and decreased AP clearance may contribute to AD. From
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these findings it is a small jump to argue that decreasing AP formation and/or increasing
AB clearance might slow the progression of AD.

For some researchers this argument is sufficiently compelling to justify the study of
the physiological regulation of APP processing and AP production. Regulation of APP
processing might also give us insights into the function of APP and of its various products.
For example, it might prove that the secreted form of APP (APPs) has an important role in
the body’s response to injury; the ability to regulate the secretion of APPs would then have
important ramifications for its function.

REGULATION OF APP PROCESSING BY PROTEIN KINASE C

Protein Kinase C Regulates APP Processing

Soon after the discovery of APP it was noted that APP undergoes cleavage and se-
cretion (Weidemann et al., 1989). This immediately raised the question as to whether this
secretion was regulated by protein phosphorylation. To study this question, specific anti-
bodies against the various parts of the APP molecule were used. The first experiments di-
rected at studying the regulation of APP processing made use of a carboxyl-terminal
antibody which precipitated full-length APP, as well as the carboxyl-terminal of APP
which remains behind after the cleavage and secretion of APPs. It was observed that when
cells were treated with phorbol dibutyrate (PBt2), an agent which activates protein kinase
C, the levels of mature (fully glycosylated and sulfated) APP diminished significantly,
while the levels of carboxyl-terminal derivatives of APP increased (Buxbaum et al., 1990).
Because APPs production from full-length APP involves the loss of full-length APP and
the generation of the carboxyl-terminal fragment, it was tempting to speculate that these
results could be explained by arguing that APPs production was regulated by protein phos-
phorylation. When cells were incubated with H-7, an inhibitor of several protein kinases
including protein kinase C, an increased recovery of cell-associated mature APP was ob-
served, suggesting that protein phosphorylation played a role in basal APP processing in
naive (untreated) cells. Maturation (glycosylation and sulfation) of APP, which is accom-
panied by a shift in apparent molecular weight in cultured cells, was not effected by phor-
bol esters.

Subsequent to the first study of the effects of protien phosphorylation on APP proc-
essing, the effects of protein phosphorylation on APPs production were studied by several
groups. Using antibodies against the amino-terminal of APP and studying the APPs re-
leased into the extracellular space, it could be convincingly shown that phorbol esters
and/or okadaic acid stimulate the production of APPs (Caporaso et al., 1992; Gillespie et
al., 1992). More recently, H-7 was also demonstrated to inhibit APPs production (Gabuzda
et al., 1993), again suggesting that basal APP processing in naive cells is under the control
of protein phosphorylation.

After it was shown that AP was produced normally by cultured cells, the role of pro-
tein phosphorylation in the regulation of APP processing was extended to include a role in
regulating the production of AP as well as p3. p3 is an AP fragment which is assumed to
be derived after normal (alpha-) cleavage of APP (Haass et al., 1993). Several laboratories
have shown that activation of protein kinase C leads to dramatically decreased production
of AP with increased production of p3 (Buxbaum et al., 1993, Gabuzda et al., 1993, Hung
et al., 1993). If p3 is in fact derived after alpha-cleavage of APP, then it is not surprising
that increasing alpha-cleaved APPs production is associated with increased p3 production.
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The decrease in AP production may be in part due to the amounts of full-length APP being
limiting: increasing alpha-cleavage would decrease the amounts of APP available for p-
cleavage (see ref. Buxbaum et al., 1993). Stimulation of APPs formation by protein kinase
C decreases the levels of carboxyl-terminal APP fragments containing full-length AP
(Fukushima et al., 1993), consistent with the hypothesis that AP is derived from such frag-
ments. The effects of protein kinase C activation on AP production have been observed in
a variety of cell types including primary human astrocytes (Gabuzda et al., 1993). H-7
could apparently cause decreased p3 production (accompanied by decreased APPs forma-
tion) and increased AP production in naive cells (Gabuzda et al., 1993). Cells expressing
any of several mutations in APP which cosegregate with AD, including the Swedish muta-
tion, still respond to protein kinase C activation with decreased AB production (Buxbaum
et al., 1993, Hung et al., 1993), suggesting that regulating the production of AP as a thera-
peutic approach may be possible even in individuals with such mutations.

In summary, activators of protein kinase C stimulate APPs and p3 formation with a
concomitant decrease in AP production and in the levels of cell-associated full-length
APP. Phorbol esters can activate several different protein kinase C isozymes: there is cur-
rently evidence suggesting that protein kinase C-alpha may be an example of an isozyme
of protein kinase C which can regulate APP processing (Slack et al., 1993).

The Cytoplasmic Domain of APP Does Not Mediate the Effects of
Protein Kinase C

The mechanism(s) by which protein kinase C activation regulates APP processing
were assumed to involve the phosphorylation of APP in the cytoplasmic domain by pro-
tein kinase C or other protein kinases. To test this assumption, APP molecules mutated in
the cytoplasmic domain were studied for their response to protein phosphorylation. Point
mutations of potential phosphorylation sites in the cytoplasmic domain had no effect on
the phorbol ester regulation of APPs and AP formation (da Cruz e Silva et al., 1993, Hung
and Selkoe, 1994). Even the deletion of the entire cytoplasmic domain of APP did not ef-
fect the phorbol ester-induced secretion of APPs. Thus, the well-characterized phosphory-
lation sites in the APP cytoplasmic domain apparently are not necessary in the regulation
of APP processing by protein kinase C. A large portion of the extracellular domain (be-
tween residues 78 and 590 of APP695), which includes the major site of phosphorylation
of APP in vivo, is also without an obvious role in the regulation of APP processing by pro-
tein kinase C (da Cruz e Silva et al., 1993, Hung and Selkoe, 1994). Furthermore, there is
no major change in the phosphorylation of APP caused by protein kinase C activation
(Gabuzda et al., 1993, Hung and Selkoe, 1994. These results indicate that protein kinase C
regulates APP processing by the phosphorylation of some component of the processing
pathway other than the amyloid precursor protein. This conclusion in turn raises two ques-
tions: 1) what is the role of the highly conserved putative phosphorylation sites in the cy-
toplasmic domain; and 2) what is the substrate for protein kinase C which is responsible
for its effects on APP processing.

The mechanism by which protein kinase C regulates APP processing may be analo-
gous to the way in which this enzyme regulates the processing of other transmembrane
proteins, such as pro-TGF-alpha and the CSF-1 and TNF receptors, where phosphoryla-
tion of the transmembrane protein is apparently also not necessary. Studies with perme-
abilized and/or broken cells are being carried out to determine whether activation of a
protease and/or modulation of a trafficking protein are the means by which protein kinase
C regulates APP processing.
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REGULATION OF APP PROCESSING BY PROTEIN
PHOSPHATASE 1

In the first experiments directed at studying the regulation of APP processing, it was ob-
served that when cells were treated with okadaic acid, an agent which inhibits protein phos-
phatases 1 and 2A, the levels of mature (fully glycosylated and sulfated) APP diminished
significantly, while the levels of carboxyl-terminal derivatives of APP increased (Buxbaum et
al., 1990). In addition, it was observed that maturation (glycosylation and sulfation) of APP,
which was not effected by phorbol esters, was affected by okadaic acid. Furthermore, phorbol
esters and okadaic acid, especially in combination, caused an increased recovery of an unusu-
ally large carboxyl-terminal fragment of APP in PC12 cells. It could also be convincingly
shown that okadaic acid stimulated the production of APPs (Caporaso et al., 1992).

Okadaic acid inhibits both protein phosphatases 1 and 2A. It has recently been
shown that protein phosphatase 1 is the enzyme which is primary involved in the effects
of okadaic acid or calyculin A on APPs formation (da Cruz e Silva et al., 1994).

A role of protein phosphatases 1 and/or 2A in-the regulation of APP processing was
extended to include a role in regulating the production of AP as well as p3. Several labora-
tories have shown that inhibition of protein phosphatases 1 and 2A leads to dramatically
decreased production of AP with increased production of p3 (Buxbaum et al., 1993,
Gabuzda et al., 1993, Hung et al., 1993).

REGULATION OF APP PROCESSING BY CALCINEURIN
(PROTEIN PHOSPHATASE 2B)

As indicated above, the inhibition of protein phosphatases 1 and 2A in a cell-free sys-
tem did not affect AP formation (Desdouits et al., 1996). This contrasted with what was ob-
served in intact cells, in which inhibition of these enzymes did inhibit AP formation. This
could be explained as follows: the effects of inhibition of these phosphatases in intact cells
on AP formation was due to depletion of substrate (full-length APP). In the cell free system,
there was a direct effect of protein kinase C activation on AP formation: thus, as was ob-
served in intact cells, activation of protein kinase C inhibited AP formation in the cell-free
system. This raised the question as to the nature of the phosphatase which counteracts the
direct effects of protein kinase C on AP formation. Studies with a specific peptide inhibitor
of calcineurin (protein phosphatase 2B) indicated that calcineurin, like protein kinase C, had
a direct effect on AP formation in a cell-free system (Desdouits et al., 1996). This observa-
tion was then extended to intact cells by the use of the cell-permeant calcineurin inhibitor
cyclosporin A. Cyclosporin A inhibited AP formation in intact cells and the effect was mag-
nified by the simultaneous addition of phorbol esters. A role for calcineurin, a calcium-cal-
modulin dependent enzyme, in AP formation was consistent with the effects of calmodulin
antagonists (Desdouits et al., 1996) and compounds which regulate intracellular calcium
levels (see below and Buxbaum et al, 1994; Querferth and Selkoe, 1995) on AP formation.

REGULATION OF APP PROCESSING BY PHOSPHOLIPASE
C-LINKED FIRST MESSENGERS

With the demonstration of a role for protein kinase C in the regulation of APP proc-
essing, it was predicted that various first messengers which activate the phospholipase
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C/protein kinase C cascade would also be capable of regulating APP processing. This pre-
diction was confirmed in several subsequent studies. Cholinergic agonists were shown to
regulate APPs formation by several groups: the effects could be mediated by muscarinic
receptors, particularly muscarinic receptors known to be coupled to the phospholipase
C/protein kinase C cascade (Buxbaum et al., 1992, Nitsch et al., 1992). Acetylcholine is
altered in Alzheimer disease brain, making these studies particularly relevant. Interleukin
1 is also altered in Alzheimer disease brain and cerebrospinal fluid (Cacabelos et al., 1991,
Griffin et al., 1989) and can activate the phospholipase C/protein kinase C cascade. In
these early studies interleukin 1 too was shown to be able to regulate APPs formation
(Buxbaum et al., 1992; also Buxbaum et al., 1994).

With the observation that A is normally produced by cells, the effects of activation
of the phospholipase C/protein kinase C cascade on AP formation were studied. Direct ac-
tivation of this cascade by mastoparan and mastoparan X increased the formation of APPs
while decreasing the formation of AB (Buxbaum et al., 1993). Similarly, muscarinic
agonists could decrease AP production in cells overexpressing the M1 or M3 muscarinic
receptors (Buxbaum et al., 1994, Hung et al., 1993). In human neuroglioma cells, cholin-
ergic and muscarinic agonists, as well as interleukin 1, could regulate A production to
varying degrees (Buxbaum et al., 1994). The effect of cholinergic agonists was examined
in cells in which the protein kinase C was down-regulated. No difference was observed in
cells lacking phorbol ester stimulated protein kinase C when compared to control cells,
when examined for muscarinic agonist regulation of APP processing (Buxbaum et al.,
1994). This was interpreted as suggesting that the effects of the muscarinic agonists could
be mediated by either the phospholipase C/protein kinase C cascade or by the phospholi-
pase C/calcium cascade.

In summary various protein kinase C/phospholipase C linked first messengers have
been shown to regulate APP processing. These include acetylcholine, other cholinergic
agonists and interleukin 1, as well as bradykinin, thrombin and ATP. A recent report raises
the possibility that the effects of phospholipase C-linked first messengers on APP process-
ing may involve the activation of phospholipase A2 (Emmerling et al., 1993). While the
activation of protein kinase C by various phospholipase C-linked first messengers may be
sufficient to mediate the effects of these first messengers on APP processing it may not be
necessary as increased cellular calcium in response to these first messengers may have ef-
fects similar to those resulting from activation of protein kinase C. Finally, comparing the
relative efficiencies of different first messengers for their ability to regulate APPs and AB
production indicates that, for a given cell, compounds which are better able to stimulate
APPs production are generally better able to inhibit AP formation (see Table 2 in Bux-
baum et al., 1994), consistent with APP being rate-limiting in the formation of AP (Bux-
baum et al., 1993).

REGULATION OF APP PROCESSING BY CALCIUM

A Role for Calcium in the Regulation of APP Processing in Cultured Cells

A potential role for intracellular calcium in the regulation of APP processing was
first demonstrated using the calcium ionophore A23187. Treating B-104 neuroblastoma
cells or differentiated PC12 cells with A23187 led to increased production of APPs (Lof-
fler and Huber, 1993). These data suggest that voltage or ligand-gated calcium channels
could regulate APP processing. Calcium released from intracellular stores has also been
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implicated in the regulation of APP processing. Treating various cells with thapsigargin or
cyclopiazonic acid, compounds which inhibit the endoplasmic reticulum calcium ATPase,
leading to an increase in calcium into the cytoplasm, caused increased APPs formation
(Buxbaum et al., 1994). Significantly, the effects of these compounds on APPs formation
were still observed in cells which had been treated for 24 hr with phorbol esters to down-
regulate protein kinase C, suggesting that the effects of these compounds are protein ki-
nase C-independent. Under most conditions increased APPs formation induced with
thapsigargin and cyclopiazonic acid was accompanied by decreased Ap formation. How-
ever, in the presence of low concentrations of thapsigargin, increases in AP, or an AB-like
peptide, were observed.

Evidence for a physiological role of calcium in the regulation of APPs and AP for-
mation was mentioned above. In cells transfected with the M3 receptor and treated for 24
hr with phorbol esters to down-regulate protein kinase C, carbachol was able to stimulate
APPs formation and inhibit AP production. This indicates that the phospholipase C/cal-
cium cascade is able to regulate APP processing in a protein kinase C-independent manner
(see Buxbaum et al., 1994).

Interestingly, elevations in cytoplasmic calcium levels can lead to either increases or
decreases in AP formation (Buxbaum et al., 1994; Querferth and Selkoe, 1994). The evi-
dence suggesting that inhibition of calcineurin can lead to decreased AP formation (Des-
douits et al., 1996) is sufficient to explain the effects of calcium on increasing A
formation. A mechanism by which calcium can inhibit AP formation has not been identi-
fied yet (note that activation of phorbol sensitive protein kinase C by calcium has been
ruled out by down-regulation of this enzyme; Buxbaum et al., 1994).

In summary, there is now compelling evidence that calcium, derived from either ex-
tracellular or intracellular sources, can regulate APP processing. The mechanisms by
which calcium exerts its effects on APP processing are as yet unknown. The role of the cy-
toplasmic phosphorylation sites of APP in calcium-regulated APP processing is under in-
vestigation; preliminary studies indicate that they may not be necessary. It is interesting to
consider the analogies between pro-TGFalpha and APP: both proteins can undergo secre-
tory processing which is stimulated by protein kinase C or calcium (see Pandiella and
Massague, 1991) and for neither protein is phosphorylation of the holoprotein required to
mediate the effects of the stimulatory agent(s).

A Role for Calcium in the Regulation of APP Processing in Platelets

Calcium can apparently also regulate APP processing and secretion in platelets. In-
cubating platelets with either thrombin, calcium ionophore or collagen stimulates the re-
lease of APP or APP fragments from the cell (Bush et al., 1990, Gardella.et al., 1990,
Schlossmacher et al., 1992, Smith et al., 1990, Van Nostrand et al., 1990). The release of
APP from platelets involves cleavage of full-length APP, probably within the Ap domain,
although evidence for the release of full-length APP upon platelet activation has been re-
ported by some (Bush et al., 1990, Gardella et al., 1990), but not other (Schlossmacher et
al., 1992), researchers. The effects of thrombin and calcium ionophores on platelets prob-
ably involve a mechanism which is different from that which mediates their effects on
neuronal and cultured cells because, for platelets, the APP is localized to alpha-granules
where it is released upon degranulation. Interestingly, hyperacidification of platelets
from patients with severe Alzheimer disease in response to thrombin has recently been
reported (Davies et al., 1993); this abnormality may cause abnormal granule, and hence
APP, secretion.
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CONCLUSION

APP processing appears to be under complex regulation. This regulation is appar-
ently important under both normal and pathological conditions. Of direct clinical interest
is the observation that AP formation can be regulated by various means. This raises the
possibility that altered APP processing may cause an increase in Ap formation in AD,
and suggests that it may be possible to regulate the production of AP as a therapeutic ap-
proach in AD. As an example of the utility of the latter approach, consider a patient car-
rying the Swedish APP mutation. If it is true that the cause of AD in such a patient is
increased AP production, then decreasing AP production should delay the onset of the
disease. As another example, in individuals where the cause of AD is the presence of
ApoE(4) which causes AP accumulation and hence synaptic loss, decreasing AB forma-
tion may be beneficial.
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INTRODUCTION

The genes encoding presenilin 1 (PS-1) on chromosome 14 and presenilin 2 (PS-2)
on chromosome 1 have been identified as major causal genes for early onset familial
Alzheimer’s disease (FAD) (Sherington et al. 1995; Levy-Lahad et al., 1995). Genetic
studies showed that early onset FAD linked to chromosomes 14 and 1 is caused by mis-
sence mutations in PS-1 and PS-2 (Sherington et al. 1995; Levy-Lahad et al., 1995). Pa-
tients with this form of FAD revealed increased levels of highly amyloidogenic species of
amyloid beta protein (A, ,, and AP, ;) in plasma and cerebral amyloid depositions
(Scheuner et al. 1996; Mann et al. 1996). In addition, presenilins were shown to form sta-
ble complexes with amyloid precursor protein (APP) (Weidemann et al. 1997). Although
mechanism of AB,_,,and AB,_,, accumulation in FAD is not clear the results above suggest
that PS-1 and PS-2 are directly or indirectly involved in the APP metabolism and amyloid
formation. Recently PS-2 gene was shown to contribute to apoptosis induced by trophic
factor withdrawal, B-amyloid, and T cell receptor-induced apoptosis (Wolozin et al. 1996;
Vito et al., 1996). Light and electron microscopy studies suggest predominant localization
of PS-1 to the nuclear membrane, endoplasmic reticulum (ER)-Golgi compartments and
coated transport vesicles (Cook et al., 1996; Kovacset al., 1996; Lahet al., 1997).
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In spite of these new finding the biological functions of PS-1 and PS-2 remain un-
known. Conceivably, identification of cellular proteins which interact with PS-1 and PS-2
will lead to understanding the biological role of presenilins and the mechanisms of AD
pathogenesis. Furthermore, molecules which have different affinity for wild type and mu-
tant FAD presenilins will delineate the metabolic pathways which are involved in FAD
pathogenesis.

In order to identify PS-1 and PS-2 binding peptides and proteins, we screened ran-
dom peptide display libraries using recombinant PS-1 as a binding target.

MATERIALS AND METHODS

Production of Recombinant PS-1

To obtain S-Tag-PS-1 fusion protein full length cDNA of wild type PS-1 and mutant
PS-1 (Val 286)' was cloned into EcoR 1 site of the pET29a E. coli expression vector (No-
vagen). This vector contains sequence encoding S-Tag peptide and a thrombin cleavage
site upstream of cloning insert. The S-Tag system is a protein tagging system based on the
interaction of the S-Tag peptide (15 amino acids) with S protein (104 amino acids) derived
from pancreatic ribonuclease A. Recombinant plasmids were expressed in E. coli strain
BL21 (DE3). Cells were grown at 37°C in 50 ml of LB broth up to 0.7-0.8 OD,,. Induc-
tion of S-Tag-PS-1 synthesis was performed by addition of 1 mM IPTG with gentle shak-
ing. After 3h induction bacterial cells were collected by centrifugation (5000 x g, 5Smin).
Recombinant fusion protein was affinity purified from inclusion bodies using S-protein
agarose (Novagen).

Screening of Random Peptide Display Libraries

Phage (fUSE2) displayed 15-mer random peptide library was kindly provided by Dr.
G. P. Smith (University of Missouri-Columbia). Bacterial FliTrx™ 12-mer random peptide
display library was obtained from Invitrogen. Recombinant fusion protein S-Tag-PS-1
(5ug) bound to the S-agarose was used as a binding target. In the first round of panning a
mixture of 10" phage particles or 10'° bacterial clones were mixed with 0.5 ml of S-pro-
tein agarose containing 5 ug of bound S-Tag-PS-1 and incubated overnight at 4°C on an
orbital shaker. Agarose was washed five times with 100 ml of 0.05 N Tris-HCI, pH 7.8, 10
mM NaCl. Concentration of phages or cells in the final wash did not exceed 10' pfu/ml or
10' colonies/ml. Elution of phages bound to PS-1 was carried out by incubation of the
agarose pellet with 5 units of biotinylated thrombin which cleavaged the amino acid se-
quence between S-Tag and PS-1. After incubation, thrombin was removed using a 0.5 ml
column of Streptavidin-agarose. Eluted phages or cells were amplified up to the primary
concentrations and the panning procedure was repeated. Three rounds of panning were
performed for the fUSE2 displayed 15-mer random peptide library and five rounds of pan-
ning were performed for the FliTrx™ 12-mer random peptide display library. The detail
characterization of the FliTrx™ 12-mer random peptide display library and the detailed
method of biopanning is described in the Invitrogen manual. The detailed procedure of
screening phage display peptide libraries was described by Smith and Scott (Smith and
Scott, 1993). After final round of panning the sequences of binding peptides were identi-
fied by DNA sequencing of the insert in host DNA.
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PS-1 Binding Assay

For analysis of PS-1 binding to peptides individual bacteriophages (10'*pfu) selected
after final panning were immobilized overnight on polyvinyl 96-well microtiter plates (Co-
star). After aspirating of the media, wells were washed five times and blocked with PBS
containing 2% bovine serum albumin, and 1% gelatin for 3 hours at room temperature. 0.5
ug of recombinant PS-1 in blocking solution was added to the wells and incubated for 2
hours at room temperature. Next, the wells were washed five times with PBS. Phage-bound
PS-1 was eluted by Laemmli buffer at 90°C and analyzed by 10% SDS-PAGE in Tris-Gly-
cine buffer. After electrophoresis, proteins were transferred onto 0.2 u PVDF membrane
(Bio-Rad). PS-1was visualized by ECL method (Amersham) using affinity purified rabbit
polyclonal anti-PS-1 antibody which recognizes an epitope RSQNDNRERQEHNDRRSL,
corresponding to residues 27—44 of PS-1.

RESULTS AND DISCUSSION

Electrophoretic analysis of purified recombinant PS-1 revealed a prominent band of
about 18-19 kDa and a triplet of bands of about 45-52 kDa (Fig.1). Inmunostaining of re-
combinant PS-1 demonstrated high molecular weight PS-1 aggregates and a band of about
35 kDa.

The electrophoretic PS-1 pattern is very similar to that found in transfected mammal-
ian cells and transgenic animals (Thinakaran et al., 1996). 80-90% of recombinant PS-1
was extracted by 6M urea from inclusion bodies while the soluble cell fraction contained
only insignificant amount of 18 kDa PS-1 fragment. (Not shown). Purified PS-1 easily ag-
gregated in solutions without urea. At the same time fusion protein S-Tag-PS-1 bound on
the S-protein agarose was stable for several days. Therefore, we used bound S-Tag-PS-1 for
library screening as a protein target. The thrombin cleavage site located between S-Tag se-
quence and PS-1 sequence provided selective elution of phages and cells bound to PS-1.

The binding assay for individual clones was performed only for the fUSE2 displayed
15-mer random peptide library (Fig. 2). This procedure was not done for the FliTrx™ 12-
mer random peptide display library because of a very high background of binding to im-
mobilized cell clones.

Figure 1. PS-1 Expression in E. coli. a. Coomassie staining of
cell inclusion body proteins (1) and purified recombinant PS-1
(2). b. Western blot analysis of recombinant PS1: inclusion
body proteins(1) and purified PS-1(2). Purification was per-
formed using S-agarose as described in “Materials and Meth-
ods.” Molecular weight markers (kDa) are marked by arrows.
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Figure 2. Screening of PS-1 binding phages, selected from 15-mer random peptide fUSE2 displayed library. West-
ern blot analysis of recombinant PS-1 retrieved from complexes of PS-1 with immobilized selected phages (see
“Binding assay” in “Materials and Methods"). Control: recombinant PS-1. “+++” = strong binding; “++” = moderate
binding, “+” = weak binding. “~ = no binding. Molecular weight markers (kDa) are marked by arrows.

Peptides, selected from the phage displayed library were characterized by different
binding capacity and binding specificity for purified PS-1 (Fig. 2).

Eight groups of peptides carrying common binding motifs were selected after final
rounds of panning (Table 1).

Peptides of groups 1 and 2 (Table 1) revealed weak or moderate binding to full
length PS-1 only (Fig. 2). On the contrary, peptidle GPHFDYRTGLGWRFG (group 4) was
characterized by very strong binding to both full length PS-1 and its 18 kDa N-terminal
fragment. Moreover, this peptide has a stronger affinity to mutant PS-1(Val 286) than to
wild type PS-1 (Fig. 3, lane 2).

Comparison of this peptide sequence with NCBI databases using BLASTp align-
ment models revealed amino acid similarity with the multiple hydrophobic domain (...294
EYRTGISWSFG 304...) of an integral membrane glycoprotein of human cytomegalovirus
containing at least eight transmembraine domains (Chee et al., 1990). PS-1 is also pre-
dicted to be an integral membrane protein with seven hydrophobic transthembrane do-
mains.! Mutation Leu286—>Val is located in the transmembrane region of PS-1 and most
likely alters its interaction with other hydrophobic components of cell membranes. Al-
though human cell analog of viral integral membrane protein is not known our results
clearly indicate that mutation Leu286—Val could lead to the alteration of interaction of
PS-1 with hydrophobic membrane proteins. PS-1 is localized in the nuclear membrane,
ER-Golgi compartments and coated transport vesicles (Kovacs et al., 1996; Lah et al.,
1997). Several studies have identified overexpressed PS-1 in the plasma membrane of
transfected cells (Takashima et al., 1996; Dewiji et al., 1996). Conceivably, the altered
structure of the transmembrane domain of PS-1 could destabilize the structural and/or
functional integrity of cell membranes and/or impair intracellular protein trafficking. Re-
cent finding that PS-2 forms complexes with the ER-localized immature APP shows that
presenilins may be involved in APP trafficking and production of amyloidogenic species
AB, ,, and AB,_,,. However, no differences were observed between APP affinity for wild
type and for mutant PS-2. On the other hand, mutant PS-2 was reported to enhance basal



Identification of Peptides Binding to Presenilin 1 145

UTWﬁwmﬁ Binding’
+

L I S E X ST S Fon

DO DD e 1) st i DD b e N

—

DN -

[
1

Table 1. Amino acid sequences of peptides that interact with PS-1

Pt b et pumet pt D\ Pt g 5D Pt

e et gt DD e e BN DD N

3
2

*5'5185"

§5'&" "8 18

++

+

%‘t
+
+

+ +

++

+++

++
++

Group 1
FVYSSMDLZZIIRDSS
TPVLI AFVSSGS WPV
GYSSGGARPVGR
RPLRHLSGSSGE
VFHNLVLLSSGSDSS
AGYI LSSKGPIE
FTSASSGSRFRSHLF
RIHSPVRPSCGG
SSGGTCDRDHRLRLP
GRQFVGVYSLGSFGVL
Group 2
SETSAWSGGHPS
RPGVTGGSPSVDTSP
GNERSFAP WWEGGHA
RWILPFWSGLR
LFRYGL%%%%%%E?VGFFYAV
GDGGHLAVADSP
iR
VGSKGLI ASPIP
Group 3

TLIPRSFCPTHDRDC

Group 4
GPHFDYRTIGLGWR FG
LGLGWR VGNRKW

Group 5
ALDGHCHLPRVTEEH
LPKVTDEHAN

Group 6
RVALDGHCHLPRCSF

Group 7
MYLRVSPTLPGALLA

Group 8
RNAPPIENDVYWI AF
FASRITENDVYWVYSF

'Library : 1: fUSE 2 - phage 15-mer peptide display library
(G.Smith, University of Missouri-Columbia); 2: FHTrx™ - bacterial 12-mer peptide display

library (Invitrogen).

*Frequency: Number of individual clones among 50 randomly sequenced clones after last panning.
3Binding: “+++" strong , “++" moderate, “+” weak, “ND”-not determined.
Consensus sequences are underlined

apoptotic activity in PC12 cells (Wolozin et al., 1996). Therefore, mutations may not inter-
fere with the APP-preseniln complex formation, but effect interactions of presenilins with
other proteins which are directly or indirectly involved in the APP metabolism and/or

apoptosis.

We suggest that selection of PS-1 binding peptides from large and diversed peptide
libraries provides opportunity to identify cellular proteins which interact with PS-1 and
PS-2 and delineate metabolic pathways which are involved in FAD pathogenesis.
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Figure 3. Effect of mutation Leu286—»Val on interaction between PS-1 and peptides selected from 15-mer ran-
dom peptide fUSE2 displayed library. Western blot analysis of recombinant PS-1 retrieved from complexes of
Val 286 mutant PS-1(a) and wild type PS-1 (b) with immobilized selected phages (See “Binding assay” in “Ma-
terials and Methods™). 1. Recombinant PS-1(dilution 1:1000) used for the binding assay. 2—6. recombinant.PS-1
retrieved from complexes of PS-1 with immobilized selected phages. Molecular weight markers (kDa) are
marked by arrows.

ACKNOWLEDGMENTS

Supported in part by National Institute of Health, American Health Assistance Foun-
dation, and Alzheimer’s Association Grant.

REFERENCES

Chee, M.S., Bankier, A.T., Beck,S., Bohni, R., Brown, C.M., Cerny, R., Horsnell,T., Hutchison, C.A. III,
Kouzarides,T., Martignetti, J.A., Preddie, E., Satchwell, S.C., Tomlinson, P., Weston, K.M. and Barrel,
B.G.(1990). Analysis of the protein-coding content of the sequence of human cytomegalovirus strain
AD169 Microbiol. Immunol. 154: 125-169.

Cook, D.G., Sung, J.C. Golde, T.E., Felsenstein, KM., Wojczyk, B.S., Tanzi, R.E., Trojanowski, J.Q., Lee,
V.M., Doms, R.W. (1996). Expression and analysis of presenilin 1 in a human neuronal system: localization
in cell bodies and dendrites.Proc.Natl.Acad.Sci.USA 93: 9223-9228.

Dewji, N.N & Singer, S.J. (1996). Specific transcellular binding between membrane proteins crucial to Alzhe-
imer’s disease. Proc.Natl.Acad.Sci.USA 93:12575—12580.

Kovacs, D.M., Fausett, H.J., Page, K.J., Kim, T.W., Moir, R.D., Merriam, D.E., Hollister, R.D., Hallmark, 0.G.,
Mancini, R., Felsenstein, K.M., Hyman, B.T., Tanzi, R.E., Wasco W. (1996). Alzheimer-associated pre-
senilins 1 and 2: neuronal expression in brain and localization to intracellular membranes in mammalian
cells. Nature Med. 2:224-229.

Lah, J.J., Heilman, C.J., Nash, N.R., Rees, H.D., Yi, H., Counts, S.E., & Levey, A. (1997). Light and Electron mi-
croscopic localization of presenilin-1 in primate brain. J. Neurosci., 17:1971-1980.

Levy-Lahad, E., Wasco, W., Poorkaj, P., Romano, D.M., Oshima, J., Pettingel, W.H., Yu, C- E., Jondro, P.D.,
Schmidt, S.D., Wang, K., Crowley, A.C., Fu, Y-H., Guenette, S.Y., Galas, D., Nemens, E., Wijsman, E.M.,
Bird, T.D., Schellenberg, G.D., Tanzi R.E. (1995). Candidate gene for the chromosome 1 familial Alzhe-
imer’s disease locus. Science 269: 973-977.

Mann, D.M.A,, Iwatsubo, T., Cairns, N.J., Lantos, P.L., Nochlin, D., Sumi, S.M., Bird,T.D., Poorkaj, J., Hardy, M.,
Hutton, M., Phihar,G., Crook, R., Rossor, M.N., & Haltia, M. (1996). Amyloid B protein (AB) depositions
in cromosome 14-linked Alzheimer’s Disease: Predominance of AByy43) Ann.Neurol. 40: 149-156.



Identification of Peptides Binding to Presenilin 1 147

Scheuner, D., Eckman, C., Jensen, M., Song, X., Citron, M., Suzuki, N., Bird, T.D., Hardy, J., Hutton, M., Kukull,
W., Larson, E., Levy-Lahad, E., Vitanen, M., Peskind, E., Poorkaj, P., Schellenberg, G., Tanzi, R., Wasco,
W., Lannfelt, L., Selkoe, D., & Younkin, S. (1996). Secreted amyloid beta protein similar to that in the se-
nile plaques of Alzheimer’s disease is increased in vivo by presenilin 1 and 2 mutations linked to familial
Alzheimer’s disease. Nature Med. 2: 864-870.

Sherington, R., Rogaev, E.L, Liang, Y., Rogaeve, E.A., Levesque, G., Ikeda, M., Chi, H,, Lin, C., Li, G., Holman,
K., Tsuda, T., Mar, L., Foncln, J.-F., Bruni, A.C., Montesi, M.P., Sorbi, S., Rainero, ., Pinessi, L., Nee, L.,
Chumakov, L., Pollen, D., Brookes,A., Sanseau, P., Polinsky, R.J., Wasco, W., Da Silva, H.A.R., Hainess,
J.L., Pericak-Vance, M.A., Tanzi, R.E., Roses, A.D., Fraser, P.E., Rommens, J.M. & St. George-Hyslop,
P.H. (1995), Nature 375:754-759.

Smith, G.P. and Scott, J.K. (1993). Libraries of peptides and proteins displayed on filamentous phage. Methods in
Enzymol. 217:228-257.

Takashima, A., Sato, M., Mercken, M., Tanaka, S., Kondo, S., Honda, T., Sato, K., Murayama, M., Noguchi, K.,
Nakazato, Y., Takahashi, H. (1996). Localization of Alzheimer- associated presenilin 1 in transfected COS-
7 cells.(1996). Biochem Biophys. Res. Commun. 227:423-426.

Thinakaran, G. Borchelt, D.R., Lee, M.K., Slunt, H.H., Spitzer, L., Kim. G., Ratovitsky, T., Davenport, F.,
Nordstedt, C., Seeger, M., Hardy, J., Levey, A.I., Gandy, S.E., Jenkins, N.A., Copeland, N.G., Price, D.L.,
Sisodia, S.S.( 1996). Endoproteolysis of presenilin 1 and accumulation of processed derivatives in vivo.
Neuron. 17:181-190.

Vito, P. Lacana, E. D’Adamio, L. (1996). Interfering with apoptosis: Ca(2+)-binding protein ALG-2 and Alzhe-
imer’s disease gene ALG-3. Science 271, 521-525.

Weidemann , A., Paliga, K., Durrwang, U., Czech, C., Evin, G., Masters, C.L.& Beyreuther, K. (1997). Formation
of stable complexes between two Alzheimer’s disease gene products: Presenilin-2 and beta myloid precur-
sor protein. Nature Med. 3:328-332.

Wolozin, B. Iwasaki, K. Vito, P. Ganjei, J.LK. Lacana,E. Sunderland, T. Zhao, B. Kusiak, J.W. Wasco,W.
D’Adamio, L. (1996). Participation of presenilin 2 in apoptosis: enhanced basal activity conferred by an
Alzheimer mutation. Science 274: 1710-1713.



21

MATRIX-METALLOPROTEINASES (MMPS)
IN ASTROGLIAL CELLS

Modulation by TNF-a and Interacting Cytokines

Nitza Lahat,? Sarah Shapiro,! Michael Inspector,' Reuben Reich,’
Rosa Gershtein,! and Ariel Miller?

'Neuroimmunology and Immunology Research Units
Lady Davis Carmel Medical Center

Haifa, Israel

Bruce Rappaport Faculty of Medicine

Technion, Israel

*Department of Pharmacology

Faculty of Medicine

Hebrew University

Jerusalem, Israel

INTRODUCTION

The matrix metalloproteinases (MMPs) have been implicated as contributing factors
in the pathogenesis of injury and inflammation of the central nervous system including
diseases such as Alzheimer (Gottschall & Yu, 1995), Multiple Sclerosis (MS) and its ani-
mal model, experimental autoimmune encephalitis (EAE) (Gijbels et al., 1992; Norga et
al., 1995; Rosenberg et al., 1996). MMP activity has been associated with degradation of
the extracellular matrix (ECM), activation of leukocytes, their extravasation and tissue in-
filtration, breakdown of the blood brain barrier (BBB) as well as nerve demyelination (Ro-
manic & Madri, 1994). The process of regeneration and glial-scar formation also depends
upon modulation of the ECM by MMPs, thus enabling glial cells to migrate to damaged
areas of the brain (McKeon et al.,1995).

Based on their substrate specificities the MMPs are divided into three main families:
the collagenases (MMP-1 and -8), the gelatinases (MMP-2 and -9) and the stromyelysins
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(MMP-3, -7 and -10) (Romanic & Madri, 1994). Studies have demonstrated that the
MMPs are regulated at different levels including transcriptional, by growth factors, onco-
genes and cytokines (TNF-a, IL-1, IL-6 and others); post transcriptional by alteration of
mRNA stability; post translational by alteration of latent zymogen to active form, as well
as by specific endogenous tissue inhibitors, known as tissue inhibitors of metalloprotei-
nases (TIMPs), comprising three types (Woessner, 1991).The imbalance of MMP activity
and its inhibitors has been proposed to be responsible for various pathological conditions
(Nuovo et al., 1995; Rosenberg et al., 1995).

The pro-inflammatory cytokines, TNFa and IL-1 have been found to be potent in-
ducers of MMPs (Okalal et al., 1990), while IL-6, an additional inflammatory cytokine,
has been reported to induce the synthesis of TIMPs in different types of cells (Lotz &
Guerne, 1991). Both enhancing and inhibitory capabilities have been observed for the
anti-inflammatory cytokine TGFB on MMPs and TIMPs activity, depending on the type of
MMP and the tissue examined (Kerr et al., 1990; Salo et al., 1991; Overall et al., 1989).
An additional anti-inflammatory cytokine, interferon (IFN)-B, a drug shown to be effica-
cious in the treatment of MS patients, has been found to reduce the ability of activated T
cells to synthesize MMP-9 (Stuve et al., 1996). The effects of the Thl type characteristic
cytokine IFN-y are however controversial, since it has been shown to have both inducive
and suppressive influences on MMPs, perhaps dependent on the cell type and specific
MMP examined, while not affecting or enhancing TIMPs’ activity (Malik et al., 1996;
Tamai et al., 1995; Gottschall et al., 1995).

Astrocytes play a central role in autoimmune-inflammatory and regenerative process
in the brain. Upon cytokine stimulation these cells express MHC Class II molecules, pre-
sent antigens (Vidovic et al., 1990), produce ECM components, a variety of MMPs
(Gottschal & Yu, 1995) and TIMPs (Romanic & Madri, 1994), as well as inflammatory cy-
tokines, which could participate in autocrine or in conjunction with immune cells, both in
the pathology and remission of inflammatory processes. Understanding the relationship
between cytokines and MMPs in activated astrocytes could deepen our knowledge on
brain inflammation and recovery and may provide new approaches for drug design. In this
study we investigated the response of astroglial cells to pro-inflammatory (TNF-a., IL-6,
IFN-y) and anti-inflammatory (TGFB, IFN-B) cytokines, alone or in combinations, while
focusing on the gelatinase activity of secreted MMP-2 and MMP-9.

METHODS AND RESULTS

Substrate specific zymography was performed for supernatants collected from as-
troglial cells (C6 cell line) exposed to pro- and anti-inflammatory cytokines. Constitutive
activity of both MMP9 and MMP2 was observed in the supernatants as demonstrated in
Figure 1 (lane 1). TNF-a did not affect MMP9 activity but induced a dose dependent ele-
vation of MMP2 gelatinase activity (Figure 1). IFN-B alone (at different concentrations,
from 0.1 to 100 U/ml) did not change the basal level of MMP2 proteolytic activity but
enhanced the MMP9 activity. However increasing concentrations of IFN-p added to cells
together with TNF-a, at a fixed concentration (250 U/ml), led to a moderate increase in
both MMP9 and MMP2 activity (Figure 2). The induced MMP2 activity was signifi-
cantly higher than the induced MMP9 activity. (These differences are apparent in the zy-
mogram but not in the histogram which shows relative levels of activity for each MMP
separately).
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Figure 1. TNF-a induced differential modulation of MMPs in astroglial cells. Gelatin specific zymography was
performed for supernatants collected from astroglial cells exposed to cytokines for 48 hours. The top histogram
shows relative, computerized, optical density readings for each MMP observed separately. Numbers on the left are
the molecular weights for observed MMPs.

In a similar manner IFN-y alone at different concentrations, (0.1 to 100 U/ml) did
not alter the level of basal MMP2 activity but significantly elevated MMP9 activity.
When IFN-y was added at different concentrations with a constant concentration of TNF-
o, a moderate additive effect was observed in MMP9 activity, while a synergistic effect

was observed on MMP2 activity (Figure 3).
IL-6 or TGFp alone, also did not affect the activity of either MMP2 or MMP9,

while the addition of both cytokines led to a dose dependent response in the activity of
both the gelatinase specific MMPs examined (Figure 4). The combination of IL-6 (in-
creasing concentrations) added to TNF-o. (250 U/ml) led to a dose dependent enhance-
ment in the activity of MMP2 and MMP9 (Figure 5). Similarly TGFf together with
TNF-o led to a dose dependent response in the activity of both MMPs. The highest
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Figure 2. IFN- induced differential modulation of MMPs in astroglial cells (see Figure 1).

TGFp concentration examined (100 U/ml), slightly inhibited MMPs activity compared to
the peak (1-5 U/ml) dosage (Figure 6).

DISCUSSION

The present study shows differential response to cytokines by the two gelatinases,
MMP2 and MMP9, secreted from the astroglial cell line. Combinations of cytokines led
to additive, synergistic or suppressive effects of the MMPs’ activity. These findings
stress the importance of the exact cytokine milieu in the micro-environment of the glial
cells.

The cytokines investigated in this study have been associated with diseases of the
CNS. TNF-a and IL-6 are pro-inflammatory cytokines known to be active in injury and
inflammatory processes of the CNS. These cytokines are secreted by glial cells in addi-
tion to other cells, while TNF-a has been suggested as a marker of disease exacerbation
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Figure 3. Combined effects of IFN-y and TNF-a. on MMPs’ activity in astroglial cells (see Figure 1).

in MS patients. IFN-y, a prominent Th1 cytokine, secreted from activated T cells in the
vicinity of astrocytes, is believed to be responsible for the aberrant induction of antigen
presentation by these cells and is also associated with MS. The efficacy of IFN- in the
treatment of MS patients has recently been reported (Rudick et al.,, 1993; Paty, 1993).
This cytokine is also known to possess anti-inflammatory properties such as reduction in
the expression of class II moleeules, resulting in the inhibition of antigen presentation
(Miller et al., 1996). TGFp, an additional anti-inflammatory cytokine examined, secreted
from Th3 cells and others cells, has been implicated in oral tolerance and copolymer-1
treatment of MS patients and EAE (Miller et al., 1994; Whitacre et al., 1996; Lahat et
al., 1997). The formation of glial scar, following CNS injury, is also dependent on the
ability of TGFp to stimulate astroglial cells, leading to extra-cellular matrix deposition
(Logen et al., 1992).

We observed constitutive expression of both MMP2 and MMP9 by astroglial cells in
our study. Several investigators have defined MMP9 as an inflammatory metalloproteinase
and correlate the ratio of MMP9/MMP2 with the severity of MS, while others do not make
this distinction (Nog et al., 1995). TNF-a enhanced the MMP2 activity in astroglial cells,
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Figure 4. Synergistic inhibition of MMP2 by TGFp and IL-6 (see Figure 1).

while IFN-y and -B, when added alone, enhanced the activity of MMP9. TGF or IL-6
alone, on the other hand, did not affect any of the MMP activity. All these cytokines, when
added together with TNF-a, enhanced the activity of both MMP2 and MMP?9, either addi-
tively or synergistically (e.g., IFN-y-MMP2). Thus TNF-a appears to define and dominate
the inflammatory pattern of MMP secretion, even in the presence of cytokines that alone
partly affect, do not affect, or reduce the activity of MMPs.

The gelatinase activity observed in the zymogram reflects the overall potential ac-
tivity which includes in-vitro activation of pro-MMPs by the zymogram components and
at the same time the activating or inhibitory effects of cytokines on TIMPs’ activity.
Most of the in-vivo counter-effects of MMPs on endogenous production and secretion of
cytokines (Beckett et al., 1996) as well as the effects of other factors on MMP activation
and gene expression are neutralized in culture. The level of regulation of the observed
MMP activity in the astroglial cells, whether transcriptional or post-transcriptional (i.e.,
RNA transcription, stability, TIMPs expression) are presently being studied. These physi-
ological processes are important for understanding pathological processes in CNS in-
flammatory diseases and may have important implications for future approaches to
cytokine mediated drug intervention in brain injury and glial scar formation. Our studies
suggest that mixture of complementary cytokines rather than a single one should be
taken into account.
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Figure 5. IL-6 enhances TNF-a induced MMPs’ activity in astroglial cells (see Figure 1).
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Figure 6. TGF enhances TNF-a induced MMPs’ activity in astroglial cells (see Figure 1).
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In addition to direct local tissue damage, brain and spinal cord injuries lead to nu-
merous adverse reactions (e.g., energy depletion, disturbed calcium regulation, acidosis,
increased excitatory neurotransmitter release, excess free radical accumulation, and in-
creased lipid peroxidation) which, if not brought rapidly under control, lead to uncon-
trolled degradation of proteins, lipids, and nucleic acids and to the spread of neuronal
damage (Hara et al., 1995; Mattson and Scheff, 1994).

As with the general adaptational (stress) syndrome, with its characteristic behav-
ioral, physiological and neuroendocrine changes (Selye, 1936), so do cells respond rapidly
to life-threatening stressful stimuli (e.g., mechanical injuries, cerebrovascular malfunc-
tions, neurotoxins, or infections) by activating, via signal transduction pathways, a charac-
teristic defensive molecular “stress program”. The inductive expression of a universal set
of stress proteins (Hightower, 1991; Dragunow and Robertson, 1988) and increased
polyamine (PA) metabolism, termed the PA-stress-response (PSR) (Desiderio et al., 1988;
Gilad and Gilad, 1992; Kanje et al., 1986; Paschen et al., 1988), are considered to be inte-
gral components of this survival molecular stress program (Gilad and Gilad, 1992). The
intensity of the PSR appears to be proportional to the magnitude of the stressor.

THE BRAIN PA-STRESS-RESPONSE

Proper regulation of brain PA metabolism may be critical for an appropriate re-
sponse to traumatic stress. A rapid, but short-lasting transient activation of the synthetic
and degradative PA enzymes and a concomitant transient increase in all PAs is the hall-
mark of cells responding to various traumatic stressful stimuli (Tabor and Tabor, 1984). In
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the brain, however, traumatic stress leads to a transient elevation in the activity of orni-
thine decarboxylase (ODC), the enzyme that catalyzes putrescine formation in the first
step of PA synthesis (Seiler and Bolkenius, 1985), and a concomitant reduction, or lack of
change, in the activity of S-adenosylmethionine decarboxylase (SAM-DC), the enzyme
that catalyzes the second stage of PA synthesis (Astancolle et al., 1991; Gilad and Gilad,
1992; Hietala et al., 1983; Zawia et al., 1991). This “incomplete” PSR may be the result of
an altered pattern of gene expression, and/or restrictive cellular compartmentalization (Gi-
lad and Gilad, 1992). It is interesting that putative binding sites (DNA sequences) for cy-
clic AMP-, phorbol ester (TPA)- and steroid hormone-responsive elements, were all found
on the 5’-flanking region of the ODC gene (Abrahamsen and Morris, 1991). Apparently,
therefore, the intensity of the PSR may depend on the balance between converging stress-
activated signal transduction pathways. The activation of an incomplete PSR after brain
trauma may be potentially harmful as it can result in the persistent accumulation of putre-
scine and reduction in PA concentrations.

THE CELLULAR FUNCTION OF PAs

Polyamines are small aliphatic compounds which are positively charged at physi-
ological pH and avidly bind to negatively charged molecules (Tabor and Tabor, 1984).
Several functions ascribed to PAs may assume importance in cellular defense. Thus, regu-
lation of the ionic environment, modulation of signal pathways, control of cellular Ca**
homeostasis, antioxidant effect (Lovaas, 1995), inhibition of lipid peroxidation, and inter-
action with nucleic acids are all putative sites for PA action (Gilad and Gilad, 1992). But
the primary site(s) of PA action is still unclear. It should be emphasized that besides the in-
jured neurons themselves, intact neurons and glial cells connected or associated with them
may be potential targets where PAs exert their action; for example, by stimulating the pro-
duction of neurotrophic factors (Gilad et al., 1989; Gilad and Gilad, 1992).

TREATMENT WITH PAs AFTER NEUROTRAUMA

It has been demonstrated in various systems that when increased demand for PA
arises, not only does the biosynthetic capacity increase, but also the ability to take up ex-
tracellular PAs is greatly enhanced (Seiler and Dezeure, 1990). This, and the fact that ex-
tracellular PA concentrations are normally low (Seiler, 1991), are the rationale for using
exogenous PAs in the attempts to enhance survival and rescue neurons from degeneration
and cell death after traumatic stress. Several studies, using various experimental models of
neurotrauma, demonstrate that administration of exogenous PAs after the insult can rescue
neurons from cell death and enhance functional recovery (Gilad and Gilad, 1992).

AGMATINE

This guanidino compound, the product of arginine decarboxylation, is abundant in
bacteria and plants where it serves as a precursor for PA synthesis. It was recently demon-
strated that arginine can be decarboxylated in the brain by the enzyme ODC to form ag-
matine (Gilad et al., 1996a; Li et al., 1994), and that agmatine is present in the mammalian
brain (Li et al., 1994). The decarboxylation of arginine is transiently increased during de-



Polyamines and Related Compounds in Nerve Cell Death and Survival 161

velopment and after ischemia, in parallel to ODC activity, indicating that agmatine forma-
tion may assume importance during development and after brain injury (Gilad et al.,
1996a). Agmatine can be selectively metabolized in the rat brain into urea and putrescine,
the precursor of polyamine synthesis (Gilad et al., 1996b).

AGMATINE TREATMENT AFTER NEUROTRAUMA

Several lines of evidence support our hypothesis that agmatine may be of therapeutic
potential in neurotrauma (Gilad et al., 1995 and 1996a for references). First, agmatine has
been implicated in a range of activities related to nervous system function; it can modulate
several neurotransmitter receptors and interfere with second messenger pathways by inhib-
iting ADP-ribosylation of proteins. The latter process is implicated in processes underlying
cell death. Second, agmatine can inhibit advanced glycosylation end-product formation, a
process involved in damage to extracellular matrix proteins. Third, agmatine can inhibit
brain nitric oxide (NO) synthase, but does not serve as a substrate for NO formation (Gilad
et al., 1996b). Fourth, as mentioned above, agmatine in the brain may be a precursor for PA
synthesis. And fifth, treatment with agmatine was reported to cause hypoglycemia and re-
duced serum lactate (i.e., insulin-like effects) in rodents. A recent series of studies demon-
strate that systemic treatment with agmatine can exert potent neuroprotective effects in
several experimental models of neurotrauma. Finally, and most importantly, agmatine treat-
ment proved to be nontoxic (Gilad et al., 1995).

The extent of agmatine transport into the brain is unknown. But like PAs, agmatine
may gain access into the brain via the blood brain barrier which becomes compromised
quite early after traumatic injuries and remains so for long periods (Dietrich et al., 1991;
Gilad et al., 1993), thus allowing exogenous compounds of limited transport easy access.

As clinically effective drug treatment is still unavailable, there is an intensive search
for nontoxic agents to prevent neurological damage caused by CNS injury. Our studies
now suggest that agmatine and novel “PA-based” compounds may prove to be such agents
which should be tried for potential therapeutic use after neurotrauma and in neurodegen-
erative disorders.
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BACKGROUND

Haloperidol (H) is a widely used drug in the treatment of schizophrenia and tics. It
belongs to the butyrophenones class of neuroleptics which interferes with the DA trans-
mission, often resulting in undesired adverse effects of which the most common are ex-
trapyramidal symptoms and TD (Carlson, 1988; Carpenter et al., 1994).

Tardive movement disorder and parkinsonian symptoms are serious complications
related to chronic neuroleptics therapy (Wolf & Moshaim, 1988). The mechanism underly-
ing the development of the diseases is unknown. Imbalance in DA, D1 and D2 receptors,
alteration in the gama amino butyric acid (GABA) system, and oxidative stress in the
brain have been suggested (Davis, 1975; Kane & Marder,1993; Spivak et al., 1992). The
typical neuroleptics e.g: H and chlorpromazine are potent inducers of extrapyramidal
symptoms and TD, while clozapine and other atypical neuroleptics induce less ex-
trapyramidal and TD symptoms.

Damage to the neuronal tissue mediated by an accumulation of reactive oxygen spe-
cies (ROS) was suggested to be involved the undesired adverse effects of neuroleptics.
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Some clinical studies proposed the use of alpha tocopherol (vitamin E) in patients with
TD, showing a reduction of symptoms induced by chronic neuroleptic therapy (Spivak et
al., 1992; Bischot et al., 1993).

Pharmacological studies suggest that chronic administration of the H is accompa-
nied by the formation of neurotoxic pyridinium metabolites. (Rollema et al., 1994). Re-
cent reports by Ben Shachar et al. (1993, 1994) have suggested that the neurotoxic effect
of H and phenothiazines is mediated by mobilizatien of iron to the brain from its periph-
eral stores, leading to creation of an area highly susceptible to oxidative damage.

The important role of the glial cells in the protection of neurons from destructive
processes has been demonstrated in some studies. Astrocytes were found to contain and
secrete large amounts of antioxidative vitamins, such as ascorbate and vitamin E, as well
as enzymes, such as glutathione peroxidase and superoxide dismutase (Makar et al.,
1994). In addition, glial cells were found to synthesize and secrete neurotrophic factors
such as glial cell-line derived neurotrophic factor (GDNF) and insulin- like growth factor
1 (IGF-1) which might also play a role in neuronal protection (Henderson et al., 1995).

AIMS OF THE STUDY

The study was designed to:

1. Determine the direct toxic effect of H on selected neuronal cells as compared to
the effect on the whole brain tissue (glial and neuronal cells).

2. Evaluate the role of the DA receptor blocking activity in-the mechanism of H in-
duced neurotoxicity.

3. Screen and select antioxidative agents which can protect neurons from H-in-
duced toxicity.

MATERIALS AND METHODS

Reagents

For tissue culture: minimum essential medium (MEM), horse serum 8%, fetal calf
serum FCS 8%, glucose 0.6%, glutamine, gentamycinl0 ug/ml, Leibowitch L-15 medium,
DCCM medium (All obtained from Beith Haemek Israel). Poly d-lysine , uridine, 5 fluoro
uridine, neutral red solution, DMSO, haloperidol, dopamine, alpha tocopherol, ascorbate,
selenium, beta carotene, reduced glutathione (GSH), N-acetyl cysteine (NAC), and desfer-
roxamine (All obtained from Sigma St. Louis, Mo USA).

Cell Culture

Pregnant ICR mice on day 14—15 of pregnancy (Harlan, Israel) were obtained and
their brains dissected and homogenized in Leibowitch medium containing glucose, glu-
tamine and gentamycine: Cells were distributed in wells previously dispensed with poly
d-lysine (in 96 well microplate) 300,000—500,000 cell/well 0.48 hr later in half of the
plates 5-fluoro deoxy uridine + uridine (FUDR) was added in order to obtain selected
neuronal culture. The cells were treated with the different agents in triplicates for 24—72
hr. Controls served wells containing cells in medium only. Determination of cell viability
in culture was performed using the neutral red method (Borenfreund & Puerner, 1984).
Solution of neutral red 1% in DCCM medium was added for 24 hr at 37°C. Cells were
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visualized using phase microscope and quantitative determination was performed by
washing excess reagent and eluting color from cells using specific alcoholic solution.
The intensity of the stained lysosomes is positively correlated to the number of viable
cells. Colorimetric determination was performed in an ELISA reader at 550 nm. Cell vi-
ability was expressed as percent of controls.

RESULTS

Figure 1 shows the effect of H at different concentrations 1-100 uM (Stock H prepa-
ration was 1 mM in 10% DMSO further diluted in PBS) on cell viability in neuronal cul-
ture as compared to neuron + glia cell culture. H induced neuronal cell death in selected
neuronal culture leading to survival of 31-51% of cells, with maximal effect obtained at
concentrations of 1-10 pM.

When the drug was added to culture containing mixed glial + neuronal cells, viabil-
ity of cells was no different than control culture (cells embedded in medium only).

Figure 2 shows the effect DA 0.5 mM alone or combined with H 1uM on isolated
neuronal cell viability and on viability of mixed glial and neuronal cells. DA alone caused
a 40% decrease in neuronal viability. H alone caused a 60% decrease and the combination
of both drugs resulted in only 18% survival of neuronal cells. In this experiment, glial
cells in the culture inhibited toxicity induced by either DA alone or combined with H,
which was similar to the effect of glial cells on H induced neurotoxicity.

Table 1 shows the effect of different antioxidants: vitamin E, beta carotene, sele-
nium, vitamin C and desferrioxamine combined with H on neuronal cell viability. Our
data demonstrate that among all these agents only vitamin E at concentrations of 0.1, 0.3
and 1 mM partially reversed H induced neurotoxicity.

Table 2 shows the effect of two antioxidative agents containing thiol groups, NAC
and GSH, on neuronal cell viability after exposure to H (1 uM). Of the two agents, NAC
was partially effective in suppressing H induced neurotoxicity at concentrations of 0.3
mM and 3.0 mM. GSH did not induce a statistically significant effect.

Figure 1. Dose effect of H on neurons and mixed neurons and glia cell viability.
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Figure 2. Effect of DA, H and combination of both on neurons and mixed neurons and glia cell viability.

All the antioxidants (at the concentrations mentioned above) were tested alone in
culture and found ineffective in altering neuronal cell viability in basal conditions.

DISCUSSION

Our data provide further evidence for the direct in vitro neurotoxic effect of the
widely used antipsychotic drug H on selected mouse embryonic neuronal cells in culture
leading to cell death (30-70%), at concentrations of 1-100 uM. Previous reports showed
cytotoxic activity of H on rat hippocampal neurons, as well as on mouse glioma and
neuroblastoma cell lines (Behl et al., 1995; Vilner & Bowen, 1993). In our model, when H
was added to mixed neurons and glial cells, its neurotoxic activity was markedly sup-
pressed or eliminated. This finding suggests that glial cells possess a major role in the pro-
tection of neurons from damage induced by H and'similarly structured drugs. Astrocytes

Table 1. Effect of antioxidants on H induced mouse embryo neuronal cell death®

H H+ VitE H + B carotene H + Desferroxamine  H + Selenium H + Vit C
im o0lmM 03 MM I'miM ImM 3mM 10mM 3mM 10mM 30mM 0.1 mM 0.1 mM
52.0  86.0* 90.0** 90.0** 50.0 53.0 440 50.0 46.0 325 40 15.0**
7.3 +126 +8.0 +2.8 178 188 1.5 +6.7 2.1 0.5 +3.8 6.3

®Cell viability (% of control).
Each value represents M + SEM of 3 determinations except for H (n = 6).
*p <0.05 vs H; **p <0.01 vs H.

Table 2. Effect of NAC and GSH on H-induced neurotoxicity

H H+NAC GSH+H
1uM 0.3 mM 1 mM 0.3 mM 1 mM

520+73 740%52 72.0%+45 570+88 65+17.8
Each point represents M + SEM of 3 determinations.
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and oligodendrocytes were reported to contain high amounts of antioxidative vitamins and
enzymes e.g. vitamin E, ascorbate, glutathione and enzymes of glutathione metabolism, as
well as neurotrophic factors (Makar et al., 1994; Henderson et al., 1995; Scharr et al.,
1993). These agents are important in combating oxygen insults in the brain, and therefore
play a role in defending neurons from oxidative damage. ROS was suggested to be in-
volved in the pathogenesis of several neurodegenrative diseases such as Parkinson’s dis-
ease, Alzheimer’s disease, and inherited forms of Amyotrophic Lateral Sclerosis (Chiueh
et al., 1994; Joseph & Cutler, 1994; Adams & Odunze, 1991). Concerning neuroleptic in-
duced TD, recent studies show that vitamin E treatment reduces the severity of involun-
tary movements in patients with TD but not in patients suffering from Parkinson’s disease
(Spivak et al., 1992; Bischot et al., 1993). Vitamin E was also found to attenuate the de-
velopment of H-induced supersensitivity to dopaminergic agonists agents in the rat (Gat-
taz et al., 1993). All these studies support the concept of involvement of free radicals in
the neuroleptics-induced involuntary movement disorders. Consistent with this idea are
studies performed in rats and monkeys (Ben Shahar et al., 1993 and 1994), suggesting that
increased iron concentration in basal ganglia could trigger in-vivo generation of hydroxyl
radicals and oxidative stress, leading to the development of EPS and TD.

Supporting this notion too, is the finding that metabolism of H results in formation
of neurotoxic agents such as the pyridinium metabolite HPP+, which induces parkinson-
ism in laboratory animals, by causing massive neuronal loss in the substantia nigra
(Rollema et al., 1994). Other reports have demonstrated that some antioxidants: vitamin E
analogs and DMSO and the monoamine B oxidase inhibitor, deprenyl, can protect nigral
neurons from MPTP induced neurotoxicity (Wu et al., 1994). This finding supports the
idea that neurotoxic symptoms induced by H and other typical neuroleptics are inde-
pendent of their DA blockade activity, and result probably from oxidative damage in mid-
brain. Our results showed that simultaneous DA and H administration did not antagonize,
but rather potentiated the neurotoxic activity of H on selected neuronal cells, which pro-
vide additional proof for the dissociation between the anti-DA (anti-psychotic) activity of
the drug and its induced neurotoxicity.

Moreover DA alone was demonstrated to be a potent apoptotic agent in neuronal tis-
sue, and in cell culture of mouse thymocytes (Ziv et al., 1994; Offen et al., 1996; Offen et
al., 1995) and its neurotoxic activity was prevented in pheochromocytoma (PC12) cell cul-
ture by the thiol anti-oxidants: glutatione, N-acetyl cysteine and and dithiothreitol (Offen
et al., 1995).

In our experiment DA alone, as expected, induced a marked neuronal cell death in
isolated neuronal tissue, but in a similar manner to H it was not toxic in mixed glial and
neuronal cell culture. DA toxicity was suggested to be involved in the pathogenic mecha-
nism of Parkinson’s disease (Adams & Odunze, 1991; Offen et al., 1995). The finding that
in the presence of glial cells, toxicity of DA and H was prevented implies that defected
mechanism of synthesis and/or secretion of anti-oxidants and/or growth factors from glial
cells could be involved, at least in part, in the emergence of EPS and TD in patients.

With regard to the effect of different antioxidative agents, our data show that vita-
min E and NAC were the most effective agents in protecting neurons from H toxicity. The
other agents tested—beta-carotene, vitamin C, selenium and desferrioxamine were found
ineffective. Beta- carotene was found to possess antiproliferative activity (Peram et al.,
1996), vitamin C was reported to possess prooxidative effects in some conditions (Meyers
et al., 1996; Leibler et al., 1986) and in our experiment combined administration of vita-
min C and H resulted even in augmentation of the toxic effect of H. Desferrioxamine
which is a potent chelator of iron, did not antagonize the effect of H. This finding implies
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that in isolated brain tissue, metabolism of H to unstable toxic molecules is independent of
iron concentration in the tissue. NAC and GSH are antioxidants which contain a thiol
group and were reported to prevent DA autooxidation, and DA induced DNA fragmenta-
tion in neuronal tissue (Vincent et al., 1994). Intracellular GSH activity constitutes an im-
portant defense system in living cells. NAC which is the precursor of GSH synthesis,
prevents GSH depletion in response to drug induced oxidative stress (Aruma et al., 1990).
GSH depletion was reported to occur following H therapy (Pai et al., 1994). Vitamin E
prevents lipid peroxidation, which can be manifested by an increase in thiobarbituric acid
reactive substances (TBARS), in TD patients. Positive correlation was found between se-
verity of the syndrome and plasma levels of TBARS, and vitamin E was effective in ame-
liorating patients’ symptoms (Peet et al., 1993). Ineffectiveness of vitamin C, beta
carotene, selenium and desferrioxamine in rescuing neurons from H insult points to the
specificity of interaction between the different antioxidants and unstable radicals formed
following H treatment.

Of interest was the finding that H at high concentration of 100uM was less toxic
than the more diluted solutions 10uM and 1pM. We assume that higher concentrations of
DMSO in the medium of concentrated solution could account for the lesser toxicity of the
drug, since DMSO is a potent scavenger of hydroxyl radicals and was found to protect ni-
gral neurons from MPTP induced DA toxicity (Park et al., 1988; Willis et al., 1994). Sup-
porting this observation is the finding that when H was dissolved in ethanol its toxicity
was positively correlated to its concentration (Behl et al., 1995).

Finally our results indicate that oxidative damage to neuronal tissue is involved in
the activity of H and possibly other neuroleptics. The finding that toxicity was evident
only in the absence of glial cells, supports the hypothesis that manifestation of TD and
neurotoxicity in patients on chronic neuroleptics therapy, involves defective glia cell pro-
tective activity due to decrease in antioxidative agents, and/or growth factors synthesis
and release. Vitamin E , NAC and DMSO were found to be effective in partially antago-
nizing H-induced neurotoxicity and therefore these agents, or their analogs, may be valu-
able in preventing TD in patients undergoing chronic neuroleptic therapy.
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INTRODUCTION

Four decades ago, MclIlwain showed that brain tissue in vitro is able to respire using
lactate as energy substrate (Mcllwain, 1953a and 1953b). More recent in vitro studies
demonstrated that lactate is a preferred energy substrate over glucose in excised sympa-
thetic chick ganglia (Larrabee, 1995 and 1996). Our own studies showed lactate’s ability
to support synaptic function in rat hippocampal slices as the sole energy substrate (Schurr
and Rigor, 1995), results that were confirmed by several other investigators (Stittsworth
and Lanthorn, 1993; Bueno et al., 1994; Izumi et al., 1994). Most recently, using the same
preparation, we were able to show that when lactate is supplied exogenously it can support
functional recovery after hypoxia (Schurr et al., 1997). Moreover, our experiments demon-
strated that lactate is preferred over glucose for such recovery and, hence, we hypothe-
sized that this glycolytic product is an obligatory aerobic energy substrate for functional
recovery of brain tissue after prolonged hypoxia (Schurr et al., 1997). Our hypothesis is
based on the assumption that due to ATP depletion during the hypoxic period the ability of
brain tissue to phosphorylate glucose, a prerequisite for energy production, is lost. The
lack of ATP thus makes lactate the only readily available precursor to pyruvate, the entry
step to the tricarboxylic acid cycle. Many recent studies in humans and animals indicate
that brain tissue produces lactate aerobically, especially under conditions of increased ac-
tivity (Fox et al., 1988; Lear, 1990; Prichard et al., 1991; Raichle, 1991; Sappey-Marinier
et al., 1992; Fellows et al., 1993). Studies with astrocytic and neuronal cultures led Magis-
tretti and his colleagues to hypothesize that glutamate uptake by astrocytes stimulates the
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production of glycolytic lactate and its aerobic utilization by neurons (Magistretti et al.,
1993, 1995; Pellerin and Magistretti, 1994 and 1996). Although our most recent results
(Schurr et al., 1997) strongly support the postulated role of lactate as an obligatory energy
substrate during recovery from hypoxia, verification of those results via a different experi-
mental approach is needed to provide the necessary proof for our hypothesis.

Oldendorf (1973) demonstrated that the transport of short-chain monocarboxylic ac-
ids via the blood-brain barrier is carrier-mediated. This transport is stereo-specific
(Nemoto and Severinghaus, 1974) and can be increased by kainate treatment in brain re-
gions known to be activated by this excitotoxin (Lear and Kasliwal, 1991). A monocar-
boxylic acid carrier was shown to exist in chick sympathetic ganglia (Larrabee, 1983), and
a carrier-mediated lactate transport at the cellular level in the striatum of freely moving
rats was quantified (Kuhr et al., 1988). Measurements of lactate release from cultured neu-
rons and astrocytes showed that only the latter cell type can produce substantial amounts
of lactate from glucose under hypoxic or hypoglycemic conditions (Walz and Mukerji,
1988a, 1988b, and 1990). Several studies have suggested the existence of an astrocyte-
neuron shuttle for lactate (Pellerin and Magistretti, 1994 and 1996; Tildon et al., 1993), an
idea that has received much attention lately (Dringen et al., 1993a, 1993b, and 1995).

The present study assessed the role of astrocytic lactate and its neuronal inward
transport in the recovery of synaptic function after hypoxia. Electrophysiological and bio-
chemical measurements in the hippocampal slice preparation were employed along with
the lactate transport inhibitor 4-CIN (Halestrap and Denton, 1975).

MATERIALS AND METHODS

Hippocampal Slice Preparation and Maintenance

Adult (200-350 g) male Sprague-Dawley rats were maintained and used according
to the guidelines of the Institutional Animal Care and Use Commiittee. Hippocampal slices
(400 pm thick) were prepared using a Mcllwain tissue chopper. For each experiment one
rat was used from which 20-30 slices were prepared and placed (10 to 15 per compart-
ment) in a dual incubation (34 £ 0.3°C) chamber (Schurr et al., 1985 and 1988). Slices
were supplied with a humidified gas mixture (95% 0O,/5% CO,) and perfused with artifi-
cial cerebrospinal fluid (aCSF, 60 ml/h) of the following composition (in mM): NaCl, 124,
KCl, 5; NaH,PO,, 3; CaCl,, 2.5; MgSO,, 2; NaHCO,, 23; D-glucose, 10. The pH of the
aCSF was 7.3-7.4. In some experiments glucose was replaced with sodium lactate (20
mM). Where indicated 4-CIN (500 pM) was added. Chemicals were of analytical grade
and obtained from Sigma Chemical Co. (St. Louis, MO). Hypoxia was produced by re-
placing O, in the gas mixture with N,.

Electrophysiological Measurements

Extracellular recordings of electrically-evoked population spikes (synaptic function)
in the stratum pyramidale of the CA1 region were made using borosilicate micropipettes
(2-5 MQ). Bipolar stimulating electrodes were placed in the Schaffer collaterals (ortho-
dromic stimulation), and stimulus pulses of 0.1 ms in duration and of an amplitude 8 to 10
V (twice threshold) were applied once/min. A waveform analysis program was used to de-
termine the amplitude of the evoked population spike. Any slice exhibiting an evoked re-
sponse of an amplitude of 3 mV or larger was considered to be synaptically functional; a
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slice showing a response <3 mV was considered to be synaptically nonfunctional (Schurr
et al., 1985 and 1997; Schurr and Rigor, 1995). Nonfunctional slices at 30-min post hy-
poxia were unresponsive even 6 h later, which signaled an irreversible neuronal damage
(Schurr et al., 1985).

Measurements of Glucose and Lactate Concentration in Brain Slices

Lactate and glucose were measured as described elsewhere (Schurr et al., 1997) us-
ing the enzymatic kits of Sigma Chemical Co. (St. Louis, MO). Two slices per sample
were taken out of the incubation chamber at the times indicated (Fig. 2), rinsed in ice cold
aCSF containing no glucose and homogenized in 0.2 ml of 8% perchloric acid. The homo-
genate was then neutralized with 0.1 ml of 2 M KHCO, and centrifuged for 5 min at 8,000
x g. The supernatant (0.2 ml) was used for analysis of both lactate and glucose. Assays
were automated on a Cobas Fara Centrifugal Analyzer (Roche Diagnostic Systems,
Branchburg, NJ). In both assays, NADH was measured fluorometrically (excitation at 340
nm and emission at 450 nm).

Statistical Analysis

Each data point in the experiments described in this study was repeated at least 3
times. Values are means £ S.D. of the mean. Statistical analysis of electrophysiological
data was performed using x’-test for significant differences. Biochemical data were tested
for significant differences using a paired z-test.

RESULTS AND DISCUSSION

The effect of 4-CIN lactate-supported synaptic function is shown in Figure 1. Within
15 min 4-CIN (500 pM) completely inhibited, what presumably is, the utilization of lac-
tate as the sole energy substrate when supplied at 20 mM, an equicaloric concentration of
10 mM glucose. This inhibition was evident from the decline in the population spike am-
plitude. Wh<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>