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Thus it seemed that this one hillside
illustrated the principle of all the
operations of Nature. The Maker of
this earth but patented a leaf. What
Champollion will decipher this
hieroglyphic for us, that we may turn
over a new leaf at last?

—H.D.T.
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Abstract

Extracellular deposition of the B/A4 amyloid peptide is a
characteristic feature of the brain in patients with Alzheimer disease.
/A4 amyloid 1is derived from the integral membrane amyloid
precursor protein (APP). Secreted truncated forms of APP found in
blood plasma and cerebrospinal fluid arise by proteolytic cleavage of
APP within the B/A4 amyloid domain, precluding the possibility of
amyloidogenesis for that population of molecules.

The routes of APP processing were examined in metabolically-
labeled PC12 cells treated with agents known to affect specific
cellular functions. Treatment with either monensin or brefeldin A
(BFA) prevented normal APP maturation (N- and O-glycosylation and
tyrosine sulfation) and abolished APP secretion. Phorbol ester
produced a several-fold increase in APP secretion, indicating that
protein phosphorylation regulates intra-B/A4 amyloid cleavage and
APP secretion. The lysosomotropic drug chloroquine exerted
inhibitory effects on the degradation of mature APP holoprotein and
of the carboxyl-terminal fragment resulting from secretory cleavage,
but exhibited no effects on APP secretion. The results suggest that a
substantial proportion of APP is degraded in an intracellular acidic
compartment, but that the coupled APP cleavage/secretion event
occurs in a chloroquine-insensitive compartment. Direct evidence
that APP is targeted to the endosomal/lysosomal system was
provided by the identification of APP in clathrin-coated vesicles,

which mediate the transport of many proteins to endosomes.






The subcellular distribution of APP was examined by
microscopy and correlated with its biochemical processing. As shown
by immunofluorescence microscopy of rat brain sections, APP was
concentrated in the Golgi complex and in proximal axon segments.
By immunoelectron microscopy of rat brain tissue fragments, APP
was found associated with Golgi elements and with medium-sized,
invaginated vesicles in both axons and dendrites. Prominent
localization of APP to the Golgi complex was also found in primary
cultures of rat hippocampal neurons and in non-neuronal cell lines.

When cultured cells were treated with BFA, APP
immunoreactivity changed from a Golgi-like to an ER-like
distribution. No APP was detected in the BFA-induced reticulum
identified by the transferrin receptor, indicating that concentration
of APP in the Golgi does not reflect recycling between the trans-Golgi
network and the early endosomal system. Although treatment with
phorbol ester resulted in a marked elevation of APP secretion, no
redistribution of APP immunoreactivity was apparent. Chloroquine
induced APP co-localization with the lysosomal marker 1gpl20,
whereas no co-localization was seen in untreated cells. Taken
together, these results support a scheme in which APP is
concentrated in the Golgi complex as it travels through the central
vacuolar system en route to the plasma membrane for secretion

and/or to lysosomes for degradation.






Chapter 1

Introduction

Perspective

Alzheimer disease (AD) is the fourth leading cause of death in
the developed world, after heart disease, cancer, and stroke. Since it
is a disease of the elderly, and because improving health care and
medical technologies are extending human longevity, the social and
fiscal burdens of AD will continue to increase.

The insidious memory loss, cognitive decline, and personality
changes associated with AD lead to its categorization as a type of
dementia, which may be defined clinically as an impairment in
thought and intellect that is severe enough to interfere with normal
social or occupational functioning (Kaplan and Sadock, 1988).
Dementias historically were classified as "presenile" if they occur
before, and as "senile" if they occur after, the age of 65 years
(Tomlinson and Corsellis, 1984). Although many causes of dementia
have been identified (Table 1), including brain neoplasms, infectious
agents (e.g., human immunodeficiency virus), prions (e.g., in
Creutzfeldt-Jakob disease), and systemic disorders (e.g., multi-infarct
dementia), AD is the most common dementing disease, accounting for
more than half of all the cases of dementia (Katzman, 1986). Some
dementias are readily treatable and sometimes reversible (e.g., folate
deficiency), but the etiology of AD is unknown and no effective

treatment exists. The disease increases in severity over the course of






Table 1. Diseases that cause dementia (Kaplan and Sadock, 1988).

Parenchymatous diseases of the CNS

Alzheimer disease
Down syndrome

Pick's disease
Gerstmann-Straussler syndrome
Huntington's disease
Parkinson's disease*
Multiple sclerosis

Deficiency states
Cyanocobalamin deficiency*
Folic acid deficiency*

Drugs and toxins*
Intracranial tumors and brain trauma*

Infectious processes
Creutzfeldt-Jakob disease
Kuru
Cryptococcal meningitis*
Neurosyphilis*

TB and fungal meningitides*
Viral encephalitis*
HIV-related disorders

(AIDS and ARC)

Systemic disorders

Endocrine and metabolic disorders
Thyroid disease*
Parathyroid disease*
Pituitary-adrenal disorders*
Post-hypoglycemic states
Liver disease
Chronic progressive hepatic
encephalopathy*
Urinary tract disease
Chronic uremic encephalopathy*
Dialysis dementia*
Cardiovascular disease
Cerebral hypoxia or anoxia*
Multi-infarct dementia*
Cardiac arrhythmias*
Inflammatory diseases of blood
vessels*
Pulmonary disease
Respiratory encephalopathy*

Miscellaneous disorders

Hepatolenticular degeneration*
Hydrocephalic dementia*
Sarcoidosis*

Normal pressure hydrocephalus*

*Conditions calling for therapeutic intervention. (Abbreviations: CNS, central nervous system;
TB, tuberculosis; HIV, human immunodeficiency virus; AIDS, acquired immune deficiency

syndrome; and ARC, AlDS-related complex.)






a decade, at the end of which time patients retain only vegetative
neurologic function and typically succumb to secondary systemic
processes such as infections (Katzman, 1986).

Accurate diagnosis of AD is, therefore, important in that
misdiagnosis of a treatable form of dementia might result in useful
therapy being withheld (Khachaturian, 1985). Since a definitive
diagnosis of AD can only be made upon autopsy at present,
physicians must instead arrive at a diagnosis of probable AD based
upon a clinical history, a methodical cognitive evaluation of
dementia, and the exclusion of other dementing disorders (McKhann
et al., 1984). Using such criteria, a group of researchers recently
examined the elderly sector of one Massachusetts community and
concluded that approximately 10% of people over the age of 65 years
and more than 45% of people over the age of 85 years had probable
AD (Evans et al., 1989). If conservatively extrapolated to the entire
United States population, these results would estimate that between

three and four million Americans are afflicted with AD.

Historical introduction

In 1907, the Munich neuropathologist Alois Alzheimer reported
the clinical presentation and the histopathological alterations in the
brain of a 51-year-old woman who, he assessed, was afflicted with a
novel neurological disease (Alzheimer, 1907). Over a span of less
than five years, the patient suffered from progressive memory
decline and dramatic alterations in personality that included
paranoid delusions.  Alzheimer's contribution to the disease that

bears his name was to recognize that an association might exist






between these clinical symptoms and the startling microscopic brain
pathology he found (Wilkins and Brody, 1969). Kraepelin (1910)
identified these same pathological changes in the brains of patients
clinically affected with dementia; he thus confirmed Alzheimer's
report and first applied the name "Alzheimer's disease" to this

clinicopathological entity.

Neurofibrillary tangles
Using a histochemical staining technique based on silver
impregnation, Alzheimer identified alterations in the neuronal

cytoskeleton:

In the interior of a cell that otherwise appeared

normal, one or several fibrils stood out due to their

extraordinary thickness and impregnability

Since these fibrils could be stained with different

dyes than normal, a chemical alteration of the

fibrillar substance must have taken place

(Alzheimer, 1907).
These intracellular structures, now known as neurofibrillary tangles
(NFTs) (Figure 1, top), are most often found in the neurons of the
cerebral cortex, hippocampus, amygdala, basal forebrain, and
brainstem (Joachim and Selkoe, 1992). NFTs are not restricted to AD,
but are also found in progressive supranuclear palsy, dementia
pugilistica, and Guamanian-amyotrophic lateral sclerosis-
Parkinsonism-dementia complex (Selkoe, 1989b). It is widely
believed that the density of NFTs in affected areas of the brain
correlates with the severity of dementia in AD (Blessed et al., 1968).

When examined by electron microscopy, NFTs were found to be

composed of paired helical filaments (PHFs), ~10-nm fibrils twisted

in a double helix with a periodicity of 160 nm (Figure 1, bottom)



Figure 1. Neurofibrillary tangles and paired helical filaments.
(Top) Bielschowsky silver staining of a section from the CA4 region of
the hippocampus prepared upon the autopsy of a 68-year-old
individual diagnosed with AD. A clearly defined NFT is indicated by
the arrow. Scale bar represents 25 pm. (Bottom) Electron
micrograph of PHFs purified from AD brain homogenates as
described by Greenberg and Davies, 1990. Scale bar represents 200
nm. The silver-stained brain section in this figure, as well as those in
Figures 2 and 4, and the electron micrograph were kind gifts from

Li-wen Ko and Sharon Greenberg, respectively.









(Kidd, 1963). Biochemical analysis has proven more difficult, since
most of the components of NFTs are extremely insoluble (Selkoe et
al., 1982). However, several constituents have been identified by
immunological means in histopathological preparations and
proteolytic digests of PHFs, including ubiquitin (Mori et al., 1987;
Manetto et al., 1988) and microtubule-associated protein 5 (1B)
(Hasegawa et al., 1990). A principal soluble component of the PHFs
was found to be the neuron-specific microtubule-associated protein
tau (Kosik et al., 1986; Goedert et al., 1988; Wischik er al., 1988a;
Wischik et al., 1988b). Tau represents a group of proteins with
amino-terminal variability that arises by alternative splicing of a
single gene (Himmler, 1989), and with a carboxyl-terminal region
containing multiple repeats of a microtubule-binding domain
(Himmler et al., 1989). Antisense oligonucleotide experiments in
neuronal cultures and baculovirus-mediated tau expression in Sf9
insect cells suggest that tau is involved in the formation and/or
maintenance of axonal processes (Caceres and Kosik, 1990; Knops et
al., 1991).

Using several monoclonal antibodies that were raised against
tau and that also recognize NFTs, Kosik et al. (1988) produced an
epitope map of tau by screening an expression sublibrary of human
tau complementary DNA (cDNA), and concluded that intact tau is
present in NFTs. However, a monoclonal antibody called Alz-50 that
labels NFTs in AD brains (Wolozin et al.,, 1986), and which recognizes
brain-derived tau (Nukina er al., 1988), did not recognize any tau
species expressed in the bacterial sublibrary. Alz-50 was initially

reported to recognize on immunoblots a single protein (A68)






(Wolozin er al., 1986), whose relative molecular mass (68 kDa) is
comparable to that of tau. The results of these studies suggested that
the tau in AD NFTs is post-translationally modified (Kosik er al.,
1988).

This hypothesis was strengthened when A68 was shown to
share epitopes with tau, but to be different by several biochemical
criteria, such as having a slightly higher molecular mass, more acidic
isoelectric point, and decreased detergent solubility (Ksiezak-Reding
et al., 1990). Indeed, abnormally phosphorylated cytoskeletal
components, including tau, had been identified in AD brain
(Sternberger et al., 1985; Grundke-Igbal er al., 1986), and Alz-50
was demonstrated to recognize a phosphorylated tau species (Uéda et
al., 1990). Subsequently, PHFs were shown to contain A68, and A68
was shown to be identical to the abnormally phosphorylated tau in
NFTs (Lee et al., 1991). When enzymatically dephosphorylated, the
molecular mass and isoelectric point of A68 more closely resembled
those of tau.

The aberrant phosphorylation of A68 was localized to the
serine residue of a lysine-serine-proline-valine (KSPV) sequence in
tau (Lee et al., 1991). This sequence is a phosphorylation consensus
motif for both cdc2 kinase and proline-directed serine/threonine
kinases, which comprise the mitogen-activated protein kinase and
extracellular signal-regulated kinase families of enzymes (Shenoy et
al., 1989; Vulliet et al., 1989), though phosphorylation of tau by these
kinases in vivo has not yet been demonstrated. Recently, several
groups have purified protein kinase activities based on their ability

to produce an AD-like change in the phosphorylation state of tau.
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These protein kinases have been shown in vitro to phosphorylate the
serine residue of the KSPV site of tau, producing a change in the
apparent molecular mass and antigenic characteristics of Alzheimer
tau (Roder and Ingram, 1991; Biernat er al., 1992; Ishiguro et al.,
1992; Drewes et al., 1992). Aberrant regulation of tau
phosphorylation could in theory produce cytoskeletal changes that
result in PHFs and NFTs, since phosphorylated tau proteins have
been shown in vitro to be less effective in promoting microtubule
polymerization than non-phosphorylated forms (Lindwall and Cole,

1984).

Senile plaques

Alzheimer also mentioned in his original report the cerebral
atrophy that characterizes the brains of many demented patients
and, more intriguingly, the identification of distinctive extracellular

lesions:

Scattered through the entire cortex, especially in

the upper layers, one found miliary foci that were

caused by the deposition of a peculiar substance in

the cerebral cortex. It could be recognized without

staining, but was very refractory to dyes

(Alzheimer, 1907).
Although he was not the first to observe these structures (Figure 2)
(in 1892, Blocq and Marinesco described these lesions as "nodules de
sclérose névroglique"), Alzheimer correlated this pathological finding
with the clinical symptoms. As these structures are found in the
brains of most elderly persons, but to a much lesser extent than in
AD, Simchowicz (1911) termed the lesions "senile plaques.”" Also in

1911, Bielschowsky determined that the central core of the plaques

11



Figure 2. Bielschowsky silver staining of a senile plaque.
Dystrophic neurites appear as black fibril-like structures, but the
amyloid core of the plaque is not visible by this histochemical
method. The microscopic field is from the CAl hippocampal region of

the individual described in Figure 1. Scale bar represents 25 pm.
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was composed of an amyloid-like material.

The term "amyloid" was applied earlier by Virchow (1855) to
describe deposits found upon autopsy in the brains of aged
individuals. This designation was based upon the similarity of the
substance to starch when viewed after iodine staining. However,
brain amyloid was found to be composed of protein, not starch, when
examined by chemical analysis shortly thereafter (Friedreich and
Kekulé, 1859). Today, the amyloid deposits comprising the cores of
senile plaques are accurately identified histopathologically by
staining with the fluorescent dye thioflavin S or, more definitively,
with the dye Congo red, which produces an apple-green
birefringence when viewed with polarized light (Figure 3) (Schwartz
et al.,, 1965). The peptide fibrils constituting the primary component
of the plaque-core amyloid are arranged in regular arrays of 8-
pleated sheets, which serve to orient the Congo red dye molecules in
a regularly structured manner that is the basis of their characteristic
appearance when viewed under polarized light (Sipe, 1992).

In addition to AD, there are several other diseases that involve
amyloid deposition. However, these are biochemically
distinguishable disorders whose only common feature is the
accumulation in tissues of a normally soluble protein to form
insoluble deposits, identifiable with the above-mentioned staining
techniques (Sipe, 1992). Besides the amyloid of AD (see below,
"B/A4 amyloid"), at least a dozen other amyloid proteins, along with
their larger precursor molecules, have been characterized (Table 2).
Some amyloid disorders affect multiple organs, such as the

deposition of a protein called amyloid A in the spleen, liver, and

14



Figure 3. Birefringence of a senile plaque stained with Congo red
and viewed by polarized light. The compact amyloid deposit
comprising the core of a senile plaque appears as a "Maltese cross”

pattern of birefringence.

15









Table 2. Precursors of human amyloid fibril proteins (from Sipe, 1992).

Distribution Protein — Size (kDa)
Fibril Precursor
Systemic Immunoglobulin 5-23 23
Systemic Lipoproteins
Apo3-SAAb 8 12
Apo-Al 9-11 26
Apo-All (mouse) 9 9
Systemic TTR¢/Prealbumin 5-14 14 (monomer)
Pancreas IAPPd 4 9
Thyroid Calcitonin 6 14.5
Heart Atrial natriuretic factor 3-4 13
Musculoskeletal R-2-microglobulin 12 12
Brain R/A4 peptide 4-5 110-135
Cystatin C 12 13
Prion 27-30 30-35
Systemic Gelsolin 7 90-93
Skin Keratin ? ?

3Apolipoprotein. bserum amyloid A. CTransthyretin. dislet amyloid polypeptide.






kidney; others affect particular organs, such as the pancreas in
diabetes and the brain in AD (Sipe, 1992). In the case of the
systemic disorders, the amyloid arises from the proteolysis of larger
precursor proteins circulating in the blood; e.g., amyloid A is
generated from serum amyloid A, a protein released into the
bloodstream during the acute phase response, although the
mechanism whereby it is proteolyzed is not understood (Sipe, 1992).

Senile plaques were examined by electron microscopy in 1964
(Kidd, 1964). In addition to a central core of amyloid, senile plaques
were found to be surrounded by dystrophic neurites, the
degenerating remains of neuronal dendrites and axons (Figure 2).
For this reason, senile plaques are sometimes referred to as neuritic
plaques.  Although an amyloid core is a distinctive feature of
plaques, most amyloid deposits are not actually found in prototypical
plaques, but rather exist as diffuse accumulations that may be
refractory to Congo red or thioflavin S staining (Joachim and Selkoe,
1992). Evidence that these diffuse or "pre-amyloid" plaques are the
precursors of mature senile plaques comes from examination of the
brains of Down syndrome (DS) patients, who inevitably develop AD
symptoms and pathology if they survive past the fourth decade of
life (Wisniewski et al., 1985). In younger Down patients (below the
age of 40 years) the diffuse type of plaque predominates, whereas in
older victims the neuritic type of plaque is more common (Giaccone
et al., 1989; Mann and Esiri, 1989; Rumble et al., 1989).
Accumulation of amyloid, therefore, might initiate neuritic dystrophy
and possibly formation of NFTs, since PHFs are important

components of dystrophic neurites (for review, see Trojanowski e

18






al., 1990).

Senile plaques are found primarily in association areas of the
temporal and parietal cortices, with an especially high density of
plaques in the hippocampus, entorhinal cortex, and amygdala, areas
of the brain that are important for short-term and spatial memory
(Figure 4) (Tomlinson and Corsellis, 1984; Katzman, 1986). In
addition, diffuse amyloid deposits that do not go on to form neuritic
plaques can be found in brain areas such as cerebellum, striatum,
and thalamus (Joachim et al.,, 1989; Ogomori et al.,, 1989; Suenaga et
al., 1990), which argues that cerebral amyloid deposition does not
invariably lead to neuritic dystrophy (Joachim and Selkoe, 1992).
Although there is not a good correlation between brain areas of
amyloid deposition and areas of synaptic loss, as indicated by a
marker for the synaptic vesicle protein synaptophysin (Masliah et al.,
1990), this does not preclude a role for amyloid in the neuronal loss
and cognitive deficits of AD (Joachim and Selkoe, 1992; see below,
"Amyloid precursor protein"). Senile plaques are not abundant in
subcortical nuclei, but are primarily concentrated in the cortex,
hippocampus, and amygdala, regions containing the nerve terminals
projected from NFT-prone subcortical areas (Price et al.,, 1989;
Selkoe, 1991). Plaque neurites represent the dystrophic terminals of
cholinergic neurons (from the basal forebrain), serotoninergic
neurons (from the dorsal raphe nucleus), and noradrenergic neurons
(from the locus coeruleus) (Powers er al., 1988), as well as those of
neurons that synthesize peptide neurotransmitters (Struble et al.,
1987). The involvement in AD of so many neurotransmitter systems

has made difficult the rational design of effective therapies based on
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Figure 4. Distribution of senile plaques in the hippocampus and
entorhinal cortex of the brain from an individual suffering from
Alzheimer disease. (Top) CA1l hippocampal region demonstrating
adjacent areas of high and low plaque density. (Bottom) Entorhinal
cortex containing a high concentration of senile plaques.  Both
microscopic fields are from a Bielschowsky silver-stained brain

section of the individual described in Figure 1. Scale bars represent

100 pm.
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transmitter replacement.

The source of the amyloid deposited in brain has not been
determined. AD amyloid is found in the walls of blood vessels of the
cerebral meninges, cerebral cortex, and hippocampus (collectively
referred to as congophilic angiopathy) (Vinters and Gilbert, 1983), in
addition to gray matter parenchyma. This has led some researchers
to hypothesize that the source of AD amyloid is the bloodstream
(Selkoe, 1989a), in analogy to systemic amyloid disorders. However,
the brain-specific deposition of amyloid, the scarcity of amyloid in
white matter, the association of neurites with amyloid in senile
plaques, and high neuronal expression levels for the messenger RNAs
(mRNAs) encoding the amyloid precursors (see below, "Amyloid
precursor protein") strongly argue for a neuronal origin of deposited

cerebral and cerebrovascular amyloid (Selkoe, 1989a).

B/A4 amyloid

Nearly 80 years after Alzheimer first characterized the disease
that bears his name, Glenner and Wong (1984a) purified the protein
component of AD cerebrovascular amyloid by solubilization with
guanidine hydrochloride, and sequenced the peptides they
recovered.  They similarly purified amyloid from the brains of
patients with DS, and demonstrated that this amyloid was composed
of the same peptide, which they named B-amyloid, found in AD
brains (Glenner and Wong, 1984b). The following year, other
researchers purified the amyloid component of senile plaques, which
they called A4 protein because of its ~4 kDa-mass, and showed that

the protein sequence was nearly identical to the earlier described B-
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amyloidf, with some heterogeneity present at the amino terminus
(Masters et al., 1985). The amyloid purified from plaque cores was
42-43 residues long, whereas that from the walls of blood vessels
was only sequenced to residue number 24. It was subsequently
shown that the cerebrovascular amyloid peptide is actually 39
residues long (i.e., three residues are missing from the carboxyl
terminus), and that the amino-terminal heterogeneity is minimal

compared to that of plaque-core amyloid (Prelli er al., 1988).

Amyloid precursor protein

Once the sequence of the B/A4 amyloid peptide was elucidated,
researchers constructed "best guess" oligonucleotides corresponding
to this sequence and screened brain cDNA libraries in an attempt to
identify the gene that encodes B/A4 amyloid. Several groups of
researchers independently cloned the gene simultaneously. Three
groups isolated cDNAs that represented partial clones of the amyloid
precursor and that mapped to chromosome 21 (Goldgaber et al.,
1987; Tanzi et al., 1987; Robakis et al., 1987). A fourth group
isolated a full-length ¢cDNA for the amyloid precursor protein (APP),
a 695-amino acid protein that possesses a signal sequence for
membrane insertion and a hydrophobic stretch of about 20 residues,
suggesting that it is a transmembrane protein (Figure 5) (Kang et al.,
1987). In addition, the presence of a cysteine-rich domain, a stretch
of residues abundant in aspartate and glutamate residues, and

putative N-glycosylation sites suggested that APP might be a cell-

¥ The. AD amyloid peptide will be referred to throughout this thesis as B/A4
amyloid or B/A4 peptide to acknowledge the contribution of the two research
groups whose work led to discovery of the molecule.
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Figure 5. Structure of the Alzheimer B/A4 amyloid precursor
protein. The topology of APP in a cellular membrane, with the amino
terminus (NH?) oriented intraluminally and the carboxyl terminus
(COOH) oriented cytoplasmically, is indicated. Other features of the
APP molecule include: domains inserted by alternative splicing (KPI
and OX-2); the B/A4 amyloid domain; regions enriched in the residue
cysteine (cysteine), or in aspartate and glutamate (acidic); putative
tyrosine-sulfation (SO4) and N-glycosylation (CHO) sites; proteolytic
cleavage site for the enzyme responsible for APP secretion
("secretase"); sites of APP genetic mutations; serine (Ser-655) and
threonine (Thr-654, Thr-668) residues that can be phosphorylated
(amino acids are identified for the 695-residue APP isoform); and an
NPXY sequence that might be involved in the targeting of APP to
clathrin-coated pits for endocytosis. See text for details. The lower
half of the figure represents an expanded view of the indicated

portion of the upper half.
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surface receptor (Kang et al., 1987). The localization of the gene for
APP to chromosome 21 was consistent with the development of AD
in Down syndrome (see above, "Senile plaques"), which is genetically
characterized by triplication of this chromosome (i.e., trisomy 21) or
microduplication of the so-called "obligate Down's region" on
chromosome 21. The APP gene is composed of 18 exons, with one
intron interrupting the B/A4 amyloid domain (Lemaire et al., 1989).
This finding suggested that B/A4 peptide arises by aberrant APP
proteolytic processing, rather than abnormal gene splicing.

Several isoforms of APP resulting from alternative splicing of
the single APP gene were subsequently discovered (Table 3). Four
isoforms (APP3g5, APPs¢3, APP751, and APP77¢0, where the subscript
refers to the number of amino acids) possess a domain that bears
close homology to the Kunitz family of protease inhibitors (KPI
domain; members of this family include soybean trypsin inhibitor)
(Ponte et al.,, 1988; Tanzi et al., 1988; Kitaguchi et al.,, 1988; de
Sauvage and Octave, 1989; Jacobsen er al, 1991). The APP751 and
APP779 isoforms have in fact been shown to be potent protease
inhibitors (Oltersdorf et al., 1989; Van Nostrand et al., 1989). The
APP3g¢s5 and APPsg3 isoforms lack B/A4 amyloid, transmembrane, and
cytoplasmic domains. Three isoforms--APP3¢5, APP714 (Golde et al.,
1990), and APP770--contain 19-residue inserts that resemble a
region of a rat cell glycoprotein (MRC OX-2) present on the surface of
neurons and certain types of leukocytes (Clark er al., 1985). APPg9s,
APP751, and APP77¢ are the major isoforms of the protein, and are
synthesized by all cell types so far examined, although very little

APPgos is expressed in non-neuronal cells (Neve et al., 1988). These
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Table 3. Comparison of APP isoforms and APP-related proteins.

Protein Solublef KPI9 0x-2h B/A4i References
APPcca: b + + + - Jacobsen et al, 1991
APPg¢sa. b . + - - de Sauvage and

Octave, 1989

APPggc? - = - + Kang et al., 1987
APP, ,a b - - + + Golde et al, 1990
APP,gq2 - + - + Ponte et al, 1988;
Tanzi et al, 1988
APP 43 - + + + Kitaguchi et al, 1988
APLP-1¢ - - - - Wasco et al, 1992
APLP-2¢ - - = - unpublished)
APPLd - - - - Rosen et al, 1989
YWK-lle - - - - Yan et al, 1990

3Human APP species that result from alternative splicing of a single gene. Subscripts refer to the
number of amino acids. PRNA message, but not protein, detected. ®°Mammalian APP-like proteins.
dDrosophiIa melanogaster homolog of APLP. €Human sperm membrane protein whose transmembrane
and cytoplasmic domains are highly homologous to those of APP. fDoes not possess transmembrane or

cytoplasmic domains. 9Kunitz-type protease inhibitor domain. hDomain similar to one present in the
rat MRC OX-2 glycoprotein found on the surface of neurons and some types of leukocytes (Clark et al,

1985). iR/A4 amyloid peptide domain. jSangram Sisodia and Wilma Wasco, personal communications.






three species can undergo proteolytic cleavage within the B/A4
amyloid domain (Figure 5) (Sisodia et al., 1990; Esch er al., 1990),
which results in the secretion of the APP ectodomain into the
medium of cultured cells or into plasma and cerebrospinal fluid (CSF)
(Weidemann er al., 1989; Palmert et al., 1989; Bush et al., 1990).

In addition to the multiple APP isoforms, several APP-related
integral membrane proteins encoded by different genes have been
identified. = All four proteins have cytoplasmic domains that are
highly homologous to that of APP, although their extracellular
domains differ to varying degrees and none possesses a B/A4
amyloid domain. The first was identified in the fruit fly Drosophila
melanogaster and named APPL, for APP-like (Rosen et al., 1989).
The expression of APPL is neuron-specific (Luo et al., 1990), and flies
in which the gene for APPL has been deleted suffer a subtle
phototaxic deficit that can be rescued by insertion of the human APP
gene (Luo et al., 1992). Two mammalian versions of APPL--called
APLP-1 and -2, for amyloid precursor-like proteins--were recently
discovered and the gene of human APLP-1 was localized to
chromosome 19 (Wasco et al., 1992). The fourth APP-related protein
is YWK-II, a molecule localized to the plasma membrane of human
sperm (Yan et al., 1990). The function of YWK-II is not known, but
an antibody raised against it interferes with fertilization in virro,
suggesting a role in sperm-egg adherence.

That an abnormality in the metabolism of APP might give rise
to AD is supported by several pieces of circumstantial evidence:
B/A4 amyloid is deposited in memory-related and association areas

of the brains of AD and DS patients; accumulation of B/A4 amyloid in
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diffuse plaques precedes any other pathological changes, including
NFTs and synapse loss, in the brains of DS victims; and senile plaques
are lesions specific for AD and DS, unlike NFTs which are present in
several seemingly unrelated disorders (see above, "Neurofibrillary
tangles"). Definitive evidence for a role of APP in the etiology of AD
has come from genetic studies of two rare disorders: hereditary
cerebral hemorrhage with amyloidosis of the Dutch type (HCHWA-D)
and familial AD (FAD).

HCHWA-D is an autosomal dominant disorder that only afflicts
the members of four families living in two coastal villages in the
Netherlands (Wattendorff er al., 1982). The disease is characterized
by the deposition of B/A4 in the walls of small cerebromeningeal and
cortical blood vessels, which leads to fatal hemorrhages by the fifth
or sixth decade of life. It is intriguing that a similar, but
biochemically distinct, cerebral amyloid angiopathy which occurs
mostly in Iceland results from cerebrovascular deposition of a
fragment of the cysteine protease inhibitor cystatin C, causing death
before the age of 30 years (Cohen er al., 1983).

Unlike AD and DS patients, individuals with HCHWA-D do not
develop NFTs or senile plaques, although they do develop diffuse
parenchymal amyloid plaques (van Duinen et al., 1987). Strong
evidence for a causative role for APP in HCHWA-D came from
restriction fragment length polymorphism studies of the four
afflicted Dutch families, which showed a tight linkage (lod score > 7)
between HCHWA-D and the APP gene (Van Broeckhoven et al, 1990).
When the two exons that code for the B/A4 amyloid domain were

cloned and sequenced in these families, a single base transversion
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(cytosine to guanosine) was discovered, which results in a glutamate
to glutamine substitution at residue 22 of B/A4 (Figure 5) (Levy et
al., 1990). As the mutation was found in all individuals afflicted with
HCHWA-D, these studies strongly suggest that a mutation in the APP
gene can produce disease. A possible mechanism whereby this
mutation might exert its pathogenetic effects has been provided by
in vitro studies with synthetic B/A4 peptides, in which peptides
containing the HCHWA-D mutation spontaneously aggregate and form
fibrils more rapidly than wild-type peptides (Wisniewski et al.,
1991).

Shortly after this discovery in individuals with HCHWA-D,
mutations in the APP gene were identified in the kindreds of AD
patients suffering from early-onset (fifth or sixth decade), autosomal
dominant heritable forms of the disease, called FAD. Genetic linkage
analysis had implicated chromosome 21 in the etiology of some cases
of FAD (St George-Hyslop et al., 1987). However, most cases of AD
are not linked to chromosome 21 (St George-Hyslop et al.,, 1990),
including normal-onset AD patients and one well-studied German
kindred from the Volga River valley in Russia, now living in the
United States, who develop FAD (Schellenberg et al., 1988). For this
reason, FAD kindreds demonstrating linkage to chromosome 21, for
which no recombinational events had previously excluded APP as a
disease gene, were chosen as the best candidates for repeating the
HCHWA-D mutational studies.

The first discovered FAD mutation involves a valine-to-
isoleucine substitution at codon 717 (APP77q numbering scheme)

(Goate et al., 1991). Unlike in HCHWA-D, this mutation lies outside
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the B/A4 amyloid region, at a residue in the transmembrane domain
of APP (Figure 5). Two other mutations at the same codon (valine to
phenylalanine or to glycine) were discovered soon after (Murrell et
al., 1991; Chartier-Harlin et al., 1991), as well as another valine-to-
isoleucine mutation in a Japanese FAD kindred unrelated to the
original British and American kindreds (Naruse er al., 1991). An
interesting tandem amino-acid mutation has been identified in two
large Swedish families with FAD, resulting in lysine-to-asparagine
and methionine-to-leucine substitutions at codons 670 and 671
(APP770 numbering scheme), respectively, which lie just upstream of
the B/A4 amyloid domain (Figure 5) (Mullan et al., 1992). Cultured
cells that were transfected with an APP construct bearing this double
mutation have been demonstrated to secrete more B/A4 peptide
than cells expressing wild-type APP (Citron et al., 1992). Finally, a
Dutch family containing some members who develop FAD and other
members who develop cerebral amyloidogenic hemorrhage (similar
to HCHWA-D) possess an alanine-to-glycine mutation at codon 692
(APP770 numbering scheme) within the B8/A4 domain (Hendriks et al.,
1992).

Although genetic studies provide compelling evidence that a
defect in the APP gene could give rise to AD, they have failed to find
these or other APP mutations in all AD patients, both early- and late-
onset. This reasoning and the linkage of some cases of FAD to
chromosomes 14 and 19 (Schellenberg et al., 1992b; Pericak-Vance
et al., 1991; Schellenberg er al., 1992a) have led researchers to
believe that defects in molecules that interact with APP and that

regulate its metabolism might underlie some cases of AD. In order to
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define such molecules, some AD investigators have focused on
examining APP processing pathways and establishing the normal
metabolism of APP. Other investigators have focused on experiments
aimed at demonstrating whether B/A4 amyloid can exert deleterious
effects on neurons. Study of the pathways of APP cellular trafficking
and proteolytic processing will be dealt with in depth in later
chapters, but before ending this chapter it may be worth while to
summarize some of the studies on B/A4 toxicity.

It was initially suggested that B/A4 peptide might possess
trophic, rather than toxic, effects on neurons. Experiments in brain-
lesioned mice suggested that the neuritic dystrophy associated with
senile plaques could represent aberrant neuronal sprouting in
response to local injury (Geddes er al., 1986). For this reason, the
potential role of B/A4 amyloid as a growth regulator was examined
in vitro. Rather than providing clear evidence either for or against
B/A4 toxicity, such studies have engendered confusion and
controversy in the research community. 8/A4 has been reported by
different groups to be both trophic and toxic to neurons, the latter
effect supposedly being potentiated by nerve growth factor and
antagonized by tachykinin agonists such as substance P (Whitson et
al., 1989; Yankner et al., 1989, 1990a, and 1990b). A definitive role
for B/A4 in regulating cell growth remains to be demonstrated,
though minor differences in methodologies might explain some
discrepancies in experimental results (Cotman et al., 1992).
Independent laboratories, though, have consistently implicated B/A4
amyloid in affecting the Ca2+ homeostasis of cultured neurons and,

subsequently, increasing the vulnerability of these cells to
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excitotoxins such as glutamate (Koh er al., 1990; Mattson et al., 1992).

Thesis proposal and outline

The purpose of the present study was to address the cellular
trafficking and processing pathways of APP. Rather than directly
examining the mechanism(s) whereby B/A4 peptide is generated
from APP, an investigation of normal APP processing pathways was
undertaken. The decision to study "normal,” instead of "abnormal" or
amyloidogenic, APP metabolism was based chiefly upon two
considerations.  First, AD represents the outcome of a pathologic
process spanning more than half a century (or at least four decades
in the case of DS patients, whose disease etiology is presumably a
gene-dosage effect). In the absence of an animal model that
replicates a rapid AD progression, a logical strategy for deducing the
biological defect of AD might be to elucidate the normal processing
pathways of APP and then to search for defects in these pathways in
AD patients. Although a strong argument was made above for a
causative role of APP in AD, if this presumption were false, this
investigative strategy could still be wuseful in explaining the
deposition of B/A4 peptide in the brains of AD patients. In addition,
a comprehensive examination of APP cellular trafficking and
proteolytic processing should facilitate future studies in cells or
animals transfected with mutant-bearing APP constructs.

Second, the fact that the structure of APP is highly conserved
across mammalian species (Yamada er al., 1987; Shivers et al., 1988)
and possesses a homolog in invertebrates (Rosen er al., 1989), that all

cell types examined so far produce APP, that the APP gene transcript
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is alternatively spliced to yield several protein isoforms with
potentially different functions, and that APP is secreted from cells
into CSF and blood (Weidemann et al.,, 1989; Palmert et al.,, 1989;
Bush et al.,, 1990) suggests that APP is an important protein worthy
of careful study. Investigation of normal APP processing pathways
could provide insights into its function. Further, elucidation of
certain aspects of APP processing could be applicable to the study of
other cellular proteins.

This thesis is organized into four investigative divisions.
Chapter 3 describes the effects on APP metabolism of several
reagents known to alter different aspects of cellular protein
processing and trafficking. Chapter 4 describes the modulation of
APP secretion by compounds that regulate the level of protein
phosphorylation in the cell. The investigations of Chapter 5 deal with
the identification of APP in clathrin-coated vesicles and discuss the
implications of this finding for the trafficking and processing of APP.
In Chapter 6, microscopic localization of APP is performed in a
variety of tissues and cell types, and an attempt is made to correlate
the subcellular distribution of APP with aspects of its biochemical

processing.
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Chapter 2

Experimental Methods

The contents of this section also appear in Caporaso et al.

(1992a; 1992b; 1993) and Nordstedt er al. (1993).

Antibodies

The preparation of affinity-purified rabbit anti-carboxyl-
terminal APP antibody 369A has been described previously
(Buxbaum er al., 1990). The anti-amino-terminal APP monoclonal
antibody 22C11 (Weidemann et al., 1989) was the gift of Konrad
Beyreuther (University of Heidelberg, Heidelberg, Germany). A
monoclonal antibody against the KPI domain of APP751/770
(Wunderlich et al., 1992) was provided by Triprayar Ramabhadran
(our laboratory). A murine monoclonal antibody against rat
transferrin receptor (Tf-R) used for immunoblotting was purchased
from Chemicon International, Inc. (Temecula, CA).

Antibodies used for microscopy studies were generous gifts, as
follows: polyclonal rabbit serum against the carboxyl terminus of
APP (C7; Dennis Selkoe, Harvard Medical School, Boston, MA); a
monoclonal antibody that recognizes an integral membrane protein
of the trans-Golgi and the trans-Golgi network (GIMP;) (Ignacio
Sandoval, Universidad Auténoma de Madrid, Cantoblanco, Madrid,
Spain); a monoclonal antibody against the synaptic vesicle protein

SV2 (Kathleen Buckley, Harvard Medical School, Boston, MA); a rabbit
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polyclonal antibody against mannosidase II (Kelley Moremen,
Massachusetts Institute of Technology, Cambridge, MA); a monoclonal
antibody against the cytoplasmic domain of human Tf-R (Ian
Trowbridge, Salk Institute, San Diego, CA); a monoclonal antibody
that recognizes the endoplasmic reticulum marker BiP (David Bole,
University of Michigan, Ann Arbor, MI); and a monoclonal antibody
against the lysosomal marker 1gpl120 (Ira Mellman, Yale University
School of Medicine, New Haven, CT).

Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
antibody was obtained from Sigma Chemical Co. (St. Louis, MO) and
rhodamine-conjugated goat anti-rabbit antibody was obtained from
Boehringer Mannheim Biochemicals (Indianapolis, IN). FITC-
conjugated wheat germ agglutinin was obtained from Vector
Laboratories, Inc. (Burlingame, CA). FITC-conjugated lentil lectin was
obtained from E-Y Laboratories (San Mateo, CA). Protein A-gold
particles were prepared according to the method of Slot and Geuze
(1985). Donkey anti-rabbit and sheep anti-mouse horseradish
peroxidase-coupled secondary antibodies were purchased from
Amersham Corp. (Arlington Heights, IL). Agarose-coupled anti-mouse
and anti-rabbit secondary antibodies were purchased from HyClone
Laboratories, Inc. (Logan, UT). Protein A Sepharose CL-4B (PAS) was
obtained from Pharmacia LKB (Uppsala, Sweden).

Pharmacological reagents
Chloroquine and ammonium chloride were purchased from
Sigma Chemical Co., monensin was purchased from Calbiochem (San

Diego, CA), and brefeldin A (BFA) was purchased from Epicentre
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Technologies (Madison, WI). Phorbol 12,13-dibutyrate (PDBu), 4-o-
PDBu, and okadaic acid were purchased from LC Services Corp.
(Woburn, MA). Acridine orange was purchased from Eastman Kodak

Co. (Rochester, NY).

Pulse-chase metabolic labeling and immunoprecipitation

Undifferentiated rat pheochromocytoma (PC12) cells were
grown to confluence on three 10-cm diameter culture dishes in
Dulbecco's modified Eagle's medium (DMEM) containing 10% (vol/vol)
heat-inactivated fetal bovine serum (FBS), 5% (vol/vol) heat-
inactivated horse serum, and antibiotic-antimycotic solution (Gibco
BRL, Gaithersburg, MD) with 5% CO; at 37°C (all subsequent
incubations up until cell lysis were performed at this temperature).
Cells were washed twice with Hepes-buffered saline solution (HBS)
(10 mM Hepes, pH 7.4, 110 mM NaCl, 5 mM KCl, 2 mM CaClz, 1 mM
MgSOy4), suspended in HBS, and pelleted by brief centrifugation. The
cells were resuspended in 1 ml of methionine-free Eagle's modified
minimum essential medium (MEM) containing 25 mM Hepes (pH 7.4).
After a 45-min preincubation, cells were pulse-labeled for 20 min by
the addition of 1 mCi of [35S]methionine (1000 mCi/mmol; NEN
Research Products, Boston, MA). The chase period was initiated by
the addition of 5 ml of MEM containing excess unlabeled methionine
(200 pM) and 25 mM Hepes (pH 7.4). Aliquots (200 pl) of samples
were incubated in microcentrifuge tubes.

When the effects of chloroquine (50 pM), ammonium chloride
(50 mM), phorbol esters (1 pM), or okadaic acid (1 pM) were

examined, drug was added at the start of the chase period. When the
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effects of monensin (10 pM) or BFA (10 pg/ml) were examined, drug
was added at the start of the preincubation period and was present
throughout the pulse-chase, or drug was present during the chase
period only. Control cells were treated with drug vehicle alone. Cell
viability remained unchanged throughout the chase period as
determined by trypan blue exclusion.

At the end of the chase period (0 to 8 h), cells were rapidly
pelleted and the medium removed. Cells and medium were treated
with 1% (wt/vol) SDS, boiled 5 min, sonicated (cell lysates only), and
centrifuged at 10,000 g for 10 min. After dilution with an equal
volume of neutralization buffer [6% (vol/vol) Nonidet-P40, 200 mM
Tris, pH 7.4, 300 mM NaCl, 10 mM EDTA, 4 mM NaN3], supernatants
were incubated at 4°C with antibody 22C11 overnight (medium) or
with antibody 369A for 2 h (cell lysates), unless otherwise indicated.
Immune complexes were precipitated with 200 pl (vol/vol) of
agarose-coupled anti-mouse or anti-rabbit antibody or with PAS, and
the pellets washed three times with 1 ml of Tris-buffered saline
solution (100 mM Tris, pH 7.4, 150 mM NaCl, 2 mM NaN3).

Samples were boiled in 100 pl of sample buffer [62.5 mM Tris,
pH 6.8, 2% (wt/vol) SDS, 5% (vol/vol) 2-mercaptoethanol, 10%
(wt/vol) sucrose] and separated by SDS-polyacrylamide gel
electrophoresis (Laemmli, 1970) on 4-15% gradient gels (cell lysates)
or 6% gels (medium). Gels were treated for fluorography with
enhancer solution (Entensify; NEN Research Products), dried, and
exposed to preflashed x-ray film at -70°C. Proteins were quantitated
by scanning densitometry (since immature APP751 and APP77

isoforms could not be resolved by densitometry, they are reported
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together as immature APP751/770). Care was taken to work within
the linear range of film sensitivity. Values were corrected for length
of exposure time, signal decay, and the number of methionine
residues in individual APP species, and normalized to the total
amount of full-length APP present in untreated cells at the start of
the chase period (100 relative units). It should be noted that
synthesis of labeled protein continued after the start of the chase,
and therefore, that the values for the recovery of mature APP,
secreted APP, and the carboxyl-terminal APP fragment are

overestimated in absolute terms but accurate in relative terms.

Preparation of clathrin-coated vesicles (CCVs)

CCVs were prepared from undifferentiated PC12 cells grown in
suspension using a combination of protocols described -earlier
(Pearse, 1976; Nandi et al., 1982; Campbell et al., 1984). Pelleted
cells were stored at -70°C prior to use. The cells (approximately 20
ml of packed cell volume) were homogenized at room temperature in
10 volumes of buffer A [0.1 M 2-(N-morpholino)ethanesulfonic acid,
pH 6.5, 1 mM EGTA, 0.5 mM MgClp, 0.02% (wt/vol) NaN3, 7 mM 2-
mercaptoethanol, 6 units/ml aprotinin, 10 pg/ml leupeptin, 1 pg/ml
antipain, 1 pg/ml pepstatin] with a steel Dounce-type homogenizer.
The homogenate was centrifuged at 20,000 g for 30 min, and the
supernatant was further centrifuged at 55,000 g for 1 h. The pellet
was then homogenized with a loose-fitting glass-Teflon homogenizer
in 10 volumes of buffer A and mixed with an equal volume of buffer
A containing 12.5% (wt/vol) Ficoll 400 (Pharmacia LKB) and 12.5%

(wt/vol) sucrose. This mixture was centrifuged at 38,000 g for 40
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min. The supernatant was diluted with 5 volumes of buffer A and
centrifuged at 100,000 g for 1 h. The pellet was homogenized in
approximately 30 volumes of buffer A and centrifuged at 20,000 g
for 20 min. The supernatant was layered over a cushion of buffer A
made with 100% DO and containing 8% sucrose. The CCVs were
pelleted by centrifugation at 80,000 g for 2 h. This centrifugation
was performed at 20°C, whereas all other procedures were
performed at 4°C. The purified CCVs were further fractionated either
by density-equilibrium centrifugation on 10-ml linear 2/9%-20/90%
Ficoll 400/D20 gradients in buffer A (80,000 g for 15 h) as described
(Turkewitz and Harrison, 1989) or by gel-filtration chromatography
on a 1x50 cm Sephacryl S-1000 column (Pharmacia LKB) as
described (Campbell er al., 1984).

Protein determination and immunoblot analysis of CCVs
The protein content of CCV fractions obtained by gel-filtration
chromatography was determined by spectrophotometric absorbance
at a wavelength of 280 nm. The protein concentration of cell
homogenates and of CCV fractions obtained by density-equilibrium
centrifugation was determined by the method of Bradford (1976).
Proteins from cell homogenates and CCVs were separated on 4-
15% SDS-polyacrylamide gradient gels under reducing conditions
(Laemmli, 1970) and transferred to nitrocellulose membranes
(Towbin er al., 1979). The nitrocellulose blots were first blocked
with Tris-buffered saline solution (150 mM NaCl, 50 mM Tris-HCl, pH
7.3) containing 0.05% (vol/vol) Tween-20 (TBST) and then with TBST

containing 5% (wt/vol) nonfat milk ("Blotto"). Primary antibodies
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were made up in Blotto with 0.02% (wt/vol) NaN3 and stored at 4°C
between experiments. After a 3-h incubation at room temperature
with primary antibody, blots were washed several times with TBST.
Blots were then incubated for 1 h with either horseradish
peroxidase-conjugated donkey anti-rabbit or sheep anti-mouse
secondary antibody prepared in Blotto. Following extensive washing
with TBST, immunoreactivity was visualized with the enhanced
chemiluminescence system (Amersham Corp.) according to the
manufacturer's instructions, and blots were exposed to x-ray film.
Total protein was visualized by staining the nitrocellulose blots with

0.1% (wt/vol) amido black (Towbin et al., 1979).

Electron microscopy of CCVs

Peak fractions of APP immunoreactivity eluted from the S-
1000 column were examined by electron microscopy. Small droplets
of sample were placed on grids coated with a carbon-stabilized
Formvar film and left for 30-60 s. After removal of excess liquid,
the adsorbed material was negatively stained with unbuffered 1%
(wt/vol) uranyl acetate for 1 min. Imaging was performed with a
Jeol 100CX electron microscope. This procedure was performed by

Helen Shio of the Rockefeller University electron microscopy services.

Cell cultures for immunofluorescence microscopy

Primary cultures of rat hippocampal neurons were prepared
from 18-d-old fetal rats as described (Banker and Cowan, 1977,
Bartlett and Banker, 1984). Cells were grown for 4 d on poly-L-

lysine-treated glass coverslips in MEM without serum, containing 1%
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HL1 supplement (Ventrex, Portland, ME), 2 mM glutamine, and 1
mg/ml bovine serum albumin.

Chinese hamster ovary (CHO) cells were grown in DMEM
containing 10% heat-inactivated FBS, 34 pg/ml proline, 100 units/ml
penicillin, and 100 pg/ml streptomycin. African green monkey
kidney (COS) cells were grown in DMEM containing 10% heat-
inactivated FBS, 20 mM Hepes (pH 7.4), and 1x antibiotic/antimycotic
solution (Gibco BRL). Undifferentiated PC12 cells were grown in
DMEM containing 10% heat-inactivated FBS, 5% heat-inactivated
horse serum, and 1x antibiotic/antimycotic solution. Rat insulinoma
(RINmSF) cells (Gazdar et al.,, 1980) were grown in RPMI 1640
medium containing 10% fetal calf serum. Mouse insulinoma (8TC3)
cells (Efrat er al., 1988) were grown in Click medium (Irvine
Scientific, Santa Ana, CA) containing 5% fetal calf serum. Primary

cultures and all cell lines were grown in 5% CO; at 37°C.

Immunofluorescence labeling

Cells were grown for 2-3 days on poly-L-ornithine-coated glass
coverslips.  Following incubation in medium alone or in medium
containing drugs, cells were washed once with 120 mM phosphate
buffer (pH 7.4) and then fixed for 30 min at 37°C with 4%
formaldehyde (freshly prepared from paraformaldehyde)/4%
sucrose in 120 mM phosphate buffer. All subsequent steps were
performed at room temperature. After a wash with high-salt
phosphate-buffered saline solution (PBS) (500 mM NaCl, 20 mM
phosphate buffer), cells were incubated for 30 min with "goat serum

dilution buffer" (GSDB; 0.45 M NaCl, 20 mM phosphate buffer, 0.3%
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Triton X-100, 17% goat serum) in order to permeabilize membranes
and block non-specific secondary antibody binding sites. Cells were
next incubated for 2-3 h with primary antibodies prepared in GSDB.
Following washes with high-salt PBS, cells were incubated for 30-90
min with fluorescent secondary antibodies prepared in GSDB. Cells
were washed with high-salt PBS, then briefly with 5 mM phosphate
buffer before mounting the coverslips onto glass slides using freshly-
prepared mounting solution [70% glycerol, 1 mg/ml p-
phenylenediamine (Sigma Chemical Co.), 150 mM NaCl, 10 mM
phosphate buffer].  Slides were viewed with a Zeiss Axiophot
microscope equipped with epifluorescence optics and photographed
with Kodak TMAX-100 film.

In other studies, the brains of adult Sprague-Dawley rats (150-
200 g) were fixed by perfusion with 4% paraformaldehyde in 120
mM phosphate buffer and 7-pm sections were prepared (De Camilli
et al., 1983a). Brain sections were labeled for immunofluorescence

microscopy essentially as described above.

Immunoelectron microscopy of rat brain tissue fragments
Preparation of agarose-embedded rat brain tissue fragments
and immunoelectron microscopy were performed as described

previously (De Camilli er al., 1983b; Takei et al., 1992).

Immunoblot analysis of cultured cells
Cells were grown for 2-3 days on 6-cm culture dishes.
Following drug treatment, the medium was removed and the cells

were washed with 120 mM phosphate buffer or Hank's balanced
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saline solution, scraped from the dishes in 400-600 pul of 1% SDS, and
the lysates were boiled and sonicated. Following centrifugation at
14,000 g for 10 min, supernatants were assayed for total protein
using the BCA system (Pierce, Rockford, IL). Aliquots of cell lysates
containing equal amounts of protein, or volumes of medium
normalized for cell-lysate protein, were diluted and boiled in sample
buffer, separated on SDS-polyacrylamide gels by electrophoresis
under reducing conditions (Laemmli, 1970), and transferred to
nitrocellulose membranes (Towbin et al.,, 1979). The procedure for
immunoblotting was identical to that described above (Protein

determination and immunoblot analysis of CCVs).
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Chapter 3

Separate Processing Pathways for APP Secretion
and Proteolytic Degradation

Introduction

A convenient animal model for AD is not available. Aged non-
human primates and dogs experience cognitive decline and develop
AD pathology (Selkoe et al., 1987), but routine study in such animals
is impractical. Also, no transgenic mouse developed to date produces
AD pathology (Quon et al.,, 1991). Therefore, alternative systems for
examining the role of APP in the pathogenesis of AD must be
employed. Cultured mammalian cells provide a readily accessible
and well-characterized system for studies of protein processing.
Although the events in the metabolism of APP that lead to
amyloidosis and plaque formation might not be reproducible in cell
culture, elucidation of normal processing pathways may provide
insights into the pathogenesis of AD.

In this section, the intracellular trafficking and processing of
APP is examined by [35S]methionine pulse-chase analysis of PC12
neuroendocrine cells in the presence of pharmacologic agents known
to affect the function of specific intracellular organelles. Sharing a
developmental origin with neurons, PC12 rat pheochromocytoma
cells synthesize the catecholamines dopamine and norepinephrine,
and have proven useful in studies of neuronal differentiation and

function (Greene and Tischler, 1976; Greene et al, 1991), as well as
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studies on the cellular trafficking of both neuronal and non-neuronal
proteins (e.g., see Régnier-Vigouroux et al., 1991; Chanat and Huttner,
1991; Green and Kelly, 1992). In addition, PC12 cells have
previously been shown to synthesize large amounts of APP
endogenously--circumventing the need for transfection--and to
process APP molecules from synthesis to degradation in a relatively
short time (Weidemann et al., 1989; Buxbaum et al.,, 1990).

The contents of this section also appear in Caporaso et al.

(1992a; 1992b).

Identification of APP species

Domain-specific antibodies were employed to identify the APP
species present in cell lysates and cultured medium from
[35SImethionine metabolically-labeled PC12 cells. Antibodies
directed against the amino terminus (22C11; Weidemann et al., 1989)
or against the carboxyl terminus (369A; Buxbaum ez al.,, 1990) of
APP immunoprecipitated from cell lysates proteins with molecular
masses of 106, 112, 116, 125, 139, and 146 kDa (Figure 6, lanes 1
and 3). The three lower bands have previously been designated as
immature APPg9s, APP751, and APP770 holoprotein, respectively, and
the three higher bands as the corresponding mature APP isoforms, in
which the proteins are fully N- and O-glycosylated and sulfated
(Weidemann et al., 1989; Buxbaum et al., 1990). In support of this
earlier identification, the 112-, 116-, 139-, and 146-kDa proteins
were also immunoprecipitated with antibody 56.1 (Wunderlich et al.,
1992), which was raised against the KPI domain of APP751 and

APP770 (Figure 6, lane 2). Further, an antibody raised against
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Figure 6. Identification of APP species in PC12 cells by
immunoprecipitation with domain-specific antibodies. =~ APP species
immunoprecipitated from cell lysates (lanes 1-5) or the cultured
medium (lanes 6-9) of [35S]methionine-labeled PC12 cells chased for
1 h in the absence of PDBu (lanes 1-5) or for 4 h in the presence of
PDBu (see Chapter 4) (lanes 6-9) were separated on a 4-15%
continuous gradient SDS-polyacrylamide gel and examined by
fluorography.  Four immunoprecipitating antibodies were used to
identify the various APP species: (lanes 1 and 6) anti-amino-
terminal monoclonal antibody 22C11; (lanes 2 and 7) anti-KPI
domain monoclonal antibody 56.1; (lanes 3 and 8) anti-carboxyl-
terminal affinity-purified polyclonal antibody 369A; (lane 4)
antibody 369A preincubated with synthetic peptide corresponding to
the cytoplasmic domain of APP (APP645-694); (lanes 5 and 9) whole
serum from a guinea pig injected with unglycosylated APPg9gs

produced in Escherichia coli.
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unglycosylated APPg9s5 produced in Escherichia coli (kindly provided
by Triprayar Ramabhadran, our laboratory) was found to
immunoprecipitate mainly the 106-, 112-, and 116-kDa proteins
(Figure 6, lane 5).

In addition, antibody 369A, but not the other antibodies,
immunoprecipitated a 16-kDa peptidet (Figure 9), which was found
by radiosequence analysis to be the carboxyl-terminal fragment
resulting from intra-B/A4 amyloid secretory cleavage of APP (Sisodia
et al., 1990; Esch et al., 1990; Anderson et al., 1991; Joseph Buxbaum,
our laboratory, unpublished results). Preincubation of antibody
369A with a synthetic peptide corresponding to the cytoplasmic
domain of APP abolished recovery of all cell-associated APP species
(Figure 6, lane 4).

Proteins with molecular masses of 109, 123, and 129 kDa were
immunoprecipitated from cultured medium using antibody 22Cl11
(Figure 6, lane 6), but no protein was recovered using antibody 369A
or the antibody raised against the unglycosylated APP bacterial
product (Figure 6, lanes 8 and 9), indicating that only mature, amino-
terminal APP fragments were present in the medium. The 123- and
129-kDa species could also be immunoprecipitated using antibody
56.1 (Figure 6, lane 7). Based upon these results, and the fact that
the difference in masses between the mature APP holoproteins (from

which the secreted forms are believed to arise; see below) and the

t This APP species comigrated with the o-lactalbumin standard marker, which
has a reported molecular mass of 14.2 kDa, in pulse-chase/immunoprecipi-
tation experiments. However, when the molecular mass of the APP species was
determined by linear regression analysis using a series of protein standards,
as was done for the full-length or secreted APP molecules, the molecular mass
was calculated to be 16 kDa. For consistency, the molecular mass is reported in
this chapter and in Chapter 4 as 16 kDa.
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carboxyl-terminal APP fragment closely agrees with the masses of
the secreted forms, it is concluded that the 109-, 123-, and 129-kDa
proteins are the secreted fragments of APPggs, APP751, and APP77y,
respectively.

No secreted forms were recovered from cell lysates when the
supernatants from immunoprecipitations with antibody 369A were
re-incubated with antibody 22C11. In addition,
immunoprecipitations from cell lysates with antibody 369A and from
cultured medium with antibody 22C11 were judged to be
quantitative, since no further APP was recovered when samples

were re-immunoprecipitated.

Effect of chloroquine on acidic organelles

Since some evidence for lysosomal APP processing was
reported previously (Benowitz et al., 1989; Cole et al.,, 1989), the
effects of chloroquine on APP metabolism were examined.
Chloroquine is a weak base that is taken up by cells, where it is
concentrated in and neutralizes acidic organelles such as lysosomes
(de Duve er al.,, 1974; Poole and Ohkuma, 1981) (Figure 7). The
elevated pH of these organelles results in the inhibition of their acid-
dependent hydrolases. Chloroquine neutralization of acidic
organelles in the PC12 cells was confirmed by fluorescence
microscopy after acridine orange treatment (Moriyama et al., 1982;
Niederau and Grendell, 1988) in the absence and presence of

chloroquine (Figure 8).
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Figure 7. Model of lysosomal pH maintenance and the uptake of
weak bases (from Poole and Ohkuma, 1981). An ATP-dependent ion
pump establishes a proton (H*) gradient across the lysosomal
membrane, thereby acidifying the organelle. Weak bases (B) such as
chloroquine readily permeate the lysosomal membrane, but upon
protonation are trapped within the lysosome and raise the pH of this
organelle. As the lysosomal concentration of protonated base (BH*)
increases, an osmotic influx of water from the cytoplasm results in a
swelling, or "vacuolation," of the lysosome (Ohkuma and Poole, 1981).
The process is limited by slow leakage of the protonated base down
the steep concentration gradient that is formed. The leakage also

serves to raise intralysosomal pH by transporting protons out of the

organelle.
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Figure 8. Neutralization of acidic compartments in chloroquine-
treated cells. PCI12 cells grown on microscope slide culture chambers
were incubated in the absence (top) or presence (bottom) of 50 pM
chloroquine for 1 h prior to treatment with 50 pM acridine orange
for 5 min and viewing by fluorescence microscopy at a wavelength of
460-490 nm. A weak base that is concentrated in acidic
compartments (see Figure 7), acridine orange undergoes a
fluorescence shift from red-orange at acidic pH (top) to green at

neutral or basic pH (bottom).
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Effect of chloroquine on APP maturation

At the start of the chase period, nearly all of the labeled APP
was in the form of immature holoprotein (Figure 9).  Within
approximately 15 min, half of the immature APP was converted to
mature APP (Figure 10). No difference in the rate of maturation was
found between APPg9s and APP751/770. Chloroquine had virtually no

effect on APP maturation (Figure 10).

Effect of chloroquine on mature APP holoprotein

In untreated cells, the level of mature APP holoprotein rose to
a maximum by 30 min, corresponding to conversion of immature
APP to its fully glycosylated and sulfated forms (Figure 11, a)
(Weidemann et al., 1989). The amount of mature APP isoforms then
decreased with a half-life of about 90 min. At 8 h of chase, the
levels of mature APP isoforms had returned to their starting levels.
The decrease of APP levels with time was attributed to conversion of
mature APP to secreted forms, as well as to proteolytic degradation
unassociated with secretion.

When cells were treated with chloroquine, a significant effect
on turnover of mature APP was observed (Figure 11, a). The levels
of mature APP holoprotein peaked 30 min later than in control
samples. APP isoforms were present at approximately twice the
levels found in untreated cells, from 1 to 8 h of chase. The
magnitude of the chloroquine effect was the same for the different
APP isoforms.

In order to better examine whether chloroquine was affecting

the rate of mature APP turnover, the amount of mature APP
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Figure 9. Effects of chloroquine on APP processing. APP species
immunoprecipitated from cell lysates and the cultured medium of
[35S]methionine-labeled PC12 cells that were incubated during the
chase period for 0, 15, 30 min, 1, 2, or 4 h in the absence (left) or
presence (right) of chloroquine were examined by fluorography.
(Top) APP holoproteins of 106, 112, 116, 125, 139, and 146 kDa
representing immature APPg9s, APP751, and APP770 and mature
APPgos, APP751, and APP77¢, respectively, in cell lysates. (Middle)
16-kDa peptide in cell lysates representing the carboxyl-terminal
APP fragment resulting from intra-B/A4 amyloid secretory cleavage.
(Bottom) APP amino-terminal peptides of 109, 123, and 129 kDa
representing the secreted fragments of APPggs, APP7s51, and APP770,
respectively, in cultured medium. Autoradiograms are from a single
experiment analyzed either on a 4-15% continuous gradient SDS-
polyacrylamide gel (top, top portion of film; middle, bottom portion
of film) or on a 6% SDS-polyacrylamide gel (bottom). Fluorograms
were exposed for different lengths of time to optimize signal clarity.

Molecular masses (kDa) are indicated at left.
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recovered with time was replotted semi-logarithmically (Figure 11,
b). It was evident that data points from 30 min to 8 h for untreated
cells could be fitted best by two lines. From 30 min to 2 h, mature
APP decreased with a half-life of approximately 90 min; from 4 to 8
h, the half-life of mature APP was about 3 h. These data suggested a
biphasic pathway for mature APP processing. In cells treated with
chloroquine, a single line could be fitted to the data points, indicating
that the half-life of mature APP was now approximately 3 h

throughout the chase period.

Effect of chloroquine on APP secretion

In untreated cells, after a brief lag, levels of secreted APP
isoforms rose linearly from O to 4 h of chase (Figure 12). Little or no
further increase in APP secretion was observed up to 8 h of chase.
Maximal levels of secreted APP represented about 14% of total APP
present at the start of chase.

When cells were treated with chloroquine, virtually no change
in the rate of APP secretion was found for any APP isoform (Figure
12). The maximal level of APP secretion was approximately the
same for control and chloroquine-treated samples at 4 h. At 6 and 8
h of chase there tended to be a small decrease in recovery of
secreted APP. This decrease was attributable to proteolytic
degradation in the medium, since recovery of secreted APP in 4-h
chase medium incubated in the absence of cells decreased with time.
Chloroquine was found to promote the proteolysis in the medium to

an extent comparable to that shown in Figure 12 (not shown).
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Figure 10. Effect of chloroquine on APP maturation. Recovery of
immature APP from cells incubated in the absence (open circles) or
presence (filled diamonds) of chloroquine was quantitated by
densitometry of fluorograms, normalized, and plotted as a function of
time. (Top) Immature APPg9s. (Bottom) Immature APP751/770.
Results are the means + SEM of seven experiments; n = 3 to 7 for
individual time points. There was no statistically significant
difference between untreated and treated samples (Student's

unpaired t-test).
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Figure 11. Effect of chloroquine on the turnover of mature APP.
Recovery of mature APP from cells incubated in the absence (open
circles) or presence (filled diamonds) of chloroquine was quantitated
by densitometry of fluorograms, normalized, and plotted either
linearly (a) or logarithmically (b) as a function of time. (Top) Mature
APPgos. (Middle) Mature APP751. (Bottom) Mature APP77¢0. Results
are the means * SEM of seven experiments; n = 3 to 7 for individual
time points. Statistical significance between untreated and treated
samples for individual time points was determined by Student’s

unpaired t-test (*, p < 0.05).
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Figure 11. Effect of chloroquine on the turnover of mature APP

(continued).
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Figure 12. Effect of chloroquine on APP secretion. Recovery of
secreted APP fragments from the cultured medium of cells incubated
in the absence (open circles) or presence (filled diamonds) of
chloroquine was quantitated by densitometry of fluorograms,
normalized, and plotted as a function of time. (Top) Secreted APPg9s.
(Middle) Secreted APP751. (Bottom) Secreted APP770. Results are the
means + SEM of seven experiments; n = 3 to 7 for individual time
points. Statistical significance between untreated and treated
samples for individual time points was determined by Student's

unpaired t-test (¥, p < 0.05).
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Effect of chloroquine on the carboxyl-terminal APP
fragment

In untreated cells, the level of the carboxyl-terminal APP
fragment reached a maximum at 1 h of chase and decreased slowly
thereafter (Figure 13). Since mature APP holoprotein was still being
degraded, and secreted APP was still being produced at this time,
one could conclude that the carboxyl-terminal APP fragment is
subject to further proteolytic degradation.

Chloroquine had a marked effect on recovery of the carboxyl-
terminal fragment. At all time points from 2 to 8 h, recovery of the
16-kDa APP fragment was significantly greater from chloroquine-
treated than from untreated cells. These data are consistent with the
idea that the carboxyl-terminal APP fragment is further degraded in
an acidic organelle following its formation by APP secretory cleavage.

The maximal level of APP fragment was equivalent to
approximately 9% of APP holoprotein present at the start of chase
and 60% of total secreted APP. In the presence of chloroquine, these

values were 13% and 92%, respectively.

Effects of ammonium chloride, monensin, and brefeldin A
on APP processing

In addition to chloroquine, the effect of the lysosomotropic
agent ammonium chloride on APP processing was examined.
Ammonium chloride exhibited effects on APP turnover similar to
those of chloroquine. However, it also had a strong inhibitory effect
on APP maturation. Because of these multiple effects, ammonium

chloride was not further examined.
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Figure 13. Effect of chloroquine on the turnover of the carboxyl-
terminal APP fragment. Recovery of the 16-kDa carboxyl-terminal
APP fragment from cells incubated in the absence (open circles) or
presence (filled diamonds) of chloroquine was quantitated by
densitometry of fluorograms, normalized, and plotted as a function of
time. Results are the means * SEM of seven experiments; n = 3 to 7
for individual time points. Statistical significance between untreated
and treated samples for individual time points was determined by

Student's unpaired t-test (¥, p < 0.05).
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The monovalent cation ionophore monensin abolishes Nat, K+,
and H* gradients and thereby disrupts the function of lysosomes and
distal Golgi cisternae (Tartakoff, 1983). When monensin was added
at the start of chase, it inhibited APP turnover to an extent similar to
that observed with chloroquine and ammonium chloride (Figure 14).
When monensin was present from the beginning of the preincubation
period and throughout the pulse-chase period, it completely
inhibited APP maturation (Figures 14 and 15). Furthermore, no
secreted APP fragment (Figure 15) or 16-kDa APP fragment (Figure
14) was recovered.

The fungal product brefeldin A (BFA) produces an apparent
dissolution of the Golgi complex by causing resorption of Golgi
components into the endoplasmic reticulum (ER) and fusion of the
trans-Golgi network (TGN) with the early endosomal system (Pelham,
1991; Klausner et al.,, 1992; see Chapter 6 for a detailed discussion on
the cellular effects of BFA). When cells were treated with BFA from
the start of the preincubation period, normal APP maturation was
inhibited (Figure 15). Instead, a broad protein band of molecular
mass greater than that of immature APP, but less than that of
mature APP, was observed. As Golgi enzymes, though relocated to
the ER, can still function in the presence of BFA (Doms et al., 1989),
it seems that APP underwent aberrant glycosylation. @~ BFA also
prevented secretion of APP fragments (Figure 15) and production of
the carboxyl-terminal fragment (not shown). (Full-length APP was
slowly metabolized in the presence of either monensin or BFA, but no
discrete proteolytic products were recovered with the APP

antibodies employed.)
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Figure 14. Effects of monensin on APP maturation and secretory
processing. APP species were immunoprecipitated from cell lysates
of [35S]methionine-labeled PC12 cells that were chased for the
indicated times and examined by fluorography. Monensin was
absent (left), present during the preincubation, pulse-label, and
chase periods (center), or present during the chase period only
(right). (Top) APP holoproteins of 106, 112, 116, 125, 139, and 146
kDa representing immature APPg9s5, APP751, and APP770 and mature
APPgos5, APP751, and APP77¢, respectively. (Bottom) 16-kDa
carboxyl-terminal APP fragment. Molecular masses (kDa) are

indicated at left.
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The data obtained with monensin and brefeldin A suggest that
full maturation does not occur until APP reaches the distal Golgi
complex, where final glycosylation (Farquhar, 1985) and sulfation
(Baeuerle and Huttner, 1987) are believed to occur. Both monensin
and BFA inhibited complete APP maturation and prevented APP
proteolysis and secretion. This indicates that proteolysis and
secretory cleavage occur in the distal Golgi or a subsequent
compartment, since monensin inhibits middle- to trans-Golgi
transport (Griffiths et al.,, 1983) and BFA inhibits trans-Golgi to TGN
transport (Chege and Pfeffer, 1990). These results exclude earlier
APP proteolysis, for example, as might occur in the ER (Lippincott-
Schwartz et al., 1988; Klausner and Sitia, 1990).

Conclusions

The lysosomotropic agent chloroquine was demonstrated to
significantly affect the metabolism of mature APP and a carboxyl-
terminal APP fragment, with virtually no effect on APP maturation
or secretion. In this study, the APP fragments released into the
medium represented about 14% of the APP holoprotein present at
the start of the chase. Recovery of the carboxyl-terminal APP
fragment in the presence of chloroquine represented approximately
13% of total APP holoprotein, but 92% of total secreted APP. The
quantitative agreement between the production of secreted APP
fragments and the carboxyl-terminal APP fragment suggests that the
16-kDa fragment arising by intra-amyloid cleavage results almost
entirely from the secretory pathway. This fragment would then be

sorted for further proteolysis in acidic organelles such as lysosomes.
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Figure 15. Comparative effects of monensin and brefeldin A on
APP maturation and secretion. APP species were immuno-
precipitated from cell lysates (top) and the cultured medium
(bottom) of [35S]methionine-labeled PC12 cells that were incubated
during preincubation, pulse, and chase periods of 0, 2, or 4 h in the
absence (left) or presence of monensin (center) or BFA (right), and
then examined by fluorography. (Top) APP holoproteins of 106, 112,
116, 125, 139, and 146 kDa representing immature APPggs5, APP751,
and APP770 and mature APPg9s5, APP751, and APP77¢0, respectively.
(Bottom) APP amino-terminal peptides of 109, 123, and 129 kDa
representing secreted fragments of APPgg9s, APP7s51, and APP770,

respectively. Molecular masses (kDa) are indicated at left.

72



control monensin brefeldin A
1 1 1

N -

1
N o N = N -
<+ <+

_ Jmat App
“JFmm APP

129-

105 “Jsec AppP






In support of this possibility, chloroquine caused increased recovery
of the 16-kDa peptide; since secretion was unchanged by
chloroquine, the increased recovery of the carboxyl-terminal
fragment is unlikely to be due to enhanced production, but rather to
decreased degradation.

The chloroquine-sensitive proteolytic turnover of APP
presumably takes place in an acidic compartment such as endosomes
or lysosomes. The specific cleavage of APP to produce a secreted
species, on the other hand, was not sensitive to chloroquine,
suggesting that this event occurs at a different cellular location.
Quantitatively, these results suggest that intra-amyloid cleavage of
APP and the associated secretion of amino-terminal APP fragments
represent a minor portion of total APP metabolism, and that most
APP molecules are degraded along a separate subcellular route of
trafficking.

The analysis of the effects of chloroquine on the rate of mature
APP turnover (Figure 11, b) suggest that chloroquine was selectively
affecting an early, rather than a late, step in APP processing. In
control cells, the turnover of mature APP appeared to be a biphasic
process, with a fast early phase (tj/2 = 90 min) and a slow later
phase (t12 = 3 h). The rate of mature APP turnover in chloroquine-
treated cells was virtually identical to the rate of turnover in
untreated cells during the slow later phase, but it was half that of the
fast early phase. This suggests that the effects of chloroquine were
primarily on the early stage of mature APP proteolysis.

One interpretation of these results is that most proteolysis of

mature APP occurs in endosomes, while the remainder of mature
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APP would be degraded in lysosomes. According to this model, the
endosomal APP proteases would be more sensitive to the effects on
intraluminal pH by chloroquine than would be APP proteases in
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