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Abstract

The functions of FE63 proteins and their roles in the Dementia of Alzheimer type
Baiping Wang
Chairperson of the Supervisory Committee
Professor George M. Martin

Department of Pathology

Dementias of the Alzheimer type (DAT) are human neurodegenerative diseases that
debilitate millions of elderly people, presenting enormous financial and emotional
burdens worldwide. Its pathogenesis involves the beta-amyloid precursor protein
(BPP), the aberrant processing or functioning of which results in amyloid plaques, the
hallmark of DAT pathology. Attempts to decipher their normal function and
metabolism of BPP have focused on the interacting proteins. A particularly strong
interactor, the FE65 protein, has properties of an adaptor protein. An understanding

of its functions may elucidate the molecular mechanisms underlying the pathogenesis

of DAT.



This thesis focuses on the functions of FE65 and its role in DAT. Using a gene-
targeting approach, FE65 was disrupted in transgenic mice. These mice were bred

with a line of transgenic mice (Tg2576) that overexpress a mutant form of PP,

resulting in extensive deficits of beta amyloid.

After documenting the successful targeting of FE65, a Western analysis of FE65
protein expression was carried out with a panel of FE65-specific antibodies. These
demonstrated that the 97 kDa full-length FE65 (p97) was ablated in the mutant mice
while a previously undescribed FE65 isoform with apparent molecular mass of 60
kDa (p60) was expressed in both wild type and mutant mice. p60 has a truncated N-
terminus, and is likely to be generated through alternative translation. Expressions of
the two isoforms appeared to be brain-region distinct, and age-dependent. The mutant
mice were viable, and showed no obvious physical impairments or histopathological
abnormalities. However, homozygous (p97FE65"') and heterozygous (p97FE65™)
mutant mice exhibited poorer performances than wild type mice on a passive
avoidance task when tested at 14 months. p97FE65" mice at 14 months also exhibit
impaired hidden-platform acquisition and a severe reversal-learning deficit, but
normal visual-platform acquisition in the Morris water maze tests. Probe trials
confirmed impairments in p97FE65” mice in re-learning of new spatial information,

suggesting a hippocampal-dependent memory extinction deficit. Reduced secretion



of A peptides was observed in primary neuronal cultures of hybrid mice (p97FE65™

ITg2576). :

These studies suggest an important and novel function of FE65 in learmning and

memory.
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CHAPTER 1

INTRODUCTION

1.1. Overview

Dementias of the Alzheimer type (DAT) are multi-factorial diseases associated with
several genes including the gene (4PP) for the beta;-amyloid precursor protein (SPP).
[3PPA has been thought to be of central importance for the pathogenesis of DAT since
the deposition of its proteolytic product, f§-amyloid, is found in the main pathological
lesion of DAT. Moreover, all three dominant mutations responsible for early onset
familial forms of DAT appear to influence BPP processing. The cytoplasmic domain
of BPP has been shown to interact with a putative phosphotyrosine interacting domain
(PID) of a neural adaptor protein, FE65. FE65 regulates BPP trafficking and
processing via strong binding of its PID with the intracellular tail of BPP. In addition
to the PID that interacts with BPP, FE65 possésses one more PID domain. The latter

interacts with a transcription factor (CP2), with a histone acetyltransferase (Tip60) and
with a member of a family of low- density lipoprotein receptor- related protein (LRP).
A WW domain (a protein module with two corniserved tryptophans) of FE65 interacts
with a cytoskeleton associated protein Mena and Abl. Potential functions of FE65 in

gene transcription and cytoskeleton remodeling have been studied in vitro.



1.2. Dementias of the Alzheimer type (DAT)

DAT are devastating progressive human neurodegenerative disorders, clinically
evidenced by memory loss and cognitive impairments. They are the most common
causes of late-life dementias. These disorders debilitate millions of elderly people,

affecting up to 5% of those over 65 years and >20% of those over 80 (Launer et al.,

1999).

1.2.1. Genetics of DAT

These diseases clearly have complex etiologies. They include early- and late-onset
familial forms in addition to much more common “sporadic” forms. Although there
are clearly common denominators among these forms, notably canonical elements of
the pathways such as beta amyloid deposits and neurofibillary tangles, the possibilities

of distinct or partially distinct pathogenic pathways cannot be excluded.

Familial DAT: Familial DAT cases are substantially less frequent than sporadic DAT
cases. They are usually associated with the emergence of clinical symptoms earlier
than the seventh decade of life. Mutations in at least three genes can lead to autosomal
dominantly inherited eatly onset forms of DAT: the beta amyloid precursor protein
gene (APP) on chromosone 21 (Goate et al., 1991), the presenilin 1 gene (PS7) on

chromosome 14 (Sherrington et al., 1995) and the presenilin 2 gene on chromosome 1



(PS2) (Levy-Lahad et al., 1995). All the mutations identified in APP occur at or near
the AP encoding sequence, resulting in an enhanced production of the longer, more
amyloidogenic AP42 peptides (Van Broeckhoven, 1998). All pathogenic mutations in
PSI and PS2 are missense mutations suggesting a (toxic) gain of function of the
mutated protein. With respect to $PP processing, most presenilin mutations cause an
increased secretion of the AP 42 and AP 43 (Borchelt et al., 1996; Tomita et al., 1997; |

Citron et al.,, 1997), suggesting a central role of AP} in DAT pathogenesis.

Sporadic DAT: An allelic variant (e4) of the apolipoprotein-E gene (APOE) has been
associated with sporadic and familial disease with onset usually after age 65 years. A
single APQOE-g4 allele increases the risk of disease ~twofold, whereas the
homozygosity causes at. least a fivefold increase in risk. These figures vary among

different ethnic groups. Aging is the major risk factor for DAT, however.

1.2.2. Pathology of DAT

The neuropathology of DAT is characterized by extensive regional neuronal and
synaptic loss, with the presence of neuritic plaques, neurofibrillary tangles and
cerebrovascular amyloidosis in the brain. The major components of neuritic plaques
are parenchymal deposits of a fibrillar 4-kD protein of 40 to 43 amino acids, beta
amyloid (AB). These are surrounded by dystrophic neurites. Neurofibrillary tangles
are neuronal cytoplasmic aggregates composed of paired helical filaments of

hyperphosphorylated tau protein, a microtubule- associated protein. These
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histpathological lesions are spatially and temporally restricted. The hippocampus and

temporal cortex are particularly affected.

1.2.3. DAT pathogenesis: Amyloid hypothesis

One of the most prominent mechanisms proposed to underlie the neurodegeneration is
the accumulation of 3-amyloid plagues. This view has been called "Amyloid Cascade
Hypothesis". It proposes that accumulations of A (resulting from overproduction,
altered processing, or a failure of clearance) is an initiating event in the pathological
cascade of events leading to all forms of DAT (reviewed by Selkoe, 2001). By that
view, AP is not merely a disease marker; it plays a causal role in the development of
DAT. The strongest support for this hypothesis came from the observation that all of
the genes that are now known to increase susceptibility to DAT (APP, PS1, PS2 and
ApoF) consistently alter AR metabolism in a manner likely to enhance A aggregation
and amyloid deposition. This hypothesis is supported by numerous iz vive and in vitre
studies showing that A3 aggregates can directly and indirectly mediate changes in
calcium homeostasis, oxidative injury, and inflammatory responses (reviewed by
Yankner, 2000). Hyperphosphorylation of tau, which results in neuronal dysfunction
and death, is believed by most investigation to be one of a series of downstream
neurotoxic events initiated by AP accumulation. The cumulative effects of the direct
AB-induced injury together with secondary injury that is induced by the
neurofibrillary tangles are likely to result in neuronal dysfunction and death and

synaptic loss, giving rise to the clinical symptoms of dementia.



1.3. The beta-Amyloid Precursor Protein (BPP)

1.3.1. BPP metabolism:

AR is derived from the proteolytic processing of a large precursor polypeptide, the
[beta]-amyloid precursor protein (BPP) (Kang et al., 1987). 3PP is a glycosylated
integral membrane protein that contains a large N-terminal ectodomain, a single tran-
membrane region and a short cytoplasmic domain. After delivery to the cell surface
via a constitutive biosynthetic pathway, PP is either cleaved by o-secretase, releasing
the large soluble extracellular amino-terminal portion of BPP (BPPsc)) or re-
internalized by endocytosis, resulting in the generation of AP} (Koo & Squazzo, 1994).
o-secretase cleavage occurs within the AP sequences and therefore precludes the
generation of AP (Esch et al., 1990). The resulting carboxy-terminal fragment
(CTFw), consisting of 83 residues, can undergo further cleavage by y- secretase to
liberate the P3 peptide, which is believed to be non- amyloidogenic. Two members of
the disintegrin metalloproteinase family, tumor necrosis factor-ct (TNF-0)-converting
enzyme (TACE) and ADAMI10 have been shown to be involved in o-secretase
activity (Buxbaum et al., 1998; Parvathy et al., 1998; Lammich et al., 1999). The
internalization of cell surface BPP occurs is clathrin-mediated and requires the NPXY
motif in the cytoplasmic tail of PP (Haass and Selkoe, 1993; Nordstedt et al., 1993).
This internalization pathway can lead to Af} peptide formation as a consequence of the

action of the two proteolytic activities (- and y-secretase). These cleave at the amino-
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terminus and carboxy-terminus of the peptide, respectively (De Strooper and Annaert,
2000). Cleavage by B-secretase generates a secretary amino terminus (3PPsf) and the
membrane associated amyloidogenic carboxy-terminal fragment (C99; consisting of
99 residues). Further cleavage of C99 by V- secretase releases A} and the PP
intracellular domain (AICD), which is the carboxy-terminal of BPP. Although the
majority of AP molecules are formed in the endocytic pathway, some Al may be
produced in the secretary pathway as well (Selkoe, 1996). Whereas the aspartic
protease BACE1 (B-site $PP-cleaving enzyme) has been identified as the major B-
secretase (Cai et al., 2001), the identity of v -secretase has remained elusive. Evidence
suggests that vy -secretase is a large protein complex consisting of presenilin-1 as the
catalytic subunit (Li et al., 2000} and other proteins (perhaps regulatory) such as
Nicastrin (Yu et al., 2000; Esler et al., 2002). A novel e-site cleavage site of BPP distal
to the canonical y-secretase site has been identified recently; it produceé an AICD
fragment consisting of the last 50 carboxy-terminal residues of the §PP (See Fig 1.1).
This e-site cleavage is presenilin-dependent and is sensitive to y-secretase inhibition
(Yu et al,, 2001; Weidemann et al., 2002). The roles of the different vy-secretase

mediated cleavage sites in the generation of AP are not known.

1.3.2. PP functions

Although the precise functions of BPP are not clear, several possible roles as a

multifunctional protein have been proposed (See review by Mattson, 1997).



1). Cell adhesion and neurite outgrowth. It has been suggested that PP may play a

role in the outgrowth and/or maintenance of axons or nerve terminals. This view was
supported by several studies documenting co-localization of BPP with $1 integrins at
focal contact sites of differentiating neuronal cells (Yamazaki et al., 1997) and
enhancement of neurite outgré)wth (Qiu et al., 1995). Evidence for such a role was
came from the finding that hippocampal neurons derived from BPP-deficient mice

display deficient neuritic branching and outgrowth (Perez et al., 1997).

2). Svnaptic plasticity. BPP has a preferential localization at central and peripheral

synaptic sites, suggesting that PP may play a role in synapse formation and
maintenance (Sisodia & Gallagher, 1998). Indeed, PP-null mice have deficits in
spatial learning and hippocampal synaptic plasticity (Dawson et al., 1999). These

deficits are associated with both pre- and post-synaptic structural changes (Seabrook

et al., 1999).

3). Neurotrophic actions of sAPPo. Studies have shown that secreted fPP (SAPPo)
fulfills synaptotrophic and neuroprotective functions within the central nervous
system (CNS) in response to various stressful conditions, including excitotoxicity

(Mattson, 1994) and ischemia (Smithswintosky et al., 1994).



4) Axonal transport. More recent evidence suggests that 3PP might be an axonal

transport receptor, as it binds to the light chain subunit of kinesin 1, a microtubule

motor protein (Kamal et al., 2000).

1.3.3. BPP Binding Proteins:

Recent progress on PP functions has come from studies of the cytoplasmic protein
network interacting with the C-terminal tail of BPP. Since protein-protein interactions
are the basis for most of the structural and functional organi;ations within cells, the
unraveling of such protein networks and their precise lindividual functions could
therefore be valuable approaches in the determination of the normal and abnormal

physiological function(s) of BPP.

At least three adaptor-like proteins have been found to interact with the C-terminal
domain of $PP. One of these is FE65, a neuronal adaptor protein that will be discussed
in detail in the next section. A second neuronal adaptor protein is X11 (Borg et al.,
1996; McLoughlin et al., 1996), which also binds to the YENPTY motif of BPP, and
competes with FE65 for binding to BPP (Lau et al., 2000). Overexpression of X11
retards the processing of PPP, resulting in decreased secretion of sfPP and AP in
transfected HEK 293 cells (Borg et al,, 1998). mDabl (Mammalian orthologue of
Drosophila Disabled) is a third adaptor protein shown to interact, via its PID, with the

NPXY motif of BPP (Trommsdorff et al., 1998; Homayouni et al., 1999). Thus, at



least three molecular pathways might compete for binding to BPP. Other proteins that
interact with the C-terminal of BPP include: a brain specific GTP-binding protein Go
(Nishimoto et al., 1993, Bruillet et al., 1999). , a cell cycle related protein, BPP-BP1
(Chow et al., 1996; Chen et al., 2000), ShcA (SH2-domain-containing transforming
protein 1) (Russo et al., 2002), a microtubule-interacting protein, PAT1 (Protein
interacting with APP tail 1) (Zheng et al, 1998), nicastrin (Yu et al., 2000) and
Kinesin-1 light chain subunit (KLC) (Kamal et al., 2000), Jip 1{(JNK-interacting
protein) (Matsuda et al., 2001; Scheinfeld et al., 2001), Abl tyrosine kinase (Zambrano
et al., 2001), and adaptor protein She (Tarr et al., 2002). Functional balances among
these proteins might be important for the regulation of BPP metabolism and function

(De Strooper, 2000).

1.4. FE65- An Adaptor Protein:

Adaptor proteins are defined as proteins that augment cellular responses by recruiting
other proteins to a complex. Adaptor proteins usually contain several protein-protein-
interaction domains. FE65 meets these definitional criteria as it brings together

multiple proteins via its protein interacting domains to form a complex surrounding

BPP.

1.4.1. FE65 Domain Structures and Binding Proteins
Yeast two hybrid system screens for proteins interacting with BPP resulted in the

identification of an interaction between the cytoplasmic tail of BPP and FE65p. (Fiore
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et al., 1995; Bressler et al.,, 1996). The FE65 gene was originally identified in a screen
for neural specific transcripts (Duilio et al., 1991). Sequence analysis has shown that
FE65, a 710 amino acid protein, contains three different consensus protein interaction
domains- two phosphotyrosine interacting domains (PID) and 2 WW domain (Bork
and Sudol 1994; Bork and Margolis 1995). It is the C-terminal PID (PID2) that
interacts with the C-terminal domain of BPP in a region surrounding the YENPTY
motif (Fiore et al., 1995; Bressler et al., 1996; Borg et al., 1996). While previously
described PID domains bind to phosphorylated binding sequences, there is no
evidence that phosphorylation of the YENPXY sequence within the cytoplasmic
domain of PPP is required for FE65 (Borg et al., 1996). PTB domains bind the
consensus sequence NPXY, which is present in the cytoplasmic domains of several
cell-surface receptors, including the epidermal growth factor receptor (Blaikie et al.,
1994), the insulin receptor (He et al., 1995), nerve growth factor receptor (TrKA)

(Obermeier et al., 1994), and the LDL receptor (Davis et al., 1986).

The FE65 PID 1 domain binds to the CP2/LSF/LBP1 transcription factor (Zambrano
et al., 1998). FE65 has been found to form complexes with CP2/LSF/LBP1. These
complexes are present in cytoplasm and nucleus. Another strong interactor of FE65
PID1 is histone acetyltransferase Tip60 (Cao and Sudhof, 2001). Therefore, FE65
may be involved in several nuclear processes via its PID1 domain. In addition to CP2

and Tip 60, the PID1 of FE65 also has been found to interact with LRP (Low density
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lipoprotein receptor-related protein) (Trommsdorff et al., 1998), a neuronal surface

receptor that binds and internalizes apolipoprotein E, §PPs and a2-macroglobulin.

The WW domain is the most N-terminal of the three FE65 protein interacting
domains. It is a small module composed of 40 amino acids with two signature
tryptophan (W) residues spaced 20-22 amino acid apart (Sudol et al., 2001). Many
proteins with WW domains have been found in the nucleus and have been
documented to participate the modulation of RNA polymerase II activity (reviewed by
Sudol et al., 2001). The WW domain of FE65 has been demonstrated to interact with
Mena (Mammalian homologue of Drosophila enabled protein), EVL (Ena-VASP like)
and other unidentified proteins (Ermekova et al., 1997; Lambrechts et al., 2000). Mena
and EVL belong to a family of Ena-related proteins including Drosophila Ena
(EnaBled) and VSAP (vasodilator-stimulated phosphoprotein) (Gertler et al., 1996).
All members of the Ena/VASP family share common sequence motifs consisting of an
amino-terminal Ena-VASP-homology (EVH1) domain, a central proline-rich domain,
and a carboxy-terminal EVH2 domain (See review by Lanier and Gertler, 2000). The
WW domain of FE65 binds to the central proline-rich sequence of Mena. This region

of Mena also binds to the actin monomer-binding protein profilin and to other proteins

with SH3 domains including Abl. The EVH1 domain targets family members to focal
adhesions while the EVH2 domain binds to F-actin. Mena and the Ena/VASP family
are involved in microfilament assembly and cell motility (Laurent et al., 1999). They

are found in areas of dynamic actin remodeling such as axonal growth cones (Gertler
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et al., 1996). In mice, deletion of Mena causes defects in the formation of the corpus
callosum and the hippocampal commissure, suggesting that Mena plays a role in
growth cone motility and/or axon guidance (Lanier et al., 1999). In addition to Mena,
WW domain of FE65 was found to interact with the Abl non-receptor tyrosine kinase
(Zambrano et al.,, 2001). Therefore, FE65 is likely to act as a bridging molecule

between BPP and Ab! for tyrosine kinase- mediated signaling.

1.4.2. The FEG65 family

FE65 is a member of a multigene family. In mammals, identified member are the
human FE65-like (FE65 L1) (Guenette et al. 1996), rat FE65 L2 (Duilio et al., 1998)
and human FE65 L2 (Tanahashi et al., 1999). They all share certain highly conserved
domains with FE65 with, and therefore also have the characteristics of adaptor
proteins. They have been shown to bind the NPXY motif of the cytosolic domain of
BPP through their PID2 domains (Guenette et al. 1996; Duilio et al., 1998; Tanahashi
et al., 1999). FE65 L1 and L2 were found in the nucleus and cytosol (Bruni et al.,
2002; Tanahashi et al., 2002). All of them have been shown to be able to block cell
cycle progression (Bruni et al., 2002). However FE65 L2 has poor ability for
transactivation, suggesting that FE65 L2 has a different nuclear function from FE65
(Tanahashi et al., 2002). Both FE65 L1 and FE65 L2 have been shown to increase the
secretion of A when overexpressed in cell culture (Guenette et al., 1999; Tanahashi
et al., 2002). The tissue distribution patterns for the three proteins are also distinct. In

contrast to FE65, which is predominantly expressed in brain, FE65 L1 is ubiquitously



expressed and FE65 L2 is equally expressed in brain and testis, with low levels in
other tissues (Guenette et al. 1996; Duilio et al., 1998). Two isoforms of human FE65
L2, resulted from alternative splicing of the RNA, do not contain the PID2 domain
and therefore do not bind BPP (Tanahashi et al, 2002). These two isoforms are

exclusively localized to nucleus (Tanahashi et al., 2002).

1.4.3. FE65 Functions

1. Reouiating BPP processing. Since the YENPTY motif mediates the internalization
of BPP and is required for subsequent AP formation (Koo and Squazzo, 1994;
LeBlance and Gambetti, 1994), interactions between BPP and FE65 can potentially
affect proteolytic processing of QPP into the neurotoxic AR peptide. Indeed, over-
expression of FE65 in Madin-Darby canine kidney cells increased translocation of
BPP to the cell surface, and increased both sPPPo and secreted A (Sabo et al., 1999).

An opposite effect of FE65 on AP production has also been reported, however (Ando

et al., 2001).

2. Cell movement. Given the fact that FE65 interacts with the Mena protein, FE65 is

likely to be involved in cytoskeleton remodeling events, such as cell adhesion, neurite
extension or synaptic remodeling. Sabo et al., have shown that FE65 and (PP

synergistically regulate actin-based membrane motility in transfected cells and in

neurons (Sabo et al., 2001 and 2003).



14
3. Gene transcription. FE65 appears to have an important role(s) in nuclear processes.
FE65 was found both in the cytoplasm and in the nucleus (Zambrano et al., 1998). The
region responsible for FE635 nuclear targeting has been mapped to the N-terminal of
FE65 in a region containing about 100 amino acids, including the WW domain
(Miﬁopoli et al., 2001). Phosphorylation of FE63 at the potential phosphorylation sites
5’ of the WW domain might be required for FE65p cytosol-nuclear translocation
(Zambrano et al., 1998). Given the evidence that it has a nuclear localization signal
and contains a putative DNA binding domain (Duilio et al., 1991), FE65 may function
as a transcriptional activator. Recently, FE65 has been found to form a
transcriptionally active complex with the AICD of BPP and Tip60 (Cao and Sudhof.

2001). All the protein interacting domains of FE65 seem to be required for this

transcriptional activity (Cao and Sudhof. 2001).
1.4.4, The Role of FE65 in DAT

FE65 was found to be abundantly expressed in neurons. The areas of highest
expression included regions of the hippocampus, the structure in which the earliest
DAT pathology are detectable. Two independent studies have shown that genetic
polymorphisms in the FE65 gene are associated with a reduced risk of sporadic DAT.
These observations have biological plausibility based upon altered interactions of the
FE65 allelic variants with BPP (Hu et al., 1998; Lambert et al 2000; Hu et al., 2002).

Two studies, however, have failed to find such associations (Papassotiropoulos et al.,
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2000; Guenette et al., 2000). The current interpretation of these conflictive results is
that the polymorphic association is most readily detected in DAT patients over the age
of 75 years. Recently, a ¢954C—T polymorphism in the FE65 L2 gene was found to
be associated with early-onset DAT (Tanahashi et al., 2002b). Altered expression of
FE65 mRNAs in DAT brains has also been found (Hu et al., 2000). Finally, increased
FE65 immunoreactivity in hippocampal area CA4 of very late- onset DAT brains
might be associated with the increased severity of the disease (Delatour et al., 2001).

All these lines of evidence suggest that FE65 could be involved in the pathogenesis of

certain forms DAT.



o-secretase

/

X

®O0W

®

M A3 8 AICD

B-secretase

a-CTF spPPB

v-secretase ¥ y-secretase }?
L }

B O L
P3 AP

Figure 1.1. Proteolysis of BPP.

B-CTF

/

g-secretase

|
AICD

16



17

FE65-centered protein network

.f

LA Alzheimer brain Normal brain

pPPos gtV TR oo e
: L i ) 5

nucleus

Figure 1.2. The FE65 centered interacting protein network. Asterisks indicate genes
in which DAT-related mutations and/or polymorphisms have been reported. C: C-
terminus; N: N-terminus. Arrows indicate interacting protein domains. Only a limited
number of known interactions are illustrated. The choice of cerebellar cortex to
illustrate diffuse beta amyloid depositions was motivated by evidence that in these

presumably early stages of DAT, FE65 isoforms have been shown to be up-regulated

(Hu et al., 2000).
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CHAPTER 2

GENERATION AND CHARACTERIZATION OF ISOFORM

SPECIFIC FE65 KNOCKOUT MICE

2.1. Introduction

The FEG65 gene was originally identified in a screen for neural specific transcripts
(Duilio et al., 1991). Its full-length neuronal form contains 710 amino acids with
apparent molecular mass of ~97 kDa. Because FE65 possesses three protein-protein
interacting domains, a WW domain followed by two PIDs, it is capable of forming
complex protein networks (Russo et al., 1998), In addition to binding to the PPP
intracellular domain (AICD), the more N-terminal PID interacts with the transcription
factor CP2/LSF/LBP1 (Zambrano et al., 1998), histone acetyltransferase Tip60 (Cao
and Stdhof, 2001) and a member of the low-density lipoprotein receptor-related
protein family, LRP1 (Trommsdorif et al., 1998). The WW domain, located at the N-
terminus of FE65, interacts with Mena (the mammalian homologue of the Drosophila
enabled) (Ermekova et al., 1997) and Abl, a non-receptor tyrosine kinase (Zambrano
et al., 2001). FE65 is found in both cytoplasm and nucleus at subcellular levels
(Zambrano et al., 1998; Minopoli et al., 2001). In vitro studies implicated roles of

FE65 in the metabolism of BPP (Sabo et al., 1999; Guenette et al,, 1999), cell
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movement (Sabo et al., 2001), transcriptional activation (Cao and Siidhof, 2001; Baek

et al., 2002) and cell cycle regulation (Bruni et al., 2002).

BPP is widely accepted as a central player in the pathogenesis of dementias of the
Alzheimer type, of which a major feature is memory loss (for recent reviews, see
Selkoe 2001 and 2002). BPP is among a number of proteins whose processing is
regﬁlated by presenilin-dependent regulated intramembrane proteolysis (RIP) (Brown
et al., 2000). o-cleavage of BPP generates a soluble BPP ectodomain and a membrane-
associated C-terminal fragment; B-and y-cleavages of BPP also release a monomeric
AP and AICD. This process resembles Notch nuclear signaling (Annaert and De
Strooper 1999; Brown et al. 2000). Recent evidence suggests that FE65 may play a
critical role in the assembly of multimolecular signalling complexes, including AICD

and Tip60, for propagation of signals from extracellular and cytoplasmic domains to

the nucleus (Cao and Siidhof, 2001; Baek et al., 2002).

In order to better define the physiological role of FE65 in vivo, we have generated a
mouse strain carrying a disrupted FEG65 locus via homologous recombination. A

detailed molecular and physical characterization of these mice will be described in this

chapter.

2.2. Materials and Methods
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2.2.1. Determination of the Mouse FE65 cDNA Sequénce

Partial mouse cDNA sequences were obtained from the Genbank database by
“electronic hybridization” with the human FEG65 sequence (Bressler et al., 1996; Hu et
al., 1998). The remainder of the mouse FE65 ¢cDNA sequence was determined using
standard sequencing protocols (Sanger et al,, 1977). The 5 terminus of mouse FE6S
c¢DNA was determined by 5° RACE reactions with total RNA isolated from mouse
brain tissues. Mouse FE65 sequences are 89% identical at the nucleic acid level and
95% identical at the amino acid level, as compared to the human FE65 sequences (Fig.
2.1). The full-length coding sequence of mouse FE65 was cloned into the expression

vector pCAGGS described by Niwa et al. (1991).

2.2.2. Construction of a FEG6 Gene Targeting Vector

To obtain the mouse FE65 genomic DNA, approximately 1x10° phage plaques of a
C57/BL6 mouse genomic DNA library (Lambda DASH II, Stratagene, La Jolla, CA)
were screened with a cDNA probe containing exons 11-13 of the mouse FE65 cDNA
(Bressler et al., 1996). Eleven overlapping genomic clones were isolated. The longest
one, containing part of intron 1 (6 kb) through exon 12 (15 kb total, see Fig 2.3), was
subcloned into a Notl site of a pBlueScript vector (Stratagene, La Jolla, CA), and used
to construct a targeting vector. The procedure involved in generating gene-targeted
mice is shown in Fig 2.2. To construct the targeting vector, a 2.8 kb HindlII/BstBI

fragment including part of intron 1 and 164 bp of 5’ exon 2, and a 5.5 kb Nhel
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fragment containing 106 bp of 3’ exon 2 and part of intron 2 were inserted into the
Clal, and the Spel sites, respectively, of a pNTK2 gene targeting vector (Zhou et al.,
1995; see Fig 2.4). The resulting construct (Fig. 2.4) has two herpes simplex
thymidine kinase (TK) genes at both ends of the homologous sequence, and a
phosphoglycerate kinase (PGK) promoter-driven neomycin casseite (Neo), which

replaced most of the exon 2 region of the FE6S gene.

2.2.3. Selection of Halmolagous Recombinant ES Cell Clones and Production of
Mutant Mice

129/Sv derived R1 embryonic stem (ES) cells (Nagy et al., 1993) were cultured on v-
irradiated primary mouse embryonic fibroblast feeder celis in Dulbecco's modified
Eagle's medium (DMEM; Gibco-BRL, Gaithersberg, MD) supplemented with 15%
heat-inactivated fetal bovine serum (FBS; HyClone, Logan, UT), 2ZmM glutamine, 0.1
mM MEM nonessential amino acids, ImM MEM sodium pyruvate solution, 0.1 mM
B-mercaptoethanol, and 1000 U/ml murine leukemia inhibitory factor (Gibco-BRL,
Gaithersberg, MD). The cells were cultured in an atmosphere of 5% CO2 in air in a
humidified incubator at 37%. pNTK2-FE65 DNA (10-20 pg) was linearized by
digestion with a Sacl restriction enzyme and transfected into 1x107 ES cells by
electroporation under the conditions of 800 V and 25 pF capacitance, using the Bio-
Rad Gene Pulser apparatus (Bio-Rad, Hercules, CA). The cells were then plated onto
100 mm plates. 200 pg/ml of G418 (Geneticin; Gibco-BRL, Gaithersberg, MD) and 2

uM of gancyclovir (Roche, Palo Alto, CA) were applied 48 h later. Doubly resistant
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colonies were picked after 8-10 days and analyzed by polymerase chain reaction
(PCR) analysis and Southern blotting for homologous recombination events (Fig. 2.5).
Six out of 51 ES clones showed' the expected homologous recombination. The
euploidy of these clonal ES cell lines was confirmed by cytogenetic examination as
previously described (Martin et al., 1985). Two independently targeted ES cell clones
were injected into 3.5-d.p.c.C57B/6 blastocysts, and transferred to pseudopregnant
females to produce male chimeric mice. The contribution of these stem cells to the
germline of chimeric mice was assessed by breeding with C57BL/6 females and by
screening for agouti offspring. Germline transmission of the FE65 mutation was
achieved with both of the injected ES cell lines. F1 heterozygous animals were back-
crossed to C57BL/6 mice to maintain the disrupted allele. Mice heterozygous for the
FE65 mutation were intercrossed to generate homozygous mutant knockout mice.
Genotyping was carried out by PCR analysis (Fig. 2.5) with two forward primers,
M230-5 (5'-GCCCACAATGCAGCCAACCGAGQG, wild type FE65-specific) and
NEO-4 (5-CGCCTTCTTGACGAGTTC, mutant FE65-specific), and a reverse primer

M230-48 (5'-CTGTGTCCTCCGGGGAGCCATGG).

2.2.4. Northern Analysis and RT-PCR

Approximately 20 of ug RNA of each sample was used for Northemn analysis
(Bressler et al., 1996). Blots were hybridized with FE65 ¢cDNA probes indicated in
Fig, 2.6. The stripped blot was then hybridized with a B-actin ¢cDNA probe for

normalization of loading samples. Reverse transcription (RT) was carried out using
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reverse transcriptase (GibcoBRL, Gaithersburg, MD) with random hexamers. Total
RNA (2ug) was reverse transcribed. Single strand ¢cDNA was subjected to PCR

amplification with primers specific to FE65 exons as described in Fig. 2.4.

2.2.5. Western Analysis

Affinity-purified rabbit polyclonal antibodies against different epitopes of FE65
protein were used (Hu et al., 2002). Antibody FE27 recognizes an N-terminal epitope
of FE65 (amino acids 27 - 36: PLHAAHNQLL), immediately downstream of the first
AUG codon 1n the open reading frame (ORF) of FE65. Antibody FESIS‘recognizes a
C-terminal epitope (amino acids 518 - 527: LDHSKLVDVP) between the PID1 and
PID2. All the epitope séquences are conserved between human and mouse; none of
them have homology with other family members, FE65 L1 and FE65 L2. Anti-BPP C-
terminal antibody (B994) has been described previously (Jin et al., 1998). The
following commercially available antibodies were also used: anti-c-abl (Oncogene
Research Product, San Diego, CA), anti-Tip60 and anti-X11o. (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-LRP (Research Diagnostics, Flanders, NJ),
22C11 (Chemicon, Temecula, CA), Anti-BPP C-terminal antibody (Sigma, St Louis,

MO), anti-Mena and anti-CP2 (BD Transduction Laboratories, Lexington, KY).

Whole mouse brains were dissected on ice and homogenized at 100 mg/ml in a cold
lysis buffer (50 mM Tris HCL, ph 7.4, 150mM Nacl, 0.5% Triton-X100, 10%

glycerol, 50mM NaF, 1mM sodium vanadate) supplemented with protease inhibitor
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cocktail, Complete EDTA-free™ (Roche, Palo Alto, CA). Brain lysates were
subjected to electrophoretic separation on 7.5% SDS-polyacrylamide gels (SDS-

PAGE). Western analysis was performed as previously described (Hu et al., 2002).

2.2.6. Histopathological Studies

Mice were euthanized using carbon dioxide gas. The calvarium was carefully removed
while leaving the brain intact and, along with thoracic and abdominal organs, the
entire caracass was placed in 10% neutral phosphate buffered formalin for fixation.
Following fixation for several days sections of brain were prepared using a rodent
brain matrix (Electron Microscopy Sciences, Ft. Washington, PA). Coronal sections of
brain were taken approximately every 2 mm. These sections, along with those of
other tissues, were embedded in paraffin and stained with H&E. Tissues were

examined by a murine pathologist (Dr. Dennis H. Liggit); he was unaware of the

genotypes.

2.2.7. Neuronal Cultures
Primary cortical neuron cultures from ~2-48 hour newborn mice were prepared as

described by Xiang et al (1996). Briefly, cells were initially dissociated by

trypsinization (0.25% in Hanks’ Balanced Salt Solution, Ca ** - and Mg * -free;
GibcoBRL, Gaithersburg, MD) for 25 min at 37°C, and were further dissociated in
serum-free Neurobasal medium supplemented with B27 (Life Technologies,

Gaithersburg, MD). Cells were then plated on poly-D-lysine-coated dishes (1 ug/ml) at
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2x10° cells per 60 mm dish in Neurobasal/B27 medium. This medium has been
reported to support long-term survival (several weeks) of cultures of newborn neurons

while suppressing glial growth to < 2% of the total cell population (Xiang et al.,

1996).

2.2.8. AB Quantitation

AP peptides in conditioned medium of primary neuronal cultures were quantified by
electrophoresis in Bicine-urea PAGE followed by immunoblotting as described by
Klafki et al. (1996) and Wiltfang et al. (1997). Ten ul of conditioned culture media
were loaded and separated on a 16.5% mini bicine-urea PAGE gel at 100 volts for 2
hours. Proteins were transferred to an immobilin-P membraﬁe {Millipore, Watertown,
MA) by a semi-dry electrophoretic transfer cell (Bio-Rad, Hercules, CA). Membranes
were boiled in phosphate-buffered saline for 3 min and immunoblotted with a mouse
monoclonal antibody 6E10 (Signet, Dedham, MA). Exposed films were scanned with
an AGFA scanner (ARCUSII, Taiwan) using Adobe PhotoShop (Adobe, San Jose,
CA). Intensities of protein bands on scanned images were quantitated using Scion
Image software (Scion Corporation, Frederick, MD). Authentic AP 40 and AP 42
peptides (Quality Controlled Biochemicals, Hopkinton, MA) were used as internal
standards for the identification of the corresponding AP species in the gel

preparations.

2.3. Results
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2.3.1. Molecular Characterization of FE65 Mutant Mice
To create a mutation in the FE65 gene, we targeted its exon 2 (the first coding exon)
in ES cells. Exon 2 is the largest exon; it encodes 245 amino acids (one third of FE63

protein), including the first three ATG translational start sites.

2.3.1.1 Northern analysis and RT-PCR

Levels of FE65 mRNA in brain tissues of knockout mice were determined by
Northern analysis and RT-PCR. In Northern analysis, two different FE65 DNA
fragments were used as probes for hybridization, a 680 bp fragment corresponding to
exon 2 and a 626 bp fragment corresponding to exon 11-14. Both probes hybridized
with 2.6 kb mRNA bands, the expected results for wild type FE65 mRNA. In contrast,
the 2.6 kb FE65 mRNA was not detected in FE65 knockout mice (Fig. 2.6), indicating
that expression of the full-length FE65 mRNA was interrupted in these mice. The
intensities of these bands in heterozygous mice were decreased by 50% when
compared with those from wild type mice, after normalization to levels of B-actin
mRNA. RT-PCR assays with different pairs of primers were conducted to determine
whether FE65 transcripts were completely absent in FE65 knockout mice. Using a
forward primer 5° to the neo insertion (in exon 1, see Fig. 2.2) in combination with a
reverse primer 3’ to the insertion (in exon 3) for PCR assays, we detected 937 bp
c¢DNA bands in wild type mouse brain RNA, as expected, and a shorter, circa 700 bp

c¢DNA band in RNA samples from FE65 knockout mouse brains (Fig. 2.6). DNA
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sequencing of the shortened PCR product revealed that it was a FE65 transcript with a
precise excision of exon 2. These data suggested that the targeted exon from the FE65
knockout mice had sometimes been skipped during splicing, giving rise to mRNA
transcripts lacking 735 bp of exon 2. Since all three potential ATG start codons are in

the exon 2, the transcripts with skipped exon 2 may not be functional.

2.3.1.2 Western Analysis and GST-fPP-C48 Pull Down Assays

Western blot analysis with antibodies specific to the N-terminus (FE27) or to the C-
terminus (FE518) of FE65 confirmed absent expression of the 97 KDa full-length
FE65 in the brain lysates of homozygous mutant mice, and reduced expression in
heterozygous animals, reflecting a gene-dosage effect of the mutation (Fig 2.7). Since
FE63 protein has a high binding affinity for the C-terminus of BPP, GST-BPP-C48
pull-down assays were performed to confirm the western results. The results revealed
that both the N-terminal and C-terminal FE65 antibodies recognized full-length FE65
proteins as a 97 kD band. This band was found in brain lysates from wild type mice
but not in lysates from FE65 knock out mice (Fig. 2.7), indicating that full-length
FE65 proteins are not expressed in FE65" mice. However, antibody FE518 (the C-
terminal FE65 antibody) also recognized novel 60 kD bands in brain lysates from both
wild type and FE65 knockout mice. The densities of the 60kD bands appeared to be
stronger in brain lysates from FE65" mice as compared with those from FE65™™ mice.
To further characterize the 60 kDa bands, an additional FE65 antibody, FE352, whose

epitope is localized at the beginning of the PID1 sequence, was used. Although FE352
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antibody is not strong enough for the detection of proteins in direct Western analysis
(data not shown), it could easily recognize both 97 kDa and 60 kDa FE65 proteins in
pull-down materials (Fig. 3.1). Because none of these epitopes have homologous
residues with the other FE65 family members, we conclude that the 60 kDa fragment
is derived from the same ORF of the FE65 gene. We therefore refer to the 97 kDa full-
length FE65 protein (710 amino acids), initiated from the first ATG codon, as p97, and
the 60 kDa protein as p60. p60 is an alternatively initiated form of FE65 protein,
which is normally present in wild type mice at low levels and is significantly
upregulated in our FE65 mutant mice. Levels of p60 in the brain lysates of FE63
mutant mice were increased about 5-fold when compared to those of wild type mice
(Fig. 2.7; Fig. 3.1). The increased expression may be a compensatory response to the
loss of p97 functions. Alternatively, it may be result from the deletion of the first ATG
codon in the mutant mice, which normally would suppress protein translation from an

internal ATG codon (Kozak 2002). A description of the characterization of the 60 kDa

protein is in the next chapter.

2.3.1.3. Evidence for Normal Expressions of FE65 L1/L2

It is possible that overexpression of FE65 L1 and/or FE65 L2 might compensate, or
partially compensate, for lost FE65 functions in our FE65 knockout mice. Therefore,
we quantitated levels of FE65 L] and FE65 L2 mRNAs in brain tissues of 6 month-
old mice by Northern analysis. Our results showed that levels of the two mRNAs were

not significantly changed among FE65*", FE65™ and FE65" mice after
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normalization to levels of B-actin mRNA (data not shown). We could not rule out,

however, compensatory alterations in post-transcriptional processes.

2.3.1.4. Evidence for Normal Expressions of FE65-Binding Proteins.

To examine the expressions of known FE65 binding proteins in the brains of p97FE65
knockout mice, western analyses were performed using various antibodies against
bPP, mena, LRP, CP2, Tip60, and cAbl. We also assayed the levels of X1 1o proteins

by western analysis. No significant changes were observed for the proteins analyzed

when compared to levels in wild type mice (Fig. 2.8).

2.3.2. Physical Characterization of FE65 Mutant Mice

2.3.2.1. General Characterization

The FE65™ and FE65" mice were viable, fertile, normal in size and appeared healthy,
at least up to 36 months of age. Crosses of FE65™ mice resulted in approximate
mendelian ratios of progeny. Body weights did not vary among the genotypes. Home

cage behaviors, including gait and general activities, were also comparable.

2.3.2.2. Normal Anatomy
Necropsies at 6, 12 and 24 months did not reveal detectible gross abnormalities related
to FE65 genotypes. Detailed histopathological examinations of various tissues of the

FE65" mice at these ages found no abnormalities. Despite the fact that FE65 is widely



expressed in many brain structures, H & E stained coronal sections of mutant mice

brains did not show morphological abnormalities.

2.3.2.3. Normal lifespan

A preliminary analysis of the life spans of FE65*" and FE65" mice revealed no

+/+

differences as compared to FE65 (data not shown).

2.3.2.4. Decreased fertilities

During breeding of FE65 knockout mice, we observed that both female and male
FE65" mice appeared to have decreased fertility, as revealed by reduced litter size and
decreased survival of litters. This phenomenon seemed to be more obvious for aged

FE65-deficient mice as compared to aged wild type control mice.

2.3.3. Crosses of FE65 mutant mice with Tg2576 mice

In order to study the effects of FE65 on PP metabolism, we crossed p97F E65™ mice
to Tg(HUAPP695.SWE)2576 mice (Hsiao et al., 1996). This mouse model of DAT
expresses human 4PPgsgs with the ‘Swedish’ mutation (K670N and M671L) under
control of the hamster prion protein (PrP} promoter. Tg2576 mice are well suited for
investigating modulation of PPP processing in vivo, because brain Af} levels are
nearly 10-fold above normal endogenous levels, thereby reducing the stringency for
assays to detect AP, particularly for the less abundant but more amyloidogenic 42-

residue form. Tg2576 mice express 5 times more transgene-encoded than endogenous
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BPP and develop amyloid plaques by 1 year (Hsiao et al., 1996). Impaired synaptic
plasticity and learning have also been found in aged Tg2576 transgenic mice
(Chapman et al., 1999). Four female FE65™" mice were initialiy crossed to 2 male
Tg2576 mice. Male Tg2576 mice heterozygous for FE65 were crossed to female

heterozygous FE65 mice to produce Tg2576 mice that are wild type, heterozygous and

homozygous for FEGS.

2.3.3.1. Decreased Survival Rates for Tg2576 X FE65 F1 Hybrid Mice.

To our surprise, most of our Te2576/FE65" mice died prematurely. As shown in
Figure 2.9, Tg2576 mice homozygous deficient for FE65 have reduced survivals as
compared with littermate controls (Tg2576/ FE65*). The effect is much more severe
in male mice. So far, none of the male Tg2576/FE65™ mice survived beyond 4
months, while a few female Tg2576/FE65'/' mice are still alive at 9 months old.
Further, Tg2576/FE65'/' mice are smaller than littermate Tg2S7’6/1!‘71‘,2'4‘55“+ and
Tg2576/FE65™" mice by about 10-20%. This phenomenon is most obvious in males. It
is apparent that knocking out the FE65 gene has a debilitating effect in Tg2576 mice.
Deficiency of FE65 may heighten the toxic effects of APP overexpression by altering

BPP processing and A deposition or by altering the host response to AP

neurotoxicity.
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2.3.3.2. Reduced Generation of AB Peptides in Primary Neuronal Cultures of
Tg2576 X FE65 F1 Hybrid Mice

We first assayed the levels of transgene-encoded BPP in the primary neurons of
p97FE65"'/Tg2576mice by western analysis. No significant changes were observed
compared to those of p97FE65™*/Tg2576 mice (data not shown). Using the bicine-
PAGE separation followed by Western analysis method (Klafki et al., 1996; Wiltfang
et al., 1997), we observed a linear dose-dependent detection of AP peptides. This
measurement was quantitative at concentrations of AP peptides between 100-800 pg/
lane (20ul) based on our standard curve (Fig. 2.10). Using this assay, we found that
the levels of AB40 and AP42 peptides in conditioned media of primary neuronal
cultures from p97FE6S'/'/T 22576 mice decreased by 58% (p<0.02) and 68%
(p<0.005), respectively, when compared with those of p97FE65"*/Tg2576 mice (Fig.
2.10). Levels of AP40 and AB42 peptides from p97FE65"/Tg2576 mice were also
decreased (Fig. 2.10). Values were normalized to levels of the holo-BPP; therefore, the

observed differences were not attributable to variations in total BPP levels.

2.4. Discussion

We generated a line of FE65 mutant mice by homologous recombinational targeting

of exon 2 of FE65, a multimodulor adaptor or “scaffold” protein (Russo et al., 1998).
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We did not achieve our original goal of completely abolishing expression of FE65
because the disrupted exon was skipped during splicing, resulting in the generation of
a shorter read-through transcript. As a consequence, while the mutant mice did not
express the full-length FE65 protein (p97), they did express substantial levels of a
novel N-terminally-truncated FE65 isoform, p60 (see the next chapter for a detailed

description of p60).

Despite the apparent involvement of FE65 in developmental processes (Simeone et al.,
1994), we did not observe any developmental deficits. The brain structures, including
the hippocampus and cerebellum, regions expressing abundant FE6S, were normal by
gross and light microscopic examinations. These results suggest that intact FE65
function may not be essential for the normal development of the brain. Alternatively,
normal development may be protected via redundant functions of other FE65 family
members, such as FE65L1 and FE65L2. Some protection might also be provided by

the up-regulated p60.

An interesting, but puzzling, finding of these studies is the altered secretion of
neurotoxic Af} peptides from cultures of primary neurons of Tg2576/FE65 hybrid
mice. Given the fact that p60, which has an intact BPP binding domain, is preserved in
the FE65 mutant mice, it seemed unlikely that BPP processing could be altered in
these mice. Further studies.indicated, however, that although both p60 and p97 have

the same binding domain for PP, their binding affinities to BPP are dramatically
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different. p60 has a significantly increased binding affinity to fPP than p97, as shown
in the next chapter. Moreover, the two isoforms have distinct subcellular localizations
(see the next chapter). These properties of p60 may affect BPP cellular trafficking and
the amount of BPP subjected to enzymatic cleavage, resulting in altered levels of
cleavage products. These observations indicate important roles of both the N-terminal

and C-terminal region of FE65 in the metabolism of BPP.

The premature deaths of Tg2576/FE65-/- mutant hybrid mice made the further
analysis of the DAT pathology in these mice difficult. The cause of death is not clear,
and might be related in part to the introduction of the C56BL/6 gene from the FE65
line into the Tg2576 genetic background. Increased mortality rates of the Tg2576 mice
outbred to C57BL/6 have been report (Carlson et al., 1997). The use of alternated

genetic background may permit longer survival and the possibility of detailed

histopathological examination.
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Amino-acid sequence comparison of human, rat and mouse FE65
proteins. The sequence are 98% identical. FE27 Epitope is in j:iric. FE518 Epitope is
in blue. FE352 epitope is in green. The potential translation start codons are in bright
areen. The translation stop codon are in red. The WW domain is in a rectangle box
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Figure 2.2. Procedure for generating transgenic mice via gene targeting.
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Figure 2.3. Schematic diagram of the pNTK2 targeting vector and the FE65 genomic
clone used to generate the targeting construct. FE65 genomic sequence containing
part of intron 1 (6 kb) through exon 12 (15 kb total), was subcloned into a Notl site of
a pBlueScript vector (pBS; Stratagene, La Jolla, CA), and used to construct a targeting
vector. A 2.8 kb HindIII/BstBI fragment including part of intron 1 and the 5’ exon 2,
and a 5.5 kb Nhel fragment containing the 3° exon 2 and part of intron 2 were inserted
into the Clal, and the Spel sites, respectively, of a pNTK2 gene targeting vector.
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Figure 2.4. FEG65 gene structure and gene targeting strategy. A. Structure of the
FE65 gene. Exons are indicated by numbered filled boxes. Lines between exons
represent introns. Open and filled arrows represent the transcriptional initiation site
and translational start site, respectively. The translational stop site is shown by a
vertical bar above exon 14 (From Hu et al., 1998). B. Schematic diagram of the
strategy used to target the FE65 locus. The structure of the endogenous murine FE65
gene is shown on the top, and that of the targeting construct is shown on the center
panel. Thin horizontal lines represent mouse genomic DNA; filled numbered black
boxes represent FEG6S5 exons. The phosphoglycerate kinase (PGK) promoter-driven
neomycin gene (Neo) and the herpes simplex thymidine kinase gene (TK) cassettes
are shown as shaded boxes. The translational initiation site of the FE65 protein is
indicated. Homologous recombination generates a fusion of the neomycin resistance
gene replacing the majority of the exon 2 of the FE65 genomic sequence including the
translational start site. The targeted allele is illustrated at the bottom. Location of the
Southern probe fragment and PCR primers for genotyping are indicated.
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Figure 2.5.  Southern and PCR analysis of the targeted gene. A. Southern blot
analysis of the targeted gene in ES cells. Genomic DNA isolated from ES cells was
digested with EcoRI and Clal restriction enzymes and hybridized with the external
probe shown in (Fig 2.4 B). The wild type FE6S allele generated a 15 kb EcoRI and
Clal fragment, whereas an EcoRI site in the disrupted allele yielded a 10 kb EcoRI
fragment. B. Genotypic analysis of the FE65 locus of targeted mice by PCR. Mouse
tail DNA derived from the progeny of heterozygous mutant mice was analyzed by
PCR performed with two primer sets in a single reaction tube using the position and
orientation of the oligonucleotide primers shown in (Fig 2.4 B). The expected sizes of
the amplified fragments were 347 bp for the wild-type allele (+) and 450 bp for the
targeted allele (-). M: Molecular weight markers.
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Figure 2.6. Northern and RT-PCR analysis of FE65 transcripts. A. Total RNA from
FE65+/+, FE65" and FE65" mouse brains were electrophoretically separated on a
1.2% agarose gel, transferred to a nylon membrane, and hybridized with cDNA probe
1 (680 bp, corresponding to exon 2), shown in (a); hybridization with probe 2 (626 bp,
corresponding to exon 11-14), is shown in (b). Both probes hybridized with 2.6 kb
mRNA bands, the expected results for wild type FE65 mRNA. In contrast, the 2.6 kb
FE65 mRNA was not detected in FE65 knockout mice. B. RT-PCR analysis of
FEG5 transcripts.  Total mRNAs from FEG5™, FE65"" and FE65" mouse brains
were reverse transcribed into single stranded cDNAs with random primers, and
amplified by PCR. The primer sets amplifying exon 2 and its surrounding regions
consisted of a forward primer (F) located on exon 1 and a reverse primer (R) located
on exon 3 as indicated. Wild type RNA is expected to yield a 937 bp product and
RNA from FE65 knockout mice (lacking exon 2) is expected to yield a 202 bp
product, in agreement with the observed results.
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Figure 2.7. Western Analysis of FE65 proteins from crude lysates of mouse brain.
Whole brain tissue lysates were separated on 7.5% SDS-PAGE, and immunoblotted
with purified anti-FE65 antibodies. The 97 kDa bands representing the full-length
FE65 protein were recognized by both FE27 and FES518. Intensities of the bands in
p97FE65™ mice were decreased by 50% when compared with those from wild type
mice. The 60 kDa bands recognized only by FE518 were novel N-terminally-truncated
isoforms (also see Chapter. 3). FE27: a polyclonal antibody against an N-terminal
epitope of FE65; FE518: a polyclonal antibody against an epitope between the PID1
and PID2 domains of FE65.
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Figure 2.8. Expressions of the FE65 binding proteins and X110¢ in FE65 mutant
mice. The levels of various known FE65 binding proteins and X11¢. in brains of FE65
mutant mice were analyzed by western blotting. SPP was detected using antibody
B994 (anti-BPP C-terminus). Similar resuits were seen using a different anti-BPP C--

terminus antibody and 22C11 (anti-BPP N-terminus) (data not shown). There are no
significant differences observed between genotypes.
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Figure 2.9. Survival analysis of Tg2576 X FE65 F1 hybrid mice. Male Tg2576 mice
heterozygous for FE65 were mated with female FE65 heterozygous mice to produce
Tg2576 offspring with different FE65 genotypes. Kzﬁalan-Meier survival curves for
these mice are shown. The curves represent 9 FE65™, 12 FE* and 9 FE65" mice
with the Tg2576 transgene arrays. No Tg2576 mice that were wild type for FEGS died
up to 11 months. Lack of expression of FE65 decreased survival of outbred mice

overexpressing APP. The differences between the groups were statistically significant
(P<0.05).
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Figure 2.10. Quantitation of AR peptides in media from primary neuronal cultures of
Tg2576 X FE65 F1 hybrid mice. A. Standard curve for quantitation of AB40 and
AB42 peptides using bicine-PAGE and Western analysis. Upper panel: Serial
dilutions of standard AP peptides were separated on a 16.5% bicine-PAGE gel,
transferred to a membrane and immunoblotted with the antibody 6E10. Lower panel:
Peptide bands (upper panel) were scanned and quantitated. Intensities of bands were
plotted as a function of increasing amounts of loaded peptides. B. Decreased levels of
AB40 and AP42 secret1on by cultures of primary neurons derived from p97FE65™
/Tg2576 and p97FE65"/Tg2576 mice. Upper panel: Primary cortical cultures were‘
generated from ne0nata1 mice (2-48 hr post-natal) from the crossing of p97FE65™"
females and p97FE65 fTg2576 males. Eight days after plating, the media were
collected and subjected to the bicine-PAGE followed by western analysis. Lower
panel: Quantltatlon of AB40 and AB42, Data are expressed relative to the results from
p97FE657/Tg2576 mice and are expressed as the means +8D (n=4).
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CHAPTER 3

IDENTIFICATION AND CHARACTERIZATION OF A NOVEL

ISOFORM OF FE65 PROTEIN

3.1. Introduction

FE65 was reported to be protein species of 710 amino acids (molecular mass = 97
kDa) with three protein interacting domains, a WW domian and two PIDs. Alternative
splicing of FE65 mRNA was found in the exon 9 region (within PID2), giving rise to
two protein isoforms varying only in presence or absence of 2 amino acids (glutamic
acid and arginine) (Duilio et al., 1991). The exon 9-inclusive form was exclusively
expressed in neurons, while the exon 9-exclusive form was widely expressed in all
non-neuronal cells (Hu et al., 1999). In the process of generating and characterizing a
mouse strain carrying a disrupted FE65 locus, we unexpectedly identified a previously
undescribed native isoform of FE65 protein in mouse brains, apparently produced via
internal translation initiation. This newly identified FE65 isoform (p60) differs from
the full length FE65 (p97) in several aspects including expression pattern and cellular

localization. Therefore, p60 is likely to be of physiological significance.
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3.2. Materials and Methods

3.2.1. Western Analysis and GST Pull Down Assays

Affinity-purified rabbit polyclonal antibodies against FE65 were used (Hu et al.,
2002). Antibody FE27 recognizes an N-terminal epitope (amino acids 27-36:
PLHAAHNQLL), immediately downstream of the first AUG codon in the open
reading frame (ORF) of FE6S5. Antibody FES518 recognizes a C-terminal epitope
(amino acids 518-527: LDHSKLVDVP) between the PID1 and PID2; antibody
FE352, a gift from Affinity BioReagents (Golden, CO), recognizes a region upstream
of the PID1 (amino acids 352-369: PQEEEKLSQRNANPGIK) (Fig. 3.1). All the
epitope sequences are conserved between human and mouse; none of them have
homology with other family members, FE65 L1 and FE65 L2. Mouse whole brains
were dissected on ice and homogenized at 100 mg/ml in a cold lysis buffer (50 mM
Tris HCI, pH 7.4, 150 mM NaCl, 0.5% Triton-X100, 10% glycerol, 50 mM NaF, 1
mM sodium vanadate)- supplemented with a protease inhibitor cocktail, Complete
EDTA-free™ (Roche, Palo Alto, CA). For pull down assays, brain lysates were
subjected to affinity purification with a fusion protein between Glutathione S-
transferase (GST) and the C-terminal 48 amino acids of the human BPP (GST-BPP-

C48), followed by Western analysis (Hu et al., 2002).

3.2.2. Cytoplasmic and Nuclear Fractionation
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The preparation of cytoplasmic and nuclear extracts was performed using a Nuclear
Extract Kit (ActiveMotif, Carlsbad, CA) according to manufacturer’s instruction.
Briefly, fresh cerebral cortices from half hemESpheré of a 2 months old wild type and
FE65 mutant mouse were diced and homogenized in 1.5 ml hypotonic buffer using a
Dounce homogenizer. Supernatants were harvested as cytoplasmic fractions. Pellets
were resuspended in 50 ul of Complete Lysis Buffer and centrifuged at 14,000 x g for

10 min at 4C; supernatants were saved as the nuclear fractions.

3.3. Results

3.3.1. Hdentification of a Novel Isoform of FE65 Proteins (p60)

Western bl_ot analysié with antibodies specific to the N-terminus (FE27) or to the C-
terminus (FE518) of FE65 revealed the presence of an additional uncharacterized
FE65 species with an apparent molecular mass of 60 kDa in the brain lysates of both
wild type and FE65 mutant mice. Direct Western analysis demonstrated that the 60
kDa bands could be recognized by FE518 but not by FE27 (Fig. 3.1), suggesting that
the bands might be a N-terminally truncated FE65 isoform (Fig. 3.1). The results from
GST-BPP-C48 pull-down assays were consistent with the observations of direct
Western analysis. As shown in Fig, 3.1, both 97 kDa and 60 kDa FE65 proteins were
enriched by GST-BPP-C48 pull down; the 97 kDa isoform was recognized by both
FE27 and FE518 while the 60 kDa isoform was only recognized by FE518. To further

characterize the 60 kDa bands, an additional FE65 antibody FE352 whose epitope is
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localized at the beginning of the PID1 was used. Although FE352 is not strong enough
for direct Western analysis (data not shown), it could easily recognize both 97 kDa
and 60 kDa FE65 proteins in pull-down materials (Fig. 3.1). Because none of these
epitopes have homologous residues with the other FE65 family members, we conclude
that the 60 kDa fragment is derived from the same ORF of FE6S5 gene. We therefore
refer to the 97 kDa full-length FE65 protein (710 amino acids), initiated from the first

ATG codon, as p97, and the 60 kDa protein as p60.

Since exon 2 (containing the first translation initiation codon) has been deleted in
FE65 mutant mice, p60 may be a product of alternative translation from an internal in-
frame initiation site. Examination of the FE65 éoding sequences revealed the presence
of two such potential ATGs, methionine 260 (M260) and methionine 327 (M327) in
the region from the beginning of exon 3 to amino acid 352 (the beginning of the
epitope for FE352). p60 is likély translated from M260 since it corresponds to the
first available AUG in the mRNA of FE65 mutant mice (Kozak, 2002). Therefore, p60
would lack more than one-third of the N-terminal residues of p97, including part of
WW domain, but would retain two PID domains. The evidence that p60 is also
expressed in the wild-type-mouse brains suggests that M260 is an active internal
translation-initiation site, and that p60 is, by definition, a physiologically relevant

product in mouse brain.
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3.3.2. Increased Binding Affinity of p60 for the beta amyloid precursor protein
intracelluler domain (AICD)

Using GST-BPP-C48 pull-down assays, we observed significantly increased ratios of
p60/p97 in pull-down materials when compared to those of starting brain lysates (Fig

3.1), suggesting that p60 have higher binding affinity to AICD than p97.

3.3.3. Differential Expressions of FE65 Isoforms In Vitro

In order to determine whether p60 is also expressed invitro, COS cells were
transfected with a full-length mouse FE65 cDNA; cell lysates were analyzed in
paratlel with mouse brain lysates (Fig. 3.1). In transfected COS lysates, protein bands
at 97 kDa were observed, which were identical in size to native p97 in brain lysates. In
contrast, the p60 bands, were not detected in transfected COS lysates with antibody
FE518 (Fig. 3.1). Instead, a ~65 kDa band cross-reacted with this antibody. Further
characterization of the 65 kDa band is described in a separate manuscript (Hu et al., in
preparation). Failure to produce p60 in the culture system suggests that additional

factors may be required for such translation, e.g. tissues-specific factors, as

demonstrated by the following experiments.

3.3.4. Cytoplasmic Localization of p60
Previous studies suggested that the N-terminal region of FE65 contains a putative
nuclear localization element (Minopoli at al., 2001) and is required for gene

transactivation via AICD (Cao and Siidhof, 2001). We, therefore, tested whether



50

endogenous p60 could be targeted to the nucleus by fractioning cytoplasmic and
nuclear extracts of cerebral cortex. Western analysis using antibody FE518 revealed
that p60 was highly enriched in cytoplasmic extracts (Fig. 3.4) compared to those of
non-fractioned cerebral regions (Fig. 3.2); there were no detectable levels of p60 in
nuclear extracts. Although p97 was also not detected in nuclear extracts, it might
reflect the fact that only a very small portion of the isoform actually translocates into

the nucleus in vivo to perform nuclear functions (Kesavapany et al., 2002).

3.3.5. Brain-Region Specific Expressions of p60

To examine distribution patterns of the two isoforms in different brain regions,
cerebral cortex, hippocampus and cerebellum were dissected from brains of 2-month
old mice. Western analysis revealed that p97 was expressed in the lysates of all the
examined brain regions of wild type mice, with comparable levels in cortex and
cerebellum and relatively low levels in hippocampus when normalized to levels of -
actin (Fig 3.2). Expressions of p60, however, were dramatically different in these
brain areas. High levels of p60 were detected in cortex, with ratios of p60/p97 of
approximate 1:2. In contrast, levels of p60 in cerebellum were not detectable. In
hippocampus, both isoforms were detected at ratios of p60/p97 similar to those of
cortex while total amounts of FE65 were only ~10% of those in cortex, which may
reflect specific expression of FE65 only in a subset of neurons of this brain region
(Kesavapany et al., 2002). These results suggest that the predominant expression of

p60 in cortex and hippocampus may be related to their special functions in cognition.
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3.3.6. Age-Refated Expressions of FE65 Isoforms

Next, we assessed expressions of FE65 isoforms during development and aging. Our
results revealed age-associated changes in levels of p97. Whole brain lysates of
newborn (postnatal day 1), juvenile {3-week old), young adult (3-month old), middle
aged (12-month old) and aged (24-month old) mice were examined for expressions of
FE65. Western blotting showed that low levels of p97 were expressed at postnatal day
1, after which levels of p97 were steadily increased and reaching peak levels at 3-
month old (Fig. 3.3). These data are consistent with previous observations using a
different FE65 antibody (Kesavapany et al., 2002). Expression of p97 was somewhat
reduced by mid(ile age and dramatically reduced at the advanced age of 24 months
(Fig. 3.3). In contrast, expressions of p60 were not significantly changed over the life
course. These observations suggest that alterations of p97 levels may contribute to

modulations of cognitive functions over the life span.

3.3.7. Tissue Distributions of FE63 Isoforms

To explore the possibility of p60 expression outside the brain region, various tissues
from both wild type and FE65 mutant mice were subjected to western analysis using
our sensitive FE65 antibodies. p97 was found in brain and lung using both FE27 and

FES518; p60 was not found in the tissues tested except for the brain (Fig. 3.5).

3.4. Discussion
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We have speculated that the 60 kD isoform of FE65 result from use of an alternative
translational initiation site. The FE65 message apparently can initiate translation at
two different ATG codons. One starts from the first ATG in exon 2 and the other starts
from the ATG at codon 260 in exon3 (M260). Alternative translational initiation can
occur via two different mechanisms, leaky ribosomal scanning, or internal ribosomal
entry (IRES) at multiple AUG sites, as occurs in various viral systems and some
eukaryotic mRNAs. If the leaky scanning mechanism would be used for translational
initiation of p60, the ribosomal complex should scan ~1200 nucleotides and bypass 14
ATG codons to initiate protein synthesis at M260. Moreover, several of the ATG
codons upstream of M260 have preferred consensus sequences (A/G? and G* Kozak,
1996) (Table 1). These are not compatible with the leaky scanning mechanism
(Kozak, 2002). Therefore, we favor the IRES mechanism for the formation of the p60
isoform. Alternatively, the 60 kD protein band could represent a novel cross-reactive
member of the FE65 family which binds to JPP-C48. This possibility, however, is

very unlikely, since all three FE65 specific antibodies recognize the p60 isoform.

Based on the size of protein, the sequences of FE65-specific epitopes, and the ability
to bind to the C-terminal of BPP, we propose that p60 is a newly identified native,
physiologically significant FE65 isoform expressed in both FE65 wild type and
mutant mice via use of an internal initiation codon within the same ORF. Although the

potential regulation and biological significance of the alternative translation remains to
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be determined, we have demonstrated that p60 could be found in the cortex and
hippocampus, regions associated with major modulations of cognitive functions; in
contrast, this isoform was not found in the cerebellum of wild type mice. These
expression patterns suggest that translation of p60 is regulated in a tissue-specific
manner, consistent with current views that translation from an internal ribosomal entry
site is often regulated by physiological activity (Dyer et al., 2003}, cell cycle (Cornelis
et ai., 2000; Saichs, 2000), or stress (Holcik et al., 2000). Although translations of p60
in wild type and mutant mice may start from the same codon, the mechanism for
regulating the translation in mutant mice might be slightly different because p60 may
use the first available AUG (M260) rather than an internal ribosomal entry site. This
may be relevant to the observed increased levels of expression of the isoform in
mutant as compared to wild type mice. We have previously reported that a
polymorphism in human FE65 intron 13 that influences alternative splicing of exon 14
is associated with resistance to very late onset Alzheimer disease (Hu et al., 2002). We
should point out that alternative splicing of exon 14 and the generation of p60 may be
two independent events. The former results from the presence or absence of an intron
13 polymorphism. It produces two isoforms (FE65 and FE65a2) of similar sizes (~97
KDa) with 53 C-terminal amino-acids that are characteristic of each isoform (Hu et al.,
2002). The latter (p60) may be due to alternative translation from exon 3. It generates

a smaller protein with a truncated N-terminus.
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As discussed before, if p60 was translated from M260, it would lack part of the WW
domain, but retain two PID domains. Its altered structure suggests that p60 may be
functionally divergent from p97. For example, it may or may not efficiently bind to
Mena, as this action requires the WW domain (Ermekova et al., 1997). Previous
evidence has shown that an experirhentally induced N-terminally truncated FE65
(lacking amino acids 1-286) could not trigger gene transéétivatioﬁ of AICD in the
nucleus (Cao and Siidhof, 2001), probably due to the absence of a putative nuclear
localization element at amino acids 250-290 around the WW domain (Minopoli at al.,
2001). In addition, p60 showed a greater binding affinity to AICD than its longer
counterpart (Fig. 3.1). It has been pfoposed that BPP might serve as an anchor
Iﬁolecule in the cytosol to prevent FE65 from getting into the nucleus (Minopoli et al.,
2001; Cao and Siidhof, 2001). Thus, p60 may have an additional obstacle for
translocation into the nucleus. In fact, in the present studies, we showed that p60 was
cytoplasmic and could not be detected in the nuclear compartment. Therefore, p60
may have unique unknown cytosolic functions in cytosol, but would lack nuclear
functions such as transcription activation and cell cycle regulation (Cao and Siidhof,

2001; Bruni et al., 2002).

Overexpression studies and the generation of p60-specific knockout mice may shed
light on the function of p60. Its N-terminal structure needs to be further analyzed by
microsequencing. The translational control of p60 via IRES and its regulation is

another interesting area that needs further investigation. It is conceivable that aberrant
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regulation or function of p60 is associated with disease states. In any case, the
discovery of this novel isoform would certainly enhance our understanding of the

diversity and complexity of FE6S5 function.
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Figure 3.1. Western and GST-pulldown analyses of expressions of FE65 isoforms.
A, Schematic diagram of the epitope positions of FE65 antibodies and the domain
structures of the full-length (p97) and N-terminally-truncated (p60) FE65 isoforms.
Arrows indicate the positions of epitopes that are recognized by FE27, FE352 and
FE518. ?: the precise site of the N-terminal truncation is unknown. B, Brain tissue
lysates from p97FE6S™ and p97FE65™ mice were analyzed by direct Western
blotting or by GST-BPP-C48 pull-down followed by Western blotting with antibodies
indicated in (A). B.Pull: GST-BPP-C48 pulled down materials from brain lysates;
mFE: COS cell lysates overexpressing a mouse FE65 cDNA,
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Figure 3.2. Brain region-specific expressions of p60. Cerebral cortex, hippocampus
and cerebellum were dissected from 2-month old mouse brains and analyzed by
Western blotting with FE518. Whole brain lysates were also analyzed in parallel. The

same membranes were then stripped and incubated with an antibody against B-actin as
sample-loading controls.
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Figure 3.3. Expressions of FE65 isoforms during development and aging. Brain
lysates from mice of different ages were analyzed by Western blotting with FE518.
The stripped membranes were then incubated with an antibody against B-actin. P1:
first post natal day; W: week; M: month,
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Figure 3.4. Subcellular localizations of endogenous FE65 proteins in mouse brains.
Cytoplasmic (C) and nuclear (N) extracts of cerebral cortex of wild type and FE65
mutant mice were separated using a nuclear extract kit, and analyzed by
immunoblotting with FES518, and with anti-Lamin A+C antibody (Chemicon,
Temecula, CA) and anti-tubulin antibody (Sigma, St Louis, MO) as positive controls
for nuclear and cytoplasmic fractions, respectively. p60 were only detected in the

cytoplasmic extracts. The bands shown in the nucleur extracts were nonspecific bands
that migrates slower than the p60.
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Figure 3.5. Tissue Distributions of FE65 isoforms. Various tissues from both wild

type and FE6S mutant mice were subjected to western analysis using FE65 antibodies:
FE518 and FE27.
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Table 1. Survey of ATG Codons and Their Flanking Nucleotides Within the First 1200
Nucleotides of the p97FE65 cDNA

ATG Number ATG Context (CC[A/G]CCatgG) In Frame ATG Position
1 AGGCCatgT Mi

2 GTGCTatgG M54
3 TGCCAatgC

4 CCGAAatgT

5 GCTTAatgC M114
6 CCACAatgC

7 GCTTCatgG

g ACCAGatgA

9 GGAGGatgA

10 GGATGatgA

11 GGAGAatgT

12 TTGGCatgC M212
13 CAGTGatgA

14 TCCCTatgG

15 GCTGGatgA

16 GATGGatgA M260
17 GAAGGatgA

18 CCCCAatgG M327

Matches with the consensus sequence are shown in red.
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CHAPTER 4

BEHAVIORAL ANALYSIS OF FE65 MUTANT MICE

4.1. Introduction

Since FE65 is predominantly expressed in the hippocampus and cerebellum, brain
structures that influence important behaviors such as learning and memory,
locomotion, and coordination, we performed tests for these phenotypes. Two different
tests for learning and memory were used, passive avoidance and Morris Water Maze
(Fig 4.1). Loss of the full-length FE65 but not a N-terminally truncated isoform in the
mutant mice was associated with impaired performance in tests of learning and
memory. Deficiencies in a reversal-learning paradigm were particularly striking.
These were reminiscent of “unforgetting” phenotypes that were previously observed
in mice bearing conditional null mutation of presenilin 1 (PS1), a member of the y-

secretase complex (Feng et al, 2001). Our studies thus suggest a novel role for FE65

protein in learning and memory.

4.2. Materials and Methods

4.2.1. Animals
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All of the mice used for the behavioral studies were F» progeny derived from matings
of F1 heterozygotes (129/Sv x C57BL/6J). The animal experiments were approved by
the U.S. National Institutes of Health and by the University of Washington Animal
Care and Use Committee. Mice were group-housed by gender in a temperature- and

humidity-controlled specific pathogen-free facility. All mice were tested within the

light phase of a 12 h light/dark cycle.

4.2.2. Open Field Test

Locomotor  activity was measured using an open field apparatus
(25.4 x 25.4 x 40.6 cm; Coulbourn Instruments, Allentown, PA) and analyzed by Tru-
Scan 99 software (Coulbourn Instruments, Allentown, PA). Animals were placed in
the center of the apparatus for 10 min in standard room-lighting conditions. Three
dependent variables recorded by the software were reported in Resuits: (1) the total
distance traveled in cm, (2) the relative amount of time spent in the center, and (3) the

number of rearings. Between sessions, the cage was wiped clean with 70% ethanol.

4.2.3. Passive Avoidance Learning

Experiments were conducted as previously described (Wong et al., 1999). A passive
avoidance apparatus (Fig. 4.1; Coulbourn Instruments, Allentown, PA) was used,
which consisted of one darkened compartment and one illuminated compartment
separated by a guillotine door. The floor consisted of a metal grid wired to deliver

shocks of controlled intensities and durations. During testing, each mouse was placed
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into the illuminated compartment of the apparatus and allowed to explore for 1 min.
The door to the dark compartment was then opened. Step through latencies, defined as
the time required for the mouse to cross completely to the darkened compartment,
were recorded for the mouse. Ten minutes after the mouse entered the dark
compartment, the door was closed, and the mouse received a 0.7 mA shock of 2 sec
duration. Mice were allowed to recover from the shock for 30 sec and then returned to
their cages. This test was performed over a period of 6 consecutive days at the same
time during each day. The latency to enter the dark compartment was monitored for
each trial. Mice were removed if they failed to enter the dark compartment after 10
min and were assigned a latency of 600 sec. A learning score, indicating the day (1 to
7) when a mouse first reached 600 sec latency, was assigned to each mouse and used
to assess acquisition of the task (score as 1 if 600 sec latency was reached on day 1

and so on; 7 was assigned if 600 sec latency was never reached). The apparatus was

wiped down with 1% acetic acid between trials.

The sensitivities of the groups of mice to increasing foot shock intensities were
assessed as published (Wong et al., 1999). Mice were scored for flinching, jumping

and vocalization responses to shocks of 1 sec duration ranging from 0.06 to 0.5 mA.

4.2.4. Morris Water Maze (MWM)
Hidden Platform Test. The water maze was a circular pool 1.2 m in diameter filled

with water, maintained at 22°C, and rendered opaque by addition of non-toxic white
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paint. A 10 cm diameter escape platform was submerged 1 cm beneath the water
surface at a fixed location throughout the course of the hidden platform tests. On each
trial, the mouse was placed facing along the edge of the wall and randomly released at
three start points. Mice were allowed to swim freely until they climbed onto the
platform or until 60 sec had elapsed, at which point they were placed on the platform
for 15 sec. Mice were given one block of four trials a day, with a 1 min inter-trial
interval each day, for 9 consecutive days. During each trial, the time to find the hidden
platform was recorded and averaged daily. A video camera was mounted above the

pool and mouse movements were tracked with a computerized video-tracking system

(Fig 4.1).

Reversal Test. Reversal of spatial learning was tested on day 11-13. During this
phase, the platform was placed in the opposite quadrant from where it had previously

been. As in the prior phase, 4 trials per daily session were conducted.

Probe Test. A single probe test was carried out on the days after the completion of the
hidden platform test (day10) and the reversal test (day14). The platform was removed
from the maze; mice were placed and released at the location opposite the site where
the piatform had been located. Each mouse was allowed to swim for 60 sec. The

number of entries into the target area (where the platform had been positioned) and the

time spent in each quadrant were recorded.
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Visible Platform Test. The experimental set-up for the visible portion of the MWM
was as above, except that the platform was raised just above the level of the water and
a flag was attached to the platform. The platform location was varied randomly from
trial to trial. Each mouse was given four trials for three days, and the time to find a

platform was recorded and averaged.

4.2.5. Statistics:

Behavior tests were analyzed by one or two factor analyses of variance (ANOVA).
Newman-Keuls post hoc analyses were performed when necessary. Passive avoidance
acquisition curves were analyzed by the two-sample Wilcoxon rank-sum (Mann-
Whitney) test. The water maze performance curves were analyzed by repeated
measures ANOVA. All the analyses were carried out using the STATA software

(Stata Corporation, College Station, TX). All values are given as + SEM.
4.3. Results

To test the hypothesis that altered expression of FE63 could contribute to cognitive
impairments, a series of behavioral tests for asséssment of learning and memory was
performed. Since no statisticaily significant differences in performance on any of
these tests were observed between genders, all data were collapsed into single groups
of p97FE65™", p97FE65™ and p97FE65™ mice. The apparently normal development,

histology and life spans of FE65 mutant mice suggested that the interpretation of



67

behavioral tests of complex cognitive functions in these mice would not be clouded by

developmental and adult pathologies.

4.3.1. Normal Performance in the Open Field Test

Because most well-established behavioral paradigms rely upon locomotion, it is
important to rule out an underlying defect in locomotor activities. As a simple test for
the spontaneous locomotor activity, mice were monitored using an open-field test
(Crusio et al., 1989). The test has been used to reveal gross differences related to
activity levels and coordination (Crawley and Paylor, 1997; Picciotto and Wickman
1998). In addition, the open-field test also measures anxiety levels, as assessed by the
rearing and the center to perimeter residence time (Treit and Fundytus. 1988; Steiner
et al., 1997; Angrini et al., 1998; Ramboz et al., 1998). With this test, levels of general
activity were evaluated by measurements of horizontal activity, vertical activity, and
total distance traveled during a 10 min test session in an open box in a lighted room.
We observed no significant differences, among genotypes, in total distances traveled
in the first and second 5 min intervals among genotypes for 14- and 27- month old
mice (Fig. 4.2 A. Fp1g=0.75, p=0.4861; Fpa9=1.69, p=0.2028). All groups
showed habituation to the novel environment, as demonstrated by decreasing activities
during the second 5 min interval (14 months: £7;,5)=33.54, p <0.0001; 27 months:
Fua9y=19.14, p=0.0001). FE65™", FE65*" and FE65" mice exhibited comparable
levels of anxiety, as shown by similar residence times in the central ring of the open

field (14 months: F, 15y =0.08, p =0.92; 27 months: F(2 20 =1.49, p =0.2421) (Fig. 4.2
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B.). The number of rearing episodes was also very similar for all of the groups (for 14
months: Fip 15, =1.01; p=0.3825; for 27 months: F229=1.01; p=0.3769) (Fig. 4.2
C.). In summary, the results indicate that the genotypes of interest did not differ

significantly in levels of general activity and anxiety.

4.3.2. Impaired Passive Avoidance Learning

We then investigated passive avoidance response. This conditioning paradigm elicits
robust associative learning that involves the hippocampus (Subley-Weatherly et al.,
1996). An aversive stimulus (a mild foot shock) was paired with entry into a dark
chamber within a novel environment. We first tested foot shock sensitivities of the
mice to evaluate their responses to the stimulus. The three groups of mice exhibited
comparable responsiveness to foot shock as assessed by recording the amount of
flinching, jumping, or vocalization to increasing stimulus intensities (0.06 mA - 0.5
mA) (Fig. 43 C.). We then tested passive avoidance conditioning for mice at 14
months and 27 months of age by delivering a 0.7 mA foot shock of 2 sec duration and
recording the crossover latencies. FEGS™ and FE65" mice showed retarded
acquisition of the passive avoidance response at 14 months of age (Fig. 4.3 A.). One-
way ANOVA analysis of the data from the first day of testing showed that FE65™"
and FE65" mice entered the dark compartment with similar latencies (F 52,=1.25,
p=0.3077). When mice were tested twenty-four hours later, however, the latencies of
the three groups were significantly different (F ,=3.77, p=0.04); FE65™*, FE65™"

and FE65 mice displayed relatively long, intermediate and short delays, respectively,
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before entering the dark environment (Fig. 4.3 B.). The groups also differed
significantly on day 3 (F 22,=4.93, p=0.0176) but not on day 4 or on subsequent days.
Acquisition rate of this task over 6 days was further ar;alyzed by the Wilcoxon rank-
sum test using the learning score as an index. A learning score (1 to 7) was defined as
the number of days it takes for a mouse to learn to avoid the dark compartment
completely (when 600 sec latency was reached). FE65" and FE65™ mice spent
significantly longer times to learn this task as compared td FE65"" mice (z=2.767,
p=0.0057 and z=2.304, p=0.0212 respectively). FE65" and FE65" mice were

statistically indistinguishable in this test.

Mice at 27 months of age were also tested for passive avoidance response. Both
FE65™ and FE65" mice at 27 months showed increased crossover latencies over 6
days of the test period (Fig. 4.3 A. and B. F 5140=9.17, p<0.0001). However, the
Wilcoxon test comparing the two groups revealed no significant difference, although
the data for FE65” suggested a tendency for better performance, (z=-1.124,

7=0.2609).

4.3.3. Impaired Performance in the Morris Water Maze

The three genotypes were tested in the MWM, a hippocampus-dependent paradigm
(Morris, 1982) employed for the assessment of the ability to acquire, process, and
recall spatial information by using escape latency as an indicator of learning. Due to

the physical demands of this assay, only 14-month old mice were utilized.
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Hidden Platform Acquisition:

FE65" mice performed poorly in this test as maﬁifested by significantly longer
latencies for locating the platform compared to FE65™" mice (Fig. 4.4 A.). A repeated
measure two-way ANOVA analysis comparing the FE65™" and FE65" mice showed
significant effects of genotypes (F' 1,17=5.66, p=0.0294), significant effects of days (F
8,136=16.69, p<0.0001), and a non-significant interaction (F g;36=1.09, p=0.3739),
indicating differential performances for the FE65™" and FE65” mice over the 9
training days. Subsequent pair-wise comparisons revealed that the FE65" mice had
significantly longer escape latencies than the FE65™" mice during the seventh and
ninth day blocks (Day7: p=0.0135; Day9: p=0.0489). The FE65"" mice did not differ
from either the FE65™" mice or the FE65™ mice, given the assumption that they
should exhibit an intermediate behavior. Analysis of platform searching patterns did
not reveal significant differences in thigmotaxis among genotypes (data not shown).
These data indicated that FE65" mice were competent on procedural components of
the hidden platform version of MWM task and could remember the spatial cues

necessary to solve the task, although not as efficiently as FE65™" mice.

Reversal Test:
The mice were further tested during an additional three-day period of reversal training
in order to determine the efficiencies with which they could extinguish memories of

the old platform locations and learn the new locations. On the first day of reversal
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learning, FEG5"" and FE65" mice exhibited comparable latencies. However, the
FE65" mice failed to improve on subsequent days and showed significantly higher
latencies than FE65™* mice from the second day of spatial training (Fig. 4.4 B.).
Analysis of reversal results by two-way ANOVA indicated that the groups differed in
their average latencies over the 3-day period (F 224=9.19, p=0.0011). ANOVA also
revealed major effects of days (F 245=26.54, p<0.0001)-and of interaction (¥ 443=7.79,
p=0.0001}) indicating that the groups differed in their learning rates. ANOVA of data
from the FE65" group indicated that these mice did not improve their performance
over the three days of training (F 2,4=0.05, p=0.9470). By contrast, FE65™ mice
showed significant differences in reversal iatencies over the 3-day period of evaluation
(F 227=11.93, p=0.0002). Post-hoc analyses demonstrated that the FE65" group had
significantly longer latencies than the control group on reversal days 2 and 3
(p=0.0135; p=0.0002, respectively). FE65" and FE65™ did not differ from each |
other. The data from these reversal trials thus indicated that FE65™ mice did not learn

the new platform location whereas FE65™" and FE65™" mice did exhibit learning,

Probe Tests:

Probe tests were conducted to assess the retention of spatial information in mice.
Analyses of the measurements from probe trials cbnducted one day after the
completion of hidden platform acquisition demonstrated the acquisition of this water
maze task for all the groups of mice (Fig. 4.5 A.). All three groups spent significantly

more time over the targeted quadrant as compared with other quadrants (ANOVA, F
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38§=15.93, p<0.0001). The FE65" mice also displayed selective search for the missing
platform but spent less time than FE65™ controls in the train quadrant (Fig. 4.5 A.).
The differences of time in target quadrant and the number of target crossings between

FE65" and FE65™ mice were marginally insignificant (p=0.0709; p=0.0799

respectively).

A probe trial was conducted one day after the completion of reversal training. These
reversal probe trials showed that the time spent searching in the training quadrant were
significantly different among the different genotypes (Fig. 4.5 B; ANOVA, F
224=10.93, p=0.0004). FEG65" mice spent significantly less time searching in the
trained quadrant than did FEG6 * mice (744 sec vs. 22.08 sec; p= 0.0002),
confirming that the FE65"" mice have impaired reversal spatial learning. Interestingly,
whereas the FE65"* mice searched selectively for the missing platform in the training
quadrant, the FE65” mice persisted in searching the opposite quadrant where the
platform has been previously located. The time spent in the opposite quadrant was
significantly longer compared with FE65™ mice (FE65™" 10.2 sec vs. FE65" 19.8
sec; p=0.0372). FE65™ mice, however, spent as much time as FE65"" mice in the
training quadrant (p>0.05) but significantly longer time than FE65" mice (p=0.0152).
The numbers of target crossings for the FE65™ group, but not for the FE65”'group,
were also significantly less as compared to FE65™" mice (Fig. 4.5 B; p=0.0004).

These data indicated that FE65” mice retain a spatial preference that is no longer
p P £
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appropriate; these FE65 knockout mice, therefore, are deficient in learning new spatial

information.

Visible Platform Acquisition

The visible platform version of the MWM was used to test non-spatial learning and to
assess whether spatial learning deficits detected in FE65" mice were a result of
deficient escape motivation or impairment of visual and/or motor performance. All
groups of mice had no difficulties in locating the platform and climbing onto it. There
therefore were no detectable differences in motor performance. An ANOVA revealed
that all groups of mice improved their performances as measured by decreases of
escape latencies over the training days (Fig. 4.4 D. F 52~10.93, p>0.05). The
differences between groups were not significant (F 24=19.9, p>0.05). There were no

significant genotype x day interactions.

Swimming Speeds
Swimming speeds were also analyzed to determine whether the groups differed in
swimming abilities. ANOVA of these data yielded no significant differences between

genotypes on the hidden platform trials (Fig. 4.4 C.), suggesting that sensorimotor
disturbances or other non-associative factors were not differentially affecting group

performance.
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4.4, Discussion

Despite the fact that we only succeeded in a knockout of the full-length isoform,
behavioral analyses revealed remarkably strong deficits in hippocampal dependent
learning and memory in the mutant animals. p97FEG5” mice exhibited slow
acquisition rates on both aversive and spatial memory tasks, and severe impairments
in spatial memory extinction during relearning, after exclusion of potential
confounding decrements of locomotor activity, visual acuity, and pain perception in
mutant mice. p97FE65™ mice showed intermediate phenotypes somewhere between
FE65 wild type and p97FE65™ in most of these tests except for the MWM reversal-
learning test, reflecting gene-does-dependent effects. The most dramatic finding in the
present study was that p97FE65'/' mice were severely impaired in the reversal-learning
test. In contrast to the leaming of the first spatial preference, where these mice only
exhibited slightly reduced ability, the impairments in reversal leaming were so
profound that the escape latencies of these mice were kept unchanged over the 3-day
tested period (Fig. 4.4 B). The failure of these mice to relearn the new spatial
preference may be due to inappropriate perseverance of their originally trained
preference (Fig. 4.5 B), suggesting that the mice may have deficits in spatial memory
extinction, a process associated with active suppression of original association and the
re-establishment of a new one, rather than simple memory decay (Abel and Lattal,
2001). Interestingly, this particular phenotype appears to be recessive, suggesting that

the presence of minimum amounts of FE65 proteins (e.g. p97) may be essential for
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maintaining this function. Similarly impaired memory-extinction phenotypes have
also been found in the mutant mice with knocked out CB1 cannabinoid receptor

(Varvel et al., 2002), a retrograde modulator of synaptic activities at the presynaptic

mermbrane (Wilson and Nicoll, 2002).

In contrast to spatial acquisition, which mainly depends on the function of the
hippocampus, the mutant mice also showed severe impairments in aversive learning
assessed by passive avoidance, a measurement that is mediated by amygdala and
striatal structures, in addition to the hippocampus (Picciotto and Wickman 1998),
suggesting that FE65 may function in several brain regions. The observed behavioral
phenotypes are consistent with expression patierns of FE65 in brain. Abundant FE65
has been found in cerebral cortex, the CAl and CA3 regions of hippocampus, the
basolateral nucleus of amygdala, and striatum (Bressler et al., 1996; Kesavapany et al.,
2002). Although FEG65 is highly expressed in the cerebellum, cerebellar associated

functions, e.g. locomotor activity, were not impaired in the mutant mice.

Our experiments revealed interesting effects of aging. Older wild type mice showed
significantly reduced learning and memory capacity than their younger cohorts, which
was as expected, whereas the performance of p97FE65" mice at advanced age was
not significantly changed (Fig. 4.3 A.). There was in fact some evidence of slightly
better performance of p97FE65"' mice at age of 27 months than their wild type

cohorts, although the difference did not reach statistical significance. These results
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suggest that FE65 may enhance learning and memory during the early stages of life,
but might have deleterious effects on memory late in the life span. Put differently, lack
of or reduced FE65 function may produce sub-optimal memory early in life but may
have protective effects late in life. Consistent with this idea, we had previously found
that the major polymorphic allele of human FE65, an allele that first appears in Homo
sapiens, codes for an FE65 protein that provides a very strong interaction with PP
(Hu et al., 2002). We speculated that this allele might have been selected for enhanced
cognitive functions. That allele, however, was shown to be a risk factor for very late
onset dementias of the Alzheimer type (VLODAT) (Hu et al., 2002). The minor FE65
allele, carried by only approximately 25% of Northern European/North American
Caucasian populations, resembles the alleles in other species in that it codes for an
FE65 protein that exhibits only weak BPP binding. Human subjects carrying that allele

are relatively resistant to VLODAT. Therefore, FE65 may function differently in

different phases of the life span.

It is not clear whether the phenotype we have observed in the mutant mice is due to
loss of p97, to increased expression of p60, or to both. Complete loss of p97, however,
may have more impact upon cellular functions than the increased expression of p60
resulting from our partial knockout. We believe that loss of the full-length FEG5
function may be a more plausible explanation of the observed phenotype in mutant
mice. This hypothesis is supported by the recessive trait of the severely impaired

reversal learning of mutant mice at age of 14 months (Fig. 44 B). A fuller
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understanding of FE65 gene action will require the generation of mice with a

complete deletion of FEG5 gene expression as well as mice incapable of expressing

p6o0.

We have conducted behavioral tests on mice at middle (14 months) and old ages (27
months). It would be informative to carry out tests at ages within 2-12 months range in
order to establish the onset of cognitive impairment in each of the testing paradigms
used. Our western results of FE65 expressions during development and aging showed
that FE65 levels peak at 3 months old. Therefore, FE65 mutant mice may have
developed the cognitive deficits at younger ages. The developmental progression of
the cognitive impairment should be addressed for the FE65 mutant mice in the future.
It would also be interesting to determince whether other forms and phases of memory

function, such as short-term memory, memory consolidation and retention, are intact

in our FE65 mutant mice.
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Figure 4.1. Common learning tests. A. Passive avoidance apparatus and procedure for
testing associative aversive memory. On dayl, the animal is allowed to explore the
apparatus. Once it enters the dark chamber, a foot shock is administered. Twenty-four
hours later, the latency time to reenter the dark chamber is measured. B. Morris water
maze. The animal is placed in water and learns to use 3-dimensional cues to find a
platform hidden beneath the surface of water. After several training trials, animal
leans to find the platform. Memory can also be tested by removing the platform and
measuring the amount of time the animal spends exploring the quadrant that had
contained the platform, or the number of times the animal crossed to the quadrant that
contained the platform. Controls for physical abnormalities and deficits in nonspatial

learning are carried out by assessing performance in finding a visible platform marked
by a flag. '
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Figure 4.2. Measures of locomotor activity and open field behavior. A. Distance -
traveled in the open field arena was recorded over 10 min; results were separately
analyzed for the periods of 0-5 and 6-10 min, expressed as means + SEM. At 14
months of age (left panel) and at 27 months of age (right panel), no differences were
found in the total distances traveled among genotypes (FE65™, FE65™ and FE65” ).
B. The time spent in the central portions of the open field apparatus (Central Time)
revealed no differences among genotypes at both ages. C. The number of episodes of

rearing (vertical beam breaks) were not significantly different among genotypes at
both ages.
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Figure 4.3. Performance of FE65 mutant mice in a passive avoidance test.  A. The
percentage of mice that completely avoided the dark compartment (reached 600 sec
step-through latency) in each day was plotted. FE65™ and FE65" mice at 14 months
of age showed depressed learning curves when compared with FE65™* mice. At 27
months of age, the performances of FE65™ and FE65" mice were comparable to
each other and similar to FE65” mice at 14 months of age. B. At 14 months of age
(left panel), the step-through latencies of FE65" and FE65" mice were significantly -
shorter as compared to those of FE65™* mice on days 2 and 3 (*p<0.05; **p<0.001).
At 27 months of age (right panel), the differences of step through latencies between
FE65™" and FE65™ mice were not significant. C. Shock thresholds for vocalization

and jumping were not significantly different among groups at 14 months (left panel)
and 27 months old (right panel).
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Figure 4.4. Performance of FE65 mutant mice in the Morris water maze.  A.
Acquisition of hidden platform locations. The groups were found to differ
significantly on the hidden platform trials in terms of escape latencies during the 7th
and 9th days (*p<0.05). B. Reversal learning test. FEG5 animals differed
significantly from FE65" and FE65™" mice on reversal days 2 and 3 (**p<0.0002).
C. Speed of swimming in the hidden-platform test. No significant differences were

observed among the genotypes. D. Acquisition of visible platform locations. No
significant effects of genotypes were observed.
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Figure 4.5. Performance of FE65 mutant mice in probe tests.  A. Probe test
performed one day after the hidden platform acquisition period. Percentage time spent
in each of four quadrants (left panel) and the number of target crossing (right panel)
revealed that FE65” mice Spent shorter times in the trained quadrant and had fewer
target crossings than FE65” mice. The differences were marginally 1n51gmﬁcant
(p=0.07). B. Probe test performed one day after the reversal penod FE65™ mice
spent more time searching 1n the trained quadrant, whereas FE65" mice did not
exhibit this preference. FE65 mice persisted in searching in the opposite quadrant.
where the platform was formerly located (left panel; *p<0.002). The number of target

crossings for FE65™ mice was significantly less as compared with FE65™ mice (right
panel; ¥*p<0.05).
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CONCLUSIONS AND FUTURE DIRECTIONS

5.1. Conclusions and Implications:

We generated a line of FE635 knockout mice by a well-established gene targeting
methodology and documented that these mice do not express full-length FE65 mRNAs
and proteins. However, a novel truncated isoform of FE65 (p60) was expressed. These
mice were viable, fertile, and apparently normal as regards gross and light microscopic
anatomy, locomotor activity, visual acuity, and pain perception when compared with
their wild type cohorts. Despite the upregulated expression of p60 in mutant mice, the
homozygous FE65 mutants exhibited slower acquisition rates of both aversive and
spatial memory tasks and exhibited robust impairments in spatial memory extinction
during re-learning. These results suggest that one of the primary physiological

functions of FE65 may involve learning and memory processing in the hippocampus.

Although the molecular mechanisms whereby FE65 contribute to normal and altered
hippocampal dependent leaming and memory are not clear, its interaction with PP
and its role as an adaptor or scaffold protein within the broader network of associated

proteins are likely to be of major significance. Supporting evidence comes from our
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results showing that secretion of Af peptides in the media of primary neuronal
cultures derived from p97FE65'/ /Tg2576 mice is decreased. This finding might seem
puzzling, given the fact that p60, which has an intact BPP binding domain, is
preserved in the FE65 mutant mice. It could also imply that the N-terminus of p97
might be critical to the modulation of PPP trafficking and processing. In fact, our
results are consistent with previous reports that overexpression of the full-length FE63
increases secretion of Af} peptides (Sabo et al., 1999). A large body of evidence has
implicated AP peptides as central to the pathogenesis of Alzheimer disease. However,
the functional relationship of BPP and its proteolyticly cleaved products to learning
and memory is not known. AP peptides are generated in physiological conditions,
suggesting that they may have unique functions in brain. There is increasing evidence
supporting a role of AP in mediating synaptic functions. Recent observations have
indicated that neuronal activity can modulate BPP processing and endogenous Af
production; AP in turn may provide negative feedback on neuronal function
(Kamenetz et al., 2003). The decreased levels of Af associated with our FE65 mutant
mice might therefore reflect a disrupted feedback system on neuronal activity, thus
contributing to the cognitive deficits we have observed in such mice. The level of
AICD peptides (peptides representing the B-amyloid precursor protein intracellular
domain), another product of BPP processing, may also be affected by deficiencies in
FEG65, given published evidence that FE65 can stabilize AICD (Kimberly et al. 2001,

Zheng et al., 2002). There is emerging evidence of a role of AICD in important
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nuclear signaling events (Cao and Sudhof 2001; Gao et al., 2001) and in moculation of
calcium signaling (Leissring et al., 2002), a process important to synaptic plasticity.
We therefore propose that FE65 plays crucial roles in the release and subsequent
signaling of BPP fragments, such as AR and AICD, and that alterations in these

processes may explain the cognitive alterations we have observed in our knockout

mice.

Mice with interrupted expression of SPP were impaired in spatial leamning and
exploratory behavior (Muller at al., 1994). Forebrain-conditional PS/ knockout mice
exhibit memory clearance deficits (Feng et al., 2001), which are to some extent similar
to the memory extinction deficits we have observed in p97FE65™ mice. Mutations in
SPP and PSI contribute to a large portion of early onset dementias of the Alzheimer
type (for review, see Selkoe 2001). A minor polymorphism in human FFE635 is found to
associate with resistance to very late onset dementias of the Alzheimer type by
generation of a splicing isoform with altered affinity to AICD (Hu et al., 2002;
Lambert et al., 2000). Thus, it is likely that each major component of the PS1-8PP-
FE65 signaling pathway contributes to the cognitive “fitness” of mammalian
organisms during the early stages of their life spans. We speculate, however, that,
given highly active robust functions, a “price may be paid” — deleterious functioning

late in the life span (Hu et al., 2002, Fig. 5.1).
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5.2. Futnre Directions:

5.2.1. Gene Expression Profiling by Microarray and Quantitative RT-PCR

Since FE65 has been implicated in the regulation of gene transcription (Cao and
Sudhof, 2001), it will be of interest to survey the genes that were upregulated or
downregulated in the FE65 mutant mice by Microarray and Quantitative RT-PCR.
These studies may enable us to reveal novel biochemical pathways and functional

interactions between FE65 and other genes,

5.2.2. Role of FE65 in Synaptic Plasticity

Synaptic plasticity is generally believed to be a major candidate neural mechanism for
learning and memory (Kandel., 2001). It is important to pursue electrophysiological
studies on the FE65 mutant mice to correlate impaired synaptic plasticity with
cognitive deficits seen. in these mice. These studies will not only validate the
phenotype but also will significantly strengthen the favored interpretation of cognitive
fitness associated with the level of FE65 protein. Measurements of the long- term
potentiation (LTP) using brain hippocampal slices from FE65 mutant mice are now
being carried out by a senior postdoctoral fellow in the laboratory of Dr, Dan Storm,

Preliminary results show that the FE65 mutant mice have LTP deficits (H. Wang).
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Figure 5.1. A simplified model of gene actions involving a segment of the FE65 protein
network. The y-secretase cut (mediated by PS1 and co-factors) serves as the “RIP”
(Brown et al., 2000) for the liberation of AICD (BPP intracellular domain), which
interact with FE65 to modulate cytoplasmic and nuclear functions relevant for memory
during the earlier stages of the life course (those susceptible to the force of natural
selection). The predominant FE65 allele is thought to have evolved as part of a suite of
gene actions leading to enhanced cognitive functions. During the latter half of the life
span, however, relatively strong activities of this pathway may contribute to the
development of early onset DAT (e.g., in families with mutations in PS! and APP
genes) or may be associated with increased susceptibility to very late onset case of DAT
(e.g., for the case of allele 1 of FEG5).
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