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Neurobiology of Disease

Neutralization of Transthyretin Reverses the
Neuroprotective Effects of Secreted Amyloid Precursor
Protein (APP) in APPSw Mice Resulting in Tau
Phosphorylation and Loss of Hippocampal Neurons:
Support for the Amyloid Hypothesis
Thor D. Stein,1 Nicholas J. Anders,2 Charles DeCarli,5 Sic L. Chan,6 Mark P. Mattson,6 and Jeffrey A. Johnson1,2,3,4
Neuroscience Training Program, 2School of Pharmacy, 3Environmental Toxicology Center, and 4Waisman Center, University of Wisconsin, Madison,
Wisconsin 53705, 5Department of Neurology and Center for Neuroscience, University of California Davis, Sacramento, California 95817, and 6Laboratory of
Neurosciences, Gerontology Research Center, National Institute on Aging, Baltimore, Maryland 21224
1

Alzheimer’s disease (AD) may be caused by the abnormal processing of the amyloid precursor protein (APP) and the accumulation of
␤-amyloid (A␤). The amyloid precursor protein can be proteolytically cleaved into multiple fragments, many of which have distinct
biological actions. Although a high level of A␤ can be toxic, the ␣-secretase cleaved APP (sAPP␣) is neuroprotective. However, the
mechanism of sAPP␣ protection is unknown. Here, we show that sAPP␣ increases the expression levels of several neuroprotective genes
and protects organotypic hippocampal cultures from A␤-induced tau phosphorylation and neuronal death. Antibody interference and
small interfering RNA knock-down demonstrate that the sAPP␣-driven expression of transthyretin and insulin-like growth factor 2 is
necessary for protection against A␤-induced neuronal death. Mice overexpressing mutant APP possess high levels of sAPP␣ and transthyretin and do not develop the tau phosphorylation or neuronal loss characteristic of human AD. Chronic infusion of an antibody
against transthyretin into the hippocampus of mice overexpressing APP with the Swedish mutation (APPSw ) leads to increased A␤, tau
phosphorylation, and neuronal loss and apoptosis within the CA1 neuronal field. Therefore, the elevated expression of transthyretin is
mediated by sAPP␣ and protects APPSw mice from developing many of the neuropathologies observed in AD.
Key words: Alzheimer’s disease; ␣-secretase; neuropathology; neurotrophic; neurodegeneration; neuroprotection; organotypic slice
culture; ␤-amyloid

Introduction

Alzheimer’s disease (AD) is characterized by ␤-amyloid (A␤)
accumulation and plaque formation, abnormal phosphorylation
and aggregation of the microtubule-associated protein tau, and
massive neuronal loss. Mutations identified in hereditary forms
of AD as well as abundant animal models and in vitro data
strongly implicate A␤ and the protein from which it is derived,
the amyloid precursor protein (APP), as the principal factor driving the development of AD (Hardy and Selkoe, 2002). However,
A␤ induction of the major AD neuropathologies, including phos-
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phorylation of endogenous tau and in vivo neuronal loss, has yet
to be convincingly demonstrated.
In fact, although mice overexpressing mutant forms of APP
accumulate high levels of A␤, they do not develop the tau phosphorylation or severe neuronal loss observed in AD (Irizarry et
al., 1997a,b; Takeuchi et al., 2000). We have shown previously
that mice overexpressing APP with the Swedish mutation
(APPSw) markedly upregulate several neuroprotective genes and
proteins (Stein and Johnson, 2002). These include transthyretin
(TTR), a protein that can bind A␤ and prevent A␤ fibril formation in vitro (Schwarzman et al., 1994), and insulin-like growth
factor-2 (IGF-2), a protein demonstrated to protect against A␤
toxicity in vitro (Dore et al., 1997). It remains to be demonstrated
whether upregulation of TTR and/or IGF-2 in fact protects
APPSw mice from A␤-induced tau phosphorylation and neuronal
degeneration. In addition, the factor driving the expression of
these neuroprotective genes is unknown.
Cleavage of APP by ␣-secretase occurs within the A␤ sequence
and thus precludes A␤ formation while generating an NH2 terminal, secreted protein termed sAPP␣ (␣-secretase cleaved APP).
Mice that overexpress a mutant APP as well as a protein with
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␣-secretase activity [a disintegrin and metalloprotease 10 (ADAM10)] display reduced
plaque deposition, whereas a dominantnegative ADAM10 enhanced plaque formation (Postina et al., 2004). In addition,
several studies have demonstrated that
sAPP␣ can protect cells in vitro (Mattson
et al., 1993; Goodman and Mattson, 1994;
Furukawa et al., 1996). This protection
suggests a complex level of control located
within the APP molecule that, when gone
awry, may result in the pathologies associated with AD (Stein and Johnson, 2003).
Here, we provide evidence to support the
amyloid hypothesis in ex vivo hippocampal slice cultures as well as in vivo. In addition, we show that sAPP␣ can induce the
expression of many neuroprotective genes
and proteins, including TTR and IGF-2,
and protect against A␤ toxicity.

Materials and Methods
Animals. Tg2576 mice were created as described
previously (Hsiao et al., 1996). Briefly, they
contain the human amyloid precursor protein
695 with the double mutation K670N and
M671L (Swedish mutation) and driven by the
prion protein promoter. In this study, transgenic
and nontransgenic control mice were generated
from C57B6/SJL N2 generation Tg2576 mice
Figure 1. A␤-induced cytotoxicity in organotypic hippocampal cultures. A, A hematoxylin stain of a hippocampal slice after 2
back-crossed to C57B6/SJL breeders. Mice were
weeks in vitro (25⫻ magnification). The inset shows a CA neuronal field at 1000⫻ magnification. B, Laser scanning confocal
killed at 12 and 18 months of age. All animal proanalysis was performed on live hippocampal slices stained with calcein AM (green) or EthD-1 (red). Treatment with 25 M A␤
tocols were approved by the Institutional Animal
leads to many EthD-1-positive nuclei in a CA neuronal field. Scale bar, 50 m. C, Confocal visualization reveals costaining of NeuN
Use and Care Committee at the University of
(green) and EthD-1 (red) in a CA neuronal field of a slice treated with 50 M A␤. Few EthD-1-positive cells are found in slices
Wisconsin-Madison.
treated with 50 M reverse A␤. Scale bar, 10 m. D, Using confocal microscopy, no TUNEL-positive cells were observed in 50 M
Hippocampal organotypic cultures. Pups from
reverse A␤-treated slices. However, many cells within the hippocampal neuronal fields of 50 M A␤-treated slices are TUNEL
C57B6/SJL mice were anesthetized and decapipositive. This TUNEL staining is prevented by pretreatment of 1 nM sAPP␣. Scale bar, 10 m. E, Counts of Nissl-stained neurons
tated at postnatal day 15. The brain was rewithin the neuronal fields of hippocampal slices reveal a dramatic increase in the percentage of cells with condensed chromatin in
moved and placed in ice-cold dissecting meA␤-treated slices. The increase in cells with chromatin condensation is prevented by pretreatment with 1 nM sAPP␣. Data are
dium containing 50% Minimum Essential
presented as mean ⫾ SEM of three slices per treatment. *p ⬍ 0.05 compared with 50 M reverse A␤ treatment; #p ⬍ 0.05
Medium (Invitrogen, Carlsbad, CA), 50%
compared with 25 M A␤ treatment.
HBSS (Invitrogen), 25 mM HEPES, and 36 mM
glucose. Both hippocampi were dissected under
terminal deoxynucleotidyl transferase-mediated deoxyUTP (dUTP)
a dissecting microscope and cut at 400 m on a McIlwain tissue chopper.
nick end labeling (TUNEL). Cells with DNA fragmentation were deterSlices were separated and placed on filter inserts with a 30 mm diameter
mined by the terminal deoxynucleotidyl transferase incorporation of
and a 0.4 m filter pore size (Millipore, Billerica, MA) held in six-well
FITC-12-dUTP into DNA (In Situ Cell Death Detection kit; Roche Prodculture plates. For the first 3 d, slices were kept in Neurobasal media with
ucts, Indianapolis, IN). Other sections were stained with cresyl violet
B-27 supplement, 1 mM glutamine, and 1% penicillin/streptomycin (Inacetate, and the neurons with healthy nuclei as well as the neurons with
vitrogen). Subsequently, the media were changed every 3 d using media
condensed and clumped chromatin were counted within the neuronal
without antibiotics. Organotypic cultures were maintained in a humidifields.
fied incubator at 37°C in 5% O2 and 5% CO2 for 14 –21 d.
Immunohistochemistry. Mice were killed with CO2 and immediately
Cell death and viability were determined on live slices using the fluoperfused through the heart with PBS. The right hemispheres were fixed in
rescent probes from a Live/Dead Kit (Molecular Probes, Eugene, OR).
4% paraformaldehyde (PFA) overnight, sunk in 30% sucrose, and frozen
After a 40 min incubation in calcein AM (1:400) and ethidium hoin optimal cutting temperature (OCT) embedding medium (Tissue-Tek,
modimer (EthD-1; 1:1000) in PBS, slices were visualized at 200⫻ magTorrance, CA). Hippocampal slices were fixed in 4% PFA for 20 min,
nification with an inverted Nikon (Tokyo, Japan) Diaphot 200 microincubated in 30% sucrose overnight, and frozen in OCT embedding
scope using the Bio-Rad (Hercules, CA) MRC-1024 laser scanning
medium. Frozen sections with a width of 10 m were taken through the
confocal system. Random images of the neuronal fields were captured at
hippocampus. Postmortem human tissue was formalin fixed, cut at 10
the emission spectrum of each probe, and Scion Image software (Fredm, and boiled for 10 min in a 10 mM Tris buffer, pH 1, for antigen
erick, MD) was used to quantify the number of live and dead cells. At least
retrieval. IGF-2 and TTR were detected with a 1:200 dilution of the
three areas each, including a neuronal field, were imaged and used to
polyclonal antibody against IGF-2 (F-20) or TTR (C-20; Santa Cruz
determine the percentage of death for each slice. The percentage of death
Biotechnology, Santa Cruz, CA). Phospho-BAD [B-cell leukemia/lymwas calculated as the number of EthD-1-positive cells divided by the total
phoma 2 (Bcl-2)-associated death protein] (Ser112; Cell Signaling Technumber of EthD-1 and calcein AM-positive cells.
nology, Beverly, MA) and BAD (Stressgen, Victoria, British Columbia,
Detection of cell death by terminal deoxynucleotidyl transferaseCanada) were detected with a 1:250 dilution of the respective polyclonal
mediated deoxyUTP nick end labeling and Nissl staining. Hippocampal
antibody. Phosphorylated tau was detected with the monoclonal AT8
slice cryosections from three animals per treatment were stained with
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Thornwood, NY). The figures are representative of the results obtained from three APPSw
mice and three nontransgenic controls, three
animals per treatment for hippocampal
slices, or from four goat IgG and four antiTTR antibody-infused mice.
Treatments. ␤-amyloid1– 42 and reverse A␤
(A␤42–1) were obtained from BACHEM (Torrance, CA). These peptides were dissolved in
0.1% NH3OH at 222 M. For treatments, A␤
was aggregated at 50 M in neurobasal media
with B-27 supplement and 1 mM glutamine at
37°C for 24 hr. The slice culture media was then
removed, and the slices were treated with 1 ml
of 25 or 50 M A␤, reverse A␤, or vehicle for 24
hr. Human TTR (Calbiochem) or IGF-2 (Peprotech, Rocky Hill, NJ) was added to slices together with the A␤ treatment at final concentrations of 3 M (TTR) or 500 nM (IGF-2). sAPP␣
was prepared by S.L.C. and M.P.M. as described
previously (Mattson et al., 1993). Unless otherwise stated, all sAPP␣ treatments were performed at 1 nM 48 hr before the addition of A␤.
Antibodies against TTR (C-20), IGF-2 (F-20; 4
g/ml; Santa Cruz Biotechnology), or sAPP␣
(6E10; 10 g/ml; Chemicon) were added to
slices together with the sAPP␣ treatment. Goat
IgG (4 g/ml; Santa Cruz Biotechnology) or
mouse IgG1 (10 g/ml; Chemicon) was added
as a control. The 10 aa fragment of the
C-terminal region of sAPP␣ (592– 601 of
APP695; SEVKMDAEFR; Sigma) was added according to the same protocol for sAPP␣.
Small interfering RNAs (siRNAs) were created based on the mouse mRNA sequences using the Ambion Silencer siRNA Construction
kit (Ambion, Austin, TX). Several siRNAs were
created by in vitro transcription for each silenced gene. Transfection was performed for 4
hr at 37°C before vehicle or sAPP␣ treatment
Figure 2. A␤ treatment induces phosphorylation of endogenous tau in mouse hippocampal neurons. A, Cells within the using 25 nM siRNA combined with the polyhippocampal neuronal fields stain positively with the AT8 antibody (green) and ethidium homodimer (red) in 50 M A␤-treated amines in the Ambion siPORT amine transslices. The tau phosphorylation and plasma membrane permeability occurs infrequently in reverse A␤-treated slices and is fection agent. Transfections were performed
prevented by pretreatment with 1 nM sAPP␣. The DNA-binding dye ToPro3 (blue) reveals the neuronal field architecture. Scale in neurobasal media with 1 mM glutamine
bar, 20 m. B, Several neurons in 50 M A␤-treated slices stain positively with an antibody recognizing tau phosphorylated at (Invitrogen). The successful mRNA target
Thr231 (red). The arrow points to one such neuron with NeuN staining (green) that has become diffuse and less intense. Another sequences are as follows: TTR, 5⬘-AATCCphospho-tau-positive neuron demonstrates diffuse NeuN staining and nuclear pyknosis (arrowhead). No neurons stain positively AAATGTCCTCTGATGG-3⬘ and 5⬘-AACTfor phospho-tau in 50 M reverse A␤-treated slices, and tau phosphorylation is prevented by pretreatment with 1 nM sAPP␣. GGACACCAAATCGTACT-3⬘; IGF-2, 5⬘Scale bar, 20 m. C, Many neurons in A␤-treated slices demonstrate AT8 staining in their cell bodies and in beaded processes AAGGGGATAGAGATGTGAGAG-3⬘ and
(arrows and inset). The inset shows a higher-magnification view of one AT8 cell with beaded processes. Similar AT8 staining is 5⬘-AAATTATGTGGTAATTCTGCA-3⬘; IGF-1
observed in the CA hippocampal neurons of human patients with AD. Scale bar, 20 m; inset, 5 m. D, A higher magnification of receptor (IGF-1R), 5⬘-AACGACTATCAGthe neurons containing A␤-induced phospho-tau shown in B. Similarly, phospho-tau(Thr231) is shown in red, NeuN is shown in CAGCTGAAG-3⬘ and 5⬘-AACAGCTGGAAgreen, and the nuclei are shown in blue. Yellow indicates regions of phospho-tau and NeuN costaining. Scale bar, 10 m.
CATGGTGGAT-3⬘
Microarray analysis. Total RNA was extracted
from hippocampal slices of male nonantibody (1:200; Research Diagnostics, Flanders, NJ) and anti-phosphotransgenic mice treated with either vehicle or 1 nM sAPP␣ for 24 hr. Total
tau[threonine 231 (Thr231)] (1:500; Calbiochem, La Jolla, CA). As a
RNA was isolated with Trizol (Invitrogen) and used to synthesize cRNA
control, preimmune rabbit or mouse IgG (Vector Laboratories, Burlinas described previously (Stein and Johnson, 2002). Fifteen micrograms of
game, CA) or goat IgG (Santa Cruz Biotechnology) was used in place of
fragmented cRNA were hybridized for 16 hr at 45°C to a MG-U74Av2
the primary antibody. A biotinylated anti-goat IgG, anti-rabbit IgG, or
array (Affymetrix, Santa Clara, CA). Affymetrix Microarray Suite 5.0 was
anti-mouse IgG was used as the secondary antibody. Finally, the Vecused to scan and analyze the relative abundance of each gene from the
tastain Elite ABC kit (Vector Laboratories) and tyramide conjugated to
intensity signal value. Significantly changed genes were determined using
either Alexa Fluor 488 or 568 (Molecular Probes) were used to visualize
the Wilcoxon signed rank test for each comparison. Probe sets with p ⬍
the antibody staining. Anti-neuronal-specific nuclear protein (NeuN)
0.01 were called “increased/decreased,” probe sets with p values in the
(1:250; Chemicon, Temecula, CA) and 4G8 (1:250; Signet, Dedham,
range of 0.01 ⬍ p ⬍ 0.05 were called “marginally increased/decreased,”
MA) together with an anti-mouse IgG secondary antibody conjugated to
and the remaining probe sets were called “no change.” An additional level
Alexa Fluor 488 were used to detect NeuN and A␤. The DNA binding
of ranking was used to incorporate multiple comparisons such that no
dyes ToPro3 (Molecular Probes) or Hoechst 33258 (Sigma, St. Louis,
change ⫽ 0, marginal increase/decrease ⫽ 1/⫺1, and increase/deMO) were used to visualize nuclei. Sections were imaged using either the
Bio-Rad Laser Scanning Confocal system or epifluorescence (Zeiss,
crease ⫽ 2/⫺2 (Li and Johnson, 2002). The final rank equaled the sum of
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the ranks from the nine comparisons, and the
value varied from ⫺18 to 18 for the 3 ⫻ 3 comparison in hippocampal slices. The cutoff values
for the final determination of increased or decreased gene expression were set as rank ⱖ9 and
fold change (FC) ⱖ1.2 for increased genes and
rank less than or equal to ⫺9 and FC less than or
equal to ⫺1.2 for decreased genes. Intensity values for gene expression were normalized to
mean ⫽ 0 and variance ⫽ 1 and clustered using
the self-organized map (SOM) algorithm from
the Affymetrix Data Mining Tool. Data from
this study are available from the National Center for Biotechnology Information (NCBI)
Gene Expression Omnibus (GEO; available at
http://www.ncbi.nlm.nih.gov/geo) and are
listed under the following accession numbers:
GSE1555 (for the hippocampal slice data series), GSM26700 –5 (for the expression data
from the individual arrays), and GPL81 (for the
array platform).
Infusions. Eighteen-month-old APPSw mice
were deeply anesthetized with an isoflurane gas
anesthesia system and placed in a stereotaxic
apparatus (Stoelting, Wood Dale, IL). An incision was made to expose the cranium, and a
Dremel drill was used to drill through the skull.
Cannulas from the Alzet Brain Infusion kit (Alzet, Cupertino, CA) were stereotaxically implanted within the right hippocampi of APPSw
mice (coordinates relative to bregma: anteroposterior, ⫺2.7 mm; mediolateral, ⫺3.0 mm; Figure 3. Increased levels of sAPP␣ and the neuroprotective proteins TTR, IGF-2, and phospho-BAD in 12-month-old APPSw
dorsoventral, ⫺3.0 mm) and cemented in place mice. A, Immunohistochemistry with laser scanning confocal analysis demonstrates little to no TTR (red) in nontransgenic control
with cyanoacrylate. Osmotic pumps (Alzet) hippocampus. However, APPSw mice possess dramatically increased levels of TTR in and around the NeuN (green)-positive hipcontaining 200 l of 100 g/ml goat IgG or pocampal neurons of CA1. B, Little to no IGF-2 (red) is present in nontransgenic control hippocampus. APPSw mice have increased
anti-TTR antibody (C-20; Santa Cruz Biotech- levels of IGF-2 in the extracellular space of the hippocampus and around the NeuN (green)-positive hippocampal neurons of CA1,
nology) were inserted subcutaneously in the including several neuronal processes (arrows). C, A small amount of phosphorylated BAD (red) is found within the CA1 neurons
midscapular region (flow rate, 0.5 l/hr). (green) of control mice. However, levels of phospho-BAD are dramatically increased within the neurons of the APPSw mice. D, Total
Treatments were diluted in artificial CSF con- BAD levels (red) are unchanged between nontransgenic and APPSw mice. Scale bar: (in D) A–D, 20 m. E, TTR (green) costains
taining 150 mM NaCl, 1.8 mM CaCl2, 1.2 mM with an A␤ plaque (arrowhead; red) and with intracellular A␤ in a neighboring neuron (arrow) in hippocampal sections from
MgSO4, 2.0 mM K2HPO4, and 10.0 mM glucose, postmortem AD patients. Yellow indicates regions of costaining. F, A hippocampal neuron from an AD patient has accumulated
pH 7.4. The scalps were sutured, and mice were intracellular A␤ that costains with TTR (arrow). Vertical sections through the plaque ( E) and hippocampal neuron ( F) are shown
returned to their home cages. After 2 weeks, the in the top panels. Scale bar: (in F ) E, F, 10 m.
goat IgG and anti-TTR-infused mice were
with mature synaptic properties, including long-term potentiakilled and immediately perfused through the heart with ice-cold PBS
followed by 4% PFA.
tion (Muller et al., 1993; Bahr, 1995). Compared with dissociated
Stereology. Four goat IgG and four anti-TTR antibody-infused mice
cultures, which are typically from embryonic brain, slices reprewere sectioned at a width of 50 m through the entire hippocampus.
sent a more relevant model of the intact adult brain. Therefore,
Every sixth section was stained with cresyl violet, and neurons with
we used this model to study A␤-induced neuronal toxicity and
healthy and intact nuclei were counted within the cornu ammonis 1
protection by sAPP␣. After 2 weeks in culture, the CA neuronal
(CA1) pyramidal neuronal field using the optical fractionator technique
fields are preserved and stain positively for the postmitotic neu(West and Gundersen, 1990). Cells within the CA1 pyramidal neuronal
ronal marker NeuN (Fig. 1 A, C). EthD-1 is a membranefield that possessed condensed chromatin were counted separately.
impermeable DNA-binding dye that is excluded from live cells
Counts were made at 1000⫻ magnification on a Zeiss Axioplan 2 microwith an intact plasma membrane. Calcein AM is a cell-permeant
scope. Each optical dissector consisted of a 30 ⫻ 30 m counting frame
dye that fluoresces in live cells with a functional intracellular
with extended exclusion lines, a height of 19 m, and top and bottom
guard zones of 3 m. Total neuron and pyknotic cell counts were obesterase. When live slices treated with reverse A␤ are incubated
tained from a systematic random sampling of the entire CA1 using the
with EthD-1 and calcein AM, many neurons in the hippocampal
MicroBrightField (Colchester, VT) Stereo Investigator software.
neuronal fields stained positively for calcein AM, whereas only a
Statistical analysis. All experimental data shown were repeated at least
few stained positively for EthD-1 (Fig. 1 B). However, treatment
three times. Results are expressed as mean ⫾ SEM. Unless otherwise
with either 25 M (Fig. 1 B) or 50 M (Fig. 1C) A␤ resulted in a
stated, statistical significance was determined using a two-tailed, undramatic
increase in the number of neurons that have lost mempaired Student’s t test, and p ⬍ 0.05 was considered significant.

Results

A␤ induces neuronal death in organotypic
hippocampal cultures
Organotypic hippocampal cultures maintain the architecture of
the hippocampus (Fig. 1 A) and contain synaptic connections

brane integrity (EthD-1 positive).
Consistent with neuronal death, treatment with either 25 M
A␤ (data not shown) or 50 M A␤ (Fig. 1 D), but not reverse A␤,
resulted in DNA strand breaks, as indicated by TUNEL. The
transmission image from the laser scanning confocal system
demonstrated that the TUNEL-positive cells were located within
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Figure 4. sAPP␣ induces the expression of TTR and IGF-2 ex vivo and likely in vivo. A, Immunoblotting with the 6E10 antibody
demonstrates dramatically increased sAPP␣ in 12-month-old APPSw mice. Below is the densitometric analysis showing the
relative intensity levels of sAPP␣. Values are presented as mean ⫾ SEM (n ⫽ 4). *p ⬍ 0.05 compared with nontransgenic mice.
B, SOM clustering suggests sAPP␣-driven genes. The expression levels of genes and ESTs that were significantly increased (rank,
ⱖ9) by 1 nM sAPP␣ in hippocampal slice cultures were clustered to identify patterns of expression. Expression patterns were
examined in vehicle-treated (n ⫽ 3) and sAPP␣-treated (n ⫽ 3) hippocampal slices, 6-month-old nontransgenic control (n ⫽ 3)
and APPSw (n ⫽ 3) mice, and 12-month-old nontransgenic control (n ⫽ 2) and APPSw (n ⫽ 2) mice. Plotted on the ordinate is the
average expression level for each cluster of genes (circular data points). The outer lines indicate the SD for each cluster. Cluster 4
(highlighted in gray) lists genes upregulated by sAPP␣ treatment as well as in 6- and 12-month-old APPSw mice.

the neuronal fields (Fig. 1 D). Finally, the percentage of apoptosis
was measured within the CA neuronal fields of Nissl-stained
slices (Fig. 1 E). In healthy neurons, chromatin is dispersed and
does not stain intensely with cresyl violet. However, intense staining is observed in dying cells that have undergone chromatin
condensation, a key feature of apoptosis. Treatment with 25 or 50
M A␤ resulted in a significant increase in the percentage of
neurons with chromatin condensation. Pretreatment with 1 nM
sAPP␣ for 48 hr prevented the A␤-induced TUNEL staining (Fig.
1 D) and nuclear pyknosis (Fig. 1 E).
A␤ induces tau phosphorylation
The monoclonal antibody AT8 recognizes phosphorylated tau
that is sometimes aggregated as paired helical filaments (PHFs).
The epitope includes phosphorylated serine at amino acid 202.
Many neurons within AD patients contain PHFs recognized by
the AT8 antibody (Fig. 2C). Vehicle and reverse A␤-treated hippocampal slices demonstrate AT8 staining of some cells around
the hilus and within the stratum radiatum. Some of these cells
also stained positively when mouse IgG was used as the primary
antibody, suggesting that this staining may be attributable to the
presence of a nonspecific antigen or to the expression of a mouse
IgG-like protein. However, no staining within the hippocampal
neuronal fields occurred with a control mouse IgG (data not
shown). Staining with the AT8 antibody resulted in few positively
stained neurons in the CA or dentate gyrus hippocampal neuronal fields of vehicle or reverse A␤-treated slices (Fig. 2 A). In
contrast, when treated with 25 M A␤ (data not shown) or 50 M
A␤ (Fig. 2 A, C), several neurons within the hippocampal neuronal fields were AT8 positive. These neurons also stained positively
for EthD-1, indicating A␤-induced cellular damage. AT8 staining
revealed a neuronal cell body and dendritic redistribution of tau
resembling the tau pathology that occurs in AD patients (Fig.
2C). Furthermore, many AT8-positive neurons demonstrated
beaded processes consistent with neuronal degeneration (Fig.
2C). Pretreatment with sAPP␣ prevented the A␤-induced AT8
staining within the hippocampal neuronal fields (Fig. 2 A).
No vehicle or reverse A␤-treated slices contained neurons
positive for tau phosphorylated at threonine 231. However, in
slices treated with 25 M A␤ (data not shown) or 50 M A␤

(Fig. 2 B, D), several neurons stained positively for phospho-tau(Thr231) in their
cell bodies and processes. These neurons
also possessed a diffuse NeuN staining
(Fig. 2 B, D, arrow) and pyknotic nuclei
(arrowhead), indicative of neuronal degeneration. Pretreatment with 1 n M sAPP ␣
prevented the A ␤ -induced accumulation of phospho-tau(Thr231) (Fig. 2 B).
Therefore, high levels of A␤ can induce
tau phosphorylation and neuronal death
in mouse hippocampal slices. However,
mice overexpressing mutant APP and containing micromolar levels of A␤ do not develop these pathologies. To determine
whether this may be attributable to the expression of neuroprotective proteins, we
examined a mouse line that overexpresses
APPSw.

Neuroprotective genes and proteins are
increased in aged APPSw mice but not in
AD patients
In contrast to gene expression levels in AD (for review, see Stein
and Johnson, 2003), the mRNA levels of several growth factors
and the amyloid sequestration protein TTR are upregulated in
12-month-old APPSw mice (supplemental material, available at
www.jneurosci.org). Insulin-like growth factor 2 is upregulated
at both 6 months (preplaque) (Stein and Johnson, 2002) and 12
months (postplaque) (supplemental material, available at www.
jneurosci.org) in APPSw mice. Furthermore, at 12 months of age,
insulin is upregulated 11-fold within the hippocampus of APPSw
mice (supplemental material, available at www.jneurosci.org).
Both IGF-2 and insulin can bind to IGF-1R and activate a survival
pathway that culminates in BAD phosphorylation.
At the protein level, 12-month-old APPSw mice possess dramatically increased levels of TTR (Fig. 3A) and IGF-2 (Fig. 3B)
within the extracellular space of the hippocampus and particularly around the neuronal fields. In addition, IGF-2 is localized
around some neurons and neuronal processes (Fig. 3B, arrows).
BAD is a proapoptotic protein in its nonphosphorylated state.
However, when phosphorylated at serine 112 or 136, BAD binds
to 14-3-3 proteins and releases the anti-apoptotic BCL-2 family
members BCL-2 and BCL-XL. Immunohistochemistry for
phospho-BAD(112) demonstrates an increase within the NeuNpositive neurons of the hippocampal neuronal fields when compared with nontransgenic controls (Fig. 3C). In contrast, the levels of total BAD within the hippocampal neurons are unchanged
between nontransgenic and APPSw mice (Fig. 3D).
In AD, many of these changes do not occur and, in fact, may be
reversed. For instance, the level of total BAD is increased in the
AD temporal cortex (Kitamura et al., 1998). In contrast, immunohistochemistry revealed unchanged levels of total BAD between control (n ⫽ 5) and AD (n ⫽ 6) patients within the
pyramidal neurons of the hippocampus (supplemental material,
available at www.jneurosci.org). IGF-2 levels were detectable
around the pyramidal neurons of the hippocampal neuronal
fields and were not consistently different between control and AD
patients (supplemental material, available at www.jneurosci.org).
Furthermore, the level of TTR has been demonstrated to be reduced in the CSF of AD patients (Serot et al., 1997). Here, little to
no TTR was observed in or around the hippocampal neuronal
fields of control or AD patients, as detected by immunohisto-
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Table 1. Differentially expressed genes in sAPP␣-treated organotypic hippocampal slice cultures
Classification

Gene name

FC

Rank

Amyloid sequestration
Apoptosis
Calcium binding
Cell cycle

Transthyretin
Apoptosis inhibitor 6
Calmodulin-like 4
Cyclin D2
Cyclin-dependent kinase 4
Glutathione S-transferase, ␣4
Glutathione S-transferase, 5
Peroxiredoxin 2
Elastin
Chondroitin sulfate proteoglycan 2
Phosphofructokinase, platelet
Galactokinase 1
Insulin-like growth factor 2
Insulin-like growth factor binding protein 2
Lymphocyte antigen 6 complex, locus A
Intercellular adhesion molecule 2
FXYD domain-containing ion transport regulator 1
ATP-binding cassette, subfamily D, member 3
Prostaglandin D2 synthase (brain)
Proteasome (prosome, macropain) 28 subunit, ␣
Praja1, RING-H2 motif containing
Cytokine receptor-like factor 1
Receptor (calcitonin) activity modifying protein 1
Cellular retinoic acid binding protein II
Retinol binding protein 1, cellular
Eyes absent 4 homolog (Drosophila)
H19 fetal liver mRNA
Ectonucleotide pyrophosphatase/phosphodiesterase 2
Phosphatidic acid phosphatase 2a
Heterogeneous nuclear ribonucleoproteins methyltransferase- like 2 (Saccharomyces cerevisiae)
Topoisomerase (DNA) II ␣
Neuronal protein 15.6
Ribosomal protein L8
Ena-vasodilator stimulated phosphoprotein
Thymus cell antigen 1, 
ADP-ribosylation-like factor 6 interacting protein 5
STIP1 homology and U-box containing protein 1
AW060684
AW121164
AW121336
AW060956
AW120814
AW124069
AW048976
AI226264

8.94 ⫾ 4.49
2.09 ⫾ 1.12
1.75 ⫾ 0.42
4.22 ⫾ 0.88
1.26 ⫾ 0.05
3.52 ⫾ 1.11
1.38 ⫾ 0.40
1.19 ⫾ 0.31
1.66 ⫾ 1.22
1.62 ⫾ 0.21
1.32 ⫾ 0.06
1.28 ⫾ 0.30
2.58 ⫾ 0.42
1.53 ⫾ 0.08
1.90 ⫾ 0.97
1.71 ⫾ 0.73
1.20 ⫾ 0.30
1.35 ⫾ 0.12
1.97 ⫾ 0.53
2.67 ⫾ 0.73
1.20 ⫾ 0.03
1.54 ⫾ 0.45
1.27 ⫾ 0.06
2.37 ⫾ 0.29
1.69 ⫾ 0.15
19.26 ⫾ 8.88
1.95 ⫾ 0.23
1.88 ⫾ 0.82
1.83 ⫾ 0.78

12
10
12
11
10
14
9
10
9
11
12
10
14
14
12
9
10
9
12
10
9
9
9
16
16
11
17
11
10

Detoxification
Extracellular matrix and tissue remodeling
Glycolysis
Growth
Immune related
Ion channel
Peroxisome (fatty acid transport)
Prostaglandin synthesis
Protein catabolism
Receptor
Retionic acid binding
Miscellaneous

ESTs

1.34
1.34
1.33
1.32
1.28
1.27
1.25
1.19
4.54
2.54
2.50
1.35
1.32
1.26
1.24
1.21

⫾ 0.35
⫾ 0.96
⫾ 0.05
⫾ 0.08
⫾ 0.35
⫾ 0.32
⫾ 0.04
⫾ 0.05
⫾ 1.78
⫾ 0.86
⫾ 0.34
⫾ 0.11
⫾ 0.11
⫾ 0.34
⫾ 0.08
⫾ 0.03

10
10
10
11
10
11
14
9
9
9
9
9
9
9
10
10

Rank is based on the p value for each comparison (3 ⫻ 3). Rank values ranging from 9 to 18 indicate significantly increased gene expression. FC is expressed as mean ⫾ SEM.

chemistryof postmortem brains (supplemental material, available at www.jneurosci.org). Previous reports on the presence of
TTR within plaques were conflicting (Shirahama et al., 1982;
Eikelenboom and Stam, 1984). Despite this, we found that TTR
deposits colocalized with many A␤ plaques within the hippocampus of all AD patients (Fig. 3E, arrowhead). Neither IGF-2 nor a
control goat IgG were observed to stain A␤ plaques in the AD
patients. In addition, occasional neurons within the hippocampus of AD patients contained high levels of intracellular A␤ that
colocalized with TTR (Fig. 3 E, F, arrow). Vertical sections demonstrate definite colocalization of TTR with A␤ (Fig. 3 E, F ).
sAPP␣-driven gene and protein expression
One major difference between the mouse models and human AD
is the overexpression of full-length APP, which may be fivefold or
more in the mouse (Hsiao et al., 1996). Thus, unlike in AD, all of

the cleavage products of APP likely are upregulated in the mouse
models overexpressing mutant APP. Studies have demonstrated
that sAPP␣ protects neurons against glutamate toxicity (Mattson
et al., 1993; Goodman and Mattson, 1994), and we have shown
protection against A␤-induced tau phosphorylation and neuronal death (Figs. 1, 2). Thus, we reasoned that high levels of sAPP␣
in the APPSw mice might be responsible for the increased levels of
the neuroprotective TTR, IGF-2, and phospho-BAD. In fact,
nontransgenic mice have virtually undetectable levels of sAPP␣
in the hippocampus, whereas APPSw mice possess significantly
higher amounts (Fig. 4 A). The 4G8 antibody binds to full-length
APP and A␤, but not sAPP␣, and does not recognize the band
shown in Figure 4 A. However, a weak band at ⬃130 kDa that
represents full-length APP is recognized by 6E10 and 4G8 in the
APPSw mice (data not shown). This band is weak compared with
the band for sAPP␣, indicating that the majority of APP is cleaved
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by ␣- or ␤-secretase. Using immunoblotting, the average concentration of sAPP␣ in the APPSw mouse hippocampus is 1.2 ⫾ 0.7
M (supplemental material, available at www.jneurosci.org).
Next, organotypic hippocampal slices were treated with vehicle or 1 nM sAPP␣ for 24 hr, the RNA was isolated, and oligonucleotide microarray analysis was performed. Samples consisted of
slices treated with vehicle (n ⫽ 3) or sAPP␣ (n ⫽ 3), and each
sample pooled 8 –12 slices from four animals. The average fold
change was calculated from a 3 ⫻ 3 comparison. Treatment with
sAPP␣ resulted in a significant increase (rank, ⱖ9) in the expression
levels of 45 genes and expressed sequence tags (ESTs) (Table 1). No
genes or ESTs were significantly decreased by sAPP␣ treatment.
Similar to the adult APPSw mice, ttr was one of the genes with the
greatest fold change (8.9-fold). In addition, the mRNA levels of igf-2
and insulin-like growth factor binding protein 2 (igfbp-2) were increased by sAPP␣. Several other genes involved in protective pathways such as apoptosis inhibition, detoxification, and retinol transport were upregulated by sAPP␣ (Table 1). For the complete
microarray data, see the GEO database (available at http://www.
ncbi.nlm.nih.gov/geo; accession number GSE1555).
Immunohistochemistry reveals a dramatic increase in both
TTR and IGF-2 within the extracellular space of 1 nM sAPP␣treated hippocampal slices. Protein levels appear highest around
the hippocampal neuronal fields (supplemental material, available at www.jneurosci.org). Consistent with the increase in IGF-2
and similar to adult APPSw mice, levels of phospho-BAD(112) are
increased within the NeuN-positive neurons of sAPP␣-treated
hippocampal slices (supplemental material, available at
www.jneurosci.org).
The relative expression levels of the genes increased by sAPP␣
treatment in the hippocampal slice cultures were clustered together with the expression profiles of 6- and 12-month-old nontransgenic and APPSw mice. SOM clustering generated four clusters. Cluster 4 (Fig. 4 B, gray) includes those genes and ESTs with
low expression levels in vehicle-treated slices, 6-month-old control mice, and 12-month-old control mice and high expression
levels in sAPP␣-treated slices, 6-month-old APPSw mice, and 12month-old APPSw mice. Therefore, this is a cluster of genes that is
increased by sAPP␣ ex vivo and, likely, in vivo. Genes in this
cluster include ttr, igf-2, and igfbp-2 (Fig. 4 B).
TTR and IGF-2 are necessary for sAPP␣-induced protection
against A␤ toxicity
Organotypic hippocampal cultures were treated and incubated
with EthD-1 and calcein AM. The A␤-induced EthD-1 staining
occurs within the NeuN-positive neurons of the hippocampal
neuronal fields (Fig. 1C). Here, the numbers of cells stained with
each fluorescent probe were counted and expressed as the percentage of cells that are EthD-1 positive and thus have lost membrane integrity (percentage of death) (Fig. 5). Treatment with
either 25 or 50 M A␤ resulted in a dramatic increase in the
4

Figure 5. TTR and IGF-2 are necessary for sAPP␣-induced protection against A␤. The percentage of death for each treatment was quantified in neuronal fields of live hippocampal slices
by counting the number of membrane-permeable, EthD-1-positive cells as well as the number
of live cells that stained positively with calcein AM. Data are expressed as mean ⫾ SEM (n ⫽
3–5 slices per treatment). A, A␤ results in a significant increase in the percentage of death,
whereas sAPP␣, TTR, or IGF-2 protect against the A␤-induced toxicity. An antibody directed
against the C-terminal region of sAPP␣ (6E10) prevents protection by sAPP␣. Finally, a fragment in the C terminus of sAPP␣ (SEVKMDAEFR) mimics the protective effects of

sAPP␣. *p ⬍ 0.05 compared with 50 M reverse A␤; #p ⬍ 0.01 compared with 50 M A␤;
**p ⬍ 0.05 compared with 1 nM sAPP␣ plus mouse IgG plus 25 M A␤; ##p ⬍ 0.05 compared
with 25 M A␤. B, Antibodies against TTR (anti-TTR) and IGF-2 (anti-IGF-2) prevent the protective effect of 1 nM sAPP␣ against 25 M A␤-induced cell death. *p ⬍ 0.01 compared with
the corresponding vehicle-treated slices; #p ⬍ 0.01 compared with 1 nM sAPP␣ plus goat IgG
plus 25 M A␤. C, siRNA knock-downs of TTR, IGF-2, and IGF-1R block the protective effect of 1
nM sAPP␣ against 25 M A␤-induced cell death. A scrambled glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) siRNA was transfected as a control. *p ⬍ 0.05 compared with the
corresponding vehicle-treated slices; #p ⬍ 0.05 compared with 1 nM sAPP␣ plus scrambled
GAPDH plus 25 M A␤.
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percentage of death compared with 50 M
reverse A␤ treatment. Pretreatment with 1
nM sAPP␣ for 48 hr completely protected
against A␤-induced death. When added
together with A␤, 3 M TTR also completely protected against A␤, whereas
exogenous addition of 500 nM IGF-2 partially protected against A␤ (Fig. 5A). Furthermore, addition of an antibody that
recognizes the COOH-terminal 17 aa of
sAPP␣ (antibody 6E10) prevents the protective effect of sAPP␣. This region contains part of the A␤ sequence and is unique
to APP cleaved by ␣-secretase versus
␤-secretase. In fact, treatment with a 10 aa
fragment that corresponds to part of this
sequence mimics the protective effect of
sAPP␣ (Fig. 5A).
Because both TTR and IGF-2 are secreted proteins, it is possible to interfere
with their function by adding antibodies
raised against them. Addition of a control
goat IgG together with sAPP␣ did not interfere with sAPP␣-induced protection
against A␤. However, addition of antibodies directed against TTR or IGF-2 prevented the protection by sAPP␣ (Fig. 5B).
Supporting this, siRNA knock-down of
TTR or IGF-2 partially prevented the
sAPP␣-induced protection against A␤ Figure 6. Chronic infusion of an anti-TTR antibody into the hippocampus of APPSw mice results in antibody deposition and A␤
(Fig. 5C). IGF-2 may protect cells by acti- accumulation within the infused hippocampus. Laser scanning confocal analysis was performed on hippocampal sections double
vating the IGF-1 receptor and causing the immunolabeled for goat IgG or TTR (anti-goat IgG; green) and A␤ (4G8; red). Yellow indicates regions of costaining. The DNAphosphorylation of BAD. In fact, siRNA binding dye ToPro3 (blue) was used to stain nuclei. A, An anti-goat IgG antibody reveals that control goat IgG infused into the
knock-down of IGF-1R also prevented hippocampus is cleared after the 2 week infusion. Some A␤ staining occurs within the extracellular space and around the CA1
protection by sAPP␣ (Fig. 5C). All knock- neurons in goat IgG-infused hippocampi and in the noninfused hippocampi of the anti-TTR-infused mice. However, mice infused
with the anti-TTR antibody demonstrated a dramatic deposition of the anti-TTR antibody within the extracellular space of the
downs were confirmed by immunohistoinfused, but not the noninfused, hippocampi. In addition, infusion of the anti-TTR antibody increased the amount of A␤ around
chemistry, and siRNA of either IGF-2 or and within the CA1 neurons near the infusion site. Scale bar, 20 m. B, The anti-TTR antibody colabeled A␤ plaques in the infused
IGF-1R prevented the BAD phosphoryla- hippocampus. Scale bar, 20 m.
tion induced by sAPP␣ (data not shown).
Finally, the fact that the inhibition or
TTR binds to the A␤ plaques in vivo in the APPSw mice. Wild-type
knock-down of either TTR or IGF-2 significantly blocked promice do not produce or possess any detectable TTR within their
tection suggests that induction of both proteins is necessary
hippocampi (Fig. 3A) (Schreiber, 2002). In fact, infusion of the
for maximum protection against A␤.
anti-TTR antibody into wild-type mice did not result in accumuTTR protects APPSw mice from neurodegeneration
Mice overexpressing APPSw possess high levels of TTR within the
hippocampus (Fig. 3A). Because TTR can bind A␤ and its presence is necessary for sAPP␣-induced protection, we attempted to
prevent the sequestration of A␤ by directly infusing an antibody
against TTR into the CA1 region of the APPSw mouse hippocampus. Osmotic pumps were used to perform a continuous infusion
of the anti-TTR antibody over a 2 week period. This resulted in a
dramatic deposition of the anti-TTR antibody within the extracellular space of the infused hippocampus but not the noninfused
hippocampus (Fig. 6 A). Infusion of a control goat IgG did not
result in goat IgG deposition. Moreover, APPSw mice infused
with the anti-TTR antibody demonstrate markedly increased levels of A␤ in and around the hippocampal neuronal fields when
compared with goat IgG or the noninfused hippocampus (Fig.
6 A). This suggests that the anti-TTR antibody disrupted the TTR
binding of A␤ and resulted in a locally increased A␤ load. Many
plaques within the anti-TTR-infused hippocampus costained
with A␤ and the anti-TTR antibody (Fig. 6 B), suggesting that

lation of the antibody (data not shown).
In addition to causing A␤ accumulation around the CA1 neuronal field, infusion of the anti-TTR antibody led to tau phosphorylation within many CA1 neurons (Fig. 7 A, B). Several neurons immunopositive with the AT8 antibody were present within
the CA1 field of the anti-TTR-infused hippocampus, whereas no
cells stained positively in goat IgG-infused or noninfused hippocampi (Fig. 7A). The AT8-positive neurons often contained
pyknotic nuclei (Fig. 7A, arrows and arrowhead) indicative of
degeneration. An antibody that recognizes tau phosphorylated at
Thr231 also stained CA1 neurons in the anti-TTR infused hippocampus. These phosphorylated tau-positive neurons costained
with the neuronal marker NeuN (Fig. 7B). The number of phosphotau(Thr231)-positive cells and the intensity of staining were not
altered in goat IgG and noninfused hippocampi (Fig. 7A).
To determine whether the number of apoptotic cells was increased and the total number of healthy neurons decreased in
CA1 after the anti-TTR antibody infusion, unbiased stereology
using the optical fractionator was performed. Apoptotic neurons
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17.1 ⫾ 5.3% in mice infused with the antiTTR antibody compared with mice infused with goat IgG (Fig. 7D).

Discussion
One of the major arguments against the
A␤ hypothesis in AD has been the consistent failure of mice overexpressing mutant
APP to develop tau phosphorylation and
neuronal loss (Masliah et al., 1996; Irizarry
et al., 1997b; Takeuchi et al., 2000). However, these findings are more likely attributable to the complexity of APP. For instance, we show that the ␣-secretase
cleaved APP can protect against the
␤-secretase and ␥-secretase cleaved A␤. In
fact, neuroprotective pathways directed
against A␤ are upregulated in the APPSw
mice (Stein and Johnson, 2002). We have
shown that these mice possess high levels
of sAPP␣ and that sAPP␣ drives the upregulation of the A␤-binding protein TTR
as well as the neuroprotective IGF-2 in
mouse hippocampal slices. Therefore, the
failure of the APP-overexpressing mouse
models is likely attributable to the high
levels of sAPP␣, a phenomenon that does
not occur in AD (Van Nostrand et al.,
1992; Lannfelt et al., 1995; Olsson et al.,
2003).
A recent study demonstrated that secreted APP is necessary for epidermal
growth factor-induced proliferation of
progenitor cells in the adult subventricular
zone (Caille et al., 2004). This suggests that
an endogenous function of secreted APP
influences adult neurogenesis. Here, we
show that sAPP␣ upregulates two cell cycle
genes, cyclin D2 and cyclin-dependent kinase 4 (Table 1), which may contribute to
progenitor proliferation in the hippocamFigure 7. Chronic infusion of an anti-TTR antibody into the hippocampus of APPSw mice results in tau phosphorylation, pus. Therefore, disruption of both sAPPapoptosis, and neuronal loss within the infused hippocampus. A, After a 2 week infusion of goat IgG, no phosphorylated tau [AT8, induced progenitor proliferation and
green; or phospho-tau(Thr231), red] is observed within the hippocampal neuronal fields. The CA1 region is shown, and the sAPP␣-induced protection against A␤
DNA-binding dye ToPro3 (blue) was used to stain nuclei. In contrast, a 2 week infusion of an antibody to TTR resulted in AT8 toxicity may contribute to the developstaining within occasional CA1 neurons. Many of these neurons possess pyknotic nuclei (ToPro3, blue; arrows). The inset shows a ment of AD.
higher magnification within the CA1 neuronal field of a phosphorylated tau-stained neuron with a condensed nucleus (arrowPrevious studies have demonstrated
head) and beaded processes indicative of degeneration. Many neurons within the CA1 field also stain intensely for tau phosphorvarious degrees of A␤-induced tau phosylated at Thr231 (phospho-tau, red). No AT8 staining and little phospho-tau(Thr231) is observed in the noninfused hippocampus.
Scale bar, 20 m; inset, 5 m. B, CA1 neurons within the anti-TTR-infused hippocampus stain intensely for phospho-tau(Thr231) phorylation in vitro (Busciglio et al., 1995;
(red) and the neuronal marker NeuN (green). Scale bar, 10 m. C, Unbiased stereology was used to determine the total number Ferreira et al., 1997) and with overexpresof cells with pyknotic nuclei within the infused CA1 pyramidal neuronal fields of goat IgG- (n ⫽ 4) and anti-TTR- (n ⫽ 4) sion of human tau (Ferrari et al., 2003).
infused mice. *p ⬍ 0.01, two-tailed Wilcoxon signed rank test. D, The total number of CA1 neurons was significantly Endogenous mouse tau is necessary for A␤
reduced in anti-TTR-(n ⫽ 4) compared with goat IgG-(n ⫽ 4) infused mice. *p ⬍ 0.05, two-tailed Wilcoxon signed rank test.
toxicity in dissociated hippocampal cultures (Rapoport et al., 2002). Furthermore, A␤ has been shown to increase tau
are cleared within 72 hr in the in vivo nervous system (Hu et al.,
phosphorylation and the number of neurofibrillary tangles
1997). Despite this, after 2 weeks of continuous infusion with
(NFTs) in mice expressing a mutant tau that causes frontotemgoat IgG, some cells with pyknotic nuclei were counted within the
poral dementia in humans (Gotz et al., 2001; Lewis et al., 2001).
CA1 pyramidal neuronal field. Infusion of the anti-TTR antibody
However, this tau mutation alone leads to tau phosphorylation
significantly increased the total number of cells with pyknotic
and NFTs (Lewis et al., 2000), and these studies may not address
nuclei in CA1 (Fig. 7C). As a control, no pyknotic cells could be
what happens in AD where tau is not mutated. We used a model
observed in a control mouse without an infusion (data not
system that more closely represents the architecture and chemisshown). Consistent with increased neuronal apoptosis, the total
try of the intact brain and have shown that aggregated A␤ can
number of CA1 pyramidal neurons was significantly decreased by
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induce some of the major pathological features of AD. Indeed,
these slice cultures provide a means of exploring the precise
mechanism by which A␤ leads to the phosphorylation of endogenous tau and neuronal death.
Transthyretin has been demonstrated to bind A␤ in vitro
(Schwarzman et al., 1994; Askanas et al., 2003) and in vivo (Tsuzuki et al., 2000; Carro et al., 2002). In the hippocampus of AD
patients, TTR is not markedly upregulated, as occurs in APPSw
mice. However, we observed some TTR deposited within A␤
plaques and within neurons containing intracellular A␤, demonstrating the colocalization of these two molecules in the human
brain. We attempted to prevent the binding of TTR to A␤ in
APPSw mice by chronic infusion into the hippocampus of an
antibody that recognizes TTR. The anti-TTR antibody increased
local levels of A␤ and led to tau phosphorylation, apoptosis, and
neuronal loss in APPSw mice. This suggests that one endogenous
function of TTR is to bind A␤ and prevent its accumulation and
toxicity. Thus, TTR delivery to or induction in the brains of AD
patients may act in a manner similar to A␤ immunization without the immunological sequela.
The concentration of TTR in the CSF is significantly lower in
AD patients than in age-matched controls (Serot et al., 1997).
This may be attributable to decreased sAPP␣ and may augment
the A␤ accumulation that occurs in AD. Alternatively, individuals harboring polymorphisms in TTR, IGF-2, or IGF-1R may be
more susceptible to the toxicity induced by A␤ and to developing
sporadic AD. An analysis of a small population of AD patients did
not reveal a correlation with TTR variants (Palha et al., 1996), but
additional study is warranted. IGFBP-3 antagonizes the protective effects of the IGFs and may reduce IGF-1 binding to its receptor. High levels of IGFBP-3 have been demonstrated within
phospho-tau-positive neurons and around some A␤ plaques of
AD patients (Rensink et al., 2002). Thus, the elevated levels of
IGFBP-3 in AD may shut down a normally protective pathway.
Within the cell, BAD plays a complex role in survival signaling, apoptosis, and glucose metabolism (Datta et al., 1997; Danial
et al., 2003). BAD is a proapoptotic molecule that contains a
BCL-2 homology 3 domain and sequesters the anti-apoptotic
BCL-2 and BCL-XL. When phosphorylated at serine 112, 136, or
155 in response to survival signals, BAD releases the prosurvival
BCL-2 proteins. Thus, phosphorylation of BAD couples survival
signaling to the apoptotic machinery. In fact, protection by IGF-1
and brain-derived neurotrophic factor is partially dependent on
BAD phosphorylation in cultured cerebellar granule neurons
(Bonni et al., 1999; Datta et al., 2002). In these cells, IGF-1 acts via
Akt to phosphorylate BAD at Ser136. Here, we show altered levels
of BAD phosphorylated at Ser112, which can occur via protein
kinase A or the MAPK (mitogen-activated protein kinase)activated 90 kDa ribosomal S6 kinases (Bonni et al., 1999). In fact,
APPSw mice have increased levels of IGF-2 and phosphorylated
BAD within the hippocampus (Fig. 3) (Stein and Johnson, 2002),
a phenomenon that is replicated by treatment with sAPP␣ in
hippocampal slices. Both IGF-2 and insulin can activate IGF-1R,
and knock-down of IGF-1R with siRNA prevents increased BAD
phosphorylation and the protective effect of sAPP␣ (Fig. 5).
Therefore, part of the protective effect of sAPP␣ likely involves
IGF-2 activation of IGF-1R and phosphorylation of BAD, thus
raising the threshold for induction of apoptosis by A␤.
In conclusion, A␤ is capable of inducing tau phosphorylation
and apoptosis in an ex vivo model of the mouse hippocampus.
These pathologies also are observed in vivo when an antibody
directed against the A␤-binding protein TTR is infused in APPSw
mice. It remains to be shown whether A␤ can induce tau phos-

phorylation and neuronal death in adult human tissue as well and
whether the pathologies in AD can be prevented by sAPP␣. If this
is the case, sAPP␣ replacement or activation of sAPP␣-induced
pathways may help prevent the toxicity of A␤ and the development of AD.
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