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Neurobiology of Disease

Neuronal Production of Transthyretin in Human and Murine
Alzheimer’s Disease: Is It Protective?

Xinyi Li,! Eliezer Masliah,> Natalia Reixach,! and Joel N. Buxbaum'
Department of Molecular and Experimental Medicine, The Scripps Research Institute, La Jolla, California 92037, and ?Department of Pathology, School of
Medicine, University of California, San Diego, La Jolla, California 92093

Transthyretin (TTR), a systemic amyloid precursor in the human TTR amyloidoses, interacts with B-amyloid (A3) in vitro, inhibits A3
fibril formation, and suppresses the Alzheimer’s disease (AD) phenotype in APP23 mice bearing a human APP gene containing the
Swedish autosomal dominant AD mutation. In the present study, we show that TTR is a neuronal product upregulated in AD. Immuno-
histochemical analysis reveals that, in contrast to brains from non-demented age-matched individuals and control mice, the majority of
hippocampal neurons from human AD and all those from the APP23 mouse brains contain TTR. Quantitative PCR for TTR mRNA and
Western blot analysis show that primary neurons from APP23 mice transcribe TTR mRNA, and the cells synthesize and secrete TTR
protein. TTR mRNA abundance is greatly increased in cultured cortical and hippocampal embryonic neurons and cortical lysates from
adult APP23 mice. Antibodies specific for TTR and A3 pulled down TTR/A 3 complexes from cerebral cortical extracts of APP23 mice and
some human AD patients but not from control brains. In complementary tissue culture experiments, recombinant human TTR sup-
pressed the cytotoxicity of soluble A3 aggregates added to mouse neurons and differentiated human SH-SY5Y neuroblastoma cells. The
findings that production of A, its precursor, or its related peptides induces neuronal TTR transcription and synthesis and the presence
of AB/TTR complexes in vivo suggest that increased TTR production coupled with interaction between TTR and A and/or its related

peptides may play a role in natural resistance to human AD.

Introduction
Protein aggregation diseases, such as Alzheimer’s disease (AD),
involve homotypic interactions between and among similarly
amyloidogenic molecules (Querfurth and LaFerla, 2010). Cellu-
lar protein homeostasis requires heterotypic interactions be-
tween misfolded molecules and components of stress-responsive
signaling pathways, chaperones and the degradation apparatus
(Balch et al., 2008). It is possible that other heterotypic protein—
protein interactions, such as that between transthyretin (TTR)
and B-amyloid (AB), may also be protective for AD neurons.
Wild-type human TTR is the systemic amyloid precursor in
senile systemic amyloidosis and its overexpression produces car-
diac and renal deposition in aging mice (Teng et al., 2001). How-
ever, in the well validated APP23 transgenic mouse model, rather
than amplifying disease, TTR overexpression suppressed both
the neuropathologic and behavioral manifestations of AD (Bux-
baum et al., 2008). In the same model, silencing the endogenous
ttr gene accelerated disease pathogenesis (Buxbaum et al., 2008).
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We now examine potential mechanisms by which TTR may sup-
press the AD phenotype in these mice.

Earlier studies in Tg2576 AD model mice showed that ttr tran-
scripts were increased and TTR protein was immunochemically
detected in neurons in hippocampal and cerebral cortical slices
(Stein and Johnson, 2002; Wu et al., 2006). However, in those
studies, it was not clear whether the TTR was synthesized in the
neurons or in the choroid plexus followed by neuronal uptake
(Stein and Johnson, 2002; Carro et al., 2006).

In human AD, a number of studies have reported reduced
TTR levels in the CSF (Serot et al., 1997). This has not been a
constant finding and the suggestion that TTR “sequesters” A3
has had little experimental support. Recent results from the
MIRAGE study of AD families indicated that at least one TTR
single-nucleotide polymorphism (rs3764479) is associated
with MRI-documented hippocampal atrophy in AD patients
and are consistent with a role for TTR in AD pathogenesis, al-
though these results have not yet been independently replicated
(Cuenco et al., 2009).

In vitro, TTR binds to all forms of soluble A3, monomer,
oligomer, and fibrils. TTR binds to A better at 37°C than 25°C,
binds to A aggregates better than to monomer (Liu and Mur-
phy, 2006; Buxbaum et al., 2008; Du and Murphy, 2010), and to
AB,_,, better than to AB,_,, (Schwarzman et al., 2004; Liu and
Murphy, 2006; Buxbaum et al., 2008). The binding is highly de-
pendent on the quaternary structure of TTR (Du and Murphy,
2010). Thus, the findings in human AD, murine models of the
disease, and the in vitro studies suggest a relationship between
TTR and AD pathogenesis.
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Table 1. Clinicopathological characteristics of the control and AD cases

PMT Age Gender Duration
Diagnosis N (h) (years) (M/F) (years) Braak stage
Control 5 8§+2 78 =2 3/2 NA 0-I
AD 10 72 82 +3 6/4 12*1 V=V

PMT, Postmortem time.

The present in vivo and tissue culture studies indicate that the
salutary effect of overexpressing TTR in a murine model of AB
deposition may be the result of the increased neuronal synthesis
of TTR and the interaction between TTR and AB or one of its
related peptides, which reduces A3 concentration, interferes with
its capacity to aggregate, and renders it nontoxic in the context of
the neuron and its environment.

Materials and Methods

Transgenic mice. C57BL/6 [WT (B6)], APP23, mttr ~’~ (mouse ttr knock-
out), hTTR™ (human wild-type TTR transgenic), APP23/mttr ~/~ (APP23
mice on tr knock-out background), and APP23/hTTR* (APP23 mice on
hTTR" transgenic background) were established and maintained as de-
scribed previously (Teng et al., 2001; Buxbaum et al., 2008). TTR knock-out
mice were obtained from V. Episkopou, Columbia University, New York,
NY (Episkopou etal., 1993). Mice of either sex were used in the experiments.

Staining of human brains. Autopsy material was obtained from pa-
tients studied neurologically and psychometrically at the Alzheimer Dis-
ease Research Center/University of California, San Diego (Table 1). At
autopsy, brains were divided sagitally, samples from the left mid-frontal
cortex were fixed in 4% PFA and sectioned at 40 um for immunocyto-
chemical analysis. Frozen samples from the right half were used for im-
munoblot analysis. For routine neuropathological diagnosis, paraffin
sections from neocortical, limbic, and subcortical regions were stained
with H&E and thioflavine-S (Masliah et al., 1990; Hansen et al., 1998).
The analysis also included Braak stage determination (Braak and Braak,
1997). All cases met the Consortium to Establish a Registry for AD and
National Institute of Aging criteria for diagnosis and displayed neuritic
plaques and tangle formation in the neocortex and limbic system (McK-
eith et al., 1996; Jellinger, 1998; Jellinger and Bancher, 1998).

As previously described (Buxbaum et al., 2008), vibratome sections
from the mid-frontal cortex of control and AD cases were incubated
overnight at 4°C with the rabbit antibody against TTR (DAKO; A0002,
1:250) followed by secondary antibody (Vector; 1:75), avidin D horse-
radish peroxidase (HRP) (ABC Elite; Vector), and reacted with DAB (0.2
mg/ml) in 50 mm Tris, pH 7.4, with 0.001% H,O,. Control experiments
consisted of incubation with nonimmune IgG. Sections were then coun-
terstained with cresyl violet to estimate the proportion of pyramidal
neurons immunolabeled with the antibody against TTR or with thiofla-
vine S to estimate the proportion of plaques and vessels containing am-
yloid that were TTR positive (TTR ¥). Sections were analyzed with a
digital Olympus BX41 microscope equipped with epifluorescence and
Image Pro Plus program. For each case, three sections and a total of 12
fields at 200X (0.1 mm?) were studied.

Primary neuron cultures. Primary hippocampal and cortical neuron
cultures were established from all the mouse strains of interest [WT (B6),
APP23, mttr /=, hTTR ™, APP23/mttr —'~, APP23/hTTR *] following
previously established protocols (Kaech and Banker, 2006). Briefly, the
neurons were obtained from embryonic day 14 (E14) to E16, with EO
representing the day when the postcoital vaginal plug is observed. Mouse
brains were removed and transferred into cold HBSS (Cellgro) with 20
mM D-glucose (Invitrogen). The vessel membrane outside the cortex was
torn off, and the hippocampus and cortex were collected and incubated
in trypsin-EDTA solution (Invitrogen) with 50 U/ml DNase I (Wor-
thington Biochem) for 10 min at room temperature. Trypsinization was
stopped by addition of 10% fetal bovine serum (FBS). The cells were then
dissociated with a polished glass Pasteur pipette and centrifuged at 150 X
g for 2 min. The pellet was resuspended in Neurobasal medium with B27
supplement, 0.5 mM glutamine, and 1% penicillin/streptomycin (Invit-
rogen). Cells (200,000/ml) were plated and incubated in Neurobasal me-
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dium on poly-p-lysine (Sigma)-coated 100 mm culture dishes, multiwell
tissue culture plates (Costar), or coverglasses (VWR). The medium was
exchanged the next day and subsequently one-half of the medium was
replaced every 3—4 d. For all of the experiments, 7 d in vitro (DIV7)
neurons were used, except in A 3-derived diffusible ligand (ADDL) assays
DIV14 neurons were used.

Immunocytochemistry. Cells were washed with PBS and fixed with 4%
formaldehyde (Ted Pella) for 10 min. The cells were then permeabilized
with 2% Triton X-100, blocked with 10% goat serum (Vector) for 1 h at
room temperature, and incubated with primary antibodies overnight at
4°C. After adding appropriate secondary antibodies, the nuclei were
counterstained with Hoechst 33342 (2 ug/ml; Invitrogen). The cover-
slips were mounted (Shandon Immu-mount; Thermo Scientific), and
images were taken using either an inverted fluorescence microscope or a
confocal microscope [Bio-Rad (Zeiss) Radiance 2100]. Antibodies used
include rabbit anti-human TTR (Dako; A0002; 1:100), a monoclonal
(F17E5) anti-TTR (1:200) produced in house, anti-AB 6E10 (Signet;
1:100), MAP2 (Abcam; 1:100), anti-NeuN (Millipore Bioscience Re-
search Reagents; 1:200), anti-rabbit IgG-Alexa 488 (Invitrogen; 1:2000),
anti-mouse 1gG-Alexa 488 (Invitrogen; 1:2000), and anti-mouse 1gG-
Alexa 546 (Invitrogen; 1:2000).

Real-time PCR (quantitative PCR). RNA was extracted from cells or
tissues using RNeasy kit (Qiagen). Trace genomic DNA was removed by
on column digestion (RNase-Free DNase Set; Qiagen). QuantiTect Re-
verse Transcription Kit (Qiagen) was used to synthesize cDNA, and Fast
SYBR Green Master Mix (Roche) was used for quantitative PCR (qPCR)
on an Opticon II thermocycler (Bio-Rad). B-Actin was chosen as refer-
ence gene to quantify relative expression of the transcripts using the
AACt method. All procedures were performed following the manufac-
turer’s recommendations.

FACS. Primary cultured embryonic neurons (DIV7) from mttr /",
WT (B6), APP23, and hTTR ™ mouse strains were labeled as described
previously (Sergent-Tanguy et al., 2003), using MAP2 antibody as a neu-
ronal marker. The samples were kept in sorting buffer (25 mm HEPES,
pH 7.0, and 1% FBS in PBS) on ice and sorted by staff at The Scripps
Research Institute Flow Cytometry Core Facility using a FACSAria (BD
Biosciences). RT-PCR was performed using an Ambion cells-to-CT kit,
and B-actin was used as an internal control.

Recombinant TTR and synthetic A preparation. Recombinant human
and mouse TTR were prepared in an Escherichia coli expression system
and purified as described previously (Reixach et al., 2008). AB,_,, and
APB,_,, were synthesized on solid-phase resin using FMOC-based chem-
istry and purified by HPLC as described previously (Usui et al., 2009).
Mass spectrometry was used to confirm their identity by molecular
weight.

Mouse brain and cell homogenates. The primary cultured neurons were
lysed (50 mwm Tris, pH 7.5, 150 mm NaCl, 3 mm EDTA, 1% Triton X-100)
with Complete mini protease inhibitor mixture (Roche). Alternatively,
carefully dissected cortex of adult mice (>1 year of age) was homoge-
nized by motor homogenizer (Kontes Glass Company) in cold lysis buf-
fer (above) with protease inhibitors on ice, then sonicated using a
microtip probe for 5 s at 80% intensity (Misonix). For Western blots
without immunoprecipitation (IP), the lysates were spun at 10,000 X g
for 10 min at 4°C, and the amount of protein in supernatant and resu-
pended pellet was quantified by Bradford assay (Bio-Rad).

IP of mouse brain homogenates and cell lysates. For IP experiments,
1000 pg of total protein from the cell or tissue lysates were precleared by
shaking with 15 ul of protein A/G plus agarose beads (Santa Cruz Bio-
technology) for 4 h at 4°C. The lysates were then incubated with protein
A Dynabeads (Invitrogen) cross-linked with anti-TTR (Dako) per man-
ufacturer’s protocol. Last, the complexes were eluted following the man-
ufacturer’s recommendations. The samples were analyzed by Western
blot probing for AB (6E10) as above.

Western blotting. Recombinant proteins, cell lysates, or IP eluates were
boiled in SDS Tricine sample buffer for 10 min. The samples were sepa-
rated on 15% Tris-Tricine SDS-PAGE, and then transferred onto PVDF
membranes. The membranes were blocked with 5% nonfat dry milk in
TBS with 0.1% Tween 20 (TBST) for 1 h, washed with TBST, and incu-
bated with 6E10 (1:5000) or anti-TTR (Dako; 1:1000) primary antibodies
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Table 2. Image analysis of TTR distribution in the frontal cortex of the control and AD cases

Neurons Plaques Amyloid vessels

Cresyl violet TIR* %TIR™ Thio-S TTR * mature %TTR™ Thio-S TR %TIR™
Control 1230 = 135 119 =10 10*1 0 0 0 0 0 0
AD 800 = 60 545 =33 69*3 45 %2 47 +0.5 103 £ 05 7*+1 29*+05 43 £3

overnight at 4°C. After washing in TBST, the membranes were incubated
with either AP- or HRP-labeled corresponding secondary antibodies,
and the blots were developed using standard protocols. To reprobe the
blot with different antibodies, the membranes were stripped using strip-
ping buffer (Bio-Rad) for 30 min with rocking.

AB fibril formation. AB,_,, and AB,_,, were monomerized using pre-
viously established protocols (Buxbaum et al., 2008). Briefly, AB,_,, was
dissolved in HFIP (hexafluoro-2-propanol) (Sigma), evaporated under
nitrogen stream, and stored at —80°C, whereas AB3,_,, was dissolved and
sonicated for 10 min in pH 10.5 aqueous NaOH, and then passed
through a 10 kDa microcon (Millipore).

AB,_4owas diluted to 100 mm with PBS and agitated at 200 rpm for 7 d
at 37°C to obtain amyloid fibrils, which were confirmed by thioflavin T
fluorescence as described previously (Cohen et al., 2006).

To prepare the AB,_,, fibrils, the monomerized peptide was solubi-
lized in DMSO (99.5%; Sigma) at 5 mm by vortexing and sonication for
10 min. The peptide was then diluted in phenol red-free Ham’s F12
(Caissonlabs) to a final concentration of 60 uM and incubated at 37°C for
5 d with shaking.

ADDLs. AB,_,, was resuspended in DMSO as above and diluted in
ice-cold phenol red-free Ham’s F12 to a final concentration of 60 um and
incubated at 4°C overnight. The solutions were centrifuged at 14,000 X g
for 10 min at 4°C, and supernatants, consisting of ADDLs, were used for
all experiments (Lambert et al., 1998).

Cell culture. The human hepatoblastoma HepG2 cells (American Type
Culture Collection; HB-8065) were grown in DMEM (Invitrogen) sup-
plemented with 10% FBS, 1% penicillin/streptomycin, and 2 mm
L-glutamine (Invitrogen). Human cardiac myocyte cells AC16 (Davidson
et al,, 2005) and human neuroblastoma cells SH-SY5Y (American Type
Culture Collection; CRL-2266) were cultured in 1:1 mixture of DMEM:
F12 medium (Invitrogen) supplemented with 10% FBS, 1% penicillin/
streptomycin, and 2 mm L-glutamine. SH-SY5Y was differentiated using
5 uM all trans-retinoic acid (Sigma-Aldrich) for 7 d. For cell viability and
reactive oxygen species (ROS) assays, the cells were cultured using phe-
nol red-free DMEM:F12 media supplemented with B27 (Invitrogen)
without FBS.

Cytotoxicity assays and ROS assays. The primary cultured embryonic
neurons were seeded in black-wall clear-bottom 96-well plates (Costar)
coated with poly-p-lysine (Sigma-Aldrich) at a density of 20,000 cells/
well. For each treatment, at least four replicates were measured and bor-
der lanes were not used. The experiments were repeated on neurons from
a minimum of two animals. The media were replaced by fresh DMEM:
F12 media without phenol red before all cell assays. Cell viability was
measured by resazurin reduction assay (O’Brien et al., 2000). Briefly, 10
ul/well resazurin solution (500 um in PBS) was added and the cells were
incubated at 37°C for 4 h. Fluorescence intensity of the formazan gener-
ated was measured using a multiwell fluorescent reader (Tecan) with
excitation (exc)/emission (em) 530/590 nm. The results are expressed as
percentage of cell viability, with 100% viability corresponding to cells
treated with TTR (or buffer) only.

For AB,_,, cytotoxicity assays, 200 um A was allowed to form fibrils
in PBS (fibril formation protocol, above) and centrifuged at 20,000 X g
for 20 min at 4°C. The pellet was resuspended in PBS buffer. Either
AB,_4 supernatant or resuspended pellet was added to WT (B6),
mttr /7, and hTTR " neurons to a final concentration of 10 uM for 48 h
before viability measurements.

To compare the AB,_,, cytotoxicity on neurons cultured from WT
(B6), mttr /~, hTTR", and APP23 mouse strains, 10 um AB,_,, fibril
mixture without centrifugation with or without 2.5 um human recom-
binant TTR (hTTR) protein were added to DIV7 neurons. The cells were
incubated for 48 h and cell viability was measured as above.

To test the effect of adding human recombinant TTR on AB,_,, fibril
formation and A3 cytotoxicity, 100 um A, _ 4, solutions with or without
25 uMm hTTR, or hTTR alone (control) were incubated under fibril for-
mation conditions. Solutions were diluted to a final concentration of 10
uM AB,_4 (and 2.5 um hTTR) on WT (B6) neurons. Ten micromolar
AB,_4o with hTTR (2.5 um) was also tested on the cells. Cells were cul-
tured for 2 d, and viability was measured as above.

For AB,_,, oligomer cytotoxicity and ROS assays, 20 um ADDLs and 5
M TTR were added to DIV14 neurons or differentiated SH-SY5Y cells
for 2 d, and then cell viability was measured. For ROS assays, the treated
cells were washed and incubated for 30 min with 20 um dihydroethidine
(DHE) (Invitrogen). The DHE was removed, the cells were washed one
more time, and 100 ul of DMEM:F12 media were added to each well.
Fluorescence intensity corresponding to the amount of oxidized DHE
was measured in at multiwell plate reader (Tecan) with exc/em 518/630
nm (De Felice et al., 2007).

Statistical analysis. In cell culture assays, most measurements were
normalized against a contemporaneous control (buffer or exposure to
TTR alone). One-way or two-way ANOVA was used to analyze data.
Interaction term was always considered when two-way ANOVA was
used. Model assumptions were tested and standardized residuals were
studied to test model fit. Post hoc Tukey’s pairwise comparisons or Dun-
nett’s comparisons were made only when ANOVAs were statistically
significant. Statistical analysis was performed in Minitab 10 (Minitab).
Mean * SD were graphed. For each treatment, the replicates were >4,
and each experiment was repeated at least twice. *p < 0.05 and **p <
0.01.

Results

The in vivo observations in human AD and the APP23 mouse
model strongly suggest that the presence of Af or its related
peptides is associated with increased neuronal TTR. In the frontal
cortex from the human non-demented controls, the antibody
against TTR immunolabeled ~10% of the cresyl violet-stained
pyramidal neurons; in contrast, in the AD cases, almost 70% of
the cresyl violet-stained pyramidal neurons displayed TTR im-
munoreactivity (Tables 1, 2). In sections from the frontal cortex
counterstained with thioflavine-S, TTR immunoreactivity was
detected in 10% of the mature plaques (Table 2). Approximately
40% of the vessels displayed amyloid deposits in their walls (Ta-
ble 2). In APP23 mice, using the same methods, all the hippocam-
pal and cortical neurons and the congophilic plaques stained for
TTR, a phenomenon also seen in the Tg2576 transgenic model
(Stein and Johnson, 2002; Buxbaum et al., 2008).

To further explore the potential role of TTR in neuronal re-
sistance to toxic AB aggregation and determine the nature of the
synthesizing cell, primary neuronal cultures free of choroid
plexus epithelial cells were established from the hippocampi and
cerebral cortices of 14-16 d APP23 and control wild-type
C57BL/6 [WT (B6)] embryos. APP23-derived neurons were
stained for AB and its related ABPP precursor (antibody 6E10,
specific for AB residues 1-17) and TTR. Figure 1C shows appar-
ent colocalization of the two proteins in both cell bodies and
dendritic processes, indicating that the molecules were in close
proximity. In contrast, neurons from WT (B6) animals showed
minimal staining (Fig. 1G). The data indicate that the APP-
overexpressing neurons produced increased amounts of TTR in
the presence of ABPP and its related peptides well before the
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appearance of neuropathologic or behav-
ioral evidence of disease. All the cells were
positive with antibodies for the neuronal
markers NeuN (data not shown) and
MAP2 (Fig. 11), showing that the TTR-
positive cells were of bona fide neuronal
lineage.

The expression of TTR mRNA in neurons
was confirmed independently by RT-PCR
analysis of FACS-sorted WT (B6), APP23,
and human TTR transgenic (hTTR™, overex-
pressing human TTR in the absence of a hu-
man APP gene) hippocampal cells selected
for expression of neuronal marker MAP2
(Fig. 2A). No ttr signal was found from
mttr '~ control cells (Fig. 2A). Quantita-
tive PCR showed that fr transcripts were
10-fold more abundant in primary cultured
hippocampal and cortical neurons obtained
from the APP23 mice than in those from
WT (B6) animals (Fig. 2 B). The results es-
tablish that neuronal synthesis is the source
of the TTR seen by immunohistochemistry.
No #tr signal was detected in neurons from
ttr '~ mice. gPCR of RNA extracted from
cerebral cortex (dissected free of choroid
plexus) from adult APP23 and WT (B6)
mice revealed an even greater relative abun-
dance of tffr mRNA in the APP23 mice than
seen in the cultured neurons, further vali-
dating the tissue culture findings (data not
shown).

Western blots of lysates made from cul-
tured hippocampal and cortical neurons
demonstrated that APP23 neurons pro-
duced more TTR than those from control
mice and that TTR was secreted into the me-
dium by hTTR * neurons (Fig. 2C,D).

Analysis of ABin cortical extracts from
adult APP23 and APP23/hTTR "/mttr ~'~ mice by Western blot
showed that the amount of AB,_,0/;_4, in the cortex of the AD
animals also transgenic for hTTR * was significantly lower than
in the APP23 mice, while the intensities of bands representing
ABPP were similar in all the strains carrying the APP23 con-
struct (Fig. 3). These results are consistent with our prior findings
that SDS and formic acid-extractable AB,_,, and AB,_,, (i.e., solu-
ble and insoluble AS aggregates) were reduced in the brains of the
APP23/hTTR */mttr '~ mice (Buxbaum et al., 2008). ABPP con-
tent appears to be similar in the two strains as does the amount of
C99 peptide, although the distribution between the supernatant
and pellet fractions is quite different (Fig. 3). The presence of C99
fragments in brain homogenates of APP23/hTTR™/mttr '~
mice suggests that there is substantial B-secretase cleavage of
ABPP. If that is the case, the reduction of A species in APP23/
hTTR " /mttr '~ mice could result from TTR and A B interaction
(with sequestration in a form not visible on the gel) or by TTR
inhibition of y-secretase cleavage.

Intimate interaction between TTR and A in vivo was dem-
onstrated by coimmunoprecipitation of the two molecules from
cerebral cortical homogenates of APP23 and APP23/hTTR™
mice using an anti-TTR antibody cross-linked to protein
A-coated magnetic beads (Fig. 4). Western blots of identically
treated brain homogenates from mice expressing either TTR or

Figure1.
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TTR expressionin primary cultured embryonic cortical and hippocampal neurons. Choroid plexus-free neuron cultures
were established from C57BL/6 [WT (B6)], APP23, mttr —/~, hTTR*, APP23/mttr —/~, APP23/hTTR ™ strains. A-C, Immuno-
staining of APP23 neurons with anti-TTR and anti-A 3 antibodies. 4, TTR staining (Dako; green). B, A3 or related peptide staining
(6E10; red). €, Merge of A and B. D, TTR-positive human hepatoblastoma HepGz2 cells. E, TTR-negative human cardiac myocyte
AC16 cells. F, Second antibody alone with HepG2 cells. G, H, TTR staining in neurons cultured from WT (B6) (G) and APP23 (H)
embryos shows increased TTR signal in APP23 cells. /, Embryonic cortical and hippocampal neurons stained with the neuronal
marker MAP2 (green) and counterstained by Hoechst 33342 (blue). Scale bars, 10 m.

ABPP showed no coprecipitation. Similar coimmunoprecipita-
tion results were obtained in some (1/2), but not all, human AD
brains, confirming that in vivo TTR was complexed with A (Fig.
4 B). These findings approximated those seen when in vitro mix-
tures of recombinant TTR and synthetic AB,_,, or AB,_,, were
analyzed, showing the same TTR—A interactions in vivo and in
vitro (data not shown).

The significance of the TTR—Af interaction was supported by
a series of tissue culture experiments (Fig. 5). Many investigators
have shown that AB preparations are cytotoxic to a variety of
cultured cells, with oligomers being the most likely active com-
ponent (Lambert et al., 1998; Walsh et al., 2002; Gong et al., 2003;
Walsh and Selkoe, 2007). We studied the cytotoxic potential of
AB,_, fibrils and the supernatants (i.e., subfibrillar aggregates)
of the AB,_,, incubations after the fibrils had been removed by
centrifugation, on primary cultured neurons from WT (B6),
mttr /", and hTTR ™ mice (Fig. 5A). Compared with the fibril
pellet, the supernatant (containing subfibrillar oligomers/proto-
fibrils) was more cytotoxic to the cells (Tukey’s pairwise compar-
isons, p < 0.01), supporting the notion that it is the smaller
species of AP aggregates rather than mature fibrils that are the
potentially toxic molecules in AD.

Although the amount of human TTR produced by hTTR™*
neurons was much greater than the quantity of mouse TTR pro-
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A RT-PCR on FACS sorted neurons
mttr-/- WT(B6) APP23 hTTR+

qd —— —
T —— —— —— ——

B g2
515-
%1(}— n=15
e | | L
BT n=8 n=12 n=15
€ ' -
APP23 mttr---  APP23/mttr-/- WT (B6)
Embryonic cortical/hippocampal neurons
C Buffer mttr-/- WT(B6) APP23

T |

D Buffer WT(B6) APP23 hTTR+

Figure2. TIRis expressed and upregulated in APP23 embryonic cortical and hippocampal neu-
rons.A, TTRmRNAs were detected by RT-PCR. TTRmRNA was detected in WT (B6), APP23,and hTTR *
neurons collected by FACS for MAP2 positivity, and mttr ~/~ served as a negative control. B, Quanti-
tation of ttr mRNA in cultured primary neurons. Relative expression was calculated based on qPCR
using AACt method. Error bars indicate SD. *p << 0.05. €, TTR immunoprecipitation of cultured
neurons. TTR protein was immunoprecipitated from neuronal lysates with protein A/G plus agarose
beads and anti-TTR antibody. Western blots of the immunoprecipitates analyzed by SDS-PAGE were
developed with an anti-TTR antibody. D, Imnmunodetection of TTR in medium of neuronal cultures.
Neurons were incubated in B27 free Neurobasal medium overnight. TTR released by the neurons was
immunoprecipitated from the medium and processed asin C.

duced by WT (B6) neurons (Fig. 2D), these cells were still sus-
ceptible to AB-induced cytotoxicity (p < 0.01), suggesting that
either the amount or rate of TTR secretion into the media was
inadequate to protect the neurons when oligomeric A3 was
added to the culture medium. This hypothesis was tested by
quantitative studies in which we found that 10 um AB,_,, fibrils
are toxic, while addition of 2.5 uM recombinant human TTR
offered significant protection from this challenge to primary neu-
rons derived from WT (B6), mttr ~/~,hTTR ¥, and APP23 strains
(Tukey’s pairwise comparisons, p < 0.05) (Fig. 5B). Medium
harvested from a 22 h incubation of (3 X 10°) hTTR ™ cells had
an approximate TTR concentration of 2 X 10 ~* um (as deter-
mined by hTTR-specific ELISA), an amount insufficient to in-
hibit the cytotoxicity of the added A aggregates.

ADDLs are also toxic to cultured cells producing ROS with
subsequent increased oxidative stress (De Felice et al., 2007). Our
experiments reveal that incubation with 20 um ADDLs signifi-
cantly increased ROS production in WT neurons compared with
buffer- or TTR-treated controls (Fig. 5D; Dunnett’s compari-
sons, p < 0.05). Addition of 5 uM TTR reduced ROS production
significantly (p < 0.01). Human recombinant TTR also sup-
pressed ADDLs-induced cytotoxicity for primary neurons from
WT (B6) mice (p < 0.05) (Fig. 5C) and differentiated SH-SY5Y
human neuroblastoma cells (p < 0.01) (Fig. 5E).

To further investigate the relationship between TTR and A3
cytotoxicity, AB,_,o and recombinant human TTR were mixed

J. Neurosci., August 31,2011 - 31(35):12483-12490 - 12487

100— €APP

«AB

Figure3.  Brainextracts of APP23 mice transgenic for hTTR have decreased A3 peptide. Lysates of
cortical and hippocampal tissue from APP23/hTTR */mttr —/~ and APP23 (mttr /) mice (>1
year) were centrifuged at 10,000 X g for 10 min at 4°C. Protein in supernatant (S) and resuspended
pellet (P) were quantified by Bradford assay. Identical amounts of total protein/lane were analyzed in
a15% Tris-Tricine SDS-PAGE. The electrophoresed proteins were transferred onto a PVDF membrane,
and the A3 species were detected with 6E10 antibody.

A APP+
hTTR+ hTTR+ APP+
Buffer WT(B6) mittr-/- mttr-/- APP+  mttr-/-

Figure4. Coimmunoprecipitation of in vivo A3 and TTR complexes. A, Mouse brains. Corti-
ces and hippocampi of WT (B6), hTTR™ /mttr —/~, APP23/hTTR * /mttr —/~, APP23, and
APP23/mttr —/~ mice (>1 year) were dissected free of choroid plexus and homogenized in
lysis buffer with protease inhibitors, precleared with protein A/G plus agarose beads, and then
incubated with anti-TTR antibody cross-linked to protein A magnetic beads overnight at 4°C.
Eluted complexes were analyzed in 15% Tris-Tricine SDS-PAGE, and A3 was detected by West-
ern blot (6E10 antibody). B, Human brains. Human brain homogenates were processed as in A.
P indicates brain from AD patient; Ctr indicates age-matched control brain.

and incubated under fibril-forming conditions with cytotoxicity
measured on WT (B6) neurons (Fig. 5F). AB,_,, or TTR alone
under the same conditions were used as controls. Preincubation
of TTR with AB,_,, reduced cytotoxicity (Dunnett’s compari-
sons, p < 0.01) (Fig. 5F).

Discussion

Studies of CSF from AD patients, inhibition of in vitro A fibril
formation, suppression of the AB-induced phenotype in Caeno-
rhabditis elegans coexpressing TTR with AB, and other AD mouse
models have all suggested TTR-A interactions in AD (Link,
1995; Serot et al., 1997; Davidsson et al., 2002; Costa et al., 2008a).
Some—but not all—studies have shown that homozygous or
hemizygous TTR knock-out transgenic mice have accelerated AD
disease (Choi et al., 2007; Buxbaum et al., 2008; Wati et al., 2009;
Doggui etal., 2010). Our current observations showing both TTR
mRNA and protein within cultured hippocampal neurons dem-
onstrate neuronal synthesis of TTR. The increase in t#tfr mRNA
and protein in neurons from the AD model mice and the increase
in TTR-stained neurons in human AD brains suggest that neu-
ronal TTR transcription may be substantially induced by AB or
one of its precursors. Others have suggested that such induction
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Figure5.

Recombinant human TTR suppresses A3 cytotoxicity and ROS induction. A, A3,_ 4, soluble aggregates are more cytotoxic than resuspended amyloid fibrils. Cell viability was measured

by resazurin reduction assay. B, hTTR (2.5 wu) suppressed the cytotoxicity induced by AB,_,, (10 um) aggregates on WT (B6), mitr —/~, hTTR *, and APP23 neurons. €, hTTR (5 um) reduces
AB,_,, oligomer (20 pum) cytotoxicity for cultured WT (B6) neurons. D, hTTR suppressed ROS formation in neurons treated with A3, _,, oligomers. WT (B6) neurons were treated with AB, _,,
oligomers with or without TTR, and the fluorescence intensity of oxidized DHE was measured. E, hTTR prevents A3, _,, oligomer cytotoxicity for differentiated SH-SY5Y human neuroblastoma cells.
F, Adding hTTR to AB3,_ 4, fibrilization process suppressed A3 cytotoxicity on WT (B6) neurons. A3,_,, solutions with ([A3+TTR]ag) or without (AS3;_,,) TTR, or TTR alone (TTRagctl) was
subjected fibril formation condition. Solutions were diluted to final concentration of 10 um ABand 2.5 um TTR on WT (B6) neurons. Ten micromolar AB with 2.5 umhTTR (AB+TTR) or 2.5 um hTTR
(hTTR) were also incubated with cells as control. Cell viability was measured as above. *p << 0.05 and **p << 0.01. Error bars indicate SD.

might be mediated by sAPPa or sAPPf3, but before these studies
neither of those notions was supported by definitive data in pri-
mary neurons (Stein and Johnson, 2002; Li et al., 2010).

The in vivo and cell culture analyses show that TTR interacts
with AB and reduces its propensity to acquire cytotoxic proper-
ties probably by inhibiting its ability to aggregate. Similar phe-
nomena may be responsible for the suppression of the
neuropathologic and behavioral AD phenotype seen in the
APP23 transgenic mice overexpressing human TTR. Despite
convincing evidence of in vitro neuroprotection by TTR (Fig.
5C-E), intrinsic cellular TTR production does not protect neu-
rons from the cytotoxicity produced by extracellular aggregates
under these conditions (Fig. 5B). It is likely that A3 toxicity from
the “outside in” overwhelmed the quantitative capacity of the
intracellular and/or secreted TTR and the differences in sensitiv-
ity between the TTR (+) and TTR (—) cells could not be detected.
Measurement of the TTR concentration in the media of the
hTTR ™ cells,accumulated over 22 h, was <1 n, far less than that
required to inhibit the cytotoxic effect of standard concentrations
of AB,_404» on cultured cells. The experiment does not resolve
the question of whether in vivo the cytotoxic molecules are gen-
erated intracellularly and the significant interaction between TTR
and AB-related species occurs within some cellular compart-
ment, or that TTR and AB-related peptides form a complex out-
side the cell, which renders the A oligomers nontoxic. While the
relationship of cytotoxicity in tissue culture to AD pathogenesis
in vivo is not clear, the fact that TTR protects against exogenous
AB soluble aggregate toxicity in tissue culture confirms the
TTR-AR interaction and is consistent with the protective effect in
vivo.

The marked reduction in the concentrations of formic acid-
extractable A, _ 4,4, confirmed by the Western blot experiments
shown in Figure 3, can be explained by either removal of the
ABi_40/1-4> peptides from the system via TTR-assisted degrada-
tion or TTR inhibition of ABPP cleavage by secretases reducing
the amount of AB_,q,_4 that is produced. This question re-
quires further investigation.

Recent discussions of clinical disorders of protein folding have
proposed that enhancement of the proteostatic capacity (i.e., that
combination of the elements of the stress responses, chaperones,
and degradative systems), represents a potential therapeutic ap-
proach for these diseases (Balch et al., 2008). Our observations
suggest that the structure of TTR may allow it to engage in a
protective heterotypic interaction with Af3 or one of its related
peptides. If the interaction occurs in the intracellular or pericel-
lular environment of the neuron, it may serve as a neuron-
specific proteostatic element. Why should TTR have these
properties? Our data suggest that wild-type TTR, and perhaps the
wild-type forms of other amyloidogenic proteins (e.g., gelsolin,
cystatin) (Kaeser etal., 2007; Mi et al., 2007; Chauhan et al., 2008;
Antequera et al., 2009) may have structural properties that allow
them to participate in proteostasis to the benefit of the neuron
under stress. APP23 animals, even in the presence of increased
endogenous tfr expression, still show AD-like pathology in the
presence of an overexpressed human AD gene. APP overexpres-
sion, which presents an increased A load to the affected cells, is
required to overcome the protective capacity of such endogenous
mechanisms to produce the transgenic models of the human dis-
ease (Ashe and Zahs, 2010). The beneficial effect of increasing the
concentration of such a potentially protective molecule by over-
expressing the human TTR transgene supports this hypothesis. It
is possible that the AB-TTR interaction reduces the aggregation-
prone protein concentration in a chaperone-like manner supple-
menting the activity of the endogenous proteostatic apparatus.

Others have suggested proteolysis and/or disaggregation of
ABby TTR or the generation of large nontoxic complexes as mech-
anisms of protection (Costa et al., 2008b; Cohen et al., 2009). We
have not found evidence for any of these pathways at physiologically
relevant concentrations of TTR. One can speculate that the ability of
the neuron to marshal a TTR response may be limited genetically or
deteriorate in the course of aging and contribute to susceptibility to
sporadic human AD (Serot et al., 1997).

The failure of mice overproducing wild-type TTR and patients
with unstable TTR variants to develop intraneuronal or intrace-
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rebral TTR amyloid deposits, except in the choroid plexus or
leptomeninges, suggests that, in the absence of an AB-like chal-
lenge, as in the WT (B6) mice, there is little or no neuronal ¢tr
transcription. It is also possible that even in the face of intraneu-
ronal aggregates the TTR transcriptional response is limited and
the amount of TTR does not exceed some critical concentration
required for its aggregation and subsequent fibril formation. This
question requires further investigation. The effect of TTR over-
expression could be considered to be pharmacologic, while the
effect of silencing the #tr gene could be interpreted as compromis-
ing a normal physiologic response to molecules involved in the
development of AD and more likely to vary from individual to
individual (Buxbaum and Reixach, 2009).

In summary, we have shown definitively for the first time that
neurons transcribe TTR mRNA, which is subsequently translated
to produce TTR protein, and that the neuronal synthesis of TTR
may be a natural protective response to the cellular challenge
presented by the aggregation of the AB fragment occurring in
human AD and at least one murine transgenic model. Protection
appears to be a function of increased TTR production with bind-
ing of AB by TTR and subsequent reduction in toxic aggregate
formation with a possible role for TTR in reducing AB;_40/4>
production.
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