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Amyloid-3 (AB) peptide is thought to have a significant role
in the progressive memory loss observed in patients with Alzhei-
mer disease and inhibits synaptic plasticity in animal models of
learning. We previously demonstrated that brain-derived neu-
rotrophic factor (BDNF) is critical for synaptic AMPA receptor
delivery in an in vitro model of eyeblink classical conditioning.
Here, we report that acquisition of conditioned responses was
significantly attenuated by bath application of oligomeric
(200 nm), but not fibrillar, A B peptide. Western blotting revealed
that BDNF protein expression during conditioning is significantly
reduced by treatment with oligomeric A, as were phosphoryla-
tion levels of cCAMP-response element-binding protein (CREB),
Ca*/calmodulin-dependent protein kinase II (CaMKII), Ca*/
calmodulin-dependent protein kinase IV (CaMKIV), and ERK.
However, levels of PKA and PKC{/A were unaffected, as was
PDK-1. Protein localization studies using confocal imaging indi-
cate that oligomeric A f3, but not fibrillar or scrambled forms, sup-
presses colocalization of GluR1 and GluR4 AMPA receptor sub-
units with synaptophysin, indicating that trafficking of these
subunits to synapses during the conditioning procedure is blocked.
In contrast, coapplication of BDNF with oligomeric Af signifi-
cantly reversed these findings. Interestingly, a tolloid-like metallo-
proteinase in turtle, tTLLs (turtle tolloid-like protein), which nor-
mally processes the precursor proBDNF into mature BDNF, was
found to degrade oligomeric Af} into small fragments. These data
suggest that an AfB-induced reduction in BDNF, perhaps due to
interference in the proteolytic conversion of proBDNF to BDNF,
results in inhibition of synaptic AMPA receptor delivery and sup-
pression of the acquisition of conditioning.

Alzheimer disease (AD)> is a neurodegenerative disorder
resulting in a progressive decline in cognitive function and is
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characterized pathologically by the presence of senile plaques
and intracellular neurofibrillary tangles. Amyloid-B peptides
(APB), the peptide deposited as amyloid plaques, have long been
implicated as an important component underlying neural dys-
function associated with AD. Recent evidence indicates that
soluble forms of A3, such as small and large oligomers that are
accumulated before plaque formation, contribute significantly
to the pathogenesis of AD by producing excitatory synaptic
dysfunction, although the mechanisms are poorly understood
(1). Postsynaptic AMPA receptor number and trafficking may
be a prime target in AD. A recent study using double knock-in
mice carrying mutated human amyloid precursor protein
(APP) and presenilin-1 genes exhibited a reduction in AMPA
receptor number and AMPA receptor-mediated synaptic cur-
rents in CA1 hippocampal neurons that strongly corresponded
with increased age, A3 levels, and plaque deposition (2). More-
over, the double knock-in mice showed age-related deficits in
long term potentiation, long term depression, and memory per-
formance. Working memory and spatial learning assessed with
the Morris water maze appeared normal, but performance of a
more complex spatial learning task was significantly impaired
in the older mice with greater plaque deposition (2). Cultured
neurons from APP mutant transgenic mice (Tg2576) showed
significantly reduced surface expression of GluR1-containing
AMPA receptors that was paralleled by exogenous application
of A to wild-type neurons (3) and might be mediated at least in
part through a reduction in Ca*>*/calmodulin-dependent pro-
tein kinase (CaMK) Il activity (4). Hsieh et al. (5) demonstrated
that A overexpression resulted in AMPA receptor endocyto-
sis, a decrease in synaptic AMPA receptors, depression of syn-
aptic transmission, and dendritic spine loss. It is unclear how
A induces the loss of AMPA receptors at synapses, but mech-
anisms similar to those that produce long term depression are
implicated.

Growing evidence suggests that brain-derived neurotrophic
factor (BDNF) plays a critical role in regulating expression and
synaptic delivery of AMPA receptor subunits (6 —10). Applica-
tion of BDNF resulted in up-regulation of AMPA receptor sub-
unit expression through TrkB receptors and promoted synaptic
delivery of GluR1 in cultured organotypic hippocampal slices
(6). Moreover, application of BDNF to brain slices from BDNF
knock-out mice resulted in conversion of silent synapses into
AMPA receptor-containing synapses (11). Most studies agree
that BDNF is dramatically reduced in brain from AD patients
and normal neural tissue exposed to A peptides (12-16). The
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major BDNF transcripts are specifically down-regulated in
brain of AD patients or after treatment with oligomeric A3 (13,
15). Significantly, the reduction in BDNF protein may occur in
the preclinical stages of AD, making it a potential marker for
AD onset (14). In contrast, BDNF expression is implicated as a
marker for high cognitive function in the normally aging brain
(17). Therefore, a reduction in BDNF during early stages of AD
may lead to a loss in AMPA receptor trafficking mechanisms
and synaptic dysfunction.

BDNEF is a key signal transduction element in postsynaptic
events that mediate in vitro eyeblink classical conditioning
using a brainstem preparation from turtles. Conditioned re-
sponses (CRs) are accompanied by enhanced levels of BDNF
protein, and application of BDNF alone induces synaptic deliv-
ery of GluR1- and GluR4-containing AMPA receptors through
TrkB- and extracellular signal-regulated kinase (ERK)-medi-
ated mechanisms (8, 9). Inhibition of BDNF function by appli-
cation of BDNF antibodies or siRNAs that prevent conversion
of mature BDNF from its precursor proBDNF suppresses con-
ditioning and synaptic incorporation of AMPA receptors (10).
The aim of this study was to determine whether oligomeric or
fibrillar forms of A suppress BDNF expression, AMPA recep-
tor synaptic delivery, and conditioning using this iz vitro model
system. Application of oligomeric AB, but not the less toxic
fibrillar form, significantly reduced BDNF protein levels, acti-
vation of several protein kinase signaling molecules, synaptic
insertion of AMPA receptors, and acquisition of conditioning.
Delivery of AMPA receptors could be rescued by coapplication
of oligomeric AB with BDNF. Interestingly, in vitro cleavage
assays showed that a secreted tolloid-like metalloproteinase,
tTLLs (turtle tolloid-like protein), which is up-regulated in con-
ditioning and processes proBDNF into mature BDNF (10),
cleaves oligomeric A at lower concentrations than proBDNF.
Preparations incubated with tTLLs alone expressed BDNF,
whereas levels of BDNF significantly declined in the presence of
AP, suggesting that oligomeric AB competes with proBDNF as
a target for cleavage by proteases. Together, these data suggest
a novel mechanism whereby oligomeric AB inhibits AMPA
receptor trafficking and conditioning by interfering with the
extracellular proteolytic processing of proBDNF into mature
BDNEF.

EXPERIMENTAL PROCEDURES

Conditioning Procedures—Freshwater pond turtles (Pseud-
emys scripta elegans) obtained from commercial suppliers were
anesthetized by hypothermia and decapitated. Protocols
involving the use of animals complied with the guidelines of the
National Institutes of Health and the Institutional Animal Care
and Use Committee. The brain stem was transected at the levels
of the trochlear and glossopharyngeal nerves, and the cerebel-
lum was removed as described previously (18). Therefore, the
preparation consisted of only the pons with the cerebellar cir-
cuitry removed. The brain stem was continuously bathed in
physiological saline (2—4 ml/min) containing (in mm): 100
NaCl, 6 KCl, 40 NaHCOg3, 2.6 CaCl,, 1.6 MgCl,, and 20 glucose,
which was oxygenated with 95% O,, 5% CO, and maintained at
room temperature (22—24 °C) at pH 7.6 (18). Suction electrodes
were used for stimulation and recording of cranial nerves. The
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US was a 2-fold threshold single-shock stimulus applied to the
trigeminal nerve; the CS was a subthreshold 100-Hz, 1-s train
stimulus applied to the ipsilateral posterior root of the eighth
nerve that was below the threshold amplitude required to pro-
duce activity in the abducens nerve (19). The latter nerve will
be referred to as the auditory nerve because it carries predom-
inantly auditory fibers. Neural activity was recorded from the
ipsilateral abducens nerve that normally projects to the
extraocular muscles controlling movements of the eye, nictitat-
ing membrane, and eyelid. The CS-US interval was 20 ms,
which is defined as the time between the offset of the CS and the
onset of the US. This brief delay was found to be optimal for
conditioning; however, conditioning is not supported using
longer CS-US intervals (20). The intertrial interval between the
paired stimuli was 30 s. A pairing session consisted of 50 CS-US
presentations followed by a 30-min rest period in which there
was no stimulation (19). Conditioned responses were defined as
abducens nerve activity that occurred during the CS and
exceeded an amplitude of double the baseline recording level.
Conditioned preparations were those that received paired
CS-US stimulation, whereas pseudoconditioned control prep-
arations received the same number of CS and US exposures that
were explicitly unpaired using a CS-US interval randomly
selected between 300 ms and 25 s. All data were analyzed using
a one-way analysis of variance followed by Fisher’s and Bonfer-
roni’s tests for post hoc comparisons. Means = S.E. are plotted
except where indicated.

Preparation of Oligomeric and Fibrillar AB—Preparation of
oligomeric and fibrillar A was from Dahlgren et al. (21). The
human AB,_,, peptide and scrambled A, _,, peptide (having
the same amino acid composition as AB;_,, but in random
sequence) used here was produced by chemical synthesis
(rPeptide, Bogart, GA). Peptide was diluted in 1,1,1,3,3,3-
hexafluoro-2-propanol (Sigma) to 1 mm. The 1,1,1,3,3,3-
hexafluoro-2-propanol was allowed to evaporate in a fume
hood, and the resulting peptide film that was formed was stored
at —70°C. AP oligomers were prepared by diluting 5 mm
AB;_,, or scrambled AB;_,, in DMSO to 100 uMm in ice-cold
cell culture medium (Ham’s F-12; BioSource), vortexed for 10
min, and incubated at 4 °C for 24 h. AB,_,, fibrils were pre-
pared by diluting 5 mm AB;_,, in DMSO to 100 um in 10 mm
HCI, vortexed for 10 min, and incubated at 37 °C for 24-h. West-
ern blots showing the resultant AB;_,, oligomers and fibrils
detected by the monoclonal antibody 6E10 (recognizing resi-
dues 1-16 of 3 amyloid; Covance, Emeryville, CA) are shown in
Fig. 1. The solutions of soluble oligomeric A used in this study
contained a mixture of AB monomers and soluble low #r-olig-
omers, whereas fibrillar AB contained monomers and high
molecular weight fibrils (Fig. 1). We used a concentration of 200
nM A3, which is lower than that typically used in neurotoxicity
studies and inhibits long term potentiation in hippocampal
slices (22). Oligomeric, fibrillar, or scrambled AB was bath-
applied for 1.5 h prior to beginning the conditioning and con-
tinued throughout the training procedures.

Western Blot Analysis—Turtle brain stems were frozen in
liquid nitrogen immediately after the physiological experi-
ments and stored at —70 °C. Tissue was homogenized in lysis
buffer (20 mMm Tris, pH 8.0; 1 mm EDTA, 1% Nonidet P-40, 0.15 m
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FIGURE 1. Monomeric and oligomeric A3 preparation. Western blots dis-
playing the formation of AB,_,, monomers, oligomers, and fibrils in the prep-
arations of AB used to test conditioning are shown. Oligomeric AB,_,, and
fibrillar AB,_4, were prepared as described.

NaCl, 10 mm Na,P,0,, and 5% glycine) with a protease
inhibitor (Roche Diagnostics, Mannheim, Germany) and
phosphatase inhibitor mixture (Sigma), rotated at 4 °C for
2 h, and centrifuged at 14,000 Xg for 20 min at 4 °C, and the
supernatants were aliquoted and stored at —70 °C. Protein
sample concentrates were solubilized in 2X SDS/B-mercap-
toethanol and boiled for 5 min before separation by 10 or
15% SDS-PAGE. After electrophoresis, membranes were
blocked with 5% nonfat dry milk in Tris-buffered saline/0.1%
Tween 20 for 1 h at room temperature. We used the phos-
phorylation site-directed antibodies against protein kinase A
(PKA) Thr-197 (p-PKA; Cell Signaling Technology, Danvers,
MA), CaMKII Thr-286 (p-CaMKII; Cell Signaling Technol-
ogy), CAMP-response element-binding protein (CREB) Ser-133
(p-CREB; Cell Signaling Technology), CaMKIV Thr-196
(p-CaMKIV; Santa Cruz Biotechnology, Santa Cruz, CA), ERK
Thr-183/Tyr-185 (p-ERK; Promega, Madison, W1I), or protein
kinase C {/A (PKC¢/A) Thr-410/403 (p-PKC{¢/A; Cell Signaling
Technology). We also used PKA (t-PKA; Upstate Biotech Mil-
lipore, Lake Placid, NY), CaMKII (t-CaMKII; Chemicon),
CREB (t-CREB; Cell Signaling Technology), CaMKIV (t-
CaMKIV; Abcam, Cambridge, MA), ERK (t-ERK; Chemicon),
PKC{ (t-PKC¢ Zymed Laboratories Inc., San Francisco, CA),
and BDNF (Santa Cruz Biotechnology). Membranes were
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incubated with primary antibodies overnight at 4 °C, washed,
and incubated with horseradish peroxidase-conjugated
(1:10,000) or fluorescently tagged secondary antibodies
(1:5,000) for 1 h at room temperature. Loading controls were
performed using primary antibodies to actin (1:1,000; Chemi-
con). Proteins were detected by the ECL Plus chemilumines-
cence system (Amersham Biosciences) or the Odyssey infrared
imaging system (Li-Cor Biotechnology, Lincoln, NE). Immuno-
reactive signals were captured on Hyperfilm ECL film and
quantified by computer-assisted densitometry. Optical densi-
ties of the bands were determined relative to background levels.
Quantifications of total and phosphoprotein were determined
relative to actin. Ratios of phospho- to total protein were
obtained for each experiment and averaged. Data are displayed
as a percentage of normalized values from pseudocondi-
tioned controls.

Glutamate Receptor Localization, Confocal Imaging, and
Data Analysis—Immediately after the physiological experi-
ments, brain stems were immersion-fixed in cold 0.5%
paraformaldehyde. Tissue sections were cut at 30 wm and incu-
bated in primary antibody overnight at 4 °C with gentle shaking.
The primary antibodies used were a polyclonal antibody raised
in goat that recognizes the GluR4 subunit of AMPA receptors
(1:100, catalogue number 7614, Santa Cruz Biotechnology), a
polyclonal antibody raised in rabbit that recognizes GluR1l
(1:200, catalogue number 1504, Chemicon), and a monoclonal
antibody raised in mouse that recognizes synaptophysin
(1:1,000, catalogue number 5768, Sigma). The specificity of
the antibodies was confirmed by Western blot. After the
primary antibodies, sections were rinsed and incubated with
secondary antibodies for 2 h using a concentration of 1:100
for GluR4 and GluR1 or 1:50 for synaptophysin. The second-
ary antibodies were a Cy3-conjugated goat anti-rabbit IgG
for GluR1, a Cy3-conjugated rabbit anti-goat IgG for GluR4,
and a Cy2-conjugated goat anti-mouse IgG for synaptophy-
sin (Jackson ImmunoResearch Laboratories, West Grove,
PA) that were used to visualize the primary antibodies. After
incubation in the secondary antibodies, sections were rinsed,
mounted on slides, and covered with a coverslip. Images of
labeled neurons in the principal or accessory abducens
motor nuclei were obtained using an Olympus Fluoview
1000 laser scanning confocal microscope. Tissue samples
were scanned using a 60X 1.4 NA oil immersion objective
with dual excitation using a 488 nm argon laser and a 543 nm
HeNe laser. Quantification of punctate staining of at least
2-fold greater intensity above background was performed
using stereological procedures (23) with MetaMorph soft-
ware (Universal Imaging Corp., Downingtown, PA). Images
of two consecutive optical sections were taken using confo-
cal microscopy. Protein puncta were counted in one optical
section (sample section) if they were not present in the opti-
cal section immediately below the sample section (lookup
section) and if they were within the inclusion boundaries of
the unbiased counting frame. Colocalized staining indicat-
ing the presence of glutamate receptor subunits at synaptic
sites was determined when red and green puncta were imme-
diately adjacent to one another or if they were overlapping.
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Real-time RT-PCR—Total RNA was isolated from turtle
brain stems using TRI Reagent (Molecular Research Center,
Inc.). Real-time RT-PCR was performed using 50 ng of total
RNA per reaction. RNA was combined with primer/probe sets
and TagMan Gold RT-PCR master mix (Applied Biosystems,
Inc., Foster City, CA). Gene-specific primers and probes were
created for P. scripta elegans to total tTLL, both splice variants
tTLLs and tTLLc, and turtle actin, using the Primer Express
software (Applied Biosystems) as described previously (10).
Real-time assays were run on an ABI PRISM 7000 analyzer
(Applied Biosystems). The RT-PCR profile consisted of one
cycle at 48 °C for 30 min and 95 °C for 10 min followed by 40
cycles at 95 °C for 15 s and 60 °C for 1 min. The results of the
real-time RT-PCR were normalized to turtle actin. Samples
were confirmed to be free of DNA contamination by perform-
ing reactions without reverse transcriptase. All reactions were
performed twice on each preparation.

Oligomeric AB Cleavage Assay—Human synthetic oligo-
meric AB protein (rPeptide; 200 nM) and recombinant
proBDNF protein from turtles (50 nMm; 10) were incubated
together with increasing concentrations of recombinant tTLLs
(at0, 25, 35,50, 100, 150 nm) in 50 mm Tris-HCI, pH 7.5, 150 mm
NaCl, and 5 mm CaCl, for 1 h at 25 °C. Reactions were stopped
by adding SDS-PAGE loading buffer and boiling for 5 min.
Assay samples were subjected to SDS-PAGE using 15% gradi-
ent gels and stained by primary antibodies to amyloid 1-16
residues (6E10) and proBDNF/BDNF (catalogue number
20981; Santa Cruz Biotechnology). All reactions were per-
formed twice.

RESULTS

Conditioning Is Inhibited by Oligomeric but Not Fibrillar AB—
The effects of the different forms of AB (oligomeric, fibrillar,
and scrambled) on the acquisition of in vitro classical condi-
tioning were examined, and these data are summarized in Fig. 2.
Representative abducens nerve recordings are shown from a
preparation treated with 200 nm oligomeric A that blocked
the expression of CRs but left the unconditioned response unaf-
fected (Fig. 24, left panel) and a preparation incubated with 200
nM fibrillar AB that exhibited conditioning (Fig. 24, right panel,
CRindicated by the arrow). Summaries of the mean percentage
of CR acquisition for preparations that received conditioning or
pseudoconditioning stimuli and those treated with different
forms of AB are shown in Fig. 2B. Significant levels of CRs
usually begin to be acquired by the second pairing session in
normal, untreated preparations (Fig. 2B, C2; n = 10/group) as
compared with pseudoconditioning (Ps2; p < 0.0001). Bath
application of oligomeric AB 1.5 h prior to and during condi-
tioning resulted in no CR acquisition (Fig. 2B; p < 0.0001 versus
C2). In contrast, application of fibrillar or scrambled A re-
sulted in a level of CR acquisition similar to untreated prepara-
tions (Fig. 2B; p < 0.0001 for both groups versus Ps2). These
data provide strong physiological evidence that oligomeric but
not fibrillar AB suppresses the acquisition of in vitro classical
conditioning.

Oligomeric AB Suppresses BDNF Expression during Condi-
tioning—Previous studies showed that expression of BDNF sig-
nificantly increased during in vitro classical conditioning (10)
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FIGURE 2. Oligomeric but not fibrillar AB attenuates the acquisition of in
vitro classical conditioning. A, physiological records of abducens nerve
recordings taken from experiments in which brainstems were treated with
oligomeric orfibrillar AB. Both traces show an abducens nerve unconditioned
response recorded in the second pairing session after AB application. A CRis
indicated (arrow) in the record from a preparation treated with fibrillar AB.
The CSand US are indicated at bottom. B, acquisition curves of the percentage
of CRs during the acquisition phase of conditioning. Oligomeric (Oligo), but
not fibrillar or scrambled AB peptides, significantly suppressed acquisition of
CRs as compared with normal conditioning. Asterisks indicate significant dif-
ferences from pseudoconditioning (p values under “Results”).

and plays a key role in signal transduction events leading to
synaptic AMPA receptor incorporation and CR acquisition (8,
9). Here, we examined whether oligomeric A inhibits BDNF
signaling by reducing its level of expression. Preparations were
treated with oligomeric, fibrillar, or scrambled AB for 1.5 h
prior to and during two pairing sessions of conditioning and
subjected to Western blot analysis, which is summarized in Fig.
3 (n = 5/group). The level of BDNF was significantly reduced
after oligomeric A treatment as compared with normal con-
ditioning (ABO; p < 0.0001 versus C2). However, neither fibril-
lar (ABF; p = 0.002 versus Ps2) nor scrambled AB (ABS; p <
0.0001 versus Ps2) demonstrated any reduction in BDNF
expression during conditioning. These data indicate that oligo-
meric A treatment interferes with the expression of BDNF
during in vitro conditioning.

Effect of Oligomeric AP on Protein Kinase Phosphorylation
during Conditioning—Previously (24, 25), we showed that PKA,
CaMKII and CaMKIV, CREB, ERK, and the ¢ isoform of PKC
were activated during conditioning. To determine whether any
of these signaling pathways are affected by oligomeric A treat-
ment during conditioning, Western blot analysis was per-
formed. Incubation of preparations with oligomeric AB for
1.5 h prior to and during two sessions of conditioning strongly
inhibited the phosphorylation levels of CaMKII, CaMKIV,
CREB, and ERK (Fig. 4, B-E; n = 5/group; p < 0.003, ABO
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FIGURE 3. Oligomeric AB attenuates BDNF protein expression during
conditioning. Western blots demonstrating that preparations treated by
oligomeric AB (ABO; 200 nm) for two pairing sessions resulted in suppression
of BDNF protein expression are shown, whereas treatment with fibrillar (ABF)
or scrambled (ABS) AB showed levels of BDNF expression comparable with
normal conditioning (C2). Actin loading controls are also shown. % Ps, per-
centage of pseudoconditioning. Asterisks indicate significant differences
from pseudoconditioning (p values under “Results”).

versus C2). However, there was no significant effect of oligo-
meric AB on the phosphorylation of PKA (Fig. 44; p = 0.95,
ABO versus C2) or PKC{/A (Fig. 4F; p = 0.07, ABO versus C2).
In contrast, the phosphorylation levels of all of these signaling
proteins were unaffected by treatment with fibrillar or scram-
bled AB and showed high levels of activation after conditioning
similar to untreated preparations (Fig. 4, A-F, p < 0.05, ABF
and ABS versus Ps2). Taken together, treatment with oligo-
meric A selectively suppressed the activity-dependent phos-
phorylation states of several key protein kinases necessary for
AMPA receptor trafficking and acquisition of conditioning.
Importantly, however, the activity of two other kinases, PKA
and PKC{, at sites phosphorylated by 3-phosphoinositide-de-
pendent protein-kinase-1 (PDK-1) were unaffected by the
treatment. We confirmed that the conditioning-related in-
crease in expression of phosphorylated PDK-1 at Ser-241(rela-
tive to total PDK-1) was unaffected by treatment with oligo-
meric, fibrillar, or scrambled A3 as compared with conditioned
preparations (p = 0.42; data not shown).

A Tolloid-like Metalloproteinase Critical for Conditioning,
tTLLs, Is Not Suppressed by Oligomeric AB—Previously, we
showed that a secreted tolloid-like metalloproteinase in turtles,
tTLLs, is significantly up-regulated early in conditioning and
converts the precursor proBDNF into mature BDNF (10). The
conversion of proBDNF to the mature form is a critical step in
acquisition of conditioning. Because treatment of preparations
with oligomeric Af3 significantly suppressed activity of a num-
ber protein kinase signaling pathways described above, we
examined the effect of AB on the expression of tTLL. Because
specific antibodies for the tolloid-like proteins are not available,
expression of mRNA levels during conditioning and Af treat-
ment was determined by real-time RT-PCR (Fig. 5). After one
session of conditioning, the level of total tTLL and tTLLs
mRNA was significantly increased above pseudoconditioning
levels, whereas a cytosolic form, tTLLc, was not altered (Fig. 5,
n = 3/group; tTLLs, p < 0.0001, C1 versus Ps1; tTLLc, p = 0.51,
C1 versus Psl). After treatment with oligomeric A for 1.5 h
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followed by conditioning, tTLLs was still found to be signifi-
cantly elevated as compared with pseudoconditioning (p <
0.0001), whereas tTLLc was unchanged by the procedures.
Treatment of preparations with oligomeric A alone also failed
to alter expression levels of tTLL.

Oligomeric A Inhibits Synaptic Delivery of AMPA Receptors—
Immunocytochemistry and confocal imaging were performed
to assess the synaptic localization of AMPA receptors in abdu-
cens motor neurons under conditions in which brain stems
were incubated with oligomeric, fibrillar, or scrambled AB dur-
ing the conditioning procedures. Confocal images of punctate
staining for the different experimental groups are shown in Fig.
6A, and the results are summarized in Fig. 6B (n = 5/group).
Synaptic localization of GluR1- and GluR4-containing AMPA
receptors was determined by double-label staining of AMPA
receptor subunits (red puncta) with the presynaptic marker
synaptophysin (green puncta). Overlapping (yellow puncta) or
adjacent puncta indicated colocalization of AMPA receptor
subunits at synaptic sites. Conditioning resulted in significantly
enhanced punctate staining for synaptophysin (p < 0.0001, C2
versus Ps2) and colocalization of GluR1 (p < 0.0001, C2 versus
Ps2) and GluR4 AMPA receptor subunits (p < 0.0001, C2 ver-
sus Ps2) with synaptophysin as compared with pseudocondi-
tioning. Bath application of oligomeric A3 during conditioning
not only resulted in complete blockade of the acquisition of CRs
but also dramatically suppressed the levels of synaptophysin
(p < 0.0001, ABO versus C2) and the synaptic localization of
both GIuR1 and GluR4 AMPA receptors (p < 0.0001 and p <
0.0001, respectively, versus C2) as compared with the condi-
tioned group (Fig. 6). In contrast, fibrillar and scrambled AB
had no effect on conditioning-related changes in staining for
synaptophysin (p = 0.20, p = 0.69, ABF and AS, respectively,
versus C2) or synaptic delivery of GluR1 and GluR4 AMPA
receptors (GluR1, p = 0.56, p = 0.80; GluR4, p = 0.86, p = 0.47;
ABF and AS, respectively, versus C2). Because oligomeric A3
treatment reduced BDNF expression and BDNF has been pre-
viously shown to be essential for synaptic delivery of AMPA
receptors during conditioning, we examined whether inhibi-
tion of AMPA receptor trafficking by oligomeric A3 could be
rescued by coapplication of human recombinant BDNF. As
shown in Fig. 6, oligomeric A3 plus recombinant human BDNF
(100 ng/ml; Santa Cruz Biotechnology) resulted in increased
levels of synaptophysin (p < 0.0001) and synaptic incorpora-
tion of GluR1- and GluR4-containing AMPA receptors (GluR1,
p < 0.0001, GluR4, p < 0.0001, Oligo-A + BDNF versus Ps2)
that were similar to conditioned values. Collectively, these find-
ings strongly support the conclusion that disruption of AMPA
receptor synaptic delivery by oligomeric A is due, at least in
part, to disrupting BDNF signaling during conditioning.

In Vitro Cleavage Assays of Oligomeric AB and proBDNF by
tTLLs—Because some matrix metalloproteinases are known to
degrade AB (26), we determined whether the tolloid-like met-
alloproteinase tTLLs could also cleave oligomeric AB using in
vitro assays. Human synthetic oligomeric AB (200 nm) either
alone or with recombinant proBDNF from turtle and increas-
ing concentrations of recombinant tTLLs were incubated for
1 h at 25 °C. As shown in Fig. 7 (lower panel), there was a con-
centration-dependent degradation of oligomeric A into small
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FIGURE 4. Oligomeric A blocks the conditioning-related phosphorylation of some protein kinases but not others. Western blots show that treatment
with the oligomeric A for two pairing sessions inhibited the phosphorylation levels of CaMKII (B), CaMKIV (C), CREB (D), and ERK (E) to pseudoconditioned
values, whereas activation of PKA (A) and PKC{/A (F) was not significantly affected. Treatment with fibrillar or scrambled AB resulted in little change in the
elevated state of protein kinase phosphorylation as compared with normal untreated conditioning. % Ps, percentage of pseudoconditioning. Asterisks indicate

significant differences from pseudoconditioning (p values under “Results”).

NOVEMBER 5, 2010+ VOLUME 285+<NUMBER 45

JOURNAL OF BIOLOGICAL CHEMISTRY 34713



A Inhibits BDNF, AMPA Receptor Trafficking, and Conditioning

fragments by tTLLs with effective concentrations beginning at
25 nM (10 nM showed very little cleavage), and complete degra-
dation was observed at 50 nM. Similar results were observed
with human plasmin (not shown). Examination of the time
course of AB (200 nm) degradation by tTLLs (50 nm) in in vitro
assays showed that cleavage of oligomers is detectable after 45
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FIGURE 5. Real-time RT-PCR analysis of the level of the total tolloid-like
metalloproteinase (tTLL), cytosolic tTLL (tTLLc), and secreted tTLL (tTLLs)
mRNA shows that oligomeric A treatment does not reduce expression
of tTLLs. Preparations were conditioned (C7) or pseudoconditioned (Ps7) for
one pairing session in normal saline or treated with oligomeric A for the
same period of time and not conditioned (ABO) or conditioned in the pres-
ence of AB (CT+ARBO). Error bars are S.D. Asterisks indicate significant differ-
ences from pseudoconditioning (p values under “Results”).
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FIGURE 6. Synaptic localization of GluR1- and GluR4-containing AMPA receptors is inhibited by oligo-
meric Af3 treatment during conditioning and rescued by BDNF. A, confocal images of GIuR1 or GluR4 AMPA
receptor subunits (red) and colocalization with synaptophysin (Syn; green) punctate staining. Overlapping
(yellow) or adjacent puncta indicate colocalization. C2, normal conditioning. B, quantitative analysis of colocal-
ized staining for GIuR1+Syn or GluR4+Syn for the different treatment groups. Treatment with oligomeric A
during conditioning resulted in inhibition of CRs and synaptic delivery of GIuR1 and GluR4 subunits, whereas
application of fibrillar or scrambled AB resulted in CR expression and levels of colocalized staining similar to
untreated conditioned preparations. The inhibition of colocalized staining observed after oligomeric A treat-
ment was reversed by coapplication of oligomeric AB with BDNF. Scale bar = 2 um. Asterisks indicate signifi-

cant differences from pseudoconditioning (Ps2) (p values under “Results”).
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min and is complete by 1 h of incubation (data not shown).
Interestingly, determination of the levels of proBDNF and
mature BDNF in these same assays showed that higher concen-
trations of tTLLs starting at 100 nm were required for conver-
sion of turtle proBDNF into BDNF (Fig. 7, upper panel). These
results suggest that tTLLs preferentially degrades n-meric
forms of A, the most toxic forms, at far lower concentrations
than proBDNF.

Oligomeric A Interferes with Proteolytic Conversion of BDNF
in Brainstem Preparations—Previously, we showed that incu-
bation of preparations in tTLLs alone resulted in expression of
mature BDNF (10). To determine whether there was any appar-
ent competition between oligomeric A and proBDNF for
cleavage by tTLLs in brainstem preparations, they were incu-
bated either for 3 h in tTLLs (20 nm) alone or in oligomeric Af3
(200 nm) for 1.5 h followed by tTLLs for an additional 3 h (Fig.
8). Western blot analysis confirmed that incubation of brain-
stems in tTLLs resulted in expression of BDNF. However, the
addition of oligomeric A resulted in a significant reduction in
the production of BDNF by tTLLs (Fig. 8 p = 0.04, n =
3/group).

DISCUSSION

Using an in vitro model of classical conditioning, application
of oligomeric Af3 blocked acquisition of conditioning that was
associated with inhibition of mature
BDNF protein expression, sup-
pressed phosphorylation of key
signal transduction elements, and
reduced AMPA receptor synaptic
delivery. Our previous studies
(8-10) revealed a critical role for
BDNF signaling in AMPA receptor
trafficking during conditioning.
Therefore, the AB-induced inhi-
bition of synaptic incorporation of
these receptors is a likely conse-

ABO+BDNF

Ops2 quence of the significant reduction
B Cligorneric il in BDNF. Phosphorylation of the
® Fibrillar Ap critical protein kinases CaMKI],

B Scrambled AP
B O0ligo AB+BDNF

CaMKIV, CREB, and ERK was also
reduced by oligomeric AB that
contributed to inhibition of BDNF
expression and AMPA receptor
trafficking. Importantly, we also
found that oligomeric A3 appears to
interfere with the normal function
of a learning-induced extracellular
tolloid-like protease, tTLLs, which
is to cleave proBDNF to mature
BDNF. Therefore, the reduction in
mature BDNF induced by AB may
be a secondary effect of its ability
to “bait” proteolytic processing
machinery away from its normal
targets during learning.

We previously reported that syn-
aptic delivery of GluR1-containing

GluR4+Syn
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FIGURE 7. The tolloid-like metalloproteinase, tTLLs, cleaves oligomeric
Ap at lower concentrations than proBDNF in in vitro cleavage assays.
Synthetic human oligomeric AB was incubated either alone or with recombi-
nant turtle proBDNF and increasing concentrations of tTLLs for 1 h at 25 °C.
Soluble AB, particularly the oligomeric forms, was likely cleaved into small
fragments by tTLLs, which was complete at 50 nm. In the same assays, tTLLs
began to cleave proBDNF into BDNF at about 100 nm. /B, immunoblot.

AMPA receptors to activate silent auditory nerve synapses
occurs during early stages of conditioning. This step is followed
by synthesis and insertion of GluR4 AMPA receptor subunits
that support the acquisition of CRs (24, 25, 27). The mature
form of BDNF is required for delivery of AMPA receptors and
subsequent CR acquisition (8 —10). The present study shows
that oligomeric A, but not the less toxic fibrillar form, signif-
icantly inhibits the synaptic delivery of GluR1- and GluR4-con-
taining AMPA receptors during conditioning. Significantly,
preincubation of preparations with BDNF reversed the effects
of oligomeric AB on AMPA receptor trafficking and condition-
ing. Consistent with these findings, studies using transgenic
mice that overexpress APP showed deficits in learning behav-
ior, long term potentiation, a selective reduction in AMPA
receptor-mediated currents, and decreased synaptic AMPA
receptor number (2-5). Evidence suggests that the AB-induced
decline in synaptic AMPA receptors may be achieved through
endocytotic or apoptotic pathways (5, 28). For example, Af3
overexpression resulted in AMPA receptor endocytosis and
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FIGURE 8. Incubation of in vitro brainstem preparations in tTLLs resulted
in expression of mature BDNF protein that was inhibited by oligomeric
AB. Western blots of proBDNF and mature BDNF show expression of BDNF
protein after incubation in tTLLs alone. Incubation in tTLLs and oligomeric A
(200 nm) resulted in significant attenuation of BDNF expression. Asterisks indi-
cate significant differences from pseudoconditioning (p values under
“Results”).

depression of synaptic transmission (5). On the other hand,
activation of cysteine proteases called caspases by A results in
impairment in CA1 hippocampal long term potentiation (29),
possibly by suppressing AMPA receptor trafficking (28), al-
though the mechanisms are not well understood. These studies
support the idea that oligomeric A disrupts learning by inter-
fering with AMPA receptor synaptic delivery.

Activation of BDNF and AMPA receptor synaptic incorpo-
ration during in vitro classical conditioning requires a number
of signal transduction molecules. As we reported earlier (25),
conditioning involves the early activation of PKA, CaMKII,
CaMKIV, and CREB followed by expression of mature BDNF
and activation of ERK to trigger AMPA receptor synaptic deliv-
ery. Here, we observed that oligomeric A treatment signifi-
cantly inhibited the phosphorylation of many of these key signal
transduction elements, namely CaMKII (Thr-286), CaMKIV
(Thr-196), CREB (Ser-133), and ERK (Thr-183/185). However,
the conditioning-induced increase in phosphorylation levels
of PKA (Thr-197) and PKC{/A (Thr-410/403) remained un-
changed. In agreement with these findings, A application to
hippocampal slices inhibited activity-dependent phosphoryla-
tion of CaMKII (Thr-286) and GluR1 (Ser-831) at the CaMKII-
dependent site, but the phosphorylation state of GIuR1 (Ser-
845) at the PKA site was unchanged (30). Townsend et al. (31),
using pharmacological stimulation of hippocampal cell cul-
tures treated with soluble A, also reported disrupted activa-
tion of CaMKII (Thr-286), ERK (Thr-202/Tyr-204), and Akt/
PKB (Ser-473), whereas PKA and PKC (Ser-660; their antibody
recognized multiple isoforms of PKC but not A or {) showed
normal activation. Recently, Gu et al. (4) reported that the
phosphorylation level of CaMKII (Thr-286) was significantly
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reduced in synaptosomal fractions from APP transgenic mice.
There is disagreement concerning the effect of oligomeric A3
treatment on the activity of ERK. Rat hippocampal slice cul-
tures exposed to 1 mm A oligomers for 10-24 h induced ERK
activation accompanied by cell death (32). Furthermore, hip-
pocampal slices exposed to 100 nm A oligomers increased
ERK activity after 5 min, but long term exposure led to a later
peak in ERK activation after 8 h followed by down-regulation
(33), suggesting that different AB preparations, concentration,
and treatment protocols contribute to differential effects on
ERK activation. Significantly, exposure of brain stem prepara-
tions to oligomeric AB had no negative impact on phosphor-
ylation levels of PKA (Thr-197) or PKCZ/A (Thr-410/403),
although conditioning was suppressed. Both of these sites are
targeted by PDK-1. We confirmed that the conditioning-re-
lated increase in expression of phosphorylated PDK-1 at Ser-
241 was not significantly affected by oligomeric A treatment.
It was reported that phosphorylation of Akt/PKB (Ser-473),
another PDK-1-dependent kinase, was inhibited by A in
mouse neurons, but the site examined was not the PDK-1-sen-
sitive site (31). Interestingly, a Chinese medicinal herb (olean-
der) was reported to have neuroprotective effects on cortical
cell cultures from A toxicity and acts to inhibit caspase-3
activity and stimulate phosphorylation of PDK-1 (34). During
in vitro classical conditioning, activation of PDK-1 is the earli-
est identified phosphorylation event following paired CS-US
stimulation and is key for downstream activation of PKA and
PKC. However, activation of these kinases alone is not sufficient
for AMPA receptor synaptic delivery and acquisition of condi-
tioning. Other steps in this signal transduction cascade are
clearly required, possibly the combined activation of PKA with
CaMKIL

Expression of BDNF has been shown to be significantly
reduced in AD and mildly cognitively impaired patients (12—
16). Recently, the BDNF gene delivered into amyloid-trans-
genic mice was found to reverse synapse loss, result in partial
recovery of synaptic markers, and restore learning and memory
(35). BDNF also plays a critical role in regulating expression and
synaptic delivery of AMPA receptor subunits (6—10). There-
fore, the reduction in BDNF levels associated with AD and its
link to AMPA receptor trafficking may be an underlying mech-
anism for deficits in learning and memory. What leads to the
AB-induced decline in BDNF protein? There is a diverse set of
extracellular proteolytic enzymes, such as matrix metallopro-
teinases, insulin-degrading enzyme, and plasmin, that have
been shown to degrade aggregated forms of AB (26, 36,37). Our
study revealed that an extracellularly secreted tolloid-like met-
alloproteinase, tTLLs, degrades oligomeric A, especially the
dimers and trimers, into small fragments in in vitro assays. In
normal conditioning, tTLLs mRNA is transiently expressed in
the early stages of conditioning and functions to convert the
precursor proBDNF into mature BDNF, which is required for
AMPA receptor synaptic delivery (10). In the presence of oligo-
meric AB, tTLLs is still expressed but appears to preferentially
cleave AP instead of proBDNF, resulting in reduced levels of
BDNF. Consistent with this finding, brain stem preparations
incubated in recombinant tTLLs alone expressed high levels of
BDNF protein. However, the addition of AB to the medium
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significantly attenuated BDNF expression. Therefore, oligo-
meric AB may compete with proBDNF as a target for cleavage,
thereby reducing BDNF protein expression. An alternative
to alterations in proteolytic processing as an explanation for
reduced BDNF protein is that AB affects transcriptional con-
trol. Using human neuroblastoma SH-SY5Y cells, oligomeric
AP resulted in decreased levels of specific BDNF mRNA tran-
scripts (15). In our preparation, the overall level of proBDNF
protein did not change after AB treatment, but we did not
detect individual mRNA transcripts to determine whether they
are selectively regulated during learning or by AB. In humans
and rodents, there are a number of identified transcripts pro-
duced by the BDNF gene controlled by separate promoters (38)
that have the ability to produce mature BDNEF. There are also
multiple transcripts of BDNF mRNA in turtle.®> The details of
how these are independently regulated in learning and affected
by AB require further study.
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