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ABSTRACT OF THE THESIS
Alzheimer’s Disease Decreases Surface Glutamate Receptors By
Regulating Actin Stabilization
by
Vishnu Parthasarathy
Master of Science in Biology
University of California, San Diego, 2012

Professor Shelley Halpain, Chair

The early stage cognitive deficits in Alzheimer’s disease (AD) have been
attributed to soluble, oligomeric forms of Amyloid B (sAB) and its effect on synaptic
structure, function glutamate receptor content. Excitatory synapses in the brain mainly
reside on dendritic spines. Their synaptic activity involves ionic currents that are
mediated by glutamate receptors. Dendritic spines are rich in the cytoskeletal component
actin, which mediates spine stability and morphology as well as anchors receptors to the
spine surface. We observe that sAB reduces the expression of total and surface glutamate
receptors through a mechanism that involves an increase in the activity of cofilin, an actin
severing protein. In addition, we show that inhibition of cofilin’s F-actin severing activity
prevents the decrease in surface glutamate receptor expression witnessed in the presence
of sAB. This provides a novel mechanism behind sAB-induced synaptic dysfunction in

Alzheimer’s Disease.
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I:

Introduction



Alzheimer’s Disease is the most common form of dementia with a prevalence rate
of 60-80% in adults over the age of 65 (Plassman et al., 2007). It is characterized by a
progressive decline in cognitive and memory functions, which have been attributed to
soluble, oligomeric forms of Amyloid-B (sAB) and its effect on synaptic function (Selkoe
et al., 2002). Low-concentrations of cell-derived sAB have been shown to induce changes
in dendritic spine stability and morphology (Calabrese et al., 2007; Shankar et al., 2008).
Functionally, sAB attenuates synaptic plasticity by inhibiting long-term potentiation
(LTP) and enhancing long-term depression (LTD) of glutamatergic transmission
(Klyubin et al., 2005, Wei et al., 2007, Venkitaramani et al., 2007) along with inducing
memory and learning dysfunction in animal models (Clearly et al., 2005). Although
various studies show the effects of SAB on synaptic structure and function, the molecular
mechanisms behind these changes remain unknown.

Glutamatergic receptors reside mainly on synapses and are important for synaptic
plasticity mechanisms including those underlying LTP and LTD and provide a neuronal
basis for learning and memory (Morris et at. 2003). These receptors transmit excitatory
signals that produce a depolarizing current in the postsynaptic neuron in response to
presynaptic activation. The two main ionotropic glutamate receptors are AMPA and
NMDA. AMPARs are the most commonly found receptors in the nervous system. They
are heterotetrameric consisting of an obligatory GluA2 subunit with a combination of
GluAl, 3 or 4 subunits (Greger L.LH. et al.,, 2007). NMDA receptors are also
heterotetrameric complexes and contain two obligatory NR1 subunits with a combination
of NR2A-D or NR3 subunits (Cull-Candy S. et al., 2001). These subunits are regulated

spatially and developmentally with NR2B receptor subunits being preferentially located



in extrasynaptic regions of the neuron (Stocca et al., 1998, Rumbaugh et al., 1999, Tovar
et al., 1999). While the consequences for synaptic plasticity (LTD, LTP, and
depotentiation) of the potential differential localization of NR2A- and NR2B-containing
NMDARSs are not known, these receptors have been shown to traffic across the synapse
in response to synaptic activity and also mediate the excitability of excitatory synapses
(Shepard J.D. et al., 2007, Newpher T.M. et al., 2008).

Previous research has shown that sAf alters both the distribution and function of
these receptors. Using biochemical and in-situ hybridization techniques, Mishizen-Eberez
et al. (2004), showed that protein levels and mRNA expression for NR1/2B subunits were
significantly reduced, while the NR2A subunit mRNA expression and protein levels were
unchanged in the brain. In addition, whole cell patch clamp recordings by Snyder et al.
(2005) showed that stimulation of NR1/NR2B receptors with NMDA/glycine revealed a
decrease in NMDA-evoked currents in cells pre-exposed to synthetic AB. This was also
confirmed by Cissé et al. (2011) who showed that synthetic AB decreased surface NR1
concentrations through a mechanism that involved interaction with the EphB2 receptor.
Looking at A3 and AMPA receptors, Hsieh et al. (2006) showed that AMPA receptor
removal underlies AB-induced synaptic depression and spine loss.

Glutamate receptor expression at the synapse plays an important role in neuronal
plasticity mechanisms like LTP and LTD (Shepard J.D. et al., 2007, Keifer J. et al. 2010)
Consistent with the changes in expression levels of glutamate receptor subunits, it is
plausible that the synaptic dysfunction seen under sARB could be occurring due to an
alteration in glutamate receptor trafficking to and from the synapse. Changes in AMPA

receptor trafficking at the synapse of dendritic spines has previously been observed in



response to LTP induction and activation of NMDA receptors. In response to LTP,
AMPA receptors traffic to the surface of the spine. (Shi S., et al., 1999). Receptors on the
surface of the dendrite are considered functional as they respond to synaptic stimulation.
Internalized receptors on the other hand are non-functional and are often located in
intracellular pools. Experiments by Snyder et al. (2005) showed that application of
synthetic sAB decreases surface levels of NMDA receptors by promoting receptor
endocytosis. Glutamate receptor endocytosis under sAf3 could be an underlying factor
behind the inhibition of synaptic plasticity mechanisms like LTP.

It is important, however, to note that many of the studies mentioned above were
conducted using synthetic oligomers of sAB. These require at lease a 2-fold magnitude of
higher concentrations of A as well as longer incubation times. In our experiments, we
used pathological concentrations of cell-derived sAB-42 as this more closely represents
the endogenous form of A} found in the Alzheimer’s Disease brain (Selkoe et al., 2002).
We look at the rapid effects of sA with 2 hour incubation period to study the early stage
effects of sAB on synaptic dysfunction.

While we are aware of some of the effects of sAB on glutamate receptor
trafficking across synapses, the molecular mechanisms behind its modulation of the
addition or removal of these receptors still remains unclear. We therefore first
systematically characterized the surface and total glutamate receptor subunit expression
of hippocampal neurons exposed to physiological concentrations of sAB. This is the first
study to do a extensive analysis of the effects of SAB on individual glutamate receptor
subunits. Our results show that sAB decreases the surface expression of all glutamate

receptor subunits while decreasing the total values of the NMDA receptor subunits.



Studies have pointed to changes in actin dynamics as a possible mechanism
behind the changes in glutamate receptor density at the synapse. In a review, Derkachet
al. (2007) mentions that synaptic strength is correlated with glutamate receptor density,
which in-turn is dependent on filamentous actin (F-actin) assembly. Dendritic spines are
rich in F-actin and it is plausible that changes in actin dynamics could play a direct role in
regulating the addition and internalization of these receptors. We hypothesize that sAR
decreases glutamate receptor expression in neurons by decreasing actin stability. Through
our experiments, we find that sA reduces the F-actin concentration of dendritic spines
and that these decreases in actin concentration and glutamate receptor expression under
sAB occur due to changes in the activation level of cofilin, an F-actin severing molecule.
By decreasing cofilin’s F-actin severing activity, we not only prevented the decrease in F-
actin concentration in dendritic spines of cells incubated with sAR, but also prevented the
sAB induced loss of surface glutamate receptors. These findings may provide to a

possible drug target for future treatments for Alzheimer’s Disease.



II:

Results



In our experiments we use hippocampal cultures from rat brains that are 21 days
in vitro (DIV), a point at which neurons are mature both in morphology as well as
synaptic transmission. Secondly, the sAB-conditioned medium that we incubate our
neurons in contains mainly oligomeric forms of AB that have been shown to correlate
directly with synaptic dysfunction. We added pathological concentrations (150 — 200 pM)
of sAB to our cultures for only 2 hours prior to fixation since previous experiments by
Calabrese et al., (2007) showed that you see extensive dendritic spine loss and changes in
spine morphology within this time frame. The natural secreted AR that we use can be
administered at much lower concentrations than synthetic forms of AB, thereby allowing
us to mimic the levels of AB that Alzheimer’s Disease brains might be reasonably
exposed to. All experiments reflect the effect of low concentrations on the early effects of

SAB.

SAB reduces surface expression of all AMPA and NMDA glutamate receptor
subunit clusters

To elucidate the effects of sAB on glutamate receptor expression, we first
comprehensively characterized the surface expression levels of glutamate receptor
subunits. Surface receptors were specifically detected by not permeablizing the
membrane before antibody application and by using antibodies that specifically
recognized only surface epitopes of glutamate receptor subunits. Dissociated rat
hippocampal cultures (21-days in vitro) were transfected with eGFP and incubated with
150-200 pM of sAB 48 hours later for 2 hours. We found that selective staining for

surface NR1, NR2A, and NR2B receptor subunits following exposure to sA showed



statistically significant decreased in the area, integrated intensity and density of surface
clusters (Fig 1B-D).

For AMPA receptors, the size, number and fluorescence intensity of surface
GluAl subunit clusters decreased (Fig 1B-D). GluA2 antibody staining revealed a
decrease in size and density of the GluA2 clusters in the presence of sAB. However,
fluorescence intensity remained unchanged. Our results therefore show that sAB

decreases surface values of glutamate receptor subunits.

SAR reduces total values of NR1, NR2A, and NR2B receptor subunits in dendrites

Based on this data, we next looked at changes in the total level of glutamate
receptor subunits. This data could be compared with surface values and prove useful in
determining whether glutamate receptors are endocytosed or degraded with sAB
application. Total receptor values were obtained by permeablizing the membrane prior to
antibody application. Staining for total receptor subunit values for each individual
glutamate receptor subunit we observed that sAB decreased the total values for the
amount and concentration of NR1/2A and increased the amount and concentration of
NR2B clusters. Soluble A3 also decreased the total density of NR1 and NR2A/B clusters
(Fig 2A-C). These data shows that for NR1, NR2A, and NR2B receptor subunits, both
the total and surface level cluster numbers decrease in the presence of sAB.

For AMPA receptors, changes in total values for GluAl receptors did not mimic
that of surface values; where the size, fluorescence intensity, and number of clusters
remain unchanged in the presence of sAB (Fig 2A-C). Staining for the GluA2 receptor

subunit showed a decrease in amount and concentration, but failed to show any decrease



in the number of clusters with sA3 application. However, sAf did decrease the size and
fluorescence intensity of these clusters. We see that while sAB decreased the surface
levels of the GluA1l and GluA2 subunit, it did not affect total cluster population. Due to
the extremely short time course of sAB application and low concentration of sAf used, it
is plausible that the failure to see a decrease in the total value of the AMPA receptor
subunits may be a temporal effect with total values decreasing over a larger time interval.
Further experiments with different time courses are required to determine the temporal
effect of sA3 on total AMPA receptor values.

Lastly, staining for PSD-95, a post synaptic scaffolding protein that binds to
NMDA receptors, revealed that PSD-95 area, concentration, and density levels did not
change with sAB incubation (Fig 2A-C). This result is consistent with previous findings
that loss of PSD-95-eGFP enrichment is not a prerequisite for spine retraction and that
PSD-95-eGFP continues to be enriched in the shaft of the dendrite following spine
elimination (Woods et al., 2011). Similarly, in this case, sAB induced spine elimination

did not alter PSD-95 levels.

SAR causes a decreases in the F-actin concentration of dendritic spines

Having characterized the effect of sAB on both the total and surface levels of
glutamate subunits in hippocampal cultures, we next conducted experiments to elucidate
a mechanism behind the observed decrease in the surface glutamate receptor population
with sAB application. We first focused on actin, a cytoskeletal component of dendritic
spines that has been previously shown to play a role in stabilizing glutamate receptors

on the surface of dendritic spines (Zhao et al., 2001). Neurons were transfected with an
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eGFP cell filler and stained with phalloidin, a fungal toxin that binds F-actin. A
quantification of the staining in individual dendritic spines of neurons incubated with

sAB revealed that sAB decreased the average F-actin concentration of dendritic spines

by 20 percent. (Fig 3A).

LIM Kinase overexpression rescues sA} induced decrease in actin concentration of
dendritic spines

The decrease in F-actin concentration allowed us to determine if actin-regulating
factors were behind the synaptic effects induced by sAB. Of the several actin-regulating
factors present in dendritic spines, we focused our attention on cofilin, an F-actin
severing molecule. Cofilin plays important roles in both actin polymerization and
depolymerization. In depolymerization, cofilin severs actin creating more free barbed
ends (FBEs) and G-actin/cofilin complexes. When cofilin is phosphorylated, this G-
actin/cofilin complex dissociates releasing cofilin and G-actin monomer (Fig 4B). In
polymerization, with help of additional proteins, the free barbed ends that cofilin creates
by severing actin provide new sites for actin polymerization (Fig 4A). Rust M.B. et al
(2010) showed that cofilin is required for proper AMPA receptor (AMPAR) diffusion
from extrasynaptic to synaptic regions. In addition, Gu J., et. al., (2010) have shown that
cofilin-mediated actin dynamics regulate AMPAR trafficking during synaptic plasticity
and increases in cofilin activity upregulates insertion of AMPARSs to the spine surface
during LTP. With regards to Alzheimer’s Disease, Zhao et al., (2006) showed that there
are increased levels of cofilin in the AD brain. Shanker et., al (2007) also showed that

inhibiting cofilin activation through expression of a constitutively inactive form of cofilin
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prevented sAB induced spine loss. Lastly, previous research in our lab has shown that
sAB increases the active form of cofilin and alters actin populations by increasing the
ratio of dynamic versus stable F-actin in a manner that favors the dynamic pool relative
to the stable pool. (data not shown).

In order to modulate actin stability, we decided to decrease cofilin’s F-actin
severing activity. We did this by overexpressing LIM kinase, an upstream kinase and
regulator of cofilin. LIMK phosphorylates cofilin at Ser-3 and thereby inactivates its
ability to bind and sever F-actin (Lin et al., 2010). Neurons were transfected with 6ug
eGFP and 6ug LIMK prior to a 2 hour sAB application and fixation and were stained
with phalloidin. To assess the effect of LIMK overexpression on actin concentration
levels in dendritic spines, we quantified the levels of phalloidin staining in individual
dendritic spines. LIMK overexpression prevented the sAB induced decrease in actin
concentration of dendritic spines, pointing to an active role of LIMK in preventing loss
of actin in the presence of sAB (Fig 3B). It should be noted however that LIMK
overexpression significantly increased the baseline control concentration for actin in
dendritic spines. This suggests the possible role of other pathways in regulating actin
content in dendritic spines under sAB. Further experiments will be needed to assess

these additional pathways.

LIM Kinase overexpression prevents sAB induced decrease in surface NMDA
receptor subunits
Having observed the effect of LIMK in preventing the sAB-induced decrease in

actin concentration of dendritic spine, we therefore tested whether overexpression of
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LIMK prevented the sA induced decrease in the surface levels of the NMDA receptor
subunit clusters as well. We focused this study on NMDA receptors NR1 staining
showed the most prominent changes in receptor expression with sAB. LIMK was
overexpressed in dissociated hippocampal cultures prior to sAB exposure. In the absence
of LIMK overexpression, we observed a significant decrease in the density of the
surface levels of the NR1, NR2B, and NR2A subunits in the presence of sAB (Fig 5 A,
B, C). However, when cofilin activity was suppressed by increased LIMK expression,
sAB application failed to induce any changes to the density of all surface NMDA
receptor subunits (Fig 5 A, B, C). These data indicated that cofilin activity induced by

sAl may underlie the loss of surface NMDA receptors.
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Figure 1. sAB decreases size, intensity, and number of surface glutamate receptor subunit
clusters.

(A) Representative picture of a hippocampal neuron transfected with eGFP
(green) as cell filler and immunostained for the NR1 subunit (red). Inset
shows a close up of NR1 Clusters

(B,C,D) Quantification of area (B), fluorescence intensity (C), and cluster density
(D) of surface GluR1, GluR2, NR1, NR2A, and NR2B receptor clusters in
cells incubated with control (CHO.CM) or sAB (7PA2.CM-150 pM)
medium for 2 hours. Immunofluorescence was determined on thresholded

images using a routine in ImageJ.
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Figure 2. sA decreases total NMDA subunit clusters

(A,B,C) Quantification of area (A), fluorescence intensity (B), and cluster density
(C) of total GluR1, GIuR2, NR1, NR2A, NR2B and PSD-95 clusters in
cells incubated with control (CHO.CM) or sA3 (7PA2.CM-150 pM)
medium for 2 hours. Immunofluorescence was determined on thresholded

images using a routine in ImageJ.
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Figure 3. sAB decreases F-actin concentration which is prevented by LIMK
overexpression
(A) Quantification of phalloidin fluorescence intensity over area of dendritic
spines from neurons incubated with control (CHO.CM) or sAB (7PA2.CM-
150 pM) medium for 2 hours. Immunofluorescence was determined on
thresholded images using a routine in Image]. F-actin concentration
decreases with sAB application
(B) Quantification of phallodin fluorescence intensity over area of dendritic
spines from control neurons and neurons with LIMK overexpression with
control (CHO.CM) or sAB (7PA2.CM-150 pM). LIMK overexpression

prevented sAB-induced decrease in F-actin concentration
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Figure 4: A model of cofilin activity modified from Oser et al., (2009)

(A) In polymerization, with help of additional proteins, the free barbed ends that
cofilin creates by severing actin provide new sites for actin polymerization.

(B) In Depolymerization, cofilin severs actin creating more Free Barbed Ends
(FBEs) and G-actin/cofilin complex. When cofilin is phosphorylated this

complex dissociates releasing cofilin and g-actin monomers.
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Figure 5. LIMK Overexpresession prevents sAB induced decrease in the density of
surface NMDA receptor subunit clusters.

(A,B,C) Quantification of density on clusters of surface NR1 (A), NR2A (B) and
NR2B (C) receptor subunits from neurons transfected with eGFP (cell
filler) and LIM Kinase prior to incubation in control (CHO.CM) or sAb
(7PA2.CM-150 pM) medium for 2 hours. Density of thresholded clusters
containing NR1 fluorescence was calculated using routines in ImageJ and

Neuronl.
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This study is aimed to comprehensively assess the short-term effect of
physiological concentrations of cell derived sAB on expression levels of glutamate
receptor subunits. I found that both surface AMPA and NMDA receptor subunits were
reduced significantly in the presence of sAB. Additionally, this decrease in glutamate
receptor expression was coincident with a decrease in F-actin concentration in dendritic
spines. These effects were prevented by LIMK overexpression, suggesting that sAf

decreases glutamate receptor expression on dendritic spines by altering actin stability.

Cell derived sARB decreases surface glutamate receptors

Numerous studies indicate that AP peptides are important for initiating the
pathogenesis of Alzheimer’s disease (Walsh et al., 2004). While the mechanisms by
which this occurs are not known, experiments with the application of synthetic forms of
Amyloid  have indicated that decreased glutamate receptor expression levels could be
responsible for the memory impairments seen in the early stages of Alzheimer’s disease
(Mishizen-Eberez et al. (2004), Snyder et al. (2005)). However, for synthetic peptides to
have an effect, they require much higher concentrations of AB along with longer
incubation times. In our experiments, to more closely mimic in vivo conditions, we chose
to use a soluble cell derived form of Amyloid B and study its effects on surface and total
glutamate receptors. The focus on surface receptors is based on the accepted assumption
that only surface receptors participate in synaptic transmission. Staining dissociated
hippocampal neurons for specific AMPA and NMDA surface receptor subunits after a
short two hour incubation period with sAB, we observed a significant decrease in

expression levels in all surface glutamate receptor subunits in comparison to those in
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neurons incubated in a control medium. This data is consistent with previous experiments
performed with synthetic forms of AB.

However, it is important to note that only total levels of NMDA receptor subunits
decreased in the presence of sAB, while leaving the total AMPA subunit expression levels
unchanged. This different effect of sA on total levels of AMPA versus NMDA receptors
could reflect a difference in the way receptors are regulated when endocytosed from the
synapse. Due to the short incubation period with sAB prior to fixation, we may be failing
to see a change in the total levels of AMPA receptors due to a possibly larger time course
required for the endocytosis of AMPA receptors compared to their NMDA receptor
counterparts. On the other hand, AMPA receptors may remain intact when they are
endocytosed into the cytosol, allowing antibodies that permeate the membrane to bind
them, while NMDA receptors are immediately degraded following a sAB-induced
endocytosis.

It is also important to keep in mind that because the experiments thus far are
conducted on fixed samples, they do not directly propose a mechanism by which
glutamate receptors disappear from the surface of dendritic spines. Other studies suggest
NMDA receptors are in fact endocytosed (Snyder et al., 2005). Further experiments will
have to be conducted to elucidate the mechanism behind the mechanism of glutamate

receptor removal from the synapse.

SAR decreases NMDA receptor expression by modulating F-actin stabilization
Based on F-actin presence in dendritic spines, we hypothesized that sAR

decreased glutamate receptor expression by modulating F-actin stability. We observed
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that sAB not only affected glutamate receptor expression levels, but also significantly
decreased F-actin concentration levels in dendritic spines. We found that inactivation of
cofilin prevented both the decrease in glutamate receptor expression and actin
concentration induced by sAB. Overexpression of LIMK, an upstream kinase that
phosphorylates and inactivates cofilin, not only prevented the sAB induced decrease actin
concentration of dendritic spines, but also prevented NMDA receptor subunit expression
levels from decreasing. This data points to a possible role of actin stabilization in
modulating sAB induced changes in glutamate receptor trafficking across the dendritic
spine surface and could provide a possible drug target for Alzheimer’s Disease

treatments.

Looking Forward

In addition to observing the effects of sAB application on glutamate receptor
expression and F-actin concentration, we also noticed that sAB induces heterogeneous
changes in dendritic spine morphology, causing spines to either shrink, elongate or
remain unchanged (Supplementary Fig 1). No study to date has looked at the molecular
mechanisms behind these early and varied morphological changes nor tested if they are
indicative of synaptic dysfunction, or how they relate to actin regulation. Answers to
these questions may help us prevent these changes or even to determine which spines
may be resistant to sAB insult. To study this, we first tested the effect of sAB on spine
morphology. In preliminary experiments, we looked at how sAB affects spine subtype
categorization in hippocampal neurons. By measuring their length, neck width, and head

width, we categorized dendritic spines into four different subtypes: mushroom, stubby,
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thin, and filiapodia (Supplementary Fig 2A-D). When incubated with sAB for two hours,
neurons exhibited a significant decrease in mushroom type spines while the number of
thin and filopodia type spines increased (Supplementary Fig 3). Further analysis of sA8’s
effect on morphology could help us understand whether certain types of spines are more
resistant to sAB compared to others.

We would like to begin addressing whether a spine’s subtype classification is a
determinant of sAB effect on it. Does the initial morphology of the spine determine
whether it will shrink, elongate or remain unchanged in the presence of sAB? Is spine
resistance to sAB dependent on actin as well? Future experiments will strive to answer
whether LIMK overexpression will prevent the changes in spine morphology and subtype
observed with sARB. Lastly we hope to tie sAB’s effect on glutamate receptor trafficking,
actin concentration, and spine morphology into a model that gives us a clear
understanding of the pathophysiology of Alzheimer’s disease in the hopes of proposing

possible treatments to prevent its early stage manifestations.
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Preparation of natural A

Natural AP was prepared according to Walsh et al. (2002a). Regular CHO cells
(control Chinese hamster ovary cells) or CHO cells expressing APP V717F mutation
(referred as 7PA2 cells) were grown to confluency. Neurobasal medium (plus B27) was
conditioned by incubation for 16 h with the cells, then cleared of cells and debris (200%g,
10 min, 4 °C), flash frozen in aliquots and kept at =80 °C prior to application to neuronal
cultures. Total AP concentration was established by Enzyme- linked immunosorbent
assay (ELISA) for AP using monoclonal antibody Ab9 as capture (Levites et al., 2006)
and biotin-coupled 4G8 (Signet Labs, Dedham, MA) as reporter. The cells were grown
and the media was collected in our lab. The ELISA was performed by the laboratory of

Eddie Koo at UCSD.

Hippocampal culture transfection and A} application

Hippocampal cultures were prepared according to Calabrese and Halpain (2005) at
a density of 300 cellssmm® and maintained in neurobasal medium (GIBCO),
supplemented with B27 (Invitrogen) and 0.5 mM L-glutamine (Sigma). Neurons were
transfected at 21 days in-vitro (DIV) using calcium phosphate precipitation, with 6ug
eGFP-N1 or 6ug of eGFP and 6pg LIM Kinase per 1.9cm” well plate. Cells were
incubated with the transfection mixture for 3 h in a 5% CO, incubator at 37 °C, washed
twice with prewarmed HBS solution (in mM: 135 NaCl, 4 KCl, 1 Na,HPOy, 2 CaCly, 1
MgCl,, 10 glucose, and 20 HEPES, [pH, 7.35]) and replaced with the medium in which
they had been growing before transfection. Cells were fixed within 2 days post-

transfection after a 2 hour incubation in sAB. An equivalent volume of conditioned
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medium from control CHO cells was applied in parallel to control hippocampal cultures.

Immunocytochemistry

Cultures were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS)
plus 120 mM sucrose for 20 min at 37 °C. They were then rinsed three times with PBS
and blocked for 30 min with 2% bovine serum albumin (BSA) in PBS to prevent non-
specific binding. For surface binding, coverslips were incubated for 1 hour at room
temperature with mouse monoclonal anti-NMDARI1 antibody at 1:200 (clone 54.1,
Millipore), rabbit polyclonal anti-NR2A at 1:500 (Invitrogen), mouse monoclonal anti-
NR2B (Antibodies Incorporated), rabbit polyclonal anti-GluR1 (Calbiochem), or mouse
monoclonal anti-GluR2 at 1:500 (Chemicon). This was followed by washing 3x with
PBS and then the coverslips were incubated with AlexaFluor-568-conjugated secondary
antibody (Molecular Probes) for 45 min at 37 °C. Following rinsing, the coverslips were
mounted on to slides for image acquisition. Similar procedure was conducted for total
receptors using the following antibodies: mouse polyclonal anti-NR1 at Sug/ml
(Pharmiren), rabbit polyclonal anti-NR2A at 4ug/ml (Millipore), rabbit polyclonal anti-
NR2B at 2ug/ml (Millipore), rabbit polyclonal anti-GluA1 at 1:1000 (Millipore), rabbit
polyclonal at Sug/ml (Millipore), and mouse monoclonal anti-PSD95 at 1:100 (Sigma),

along with permeablization with 0.02% Triton-X in PBS for 4 minutes prior to blocking.

Image acquisition
Fluorescence images were collected using an Olympus Fluoview 500 confocal

microscope by sequential illumination using the HeNe Green 543 laser and the HeNe Red
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633 laser. Sequential acquisition eliminated bleed-through. A stack of images was
acquired in the z dimension at optical slice thickness of 0.4 pm to cover entire neurons,

using a 60x1.4 NA Plan APO oil immersion objective.

Cluster Quantification

Glutamate receptors were quantified using the ImagelJ software. The eGFP cell
filler in the green channel was used to create a mask of the dendrite in each image (Sup.
Fig 4A). This mask was used to define receptor clusters that lie only within the dendrite.
Only clusters in the 568 channel that colocalized with areas that fell within the eGFP
mask we quantified (Sup. Fig 4B). A threshold was then generated to determine a
standard value for a cluster and this threshold was used to quantify the area (size),
intensity (amount), and number of clusters that fell within the dendrite (Sup. Fig 4C).
Lastly, the density of clusters on a given dendritic was calculated by dividing the total
number of clusters within the dendritic by the compiled length of the dendrite which was

obtained using the NeuronJ plugin of Image].

Statistics

Statistical calculations (Student’s t-test) were performed using GraphPad Prism.
Significance was set at p < 0.05. For the receptor expression analysis, three sets of
experiments were conducted with each experiment consisting of 12 - 16 cells/condition.
For the spine subtype morphology quantification, 500 — 550 dendritic spines were

analyzed for both the control and sAf conditions.
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Supplementary Figure 1: sAB induces changes in dendritic spine morphology
(A,B,C) Confocal image of a hippocampal neuron expressing eGFP cell filler and
incubated with sA for 2 hours prior to fixation. Arrows point to a stubby
spine (A) with no neck or head, a mushroom spine (B) with a neck and

head, and a filopodia (C) type spine with an elongated neck and no head.
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Supplemental Figure 2: Dendritic spines can be classified as mushroom, stubby, thin and
filopodia

(A,B,C) Confocal image of a dendritic spine that defined as mushroom (A), stubby
(B), thin (C), and filopodia (D) type based on a quantification of spine

length, neck width, and head width
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Supplemental Figure 3: sAB decreases the number of mushroom type spines and increase
the number of thin and filopodia type spines

(A) Quantification of the number of different spine subtypes in dendrites incubated
with CHO (control) and 7PA2 (sAB). Sample size ranged from 450 to 500

dendritic spines
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Supplementary Figure 4: Glutamate receptor cluster analysis
(A,B,C) A mask of the neuron is created using the eGFP cell filler in the green
channel (A). This mask 1is superimposed on the corresponding
immunostained image of glutamate receptor clusters in the red channel (B)

to define clusters that lie within the given dendrite (C).



Supplementary Figure 4 continued.

37



References

38



39

Armstrong DM, (2004) Biochemical and molecular studies of NMDA receptor subunits
NR1/2A/2B in hippocampal subregions throughout progression of Alzheimer's
disease pathology. Neurobiol Dis 11: 80-92.

Bordji K, Becerril-Liu Y, Zhang J, (2000) Recent development in NMDA receptors. Chin.
Med. J. 113: 948-56.

Calabrese B, Shaked GM, Tabarean IV, Braga J, Koo EH, Halpain S, (2007) Rapid,
concurrent alterations in pre- and postsynaptic structure induced by naturally-
secreted amyloid-beta protein. Mol Cell Neurosci 35: 183-93.

Cisse” M, Halabisky B, Harris J, Devidze N, Dubal DB, Sun B, Orr A, Lotz G, Kim DH,
Hamto P, Ho K, Yu G-Q, Mucke L (2011) Reversing EphB2 depletion rescues
cognitive functions in Alzheimer model. Nature 469:47-52.

Cleary, JP, Walsh DM, Hofmeister JJ, Shankar GM, Kuskowski MA, Selkoe DJ, Ashe
KH, (2005) Natural oligomers of the amyloid-beta protein specifically disrupt
cognitive function. Nat Neurosci 8: 79-84.

Cull-Candy S, Brickley S, Farrant M. (2001) NMDAR subunits: diversity, development
and disease. Curr. Opin. Neurobiol. 11:327.

Derkach VA, Oh MC, Guire ES, Soderling TR, (2007). Regulatory mechanisms of
AMPA receptors in synaptic plasticity. Nature Reviews Neuroscience 8:101-13.

Gaidarov I, Santini F, Warren RA, Keen JH, (1999). Spatial control of coated-pit
dynamics in living cells. Nat. Cell Biol. 1:1-7.

Greger [H, Ziff EB, Penn AC, (2007) Molecular determinants of AMPA receptor subunit
assembly. Trends Neurosci. 30:407-16.

Gu J, Lee CW, Fan Y, Komlos D, Tang X, Sun C, Yu K, Hartzell HC, Chen G, Bamburg
JR, Zheng JQ, (2010). ADF/cofilin-mediated actin dynamics regulate AMPA
receptor trafficking during synaptic plasticity. Nat Neurosci 13:1208—-1215.

Hardy J, Selkoe DJ, (2002) The amyloid hypothesis of Alzheimer’s disease: progress and
problems on the road to therapeutics. Science 297:353-356.

Heredia L, Helguera P, De Olmos S, Kedikian G, Sola Vigo F, (2006). Phosphorylation
of actin-depolymerizing factor/cofilin by LIM-kinase mediates amyloid beta-

induced degeneration: a potential mechanism of neuronal dystrophy in Alzheimer's
disease. J Neurosci 26:6533-6542.

Keifer J, Zheng Z, (2010) AMPA receptor trafficking and learning. Eur J Neurosci
32:269-277.



40

Levites Y, Das P, Price RW, Rochette MJ, Kostura LA, McGowan EM, Murphy MP,
Golde TE, (2006). Anti-AB42 and anti-AB40 specific mAbs attenuate amyloid
deposition in an Alzheimer disease mouse model. J. Clin. Invest. 116:193-201.

Malenka RC, (2003). Synaptic plasticity and AMPA receptor trafficking. Ann. NY Acad.
Sci. 1003:1-11.

Malinow R, (2003). AMPA receptor trafficking and long-term potentiation. Philos Trans
R Soc Lond B Biol Sci 358:707-14.

Mayer ML, (2005). Glutamate receptor ion channels. Current Opinion in Neurobiology
15:282-288.

Mishizen-Eberz AJ, Rissman RA, Carter TL, Ikonomovic MD, Wolfe BB, Morris RGM,
Moser EI, Riedel G, Martin SJ, Sandin J, Day M, O’Carroll C, (2003). Elements of
a neurobiological theory of the hippocampus: the role of activity-dependent
synaptic plasticity in memory. Phil. Trans. R. Soc. Lond. B 358:773-786.

Moriyama K, lida K, Yahara I, (1996). Phosphorylation of Ser-3 of cofilin regulates its
essential function on actin. Genes Cells 1:73-86.

Newpher TM, Ehlers MD, (2008). Glutamate receptor dynamics in dendritic
microdomains. Neuron 58:472-497.

Ortega J, Nicole O, and Buisson A, (2010). Activation of extrasynaptic, but not synaptic
NMDA receptors modifies amyloid precursor protein expression pattern and
increases amyloid-B production. J. Neurosci. 30:15927-15942.

Oser M, Condeelis J, (2009). The cofilin activity cycle in lamellipodia and
invadopodia. J. Cell. Biochem. 108:1252—-1262.

Plassman BL, Langa KM, Fisher GG, Heeringa SG, Weir DR, (2007). Prevalence of
dementia in the United States: The aging, demographics, and memory study.

Neuroepidemiology 29:125-132.

Platt SR, (2007). The role of glutamate in central nervous system health and disease - a
review. Vet. J. 173.

Qiang Z, Xiao M, Nicoll RA, (2001). Contribution of cytoskeleton to the internalization
of AMPARs. Proceedings of the National Academy of Sciences 98:1261-1266.

Rumbaugh G, Vicini S, (1999). Distinct synaptic and extrasynaptic NMDA receptors in
developing cerebellar granule neurons. J Neurosci 19:10603-10610.

Selkoe DF, (2007). Alzheimer’s disease is a synaptic failure. Science 298:789-791.



41

Shankar GM, Bloodgood BL, Townsend M, Walsh DM, Selkoe DJ, Sabatini BL (2007)
Natural oligomers of the Alzheimer amyloid-beta protein induce reversible synapse
loss by modulating an NMDA-type glutamate receptor-dependent signaling
pathway. J Neurosci 27:2866—-2875

Shepherd JD, Huganir RL, (2007). The cell biology of synaptic plasticity: AMPA
receptor trafficking. Annu. Rev. Cell Dev. Biol. 23:613-643.

Shi S, Hayashi Y, Petralia RS, Zaman SH, Wenthold RJ, Svoboda K, Malinow R, (1999).
Rapid spine delivery and redistrubution of AMPA Receptors after synaptic NMDA
receptor activation”, Science 284:1811-1816.

Snyder EM, (2005). Regulation of NMDA receptor trafficking by amyloid-B. Nature
Neuroscience 8:1051-1056

Stocca G, Vicini S, (1998). Increased contribution of NR2A subunit to synaptic NMDA
receptors in developing rat cortical neurons. J Physiol (Lond) 507:13-24.

Sweatt J, (1999). Toward a molecular explanation for long-term potentiation. Learn Mem
6:399—-416.

Tovar KR, Westbrook GL, (2002). Mobile NMDA receptors at hippocampal synapses.
Neuron 34:255-264.

Venkitaramani DV, Chin J, Netzer WJ, Gouras GK, Lesne S, Malinow R, Lombroso PJ,
(2007). Beta-amyloid modulation of synaptic transmission and plasticity. J.
Neurosci. 27:11832—-11837.

Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R, Wolfe MS, Rowan MJ, Selkoe,
DJ, (2002). Naturally secreted oligomers of amyloid beta protein potently inhibit
hippocampal long-term potentiation in vivo. Nature 416:535-539.

Walsh DM, Selkoe DJ, (2004). Deciphering the molecular basis of memory failure in
Alzheimer’s disease. Neuron 44:181-193.

Wei W, Nguyen LN, Kessels HW, Hagiwara H, Sisodia S, and Malinow R, (2010).
Amyloid beta from axons and dendrites reduces local spine number and
plasticity. Nat. Neurosci. 13:190-196.

Woods GF, Oh WC, Boudewyn SK, Zito K, (2011). Loss of PSD-95 Enrichment is not a
prerequisite for spine retraction. J. Neurosci. 31:12129-12138.

Zhao L, Ma QL, Calon F, Harris-White ME, Yang F, Lim GP, Morihara T, Ubeda OJ,
Ambegaokar S, Hansen JE, Weisbart RH, Teter B, Frautschy SA, Cole GM, (2006).



42

Role of p21-activated kinase pathway defects in the cognitive deficits of Alzheimer
disease. Nat Neurosci 9:234-242.





