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EPIGRAPH

“What do you do when it rains?”

The captain answered frankly. “I get wet.”

—Joseph Heller, Catch-22
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ABSTRACT OF THE DISSERTATION

Investigating the Role of AMPA Receptors in Learning and Memory

by

Yvonne Pao

Doctor of Philosophy in Biology

University of California, San Diego, 2017

Roberto Malinow, Chair

Excitatory synapses possess a vast array of proteins, including glutamate

receptors such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)

receptors, which mediate fast synaptic transmission. There are four different AMPA

receptor subunits: GluA1, GluA2, GluA3, and GluA4). AMPA receptors are generally

found in the adult rodent brain in two heteromeric forms: GluA1/GluA2 receptors and

GluA3/GluA2 receptors. Trafficking of GluA1/GluA2 receptors is activity-dependent,

while GluA3/GluA2 heteromers are constitutively cycling and replacing synaptic

GluA1/GluA2 and GluA3/GluA2 receptors. It has largely been thought that the GluA1
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subunit is critical to plasticity, but that GluA3 has little impact on the induction and

expression of synaptic plasticity. Because of this, GluA3 has not been well studied.

As it turns out, GluA3 is required for the expression of the synaptic dysfunction caused

by amyloid-β (Aβ), a small peptide thought to be responsible for the pathogenesis

of Alzheimer’s disease. In the absence of GluA3, Aβ does not cause synaptic

depression, memory deficits, or block long-term potentiation (LTP). These results

will be described in Chapter 2.

Studies have demonstrated that Aβ causes synaptic dysfunction by activating

signaling pathways involved in long-term depression (LTD). Previous studies from

our lab established successfully engineered associative fear memories by pairing

optogenetic activation of the auditory cortex (AuC) and medial geniculate nucleus

(MGN) with footshock in cued fear conditioning. Replacing the traditional conditioned

stimulus (CS) with an optogenetically-delivered input (ODI) allowed us to utilize

LTP and LTD protocols to activate and inactivate memories. To examine if Aβ

in Alzheimer’s disease behaves as LTD in vivo, Aβ and a blue-shifted form of

channelrhodopsin (ChR), known as oChIEF, were co-expressed in the AuC and

MGN. A class of Alzheimer’s disease therapeutics known as γ-secretase modulators

(GSMs) were used to control Aβ levels, and a behaviorial paradigm was established

to determine whether Aβ could remove inactivate memories like LTD, and later be

recovered with LTP in the presence of GSMs. This study will be described in Chapter

3.

Lastly, given the importance of LTP in learning and memory, a new method for

identifying recently potentiated synapses was investigated. One existing strategy for

assessing learning-induced plasticity involves the use of two-photon laser scanning
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microscopy (TPLSM) in vivo, which can provide high visual and temporal resolution

on synapses undergoing potentiation. However, a caveat to this technique is that

TPLSM techniques are labor intensive and thus low throughput. Another strategy for

brain regions involved in a learning task is examining the localization of immediate-

early gene (IEG) transcripts and proteins. Despite this method being relatively

high throughput, the correlation between synaptic strength and IEG expression is

poorly understood. Thus, we established a new technique, which we call SYNaptic

Proximity Ligation Assay. SYNPLA applies the antibody-based methodology of PLA

to the diversity of transsynaptic proteins to label synapses. In Chapter 4, SYNPLA’s

labeling of all synapses or recently potentiated synapses will be described.
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Chapter 1

Introduction

1.1 AMPA receptors in learning and memory

Excitatory synapses possess a complex array of proteins, including AMPA

and NMDA ionotropic receptors, along with metabotropic-type glutamate receptors

(mGluRs). AMPA receptors mediate basal synaptic transmission, while NMDA

receptors mediate long-term changes in synaptic transmission.

AMPA receptors comprise four different subunits: GluA1, GluA2, GluA3, and

GluA4. In the adult rodent brain, AMPA receptors at glutamatergic synapses primarily

comprise GluA1/GluA2 and GluA2/GluA3 heteromers (Wenthold et al., 1996). AMPA

receptor trafficking to synapses is dependent on the carboxy-terminal tails (c-tails):

short-tailed subunits (GluA2, GluA3, and GluA4c, a short-tailed variant of GluA4)

are trafficked to the synapse constitutively, while the insertion of long-tailed subunits

(GluA1, GluA4, and GluA2L, a long splice variant of GluA2) is activity-dependent

(Hayashi, 2000; Shi et al., 2001).

NMDA receptors are known as a “molecular coincidence detectors" because

1
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Figure 1.1: A prevailing model for AMPA receptor trafficking, described in
Section 1.1.

they require both ligand binding and membrane depolarization to conduct calcium

(Mayer and Armstrong, 2004). Tetanic stimulation causes NMDA receptors to open,

allowing calcium influx and subsequently activating a variety of kinases, such as

protein kinase A (PKA), Ca2+/calmoldulin-dependent protein kinase II (CaMKII), and

protein kinase C (PKC). These kinases phosphorylate the AMPAR subunit GluA1

at various sites on its c-tail, causing increased GluA1 insertion into synapses in

long-term potentiation (LTP) (Shi, 1999; Hayashi, 2000). Low frequency stimulation

(LFS) has long been thought to activate NMDA receptors, causing them to conduct

low levels of calcium that will activate phosphatases, such as calcineurin, and result

in the internalization of AMPA receptors in NMDA receptor-dependent long-term

depression (LTD) (Malenka and Bear, 2004). Recent work from our lab has shown

that antagonists of the NMDA receptor glutamate-binding site prevents the induction

of LTD, while application of antagonists specific to the NMDA receptor ion channel

or glycine-binding site do not affect LTD (Nabavi et al., 2013; Dore et al., 2015;

Aow et al., 2015). These results suggest that LTD may be occurring through an

Ca2+-independent mechanism, instead requiring conformational changes in the

cytoplasmic domain of NMDA receptors.

While NMDA receptors are critical for NMDAR-dependent LTP and LTD,
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studies have elucidated an important role for AMPA receptors in LTP. AMPA re-

ceptors comprise four different subunits: GluA1, GluA2, GluA3, and GluA4. In the

adult rodent brain, AMPA receptors at glutamatergic synapses primarily comprise

GluA1/GluA2 and GluA2/GluA3 heteromers (Wenthold et al., 1996). Previous work

in our lab has demonstrated that GluA1/GluA2 heteromers are only trafficked to the

synapse during LTP, while GluA2/GluA3 heteromers are constantly trafficked to the

synapse and play a role in the maintenance of LTP (Fig. 1.1 (Shi, 1999; Hayashi,

2000; Malinow et al., 2000). Electrophysiology experiments have also shown that

GluA1 KO tissue does not undergo LTP when high frequency stimulation is delivered

to the Schaffer collaterals, whereas LTP appears to be enhanced in GluA3 KO tissue

(Zamanillo, 1999; Meng et al., 2003).

1.2 The role of amyloid-β in Alzheimer’s disease

Alzheimer’s disease is a neurodegenerative disease that is initially character-

ized by mild memory loss and eventually progresses into severe memory deficits

and dementia (Selkoe and Schenk, 2003). Pathologically, Alzheimer’s disease is

characterized by amyloid plaques, neurofibrillary tangles containing hyperphospho-

rylated tau, and neuronal death. As a common cause of dementia among the elderly,

Alzheimer’s disease is projected to affect 1 in 85 persons worldwide by the year

2050, unless therapeutic advances that delay onset and progression are discovered

(Brookmeyer et al., 2007).

Amyloid plaques are a classic diagnostic hallmark of Alzheimer’s disease, but

plaque burden does not correlate well with memory loss. These plaques comprise



4

Figure 1.2: Sequential cleavage of the amyloid precursor protein (APP).
APP is cleaved by β-secretase and γ-secretase to generate Aβ40 or Aβ42.
Red arrows indicate some sites where mutations are often found in familial
Alzheimer’s disease.



5

the small peptide Aβ, which is the product of sequential cleavage of the amyloid

precursor protein (APP) (Fig. 1.2). APP is first cleaved by β-secretase, leading to

the production of a large, soluble ectodomain (APPSβ) and a membrane-associated

fragment called CT100. CT100 is then cleaved by γ-secretase to form Aβ40 or Aβ42

(Vassar, 1999).

The amyloid cascade hypothesis suggests that reduced Aβ clearance, in-

creases in the ratio of Aβ42 to Aβ40, and/or increased total Aβ production will first

lead to the formation of soluble Aβ oligomers, followed by eventual deposition of

amyloid plaques. While fibrillar amyloid deposition might lead to neuronal damage

(Tsai et al., 2004), there is a growing consensus that soluble, oligomeric Aβ species

are responsible for the synapse loss and memory impairment seen in Alzheimer’s

disease (Haass and Selkoe, 2007). Soluble Aβ oligomers are found in APP trans-

genic mice, which express human familial mutations of APP and possess learning

deficits resembling those of Alzheimer’s disease patients (Haass and Selkoe, 2007).

More importantly, oligomeric species of Aβ are also found in Alzheimer’s disease

patients (Lesné et al., 2006).

What are the molecular mechanisms underlying Aβ-mediated synaptotoxicity?

A brief literature search would demonstrate that Aβ could be acting through a variety

of mechanisms, including n-methyl-d-aspartate (NMDA) receptors, α7-nicotinic

acetylcholine receptors (nAcChR), GSK-3β, cellular prion protein, and so on (Liu

et al., 2001, 2013; Jo et al., 2011; Collingridge, 2012; Laurén et al., 2009). What

is very clear is that Aβ dysregulates plasticity by impairing long-term potentiation

(LTP) and facilitating long-term depression (LTD), thereby demonstrating its impact

on signaling cascades that affect the downstream trafficking of α-amino-3-hydroxy-
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5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Walsh et al., 2002; Li et al.,

2009).

Studies have shown that Aβ-overexpression in rodent organotypic slices

leads to synaptic depression similar to LTD. Viral overexpression of CT100, the

precursor to Aβ, partially occludes the expression of LTD, and requires p38 MAPK

and calcineurin activity to induce synaptic depression (Wang, 2004; Hsieh et al.,

2006). This synaptic depression occurs in a non-cell-autonomous manner, and

drives the endocytosis of AMPA and NMDA receptors (Hsieh et al., 2006). Other

studies have shown that the exogenous application of Aβ-derived diffusible ligands

(ADDLs) prepared synthetically, from cell lines, and from Alzheimer’s disease brains,

blocks LTP in vivo and in vitro, demonstrating that Aβ has an acute effect on synaptic

transmission (Walsh et al., 2002).

Although significant advances have been made in understanding how Aβ

leads to synaptic deficits, one area of great interest is determining the receptor

target for Aβ. Several potential receptors have been identified, including the α7-

nicotinic receptor (Snyder et al., 2005; Wang et al., 2000; Liu et al., 2001), RAGE

(Du Yan et al., 1997; Sturchler et al., 2008), cellular prion protein (Laurén et al.,

2009; Kessels et al., 2010; Balducci et al., 2010), and APP (Lorenzo et al., 2000).

Interestingly, the application of NMDA receptor antagonists in the presence of Aβ

prevents the blockade of LTP (Shankar et al., 2007, 2008; Hu et al., 2009). The

receptor tyrosine kinase EphB2 has also been implicated as a target for Aβ (Cissé

et al., 2010). Knockdown of EphB2 in wild-type mice leads to decreased NMDA

receptor currents and impaired LTP, whereas overexpression of EphB2 in APP

transgenic mice rescued LTP and behavioral memory deficits. These experiments
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suggest that NMDA receptors play a crucial role in Aβ-induced synaptic depression

and memory loss.

While it is not surprising that Aβ may target NMDA receptors, AMPA receptors

are critical for mediating basal synaptic transmission and may also be affected by Aβ.

Our lab has found that Aβ-induced synaptic depression is absent in tissue obtained

from GluA3 KO mice, whereas Aβ-induced synaptic depression is normal in tissue

obtained from GluA1 KO mice. The absence of synaptic depression in GluA3 KO

mice suggests that GluA3 is required for mediating the effects of Aβ, which will be

discussed in Chapter 2.

1.3 Alzheimer’s disease therapeutics targeting γ-

secretase

Identifying treatments that will slow or prevent the progression of Alzheimer’s

disease is important because of the disease’s growing prevalence (Brookmeyer et al.,

2007). Generally, there are several approaches to treating Alzheimer’s, including

treating the disease symptomatically, preventing the production of Aβ, and clearing

Aβ oligomers and plaques from the brain by using antibodies targeting Aβ. In the

interest of brevity, I will limit my discussion on Alzheimer’s disease therapeutics to

pharmacological treatments that aim to reduce the production of Aβ.

As described in the previous section, Aβ is produced when APP is sequentially

cleaved by β-secretase (BACE) and γ-secretase. BACE1 cleavage of APP is the

initiating factor involved in Aβ production, and is therefore an attractive target for

Alzheimer’s disease therapeutics. Studies of BACE1 knockout mice have shown
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that these mice completely lack Aβ, without any gross developmental and behavioral

abnormalities (Roberds et al., 2001; Luo et al., 2001), although subsequent studies

showed that BACE knockout mice have more subtle neuronal abnormalities, such

as reduced myelination (Willem et al., 2006; Hu et al., 2008) and reduced spine

density (Savonenko et al., 2008). Since BACE has been established as the initial

protease involved in Aβ production, there have been extensive efforts to develop

BACE inhibitors. However, there has been limited success in identifying drugs that

penetrate the blood-brain barrier (BBB) and sufficiently inhibit BACE, as reviewed in

Vassar (2014).

Another attractive target for preventing Aβ production is γ-secretase, which is

a multi-protein aspartic protease complex, comprising presenilin-1 or presenilin-2,

nicastrin, anterior pharynx-defective 1 (APH-1), and presenilin enhancer 2 (PEN-2)

(Kaether et al., 2006). Presenilins are the catalytic domains of γ-secretases, and are

responsible for the transmembrane cleavage of the CT100 fragment to yield Aβ40 or

Aβ42 and γ-CTF. Large-scale screens aimed at identifying compounds that would

reduce Aβ cleavage in cell lines led to the identification of γ-secretase inhibitors

(GSIs) such as semagacestat. Given the need for identifying drugs that would slow

the onset of Alzheimer’s, Eli Lilly moved forward with phase III clinical trials (Doody

et al., 2013) despite the lack of evidence indicating the efficacy of semagacestat

at lowering levels of Aβ levels (Karran et al., 2011). More interestingly, all patients

receiving the GSI semagacestat worsened according to the Alzheimer’s Disease

Assessment Scale for cognition (ADAS-cog) and Alzheimer’s Disease Cooperative

Study-Activities of Daily Living (ADCS-ADL) scale after the clinical trial, as well as

having more skin cancers and infections compared with the placebo group (Doody
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et al., 2013).

Given that γ-secretase is required for Notch signaling, it is likely that the failure

of GSIs to improve patient outcomes in clinical trials was caused by unforeseen

impacts of GSIs on Notch signaling (Doody et al., 2013). Another possibility is

that GSIs lead to the accumulation of β-CTFs, which may also have synaptotoxic

effects resembling those of Aβ (Mitani et al., 2012). Whatever the case, the Eli

Lilly clinical trials demonstrated that the complete inhibition of γ-secretase is not a

suitable therapeutic strategy for slowing the onset of Alzheimer’s disease.

Although complete inhibition of γ-secretase was revealed to be a poor therapy

for Alzheimer’s, other studies have characterized a new class of drugs described

as γ-secretase modulators (GSMs). GSMs are compounds that reduce Aβ40 and

Aβ42 levels without inhibiting affecting γ-secretase cleavage of Notch (Kounnas et al.,

2010). GSMs reduce levels of Aβ40 and Aβ42, while increasing the levels of non-

pathogenic Aβ38 in vitro and in vivo, while GSIs lead to a decrease in Aβ38, Aβ40, and

Aβ42 (Kounnas et al., 2010). Chronic administration of GSMs, such as NGP-555,

referred to as compound 4 in Kounnas et al. (2010), reduces plaque formation in

the APP transgenic model, Tg 2576. Furthermore, Tg 2576 mice receiving GSIs

showed reduced cognitive function in the Y maze 8 days after treatment, whereas

Tg 2576 mice receiving GSMs show no apparent cognitive deficits in the Y maze

(Mitani et al., 2012)

These studies have demonstrated the potential of γ-secretase modulators as

a treatment for Alzheimer’s disease. To further examine the therapeutic potential

of these drugs, our lab embarked upon a study in which we utilized GSMs on rats

acuately overexpressing CT100 in the auditory cortex (AuC) and medial geniculate
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nucleus (MGN). In these experiments, a few preliminary findings demonstrated

the promise of GSMs in ameliorating the effects of Aβ, which will be described in

Chapter 3.

1.4 Methods for assessing synaptic plasticity

Learning and memory are impacted during the course of Alzheimer’s disease,

and it is well established that changes in synaptic strength are the basis of learning

and memory (Kandel, 2001). Long-term potentiation (LTP) is a form of synaptic

plasticity that involves synaptic strengthening, and has been well-characterized in in

vitro and in vivo mammalian systems, as reviewed by Malenka (2003).

There are currently two widely used strategies for assessing learning-induced

plasticity. One strategy relies on physiology and imaging techniques, which can be

applied in vivo and in vitro. Two-photon excitation microscopy allows us to identify

changes in spine growth and density during plasticity (Grutzendler and Gan, 2006).

However, the caveat is that these techniques are labor intensive and require costly

equipment, making the acquisition of data a very low throughput process.

Another strategy involves examining changes in the expression of immediate

early genes (IEGs), like c-fos, arc, and zif268. Applying immunohistochemistry or

in situ hybridization to whole-mount brain slices to examine protein or transcript

localization has identified brain regions involved in learning and memory (Okuno,

2011). However, IEG expression is mostly prominently detected at the cell soma, and

thus provides poor resolution of the synapses involved in plasticity. The correlation

between IEGs and synaptic plasticity is also poorly understood, further complicating
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the interpretation of IEG screens (Madison et al., 1991).

Although these techniques make it possible to identify synaptic changes and

brain regions that undergo plasticity during various learning tasks, an ideal technique

would combine a high throughput process that yields high resolution information.

Chapter 4 will describe a new technique, called the SYNaptic Proximity Ligation

Assay (SYNPLA). SYNPLA combines the methodology of the proximity ligation

assay (PLA) and AMPA receptor trafficking at excitatory synapses during LTP.

PLA is an antibody-based method that can be used to detect protein com-

plexes, or simply proteins in close proximity. Like immunohistochemistry, two primary

antibodies are initially used to detect two antigens that are in proximity (<40 nm).

Subsequently, secondary antibodies that are conjugated to oligonucleotides are

used to detect the primary antibodies (Söderberg et al., 2006, 2008). When two

antigens are sufficiently close, the complementary oligonucleotides can be ligated

and amplified to create a “rolony,” which can then be detected as a fluorescent dot.

PLA has been used reliably to detect protein complexes in cultured cells and in the

mouse striatum (Söderberg et al., 2006; Trifilieff et al., 2011).



Chapter 2

AMPA-receptor subunit GluA3

makes synapses susceptible to

amyloid-β

2.1 Abstract

Amyloid-β (Aβ) is a prime suspect to cause cognitive deficits during the

early phases of Alzheimer’s disease (AD). Experiments in AD-mouse models have

shown that soluble oligomeric clusters of Aβ degrade synapses and impair memory

formation. We show that all Aβ-driven effects measured in these mice depend

on AMPA-receptor subunit GluA3. Hippocampal neurons that lack GluA3 were

resistant against Aβ-mediated synaptic depression and spine loss. In addition, Aβ

oligomers only blocked long-term synaptic potentiation in neurons that expressed

GluA3. Furthermore, whereas Aβ-overproducing mice showed significant memory

impairment, memories in GluA3-deficient congenics remained unaffected. These

12
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experiments indicate that the presence of GluA3-containing AMPA-receptors is

critical for Aβ-mediated synaptic and cognitive deficits.

2.2 Introduction

At the early stages of Alzheimers disease (AD), synaptic perturbations are

strongly linked to cognitive decline and memory impairment in AD patients (Brown

et al., 1998; Scheff et al., 2006). The accumulation of soluble oligomeric clusters

of amyloid-β (Aβ), a secreted proteolytic derivative of the amyloid precursor protein

(APP), may be important for the early synaptic failure that is seen in AD patho-

genesis (Lambert et al., 1998; Lesné et al., 2006; McLean et al., 1999; Shankar

et al., 2008). Neurons that overexpress APP or are exposed to Aβ-oligomers show

synaptic depression, a loss of dendritic spines and a reduced capacity for synaptic

plasticity (Kamenetz et al., 2003; Lacor et al., 2007; Walsh et al., 2002; Mucke and

Selkoe, 2012). For all these effects to occur NMDA-receptor (NMDAR) activity is

required (Kamenetz et al., 2003; Kessels et al., 2013; Shankar et al., 2007; Wei

et al., 2009). Aβ-oligomers trigger an NMDAR-dependent signaling pathway that

leads to synaptic depression through the removal of AMPA-receptors (AMPARs) and

NMDARs from synapses (Kamenetz et al., 2003; Kessels et al., 2013; Snyder et al.,

2005). Interestingly, a blockade of AMPAR endocytosis prevents the depletion of

NMDARs and a loss of spines (Hsieh et al., 2006; Miyamoto et al., 2016), suggesting

that the removal of AMPARs from synapses is critical for this pathway to induce

synaptic failure.

Excitatory neurons of the mature hippocampus predominantly contain two
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types of AMPARs in approximately equivalent amounts (Kessels et al., 2009): those

consisting of subunits GluA1 and GluA2 (GluA1/2s), and those consisting of GluA2

and GluA3 (GluA2/3s) (Wenthold et al., 1996). GluA1-containing AMPARs are

inserted into synapses upon the induction of long-term potentiation (LTP) in brain

slices (Hayashi, 2000) and play a prominent role in memory formation (Mitsushima

et al., 2011; Rumpel, 2005). In contrast, GluA2/3s contribute relatively little to

synaptic currents, LTP or memory formation (Adamczyk et al., 2012; Humeau et al.,

2007; Meng et al., 2003) and have been implicated to participate in homeostatic

scaling of synapse strength (Makino and Malinow, 2011; Rial Verde et al., 2006). We

here demonstrate that the AMPAR subunit GluA3 plays a major role in AD pathology

by showing that mice lacking GluA3 are protected against Aβ-driven synaptic deficits,

spine loss and memory impairment.

2.3 Results

2.3.1 GluA3-deficient neurons are resistant against Aβ-mediated

synaptic depression

To assess whether the removal of AMPARs from synapses by Aβ depends on

AMPAR subunit composition, organotypic hippocampal slice cultures were prepared

from GluA1-deficient or GluA3-deficient mice and their wild-type littermates. CA1

neurons were sparsely (<10%) infected with Sindbis virus expressing APPCT100,

the β-secretase product of APP and precursor to Aβ, together with tdTomato under

control of a second subgenomic promoter. 20-30 hrs after viral infection, synaptic

currents evoked by electrical stimulation of Schaffer collateral inputs were mea-
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sured on tdTomato-expressing and neighboring uninfected pyramidal CA1 neurons

simultaneously.

We ascertained that the majority of tdTomato expressing neurons produced

APPCT100 without affecting their membrane resistance (Fig. 2.7), supporting previous

demonstrations that in these conditions the health of the neurons is not affected

by Sindbis infection (Hayashi, 2000; Kamenetz et al., 2003; Kessels et al., 2013).

Wild-type neurons that expressed APPCT100 showed decreased AMPAR currents

(p<0.01; Fig. 2.1A) and reduced AMPA/NMDA ratios (p=0.03; Fig. 2.1C), which

has been shown to be caused by increased neuronal production of Aβ (Kessels

et al., 2013; Kamenetz et al., 2003). In CA1 neurons of GluA3-deficient organotypic

slices the AMPA/NMDA ratios were on average 35% reduced compared with wild-

type neurons CA1 neurons (p=0.05; Fig. 2.1C) and APPCT100 expression failed to

decrease synaptic AMPAR currents (p=0.6; Fig. 2.1A and B) or AMPA/NMDA ratios

(p=0.6; Fig. 2.1C and D). However, GluA1-deficient neurons had a more reduced

AMPA/NMDA ratio (55%; Fig. 2.1C), yet still show APPCT100-induced synaptic

AMPAR depression (p=0.01; Fig. 2.1A) that was a similar depression as in wild-type

neurons (p=0.2; Fig. 1B). These data indicate that the presence of GluA3-containing

AMPARs, but not of those containing GluA1, is crucial for Aβ to trigger synaptic

AMPAR depression.



16

Figure 2.1: GluA3-deficient neurons are resistant against Aβ-mediated
synaptic AMPAR depression. (A-D) Dual whole-cell recordings of APPCT100
infected and neighboring uninfected CA1 neurons from organotypic slices
of wt mice (black), GluA3-KO littermate mice (blue), or GluA1-KO littermate
mice (red). (A) Example traces (top) and dot plots (bottom) of paired EPSC
recordings (open dots) with averages denoted as filled dots (wt: n=27; GluA3-
KO: n=27; GluA1-KO: n=31). Genotype x APPCT100: p<0.01 (two-way
ANOVA). Scale bars: 20 ms and 50pA. (B) Fold change in AMPAR currents
upon APPCT100 expression, calculated as the average log2-transformed
ratio of EPSC recorded fromAPPCT100-infected over EPSC from neighboring
uninfected neuron. (C) AMPA/NMDA ratios of uninfected and APPCT100
infected neurons (wt: n=18; GluA3-KO: n=18; GluA1-KO: n=20); Genotype x
APPCT100: p=0.3 (two-way ANOVA). (D) Fold change in AMPA/NMDA ratios
upon APPCT100 expression, calculated as in (B). Data are mean ±SEM.
Statistics: 2-tailed paired (A,C) or unpaired (B-D) t test. * indicates p<0.05.
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Figure 2.2: GluA3-deficient neurons are resistant against Aβ-mediated
synaptic NMDAR depression. (A-E) Dual whole-cell recordings of APP
infected and neighboring uninfected CA1 neurons from organotypic slices
of wt mice (black), GluA3-KO littermate mice (blue), or GluA1-KO littermate
mice (red). (A) Example traces (top) and dot plots (bottom) of paired NMDAR
EPSC recordings (open dots) with average denoted as filled dot (wt: n=17;
GluA3-KO: n=16; GluA1-KO: n=17). Genotype x APPCT100: p=0.05 (two-
way ANOVA). Scale bars: 20 ms and 50 pA. (B) Example traces (top)
and average EPSC currents normalized to the average of the uninfected
neurons (bottom) before and after Ro 25-6981 wash-in to reveal GluN2A
and GluN2B contributing NMDAR currents. Scale bars: 20 ms and 50pA.
(C) Fold change in total NMDAR, (D) GluN2A and (E) GluN2B currents upon
APPCT100 expression, calculated as the average log2-transformed ratio
of EPSC recorded from APPCT100-infected over EPSC from neighboring
uninfected neuron. Data are mean ±SEM. Statistics: 2-tailed paired (A,B)
or unpaired (C-E) t test. * indicates p<0.05.
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To assess the effect of Aβ on NMDARs, we compared synaptic NMDAR

currents between pairs of APPCT100 infected and nearby uninfected neurons (Fig.

2.2). APPCT100 expression led to a significant decrease in synaptic NMDAR currents

in wild-type CA1 neurons (p<0.01; Fig. 2.2A) and in GluA1-deficient CA1 neurons

(p=0.02), but not in those lacking GluA3 (p>0.9; Fig. 2.2A and C). These data

indicate that neurons are only susceptible to Aβ-mediated NMDAR depression when

they express AMPAR subunit GluA3. Digital subtraction of currents before and after

wash-in of the specific GluN2B blocker Ro 25-6981 permitted measurement of the

relative contribution of GluN2A and GluN2B to the NMDAR currents. The relative

contribution of GluN2A and GluN2B to total NMDAR currents was not altered by the

absence of GluA1 or GluA3 (Fig. 2.2B). As previously shown (Kessels et al., 2013),

APPCT100 expression in wild-type neurons selectively affected NMDAR currents

mediated by GluN2B (p=0.01; Fig. 2.2B and E) and not those mediated by GluN2A

(p=0.4; Fig. 2.2B and D). APPCT100 expression in GluA3-deficient neurons failed to

reduce NMDAR currents independently of whether they contained GluN2A (p=0.6;

Fig. 2.2B and D) or GluN2B (p=0.3; Fig. 2.2B and E). In GluA1-deficient neurons

both GluN2A (p=0.02) and GluN2B (p=0.03) NMDAR currents were significantly

reduced upon APPCT100-expression (Fig. 2.2B to E), suggesting that the presence

of GluA1 protects synapses from an Aβ -mediated reduction in synaptic GluN2A

currents. A proportional decrease in AMPAR (Fig. 2.1B) and NMDAR (Fig. 2.2C)

currents in APPCT100-expressing GluA1-deficient neurons corresponds with their

unchanged AMPA/NMDA ratio (Fig. 2.1D).
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Figure 2.3: GluA3-deficient neurons are resistant against Aβ-mediated
spine loss. (A-D) Spine and mEPSC analysis of CA1 neurons in organotypic
slices from wild-type (black) or GluA3-KO mice (blue). (A, top) Example
images of wt and GluA3-KO dendrites expressing APPCT84 or APPCT100.
Scale bar: 5 µm. (A, bottom) APPCT100 expression reduced spine den-
sity in wild-type but not GluA3-KO neurons without changing the average
spine head diameter. (wt, APPCT84: n=20 and APPCT100: n=13; GluA3-KO,
APPCT84: n=26; APPCT100: n=19). (B) Distribution of spine head diame-
ters in APPCT100 versus APPCT84 expressing wt or GluA3-KO neurons. (C,
top) Example mEPSC traces of wt and GluA3-KO neurons with or without
APPCT100-expression. Scale bar: 3 sec, 10 pA. (C, bottom) APPCT100 ex-
pression reduced mEPSC frequency in wild-type but not GluA3-KO neurons
without changing average mEPSC amplitude. (wt, APPCT100: n=24 and
uninf: n=25; GluA3-KO, APPCT100: n=21 and uninf: n=22). (D) APPCT100
changed the normalized distribution of mEPSC amplitudes of wt but not
of GluA3-KO neurons. Data are mean ± SEM. Statistics: two-way ANOVA
with post-hoc Sidak (A,C) or K-S test (B,D). * indicates p < 0.05.
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2.3.2 Aβ-mediated synapse loss depends on the presence of

GluA3

The number of AMPARs at a synapse correlates well with the synapse

size and the spine size (Matsuzaki et al., 2001). To examine whether Aβ selec-

tively targets a specific subtype of synapses harboring GluA3-containing AMPARs,

we analyzed spine densities, spine size and miniature EPSC (mEPSC) events in

Aβ-overproducing neurons. We assessed Aβ-induced spine loss by expressing

APPCT100 together with the cytosolic marker tdTomato in CA1 neurons of organ-

otypic slices. As a control we expressed APPCT84, the α-secretase product of APP,

which does not produce Aβ, and did not affect spine density, mEPSC frequency or

mEPSC amplitude (Fig. 2.8). The spine density at apical dendrites was significantly

lower in APPCT100-expressing wild-type CA1 neurons compared to APPCT84 infected

ones (p=0.01; Fig. 2.3A). The loss of spines in APPCT100-expressing CA1 neurons

occurred without a change in the average spine head diameter (p=0.6; Fig. 2.3A) or

in the distribution of spine head sizes (Fig. 2.3B). Correspondingly, CA1 neurons ex-

pressing APPCT100 showed a decrease in mEPSC frequency (p<0.01; Fig. 2.3C) but

not in average mEPSC amplitude (p=0.9; Fig. 2.3C). A minor change in the distribu-

tion of mEPSC amplitudes (p=0.02; Fig. 2.3D) indicates that APPCT100-expressing

neurons have a slightly smaller proportion of synapses with large AMPAR current

amplitudes.

GluA3-deficient CA1 neurons have a similar spine density as wild-type neu-

rons (p=0.6) with on average slightly larger spine heads (p=0.02; Fig. 2.3A).

APPCT100 expression in these GluA3-deficient neurons did not lead to a reduced

spine density (p>0.9) or spine head size (p>0.9; Fig. 2.3A). The average mEPSC
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amplitude and was also similar between GluA3-deficient neurons and wild-type

neurons (p=0.2), and was not altered upon APPCT100-expression in GluA3-deficient

neurons (p=0.7; Fig. 2.3C, p=0.6; Fig. 2.3D). Notably, the mEPSC frequency was

significantly lower in GluA3-deficient neurons (p<0.01; Fig. 2.3C) to a size similar to

APPCT100-expressing wild-type neurons (p=0.2), and did not change upon APPCT100

expression (p=0.2; Fig. 2.3C). These findings indicate that Aβ triggers a reduction

in synaptic AMPAR currents and a loss of spines, only when GluA3 is present.

Combined with previous reports that show that AMPAR endocytosis is required

for the synaptotoxic effects of Aβ (Hsieh et al., 2006; Miyamoto et al., 2016), our

data imply that the active removal of GluA3-containing AMPARs by Aβ (but not the

genetic deficiency of GluA3) leads to a loss of spines.
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Figure 2.4: GluA3-deficient neurons are resistant against the Aβ-mediated
block in LTP. (A,B) Example traces (top) and average peak field potential
responses recorded at the CA1 stratum radiatum before and after theta
burst stimulation (TBS). Scale bars: 10 ms, 0.2 mV. (A) LTP was inhibited
in wild-type neurons by Aβ-containing medium (gray: n=11) compared with
control medium (black; n=6). (B) In GluA3-KO slices LTP was not inhibited
by Aβ-medium (light blue; n=8) in comparison to control medium (dark blue;
n=8). (C) In the presence of Aβ-medium, the fold change in AMPAR currents
upon TBS, calculated as log2-transformed ratio of the fEPSP 50-60 min
after TBS (70-80 min) over the fEPSP during baseline (0-20 min), was
larger in LTP pathway of GluA3-KO slices compared to wt slices and control
pathways. Data are mean ±SEM. Statistics: 2-tailed unpaired t test over the
last 10 minutes of the recording (A,B) and two-way ANOVA with post-hoc
Sidak (C). * indicates p<0.05.
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2.3.3 GluA3-deficient neurons are insensitive to theAβ-mediated

blockade of LTP

Aβ-oligomers are capable of blocking NMDAR-dependent LTP (Walsh et al.,

2002). To assess whether GluA3-deficient neurons are susceptible to the Aβ-

mediated blockade of LTP, we performed extracellular local field potential recordings

in brain slices acutely isolated from wild-type mice and GluA3-deficient littermates.

Previous studies have shown that LTP induction in GluA3-deficient brain slices

produces a level of potentiation that is similar (Humeau et al., 2007) or larger (Meng

et al., 2003) than in wild-type neurons. We observed that a theta-burst stimulation

onto CA3-CA1 synapses produced stable, pathway-specific LTP of similar magnitude

in wild-type and GluA3-deficient slices (Fig. 2.9). This experiment was repeated

in slices incubated with cell culture medium from a cell line that produces Aβ in

oligomeric form, or with control medium (Podlisny et al., 1995). The incubation

of slices with 1 nM of oligomeric Aβ blocked LTP in wild-type slices (p=0.03; Fig.

2.4A), but failed to block LTP in GluA3-deficient slices (p=0.8; Fig. 2.4B). In the

presence of Aβ-oligomers LTP was significantly smaller in wild-type slices compared

to GluA3-deficient slices (p=0.04; Fig. 2.4C). Thus, GluA3-expression was critical

for Aβ-oligomers to block LTP.

2.3.4 GluA3-deficient APP/PS1 transgenic mice do not display

spine loss or memory impairment

Mice that express human APP (APPswe) and mutant presenilin 1 (PS1dE9)

transgenes produce high levels of Aβ42 and are used as a mouse model for familial
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AD (Savonenko et al., 2005). An immunostaining for Aβ shows that these APP/PS1-

transgenic mice started to develop plaques in the CA1 region of the hippocampus

at the age of 6 months, with more plaques situated in the stratum lacunosum-

moleculare (SLM) than in the stratum radiatum (SR) (Fig. 2.5A and Fig. 2.10A). To

assess whether these local differences in Aβ-load correspond with location-specific

patterns of spine loss (Šišková et al., 2014), spine analysis was performed on

oblique CA1 dendrites in both SR and SLM. Indeed, whereas the spine density

remained unaffected in the SR (p=0.6; Fig. 2.5C and D and Fig. 2.10B), we did

observe a reduced spine density in the SLM (p<0.01; Fig. 2.5E and F). Although in

12-month old mice the plaque load had approximately quadrupled in both the SR

and the SLM (Fig. 2.5B), the spine loss in the CA1 had not aggravated (Fig. 2.5D

and F). The observed spine loss in the SLM of APP/PS1-transgenic mice was not

accompanied by a change in the average diameter of spine heads (Fig. 2.5G and

J) or the distribution of spine head sizes (Fig. 2.5I and J). In APP/PS1 mice that

were GluA3-deficient the development of plaque formation was similar compared to

GluA3-expressing APP/PS1 littermates (p>0.9; Fig. 2.5A and B), suggesting that the

level of Aβ accumulation was unaffected in the absence of GluA3. As we observed

in organotypic slice cultures, GluA3-deficient CA1 neurons have on average a similar

spine density (Fig. 2.5C to F) and larger spine heads (Fig. 2.5G and H; and Fig.

2.11) compared with age-matched wild-type littermates. Notably, in GluA3-deficient

mice the APP/PS1 transgenes did not cause a reduced spine density in the SLM at

both 6 and 12 months of age (Fig. 2.5E and F), indicating that APP/PS1 mice are

only susceptible to spine loss when they express AMPAR subunit GluA3.
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Figure 2.5: APP/PS1 mice that lack GluA3 develop Aβ plaques but do
not show spine loss. (A,B) Examples of 6E10 staining (left) and average
mean plaque load of 6 month (A) and 12 month (B) APP/PS1 mice (n=4
mice for all groups) demonstrate that more Aβ plaques were formed in the
stratum lacunosum-moleculare (SLM) than in the stratum radiatum (SR).
PCL, pyramidal cell layer; MO, molecular layer of the dendate gyrus. (C,D)
Example images (left) and average spine density (right) of CA1 dendrites
in the SR was similar in dendrites of 6 month (C, wt=18; APP/PS1=24;
GluA3-KO=18; APP/PS1/GluA3-KO=18) and 12 month old APP/PS1 mice
(D, wt=24; APP/PS1=24; GluA3-KO=12; APP/PS1/GluA3-KO=18) Scale
bar: 2 µm. (E,F) Example images (left) and average spine density (right)
was lower in APP/PS1-expressing SLM dendrites provided that they ex-
pressed GluA3 for both 6 month (E, wt=18; APP/PS1=24; GluA3-KO=18;
APP/PS1/GluA3-KO=18) and 12 month (F, wt=24; APP/PS1=24; GluA3-
KO=12; APP/PS1/GluA3-KO=18) old mice. Scale bar: 2 µm. (G,H) Mean
spine head diameter was unaffected in 6 month (G) and 12 month (H) old
APP/PS1 mice. (I,J) Spine head size normalized distribution was unaffected
in 6 month (I) and 12 month (J) old APP/PS1 mice. Data are mean ±SEM.
Statistics: two-way ANOVA with post-hoc Sidak test (A-H), or K-S test (I,J).
* indicates p<0.05.
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In addition to Aβ plaque and spine pathology, APP/PS1 mice show cognitive

deficits and premature mortality. In our colony the survival rate of APP/PS1 mice was

reduced compared with wild-type littermates (p<0.01). APP/PS1 mice did not show

premature mortality when they were GluA3-deficient (p=0.2, Fig. 2.6A). We tested

the ability to form hippocampus- and amygdala-dependent memories by submitting

either 6 or 12-month old mice to a contextual fear-conditioning paradigm. Upon

exposure to the shock cage, the mice with different genotypes displayed a similar

locomotor activity in a novel environment and a similar startle response to a mild

foot shock (Fig. 2.6B and C). When re-exposed to the shock cage 24 hours after

conditioning, APP/PS1 mice showed impaired fear memories as expressed by a

lower level of freezing behavior compared with wild-type littermates (p=0.01; Fig.

2.6D and p=0.03; Fig. 2.6E). For GluA3-deficient mice, the freezing response to the

fearful context were equal irrespectively of having APP/PS1 transgenes (p>0.9; Fig.

2.6D and p>0.9; Fig. 2.6E). Similar results were obtained when another group of

6-month old mice was tested 7 days after conditioning (Fig. 2.6F and G), indicating

that also the long-term stability of contextual fear memories remained unaffected by

APP/PS1 transgenes in the absence of GluA3. GluA3-deficient mice consistently

displayed a lower (non-significant) memory performance compared to their wild-type

littermate controls at both 6 (p=0.7; Fig. 2.6D) and 12 months of age (p=0.6; Fig. 7E).

In 3-month old mice this was not observed (Fig. 2.12). Combined, these findings

indicate that GluA3 renders APP/PS1 mice susceptible to memory impairment.
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Figure 2.6: APP/PS1 mice do not show increased mortality or memory
deficits when they lack GluA3. (A) Kaplan Meier curves demonstrating
that APP/PS1 but not APP/PS1/GluA3-KO mice have increased mortality
rates (n=780 at 1 month, n=127 at 12 months). (B,C) Locomotion is similar
before and during (startle response) the foot-shock in the conditioning trial,
in both 6 month old (B) and 12 month old (C) mice. Automated quantification
of motion as the number of Significant Motion Pixels (SMP) as described
previously (49). (D,E) Freezing levels during fear-memory retrieval 24 hrs
after conditioning in 6-month old littermates (D, wt n=13; APP/PS1 n=13;
GluA3-KO n=11; APP/PS1/GluA3-KO n=15) and 12-month old littermates
(E, wt n=13; APP/PS1 n=20; GluA3-KO n=12; APP/PS1/GluA3-KO n=19).
(F) Freezing responses to the fear context at 24 hrs (same as in D) and a
different group of mice tested 7 days after conditioning (wt n=14; APP/PS1
n=13; GluA3-KO n=16; APP/PS1/GluA3-KO n=19) showed that long-term
stability of contextual fear memories is unaffected in APP/PS1/GluA3-KO
mice. Data are mean ±SEM. Statistics: Mantel-Cox test with Bonferroni
correction (A), two-way ANOVA with post-hoc Sidak test (D,E), and unpaired
t test (F,G). * indicates p<0.05.
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2.4 Discussion

We studied the influence of AMPAR subunit composition on Aβ-mediated

synapto-toxicity in three different model systems. Firstly we showed that synaptic

depression and spine loss in APPCT100-overexpressing CA1 neurons of organotypic

slices require GluA3 expression. Secondly, exogenously added Aβ-oligomers block

LTP in acutely isolated brain slices of wild-type mice, but not of GluA3-deficient

mice. Finally, increased mortality, contextual fear memory deficits and spine loss

in APP/PS1-transgenic mice are absent when they lack GluA3. Our data indicate

that GluA3-containing AMPARs play a central role in these Aβ-mediated deficits.

The increased mortality of APP/PS1 transgenic mice appears related to the occur-

rence of epileptic seizures and not to neurodegeneration (Scharfman, 2012). It will

be interesting to assess whether GluA3 is also required for seizure generation in

APP/PS1 mice.

How Aβ-oligomers initiate synaptic deficits remains largely unclear. Aβ-

oligomers have a broad range of binding partners at the surface of neurons (Rahman

et al., 2015), and a number of these partners have been proposed to be necessary

for inducing pathological effects (Benilova et al., 2012; Mucke and Selkoe, 2012).

Although GluA3 may be another candidate Aβ receptor, we consider the possibility

that GluA3 is not so much responsible for the induction, but rather for the expression

of Aβ-driven synaptic deficits. We propose a model where Aβ-oligomers bind one (or

a combination) of surface receptors, thereby hijacking or facilitating an endogenous

NMDAR-dependent signaling cascade that ultimately leads to the selective removal

of GluA3-containing AMPAR from synapses. A factor that potentially mediates the

depletion of GluA2/3 AMPARs from synapses is PICK1, an adaptor protein that
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selectively interacts with GluA2 and GluA3. The phosphorylation of the GluA2 or

GluA3 c-tail by protein kinase Cα (PKCα) permits PICK1 to bind, leading to AMPAR

endocytosis (Kim et al., 2001; Terashima et al., 2008). Notably, PICK1 as well as

PKCα are necessary for Aβ-mediated synaptic depression to take place (Alfonso

et al., 2014, 2016). The PICK1-dependent removal of AMPARs from the surface by

Aβ was shown to be more prominent for GluA2 than for GluA1 (Alfonso et al., 2014),

suggesting that Aβ-oligomers particularly trigger the endocytosis of GluA2/3s. The

removal of GluA3-containing receptors by Aβ as a mechanism of action is supported

by our finding that AMPAR currents are similarly reduced in neurons lacking GluA3

as in wild-type neurons expressing APPCT100. (i.e. similar mini EPSC frequency and

AMPAR/NMDAR ratio). Other effects of Aβ, including synaptic NMDAR depression,

spine loss, LTP blockade, memory impairment and premature mortality did not fully

mimic the lack of GluA3, possibly because these effects require the active removal

of GluA3-containing AMPARs and/or because GluA3-deficiency is chronic and could

allow compensatory mechanisms to ameliorate some of the deficits. Regardless of

the mechanisms underlying the partial mimicry, our experiments indicate that the

presence of GluA3 is required for these effects to occur.

GluA3-containing AMPARs have been proposed to be involved in the home-

ostatic scaling of synapse strength (Makino and Malinow, 2011; Rial Verde et al.,

2006). In such a scenario, neurons that are deprived of synaptic input increase their

synaptic GluA2/3 levels, and conversely neurons that are hyperactive counteract

by lowering the number of GluA2/3s at synapses. It has recently been suggested

that AD-related synaptic and memory deficits may arise from defects in homeo-

static plasticity (Megill et al., 2015; Jang and Chung, 2016). Possibly Aβ-oligomers
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mediate a persistent synaptic downscaling by reducing the levels of GluA2/3s at

synapses irrespective of the history of neuronal activity. Alternatively, Aβ-oligomers

may trigger an increased neuronal network activity (Verret et al., 2012) to which

neurons respond by lowering synaptic GluA2/3 levels. However, the consequences

of an excess deposition of Aβ are not limited to the loss of synaptic AMPAR levels.

Our observation that other Aβ-driven effects are not observed in GluA3-deficient

mice is consistent with the notion that the removal of AMPARs from synapses is

one of the first critical steps in Aβ pathogenesis (Hsieh et al., 2006; Miyamoto et al.,

2016), followed or accompanied by the collateral removal of GluA1/2s and GluN2B-

containing NMDARs and the disintegration of the synapse. Possibly GluA2/3s play a

role in the stabilization of spine structures, for instance through their interaction with

N-cadherins at synapses (43, 44)(Saglietti et al., 2007; Silverman et al., 2007). Alter-

natively, the endocytosis of GluA3-containing AMPARs may trigger a cellular signal

that leads to the dismantling of spine structures. We propose that an intervention in

the signaling pathway that is used by Aβ to remove GluA2/3s from synapses may

be an attractive approach to prevent all Aβ-driven synaptic and memory deficits.

Lowering the neuronal or synaptic levels of GluA3-containing AMPARs may

reduce the vulnerability of neurons for the detrimental effects of oligomeric Aβ.

Interestingly, a recent study that screened for gene expression profiles associated

with mild cognitive impairment (MCI), a clinical transition stage between aging and

AD dementia (Boyle et al., 2006), found that among the genes that showed a strong

negative correlation with cognitive performance were genes encoding glutamate

receptors GluA3 and GluN2B (Berchtold et al., 2014). It is tempting to speculate

that people with relatively low levels of GluA3 and GluN2B expression are less
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likely to develop MCI despite the presence of Aβ-oligomers. Along these lines, a

mentally active brain would theoretically provide a reduced susceptibility for MCI,

since learning behavior and sensory experiences trigger the delivery of GluA1-

containing AMPARs to synapses (Mitsushima et al., 2011; Rumpel, 2005) and the

subsequent homeostatic removal of synaptic GluA2/3s (Makino and Malinow, 2011;

Rial Verde et al., 2006). Future experiments may reveal under which physiological

conditions the levels of GluA3 change in neurons, and whether differences in the

expression levels of GluA3 determine the severity of AD-symptoms.

2.5 Experimental Procedures

Mice

GluA3-deficient (Gria3tm1Dgen/Mmnc; MMRRC, Davis, CA), APP-

swe/PS1dE9 mice (Savonenko et al., 2005) (kindly provided by Dr. Elly Hol),

and Thy1-eYFP mice (B6.Cg-Tg(Thy1-YFP)HJrs/J; Jackson, Bar Harbor, USA)

were at least 6 times backcrossed to c57bl6 mice. GluA1-deficient mice were in a

c57bl6/129 hybrid background and were a kind gift from Dr. R. Huganir (Kim et al.,

2005). GluA3 is an X-linked gene; for behavioral experiments only male GluA3-/Y

and littermate GluA3+/Y were used. For electrophysiology both male GluA3-/Y and

GluA3+/Y and female GluA3-/- and GluA3+/+ littermates were used; female GluA3+/-

were excluded from this study. Mice were kept on a 12-hours day-night cycle and

had ad libitum access to food and water. All experiments were were approved by the

Institutional Animal Care and Use Committee of the Royal Netherlands Academy of

Arts and Sciences (KNAW) or the University of San Diego, California.
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Organotypic and acute hippocampal slices

Organotypic hippocampal slices were prepared from P7-8 mice as described

previously (Stoppini et al., 1991) and used after 7-12 days in culture for electro-

physiology or after 13-15 days in culture for spine analysis. Constructs of APP-

CT100+tdTomato, APP-CT84+tdTomato, GFP-GluA3(i) and GFP-GluA3(i)+APP-

CT100 were cloned into a pSinRep5 shuttle vector and infective Sindbis pseudo

viruses were produced according to the manufacturer’s protocol (Invitrogen BV, Leek,

Netherlands). Acute hippocampal slices were prepared from 3- to 4-week-old mice.

Slices were cut coronally in cold sucrose cutting buffer (72 mM sucrose, 22 mM

glucose, 2.6 mM NaHCO3, 83 mM NaCl, 2.5 mM KCl, 3.3 mM MgSO4, and 0.5 mM

CaCl2) at a thickness of 350 Îĳm and transferred to a recovery chamber containing

oxygenated artificial cerebrospinal fluid (ACSF) containing 11 mM glucose, 1 mM

MgCl2, and 2 mM CaCl2. Slices were maintained at 34°C for 45 min and then at

room temperature for 45 min.

Preparation of Aβ oligomers

Chinese hamster ovary (CHO) cells stably transfected with APP751(V717F)

mutation, referred to as 7PA2 cells (Savonenko et al., 2005), were a gift from Dr.

Edward Koo. 7PA2 cells or control CHO cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) containing 10% bovine fetal calf serum and grown to near

confluence, then cultured in plain DMEM for 16 hr. The Aβ medium is collected,

centrifuged at 200 g for 10 min and concentrated 10 fold using an Amicon Ultra 3k

filtration device at 4000 × g for 30 min at 4°C. Levels of Aβ40 and Aβ42 oligomers

were measured by enzyme-linked immunosorbent assay (ELISA). 7PA2 conditioned
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medium was diluted to 1 nM total Aβ, and CHO conditioned medium from the same

batch was diluted similarly. Western Blots were used to confirm the presence of Aβ

oligomers.

Electrophysiology

Organotypic hippocampal slices were perfused with artificial CSF (ACSF, in

mM: 118 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 4 MgCl2, 4 CaCl2, 20 glucose)

gassed with 95%O2/5%CO2). Whole-cell recordings were made with 3 - 5 MΩ

pipettes, (Raccess < 20 MΩ, and Rinput > 10 x Raccess) filled with internal solution

containing (in mM): 115 CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2-ATP,

0.4 Na-GTP, 10 Na-Phosphocreatine, 0.6 EGTA. Miniature EPSCs were recorded

at -60 mV with TTX (1 µM) and picrotoxin (50 µM) added to the bath. For evoked

recordings, a cut was made between CA1 and CA3, and picrotoxin (50 µM) and

2-chloroadenosine (4 µM; Tocris) were added to the bath. Two stimulating electrodes,

two-contact Pt/Ir cluster electrode (Frederick Haer, Bowdoin, USA), were placed

between 100 and 300 µm down the apical dendrite, 100 µm apart, and 200 µm

laterally in opposite directions. AMPAR-mediated EPSCsweremeasured as the peak

inward current at -60 mV. NMDAR-mediated EPSCs were measured as the mean

outward current between 40 and 90 ms after the stimulation at +40 mV, corrected

by the current at 0 mV. EPSC amplitudes were obtained from an average of at least

40 sweeps at each holding potential. Data was acquired using a Multiclamp 700B

amplifier (Molecular Devices, Sunnyvale, USA). Evoked recording were analyzed

using custom software written in Igor Pro (Wavemetrics, Tigard, USA). Miniature

EPSC recordings were analyzed with MiniAnalysis (Synaptosoft, Decatur, USA) with
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an amplitude threshold of 5 pA. For LTP recordings, acute slices were transferred to a

recording chamber, where it was submerged and received a continuous flow of ACSF

supplemented with 11 mM glucose, 1 mMMgCl2, 2 mMCaCl2, and 100 μMpicrotoxin

(pH 7.4). Extracellular field potentials were recorded in the SR with glass electrodes

(1.5-2.5 MΩ) containing ACSF. Field excitatory postsynaptic potentials (fEPSPs)

were evoked by stimulating independent afferents by placing bipolar stimulation

electrodes 150 µm down the apical dendrites, and 150-200 µm laterally in opposite

directions. Aβ or control medium was added to the perfusion for 20 minutes during

the acquisition of a stable baseline prior to LTP induction. LTP was induced by

applying 4 trains of electrical stimulation at 100 Hz, lasting 100 ms each, every 20

s. After LTP induction, fEPSPs were recorded for an additional 60 min. Averaged

normalized fEPSP for the last 10 minutes (50-60 minutes after LTP induction) of each

recording was used to quantify the potentiation value. Experiments were conducted

blind to experimental conditions.

Dendritic spine analysis in organotypic hippocampal slices

Three-dimensional images were collected by two-photon laser scanning mi-

croscopy (Femtonics Ltd. Hungary) with a Ti:sapphire laser (Chameleon, Coherent,

Santa Clara, USA) tuned at 910 nm. Optical z-sections were captured every 0.75

µm of apical dendrites approximately 180 µm from the cell body. The density and

diameter of spines protruding in the horizontal (x/y) plane were manually quantified

from projections of stacked 3D images by an experimenter blind to experimental

conditions and genotype using ImageJ software (http://fiji.sc).
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Aβ plaque load and spine analysis in APP/PS1 mice

Mice were anesthetized with pentobarbital and perfused with 20 ml 0.1 M

PBS followed by 80 ml of fixative (4% paraformaldehyde in 0.1 M PBS pH 7.2).

Brains were removed, post-fixed for 1 hour in fixative, and washed in PBS.

For plaque load analysis: brains were kept in 20% sucrose overnight, snap-

frozen in dry-ice and stored at -80°C. The brains were sliced into 10 µm sections

on a Leica CM3050S cryostat and thaw-mounted onto microscope slides. Epitope

retrieval was achieved by incubating the slides in a sodium citrate buffer (10mM

sodium citrate, 0.05% Tween-20, pH 6.0) at 95°C. The sections were washed in

PBS, incubated in blocking solution (10% normal donkey serum, 0.4% Triton X-100

in PBS) for 1 hour and subsequently incubated with the 6E10 antibody (1:15000

dilution, SIG-39320, Covance, Princeton, NJ, USA) overnight at room temperature

in blocking solution, washed in PBS and incubated with Cy3-conjugated donkey

anti-mouse IgG (1:1400, in PBS; Jackson ImmunoResearch, West Grove, PA, USA)

for 2 hours at room temperature. Sections were washed in PBS and covered with

VectaShield mounting medium with DAPI (Vector Labs, Burlingame, CA, USA).

Images of the CA1 (10x magnified, 1392x1040, pixel size 0.65 µm2 were obtained

using a fluorescence microscope (Leica DM-RE, Wetzlar, Germany). Eight images

per animals were acquired blind to experimental conditions, and analyzed with

Image-Pro Plus software script (Media Cybernetics, Rockville, MD, USA). The level

of plaque area was expressed as the percentage of positive pixels. Slices from wt

and GluA3-KO littermates were included as negative controls (Fig. 2.10A).

For spine analysis: coronal 50 µm-thick slices were prepared from the fixed

brains of Thy1-eYFP with a vibratome (Leica, Rijswijk, Netherlands) and mounted
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with Vectashield medium (Vector Labs, Peterborough UK). Z-stack images of oblique

apical dendrites were obtained with a Leica SP5 II confocal microscope. Laser power

was adjusted to achieve similar fluorescence levels across images. Spine density

and spine size was manually quantified by an experimenter blind to experimental

conditions and genotype using ImageJ software (âĂŸhttp://fiji.sc’). Spine size was

determined by measuring spine head diameters, since diameter measurements

were largely independent on fluorescence intensity levels (Fig. 2.10C).

Contextual fear conditioning behavioral assay

Male mice (GluA3-/Y) were placed in a box (29 cm high, 31.5 cm wide, 23 cm

deep; Med Associates Inc., Georgia, VT) inside a sound-attenuating chamber for 4

min, in which a shock (0.45 mA, 2 s) was delivered after 2 min through a grid floor

with stainless steel bars. Each trial took place between 1:00 and 4:00 pm during the

light cycle. Freezing behavior and locomotion were quantified using custom-made

Matlab script (Kopec et al., 2007). Absence of movement for at least 1 second was

considered as freezing. Experiments were conducted blind to the genotype of the

mice.

Statistical analysis

The Kolmogorov-Smirnov test (K-S) was used to test whether data sets were

normally distributed. The F-test was used to test equal variance. Where necessary,

data were log- or square root-transformed to obtain normal distributions and homo-

geneity of variance. Significance was determined using two-tailed Student t tests to

compare 2 groups. Two-way ANOVA followed by post-hoc Sidak comparisons were
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used when two independent variables (i.e. genotype and the expression/presence

of Aβ) were measured. The K-S tests on the cumulative distributions were done

on data normalized to its group mean. This allowed a comparison of distributions

independent of a difference in mean. Mantel-Cox test with Bonferroni correction was

used to compare mortality rates. P values below 0.05 were considered statistically

significant.
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Figure 2.7: Sindbis virus expression does not affect membrane resistance of
neurons and allows for dual APPCT100/tdTomato expression. (A) Average
membrane (Rm) and series (Rs) resistance of whole-cell patch clamped CA1
neurons expressing tdTomato+APPCT100 (gray; n=24) and uninfected (black;
n=24) wild-type neurons 24 hrs after infection, GFP+APPCT100 expressing
(light blue; n=13) and uninfected (dark blue; n=15) GluA3-KO neurons
24 hrs after infection, and GFP+APPCT100 expressing (light blue; n=25)
and uninfected (dark blue; n=11) neurons 48 hrs after infection. Mean
Rm indicates that Sindbis-driven APPCT100 expression did not compromise
neuronal health. Data are mean ±SEM. Statistics: 2-tailed unpaired t test.
(B) Example images of an individual neuron (left panel; scale bar: 20µm)
and a population of CA1 neurons in an organotypic slice (right panel; scale
bar: 100µm) infected with Sindbis virus expressing APPCT100/tdTomato
and immunostained for Aβ (6E10 antibody). The majority of tdTomato-
expressing CA1 neurons (total: n=144) showed positive staining for Aβ.
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Figure 2.8: Expression of APPCT84 does not affect spine density or mEP-
SCs. (A) (left) Example of 2-photon images of apical CA1 dendrites in-
fected with tdTomato or tdTomato+APPCT84. Scale bar: 3µm. (right) The
average spine density was not different between tdTomato (n=11) and
tdTomato+APPCT84 (n=11) expressing CA1 pyramidal neurons. (B) (left)
Example mEPSC traces of wt neurons with or without APPCT84-expression.
Scale bar: 3 sec, 10 pA. (right) APPCT84 expression did not affect mean
mEPSC frequency or amplitude in wild-type neurons (uninf.: n=17 and
CT84: n=14). Data are mean ±SEM. Statistics: 2-tailed unpaired t test.
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Figure 2.9: GluA3-KO slices show normal pathway-specific LTP. (A) LFP
example traces (top; scale bar: 10 ms, 0.2 mV) and peak LFP responses
show LTP with similar magnitude in the absence of medium (top panel; wt
n=11; GluA3-KO n=6) and in the presence of control medium (bottom panel;
wt n=6; GluA3-KO n=8) in wt and GluA3-KO slices. (B) Control pathways of
LTP experiments in main Fig. 4 in Aβ medium (top panel: wt n=5, GluA3-KO
n=8), in the absence of medium (middle panel: wt n=6, GluA3-KO n=6)
and in control medium (bottom panel: wt n=3, GluA3-KO n=3) remained
stable over time, demonstrating that the LTP was specific for the stimulated
pathway. Data are mean ±SEM. Statistics: 2-tailed unpaired t test over the
last 10 minutes of the recording.
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Figure 2.10: Control experiments for plaque load analysis and spine size
analysis in the CA1 of aged mice. (A) 6E10 staining in 6 and 12 month
old wt and GluA3-KO mice without the APP/PS1 transgenes confirmed an
absence of plaque formation. (B) Confocal image of a hippocampal slice
of a Thy1-eYFP mouse, depicting the regions where spine density was
quantified. SR, stratum radiatum; SLM, stratum lacunosum-moleculare. (C)
Comparison of two different spine size analyses showed that the average
spine head diameter was less sensitive to variation in fluorescence intensity
than spine volume reflected as the spine brightness (background-subtracted
and corrected for fluorescence levels in dendritic shaft). Left: Confocal
images of a CA1 dendrite obtained with different levels of laser intensity.
Triangles indicate the spines analyzed. Scale bar: 2µm. Right: Spine head
diameter en spine fluorescence (after background fluorescence subtraction)
normalized to value at 6% laser intensity plotted against laser intensity (n=5
spines). Data are mean ±SEM.
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Figure 2.11: GluA3âĂŞdeficient CA1 neurons have increased spine head
size in the stratum lacunosum-moleculare. (A-C) Average spine head
diameter (top) and the normalized distribution of spine head sizes (bottom)
of CA1 pyramidal neurons at wt (black) and GluA3-KO (blue) littermate mice.
(A) SR dendrites in organotypic hippocampal slices as in Fig. 3 A, (B) SLM
dendrites in 6-month old mice as in Fig. 6 G, and (C) 12-month old mice as
in Fig. 5 H. Data are mean ÂśSEM. Statistics: 2-tailed unpaired t tests for
spine diameter and K-S test on spine size distributions. * indicates p < 0.05.
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Figure 2.12: Freezing levels during fear-memory retrieval 24 hrs after con-
ditioning in 3-month old littermates (D, wt n=11; APP/PS1 n=10; GluA3-KO
n=7; APP/PS1/GluA3-KO n=11) shows a memory impairment of APP/PS1
mice that is not expressed in APP/PS1 GluA3-KO mice. Statistics: two-way
ANOVA with post-hoc Sidak. * indicates p<0.05.



Chapter 3

Manipulating memories by

modulating amyloid-β production

3.1 Abstract

The amyloid hypothesis suggests that the dysregulation of amyloid-beta (Aβ)

leads to the neurodegeneration and, eventually, the loss of memories in Alzheimer’s

disease (AD). As a product of β- and γ-secretase cleavage of the amyloid precursor

protein (APP), therapeutics have been aimed at blocking the production or accumu-

lation of Aβ. However, many of these drugs have been studied in animal models

chronically over-producing Aβ throughout their lifetimes, leaving many questions

remaining. In this chapter, 1) a new method for acutely introducing Aβ in vivo will be

introduced, 2) memory formation in the presence of the AD therapeutics known as

γ-secretase modulators will be discussed, and 3) the acute effects of Aβ on memory

inactivation will be described.

50
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3.2 Introduction

Alzheimer’s disease (AD) is initially characterized by mild memory loss and

eventually progresses to general brain dysfunction. Pathological hallmarks of ad-

vanced AD consist of insoluble amyloid plaques, neurofibrillary tangles, and loss of

neurons and synapses. The amyloid hypothesis suggests that the primary causative

factor of AD is the accumulation of amyloid-β (Aβ), which exists in a 40- or 42-amino

acid form when cleaved from the amyloid precursor protein (APP)(11). Aβ forms

small, soluble oligomers in vitro and in vivo, and studies have shown that exogenous

application of synthetic or cell-secreted Aβ oligomers blocks long-term potentiation

(LTP) (Barghorn et al., 2005; Walsh et al., 2002)

Aβ has been shown to depress synapses by activating signaling pathways

involved in long-term depression (LTD). For example, when CT100, the precursor to

Aβ, is overexpressed in rodent hippocampal slices, it depresses synaptic transmis-

sion and leads to the endocytosis of AMPA receptors containing GluA2 (Hsieh et al.,

2006; Kamenetz et al., 2003). In addition, sub-threshold LFS protocols are typically

insufficient to induce LTD under normal conditions, but the presence of Aβ facilitates

the induction of LTD with these protocols (Li et al., 2009), further indicating that Aβ

acts through signaling pathways involved in LTD.

Because Aβ is thought to initiate the pathogenesis of AD, some therapeutics

designed to slow the progression of the disease have been aimed at preventing the

production of Aβ. APP is first cleaved by β-secretase, leading to the production of

CT100. CT100 is then cleaved by γ-secretase, leading to Aβ40 or Aβ42. γ-secretase

inhibitors (GSIs) were initially promising because they blocked the effects of Aβ in

vitro and improved deficits in APP transgenic mice (Wei et al., 2009; Comery, 2005),
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but they ultimately failed in clinical trials because γ-secretase plays a critical role in

Notch signaling (De Strooper, 2014). However, γ-secretase modulators (GSMs), do

not inhibit γ-secretase. Rather, they modulate the function of γ-secretase such that

Aβ40 and Aβ42 production are reduced, and the production of the nonpathogenic

Aβ38 increases (Kounnas et al., 2010). Furthermore, GSMs have been shown to

improve cognitive function in APP transgenic mice, with both acute and long-term,

chronic administration, unlike GSIs (Mitani et al., 2012).

A myriad of studies have demonstrated that Aβ dysregulates synaptic plas-

ticity, and that preventing the accumulation of pathogenic Aβ species can prevent

synaptic depression or rescue memory deficits in APP transgenic mice (Kounnas

et al., 2010; Mitani et al., 2012). However, a few major questions remain: 1) Does

Aβ production block the formation a new memory? 2) Does memory encoding "tag"

synapses when LTP at those synapses is blocked by Aβ? Can this memory then be

accessed if Aβ is removed during GSM treatment? 2) Does acute Aβ production

lead to the inactivation of a memory?

Previous work in our lab demonstrated a direct relationship between plas-

ticity and memory (Nabavi et al., 2014). In this experimental paradigm, an adeno-

associated virus (AAV) expressing oChIEF, a variant of the light-activated ChR2,

was injected into the medial geniculate nucleus (MGN) and the auditory cortex (AC)

of Sprague-Dawley rats, which provide inputs into the lateral amygdala (LA). Once

the viral expression of oChIEF reached axon terminals, cannulae containing optic

fibers were placed in the dorsal tip of the LA; light delivery through these fibers

activated terminals expressing oChIEF (optogenetically-driven input, ODI) (Figure

6B).
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Figure 3.1: Schematic for injections and behavioral experiments for CT100-
T2A-oChIEF rats.

Animals were trained to lever press for a sucrose reward in context A, and then

received paired conditioning, using the ODI as the conditioned stimulus (CS), and a

shock as the unconditioned stimulus (US) in another context, context B. Temporal

pairing of an ODI and shock led to a conditioned response (CR) upon delivery of

the CS during test sessions conducted 24 hours after training (Figure 6A and C).

The CR was sensitive to extinction, thus indicating the formation of an associative

memory. Application of an LTD protocol to the ODI (1 Hz for 15 min) inactivated

the memory after 24 hours. These same animals were subsequently subjected to

an LTP protocol through the ODI (light frequency: 100 Hz, 5 bursts). Testing the

animals with a CS after 24 hours produced a CR, indicating that LTP reactivated

the associative memory. Another round of LTD and LTP led to the inactivation

and reactivation of the memory, with robust and long-lasting effects. These results

showed that LTP and LTD could be used in vivo to manipulate memory.

Because Aβ-overproduction leads to synaptic depression resembling LTD,

the next step was to investigate the effects of Aβ production on cued fear memory. To

do so, I set up an experimental paradigm resembling that of Nabavi et al., 2014 (Fig.

3.1). An AAV expressing CT100 and oChIEF-tdTomato (AAV-CT100-T2A-oChIEF-



54

citrine) was injected into the auditory centers and cannulae were implanted dorsally

to the lateral amygdala. Rats were subjected to the conditioning protocols described

earlier, but in the presence or absence of the GSM NGP-555, which allowed us to

manipulate the production of Aβ. If Aβ acts as LTD, then an animal that expresses

CT100 in the auditory centers may not be able to form an associative memory, and

would be able to form this associative memory when treated with NGP-555. Finally,

when the NGP-555 is removed, we predict that Aβ would remove the memory.

3.3 Results

3.3.1 NGP-555 prevents the accumulation and synaptic depres-

sion of Aβ.

NGP-555 was kindly provided by NeuroGenetics Pharmaceuticals, and was

injected intraperitoneally (i.p.) during the behavior experiments at a dosage of 50

mg/kg. With the help of Dr. Steve Wagner’s lab, it was shown that this drug is

effective at reducing Aβ40 and Aβ42 levels through I.P. injections in Sprague-Dawley

rats (Fig. 3.2). Interestingly, although NGP-555 administration was sufficient to

reduce plasma levels of Aβ42, it was insufficient for decreasing brain levels of Aβ42.

To determine the efficacy of NGP-555 in preventing Aβ-induced synaptic

depression, cultured hippocampal slices infected with Sindbis-CT100 were incu-

bated with 4 µM NGP-555 overnight. Whole-cell recordings on pairs of uninfected

and infected cells were then performed to examine evoked synaptic transmission.

Normally, excitatory synaptic transmission in CT100-expressing cells is reduced by

approximately 40 percent (Fig. 3.2B and C). However, in the presence of NGP-555,
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Figure 3.2: NGP-555 reduces Aβ levels in vivo and prevents Aβ-induced
synaptic depression in vitro. (A) Intraperitoneal (i.p.) administration of
NGP-555 at a dosage of 50 mg/kg for 7 consecutive days leads to a reduc-
tion in brain and plasma levels of Aβ40 in Sprague-Dawley rats. NGP-555
administration was not sufficient to reduce brain levels of Aβ42, but was
sufficient to reduce plasma levels of Aβ42. Aβ38 levels were too low to detect
in Sprague-Dawley rats. (Vehicle: n = 8, NGP-555: n = 8, ** indicates p
< 0.005). (B) CT100 persistently leads to depression in EPSCinfected com-
pared with EPSCuninfected when treated with vehicle overnight. Treatment of
slices with 4 µM NGP-555 prevents CT100-induced synaptic depression.
(C) Top: Representative traces of paired whole-cell recordings. Bottom:
Quantification of depression in vehicle- and NGP-555-treated slices. (No
drug: n = 10, NGP-555: n = 9, * indicates p < 0.05)
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excitatory transmission in CT100-expressing cells is reduced by approximately 10

percent (Fig. 3.2B and C). These results indicate that this GSM can prevent the

depressive effects of Aβ.

3.3.2 Co-expression of Aβ and oChIEF using Sindbis and AAV

Several constructs were generated for these experiments. To ensure that

infected cells expressing Aβ were also expressing oChIEF, an insert that linked

CT100 with oChIEFcitrine with a T2A peptide sequence was generated. This

sequence was subcloned into an AAV containing a human synapsin promoter (AAV-

hSyn-CT100-T2A-oChIEFcitrine) and a Sindbis expression vector (pSR5-CT100-

T2A-oChIEFcitrine) (Fig. 3.3B and C). Viruses were produced based on previously

established protocols and titers were confirmed with the help of the Salk Gene

Targeting, Transfer, and Therapeutics core.

To verify the efficacy of the “ribosomal skip” introduced by using the T2A

peptide, organotypic slices were infected with Sindbis virus expressing CT100-T2A-

oChIEFcitrine (Fig. 3.3B and C). Whole-cell recordings on pairs of uninfected and

infected cells were then performed to examine evoked synaptic transmission. Trans-

mission in cells expressing CT100-T2A-oChIEFcitrine was reduced by approximately

50 percent (Fig. 3.3C). To determine the functionality of oChIEFcitrine, pairs of

uninfected and infected cells were exposed to an optical stimulus and the photo-

stimulated current (PC) was recorded (Fig. 3.3D). Cells expressing oChIEFcitrine

showed large responses to oChIEF activation, while uninfected cells showed no

response. These results indicated that the ribosomal skip mechanism leads to the

expression of functional Aβ and oChIEF.
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Figure 3.3: Validation of CT100-T2A-oChIEFcitrine expression and function.
(A) Schematic of AAV and Sindbis design for CT100-T2A-oChIEFcitrine.
(B) Schematic of recordings performed with one pathway for electrical
stimulation and a second pathway for optical stimulation using 473 nm light.
(EPSC: excitatory postsynaptic current; PC: photostimulated current.) (C)
From left to right: representative trace of recordings in uninfected (black) and
infected (red) cells; CT100-T2A-oChIEFcitrine causes synaptic depression,
indicating that CT100-T2A-oChIEFcitrine still produces AÎš. (D) 473 nm
light pulses for 2.5 ms generates a current in cells expressing CT100-T2A-
oChIEFcitrine, indicating normal function of oChIEFcitrine.
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Figure 3.4: Histology on representative rats injected with AAV-CT100-T2A-
oChIEFcitrine (A) and AAV-oChIEF-tdTomato (B). Yellow arrow represents
cannula implantation.

3.3.3 Expression of Aβ in vivo leads to weak associative mem-

ories

Male Sprague-Dawley rats (age 6-8 weeks) were injected with AAV-hSyn-

CT100-T2A-oChIEFcitrine in the auditory cortex (AuC) and the medial geniculate

nucleus (MGN) (Fig. 3.4A). The rats recovered for 4-6 weeks, allowing time for the

virus to express, and then cannula were implanted above the lateral amygdala one

week prior to lever press training and conditioning. Once animals were trained to

lever press for a 10% sucrose reward (Context A), they were subjected to a screening

test (Test 0, Fig. 3.5A), in which the CS was presented to identify animals that had

seizures or other responses to the CS in the absence of conditioning. Animals
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whose lever press frequency decreased by 30% or more were removed from the

experimental group.

Following Test 0, animals were subjected to amild paired conditioning protocol

where animals were subjected a new context (Context B), in which foot shocks (US)

were delivered while paired with an ODI (CS) of 10 Hz, lasting 500 ms. After 24

hours, the animals underwent Test 1 in context A with the CS, and showed a mild

CR of approximately 50% reduction in lever press frequency upon delivery of the

CS (Fig. 3.5C)

The presence of a mild CR in Test 1 showed that the expression of CT100 in

the auditory cortex and medial geniculate nucleus is not sufficient to entirely block

the formation of new memories. However, when the rats underwent test 2 after

several days of GSM treatment, the rats no longer showed a CR to the CS (Fig.

3.5D). This suggests that the initial memory that had formed in the presence of Aβ

was weak, and was eventually removed after several days. Interestingly, upon GSM

treatment, the application of an optical LTP protocol led to a stronger CR in Test

3 (Fig. 3.5E). These results imply that synapses in the associative memory were

initially “tagged” during the mild conditioning protocol (Rogerson et al., 2014), but

not fully potentiated because of Aβ overproduction. This synaptic tagging led to the

formation of a weak fear memory that disappeared after several days.
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Figure 3.5: Behavioral testing of animals expressing CT100-T2A-
oChIEFcitrine. (A) Behavioral paradigm for tasks and GSM treatment of
CT100-expressing rats. (B) Test 0, conducted before conditioning, showed
that the CS has no effect before paired conditioning. (C) Test 1, conducted
after the animal receives temporal pairing of light, the CS, and shock, the
US. (D) Test 2, conducted several days after conditioning, shows the loss
of the associative memory. (E) Test 3 shows that the application of the LTP
protocol reactivates the memory during GSM treatment. (F) After LTD and a
second conditioning protocol, test 4 demonstrates the formation of a robust
memory at the end of the GSM treatment schedule. (G) Animals were tested
after 3 weeks of Aβ production, showed a weakening of the associative
memory. (H) Lever presses during the first minute of light were normalized
to the baseline and compared to Test 0. Tests 1, 3, and 4 showed significant
decreases in lever press frequency compared to Test 0. * indicates p < 0.05.
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Following Test 3, the animals were subjected to an LTD protocol to inactivate

the memory, and underwent a second mild fear conditioning session to ensure the

formation of a strong fear memory in test 4 (Fig. 3.5F). NGP-555 was then removed

for 3 weeks, and Aβ was allowed to accumulate at this synapse during that time. The

animals then underwent Test 5, and still showed a CR (Fig. 3.5G). The associative

memory was further quantified by normalizing the number of lever presses that

occur during the first minute of light (2-3 min) is the baseline lever presses (0-2

min) (Fig. 3.5H). Lever press change in Tests 1 through 5 were compared to Test 0,

and only Tests 1, 3, and 4 showed a statistically significant decrease in lever press

frequency in CT100-expressing rats. While Test 5 showed that there was still a CR

after 3 weeks of Aβ overexpression, the CR also appears to be weaker than it was

in previous tests.

Based on the literature, we expected that CT100-overexpression in vivo

would produce sufficient levels of Aβ to reproduce the memory deficits modeled

in APP transgenic mice (Ashe and Zahs, 2010). So why did Aβ fail to inactivate

the associative fear memory? One possibility is that 3 weeks of Aβ production did

not lead to sufficient Aβ accumulation to act as LTD. This would be unsurprising

because APP transgenic mouse strains demonstrate learning deficits when they

are aged at least 10 months, while young mice show little or no cognitive deficits

(Hsiao et al., 1996; Morgan, 2003). An alternative and more attractive possibility

is that memories formed in the absence of Aβ are more robust and resistant to the

deleterious effects of Aβ accumulation over a short time period.
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3.3.4 Rats lacking Aβ form a strong associative memory

To determine whether the behavioral phenotypes witnessed in rats injected

with CT100-T2A-oChIEF-citrine were actually the result of CT100 expression, a

group of rats were injected with oChIEF-tdTomato in the MGN and AuC (Figure 10B).

They were subjected to the same lever press training as the CT100-T2A-oChIEF-

citrine rats, and were then screened prior to conditioning in Test 0 (Fig. 3.6B) such

that only rats that did not have a decrease in lever press frequency in response to

the CS were kept for behavioral experiments.

Following Test 0, the oChIEF-tdTomato rats were then subjected to the same

mild conditioning protocol comprising 6 pairs of CS (ODI) and US (0.5 mA shock).

As shown in ChR2 test 1, the rats formed a CR in response to the CS, indicating the

presence of an associative memory (Fig. 3.6C). After several days, these rats were

then subjected to a test approximately 1 week after they received conditioning, and

they still exhibited a CR (Fig. 3.6D). It is important to note that test 3 occurred at the

same number of days post-conditioning as test 3 for the CT100-T2A-oChIEF-citrine

rats. The presence of a CR after a week indicates that the mild conditioning protocol

allows the formation of a robust memory.

These control experiments demonstrated that the loss of memory in CT100-

T2A-oChIEF-citrine rats by Test 2 (Fig. 3.5D) is likely because of the expression of

CT100 in synapses involved in the associative memory. With these data, we can

also rule out the possibility that a mild conditioning protocol undergoes extinction

more rapidly than previously established protocols (Nabavi et al., 2014).
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Figure 3.6: Behavioral testing of animals expressing oChIEF-tdTomato.
(A) Schematic of experimental regimen for oChIEF-tdTomato injected rats.
(B) Test 0 was used to screen for rats that had a response to light prior to
conditioning. Rats with a reduction in lever press greater than 30% were
excluded from experiments. (C) Test 1 was showed that oChIEF-tdTomato
rats had a decrease in lever press frequency of approximately 80% after the
mild conditioning protocol. (D) Test 2 showed that oChIEF-tdTomato rats
had a decrease in lever press frequency of approximately 60% one week
after conditioning. (n = 3 for all experiments.)
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3.3.5 Discussion

Conclusions

In this chapter, I demonstrated that the GSM NGP-555 can reduce Aβ40

and Aβ42 levels in vivo through i.p. injections, demonstrating a new method for

administering this drug. However, an increase in the non-pathogenic Aβ38 was not

observed, unlike previous studies (Kounnas et al., 2010). I also showed that NGP-

555 blocks Aβ-induced synaptic depression electrophysiologically, indicating that

this particular drug may be able to reverse the synaptic effects of Aβ overproduction.

Furthermore, I generated a new method for simultaneously expressing Aβ and

oChIEF within one virus to overcome the packaging limit of AAVs by using a T2A

peptide.

Using this AAV, I found that CT100 overexpression in the auditory centers

during conditioning was sufficient to cause a learning deficit in rats. After 7 days,

these rats demonstrated a deficit in memory retrieval when subjected to the CS.

However, during the GSM administration, an LTP protocol was sufficient to activate

the associative memory. After undergoing LTD and then a second round of mild

conditioning, these rats possessed a robust associative memory that persisted after

3 weeks of Aβ overproduction. These results suggest that 3 weeks of Aβ production

resulting from AAV expression of CT100 is insufficient to inactivate an associative

fear memory.

Although these results were inconsistent with our hypothesis that Aβ accu-

mulation in vivo should behave as LTD, they are not entirely unexpected. Typically,

rodent models of AD involve APP transgenic mice that over-express a familial AD mu-

tation to overproduce Aβ during the course of their lifetime, and assays are conducted
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in older animals (Hsiao et al., 1996; Morgan, 2003). AAV-mediated expression of

Aβ appears to be more consistent with a recent study examining a transgenic APP

strain, called the PDAPP strain, at younger ages (3-4 months). Young PDAPP mice

have no learning deficits, but show deficits in memory retrieval several days after

receiving training (Beglopoulos et al., 2016). The CT100-T2A-oChIEF rats show a

similar phenotype in tests 1-3 (Fig. 3.5C-E), demonstrating that memory encoding

but not memory retrieval is intact in the presence of Aβ. However, the persistence

of a memory formed in the absence of Aβ, even after 3 weeks of Aβ overproduction,

shown in test 5 (Fig. 3.5G), demonstrates that short periods of Aβ overproduction

are not sufficient to act as LTD.

Further Work

Although the results described in this chapter are novel, some are preliminary

and require repeated or control experiments. In this section, I will describe some of

the necessary experiments.

In Figure 3.5, administration of GSM enables LTP to reactivate the memory

after it has been lost in test 3. This is an interesting result because it suggests

that during Aβ overproduction, synapses can be “tagged" even if a memory is not

fully expressed. What remains to be seen, however, is whether this effect of LTP

is dependent on GSM administration. Thus, another set of behavior experiments

employing the same paradigm as described in Figure 3.5A is required. In these

controls, NGP-555 administration should be replaced with vehicle administration.

This would allow us to determine whether NGP-555 is required for the effect of LTP

in test 3. We would also be able to observe whether NGP-555 is actually responsible
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for the removal of memory in test 2, since GSM administration begins after the

associative memory has formed, and the memory is lost during treatment. Although

previous studies have shown the efficacy of other GSMs on improving spatial working

memory in transgenic APP mice–specifically, the Tg2576 line–ours would be the

first study to characterize the efficacy of NGP-555 on associative memory (Mitani

et al., 2012), so careful control studies are necessary.

Finally, the experiments described in Figure 3.6 need to be repeated because

of the small sample size (n = 3). In these experiments, no drug or vehicle was

administered between tests 1 and 2, so it would also be interesting to examine the

effect NGP-555 between tests 1 and 2 in rats expressing oChIEF-tdTomato. I expect

that NGP-555 would have no impact on the memories formed in rats expressing

oChIEF-tdTomato or CT100-T2A-oChIEFcitrine, but given the history of γ-secretase

inhibitors (GSIs), it is necessary to determine that there is no negative impact of

GSMs on associative memories.
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3.3.7 Experimental Procedures

Subject

Male Sprague-Dawley rats were used for all experiments. AAV was injected

at age 6-8 weeks, and cannula were implanted at 10-12 weeks prior to behavioral

experiments. Rats were housed two per cage and kept on a 12/12 h light-dark cycle

(lights on/off at 7:00/19:00). Behavior experiments were performed during daylight.

All procedures were approved by the Institutional Animal Care and Use Committees

at the University of California, San Diego.

Viruses

AAV co-expressing wild-type CT100 and the citrine-tagged channelrhodopsin

variant oChIEF-citrine was driven by the neuron-specific synapsin promoter. AAV

expressing tdTomato-tagged oChIEF was driven by the neuron-specific synapsin

promoter. Sindbis co-expressing wild-type CT100 and the oChIEF-citrine were made

as described previously described (Malinow et al., 2010).

Training

Rats were trained to associate lever press for a reward (40 ml of 10% sucrose

per lever press). During the training period rats were kept on a restricted water

schedule (2 h daily of water ad libitum). Training context was a modular operant test

chamber (12.5×3×10×3×13 inches) with a stainless grid floor and open roof located

in a sound attenuating cubicle (Med Associates, St. Albans, VT). The test chamber

was equipped with a retractable response lever, a liquid dispenser receptacle and a
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light above the dispenser that signalled when liquid was injected into the dispenser.

The consumption of liquid was detected by a head entry detector in the receptacle;

each successive liquid reward was subsequently followed with a 15 s delay after

head removal from the receptacle. The system was controlled and the data collected

through a MED-SYST-16 interface, which was controlled by MED-PCR IV soft- ware

running on a PC. Rats were initially trained to associate the reward with the light

above the dispenser receptacle. In a 45 min session, rats with at least 60 head

entries into the receptacle were selected for lever press training.

Lever-press training was conducted in the same context as above, but this

time rats had to press a lever to receive the liquid. The level press turned the light

above the receptacle on, which in the previous training session they had associated

with liquid in the receptacle. Rats with a minimum of 6 responses per min in the first

10 min of the training session were selected for conditioning.

Optical conditioning

Rats were placed into the conditioning chamber and were attached to an

optic fibre patch cord connected to a 473 nm solid-state laser diode (OEM Laser

Systems) with 15âĂŞ20 mW of output from the 200 mm fibre. They were allowed

to explore the chamber for 3 min before the conditioning. Optical conditioning was

6 trains of blue light (10 pulses of 10 Hz, 2 ms duration) applied at randomized

intervals with an average of 3 min apart. For paired conditioning, the light stimulus

co-terminated with 0.5 s of 0.5 mA footshock. Paired groups received a total of 6

pairs of light and shock. The delivery of shock and light was controlled by a pulse

generator (Master-8; AMPI, Jerusalem, Israel). After the conditioning rats remained
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in the box for additional three minutes before returning to their home cage.

Testing

After the conditioning, rats were water restricted for 24 h before they were

tested for lever press. Testing was done in the same context as training except

that the floor was a plastic sheet with white and red strips. Testing was a 7 min

session in which rats had to press a lever to receive the liquid (10% sucrose). Rats

were attached to the optic fiber patch cord, placed into the chamber, and allowed to

explore the environment for 5 min before having access to the lever. The testing

session, in which rats had free access to the lever, was a 3 min period of no light,

followed by two minutes of light on (10 Hz of pulses with 2 ms duration), and 2 min

of no light. At the end of the session rats were returned to their home cage. Only

rats that in two consecutive days showed consistent reduction (20%) in the lever

press during the light-on period were used for further behavioural phases. Those

which failed the test were examined histologically to locate the position of cannula

and viral injection.

LTD induction

Within one hour following testing, rats were placed in a separate context, a

translucent plastic container (22.5×3×15×3×12 inches), attached to the optic fibre

patch cord and allowed to explore the environment for 3 min before LTD induction.

Optical LTD was induced with 900 pulses of light, each 2 ms, at 1 Hz. After the

induction rats remained in the chamber for 3 additional minutes before returning to

their home cage.
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LTP induction

Within one hour following testing, rats were placed in a separate context, a

cardboard box (20.5×3×15.5×3×14.5 inches), attached to the optic fibre patch cord

and allowed to explore the environment for 3 min before LTP induction. Optical LTP

was induced with 5 trains of light (each train 100 pulses, 100 Hz) at 3 min inter-train

intervals. After the induction, rats remained in the chamber for 3 additional minutes

before returning to their home cage. During all behavioural assays the light intensity

remained the same for each animal. At the end of the experiment, animals were

perfused and the location of the optic fibre was verified.

NGP-555 treatment

In vitro. NGP-555 (MW: 406 g/mol) was dissolved in DMSO to 25 mM and was

serially diluted in hippocampal slice culture media to 4 µM. Slices were incubated

with NGP-555 prior to Sindbis-CT100 infection overnight. After 18 h, slices were

subjected to paired whole-cell recordings while 4 µM GSM was circulating in the

perfusion. In vivo. NGP-555 was dissolved in 80% PEG-400, 20% H2O, and 0.1%

Tween-20. The drug mixture was sonicated in a bath sonicator for 60 minutes at

55°C and was kept warm prior to intraperitoneal administration. Animals were treated

daily at the same time for 7 days, and were subjected to behavioral experiments

during that time.



Chapter 4

SYNPLA: a new method for

detecting recently potentiated

synapses

4.1 Abstract

Changes in synaptic strength are widely accepted as the basis of memory and

learning, but currently existing strategies for assessing learning-induced plasticity

are unable to provide high-resolution information on newly potentiated synapses

in a high-throughput manner. Here, we demonstrate a new technique for detecting

synapses called the SYNaptic Proximity Ligation Assay (SYNPLA). SYNPLA applies

the antibody-based methodology of PLA to the diversity of transsynaptic proteins to

label synapses. Given the vast array of proteins at the postsynaptic density (PSD),

and the changes that occur after plasticity, SYNPLA can be used to detect the

proximity of various pairs of presynaptic and postsynaptic proteins. We show that

72
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SYNPLA can be used to constitutively label all synapses or only recently potentiated

synapses.

4.2 Introduction

Changes in synaptic strength are widely accepted as the basis of learning and

memory (Kandel, 2001). Long-term potentiation (LTP) is a form of use-dependent

synaptic plasticity and has been well characterized in in vitro and in vivo mammalian

systems. Because long-term potentiation is an electrophysiological correlate of

learning, researchers have studied this phenomenon intensively and have long

sought various methods to identify synapses that have undergone LTP.

Currently, there are two main strategies used to assess learning-induced

plasticity. The first method relies on physiology and imaging techniques both in vivo

and in vitro. Under optimal conditions, imaging with two-photon excitation microscopy

can provide data on changes in spine growth and density during plasticity, thereby

allowing the characterization of changes in synaptic strength at a single synapse

level. Although these techniques gather high-resolution data, they are limited by

several factors. For one, the equipment is costly and the experiments require a

great deal of technical expertise. Second, these techniques are labor-intensive and

are thus low-throughput.

The second strategy for assessing learning-induced plasticity depends on

the expression of immediate early genes (IEGs) such as c-fos or arc. Identifying

brain regions expressing c-fos or arc is a relatively high-throughput technique for

identifying areas that have undergone potentiation during a learning task. However,
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relying on IEGs is limiting because IEG expression is largely limited to the cell soma,

thus providing poor resolution of the synapses involved in plasticity. The correlation

between IEGs and changes in synaptic strength is also poorly understood, thus

complicating the interpretation of IEG screens (Madison et al., 1991).

An ideal technique for identifying changes in synaptic strength would combine

a high throughput process that yields high-resolution information. In this chapter, I

will describe a new technique, called the SYNaptic Proximity Ligation Assay, which

combines the methodology of the proximity ligation assay (PLA) and AMPA receptor

trafficking at excitatory synapses during LTP.

AMPA receptors comprise four different subunits: GluA1, GluA2, GluA3, and

GluA4. In the adult rodent brain, AMPA receptors at glutamatergic synapses con-

duct basal synaptic transmission in primarily two heteromeric forms: GluA1/GluA2

and GluA2/GluA3 hetero-oligomers (Wenthold et al., 1996). Work in our lab has

demonsrated that GluA2/GluA3 hetero-oligomers are continuously cycling between

nonsynaptic and synaptic pools, while GluA1/GluA2 insertion into the synapse is

activity-dependent (Shi et al., 2001; Hayashi, 2000). The insertion of GluA1 into the

synapse is a major, if not the dominant, factor in the molecular changes underlying

LTP (Huganir and Nicoll, 2013).

SYNPLA exploits the insertion of GluA1 to identify synapses that have un-

dergone potentiation. PLA is an antibody-based method that can be used to detect

protein complexes. Two primary antibodies are used to detect antigens that are in

proximity (<40 nm), and each secondary antibody is conjugated to a complementary

strand of DNA (Söderberg et al., 2006, 2008). If the antibodies are sufficiently close,

then the complementary DNA strands will be ligated and amplified to create a “rolony”
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Figure 4.1: SYNPLA requires two trans-synaptic proteins to be in close
proximity. Figure adapted from Justus Kebschull, CSHL.

(Fig. 4.1). Rolonies will then be detected with a fluorescent probe as dots. PLA has

been used reliably to detect protein complexes in cultured cells and in the mouse

striatum (Söderberg et al., 2006; Trifilieff et al., 2011).

Although there exist imaging techniques to identify protein interactions,

they are limited. For example, although fluorescence resonance energy transfer

(FRET) imaging enables the observation of protein interactions, the technique

is low-throughput. Another technique often used to identify protein interactions

is co-labeling using double immunofluorescence, which can lead to significant

false-positives and provides low resolution. With PLA, the likelihood of false

positives is greatly reduced because the proteins of interest must be less than 40 nm

apart to form a rolony that can be detected by light microscopy. Although PLA has

not previously been used to look at interactions between a pre- and postsynaptic

protein, the size of the synaptic cleft (approximately 20 nm) makes this technique a

potentially powerful tool for studying synapses.

In this chapter, I will show that while PLA is often applied to interacting
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proteins, SYNPLA can be used to label synapses by detecting the proximity between

non-interacting trans-synaptic proteins. Furthermore, SYNPLA can be used in a

variety of systems, such as organotypic slice cultures and on ex vivo tissue collected

from animals. SYNPLA appears to be a powerful technique that will enable high

resolution detection of synapses that have undergone potentiation after learning

tasks, such as cued fear conditioning.

4.3 Results

4.3.1 PLA labels trans-synaptic NRXN-NLGN interaction in pri-

mary cultured neurons

SYNPLA was first tested on primary cultured neurons to ensure that the

interaction between neurexin-1B (NRXN) and neuroligin (NLGN) can be detected.

Primary cultured neurons were electroporated to express mCherry-P2A-NRXN-

MYC presynaptically or GFP-P2A-HA-NLGN postsynaptically. Neurons were then

subjected to PLA using primary antibodies for MYC and HA to detect the interaction

of NRXN and NLGN. As described in Fig. 4.1, PLA signal is detected as a “rolony,”

which appears in our images as individual white dots, shown in Fig. 4.2B (right

column). These results demonstrate that PLA is capable of detecting the interaction

between trans-synaptic proteins and suggest that PLA for recombinant NRXN-MYC

and HA-NLGN should constitutively label synapses.
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Figure 4.2: PLA labels trans-synaptic NRXN-NLGN interaction in primary
cultured neurons (A) Schematic for primary culture expression of recombi-
nant NRXN and NLGN. Presynaptic neurons are electroporated to express
GFP-P2A-MYC-NRXN and postsynaptic neurons are electroporated to ex-
pression mCherry-P2A-HA-NLGN. PLA will be conducted using primary
antibodies for MYC and HA. (B) Expression of mCherry-P2A-HA-NLGN (left
column), GFP-P2A-MYC-NRXN (middle column), and PLA rolonies (right
column. PLA was conducted on neuronal cultures of various developmental
stages from 2 days in vitro (DIV2) onward. PLA for recombinant NRXN and
NLGN increases with culture maturation, indicating a correlation between
synapse number and PLA rolonies. (C) Quantification of (B), right column.
From J. Kebschull, CSHL.
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Figure 4.3: PLA labels trans-synaptic NRXN-GluA2 proximity in primary
cultured neurons. (A) PLA rolonies (green) label NRXN-GluA2 proximity
when both tags are present. (B) Few PLA rolonies when one tag is absent.
From J. Kebschull.

Previous studies have shown that with progressive days in vitro (DIV), cultured

neurons develop an increasing number of functional synapses (Basarsky et al.,

1994). Thus, if PLA constitutively labels synapses primary neuronal cultures, then

the total number of PLA dots, or “rolonies,” should increase during the development

of neuronal cultures. As expected, the total number of PLA rolonies increases with

DIV (Fig. 4.2C), in a manner consistent with electrophysiological studies (Basarsky

et al., 1994).

4.3.2 PLA labels trans-synaptic NRXN-GluA2 proximity in pri-

mary cultured neurons

After determining that PLA could constitutively label synapses in primary

cultured neurons, we wanted to validate that PLA could label non-interacting trans-

synaptic proteins, such as NRXN and GluA2. PLA for the pair of proteins should

also label synapses, given GluA2 is constitutively trafficked to the synapse (Shi
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et al., 2001).

To determine if PLA could label recombinant NRXN-MYC and HA-GluA2

proximity, primary cultured neurons were electroporated to express NRXN-MYC

presynaptically and mCherry-P2A-HA-GluA2 postsynaptically (Fig. 4.3A). Using

primary antibodies for HA and MYC, PLA rolonies could be detected in conditions

where both the presynaptic and postsynaptic proteins are present. To ensure the

specificity of the PLA signal, negative control experiments were performed in which

the presynaptic NRXN-MYC was absent (Fig. 4.3B), while both the HA and MYC

primary antibodies were used. The presence of PLA rolonies was greatly reduced,

demonstrating the specificity of the NRXN-MYC and HA-GluA2 labeling in primary

cultured neurons.

4.3.3 PLA labels trans-synaptic NRXN-GluA2 proximity in

organotypic slices

Next, we sought to optimize SYNPLA in hippocampal slice cultures. In control

“One Tag” experiments, slices were infected in the CA3 using a Sindbis expressing

NRXN-MYC, and both HA and MYC primary antibodies were used (Fig. 4.4A, left).

The first 10 µm of the slice cultures were imaged, and PLA rolony distribution was

assessed (Fig. 4.4B, left). Control experiments showed some PLA rolonies, where

none were expected, indicating that there was some background binding of primary

antibodies in organotypic slices.

In “Both Tags” experiments, slices were expressed NRXN-MYC presynap-

tically, in the CA3, and HA-GluA2 postsynaptically, in the CA1 (Fig. 4.4A, right).

Despite the presence of PLA rolonies in the control condition, the both tags experi-
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Figure 4.4: PLA labels trans-synaptic NRXN-GluA2 proximity in organotypic
slices. (A) In “One Tag” experiments (left), organotypic slices are infected in
the CA3 with Sindbis-NRXN-MYC, and HA and MYC primary antibodies are
used for PLA.With no HA-tag present, there should be few to no PLA rolonies
in ideal conditions because the PLA reaction requires the binding of both
primary antibodies to their respective antigens. In “Both Tags” experiments,
organotypic slices are infected in the CA3 with Sindbis-NRXN-MYC and in
the CA1 with Sindbis-HA-GluA2, and HA and myc primary antibodies are
used for PLA. PLA rolonies should be detected in these conditions. (B) One
Tag experiments show some PLA rolonies. Both Tags experiments show
an increase in detected PLA rolonies. (C) Quantification of data shown
in B. Total PLA rolonies were counted for a 211.97µm×211.97µm image
in both conditions. Total PLA rolony count was normalized to the mean
total rolony count from the One Tag control for each experiment, providing
a normalized PLA rolony value (Norm. PLA rolonies, y-axis). Each color
represents an individual experiment; each dot represents a different image
from that experiment. *** indicates p < 0.005.
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ment shows an approximate 2.5-fold increase in the number of PLA rolonies (Fig.

4.4B). These data demonstrate that PLA for recombinant NRXN-GluA2 proximity

successfully labels synapses in organotypic slices, albeit with higher background

than in primary neuronal cultures.

4.3.4 Chemical LTP increases synaptic PLA signal in organ-

otypic slices

After demonstrating the efficacy of PLA on labeling synapses in organotypic

slices, our next goal was to label recently potentiated synapses. Because GluA1

insertion into the synapse is activity-dependent, we used PLA to label NRXN-GluA1

proximity at synapses. For these experiments, organotypic slices were infected

in the CA3 with a Sindbis-NRXN-MYC (Fig. 4.5A, left). We first tested our cLTP

protocol by performing extracellular local field potential recordings on organotypic

slices (Kopec, 2006). Incubation of the slice with the cLTP solution led to stable

potentiation approximately 40-60 minutes following the induction protocol (Fig. 4.5D).

After validating the cLTP protocol electrophysiologically, we performed PLA

for recombinant NRXN and endogenous GluA1 on slices that received and did

not receive cLTP concomitantly. In slices that received cLTP, it was expected that

GluA1 would be trafficked to the synapse, and there would be a high number of PLA

rolonies relative to slices that did not receive cLTP (Fig. 4.5A, right). As expected,

slices receiving cLTP had much higher levels of PLA signal–approximately six-fold

more than slices that did not receive chemical LTP (Fig. 4.5E).
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Figure 4.5: cLTP increases PLA synaptic signal in organotypic slices. (A)
Schematic for PLA on organotypic slices: slices are infected in the CA3 with
a Sindbis-NRXN-MYC (left), and then subjected to cLTP. Following cLTP,
GluA1 is inserted into the synapse, allowing NRXN-GluA1 proximity to be
detected by PLA (right). (B) PLA signal in slices that receive cLTP (right) is
much greater than in slices that do not receive cLTP (left). Individual z-slice
is shown. (C) Z-stacks were acquired when imaging PLA in organotypic
slices, and PLA rolonies were quantified on each z-slice. (D) cLTP protocol
was applied to evoked field potential recordings in organotypic slices and
led to robust potentiation. (E) Quantification of all PLA rolonies in a z-stack.
Each dot represents a single z-stack, and each color represents a different
experiment. * indicates p < 0.05.
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One concern with these results was that organotypic slices are relatively thick,

which may prevent the PLA reaction from occurring effectively in deeper regions of

the slice. To characterize whether the difference in PLA signal was limited to the top

of the slice, or the first few z-slices in a z-stack, we quantified the total PLA rolonies

in each individual z-slice at the first 5 µm of a slice (Fig. 4.5C). We found that slices

receiving cLTP had more PLA rolonies than their no cLTP counterparts throughout

the z-stack, demonstrating the efficacy of PLA in identifying recently potentiated

synapses in thicker sections. These results demonstrate that cLTP leads to an

increase in PLA signal, which is consistent with the model of increased synaptic

GluA1 following activity.

We next wanted to ensure that cLTP was actually leading to increased GluA1

trafficking to the synapse, and therefore an increase in NRXN-GluA1 proximity. To do

this, we performed control experiments in which organotypic slices expressed only

endogenous GluA1 and subjected them to PLA following cLTP or no cLTP conditions

(Fig. 4.6A, right). We expected that the absence of recombinant NRXN-MYC should

lead to very few rolonies of PLA for recombinant NRXN-MYC and endogenous

GluA1 is specifically detecting NRXN-GluA1 proximity. We observed that slices

expressing only one tag had no PLA rolonies in the cLTP or no cLTP conditions

(Fig. 4.6), demonstrating that PLA for MYC and GluA1 specifically detects a change

in synaptic GluA1. Thus far, these data suggest that PLA for MYC and GluA1 in

organotypic slices can detect recently potentiated synapses.
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Figure 4.6: No PLA signal in cLTP control conditions. (A) Schematic
for “Two Tags” and “One Tag” conditions. (B) PLA signal in the stra-
tum radiatum for each condition. (C) Quantification of PLA rolonies per
211.97µm×211.97µm images for each condition. Total PLA rolony count
per image was normalized to the mean total rolony count of the (-) cLTP
condition in every experiment. Each color indicates a different experiment;
each dot represents the normalized PLA rolony (Norm. PLA Rolonies) count
for a different image. * indicates p < 0.05. (D) Norm. PLA Rolonies were
log10 normalized.
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Figure 4.7: Inhibition of NMDA receptors with d-APV during cLTP reduces
PLA rolonies. (A) cLTP with (right) or without (left) d-APV protocol was
applied to evoked field potential recordings in organotypic slices. d-APV
blocked LTP in organotypic slices. (B) Representative images of PLA signal
in slices that receive d-APV have fewer rolonies than slices that do not
receive d-APV. (C) Quantification of PLA rolonies shows that slices receiving
cLTP without d-APV have 1.78× more rolonies than slices receiving cLTP
with d-APV. * indicates p < 0.05.
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We next addressed whether pharmacological inhibition of LTP would re-

duce the number of NRXN-GluA1 PLA rolonies in organotypic slices. The ac-

tivation of NMDA receptors is required for LTP and LTD, and d-(-)-2-Amino-5-

phosphonopentanoic acid (d-APV) is an antagonist of NMDA receptors (Madison

et al., 1991). d-APV has been shown to block LTP (Fig. 4.7A, left), inhibit spine

growth, and reduce GluA1 insertion into synapses (Kopec, 2006; Hou et al., 2011).

Indeed, when organotypic slices expressing recombinant NRXN-MYC in the CA3

were subjected to a cLTP protocol in the presence of APV, PLA rolonies detecting

NRXN-GluA1 proximity were significantly reduced compared to organotypic slices

that received only the cLTP treatment (Fig. 4.7B and C). These results indicate that

the application of SYNPLA to recombinant NRXN-MYC and endogenous GluA1

labels synapses that have undergone potentiation.

4.3.5 Increased endogenous GluA1 PLA in MGN and LA follow-

ing cued fear conditioning

Thus far, SYNPLA has been characterized as a technique to label synapses

in primary cultured neurons and organotypic hippocampal slices. Our next step

was to apply SYNPLA to identify brain regions that have undergone potentiation

after a learning task. For these experiments, the auditory cortical and thalamic

projections to the lateral amygdala (LA) were examined because of their established

role in cued fear conditioning (Rogan et al., 1997; Nabavi et al., 2013). Rats were

injected in the auditory cortex (AuC) and medial geniculate nucleus (MGN) with an

AAV co-expressing recombinant NRXN-MYC and GFP. Rats were then subjected to

either paired or unpaired cued fear conditioning (Fig. 4.8A and B).
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Figure 4.8: Increased endogenous GluA1 PLA in MGN and LA following
cued fear conditioning. (A) Protocol for paired conditioning protocol. The
tone (CS) lasts for 20 seconds and co-terminates with 1 second 0.5 mA foot-
shock. The animal receives this pairing 10 times with an average interval of
3 min between tone and shock pairs. (B) Protocol for unpaired conditioning
protocol. The CS and US are temporally unpaired. Shock and tone delivery
was separated by a randomized interval between 1 and 4 min. (C-K) Rats
expressed NRXN-MYC in the AuC and MGN and following perfusion, PLA
for recombinant NRXN-MYC and endogenous GluA1 was conducted on
coronal slices. Paired conditioning led to increased PLA rolonies in the MGN
(D and E), LA (G and H) and caudate putamen (CPu) (J and K) compared
with ex vivo tissue from rats receiving unpaired conditioning. Total PLA
rolonies were quantified from a 211.97µm×211.97µm image.
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PLA for recombinant NRXN-MYC and endogenous GluA1 was conducted

on coronal slices collected from these rats and pre- and postsynaptic brain regions

were examined. Animals that received paired conditioning had, on average, more

PLA rolonies in the LA (Fig. 4.8F-H) than those that received unpaired conditioning.

Given that cued fear conditioning leads to LTP in the LA (Rogan et al., 1997), this is

unsurprising. In addition, there were also more NRXN-GluA1 rolonies in the CPu of

animals that received paired conditioning (Fig. 4.8I-K). This is unsurprising given that

the CPu is receives cortical and thalamic inputs and is involved in auditory processing

(Ledoux et al., 1991). More surprisingly, there were also more NRXN-GluA1 PLA

rolonies in the MGN (Fig. 4.8C-E) of rats that underwent paired conditioning. Lastly,

the AuC was also examined for NRXN-GluA1 proximity, but preliminary results

indicate that there is little to no change in NRXN-GluA1 rolonies in the AuC of paired

conditioned rats compared with the corresponding controls.

4.3.6 PLA and PSD-95 signals are significantly correlated

To ensure that PLA detecting NRXN-GluA1 proximity is synaptic, PLA for

recombinant NRXN and endogenous GluA1 was performed simultaneously with

immunofluorescence labeling for a synaptic marker, PSD-95 (Fig. 4.9A, left). PLA

labeling for NRXN-GluA1 proximity and PSD-95 labeling both demonstrated high

levels of signal distributed throughout a sample. To ensure that colocalization was

not due to chance, the correlation coefficient was determined for individual z-slices

in the PLA channel and the PSD-95 channel. Subsequent correlation coefficient

analysis was performed in which images in the PLA channel were shifted by 2 pixels,

while the PSD-95 channel remained unchanged, until an image was shifted by 50
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Figure 4.9: PLA and PSD-95 signals are significantly correlated. PLA and
PSD-95 signals are significantly correlated. (A) PLA for NRXN-GluA1 prox-
imity and PSD-95 labeling (left) and schematic for determining correlation
coefficient by circular shift of the PLA image by n pixels, while the PSD-95
image remains constant (right). (B) Plot of the correlation coefficient versus
pixel shift.
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pixels (Fig. 4.9A, right). The correlation between the PLA and PSD-95 channels

rapidly decreased upon pixel shifts (Fig. 4.9B), indicating that correlations observed

between the PLA for NRXN-GluA1 proximity and PSD-95 was not due to chance.

This analysis further bolsters the idea that SYNPLA for recombinant NRXN-MYC

and endogenous GluA1 is labeling recently potentiated synapses.

4.3.7 Discussion

We characterized SYNPLA in three different systems: primary cultured neu-

rons, organotypic hippocampal slices, and finally, on ex vivo brains from animals

undergoing learning tasks. Across these three systems, SYNPLA has proven to be a

reliable technique for identifying synapses that have recently undergone potentiation.

SYNPLA for recombinant NRXN and endogenous GluA1 also showed that the MGN,

CPu, and LA all undergo LTP after cued fear conditioning, providing some novel

information about areas involved in plasticity following this particular learning task.

This study has focused mainly on optimizing SYNPLA for recombinant NRXN-

MYC and endogenous GluA1, but PLA is an inherently flexible technique and not

limited to the detection of these proteins. In fact, the ideal procedure for SYNPLA

would involve the use of primary antibodies detecting only endogenous proteins,

which would remove the need for expressing recombinant proteins, which can

introduce a number of variables that can complicate a study. Another possibility

would be to use SYNPLA for detecting NRXN-GluA3 or GluA2 proximity several days

after an animal has undergone a learning task. One of the prevailing models for

AMPA receptor trafficking suggests that GluA1 insertion into synapses occurs early

in LTP, but when a new potentiated equilibrium has been reached, GluA1/GluA2
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heteromers are replaced by GluA2/GluA3 receptors (Shi et al., 2001). This model

suggests that it would be possible to view a change in the number of PLA rolonies

for NRXN-GluA2 or GluA3.

In any case, we have established a new method for identifying recently

potentiated synapses in vitro and ex vivo. The one caveat to using SYNPLA is that

it limits studies to postfixation (in vitro) and postmortem (ex vivo) analyses, unlike in

vivo TPLSM, but the advantages outweigh the disadvantages. One benefit of using

SYNPLA over in vivo TPLSM is that with SYNPLA, higher resolution data on brain

regions involved in plasticity can be acquired on whole-mount brain slices relatively

quickly. Although conducting in situ hybridization or immunohistochemistry for IEGs

such as c-Fos or Arc can also be performed with relative ease, these techniques

are largely limited to the soma, and the correlation between expression and synaptic

strength are unclear (Madison et al., 1991). Unlike IEG expression, trafficking of

GluA1 to synapses is an important molecular mechanism of LTP (Hayashi, 2000;

Shi et al., 2001; Li et al., 2011), making SYNPLA a technique that best assesses

brain regions involved in learning a task.
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4.3.8 Experimental Procedures

Organotypic hippocampal slices

Organotypic hippocampal slices were prepared from P7-8 mice as described

previously (Stoppini et al., 1991) and used after 14-21 days in culture for electro-

physiology and PLA. Constructs of myc-tagged neurexin-1B (NRXN-MYC), HA- and

SEP-tagged GluA1 (HA-SEP-GluA1), and HA- and SEP-tagged GluA2 (HA-SEP-

GluA2) were cloned into a pSinRep5 shuttle vector and infective Sindbis pseudo

viruses were produced according to the manufacturer’s protocol (Invitrogen/Thermo

Fisher Scientific).

Electrophysiology

Organotypic hippocampal slices were perfused with artificial CSF (ACSF, in

mM: 118 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 1 MgCl2, 2 CaCl2, 20 glucose)

gassed with 95%O2/5%CO2). For evoked recordings of extracellular field potentials,

a cut was made between CA1 and CA3, and picrotoxin (50 µM) was added to the

bath. Two stimulating electrodes, two-contact Pt/Ir cluster electrode (Frederick

Haer, Bowdoin, USA), were placed between 100 and 300 µm down the apical

dendrite, 100 µm apart, and 200 µm laterally in opposite directions. Extracellular

field potentials were recorded in the SR with glass electrodes (1.5 MΩ-2.5 MΩ)

containing ACSF. Field excitatory postsynaptic potentials (fEPSPs) were evoked by

stimulating independent afferents.
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Chemical LTP

For electrophysiology, fEPSPs were recorded until 20 minutes of a stable

baseline was acquired. Following the stable baseline, ACSF was washed out and

replaced with ACSF containing a drug cocktail to induce chemical LTP (cLTP: 0

mM MgCl2, 2 mM CaCl2, 100 nM rolipram, 50 µM forskolin, 100 µM picrotoxin)

for 16 minutes, during which time no electrical stimulation was applied. The cLTP

solution was subsequently washed out and replaced with ACSF as described in the

previous section, and electrical stimulation was resumed at a frequency of 0.1 Hz

per pathway. For experiments involving d-(-)-2-Amino-5-phosphonopentanoic acid

(d-APV, Tocris), 100 µM d-APV was added to the ACSF containing the cLTP cocktail

and to ACSF before and after cLTP induction.

For PLA, cLTP was conducted without electrophysiology by replacing slice

culture media with ACSF containing the cLTP drug cocktail, incubating at 35°C

for 16 minutes, and immediately fixing the slices with 4% paraformaldehyde (PFA)

in phosphate-buffered saline (PBS: 100 mM Na2HPO4, 18 mM KH2PO4, 27 mM

KCl, 1.37 M NaCl, pH 7.4). For d-APV experiments, d-APV was added to ACSF

before and after cLTP induction, as well as the cLTP drug cocktail. Slices were first

incubated with ACSF containing 1 mM MgCl2, 2 mM CaCl2, and 100 µM d-APV

for 10 minutes at 35°C. Slices were then washed with ACSF containing cLTP drug

cocktail, 100 µM d-APV, 0 MgCl2, and 2 mM CaCl2 for 16 min at 35°C. Following

cLTP induction with d-APV, slices were washed with ACSF containing 1 mM MgCl2,

2 mM CaCl2, and 100 µM d-APV for 20 minutes at 35°C, and were subsequently

fixed in 4% PFA.
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Subject and Viruses

Male Sprague-Dawley rats were used for all experiments. Rats were housed

two per cage and kept on a 12/12 h light-dark cycle (lights on/off at 7:00/19:00).

Behavior experiments were performed during daylight. All procedures were approved

by the Institutional Animal Care and Use Committees at the University of California,

San Diego. AAV co-expressing GFP and recombinant NRXN-MYC was driven by

a CAG promoter was injected at age 6-8 weeks, and expression was permitted for

8-12 weeks before subjects received cued fear conditioning. Viruses were provided

by Anthony Zador at Cold Spring Harbor Laboratory.

Cued Fear Conditioning

After animals received the cued fear conditioning protocol in a chamber

(12×10.5×13 inches) containing an electrified grid floor (Coulbourn Instruments,

Allentown, PA) within a larger sound-attenuating box. The paired conditioning

protocol comprised the delivery of a tone lasting 20 seconds that co-terminated

with a 1 second 0.5 mA footshock. The temporally paired delivery of tone and

shock occurred 10 times, with an average interval of 3 min between tone and shock

pairs. The unpaired conditioning protocol comprised the delivery of tone and shock

separated by a randomized interval between 1 and 4 min, with a total of 10 shocks

and 10 tones being delivered at the end of the trial. Animals were perfused with 4%

PFA in 1× PBS (pH 7.4) and tissue was collected after the experiment.
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Preparation of Coronal Slices

Whole brains were fixed in 4% PFA at 4° overnight, and were transferred to

1× PBS. After transfer to 1× PBS, free-floating sections were made in 1× PBS in

a vibratome at a thickness of 50µm. Sections were stored in 1× PBS containing

0.01% sodium azide until subjected to a PLA.

In situ PLA

PLA was performed on free floating sections. After fixation, a vibratome was

used to make coronal sections at a thickness of 50 µm and slices were stored in

PBS.

Primary Antibodies. For PLA, free floating sections were rinsed three times

with PBS, followed by permeabilization with 0.5% v/v Triton X-100 in PBS for 1

hour at room temperature. Sections were then incubated with a blocking solution

(Blocking One Histo, Nacalai Tesque) for 1 hour at room temperature. Subsequently,

slices were incubated with primary antibodies in antibody diluent (5% v/v Blocking

One Histo, 0.1% Tween-20 in PBS) at 4°C overnight.

PLA Secondary Probes. Following primary antibody incubation, slices were

subjected to washes with Duolink wash buffer A (Sigma-Aldrich) for one hour at room

temperature. Samples were then incubated with PLA secondary probes diluted 1:5

with antibody diluent and gently agitated for 2 hours at 37°C.

Ligation. Slices were then subjected to washes with Duolink wash buffer A for

one hour at room temperature. Ligation steps were performed using a 1:40 dilution

of ligase and 1:5 dilution of ligation buffer in MilliQ-H2O. Slices were incubated with

the ligation reaction for 2 hours at 37°C.
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Amplification and Detection. After hybridization and ligation, slices were sub-

jected to amplification and detection reaction containing a 1:60 dilution of polymerase

and 1:5 dilution of detection reagents in MilliQ-H2O. Slices were gently agitated for

2 hours at 37°C.

Mounting and Cover Slipping. Following amplification and detection, slices

were subjected to 2×10 min washes in Duolink wash buffer B, and 1×1 min wash in

0.01x wash buffer B. Slices were then mounted on glass slides, allowed to dry, and

then subjected to 1×2 min in 96% ethanol, 1×2 99% ethanol, and 1×10 xylenes,

and then coverslipped using Duolink In Situ Mounting Medium (Sigma-Aldrich).
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Figure 4.10: cLTP leads to increased recombinant NRXN-MYC and HA-
GluA1 PLA labeling. (A) Schematic for infection of organotypic slices. “One
Tag” (left) condition comprises only CA3 infection with Sindbis-NRXN-MYC-
tdTomato. “Both Tags” (middle and right) conditions involve CA3 infection
with Sindbis-NRXN-MYC and CA1 infection with Sindbis-HA-GluA1. Slices
in “Both Tags” are subjected to no cLTP or cLTP protocol (middle and
right). (B) Representative images of PLA rolonies in “One Tag’ (left), ’ “Both
Tags, (-) cLTP” (middle), and “Both Tags, (+) cLTP” (right) conditions. (C)
Quantification of PLA rolonies, with rolony count from each experiment
normalized to the mean of “Both Tags, (-) cLTP)” from each experiment.
Note that PLA signal in “Both Tags, (+) cLTP” is roughly 2× that of the PLA
signal in the “Both Tags, (-) cLTP” condition. * indicates p < 0.05.
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Chapter 5

Conclusion

5.1 AMPA receptor subunit GluA3 is required for Aβ-

induced synaptic depression

In Chapter 2, the importance of the AMPA receptor subunit GluA3 in the

synaptic dysregulation caused by Aβ was described. GluA3 has been a largely

ignored AMPA receptor subunit, given its role in constitutively replacing synaptic

AMPA receptors and that GluA3 knockout mice have appeared phenotypically normal

in behavioral tasks before our study (Shi et al., 2001; Meng et al., 2003). Chapter

2 described the importance of GluA3 in the molecular mechanism of Alzheimer’s

disease in three parts. First, we demonstrated that APPCT100-overexpressing cells

are vulnerable to synaptic depression in wild-type but not GluA3-/- mice. Second,

Aβ oligomers block LTP in the hippocampus of acutely isolated slices from wild-type

mice but not from GluA3-/- mice. Finally, we showed that GluA3-lacking APP/PS1

transgenic mice lack mortality, contextual fear memory deficits, and spine loss that

103
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are normally present.

Previous work has demonstrated that Aβ leads to the activation of signaling

pathways involved in LTD (Wang, 2004; Hsieh et al., 2006; Li et al., 2009). Aβ

is also known to cause the endocytosis of AMPA receptors, particularly GluA2-

containing receptors (Hsieh et al., 2006). Our study suggests that Aβ triggers a

signaling cascade that resembles LTD, leading to the preferential endocytosis of

GluA3-containing AMPA receptors. It would be interesting to determine whether

mutations affecting GluA3 trafficking are present in Alzheimer’s disease patients

and their healthy counterparts. Given the large-scale genomic studies that have

been carried out for Alzheimer’s disease, it would be interesting to examine these

available data sets for mutations correlated with disease prevention or onset (Suh

et al., 2013).

5.2 GSMs prevent Aβ-induced synaptic depression

In Chapter 3, the efficacy of new Alzheimer’s disease therapies was assessed

and a new method of overproducing Aβ in vivo was described. Previous studies have

evaluated the pharmacokinetics and effect of GSMs on Aβ levels and behavioral

tasks, but our lab was the first to demonstrate that GSMs can prevent Aβ-induced

synaptic depression in organotypic hippocampal slices (Kounnas et al., 2010; Mitani

et al., 2012). Based largely on the method developed by Nabavi et al. (2014), it was

shown that AAV-mediated overexpression of CT100 and oChIEF-citrine leads to

behavioral phenotypes resembling young APP transgenic mice (Beglopoulos et al.,

2016). Rats expressing CT100 in the AuC and MGN have initial deficits in memory
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formation and retrieval, but it seems that once a robust memory has been formed,

Aβ expression for a few weeks is insufficient to inactivate memories like LTD.

It should be noted that our study utilized a wild-type form of CT100, and

that a familial APP or CT100 mutation would produce higher levels of Aβ and

affect memory. To truly engineer and modulate a memory in this system would

require further characterization of using AAV to introduce excessive Aβ production

in vivo. Careful time points would need to be carried out to examine the impact of

Aβ on learning tasks and memory deficits throughout an animal subject’s lifetime.

Furthermore, the effect of GSMs in rats producing Aβ in the AuC and MGN also

needs to be assessed to ensure that acute treatment with GSMs does not exacerbate

memory deficits.

5.3 SYNPLA labels recently potentiated synapses

In Chapter 4, a new method for labeling recently potentiated synapses was

described. SYNPLA was characterized in dissociated cultured neurons, organotypic

hippocampal slices, and ex vivo slices prepared from animals that underwent learning

tasks. Across these three systems, SYNPLA has proven to be a reliable technique

for identifying synapses.

SYNPLA is particularly powerful because of the inherent flexibility of the

technique. The results described in Chapter 4 were collected using antibodies for

recombinant NRXN-MYC and endogenous GluA1. If this technique were to be

optimized to label synapses using only endogenous proteins, it would remove the

complicating–and often variable–factor of injecting AAVs in brain regions of interest.
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Another way this technique could be used is to examine NRXN-GluA2 prox-

imity in animals that have received longer, more complex behavioral tasks. The

cued fear conditioning paradigm in Chapter 4 are fairly straightforward, and PLA

for NRXN-GluA1 proximity was performed on tissue fixed shortly after conditioning

(approximately 30 min). This procedure allowed us to determine very recently poten-

tiated synapses, which would have high levels of newly inserted GluA1. However,

GluA2/3 heteromers are constitutively cycling, and are thought to replace GluA1/2

heteromers once a new, potentiated equilibrium has been established. Thus, if one

wanted to examine the change in the overall number of synapses after a long-term

behavior task, one could do so by performing PLA for NRXN-GluA2 proximity.

SYNPLA will provide a new way of identifying brain regions that have un-

dergone plasticity after behavior tasks, but it is not meant to be the only approach.

It would be interesting to determine whether the information provided by SYNPLA

would differ much from data provided by immunolabeling IEGs. Furthermore, given

that PLA is performed entirely on fixed tissue, it does not provide us with the temporal

resolution offered by in vivo TPLSM.
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