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ABSTRACT

Studies on synaptic changes among engram cells after

memory formation

Ji-il Kim
School of Biological Sciences
The Graduate School

Seoul National University

The specific sites responsible for memory storage has been focused for a
long time. Recent studies demonstrated that memory is encoded in engram cells
distributed across the brain. However, the memory substrate at synapse-level
within these engram cells remains theoretical while it is generally accepted that
synaptic plasticity encodes memory. Because of technical limitations, synapses
between engram cells with other synapses has not yet been directly compared. To
study engram in synapse-level, 1 developed dual-eGRASP technique to
differentiate the synapses in one dendrite based on its presynaptic neuronal
population. By comparing the four possible synapses (engram to engram, engram
to non-engram, non-engram to engram, non-engram to non-engram) between CA3
— CA1l connections, I found the increased number and size of spines on CAl

engram cells received input from CA3 engram cells than other synapses. In
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addition, electrophysiological experiments revealed the functional enhancement of
synapses between engram cells by showing CA3 engram synapses exhibit
increased release probability, while CAl engram synapses exhibit enhanced
postsynaptic responses. These results strongly suggest that increased structural and
functional connectivity between engram cells across two directly connected brain

regions forms the synaptic correlate of memory.

Keywords : Memory, Hippocampus, Engram, Synaptic plasticity
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CHAPTER 1

INTRODUCTION



BACKGROUND

The question “How and where is memory encoded in our brain?” has
been received much attention in the neuroscience field. Over the past few decades,
molecular and cellular approaches have shown that genes, proteins, and various
molecules play important roles in learning and memory. These achievements could
explain the molecular mechanisms of memory encoding. However, although it has
been relatively more studied sow memory is encoded, the physical substrates

where encoding memory in our brain still remains to be elucidated.

Contextual Fear Conditioning

To study the memory, various behavioral tasks for model animals have
been used to mimic the memory encoding processes. Contextual Fear Conditioning
(CFCQ) is one of the most widely used tasks to quantify the memory performance of
animals (Fanselow, 2000). In this task, the mouse is given electric shocks after
brief exploring a chamber. When the mouse enters to the same chamber later, it
will show “freezing” behavior, which is a fear response of rodents, because the
mouse could associate the chamber and electric shocks. Thus, the time percentage
of freezing behavior during the retrieval test session could be regarded as an

indicator of the memory performance (Fig 1).



Figure 1. Schematic illustration demonstrating CFC
A mouse was exposed into a context and given electric shocks. After this CFC

process, the mouse showed freezing behavior when it exposed to the context again.



Hippocampus

Hippocampus is responsible for the consolidation of episodic memory.
Hippocampus consists of several subregions including dentate gyrus (DG),
Cornu Ammonis (CA) 3, and CAl. The circuits between subregions inside
hippocampus were well defined; DG to CA3 (called mossy fiber pathway) and
CA3 to CAl (called Schaffer collateral pathway). In addition, a hippocampus has
linear alignments of cell bodies of neurons. Therefore, we can easily distinguish
the cell bodies and dendritic area during recording and imaging. Based on its
importance on memory process and relatively simple structure, a hippocampus is

appropriate brain region for studying the mechanism of memory encoding.

Hebbian plasticity and Long-term Potentiation (LTP)

To explain how memory is encoded in the synapse-level, Donald O. Hebb
proposed a hypothetical mechanism, which is often paraphrased as “Fire together,
wire together” (Hebb, 1949). This Hebbian plasticity implies that a strengthening
of synapses between co-activated cells is the synaptic substrate of memory since
the synapse is a functional unit in our brain.

After decades from Hebb’s insight, in the 1970s, a persistent increase of
synaptic transmission following strong stimulation was observed in hippocampus
and this phenomenon has been called long-term potentiation (LTP) (Bliss and
Lemo, 1973). LTP strongly supports that Hebbian plasticity indeed occurs in the
mammalian hippocampus (Bliss and Collingridge, 1993). After the finding of LTP,
LTP and Hebbian plasticity are accepted as a fundamental synaptic mechanism of

memory encoding based on growing evidence demonstrating that the molecular
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and cellular mechanisms of LTP and memory are closely related.

Memory engram

Richard W. Semon proposed that memory resided in the engram, which
encompasses the physical substrate that is necessary and sufficient for memory
expression (Semon, 1921, 1923). After his suggestion, the quest to identify the
memory engram, the specific sites of memory storage, has been much focused in
the neuroscience field. The early attempts could not success to find memory
engram because of the lack of fine techniques. Nowadays, however, using new
powerful techniques such as optogenetics and mouse genetics, studies
demonstrated that specific populations of neurons are activated during memory
formation and necessary and sufficient for memory storage and expression. Thus,
it is widely accepted that these specific neuronal populations comprise the engram
(Josselyn et al., 2015).

For example, in 2012, Tonegawa's group reported that artificial activation
of the neuronal population which activated during learning-induced freezing, a
typical expression of fear memory (Liu et al., 2012). After this report, many papers
also demonstrated the sufficiency of this neuronal population to memory
expression (Cowansage et al., 2014; Ohkawa et al., 2015; Ramirez et al., 2013;
Ramirez et al., 2015). In addition, artificial inhibition of neuronal population which
activated during learning resulted in a failure of memory expression (Denny et al.,
2014; Tanaka et al., 2014). Therefore, specific populations of neurons, which
exhibit neuronal activation during memory formation, might be necessary and

sufficient for memory expression.
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Meanwhile, increased neuronal excitability have a significant role in
governing which neurons will participate in the engram. In 2007, Josselyn’s group
reported that memory could be allocated into CREB overexpressing neurons (Han
et al.,, 2007). After this report, other research has shown that memory could be
allocated into neurons with high excitability (Yiu et al., 2014). In addition, the
neuronal population with increased excitability has also been demonstrated to be
sufficient and necessary for memory expression (Han et al., 2009; Kim et al., 2014;
Sano et al., 2014; Yiu et al., 2014; Zhou et al., 2009). Taken together, neuronal
ensembles which were activated by learning and/or had increased excitability could
be regarded as the engram cells due to its necessity and sufficiency for memory
expression (Kim et al., 2016). Based on these findings in the hippocampus and
amygdala which is typical brain regions known to be related with memory,
memory engram cells have been elucidated in many regions with various types of

memory (Figure 2) (Tonegawa et al., 2015).
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Figure 2. Brain regions of memory engram cell populations

Identified memory engram cell populations in various brain regions with different

types of supporting evidence (observational, loss of function, and gain of function)

of representative studies.
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PURPOSE OF THIS STUDY

After the first effort to find the memory engram, now we know that the
neuronal population, which show higher excitability and fire during learning,
would be included in the memory engram. In other words, recent studies
successfully identify the memory engram cells in various brain regions. However,
previous studies were limited to neuron-level. Elucidating which synapses would
be engram synapses is also crucial to understand the nature of memory because
synapse is a functional unit of the nervous system. We do not know the rule of
memory allocation in synapse-level since it was impossible to distinguish synapses
on one neuron based on their presynaptic population. In this thesis, I developed
new synapse-marking technique and applied it to engram study to find the memory
engram in synapse-level.

In chapter II, I developed much brighter and dual-color split fluorescent
protein-based synapse-marking technique by introducing several mutations and
protein-protein interaction domains. Next, I tested whether the fluorescent signal
came only from the interface of cell-cell contact and whether different colors (cyan
and yellow) could be separated well in vitro system. Then, I applied this technique
to mouse brain and confirmed that this tool could distinguish synapses on one
dendrite regarding their presynaptic regions.

In chapter III, 1 applied the technique to the memory engram. I
distinguished possible four-types of CA3 to CAl synapses (between engram to
engram, engram to non-engram, non-engram to engram, non-engram to non-

engram). Then, I measured the synaptic density and spine morphology to find
14



synapses modified after memory formation.

In chapter IV, the functional plasticity of four-types of CA3 to CAl
synapses were investigated. 1 performed a series of -electrophysiological
experiments to measure the modification of synaptic transmission. To test
presynaptic plasticity, I examined the paired-pulse ratio. Next, I examined
miniature excitatory postsynaptic currents (mEPSC) to find postsynaptic plasticity.
Finally, I induced LTP to find occlusion effect on engram — engram synapses.

Collectively, in this thesis, I defined the synaptic engram by
demonstrating that synapses between engram cells specifically undergo synaptic

potentiation after memory formation.
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CHAPTER I
Development of dual-eGRASP and its application in

mouse brain
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INTRODUCTION

The synapse is a functional and structural unit of our nervous system.
Synaptic transmission is adjusted dynamically depends on external and internal
stimuli. Indeed, molecular, structural, and functional changes of synapses regarded
as essential mechanisms for various functions (Blair et al., 2001; Bliss et al., 2016;
Malenka, 1994; Martin et al., 2000) and malfunctions (Huber et al., 2002; Russo et
al., 2010; Selkoe, 2002; Stephan et al., 2009; Wolf, 2016) of brain. Therefore,
observing the changes of synapses is strongly emphasized to investigate the
synaptic mechanism of learning and memory.

After the first observation of a synapse by electron microscopy (EM) in
1955 (De Robertis and Bennett, 1955; Palay and Palade, 1955), EM provided lots
of remarkable results about fine synaptic structure (Briggman and Bock, 2012).
However, EM inherently requires time-consuming, labor-intensive processes and is
volume limited. To overcome these problems with fluorescence microscopy,
labeling synapses with fluorescent proteins (FP) is widely implemented.

Especially, dual components synaptic detection system using split
fluorescent protein has been applied to label synaptic interactions between pre and
postsynaptic regions (Lee et al.,, 2016). When Green Fluorescent Protein (GFP)
was split into two components (spG1-10 and spG11), the fluorescent signal could
be detected only at GFP reconstitution sites. Using this property, split GFP based
synapse-labeling technique in mammalian brain such as mammalian Green
fluorescent protein Reconstitution Across Synaptic Partners (mGRASP) (Kim et al.,

2011) and SynView (Tsetsenis et al., 2014) are developed to mark synapses
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between brain regions of interest by expressing one component in presynaptic
region and the other component in postsynaptic region. These tools have been
contributed to understanding hippocampal structures at synapse-level (Druckmann
et al., 2014; Tsetsenis et al., 2014). However, there are clear limitations for wide
application. For example, the fluorescent signals are relatively too weak for
imaging. Moreover, because it is possible to label only one-color with these
techniques, the synapses could not be compared in the same brain regions and

neurons.

In this chapter, I modified current synapse labeling techniques and
successfully developed dual-enhanced GRASP (eGRASP) technique. To enhance
the fluorescent signal from reconstituted split GFP, I introduced protein-protein
interaction domains to increase the binding probability of two components of split
GFP. In addition, to overcome the one-color system of previous techniques, I
developed distinguishable split cyan and yellow fluorescent proteins (CPF and YFP,
respectively) using rationally selected mutations. I confirmed this dual-eGRASP
works well in vitro system. Finally, I applied dual-eGRASP in mouse brain and
confirmed that synapses on one dendrite could be distinguished regarding its

presynaptic regions.
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EXPERIMENTAL PROCEDURES

Animals

All experiments were performed on 8~10-week-old male C57BL/6N mice
purchased from Samtako. Bio. Korea. Mice were raised in 12-hr light/dark cycle in
standard laboratory cages and given ad libitum access to food and water. All
procedures and animal care were followed the regulation and guidelines of the
Institutional Animal Care and Use Committees (IACUC) of Seoul National

University.

Construction of cyan and yellow eGRASP

The pre-eGRASP construct consists with an IgG kappa signal peptide, strand

1-10 of the mutant GFP, an Abl SH3 binding peptide, and a neurexinlb stalk,
transmembrane and intracellular domain. The strand 1-10 contains an S72A (amino
acid numbering based on GFP sequence) mutation additionally to the original
GRASP mutations. The cyan pre-eGRASP contains additional T65S, Y66 W,
H148G, T205S mutations including the S72A mutation, while yellow pre-eGRASP
contains S72A and T203Y mutations. The Abl SH3 binding peptide was either p30
(APTKPPPLPP) or p32 (SPSYSPPPPP). The post-eGRASP construct consists
with an IgG kappa signal peptide, an Abl SH3 domain, strand 11 of the mutant
GFP, and a neuroliginl stalk, transmembrane and intracellular domain with the last

4 amino acids deleted. The last 4 amino acids of the neuroliginl which consist the
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PDZ domain binding site was deleted to avoid undesired recruitment of scaffolding

proteins and receptors. The protein sequence of each construct is listed below.

pre-eGRASP(p30) : IgG kappa signal peptide (orange), strand 1-10 with S72A
muation (green with green highlight for S72A), p30 (red), neurexinlb stalk,
transmembrane and intracellular domain (blue). (p32 version has a replacement of
APTKPPPLPP to SPSYSPPPPP)
METDTLLLWVLLLWVPGSTGDAPVGGSKGEELFTGVVPILVELDGDVNGH
KFSVRGEGEGDATIGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFARYPD
HMKRHDFFKSAMPEGYVQERTISFKDDGKYKTRAVVKFEGDTLVNRIELK
GTDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFTVRHNVEDGSV
QLADHYQONTPIGDGPVLLPDNHYLSTQTVLSKDPNEKTGGSGGSGGSRA
PTKPPPLPPGGGSGGGSGTEVPSSMTTESTATAMQSEMSTSIMETTTTLATS
TARRGKPPTKEPISQTTDDILVASAECPSDDEDIDPCEPSSGGLANPTRVGG
REPYPGSAEVIRESSSTTGMVVGIVAAAALCILILLYAMYKYRNRDEGSYH

VDESRNYISNSAQSNGAVVKEKQPSSAKSANKNKKNKDKEYYV

Cyan pre-eGRASP(p30) : IgG kappa signal peptide (orange), strand 1-10 with
mutations (green with cyan highlights for cyan-specific mutated amino acids), p30
(red), neurexinlb stalk, transmembrane and intracellular domain (blue). (p32
version has a replacement of APTKPPPLPP to SPSYSPPPPP)
METDTLLLWVLLLWVPGSTGDAPVGGSKGEELFTGVVPILVELDGDVNGH

KFSVRGEGEGDATIGKLTLKFICTTGKLPVPWPTLVTTLSWGVQCFARYPD

i Mgt



HMKRHDFFKSAMPEGY VQERTISFKDDGK YK TRAVVKFEGDTLVNRIELK
GTDFKEDGNILGHKLEYNFNSGNVYITADKQKNGIKANFTVRHNVEDGSV
QLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKTGGSGGSGGSRA
PTKPPPLPPGGGSGGGSGTEVPSSMTTESTATAMQSEMSTSIMETTTTLATS
TARRGKPPTKEPISQTTDDILVASAECPSDDEDIDPCEPSSGGLANPTRVGG

REPYPGSAEVIRESSSTTGMVVGIVAAAALCILILLYAMYKYRNRDEGSYH

VDESRNYISNSAQSNGAVVKEKQPSSAKSANKNKKNKDKEYYV

Yellow pre-eGRASP(p30) : IgG kappa signal peptide (orange), strand 1-10 with
mutations (green with Yellow highlights for yellow-specific mutated amino acid),
p30 (red), neurexinlb stalk, transmembrane and intracellular domain (blue). (p32
version has a replacement of APTKPPPLPP to SPSYSPPPPP)
METDTLLLWVLLLWVPGSTGDAPVGGSKGEELFTGVVPILVELDGDVNGH
KFSVRGEGEGDATIGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFARYPD
HMKRHDFFKSAMPEGYVQERTISFKDDGKYKTRAVVKFEGDTLVNRIELK
GTDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFTVRHNVEDGSV
QLADHYQOQNTPIGDGPVLLPDNHYLSYQTVLSKDPNEKTGGSGGSGGSRA
PTKPPPLPPGGGSGGGSGTEVPSSMTTESTATAMQSEMSTSIMETTTTLATS
TARRGKPPTKEPISQTTDDILVASAECPSDDEDIDPCEPSSGGLANPTRVGG
REPYPGSAEVIRESSSTTGMVVGIVAAAALCILILLYAMYKYRNRDEGSYH

VDESRNYISNSAQSNGAVVKEKQPSSAKSANKNKKNKDKEYYV
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Post-eGRASP : IgG kappa signal peptide (orange), Abl SH3 domain (red), strand
11 (green), neuroliginl stalk, transmembrane and intracellular domain with
deletion (blue).
METDTLLLWVLLLWVPGSTGDAPVGGNDPNLFVALYDFVASGDNTLSITK
GEKLRVLGYNHNGEWCEAQTKNGQGWVPSNYITPVNSTGGGSGGGSGRD
HMVLHEYVNAAGITGGGSGGGSGTLELVPHLHNLNDISQYTSTTTKVPST
DITLRPTRKNSTPVTSAFPTAKQDDPKQQPSPFSVDQRDYSTELSVTIAVGA
SLLFLNILAFAALYYKKDKRRHDVHRRCSPQRTTTNDLTHAPEEEIMSLQM
KHTDLDHECESIHPHEVVLRTACPPDYTLAMRRSPDDIPLMTPNTITMIPNT

IPGIQPLHTFNTFTGGQNNTLPHPHPHPHSHS

AAYV production

Adeno-Associated Viruses serotype 1/2 (AAV1/2; AAV particle that
contains both serotype 1 and 2 capsids) were used in all the experiments. AAV1/2s
were purified from HEK293T cells that were transfected with plasmids containing
each expression cassette flanked by AAV2 ITRs, pSE18, pSE18-RXC1 and pAd-
AF6 and cultured in 18 ml or 8§ ml Opti-MEM (Gibco-BRL/Invitrogen, cat#
31985070) in a 150-mm or 100-mm culture dish, respectively. Four days after
transfection, the medium containing AAV1/2 particles was collected and
centrifuged at 3,000 rpm for 10 min. After 1 ml of heparin-agarose suspension
(Sigma, cat# H6508) was loaded onto a poly-prep chromatography column (Bio-
Rad Laboratories, Inc. cat# 731-1550), the supernatant was loaded onto the column
carefully. The column was washed by 4 ml of Buffer 4-150 (150 mM NaCl, pH4

10 mM citrate buffer) and 12 ml of Buffer 4-400 (400 mM NaCl, pH4 10 mM
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citrate buffer). The virus particles were eluted by 4 ml of Buffer 4-1200 (1.2 M
NaCl, pH4 10 mM citrate buffer). The eluted solution was exchanged with PBS
and concentrated using an Amicon Ultra-15 centrifugal filter unit (Millipore, cat#

UFC910024). The titer was measured using quantitative RT-PCR.

Stereotaxic surgery

Mice (8~10 weeks) were anesthetized with a ketamine/xylazine solution
and positioned in a stereotaxic apparatus (Stoelting Co.). The viruses were injected
using 33 gauge needle with Hamilton syringe at a 0.1 pl/min rate into target
regions. At all injected points, the tip of the needle was positioned 0.05mm below
the target coordinate and returned to the target site after 2min. After injection, the
needle stayed in place for an additional 7 mins and was withdrawn slowly.
Stereotaxic coordinates for each target sites are lateral entorhinal cortex (AP: -3.4/
ML: -4.4/ DV: -4.1), medial entorhinal cortex (AP: -4.6/ ML:-3.5/ DV-3.5), DG
(AP: -1.75/ ML: -1.5/ DV: -2.2 below from skull surface), CA3 (AP: -1.9/ ML:

+2.35/ DV: -2.45) and CAl (AP: -1.9/ ML: -1.5/ DV: -1.6).
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RESULTSS (Coliaborated with Dr. Jun-Hyeok Choi)

Enhancing fluorescent signal by introducing protein-protein

interaction domains and a single mutation

To overcome the limitations of current synapse labeling techniques and
compare synapses on a single postsynaptic neuron according to their different
presynaptic populations, I modified the GRASP technique (Kim et al., 2011; Lee et
al., 2016). Because GRASP signals are generally too weak, I first planned to
develop the enhanced GRASP (eGRASP) technique, which exhibits enhanced
intensity by adding a weakly interacting domain that facilitates reconstitution (Fig.
3). After introducing peptide p40 (APTYSPPPPP) into pre GRASP construct and
SH3 domain into post GRASP construct, the fluorescent signal from GRASP was
markedly enhanced (Fig. 3A). Since additional binding domains might be able to
make physical forces that induce abnormal effects on synaptic morphology, I
exchanged the SH3 binding peptide with lower interacting strengths. I confirmed
that GRASP with lower interacting domains still showed a significant fluorescent
signal compared to mGRASP (Fig. 3B).

In addition, I also introduced a single mutation commonly found on most
advanced GFP variants (Pisabarro and Serrano, 1996). This single mutation could
further enhance the fluorescent signal (Fig. 4A). This eGRASP technique with the
enhanced fluorescent signal using newly introduced protein-protein interaction
domains and a single mutation showed markedly clear signals on the spines of
CAl dendrites even with the weakest interacting peptide while mGRASP signal

was not detectable in my condition (Fig. 4B).
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mTagBFP2

A mCherry GRASP or iRFP67 Merge

B mCherry GRASP iRFP670 Merge

Original mMGRASP
$11-CD4-Nrx
(81-10)-Nlg

(S1-10)-p40-Nrx
SH3-S11-Nlg

p30
(Kd=17uM)

Figure 3. Enhancement of GRASP signal with protein-protein interaction

domains

(in collaboration with Dr. Jun-Hyeok Choi)

(A) (Top) Either post-mGRASP with mTagBFP2 coexpression or pre-mGRASP
with mCherry fusion was transfected separately in HEK293T cells by
nucleofection. The interface of mCherry positive cell and mTagBFP2 positive cell
shows only faint GRASP signal, only detectable when exposed to stronger
excitation. (Bottom) Either post-eGRASP (SH3-S11-Nlg) with iRFP670
coexpression or (S1-10)-p40-Nrx with mCherry coexpression was transfected
separately in HEK293T cells by nucleofection. The interface of a mCherry positive

cell and an iRFP670 positive cell shows strong GRASP signal.

(B) Exchanging the SH3 binding peptide to those with lower interacting strength
reduces the GRASP signal, while still showing significant GRASP signal compared
to mGRASP. The known dissociation constants for SH3 domain and each peptide

are indicated below the peptide.
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A GRASP iRFP670 Merge B GRASP TagRFP-T Merge

Original (S1-10)
mGRASP

S72A

Figure 4. Enhancement of GRASP signal with a single mutation

(in collaboration with Dr. Jun-Hyeok Choi)

(A) Additional S72A mutation on the strand 1-10 of the split GFP increased the
GRASP signal.

(B) (Top) pre-mGRASP was expressed in the CA3 and post-mGRASP with
membrane-targeted TagRFP-T was expressed sparsely in CAl. (Bottom) pre-
eGRASP with the weakest interacting peptide (p30) was expressed in CA3 and

post-eGRASP with membrane-targeted TagRFP-T was expressed sparsely in CAl.
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Development of distinguishable dual-color fluorescent signal

with rationally selected mutations

Previous techniques based on split GFP could mark synapses as only
single excitation/emission wavelength. To overcome this problem, I developed
eGRASP into dual-color system by perfectly distinguishable split CFP and split
YFP with a series of rationally selected mutations. First, mutations that make
emission and excitation wavelength of fluorescent protein shifted to violet were
serially introduced. Relatively bright cyan eGRASP signal could be obtained with
T65S, Y66 W, S72A, H148G, T205S mutations (Fred;j et al., 2012; Goedhart et al.,
2012; Koker et al., 2018; Sawano and Miyawaki, 2000) (Fig. 5A). In addition, a
bright yellow eGRASP signal obtained from pre-eGRASP with S72A, T203Y
mutations (Koker et al., 2018). This eGRASP signal detected in both the GFP and
YFP filters, but not in the CFP filter (Fig. 5B). Collectively, I developed much
brighter and perfectly distinguishable dual-eGRASP by introducing protein-protein

interaction domains and series of rationally selected mutations (Fig. 5C).
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Figure S. Development of cyan and yellow eGRASP

(in collaboration with Dr. Jun-Hyeok Choi)

(A) Pre-eGRASP with indicated mutations, post-ecGRASP and iRFP670 were
coexpressed in HEK293T cells. Pre-eGRASP that contains T65S, Y66W, S72A,

H148G, T205S shows the brightest cyan fluorescence.

(B) Pre-eGRASP with indicated mutations, post-eGRASP and iRFP670 were
coexpressed in HEK293T cells. Pre-eGRASP that contains S72A, T203Y shows
bright signal detected in both the GFP and YFP filters, but not in the CFP filter. The
original pre-eGRASP shows signal using every filter with the GFP filter being the
brightest. This indicates that the T203Y mutation results in red-shifted fluorescence

that is separable from the CFP signal.
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(C) Schematic illustration showing the development of cyan and yellow shifted

fluorescence and brighter pre-eGRASP.

29



Application of dual-eGRASP in vitro

By expressing cyan or yellow pre-eGRASP with post-eGRASP in
HEK293T cells, I confirmed that fluorescent signal from cyan eGRASP was only
detected in CFP filter, but not in YFP filter, vice versa. That is, cyan and yellow
eGRASP did not be overlapped and could be imaged separately (Fig. 6A). In
addition, I could identify the contact interface of HEK293T cells expressing the
common domain with cells expressing the color-determining domain with two
colors (Fig. 6B).

After the validation of brightness and duality of dual-eGRASP in
HEK293T cells, this also was applied to label synapses like the schematic
illustration (Fig. 7). Placing the color-determining domain in the complementary
GFP fragment to the presynaptic neuron (cyan/yellow pre-eGRASP) and the
common domain to the postsynaptic neuron (post-eGRASP) enabled the
visualization of two synaptic populations that originated from different presynaptic

neuron populations in one neuron.
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Figure 6. Bright and distinguishable dual-eGRASP signals in vitro system

(in collaboration with Dr. Jun-Hyeok Choi)

(A) Post-eGRASP and iRFP670 were coexpressed with either cyan or yellow pre-

eGRASP in HEK293T cells.

(B) Interaction contact of one HEK293T cell with other cells showed either cyan or

yellow fluorescent signals that were completely distinguishable.
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Dual-eGRASP

Cyan pre-eGRASP 3‘ -
Postsynaptic
! post-eGRASP ‘
Yellow pre-eGRASP 3‘

Figure 7. Schematic illustrations of dual-eGRASP

Schematic illustrations of cyan and yellow eGRASP. Cyan pre-eGRASP and
yellow pre-eGRASP are expressed in two different presynaptic population, while

common post-eGRASP is expressed in a single postsynaptic cell.
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Dual-eGRASP enabled discrimination of synapses originated

from different presynaptic neuronal populations

Next, to test whether dual-eGRASP technique successfully applied in
mouse brain, pre-eGRASP and post-eGRASP constructs were expressed in various
mouse brain regions using AAVs. To achieve sparse but strong expression of
fluorescent signal from dendrites to track easily, EFla promoter-driven Cre-
dependent post-eGRASP and myr TagRFP-T (myrTRT) was injected with low
titers of CaMKIlIa promoter-driven iCre-expressing AAV (Fig. 8A). First, I applied
dual-eGRSAP to identify synapses on DG granule cells because it is well known
that granule cells receive input from either the lateral entorhinal cortex (LEC) or
medial entorhinal cortex (MEC) projecting to the DG outer and middle molecular
layers, respectively (Amaral et al., 2007). As a result, Cyan and yellow eGRASP

signals were clearly distinguishable in dendrites of DG granule cells (Fig. 8B).

In addition, I could also separately label intermixed synapses originated
from either the contralateral CA3 or ipsilateral CA3 that do not have a unique
spatial distribution on CAl pyramidal neurons (Fig. 9) (Finnerty and Jefferys,
1993). These results show that dual-eGRASP successfully discriminated synapses

innervated from different presynaptic neuronal populations in the rodent brain.
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Figure 8. Dual-eGRASP distinguish synapses on one granule cell in DG from
LEC or MEC

(A) (Left) Schematic illustrations of injected AAVs. (Right) Schematic illustration

of injected brain sites.

(B) In LEC and MEC, Cyan pre-eGRASP and yellow pre-eGRASP were expressed
respectively by stereotaxic virus injection. Myristoylated TagRFP-T
(myr_TagRFP-T) were expressed in the DG with post-eGRASP. Cyan and yellow

puncta were clearly distinguishable in the dendrite of one DG granule cell.
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Figure 9. Dual-eGRASP distinguish synapses on one pyramidal neuron in CA1

from CA3 in different hemispheres

(A) (Left) Schematics of injected AAVs. (Right) Schematic illustration of injected

brain sites.

(B) Cyan pre-eGRASP were expressed in right CA3 and yellow pre-eGRASP were
expressed in left CA3, respectively. Myr TagRFP-T were expressed in CAl
together with post-eGRASP. Dendrites of CAl pyramidal cells show clearly

distinguishable cyan and yellow puncta.
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Effect of dual-eGRASP on synaptic transmission

To test whether dual-eGRASP affects on synaptic transmission and
induces undesired effects on synapses, | examined mEPSCs of CA1l neurons from

hippocampal slices, which expressed pre- and post-eGRASP constructs.

I compared amplitude and frequency of mEPSC from hippocampal slices
which expressed post-eGRASP only in CA1, pre-eGRASP only in CA3, both pre-
and post-eGRASP in CA3 and CAl respectively, and also which did not express
any eGRASP constructs. I confirmed that the reconstitution of eGRASP did not
induce abnormal strengthening of the synaptic transmission between the neurons

expressing pre-eGRASP and post-eGRASP (Fig. 10).
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Figure 10. Expression of dual-eGRASP components has no effects on

basal synaptic transmission

(in collaboration with Dr. Su-Eon Sim)

(A) Representative mEPSC recording traces.

(B and C) Amplitude and frequency of mEPSCs from CAl pyramidal neurons in
slices expressing eGRASP components in CA3 and CA1 as indicated in each group.
No eGRASP (no eGRASP components in both CA3 and CAl), n = 12; Post
eGRASP (post-eGRASP in CA1l), n = 10; Pre eGRASP (pre-eGRASP in CA3), n=
12; Pre-Post e GRASP (pre-eGRASP in CA3 and post-eGRASP in CAl), n = 11.
One-way ANOVA of amplitude, n.s.: not significant, F(3,41) = 1.074, p = 0.3705.
One-way ANOVA of frequency, n.s.: not significant, F(3,41) = 2.167, p = 0.1065.

Data are represented as mean = SEM.
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DISCUSSION

In this chapter, I developed dual-eGRASP, which is a novel synapse-
labeling technique, with enhanced fluorescent signals and distinguishable cyan and
yellow colors. In particular, the duality of this new technique makes possible to

compare the synapses within one dendrite regarding the presynaptic regions.

Various neuroscience fields can utilize dual-eGRASP, especially for
connectomics studies. Connectomics is the study of connectomes: defining of
comprehensive structures of networks within an organism's nervous system. The
goal of connectomics is the mapping the complex connectivity graph
(Helmstaedter, 2013). Despite the many issues about making the connectome, it is
widely accepted that mapping the complex brain structure will help neuroscientists
in many aspects (Morgan and Lichtman, 2013). However, there are many hurdles
to be overcome for achieving the goal of connectomics. For instance, identifying
synapses, and more importantly, tracking the presynaptic and postsynaptic neurons
are big challenges for cellular connectomics based on EM images (Helmstaedter,
2013). Since dual-eGRASP can distinguish synapses on a single dendrite
innervated from two different and identified regions, I wish that this approach
might become a breakthrough for wiring the connections between neurons. In
addition, when cyan and yellow pre-eGRASP are expressed under the promoters of
cell-type specific markers, it is possible to mapping the structure of synapses on
one dendrite regarding the cell types (such as excitatory vs inhibitory neurons) of

the presynaptic neurons even if the presynaptic neurons are in the one region.
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Therefore, dual-eGRASP might provide more sophisticated connectome analyses

when applied to multiple brain regions.

In addition, split fluorescent proteins, as well as split protein
reconstitution systems, have been widely used for many purposes such as studying
protein-protein interactions (Shekhawat and Ghosh, 2011). There are open chances
that these already developed split protein systems could be applied into
neuroscience field to understand synaptic mechanisms. The efforts of this chapter
to enhance the reconstitution of split fluorescent proteins by introducing protein-
protein interaction domains might give help to increase the reconstitution of any

split proteins.
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CHAPTER II1
Increased synapse number and spine size between
CA3 engram and CA1 engram cells after memory

formation
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INTRODUCTION

Using newly developed synaptic labeling technique, dual-eGRASP, I next
focused on finding the synaptic engram through defining the changes of structural
connectivity between engram cells. After Richard W. Semon’s suggestion that
memory resided in the memory engram (Semon, 1921, 1923), many studies found
engram cells throughout various brain regions and demonstrated that activation of
engram cells induced artificial retrieval of memories (Denny et al., 2014; Han et al.,

2009; Liu et al., 2012; Ramirez et al., 2013; Tanaka et al., 2014; Zhou et al., 2009).

Despite these brilliant achievements to find the memory engram, we do not
know the synaptic changes between engram cells. Because the enhancement of
synapses is a fundamental mechanism of memory encoding as Hebb proposed
(Hebb, 1949), it is important to study whether memory formation strengthens or
enhances synapses between engram cells in different brain regions. However, we
could only study the engram at the neuronal level, not the synaptic level, since it
was impossible to distinguish which synapses originate from engram cells in

presynaptic regions.

In this chapter, I used dual-eGRASP to demonstrate that synapses between
CA3 engram cells and CA1 engram cells show enhanced structural connectivity
after memory formation. First, I validated Fos-rtTA system to express dual-
eGRASP components in activity- and doxycycline-dependent manner. Combining
Fos-rtTA system and dual-eGRASP technique, I differentiated four synapse types
(engram to engram, engram to non-engram, non-engram to engram, non-engram to

non-engram) at CA3-CAl connections.
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EXPERIMENTAL PROCEDURES

Animals

All experiments were performed on 8~10-week-old male C57BL/6N mice
purchased from Samtako. Bio. Korea. Mice were raised in 12-hr light/dark cycle in
standard laboratory cages and given ad libitum access to food and water. All
procedures and animal care followed the regulation and guidelines of the
Institutional Animal Care and Use Committees (IACUC) of Seoul National

University.

Construction of Fos-rtTA system

Temporally-controlled activity-dependent transgene expression used a Fos
promoter driven rtTA3G with an additional AU-rich element of Fos mRNA, which
induced rapid destabilization of the mRNA following the rtTA3G. The transgenes
of interest were driven by a TRE3G promoter, making it both rtTA3G expression-

and doxycycline-dependent.

AAYV production

Adeno-Associated Viruses serotype 1/2 (AAV1/2; AAV particle that
contains both serotype 1 and 2 capsids) were used in all the experiments. AAV1/2s

were purified from HEK293T cells that were transfected with plasmids containing

each expression cassette flanked by AAV2 ITRs, pSE18, pSE18-RXC1 and pAd-
43
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AF6 and cultured in 18 ml or 8§ ml Opti-MEM (Gibco-BRL/Invitrogen, cat#
31985070) in a 150-mm or 100-mm culture dish, respectively. Four days after
transfection, the medium containing AAV1/2 particles was collected and
centrifuged at 3,000 rpm for 10 min. After 1 ml of heparin-agarose suspension
(Sigma, cat# H6508) was loaded onto a poly-prep chromatography column (Bio-
Rad Laboratories, Inc. cat# 731-1550), the supernatant was loaded onto the column
carefully. The column was washed by 4 ml of Buffer 4-150 (150 mM NaCl, pH4
10 mM citrate buffer) and 12 ml of Buffer 4-400 (400 mM NaCl, pH4 10 mM
citrate buffer). The virus particles were eluted by 4 ml of Buffer 4-1200 (1.2 M
NaCl, pH4 10 mM citrate buffer). The eluted solution was exchanged with PBS
and concentrated using an Amicon Ultra-15 centrifugal filter unit (Millipore, cat#

UFC910024). The titer was measured using quantitative RT-PCR.

Stereotaxic surgery

Mice (8~10 weeks) were anesthetized with a ketamine/xylazine solution
and positioned in a stereotaxic apparatus (Stoelting Co.). The virus was injected
using 33 gauge needle with Hamilton syringe at a 0.1 pl/min rate into target
regions. At all injected points, the tip of the needle was positioned 0.05mm below
the target coordinate and returned to the target site after 2min. After injection, the
needle stayed in place for an additional 7 mins and was withdrawn slowly.
Stereotaxic coordinates for each target sites are left CA3 (AP: -1.75/ ML: -2.35/

DV: -2.45) and right CA1 (AP: -1.8/ ML: +1.5/ DV: -1.65 below the skull surface).
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0.5 ul of a mixture of viruses (1.6x10° viral genome (vg)/ul of Fos-
rtTA3G, 2.0x10° vg/ul of TRE3G-Yellow pre-eGRASP, 4.0x10" vg/ul of
CaMKIla-iCre, and 7.5x10® vg/ul of EF1a-DIO-Cyan pre-eGRASP) was injected
into left CA3. 0.5 pl of a mixture of viruses (1.6x10° vg/ul of Fos-rtTA3G, 8.0x10°
vg/ul of TRE3G-myr_mScarlet-I-P2A-post-eGRASP, 1.0x10° vg/ul of CaMKIla-
iCre, 8.0x10® vg/ul of EF1a-DIO-myr iRFP670-P2A-post-eGRASP) was injected

into right CAl.

Contextual fear conditioning

All mice were conditioned 2~4 weeks after the AAV injection. Each
mouse was single caged 10 days before conditioning and was habituated to the
hands of the investigator and anesthesia chamber without isoflurane for 3 minutes
on each of 7 consecutive days. Mice were conditioned 2 days after the last
habituation day. On the conditioning day, 250 ul of 5 mg/ml Doxycycline solution
dissolved in saline was injected by intraperitoneal injection during brief anesthesia
by isoflurane in the anesthesia chamber 2 hours prior to the conditioning.
Conditioning sessions were 300s in duration, and three 0.6 mA shocks of 2 s
duration were delivered at 208 s, 238 s, and 268 s from the initiation of the session
in a square chamber with a steel grid (Med Associates Inc., St Albans, VT). When
the conditioning was finished, mice were immediately transferred to their
homecage. 2 days after the conditioning, mice were carefully perfused for eGRASP

signal analysis.
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Sample preparation and confocal imaging

Perfused brains were fixed with 4% paraformaldehyde (PFA) in PBS

overnight at 4°C and dehydrated in 30% sucrose in PBS for 2 days at 4C. After
freezing, brains were sliced into 50 um sections by Cryostat and mounted in

VECTASHIELD mounting medium (Vector Laboratories) or Easy-index mounting
medium (Live Cell Instrument). CAl apical dendritic regions of the brain slices
were imaged by Leica SP8 or Zeiss LSM700 confocal microscope with 63x
objectives with distilled water immersion. Secondary/tertiary dendrites of CAl

neurons were imaged in Z-stack.

Image analysis

Imaris (Bitplane, Zurich, Switzerland) software was used to reconstruct
3D models of the confocal images. Each trackable myr mScarlet-I-positive,
myr_mScarlet-I-positive or myr iRFP670-positive dendrite was denoted as a
filament manually while hiding other three channels to exclude any bias, and each
cyan or yellow eGRASP signal was denoted as cyan or yellow sphere automatically.
When the cyan and yellow eGRASP signals overlapped in a single synapse, it was
denoted as a yellow spot as the presynaptic neuron of the synapse indicating IEG-

positive during memory formation. Also, if a dendrite did not have any cyan
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eGRASP or if the myr mScarlet-I and myr iRFP670 signal overlapped in a single

dendrite, the dendrite was not denoted as a filament for more accurate analysis.

For eGRASP density analysis, the numbers of denoted cyan and yellow
spheres were manually counted along each denoted filaments. The length of each
dendrite was measured using Imaris FilamentTracer. Cyan and yellow eGRASP
density of each dendrite were normalized to the average density of the cyan and
yellow eGRASP on the myr iRFP670-positive dendrites, respectively, in each
image. After denoting the trackable dendrites and eGRASP signals in the same way,
eGRASP signal positive spines on denoted dendrites were reconstructed as 3D
models and were measured using Imaris FilamentTracer. The investigator who
reconstructed the spine 3D models was unaware of the color of the eGRASP

signals.

Statistical analysis

Data were analyzed using Prism software. Mann Whitney two-tailed test
and Tukey’s multiple comparison tests after one-way ANOVA were used to test for
statistical significance when applicable. The exact value of n and statistical

significance are reported in each figure legends.
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RESULTSS (collaborated with Dong Il Choi)

Validation of Fos-rtTA system using seizure and contextual

fear conditioning

I used a reverse tetracycline-controlled transactivator (rtTA) under Fos
promoter to express specific genes of interest in the engram cells (Haasteren et al.,
2000; Loew et al., 2010; Reijmers et al., 2007; Zhou et al., 2006). First, I checked
the Fos-rtTA system whether a gene of interest could be expressed in activity-
dependent manner using chemically induced seizure. Nucleus-targeted mEmerald
(mEmerald-Nuc) was driven by the TRE3G promoter controlled by Fos promoter-
driven rtTA3G. CaMKlla driven nucleus targeted mCherry was used as an
expression control (Fig. 11A). 2 weeks after virus injection, Pentylenetetrazol (PTZ)
was injected intraperitoneally to induce seizure (Fig. 11B). As a result,
Doxycycline injection 2 hrs before seizure induction successfully labeled cells that

activated during these events (Fig. 11C).

In addition, Fos-rtTA system in CAl and CA3 cells were also validated
using contextual fear conditioning using the same way. Many activity-dependent
labeling systems have demonstrated the increased Fos-driven expression after
learning event relative to homecage controls (Liu et al., 2012; Reijmers et al., 2007;
Tayler et al., 2013). As consistency with these studies, mEmerald-Nuc expression
was significantly increased after fear conditioning in the CA3, and a strong
tendency of the increase was observed in the CA1 using Fos-rtTA system (Fig. 12).
Therefore, I decided to use Fos-rtTA system for specific labeling of engram cells,

which are activated population during learning event.
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Figure 11. Validation of Fos-rtTA system on seizure

(A) Schematic illustration of injected AAVs and brain sites.

(B) Behavioral schedule used in the experiment.

(C) Seizure-inducing Pentylenetetrazol (PTZ) injection induced a strong

mEmerald-Nuc signal in the DG.
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(A) Schematic illustration of injected AAVs and brain sites.

(B) Behavioral schedule used in the experiment.

(C) Representative images.

(D) Fear conditioning induced a significant increase of mEmerald-Nuc in the CA3

and a strong tendency of increase in the CAl. n = 6, CA3 Homecage; n = 5, CA3

Conditioned; n = 8, CA1 Homecage; n = 5, CA1 Conditioned. Unpaired two-tailed

t test, **p < 0.01. Data are represented as mean + SEM.
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Strategy for comparison of the four types of synapses

between CA3 and CA1

To compare CA3 engram to CA1 engram (E-E) synapses with other types
of synapses (non-engram to engram (N-E), engram to non-engram (E-N) and non-
engram to non-engram (N-N) synapses), each type of synapses should be
distinguished based on whether their presynaptic and postsynaptic neurons are
engram or not. To distinguish the synapses, I used dual-eGRASP with Fos-rtTA

system.

To label E-E synapses, I expressed post-eGRASP with myristoylated
mScarlet-I (Bindels et al., 2017) unilaterally in CAl engram cells and yellow pre-
eGRASP in the contralateral CA3 engram cells to avoid possible coexpression of
pre-eGRASP and post-eGRASP. Then, E-E synapses could be marked as yellow
eGRASP signals on mScarlet-I labeled dendritic spines. In addition, I expressed
post-eGRASP together with myristoylated iRFP670 (Shcherbakova and Verkhusha,
2013) in a sparse neuronal population from the ipsilateral CA1l, while expressing
cyan pre-eGRASP in a random neuronal population from the contralateral CA3
(Fig. 13A). I achieved these expression patterns using a mixture of various virus
constructs. In CA3, yellow pre-eGRASP was driven by the TRE3G promoter
controlled by Fos promoter-driven rtTA3G. EFla promoter-driven Cre-dependent
cyan pre-eGRASP was injected with low titers of CaMKIla promoter-driven iCre-
expressing AAV. In the contralateral CAIl, unilateral post-eGRASP and
myr_mScarlet-I were driven by the TRE3G promoter controlled by Fos promoter-

driven 1tTA3G. EFloa promoter-driven Cre-dependent post-eGRASP and
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myr_iRFP670 were injected with low titers of CaMKlla promoter-driven iCre-
expressing AAV. In this strategy, strong expression in the random, sparse neuronal
population was achieved by using a high titer of Double-floxed Inverted pen
reading frame (DIO) AAV with a lower titer of Cre recombinase expressing AAV

(Fig. 13 B and C).
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Figure 13. Strategy to compare synapses between engram cells with other

types of synapses using dual-eGRASP

(A) (Left) Schematics of the four possible synapse populations among engram and

non-engram cells. Cyan circles representing cyan eGRASP signal indicate

synapses originating from CA3 non-engram cells. The orange circles

representing yellow eGRASP signals indicate synapses originating from

CA3 engram cells. CAl non-engram and engram cells filled with purple and

red, respectively. (Right) Classification of the four synaptic populations indicated
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by four colors. Green, N-N; Orange, E-N; Blue, N-E; Red, E-E. The color for each

group applies to entire figures of Chapter III and Chapter IV.
(B) Schematic illustration of injected AAVs.

(C) (left) Illustration of virus injection site. Injection in each site was performed
with a complete cocktail of the entire viruses infected in each site. (Right)

Schematic of the experimental protocol.
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Successful discrimination of the synapses between CA3 and

CA1 engram cells via dual-eGRASP

Using strategy described above, I successfully discriminated four types of
synapses in the same brain slice after CFC. I could achieve clear images containing
distinguishable fluorescent cyan eGRASP, yellow eGRASP, myr mScarlet-I and
myr_iRFP670 signals which are adequate to be analyzed (Fig. 14). For quantitative
analysis, I made 3D modeling of this components using Imaris program. Cyan and
yellow eGRASP signals were modeled as cyan and yellow spheres, respectively.
myr_mScarlet-I and myr iRFP670 dendrites were traced as red and white
filaments, respectively. Cyan and yellow puncta on mScarlet-I positive dendrites
indicated N-E and E-E synapses, respectively, while cyan and yellow puncta on
iRFP670 positive dendrites indicated N-N and E-N synapses (Fig. 14). When the
cyan and yellow eGRASP signals were overlapped in a single synapse, it was
denoted as a yellow spot as the presynaptic neuron of the synapse would be IEG-

positive during memory formation.

To confirm the reliability of yellow pre-eGRASP expression under the
Fos-rtTA system, I validated whether yellow pre-eGRASP expression was
doxycycline-dependent (Fig. 15). This result showed that this system using
eGRASP technique could label synapses originating from engram cells of a

specific event.

I estimated CA3 cells expressing cyan pre-eGRASP, yellow pre-eGRASP,
CAL cells expressing iRFP and mScarlet-I to be 78.38 %, 40.25 %, 11.61 %, and

20.93 9% respectively based on the percentage of overlapping fluorescence (Fig. 16).
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Figure 14. Representative images with 3D modeling for analysis

Dendrites of CAl engram or non-engram cells were demonstrated by
myr_mScarlet-I or myr iRFP670, respectively. Each dendrite were reconstructed
as filaments. Synapses input from CA3 engram cells were labeled by yellow
eGRASP signal, and cyan eGRASP signals came from random populations of CA3

neurons. Each eGRASP signal was denoted as a sphere.
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Figure 15. Validation of Yellow eGRASP expression control by doxycycline

(A and B) Representative images of cyan and yellow eGRASP expression without

doxycycline (A) or with doxycycline injection (B).
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on iRFP670 dendrite on mScarlet-1 dendrite
cyan & yellow overlap / cyan 40.25% cyan & yellow overlap / cyan 50.00 %
cyan & yellow overlap / yellow 78.38% cyan & yellow overlap / yellow 80.37%

iRFP670 & mScarlet-I overlap / iRFP670 2093 %
iRFP670 & mScarlet-I overlap / mScarlet-| 11.61%

Figure 16. Overlapping percentage of neuronal populations

(A) The percentage of cyan signal that also contains yellow signal on iRFP670
positive dendrites is 40.25 %. The percentage of yellow signal that also contains
cyan signal on iRFP670 positive dendrites is 78.38 %. n=43. 43 iRFP670 dendrites

from 3 mice.

(B) The percentage of cyan signal that also contains yellow signal on mScarlet-I
positive dendrites is 50.00 %. The percentage of yellow signal that also contains
cyan signal on mScarlet-I positive dendrites is 80.37 %, n=45, 45 mScarlet-I

dendrites from 3 mice.

(C) The percentage of iRFP670 positive cells that also express mScarlet-I is
20.93 %. The percentage of mScarlet-I positive cells that also express iRFP670 is

11.61 %. n=10, 10 CAL cell layer images from 3 mice.
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Increased synaptic density and spine size between CA3

engram and CA1 engram cells by memory formation

Using the 3D modeling, I measured the synaptic density of four types of
synapses. I did not found any significant differences between the density of N-N
and N-E synapses (Fig. 17A). However, the density of E-E synapses was
significantly increased than E-N synapses (Fig. 17B). This increased density of E-E
synapses was reproduced regardless of the strength of protein-protein interaction
domain in cyan pre-eGRASP, which was constitutively expressed (Fig. 18). These
results indicate that the presynaptic terminals coming from CA3 engram cells
predominantly synapsed on CAl engram cells than CA1 non-engram cells after

memory formation.

In addition, because it is well demonstrated that spine size is correlated
with synaptic potentiation (Hayashi-Takagi et al., 2015; Lamprecht and LeDoux,
2004; Matsuzaki et al., 2004; Tanaka et al., 2008), I further examined spine size.
As a result, E-E spine head diameter and spine volume were significantly higher
than N-E synaptic spines, while N-N and E-N did not show any significant
differences (Fig. 19). Collectively, these results indicate that E-E synapses show
higher structural connectivity both in the number of synapses and the size of the

spines.

59



CA3 CA3

%@;

CAl non-engram CAl engram €A1 non-engram CA1 engram
myr_iRFP670  myr_mScarlet-| myr_iRFP670 myr_mScarlet-|

6 n.s. 6+ ok

Relative
Spine Density
s
Relative
Spine Density
(=]

nn

N-N N-E

Figure 17. Higher synaptic density of synapses between CA3 engram and CAl

engram cells after memory formation

(A and B) The densities of cyan-only (A) or yellow puncta (B) on mScarlet-I
positive dendrites are normalized to the corresponding cyan-only or yellow puncta
on iRFP670 positive dendrites from the same images for exclusion of the effect of
different number of CA3 cells expressing each presynaptic components. Each data
point represents a dendrite. n = 43 for CAl non-engram dendrites, n = 45 for CAl
engram dendrites, 9 images from 3 mice, Mann Whitney two-tailed test, n.s.: not

significant, **p = 0.0017.
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Figure 18. Effect of different interaction strength on synaptic density

(A and B) The experimental design was identical as Figure 17 except that the red
fluorescent protein was TagRFP-T instead of mScarlet-I. The results using pre-
eGRASP constructs with p32 interacting peptides for both cyan and yellow
eGRASP. Synaptic density for N-N synapses is comparable with N-E synapses.
However, synaptic density for E-E synapses is significantly higher than E-N
synapses. Each data point represents a dendrite. n = 47 for CAl non-engram
dendrites, and n = 64 for CAl engram dendrites, 11 images from 5 mice, Mann

Whitney two-tailed test, n.s.: not significant, ****p < 0.0001.

(C and D) The experimental design was identical as Figure 17 except that the red
fluorescent protein was TagRFP-T instead of mScarlet-I. The results using pre-

eGRASP constructs with p30 interacting peptides for cyan, and p32 interacting
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peptides for yellow eGRASP. Synaptic density for N-N synapses is comparable
with N-E synapses. However, synaptic density for E-E synapses is significantly
higher than E-N synapses. Each data point represents a dendrite. n = 116 for CAl
non-engram dendrites, n = 48 for CAl engram dendrites, 9 images from 4 mice,
Mann Whitney two-tailed test, n.s.: not significant, ****p < 0.0001. Data are

represented as mean + SEM.
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Figure 19. CA3 engram to CA1l engram synapses exhibited larger spine size

after memory formation
(Top) Schematic illustration of experiment design and expected results.

(Bottom) Relative spine head diameters and spine volumes of dendrites from CAl
non-engram cells (left) and engram cells (right). Head diameter and volume of the
spines with yellow puncta were normalized to those of the spines with cyan-only
puncta of the same dendrite. Each data point represents a spine. N-N, n = 81; E-N,
n = 107; N-E, n = 93; E-E, n = 55, Mann Whitney two-tailed test, n.s.: not

significant, **p = 0.0014, ****p < (0.0001. Data are represented as mean + SEM.
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DISCUSSION

It is widely accepted that the enhancement of synapses between co-
activated cells store memory. Despite its importance, previous engram studies
remained at the neuron-level because distinguishment of synapses on one dendrite
is impossible. Here, I applied the newly developed dual-eGRASP technique, which
provides the classification of synapses on single dendrite based on their

presynaptic neuronal population in the rodent brain, to find synaptic engram.

First, I validated Fos-rtTA system to capture the activated neurons during
learning. Validation using seizure and CFC strongly supported the ability of Fos-
rtTA system to capture the neuronal population activated during specific events. To
capture the activated neuronal population, previous studies mostly used Fos-tTA
transgenic mice. Fos-rtTA system delivered by AAV might have advantages such
as ease for mice supplement and adjustment of expression level in various brain

regions.

Using Fos-rtTA system and dual-eGRASP, I examined all kinds of
connectivity between CA3 and CAl and found that increased structural
connectivity between CA3 engram and CAl engram cells. Compared with recent
studies defined memory engram at neuron-level, I found the memory engram at

synapse-level with more sophisticated techniques.

Several studies have found that dendritic spine density and spine
morphology are changed following memory formation (Chen et al., 2010; Leuner
et al., 2003; Matsuzaki et al., 2001; Matsuzaki et al., 2004). Moreover, a recent

study clearly showed that shrinkage of recently potentiated spines induced memory
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disruption (Hayashi-Takagi et al., 2015). However, because these studies just
observed and manipulated activated spines regardless of its pre and postsynaptic
neurons, we still do not know whether synapses between co-activated neurons
indeed undergo potentiation to encode memory. Technical limitations, including
impossibility to distinguish synapses according to whether their presynaptic
neuronal population is engram cells or not, precluded examinations of synapse
specific plasticity. In this chapter, I overcame this limitation with dual-eGRASP
and found that potentiated synapses, which are known to be responsible for
memory encoding by previous studies, are indeed between engram cells. These
results strongly support that memory is encoded by Hebbian plasticity, “Fire

together, Wire together”.

Taken together, these results demonstrate that synapses among engram
cells develop experience-dependent structural enhancement to form a memory

trace.
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CHAPTER IV
Enhanced synaptic transmission between CA3
engram and CA1 engram cells through pre- and post-

synaptic mechanisms
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INTRODUCTION

In the previous chapter, I found enhanced structural connectivity between
CA3 engram to CAl engram cells. Because the changes in synaptic density and
spine morphology are known to be closely related with synaptic transmission
efficacy (Bosch and Hayashi, 2012; Engert and Bonhoeffer, 1999; Lamprecht and
LeDoux, 2004), these results strongly imply that the synaptic transmission between
CA3 engram to CAl engram cells are specifically increased. Therefore, I examined

the changes of synaptic transmission between CA3 to CA1 connections.

Early studies have tried to examine the changes in synaptic connectivity
of engram cells. For example, Susumu Tonegawa and his colleagues reported that
postsynaptic enhancement of synaptic transmission in DG engram cells (Ryan et al.,
2015). However, comparison of the full combinations of connections between
engram and non-engram cells in two directly connected regions are needed to

elucidate the synaptic mechanism of memory formation.

In this chapter, I investigated the changes of synaptic transmission of four
possible combinations of CA3 to CAl connections after memory formation. To
compare presynaptic potentiation according to whether their presynaptic neurons
are engram cells or not, I measured paired-pulse ratio (PPR) of four types of
connections and found that increased release probability of inputs from CA3
engram cells. Moreover, I found postsynaptic potentiation of CAl engram cells.
Finally, I examined the complete occlusion of pairing LTP between CA3 engram
to CAl engram cells. These results suggest that synapses between engram cells

exhibit enhancement of functional connectivity.
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EXPERIMENTAL PROCEDURES

Animals

All experiments were performed on 8~10-week-old male C57BL/6N mice
purchased from Samtako. Bio. Korea. Mice were raised in 12-hr light/dark cycle in
standard laboratory cages and given ad libitum access to food and water. All
procedures and animal care followed the regulation and guidelines of the
Institutional Animal Care and Use Committees (IACUC) of Seoul National

University.

AAYV production

Adeno-Associated Viruses serotype 1/2 (AAV1/2; AAV particle that
contains both serotype 1 and 2 capsids) were used in all the experiments. AAV1/2s
were purified from HEK293T cells that were transfected with plasmids containing
each expression cassette flanked by AAV2 ITRs, pSE18, pSE18-RXC1 and pAd-
AF6 and cultured in 18 ml or 8§ ml Opti-MEM (Gibco-BRL/Invitrogen, cat#
31985070) in a 150-mm or 100-mm culture dish, respectively. Four days after
transfection, the medium containing AAV1/2 particles was collected and
centrifuged at 3,000 rpm for 10 min. After 1 ml of heparin-agarose suspension
(Sigma, cat# H6508) was loaded onto a poly-prep chromatography column (Bio-
Rad Laboratories, Inc. cat# 731-1550), the supernatant was loaded onto the column

carefully. The column was washed by 4 ml of Buffer 4-150 (150 mM NaCl, pH4
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10 mM citrate buffer) and 12 ml of Buffer 4-400 (400 mM NaCl, pH4 10 mM
citrate buffer). The virus particles were eluted by 4 ml of Buffer 4-1200 (1.2 M
NaCl, pH4 10 mM citrate buffer). The eluted solution was exchanged with PBS
and concentrated using an Amicon Ultra-15 centrifugal filter unit (Millipore, cat#

UFC910024). The titer was measured using quantitative RT-PCR.

Stereotaxic surgery

Mice (8~10 weeks) were anesthetized with a ketamine/xylazine solution
and positioned in a stereotaxic apparatus (Stoelting Co.). The virus was injected
using 33 gauge needle with Hamilton syringe at a 0.1 pl/min rate into target
regions. At all injected points, the tip of the needle was positioned 0.05mm below
the target coordinate and returned to the target site after 2min. After injection, the
needle stayed in place for an additional 7 mins and was withdrawn slowly.
Stereotaxic coordinates for each target sites are left CA3 (double injection: AP: -
1.75/ ML: -2.35/ DV: -2.45, AP: -2.25/ ML: -2.7/ DV: -2.65) and right CA1 (AP:-

1.8/ ML:+1.5/ DV: -1.65 below the skull surface).

0.5 pl of a mixture of viruses (2.0x107 vg/ul Fos-rtTA3G, 3.37x109 vg/ul
of TRE3G-ChrimsonR-mEmerald, 1.0x108 vg/ul of CaMKIla-Chronos-mCherry)
was injected into the left CA3. 0.5 pl of a mixture of viruses (2.0x107 vg/ul Fos-

rtTA3G, 1.6x109 vg/ul of TRE3G-mEmerald-Nuc) was injected into right CA1l.

Contextual fear conditioning
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All mice were conditioned 2~4 weeks after the AAV injection. Each
mouse was single caged 10 days before conditioning and was habituated to the
hands of the investigator and anesthesia chamber without isoflurane for 3 minutes
on each of 7 consecutive days. Mice were conditioned 2 days after the last
habituation day. On the conditioning day, 250 ul of 5 mg/ml Doxycycline solution
dissolved in saline was injected by intraperitoneal injection during brief anesthesia
by isoflurane in the anesthesia chamber 2 hours prior to the conditioning.
Conditioning sessions were 300s in duration, and three 0.6 mA shocks of 2 s
duration were delivered at 208 s, 238 s, and 268 s from the initiation of the session
in a square chamber with a steel grid (Med Associates Inc., St Albans, VT). When
the conditioning was finished, mice were immediately transferred to their
homecage. 2 days after the conditioning, mice were carefully decapitated for

recording experiments.

Electrophysiology

To improve slice conditions in adult hippocampal slices, we used N-
methyl-D-glucamine (NMDG) solution (93 mM NMDG, 2.5 mM KCI, 1.2 mM
NaH2PO4, 30mM NaHCO3, 20mM HEPES, 25mM Glucose, 5mM sodium
ascorbate, 2mM Thiourea, 3mM sodium pyruvate, 10mM MgSO4, 0.5mM CaCl2)
for brain slicing and recovery 32. Mice were deeply anesthetized by intraperitoneal
injection of Ketamine/Xylazine mixture and then transcardially perfused with ice-

cold NMDG solution. Following cardiac perfusion, the coronal slices (300~400-
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um thick) were prepared using a vibratome (VT1200S; Leica) in ice-cold NMDG

solution, and then recovered in NMDG solution at 32-34 C for 10 min.

After recovery, the slices were transferred to modified HEPES holding
ACSF (92 mM Nac(Cl, 2.5 mM KCI, 1.2 mM NaH2PO4, 30 mM NaHCO3, 20 mM
HEPES, 25 mM Glucose, 5 mM sodium ascorbate, 2 mM Thiourea, 3 mM sodium
pyruvate, 2 mM MgSO4, 2 mM CaCl2) at room temperature (RT) and allowed to
recover for at least 1h. After recovery, the slice was transferred to the recording
chamber constantly perfused with RT standard ACSF (124 mM NaCl, 2.5 mM KCI,
1 mM NaH2PO4, 25 mM NaHCO3, 10 mM glucose, 2 mM CaCl2, and 2 mM
MgS04). The recording pipettes (3~5 MQ) were filled with an internal solution
containing (in mM) 145 K-gluconate, 5 NaCl, 10 HEPES, 1 MgCl2, 0.2 EGTA, 2
MgATP, and 0.1 Na3GTP (280~300 mOsm, adjust to pH 7.2 with KOH).
Picrotoxin (100 uM) was added to the ACSF to block the GABA-R-mediated

currents.

Blue light was delivered by 473 nm DPSS laser (Laserglow Technologies
Inc.) and yellow light was delivered by 593 nm DPSS laser (OEM Laser Systems).
Light intensity was adjusted to elicit a reliable synaptic response 33. For Sr*" light-
evoked mEPSC experiments, we used modified ACSF containing 4 mM MgCI2
and 4 mM SrCI2 instead of CaCl2. Light was delivered for a duration of 300 ms.
To exclude the synchronous release component, mEPSC events in 60 — 400 ms
post light stimulation were analyzed by MiniAnalysis program (Synaptosoft). For
pairing-LTP experiments, EPSCs were evoked at 0.05 Hz and three successive

EPSCs were averaged and expressed relative to the normalized baseline. To induce
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pairing-LTP, four brief high-frequency tetani (50 pulses of 20 Hz per each; 4 s
intervals) paired with a long depolarization (3 min to 0 mV) given at the end of the
long depolarization. Hippocampal neurons were voltage-clamped at -70 mV using
an Axopatch 200B (Molecular Devices). Only cells with a change in access
resistance <20% were included in the analysis. mEmerald-nuc expression was
confirmed by a cooled CCD camera (ProgRes MF cool; Jenoptik) and fluorescence

microscope (BX51WI; Olympus).

Electrophysiology

Data were analyzed using Prism software. Tukey’s multiple comparison
test after one-way ANOVA was used to test for statistical significance when
appropriate. The exact value of n and statistical significance are reported in the

figure legends.
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RESULTSS (cCollaborated with Dr. Su-Eon Sim)

Strategy for electrophysiological recordings

To achieve the specific recording of four types of synapses according to
its pre- and postsynaptic neurons, I selectively stimulated inputs from CA3 engram
cells using ChrimsonR, while the total population of CA3 neurons using Chronos.
These opsins can be independently activated by lasers with different wavelengths,
specifically blue and yellow lasers, respectively (Klapoetke et al, 2014). I
expressed ChrimsonR in CA3 engram cells using Fos-rtTA system, while Chronos
was expressed primarily in CA3 excitatory cells under the CaMKIlo promoter
(Choi et al., 2014). Then, CA3 engram cells and total population could be
selectively activated by different lasers. In addition, through labeling CA1 engram
cells with nucleus-targeted mEmerald (mEmerald-Nuc) using Fos-rtTA (Fig. 20A),
selective whole-cell patch recordings from either CAl engram or non-engram cells
were possible. Optical stimulation with 473 nm blue light or 593 nm yellow light
produced reliable EPSCs on both CA1l engram and non-engram cells. Using this
system, | investigated the four kinds of synaptic responses in a single hippocampal
slice: total excitatory to non-engram (T-N), total excitatory to engram (T-E),

engram to non-engram (E-N) and engram to engram (E-E) (Fig. 20B).
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Figure 20. Schematic illustration of electrophysiological experiments

(A) (Left) Schematics of injected AAVs. (Right) illustration of virus injection sites

and experimental protocol.

(B) (Left) Diagram showing whole-cell patch recording. (Right) Classification of

the four synaptic populations indicated by four colors. Green, T-N; Orange, E-N;

Blue, T-E; Red, E-E. The colors for each group are applied to Chapter IV.
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Both pre- and post-synaptic mechanisms are the basis for
enhanced synaptic transmission between CA3 engram and

Cal engram cells.

First, I investigated presynaptic potentiation through PPR which is one of
the indicators of release probability and presynaptic potentiation. As a result, PPR
of inputs from CA3 engram was significantly decreased at 25-, 50-, and 75-ms
interstimulus intervals than it from non-engram. These results imply increased
release probability from CA3 engram inputs to CAl. The decrease was most

prominent in E-E synaptic responses (Fig. 21).

I then examined postsynaptic a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor levels in synapses from the four
combinations of synaptic responses by replacing Ca*" with Sr’* in the external
recording solution. Sr*" can substitute for Ca*" and trigger neurotransmitter release,
but its clearance and buffering are less effective than Ca** (Dodge et al., 1969; Xu-
Friedman and Regehr, 1999). Because Sr*” desynchronized evoked synaptic release,
and induced prolonged asynchronous release, which enabled examination of
quantal synaptic responses (Fig. 22A), I could measure the amplitude of evoked
miniature EPSCs (mEPSCs) 60 - 400 ms after light delivery. The levels of
postsynaptic AMPA receptors of synapses on CAl engram cells were significantly
increased compared to that on CAl non-engram cell (Fig. 22B), which indicated
that after memory formation, the synapses of CAl engram cells were potentiated

while synapses of CAl non-engram cells were not.
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Changes in both presynaptic release probability and postsynaptic
potentiation are known to be crucial for long-term potentiation (LTP) (Bliss and
Collingridge, 2013). Therefore, to test whether LTP is induced during memory
formation, the extents of LTP occlusion were examined by inducing pairing LTP
separately in the four synaptic types (Chen et al., 1999). Pairing LTP stimuli were
delivered after 5 min of baseline recording. I found robustly enhanced T-N
synaptic responses (~150%). T-E and E-N synaptic responses were also potentiated.
The potentiation levels were lower than T-N synaptic responses (~120%), but these
differences were not significant. Interestingly, I also found that pairing LTP in E-E
synaptic responses was completely blocked and potentiation level was significantly
lower than T-N synaptic responses (Fig. 23). These results suggest that the
combined effect of increased probability of presynaptic release from CA3 engram
cells and potentiation of postsynaptic responses on CAl engram cells induces

specific and strong LTP at engram to engram synapses.
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Figure 21. Presynaptic enhancement of synapses receive input from CA3
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| 8

engram cells

(in collaboration with Dr. Su-Eon Sim)

(A) Represent traces from PPR recordings.

(B) Results of PPR recordings. T-N, n = 11; T-E, n = 10; E-N, n=11; E-E, n=12.

(C) Average PPR at the indicated interstimulus intervals. *p < 0.05, **p < 0.01,
***p < (0.001, Tukey’s multiple comparison test after one-way ANOVA; (25 ms)
F(3,40) = 8.259, *p = 0.0276; (50 ms) F(3,40) = 7.989, ***p = 0.0003; (75 ms)

F(3,40) =7.517, ***p = 0.0004. Data are represented as mean + SEM.
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Figure 22. Postsynaptic enhancement of synapses on dendrite from CAl

engram cells

(in collaboration with Dr. Su-Eon Sim)

(A) Traces of light-evoked mEPSCs using Ca®" or Sr*" external solutions.

Arrowheads indicate quantal release events.

(B) Average amplitude of the Sr*" light-evoked mEPSCs of each synaptic
transmissions. T-N, n = 15; T-E, n = 18; E-N, n = 12; E-E, n = 13; **p < 0.01,
Tukey’s multiple comparison test after one-way ANOVA, F(3,54) = 8.540, ***p <

0.0001. Data are represented as mean = SEM.
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Figure 23. LTP occlusion of pairing LTP in each of the four synaptic types in

CA1l

(in collaboration with Dr. Su-Eon Sim)

(A) Changes of ESPC amplitude after pairing LTP stimulus with 5 min of baseline

recording. T-N, n=14; T-E, n=10; E-N,n=11; E-E,n=9.

(B) Average relative potentiated levels of EPSC amplitude in the last 5 min of

recording. *p < 0.05, Tukey’s multiple comparison test after one-way ANOVA,

F(3,40) = 3.683, *p = 0.0197. Data are represented as mean + SEM.
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DISCUSSION

In this chapter, I found the functional enhancement of synaptic
transmission, which was induced by the synergistic effect of pre- and postsynaptic
mechanism, between CA3 engram and CAl engram cells using
electrophysiological experiments. These results are strongly supported by the
enhancement of structural connectivity between engram cells which was found in

Chapter I1L.

Using Chronos and ChrimsonR expressed by different promoters, I
successfully compared presynaptic properties in one neuron according to its
presynaptic neuronal population. Because many brain regions are received inputs
from more than two presynaptic regions, this approach might be applicable in
various brain regions for direct comparison of the properties and functions of input

from different presynaptic neuronal population to one neuron.

The findings of this study might provide us with clue for elucidating the
mechanism of LTP, particularly between CA3 and CAl. A contested debate
remains whether the mechanism of LTP between CA3 and CAl comprises
presynaptic or postsynaptic potentiation (Bliss and Collingridge, 1993). Some
reports support that the presynaptic mechanisms, including an increase in the
probability of neurotransmitter release, is crucial for LTP (Lauri et al., 2007).
However, some reports strongly support that the postsynaptic rather than
presynaptic mechanisms, such as the increased efficacy of postsynaptic receptors,
are the genuine mechanism for LTP (Kerchner and Nicoll, 2008; Wu and Saggau,
1994).
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Decreased PPR implies the presynaptic potentiation of synapses
innervated from CA3 engram cells. In addition, enhanced amplitude of mEPSC
implies the postsynaptic potentiation of synapses on dendrites of CAl engram cells.
Therefore, results in this chapter implicate that both presynaptic and postsynaptic
mechanisms work synergistically to potentiate synapses for LTP and encoding

memory.

The most potentiated E-E connections, which showed the complete
occlusion of LTP and the most extent of changes of PPR and mEPSC amplitude,
supported the Hebbian plasticity. However, interestingly, PPR of E-N connections
is more decreased than that of T-N connections. In addition, mEPSC amplitude of
N-E connections is more increased than that of N-N connections. These results
imply that if only one side of pre- or postsynaptic neurons is engram cell, the
functional potentiation process might partially occur. These results might support
the other potentiation mechanism rather than Hebbian plasticity that emphasize
both pre- and postsynaptic mechanisms. It might be an interesting study to
elucidate how these different potentiation mechanisms synergistically collaborate

to encode memory.
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CHAPTERYV

CONCLUSION
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CONCLUSION

In this study, I developed dual-eGRASP, which is a novel dual-color
synapse-labeling technique, and investigated that synapses between engram cells
are specifically enhanced after memory formation in structural and functional
aspects by imaging and recording experiments.

In Chapter II, I focused on the development of dual-eGRASP technique to
achieve distinguishment of synapses on one dendrite according to their presynaptic
neuronal populations. I enhanced the fluorescent signal of split GFP by introducing
a widely used mutation and weak interaction domains to enhance the reconstitution
of split GFP. In addition, distinguishable dual-color (cyan and yellow) split FP
were produced by rationally selected mutations. I confirmed that the cyan and
yellow fluorescent signals were clearly separated on the membrane of HEK293T
cells. Finally, I applied dual-eGRASP into mouse brain regions such as DG and
CALl, then successfully distinguished synapses based on their presynaptic regions.

In Chapter III, I compared all possible combinations of synapses (N-N, N-
E, E-N, E-E) between CA3 to CAl connections using dual-eGRASP combined
with Fos-rtTA system, which allows expression of genes of interest in activated
neurons during specific events. I discovered that synaptic density and spine
morphology of synapses between CA3 engram to CAl engram cells are
specifically enlarged after memory formation.

In Chapter IV, I found the enhanced synaptic transmission between
engram cells by electrophysiological experiments using Chronos and ChrimsonR. I

observed a decreased PPR of input from CA3 engram cells. This result implies the
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increase of presynaptic release probability of presynaptic engram cells. In addition,
I found increased mEPSC amplitudes of synapses on CAl engram cells which
mean the postsynaptic potentiation of postsynaptic engram cells. I also found the
complete occlusion of pairing LTP of E-E connections which may occur by
synergistic effects of increased presynaptic release probability and postsynaptic
potentiation. These results strongly support the enhancement of functional
connectivity between engram cells at synapse-level.

Many studies have focused on the finding of memory engram. To my
knowledge, this is the first study to reveal the specific enhancement of synapses
between engram cells by comparison of the full combination of connections among
engram and non-engram cells in two directly connected regions. There are
remaining issues to be elucidated in future studies. This study showed the
correlation of the synaptic potentiation between engram cells and memory
formation, but not the causality. If the causality is proved using a specific
manipulation of synapses between engram cells, it might be strong evidence
supporting the idea that synaptic engram indeed encodes the specific memory. In
addition, recent studies have demonstrated that the place encoding memory might
be dynamically changed in inter- and intraregional level (Davis and Reijmers, 2017
Frankland and Bontempi, 2005; Hainmueller and Bartos, 2018; Mankin et al., 2012;
Rubin et al., 2015). Therefore, future studies should reveal how long lasting the
enhancement of synapses between engram cells and more importantly, how our
brain keep the qualitatively same memory, despite the memory engrams are
dynamic.

Collectively, this study clearly revealed that Hebbian plasticity indeed
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occurs during memory encoding process in CA3 to CA1 synapses. This innovative
approach might support the idea that synapses among engram cells are the engram

synapses that encode memory, not the engram cells themselves.
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