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Abstract
Byung Hun Lee

Department of Physics and Astronomy

Seoul National University

MRNA is the first product of the gene expression and facilitates the protein
synthesis. Especially in neurons, some RNAs are transcribed in response to
stimuli and transported to the specific region, altering local proteome for neurons
to function normally. Recent advances of mRNA labeling techniques allowed us
to observe the single mMRNAs in live cells. In this thesis, we applied RNA imaging
technique not only to identify the neuronal ensemble that activated during
memory formation and retrieval, but also to traffic mMRNAs transported to the

axon.

In the first part of the thesis, we observed the transcription site of Arc gene, one
of the immediate-early gene, which is rapidly transcribed upon the neural stimuli.
Because of the characteristic of expressing in response to stimuli, Arc is widely
used as a marker for memory trace cells thought to store memories. However,
little is known about the ensemble dynamics of these cells because it has been
challenging to observe them repeatedly over long periods of time in vivo. To
overcome this limitation, we present a genetically-encoded RNA indicator (GERI)



technique for intravital chronic imaging of endogenous Arc mMRNA. We used our
GERI to identify Arc-positive neurons in real time without the time lag associated
with reporter protein expression in conventional approaches. We found that Arc-
positive neuronal populations rapidly turned over within two days in CAL,
whereas ~4% of neurons in the retrosplenial cortex consistently expressed Arc
upon contextual fear conditioning and repeated memory retrievals. Dual imaging
of GERI and calcium indicator in CAl of mice navigating a virtual reality
environment revealed that only the overlapping population of neurons expressing
Arc during encoding and retrieval exhibited relatively high calcium activity in a
context-specific manner. This in vivo RNA imaging approach has potential to
unravel the dynamics of engram cells underlying various learning and memory

Processes.

In the second part of this thesis, we imaged B-actin mMRNAs, which can generate
a cytoskeletal protein, B-actin, through translation. Local protein synthesis has a
critical role in axonal guidance and regeneration. Yet it is not clearly understood
how the mRNA localization is regulated in axons. To address these questions, we
investigated mMRNA motion in live axons using a transgenic mouse that expresses
fluorescently labeled endogenous B-actin mRNA. By culturing hippocampal
neurons in a microfluidic device that allows separation of axons from dendrites,
we performed single particle tracking of B-actin mMRNA selectively in axons.

Although axonal mRNAs need to travel a long distance, we observed that most



axonal mRNAs show much less directed motion than dendritic mMRNAs. We
found that B-actin mMRNAs frequently localize at the neck of filopodia which can
grow as axon collateral branches and at varicosities where synapses typically
occur. Since both filopodia and varicosities are known as actin-rich areas, we
investigated the dynamics of actin filaments and -actin mMRNAs simultaneously
by using high-speed dual-color imaging. We found that axonal mRNAs
colocalize with actin filaments and show sub-diffusive motion within the actin-
rich regions. The novel findings on the dynamics of B-actin mMRNA will shed
important light on the biophysical mechanisms of mRNA transport and

localization in axons.

Keyword: Arc mRNA, transcription, two-photon microscopy, virtual reality,
neural activity imaging, memory formation, B-actin mRNA, axonal mRNA,

microfluidic device

Student number: 2015-20344
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1. Introduction

1.1 Neuronal ensemble

Memory is thought to be encoded in neuronal populations called memory trace or engram
cells [1]. The term ‘engram’ was first introduced by Richard Semon in the 20" century [2, 3].
Semon referred the engram cells to as the neuronal population that undergo persistent
chemical/physical changes under an experience. A few years later, the search for engram cells
were performed by Karl Lashley [4]. He hypothesized the engram cells are localized
somewhere in the cortex. However, his study found the amount of removed cortex correlated
with memory impairment, which failed to find the engram cells.

On the other hand, Donald O. Hebb, a student of Karl Lashley, proposed a theory that the
neuronal population connected with each other was simultaneously activated during an
experience, which often summarized as the phrase, “neurons that fire together, wire together.”
The cell assembly activated together strengthen the connections through synaptic changes such
as long-term potentiation [5]. Hebb hypothesized the activation of the fraction of the cell
assembly induced the reactivation of entire population. However, the efforts to understand the
relation between the synaptic connectivity of cell assembly and a specific behavior memory in
cell ensemble level was hindered by experimental technologies.

With recent development of technologies that activating or ablating subset of neurons, two
initiative studies demonstrated that a specific memory was supported by the putative engram
cells [6, 7]. The one study showed the ablation of the subset of neurons that highly expressing

Ca""/cyclic AMP-responsive element-binding protein (CREB) impaired the fear memory (Fig.
1 g



1.1A) [6]. This result is the first loss-of-function memory study at the neuronal ensemble level
and suggest the neurons that express CREB during experience are allocated into engram cells.
The other study demonstrated the activation of subset of neurons can mimic the memory
retrieval using activity-tagging gene expression approach (Fig. 1.1B) [7]. Using tetracycline
inducible gene expression approach, the dentate gyrus (DG) neuronal ensemble activated
during the contextual fear conditioning (CFC) were tagged with Channelrhodopsin-2 (ChR2).
The ChR2 enable neurons to activate under blue lights. The authors exposed the mice in a
chamber different from the CFC chamber and photo-stimulated the neurons that activated
during CFC. The photo-stimulation induced the freezing behavior which mimicked the

memory retrieval process.

A db Neurons expressing DT receptor ‘ Dead neurons

0.0.0 © 000
od)ooooéoo — el =~ — 0“0000000 — (ew

Engram labeling Freezing DT injection Ablation of engram neurons No freezing

B O Neurons expressing ChR2

JeTsToX A S

Engram labeling by contextual Exposure to contextB 473 nm light

fear conditioning in context A No freezing Freezing

Fig. 1.1 Ablation/Activation of neuronal ensemble induced fear memory
impairment/recall. (A) Overexpression of the transcription factor CREB in a certain
population of neurons induced the engram allocated to the ensemble of neurons. These neurons
expressed diphtheria toxin (DT) receptors which make cells die after injection of DT. Before
the ablation the fear memory was intact, but after the ablation of engram cells the fear memory
impaired. (B) Using c-Fos promotor the engram cells were labeled with channel-rhodopsin
(ChR2) which make the cells activate under blue light stimulation. As the fear memory was

made in context A, the mice didn’t freeze in context B. Whenever the blue light was illuminated
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to the engram cells, the mice showed freezing behavior which indicates the fear memory was
recalled. Images adapted from [6] and [7].

1.2 Immediate-early Gene (IEG) and Arc

One of the prevalent methods to tagging neuronal ensemble that activated during an
experience is using immediate-early gene (IEG) promotors [8]. IEGs such as Arc (activity-
regulated cytoskeleton-associated protein), c-Fos, EGR-1 (Early growth response protein 1),
or Zif268 (zinc finger protein 225) are transcribed rapidly upon cellular stimuli and used as a
marker of active neurons [9, 10]. Using optogenetic and chemogenetic approaches, recent
studies demonstrated that IEG-positive neurons are involved in putative engram or memory
trace neurons [1, 11].

Here, our research particularly interested in the Arc gene. Arc gene has three interesting
features. First, as one of the IEG, Arc gene is transcribed about 10 minutes after the stimulation
and the transcripts of Arc is known to be transported to activated synapse [12]. Second, the Arc
protein has a role in the endocytosis of AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors [13]. Due to this role, Arc is thought to be involved in long-
term depression (LTD) [14]. Moreover, because Arc is involved in changing synaptic strength,
it is not surprising that Arc knockout mouse impaired in formation of long-term memory [15].

1.3 Methods for identifying IEG-positive neurons

To identify the IEG-positive neurons, three methods are currently used. The one is single-
molecule fluorescence hybridization (smFISH) [9]. This method fluorescently labels IEG
transcripts using short DNA probes. The DNA probes linked with fluorescence dye target
multiple RNA sequences, allowing visualization and quantification of cytoplasmic and nuclear
RNAs. Using the characteristic that mRNA is transported to the cytoplasm after about 30

minutes, this method can identify the IEG-positive neurons at 30 minutes intervals. However,

3 .



not only the longer time intervals cannot be mapped, but also repeated mapping is not possible.

Another way to identifying IEG-positive neurons is fluorescence protein expression driven
by IEG promotor (Fig. 1.2D) [16-21]. For example, Tonegawa and colleague generated a
transgenic mouse [19], in which a coding part of Arc gene was replaced with a destabilized
form of GFP (d2EGFP). The visual stimulation induced d2EGFP signal which reached a peak
after 2 hours and decayed after 12 hours. However, this kind of approach has a limitation in
time that the GFP signal have to be disappeared for the next stimulation.

The other way is temporally limited expression of IEG promotor dependent reporter proteins
[7, 22-25]. The temporally limited expression techniques include tetracycline (Fig. 1.2A) or
tamoxifen dependent inducible system (Fig. 1.2B-C). For example, Mayford and colleague first
demonstrated the genetic tagging of c-fos active neurons [25]. They generated a transgenic
mouse which has two transgenes, tetracycline-transactivator (tTA) with c-fos promotor and
LacZ protein with tetO promotor. Because the doxycycline blocks the activation of tetO
promotor, LacZ could not be expressed. The time window for labeling neurons is opened by
feeding mice food without doxycycline and tTA expression activated by c-fos promotor induce
the transcription of LacZ. However, the tagging window time lasts from hours to days, concerns

about over-tagging have been discussed [11, 21].
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Fig 1.2. Methods to label IEG-positive neurons. (A) Fos promotor is activated under neural
activity and express tTA. With the absence of doxycycline (dox), channel rhodopsin is
expressed by Tet response element (TRE) promotor. This system is used in [7]. (B) Under Fos
promotor, iCreER™ is expressed. The 4-hydroxytamoxifen (4-OHT) induces Cre-lox
recombination which induces the expression of effector gene. This system is used in [22]. (C)
Using Arc promotor, iCreER' is expressed upon neural activity. The Cre-lox recombination
induced by tamoxifen (TAM) makes EYFP express. This system is used in [23]. (D) The
effector gene expression is driven by Fos or synaptic activity-responsive element (SARE)

promotor. This system is used in [19, 21, 26].

To overcome these limitations, our research employed a new approach that imaging the Arc
mMRNA directly. To visualize the Arc mRNA, we used a transgenic knockin mouse, referred to
as PCPxPBS mouse, in which all neuronal Arc mRNA is fluorescently labeled. Not only the
24x PP7 binding sequence (PBS) was inserted at the 3’ untranslated region (UTR) of Arc gene,
but also GFP linked PP7 coated protein (PCP-GFP) is expressed in the nucleus of the neurons.
When the Arc gene is transcribed, the PBS region make the 24x hairpin loops which have a

high affinity with PCPs. Therefore, the single Arc mRNA can be labeled with up to 48 GFPs.

1.4 Two-photon excitation microscopy

The fluorescence materials absorb light and transit electrons in the ground state to excited
state. The electrons in the excited states decay to the lowest vibrational level of excited stated
and eventually return to the ground state and emit fluorescence. A conventional fluorescence
microscopy excites fluorophores with shorter wavelength light and detect the emitted light of
longer wavelength. However, the Rayleigh scattering which is proportional to 1/A* hinders

fluorescence imaging especially in tissues or live brain.

To overcome the limit, two-photon excitation microscopy excites the electron with twice
longer wavelength which has a benefit for imaging in tissues with less scattering. Two-photon

excitation is facilitated through the virtual state which exists only for a very short time (~fs)



according to the uncertainty principle (Fig. 1.3B). Therefore, a dense package of photon
generated by femtosecond pulsed laser is required. Moreover, the axial resolution of point
spread function of two-photon microscopy is better than for single-photon excitation, the two-

photon excitation microscopy allows the fluorescence imaging in tissues.

With the cranial window surgery which enable optical access of the live brain as described in
(Fig. 1.3A) [27], two-photon microscopy allows to visualize single neuron in live brains. In
this research, we performed the cranial window surgery which replace the mice skull with
transparent coverslip and visualized the mRNA transcription sites in live mice. To our
knowledge, this is the first time to visualize the mRNA transcription sites as a locus in the brain
of live animals. Furthermore, to investigate the relation between the gene expression and the
neural activity, we combined mRNA imaging with calcium imaging which can trace the neural

activity of neurons.
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Fig. 1.3 Two-photon excitation microscopy. (A) For two-photon imaging in the live animal
brain, the cranial window surgery is required. The small part of skull of the animal was drilled
and replaced with transparent glass. When imaging under the microscope, the animal is fixed
with customized mounting units. (B) Two-photon imaging is performed with a femto-second
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pulsed laser, Ti:Sapphire laser, by scanning with two mirrors. Using a long wavelength laser,

the electron was excited twice and decay with fluorescence emission light. The photomultiplier

tube (PMT) detects the emitted fluorescence signal.
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2. Imaging Arc mRNA transcription sites in

live mice

2.1 Introduction

Though there are variety of time that immediate-early genes are expressed after the stimulation,
they typically expressed in an hour. Arc mRNA transcription sites have been reported to appear
in about ~10 min and decay after ~20 min after exposure to a novel environment [1]. Moreover,
Arc knockout mice impaired in long-term memory and the late phase long-term potentiation
[2]. The function of Arc protein is known as AMPA receptor endocytosis which modifies the
synapse strength [3]. Collectively, with the importance of Arc gene on long-term memory
formation, identifying the Arc-positive neural ensemble may help on understanding how the
neuronal ensemble can store and retrieve the memory.

Previous reports which used Arc promotor based labeling approach provided valuable insights
about Arc-positive neuronal ensemble and the memory formation [4-6]. On the purpose of
labeling neurons that expressed Arc during CFC, a transgenic mouse line was generated from
René Hen group [5]. As the mice contained Arc-CreER and R26R-STOP-floxed-enhanced
yellow fluorescent protein (EYFP), the Arc positive neurons can be labeled with EYFP
following administration of tamoxifen (TAM). They labeled the Arc* neurons during CFC with
EYFP and immune-stained Arc protein after memory test. They found the significantly larger
neurons re-expressed Arc upon exposure of memory test context. Another study expressed a
destabilized fluorescence protein based on an enhanced form of the synaptic activity-responsive
element (E-SARE) which is a part of Arc promotor [4]. They exposed the mice into the same

context repeatedly and track thousands of CA1 neurons. Authors found stabilized pattern of E-
9 %



SARE activity over multiple visits to the same environment. However, those methods have
limitations. The first method which is a TAM dependent expression has a labeling window of
48 hours and they could not track more than two time points. The other methods can track the
neuron repeatedly, but due to the maturation/expression time of the fluorescence protein, it is
difficult to separate signals from specific events. Besides, because the fluorescence protein must
be decay for the next labeling, authors have to wait a few days.

Here, we newly generated PCP-GFP mice and crossed with previously reported Arc PBS mice
[7], which resulted PCPxPBS mice. In this chapter, the demonstration PCPxPBS mouse to
visualize the Arc mRNA transcription site in live CAL neurons will be described. We observed
the fraction of neurons with Arc mRNA transcription sites increased upon contextual fear
conditioning. Moreover, after measuring the duration of Arc mRNA transcription sites, we
compared our approach with a conventional method that expresses fluorescence protein driven

by IEG-promotor using Monte Carlo simulation.

2.2 Materials and methods

2.2.1 Generation of PCPxPBS mouse

Animal care practices and all experimental protocols were approved by the Institutional
Animal Care and Use Committee at Seoul National University. We generated a transgenic
mouse line that expresses a synonymous tandem PP7 capsid protein fused with tandem GFP
(stdPCP-stdGFP) [8] under the control of the human synapsin-1 promoter (hSyn). The hSyn-
stdPCP-stdGFP transgene was flanked by two Rosa26 arms, and the resulting DNA fragments
were microinjected into zygotes from C57BL/6N wild type (WT) mice. The transgene
integration site was found between positions 26,509,464 and 26,536,787 on chromosome 13

by whole genome sequencing.

Genotyping of PCP-GFP transgenic mice was performed by PCR analysis using the following
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primer sets. For the PCP-GFP allele, we wused forward primer hSyn F (5'-
CGACTCAGCGCTGCCTCAGTCT-3") and reverse primer PCP_R (5'-
CGTGTATCTAACCTTAGGTAGACC-3"), yielding a 383-bp product. For the WT allele, we
used forward primer Ch13 F (5'-GTCTAGAGTGCTGCTTGTCTCC-3’) and reverse primer
Chl13 R (5'-CTGTGCTTCAAAACCCCATGACC-3'), yielding a 733-bp product. PCR was

conducted at 95 °C for 30 sec, 60 °C for 30 sec, and 72 °C for 60 sec for 35 cycles.

PCP-GFP and Arc-PBS knock-in mice were cross-bred [7] to obtain a double homozygous
PCPxPBS hybrid mouse line. For genotyping of the Arc-PBS knock-in, we performed PCR
analysis using the following primer sets. For the 5" end, we used two forward primers, Arc PBS
gt 5F (5-TGTCCAGCCAGACATCTACT-3) and ArcPBS gt S5R  (5-
TAGCATCTGCCCTAGGATGT-3"), and one reverse primer, PBS scr R1 (5'-
GTTTCTAGAGTCGACCTGCA -3"), yielding a 320-bp product for the WT Arc allele and a
228-bp product for the PBS knock-in allele. For the 3’ end, we used forward primer Arc PBS
gt 3F (5'-GACCCATACTCATTTGGCTG-3") and reverse primer ArcPBS gt 3R (5'-
GCCGAGGATTCTAGACTTAG-3'), yielding a 332-bp product for the WT Arc allele and a
413-bp product for the PBS knock-in allele. PCR was conducted at 94 °C 30 sec, 55 °C 30 sec,

72 °C 30 sec for 35 cycles.

2.2.2 Western blot

Six-week-old female mice were housed in the home cage for 7 days and habituated by daily
handling. On the eighth day, CFC was performed in Context A. After CFC, the mice were
housed in the home cage for 1 hour and sacrificed by cervical dislocation after isoflurane
anesthesia. Brain tissue extracts were prepared using T-PER tissue protein extraction reagent
(Thermo Fisher Scientific, 78510) containing 1x protease inhibitor (Roche, 04693159001). 30
ug aliquots of protein were separated on 4-12% Bis-Tris polyacrylamide precast gels

11 :



(Invitrogen, NW04120BOX) in MES-SDS running buffer (Invitrogen, B0002) and transferred
to nitrocellulose membranes by using the Mini Blot Module (Thermo Fisher Scientific)
following the manufacturer’s instructions. The following antibodies were used: Anti-Arc
(1:200, Santa Cruz Biotechnology, sc-17839) and anti-GAPDH (1:100,000, Sigma, G9545) as
primary antibodies, and anti-rabbit IgG conjugated to HRP (1:5,000, SA002, GenDEPOT), and
anti-mouse 1gG conjugated to HRP (1:5,000, SA001, GenDEPOQOT) as secondary antibodies.
Western blots were scanned by LAS 4000 (GE Healthcare Life Sciences). The images were

analyzed by Image Studio Lite Ver 5.2 (LI-COR Biosciences).

2.2.3 Single molecule fluorescence in situ hybridization (smFISH)

smFISH was performed using an RNAscope fluorescent multiplex assay (ACDBI0)
according to the manufacturer's protocol. After CFC, brains were harvested after decapitation
and immediately frozen in -80 °C ethanol. The brains were sectioned coronally to 20 um using
a cryostat (Thermo Fisher Scientific, HM525 or Leica, CM1860) and collected on Superfrost
microscope slides (Thermo Fisher Scientific, JIBOOAMNZ). The sections were fixed in 4%
PFA at 4 °C for 15 min. Following serial dehydration in 50%, 70%, and 100% ethanol at room
temperature (RT), the sections were incubated in 100% ethanol overnight at -20 °C. Sections
were then treated with proteinase 1V for 30 min at RT and rinsed with 0.1 M PBS. Probes were
applied for 2 h at 40 °C. Sections were incubated with probes for 2 h at 40 °C and subsequently
incubated with amplifiers 1-4 at 40 °C. After counterstaining with DAPI solution, the sections
were cover-slipped with ProLong mounting media (Invitrogen, P36965). Images were obtained
using a Zeiss slide scanner with a 20x 0.8 NA objective or a confocal microscope (Zeiss,
LSM780) with a 40x 1.3 NA oil immersion objective (Zeiss, 420460-9900-000). Probes used
in this study were Arc-C1 (Cat# 316911), PP7-C2 (Cat# 300031, custom-designed), c-Fos-C2

(Cat# 316921), and Egr-1-C3 (Cat# 423371).
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2.2.4  Fixed brain imaging

Fixed brain slices were prepared as previously described, with minor modifications [9]. Mice
were deeply anesthetized with isoflurane and perfused transcardially with 10-15 ml of
phosphate buffered saline (PBS) containing 10 U/ml heparin (Sigma, H3393), and 30-50 ml of
fresh 4% paraformaldehyde (PFA, Sigma-Aldrich, 158127) in 0.1 M phosphate buffer (PB).
Brains were post-fixed in 4% PFA at 4 °C overnight, and sectioned coronally to 50 um with a
vibratome (Leica, VT1200S). The sections were counterstained with 0.1 pg/ml DAPI
(Invitrogen, D1306) in PBS and cover-slipped with VectaShield mounting media (Vector Labs,
H-1400). Imaging was performed using a slide scanner (Zeiss, Axio Scan.Z1) with a 20x 0.8
NA objective (Zeiss, 420650-9902-000) or a confocal microscope (Zeiss, LSM780) with a 40x

1.3 NA oil immersion objective (Zeiss, 420460-9900-000).

To image JRGECOla in fixed brain tissues, we used a wide-field fluorescence microscope
(Olympus, 1X83) equipped with a 20x 0.5 NA objective (Olympus, UPLFLN20X), a motorized
stage (Marzhauser), and an EMCCD camera (Andor iXon Life 888). To obtain a large field of
view, we performed 15 x 18 grid imaging and stitched the images after shading correction

using BaSiC software [10].

2.2.5 In vivo imaging using two-photon excitation microscopy

In vivo imaging was performed using a two-photon excitation laser scanning
microscope (Olympus, FVMPE-RS) equipped with two GaAsP photomultiplier tubes (PMTSs),
a Ti:Sapphire laser (Mai-Tai DeepSee, Spectra-Physics), a galvo/resonant scanner, and a 25x
0.95 NA water immersion objective with an 8-mm working distance
(Olympus, XLSLPLN25XSVMP?2). Excitation wavelengths of 900 nm (for Arc transcription

imaging) and 1030 nm (for JRGECO1a imaging) were used, and fluorescence was collected via
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two PMTs after passing through a filter cube (Olympus, FVV30-FGR) that consists of a 570 nm
low-pass dichroic mirror and two emission filters (495-540 nm band-pass and 575-645 nm
band-pass filters). For Arc transcription imaging after CFC, mice were anesthetized
immediately after each behavior session by 5% isoflurane inhalation using a low-flow vaporizer
(Kent Scientific, SomnoSuite) and mounted on the two-photon microscope. Anesthesia was
maintained during imaging with 1~1.5% isoflurane, and body temperature was maintained at
37 °C. We scanned a volume of 250 pm x 250 pm x 20 um at 1024 x 1024 x 81 voxels with a
scan speed of 2 us per pixel using a galvo scanner. To facilitate future relocation of regions of

interest (ROIs), we marked 2~4 spots by laser ablation.
2.2.6 Cranial window surgery

For in vivo imaging experiments, we used 8-11-week-old male PCPxPBS hybrid mice that
were heterozygous for PCP-GFP and homozygous for the Arc-PBS knock-in. Mice were
anesthetized by intraperitoneal injection of ketamine/xylazine and fixed on a stereotactic frame.
Chronic hippocampal windows were implanted as described previously [11]. Briefly, a 2.7—
2.8-mm diameter craniotomy was made at AP -2.0 mm, ML +1.8 mm from the bregma by
using a 2.7-mm diameter trephine drill (FST) overlying the dorsal hippocampus. The dura was
removed with forceps, and the cortical tissue above the CAL region was carefully removed by
aspiration. A customized stainless-steel cylindrical cannula with a 2.5-mm @ round glass
coverslip (Marienfeld, custom order) attached at the bottom was inserted and cemented to the
skull using Meta-Bond (Parkell). Chronic cranial windows over the retrosplenial cortex (RSC)
were implanted at AP -1.6 mm, ML +0.5 mm from the bregma. A 2.5-mm @ round glass
coverslip, was placed on the craniotomy and sealed with Meta-Bond. Before the Meta-Bond
was cured, a customized stainless-steel head ring was placed around either the cannula or the

window, and fixed by adding more Meta-Bond.
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2.2.7 Contextual fear conditioning

After cranial window surgery, mice were housed in the home cage for 7 days and habituated
by daily handling and exposure to the anesthesia induction chamber for 5 min. On the eighth
day (day 1 of the experiment), the mice were removed from the home cage and imaged under
anesthesia (~1% isoflurane). On day 2, CFC was performed in Context A, which was a 250
mm x 250 mm x 250 mm acrylic box with white and black walls with yellow stripes. The
chamber was equipped with a stainless-steel grid floor, an LED light, and a video camera
(Canon, EOS Hi). The mice explored Context A for 180 s, and three 0.75 mA foot shocks of 2
s duration were delivered at 30 s intervals. From day 3, mice were returned to the conditioning
chamber (Context A) or placed in a different context (Context B) for 180 s to assess freezing
behavior induced by fear memory recall. Context B was an equilateral triangular chamber (360
mm per side) scented with 1% acetic acid. Contexts were cleaned with 70% ethanol before

each session.

To assess freezing rates, we followed a method described previously [12], and wrote a custom
MATLAB script that segments the mouse body and calculates the area of non-overlapping
regions between each pair of consecutive images. If the non-overlapping area was below a
threshold value for at least 0.5 seconds, the behavior was considered to be ‘freezing.” The

threshold value was adjusted until the freezing rate matched the manually obtained value.
2.2.8 Simulations

To compare the accuracy of the GERI and the conventional IEG-promotor based reporter
expression methods for identifying the IEG-positive neurons, we generated random Arc
activation traces for 500 neurons. At the time of stimulation, 25% of the neurons were activated

during 4 min to mimic the CFC experiment. During the other time periods, each neuron has a
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certain probability to activate Arc every minute. The Arc activation traces were then convoluted
with GERI (Peak: 6 £ 1 min, half-life: 2.5 + 1 min) or dsGFP (Peak: 120 = 30 min, half-life:
120 + 30 min) response functions. The peak and half-life of Arc transcription were estimated
from 42 transcription sites. With several threshold, the neurons of which the intensity exceeded
the threshold classified as Arc+ neurons. The simulation was repeated for 10 times to
compensate the trial error. The accuracy was obtained by dividing the number of correctly

predicted neurons by the number of neurons (500 neurons).

2.2.9 Electrical stimulation on cultured neurons

The electrical stimulation was applied on cultured neurons through two thin platinum wires.
The cultured neurons (days in vitro 14) were infected with AAV-hSyn-JRGECO1a 3 days
before the stimulation. Using isolated pulse stimulator (A-M systems, model 2100) and
triggered by Arduino uno, stimulation patterns were manipulated. At intervals of 7 seconds,
ten bursts were applied at 6, 8, and 10 Hz. Each burst consisted of two biphasic pulses with 2
ms duration, 10 ms interval and 3.7 V amplitude. Using wide-field fluorescence microscope
(Olympus, 1X83) equipped with a 20x 0.5 NA objective (Olympus, UPLFLN20X), a motorized
stage (Marzhauser), and an EMCCD camera (Andor iXon Life 888), the time-lapse image of

JRGECO1a was acquired at 30 frame per second (fps) during the stimulation.

2.2.10 Image analysis

For Arc mRNA imaging after CFC, image registration and analysis were performed with
custom-written MATLAB codes (Fig. S2). Motion artifacts from breathing and cardiac

function were corrected by using an auto-fluorescence image (red channel) as a reference.
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Images taken on different days were aligned by rotating and translating the images. After the
alignment, we subtracted the red channel image from the green channel image after
normalization by maximum values to remove auto-fluorescence signals. In our PP7-GFP
system, the nuclear localization sequence was added to PCP-GFP to facilitate the identification
of neuronal nuclei by the GFP signal. The 3-dimensional coordinates of the cell centroids were
determined by using a circle-finding algorithm in the XY and XZ plane. By examining the z-
section of each cell image, two experimenters blindly classified the neurons into three groups:
neurons with Arc transcription sites (Arc+), neurons without Arc transcription sites (Arc-), and
not-determined (ND) cells. Neurons that showed one or two bright spots in the same XY
position in at least two consecutive z-slices were classified as Arc+ cells. ND cells include
cropped cells and cells that had PCP-GFP expression levels that were either excessive or
inadequate to detect transcription sites. Any disagreement between the two experimenters was

resolved by a third person.

Particles in dual-color smFISH images were detected using FISH-quant software [13]. FISH-
quant provided sub-pixel positions and intensity by performing three-dimensional Gaussian
fitting. A custom-written MATLAB script classified particles into single mRNA and
transcription sites by setting thresholds for amplitude and width of three-dimensional Gaussian
function (Fig. S3C). Threshold values were adjusted by examining each slice image manually.
Transcription sites within 0.3 pm detected in the Atto 550 dye (CDS target) and Atto 647 dye
(PBS target) channels were considered identical (Fig. S3D). To quantify the number of nascent
MRNAS in a transcription site, we calculated the intensity of particles by 7 = Amplitude * ox*
oy * o; Which is an integrated value of a three-dimensional Gaussian function, and divided the

intensity by the median intensity of single mRNAs.
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2.3 Results and discussion

To label endogenous Arc mMRNA with GFP, we exploited the highly specific binding between
the PP7 bacteriophage capsid protein (PCP) and the PP7 binding site (PBS) RNA stem-loop
[14]. We generated a transgenic mouse that expresses a tandem PCP fused with a tandem green
fluorescent protein (PCP-GFP) in neurons. The PCP-GFP mouse was crossed with the Arc-
PBS mouse, in which 24 PBS repeats were knocked into the 3' untranslated region (UTR) of
the Arc gene [7]. In the resulting PCPxPBS hybrid mouse (Fig. 2.1A) with PBS homozygosity
(Arc™P), every endogenous Arc mRNA is labeled with up to 48 GFPs. Arc protein expression
levels were similar in the brains of wild-type (WT), Arc-PBS, and PCPxPBS mice (Fig. 2.1B),

indicating that PP7-GFP labeling did not disrupt Arc gene expression.
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in (KI) mouse was crossed with the PCP-GFP mouse to generate PCPxPBS hybrids. (B)
Western blot of Arc (55 kDa) and GAPDH protein (36 kDa) in brain tissue lysates of three
mice from each group of wild type (WT), homozygous Arc-PBS knock-in (Arc-PBS), and
double homozygous Arc-PBS knock-in x PCP-GFP (PCPxPBS). (C) Quantification of relative
Arc protein expression levels using GAPDH as a loading control. No significant differences
were observed between the mouse lines (n = 3 mice for each line). Error bars represent standard

deviation (SD).

We first investigated the activity-dependent expression of Arc mRNA upon contextual fear
conditioning (CFC) (Fig. 2.2A). Two-photon excitation microscopy through a hippocampal
window (Fig. 2.2B) [11] enabled real-time monitoring of Arc transcription in the dorsal CAl
region (Fig. 2.2C). In a subset of neurons, one or two bright spots were clearly visible in the

nucleus (red arrowheads, Fig. 2.2C).

A B Two-photon imaging

Fraction of Arc+ neurons (%)

Fig. 2.2. Arc mRNA transcription induced upon contextual fear conditioning. (A) On day
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1, mice were removed from the home cage (H) and immediately anesthetized for in vivo
imaging. On day 2, the mice were subjected to contextual fear conditioning (CFC) followed by
in vivo imaging. (B) Left, experimental set up for in vivo two-photon imaging through a
hippocampal window. Right, coronal view of the brain of a PCPxPBS mouse after
hippocampal window surgery. (C) Representative in vivo image of CAl neurons in a PCPxPBS
mouse after auto-fluorescence subtraction. The same region (dotted box) is enlarged for
comparison of images taken on day 1 (H) and day 2 (CFC). (D) Fraction of Arc+ neurons in
CA1 after H and CFC conditions (n = 12 mice; *** P < 10 by pairwise t test). Scale bars, (B)

1 mm, and (C) 50 um. Error bars represent SEM.

The bright point signals in the nucleus were confirmed to be Arc transcription sites by
performing single-molecule FISH (smFISH) in brain tissues after CFC. The average copy
number of nascent Arc-PBS mRNA per transcription site was 15 + 4 (Fig. 2.4), which could in
turn recruit ~720 GFPs to the Arc locus, providing sufficient signal to detect individual
transcription sites located 100-400 um deep inside the brain. For mice kept in their home cage
(H), Arc transcription was observed in 4.1 + 0.8% of CAL neurons. The number of Arc+
neurons significantly increased to 23 £ 3% in the same regions of interest (ROIs) after CFC on

the next day (Fig. 2.2D).
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Fig. 2.3. Contextual fear memory test in context A and exposure to different chamber,
context B. (A-B) The fear conditioning chamber context A (A) and neutral chamber context B
(B). (C) The mouse centroid tracking. The pixel difference between frames are shown in white.
(D) Example tracks of the same mouse in context A and context B. (E) The pixel difference

between frames in context B (orange) and context A (blue) were shown.
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Fig. 2.4. Dual-color single-molecule fluorescence in situ hybridization (smFISH) targeting
the CDS and PBS region of Arc mMRNA. (A) Schematic for dual-color smFISH. The CDS
region of Arc mRNA was detected by Atto 550 dye (green) and PBS was detected by Atto 647
dye (magenta). (B) Representative smFISH images. (C) An enlarged image of the dotted box
in (B). Red circles denote transcription sites. (D) Conditional probability of detecting
transcription sites in different channels. (E) Scatter plot of the number of nascent mRNAs per

transcription site detected by the probes targeting CDS and PBS (n = 670 transcription sites,
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correlation calculated by Spearman’s coefficient R). Scale bars, (B, upper panels) 1 mm and

(B, lower panels and C) 10 pm.

Time-lapse imaging revealed that the fraction of neurons with Arc transcription sites (Arc+
neurons) reached its maximum within 7 min and then monotonically decreased to basal levels
by 20 min after CFC (Fig. 2.5A). Based on these data, a time window of 4—7 min after each
behavioral test was selected for in vivo imaging. The time scale of Arc transcription site
appearance was much shorter than that of the IEG promotor-driven fluorescence protein
expression, which is a few hours. Using Monte Carlo simulations, we estimated the errors of
IEG promotor-driven fluorescence protein approach and our method in identifying Arc+
neurons (Fig. 2.5). Our simulation results indicated that our method was more accurate than
the previous method, especially when the basal activity exists.
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Fig. 2.5. Simulation of detection of Arc+ neurons with Arc-dsGFP or GERI approach. (A)
Time-lapse images of an Arc+ neuron after CFC. (B) The intensity response functions of Arc
transcription site (blue) and Arc-dsGFP (red) over time. The transcription site intensity

increases after Arc activation and decays (half-life: 2.5 min) after reaching the highest point in
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6 min. The dsGFP intensity reaches to the maximum after 2 hours and decays to half after 2
hours. (C) Example image of simulated Arc activation traces (left), and intensity traces that
convoluted with the response function of GERI (middle) and dsGFP (right). In the baseline,
there is a basal activity of Arc at a rate of 0.1% of neuron per minute and a stimulation induced
Arc activation of 25% of neurons in 4 minutes (lightning symbol). (D) The fraction of Arc+
neurons at the baseline was plotted versus the intensity threshold. (E) In the condition (basal
activity: 0.1% per min, 25% neuron activated by a stimulus), confusion matrices are
represented to show how accurately each approach can predict. The intensity threshold of 0.95
and 0.15 was used for dsGFP and GERI, respectively. (F) The accuracy of dsGFP (red) and
GERI (blue) approach was plotted at several basal levels. Error bars represent standard

deviation (SD). Scale bar, (B) 6 hours.

Three-color smFISH showed that Arc, c-Fos, and Egr-1 were regulated similarly and co-

expressed in 19 + 3% of neurons in the dorsal CA1 region after CFC (Fig. 2.6).

A

H
CFC

B -

g

3

o

Z

x

[

s

c

-

°

£

H CFC
24



Fig. 2.6. Three-color smFISH targeting Arc, c-Fos and Egr-1 mRNA in CAl. (A)
Representative smFISH images of hippocampi from mice held in the home cage (H; upper
panel) and after CFC (lower panel). Arc, c-Fos and Egr-1 mRNA were labeled with FITC
(green), Atto 550 (red), and Atto 647 (white) dyes, respectively. (B) Enlarged image of yellow
box in (A). White, red, and green arrows indicate transcription sites of Egr-1, c-Fos, and Arc,
respectively. (C) The fraction of cells with a transcription site for each gene. (D) A Venn
diagram showing the percentage of cells expressing each gene. Scale bars, (A) 50 um and (B)

5 um. Error bars represent SEM.

In fixed brain sections from PCPxPBS mice, Arc transcription sites were readily detected by
GFP signal without any staining, which facilitated RNA detection in various brain regions (Fig.

2.7).
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Fig. 2.7. GFP images of fixed brain slices. (A) Coronal sections of a PCPxPBS mouse brain
at two AP positions (AP = -1.9 mm and +1.7 mm). Upper panel includes retrosplenial cortex
(RSC), CA1, and basolateral amygdala (BLA). Lower panel includes medial prefrontal cortex

(mPFC). (B) Enlarged images of the inset boxes in (A). Scale bars, (A) 1 mm and (B) 10 pm.
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3. Neurons expressing Arc mRNA during repeated

memory retrievals

3.1 Introduction

IEG-positive neurons are often referred to as engram cells, which are activated during learning
and reactivated for memory retrieval [1]. However, the overlap between neuronal populations
expressing IEGs during encoding and retrieval is relatively low, raising important questions as
to whether technical limitations hinder precise identification of engram cells or if engrams have

an inherently dynamic nature [2].

To unveil how dynamic the engram is, repeated mapping of engram neurons in the same
animal. However, it has not been possible to visualize IEG-positive neurons in real time
repeatedly over a long period because reporter proteins are typically expressed with a lag time
longer than half an hour and a tagging time window ranging from several hours to weeks. Here,
using a REGI technique, we report how the IEG-positive neuronal ensemble changes upon the

same memory retrieval in recent times and remote times.

3.2 Results and discussion

3.2.1 Dynamics of Arc+ neuronal population in recent memory
Next, we investigated how the population of Arc+ neurons changed upon CFC and repeated
retrievals over three consecutive days (Fig. 3.1A). The animals showed freezing behavior
during all retrieval tests (R1-3) in the conditioning context (ctx A) but not in a new context
(ctx B), indicating that conditioned-context-specific fear memory remained intact (Fig. 3.1B).

We performed cranial window imaging of the dorsal hippocampal CAl region and the
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retrosplenial cortex (RSC), which have essential roles in spatial cognition and memory and
strong reciprocal connectivity [3, 4]. A similar fraction (14-20%) of neurons in CAl
transcribed Arc after CFC and R1-3 (Fig. 3.1C). The fraction of Arc+ neurons in the RSC was
higher than in CAL, and increased from 24 + 4% (CFC) to 35 = 7% (R3) (Fig. 3.1D). Taking
advantage of our live-animal imaging, we performed longitudinal analysis of Arc transcription
history in individual neurons. We found that a distinct population of neurons expressed Arc
MRNA every time the same contextual memory was retrieved (Fig. 3.1E). We identified the
overlapping population of Arc+ neurons across C and R1-3 (Fig. 3.2). A small population of
neurons persistently showed Arc transcription throughout C and R1-3 (Fig. 2E, bottom panel).
This persistently overlapping population (red dots, Fig. 2F) represented 4.0 £ 0.2% of neurons
in the RSC, significantly higher than that in CA1 (0.6 £ 0.1%) (Fig. 3.1G). The population of
neurons that expressed Arc during CFC and each retrieval session also overlapped more in the
RSC than in CA1 (Fig. 3.1H). Moreover, we found a positive correlation between the freezing
rate and the fraction of the persistently overlapping Arc+ population in the RSC, whereas there
was no such correlation in CA1 (Fig. 3.11). Since the freezing rate reflects the strength of the
fear memory, the persistently overlapping Arc+ neurons in the RSC could be a component of
a stable engram for conditioned fear. Together, these results suggest that the overlapping Arc+
population maintains contextual fear memory in the RSC, whereas there are more dynamic

changes occurring in CAL.

To assess the dynamics of Arc re-expression, we compared the overlap of Arc+ neurons with
the chance level upon re-exposure to ctx A at one- or two-day intervals. In CAl, the overlap
was higher than chance levels in one-day-apart groups, but became random in two-day groups
(Fig. 3.1J). In the RSC, the overlap in both groups was significantly higher than by chance (Fig.

3.1K). We confirmed that the degree of overlap between Arc+ neurons activated during CFC
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and exposure to ctx B was almost random in both CA1 and the RSC (Fig. 3.1L, M). These data
indicate that there was a near complete turnover of Arc+ neurons responding to ctx A within
two days in CA1l, in line with previous reports [5, 6], whereas Arc+ neurons in the RSC

exhibited either slower dynamics or greater stability.
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Fig. 3.1. Dynamics of Arc+ neuronal populations upon CFC and repeated recent memory
retrievals. (A) Experimental scheme of repeated retrieval tests for three consecutive days.

Groups of mice were exposed to context B on day 4 (CA1) or 5 (RSC). (B) Freezing rates of
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PCPxPBS mice during CFC and three retrieval tests (R1-3) in context A (n = 11 mice) and
context B (n = 9 mice). (C-D) Fraction of Arc+ neurons in CA1 (C) (n =4 mice) and the RSC
(D) (n =7 mice) after each behavioral session. (E) Representative in vivo images of CAL (upper
panels) and the RSC (lower panels), showing the same fields of view after H, C, and R1-3.
Cyan and magenta dots denote Arc+ neurons in CA1l and the RSC, respectively. Bottom,
example images of a neuron with red arrows indicating Arc transcription sites. (F) Arc+neurons
in CA1 (top) and the RSC (bottom), colored by the number of times the neurons expressed Arc.
(G) Overlap percentage of consecutively reactivated Arc+ neurons in CAl and the RSC (* P <
0.05 by rank-sum test). (H) Venn diagrams of neurons that expressed Arc during CFC and re-
expressed Arc during each retrieval test (left: CA1, right: RSC). Numbers indicate percentages
of neurons. (I) The freezing rate is correlated with the overlap rate of Arc+neurons in the RSC
(magenta), but not in CA1 (cyan) (CAl: R =-0.40, P =0.84, n =8 mice; RSC: R=0.52,P =
0.04, n= 12 mice; by Pearson’s correlation). (J-K) Overlap percentage of Arc+ neurons at one-
(left) or two-day intervals (right) (* P < 0.05, ** P < 0.01 by pairwise t test) in CA1 (J) and the
RSC (K). (L-M) Overlap of Arc+ populations between CFC and context B conditions
compared with chance levels in CA1 (L) and the RSC (M). Scale bars, (E and F) 50 um and

(E, bottom) 10 um. Error bars represent SEM.
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Fig. 3.2. Overlap of Arc+ neurons upon recent memory retrieval. Representative images of
CAL (upper panels) and the RSC (lower panels) showing overlapping populations of Arc+
neurons upon recent memory retrievals. (cyan dots, CAl; magenta dots, RSC). Scale bar, 50

um.

3.2.2 Stability of overlapping Arc+ population in remote memory

To examine the stability of Arc+ neuronal ensembles at a longer time-scale, we performed
repeated retrieval experiments on days 9, 16, 23, and 30 (Fig. 3.3A). All fear-conditioned mice
showed freezing behavior during the remote memory retrieval tests (Fig. 3.3B). The fraction
of Arc+ neurons in CAL slightly decreased over a month (Fig. 3.3C), whereas the fraction in
the RSC was similar (28-34%) for all sessions (Fig. 3.3D). The overlapping population of Arc+
neurons sharply decayed in CA1, but remained stable in the RSC for at least a month (Fig.
3.3E). Persistent Arc re-expression up to the fourth retrieval was observed in 4.0 + 1.3% of the
RSC neurons, but in almost none (0.2 + 0.2%) of the CA1 neurons (Fig. 3.3F). The consecutive
overlap of Arc+ neurons was significantly higher in the RSC than CAl from R2 (Fig. 3.3G).

The overlap between Arc+ populations elicited by memory retrieval at 1-4 weeks apart was
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also mostly higher than chance levels in the RSC, but not in CA1 (Fig. 3.4). To visualize how
Arc+ neurons turn over during remote memory retrievals, we used tree graphs to trace Arc re-
expression probabilities (Fig. 3.3H). RSC neurons that consistently expressed Arc were more
likely to be reactivated, in accordance with previous reports on neocortical IEG expression.

However, in CAL, an almost random population of neurons expressed Arc whenever the mouse

was re-exposed to the same context.
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Fig. 3.3. Long-term dynamics of Arc+ neuronal ensembles in CAl and the RSC. (A)
Experimental scheme of remote memory retrieval tests. (B) Freezing rates of PCPxPBS mice

during CFC and four retrieval tests (R1-4) (n = 8 mice). (C-D) The fraction of Arc+ neurons
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in CA1 (C) (n = 4) and the RSC (D) (n = 4) after each session. (E) Representative images of

CAL1 (top) and the RSC (bottom) showing overlapping populations of Arc+neurons (cyan, CAl,;

magenta, RSC). (F) Arc+ neurons in CA1 (top) and the RSC (bottom) labeled to reflect the

number of Arc expression events. (G) The percentage of neurons that consecutively re-

expressed Arc in CA1 (cyan) and the RSC (magenta) (* P < 0.05 by Student’s t-test). (H) Tree

graphs colored by the re-expression probability of neurons in CA1 (left) and the RSC (right).

The first layer represents the fraction of neurons that expressed (rightwards) or did not express

(leftwards) Arc upon CFC. The other layers are further split according to the presence or

absence of Arc transcription sites upon retrieval. Scale bars, (E and F) 50 um. Error bars

represent SEM.
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test). RSC ensemble overlap was generally significantly greater than chance levels, whereas

most CA1 ensembles exhibited chance-level overlap. Error bars represent SEM.
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4. Neural activities of Arc+ neurons

4.1 Introduction

Recent advances of engram tagging technologies provided valuable information about the
relation between neuronal ensemble and memory [1]. However, most of engram studies
focused on the neuronal population involved in specific memory instead of their neural activity
during memory encoding or memory testing. Recent paper from McHugh’s group
demonstrated tetrode recording of engram neurons in CALl during exploration of novel
environments [2]. They found the engram neurons has less spatial information compared to
non-engram place cells and high theta frequency during encoding stage. However, the relation

between IEG-positive neurons during the memory testing and their neural activities is unclear.

In chapter 3, we have observed the dynamic change of IEG-positive neuronal ensemble in
CAL both in recent and remote times. It is still not clear whether the neuronal ensemble that
expressed Arc both encoding and retrieval is necessary for the specific memory. To investigate
the neural activity of IEG-positive neurons in each day, in this chapter, | performed Arc
transcription site imaging and calcium imaging while the mice is exploring the virtual reality
(VR) environment. | installed the 6 monitors and a spherical treadmill on the two-photon

excitation microscope, and imaged the CAL neurons before and after the VR exploration.

The experiment was performed for 3 days. The mice were exposed to the virtual environment
A, A, and B on day 1, 2, and 3, respectively. We found the Arc+ neurons had higher neural
activities. The neurons that expressed Arc both during the memory encoding and the memory
testing showed selectively high theta-burst rate, which suggest these population facilitate the

memory by regulating the theta-burst. Lastly, we calculated the correlation between the
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calcium traces and generated the network graph.

4.2  Materials and methods
4.2.1 Image analysis and calcium signal extraction
The image registration and data extraction process for the VR experiment included: 1) motion
correction of the Arc mRNA images using NoRMCorre [3] and stackReg [4] software; 2)
stitching two ROIs and subtracting auto-fluorescence; 3) alignment of images taken before and
after VR and on different days; 4) matching the same field of view in Arc mRNA and calcium
images; 5) obtaining nucleus centroid coordinates using Imaris software (Bitplane); 6) calcium
source extraction using CalmAn software [5], which is based on a constrained non-negative
matrix factorization (CNMF) algorithm by seeding the nucleus centroid locations as initial
spatial components; and 7) matching the nucleus and spatial components detected by CalmAn

finding the nearest centroid position.

To detect transcription sites that are near diffraction-limited spots, we needed a high signal-
to-noise ratio, high spatial resolution, and little distortion from motion artifacts. For this, we
acquired 45 images in each z-plane at 30 Hz and obtained the average image after image
registration by x-y translation using NoRMCorre. The z-axis of the image was then aligned
using StackReg software. Two ROIs were stitched using the stitching plugin in ImageJ
software. To align stitched voxels taken in different days, we wrote a custom MATLAB script
that finds overlapping voxels by calculating cross-correlations (Fig. S7). The calcium activity
images were first corrected for motion artifacts by using NoRMCorre software. Cross-
correlations were then calculated between the Arc mRNA images and averaged calcium images
to find the same field of view and corresponding z-plane. To obtain the 3-dimensional
coordinate of neuronal nuclei, we used the surface segmentation tool of Imaris (Bitplane)

software. The locations of cells within 10 um of the calcium imaging plane were used as the
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initial spatial components in CalmAn software. After running CalmAn, the output spatial
components were used to identify nuclear coordinates by finding the nearest neighbor centroid
position. The calcium activity traces were calculated using the temporal component values
from CalmAn, and relative changes (AF/F) were computed. The calcium trace baseline was
selected manually and corrected for photobleaching. A calcium transient event was defined as
an event starting from the moment AF/F exceeded three standard deviations (SD) of the
baseline to the moment that AF/F returned to within 0.5 SD of the baseline. We considered
cells with at least one calcium transient to be active cells. False-positive calcium transients due
to motion artifacts in the z-axis were occasionally observed during murine grooming behavior.
To remove these artifacts, we used the calcium activity data recorded only during walking
(speed > 0.5 cm/s and run length > 0.5 cm). To resolve finer spiking activity, we deconvoluted
AF/F traces and inferred the spike traces. Ca®* event rates were calculated by dividing the sum
of the inferred spikes by time. A burst was defined as spikes that were larger than a threshold
value of 2.5 in a 33-ms time bin or continuous over multiple time bins. We defined theta-burst
events as bursts occurred at interburst intervals of 100 to 166 ms (6 to 10 Hz) following a

similar method in [2].

4.2.2 Virus injection
For virtual reality (VR) experiments, we injected 1 pl of 103 vg/ml of AAV1-
hSyn-NES-JRGECO1a (Addgene, #100854) into AP -2.0 mm, ML +1.8 mm and
DV -1.4 mm from the bregma. Three days after virus injection, hippocampal
window surgery was performed. The injection was made using a 33-gauge needle
connected to a Hamilton syringe and mounted on a micro-injection pump

(Harvard Apparatus, Pump 11 Pico Plus Elite). The cranial window surgery was
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performed as described in chapter 2.

4.2.3 Virtual reality experiment and imaging

Water restriction and training were performed before VR experiments. Water restriction (1
ml/day) was applied for 5 days using a water dispenser connected to a multi-channel syringe
pump (New Era, NE-1600). VR experiments were performed using the JetBall-TFT system
(Phenosys), which consists of a 270° 6-panel monitor, a spherical treadmill, and a water reward
device. To restrict the spherical treadmill movement to one dimension, a needle was inserted
on one side of the treadmill. After 5 days of water restriction, training was performed on an
infinite virtual linear track for 0.5~1 hour per day for 10-14 days, and water rewards were
delivered at random positions. Mice were subjected to experimentation on the day following
their demonstrated capability to travel longer than 50 m in 30 min. On experimental days 1 and
2, mice were exposed to virtual Context A (Fig. 4B) which was 3 m long, 0.4 m wide, and
consisted of buildings and moon objects. On day 3, mice were placed into virtual Context B
which was 3 m long, 1 m wide, and made up of objects and wall patterns different from Context
A. After reaching the end of the track, the mice were teleported to the starting point. To induce
a perception of movement on a continuous track, tunnels were placed at the front and the end

of the virtual contexts. Water reward was delivered at the end of each tunnel.

For Arc transcription and calcium imaging in virtual reality experiments, mice were mounted
on the microscope while awake. Arc transcription imaging was performed for ~3 min before
and after the VR experiment. We imaged 2 ROIs with a volume of 128 pm % 128 ym % 20 pym
using a resonance scanner. During the virtual reality experiment, calcium activity was observed
via JRGECOla signal. Images of 256 pm x 256 pum areas were acquired at 30 Hz using a
resonance scanner. Calcium imaging was initiated by triggering a signal from JetBall software
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to simultaneously record VR positions and calcium activity. After the VR experiment, we

immediately anesthetized the mice to prevent additional stimulation, and re-imaged the ROI.

424 Fixed brain imaging

To image JRGECOla in fixed brain tissues, we used a wide-field fluorescence microscope
(Olympus, 1X83) equipped with a 20x 0.5 NA objective (Olympus, UPLFLN20X), a motorized
stage (Marzhauser), and an EMCCD camera (Andor iXon Life 888). To obtain a large field of
view, we performed 15 x 18 grid imaging and stitched the images after shading correction

using BaSiC software [6].

4.2.5 Place cell identification

Place cells were defined using a method similar to an approach described previously [7]. The
3-m-long virtual track was first divided into 150 position bins (2 cm per bin). Using the AF/F
traces obtained during running (speed >1.5 cm/s and run length > 5 cm), we calculated the sum
of AF/F for each bin and normalized by the dwell time in each bin to generate a AF/F field map.
The resulting AF/F field map was smoothed by computing the moving average with a sliding
window of three bins. The potential place field was identified as a region exceeding the median
value of the AF/F field map. Place cells were then identified using the following criteria: 1) the
potential field is wider than 20 cm; 2) the mean value of the AF/F field map in the potential
field must be 2.2 times higher than the mean value of the AF/F field map outside the potential
field; and 3) Ca?" events must be present in at least 15% of the visits to the potential field. To
evaluate whether each mouse actually distinguished virtual Contexts A and B, we calculated
spatial correlation. For neurons identified as place cells on day 1, we calculated the Pearson’s

correlation coefficient of the AF/F field map between the same or different contexts. The spatial
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information was calculated using the following formula [8]:

Ai

A
Spatial information = z flog2 N P;
i

where 4 is the Ca®* event rate, /i is the mean Ca?* event rate in the i place bin, and Pj is the

probability that the mouse stays in the it place bin.

4.2.6 Network graph

We first converted the Ca?* event traces into binary and temporally binned (1 sec per bin)
traces. The resulting traces were used to generate a correlation matrix by calculating Pearson’s
correlation coefficients. We then generated a binary adjacent matrix with pairs that were
statistically significant (p < 0.05) and had a correlation coefficient higher than 0.1. The network

graph was visualized using Gephi (https://gephi.org/) software with the ForceAtlas2 layout.

We calculated degrees, cluster coefficients, and modularity using custom written MATLAB
scripts. The degree kv denotes the number of edges in each neuron. The normalized degree was
calculated by dividing kv by (the number of neurons in network -1). Clustering coefficients

were calculated using the following formula [9]:

C. — Zj,kAvjAjkAkv
v kv(kv - 1)

where A is the adjacent matrix in which Ajj is a binary value indicating whether the i"" neuron
and the j™ neuron are correlated. The normalized modularity was calculated using the following

formula [10]:

kik;
0 2ij (Aij - zl—m]) 6(ti, t)

kik;
Qmax 2m — Zi,jﬁé‘(ti' t])

Qnormalized =

where m is the number of edges in the network, ti denotes the module (Arc++/non-Arc++ or
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place cell/non-place cell) of the i neuron, and ¢ is a delta function.

4.3 Results and Discussion

4.3.1 Calcium activity of Arc+ neurons during VR navigation

Given our data on the high turnover rate of Arc+ neurons in CA1, we wanted to investigate
the neuronal activity of these cells during memory encoding and retrieval. To monitor calcium
activity of Arc+ neurons, we performed dual-color imaging of CA1 in head-fixed awake mice
running on a trackball to navigate a virtual reality (VR) linear track (Fig. 4.1A). We injected
adeno-associated virus (AAV) expressing the red genetically-encoded calcium indicator (GECI)
JRGECO1a [11] into the dorsal CA1 of PCPxPBS mice (Fig. 4.2). Six mice were exposed to a
novel context (ctx A) on day 1 and again on day 2, followed by a distinct context (ctx B) on
day 3 (Fig. 4.1B). On each day, we imaged Arc mRNA in awake resting state, calcium activity
during VR navigation, and Arc mRNA under anesthesia (Fig. 4.1C, and Fig 4.3). The fraction
of neurons with Arc transcription sites significantly increased after VR navigation on each day
(Fig. 4.1D). Cells that transcribed Arc after VR navigation on day 1, 2, and 3 were referred to
as Al-Arc+, A2-Arc+, and B-Arc+ neurons, respectively. The calcium activity of the Arc+
neurons was similar with or without prior transcription of Arc before VR navigation (Fig. 4.4).
The overlap between the three Arc+ populations was 15-17% (Fig. 4.1E)—significantly higher
than chance levels (Fig. 4.6). We compared the calcium activity of Arc+ and Arc- neurons
pooled from all three sessions. The calcium trances were deconvolved to spike trains, from
which we calculated the ‘inferred burst’ and ‘inferred theta-burst’ (6-10 Hz) rates (Fig. 4.4).
By applying the same analysis on cultured neurons under electrical stimulations, we confirmed
that burst activity at a frequency of 6-10 Hz could be detected by the deconvolution algorithm
(Fig. 4.5). Although almost all neurons (99.9%) showed varying degrees of activity (Fig. 4.1F),

Arc+ neurons were significantly more active than Arc- neurons on average (Fig. 4.1G).
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4.3.2 Calcium activity of Arc+ neurons during VR navigation

We next identified place cells on each day and calculated the spatial correlation between place
fields (Fig. 4.1H and Fig. 4.7A-C). The correlation between place fields in the same context
(A-A) was significantly higher than in different contexts (A-B), indicating that the mice
perceived the two virtual environments as different contexts (Fig. 4.7D). Among the place cells,
Al-Arc+ neurons showed lower spatial correlations between days 1 and 2 than Al-Arc-
neurons (Fig. 4.7E). A1-Arc+ neurons also had lower spatial information than A1-Arc- neurons
on day 1 (Fig. 4.11), consistent with a previous report on c-Fos-positive neurons. These results
support that the IEG-positive CAL neurons do not necessarily represent spatial information

about the context [2].

4.3.3 Calcium activity of Arc+ neurons during VR navigation

To further dissect the activity of Arc+ neurons, we grouped the CA1 neurons into eight
subpopulations shown in Fig. 4E and compared their calcium activity on each day (Fig. 4.1J
and Fig.4.8A). Neurons that transcribed Arc on both day 1 and 2 (Arc++) had higher inferred
theta-burst activity (6-10 Hz) in ctx A than ctx B (Fig. 4.1J and K). Neurons that expressed Arc
on day 1 but not day 2 (Arc+-) showed a similar inferred theta-burst rate as neurons that did
not express Arc on either day (Arc--). These data suggest that only Arc++ neurons may be
involved in the engram for ctx A through relatively high inferred theta-burst activity during
both encoding and retrieval. Interestingly, neurons that expressed Arc on all three days (Arc+++)
also showed significantly higher inferred theta-burst rates in ctx A than ctx B (Fig. 4.1J and L),
indicating that these neurons are part of the engram for ctx A but not ctx B. On the other hand,
neurons that expressed Arc only on days 2 and 3 (Arc-++) showed a high inferred theta-burst
rate on day 3 (Fig. 4.1J and L). These results indicate that only a subpopulation of IEG-positive

neurons may represent an engram for a specific memory.
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434 Calcium activity of Arc+ neurons during VR navigation

We then examined whether these putative engram Arc++ neurons were simultaneously
reactivated during memory retrieval as in optogenetic experiments. The correlation coefficient
among the Arc++ neurons was similar to those among the non-Arc++ neurons (Fig. 4.7B and
C). After calculating the correlation coefficient matrices, we generated network graphs of
correlated neuronal activity on each day (Fig. 4.1M). The network properties were quantified
using the number of correlated pairs (degree), the fraction of pairs among neighbors (clustering
coefficient) [9], and the strength of division of the network into modules (modularity) [10].
Arc++ neurons showed a higher normalized degree and clustering coefficient in ctx A than ctx
B (Fig. 4.1N), indicating highly correlated activity with other CAL neurons during encoding
and retrieval of a contextual memory. The modularity of Arc++ neurons was close to zero (Fig.
4.10), which suggests that they are integrated with rather than segregated from other neurons
in CA1. Meanwhile, place cells identified each day showed higher modularity than Arc++
neurons (Fig. 4.10) and formed a dense cluster on day 2 (Fig. 4.1M), in line with a previous
report. These results suggest that Arc++ neurons have memory-specific connectivity but do not

necessarily have synchronized inputs.
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Fig. 4.1. Arc transcription and calcium imaging in CA1 of mice exploring virtual reality

(VR). (A) Experimental setup. (B) Experimental schedule (top) and virtual context A (middle)

and B (bottom). (C) Arc transcription imaging was first conducted while mice were awake,

followed by calcium imaging while exploring VR. After 7 min of exploration, Arc transcription

imaging was performed under anesthesia. Representative images and magnified insets shown

at right. (D) Fractions of neurons with Arc transcription sites before and after VR on each day

(* P <0.05, ** P <0.01 by pairwise t test, n = 6 mice). (E) A Venn diagram of Arc+ neurons

on days 1, 2, and 3. (F) Representative calcium traces of Arc- and Arc+ neurons. (G) Left, Ca®*

event rates of Arc- and Arc+ neurons (*** P < 10® by rank-sum test). Middle, burst rates of
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Arc- and Arc+ neurons (*** P < 100 by rank-sum test). Right, inferred theta-burst rates of
Arc- and Arc+ neurons (*** P < 10° by rank-sum test; Arc: n = 1085 neurons, Arc*: n = 651
neurons). (H) An example of place fields of place cells that are Al-Arc- (top) or Al-Arc+
(bottom) neurons on days 1, 2 and 3. Neurons were ordered by the maximum value locations
of the place field on day 1. (I) Spatial information of Al-Arc- and Al-Arc+ neurons on day 1
(** P <0.01 by rank-sum test; A1-Arc-: n =430 neurons, Al-Arc+: n =209 neurons). (J) Venn
diagrams of average Arc+ neuron inferred theta-burst rates on days 1, 2 and 3. (K) Inferred
theta-burst rates of Arc--, Arc+- and Arc++ neurons on each day (* P < 0.05, ** P <0.01, ***
P < 10 by Student’s t test; Arc--: n = 261-302 neurons, Arc+-: n = 69-92 neurons, Arc++: n =
103-116 neurons). (L) Inferred theta-burst rate of Arc-++ and Arc+++ neurons on each day (*
P < 0.05, ** P < 0.01, *** P < 10* by Student’s t test; Arc-++: n = 36-47 neurons, Arc+++: n
= 65-81 neurons). (M) An example of network graphs of a mouse on days 1, 2 and 3. Nodes
are classified by color, and their size is proportional to the degree of the neurons. (N)
Normalized degree (left) and clustering coefficient (right) of Arc++ neurons on each day (* P
< 0.05, ** P < 0.01, *** P <10 by rank-sum test; n = 103-116 neurons). (O) Normalized
modularity when dividing neurons into place cells and non-place cells (blue) and dividing
neurons into Arc++ and non-Arc++ (red) (* P < 0.05 by Student’s t test; n = 6 mice). Scale
bars, (C, middle) 50 um, (C, right) 10 pm, (F, horizontal) 1 min, (F, vertical) 150% AF/F and

(H) 1 m. Error bars represent SEM.
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JRGECO1a PCP-GFP Merged

Fig. 4.2. Expression of JRGECO1la in CAl of PCPxPBS mouse. AAV1-hSyn-NES-

JRGECO1a was injected into the dorsal CA1 of PCPxPBS mice. Coronal section images of the
dorsal CA1 pyramidal cell layer expressing JRGECO1a (red) and PCP-GFP (green). Scale bars,

(upper panel) 1 mm and (lower panel) 100 um.
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Fig. 4.3. Image registration pipeline for Arc mRNA and calcium images. (A) Raw images
of Arc mRNA were first corrected for motion artifacts, followed by ROI stitching, auto-
fluorescence subtraction, correction across days, and cell coordinate detection. Calcium images
were corrected for motion artifacts, and calcium footprints were detected using constrained
non-negative matrix factorization (CNMF) with information of detected cells (see Methods for
details). (B) A z-slice profile of Arc mMRNA images before (left) and after correction (right).

(C) Corrected images of Arc mRNA across multiple days. (D) ldentified spatial footprints
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using CNMF over multiple days. Cell coordinates and spatial footprints were matched by

finding the nearest centroid position.
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Fig. 4.4. Calcium activity of CA1 neurons during VR navigation. (A) An example of the
VR track position with the colormap of the running speed over time. A representative
neuron’s calcium trace, inferred spike trace from deconvolution, and burst trace are shown at
the bottom (left). A segment of traces in the yellow dashed box is magnified at right. (B-D)
We classified neurons into four classes according to neuronal transcription of Arc mRNA

before and after VR. The Ca?" event rate histogram (B), autocorrelation (C), and power
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spectrum (D) of each class were plotted. (E-H) The Ca?* event rate, burst rate, theta-burst
rate, and mean spike number per burst of each group were plotted (* P < 0.05, ** P < 0.01,
*** P < 10719 by rank-sum test). Generally, neurons in the Neg-Pos group had similar activity

properties to neurons in the Pos-Pos group. Error bars represent SEM.
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Fig. 4.5. Calcium imaging of primary cultured hippocampal neurons upon 6~10 Hz burst
electrical stimulations. (A) Experiment scheme of electrical stimulation (left) and a
representative image of cultured neurons expressing JRGECO1a (right). Magenta contours
represent the ROIs for calcium fluorescence signals. (B) A single burst contains two electrical
pulses with 10 ms interval. 10 bursts were delivered to neurons at 10, 8, and 6 Hz interspaced
by 7 s. The calcium trace AF/F of 20 representative neurons are shown at the bottom. (C) An
example of AF/F trace and inferred spike trains. (D) Histogram of the inter-burst intervals

during 10, 8, and 6 Hz stimulations. (E) Power spectra of bursts during 10, 8, and 6 Hz
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stimulations. Scale bars, (A) 100 um, (C, vertical) 500% AF/F and (C, horizontal) 1 s.
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Fig. 4.6. Comparison of overlap rates with chance levels. Overlap between Arc+ neurons

identified on days 1, 2, and 3 compared with chance levels (** P < 0.01, by pairwise t test).

Error bars represent SEM.
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Fig. 4.7. Spatial correlation after exposure to the same or different virtual contexts. (A)
Position versus time plot of a mouse running along the virtual linear track, colored according
to AF/F values of a representative place cell. (B) Joyplot showing the calcium traces of each

lap and the mean calcium trace of the place cell shown in (A). (C) Mean place fields on days
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1-3, sorted by place cells detected on day 1. (D) Spatial correlation between place fields when
mice were exposed to the same (A-A) or different (A-B) contexts. (E) Comparison of Al-Arc-
and Al-Arc+ neurons in terms of their spatial correlation between place fields when mice were

exposed to the same (A-A) contexts. Scale bar, (C) 1 m.
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Fig. 4.8. Ca?* event rates, burst rates and correlation coefficients of Arc+ subpopulations.
(A) Venn diagrams of Arc+ neurons on days 1, 2, and 3 colored by the Ca?* event rate (left)
and the burst rate (right). (B) Correlation matrices generated by calculating the Pearson’s
correlation coefficient between binned spike traces. The neurons were arranged in the order of
Arc--, Arc+-, Arc-+ and Arc++ neurons. (C) The correlation coefficient of the binned spike

traces of the neurons in each group (n = 6 mice).
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5. Axonal mRNA dynamics in live neurons

5.1 Introduction

The localization of mMRNA in the neuronal sub-compartment allows neurons to respond upon
extracellular signals through the spatiotemporally regulated local protein synthesis [1]. In
axons, which grow a long distance from soma, transporting mRNA is important for axonal
navigation, branching and maintenance [2]. Since the local translation is a critical factor of the
local proteome in neurites, a proper targeting of mRNA is required. Though several
intracellular transport mechanisms of MRNA have been observed in different systems [3, 4],

the molecular mechanism of how axonal mRNAs can localize to specific regions is unclear.

MRNAs are recruited to ribonucleoproteins (RNP) which is a package of mMRNAs and proteins
and RNPs directly associate with multiple motor proteins so that RNA can be transported [5,
6]. The specific motor protein composition of RNP is thought to create a mRNA localization
pattern for proper functioning. Especially, the B-actin mMRNA has a cis-acting element in the 3’
untranslated region (UTR) which is recognized by zipcode-binding proteinl (ZBP1, the
homolog of Vg1RBP and IMP-1). The B-actin RNP is transported by KIF5A and MYO5A and
reported to localize at dendritic spines, axonal growth cone and axonal branching points [7-9].
In dendrite, the B-actin RNPs have been reported to follow the aging Lévy walk, which is an
efficient strategy to find randomly located targets [10]. In axons, the localization of B-actin
RNPs in growth cones was explained by a mathematical model which was established from

anterograde/retrograde bias of B-actin mRNA [7].

One way to elucidate the localization mechanism of mRNA in axons is by tracking mRNAS
in the live axon. Recent advances in mMRNA labeling system allows to visualize single mRNAS

in live neurons [5, 11]. Using the molecular beacon labeling of endogenous mRNA and
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electroporating fluorescence dye-UTP labeled exogenous mRNA, recent studies demonstrated
the visualization of single B-actin RNPs and analyzed motion types in axonal shaft and growth
cone [7, 12]. However, real-time visualization of f-actin mMRNA localization in branches was
not performed yet. Furthermore, most of the studies were performed on the peripheral nervous
system (PNS) neurons or retinal neurons of Xenopus [1], the localization pattern and the role

of B-actin mRNA in the axon of hippocampal neurons is poorly understood.

Here, to visualize the B-actin mMRNA in live axons, we employed a transgenic knock-in mouse,
called MCPxMBS mouse, in which all endogenous -actin mRNA is labeled up to 48 GFPs
[13]. We report that the B-actin MRNA moves less motile and slower in axons than in dendrites.
Along the axon, f-actin mMRNAs showed different motion types according to different sub-
compartments of the axon. In the axon shaft, the B-actin mRNA often showed transport state,
while confined diffusion in filopodia and boutons. We further demonstrated that p-actin
mRNAs were likely to localize at F-actin dense regions, so-called ‘actin patch (AP)’. We
analyzed the movement of f-actin mRNAs with and without AP. We found that the B-actin
mRNAs dock to the AP and the confined diffusion of -actin mMRNAs were observed within

APS.

5.2 Materials and methods

5.2.1 Microfluidic device fabrication

Microfluidic devices are fabricated by soft lithography. The master with positive relief features
of negative photoresist SU-8 (MicroChem) was developed on 4 inch silicon wafer by
photolithography, which is mold to reproduce the same device. A 10:1 (w/w)
Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) and curing agent was mixed gently
and poured on the master. After degassing in a vacuum chamber to remove bubbles about 20

min, the mold is thermally cured on a hot plate to obtain replica molds. The reservoir parts for
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the cell culture medium were punched out with biopsy punch (6 mm). After oxygen plasma for
60 sec to bond between PDMS molds and cover glass, the device is incubated in an 80°C dry
oven at least 48 hours to maintain hydrophobic condition. The device is sterilized by UV

irradiation before the experiment.

5.2.2 Primary mouse neuron cultures and transfection

All animal experiments were conducted by using a method approved by the Institutional
Animal Care and Use Committee (IACUC) at Seoul National University. Primary hippocampal
neurons were cultured from 1-day-old MCPxMBS mice pups, using a method described
previously. Briefly, hippocampi were dissected out from the brains of 3-4 pups and dissociated
by trypsin. For culturing on microfluidic devices, the microfluidic devices were coated with
poly-D-lysine (10 mg/ml) for at least 6 hours and 2*10° neurons were seeded. For culturing on
glass-bottom dishes, dishes were coated with poly-D-lysine (2 mg/ml) and ~10° dissociated
neurons were seeded. The neuron cultures were grown for 8-14 days in vitro in Neurobasal-A
medium (Gibco) supplemented with B-26 (Gibco), Glutamax (Gibco), and Primocin

(Invivogen) at 37°C and 5% CO:..
5.2.3 Imaging single mRNA in live neurons

Live neuron imaging experiments were performed as described previously. Prior to imaging,
culture medium was removed from the neuron culture and replaced with HEPES-buffered
saline (HBS) containing 119 mM NaCl, 5 mM KCI, 2 mM CaCl;, 2 mM MgClz, 30 mM D-
glucose, and 20 mM HEPES at pH 7.4. The fluorescence images were taken by using U
Apochromat 150x 1.45 NA TIRF objective (Olympus) on an Olympus IX73 inverted

microscope equipped with two iXon Ultra 897 electron-multiplying charge-coupled device
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(EMCCD) cameras (Andor), an MS-2000 XY Z automated stage (ASI), and Chamlide TC top-
stage incubator system (Live Cell Instrument). A 488-nm diode laser (Cobolt) was used to
visualize the beta-actin mMRNA and the fluorescence emission was filtered with a 525/50 band-
pass filter (Chroma). To observe F-actin in live neurons, a 561-nm diode laser (Cobolt) was
used and the fluorescence emission was filtered with 630/75 band-pass filter (Chroma). Due to
photobleaching, the temporal scale of mMRNA imaging was different according to the purpose
of experiment. For comparing the movement of mMRNA in dendrite and axon, ~1 min long time-
lapse image was taken at 5~20 frames per second (fps). For the mRNA imaging moving in the
axonal sub-compartment, the time-lapse images were acquired in 1~0.2 fps for 1~15 min. For
the dual color imaging of F-actin and -actin mRNA, the time-lapse images were acquired in

0.2 fps for 1~20 min.

5.2.4 Single-molecule fluorescence in situ hybridization (smFISH)

Hippocampal neuron cultures at DIV 11 were transfected with CMV-GFP-UtrCH by using
lipofectamine 2000 (Thermo Fisher). The next day, neurons were fixed by 4%
paraformaldehyde followed by 10 min washing with phosphate-buffered saline (PBS)
supplemented with ImM MgCI2 (PBSM). To permeabilize the neurons, neurons were then
treated in 0.1% Triton X-100 in PBS for 10 min. After twice washing in PBSM, cultures were
preincubated for 10 min in prehybridization buffer containing 50% formamide, 2xSSC in
RNase-free water and were hybridized overnight at 37°C in hybridization buffer containing 2x
SSC, 10% formamide, 10% dextran sulfate, bovine serum albumin (20 mg/ml), sheared salmon
sperm DNA, E. coli tRNA and 50 mer DNA probes. We designed three kinds of Quasar 570

dye (Biosearch) conjugated probes, (1) LK20 (5’-TTT CTA GAG TCG ACC TGC AG-3°), (ii)
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LK51-1 (5’-CTA GGC AAT TAG GTA CCT TAG-3’) and (ii1) LK-51-2 (5’-CTA ATG AAC
CCG GGA ATA CTG-3’), to target the MBS linker sequence. The neurons were then washed
with the prehybridization buffer, followed by washing with 2xSSC and PBSM. smFISH images
were acquired on an Olympus IX73 inverted wide-field microscope by using U Apochromat
150x 1.45 NA TIRF objective (Olympus). Two-channel 16x16 grid z-stack (from -10 um to
10 um every 0.4 um) imaging was performed for a large view of axon branches. The 488-nm
diode laser (Cobolt) and 561-nm diode laser (Cobolt) were used for visualization of F-actin
and B-actin mRNA, respectively. The fluorescence emissions were filtered by 525/50 and
630/75 band-pass filters and simultaneously detected by two EMCCD cameras. To analyze the
B-actin mRNA in axons, we first stitched the grid images and segmented the axons using
custom written MATLAB scripts. To detect the mRNA FISH particles, we used FISH-quant
software. We then classified the mRNA particle manually whether the mRNA was colocalized

with actin patches or not.

5.2.5 Data analysis

To analyze the mMRNA movement, we cropped the region with mRNA and straightened using
Fiji software. We then classified each mRNA according to its subcellular locations (boutons,
filopodia and shaft). The mRNA signal in the axon is too dim to track automatically, we used
a tracking program, HybTrack [14], which combined manual and automatic tracking. To assess
the mobility of mRNA particle, the mean squared displacement,p,,, was calculated from N-

frame-long mRNA track by using the following formula

N-n
o = P(BE) = " (Cein = 17 + Qe = DD/ (N = 1)
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where At is the frame interval, xi and yi are the coordinates of the mRNA particle at i " frame.
The exponent of MSD, B, is calculated by linear fitting from log-scaled MSD. The fitting range
was different depending on the length and interval of the mRNA track (For 5~20 fps image ~1
min long: 1~2 sec; for 0.2~1 fps image 1~15 min long: 3~9 sec; for 0.2 fps image 1~20 min
long: 10~40 sec). mRNA tracks taken at 5~20 fps were used to calculate the diffusion

coefficient, which was obtained by (the slope of MSD from 200 ms to 400 ms)/4.

To measure the speed of the mMRNA, we measured the run length and run time of the section

where the mRNA moves more than 1.5 pum in one direction (anterograde or retrograde).

5.3 Results and Discussion

5.3.1 Imaging fluorescently labeled p-actin mRNA in live axons

The MCPxMBS mouse not only expresses green fluorescence protein (GFP) fused MS2
bacteriophage capsid protein (MCP-GFP), but also 24 repeats of MS2 binding site (MBS) was
inserted into the 3’ untranslated region of the -actin gene (Fig. 5.1A). The MBS RNA stem-
loop has a specific binding to MCP, allowing the -actin mRNA to be labeled with up to 48
GFP molecules. To separate axons from other cellular compartments of neurons, we cultured
the hippocampal neurons of the postnatal (P1) mouse on the one side of a microfluidic device
in which 500 um long narrow channels are place in the middle (Fig. 5.1B) [15]. The channels
act as a ‘filter’ to isolate axons from cell bodies and dendrites. The axon randomly grew through
channels and we could observe the endogenous axonal 3-actin mMRNA on the other side of the
cultured region using highly inclined and laminated optical sheet (HILO) microscopy. We
could obtain the tracks of B-actin mMRNAs by using HybTrack software in which a tracking

software combines manual and automatic detection [14].
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5.3.2 Comparison of axonal and dendritic f-actin mMRNA movement

We found a qualitative difference in movements of B-actin mMRNAS in axon and dendrite (Fig.
5.1C). Unlike B-actin mRNAs in dendrite that showed rest and run motion phase, the majority
of axonal B-actin mMRNAs exhibited confined diffusive movement. To characterize the
movement of mMRNA, we calculated the mean squared displacement (MSD) of mRNA tracks
(Fig. 5.1D). The MSD of diffusing molecule can be written as ~t® and the type of diffusion can
be classified according to the value of B (0 < < 1: subdiffusion, > 1: superdiffusion) which
can be obtained by linear fitting in log-log scale [16, 17]. We found dendritic mMRNAs had
higher B value than axonal mRNAs (Fig. 5.1F), which indicates dendritic MRNAs moves more
freely than axonal mMRNAs. However, the axonal mMRNAs showed higher diffusion coefficient
than dendritic mMRNAs (Fig. 5.1G). Moreover, by measuring the speed of mRNA from the part
of track where the mMRNA moved more than 1.5 um in one direction, we found the dendritic
MRNA had a higher speed than the axonal mMRNA (Fig. 5.1H). Taken together, the axonal
mMRNAs were less mobile and slower than dendritic mRNAs, but more diffusive, which suggest
the mRNA localization in axons and dendrites is facilitated by different localization

mechanisms.
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Fig. 5.1. Comparison of movement dynamics of axonal and dendritic mRNA. (A)
Schematic for labeling the B-actin mMRNA. MS2 bacteriophage capsid protein (MCP) binds to
MS?2 binding site (MBS) RNA stem-loop with a high specificity and affinity. By crossing the
MBS knock-in mouse and MCP-GFP mouse, a transgenic mouse which expresses endogenous
B-actin mRNA labeled with GFP can be generated. (B) Schematic diagram of the PDMS device
consisted of four reservoirs and dozens of 500 um long channels. Neurons were cultured in one

side of the chamber and axons grew along the channels. (C) Top, example tracks of axonal and
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dendritic MRNA colored by time. Middle, Representative snapshot of time-lapse image of
MRNA in axon (left) and dendrite (right). Red arrows indicate the f-actin mRNAs. Bottom,
kymographs of time-lapse images. The horizontal and vertical axis represents position and time,
respectively. Scale bars: (horizontal) 10 pm and (vertical) 10 sec. (D-E) The mean squared
displacement (MSD) of axonal (D, n = 53 mRNASs) and dendritic (E, n = 215 mRNAs) mRNA
tracks. The thick lines indicate the average of MSD values. (F) The MSD exponent of axonal
and dendritic mRNA (*** P < 101° by two-sample Kolmogorov - Smirnov test). (G) The
diffusion coefficient of axonal and dendritic mRNA (* P < 0.05 by two-sample Kolmogorov -
Smirnov test). (H) The probability distribution of speed of axonal (red) and dendritic mMRNAs

(blue).
Motion types of axonal mMRNA in bouton, filopodia and axon shaft.

We next examined if there are preferential MRNA motion types according to the location of
MRNA. We investigate the mMRNA tracks based on the location of mMRNA; bouton, filopodia
and shaft (Fig. 5.2A). We found some mRNA localized in the boutons or near filopodia
showing subdiffusive motion (Fig. 5.2A, left and middle). Occasionally, we observed the
traveling mRNAs in the shaft change the motion type near a potential filopodia (Fig. 5.2A,
right panel). The filopodium elongated a few minutes after the mRNA localization (Fig. 5.3).
We first calculated the MSD of the mRNA in each subcompartment (Fig. 5.2B). We found the
MRNA in axon shafts showed more mobile movement than in other subcompartments (Fig.
5.2C). To identify the transient motion types, we used HMM-bayes software [18]. Though most
of the mRNA showed diffusive or stationary motion, 7.7 % of mRNAs in the shaft showed
directed motion (Fig. 5. 2D). Collectively, the data indicate that mRNAs travel in the shaft and

dock at the bouton or filopodia for the potential local translation.
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Fig. 5.2. Localization and dynamics of the axonal g-actin mRNA in bouton, filopodia, and
shaft. (A) Example images of axonal B-actin mRNA in bouton (left), filopodia (middle) and
shaft (right). The movement of mMRNA was characterized by HMM-bayes. D, diffusive; S,
stationary; DV, directed transport. Scale bars: (Horizontal) 10 um, (vertical, left and middle)
10 sec, (vertical, right) 5 min. (B) The average of MSD of tracks of mMRNA in bouton, filopodia,
and shaft. (C) The MSD exponent value of mRNAs in bouton, filopodia, and shaft (*** P <
104, * P < 0.05 by two-sample Kolmogorov - Smirnov test). (D) A pie plot representing the
proportion of mMRNA localized in different sub-compartments and their fraction of motions
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types.

Fig. 5.3. (A) A kymograph of a time-lapse image of the right panel of Fig. 2A. (B) Images of
three time points (1 min, 4 min and 20 min in yellow, green and blue dotted line in (A),
respectively). Two mRNAs were localized nearby a potential filopodium, and a filopodium

developed after a few minutes.

5.3.3 Colocalization of B-actin mRNA with actin patches

Although some mRNA showed transport motion in the shaft, most of the mRNA showed
stationary or diffusive motion. The B-actin mMRNA has a cis-acting element that interacts with
Zipcode binding protein (ZBP1) in which one of RNA binding protein (RBP) is known to be
associated with an actin-based motor protein, MyosinVa [19]. Moreover, in dendrites, the
localization of B-actin mMRNA to dendritic spine has been reported to require the F-actin
network [8]. Since filopodia and boutons were known to be the actin-rich areas [20], we

hypothesized the -actin mRNA localization in axons is facilitated by F-actin patches. To see
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the colocalization of B-actin mRNA and APs, we transfected neurons with GFP fused the
calponin homology domain of utrophin (GFP-UtrCH) which allows to visualize F-actin and
performed single-molecule fluorescence in situ hybridization (smFISH) targeting MBS linker
sequence on the following day (Fig. 5.4A). The transfection sparsely expressed GFP-UtrCH
(~20 neurons per dish) which allows to identify the axon of the neuron by morphology. To
observe the -actin mMRNA in axons at a wide scale, we performed grid imaging with a high
magnified microscope followed by 3D segmentation and particle detection (Fig. 5.4B). Along
the axons, we could find APs where the F-actin signal was distinctly bright (Fig. 5.4C). We

found 70 £ 5.1 % of mMRNAs were colocalized with APs (Fig. 5.4D).
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Fig. 5.4. smFISH targeting p-actin mRNA on the sparsely transfected neurons. (A) On
DIV 11, neurons were transfected with CMV-GFP-UtrCH for labeling F-actin and smFISH
was performed smFISH on the following day. (B) To image widely spread axons, grid imaging
was performed followed by a stitching process. Using 3D segmentation of axons and 3D

particle detection, B-actin mMRNAS in axon were identified. (C) Left, a representative image of
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smFISH image. The wide dotted line indicates the axon. Right, enlarged images of the blue
and pink box in the left panel. Green arrows indicate the mRNA within actin-patches and blue
arrows indicate the mRNAs outside of the actin patch. (D) The fraction of B-actin mRNA

categorized by their location and colocalization with actin patches (n = 7 axons, 367 mRNAS).
5.3.4 The movement of B-actin mRNA within actin patches

We next examined the relation between the motion type of B-actin MRNA and APs. To observe
the AP and B-actin mRNA simultaneously, we sparsely transfected the MCPxMBS mouse
neurons with mCherry-UtrCH and performed simultaneous imaging of F-actin and B-actin
mRNA with a HILO microscope equipped with two cameras. The axonal -actin MRNAs were
often observed to be trapped in the AP (Fig. 5.5A, left). Occasionally, we could observe some
motile MRNAs were stochastically anchored into the AP (Fig. 5.5A, right). Using HMM-bayes
approach, we inferred the transient motion type of mRNA and classified the motion type into
stationary, diffusive and transport. When the mRNA switched the motion type from transport
state to diffusive or stationary state, we referred to the event as “docking”. The mRNA showed
docking at the point where the F-actin signal was higher than the median value of F-actin signal
in axons (Fig. 5.5B). We then segmented APs by thresholding F-actin images, and analyzed
the B-actin mMRNA tracks with and without APs. The mRNA tracks without APs showed larger
MSD than the mRNA tracks with APs (Fig. 5.5C). When the mMRNAs were colocalized with
APs, the B value of MSD was lower (Fig. 5.5D) which indicates the mRNA are less mobile in
the APs. Moreover, the mRNAs were more likely to show transport state when mRNASs were
not colocalized with APs (Fig. 5.5D). We also observed a -actin mRNA passing through an
AP, and after the passage, a small fragment of F-actin was moving together (Fig. 5.6). This
observation suggests the axonal f-actin RNP directly interacts with actin patches (Fig. 5.6C).

Together, our results show that f-actin mRNA travels through the axon shaft and stochastically
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docking at the APs for potential branch formation.
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Fig. 5.5. Dual-color imaging of F-actin and mRNA in live neurons. (A) Left, example image
of an axonal mRNA localized in an actin patch and a kymograph of the time-lapse image.
HMM-bayes classified the movement of the mMRNA as a diffusive motion. Right, three mRNAs
passing through an axon. The first and third mMRNA showed purely transport motion without
docking. However, the second mRNA showed mixed movement of diffusive and transport and
docked into the actin patch. (B) The F-actin intensity at the docking site of mMRNA was higher
than the median value of F-actin intensity of axon (n = 78 mRNAs, *** P < 1072 by pairwise
t test). (C) The MSD of tracks of mRNA inside (red) and outside (gray) of actin patches. (D)

The distribution of MSD slope value, B, calculated from the tracks of mRNA with AP and
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without AP (** P < 0.01 by two-sample Kolmogorov- Smirnov test). (E) The proportion time
that mMRNA moved in motion type of stationary, diffusive, and transport (* P < 0.05 by two-
sample Kolmogorov - Smirnov test).

A B

Proximal Distal F-actin B-actin mRNA Merge
t=150sec

e B

t=55sec

-_
_-

,—actin
rs Myosin Va
B-actin mRNA
ZBP1 — Dynein l
Microtubule

Fig. 5.6. (A) Dual color time-lapse images of -actin mMRNA and F-actin. A B-actin mRNA
was retrogradely transported and passed through an actin patch. After passing through the actin
patch, the B-actin mMRNA was transported with a F-actin fragment. (B) Enlarged images of the
blue dotted box in (A). (C) A hypothetical scheme of the mRNA in (B). The mRNP particle
including ZBP1, B-actin mRNA, MyosinVa and Dynein is transported on the microtubule by

carrying a fragment of F-actin. Scale bars, (A) 10 pm and (B) 5 pum.

5.3.5 Discussion

The single-molecule imaging of endogenous B-actin mMRNA has allowed us to observe the
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localization process in real time. Previous studies have provided valuable information about
the B-actin mRNA localization and translation in axons using nonspecific labeling of RNA and
UTRs conjugated fluorescence reporters [9, 21]. However, these methods have limitations in
that they cannot observe the localization process of a specific mRNA species. Our approach of
the MS2 system for the visualization of B-actin mRNA showed how the motion type of f-actin
mRNA is different in dendrites and axons. Though the movement of B-actin mRNA is generally
sub-diffusive motion in axons, some mMRNAs showed super-diffusive transport in the axon
shaft. The smFISH experiment showed that the f-actin mMRNA is localized in the F-actin rich
area. By imaging F-actin and B-actin mRNA simultaneously in live axons, we found that the
B-actin mRNA docks to the actin patch which is a precursor of axonal filopodia or branches

[22].

Our results show a different motion type according to the location of B-actin mRNA in the
axonal subcompartment. A previous study on B-actin mRNA trafficking in axons using
molecular beacon also reported that the B-actin mMRNA movement was different in the axon
shaft and growth cone [7]. Moreover, the study demonstrated the anchoring of B-actin mMRNA
by the actin filament in the growth cone, as has been observed in fibroblast. This result is in
line with our observation of B-actin MRNA docking at the actin patches. In addition, ZBP1, the
RNA binding protein of B-actin mRNA, is associated with actin-based motor protein MyosinVa
[19]. The knock down of Myosin increases the number of motile ZBP1 particles. We found
that a B-actin mRNA is transported retrogradely with a F-actin fragment, suggesting the p-actin
mRNA interacts directly with actin patch by MyosinVa. Collectively, the axonal B-actin
MRNPs associated with ZBP1 and MyosinVa are transported along the axon shaft and localized

into the actin filament rich regions.

Our observation shows that mMRNAs anchor rather than make actin patches. The actin patch is
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known to be formed by the PI3K pathway along the axons, and known as a precursor of branch

formation [22]. The translational machinery including rRNA, mRNAs, mitochondria exists at

the branch points [9]. Previous work has shown that emergence of new branches requires de

novo local B-actin synthesis [21]. Therefore, the role of B-actin mRNA localized at actin

patches is to provide the B-actin protein for potential filopodia/branch formation.
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6. Conclusion and outlook

This study can be divided to two part. The first part, Arc mRNA transcription imaging in live
mice, | first demonstrated the visualization of Arc mRNA transcription in live animal using
transgenic knock-in PCPxPBS mice in which all neuronal Arc mRNA is labeled with up to
48 GFPs. In the second part, the visualization of B-actin mMRNA transport in live axons, |
studied how the axonal B-actin mMRNA can be transported in the live axons.

In Chapter II, | observed the Arc mRNA transcription using two-photon excitation
microscope. In about 30% of neurons, the Arc transcription sites were emerged after the
contextual fear conditioning. Using smFISH, I confirmed that the locus signal in the nucleus
is the Arc mRNA transcription site and found ~15 mRNAs are in the transcription site.
Moreover, with our observation of transcription site signal reaches at 6 min after the
stimulation and decay to half in 2.5 min, we generated a simulation to compare with
conventional methods. The simulation result showed that our methods has higher temporal
accuracy and less sensitive to the intensity threshold and basal activity. For the first time, this
study observed the Arc mRNA transcription site in live animal and demonstrated the
PCPxPBS mouse for the identification of Arc+ neurons.

In Chapter III, questioning what pattern of neuronal ensemble activated during memory
encoding and retrieval, |1 performed mapping of Arc+ neurons in CA1l and RSC across
multiple days. After CFC, the mice repeatedly retrieved the fear memory for 3 days. | found
the CAL neurons relatively less re-activated upon memory retrieval than RSC neurons.
Interestingly, in CALl, the re-activation rate was similar during memory retrieval and
exposure to new environment (context B). However, the reactivation rate of RSC was

significantly higher during retrievals in which ~4% of neurons consistently reactivated
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during encoding and three retrievals. Moreover, the re-activation rate was correlated with the
freezing rate which indicates the reactivation rate in RSC reflects the degree of memory recall.
To further investigate the memory retrievals in remote times, | mapped Arc+ neurons in CAl
and RSC for one month. Similar with recent memory, CA1 neurons rapidly turnover, whereas
4% of RSC neurons constantly activated during encoding and all retrieval sessions. Within
the idea of hippocampal indexing theory, our result can be interpreted that the CA1 neuronal
ensembles are allocated not only to the memory encoding but also to each retrieval and the
RSC ensembles are consistently contains the information about the memory. Considering the
fact that RSC is a direct downstream region of CA1, the result that 4% of neuronal ensemble
in RSC consistently express Arc suggests the possibility of a pattern completion mechanism
despite dynamic CAL input. The idea of pattern completion mechanism between
hippocampus and neocortex was also predicted in the hippocampal indexing theory.

In Chapter 1V, to answer the role of re-expressing ensemble and others, | performed the
calcium imaging with Arc transcription mapping with virtual reality experiment. The Arc+
neurons showed higher neural activity than Arc- neurons, as expected. Implementing
encoding, recall, and new encoding paradigm using VR, | investigate the relation of neural
activities and Arc expression patterns. Interestingly, the neurons expressed Arc both during
encoding and recall showed high theta frequency tuned (6-10 Hz) activity during encoding
and recall, but not in new environment. Unexpectedly, these neurons are not coupled
themselves, whereas place cells formed dense cluster. These results suggest the Arc re-
expressing neurons convey the memory information through theta-burst.

This study demonstrated the new way to study the gene expression in live animals. There are
two key advantages in our approach. First, the direct and real-time observation of
transcription has high temporal accuracy on resolving the gene expression event. The IEG-

promotor driven reporter expression has at least 2 hours of lag time, which makes difficult
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to deconvolution of gene expression event. This advantage allows to map Arc+ neurons in
the same region repeatedly for 1 month. Second, our method can be combined with other
kinds of measurement such as calcium imaging. Using virtual reality system, | found the
subset of neuronal population has memory specific bursting activity during the memory
encoding and recall. This data first observed the role of consistently Arc expressing neurons
and compared with the neurons that doesn’t re-expressing Arc.

Though this study provided the Arc expressing pattern during memory tests, several
questions are remained. First, to confirm that the Arc re-expressing neurons are the essential
part for the memory representations, loss/gain of function studies are required using
optogenetic or chemogenetic activation. To artificially activate the subset of neurons, the
recently developed holographic activation or light-induced Cre activation approach can be
used. This future study will give the information of casual relation between gene expression
and memory storage. Second, to investigate the neural activity of Arc expressing neurons in
neocortex, the same experiment can be performed imaging in the neocortex such as RSC or
prefrontal cortex. Lastly, with the benefit of real-time imaging of IEG expression and calcium
imaging, our method can be used to reconcile the attractor model and engram field.

In the second part of the dissertation (Chapter V), to investigate the mRNA localization in
axons, [ observed the B-actin mMRNA in live axons using MCPxMBS mouse in which 3-actin
MRNAs are fluorescently labeled with up to 48 GFPs. Culturing neurons in microfluidic
devices, | could separate axons from dendrites and somas. Unlike dendritic mMRNA which
showed clear moving and rest motion, axonal MRNAs showed sub-diffusive motion. When
the mRNA localized at axonal shaft, the mRNA often showed directed transport motion and
localized to axonal filopodia or boutons. By dual-color imaging of B-actin mRNA and F-
actin, | found the sub-diffusive f-actin mRNA were trapped in the F-actin hotspot, so-called
‘actin patch’. This study firstly showed that 3-actin mRNA localized to the actin patch in the
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axons, which suggests potential branch formations through translation of f-actin mRNA.

Collectively, using the advantage of visualization of mMRNA in live cells or animals, this
thesis demonstrated this technique can be used to identify the memory-related neuronal
ensemble, and to study the localization of mMRNA in neurons. This in vivo RNA imaging
approach has potential to unravel the dynamics of neuronal population underlying various

learning and memory processes.

75 .



Abstract in Korean (T £%)

ol = 7w FE A mRNA &

AF
=

;.O_l
atd

~

o

il
!

o

ofy

Mo
ol

X
Tor

il

&3 2

A AhEo] A, 2 B

Ap=rol of el whEo] A A,

=0
=

oA, 22 RNA

< MRNA 34| 7]

gt &

RNA ©] 7] %

e

13Tk o] AelA

3t Zlo] 7153

7). 21
&

mRNAZ &%

]

o

e

~
o

A 5

w
<

7]l Al mRNAZ} ©]

S
)

2] (memory trace) 2} &2

o]

AzhET Telu, Al zkel whebq o)l 7]

114_31

0

A

o]l t}. o] ¢l A = genetically-encoded RNA indicator (GERI) 7] %<&

%o

q

o]

S
T

Arc mRNA2] A AL} %

-
-

2 4 Ak

3 Al O
Q. ) —

-

E o]l gsto 2N 7|

}93 T} GERI

.
&o

ol A &

76



9]
|
PN
T

s
=]
=

A4
24

]

!

s
=

shA, of

o] m]
ol

B-actin®] mRNA
[

-

ol mMRNAZ} 1 7 €]

=4

5

0]
RN
I

h LN

F 5 ofl, B-actin MRNAE 2

k)
pal

=

A e A 1A e, o] A

71l Aol 71

[¢]

FOE
FATE o] 79

| -

ol
=
o]
L.
[¢]
2

o o] #4315 A] ekt o), RSCY

al

-

T

ZEE AA A2
bouton +=*] o]

11—

B-actin MRNAZ} =2 F2F&7] 9] 71X 7}

O

A =4

=

-

]
K}

e

, 5 2] mRNAZF A= 7] o] B] &)

7} ol% o
14 24 sk

AV
-

hyA
i

¢}
F= B-actin mMRNA~Z}

o} $-2)

al

Eas
=

Al
-

7)Ao

T3

T

|

]_

1=}
=
% w9

)

Z=A
il

313 T mRNAS] =43} (localization) & &

all, 7+ 71

o] 7

°

]
G

il
1
= 7] o A B-actin mMRNAS 3

!

1

=

s
-

=]
A

A¥
A oF, Al Y 227} REE o)A

1A, -2

<)

71 ¢

=

=

°

—_L
L

Arc
FHA R A, = AXE FF 9 7|2 A 97}

7ol
11 9]

-

Fobgl 5

o] ZA}

°©

1

& ofof ol
filopodia

IR

= 5 & vl Al A (microfluidic device) ol Bl 2

[e]
9
El
R
.

F2E7] (axon) o A7 Al Tt J2o] Atk dEA Sl

CA19] A
dynamics®]l
mMRNAS] =23} 7}

]

=
&

=

A

—_—

!

op

de A 7] o

FEoR

o

Filopodia2} bouton©] actin®] %+

B-actin mMRNA

L
L.

A=, 5

o

E ¢} B-actin mRNA2]

77



B

diffusive

—

AJol: Arc mRNA, A A} o]

SAA
=

& =], w) A A A

ol
ob

2+ =71,

3, B-actin mRNA, 5

© saolM e &<

C/)\}]\

Ao}

)

3

¥ 2015-20344

[l g
1

78



	1. INTRODUCTION,
	1.1. Neuronal ensemble,
	1.2. Immediate-early Gene (IEG),
	1.3. Methods for IEG-positive neurons,
	1.4. Two-photon microscope,
	1.5. References,

	2. IMAGING ARC mRNA TRANSCRIPTION SITES IN LIVE MICE,
	2.1. Introduction,
	2.2. Materials and Methods,
	2.3. Results and Discussion,
	2.4. References,

	3. NEURONS EXPRESSING ARC mRNA DURING REPEATED MEMORY RETRIEVALS,
	3.1. Introduction,
	3.2. Results and Discussion,
	3.3. References,

	4. NEURAL ACTIVITIES OF ARC+ NEURONS,
	4.1. Introduction,
	4.2. Materials and Methods,
	4.3. Results and Discussion,
	4.4. References,

	5. AXONAL mRNA DYNAMICS IN LIVE NEURONS,
	5.1. Introduction,
	5.2. Materials and Methods,
	5.3. Results and Discussion,
	5.4. References,

	6. CONCLUSION AND OUTLOOK,
	ABSTRACT IN KOREAN (국문초록),


<startpage>12
1. INTRODUCTION, 1
 1.1. Neuronal ensemble, 1
 1.2. Immediate-early Gene (IEG), 3
 1.3. Methods for IEG-positive neurons, 3
 1.4. Two-photon microscope, 5
 1.5. References, 7
2. IMAGING ARC mRNA TRANSCRIPTION SITES IN LIVE MICE, 9
 2.1. Introduction, 9
 2.2. Materials and Methods, 10
 2.3. Results and Discussion, 18
 2.4. References, 26
3. NEURONS EXPRESSING ARC mRNA DURING REPEATED MEMORY RETRIEVALS, 28
 3.1. Introduction, 28
 3.2. Results and Discussion, 28
 3.3. References, 35
4. NEURAL ACTIVITIES OF ARC+ NEURONS, 36
 4.1. Introduction, 36
 4.2. Materials and Methods, 37
 4.3. Results and Discussion, 38
 4.4. References, 52
5. AXONAL mRNA DYNAMICS IN LIVE NEURONS, 54
 5.1. Introduction, 54
 5.2. Materials and Methods, 55
 5.3. Results and Discussion, 59
 5.4. References, 70
6. CONCLUSION AND OUTLOOK, 72
ABSTRACT IN KOREAN (국문초록), 76
</body>

