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Abstract

Neurons adjust the types and levels of proteins they produce in response to changes in
synaptic transmission. It was initially believed that protein translation was confined to the
somatic space. However, ample evidence has shown that these processes occur in localised,
remote regions far from the central nucleus!. This ability to autonomously adapt the local
proteome — which refers to all the proteins a cell produces — allows neurons to respond
dynamically to changes in their environment?. The need for local and independent protein
synthesis in distal dendrites is crucial for synaptic plasticity to occur®*, as it allows for quick
responses to changes in neural activity. It also enables neurons to overcome the logistical

challenges associated with rapidly transporting new proteins from the soma to distal sites>.

Understanding how neurons regulate the production of different proteins is crucial to
appreciate how the brain processes information and adapts to new situations. Gaining a
deeper insight into the mechanisms that govern protein synthesis could have far-reaching
implications for treating neurological disorders related to imbalances in protein synthesis,
degradation, and disruptions in synaptic function. Examples of such diseases include Autism
Spectrum Disorders, Fragile X Syndrome, and Alzheimer's disease®’. It has been shown that
the localisation motifs required for transporting mRNAs are found in the 3’ untranslated
region (UTR)*'2. Therefore, a valuable way to visualise local protein synthesis has been to
design and implement fluorescent reporters containing 5’ and 3’ UTRs of candidate

mRNAs!'> 4,

Although there is an abundance of research on the translation of mRNAs and local synthesis
of proteins at the synapse, the dynamic visualisation of local protein synthesis in vivo during
learning and memory has yet to be realised. Currently, Dr. Donlin-Asp and Teresa Spano in
the Schuman lab are addressing this question by using fluorescent reporters with UTRs from
Beta Actin and Psd95 to visually analyse local protein synthesis dynamics and regulation in
vivo. To ensure that these reporters are robust tools to measure local translation, this thesis
project aims to visualise the spatial distribution and expression of these mRNA reporters

compared to their endogenous correlates.
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We demonstrate that our candidate reporters are enriched in dendrites compared to a control
lacking a 3’ UTR sequence by analysing the puncta count of mRNAs after fluorescent in situ
hybridisation. Moreover, we determine that our reporter constructs’ distribution closely
parallels that of endogenous Beta Actin and Psd95 mRNAs in culture. Lastly, we show the
successful integration of puromycin into the nascent peptide chain as a proof-of-concept for
an eventual puromycin proximity ligation assay on our reporters'>. This would enable us to
see where protein synthesis occurs. Future directions for validating mRNA localisation ex

vivo involve applying the approaches outlined in this thesis to tissue slices.
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1. Introduction

1.1 Synaptic Plasticity in Learning and Memory

Over the last decades, significant efforts have been made to understand the brain’s
remarkable capability to integrate information and store memories. It is estimated that the
brain is home to roughly 86 billion neurons!®, which possess discrete morphological features
that allow information to be processed and transmitted on the order of milliseconds'”.
Neurons can alter the strength and frequency of transmission during experience-dependent
18,19

activity in a malleable and reversible fashion; this process is known as synaptic plasticity

Plasticity is bidirectional, meaning the synapse can either be potentiated or depressed!®.

At the molecular level, synaptic plasticity is governed by many distinct and complex
mechanisms that alter the proteomic landscape of individual synapses'®. Roughly 2,500
protein species have been identified at the synapse>?°. Since individual protein species exist
in multiple copies, the total number of molecules is significantly greater, on the order of
millions?!. These include scaffold proteins that initiate signalling cascades?? such as CAMKII
(5000 copies) and Psd95 (300 copies), neurotransmitter receptors (30—80 copies), and ion
channels (200-400 copies), amongst others?3. Proteins have a short lifespan — typically
measured in days or weeks depending on the specific protein — and are constantly being
synthesised and degraded in cells?*?. This rapid turnover of proteins is necessary for cellular
homeostasis, which relies on the necessary protein supply. However, this process becomes
even more critical in the context of synaptic plasticity, where proteins must be produced and
degraded at the synapse promptly. To meet this need, cells have evolved a mechanism for

local protein synthesis in dendrites.

The first studies to propose the necessity of protein synthesis for learning and memory used
protein synthesis inhibitors. They detected that memory retention was effectively impaired
when protein synthesis in the brain was chemically blocked?®. Subsequent work substantiated
that de novo protein synthesis shortly after learning was critical for memory consolidation?’.
A robust example of this was seen in knockout studies with mice lacking key protein
synthesis molecules, which caused deficiencies in learning and phenotypic changes in
plasticity?®3°, These studies demonstrated the need for protein synthesis during learning and

memory and the rapid proteomic changes that occur during synaptic plasticity.
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This led to a renewed focus on understanding the mechanisms and regulation of protein
synthesis in these remote regions of the neuron. It is generally true that many proteins are
synthesised in the cell body — also known as the soma — and then transported to distal parts of
the neuron such as dendrites and axons?!-*2. In active transport, proteins synthesised in the
soma are transported to the dendrites via different transport mechanisms. One of the most
widely accepted mechanisms is microtubule-dependent transport. In this process, proteins are
transported along microtubules, which are long, cylindrical structures and one of the three
classes of cytoskeletal systems that help form the structural "skeleton" of the cell*2. Given
that synaptic plasticity occurs on a very short time scale'® — with changes happening in
milliseconds to seconds — it is difficult to understand how the slow process of protein
transport from the cell body to distal sites can keep up with the necessary demand in these
areas. It is now believed that an alternative mechanism neurons exploit to overcome these
limitations is the local synthesis of proteins in distal sites where these proteins are required?>.
This process is termed local translation and is actively regulated to ensure the appropriate

protein levels are present at the synapse.

1.2 mRNA Localisation and Local Protein Synthesis

Speculation of protein synthesis in distal dendrites and axons surfaced as early as the 1960s,
with studies revealing the incorporation of labelled amino acids into the nascent polypeptide
chain in synaptosomal preparations®*3°. Subsequently, Steward et al. (1982)3¢ discovered
multiple ribosomes associated with a single mRNA (polyribosomes) in distal dendritic spines.
These polyribosomes also accumulated in spines during long-term potentiation (LTP) — a
type of synaptic plasticity — which supported the idea that potentiated synapses actively
produced protein’”-*8, These results, along with mRNA detection in dendrites and axons®340,

spearheaded the hypothesis that neurons could produce protein locally, especially during

plasticity. However, the functional role of this local protein synthesis was unknown.

In a ground-breaking study from Kang and Schuman in 1996*!, the first functional role for
local protein synthesis in neurons was identified. Their research revealed that brain-derived
neurotrophic factor (BDNF) — a growth factor resulting in a strongly potentiated plasticity
state* — enhanced LTP and that this potentiation was protein synthesis-dependent. However,
this dependency occurred rapidly, which did not seem consistent with the transport dynamics

of proteins from the soma. This incited the idea that perhaps the proteins required for this
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plasticity were being synthesised locally. They assessed this by isolating the cell bodies from
the dendrites and axons (neuropil), where the recording electrode was placed in rat
hippocampal slices. Notably, when BDNF was administered, the potentiation remained intact
and was still protein synthesis-dependent, showing similar behaviour to sham-lesioned slices.
These data conclusively demonstrated local protein synthesis in the neuropil to be required
for the establishment and maintenance of BDNF potentiation. Based on these findings, a
couple of years later, Huber et al. (2000)** used a similar approach for metabotropic
glutamate receptor long-term depression (mGIluR-LTD), successfully showing that mGluR-
LTD — which is protein synthesis-dependent — was preserved in the neuropil of the stratum
radiatum after excising the cell body layer of CA1. These experiments proved that local

protein synthesis was necessary for multiple forms of synaptic plasticity.

To facilitate protein production at the site of action, it is essential that the mRNAs coding for
these proteins are also readily transported near synapses. Recent research studies led by Dr.
Erin Schuman and colleagues discovered thousands (~4500) of transcripts in the hippocampal
neuropil®. The variety of mRNA species and the ability to synthesise proteins in various
parts of the neuron suggests that local protein synthesis is a widely employed mechanism to
adjust the number of proteins at the synapse, thus controlling the strength of synapses in a

dynamic manner**,

The processes involved in the transport and dynamics of mRNAs have been pivotal in
understanding how mRNAs are recruited to synapses and translated to meet local cell
demand. The literature suggests that a non-coding regulatory sequence found downstream of
the coding sequence of mRNAs termed the 3’ untranslated region (3’ UTR) is significant in
how and where these mRNAs are selectively transported, localised, and translated!!*:46, The
3’UTR region is known to hold most of the information for localisation due to its high
affinity for RNA-binding proteins (RBPs) !'. RBPs assemble on mRNAs during transcription
and transport them from the cell body to distal dendrites in a translationally inactive state*”%,
The release of mRNAs — which usually reside in RNA granules as they are transported — only

occurs when protein synthesis is needed®.
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1.3 Visualising Local Protein Synthesis

Following Kang and Schuman’s work**!, the necessity for local protein synthesis was further
demonstrated in various lesion studies where axons were surgically isolated from their cell
bodies®* 3. However, while this technique showed the requirement for local protein
synthesis, it did not provide a temporal account of local protein synthesis in a physiological

context.

One method to visualise local protein synthesis is translating ribosome affinity purification
(TRAP), which involves labelling a ribosomal protein with a fluorescent tag and then using
immunoprecipitation to select mRNA populations bound to these ribosomes, thereby
selecting for the mRNAs actively being translated in a specific cell type®*. One critical study
utilising this technique was Shigeoka et al. (2016)°, which used an axon-TRAP-RiboTag
method in mice to analyze ribosome-bound mRNAs in retinal ganglion cell axons in
developing and adult retinas. The results showed that the mRNA translation profile changes
over time and varies during different stages of axon wiring, including elongation, pruning,
and synaptogenesis. Although TRAP is advantageous due to its ability to provide information
on protein production in real-time, it is limited to actively translating mRNAs ex vivo, lacks

spatial resolution, and can only capture a single, momentary reading.

Another way to identify newly synthesised proteins is by metabolic labelling methods that
mark or tag these proteins. These techniques include incorporating non-canonical amino acids
such as azidohomoalanine into proteins®. An application of this labelling was developed to
detect nascent protein in situ using fluorescent labelling and click-chemistry, called
fluorescence noncanonical amino acid tagging (FUNCAT)?’. Puromycin is a drug often used
as a metabolic label in visualization experiments. It is a synthetic antibiotic that mimics the
action of the aminoacyl-tRNA and binds to the ribosome, causing premature termination of
protein synthesis®®. When added to cells, puromycin incorporates itself into newly
synthesized proteins, which can then be detected using specific antibodies to track the
translation of specific mRNAs in real-time. These methods allow in situ detection of newly
synthesised proteins, which helps study protein synthesis in a specific cellular location. One
limitation of the FUNCAT method is that it requires samples to be fixed, which means that
the sample is chemically treated to preserve it for analysis. This can make it difficult to study

dynamic processes, such as protein synthesis, that are occurring in live cells.
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In addition, fluorescent reporters have been used to visually track mRNA translation in living
dendrites at high temporal resolution. These reporters typically consist of an mRNA molecule
containing a fluorescent protein sequence that can emit a signal when translated>. One of the
first studies to implement fluorescent reporters was Aakalu et al. (2001)'3. For their
experiments, constructs were designed to contain the sequence encoding a green fluorescent
protein (GFP) and the 5” and 3” UTR from Camklla mRNA%®! as these regions were shown
to have sequences necessary for dendritic localisation. The reporter constructs were then
transduced into cultured hippocampal cells and exposed to BDNF potentiation. They then
conducted a time-lapsed experiment in hippocampal dendrites, using the GFP fluorescent
signal as a proxy for protein synthesis. After BDNF administration, they observed a
simultaneous increase in fluorescence signal in cell bodies and remote dendritic hotspots. The
final confirmation of their findings was obtained by using optical techniques to separate the
dendrites from the cell bodies and observing the presence of hotspots in the dendrites even

after this separation.

A study on Aplysia neurites used a similar approach by implementing reporters of an Aplysia
sensory neuron-specific peptide sensorin with photoconvertible fluorophores. The reporters
were found to translate exclusively in stimulated synapses®?. Translational reporters with fast-
folding fluorescent proteins have also been implemented in fluorescence recovery after
photobleaching (FRAP) studies. They have demonstrated dendritic protein synthesis in
hippocampal neurons and retinal growth cones®~%. Notably, most of these studies have been
in vitro, and it remains unclear if the same local translational dynamics appear in vivo. One
exception to this has been the work of Wong et al. (2017)%, which used FRAP to study
protein synthesis in developing growth cones of Xenopus laevis. This study was the first to
use FRAP to study protein synthesis in vivo in developing neurons. The results showed that
newly synthesized proteins were rapidly incorporated into the growth cone, supporting the
idea that local protein synthesis is important for growth cone function. By studying local
protein synthesis in vivo, it is evident that we obtain a more complete understanding of how

these processes occur in a living organism.
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1.4 Project Background: Analysing Local Protein Synthesis in vivo

Previous transcriptomic studies by the Schuman lab have shown that mRNAs are localised to
distal dendrites and axons in vivo**. However, studies have yet to dynamically track local
translation in real-time in an intact brain, leaving a critical unresolved question: What is the
functional role of local protein synthesis in vivo, and how are neurons using protein synthesis

in vivo during learning and memory?

Current work by Dr. Paul Donlin-Asp and Teresa Spano in the Schuman lab addresses this by
using an in vivo system wherein local protein synthesis can be visualised. Their model
focuses on the outmost part of the mouse cortex, layer I, as it is readily accessible and
predominantly free from cell bodies compared to deeper cortical layer. In addition, layer I has

been hypothesised to be a location necessary for learning®’.

To dynamically visualise local translation in layer I, a framework similar to that of Donlin-
Asp et al.'* is utilised, whereby translational reporters for two candidate mRNAs, Beta

Actin and Psd935, are expressed. Beta Actin is one of the two non-muscle cytoskeletal actins —
highly conserved proteins involved in cell motility — and is thought to play a role in the
structural stability of dendritic spines®®, whereas Psd95 is a pivotal postsynaptic scaffolding
protein in excitatory neurons. Both proteins are abundant at postsynaptic dendritic spines and
have mRNAs that localise to dendrites®*74, making them strong candidates to study local

translation. In addition, both proteins are implicated in synaptic plasticity 757,

To visualize protein synthesis in real-time, the reporters contain the coding sequence of a
fast-folding fluorescent protein — Venus — whose mRNA is targeted to dendrites using the
3’UTR of the endogenous Beta Actin and Psd95 mRNAs (Fig. 1A-B). These reporters are
expressed in a Cre-dependent manner which ensures sparse (conditional) labelling in
dendrites of a cell-type of interest (Fig. 1C). Comparing Venus fluorescence recovery after
photobleaching and its dynamics to that of a negative control whose mRNA is not localised
to dendrites (no UTR) allows us to infer how much of our construct is being translated
locally. One of the caveats of using fluorescent proteins to study localised translation is their
ability to diffuse freely within cells. Therefore, adding a myristoylation (myr) sequence
anchors the protein to the membrane and limits its diffusion, providing stronger spatial

information®°.
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Fig. 1. Schematic representing our reporter constructs' architecture and conditional expression strategy. a)
Figure adapted from Teresa Spano showing the rationale for our reporters: the coding sequence of the
candidate mRNA is replaced by that encoding venus, attached to the 3’UTR from the most abundantly localised
mRNA variant of the gene of interest. b) lllustration of our two candidate reporters and a negative control that
lacks a UTR sequence, which are packaged into AAVs c) lllustration of the flip-excision (FLEX) switch used to
achieve conditional expression of our reporter constructs. Without Cre, the ORF is in an inverted configuration
where the mRNA cannot be translated into protein. Conversely, in the presence of Cre, the mRNA is inverted,
enabling the mRNA to be read out, localised, and the encoded protein to be synthesised.

1.5 Aim of the Project

To ensure that these reporters are valuable tools for measuring local translation, my project
aim was to visualise the spatial distribution and expression of the mRNA encoding these
constructs and compare them with their endogenous mRNA correlates. My research question
was two-pronged. First, [ was interested in whether Beta Actin and Psd95 3’UTRs drive the
localisation of myrVenus mRNA into dendrites in cultured neurons. Second, I wanted to see
whether the dendritic distribution of the reporter constructs is similar to that of endogenous

Beta Actin and Psd95 mRNA transcripts.
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2. Methods

To evaluate whether the use of Beta Actin and Psd95 3°’UTRs could directly localise
myrVenus mRNA into dendrites in cultured neurons, RNA Fluorescence in situ
Hybridization (RNA FISH) was used. This method relies on fluorescently labelled probes to
detect specific RNA sequences®!. For this project, RNA FISH was used to visualize venus

reporters and their endogenous counterparts in neurons in culture.

2.1 Cell Culture

Dissociated rat cortical neuronal cultures were prepared from postnatal day 0 or 1 rat pups by
plating neurons on poly-D-lysine—coated glass-bottom Petri dishes (MatTek) at a density of
40x 10° neurons/dish. The cultures were maintained in a growth medium (Neurobasal-A
supplemented with B27 and GlutaMAX-1 from Life Technologies) at 37°C and 5% CO2 by

Schuman lab technicians: Ina Bartnik, Nicole Fiirst, Anja Staab, and Christina Thum.

2.2 Tissue Section Preparation

For tissue samples, mice brains used for the in vivo experiments where the reporters were
previously injected into the auditory cortex were perfused, dissected, and sectioned on a
vibratome or cryosectioned to achieve 40um sections. These were then placed in phosphate-
buffered saline (PBS) until used. Tissue samples were fixed in 4% paraformaldehyde in PBS
for 20 min before starting the FISH protocol.

2.3 Drug Treatment

The puromycylation and subsequent PLA protocols were performed to detect newly
synthesized proteins following tom Dieck et al. (2015)'* methods. Drug treatments were
performed as follows: for puromycin labelling experiments, cultured neurons transduced with
the reporters Beta actin UTR, Psd95 UTR, and No UTR were treated with 10uM puromycin
for Smin. For the protein synthesis inhibition controls, neurons were treated with 40uM
anisomycin 45 min before puromycin addition. Each treatment occurred on the hot plate
(40°C) until fixation, and neurons were individually returned to the incubator for the interim
periods. A timed plan experiment was written out beforehand, and a timer was used to ensure
the administration of anisomycin occurred precisely 45 minutes before the addition of

puromycin.
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2.4 Transduction and Cell Fixation

Cortical cultured neurons at DIV 9-13 were transduced with one of the myrVenus reporters or
the no UTR control virus, together with a virus encoding Cre recombinase. After expressing
the viruses for seven days, the neurons underwent two washes with phosphate-buffered saline
(PBS) followed by fixation in 4% paraformaldehyde (PFA) in PBS for 20 min. They were
then permeabilized with a proprietary panomics detergent for 5 min and washed 3x with PBS
(Fig. 2 Step 1). Samples were then processed for FISH experiments (See 2.5: Fluorescence in
situ Hybridization in Tissue/Culture). For the endogenous transcripts, neurons were not

transduced but fixed and permeabilized as explained herein.

2.5 Fluorescence In Situ Hybridization in Culture/Tissue

For neurons in culture, ViewRNA ISH by Thermo Fisher detergent was applied for 5 min
followed by 3 washes in phosphate-buffered saline (PBS). Next, target-specific in

situ hybridization was performed using ViewRNA ISH by Thermo Fisher probes diluted
1:100 in probe set mixture for 3h at 40°C (Fig. 2 Step 2). A humidity chamber was created
for all incubations at 40°C using wet towels and plastic wrap to prevent the neurons from
drying out. Following probe hybridization, neurons were washed three times for 5 min each
with a proprietary panomics wash buffer. These were then immediately processed for

amplification.

Pre-amplification was performed with pre AMP mixture (pre-amplification reagent diluted
1:25 in Hybridization buffer B) for 30 min at 40°C (Fig. 2 step 3). After pre-amplification,
samples were washed with ViewRNA ISH by Thermo Fisher wash buffer 3x and
amplification buffer was applied (amplification reagent diluted 1:25 in Hybridization buffer
B) for 30 min at 40°C and then washed 3x in PBS, as outlined by (Fig. 2 step 4). Lastly, the
labelling probes were applied for 30 min at 40°C (LP 1:25 in Hybridization buffer C (Fig. 2
step 5). Then, the neurons were washed 3x with a ViewRNA ISH by Thermo Fisher wash and
2x in PBS to be processed for immunofluorescence (IF) and subsequently imaged. The same
FISH protocol was employed for tissue slices with the following amendments: the detergent
was applied for 10 min, and the probe set mixture was applied overnight at 40°C in a
humidity chamber. In addition, the incubation steps of the amplification process were 1h long
instead of 30 min. Before being processed for IF, tissue samples were additionally fixed for

10 min in 4% PFA post in situ hybridization.
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Fig. 2. Fluorescence in situ hybridization signal amplification pipeline, using the Thermo Fisher ViewRNA Cell
plus assay®’. 1) Prior to incubation, cortical cultured neurons (2-3 weeks old) were fixed with 4% PFA and
permeabilized with a proprietary detergent. 2) Neurons are incubated in a humidity chamber at 40°C with
target-specific oligonucleotide probe pairs, which bind adjacently to the RNA sequence. 3) The addition of pre-
amplifier molecules ensures specificity by binding to pairs of probes on the target sequence rather than probes
that may have bound separately. 4) Amplifier molecules hybridize with their corresponding pre-amplifier
molecules creating a branched “tree” morphology. 5) In the last step of the amplification procedure,
fluorescently conjugated oligonucleotide probes bind to the respective amplifier molecules resulting in an
amplification of roughly 8,000- to 16,000-fold®!. 6) After in situ hybridization, neurons are imaged with Zeiss
LSM 880 confocal laser fluorescence microscope at 20x and 40x oil immersion objectives. Schematic created
with BioRender.

2.6 Immunofluorescence

After FISH and immunostaining, cultured cortical neurons were blocked in 4% goat serum
for 1h at room temperature. This was followed by overnight incubation with primary
antibodies diluted in 4% goat serum at 4°C. Following overnight incubation, neurons were
washed 5x for 5 min in PBS and incubated with secondary antibodies (diluted in 4% goat
serum) overnight at 4°C or for 2h at 37°C. The secondary antibodies were washed off with
five consecutive wash steps and stored in PBS or directly imaged. The tissue sections were
blocked for 1h in 1% Triton, and 1% BSA in PBS at room temperature, and then incubated
with primary antibodies in blocking buffer overnight, and secondary antibodies overnight at
4°C. Primary antibodies used for various experiments were guinea pig anti-map2 (SYSY;
1:1000), rabbit anti-NeuN (Abcam; 1:5000), chicken anti-GFP (Abcam 1:1000).
Corresponding secondary antibodies were anti-guineapig Alexa 488 (1:1000), anti-chicken

Alexa 488 (1:1000), anti-rabbit Alexa 568(1:1000), anti-guineapig Alexa 647(1:1000).
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2.7 Image Acquisition

Confocal images were acquired with a Zeiss LSM 880 confocal laser fluorescence
microscope using a 20x (test sets) or 40x oil immersion objective. The required wavelengths
and lasers settings were adjusted in the manual setup. The images were taken with a 2048 x
2048-pixel resolution at 16-bit, with bidirectional scanning. For most experiments, 10 images
were taken per dish at different positions (unless stated otherwise), the z-stack interval was
set for optimal resolution and at each position, z-stacks were acquired spanning the entire
depth of the neurons. Laser intensities and gain were kept the same within each imaging

session, which consisted of all experimental conditions.

2.8 Image Analysis

After imaging, mRNA puncta were quantified and analysed using ImagelJ, and z-stacks were
condensed into maximume-intensity projections. Individual channels were separated,

corresponding to the different fluorophores applied (with different wavelengths).

Binary images were created using the myrVenus channel thresholded with the Otsu method®?
(Fig. 3A). For one dendrite, an ROI was drawn manually with the segmented tool (60-pixel
thickness and a minimum of 100um length (Fig. 3B). This ROI was then used as an overlay
on the RNA FISH channel (Fig. 3C). ROIs were then straightened; a binary mask was created
using the FISH channel and a single erosion and dilation filter was applied to enhance the

visualization of individual puncta (Fig. 3D).

Next, the ‘analyze particles’ tool was applied, which works by scanning the image or
selection until the edge of an object is found. It then outlines the object using the wand tool,
measures it, fills it to make it invisible, and resumes scanning until it reaches the end of the
image or selection®? (Figure 3E). Total puncta count and length of ROI (um) were analysed.
This process was repeated for 5 dendrites per imaged neuron. This means that for every
soma, 5 dendrites were imaged. The soma was marked manually with the segmented tool and
the ‘analyze particles’ function was applied using a similar pipeline. Subsequently, we also
calculated the fractional distribution of the puncta in dendrites and somas, which provided a
fractional account of the number of mRNA puncta in somas and dendrites over the total
amount of puncta count of the ROIs. Statistical analysis and linear regressions were all

performed using GraphPad Prism version 9.0.
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A Binary Otsu Threshold B Manual drawing of 5 dendrite ROIs C ROl outlines superimposed on
(between 100-110um) FISH channel

myrVenus P}'Qtein

Fig. 3. Pipeline for dendritic puncta analysis with ImageJ (Version 2.3.0/1.53q). The representative confocal
image (40x o0il) shows FISH against the Beta Actin UTR reporter (scale bar 50um). (4) Application of Otsu
Threshold® to make a binary mask of the myrVenus protein channel. (B) ROIs were drawn between 100-110um
long and 60 pixels thick (scale bar 50um). This process was repeated for 5 dendrite ROIs. (C) Selected ROIs
were then used as an overlay on the RNA FISH channel. (D) ROls were straightened, and a binary mask was
created using the FISH channel. A single erosion and dilation filter was applied to enhance the individual
puncta visualization. (E) The ‘analyze particles’ tool was applied, resulting in individual puncta counts for
mRNAs in the dendrites.

2.9 Analysis of Puncta Across the Length of Dendrite

Dendrite ROIs from the image analysis were all plotted to ensure these were all between 100-
110um in length. If they were below this threshold, they were excluded from the analysis. In
addition, the first 10um of each ROI was omitted in the analysis to avoid potentially
including puncta from the soma. The start of the dendrite was thus marked at 10um into the
ROI, and the puncta count was counted in 10um bins for each dendrite. An average puncta
count for each respective bin was created to yield the average raw puncta count for all the
dendrite ROIs (n = 176 for the endogenous data sets and n = 169 for our reporter data set).
For the fraction of total puncta, these same raw puncta were divided by the total amount of
puncta in each dendrite to account for inherent differences in puncta and fluorescence signal

within neurons and between replicates.

2.10 Puromycin-PLA

Puro-PLA was performed by Dr. Paul Donlin-Asp post-puromycylation. After the last
permeabilization step in blocking buffer (0.5% Triton-x100 and 1% BSA in PBS) for 15 min

at room temperature, neurons were blocked for 1h at room temperature in 4% goat serum in
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PBS at room temperature. The following primary antibodies were applied with the stated
dilutions overnight at 4°C in blocking buffer: mouse puromycin (Kerafast 1:3500), rabbit
GFP (Abcam 1:500), and guinea pig Map2 (SYSY 1:1000). Rabbit PLAplus and mouse

PLAminus secondary antibodies (Duolink reagents, sigma) were used as well as goat anti
guineapig 488 (Abcam). Ligation and amplification mixtures were made according to the

Duolink Detection reagents Red (Sigma) manufacturer’s procedures.

First, neurons were washed 2-3x in PBS at room temperature. Secondary antibodies were
applied in blocking buffer for 1h at 37°C in a humidity chamber. Next, neurons were washed
5x with buffer A (0.01 M Tris, 0.15 M NaCl, 0.05% Tween 20) at room temperature and a
ligation mixture was applied for 30 min at 37°C in a humid chamber. Neurons were washed
3x with buffer A again at room temperature, and a amplification mixture with red/orange
amplification stock was applied for 100 min at 37°C in a humidity chamber. Finally, neurons
were washed 3x in buffer B (0.2 M Tris, 0.1 M NaCl) and 3x in PBS at room temperature and
stored in PBS for a maximum of 24h before imaging. In parallel with puro-PLA, anti-Map2

immunostaining was performed to visualize dendrites.
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3. Results

3.1 In situ Hybridisation of UTR Constructs and Endogenous mRNA in Culture

To assess the specificity of our FISH protocol, we used cultured cortical neurons transduced
with the myrVenus reporter viruses. The specificity refers to the ability of the FISH probes to
detect only the specific RNA sequence of interest, which in our case is the myrVenus
reporter. In some cases, the probes could bind to sequences that are not of interest.
Specifically, there was a chance the FISH probes would not distinguish between the
myrVenus RNA and the RNA sequences present in the AAV genome, leading to non-specific

hybridization events.

Using a Cre-dependent system, we could control whether the reporter’s expression depended
on the presence of the Cre-encoding virus. This confirmed whether the FISH signal observed
came from the myrVenus reporter and not from other sources, such as endogenous mRNA.
Furthermore, we stained for myrVenus protein as this was expected to only express in the
presence of Cre, and Microtubule-associated protein 2 (MAP2) - a cytoskeletal protein that is
highly expressed in dendrites and is, therefore, a reliable marker for these structures®* — was

used to visualise the dendritic arbours.

As expected, myrVenus mRNA (magenta) and myrVenus protein (yellow) were only
detected with the co-addition of Cre (Fig. 4A), and we did not see any FISH signal in the
absence of Cre (Fig. 4B). This showed that our FISH probes bound specifically, and that the
reporter’s expression was Cre-dependent. Moreover, mRNA puncta were detected in the cell

bodies and dendrites of neurons.
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Fig. 4. Confocal images (40x oil) showing a FISH experiment in reporter-infected cultured cortical cells with
and without Cre to control for probe fidelity and specificity. Additional staining for myrVenus protein (yellow)
to visualize myrVenus expression with Cre and Map?2 (cyan) was used to visualise the dendritic arbours. From
top to bottom: No UTR, Beta Actin UTR, and Psd95 UTR constructs (scale bar 50um). (4) shows cells co-
infected with a virus encoding Cre recombinase and (B) indicates the controls without Cre. Only the upper
panel shows a fluorescent signal, verifying that myrVenus protein and mRNA are expressed only when Cre is

present. Figures created with BioRender.
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Additionally, a control experiment was conducted where we assessed the FISH signal when
adding and omitting the hybridization probe to confirm that the signal we observed was
solely due to the probe binding with our mRNA of interest, which indeed was the case (Fig.

5). We concluded that the probe detection of myrVenus was specific and Cre-dependent.

myrVenus Protei? F Psd95UTR

myrVenus Protein Beta Actin UTR No Probe

A

Fig. 5. Confocal images (40x oil) showing successful FISH experiment on cultured cortical cells transduced
with our reporter Beta Actin UTR, Psd95 UTR, and no UTR control. From left to right, top to bottom: No UTR,
Psd95 UTR, Beta Actin UTR, and a Beta Actin UTR no probe control (scale bar 50um). Reporter constructs
show a clear fluorescent signal, but no signal is seen for the no probe control. Figures created with BioRender.

After visualising these constructs, we next quantified how many of these mRNAs were
localized in dendrites by employing two strategies. The first was to analyze the raw puncta
count within 5 selected dendrites and the corresponding soma of each cell to see the
variability between each data set. ImageJ was used to manually draw out 5 dendrite regions-
of-interest (ROIs) of roughly 100pm in length, and the mRNA puncta within these were
counted using the methods outlined in Methods section 2.8. The total for the five dendrites

was combined to produce the dendrite compartment count for each cell.

Subsequently, the fractional distribution of the puncta in dendrites and somas was calculated.
As described in the methods, this provided a fractional account of the number of mRNA
puncta in somas and dendrites over the total amount of puncta of our dendrite and soma ROIs
for each cell. This technique was implemented to normalize for potential variabilities seen in
the raw puncta count, which was especially manifest in the reporter constructs. It would
otherwise be an unfair comparison, as the lower overall puncta in endogenous mRNA led to

lower dendritic puncta count relative to the reporter constructs.
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To start, the lengths for each ROI were plotted to ensure that length would not be a
confounding variable (Fig. 6A). If the ROI dendrite lengths were to be longer in one cell
versus another one, there would be more area for mRNA puncta to be present, resulting in
higher puncta count in that dendrite compared to the shorter dendrite, despite both having the
same level of mRNA expression. With consistent lengths, a fair comparison could be made

regarding the average number of mRNA in dendrites across constructs.
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Fig. 6. Analysis of puncta distribution for cortical cultured cells transduced with our reporter Beta Actin UTR
and Psd95 UTR constructs and no UTR control. Four biological replicates, performed by Paul Donlin-Asp: 169
dendrites (each point showing five dendrites summed per cell) and 40 somas per construct (31 dendrites were
omitted as they had lengths under 100um). (A) Length analysis of reporter dendrite ROIs showing similar
lengths (mean £+ SD) for No UTR (103.3 £ 2.27um), Beta Actin UTR (103.5 + 2.28um), and Psd95 UTR (103.5 +
2.43um). Differences in averages between constructs were not statistically significant as determined by
ordinary one-way ANOVA with multiple comparisons test: F(2, 576) = 0.321, p = 0.726 (*P < 0.05; ***P <
0.001; ****P < 0.0001) (B) Graph showing raw puncta count (mean = SD) for no UTR (155.6 £+ 34.56), Beta
Actin UTR (414.0 = 48.64), and Psd95 UTR (469.3 £ 55.89). Differences in averages between constructs were
statistically significant as determined by ordinary one-way ANOVA with multiple comparisons test F(2, 115) =
13.18, p = 0.0001, and post-hoc Tukey test; No UTR vs. Beta Actin UTR p-value 0.0001, No UTR vs Psd95 UTR
p-value <0.0001 (C) Graph showing fractional distribution (mean + SD) for no UTR (0.176 £ 0.110), Beta
Actin UTR (0.241% 0.183), Psd95 UTR (0.308 £ 0.171). Differences in averages between no UTR and Psd95
UTR were statistically significant, but not between the no UTR and Beta UTR, as determined by one-way
ANOVA: F(2, 115) = 7.00, p = 0.0013 and post-hoc Tukey test; No UTR vs. Beta Actin UTR p-value 0.1649, No
UTR vs Psd95 UTR p-value <0.0008. Overall raw data shows an enrichment of the UTR-containing mRNA
constructs in dendrites, signifying that these effectively localise to dendrites more than the no UTR construct.
Analyses were performed with GraphPrism 9.
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The average length of dendrites was similar across all constructs as determined by the non-
significant p-value of the one-way ANOVA analysis (p = 0.726). The ROIs with lengths
lower than 100pum were omitted (31 dendrite ROIs out of the initial 200). We then looked at
the distribution of mRNA in dendrites for our UTR constructs versus the no UTR control to
see whether these were enriched (Fig. 6B). As shown, there was an enrichment of our UTR
constructs in dendrites, which effectively localized to dendrites more than the no UTR
construct. This was verified by the statistically significant p-value of the one-way ANOVA
analysis (p = 0.0001) and post-hoc Tukey tests (No UTR vs Beta Actin UTR p-value 0.0001,
No UTR vs Psd95 UTR p-value <0.0001). A similar enrichment was seen in the fractional
distribution of puncta between constructs (Fig. 6C) as shown by the one-way ANOVA
analysis (p = 0.0013). However, the post-hoc Tukey test revealed that this enrichment was
only statistically significant for our Psd95 construct. This is probably also attributed to the
large standard deviation of Beta Actin since its mean fractional distribution (0.241) was
higher than the no UTR (0.176). This matched our expectations, given that the UTR region
contains the localisation motifs and would therefore have a higher dendritic localisation.
After establishing that both reporters were enriched in dendrites, we wanted to see how this

compared to the somatic puncta enrichment (Fig. 7).

The raw puncta count (Fig. 7A) in somas and dendrites of the no UTR, Beta Actin and Psd95
constructs showed that there was a greater number of somatic puncta for our UTR constructs
(Beta Actin: 2246.0 £ 1237, Psd95: 1692.0 + 1201, no UTR: 1184.0 + 1525). However, this
was also due to the higher total raw count of the UTR constructs compared to the no UTR,
due to their overexpression. Similarly, we saw a higher raw dendrite count for the UTR
constructs compared to the no UTR (Beta Actin: 414.0 + 307.6, Psd95: 469.3 + 353.5, no
UTR: 155.6 £218.6).

When observing the fractional soma to dendrite ratio (Fig. 7B) we observed similar values for
our Beta Actin (0.761 £ 0.177 to 0.241 + 0.183) and Psd95 UTR constructs (0.692 + 0.171 to
0.308 = 0.171), and a higher somatic localisation for our no UTR construct (0.824 = 0.101 to
0.241 + 0.183). The variability between all three constructs was also comparable, as shown

by the standard deviation values.
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Fig. 7. Side-by-side comparison of puncta distribution in dendrites and their respective soma for cortical
cultured cells transduced with our reporter Beta Actin UTR and Psd95 UTR constructs, and no UTR control
(same data set and methods applied as Fig. 6). (4) Graph showing raw puncta count (Mean + SD) with somas
outlined by the darker circles (left side for each construct), and dendritic data points by the transparent circles
(right side for each construct) for no UTR (soma: 1184.0 + 1525, dendrite: 155.6 £ 218.6), Beta Actin UTR
(soma: 2246.0 + 1237, dendrites: 414.0 + 307.6) and Psd95 UTR (soma: 1692.0 £ 1201, dendrites: 469.3 +
353.5). (B) Graph showing fractional distribution (Mean + SD) for no UTR (soma 0.824 + 0.101, dendrites:
0.176 £ 0.110), Beta Actin UTR (soma: 0.761 = 0.177, dendrites: 0.241 + 0.183), Psd95 UTR (soma: 0.692 +
0.171, dendrites: 0.308 £ 0.171). Analyses were performed with GraphPrism 9.

Next, we determined whether the reporter-infected constructs distributed similarly to the
endogenous Beta Actin and Psd95 mRNAs. By observing the distribution of endogenous Beta
Actin and Psd95 mRNAs, we not only got an insight into the innate behaviour and
localisation of these mRNAs but also into how this localisation compared to our constructs.
To answer the second part of the research aim, we analysed the distribution of endogenous
Beta Actin and Psd95 mRNA using the same FISH protocol, except in non-transfected cells
and using probes against Beta Actin and Psd95 rather than venus-encoding mRNA (Fig. 8). In
addition, we analysed the expression of CamKII —an mRNA known to express strongly in
neurons and robustly localise to dendrites — and PolyA, a ubiquitous sequence added on the 3’

tail end of most mRNAs involved in their stability!' and translation.



Examining the effects of 3’UTRs on mRNA localisation and translation 27

MAP2 PolyA MAP2 Beta Actin
MAP2 CamKll MAP2 Psd95

Fig. 8. Confocal images (40x oil) showing successful FISH experiments against endogenous candidate proteins
in cultured cortical cells. In addition, FISH against CamKII and PolyA was conducted as a positive control
since both are known to express robustly in dendrites. From left to right, top to bottom: PolyA, Beta Actin,
CamKll, and Psd95 (red) and Map?2 (green) outlining cells (scale bar 50um). A clear fluorescent signal can be
seen in dendrites and somas for all targeted mRNAs. Figures created with BioRender.

We noticed a clear punctate signal for both our UTR constructs and our positive controls
PolyA and Camkll, and seemingly similar fluorescent intensity. After visualising the
localisation and presence of our endogenous candidate mRNAs, we quantified this signal by
counting the mRNA puncta in dendrites and somas. Puncta were counted using the methods
outlined in the methods (2.8). We first ensured that the ROIs had a standardized dendritic
length when counting the mRNA puncta to make an unbiased comparison between
conditions. As with the reporter-infected cells, the same length analysis was performed (Fig.
9A) to ensure the ROIs drawn showed equal averages (100-110um), which was the case.
ROIs under 100um were omitted from the subsequent analysis (24 dendrite ROIs out of the
initial 200). We observed the mean raw dendritic puncta count of endogenous CamKII (639.1
+ 399.4) and PolyA4 (553.2 = 139.7) and found that these localized in dendrites at a higher
level than Beta Actin (189.9 + 89.05) and Psd95 (160.6 = 38.47), as expected (Fig. 9B).
However, given that our positive controls also had a greater somatic raw count, we again
looked at the fractional distribution (Fig. 9C), to see whether these differences were
consistent when normalizing for the total raw count of each mRNA. Indeed, CamKII (0.234 +
0.118) and PolyA4 (0.263 + 0.06) still showed a higher dendritic distribution compared to Beta
Actin (0.183 £ 0.09) and Psd95 (0.122 + 0.04). This was also reflected by post-hoc Tukey
tests showing significant differences between our UTR constructs and positive controls, but

not between the positive controls themselves (See supplemental Fig. S1).
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Fig. 9. (A) Length analysis of dendrite ROIs (mean £+ SD) for endogenous Beta Actin (103.3 £ 2.30um), Psd95
(103.8 £ 2.43um), CamKII (104.8 = 2.84um), and PolyA (105.3 + 2.80 um), showing similar mean lengths for

all dendritic ROIs. Three biological replicates, and two technical replicates were performed by Dr. Paul

Donlin-Asp: 176 dendrites (24 dendrites were omitted as they had lengths under 100um). Differences in
averages between constructs were not statistically significant as determined by ordinary one-way ANOVA with

multiple comparisons test: F(3, 776) = 2.038, p = 0.107 (*P < 0.05; ***P < 0.001; ****P < 0.0001). (B)

Analysis of raw puncta count (mean £+ SD) for endogenous Beta Actin (soma: 953.2 £ 427.5 dendrites: 189.9 £
89.05), Psd95 (soma: 1223 + 339.0, dendrites: 160.6 + 38.47), CamKII (soma. 1912.2 £ 375.9, dendrites: 639.1
+399.4), and PolyA (soma: 1558.0 + 268.6, dendrites: 553.2 + 139.7) in cortical cultured cells for the same
data set. (C) Graph showing fractional distribution (mean + SD) for Beta Actin (soma: 0.817 £ 0.09, dendrites:
0.183 £ 0.09), and Psd95 (soma: 0.878 £ 0.04, dendrites: 0.122 + 0.04), Camkll (soma: 0.766 + 0.118,

dendrites: 0.234 £ 0.118), PolyA (soma: 0.737 + 0.06, dendrites: 0.263 + 0.06). Somas are outlined by the

darker circles (left side for each construct), and dendritic data points by the transparent circles (right side for
each construct). Similar fractional distribution is seen for Beta Actin and Psd95, whereas CamKII and PolyA
showed a higher dendritic localisation.
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Fig. 10. Analysis of puncta distribution in dendrites for the same data as Fig. 8-10. (4) Figure showing raw
puncta count (mean £ SD) in dendprites for reporter infected (solid data points left side) and endogenous
(transparent data points right side) Beta Actin (reporter-infected: 424.4 + 304.6, endogenous: 189.9 + 89.1) and
Psd95 (reporter-infected: 480.9 £ 350.2, endogenous: 160.6 £ 38.47). Statistical significance bars indicate a
two-tailed unpaired T-test (*P < 0.05; **P < 0.01; ****P < 0.0001). T-test shows significant differences
between the raw counts of our reporter-infected constructs and endogenous mRNA, with the former showing
much higher means. (B) Figure showing the fractional distribution of total puncta count (Mean + SD) in
dendrites for reporter infected (solid data points) and endogenous (transparent data points) Beta Actin
(reporter-infected: 0.243 £ 0.185, endogenous: 0.183 + 0.09) and Psd95 (reporter-infected: 0.312 +0.171,
endogenous: 0.122 £ 0.04). Statistical significance bars indicate a two-tailed unpaired T-test (*P < 0.05; **P <
0.01; ****P < (0.0001). T-test shows non-significant differences between the fractional distribution of our
reporter Beta Actin and endogenous Beta Actin mRNA (p-value 0.0893), but a statistical difference between
endogenous and reporter Psd95. Reporter-infected cells show a greater fractional dendritic localization, but
this difference is reduced compared to the raw counts. Analyses were performed with GraphPrism 9.

Next, we compared the endogenous mRNA with our reporter mRNA data sets (Fig. 10). We
can appreciate two things from the results. For one, the reporters show higher mean raw
puncta count in the dendrites than the endogenous mRNAs (Fig. 10A). This difference was
statistically significant as determined by a two-tailed unpaired T-test. Second, the reporter
UTRs were expressed with greater variability than their endogenous mRNA counterparts.
The first observation suggests that the reporter constructs may be more efficient at directing
mRNA localisation into the dendrites than endogenous mRNA. However, as mentioned
previously, our reporter constructs were overexpressed; therefore, the raw puncta count was

greater overall.

Endogenous
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Secondly, the reporter UTRs showed an overall greater variability than the endogenous
mRNA data, as evidenced by the standard deviation values for the raw count and fractional
distribution. This might indicate that the reporters are affected by other factors influencing

their localization and stability within the dendrites, which will be outlined in the discussion.

Lastly, we observed a similar fractional distribution (Fig. 10B) between endogenous Beta
Actin (0.817 £ 0.09 and 0.183 + 0.09, respectively) and Psd95 (0.878 £0.04 and 0.122 +
0.04, respectively) as our reporter constructs Beta Actin (0.761 £0.177 and 0.241+ 0.183
respectively) and Psd95 (0.692 = 0.171, and: 0.308 £ 0.171 respectively). Notably, the
dendritic distribution was slightly lower for the endogenous mRNA. Again, this is most likely
attributed to the lower mean raw count (Fig. 10A). The two-tailed unpaired T-test analysis
showed that the difference between endogenous and our reporter Beta Actin was

insignificant, but that for Psd95, it was. An explanation for why our Beta Actin constructs
behave more similarly to their endogenous counterparts could lie with the higher expression

fidelity of the Psd95 virus resulting in a higher mRNA count.
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3.2 Analysis of mRNA Distribution Across Dendrite Lengths

After confirming that our reporter constructs were localised in dendrites and behaved
similarly to the corresponding endogenous mRNA, we investigated their distribution in
dendrites. Given that Beta Actin UTR and Psd95 UTR were expressed to a much greater
extent (as demonstrated by the higher total raw count in culture Fig. 10), we wanted to
determine if these reporter constructs have a similar distribution along dendrites as their

corresponding endogenous correlates.

To answer our question, dendrite ROIs from previous data sets were utilized in the analysis.
The average length of these ROIs ranged between 100-110um (Fig. 6A and 9A), and those
shorter than 100um were excluded from analyses. This enabled a fair comparison of mRNA
spatial distribution between constructs. The initial 10pm of each ROI was excluded from the
analysis to avoid the potential inclusion of puncta from the soma. The start of the dendrite
was thus marked at 10um into the ROI, and the puncta count was recorded in 10um
increments along each dendrite. An average puncta count for each bin was calculated to
produce the average raw puncta count across all dendrite ROIs (n=167 for reporter-infected
data sets, 176 dendrites for the endogenous data set). The fraction of total puncta was
determined by dividing the raw puncta count by the total puncta count in each dendrite to

account for variability in puncta and fluorescence signal among cells and between replicates

(Methods 2.9).

Our analysis revealed that most of the total puncta (Fig. 11) were located within the first
30um of the dendrite, with a decrease in puncta across dendrite length for both endogenous
mRNA (Fig. 11A-B) and the reporter Beta Actin and Psd95 constructs (Fig. 11C-D). Fig. 11C
shows that beyond 20pum, the number of mRNA puncta per bin for the no UTR construct was
less than 5, significantly lower than the reporter constructs containing a UTR sequence.
Additionally, the distribution of our reporter constructs (Fig. 11C-D) closely resembled that
of their endogenous counterparts (Fig. 11A-B), accurately reflecting the distribution of Beta
Actin and Psd95 in physiological conditions. A linear regression model was fit to the data
using GraphPad Prism, as this was the simplest method to analyze the line coefficients when

comparing the datasets.
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Fig. 11. Analysis of puncta distribution of dendrite ROIs from the same endogenous mRNA and reporter
infected data sets as in Fig 7-11. The puncta for each dendrite ROI (All 100-110um in length) were binned in
10um increments. To ensure that the overlap between the somatic region and the start of the dendrite was
clearly distinguished, the first 10um of the ROIs were excluded. (A) Raw count and (B) fractional puncta
distribution for endogenous Beta Actin (Magenta) and Psd95 (Blue). A simple linear regression was calculated
with GraphPad Prism. The slope coefficients tell us the relative puncta signal distribution from the soma across
the dendrite; a higher negative coefficient indicates that puncta concentrate close to the soma, and vice versa.
Linear regression for (4) Beta Actin: —0.08896 * X + 7.390 and Psd95: —0.1213 * X + 10.65
and (B) Beta Actin: -0.003516 * X + 0.2916 and Psd95: —0.003103 * X + 0.2683 (C) Raw count and (D)
fractional puncta distribution for reporter infected Beta Actin UTR (magenta), Psd95 UTR (blue) and no UTR
(green). Linear regression for (C) Beta Actin UTR: —0.1472 * X + 13.23, Psd95 UTR: —0.1563 * X +
14.43, no UTR: —0.08710 * X + 7.535 and (D) Beta Actin UTR: —0.003199 * X + 0.2729, Psd95 UTR:
—0.002805 * X + 0.2554, no UTR:—0.003145 x X + 0.2720.

The linear regressions (Fig. 11A, 11C) show similar slope coefficients for all constructs: Beta
Actin: -0.089 vs Beta Actin UTR: -0.147 and Psd95: -0.121 vs Psd95 UTR: -0.156. As
previously demonstrated, the reporters express at a higher level than the endogenous mRNAs,
which could affect the models. Therefore, we also compared the fractional distribution of
puncta along dendrite length for all constructs with their respective best-fit lines (Fig. 12).
The slope coefficients of our reporter and endogenous Beta Actin and Psd95 were very
similar: -0.0035 endogenous Beta Actin (purple), -0.0031 endogenous Psd95 (orange), -
0.0032, Beta Actin UTR (magenta) and -0.0028 Psd95 UTR (blue). This demonstrates that

our reporters distribute comparably to endogenous mRNA in dendrites of 100um.
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Our experimental results align with the theoretical predictions of Fonkeu et al. (2019)%
regarding the distribution of mRNA in dendrites. Their paper provides a dynamic
computational prediction for the spatial arrangement of mRNAs and proteins in dendrites.
The equation is based on established values for passive diffusion, active transport, and
degradation rates of mRNAs found in the literature. It also considers the possibility of local
translation of mRNA molecules at synapses, variations in translation rates along the dendrite,
and different degradation or sequestration rates along the dendrite. The model was assessed
using endogenous CamKlla in vitro, and the experimental data fell within the proposed

theoretical boundaries.
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Fig. 12. Side-by-side analysis of fractional puncta distribution for endogenous Beta Actin and Psd95 and
reporter Beta Actin and Psd95 UTR is shown in Fig. 12B-D. Slope coefficients for lines of best fit in descending
order: -0.0035 endogenous Beta Actin (purple), -0.0031 endogenous Psd95 (orange), -0.0032 reporter Beta
Actin (magenta) and -0.0028 reporter Psd95 (blue). As shown by the similar, if not equal slope coefficients, the
distribution of puncta across the dendrite length is homogenous for both endogenous and reporter constructs:
most puncta accumulate near the beginning of the dendrite and decrease incrementally towards the distal end of
the dendrite.
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3.3 In situ Hybridization of Our Reporter Constructs and Endogenous mRNA in Tissue

Our experiments in cultured cells (3.1) demonstrated that our reporter constructs were
localised in dendrites and behaved similarly to endogenous mRNA. Furthermore, we
observed that the distribution of both reporter and endogenous mRNAs decreased with
increasing dendrite length (3.2), which aligns with previous research findings by Fonkeu et
al.®. Next, we wanted to analyze whether what we saw in culture was mirrored in tissue
samples. For the experiments of Dr. Paul Donlin-Asp and Teresa Spano, our mRNA
constructs were unilaterally expressed in the auditory cortex of mice and imaged in vivo.
After this, brains were perfused, sliced, and processed for FISH against myrVenus, to see

whether our reporters were localising in dendrites in vivo.

The FISH probes were initially evaluated and optimized to ensure that we could reliably and
accurately detect myrVenus in tissue (Figure 14). We performed imaging on experimental
and control cortical hemispheres, where one side was injected with the reporter virus and the
cre-encoding virus, while the other was not. This approach was utilized to evaluate the signal-
to-noise ratio and specificity of the FISH probes on complex tissue. The non-injected
hemisphere served as a control, as the neurons in this area were not infected with either virus.
Thus, any observed signal in this region could be attributed to background noise rather than

the reporter’s presence.

In ideal circumstances, the myrVenus FISH puncta should only be visible in dendrites that
contain myrVenus protein. The slices were stained for myrVenus protein to differentiate
between any possible background noise by comparing the injected and non-injected cortex as
described. In tissue, the background noise can be caused by different factors, such as the
probes non-specifically binding to other RNA or hybridizing to the viral genome. If a signal
were to be present in the negative controls that lacked our mRNA reporter, it is likely that the
FISH probes were not specific to the target sequence and instead were binding to other
similar sequences. However, our previous work in cultured neurons suggested that would not

be the case (Fig. 4).

Our results showed that the non-injected side of the cortical hemisphere had significantly less
signal than the injected hemisphere (Fig.13). This is consistent with the probes being specific

and not binding to other non-target RNAs. However, when comparing the myrVenus protein
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and myrVenus mRNA images in the injected hemisphere, we noticed FISH signal in the latter
that did not correspond to the dendritic outline produced by the myrVenus protein. This
dendrite signal was therefore most likely originating from the AAV reporter itself, as it was
only found in the injected hemisphere, suggesting that the FISH probes were binding to the
reporter DNA in addition to or instead of the target mRNA of the AAV. Due to the inability
to distinguish between viral RNA and DNA, it was impossible to determine if the signal seen
was from localised mRNA or a copy of the AAV. Consequently, the location of the reporter
mRNA could not be evaluated using FISH.

myrVenus proteiﬁh _,'Yr-Ve‘nus'no UTI’{ myrVenus protein myrVenus Psd95
/ e / 4 .

myrVenus Protein myrVenus Beta Actin

*

myrVenus protein myrVenus no UTR myrVenus protein myrVenus Psd95

myrVenus Protein myrVenus Beta Actin

Fig. 13. Confocal images (40x oil) showing (4) FISH on reporter infected 40um auditory cortex slices and (B)
cortex slices without reporter injection for the no UTR, Beta Actin UTR, and PSD95 UTR constructs,
respectively (Scale bar 50um). Transparent white lines show manually drawn outlines of the outer auditory
cortex boundary. yrVenus protein (green) shows dendrite outlines on the auditory cortex's outer edge. In the
cortical side injected with our reporters, we see a clear expression of myrVenus protein (green). In addition, a
punctate signal is seen for the no UTR, Psd95, and Beta Actin myrVenus constructs. Some background noise for
myrVenus mRNA is visible in all constructs, as the signal falls outside the boundaries of the myrVenus protein.
In the side of the hemisphere without injection of AAVs or Cre, we see an absence of fluorescent signal for
myrVenus protein or the reporter mRNA.
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Despite the difficulty in separating mRNA from the viral genome in slices, the location of
these mRNAs in dendrites was successfully confirmed in vitro. In light of this, Dr. Paul
Donlin-Asp and Teresa Spano continued exploring alternative detection strategies while the
focus shifted to determining if the endogenous mRNA for Beta Actin and Psd95 could be
identified and localised to layer 1 of the auditory cortex. While we were aware that over-
expression could lead to localisation of the reporters, through visualization of the endogenous
mRNAs, we could examine the potential impact of endogenous Beta Actin and Psd95 mRNA
translation in layer I — where their subsequent translation would be utilized during learning

and memory.

To answer this question, we performed FISH against our endogenous Psd95 and Beta Actin
(Fig. 14A-B). Additionally, myrVenus protein and neuronal nuclear protein NeuN® were
stained to distinguish the boundaries of layer I. Panels A and B show a clear FISH signal for
endogenous Psd95 and Beta Actin. Since Beta Actin is known to be present in glial cells and
interneurons®’, we would expect strong, condensed patches of signal in layer I representing
these areas, as well as signal from axons and dendrites projecting from deeper layers. In
addition, a large amount of the signal was somatic for Beta Actin in layer I; but we could still

detect puncta likely originating from dendrites or axons.

As a positive control, we tested Poly A since the poly(A) tail is present in almost all mRNA,
and it can be used as a universal marker for mRNA in FISH experiments*. Our results
showed a bulk mRNA detection with the polyA probe. We also examined negative controls
for PolyA and Psd95 by using PolyT and Psd95 sense strands and hybridizing them with anti-
sense probes. These showed no robust FISH signal as expected (Fig. 14C), since these
contained the reverse complementary sequence of their Poly4 and Psd95 antisense
counterparts. To summarize, our findings indicated the presence of the endogenous mRNAs

of interest in layer 1, and that our negative controls worked robustly.
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Beta Actin

Psd95 (sense strand)

Fig. 14. Confocal images (40x oil) showing FISH on endogenous mRNA in 40um auditory cortex slices. (4)
show representative FISH images for Psd95 (white) and (B) Beta Actin (white) with additional staining against
myrVenus protein (green) to ensure that we were observing cortical layer I, and NeuN (magenta) to outline cell
bodies (Scale bar 50um). Zoomed-in (2.5x) panels show individual puncta for Beta Actin and Psd95 (Scale bar
20um). Transparent white lines show manually drawn outlines of the outer auditory cortex boundary. (C)
shows FISH channel for Beta Actin, Poly A, Poly T as a control for Poly A, and Psd95 (antisense and sense
strand as a control). Controls show an absence of signal as expected, PolyA shows a strong signal as expected,
and a punctate signal can also be seen for endogenous Beta Actin and Psd95.

3.4 Puromycilation and Puro-PLA Experiments to Quantify Translation

After establishing that our endogenous mRNAs could be detected in layer I, we wanted to
validate our ability to detect the translation of reporter constructs in distal dendrites using an
alternative method, a puromycin proximity ligation assay (Puro-PLA)®. Puromycin is an
inhibitor of translation that mimics tRNAs and covalently attaches to the newly synthesized

peptide chain via a peptide bond>®,.
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First, we performed a puromycilation experiment to see whether we could successfully
perform puromycin labelling. This was done with enhanced yellow fluorescent protein
(EYFP) transduced cultured neurons. Since EYFP is a fluorescent protein derivative of GFP,
as is Venus, the rationale behind using it for optimization experiments was that it could
function as a proxy for our myrVenus constructs. As a negative control, we pre-incubated the
neurons with anisomycin, a protein synthesis inhibitor that immobilizes translating ribosomes
on the mRNA chain, effectively blocking all protein synthesis. Moreover, we also evaluated
the protocol without puromycin to see whether there was any background from the antibody.
We concluded that our anisomycin and no puromycin controls worked robustly, as indicated

by the absence of a fluorescent signal (Fig. 15).

After these successful controls were performed, we proceeded with a PLA against puromycin
and EYFP (Fig. 16). A PLA is a technique used to identify and quantify protein-protein
interactions by detecting the proximity of two antibodies. The DNA ligase can bond oligos
only when they are close to each other; thus, only these nearby interactions can be joined,
leading to a rolling cycle amplification procedure. This process involves incorporating
fluorescent molecules, which enable the visualization of the close antibody coincidence®.
Our puro-PLA experiment was successful, as seen by the lack of signal in our negative
controls and a clear punctate signal in our puromycin condition, which confirms the detection
and localisation of nascent EYFP. Although Puro-PLA worked, we noticed fewer signal than
expected, indicating that further optimization would be necessary before this method could be

used reliably for our reporter constructs.
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Puromycin Puromycin +
Anisomycin

No Puromycin No EYFP Puromycin

Fig. 15. Confocal images (40x o0il) in cultured EYFP neurons showing effective puromycilation experiment
performed by Dr. Paul Donlin-Asp (scale bar 50um). Puromycin levels are reflective of total protein synthesis.
From left to right, top to bottom: puromycin, no puromycin, puromycin with previous anisomycin treatment
(protein synthesis inhibitor), no EYFP. Anisomycin and no puromycin controls worked robustly, as indicated by

the absence of fluorescent signal.

No Puromycin

Puromycin

Puromycin +
Anisomycin

Fig. 16. Confocal images (40x in 0il) in cultured EYFP neurons showing successful puromycin proximity
ligation assay (puro-PLA) to visualize nascent EYFP via complementary detection with puromycin (Scale bar
50um). Puro-PLA performed by Dr. Paul Donlin-Asp. From bottom to top. no puromycin, puromycin,
puromycin with previous anisomycin treatment (protein inhibitor). Figures show that anisomycin and no
puromycin controls worked robustly, and punctate signal in the puromycin condition (magenta) shows clear
detection and localisation of nascent EYFP.
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4. Discussion

In this research thesis, previously developed 3 UTR constructs were implemented to study
whether Beta Actin and Psd95 3’UTRs drive the localisation of myrVenus mRNA into
dendrites in cortical neurons in culture (Fig. 6), and in tissue (Fig. 14). In addition, the
distribution of mRNAs across dendrites was analysed between UTR constructs and their

endogenous mRNA equivalents (Fig. 11).

4.1 UTR Constructs and Endogenous mRNA in Cultured Neurons

The results of our FISH experiments in culture (Fig. 4-7) demonstrate that the UTR
constructs tend to concentrate in dendrites more than their no UTR counterparts, confirming
that these constructs serve as effective imitations of endogenous mRNA transcripts and
enable the analysis of translation in remote areas. From these results, an interesting
observation is the amount of no UTR mRNA we detect localising into the dendrites (Fig. 5-
7), raising the question of how this localisation occurs. As this construct lacks any regulatory
information controlling when and where it should be translated, it was not expected to
accumulate appreciably in distal regions in the neuron. Without a UTR, the mRNA lacks the
necessary signals for transportation to distal regions and will likely remain in the soma where
it was transcribed. It is worth noting that the constructs are introduced into cells through viral
transduction. This method of expression results in a high number of copies of the virus
entering the cell, leading to an overproduction of mRNA compared to endogenous gene
expression levels. This surplus of mRNA may cause a spill-over effect in the dendrites. In
addition, the viral overexpression of the no UTR construct could potentially lead to the co-
opting of mRNA transport mechanisms, such as coupling to endosomes and other transported

cargo®!,

However, when observing the fractional distribution between dendritic and somatic
compartments, most mRNAs were found in the soma, although considerably less for the Beta
Actin and Psd95 UTR constructs (Fig. 7) This observation was expected as transcription
occurs in the nucleus before mRNAs are shuttled into dendrites. Interestingly, when
comparing the raw total mRNA count between constructs (Fig. 7A), the no UTR shows an
overall lower puncta count. If we were to only consider the 3' UTR's role in mRNA
localisation to dendrites, we would anticipate that the overall raw count of mRNAs would

remain constant, resulting in nearly identical expression levels among the different
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constructs. However, it is widely accepted that UTR sequences often influence mRNA
stability®>?3, More stable mRNAs result in a longer half-life for the constructs, leading to a
higher number of molecules present at any given time. Therefore, a reduced mRNA half-life
could explain the significantly lower total raw count of the no UTR constructs. This is
consistent with previous data showing that when mRNA half-life is reduced, there is a

subsequent drop in total mRNA levels'!-94¢,

We also found that the variability within the data for the reporter-infected cells was
significant (Fig. 7). This variability can be attributed to various factors. The main difference
is most likely the virus expression in the cells themselves. It is well appreciated that virus
infection can be extremely heterogeneous within a cell population. The efficacy of expression
depends on many factors that the endogenous mRNA is not subject to. For instance, the fact
that constructs have no 5’UTR, no introns, and therefore no normal regulation''. Also, the
normal regulators limiting Beta Actin and Psd95 mRNA levels are lacking in the reporter

constructs leading to higher and more varied expression.

In the experiments with endogenous transcripts, Psd95 and Beta Actin showed a lower
dendritic distribution than our CamKII and PolyA positive controls (Fig. 8-9). PolyA is a
sequence at the 3' end of all mRNA molecules and acts as a marker for mRNA stability and
transport. Therefore, it was expected that Poly4 would have a higher puncta count because it
is present in all mRNAs, including our candidate mRNAs*. Additionally, we expected a
strong signal for CamKII mRNA, as this mRNA is known to be highly expressed and
efficiently transported to dendrites®’. Post-hoc Tukey tests further showed that Psd95 had
similar raw puncta counts to Beta Actin (p =0.9384), whereas both endogenous mRNAs
showed a statistically significant difference with CamKII (p <0.0001) and PolyA4 (p <0.0001),
as outlined in the supplemental figures (S1). We concluded that no notable difference was
observed in fractional mRNA count for our endogenous Beta Actin and Psd95 in cultured

cortical neurons.

Lastly, when comparing our reporter constructs to endogenous mRNA, we observed lower
raw counts for the endogenous mRNAs (Fig. 10A) than our UTR constructs. As mentioned
previously, this is likely attributed to the fact that we overexpressed the reporter constructs,
leading to a higher quantity of mRNA in the dendrites compared to their endogenous

counterparts. In fact, the fractional distributions were similar (Fig. 10B), as shown by a two-
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tailed unpaired T-test analysis for Beta Actin (p-value 0.0893). Although Psd95 (p-value
<0.001) showed statistical significance, it should be noted that this was also a factor of
having a relatively low-powered data set. In sum, we determined that our UTR reporter
constructs showed higher distribution in dendrites compared to endogenous mRNA but that
this was influenced by variability in our reporter data and viral overexpression. With these
conclusions in mind, it is important to acknowledge that there were some limitations in the

methodologies used in the analysis.

Starting from the beginning of our analysis pipeline, we used max intensity projection to
quantify mRNA puncta (Methods 2.7) due to the thinness of dendrites in low-density areas.
While this method effectively captures the dendritic distribution of mRNA, it may not
provide an accurate representation of mRNA puncta density in regions of higher cell density
due to overlapping dendrites. For instance, resolving somatic mRNA puncta was challenging
due to a large amount of signal being condensed into a small space in the ROI. Alternative
strategies — such as binary thresholding and intensity measurement techniques — were
considered to quantify somatic mRNA, but these methods did not accurately resolve

individual mRNA copies in the soma.

A more appropriate method would be to normalize the fluorescence intensity of each spot and
use this measurement to estimate the total number of mRNA copies. This involves adjusting
the fluorescence intensity measurement to make it comparable across different samples or
conditions. This results in a more accurate assessment of mRNA copy numbers for the total
fluorescence detected. However, as single-molecule FISH was not used, this approach would
not have been more accurate than the one employed. An alternative option would be to create

3D renderings with Imaris software — which would be an amenable future approach.

In addition, we used a fractional distribution analysis (Methods 2.8) to account for raw puncta
count variability. This method allowed us to normalize for differences, especially between
our reporter constructs and endogenous mRNAs. A limitation was that our analysis was based
on a limited neuronal volume subset, meaning we were under-sampling the total dendritic
fraction. However, since we selected the same number of ROIs of a defined length for each

group, it should not have affected the comparative outcome.
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4.2 mRNA Distribution Across Dendrite Lengths

We then looked at the distribution of mMRNAs across dendrite length (Fig. 11). We chose a
linear regression to model the average mRNA distribution, as it was simple and allowed easy

comparison between constructs.

From our results, we noticed that most puncta were found in the first 30pum of dendrite and
that this constantly decreased with increasing distance from the soma, which has been seen
before in other studies'+%%°. This pattern was consistent between our reporter Beta Actin
UTR and Psd95 UTR and the no UTR (Fig. 11C-D). This decreasing trend also agrees with
research by Fonkeu et al. (2019)%, who proposed a computational model for the spatial

distribution of mRNAs and applied it to the endogenous protein CaMKllo.

Interestingly, we noticed that while the total amount of puncta for the no UTR in the
dendrites was lower, those molecules that did localise in dendrites displayed a similar
distribution pattern as the Psd95 and Beta Actin UTR (Fig. 11). This implies that the
overexpression of the no UTR reporter probably hijacks RNA trafficking mechanisms for
localisation, and most likely, the mRNAs that make it out into dendrites follow a generic
distribution pattern. The observation of lower amounts of the no UTR mRNA reaching out
into distal dendrites was in line with our expectations: in fact, after 20um of dendrite, there
were less than 5 average mRNA puncta per subsequent bin for the no UTR construct (Fig.
11C), which is significantly lower than our UTR reporter constructs. In addition, our reporter
constructs were distributed similarly to their endogenous counterparts (Fig. 11A-B), as
further reflected by the similar linear regressions (Fig. 13), showing an almost equal slope

coefficient for all constructs.

From this and the other results presented, we would conclude that the UTR’s function is to
stabilize and localise the mRNA and that decoupling these effects is likely non-trivial.
However, it is important to consider that all the constructs transduced into cells were
overexpressed, making it harder to discern whether sequences within the 3° UTR alone drive
mRNA localisation or if, under endogenous conditions, the stability of mRNA that the
3’UTR confers can give it time to associate with trafficking machinery to be distally localised
within the neuron. This possibility is consistent with the similar distribution patterns seen for

the no UTR vs UTR containing reporters, suggesting that there are no transcript-specific
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distribution trajectories for mRNAs, rather that these distribute generically. Although this
observation is based on a few candidate mRNAs, it is consistent with the notion that a
continuous pool of mRNAs is trafficked to dendrites and that synapses capture necessary

molecules during specific synaptic plasticity*”-7%100,

4.3 UTR Constructs and Endogenous mRNA in Tissue

We next focused on seeing whether our mRNA constructs were also localising in tissue
slices, as they were in culture. Given the more complex nature of working ex vivo, we
encountered some difficulties with the FISH protocol. We modified the procedures and
obtained a signal for our no UTR and UTR constructs (Fig. 13). Our FISH experiments
showed background noise in the tissue, with reporter mRNA signal beyond the boundaries of
myrVenus protein and dendrites in the injected hemisphere (Fig. 13A). This was not seen in
cells without myrVenus protein on the non-injected side (Fig. 13B). Thus, we concluded that
the FISH results were not representative of mRNA distribution, as the probes were binding to
the smaller-size AAV genome during hybridization leading to the detection of both mRNA
and DNA in the puncta. Another concern was that the myrVenus/EYFP sequence might have
the capacity to amplify the signal without the hybridization probe being present. A control
experiment (data not shown) was conducted by Belquis Nassim on the myrVenus constructs

without adding the probe, showing that this was the case.

Given the challenges faced in the FISH experiment against AAV-derived mRNA, our data in
Fig.13 could not be used for quantification as we were not confident it only represented
mRNA. Given this, a simpler question was posed: whether the endogenous mRNAs for Beta
Actin and Psd95 were localising in layer 1 in vivo. The results (Fig. 14A-B) indicate that both
constructs were localising in this layer, and no major issues were encountered. In addition,
our negative control experiments with PolyT, and Psd95 (sense strand) worked robustly as we
did not see a signal (Fig. 14C), whereas in our positive PolyA4 control showed an abundance

of signal.



Examining the effects of 3’UTRs on mRNA localisation and translation 45

4.4 Puromycilation Experiments

Next, we investigated whether certain mRNAs were being translated in dendrites using a
proximity ligation assay (PLA), which allowed us to detect newly synthesized proteins. We
used a technique called puromycilation to add puromycin (puro) to the newly forming
polypeptide chain and determined that our controls worked robustly (Fig. 15). The puro-PLA
experiment was also successful, as evidenced by the absence of signal in our negative
controls and a clear punctate signal in our puromycin condition (Fig. 16). Compared to a
previously published experiment using puro-PLA by tom Dieck et al.', we did note a lower
total count of puncta in our experimental setup than expected. The expression of EYFP
protein is thought to have a high rate of translation!?!, and we assumed this would result in
higher production of the protein and a greater number of puncta detected. We also saw EYFP
expressed rapidly and highly after a few days of transduction, suggesting that it was being
translated robustly. However, a key difference with our experimental set-up is that we
attempted to identify a fluorescent protein, not an endogenous protein, which most likely

explains our lower raw counts.
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5. Outlook

Overall, the work outlined herein demonstrates that the localisation and distribution of our
candidate mRNA reporters are similar to their endogenous counterparts in culture. Despite
being overexpressed, the reporters can localise to dendrites, indicating that the localisation of
an mRNA with an untranslated region (UTR) may differ from that of an mRNA without a
UTR, which could account for any observed changes in protein translation. However, we
have yet to determine if this also holds in vivo, as the FISH technique was ineffective when

analysing the reporter's infected tissue sections.

In addition, these fluorescent reporters can be used to probe the regulatory sequences
necessary for their localisation. For example, new constructs can be created with modified
S'UTR or 3'UTR regions to increase or decrease mRNA stability. It would also be interesting
to compare the cellular distribution of these fluorescent reporters during the induction of
synaptic plasticity, such as BDNF-induced potentiation, to those with intact regulatory

sequences and to their endogenous counterparts.

Moreover, we noticed that an exponential model would also be suitable for our data showing
the total raw mRNA distribution along dendrite length (supplemental figures Fig. S2). Due to
the high variability in each data bin, further data would be required to improve the fit.

Alternatively, we could normalize the puncta count based on the predicted dendrite diameter,

similar to the method described by Fonkeu et al.%3, and then apply a linear model.

Finally, following our puro-PLA experiments with EYFP, a puro-PLA assay should be
performed on neurons transfected with our reporters and the no UTR control, as well as with
our endogenous mRNA candidates. This assay will allow us to label and visualize the newly

synthesized proteins and determine if these mRNAs are being locally translated.

In conclusion, the UTR fluorescent reporter constructs we have assessed are robust and
reliable tools in vitro, and they exhibit great potential for evaluating local protein synthesis in
a living organism. While there are still challenges to be addressed, this research has brought
us closer to achieving a credible visualization of this process and has laid the foundation for

future studies in this field.
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7. Supplemental Figures
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Fig. S1. Puncta distribution in dendrites for endogenous mRNA candidates Beta Actin, Psd95, CamKII and
PolyA in cortical cultured cells (same data set as Fig. 9). (A) Raw counts in dendrites between show different
averages between the positive controls and our candidate mRNAs, as determined by post-hoc Tukey test: Beta
Actin vs CamKII (p-value <0.0001), Beta Actin vs PolyA (p-value <0.0001), Psd95 vs CamKII (p-value <
0.0001), Psd95 vs PolyA (p-value < 0.0001). However, no statistical difference was seen between candidate
mRNAs and positive controls, as also determined by post-hoc Tukey test: Beta Actin vs Psd95 (p-value =
0.9384), CamKII vs PolyA (p-value = 0.5091) (B) Analysis of the fractional distribution of puncta in dendrites
show a reduced statistical difference as shown by post-hoc Tukey test: : Beta Actin vs CamKII (p-value =
0.0375), Beta Actin vs PolyA (p-value = 0.0037), Psd95 vs CamKII (p-value < 0.0001), Psd95 vs PolyA (p-
value < 0.0001). Beta Actin vs Psd95 (p-value = 0.0078), CamKII vs PolyA (p-value = 0.5839)
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Fig. S2. Total puncta distribution in dendrites for reporter mRNA candidates Beta Actin, Psd95, and no UTR in
cortical cultured cells (same data set as Fig.11). (A) Total raw counts (left) and fractional distribution (right) in

dendrites for Psd95 (B) Beta Actin and (C) no UTR.



