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Abstract

Synaptic plasticity is how neurons adapt to new stimuli and necessitates changes in synaptic weight. For these
changes to be durable, local translation in neurites, and at pre- and post-synapses is required. Current methods
do not capture the pool of local RNAs in its entirety and focus mainly on mRNAs. Here, | focused on wide-scale
interactions between non-coding RNAs and mRNAs at hippocampal synapses; data were collected from
synaptosomes and an advanced microfluidic culture system. This new method, SNIDER (SyNapse Isolation
DevicE by Refined Cutting), was developed to obtain pure neuronal, neurite-localized RNAs; it works by
precisely cutting the synaptic compartment of microfluidic chambers, yielding more mRNAs than synaptosome
isolation. | also used SNIDER to study the effects of KClI stimulation on the local RNAome. In another
experiment, synapses were locally perfused with an inhibitor of miR-9-5p, an abundant microRNA in
synaptosomes that is linked to neuronal development as well as dendrite morphology. Surprisingly, after
isolation of inhibited synapses with SNIDER, | found the local transcriptome to be unchanged - even though
miR-9-5p inhibition produced clear effects in neuronal somata. Our findings, taken together with existing
literature, suggested a glial origin of synaptic miR-9-5p. Astrocytes are highly abundant glia cells and their end
feet often engulf the pre- and postsynapse to form the tri-partite synapse. To study astrocyte to neuron RNA
transfer, | designed a novel method, INSUREnNs (Intercellularly Shipped and Uptaken RNAs Ensnared), whereby
astrocytic RNAs were labeled with 4-thiouracil and neuronal ribosomes were labeled with HA-tags. By applying
a double pull-down strategy, astrocytic RNAs that were transported into neurons for translation can then be
identified. Astrocyte-derived extracellular vesicles (ADEV) were investigated as the means of RNA
transportation. Indeed, ADEV internalization took place over the whole neuronal cell body, including neurites.
ADEVs furthermore contained many RNAs that where identified via INSUREns. Additionally, many IncRNAs were
present in ADEVs that are known to interact with synaptic RNAs. These data suggest an important role of
ADEVs in supplying neuronal and synaptic RNAs. Finally, a hypothesis is developed, how astrocytic RNAs could

form the synaptic tag in the synaptic tagging and capturing model.



Introduction

Neurons have a problem. They have long axons and dendrites - extensions that can protrude dozens of
micrometers, sometimes even centimeters away from the nucleus. Between axons and dendrites synapses are
formed, the processing units of all brain activity. Yet, much like any other compartment of the cell, the axon
and the dendritic tree need to be supplied with proteins. What is more, these proteins have to be available

upon specific time points in order to facilitate the molecular changes that occur during learning.

This logistical challenge is not unlike that of furniture retailers. In both cases, there are several far- dispersed
places where certain products are in demand. In case of the furniture retailer, ready-to-assemble furniture can
be delivered to customers’ homes, where clients are building the furniture when and however it suits them

best. By outsourcing the actual manufacturing, the retailer saves costs and time.

Similarly, neurons can transport the blueprints - mRNAs - for proteins into their axons and dendrites, where
they are locally translated into proteins, far away from the nucleus. As a result, the timing and amount of
protein synthesis is only dependent on the immediate surrounding of the synapse, invaluable to implement
learning at high resolution. Studies could even show that this local production of key synaptic proteins is crucial

for facilitating a memory (Huber et al., 2000; Vickers et al., 2005).

Synapses as the basic units of neuronal information

When we publicly talk about neuroscience, the focus often lies on the function of neurons themselves, as a
whole. But neurons cannot go anywhere; their position is locked and their fate sealed, as they are unable to
divide. The often-heard term plasticity however implies something underlying the cellular structure of the brain
that is capable of transforming.

With neurons stuck in place, plasticity can only happen at synapses; here information processing is actualized
and fine-tuned. Every neuron connects between 1000 and 10,000 other neurons. Some of those connections
are hard-wired and form during development, especially those that connect distant brain areas with one
another, like sensory cortices with thalamus or hippocampus and amygdala. Other synapses are being so weak
that throughout childhood and adolescence they are pruned, due to not being stimulated frequently enough.
Most synapses are refined and formed throughout our life.

To become what we call a person, our environment causes our neurons to imprint itself with heuristic
instructions in the form of synaptic circuitries, to predict situational outcomes and to adapt our behavior in

order to maximize the desired outcome.



Personality, so all our characteristics that describe our reaction to situational circumstances, is shaped in this
way. Fortunately, most of those traits are not set in stone once they are formed and can be changed.
Remarkable recoveries after brain damage, successful psychotherapy and the true mastering of a craft are the

most impressive testaments to the ability to change one’s circuitry.

Synaptic weights

Neurons fire or they do not. This central dogma for neurobiology, termed all-or-nothing response, means that
all inputs result either in no outgoing response from that neuron or in the neuron reacting with an ion
overshoot, producing a distinct, reinforced electric potential that travels along the axon and leads to the
stimulation of other neurons in return; the so-called action potential.

But between all and nothing is a lot of space — namely all the thousands of inputs have to be subjected to
enough stimulation in a very short time to trigger an action potential. How strong each input should be
weighed in is determined by many factors at each synapse; the number and type of neurotransmitter
receptors, voltage-dependent ion channels, membrane size, distance from the soma, shape and size of the
cytoskeletal scaffold for synaptic proteins and many more.

All these factors make up the synaptic weight and all weighted inputs summed up determine whether an action

potential shall be induced or not. And finally, all action potentials comprise what we describe as neural activity.

We can see that a myriad of intermediate stages exists, where the summation of input is not zero but still
below prompting an all-or-nothing response. Thus, changing even a single synaptic weight can tip the scales

and potentially trigger the neuron into developing an action potential.

To understand this on a molecular scale, we have to understand the architecture of synapses. A synapse
consists of two parts; pre-synapses are located along the axon of a neuron, whereas post-synapses are located
in dendrites. Information in the brain flows primarily over the chemical synapse; a small cleft between the pre-
synapse of the transmitting cell and the post-synapse of the receiving cell.

Provided there is an action potential in the axon, synaptic vesicles, filled with neurotransmitters, are being
released from the pre-synapse into the cleft. Upon release these neurotransmitters bind receptors at the post-
synaptic membrane, causing them to open, so that ions can flow in and out of the post-synapse. This ion flow
in return creates excitatory post-synaptic potentials that are summed up in the post-synaptic neuron as
described above.

At any existing synapse that process happens at an individual baseline level. If the frequency and amplitude of

neurotransmitter release stays the same, this synapse is in homeostasis (Fig 1, left and middle).
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Fig 1: Depiction of the consequences of synaptic weight increase. Each synapse has a certain size, number of receptors and
other factors determining the strength to which an incoming signal (action potential) is passed down to the soma (small
inlet). When action potentials arrive in rapid succession this can lead to a reconfiguration of the molecular makeup of a

synapse, resulting in a changed post-synaptic potential.

If, however, the frequency of action potentials that arrive at the pre-synapse is significantly higher, the synapse
undergoes several changes; both synaptic compartments grow in size, more synaptic vesicles are present at the
pre-synapse, more receptors are being inserted into the post-synaptic membrane and the cytoskeletal scaffold
is increased. All those changes result in an increase of the excitatory post-synaptic potentials (Fig 1, right).

When we say plasticity, we mean changes of synaptic weights according to new or altered stimuli.

Likewise, if the action potentials arrive at lower frequencies, the synaptic weight is weakened by essentially the

opposite of all described mechanisms and thus the excitatory post-synaptic potentials are thereby reduced (not

depicted).

Interestingly, newer studies suggest a certain number of discrete synaptic weights, rather than a continuos
spectrum. This concept is called gradation and estimates about the exact number of discrete weights range

from 10 (Liu et al., 2017) to 26 (Bartol et al., 2015).



Changing the synaptic weights - local translation

Most biological processes are being executed by proteins, including enzymatic reactions, metabolite conversion
and structuring of the organism. Similarly, many proteins are involved in changing the synaptic weight; but how
is the neuron regulating its proteome to respond adequately to plasticity events?

In part, the overall transcription program of the cell is altered by epigenetic modifications to the histones and
DNA, ensuring the maintenance of altered synaptic weights by the appropriate amount of protein synthesis.
Nonetheless protein supply at the changing synapse needs to happen fast. Action potentials arise in the order

of milliseconds, synapse changing neuronal activity in the order of seconds and minutes.

To overcome this problem, we find that neurons provide mRNAs to synaptic regions, where protein synthesis
occurs locally (Fig 2, left). This special form of translation is not happening evenly distributed over the whole
dendrite but - depending on the model - either in a few hot spots in dendritic branches (Rangaraju et al., 2017)

or by complexes that patrol across the whole tree (Doyle and Kiebler, 2011) (Fig 2, right).

All molecules required for this - ribosomes, tRNAs, ncRNAs and mRNAs - are present directly at those

translational hotspots (Higa et al., 2014; Kosik, 2016; Wang and Bao, 2017; Wu et al., 2016).

Created with BioRender.com

Fig 2: Local translation along neurites and axons. Left: puromycin (A1113803, Gibco) staining for 30min depicts spots of
protein synthesis across neurites (red: puromycin, green: Camkk2)!. Right: scheme showing the three different spots for
local translation; pre-synapse, post-synapse and dendritic tree. In all those locations translating ribosomes have been

observed.

I Antibodies used; Puromycin: primary (MABE343, Merck), secondary (A-21052, Invitrogen)
Camkk2: primary (ab96531), Abcam), secondary: (ab150077, Abcam)



It is of utmost importance to state that local translation is not a fallback mechanism or a supportive source of
proteins, but essential for plasticity. Early studies could show that when local protein synthesis was impaired,
the learning effect would not take place (Kang and Schuman, 1996) and that the necessary short-term

morphological changes to the dendritic spine rely likewise on local translation (Bosch et al., 2014).

Additionally, last year it was proposed that aggregation of psychiatric disease-related proteins inside dendrites

impairs local translation and as a consequence cognitive function deteriorates (Endo et al., 2020).

Finally, a computational model was built to simulate spread of proteins depending on the translational location

(Fonkeu et al., 2019). This study found that experimentally observed patterns of RNA distribution - with

accumulations of mRNAs and proteins at synapses - could be simulated well with local translation.

RNAome requlation

Before gene transcription can result in proteins, cells have a multitude of regulatory pathways to adjust
mRNAs; parameters that decide amount, isoform, time and localization of protein synthesis. Many regulatory
pathways are mediated by other RNAs: microRNAs (miRs), circular RNAs, long-non-coding RNAs (IncRNAs) and
several others. These RNAs are not encoding proteins themselves, and thereby are summarized as non-coding
RNAs (ncRNAs). Since mRNAs and ncRNAs are produced in a single-stranded manner, they have the ability to

hybridize with one another at many positions.

MRNAs have seed region on their 3" untranslated regions (UTR), where miRs can bind - this effectively results in
two different outcomes; either degradation of mRNA through protein complexes, or inhibition of its
translation. At the same time, other ncRNAs can influence that interaction by binding miRs, preventing them
from targeting mRNAs (Fig 3). Most miRs can target dozens or hundreds of mRNAs, likewise most mRNAs are

targeted by dozens or hundreds of miRs.

Those interactions are of great relevance to local translation, as they can quickly change - especially when new
RNAs are introduced to the local pool or when local RNAs themselves are modified, e.g., by the synaptic
demethylases (Walters et al., 2017). These quick changes could render synaptic mRNAs suddenly available for

translation.
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Fig 3: RNA - RNA regulatory networks. mRNAs can be bound by small ncRNAs, most notably miRs; resulting in either

disintegration or translational inhibition.

Researchers are just beginning to describe functional relationships between the small RNAome and the
RNAome at the synapse. For example, a recent paper proves that local activity at spines is coupled to the
maturation of a plasticity-related miR in close vicinity (Sambandan et al., 2017). Moreover, miRs are released
by pre-synaptic neurons in an active manner over exocytosis and endocytosis pathways (Xu et al., 2013). The
group of Harlow extended that view by detecting tRNA fragments (trfRNA) and miRs inside synaptic vesicles (Li
et al., 2015).

Many of those interactions are not understood yet, and often this is due to insufficient datasets of small and

total RNA of the same samples.



Isolation of synaptic RNA

As early as in the 1960s in vitro labeling techniques demonstrated that protein synthesis happens in neurites
(Giuditta et al., 1968; Koenig, 1967). Since then, several techniques have been devised to allow subcellular
investigations.

The first systematic exploration of neurites started with the dissection and examination of the giant squid axon
(Giuditta et al., 1980). Similarly, the neuropil of CA1 was micro-dissected to sequence neurite RNAs (Cajigas et
al., 2012). Synaptosomes on the other hand are obtained by using gradient ultracentrifugation; under immense
centrifugal forces it is possible to sever axonic terminals from the axon itself. Thanks to the hydrophobic
properties of the bilipid membrane, the severed membrane of the axon terminals closes right after the
separation, preserving proteins and RNAs inside. Post-synaptic densities (PSD) are often also isolated, since
neurexin and neuroligin proteins connect both synaptic membranes over the synaptic cleft. Hence, when the
membrane also closes around the PSD, then some post-synaptic RNAs and proteins are isolated, too.

There are two general approaches for in vitro isolations. The first uses hanging inserts, where neurons are
cultured on a porous membrane, with pores fine enough to allow the outgrowth of neurites. By swiping the
underside of the membrane, it is possible to obtain axonal and dendritic RNAs.

The second approach utilizes compartmentalized chambers. Beginning with Campenot chambers, axons were
spatially isolated; while the cell body would grow in the main compartment of the chamber, only axons would
extend under the barriers into neighboring compartments (Campenot, 1977). By doing so, studies of the effects

of neuronal growth factors could be done, without the factors diffusing into the main compartment.

Each of the discussed methods has its own strengths and weaknesses. The neuropil cutting is restricted to parts
of the brain, where anatomically there are long stretches of neurites. Furthermore, it is difficult to control for
the purity of the yielded material. Synaptosomes take several hours to be acquired, which increases the chance
of RNA degradation. Hanging inserts do not allow for sufficient visual control of formed synapses. It is also
quite likely that hanging neurites would accumulate molecules from the soma - driven by diffusion and gravity -
that do not resemble the genuine neurite RNAome. In Campenot chambers the thickness of the barriers favors

the outgrowth of axons, making it difficult to study physiological synapses.

For a complete picture of synaptic RNAs, one has to also consider that, as of now, all published methods
underrepresent the post-synaptic RNAome: synaptosomes only contain post-synaptic densities and therefor
only RNAs that are stuck in them, hanging inserts cannot verify if synapses on their downside are actually
forming and Campenot chambers create only few isolated dendrites. In the case of neuropil preparations,
inclusions from surrounding cells can end up in the final sample. To correct for this, usually all genes that are

not supposed to be at the synapse are being filtered out, hence a priori assumptions bias the results.



In continuation of the in vitro approach by Campenot, new designs have been suggested, among them the
widely used design by Taylor and colleagues (Taylor et al., 2010). This chamber introduces two neuronal pools,
connected by hundreds of parallel running microgrooves. Somata cannot pass through these microgrooves, but
extend their neurites from both sides into the microgrooves, where functional synapses are formed. Slightly
offset to one pool runs a perpendicular perfusion channel through all microgrooves allowing the temporally
and spatially precise pharmaceutical manipulation of synapses, without affecting the somata; a feature

hitherto not possible.

By further advancing this design, it should be possible to create a new method of isolating the synaptic

RNAome.



Scope of this thesis:

Synapses are the basic unit of information processing in the brain. It is thus highly interesting to disentangle
the molecular mechanisms underlying synaptic plasticity. Local translation is a key process in changing synaptic
weights long-term. Only by identifying the individual RNAs involved, will it be possible to recognize patterns
and to formulate hypotheses about the roles of each transcript. To that end, | aimed to dissect the synaptic

RNAome.

1) Characterizing of the hippocampal synaptic RNAome

The hippocampus is a key area for memory formation. So far, a combined catalogue of mRNAs and non-coding
RNAs (ncRNAs) at hippocampal synapses has been missing. Especially, for miRNAs the available microarray data
is limited and most works focus on single miRs.

Thus, my aim was to create such a database. To achieve this, | used two different techniques - synaptosomes
and a new technique (SNIDER) that | developed to isolate pure neuronal RNAs from all neurites. Samples were

prepared using next generation sequencing (NGS), which additionally allowed me to identify synaptic IncRNAs.

2) Using SNIDER to study the effects of locally inhibiting a miRNA

In our synaptosome preparations miR-9-5p was the second highest expressed miR. I, therefore, delivered miR-
9-5p inhibitor to neuronal cultures by packaging them into lipid nanoparticles. Uptake of the inhibitor in normal
cultures lifted the inhibition of miR-9-5p and, as a result, more Camkk2, a known target of miR-9-5p, was
translated. By using the perfusion channel of the microfluidic chamber, | inhibited miR-9-5p locally I inhibited
miR-9-5p locally to investigate the effects on the local transcriptome level.

3) Investigating the intercellular transfer of RNAs

As | discovered through Chapter 1 and 2, RNAs can be transferred from astrocytes to neurons. | reasoned that
this could be true for many mRNAs as well. In order to detect all shipped RNAs, | devised a novel method to
label all astrocytic RNA and all neuronal ribosomes. Both necessary constructs were delivered via AAVs into a
primary neuronal culture. | identified several thousand shipped RNAs and further enquired whether astrocyte-
derived extracellular vesicles (ADEVs) could be a possible route for transfer. To that end, | labelled ADEVs to

study their uptake and sequenced the RNAs inside.

10



Chapter 1 - The coding and small-non-coding hippocampal synaptic RNAome

Detailed Author contribution of Robert Epple (R.E.):

Conceptual work

- Concept development and establishment of SNIDER

- Experimental design of the KCl stimulation experiment

Experimental work

- Performing total and small RNA sequencing for microfluidic chambers
- Assisting the synaptosome collection

- Imaging

Data analysis

- Analysis was done in close cooperation with Prof. Dr. Andre Fischer and Dr. Dennis Kriiger
- Comparing the astrocytic exosome miRs with our dataset

- Overlaps of datasets

Data presentation

- Figure 2 A-C, Figure 5 A and Figure S1

- Manuscript editing

Copyright notice:
Accepted for publication by Molecular Neurobiology.

Reprinted here is the preprint found on BioRxiv (Epple, 2020)

Copyright © 2021 The authors, some rights reserved; exclusive licensee Springer, Molecular Neurobiology.

11
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Abstract

Neurons are highly compartmentalized cells that depend on local protein synthesis. Thus, messenger RNAs
(mRNAs) have been detected in neuronal dendrites and more recently also at the pre- and postsynaptic
compartment. Other RNA species, such as microRNAs, have also been described at synapses where they are
believed to control mRNA availability for local translation. Nevertheless, a combined dataset analyzing the
synaptic coding and non-coding RNAome via next-generation sequencing approaches is missing. Here we
isolate synaptosomes from the hippocampus of young wild type mice and provide the coding and non-coding
synaptic RNAome. These data are complemented by a novel approach to analyze the synaptic RNAome from
primary hippocampal neurons grown in microfluidic chambers. Our data show that synaptic microRNAs control
almost the entire synaptic mRNAome and we identified several hub microRNAs. By combining the in vivo
synaptosomal data with our novel microfluidic chamber system, we also provide evidence to support the
hypothesis that part of the synaptic microRNAome may be supplied to neurons via astrocytes. Moreover, the
microfluidic system is suitable to study the dynamics of the synaptic RNAome in response to stimulation. In

conclusion, our data provide a valuable resource and hint to several important targets for future experiments.

Keywords: mRNA, microRNA, IncRNA, snoRNA, synapse, synaptosomes, gene-expression, RNA-sequencing
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Introduction

Neurons are highly compartmentalized cells that form chemical synapses and the plasticity of such synapses is
a key process underlying cognitive function. In turn, loss of synaptic integrity and plasticity is an early event in
neuropsychiatric and neurodegenerative diseases. Synapses are usually far away from the soma, which raises
the question how neurons ensure the supply of synaptic proteins. Theoretical considerations and a substantial
amount of data show that mRNAs coding for key synaptic proteins are transported along dendrites to synaptic
compartments, where they are locally translated into proteins (Doyle & Kiebler, 2011) (Kosik, 2016) (Holt et al,
2019) (Fonkeu et al, 2019) (Biever, 2020). Hence, several studies investigated the synaptic RNAome via
different approaches. For example, early in situ hybridization experiments demonstrated the localization of
specific mMRNAs to synapses (Garner et al, 1988). In addition, microarray and RNA-seq techniques were used to
study the synapto-dendritic (Cajigas et al, 2012) (Ainsley et al, 2014) (Farris et al, 2019), synapto-neurosomal
(Most et al, 2015) and more recently also the synaptosomal RNA pool of the mouse brain (Chen et al, 2017)
(Hafner, 2019). However, compared to mRNAs, there is comparatively less knowledge about the non-coding
RNAome at synapses. The best known non-coding RNAs are microRNAs which are 19-22 nucleotide long RNA
molecules regulating protein homeostasis via binding to a target mRNA thereby causing its degradation or
inhibition of translation (Gurtan & Sharp, 2013). Several microRNAs have been implicated with synaptic
plasticity and were identified at synapses where they have been linked to the regulation of mRNA stability and
availability for translation (Smalheiser, 2014) (Weiss et al, 2015) (Rajman & Schratt, 2017) (Sambandan et al,
2017). The combined analysis of the synaptic microRNA/mRNAome is however lacking and knowledge about
other non-coding RNA species is rare. Another issue is that the methods used so far to study synaptic RNAs
from tissue samples do not allow to distinguish between RNAs produced by the corresponding neurons and
RNAs that might be transferred to synapses from other cell types. This question is becoming increasingly
important, since there is emerging evidence for inter-cellular RNA transport and data supporting the

hypothesis that for example glia cells provide neurons with RNA (Sotelo et al, 2014) (Jose, 2015).

13



In this study we isolated synaptosomes from the hippocampus of mice and performed from the same
preparation total and smallRNA-sequencing. To complement these data and address the question about the
origin of synaptic RNAs we developed a novel microfluid chamber that not only allowed us to grow primary
hippocampal neurons that form synapses in a pre-defined compartment (Taylor et al, 2010), but enabled us to
isolate the synaptic compartments from these chambers using a novel device we call SNIDER (SyNapse
Isolation DevicE by Refined Cutting) followed by RNA-sequencing. We also show that this novel microfluid
chamber is suitable to assay the dynamics of the synaptic RNAome in response to stimulation. In conclusion,
our experiments allowed us for the first time to build a high-quality synaptic microRNA/mRNA network and
suggest key synaptic RNAs, including IncRNAs and snoRNAs, for future mechanistic studies in the context of the

healthy and diseased brain.

Results

The hippocampal coding and non-coding synaptosomal RNAome

We isolated high-quality synaptosomes from the hippocampus of 3 months old mice, and processed the
corresponding RNA for total and small RNA-sequencing (Fig 1A). After quality control for high confidence
transcripts, we could detect 234 mRNA, 6 IncRNAs (excluding sequences that code for predicted genes), 65
microRNAs and 37 SnoRNAs (Fig 1B, tables S1, 2, and 3). GO-term analysis revealed that the mRNAs reflect
exclusively the pre-and post-synaptic compartment (Fig 1C) confirming the quality of our data. Functional
pathway analysis showed that the mRNAs found in our synaptosomal preparations represent key pathways
linked to synaptic function and plasticity (Fig. 1D). We also observed a substantial amount of highly abundant
microRNAs present in our synaptosomal preparations (Table S2) and wanted to understand the synaptic
regulatory mRNA-microRNA network. To this end, we applied a novel bioinformatic approach and first
generated the mRNA-network using the mRNAs detected at synapses, intersected this network with the
synaptic microRNAome and asked if any of mRNAs within the network represent confirmed microRNA targets.
Our data revealed that the 98% of the synaptic mMRNAome is targeted by 95% of the synaptic microRNAs

(Fig 1E, F). These data suggest that the synaptic microRNAome plays an important role in local mRNA
availability. We detected a number of hub microRNAs and especially micoRNA-27b-3p, microRNA-22-3p, the
cluster consisting let-7b-5p, let-7c-5p and let-7i-5p as wells as microRNA-181a-5p, microRNA-9-5p and

microRNA-124-5p appear as central regulators of the synaptic mRNA pool (Fig 1F).
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Figure 1: The coding and small-non-coding RNAome of hippocampal synaptosomes. A. Experimental scheme. B. Bar
graph showing the detected RNA species. C. GO-analysis showing that the identified mRNAs represent the synaptic
compartment. D. KEGG-pathway analysis showing that the synaptic mMRNAome consists of transcripts that are essential for
the function of hippocampal synapses. E. microRNA-mRNA interaction network of the synaptic RNAome. Red circles
represent the identified mRNAs that form a highly connected network, while blue circles indicate the detected microRNAs.
Only the names of the top hub microRNAs are shown. F. Heat map showing the synaptic microRNAome ranked by their

confirmed mRNA targets that were found at synapses.
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Comparison of the hippocampal synaptosomal coding and non-coding RNAome to primary

hippocampal neurons

Compartmentalized microfluidic chambers have been developed to study the pre- and postsynaptic
compartments of neurons. In these chambers, neurons grow their neurites into microgrooves and form
synapses in a narrow compartment, the perfusion channel (Taylor et al., 2010). We hypothesized that such
microfluidic chambers would be a bona fide complementary approach to study the synaptic RNAome via RNA-
sequencing. Moreover, since the synapses formed within the perfusion channel of such chambers are not in
contact with any other neural cell type, this approach would also allow us to address the question to what
extent synaptically localized RNAs originate from the corresponding cell or may have been shuttled from
neighboring glia cells, a process that has been specifically proposed for synaptic microRNAs (Prada et al, 2018).
However, a reliable approach to isolate synapses and corresponding RNA for subsequent sequencing from the
perfusion channel of such microfluidic chambers did not exist. Therefore, we generated a modified microfluidic
chamber that allowed us to cut the perfusion channel to harbor the corresponding synapses followed by the
isolation of RNA. Thus, we grew mouse hippocampal neurons in these chambers (Fig 2A). For reproducible
cutting we employed a newly-devised instrument we call SNIDER (SyNapse Isolation DevicE by Refined Cutting)
(Fig 2B, C) and isolated RNA for total and smallRNA sequencing. When comparing the transcriptome obtained
from the perfusion channel, with corresponding data generated from RNA isolated from primary hippocampal
neurons grown in normal culture dishes, we observed the expected enrichment for a specific subset of RNAs,
representing about 12% of the entire transcriptome (Fig 2D). In more detail, the transcriptome of the perfusion
chamber consisted of 1460 mRNAs, 199 IncRNAs, 54 microRNAs and 57 highly expressed snoRNAs of which 22
were also detected in synaptosomes. (Fig 2E, Supplemental tables S4, 5, 6). GO-term analysis revealed that the
identified mRNAs represent the synaptic compartment, which is in line with our data obtained from the adult
mouse hippocampus (Fig 2F) and further supports the feasibility of our approach. Functional pathway analysis
confirmed that the detected mRNAs code for key synaptic pathways and reflect the high energy demand of
synapses (oxidative phosphorylation). This is also the reason why pathways such as Alzheimer’s, Huntington’s
and Parkinson’s disease are identified (Fig 2G), since key genes de-regulated in these diseases are linked to
mitochondria function. The direct comparison of the hippocampal synaptic mRNAome from the adult mouse
brain and the mRNAome from primary neurons revealed that almost all mRNAs detected from in vivo
synaptosomes, are also found in primary neurons grown in microfluidic chambers (Fig 2H), confirming 219
mRNAs as a high-quality and reproducible synaptic mRNAome. The GO-terms and functional pathways linked
to these 219 mRNAs are identical to the data shown in Fig 1C&D. The 1244 mRNAs that were specifically
observed in microfluidic chambers represent also the synaptic compartments and pathways linked to oxidative
phosphorylation, synaptic vesicle cycle and metabolic processes and may therefore reflect the difference of the
synaptic RNAome in the adult brain and cultured primary neurons (Fig 2l).
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Figure 2: Analyzing the synaptic RNAome in microfluidic chambers via RNA-sequencing. A. Microfluid chambers build
from PDMS. Left panel shows the scheme of the microfluidic chamber indicating the perfusion channel in which most of
synapses form. The principle is based on chambers first reported by Taylor and colleagues (Taylor et al., 2010) but has
been substantially modified (See Fig S1 for more details). The middle panel shows the bright-field image of neurons
growing in these chambers and the right panel shows immunostaining for PSD-95 and Synaptophysin within the perfusion
channel (upper image) and the part of the chambers that contains the cell bodies (lower image). B Scheme and image
showing our newly devised tool for cutting the perfusion channel from the microfluidic chambers, named SNIDER. C.

Schematic illustration of the cutting of the microfluidic chambers.
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D. Venn diagram showing the comparison of the total RNA-seq data obtained from primary hippocampal cultures grown in
normal dishes (primary neuronal culture) and corresponding data obtained from the perfusion channel isolated from
microfluidic chambers in which primary hippocampal neurons were grown. E. Bar chart showing the detected RNA species.
F. GO-analysis showing that the identified mRNAs represent the synaptic compartment. G. KEGG-pathway analysis
showing that the synaptic mRNAome consists of transcripts that are essential for the function of hippocampal synapses. H.
Venn diagram showing the overlap of mRNAs detected in hippocampal synaptosomes and in microfluidic chambers. I.
Upper panel: GO-analysis showing that the 1244 mRNAs specifically detected in microfluidic chambers represent the

synaptic compartment and “cell projection”. Lower panel: KEGG-pathway analysis of the same dataset.

In addition, “neuronal projection” is detected as a significant GO-term, most likely indicating the fact that
unlike synaptosomal preparations, the perfusion channel still contains some neurites. This might also explain
that much more IncRNA, namely 199 annotated IncRNAs, are detected in the microfluidic chambers. Pathway
analysis suggest that these IncRNA are mainly linked to mRNAs that control processes associated with oxidative
phosphorylation and synaptic plasticity while comparatively few microRNAs seem to be regulated by the

synaptic IncRNAs (Fig S2). Similar to the in vivo data, we found 54 highly expressed microRNAs (Table S5).

To further study the mRNA/microRNA network, we used the same approach as described for the synaptosomal
data. Our data reveals that the 88% of the synaptic mRNAome in microfluidic chambers is targeted by 45 (83%)
synaptic microRNAs (Fig 3A). Taken together, our data from hippocampal synaptosomes and the novel
microfluidic chamber strongly suggest that the synaptic transcriptome is under tight control of a local
microRNA network. Comparison of the in vivo synaptic microRNAome to the data obtained from the
microfluidic chambers revealed 17 microRNAs that were commonly identified at synapses, while 37 microRNAs
were specific to the chambers and 48 microRNAs were only found in the in vivo data from hippocampal
synaptosomes (Fig 3B). When we generated the synaptic microRNA/mRNA network for the commonly
detected 17 synaptic microRNAs and 219 mRNAs (see Fig 2G), we observed that this core synaptic
microRNAome controls 80 % (179 of 219) of the core mRNAome (Fig 3C).
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Figure 3: A core synaptic microRNAome. A. microRNA-mRNA interaction network of the synaptic RNAome detected in
microfluidic chambers. Red circles represent the identified mRNAs that form a highly connected network, while blue
circles indicate the detected microRNAs that control this network. Only the names of the top hub microRNAs are shown.
B. Venn diagram comparing microRNAs detected in microfluidic chambers (Chambers) and synaptosomes. C. microRNA-
MRNA interaction network of the 219 synaptic mMRNAs commonly detected in synaptosomes and microfluidic chambers

and the 17 commonly detected microRNAs. Only the names of the top hub microRNAs are shown.

Evidence for astrocytic microRNA transport to synapses

The finding that 37 microRNAs are exclusively found in synapses from primary neurons is likely due to the
difference between in vivo brain tissue and primary neuronal cultures and a similar trend has been observed at
the level of the mRNAs (see Fig 2G). More interesting is the observation that 73%, namely 48 out 65, of the
microRNAs detected in hippocampal synaptosomes are not found in microfluidic chambers (see Fig 3B), which
is in contrast to the mRNA data in which almost all of the synaptosomal mRNAs are also found in synapses of

the primary neuronal cultures grown in microfluidic chambers (See Fig 2G).
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These data may indicate that in vivo some of the synaptic microRNAs are not exclusively produced by the
corresponding neuron but might be rather shuttled to synapses via other neural cell types. In fact, movement
of microRNAs between cells is an accepted mechanism of intra-cellular communication (Jose, 2015). Prime
candidate cells to support synapses with microRNAs are astrocytes that form together with neurons tripartite
synapses. A prominent mechanism that mediates RNA transport amongst neuronal cells is intracellular
transport via exosomes (Smythies & Edelstein, 2013). Thus, we compared a previously published dataset in

which microRNAs from astrocytic exosomes were analyzed via a TAQman microRNA-array (Jovici¢ et al, 2013).
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Figure 4: Comparing microRNAs from astrocytic exosomes to the synaptic RNAome. A. Venn diagram comparing the 48
microRNAs exclusively detected in synaptosomes to the list of microRNAs found in astrocytic exosomes. B. microRNA-
MRNA interaction network showing that 203 of the commonly detected 219 mRNAs and 21 of the 23 microRNAs found in
synaptosomes and astrocytic exosomes form an interaction network. Only the names of the top hub microRNAs are
shown. C. KEGG-pathway analysis of the 203 mRNAs within the network. D. KEGG pathway analysis of the 16 common

synaptic mRNAs that are not targeted by the overlapping microRNAs shown in (A).
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Indeed, 50% of the microRNAs exclusively detected in hippocampal synaptosomes have also been described in
exosomes released from astrocytes (Fig 4A). When we asked if these 23 microRNAs have mRNA targets
detected in synaptosomes we observed that 21 of these microRNAs target in total 197 out of the commonly
detected 219 synaptic RNAs (Fig. 4B), which is further confirmed by functional pathway analysis showing that
the 21 microRNAs control synaptic genes linked to the glutaminergic synapse, LTP and cAMP signaling (Fig. 4C).
It is interesting to note that the synaptic mRNAs not targeted by any of the 21 microRNAs represented

functional pathways linked to oxidative phosphorylation (Fig. 4D).

Table 1: Synaptic microRNAs detected in cognitive diseases

Synaptic microRNA' | Disease Literature (PMID)
mmu-miR-7a-5p# Depression 32304043
mmu-miR-125b-5p* | Alzheimer’s disease 31240600
mmu-miR-30d-5p# Schizophrenia 32304043

mmu-miR-29a-3p#

Alzheimer’s disease; Schizophrenia

31240600; 32304043

mmu-miR-181a-5p#

Alzheimer’s disease

31240600; 29121998; 32304043

mmu-miR-30a-5p# Schizophrenia 32304043
mmu-miR-125a-5p Alzheimer’s disease 31240600
mmu-let-7d-5p* Schizophrenia 32304043
mmu-miR-99b-5p# Alzheimer’s disease 29121998
mmu-miR-26b-5p# Schizophrenia 32304043
mmu-let-7e-5p* Alzheimer’s disease 29121998
mmu-miR-29b-3p# Schizophrenia 32304043
mmu-miR-30e-5p# Schizophrenia 32304043
mmu-miR-24-3p* Schizophrenia 32304043
mmu-miR-330-5p Depression/Bipolar disease 32304043

31240600; 31437718
24014289; 31240600

mmu-miR-146a-5p# | Alzheimer’s disease

mmu-miR-132-3p#

Alzheimer’s disease

1: ranked by expression level in synaptosomes (top to down)
*also detected in synaptic compartment of primary neurons grown in microfluidic chambers

#also detected in astrocytic exosomes

Synaptic microRNAs are linked to neurodegenerative and neuropsychiatric diseases

So far, our data support the view that the synaptic microRNAome plays an important role in neuronal function.
To further strengthen this notion, we decided to ask whether synaptic microRNAs might be particularly de-
regulated in cognitive diseases. To this end we performed a literature search and curated a list of 71
microRNAs that were found to be de-regulated in post-mortem human brain tissue, blood samples or model
systems for Alzheimer’s disease, depression, bi-polar disease or schizophrenia. Comparison of this dataset with
our findings from synaptosomes revealed 17 synaptic microRNAs that are de-regulated during cognitive
diseases of which 4 are also found in the microfluidic chambers and 11 were also detected in astrocytic

exosomes, representing an interesting pool of synaptic microRNAs for further studies (Table 1).
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Microfluidic chambers are suitable to assay the synaptic RNAome upon neuronal stimulation

Our findings suggest that we can study the synaptic RNAome in a reliable manner using our modified microfluid
chambers in combination with SNIDER. This approach also provides a novel tool to study the neuronal-

controlled synaptic RNAome in response to stimulation.
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Figure 5: The synaptic mRNAome upon stimulation. A. Experimental scheme. B. Volcano plot showing a substantial up-
regulation of synaptic RNAs upon KCL treatment. C. GO-analysis showing that the identified mRNAs represent the
synaptic compartment. D. KEGG-pathway analysis showing that the changes of the synaptic mRNAome upon KCL
treatment represent transcripts mainly linked to ribosomal function. E. Upper panel shows images of the KEGG pathway
for “ribosome”. Colored subunits represent transcripts significantly increased. Lower panel: bar chart showing that 50% of

the genes that comprise the “ribosome” KEGG-pathway are increased at the synaptic compartment upon KCL treatment.
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To further evaluate this potential, we decided to expose primary hippocampal neurons grown in microfluidic
chambers to KCl treatment followed by the isolation of the perfusion channel and RNA isolation for RNA-
sequencing 2 h later (Fig 5A). Our analysis revealed a substantial number of mRNAs that were increased in the
synaptic compartment (Fig 5B, Table S7). Since we can exclude that these mRNAs are shuttled from glia cells,
they likely represent part of the transcriptional response and reflect mRNAs that were transported to synapses,
which is feasible within the 2h time window after treatment. In line with this assumption the up-regulated
RNAs exclusively represent the synaptic compartment (Fig 5C). Functional pathway analysis revealed a strong
enrichment of RNAs coding for the ribosome (Fig 5D). In fact, 50% of all transcripts that correspond to the

ribosomal subunits were increased at the synapse upon KCL treatment (Fig 5E).

Discussion

The synaptic RNAome

The aim of our study was to provide a high-quality dataset of the synaptic coding and small non-coding
RNAome with a specific focus on microRNAs. Thus, our data represents an important resource for future
studies. To the best of our knowledge our study also provides the first dataset which analyzes in parallel the
coding, non-coding and small non-coding RNAome in hippocampal synapses via next-generation sequencing.
Moreover, we used two different approaches in that we isolate hippocampal synaptosomes from the
hippocampus of 3 months-old wild type mice and we developed a microfluidic chamber that in combination
with a novel cutting device allowed us to isolate synaptic compartments for subsequent RNA-sequencing from
primary hippocampal neurons.

This chamber combines the advantages of the currently used microfluidic chambers that allow the specific
manipulation of synapses (Taylor et al., 2010), with the ability to isolate the perfusion channel that harbors
synaptic connections. Therefore, this novel microfluidic chamber will allow the specific manipulation of the
synaptic compartment in combination with next-generation sequencing approaches and should be viewed as a
suitable screening tool to study the dynamics of the synaptic RNAome. Feasibility of this approach was for
example demonstrated by our finding that KCL treatment leads to substantial changes of the synaptic RNAome
and future approaches will now employ more physiological manipulations and study the synaptic RNAome in
disease models. It is noteworthy, that most of the mRNAs up-regulated at the synapse upon stimulation
represent key components of the ribosome, which is in agreement with the importance of local mRNA
translation (Holt et al., 2019). In line with previous data, we identified a substantial number of mRNAs that
almost exclusively represent the synaptic compartment and key signaling pathways linked to synaptic integrity

and plasticity.
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It is interesting to note that the mRNA coding for the amyloid-precursor protein (APP), a key factor in
Alzheimer’s disease (AD) pathogenesis, was also found at synapses (see Table S1).

To our knowledge, this observation has not been explicitly reported before but is in line with the physiological
function of wild-type APP at synapses (Hefter et al, 2020). Generally, we detected more mRNAs within the
dataset obtained from primary neurons when compared to the synaptosomal preparation. This observation
likely reflects the difference between the in vivo preparation of hippocampal tissue and cultured primary
neurons. Another important consideration is that synapses likely differ depending on the distance to the soma,
an issue that cannot be addressed when isolating synaptosomes, while the RNAome detected in the
microfluidic chambers represent synapses that are most distant to the corresponding somata. Similar
important is the fact that the preparation from the perfusion channel of our microfluid chamber still contains
some neurites. Thus, the corresponding RNAome also includes dendritic mRNAs.

This view is supported by previous data in which the mRNA pool was analyzed from neuropil or synapto-
dendritic compartments. For example, 2550 mRNAs were detected in hippocampal neuropil from mice (Cajigas
et al., 2012), and 1875 mRNAs where identified when ribosome-bound mRNA was analyzed in the same region
(Ainsley et al., 2014). We observed only 234 mRNAs in hippocampal synaptosomes but we suggest that these
mRNAs represent a high-quality dataset. Thus, we only report mRNAs that passed rigorous quality control and
exhibit a substantial amount of sequencing reads. The quality of these data is further confirmed by the fact that
almost all of the synaptosomal mRNAs, namely 219, are also detected within the RNA-seq dataset we obtained
from the microfluidic chambers.

The most comparable mRNA dataset to our in vivo approach is a recent study that employed FACS to isolate
synaptosomes from the mouse forebrain (Hafner, 2019) and also reported raw data on the generic
synaptosomes. It is important to note that this study employed a different analysis pipeline and reported all
transcripts that map with >25% of the read length when using the STAR-aligner tool, while we consider only
transcripts that map with at least >66%. Nevertheless, we observed that the top 500 mRNAs reported by
Hafner et al. almost completely overlapped with our dataset. Namely 209 of the 234 mRNAs that we reported
for hippocampal synaptosomes are also found in the Hafner et al. dataset from mouse forebrain synaptosomes
(table S$8), further supporting the quality of our dataset and strengthening the view that synaptic mRNAs play a
critical role in neuronal function.

We also report the detection of IncRNAs in datasets obtained from synaptosomes and microfluidic chambers
but for now restricted the presented data to the currently annotated IncRNAs. We also detected IncRNAs that
are currently still referred to as “predicted” and await further confirmation. Therefore, we encourage
researchers to further explore our raw data as annotation of the genome improves. The presence of IncRNA in
synaptosomes is in line with previous data (Chen et al., 2017) but it is interesting to note that more IncRNAs
were found in the microfluidic chambers when compared to the in vivo synaptosomes.
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A similar trend has been observed for mRNAs and might be due to the fact that the RNA preparation from the
microfluid chambers also contain some dendritic RNA. Our data suggest that the detected IncRNAs regulate
processes associated with oxidative phosphorylation and synaptic plasticity and may also affected the function
of selected microRNAs.

Although these observations need to be further studied, it is interesting to note that metastasis-associated
lung adenocarcinoma transcript 1 (Malatl) appeared as one hub IncRNA at synapses. This is in line with a
previous study showing that knocking down MALAT1 in hippocampal neurons decreases the number of
synapses, although it has to be mentioned that the authors linked this finding to the role of MALAT1 on gene-
expression control (Bernard et al, 2010). The presence of snoRNAs at synapses is also highly interesting and in
line with a previous study that reported snoRNAs in synaptosomes (Smalheiser et al, 2014). Moreover, there
was a substantial overlap of the snoRNAs detected in synaptosomes and in primary neurons (60% of the
synaptosomal snoRNAs were also detected in microfluidic chambers).

Most of the commonly detected snoRNAs were of the C/D box (49%) or H/ACA-box type (17%) that regulate
RNA-methylation and pseudouridylation of mainly ribosomal RNAs (Bratkovic et al, 2020), which is in line with
the presence of ribosomes at synapses (Holt et al., 2019). However, we also identified snoRNAs that cannot be
classified in either category (35%) that warrant further investigation. Some of the synaptic snoRNAs have been
associated to additional processes and for example SNORD50, SNORD83B or SNOR27 have been linked to
MRNA 3’ processing and post-transcriptionally gene-silencing (Bratkovic et al., 2020), while SNORD115 affects
mRNA abundance and is genetically linked to the Prader-Willi-syndrome, a rare genetic disease leading to

intellectual disability (Cavaillé, 2017).

A synaptic mRNA/microRNA network

We detected a substantial number of microRNAs in hippocampal synaptosomes and in the microfluidic
chambers. The presence of mature microRNAs at synapses is in line with previous reports that employed RT-
PCR to study neurites of primary hippocampal neurons (Kye et al, 2007), micro-array-technology to analyze
microRNAs in the synapto-neurosomes isolated from the forebrain of mice (Lugli et al, 2008) or more recently
also smallRNA-sequencing and NanoString analysis of hippocampal neuropil or synaptosomes (Smalheiser et
al., 2014) (Sambandan et al., 2017). Comparison of the dataset generated by Sambandan and colleagues
revealed that out of the 65 microRNAs we detect, 57 were also reported in this previous study. These data
further strengthen the view that microRNAs play an important role at synapses and suggest that our dataset

represents a high quality synaptic microRNAome as a resource for future studies.
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To the best of our knowledge, our study is the first that provides a synaptic coding and small non-coding
RNAome from the same preparation thereby allowing us the address the role of the synaptic microRNAome at
the systems level.

We used the data to develop a novel tool which is first fed with the mRNA data to parse multiple databases
containing experimentally validated interactions and thereby building a high confidence mRNA network of the
synapse (See methods for more details). We intersected this mRNA network with the confirmed targets of all

microRNAs, which are detected within the same sample to build the synaptic microRNA/mRNA network.

Overall, our data suggest that up to 98% of the synaptic mRNAome is controlled by synaptic microRNAs,
suggesting that essentially all synaptic localized mRNAs are potentially regulated via the synaptic microRNAs.
Considering that mRNA transport to synapses is an energy-demanding and highly controlled process (Doyle &
Kiebler, 2011) it is likely that synaptic microRNAs do not degrade their mRNA targets but rather control their
availability for local translation, a question that should be studied in future experiments at the systems level.
Another important observation is that many of the synaptic microRNAs are de-regulated in cognitive diseases
(see table 1) that often start with synaptic dysfunction. In addition, there is increasing interest in circulating
microRNAs as biomarkers for cognitive diseases (Rao et al, 2013) (Rupaimoole & Slack, 2017).

The fact that microRNAs have also been reported in synaptic vesicles (Xu et al, 2013) and in exosomes derived
from neuronal cultures (Jain et al, 2019) suggest a potential path how pathological microRNA changes
observed in the brain may also manifest in circulation. Hence, the various CNS clearance systems (Plog &
Nedergaard, 2018) might transport such vesicles to the circulation, a hypothesis that should be further studied.
In the same context, there is substantial data to suggest that microRNAs regulate biological processes across
cell-types and even organs (Valadi H, 2007) (Jose, 2015). Intriguingly, in the perfusion channel of microfluidic
chambers, which are free of any somata and only contain distal synapses and some neurites, substantially less
microRNAs are existent than in the synaptosomes. These microRNAs significantly overlapped with the ones
detected in exosomes released by astrocytes (Jovici¢ et al., 2013).

It is therefore tempting to speculate that within the tripartite synapse astrocytes support synapses with
additional microRNAs that help to control the synaptic mRNA pool. Support for this view stems also from the
observation that the 3 most significant functional pathways controlled by the synaptosomal microRNAome are
“Glutamatergic synapse”, “cAMP signaling” and “long-term potentiation”, which are identical to the top 3
pathways controlled by the microRNAs that are potentially shuttled to synapses via astrocytes. These data
underscore the importance of the corresponding mRNA pool and may suggest that microRNAs supplied to
synapses by other cell types might suppress translation of the most relevant local mRNAs rather than

degrading a few selected RNAs.
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Our data allowed us to identify a number of synaptic hub microRNAs (e.g., see Fig 1E and F) and the functional
analysis of these microRNAs would be an important task for future studies. Of particular importance would be
microRNAs that are de-regulated in cognitive diseases.

Support for this view stems from recent data on microRNA-181a-5p, a hub in our synaptic network, that is de-
regulated in neurodegenerative and neuropsychiatric diseases (Stepniak et al, 2015) (Ansari, 2019) and was
found to be processed at synapses upon neuronal activity (Sambandan et al., 2017). The finding that most
microRNAs of the let-7 family are highly abundant at synapses and control a large set of mRNAs is also
interesting is interesting, since these microRNAs have been observed in several CNS-related pathologies
(Derkow et al, 2018) while comparatively little is known on their role on the adult brain. Another hub
microRNAs is miR-125b-5p that is de-regulated in Alzheimer’s disease and causes memory impairment in mice
when elevated in the hippocampus of mice (Banzhaf-Strathmann et al, 2014), yet its role at the synapse
remains elusive. Similarly interesting is miR-128-3p, that is de-regulated in various neuropsychiatric and
neurodegenerative diseases and recent data suggest that inhibition of microRNA-128-3p can ameliorate AD
pathology (Liu et al, 2019).

In conclusion, our study provides the synaptic RNAome and is thus a valuable resource for future studies. Our
data furthermore support the importance of synaptic mRNAs and microRNAs and we introduce a new
microfluidic chamber that will allow researchers to combine the power of a specific analysis and manipulation

of the synaptic compartment (Taylor et al., 2010) with RNA-sequencing approaches.

Materials & Methods

Animals

Three months old male C57B/6J mice were purchased from Janvier Labs. All animals were housed in standard
cages on 12h/12h light/dark cycle with food and water ad libitum. All experiments were performed according

to the protocols approved by local ethics committee

Isolation of hippocampal synaptosomes for RNA-sequencing

To obtain sufficient RNA for sequencing of hippocampal synaptosomes we isolated the hippocampi from sixty
3-month-old wild type mice. Twenty bi-lateral hippocampi were pooled as 1 sample to obtain 3 independent
samples that were further processed to isolate high-quality synaptosomes using a previously described
protocol (Boyken et al, 2013). In brief, hippocampi were homogenized by 9 strokes at 900 rpm in sucrose buffer
and centrifuged at 4° for 2min at 5000rpm (SS34). Supernatants were further centrifuged at 4° for 12min at

11000rpm. Pellets were loaded onto a Ficoll gradient and centrifuged at 4° for 35min at 22500rpm (SW41).
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The interface between 13% and 9% Ficoll was washed by further centrifugation and then pelleted by 8700rpm
for 12min in a SS34 rotor. Resuspended synaptosomes were then centrifuged on a sucrose gradient for 3h at
28000rpm (SW28). Finally, synaptosomes were fractioned via the Gilson Minipuls and 21 fractions were
collected and analyzed by dot blotting.

For this, from each fraction, 2ul of sample were pipetted on nitrocellulose membrane, and dried for 5min.
Blocking of unspecific signal was done by 5% low fat milk in TBST for 10 min. Antibodies against Synaptophysin
and PSD95 were applied for 15min, then the membrane was washed three times for 3min each, in TBST with
5% milk. Secondary antibody was applied for 15min. Afterwards membrane was washed again three times with
TBST without milk before being imaged. Only 5 fractions from each preparation showed a signal for
synaptophysin and PSD95 ensuring the presence of high-quality synaptosomes and were therefore processed

for total and small RNA-sequencing.

Production of microfluidic chambers

To isolate synapses and corresponding RNA for subsequent sequencing from the perfusion channel of currently
employed microfluidic chambers (Taylor et al., 2010) was not possible. Therefore, we generated a microfluidic
chamber that allowed us to cut the perfusion channel by using polydemethylsiloxan (PDMS) for the chamber
and the corresponding substrate (Fig S1). Pilot studies showed that unlike the commonly used microfluidic
chambers (Taylor et al., 2010), the usage of PDMS as a substrate to bind the chambers on allowed us to cut the
perfusion channel. In more detail, the microfluidic chambers were designed using AutoCAD 2017.

The overall layout was similar to the version reported by Taylor and colleagues (Taylor et al.), yet for more yield
of synaptic RNAs the length of the chamber was increased, with more microgrooves and a wider synaptic
compartment to allow easier alignment during cutting. Layouts were translated into photolithography masks
by Selba. Production of silicon wafers was done with two layers. The first layer was made by applying 2 ml
Photoresist SU-8-2025 on 50.8mm diameter silicon wafers and running the spin coater with the following
settings: 1.) 15 sec, 500 rpm, 100 ramp 2.) 100sec, 4000 rpm, 50 ramp. To prebake, wafers were put on a 65°
heating plate for 1 min, then for 15min on a 95° heating plate. For depositing the first layer, the mask with the
microgrooves pattern was inserted into the MJB4 mask aligner; exposure was set to 9 sec under light vacuum
conditions. Afterwards wafers were postbaked at 65° for 1 min and 5 min at 95°C.

Subsequently 3 ml of the second photoresist SU-8-2050 were added on top and spread thin with the following
spincoater protocol: 1.) 15 sec, 100 ramp, 500 rpm 2) 60 sec, 900 rpm, 50ramp. This time prebaking was done
with 1min at 65° and minimum of 30min at 95°. The second layer was aligned to the microgrooves using the
microscope of the mask aligner. UV light exposure lasted 19 sec, in the soft contact setting. After postbaking as
described for the first layer, wafers were developed for 10min or more in mrDev600 with the aid of

ultrasonication.
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PDMS (SYLGARD™ 184 Silicone Elastomer Kit) was used to manufacture the chambers as well as the bottom
substrates. Sylgard components were mixed 10:1, mixed with a 1ml pipette tip, poured over the wafers that
were placed in 6cm diameter Petri dishes and very thinly (1-2mm high) onto 10cm dishes. Degassing was done
for minimum 15 minutes in a desiccator under vacuum. Afterwards wafers and bottom parts were transferred
to a 70° oven and cured for 2h.

Chambers and bottom parts were cut out by a scalpel, holes in the chambers were punched by biopsy punchers
of 6mm and 8mm diameter and bottom parts were cut into smaller pieces to hold one chamber each. To clean
off dust, the pieces off of dust they were placed in an ultrasonic bath for 10 min and then dried on a heatplate
at 70°. PDMS can be bound to PDMS covalently under oxygen plasma conditions; a tesla-coil type device, the
Corona plasma treater from Blackhole lab, was used to this end. The plasma treater was hovered slowly 2cm
above the chambers (bottom side up), going back and forth to cover the whole area by discharges for 30sec,
then the same was done to the bottom part. Thereupon both parts were brought together and pressed very
slightly to ensure complete contact. Covalent bond forming was enhanced by placing the so assembled
chamber in the oven at 70° for 10min. Subsequently chambers were filled with PBS or borate buffer to
maintain hydrophilic properties. For chambers that were supposed to be imaged, chambers were not treated
with plasma; rather chambers were assembled to the PDMS or glass substrate under the biosafety cabinet by
simply pressing both pieces together.

Once assembled, chambers were brought to a biosafety cabinet and washed with 70% ethanol, then twice with
water. Coating on PDMS worked best when done with 0.5 mg PDL in borate buffer overnight. Visual inspection
under the microscope should make sure that no bubbles are present in the chambers. Great care needs to be
taken when washing to not remove the coating. Liquid should be never removed with a suction pump sucking
liquid directly from the channels, instead liquid should be removed by pointing the pipette at the wall of open
reservoirs. Washing was done twice with PBS, 80ul per top reservoir, allowing for the liquid to flow into the
down reservoir. Perfusion reservoirs were washed by applying 50ul in each well, one at a time and waiting for
5min in between. Once all PBS was removed from the open reservoirs 80ul of medium was added per top
reservoir, allowing for the liquid to flow into the down reservoir. This process was repeated once, before
chambers were left over night in the incubator before seeding, to ensure proper hydrophilicity. For easier
handling always two chambers were put together in a 10cm dish, with two lids of 15ml falcon tubes filled with

water next to them, to reduce the evaporation from the chambers themselves.

Primary hippocampal neuronal cultures

Pregnant CD1 mice were sacrificed under anesthesia by cervical dislocation at E16 or E17. Brains from embryos
were extracted and their hippocampi collected. Processing was done using the Papain kit from Worthington,

and cells were counted and diluted to a density of 5 Million per ml.
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Seeding was done with the following pipetting scheme in order to make sure, most cells reach the
microgrooves but do not enter them. 10ul of cell suspension containing 70.000 cells were injected in the
channels from the top wells. We started with the axonal side. A second pipetting step with 5ul added to the
channels from the bottom wells, after inspection of cells under the microscope. After 10 minutes, a similar
seeding was performed for the dendritic side. One hour later each well was filled up to 100ul. The next day
another 100ul were pipetted into each well.

Visual inspection under a microscope was necessary to do several rounds of seeding with decreasing volume to
made sure the desired spread of cells was achieved. After two hours reservoirs of the chambers were filled up
with medium to 100ul each, by pipetting an additional 70ul simultaneously in both reservoirs per side, while
not adding more medium to the perfusion. We used Neurobasal Plus with GlutaMax, Penicilin/Strep and B27
Plus supplement for better viability. Parallel to chambers, normal 12-well dishes, coated with PDL in borate
overnight and washed three times with water, were cultured at 260.000 cells per well; those served as standby
cultures. Since medium evaporation can happen quickly in the chambers, every 2-3 days medium from these
standby cultures was filtered by a 0.22um syringe filter and then added to the chambers. For the KCI
stimulation, around 50ul of medium was collected from each reservoir of the chambers, mixed with KCl as to
result in a final concentration of 50mM when given back to the chamber and then incubated for 2h before RNA

isolation.

Harvesting of synaptic RNAs from microfluidic chambers: SNIDER

In order to parallel cut the PDMS substrate, we designed a machine consisting of a blade-holding arm on a ball-
bearing rail, allowing frictionless mobility in one dimension. A screw-driven spring drives the razorblades height
position and allows for controlling the penetration depth of the blades into the PDMS. The non-cutting corners
of the razorblade were removed with a plunger to only have one accessing point of the blades into the PDMS.
Small metal plates were put in between the blades and served as spacers, increasing the inter-blade distance to
900 um. On the day of harvest cells in the chambers were washed once with PDMS and flipped upside down.
Great care was taken to maintain a RNAse free environment by prior cleaning of all tools and instruments with
RNAsezap and 70% EtOH afterwards. To have an endpoint for the long parallel cut we introduced with a
scalpel two horizontal cuts between the outer perfusion wells and the upper left respectively upper right well
that met at the perfusion stream. Then chambers were aligned by their perfusion stream on a marked line of
the device. By close visual inspection the blades were lowered just before entering the PDMS material and
blades were brought in parallel to the synaptic compartment. Blades were then lowered 2mm deep into the
substrate just before the perfusion outlet and then the metal lever was pulled backwards, moving the blades

towards the perfusion wells until the parallel cut met the V-shaped cut induced by scalpel earlier. With a pair of
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tweezers, the synaptic compartment was taken out and put into cell lysis buffer solution of GenElute Sigma Kkit,

whereupon we followed the manufactures protocol under 1C to isolate total RNA, including small RNAs.

RNA sequencing

The synaptosomal RNA samples were split into halves; one was further processed to obtain total RNA libraries
using the Illlumina Truseq total RNA kit, the other half was used for small RNA sequencing using the NEBNext
Small RNA Library Prep Kit as described before (Benito et al, 2015).

For total RNA sequencing of RNA from microfluid chambers, we always pooled two samples and libraries were
created with Takara’s SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian. small RNA libraries
were generated using Takara’s SMARTer smRNA-Seq Kit for lllumina. To verify the library and sequencing

procedure we added spike-in RNAs from the QlAseq miRNA Library QC kit prior to library creation.

Bioinformatic analysis

Sequencing data was processed using a customized in-house software pipeline. lllumina’s conversion software
bcl2fastq (v2.20.2) was used for adapter trimming and converting the base calls in the per-cycle BCL files to the
per-read FASTQ format from raw images. Quality control of raw sequencing data was performed by using
FastQC (v0.11.5). Trimming of 3’ adapters for smallRNASeq data was done using cutadapt (v1.11.0). The mouse

genome version mm10 was used for alignment and annotation of coding and non-coding genes.

Small RNAs were annotated using miRBase (Griffiths-Jones, 2006) for miRNAs and snOPY (Yoshihama et al,
2013) for snoRNAs. For totalRNASeq reads were aligned using the STAR aligner (v2.5.2b) (Dobin et al, 2013)and
read counts were generated using featureCounts (v1.5.1) (Liao et al, 2014). For smallRNASeq reads were
aligned using the mapper.pl script from mirdeep2 (v2.0.1.2) (Friedlander et al, 2012) which uses bowtie (v1.1.2)
(Langmead & Salzberg, 2012) and read counts were generated with the quantifier.pl script from mirdeep2. All

read counts were normalized according to library size to transcript per million (TPM).

We used a TPM cutoff of 1000 reads for smallRNAs to make sure that these smallRNAs were considerably
detected up to an average raw count of 10 reads. To account for differences in sequencing depth between
synaptosomal mRNAs (average of 6mio unique reads per lane) and mRNAs from microfluidic chambers

(average of 20mio unique reads per lane) we applied a cutoff of 50 and 100 normalized reads, respectively.

Differential expression analysis was performed with the DESeq2 (v1.26.0) R (v3.6.3) package (Love et al, 2014),
here unwanted variance was removed using RUVSeq (v1.20.0) (Risso et al, 2014). Networks were build using

Cytoscape (v3.7.2) (Shannon et al, 2003) based on automatically created lists of pairwise interactors.
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We used in-house Python scripts to detect interactions between expressed non-coding RNAs (miRNAs,
IncRNAs, or snoRNAs) and coding genes; interaction information was collected from six different databases:
NPInter (Teng et al, 2020), RegNetwork (Liu et al, 2015), Rise (El Fatimy et al, 2018), STRING (Szklarczyk et al,
2019), TarBase (Karagkouni et al, 2018), and TransmiR (Tong et al, 2019). All interactions classified as weak (if
available) were excluded. The lists of pairwise interactors were loaded into Cytoscape and all nodes connected

by only one edge were removed to build the final network, respectively.

Imaging

Cells were fixed in 4% PFA in PBS plus 1uM MgCI2, 0.1 uM CaCl2 and 120mM Sucrose. Our imaging setup
consists of a Leica DMi8 microscope that is equipped with a STEDYcon. Phase contrast images were obtained
using the Leica in its normal mode, with the Leica DMi8 software. All other fluorescent images were taken with
the STEDYcon in either confocal or STED mode. Antibodies: PSD95 (Merck - MABN 68) and Synaptophysin 1
(Synaptic Systems 101 004), both diluted to 1:400. Secondary antibodies were StarRED (Abberior, STRED-1001-
500UG) and Alexa Fluor 633 Anti-Guinea Pig (Invitrogen, A21105) both diluted to 1:400. DAPI was applied for

1min for counterstaining.
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Fig S1: Design of the photolithography masks. A. Layout is based on (Taylor 2010). Changes have been introduced in many
dimensions to increase the overall yield when cutting the synaptic compartment. The image shows the Mask containing
the reservoirs as well as the perfusion channel, for second exposure. Height of the photoresist (SU-8-2050) for this step is
160um. B. Mask containing the microgrooves, used for first exposure. Height of the photoresist (SU-8-2025) for this step is

20pm.

38



A

mt-Rnr2
mt-Rnr1
CT010467.1
Rny1

Rny3
Rpph1

C ! ©®1423 mRNA

O
Oxidative phosphorylation 116 IncRNA

Synaptic vesicle cycle

Long-term potentiation

5 10 15 20 25
-log10 (p-value)

HECTD20S
[

TRERF1
TMEM250-PS -
<

MEG3 N.1
..I-LET-7G-5P
g A G

n.1 OAZ1-PS
MT. 2 M R1
vMTTQ ‘q ' M 240
DLEU2 *
MI\.IR-2137

R »SNHG12
.Pprhm -PS

VMN2R-PS69
R.j
GASS5

)
SOX10T

Fig S2: Network analysis of synaptic IncRNAs. A. Venn diagram showing that the 6 annotated IncRNA detected in
synaptosomes (red circle) are part of the 199 IncRNA detected in the microfluidic chambers. The 6 common IncRNAs are
listed in the left panel. B. Out of 1460 mRNA detected in microfluidic chambers, 1423 could be fit into a network that also
contains 116 of the 199 annotated IncRNA. Specifically Malat 1 appears as a hub IncRNA. C. Three main pathways
represented by the synaptic mRNAs potentially controlled by the 116 IncRNAs. D. Network showing the interactions of
synaptic IncRNA (green) and microRNA (blue) detected in microfluidic chambers. Note that the two well-studied IncRNAs
Malatl and Neat 1 are part of a network that controls microRNA-6240, let-7G-5p and microRNA-2137. Please note that

panels B and D are available as searchable high resolution PDF files as additional supplemental data.
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Addendum (not part of the manuscript)

U U U Created with BioRender.com

Fig Al: Alternative approach to harvest isolated neurites. Laser microdissection precisely cuts at freely defined areas of a
thin membrane. In the top | show a design that maintains the microgrooves and perfusion channel described before, yet

fits on the microdissection slides.

Before devising SNIDER, | tried different approaches to achieve the isolation of neurite RNAs.

It is possible to not covalently bind the chamber on PDMS, thus the chamber can be removed after seeding and
two weeks of culturing. In doing so, | tried to isolate neurite-RNAs via laser microdissection. To this end |
designed a chamber with a similar underlying logic as the SNIDER chamber, only narrower. Instead of three
perfusion wells, just one remains; the other two are used to seed cells. Furthermore, both neuronal pools are
connected (Fig Al). At DIV14 the chamber can be slowly removed, and the laser cuts the membrane where the
microgrooves have been.

This method actually led to successful isolation of neurites, but was found to be too time-consuming.
Moreover, due to the non-covalent binding, leakage often occured and neurons sometimes grew underneath

the chamber.

| also tried to cut PDMS chambers with a vibratome, however the blades would not get a good grip of the

material, thereby failing to penetrate the PDMS.
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When | developed SNIDER, a lot of culturing parameters had to be tested to minimize PDMS toxicity and
maximize cell survival (Tab Al). The main issue was the leakage of uncured oligomers into the medium over
time (Regehr et al., 2009). My solution were the washing steps as well as the two overnight incubations (once
for coating, once with medium before seeding); when replacing both overnight solutions, most uncured

oligomers were removed and cells could be cultured for over a month.

Table Al: Tested and optimized parameters for culturing neurons in microfluidic chambers. Entries in bold indicate high

cell survival.
Bottom Parts Coating Molecule Media Bonding Washing Misc
Glass PDL (in borate buffer) Normal Neurobasal Plasma Cleaner Water PR LR B
very low volume
Plastic PLO (+ LAM) enhanced Medium Tesla Coil MetOH Papain dissociation
(NB+)
PDMS: 1:10 LAM Brainphys Reversible attaching H20 + EtOH cell concentration
PDMS: 1:20 PEI (+ LAM) no medium change autoclaving
Agarose, Agarose/PDMS exchange ultrasonication
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Fig A2: Pipetting schemes. A) Protocol for seeding neurons as close to the microgrooves as possible. Prior to seeding, fluid
pressure has to be built up by filling each reservoir with medium in the given volumes. Numbers in green indicate the
necessary volumes when seeding axonal neurons (the side of the chamber with longer microgrooves before reaching the
perfusion channel), numbers in red are for the dendritic side. Seeding is done as described in the manuscript. Axonal side
should be seeded first, followed by the dendritic one. B) Pipetting scheme for the slow perfusion of synapses with an
agent added in the middle perfusion well. Reservoirs should be filled going from the lowest to the highest volume. The
middle reservoir of the perfusion channel (indicated by the pipette) should be filled last. C) Pipetting scheme for
transduction of only dendritic cells. When viral transduction of only one neuronal pool is desired, reservoirs have to be

filled as indicated.

The architecture of the microfluidic chambers allows the prolonged sustainability of fluid pressures. As a result,
different ways of filling allow for differential direction of liquid flow, while minimizing diffusion from occurring
over the microgrooves (Taylor et al., 2010). Thereby, flow from one side of the chamber to the other can be

stopped for about 20h (Park et al., 2006). After that time a renewal of the voluminal is necessary.

Another feature of microfluidic systems is laminar flow. Particles of a laminar flow do not mix laterally with
another flow. | therefore developed pipetting schemes to achieve different goals. By using the hydrostatic
pressure, one can bring cells very close to microgrooves, while preventing any debris or smaller cells to enter
(Fig A2A), perfusing only the synapses along the perfusion channel for several hours (Fig A2B) or transducing

only one neuronal pool in the chamber (Fig A2C).
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Fig A3: Cutting does not affect the somata of neurons. Top: model of the chamber with indicated growth of neurites into
the microgrooves. Photo of a chamber made from PDMS, plasma-bonded to a thin PDMS bottom part. On the right is a
phase contrast image of hippocampal neurites inside the microgrooves. Bottom: Images of chamber after being cut with
SNIDER. The cut is extremely precise: it runs parallel and does not affect the somata of cells neighboring the microgrooves.

Note that the chamber is still attached to the PDMS substrate after cutting.

When | tested if SNIDER would compromise the integrity of the cell bodies closest to the microgrooves, | found
them unaffected — thus all isolated RNA stems from neurites in the microgrooves alone and not from nearby,

burst or damaged cells (Fig A3).
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Chapter 2 - Studying the effects of locally inhibiting a miRNA

Introduction
During our work on the description of the hippocampal synaptic RNAome, we first obtained the synaptosomal
miRs. The second highest abundant miR in this dataset was miR-9-5p, which is already known to affect dendrite

length and intersections (Giusti et al., 2014), and is speculated to be important during cortical development

(Topol et al., 2016).
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Fig 1: Most abundant miRs found in synaptosomes as described in Chapter 1. The second most abundant miR-9-5p serves
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interesting roles in neurons.

To further investigate the role of this miR on the local RNAome, | decided to specifically inhibit it at the
synapses of microfluidic chambers. A Targetscan analysis revealed that of the 1460 mRNAs that we find at
synapses (Chapter 1), 98 of them are predicted to be a target of miR-9-5p, implying an important role for this

miR in regulating local translation.
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Material and Methods

Cell Culture
Primary cell cultures were prepared from the hippocampi of CD1 mice embryos from E16-17 as described in
Chapter 1. Cell suspension was seeded in 0.5mg/ml coated 24 well plates for RNA harvesting, on coverslips in

0.5mg/ml coated 24 well plates for imaging or in microfluidic chambers (as detailed in Chapter 1).

Production of lipid nanopatrticles

Inhibitor of miR-9-5p (YI04100538-DDB (339131/5FAM)) as well as the control (YI00199006-DDB
(339136/5FAM)) were ordered as stable locked nucleic acid (LNA) versions, with a 5-6FAM reporter signal
from Qiagen (MiRCURY LNA miRNA inhibitors). Lipid nano particles (LNP) were prepared following the
instructions of Precisions Nanosystems Spark, either filled with either miR-9-5p inhibitor or control and stored
at 4° until usage; for storage longer than 7 days, LNPs were diluted 1:10 in neurobasal medium Plus (NB+)

(A3653401, Gibco).

Application of LNPs to culture

LNPs were added to hippocampal neurons cultured in 24-well plates at DIV14 at 1ug per ml and 10 pl of ApoE4
stock solution as per kit's suggestion. After 24h cells were fixed.

At treatment day, chambers’ reservoirs were filled according to a pipetting scheme, allowing long lasting
perfusion of synapses (Fig A2C) with minimal diffusion into the somatic compartments. 66.5ul of NB+ were
mixed with 2ul of LNPs and 1.5ul of ApoE4 stock solution (from Precisions Nanosystems Spark kit) and then

used to fill the middle perfusion well. After 24h neurite synapses were cut out using SNIDER.

Imaging

Prior to fixation, cells were washed once with warm PBS. Fixation was achieved in 4% PFA for 20min. Stainings
were performed according to the manufacturer’s protocol (Abcam). Antibodies used were as follows: Camkk2:
primary (ab96531, Abcam), secondary (STRED-1002-500UG, Abberior) and Synaptophysin: primary (ab8049,
Abcam), secondary (ST580-1001-500UG, Abberior). Images were taken on a STEDYcon attached to a Leica DMi8
in confocal mode. During image acquisition each channel’s settings were kept for all samples. LNPs could be
imaged directly, due to the 6FAM label attached to the oligo cargo, for phase contrast images Leica DMi8

microscope was used with default Leica software (Leica Application Suite X).
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LNP measurement

Immediately after isolation, 30ul EVs were diluted to 1:20 with 570ul PBS and measured with Nanosight LM14C
(NanoSight Ltd.) at 22°, averaging three measurements of 60sec at different locations of the observational area
(NTA 2.3 Analytical Software), with a detection threshold of 15 and a camera level of 15. EVs were applied to

cultures directly after measuring.

gPCR

First, RNA was reverse transcribed using miScript Il RT Kit (218161, Qiagen), with the HiSpec buffer. qPCR was
subsequently done with the miScript SYBR Green PCR Kit (218073, Qiagen). Primers used were the miScript
universal primer with either the provided U6 probe as the reference or the MIMAT0000142 primer (Qiagen) for
miR-9-5p with the sequence: 5-UCUUUGGUUAUCUAGCUGUAUGA

To perform the gPCR, duplicates of each sample were measured together in a 96-well on a LightCycler480ll.

The integrated software was used for calculating the ratio of target to reference crossing point.

Analysis
Per condition (miR-9 inhibition or control) 6 images were taken with 4-6 representative cells per image. Overall,
per condition 32 cells were analyzed. ldentification and measurement of punctae intensity was done via

Cellprofiler, following a recent protocol (Lazzara, 2020).

Results

To validate the miR-9-5p inhibitor we measured the mean expression intensity of Camkk2, a known target of

miR-9-5p (Chang et al., 2014). Indeed, inhibition of miR-9-5p increased Camkk2 translation, as indicated by

higher average intensity (Fig 2A-C). Moreover, | validated the decline of miR-9-5p levels caused by the inhibitor
by qPCR (Fig 2D).
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Fig 2: Validation of miR9-5p inhibition. A) Staining of fixed primary neuronal cultures after 24h incubation with LNA
miRCURY inhibitors against miR9-5p, containing a 5-6FAM fluorescent label. B) CellProfiler was used to identify Camkk2
punctae. C) Inhibition of miR-9-5p led to higher Camkk2 protein levels. Mean intensities of detected punctae were
compared. P-value obtained through Welch t-test. n = 25,302. D) RT-qPCR of LNP-treated neurons confirms the immense

downregulation of miR-9-5p. P-value obtained through Welch t-test. n=6 (3 samples per group, measured in duplicates).

LNPs have a quite uniform size distribution, as indicated by nanoparticle tracking analysis (Fig 3A), and the 5'-
6FAM reporter of the packed inhibitor itself (Fig 3B). This ensured endocytosis of LNPs into nearly all cells (Fig
3C). Under closer inspection, the uptake happened across the entire cell body, including neuronal processes (Fig
3D). Since | could observe LNP uptake also at neurites, | wanted to investigate the effects of miR-9-5p inhibition
directly at the synapse. To this end, | wanted to make use of another feature of the microfluidic chambers; the

possibility to perfuse synapses without affecting somata (Fig A2B).
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Fig 3: Inhibition of miR9-5p in microfluidic chambers. A) Size distribution of LNPs; nanoparticles have diameters around
50-400nm, with a sharp peak at 200nm. B) Image of highly concentrated LNPs show uniform size. C) Inhibitors inside a
neuron. At DIV19 hippocampal neurons were treated with LNPs and imaged after 24h. Most of the nanoparticles were
endocytosed across the whole cell body. D) Similar to C); yet images were obtained with the Leica software instead. E)
Principal component analysis after chambers were treated with LNPs shows no clustering of treatment and control groups
respectively. F) Differential gene expression analysis of synaptic RNA from chambers treated with LNPs reveals no changes

in synaptic RNAome after inhibition of miR-9-5p.

At DIV14 LNPs with inhibitor or control sequence were filled into the middle perfusion reservoir of microfluidic
chambers (Fig A2B). 24h later, synaptic RNAs were obtained using SNIDER (see Chapter 1), sequenced and
compared. Samples did not cluster according to their treatment (Fig 3E).

Surprisingly, the transcriptome did not change at all, regardless of miR9 inhibition (Fig 3F). Subsequently, |
sequenced the synaptic small RNAome of the chambers by using SNIDER and discovered that in the pure

neuronal synapses miR-9-5p is not present.

Discussion

Here | could show that even though miR-9-5p is the second most abundant miR in synaptosomes, its inhibition

does not influence the synaptic RNAome in pure neuronal synapses.

This finding is quite remarkable, since the qPCR and the staining experiment confirmed the presence of miR-9-
5p in neurons (as indicated by synaptophysin signal) as well as an observable effect of its inhibition. However,

any inhibition at neurites in microgrooves did not result in transcriptome changes.
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In fact, as | discovered during the remaining acquisition of data for Chapter 1, miR-9-5p was absent from

synapses in microfluidic chambers.

Since we saw miR-9-5p so highly expressed in synaptosomes, the different methods of synaptic RNA isolation
might be responsible for this stark difference. Synaptosomes are obtained from tissue, where many different
cell types reside among the axon terminal that is purified.

However, in microfluidic chambers any influence from cells other than neurons can be excluded. Diffusion from
neuronal pools into the microgrooves was shown to be virtually nonexistent (Taylor et al., 2010). Hence it
follows that all molecules in the synaptic compartment of the chambers are transported there actively by

neurons.

As we have shown in Chapter 1, other researchers could previously prove that miR-9-5p is cargo of astrocytic
exosomes (Jovici¢ and Gitler, 2017). Taken together, this suggests that synaptic miR-9-5p stems exclusively
from astrocytes, and was not present in the chambers due to extremely slow diffusion of astrocytic exosomes

into the grooves.

In synaptosomes the close proximity of glia cells, therefore, seems to enable a continuous transfer of exosomes
from astrocytes to neurons. With the findings described, the question arises what other RNAs might be

transported from astrocytes to neurons.

Chapter 2.1 Intercellular RNA transport

RNA transfer among cells is a widely spread phenomenon in nature; most ancient prokaryotes use horizontal
transfer of beneficial genes, especially with regards to conferring immunities. This is mainly achieved by pili,
tunnel-like structures forming between the donating organisms and the recipient cell. In animals a plethora of

mechanisms have been described to achieve similar feats.

Initiated by findings in the squid axon, researchers have hypothesized RNA transport to occur from glia to
neurons already for some time (Giuditta et al., 2002, 2008; Sotelo et al., 2014).

Cell-cell connections via gap junctions can be found in the intestine tissue, in the heart, as well as in the
peripheral nervous system (Miiller et al., 2018), where fused parts of the membrane have been shown to allow
RNA and even ribosomal shuttling between cells. For microRNA, gap junctions have been shown to mediate

cell-to-cell transfer (Peng et al., 2019).
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Additionally, tube-like structures, termed transient nano tunnels, have been found to connect cells in neuronal
cultures. With a highly parallelized, cytoskeleton-based transport system, extending over many micrometers,
they have been reported to transfer proteins and even organelles (Ariazi et al., 2017; Haimovich et al., 2017;

Wang et al., 2012).

Among those mechanisms, the extracellular vesicle-mediated process for RNA transfer has gained the most

popularity in recent years (Gharbi et al., 2020; Ramachandran and Palanisamy, 2012; Valadi et al., 2007).

Transport of RNAs from other cells would have multiple advantages for neurons;

intraneuronal transport can be quite slow - potentially resulting in mRNA decay during transport (Fonkeu et al.,
2019). Thus, it would be quite costly for neurons to sustain their translational hotspots regularly with mRNAs,
even when just maintaining stock. By the same token, protein amount can be improved locally by having
certain mRNAs directly at the synapse — avoiding degradation and diffusion that could happen during transport.
Also new protein can be produced much quicker upon an activation signal i.e., after theta bursts (Hanus and
Schuman, 2013). This is especially important as several synaptic proteins have rather short half-lives; 27

proteins found in synaptosomes even have half-lives below 8h (Fornasiero et al., 2018).

When we look at the anatomy of many excitatory synapses, it becomes clear, why such transfer could happen
so much faster than intercellular transport: in tripartite synapses, pre- and post-synaptic membranes are
engulfed by astrocytic endfeet, where astrocytes can influence synaptic activity through many different
mechanisms (Araque et al., 1999; Perea et al., 2009).

In case more translational hotspots are required - due to an overall increase of input frequency and location —
nearby cells would be faster in supplying the neuron with necessary RNAs. Vice versa, if local translation should

be stopped, intercellular miR transfer could accomplish rapid inhibition.

Unfortunately, certain hurdles have impeded the observation of large-scale intercellular RNA transport so far;
labelling of many RNAs is difficult, considering all candidate RNAs would have to be provided in a modified way
to possess aptamer (Autour et al., 2018) or MS2 loops (Wu et al., 2016), enabling those secondary structures to
bind fluorescent reporters. Besides, there are often so few RNA molecules at individual synapses, that signal

strength would be insufficient for direct imaging (Kosik, 2016).

Instead of investigating RNA transport with imaging tools, it is more efficient to turn to purification techniques

to obtain all molecules of interest at once.
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Abstract

Neurons have intricate, far-reaching morphologies, and a long sought-after question concerns their ability to
supply themselves with enough proteins to not only sustain their current state but also to be in a position to
react to plasticity events on a short time scale. Here we looked at astrocytes as a potential RNA source for
neurons to translate proteins locally at synapses. We present InNSUREns (Intercellularly Shipped and Uptaken
RNAs Ensnared), a novel method to identify all RNAs that are transcribed in one cell-type, but transported to
another cell-type for translation. It uses a double immunoprecipitation strategy, where first neuronal
ribosomes are purified and then astrocytically produced RNAs are subsequently purified from the first
immunoprecipitation. The most abundantly shipped RNAs encoded processes involved in synapse structuring
and neurite development. Genes that were enriched in INSUREns RNAs when compared to inputs, were linked
to translational regulation, indicating a possible involvement in the synaptic tagging and capturing process.
Imaging experiments confirmed astrocyte-derived extracellular vesicle (ADEV) uptake by neurons at their
somata, as well as along their neurites. ADEVs contained many InSUREns genes, suggesting that astrocytes
supply neurons with RNAs via EVs and could contribute significantly to the pool of locally translated mRNAs and

its translational regulation.

Keywords: mRNA, IncRNA, extracellular vesicles, astrocytes, neurons, intercellular RNA transfer, local

translation, gene-expression, RNA-sequencing, synaptic tagging, INSUREns
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Introduction

Specialization of cell-types allowed the development of complex organs like the brain. Neurons stop dividing
and outsource many of their tasks to surrounding cells. For example, oligodendrocytes sheath their long axons
to enhance signal conductivity, microglia trim superfluous synapses and perforate the extracellular matrix to
make space for synaptic changes and pericytes shield neurons from toxic molecules and pathogens in the blood
vessels (Kandel, 2013). An important interplay also happens between astrocytes and neurons; astrocytes fuel
up neurons with glucose in times of high demand, they partake in rapidly changing extracellular ion
concentrations, as well as glutamate levels and they can release their own gliotransmitters to modulate
neuronal activity. Since neurons have intricate, far-reaching morphologies, a long sought-after question
concerns their ability to supply themselves with enough proteins to not only sustain their current state but also
being in a position to react on a short time scale to plasticity events. Learning is the adaptation of synapses to
novel inputs and requires a timely synthesis of specific proteins. To overcome logistic challenges parts of the
protein synthesis are outsourced to neurites and synapses; a process known as local translation (Wang et al.,
2010). Local translation necessitates certain mRNAs at the synapse (Rangaraju et al., 2017), otherwise plasticity
changes are only short-lived (Bosch et al., 2014; Kang and Schuman, 1996). Here we looked at astrocytes as a
potential RNA source for neurons to translate proteins locally at synapses.

To establish and ensure long term potentiation (LTP), somatic proteins and RNAs have to arrive after a few
hours to the synapse. According to the synaptic tagging and capturing hypothesis (Frey and Morris, 1997),
there ought to be a signal marking the potentiated synapse in order to capture somatic molecules. As our data

indicates, intercellularly transferred RNAs could provide a synaptic tagging mechanism.

Here we present INSUREnNs (Intercellularly Shipped and Uptaken RNAs Ensnared), a novel method to identify
systematically all RNAs that were transcribed in one cell-type, but transported to another cell-type for
translation. This requires a double immunoprecipitation strategy, where first neuronal ribosome-bound RNAs

are isolated and then - subsequently -astrocytically-produced RNAs are purified therefrom.

We observed thousands of mRNAs that were shipped from astrocytes to neurons. The most abundantly
shipped RNAs encoded processes involved in synapse structuring and neurite development. Genes that were
significantly enriched among the InSUREns dealt with translational regulation, indicating a possible
involvement in the synaptic tagging and capturing process. Further experiments provide evidence, that ADEVs

are the most likely route for RNA transfer.
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Results

Establishment of INSUREns

To show intercellular RNA transfer, we marked astrocytic RNAs and neuronal ribosomes in a cortical cocultures
(Fig 1A). In order to label ribosomes, we used an AAV1/2-vector, where under the human synapsin promoter
RPL22 is expressed, carrying three hemagglutinin tags and an eGFP reporter after its fourth exon
(Supplementary material S1), enabling a HA-Antibody-based pulldown. This labeling method, termed Ribotag,
was first introduced via transgenic mice (Sanz et al., 2009) and works in a very similar fashion to TRAP (Doyle et
al., 2008), however it uses RPL22 (instead of RPL10a) and multiple epitopes, allowing for high signal-to-noise

immunopurifications (Lesiak et al., 2015).

RNA labeling was achieved by another AAV1/2-vector, where we combined the Toxoplasma gondii version of
Uracil phosphoribosyltransferase (UPRT) under the astrocyte-specific GFAP promoter and with the mKate2
reporter protein fused to the C-terminus of the protein (Supplementary material S2). UPRT is also expressed in
mammals, however only the enzyme from T. gondii can incorporate 4-Thiouracil (4TU) - a thiol-modified uracil
base - seamlessly into RNAs, which renders those RNAs able for biotinylation and subsequent streptavidin
purification (Cleary et al., 2005; Gay et al., 2013; Miller et al., 2009).

TU tagging labels all RNA types, regardless of cellular location, or translational state. Additionally, it allows for

temporal control, as it is only enabled of when 4TU is supplied.

First, we established both purification methods. Cell-type-specificity was confirmed for each virus separately;
morphology shows clearly that only neurons express the ribotag construct and only astrocytes express UPRT

(Fig 1B). Upon infecting a co-culture with both viruses, no overlap of the reporter signal was observed (Fig 1C).

Ribotag pulldown was confirmed by bioanalyzer assay. The HA-pulldown of tagged ribosomes yielded on
average 634ng/ul, compared to only 9 ng/ul of the unlabeled control (Fig 1D). Small electropherograms depict
a vast difference for pulldowns without the ribotag construct.

For the 4TU pulldown, samples with the UPRT construct yielded 394pg/ul RNA on average -without the enzyme
only 59pg/ul (Fig 1E). Levels of background in 4TU samples were similarly scarce when either the enzyme or the

labeled uracil were omitted (Fig 1E, small inlets).
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Controls for the INSUREns double pulldown consisted both of non-transduced cultures that received 4TU and of
transduced cultures receiving vehicle instead of 4TU. Both types of controls equally resulted in virtually no
reads after sequencing. A mere 0.16 * E® exon read counts were amassed on average for control samples, while

the labeled samples had an average of 19.72 * E® exon read counts (Fig 1F).

Control readcounts consisted mainly of random noise and did not form clusters (Fig S1). As we purified
ribosomes, we mainly detected coding transcripts and among the non-coding transcripts were mostly
pseudogenes and long-non-coding RNAs (IncRNAs), RNAs that were likely interacting with a ribosome-bound
MRNA at the time of pulldown (Fig 1G). The low amount of ncRNAS and the absence of rRNAs further indicates

a high-quality pulldown.

Figure 1 (on next page): Ribotag-4TU Double Pulldown. A) Scheme of Experiment. In a mixed primary cortical culture two
different AAVs transduce neurons with the ribotag tag construct, and astrocytes with the UPRT construct. Starting on
DIV13 4TU is introduced to allow astrocytes the incorporation of this labeled base into their RNAs. After two more
additions of 4TU, cells are lysed on DIV14. First the labeled ribotags are isolated via a HA-antibody. Then 4TU gets
biotinylated, rendering all labeled RNAs precipitable via streptavidin beads on pMacs columns. Any RNA remaining after
the double pulldown has been produced by astrocytes and then transported onto neuronal ribosomes. Resulting RNAs
undergo library preparation and are sequenced. B) Fluorescent images showing the cell-type-specificity of both constructs.
Morphologies of the fluorescent signals show only neurons expressing ribotag and only astrocytes expressing UPRT. C)
Similar to B), but both constructs were applied simultaneously, showing restriction of expression to one cell-type.

D) Left: Bioanalyzer plots showing a huge reduction in RNA yield when no ribotag is expressed, indicated by the vast
differences in fluorescence units. Right: bar plot depicting the differences in RNA concentration when ribotag was applied
versus background precipitation. n=3. E) Left: Bioanalyzer plots showing that the 4TU pulldown fails if either enzyme or
4TU is missing. Right: bar plot depicting the differences in RNA concentration when UPRT was applied versus background
precipitation. n=3. F) Resulting exon readcounts of the libraries after the double pulldown. n=5 (samples), n = 3 (control:
RT/UPRT + ; 4TU -) , n = 2 (control: RT/UPRT - ; 4TU +). G) Coding and non-coding reads. Pie charts show the average
readcounts for the displayed RNA category. Primary cortical cultures (upper panel) contain more non-coding transcripts
than InSUREns samples (lower panel). However, among the non-coding transcripts of transferred RNAs, IncRNAS and
pseudogenes are strongly overrepresented, whereas mitochondrial and rRNA are underrepresented. Only those ncRNA
types are depicted, where the accumulated average readcount for all RNAs of that specific ncRNA category combined was

above 10,000.
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Analysis of most enriched transferred genes

INSURENns samples represent a subset of the inputs; thus, around two thirds of all genes present in cortical
cultures were found in INSUREns samples, too (Fig 2A). When we performed a principal component analysis

(PCA), both groups clustered together and separately form one another (Fig 2B).

To see which genes are enriched in INSUREns sample, we performed a DESEQ2 analysis and found 2026 genes
were upregulated (Fig 2B). The majority of genes was downregulated, expected due to the pulldown nature of

the method.

Upregulated genes formed two big, interconnected hubs of physiological functions; metabolic processes and

localization, with mRNA metabolic processes being a proximate yet unconnected term (Fig 2C).

Interestingly, among the most enriched genes were several genes (Fig 2D) that are significantly more abundant
in astrocytes than in neurons (Zhang et al., 2014), further substantiating RNA transfer from astrocytes to
neurons. What is more, four ADEV markers - CD9, CD63, CD81 and Pdcd6ip (Kowal et al., 2016; You et al., 2020)

- were highly enriched as well, hinting at EVs as a means of transferred mRNAs.

Upregulated InNSUREns genes’ guanine-cytosine (GC) content was significantly lower than the genomic average,
a sign of more accessible transcripts. Moreover their 3" untranslated regions (UTRs) were longer when

compared to the genome (Fig 2E), a feature typically seen in synaptic genes.

Figure 2 (on next page): Differential Expression Analysis between InSUREns and cortical inputs. A) Around two thirds of all
transcripts of cortical inputs were transferred B) Summary of DESeq2 results; PCA shows a clear separation between the
inputs and InSUREns samples. The Volcano plot depicts more genes being downregulated than non-differentially
expressed. 2026 genes are significantly enriched in INSUREns samples. C) Network analysis of all upregulated genes shows
two big hubs of functions; metabolic processes and localization. D) Examples of genes that are upregulated in InSUREns
and more prevalent in astrocytes than in neurons. E) GC content of upregulated InSUREns genes is significantly lower than
a random set of 2026 genes from the genome would be, also their 3" - UTRs, but not their 5-UTRs are longer compared to

the genome.
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Several differentially expressed INSUREns genes were enriched compared to the input, yet still only moderately
expressed. To further investigate the role of transferred transcripts we also looked at the highest quartile of
INSURENSs genes (2758) and performed a pathway analysis. Many pathways revolved around the organization of
synapses and vesicle-mediated transport therein, with other pathways belonging to ribosome and

ribonucleoprotein biogenesis as well as mRNA handling and splicing (Fig 3A).
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Interestingly, among the top transferred genes were many genes that are also highly expressed in cortical
inputs; the hyper-geometric test used to this end revealed strong correlation between the ranks of few
hundred genes, which then leveled off; RRHO red pixels highlight a greater number of common genes than
expected for that specific bin, whereas blue pixels color a lower-than-expected number (Fig 3B). Apart from
RNAs being specifically shipped for a reason, this implies also a supportive role of astrocytes towards the

general neuronal transcriptome.

The most abundant transferred genes also had a significantly lower GC content than a random set of the same
number of genes from the genome would have had (Fig 3C). Additionally, the top quartile of transferred genes

carried significantly longer 5°- and 3’- UTRs (Fig 3C).

Notably, BDNF, Homer1 and Arc, which have been suggested as synaptic tags (Okuda et al., 2020), are amid the
most highly abundant INSUREns genes. Likewise, we found four genes known to contribute to synaptic tagging

and capturing in the top quartile of INSUREns genes; NCAM1, PKA and Camk2a and TrkB (Okuda et al., 2020).

Next, we looked at the overlaps between the top quartile and the upregulated INSUREns genes. Roughly half of
the enriched InSUREns genes were also in the top quartile of genes, thus highly abundant, and some of the
upregulated InSUREns genes were only moderately expressed. Our initial hypothesis stated the advantages
astrocytic RNA transfer could have directly at the synapse, therefor we also looked how many InSUREns genes
are of synaptic localization. Recently we obtained a pure neuronal synaptic transcriptome by utilization of
microfluidic chambers (Epple et al., 2020). That dataset only contains neurites grown into very narrow channels,
preventing diffusion from any nearby glia cell EVs and hence represents only RNAs that neurons themselves can

provide to their synapses.

Half of the top quarter INSUREns genes and a sixth from enriched InNSUREns genes overlapped with our synaptic
genelist (Fig 3D), indicating astrocytic horizontal RNA transfer at the synapse. We then wanted to compare the
GO term analysis for biological processes between the upregulated and top expressed INSUREns genes. Both
sets have significant enrichment for ribosome and ribonucleoprotein biogenesis as well as for mRNA handling
and splicing (Fig 3E), suggesting transferred genes could influence and orchestrate RNA translation at the

synapse.
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Figure 3: Analysis of the top 25% expressed InNSUREns genes. A) GO Term analysis for biological processes, cellular
component and molecular function for the top quartile of INSUREns genes reveals many pathways for synaptic mechanism
as well as RNA processing. B) Rank-rank hypergeometric analysis between the top 2758 genes and the top 2758 cortical
input shows that a group of highly abundant input transcripts is transferred to a big extent. C) GC content of top INSUREns
genes is significantly lower than a random set of 2758 genes from the genome would be. Moreover their 5 and 3" UTRs
are longer compared to the genomic average. D) Comparison of gene-lists. Half of the upregulated InNSUREns genes are

also in the top quartile of INSUREnNs genes, indicating a high abundance level of enriched genes.
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(Figure 3, continued) Around 1000 neuronal synaptic genes are present in both INSUREns sets combined, 246 genes are
found in all 3 lists. E) Comparison of GO term analysis for biological processes between the upregulated and top expressed
INSURENs genes. Both sets have significant enrichment for ribosome and ribonucleoprotein biogenesis as well as for mMRNA

handling and splicing.

Interaction networks of InNSUREns RNAs

Although less abundant than in cortical cultures, a certain number of IncRNAs were robustly present in
INSUREns samples. We analyzed the interactions of these IncRNAs with our recently obtained dataset of
synaptic mRNAs (Epple et al., 2020). 357 of the transferred IncRNAs have experimentally validated interactions

with our list of 1460 synaptic mRNA, forming a dense and intricate network (Fig S2).
Recently, a dataset of astrocytic miRs in exosomes was published (Jovici¢ and Gitler, 2017); strikingly many of

the 145 miRs in astrocytic exosomes are known to target the top quartile of transferred genes, showing a

complex regulatory network (Fig S3).

Culture supernatant enables ribosome- and likely RNA transfer

Next, we wanted to elucidate the route of RNA transfer from astrocytes to neurons. In an initial experiment, we
observed that primary neuronal cultures secrete RNA into medium over time, whereas medium itself barely
contained RNAs (Fig 4A). It is important to note that we did not filter the medium, thus it still contained all EVs.
Strikingly, many of those secreted RNAs share the most prominent pathways of highly abundant InNSURENs
genes (Fig 4B).

We then tested if RNA transfer happens via secretion into medium; to this end we used stellate astrocytic
cultures from the transgenic mouse line Ribotracker x GFAP-Cre, which expresses RPL4-RFP after the Tamoxifen-
induced Cre cuts out the exon-stop (Fig 4C).

We found tagged astrocytic ribosomes along the entire neuronal cell body, including neurites and often closely

located to synapses, as indicated by the synaptophysin signal (Fig 4D).
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Figure 4: Secretion of RNAs. Ribosomes are transferred via EVs. A) RNA concentration in conditioned medium of a
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secreted and top expressed INSUREns genes. Both sets have significant enrichment for synaptic terms for development as

well as for terms surrounding mRNA handling and splicing.
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(Figure 4, continued) C) Experimental scheme to observe uptake of astrocytic material by neurons. Stellate astrocytes
were cultured from Ribotracker X GFAP-Cre mice. Under tamoxifen Cre allows the expression of RPL4-tdTomato which
labels astrocytic ribosomes in conditioned medium and ADEVs.

D) Astrocytic ribosomes in conditioned medium are internalized by neurons across their soma and neurites. RFP signal had
to be enhanced by RFP-antibody staining to be visible. The antibody control shows no unspecific labeling in untreated

cultures.

Astrocytic derived extracellular vesicles transport RNAs into neurons

Based on recent literature we reasoned this transfer would happen primarily over EVs, thus we isolated ADEVs
from ribotracker AWESAM cultures. Importantly, two days prior to ADEV isolation, we replaced the medium
with serum-free medium, which was free from exogenous EVs (Fig 5A). Nanosight analysis also confirmed a
sharper, more defined peak at 100nm for the size of ADEVs when isolation was performed with Amicon
centrifugation filters (Merck-Website) rather than an ultracentrifugation protocol (Fig 5A). Hence all subsequent

ADEV isolations were done via Amicon filters.

ADEVs were applied to wildtype cultures, at a concentration of around 10.000 EVs per recipient cell. Recipient
neurons internalized astrocytic ribosomes into their cytosol and neurites, with a similar pattern as the uptake of
ribosomes from conditioned medium (Fig 5B).

This result was confirmed by another tracking method that labels EVs directly instead of their cargo; the
fluorophor Carboxyfluorescein succinimidyl ester (CFSE) covalently binds lysine residues as well as amine
sources on the inside of membranes, without changing EV volume and only forming few self-aggregates
(Morales-Kastresana et al., 2017), therefore making it superior to lipid dyes. ADEVs from wild-type cultures
were collected, stained with CFSE and applied in the same manner as ribotracker ADEVs. Again, we observed
internalization across the whole cell body, including neurites. Additionally, ADEVs were also clustering close to
the nucleus, potentially resembling late endosomes (Fig 5C, white arrows). From the staining experiments we
concluded ADEVs could constitute a major mechanism for RNA transfer; with some RNAs potentially already
loaded onto ribosomes.

Next, we wanted to know what total RNA is contained in ADEVs and isolated their RNA. We measured an
average RNA content of 73ng in ADEVs per million astrocytes and sequenced it in the same way as INSUREns
RNAs. Strikingly, more than 19,000 genes were found in ADEVs, including most of the INSUREnNs transcripts and

even more of the inputs” transcripts (Fig 5D).

The majority of ADEV RNAs was non-coding, containing primarily IncRNAs and pseudogenes, thereby featuring

a ncRNA composition more similar to INSUREns samples than to cortical inputs (Fig 5E).
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We then tested, which transcripts are enriched in ADEVs compared to cortical cultures, and saw 7449

upregulated genes compared to 6317 downregulated transcripts (Fig 5F). A GO term analysis for molecular

functions of all upregulated genes revealed that genes for extracellular matrix, transcription and receptor

related pathways were significantly overrepresented in ADEVs (Fig 5G).
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Figure 5: RNA content of ADEVs. A) Nanoparticle tracking analysis to measure sizes of EVs. Upper panels show a sharp
peak around 100nm for ADEVs isolated with Amicon centrifugation filters, whereas ultracentrifugation resulted in several
minor peaks and a maximum at 38nm. Lower panels depict that self-aggregated CFSE particles have a peak around 100nm,
yet their profile is less clear and overall their concentration is one order of magnitude below ADEV purification with
Amicon. Medium without serum contains no measurable particles after the Amicon isolation protocol. B) ADEVs
containing RPL4-RFP display the same pattern of uptake across the soma and neurites as the RPL4-RFP containing
supernatant, indicating that ribosome transfer happens via EVs. Also, here the antibody does not cause unspecific staining.
C) ADEVs stained by CFSE show higher uptake at neurites than the labeled astrocytic ribosomes. Accumulations of stained
ADEVs are visible along neurites and mainly around the nucleus, most likely indicating late endosomes and lysosomes
(white arrows). CFSE self-aggregates are rarely being uptaken. D) Overlaps between ADEVs and cortical cultures as well as
with the InNSURENs genes. Transcriptomes differ to an extent, which might be due to ADEVs stemming from monocultures
and different media used. Nonetheless the majority of INSUREns genes was found to be present in ADEVs. E) Most ADEV
transcripts are non-coding, with a similar composition of ncRNA types as the InSUREns samples. F) Volcano plot depicting
differential expression analysis between the cortical culture inputs (the same as used for the InSUREns comparison) and
ADEV’s total RNAs. ADEVs are strongly depleted in over 6000 genes, and have over 7000 enriched genes. G) Molecular
function GO term analysis of the 7449 upregulated ADEV genes reveals extracellular matrix, transcription and receptor

related pathways as significantly overrepresented groups.

Discussion

We introduced a novel method to track RNAs that are being transported from one cell-type to another. While
in principle this method could work with any two cell-types, we focused on the transport of astrocytic RNAs
into neurons, and wanted to know in particular to what extend synaptic genes are being transferred. Several
control experiments were done to confirm the purity of both pulldowns, and protocols were optimized based

on former publications, protocols and personal communication with the authors.

Over the last years a wide variety of pulldown methods for cell-type-specific RNAs has been developed; TRAP
captures all RNAs bound to ribosomes (Doyle et al., 2008), miRAP isolates microRNAs (miRs) via cell-type-
specific, promoter driven expression of tagged-AGO2 (He et al., 2012) and INTACT gets ahold of the desired
cell-types” nuclei (Deal and Henikoff, 2011). Although to date there is no methodology that allows to

differentiate the origin and destination of transcripts.
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By combining two labeling methods we make use of their synergy: first, the ribosome-bound nature of the
isolated RNAs proved that INSUREns RNAs are being transferred for translation in the recipient.

Second, the sequential purification was only possible, due to the isolated RNA from the first step being labeled
itself — thereby allowing further purification; whereas the above-mentioned methods always work by a single

pulldown of RNA-binding proteins.

Purity of Pulldowns

Even though a small background persisted after the ribotag purification, 4TU purification generates barely any
background, thus effectively eliminating the background of the first pulldown through the second pulldown.
Additionally, to our control experiments, other works have found virtually no background signal in cortical
neurons when given 4TU without the UPRT enzyme (Chatzi et al., 2016), neither was any background visible in
the original work (Cleary et al., 2005) nor in primary fibroblasts (Rinn et al., 2008). Only in one zebrafish study
did researchers find very small amounts of background (Erickson and Nicolson, 2015), even though Erickson
and colleagues utilized hair cells and it was previously reported that virtually all background labeling arises
from non-CNS tissue (Miller et al., 2009). Rinn and colleagues also proved that biotinylation introduces no
background (Rinn et al., 2008).
Moreover, the RNA profile changed dramatically after the 4TU purification (Fig 2B), with barely any detectable
signal beyond 100 nucleotides, whereas the noise introduced by the ribotag purification seems to represent a
more general unspecific pulldown, incorporating RNAs of all length.
Recent work has further demonstrated that two sequential pulldowns strongly remove noise; Gregory and
colleagues did two consecutive pulldowns of ribosomes tagged with different tags, and reported no detectable
cross-contamination (Gregory et al., 2020).
Considering that in INSUREnNs both pulldowns happen consecutively and result in quite minute amounts of RNA,
we reckoned background signal as negligible.
Indeed, when we looked at the few genes present across controls and comparing their readcounts ratio to
INSUREns RNA, we only needed to exclude a few dozen genes. Based on those observations we decided that
immunoprecipitation versus input analysis would be sufficiently done by comparing the final reads of the
INSURENs genes to the transcriptome of cortical culture inputs, functioning as the overall input. Accounting for
both input types, i.e., having inputs for both immunoprecipiations would severely complicate the matter and
be less intuitive to interpret.
We have not verified the cell-types of INSUREns transduced cultures by separate marker stainings, nevertheless
we could not detect any mKate2 signal in neurons nor any eGFP signal in astrocytes. Moreover, our chosen
neuronal promoter is known to confer pristine neuronal specificity (Kigler et al., 2003); similarly the short
astrocytic GFAP promoter is very specific (Lee et al., 2008).
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We can exclude that unspecific binding of labeled RNAs to ribosomes happened during lysis, as in such case we
would not find the very similar abundances of InSUREns genes across samples. Furthermore, the InSUREns

samples are very similar to one another (Fig S1).

Amount and type of discovered InSUREns transcripts

Remarkably, we found a vast number of shipped genes, albeit around 1,000 less than the 12,000 genes
described by another ribotag study (Furlanis et al., 2019). What is more, Furlanis and colleagues did not find
astrocyte markers, or only detected them at low levels, whereas we saw genes enriched on neuronal
ribosomes after the INSUREns protocol that are typically more abundant in astrocytes, arguing for the

astrocytic origin of INSUREnNs genes.

Only very few ncRNAs were found among the InSUREns transcripts, implying a high-grade pulldown in which
only ribosome-bound RNAs (and RNAs attached to those) are purified. Most INSUREns ncRNAs are IncRNAs.
Especially interesting here is that of all known IncRNA over a third is exclusively transcribed in the brain, tightly
controlled by physiological states (Briggs et al., 2015) and in turn also regulating mRNA translation (Statello et
al., 2020).

Extracellular vesicle characterization

In choosing AWESAM cultured astrocytes, we were able to create pure stellate astrocytic cultures that are
relatively close to in vivo cells (Wolfes et al., 2017), as they e.g. possess spontaneous calcium signaling (Wolfes

and Dean, 2018), expecting to thereby create ADEVs correspondingly close to in vivo ADEVs.

Even though we did not confirm the exact type of EVs by utilizing markers, we see a sharp and big peak of EV
size at 100nm, indicative of exosomes (Tancini et al., 2019). Likewise, there is almost no rRNA present in our
ADEV preparation, which would be expected in case of other EVs, such as apoptotic vesicles in similar contexts
(Gyorgy et al., 2011; Osteikoetxea et al., 2015). Nonetheless multivesicular bodies and apoptotic bodies cannot
be ruled out completely at this point, though their widely ranged size profile, ranging from 100-1000nm

(Gyorgy et al., 2011; Osteikoetxea et al., 2015), would be visible in Nanosight.

TU-Tagging time hints towards EVs as main RNA ferry

Interesting is also the labeling time it took before we could see signal from the 4TU-pulldown. Groups working
with 4TU-tagging report an ideal labeling time of 1-8h, with most studies doing 4h pulse chase harvesting
(Cleary et al., 2005; Gay et al., 2013, 2014; Radle et al., 2013). Furthermore, it is stated by Gay and colleagues

that harvesting tissue more than 12h after labeling yields significant less RNA (Gay et al., 2014).
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In contrast, while establishing the method we found we needed to label thrice, with around 10h in between to
yield enough labeled RNA. In light of the hypothesis that EVs are the main means of shipped RNA transport,
that makes sense insofar as it would require some time for 4-Thiouracil to reach the nucleus, be incorporated
into RNA, packed into EVs, secreted and then internalized by neurons. Several studies are stating that exosome
uptake in vitro takes many hours up to a full day to reach its highest reporter signal and are showing that

exosomal uptake reaches after 12h (Mutschelknaus et al., 2016; Zanotti et al., 2018).

ADEYV transcripts

We detected a vast number of genes consistently present in ADEVSs, containing two thirds of the transcriptome
of cortical cultures, hinting at the possibility that horizontal RNA transfers cover most of a neuron’s mRNA
needs with regard to variety. The earliest wide-scope study describing the RNA content of EVs from MC/9 cells
found 1300 mRNAs via microarrays and proved their functionality: by using an in vitro translation kit of
exosomal RNAs and downstream protein isolation Valadi and colleagues could prove that EVs mRNAs are
translatable (Valadi et al., 2007). Furthermore, this study described similar underlying functions of EV-RNA as
we do here, i.e., protein synthesis and RNA modifications. Another study reported 27,000 transcripts in
glioblastoma cells” microvesicles, also with microarrays (Skog et al., 2008).

By utilizing Next-generation-sequencing Wei and colleagues investigated the RNAome of glioblastoma
exosomes, in which over 17.200 mRNAs were found in microvesicles and over 11.500 mRNAS in exosomes (Wei

et al., 2017).

The overlap of INSUREns RNAs with ADEVs was only partial; this might be due to differences of astrocytic
transcriptomes when cultured alone or in mixed primary cultures. Also, AWESAM cultures were supplied
serum-free DMEM two days prior to medium extraction, which likely skewed the observed ADEV
transcriptome. The composition of ncRNAs we observed in ADEVs however, shares a lot of resemblance with
the INSUREns RNAs; they mainly contain long-ncRNAs and pseudogenes, and much less rRNA or mitochondrial

rRNAs compared to the cortical culture, indicative of INSUREnNs transcripts being transported via ADEVs.

For the first time, we also describe here total RNA from stellate ADEVSs, and find most of the top intercellularly
shipped RNAs to be cargo of ADEVs. ADEVs” GO terms encompassed receptor activity and extracellular matrix,
both being important for synaptic plasticity, substantiating our claim of RNA transfer for local translation.

Two other prominent terms were about DNA transcription - implying that ADEV RNA affects gene expression in

the recipient cells.
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Given the stark difference between both types of GO terms, we suggest different EVs could be released by
astrocytes, depending on the immediate vicinity; astrocytic membrane patches closer to the neuronal cytosol
might secrete ADEVs that carry primarily transcripts regulating DNA transcription, whereas astrocytic endfeet
would secrete ADEVs with transcripts for RNA processing and splicing genes — a concept that we develop
below. In fact, it was show by different studies before that different types of EVs contain different sets of RNAs
(Lasser et al., 2018). However, we might have not been able to isolate all such specialized vesicles, since

astrocytes were cultured by themselves, lacking neuronal stimuli.

We did not perform small ncRNA sequencing, yet the tight regulation we observed between the top expressed
INSUREnNs genes and ADEV miRs (Fig S3) points towards co-transportation, where astrocytic miRs are bound to

mRNAs, possibly to prevent premature translation.

With more than half of all transcripts inside ADEVs being IncRNAs, and the enriched pathways of InSUREns
genes revolving around RNA processing and translational regulation, we suggest that IncRNAs are being
shuttled in parallel with mRNAs to achieve tightly controlled translation of the transferred coding transcripts as
well as of the recipient’s RNAome. Many roles have been described for IncRNAs; most notably here is their
function as endogenous competitive binding molecules. LncRNAs are known to sponge transcriptional factors
or other ncRNAs - such as miRNAs (Paraskevopoulou and Hatzigeorgiou, 2016) — in order to prevent their
interactions with mRNAs or DNAS, thus leading to differences in the lifetime and transcript abundance of
MRNAs (Carrieri et al., 2012; Gong and Maquat, 2011; Kretz et al., 2013; Yoon et al., 2012). Those changes can
go either way; by interacting with Staufenl some IncRNAs are known to degrade or enhance the stability of
certain coding transcripts (Batista and Chang, 2013). Interestingly, Staufen1 is widely known for transportation
of mRNAs along dendrites (Balasanyan and Arnold, 2014; Falley et al., 2009). Further proof of the
complementary nature of both types of transcripts comes from the low GC content of the most abundant
INSUREns genes; GC-low sequences form less stable secondary structures (Chan et al.,, 2009) and low GC
regions are found to be less likely bound by ribosomes (Martens et al.,, 2015). Transferred genes might
therefore have less stable secondary structures and are less likely to be bound by ribosomes, making them
more available to miR and ncRNA binding. Consequently, we propose a complex, multi-layered transcriptional
regulation network of transferred RNAs, which would be of special importance at the synapse to guarantee

timesensitive translation during plasticity events.
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Implications of RNA transfer for tripartite synapses

The tripartite synapse describes the arrangement of a presynapse and a postsynapse being engulfed by an
astrocytic process. Astrocytes release EVs at their endfeet (Venturini et al., 2019), which can increase the
frequency of the recipient neurons” miniature excitatory postsynaptic potential (Antonucci et al., 2012).

In addition, ADEVs stimulate dendritic branching and promote neuronal survival (Datta Chaudhuri et al., 2020)
and have been linked to neuronal plasticity, when they are loaded with specific miRs (Lafourcade et al., 2016).
Interestingly, EVs can stay bound to a specific patch of membrane via tetherin before secretion (Edgar et al.,
2016). Such linking proteins might be reactive to surrounding firing synapses and could then release stockpiled
ADEVs to deliver mRNAs directly to the spines and axonal terminals in order to provide transcripts required for
LTP induction.

Indeed, for oligodendrocytes this has already been demonstrated; they release exosomes when neurons are
chemically stimulated and those neurons subsequently internalize the exosomes at axons and dendrites
(Frihbeis et al., 2013). Astrocytes release intracellularly calcium upon nearby synaptic glutamate secretion
(Kim et al., 1994) and react to voltage changes with K* conducting channels (Olsen et al., 2015) or Na*
conducting channels (Sontheimer et al., 1996). Calcium influences a multitude of intracellular processes and it
is conceivable that tetherin-bound ADEVs at tripartite synapses are released under glutamate influence.
Subcellular accumulation of mRNAs in astrocytic endfeet at synapses has been shown recently (Sakers et al.,
2017). LTP induction causes nearby astrocytes to extend more endfeet to associate with synaptic clefts and
those contacts are closer to the synaptic membranes than before LTP induction (Wenzel et al., 1991).
Additionally, close and sustained contact of astrocytic endfeet to dendrites is important for dendritic
stabilization and maturation (Nishida and Okabe, 2007), which could imply that astrocytes decrease the
distance to synaptic membranes to enhance ADEV specificity and increase successful transport.

Finally, the protein Sortin Nexin 4, which processes exosomes, was found at very high levels in neurons at the
synapse and its knock-down led to high deregulation of proteins of synaptic pathways such as

neurotransmission and synapse assembly (Vazquez-Sanchez et al., 2020).

ADEV-RNAs as candidates for synaptic tagging

For LTP to be sustainable, three things are necessary;

first, short-lived local events like the integration of more AMPA-receptors into the postsynaptic membrane;
second, somatic protein supply for the synapse-to-be-changed has to be transported into neurites and third, an
indicator where exactly those somatic proteins should be employed has to be generated and maintain at their
location. To this day, the search for a definitive tag or a set of tags remains elusive — but so far, research was
primarily focused on proteins. The resupply of a synapse undergoing LTP takes several hours and one main

problem is the diffusion away of any candidate away from the tagged synapse.
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As laid out above, a more precise spatial tagging could be achieved with ADEVs being internalized directly at
changing synapses. Instead of the tag already present when the plasticity event is occurring, we propose that
they are only translated upon the change itself.

Moreover, the tight interplay of ncRNAs and coding transcripts inside of ADEVs and those already present at
synapses (Epple et al., 2020) would allow the changing synapse to further modify translation of the tag and
either produce it continuously or delay translation to minimize diffusion until somatic proteins arrive. In line

with this, we found many transferred IncRNAs to interact and regulate this synaptic mRNA set (Fig S2).

Strikingly, among the most abundant transferred RNAs we found BDNF, Homerl and Arc - all are discussed in
literature as candidates for synaptic tags. On the same note NCAM1, PKA and Camk2a and TrkB are known to

be involved in the tagging and capturing process and were in the top quartile of INSUREns genes, too.

Our proposition allows also for vice versa regulation:

Many of the mRNAs from neuronal somata that are sent into neurites are packed tightly in stress granules and
surrounded by RNA binding proteins as well as other regulatory ncRNAs. Inter-cellularly shipped ncRNAs,
especially IncRNA, could potentially break up the stress granules by competitive binding, as laid out above.
They would thereby loosen up somatic mMRNAs” secondary structure, rendering them available for translation at

the synapse-to-be-changed.

Materials and Methods

Vector design and virus production

Vectors were designed according to the sequences of previously published works, with very minor
modifications (see supplementary materials S1 and S2). Production of vectors was done by VectorBuilder.
Chosen serotype was AAV1/2 as this chimeric vector transduces neurons and astrocytes equally well. Virus
production was done using HEK293T cells for transfection, according to a recent protocol (McClure et al.,
2011), with minor modifications: virus harvesting was performed for 30min at 37° in a shaking incubator,
195mg NaCl was added (in 10ml reaction volume). Afterwards, solutions were placed for 30min in a water bath
at 56°C, before being frozen at -80° overnight. On the next day, virus was thawed at 37° and then centrifuged
for 30min at 4000g, keeping the supernatant. Furthermore, rAAVs were purified via an lodixanol gradient
rather than heparin columns. To this end, we carefully layered different lodixanol (D1556, Sigma-Aldrich)
concentrations in the following order from top to bottom into Oak ridge tubes (Thermo Scientific 314348):
3.5ml of 15%, 4ml of 25%, 3ml of 40% and 3ml of 54%.
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The supernatant was carefully layered on top, before centrifuging for 1.5h at 365.000g in a fixed angle rotor
(Sorvall T-865, Thermo Fisher). With a 20G canula we collected the 40% phase by placing the Canula’s tip at the
40%/54% interphase. Collected virus solution was filled up to 10ml with 1x PBS-MK (PBS + 10mM MgCl, +
25mM KCl). Washing and concentration was done with 100k Amicon filters (UFC910024, Merck); filters were
first prewetted with PBS-MK, then virus solution was added and centrifuged at 2000g to around 500pl.
Flowthrough was removed, then filter tube was filled up to 10ml again with PBS-MK before repeating the
centrifugation. After performing this step two more times, concentrated virus was collected with a 20G canula
and sterile filtered through a 0.22um filter. The syringe-driven filter was flushed with 100ul PBS-MK to collect
any residual particles. Titration was done according to McClure and colleagues (McClure et al.,, 2011),

subsequently virus was aliquoted and stored at -80° for long-term or at 4° for short-term usage.

Cell culture and viral transduction

All flasks and petri dishes were coated with 0.5 mg/ml PDL (P7886, Sigma-Aldrich). All experiments were
performed according to the protocols approved by local ethics committee.

Primary cultures were made from E17 embryos of CD1 mice (Janvier). After cervical dislocation under
isoflurane anesthesia, embryos were taken out and their brains quickly removed in cold PBS. Cortices were
obtained by first removing meninges, cutting away the hippocampus and bulbus olfactorius, then cutting the
cortices loose from the midbrain. Collected cortices were put in 0.25% Trypsin in PBS, and placed in a water
bath at 37° for 13min. Thereafter the enzymatic reaction was stopped by adding the same volume of
prewarmed processing medium (DMEM with 10% fetal bovine serum (FBS) (F9665, Sigma-Aldrich) and 1%
Penicillin-Streptomycin (P/S) (P0781, Sigma-Aldrich). To render the cells less sticky, 10ul of DNase was added,
the falcon tube was inverted once for mixing and solution was left for 1min. Afterwards cells were washed
twice with prewarmed processing medium and triturated with 8x pipetting against the bottom and 8x pipetting
the wall.

Cells were then collected by centrifuging at 300g for 5min at 37°, the supernatant removed and the cell pellet
resuspended in BrainPhys plating medium (05794, StemCell technologies), supplied with 2% NeuroCult SM1
(05711, StemCell Technologies), 0.5 L-glutamine (both according to manufacturer’s protocol), 1% P/S
(A8943,0100; Applichem) and 1x GlutaMax (35050061, Gibco).

Then, to prevent cell clumps, suspension was filtered through a 100um nylon strainer (352350, Falcon). Cells
were seeded at 900.000/ml in 10cm and 14.5cm dishes and at 300.000/ml in 24 well plates. According to
StemCell Technologies manual, we changed half of the plating medium after 5 days to BrainPhys maturation
medium (supplied with 2% NeuroCult SM1 and 1% P/S), and performed third-medium changes every 3 days

from then on.
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Transduction and cell harvesting

At DIV7 cultures were transduced with the constructs GFAP-UPRT-mKate2 and hsyn-RPL4-3xHA-eGFP. At DIV13
we added 0.5 mM 4TU (440736, Sigma-Aldrich, dissolved in DMSO (276855, Sigma-Aldrich) into the medium,
which was repeated twice, leaving 9-12h between each addition. To mitigate cell stress from too much DMSO,
a third of medium got replaced right before the second addition of 4TU.

At DIV14 cells were washed once with PBS, collected in ribotag homogenization buffer (HB: 50 mM Tris-HClI,
100 mM KCl, 12 mM MgCl,, 1% NP-40, 1 mM DTT (10197777001, Roche), protease inhibitor (05892791001,
Roche), 100 Units/ml RNase inhibitor (N2515, Promega), 100 pg/ml cycloheximide (C4859, Sigma), 1 mg/ml
Heparin (H4784, Sigma)), then centrifuged at 4° C, 10.000g, whereafter the supernatant was collected and
samples were frozen at -20° until further processing. 50ul of the supernatant were kept as the input (described

here as cortical culture input).

Isolation of secreted RNAs

For measuring RNA secreted into the medium, conditioned medium was filtered through a vacuum pump-
driven 0.22um filter. Afterwards volume was filled up with sterile PBS to 15 ml, then 200 units of RNase
inhibitor were added (N2511, Promega) and 150 pug DNase. To concentrate RNAs (a ssRNA of 1000nt has a
molecular weight of 320 kDa (ThermoFisher)) we used a 3kDa centrifugation filter (Millipore) at 4000g for 1h in
a swinging bucket rotor. Thereafter we added 4x lysis buffer and 3x 100% EtOH and followed the rest of the
protocol for the GenElute Single Cell RNA Purification Kit (RNB300, Sigma).

RNA concentration

RNA concentrations were measured with the Bioanalyzer (Agilent Technologies) on RNA 6000 Pico chips.

Astrocyte culture

To obtain stellate astrocyte cultures, we followed the recently published AWESAM protocol (Wolfes et al.,
2017). Briefly, this entails normal culturing of mixed primary cells, yet on DIV6 cultures are shaken for 6h,
removing all loosened cells, trypsinizing the still bound astrocytes, centrifuging and seeding at 0.6 Million cells
/ml in T75 flasks with 10ml Neurobasal+ (A3582901, ThermoFisher), containing 10% fetal bovine serum (FBS),
B27+ (A3582801, ThermoFisher), 1 % P/S and 5ng/ml HB-EGF (E4643, Sigma-Aldrich).

To test for the uptake of stellate astrocytic EVs we used the Ribotracker x GFAP-CreER line to create AWESAM

cultures. After 10 DIV we applied 5mM Tamoxifen (HY-13757A, MedChemExpress) to allow Cre expression.
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Astrocyte Culture for Ribotracker Supernatant

Ten days after Cre induction we took the conditioned medium and applied it to wild-type cortical cultures,
replacing half of the medium and incubating the recipients for 10h before washing and fixing. To enhance the

weak RFP-signal, we amplified it by antibody staining (Invitrogen 16D7).

Extracellular vesicle isolation

Two days prior to EV isolation, cells were washed once with warm PBS and medium was replaced with 15ml
DMEM (+ 1% P/S), without FBS, as serum contains exogenous EVs. Thus, by replacing the medium, all EVs
isolated thereafter originated from cultured astrocytes.

We isolated EVs with a recently introduced exosome method by Merck (Merck-Website); first AU-15 Amicon
Ultra filter (UFC901024, Merck-Millipore) were pre-wetted by adding 2ml of PBS into the filter and centrifuging
in a swinging bucket rotor for 10min at 4000g. PBS was then removed from collection and filtrate tube.
Conditioned medium was filtered through a Steriflip unit (SCGP00525, Merck-Millipore) via a vacuum pump and
subsequently added to filtration tube, then centrifuged at 4000g for 30min. Afterwards the collection tube was
emptied and 14ml of PBS were added into the filter. Using a 1ml, pipette liquid was pipetted softly up and down
along the filters to mix well. The second centrifugation was done again at 4000g for 30min, then concentrated

EVs were collected from the Amicon filter.

To sequence ADEVs, we isolated their RNA with GenElute™ Single Cell RNA Purification Kit (RNB300, Sigma),

after isolation was performed as described above.

Labeling extracellular vesicles

Carboxyfluorescein succinimidyl ester (CFSE) staining was performed with a kit (ThermoFisher, C34554). CFSE
stock solution was prepared by adding 18ul of DMSO into a stock vial. Isolated EVs were mixed with 10uM of
CFSE and incubated at 37° in a shaking incubator set to 100rpm for 30min in dark. To remove excess dye, EVs
were filtered once again through a pre-wetted AU-15 Amicon Ultra filter for 30min at 4000g. To monitor the
degree of self-assembled CFSE aggregates, we incubated 10uM of CFSE in PBS alone along with the samples

and also carried out the subsequent centrifugation step before measuring them in Nanosight.

Extracellular vesicle measurement

Immediately after isolation, 30ul EVs were diluted to 1:20 with 570ul PBS and measured with Nanosight LM14C
(NanoSight Ltd.) at 22°, averaging three measurements of 60sec at different locations of the observational area
(NTA 2.3 Analytical Software), with a detection threshold of 15 and a camera level of 15. EVs were applied to

cultures directly after measuring.
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Ribotag pulldown

All water used was of molecular grade. Steps were performed in dark in case of double-pulldown. HA-based
pulldown of labeled ribosomes (RPL22-HA) was carried out mainly as described in a formerly published
protocol (Chukrallah et al., 2020), with several changes taken from two other publications (Sanz et al., 2019;
Schleif, 2018) as explained below.

Cells harvested in HB buffer, as described above, were used. Pipetting steps with beads were performed by
putting the tubes on a magnetic rack, so that beads could form a pellet.

First, protein A/G magnetic beads (88803, Thermo Fisher) were washed with HB thrice for 5min at 4° under
rotation. The original volume of bead solution was restored with HB afterwards.

Preclearing was done to minimize unspecific binding to A/G beads: per mililiter sample, 50ul washed beads
were added, and incubated for 1h at 4° under rotation. Supernatant was kept and filled into new tubes and
beads were discarded.

Mouse-lgG-anti-HA antibody (26183, Invitrogen) was added at 12ul/ml and incubated for 1h at 4° with
rotation. Subsequently 200ul of washed beads were added per ml of sample and incubated 2h at 4° rotating.
Pellets were washed thrice in high salt buffer (50 mM Tris, 300 mM KCI, 12 mM MgCl,, 1% NP-40 (74385,
Fluka), 1 mM DTT, 100 pg/mL cyclohexamide, 100 Units/ml RNase inhibitor (RNasin, Promega)). Each washing
step took 5min. Buffer was removed, resuspension of beads was done in 400ul RLT (+1ul of BME (M6250,
Sigma-Aldrich) per ml of RLT). RNA from inputs, which were not undergoing the steps so far laid out in this
paragraph, was isolated by adding 350ul of RLT to them. Input RNA and tagged Ribosome-bound RNA was then
further isolated via the clean-up section of the RNEasy MinElute Cleanup Kit (74204, Qiagen) and eluted in

14ul. If RNA was also 4TU labeled, 4TU purification was done right away to minimize sample degradation.

4TU pulldown
4TU might crosslink under light, leading to potential blocking of biotin binding sites. Thus, working in the dark is

important until RNA is converted to cDNA during the library preparation steps. This should be taken into
consideration during the ribotag pulldown as well. Water used was of molecular grade. RNAs were kept on ice
during pipetting steps.

This pulldown was based on two protocols (Gay et al., 2014; Radle et al., 2013) and slightly modified as shown

below.

Up to 5ug of RNA (all after Ribotag-pulldown) were used for biotinylation and mixed with 1 mM EDTA (E5134,
Sigma-Aldrich), 20mM HEPES (H3375, Sigma-Aldrich), 16.4uM MTSEA-biotin-XX (B-90066-1, Holzel Biotech, in
DMF (227056, Sigma-Aldrich)).
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Volume was adjusted with water to 50ul, reaction vials were placed for 30 min in the dark at RT with
rotation. Excess biotin was eliminated as follows: first 50ul of water, 100ul of 24:1 Chloroform/Isoamylalcohol
(10103971, Fisher Scientific) and 50ul of 1xTE buffer were added and tubes shaken for 15sec, before incubating
for 2min at RT. Then samples were centrifuged at 12,000g for 5min at 4°. By using a fine needle and syringe, we
collected the aqueous phase. In a new tube, 350ul of RLT buffer from the RNEasy MinElute Cleanup Kit (74204,
Qiagen) and 250pl of 100% EtOH were mixed with the aqueous phase. Subsequently, purification of RNA was

done via the RNeasy MinElute Cleanup kit, eluting RNAs in a final volume of 50ul water.

Streptavidin pulldown was performed using the uMACS Streptavidin Starting Kit (130-091-287, Miltenyi Biotec).
First biotinylated RNA was incubated for 10min at 65°, then placed in ice for 5min. Afterwards 100ul of
streptavidin beads were added and incubated for 15min under rotation. Columns were equilibrated with the
kit’s respective buffer for nucleic acids, and the magnetic rack was assembled with 4 columns on the stand and
a big tray to collect flowthrough during washes. Samples containing the beads were applied to columns and
washed thrice with 0.9ml of 65° warm washing buffer (100mM Tris pH 7.4, 10mM EDTA, 1M NaCl and 0.1%
Tween 20 (P9416, Sigma-Aldrich)). Thereafter columns were washed again thrice with washing buffer of RT. The
collecting tray was replaced with fresh tubes containing 700 RLT buffer from RNEasy MinElute Cleanup Kit
under each column and labeled RNAs were eluted by twice applying 100ul molecular grade water (+ 5%R-ME).
Final purification was done by following the protocol from the RNease MinElute Cleanup kit. RNAs were eluted
in 12ul water. In case of a single 4TU pulldown, RNA from cell cultures was directly isolated via the Rneasy Mini

kit (74104, Qiagen).

Library preparation and sequencing

Given that very little RNA is detectable following the two consequent pulldowns, a minimal input library
preparation kit is advised. We used SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian kit
(Takara) and followed manufacturer’s instructions. Sequencing was performed on a HiSeq2000 machine from

[llumina, using dual indices and the single-end mode.

Analysis

Analyses were done in R with packages or with web tools as indicated below.

We subtracted all genes from further analyses (Fig 3-6) if their average normalized read count in controls was
25% or higher than in labeled samples, thereby removing a total of 29 genes from analysis. This was done for
both types of controls separately. The same was done for non-coding (nc) RNAs, where 31 transcripts were

removed.
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Barplots and pie charts were produced with ggplot2 package (Wickham, 2016). GC, 5” and 3"analysis, as well as
networks, were done with ShinyGO (Ge et al., 2020), Rank-Rank Hypergeometric test with the RRHO package
(Rosenblatt and Stein, 2014) and Venn diagrams with the VennDiagram package (Chan, 2018). GO term
analyses were done with Clusterprofiler (Yu, 2012) with the following settings: p-adjustment according to
Benjamini-Hochberg, with a 0.01 p-Value cutoff, a 0.05 g-Value cutoff and ontologies as indicated for each
graph.

Differential expression analysis was performed with DESEQ2 (Love et al., 2014) as follows: raw counts were
used, yet only genes with a count per million (CPM) of 1 in at least 2 samples were considered. Genes were
classified as differentially expressed with FDR adjusted p-value lower than or equal to 0.05 and a minimum fold
change of 1.5. Since we observed a high background for ADEV RNAs, we proceeded only with ADEV genes
whose transcripts per million (TPM) were equal or above 10 — in case of the DESeq2 analysis between ADEV

and cortical inputs we used the raw counts after that filtering step.

RNA-Network analysis was done based on all RNA interactions that were listed as experimentally validated in
several databases; STRING (Szklarczyk et al., 2019), RegNetwork (Liu et al., 2015), TransmiR (Tong et al., 2019),
Rise (Gong et al., 2018), NPInter (Teng et al., 2020) and TarBase (Karagkouni et al., 2018). Interactions classified
as weak were filtered out.

All interactions were compiled and matched with transcript lists using in-house Python scripts.

Matched lists were then used in Cytoscape (v3.7.2) to create the networks.

Imaging

Cells on coverslips were fixed in 4% PFA in PBS plus 1uM MgCl,, 0.1 uM CaCl, and 120mM Sucrose. Stainings
were done according to Abcam’s protocol (Abcam).

For samples that received ADEV or conditioned supernatant treatment, fixation was done 8-12h after the
treatment. RFP signal was amplified by an antibody against it.

Antibodies used were: Synaptophysin (ab8049, Abcam) with the secondary antibody Alexa Fluor 488 (goat anti-
mouse, A-21121, Invitrogen) and Anti-RFP (600-401-379, Rockland) with the secondary antibody Alexa Fluor
555 (anti rabbit, A27039, Invitrogen). Primary antibodies were diluted to 1:300, secondary antibodies 1:400.
Coverslips were mounted using Fluoromount-G (00-4958-02, Invitrogen).

Our imaging setup consisted of a Leica DMi8 microscope with default Leica software (Leica Application Suite X).
Settings were kept between groups of the same experiment. Background was removed from all images using

the default setting from Imagel.
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TAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGCGAG
CGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACGTAGCC
ATGCTCTAGGTACCAGCGCACAGAGCCTTCCTGCGTGGGGAAGCTCCTTGCTGCGTCATGGCTCAGCTATTCTCAGCCTCTCTCCTTTITA
TGGTGCCGGAAGCAGGCAGGCTGCTGCTTCTAGTCAGCGCACAGAGCCTTCCTGCGTGGGGAAGCTCCTTGCTGCGTCATGGCTCAGC
TATTCTCAGCCTCTCTCCTTTTATGGTGCCGGAAGCAGGCAGGCTGCTGCTTCTAGTCAGCGCACAGAGCCTTCCTGCGTGGGGAAGCT
CCTTGCTGCGTCATGGCTCAGCTATTCTCAGCCTCTCTCCTTTTATGGTGCCGGAAGCAGGCAGGCTGCTGCTTCTAGTCAGCGCACAGA
GCCTTCCTGCGTGGGGAAGCTCCTTGCTGCGTCATGGCTCAGCTATTCTCAGCCTCTCTCCTTTTATGGTGCCGGAAGCAGGCAGGCTG
CTGCTTCTAGAGCGCAGCAGAGCACATTAGTCACTCGGGGCTGTGAAGGGGCGGGTCCTTGAGGGCACCCACGGGAGGGGAGCGAG
TAGGCGCGGAAGGCGGGGCCTGCGGCAGGAGAGGGCGCGGGCGGGCTCTGGCGCGGAGCCTGGGCGCCGCCAATGGGAGCCAGG
GCTCCACGAGCTGCCGCCCACGGGCCCCGCGCAGCATAAATAGCCGCTGGTGGCGGTTTCGGTGCAGAGCTCAAGCGAGTTCTCCCGC
AGCCGCAGTCTCTGGGCCTCTCTAGCTTCAGCGGCGACGAGCCTGCCACACTCGCTAAGCTCCTCCGGCACCGCACACCTGCCACTGCC
GCTGCAGCCGCCGGCTCTGCTCCCTTCCGGCTTCTGCCTCAGAGGAGTTCTTAGCCTGTTCGGAGCCGCAGCACCGACGACCAGACTAG
TGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCC
GTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTT
CAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAG
TTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAG
TACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCG
AGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCT
GAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACT
CTCGGCATGGACGAGCTGTACAAGTAAAGCGGGAATTCGATATCAAGCTTATCGATAATCAACCTCTGGATTACAAAATTTGTGAAAGA
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TTGACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCCGTATGGC
TTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACT
GTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCA
CGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAA
ATCATCGTCCTTTCCTTGGCTGCTCGCCTGTGTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCA
GCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGG
GCCGCCTCCCCGCATCGATACCGTCGACTCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGT
GCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTC
TATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCT
ATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCGACTAGAGCATGGCTACGTAGATAAGTAGCATGGCGGGTTAATCATTAACTAC
AAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCC
CGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGCTTTTTGCAAAAGCCTAGGCCTCCAAAAAAGCCTCCTCACTAC
TTCTGGAATAGCTCAGAGGCCGAGGCGGCCTCGGCCTCTGCATAAATAAAAAAAATTAGTCAGCCATGGGGCGGAGAATGGGCGGAA
CTGGGCGGAGTTAGGGGCGGGATGGGCGGAGTTAGGGGCGGGACTATGGTTGCTGACTAATTGAGATGCATGCTTTGCATACTTCTG
CCTGCTGGGGAGCCTGGGGACTTTCCACACCTGGTTGCTGACTAATTGAGATGCATGCTTTGCATACTTCTGCCTGCTGGGGAGCCTGG
GGACTTTCCACACCCTAACTGACACACATTCCACAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGC
GCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGG
TTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTT
GCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTA
TAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCC
CTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCAC
GAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGC
AGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACT
AGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCAC
CGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGG
GGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAAT
TAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCA
GCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGT
GCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGT
GGTCCTGCAACTTTATCCGCCTCCATCCATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGT
TGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACAT
GATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATG
GTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGA
GAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCA
TCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACT
GATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGAC
ACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAA
TGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGAC
ATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCC
CGGAGACGGTCACAGCTTGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGG
GGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGC
AGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCA
CGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGAT
ATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGATCTGGCTAGCGATGACCCTGCT
GATTGGTTCGCTGACCATTTCCGGGTGCGGGACGGCGTTACCAGAAACTCAGAAGGTTCGTCCAACCAAACCGACTCTGACGGCAGTT
TACGAGAGAGATGATAGGGTCTGCTTCAGTAAGCCAGATGCTACACAATTAGGCTTGTACATATTGTCGTTAGAACGCGGCTACAATTA
ATACATAACCTTATGTATCATACACATACGATTTAGGTGACACTATAGAATACACGGAATTAATTC
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CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGGTCGCCCGGCCTCAGT
GAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTTCTAGACAACTTTGTATAGAAAAGTTGAACATATC
CTGGTGTGGAGTAGGGGACGCTGCTCTGACAGAGGCTCGGGGGCCTGAGCTGGCTCTGTGAGCTGGGGAGGAGGCAGACAGCCAGG
CCTTGTCTGCAAGCAGACCTGGCAGCATTGGGCTGGCCGCCCCCCAGGGCCTCCTCTTCATGCCCAGTGAATGACTCACCTTGGCACAG
ACACAATGTTCGGGGTGGGCACAGTGCCTGCTTCCCGCCGCACCCCAGCCCCCCTCAAATGCCTTCCGAGAAGCCCATTGAGCAGGGG
GCTTGCATTGCACCCCAGCCTGACAGCCTGGCATCTTGGGATAAAAGCAGCACAGCCCCCTAGGGGCTGCCCTTGCTGTGTGGCGCCAC
CGGCGGTGGAGAACAAGGCTCTATTCAGCCTGTGCCCAGGAAAGGGGATCAGGGGATGCCCAGGCATGGACAGTGGGTGGCAGGGG
GGGAGAGGAGGGCTGTCTGCTTCCCAGAAGTCCAAGGACACAAATGGGTGAGGGGAGAGCTCTCCCCATAGCTGGGCTGCGGCCCAA
CCCCACCCCCTCAGGCTATGCCAGGGGGTGTTGCCAGGGGCACCCGGGCATCGCCAGTCTAGCCCACTCCTTCATAAAGCCCTCGCATC
CCAGGAGCGAGCAGAGCCAGAGCAGGTTGGAGAGGAGACGCATCACCTCCGCTGCTCGCCAAGTTTGTACAAAAAAGCAGGCTGCCA
CCATGGCGCAGGTCCCAGCGAGCGGAAAGCTCCTTGTCGATCCCCGATATTCGACAAACGACCAGGAAGAAAGCATTCTCCAGGACAT
CATCACGAGGTTTCCCAATGTGGTGCTCATGAAGCAGACGGCTCAGCTTCGAGCGATGATGACCATCATTCGTGATAAAGAAACACCG
AAGGAAGAATTCGTCTTCTACGCCGACCGCCTGATTCGCCTCCTCATCGAAGAAGCTTTGAACGAACTGCCGTTCGAAAAGAAGGAAGT
GACAACCCCTCTGGATGTGTCATACCATGGAGTTTCCTTCTATTCCAAGATCTGTGGCGTCTCGATTGTGAGAGCTGGCGAGTCGATGG
AAAGCGGCTTGCGGGCAGTTTGCCGCGGCTGCCGCATCGGGAAAATCCTCATCCAGAGAGACGAAACAACTGCGGAGCCTAAGCTGA
TCTACGAGAAGCTGCCTGCCGACATTAGAGATCGCTGGGTGATGCTGCTAGATCCGATGTGCGCGACGGCGGGCAGTGTGTGCAAAG
CGATCGAGGTCCTCCTGAGGCTCGGCGTGAAGGAAGAGAGAATCATTTTCGTCAACATTTTGGCTGCTCCCCAAGGCATTGAACGTGTT
TTCAAGGAATACCCGAAAGTCCGCATGGTCACTGCTGCTGTTGACATCTGCCTGAACTCGAGGTACTACATCGTCCCCGGCATTGGTGA
TTTCGGTGACCGGTACTTTGGAACCATGTTGTCTGGTGGCGGAGGCTCGGGCGGAGGTGGGTCGGGTGGCGGCGGATCAATGGTGAG
CGAGCTGATTAAGGAGAACATGCACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTCAAGTGCACATCCGAGGGCGA
AGGCAAGCCCTACGAGGGCACCCAGACCATGAGAATCAAGGCGGTCGAGGGCGGCCCTCTCCCCTTCGCCTTCGACATCCTGGCTACC
AGCTTCATGTACGGCAGCAAAACCTTCATCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCCCGAGGGCTTCACATGG
GAGAGAGTCACCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCTCATCTACAACGTCA
AGATCAGAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCGGCTGGGAGGCCTCCACCGAGACCCTGTACCC
CGCTGACGGCGGCCTGGAAGGCAGAGCCGACATGGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTGAAGACCACATA
CAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTATGTGGACAGAAGACTGGAAAGAATCAAGGAGGCCGACAA
AGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGAGTGGGAATTTACGCTATGTATAAATCCTGGTTGCTGTCTCTTTATGAGGAGT
TGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAG
CTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGG
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CTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAGCTGACGTCCTTTCCATGGCTGCTCGCCTGTGTTGCCACCTGGATTCTGCG
CGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGLG
TCTTCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCATCGGGAATTCCTAGAGCTCGCTGATCAGCCTCGACT
GTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAAT
AAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATT
GGGAAGAGAATAGCAGGCATGCTGGGGAGGGCCGCAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCT
CACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGCTGCCTGCA
GGGGCGCCCAGATACTGCGACCTCCCTAGCAAACTGGGGCACAGATGAACCCAGCTTTCTTGTACAACCGATAATCAACCTCTGGATTA
CAAAATTTGTGAAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCC
GTATGGCTTTCATTTTCTCCTCCTTGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATACGTCAAAGCAACCATAGTAAGCG
GCGCATTAAGCGCGGCGGGGGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCT
CGCCACGTTCGCCGGCTTTCCCCGTCCTGATGCGGTCGCGCCCTGTAGCGCCTTAGAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCC
GATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTC
GCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACTCTATCTCGGGCTATTCTTTTGA
TTTATAAGGGATTTTGCCGATTTCGGTCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAAC
GTTTACAATTTTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCCAGTGACCGTCTGCCT
CGTGATAATGTGCGCGAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTITG
CGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTAC
ATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTA
TGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTC
ACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCC
AACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGACACCCGCTGACGCGCCCT
GACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCG
CGAGACGAAAGGACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAGAACCCC
TATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATATAACTCGCCTTGATCGTTGGGAACCGGA
GCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAA
CTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGC
TGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGAAGCCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCC
CGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTA
AGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGAT
CCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTC
TTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCT
ACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTT
CAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGG
GTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAAC
GACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGT
AAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCA
CCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCC
TGGCCTTTTGCTGGCCTTTTGCTCACATGT
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Fig S1: Unspecific genes after pulldowns are noisy in nature Principal component analysis displaying strong clustering of all

double-precipitated RNAs, whereas controls are widely spread, indicating a highly random background.n=5 (samples),

n =4 (inputs).
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Fig S2: Interactions between transferred IncRNAs and the synaptic RNAome. 357 IncRNAs (green) that are transferred
from astrocytes to neurons interact in a multitude of ways with 1460 synaptic mRNAs (red). The zoomed part depicts the

prominent IncRNA MALAT1 with its many connections.
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Fig S3: Interactions between astrocytic exosomal miRs and the top 25% InSUREns genes. 145 miRs that were published to
be found in astrocytic exosomes, regulate a huge amount of the most frequently transferred mRNAs. The zoomed part

depicts two exemplary astrocytic exosome miRs with their targets.
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Discussion

Importance of local translation in diseases

Local translation is at the center of plasticity. Without it, changes in synaptic weight that are made to reflect
novelty in our lives would not be durable. We have seen how logistical problems of a neuron are solved by its
decentralized protein synthesis and we have seen how many different transcripts are located inside neurites to

allow this process to be spatially precise.

Defective local translation is increasingly linked to the etiology and symptoms of diseases. In an ALS mouse
model that uses FUS mutation, local translation in axons was decreased (Lépez-Erauskin et al., 2018). When
neurons are exposed to AR1-42, they transport an increased amount of the ATF4-mRNA into their axons, where

it is translated and retrogradely brought to the nucleus, inducing cell death (Baleriola et al., 2014).

Htt protein was shown to support localization of dendritic RNAs. If Htt however contains an irregular
polyglutamine extension - as presented in Huntington’s disease - it is suggested to disturb the transport of
granules containing RNAs towards post-synapses, effectively causing symptoms of Huntington’s disease (Savas

et al., 2010).

Synaptopathies are neurological diseases that develop due to abnormalities at synapses. Recently, diseases and
disorders with unclear origination were considered to have a synaptopathologic etiology, including
schizophrenia (Hayashi-Takagi, 2017) and autism spectrum disorder (Wang et al.,, 2018). Similarly in
Alzheimer’s, a devastating neurodegenerative disease, the synapse degeneration starts in the early phase and
precedes neuronal death (Arendt, 2009; Kerrigan and Randall, 2013). Deeper understanding of local translation

will therefor help us to elucidate the molecular basis of synaptopathologies.

Identification of synaptic RNAs

We have seen the variety of synaptic RNAs and how many interactions they can have with one another. To gain
access to pure neuronal synapses, without influences of other cell types, | presented a novel tool, with which

we discovered many mRNAs and IncRNAs that wwre undetectable in synaptosomes.

This was achieved by cutting whole neurites instead of isolating mere synaptic terminals. In addition, we
founnd a lot more IncRNAs than in synaptosomes. Both findings are indicative of a preference of certain

transcripts to local translation hotspots in neurites - rather than to individual synapses.
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In chapter 1 we accomplished the first analysis of the combined total and small mouse hippocampal synaptic
RNAome. The hippocampus is a key area for forming memories (Lisman et al., 2017), hence the findings

presented here are of particular interest for the underlying local transcriptome of memory formation.

Identifying key players and their interaction partners will allow to develop hypotheses about specific RNA

candidates and their roles during LTP and LTD events.

The composition of the local transcriptome depends on the isolation technique applied and on the brain area
sampled; nonetheless there seems to be a consistent pool of RNAs, found across all experiments (von Kigelgen

and Chekulaeva, 2020).

Interestingly, miRs commonly found between synaptosomes and microfluidic chambers are often important for
developmental processes; miR-128-3p, for example, promotes neuronal differentiation (Zhang et al., 2016).
Members of the let-7 miR group are necessary to suppress cell division and to promote differentiation
(Fairchild et al., 2019; Song et al., 2015; Zhao et al., 2010). The let-7 miRs are crucial to neuronal survival; their
name derives form lethal, since loss of let-7 proved to be deadly, when it was first discovered in C. elegans
(Reinhart et al., 2000). My findings underline this and show that neurons supply themselves with let-7 miRs, as

they are present in the SNIDER samples.

Advantages of SNIDER

With SNIDER | have introduced a method to isolate post-synaptic and pre-synaptic RNAs as well as transcripts
located in neurites; a feature not possible with synaptosomes.

Overall, the isolation of a chamber’s RNA can be done in less than 30min, compared to several hours of
ultracentrifugation necessary for synaptosomes, improving RNA quality for downstream applications. In

contrast to hanging inserts, the chambers also allow visual inspection of synapse formation.

By advancing the microfluidic chamber design to be cut-able, | made it possible to retain its three hallmark
features for RNA isolation:

first, one can effectively study synapses without influence of other cell types. The very narrow entrances of
microgrooves prevent cells from entering and hydrostatic pressures in the chamber minimize diffusion into the
microgrooves, thereby greatly reducing the amount of EVs from glia cells reaching the synapses inside. This

makes filtering for putative glia RNA obsolete, allowing the detection of unexpected transcripts.
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Second, the continuous perfusion flow allows the targeted treatment of synapses residing in the perfusion
channel, without affecting the soma. As | have demonstrated in Chapter 2, SNIDER can thus be used for the
investigation of miR inhibition in neurites.

Third, laminar flow properties and the duration of hydrostatic pressure allow for individual transduction of the
two pools of neurons. We showed that KCI stimulation in the chambers results in activity-dependent changes
of the local transcriptome. Using optogenetic tools in this way would help to study the local transcriptome

under stimulation, as | lay out further in the Outlook section.

Interaction of synaptic RNAs

The regulatory loops between mRNAs and ncRNAs can either lead to inhibition of translation or degradation of
the mRNAs. In part, this depends on the endogenous binding competition between ncRNAs. Certain RNA types,
such as circRNAs or some IncRNAs are known to sponge miRs, essentially lifting their inhibition on neurons.
RNA sequencings always present a snapshot of the transcriptome; to state the exact nature of each RNA
interaction, experiments have to focus on single candidates.

We still have to imagine the local transcriptome to be quite dynamic; RNAs are being shuttled between
neurites and the soma in a conveyer belt fashion, fittingly called the sushi belt model (Doyle and Kiebler, 2011).
It describes how RNA granules — complexes formed of RNA binding proteins, mRNA and ncRNA - are
transported via motor proteins on microtubules along the neurites. During transport, packaging is often so
condensed that transported mRNAs are not available for translation (Wells, 2006).

This means that there are plenty of RNA granules passing by and through local translational hot spots
constantly, possibly influencing their interactions. miRs that are transported in a granule could bind a somatic
mMRNA only incompletely, causing transient inhibition of translation and increasing RNA stability (Oh et al.,
2013). While passing through residual RNAs, such miRs might find new targets with more complete
hybridization potential, thus potentially switching from inhibition of a somatic mRNA to degradation of a
synaptic one. Likewise, the other granule’s components, RNA binding proteins and IncRNAs, might detach at

any point in time from the granule to enrich a local transcriptome.

On the other side, RNAs are being exchanged between cells as described in Chapter 3. Even axon terminals
themselves can actively secrete miRs, presumably for uptake at the postsynapse (Xu et al., 2013). It was further
demonstrated that those miRs are bound with different affinities to Ago2 — some miRs were bound almost
completely to it, such as miR-26a-5p, mir-128-3p, 99a-5p, 30a-5p while other miRs just to a certain extent (Xu
et al., 2013). Thus, the type of interaction of uptaken and localized RNA might be determined by how the donor

cells packages the secreted RNA.
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It would be of great interest to see if there are differences among the isoforms of synaptic transcript in terms

of their 3" UTR and the resulting impact on miR binding.

Likewise, secondary structures of mRNA could reveal available stretches for regulation as well as other parts
that are shielded by self-hybridization. Notably, | showed longer 3° UTR regions in transferred RNAs, indicative

of neurite located RNAs and of additional forms of regulation compared to cytosol mRNAs (Tushev et al., 2018).

Intercellular origin of synaptic RNAs

Neurons are capable of supplying themselves with RNAs for local translation; otherwise, in vitro experiments
could not show the establishing of functional synapses under the exclusion of other cell-types (Taylor et al.,
2010). However, cell cultures differ substantially from the actual in vivo situation.

Neurons in vitro only have around 100-200 synapses, even after three weeks in culture (Cullen et al., 2010).
Furthermore, neurobasal medium contains 25mM of glucose, whereas in healthy humans the concentration is
a tenth of that (Bardy et al., 2015). Neurons are primary fueled by glucose; it thus stands to reason that such an
unphysiological amount of glucose could prompt them to overproduce RNAs and proteins greatly beyond any
in vivo situation. While | worked on the INSUREns method, | saw a vast increase in transferred RNAs only after |

switched to BrainPhys medium, which contains physiological glucose levels (Bardy et al., 2015).

Finally, there are time-constraints a self-sufficient neuron would face in trying to support its several thousand
synapses constantly with RNAs;

transport of somatic mRNAs into dendrites happens at a slow pace of around 0.03mm/h (Akbalik et al., 2017).
Consequently, a recent computer simulation calculated that it would take a whole day to replace the
transcriptome of the dendritic tree (Fonkeu et al., 2019). Similarly, axonal transport can be rather slowly with
around 0.05mm/h (Terada et al., 1996) - although there is also fast axonal transport with around 10mm/h
(Jasmin et al., 1988).

Through the architecture of the tripartite synapse, astrocytes could supply local RNA pools much faster and

more time-sensitive than the neuron itself (Fig 1).
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Created with BioRender.com

Fig 1: Anatomy of tripartite synapses. Astrocytes possess multiple endfeet that are in close contact with synapses, where

they influence synapses, e.g., by glutamate uptake, secretion of gliotransmitter and ATP.

For all these reasons, | suggest that intercellular RNA transport could be essential for proper synaptic function.
Transport of astrocytic RNAs to neurons has been shown in Chapter 3. Even though we have not directly
proven transfer at the synapse level, our results point strongly towards a cell-wide uptake of astrocytic RNAs,
including at dendrites and axons. We saw ribotag protein expressed throughout the soma and the neurites. We
also observed the uptake of EVs along neurites with two staining strategies. And a third of the most frequently
transferred RNAs were found in dendrites and axons (Fig 3D, Chapter 3).

At the same time, we have observed in total several thousands of RNAs being transferred, many more than
found at the synapse. Therefore, | propose at least two purposes of RNA transfer; to support neurons with a
broad range of RNAs, potentially for homeostasis - and to specifically supply local translation pools. Depending
on the immediate vicinity to subparts of neurons, subparts of astrocytes could behave differently. Astrocytic
membrane patches closer to the neuronal cytosol might secrete ADEVs that carry primarily transcripts
regulating DNA transcription, whereas astrocytic end feet would secrete ADEVs with transcripts for RNA
processing and splicing genes. As laid out in Chapter 3’s discussion, astrocytic end-feet are highly responsive to
synaptic activity and contain multiple mRNAs. Additionally, there are mechanisms in place to keep pre-packed

EVs at specific parts of the astrocytic membrane.
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InSUREnNs

To study the contribution of glial RNAs to the neuronal transcriptome | developed a technique that allows the
identification of astrocytic RNAs that are shipped to neurons to be translated. | combined and optimized

protocols for both pulldowns respectively, improving yields and signal-to-noise ratios greatly.

The modularity of INSUREns makes it applicable to any two cell-types and any proteins for pulldown, as laid out

further in the Outlook section.

There were other conceivable ways to obtain transferred RNAs, yet INSUREns has advantages over all of them.
One way would have been to let neurons express a reporter and astrocytes express UPRT. It would then be
possible to FACS-sort the neurons based on their fluorescence and subsequently perform the 4TU-pulldown.

Similarly, synaptosomes could have been generated, with a prior AAV injection for astrocytic UPRT expression.

Then a 4TU-pulldown would also leave only astrocytic RNAs that ended up in synaptosomes.

However, both those alternatives would lose information: before neurons can be FACS-sorted, they have to
undergo rough protease and tissue disruption protocols, during which most neurites get lost. In synaptosomes
all RNAs uptaken outside of the axon terminal would be lost. And although both alternatives would require
only one pulldown, they would not allow statements about the fate of transferred RNAs; it could be that some
transferred RNAs end up in lysosomes for degradation. With InSUREns on the other hand, we know the

uptaken RNA is about to be translated, as we detect it only if it is loaded onto ribosomes.

Means of RNA transport

We present strong evidence here that RNAs are trafficked via lipid vesicles. Yet, there are several other
mechanisms how cells could exchange RNAs.

Gymnosis, a process in which RNAs without packaging are internalized in their naked form (Stein et al., 2010),
has not been widely described for vertebrate neurons and would bode severe danger; in case of neuronal
injury, dying nerve cells would leak their RNAs in an unregulated manner, thereby throwing off the
transcriptome of nearby neurons completely and suddenly.

The widescale RNA transfer over large cell-cell contacts, called tunneling nanotubes (Ariazi et al., 2017) could
be problematic, too. Nanotubes at synaptic membranes would dilute changes in electric potential. Moreover,
tunneling nanotubes are less flexible. They need to be constructed first, with many parallel running cytoskeletal
fibers, hence they could not react to quick synaptic events. Nonetheless, miR transport through much smaller

gap junctions has been described before (Mayorquin et al., 2018).
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Conclusively, it is possible that RNAs detected by InNSUREns were partially transferred via different routes,

though these alternative passages pose restrictions.

ADEVs as a way to transfer RNAs

We observed an increase of RNA concentration in the medium of long-term cultures. This led us to believe that
extracellular vesicles could constitute the main way of shipping RNAs. Neuroprotective proteins like
neuroglobin, are already known to be transported in such fashion from astrocytes to neurons (Venturini et al.,
2019). Also, an increasing number of studies, as recently reviewed (Gomes et al., 2020), highlight ADEVs as a

widely-used way to signal among cells in the nervous system.

Ribosomal proteins have been detected in EVs before (Morhayim et al.,, 2015) and by tracking labelled
ribosomes in ADEVs we observed their internalization by neurons, parallel to what has been shown for

ribosome transfer from Schwann cells into axons (Mdller et al., 2018).

We substantiated ADEV uptake by a second imaging experiment with a membrane-labeling dye. Moreover, we
confirmed the majority of INSUREns genes to be present in ADEVs, strongly suggesting ADEV-mediated transfer.
The cargo of ADEVs varies depending on the stimulation of astrocytes, ranging from miRs that are detrimental
to neurons under IL-18 influence, to neuroprotective proteins under oxidative stress (Upadhya et al., 2020).
ATP stimulation enhances ADEV secretion (Datta Chaudhuri et al., 2020) and releases protein and factors for
neurite outgrowth and dendritic branching (Upadhya et al., 2020). The ADEVs we obtained can thus only
partially resemble the physiological state; especially since they were cultured without neurons. It would be
intriguing to research the changes of ADEV RNAomes depending on different stimuli and how those RNAs

change recipient neurons’ properties.

It was not necessary for our initial hypothesis to differentiate between the different types of EvV. For a deeper

understanding a differentiated analysis would be helpful in order to understand possible uptake routes.

Extracellular vesicle internalization mechanisms

The uptake mechanism of ADEVs and thereby the uptake mechanism of INSUREns was not addressed in my
experiments and remains an open question. As it has been shown, there is a plethora of possibilities for cells to
absorb molecules; macropinocytosis, phagocytosis and the many forms of endocytosis (mediated by clathrin,
lipid-raft, or caveolae), while each of those paths alters the way the cell uses the internalized molecules
(Conner and Schmid, 2003). Still, the ADEV uptake examined here most likely happens through clathrin-
dependent endocytosis, a process found in every mammalian cell (Conner and Schmid, 2003).
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One study researching oligodendrocytic exosomes found that neuronal uptake works via clathrin-dependent
endocytosis; when neurons were treated with Pitstop-2 and dynasore, thus suppressing dynamin activity and
clathrin-mediated endocytosis, their uptake of oligodendrocytic exosomes was strongly impaired. Inhibiting
clathrin-independent endocytosis by withdrawal of membrane cholesterol, conversely, had no such effect

(Frihbeis et al., 2013).

Another study produced similar findings in neuroblastoma cells with siRNA knockdown of TSG101 and VPS4A,
two important proteins in exosome secretion, cutting down the exosome secretion by over 75% (Sardar Sinha
et al., 2018).

The EV uptake patterns we observed look similarly to other works (Czernek et al., 2015; Morales-Kastresana et
al., 2017; Yuyama et al., 2012) with the strongest signals visible around the nucleus, but also strong uptake of
100nm-sized EVs at the neurites (Ibafiez et al., 2019). Similarly, in P12 cells, a cell line originating from the
neuronal crest, CFSE-labeled exosomes are internalized throughout the whole cell, including processes (Tian et
al., 2014). ADEVs from the Ribotracker mouse line contained labeled ribosomes (RPL4) and were uptaken by
neurons in a similar pattern to the CFSE labeled ADEVs. If ADEVs contain mRNAs and ribosomes, most likely

some mRNAs are already loaded on ribosomes and await translation after being endocytosed.

IncRNAs in ADEVs

Here we present datasets for synaptic, transferred and ADEV-contained IncRNAs, presented in Chapter 1 and 3

respectively, providing a great resource for further studies.

The area of IncRNA research is still in its infancy, with many functions still unresolved. Strikingly, 40% of all
IncRNAs are present exclusively in the central nervous system (Briggs et al., 2015). The high amount of IncRNAs
in ADEVs is strongly pointing towards a tight interplay between coding and non-coding cargo, as to inhibit RNAs
translation (Muslimov et al., 1998), potentially akin to RNA granules during transport in EVs. In accordance, the

dendritic abundance of IncRNAs is partly dependent on the neuron’s activity (Lipovich et al., 2012).

The huge networks of interactions that we described between transferred IncRNAs and synaptic mRNAs (Fig S2,
S3, Chapter 3) demonstrates how many RNAs could be affected by the addition of a single IncRNAs.

Apart from direct RNA-RNA interaction, IncRNAs can inhibit enzymatic activity through allosteric binding (Wang
and Guo, 2008). They can even induce longer lasting epigenetic changes in recipient cells, for instance by
activating histone methyltransferases (Kaneko et al., 2013; van Werven et al., 2012). Certain IncRNAs, e.g.,
Malatl - the second most abundant IncRNA we found in chambers - are known to regulate synapse formation

(Bernard et al., 2010).
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Synaptic Tagging

Once a synapse receives a stimulus strong enough to trigger late LTP (L-LTP) it requires supply of proteins and
other molecules from the soma. As this process of retrograde signaling from synapse to soma and then the
transport back requires several hours, the synapse-to-be-changed must be tagged for the intracellular cargo to
arrive at the right place, otherwise unspecific synapses would see their weight increased (Frey and Morris,
1997, 1998). To this day, the exact molecule that functions as the synaptic tag remains elusive.

In Chapter 3 | argued that the synaptic tagging and capturing problem could be addressed by horizontal RNA

shuttling from astrocytes to neurons. Here, | provide a more in-depth discussion.

Certain criteria must be fulfilled by candidate molecules in order to be considered synaptic tags (Okuda et al.,
2020). Namely the tag has to be, A) locally restricted, B) independent of protein translation and C) able to
capture - that is to bind anterogradely transported proteins from the soma.

Transferred RNAs would fulfill all these criteria:

A) Their uptake can be spatially controlled through tripartite synapses, B) they do not need translation, rather
they allow and enhance protein synthesis and C) they can easily capture RBP and other RNAs by being part of
bigger complexes.

The fourth criterion D) demands the tag to be reversible to a certain extent. When synapses are only weakly
stimulated, the increase of synaptic weight results in the protein-synthesis-independent early LTP (E-LTP-
stimulus) that is transient and lasts only a couple of hours.

However, even in E-LTP the tag is present, thus criterion D) demands that the tag cannot turn an E-LTP into L-
LTP without any additional stimulation. This could be easily achieved through many dose-dependent RNA-
regulatory pathways. For instance, only when enough ncRNA have been transferred to sponge all transcripts of
a specific miR, local translation would take place due to lifted inhibition. Similarly, only L-LTP inducing
stimulation could cause enough ADEVs to be transferred, that the tag RNA can be either translated in sufficient
amounts or bind sufficient molecules from the soma.

The last criterion E) states, that an E-LTP synapse can still undergo L-LTP, if another nearby synapse of the same
neuron receives a L-LTP inducing stimulus shortly before or after the E-LTP stimulus at the first synapse. We
can imagine three ways how that could be achieved with transferred RNAs.

With the synaptic tag coming from the outside, a few ADEVs might stay in the extracellular space for some time
after secretion — those could then be internalized by the weaker stimulated synapse.

If, instead, synaptic tagging is dose-dependent, we suggest an intracellular transport of astrocytic RNA after
uptake; if that transport happens from stronger to weaker stimulated synapses, this could tip the scale for the

weaker synapse to undergo L-LTP.
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Lastly, astrocytes have intracellular Ca%* signaling, based on surrounding synaptic activity (Guerra-Gomes et al.,
2018; Wang et al., 2009); if Ca?" is already elevated in the end feet that is part of the E-LTP tripartite synapses
and another Ca®'increase is triggered by the end feet at an L-LTP synapse then this could drive Ca** levels at the
E-LTP end feet high enough to release more ADEVs, even without further activity at the E-LTP synapse,

resulting in L-LTP at the E-LPT synapse.

Strikingly, a study demonstrated how human astrocytes, which are larger and have more complex calcium
signalling, vastly improved learning and LTP when implanted in mouse brains (Han et al., 2013). The authors
inserted an engraftment of human glial progenitor cells into neonatal mice, where human cells dispersed
evenly into hippocampus and cortex. In all tested learning paradigms, Barne’s maze, fear conditioning and
memorizing object location, those mice scored much better than controls, who received mouse glial progenitor

cells.

Neurites have been shown to be surprisingly void of ribosomes, yet after LTP induction polyribosomes were
found right at stimulated spines (Ostroff et al., 2018). Excitingly many enriched as well as most abundant
INSUREns RNAs were involved in ribosome biogenesis (Fig 3E). And since ribosome assembly happens in the
cytoplasm (Nerurkar et al., 2015), InNSUREns RNAs could allow ribosome assembly right at the synapse. In line
with that would be that primarily monosomes are observed at the post-synapse (Biever et al., 2020), hinting at

spontaneous small-scale genesis.

Additionally, we have tracked RPL4-RFP, a ribosomal protein, being transferred in the AWESAM ADEV
experiment. It is unclear, whether or not RPL4-RFP was part of a complete ribosome during transfer, yet if
ADEVs contain incomplete ribosomes as well as mRNAs for the missing parts, ribosome completion might

happen after uptake of ADEVs by the neuron.
To summarize, our findings, in light with other research, build a case how astrocytic RNAs could be the elusive

synaptic tags. This would further argue against a single tag molecule and in favor of the interplay of proteins

and RNAs, neuronal as well as glial, to tag a synapse and capture L-LTP related proteins.
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Outlook and possible improvements

1) InNSUREns modifications and use cases

In light of the monosome or polysome preference of mRNAs (Biever et al., 2020) experiments with new Ribotag
versions could provide interesting insights: if some ribosomal proteins mainly appear in monosomes, they
might bind divergent sets of genes. Different ribosomal proteins for HA-pulldown could be used to this end;
e.g., Rpl11, Rpl5 and Rpl4, all of which have been shown to be found more often in monosomes than in

polysomes (Slavov et al., 2015).

Intercellularly transferred small ncRNAs could be obtained with INSUREns; one would simply have to switch the
protein to which the HA-tag is attached; to isolate miRs, AGO2 could be expressed with attached HA-epitopes;

to isolate piRNAs, one would use PIWI.

To increase yield and allow a more precise calculation of labeling efficiency, the TU-pulldown approach could
be changed to SLAM-ITseq (Matsushima et al., 2018). By converting thiouracil bases into cytosine, effectively

by-passing the necessity of a pulldown, much more RNA could be sequenced, allowing higher gene coverage.

There are no reasons why the InNSUREns method would not work in vivo as well; 4-TU can cross the blood brain
barrier (Tomorsky et al., 2017). So, by injecting both viruses in the same brain area, e.g., the hippocampus, and
then having the animal perform memory tasks, one could readily investigate the extent of intercellular RNA

transfer from astrocyte to neuron in the living brain during real engram formation.

2) ADEVs - open questions

Imaging studies would be very valuable to further to follow up ADEV internalization. Of special interest would
be the extent to which internalized ADEVs stay at a synapse, or if they are transported inside neurites as well.
In order to track ADEVs, one can use cell lines where the exosomal marker gene CD63 is coupled to GFP (Men
et al., 2019), which would enable the investigating of subcellular properties of RNA transfer and the fate of EVs
after uptake.

Likewise, single-molecule experiments would answer these questions for a candidate transcript; labeling here
would be done with MS2-halotags (Wu et al., 2016) or mango aptamers (Autour et al., 2018).

Ideally one would combine this with CaMPARI, where recently-activated synapses are fluorescently labeled

(Ebner et al., 2019).
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Understanding the mechanisms, by which RNAs become ADEV cargo would be quite intriguing, especially how
external stimuli might change cargo loading, if transcript isoforms change packaging and which mechanisms of
loading exist for each type of ADEV. Given the vast number of transcripts we found, as well as the several
thousand transcripts from other studies (Skog et al., 2008) it is likely that many different cargo-signals exist.

Indeed, one pioneering study identified already three eight-base motifs for RNAs inside exosomes (Batagov et

al., 2011). It appears that such motifs can form stemloops, affecting also miR binding (Bolukbasi et al., 2012).

3) Extending the requlatory network with more ncRNAs

There are two intriguing types of ncRNAs that could not be studied in this thesis, yet would complete the

regulatory picture:

Before miRs mature they exist as pre-miRs, a hairpin structure, which is then cleaved by Dicer to yield both
mature miR-arms. Maturation can also take place in neurites, sometimes upon activity (Sambandan et al.,
2017), providing a further regulatory mechanism. Due to their size, pre-miRs were elusive in the data presented
in this thesis and would require a different library preparation protocol (personal communication with

manufacturers).

During the last couple of years circRNAs have been gaining interest; several are known to be located at
synapses and sponging miRs seems to be one of their major functions (Memczak et al., 2013; Panda, 2018).
Furthermore, their circular structure grants them long half-lives, hence they could influence local RNA pools,

even in small quantities. To sequence circRNAs paired-end sequencing would be necessary.

4) Combining 4TU tagging and SNIDER

The combination of SNIDER with the 4TU-tagging method offers ways to investigate more detailed questions.
For example, it would be possible for the first time to obtain pure post-synaptic RNAs, since as of now they are

not obtainable without also including either glia remnants (neuropil) or pre-synaptic RNAs (hanging inserts).

| provided a pipetting scheme (Fig A2) with which pools of neurons can be transduced individually (data not
shown). Neuronal pools of the chamber either extend axons into the microgrooves when distances to the
perfusion channel is long (axonal side), or dendrites when that distance is short. To enhance this neurite -
specificity, a coating-gradient of Laminin and PDL can be used, ensuring pure dendrites at the short site
(Virlogeux et al., 2018).
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Only the dendritic site would be transduced with UPRT, either continuously or, one day prior to SNIDER
isolation, 4TU would be added to label all post-synaptic RNAs. Since the synaptic RNA amount is rather low,

instead of a pulldown, the SLAM-Seq approach of base conversion could be used instead of a pulldown.

To take it one step further, also the axonal side could be transduced, yet with an optogenetic construct to
stimulate the dendritic side. Thereby stimulation would occur in a more natural fashion, with action potential
transduction taking place from pre- to post-synapses only inside the microgrooves. By applying different
stimulation protocols, one could for instance test the transcriptomic differences, when either an E-LTP or L-LTP

stimulation is given. Likewise, long term depression (LTD) could be induced and investigated.

Another interesting approach would be the perfusion with 4TU labelled ADEVs. Here one would prepare
AWESAM cultures and transduce them with UPRT. By adding 4TU, ADEV RNAs would be labelled. Subsequently
synapses in the chambers could be perfused with them. Afterwards synapses would be cut via SNIDER and

transferred ADEV RNAs inside could be isolated and sequenced.

The strength of modern molecular biology lies in its rapidly developing methodology; protocols are becoming
faster, more precise and modular. The future of dissecting the inner workings of synapses may lie within the

clever combination of these tools.

| hope that my contributions to this toolbox will be a small stepping stone towards achieving this goal.
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List of Abbreviations

AAV
AR
ADEV
ATP
CAl
circRNA
CNS
DAPI
DIV
DMEM
DNA
E-LTP
EPSP
EV
FBS
6FAM
GC
GFAP
GFP
GO
HA
KEGG
IncRNA
LNP
LTD
LTP
miR
mRNA
NB
NGS
PBS
PDMS
PS
gPCR
RBP
RNA
STED
trfRNA
UPRT

Adeno-associated viruses

Amyloid beta

Astrocyte derived extracellular vesicles
Adenosine triphosphate

Cornus ammonis 1

Circular RNA

Central nervous system
4',6-diamidino-2-phenylindole
Day in vitro

Dulbecco's Modified Eagle's Medium
Deoxyribonucleic acid

Early LTP

excitatory postsynaptic potential
Extracellular vesicles

Fetal Bovine Serum
6-Carboxyfluorescein
guanine-cytosine

Glial fibrillary acidic protein

Green fluorescent protein

Gene Ontology

Human influenza hemagglutinin
Kyoto Encyclopedia of Genes and Genomes
Long non-coding RNA

Lipid nano particle

Long-term depression

Long-term potentiation

microRNA

Messenger RNA

Neurobasal

Next Generation Sequencing
Phosphate-buffered saline
Polydimethylsiloxane
Penicillin/Streptomycin

Quantitative polymerase chain reaction
RNA binding protein

Ribonucleic acid

Stimulated emission depletion
transfer RNA fragments

Uracil phosphoribosyltransferase
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