Axon microdissection and transcriptome profiling reveals
the in vivo RNA content of fully differentiated myelinated
motor axons
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ABSTRACT

Axonal protein synthesis has been shown to play a role in developmental and regenerative growth, as well as in the main-
tenance of the axoplasm in a steady state. Recent studies have begun to identify the mRNAs localized in axons, which could
be translated locally under different conditions. Despite that by now hundreds or thousands of mMRNAs have been shown to
be localized into the axonal compartment of cultured neurons in vitro, knowledge of which mRNAs are localized in mature
myelinated axons is quite limited. With the purpose of characterizing the transcriptome of mature myelinated motor axons
of peripheral nervous systems, we modified the axon microdissection method devised by Koenig, enabling the isolation of
the axoplasm RNA to perform RNA-seq analysis. The transcriptome analysis indicates that the number of RNAs detected in
mature axons is lower in comparison with in vitro data, depleted of glial markers, and enriched in neuronal markers. The
mature myelinated axons are enriched for mRNAs related to cytoskeleton, translation, and oxidative phosphorylation.
Moreover, it was possible to define core genes present in axons when comparing our data with transcriptomic data of ax-
ons grown in different conditions. This work provides evidence that axon microdissection is a valuable method to obtain
genome-wide data from mature and myelinated axons of the peripheral nervous system, and could be especially useful for
the study of axonal involvement in neurodegenerative pathologies of motor neurons such as amyotrophic lateral sclerosis
(ALS) and spinal muscular atrophies (SMA).
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INTRODUCTION allow a rapid response to external or internal cues.
However, complementary mechanisms have been de-
scribed that can contribute in this regard. These include
transference of macromolecules from glia-to-axon (for re-
views, see Sotelo et al. 2014; Lépez-Leal et al. 2016) and
local protein synthesis in the axon (for reviews, see Glock
et al. 2017; Cioni et al. 2018). The relative contribution of
each mechanism is not yet known and has been described
as variable depending on the developmental stage or un-
der injury conditions (for reviews, see Cornejo et al. 2017;
Glock et al. 2017; Cioni et al. 2018).

RNA localization and local protein synthesis are con-

Neurons are highly specialized cells which present an
exceptional morphology, composed of somatodendritic
and axonal compartments. A key issue in neurobiology
has been to understand the cellular mechanisms that main-
tain the dendritic and axonal structures, which are essential
for neuronal function. The axonal transport is the main
mechanism that sustains the proteostasis of the axonal
compartment. This process consists in the transport of pro-
teins and other materials synthesized in the soma to the
axon using molecular motors and the cytoskeleton (for re-
views, see Roy 2014; Black 2016). The speed of this trans-

port (ranging from 0.1-20 to 200-400 mm/d) does not
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served mechanisms that can confer precise spatial and
temporal control of protein levels. In the case of mammals,
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the first lines of evidence of mRNA localization in axons
were obtained using in situ hybridization for candidate
genes (Jirikowski et al. 1990; Mohr and Richter 1992;
Mohr et al. 1991; Skutella et al. 1994). The possibility to
separate axons from the cell body and other types of cells
by using compartmentalization cultures allowed for the
study of the axonal transcriptome from a genome-wide
perspective. Although the localization of mRNA does not
imply that it is locally translated per se, it does provide
evidence of the potentiality of the axon to synthesize
proteins and rapidly and autonomously respond to its en-
vironment. With this aim, almost 20 data sets have been
produced, where axonal transcriptome of different spe-
cies, diverse neuronal types, and physiological conditions,
were studied in vitro (for review, see Farias et al. 2019).
These data indicate a high diversity of mRNAs localized
in immature axons, with variations depending on the
developmental stage and conditions.

Many efforts have been directed at understanding the
role of RNA localization and local translation in axonal
physiology (for reviews, see Glock et al. 2017; Cioni et al.
2018; Farias etal. 2019). However, the importance of these
mechanisms for mature myelinated axons in their normal
microenvironment is not yet known. This is mainly due to
the difficulty of obtaining pure axonal cytoplasm from in
vivo samples, and the small amount of RNA obtained
from them. The mechanical extrusion of giant axon of in-
vertebrates (Squid, Aplysia) has been used as a method
to obtain pure axoplasm in large amounts for diverse pos-
terior analyses, including cDNA libraries (Capano et al.
1987) and RNA-seq (Mathur et al. 2018). In the case of
mammals, there are two methodological approaches avail-
able to obtain axoplasm from in vivo nerves: extrusion
(Rishal et al. 2010) and microdissection (for review, see
Koenig 2009) of axoplasm. The extrusion method has
been used to characterize the total proteome of sciatic
nerve axoplasm, identifying 540 proteins (Rishal et al.
2010). In addition, it was also used to examine the link be-
tween axonal injury signaling and the resultant cell body
response using phosphoproteomics in rat sciatic nerve
(Michaelevski et al. 2010). On the other hand, our group
has widely used the microdissection technique to conduct
in situ analysis of components of the axoplasm derived
from medullary roots of rats and rabbits (Koenig et al.
2000; Sotelo-Silveira et al. 2004, 2008; Kun et al. 2007;
Calliari et al. 2014).

In this work, we modified the microdissection protocol
to achieve the goal of characterizing the transcriptome of
mature and myelinated motor axons of the peripheral ner-
vous system (PNS). With this method we obtained pure
axonal cytoplasm from rat ventral roots and performed
RNA-seq of transcripts localized in this subcellular domain.
Quality controls performed in the axoplasm sample indi-
cate that the preparation is enriched in neuronal markers
and depleted from glial markers. This is an approach that
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reveals that mature axons in vivo have a lower number of
RNA species in comparison with those growing in culture
(in vitro axons). The gene ontology (GO) categories en-
riched in the axoplasm transcriptome are mainly related
to translation, mitochondria, and cytoskeleton. Moreover,
it was possible to define core transcripts present in axons
when comparing our data with transcriptomic data of
axons grown in different conditions. This work provides
evidence that axon microdissection is a valuable method
to obtain data from mature and myelinated axons of the
PNS at genome-wide levels, and could be especially useful
for the study of axonal involvement in neurodegenerative
pathologies of motor neurons such as amyotrophic lateral
sclerosis (ALS) and spinal muscular atrophies (SMA).

RESULTS

Isolation of pure axoplasm from mature myelinated
motor axons

In order to characterize the transcriptome of mature mye-
linated axons, a method of obtaining axonal cytoplasm
with a purity level that allows for molecular analysis is nec-
essary. To achieve this objective, we optimized the axon
microdissection technique, a method used to isolate axo-
plasm from both Mauthner cells and mammalian medular
roots (Koenig 1979, 1986, 1991; Koenig and Martin 1996;
Koenig et al. 2000; Sotelo-Silveira et al. 2004, 2008;
Calliari et al. 2014), originally developed by Koenig
(1979). In this work, we isolated motor axons from lumbar
ventral roots of adult rats (Fig. 1A). After a denaturing
step using zinc (Fig. 1B,i), which increases the efficiency
of axoplasm isolation, we proceeded to the “pulling out”
of multiple axoplasmic whole-mounts in aspartate solution
(Fig. 1B,ii). To minimize the potential remnants of myelin
on the surface of the axoplasms, these were condensed
into a compact bundle and washed several times by gently
drawing the axons in and out of the solution except for one
end, repeating this procedure several times (Fig. 1B,iii).
This dislodged—by the force of surface tension—the
scanty debris of myelin still attached to the axons. Then,
the condensed bundle was attached at both ends to a
coated coverslip (Fig. 1B,iv) to remove the tip of the bun-
dle using a scalpel (Fig. 1B,v). Once the bundle is attached,
further washes were made to decrease the likelihood of
nonaxonal contamination. (Fig. 1B,vi). Finally, the axo-
plasms were detached from the coverslip and stored at
—80°C in an Eppendorf until the RNA extractions were per-
formed (Fig. 1B,vii).

Two different quality control steps were performed to
evaluate, qualitatively and quantitatively, the presence of
myelin in the preparation. The first was to detect myelin
remnants using fluorescent microscopy or scanning elec-
tron microscopy (Fig. 1C-E). The second was to assess
the presence of mMRNA markers of myelin and axon
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FIGURE 1. Axoplasm whole-mounts, obtained by microdissection method, are depleted of myelin. (A) Schematic diagram of rat spinal cord with
dorsal and ventral lumbar spinal roots assembling into the sciatic nerve. In this work, the L5 lumbar ventral roots containing axons from motor
neurons were dissected out for isolation of RNA. (B) Experimental procedure of the microdissection technique to obtain axoplasm whole-mounts
from spinal roots. C-C” and D-D": Single focal plane and orthogonal projection of z-stack of ventral root axons before (C-C”) and after (D-D") the
microdissection procedure. Note that the lipid-rich structures, such as myelin, are stained with the lipophilic fluorescent dye Nile red (red) in C,
and the F-actin cortex can be observed in D, stained with fluorescent phalloidin (green). (E) A representative image from scanning electron mi-

croscopy of a microdissected axon. Scale bars: (D) 10 ym; (E) 2 pm

compartments by quantitative real time RT-PCR (Fig. 2). In
the first case, we visualized axons stained with phalloidin
and the fluorescent lipophilic dye Nile Red before (Fig.
1C-C"") and after (Fig. 1D-D"") the isolation steps to reveal
possible remnants of myelin. As can be seen when com-
paring Figure 1C" and D/, the isolated axons did not
show detectable Nile Red staining of myelin in the axo-
plasm surface, while the actin rich cortex of the axoplasm
is preserved (Fig. 1C,D). The performance of the method
was tested at a higher resolution using scanning electron
microscopy, where the axoplasm surface free of myelin
debris could be observed (Fig. 1E).

To analyze the purity of the axoplasm sample with high-
er sensitivity than optical methods, we implemented a mo-

lecular quality control, performing RT-gPCR of mRNA
markers of myelin (Mbp, Pmp22, and Mag) and axon
(Nefl, Nefm, and Nefh) compartments (Fig. 2). The glial
markers were chosen according to their subcellular locali-
zation in glial cells (Fig. 2A). In sciatic nerve, it has been de-
scribed that Mag (Griffiths et al. 1989) and Pmp22 (Snipes
et al. 1992) mRNAs have a perinuclear distribution, while
Mbp mRNA was detected diffusely in the Schwann cell in-
ternode and predominantly in the paranodal cytoplasm
(Griffiths et al. 1989). Furthermore, in oligodendrocytes it
was described that Mbp mRNA could be transported to
the axon-glial contact site and locally translated (White
etal. 2008). Comparison of relative abundance levels in ax-
ons versus whole ventral root tissues for all these markers
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FIGURE 2. Axoplasm samples are reduced in glial MRNAs and enriched in neuronal mRNAs. (A) Schematic diagram showing longitudinal and
transverse sections of a myelinated peripheral axon where the axon, node of Ranvier, the paranodal cytoplasm, and the internode are shown. The
localization of glial and neuronal MRNA markers used to perform the quality control of axoplasm samples is shown by color coded solid dots.
(B) Molecular quality control of purity of axoplasm samples by RT-gPCR. Relative quantification of glial (Mbp, Mag, and Pmp22) and neuronal
markers (Nefl, Nefm, and Nefh) in different axoplasmic and ventral root samples isolated from five individual animals. (C-C"’) Single molecule
FISH (smFISH) of Nefl (green) and Mbp (red) mRNAs in ventral root crysections confirming the localization of an axonal marker (Nefl) and a glial
marker (Mbp). Phalloidin F-actin staining (white) delineated the shape boundaries of Schwann cell and axon. Note that Nefl is localized into axons
(Ax), while the Mbp mRNA is preferentially located close to the axon at paranode cytoplasm of Schwann cell (arrow heads). (D-D') smFISH of Mbp
mRNAs in ventral root crysections, showing its location preferentially close to the axon at paranode cytoplasm of Schwann cell (arrowheads) and,
in some cases, at the axon-glia contact site (arrow). (Ax) Axon, (NR) node of Ranvier. Scale bar, 10 pm.

yielded the conclusion that glial markers decrease their
abundance in axoplasm samples between 15-fold for
Mbp mRNA, and more than 35-fold for Pmp22 and Mag
mRNAs (Fig. 2B, relative abundance expressed in logy:
Mbp: 20.345 +0.402 and 24.246 £ 0.484; Pmp22: 17.601
+1.360 and 22.868x0.148 and Mag: not detectable
and 13.202 + 1.091; in axoplasm and ventral root samples,
respectively). Due to its subcellular distribution in the inter-
nal mesaxon, close to the axon-glial contact site, the Mbp
mRNA indicated that only locations establishing intimate
interactions with the axon remain at reduced levels
after the isolation procedure used. In contrast, the neuro-
nal markers increased their abundance in axoplasm
samples in comparison with ventral root samples from
22- to more than 172-fold (Fig. 2B, relative abundance ex-
pressed in logy: Nefl: 23.811+0.493 and 16.380 + 0.699;
Nefm: 21.499+0.952 and 17.012+0.670 and Nefh:
12.642 £ 0.583 and not detected; in axoplasm and ventral
root samples, respectively). In order to analyze the sub-
cellular distribution of markers in our model, we performed
single molecule FISH (smFISH) of Mbp and Nefl mRNAs in
ventral roots cryosections (Fig. 2C-C"”’). The Nefl mRNA
was present exclusively in the axon cytoplasm, showing dif-
ferent fluorescence signal patterns, from discrete and
pointed to more diffuse (Fig. 2C; Supplemental Fig. S1).
The Mbp mRNA was localized at the internode and
paranode cytoplasm of the Schwann cell (Fig. 2C'-C"”
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and D-D'), as previously described (Griffiths et al. 1989). Ad-
ditionally, itwas also confirmed that Mbp mRNAs are located
in axon-glial contact sites in peripheral nerves (Fig. 2D-D,
arrow), as described in oligodendrocytes (White et al. 2008).

Thus, we can affirm that axoplasm samples have mini-
mal glial components but mainly contain neuron specific
mRNAs. It is important to note that five independent
biological replicas were used to ascertain the variability
of the method (Fig. 2B), yielding a very tight distribution
among them (coefficient of variation [%] =2.62+1.18).
For the subsequent RNA-seq study, due to the low yield
of total RNA contained within this axonal preparation (typ-
ically in the picogram range), five biological replicates
were pooled and linear amplified for the generation of a
single RNA sample representative of axoplasm, perform-
ing the same procedure with the ventral root samples to
avoid bias.

Mature myelinated axons have a unique
transcriptional profile, with less complexity than
in vitro grown axons

To investigate the transcriptome of mature myelinated
axons, we sequenced total RNA (linear amplified) from
five pooled samples of both ventral roots and axoplasm.
The number of detected genes was 11,333 in ventral
roots and 1008 in axoplasm (Supplemental Table S1). In
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total, 10,396 genes expressed in ventral roots were unde-
tectable in axons. On the other hand, 71 genes detected in
axoplasm were undetectable in ventral roots (Fig. 3A). The
number of detected genes in mature myelinated axons is
much lower than those previously described for in vitro ax-
ons (for review, see Farias et al. 2019). In order to evaluate
if the low number of detected genes is due to a library con-
struction or sequencing artifact we performed saturation
plots. The number of detected genes as a function of the
sequencing depth indicates that saturation is reached for
both ventral roots and axon samples, globally and in a pro-
tein coding category (Fig. 3B).

To demonstrate that the axonal transcriptome is not
merely the product of a contamination of the most abun-
dant transcripts present in the ventral roots, we conducted
a series of analyses. Gene abundance as a function of gene
position (ranking) in an axoplasm sample clearly shows that
not all genes detected in axons are highly expressed in
ventral roots (Fig. 3C). Furthermore, the 71 axonal genes
not detected in ventral roots (see Fig. 3A) include RNAs
from low to high abundance (Fig. 3C), indicating the spec-

ificity of the axoplasm isolation method. The correlation
analysis for genes detected in both samples (937 genes)
also showed that the axoplasm sample has a different pat-
tern of gene abundance (Fig. 3D, R?>=0.28). In addition,
analysis of the top 50 abundant genes in axoplasm and
ventral roots indicated that 29 of these were in common,
but nearly the same proportion was unique to the axon ex-
tract (Fig. 3E). The common genes mainly code mitochon-
drial proteins (encoded by the mitochondrial genome)
as well as ncRNAs and pseudogenes. It is important to
note that among the most abundant genes in the ventral
root sample we found glial markers (such as Mbp, Mag,
Pmp22, S100b, Mp2), which presented low abundances
in the axoplasm sample as shown in the heatmap (Fig. 3E).

In summary, our analysis indicates that axon microdis-
section is a useful technique to obtain axoplasms from ma-
ture myelinated neurons derived from PNS for subsequent
analysis at the molecular level. The number of RNAs de-
tected in mature axons is lower in comparison with in vitro
data, is depleted of glial markers, and is enriched in neuro-
nal markers.
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FIGURE 3. RNA-seq of microdissected motor axons. (A) Venn diagram showing number of detected genes on ventral root and axoplasm sam-
ples. Note that 937 genes are common to both while 71 are only detected in the axoplasm. (B) Saturation plot of ventral root and axoplasm RNA-
seq data. Solid lines indicate the global saturation plot and dashed lines indicate the saturation for protein-coding genes. (C) Relative abundance
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Mature myelinated axons are particularly enriched
in transcripts important for mitochondrial
and protein synthesis functions

To assess the transcriptome complexity of axoplasm sam-
ples we first evaluated the different biotypes of transcripts
present in each sample. We found that the RNA composi-
tion of axoplasm was similar to that described for motor
axons in culture (Briese et al. 2015), containing transcripts
of multiple classes, including protein coding, Mt-rRNA,
ncRNA (such miscRNA, snoRNA, and rRNA), IncRNA and
pseudogenes (Fig. 4A; Supplemental Table S1). In addi-
tion, in the axoplasm sample, it was observed that the per-
centage of TPM of the mitochondrial rRNAs (Mt-rRNA) was
almost twice that in whole tissue (78% compared to 43%),
similar to observations made in the comparison of the axon
with the somatodendritic compartment in motoneurons in
culture (Briese et al. 2015). Moreover, the mature motor ax-
ons possess the noncoding 7SL RNA, which form part of
the eukaryotic signal recognition particle (SRP), previously
described in in vitro motoneurons (Briese et al. 2015) and
the SRP particle in axoplasmic whole-mounts (Koenig
2009). In the case of miRNAs, although their presence in
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the axons has already been described (for review, see
Wang and Bao 2017), we only detected some putative
miRNAs precursors since the library protocol was not spe-
cific for small RNAs.
In order to continue with the characterization of the
mature myelinated axon transcriptome, we studied the
functional enrichment of the localized RNAs. The func-
tional annotation analysis was performed using the axo-
plasm transcripts as the target list and the ventral root
transcripts as the background (Fig. 4B,C; Supplemental
Table S2). The KEGG pathways enriched in the axoplasm
sample were “Ribosome,” “Oxidative Phosphorylation,”
and neurodegenerative diseases such as Parkinson, Hun-
tington, and Alzheimer (Fig. 4B). The GO analysis highlight-
ed genes related to biological processes like “translation,”
cellular components like “ribosome,” ”

extracellular exo-
some,” “mitochondrion,”

axon part,” and molecular func-
tions like “protein binding” and “structural constituent of
cytoskeleton” (Fig. 4C). These GO categories were also pre-
viously described as enriched in the transcriptome of cul-
tured axons (for review, see Farias et al. 2019).

To establish the protein—protein interactions (PPI)
networks of the mRNA products identified in a mature
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axoplasm transcriptome, we used the STRING tool (v11.0,
Szklarczyk et al. 2015). Out of the 1008 detected genes in
the axoplasm sample, 789 were matched with the database
and used to construct the PPl network (Supplemental Fig.
S2A). This network, obtained with a high confidence
mode (0.7), was enriched in interactions (P-value<1 x
107'). The result shows two clusters formed by highly
connected protein nodes, which combine proteins related
to mitochondria and translation. Additionally, it can be
seen that there are several connected nodes associated
with the cytoskeleton, as well as proteasome and protein
ubiquitination (Supplemental Fig. S2A). Interestingly, only
mitochondrial encoded genes are highly abundant in com-
parison to median values of all genes detected or the three
other nodes of interactors (Supplemental Fig. S2B).

We performed a deeper analysis of the mitochondrial, ri-
bosomal and cytoskeleton categories, since these groups
of proteins are interesting in the context of the axon neu-
robiology. First, we analyzed the mRNAs coding for mito-
chondrial proteins. Of the 1300 proteins categorized as
mitochondrial in the MitoMiner database (Smith and
Robinson 2019), 15% (140 genes) were detected in the
axoplasm transcriptome, while 92% (1199 genes) were de-
tected in the ventral root sample. The RNAs encoded by
the mitochondrial DNA were up to eightfold more abun-
dant in axoplasms in comparison with the ventral root,

while the mRNAs encoded by the nuclear DNA were, on
average, more abundant in the ventral root sample (Fig.
5A). The difference between the abundance of RNAs en-
coding mitochondrial proteins encoded by mitochondrial
or nuclear DNA was in agreement with that reported for
cultured dorsal root ganglion (DRG) axons (Minis et al.
2014). Moreover, the abundance of mRNAs encoding for
mitochondrial proteins encodes by the mitochondrial ge-
nome was several orders of magnitude greater than those
codified by the nuclear genome (Supplemental Fig. S2B),
in accordance with what was reported for in vitro axons
(Minis et al. 2014; Nijssen et al. 2018). Since in our hands
the mature axon would have the potential to locally syn-
thesize only 15% (140 genes) of the mitochondrial prote-
ome, we wonder if these RNAs, or the proteins they
encode, possess any particular characteristic that leads
to their localization in the axon. Recently, Fazal et al.
(2019) developed APEX-seq technology to characterize
the spatial organization patterns of RNA in the living
cell. In the case of the outer membrane of mitochondria
(OMM), associated mRNAs include those with mito-
chondrial and nonmitochondrial functions (Fazal et al.
2019). In our case, 17% of axonal RNAs (170/1008,
Supplemental Table S3) are described as associated to mi-
tochondria in the APEX-seq data set (APEX-OMM). Fifty-
nine of them code for mitochondrial proteins, leaving
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FIGURE 5. Mitochondrial and translation related genes detected in mature myelinated axon transcriptome. (A) Distribution of mitochondrial
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all transcripts detected (gray), nuclear encoded mitochondrial genes (blue) and mitochondrial DNA encoded genes (red). (B) Comparison of
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111 as candidates to use mitochondria for their transport.
Interestingly, we detected 81 mitochondrial mRNAs pre-
sent in axons and not present in the APEX-OMM data
set. For these, a nonmitochondrial-dependent mechanism
of transport may be occurring. On the other hand, we hy-
pothesize that this may represent the capacity to assist the
turnover of particular functions or processes or be related
to different turnover rates. Using the half-life of mitochon-
drial proteins determined recently in neurons both in vitro
(Dérrbaum et al. 2018) and in vivo (Fornasiero et al. 2018),
we observed that the distribution of protein half-lives for
our axonal mitochondrial mRNA ranged from very short
(2-5 d) to longer half-lives (30 d). Globally, the mitochon-
drial proteins encoded by the mRNAs detected in axo-
plasm did not show an evident shorter lifetime compared
with the total mitochondrial proteins studied (Fig. 5B).
Interestingly, the axonal mRNAs coding for mitochondrial
proteins are involved in key functions at the mitochondrial
matrix and outer and inner membrane, being part of differ-
ent respiratory chain complexes (Fig. 5C), as well as biolog-
ical processes such as fission and fusion. These proteins
are usually under heavy reactive oxygen species (ROS)
modifications, and therefore it may be important to have
local mechanisms to renew/repair their function while in
transit or at final destinations.

Secondly, we analyzed the mRNAs encoding proteins
related with translation processes. In the axoplasm sample,
44 mRNAs (~50%) were detected out of all coding ribo-
somal proteins (~80 proteins), 27 from the large subunit,
and 17 from the small subunit (Fig. 5D). Moreover, the axo-
plasm sample was enriched in GO terms related to transla-
tion initiation, and elongation, as well as to the regulation
of these processes (Fig. 5E). The abundance of mRNAs
coding for ribosomal proteins is variable, ranging from
low to medium-high (Supplemental Fig. S2B). The localiza-
tion of MRNAs coding for ribosomal proteins in axons has
been widely reported previously (Willis et al. 2007; Taylor
et al. 2009; Zivraj et al. 2010; Gumy et al. 2011; Saal et al.
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2014; Briese et al. 2015; Rotem et al. 2017; Nijssen et al.
2018; Toth et al. 2018). The presence of these mRNA rais-
es the possibility that axons possess the capacity to use lo-
cally synthesized ribosomal proteins for the replacement
of their damaged pairs, which would increase the half-life
of the ribosomes. It is possible that nonribosomal functions
of ribosomal proteins can be at play in the axon too.

Finally, we identified several mRNAs coding for cyto-
skeletal proteins (Supplemental Fig. S2A), including struc-
tural components and regulatory ones. The abundance of
mRNAs coding for structural components of the cytoskel-
eton is variable, the neurofilament light subunit and tubu-
lins subunits (Tubala, Tubalb) mRNAs being the most
abundant (Supplemental Fig. S2B).

In summary, our data show that mature myelinated
axons are enriched for mRNAs related to cytoskeleton,
translation, and oxidative phosphorylation. Thus, the ma-
ture myelinated axons have the capacity to locally maintain,
atleastin part, the cytoskeleton, the translation machinery,
as well as the mitochondria, a key organelle for the correct
function of the neuron.

RT-gPCR validation of transcripts present in mature
myelinated axons

For the validation of the RNA-seq data we performed
RT-gPCR of individual (n = 5) replicates for 13 genes (Fig.
6). The selected genes are expressed at high, moderate,
and low levels in the axoplasm sample, and span several
different cellular and molecular categories. High consis-
tency between the RNA-seq and RT-qPCR results was
found using linear regression analysis of the fold change
of gene abundance in axoplasm vs. ventral root samples
(R?=0.8670, Fig. 6A), indicating that the data produced
through RNA-seq is reliable. As shown in Figure 6B, the
mRNA coding for the synaptic protein Snca (o-synuclein),
the member of the Src signaling pathway Skap2 (Src kinase
associated phosphoprotein 2) and the endoplasmic

30
v *Ventral root
o Axoplasm
*
20 Y
5 R M ¢
> % *
= | ¢ .
. < .
0] . b - b %
L
-,
0 4
> Vo D 0@ 2 o2 O 0 &
B E P Foe ) KUY
F o3 FOCAF NS o)

FIGURE 6. Validation of RNA-seq data by RT-qPCR. (A) Correlation of gene expression fold change (axon vs. ventral root) obtained by RT-qPCR
(y-axis) and RNA-seq (x-axis). All RT-qPCR data was collected from five biological replicates (mean and standard deviation values are represented).
Statistical goodness of fit value is provided (red). (B) Expression analysis by RT-qPCR of 13 mRNAs with different patterns of localization and ex-
pression are shown. Note the minimal dispersion among the biological replicas (coefficient of variation [%]: 6.20 * 6.58).
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reticulum protein Stt3a (STT3 oligosaccharyltransferase
complex catalytic subunit A) were not detected in the axo-
plasm but were detected in ventral root samples. The
mRNAs coding for cytoskeletal proteins Tubb4b (tubulin
beta 4B class IVb), Vim (vimentin), and Actb (B-actin), the
potassium channel Kcna (potassium voltage-gated chan-
nel subfamily A member 1), and the translation inhibitor
Pdcd4 (programmed cell death 4), were detected in both
samples, with high abundance in ventral root samples.
Conversely, the metallothionein protein Mt2a (metallo-
thionein 2A), the translation factor Eif3e (eukaryotic trans-
lation initiation factor 3 subunit E), and the component of
the complex Il of mitochondrial electron transport Mt-
cyb (mitochondrially encoded cytochrome B) were detect-
ed with high abundance in axoplasm samples relative to
ventral samples. Finally, the mRNA coding for synaptic
vesicle protein Sv2b (synaptic vesicle glycoprotein 2B)
and the synaptic protein Syn1 (synapsin |) were detected
only in axoplasm samples (Fig. 6B).

With these results we can affirm that the pooling of
samples and the linear amplification of RNA did not signif-
icantly affect the abundance levels of mMRNAs, since there
is a high correlation with the data obtained in RNA-seq
analysis (pooling of five samples, linear amplification of
RNA and then sequenced) and RT-gPCR performed in un-
amplified RNA from individual samples.

In vivo motor axon transcriptome shares a core group
of genes with in vitro axonal transcriptomes

To assess which RNAs are found in both mature myelinat-
ed axons and culture growing axons, we compared our
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data with a published axon data set derived from primary
embryonic DRG neurons (Minis et al. 2014), primary em-
bryonic motor neurons (Briese et al. 2015), neurons differ-
entiated from mouse embryonic stem cells (MESC)
(Zappulo et al. 2017), and motor neurons derived from
mESC (Nijssen et al. 2018). For this, we reanalyzed all
the data sets from scratch by performing the same proto-
col analysis to avoid bias. Of the 758 genes detected in
mature myelinated axons (conformed only by the ortho-
logs between rat and mouse), 95.5% have been reported
for in vitro axons by previous work (Fig. 7A). In addition,
almost 40% (300 genes, Supplemental Table S4) were de-
tected in all compared axon data sets. The latter can be
considered as a core set of genes needed in axons of dif-
ferent types (sensory or motor) or in various differentiation
conditions (mature or in active growth). The PPl network
obtained with a high confidence mode (0.7) is enriched
in interactions (P-value < 1 x 107'%). The proteins codified
by these mRNAs are mainly related to translation, mito-
chondria, and cytoskeleton (Fig. 7B). On the other hand,
a small group of mRNAs were only detected in mature
axons (Supplemental Table S4). It is important to note
the large difference in the number of detected genes be-
tween our set and the in vitro axon data sets, especially in
the case of DRG neurons (Minis et al. 2014), primary em-
bryonic motor neurons (Briese et al. 2015), and neurons
differentiated from mESC (Zappulo et al. 2017). The bio-
logical meaning of such a large number was discussed
in the corresponding manuscripts originating from each
data set, but it could also arise from cross contamination
between somatodendritic and axonal compartments, as
suggested by the Hedlund group (Nijssen et al. 2018).

Genes related to:

© Translation ~® Mitochondria
@ Cytoskeleton

FIGURE 7. Comparison of axonal transcriptome data sets reveals a group of core genes present in both in vitro growing in culture and micro-
dissected mature axons. (A) Venn diagram performed to compare our data with published axon data set derived from primary embryonic
DRG neurons (Minis etal. 2014), primary embryonic motor neurons (Briese et al. 2015), neurons differentiated from embryonic stem cells of mouse
(mESC) (Zappulo et al. 2017) and motor neurons derived from mESC (Nijssen et al. 2018). (B) Protein—protein interactions network of the core
genes (300 genes) identified in different types of axons using the STRING database. These genes are highly connected and are related to mito-
chondria (red), translation (green), and cytoskeleton (blue). Not connected genes are not shown.
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Additionally, several research groups have delved into
the transcriptome characterization of different neuronal
subcompartments, such as growth cones (Zivraj et al.
2010), synaptic neuropil in the hippocampus (Cajigas
etal. 2012) or, more specifically, the RNA being translated
in cortical synaptosomes (Ouwenga etal. 2017) orin retinal
ganglion cell (RGC) axons terminals (Shigeoka et al. 2016).
In the latter, the axonal translatome of distal axons in vivo at
different time points during the assembly of visual circuits,
including adulthood, was reported. One of the main find-
ings was that the axonal translatome is composed of
two parts, one constitutive and the other specifically regu-
lated according to the needs of each stage (Shigeoka et al.
2016). When comparing the adult axonal translatome
with our fully differentiated peripheral motor axon tran-
scriptome, we found 139 genes in common, mostly related
to translation, mitochondrion, cytoskeleton and axonal
part (Supplemental Table S4). Moreover, a new platform
which combines fluorescence sorting with biochemical
fractionation was recently developed in order to purify fluo-
rescently labeled synaptosomes (fluorescence-activated
synaptosome sorting [FASS]) (Luquet et al. 2017). Using
this platform, Schuman and colleagues determined the res-
ident mRNA population at adult mouse presynaptic bou-
tons, identifying 468 transcripts enriched in the sorted
synaptosomes (Hafner et al. 2019). Of those, in our axonal
preparation, we observe 77, mainly coding for ribosomal
proteins (29 transcripts) and translation factors (five tran-
scripts), molecular motors associated with the cytoskeleton
(five transcripts), and mitochondrial proteins (four tran-
scripts) (Supplemental Table S4). Surprisingly, we noticed
that only one presynaptic protein, Rims2 (regulating synap-
tic membrane exocytosis 2), was common to both data sets.
However, when comparing our axonal transcriptome with
the genes associated with the ontological term of presy-
napse (GO: 0098793), we observed 37 genes in common.
Among these, typical synapse proteins such as Pclo
(Piccolo), Sept4 (Septin 4), Syn1 (Synapsin 1), and Snap25
(Synaptosomal-associated protein 25) were observed
(Supplemental Table S4). Additionally, we want to under-
score that the abundance levels for these mRNAs were
high, ranging from 3.5 to 272 TPM. This highlights the po-
tential for translation of synaptic proteins in the axon, far
away from the cell body and the synaptic bouton.

In summary, these results reveal an axonal core molecu-
lar signature, found in in vitro and in vivo axons, in different
growth conditions and states of differentiation.

DISCUSSION

RNA localization and local protein synthesis are mecha-
nisms that confer spatial and temporal control of the prote-
ome. The role of these mechanisms in the axonal
compartment of neurons has been widely studied, with im-
portant recent advances (for reviews, see Glock et al. 2017;
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Cioni et al. 2018; Farias et al. 2019). In the last 10 yr, tran-
scriptomic approaches have been used to characterize
the RNA pool localized in axons grown in vitro. This was
possible thanks to advances in neuronal cell culture tech-
niques, allowing for the separation of neuronal soma and
other cell types from axons (for reviews, see Jadhav et al.
2015; Neto et al. 2016). These results provided valuable
evidence regarding the capacity to synthesize proteins lo-
cally in the axonal domain. However, the transcriptome of
mature myelinated axons is still largely unknown due to
difficulties in obtaining axonal content from this type of
sample. The axon microdissection method, developed
originally by Koenig (1979), allows researchers to obtain
axoplasm whole-mounts from different types of axons in-
cluding the motor axons derived from medullary ventral
roots. The method is based on the axon behavior as a vis-
coelastic gel due to the abundant content of neurofila-
ments (Gilbert 1975). The tensile strength that is required
for isolation depends on axon diameter and the content
of neurofilaments (Gilbert 1975; for review, see Koenig
2009). Zinc denaturation transforms the axonal viscoelastic
gel into a plastic solid, which enhances tensile strength,
and permits the isolation of axoplasmic whole mounts
from small diameter fibers (for review, see Koenig 2009).
This transformation is based on the zinc-dependent inhibi-
tion of the endogenous calcium activated protease which
degrades the neurofilament protein in the presence of el-
evated calcium concentration (Gilbert 1975; Frankel and
Koenig 1978). The microdissection method was widely
used by Koenig's and our group to characterize translation
machinery components of axoplasm, mainly those of the
periaxoplasmic ribosome plaques (PARPs) (Koenig and
Martin 1996; Koenig et al. 2000; Sotelo-Silveira et al.
2004, 2008; Kun et al. 2007; Calliari et al. 2014). The pro-
cedure maintains RNA integrity, as demonstrated either by
observing the electrophoretic profiles of total RNA ex-
tracts from Mauthner axons (Koenig 1979) or by in situ hy-
bridization in axoplasmic whole-mounts (Sotelo-Silveira
et al. 2008; Calliari et al. 2014). Here, we modified the
axon microdissection technique to obtain pure axoplasm
derived from lumbar ventral roots (Fig. 1A,B) in order to
characterize the transcriptome of mature motor axons.
The observation of isolated axoplasms, both by fluores-
cence microscopy (Fig. 1D) and scanning electron micros-
copy (Fig. 1E), showed that the method allows for the
recovery of axoplasm with minimal myelin contamination
at the axon surface. Furthermore, a high-sensitivity molec-
ular quality control was developed, quantifying by
RT-gPCR the relative abundance of glial and neuronal
markers in axoplasms and ventral roots samples. The glial
markers decreased their abundance in axoplasm extracts
in comparison with ventral root samples between 15-fold
for Mbp mRNA and more than 35-fold for Pmp22 and
Mag mRNAs (Fig. 2B). The smaller decrease of the Mbp
mRNA abundance in the axoplasm samples could be
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explained by the specific pattern of localization that this
mRNA has in the glia. We observed Mbp mRNA localized
to the axon-glial contact sites in ventral roots sections (Fig.
2D-D’), as it was described for oligodendrocytes (White
et al. 2008), making this mRNA more likely to be carried
over when the axoplasm is translated out of its ensheath-
ment. This is in agreement with an RNA-seq study of cen-
tral nervous system myelin, where Mbp mRNA was found
enriched ten times more than Pmp22 and Mag mRNA in
myelin extracts vs. whole brain cortex (Thakurela et al.
2016). Although these indicate that the axoplasm may
have minimal internal mesaxon glial contaminants, the
preparation is highly enriched in axonal mRNAs.

As mentioned above, axons in culture have been the
main source of transcriptome data in the field. Since the
amount of RNA contained within the axons is typically
low, it is necessary to collect and pool many samples
(Minis et al. 2014; Zappulo et al. 2017) or use an axonal
field in culture and apply steps of RNA amplification
(Briese et al. 2015) for RNA-seq library construction. The
need of linear RNA amplification was also present in the
case of microdissected axons, where five biological repli-
cates of axoplasm samples were pooled in order to reach
the minimum input requirement. The number of detected
genes in the mature myelinated axons was 1008 (Fig. 3A),
significantly lower than that described for in vitro axons. It
is important to note that in the ventral root samples
11,333 genes were detected (Fig. 3A), having performed
the same procedure (its molecular biology and the corre-
sponding bioinformatics) to avoid bias. For both samples,
saturation was reached globally and specifically in the
protein-coding category (Fig. 3B). Through ranking (Fig.
3C) and correlation analysis (Fig. 3D), it can be seen
that the axoplasm sample is not merely the product of a
dilution of transcriptome contained in the whole ventral
root sample. The latter is clearly reflected by the top 50
RNAs coming from each fraction (Fig. 3E). Although there
are genes in common, like mitochondrial genes (likely be-
longing to axonal mitochondria) and some ncRNAs and
pseudogenes, the groups that were not shared determine
that axonal and ventral root RNA extracts are different.
Within the top 50 most abundant genes in the ventral
root there were genes coding for myelin proteins (such
as Mbp, Mag, Pmp22, S100b, Mpz). These genes were
not only absent in the 50 most abundant genes found
in the axoplasm sample, but were also detected at a
very low abundance (Fig. 3E). These results, taken togeth-
er, show, at a genome wide scale, that the axon microdis-
section procedure permits an efficient purification of
axoplasm RNA with very low amounts of glial compo-
nents, especially myelin. Additionally, the individual study
of unamplified RNA from axons by RT-qPCR shows that
the method is very reproducible (Figs. 2, 6), exhibiting
very low dispersion in five independent biological replicas
of unamplified RNA.

The mature myelinated axon transcriptome is composed
of RNA of different biotypes, including protein coding,
ncRNA, IncRNA and pseudogenes (Fig. 4A). The abun-
dance of mitochondrial rRNAs in the axon is almost
twice that of the ventral root, similar to what has been de-
scribed for axons in culture when compared to the somato-
dendritic compartment (Briese et al. 2015). Additionally,
the axoplasm sample is enriched in genes related to
neurodegenerative diseases (Fig. 4B). While this may be
mainly due to the presence of genes encoding for oxi-
dative phosphorylation proteins, other key genes of the
canonical pathways of Alzheimer's (Gapdh, Calml,
Gsk3b, and Ppp3ca), Parkinson's (Slc25a4 and Uchl1),
and Huntington's (Tbp, Polr2a, Ap2m1, Slc25a4, Sod1,
and Sod2) were detected. Furthermore, transcripts with
functions related to protein synthesis and cytoskeleton
were overrepresented in axoplasm compared to the ven-
tral root transcriptome (Fig. 4C).

The PPI network of the axoplasm transcriptome showed
a high prevalence of proteins related to mitochondria,
translation and cytoskeleton, forming highly connected
clusters (Supplemental Fig. S2A). If the mitochondrial
mRNAs were to be locally translated in the axon, they
would account for ~15% of the mitochondrial proteome.
Globally, the mRNAs encoded by the mitochondrial ge-
nome were more abundant in axoplasms in comparison
with the ventral root sample, while those encoded by nu-
clear DNA were, on average, more abundant in the ventral
root sample (Fig. 5A). Additionally, in the axoplasm sam-
ple, the mRNAs encoded by the mitochondrial genome
were more abundant by several orders of magnitude in
comparison to those encoded by the nuclear genome
(Supplemental Fig. S2B), as reported by others for in vitro
axons (Minis et al. 2014; Nijssen et al. 2018). The proteins
codified by those mRNAs are related to different pro-
cesses which take place in mitochondria, like oxidative
phosphorylation (Fig. 5C), fusion and fission (Opal and
Ddhd1), and ribosomal proteins of mitochondria
(Mrpl18, Mrps26, and Mrpl35). Although we did not find
that proteins encoded by the mRNAs present in axoplasm
have a shorter half-life (Fig. 5B), the genes found are usu-
ally the main targets of reactive oxygen (ROS) and nitrogen
species (RNS) resulting in mitochondrial dysfunction. This
is the case of Glyceraldehyde—3-phosphate dehydroge-
nase (Gapdh), Aconitase (Aco2), and members of the
oxidative phosphorylation complex|, II, lll, IV, and V (for re-
views, see Brown 2001; Quijano et al. 2016). Therefore, we
think that local renewal of these key components after
damage can be paramount to maintaining mitochondrial
functionality while in transit or at final destinations.

The mRNAs encoding ribosomal proteins have been re-
ported in several of the studies of axonal transcriptome
(Willis et al. 2007; Taylor et al. 2009; Zivraj et al. 2010;
Gumy et al. 2011; Saal et al. 2014, Briese et al. 2015;
Rotem et al. 2017; Nijssen et al. 2018; Téth et al. 2018),
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and recent work provides evidence of its local synthesis
in in vitro (Shigeoka et al. 2016) and in vivo (Cagnetta
et al. 2018) axons. The function of those proteins locally
synthesized in axons opens an interesting debate, since
this implies ribosome assembly far away from the classical
assembly factory, the nucleolus (for reviews, see Fromont-
Racine etal. 2003; Pefia et al. 2017). Recent work provides
evidence of incorporation of locally synthesized ribosomal
proteins in cytosolic ribosomes present in axons (Shigeoka
etal. 2019). Through this mechanism, axons would be able
to repair or modificate ribosomes on-site, extend their half-
life or change the targets to be translated (Shi et al. 2017).
A possible alternative is that extraribosomal functions of ri-
bosomal proteins (for review, see Warner and Mclntosh
2009) can be functional in the axon space. Regardless of
what the final word on the matter is, we detected more
than half of the mRNAs coding ribosomal proteins of
both subunits in axonal extracts (Fig. 5D). Some of those
proteins (rpS3A, rpS4, rpS12, rpS27A, rpLPO, rpL13A,
roL18A, rol21, rpl27, rpl31) were described to be locally
synthesized and incorporated on cytosolic ribosomes of
RGCs axons (Shigeoka et al. 2019). Interestingly, we
detected other mRNAs coding proteins associated with ri-
bosome biogenesis and assembly, and regulation of the
process of translation (Fig. 5E).

The mature myelinated axons also possess mRNAs
coding for cytoskeletal and proteasome proteins (Supple-
mental Fig. S2A). Local translation of cytoskeleton proteins
could confer to the axon the ability to remodel or maintain
its structural components (Sotelo-Silveira et al. 2000). In
the case of B-actin, it was described that its local synthesis
in growing axons contributes to the stabilization of new
branches, and most likely helps in branch emergence
(Wong et al. 2017). Additionally, the role of protein degra-
dation was reported in injured axons both in vitro and in
vivo (for review, see Gumy et al. 2010). The presence of
mRNAs encoding proteasomal proteins could provide a
rapid mechanism to rapidly respond to an injury.

With the purpose of identifying a group of core genes
present in axons of different types of neurons and differen-
tiation conditions, we compared our data with published
data obtained for in vitro isolated axons (Minis et al.
2014; Briese et al. 2015; Zappulo et al. 2017; Nijssen
et al. 2018). Generally, one focus on these studies was
the enriched axonal mRNAs as derived from the compari-
son of axons versus the somatodendritic compartment, in-
stead of the total RNAs detected in axons. This strategy
excludes from the analysis RNAs that are known to be pres-
ent in axons and whose local synthesis and functions have
been demonstrated, such as -actin (Leung et al. 2006; Yao
et al. 2006; Donnelly et al. 2011; Willis et al. 2011; Wong
et al. 2017). Therefore, to perform the comparison be-
tween our transcriptome and the published data, we rean-
alyzed the data sets from raw sequences. Ninety five
percent of RNAs detected in the mature myelinated motor
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axons was previously detected at in vitro growing axons
(Fig. 7A). Furthermore, 40% were detected in all the axons
analyzed (Supplemental Table S4). These RNAs codified
for proteins with functions related to mitochondria, ribo-
somes and the cytoskeleton (Fig. 7B). Although mRNA
complexity appeared to be lower than that observed in
several in vitro studies (Minis et al. 2014; Briese et al.
2015; Zappulo et al. 2017), it is worth noting that the total
number of RNA detected in our preparation is comparable
to what Hedlund and colleagues reported recently
(Nijssen et al. 2018). This agreement in the number of de-
tected RNA species in vitro and in vivo, appears to be sup-
ported in our case since we are utilizing zinc solution as a
fixative, which preserves protein complexes and RNA in
axons (Koenig 1979; Sotelo-Silveira et al. 2008; Calliari
et al. 2014) and in many other preparations (Lykidis et al.
2007; Hadler-Olsen et al. 2010; Jensen et al. 2010), but
we cannot rule out the loss of more soluble RNAs.

On the other hand, we perform comparisons with data
sets derived from more specific neuron subdomains: the
translatome of axon terminals derived from adult mouse
RGCs (Shigeoka et al. 2016) and the transcriptome of adult
mouse presynaptic boutons (Hafner et al. 2019). The for-
mer is a pioneering work in the area, showing which
mRNAs are being translated in axonal terminals at different
development stages, even in adults (Shigeoka et al. 2016).
The latter describes the transcriptome of adult presynaptic
boutons and demonstrates that local protein synthesis is
a regular feature of pre- and post-synapse under basal
conditions, and that in the face of different excitatory or in-
hibitory stimuli, a differential local response occurs in these
compartments to modify the local proteome. Interestingly,
the two data sets mentioned above as well as our mature
motor axon transcriptome are enriched in mRNAs encod-
ing translation, cytoskeleton and mitochondria related
proteins. Although in our data set we found mRNAs en-
coding for synapse-related proteins in good abundance,
the number did not reach a threshold to be considered
as enriched as it was reported for terms such as synaptic
transmission by Shigeoka et al. (2016) and presynaptic ac-
tive zone by Hafner et al. (2019). The latter could indicate a
differential localization between the axon and the axon ter-
minals, with RNAs in transit to the synaptic boutons show-
ing in low amounts in the axon.

Knowing the mechanisms of RNA transport that localize
RNAs in the axonal domain is of key importance, since
transport failure is associated with several neurodegenera-
tive diseases (for reviews, see lkenaka et al. 2012; Costa
and Willis 2018). In the case of mitochondria, APEX-seq
data (Fazal et al. 2019) provided a reference of MRNA as-
sociated with its outer membrane (APEX-OMM), there,
some had mitochondrial function but others have diverse
tasks. Only 17% of the axonal transcriptome was present
in the APEX-OMM data set. This means that the transport
mechanism that may use mitochondria as carriers only
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applies to almost one fifth of the mRNA localized in
our preparation. Interestingly, not all the mitochondrial
mRNA observed in the axon is in the APEX-OMM list.
Additionally, about a hundred mRNAs not related to mito-
chondrial function may be localized through association
to mitochondria. In addition to the classical mechanisms
of RNA transport through RBP associated with the cyto-
skeleton, it has recently been described that RBPs can
be associated with lysosomes (Liao et al. 2019) or mobile
endosomes, in turn providing sites for local axonal transla-
tion (Cioni et al. 2019). Further studies will be required to
understand the mechanisms involved in the transport
and localization of RNA in mature axons.

In summary, we developed a modification of an axon mi-
crodissection technique that makes it possible to obtain
pure axoplasm in quantities enough to isolate RNA and an-
alyze it by sequencing. This was used to characterize the
RNA species of a fully differentiated and myelinated motor
axon. In resting conditions, these motor axons appear to
have a core group of RNAs involved in protein synthesis,
cytoskeleton, and mitochondria. However, it is clear that
thisis a picture of a basal state for RNAs that may have local
functions in the area studied or also be in transit to final
destinations. Regarding the latter, this approach would
be useful to capture RNA in transit in different physiologi-
cal conditions, or to study the axonal processes that occur
in models of neurodegenerative diseases such as ALS and
spinal muscular atrophies (SMA) in vivo.

MATERIALS AND METHODS

Animals

Sprague-Dawley male adult rats (10 mo) were obtained from the
animal facility at the Instituto de Investigaciones Bioldgicas
Clemente Estable (IIBCE, Montevideo, Uruguay), maintained on
a 12-h light-dark cycle, with food and water provided ad libitum.
All experimental procedures were conducted in strict accordance
with the Institution’s Comité de Etica en el Uso de Animales
(CEUA-IIBCE) under law 18.611 of the Republica Oriental del
Uruguay. The specific protocol was approved by the CEUA-
IIBCE (experimental protocol N°005/05/2012). The animals
were anesthetized by an intraperitoneal injection of 100 mg/Kg
ketamine and 20 mg/Kg xylazine, and then euthanized by
decapitation.

Isolation of axoplasmic whole-mounts from
myelinated ventral root fibers

Isolation of axoplasmic whole-mounts was performed according
to Koenig (1979), Koenig and Martin (1996), Koenig et al.
(2000), Sotelo-Silveira et al. (2004, 2008), and Calliari et al.
(2014) with the following modifications. Lumbar spinal ventral
roots were dissected from euthanized rats. The tissue (see Fig.
1A,B) was suspended in a modified gluconate-substituted calci-
um-free Cortland salt solution (Koenig and Martin 1996) contain-

ing 132 mM Na-gluconate, 5 mM KCI, 20 mM HEPES, 10 mM
glucose, 3.5 mM MgSO,, and 2 mM EGTA, pH 7.2, stored at
4°C. A ventral root, 3-5 mm, was immersed in a solution of
30 mM zinc acetate, 0.1 M Tricine, pH 4.8, for 10 min for denatu-
ration. Then, it was transferred to a 35 mm plastic culture dish con-
taining an axon “pulling” solution in which axoplasm was
translated out of its myelin sheath with a pair of micro-tweezers
#5 (Fig. 1B,ii). The “pulling” solution contained 40 mM aspartic
acid, 38 mM Tris, 1 mM NaN3, and 0.02% Tween 20 to reduce sur-
face tension, pH 5.5 (Koenig et al. 2000; Sotelo-Silveira et al.
2004, 2008; Calliari et al. 2014). The pulling generates a spray
of axons (about 30 axon segments) that can be condensed into
a bundle, being easier to process in further steps. Each spray
was condensed into a compact bundle by briefly drawing the
spray out of solution except for one end. By drawing the bundle
in and out of solution several times (Fig. 1B,iii) we eliminate the
remaining pieces of myelin on the surface of the axon. Isolated
axoplasmic whole-mount bundles were attached with the aid of
eyebrow hair tools to coverslips coated with 1% (3-aminopropyl)
triethoxysilane (Sigma-Aldrich) in ethanol (Fig. 1B,iv). The tissue
that remains still in the end of the spray was removed by a
scalpel (Fig. 1B,v). Additionally, three washes with fresh “pulling”
solution were performed to further decrease any possible con-
tamination (Fig. 1B,vi). The isolated axoplasmic whole-mounts
were removed from the coverslip with the aid of eyebrow hair
tool, placed in the cap of an Eppendorf 1.5 mL tube in 20 ul of
“pulling” solution and stored at —80°C until RNA extractions
were performed (Fig. 1B,vii).

Imaging of F-actin cortical layer and lipid content
of microdissected axons

The axoplasm whole-mount was obtained as described above un-
til the step of attachment to the coverslip. Before attachment,
axoplasmic whole-mounts were unraveled for better visualization.
Then, they were immediately incubated with Alexa Fluor 488
phalloidin (working dilution 1/400, Invitrogen, ThermoFisher
Scientific) and Nile Red (working dilution 1/1000 from a solution
of 100 pg/mL in acetone, Invitrogen, ThermoFisher Scientific)
20 min at room temperature in PBS buffer. The material was
mounted with ProLong Gold Antifade (Invitrogen, ThermoFisher
Scientific) and stored at 4°C light protected until visualization. A
laser confocal microscope LSE ZEISS 800 was used with 40x
(air, NA 0.95) and 63x (oil, NA 1.4) objectives. The stacks were al-
ways taken at ideal um number between each z plane. The soft-
ware to control the microscope and take the images was the
ZEN Blue version 2.3.

smFISH procedure

Tissue sections

Fresh ventral roots were collected, gently straightened, and im-
mersed in fixative solution (4% paraformaldehyde in PHEM-
DEPC buffer, 25 mM HEPES, 60mM PIPES, 10 mM EGTA,
2 mM MgCly, pH 7.2) for 1 h with stirring at room temperature.
After three washes of 10 min each in PHEM-DEPC solution, the tis-
sue was cryoprotected in 15% sucrose solution (in PHEM-DEPC)
for 24 h at 4°C and then 30% for another 24 h. The pieces were
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placed in silicone rubber mods and embedded in the tissue freez-
ing medium CryoGlue (SLEE Medical) and stored at —80°C.
Frozen blocks were sectioned parallel to the longitudinal axis at
10 pm thickness using a SLEE cryostat. Sections were collected
onto Poly-L-lysine (Sigma-Aldrich) coated slides and stored at
—20°C.

In situ hybridization

Custom Stellaris FISH Probes were designed against Nefl
and Mbp by utilizing the Stellaris FISH Probe Designer
(Biosearch Technologies) available online at www.biosearchtech
.com/support/tools/design-software/stellaris-probe-designer.
The ventral roots slices were hybridized with the Stellaris FISH
Probe set labeled with Quasar570 and Quasar670 (Biosearch
Technologies) (for Nefl and Mbp probes, respectively), following
the manufacturer’s instructions with some modifications. Briefly,
tissue permeabilization was achieved by incubating the tissue
with 0.5% Triton X-100 in PBS-DEPC, 20 min at room temperature.
Excess detergent was removed by successive washes with PBS-
DEPC (3x 10 min). The tissue was immediately incubated in
Wash Buffer A (10% formamide [Sigma-Aldrich] in Stellaris RNA
FISH Wash Buffer A [Biosearch Technologies]) for 5 min. Then,
200 pl of Hybridization Solution (10% formamide in Stellaris RNA
FISH Hybridization Buffer [Biosearch Technologies]) was added
to each slide, with each probe set at a final concentration of 250
nM. The slides were place in a humidified chamber in the dark
at 37°C for 4 h. Each sample was washed with Wash Buffer A for
30 min in a humidified chamber at 37°C. A second wash was per-
formed, in this case with Wash Buffer Awith DAPI (100 ng/mL) and
AlexaFluor 488 phalloidin (Invitrogen, ThermoFisher Scientific)
and left to incubate at 37°C for 30 min. A final wash with Wash
Buffer B (Biosearch Technologies) was performed. The samples
were then mounted with Vectashield Mounting Medium (Vector
Laboratories), covered by 22 mm x 22 mm No.1 coverslips, sealed
with nail varnish and immediately imaged.

Image acquisition

Imaging was performed on a custom-made inverted single-mole-
cule fluorescence microscope built around a commercial micro-
scope frame (Olympus 1X73). The microscope was equipped
with an EM-CCD camera (Andor iXon Ultra 897) with an effective
pixel size on the sample of 118 nm. A 1.30 NA oil immersion ob-
jective (Olympus UPLSAPO 60x) was used.

Axoplasmic whole-mounts processing for scanning
electron microscopy

For scanning electron microscopy (SEM) analysis, the axoplasm
attached on glass coverslips were fixed overnight in 2,5% glutar-
aldehyde in 0.1 M phosphate buffer saline pH 7.2 (PBS) at 4°C.
After that, axoplasms were washed in PBS (5 x 5 min), dehydrated
through a graded (25, 50, 75, 95, 100%) ethanol-water series,
transferred to acetone 2 x 10 min. Then, the samples were sub-
mitted to critical point drying with CO; in a DPC-1 Denton
Vacuum Critical Point Drying apparatus. Dried samples were af-
fixed to aluminum stubs with carbon tape and sputter-coated
with gold in Deskll Denton Vacuum. Samples were analyzed in
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high vacuum in a Jeol-5900 LV SEM operated at an accelerating
voltage of 20 kV.

RT-gPCR for quality control and validation
of RNA-seq

RNA extraction from axoplasm whole-mounts

For axoplasmic samples, RNA extraction was performed with
RNAgueous-Micro Total RNA Isolation Kit (Ambion, Invitrogen,
ThermoFisher Scientific), a kit designed to obtain RNA from as lit-
tle as 10 laser capture microdissected sections. First, axoplasm
samples were centrifuged at maximum speed, and the buffer re-
moved very carefully. The procedure for laser capture microdis-
section (LCM) was used for all the samples, with some
modifications. Briefly, 100 pL of lysis buffer was added to the pel-
let of axoplasms and incubated at 42°C for 5 min. Then, 3 pL of
LCM additive and 129 pL (1.25 volumes) of 100% ethanol was
added to the mixture to recover large and small RNAs. The ly-
sate/ethanol mixture was loaded onto a Micro Filter Cartridge
Assembly and centrifuged for 1 min at 10,000g. Afterward, 180
uL of wash solution 1 were added, and the mixture was centri-
fuged again for 1 min at 10,000g. Wash Solution 2/3 (180 pL)
was added, and the mixture was centrifuged for 30 sec at
13,000g and we repeated the wash one more time. The flow-
through was discarded and the Micro Filter Cartridge was centri-
fuged for another minute at 13,0009 to dry the filter. The Micro
Filter Cartridge was transferred into a Micro Elution Tube, and 8
pL of preheated Elution Solution were added. The mixture was
left at room temperature for 5 min and then centrifuged for
1 min at 13,000g. Subsequently, treatment with DNase was per-
formed, adding 1/10 volume of 10x DNase | Buffer and 1 pL of
DNase |, and incubating the DNase reaction for 5 min at 37°C.
To inactivete the DNase, 1/10 volume of DNase Inactivation
Reagent was used. After centrifugation of the reaction for
1.5 min at maximum speed to pellet the DNase Inactivation
Reagent, the RNA was transferred to a fresh RNase-free tube
and stored at —80°C until further processing.

RNA extraction from ventral root samples

The RNA from ventral roots were obtained using TRl Reagent
(Sigma-Aldrich), following the recommendations of the manufac-
turer. Quality and quantity of RNA was evaluated using spectro-
photometry (Nanodrop 1000, Thermo Scientific) and fluorimetry
(Qubit 2.0 and RNA HS Assay kit, Invitrogen, ThermoFisher
Scientific). To be in comparable concentration as the RNA extract-
ed from axons, each ventral root RNA was diluted down to 500 pg
and then reisolated with the RNAqueous-Micro Total RNA
Isolation Kit, following the procedure detailed above.

RT-qPCR

For quality analysis of axoplasm samples and confirmative
RT-gPCR assays, EXPRESS gPCR SuperMix (Life Technologies,
ThermoFisher Scientific) was used according to the manufactur-
er's instructions. All the reactions were performed in five biologi-
cal replicas in a CFX96 Touch Real-Time PCR Detection System
(BioRad). The cycle program used for all cases was 95°C for
10 min, and 40 cycles of 95°C for 15 sec and 60°C for 1 min.
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The genes selected for confirmation by RT-gPCR are shown in
Figure 7, and all specially designed primers are listed in Supple-
mental Table S5.

RNA-seq of microdissected axons and ventral roots

RNA extraction

Five axoplasm samples from different animals were pooled be-
fore RNA extraction to reach the minimal input amount of linear
amplification kit (500 pg). For the ventral root sample, five ventral
root samples were pooled and diluted to 500 pg after the first
step of RNA extraction (with TRI Reagent, see above). Following
that, a second step of RNA extraction (with RNAqueous-Micro
Total RNA Isolation Kit) was performed as described above.

RNA linear amplification

Both microdissected axons and ventral roots pools were subject-
ed to RNA linear amplification using Ovation RNA-Seq System v2
(NuGEN, Tecan), following the manufacturer's recommendations.
Quiality and quantity of the resulting double-stranded cDNA were
evaluated by means of a 2100 Bioanalyzer (Agilent) and
Nanodrop 1000 (Thermo Scientific).

Sequencing

Libraries were constructed and sequenced at BGlI Genomics
(Hong Kong), on lllumina HiSeq4000 platform.

RNA-seq data processing and analysis

The raw reads were aligned to the rat reference genome
(Rnor_6.0, GCA_000001895.4) using HISAT v2.0.5 (Kim et al.
2015). The mapped reads were assembled by StringTie v1.3.3b
(Pertea et al. 2015, 2016) in a reference-based approach ("—e”
option). The TPM (transcripts per million reads) method was
used to normalize the gene expression in each sample, and lowly
expressed (<1 TPM) genes were filtered. The python script
“prepDE.py"” was used to obtain the count values.

Functional annotation analysis was performed using the Data-
base for Annotation, Visualization, and Integrated Discovery (DA-
VID) website (v6.8, http:/david.abce.nciferf.gov/). The transcripts
detected in axoplasm were used as the gene list, and those de-
tected in the ventral root sample were used as background.

For saturation plot and biotypes analysis the NOISeq R
package was used (Tarazona et al. 2015). The graphics were
performed using the following R packages: gplots for heatmap
and venneuler (Wilkinson 2012) for proportional Venn diagrams.
For Venn diagram of several data sets, a web tool (http://
bioinformatics.psb.ugent.be/webtools/Venn/) was used.

The list of mitochondrial proteins was obtained from MitoMiner
database v4.0 (http://mitominer.mrc-mbu.cam.ac.uk/release-4.0/
begin.do (Smith and Robinson 2019), using the Integrated
Mitochondrial Protein Index (IMPI).

The PPl networks were performed with the stringApp (Don-
cheva et al. 2019) of Cytoscape (Shannon et al. 2003).

For comparison of rat with mouse RNA-seq data, the Ensembl
BioMart database (Kinsella et al. 2011) was used to scan for ortho-

logs between species. Only genes with known orthologs were
used in the comparison to avoid inflating the proportion of non-
overlapping genes.

Use of published data sets

The data used in cross-comparisons of data sets were obtained
from the NCBI Gene Expression Omnibus and ArrayExpress
Archive. The accession numbers and their respective study refer-
ences for the axonal transcriptomics studies are as follows:
GEO: GSE51572 (Minis et al. 2014), GEO: GSE66230 (Briese
et al. 2015), E-MTAB-4978 (Zappulo et al. 2017), and GEO:
GSE121069 (Nijssen et al. 2018). The data of RNA-seq was re-
mapped (to the mm10 [mouse] reference genome) and TPM val-
ues calculated using the pipeline described above, to avoid
differential mapping bias.

Quantification and statistical analysis

For RT-qPCR and coefficient of variation values, mean and stan-
dard deviation is reported. In correlation analysis (Figs. 2C, 6A)
the linear regression r* (goodness-offit) is reported. In the scatter
plot graphics (Fig. 5C; Supplemental Fig. S2B) the mean and 95%
Clis presented.

DATA DEPOSITION

The data sets supporting the results of this article are available
at the Sequence Read Archive repository, Project ID:
PRINA598237.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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