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Preface

Axon growth capacity is essential for the establishment of neural circuitry in developing
organisms, and for the repair of neural circuitry damaged by injury or disease in mature
animals. The capacity for axon growth is acquired by neurons upon terminal differentiation.
Interestingly, neurons utilize a molecular toolkit for axon growth and guidance that is
remarkably well conserved between central and peripheral neurons over the course of animal
evolution. However, despite the high degree of conservation of these mechanisms, the
ability of neurons to regenerate axonal connections after axotomy varies widely on the
basis of phylogeny and ontogeny.

Developing neurons in both the peripheral nervous systems (PNS) and central nervous
systems (CNS) of virtually all animals can regenerate damaged axons. However, among
mature neurons with established connections, mammalian CNS neurons do not normally
regenerate their axons even though mature PNS neurons retain the capacity for axon
regrowth. Amphibians such as frogs display a similar ability for axon regeneration in both
CNS and PNS neurons prior to metamorphosis, but post metamorphosis, most CNS
neurons lose the ability for axon regeneration with the exception of retinal ganglion cells.
In contrast, neotenic amphibians such as axolotls, which reach sexual maturity without
metamorphosis, have a lifelong capacity for CNS axon regeneration in the spinal cord and
optic nerves. Fish species also demonstrate this lifelong capacity for axon regeneration in the
CNS. Understanding the molecular differences between neurons capable of axon regenera-
tion and those lacking this ability poses a fascinating problem for both basic scientists and
clinical researchers.

The poor prognosis for functional recovery by patients suffering CNS nerve injuries has
fueled the search for therapeutic strategies to promote functional rewiring of disrupted
axonal connections. Over the past decade, a number of methodologies and model systems
have facilitated the discovery of basic mechanisms regulating axon regeneration. Both
in vitro and in vivo models have been employed to reveal the cellular and molecular
apparatuses that promote axon regeneration in the neurons of model systems capable of
functional regeneration, and that prevent functional regeneration of axons in the adult
mammalian CNS.

The chapters in this book cover a broad range of approaches utilized to decipher cellular
and molecular mechanisms enabling successful axon regeneration that in turn may be
manipulated to promote functional recovery in human patients. The techniques described
employ a variety of model systems including rodent (Chaps. 1, 2, 3, 4, 5, 6, 7, and 8),
amphibian (Chaps. 11, 13, 16, and 19), fish (Chaps. 9, 10, 12, 14, 15,17, 18, 20, 21, 23,
and 24), and insect (Chap. 22) models utilizing both in vivo and in vitro approaches. A
variety of physical injury models of the brain, spinal cord, retina, optic nerves, and peripheral
neurons are described, including nerve crush, nerve transection, contusion injuries, laser
axotomy, chemical damage, light damage, and enucleation. The protocols herein also
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describe methods for the isolation/analysis of various macromolecules including mRNA,
ncRNA, epigenetic markers, proteins, and lipids isolated from regenerating nervous tissues,
including computational methods for various “-seq” analyses including scRNA-seq and
TRAP-seq. Finally, methods for live and fixed imaging of regenerating axons and for
quantifying behavioral endpoints enable measurements of regenerative success.

Boone, NC, USA Ava J. Udvadia
Milwankee, WI, USA James B. Antczak
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Defining Selective Neuronal Resilience and Identifying
Targets for Neuroprotection and Axon Regeneration Using
Single-Cell RNA Sequencing: Experimental Approaches

Anne Jacobi and Nicholas M. Tran

Abstract

A prevalent feature among neurodegenerative conditions, including axonal injury, is that certain neuronal
types are disproportionately affected, while others are more resilient. Identifying molecular features that
separate resilient from susceptible populations could reveal potential targets for neuroprotection and axon
regeneration. A powerful approach to resolve molecular differences across cell types is single-cell RNA-se-
quencing (scRNA-seq). scRNA-seq is a robustly scalable approach that enables the parallel sampling of gene
expression across many individual cells. Here we present a systematic framework to apply scRNA-seq to
track neuronal survival and gene expression changes following axonal injury. Our methods utilize the
mouse retina because it is an experimentally accessible central nervous system tissue and its cell types have
been comprehensively characterized by scRNA-seq. This chapter will focus on preparing retinal ganglion
cells (RGCs) for scRNA-seq and pre-processing of sequencing results.

Key words scRNA-seq, Retina, Retinal ganglion cell, AAV, Neurodegeneration, Axon, Regeneration,
Optic nerve crush

1 Introduction

1.1 Basic Strategy When central nervous system (CNS) axons are damaged, the neu-
rons have limited potential to survive and recover their lost con-
nections. Numerous strategies have been employed to find ways to
protect neurons and stimulate axon regeneration including com-
paring neurons from different developmental stages [1-3] or spe-
cies that differ in their regenerative potential [4-7]. Another
seldom used but complimentary approach would be to compare
neuronal types that differ in their resilience to injury. Selective
resilience of neuronal types is a phenomenon that is observed in
nearly all neurodegenerative conditions. While underlying mechan-
isms differ by condition, they are expected to involve a combination
of intrinsic factors, such as gene expression, physiology, and

Ava J. Udvadia and James B. Antczak (eds.), Axon Regeneration: Methods and Protocols,
Methods in Molecular Biology, vol. 2636, https://doi.org/10.1007/978-1-0716-3012-9_1,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2023
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1.2 Perturbation
Model

morphology, and extrinsic factors, like somal proximity to the site
of injury or interactions with glia and immune cells. It stands to
reason that parsing the differences between resilient and susceptible
populations would reveal factors that mediate survival and could be
potential targets for therapy.

A major challenge in identifying determinants of selective resil-
ience is the immense diversity of neuronal cell types in the CNS. For
example, the mouse retina comprises approximately 130 neuronal
cell types [8-12], and similar complexities have been observed in
other regions of the brain [13-16]. While targeted approaches
which utilize genetic lines or immune markers to compare neuronal
subsets have identified key mediators of survival and axon regener-
ation [17-19], these approaches are limited by the availability of
labeling tools and are not viable for characterizing all cell types at
the same time in a complex tissue. To overcome this challenge, we
have developed a scalable pipeline which applies single-cell RNA
sequencing (scRNA-seq) to comprehensively profile type-specific
gene expression across neuronal types before and after an axonal
injury [10].

We developed our protocols using mouse retinal ganglion cells
(RGCs) as an experimental system to study axonal injury (Fig. 1).
RGCs are one of five neuronal classes in the retina. They are the
only projection neurons which transmit visual information from the
retina to retino-recipient areas of the brain. RGCs offer several
practical advantages for modeling nerve injury. First, their axons
pass through the optic nerve, creating a pure white matter lesion
model independent of other cell types surrounding/influencing
white matter tracts in other parts of the CNS. Second, the optic
nerve is accessible through the ocular orbital without requiring
stereotactic intracranial surgery. Third, prior to performing nerve
injury experiments, we developed a comprehensive cellular atlas of
RGCs using scRNA-seq, identifying 46 types. This reference atlas
served as a critical foundation for determining type-specific expres-
sion changes after injury. We applied our approach to track survival
of all RGC types after axonal injury and identify genes correlating
with resilience and susceptibility. A companion chapter by Butrus
etal. (Chap. 2) will describe a computational workflow for mapping
cell types after injury and identifying transcriptional differences
between resilient and susceptible populations. These approaches
provide a practical demonstration of applying scRNA-seq to deter-
mine cell type-specific responses to injury.

We used optic nerve crush (ONC) to model acute axonal injury in
RGCs [21, 22]. ONC produces a highly stereotyped pattern of
RGC loss, resulting in the degeneration of ~85% of RGCs within
2 weeks after injury (Fig. 2) [10, 23]. While most RGCs degener-
ate, some survive for several months, providing a clear example of
selective resilience [19, 24]. In the following experiments, we
characterized RGCs at seven time points from 0 to 14 days
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1. Dissect Retina 2. Dissociate cells 3. Enrich for RGCs 4. Single cell suspension
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Fig. 1 RGC scRNA-seq workflow. (1) The mouse retina is comprised of five major neuronal classes:
photoreceptors (PR), horizontal cells (HC), bipolars (BP), amacrines (AC), and retinal ganglion cells (RGCs),
which together comprise ~130 cell types. In addition, there are three types of retinal glia: Miiller glia (MG),
microglia, and astrocytes. For a typical sScRNA-seq collection of control adult mouse RGCs, six to eight retinas
are dissected from the eye and placed into medium. (2) Retinal cells are dissociated by enzymatic digestion
into a single-cell suspension. Cells are then incubated with cell-surface antibodies that detect the target cell
population, in this case RGCs. Typical total retinal cell count after step 2 is ~30-50 million cells (~5—6 million
cells/retina). (3—4) RGCs are isolated by fluorescence-activated cell sorting (FACS) and resuspended into a
single-cell suspension (expected yield is ~20-40k cells). (5) Enrichment can be verified by immunohisto-
chemistry (IHC) on sorted cells using RGC-specific markers. Due to the limited number of RGCs, it is not
recommended to perform enrichment validation for each scRNA-seq collection. (6) Cells are loaded onto the
10x Genomics controller and scRNA-seq libraries are prepared according to the manufacturer’s protocol.
(7) scRNA-seq libraries are sequenced on lllumina next-generation sequencing platforms. (8) After demulti-
plexing and aligning the sequencing data, quality control (QC) is performed to filter for high-quality cells. The
expected yield per channel is ~8K high-quality cells. The resulting gene x cell count matrix is utilized for
downstream analysis as further described in a companion chapter [20]

A B

Retina

Control 3dpc 4dpc Tdpc 14dpc

ONC

H optic nerve
o I
scRNAseq collections

051 2 14

Days post crush
Fig. 2 (a) In Tran et al. [10], RGCs were collected for sScCRNA-seq from P56 control mice and at six time points
following optic nerve crush (ONC) (0.5, 1, 2, 4, 7, 14 days post-ONC). (b) In the ONC model, the axons of RGCs
are injured, resulting in progressive RGC degeneration. Whole mount retina IHC micrographs stained with an
antibody for the pan-RGC marker RBPMS show RGC loss after ONC, scale bar 50 um. (Reprinted from Ref.
[10], Copyright (2019), with permission from Elsevier)
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1.3 RGC Purification
and scRNA-Seq

post-ONC. While our protocols were developed for ONC, they are
adaptable to study other perturbations such as models of glaucoma,
ischemic injury, or other degenerative conditions.

The ONC model is especially valuable in identifying mediators
of axon regeneration. While ONC severs all RGC axons, the pre-
and post-lesion optic nerve sheath remains attached, thus leaving a
path for regenerating axons to follow. Untreated RGCs exhibit
little spontaneous axon regeneration after ONC, but they can be
efficiently targeted by adeno-associated virus serotype 2 (AAV2)
gene therapy to test the effects of candidate genes on survival and
axon regeneration [22]. Several interventions have been identified
that boost axon regeneration (Reviewed in [25-27]). Following
our scRNA-seq expression screen to identify genes that correlated
with resilience and susceptibility, we used AAV2-based approaches
to either overexpress putative “resilience” factors or remove “sus-
ceptibility” factors by CRISPR-mediated knockdown in RGCs
[10]. This identified both positive (Ucn, Timp2, Ndnf, Prph) and
negative (Crbbp, Mmp9, Mmpl2) mediators of survival and axonal
regeneration, thereby demonstrating the utility of this approach.

This chapter describes protocols for the dissociation and purifica-
tion of high-quality mouse RGCs for scRNA-seq profiling and
pre-processing of scRNA-seq data. Further computational
approaches for scRNA-seq analysis are described in a companion
chapter by Butrus et al. (Chap. 2) [20]. While our focus is mouse
RGCs, the protocols are compatible for collection of other classes
of retinal neurons. Since photoreceptors account for ~80% of all
retinal neurons [28], it is crucial to enrich for the specific popula-
tion of interest using approaches such as fluorescence-activated cell
sorting (FACS), magnetic cell sorting (MACS), or immuno-
panning. RGCs in this study were collected by FACS using a
combination of Thyl-CD90.2 antibody and Vglut2-ires-cre; Thyl-
stop-YFP Line#l5 genetic labeling.

Our cell preparation and purification methods are compatible
with both droplet-based (e.g., Drop-seq [8], InDrops [29], 10x
Genomics (www.10xgenomics.com), etc.) and plate-based (e.g.,
Smart-seq2 [30]) scRNA-seq methods. The proper selection of
sequencing method is dependent on tissue complexity and desired
sequencing depth. Droplet-based approaches enable the profiling
of thousands of cells per experiment, but at relatively shallow
sequencing depth (target ~50,000 reads per cell). Plate-based
approaches like Smart-seq can provide much deeper sequencing
depth (target ~1 million reads per cell) but become prohibitively
costly and labor intensive for more than a few hundred cells. Since
our goal was to characterize expression profiles across the numer-
ous mouse RGC types, we chose droplet-based approaches (10x
Genomics). The resulting expression profiles were sufficiently
robust to identify cell types and characterize type-specific expres-
sion patterns.


http://www.10xgenomics.com
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2 Materials

2.1 Mouse Strains

2.2 Perfusion and
Retina Dissection (See
Note 1)

2.3 Single-Gell
Dissociation and RGC
Purification

Mouse strains are listed below (see Notes 1 and 2).

9.
10.

. C57BL/6] (JAX # 000664).
. Vglut2-ives-cre  (Slc17a6tm2(cre) Lowi/] [31], JAX stock

#016963).

. Thyl-stop-YFP Line#15 (B6.Cy-Ty(Thyl-EYEP)15]rs/] [32],

JAX stock #005630).

. Euthanasia solution: Prepare or purchase a 10x solution con-

taining 390 mg/mL pentobarbital sodium, 50 mg/mL phe-
nytoin sodium to 1x with sterile saline for a 39 mg/mL
pentobarbital sodium working solution. Dosage 100-200 mg
Euthanasia solution/kg mouse weight.

. Pertusion pump (peristaltic, including silicone tubing).
. Small vein infusion set (Butterfly).

. Surgical scissors (1x fine 22 mm cutting edge, 1% spring scis-

sors 3 mm cutting edge).

. Hartman Hemostat.

. Forceps (one pair of straight Adson stainless steel, serrated

1.5 mm tip, two pairs of straight Dumont#5 fine forceps, one
pair of curved Dumont#5 fine forceps).

. 1x PBS (phosphate-buffered saline in ddH,0), pH 7.4.
. Disposable transfer pipets (0.8 mL capacity, sterile,

polyethylene).
Petri dishes (60/15 mm, sterile).

Dissecting stereomicroscope (0.63A, 10x ocular).

General Note Clean all bench surfaces and instruments when pre-
paring solutions and use filtered tips. Particularly, the inside of the
cell culture hood should be cleaned with 70% EtOH beforehand.
Wear gloves at all times.

O 0 N O\ Ul W N

. Ames’ medium powder (see Note 3).

. Sodium bicarbonate.

. ddH,0.

. Bovine serum albumin (BSA).

. 2N-10N NaOH, to adjust pH.

. Bottle top filtration unit (0.2 PES size).
. Ovomucoid, 150 mg.

. DNase I (40,000 U).

. L-cysteine (152.2 mM).



2.3.1 Stock Solutions for
Cell Dissociation and RGC
Purification

2.3.2  Working Solutions
for Cell Dissociation and
RGC Purification

10.
11.
12.

13.
14.
15.

16.

17.

18.
19.

20.

21.
22.
23.
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Papain suspension, 100 mg.
Calcein blue, 1 mg/mL in DMSO.

Trypan blue, stock solution 0.4% (prepared in 0.81% sodium
chloride and 0.06% potassium phosphate).

40 pm cell strainer.
Millex® Syringe Filter Units, sterile, 22 pm.

Compressed carbogen gas, oxidizing (5% carbon dioxide USP,
95% oxygen USPD).

CD90.2 (Thy-1.2) Monoclonal Antibody (53-2.1), APC
(Thermo Fisher Scientific, #17-0902-81).

Bucket centrifuge capable of 450x g4 spin with 15 mL conical
tube inserts, refrigerated to 4 °C.

Inverted stereoscope (0.3A, 10x objective).

Apotome microscope with a differential interference contrast
(DIC) filter.

Hemacytometer (0.1 mm depth, V-slash loading side, 10 pL
loading volume).

15 mL and 50 mL conical centrifuge tubes, polypropylene.
1.7 mL microfuge tube, polypropylene.

4.5 mL fluorescence-activated cell sorting (FACS) collection
tubes.

. Ames’ medium: add 8.8 g Ames’ medium powder and 1.9 g of

sodium bicarbonate to 800 mL of ddH,O. Stir until fully
dissolved and fill up to 1 L with ddH,O. Filter sterilize through
bottle top filtration unit (Subheading 2.3, item 6) and store at
4 °C (see Note 4).

. 4% bovine serum albumin (BSA) stock solution: add 1.8 g BSA

to 45 mL Ames’ medium, and mix to dissolve completely.
Adjust pH to ~7.4 with 2N-10N NaOH. Prepare 1 mL
aliquots.

. 10x ovomucoid stock solution (LO): 150 mg BSA, 150 mg

ovomucoid , 10 mL Ames’ medium, vortex to dissolve. Adjust
pH to ~7.4 with 2N NaOH. Prepare 1 mL aliquots.

. DNase I stock solution: 40,000 units DNase I, 3 mL Ames’

medium, vortex to mix. Prepare 50 pL aliquots.

. L-cysteine (152.2 mM) stock solution: 24 mg L-cysteine,

anhydrous, 1 mL ddH,O. Prepare 50 pL aliquots.

General Note Prepare all working solutions fresh on day of use.

1.

Prepare oxygenated Ames’ medium: Bring ~150 mL filter-
sterilized Ames” medium to room temperature. Oxygenate by
bubbling with carbogen for at least 15 min (see Note 5).



2.4 Immunohisto-
chemistry (IHC) and
Imaging

2.4.1  Working Solutions
for IHC

2.5 FACS and QC

[ ISR S

AN
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. Prepare Ames’, BSA solution: 27 mL oxygenated Ames’

medium, 3 mL 4% BSA stock solution, 3 pLL DNase I stock
solution.

. Prepare 1x LO: 1 mL 10x ovomucoid stock solution (LO),

9 mL oxygenated Ames’ medium, 50 pL. DNase I stock
solution.

. Prepare papain solution: 5 mL oxygenated Ames’ medium,

70 pL papain, 50 pL. DNase I stock solution. Pass through a
syringe filter. Add 50 pL L-cysteine stock solution. Activate at
37 °C for at least 15 min.

. 1x PBS (phosphate-buffered saline in ddH,0), pH 7.4.
. Triton X-100, dilute to 10% using 1x PBS .
. Normal donkey serum.

. Guinea pig polyclonal anti-RBPMS (PhosphoSolutions,

#1832-RBPMS).

. Chicken polyclonal anti-GFP (Abcam, #ab13970).
. AffiniPure Donkey Anti-guinea pig and Anti-chicken IgG sec-

ondary antibodies conjugated to various fluorophores (see
Note 6).

. Poly-L-ornithine 0.01%, diluted in molecular grade H,O.

. 32% paraformaldehyde, aqueous solution, methanol-free,

sealed in 10 mL ampoules.

. 8-well chamber slide w/removable wells.
10.
11.
12.
13.
14.

Slide mounting medium containing DAPI.

22 x 40 mm glass coverslip, thickness 0.13-0.17 mm.
Incubator, temperature set to 62—-65 °C.

Cell culture incubator with 5% CO, saturation, set to 37 °C.

Confocal or fluorescent microscope (see Note 7).

Blocking Solution: Add 2.5 mL of rehydrated 100% normal
donkey serum, 900 pL of 10% Triton X-100, and 26.6 mL 1x
PBS (see Note 8).

. 4% Paraformaldehyde: Add 70 mL of 1x PBS to an autoclaved

flask, crack open a sealed 10 mL 32% paraformaldehyde
(methanol-free) ampoule, add paraformaldehyde to flask,
and mix.

. Fluorescence-activated cell sorter (see Note 9).

2. Image] (Fiji) (https: //imagej.net/Fiji).

. Cell ranger (go.10xgenomics.com/scRNA-3 /cell-ranger).


https://imagej.net/Fiji
http://go.10xgenomics.com/scRNA-3/cell-ranger
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3 Methods

3.1 RGC Single-Cell
Dissociation for
SCRNA-Seq

General Note The following protocol describes retinal single-cell
dissociation, RGC enrichment, and preparation of cells for scRNA-
seq. scRNA-seq barcoding and library preparation will vary by
method and are not described in this chapter. Experimental exam-
ples in this chapter were performed on control RGCs from adult
Viglut2-Cre; Thyl-stop-YFP Line#15 mice for scRNA-seq. For post-
injury collections, the number of retinas may need to be increased
to account for RGC loss due to injury. Enzymatic dissociation
should be limited to ~8 retinas per sample to ensure efficient
digestion.

1.

10.

Euthanize ~3—4% mice by intraperitoneal injection of Euthana-
sia solution or lethal overdose of another approved anesthetic.
Confirm deep anesthesia by lack of toe pinch response and
transcardially perfuse with ~10 mL 1x PBS until the liver is
cleared of blood and draining liquid shows no more blood
residues.

. Enucleate eyes using a curved #5 forceps and place immediately

into the oxygenated Ames’ medium (see Note 10).

. Dissect out 6-8x retinas in retinas in oxygenated Ames’

medium under a stereomicroscope (see Note 11). Transfer
dissected retinas to a separate dish with oxygenated Ames’
medium.

. Once all retinas are dissected, use a transfer pipet to place

retinas into papain solution in a 15 mL conical centrifuge
tube, transferring as little oxygenated Ames’ medium as possi-
ble. Incubate for ~5 min at 37 °C, flick the tube to swirl retinas,
and then incubate for an additional ~5 min at 37 °C (Fig. 3a).

. Remove papain solution, being careful not to disturb retinas,

and replace with 2 mL 1x LO solution to stop the enzymatic
reaction.

. Triturate retinal cells plus LO ~10x with a P1000 pipette

(Fig. 3b).

. Let clumps settle for 1-2 min, and transfer 1 mL to a new

50 mL conical centrifuge tube, passing solution through a
40 pm cell strainer.

. Add 1 mL 1x LO solution to the remaining 1 mL containing

cell solution, and triturate ~5-10x with a P1000 pipette.

. Repeat steps 7 and 8 until retinal cells plus LO solution appears

clear (~4 cycles). Pass remaining 1x LO solution through the
40 pm cell strainer to wash off remaining cells (Fig. 3c¢).

Centrifuge cells at 450 g at 4 °C for 8 min.
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Fig. 3 Retinal cell dissociation. (a) Following enzymatic digestion with papain, retinas will still appear “whole.”
(b) Retinal cells from (a) following gentle trituration. (c) Retinal cells after LO exchange and filtration; cells
should be fully homogenized and no visible clumping present. (d) Dissociated retinal cells counterstained with
Trypan blue; viable cells will be Trypan blue negative and should generally appear round and vary in size.
Some cells will still have attached processes (bottom left cell). Cells were pipetted onto a slide, coverslipped,
and imaged on an Apotome microscope, scale bar 100 um

11.

12.

13.

14.
15.

16.

3.2 FACS 1.
. Place the tube onto the FACS machine (se¢ Note 9).

Remove supernatant and resuspend cells in ~300-500 pL
Ames’, BSA solution, depending on the initial number of
retinas.

Use ~4 pL cells diluted 100x in oxygenated Ames’ medium to
count cells using a hemocytometer. Counterstaining with Try-
pan blue can be used to assess viability; dilute Trypan blue stock
solution 1:10 into cell mixture before loading onto hemacy-
tometer. At this stage, retinal cells should be fully dissociated.
Cells will vary in size and most should appear rounded, but
some cells will still have attached dendritic or axonal processes
(Fig. 3d). The expected yield per retina is approximately five
million cells.

Dilute cells to 107 cells /100 pL and mix gently using a 200 pl
pipette tip. Add 0.5 pLL APC-CD90.2 antibody,/10” cells, mix
gently by pipetting, and incubate at RT for 15 min (see
Note 12).

Add 6 mL Ames’, BSA solution and centrifuge cells at 450%
g at4 °C for 8 min.

Remove supernatant and resuspend cells in Ames’, BSA solu-
tion (~7x10° cells/1 mL Ames’, BSA solution).

Transfer to 4.5 mL FACS collection tubes by running through
a40 pm cell strainer, add 1 pLL Calcein blue /1 mL cell solution,
and invert tube to mix.

Mix cells by vortexing gently.

. Place a 1.5 mL microfuge tube containing 150 pL of oxyge-

nated Ames’ medium into the collection slot.
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Fig. 4 Example FACS gating for RGC purification. Gates are set to meet the following criteria: (a) side scatter
(SSC-height) and forward scatter (FSC-height) to select cells from debris; (b) SSC-height and SSC-width to
select “singlet” cells; (c) Calcein “high” population to select viable cells; (d) RGCs are identified as “large”
CD90.2-positive cells; (e) RGCs labeled in the Vglut2-Cre reporter line are CD90.2+, YFP+. Gating on A, B, C,
and E yielded >95% RGCs. If not using the Vglut2-Cre line, gating on A, B, C, and D will yield ~60-70% RGCs

4. Set a FACS gate based on the SSC-height and FSC1-height to
identify cells (Fig. 4a).

5. Set a FACS gate based on the SSC-height and SSC-width to
identify single cells or “singlets” (Fig. 4b).

6. Set a FACS gate based on the FSCI-height and Calcein blue

intensity (405-448 /59-height) to select for viable cells (Cal-
cein blue high) (Fig. 4c¢).

7. Set a FACS gate based on FSCIl-height and APC (CD90-
height) to select for large CD90+ cells (Fig. 4d).

8. Set a FACS gate based on Yfp-height and APC (CD90-height)
to select for Yfp+, CD90+ cells (Fig. 4e¢).

9. Sort by positive selection using the gates set in steps 4-8 at a
rate of ~2000-5000 events per second, maintaining an effi-
ciency of >80%.

10. Continue sorting through the entire sample before proceeding
to either Subheading 3.3 or 3.4 (se¢ Note 13).



3.3 Validation of
Enrichment (See Note
14)

3.4 Single-Cell
Sequencing Library
Preparation

10.

11.

12.
13.
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. Prior to immunostaining, coat an 8-well chamber slide by

adding 250 pL/well of 1:200 poly-L-ornithine in molecular
grade H,O. Dry the slide completely by evaporation in a
62-65 °C incubator (takes ~3 h).

. Following FACS, spin cells at 450x gat 4 °C for 8 min.
. Resuspend in 50 pl oxygenated Ames’ medium, pipetting up

and down to dissolve the pellet.

. Plate ~10,000 cells per well and incubate at 37 °C in a cell

culture CO, incubator for 1.5 h to allow cells to settle.

. Caretully pipet oft the medium and fix with 200 pL/well of 4%

paraformaldehyde in 1% PBS for 20 min at room temperature.

. Wash twice with 300 pL/well 1x PBS for 5 min at room

temperature.

. Add 300 pL of protein blocking solution and incubate for

45 min at room temperature.

. Incubate with primary antibodies diluted in 300 pL blocking

solution (gp aRBPMS 1:1500 dilution, ch aGFP 1:1000 dilu-
tion) overnight at 4 °C.

. Wash twice with 300 pL/well 1x PBS for 5 min at room

temperature.

Incubate with secondary antibodies diluted 1:1000 in 1x PBS
for 2 h at room temperature (sec Note 15).

Wash twice with 300 pL/well 1x PBS for 5 min at room
temperature.

Add 50-100 pL DAPI Fluoromount-G and coverslip.
Image slide by light or confocal microscopy (Fig. 5).

. Following FACS, spin cells at 450x g at 4 °C for 8 min.
. Remove medium and resuspend in ~10-20 pL of 1x PBS,

0.04% BSA by carefully triturating ~15-20% (sec Note 16).

. Dilute 1 pL of resuspension in 9 pL. H,O and count cells on a

hemacytometer. Cells should appear as single isolated cells. If
clumping is observed, additional trituration of the resuspen-
sion is required.

4. Adjust volume to 1000 cells/pL.

. Proceed to single-cell mRNA barcoding and sequencing library

preparation (see Notes 17 and 18).

. Sequence scRNA-seq libraries on an appropriate next-

generation platform (see Notes 19 and 20).



-
N

Anne Jacobi and Nicholas M. Tran

all retinal cells

RGC-enriched

Fig. 5 Validation of RGC enrichment by ICC. (a—d) Staining of all retinal cells (not enriched) collected by FACS
with YFP and the RGC-specific marker RBPMS, counterstained with DAPI. <1% of cells are positive for YFP
and RBPMS. (e-h) Staining of cells post-RGC enrichment; >95% of cells are double-positive for YFP and
RBPMS. Scale bar 50 um

4 Notes

1. All animal experiments require prior approval by the Institu-
tional Animal Care and Use Committees (IACUC). Each
mouse must be euthanized using methods in accordance with
the lab’s approved IACUC protocol. Experiments performed
in this chapter were approved by the IACUC at Harvard Uni-
versity and Children’s Hospital, Boston. All experiments were
carried out on mice 6-10 weeks including both males and
females.

2. In the retina, Vglut2-ires-cre specifically expresses Cre recom-
binase in RGCs. Thyl-stop-YFP Line#15 is a Cre-dependent
conditional line, but when mated to Vglut2-ires-cre, Ytp is
robustly expressed in RGCs.

3. The formulation of Ames’ medium may differ by manufacturer.
We recommend using Ames’ medium powder from Sigma
(Cat. #A1420). The specific formulation of this medium is as
follows (all components in g/L): CaCl,*2H,0 0.169, MgSO4
0.1488, KCl 0.231, KH,PO4 (anhyd) 0.068, NaCl 7.01,
L-alanine 0.0024, L-argininesHCl 0.00421, L-asparagine
(anhyd) 0.00084, L-aspartic acid 0.00012, L-cystines2HCI
0.000065, L-glutamine 0.073, L-glutamic acid*Na
0.001183, glycine 0.00045, L-histidinesHCI*H,O 0.002513,
L-isoleucine  0.00058, L-leucine 0.00144, lysinesHCI
0.003648, L-methionine 0.00039, L-phenylalanine 0.00132,
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L-proline 0.00007, L-serine 0.00252, taurine 0.00075,
L-threonine 0.00333, L-tryptophan 0.00049, L-tyrosines2-
Na2H,O 0.00211, L-valine 0.00176, ascorbic acid*Na
0.01796, D-biotin 0.0001, choline chloride 0.0007, folic
acid 0.0001, myoinositol 0.0272, niacinamide 0.0001,
D-pantothenic acid*%2Ca 0.0001, pyridoxaleHCI 0.0001, ribo-
flavin 0.00001, thiaminesHCI 0.0001, cytidine 0.00073,
D-glucose 1.081, hypoxanthine 0.00082, pyruvic acid*Na
0.01333, thymidine 0.00024, uridine 0.0007 3, sodium bicar-
bonate 1.9 (add separately)

. Prepared Ames’ medium should be stored at 4 °C and used
within 1 week. All stock solutions prepared in Subheading
2.3.1 are using Ames’ medium and are then filtered through
a sterile Millex™ Syringe Filter Unit, aliquoted, and frozen at —
20 °C until use.

. Oxygenate Ames’ medium prior to preparing working solu-
tions of Ames’, BSA solution, 1xLO solution, and papain
solution. On the collection day, oxygenate with carbogen (5%
carbon dioxide USP, 95% oxygen USP) by attaching a polyeth-
ylene tube to a compressed gas tank or other supply and
securing a sterile 1 mL pipette tip to the tube ending. Insert
tip into the bottle containing Ames’ medium, turn on the gas
supply to ~500-800 PSI, and bubble for at least 15 min. Proper
oxygenation is critical for buffering of cells. We found that
oxygenation prior to single-cell dissociation was sufficient to
reach the desired pH of 7.4 and reoxygenation was not
required. Choosing the appropriate medium is a critical step
in protocol optimization. Media are cell type and species-
dependent and Ames’ medium may not be suitable for
non-mouse retinal cells.

. While various fluorophore conjugates can be used interchange-
ably, we recommend using a chicken Alexa 488 for detecting
anti-Gfp, and either guinea pig Cy3 or Cy5 anti-RBPMS.
Select fluorophores that are compatible with your imaging
setup.

. Slides can be imaged with most standard confocal or fluores-
cent microscope setups. Users should ensure that the lasers
and/or fluorescent filters are compatible with the THC fluor-
ophores. For these experiments, we used a Zeiss 710 and an
Olympus FVA with a 20x objective and 405, 488, 568, and
633 lasers.

. Protein blocking solution can be stored at 4 °C and used for
several weeks.

. For the experiments performed in this chapter, a MoFlo Astrios
cell sorter was used; the protocol may need to be optimized for
usage on other FACS systems. To execute the sorting as
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10.

11.

12.

13.

14.

described, a FACS system with spatially separated lasers that are
405, 488, and 640 nm wavelengths is required. We recom-
mend using a sorting nozzle size of ~100 pm.

An optional protocol modification is to add actinomycin D
(Millipore Sigma) to suppress novel transcription during cell
preparations. Actinomycin D has been shown to reduce the
expression of immediate early gene expression (IEG) in
scRNA-seq experiments [33, 34]. We found that the addition
of 30 pM actinomycin D to solutions in steps 1-4 and 3 pM to
the FACS resuspension buffer 3.1.2 did indeed suppress IEG
expression but did not affect clustering or cell assignment [10].

Use surgical scissors to remove the cornea and use a curved #5
forceps to remove the lens, separate the retina from the sclera
using a straight #5 forceps, cut the sclera along the anterior—
posterior axis to the optic nerve head, and peel off the sclera
from the retina. Take care to remove vitreous fluid #5 forceps,
which will appear as a clear sticky and stringy substance on the
inner surface of the retina. Also use a #5 forceps to remove as
much of the retinal pigmented epithelium as possible; this
pigmented layer will be attached to the outer surface of the
retina. Failure to remove the vitreous fluid or retinal pigmented
epithelium may cause cells to clump during the dissociation.

Required antibody concentrations will vary by target. It is
recommended to perform an antibody titration series when
optimizing the protocol.

The gated population is expected to account for ~0.3% of
overall events. The typical FACS yield from 6% control retinas
collected over ~1-2 h is approximately 20,000—40,000 cells.
Yields and collection times will vary in post-ONC collections.
After ONC, there is an increased presence of immune/glial
cells, some of which may become CD90.2 positive. These cells,
however, do not express Vglut2-Cre reporter GFP — an advan-
tage when using a reporter line in addition to CD90.2 labeling.
They can also be detected during FACS using an antibody
against CD45.

Confirming enrichment of the target population is an impor-
tant step to ensuring the efficiency and success of any scRNA-
seq experiment. This is especially true when working with
low-frequency populations like RGCs, which comprise <1%
of total retinal cells. RGC enrichment with this protocol
(Vglut2-cre reporter line and CD90.2 staining) should yield
>95% purity, whereas CD90.2 staining alone yields ~60-70%
RGCs. Enrichment can be confirmed by immunocytochemis-
try on sorted cells using antibodies against GFP and the
RGC-specific marker RBPMS. Due to the low yield of RGCs,
we recommend performing separate experiments for enrich-
ment validations and scRNA-seq collections.
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Keep protected from light by wrapping the slide in aluminum
foil or placing in a drawer.

The cell pellet will likely not be visible after spin down, so it is
important to note the orientation of the tube during centrifu-
gation. Approximately 40-50% of cells are lost between the
post-FACS and resuspension steps. The resuspension volume
should be adjusted to ensure >1000 cells/pL concentration,
e.g., for a FACS output of 20,000 cells, resuspend in a volume
of 10 pL or less. Additionally, since cells are resuspended in 1x
PBS, 0.04% BSA instead of medium, it is critical to minimize
the timing of steps 2-5.

scRNA-seq library preparation is not described in this chapter
and will differ by platform. User should refer to manufacturer
protocols for further instruction (e.g., in this case, 10x Geno-
mics, https://support.10xgenomics.com/single-cell-gene-
expression/library-prep /doc/user-guide-chromium-single-
cell-3-reagent-kits-user-guide-v3-chemistry). Additional
equipment and reagents will be required.

In Tran et al. [10], scRNA-seq libraries were sequenced on
Illumina HiSeq 2500 and Nextseq 500 platforms. The
sequencing platform and target read total should be calculated
based on the number of libraries and desired sequencing depth.
We recommend ~50,000 reads/cell for RGC scRNA-seq
libraries prepared on the 10x Genomics platform. Optimal
sequencing depth will vary by target cell type and scRNA-seq
library preparation method.

Further instructions on the usage of the Cell Ranger software
are laid out on the manufacturer’s website (https: //support.10
xgenomics.com/single-cell-gene-expression /software /
pipelines /latest /what-is-cell-ranger).

To pre-process scRNA-seq data using the Cell Ranger (version
2.1.0, 10X Genomics), use the functions “mbkfastq” and
“count” to demultiplex scRNA-seq data and align sequencing
reads to the appropriate reference genome (e.g., GRCm38 or
current version). The output is a gene expression matrix for
each library. The Cell Ranger count function has an output file
showing basic quality of the data, including total number of
reads sequenced, number of reads sequenced per cell, and
sequencing saturation; those are useful measures in controlling
the depth of the sequencing data. A similar sequencing depth is
favorable for data in the same project. Other measures, such as
number of reads in cells vs. background and number of genes
and transcripts detected per cell, were used for initial cell
quality control, but the values could vary depending on Cell
Ranger parameters, the cell types captured, and the sequencing
methods used. An example Cell Ranger QC report is provided


https://support.10xgenomics.com/single-cell-gene-expression/library-prep/doc/user-guide-chromium-single-cell-3-reagent-kits-user-guide-v3-chemistry
https://support.10xgenomics.com/single-cell-gene-expression/library-prep/doc/user-guide-chromium-single-cell-3-reagent-kits-user-guide-v3-chemistry
https://support.10xgenomics.com/single-cell-gene-expression/library-prep/doc/user-guide-chromium-single-cell-3-reagent-kits-user-guide-v3-chemistry
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
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Example Cell Ranger output

A 50k — Cells B
10k Background Estimated Number of Cells] 8,000
Mean Reads per Cell| 45,600
% 1000 Median Genes per Cell 2,726
§ Fraction of Reads in Cells 86.40%
= 100 Total Genes Detected 23,679
2 Median UMI Counts per Cell 5,734
10 Reads Mapped to Genome 95.60%
Reads Mapped Confidently to Genome 86.60%

1
1 10 100 1000 10k 100k
Barcodes

Fig. 6 An example Cell Ranger QC report from a control RGC collection. (a) Graph showing the unique
molecular identifier (UMI) counts per barcode. Barcoded cells (green) can be distinguished from background
(gray) based on a minimum UMI count threshold. For this graph, the estimated number of cells was set to 8000
using the “-forcecells 8000” command based on visual inspection of the graph’s curve. This example is for
demonstration purposes only and is not representative of every collection. (b) Representative summary
statistic ranges from RGC scRNA-seq collections in Tran et al. [10]. Results will vary based on cell type,

input cell number, sequencing depth, ScCRNA-seq library preparation method, etc

in Fig. 6 for demonstration purposes. In Tran et al. [10], a
minimum filter of 800 genes/cell was set to remove
low-quality cells. For some further information on quality

2

control “best practices,’
and Villani and Shekhar [35-37].

refer to Hwang et al., Chen et al.,
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Defining Selective Neuronal Resilience and Identifying
Targets of Neuroprotection and Axon Regeneration Using
Single-Cell RNA Sequencing: Computational Approaches

Salwan Butrus, Srikant Sagireddy, Wenjun Yan, and Karthik Shekhar

Abstract

We describe a computational workflow to analyze single-cell RNA-sequencing (scRNA-seq) profiles of
axotomized retinal ganglion cells (RGCs) in mice. Our goal is to identify differences in the dynamics of
survival among 46 molecularly defined RGC types together with molecular signatures that correlate with
these differences. The data consists of scRNA-seq profiles of RGCs collected at six time points following
optic nerve crush (ONC) (see companion chapter by Jacobi and Tran). We use a supervised classification-
based approach to map injured RGCs to type identities and quantify type-specific differences in survival at
2 weeks post crush. As injury-related changes in gene expression confound the inference of type identity in
surviving cells, the approach deconvolves type-specific gene signatures from injury responses by using an
iterative strategy that leverages measurements along the time course. We use these classifications to compare
expression differences between resilient and susceptible subpopulations, identifying potential mediators of
resilience. The conceptual framework underlying the method is sufficiently general for analysis of selective
vulnerability in other neuronal systems.

Key words Retinal ganglion cells, Optic nerve crush, Single-cell RNA-sequencing, Machine learning,
Supervised classification

1 Introduction

A major hallmark of the mammalian central nervous system is that
certain populations of neurons exhibit far greater vulnerability to
insults than others. The mechanisms underlying this selective neu-
ronal vulnerability in the context of acute (e.g., traumatic injury) or
chronic (e.g., neurodegenerative disease) have been difficult to
dissect, but recent advances in scRNA-seq make it possible to
compare patterns of gene expression among closely related neuro-

nal types that differ in vulnerability.

Ava J. Udvadia and James B. Antczak (eds.), Axon Regeneration: Methods and Protocols,
Methods in Molecular Biology, vol. 2636, https://doi.org/10.1007/978-1-0716-3012-9_2,
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We recently explored this strategy in the context of axotomy by
analyzing the responses of mouse retinal ganglion cells (RGCs) to
optic nerve crush (ONC) [1], a well-studied model of traumatic
injury [2]. RGCs are a diverse class of projection neurons, with
their diversity in mice comprising >40 discrete types, each with
distinct morphological, physiological, and molecular features
[3]. Using high-throughput scRNA-seq [4], we derived an atlas
of 46 molecularly distinct RGC types, a number that is consistent
with inventories based on physiology [5] and morphology
[6]. Many of these 46 types could be linked 1:1 to previously
defined types based on existing molecular knowledge or new histo-
logical validation.

Following ONC, ~85% of RGCs die within 2 weeks, and those
that survive don’t regenerate axons. To determine if specific types
are lost at the same or different rates, we profiled RGCs using
scRNA-seq from injured retinas at 0, 0.5, 1, 2, 4, 7, and 14 days
post crush (dpc) [1]. The companion chapter (please see Chap. 1 of
this volume) details the experimental methods to profile RGCs
using scRNA-seq.

In this chapter, we describe the computational framework
introduced in [1] to analyze transcriptomic profiles of injured
RGCs over the aforementioned time course aiming to assess type-
specific differences in survival and identify gene signatures that
correlate with, and may underlie, these differences. Following
injury, extensive gene expression changes in RGCs make the infer-
ence of type identity challenging. To address this, we devised an
iterative supervised classification approach that leverages data from
RGCs collected at the intermediate time points. In this approach,
transcriptomic signatures of RGC types are successively redefined at
each time point to map the cells at the next time point. The
underlying method, called iterative-GraphBoost (iGraphBoost),
combines a two-step procedure involving gradient boosted trees
[7] (step 1) and a graph-based voting scheme (step 2). This
dramatically increases cell type mapping efficiency at later time
points and allows us to deconvolve gradual injury-related “state”
changes from intrinsic type-specific gene expression programs.

Beginning with an atlas of classified mouse RGCs, we describe a
step-by-step workflow to map injured RGCs collected along a time
course to the atlas based on their transcriptomic profiles. We quan-
tify the survival dynamics of individual types, identitying resilient
and susceptible groups. We then analyze gene expression patterns
that correlate with resilience, identifying candidates whose over-
expression or knockdown in vivo promotes survival and regenera-
tion across RGCs.
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2 Materials

2.1 Python Packages

2.2 scRNA-seq
Datasets

We use the Python programming language (version 3.7.4). The
source code, together with a Jupyter notebook that reproduces the
analysis presented in this chapter, is available in a GitHub repository
at https: //github.com/shekharlab/mimb_onc_rgc.

The following Python packages are required and installation
instructions are available in the links:

1. Scanpy [8]: a scalable toolkit for single-cell gene expression
analysis in Python (https: //scanpy.readthedocs.io/en/stable/).

2. Harmony [9]: an approach that combines clustering and linear
mixture models for single-cell data integration (https://pypi.
org/project/harmony-pytorch /0.1.6/).

3. XGBoost [7]: a highly effective supervised classification algo-
rithm that combines ensembles of decision trees using gradient
boosting (https://xgboost.readthedocs.io/en/latest/build.
html).

4. Python packages seaborn, sklearn, scipy, numpy, and
matplotlib (see Note 1) should be included in standard
distributions such as Anaconda (www.anaconda.com) or Mini-
conda (https://docs.conda.io/en/latest/miniconda.html).

scRNA-seq data are read as sparse matrices of gene expression
counts and converted to AnnData (Annotated Data) objects
using a standard workflow in Scanpy. AnnData is a Python class
to store and manage annotated data matrices originally introduced
in Ref. [8]. Objects of the AnnData class are saved on disk in array
formats like HDF5 [10] and allow for memory efficient storage and
access to large-scale datasets that are increasingly common in
scRNA-seq. We use two RGC datasets, both introduced in Ref. [1]:

1. A transcriptomic atlas of uninjured adult RGCs (# = 35,699)
with each cell identified as a member of one among 45 molecu-
larly defined groups (see Note 2). The details underlying data
processing, clustering, annotation, and validation are described
in [1] and are not covered here.

2. RGCs collected at seven time points following ONC. The time
points include 0, 0.5, 1, 2, 4, 7, and 14 days post crush (dpc).
Note that the Odpc dataset serves as an internal negative con-
trol to validate the robustness of the inferred transcriptomic
signatures in comparison to the atlas [1]. 8456-13,619 RGCs
were collected at each of these time points toward a total of
76,646 injured RGCs. Using the atlas as a foundation, we seek
to assign type identities to these injured RGCs.

Both datasets are available on the chapter’s GitHub page.
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3 Methods

3.1 Initializing

We now provide a step-by-step implementation of iGraphBoost.
The original analysis in Ref. [1] was performed in the R program-
ming language. Here we reimplement the same in Python using the
Scanpy package [8].

We begin by initializing the Jupyter notebook with the necessary

iGraphBoost with the packages.

Adult RGC Atlas

#import general packages

from time import time

import matplotlib.pyplot as plt

import numpy as np

import scanpy as sc

import pandas as pd

from harmony import harmonize

from anndata import AnnData

import anndata

import seaborn as sns

from sklearn.utils import shuffle

import scipy as sp

import matplotlib as mpl

from matplotlib import gridspec

import xgboost as xgb

from sklearn.metrics import confusion matrix
from random import choices

from typing import Union, Optional, Tuple, Collection, Sequence,

Iterable

from scipy.sparse import issparse, isspmatrix csr, csr matrix,

spmatrix

Next, we create an AnnData object for the adult RGC atlas,
reading in sparse matrices of raw transcript counts and
log-normalized expression values (se¢ Note 3). We also read in
and store metadata corresponding to type identities and experi-
mental batch identifiers as reported in [1].

#Read gene expression matrix, cell and gene names corresponding to
row and column identifiers, respectively
adata = sc.read mtx('atlas.mtx')

atlas raw

sc.read mtx ('atlas raw.mtx')

adata = adata.transpose ()

adata.layers['raw'] = atlas raw.X

adata.var names = pd.read csv('atlas vars.csv') ['x'].values
adata.obs names = pd.read csv('atlas obs.csv')['x'].values

#Store the type identity and the batch identifier corresponding to

each cell
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adata.obs['Type'] =

pd.Series (pd.read csv('atlas type.csv') ['x'].values,
dtype="'category') .values

adata.obs['Batch'] =

pd.Series (pd.read csv('atlas batch.csv') ['x'].values,
dtype="'category') .values

To visualize the transcriptomic atlas, we perform dimensional-
ity reduction and nonlinear manifold embedding in four steps.
First, we identify highly variable genes (HVGs) in the data using
the Poisson—-Gamma mixture framework [11]. Second, we use
these HVGs as features to perform a principal component analysis
(PCA), projecting the data onto a lower dimensional subspace
whose axes, the so-called principal components (PCs), are linear
combinations of the chosen HVGs. The PCs are composite features
chosen to maximize the projected variance of the data [12]. Third,
to correct for batch effects across biological replicates in the PC
space, we use Harmony, an approach that combines maximum
diversity clustering and linear mixture models [9]. Fourth, we use
Uniform Manifold Approximation and Projection (UMAP) [13] to
build a k-nearest neighbor graph in PC space and embed the cells
on a 2D projection (see Fig. 1a, b). Finally, we visualize the individ-
ual genes or combinations of genes identified in Ref. [1] that
specifically labeled each type (see Fig. 1c¢).

#identify HVGs
from iGraphBoost import meanCVfit
adata.var['highly variable'] = meanCVfit (adata)

#z-scoring and PCA

adata.raw = adata #store unscaled data for plotting
sc.pp.scale(adata, max value=10) #scale
sc.tl.pca(adata, svd solver='arpack') #run PCA

#batch correction using Harmony and visualization using UMAP

Z = harmonize (adata.obsm['X pca'], adata.obs, batch key = 'Batch')
adata.obsm['X harmony'] = Z

sc.pp.neighbors (adata, n_neighbors=25, use rep='X harmony')
sc.tl.umap (adata)

With the RGC atlas initialized, we now read in the injured RGC
dataset.
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Fig. 1 Adult RGC atlas. (a) Transcriptomic diversity of adult RGCs visualized in 2D using UMAP [13]. Each point
corresponds to a single RGC, and distance between two cells on the 2D map correlates inversely with their
transcriptomic similarity. Colors correspond to RGC types as in the original publication [1]. (b) Same as panel
a, with cells colored by batch identifier. Each batch corresponds to a biological replicate. (¢) Dotplot of markers
or marker combinations (rows) that uniquely label each of the 45 RGC types (columns). In case of single
markers, the size of the circle indicates the percentage of cells expressing the marker, while the color
indicates the average normalized expression. Two- or three-marker codes involve the presence of a marker A,
and the presence (e.g., A+B+ or A+B+C+) or absence (e.g., A+B-, or A+B-C+) of markers Band C. In such
cases, the size of the circle indicates the percentage of cells satisfying the expression pattern, and the color
depicts the average transcript count of positive markers in the cells, normalized to 1 for each combination
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3.2 Read in Injured The ONC dataset consists of six time points following crush (0.5,
RGCs as annpata 1, 2, 4, 7, and 14dpc) along with a separate control time point
Objects (0dpc), expected to resemble the atlas (see Fig. 2a). We begin by

reading in sparse matrices of raw counts and normalized expression
values, each containing all seven ONC time points. The normalized
expression values are used for all subsequent analyses except for the
feature selection procedure in the function meanCvfit, where the
raw counts are used. Details on why raw counts are required can be
found in Ref. [11] (see Note 3).

adata = sc.read mtx(onc path+'onc.mtx")

adata raw = sc.read mtx(onc path+'onc raw.mtx')
adata.layers['raw'] = adata raw.X

adata.var names = pd.read csv(onc path + 'onc vars.csv') ['x'].values
adata.obs names = pd.read csv(onc path + 'onc obs.csv')['x'].values
adata.obs['Time'] = pd.Series (pd.read csv(onc_path +

'onc_time.csv') ['x'].values, dtype='category').values
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Fig. 2 iGraphBoost overview. (a) scRNA-seq was performed on RGCs collected before and at six times
following ONC. 8456-13,619 RGCs were collected at each time point (Adapted from Ref. [1]). (b) lllustration of
a single step of the iGraphBoost procedure to classify RGCs collected at time £, .. 1 based on an atlas of RGC
types at the previous time point , (Adapted from Ref. [1]). (¢) Scatter plot of relative frequencies (log—log
scale) of each of the 45 types in the atlas (x-axis) and Odpc (y-axis) datasets. (d) Marker dotplot (same as
Fig. 1c) in Odpc RGC types, showing consistency with atlas. ((@) and (b) are reproduced with permission from

Ref. [1])
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We then isolate each time point from adata and create
AnnData objects for each time point as shown below for control
(0dpc) RGCs, keeping track of experimental batch.

ctrl = adatal[adata.obs.Time=='Ctrl"', :]

#identify and store batch identities

ctrl batch = []
for i in range(ctrl.shapel0]):
item = ctrl.obs.index[i].split (' ') [0O]

if (item in ['CtC57CD45CD90P1', 'CtC57CD45CD90P2',
'CtC57CD45CDO90R1"]) :
ctrl batch.append ('CtC57CD45CD90")
else: ct?l_batch.append(item)

ctrl.obs['Batch'] =
pd.Categorical (ctrl batch) .rename categories(['Batchl', 'Batch2',
'Batch3', 'Batch4'])

#process in the same way as atlas
ctrl = pre stepl(ctrl)
ctrl.write h5ad('CtrlONC.hbad")

Here, ctr1 represents the AnnData object for 0dpc RGCs. We
repeat this procedure for the data at each of the crush time points to
create six objects—twelveHr (0.5dpc), oneday (1ldpc), twoday
(2dpc), fourday (4dpc), oneweek (7dpc), and twoweek (14dpc).
The code for twelveHr is shown below, and the code for the other
objects, which follow the same template, can be found in the
Jupyter notebook in the GitHub repository.

twelveHr = adatal[adata.obs.Time=='12h", :]

twelveHr batch = []
for i in range (twelveHr.shape[0]) :

item = twelveHr.obs.index[i].split (' ') [0]
twelveHr batch.append(item)

twelveHr.obs['Batch'] = pd.Categorical (twelveHr batch) .rename catego
ries(['Batchl', 'Batch2', 'Batch3', 'Batch4'])

twelveHr = pre_stepl(twelveHr)

twelveHr.write hbad('twelve hrONC.hb5ad')
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3.3 iGraphBoost We now implement the iGraphBoost procedure, beginning by
Overview and importing custom scripts.

Classification of Odpc

RGCs #import iGraphBoost functions: available on chapter’s GitHub

repository
from iGraphBoost import *

iGraphBoost assigns type identities to injured RGCs and is
applied successively to each time point. At each time point, we
use a two-step procedure to classify RGCs based on a learned
taxonomy that leverages information from RGCs classified at pre-
ceding time points. This enables the algorithm to deconvolve
changes in cell state due to injury from the intrinsic molecular
distinction of each RGC type (see Fig. 2b).

Briefly, suppose that we have collected injured RGCs at » time
points (#; < £, < ... < t,) post injury, and we wish to assign type
identities (1-45) to each RGC. Beginning with an atlas of unin-
jured RGCs (denoted as #y < #;), iGraphBoost uses a two-step
procedure to propagate type labels from the atlas (%) to injured
RGCs at each time point in successive order. Once classified,
injured RGCs at time 2, are used in the classification procedure
for RGCs at time ¢, , 1. To demonstrate these steps, we begin by
assigning type identities to the first time point—0dpc RGCs (#;).

3.3.1 Step 1: Supervised ~ We use XGBoost [7], a gradient-boosted decision tree-based clas-

Classification sification framework, to learn a multi-class classifier (denoted Cp)
for the adult RGC atlas (#y) with the aim of using it to classify Odpc
RGCs (#1). HVGs common to both the atlas and 0Odpc RGC
datasets are used as features. To learn Cy, we use a subset of atlas
RGCs for training, and use the remaining “held-out” RGCs for
validation. The validation subset is used to estimate an empirical
test-error rate for the classifier. The classification parameters such as
the class weights, number of trees, and the tree depth are chosen to
achieve a maximum per-class error rate of less than 5%.

atlas = sc.read h5ad('RGCatlas.hbad')
ctrl = sc.read h5ad('CtrlONC.h5ad")

#identify clust-specific atlas genes

atlas genes = ClusterSpecificGenes (atlas,
genes =

list (atlas.var.index[atlas.var.highly variable == True]),
obs = 'Type num')

#subset to genes common b/w atlas and ctrl
var genes = [i1i for i in atlas genes if i in list (ctrl.var.index)]

#train atlas classifier, validate it, then use it to map ctrl
validation label train 10, valid predlabels train 10,



28 Salwan Butrus et al.

test predlabels = xgbtrainatlas(

train anndata = atlas,
test anndata = ctrl,
genes = var_genes

)

#visualize validation results
validationconfmat, wvalidationxticks, wvalidationplot =
plotValidationConfusionMatrix (

ytrue = validation label train 10,

ypred = valid predlabels train 10,

save as = 'Atlas Validation.pdf',
title = '"',

xaxislabel = 'Predicted',
yaxislabel = 'True')

We next apply Cy to assign a type identity (1-45) to each of the
Odpc RGCs. For each cell £, Cy outputs a probability vector

Pyo= (P}C’O, NN P‘i%) , where P}’, is the Cp-assigned probability

that cell %2 belongs to RGC type m € (1,2,...,45). Under the
hood, this probability is simply the fraction of decision trees in Cy
that vote for class m. Based on P, o, cell % is assigned to class
my, € {1,2,...,45} such that

argmax P if max (P,%) >
mp = m ’ B ’
“Unassigned otherwise

The parameter » serves as a decision margin that is chosen as
0.7 for types 1 through 40, and 0.5 for types 41-45. This decision
rule is conservative in that it only assigns type identities to cells if
the voting margin is much higher than random (v.n4om = 1/
45 = 0.023). We now apply the validated classifier to assign iden-
tities to Odpc RGCs.

#store RGC assignments made by classifier
mapping assignments = []
for i in test predlabels:
if i == 45:
mapping assignments.append('Unassigned')
else: B
mapping assignments.append(str (int(i)+1))

ctrl.obs['Type iGB'] = mapping assignments

After step 1, ~5% of 0dpc RGCs remain unclassified (Fig. 3a).
This fraction increases with time as injury-related gene expression
changes mask type-specific signatures. This leads us to step 2.
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3.3.2 Step 2: Nearest-

Neighbor Voting

3.4 iGraphBoost
Classification of
0.5dpc, 1dpc, and
2dpc RGCs

In step 2, we use the classified cells at Odpc (#) as “anchors” to
propagate labels onto the unassigned RGCs by leveraging relation-
ships in a nearest-neighbor (NN) graph (see Fig. 2b). We first build
a &-NN graph (& = 15 neighbors per cell) on the RGCs at #; based
on the two-dimensional UMAP coordinates (se¢ Note 4). As the
graph is expected to connect cells with similar transcriptomic pro-
files, we hypothesized that a cell’s nearest neighbors are likely to be
of the same type as that of the cell itself. In practice, we iteratively
loop through each unassigned cell from step 1 and assign it to type
m if more than 50% of its 15 neighbors are of type m. Each iteration
decreases the fraction of unassigned cells, and the procedure termi-
nates when the change in unassigned cell frequency is less than
0.5%. Continuing from step 1 for ctr1:

#run step 2
ctrl = nn _voting(ctrl)
ctrl.write hbad('CtrlONC mapped iGB.hb5ad')

Following step 2, the fraction of unassigned RGCs at Odpc is
reduced to <2%. As a sanity check, we confirmed that the relative
frequency of types among 0dpc RGCs and their patterns of selective
marker expression closely matched those of the atlas RGCs, as
expected (see Fig. 2c, d).

We now classify RGCs collected at 0.5, 1, and 2dpc, denoted 2, 3
and 1z, respectively (see Fig. 2a). We follow the procedure outlined
under Subheading 3.3 with two modifications. First, we exclude as
features genes that were upregulated or downregulated broadly
across RGCs following injury, identified via a global differential
expression (DE) analysis (see Ref. [1] for details). This is done to
ensure that the classifier learns stable features associated with type
identity, and not features that are sensitive to injury. Second, after
mapping each z,, , | dataset using the classifier C,, trained on the 2,
dataset (z = 1,2,3) in step 1, we apply the atlas classifier (Cp) to
the remaining unassigned RGCs prior to performing step 2. We
perform the latter to maximize the amount of information gain
from supervised classification. The following code classifies RGCs
at 0.5dpc (%) using classified Odpc RGCs (#;):

#identify clust-specific ctrl genes

ctrl = sc.read hbad('CtrlONC mapped iGB.hbad'")

ctrl genes = ClusterSpecificGenes (ctrl,
genes =

list (ctrl.var.index[ctrl.var.highly variable == True]),
obs 'Type iGB'")

#subset to genes common b/w ctrl and 12h
all var genes = [i for i in ctrl genes if i in
list (twelveHr.var.index) ]
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#exclude temporal genes

exclude genes df = pd.read csv('TemporalMarkersONC.txt', header =
None, names = ['Genes'])

exclude genes = list(exclude genes df['Genes'])

var genes = []
for i in all var genes:
if i not in exclude genes:
var genes.append (i)

#train ctrl classifier using only assigned cells
assigned cells = []
for i in range(len(ctrl.obs)):
if ctrl.obs.Type iGB[i] != 'Unassigned':
assigned cells.append(ctrl.obs.index[1i])

#train ctrl classifier, validate it, then use it to map 12h
validation label train 10, valid predlabels train 10,
test predlabels = xgbtrain(

train anndata = ctrl[assigned cells, :],

test anndata = twelveHr,

genes = var_genes

)

#visualize validation results
validationconfmat, validationxticks, wvalidationplot =
plotValidationConfusionMatrix (

ytrue = validation label train 10,

ypred = valid predlabels train 10,

save as = 'Ctrl Validation.pdf',

title = '"',

xaxislabel = 'Predicted',

yaxislabel = 'True'

)

#store RGC assignments made by classifier
mapping assignments = []
unassigned index = []
for index, value in enumerate (test predlabels):
if value == 45:
mapping assignments.append ('Unassigned’)
unassigned index.append (index)
else:
mapping assignments.append(str (int (value)+1))
twelveHr.obs['Type iGB'] = mapping assignments

#Mapping remaining unassigned cells at 12h to Atlas
all var genes = [i for i in atlas genes if i in
list (twelveHr.var.index) ]

var genes = []
for i in all var genes:
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if i not in exclude genes:
var_ genes.append (1)

unassigned cells = []
for 1 in range(len(twelveHr.obs)):
if twelveHr.obs.Type 1iGB[i] == 'Unassigned':
unassigned cells.append (twelveHr.obs.index[i])

#train atlas classifier, validate it, then use it to map 12h
validation label train 10, valid predlabels train 10,
test predlabels = xgbtrainatlas(

train anndata = atlas,

test anndata = twelveHr[unassigned cells, :],

genes = var_genes

)
#visualize validation results
validationconfmat, validationxticks, wvalidationplot =
plotValidationConfusionMatrix (

ytrue = validation label train 10,

ypred = valid predlabels train 10,

save as =
title = '"',

xaxislabel = 'Predicted',
yaxislabel = 'True'

)

#store RGC assignments made by classifier
unassigned mapping assignments = []
for 1 in test predlabels:
if 1 == 45:
unassigned mapping assignments.append('Unassigned’)
else:
unassigned mapping assignments.append (str (int (i)+1))

for index, value in enumerate (unassigned index) :
mapping assignments[value] =
unassigned mapping assignments[index]

twelveHr.obs['Type iGB'] = mapping assignments

#run step 2
twelveHr = step2 (twelveHr)

twelveHr.write hbad('twelve hrONC mapped iGB.hb5ad')

We follow an identical procedure to classify 1dpc using classi-
fied 0.5dpc RGCs and subsequently use the 1dpc RGCs to classify
2dpc RGCs. Details are omitted here for brevity but may be found
in the Jupyter notebook shared in the book chapter’s GitHub page.
We now classity the three remaining time points.



3.5 iGraphBoost
Classification of 4d,
7d, and 14d RGCs
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In principle, the same procedure outlined above for 0.5, 1, and
2dpc RGCs can be applied to each of 4, 7, and 14dpc RGCs in
successive fashion. However, at 4dpc, RGCs exhibit extensive tran-
scriptomic changes preceding a phase of rapid loss between 4 and
14dpc (RGC loss <10% up to 3dpc, see Ref. [1]). This may be
tackled by sampling additional scRNA-seq data on intermediate
time points (e.g. 3dpc or 3.5dpc). As additional data was not
available, we opted for a workaround by mapping the 4, 7, and
14dpc RGCs together, pooling them into a single AnnData object
rgc_late (2, , 1). For training, we combine classified RGCs at
12 h, 1d, and 2d into a single object and learn a ¢, classifier,
excluding the temporally DE genes as features.
We initiate step 1 of iGraphBoost by training the z, classifier.

rgc_early = twelveHr.concatenate (oneday, twoday)
rgc_late = fourday.concatenate (oneweek, twoweek)

twoday genes =

ClusterSpecificGenes (twoday,

genes =
list (twoday.var.index[twoday.var.highly variable == True]),

obs = 'Type iGB')
combined var genes = twelvehr genes + oneday genes + twoday genes
var_genes_ 12h 1d 2d = list (np.unique (combined var genes))

all var genes

var genes = []

= [1i for i in var genes 12h 1d 2d if i in
list (rgc_late.var.index)]

for i in all var genes:
if i not in exclude genes:
var_genes.append (1)

assigned cells

for i in range(len(rgc_early.obs)):
if rgc_early.obs.Type iGB[i] !=

=[]

'Unassigned’:

assigned cells.append(rgc_early.obs.index[i])

validation label train 10, valid predlabels train 10,
test predlabels = xgbtrain(

train anndata = rgc earlyl[assigned cells,:],
test anndata = rgc_late,
genes = var_genes

)

validationconfmat, validationxticks, wvalidationplot =
plotvValidationConfusionMatrix (

ytrue = validation label train 10,

ypred = valid predlabels train 10,

save as =
title = "!
xaxislabel
yaxislabel

)

4

RGC_Early Validation.pdf',

= 'Predicted',
= 'True'
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We now apply the 2, classifier to the z, , ; RGCs (4, 7, and
14dpc).

mapping assignments = []
unassigned index = []
for index, value in enumerate (test predlabels):
if value == 45:
mapping assignments.append('Unassigned')
unassigned index.append (index)
else:
mapping assignments.append(str (int (value)+1))

rgc_late.obs['Type iGB'] = mapping assignments

Finally, we also apply the atlas classifier (Cp) to the remaining
unassigned z,, , 1 RGCs before proceeding to step 2.

#Mapping Unassigned cells in rgc late to Atlas

all var genes = [i for i in atlas genes if i in
list (rgc_late.var.index)]

var_genes = []
for i in all var genes:
if i not in exclude genes:
var genes.append (1)

unassigned cells = []
for i in range(len(rgc late.obs)):
if rgc late.obs.Type iGB[i] == 'Unassigned':
unassigned cells.append(rgc late.obs.index[i])

validation label train 10, valid predlabels train 10,
test predlabels = xgbtrainatlas(
train anndata = atlas,
test anndata = rgc_late[unassigned cells,:],
genes = var_ genes

)

validationconfmat, validationxticks, validationplot =
plotValidationConfusionMatrix (

ytrue = validation label train 10,
ypred = valid predlabels train 10,
save as = '',

title = '',

xaxislabel = 'Predicted',
yaxislabel = 'True'

)

unassigned mapping assignments = []
for i in test predlabels:
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if i == 45:

unassigned mapping assignments.append('Unassigned')
else:

unassigned mapping assignments.append(str (int (i)+1))

for index, value in enumerate (unassigned index) :
mapping assignments[value] =
unassigned mapping assignments[index]

rgc_late.obs['Type iGB'] = mapping assignments
We now run step 2 of iGraphBoost for 4, 7, and 14dpc RGCs.

#run step 2
fourday = rgc_late[rgc late.obs.Time=='4d', :]
fourday = step2 (fourday)

oneweek = rgc late[rgc late.obs.Time=='lw', :]
oneweek = step2 (oneweek)

twoweek = rgc latel[rgc late.obs.Time=='2w', :]
twoweek = step2 (twoweek)

fourday.write hbad('fourdayONC mapped iGB.hbad')
oneweek.write h5ad('oneweekONC mapped iGB.h5ad')
twoweek.write h5ad('twoweekONC mapped iGB.h5ad')

Taken together iGraphBoost results in a sizable improvement
in the classification of injured RGCs compared to direct mapping of
each time point to the atlas, reducing the proportion of unassigned
cells from ~65% to ~30% at 4, 7, and 14dpc (Fig. 3b). As a sanity
check, we also verify that classified RGCs at 14dpc maintained type-
specific markers, though, as one might expect, some degradation in
expression is observed. (compare Figs. 3¢ to 1c¢).

Next, we use the iGraphBoost assignments to estimate the
relative frequency of the 45 RGC types at each of the six time
points. We rank order the types based on their fold difference in
relative frequency at 14dpc vs. Odpc (survival ratio) to identify
resilient and vulnerable types (see Fig. 4a). The results also allow
us to compare survival kinetics between RGC types (see Fig. 4b).



36 Salwan Butrus et al.

-1 Resilient

Relative Survival (log2 14dpc/Ctrl)
o

;
IIIIIIIII....DDDD::

Susceptible

DDDDDDDDDDDDDDDDIIIIIIIIII

N

NI ) - SN )
IO

= C43
2]~ Cc28

Relative Survival

N oD DNV A > D D D DO D
PRI I TREPEPRIPR P

0 2 4 7
Days Post Crush

Cc

Tran et al., 2019

Nl

-
o

-
o

-
o

O AN O N aX O > 0 A D S N D
FR TNV IFT NI

|
=N

© O N 5 D
YO

RGC Type Frequency (14dpc)

o™
e
9, e
/‘ [ ]
° ,‘“b o
4
4 °

e Pearson R = 0.99
107 107 107"

This Work
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twoweek =
ctrl =

#Disregard unassigned RGCs
ctrl =
twoweek =

#Compute survival scores for Figure 4A

twoweek fregs
ctrl fregs =

surv_scores = dict ()

sc.read hbad('twoweekONC mapped iGB.hb5ad')
sc.read hbad('CtrlONC mapped iGB.hbad'")

ctrllctrl.obs.Type iGB!='Unassigned', :]
twoweek[twoweek.obs.Type iGB!='Unassigned', :]

twoweek.obs.Type iGB.value counts (normalize=True)
ctrl.obs.Type iGB.value counts (normalize=True)

for i in twoweek.obs.Type iGB.values.categories:

surv_scores['C'+i] =

(np.log2 (twoweek fregs[twoweek fregs.index.get loc(i)]/ctrl fregs[ct

rl fregs.index.get loc(i)]))
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surv_scores_sorted =
pd.Series(surv_scores) .sort values (ascending=False)

#Track the survival score of two types over time (Figure 4B)
onc_objs = [ctrl, twelveHr, oneday, twoday, fourday, oneweek,
twoweek]

onc_fregs = []

for i in onc _objs:
i = i[i.obs.Type iGB!='Unassigned', :]
onc_fregs.append(i.obs.Type iGB.value counts (normalize=True))

#43

i='43"

scores43 = []

for j in onc_ fregs:

scores43.append(np.log2(j[j.index.get loc(i)]/ctrl fregs[ctrl fregs.
index.get loc(i)]))

#28

i='28"

scores28 = []

for j in onc_ fregs:

scores28.append(np.log2(j[j.index.get loc(i)]/ctrl fregs[ctrl fregs.
index.get loc(i)]))

As another sanity check, we compare the relative frequency of
types at each time point estimated in this chapter, with those
reported in Ref. [1]. The agreement was excellent, with minor
differences that do not impact qualitative conclusions (see Fig. 4c

and Note 5).
3.6 Identifying Genes  We defined resilient and susceptible types as those with a survival
Correlated with ratio >2 and <0.5 (log-survival ratio >1 and <—1), respectively.
Resilience and We then sought to identify gene expression patterns that correlate
Susceptibility with these differences in survival. First, using a Wilcoxon rank-sum

test, we identify DE genes that distinguish resilient and susceptible
RGC types based on their baseline transcriptomes at Odpc (see
Fig. 5a and Note 6).

#remove intermediate types

strength = []
res = list(surv_scores sorted.index[0:8]) #resilient types
sus = list(surv_scores sorted[-15:].index) #susceptible types

for i in range(ctrl.shape[0]):
if ('C' + ctrl.obs.Type iGB[i] in res):
strength.append('Resilient')



38 Salwan Butrus et al.

elif ('C' + ctrl.obs.Type iGB[i] in sus):
strength.append('Susceptible')

else: strength.append('Intermediate')

#add strength identifier and remove intermediates
ctrl.obs['Strength'] = pd.Categorical (strength)
ctrl = ctrlctrl.obs.Strength!="Intermediate', :]

#Re-sample each type to 100 cells

subsampled objs = []

for i in ctrl.obs.Type iGB.values.categories:
clust = ctrlctrl.obs.Type iGB==i,:]

if (clust.shape[0]<100): subsampled objs.append (subsample (clust,
n obs=100, copy=True, replace=True))

else: subsampled objs.append(subsample (clust, n obs=100,
copy=True, replace=False))

#the re-sampled object
ctrl sub = subsampled objs[0].concatenate (subsampled objs[1:])

#Perform DE to identify resilience and susceptibility genes
resGenes = DE(ctrl sub, obs id='Strength', obs id test='Resilient',
ref="'Susceptible')

susGenes = DE(ctrl sub, obs id='Strength',
obs id test='Susceptible', ref='Resilient')

The genes Ndnf and Crhbp were selectively enriched among
resilient and susceptible types, respectively (see Fig. 5a). These
baseline differences are also maintained at 7dpc (see Fig. 5b). In
the original study [ 1], we hypothesized that in vivo manipulation of
these genes in RGCs may broadly improve their survival following
ONC. Consistent with this, overexpression (OE) of Ndnf or
knockout (KO) of Crhbp results in increased survival of RGCs (see
Fig. 5d). In addition to baseline differences, we can also use
iGraphBoost assignments to query genes that are selectively upre-
gulated or downregulated temporally among resilient or suscepti-
ble types (see Note 5). We identify Ucn, a gene that is selectively
upregulated in the two resilient types C42 and C43 (see Fig. 5¢).
Indeed, in vivo overexpression of Ucz enhanced RGC survival (see
Fig. 5d). Finally, overexpression of Ndnf and Ucn along with
knockout of Crhbp resulted in an unexpected promotion of axon
regeneration (see Fig. 5¢). This was surprising because our screen
was designed to mainly identify genes associated with RGC sur-
vival. Taken together, these results illustrate the utility of iGraph-
Boost in discovering genes that promote neuroprotection and axon
regeneration.

In summary, the current and the preceding chapter (please see
Chap. 1 of this volume) describe a novel approach to analyze
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selective neuronal vulnerability in the brain with an aim to identify
targets that promote neuroprotection. In doing so, we have synthe-
sized experimental approaches utilizing animal models, cellular and
molecular biology, and next-generation sequencing together with
computational approaches involving machine learning, statistical
inference, and data visualization. While our focus was on retinal
ganglion cells in the context of optic nerve crush, the approaches
can be generalized to other neuronal systems and degeneration
models. We hope that these companion chapters inspire researchers
to investigate the molecular underpinnings of selective neuronal
vulnerability in other systems.

4 Notes

1. seabornandmatplotlib are graphing and data visualization
libraries. Numpy and scipy are libraries that enable a variety of
standard numerical and scientific computation (e.g., matrix
multiplication). sklearn (also known as scikit-learn) is a
suite of machine learning and statistical inference tools in
Python.

2. While Ref. [1] identified 46 types of mouse RGCs, two types,
the so-called dorsal-preferring and ventral-preferring ON-OFF
direction selective RGCs (D- and V-00DSGCs), are distin-
guished by a single marker in the adult mouse. We have there-
fore collapsed these two types into a single cluster (D/V-
00DSGCs) totaling 45 types considered for our classification
analyses.

3. The procedure to log-normalize the raw expression matrix of
gene counts is described in Ref. [1]. We retain raw counts as
they are required for identifying variable genes based on the
Poisson—Gamma model introduced in Ref. [11].

4. As an alternative, the neighborhood graph built in principal
component (PC) space can also be used in step 2. We found
that it gives generally similar results to the graph built in
UMAP space, but that it is more susceptible to noise due to
the larger number of dimensions. We recommend both
approaches be attempted for a given dataset to determine the
best option.

5. The results of the iGraphBoost implementation outlined in this
chapter differ slightly from that reported originally [1]. First
the atlas, control, 12 h, 1d, 2d, 4d, 7d, and 14d datasets were
subjected to a different scRNA-seq pre-processing computa-
tional pipeline from that used in the original work, which
implemented the steps in R. While the resilient and susceptible
types are consistent across both results, there are slight changes
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in the rank order of survival which do not change the overall
qualitative conclusions.

6. Methods to identify temporally regulated DE genes in the
ONC data are described in [1], and not covered here.
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Retinal Ganglion Cell Axon Fractionation

Sean D. Meehan and Sanjoy Bhattacharya

Abstract

Retinal ganglion cell (RGC) axon regeneration in mammals can be stimulated through gene knockouts,
pharmacological agents, and biophysical stimulation. Here we present a fractionation method to isolate
regenerating RGC axons for downstream analysis using immunomagnetic separation of cholera toxin
subunit B (CTB)-bound RGC axons. After optic nerve tissue dissection and dissociation, conjugated
CTB is used to bind preferentially to regenerated RGC axons. Anti-CTB antibodies crosslinked to magnetic
sepharose beads are used to isolate CTB-bound axons from a nonbound fraction of extracellular matrix and
neuroglia. We provide a method of verifying fractionation by immunodetection of conjugated CTB and the
RGC marker, Tujl (B-tubulin III). These fractions can be further analyzed with lipidomic methods, such as
LC-MS/MS to gather fraction-specific enrichments.

Key words Retinal ganglion cell, Optic nerve, Fractionation, Axon regeneration, Immunomagnetic
separation

1 Introduction

Retinal ganglion cell (RGC) axon regeneration in the optic nerve is
now readily attainable through gene knockouts [1 ], pharmacologi-
cal interventions [2, 3], and biophysical stimulation [4]. Over the
years, mass spectrometry technology has improved to where sensi-
tivity is less of a limiting factor. Full tissue lipid profiles can be
generated easily. As our scientific approaches become more targeted
for cell types, such as RGCs, our methods must adapt to provide
results with higher specificity. In order to accomplish this, sample
complexity must be reduced as it can have significant effects on LC—
MS/MS performance and results [5]. With high sample complex-
ity, raw data from the LC-MS/MS is susceptible to high back-
ground signals that can drown out target peaks [6, 7]. For
example, the use of different digestion protocols can increase the
complexity of protein samples as the sheer number of peptides is
larger than the number of full-length proteins in the initial sample.
Most of our previous “omic” analyses were focused on complete

Ava J. Udvadia and James B. Antczak (eds.), Axon Regeneration: Methods and Protocols,
Methods in Molecular Biology, vol. 2636, https://doi.org/10.1007/978-1-0716-3012-9_3,
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Fig. 1 Overview schematic diagram of RGC axon fractionation protocol

optic nerve tissue analyses. As we begin to identify enriched path-
ways associated with nerve degeneration and regeneration, our
need for cellular fractionation/dissociation has increased. This
coincides well with the increase in cell sorting and single-cell tech-
nologies. In this published method, we introduce a retinal ganglion
cell (RGC) fractionation technique that isolates RGC axons from
dissected C57BL/6 mouse optic nerves (Fig. 1). This method can
be applied to other mouse types as well. In optic nerve regenera-
tion, a common visualization method involves intravitreally inject-
ing fluorophore-conjugated cholera toxin subunit B (CTB)
[8, 9]. CTB selectively binds to the GM1 ganglioside, which is a
marker for new RGC axon growth [10, 11]. We decided to take
advantage of this selective binding and ubiquitous marker use to
develop an immunomagnetic separation technique. Dissected optic
nerve tissue is first dissociated using mild protein digestion fol-
lowed by CTB binding. Separately, anti-CTB antibodies are cross-
linked to magnetic sepharose beads. CTB-bound RGC axons are
then captured with anti-CTB magnetic beads and collected using a
magnetic rack (Fig. 2). Both eluted and nonbound fractions can be
collected for future fraction-specific lipidomics. Fractionation effi-
ciency can be evaluated in multiple ways, such as immunoblot or
immunodetection of an RGC marker (f-tubulin III) (Fig. 3). We
describe here a method to approximate fractionation efficiency
using fluorescence microscopy to detect fluorescently conjugated
CTB and B-tubulin IIT immunofluorescence.

2 Materials

1. Magnetic rack with removable magnetic bar, designed to hold
1.5 mL microcentrifuge tubes, for small-scale sample
enrichment.

2. 1.5 mL microcentrifuge tubes
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Fig. 2 Visualization of CTB-bound materials in elution and nonbound fractions.
Fluorescence microscopy of Alexa 488-conjugated CTB elution and nonbound
fractions. Using a Leica AF6000 microscope and GFP laser, the elution and
nonbound fractions were evaluated for GFP fluorescent material (shown in
white). Long axons can be visualized on the left in the elution fraction.
Scale bar: 413.9 um

1o um [ 35 um
Tuj1 (B-Tubulin 1) CTB

Fig. 3 Fluorescence microscopy of CTB and RGC markers in elution fraction.
Using a Leica AF6000 microscope with a GFP and TXR laser, an axon in elution
fraction is shown here with Tuj1 (Alexa 594) on the left in red and the conjugated
CTB on the right in faded green. Scale bars: 413.9 um

3. Magnetized sepharose beads conjugated to protein G (subse-
quently referred to as magnetic beads).

TBS: 50 mM Tris—HCI, 150 mM NaCl, pH 7.5.
. Elution buffer: 0.1 M glycine-HCI, pH 2.9.
Neutralizing buftfer: 50 mM Tris—HCI, 150 mM NaCl, pH 8.8.

. Crosslink solution A: 200 mM triethanolamine, adjusted to pH
8.9 by dropwise addition of 1 M HCI.

8. Crosslink solution B: 100 mM ethanolamine, adjusted to pH
8.9 by dropwise addition of 1 M HCI.

9. Crosslink solution C: 50 mM dimethyl pimelimidate dihy-
drochloride in 200 mM triethanolamine, pH 8.9.

N o o
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10.

11.

12.
13.
14.

15.
l6.

17.
18.
19.
20.
21.
22.

23.

24.
25.
26.
27.
28.
29.
30.

31.

Fluorescently tagged cholera toxin subunit B conjugated (e.g.,
Invitrogen Alexa 488-conjugated CTB, C22841): 2.5 pg/mL
in PBS.

CTB antibody: Anti-beta subunit cholera toxin antibody, e.g.,
Abcam ab34992.

Euthanized C57BL/6 mouse.
Sterile, disposable #10 blade scalpel.

Vannas scissors: Micro dissecting spring scissors (3 mm cutting
edge, 0.15 mm tip width, 7.62 cm in length), sterilized.

Tweezers: Thin tips, 109 mm length, polished, sterilized.

Autoclavable petri dish, sterilized, 100 mm diameter X 15 mm
height (see Note 1).

Phosphate-buffered saline (PBS).

PBS-T: 0.3% Triton X-100 in PBS.

Collagenase D solution: 2 mg/mL in PBS, 3 mM CaCl,.
Proteinase K solution: 3 mg/mL in PBS, 3 mM CaCl,.
Heat block: Temperature range—25 °C to 130 °C.

Multipurpose  staining  chamber/humidified  chamber:
39.7 cm x 25.5 cm x 4 cm. This chamber is used to maintain
a humid environment during tissue digestion and antibody
staining. Otherwise, the tissue will dry out and be unusable.
Slides are placed on higher grooves, above the water layer.
Maintain water level to cover the entire base level of the cham-
ber. Do not overfill or water could splash onto the slides, if
chamber is moved.

Rotator: Fixed 23 degrees, 20 orbits/min speed, platform
dimensions—30.5 cm x 30.5 cm. The orbital shaker is required
for a continuous and uniform mixture of the components. It is
used for mixing CTB-bound tissue with the Mag Sepharose
Anti-CTB Beads.

End-over-end mixer.

Microcentrifuge.

PAP pen (see Note 2).

Poly-D-lysine- and laminin-coated glass microscope slides.
Tissue fixative: 4% paraformaldehyde in PBS.

Blocking solution: 5% bovine serum albumin (BSA) in PBS-T.

Primary antibody: Tujl, a neuron-specific class III beta tubulin
antibody, chicken IgY (e.g., Neuromics CH23005), used as a
retinal ganglion cell marker.

Secondary antibody: Fluorescently labeled goat anti-chicken
IgY, (e.g., goat anti-chicken IgY Alexa 594, Abcam).



32.
33.

34.
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Antibody dilution medium: 1% BSA, PBS-T.

Mounting medium, with DAPI (e.g., Vectashield HardSet
Antifade Mounting Medium with DAPI, Vector Laboratories).

Confocal microscope equipped with compatible lasers for the
chosen fluorophores and DAPI (we routinely utilize Alexa
488 and Alexa 594; see Note 3).

3 Methods

3.1 Anti-CTB
Magnetic Bead
Preparation Prior to
Optic Nerve Dissection

10.

11.

12.

13.

14.

15.

. Based on your tissue volume, dispense the appropriate quantity

of magnetic beads into a 1.5 mL microcentrifuge tube (see
Note 4).

Place the tube in the magnetic rack with the magnet bar to pull
the beads out of the solution, and use a pipette to remove the
storage solution from the beads.

Remove the magnet bar and resuspend the beads in TBS by
inverting the magnetic rack five times.

Replace the magnet bar and remove the TBS from the beads
using a pipette.

. Remove the magnet and resuspend the beads in 100 pL. of CTB

antibody diluted 1:100 in antibody dilution medium.

Rotate the microfuge tube with the antibody and bead solution
in the end-over-end mixer for 15 min.

. Place the tube in the magnetic rack with the magnet bar in

place and remove the antibody from the beads using a pipette.

. Remove the magnet bar and resuspend the beads in 500 pL of

TBS by inverting the magnetic rack five times.

. Replace the magnet bar and remove the TBS from the beads

using a pipette.
Remove the magnet bar and resuspend beads in 500 pL of
crosslink solution A by inverting the magnetic rack five times.

Replace the magnet bar and remove the crosslink solution A
from the beads using a pipette.

Remove the tube from magnetic rack and resuspend the beads
in crosslink solution C with manual inversion.

Place the tube in the end-over-end mixer for 60 min.

Replace the tube in the magnetic rack with the magnet bar in
place and remove the crosslink solution C from the beads using
a pipette.

Remove the magnet bar and resuspend the beads in 500 pL
crosslink solution A by inverting the magnetic rack five times.
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3.2 Optic Nerve
Isolation and Tissue
Dissociation

16.

17.

18.

19.

20.

21.

22.

23.

24.

Replace the magnet bar and remove the crosslink solution A
from the beads using a pipette.

Remove the tube from the magnetic rack and resuspend the
beads in 500 pL crosslink solution B with manual inversion.

Rotate the microfuge tube with the beads and crosslink solu-
tion B in the end-over-end mixer for 15 min.

Replace the tube in the magnetic rack with the magnet bar in
place and remove crosslink solution B from the beads using a
pipette.

Remove the magnet bar and resuspend the beads in 500 pL of
clution buffer by inverting the magnetic rack five times.

Replace the magnet bar and remove the elution buffer from the
beads using a pipette.

Remove the magnet bar and resuspend the beads in 500 pL
TBS by inverting the magnetic rack five times.

Replace the magnet bar and remove the TBS from the beads
using a pipette.

Repeat steps 23 and 24 twice more, and store the conjugated
beads at 4 °C until they are required for RGC axon isolation
(see Note 5).

. Obtain two dry petri dishes and one petri dish containing PBS.

. Dissect the eyes from the euthanized mouse and collect them in

one dry petri dish (see Fig. 1).

. Separate globe and optic nerve by using scalpel to transect the

nerve at the junction of the globe and the optic nerve (optic
nerve head).

. Rinse the dissected optic nerve by dipping it in the petri dish

with PBS to wash oft'any excess blood /tissue. Be careful to not
let the optic nerve dry out.

. Remove the optic nerve from PBS and place on the second dry

petri dish using tweezers.

. Make longitudinal sections along the length of the optic nerve

by using a scalpel or one blade of the Vannas scissors. This will
lead to thin, sheered optic nerve sections and ultimately create
more surface area for tissue digestion.

. Dispense collagenase D solution to cover the optic nerve (typi-

cally 50-100 pL).

. Digest the tissue in the collagenase D solution for 1 h at room

temperature in humidified chamber.

. Remove the collagenase D solution using a Pasteur pipette

while being careful to avoid picking up the optic nerve tissue.



3.3 Conjugated CTB
Binding and Magnetic
Separation

10.

11.

12.

13.

1.

10.

11.

12.

13.
14.
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Dispense proteinase K solution to cover the optic nerve tissue
(typically 50-100 pL).

Allow all the tissue to digest in proteinase K solution for 3 h in
humidified chamber at room temperature (sec Note 6).

Use heat block or equivalent to inactivate the proteinase K at
95 °C for 10 min. Do not let the tissue dry out during this time
by supplementing with extra PBS as necessary.

Carefully remove the proteinase K solution from the tissue
using a Pasteur pipette.

Dilute Alexa 488-conjugated CTB 1:100 in PBS and dispense
it to cover the digested optic nerve

. Incubate overnight at 4 °C in a humidified chamber, covered

from light to allow the labeled CTB to bind to RGC axons.

. Carefully remove the diluted Alexa 488-conjugated CTB from

the tissue using a Pasteur pipette. From this point forward,
limit the amount of light exposure to the optic nerve fragments
as much as possible to avoid bleaching the fluorophore signal.

. Wash any residual antibody from the tissue by dispensing

200 pL of PBS onto the optic nerve and then carefully remov-
ing it using a Pasteur pipette.

. Wash the optic nerve two more times with PBS. Collect the last

wash including the dissociated optic nerve fragments into a
microcentrifuge tube.

. Spin down the optic nerve fragments at 300x 4 in a microcen-

triftuge for 5 min.

. Add the anti-CTB magnetic beads prepared under Subheading

3.1 to the CTB-bound tissue.

. Mix the solution of tissue and beads on the rotator for 60 min

at room temperature, protected from light.

. Place the tube in magnetic rack with the magnet bar in place to

bring the beads out of solution.

Use a pipette to remove the solution to a fresh tube labeled
“nonbound fraction.” Save this fraction for further analyses.

Remove the magnet bar and resuspend the beads in 500 pL
wash buffer by inverting the rack five to ten times.

Replace the magnet bar and remove the wash buffer from the
beads using a pipette.

Repeat steps 11 and 12 twice more.

Remove the magnet bar and resuspend the beads in elution
bufter (use 3% volume of the original anti-CTB magnetic bead
volume in step 8) by inverting the rack ten times.
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3.4 Verification of
RGC Separation with
Immunodetection

15.

16.

17.

18.
19.

Allow the beads to incubate in the elution buffer for at least
2 min at room temperature, protected from light.

Pulse spin the tube in the microcentrifuge if there is residual
solution in the cap of the tube.

Replace the tube in the magnetic rack with the magnet bar in
place and collect the “elution fraction” in a fresh
microcentrifuge tube.

Repeat steps 14-17, if necessary (see Note 7).

Add 200 pL of neutralizing buffer to tube containing the
elution fraction to neutralize acidic pH.

. Immunodetection can be used to visualize the elution and

nonbound fractions.

. Use a PAP pen to delineate two “wells” on a poly-D-lysine- and

laminin-coated slide or coverslip encircled using a PAP pen to
form the hydrophobic barriers. Designate one well for the
elution fraction and the other for the nonbound fraction.

. Mix the elution fraction using a pipette and then dispense a

volume that will fill the designated region onto the slide or
coverslip.

4. Repeat step 3 with the nonbound fraction.

10.

11.

12.
13.

. Repeat steps 2 and 3 with a second slide to create a secondary

antibody nonspecific binding control.

. Allow the dispensed solutions to partially dry onto the slides to

avoid overflowing.

. Add tissue fixative to each of the fractions on the slides and

incubate for 30 min at room temperature, protected from light.
Use a volume that covers but does not overflow the well area
designated by the PAP barrier.

. Remove the tissue fixative solution using a pipette.

. Wash the slides twice with PBS for 15 min, protected from

light.

Add blocking solution to each well using a volume that covers
the area but does not overflow the hydrophobic barrier deli-
neated with the PAP pen.

Incubate for 30 min, in a humidified chamber at room
temperature.

Remove blocking solution using a pipette.

Add the primary antibody (Tujl), diluted 1:400 in antibody
dilution medium, to the wells containing the elution fraction
and nonbound fraction. Again, use a volume that covers the

area but does not overflow the hydrophobic barrier delineated
with the PAP pen.



14.

15.

16.
17.

18.

19.
20.

21.

22.

Retinal Ganglion Cell Axon Fractionation 51

For the wells on the secondary antibody nonspecific binding
control slide, add antibody dilution medium instead of the
primary antibody.

Incubate the control slide and the slide with the primary anti-
body overnight at 4 °C in a humidified chamber.

Remove primary antibody using a pipette.

Wash the slides twice with PBS for 15 min, protected from
light.

Add the secondary antibody to the wells on all slides and
incubate at room temperature for 1-2 h in a humidified cham-
ber. Again, use a volume that covers the area but does not
overflow the hydrophobic barrier delineated with the PAP pen.

Remove secondary antibody from slides using a pipette.

Optional: Add appropriate volume of DAPI Vectashield hard-
ening medium to fraction regions, ~15-25 pL. Axons should
not have DAPI fluorescence. Place appropriate coverslip size
over sample slides. Allow hardening for 15 min at room
temperature.

Visualize specimens by laser-scanning confocal microscopy (see
Notes 3 and 8 and Figs. 2 and 3).

Fractionation efficiency can be evaluated by comparing CTB
and Tujl labeled materials in in the elution and nonbound
fractions. Axons will appear as long, thin tissues that are labeled
with both CTB and Tujl (see Note 9).

4 Notes

. Verify that your petri dish is heat tolerant at 95 °C. If not, the

protocol can be adapted by carrying out the tissue dissociation
in a microcentrifuge tube as well.

. Beware that PAP pen types may create a fluorescent border that

can be seen with microscopy. Be careful to not allow liquid to
reside in sample regions, which may result in a false-positive
readout. Chamber slides could also be used instead of
PAP pens.

. Fluorophores were chosen to avoid overlapping excitation and

emission spectra. Alexa 488 is a green fluorescent dye that uses
the 488 nm laser line with an excitation max at 490 nm and an
emission max at 525 nm. Alexa 594 is a red fluorescent dye that
uses the 561 /594 laser line with an excitation max at 590 nm
and an emission max at 617 nm. DAPI is a blue fluorescent
DNA stain that uses 405 laser line with an excitation max at
350 nm and an emission max at 470 nm.



52

Sean D. Meehan and Sanjoy Bhattacharya

4. The optimal magnetic bead quantity can be determined using

preliminary trials in which increasing quantities of magnetic
beads are incubated with the same concentration of the CTB
antibody. After preparing the anti-CTB magnetic beads, the
protocol can be performed on control tissue samples of equal
mass with each magnetic bead concentration at equal volumes.
The elution fraction yield can be evaluated using microscopy or
western blot for a RGC axonal marker such as Tujl and nor-
malized based on the tissue weight. There will be a maximal
magnetic bead concentration where the elution fraction yield
no longer improves. The lowest concentration with maximal
elution fraction yield will be the optimal starting magnetic bead
volume.

. Conjugated beads should be stored at 4 °C and be used within

2-3 weeks. After this, they will begin to lose binding efficiency.

. If the tissue is not dissociating well, verify that the protein

digestion solutions (collagenase D and proteinase K) are
prepared fresh and stored properly. You may also increase the
digestion time or increase the agitation.

. To avoid cross-contamination between experiments, it is best

to not reuse anti-CTB magnetic beads for multiple fraction-
ation experiments.

. If Tujl fluorescence is low in immunodetection, increase the

concentration of Tujl primary antibody as described in Sub-
heading 3.4, step 13.

. If the elution fraction efficiency is low, increase the anti-CTB

magnetic bead binding time with the dissociated tissue or
increase the total quantity of anti-CTB magnetic beads.
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Analysis of Inmediate Early Gene Expression Levels
to Interrogate Changes in Cortical Neuronal Activity
Patterns upon Vision Loss

Sara R. J. Gilissen, Maroussia Hennes, and Lutgarde Arckens

Abstract

Mapping immediate early gene (IEG) expression levels to characterize changes in neuronal activity patterns
has become a golden standard in neuroscience research. Due to straightforward detection methods such as
in situ hybridization and immunohistochemistry, changes in IEG expression can be easily visualized across
brain regions and in response to physiological and pathological stimulation. Based on in-house experience
and existing literature, 24f268 represents itself as the IEG of choice to investigate the neuronal activity
dynamics induced by sensory deprivation. In the monocular enucleation mouse model of partial vision loss,
zif268 in situ hybridization can be implemented to study cross-modal plasticity by charting the initial
decline and subsequent rise in neuronal activity in visual cortical territory deprived of direct retinal visual
input. Here, we describe a protocol for high-throughput radioactive zif268 in situ hybridization as a
readout for cortical neuronal activity dynamics in response to partial vision loss in mice.

Key words Immediate early genes, zif268, Neuronal plasticity, In situ hybridization, Cortical recov-
ery, Monocular enucleation

1 Introduction

Immediate early gene (IEG) expression is established as a readout
to assess brain-wide neuronal activity patterns under different phys-
iological and pathological conditions [1-3]. They can be visualized
via multiple detection methods such as immunohistochemistry,
Western blot, in situ hybridization (ISH), calcium-modulated
photoactivatable ratiometric integrator (CaMPARI), and even
in vivo imaging [3-5]. The advantage of ISH is the ability to label
specific mRNAs while providing region- and cell-specific informa-
tion. ISH can be carried out via (non)radioactive labeling an oligo-
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nucleotide, DNA, or RNA probe directed against the IEG of
interest. Whereas fluorescence opens up the possibility of multi-
plexing, radioactivity remains the most sensitive and most effective
quantitative detection method because of its unparalleled linear
signal range. Radioactive ISH typically consists of a more lengthy
protocol, but the results on autoradiographic film can be kept
infinitive without losing sensitivity. In addition, the same tissue
sections can be reused for a cyto-architectural or immunohisto-
chemical staining, precise placement of areal borders, assessment
of histological abnormalities, and obtaining (sub)cellular expres-
sion information. Several IEGs qualify as neuronal activity reporter,
including c-fos, arc, homerl, 2if268/¢grl, and npas4. Although all
of these IEGs can provide information about neuronal activity,
subtle expression differences among them calls for careful consid-
eration when planning an experiment and protocol [6-9]. In the
context of assessing the initial impact and subsequent recovery of
the visual system after peripheral injury, for example, due to damage
to the optic nerve, zif268 should be the IEG of choice. This IEG
namely has the advantage of being expressed at an intermediate
baseline level in the absence of specific stimulation, offering the
opportunity to detect both decreased and increased neuronal activ-
ity levels as a readout of loss or regain of visual stimulation. Fur-
thermore, as zif68 is broadly expressed, this IEG can be used to
study neuronal activity patterns across cortical layers, as well as
subcortical structures, including the LGN and the superior collicu-
lus. Interestingly, changes in zif268 expression levels can also be
used to visualize cross-modal brain plasticity [ 10, 11]. Partial vision
loss in mice, for example, where the visual cortex, permanently
deprived of retinal inputs, becomes reactivated by inputs from
other sensory modalities, can be interrogated using zzf268 labeling
(Fig. 1) [12-16]. Moreover, a recent study comparing different
IEGs discovered zif268 expression to be mainly driven by top-down
cross-modal neuronal activity, whereas Arc expression was primarily
driven by bottom-up sensory activity [17], thereby confirming
z1f268 as the ideal IEG of choice to study multimodal-driven
brain activity and plasticity next to bottom-up sensory activation.
Here, we present a standardized protocol for studying the cross-
modal plasticity phenomenon by inducing vision loss in mice via
monocular enucleation, or the removal of one eye, and assessing
loss and regain of neuronal activity in the visually deprived cortex by
charting zif268 expression levels.
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P120 0 weeks 7 weeks
Normal sighted Monocular Cortical
enucleation reorganization

'S ¥
5

Zif268 neuronal activity marker

Fig. 1 Mapping of zif268 expression levels to study the dynamics of cortical plasticity processes upon partial
vision loss in adulthood. Left: Upon visual stimulation, normal sighted adult mice (P120) show upregulated
Zif268 expression in the visual cortex, reflecting normal neuronal activity patterns. Middle: Upon monocular
enucleation, neuronal activity is reduced and zif268 expression levels drop significantly in the monocular zone
(gray boxes) of the deprived visual cortex. Right. During a timeframe of 7 weeks, sensory inputs from the
remaining eye and the whiskers drive neuronal reactivation of the deprived binocular (orange box) and
monocular (turquoise boxes) visual area, respectively. This regain of neuronal activity is visualized by a
restored zif268 cortical expression pattern

2 Materials

General Note This protocol has been optimized using C57Bl1/6j
mice, obtained from Janvier Labs, with an age ranging from P45
until P170. It is for labeling 24268 mRNA with an oligo-cDNA
probe (see Note 1), labeled with **P (American Radiolabeled Che-
micals Inc., dATP-33P, 1 mCi, ARP-0127A) (see Note 2).

1. Autoclaved ultrapure water.

2. Anesthesia solution (0.1 mL/10 g) (i.p.): Mix 0.2 mL mede-
tomidine hydrochloride (1 mg/kg), 0.15 mL ketamine hydro-
chloride (75 mg/kg), and 1.65 mL sterile 0.9% saline.

3. Anesthesia-reversal solution (i.p.): Mix 100 pL atipamezole
hydrochloride (1 mg/kg) and 9.9 mL autoclaved 0.9% saline
(see Note 3).

4. Analgesics solution (i.p.): Mix 200 pL meloxicam (2 mg/kg)
and 800 pL autoclaved 0.9% saline.
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5.
6.

10.

11.

12.

13.

14.

15.

Ophthalmic ointment.

1x TET buffer: Prepare a solution of 0.1 M Tris—HCI, 0.001 M
EDTA, and 0.01 M triethanolamine (TEA) by dissolving
1.211 g Tris, 0.037 g EDTA, and 150 pL TEA in autoclaved
ultrapure water. Adjust the pH to 7.7 using 6 N HCl and bring
final volume to 100 mL.

. 10x phosphate-buffered saline (10x PBS): Mix 66.6 mL phos-

phoric acid, 90 g of NaCl, and 800 mL autoclaved ultrapure
water. Adjust the pH to 7.4 by using NaOH crystals until a pH
of' 6.5-7 is reached. Continue adjusting the pH to 7.4 by using
6 N NaOH. Bring volume up to 1 L and autoclave (se¢ Note
4).

. 1x phosphate-buftered saline (1x PBS): Mix 100 mL 10x PBS

buffer and 900 mL autoclaved ultrapure water.

. 4% formaldehyde: Mix 27 mL formaldehyde solution (37%)

and 223 mL 1x PBS buffer.

Denhardts solution: Dissolve 0.5 g Ficoll 400, 0.5 g polyvinyl-
pyrrolidone, and 0.5 g bovine serum albumin (BSA) in 25 mL
autoclaved ultrapure water.

0.2 M phosphate buffer: Mix 1.33 mL phosphoric acid and
80 mL autoclaved ultrapure water. Adjust pH to 7.4 using
NaOH and bring final volume to 100 mL. Autoclave.

20x saline sodium citrate (SSC) buffer: Prepare a solution of
3 M NaCl and 0.3 M sodium citrate by dissolving 175.3 g
NaCl and 88.2 g sodium citrate in 800 mL of autoclaved
ultrapure water. Adjust to pH 7 using 6 N HCI, and bring
the volume up to 1 L. Autoclave the buffer.

Hybridization cocktail: Mix 250 mL formamide, 100 mL of
20x SSC buffer, 5 mL Denhardts solution, 25 mI 20% sarcosyl
(5 g dissolved in 25 mL autoclaved ultrapure water), 50 mL
0.2 M phosphate buffer, and 50 g dextran sulfate. Heat the
solution in a 3742 °C warm water bath and add 20 mL
autoclaved ultrapure water. Store at —20 °C aliquoted in
50 mL polypropylene conical tubes.

D19 developer: In a 5 L Erlenmeyer flask, mix 4 L distilled
water combined with warm tap water until an average temper-
ature of 38 °C is reached or heat the water using a heating
plate. Working under a fume hood, add the D19 powder (see
Note 5) and dissolve the powder using a magnetic stir bar. Add
distilled water to 5 L and check for a pH between 9 and 12.
Adjust the pH if needed by adding 6 N NaOH to bring it up or
6 N HCI to bring it down. Let the D19 developer cool down
and store in a glass bottle.

100% ethanol.
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Ethanol dilution series (50%-70%98%): Dilute absolute etha-
nol to the appropriate concentrations using autoclaved ultra-
pure water.

Chloroform.

2-Methylbutane.

z1f268 oligo-cDNA probe.

dATP-*P radioactive ligand (sez Note 2).

Terminal transferase enzyme (Tdt), purified from E. coli clone
of calf thymus.

Liquid scintillation counting solution.

DNA, from fish sperm (e.g., 11,467,140,001, Merck).
tRNA (e.g., 10,109,495,001, Merck).

Oligo-cDNA probe (see Note 1).

50% formamide: Mix 50 mL formamide and 50 mL of auto-
claved ultrapure water.

Heat pads.

Curved forceps: Tip width, 0.5 mm; length, 10 cm; tip shape,
curved; tip dimensions, 0.5 x 0.4 mm.

Large forceps: Tip width, 3.3 mm; length, 16 cm; tip shape,
straight; tip dimensions, 3.3 x 1.7 mm.

Aluminum foil: multiple 10 x 10 cm sheets.

Glassware prebaked at 185 °C: Glass beaker (volume 800 mL),
glass slides (25 x 75 mm), glass slide holder, glass slide contain-
ers (max volume 250 mL).

Poly-L-lysine hydrobromide mol wt > 300,000.
Weighing boats (46 x 46 x 8§ mm).
Cryostat, —20 °C.

Heating block: Up to 100 °C with a holder for 0.5 mL and
1.5 mL microcentrifuge tubes.

Microcentrifuge tubes (0.5 mL, 1.5 mL).
50 mL conical tubes, polypropylene.
Quick spin oligo column (Sephadex G-25).
Microcentrifuge.

Vortex .

B-counter.

Scintillation counting tubes for p-counter.
Rubber cement.

Humidity chamber for immunohistochemistry staining of sec-
tioned samples on glass slides (e.g., Biogear BGHC-024).
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45.
46.
47.
438.
49.

50.

Tissue paper.

Autoradiography film (e.g., hyperfilm Biomax MR).
Medical X-ray film cassette.

Scanner (e.g., Canon CanoScan 9000F Mark II).

Carbon-14 standards on glass slides with an activity range of
0-35 nCi/mg.

Computer with Image] software and statistical software such as
Excel or GraphPad.

3 Methods

3.1 Monocular
Enucleation

10.

11.

. Sedate the animal via a 0.2 mL intraperitoneal injection of the

anesthesia solution (8 pL/g bodyweight) and keep the animal
warm while sedated by using heating pads.

. Use large forceps to check the tail-pinch reflex to assess the

depth of sedation.

. Apply eye cream to the eye that will not be removed in order to

prevent dehydration (see Note 6).

. Sterilize a curved forceps.

. Place the animal on a smooth and large surface like a table (see

Note 7) and lay it on its side, with the eye to be removed facing
upward.

. Place the sides of the opened forceps around the eye and press

down gently to elevate the eye out of its socket.

. Brings the forceps behind the eye and close them. Pinch the

blood vessel and nerve but not the eyeball (see Note 8).

. Make a small circular movement with the forceps, allowing the

animal’s body to follow in the same circular movement. Switch
from clockwise to counterclockwise rotation when there is any
resistance when executing the circular movement (see Note 9).

. Continue fluent circular movements while keeping the forceps

tightly closed until the eye detaches from its blood vessel and
nerve (see Note 10).

Reverse sedation via a 0.4 mL ip. administration of the
anesthesia-reversal solution and administer a 0.1 mL subcuta-
neous injection of analgesics solution.

Let the animal recover on a heating pad before returning it to
the animal facility.



3.2 Sample
Preparation

3.3 Labeling and
Purification of the
Probe
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. To measure visual cortex activity levels, animals should be

placed in a quiet dark room the evening before, and brains
should be harvested the next morning upon appropriate sen-
sory stimulation (se¢ Note 11).

. Stimulate the animals during 45 min in bright lighting (see

Note 12).

. Fill the bottom of a beaker with 2-methylbutane (£2 cm liquid

to submerge the brains), place on dry ice, and let it cool down
to —40 °C (see Note 13). Place rectangular pieces of aluminum
foil, used to store the brains, on dry ice to cool them in order to
prevent tissue damage in step 5.

. Sacrifice the mice via cervical dislocation by applying firm

pressure at the base of the skull while pulling the tail backward.
Dissect out the brain and place it gently on a small plastic
container, i.c., weighing boat. Carefully submerge the plastic
container containing the brain in the cooled 2-methylbutane
for approximately 5 min.

. Use forceps to remove the plastic container from the beaker

and place the brain on the pre-cooled aluminum foil. Close the
aluminum foil and store at —80 °C. (se¢ Note 14).

. Prepare 25 pm brain sections using a cryostat (se¢ Note 15).

Collect sections on glass slides, baked and pre-coated with
poly-L-lysine, and store them at —20 °C (see Note 16).

. Set the heating block at 37 °C.
. Add 20 pL autoclaved ultrapure water, 8 pL terminal transfer-

ase enzyme (Tdt) buffer, 4 pL oligo (40 ng/pL concentration),
4 pL Tdt (see Note 17), and 4 pL **P-dATP in a 0.5 mL
microcentrifuge tube.

. Incubate the microcentrifuge tube in the heating block at 37 °©

C for 1.5-2 h.

. Use a mini Quick spin oligo column (gel filtration chromatog-

raphy), containing Sephadex G-25 diluted in STE (1x) buffer.
Carefully tap against the column to resuspend the Sephadex
matrix in the buffer (se¢e Note 18) and remove the top and
bottom part.

. Place the column on a 1.5 mL microcentrifuge tube and cen-

triftuge using a microfuge at 4000x g4 for 1 min at room
temperature.

. Discard the microcentrifuge tube containing the buffer and

place the column into a new microcentrifuge tube.

. Apply the labeled oligo mixture in the middle of the column

and centrifuge using a microfuge at 4000 g force for 4 min at
room temperature.

. Add 200 pL of TET butffer to the microcentrifuge tube, now

containing the purified labeled oligo probes.
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3.4 Quantifying the

Amount of Labeled
Oligo Probes

3.5 Tissue Fixation

3.6 Hybridization

To quantify the amount of radioactively labeled oligo, liquid scin-
tillation counting (Aqua luma) is performed. Radioactivity is
expressed in counts per minute (cpm).

1.
2.

Place the standard solution (Aqua luma) in the p-counter.

Add 2 pL of the labeled oligo to 5 mL Aqua luma and vortex
(see Note 19). This is done in special scintillation tubes that fit
in the available B-counter. The cpm are determined with the
software program that fits the chosen isotope (*3P).

. Calculate the amount of labeled oligo (pL) that needs to be

added to the hybridization cocktail (see Note 20).

. Store the microcentrifuge tubes of labeled oligo at 4 °C (see

Note 21).

. Take out the frozen glass slides 30 min before fixation and place

them on room temperature to dry.

. Fixate the dry glass slides in 4% formaldehyde for 30 min on 4 °©

C to inhibit endogenous ribonucleases.

. Rinse the glass slides two times in 1x PBS for 15 min each.
. Shortly rinse with ultrapure water to remove salts.

. Dehydrate the tissue on the glass slides by pulling them

through a series of solutions with ascending ethanol concen-
trations: 1’ ethanol 50% — 1’ ethanol 70% — 1’ ethanol 98% — 2’
ethanol 100%: Prepare the ethanol dilutions using autoclaved
ultrapure water.

. Delipidate the tissue on the glass slides by submerging them in

chloroform for 5.

. Shortly rinse in 100% and 98% ethanol to remove the

chloroform.

. Let the glass slides air-dry (see Note 22).

. Place the hybridization cocktail at 37—42 °C to reduce viscosity

(see Note 23).

. Calculate the amount of hybridization cocktail, labeled oligo,

DNA, and tRNA required for the complete hybridization solu-
tion, based on the number of slides to be stained. Each slide

requires 0.5 mL hybridization cocktail, one million cpm of the
labeled oligo, 5.5 pL. DNA, and 3 pL tRNA (see Note 24).

. Set the heating block to 100 °C. When the right temperature is

reached, place the DNA in the heating block and let it boil for
at least 10 min to allow denaturation.

. Prepare a moisturized chamber by adding tissue paper soaked

in 50% formamide (se¢ Note 25).



3.7 Rinsing and
Preparation for Film
Exposure

3.8 Film
Development
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. Surround the sections of each glass slide with rubber cement to

create a barrier to keep the hybridization solution on the sec-
tions (see Note 26).

. Based on your calculations in step 2, combine the hybridiza-

tion cocktail, DNA, and tRNA in a polypropylene falcon, and
vortex.

. To complete the hybridization solution, add the labeled oligo

(as calculated in step 2) to the mixture in step 4 and vortex
again.

. Apply 0.5 mL of the hybridization solution to each glass slide

and incubate overnight at 38 °C (se¢ Note 27).

. Wash the sections with 1x SSC buffer at 43 °C if they were

incubated at 38 °C (see Note 28).

. Remove the rubber cement and rinse them again (see Note 29).
. Place the glass slides in a glass slide holder, fill with 1x SSC

buffer, and place them in a water bath heated at the same
temperature (in this case 43 °C).

. Rinse four times for 15 min with 1x SSC buffer preheated in

the water bath (see Note 30).

. Perform a last short rinse with autoclaved ultrapure water.

. Dehydrate the tissue sections on the glass slides using an

ascending ethanol series, (1’ ethanol 50% — 1’ ethanol 70% —
1’ ethanol 98% — 1’ ethanol 100%).

7. Air-dry the glass slides.

10.

. Take a thick white paper and tape all glass slides on it as well as

carbon-14 standards on one of the films (sec Note 31).

. Place the autoradiography film (hyperfilm Biomax MR) with its

matte side on the glass slides while being in a dark room
(presence of red light is allowed) (see Note 32). Place the film
with glass slides in a medical X-ray film cassette and store it in
the dark chamber or in a lighttight closet.

Films can be developed after 6 days (see Note 33).

. Take the films out of the cassettes in the dark room.

. Place the films for 5 min in D19 developer. The films cannot

touch each other during development.

. Rinse the films with (tap) water.
. Fixate the films for 10 min in Rapid fixer, which is diluted 1/5

(see Note 34).

. Rinse four times in (tap) water (at least 30 s each time, but this

can be longer) (see Note 35).

. Rinse with distilled water to avoid calcification stains from the

tap water.
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3.9 Analysis

7.

Air-dry the films by hanging them up, so they can dry on both
sides.

. Once the films are dried, use a scanner (Canon CanoScan

9000F Mark II) to obtain images of each section and the
carbon-14 standards for further analysis.

. Use an image analysis software such as Image] to measure IEG

expression levels by performing an optical density measure-
ment in the region(s) of interest.

. Open the image of the carbon-14 standards to calibrate your

images.

. Measure the mean gray background value of each standard/

step. Make a rectangular selection that almost covers the entire
square of the standard /step that you want to measure. Start on
the lightest side and move toward the darkest square. Measure
each step (Analyze/Measure). You can adjust the contrast of
the image to see the lighter or darker squares more clearly
(Image /adjust/Brightness /contrast).

. Each measurement has been added automatically to the left

side of the calibration dialog box (Analyze/Calibrate). Add
O.D. values into the right column from 0.00 to 2.60, divided
in equal steps (Function: Rodbard — Unit: O.D.).

. The image is now calibrated to O.D. values and the calibration

curve can be saved. The same calibration can be used for all
open images by checking “global calibration” at the bottom of
the calibrate dialog box.

. Open the image of the section that you want to analyze.

. Select the area of interest and measure the OD value (Analyze /

measure).

. Select a background area and measure the OD value (Analyze/

measure) (see Note 36).

. Calculate your value with the following formula ((1 — (OD area

of interest/OD background area)) x 100) (se¢ Note 37) and
save them in an Excel file or statistical program file such as
“graphpad.”

4 Notes

. Depending on the chosen probe, hybridization and rinsing

steps will need to be adjusted. Choose an oligonucleotide
probe of approximately 45 nucleotides with a similar number
of C—G pairs and A-T pairs. The tail and end sequence of the
probe should differ from each other to avoid hairpin or loop
formations. When performing ISH for a new oligonucleotide
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for the first time, you should introduce negative biological and
technical controls, by labeling certain sections with a labeled
sense probe instead of an antisense probe. A second option is to
add access unlabeled oligo (100x%) to the hybridization cocktail.
The unlabeled oligo will outcompete the labeled oligo probes.
A third option is to destroy all RNA with RNase prior to
incubation with labeled probe to check if there is no labeling
to DNA [18].

. We chose 3*P radioactive labeling as in our hands it provides the
best signal-to-noise ratio for zif268 ISH based on radiation
strength, decay, and hazard for the experimenter. The radioac-
tive isotope can be stored at —80 °C upon arrival, but it is
recommended to start labeling as soon as possible to prevent
decay of the radioactivity. It is difficult to find a good supplier;
therefore, we would like to share the one that we use: American
Radiolabeled Chemicals Inc., dATP-33P, 1 mCi, ARP-0127A.
Other radioactive isotopes have been used for ISH but we do
not recommend them due to the following observations:
32P-labeling leads to a poor resolution and **P has a half-life
time of only 14 days. *S, on the other hand, has a longer half-
life time and its labeling provides a slightly better resolution.
However, the addition of a reducing agent such as dithiothrei-
tol (DTT) is required to avoid sulfur oxidation, thereby reduc-
ing the higher risk of background staining. Moreover, when
using 3°S, there is an additional risk due to the possibility of
aerosol formation. *H-labeling would not be ideal as it requires
an impractically long autoradiographic exposure time (several
months).

When working with radioactivity, make sure the required
safety procedures are followed; work in an isolated radioactive
room/space, wear a dosimeter to check exposure levels, and
wear double pair of gloves, safety goggles, and a dedicated
(radioactivity only) lab coat. Radioactivity-contaminated mate-
rial should be discarded in special waste bins. After finishing the
radioactive experiment, make sure to check used material and
bench spaces for possible contamination using a Geiger
counter.

. Give double of the amount that you gave to anesthetize (e.g., a
mouse of 20 g will receive 0.2 mL anesthesia, i.p. and 0.4 mL
anesthesia reversal i.p.).

. Dissolved NaOH crystals will release heat; use a cold-water
bath to cool down the buffer to room temperature or add it
in small steps. Store the buffer at room temperature to avoid
crystallization.

. D19 powder can be bought, or you can make it yourself. One
bag of D19 powder (normally for 3.8 L) can be used to make
5 L of developer fluid for ISH film development. After usage,
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10.

11.

12.

13.

pour developer solution immediately back in the bottle to
avoid oxidation. The solution can be reused and stored long-
term. The developer works optimally at a room temperature
between 16 and 22 °C.

Dehydration of the intact eye can occur after 5 min under
anesthesia and could lead to visual damage. After applying eye
cream to the intact eye, it might be necessary to apply it a
second time after removal of the other eye. During eye
removal, the animal is faced with the remaining eye toward
the table, resulting in loss of the eye cream. If the animal is
adequately sedated within the first 5 min, one can choose to
add eye cream at the end of the procedure.

. If the surgery is performed on an uneven surface, the circular

movement of the animal will be obstructed and slowed down.
This will complicate efficient eye removal and induces a higher
risk of bleeding due to inadequate clamping of the nerve and
blood vessel.

. Make sure to pinch the blood vessel and nerve within the arch

of the forceps. If you pinch them at the tip of the forceps, the
circular movements could lead to detachment between the
tissue and forceps, interrupting the twisting of the blood vessel
and nerve. Grasping the blood vessel and nerve a second time is
not recommended because it will complicate a swift removal
and increase the chance of bleeding.

. In some cases, there will be no resistance felt upon the first

turn. In this case, there is no problem in keeping the same
circular direction. When there is resistance, the direction of
movement should be reversed. This process should be repeated
until there is no longer any resistance.

Be careful to not lift the forceps too high while making the
circular movements; keep them close to the animal and surface.
By lifting up the forceps too high, there is a chance to tear the
blood vessel and nerve instead of twisting them. A premature
tear will lead to bleeding and a longer recovery time.

Place the mice in the dark to bring zif268 levels back to
baseline. We dark expose the mice from 5 pm to 9 am. Make
sure to not extend the period of dark exposure as this will
influence plasticity in the visual cortex.

After 45 min of re-exposure to sensory stimulation (light,
sound, touch of objects, depending on the experimental ques-
tion), maximal expression of zif268 mRNA is reached. For
analysis at protein level, maximal expression levels are reached
after 60 min.

Make sure that the temperature does not go below —50 °C,
since this can cause damage to the brain submerged into the
liquid.
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When folding the aluminum foil, make sure that the foil does
not touch the top of the cortex. If the foil is not adequately
cooled down, the heat of the foil will damage layer 1 of the
cortex.

Cryosections can be stored up to several years and still be used
for ISH. Using sections thicker than 25 pm will not result in a
signal intensity increase since maximal tissue penetration by the
labeled probe is reached.

Poly-L-lysine-coated glass slides can be bought or self-made.
They provide adhesion of sections and clear RNases. To coat
the glass slides, bake all slides and fluid holders in an oven at
185 °C, while covered in tin foil. Let them cool down and
prepare the poly-L-lysine solution, molecular weight > 300,000
(dissolve 100 mg poly-L-lysine hydrobromide powder in
100 mL autoclaved ultrapure water in a pre-baked bottle with
an autoclaved lit). Dip the slides in poly-L-lysine solution and
let the excessive solution drip off. Place the slides angular at 45°
in drying racks. Once dry, place all the slides in boxes and store
at —20 °C.

Tdt is very temperature sensitive. Place it in a cooling block at
—20 °C at all times, even when pipetting.

Do not vortex since this could cause damage to the column.

Depending on how much oligo you want to radioactively label,
you will most likely use more than one microcentrifuge tube.
Radioactivity should be measured for each microcentrifuge
tube that contains labeled oligo. It is to be expected that each
microcentrifuge tube will give a different value. Based on our
facilities and equipment, one ISH contains 120 glass slides
maximum. Two to three such ISH can be performed based
on the amount of radioactively labeled oligo probe.

Each glass slide, consisting of six cryosections (mouse brain),
needs to be labeled with one million cpm radioactivity. Based
on this information, we calculate the amount of labeled oligo
that needs to be added to the hybridization buffer.

The microcentrifuge tubes with labeled oligo can be stored at
4 °C overnight. It is however also possible to immediately
continue with the protocol on the same day.

Place the glass slides in holders to avoid any spots on your
tissue from dried up water. This should go relatively fast
(around 30 min).

This can be done before you start fixating your tissue.

DNA and tRNA are added to decrease nonspecific binding of
the oligo.
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25.

26.

27.

28.

29.

30.

31.

32.

Adding the formamide is important to avoid condensation
droplets to fall on the glass slides, which could dilute the
mixture and leave spots with less or no labeling.

Apply one rectangle of the rubber cement at the edge of the
glass slide, not around each tissue section. Be careful to not
place any rubber cement on the tissue sections or the writing
part of the glass slides. Use a syringe to apply a 1 mm thick layer
of rubber cement. If too much is applied, it will spread upon
drying and possibly touch the sections, but when applied too
thin, it will be harder to remove in the next step.

If the sequence of the labeled oligo matches 100% with the
targeted species, the incubation temperature can be set higher.
By setting the temperature higher, there will be less aspecific
binding. The temperature can however not rise above the
melting temperature of the oligo. When the cocktail buffer
contains formamide, this will lower the melting temperature.
For RNA-DNA hybrids, you can calculate the melting temper-
ature with the following formula: T,, = 79.8 + 18.5 log
(molarity of monovalent cations) + 0.58 (%GC content of the
probe) + 0.0012 (%GC content)? — 820/(length of probe in
bases) — 0.5 (% formamide).

Take the melting temperature of the oligo into account. After
overnight incubation, the unbound labeled oligo needs to be
rinsed oft. This should be done at a temperature 5 °C higher
than the incubation step. With negative results, try the experi-
ment again but at a lower temperature.

Removing rubber cement can be done with forceps. Use the
forceps to grab a corner of the rubber cement. If it was applied
in the right consistency, then the rubber cement will come off
in one piece when pulled gently.

All the waste of each rinsing step should be considered as
radioactive waste.

Make sure the glass slides do not touch each other when taping
them on the white paper. When placing the film and closing the
cassette, the glass slides could move a bit leading to them
pushing up against each other or even overlap. The film
would then not touch the complete glass slide and therefore
give unsharp images. The carbon-14 standards are added to be
able to make a calibration curve of the optical density
(OD) values while analyzing the results. One for each set of
simultaneous developed films is enough.

The autoradiography hyperfilms (Biomax MR, A4 format) are
stored in the fridge at 4 °C. Take them out of the fridge at least
30 min before using them to avoid condensation droplets on
the glass slides.
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Depending on the used oligo, isotope, tissue, and species
under study, and on the desired signal intensity, films can be
developed after 3 days or up until 4 weeks. Exposure time has
to be determined empirically. If the signal is insufficient, new
film is applied and a longer developing time is implemented.

Always use different tubs for the developer and fixator baths
and different spatulas to move the films through the fluid. One
is basic while the other is acidic and therefore cannot be mixed
together.

From this step on, the light can be turned on.

Choose a small area to measure the OD value of the back-
ground. This does not have to be the same size as the area of
interest. Preferably, it is the background of the section so
choose an area within the section that is not affected by IEG
changes (e.g., white matter underneath the cortical layers).

Pure black will have the lowest OD value, but from an experi-
mental viewpoint, it represents the highest expression of your
IEG. If you do not transform your values with this formula,
you will end up with bar graphs wherein low IEG expres-

sion values are represented by high bars and vice versa.
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Noncoding Regulatory RNAs: Isolation and Analysis
of Neuronal Circular RNAs and MicroRNAs

Michela Dell’Orco, Grigorios Papageorgiou, Nikolaos Mellios,
and Nora . Perrone-Bizzozero

Abstract

In addition to expressing a large number of protein-coding transcripts, including alternatively spliced
isoforms of the same mRNAs, neurons express a large number of noncoding RNAs. These include
microRNAs (miRNAs), circular RNAs (circRNAs), and other regulatory RNAs. The isolation and quanti-
tative analyses of diverse types of RNAs in neurons are critical to understand not only the posttranscriptional
mechanisms regulating mRNA levels and their translation but also the potential of several RNAs expressed
in the same neurons to regulate these processes by generating networks of competing endogenous RNAs
(ceRNAs). This chapter will describe methods for the isolation and analyses of circRNA and miRNA levels
from the same brain tissue sample.

Key words RNA isolation, Brain tissues, circRNAs, miRNAs, qRT-PCR

1 Introduction

There are several methods to isolate total RNA from cells, but the
most common ones are based on the use of either the chaotropic
agent guanidinium thiocyanate combined with phenol and chloro-
form extraction [1] or a guanidinium salt containing lysis buffer
and silica-based columns that bind RNA, followed by elution and
alcohol precipitation. The guanidinium thiocyanate—phenol solu-
tion, which is commercially available as TRIzol, TRI Reagent,
QIAzol, or equivalent kit, disrupts the cells, denatures proteins,
and deactivates nucleases and proteases, thereby stabilizing the
DNA, RNA, and protein in the sample. The main advantage of
this method is the ability to scale up the amount of starting material
used from mg to grams of tissue. Disadvantages include the
requirement of a chemical hood due to the use of phenol and
chloroform.
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The column-based methods (e.g., Qiagen RNeasy kit, EZ Tis-
sue/Cell Total RNA Miniprep kit, or similar columns) avoid the
use of chemical hoods as they do not use organic chemicals and can
be used for low amounts of tissue (10-100 mg), but they cannot be
scaled up to grams of tissue. RNA isolation using columns is faster
than using organic chemicals. They also minimize DNA contami-
nation by using gDNA Eliminator columns in the RNeasy™ Plus
Kits. Alternatively, DNA can be digested using RNase-free DNase I
for in-column digestion or after elution.

Below we describe an RNA isolation protocol using the guani-
dinium thiocyanate—-phenol solution method. After RNA is
isolated, the levels of circRNAs and miRNAs can be evaluated
using specific cDNA synthesis followed by real-time quantitative
PCR (qRT-PCR).

2 Materials

2.1 Reagents and
Equipment for Working
with RNA

1. RNAse decontamination solution, e.g., RNaseZap™ (see
Notes 1 and 2).

2. RNase-free water (commercially available or DEPC-treated
water) (see Note 3).

3. RNase- and DNase-free microcentrifuge tubes (0.2-1.5 mL)
(see Note 3).

. Acrosol Barrier Pipet tips (from 10 to 1000 pL).
. Micropipettes (from 2 to 1000 pL) (see Note 1).
. 0.2 mL PCR 8-tube strips and set of 8-cap strips.

. 96- or 384-well PCR plates (e.g., MicroAmp EnduraPlate
Optical 96- and 384-well Clear Reaction Plate with Barcode,
Applied Biosystems by Life technologies, 4483354 and
4309849) or similar plates from other suppliers.

8. Tube racks for 0.2-1.5 mL tubes.
9. Gloves.

10. Lab coat.

11. Standard thermocycler.

N O\ Ul

12. Real-time quantitative PCR thermal cycler.

13. Real-time quantitative fast PCR thermal cycler (if available, this
is ideal for miRNA assays).

14. Ice.
15. Dry ice.
16. —80 °C freezer.



2.2 RNA Isolation

2.3 Quantification of
circRNAs

—

NeRENC BN BON

13.
14.

15.

1.
. First-Strand Synthesis System (e.g., SuperScript IV Invitro-
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. Chemical hood (see Note 1).

. Handheld tissue homogenizer with motor and homogeniza-

tion pestles (several homogenizers are commercially available
to work with RNase-free single-use plastic pestles, e.g., KIM-
BLE cat# 6HAZO6).

. Microvolume UV /visible spectrophotometer (e.g., NanoDrop-

1000, Thermo Fisher).

. Fluorometer for nucleic acid quantification (e.g., Qubit,

Thermo Fisher).

. Refrigerated centrifuge at 4 °C and rotor capable of reaching

12,000x 4 for 1.5 mL tubes.

. Vortex mixer.

. Water bath or heat block at 37 °C.
. Surgical stainless-steel tweezers.

. Chloroform (100%).

10.
. Diethyl pyrocarbonate (DEPC).
12.

Ethanol (100%).

1,4-Dithiothreitol (DTT, 100 mM: 15.4 mg in 1 mL. RNase-
free water) .

RNAse-free glycogen (15 mg/mL). See Note 4.
Reagent for acid guanidinium thiocyanate—phenol—chloroform

extraction (e.g., TRIzol, TRI Reagent, QIAzol, or equivalent
reagents).

RNase inhibitor (e.g., Invitrogen RNaseOUT, 40 U /puL).

RNase R (e.g., Epicentre, RNR07250).

gen™ by Thermo Fisher, 18091050), or alternative commer-
cially available kits and enzymes such as MultiScribe™ Reverse
Transcriptase (Invitrogen™ by Thermo Fisher, 4311235).

. SuperScript IV First-Strand Synthesis Master Mix for circRNAs

(1 pLL 50 pM random hexamer primers x number of samples;
1 pL 10 mM dNTP mix x number of samples; 3 pl. RNase-free
water X number of samples). The use of 10% additional volume
ofall reagents is recommended to compensate for minor pipet-
ting errors.

. SuperScript IV RT Master Mix (4 pL SuperScript™ IV RT

Reaction Buffer Invitrogen™ 18090050B (see Note 5); 1 pL
100 mM DTT x number of samples; 1 pL. RNaseOUT Inhibi-
tor 40 U/pL; 0.5 pL SuperScript IV RT; 0.5 pL. RNase-free
water).

. SYBR Green Master Mix (e.g., PowerUp™ SYBR™ Green 2X

Master mix, A25741, Thermo Fisher).
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2.4 Quantification of
miRNAs

6.

—

SYBR Green Master Mix for qPCR (33 pL PowerUp™
SYBR™ Green 2X Master mix, Thermo Fisher; 3.3 pL 5 pM
forward primer; 3.3 pLL 5 pM reverse primer; 22 plL RNase-free
water). This amount is enough to run one sample in triplicates.

. Oligo(dT),5 18 Primer, Thermo Fisher, 18418012.

. TagMan® MicroRNA Assays or equivalent assays.
. miRNA RT Master Mix (0.225 pL. 100 mM dNTP Invitro-

gen™ 10297018; 1.5 pLL MultiScribe™ Reverse Transcriptase
Invitrogen™, 4311235; 2.25 pL 10x RT butfter (see Note 5);
0.285 pL. RNaseOUT 40 U/pl; 4.5 pL primer (5 pM);
6.24 pL. RNase-free molecular grade water).

. TagMan PCR Master Mix (3.3 pL TagMan®™ Small RNA Assay

(20X); 33.0 pL TagMan® Universal PCR Master Mix II (2X);
25.4 pl. RNase-free water). This is enough to run each sample
in triplicates.

3 Methods

3.1 RNA Isolation
from Brain Tissues

. Assign an “RNA-only” lab space, reagents, and micropipettes

and clean all the benches, hood, and tools with RNase decon-
tamination solution (see Notes 1, 2, and 3).

. Keep frozen tissue on dry ice until ready to go to step 3. If

tissue is freshly dissected, keep tissue cold in saline or
phosphate-buffered saline and immediately proceed to step 3
(see Note 6).

. Calculate weight of samples and reagent amounts: add 1 mL

TRIzol™ Reagent per 100 mg of tissue at room temperature.

. Homogenize tissue in handheld tissue homogenizer with auto-

claved or RNase-free disposable pestles. Some tissues may
require elimination of bubbles by carefully extruding extracts
through a 1 mL syringe.

. Let homogenized sample incubate at room temperature for

5-10 min.

. Add 200 pL of 100% chloroform per 1 mL of TRIzol™

Reagent used (see Note 7).

. Vortex vigorously each sample for 30 s. The solution will

change color from bright pink to opaque light pink.

. Allow samples to sit at room temperature for 3 min. Phase

separation will start at this point.

. Centrifuge at 4 °C for 15 min at 12,000% 4. Prepare new batch

of 1.5 mL tubes while samples are in the centrifuge.



3.2 circRNA cDNA
Synthesis
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Hold sample tube at a slight angle, and collect upper, clear
aqueous phase containing the RNA. Use 200 pL pipette tips to
transfer the aqueous layers to new microfuge tubes. To mini-
mize DNA contamination, avoid touching the white inter-
phase and check the pipette tips for any contamination before
transferring the aqueous phase to new tubes.

Then add 3 pL of 15 mg/mL RNase-free glycogen solution
(see Note 4) and mix by vortexing. After that, add 500 pL of
100% isopropanol per 1 mL TRIzol™ Reagent and mix by
inverting the tubes several times.

Incubate at —20 °C for 30 min or overnight for higher yield.

Centrifuge samples at 4 °C for 15 min at 12,000 g, noting the
side of the tube where the RNA pellets will be collected.

Check the presence of a light blue RNA pellet if using Glyco-
Blue™ or a white pellet if using regular RNase-free glycogen
and carefully discard the isopropanol.

Wash the pellet with 1 mL 75% ethanol. For better RNA
quality, prepare fresh ethanol solution before washing.

Discard ethanol and use a 200 pL micropipette to carefully
remove all the supernatant. Let tubes sit open in a chemical
hood or bench counter until ethanol is fully evaporated but do
not let the pellet overdry (see Note 8).

Resuspend the pellet in 25-100 pL of DNase-/RNase-free
distilled water by pipetting the pellet up and down multiple
times. If the pellet is not completely resuspended, incubate the
samples at 37-50 °C for 10 min to solubilize the RNA.

Quantify the amount of RNA using both a Qubit fluorometer
and Nanodrop (Thermo Fisher) or UV /visible spectropho-
tometer to assess RNA quality and concentration following
the manufacturer’s instructions (se¢ Note 9).

Store samples at —80 °C or proceed to cDNA synthesis.

Digest 100-500 ng of isolated RNA in a solution of 1 pL 10x
RNase R (Epicentre®™, RNR07250) reaction buffer and 1 pL of
RNase R (20 U/pL) adjusting the volume to 10 pL with
RNase-free molecular grade water (for details on RNase R, see
Note 10).

. Incubate at 37 °C for 30 min in a thermocycler or water bath.

. Place a 96-well plate place on ice, and add calculated concen-

tration of RNA so that each well has a total of 8 pL. of RNA to
begin with.

. Ina 1.5-2 mL tube mix SuperScript IV First-Strand Synthesis

Master Mix as described in the Materials section.
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3.3 circRNA qRT-
PCR, Primers’ Design,
and Validation

5.

10.
11.

12.
13.

14.

1.

Add 5 pL of SuperScript IV First-Strand Synthesis Master Mix
into each well with the initial 8 pLL for a total of 13 pL in
each well.

. Cover wells with strip caps and vortex and centrifuge the plate

(see Note 11).

. Place plate in regular or quantitative PCR thermal cycler with

the machine programmed as follows: Lid, 105 °C; volume,
13 pL; step 1, 65 °C for 5 min; step 2, 4 °C for oo.

. While step 7 is ongoing, prepare the SuperScript IV RT Master

Mix as described in the Materials section. Do not vortex master
mix, but simply pipet up and down to mix.

. Once step 7 is completed, take plate out of thermal cycler and

vortex and centrifuge again.
Place on ice and slowly uncap wells.

Add 7 pL of SuperScript IV RT Master Mix to each well and
cap again.
Slightly vortex plate and centrifuge.

Place well plate in a thermal cycler (please note that this reac-
tion can be run using a standard thermocycler) with the
machine programmed as follows: Lid, 105 °C; volume,
20 pL; step 1, 23 °C tor 10 min; step 2, 50 °C for 10 min;
step 3, 80 °C for 10 min; step 4, 4 °C for oc.

Once step 13 is completed, take plate out of thermal cycler and
store at —20 °C until needed for PCR amplification.

Find detailed information on the circRNA of interest in
circRNA-related databases such as circBase (http://www.
circbase.org/) [2] or circInteractome (https://
circinteractome.nia.nih.gov/) [3] and identify its full
sequence, including the exons and /or introns it contains.

. Design primers that span the circRNA backspliced junction via

primer design software, such as NCBI primer and /or primer3
[4]. For exonic circRNAs with small-sized introns, try to have
the primer within the exons that comprise the backspliced
junction.

. Validate primers and calculate amplification slopes. For details

on primer validation and primer slope determination, see
Note 12. An example of primer validation is shown in Fig. 1.

. After the PCR reaction, run the PCR product in an agarose gel

and note its size. PCR products can be cut and gel purified, so
that they can be processed for Sanger sequencing for sequence
validation.


http://www.circbase.org/
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Fig. 1 Validation of circRNA-specific qRT-PCR. Examples of validation of qRT-PCR reactions for circUpf2 and
circCrebT; re-printed with permission from Dell’Orco et al., 2020 [7]. To assess the specificity, reactions were
run in parallel with the same RNA samples that were either treated with RNase R (RNase R+) or left untreated
(RNase R-). In addition, instead of using random primers for the reverse transcription reactions, the same RNA
was used for cDNA synthesis in the presence of oligo-dT primers. If the primers only recognize the circRNA
and not the linear mRNA, there should be no significant difference between the results of RNase R+ and RNase
R- reactions. Finally, the oligo-dT reactions should show minimal or no amplification as shown by the 100-fold
lower amplification of the oligo-dT vs. random primers cDNA synthesis reactions for the circRNAs. Please note
that the scales have been divided to show the minimal circRNA amplification from the qRT-PCR reactions
using oligo-dt primer. Fold-changes are relative to the RNase R+ condition

3.4 circRNA circRNA gqRT-PCR is performed as previously described in

Quantification by qRT-  Zimmerman et al. (2020) [5].

PCR 1. Take the 96-well plate stored in —20 °C after cDNA synthesis
and let it thaw at room temperature. Once thawed vortex and
centrifuge.

2. Dilute ¢cDNA from plate at a 1:10 and 1:200 ratio (se¢ Note
12).

3. Take diluted cDNA and make 4.4 pL aliquots for each sample
(~1.33 uL x 3.3 to allow for enough ¢cDNA for all triplicates
plus 10% more for pipetting corrections).

4. Make SYBR Green Master Mix as described in the Materials
section.

5. Add master mix last and immediately place on ice after vortex-
ing and centrifuging.

6. Add 61.6 pL of the SYBR Green Master Mix to each sample
and place on ice immediately.

7. After adding the master mix to all the samples, gently vortex
the plate and centrifuge, placing on ice immediately again.
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3.5 miRNA-Specific
cDNA Synthesis

8.

9.

10.

11.

12.

13.

14.

15.

1.

Take another tub of'ice and place 384-well plate making sure it
is evenly set on the ice.

Pipet 20 pL of each sample into each well making sure to pipet
three wells per sample.

Once all samples have been pipetted in triplicates, use adhesive
film to seal well plate.

Vortex and centrifuge sealed plate to get rid of any bubbles (see
Note 11).

Once no bubbles are visible, place plate in PCR machine, which
should be set to the following settings prior to placing plate in
machine as indicated below.

Set the thermal cycling conditions using the standard
cycling mode: step 1, UDG activation, 50 °C 2 min, hold,
step 2, Dual-Lock™ DNA polymerase 95 °C 2 min, hold;
step 3, denature 95 °C for 15 s and anneal/extend 60 °C
1 min, 40 cycles. Dissociation curve conditions (melt curve
stage): 1.6 °C/sat 95 °C for 15 s, 1.6 °C /s at 60 °C for 1 min,
and 0.15 °C/s at 95 °C for 15 s.

Run PCR as follows:

* PCR machine: Always choose the Comparative Curve anal-
ysis setting if available except when determining the slope of
the PCR amplification curve, where you need to choose the
standard curve option.

» Choose appropriate reagent (SYBR Green) and make sure
that the reaction volume per well is set up to 20 pL.

Calculate the concentration of each circRNA relative to the
reference circRNA (see Note 13).

Clean working area with RNAse decontamination solution (see
Notes 1 and 2).

. Defrost all samples and reagents, except the enzymes, on ice

and keep them on ice.

. Dilute RNA samples to 2 ng/pL in UltraPure™ DNase-/

RNase-free distilled water (Invitrogen™, 10977015) or equiv-
alent RNAse-free molecular grade water (see Note 3).

. Prepare the miRNA RT Master Mix using TaqMan®

MicroRNA Reverse transcription kit and TagMan® MicroRNA
Assay primers (Life Technologies) as described in the Materials
section (see Note 14).

. Dispense 15 pL master mix into each tube.

6. Dispense 7.5 pLL of RNA diluted to 2 ng/pL into each tube.

. Set the thermocycler as follows: step 1, 16 °C 30 min; step 2,

42 °C 30 min; step 3, 85 °C 5 min; hold 4 °C co.

. Store cDNA at —20 °C or proceed to miRNA qRT-PCR.



3.6 miRNA-Specific
Quantification by qRT-
PCR
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. Dilute all cDNA samples 1:100 with RNase-free water and run

in triplicate for each miRNA analyzed.

. Prepare the TagMan PCR Master Mix for each miRNA as

described in the Materials section. This will prepare enough
master mix to run reactions in triplicates.

. Dispense the master mix into tubes for each sample.
. Add 1.33 pL. ¢cDNA template or RNase-free water for the

no-template controls (NTC) to each tube.

. Vortex and then briefly centrifuge to remove bubbles by

centrifugation (se¢ Note 11).

. Dispense 20 pL per well (three wells for each sample, for each

miRNA).

. Cover the plate with a thermal adhesive sealing film and spin

down to prevent bubbles.

Load plate into a fast real-time qPCR machine (if available
as this allows to run reactions in half'as much time as in regular
qPCR machines) or regular real-time qPCR machine: select
FAM as detector, set solution volume to 20 pL, and run the
tfollowing protocol: step 1, 50 °C, 2 min 1 cycle; step 2, 95 °C,
20 s, 1 cycle; step 3,95 °C, 1 s and 60 °C, 20 s, 40 cycles.

. Calculate miRNA levels relative to U6 snRNA or another

control miRNA that does not change between samples using
the comparative 2-ACt method [8, 9] (see Note 15).

4 Notes

. Separate working area for RNA extraction from that used for

tissue dissection or protein work to avoid contamination with
RNases from animal tissues and protein extracts. Also, use a
separate set of micropipettes and pipet tips with barrier filters.

. Before starting any RNA extraction, both the working area and

micropipettes need to be cleaned with an RNase Decontami-
nation Solution, e.g., RNaseZap™, Invitrogen™, AM9780,
RNAse AWAY™, Thermo Fisher Scientific 10328011, or simi-
lar solution prepared in the laboratory. Besides commercially
available reagents, disinfecting solutions can be prepared using
the following chemicals in distilled water: mandelic acid (1%),
lactic acid (1%), hydrogen peroxide (5%), sodium dodecyl sul-
fate (SDS, 1-2%), and EDTA (1%) as described in patent num-
bers US4448750A, EP0109279A2, and WO1996020737A1.
Also, spray your gloves with RNaseZap™ before handling the
samples and remember to avoid breathing close to the tubes as
saliva has high content of RNases.
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3. All reagents and tubes need to be RNAse-free by purchasing

them as such or by pretreating with DEPC-treated dH,O,
which can be used as an alternative to commercially available
RNAse-free water. DEPC is prepared at a concentration of
0.1% in double distilled water. Glassware and plastic ware
need to be treated with 0.1% DEPC-water at 37 °C for at
least 1 h. DEPC-treated water is also incubated for at least
1 h at 37 °C. After this, it is important to autoclave both the
tubes and water to destroy residual DEPC for at least 15 min,
as this reagent inactivates not only RNases but also other
enzymes that have histidines in the catalytic site. DEPC can
also react with lysine, cysteine, and tyrosine residues although
with less efficiency.

. Be sure to add glycogen before the ethanol precipitation to

recover mRNAs, circRNAs, and small RNAs such as miRNAs as
shown above. RNAse-free glycogen can be purchased already
prepared (e.g., GlycoBlue™ Coprecipitant, Invitrogen™,
AM9516) or prepared in the laboratory. To prepare RNAse-
free glycogen solution (15 mg/mL), add 150 mg of glycogen
to 10 mL of double distilled water and stir until the glycogen is
fully dissolved. This will take about 1-2 h. Transfer aliquots to
2 mL microcentrifuge tubes. Add an equal volume of phenol—
chloroform to the glycogen solution and vortex thoroughly.
Centrifuge at 12,000x 4 for 10 min at 4 °C and transfer the
upper aqueous phase (containing glycogen) into new 2 mL
tubes. Add an equal volume of cold (4 °C) chloroform/isoamyl
alcohol (50:1 vol: vol) into the glycogen phase and vortex
thoroughly. After vortexing and letting phase separation, the
chloroform phase should be the lower phase. Centrifuge at
12,000x g for 10 min at 4 °C and transfer the upper aqueous
phase (containing glycogen) into new 2 mL tubes. Freeze
aliquots at —20 °C or —80 °C for long-term storage.

. 10X RT buffers are commercially available (Promega, A3561)

or can be easily prepared with 500 mM Tris—HCI (pH 8.3),
750 mM KCl, and 30 mM MgCl,.

. If tissues are larger than 100 mg, they will need to be broken

apart in liquid nitrogen using a ceramic mortar and pestle.
Then let liquid nitrogen evaporate and keep pulverized tissue
frozen on dry ice or —80 °C. TRIzol RNA extraction can be
used for small tissues as described in Bastle et al. (2017)
[9]. Briefly, whole brains are flash frozen and dissected using
a brain matrix kept at —20 °C. Regions of interest can be
dissected using 1.25 and 2 mm brain punches.

. For tissues with high myelin content (e.g., cerebellum), double

the amount of chloroform.
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Remove supernatant with a pipet tip. Quickly centrifuge the
tube to collect any remaining 75% ethanol to the bottom.
Remove as much of the remaining ethanol with a pipet tip
and air-dry the RNA pellet by leaving the tubes open on the
counter for approximately 15-30 min. When the pellet is dry,
there must be no visible ethanol in the tube. Do not overdry
the pellet as it may be difficult to resuspend.

While a Qubit fluorometer (Thermo Fisher) gives a more
accurate quantification of the RNA, a NanoDrop 1000 Spec-
trophotometer (Thermo Fisher) can be used to assess the
quality of the isolated RNA samples and the presence of con-
taminations. The Qubit fluorometer uses specific dyes for
RNA, DNA or protein while the NanoDrop quantification is
based on UV absorbance at 260 nm (nucleic acids’ peak absor-
bance). However, the Qubit does not provide any information
about RNA purity. In a NanoDrop instrument, an A260,/A230
ratio lower than 2.0 may be the result of residual phenol,
residual guanidine, or glycogen used for precipitation. Finally,
an A260/A280 ratio lower than 1.8 indicates high level of
protein contamination. RNA quality can also be assessed run-
ning RNAs on denaturing agarose gels or using a 2100 Bioa-
nalyzer Instrument (Agilent). Good quality RNA will show
clear 18 s and 28 s bands, while DNA contamination will be
seen as an intense high molecular weight band. The Bioanaly-
zer also provides RNA integrity numbers (RIN). High-quality
RNA has a RIN >8.

RNase Ris 3’ to 5’ exoribonuclease that digests all linear RNAs
except double-stranded RNAs leaving all circular RNAs intact.
Keep RNase R (and all enzymes) in a cold block kept at —20 °C
while using it to avoid deactivation. The RNase R treatment
does not need to be repeated after primer validations [6, 7].

If a centrifuge for spinning plates is not available, there are very
cheap alternatives as using a salad spinner (see https://
bitesizebio.com/3200/how-to-build-a-plate-centrifuge-for-2
5/ for instructions of how to make one of these).

For primer validation and slope determination, include serial
dilutions of cDNA from random hexamer reverse transcription
in addition to cDNA derived from RNase R-treated total RNA,
c¢DNA derived from oligo-dT reverse transcription, as well as
no-template negative controls using all the reagents minus the
c¢DNA. Visualize melting curves and calculate primer slopes.
To determine the best concentration of cDNA to use in your
qPCR reaction, prepare serial dilutions of the cDNA and select
a concentration in a range where the amplification is propor-
tional to the cDNA amount. Only primers that generate a
single PCR product with a unique melting curve and appropri-
ate size and primer slope (typically 3 + 0.5 cycles/log cDNA
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concentration) should be selected. Expression of the circRNA
product should be maintained or increased following RNase R
treatment, but greatly diminished following oligo-dT reverse
transcription (Fig. 1). Sanger sequencing should confirm that
the primers amplify the unique circRNA backspliced junction.

13. For quantification of circRNAs, we utilize the following for-
mula: relative circRNA expression = EACteireRNA normalizer /
EACtRNA where E = 107(—1/primer slope). When multi-
ple circRNA normalizers are used, the geometric mean of their
average Ct values was calculated instead. If no circRNA nor-
malizers are available, housekeeping genes such as GAPDH or
18S rRNA can be used instead. Also, CDR1as and circTulp4
are good normalizers for brain tissues.

14. Please note that TagMan®-based assays described above are
listed only as examples of the protocols used in our labora-
tories, and products from other suppliers can be used as alter-
natives or prepared in house. The TagMan® technology, also
known as fluorogenic 5’ nuclease chemistry, is preferable for
these determinations as miRNAs are very short and the use of
an internal fluorogenic probe increases the specificity of the
detection. In addition, TagMan® MicroRNA Assays have the
advantage of being highly specific for mature miRNAs and do
not detect precursor miRNAs, as there are separate assays for
these. Due to their high sensitivity, they only require 1-10 ng
of total RNA. Earlier versions of TagMan® MicroRNA Assays
use a target-specific stem—loop primer during cDNA synthesis
requiring a miRNA-specific RT. In contrast, the new TagMan
Advanced miRNA Assays include a polyadenylation step for the
miRNAs and use a universal RT step.

15. Besides using U6 snRNA, other endogenous control snRNAs,
snoRNAs, and miRNAs have been identified to be used as
normalizers with TagMan® MicroRNA Assays (https://www.
gene-quantification.de /AB-microRNA-endog-controls.pdf).
You can also select any miRNA that does not change in any of
the samples and conditions that you are studying.
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Transneuronal Delivery of Cytokines to Stimulate
Mammalian Spinal Cord Regeneration

Daniel Terheyden-Keighley, Marco Leibinger, Charlotte Zeitler,
and Dietmar Fischer

Abstract

The spinal cord contains multiple fiber tracts necessary for locomotion. However, as a part of the central
nervous system, they are extremely limited in regenerating after injury. Many of these key fiber tracts
originate from deep brain stem nuclei that are difficult to access. Here we detail a new methodology that
achieves functional regeneration in mice after a complete spinal cord crush, describing the crushing
procedure itself, intracortical treatment application, and a set of appropriate validation steps. The regenera-
tion is achieved by the one-time transduction of neurons in the motor cortex with a viral vector expressing
the designer cytokine hIL-6. This potent stimulator of the JAK/STAT3 pathway and regeneration is
transported in axons and then transneuronally delivered to critical deep brain stem nuclei via collateral
axon terminals, resulting in previously paralyzed mice walking again after 3—6 weeks. With no previously
known strategy accomplishing this degree of recovery, this model is well suited to studying the functional
impact of compounds/treatments currently only known to promote anatomical regeneration.

Key words Crush, SCI, Functional, Recovery, Intracortical, Mouse, hIL-6, AAV, Raphe, Model

1 Introduction

The spinal cord is essential for receiving incoming sensory informa-
tion from the peripheral nervous system, in addition to processing
and outputting motor information from the brain. However, as
vital as it is to locomotion, the spinal cord’s ability to regenerate
after injury is almost nonexistent [1]. Up until now, the large
variety of treatment strategies designed to aid functional recovery
after complete spinal cord lesions have failed to yield approved
therapies [1, 2]. One of the aspects that make this endeavor so
challenging is the sheer number of barriers to functional recovery,
meaning that multiple problems must be solved simultaneously for
success. Key among these are (a) the inhibitory environment of the
central nervous system (CNS) [3], (b) the lack of an active

Ava J. Udvadia and James B. Antczak (eds.), Axon Regeneration: Methods and Protocols,
Methods in Molecular Biology, vol. 2636, https://doi.org/10.1007/978-1-0716-3012-9_6,
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regeneration program in the damaged nerves [4], and finally,
(c) the lack of proper synapsing and circuit formation [5-7]. More-
over, functional recovery likely requires the regeneration of multi-
ple trajectories originating in different brain nuclei, some
challenging to target. The overwhelming majority of experimental
compounds and therapies do not show any functional readout
because of a failure to address one or more of the aforementioned
barriers, making it difficult to assess their true potential in aiding
functional regeneration.

Here we present a new methodology that stimulates axon regen-
eration of several tracts simultaneously and achieves functional recov-
ery of hind limb locomotion after complete spinal cord crush, finally
providing a model for testing the efficacy of additional compounds
for combinatorial treatments in improving functional regeneration
[8]. Using safe, non-integrating viral vectors, a designer cytokine
known as hyper-interleukin-6 (hIL-6) is transduced into layer V
neurons of the primary motor cortex. In addition to detailing the
spinal cord crush procedure, precise instructions for performing the
intracortical injections are also provided, along with a set of valida-
tion steps for ensuring the quality of the operations.

The use of hIL-6 circumvents the need for IL-6 receptor
expression by the target neurons, as it is a fusion protein of the
soluble IL-6 receptor that is covalently bound to its ligand. Thus,
hIL-6 potently and efficiently activates its downstream regenerative
effector: signal transducer and activator of transcription 3 (STAT3)
[9, 10]. Furthermore, hIL-6 treatment overcomes the inhibitory
effects of myelin [10]. Significantly, hIL-6 is secreted at the trans-
duced neurons’ axon terminals, resulting in the transneuronal acti-
vation of STAT3 in secondary nuclei such as the raphe or red
nucleus [8]. Key among these are the serotonergic hindbrain nuclei
of the medulla, as this group of neurons is responsible for the
resulting functional regeneration [11]. STAT3 activation trans-
forms these neurons into a regenerative state, allowing them to
extend their axons within the CNS and presumably to form direct
or indirect connections with crucial neurons of the hind limb
locomotive central pattern generators.

The unique aspect addressed by this methodology is that by
targeting the output layer of the upstream motor cortex, the crucial
downstream motor tracts are simultaneously stimulated by being
collateral targets. Recovery peaks after just 3-6 weeks, with the
model returning a clear readout using either Catwalk gait analysis
or Basso mouse scale (BMS) testing [12]. Compared to control
mice whose hind limbs are limited to ankle movement (BMS: <2),
AAV2-hIL-6-treated mice can achieve plantar paw placement, sup-
port their hindquarters, and take steps (BMS: >4). The model
produces a clear leap over control animals and leaves ample room
for improvement, providing fertile ground for demonstrating
improved recovery after concomitant treatment with other test
compounds and strategies.
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2 Materials

2.1 Animals and
Animal Care

2.2 Surgical Tools
for Crush

2.3 Tools and
Supplies for
Intracortical Injection

)} [SLN NN I S

[ 2T N VI S R

. Mice: Wild-type C57BL/6 ] housed for at least 10 days under

the same conditions before beginning the experiments, includ-
inga 12 h/12 h light/dark cycle with ad libitum access to food
and water. Males and females show an equal regeneration
response to hIL-6 treatment. Take care to have all experimental
procedures approved by the local animal care committee and
conduct them in compliance with federal and state guidelines
for animal experiments.

. 1 mg/mL carprofen.
. 1 mg/mL gentamicin.
. Eye gel: nose and eye gel.

. Anesthetic: Isoflurane administered via an isoflurane vaporizer

set to 1.5% with a flow rate of 1 liter of oxygen per minute
(see Note 1).

. Isoflurane vaporizer.

. Iris forceps (e.g., FST: 11064-07).

. Straight-bladed scalpel (e.g., FST: #11, 10011-00).

. Scalpel handle #3 (e.g., FST: 1003-12).

. Fine scissors (e.g., FST: 14060-09).

. Tissue-spreader: Colibri retractors (e.g., FST: 17000-02)

(see Note 2).

. Rongeurs, 0.5 mm (e.g., EST: 16221-14 Friedman-Pearson

Rongeurs).

7. Bone scissors: Noyes (e.g., Dimeda 09.111.12).

11.
12.
13.

B N

. Wound clips, 7 mm (e.g., FST: 12032-07).
. Clip applier, 7 mm (e.g., Agnthos: 204-1000).
10.

Sutures: Ethicon Ethilon II blue 5-0 (non-resorbable) and
Ethicon Monocryl violet monofil 5-0 (resorbable).

Needle holder (e.g., FST: 91201-12).

Fine forceps: Dumont #5 (e.g., FST: 11254-20).

Crush forceps: #5 forceps hand-filed down to 0.15 mm width

for at least 5 mm in length for a uniform crush size over the
dorsoventral axis of the spinal cord.

. Stereotaxic instrument (e.g., Kopf: model 940).
. Mouse anesthesia mask (e.g., Kopf: model 907).
. Microdrill and 0.5 mm bit (5000 RPM-capable).

. Microfluidic injector (e.g., Drummond Scientific, Nanoject 111

or II).
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2.4 Viruses

2.5 Validation

5.

Capillary puller (e.g., Zeitz DMZ universal electrode puller).

6. Micropipette beveler (e.g., World Precision Instruments,

O 0 N O\ Ul W N

—
—_— O

—
w N

14.

15.

1e6.

17.
18.
19.

48000).

. 50 pm diameter pulled capillaries with 45-degree beveled tips

(see Note 3).

. AAV2 with hIL-6 under the control of a CMV promotor,

IRES-driven GFP as a reporter system (produced in-house
and available from Fischer lab [8]).

. Control virus: AAV2-GEFP; both viruses should have a titer of

1 x 103 virus genomes,/mL (produced in-house and available
from Fischer lab) [8] (see Note 4).

. Phosphate-buftered saline (PBS).

. Paraformaldehyde (PFA) (4% in PBS).

. Sucrose (30% in water).

. Acetone.

. Dry ice.

. Cyro-embedding medium (e.g., Tissue-Tek, Sakuraus).
. Cryotome (e.g., Leica CM3050).

. Microscope slides.

. Pstat3 antibody (1:200) RRID: AB_2491009.

. GFP antibody (1:500) RRID: AB_10128178.

. 5HT antibody (1:5000) RRID: RRID:AB_572262, RRID:

AB_572263.

. GFAP antibody (1:500, ab53554 Abcam).

. Secondary antibodies including anti-mouse, anti-goat, and

anti-rabbit conjugated to Alexa Fluor 405 (1:500, Jackson
ImmunoResearch), 488, or 594 (1:1000, Invitrogen).

Streptavidin Alexa Fluor 405, 488, or 594 conjugate (Thermo
Fischer).

Biotinylated dextran amine (BDA) 10% solution in water (Invi-
trogen, D1956).

Blocking solution (5% donkey serum, 2% bovine serum albu-
min in PBS + 0.05% Tween 20).

Methanol.
Embedding medium.
70% ethanol.
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3 Methods

3.1 718 Spinal Cord
Crush

10.

11.

12.

. Anesthetize the adult mouse with 1.5% isoflurane (se¢ Note 1)

and shave a 2 cm wide strip along the back from the spine’s
crest up to the ears and the scalp from between the ears up to
eye level. Apply eye gel to prevent them from drying out. Wipe
down both shaved areas with 70% ethanol to remove hairs and
clean the surgery area.

. Administer carprofen (5 mg/kg) and gentamicin (5 mg/kg) in

PBS subcutaneously and as separate injections.

. Drape the mouse over a 2-3 cm diameter cylinder (see Note 5).

. After checking for reflexes, make a midline incision approxi-

mately 2 cm in length from the level of the shoulder blades in
the caudal direction (see Fig. 1a and Note 6).

. Separate the surrounding skin from the underlying tissue by

inserting closed pointy scissors and then opening them to
spread the tissue apart (blunt dissection) (Fig. 1b).

. Pinch and lift the most caudal edge of the fat pad at the midline

using iris forceps, and then make a small incision in the fat’s
caudal edge before inserting scissors to blunt dissect open a
large hole (see Fig. 1c, d and Note 7).

. Carefully cut along the lateral edges of this fat pad to create a

loose sheet that can then be folded back toward the head to
reveal a large blood vessel entering the spine (Fig. 1d, e).

. This blood vessel is located above the spine between T5 and T6

and is thus an ideal landmark. Using the iris forceps, feel along
the midline from T6, counting spinous processes to identify the
T7 process, and then grip it to stabilize the mouse until after
the crush (Fig. le).

. Using a straight-bladed scalpel, cut two 1 cm long incisions on

the left and right side next to spinous processes along the T7—
T9 vertebra using flat strokes until the blade is scraping along
the underlying bone. Try to stay as close to the midline (spi-
nous processes) as possible when cutting either side (Fig. le).

Insert a small tissue spreader into the muscle incisions for
better visibility and access to the spine (see Fig. 1f and Note 8).

Using the flat edge of 0.5 mm cup rongeurs, excavate the T8
vertebra. This will inevitably also remove the T8 spinous pro-
cess (Fig. 1g, h).

Using the pointed end of the rongeurs at a flat angle, gently
pinch the area between T8 and T9 to remove the ligament but

be careful not to cut too deep and damage the dura mater
(Fig. 1i).
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Fig. 1 Spinal cord crush procedure. (a) Mouse with shaved back and 2 cm midline incision to reveal (b) fat pad
and muscle tissue, where scissors are used to blunt dissect the surrounding skin. (¢) Caudal incision into the
fat pad. (d) Blunt dissection to enlarge the hole, followed by lateral cutting (red dotted line) on both sides. (e)
Folding back the fat flap to reveal a large blood vessel between T5 and T6 and lateral incisions adjacent to T8
through the muscle tissue (white dotted lines) while supporting from T7. (f) Insertion of a tissue-spreader into
the longitudinal back muscles, followed by (g) excavation of the T8 vertebra using the flat edge of 0.5 mm
rongeurs, removing the muscle tissue, and (h) T8 spinal process. (i) Removal of the T8-T9 ligament by gentle
scraping with the tip of the rongeurs. (j) Lateral cutting of the T8 lamina with fine bone scissors, followed by (k)
removing the T8 lamina and nipping off remaining edges with rongeurs. (I) Insertion of crush forceps to
execute the spinal cord crush at a 90-degree angle to the spinal cord. (m) Adjacent longitudinal muscles
sutured together over the crush site with a single resorbable suture, followed by the fat pad’s return to its
original position and (n) closing of the skin with two to four wound clips

13. Using fine bone scissors, gently insert the sharp edge at a very
shallow angle under the bone where the ligament was, in the
cranial direction. Cut the lamina arcus laterally to the left and
right of the midline (se¢ Fig. 1j and Note 9).

14. These cuts should span the T8 vertebra, resulting in a rectangle
of bone becoming free. Discard this using fine forceps
(Fig. 1k).

15. This might leave sharp remaining parts of the T8 vertebra on
either side of where the bone previously was. Using the ron-
geurs, very carefully pinch off these protrusions and avoid
touching the spinal cord (Fig. 1k).



3.2 Intracortical
Injections

16.

17.

18.

19.

20.

21.

22.
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Ifany periosteum is visible covering the spinal cord (a pink/red
membrane), carefully remove this with fine forceps to not
interfere with the crush.

Now that the spinal cord is free, insert the crushing forceps at a
90-degree angle to the spinal cord, lowering the tips until they
touch the bottom of the spinal canal, gently scraping along the
bone (Fig. 11).

In a controlled manner, pinch the forceps together for 1-2 s,
ensuring that only enough force is applied to close the forceps
fully (see Note 10).

Now that the crush is complete, remove the spreader and
suture the two sides of the back muscles together to cover
the exposed spinal cord. Use a single resorbable suture
(Fig. 1m).

Finally, pull the fat pad back over the operated vertebra and
close the skin using two to four wound clips (see Fig. 1n and

Note 11) and allow the mouse to recover in an oxygenated,
37 °C cage.

If there is no further surgery planned (e.g., intracortical injec-
tion), allow the mouse to recover in an oxygenated, 37 °C cage
for 10 min.

Treat the mice with appropriate amounts of painkiller and
antibiotic subcutaneously. Provide intraperitoneal injections
of 0.5 mL PBS for the next 5 days. Also, manually express
their bladders, check the urine pH, and weigh them daily for
the rest of their lives (see Note 15).

. Directly after performing the spinal cord crush, make a midline

incision on the scalp from the level of the eyes, 1 cm in the
caudal direction (centered over bregma, Fig. 2a).

. Transfer the mouse into the stereotaxic frame, which also

provides oxygenated isoflurane at the same 1.5% (see Note 1)
via an appropriate anesthesia mask.

. Free the skin around the incision, and then gently scratch over

the area with a sharp scalpel to shred and remove the loose
connective tissue covering the skull (see Fig. 2b, ¢ and Note
12).

. Scratch a 2 x 1 mm rectangle into the skull using fine forceps

parallel to the midline and 0.5 mm lateral from it while being
centered adjacent to bregma (Fig. 2d).

. Using an electronic fine crafts drill, gently mill this traced

outline until the rectangle’s center becomes loose (Fig. 2e).
Lift this away with fine forceps (see Fig. 2f and Note 13).
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Fig. 2 intracortical injections’ procedure. (a) Mouse with shaved head mouth-fixed to a stereotactic frame with
midline skin incision over bregma. (b) Skin freed from the skull by blunt dissection with scissors. (c) Removing
underlying soft connective tissue with gentle scalpel scraping. (d) Scratching the outline of the skull window
adjacent to bregma over the future injection sites. (e) Slowly milling away the bone by repeatedly tracing over
the scratched outline with a fine drill until the bone is thin enough to (f) remove with fine forceps. (g) Viral
injection into the motor cortex 1.5 mm lateral from bregma. Bregma should not be confused with the more
caudal skull bone intersection known as lambda (not visible here)

6. Using the stereotaxic device and a programmable micro-
injector fitted with a virus-filled beveled glass capillary with a
50 pm diameter tip, inject hIL-6 AAV2 into the following four
coordinates: +0.5 mm, 0 mm, —0.5 mm, and —1.0 mm ante-
rior, all 1.5 mm lateral from bregma (Fig. 2g). A positive
coordinate indicates a location cranial from bregma. Use a
depth of 0.6 mm for each injection. Allow 1 min after needle
insertion and another min after each injection to stabilize the
tissue. Use the following micro-injector settings: volume,
100 nL; rate, 10 nL/s; cycles, 5; time (delay), 10 s. This will
result in 500 pL of virus solution being injected per site, and
thus 2 pL total per hemisphere. Only one hemisphere needs
hIL-6 treatment to achieve robust functional recovery of hind
limb locomotion (sec Note 14).

7. Once the injections have been done, close the skin with three to
four sutures and allow the mouse to recover in an oxygenated,
37 °C cage.

8. Treat the mice with appropriate amounts of painkiller and
antibiotic subcutaneously and provide intraperitoneal injec-
tions of 0.5 mL PBS for the next 5 days. In addition, manually
express their bladders, check the urine pH, and weigh them
daily for the rest of their lives (see Note 15).



3.3 Validation Steps

3.3.1 Tissue Preparation

3.3.2 Immunostaining
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The model presented here requires practice and has the potential
for small mistakes, which could prevent functional regeneration. To
help troubleshoot these issues and ensure a certain quality standard,
we have listed here a collection of histological validation steps for
both the crush and injection procedures. For the crush, these
include checking for spared axons and measuring the lesion size,
whereas for the injections, they examine virus efficacy, injection
depth, and transneuronal stimulation. All tissue processing is car-
ried out using the following standard protocols at room tempera-
ture unless specified otherwise:

1.

[S2 NN “NEIS I 8]

Anesthetize and then sacrifice the mice via transcardial perfu-
sion with PBS (10 mL), followed by 4% PFA (25 mL).

. Dissect out the entire CNS via laminectomy of the spine and

lateral cutting open of the skull. Post-fixate the CNS in 4% PFA
overnight at 4 °C, followed by 5 days of incubation in 30%
sucrose at 4 °C (see Note 16).

. Cut the CNS into five chunks: spinal cord for analysis of

anatomical axon regeneration (3 mm rostral to 8§ mm caudal
from crush site), distal spinal cord for validation of spared
axons (8-10 mm caudal from the lesion site), proximal spinal
cord for validation of axonal staining (3—-5 mm rostral from the
lesion site), the medulla, and the motor cortex including all
injection sites.

. Submerge tissues in cryo-embedding solution and freeze

chunks other than the cortex and medulla into tissue blocks
at —20 °C for sectioning.

. Snap-freeze the cortex and medulla by first equilibrating ace-

tone on dry ice, and then folding aluminum foil into a cube-
shaped beaker for lowering the cortex and medulla suspensions
into the acetone, rapidly freezing them into tissue blocks (see
Note 17).

. Cryosection all tissue into 20 pm thick sections of the appro-

priate orientation, and mount onto microscope slides and store
at —20 °C.

. Air-dry sections at room temperature for at least 15 min after

removal from the freezer.

. Remove embedding medium with 10-min incubation in PBS.
. Permeabilize for 10 min in methanol.
. Block sections for at least 1 h in blocking solution.

. Incubate sections overnight with the primary antibody diluted

in blocking solution at 4 °C in a moist container.

. Wash 3x 10 min in PBS.
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7. Apply the secondary antibody and/or fluorophore-conjugated
streptavidin diluted in a blocking solution for 1 h in a dark,
moist container.

8. Wash 3x 10 min in PBS.
9. Embed, then coverslip the slides, and store them at 4 °C until

imaged.
3.3.3 Crush Quality: All animals in a complete spinal cord crush regeneration study must
Spared Axons be checked for spared axons. We recommend checking multiple

spinal cord tracts for axons 8—10 mm caudal to the lesion site, as
after 8 weeks, this is longer than the furthest regeneration distance.

1. Starting with the CST, inject 10% BDA 2 weeks before sacrifice
into the same coordinates as the virus injections.

2. Stain transverse sections using a fluorophore-conjugated strep-
tavidin (1:500).

3. Second, stain serotonergic fibers with anti-5HT (1:5000) anti-
bodies in the same sections (see Fig. 3a, b and Note 18).

3.3.4 Crush Quality: Lesion size is a crucial metric to monitor due to its effect on

Lesion Size regeneration. Control mice must have a similar average lesion size
to treated mice to allow for valid regeneration comparisons. Lesion
sites that are too large will likely result in no regeneration
[13]. Quantification of the site of the lesion is therefore recom-
mended. To this end:

1. Immunostain longitudinal sections containing the lesion site
and the central canal with anti-GFAP (1:500) allowing the
visualization of the lesion borders.

2. Trace this outline with Image] to obtain the approximate lesion
size (see Fig. 3c and Note 19).

3.3.5 Intracortical Successful viral transduction is measured by examining the IRES-
Injection Quality: Virus based GFP expression in transduced cortical neurons and pSTAT3-
Efficacy positive nuclei in the transduced cells that surround these neurons

and indicate the secretion of active hIL-6.

1. Stain coronal sections of the cortex for pSTAT3 (1:200), GFP
(1:500), and also streptavidin-405 (1:500) to visualize BDA
injection locations (see Note 20).

2. All three stains should line up with a GEP cloud in the middle,
surrounded by a larger pSTAT3-positive cloud and BDA cloud
(see Fig. 3d—f and Note 21).
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Fig. 3 Validation steps. (a) Transverse section 8-11 mm distal from an incomplete crush with spared
serotonergic axons (5-HT-positive) and (b) a successful crush without spared axons. The dashed box indicates
an area of enlargement. Scale bar: 200 um. (¢) Longitudinal section from a successfully regenerated mouse
showing the crush site stained for GFAP with the dotted line representing the lesion border to be measured
8 weeks after lesion. Arrowhead indicates the central canal. Scale bar: 200 um. (d) Coronal section through a
cortical injection site for hlL-6 virus validation. pSTAT3-positive neurons surrounding the virally transduced
GFP-positive cells. (e) BDA injection visualization from panel d. (f) Overlay of panels d and e: example of BDA
injection missing the AAV-hIL-6 injection location resulting in the labeling of non-stimulated CST fibers. (g)
Transverse spinal cord section proximal to the lesion site showing successful unilateral cortical layer V
transduction resulting in GFP-positive axons on the CST’s contralateral side relative to the injected hemi-
sphere. Arrowhead indicates the central canal. The dashed box indicates an area of enlargement. Scale bar:
50 pm. (h, j) Negative control showing no pSTAT3-positive serotonergic raphe neurons, whereas (i, k) show
pSTAT3/5-HT double-positive cells, indicating successful transneuronal stimulation of these neurons in an
AAV2-h-IL6-treated mouse. PY: pyramidal tract (I). Needles for intracortical injection are around 7-10 mm in
length and (m) 50 pum in diameter with a 45-degree beveled tip

3.3.6 Intracortical The 0.6 mm injection depth corresponds with layer V of the
Injection Quality: Layer V sensory-motor cortex, where the pyramidal neurons with axons
Transduction projecting to the pyramidal tract/CST reside. To confirm their

successful transduction:

1. Stain coronal brain sections containing the motor cortex with
injection sites and transverse spinal cord sections from 3 to
5 mm cranial from the lesion site for GEP (1:500).

2. Transduced layer V pyramidal neurons result in GFP-positive
axons visible in the dorsal CST (see Fig. 3g and Note 22).
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3.3.7 Intracortical
Injection Quality:
Transneuronal hiL-6
Delivery

The most crucial aspect of this methodology is the transneuronal
stimulation of deep brain stem nuclei with hIL-6, particularly the
raphe nuclei’s serotonergic neurons. To validate their stimulation:

1.

Stain coronal sections of the medulla with pSTAT3 (1:200) and
5-HT (1:500) antibodies.

. Positive raphe-neuronal nuclei should be seen clustered along

the ventral midline above the pyramidal tracts (see Fig. 3h—k
and Note 20).

4 Notes

. The isoflurane percentage can vary strongly between manufac-

turers and use cases. Therefore, we recommend experimenting
to see the lowest setting that results in reflex-free anesthesia
with the setup used. When mouth-fixed for intracortical injec-
tions, use the appropriate anesthesia mask for the stereotaxic
frame. However, for the spinal cord crush procedure, cut the
conical end of a 50 mL tube into a funnel shape for placing the
mouse into, with a hole cut into the conical tip for connecting
the isoflurane tube.

. Use wire clippers to trim off half of the loop portion from the

tissue spreaders, resulting in two-wire hooks (Fig. 1f). Then
insert just the end hooks into the longitudinal muscle when
spreading.

. Capillary tip should be 0.7-1 cm long and, most notably,

50 pm in diameter as thinner capillaries do not allow for filling,
and thicker ones do not penetrate well through the dura mater.
We find that grinding the tips on a beveler at a 45-degree angle
for 20 min produce ideal capillaries. Inspect the quality of each
tip under a microscope (Fig. 31, m).

. Virus titer determined via qPCR by comparing against a known

copy number plasmid dilution series. Damaged /non-packaged
virus genomes are eliminated via DNase treatment before titer
determination.

. This helps straighten the mouse’s S-shaped spine; else, manip-

ulating T7 to operate on T8 becomes difficult as T7 lies within
this furrow. We find that rolled up tissues held together with
some tape to be adequate.

. This should produce an opening where the cranial half is white

(fat), and the caudal half'is red (muscle).

. Be very caretul not to snag the large landmark blood vessel used

later between T5 and T6, which causes severe bleeding.
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12.
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15.

16.
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. At this point, we clean up any blood with some sterile wadding

cut into thin wedge shapes. These can be left in the wound to
wick away blood to maintain clear visibility. With more experi-
ence, we find the procedure to generate less and less bleeding.

. Each cut should be composed of multiple smaller cuts to

reduce the scissors’ penetration depth to avoid squeezing the
spinal cord.

By exerting the minimum force necessary to avoid spared
axons, a narrower crush site should be formed and thus a
higher chance of axons crossing.

If the fat pad has dried out at this time point, then apply a drop
of sterile PBS to allow for manipulation.

This loose connective tissue can very easily catch in the drill bit
if not thoroughly removed. This will result in a sudden tug on
the drill bit, which might cause the mouse severe brain injury if
it occurs at an inopportune moment.

The drilling of the skull is a very delicate procedure. Here, we
recommend going around the traced outline with very little
pressure to establish a groove, then slightly more pressure to
remove material. Aim to get the bone so thin as to be transpar-
ent, and then the rest can be quickly snapped when lifting it
away with forceps. Use sterile wadding to stop any bleeding
after removing the skull piece.

If a large blood vessel is blocking an injection site, then use the
closest possible location and record the new coordinates for
when administering the BDA injections later. If fluid leakage is
seen around the injection site, then this would hint at the
capillary being either blunt or too thick, with the resulting
hole being too big. Alternatively, this could be a sign that the
dura mater was damaged during drilling, in which case the
needle also has a hard time creating a seal. However, the
brain surface should also not become too dry, and so the skin
from the initial incision can be briefly wiped over the brain to
keep it moist between injections.

Care must be taken when expressing bladders, as applying too
much pressure can result in bladder rupture or backflow of
urine into the kidneys, resulting in a swift death. Bladders are
especially fragile in the first few days after surgery. Male blad-
ders are more challenging to express and suffer more from
bladder infections.

For CNS extraction, help fold the mouse’s head under its torso
to straighten its s-shaped spine. This is particularly important
during laminectomy (aiming to cut at 10 and 2 on a clock dial
when viewing the spinal canal side-on, dorsal side up), and later
when peeling out the spinal cord and cutting each of the nerve
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17.

18.

19.

20.

21.

22.

roots. Aim to finish CNS extraction under “30 min after per-
fusion, as then the CNS can be placed on a strip of nitrocellu-
lose membrane to post-fixate in a straightened form. This is
useful later for obtaining straight longitudinal tissue sections.
If the spinal cord is left in PFA longer than ~30 min, it becomes
challenging to correct its s-shape.

Snap-freezing prevents the formation of ice crystals, reducing
the number and size of holes in brain tissue sections. Do not let
acetone spill over into the brain suspension, as this will cause it
to crack.

Serotonergic axons are more likely to be spared and are also
known to contribute to functional recovery. Spared axons tend
to be straight and found in their canonical tracts. An early
indication of spared axons is a BMS score greater than zero
on the first day after crush.

In our experience, the average lesion size is around
0.1-0.2 mm?. It has been reported that lesion widths larger
than 0.5 mm prevent any regeneration [13].

Staining pSTAT?3 is challenging due to a relatively weak signal.
To combat high background, block sections for at least 2 h in
blocking solution. Use the non-transduced hemisphere in the
coronal cortical sections as a negative control to compare
against.

If the BDA stain does not align with the GFP /pSTAT 3 stain, it
will suggest that different locations were identified as bregma
for viral and BDA injection. BDA overlap with pSTAT3 is
crucial for the correctly targeted evaluation of affected CST
axons. When opening the skin on the skull after 6 weeks for
BDA injection, a thick layer of connective tissue will have been
deposited over the bone. To better identify bregma, this
should be very carefully removed with fine forceps without
scratching the bone so as not to camouflage the cranial bone
edges.

An alternative way of checking injection depth is that GFP-
positive cells in the cortical sections should lie approximately
midway between the brain surface and the corpus callosum. A
more accurate location can be achieved by overlaying the sec-
tions with a brain atlas.
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Epigenomic Profiling of Dorsal Root Ganglia upon
Regenerative and Non-regenerative Axonal Injury

Franziska Miiller, Jessica S. Chadwick, Simone Di Giovanni,
and llaria Palmisano

Abstract

RNA sequencing (RNA-seq), chromatin immunoprecipitation sequencing (ChIP-seq), and assay for
transposase-accessible chromatin sequencing (ATAC-seq) are genome-wide techniques that provide infor-
mation relative to gene expression, chromatin binding sites, and chromatin accessibility, respectively. Here
we describe RNA-seq, H3K9ac, H3K27ac and H3K27me3 ChIP-seq, and ATAC-seq in dorsal root ganglia
(DRG) after sciatic nerve or dorsal column axotomy, to characterize the transcriptional and epigenetic
signatures of DRG upon regenerative vs non-regenerative axonal lesion.

Key words DRG, Axonal regeneration, Epigenetics, Transcription, Chromatin accessibility, RNA-
seq, ChIP-seq, ATAC-seq

1 Introduction

The dorsal root ganglia (DRG) contain the cell bodies of pseudou-
nipolar sensory neurons projecting a peripheral regeneration-
competent axonal branch within the peripheral nerves and a central
regeneration-incompetent axonal branch that enters the dorsal
columns in the spinal cord (Fig. 1a). Sciatic nerve axotomy (SNA)
and dorsal column axotomy (DCA) provide models of regenerative
and non-regenerative axonal lesion, respectively. The development
of high-throughput techniques, such as RNA sequencing
(RNA-seq), chromatin immunoprecipitation sequencing (ChIP-
seq), and assay for transposase-accessible chromatin sequencing
(ATAC-seq), has been critical for the understanding of the com-
plexity of the transcriptome and its regulation via epigenetic
mechanisms [1-3]. The integration of data from ATAC-seq,
ChIP-seq, and RNA-seq represents a powerful approach for estab-
lishing how information encoded in chromatin results in changes in
gene expression. We applied RNA-seq, H3K9ac, H3K27ac and
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Fig. 1 In vivo anatomy and surgeries. (a) Spinal cord and dorsal root ganglia anatomy. The sciatic dorsal root
ganglia (DRG) pseudounipolar neuronal bodies extend one branch into the ascending tracts of the dorsal
column in the spinal cord, and one branch into the sciatic nerve of the hind limb, innervating muscle and skin.
(b) Dorsal column axotomy (DCA) and sciatic nerve axotomy (SNA) surgeries. Following either DCA or SNA, the
sciatic DRG are dissected, collected and processed for downstream analysis

H3K27me3 ChIP-seq, and ATAC-seq in DRG after SNA or DCA,
to characterize the transcriptional and epigenetic signatures of
DRG upon regenerative versus non-regenerative axonal lesion.
We found that successful axon regeneration relies on the capability
to initiate a transcriptional response to injury, characterized by a
more accessible chromatin state with increased occupancy of active
histone marks at gene promoters and enhancers [4-06].

In this chapter, we present laboratory protocols for SNA and
DCA injuries, DRG dissection, RNA-seq, ChIP-seq, and ATAC-
seq library preparation.

1.1  Peripheral and For SNA, the sciatic nerve is exposed by blunt dissection of the
Central Axonal Injury biceps femoris and gluteus superficialis, and axotomy is carried out
and Sciatic DRG ~20 mm distally from sciatic DRG. In control mice (Sham), the
Dissection sciatic nerve is exposed without axotomy. For DCA, the spinal cord

is exposed via a T9 laminectomy ~20 mm from sciatic DRG, the
dura mater is removed, and a dorsal hemisection up to the central
canal is performed. For the control laminectomy surgery (Lam),
the dura mater is removed without performing the hemisection.
Twenty-four hours after injury, animals are sacrificed and DRG are
collected and processed for downstream analysis (Fig. 1b).

1.2 Tolal RNA RNA-seq, in addition to other information, provides evidence
Extraction from DRG about the genes that are differentially expressed in different
Tissue biological conditions [7]. For DRG transcriptional profiling

(Fig. 2a), we used sciatic DRG from mice that underwent SNA vs
Sham or DCA vs Lam 24 h earlier (N = 3 biological replicates).
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Fig. 2 RNA-seq. (a) Schematic of the RNA-seq procedure. (b) Bioanalyzer trace showing an optimal RNA
preparation, with RNA Integrity Number (RIN)> 8.0. (c) Bioanalyzer trace showing a degraded RNA preparation,
with a low RIN. (d) Bioanalyzer trace showing a library preparation. For intact RNA samples, the expected
average fragment length is ~300—-400 bp

Samples are lysed in the presence of guanidine—thiocyanate to
inactivate RNase. Ethanol is added to ensure binding conditions
and samples are loaded on a silica-based membrane column, which
enables the binding of RNA molecules longer than 200 nucleotides.
After DNase I digestion and washing to remove contaminants,
RNA is eluted in water.
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1.3 RNA-Seq Library

Preparation

1.4 Chromatin

Immunoprecipitation

from DRG Tissue

For library preparation, poly-A-enriched RNA is sheared and
converted to a library of short cDNA fragments carrying sequencing
adapters at both ends. The use of specific index primers enables
library multiplexing. Libraries are pooled and sequenced to obtain
short sequences from one or both ends. These reads are aligned to
the reference genome and used for transcript identification and
quantification. The read counts are used for differential expression
analysis, providing information about the genes that are differentially
regulated in regenerative vs non-regenerative axonal lesion [4, 6].

ChIP provides context to the binding sites of proteins, such as
histones, transcription factors, and chromatin remodelers in rela-
tion to the chromatin [2]. We performed ChIP-seq for H3K9ac
and H3K27ac (markers of active promoters and enhancers) and
H3K27me3 (marker of repressed chromatin) in sciatic DRG from
mice that underwent SNA vs Sham or DCA vs Lam 24 h earlier
(N = 2 biological replicates) (Fig. 3a). The procedure is based on
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Fig. 3 ChIP-seq. (a) Schematic of the ChIP-seq procedure. (b) Agarose gel run showing the result of chromatin
sonication with DNA fragments in the range of 200800 bp. (¢) Bioanalyzer trace showing a successful library
preparation. (d) Bioanalyzer trace showing a failed library preparation, presenting also adapter contamination



1.5 ChIP-Seq Library
Preparation

1.6 ATAC-Seq from
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Schmidt et al. [2] with some adjustments. Protein—-DNA interac-
tions are stabilized by cross-linking. After lysis, chromatin is frag-
mented by sonication and incubated with bead-bound antibodies
against the protein of interest. After elution and reverse cross-
linking, the purified DNA can be used for real-time polymerase
chain reaction (RT-PCR) or library preparation for sequencing.

Library preparation involves end repair, ligation of the adapters,
and PCR amplification. The use of specific index primers enables
sample multiplexing. The reads obtained from sequencing are
aligned to the reference genome and used for peak identification
and quantification. The read counts are used for differential occu-
pancy analysis, providing information about the gene promoters
and enhancers that are differentially occupied by H3K9ac,
H3K27ac, and H3K27me3 in regenerative vs non-regenerative
axonal lesion [5, 6]. Recently, alternative methodologies to ChIP-
seq have been published, which require a lower amount of starting
material [8].

ATAC-seq provides information about the accessibility of the chro-
matin, via the use of a genetically engineered hyperactive Tn5
transposase that simultaneously cuts and ligates sequencing adap-
ters preferentially at regions of open chromatin [3]. To perform
ATAC-seq in DRG (Fig. 4a), we used sciatic DRG from mice that
underwent SNA vs Sham or DCA vs Lam 24 h earlier (N = 3
biological replicates). After cell lysis, the chromatin is incubated
with the Tn5 transposase for DNA tagmentation. Upon cleanup,
the DNA is used for library preparation with index primers, which
enable sample multiplexing, and paired-end sequencing is per-
formed to uniquely map the open regions. The reads are then
aligned to the reference genome and used for open chromatin
region identification and quantification. The read counts are used
tor differential accessibility analysis, providing information about
the gene promoters and enhancers that are differentially accessible
in regenerative vs non-regenerative axonal lesion [6]. Since accessi-
ble chromatin is partially protected from the activity of the Tn5
transposase by bound transcription factors, the analysis of a partic-
ular ATAC-seq feature, called “footprint” [9], provides informa-
tion about transcription factor occupancy.

2 Materials

General Note Prepare all solutions using nuclease-free water and
molecular biology grade reagents. Prepare all the working buffers
fresh and store them at room temperature (unless indicated other-
wise). Do not leave the reagent bottles or the sample tubes open
longer than necessary. Use and change gloves frequently. Use
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Fig. 4 ATAC-seq. (a) Schematic of the ATAC-seq procedure. (b) gPCR to determine the appropriate number of
PCR cycles to avoid GC bias. Extrapolate the Ct values corresponding to one third or one fourth of the
maximum Rn. If Ct values of two traces are similar, use the cycle number from the lower Rn (pink and yellow).
If the cycle number falls between two integers, select the smaller integer (yellow and purple). (c) Bioanalyzer
trace showing a successful library preparation from DRG, with sloping curve of PCR fragment sizes between
~150 and 1000 bp, with periodicity of ~200 bp. (d)Bioanalyzer trace showing a failed library preparation,
presenting also adapter contamination
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disposable nuclease-free plasticware. Follow all waste disposal reg-
ulations when disposing waste materials. When working with RNA,
make sure you maintain a RNase-free environment, by cleaning the
working station, the pipettes, the surgical tools, the tube racks, and
the centrifuge with an RNase decontamination solution (e.g., RNa-
seZap, Invitrogen). When working with DNA, make sure you
maintain a DNase-free environment, by cleaning the working sta-
tion, the pipettes, the tube racks, and the centrifuge with water first,
and then with 70% ethanol.

10.

11.
12.
13.
14.
15.
16.

17.
18.

19.

20.
21.

22.
23.
24.

N T =

Ice.

Tube racks.

Micropipettes and filter tips.

15 and 50 mL polypropylene conical tubes.

Serological pipettes, nuclease-free, individually wrapped.
Motorize pipette controller (e.g., Corning Stripettor).

1.5 mL RNase-free microtubes for DRG collection (e.g., Ana-
chem; see Note 1).

. 1.5 mL microcentrifuge tubes, low adsorption, nuclease-free

(e.g., DNA LoBind tubes, Eppendorf).
Cordless motor for pellet pestle (e.g., Kimble).

Disposable pellet pestles for 1.5 mL microtubes (e.g., Ana-
chem; see Note 1).

0.22 pM syringe filters and syringes.
0.22 pM bottle filters.

Tabletop centrifuge with plate rotor.
Microcentrifuge.

Thermocycler.

Thermoblock (e.g., Eppendorf, Thermomixer, T range
15-100 °C).

Vortex mixer.

96-well PCR plates, low adsorption (e.g., Eppendort twin.tec
PCR Plates LoBind).

Clear PCR plate sealing films, adhesive (e.g., BioRad Microseal
‘LB?‘))‘
Magnetic stands for 96-well plates and for microtubes.

Chip-based capillary electrophoresis platform (e.g., Agilent
2100 Bioanalyzer).

Hank’s Balanced Salt Solution (HBSS). Store at 4 °C.

Nuclease-free water.
99.8% ethanol.
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25
26

2.2 Sciatic DRG 1.

Axonal Injury and
Dissection

. 70 and 80% ethanol in nuclease-free water made fresh.

. Paramagnetic bead-based nucleic acid cleanup kit (e.g.,
AMPure XP beads). Store at 4 °C. Place at room temperature
for at least 30 min prior to use.

Male C57BL /6] mice (6-8 weeks old) between 20 and 30 g,
housed on a 12-h light/dark cycle with water and standard
chow available ad libitum.

2. Standard mouse chow.

18.

19.
20.
21.
22.
23.
24.
25.
26.

. Saline: 0.9% sodium chloride physiological solution. Filter with

0.22 pM bottle filter units.

. Carprofen small animal solution: 1 mg/mL diluted in saline,

prepared fresh the day of surgery.

. Buprenorphine hydrochloride small animal solution: 0.03 mg/

mL diluted in saline, prepared fresh the day of surgery.

. Isoflurane 100% w/w inhalation vapor.
. Antiseptic agent (e.g., 70% ethanol) and wipes.

. Antiseptic solution: povidone-iodine 10% w,/w cutaneous solu-

tion in sterile water.

. 1 mL syringes.
10.
11.
12.
13.
14.
15.
16.
17.

Microlances 30G for injection and 20G for dissection.
Sterile cotton swabs.

Hair trimmer.

Sterile drapes.

Sterile transparent drapes.

Heat mat.

Eye lube.

Anesthetic induction chamber with flow gas tubing and scav-
enge tubing.

Anesthetic induction chamber with flow gas tubing and scav-
enge tubing connected to a nose cone of a non-rebreathing
circuit.

Anesthetic scavenging unit.

Stereo microscope.

Technical scale (capacity 1500 g, resolution 0.01 g).
MicroAdson forceps with fenestrated handle, 1 x 2 teeth.
LaGrange scissors ToughCut 11.5 cm.

Spinal cord hook 12 cm.

Vannas spring micro scissors straight 2.5 mm cutting edge.

Dumont #7 fine forceps.



2.3 Total RNA
Extraction from DRG
Tissue

2.4 RNA-Seq Library
Preparation

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
4].
42.
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Reflex 7 mm wound clips.

Reflex 7 mm wound clip applier.

Anesthesia recovery chamber.

Water.

Student scalpel handle #3 and sterile surgical blades.
Friedman-Pearson rongeur straight 1 mm cup.
Noyes spring scissors straight.

Narrow Pattern forceps straight 12 cm.
Olsen-Hegar needle holder.

Vicryl suture 6-0|RB-2 45 ¢m undyed.
Student scissors straight SharpSharp 14.5 cm.
Styrofoam board.

Student Dumont #5 forceps standard Inox.
Student Vannas spring scissors straight.

1.5 mL microtubes.

RNA stabilization solution (e.g., RNAlater).

. RNase decontamination solution (e.g., RNaseZap, Invitrogen).
. RNA stabilization solution (e.g., RNAlater).
. RNA isolation kit (e.g., Qiagen RNeasy mini kit, containing

RLT, RW1, and RPE buffers, RNeasy spin column, collection
tubes, RNase-free water; see Note 2).

4. DNase I enzyme (e.g., Qiagen; see Note 3).

. RLT lysis mix: add 6 pL of 2-mercaptoethanol to 600 pL of

RLT lysis buftfer (included in the RNeasy mini kit); use 600 pL
per sample. Calculate the number of samples (N) and prepare
RLT lysis mix for N+1 samples. Prepare fresh.

. DNase I Master Mix: add 10 pLL Qiagen DNase I stock solution

to 70 pL Qiagen RDD buffer; 80 pL per sample. Prepare
DNase I Master Mix for N+1 samples. Prepare fresh.

. Kit for chip-based capillary electrophoresis for RNA samples,

25-500 ng/pL (e.g., RNA 6000 Nano Kit, Agilent).

. Microvolume spectrophotometer (e.g., NanoDrop).

. Reverse transcriptase with reduced RNaseH activity (e.g.,

Superscript II, Invitrogen). Store at —20 °C. Thaw on ice
prior to use.

. Library pooling buffer: 10 mM Tris-HCI (pH 8.5) with 0.1%

Tween 20. Prepare fresh.
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3.

10.

11.

12.

13.

14.

15.

Reverse Transcription Master Mix: 7 pL. ESM, 1 pL reverse
transcriptase; 8 pL total per sample. Pipette up and down at
least ten times to mix the components. Pulse the Reverse
Transcription Master Mix in the microcentrifuge at 600x
g for 5 s to collect the liquid at the bottom of the tube.

. llumina TruSeq stranded mRNA Library Prep Kit

(see Note 4). Store the components according to manufac-
turer’s instructions.

. EPF (Elute, Prime, Fragment mix): included in the TruSeq

stranded mRNA Sample Preparation Kit. Thaw at room tem-
perature prior to use.

. BBB (Bead Binding Buffer): included in the TruSeq stranded

mRNA Sample Preparation Kit. Thaw at room temperature
prior to use.

. BWB (Bead Washing Buffer): included in the TruSeq stranded

mRNA Sample Preparation Kit. Thaw at room temperature
prior to use.

. ELB (Elution Butffer) included in the TruSeq stranded mRNA

Sample Preparation Kit. Thaw at room temperature prior
to use.

. RPB (RNA Purification Beads) included in the TruSeq

stranded mRNA Sample Preparation Kit. Place at room tem-
perature for 30 min.

FSM (First Strand Master Mix): included in the TruSeq
stranded mRNA Sample Preparation Kit. Thaw at room tem-
perature. Make small aliquots to be stored at —20 °C if you do
not anticipate to using the entire mix.

RSB (Resuspension Buffer): included in the TruSeq stranded
mRNA Sample Preparation Kit. Thaw at room temperature
prior to use.

SSM (Second Strand Master Mix): included in the TruSeq
stranded mRNA Sample Preparation Kit. Thaw at room
temperature.

ERP (End Repair Mix): included in the TruSeq stranded
mRNA Sample Preparation Kit. Thaw at room temperature
prior to use.

CTE (End Repair Control): included in the TruSeq stranded
mRNA Sample Preparation Kit. Thaw at room temperature
and then keep on ice. Centrifuge CTE at 600x g4 for 5 s and
dilute it 1:100 in RSB.

ATL (A-tailing Mix): included in the TruSeq stranded mRNA
Sample Preparation Kit. Thaw at room temperature.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.
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CTA (A-Tailing Control): included in the TruSeq stranded
mRNA Sample Preparation Kit. Thaw at room temperature
and keep on ice. Centrifuge CTA at 600x g for 5 s and dilute
it 1:100 in RSB.

RNA Adapter Indexes: included in the TruSeq stranded
mRNA Sample Preparation Kit. Thaw at room temperature.
Centrifuge at 600x g for 5 s.

CTL (Ligase Control): included in the TruSeq stranded
mRNA Sample Preparation Kit. Thaw at room temperature.
Centrifuge at 600x 4 for 5 s. Dilute 1:100 in RSB.

STL (Stop Ligase Mix): included in the TruSeq stranded
mRNA Sample Preparation Kit. Thaw at room temperature.
Centrifuge at 600x g for 5 s.

LIG (DNA Ligase mix): included in the TruSeq stranded
mRNA Sample Preparation Kit. Thaw just before use.

PMM (PCR Master Mix): included in the TruSeq stranded
mRNA Sample Preparation Kit. Thaw at room temperature
and keep on ice. Centrifuge at 600x g4 for 5 s.

PPC (Primer PCR Cocktail) contained in the TruSeq stranded
mRNA Sample Preparation Kit. Thaw at room temperature
and keep on ice. Centrifuge at 600x g for 5 s.

96-well 0.3 mL PCR plate labeled with the RNA Bead Plate
(ABP) barcode label.

96-well 0.3 mL PCR plate labeled with the cDNA Plate (CDP)
barcode label.

96-well 0.3 mL PCR plate labeled with the Insert Modification
Plate (IMP) barcode label.

96-well 0.3 mL PCR plate labeled with the Adapter Ligation
Plate (ALP) barcode label.

96-well 0.3 mL PCR plate labeled with the Clean UP ALP
Plate (CAP) barcode labels.

96-well 0.3 mL PCR plate labeled with the Polymerase Chain
Reaction Plate (PCR) barcode label.

96-well 0.3 mL PCR plate labeled with the Target Sample Plate
('TSP1) barcode label.

Fluorescent-based double-stranded DNA quantification kit
(e.g., Invitrogen Qubit kit).

Fluorometric quantitation platform (e.g., Qubit 2.0).

Kit for chip-based capillary electrophoresis DNA analysis to
detect 5-500 pg/pL concentrations of DNA (e.g., Agilent
High Sensitivity DNA Assay)
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2.5 Chromatin 1.

Immunoprecipitation
from DRG Tissue

10.

Solution A: 1% formaldehyde, 50 mM HEPES-KOH pH 7.5,
100 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0

in nuclease-free water; 400 pL per sample. Prepared fresh each
day (see Note 5).

. 2.5 M glycine: Dissolve 93.8 g of glycine in 500 mL of

nuclease-free water. Filter with 0.22 pM bottle filter units.
May be stored at room temperature for up to 6 months.

. Protease inhibitor cocktail (e.g., cOmplete EDTA-free protease

inhibitor cocktail, Roche): Add one tablet of cOmplete EDTA-
free protease inhibitor cocktail to 50 mL of PBS. Prepare fresh
prior to use. Keep on ice.

. Lysis buffer 1 (LB1): 50 mM HEPES-KOH pH 7.5, 140 mM

NaCl, 1 mM EDTA pH 8.0, 10% glycerol, 0.5% NP-40, 0.25%
Triton X-100 in nuclease-free water; 10 mL per sample. Add
commercially available EDTA-free protease inhibitor tablet to
manufacturer’s specification (e.g., one tablet of Roche cOm-
plete EDTA-free protease inhibitor cocktail/50 mL of solu-
tion) and filter with 0.22 pM filters. Prepare fresh prior to use.
Keep on ice.

. Lysis buffer 2 (LB2): 10 mM Tris—-HCI pH 8.0, 200 mM NaCl,

1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0 in nuclease-free
water; 10 mL per sample. Add commercially available EDTA-
free protease inhibitor tablet to manufacturer’s specification
(e.g., one tablet of Roche cOmplete EDTA-free protease inhib-
itor cocktail /50 mL of solution) and filter with 0.22 pM filters.
Prepare fresh prior to use. Keep on ice.

. Lysis buffer 3 (LB3): 10 mM Tris—-HCl pH 8.0, 100 mM NaCl,

1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 0.1%
Na-deoxycholate, 0.5% N-lauroylsarcosine in nuclease-free
water; 0.6 mL per sample. Add commercially available EDTA-
free protease inhibitor tablet to manufacturer’s specification
(e.g., one tablet of Roche cOmplete EDTA-free protease inhib-
itor cocktail /50 mL of solution) and filter with 0.22 pM filters.
Prepare fresh prior to use. Keep on ice.

. NaHCO3/SDS mix: 0.1 M NaHCOQO3, 1% SDS in nuclease-free

water.

. Proteinase K solution: 20 mg/mL in nuclease-free water. Store

at —20 °C.

. 5 M LiCl: Dissolve 10.59 g of LiCl in 50 mL of water and mix

on a rocker. Filter with 0.22 uM filters and store at room
temperature.

1% agarose gel: Weigh 1 g of agarose and add 100 mL ddH,O,
and microwave until completely solubilized. Add 3 pL of
10 mg/mL ethidium bromide and pour the solution to pre-
pare the gel according to the electrophoresis system manufac-
turer’s guidelines (see Note 6).



11.

12.
13.

14.
15.
16.
17.
18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Epigenomic Profiling of DRG Upon Axonal Injury 113

6x DNA loading buffer (e.g., New England Biolabs). Store at
4°C.

100 bp DNA ladder. Store at 4 °C.

1.5 mL TPX polymethylpentene microtubes (e.g.,
Diagenode).

Bath sonicator (e.g., Diagenode, Bioruptor).

Chemical fume hood.

Rotator.

Agarose gel electrophoresis apparatus.

Liquid nitrogen.

LB3/Triton: 10 mM Tris—-HCI pH 8.0, 100 mM NaCl, 1 mM
EDTA pH 8.0,0.5 mM EGTA pH 8.0, 0.1% Na-deoxycholate,
0.5% N-lauroylsarcosine, 1% Triton X-100 in nuclease-free
water; 0.4 mL per sample. Add commercially available
EDTA-free protease inhibitor tablet to manufacturer’s specifi-
cation (e.g., one tablet of Roche cOmplete EDTA-free prote-
ase inhibitor cocktail/50 mL of solution) and filter with
0.22 pM filters. Prepared fresh. Keep on ice.

10% Triton X-100 in nuclease-free water. Filter with 0.22 uM
filters.

Magnetic separation beads (e.g., Invitrogen, Dynabeads).
Store at 4 °C.

Blocking solution: 0.5% Bovine Serum Albumin (BSA) (w/v)
in nuclease-free water (see Note 7); 10 mL per sample.
Primary antibody of choice for the protein of interest (se¢ Note
8).

ChromPure IgG (e.g., Jackson ImmunoResearch). The IgG
are required only for ChIP-PCR and when testing antibodies
(see Note 8).

RIPA buffer: 50 mM HEPES-KOH pH 7.5, 500 mM LiCl,
1 mM EDTA pH 8.0, 1% NP-40, 0.7% Na-deoxycholate in
nuclease-free water; 6 mL per sample. Filter with 0.22 pM
filters. Prepared fresh. Keep on ice.

Tris-buffered saline (TBS): 20 mM Tris—-HCI (pH 7.6),
150 mM NaCl in nuclease-free water; 1 mL per sample. Filter
with 0.22 pM filters. Prepare fresh prior to use.

Elution buffer: 50 mM Tris—-HCI pH 7.8, 10 mM EDTA pH
8.0, 1% SDS in nuclease-free water; 0.35 mL per sample. Filter
with 0.22 pM filters. Prepare fresh prior to use.

Tris—EDTA bufter (TE): 50 mM Tris-HCI pH 7.8, 10 mM
EDTA pH 8.0 in nuclease-free water; 0.2 mL per tube. Filter
with 0.22 pM filters. Prepare fresh prior to use.
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2.6 ChIP-Seq Library
Preparation

29

30.
31.

32.
33.

1.

7.

PCR purification kit, (e.g., Qiagen Qiaquick containing PB
and PE buffers, Qiaquick spin column, and collection tubes).
Store at room temperature (see Note 9).

3 M sodium acetate, pH 5.0.

Picogreen dsDNA assay. Store at 4 °C. Dilute 20x TE bufter
supplied in the kit to 1x in nuclease-free water. Prepare the
Picogreen reagent by diluting 200-fold the concentrated
DMSO solution in 1x TE buffer. Protect from light with
foil. Dilute the 100 pg/mL lambda DNA standard in 1x TE
buffer to 20 pg/mL.

Plate fluorometer.

Black 96-well plate for fluorescent samples.

DNA Library Prep Kit for Illumina (e.g., NEBNext Ultra; see
Note 10). Store at —20 °C

. End prep enzyme mix and 10x End repair reaction buffer

(supplied in the NEBNext Ultra DNA Library Prep Kit).
Thaw on ice prior to use.

. End Prep Master Mix: 3.0 pL of End prep enzyme mix and

6.5 pL of End repair reaction buffer 10x; 9.5 pL per sample.
Calculate the number of samples (N) and prepare End Prep
Master Mix for N+1 samples. Pipette up and down at least ten
times to mix the components. Pulse the End Prep Master Mix
in the microcentrifuge at 600x g for 5 s to collect the liquid at
the bottom of the tube.

. NEBNext Adaptor for Illumina (supplied in the NEBNext

Ultra DNA Library Prep Kit at 15 mM). Dilute the Adaptor
1:10 in nuclease-free water to 1.5 mM immediately before use.
If starting from a lower amount of DNA, for example, 5 ng of
DNA, dilute the Adaptor 1:20.

. Adaptor Master Mix: 15 pL of Blunt/TA Ligase Master Mix,

1 pL of Ligation Enhancer, and 2.5 pL of diluted NEBNext
Adaptor for Illumina (add the Adaptor last); 18.5 pL per
sample. Blunt/TA Ligase Master Mix and Ligation Enhancer
are supplied in the NEBNext Ultra DNA Library Prep Kit and
do not need to be thawed, but should be kept on ice. Prepare
Adaptor Master Mix for N+1 samples. Pipette up and down at
least ten times to mix the components. Pulse the Adaptor
Master Mix in the microcentrifuge at 600x g for 5 s to collect
the liquid at the bottom of the tube.

. USER enzyme (supplied in the NEBNext Ultra DNA Library

Prep Kit).
NEBNext Q5 Hot Start HiFi PCR Master Mix.



2.7 ATAC-seq
Library Preparation
from DRG Tissue

10.
11.

12.

13.

14.

NeRNC BN BON
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. Amplification Master Mix: 2 pL of Universal PCR Primer

(supplied in the NEBNext Ultra DNA Library Prep Kit),
25 pL of NEBNext Q5 Hot Start HiFi PCR Master Mix, and
6 pL of nuclease-free water; 33 pL per sample (se¢ Note 11).
Prepare Amplification Master Mix for N+1 samples. Pipette up
and down at least ten times to mix the components. Quickly
spin to collect the liquid at the bottom of the tube.

. Index primers (e.g., NEBNext Multiplex Oligos for Illumina).

Store at —20 °C.
10 mM Tris—-HCIL, pH 8.5. Store at room temperature.

Library pooling buffer: 10 mM Tris—-HCI, pH 8.5, with 0.1%
Tween 20. Prepare fresh.

Fluorescent-based double-stranded DNA quantification kit
(e.g., Invitrogen Qubit kit).

High Sensitivity DNA Kit (Agilent) store according to manu-
facturer’s instructions.

Fluorometric quantitation platform (e.g., Qubit 2.0).

. Lysis bufter: 10 mM Tris-HCI (pH 7.5), 10 mM NaCl, 3 mM

MgCl,, 0.1% NP-40 in nuclease-free water; 0.5 mL per sample.
Add one tablet of cOmplete, EDTA-free protease inhibitor
cocktail to 50 mL of lysis buffer before use. Filter with
0.22 pM filters and keep on ice.

. Methyl green-pyronin.
. Tagmentation enzyme kit (e.g., Illumina Tagment DNA

Enzyme and Buffer kit; see Note 12). Store at —20 °C.

. Transposition Master Mix: Thaw the 2 x TD buffer and TDE1

Tagment DNA Enzyme (included in Illumina Tagment DNA
Enzyme and Buffer kit) on ice. Combine 25 pL of TD bulffer,
2.5 pL of TDEl Tagment DNA Enzyme, and 22.5 pL of
nuclease-free water. Calculate the number of samples (N).
Prepare Transposition Master Mix for N+1 samples. Pipette
Transposition Master Mix up and down at least ten times to
mix the components. Quickly spin to collect the liquid at the
bottom of the tube.

. Silica membrane-based DNA purification kit (e.g., Qiagen

MinElute Purification kit, including the PB and PE buftfers,
MinElute spin column, and collection tubes). Store at room
temperature (sec Note 13).

. 3 M sodium acetate, pH 5.0.

. Hemocytometer.

. Microscope.

. High-Fidelity PCR Master Mix (e.g., NEBNext HF 2x PCR

Master Mix; see Note 14). Store at —20 °C.
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10

11.

12.

13.

14.

15.
16.
17.
18.

25 pM PCR Primer 1 (Adl_noMX; see Table 1). Desalted
oligos are resuspended in nuclease-free water at 100 pM and
aliquoted. Prepare a 25 pM working dilution in nuclease-free
water.

25 uM PCR barcoded primers (Ad2; see Table 1). Desalted
oligos are resuspended in nuclease-free water at 100 pM and
aliquoted. Prepare a 25 pM working dilution in nuclease-free
water.

SYBR Green I Nucelic Acid Gel Stain 100 x. Dilute commer-
cially available 10,000x SYBR Green I in TE 1:100 to obtain
100x working solution.

PCR Master mix 1: 25 pL of NEB Next HF 2x PCR Master
Mix, 2.5 pL of 25 pM PCR Primer Adl_noMX, 0.3 pL of
100 x SYBR Green I , and 9.7 pL of nuclease-free water;
37.5 pL per sample. Prepare a master mix for N+1 samples.
Pipette up and down at least ten times to mix the components.
Quickly spin to collect the liquid at the bottom of the tube.

PCR Master mix 2: 5 pLL of NEB Next HF 2x PCR Master
Mix, 0.25 pL of 25 pM PCR Primer Ad1_noMX, 0.06 pL of
100 x SYBR Green I, and 4.44 pL of nuclease-free water;
9.75 pL per sample. Prepare a master mix for N+1 samples.
Pipette up and down at least ten times to mix the components.
Quickly spin to collect the liquid at the bottom of the tube.

qPCR machine.
Qiagen EB Bulffer. Store at room temperature.
Qiagen EB Bufter with 0.1% Tween 20. Prepare fresh.

High Sensitivity DNA Kit. Store according to manufacturer’s
instructions.

3 Methods

3.1 Peripheral and
Gentral Axonal Injury
and Sciatic DRG
Dissection

3.1.1 Animal Preparation

All animal work should be authorized by the appropriate institu-
tional animal care committees.

1.

2.

Wipe the preparation area and surgical area with antiseptic
agent (e.g., 70% ethanol).

Place heat mats in the preparation and surgery areas to maintain
animal body temperature at 30 °C and cover with sterile
drapes.

. Set up the preparation area by placing cotton swabs, eye lube,

povidone-iodine solution, analgesics, and syringes with needles
on the sterile drapes.



Table 1

Table of PCR primers for ATAC-seq library preparation (based on Buenrostro et al. [3])

Adl_noMX

Ad2.1_TAAGGCGA

Ad2.2_CGTACTAG

Ad2.3_AGGCAGAA

Ad2.4_TCCTGAGC

Ad2.5_GGACTCCT

Ad2.6_TAGGCATG

Ad2.7_CTCTCTAC

Ad2.8_CAGAGAGG

Ad2.9_GCTACGCT

Ad2.10_CGAGGCTG

Ad2.11_AAGAGGCA

Ad2.12_GTAGAGGA

Ad2.13_GTCGTGAT

Ad2.14_ACCACTGT

Ad2.15_TGGATCTG

Ad2.16_CCGTTTGT

Ad2.17_TGCTGGGT

Ad2.18_GAGGGGTT

Ad2.19_AGGTTGGG

Ad2.20_GTGTGGTG

AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGA

TGTG

CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATATCACGACGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATACAGTGGTGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATCAGATCCAGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATACAAACGGGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATACCCAGCAGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATAACCCCTCGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATCCCAACCTGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATCACCACACGTCTCGTGGGC
TCGGAGATGT

(continued)
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Table 1
(continued)

Ad2.21_TGGGTTTC

Ad2.22_TGGTCACA

Ad2.23_TTGACCCT

Ad2.24_CCACTCCT

CAAGCAGAAGACGGCATACGAGATGAAACCCAGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATTGTGACCAGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATAGGGTCAAGTCTCGTGGGC
TCGGAGATGT

CAAGCAGAAGACGGCATACGAGATAGGAGTGGGTCTCGTGGGC
TCGGAGATGT

10.

11.

12.

13.

Set up the surgical area by placing sterile surgery tools on sterile
drapes

. Place a stereo microscope in the surgical area to visualize the

lesion site. This is particularly relevant for central lesion
surgery.

In the preparation area, gently remove the mouse from the
cage, weigh the animal, and record the weight.

. Place the animal in the anesthetic induction chamber. Ensure

the flow gas tubing and the scavenge tubing are connected
properly to the chamber.

. Induce anesthesia by turning the oxygen flow meter to 1.5 L./min

flow rate and the isoflurane machine to 4%.

Once the mouse has lost its pedal reflex and the breathing has
become deeper, gently transfer the mouse to the nose cone of a
non-rebreathing circuit. Ensure the flow gas tubing and the
scavenge tubing are connected properly to the circuit.

Maintain anesthesia by turning the oxygen flow meter to 1.5
L/min flow rate and the isoflurane machine to 2%.

Check again pedal reflex and apply eye lube to the eyes to
prevent drying. Shave the surgery site using a hair trimmer
and swab the area with antiseptic povidone-iodine solution
for skin disinfection.

Administer analgesics (carprofen 5 mg,/kg and buprenorphine
0.1 mg/kg) via subcutaneous injection. For a 30 g mouse, use
0.15 mL of 1 mg/mL carprofen and 0.1 mL of 0.03 mg/mL
buprenorphine. Inject the analgesics separately, in a site which
does not interfere with the surgery (e.g., into the loose skin
over the neck, when performing sciatic nerve injury or over the
flank, when performing a spinal cord injury).

Gently transfer the anesthetized animal to the surgery area.
Place the mouse dorsal side up to the nose cone of a
non-rebreathing circuit. Ensure the flow gas tubing and the
scavenge tubing are connected properly to the circuit.



3.1.2  Sciatic Nerve
Axotomy Surgery

3.1.3 Dorsal Column
Axotomy Surgery
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Maintain on 2% isoflurane for the duration of surgery. Monitor
breathing throughout surgery to ensure that anesthesia is
maintained (see Note 15). Cover mouse with transparent ster-
ile drape with hole exposing surgery area to ensure sterility and
visibility of the area. Check pedal reflex and continue with SNA
or DCA.

. Lift the skin using a MicroAdson forceps and make a small skin

incision below the hip bone with using LaGrange scissors.

. Blunt dissect the biceps femoris and gluteus maximus to expose

the sciatic nerve between the femur bone and tendon using
LaGrange scissors.

. Lift the sciatic nerve using a surgical spinal cord hook.

4. Cut the nerve using Vannas spring scissors. Using the reference

in step 2, the cut will be approximately 20 mm distally from the
sciatic DRGs. Skip this step if sham injury is performed.

. Following injury, let the nerve fall back into place once

released. Gently place the muscles over the top.

. Holding the skin together using Dumont #7 curved forceps,

clip the skin together using a 7 mm wound clip applier and
7 mm suture clips.

. Repeat steps 1-6 on the other sciatic nerve for a bilateral

injury.

. Turn the isoflurane machine off and gently place the animal to

recover in a 30 °C recovery chamber. Once recovered, transfer
the mouse to the cage. Provide a dish of standard chow food
soaked with water in the cage to ensure food availability.

. Place a small, rolled cylinder of tissue 2 cm in diameter under-

neath the chest of the mouse to raise the spinal cord into an arc.
This will make the surgery site easier to identify and access. Pull
skin of the upper back using a MicroAdson forceps to provide
tension and perform a midline incision with a scalpel at the
thoracic level spanning from about T8 to T12 to expose the
vertebrae. Cut and move aside the superficial interscapular fat
to enable muscle tissue dissection, taking care not to touch the
cervical vessel.

. Below the cervical vessel, you find lamina T5/6. Use this as

reference. Remove the muscle over T9-11 using a Friedman-
Pearson rongeur to expose laminae.

. Slowly and carefully insert one blade of the Noyes spring

scissors into the gap between the vertebrae and perform a T9
laminectomy, making sure the orientation of the blade is always
away from the cord. With Narrow Pattern forceps, carefully
remove the vertebrae (see Note 16).
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4. Repeat step 3 on the other side of the T9 vertebrae.

3.1.4 Sciatic DRG 1.

Dissection

. Carefully puncture the dura mater above T9 using the tip of a

30G needle horizontal to the cord, holding it with the Olsen-
Hegar needle holder.

. Perform a dorsal column axotomy at T9 to a depth of 0.5 mm

with Vannas spring micro scissors. Skip this step if sham injury
is performed.

. Apply Vicryl sutures separately to the connective and muscle

tissue, and then apply 7 mm suture clips to the skin.

. Turn the isoflurane machine oft and gently place the animal to

recover in a 30 °C recovery chamber. Once recovered, transfer
the mouse to the cage. Provide a dish of standard chow food
soaked with water in the cage to ensure food availability.

Twenty-four hours following SNA or DCA, cull the mice via
cervical dislocation, with exsanguination as the secondary con-
firmation method.

. Spray hair with 70% ethanol, and then cut the head off using

Student scissors straight. Place the cadaver dorsal side facing
up. Remove the skin by creating a midline incision from the
neck to the tail. Gently peel the skin starting at the forelimbs,
pulling all the way back to the hind limbs and tail. Place the
cadaver ventral-side facing upward, cut part of the ribcage, and
remove all the internal organs. Pin the cadaver with 20G nee-
dles to a Styrofoam board ventral-side facing upward, by the
top of the spine and the hind limbs.

. Set up a stereo microscope for better visualization of the

dissection area.

. Pull away the muscle covering the vertebrae with Dumont #5

forceps (see Note 17).

. Lift and cut away the vertebrae using a Student Vannas spring

scissors and pull the vertebrae away to reveal the spinal cord and
DRG (see Note 18).

. Using Dumont #5 forceps, lift the peripheral branch of the

sciatic DRG, careful not to touch the DRG itself. Using Vannas
spring micro scissors, cut with the central and then the periph-
eral axonal branch (sec Note 19).

. Collect the DRG directly into either HBSS on ice or RNAlater

at room temperature depending on the subsequent procedure.

3.2 Total RNA General Note We used sciatic DRG from mice that underwent
Extraction from DRG SNA vs Sham or DCA vs Lam 24 h earlier (N = 3 biological
Tissue and RNA-Seq replicates). We usually pool 6-12 sciatic DRG from one to two
mice/replicate. Although RNA from DRG can be prepared using
TRIzol extraction method, we find that silica-based membrane and
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microspin technology provides better quality RNA. All the proce-
dures and centrifugations for RNA extraction are performed at
room temperature unless otherwise specified. Do not allow the
centrifuge to go below 20 °C. Perform all the procedures quickly
but handle the column gently to avoid loss of the sample.

1.

10.

11.

12.

Dissect sciatic DRGs (see Subheading 3.1.4) and immediately
collect them in a 1.5 mL microtube containing 100 pL of
RNAlater (see Note 20).

. Allow complete penetration of RNAlater in the DRG tissue by

incubating DRG in the reagent overnight at 4 °C. PAUSE
POINT: the RNA in the tissue is stable for up to 1 week at
room temperature and 4 weeks at 4 °C, or it can be stored at
lower temperature for longer time (the reagent does not usu-
ally freeze at —20 °C. If crystals are formed, make sure you
removed them).

. Spin down the DRG at 800 rpm for 15 s. Aspirate the RNA-

later and add 100 pL of RLT lysis mix.

. Disrupt the tissue by homogenization with the motorized

pestle until disappearance of clumps.

. Add extra 500 pL RLT lysis mix and pipette three to four times,

until few or no clumps left.

. Spin at 18,000 x g for few seconds and transfer the supernatant

in a new RNase-free 1.5 mL microtube.

. Add 600 pL of 70% ethanol (1 volume), and mix well by

pipetting. Precipitates might form but do not centrifuge.

. Load the lysate on the RNeasy spin column (supplied in the

RNeasy mini kit). Since the maximum loading volume of the
column is 700 pL, you need to do this twice. Centrifuge at
18,000 g for 15 s and discard the flow-through every time.

. Wash the column by adding 350 pLL RW1 buffer (supplied in

the RNeasy mini kit). Centrifuge at 18,000x 4 for 15 s. Dis-
card the flow-through.

Add 80 pL of the freshly made DNase I incubation mix to the
RNeasy spin column membrane and incubate at room temper-
ature for 15 min. Ensure you add the mix in the center of the
membrane to avoid inefficient DNase treatment due to the
DNase I sticking to the wall or on the o-ring of the column.

Wash the column by adding 350 pL. RW1 bufter to the col-
umn. Centrifuge at 18,000x g4 for 15 s. Discard the flow-
through.

Wash the column by adding 500 pL of RPE buffer. Centrifuge
at 18,000x g for 15 s. Discard the flow-through. Be careful to
avoid touching the tube with the column to avoid ethanol
carryover as it might affect downstream analysis.



122 Franziska Mdller et al.

3.3.1  mRNA Purification
and Fragmentation

13.

14.

15.

16.

17.

18.

1.

Wash the column by adding 500 pL of RPE buffer. Centrifuge
at 18,000x g for 2 min. Discard the collection tube.

Place the column into a new 2 mL collection tube (supplied in
the kit). Centrifuge at full speed for 1 min to dry the column.
Discard the tube.

Place the RNeasy spin column in a new 1.5 mL collection tube
(supplied in the kit). Add 30 pL RNase-free water (supplied in
the kit) to the column making sure it goes directly on top of the
spin column membrane. Incubate for 1 min at room tempera-
ture. Centrifuge at 20,000 g for 1 min to elute the RNA. You
will recover 28 puL. of RNA.

Take an aliquot of 4 pL for quality control and quantification.
Store the remaining RNA at —80 °C for downstream analysis.
Check the RNA concentration on the NanoDrop (se¢ Note
21).

Check the RNA integrity on the Agilent 2100 Bioanalyzer
using an RNA Nano chip (see Note 22 and Fig. 2b—c).

Dilute 2 pg of total RNA of each sample in nuclease-free water
to a final volume of 50 pL in separate wells of the RBP plate.

. Vortex the RPB beads to resuspend them and add 50 pL of

RPB beads to each well by pipetting up and down at least six
times until complete resuspension. Seal the RBP plate with a
Microseal “B” adhesive seal making sure the plate is fully
sealed.

. Place in a thermocycler, with heated lid at 100 °C, and run the

following program to perform RNA denaturation: 5 min at

65 °C, and then hold at 4 °C.

. Retrieve the plate from the thermocycler and incubate for

5 min at room temperature to allow mRNA binding to the
oligo-dT RPB beads.

. Place the plate on a magnetic stand and leave it for 5 min or

until complete separation of the beads.

. Remove the adhesive seal, and then aspirate and discard the

supernatant, being careful not to disturb the beads.

. Remove the plate from the magnetic stand. Add 200 pL BWB

to each well, and then mix by gently pipetting up and down at
least six times until complete resuspension.

. Place the plate on a magnetic stand and leave for 5 min or until

complete separation of the beads.

. Centrifuge ELB at 600x g for 5 s.
10.

Aspirate and discard the supernatant, containing mainly ribo-

somal RNA and non-messenger RNA; being careful not to
disturb the beads.



3.3.2 First Strand cDNA
Synthesis

11.

12.

13.
14.

15.
l6.

17.

18.

19.

20.

21.

22.

1.
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Remove the plate from the magnetic stand. Add 50 pL ELB to
each well, and then mix by pipetting up and down at least six
times until complete resuspension. Seal the RBP plate with a
Microseal “B” adhesive seal making sure the plate is fully
sealed.

Place in a thermocycler, with heated lid at 100 °C, and run the
following program to perform mRNA elution: 2 min at 80 °C,

and then hold at 25 °C.
Centrifuge BBB at 600x g for 5 s.

Retrieve the plate from the thermocycler. Remove the seal and
add 50 pL BBB to each well, and then mix by pipetting up and
down at least six times until complete resuspension to allow
mRNA rebinding to the beads.

Incubate for 5 min at room temperature.

Place the plate on a magnetic stand and leave it for 5 min or
until complete separation of the beads.

Aspirate and discard the supernatant, being careful not to
disturb the beads. Remove the plate from the magnetic stand.
Add 200 pL. BWB to each well, and then mix by pipetting up
and down at least six times until complete resuspension.

Place the plate on a magnetic stand and leave it for 5 min or
until complete separation of the beads.

Aspirate and discard the supernatant, being careful not to
disturb the beads.

Remove the plate from the magnetic stand. Add 19.5 pLL EPF
mix, containing random hexamers for RT priming, to each
well, and then mix by pipetting up and down at least six times
until complete resuspension. Seal the RBP plate with a Micro-
seal “B” adhesive seal making sure the plate is fully sealed.

Place in a thermocycler, with heated lid at 100 °C, and run the
following program to perform elution, fragmentation, and
priming: 8 min at 94 °C, and then hold at 4 °C.

Retrieve the plate from the thermocycler and spin down
quickly to collect any liquid at the bottom of the plate.

Place the RBP plate on a magnetic stand and leave it for 5 min
or until complete separation of the beads.

. While on magnetic stand, remove the seal and transfer 17 pL

supernatant of each well to the corresponding well of a new
0.3 mL plate labeled with CDP barcode, being caretul not to
carry over the beads.

. Add 8 pL of the Master mix 1 in each well of the CDP plate and

then mix by pipetting up and down at least six times until
complete resuspension. Seal the plate with a Microseal “B”
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3.3.3 Second Strand
¢DNA Synthesis

10.

11.

12.

13.

14.

adhesive seal making sure the plate is fully sealed and spin down
quickly to collect any liquid at the bottom of the plate.

. Place in a thermocycler, with heated lid at 100 °C, and run the

following program to perform first strand cDNA synthesis:
10 min at 25 °C, 50 min at 42 °C, 15 min at 70 °C, and then
hold at 4 °C.

. Centrifuge the SSM mix at 600x g for 5 s.

. Retrieve the plate from the thermocycler, remove the seal, and

add 25 pL of SSM in each well of the CDP plate and then mix
by pipetting up and down at least six times until complete
resuspension. Seal the plate with a Microseal “B” adhesive
seal making sure the plate is fully sealed.

. Place in a thermocycler, with heated lid at 30 °C, and run the

following program to perform second strand cDNA synthesis:
60 min at 16 °C.

. Retrieve the plate from the thermocycler, let it reach room

temperature, and remove the seal. Vortex the AMPure XP
Beads to resuspend them and add 90 pL of beads to each well
of the CDP plate by pipetting up and down at least
15-20 times until complete resuspension.

. Incubate for 15 min at room temperature.

. Place the well plate on a magnetic stand and leave it for 5 min or

until complete separation of the beads.

. Aspirate and discard 135 pL of the supernatant, being careful

not to disturb the beads.

. While the plate is still on the magnetic stand, wash the beads

with 200 pL of 80% cthanol. Incubate for 30 s at room tem-
perature and carefully aspirate and discard the supernatant.

. Repeat this wash once, making sure to remove any residual

ethanol.

Air-dry the beads for 10-15 min while the plate is still on the
magnetic stand (see Note 23).

Remove the plate from the magnetic stand. Elute the cDNA
from the beads by adding 52.5 pL of RSB. Mix by pipetting up
and down 15 times until complete resuspension of the beads.

Incubate 2 min at room temperature.

Place the well plate on a magnetic stand and leave it for 5 min
to achieve separation of the beads.

Retrieve 50 pL of supernatant being careful not to carry over
any beads and transfer in a new PCR plate with the IMP
barcode. PAUSE POINT: the plate can be sealed, and
double-stranded cDNA can be frozen at —20 °C for 1 week.



3.3.4 End Repair

335 3 Ends
Adenylation
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. In case the IMP plate was stored, retrieve it from the freezer, let

it reach room temperature, and spin down quickly.

. Remove the seal from the plate and add 10 pL of the diluted

CTE and 40 pL of the ERP in each well of the IMP plate and
then mix by pipetting up and down at least ten times until
complete resuspension. Seal the plate with a Microseal “B”
adhesive seal making sure the plate is fully sealed.

. Place in a thermocycler, with heated lid at 30 °C, and run the

following program to perform end repair: 30 min at 30 °C.

. Retrieve the plate from the thermocycler and remove the seal.

Vortex the AMPure XP Beads to resuspend them and add
160 pL of beads to each well of the IMP plate by pipetting up
and down at least 15-20 times until complete resuspension.

. Incubate for 15 min at room temperature.

. Place the well plate on a magnetic stand and leave it for 5 min or

until complete separation of the beads.

. Aspirate and discard 127.5 pL of the supernatant, twice, being

careful not to disturb the beads.

. While the plate is still on the magnetic stand, wash the beads

with 200 pL of 80% ethanol. Incubate for 30 s at room tem-
perature and carefully aspirate and discard the supernatant.

. Repeat this wash once, making sure to remove any residual

ethanol.

Air-dry the beads for 10-15 min while the plate is still on the
magnetic stand (se¢ Note 23).

Remove the plate from the magnetic stand. Elute the cDNA
from the beads by adding 17.5 pL of RSB. Mix by pipetting up
and down 15 times until complete resuspension of the beads.

Incubate for 2 min at room temperature

Place the well plate on a magnetic stand and leave it for 5 min
to achieve separation of the beads.

Retrieve 15 pL of supernatant being careful not to carry over
any beads and transfer in a new PCR plate with the ALP
barcode. PAUSE POINT: the plate can be sealed and frozen
at —20 °C for 1 week.

. Add 2.5 pL of the diluted CTA in each well of the ALP plate

and then mix by pipetting up and down at least ten times until
complete resuspension.

. Add 12.5 pL of the ATL and seal the plate with a Microseal “B”

adhesive seal making sure the plate is fully sealed.

. Place in a thermocycler, with heated lid at 100 °C, and run the

tollowing program: 30 min at 37 °C.

. Retrieve the plate from the thermocycler.
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3.3.6 Adapter Ligation 1. Remove the seal from the ALP plate. Add 2.5 pL of the LIG,
2.5 pL of the diluted CTL, and 2.5 pL of each RNA Adapter
Index in each well of the ALP plate and then mix by pipetting
up and down at least ten times until complete resuspension.
Seal the plate with a Microseal “B” adhesive seal making sure
the plate is fully sealed. If multiplexing libraries, each library
should be generated with a different index.

2. Place in a thermocycler, with heated lid at 30 °C, and run the
following program to perform adapter ligation: 10 min at 30 °C.

3. Retrieve the plate from the thermocycler and remove the seal.

4. Add 5 pL of the STL in each well of the ALP plate to stop
ligation and then mix by pipetting up and down at least ten
times until complete resuspension.

5. Vortex the AMPure XP Beads to resuspend them and add
42 pL of beads to each well of the ALP plate by pipetting up
and down at least 15-20 times until complete resuspension.

6. Incubate for 15 min at room temperature.

7. Place the well plate on a magnetic stand and leave it for 5 min or
until complete separation of the beads.

8. Aspirate and discard 79.5 pL of the supernatant, being careful
not to disturb the beads.

9. While the plate is still on the magnetic stand, wash the beads
with 200 pL of 80% ethanol. Incubate for 30 s at room tem-
perature and carefully aspirate and discard the supernatant.

10. Repeat this wash once, making sure to remove any residual
ethanol.

11. Air-dry the beads for 10-15 min while the plate is still on the
magnetic stand (se¢ Note 23).

12. Remove the plate from the magnetic stand. Elute the DNA
from the beads by adding 52.5 pL of RSB. Mix by pipetting up
and down 15 times until complete resuspension of the beads.

13. Incubate for 2 min at room temperature.

14. Place the well plate on a magnetic stand and leave it for 5 min
to achieve separation of the beads.

15. Retrieve 50 pL of supernatant being careful not to carry over
any beads and transfer in a new PCR plate with the CAP
barcode.

16. Vortex the AMPure XP Beads to resuspend them and add
50 pL of beads to each well of the CAP plate for a second
clean up by pipetting up and down at least 15-20 times until
complete resuspension.

17. Incubate for 15 min at room temperature.
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Place the well plate on a magnetic stand and leave it for 5 min
or until complete separation of the beads.

Aspirate and discard 95 pL of the supernatant, being careful
not to disturb the beads.

While the plate is still on the magnetic stand, wash the beads
with 200 pL of 80% ethanol. Incubate for 30 s at room tem-
perature and carefully aspirate and discard the supernatant.

Repeat this wash once, making sure to remove any residual
ethanol.

Air-dry the beads for 15 min while the plate is still on the
magnetic stand (se¢ Note 23).

Remove the plate from the magnetic stand. Elute the cDNA
from the beads by adding 22.5 pL of RSB. Mix by pipetting up
and down 15 times until complete resuspension of the beads.

Incubate for 2 min at room temperature.

Place the well plate on a magnetic stand and leave it for 5 min
to achieve separation of the beads.

Retrieve 20 pL of supernatant being careful not to carry over
any beads and transfer in a new PCR plate with the PCR
barcode. PAUSE POINT: the plate can be sealed and frozen
at —20 °C for 1 week.

. In case the PCR plate was stored, retrieve it from the freezer, let

it reach room temperature, and spin down quickly.

. Remove the seal from the PCR plate and add 5 pL of the PPC

and 25 pL of the PMM in each well of the PCR plate and then
mix by pipetting up and down at least ten times until complete
resuspension. Seal the plate with a Microseal “B” adhesive seal
making sure the plate is fully sealed.

. Place in a thermocycler, with heated lid at 100 °C, and run the

following program to perform PCR amplification: 1 cycle at
98 °C for 30 s; then 15 cycles (98 °C for 10 s; 60 °C for 30 s;
72 °C for 30 s); finally, 1 cycle at 72 °C for 5 min. Hold at 4 °C.

4. Retrieve the plate from the thermocycler and remove the seal.

. Vortex the AMPure XP Beads to resuspend them and add

50 pL of beads to each well of the PCR plate by pipetting up
and down at least 15-20 times until complete resuspension.

. Incubate for 15 min at room temperature.

. Place the well plate on a magnetic stand and leave it for 5 min or

until complete separation of the beads.

. Aspirate and discard 95 pL of the supernatant, being careful

not to disturb the beads.

. While the plate is still on the magnetic stand, wash the beads

with 200 pL of 80% ethanol. Incubate for 30 s at room tem-
perature and carefully aspirate and discard the supernatant.
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3.4 Chromatin
Immunoprecipitation
from DRG Tissue

3.4.1 Chromatin
Preparation

10

11.

12.

13.
14.

15.

16.

17.
18.

19.

Ge

. Repeat this wash once, making sure to remove any residual
ethanol.

Air-dry the beads for 10-15 min while the plate is still on the
magnetic stand (see Note 23).

Remove the plate from the magnetic stand. Elute the DNA
from the beads by adding 32.5 pL of RSB. Mix by pipetting up
and down 15 times until complete resuspension of the beads.

Incubate for 2 min at room temperature.

Place the well plate on a magnetic stand and leave it for 5 min
to achieve separation of the beads.

Retrieve 30 pL of supernatant being careful not to carry over
any beads and transfer in a new PCR plate with the TSP1
barcode.

Save an aliquot of 4 pL for further quantification and quality

check. PAUSE POINT: the plate can be sealed, and libraries
can be frozen at —20 °C for 1 week.

Check the library concentration using Qubit assay.

Check the library size on the Agilent 2100 Bioanalyzer using a
DNA High Sensitivity chip, after diluting the libraries at the
required concentration (Fig. 2d).

Pool the libraries for sequencing in Qiagen EB bufter contain-
ing 0.1% Tween 20 (see Note 24). We usually sequence at an
average of 60 million read pairs per sample (75-100 bp length)
(see Note 25).

neral Note We used sciatic DRG from mice that underwent

SNA vs Sham or DCA vs Lam 24 h earlier (N = 2 biological
replicates). We usually pool sciatic DRGs from ten mice/replicate

for

histone ChIP. For transcription factors, more input material

might be required.

1.

Dissect sciatic DRGs (see Subheading 3.1.4) and immediately
collect them on ice in a 1.5 mL tube containing 1 mL of cold
HBSS (see Note 1).

. Spin down at 1000 rpm for 2 min at room temperature, remove

HBSS, and flash-freeze in liquid nitrogen. Store at —80 °C.
PAUSE POINT: DRG can be stored at —80 °C for a few
months (see Note 26).

. Crush the frozen pellet with the motorized pestle to reduce the

DRG pellet into smaller pieces. First add 100 pL of solution A,
crush with the motorized pestle, and then add an extra 300 pL,
recovering any leftover on the pestle surface.

4. Incubate for 15 min at room temperature (see Note 27).

. Add 1/20 volume of 2.5 M glycine, mix, and incubate for

5 min at room temperature to quench formaldehyde.
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. Centrifuge at 2500x gat 4 °C for 3 min.
. Aspirate the supernatant and wash with 1 mL of cold PBS

supplemented with protease inhibitors.

. Centrifuge at 2500% g at 4 °C for 3 min.

. Aspirate the supernatant and repeat PBS washes three more

times. Remove the supernatant.

Resuspend the pellet in 100 pL of LB1 by pipetting. Crush the
pellet gently with the pestle, and then add 900 pL of LB1 to
wash the pestle and the tube wall. Recover everything and
transfer into 15 mL Falcon tubes. Add LB1 up to 10 mL.

Rock gently at 4 °C for 10 min. In this step, cell lysis occurs.
Centrifuge at 2000x g4 for 5 min at 4 °C.

Aspirate the supernatant carefully and resuspend the pellet in
10 mL of LB2 to wash the pellet. Rock gently at 4 °C for
10 min.

Centrifuge at 2000x g for 5 min at 4 °C to pellet nuclei.

Aspirate the supernatant carefully and resuspend the pellet in
600 pL of LB3 for nuclear lysis.

Split in two TPX microtubes (300 pL each) and sonicate the
suspension with a Bioruptor sonicator for 30 min at high
intensity, 0.5 cycle (30 s on, 30 s off). Tubes are placed on
the dedicated adapter and immersed in the cold-water bath.
This is achieved by either placing the Bioruptor in a cold room
or connecting the sonicator to a cold-water circuit to avoid
heating of the samples. After sonication, lysate should be clear
(see Note 28).

Pool the content of the two tubes and save an aliquot of 20 pLL
for the sonication check. Flash-freeze the samples in liquid
nitrogen and store at —80 °C. PAUSE POINT: the samples
can be processed after a few days.

To check sonication efficiency, extract DNA by adding 34 pL of
the NaHCO3/SDS mix and 1 pL of 20 mg/mL Proteinase K
to the saved aliquot.

Incubate for 1 h at 55 °C using a thermoblock.

Precipitate DNA by adding 2.4 pLL 5 M LiCl and 367 pL 99.8%
ethanol and centrifuge at 14,000 rpm for 15 min at 4 °C.

Wash with 0.5 mL 70% ethanol and centrifuge at 14,000 rpm
for 15 min at 4 °C.

Air-dry the pellet and resuspend in 10 pL of nuclease-free
water.

Add 2 pL of 6 x loading buftfer and load on a 1% agarose gel to
check the size of the DNA. Average size should be 200-800 bp
(Fig. 3b).
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3.4.2 Immuno-
precipitation

3.4.3 Washing, Elution,
and Cross-Linking Reversal

. Thaw the lysate on ice. Add 10% Triton X-100 to a final

concentration of 1%, and spin at max speed in microcentrifuge
for 10 min at 4 °C to pellet debris.

. Transfer the supernatant into a new tube, and add LB3/Triton

up to 1 mL for each sample. Save 5% (50 pL) of the lysate and
store it at —20 °C.

. In the meantime, set up two new 1.5 mL microtubes per

sample. Put 1 mL of blocking solution in the tubes and add
Dynabeads: 50 pL of Dynabeads in one tube (for lysate pre-
clearing) and 100 pL in the other tube (for antibody binding)
by pipetting up and down (see Note 29).

4. Collect the beads using magnetic stand. Remove supernatant.

10.

11.

[\

. Wash beads in 1 mL blocking solution two more times, resus-

pending the beads by flicking the tube each time. Remove the
washing buffer each time.

. Incubate the lysate with the washed 50 pL beads (the beads for

preclearing) for 6 h on a rotator at 4 °C (see Note 30).

. Resuspend the washed 100 pL beads (the beads for antibody

binding) in 250 pL blocking solution by flicking the tube. Add
10 pg of antibody and incubate for 6 h on a rotator at 4 °C (see
Note 8).

. After the antibody incubation, collect the beads using a mag-

netic stand and wash them in 1 mL of blocking solution as
described in steps 4-5. Wash for a total of three times.

. Resuspend the beads in 100 pL of blocking solution: these are

ready-to-use beads.

After the lysate preclearing, collect the beads at the bottom of
the tube with the magnetic stand. Recover the lysate and add
each lysate to the 100 pL antibody,/magnetic bead mix.

Incubate overnight on rotator at 4 °C.

. Perform all the following steps in a cold room.

. Collect the beads using magnetic stand. Remove the superna-

tant. To remove the supernatant from the lid of the tubes, spin
the tubes at low speed for a few seconds. Place the tubes back
on the magnetic stand and remove the residual supernatant.

. Resuspend the beads with 1 mL of RIPA buffer by gently

flicking the tubes.

. Place the tubes on a rotator for 5 min to wash the beads.

Collect the beads using magnetic stand and remove the
supernatant.

. Repeat steps 3—4 five times more (total of six washes) (sec Note

31).



3.4.4 DNA Purification
and Quantification
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. After removing the last wash, to remove the wash buffer from

the lid of the tubes, spin the tubes at low speed for a few
seconds. Place the tubes back on the magnetic stand and
remove the residual wash buffer.

. Wash the beads with 1 mL TBS. Collect the beads using

magnetic stand and remove the TBS buffer.

. Spin beads at 960 x g for 3 min at 4 °C, place the tubes back on

the magnetic stand, and remove any residual TBS buffer.

. Add 200 pL of Elution buffer.
10.

Thaw the 50 pL of Input, add 150 pL of Elution buffer,
and mix.

Incubate the Input and ChIP tubes on a thermoblock set at
65 °C overnight to elute and reverse cross-link. In the first
15 min, resuspend beads every 5 min by vortexing hard.

. Place the ChIP tubes on the magnetic stand and transfer the

supernatant into new tubes. Remove beads.

. Proceed in parallel with the ChIP and Input tubes. Add 200 pL.

of TE bulffer.

. Add 8 pL of 1 mg/mL RNase A and incubate at 37 °C for

45 min to remove RNA.

. Add 4 pL of 20 mg/mL Proteinase K and incubate at 55 °C for

1.5 h to remove proteins.

. Purify DNA with Qiagen columns using the Qiaquick PCR kit

following the procedure below (manufacturer’s instructions).
Briefly, the DNA is absorbed by the silica membrane in the
presence of the high concentration of salts provided by the
buffers, while proteins and contaminants are washed away.
DNA is finally eluted in water.

. Split each sample in two tubes, add five volumes of PB buffer

(supplied in the kit) and 1 pL. of 3 M sodium acetate pH 5.0 (see
Note 32). Incubate at 37 °C for 30 min.

. Load the content of both tubes on a single Qiaquick column

placed in a 2 mL collection tube. Since the maximum loading
volume of the column is 800 pL, you need to do this in three
steps. Centrifuge at 18,000 x g for 60 s every time. Discard the
flow-through every time.

. Wash the column by adding 750 pL of PE buffer (supplied in

the kit). Centrifuge at 18,000 g for 60 s. Discard the collec-
tion tube. Be careful to avoid touching the tube with the
column to prevent ethanol carryover as it might affect down-
stream analysis.

. Place the column in a new 2 mL collection tube and centrifuge

at 18,000x g for 60 s to dry the column. Discard the
collection tube.
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10. Place the column in a new 1.5 mL tube. Add 50 pL nuclease-
free water to the column making sure it goes directly to the
spin column membrane. Incubate for 1 min at room tempera-
ture. Centrifuge at 20,000 x g for 1 min to elute the DNA. You
will recover 48 pL. of DNA. PAUSE POINT: DNA can be
stored at —20 °C. Take an aliquot of 5 pL for quantification.

11. Quantify DNA with Picogreen assay: set up a DNA standard
curve from 20 to 0.002 pg/mL via serial dilutions. Pipette
10 pL of each standard in duplicate in a black 96-well plate
for fluorescence analysis. Pipette 1 pL of each Input sample and
4 pL of each ChIP sample in triplicate and add 1 x TE buffer up
to 10 pL. As a blank control, pipette 10 pL of 1x TE buffer.
Add 190 pL of diluted Picogreen reagent into each well and
mix. Incubate the plate for 5 min at room temperature, pro-
tected from light. Read at 490 nm using a fluorimeter.

12. Subtract the fluorescence of the blank from that of all the other
wells (samples and standard curve) and average the background
corrected fluorescence among the duplicates (standard curve)
or triplicates (sample). Build the standard curve by plotting the
obtained fluorescence values versus the DNA amount in each
well. Determine the amount of sample DNA in each well by
interpolating the sample fluorescence values in the standard
curve. Determine the DNA concentration of the samples by
dividing the DNA amount by the volumes of sample used in
each well (1 pL for Input samples and 4 pL for the ChIP
samples). We normally get concentrations in the range of
3-10 ng/pL for the ChIP samples.

p—

3.5 ChIP-Seq Library . Prepare a 96-well PCR plate on ice by pipetting 30-40 ng of
Preparation DNA and nuclease-free water up to 55.5 pL.

2. Add 9.5 pL of the Master mix 1 in the wells containing the
DNA and water. Pipette up and down at least ten times to mix
the components. Seal the plate with adhesive films making sure
the sealing is complete. Quickly spin to collect the liquid at the
bottom of the plate.

3. Place in a thermocycler, with a heated lid at 95 °C, and run the

following program to perform the end repair: 30 min at 20 °C,
then 30 min at 65 °C, hold at 4 °C.

4. Retrieve the plate from the thermocycler and spin down quickly
to collect any liquid at the bottom of the plate.

5. Carefully remove the sealing from the plate and on ice add
18.5 pL of the Master mix 2 in each well. Pipette up and
down at least ten times to mix the components. Seal the plate
with adhesive films making sure the sealing is complete.
Quickly spin to collect the liquid at the bottom of the plate.

6. Place in a thermocycler with a heated lid on and incubate for
15 min at 20 °C.
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. Without removing the plate from the thermocycler, carefully

remove the sealing from the plate and add 3 pL of the USER
enzyme in each well. Pipette up and down at least ten times to
mix the components. Seal the plate with adhesive films making
sure the sealing is complete.

. Incubate for 15 min at 37 °C to perform adaptor ligation.

. Quickly spin the plate and carefully remove the sealing from the

plate. Perform size selection (see Note 33). Add 13.5 pL of
nuclease-free water to each well to reach a final volume of
100 pL. Vortex the AMPure XP Beads to resuspend them and
add 55 pL of beads to each well by pipetting up and down at
least 15-20 times until complete resuspension.

Incubate for 5 min at room temperature.

Place the well plate on a magnetic stand and leave it for 5 min
or until complete separation of the beads.

Remove and transfer the supernatant containing the selected
DNA into a new PCR plate, being careful not to carry over any
beads. The plate with the beads can be discarded.

Vortex the AMPure XP Beads to resuspend them and add
25 pL of beads to each well by pipetting up and down at least
15-20 times until complete resuspension.
Incubate for 5 min at room temperature.

Place the well plate on a magnetic stand and leave it for 5 min
or until complete separation of the beads.

Aspirate and discard the supernatant, being careful not to
disturb the beads.

While the plate is still on the magnetic stand, wash the beads
with 200 pL of 80% ethanol. Incubate for 30 s at room tem-
perature and carefully aspirate and discard the supernatant.

Repeat this wash once, making sure to remove any residual
ethanol.

Air-dry the beads for 5-10 min while the plate is still on the
magnetic stand (se¢ Note 23).

Remove the plate from the magnetic stand. Elute the DNA
from the beads by adding 17 pL of Qiagen EB buffer. Mix by
pipetting up and down 15 times until complete resuspension of
the beads. Incubate for 2 min at room temperature.

Place the well plate on a magnetic stand and leave it for 5 min
to achieve separation of the beads.

Retrieve 15 pL of supernatant being careful not to carry over
any beads and transfer in a new PCR plate.

Add 33 pL of the Master mix 3 in each well of the PCR plate.

Add 2 pL of a different Index Primer in each well. This proce-
dure will allow multiplexing of the samples, as each sample will
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be identified by a different index primer. Please refer to the kit
manual for compatible index combinations. Pipette up and
down at least ten times to mix the components. Seal the plate
with adhesive films making sure the sealing is complete.
Quickly spin to collect the liquid at the bottom of the plate.

Place in a thermocycler, with heated lid on, and run the fol-
lowing program to perform library PCR amplification: 1 cycle
at 98 °C for 30 s, then 10 cycles (see Note 34) (98 °C for 10 s,
65 °C tor 75 s), then 1 cycle at 65 °C for 5 min. Hold at 4 °C.

Quickly spin the plate and carefully remove the sealing from
the plate. Perform library cleanup. Vortex the AMPure XP
Beads to resuspend them and add 45 pL of beads to each well
by pipetting up and down 15-20 times until complete
resuspension.

Incubate for 5 min at room temperature.

Place the well plate on a magnetic stand and leave it for 5 min
or until complete separation of the beads.

Aspirate and discard the supernatant, being careful not to
disturb the beads.

While the plate is still on the magnetic stand, wash the beads
with 200 pL of 80% ethanol. Incubate for 30 s at room tem-
perature and carefully aspirate and discard the supernatant.

Repeat this wash once, making sure to remove any residual
ethanol.

Air-dry the beads for 5 min while the plate is still on the
magnetic stand (sec Note 23).

Remove the plate from the magnetic stand. Elute the DNA
from the beads by adding 33 pL of Qiagen EB buffer. Mix by
pipetting up and down 15 times until complete resuspension of
the beads. Incubate for 2 min at room temperature.

Place the well plate on a magnetic stand and leave it for 5 min
to achieve separation of the beads.

Retrieve 28 pL of supernatant being careful not to carry over
any beads and transfer in a new PCR plate. If needed, perform
the cleanup twice (see Note 35).

Save an aliquot of 4 pL for further quantification and quality
check. PAUSE POINT: the libraries can be frozen at —20 °C.

Check the library concentration using Qubit assay.

Check the library size on the Agilent 2100 Bioanalyzer using a
DNA High Sensitivity chip, after diluting the libraries at the
required concentration (Fig. 3¢, d).

Pool the libraries for sequencing in Qiagen EB buffer contain-
ing 0.1% Tween 20 (see Note 24). We usually sequence at a
depth of 20-30 million single-ended reads per sample (50 bp
length) (see Note 36).
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3.6 ATAC-Seq from General Note We used sciatic DRG from mice that underwent
DRG Tissue SNA vs Sham or DCA vs Lam 24 h earlier (N = 3 biological

replicates). We usually use sciatic DRGs from one mouse /replicate.
3.6.1  Cell Preparation 1. Dissect sciatic DRGs (see Subheading 3.1.4) and immediately
and Transposition Reaction collect them on ice in a 1.5 mL tube containing 1 mL of cold

HBSS (see Note 1).

2. Aspirate HBSS, then add 100 ul of cold lysis bufter, and crush
the DRG tissue with the motorized pestle.

3. Add an extra 400 pL of cold lysis buffer, washing the pellet
pestle. Incubate for 10 min on ice (se¢ Note 37).

4. Transfer 50,000 nuclei in a new nuclease-free microtube and
centrifuge for 10 min at 500x g at 4 °C to pellet the nuclei.
Discard the supernatant and place nuclear pellet on ice.

5. Add 50 pL of Transposition mix to each sample and gently
pipette to resuspend nuclei on ice.

6. Incubate transposition reaction at 37 °C for 30 min using a
thermoblock.

7. Immediately after the transposition, purify with Qiagen MinE-
lute PCR Purification following manufacturer’s instructions.
Briefly, the DNA is absorbed by the silica membrane in the
presence of the high concentration of salts provided by the
buffers, while proteins and contaminants are washed away.
DNA is finally eluted in water.

8. Add 5 volumes of PB buffer (supplied in the kit) and 1 pL of
3 M sodium acetate pH 5.0 (see Note 32).

9. Load the content on a MinElute column placed in of a 2 mL
collection tube. Centrifuge at 18,000x g for 60 s. Discard the
flow-through.

10. Wash the column by adding 750 pL of PE buffer (supplied in
the kit). Centrifuge at 18,000x g for 60 s. Discard the collec-
tion tube. Be careful to avoid touching the tube with the
column to prevent ethanol carryover, as it might affect down-
stream analysis.

11. Place the column in a new 2 mL collection tube and centrifuge
at 18,000x g for 60 s to dry the column. Discard the
collection tube.

12. Place the column in a new 1.5 mL nuclease-free collection
tube. Add 14 pL nuclease-free water to the column making
sure it goes directly onto the spin column membrane. Incubate
for 1 min at room temperature Centrifuge at 20,000x g for
1 min to elute the DNA. You will recover 12 pL of DNA.
PAUSE POINT: DNA can be stored at —20 °C.
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3.6.2 Library 1. Thaw the eluted DNA on ice in case it has been stored at —20 °C.
Amplification 2. Pipette 37.5 pL of the PCR Master mix 1 per sample to a PCR
plate.

3. Add 10 pL of the transposed DNA and 2.5 pL of specific
barcoded 25 pM PCR Primer Ad2 in each well (see Table 1).
This procedure will allow multiplexing of the samples as each
sample will be identified by a different index primer. Pipette up
and down to mix the components. Seal the plate with adhesive
films making sure the sealing is complete.

4. Quickly spin to collect the liquid at the bottom of the plate.

5. Place in a thermocycler, with heated lid on, and run the follow-
ing program to perform partial library PCR amplification (see
Note 38): 1 cycle at 72 °C for 5 min, followed by 1 cycle at
98 °C for 30 s, then 5 cycles (98 °C for 10 s, 63 °C for 30 s,
72 °C for 60 s). Hold at 4 °C.

6. Retrieve the PCR plate from the thermocycler and leave it
on ice.

7. Pipette 9.75 pL of the PCR Master mix 2 per sample to a PCR
plate.

8. Add 5 pL of the partially amplified library and 0.25 pL of
barcoded PCR Primer Ad2. Pipette up and down to mix the
components. Seal the plate with adhesive films making sure the
sealing is complete. Quickly spin to collect the liquid at the
bottom of the plate.

9. Using a qPCR machine, run the following program: 1 cycle at
98 °C for 30 s, then 25 cycles (98 °C for 10 s, 63 °C for 30 s,
72 °C tor 60 s). Hold at 4 °C.

10. To calculate the number of additional PCR cycles needed, plot
linear Rn vs Cycle Number and then calculate the number of
cycles that corresponds to one third or one fourth of the
maximum fluorescence intensity (see Fig. 4b and Note 39).

11. After calculating the additional number of cycles, run the
remaining 45 pL of PCR reaction to complete library amplifi-
cation cycle as follows: 1 cycle at 98 °C for 30 s, then x cycles
(calculated additional # of cycles) (98 °C for 10 s, 63 °C for
305,72 °Cfor 60 s). Hold at 4 °C. PAUSE POINT: DNA can
be stored at —20 °C.

3.6.3 Library Purification 1. Thaw the plate in case it has been stored at —20 °C. Quickly
spin the plate and carefully remove the sealing from the plate.

2. Add 5 pL of nuclease-free water to the PCR reaction to bring
the total volume to 50 pL.

3. Perform library cleanup using AMPure XP Beads (sez Note 40).
Vortex to resuspend them and add 80 pL of beads (1.6x, left
side selection to remove primer dimers) to each well by pipetting
up and down 15-20 times until complete resuspension.
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4. Incubate for 10 min at room temperature.

10.

11.

12.

13.

14.

15.

. Place the well plate on a magnetic stand and leave it for 5 min or

until complete separation of the beads.

. Aspirate and discard the supernatant, being careful not to

disturb the beads.

. While the plate is still on the magnetic stand, wash the beads

with 200 pL of 80% cthanol. Incubate for 30 s at room tem-
perature and carefully aspirate and discard the supernatant.

. Repeat this wash once, making sure to remove any residual

ethanol.

. Air-dry the beads for 5-10 min while the plate is still on the

magnetic stand (see Note 23).

Remove the plate from the magnetic stand. Elute the DNA
from the beads by adding 25 pL of Qiagen EB buffer. Mix by
pipetting up and down 15 times until complete resuspension of
the beads. Incubate for 2 min at room temperature.

Place the well plate on a magnetic stand and leave it for 5 min
or until complete separation of the beads.

Retrieve 23 pL of supernatant being careful not to carry over
any beads and transfer in a new PCR plate. One cleanup is
usually enough to remove all primer dimers.

Save an aliquot of 4 pL for further quantification and quality
check. PAUSE POINT: the libraries can be frozen at —20 °C.

Check the library concentration and size on the Agilent 2100
Bioanalyzer using a DNA High Sensitivity chip, after diluting
the libraries at the required concentration (Fig. 4c, d and Note
41).

Pool the libraries in Qiagen EB buffer containing 0.1% Tween
20 for sequencing (see Note 24). We usually sequence at
80 million (>50) read pairs per sample (75-100 pb length)
(see Note 42).

4 Notes

. We recommend using the 1.5 mL Anachem microtubes fitting

the Anachem pellet pestle. We found that the motorized pestle
ensures the perfect homogenization of the DRG tissue. Ineffi-
cient lysis will bring lower yield.

. Other kits can be used; however, we find that Qiagen RNeasy

mini kit gives optimal results. The kit should be stored at room
temperature and is stable at least 9 months. Binding capacity of
the column is 30 mg of tissue and 100 pg of RNA. The first
time you use the kit, add four volumes of 99.8% ethanol
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(vol/vol) to the concentrated RPE bufter. Label the bottle. Do
not leave the bottle open for too long, as the ethanol will
evaporate.

. DNase I lyophilized enzyme and the RDD buffer are stored at

4 °C and can be kept for at least 9 months. To prepare stocks,
dissolve the DNase Iin 550 pL of RNase-free water. DNase I is
especially sensitive to physical denaturation. Mix gently by
inverting. Do not vortex. Aliquot in RNase-free tubes and
store at —20 °C for up to 9 months. Thawed aliquots can be
stored at 2-8 °C for up to 6 weeks.

. We used Illumina TruSeq stranded mRNA Library Prep Kit;

however, alternative kits are also available. The procedure
might change if alternative kits are used. Please refer to manu-
facturer’s manual.

. Formaldehyde is flammable, toxic by inhalation, and by contact

with skin, it can cause burns and is potentially carcinogenic.
Formaldehyde should be handled with appropriate safety
equipment and used under chemical hood.

. Ethidium bromide is toxic and mutagenic and should be stored

according to the manufacturer’s instructions, handled with
appropriate safety equipment, and used under chemical hood.
Safer alternatives are also available.

. We recommend using IgG-Free Protease-Free BSA (e.g., Jack-

son ImmunoResearch).

. The choice of the antibody is critical for efficient ChIP. We

recommend using ChIP grade antibodies, and testing them
before using them for ChIP-seq. When testing, positive and
negative controls are needed. We performed ChIP-seq for
H3K9ac and H3K27ac (markers of active promoters and
enhancers) and H3K27me3 (marker of repressed chromatin).
We have successfully used H3K27ac (Ab4729, Abcam),
H3K9ac (Abl0812, Abcam), or H3K27me3 (C15410195,
Diagenode) antibodies with consistent enrichment, and those
can be used as positive controls. A negative control is created by
setting up an extra tube per sample where the same amount of
IgG of the same species is added instead of the specific anti-
body. The bound DNA, after purification, is then tested by
qPCR and enrichment over Input is calculated. We found that
10 pg of antibodies is enough for histone ChIP. For transcrip-
tion factors, a higher amount of antibody is usually needed.

. Other kits can be used. The kit is stable for up to 12 months at

room temperature. Before use, check the buffers for any pre-
cipitate, and redissolve at 37 °C if needed. The binding capacity
of the column is 10 pg. If it is the first time you are using PE
buffer, add four volumes of 99.8% ecthanol (vol/vol) to the
concentrated PE buffer. Label the bottle. Do not leave the
bottle open for too long, as the ethanol will evaporate.
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There are many commercially available library preparation kits.
We have provided instructions based on our experience with
the NEBNext Ultra library preparation kit. A more recent
version of the library kit has been produced. If you are using
a different kit, we recommend following the manufacturer’s
instructions.

The volumes of the primers might change as each kit lot might
have different primer concentrations. Please refer to each lot
instructions.

There are many commercially available tagmentation kits. We
have provided instructions based on our experience with the
Illumina Tagment DNA Enzyme and Buftfer kit.

There are many commercially available DNA purification kits
that enable elution of purified DNA in small volumes. We have
provided instructions based on our experience with the Qiagen
MinElute Purification kit. The kit is stable for up to 12 months.
At the arrival, store the MinElute spin columns at 4 °C. Before
use, check the buffers for any precipitate, and redissolve at
37 °C if needed. The binding capacity of the column is 5 pg.
The first time you use the kit, add four volumes of 99.8%
ethanol (vol/vol) to the concentrated PE buffer. Label the
bottle. Do not leave the bottle open for too long, as the
ethanol will evaporate.

There are many commercially available high-fidelity PCR mas-
ter mixes. We have provided instructions based on our experi-
ence with the NEBNext HF 2x PCR Master Mix.

Increase isoflurane flow if breathing quickens and decrease is
breathing slows. Ideally maintain a rate of 1-1.5 breaths per
second.

Should the laminectomy cause bleeding, take a cotton swab
and apply pressure to the site until the bleeding has stopped.
This may take several minutes. If the mouse has lost up to
500 pL of blood, inject 1000 pL of saline subcutaneously to
aid erythrocyte production and maintenance of blood volume.
Monitor the mouse carefully in the post-recovery period.

Be caretul not to drag the forceps either side of the spinal cord,
as you will catch the peripheral axonal branches that enter here,
and damage the DRG. Keep the forceps on the bone itself.

Cut vertically and not at an angle so as not to catch the
underlying DRG. If there is bone remaining which covers the
DRG, remove this gently using forceps.

The L6 DRG are smaller and more difficult to identify. Gently
pull away muscle or move the spinal cord to the side to find it
underneath. The DRG sometimes have a black speckled mem-

brane, which covers their surface that can be used to
identify them.
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20.

21.

22.

23.

24.

25.

At least 10 ul of RNAlater are recommended for 1 mg of tissue.
The procedure for tissue collection should be as quick as
possible to avoid RNA degradation. Although RNA from
DRG can be prepared immediately after DRG extraction, or
after liquid nitrogen flash freezing, we found that RNA stabili-
zation in RNAprotect Tissue Reagent o.n. preserves RNA
integrity better. Do not use RNAprotect Tissue Reagent with
frozen tissue.

The A260,/280 and A260,/230 ratios provide an idea of the
purity of the RNA. A260,/280 should be ~2.0 and A260/
230~2.0-2.2. Abnormal ratios usually indicate contamination
of proteins or other reagents in the extraction protocol. Non-
optimal ratios may also be faced at very low concentrations of
nucleic acids. However, with this procedure, we have always
had a good yield of high-quality RNA. Starting from 6—-
12 sciatic DRGs from one to two mice, the RNA concentration
is in the range of 100-200 ng/pL.

The bioanalyzer provides a measure of RNA integrity by mea-
suring an RNA Integrity Number (RIN), which is based on the
ratio between the 18S and 28S ribosomal subunits. A RIN >
8.0 is expected with this procedure (Fig. 2b); however, RIN
>7.5 are sometimes accepted. We found that treatment of the
tissue with RNAprotect Tissue Reagent o.n. greatly improves
the RIN score. In case of low RIN (Fig. 2¢), repeat the RNA
preparation, being aware of the possible sources of RNase
contaminations.

Do not overdry the beads as this might result in low sample
recovery. The bead pellet should not crack, as this means it is
too dry.

Calculate the molar concentration of each library and dilute the
more concentrated libraries to put them in line with the less
concentrated ones. Pool the same amount (nmols) of each
library, aiming for a final concentration of 5-10 nM. If the in-
dex primers are different for each sample, you can pool all the
libraries in one single pool to avoid batch effects. Sequence the
pool multiple times until the required depth. Do not dilute and
pool all the libraries, as you might need to run them again. Be
accurate in pipetting and try to avoid pipetting very small
volumes.

For sequencing analysis and differential expression analysis,
several tools are available [7]. In our analysis [6], after quality
control, reads were aligned to the mm10 mouse reference
genome using TopHat v.2.0.12 [10] running Bowtie2 v.2.2.3
[11]. A transcriptome index was built using gene structure
annotations corresponding to the Ensembl (https://www.
ensembl.org/index.html) annotation of the mm10 genome
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sequence and provided to TopHat during the alignment step.
Read counts were obtained from mapped reads using HTSeq

v.0.6.1 (https://pypi.python.org/pypi/HTSeq,/0.6.1), and
differential expression analysis was performed using EdgeR

v.3.8.6 [12], using limma v.3.22.7 [13] in R v.3.1.1. Differen-
tial expression testing was performed on the normalized out-
put from EDASeq using EdgeR.

An alternative approach would be to fix the fresh tissue imme-
diately after collection, quench, wash (following protocol until
step 9 under Subheading 3.4.1), and then flash-freeze it at
—80 °C, until ready for the experiment. Although we have
never directly compared the two approaches, we found that
freezing the tissue at the collection time, without any further
processing, gives good results. Moreover, it is time convenient
when a large number of mice have to be handled.

Cross-linking time and conditions can be optimized for differ-
ent proteins and for different tissues. However, we have found
that these conditions and times work well in DRG tissue.
Insufficient cross-linking can result in loss of DNA—protein
contacts, and over-cross-linking can result in difficulty in soni-
cation and in denaturation of the protein of interest.

Sonication is needed for nuclear lysis and shearing of the
chromatin. After sonication, the cloudy lysate should turn
clear. Under-sonication, with generation of large fragments,
will result in loss of resolution of the binding events. Sonication
might require some optimization depending on the sample
type and amount, and on the sonicator being used. We have
found that the described settings using the Bioruptor sonicator
work well for sciatic DRG tissue from ten mice. For the Bior-
uptor, PTX tubes are used, as their hard plastic improves the
transmission of the ultrasounds to the sample. A successful
sonication will result in DNA fragments in the range of
200-800 bp (Fig. 3b). Insufficient shearing can be trouble-
shooted by additional cycles of sonication or reducing the
fixation time. If using a tip sonicator, be careful to keep the
sample tubes on ice at all times and the tip centered in the tube.

Before using Dynabeads, ensure proper bead resuspension by
tilting, rotating, and flicking the vial. Do not vortex. To make
sure to pipette the right amount of beads, pipette very slowly
and wash the tip by pipetting up and down a few times in
blocking solution. Dynabead protein G have a high affinity
for most rabbit and mouse antibodies; however, refer to the
datasheet to check the affinity for different species/classes of
antibodies.

Dynabeads have low nonspecific binding; however, we perform
the preclearing step anyway.
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31

32.

33.

34.

35.

36.

37.

38.

39.

We find that these washing conditions work well in general.
The number of washes and the composition of the RIPA wash
bufter can be optimized depending on the antibody used. For
less stringent washes, the number of washes can be decreased,
and/ or the concentration of detergents can be reduced.

The addition of 3 M sodium acetate pH 5.0 is to ensure that
pH conditions are optimal for DNA binding. DNA binding to
the silica membrane requires pH < 7.5. We do not add pH
indicator to the PB buffer, as it might interfere with following
library preparation steps.

Although the kit manual does not recommend size selection
when starting from <100 ng of DNA, we find size selection
essential to ensure the correct library size. The protocol refers
to a library size of 200 bp. We use AMPure XP beads; however,
SPRIselect beads can also be used.

The number of cycles depends on the starting amount of DNA.
We use 10 cycles for 30 ng and 12 cycles for 5 ng. Further
adjustments may be required for different DNA input amount.

We found that two cleanup rounds are needed to remove any
residual traces of adaptors.

For ChIP-seq analysis, several tools are available [14]. In our
analysis [6], after quality control, reads were aligned to the
mmlO reference genome and used for peak calling using the
AQUAS histone ChIP-seq pipeline (https://github.com/
kundajelab/chipseq_pipeline). Genomic bins of 1000 bp
upstream and downstream of each transcription start site for
each gene were created using the same gene annotation as used
for the RNA-seq data. Read counts per genomic bin (for gene
analysis) or peak (for enhancer analysis) were obtained from the
mapped reads using HTSeq-0.6.1 (https://pypi.python.org/
pypi/HTSeq/0.6.1), and subsequently, differential binding
testing was conducted using EdgeR-3.8.6 [12].

Take an aliquot of 20 pL in a tube and add 20 pL of methyl
green-pyronin to check lysis efficiency under the microscope.
Nuclei of lysed cells will be counterstained in green. Count the
nuclei using a hemocytometer. We usually get 125,000 nuclei
from sciatic DRG of one mouse.

Only five cycles are applied at first. Reaction is then monitored
using qPCR to enable the amplification to be stopped before
saturation. The appropriate number of PCR cycles is deter-
mined in order to avoid GC and size bias during PCR
amplification.

The goal of the qPCR is to generate libraries with the mini-
mum number of PCR cycles. If two samples have similar Ct
values, calculate the cycle number from the sample with smaller
fluorescence intensity (Fig. 4b, pink and yellow). If the number
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of cycles to be added is in between two cycles, use the smaller
integer (Fig. 4b, yellow and purple samples). We normally
perform six extra cycles (not exceeding 11 cycles).

We found that column purification of the libraries does not
remove primer—dimers. Therefore, we recommend magnetic
bead purification rather than column purification.

Bioanalyzer trace should show a sloping curve of PCR frag-
ment sizes between ~ 150 and 1000 bp, with periodicity of
~200 bp (Fig. 4c). Additional peaks at ~78 bp may be seen and
represent excess PCR primers dimers (Fig. 4d). If a high
molecular weight contamination is present, a second AMPure
XP bead cleanup using a 0.3 ratio can be applied (right-side
selection); however, it is most often not needed.

For ATAC-seq analysis, some tools are available [15]. In our
analysis [6], quality control, read alignment, signal track gen-
eration, and peak calling were performed using the Kundaje
lab’s ATAC-seq processing pipeline (https://github.com/
kundajelab /atac_dnase_pipelines) running Bowtie2 [11] and
MACS?2 (https: //pypi.org/project/MACS2 /). Genomic bins
of 1000 bp upstream and downstream of each transcription
start site for each gene were created using the same gene
annotation as used for the RNA-seq data. Read counts per
genomic bin (for gene analysis) or peak (for enhancer analysis)
were obtained from the mapped reads using HTSeq-0.6.1
(https: //pypi.python.org/pypi/HTSeq,/0.6.1), and, subse-
quently, differential accessibility testing was conducted in
EdgeR-3.8.6 [12]. ATAC-seq footprints were generated
using HINT [16]. Differential footprinting analysis was per-
formed using BaGFoot [17] at the level of promoters and
enhancers.
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Profiling Locally Translated mRNAs in Regenerating Axons

Pabitra K. Sahoo and Jeffery L. Twiss

Abstract

Spatial and temporal regulation of protein expression plays important roles in many cellular functions,
particularly for highly polarized cell types. While the subcellular proteome can be altered by relocalizing
proteins from other domains of the cell, transporting mRNAs to subcellular domains provides a means to
locally synthesize new proteins in response to different stimuli. Localized protein synthesis is a critical
mechanism in neurons that extend dendrites and axons long distances from their cell bodies. Here, we
discuss methodologies that have been developed to study localized protein synthesis using axonal protein
synthesis as an example. We provide an in-depth method using dual fluorescence recovery after photo-
bleaching to visualize sites of protein synthesis using reporter cDNAs that encode two different localizing
mRNAs along with diffusion-limited fluorescent reporter proteins. We show how this method can be used
to determine how extracellular stimuli and different physiological states can alter the specificity of local
mRNA translation in real time.

Key words Localized protein synthesis, FRAP, mRNA translation, Axonal protein synthesis

1 Introduction

Localization of mRNAs coupled with synthesis of proteins at sub-
cellular sites or domains is a characteristic feature of all polarized
eukaryotic cells, including neurons [1-3]. Neurons are extremely
polarized, and they transport mRNAs and needed translational
machinery into their axons and dendrites. This provides an “on-
demand” means to generate multiple copies of the encoded protein
from a single mRNA rather than transporting individual proteins
from the cell body into the axons and dendrites. Seminal works
showing that dendrites and axons can autonomously synthesize
proteins have led to questions on functions for that protein synthe-
sis, which proteins are locally synthesized, and how is mRNA
transport into and translation within dendrites and axons regulated
[3,4]. We focus on that last question in this article. Our objective is
to present methodologies used to visualize and quantitate localized
mRNA translation that have been developed using cultured
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neurons. These approaches provide platforms for dissecting the
mechanisms that regulate the specificity of localized neuronal pro-
tein synthesis without contamination from other cellular sources.
We typically utilize dorsal root ganglion (DRG) neurons as our
model system, since these neurons rapidly extend axons for
hundreds of microns over 1-3 days in culture, so they provide
definitive spatial resolution of distal axons from the cell body.
Since the DRGs can be cultured from adult rodents, they provide
a model to evaluate regeneration of axons. However, these
approaches can and have been extended to other neuronal popula-
tions and can be modified for use in vivo [5-7].

Methodologies for studying mRNA translation in axons have
largely relied on (1) directly labeling nascent peptide chains, (2) iso-
lating ribosomes with bound mRNAs, and (3) using reporter
mRNAs as surrogates for endogenous transcripts. Puromycylation
is an example of directly labeling nascent peptide chains [8] (see
Note 1). Ribosomes can also be isolated with bound mRNAs to
provide an assessment of mRNA translation (se¢ Note 2). Puromy-
cylation assay and ribosome/polysome fractionation techniques
can provide unbiased analyses for local mRNA translation when
axons can be completely isolated from the neuronal soma. We focus
this article on the use of reporter mRNAs as surrogates for endog-
enous transcripts in axons. Several studies have used fluorescence
recovery after photobleaching (FRAP) approach to study localized
translation of specific mRNAs [9-14]. FRAP was initially developed
to study protein motility in living cells [15]. This classic FRAP
approach uses high-intensity laser light to photobleach an area of
a cell to fully deplete fluorescence, and then recovery of fluores-
cence is followed in this region of interest (ROI) to track protein
motility. The faster it recovers, the more mobile a protein is. To
study localized protein synthesis, fluorescent reporter protein
cDNAs are tagged with a membrane-localizing epitope (e.g., myr-
istoylation (MYR)), which markedly limits diffusion of the nas-
cently synthesized proteins from sites of translation (Fig. 1)
[5]. Axonal localization and translational control motifs are largely
restricted to untranslated regions (UTRs) of mRNAs [3]. RNA
localization motifs typically reside in the 3’ UTR, with the 5’
UTR typically contributing to translational regulation [16]. Thus,
subcellular localization of a fluorescent reporter mRNA can often
be driven by 3’ UTR of an axonal mRNA, and translational regula-
tion of the localized reporter mRNA can be driven by 5" UTR of
that axonal mRNA. So, cloning the 5’ and 3’ UTRs of candidate
mRNAs flanking the initiation codon and stop codons, respectively,
of the coding sequence of a diffusion-limited GFP c¢DNA
(GFPM™®) or mCherry ¢<DNA (mCHM'®) provides a surrogate
for transport and translational regulation of the endogenous
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Fig. 1 Fluorescence recovery after photobleaching for visualizing intra-axonal translation of multiple mRNAs.
(a) Schematics of translation reporters used in dual FRAP are shown. 5’-3’ UTRs of mRNA 1 are tagged with
GFPM'® and 57-3’ UTRs of mRNA 2 are tagged with mCH'®. (b) lllustrations of FRAP sequences are shown. As
the neurons are transfected with two translation reporters simultaneously, GFPM'® reporter is shown in green
and mCHM'® reporter is shown in red (pre-bleach, top panel). After exposing the ROI with high-energy lasers,
fluorescence signals are bleached out (middle panel). Post bleaching the fluorescence signal recover over time
(bottom panel). (c) Representative images of an example dual FRAP sequences are shown. Scale bar = 20 pm

mRNA. Consequently, one can use such reporters to test for axonal
localization and local translation activity. By co-transfecting with
GFPM™® and mCHMY® reporters bearing 5 /3’ UTRs of different
localizing mRNAs, one can simultaneously assess translation of
different mRNA surrogates in response to stimuli and physiological
conditions [11].
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Within limited duration post-bleach periods, the recovery of
the MYR-tagged translation reporters after photobleaching in
axons and dendrites provides a surrogate for localized translation
of endogenous mRNAs over space and time. Although the FRAP
technique is not nearly as high throughput as puromycylation,
AHA, RiboTayg, and TRAP methods, FRAP provides fast readout,
delivers spatial resolution, and eliminates the contamination issue
from surrounding cells. Moreover, we have successfully tracked
translation of multiple reporters simultaneously to address specific-
ity of mRNA translation [11, 12]. Thus, FRAP provides a powerful
tool to validate locally translating mRNAs from the puromycylation
or RiboTay screens and, as we outline below, can be extended to
address specificity for translation of different mRNAs in response to
stimuli. Though we describe the use of FRAP for regenerating
axons of adult DRG neurons, the reader should take note that it
is readily adaptable to other neurons and with care could be used in
subcellar domains of smaller cells depending on available instru-
mentation. Also note that we present the transfection methods that
we have optimized for the adult rat and mouse DRG neurons [17],
but the reader can use any transfection method that works for their
cell of interest. The methods we offer below can be used to study
localized translation of specific transcripts in axons. Since these
methods require exogenous expression, this approach is not with-
out limitations as it can result in overexpression of the surrogate
mRNA relative to the endogenous mRNA. To further validate the
mRNA’s axonal translation, other techniques should also be used in
combination with FRAP. For example, puromycylation assays can
be done in isolated nerves ex vivo followed by affinity isolation of
labeled proteins and immunoblotting for protein of interest to see if
that protein is axonally synthesized [8, 11]. Also, puromycylation
can be combined with proximity ligation assays (PLA) using anti-
bodies to puromycin and the protein of interest to both validate
intra-axonal translation of that protein and visualize sites of transla-
tion along the axon.

2 Materials

2.1 DRG Cell Culture
and Transfections

. Isolated dorsal root ganglia (DRG) neurons (see Note 3).

. Glass bottom dishes for live cell imaging.

. Autoclaved sterile phosphate-buffered saline (PBS), pH 7.4.

. Cell culture tested poly-L-lysine prepared in sterile tissue cul-
ture grade water (50 pg/mL), mol wt 70,000-150,000, store
at 4 °C.

6. 200 pg/mL mouse laminin: Prepare a 200 pg/mL stock solu-
tion of mouse laminin in sterile PBS and store frozen at —20 °C.

1
2
3. 10 cm tissue culture plates.
4
5
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17.

18.

19.

20.
21.
22.

23.

24.

25.

26.
27.
28.
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Fetal bovine serum (FBS).

Dulbecco’s Modified Eagle Medium (DMEM).
DMEM, without phenol red.

Ham’s F-12 medium.

Ham’s F-12 medium, without phenol red.

1:1 DMEM/F12 cell culture medium: Using DMEM and
Ham’s F-12 media that contain phenol red, prepare by mixing
Dulbecco’s Modified Eagle Medium (DMEM) 1:1 with Ham’s
F-12 medium.

1:1 DMEM/F12 cell culture medium without phenol red:
Using media that do not contain phenol red, prepare by mixing
DMEM 1:1 with Ham’s F-12 medium.

10 mM cytosine arabinoside (AraC): Prepare 10 mM stock
solution of AraC in sterile tissue culture grade water and store
frozen at —20 °C.

N1 medium supplement (100x%).
100x L-glutamine supplement (200 mM).

DRG growth medium: 1:1 DMEM/F12 cell culture medium
(with phenol red), containing 1 X N1 medium supplement,
1 x L-glutamine, 100 pM AraC, and 10% FBS.

DRG growth medium without phenol red: 1:1 DMEM /F12
cell culture medium without phenol red, containing 1 x N1
medium supplement, 1 x L-glutamine, 100 pM AraC, and
10% FBS.

0.2% bovine serum albumin (BSA): Prepare 0.2% BSA in sterile
PBS and store at 4 °C until used.

Hibernate A medium.
Penicillin-streptomycin (P/S), 10,000 IU/mL), sterile.

PBS+P/S: Add 100 units/mL of P/S to PBS and keep at room
temperature (prepare after DRG isolations) to be used during
DRG culture.

DRG serum-supplemented wash medium: 1:1 DMEM /F12
cell culture medium, supplemented with 10% FBS, and
100 units/mL of P/S.

P/S wash medium: 1:1 DMEM/F12 cell culture medium,
supplemented with 100 units/mL of P/S.

DRG collection medium: Hibernate A medium, with N1
medium supplemented to 1x.

Sterile, tissue culture grade dH,O.
Molecular biology grade ethanol.
Dimethyl sulfoxide (DMSO).
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2.2 Study of Local
Translation Using
FRAP

29.

30.

31.
32.

33.

34.

35.

36.
37.
38.
39.
40.
4].
42.
43.
44.

50 units/pL. Collagenase Type II: Prepare 50 units/pl. stock
solution of Collagenase Type II in PBS and store frozen at —
80 °C.

5 3/4" glass pipettes: Fire-polished to decrease cell damage
during trituration (see Note 4).

Straight micro-scissors (7 cm long, 0.1 mm tips, 3 mm blades).

Electroporator with high transfection efficiency for neurons
(e.g., Lonza Nucleofector; sec Note 14).

Amaxa™ Rat Neuron Nucleofector Kit (Lonza, Cat #
VPG-1003; includes cuvettes).

Amaxa'™ Basic Neuron SCN Nucleofector Kit (Lonza, Cat #
VSPI-1003; includes cuvettes).

Diffusion-limited GEP ¢cDNA (GEPMY®) or mCherry cDNA
(mCHMY®) plasmid constructs (see Note 5).

High-quality, endotoxin-free DNA (see Note 6).
37 °C, 5% CO, incubator.

Lab tape.

15 mL conical tubes.

50 mL conical tubes.

Centrifuge with swinging bucket rotors.

1.5 mL microfuge tubes.

1 mL pipettes.

Confocal microscope with 63x/1.4 NA oil immersion objec-
tive and FRAP module.

See Subheading 3.4, steps 1-3, before preparing any of the follow-
ing materials:

1.

10 ng/pl. mouse 2.5S nerve growth factor (NGF): Prepare
10 ng/pL stock solution of NGF in sterile 0.2% BSA and store
frozen at —80 °C.

. 10 ng/pL brain-derived neurotrophic factor (BDNF): Prepare

10 ng/pL stock solution of BDNF in sterile 0.2% BSA and
store frozen at —80 °C.

. 10 ng/pL neurotrophin 3 (NT3): Prepare 10 ng/pL stock

solution of NT3 in sterile water and store frozen at —80 °C.

. 150 pg/pL cycloheximide: Prepare 150 pg/pL stock solution

of cycloheximide in ethanol and store frozen at —80 °C.

. 100 mM anisomycin: Prepare 100 mM stock solution of ani-

somycin in ethanol and store frozen at —80 °C.

. 1 mM thapsigargin: Prepare 1 mM stock solution of thapsigar-

gin in DMSO and store frozen at —80 °C.

. 3 mM BAPTA-AM: Prepare 3 mM stock solution of BAPTA-

AM in DMSO and store frozen at —80 °C.
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2.3 Fluorescence 1. Confocal microscope with argon lasers (se¢ Note 7).
Recovery After 2. Live cell imaging chamber with CO, and temperature control.
Photobleaching (_FRAP) 3. FRAP module in image acquisition software (se¢ Note 8).
and Data Analysis . ) )
4. Data analysis in Microsoft Excel (https: //www.microsoft.com/
en-us/microsoft-365 /excel).
3 Methods

3.1 Preparation of
Glass Bottom Dishes

3.2 DRG Culture

. The day before culturing, put the glass bottom dishes in 10 cm

plates, and add approximately 2 mL of poly-L-lysine (50 nug/
mL) into each glass bottom dish.

2. Leave poly-L-lysine on plates for 60 min at 37 °C.

. Remove poly-L-lysine (see Note 9), wash twice (5 min each)

with sterile tissue culture grade dH,O, and air-dry the glass
bottom dishes in the hood for at least 30 min. Inspect to ensure
that the glass bottom dishes are dry. If not, continue drying
until no visible liquid remains.

. Cover the glass bottom dishes with 2.0 mL of laminin (5 pg/

mL in PBS).

. Incubate overnight at 4 °C with gentle rocking to ensure

complete coverage of the surface of the glass bottom dishes
(see Note 10).

. Next remove laminin and wash glass bottom dishes twice

(5 min each) with sterile PBS + P/S.

. Add 2 mL of DRG growth medium to the glass bottom dishes

and let the plates sit in 37 °C incubator until the neurons are
ready to be plated.

. Collect all DRGs from rats in the DRG collection medium and

place all the isolated DRGs into one well of'a 12- /24-well plate
containing 1 mL of DRG collection medium (se¢ Note 11).

. After all the DRGs have been removed, wash them briefly by

moving them from well to well through six wells containing
0.5 mL of P/S wash medium (see Note 12).

. After the rinses in step 2, transfer the DRGs into a fresh well

containing 0.5 mL of DRG serum-supplemented wash
medium.

. Snip the DRGs using a pair of micro-scissors to get three to

four pieces from each DRG (approximately 0.2-0.4 mm
diameter each).

. Add 50 units/pL Collagenase Type II to a final concentration

of 2000 units/mL and incubate at 37 °C, 5% CO, for 20 min.
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