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SUMMARY

Astrocytes are glial cells of the central nervous system that modulate neuronal
function. Here, we present glyoxal-fixed astrocyte nuclei transcriptomics
(GFAT), a protocol for the purification and transcriptomic analysis of astrocyte
nuclei from the cortex and cerebellum of adult and aged fresh mouse brain.
We describe steps for tissue dissection, glyoxal fixation, homogenization, nuclei
isolation, antibody staining, fluorescence-activated cell sorting, and RT-qPCR or
bulk RNA sequencing. GFAT does not require transgenic lines or viral injection
and allows parallel astrocyte and neuron profiling.

BEFORE YOU BEGIN

Astrocytes are glial cells of the central nervous system that modulate the development, plasticity,

and functionality of synapses in homeostasis1 and in disease.2 Mouse astrocytes are regionally het-

erogeneous3–8 and can respond to the aging process in a location-specific manner.6,7,9 Commonly

usedmethods to profile astrocyte in vivo transcriptomes at high sequencing depth involve the use of

transgenic mouse lines,3,5–7 viral targeting of astrocytes,10 enzymatic tissue digestion,4 or nuclei pu-

rification with Fluorescence Activated Cell Sorting (FACS) based on LHX2,11 which labels cortical but

not cerebellar astrocytes in mice (Figure 6D), or based on PAX6,12 which labels cortical and cere-

bellar astrocytes but also cerebellar neurons (Figure 6D). To enable the transcriptomic analysis of

astrocytes across brain regions andmousemodels we developed glyoxal-fixed astrocyte nuclei tran-

scriptomics (GFAT), a protocol to obtain highly enriched astrocyte nuclei suspensions from fresh

mouse cortex and cerebellum at two different chronological age ranges (3–6 and 20–24 months

of age) without the need for transgenic mouse lines or viral injection. This methodology is structured

in 4 major steps: 1) tissue dissection and brief fixation with the chemical glyoxal; 2) tissue homoge-

nization and nuclei isolation; 3) antibody staining for transcription factors Sox9 (astrocytes) and

NeuN (neurons) followed by FACS-purification; and 4) transcriptional analysis with reverse transcrip-

tion quantitative real-time PCR (RT-qPCR) or transcriptomic analysis with bulk RNA sequencing

(RNA-seq). This method is based on the detection of Sox9, an astrocyte-specific transcription factor

in non-neurogenic regions across the CNS.13 Prior work found detection of Sox9 by antibody label-

ing and immunofluorescence or FACS requires extensive fixation with paraformaldehyde (PFA) and

prolonged incubation with primary antibody13 (Figure 1), which negatively affects RNA quality and

yield. To overcome this limitation and to simultaneously detect Sox9 within nuclei suspensions

(Figure 2) and recover RNA suitable for transcriptomic analysis (Figure 5), we employ an alternative

fixative, glyoxal, which preserves RNA quality similar to that of fresh tissue.14 Using this approach, we

show that astrocyte gene signatures are enriched, and oligodendrocyte and microglia genes are

depleted, in Sox9+NeuN- nuclei obtained with GFAT, independent of age or brain region analyzed
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(Figures 6B and 6C). Overall, we provide an additional methodology to facilitate astrocyte-focused

transcriptomic studies that can be applied across mouse models and brain regions.

Prepare ketamine/xylazine anesthetic

Timing: 20 min

Note: follow environmental health and safety guidelines of your institution regarding storage

and handling of controlled substances.

1. Add 1.2 mL of ketamine and 1.2 mL xylazine to 10 mL of sodium chloride 0.9%.

Figure 1. Detection of Sox9 by FACS in mouse cortical and cerebellar nuclei after extensive fixation with PFA and overnight staining with a specific

primary antibody

(A) Adult (5 months old) WT C57BL/6 mice were anesthetized and transcardially perfused with 10 mL of 1X PBS, and 10 mL of 4% PFA. Cortex and

cerebellum were dissected, minced, and submerged in 4% PFA solution for 22 h at 4�C. Nuclei suspensions were obtained and stained with Hoechst for

7 min, and with Alexa Fluor 488 (AF488)-conjugated mouse anti-NeuN for 22 h at 4�C. Our gating strategy was as follows: we plotted Hoechst against

forward-scatter area (FSC-A) and gated on Hoechst+ nuclei. Next, we gated single nuclei by drawing rectangle gates in FSC-A vs. FSC width (FSC-W)

plots, and side-scatter area (SSC-A) vs. width (SSC-W) plots. Lastly, SSC-A vs. NeuN-AF488 plots were used to gate on non-neuronal (NeuN-) nuclei,

which contain astrocytes among other cell types. Gating strategy shown in A is representative of both 1% and 4% PFA samples and was used prior to

gates shown in B-D. Pseudo-color FACS plots with a color gradient were used to represent the density of events within two-dimensional scatterplots.

Low density values were assigned to cooler colors, such as blue or green, and high-density values were assigned to warmer colors like red or yellow.

(B and C) Adult (5 months old) WT C57BL/6 mice were anesthetized and transcardially perfused with 10 mL of 1X PBS, and 10 mL of 4% PFA (‘‘4% PFA’’

and ‘‘Control’’ panels) or with 1% PFA (‘‘1% PFA’’ panel). Cortex and cerebellum were dissected, minced, and submerged in 4% PFA (‘‘4% PFA’’ and

‘‘Control’’ panels) or 1% PFA (‘‘1% PFA’’ panel) solution for 22 h at 4�C. Nuclei suspensions were obtained and stained with Hoechst for 7 min, and with

Alexa Fluor 488 (AF488)-conjugated mouse anti-NeuN together with (B) rabbit anti-Sox9 or (C) goat anti-Sox9 for 22 h at 4�C. Secondary staining was

done with Alexa Fluor 647 (AF647)-conjugated secondary antibodies for 2 h on ice. A secondary antibody only control is included (‘Control’ panel).

SSC-A vs. Sox9-AF647 plots were generated using NeuN- nuclei obtained in A, and gates were placed around Sox9+ nuclei. Percentage of Sox9+ nuclei

among NeuN- single nuclei in cortex (orange gates) or cerebellum (pink gates) is shown.

(D) Adult (5 months old) WT C57BL/6 mice were anesthetized and transcardially perfused with 10 mL of 1X PBS, and 10 mL of 4% PFA (‘‘4% PFA’’ panels)

or with 1% PFA (‘‘1% PFA’’ panels). Cortex and cerebellum were dissected, minced, and submerged in 4% PFA (‘‘4% PFA’’ panels) or in 1% PFA (‘‘1% PFA’’

panels) solution for 1 h or 15 min, as indicated. Some samples were not fixed further after perfusion (na). Nuclei suspensions were obtained and stained

with Hoechst for 7 min, and with Alexa Fluor 488 (AF488)-conjugated mouse anti-NeuN together with rabbit anti-Sox9 for 2 h on ice. Secondary staining

was done with Alexa Fluor 647 (AF647)-conjugated secondary antibodies for 2 h on ice. SSC-A vs. Sox9-AF647 plots were generated using NeuN- nuclei

obtained as in A, and gates were placed around Sox9+ nuclei. Percentage of Sox9+ nuclei among NeuN- single nuclei in cortex (orange gates) or

cerebellum (pink gates) is shown. Data shown are a representative experiment that has been repeated 2 times.
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2. Store at room temperature for up to 3 months.

Prepare 70% ethanol cleaning solution

Timing: 5 min

3. For every 500 mL of solution, mix 350 mL of ethanol (cleaner grade) with 150 mL ultrapure water.

4. Place in a plastic spray bottle.

Prepare sucrose 1 M

Timing: 10 min

Figure 2. Detection of Sox9 by FACS after brief fixation with glyoxal in cortical and cerebellar nuclei from adult and aged mice

(A) Adult (4 months old) WT C57BL/6 mice were anesthetized and de-capitated. Cortex and cerebellum were dissected, minced and submerged in 3%

glyoxal solution for 18 h on ice. Nuclei suspensions were obtained and stained with Hoechst for 7 min, and with Alexa Fluor 488 (AF488)-conjugated

mouse anti-NeuN for 1 h on ice. Our gating strategy was as follows: we plotted Hoechst against FSC-A and gated on Hoechst+ nuclei. Next, we gated

single nuclei by drawing rectangle gates in FSC-A vs. FSC-W plots, and SSC-A vs. SSC-W plots. Lastly, SSC-A vs. NeuN-AF488 plots were used to gate on

non-neuronal (NeuN-) nuclei, which includes astrocytes. Gating strategy in A was used prior to gates shown in B, C. Pseudo-color FACS plots with a color

gradient were used to represent the density of events within two-dimensional scatterplots. Low density values were assigned to cooler colors, such as

blue or green, and high-density values were assigned to warmer colors like red or yellow.

(B) Adult (4 months old) WT C57BL/6 mice were anesthetized and de-capitated. Cortex and cerebellum were dissected, minced and submerged in 3%

glyoxal solution for 18 h (‘‘18 h’’ panels), 1 h (‘‘1 h’’ panel) or 15 min (‘‘15 min’’ panel) on ice. Nuclei suspensions were obtained and stained with Hoechst

for 7 min, and with Alexa Fluor 488 (AF488)-conjugated mouse anti-NeuN together with rabbit anti-Sox9 for 1 h on ice. Secondary staining was done with

Alexa Fluor 647 (AF647)-conjugated secondary antibodies for 1 h on ice. A secondary antibody only control is included for CTX and CB (‘Control’

panels). FSC-A vs. Sox9-AF647 plots were generated using NeuN- nuclei in A, and gates were placed around Sox9+ nuclei. Percentage of Sox9+ nuclei

among NeuN- single nuclei in cortex (orange gates) or cerebellum (pink gates) is shown.

(C) Adult (4 months old) and aged (2 years old) WT C57BL/6 mice were anesthetized and de-capitated. Cortex and cerebellum were dissected, minced

and submerged in 3% glyoxal solution for 15 min on ice. Nuclei suspensions were obtained and stained with Hoechst for 7 min, and with Alexa Fluor 488

(AF488)-conjugated mouse anti-NeuN together with rabbit anti-Sox9 for 1 h on ice. Secondary staining was done with Alexa Fluor 647 (AF647)-

conjugated secondary antibodies for 1 h on ice. FSC-A vs. Sox9-AF647 plots were generated using NeuN- nuclei in A, and gates were placed around

Sox9+ nuclei. Representative plots show percentage of Sox9+ nuclei among NeuN- single nuclei in cortex (orange gates) or cerebellum (pink gates) is

shown. Data shown are a representative experiment that has been repeated more than 3 times.
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Note: Store at 4�C for up to 6 months

5. Weigh17.115gof sucrose andplace insideglassbottle containing50mLofddH2Oanda stirringmag-

net.

6. Stir at room temperature until dissolved.

Prepare 10% Triton X-100 solution

Timing: 5 min

Note: Store at room temperature for up to 6 months

7. Take 500 mL of Triton X-100 stock and mix with 4.5 mL of ddH2O (molecular grade).

8. Vortex thoroughly to mix.

Prepare nuclei isolation media (NIM)

Timing: 15 min

Note: Store at 4�C for up to 6 months

9. Mix the following reagents:

Prepare diluent buffer

Timing: 15 min

Note: Store at 4�C for up to 6 months.

10. Mix the following reagents:

Prepare 50% iodixanol solution

Timing: 5 min

Note: Store at 4�C for up to 6 months.

Reagent Final concentration Amount

Sucrose (1 M) 250 mM 12.5 mL

KCl (1 M) 25 mM 1.25 mL

MgCl2 (1 M) 5 mM 0.25 mL

Tris-Cl pH 8.0 (1 M) 10 mM 0.5 mL

ddH2O (molecular grade) N/A 36.5 mL

Total N/A 50 mL

Reagent Final concentration Amount

Tris-Cl pH 8.0 (1 M) 120 mM 6 mL

KCl (1 M) 150 mM 7.5 mL

MgCl2 (1 M) 30 mM 1.5 mL

ddH2O (molecular grade) - 35 mL

Total - 50 mL
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Note: Recipe specifies amount of buffer required per sample

11. Mix 4 mL iodixanol with 0.8 mL of Diluent buffer.

Prepare 25% iodixanol solution

Timing: 5 min

Note: Store at 4�C for up to 6 months.

Note: Recipe specifies amount of buffer required per sample.

12. Mix 1.5 mL 50% iodixanol solution with 1.5 mL NIM.

Prepare 3% glyoxal acidic solution

Timing: 15 min

Note: Glyoxal stock solution should be handled inside a fume hood.

Note: Prepare fresh solution on the day of the experiment, do not store.

Note: Recipe specifies amount of buffer required per sample.

Note:White precipitate may appear over time in glyoxal (40%w/v) stock. To re-dissolve, place

bottle on a hot plate set to 58�C and stir for 1 h. Once a completely clear solution is observed,

let it cool down to room temperature before replacing at 4�C.

13. Mix the following reagents:

14. pH should be between 4 and 5. Adjust with additional NaOH if necessary.

Prepare nuclei isolation media supplemented with Triton (NIM-T)

Timing: 15 min

Note: Prepare fresh solution on the day of the experiment, do not store.

Note: Recipe specifies amount of buffer required per sample.

15. Mix the following reagents:

Reagent Final concentration Amount

Ethanol (absolute, molecular grade) 20% 0.789 mL

Glyoxal (40% w/v) 3% w/v 0.313 mL

Acetic acid (>99%) 0.75% 0.03 mL

NaOH (10 M) 5 mM 0.02 mL

ddH2O (molecular grade) - 2.835 mL

Total - 4 mL
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16. Add 3 mL of NIMT solution into Dounce homogenizer and place on ice.

Prepare 1X PBS/1% BSA buffer

Timing: 10 min

Note: Store at 4�C for up to 6 months

Note: 0.2–1 U/mL of RNase inhibitor can be added to this buffer if performing RNA-seq.

17. Weigh 0.5 g BSA and add to 50 mL 1X DPBS.

18. Vortex until BSA is dissolved.

Prepare 2 mM Hoechst solution

Timing: 5 min

Note: Recipe is suitable to stain up to 20 samples.

Note: Prepare fresh solution on the day of the experiment, do not store.

19. Add 5 mL Hoechst (Thermo Fisher Scientific) stock to 45 mL 1X PBS/1% BSA.

20. Vortex briefly to mix.

Prepare primary antibody solution

Timing: 5 min

Note: Prepare fresh solution on the day of the experiment, do not store.

21. Prepare 50 mL per sample of rabbit anti-Sox9 (Abcam, 1:100 dilution) and mouse anti-NeuN-

Alexa Fluor 488 (EMD Millipore, 1:1000 dilution) in 1X PBS/1% BSA.

Note: Given the large dilution factor of NeuN antibody, we recommend mixing 0.5 mL in

495.5 mL 1X PBS/1% BSA, then supplement with Sox9 the volume required for staining.

Note: After testing 2 different antibodies specific for Sox9, we found that only the rabbit clone

EPR14335-78 (Abcam), but not the goat polyclonal antibody (R&D Systems) detects this pro-

tein by FACS after extensive fixation with PFA (Figure 1B). Since the goat antibody gave a

negative result (Figure 1C), we proceeded to optimize GFAT using only the rabbit anti-

Sox9 antibody.

Note: If a staining control for Sox9 needs to be included, prepare Primary Antibody solution

with only mouse anti-NeuN-Alexa Fluor 488 (EMDMillipore), and without anti-Sox9 antibody.

Reagent Final concentration Amount

NIM - 3.462 mL

Triton X-100 (10% w/v in ddH2O) 0.1% 35 mL

DTT (1 M) 1 mM 3.5 mL

Total 3.5 mL
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Prepare secondary antibody solution

Timing: 5 min

Note: Prepare fresh solution on the day of the experiment, do not store.

22. Prepare 50 mL per sample of goat anti-Rabbit-Alexa Fluor 647 (Invitrogen, 1:200 dilution) in 1X

PBS/1% BSA.

Prepare coated collection tubes for FACS-purification

Timing: 5 min

Note: Prepare on the day of the experiment, do not store.

Note: Coated tubes are only required for FACS purification (step 3, "FACS-purification of

Sox9+NeuN- and NeuN+ nuclei")

23. Add 300 mL of ice-cold 1X PBS/1% BSA into 1.6 mL micro-centrifuge tubes (one tube per cellular

population of interest).

24. Close tubes and vortex for 10 s to coat tube walls.

Note: This volume of buffer in the collection tube is optimized for the collection of up to 500,000

nuclei with a 70 mm sorting nozzle. Set up additional tubes if sorting a larger number of nuclei.

Prepare RLT buffer

Timing: 5 min

Note: Prepare on the day of the experiment, do not store.

Note: Recipe specifies amount of buffer required per sample

25. Inside a fume hood, supplement 350 mL RLT buffer (RNeasyMicro Kit, QIAGEN) with 10 mL/mL of

beta-mercaptoethanol.

26. Close tube, briefly vortex to mix.

Materials preparation

27. Label 50 mL conical tubes (1 per sample) and replace cap with a 100 mm cell strainer (Figure 3E).

28. Label 50 mL centrifuge tubes compatible with high-speed centrifugation (1 per sample).

29. Place pestle A and pestle B inside 15 mL conical tubes, and place on ice.

30. Set table-top centrifuge (Sorvall Legend Micro 21R Centrifuge) at 4�C and let cool.

31. Set floor centrifuge (Sorvall RC 6+, Thermo Fisher Scientific) at 4�C and let cool.

Institutional permissions

Mouse handling conformed to the requirements of the National Institutes of Health and the Institu-

tional Animal Care and Use Guidelines of the Salk Institute for Biological Studies. 2-year-old WT

C57BL/6 mice were obtained from the National Institute on Aging (NIA) rodent colony. 3 to

6-month-old adult WT C57BL/6 mice were obtained from Jackson laboratories or were bred in-

house. Male and female mice were used, and all animals were housed for at least 2 weeks before

experiments. Before using this protocol, readers will have to obtain relevant approval to use live

animals by their institution.
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KEY RESOURCES TABLE

Figure 3. Tissue sample processing workflow

(A) Diagram summarizes the 4 steps of GFAT.

(B) Mouse dissection setup.

(C) Minced tissue pieces submerged in 4 mL of ice-cold glyoxal fixation solution.

(D) Tissue pieces are placed inside a Dounce homogenizer filled with 3 mL NIM-T solution (left) and are homogenized with pestles A and B (right).

(E) Tissue suspension is decanted through a 100 mm cell strainer and into a 50 mL tube.

(F) Place glass pipette at the bottom of a tube containing your tissue suspension supplemented with 50% iodixanol. Pipette 2.5 mL of 25% iodixanol very

slowly. 2 density layers should be observed.

(G) After centrifugation, a top layer of debris (left) and a nuclear pellet (right, yellow arrows) will be observed.

(H) A white nuclei pellet should be observed after each centrifugation step. Example of a well-resuspended nuclei pellet in antibody solution is shown on

the right.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Sox9, clone EPR14335-78 (1:100 dilution) Abcam AB185966, RRID: AB_2728660

Goat anti-Sox9, polyclonal (1:100 dilution) R&D Systems AF3075

Donkey anti-goat IgG (H + L) cross-adsorbed secondary antibody,
Alexa Fluor 647 (1:200 dilution)

Invitrogen A-21447

Goat anti-rabbit IgG (H + L) highly cross-adsorbed secondary
antibody, Alexa Fluor 647 (1:200 dilution)

Invitrogen A-11034

Mouse anti-NeuN antibody, clone A60, Alexa Fluor 488 conjugated EMD Millipore MAB377X, RRID: AB_2149209

Chemicals, peptides, and recombinant proteins

Hoechst 33342 solution (20 mM) Thermo Fisher Scientific 62249

Recombinant RNase inhibitor Takara 2313A

Ketamine hydrochloride injection (100 mg/mL) Dechra NDC 17033-100-10

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

AnaSed injection (xylazine injection) sterile solution 20 mg/mL Akorn NDC 59399-110-20

0.9% sodium chloride, preservative-free Hospira NDC 0409-1918-32

Ethanol, absolute (200 proof), molecular biology grade, Fisher
BioReagents

Fisher Scientific BP2818100

Koptec pure ethanol (200 proof), cleaner grade Decon Labs V1001

Glyoxal solution MilliporeSigma 128465

Acetic acid (>99%) MilliporeSigma A6283

Sodium hydroxide solution (10 M) MilliporeSigma 72068

UltraPure DNase/RNase-free distilled water Thermo Fisher Scientific 10977015

MilliporeSigma MQuant pH test strips and indicator papers Fisher Scientific M1095350007

Tris-HCl, 1 M solution, pH 8.0, molecular biology grade, UltraPure,
Thermo Scientific Chemicals

Thermo Fisher Scientific J22638.AE

Potassium chloride solution (1 M in ddH2O) MilliporeSigma 60142

Magnesium chloride solution (1 M in ddH2O) MilliporeSigma 63069

Sucrose, 99% Thermo Fisher Scientific A15583.0E

Triton X-100 (electrophoresis), Fisher BioReagents Fisher Scientific BP151-100

DL-dithiothreitol solution MilliporeSigma 646563

OptiPrep (Iodixanol) density gradient medium STEMCELL Technologies 07820

DPBS, no calcium, no magnesium (1X PBS) Thermo Fisher Scientific 14190144

Bovine serum albumin MilliporeSigma A7030

2-Mercaptoethanol MilliporeSigma M3148

RNaseOUT Recombinant Ribonuclease Inhibitor Thermo Fisher Scientific 10777019

Fast SYBR Green Master Mix Thermo Fisher Scientific 4385612

Critical commercial assays

RNeasy Micro Kit with RNase-free DNase I (50) QIAGEN 74004

SuperScript IV VILO Master Mix Thermo Fisher Scientific 11756050

Illumina Stranded Total RNA Prep with Ribo-Zero Plus Illumina 20040525

Experimental models: Organisms/strains

Mouse: C57BL/6J WT, male, 2 years old (aged) or
C57BL/6J WT, male and female, 3–5 months old (adult)

Jackson Laboratory,
National Institute on Aging (NIA)

000664

Oligonucleotides

Rplp0 forward: GCTTCGTGTTCACCAAGGAGGA IDT N/A

Rplp0 reverse: GTCCTAGACCAGTGTTCTGAGC IDT N/A

Actb forward: AGGGAAATCGTGCGTGACAT IDT N/A

Actb reverse: GAACCGCTCGTTGCCAATAG IDT N/A

Aldh1l1 forward: CTTCATAGGCGGCGAGTTTGTG IDT N/A

Aldh1l1 reverse: CGCCTTGTCAACATCACTCACC IDT N/A

Gfap forward: CACCTACAGGAAATTGCTGGAGG IDT N/A

Gfap: reverse: CCACGATGTTCCTCTTGAGGTG IDT N/A

Mobp forward: TGCTGTGCCTGCCAGAAGACTA IDT N/A

Mobp reverse: TTGGCTTGGCTGGCATCAGAGG IDT N/A

Aif1 forward TCTGCCGTCCAAACTTGAAGCC IDT N/A

Aif1 reverse CTCTTCAGCTCTAGGTGGGTCT IDT N/A

Csf1r forward TGGATGCCTGTGAATGGCTCTG IDT N/A

Csf1r reverse GTGGGTGTCATTCCAAACCTGC IDT N/A

Software and algorithms

FlowJo software BD Biosciences N/A

Prism GraphPad GraphPad N/A

Adobe Illustrator Adobe N/A

Other

KIMBLE Dounce tissue grinder set (with pestle A and pestle B) MilliporeSigma D9063-1SET

Corning 100 mm cell strainer, yellow, sterile,
individually packaged, 50/case

Corning 431752

BD FACSAria Fusion Flow Cytometer BD Biosciences N/A

Dumont #55 forceps Fine Science Tools 11255-20

(Continued on next page)
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Alternatives: Standard reagents in this protocol, such as dissection tools, ethanol, salt solu-

tions, plastics or oligonucleotides can be replaced by equivalent products from other manu-

facturers. Proprietary analysis and data representation tools listed (i.e. GraphPad or Adobe

Illustrator) can be substituted with alternative, open source software. To ensure success

with this protocol, we advise users to obtain glyoxal and iodixanol (OptiPrep) from the listed

manufacturers, as other sources have not been tested.

STEP-BY-STEP METHOD DETAILS

Step 1) Brain dissection and glyoxal fixation

Timing: 30 min per mouse

This section describes the procedure to obtain brain regions of interest and fixation in glyoxal solu-

tion. An overview of the experimental workflow is included in Figure 3A.

1. Prepare mouse dissection area.

a. Place absorbent pad and set aside large blunt scissors, fine forceps, spring scissors, and

spatula (Figure 3B).

b. Pre-fill one syringe per animal with 0.4 mL of anesthetic solution.

2. Pre-fill 12-well plate with 4mL glyoxal solution per well (onewell per tissue processed) (Figure 3A).

Place all buffers and 12-well plate on ice.

a. Obtain mouse of interest, administer 400 mL of anesthetic intraperitoneally. Wait until unre-

sponsive to foot and tail pinch.

b. Perform cervical dislocation, remove the head with large scissors, remove head skin and mus-

cle with operating scissors and open the skull by inserting fine butterfly scissors posterior of

the cerebellum.

i. Cut along the midline and on each side of the brain.

ii. Remove skull with fine forceps and obtain the brain with spatula.

c. Place brain in petri dish containing ice-cold 1X PBS. Dissect cortex and cerebellum as fast as

possible.

d. Place each dissected brain region inside one well of a 12-well plate pre-filled with 4 mL of ice-

cold glyoxal fixation solution.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

QuantStudio 3 and 5 Real-Time PCR Thermo Fisher Scientific N/A

Spring scissors Roboz RS-5630

Perma-set scissors Roboz RS-6782

Light operating scissors Roboz RS-6752

Fisherbrand stainless steel lab spatula with PTFE coating Fisher Scientific 13-820-057

Insulin syringe 1 mL (0.37 3 12.7 mm) Comfort Point 26027

Falcon 100 mm 3 15 mm not TC-treated bacteriological Petri dish Corning 351029

Tissue culture plate, 12 well, flat bottom with low evaporation lid Falcon 353043

Sorvall Legend micro 21R centrifuge Thermo Fisher Scientific N/A

Sorvall RC 6+ centrifuge Thermo Fisher Scientific N/A

Falcon 50 mL conical centrifuge tubes Falcon 352070

1.6 mL graduated microcentrifuge tubes Genesee Scientific 22-281

Nalgene high-speed polycarbonate round bottom centrifuge tubes Thermo Fisher Scientific 3117-0120

Falcon 15 mL conical centrifuge tubes Falcon 14-959-53A

Nalgene friction-fit polypropylene closures for plastic centrifuge tubes Thermo Fisher Scientific DS3111-0016

Serological pipette, 5 mL Sigma 170355N

Adjustable single channel pipette, 100–1000 mL (P1000) Eppendorf SKU: 3123000063

Olympus Plastics 28-151, FACS tube, no cap, sterile 123 75mm tubes
(FACS tube)

Genesee Scientific 28-151
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i. Mince tissue with scissors into fragments of approximately 9 mm3 in size (Figure 3C).

ii. Let plate with tissues sit on ice for 15 min.

Note: To prevent cross-contamination, clean scissors with 70% ethanol cleaning solution af-

ter each tissue is processed.

Note: If a large piece of tissue is being processed (e.g. a whole brain), fixation can be done in

tubes. It is crucial that tissue is completely submerged in the fixative.

e. After 15 min, tilt plate at an angle of 45� and, with a P1000 pipette tip, remove as much glyoxal

fixation solution as possible. Avoid removing tissue pieces.

f. Perform 2x washes with ice-cold PBS1X: add 4 mL of PBS1X and remove as much of it as

possible, as detailed in step e. Repeat this twice. Fixed tissues are now ready for homogeni-

zation and obtention of nuclei.

Note: If processing several mice at a time, dissected tissues can be stored in ice-cold PBS1X

and on ice for the length of the dissection. Fixation can be started once all tissues are gath-

ered. We have successfully processed up to 16 tissue samples in parallel in this way.

Note: Prepare and dispose of anesthetics, and discard glyoxal fixative solution following your

institution’s environmental health and safety guidelines.

Note: Tominimize the potential effects of acute hypoxia in the brain, it is recommended to use

anesthesia rather than CO2 inhalation as the euthanasia procedure for this protocol.

Step 2) Tissue homogenization and nuclei isolation

Timing: 10 min per dissected tissue

This section outlines the process for obtaining nuclei from glyoxal-fixed tissue. This procedure in-

volves two main steps: tissue homogenization and debris elimination using a density gradient

with iodixanol.

3. Tissue homogenization.

a. With forceps, transfer fixed and washed tissue pieces into Dounce homogenizer containing

3 mL NIM-T solution (Figure 3D).

b. Use pestle A to homogenize tissue. Gently slide up and down 10 times or until tissue pieces are

completely disaggregated. Replace pestle A.

c. Repeat the previous step using pestle B. Replace pestle B. Homogenate should look like

Figure 3D.

d. Add 2 mL of 50% iodixanol to tissue suspension and mix 5 times with a P1000 pipette set to

500 mL.

4. Debris elimination and nuclei isolation.

a. Decant suspension onto cell strainer in a 50 mL conical tube (Figure 3E). Tissue suspension

should be filtered into the tube.

b. Replace strainer with cap and place on ice.

c. Transfer filtered tissue suspension into a high-speed centrifugation tube.

Note: Ensure that you carefully collect and transfer the entire sample, including any sample

that may have splashed onto the walls of the tube.

d. Load serological pipette with 2.5 mL 25% iodixanol and lower all the way to the bottom of the

tube (Figure 3F-left).
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e. Very slowly, dispense 2.5 mL of 25% iodixanol below the tissue suspension. 2 density layers

should be observed (Figure 3F-center & right).

Note: Refer to troubleshooting section, problem 1, if 2 density layers are not observed.

f. Gently remove pipette to avoid disruption of the density gradient.

g. Spin down at 10,000 3 g for 20 min at 4�C. Use floor centrifuge with a swinging rotor (Sorvall

RC 6+, Thermo Fisher Scientific).

Note: After centrifugation, a pellet (nuclei) and debris in upper layers of the gradient should

be observed (Figure 3G)

h. Discard supernatant containing debris.

i. Add 1 mL of ice-cold 1X PBS/1% BSA to the nuclei pellet and resuspend by pipetting 5 times

with a P1000 pipette set to 0.5 mL.

j. Transfer nuclei suspension into a 1.6 mL micro-centrifuge tube. Place on ice.

Note: 1.6 mL micro-centrifuge tubes do not need to be coated for this step.

k. Use 10 mL of nuclei suspension for nuclei counting with a hemocytometer or cell counter.

Note: Refer to troubleshooting section, problem 2, if nuclei look very aggregated.

Step 3) Antibody staining and FACS

Timing: 4 h

This section details the procedure of antibody staining of nuclei suspensions and provides tips for

FACS-purification of Sox9+NeuN- and NeuN+ nuclei.

5. Antibody staining of nuclei suspensions.

a. Stain nuclei with Hoechst: add 2.5 mL of 2 mM Hoechst solution to each 1 mL of sample sus-

pension. Close cap tightly, and invert tube 4 times. Place on ice for 7 min.

b. Centrifuge at 1,000 3 g for 5 min on a table-top centrifuge set at 4�C.

Note: after centrifugation, a white pellet should be observed (Figure 3H). If processed tissue

is too small, i.e., a specific cortical section, pellet may not be easily visible to the naked eye.

c. Remove supernatant and add 50 mL of Primary Antibody solution. Mix with pipette 5–10 times.

Note: Stain up to 5 3 106 nuclei in 50 mL of Primary Antibody solution. Volume should be

proportionally adjusted with larger number of nuclei.

CRITICAL: Make sure pellet is very well resuspended in Primary Antibody solution

(Figure 3H, right).

d. Place on ice for 1 h (protect tubes from light by covering ice bucket).

e. Wash step: add 450 mL of 1X PBS/1% BSA and centrifuge at 1,000 3 g for 5 min at 4�C.
f. Remove supernatant. Add 50 mL Secondary Antibody solution. Mix with pipette 5–10 times.

CRITICAL: Make sure pellet is very well resuspended in Secondary Antibody solution.

g. Place on ice for 1 h (protect tubes from light by covering ice bucket).
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h. Wash step: add 450 mL of 1X PBS/1% BSA and centrifuge at 1,000 3 g for 5 min at 4�C.
i. Remove supernatant. Re-suspend pellet in 500 mL of 1X PBS/1% BSA.

j. Use 10 mL of nuclei suspension for nuclei counting with a hemocytometer or cell counter.

k. Samples are ready for FACS-purification.

CRITICAL: Nuclei concentration for FACS-purification should be up to 5–10 3 106

nuclei/mL.

Note: If a staining control for Sox9 needs to be included, prepare Primary Antibody solution

with only mouse anti-NeuN-Alexa Fluor 488 (EMD Millipore), and without anti-Sox9 anti-

body. Staining with Secondary Antibody solution should be performed normally, as

described for non-control samples.

Note: Given that fluorescent properties of neuron nuclei can complicate astrocyte enrich-

ment by FACS, it is recommended to always stain for both NeuN and Sox9, even if only astro-

cyte nuclei need to be purified. See discussion under limitations section, and Figure 8.

6. FACS-purification of Sox9+NeuN- and NeuN+ nuclei.

CRITICAL: Stained nuclei should be kept on ice at all times.

CRITICAL: Use coated collection tubes to maximize nuclei recovery after sorting

a. Set up BD FACSAria Fusion with a 70 mm nozzle.

b. Filter nuclei suspension through a 100 mm cell strainer and into a FACS tube right before

sorting.

c. Sort Sox9+NeuN- andNeuN+ nuclei. Representative gating strategy for cortex and cerebellum

is included in Figures 4A and 4B.

d. Collect purified nuclei into coated collection tubes placed in a collection tray set to 4�C. Place
tubes on ice after sorting.

Figure 4. FACS-purification of Sox9+NeuN- and NeuN+ nuclei in cortex and cerebellum of adult and aged mice

(A–C) Adult (4 months old) and aged (2 years old) WT C57BL/6 mice were anesthetized and de-capitated, cortex and cerebellum were dissected, minced

and submerged in 3% glyoxal solution for 15 min on ice. Nuclei suspensions were obtained and stained with Hoechst, anti-NeuN and anti-Sox9 primary

and secondary antibodies. (A) Gating strategy to FACS-purify Sox9+NeuN- and NeuN+ nuclei in adult and aged cortex (CTX) and cerebellum (CB) was

as follows: a Hoechst vs. FSC-A plot was used to gate Hoechst+ nuclei, and single nuclei were gated in FSC-A vs. FSC-W, and SSC-A vs. SSC-W plots, as

in Figure 2A. Lastly, NeuN vs. Sox9 plots were generated, and polygon gates were drawn around Sox9+NeuN- and NeuN+ nuclei. Gate numbers indicate

the percentage of single nuclei that are Sox9+NeuN- or NeuN+. (B) To confirm post-sort nuclei purity, 10 mL of sorted nuclei suspension were added to

90 mL 1X PBS/1% BSA in a fresh FACS tube, and 50–150 events were recorded. Representative post-sort purity is shown; numbers indicate percentage of

Sox9+NeuN- or NeuN+ among FACS-purified nuclei. (C) Number of sorted Sox9+NeuN- and NeuN- nuclei in adult (empty bars) and aged (filled bars)

cortex (CTX) and cerebellum (CB). (C) Error bars depict average G standard error of the mean (SEM), data points mice (N = 3/group). Data shown are a

representative experiment that has been repeated more than 3 times.
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Note: Optimal flow rate for sample sorting on a BD FACS Aria Fusion is 7,000–10,000 events

per second.

Note: The same gating strategy applies to 3–6 and 20–24-month-old mouse tissue

(Figure 4A).

Note: To confirm post-sort nuclei purity add 10 mL of sorted nuclei suspension to 90 mL 1X

PBS/1% BSA in a fresh FACS tube. Record 50–150 events (Figures 4B and 6C).

Note: It is expected to obtain 1.713 105 G 1.443 104 (CTX) and 1.573 105 G 1.23 104 (CB)

Sox9+NeuN-, and at least 33 105 NeuN+ nuclei from adult or aged mouse cerebellum or cor-

tex (Figure 4C).

e. After all samples have been sorted, centrifuge collection tube at 1,0003 g for 5 min at 4�C in a

table-top centrifuge.

f. Remove supernatant. 30–50 mL of supernatant can be left to avoid disrupting pellet

Note: Due to low nuclei numbers pellet may not be visible to the naked eye.

g. Add 350 mL of RLT buffer to each pellet. Vortex for 30 s to lyse nuclei, and store tubes at�80�C
until ready for RNA extraction.

Note: Refer to troubleshooting section, problems 3, 4, and 5, if Hoechst or antibody staining

are not observed or if frequent clogging occurs at the FACS.

Step 4) RT-qPCR or bulk RNA sequencing

Timing: 40 min (for step 7)

Timing: 1.5 h (for step 8)

Timing: 3–4 h (for step 9)

Timing: variable (for step 10)

Timing: variable (for step 11)

This section delineates the procedure to extract RNA from low amounts of sorted Sox9+NeuN- or

NeuN+ nuclei, followed by recommendations to perform RT-qPCR and bulk RNA-seq. In addition,

we provide a bulk RNA seq dataset of Sox9+NeuN- and NeuN+ nuclei in the adult and aged cortex

and cerebellum, that was generated following the steps outlined below (Table S1).

7. RNA extraction.

a. Obtain samples from �80�C freezer and thaw at room temperature for 10 min.

b. Perform RNA extraction with the RNeasy Micro Kit following manufacturer’s instructions and

with the following optional steps:

i. Perform on-column DNaseI digestion (following the manufacturer’s instructions) to

completely eliminate genomic DNA. In our experience, gDNA Eliminator columns

(QIAGEN) are not sufficiently effective.

ii. To increase RNA yields, perform elution step with 14 mL of molecular grade water previ-

ously warmed up to 65�C. Apply water to the center of the membrane inside the column,

and let sit for 5 min before elution by centrifugation.
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c. Store RNA at �80�C or directly proceed with next section.

8. Reverse transcription and quantitative PCR:

a. Obtain RNA samples from �80�C and thaw on ice for 10 min.

b. Perform reverse transcriptase (RT) reaction with Superscript IV VILO followingmanufacturer’s

instructions, and using 7 mL of total RNA.

Note: RNA extracted from such number of nuclei (Figure 4C) is, in our experience, not reliably

quantified with NanoDrop or Qubit. We advise microfluidic-based assays such as Bioanalyzer

if absolute quantification is necessary.

c. After RT reaction, cDNA can be stored at �20�C or used for subsequent quantitative PCR

(qPCR).

9. qPCR from sorted astrocyte nuclei.

Note: Thaw SYBR Green PCR Master Mix on ice for 10 min.

Note: Obtain primers for genes of interest and for reference genes (Figure 5E).

a. Set up qPCR reaction (volumes per well). Perform technical duplicates or triplicates per bio-

logical sample.

b. Run qPCR and melt curve analysis adjusted to primers of interest. The following cycling con-

ditions were used in Figures 5F and 6C:

10. RNA-seq library preparation and sequencing:

Follow this methodology if RNA is intended for bulk RNA-seq

a. This step can be performed right after RNA isolation, or with RNA samples that were previ-

ously stored at �80�C.

Note: Stored RNA samples should be thawed on ice for 10 min before the next step.

b. Assess RNA quality and quantity with TapeStation (high sensitivity RNA tape) or Bioanalyzer

following manufacturer’s instructions.

SuperScript IV Vilo Master mix 4 mL

Template RNA 7 mL

Nuclease-free water 9 mL

Total reaction volume 20 mL

cDNA 0.4 mL

Nuclease-free water 4.04 mL

SYBR Green PCR Mastermix 5 mL

Forward primer (10 mM) 0.28 mL

Reverse primer (10 mM) 0.28 mL

Steps Temperature Time Cycles

AmpliTaq Fast DNA polymerase, UP activation 95�C 10 min hold

Denaturation 95�C 15 s 40 cycles

Annealing & Extension 60�C 1 min

Melt curve stage step 1 95�C 15 s 1

Melt curve stage step 2 60�C 1 min (ramp �1.6�C/sec) 1

Dissociation stage 95�C 15 s (ramp +0.075�C/sec) 1
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Note: The percentage of RNA fragments above 200 bp (DV200) can be estimated with

TapeStation and is used to determine sample quality. Results of DV200 analysis show most

RNA extracted is larger than 200 bp, which demonstrates minimal RNA fragmentation in all

sample types (Figures 5A and 5B).

Note: The RNA concentration for each sample was estimated using TapeStation with high

sensitivity RNA tape. For this assessment, 2 mL of each sample was utilized (Figure 5D, above).

To determine the quantity of RNA available for library preparation, the RNA yield for each

Figure 5. RNA recovered from Sox9+NeuN- and NeuN+ nuclei after glyoxal fixation is not highly fragmented and is suitable for qPCR amplification

(A–D) Sox9+NeuN- and NeuN+ nuclei were purified from adult and aged WT C57BL/6 mice as explained in Figure 4. RNA was extracted as specified in

step 4 of the protocol. (A) Representative TapeStation traces for an RNA ladder and for each group. Blue lines indicate the size range used for DV200

analysis. Ladder scale units are nucleotides. Sample intensity (Y-axis) was scaled to the brightest value of fluorescence intensity for each plot. (B)

Percentage of total RNA between 200 bp and 10000 bp in size after DV200 analysis and (C) RIN score. (D) RNA concentration was estimated with High

Sensitivity RNA TapeStation and RNA yield was calculated by multiplying each sample concentration by 12 mL, which is the sample volume available

after TapeStation analysis.

(E) Gene expression level of commonly used reference genes Actb, Gapdh, Rplp0 and Tbp in Transcripts per Million (TPM). TPM values can be found

under Table S1. F qPCR was performed with Rplp0 primers in cortex and cerebellum Sox9+NeuN- samples. Average cycle threshold (CT) value (Y-axis)

per number of FACS-purified nuclei (X-axis) is plotted. A regression line was added to the plot. Technical duplicates were employed for qPCR. (B) n.d.

indicates RIN score was not possible to calculate. (B-E) Astro (Sox9+NeuN- nuclei) or Neun (NeuN+ nuclei). Black bars depict average G standard

deviation. One-way ANOVA with Tukey’s multiple comparison correction: p-value <0.05*, <0.01**, <0.001***, <0.0001****, ns = not significant.

Experiments shown were done with n = 3 mice/group (A-E) or n = 5–6 mice/group (F).
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Figure 6. The GFAT method enriches for astrocytes in Sox9+NeuN- nuclei fractions and neurons in NeuN+ nuclei fractions

(A–D) (A, B, D) RNA-seq analysis of Sox9+NeuN- and NeuN+ nuclei obtained as detailed in Figure 4. (A) Absolute number (above) and percentage

(below) of uniquely mapped sequencing reads after STAR (step 4). (B) Enrichment for astrocyte and neuron specific gene signatures was calculated

using Gene Set Variation Analysis.19 Average GSVA scores of 3 mice per condition are represented. High scores in red, represent positive enrichment,

whereas low scores in blue represent lack of enrichment. Per sample scores and gene signatures are included in Tables S2 and S3. (C) Cortex (CTX) and

cerebellar (CB) nuclei suspensions were obtained after glyoxal fixation from 3-month-old mice and were stained as detailed in Figure 4. Hoechst+ and

single nuclei were gated as detailed in Figure 4A. To FACS purify astrocytes and non-astrocytic, non-neuronal populations, gates were drawn around

Sox9+NeuN- and Sox9-NeuN- nuclei, respectively. Post-sort nuclei purity for both populations was confirmed as in Figure 4B. After sorting, each sample

underwent RNA extraction followed by RT-qPCR as detailed in step 4. For each biological sample, CT values for each gene were double normalized to

Actb or Rplp0 CT and to the average of the control group (Sox9-NeuN- non-astrocytes) following the 2-DDCT method. Sox9-NeuN- samples are depicted

with squares, and Sox9+ astrocytes with circles. Technical duplicates were employed for qPCR analysis. (D) Gene expression level of Sox9, Lhx2, and

Pax6 is depicted in Transcripts per Million (TPM). Astro (Sox9+NeuN- nuclei), Neun (NeuN+ nuclei). (A, C, D) Error bars depict average G standard error

of the mean (SEM). (A, B, D) Statistical differences are shown with asterisks after One-way ANOVA with Tukey’s multiple comparison correction (black),

after Kruskal-Wallis test (violet) or (C) after t-test (green), Welch’s t-test (violet) or Mann-Whitney test (black): p-value <0.05*, <0.01**, <0.001***,

<0.0001****, ns = not significant. Experiments shown were done with n = 3 mice/group (A, B, D) or n = 3–5 mice/group (C).
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sample was computed by multiplying sample concentration in ng/mL by 12 mL (Figure 5D,

below). Note that 12 mL represents the volume of sample remaining after TapeStation analysis.

c. Construct libraries with the Illumina Stranded Total RNA prep (with Ribo-Zero Plus)

sequencing kit, following manufacturer’s instructions.

Note: Libraries can be constructed with equivalent amount of RNA for samples that will be

directly compared after RNA-seq.

d. Sequence libraries.

Note: We have been successful with the following sequencing parameters: 2.5–3.5 3 107

reads per sample, paired end 100 bp reads on a NovaSeq S4.

11. Recommendations for RNA-seq data analysis.

a. Quality control of sequenced reads with FastQC.15

b. Map sequencing reads with STAR.16 Select Mus musculus genome version mm10, obtain

comprehensive gene annotation file from Gencode (GRCm38 assembly).

c. Inspect mapping results with STAR (output log) and with the Integrative Genomics Viewer17

to assess alignment quality.

d. Count reads per genes with HOMER18 analyzeRepeats command. Use ‘-count genes’ option

to count reads that map to introns and exons.

Note: Given that nuclei may contain a significant proportion of unspliced mRNA, it is advis-

able to include reads that map to introns in the analysis.

Note: Refer to troubleshooting section, problems 6, 7, and 8, if RNA yields or quality are lower

than anticipated, or if CT values for the reference gene are higher than expected (Figure 5F).

EXPECTED OUTCOMES

This protocol has been optimized for the purification of Sox9+NeuN- and NeuN+ nuclei in whole cortex

and cerebellum from adult and aged WT C57BL/6 mice. It is expected that fixed and minced tissue

pieceswill look like in Figures 3C and3D.Homogenizationwill result in a homogeneous and viscous sus-

pension (Figure 3D) with no observable clumps after filtration (Figure 3E). Correct pipetting technique

will result in visible separation between the lower 25% iodixanol and upper nuclear suspension phases

(Figure 3F). After centrifugation, an upper layer of cellular debris and a white nuclei pellet should be

observed (Figure 3G). A pellet should be observed in subsequent centrifugation steps (Figure 3H). Anti-

body staining protocol detailed in step 3 should yield Sox9+NeuN- and NeuN+ nuclei populations as

depicted in Figures 4A and 4B. We typically recover 1.71 3 105 G 1.44 3 104 and 1.57 3 105 G

1.23 104 Sox9+NeuN- nuclei from CTX and CB, irrespective of age (Figure 4C). As shown in Figure 4A

(right panels), the NeuN+ population is more abundant than Sox9+NeuN- in both CTX and CB. As a

result, 33105 (ormore)NeuN+nuclei canbeobtained fromeach compartment at anyof the ages tested

(Figure 4C). RNAextraction as detailed in step 3 should result in TapeStation traces, RIN scores, concen-

trations and yields similar to Figures 5A–5D. Note that RIN scores rely on the detection of 18S and 28S

rRNA, which are enriched in cytoplasm but not necessarily in nuclear fractions. In our experience, RNA

yields and degree of fragmentation estimated with DV200 analysis (Figures 5B and 5D), rather than RIN

scores (Figure 5C), are good predictors of the success of RNA-seqwith thismethodology. Of note, RNA

yields are significantly lower in cerebellum neuron samples compared to the cortex (Figure 5D), even

when obtained from similar nuclei numbers (Figure 4C), which may be a reflection of slightly higher

RNA fragmentation in the former (Figure 5B). If qPCR from RNA in sorted Sox9+NeuN- nuclei is per-

formed, it is expected that cycle threshold (CT) values for a reference gene such as Rplp0 will fall within

the 27–30 range, depending on the number of initial nuclei used for RNA extraction (Figure 5F). As a
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result, number of input nuclei used for RNA extraction and qPCR should be adjusted according to the

expected level of expression of the gene of interest. If RNA-seq is performed and analyzed as indicated

in step 4, it is expected that sequence readswill be of goodquality, as assessedwith FastQC.Aftermap-

ping with STAR, it is expected to obtain over 90% of uniquely mapped sequencing reads (Figure 6A-

below), which should correspond to at least 1.78 3 107 reads per sample for subsequent analysis if

sequencing recommendations in step 4 were followed (Figure 6A-above). To confirm that

Sox9+NeuN- and NeuN+ nuclei express astrocyte and neuron gene signatures, respectively, Gene

Set Variation Analysis (GSVA)19 can be performed. GSVA summarizes expression values of genes

belonging to a specific gene set into a single score. Using this analysis, it is expected to observe

positiveGSVA scores for astrocyte andBergmannglia gene signatures in Sox9+NeuN- nuclei, and nega-

tive scores for neurongenes at both ages analyzed.NeuN+nuclei shouldhavepositive scores for neuron

signatures, and negative for astrocytes (Figure 6B; Tables S2 and S3). To further validate that GFAT en-

riches for astrocytes over other glial cell populations, we purified Sox9+NeuN- (astrocytes) and

Sox9-NeuN- nuclei (Figure 6C), which is devoid of astrocytes and neurons and should contain other

glia. Indeed, qPCR analysis showed significant enrichment for astrocyte markers Aldh1l1 and Gfap in

cortical and cerebellar Sox9+NeuN- vs. Sox9-NeuN-, and enrichment for microglia genes Aif1 and

Csf1r, and for oligodendrocyte gene Mobp among Sox9-NeuN- (Figure 6C). Overall, application of

this methodology is expected to yield nuclei fractions highly enriched in astrocytes (Sox9+NeuN-)

over other glia, or in neurons (NeuN+), that can be used for downstream transcriptomic analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

A Shapiro-Wilk test was used to test for normality of the data. For comparisons between two groups of

normally distributed data, a Fischer’s test was used to compare variances. If variances were equal, we

performed an unpaired two-tailed Student’s t test. If variances were unequal, both a Welch’s t-test and

a Mann-Whitney test were conducted, and any observed differences were reported if identified by

either test. If data were not normally distributed, a Mann-Whitney test was used. Significant differences

amongmore than two groups of normally distributed data were determinedwith one-way ANOVAwith

Tukey’s multiple comparison correction after confirming equal variances with a Brown-Forsythe test. If

data were not normal or variances were unequal, a Kruskal-Wallis test was used. Statistical tests em-

ployed are detailed in each figure legend. Statistical analysis was performed with GraphPad Prism v8.

LIMITATIONS

We have validated this protocol in cortex and cerebellum of WT C57BL/6 mice. Pilot testing is

advised if used in other brain regions, different ages or genetic backgrounds. This method may

not be optimal in contexts where Sox9 is severely downregulated, as it relies on Sox9 protein expres-

sion. The method has been optimized in fresh brain tissue; we have observed lower percentage of

Sox9+NeuN- and dimmer Sox9 signal on a per-nucleus basis in fresh frozen adult CTX (Figure 7).

Optimization of primary antibody concentration and/or staining time are warranted if working

with fresh frozen tissues. In our experience, iodixanol gradient (step 2) is sufficient to remove myelin

from cortex or cerebellum. An additional myelin depletion step may be required if working with

highly myelinated regions of the central nervous system. After testing 2 different antibodies specific

for Sox9, we found that rabbit anti-Sox9 (clone EPR14335-78) detects this protein by FACS after

extensive fixation with PFA (Figure 1B). Given the negative result with polyclonal goat anti-Sox9 anti-

body (Figure 1C), we proceeded to optimize GFAT with only rabbit anti-Sox9. In addition, we were

able to successfully detect NeuN after GFAT using the only antibody clone we tested (clone A60)

(Figure 1A). It is possible that alternative antibodies are also compatible with this method, albeit pi-

lot testing is advised. Fluorescent properties of neuron nuclei can influence this assay. We observed

significantly higher granularity (represented by the SSC-A parameter) and increased fluorescence in

the NeuN-AF488 and the Sox9-AF647 channels in cortical compared to cerebellar NeuN+ nuclei

(Figures 4A, 6C, and 8A–8D), in spite of similar Rbfox3 (NeuN) expression between groups and

almost undetectable Sox9 transcript levels in cortical neuron nuclei (Figure 8E; Table S1). A similar

observation was previously made (see Figure S1B in Nott et al.11). As a result, exclusion of NeuN+
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nuclei is critical when aiming to enrich for astrocyte nuclei by FACS. qPCR analysis may not be

feasible with less than 4 3 104 sorted Sox9+NeuN- nuclei (Figure 5F), and RNA-seq may not be

feasible with less than 1.45 3 105 Sox9+NeuN- nuclei (Figure 4C). In that case, pooling of several

mice per group is advised. Lastly, this method profiles nuclear RNA, which may not accurately repre-

sent mRNAs in the cytoplasm and astrocyte processes but can provide information on the current

state of the cell and can potentially capture immediate transcriptional perturbation.

TROUBLESHOOTING

Problem 1

Density layers are not observed after 25% iodixanol is added to homogenized nuclei suspension (step 2).

Potential solution

If the amount of tissue processed is small it is possible that 2 layers are not easily observed due to

low nuclei density in the upper layer. Proceed with centrifugation and, if a nuclei pellet is not

clearly observed after centrifugation (step 2, "debris elimination and nuclei isolation"), carefully re-

move supernatant leaving up to 1 mL of iodixanol in the tube. Re-suspend nuclei pellet, transfer into

a 1.6 mL micro-centrifuge tube and spin down at 1,0003 g for 5 min at 4�C in a table-top centrifuge.

Remove supernatant down to 50 mL, re-suspend in 1 mL 1X PBS/1% BSA and proceed with Hoechst

and antibody staining.

Problem 2

Nuclei look very aggregated under the microscope (step 2).

Potential solution

Highly aggregated nuclei can cause frequent clogging during the FACS-purification step. To avoid

nuclei clumping, 1X PBS/1% BSA can be supplemented with EDTA at a final concentration of 1 mM,

which should be used for staining and sorting.

Problem 3

Hoechst staining is not detected when running samples through the FACS (step 3).

Potential solution

This is likely due to improper re-suspension of nuclei in 1X PBS/1% BSA supplemented with Hoechst.

Instead of inverting the tube, nuclei can be mixed 5 times with a P1000 pipette set to 500 mL.

Problem 4

NeuN staining is detected, but Sox9 is not, at the FACS (step 3).

Figure 7. Detection of Sox9 by FACS after brief fixation with glyoxal in fresh or previously frozen cortical nuclei

(A and B) Whole cortex from both hemispheres was obtained from one adult C57BL/6 mouse. Each hemisphere was

then placed in separate micro-centrifuge tubes and either stored on ice (fresh), or snap frozen in liquid nitrogen and

thawed on ice for 20 min (frozen). Both samples were subsequently submerged in 3% glyoxal solution for 15 min.

Nuclei suspensions were obtained and stained with Hoechst, anti-NeuN and anti-Sox9 primary and secondary

antibodies. (A) Gating strategy was as follows: a Hoechst vs. FSC-A plot was used to gate Hoechst+ nuclei, and single

nuclei were gated in FSC-A vs. FSC-W, and SSC-A vs. SSC-W plots, as in Figure 4A (not shown). Lastly, NeuN vs. Sox9

plots were generated, and polygon gates were drawn around Sox9+NeuN- nuclei. Gate numbers indicate the

percentage of single nuclei that are Sox9+NeuN- in fresh and frozen sample. (B) Mean fluorescence intensity values

and histograms for Sox9 among gated Sox9+NeuN- nuclei. Data shown are representative of an experiment that has

been done 2 times.
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Potential solution

NeuN staining of nuclei with the antibody listed in this protocol works both on fresh20 and fixed tis-

sue (Figures 1A, 2A, 4A, and 6C), while Sox9 only works on fixed tissue (Figures 1B, 1D, 2B, 2C, 4A,

and 6C). Weak or inexistent Sox9 stain, but positive NeuN stain, may indicate improper fixation due

to several reasons; 1) 3% glyoxal solution was improperly prepared or was not made fresh on the day

of the experiment, 2) tissue dissociation was insufficient, or tissue was not completely submerged in

fixative. This prevents proper penetration of glyoxal solution. 3) Fixation step was performed for less

than 15 min. Improving any of these steps should solve the problem.

Problem 5

Frequent clogging at the FACS (step 3).

Potential solution

Nuclei aggregation can occur before or during sorting. Make sure that the sample to be sorted is

filtered through a 100 mm strainer right before loading at the FACS and re-filtered every 25 min of

sorting. A nuclei concentration higher than 5�10 3 106 nuclei/mL and/or high event rates can

also contribute to this issue. Dilute sample further. If problem persists, 85 mm or 100 mm nozzles

can be used instead of a 70 mm. Lastly, as explained in problem 2, 1X PBS/1% BSA solution can

be supplemented with 1 mM EDTA.

Problem 6

RNA yields are lower than expected.

Potential solution

To increase nuclei recovery during sorting, coat tubes as detailed in the ‘before youbegin’ section. After

sorting, samples canbe spundown for 10min (insteadof 5) at 1,0003g and4�C. In preparation for RNA

Figure 8. Higher granularity of NeuN+ nuclei in the cortex compared to the cerebellum

(A–D) Adult (4 months old) WT C57BL/6 mice were anesthetized and de-capitated, cortex and cerebellum were dissected,

minced and submerged in 3% glyoxal solution for 15 min on ice. Nuclei suspensions were obtained and stained with Hoechst,

anti-NeuNand anti-Sox9 primary and secondary antibodies. (A)Gating strategy to analyzeNeuN+ nuclei inCTX andCBwas as

follows: a Hoechst vs. FSC-A plot was used to gate Hoechst+ nuclei, and single nuclei were gated in FSC-A vs. FSC-W, and

SSC-A vs. SSC-W plots, as in Figure 2A. Lastly, NeuN vs. Sox9 plots were generated, and polygon gates were drawn around

NeuN+ nuclei, as in Figure 4A. (A) FSC-A by SSC-A plots, SSC-A histograms, and (C) NeuN-AF488 or Sox9-AF647 histograms

were generated with only NeuN+ nuclei of the CTX (blue) and the CB (red). (B, D) Mean fluorescence intensity (MFI) for SSC-A,

NeuN-AF488 and Sox9-AF647 parameters is plotted. (B, D) Black lines represent the mean.

(E and F) (E) Gene expression level of Rbfox3 (encodes NeuN) and Sox9 is shown for all samples in Transcripts per

Million (TPM). TPM values can be found under Table S1. Numbers on the X-axis correspond to 1) NeuN+ (neuron)

nuclei of the CTX, 2) NeuN+ (neuron) nuclei of the CB, or 3) Sox9+NeuN- (astrocyte) nuclei of the CTX. (B, D, F) Welch’s

t-test, (F) : p-value <0.05*, <0.01**, (E) Mann-Whitney test: ns = not significant. Data shown are representative of an

experiment that has been done more than 3 times (A-D). Experiment shown was done with n = 3 mice/group (E-F). (E,

F) Error bars depict average G standard error of the mean (SEM).
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extraction, vortex sample in RLT, and spin down for 1min at 1,0003 g before startingQIAGEN RNeasy

Micro kit protocol, to recover asmuch sample as possible. Lastly, note that for similar numbers of sorted

nuclei (Figure 4C) the expected RNA yields are lower in CB compared to CTX (Figure 5D). It is possible

that lower RNAyields in theCBare a consequenceof slightlymore fragmentedRNA (Figures 5A and5B)

or may be a reflection of the biology of the brain region being studied.

Problem 7

RNA looks degraded and has low RIN scores by TapeStation analysis, is this problematic for RNA-

seq analysis?

Potential solution

The Illumina Library preparation kit used in this protocol is optimized for 1–1000 ng purified total

RNA input from high quality samples (RINR9) and accepts 10–100 ng RNA input from low quality

samples (RIN R 2) or formalin-fixed paraffin-embedded, as long as over 55% of the RNA is larger

than 200 bp. Note that RIN scores rely on the detection of 18S and 28S rRNA, which are enriched

in cytoplasm but not necessarily in nuclear fractions. In our experience, RNA yields and degree of

fragmentation (Figures 5A, 5B and 5D), rather than RIN scores (Figure 5C), are a good predictor

of the success with RNA-seq.

Problem 8

CT values for the reference gene are higher than expected.

Potential solution

Increase number of initial nuclei used for RNA extraction, as CT values are inversely proportional to

the amount of initial sorted nuclei (Figure 5F). The amount of cDNA used per qPCR reaction can also

be increased up to 4.44 mL with the proposed protocol, and reaction volume can be increased to

20 mL to accommodate a bigger volume of cDNA.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Nicola J Allen, nallen@salk.edu.

Materials availability

Individual materials required for this protocol are commercially available from sources specified in

the key resources table.

Data and code availability

Data employed in Figure 6 are included under Tables S1, S2, and S3. All RNA-seq data have been

deposited to the Gene Expression Omnibus (accession no. GSE233509).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xpro.2023.102599.
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