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Abstract

Intervertebral disc degeneration is the most significant, and least understood, cause
of chronic back pain, affecting almost one in seven individuals at some point of time.
Each intervertebral disc has three components; central nucleus pulposus (NP), con-
centric layers of annulus fibrosus (AF), and a pair of end plate (EP) that connects the
disc to the vertebral bodies. Understanding the molecular and cellular basis of inter-
vertebral disc growth, health, and aging will generate significant information for
developing therapeutic approaches. Rapid and efficient preparations of homoge-
neous and pure cells are crucial for meaningful and rigorous downstream analysis at
the cellular, molecular, and biochemical level. Cross-sample contamination may influ-
ence the interpretation of the results. In addition to altering gene expression, slow or
delayed isolation procedures will also cause the degradation of cells and biomolecules
that create a bias in the outcomes of the study. The mouse model system is exten-
sively used to understand the intervertebral disc biology. Here we describe two pro-
tocols: (a) for efficient isolation of pure NP, AF, and EP cells from mouse lumbar
intervertebral disc. We validated the purity of the NP and AF cells using Shh"®*;
R26™/MS* dual-fluorescent reporter mice where all NP cells are GPF+ve, and by the
sensitive approach of gPCR analysis using TagMan probes for Shh, and Brachyury as
NP-specific markers, Tenomodulin as AF-specific marker, and Osteocalcin as bone-
specific marker. (b) For isolation of high-quality intact RNA with RIN of 9.3 to 10
from disc cells. These methods will be useful for the rigorous analysis of NP and AF

cells, and improve our understanding of intervertebral disc biology.
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1 | INTRODUCTION

High throughput molecular and biochemical analysis has rapidly
evolved, providing sophisticated approaches of -omics to determine
the molecular and biochemical signature of specific cells in a spatial
and temporal pattern and under different stages of development,
health, and disease (Figure 1). However, the purity of samples con-
cerning specific cell type of interest is an onging challenge faced in
several areas of biomedical research. A homogenous cell population is
a prerequisite, and crucial for precise molecular and biochemical anal-
ysis of specific cell types, which aims to understand its molecular sig-
nature during development and disease. Moreover, pure cells are also
necessary for molecular and biochemical analysis using approaches
like NanoString,1 RT—qPCR,2 Western blot,®> metabolomic proﬁling,“‘6
immunoprecipitation,” chromatin immunoprecipitation,® RNP immu-
noprecipitation,” and electrophoretic mobility shift assays.*%*?

The application of high throughput molecular and biochemical
analysis to understand the changes in the intervertebral disc at geno-
mic, transcriptomic, proteomic, or metabolomic levels will significantly

expand our understanding of its growth and progression toward aging

PP W

Genome

O

Proteome

Metabolome

FIGURE 1

Transcriptome

and degeneration (Figure 1). Intervertebral discs are the largest avas-
cular structure in the body, forming a joint between two adjacent ver-
tebral bodies. Degeneration of the intervertebral disc, with aging as a
major risk factor, is a significant cause of chronic neck and back
pain.}2 Due to the extensive use of the mouse model system to
understand the cellular, molecular, and biochemical basis of the inter-
vertebral disc, this method paper will focus on the murine model sys-
tem. The mouse vertebral column consists of 59 to 61 vertebrae®®
distributed into five anatomical regions shown by the radiographs
captured in the sagittal and dorsal plane of an adult mouse (Figure 2A,
B). Each mouse has seven cervical vertebrae (C1-C7), 13 thoracic ver-
tebrae (T1-T13), five to six lumbar vertebrae (L1-L5/6, depending on
genetic background,'#), four sacral vertebrae (S1-54) and about 29 to
31 coccygeal vertebrae (Co1-C029/31,%%). The intervertebral disc is a
heterogeneous tissue with three different cellular compartments that
have distinct developmental origins (reviewed by Reference 15). The
core of the disc is formed by nucleus pulposus (NP; Figure 2C,D) cells
that are derived from the embryonic notochord.'¢2° The proteogly-
can-rich NP cells are surrounded by orthogonal layers of collagen-rich

annulus fibrosus (AF, Figure 2C,D) which are derived from the

\ Healthy

Aged or degenerated

Profiling the genome, transcriptome, proteome, and metabolome of each cell type of the intervertebral disc will provide crucial

information about the molecular and biochemical basis of the intervertebral disc growth, maturation, aging, and degeneration, and identify

potential therapeutic targets
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Representative radiograph images in the sagittal, A and dorsal, B plane showing the cervical, thoracic, lumbar, sacral, and coccygeal

vertebrae in the spine of a 15-month-old male mouse. Representative mid-coronal section of the lumbar intervertebral disc from a three-week-
old mouse stained with H&E, C, shows the major components of the disc; SafO/Fast Green, D, staining shows the relative distribution of
proteoglycan (stained orange-red) and collagen (stained fast green). AF, annulus fibrosus; EP, endplate; GP, growth plate; NP, nucleus pulposus

syndetome compartment21

of the sclerotome. Together NP and AF
are sandwiched between cartilaginous end plates (EPs), derived from
sclerotome, connecting the disc to the growth plate of the vertebral
bodies (Figure 2C,D). While the intervertebral disc itself is heteroge-
neous, its three cell types have a distinct spatial location within each
disc and throughout the mouse spine.

Several research groups studying disc biology use the mouse
model system to elucidate changes in gene expression of NP
cells.??31 A few recent studies have also analyzed the gene expres-
sion of the mouse AF cells.>*?® However, the details on method for
isolation of the purified NP or AF cells, as well as validation of their
purity, are not elaborated. Moreover, the method for isolation of
EP cells is not described in the current literature. We have devel-
oped a protocol to isolate the NP, AF, and EP cells by microdissec-
tion of the mouse intervertebral disc which can be quickly adapted
by researchers studying the molecular and cellular processes in
these cells. The following protocol may be used to microdissect and
isolate each component of the disc from E16.5 to all ages during
the postnatal stage in mice. The purity of the NP and AF samples
was validated by analyzing the expression of specific molecular
markers using Brachyury (Bra, Tbxt, or T,%?) and sonic hedgehog
(Shh,®3) for NP cells, and tenomodulin (Tnmd,3*) for AF cells. While
this methods paper describes cell isolation from the lumbar disc, as
degeneration and chronic low back pain is highly prevalent at this

26,35

level of spine in mice, we currently use the same methodology

for microdissection and isolation of equally pure populations of NP

and AF cells from the cervical, thoracic, and caudal discs of postna-

tal mice of all ages.

2 | MATERIALS

21 | Animals

Mice of both sexes, postnatal day four (P4) to 12 months of age, and
in FVB and C57BL/6 background were used for the isolation of NP,
AF, and EP cells from the intervertebral discs and isolation of high-
quality, intact total RNA from NP, AF and entire disc. Shh°®*3% mice
were crossed with R26™/™%* dual-fluorescent reporter®’ to generate
ShhC"e/*; R26™T/M5/* Jine to validate the NP, AF, and EP cell isolation
method. Mice were maintained following the National Institutes of
Health Guide for the Care and Use of Laboratory Animals, and all
experiments were carried out per institutional guidelines and approval
by Institutional Animal Care and Use Committee (IACUC). Mice were
housed under 12 hours of light/ dark cycle in the WCMC animal facil-
ity with food and water ad libitum.

2.2 | Tools and reagents required for
microdissection and isolation of NP, AF, and EP cells

o 70% ethanol in spray bottle
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o Glass bead sterilizer (31178, Simon Keller, Switzerland)

e Serrated standard pattern forceps (11002-13 or 91100-12, F.S.
T., USA)

e Sharp end tweezers (11251-30 or 11200-33, Dumoxel Biology,
FST by Dumont, Switzerland)

o Curved fine scissors (14061-10, F.S.T., USA)

e Blunt straight scissors (14074-11, F.S.T., USA)

o Fine straight scissors (14060-10, F.S.T., USA)

e Extra Fine Bonn scissors (14084-08, F.S.T., USA)

e Scalpel handle #3 (10003-12, F.S.T., USA)

e Feather surgical blade no.11 (2976#11, Feather Sterile Surgical
blade, Graham-Field INC.)

e Falcon 60 x 15 mm style sterile TC-treated Petri Dish (353002,
Corning, USA)

e Falcon 100 x 15 mm style sterile Not TC-treated Petri Dish
(351 029, Corning, USA)

e Falcon 50 mL sterile conical centrifuge tube (352098, Corn-
ing, USA)

e Stereomicroscope (SMZ800, Nikon, Japan; Wild Mz8, Leica, USA)

e PIPETMAN Classic 4-Pipette Kit (F167380, F81024, Gilson, USA)

e RNase, DNase, and pyrogen free SHARP Precision Barrier Tips
(1158U34, 1159M43, 1159M40, 1159M42, Thomas Scien-
tific, USA)

o Ice bucket filled with ice

e Phosphate-Buffered Saline (PBS), pH 7.4 + 0.1.
Prepare 1x PBS by adding 100 mL of 10x PBS (Corning 10X PBS,
pH 7.4 +£0.1, Liquid without calcium and magnesium, RNase—/
DNase- and protease-free, 46-013-CM, Corning, USA) to 900 mL
of nanopure water. Mix well, adjust pH to ~7.4 and prechill at 4°C.
Keep PBS in ice bucket and handy during dissections.

e RNAlater Stabilization Solution (AM7021, ThermoFisher Scien-
tific, USA)

2.3 | Tools and reagents required for RNA isolation

e Alcohol, Ethyl for DNA and RNA (AB00515-00500,
americaBIO, USA)

e UltraPure DNase/ RNase-Free Distilled Water (10977015, Invi-
trogen, ThermoFisher Scientific, USA)

e RNaseZap RNase Decontamination Wipes (AM9786, Invi-
trogen, USA)

e Molecular biology grade chloroform (C2432, Sigma-Aldrich, USA)

e TRI Reagent (T9424, Sigma-Aldrich, USA)

e Polytron Omni Tissue Homogenizer (LR60902, Omni Interna-
tional, USA)

e |sotemp heating block (11-718, Fisher Scientific, USA)

e RNase, DNase and pyrogen free Posi-Click 1.7 mL microcentrifuge
tube (1158R19, Thomas Scientific, USA)

o RNase, DNase and pyrogen free SHARP Precision Barrier Tips
(1158U34, 1159M43, 1159M40, 1159M42, Thomas Scien-
tific, USA)

e Bench top Refrigerated Centrifuge (5430R, Eppendorf, USA)

3

Bench top Room Temperature Centrifuge (5430, Eppendorf, USA)
RNeasy Micro kit (74 004, Qiagen, Germany)

RNeasy Fibrous Tissue Mini Kit (74704, Qiagen, Germany)
NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo-
Fisher Scientific, USA)

Kim Wipes (S-8115, Kimtech Science Brand, USA)

| METHODS

3.1 | A step-by-step protocol for isolation of NP,
AF, and EP cells from the mouse intervertebral disc

3.1.1 | Dissection of the mouse spine

Sterilize all dissecting tools using 70% ethanol, followed by heating
for 30 seconds in a glass bead sterilizer set at 2200°C. Allow the
tools to cool before use.

Following euthanasia (per approved IACUC protocol), place the
mouse prone with its ventral side on the paper towels covered dis-
secting table (Figure 3A,B’).

Spray 70% ethanol to avoid fur contamination of the samples.

. Holding the skin right above the sacral region, use the serrated

standard pattern forceps to make a small lateral incision using the
surgical scissors (Figure 3B).

Next, while holding the skin with serrated forceps at the point of
incision, use surgical scissors to make a straight vertical incision
from caudal (posterior) end along the midline over the spine
toward the rostral (anterior) end to expose the dorsal side of the
mouse spine (Figure 3C,C").

To dissect the spine, make a deep incision on the right side of the
sacral spine through the pelvic bone. Dissect in a straight line from
caudal end cutting through the ribs toward the rostral end. Similarly,
start with dissecting through the muscles and pelvic bone on the left
side and cut through the ribs toward the rostral end (Figure 3D,D’).
Hold the caudal end of the spine and gently lift and detach the
abdominal tissues from caudal to rostral end using surgical scissors
(Figure 3E,E').

Following dissection, immediately immerse the spine in ice-cold

PBS filled 50 mL Falcon tube and place it in an ice bucket.

3.1.2 | Cleaning of the spine to expose the
intervertebral discs

Transfer the spine from the Falcon tube into a 100 mm Petri Dish
containing ice-cold PBS sufficient to immerse the spine
completely. Position the spine with the ventral side facing toward
the experimenter (Figure 3F'). (Note: Make sure the spine is always
submerged in ice-cold PBS during dissections).

Start dissecting at 63 to 100x magnification using a bright field
stereomicroscope. Carefully dissect the soft tissue over the ventral
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FIGURE 3 Method for dissection and collection of the mouse spine. A, Anatomical positions for the images presented in B-F. B and B/,
Mouse is placed prone with the ventral side on the dissection table and its back or dorsal side facing the experimenter and doused with 70%
ethanol to avoid fur contamination. C, C”, Lift the fur right above the pelvic girdle and create a transverse incision and dissect through the fur
from caudal to rostral direction. D and D’, Using a pair of scissors cut from hip joint moving from caudal to rostral end along the lateral side of the
spine to dissect the spine. E and E’, Detach and excise the spine from the body. F, Clean the spine by dissecting out the attached muscles.
Separate the caudal, lumbar, and thoracic regions of the spine using a scalpel blade or using a pair of fine-tip and sharp scissors. F’, The ventral
view of an excised spine. Images of the mouse were photographed using a cell-phone camera and are not to scale. A, anterior. P, posterior. R,
right. L, left. V, ventral. D, dorsal. L1, first lumbar vertebra. S1, first sacral vertebra

side of the spine using curved scissors with the convex side of the
scissors toward the spine to expose the intervertebral discs and
vertebral bodies. Replace the buffer with fresh, ice-cold PBS.

. Next, use curved scissors with the convex side of the scissors
toward the spine and the pointed tips away from the spine to dis-
sect the muscles on the lateral sides of the spine. Replace the
buffer with fresh, ice-cold PBS.

. Identify the first lumbar vertebra (L1) by its position next to the
last thoracic vertebra, which in turn, is determined by the pres-
ence of the last pair of ribs at its proximal end (Figure 3F). To
dissect the lumbar region of the spine, first, dissect at the center
of L1 and next, dissect at the center of the first sacral vertebra
(S1), either using straight scissors or using a scalpel blade for
younger mice less than 2 weeks of age. Isolating the lumbar
spine makes it easy to handle only the lumbar discs during
microdissection.

. Transfer the lumbar spine to a 60 mm Petri Dish filled with fresh,
ice-cold PBS.

. Use Fine Bonn Scissors to laterally cut through the pedicles from
L1 toward S1 levels of the spine. Repeat this step on the other lat-
eral side. Separate the posterior element from the anterior body of

the spine and to remove the spinal cord. (Note: The spinal cord is

removed by gently pulling it with forceps). Replace the buffer with
fresh, ice-cold PBS.

. Increase the magnification of the bright field stereomicroscope to

about 300 or 350%. Next, clean the spine further by dissecting the
surrounding soft tissue, especially around the intervertebral disc,
using curved scissors or fine forceps. Gently scrape with a scalpel
blade to remove any remaining soft tissue.

3.1.3 | Isolation of NP, AF, and EP cells

1. Move the clean spine to a new 60 mm Petri Dish filled with fresh,

ice-cold PBS and continue dissecting using a bright field stereomi-
croscope. The ventral side of the spine is curved while the dorsal
side is flat. Place the spine with the dorsal side on the surface of
Petri Dish and the ventral side facing the experimenter (Fig-
ure 4B,B’).

. Gently hold L2 vertebra using serrated forceps and make a sharp

cut between the AF and EP of the L1 vertebra utilizing a scalpel
and Feather surgical blade no.11 (Figure 4C,C'). (Note: Do not use
pointed forceps to hold the spine as it may rupture the vertebra

and contaminate the buffer with hematopoietic cells).
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FIGURE 4 Microdissection procedure for the isolation of the NP, AF, and EP from the intervertebral disc of mouse spine performed using a
bright field stereomicroscope. Representative images of the dissected lumbar spine in ventral view, B-C’, and intervertebral disc in transverse
view demonstrating the microdissection procedure, D',D”, E/, F' G’, and G”) from a four-month-old (4 M) WT FVB mouse captured using an
iPhone camera and bright field stereomicroscope. A, Anatomical positions for the images shown in B-G'. Place the dissected lumbar spine with
the dorsal side on the Petri Dish and ventral side facing the experimenter, B and B’. Dissect at the AF and EP junction, C-C” to expose gelatinous
NP surrounded by AF, D. Transverse view of an intact IVD (D’). Scoop out NP from the AF (E and E’) and collect. Microdissect the AF, F, and F,
and collect. Microdissect the EP, G and G’ and collect. A, anterior. P, posterior. R, right. L, left. V, ventral. D, dorsal. IVD, intervertebral disc. NP,
nucleus pulposus. AF, annulus fibrosus. EP, end plate. # represents the disc in B’ and C’'

3. Now the NP will be exposed from the open end of the disc (Figure 4D).
Use the blunt side of the scalpel blade to scoop out the entire NP into
the PBS in the Petri Dish (Figure 4E,E'). Else, if interested in collecting
entire disc, dissect along with the EP on both ends (Figure 4D’).

4. Adjust a P200 micropipette to 40 pL volume. Widen the precision
tip using a sterile pair of scissors. Gently aspirate the NP cells and
use the micropipette to add them in a 1.7 mL Eppendorf tube con-
taining RNAlater (about 200 uL/ tube), or PBS depending upon the
downstream application.

5. Next, use the scalpel blade to cut at the junction of the EP and AF of
the L2 vertebra. This step isolates the intact ring of AF that is free of
NP and EP cells (Figure 4F,F'). Next, use the scalpel to microdissect EP
by cutting adjacent to the soft growth plate cartilage (Figure 4GG').

6. Separately collect the AF and EP using fine forceps into Eppendorf
tubes containing RNAlater or PBS based on the downstream
application.

7. Repeat steps 17-21 to collect NP, AF, and EP cells from all the

lumbar discs.

3.14 | Notes for microdissection procedure

1. All steps must be performed using ice-cold PBS. It is essential to
replace buffer with fresh and cold PBS every 5 minutes (min) to
minimize degradation of the biomolecules.

2. We have tried several scalpel blades and identified the Feather

surgical blade no.11 as the most suitable for precise isolation of all

three components of the mouse intervertebral disc. The sharp-
angled tip of the Feather surgical blade no.11 provides a clear view
of the cutting area while facilitating precise microdissection.

3. Do not leave the tissue at room temperature at any time during
the procedure. Process and store cells immediately following isola-
tion and collection.

4. As the EP is also isolated using this method, if required, it may be
collected for downstream analysis.

5. Replace the scalpel blade often, otherwise fine microdissection

may not be achieved, which results in the mixing of cell types.

3.2 | A step-by-step protocol for isolation of high-
quality, intact total RNA from mouse NP, AF, and the
whole intervertebral disc

1. Sterilize the Polytron Omni Tissue Homogenizer with 70% etha-
nol, followed by incubating in bead sterilizer for 20 minutes.
Allow the homogenizer probe to cool before use.

2. Mount the homogenizer probe on the motor and rinse the
probe using three separate aliquots of RNase free water. Then,
decontaminate three times with 100% RNase-free ethanol
before one final rinse with chloroform. Allow each rinse
cycle to run for about 5 seconds. Following chloroform rinse,
dry run the probe for a sec or two to remove any residual
chloroform.

3. Add 1 mL of TRI Reagent to the samples (NP, AF, or discs) and
vortex to dislodge the tissue from the base of the Eppendorf tube
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and into the TRI Reagent. Incubate the sample on ice for

5 minutes. Next, disrupt the cells by homogenization using one of

the following options:

a. Immerse the probe into the Eppendorf tube and homogenize
the NP cells twice for no more than 15 seconds each. Chill the
tubes in ice for a min between each homogenization step.

b. Homogenize AF (or the whole disc) 3 to 4 times for
20 seconds each by immersing the probe into the Eppendorf
tube. Allow the tubes to cool by placing them in ice for a
minute between each homogenization step.

c. Note: Do not homogenize beyond 20 seconds in a given cycle,
as this will heat the sample, causing RNA degradation.

4. Clean the probe between each sample to avoid cross-sample con-
tamination by rinsing for 5 seconds each, first in RNase-free water,
followed by 100% RNase-free ethanol and finally in chloroform.
Allow the probe to dry before homogenizing the next sample.

5. After homogenization, centrifuge the samples in a refrigerated
centrifuge at 4°C for 12 minutes at 12 000g. Meanwhile, label
fresh Eppendorf tubes for the following steps.

6. Following centrifugation, immediately collect the supernatant into
a prelabeled new Eppendorf tube and incubate at room tempera-
ture (RT) for 5 minutes to facilitate dissociation of the nucleopro-
tein complexes.

Note: It is important to gently remove the supernatant with the

pipette tip without dislodging the pellet. Please make a note of the

volume of supernatant collected, as it is required for the next step.

7. Add 1/5th volume of chloroform to the supernatant (eg, add
200 pL of chloroform for 1 mL of supernatant collected, add
150 pL of chloroform if 750 pL of supernatant was retrieved).
Mix well by shaking vigorously for 15 seconds by hand until the
solution turns homogeneous and bright pink
Note: Do not vortex as it may fragment the RNA.

8. Incubate the samples for 10 minutes at RT.

9. Centrifuge the sample for 15 minutes at 12000g and 4°C. Label
fresh Eppendorf tubes for the next step.

10. Immediately after centrifugation, gently aspirate the upper clear
aqueous phase into a fresh prelabeled Eppendorf tube using a
200 pL pipette followed by 20 puL pipette to avoid contamination
with the interphase.

11. Add one volume of 70% ethanol (prepared using RNase, DNase-
free water, and ethanol) to the aqueous phase for precipitation of
RNA. (eg, add 450 pL of 70% RNase-free ethanol if 450 pL of the
aqueous phase is collected).

12. Mix well using a 1 mL pipette and transfer 500 pL of the mix to
an RNeasy MiniElute spin column inserted in a 2 mL collection
tube, both provided with the Qiagen kit.

13. Gently close the lid and centrifuge the spin column for 15 seconds
at 28000g using a benchtop centrifuge maintained at RT.

Note: For isolation of RNA from NP cells, a RNeasy Micro (74004,
Qiagen) or RNeasy Mini (74104) kit was used. For isolation of RNA
from AF cells and the whole disc, the RNeasy Fibrous Tissue Mini Kit
(74704, Qiagen) was used.

d. After centrifugation, discard the flow-through and add the
remaining sample mix (RNA + 70% ethanol mix from step 12) into
the spin column. Centrifuge the spin column again for 15 seconds
at 28000g at RT. Discard the flow-through.

e. Wash the spin column by adding 350 uL of RW1 buffer (provided
with the kit) and centrifuge for 15 seconds at >8000g at RT. Dis-
card the flow-through and collection tube.

f. Place the spin column in a new 2 mL collection tube for on-col-
umn DNase digestion using 80 pL of DNase | incubation mix pre-
pared using 10 pL of DNase | and 70 pL of RDD buffer per
column, both provided with the kit. Load the DNase | incubation
mix directly on the membrane of each spin column and incubate
at RT for 10 minutes.

Note: Prepare a tube with RNase-free water and incubate in a
75°C dry bath until use. The warm RNase-free water will be used for

efficient elution of RNA in the last step.

g. Next, wash the spin column by adding 350 uL of RW1 buffer
and centrifuge for 15 seconds at 28000g at RT. Discard the
flow-through.

h. Rewash the spin column with 350 puL of RW1 buffer and centrifuge
for 15 seconds at 28000g at RT. Discard the flow-through and col-
lection tube.

. Place the spin column in a new 2 mL collection tube, add 500 pL
buffer RPE. Centrifuge for 15 seconds at 28000g at RT. Discard the
flow-through.

j. Add another 500 pL of RPE buffer to the spin column and centri-
fuge for 30 seconds at 28000g at RT. Discard the flow-through.

k. Add 500 pL of 80% ethanol (prepared in RNase/DNase-free water

and ethanol) to the spin column and centrifuge the spin column for
2 minutes at 28000g at RT. Discard the flow-through and collec-
tion tube.

I. Place the spin column in a new 2 mL collection tube and centrifuge
the spin column with its cap open for 1 minute at 280009 at RT
(dry spin). Discard the flow-through and collection tube.

m. Place the column in a new and labeled 1.7 mL Eppendorf tube.

Add 15 pL of the prewarmed (75°C) RNase-free water directly on

the membrane and to the center of the column and leave at RT

for 5 minutes.

Note: The kit recommends incubating the column for 1 minute
before elution. However, we had significant improvement in the RNA
yield, without compromising the quality of RNA (Figure 5), by incubat-

ing for 5 minutes.

4 | TOELUTE THE RNA, CENTRIFUGE THE
SPIN COLUMN FOR 1 MINUTE AT FULL
SPEED AT RT

Note: The yield of RNA may further be improved by repeat elution by
loading the elute obtained in step 24.
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FIGURE 5 Validation of microdissection procedure using ShhCre/+; R26mT/mG/+ fluorescence reporter line. Representative images of the
lumbar spine and intervertebral disc dissected from a three-month-old (3 M) ShhCre/+; R26mT/mG/+ mouse where all NP cells appear GFP+ve
under an epi-fluorescence stereomicroscope (A-G). L1-L4 spine in ventral view (A), an individual disc at higher magnification in ventral view (B),
and a dissected disc in transverse view (C) showing GFP+ve NP cells, TOM+ve AF (yellow asterisk), EP (indicated by pink arrows), and vertebrae
from 3 M old ShhCre/+; R26mT/mG/+. NP cells scooped out of the AF (D), collected with a pipette tip (E) are free of any TOM + ve cells. AF and
EP are dissected using a fresh scalpel blade (F). C and F are images of the same disc captured in transverse plane. While C shows the intact disc
with NP in the center viewed under the thin layer of EP, together surrounded by lamella of AF, F shows the isolated AF and EP following removal
of the NP cells. Representative fluorescence image of a mid-coronal section of a 3 M old ShhCre/+; R26mT/mG/+ with DAPI counterstained
nuclei (blue) shows that all notochord-descendant NP cells are GFP+ve (G). A few notochord-descendant GFP+ve cells are observed in the AF
and EP (white arrows in F and G), which may occur during development as previously reported. NP, nucleus pulposus. AF, annulus fibrosus. EP,

end plate. * indicates AF on the lateral side of GFP+ve NP cells in A and B. The pink arrow identifies the EP in A and B

41 | Multiplex and quantitative real-time PCR
(gPCR) using TagMan probes

To assess the purity of NP and AF cell populations, we evaluated the
expression of molecular markers specific to NP or AF cells. The molec-
ular markers used in the current study, along with details on the
respective gene specific Tagman Probes used are listed in Table 1.
Soon after elution, the RNA concentration was quantified in dupli-
cates using NanoDrop One Microvolume UV-Vis Spectrophotometer
(ThermoFisher Scientific, USA) and 1.5 pL of RNA was used for sam-
ple quality control (QC) using Agilent Bioanalyzer. The remaining RNA
was immediately converted into cDNA using SuperScript IV First-
Strand Synthesis System (18 091 050, Invitrogen, ThermoFisher Sci-
entific, USA) and following manufacturer's protocol on Thermal Cycler
(C1000 Touch Thermal Cycler, Bio-Rad Laboratories, USA). Multiplex
real-time PCR (qPCR) was performed using 6 ng of cDNA, iQ Multi-
plex Powermix (1725849, Bio-Rad Laboratories, USA), gene-specific
TagMan probes conjugated to FAM-MGB, and with Beta-2-

TABLE 1 TagMan Probe used for multiplex gPCR analysis

Gene name TagMan probe Fluorophore
Beta-2-microglobulin (B2m) MmO00437762_m1 VIC-MGB
Brachyury (T, Tbxt, or Bra) Mm013182496_m1 FAM-MGB
Sonic hedgehog (Shh) Mm00436528_m1 FAM-MGB
Tenomodulin (Thmd) Mm00491594_m1 FAM-MGB
Osteocalcin (Bglap) Mm03413826_mH FAM-MGB

Microglobulin (B2m) conjugated to VIC-MGB as an internal control in
every PCR reaction (Table 1). No template control (NTC) was included
for each experiment to determine nonspecific amplification, which
was negative for all TagMan probes. PCR reactions were run for
40 cycles per manufacturer's recommend program. The qPCR reac-
tions were carried out using CFX96 Touch Real-Time PCR Detection
System (1855195, Bio-Rad Laboratories, USA). The quantification
cycle (Cq) value obtained for each sample was used to calculate dCq

by subtracting the Cq of reference gene (B2m) from the Cq of target
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TABLE 2 Results of gPCR analysis to validate the purity of isolated NP and AF cells microdissected from 6-month-old WT FVB mice using

bright field stereomicroscope

Gene ID Shh T (Bra)
Cell type NP AF NP
Replicates (n) 6 6 3
Mean (relative to B2m) 0.0717 0 17.18
Std. deviation 0.038 0 0.659
Std. error of mean 0.0155 0 0.381

gene [dCq = Cq (target) — Cq(B2m)]. The relative expression of a partic-
ular gene in each sample was expressed as 2~-9C9 (Table 2). Data were
analyzed using the GraphPad Prism vs 8.3.

4.2 | Radiography

High-resolution digital X-ray Faxitron images of the anesthetized mouse
were captured using the UltraFocus high-resolution digital X-ray cabinet
by Faxitron Bioptics, LLC (Arizona, USA). Before imaging, the imager was
calibrated using automatic calibration and automatic exposure for appro-
priate exposure time and kV settings suitable for imaging the mouse.
Mice were anesthetized with 2% isoflurane, placed in the X-ray chamber
and imaged in the dorsal and sagittal plane.

43 | Microscopy

The lumbar spines were dissected from 4-month-old (4 M) wild-type (WT)
FVB mice, collected in ice-cold PBS, and imaged using bright field stereo-
microscope. The lumbar spines of three-month-old (3 M) Shh®; R26™mC
mice were used to validate the NP, AF, and EP cell isolation protocol fol-
lowing microdissection. Lumbar spine and intervertebral discs from Shh®™;
R26™™C mice were imaged to visualize the endogenous GFP and TOM
fluorescence using a Nikon DS-Qi2 monochromatic digital camera (Nikon,
Japan) attached to a Nikon SMZ-25 Stereo Fluorescence Microscope
(Nikon, Japan) and accompanying NIS-Elements Advanced Research (AR)
software (Nikon, Japan). All images captured using GFP and TOM epi-
fluorescence were merged to create a composite image (Figure 5).

For histological preparations, the spine was fixed in freshly pre-
pared 4% buffered paraformaldehyde (PFA) for 6 hours, and
decalcified in 0.5 M ethylenediaminetetraacetic acid (EDTA, E9884,
Sigma-Aldrich, USA), pH 7.6 at 8°C on a rocker platform for five days.
Following decalcification, the spine was washed three times in cold
PBS for 30 minutes each, and cryomolds were prepared in Tissue-Tek
optimum cutting temperature (O.C.T, 102094-106, VWR, USA) that
was immediately snap-frozen and stored at —80°C until further use.
Cryosections in the coronal plane were prepared at 8 pm thickness
using a Leica cryostat (CM3050 S, Leica, USA). Slides were stored at
—80°C. Midcoronal sections were processed for histological evalua-
tion by hematoxylin and eosin (H&E) staining using a standard proto-
col, dehydrated, cleared, and mounted in PROTOCOL mounting

Tnmd Bglap
AF NP AF NP AF
5 3 3 3 3
2.00E - 05 0 1.163 0 5.00E - 05
5.00E - 05 0 0.029 0 9.00E - 05
2.00E - 05 0 0.017 0 5.00E - 05

medium (C.A.S. 23-245-691, Fisher Healthcare, USA). For Safranin-O
and Fast Green (SafO/Fast Green) staining, frozen sections were
hydrated in distilled water for 5 minutes and then incubated for
12 minutes in aqueous 0.001% Fast Green Solution (C.I. 42053,
Sigma-Aldrich, USA). Fast green stained sections were de-stained by
rinsing with a 1% acetic acid solution and subsequently stained with
0.1% Safranin-O solution (C.I. 50240, Sigma-Aldrich, USA) for
20 minutes. The sections were then dehydrated, cleared, and
mounted in PROTOCOL mounting medium using a standard protocol.
H&E and SafO/Fast Green stained sections were imaged using a DS-
Fi2 digital camera (colored, Nikon, Japan) attached to a Nikon Ni-E
Eclipse Microscope, and accompanying NIS-Elements Advanced
Research (AR) software (Nikon, Japan).

Lumbar spines from Shh®®*: R26™™%* mice were fixed,
decalcified, and cryosectioned in the coronal plane. The slides were
washed three times in PBS, counterstained in DAPI (D1306, 1:5000,
Invitrogen, ThermoFisher Scientific, USA), and mounted in Prolong
Diamond (P36962, Invitrogen, ThermoFisher Scientific, USA). Sections
were imaged using DAPI, GFP, and TxRd filter cubes, ANDOR Zyla
sCMOS monochromatic digital camera (Oxford Instruments, UK)
attached to a Nikon Ni-E Eclipse Fluorescent Microscope, and accom-

panying NIS Elements AR software (Nikon, Japan).

5 | VALIDATION OF THE METHODS

5.1 | Purity of isolated NP, AF, and EP cells

Isolation of NP, AF, and EP cells by microdissection was validated using
the lumbar disc of a 3 M Shh®*; R26™™%* mouse (Figure 5). Before
expression of Cre recombinase, all cells in the mouse express membrane-
bound tdTomato (mTOM or mT,%). Following Shh-mediated recombina-
tion, the TOM cassette, along with the stop codon, is excised only in the
Shh®*-expressing cells, hence, permanently turning “ON” the expres-
sion of membrane-bound GFP (mGFP or mG) in these cells as well as
their lineages.*> During mouse embryogenesis, Shh is first expressed by
E7.5 in the node, 3 which gives rise to the notochord. Hence, node,
notochord, and their descendant NP cells, even following terminal differ-
entiation into multinucleated lacunae,?® will be mGFP+ in the Shh®"®/*;
R26™/m5’* mice. None of the other cells of the spine express Shh and
will continue to be TOM+ve. Both GFP+ve NP cells and non-NP cells
can be visualized with fluorescence microscope (Figure 5A-G). The NP
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FIGURE 6 Representative Bioanalyzer electropherogram for quality check analysis of total RNA isolated by three independent experimenters
using the NP, A-C, and AF or whole disc, D-F, microdissected using the bright field stereomicroscope from the wild-type FVB mice spine. RNA
with a RIN between 9.5 and 10 and free of gDNA contamination was isolated from the NP cells microdissected and collected from one lumbar
disc of a year old mouse, A, NP cells from one lumbar disc of postnatal day four mouse, B, and NP cells pooled from six lumbar discs of 6-month-
old mouse, C. RNA with RIN between 9.3 and 9.6 and free of gDNA contamination was isolated from the whole disc using five intact lumbar discs
of 6-month-old mouse, D, from the microdissected AF and pooled from two lumbar discs of a month old mouse, E, and from the microdissected

and pooled AF from two lumbar discs of a 2-week-old mouse (F)

cells isolated by scooping out from the AF were free of any TOM+ve
cells and were all GFP+ve (merged composite of GFP and TOM, Fig-
ure 5D,E). The NP cells can easily be collected by aspiration in a wide-tip
pipette (merged composite of GFP and TOM, Figure 5E). The lamella of
AF and thin EP can be microdissected and collected from the same disc
(Figure 5F). However, a few GFP+ve cells were detected in the AF and
EP sample preparations (Figure 5F). These are likely the notochord-
descendant cells that are trapped in the AF and EP during disc formation
at the embryonic stage and identified by white arrows in the mid-coronal
section of a 3 M old Shh®*; R26™™™%* mouse lumbar disc in Figure 5G,

and previously reported.*”

52 |
analysis

Purity of NP and AF validated by qPCR

As cross-contamination by a few cells from another compartment of
the disc may not be visible under a stereomicroscope, even in the

presence of a cell-specific reporter allele, we further validated the
purity of NP and AF cell populations by analyzing the expression of
cell-specific molecular markers for each component using TagMan
probes (Table 1) and gPCR analysis. gPCR is an amplification-based
sensitive technique and can detect even a single copy of a specific
transcript.*® Hence, qPCR analysis using probes for cell-specific
markers offers a robust approach for analyzing cross-sample contami-
nation in cell isolation procedures. As Shh and Bra are expressed only
by the NP cells and not by AF cells,*23341 these markers were used
to identify NP cell contamination in the AF cell preparations. Tnmd is
a specific molecular marker of the AF cells and is not expressed by NP
cells in the intervertebral disc.3* Hence, expression analysis of Tnhmd
was used to validate the absence of AF cells in the NP cell prepara-
tions. We also tested for contamination of bone cells in both the NP
and AF cell preparations by analyzing the expression of Osteocalcin.
Osteocalcin, also known as Bone Gamma-Carboxyglutamate (Gla) Pro-
tein (Bglap), is a molecular marker of osteoblasts of the bone

(reviewed by References 42, 43). Multiplex gPCR analysis for these
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molecular markers was performed using NP and AF cells prepared
from 6-month-old mice (n = 3), and B2m was used as an internal con-
trol in all PCR reactions. As there are no known molecular markers of
EP, we did not analyze it further. The amplification results are pres-
ented as relative gene expression compared to B2m (Table 2). As
expected, expression of Bra and Shh was detected only in the isolated
NP cells, and expression of both these NP-specific markers was
undetected (UD) in the AF cells. Amplification for Bra was detected in
39.25 of the 40-cycle PCR reaction for one replicate of AF and was
undetected in the remaining four AF preparations. The expression of
Tnmd was detected only in the AF cells and was undetected in the NP
cell preparations. Bglap expression was undetectable in all the NP cell
preparations, indicating the absence of any bone cell contamination in
the isolated NP cells. However, amplification for Bglap was detected
at 39.82 cycles of the 40-cycle PCR reaction in one of the samples of

AF cells, while it was undetected in the rest of the AF samples.

5.3 | Isolation of high-quality, intact RNA from NP,
AF, and entire disc

It is well established that high-quality, intact RNA is critical for high-
throughput deep sequencing transcriptomic analysis including
RNAseq. The importance of intact and high-quality total RNA for
gPCR analysis is also emphasized in the MIQE guidelines,** as frag-
mented RNA may affect the interpretations of qPCR results. Thus, a
protocol was optimized to isolate high-quality and intact total RNA
with RNA integrity number (RIN) 9.5 to 10 with a 285:18S rRNA ratio
of over 2.0 for the NP cells (Figure 6A-C), and RIN 29.3 for AF cells or
the whole disc (Figure 6D,E). However, the 28S:18S rRNA ratio for
RNA isolated from AF cells or the disc as a whole was only over 1.3
(Figure 6D,E). The 55 rRNA band was not detected in any of the sam-
ples, which indicates that the RNA is intact and not degraded or frag-
mented (Figure 6). All RNA samples were also free of any genomic
DNA contamination, which, if present, can be seen right below the

loading well.

6 | DISCUSSION

We are in a molecular era with access to highly sophisticated, sensitive,
and high-throughput -omics approaches that may be employed to eluci-
date the intervertebral disc biology during growth, healthy maturation,
and maintenance, and aging (Figure 1). Purity and quality of sample
preparation is a prerequisite for successful downstream analysis
whether using sophisticated high-throughput approaches to profile
cells at a single-cell resolution, or conventional methods to determine
changes at the molecular and cellular level. The purity of samples is also
crucial for reliable and reproducible research findings as intermixing, or
cross-sample contamination can dramatically skew the data as well as
the interpretation of results. Intervertebral disc is made up of three dif-
ferent cell types; NP, AF, and EP cells, and it is essential to isolate each

component separately to precisely elucidate their molecular and

JOR SPin ... N Ik

biochemical profile. The mouse model is frequently employed to study
the cellular and molecular basis of intervertebral disc formation, devel-
opment, aging, and degeneration (reviewed by Reference 15). Previ-
ously it was demonstrated that all NP cells, even in a middle-aged
mouse disc, are a homogeneous population of notochord-descendant
cells.r” NP cells from young mice to about 14 to 16 months of age look
morphologically similar under a microscope.?® Still, we do not know
whether NP cells are molecularly homogenous or diversify into molecu-
larly heterogenous populations during postnatal stages. Single-cell RNA
sequencing (scCRNA seq) offers a robust approach to analyze the trans-
criptome at single-cell resolution.*> One of the significant applications
of this approach is to study the molecular heterogeneity within an oth-
erwise homogeneous-looking cell population using scRNAseq. Due to
the sensitivity of sSCRNA seq, it is necessary to use a pure and very high
proportion of viable cells for reliable and reproducible results. Other-
wise, the data may be misleading.

To determine whether postnatal NP cells continue to express
molecular markers of its notochord precursor, a prior study used laser
capture microdissection to obtain a pure population of NP and AF
cells from two-week-old mouse lumbar discs. The results showed that
notochord descendant NP cells continue to express key notochord
marker Brachyury while syndetome derived AF does not.*? Laser cap-
ture microdissection was also employed to dissect the newly formed
disc and vertebrae from an E13.5 mouse embryo for gene expression
analysis.*¢ Although laser capture microdissection offers the ability to
precisely microdissect specific cell types, even at single-cell resolution
under high magnification,*’ the lengthy process yields low RNA and
results in RNA degradation. Moreover, expertise is required for prepa-
ration of thin cryosections on membrane slides and requires time to
microdissect and collect the cells of interest on specific caps. The high
laser power required for microdissecting cells embedded in the extra-
cellular matrix, including AF, burns the tissue and cells, thereby
degrading RNA. Lastly, the cost of this approach is also high due to
specific membrane coated or metal frame slides, caps, and reagents
required for the amplification of RNA. Another process to collect pure
population of NP cells is by enzymatic digestion followed by FACS
sorting using cell-specific cell surface markers, or fluorescent reporter
alleles. A recent utilized this approach to compare the transcriptomes
of E12.5 notochord and NP cells collected from new-born mouse disc
at postnatal day zero (P0).2” However, brief exposure of NP to nor-
moxia dramatically changes the gene expression of the NP cells,*® and
enzymatic digestion and FACS sorting is a lengthy process for cell iso-
lation. To overcome these caveats, we have developed a protocol for
rapid and efficient isolation of all components from the same inter-
vertebral disc to eliminate cross-sample contamination (Table 2) and
ensure preserved samples for downstream analysis, including at a
transcriptional level (Figure 6). Since all three components of the disc
can be collected from each sample, this method is also ideal for stud-
ies aimed at analyzing the cell-cell crosstalk. However, the purity of
EP was not examined in the current study due to lack of specific
markers, and needs further validation. In one of the isolated AF sam-
ples, we did detect amplification of Bglap, a molecular marker of bone
cells,*?*3 in the cycle 39.82, and Bra in the cycle 39.25 of the 40-cycle
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PCR reaction. As the amplifications of these genes was detected in
the last cycle of the PCR reaction, it is likely that a low copy of Bglap
or Bra transcripts, from a few bone or NP cells, respectively, were pre-
sent in these AF cell preparations. Therefore, it is essential to validate
the purity of cells for each experiment.

The factors that may affect RNA integrity and purity, all of which
must be controlled to optimize the quantity and quality of RNA, include
tissue type, postmortem method, and time for tissue processing, storage
conditions, and RNA isolation method. Enzymes that degrade cells, tis-
sues, and biomolecules, including nucleic acids, proteins, and carbohy-
drates, are most efficient at a warm temperature. Tissue degradation
initiates soon after euthanasia. Hence, it is crucial to process tissues at
lower temperatures using an ice-cold buffer to slow down the enzymatic
and metabolic activity for efficient downstream analysis. Furthermore,
nucleic acids are well preserved in RNAlater, thus minimizing the possibili-
ties of RNA degradation. A standard method for quality check of RNA
integrity is by Bioanalyzer and determining the RIN value (calculated
algorithmically by Agilent Bioanalyzer). The RIN value ranges from 1 to
10, with RIN 1 indicating extremely degraded and RIN 10 representing
the highest-quality intact RNA. Both the quality and purity of RNA affect
the gene expression profiles, and in turn, influence the results.* There-
fore, the quality of RNA can impact the downstream applications, which
analyze transcriptional changes in cells under different experimental con-
ditions and include gPCR, micro-arrays, in-situ hybridization, bulk RNA
seq, SCRNA seq, and northern blotting to name a few. We have modified
the RNA isolation protocol established by Chomczynski and Sacchi,*>>*
and combined it with Qiagen MiniElute spin column-based kits. Although
we used TRI Reagent for cell lysis in our current method, this protocol
will work equally well using TRIzol (15596026, ThermoFisher Scientific,
USA), and QlAzol (79306, Qiagen, Germany), as all these reagents are
based on the Phenol and guanidinium isothiocyanate (GITC) based cell
lysis. Moreover, Phenol/ GITC based lysis buffers allow the isolation of
DNA, RNA, and protein from the same cells.”® The collection and evalua-
tion of all biomolecules from each biological sample enables the evalua-
tion of additional outcome measures for rigorous and robust analysis.
While standardizing the RNA isolation protocol from the mouse inter-
vertebral disc cells we tested various approaches for tissue lysis including
Qiagen TissueLyzer Il (11843, Qiagen, Germany) with RIN ~ 5 to 6, Mor-
tar and Pestle with RIN ~ 5 to 6, and syringes only for NP cells with
RIN ~ 7. However, these lysis methods yielded low RNA quality and the
yield due to inefficient lysis, delay in lysis, or overheating of samples. We
found that the use of the polytron homogenizer, in combination with the
methods described in this paper, yields the highest quality RNA with RIN
of 9.3 to 10. Although we did not test the protocol for isolation of RNA
from the microdissected EP cells, the method for RNA isolation entire
disc, which also has EP region, should work equally well. We use these
methods of isolation of NP and AF and subsequent RNA isolation from
mice over 2 years of age and with equal purity and quality. The yield of
RNA will vary based on the age of mouse (Figure 6). Younger mice have
smaller discs with fewer cells that increases with maturity.32 However,
discs from aged mice are more fibrous and hypocellular,?*®° and the
yield of RNA per disc decreases in very aged mice. Also, number of discs

used to pool samples for RNA isolation will affect the total yield

(Figure 6). However, the RNA quality did not vary with age (Figure 6).
Hence, depending on the amount of RNA required for downstream anal-
ysis, the researchers may pool samples from adjacent discs.

In summary, this method paper describes the optimized and step-by-
step protocols for rapid and efficient isolation of all the three components
of the mouse intervertebral disc: NP, AF, and EP cells, as well as the isola-
tion of high-quality, intact RNA from NP, AF, and entire disc. Quick and
efficient pure sample preparation may be useful for molecular and bio-
chemical analysis of each component of the disc during healthy growth,
differentiation, and aging, and also under different experimental condi-
tions. Additionally, isolating of all three components from the same disc
offers the opportunity for their concerted analysis in each biological repli-
cate. Furthermore, high-quality, and intact RNA preparations are necessary
for rigorous transcriptomic approaches, including NextGen sequencing
and gPCR analysis. As these protocols are relatively simple and do not
require sophisticated tools or reagents, we hope that researchers will
adopt them to understand intervertebral disc biology. Lastly, these
methods can be modified for isolation of NP, AF, and EP cells from other
animal models including, but not limited to rats, guinea pigs, and rabbits.
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