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Influence of Genetic Background and Sex on
Gene Expression in the Mouse (Mus musculus)
Tail in a Model of Intervertebral Disc Injury

Julie M Brent,"” Zuozhen Tian,? Frances S Shofer,’ John T Martin,*® Lutian Yao,*® Christian Archete,?
Youhai H Chen,® Ling Qin,* Motomi Enomoto-Iwamoto,” and Yejia Zhang>*®

To facilitate rational experimental design and fulfill the NIH requirement of including sex as a biologic variable, we exam-
ined the influences of genetic background and sex on responses to intervertebral disc (IVD) injury in the mouse tail. The goal
of this study was to compare gene expression and histologic changes in response to a tail IVD injury (needle puncture) in
male and female mice on the DBA and C57BL/6 (B6) backgrounds. We hypothesized that extracellular matrix gene expression
in response to IVD injury differs between mice of different genetic backgrounds and sex. Consistent changes were detected
in gene expression and histologic features after IVD injury in mice on both genetic backgrounds and sexes. In particular,
expression of collal and adam8 was higher in the injured IVD of DBA mice than B6 mice. Conversely, col2al expression
was higher in B6 mice than DBA mice. Sex-associated differences were significant only in B6 mice, in which col2al expres-
sion was greater in male mice than in female. Histologic differences in response to injury were not apparent between DBA
and B6 mice or between males and females. In conclusion, mouse tail IVD showed sex- and strain-related changes in gene
expression and histology after needle puncture. The magnitude of change in gene expression differed with regard to genetic
background and, to a lesser degree, sex.

Abbreviations: IVD, intervertebral disc; AF, annulus fibrosis; NP, nucleus pulposus; adam8, metalloproteinase domain-containing
protein 8; cxcll, CXC motif ligand 1; coll, type I collagen; collal, type I collagen a1 chain; col2, type II collagen; col2al; type II

collagen o1 chain
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Although the influence of genetic background in other sys-
tems has been reported, its influences on intervertebral disc
(IVD) have not been well described. Genetic background influ-
ences numerous conditions. For example, the examination of
mice on the C3H/He] and C57/10ScCr backgrounds contrib-
uted to the discovery of the Toll-like receptor 4 (TLR4), where ei-
ther a point mutation in or lack of TLR4 renders mice insensitive
to the bacterial endotoxin LPS.'*!” Additional examples include
a mutation at the diabetes locus that produces a more severe
form of diabetes in C57BL/Ks] (BKs) and DBA /2] strains than
in C57BL/J (B6) mice.* Susceptibility to dental fluorosis differs
among mouse strains, with 129P3/] being resistant and A /] be-
ing susceptible.® According to one study, low-dose infection by
Leishmania mexicana was more severe in BALB/c compared with
CBA/] mice.” Another study found that colonization rates and
severity of infection with pathogens including Campylobacter
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jejuni varied depending on mouse genetic background." In the
current study, our first aim was to examine whether genetic
background plays an important role in IVD degeneration in the
tail injury model, to guide future experimental design in the
selection of mouse strains.

NIH recently mandated the inclusion of sex as a biologic
variable in animal and human studies. This initiative is meant
to rectify prior models in which biomedical research focused
predominantly on male animals and subjects, thus potentially
obscuring key understanding of sex-associated influences on
health processes and outcomes. However, including both sexes
in experimental design increases the number of animals needed
to design experiments with adequate power for analysis and in-
terpretation to yield unbiased, robust, and reproducible results.
Due to differences in hormones such as androgen, estrogen,
and insulin-like growth factor 1 between males and females,
skeletal dimorphism in mice is established during early pu-
berty.? Female mice develop less cross-sectional bone area, have
slower periosteal bone formation rates, weigh less, and lower
ultimate bone strength than do males.? According to a mouse
phenotyping study, sexual dimorphism emerged in wildtype
mice.” Examples of observed male—female differences included
increased body weight, bone mineral density, and bone content
and area in males.” The influence of sex on IVD degeneration in
the mouse tail injury model had not been described previously
was therefore a focus of our current study.
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The IVD injury model has been widely used to study the
course of IVD degeneration, in large animals (sheep,” pigs!),
dogs,” and small animals (rabbits,**** rats,”” mice'>*). One main
advantage of the mouse model is the ability to examine IVD de-
generation in mice with genetic modifications. We have further
refined the procedure using a percutaneous needle puncture ap-
proach, and have shown that needle injury results in a reproduc-
ible course of morphologic and molecular changes consistent
with IVD degeneration.'** However, a major limitation of our
previous study was it used only female mice on the C57BL/6]
(B6) background.”* We thus were unable to comment on any
potential differences in gene expression patterns between male
and female animals or influences due to genetic backgrounds
We therefore conducted the following study to compare gene
expression between male and female mice on 2 distinct genetic
backgrounds. From the 4 time points in the original study,*® we
expanded the study to both sexes on 2 genetic backgrounds at
the 1-wk postinjury time point. Gene expression changes were
readily measurable at early time points, and coll and col2 ex-
pression returned to baseline by 4 wk after injury.® Because we
showed that reliable changes in gene expression and histology
occur at 1 wk after injury, we selected this time point to expand
the study to include a larger sample number.

We included expression analysis of type I collagen (collal),
type II collagen (col2a1), metalloproteinase domain-containing
protein 8 (adam8), and CXC motif ligand 1 (cxcl1) genes, as de-
scribed previously.® Type I collagen and type II collagen are
major components of the IVD extracellular matrix® that change
with aging,® and the changes in gene expression after injury may
represent repair and scar tissue formation. In addition to extra-
cellular matrix genes, we have included adam8 (also known as
CD156) and cxcl1 (a mouse homolog of human IL8) to represent
tissue injury-repair and inflammatory processes.?”?%* adam8
belongs to the Adam family of cell surface proteases,* which
participate in remodeling of extracellular matrix, cell migration,
and processing of membrane-bound signaling molecules.® We
previously demonstrated that disc degeneration is associated
with increased ADAMS protease and its fibronectin cleavage
products in humans.?! We also have shown that IL8, the human
homolog of cxcll, is increased in human IVD tissues removed
surgically because of back pain.** Furthermore, adam8 and cxcl1
expression is elevated after IVD injury in mice.?® Therefore, in
the current study, we examined collal, col2al, cxcll, and adam8
transcript levels in response to injury to determine whether the
genetic background and sex of the mice influenced the expres-
sion of these genes. In addition, we performed Alcian blue and
Safranin O staining to reveal proteoglycan distribution.

In this study, we describe the influence of genetic background
and sex on gene expression and histologic features in response
to IVD injury in mice. Our results provide guidance regarding
designing future studies in terms of which strain to use and
whether including both male and female animals—conse-
quently doubling the number of animals needed—is justified.

Materials and Methods

Mice. All animal experimental procedures were approved
by the IACUC of the Corporal Michael ] Crescenz Veterans Af-
fairs Medical Center (Philadelphia, PA). Young adult mice (age,
10 to 11 wk) on the DBA background (DBA/1Lac], 8 female
and 8 male) or on the C57BL background (C57BL/6], 8 female
and 8 male; Jackson Laboratory, Bar Harbor, ME) were used in
this study. Mice were housed in disposable cages (Innovive,
San Diego, CA) with AlphaDri bedding (Shepherd Specialty
Papers, Watertown, TN) under pathogen-free conditions with
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environmental enrichment (Nestlets, Ancare, Bellmore, NY) and
a maximum of 5 animals per cage. Mice are tested for patho-
gens quarterly by using the EAD Mouse Surveillance Plus PRIA
series (Charles River Research Animal Diagnostic Services,
Wilmington, MA), which tests for 11 common mouse viruses,
26 bacterial strains, and 7 parasitic strains. Our facility continues
to be negative for all pathogens included in the EAD Mouse
Surveillance Plus PRIA testing panel. Mice were fed PicoLab
diet no. 5053 (LabDiet, Fort Worth, TX) without restriction,
provided acidified bottled water, and maintained on a 12:12-h
light:dark cycle. Room temperature was kept between 70 and
76 °F (21.1 and 24.4 °C) and humidity between 30% to 70%. A
total of 32 animals was used for RNA extraction and histology,
comprising 16 mice on the DBA background and 16 mice on the
B6 background.

Tail injury surgery. Surgery was performed as described
previously.* Specifically, each mouse was anesthetized with
ketamine (90 mg/kg SC) and xylazine (10 mg/kg SC). Once
mice were under anesthesia, the skin was cleaned by using po-
vidone—iodine. Under fluoroscopic guidance (FD Pulse Mini C-
Arm, Orthoscan, Scottsdale, AZ), the mouse coccygeal (Co) IVD
were identified, and a 26-gauge needle was inserted into the
IVD space until the needle tip breached approximately 2/3 of
the disc thickness (this information has been included in our re-
cent manuscript as a supplemental figure®). Care was taken not
to puncture the opposing annulus fibrosus (AF). Indeed, when
the opposing AF wall is damaged, a more severe injury is seen
on MRI.* Gelatinous tissue was often found on the needle tip
after its removal, suggesting that the needle puncture induces
acute herniation of the gelatinous nucleus pulposus (NP) of the
IVD. In the current study, the Co3—4 and Co5-6 IVD in each
mouse were injured, whereas Co4-5 and Co6-7 IVD served as
intact controls, as described previously.* Mice were checked at
4 h after surgery and on the next day. The mice were monitored
daily during the first week after tail injury and then on alternate
days until endpoint. Even though mice did not show any signs
of pain or distress, as a preemptive treatment, mice received
buprenorphine at the time of sedation and at 4 h thereafter. Ani-
mals were euthanized through exposure to CO, at 1 wk after tail
disc injury. From each mouse tail, Co3—4 (injured) and Co4-5
(intact control) discs were isolated individually for RNA extrac-
tion. Co5-6 (injured) and Co6-7 (intact control) were isolated en
bloc for histologic examination.

RNA isolation and quantitative real-time PCR analysis. IVD tis-
sues were separated from their adjacent cartilaginous endplates
and bone by using a scalpel under a dissecting microscope
(VistaVision, VWR International, Radnor, PA). Total cellular
RNA was isolated as described previously.?® Specifically, the
isolated IVD tissues were soaked in RNALater (Ambion, Foster
City, CA) overnight and stored at —80 °C until extraction. On
the day of RNA extraction, RNALater was removed, and the
tissues were snap-frozen in liquid nitrogen and then transferred
into Trizol (Invitrogen, Carlsbad, CA). The tissues were ho-
mogenized by using a homogenizer with disposable OmniTip
probes for hard tissue (Omini International, Kennesaw, GA).
RNA was precipitated in 70% ethanol, further purified by using
an RNeasy Micro Kit (Qiagen, Germantown, MD) as described
previously,®* and its concentration determined (Synergy H4 Hy-
brid Reader, BioTek, Winooski, VT).

To generate cDNA, all RNA from each IVD (7 to 20 ng/uL;
total volume, 50 uL) was used as template in a reverse tran-
scriptase reaction (SuperScript VILO cDNA Synthesis Kit, Life
Technologies, Carlsbad, CA) containing random hexamers and
polydT primers (Invitrogen). cDNA sequences were retrieved
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Figure 1. Influences of genetic background on gene expression in intervertebral discs of DBA and B6 mice. Gene expression of (A) type I col-
lagen (col1), (B) type II collagen (col2), (C) metalloproteinase domain-containing protein 8 (adam8), and (D) CXC motif ligand 1(cxcl1). Each point

represents one intervertebral disc. *, P <0.05; 1, P < 0.01.

from Ensembl (release 84, March 2016). Primers for real-time
PCR were designed by using Primer-BLAST? and synthesized
(Invitrogen), as described previously.?® For each PCR reaction,
cDNA, SYBR Select Master Mix (Life Technologies), and primers
(working concentration, 0.5 uM) were mixed, and deionized wa-
ter was added to a total volume of 20 UL per reaction. Reaction
plates (MicroAmp Optical 96-well plates, Applied Biosystems,
Foster City, CA) with wells each containing 20 uL of reaction
mix were sealed by using optical adhesive film (Life Technolo-
gies) and run in a real-time PCR system (ViiA7, Applied Biosys-
tems, Foster City, CA) according to the following program: (1)
50 °C for 2 min; (2) 95 °C for 2 min; (3) 95 °C for 15s; (4) 58 °C for
1 min; and (5) repeat steps 3 and 4 for a total of 40 cycles. Single
products were confirmed by determining melting curves at the
conclusion of the reaction. Relative expression was calculated by
using the 2-AA® method,'*® normalized to gapdh (endogenous
loading control).

Histologic evaluation. IVD and portions of the adjacent bony
vertebral bodies were isolated immediately after euthanasia.
Each disc with its surrounding vertebral bodies was fixed with
4% paraformaldehyde for 24 h. The bone-disc-bone segments

were decalcified, with shaking, in a solution comprising 12.5%
EDTA for approximately 1 wk, until the bony portion was com-
pletely decalcified.? The tissues were then dehydrated and
embedded in paraffin and sectioned at 5 um thickness; cut sec-
tions were stained with Alcian blue and counterstained with
hematoxylin and eosin to reveal proteoglycan, stained with Saf-
ranin O and fast green to reveal proteoglycan, or stained with
hematoxylin and eosin. For Safranin O and fast green staining,
sections were first stained with hematoxylin for 10 min, then
with 0.05% fast green (Sigma, St Louis, MO) solution for 5 min,
and with 0.1% Safranin O (Sigma) solution for 5 min. Similarly
to Safranin O, Alcian blue preferentially stains proteoglycans.
Tissue sections were stained with 1% Alcian blue solution (Poly
Scientific R and D, Bay Shore, New York) for 5 min, then with
hematoxylin for 5 min, and with eosin for approximately 20 s.
Three independent readers scored the postinjury histologic
features, according to previously described criteria.'® Readers
are only aware of the serial number of each mouse, and are
unaware of the genetic background and sex of the animals to
avoid any potential bias. The 3 readers comprised one clinician—
researcher (MD, PhD), a veterinarian (DVM), and a laboratory
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Figure 2. Sex-associated influences on gene expression after injury. Expression of co/1 in (A) DBA and (B) B6 mice. Expression of col2 in (C) DBA
and (D) B6 mice. Each point represents one intervertebral disc. *, P < 0.05.

technician (MS). All samples were examined under a light mi-
croscope (Nikon, Tokyo, Japan) and photographed. Representa-
tive sections from each time point were chosen for presentation.
The crude agreement among reviewers was 69%; the weighted
k value was 0.6.

Statistics. Differences in the cycle thresholds (ACT) between
genes of interest (adams8, cxcll, collal, and col2al) and house-
keeping gene (gapdh) were calculated for each injured—intact
IVD pair. Fold changes in expression for each gene were cal-
culated based on ACT. To assess differences in ACT between
injured and intact tissues, 3-factor ANOVA with repeated mea-
sures was used, where genetic background and sex were group-
ing factors, and injured—intact was the repeated measure. To
adjust for multiple comparisons, posthoc pairwise ¢ tests using
the Tukey—Kramer method were performed for injured-intact
differences within genetic background and sex. A P value of less
than 0.05 was considered statistically significant. All analyses
were performed by using SAS statistical software (version 9.4,
SAS Institute, Cary, NC).%

134

Power analysis for sample size. We conducted a pilot experi-
ment to determine the number of animals needed to detect
sex-associated differences in male and female DBA mice. Ac-
cording to the pilot data, a minimum of 7 mice in each group
was needed to detect a 2-fold difference an effect size of 0.0114)
in cxcll gene expression, based on an SD of 0.0065 (mean SD
from the pilot study) with 80% power and an o of 0.05. We con-
sider this amount of change to represent a meaningful biologic
difference in expression.

Results

Influences of genetic background on col7 and col2 expression
in mice. To examine whether the expression of genes encod-
ing extracellular matrix molecules in the IVD of mice differs
between 2 commonly used genetic backgrounds, we examined
coll and col2 gene expression. The injured IVD of DBA mice had
higher col1 expression than those in B6 mice (coll DBA:B6 ratio,
3.01; n = 15 or 16, respectively; P = 0.0001; Figure 1 A). In intact
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Figure 3. Expression of adam8 and cxcl1 after injury in male and female B6 and DBA mice. (A) Expression of adam8 in (A) DBA and (B) B6 mice.
Expression of cxcll in (C) DBA and (D) B6 mice. Each point represents one intervertebral disc.

IVD, col1 gene expression did not differ between genetic back-
grounds (coll DBA:B6 ratio, 2.55; n = 15 or 16, respectively; P
= 0.6941). In DBA mice, coll expression increased with injury
(injured:control ratio, 4.83; n = 15; P < 0.0001); col1 expression
did not show statistically significant increase in injured com-
pared with intact IVD in B6 mice (injured:control ratio, 3.78; n =
16; P = 0.2235; Figure 1 A).

In contrast to coll, col2 expression in injured IVD was higher
in B6 mice than in DBA mice (col2 B6:DBA ratio, 1.92; n = 16 or
15, respectively; P = 0.0001). In contrast, col2 expression in intact
IVD did not differ between the two backgrounds (col2 B6:DBA
ratio, 0.24; n = 16 or 15, respectively; P = 0.8804). Expression of
the col2 gene differed significantly between injured and intact
control IVD in B6 mice (col2 injured:control ratio, 3.44; n = 16; P
< 0.0001) and in DBA mice (col2 injured:control ratio, 1.40; n =
15; P = 0.0001; Figure 1 B).

In summary, in injured IVD, coll expression was higher in
DBA mice as compared with B6 mice, but col2 expression was
higher in B6 mice than in DBA mice. These consistent changes
in collagen gene expression between injured and control IVD
confirmed that the injury model was reproducible.

Influences of genetic background on adam@8 and cxcl7 ex-
pression. In injured IVD, adam8 expression was higher in DBA
mice than in B6 mice (adam8 DBA:B6 ratio, 1.92; n = 15 or 16,

respectively; P = 0.0305). However, adam§ expression in intact
IVD did not differ between strains (adam8 DBA:B6 ratio, 4.22;
n =15 or 16, respectively; P = 0.9940). Expression of adam8 was
higher in injured IVD than in intact disc in both B6 mice (1 = 16,
P =0.0132) and DBA mice (n = 15, P < 0.0001; Figure 1 C), thus
confirming that the injury model was highly reproducible.

Expression of cxcll in neither injured nor intact IVD differed
between strains (1 = 15 or 16; P > 0.0500). When cxcl1 expression
was compared between injured and control IVD, differences did
not reach statistical significance in either the B6 mice (n = 16,
P =0.0671) or DBA mice (n = 15, P = 0.1776). However, when data
from both mouse strains were combined, cxcl1 expression was
higher in injured IVD than in intact discs (cxcl1 injured:intact
ratio, 11.38; n = 31, P = 0.0026; Figure 1 D).

Influences of sex on ColT and Col2 expression. Expression of
coll did not differ between male and female DBA mice with
either the intact or injured IVD (7 males, 8 females; P = 1.000
and P = 0.3245, respectively; Figure 2 A). Likewise, coll expres-
sion did not differ between male and female B6 mice with either
intact or injured IVD (8 males, 8 females; P = 1.000 or P = 0.9999,
respectively; Figure 2 B).

Expression of col2 did not differ between male and female
DBA mice with either intact or injured IVD (7 males, 8 females;
P =1.000 and P = 0.9750, respectively; Figure 2 C). However, in
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Figure 4. Alcian Blue staining demonstrating histologic changes including loss of proteoglycan in DBA and B6 mice at 1 wk after coccygeal
intervertebral disc (IVD) injury. Intact and adjacent injured IVD were stained with Alcian blue; E through H and I through L are magnified im-
ages of blue and green outlined regions in panels A through D, respectively. AF, annulus fibrosis; NP, nucleus pulposus. Scale bars, 500 pm (A

through D); 100 pm (E through L).

B6 mice, col2 expression was higher in the injured IVD of male
mice than in injured female mice (8 mice per group; P = 0.0296;
Figure 2 D). Expression of col2 in intact IVD is also higher in
male than female B6 mice (1 = 8; P = 0.0284; Figure 2 D). Expres-
sion of col2 in B6 male and female mice was both greater after
injury compared with intact controls despite the small sample
number (injured:control ratio, 3.59 in male mice, and 3.23 in
female mice, respectively; n = 8 in both groups, P = 0.0075 and
P <0.0001, respectively).

Influences of sex on adam8 and cxcl1 expression. Adam8
expression was not significantly different between male and
female mice on the DBA background from either injured or con-
trol groups (7 males, 8 females; P = 1.000 and 0.2152, respec-
tively; Figure 3 A). Likewise, adam8 expression was not different
between male and female B6 mice in both the injured and con-
trol groups (8 males, 8 females; P = 1.000 in both cases; Figure
3 B).

Expression of cxcll did not differ between male and female
DBA mice, in either intact or injured IVD (7 males, 8 females;
P =1.000; Figure 3 C). The difference between injured male and
female DBA mice was 0.0019 (a mere 17% difference), consider-
ably smaller than the 2-fold difference that we consider to be
biologically meaningful. Similarly, cxcl1 expression in male and
female mice on the B6 background did not differ significantly
in either intact or injured IVD (8 males, 8 females; P = 1.000 and
0.7547, respectively; Figure 3 D). In summary, the influence of
sex on gene expression was less striking than that of genetic
background.

Tail IVD showed consistent histologic changes after injury
in both male and female B6 and DBA mice. We examined the
histologic features of mouse tails after injury by staining with
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Safranin O, Alcian blue (Figures 3 and 4), Picrosirius red, and
hematoxylin and eosin (data available upon request), to reveal
changes in proteoglycan content and tissue structure.

Both DBA and B6 mice showed consistent histologic changes
in male and female IVD after injury. After injury, IVD tissue
showed loss of normal NP architecture, disruption of AF, and
loss of proteoglycan in both DBA and B6 mice (n = 3 to 9; Fig-
ures 4 and 5) Specifically, normal NP and AF architecture and
proteoglycan are revealed through Alcian blue staining after
counterstaining with hematoxylin and eosin in both the DBA
and B6 mice (Figure 4 A and C, E and G, and I and K. After in-
jury, IVD tissue showed loss of normal IVD architecture and of
proteoglycan (Figure 4 B and D). Normal NP architecture was
lost (Figure 4 F and H, and AF ring distortion and interruption
occurred (Figure 4 J and L).

Male and female mice on the DBA background are shown
side by side as well (Safranin O staining, Figure 5). The Safra-
nin O staining reveals loss of proteoglycan, especially in the NP
(Figure 5, panels F&H). Three independent readers scored the
postinjury histologic features, using previously described cri-
teria.'® There was no statistically significant difference between
male and female mice on either the DBA or B6 background (1 =
4/group, P > 0.05).

Discussion
This study was prompted by the NIH mandate to include sex
as a biologic variable in the development of research questions
and study designs. In our previous study, we described gene
expression and histologic changes to establish the mouse tail
IVD injury model, but only female mice were included.”® We
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Figure 5. Safranin O-fast green staining demonstrating histologic changes including loss of proteoglycan in male and female DBA mice at
1 wk after coccygeal intervertebral disc (IVD) injury. Intact and adjacent injured IVD were stained with Safranin O-fast green; E through H
and I through L are magnified images of blue and green outlined regions in panels A through D, respectively. AF, annulus fibrosis; NP, nucleus

pulposus. Scale bars, 200 um (A through D); 50 pm (E through L).

established this model by describing the time course of gene ex-
pression and histologic changes until 4 wk after tail IVD injury.*
A perceived requirement to use mice of both sexes would have
increased the animal numbers required for such a study.

In the current study, we first compared gene expression and
histologic features between male and female mouse tail IVD,
and their responses to needle injuries in B6 mice. On finding
differences in col2al expression levels, we analyzed DBA mice,
to determine whether the difference in gene expression between
male and female mice is unique to B6 mice. These findings may
help to inform experimental design, for example, to determine
whether separate analyses of male and female animals, and
consequently increased numbers of animals, are justified. Addi-
tional points include determining which genetic background(s)
to study and whether comparing findings from animals of
mixed genetic backgrounds is valid.

DBA mice are used in the musculoskeletal field because this
strain is more susceptible to some types of arthritis than is the
B6 strain.”® Adam8 plays an important role in arthritis;**3* it also
contributes to intervertebral disc degeneration.> Our ongoing
work on the role of AdamS8 in intervertebral disc degeneration
uses a mouse line in which adam8 is inactivated. This animal
is on the DBA background. Therefore, mice on the DBA back-
ground are of interest to our group.

Our mouse tail IVD injury model showed consistent differ-
ences in gene expression and histologic features between in-
jured and intact IVD in mice of both sexes and on both the B6
and DBA backgrounds. In injured IVD, expression of col1 and
adam8 was higher in DBA mice than B6 mice. Conversely, col2
expression was higher in injured IVD of B6 than of DBA mice.

Therefore, it is important to compare mice on the same genetic
background when examining this set of genes and histologic
features in the mouse tail IVD injury model. The collagen genes
are regulated at transcriptional and posttranscriptional levels,
and examining the differences in these strains could be scientifi-
cally meaningful and thus is an important future direction.

Between male and female mice, the only statistically significant
difference was in B6 mice, where col2 expression was higher in
injured males than females. The remaining genes examined did
not reveal any significant differences between the 2 sexes. Our
power analysis showed that the study was sufficiently powered
to reveal any biologically meaningful differences between the 2
sexes. Mouse strains that are large (LG/]) tend to repair cartilage
injuries better than strains of small mice (SM/]).’** In this study,
we did not find any significant correlation between B6 mouse
weight and col2 expression level (data available upon request).

One limitation of this study is that we chose an effect of 2.0
(a 2-fold difference) as being a meaningful difference. Finding a
difference smaller than 2-fold between male and female animals
would require a larger sample number.

AF and NP were not analyzed separately because of the loss
of NP cells in the injured IVD. The mechanism underlying the
magnitude of the differences in gene expression between mice
on different genetic backgrounds is unknown and could be an
important future direction of study. In addition, we here focused
on analyzing the expression of 4 genes that were the subject of a
previous study.® These genes are important for our research into
IVD injury and were chosen to complement previous publica-
tions. We recently examined differences in the expression of 84
genes between NP and AF* A similar strategy could be used to
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examine differences in sex and genetic background in response
to injury. In addition, novel methodology, such as RNASeq,
could be used to examine an even larger number of genes, as an
important future direction.

In conclusion, injured IVD show consistent differences in gene
expression and histologic features as compared with uninjured
IVD, regardless of mouse genetic background or sex, suggesting
that injured IVD respond in similar fashion regardless of these
factors. However, small but statistically significant differences in
gene expression levels were detected between B6 and DBA mice
and, to a lesser extent, between sexes on the same background.
We conclude that, when examining this set of genes and histo-
logic features in the mouse tail IVD injury model, the mouse
genetic background is an important consideration. Researchers
should determine on a case-by-case basis whether male and
female subjects should be analyzed separately.

Acknowledgments

This work has been supported by the Eunice Kennedy Shriver
National Institute of Child Health and Human Development (NICHD
grant 1K08 HD049598). This work is supported, in part, by research
grants from the North American Spine Society (NASS), a pilot grant
from the Department of Veterans Affairs Healthcare Network-VISN 4,
a Penn Center for Musculoskeletal Disorders (PCMD) pilot grant (P30-
AR050950-10 Pilot), and a grant from the National Institute of Arthritis
and Musculoskeletal and Skin Diseases (NIAMS, NIH R21 AR071623).
The Thomas Jefferson University Sidney Kimmel Cancer Center
Translational Research/Pathology Shared Resource Core Facility
provided outstanding histology service. We gratefully thank Martin F
Heyworth for critically editing the manuscript and Ellen Casey and
Robert L Mauck for valuable insights and discussions. None of the
authors have any professional or financial affiliations that may be
perceived to have biased the presentation.

References

1. AcostaFL]Jr, Metz L, Adkisson HD, Liu J, Carruthers-Liebenberg
E, Milliman C, Maloney M, Lotz JC. 2011. Porcine intervertebral
disc repair using allogeneic juvenile articular chondrocytes or
mesenchymal stem cells. Tissue Eng Part A 17:3045-3055. https:/ /
doi.org/10.1089/ten.tea.2011.0229.

2. Callewaert F, Venken K, Kopchick JJ, Torcasio A, van Lenthe
GH, Boonen S, Vanderschueren D. 2010. Sexual dimorphism
in cortical bone size and strength but not density is determined
by independent and time-specific actions of sex steroids and
IGF-1: Evidence from pubertal mouse models. ] Bone Miner Res
25:617-626. https:/ /doi.org/10.1359/jbmr.090828.

3. Carvalho JG, Leite AL, Yan D, Everett ET, Whitford GM, Bu-
zalaf MA. 2009. Influence of genetic background on fluoride
metabolism in mice. ] Dent Res 88:1054-1058. https://doi.
org/10.1177/0022034509347249.

4. Coleman DL. 1992. The influence of genetic background on the
expression of mutations at the diabetes (db) locus in the mouse.
VI: Hepatic malic enzyme activity is associated with diabetes
severity. Metabolism 41:1134-1136. https:/ /doi.org/10.1016/0026-
0495(92)90299-P.

5. Eyre DR, Muir H. 1976. Types I and II collagens in intervertebral
disc. interchanging radial distributions in annulus fibrosus. Bio-
chem ] 157:267-270. https:/ /doi.org/10.1042 /bj1570267.

6. Eyre DR, Muir H. 1977. Quantitative analysis of types I and II colla-
gens in human intervertebral discs at various ages. Biochim Biophys
Acta 492:29-42. https:/ /doi.org/10.1016/0005-2795(77)90211-2.

7. Ganey T, Hutton WC, Moseley T, Hedrick M, Meisel HJ.
2009. Intervertebral disc repair using adipose tissue-derived
stem and regenerative cells: Experiments in a canine model.
Spine (Phila Pa 1976) 34:2297-2304. https://doi.org/10.1097/
BRS.0b013e3181a54157.

8. Hernandez I, Moreno JL, Zandueta C, Montuenga L, Lecanda F.
2010. Novel alternatively spliced ADAMS isoforms contribute to

138

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

the aggressive bone metastatic phenotype of lung cancer. Oncogene
29:3758-3769. https:/ /doi.org/10.1038 /onc.2010.130.

Karp NA, Mason J, Beaudet AL, Benjamini Y, Bower L, Braun RE,
Brown SDM, Chesler EJ, Dickinson ME, Flenniken AM, Fuchs
H, Angelis MH, Gao X, Guo S, Greenaway S, Heller R, Herault
Y, Justice MJ, Kurbatova N, Lelliott CJ, Lloyd KCK, Mallon AM,
Mank JE, Masuya H, McKerlie C, Meehan TF, Mott RF, Murray
SA, Parkinson H, Ramirez-Solis R, Santos L, Seavitt JR, Smedley
D, Sorg T, Speak AO, Steel KP, Svenson KL, International Mouse
Phenotyping Consortium, Wakana S, West D, Wells S, Westerberg
H, Yaacoby S, White JK. 2017. Prevalence of sexual dimorphism
in mammalian phenotypic traits. Nat Commun 8:1-12. https://
doi.org/10.1038 /ncomms15475.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene
expression data using real-time quantitative PCR and the
244 € method. Methods 25:402-408. https://doi.org/10.1006/
meth.2001.1262.

Mansfield LS, Patterson JS, Fierro BR, Murphy AJ, Rathinam
VA, KopperJJ, Barbu NI, Onifade TJ, Bell JA. 2008. Genetic back-
ground of IL-10(~~) mice alters host-pathogen interactions with
campylobacter jejuni and influences disease phenotype. Microb
Pathog 45:241-257. https:/ /doi.org/10.1016 /j.micpath.2008.05.010.
Martin JT, Gorth DJ, Beattie EE, Harfe BD, Smith L], Elliott DM.
2013. Needle puncture injury causes acute and long-term mechani-
cal deficiency in a mouse model of intervertebral disc degeneration.
J Orthop Res 31:1276-1282. https:/ /doi.org/10.1002/jor.22355.
Melrose J, Shu C, Young C, Ho R, Smith MM, Young AA, Smith
SS, Gooden B, Dart A, Podadera J, Appleyard RC, Little CB.
2012. Mechanical destabilization induced by controlled annular
incision of the intervertebral disc dysregulates metalloproteinase
expression and induces disc degeneration. Spine (Phil Pa 1976)
37:18-25. https:/ /doi.org/10.1097 /BRS.0b013e31820cd8d5.
Piazza M, Peck SH, Gullbrand SE, Bendigo JR, Arginteanu T,
Zhang Y, Smith HE, Malhotra NR, Smith LJ. 2018. Quantitative
MRI correlates with histological grade in a percutaneous needle in-
jury mouse model of disc degeneration. ] Orthop Res 36:2771-2779.
https://doi.org/10.1002 /jor.24028.

Pietrosimone KM, Jin M, Poston B, Liu P. 2015. Collagen-induced
arthritis: A model for murine autoimmune arthritis. Bio Protoc 5:1-8.
Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, Bird-
well D, Alejos E, Silva M, Galanos C, Freudenberg M, Ricciardi-
Castagnoli P, Layton B, Beutler B. 1998. Defective LPS signaling in
C3H/He]J and C57BL/10ScCr mice: mutations in Tlr4 gene. Science
282:2085-2088. https:/ /doi.org/10.1126 /science.282.5396.2085.
Poltorak A, Smirnova I, He X, Liu MY, Van Huffel C, McNally
O, Birdwell D, Alejos E, Silva M, Du X, Thompson P, Chan EK,
Ledesma J, Roe B, Clifton S, Vogel SN, Beutler B. 1998. Genetic
and physical mapping of the Ips locus: Identification of the toll-4
receptor as a candidate gene in the critical region. Blood Cells Mol
Dis 24:340-355. https:/ /doi.org/10.1006 /bcmd.1998.0201.

Rai MF, Sandell L]J. 2014. Regeneration of articular cartilage in
healer and non-healer mice. Matrix Biol 39:50-55. https://doi.
org/10.1016/j.matbio.2014.08.011.

Rai MF, Schmidt EJ, McAlinden A, Cheverud JM, Sandell L]J.
2013. Molecular insight into the association between cartilage
regeneration and ear wound healing in genetic mouse models:
Targeting new genes in regeneration. G3 (Bethesda) 3:1881-1891.
https:/ /doi.org/10.1534/g3.113.007302.

Rosas LE, Keiser T, Barbi J, Satoskar AA, Septer A, Kaczmarek
J, Lezama-Davila CM, Satoskar AR. 2005. Genetic background
influences immune responses and disease outcome of cutaneous
L. mexicana infection in mice. Int Immunol 17:1347-1357. https://
doi.org/10.1093/intimm /dxh313.

Ruel N, Markova DZ, Adams SL, Scanzello C, Cs-Szabo G, Ge-
rard D, Shi P, Anderson DG, Zack M, An HS, Chen D, Zhang Y.
2014. Fibronectin fragments and the cleaving enzyme ADAM-8 in
the degenerative human intervertebral disc. Spine (Phila Pa 1976)
39:1274-1279. https:/ /doi.org/10.1097 /BRS.0000000000000397.
SAS Institute. [Internet]. 2020. 2002-2004. SAS 9.1.3 help and
documentation. [Cited 10 July 2013]. Available at: http:/ /support.
sas.com/documentation/onlinedoc/91pdf/index_913.html.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



23.

24.

25.

26.

27.

28.

29.

30.

31.

Schmittgen TD, Livak KJ. 2008. Analyzing real-time PCR data by
the comparative C(T) method. Nat Protoc 3:1101-1108. https:/ /doi.
org/10.1038 /nprot.2008.73.

Sobajima S, Shimer AL, Chadderdon RC, Kompel JF, Kim JS,
Gilbertson LG, Kang JD. 2005. Quantitative analysis of gene ex-
pression in a rabbit model of intervertebral disc degeneration by
real-time polymerase chain reaction. Spine J 5:14-23. https://doi.
org/10.1016/j.spinee.2004.05.251.

Sowa G, Vadala G, Studer R, Kompel J, Iucu C, Georgescu H,
Gilbertson L, Kang J. 2008. Characterization of intervertebral disc
aging: Longitudinal analysis of a rabbit model by magnetic reso-
nance imaging, histology, and gene expression. Spine 33:1821-1828.
https://doi.org/10.1097 /BRS.0b013e31817e2ce3.

Tian Z, Ma X, Yasen M, Mauck RL, Qin L, Shofer FS, Smith L],
Pacifici M, Enomoto-Iwamoto M, Zhang Y. 2018. Intervertebral
disc degeneration in a percutaneous mouse tail injury model.
Am ] Phys Med Rehabil 97:170-177. https:/ /doi.org/10.1097 /
PHM.0000000000000818.

Yamamoto S, Higuchi Y, Yoshiyama K, Shimizu E, Kataoka M,
Hijiya N, Matsuura K. 1999. ADAM family proteins in the immune
system. Immunol Today 20:278-284. https://doi.org/10.1016/
S0167-5699(99)01464-4.

Yang F, Leung VY, Luk KD, Chan D, Cheung KM. 2009. Injury-in-
duced sequential transformation of notochordal nucleus pulposus
to chondrogenic and fibrocartilaginous phenotype in the mouse. ]
Pathol 218:113-121. https:/ /doi.org/10.1002/path.2519.

Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden
TL.2012. Primer-BLAST: A tool to design target-specific primers for
polymerase chain reaction. BMC Bioinformatics 13:1-11. https://
doi.org/10.1186/1471-2105-13-134

Yoshida S, Setoguchi M, Higuchi Y, Akizuki S, Yamamoto S. 1990.
Molecular cloning of cDNA encoding MS2 antigen, a novel cell
surface antigen strongly expressed in murine monocytic lineage.
Int Immunol 2:585-591. https:/ /doi.org/10.1093/intimm /2.6.585.
Yoshiyama K, Higuchi Y, Kataoka M, Matsuura K, Yamamoto S.
1997. CD156 (human ADAMS): Expression, primary amino acid
sequence, and gene location. Genomics 41:56-62. https:/ /doi.
org/10.1006/geno.1997.4607.

32.

33.

34.

35.

36.

37.

38.

Genetic background influences disc biology

Zack MD, Arner EC, Anglin CP, Alston JT, Malfait AM, Tor-
torella MD. 2006. Identification of fibronectin neoepitopes present
in human osteoarthritic cartilage. Arthritis Rheum 54:2912-2922.
https://doi.org/10.1002/art.22045.

Zack MD, Malfait AM, Skepner AP, Yates MP, Griggs DW, Hall
T, Hills RL, Alston JT, Nemirovskiy OV, Radabaugh MR, Leone
JW, Arner EC, Tortorella MD. 2009. ADAM-8 isolated from human
osteoarthritic chondrocytes cleaves fibronectin at Ala(271). Arthritis
Rheum 60:2704-2713. https:/ /doi.org/10.1002/art.24753.

Zack MD, Melton MA, Stock JL, Storer CE, Barve RA, Minnerly
JC, Weiss DJ, Stejskal JA, Tortorella MD, Turk JR, Shevlin
KM, Malfait AM. 2009. Reduced incidence and severity of ex-
perimental autoimmune arthritis in mice expressing catalytically
inactive A disintegrin and metalloproteinase 8 (ADAMS). Clin
Exp Immunol 158:246-256. https://doi.org/10.1111/j.1365-
2249.2009.04009.x.

ZhangY, Chee A, Shi P, Adams SL, Markova DZ, Anderson DG,
Smith HE, Deng Y, Plastaras CT, An HS. 2016. Intervertebral
disc cells produce interleukins found in patients with back pain.
Am ] Phys Med Rehabil 95:407-415. https:/ /doi.org/10.1097 /
PHM.0000000000000399.

Zhang Y, Chee A, Shi P, Wang R, Moss I, Chen EY, He TC, An
HS. 2015. Allogeneic articular chondrocyte transplantation down-
regulates interleukin 8 gene expression in the degenerating rabbit
intervertebral disk in vivo. Am ] Phys Med Rehabil 94:530-538.
https:/ /doi.org/10.1097 /PHM.0000000000000194.

Zhang Y, Liu L, Wang S, Zhao Y, Liu Y, Li J, Nie L, Cheng L.
2015. Production of CCL20 on nucleus pulposus cells recruits IL-
17-producing cells to degenerated IVD tissues in rat models. ] Mol
Histol 47:81-89. https:/ /doi.org/10.1007 /s10735-015-9651-2.
Zhang Y, Tian Z, Ashley JW, Wang L, Tower RJ, Wei Y, Qin L,
Yang S, Enomoto-Iwamoto M. 2019. Extracellular matrix and adhe-
sion molecule gene expression in the normal and injured murine
intervertebral disc. Am ] Phys Med Rehabil 98:35-42. https:/ /doi.
org/10.1097 /PHM.0000000000001012.

http://prime-pdf-watermark.prime-prod.pubfactory.co%ﬁ 2025-02-25



