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A B S T R A C T

Background/objective: Intervertebral disc degeneration (IDD) remains to be an intractable clinical challenge.
Although IDD is characterised by loss of notochordal cells (NCs) and dysfunction of nucleus pulposus (NP) cells,
little is known about the origin, heterogeneity, fate and maintenance of NCs and NP cells, which further stunts the
therapeutic development. Thus, effective tools to spatially and temporally trace specific cell lineage and clarify
cell functions in intervertebral disc (IVD) development and homoeostasis are urgently required.
Methods: In this study, NP specimens were obtained from 20 patients with degenerative disc disease or scoliosis.
LepR-Cre mice was crossed with R26R-Tdtomato mice to generate LepR-Cre; R26R-Tdtomato mice, which enabled
fate-mapping of NPs from embryo stage to late adult. LMNA G609G/G609G mice was used to determine the effect
of premature-aging induced IDD on LepR NPs. X-ray imaging was used to measure lumber disc height of mice.
Results: Here, we provide the first evidence that the leptin receptor (LepR) is preferentially expressed in NCs at
embryonic stages and notochord-derived cells in the postnatal IVD. By using R26R-Tdtomato fluorescent reporter
mice, we systematically analysed the specificity of activity and targeting efficiency of leptin receptor-Cre (LepR-
Cre) in IVD tissues from the embryonic stage E15.5 to 6-month-old LepR-Cre; Rosa26-Tdtomato (R26R-Tdtomato)
mice. Specifically, LepR-Cre targets a distinct subpopulation of notochord-derived cells closely associated with
disc homoeostasis. The percentage of LepR-expressing NP cells markedly decreases in the postnatal mouse IVD
and, more importantly, in the human IVD with the progression of IDD. Moreover, both spine instability–induced
and premature ageing–induced IDD mouse models display the phenotype of IDD with decreased percentage of
LepR-expressing NP cells. These findings uncover a potential role of LepR-expressing notochord-derived cells in
disc homoeostasis and open the gate for therapeutically targeting the NP cell subpopulation.
Conclusion: In conclusion, our data prove LepR-Cre mice useful for mapping the fate of specific subpopulations of
IVD cells and uncovering the underlying mechanisms of IDD.
The translational potential of this article: The translation potential of article is that we first identified LepR as a
candidate marker of subpopulation of nucleus pulposus (NP) cells and provided LepR as a potential target for the
treatment of intervertebral disc degeneration (IDD), which have certain profound significance.
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Table 1
Demographic data of patients.

Patient no. Age Gender Level Pfirrmann grading

Grade II/III group
1 6 M L3/4 II
2 16 F L3/4 II
3 13 F L2/3 II
4 12 F L3/4 II
5 25 M L5/S1 II
6 45 F L4/5 III
7 61 F L4/5 III
8 53 M L4/5 III
9 28 M L4/5 III
10 32 F L4/5 III
Grade IV/V group
11 52 M L4/5 IV
12 36 F L4/5 IV
13 31 M L4/5 IV
14 26 M L4/5 IV
15 71 F L4/5 V
16 33 M L5/S1 V
17 34 M L5/S1 V
18 54 F L5/S1 V
19 42 F L4/5 V
20 58 M L4/5 V

F ¼ female; M ¼ male.
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Introduction

Low back pain is a common clinical problem that imposes a
tremendous socioeconomic burden on the society. Most people older
than 65 years in industrialised countries suffer from back pain, which is
thought to originate mainly from degeneration of the intervertebral disc
(IVD), specifically the inner nucleus pulposus (NP) or the innervation
from either the IVD or annulus fibrosus [1–4]. IVD degeneration (IDD) is
characterised by increased breakdown of the extracellular matrix,
abnormal matrix synthesis, inflammation, and ingrowth of nociceptive
nerves and blood vessels into the typically aneural and avascular tissue
[5]. Particularly, the cellular mechanism behind the onset and progres-
sion of IDD is the loss of notochord cells (NCs) and dysfunction of NP cells
[6,7]. However, little is known about the origin, heterogeneity, and cell
fate of NCs and NP cells, and the tools for targeting specific cell pop-
ulations in IVDs are poorly developed, which hinders the understanding
of their role in maintaining the physiological function of the IVD and in
causing the pathological onset of IDD.

With the genetically modified mice models widely used in recent
decades, an increasing number of studies have been focussing on in vivo
lineage tracing of NCs at embryonic stages and NP cells under patho-
logical conditions. Sonic hedgehog-Cre (Shh-Cre) and Sonic hedgehog-
CreERT2 (Shh-CreERT2) were first used to map the fate of Shh-expressing
cells, including those residing in the notochord. Choi and Harfe et al.
[8,9] first indicated that all NP cells in postnatal life were descendants
from the embryonic notochord. Later, Mccann et al. [10] used a
notochord-specific Cre mouse line by targeting the homeobox gene Noto
to trace the fate of NCs within the IVD, and they also found that both
NCs and NP cells were derived from the embryonic notochord. In addi-
tion, Chen et al. [11] and Henry et al. [12] used Col2a1-CreERT2 and
Aggrecan-CreERT2 knockin mouse lines, respectively, to investigate the
cellular component of IVD cells. Recently, Zheng et al. [13] have sys-
tematically analysed Cre recombinase mouse lines targeting postnatal
IVD cells by using Aggrecan-CreERT2, Col2a1-Cre, Col2a1-CreERT2,
Shh-Cre, Shh-CreERT2, and Serine protease 7-Cre (Sp7-Cre), which pro-
vides a good guidance of using different mouse lines as valuable tools to
investigate functions of a specific cell type in IVD development and
homoeostasis. However, we have limited knowledge so far on whether all
NP cells derived from the notochord are homogenous and contain
different subpopulations because the specific marker for the NP cell
subpopulation is not well defined.

The leptin receptor (LepR) gene, a member of the obesity gene family,
encodes the protein to identify and transport leptin [14,15]. Recently, LepR
has been fully discovered as a potential marker of bone marrow mesen-
chymal stromal cells andperiosteum-derived stem/progenitor cells [16,17].
Studies used LepR-Cre knockinmice crossedwithRosa26-Tdtomatomice to
map the fate of LepR-expressing cells in the adult bone marrow and found
that these cells were abundant during adulthood, although rare during pu-
berty. In addition, LepR-expressing cells were reported to form osteoblasts,
chondrocytes (under fracture), adipocytes (under irradiation), and fibro-
blasts [16,18–21],which indicates that LepR-expressing cellsmight emerge
at a very early differential stage and possess characteristics of stemcells.We
previously demonstrated the LepR-Cre–labelled subpopulation of
periosteum-derived stem/progenitor cells, which predominantly modu-
lated cortical bone formation during adulthood [17]. We also showed that
LepR-expressing mesenchymal stromal/progenitor cells could be the ther-
apeutic target for skeletal ageing [22]. However, it is unknown whether
LepR-expressing cells exist in the IVD during puberty or at even early em-
bryonic stages and serve as a candidatemarker for notochord-derived cells.

In this study, we discovered that the LepR could be a new potential
marker for notochord-derived cells. In addition, by using LepR-Cre;
R26R; Tdtomato reporter mice, we found that the embryonic noto-
chord directly gave rise to NP cells of the IVD. Importantly, we identified
that NP cells were heterogenous, and LepR-expressing cells represented a
distinct subpopulation of notochord-derived cells essential for disc
homoeostasis and could be a therapeutic target for IDD.
92
Materials and methods

Patient samples

NP specimens were obtained from 20 patients (10 men and 10
women; mean age ¼ 36.4 � 17.4 years) with degenerative disc dis-
ease or scoliosis. The degree of IDD was assessed according to the
modified Pfirrmann grading system by magnetic resonance imaging
[23]. All the discs of patients with different degeneration grades who
had received posterior discectomy (microendoscopic discectomy) sur-
geries were harvested. The annulus fibrosus (AF) tissue was cut using
sharp-pointed knives during fenestration discectomy. NP tissue was
taken from the inner part of the IVD, which was gelatinous. Different
disc regions were cleanly separated from each other and clearly
distinguished for unambiguous dissection. All the information of
Grade II (n ¼ 5), Grade III (n ¼ 5), Grade IV (n ¼ 4), and Grade V (n
¼ 6) samples are showed in Table 1. Ethics approval was obtained
from the Institutional Review Board of Xijing Hospital of Fourth
Military Medical University, and informed consent was obtained from
each donor.
Animals and treatment

Wepurchased the LepR-Cremice (stock no. 008320),R26R-TdTomato
mice (stock no. 007909) strain from the Jackson Laboratory (BarHarbor,
ME, USA). Lamin A (LMNA) G609G/G609G mice, generated as
described previously [24], were kindly provided by Professor Baohua
Liu (Shenzhen University, China). All animals were maintained under
pathogen-free conditions at the Experimental Animal Centre of Fourth
Military Medical University. We did not observe any abnormality in
wild-type mice that were treated with the vehicle alone. The body
weight of the mice was monitored weekly. The genotypes of the mice
were determined by polymerase chain reaction analyses of genomic
DNA extracted from mouse tail snips using the following primers:
LepR-Cre mice: forward, 50-CTT GGG TGG AGA GGC TAT TC-30 and
reverse, 50-AGG TGA GAT GAC AGG AGA TC-30; LMNA G609G/G609G
mice: forward, 50-CTATTGCATGCTTCTCCTCAG-30 and reverse,
50-TGAGCGCAGGTTGTACTCAG-30, R26R-Tdtomato mice: forward,
50-CCA GTT AGT CCA CTT ATG TTG-30 and reverse, 50-TAC CAG GAA
GGC TTG GGA AG-30; Stem cell factor-GFP (Scf-GFP) mice: forward,
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50-CTACGGCAAGCTGACCCTGAAG-30 and reverse, 50-CGTCGTCCTT
GAAGAAGATGGTG-30.
Immunocytochemistry and immunofluorescence analysis

Human NP tissues were fixed in 4% paraformaldehyde for 48 h,
dehydrated, and embedded in optimal cutting temperature compound. The
spine specimens of the mice were fixed in 4% paraformaldehyde for 48 h,
decalcified in 10% ethylenediaminetetraacetic acid (pH 7.4) for 14 days,
dehydrated, and embedded in optimal cutting temperature compound.
Immunofluorescence analysis of the IVD sections was performed as
described previously [22]. We processed 8-μm-thick longitudinally ori-
ented sections (anterior to posterior) of the IVD for immunofluorescence
analysis. We chose themedial sections as the selected plane, which enabled
us to investigate the complete IVD, end plate, and AF. The slides were
numbered to indicate the depth of the sections, and slides with close
numbers from different groups were chosen to ensure similar anatomical
levels were compared. We incubated the sections with primary antibodies
to mouse LepR (1:200, BAF497; R&D Systems, Inc., Minneapolis, MN,
USA), human LepR (1:100, ab104403; Abcam, for human samples), cyto-
keratin 8 (CK8, 1:200, ab53280; Abcam, Cambridge, MA, USA), Matrix
metallopeptidase 13 (MMP13) (1:100, ab39012; Abcam), aggrecan (1:100,
AB1031; Millipore, Burlington, MA,USA), Ki67 (1:100, NB500-170; Novus
Biologicals, Centennial, CO, USA), and Col2 (1:100, ab185430; Abcam),
followed by incubation with goat anti-rabbit, goat anti-mouse, and donkey
anti-goat (1:100; Abcam) secondary antibodies. Nuclei were counter-
stained with 4',6-diamidino-2-phenylindole (DAPI) (Sigma, St. Louis, MO,
USA). We counted the numbers of positively stained cells in the whole NP
of the L4–L5 IVD in 5 sequential sections per mouse in each group. Images
were acquired using a confocal laser microscope (Nikon C2; Nikon, Tokyo,
Japan) under identical imaging conditions using identical acquisition pa-
rameters, and fluorescence signals were quantified using ImageJ software
(National Institutes of Health, Bethesda, Maryland, USA).
Figure 1. LepR-Cre mediates recombination in NP cells of IVD tissues at postnat
cells of the IVD of LepR-Cre; R26R; TdTomato mice.(B) Quantification of the percen
P3M, and P6M. (C) Quantification of the percentage of Tdtomatoþ cells to all LepRþ

staining images of the L4–L5 IVD using antibodies against LepR. P ¼ postnatal. Scale b
p < 0.05, and NS indicates not significant, as determined by ANOVA with Bonferroni
¼ leptin receptor; NP ¼ nucleus pulposus; SD ¼ standard deviation.
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Study approval

The experimental protocols were reviewed and approved by the
Fourth Military Medical University Animal Use and Care Committee.

Disc height measurement

X-ray imaging of lumbar discs of LMNA G609G/G609G and wild-
type male mice was performed using cabinet X-ray imaging and irra-
diation systems (Faxitron Bioptics, LLC, Wheeling, IL, USA), as
described previously [25]. Percentage of disc height was calculated as
the average of three measurements per disc. The percentage of disc
height of each group was calculated as the average height of three discs
(L2–L5) from 5 mice.

Statistical analysis

Data are presented as mean � standard deviation. Unpaired, 2-tailed
Student t tests were used for comparisons between the 2 groups. For
multiple comparisons, one-way analysis of variance with the Bonferroni
post hoc test was used. All data were normally distributed and had
similar variation between groups. Statistical analysis was performed
using SAS, version 9.3, software (SAS Institute, Inc., Cary, NC, USA). A p
value < 0.05 was deemed significant.

Results

LepR-Cre mediates recombination in NP cells of IVD tissues at postnatal
stages

LepR-Cre is a knockin mouse line in which a GFP:Cre fusion gene is
targeted into the LepR locus so that expression of Cre recombinase is
turned on in cells that normally express LepR [26,27]. Previous
al stages. (A) Diagram of the timeline analysing the specificity of LepR-Cre in NP
tage of Tdtomatoþ cells to all NP cells from time points P0, P3, P10, P1M, P2M,
cells in the aforementioned time points. (D) Representative immunofluorescence
ars, 100 μm (n¼ 5 mice per group). Data are presented as mean � SD. * indicates
post hoc analysis. ANOVA ¼ analysis of variance; IVD ¼ intervertebral disc; LepR
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lineage-tracing studies discovered that LepR-expressing cells marked
potential waves of bone marrow mesenchymal stromal/progenitor cells
especially in the long bone of adult mice and gave rise to multiple
lineage cells under certain circumstances [16,20]. To determine the
cell-type specificity of LepR-Cre in IVD tissues, we crossed LepR-Cre
mice with R26R-Tdtomato mice to generate LepR-Cre; R26R-Tdto-
mato mice. Whole-mount fluorescence analysis of the spine using the
dissecting microscope showed that LepR-Cre specifically labelled all
IVD tissues of mice (P0–P12M) from cervical to caudal vertebrae
(Supplemental Fig. 1). To further characterise the specificity of
LepR-Cre, the results of immunostaining of longitudinal lumbar 4–5
disc (L4–5) sections at different ages from early postnatal to late
adulthood were thoroughly investigated in LepR-Cre; R26R-Tdtomato
mice. Here, we first identify that LepR-Cre targeted postnatal NP cells
(Figure 1A). In detail, LepR-Cre labelled 88.7 � 5.1% of
notochord-derived cells at the postnatal stage P0, and the percentage
began to decrease since the postnatal stage P3 and reached a plateau at
the age of one month, which consisted of nearly 75% of all NP cells and
did not further decrease since the age of one month (Figure 1B–D). The
gradually decreased percentage of Tdtomatoþ NP cells since the post-
natal stage P3 revealed the potential role of LepR-expressing NP cells in
disc homoeostasis because the loss of NCs in the postnatal stage is
believed to be the sign of the onset of IDD. Moreover, we performed
immunostaining of the LepR in the L4–5 vertebrae of LepR-Cre;
R26R-Tdtomato mice and found that the signals of the LepR
completely overlapped with tdTomato in IVDs, which indicated the
high specificity and targeting efficiency of LepR-Cre in IVDs (Figure 1C
and D). Of note, LepR-Cre started to label AF cells primarily in the outer
AF (OAF) since the postnatal stage P14 and persist into adulthood
(Supplemental Fig. 2), suggesting that Tdtomatoþ cells residing in the
OAF after the postnatal stage P14 were not likely to migrate from NP
cells (no Tdtomatoþ cells found in the inner AF) and possibly from the
previously reported IVD niche (between the OAF and perichondrium)
or circulation, which might promote AF calcification during disc
degeneration [28].

LepR-Cre specifically targets notochord-derived cells at perinatal stages

The high percentage of Tdtomatoþ cells labelled in NP cells at post-
natal stages impedes us to analyse whether Tdtomatoþ NP cells are
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derived from the notochord (Figure 2A). Of note, we found that LepR-Cre
labelled nearly 95% of notochord-derived cells since the embryonic stage
E15.5, and the percentage significantly decreased to 88.7 � 5.1% after
birth (Figure 2B and C). To determine whether LepR-Cre–labelled cells in
IVD tissues during perinatal stages were actual notochord-derived cells,
we chose the marker CK8, which was previously reported to have high
specificity in all NCs and NP cells (Figure 3A and B) [29,30]. Immuno-
staining of CK8 was performed for longitudinal L4–5 sections of
LepR-Cre; R26R-Tdtomato mice from the perinatal stage to late adult-
hood (Figure 3A–C). We found that Tdtomatoþ cells were all CK8 positive
(Figure 3A), which indicated the high specificity of LepR-Cre targeting in
notochord-derived cells. To further excluded whether the decreased
percentage of LepR-expressing NP cells was due to apoptosis, we ana-
lysed cell apoptosis using the TUNNEL Kit (Beyotime Biotech, Shanghai,
China) and found no TUNNELþ NP cells at postnatal stages P0 and P3
(data not shown). Given that the expression of Cre recombinase is turned
on not only in cells that normally express LepR but also in the de-
scendants of those cells, we could anticipate that the decreased per-
centage of Tdtomatoþ cells in the postnatal stage might result from the
increased subpopulation of NP cells derived from other LepR� cells,
which first indicated that NP cells might consist of different sub-
populations during disc development.

NP cells can be divided into subpopulations which fulfil different functions
in disc homoeostasis

To further validate whether NP cells can be divided into sub-
populations, we performed immunostaining of CK8 and found that CK8
labelled nearly all notochord-derived cells. Importantly, LepR-Tdtomato
was expressed in nearly 95% of CK8þ NCs at E15.5, and the percentage
decreased after birth and continued to drop to nearly 70% of all CK8þ NP
cells in adulthood (Figure 3A and C). Based on the immunostaining re-
sults and current understanding, we were the first to thoroughly inves-
tigate NP cell subpopulations via the fate-mapping mice model and
further quantified the relative percentage of CK8þTdtomatoþ NP cells
and CK8þTdtomato� NP cells. In details, CK8þTdtomato� NP cells were
few at embryonic stages, and the percentage significantly increased to
nearly 12% after birth. After the age of one month, the percentage of
CK8þTdtomato� NP cells reached a plateau (nearly 25%) (Figure 3C).
Given the fact that NP cells are heterogeneous, we could anticipate the
Figure 2. LepR-Cre specifically targets notochord-
derived cells since perinatal stages. (A) Diagram of
the timeline analysing the specificity of LepR-Cre in
notochord-derived cells of the IVD of LepR-Cre; R26R;
TdTomato mice. (B) Representative immunofluores-
cence staining images of the L4–L5 IVD from the
embryonic stages E12.5, E15.5, and E18.5 using an-
tibodies against LepR. (C) Quantification of the per-
centage of Tdtomatoþ cells to all notochordal cells in
different time points. E ¼ embryonic. Scale bars, 100
μm (n � 5 mice per group). Data are presented as
mean � SD. * indicates p < 0.05, and NS indicates not
significant, as determined by ANOVA with Bonferroni
post hoc analysis. ANOVA ¼ analysis of variance; IVD
¼ intervertebral disc; LepR ¼ leptin receptor; SD ¼
standard deviation.



Figure 3. NP cells can be divided into two subpopulations from embryonic stages to adulthood. (A) Representative immunofluorescence staining images of the
L4–L5 IVD from time points E12.5, E15.5, E18.5, P0, P3, P10, P1M, P2M, P3M, and P6M using antibodies against LepR and CK8. (B) Quantification of the percentage
of CK8þ cells to all notochord-derived cells in different time points. (C) Quantification of the percentage of CK8þLepRþ cells to all notochord-derived cells in different
time points. The black dot indicates CK8þLepRþ NP cells, and the red square indicates CK8þLepR� NP cells. P ¼ postnatal; E ¼ embryonic. Scale bars, 100 μm (n � 3
mice per group). Data are presented as mean � SD. * indicates p < 0.05, and NS indicates not significant, as determined by ANOVA with Bonferroni post hoc analysis.
ANOVA ¼ analysis of variance; CK8 ¼ cytokeratin 8; IVD ¼ intervertebral disc; LepR ¼ leptin receptor; NP ¼ nucleus pulposus; SD ¼ standard deviation.

Figure 4. LepR-expressing NP cells are closely associated with the turnover of matrix proteins in the IVD. (A) Representative immunofluorescence staining images
of the L4–L5 IVD from P3M LepR-Cre; R26R; Tdtomato mice using antibodies against MMP13. (B) Representative immunofluorescence staining images of the L4–L5 IVD
from P3M LepR; R26R; Tdtomato mice using antibodies against aggrecan. Scale bars, 100 μm. Images on the right are magnification of certain areas in the merged images.
Scale bars, 20 μm. Arrowheads indicate matrix protein closely associated with LepR-expressing NP cells; arrows indicate matrix protein distant to LepR-expressing NP cells
(A and B) (n ¼ 5 mice per genotype from 3 independent experiments). IVD ¼ intervertebral disc; LepR ¼ leptin receptor; NP ¼ nucleus pulposus.
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different functions and lineage fate between CK8þTdtomatoþ NP cells
and CK8þTdtomato� NP cells.

To determine whether these two subpopulations have similar roles or
phenotypes in disc homoeostasis, we performed immunostaining of
Tdtomato with disc matrix proteins—aggrecan and MMP13 (Figure 4A
and B). Surprisingly, most aggrecan protein (anabolic matrix protein)
abundantly deposited in the pericellular matrix of Tdtomatoþ NP cells,
whereas only fewwere adjacent to Tdtomato�NP cells (Figure 4A and B).
On the contrary, the majority of MMP13 (catabolic matrix protein) were
closely adjacent to Tdtomato� NP cells instead of Tdtomatoþ NP cells,
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which indicated that Tdtomatoþ NP cells together with Tdtomato� NP
cells primarily contributed to the secretion and modulation of matrix
proteins to maintain disc homoeostasis. To further determine whether
LepRþ NP cells share the similar characteristic with those of LepRþ cells
in the one marrow, Scf (stem cell factor, the ligand of c-kit)-GFP trans-
genic mice were used to determine whether LepRþ NP cells were the
niche cell because the previous study showed that SCF secreted by LepRþ

cells promoted the regeneration of stem cells and haematopoiesis [31].
However, we investigated no Scf-GFPþ cells in disc tissues, including the
NP and annulus fibrosus (Supplementary Fig. 3). These findings
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demonstrate that LepR-expressing NP cells may play a pivotal role in
maintenance of disc homoeostasis and the detailed mechanism should be
further clarified.

The percentage of human LepRþ NP cells significantly decreases during disc
degeneration

After exploring the potential role of LepR-Tdtomatoþ and LepR-
Tdtomato- NP cells in the IVD, we set out to elucidate the specificity of
LepRþ cells in human NP cells and investigate their correlation with IDD.
We performed microendoscopic discectomy of the NP with different
degeneration grades and carefully collected the pure NP cells for im-
munostaining. Notably, we found the percentage of LepRþ NP cells
negatively correlated with the progression of human IDD. In detail,
LepRþ NP cells consisted of nearly 75% of NP cells of Grade II, and the
percentage significantly decreased to approximately 44% and 32% for
GradeⅣ and Ⅴ, respectively, although there was no significant difference
in the percentage between Grades II and III (Figure 5A and B). These
findings further indicated that LepRþ NP cells might play potential roles
in maintaining physiological disc homoeostasis and modulating the
progression of human IDD.

The percentage of LepR-expressing NP cells significantly decreases under
premature ageing–induced IDD

We previously demonstrated that premature ageing mice (LMNA G609/
G609) displayed the early onset of IDD compared with the control litter-
mates [32]. In this study, we used this model to further verify the rela-
tionship between LepR-expressing NP cells and IDD. Immunostaining of the
LepR in longitudinal L4–5 sectionswas performed in premature ageingmice
and indicated that the percentage of LepRþ cells significantly decreased in
G609/G609 mice with disc degeneration compared with the control lit-
termates (Figure 6A and B). This finding further confirmed that LepRþ NP
cells was correlated with the progression of IDD and might become the
potential target for therapeutic development. X-ray showed that the disc
height of G609G/G609G mice was significantly lower than that of the
control littermates (Figure 6C). Moreover, the expression of aggrecan and
collagen II significantly decreased in the NP of G609G/G609G mice
compared with that of the control littermates (Figure 6D and E).
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Discussion

Low back pain is a common clinical problem that accounts for more
than half of all musculoskeletal disabilities and is thought to originate
from degeneration of the IVD, specifically the inner NP [9,33,34]. The
limited understanding of disc development, maintenance, and degener-
ation entails the lack of effective treatment for this widespread problem.
Particularly, the loss of NCs and dysfunction of NP cells are believed to be
the signal of the onset and progression of IDD, respectively [6,7].
Therefore, great efforts have been made to understand the origin, sub-
population, lineage fate, and the function of NCs and NP cells using
genetically modified mouse models. In this study, we first demonstrate
that the LepR could be the potential marker for notochord-derived cells
since the embryonic stage until late adulthood. In addition, we find that
LepR-expressing cells represent a distinct subpopulation of
notochord-derived cells that are closely associated with IDD and essential
for disc homoeostasis.

The poorly defined notochord-specific markers and lack of effective
lineage-tracing animal models complicate the identification of the sub-
population of notochord-derived cells. Shh-Cre transgenic mice crossed
with ROSA26 reporter mice was first used to investigate the fate and
origin of NCs, and all cells derived from the notochord were labelled,
suggesting that all NP cells in postnatal life are descendants of NCs [9]. A
following study used a novel notochord-specific Cre mouse by targeting
the homeobox gene Noto in cross with LacZ to trace the NCs within the
IVD, and fate-mapping studies demonstrated that NCs were embryonic
precursors of all cells found within the NP of the mature IVD [10]. These
findings suggest that NP cells in postnatal life are homogeneous and all
are derived from NCs. However, a recent study showed Col2a1--
Cre–mediated recombination in the majority of cells in IVD tissues at
postnatal stages, and the fate-mapping study of Col2a1-Cre–labelled cells
further demonstrated that NP cells were not homogenous and could be
divided into two subpopulations. Another study identified two novel NP
progenitor cell markers, disialoganglioside 2 (GD2) and tyrosine kinase
receptor (Tie2), and found that Tie2þGD2þ cells possessed stem cell
properties with self-renewal potentials and Tie2�GD2þ cells as potential
NP cell progenitors, which also indicated the heterogeneity of postnatal
NP cells [35]. Actually, the fate of the NCs within the NP has been
debated for years. It has been proposed that small chondrocyte-like NP
Figure 5. The percentage of human LepRþ NP cells
significantly decreases during disc degeneration. (A)
Representative immunofluorescence staining images of NP
cells from human IVD samples of Grades II to V using
antibodies against LepR. (B) Quantification of the per-
centage of LepRþ cells to all notochord-derived cells in
different time points. Scale bars, 20 μm (n � 3 per group).
Data are presented as mean � SD. * indicates p < 0.05, and
NS indicates not significant, as determined by ANOVA
with Bonferroni post hoc analysis. ANOVA ¼ analysis of
variance; DAPI ¼ 4,6-diamino-2-phenylindole; IVD ¼
intervertebral disc; LepR ¼ leptin receptor; NP ¼ nucleus
pulposus; SD ¼ standard deviation.



Figure 6. The percentage of LepR-
expressing NP cells significantly de-
creases under premature ageing-induced
IDD. (A) Representative immunofluores-
cence staining images of the L4–L5 IVD from
P3M LMNA G609/G609 mice with their
control littermates using antibodies against
LepR. (B) Quantification of the percentage of
LepRþ cells to all NP cells of the IVDs. (C)
Representative disc height indices (DHI) of
the IVDs of LMNA G609G/G609G mice or
control littermates using X-ray. (D) Quanti-
fication of the percentage of Col2þ cells to all
NP cells of the IVDs of LMNA G609G/G609G
mice or control littermates. (E) Quantifica-
tion of the percentage of aggrecanþ cells to
all NP cells of the IVDs of LMNA G609G/
G609G mice or control littermates. Scale
bars, 100 μm (n > 3 mice per group). Data
are presented as mean � SD. * indicates p <

0.05, and NS indicates not significant, as
determined using two-tailed Student t tests.
DAPI ¼ 4,6-diamino-2-phenylindole; IDD ¼
intervertebral disc degeneration; LepR ¼
leptin receptor; NP ¼ nucleus pulposus; SD ¼
standard deviation.
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cells were derived from mesenchymal cells, populating the NP after
migration from the surrounding cartilage end plate or originating from
transient amplifying cells in the perichondrium at the periphery of the
disc [36,37]. In this study, we found that LepR-expressing cells accounted
for approximately 95% of NCs at embryonic stages, and the percentage
decreased to 70% when reaching adulthood. Owing to the characteristic
that LepR-Cre can label not only the LepR-expressing cells but also their
descendants, this finding provided solid evidence that NP cells in post-
natal life were heterogenous, which warrants further clarification of the
origin of postnatal NP cells. We also found that compared with
Tdtomato� NP cells, majority of aggrecan-expressing cells were
LepR-positive NP cells, whereas most of the MMP13-expressing cells
were LepR-negative, indicating that the different subpopulation of NP
cells might play disparate roles in IVD homoeostasis. However, the
detailed function of different subpopulations of NP cells and whether a
certain subpopulation dominates in triggering the onset and progression
of IDD need to be further elucidated.

To further demonstrate the high specificity of LepRþ cells in human
NP cells and investigate their correlation with disc degeneration, we
showed that the percentage of human LepRþ NP cells significantly
decreased during disc degeneration. These findings indicate that LepRþ

NP cells may play potential roles in maintaining disc homoeostasis and
modulate the progression of IDD. One study reported that disc cells
97
expressed leptin and its functional receptor so that leptin could stimulate
proliferation of disc cells in vitro, which could be the onset signal of IDD
[38,39]. Other related studies also showed that leptin induced angio-
genesis in vivo and modulated the cytoskeletal elements in NP cells [40,
41]. Of note, we should realise that LepR-expressing NP cells and the
function of LepR in NP cells are not the same topic. Although an
increasing number of studies have already clarified the function and
lineage fate of LepR-expressing cells in the bone marrow and periosteum,
only LepR-Cre; Leprf/f mice can help us elucidate the function of LepR in
LepR-expressing cells in the NP during IDD. Future studies should make
efforts to determine the detailed function of LepR in LepRþ NP cells from
disc development to the onset and progression of IDD via using the
valuable tool of the LepR-Cre; R26R; Tdtomato mice line. Interestingly,
IVD cells express the LepR at embryonic stages, and people with obesity
are reported to have higher levels of serum leptin [14,15,42,43]. It is
likely that adipokines, such as leptin, may play pivotal roles in disc
development modulated by the hypothalamus, thus linking obesity, IDD,
and low back pain.

Until now, therapies for IDD mainly focused on alleviating the
symptoms rather than eliminating the underlying causes or restoring the
structure and biomechanical function of the discs. Of note, we have not
found any published studies targeting the subpopulation of NP cells to
treat IDD. The present study and our previous studies showed that
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premature ageing mice (LMNA G609/G609) displayed early onset of IDD
and the IDD phenotype compared with the control littermates [25]. In
this study, we further demonstrated that the percentage of
LepR-expressing cells significantly decreased in premature ageing mice
with IDD, which indicated that LepR-expressing cells might be closely
related to the onset and progression of IDD and could be the potential
target to prevent and treat the widely spreading disease. Future study on
IDD treatment should further discuss the possibility of targeting on a
specific subpopulation of NP cells.

In this study, we identified the LepR as one of the novel markers for
notochord-derived cells and demonstrated LepR-expressing cells as a
distinct subpopulation essential for disc homoeostasis. Of note, we
noticed that subsets of LepRþ NP cells expressed Ki67 (data not shown),
while Scf-GFP was not expressed in NP and AF cells. However, these
phenotypes can only rule out the possibility that discs do not possess
stem/progenitor cells essential for haematopoiesis, for Scf is secreted by
LepRþ cells in the bone marrow to maintain the hematopoietic stem cell
(HSC) niche [31]. Whether subsets of LepRþ NP cells represent stem/-
progenitor cells either at the beginning of notochordal development or
during IDD still needs further investigation. We just began to understand
the heterogenous pattern of NP cells and tried to elucidate the role and
function of LepR-expressing NP cells under physiological and patholog-
ical conditions. It would be important in future to clarify the detailed role
of different subpopulations of NP cells including stem/progenitor cells
and identify the IDD-related pathogenic subpopulation via single-cell
transcriptome sequencing. Understanding the mechanism of
LepR-expressing NP cells will undoubtedly benefit early prevention and
treatment of IDD and provide translational insights into use of certain
subpopulations for disc regenerative applications.
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