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Abstract 

Objective: As a main cellular component within the disc, nucleus pulposus (NP) cells play im-
portant roles in disc physiology. However, little is known on the biologic hallmarks of human NP 
cells. Therefore, the present study aimed to address the features of human NP cells. 
Methods: Human NP samples were collected from normal cadavers, patients with scoliosis and 
disc degeneration as normal, disease control and degenerative NP, respectively. The NP samples 
were studied using transmission electron microscopy and TUNEL assay. Pre-digested NP samples 
were studied using flow cytometry with PI/Annexin V staining.  
Results: Both control and degenerative human NP consisted of mainly viable cells with a variety of 
morphology. Both necrosis and apoptosis were noted in human NP as forms of cell death with 
increased apoptosis in degenerative NP, which was further confirmed by the TUNEL assay. 
Phagocytic NP cells had the hallmarks of both stationary macrophages with lysosomes and NP cells 
with the endoplasmic reticulum. Annulus fibrosus cells have similar morphologic characteristics 
with NP cells in terms of cell nest, phagocytosis and intracellular organs. Moreover, NP cells with 
long processes existed in degenerative and scoliotic NP rather than normal NP. When cultured in 
glucose-free medium, NP cells developed long and thin processes. 
Conclusion: Human degenerative NP consists of primarily viable cells. We present direct and in 
vivo evidence that both human annulus fibrosus and NP cells have phagocytic potential. Moreover, 
NP cells with long processes exist in both scoliotic and degenerative NP with lack of glucose as one 
of the possible underlying mechanisms. 

Key words: annulus fibrosus, nucleus pulposus, disc degeneration, apoptosis, flow cytometry, 
electronic microscopy, TUENL assay, human, cell culture. 

INTRODUCTION 
As conjunctive structure to act as buffers be-

tween adjacent vertebral bodies, the intervertebral 
disc is composed of an outer fibrous layer, the annu-
lus fibrosus (AF), and an inner gelatinous core rich in 
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proteoglycans, the nucleus pulposus (NP). NP cells 
are the builder and maintainer of extracellular matrix 
(ECM) of NP [1]. The adult human NP consists of 
mainly small chondrocyte-like cells other than the 
alleged notochondral cells with granular cytoplasmic 
inclusions [2-4]. Intervertebral disc degeneration 
(IDD) is characterized histologically by alternations at 
the cellular level [5, 6]. It has been noted that in-
creased disc cell proliferation and cell-cluster for-
mation [7], as well as increased cell death [5, 8] during 
IDD.  

Clear progress has been achieved over the past 
decades, addressing the biologic hallmarks of NP cells 
as well as in vitro cultures [6, 9-15]. However, the 
question of the cell death forms and occurrence of NP 
cells remains open. Due to the avascular structure of 
the NP, several studies reported that cell death within 
the NP is common [2, 16]. However, opposing opin-
ions exist regarding the cell death occurrence issue 
[17]. Furthermore, despite cell clusters are noted as 
one of the traits of IDD [5, 7], the underlying mecha-
nisms of cell cluster formation have not been eluci-
dated. Therefore, it is of critical importance to clarify 
the hallmarks of human NP cells and to further clarify 
the etiology and therapeutic strategies of IDD at cel-
lular level. 

To further address these issues, we explored the 
ultrastructure of human NP cells using transmission 
electronic microscopy and cell death within the NP 
using flow cytometry and TUENL assay. Details on 
human NP cell cultures in monolayer were noted.  

MATERIALS AND METHODS 
Ethics Statement 

The institutional ethics review board of Xijing 
Hospital, Fourth Military Medical University ap-
proved the study (No. 20111103-7). Moreover, we 
obtained written informed consent for the experi-
mental use of the disc from normal cadavers and the 
surgical samples from each patient. 

Samples collection 
Human NP samples were collected from normal 

cadavers as control [n=10, average age 36.4 (range 
23–50) years, male/female=5/5], patients with idio-
pathic scoliosis as disease control [n=10, average age 
26.9 (range 18–36) years, male/female=5/5] and pa-
tients with IDD as degenerative NP samples [n=10, 
average age 40.1 (range 28–55) years, 
male/female=5/5] as we previously reported[18]. 
Intervertebral disc specimens were classified as grade 
I (normal discs) , II (idiopathic scoliosis discs) and 
grade IV (IDD discs) according to MRI manifestation 
proposed by Pfirrmann and colleagues [19]. All the 
patients with disc degeneration were strictly selected 

by MRI and intraoperative findings to exclude NP 
samples that had herniated outside the annulus. The 
NP tissues were dissected carefully under magnifica-
tion. 

Transmission Electron Microscopy (TEM) 
Samples of NP and AF were fixed in a mixture of 

2% paraformaldehyde and 2% glutaraldehyde with 
phosphate buffer (pH 7.4), subsequently postfixed in a 
1% solution of osmium tetroxide with 1.5% potassium 
ferrocyanide. Following being dehydrated in graded 
alcohols, the samples were embedded in Epon. Ul-
tra-thin sections were prepared and contrasted with 
uranyl acetate and lead citrate. Sections were studied 
using electron microscopy JEM 2000 EX (Japan Elec-
tron Organization) with an accelerating voltage of 80 
kV.  

TUNEL assay 
 To determine apoptosis in control and IDD 

samples, we performed TUNEL (Terminal deoxynu-
cleotidyl transferase mediated X-dUTP nick end la-
beling, TUNEL) assay using the In Situ Cell Death 
Detection Kit (TMR Red, Roche, Mannheim, Germa-
ny). The assay was carried out as described by the 
manufacturer. Briefly, following dehydrated and 
proteinase digestion with proteinase K for 15 min, 50 
μl of TUNEL cocktail was added on the sections. 
DAPI staining was used as the final step in fluorescent 
staining procedure to label cell nuclei. The apoptotic 
cells were analyzed using the fluorescent microscope 
(excitation: 543 nm; emission: 555-655 nm). The 
apoptotic index [(number of apoptotic cells/total 
number counted) ×100%] was used to quantify the 
number of TUNEL positive cells. Six nonadjacent 
fields in each group were randomly chosen to count 
the total number of NP cells and TUNEL-positive 
cells. 

Pre-digestion of the NP 
NP samples were pre-digested with enzymatic 

digestion for 40 min at 37 °C in PBS with 0.25% pro-
nase (Gibco-BRL, Carlsbad, USA).The pronase con-
taining solution was removed, remaining tissue 
washed, and digested for 4 h in PBS with 0.025% col-
lagenase type II (Invitrogen, Carlsbad, USA).  

Flow cytometry (FCM) 
FCM of cells derived from digested NP with 

Propidium Iodide (PI)/Annexin V double labeling as 
well as PI staining was performed for apoptosis and 
cell cycle analysis. PI/Annexin V double staining was 
performed as described [20]. In brief, after washing 
twice with PBS, 1×106 cells were re-suspended in 
binding buffer. FITC-Annexin V was added and then 
incubated at room temperature for 10 min. PI was 
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added and incubated for 15 min at 4°C. PI staining for 
cell cycle analysis was performed in a similar way 
with incubation for 3 h at 4°C. Samples were analyzed 
on a FACScan (Becton Dickinson, USA).  

NP cell culture 
NP cells were pre-digested as aforementioned. 

The digest was filtered through a 45-µm pore size 
nylon mesh. Cells were plated and expanded for 3 
weeks in DMEM/F12-based culture medium (Hy-
clone, Utah, USA), containing 15% fetal bovine serum 
(Gibco-BRL, Carlsbad, USA), 1% penicil-
lin/streptomycin (Invitrogen, Carlsbad, USA) in a 5% 
CO2 incubator. The passage=1 NP cells were divided 
into two groups: glucose-free cultured (G0) group: NP 
cells were planted in glucose-free DMEM/F12-based 
culture medium (Gibco-BRL, Carlsbad, USA) sup-
plemented with 15% fetal bovine serum (Gibco-BRL, 
Carlsbad, USA); and standard cultured (G1) group: 
NP cells were planted in standard DMEM/F12-based 
culture medium (Hyclone, Utah, USA) containing 
3.151g/L glucose supplemented with 15% fetal bovine 
serum (Gibco-BRL, Carlsbad, USA). Culture medium 
was changed twice a week. NP cells were investigated 
under inverted microscopy.  

Statistical analysis 
Values are noted as means ± S.E.M. Comparisons 

of two-group parameters were performed using Stu-
dent’s t test. A P value less than 0.05 was considered 
as statistically significant. The statistical analysis was 
performed using the SPSS13.0 statistical package 
(SPSS Inc., Chicago, IL, USA). 

RESULTS 
Human AF and NP cells have a variety of 
morphology. NP cells with long processes exist 
in degenerative NP. AF and NP cells have 
similar morphologic traits. AF and NP cells 
have the potential as histiocytes. 

As noted previously[2], human disc consisted of 
sparse AF/NP cells and a large amount of dense 
ECM, e.g. collagenous fibrils and glycosaminoglycans 
. The ECM of AF was compact lamellar structure 
while the ECM of NP was loose and disordered 
structure (Figure 1A). The collagenous fibrils of nor-
mal AF (Figure 1B) were tightly and orderly arranged 
while the collagenous fibrils of degenerative AF (Fig-
ure 1C) were cracked and randomly arranged.  

Typical AF cells (Figure 2A) were fibroblast-like, 
elongated, and aligned parallel to the collagenous 
fibrils. Typical NP cells (Figure 2B) were small 
round-shaped chondrocyte-like cells with big in-
dented nucleus. Both of AF and NP cells consisted of 

endoplasmic reticulum, secretory vesicles, primary 
and secondary lysosomes, short processes. Similar 
with the chondrocyte and cartilage lacuna, AF and NP 
cells (Figure 2A and B) located within the nest, which 
was made up of ECM and surrounded the cell. We 
also noted that several AF or NP cells may share one 
nest (Figure 2C and D).  

 
Fig 1. Representative microphotographs of extracellular matrix of human 
disc. (A) The boundary between annulus fibrosus and nucleus pulposus. 
(B) The collagenous fibrils of normal annulus fibrosus. (C) The colla-
genous fibrils of degenerative annulus fibrosus. Scale bars: 1μm. 
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Fig 2. Representative microphotographs of human annulus fibrosus and nucleus pulposus cells. (A) The typical fibroblast-like annulus fibrosus cell within 
the nest and aligned parallel to the collagenous fibrils. (B) The typical chondrocyte-like nucleus pulposus cell within the nest and surrounding dense 
extracellular matrix. (C) Two annulus fibrosus cells located in one nest. (D) Three nucleus pulposus cells located in one nest. Scale bars: (A)-(C) 5μm; (D) 
1μm. 

 
While necrotic and apoptotic NP cells (Figures 

3A and B) were detected, degenerative NP consisted 
mainly of viable NP cells. Viable NP cells were further 
categorized into typical NP cells (Figure 2B), NP cells 
with long processes (Figure 3C and D), and phago-
cytic NP cells (Figure 4) in terms of morphology and 
the number and type of cytoplasm. The cytoplasm of 
phagocytic NP cells was consisted of large amount of 
endoplasmic reticulum and lysosomes, while the cy-
toplasm of typical NP cells and NP cells with long 
processes was consisted of less lysosomes. NP cells 
with long processes were found both in degenerative 

(Figure 3C) and in disease control discs (Figure 3D) 
rather than normal discs.  

Phagocytic NP cells had the hallmarks of both 
stationary macrophages with lysosomes (histiocytes) 
and NP cells with a large amount of the endoplasmic 
reticulum (Figure 4A and B). The appearance of pri-
mary and secondary lysosomes reflects the functional 
activity of phagocytic NP cells (Figure 4C) and AF 
cells (Figure 5A-C). Lipofuscin, the residues of lyso-
somal digestion, was found in AF cells (Figure 5D). 
Importantly, we identified NP cell that undergoing 
phagocytosis in NP tissues (Figure 4D). 
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Fig 3. Representative microphotographs of necrotic human nucleus pulposus cells and human nucleus pulposus cells with long cell processes. (A) The 
necrotic nucleus pulposus cell with incomplete cellular membrane. (B) The necrotic nucleus pulposus cell within the nest. (C) The nucleus pulposus cell 
with long processes from degenerative disc. Note the secretory vesicles within the cell. (D) The nucleus pulposus cell with long processes from scoliosis 
disc. Scale bars: (A) 3μm; (B)-(D) 500nm. 
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Fig 4. Representative microphotographs of phagocytic nucleus pulposus cells. (A) and (B) Phagocytic nucleus pulposus cells with a large amount of 
endoplasmic reticulum and lysosomes. (C) The phagocytic nucleus pulposus cell with secondary lysosomes. (D) Nucleus pulposus cell that undergoing 
phagocytosis. Scale bars: 1μm 

 
Fig 5. Representative microphotographs of phagocytic annulus fibrosus cells. (A)-(C) Phagocytic annulus fibrosus cells with primary and secondary 
lysosomes. (D) Phagocytic annulus fibrosus cells with secondary lysosomes next to lipofuscin (black arrow). Scale bars: (A), (B) and (D) 1μm; (C) 3μm 
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Human NP consists of mainly viable cells. 
Apoptosis increases in degenerative NP.  

Consistent with the results of TEM, FCM re-
vealed that human NP was composed predominantly 
of viable cells (Figure 6A, 87.42±1.13%), even in de-
generative NP (83.27±5.00%, P>0.05, Figure 6B, C). 
Apoptosis of degenerative NP increased in compari-
son with control NP (6.80±0.93%; 5.03±1.82%, P<0.05). 
In addition, cells of digested NP remained proliferate 
and in cell-cycle homeostasis (Figure 6D).  

In accordance with the FCM results, TUNEL as-
say indicated only very few TUNEL-positive NP cells 
were noted in control NP. In contrast, there was an 
apparent increase in the number of apoptotic NP cells 
in degenerative NP (Apoptotic Index: 32.54±2.25 in 
control NP versus 63.75±2.98 in degenerative NP, 
P<0.01) (Figure 7). 

Human NP cells undergo morphologic varia-
tion with in vitro monolayer cultures  

Human NP cells maintained their round-shape 
within the several days following monolayer culture. 
Cell clusters were noted and then diminished gradu-
ally in vitro. Colony formation and heterogeneous 
cellular composition were noted for primarily cul-
tured human NP cells (Figure 8A). However, NP cells 
lost their round-shape at this stage. Furthermore, they 
underwent morphologic alterations gradually with 
passages (Figure 8B, C), in particular the long spindle 
NP cells with cultures over four weeks (passage=3, 
Figure 8D). The morphologic variety might reflect the 
changes of NP cells in phenotype and the trends to-
wards senescence. Compared with the G1 group, the 
NP cells in G0 group developed long and thin cell 
processes when cultured in 3, 6, 9 days (Figure 9). 
Stellate cells with multiple long and thin processes 
were noted. 

 
 
 

 
Fig 6. Contour diagram of FITC-Annexin V/PI FCM of human digested nucleus pulposus. Diagram of nucleus pulposus derived from scoliosis and IDD 
corresponds to control and disease. (A) and (B), Representative diagram of control and degenerative nucleus pulposus. Q3 shows the viable cells 
(PI-/FITC-). Q2 consists of the non-viable cells, including necrotic and late phase of apoptotic cells (PI+/FITC+). Q4 represents the apoptotic cells in early 
phase with cytoplasmic membrane integrity (PI-/FITC+). (C) nucleus pulposus consists of mainly viable cells. **P>0.05. (D) The cell cycle diagram suggests 
that digested nucleus pulposus has a profile of normal cells with homeostasis. 
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Fig 7. Representative microphotographys of TUNEL assay in control and IDD nucleus pulposus. Only few TUNEL-positive cells were detected in control 
nucleus pulposus, whereas increased number of TUNEL-positive cells was noted in degenerative nucleus pulposus. Scale bars: 50μm. Apoptotic index of NP 
cells was calculated as mean ± SD. Apoptotic index: 63.75±2.98 in degenerative NP versus 32.54±2.25 in control NP, **P<0.01 versus control group, n=5. 

 
Fig 8. Representative microphotography of cultured human nucleus pulposus cells. (A) Primarily cultured human nucleus pulposus cells (passage=0, 11d 
after culture) with colony formation and heterogeneous cellular composition under inverted microscopy. (B-D) Cultured human nucleus pulposus cells 
(passage =1, 2, 3; 16d, 23d, 29d after culture) showing the alterations of nucleus pulposus cells with passages under inverted microscope. The cultured NP 
cells in (A-D) were obtained from the L5/S1 nucleus pulposus of a 28-year-old male with disc degeneration classified as grade IV. Scale bars: 50μm. 
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Fig 9. Representative microphotography of cultured human nucleus pulposus cells in glucose- free and standard DMEM/F12-based culture medium. (A-C) 
Glucose- free group nucleus pulposus cells (3d, 6d, 9d after culture) with long and thin processes; stellate cells with multiple processes were noted (black 
arrow). (D-F) Cell processes of nucleus pulposus cells in standard DMEM/F12-based culture medium group (3d, 6d, 9d after culture) were relatively 
shorter. Scale bars: 30μm. 

 

DISCUSSION  
The abnormality of NP cells, the major compo-

nent cells of intervertebral disc, is believed to play a 
vital role in IDD. Here, we found that degenerative 
NP cells were predominantly viable cells with phag-
ocytic potential, and AF cells had the similar phago-
cytic function as NP cells. Moreover, NP cells with 
long processes were identified in NP from IDD and 
scoliosis rather than normal NP. Our morphologic 
findings present new insights into human NP, clari-
fying several debating issues related to cell death oc-
currence, apoptosis or necrosis as forms of cell death, 
NP cells as phagocytes and NP cells with long pro-
cesses. 

First, our findings reveal that most cells are via-
ble NP cells within control and degenerative discs, 

which was inconsistent with the traditional view of 
point [2, 10, 21, 22]. Previous studies have reported 
that cell death within the disc is common, ranging 
from over 50% (detected by electron microscope) [2] 
to 73%(detected by TUNEL assay) [16]. Nevertheless, 
the question remains open as to whether or not 
apoptosis or necrosis exists within the disc. Consistent 
with the view of Johnson and colleagues [17], our re-
sults present direct and sufficient evidence demon-
strating that even degenerative NP might have the 
capability of maintaining homeostasis of cell popula-
tion. 

Second, our results present direct morphologic 
evidence that human NP cells have multiple potential. 
Aside from building and sweeping extracellular ma-
trix, NP cells can also phagocytose nonviable NP cells 
as phagocytic cells. The fact that phagocytic NP cells 
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displayed morphologic hallmarks of both NP cells 
and macrophages indicates that the cells belong to 
histiocytes. In combination with the characteristic of 
blood supply of NP, we might exclude the possibility 
of invaded mononuclear macrophages from periph-
eral blood vessels. In this respect, Nerlich and col-
leagues reported phagocytic cells in human degener-
ative NP with CD68 positive staining and no mor-
phologic difference from NP cells under microscopy 
[14]. In accordance with our findings, they named 
these cells as transformed resident cells. Furthermore, 
our finding of in vivo phagocytic NP cells comple-
ments the in vitro evidence of NP cells as competent 
phagocytes noted by Jones and colleagues [10]. In 
other parts of the human body, macrophages might 
fuse to form multi-nuclear giant cells following 
phagocytosis, i.e., Langerhans cells. Previously, cell 
clusters formation is noted as one of the hallmarks of 
disc degeneration and cell proliferation [7], the 
mechanism of which remains unknown. In combina-
tion of our findings, a plausible explanation for cell 
clusters might be the fusion of phagocytic NP cells as 
a result of phagocytosis.  

Third, our study provides direct evidence that 
AF cells have similar morphologic traits with NP cells 
as belows. a. both of AF and NP cells are located 
within cell nests. b. Several cells may share one nest. c. 
Both AF and NP cells consist of endoplasmic reticu-
lum, secretory vesicles, short processes. d. Lysosomes 
frequently appear in both AF and NP cells, which 
indicates that AF cells have similar phagocytic func-
tion with that of NP cells. There has been long-lasting 
debate concerning the origin of NP cells, which yet 
remains enigmatic. Increasing evidence sustains that 
NP consists of notochordal cells in fetus. As the disc 
matures, notochordal cells are replaced by smaller 
chondrocyte-like cells with an assumed different 
origin[23]. From this point of view, it is deducible that 
NP might recruit cells from AF. Several lines of evi-
dence indicate that both the morphology and pheno-
type of NP and AF cells are interchangeable on dif-
ferent culture conditions: NP cells in monolayer might 
convert from round-shaped cells into fibroblast-like 
cells, from rich in type-II collagen to type-I collagen. 
Conversely, AF cells cultured in 3D environment 
could convert into chondrocyte-like cells with in-
creased type-II collagen production and SOX-9 ex-
pression[24, 25]. Furthermore, there would be no sig-
nificant differences in gene expression or protein 
production between NP and AF cells in either mono-
layer or 3D culture environment following 2 weeks in 
vitro culture [26]. Moreover, it has been noted that in 
adult, endplate chondrocytes and inner AF cells give 
rise to chondrocyte-like cells at the same time replac-
ing notochord-derived large vacuolated cells in NP 

[27]. Our study supplements the assumed origin of 
human NP cells. Accordingly, it would be reasonable 
to assume that the NP cells and AF cells might be 
from identical lineages in adults. 

Fourth, previous studies designate NP cells with 
long processes as a hallmark of NP cells derived from 
deformed discs, which include discs with scoliosis 
and spondylolisthesis [6]. However, NP cells with 
long processes are also noted in degenerative NP 
without deformation on the basis of our findings, 
which might cast doubt on the previously assumed 
mechanism of abnormal load subjected to the disc [5]. 
Moreover, our study found that the deprivation of 
glucose in culture medium directly led to the for-
mation of similarly long cell processes when NP cells 
were in vitro cultured. It has been shown that glucose 
deprivation leads to the acceleration of disc degener-
ation and fall in NP cell viability[28, 29], and the col-
lapse of nutrition supply pathway of NP is a 
well-accepted pathogenesis factor of IDD. We pro-
posed that the lack of glucose may be one of the un-
derlying mechanisms of long process formation. 
Therefore, it might be reasonable that long process 
cells exist in degenerative NP as well, but not exclu-
sively exist in deformed discs. Nevertheless, the ac-
curate mechanisms of long processes formation re-
main to be defined.  

In parallel with in vivo studies of the NP, in vitro 
NP cell cultures present an important approach for 
addressing the cell biology of the NP. Various NP 
cells with diverse cell markers and phenotypes de-
rived from different species have been cultured and 
studied, which include rabbit [30], canine [31, 32], 
bovine [10, 33], rat [34, 35] and human [36-38]. 
Amongst the species, bovine NP is closest to human 
NP in terms of cell phenotype [33, 39]. On the other 
hand, various cell markers were reported in diverse 
species, including CD24 (human and Wistar rat) [34], 
CD44 (rat) [40], Galectin-3 (human) [41], SOX-9 and 
collage II (human) [4], HIF-1, GLUT-1 an MMP-2 (rat) 
[42]. Moreover, monolayer as well as 3D cultures [37, 
38] with a multitude of scaffolds, even organ cultures 
of the disc [43-46] have been addressed. However, 
there is relative paucity of information regarding the 
details of human NP cells’ morphologic variation with 
cultures. At this point, our delineation of the hall-
marks of NP cells under cultures might shed new 
light on the knowledge of human NP cells.  

It has been noted that human NP has the hall-
mark of immune privilege, owing to the avascular 
settings as well as the local expression of FasL [47-50]. 
Moreover, FasL expression on the NP begins in early 
embryo [35]. However, the question remains open as 
to whether or not the immune privilege of the degen-
erative NP is preserved. On the basis of our findings, 
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human NP cells have phagocytic potential to possibly 
clear apoptotic/necrotic cells and ruptured ECM, and 
ultimately contribute to the maintenance of immune 
privilege [51]. At this point, additional studies are 
needed to further define the immune privilege fol-
lowing IDD.  

In spite of our study presented novel lines of 
evidence that expand our understanding of human 
NP cells and IDD, several limitations were present. 
For one, we pre-digested human NP tissues prior to 
FCM analysis. The pre-digestion with pronase and 
collagenase might influence the number of cell death. 
However, both the control and IDD samples consisted 
of primarily viable cells following the same digestion 
procedure, which might preclude the impact of di-
gestion. Nevertheless, the possible impact of digestion 
on tissues might be the increase of cell death. At this 
sense, the pre-digested NP cells might consist of more 
dead cells. While the results exclude the possibility. 
On the other hand, the pre-digestion procedure is 
similar with the procedure with which we collect 
cultured cells in cell plates for FCM, which is a pro-
cedure with possible unexpected impact but essential. 

In conclusion, human degenerative NP consists 
of primarily viable cells. We present direct and in vivo 
evidence that both human annulus fibrosus and NP 
cells have phagocytic potential. Moreover, NP cells 
with long processes exist in both scoliotic and degen-
erative NP with lack of glucose as one of the possible 
underlying mechanisms. Together, these novel in-
sights into the hallmarks of human NP cells might 
shed light on our understanding of disc cell biology 
and degeneration. 
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