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The aim of the study was to evaluate the effect of bone morphogenetic proteins (BMP) on the proliferative activity of healthy and
degenerated cells of the intervertebral disc (IVD) in vitro.

Materials and Methods. Cells obtained from the human annulus fibrosus and the nucleus pulposus of healthy and degenerated
intervertebral discs were cultured in the absence and presence of BMP-2, BMP-7, and BMP-14. A daily cell count was performed using
micrographs obtained by phase contrast microscopy and the Fiji program. On day 4, cells were fixed and stained with Alexa Fluor 633
phalloidin (for F-actin) and DAPI (for nuclear DNA), and imaged using laser confocal microscopy. The rate of cell growth was calculated at
their exponential growth phase by mathematical modeling.

Results. In the presence of BMP-2, 7, and 14, insignificant changes in the growth rates of cells from the annulus fibrosus and the
nucleus pulposus of the IVD (both healthy and degenerated) were noted. Changes in the proliferative activity were found in healthy cells of
the annulus fibrosus supplemented with BMP-2, 7, and 14 (p<0.01), and also in degenerated cells of the nucleus pulposus in the presence
of BMP-14 (p<0.01). Proliferative activity of degenerated cells from the nucleus pulposus was reduced in comparison with healthy cells
(p=0.03), while in annulus fibrosus cells there was no significant difference between the two compared groups. The addition of BMP did not
restore proliferative activity of cells from the degenerated nucleus pulposus to the level of healthy cells. Morphological characteristics of the
cells were similar: both, the nucleus pulposus cells and the annulus fibrosus cells resembled fibroblasts by having spread-eagle, stellate,
spindle-like shapes with long protrusions.

Conclusion. Minor changes in the proliferative activity of IVD cells co-incubated with BMP-2, 7, and 14 were observed. Bone
morphogenetic proteins had no significant effect on proliferation of IVD cells, which can be regarded as a positive factor under conditions of
nutrient deficiency and reduced nutrient transport in the disc. The observed differences in growth rate between the nucleus pulposus cells
and the annulus fibrosus cells may be due to different degrees of tolerance to degeneration or reflect the predominant role of the nucleus
pulposus’in the cellular degeneration of the IVD.
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Introduction nutrition, decreased cell viability and cellularity,
quantitative and qualitative changes in the extracellular

Degeneration of the intervertebral disc (IVD) is matrix and the disc biomechanics [1]. It remains,
a complex process, which includes changes in IVD however, unclear which of these processes are
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primary and which ones are secondary. Moreover,
the IVD degeneration is, for a great part, a genetically
determined process [2, 3]. The complexity of the involved
pathophysiological mechanisms makes it difficult to
search for potential therapeutic targets and to rationalize
the means of biological correction.

Conservative treatment of IVD degeneration is
mainly aimed to manage acute pain; this treatment
is largely symptomatic and has a short-lived effect.
Surgery is usually recommended at the severe stages
of IVD degeneration; this involves the risks of invasive
intervention and in some cases causes adjacent
segment degeneration due to spinal biomechanical
changes [4]. At present, a promising area of research is
biological approaches for IVD degeneration, especially,
the therapy with growth factors, gene therapy, cellular
therapy and tissue engineering [5, 6]. One of the
actively studied strategies of biological correction
of mild IVD degeneration is the therapy with growth
factors. Specifically, the superfamily of the transforming
growth factor beta (TGF-B) consists of proteins that
are believed to be related to the synthesis of collagen
and proteoglycans and play an important role in the
accumulation of the extracellular matrix. The TGF-B
family also includes bone morphogenetic proteins (BMP):
BMP-2, BMP-7, and BMP-14 [7, 8]. At mild stages of the
degenerative process, the growth factors stimulate the
expression of the extracellular matrix components via
the functionally active IVD cells, which can later restore
the structure and function of the disc [6, 9]. The efficacy
of this therapy depends on the availability of a sufficient
number of viable cells [10].

The aim of the study was to evaluate the effects of
bone morphogenetic proteins on the proliferative activity
of healthy and degenerated IVD cells in vitro.

Materials and Methods

Study design. Cell cultures from the annulus fibrosus
(AF) and the nucleus pulposus (NP) of the human IVD
were used.

Cells (Sciencell Research Laboratories, USA)
originated from AF and NP of a healthy donor who had
no spinal disorders were used to model healthy VD
cells. The cells were thawed in a water bath at 37°C
and cultured in monolayer in sterile flasks with a surface
area of 25 cm? in a culture medium consisting of 89%
of Dulbecco’s Modified Eagle’s Medium/F-12 medium
(Thermo Fisher Scientific, USA) supplemented with
10% fetal bovine serum (FBS) (Life Technologies, USA)
and 1% penicillin/streptomycin solution (Sigma, USA) at
37°C, 95% humidity and 5% CO.,.

Cells of degenerated IVD were isolated from tissue
biopsies of AF and NP taken from patients undergoing
a normal discectomy or fusion procedure on the lumbar
spine.

The study was conducted in accordance with the
Helsinki Declaration (2013) and approved by the Ethics
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Committee of the Irkutsk State Medical University. An
informed consent had been obtained from each patient.

The inclusion criteria were: a degenerative-dystrophic
disease of the IVD with the stage Il to IV degeneration
as defined by the Pfirrmann classification [11], the age
of patients — from 18 to 65 years, the presence of
severe pain in the lower back, and the lack of effect of
conservative therapy for more than 4 weeks.

The exclusion criteria were: previous surgical
interventions in the lumbosacral spine, the use of
chemotherapy drugs, previous radiotherapy of the spine
area, scoliosis, and diabetes mellitus.

Immediately after surgical extraction, fragments
of IVD were placed in the medium (89% Dulbecco’s
Modified Eagle’s Medium/F-12, 10% FBS and 1%
penicillin/streptomycin solution) and delivered to the
laboratory. The tissues of NP and AF were carefully
separated from each other, washed in sodium phosphate
buffer (PBS) with 5% penicillin/streptomycin. Using the
enzymatic disaggregation technique [12], the tissues
were mechanically ground, incubated in a 0.24% solution
of pronase (Sigma, USA) for 1 h and then in a 0.05%
solution of type Il collagenase (Sigma, USA) for 6 h at
37°C. The collagenase solution with suspended cells
was passed through a nylon filter with a pore diameter of
70 ym (Thermo Fisher Scientific, USA). The cells were
then washed twice in the medium and centrifuged at
150 g for 10 min. The cell pellet was explanted into a
medium-filled culture flask with a surface area of 25 cm?
and cultured at 37°C, 95% humidity, and 5% CO,.

The medium was replaced every two days. After
5 days in the culture, a continuous layer of cells covered
85-90% of the flask surface. The cells were treated with
0.25% trypsin solution (GE Healthcare Life Sciences,
USA) and then transferred to Petri dishes with a
diameter of 35 mm with a bottom-embedded cover glass
of 1.5 mm thick and 10 mm wide.

After the first passage, the cell lines of NP and
AF were divided into 4 groups each: 1) cells grown
in a medium supplemented with BMP-2 (Bone
Morphogenetic Proteins Human Recombinant; ProSpec,
USA); 2) cells grown in a medium supplemented with
BMP-7; 3) cells grown in a medium supplemented with
BMP-14; and 4) cells grown in a medium with no BMP
(control medium). The media were renewed every two
days. The above cell cultures were grown for 4 days.

Cell morphology and cell counts. Cell morphology
was assessed by phase contrast microscopy using an
inverted microscope with a green phase contrast filter
(Axio Vert A1; Carl Zeiss, Germany). Digital images for
further processing were obtained by photographing
(a Canon camera with a magnification of 200) six optical
fields in every culture dish. The photos were taken daily
at the same time for 4 days. The obtained images were
saved in the JPEG format. The digital images were
processed and analyzed using the Fiji software (NIH,
USA) including a plug-in for cell counting [13].

After 4 days of culturing in media enriched with BMP-
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2,7, and 14, the cells were fixed in 4% paraformaldehyde
solution, followed by staining with Alexa Fluor 633
phalloidin (Life Technologies, USA) specific for F-actin
and with DAPI (NucBlue Fixed Cell ReadyProbes; Life
Technologies, USA) for nuclear DNA; the slides were
investigated using laser confocal microscopy (Zeiss LSM
7 Duo; Carl Zeiss, Germany).

Statistical processing was carried out using
the Microsoft Excel and Statistica 9.0 software. The
cell counts were normalized to plating density; the
normalized cell count data were compared via the
ANOVA criterion; the post-hoc t-test was applied to

compare the independent groups. The differences
between the means were considered statistically
significant at p<0.05. All data was fit to the following cell
growth model [14]:

P=P,e",

where P is the normalized population; P, — the initial
normalized population; r — the growth rate factor and
t — the time. In this study, the P, value was always 1
because we normalized the primary data. The statistical
analysis also included the comparison of the cell growth
rates and the correlation coefficients.

Figure 1. Normalized cell count values in healthy (H) and degenerated (D) cell

cultures:

(a) annulus fibrosus; (b) nucleus pulposus values are presented as mean * standard

deviation

78  CTM[2018 — vol. 10, No.2

Annulus fibrosus cells Results and Discussion

6 @ D, BMP-free control p<0.01 To account for the difference in

= D, BMP-2 p<0.01 the initial number of healthy cells

518 D, BMP-7 L at the stage of culture seeding, we

oD, BMP-14 normalized the results of cell growth

B & H, BMP-free control Eﬁlrtu‘;g(; initial density of the cell
4 :

§ = H, BMP-2 During the four consecutive days

3 |BH.BMP7 + of the experiment, an increase

[&]

B 3 1oH, BMP-14 in the number of NP cells was

.(_NU observed (from p=0.01 to p=0.04).

£, For the AF cell culture, a growth

3 was noted for the first two days only

I ; (p<0.01); then a continuous cell

1 71 i . layer was formed, which prevented

any further culture growth due to

0 contact inhibition. Because of that,

1 2 3 ' we calculated the cell growth based

Sampling time (day) on three days for AF cells and on

a five days for NP cells (Figure 1).

Nucleus pulposus cells The cell growth rate was

1 . 0<0.01 calculated based on the normalized

@ D, BMP-free control number of cells, which allowed us

@ D, BMP-2 L to determine the growth factors

10 1@ D, BMP-7 p<0.01 for cell populations. There were

_  |oD,BMP-14 no significant differences in the

2L g |m H, BMP-free control proliferation coefficients between

§ a H, BMP-2 the degenerated and healthy AF

5 o O H BMP-7 cells (p>0.9). At the same time, the

° o H, BMP-14 proliferative activity of degenerated

IS NP cells was significantly reduced

g 4 1 R in comparison with healthy NP cells

5 (p=0.03). The values of the growth

= 2] factors of healthy and degenerated

‘ IVD cells are presented in the Table.

I A comparison of cell growth in

0 - 1 > 3 ‘ 4 5 | all cultures with the ANOVA test

Sampling time (day) revealed no significant ef_fect c_>f any

b type of BMP on the proliferation of

healthy cells (p=0.17), while the

BMP-containing media did have
a significant effect (p<0.01) on the
degenerated cells from both NP
and AF (see Figure 1).
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Proliferation coefficients of degenerated

and healthy cells from the nucleus pulposus

and the annulus fibrosus in the absence and presence
of bone morphogenetic proteins (BMP)

Degenerated cells Healthy cells
Culture medium  Annulus ~ Nucleus  Annulus  Nucleus
fibrosus  pulposus  fibrosus  pulposus
Proliferation coefficient (r)
BMP-free control 0.36 0.17 0.21 0.39
BMP-2 0.36 0.2 0.42 0.36
BMP-7 0.39 0.22 0.51 0.4
BMP-14 0.46 0.24 0.36 0.42
Pearson’s coefficient (R?)
BMP-free control ~ 0.93 0.91 0.68 0.84
BMP-2 0.91 0.87 0.76 0.86
BMP-7 0.91 0.87 0.75 0.89
BMP-14 0.93 0.92 0.8 0.92

In comparison with the control group (BMP-free),
there was a slight increase in the growth of AF healthy
cells in the presence of any BMP (p<0.01). Notably,
the degenerated AF cells showed an increase in their
proliferation only in the presence of BMP-14 (p<0.01).
There was no significant effect of any BMP on the
growth of healthy NP cells (p=0.51), whereas BMP-7
and BMP-14 significantly increased the number of cells
in the degenerated NP cell culture (p=0.01).

After the immunocytochemical staining for the actin
cytoskeleton, both the NP and AF cells, extracted
from either healthy and degenerated IVDs, had similar
morphological features (Figure 2). At 100% confluence,
the cells from AF and NP had similar spindle-like shapes
with either longitudinal orientation or radial orientation
(toward the center of cell accumulation). Cells in the
cultures that did not reach complete confluence had
an elongated or stellate shape with 3—-4 processes,
sometimes spindle-shaped. Part of the NP cells and
some of the AF cells had long thin processes; those
in the NP cells were much longer than those in the
AF cells, sometimes reaching 250 um in length. The
actin-associated cytoskeleton was well expressed;
microfilaments were located evenly over the entire area
of the cell, closer to the protrusions. Near the cell edge,
the actin filaments formed intensely colored Ilumps,
indicating the process of actin assembling in the area of
protrusions. The cell nuclei looked flat and oval, about
15-30 ym in diameter.

Thus, in this study, the proliferative activity of NP and
AF cells grown with BMP-2, BMP-7, and BMP-14 was
compared with the BMP-free control. Previous studies
have shown [15] that BMP-2 stimulates the production
of the extracellular matrix, in particular, the synthesis
of proteoglycans. BMP-7 is also known as “osteogenic
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Figure 2. Immunocytochemical staining. Cells from the
annulus fibrosus and the nucleus pulposus of healthy
(@ and b, respectively) and degenerated (¢ and d,
respectively) intervertebral discs from 4-day cultures are
shown

Staining for F-actin (Alexa Fluor 633 phalloidin, in red) and for
nuclear DNA (DAPI, in yellow); images are made using laser
scanning microscopy (scale bar — 50 ym)

protein 1” and, like BMP-2, is used to activate the
osteosynthesis during spinal fusion surgery and other
orthopedic interventions [16]. Likewise, BMP-7 also
showed the potential of stimulating the production of the
extracellular matrix in the IVD [17]. BMP-14 (otherwise
known as growth differentiation factor 5), another
member of the TGF-B family, has a stimulating effect on
IVD cells, increasing the synthesis of proteoglycans and
the expression of collagen type 2 [18].

In searching for the solutions to the nutrient
deficiency in the IVD, the current and future approaches
to regenerative therapy should consider both the
number of cells and their nutritional demands. In this
study, we found that BMP-2, 7, and 14 had no significant
effect on the proliferation of healthy cells from NP, yet
slightly increasing the proliferation of degenerated NP
and AF cells.

Conclusion

In this in vitro study on cells from the nucleus pulposus
and the annulus fibrosus of the intervertebral disc, small
but statistically significant changes in cell proliferation
were detected in the presence of bone morphogenetic
proteins — BMP-2, 7, and 14. Culturing of degenerated
cells from the nucleus pulposus in the presence of BMP
did not increase their proliferative activity to the level of
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healthy cells. Along with that, the proliferative activities of
healthy and degenerated cells from the annulus fibrosus
were close to each other. Bone morphogenetic proteins
had no significant effect on proliferation of intervertebral
disc cells, which can be considered positive under
the conditions of nutritional deficiency and reduced
nutritional transport in the disk. These differences in the
growth rates between the nucleus pulposus cells and the
annulus fibrosus cells may indicate different tolerance
to degeneration between various cell populations of the
IVD and/or the predominant role of the nucleus pulposusf
in degeneration of the intervertebral disc.
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