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Abstract Intervertebral disc (IVD) degeneration is fre-
quently characterized by increased cell proliferation,
probably as a tissue regenerative response. Although many
growth factors and their receptors have been shown to be
expressed normally in the disc, and generally to be over-
expressed during degeneration, not all of them have been
thoroughly studied concerning their effects on IVD cell
proliferation. In the present report, three potent mitogens,
platelet-derived growth factor (PDGF), basic fibroblast
growth factor (bFGF) and insulin-like growth factor-I
(IGF-I) are examined regarding their capacity to induce
proliferation in vitro of bovine coccygeal nucleus pulposus
(NP) and annulus fibrosus (AF) cells, as well as to activate
major intracellular signal transduction pathways. PDGEF,
bFGF and IGF-I were found to induce DNA synthesis in
quiescent IVD cells in a dose-dependent manner. Maxi-
mum stimulation was induced by PDGF, while stimulation
by all three factors simultaneously exceeded only slightly
that caused by PDGF alone. All three growth factors were
shown to phosphorylate immediately extracellular-signal
regulated kinases (ERKs), while the stimulation by bFGF
especially resulted in sustained ERK phosphorylation.
Furthermore, all three growth factors induced phosphory-
lation of Akt in both Thr308 and Ser473 residues
immediately after stimulation, although bFGF-induced
phosphorylation was much weaker than that provoked by
PDGF and IGF-I. In addition, the MEK inhibitor PD98059
and the PI 3-K inhibitor wortmannin were shown to block
growth factor-induced ERK- and Akt-phosphorylation,
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respectively, in IVD cells. Inhibition of the MEK/ERK or
the PI 3-K/Akt pathways provoked a significant decline of
the proliferative effects of PDGF, bFGF or IGF-I on IVD
cell cultures, while the simultaneous inhibition of both
signaling pathways abolished completely the mitogenicity
of these growth factors. The above effects of the three
growth factors were reproduced similarly in both NP and
AF cell cultures. Overall, the above results indicate that
PDGF, bFGF and IGF-I stimulate the proliferation of IVD
cells via the ERK and Akt signaling pathways.

Keywords Intervertebral disc - Cell proliferation -
Growth factors - ERK - Akt

Introduction

Low back pain, an important health problem for the Wes-
tern societies [4], is strongly associated with degeneration
of the intervertebral discs (IVDs) [22]. IVD degeneration is
encompassing a decline of cell viability and alterations in
the synthesis and distribution of extracellular matrix (ECM)
molecules, which eventually lead to major changes in the
architecture and the properties of the disc [46]. On the other
hand, clusters of cells, particularly in the nucleus pulposus
(NP), are frequently found in disc degeneration due to local
cell replication [18], possibly as a physiological response
towards tissue repair. In an avascular tissue such as IVD,
cell replication should be regulated by local growth factor
production. Indeed, there are numerous reports in the lit-
erature on the expression of various growth factors and
cytokines, as well as, their receptors in the disc. Basic
fibroblast growth factor (bFGF) has been detected in rat
[29], ovine [27] as well as in human IVDs [8, 43, 45],
mostly associated with vascular ingrowth in herniated discs,
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although its receptor FGFR3 was equally expressed in both
normal and degenerated samples [20]. Insulin-like growth
factor-I (IGF-I) and its receptor have been found to be
expressed in human [20, 39], as well as in rabbit discs [28]
and in cells from the bovine coccygeal IVD, where more-
over specific binding of IGF-I to its receptor has been
demonstrated [31]. Platelet-derived growth factor (PDGF)
has also been detected in herniated human IVDs [44, 45].
Furthermore, members of the superfamily of transforming
growth factor-f (TGF-f), including bone morphogenetic
proteins (BMPs), as well as their receptors are expressed in
IVD (see [24] and references therein).

The response of IVD cells to the above growth factors
has been studied in both in vitro and in vivo systems, since
it has been proposed that the clinical application of growth
factors could represent a new therapeutic intervention
against disc degeneration [7, 24, 47]. Most of the studies,
however, are focusing on the effect of growth factors on the
production and/or degradation of ECM, and only some of
them are dealing with growth factor-induced cell prolifer-
ation. For example, proliferation of IVD cells has been
shown in response to BMP-2 [42], BMP-7 [48], GDF-5 [7]
and TGF-f1 [13], all of them belonging to the TGF-f-
superfamily. Furthermore, regarding the effects of classical
potent mitogens such as PDGF, bFGF and IGF-I [50] on
the proliferation of IVD cells in vitro, in some cases the
data are indirect [1, 8] or contradictory (e.g., regarding the
effects of IGF-I on annulus fibrosus cells [14, 41]), possibly
due to the variety of the assay systems used. Hence, we
aimed at a systematic study of these three mitogens under
the same experimental conditions.

PDGF, originally purified form human platelets, is the
prototype mitogen for connective tissue cells [15, 37].
bFGF—first described as a mitogenic factor for fibroblastic
cells—and IGF-I have pleiotropic roles in many cell types
and tissues [10, 19, 30]. All these growth factors exert their
effects on cells through transmembrane receptors with
tyrosine kinase activity, which in turn activate a variety of
intracellular signaling cascades, in order to regulate cellu-
lar functions. Concerning cell proliferation, probably the
two most important signaling pathways are that of mito-
gen-activated protein kinases (MAPKs)—especially the
group of extracellular signal regulated kinases (ERKs)—
and that of phosphatidylinositol 3-kinase/Akt (PI 3-K/Akt).
The ERKs 1 and 2 are components of a three-kinase
phosphorelay module encompassing also the MAPK kinase
(MKK) MEK and the MAPK kinase kinase (MKKK) c-Raf
[6]. The PI 3-K/Akt pathway has been reported to be
involved in the signal transduction of the majority of
growth factors studied [5, 9]. Activation of PI 3-K by
growth factors generates phosphatidylinositol-3,4,5-tri-
phosphate which recruits the protein kinase B (PKB)/Akt to
the cell membrane to be phosphorylated/activated,

initiating a cascade of events regulating cell proliferation,
as well as several other functions, e.g., apoptosis or glucose
metabolism. However, the contribution of these pathways
in growth factor-induced proliferation of IVD cells has not
been studied yet.

Accordingly, in the present study we have investigated
the effect of PDGF, bFGF and IGF-I on IVD-cell prolif-
eration in vitro, as well as, the involvement of the MEK/
ERK and the PI 3-K/Akt signaling pathways in this pro-
cess, in an effort towards the in depth understanding of disc
cell physiology, and especially of the mechanisms under-
lying disc regeneration.

Materials and methods

Human recombinant (h.r.) PDGF-BB (the PDGF-isoform
considered to represent the universal ligand for all PDGF-
receptor subtypes [40]), h.r. bFGF and h.r. IGF-I were
purchased from R&D Systems (Minneapolis, MN, USA).
PD98059, wortmannin, 1.Y294002, protease and phospha-
tase inhibitor cocktails, as well as goat anti-mouse and anti-
rabbit horseradish peroxidase-conjugated secondary anti-
bodies were obtained from Sigma (St Louis, MO, USA). 5-
Bromo-2'-deoxyuridine (BrdU), monoclonal Anti-BrdU
antibody (clone BU-33), 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI) and goat anti-mouse FITC-conju-
gated IgG were also purchased from Sigma. Rabbit anti-
phospho-Akt (Ser473), anti-phospho-Akt (Thr308) and
anti-Akt1/2/3 antibodies were obtained from Cell Signaling
Technology (Hertfordshire, UK), while mouse anti-phos-
pho-ERK1/2 antibody that recognizes phosphorylated
Thr202/Tyr204 and mouse anti-pan-ERK antibodies from
BD Transduction Laboratories (Bedford, MA, USA).
[Methyl->’H]-Thymidine was from Amersham Biosciences
(Buckinghamshire, UK). Crude collagenase, all cell culture
media, antibiotics and sodium pyruvate were purchased
from Biochrom KG (Berlin, Germany). Low glucose
(1,000 mg/l) formulation of Dulbecco’s minimal essential
medium (DMEM), trypsin and fetal bovine serum (FBS)
were from Gibco BRL (Paisley, UK).

Cell isolation and cell culture conditions

Tails from young steers (8-12 months of age) were
obtained from a local slaughterhouse and they were pro-
cessed within 8 h after slaughter, as follows: The IVDs
from each tail were aseptically dissected from their adja-
cent vertebral bodies and divided into nucleus pulposus
(NP), inner annulus fibrosus and outer annulus fibrosus
(AF). In the present study no inner AF-derived cells were
used; from this point on AF refers to outer AF. Each part
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was further minced in small pieces (approx. I mm?), which
were subjected to an overnight digestion with a crude
collagenase solution in DMEM (1 mg/ml for NP and 3 mg/
ml for AF). Cells were recovered by centrifugation and
they were routinely cultured in DMEM (high glucose for-
mulation, i.e., 4,000 mg/l) supplemented with penicillin
and streptomycin, sodium pyruvate, L-glutamine, and 10%
FBS in a humidified atmosphere of 5% CO, at 37°C. Cells
were routinely subcultured when confluent by using a
trypsin/citrate (0.25/0.30% w/v) solution. Cell counting,
after trypsinization, was performed by using a Coulter
counter (Beckman-Coulter, Fullerton, CA). Cells were
tested periodically and found to be mycoplasma-free.

Tritiated thymidine incorporation assay

Cells were plated at a density of 2 x 10* cells/cm?, in
DMEM containing 10% FBS, and left to grow until they
were fully confluent (approximately 2 weeks) with medium
renewal twice a week. Then the medium was changed to
low glucose formulation of DMEM containing 0.1% FBS
for another 4 days (with a medium renewal at 48 h). Then
the growth factors to be tested were added to the quiescent
cultures, along with methyl-[*H]-thymidine (0.2 pCi/ml,
25 Ci/mmol). After 24 h of incubation, the culture medium
was aspirated, the cells were washed with PBS, fixed with
10% ice-cold trichloroacetic acid (TCA), washed exten-
sively under running tap water and air-dried. DNA was
solubilized by the addition of 0.3 N NaOH/1% (w/v) SDS
and the lysates were subjected to scintillation counting, as
previously described [33]. When indicated, the cells were
pre-incubated with the appropriate concentrations of kinase
inhibitors for 45 min before growth factor treatment.

Bromodeoxyuridine incorporation assay

In addition to [*H]-thymidine incorporation, cells synthe-
sizing DNA were also identified after dual labeling with 5-
bromo-2'-deoxyuridine and 4',6-diamidino-2-phenylindole
(DAPI) dihydrochloride, using a modification of the
method described by Hsieh et al. [16]. In brief, cells plated
overnight on glass coverslips at a density of 2 x 10* cells/
cm?, in DMEM containing 10% FBS were growth-arrested
for 4 days as above (tritiated thymidine incorporation
assay) and then stimulated with the growth factors along
with 50 pM bromodeoxyuridine for 24 h. The cells were
fixed in freshly prepared solution of 4% paraformaldehyde
in PBS, permeabilized with 0.2% Triton X-100 in PBS,
treated with 2 N HCI, incubated with anti-bromodeoxy-
uridine mAb (1 h) followed by a FITC-conjugated anti-
mouse IgG (1 h), and then stained with 1 mg/ml DAPI in
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PBS (10 min) in the dark at room temperature. Cells were
washed three times with PBS at each step. DAPI- and
bromodeoxyuridine-positive nuclei were observed on a
Zeiss Axiopan 2 fluorescence microscope with a 40x
objective; a field containing approximately 200 cells was
used for quantification purposes.

Western analysis

Bovine IVD cell cultures arrested in DMEM 0.1% FBS
were treated with growth factors in the presence or absence
of kinase inhibitors as described (tritiated thymidine
incorporation assay, see above) for various time periods.
Then, they were washed with ice-cold PBS, scraped into 2x
hot SDS-PAGE sample buffer [125 mM Tris—HCI pH 6.8,
5% (w/v) SDS, 20% (v/v) glycerol, 125 mM f-mercapto-
ethanol, 0.02% (w/v) bromophenol blue, supplemented with
protease- and phosphatase-inhibitor cocktails], sonicated
for 2 x 10 s, boiled for 5 min, clarified by centrifugation,
and stored at —80°C until use. The lysates were separated on
SDS-PAGE and the proteins were transferred to PVDF
membranes (Amersham Biosciences). The membranes
were blocked with 5% (w/v) non-fat dried milk in 10 mM
Tris—HCI pH 7.4, 150 mM NaCl, 0.05% Tween-20 (TTBS)
buffer and incubated with the appropriate primary anti-
bodies. After washing with TTBS, the membranes were
incubated with the respective secondary antibody for 1 h,
washed again with TTBS and the immunoreactive bands
were visualized on Kodak-X-OMAT-AR film by chemilu-
minescence (ECL kit) according to the manufacturer’s
(Amersham Biosciences) instructions.

Statistics

Data presented are the mean of quadruplicate observations
(xSD). Differences were considered significant when
P < 0.05 (Student’s ¢ test).

Results

Proliferative response of IVD cells to PDGF, bFGF
and IGF-1

In order to determine the response of IVD cells to the growth
factors under study (i.e., PDGF, bFGF, and IGF-I), we have
developed primary cultures of bovine coccygeal nucleus
pulposus and annulus fibrosus cells. The cells were cultured
in the presence of 10% FBS for approximately 2 weeks, and
then they were rendered quiescent by serum starvation, as
described under materials and methods. In these cultures
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less than 5% of the cells were in the S-phase of the cell cycle,
as determined by flow cytometry after propidium iodide
staining (not shown here). As shown in Fig. 1, all three
growth factors stimulated DNA synthesis in NP cultures in a
dose-dependent manner, as judged by the incorporation of
tritiated thymidine. Specifically, PDGF starts to provoke a
statistically significant stimulation from 1 ng/ml, while the
maximum stimulation—approximately fivefold compared
to the control—is observed from 10 ng/ml upward (Fig. 1a).
Basic FGF is stimulatory from concentrations as low as
0.1 ng/ml, while it reaches a plateau—approximately 2.5-
fold compared to the control—at 5 ng/ml (Fig. 1b). The
lowest concentration of IGF-I which significantly stimulates
DNA synthesis is 5 ng/ml, and its plateau—corresponding
to stimulation of approximately 3.5-fold in comparison with
the control—starts at 100 ng/ml (Fig. 1c). Based on these
dose-response curves, all following experiments were per-
formed at the lowest concentrations of the three growth
factors that induce a maximum stimulation, i.e., 10 ng/ml
PDGF, 5 ng/ml bFGF and 100 ng/ml IGF-I.

Experiments with 5-bromo-2’-deoxyuridine (BrdU)
incorporation confirmed that the cultures before growth
factor-treatment were indeed quiescent, since they did not
incorporate BrdU over a 24-h period (see control cells in
the left panel of Fig. 1d), while cell nuclei in PDGF-treated
cultures were labeled with BrdU at a percentage of 54%
(see Fig. 1d, right panel). IGF-I- and bFGF-treated cultures

w
o
o

1A
400 1

300

200 1

{% of control)

100 &

[*H]THYMIDINE INCORPORATION

0 5 10 15 20
PDGF-BB CONCENTRATION (ng/mi)

400 1 c

300 4
200 1

100é

0

[PH]THYMIDINE INCORPORATION
(% of control)

0 20 50 100 200

IGF-I CONCENTRATION (ng/ml)

Fig. 1 Stimulation of DNA synthesis in bovine coccygeal nucleus
pulposus cells by growth factors. Cells were rendered quiescent after
4 days in low serum as described in “Materials and methods”; then in
a—c, they were treated with the indicated concentrations of growth
factors along with tritiated thymidine, and DNA synthesis was
estimated as percentage of that of the untreated culture (mean of three

incorporated BrdU at percentages of 42 and 36%, respec-
tively (not shown).

Similar proliferative responses to all three growth fac-
tors have been observed with cell cultures derived from
various donors. Furthermore, as depicted in Fig. 2, annulus
fibrosus (AF) and nucleus pulposus (NP) cell cultures
derived from the same donor respond similarly to the
growth factors studied. In all cases, PDGF was the most
potent of the three growth factors tested. Moreover, when
all three growth factors were applied simultaneously to the
cell cultures the stimulation was only slightly higher than
the stimulation induced by PDGF alone (not statistically
significant; Fig. 2).

Activation of ERK and Akt in IVD cells by PDGF,
bFGF and IGF-I

As has been shown in other cell systems, growth factors
transduce their mitogenic signals through intracellular sig-
naling pathways, MEK/ERK and PI 3-K/Akt being among
the most important. Accordingly, we have studied in IVD
cells the activation of these pathways by monitoring their
phosphorylation status after growth factor-stimulation. For
ERK, we have used an antibody recognizing both ERK1
and ERK?2 dually phosphorylated at Thr202 and Tyr204. On
the other hand, for Akt we have used two different
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independent experiments); in d, medium containing PDGF-BB
(10 ng/ml) or not (control) was added along with BrdU, and DNA
synthesis was observed by immunofluorescence (one representative
field of each sample is depicted—counterstaining of the nuclei with
DAPI in the same field is shown below; the white bar corresponds to
55 pm)

@ Springer



Eur Spine J (2007) 16:1858-1866

1862

Z 0 NMAF  ONP

=

% 251

]

&+

53 20 1

%

=

-

Z0

8~ 101

=

T 5

N i

T

[ 0 L.
c 2 F [ P+F+l

Fig. 2 Stimulation of DNA synthesis in bovine coccygeal nucleus
pulposus (NP) and annulus fibrosus (AF) cells by growth factors.
Quiescent cells were stimulated with 10 ng/ml PDGF-BB (P), 5 ng/
ml bFGF (F), 100 ng/ml IGF-I (/) or a combination of all three of
them (P + F + I) along with tritiated thymidine, and DNA synthesis
was estimated (a representative experiment out of three similar ones is
depicted)
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the role of these two phosphorylation sites in the induction
of cell proliferation is still under study (see “Discussion”).

In response to PDGF, ERK was transiently phosphory-
lated for approximately 3 h, with a maximum observed
immediately (10 min) after stimulation (Fig. 3a). On the
other hand, Akt, after an acute activation at 10 min, exhib-
ited a more sustained phosphorylation in both sites (Thr308
and Ser473) lasting up to 12 h, while especially pAkt>™7?
was detectable even 24 h after induction by PDGF (Fig. 3a).

In response to bFGF the phosphorylation of ERK peaked
again at 10 min, but it was sustained throughout a 24-h
period (Fig. 3b). On the other hand, phosphorylation of Akt
by bFGF was much weaker compared to that provoked by
PDGF, used as positive control (Fig. 3b). Nevertheless,
phosphorylation in both Thr308 and Ser473 peaked at
10 min, while again activation of pAkt>™’® was more
sustained.

The response to IGF-I resembled more that provoked by
PDGF: pERK was transiently activated, while phosphory-
lation of Akt was immediate in both residues, but
pAkt™3% wag detectable up to 6 h and pAkt> ™’ up to
24 h (Fig. 3c).

When the above experiments were repeated with cell
cultures originating from annulus fibrosus, a similar pattern
of activation of both signaling cascades was observed (data
not shown).

Involvement of MEK/ERK and PI 3-K/Akt
in the proliferative response of IVD cells
to PDGF, bFGF and IGF-I

Having observed that the pathways of ERK and PI 3-K/Akt
are activated in response to PDGF, bFGF and IGF-I, we
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Fig. 3 Western analysis of growth factor-induced ERK and Akt
phosphorylation in bovine NP cells. Lysates of quiescent cells treated
with 10 ng/ml PDGF-BB, 5 ng/ml bFGF or 100 ng/ml IGF-I for the
indicated time-intervals were subjected to immunoblotting for the
indicated phosphoproteins or the corresponding unphosphorylated
proteins (a representative experiment out of three similar ones is
depicted)

proceeded to investigate the role of this activation in
growth factor-induced proliferation. To this end, we have
used two established pharmacologic, cell permeable
inhibitors: PD98059, which is specific for the MEK/ERK
pathway [2] and wortmannin, which is specific for the PI 3-
K/Akt pathway [49]. Initially, we identified the optimal
concentrations of the two inhibitors to be used in IVD cell
cultures, i.e., the lowest ones provoking maximum inhibi-
tion. As shown in Fig. 4a, PD98059 starts to inhibit the
PDGF-induced ERK phosphorylation of NP cells at 2 pM;
complete inhibition is achieved at 25 pM. Since in the
literature concentrations of PD98059 below 50 pM are
considered specific for MEK inhibition [2], and we did not



Eur Spine J (2007) 16:1858-1866

1863

A  pERK1/2

P—

ERK2 - o o o
PDGF-BB: -+ o+ + o+ o+
PD98059 (uM): - - 2 10 25 50
B pAktTh’ms — wme E—
pAktSer4?3 -
Akt - e e e e o
PDGF-BB: -+ + o+ o+ o+
Wortmannin (nM): - - 1 10 100 1000

Fig. 4 Western analysis indicating inhibition of ERK and Akt
phosphorylation by PD98059 and wortmannin, respectively. Lysates
of quiescent cells pretreated with the indicated concentrations of
inhibitors for 45 min and then treated with 10 ng/ml PDGF-BB for
additional 10 min were subjected to immunoblotting for the indicated
phosphoproteins or the corresponding unphosphorylated proteins (a
representative experiment out of two similar ones is presented)

observe any inhibition of PDGF-induced Akt phosphory-
lation at 25 pM of PD98059 (not shown), we have chosen
this as the optimal concentration for subsequent
experiments.

Furthermore, wortmannin at a concentration of 100 nM
inhibits effectively Akt phosphorylation at both Thr308
and Ser473 (Fig. 4b). Although at 1,000 nM inhibition is
total, there are data in the literature indicating unspecific
effects of wortmannin over 300 nM [11]. Nevertheless, in
IVD cells wortmannin at 100 nM did not inhibit PDGF-
induced ERK phosphorylation (not shown), hence we have
chosen this as the optimal concentration for subsequent
experiments. We have also observed that PD98059
(25 M) completely abolishes bFGF- and IGF-I-induced
ERK phosphorylation, while wortmannin (100 nM) annuls
the pAkt™3% and pAkt>*™”* increase provoked by bFGF
and IGF-I (not shown).

Subsequently, we proceeded with functional studies
using the two inhibitors. We have shown that PDGF-
induced stimulation of DNA synthesis in NP cells is
inhibited by PD98059 to approximately 40% of the stim-
ulation in the absence of the inhibitor, and by wortmannin
to 15%, while it is completely annulled by the simulta-
neous use of both inhibitors (Fig. 5a). Regarding the
stimulation of DNA synthesis provoked by bFGF, it is
inhibited almost completely by PD98059 or wortmannin,
as well as by their combination (Fig. 5b). Finally, the
proliferative effect of IGF-I is partly inhibited by PD98059
or wortmannin, and virtually completely by their combined
use (Fig. 5¢). The involvement of the PI 3-K/Akt pathway
in growth factor-induced DNA synthesis was confirmed
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Fig. 5 Inhibition of growth factor-induced DNA synthesis in bovine
NP cells by pharmacologic inhibitors. Quiescent cells pretreated with
PD98059 (25 uM) or wortmannin (100 nM) or a combination of both
were stimulated with 10 ng/ml PDGF-BB (P), 5 ng/ml bFGF (F) or
100 ng/ml IGF-I (I), and DNA synthesis was estimated by tritiated
thymidine incorporation (a representative experiment out of three
similar ones is depicted)

using another PI 3-K inhibitor, LY294002 (data not
shown). Furthermore, application of the above inhibitors in
AF cell cultures treated with the above three growth factors
yielded similar inhibition of DNA synthesis stimulation
(not shown).

In conclusion, inhibition of the MEK/ERK or the PI 3-
K/Akt pathways results in a significant attenuation of the
proliferative effects of PDGF, bFGF or IGF-I on IVD cell
cultures, while the simultaneous inhibition of both
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signaling pathways abolishes completely the mitogenicity
of these growth factors.

Discussion

Cell proliferation constitutes a feature of disc degeneration
[18], probably as a tissue regenerative response, and this is
further supported by the fact that growth factors and their
receptors are over-expressed during degeneration (see
“Introduction”). Although the responses of IVD cells to
various growth factors and cytokines in vitro have been
studied in terms of cell functions such as collagen and pro-
teoglycan production or specific gene expression (for a
comprehensive review see [24]), cell proliferation in vitro,
especially in response to typical mitogens expressed in the
disc, such as PDGF, bFGF and IGF-I, has not been sys-
tematically investigated. The need for such studies is
becoming more vital in the prospect of clinical application of
growth factors for the treatment of disc pathologies [24, 47].

Our study of the proliferative response of IVD cells to
PDGF, bFGF and IGF-I showed that all three growth fac-
tors elicited stimulation of DNA synthesis in a dose-
dependent manner (Fig. 1), at concentration ranges similar
with the ones reported for other connective tissue cell
types, such as fibroblasts or chondrocytes [26, 38].
Regarding the maximal induction achieved by each growth
factor, clearly the rate of potency was PDGF-BB > IGF-
I > bFGF (see Figs. 1, 2). It must be mentioned here, that
Thompson et al. [41], at variance to our results, reported
that FGF (300 ng/ml) is more potent than IGF-I (20 ng/
ml), at least for AF cells. Beyond the differences in the
origin or the concentrations of the growth factors, the
discrepancy between the two studies could be due to the
different donor organism (bovine vs. canine) or to the
different culture system (isolated cells vs. whole organ
culture).

Interestingly, the stimulation provoked by the simulta-
neous action of all three growth factors was marginally
higher than that induced by the most potent one, i.e., PDGF
(Fig. 2), allowing us to assume that all three factors are
transducing their mitogenic signals to the nucleus through
the same intracellular signaling pathway(s).

The signaling pathways of MEK/ERK and PI 3-K/Akt
are known to mediate the effects of classical mitogens in
various cell types. However, only limited studies have
appeared until now reporting the activation and/or the
function of these pathways in IVD cells or tissues [34-36].
Accordingly, we have studied the activation of the MEK/
ERK and the PI 3-K/Akt pathways in bovine IVD cells in
response to PDGF, bFGF and IGF-I. Moreover we have
followed the kinetics of this activation, since this infor-
mation is crucial in understanding the mechanism of action
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of a growth factor, as well as in determining its final effect.
For example, we have shown recently that delayed ERK
activation by TGF-f in human fibroblasts was due to the
autocrine induction of bFGF [12]. In the same context,
transient ERK activation by EGF can stimulate prolifera-
tion in PC12 neuronal cells, whereas in the same cell type
sustained ERK activation by NGF can be inhibitory [23].
Furthermore, pivotal signaling molecules, such as Akt, can
be phosphorylated in several residues, and differences in
phosphorylation can direct to variations in the final out-
come. Although full activation of Akt by growth factors
encompasses its phosphorylation in both Thr308 and
Serd73 [3], a recent work [17] has shown that defective
Ser473 phosphorylation due to genetic deletion of an
upstream effector affected only a subset of Akt targets
mostly involved in survival functions, while it was dis-
pensable for other functions, such as growth factor-induced
proliferation. Accordingly, we have studied phosphoryla-
tion of Akt in both aminoacid residues.

Here, we describe for the first time that PDGF, bFGF
and IGF-I activate both MEK/ERK and PI 3-K/Akt path-
ways in IVD cells (Fig. 3). According to our results, in
bovine IVD cells all three growth factors studied phos-
phorylate ERK immediately, although with varying
kinetics: the effects of PDGF and IGF-I are transient, while
that of bFGF is sustained throughout the whole study-
period of 24 h (Fig. 3). Furthermore, we observed that
PDGF and IGF-I activate also Akt, and this effect is more
sustained than ERK phosphorylation (Fig. 3a, c). Intrigu-
ingly, phosphorylation in Ser473 was somewhat more
prolonged than in Thr308—by both growth factors. To our
knowledge, this is the first report of differential phos-
phorylation kinetics of the two residues after stimulation
with growth factors in any cell type. Whether this differ-
ence reflects a role of pAkt>*™”* in IVD cell survival as
opposed with a role of pAkt™3% in their proliferative
response, as previously suggested [17], remains speculative
for the time. Interestingly, bFGF also provoked phos-
phorylation of Akt (Fig. 3b) although much weaker than
that induced by PDGF and IGF-1, a fact that could possibly
be associated with the weaker maximum induction of DNA
synthesis by bFGF in comparison with the other two
growth factors (Fig. 2).

In an effort to examine whether the activation of the
above signal transduction pathways 1is functionally
involved in growth factor-induced DNA synthesis stimu-
lation, we have used cell permeable pharmacological
inhibitors that specifically block these pathways. We have
chosen the MEK inhibitor PD98059 [2], as well as two
widely used PI 3-K inhibitors, wortmannin and LY294002
[9], and we have determined the optimal concentrations for
their use in bovine IVD cell cultures (Fig. 4). Using this
approach, we have shown attenuation of the stimulation
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provoked by all three growth factors in the presence of the
MEK/ERK pathway inhibitor PD98059 (Fig. 5). Further-
more, inhibition of Akt phosphorylation by PI 3-K
inhibitors results in decrease of PDGF- or IGF-I-induced
DNA synthesis. In addition, we have observed that
although Akt phosphorylation by bFGF in bovine IVD cells
is weak, it is necessary for the stimulatory effect of the
growth factor, since the latter is attenuated in the presence
of wortmannin (Fig. 5b) or LY294002 (not shown). Nota-
bly, although it has been shown that bFGF can activate the
PI 3-K/Akt pathway in several cell systems [10], this
activation is only occasionally linked directly with the
proliferative effect of this growth factor [21].

When PD98059 and wortmannin were added simulta-
neously to IVD cell cultures, they inhibited totally the
proliferative effects of PDGF, bFGF and IGF-I. Collec-
tively, for all three growth factors studied, stimulation of
DNA synthesis is mediated via activation of both the ERK
and the PI 3-kinase/Akt pathways. This could also explain
why application of all three growth factors simultaneously
does not result in substantially higher stimulation than that
obtained with the most potent growth factor alone, i.e.,
PDGF (Fig. 2, see above).

A general observation throughout our study was that
cultures derived from annulus fibrosus responded to PDGF,
bFGF and IGF-I similarly to the cultures originating from
nucleus pulposus, concerning both the stimulation of DNA
synthesis and the activation of intracellular signaling cas-
cades. This is in agreement with most in vitro studies,
where the mitogenic responses of AF and NP cells are
comparable [7, 25].

The cell system we have chosen for our studies is based on
cultures derived from bovine coccygeal discs—a model that
is widely used, as it simulates the properties of human
lumbar discs [32]—because of the relative paucity of healthy
human samples needed for the establishment of cell cultures.
Nevertheless, it should be noted here, that human IVD cell
cultures originating from surgical specimens respond to the
growth factors under study generally similarly to bovine
ones (to be shown elsewhere). Furthermore, our cell system
for the study of growth factor-induced proliferation makes
use of monolayer cultures, a milieu possibly mimicking the
conditions of the degenerated disc, i.e., the presence of cell
clusters and the reduced restraint by ECM. On the other
hand, since ECM components, as well as 3D culture condi-
tions—simulating the architecture of the healthy disc—
could be crucial for cell proliferation, we are currently
examining the proliferative responses of IVD cells to growth
factors in 3D culture model systems (work in progress).

In conclusion, the evidence presented in this work
indicate that PDGF, bFGF and IGF-I stimulate the prolif-
eration of IVD cells via the ERK and Akt signaling
pathways.
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