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Osteogenic Protein-1 (Osteogenic Protein-1/Bone
Morphogenetic Protein-7) Inhibits Degeneration
and Pain-Related Behavior Induced by Chronically
Compressed Nucleus Pulposus in the Rat

Mamoru Kawakami, MD,* Takuji Matsumoto, MD,* Hiroshi Hashizume, MD,*
Koichi Kuribayashi, MD,† Susan Chubinskaya, PhD,‡ and Munehito Yoshida, MD*

Study Design. To study the therapeutic efficacy of in-
tradiscal injection of osteogenic protein-1 (OP-1) to re-
duce degeneration and associated discogenic pain.

Objective. To evaluate if intradiscal injection of OP-1
can reverse disc degeneration and reduce hyperalgesia, a
pain-related behavior.

Summary of Background Data. We showed that induc-
tion of hyperalgesia was higher in rats exposed to com-
pressed nucleus pulposus (NP). It has been reported that
intradiscal injection of OP-1 stimulates synthesis of pro-
teoglycans and collagen in normal intervertebral discs.

Methods. Rats were divided into several groups. In the
sham group, the rings of an Ilizarov-type apparatus were
only applied to the tail without compression. In the com-
pressed NP group, the apparatus was used to apply chron-
ically compression to the tail. Four weeks after surgery, the
NP group was subdivided into 3 groups: saline-treated and
OP-1-treated, which was divided into 2 groups (i.e., the con-
tinuous compression OP-1 [COP-1] group, in which com-
pression was continuously applied to the tail for 4 weeks
after OP-1 treatment and the release compression OP-1
[ROP-1] group, in which compression was released at treat-
ment. Either physiologic saline or OP-1 was injected into the
instrumented NP. The treated NP was harvested and ap-
plied to the left lumbar nerve roots 4 weeks after injection.
Hyperalgesia was measured up to 3 weeks after surgery.
The degree of disc degeneration and the appearance of the
extracellular matrix in the intervertebral discs were evalu-
ated by histology.

Results. Mechanical hyperalgesia was observed in the
sham and saline groups, but not in the OP-1 treated
group. In the saline group, NP cells became spindle-
shaped. In the OP-1 group, the NP cells became swollen
with vacuolated cytoplasm, and the content of the extra-
cellular matrix was markedly increased.

Conclusion. OP-1 injection into degenerative interver-
tebral disc resulted in the enhancement of the extracellu-
lar matrix and the inhibition of pain-related behavior.
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Back pain is a major cause of disability and has a socio-
economic impact because of a direct cost of the treat-
ments and indirect costs such as loss of productivity.
There are 2 mechanisms of intervertebral disc degen-
eration that may contribute to back pain: loss of disc
structure and mechanical properties, and a release of me-
diators that may sensitize nerve endings.1 Conventional
and current treatments for pain caused by disc degener-
ation include medication, physical therapy, intradiscal
electrothermal therapy, and surgeries such as artificial
nucleus pulposus (NP) replacement, intervertebral disc
prostheses, and spinal fusion.

The biochemistry of the intervertebral disc plays an
important role in its mechanical properties.2 Imbalance
in organ homeostasis leads to intervertebral disc degen-
eration. Although the direct relationship between disc
degeneration and back pain needs to be studied, it is
thought that repair or regeneration of the degenerated
intervertebral disc with the suppression of pain is a key
for biologic manipulation in a future treatment option.

To intervene biologically in disc degeneration and
pain, it is necessary to develop an animal model of disc
degeneration that would allow the measuring of pain
and would make possible the application of the anabolic
factors able to overcome degenerative processes induced
in the intervertebral disc. Recently, it has been reported
that pain-related behaviors could be measured in the ex-
perimental rat models of lumbar nerve root irritation.3–8

In addition, models of disc degeneration have been de-
veloped in small animals such as rats and mice. In these
models, the tail is instrumented with an Ilizarov-type
apparatus9 or an external compression device.10 Based
on the method of Iatridis9 and Mente11 et al, we devel-
oped an animal model of disc degeneration, in which 2
tail intervertebral discs were immobilized and chroni-
cally compressed with an Ilizarov-type apparatus.

For the assessment of pain-related behaviors,12 hyper-
algesia and the hypersensitivity to noxious stimuli were
measured. Thus, we have evaluated radicular pain of the

From the Departments of *Orthopaedic Surgery, Wakayama Medical
University, Wakayama, Japan, †Immunology and Pathology, Kansai
College of Oriental Medicine, Osaka, Japan, and ‡Biochemistry and
Section of Rheumatology, Rush University Medical Center, Chicago, IL.
Acknowledgment date: August 17, 2004. Revision date: October 7,
2004. Acceptance date: October 20, 2004.
Supported by a grant from the Japan Ministry of Education, Science,
Sports and Culture, Grand-in-Aid for Scientific Research No.
13671536, 2001, and 2002.
The legal regulatory status of the device(s)/drug(s) that is/are the sub-
ject of this manuscript is not applicable in my country.
Institutional funds were received in support of this work. No benefits in
any form have been or will be received from a commercial party related
directly or indirectly to the subject of this manuscript.
Address correspondence and reprint requests to Mamoru Kawakami,
MD, PhD, Associate Professor, Department of Orthopaedic Surgery,
Wakayama Medical University, 811-1, Kimiidera, Wakayama City,
Wakayama 641-0012, Japan; E-mail kawakami@wakayama-med.ac.jp

1933



hind paw induced by the application of NP on the lum-
bar nerve roots. NP tissues are harvested from the chron-
ically compressed discs and applied to lumbar nerve
roots. We showed that the induction of hyperalgesia was
higher and of a longer duration in animals exposed to the
compressed NP tissue compared to the control animals
(normal NP tissue).13

Growth factors, such as fibroblast growth factor and
transforming growth factor-�, have stimulated cell pro-
liferation and matrix synthesis of intervertebral discs in
vitro.14 A member of the transforming growth factor-�
superfamily, osteogenic protein-1 (OP-1) or bone mor-
phogenetic protein-7, stimulates proteoglycan and colla-
gen synthesis in rabbit intervertebral disc cells cultured in
alginate beads.15 It has also been reported that intradis-
cal injection of OP-1 stimulates proteoglycan and colla-
gen synthesis in normal intervertebral discs,16,17 and,
furthermore, the injection of OP-1 following chondroitin
ABC-induced chemonucleolysis results in the recovery of
disc height in the rabbit.17,18 The therapeutic efficacy of
intradiscal injection of OP-1 in the reduction of degen-
eration and associated discogenic pain remains to be
shown. The hypothesis of the present study is that intra-
discal injection of a growth factor, such as OP-1, into
degenerated disc results in repair or regeneration of the
affected disc and abolishment of discogenic pain. The
purpose of the present study was to evaluate if intradiscal
injection of OP-1 can reverse compressed NP degenera-
tion and reduce pain-related behavior induced by the
application of the degenerative NP on the nerve root.

Materials and Methods

The experimental protocol was reviewed and approved by the
Institutional Animal Care and Use Committee. The study is
based on 34 male Sprague-Dawley rats, each weighing about
250 g. The rats were housed in an animal room with a 12-hour
light/12-hour dark cycle, and had free access to food and water.

Surgical Protocol. All surgical procedures were performed
with the rats anesthetized by an intraperitoneal injection of
sodium pentobarbital (50 mg/kg). Animals were divided into 4
experimental groups. In the sham group (n � 8), 2, 0.8-mm
diameter Kirschner wires were inserted percutaneously
through the third and fifth coccygeal vertebrae. Each wire was
fixed separately to a specially designed aluminum ring, consist-
ing of 2, 30-mm diameter external rings. In the compressed NP
group (n � 24), the 2 rings were linked with 4 rods to immo-
bilize and chronically apply compression on the Kirschner
wires until the tail showed maximum angular deformity. Four
weeks after surgery, those animals were divided into 3 sub-
groups. In the saline and OP-1 groups (n � 8 and 16, respec-
tively), 1 �L physiologic saline or 0.2 �g/1 �L OP-1 was in-
jected into the NP of the instrumented vertebrae, respectively.
The injection of saline or OP-1 was performed with a Hamilton
syringe (Hamilton Co., Reno, NV). OP-1 treated animals were
divided into 2 subgroups. In the COP-1 group (n � 8), com-
pression was continuously applied to the tail after OP-1 treat-
ment. In the ROP-1 group (n � 8), compression was released at
treatment. All tails in all 4 groups were amputated 8 weeks
after primary treatment. The experimental design used in the

present study is summarized in Figure 1. For histologic exam-
ination, which is described later, 2 rats were used as naı̈ve
controls.

Evaluation of Mobility in the Fixed Vertebrae. Eight
weeks after fixation of the tail with an Ilizarov-type apparatus,
the mobility of the fixed vertebrae was manually evaluated in
the saline, COP-1, and ROP-1 groups.

Pain Evaluation. To evaluate pain, tissue was retrieved from
treated NP after amputation of the tail using 5 rats in each
group. The NP tissue was applied to the left L4 and L5 nerve
roots after partial laminectomy. After surgery, all wounds were
irrigated and washed with preservative-free sterile saline. The
operative fields were closed in layers with 4-0 nylon sutures.
Radicular pain was assessed by behavioral measurements de-
scribed later.

Behavioral Observations. Motor function and reflex re-
sponses to both mechanical and thermal noxious stimuli to
both hind paws were measured in all rats before surgery, and
up to 3 weeks after surgery. Behavioral observations were
made at the same time during the day. The same examiner
performed all observations and was blinded to the treatment
group being observed.

Motor Function. Rats were placed on the floor in an open
field, and their gait patterns were observed. Motor function
was assessed using a previously described scale, based on gait
pattern and hind paw deformities.19

Mechanical Withdrawal Threshold and Thermal Withdrawal
Latency. Using methods reported previously,4,5 reflex respon-
ses to noxious mechanical and thermal stimuli to both hind
paws were assessed quantitatively for all rats. Briefly, for the
measurement of mechanical withdrawal threshold, rats were
allowed to crawl freely under a piece of cloth. Once the rat had
settled, the mechanical withdrawal threshold was measured on
the dorsal surface of the hind paw, between the fourth and the
fifth metatarsal bones, using a specially designed apparatus
made from a 50-mL syringe, a needle with a 2-mm dull tip, and
plumbs. The threshold at which the hind paw was withdrawn
was expressed in grams. The placement of the stimuli was var-
ied slightly from one trial to the next to avoid sensitizing the
skin. Each trial was repeated 3 times at least 5 minutes apart,
and the average of the results was determined. Noxious ther-
mal stimulation was applied to the paw using a radiant heat

Figure 1. Summary of the study design of experimental groups.
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source (Heat Stimulator 535; Department of Bioengineering,
University of Iowa, Iowa City, IA).

Each rat was placed unrestrained under a clear glass floor
and allowed to habituate before testing. Radiant heat, which
was allowed to increase steadily from 40°C, was focused on the
planter surface of a hind paw when it was in contact with the
glass. The latency at which the hind paw was withdrawn was
recorded. Three trials were conducted on each hind paw at least
5 minutes apart, alternating between the left and right, and the
average of the results was determined. The percentage differ-
ence in withdrawal threshold or withdrawal latency from nox-
ious stimuli between the ipsilateral and contralateral hind paws
was calculated using the appropriate formula:

[(ipsilateral threshold or latency

� contralateral threshold or latency)/

contralateral threshold or latency] � 100

All values are presented as percentage differences. Negative
percentages reflect hyperalgesia, whereas positive percentages
reflect hypoalgesia.

Histologic Examination. Eight weeks after insertion of the
Kirschner wires, the tail was amputated, and the instrumented
vertebrae were resected, including 2 in the naı̈ve control rats, 3
in the sham group, 3 in the saline group, 3 in the ROP-1 group,
and 3 in the COP-1 group. After fixation in 10% neutral buff-
ered formalin, the specimens were decalcified in 10% ethylene-
diamino-tetraacetic acid solution and then embedded in paraf-
fin wax. The specimens were sectioned longitudinally in the
sagittal plane at 5 �m and processed for histology. Sections
were stained with hematoxylin and eosin to evaluate degener-
ation of the intervertebral disc. Toluidine blue and safranin O
fast-green20 staining were used to evaluate changes in the ex-
tracellular matrix of the intervertebral discs. Two independent
examiners assessed histologic findings obtained from these
specimens in a blind manner. Evaluation of the results was
performed with the Nikon Eclipse 600 microscope (Nikon,
Tokyo, Japan) with a Spot 2 camera and Metamorph software
(Universal Imaging Corporation 228 , Downingtown, PA).

Statistical Analysis. Values are presented as means � stan-
dard deviation. Data obtained from behavioral measurements
were analyzed by analysis of variance and the Student t test.
Probability values �0.05 were considered statistically significant.

Results

Rats from every experimental group showed no stress
reaction, such as vocalization or struggling. There was
no infection at the insertion site of the Kirschner wires in
rats in the sham and compressed NP groups.

Mobility in the Fixed Vertebrae
Manual examination of the fixed tail after removal of the
Ilizarov-type apparatus revealed that the instrumented
vertebrae in the saline group were fixed and did not show
any mobility of the vertebrae. However, the instru-
mented vertebrae in the COP-1 and ROP-1 groups had
mobility after removal of the apparatus (Table 1).

Motor Function
All rats in the sham, saline, COP-1, and ROP-1 groups
showed normal gait (score 0) during the experimental
period.

Sensitivities to Mechanical Noxious Stimuli
Rats in the sham group showed evidence of mechanical
hyperalgesia in the ipsilateral hind paws for 4 days after
surgery. Rats in the saline group showed evidence of
mechanical hyperalgesia from 2 days to 2 weeks after
surgery (P � 0.05). However, the mechanical hyperalge-
sia observed in the saline group was higher and of longer
duration than that in the sham group (P � 0.05). On the
other hand, in the COP-1 and ROP-1 groups, there were
no significant differences in responses to noxious me-
chanical stimuli between right and left hind paws.
Mechanical hyperalgesia was not observed in rats treated
with intradiscal injection of OP-1 (Figure 2).

Sensitivities to Thermal Noxious Stimuli
All rats in these groups showed evidence of normal re-
sponse to thermal noxious stimuli (Figure 3).

Histologic Examination
Examination of hematoxylin and eosin-stained sections
revealed the existence of diffuse NP cells in the matrix in
both naı̈ve and sham animals (Figure 4). NP cells were
arranged in concentric arcs, with the concave side as the
center in animals in the saline group. There was a ten-
dency for these cells to become spindle-shaped at the

Table 1. Mobility of the Instrumented Vertebrae After
Removal of the Apparatus

Group Mobility 8 Wks After Fixation

Saline (n � 8) Fixed
COP-1 (n � 8) Mobile
ROP (n � 8) Mobile

Figure 2. Rats in the sham group showed evidence of mechanical
hyperalgesia in the ipsilateral hind paws at 4 days after surgery.
However, rats in the saline group showed evidence of mechanical
hyperalgesia from 2 days to 2 weeks after surgery. The mechan-
ical hyperalgesia observed in the saline group was higher and of
longer duration than that in the sham group. On the other hand, in
the COP-1 and ROP-1 groups, which were treated with intradiscal
injection of OP-1, mechanical hyperalgesia was not observed.
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convex side of the disc. The original large cluster of cells
was disassociated into islands (Figure 4).

In COP-1 and ROP-1 animals, NP cells were swollen
with vacuolated cytoplasm. The cellularity of NP was
decreased in the COP-1 and ROP-1 groups (Figure 4).
Figures 5, 6 represent the histologic appearance of the rat
discs stained with either toluidine blue or safranin O,
respectively. With both stains, control discs revealed nor-
mal histology. Untreated control discs (Figure 6-1)
showed normal morphology, elongated NP, and light
safranin O stain within the NP. A few cells within anulus
fibrosis were also stained with safranin O. Because discs
were obtained from skeletally immature rats, endplate
cartilage was also evident in tissue sections. This end-
plate cartilage displayed normal safranin O staining.
Sham operated discs (Figure 6-2) morphologically
looked similar to the control discs, but safranin O stain
was more intense in the endplate cartilage. The com-
pressed discs (Figure 6-3) displayed morphologic and

histologic changes, including a loss of elongated shape
and a decrease in size of NP, a displacement with regard
to the anulus fibrosis, and a substantial loss of proteo-
glycans in NP and endplate cartilage, as detected by re-
duced safranin O staining.

Treatment with OP-1 (COP-1 and ROP-1) restored
the morphology of the discs; the size of NP was signifi-
cantly enlarged in comparison to control and com-
pressed discs, and represented normal oval shape. Vacu-
olated cytoplasm of the NP incorporated both stains
(i.e., safranin O and toluidine blue). Safranin O staining
appeared very intense in the NP, endplate cartilage, and
anulus fibrosis. In the anulus fibrosis of the OP-1-treated
discs, safranin O stain was increased, indicating the ac-
cumulation of sulfated proteoglycans in this compart-
ment. The intensity of staining in all these areas was
much stronger than in control discs. No significant dif-
ferences were found between the 2 types of OP-1 treat-
ment. Staining with toluidine blue (Figure 5) confirmed
histologic results described for safranin O.

Discussion

We have reported that chronic compression of tail inter-
vertebral discs resulted in disc degeneration and that the
NP obtained from the intervertebral discs led to the in-
duction of severe mechanical hyperalgesia.13 In the
present study, we found by histologic assessment that
OP-1 injection counteracted continuous compression
load and induced the synthesis of the extracellular ma-
trix in these intervertebral discs. Mechanical hyperalge-
sia, which is thought to be a pain-related behavior, was
not observed in animals whose lumbar nerve roots were
exposed to the compressed NP treated with OP-1. Me-

Figure 4. Examination of hema-
toxylin and eosin-stained sec-
tions revealed the existence of
diffuse NP cells in the matrix in
both control and sham animals.
NP cells were arranged in con-
centric arcs, with the concave
side as the center in animals in
the saline group. There was a
tendency for these cells to be-
come spindle-shaped at the con-
vex side of the disc. The original
large cluster of cells was disas-
sociated into islands. In COP-1
and ROP-1 animals, NP cells
were swollen with vacuolated
cytoplasm. The cellularity of NP
was decreased in the COP-1 and
ROP-1 groups. 1, Naive control
animal. 2, Sham group. 3, Saline
group. 4, COP-1 group. 5, ROP-1
group.

Figure 3. All rats in these groups showed evidence of normal
response to thermal noxious stimuli.
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chanical hyperalgesia was induced by compressed NP
treated with saline, but not by those treated with OP-1.

OP-1 is the only bone morphogenetic protein that
does not induce catabolic events in adult articular carti-
lage. Its anabolic activity in adult articular cartilage has
been reported. OP-1 stimulates the synthesis of the ma-
jority of the extracellular matrices, including proteogly-
can and collagen type II, with no induction of type I
collagen and cell proliferation.21 In the present study, the
enlargement of the extracellular matrix in the vertebral
discs treated with OP-1 was observed by histology, and
may be caused by an increase in proteoglycan and colla-
gen synthesis.

Several studies have identified inflammatory media-
tors and autoimmune reactions in lumbar disc hernia-
tion. As inflammatory mediators, biologically active
substances in the arachidonic acid cascade, such as phos-

pholipase A2 (PLA2),5,22–24 and inflammatory cytokines,
such as interleukin-1� (IL-1�)5,23,25,26 and tumor necro-
sis factor-� (TNF-�),27–29 are related to pathophysio-
logic mechanisms of painful radiculopathy in lumbar
disc herniation. One appealing hypothesis is that leakage
of these agents may produce excitation of the nocicep-
tors, direct neural injury, nerve inflammation, or en-
hancement of sensitization to other pain-producing sub-
stances, leading to nerve root pain.30 Inflammation is a
key pathophysiologic mechanism of pain induced by her-
niated disc.

In our recent study, we have found that the applica-
tion of degenerative NP to the nerve roots enhances me-
chanical hyperalgesia. We showed no significant differ-
ences in PLA2, IL-1�, and TNF-� among the naı̈ve
control, sham, and compressed NP groups using immu-
nohistochemistry,31 and a lower pH in the treated NP

Figure 5. Toluidine blue staining
of the paraffin embedded disc
sections. 1, Naı̈ve control group.
2, Sham operated disc. 3, Saline
group. 4, COP-1 treated disc. 5,
ROP-1 treated disc.

Figure 6. Safranin O fast-green
staining of the tissue sections of
the rat tail discs. 1, Naı̈ve control.
2, Sham operated discs. 3, Saline
group. 4, COP-1 treated disc. 5,
ROP-1 treated disc.
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tissue in the compressed NP group.32 In this experimen-
tal model, in which mechanical compression was chron-
ically applied to the tail intervertebral discs, production
of inflammatory substances such as PLA2, IL-1�, and
TNF-� did not increase in the NP cells, but a lower pH
in the intervertebral disc was observed. A lower pH
is thought to be related to pain.33,34 A lower pH of the
NP tissue around the nerve root may enhance the hyper-
algesia. Intradiscal injection of OP-1 to the instrumented
vertebrae resulted in an increase in the extracellular ma-
trix. This effect may improve nutrition of the disc and
may prevent a decrease in pH levels. On the other hand,
OP-1 is thought to suppress the IL-1 effect and reduce
inflammation.21 Regarding intervertebral disc cells,
Takegami et al 35 have reported that OP-1 enhances ma-
trix replenishment by intervertebral disc cells previously
exposed to IL-1. Therefore, it is possible that OP-1 acts
as an anti-catabolic factor by inhibiting biologic activi-
ties or production of proinflammatory mediators, such
as interleukins. These effects may contribute to the abol-
ishment of the hyperalgesia.

Low back pain is important in patients with lumbar
disc degeneration. The animal model cannot evaluate
axial pain such as low back pain. The mechanism of
discogenic pain is thought to be sensitization of nerve
endings in the anulus fibrosus by the release of media-
tors.1 However, it is very difficult to evaluate the mech-
anisms of axial pain or discogenic pain secondary to disc
degeneration in the rat applying behavioral measure-
ments. Therefore, in the present study, we used a model
in which nerve roots were irritated by the NP and eval-
uated pain induced by the disc material.

The results of the current study indicate a role for
OP-1 in pain reduction. Although it has been suggested
that NP itself induces nerve injury, Lidslot et al 36 clearly
showed that NP had a toxic effect on the axons by block-
ing axonal outgrowth in vitro. There are also some re-
ports that OP-1 induces or enhances dendritic formation
or neuron growth.37,38 Collectively, these findings sug-
gest that OP-1 may stimulate neural protection and re-
generation after nerve injury. Based on our studies, OP-1
may also have an antitoxic effect on the nerve root,
which injury was induced by degenerative discs.

However, there is a number of limitations that have to
be addressed in future studies: (1) biologic assessment of
disc degeneration and regeneration has to be considered;
(2) OP-1 concentration in the injected disc should be
clarified; (3) the interaction between OP-1, arachidonic
acid cascade, and cytokines in tissues obtained from
discs and around the nerve root after the application of
NP has to be examined; and (4) biomechanical examina-
tion of the discs is also critical, as well as neurochemical
and morphologic assessments of the nerve root. We be-
gan to investigate biologic, morphologic, and biomechani-
cal mechanisms of the effects induced by recombinant OP-1
on the compressed intervertebral discs of rat tail.

Conclusions

OP-1 injection into the intervertebral disc, in which me-
chanical compression was applied in the tail, resulted in
the inhibition of the mechanical hyperalgesia, induced by
the NP. OP-1 enhanced the replenishment of the extra-
cellular matrix by the NP cells. Not only the activation of
the NP cells after intradiscal injection of OP-1, but also
the effect of OP-1 itself may be associated with the inhi-
bition of pain-related behavior. From a clinical perspec-
tive, it is important to activate or regenerate interverte-
bral disc cells with no pain induction to treat disc
degeneration. Our current results suggest that intradiscal
injection of OP-1 has the potential to be a therapy for the
treatment of discogenic pain.

Key Points

● Chronically applied compression of tail interver-
tebral discs resulted in disc degeneration with the
induction of severe hyperalgesia (indicative of a
pain-related behavior) in the NP.
● An increase of the extracellular matrix in these
vertebral discs was observed by histology after in-
jection of OP-1, despite continuous compression
load.
● OP-1 injection into the intervertebral disc caused
inhibition of mechanical hyperalgesia induced in
the NP by mechanical compression applied to the
tail.
● Not only the activation of the NP cells after in-
tradiscal injection of OP-1, but also OP-1 itself
may be related to the inhibition of pain-related be-
havior.
● Our current study suggests that intradiscal injec-
tion of OP-1 has the potential to be a therapy for
the treatment of pain induced by degenerative NP.
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