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Purpose: Studies using experimental rat models for low back pain due to facet-joint defects are scarce. This study used a novel
experimental rat model to determine whether bony defects induced by facetectomy could be maintained by bone wax, thus mimicking
spondylolysis, and to analyze the effect of the facetectomy on rat behavior.
Patients and Methods: Twelve 10-week-old male Wistar rats weighing 300–350 g were divided into group A (n = 6) that underwent
unilateral facetectomy of the right L5-6 facet joint and group B (n = 6) that additionally applied water-soluble bone wax at the
facetectomy site. The difference in the left and right stride length, detected by the footprint test, and change in the left and right facet
joint area were compared before and 4 weeks after the experiment.
Results: Even though the difference between the left and right stride lengths of groups A and B was not statistically significant, in
contrast to group A, group B showed a shorter stride length on the right side (p = 0.22 and 0.46, in group A and group B, respectively).
The right facet joint area, where the facetectomy was performed, was significantly smaller in group B 4 weeks after surgery, but not in
group A (p = 0.50 and < 0.01, in group A and group B, respectively).
Conclusion: Based on the results, we concluded that the bony defects, induced by facetectomy at the L5-6 facet joint, were
maintained with bone wax. This study will provide an experimental model for bony defects in the facet joint.
Keywords: facet-joint defect, bone wax, Masson’s trichrome stain, footprint test, spondylolysis, rat

Introduction
Facet joints are a major source of spinal pain. It is estimated that in more than 30% of patients with lumbar spinal pain,
the pain originates from the facet joint.1 Most cases of low back pain originating from the facet joint are related to its
degeneration.2 Some cases are related to a bony defect in the facet joint called spondylolysis.3

Spondylolysis is defined as a defect or fracture of the pars interarticularis. It is often caused by mechanical stress and
is common in children and adolescents with low back pain.3 It is not clinically significant during early stages, but
repetitive forces cause minute damage to the bone over time; when this rate of damage is more rapid than the cellular
repair of the bone, a fracture of the facet joint occurs. This condition is observed in 25–39%, and even as high as 47%, of
athletes with back pain.3,4 Pain due to spondylolysis generally has an insidious onset and recurrence and is associated
with activity. It generally worsens with back extension and occasionally radiates to the buttock or posterior thigh, which
makes it similar to the facet joint syndrome.5–7
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Most patients with spondylolysis have a favorable prognosis with conservative treatment, such as wearing a brace and
refraining from sport activities during the early stage.8,9 However, bony defects in spondylolysis can be followed by
spinal instability. When instability from spondylolysis results in the translation of the vertebral body, displacement of the
vertebra can occur, which is called spondylolisthesis. Several studies showed that approximately 15% of the cases of
spondylolysis progress to spondylolisthesis.10–12

Currently, surgery is the only way to repair bony defects. Fixation of the bony defect site using screws, with or
without rods, has promising results.6 However, various non-invasive or minimally invasive modalities are emerging,
especially for the spine. Interventions such as percutaneous injection techniques can relieve back pain in most patients.
Low-intensity pulsed ultrasound can be considered for spondylolysis; however, further studies are necessary to determine
its value.6 Several interventions for bony defects involving regenerative materials and percutaneous techniques have been
developed, and they have the potential to be applied to this condition. However, further in vivo studies are necessary to
adopt these new treatments in clinical practice.

Animal models are useful for providing basic evidence of new therapeutic concepts and spinal diseases. Various
biological treatment modalities have been suggested for intervertebral disc degeneration based on animal models of
induced degeneration of the intervertebral disc.13 Stem cell therapy for neuropathic pain has also been proposed based on
animal studies.14

The animal models used to study the pathophysiology and treatment of spondylolysis in previous studies were mainly
large; they included pigs, calves, and sheep.15–17 The advantage of using them is that their conditions are similar to those
of humans; however, they are not easy to obtain and have limitations in various experiments. In contrast, rat models are
easier to purchase and manage; therefore, various experiments can be performed on a larger number of animals.

Several rat studies using lumbar facetectomy have been reported. Sakamaki et al proposed a rat model in which spinal
destabilization was induced through L5 laminectomy and bilateral L5–6 facetectomy (posterior destabilization surgery).18

However, they did not evaluate the structural defect but studied the instability of the spine following posterior destabilization
surgery; essentially, their model was for spondylolytic spondylolisthesis, which is a progressive form of spondylolysis.
Afterwards, Fukui et al reported other experiments in which lumbar facetectomy was performed in rats. They investigated the
behavioral changes (ie, gait disturbance) and degenerative changes of the intervertebral disc and changes of spinal alignment
after bilateral L4-5 facetectomy.19–21 However, they also did not investigate the facet joint defect itself.

In the previous studies, a bony defect was induced through facetectomy, but the defect itself was not evaluated. The
bone is a dynamic tissue that undergoes remodeling, and an artificially created defect recovers spontaneously if the size is
not critical.22–24 Bone morphological analyses using microCT in the study by Fukui et al showed no significant difference
between the Experimental (only exposure of the paravertebral muscles of bilateral facet joints at the L4-5 level) and
Sham (complete resection of bilateral L4-5 facet joints) groups in blood volume fraction.20 For the interventional studies
on the treatment of bony defects in the spine, a model that resembles the disease state should be established.

In this regard, we devised use of bone wax to maintain the artificial bony defect. Bone wax is a hemostatic agent
widely used in surgeries. It coats the bleeding bone surfaces and provides a mechanical tamponade to prevent blood from
oozing out.25 The interruption of bone healing is a major complication of bone wax; however, this limitation can be
utilized to maintain bony defects.26

We conducted this study to determine whether bony defects induced by facetectomy could be maintained by bone
wax using a rat experimental model of bony defects in facet joints and to analyze the effect of the defect on rat behavior.
Our results indicate that applying bone wax at the site of the facetectomy can maintain the bony defect created by the
facetectomy, which is similar to the defect in the pars interarticularis during spondylolysis.

Materials and Methods
Animals
Twelve 10-week-old male Wistar rats weighing 300–350 g were obtained from Samtako BioKorea Co. Ltd (Osan-si,
Gyeonggi-do, Republic of Korea). They were housed in individual cages in a room with controlled temperature (23 ±
2°C) and humidity (55% ± 10%) and a light-dark cycle of 12:12 h. The animals had free access to food and water. The
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protocol for this study conformed to the guidelines of our institution for the care and use of laboratory animals. All study
procedures were approved by the Institutional Review Board of Daejeon St. Mary’s Hospital, The Catholic University of
Korea (CMCDJ-AP-2016-007). The study process is summarized in Figure 1.

Surgical Procedure: Facetectomy
We randomly divided the rats into groups A (the control group) and B (the bone wax group); each group contained six
rats. All the rats underwent unilateral facetectomy at the right L5–6 level. No treatment was done after the facetectomy in
group A, whereas water-soluble bone wax (Ostene, Ceremed, Inc., Los Angeles, CA) was applied to the facetectomy site
in group B. The rats were anesthetized using a 30 mg/kg intraperitoneal injection of a combination of tiletamine and
zolazepam (Zoletil 100, Virbac Sante Animale, Carros, Provence-Alpes-Côte d’Azur, France) and 10 mg/kg xylazine
(Rumpune 10mL, Elanco, Ansan-si, Gyeonggi-do, Republic of Korea).

A midline skin incision was made on the back of each rat extending from L1–L6. The vertebral levels were identified
by counting from L1, which is just below T12 where the ribs are attached. The paravertebral muscles were detached from
the L5 and L6 laminae to expose the L5–6 facet joint. A right L5–L6 facetectomy was performed using a bone cutter.
Thereafter, bone wax (Ostene) was applied to the facetectomy sites of the rats in group B; Ostene comprises water-
soluble alkylene oxide copolymers and is a water-soluble implant material approved by the Food and Drug
Administration to control bleeding from bone surfaces (Figure 2). The paravertebral muscles, subcutaneous tissue, and
skin were sutured layer-to-layer using 4–0 silk. To prevent infection and pain control, 20 mg/kg of gentamycin (Samu
gentamycin injection 50mL vial, Samu Mediain Co., Ltd., Yesan-Gun, Chungcheongnam-do, Republic of Korea) and
5 mg/kg of ketorolac (UNI-Ketopro, UbtechⓇ, Anyang-Si, Gyeonggi-do, Republic of Korea) were injected subcuta-
neously before the surgery and once daily for 3 days after the surgery. During this period, the surgical wounds were
dressed using povidone and alcohol. The rats were housed in the same environment as before the surgery, and they were
euthanized with CO2 four weeks later.27

Masson’s Trichrome Stain
The lumbar spines at the L5–6 level were harvested after euthanasia 4 weeks after surgery. After a midline skin incision
and detachment of the paravertebral muscles, the exposed vertebrae were separated from the soft tissues. We identified
the L5 and L6 vertebrae and separated them from the vertebral column using a rongeur.

Figure 1 The process (time course) of the experiment.
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The specimens were fixed with 4% paraformaldehyde (pH 7.2, room temperature) for 48 h and decalcified using
a decalcifying solution with ethylenediaminetetraacetic acid (Sigma-Aldrich, Missouri, USA) for 2 weeks, followed by
embedding in paraffin. The tissues were cross-sectioned transversely (in axial plane) into 4-µm thick sections using
a rotation microtome (Thermo Fisher Scientific, Massachusetts, USA) and stained with Masson’s trichrome stain
(Masson’s trichrome stain kit, Polysciences, Inc., Warrington, USA) according to the manufacturer’s protocol to evaluate
the mineralized bone matrix and osteoid.28

Quantification and Analysis
After the staining was completed, we photographed a slide using a microscope (Eclipse TE300 inverted microscope,
NikonⓇ, Minato, Tokyo, Japan) and its software. For each specimen, one slide with the best observation of the left facet
joint (the slide with the largest area of the left facet joint), which did not undergo facetectomy, was selected for
photography. All photographs were taken at a magnification of 10×.

We measured the dimensions of the facet joint area using ImageJ 1.52 (NIH, Bethesda, MD, USA). The facet joint
area was defined as the cross-sectional area including the superior articular process and joint space on the selected slides.
We compared the left and right facet joint areas by group.

Footprint Test
A footprint test was performed a day before surgery and a day before 4 weeks after surgery before the rats were
euthanized, using the method described by Klapdor et al.29 A white paper was laid on the bottom of a prefabricated
wooden box, which was designed as a small inclining gangway (Figure 3). The rats, with blue ink applied on the forefeet
and red ink on the hindfoot, walked up the gangway into a dark compartment. All rats underwent three pre-training runs
before the test to adapt to the box. We obtained footprints on the paper in the gangway, and the stride length of the
hindfoot (red color) of each side was measured (Figure 4).

Statistical Analyses
All results are expressed as the mean ± standard deviation. The differences in the left and right stride lengths and
differences in the left and right facet joint areas were analyzed using the paired t-test.

Statistical significance was set at p-values < 0.05. Statistical analysis was performed using R 4.1.1 (The University of
Auckland, Auckland, New Zealand).

Figure 2 Facetectomy of the right L5-6 facet joint. (A) Normal facet on right L5-6. (B) In group A, subcutaneous tissue and skin were closed immediately after right
facetectomy, and the surgery was completed. (C) In group B, bone wax was applied to the facetectomy site, the subcutaneous tissue and skin were closed, and the surgery
was completed. The images are those of Sample #2 from Group A and Sample #1 from Group B.
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Results
Facet Joint Area
The facet joint areas were measured using slide images stained with Masson’s trichrome stain. The difference between
the left and right facet joint areas was not statistically significant in group A (p = 0.50); however, the right facet joint area
was significantly smaller than the left in group B (p < 0.01) (Figure 5 and Table 1). The differences between the left and
right facet joint areas were 3413.4 ± 11,392.24 µm2 and 37,031 ± 23,972.55 µm2 for groups A and B, respectively.

Stride Length (from Footprint Test)
None of the rats showed motor paresis or stress reactions during the experiment. There was no significant difference in
the stride length 4 weeks after surgery. Group A had a greater stride length on the left than on the right before the surgery,
but there was no significant difference 4 weeks after the surgery (p = 0.22). Group B did not show a significant difference
between the right and left stride lengths both before and 4 weeks after surgery (p = 0.46) (Table 2).

Discussion
In this study, unilateral facetectomy was performed within the right L5–6 area in rats. Using this experimental model, we
were able to assess the degree of defect in the right ipsilateral facet joint area and compare it with the contralateral side.
The comparison of the facet joint area 4 weeks after the surgery showed no significant difference between the left and
right sides in group A, but the area on the right side was significantly smaller than that on the left side in group B. We
interpreted these results as follows: the bony defect from the facetectomy had healed in group A, but not in group B, in
which the bone wax was applied at the facetectomy site.

Bone fractures undergo a natural healing process through inflammation after they are induced.30,31 Schnideler et al
suggested a four-stage model for the healing process of bone fractures: inflammation, soft callus formation, hard callus
formation, and bone remodeling.32 A fractured bone is associated with a disruption of tissue integrity, an interruption of
normal vessels, and a distortion of the marrow, which trigger the inflammatory processes in the wound healing pathway.
Adequate blood flow to the bone is important for all phases of healing of a fractured bone.33 Bone healing in rats occurs
over approximately 4 weeks, which is the period we set for observation in this study.34–36

Figure 3 Schematic illustration of the prefabricated crate for the footprint test. (A) Schematic illustration of the crate for the rats to go through. (B) The ramp made for
a rat to climb inside a crate. (C) The ramp was set in the crate. The rat leaves footprints as it climbs the ramp set in the crate.
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Figure 4 Measurement of stride length using footprint test. The blue footprints are for the forefoot, and the red footprints are for the hindfoot. Stride length is defined as
the distance between the bases of the footprints of the hindfoot (red). The image is that of Sample #4 from Group A.
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Bone wax controls bleeding from the bone by acting as a tamponade to stop blood flow from the damaged vessels in
the trabecular bone, thereby facilitating clot formation.25 These characteristics can inhibit bone tissue regeneration after
facetectomy and maintain the generated bony defect. We chose water-soluble bone wax, which did not leave any traces;
this provides a similar environment to real bony defect sites. We observed that bone wax impeded the normal healing
process of the bone and maintained the created defect without leaving any traces.

Bony defects at the facet joint are not uniform in shape; hence, it is difficult to evaluate the defect size. In this
study, the defects were evaluated by comparing the sizes of the remaining facet joints by histological evaluation. This
method is simple, convenient, and inexpensive. All laboratories that possess microscopes can perform this experiment,
and we expect that experiments on bony defects in the facet joint can be performed with a lower barrier based on this
model.

In this study, the left (uninjured) facet joint was larger in group B than in group A. The mechanism of this result is
unclear. However, the authors hypothesize that it is a result of excessive bone remodeling by the bone cells, particularly

Figure 5 Microscopic (Eclipse TE300 inverted microscope, NiconⓇ, Japan) images of slides at L5-6. The slides are made from the harvested lumbar spine at L5-6 4 weeks
after surgery. The facet joint area includes the superior articular process and joint space (area in dark blue line). All photographs were taken using 10× magnification. The
areas were measured using ImageJ software. (A) Group A (control) and (B) group B (bone wax). The images are those of Sample #6 from Group A and Sample #1 from
Group B.
Abbreviations: L, left; R, right.

Table 1 Facet Joint Area (Unit: µm2)

Left Right p-value

Group A (Control) 37,746 ± 20,448.53 34,333 ± 23,954.25 0.50

Group B (Bone wax)* 57,639 ± 11,648.1 20,609 ± 23,676.48 <0.01

Notes: The facet joint areas of selected slides (Figure 5) were calculated using ImageJ. Numbers are shown as mean ± standard deviation
(SD). *Statistically significant difference between the left and right (p < 0.05).

Table 2 Stride Lengths from the Footprint Analysis (Unit: cm)

Before 4 Weeks

Left Right p value Left Right p value

Group A (Control) 10.27 ± 0.93 9.93 ± 1.09 0.02 10.27 ± 1.27 11.02 ± 1.68 0.22
Group B (Bone wax) 10.57 ± 1.53 10.53 ± 0.92 0.93 11.92 ± 3.66 11.10 ± 1.6 0.46

Notes: The stride lengths were measured during the footprint analysis (Figure 4). Numbers are shown as mean ± standard deviation (SD).
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osteoclasts and osteoblasts, which primarily heal the injured bony structure in normal conditions but cannot go to the
injured site maintained with bone wax.24 Still, no study has investigated the effect on the surrounding bone tissue when
bone healing is disturbed by bone wax, and this finding should be verified in future studies.

In a gait analysis, Fukui et al demonstrated that spinal instability induced by facetectomy resulted in abnormal walking
patterns in rats, which may be caused by low back pain.19 The present study differs from the one by Fukui et al in two ways.
First, unilateral facetectomy was performed to compare both sides; therefore, this may not have caused spinal instability that
would affect gait, unlike previous experiments with bilateral facetectomy. The second difference was the observation time:
Fukui et al compared the left and right stride lengths among the control (naïve rats), sham (only the bilateral facet joints at the
L4-5 were exposed), and experimental (underwent complete resection of the bilateral L4-5 facet joints) groups at 3, 4.5, 6,
and 7 weeks after facetectomy, and observed a difference at 3 and 7 weeks after surgery. If the rats were presumed to have
developed acute to chronic pain 4 weeks after injury, the difference after 3 weeks may have been attributable to acute pain,
and that at 7 weeks may have been attributable to chronic pain.37 We observed the results 4 weeks after the surgery, which
was sufficient to see whether the bony defect was maintained. However, further research with a longer duration and involving
a greater number of rats is needed for behavioral assessment using this model.

Our study had limitations related to the small sample size and short duration of observation. We found that the created
defects in the facet joint were maintained at 4 weeks after surgery in group B, not in group A. However, the results from
the footprint test did not show significant differences in either group in this study. This should be verified with further
studies involving larger samples and a longer follow-up period. In addition, if available, more advanced tools (eg,
CatWalk system) for gait analysis are valuable for validation of the model.21,38 Small sample size can cause a relatively
large standard error in the results, such as the facet joint area in our study. Despite this limitation, differences in the facet
joint area measurements between both sides had a normal distribution according to the normality test (p-value > 0.05 in
Shapiro–Wilk test); a paired t-test was available in both group A and B. The authors attempted to use X-ray or ultrasound
to evaluate the defect sizes initially, but the imaging quality was not very good. MicroCT, which is likely the best for this
kind of study, was not available to the authors. Despite this, we observed that the created bony defect was preserved by
bone wax, which mimicked spondylolysis, using only a microscope. Our methods can thus reduce the barriers to
conducting related studies and may help popularize them.

Conclusion
We presented a method for the induction and evaluation of bony defects following facetectomy at the facet joints of L5-6
using a rat model. We expect that the findings obtained in this study may be validated using microCT, larger samples, and
longer follow-ups. Furthermore, we expect that this model may provide a basis for developing various treatments for
bony defects at the level of the facet joints in the spine.
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