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Abstract: Previous studies indicate an implication of the terminal complement complex (TCC) in
disc degeneration (DD). To investigate the functional role of TCC in trauma-induced DD in vivo,
the model of endplate (EP) drilling was first applied in rabbits using a C6-deficient rabbit strain in
which no TCC formation was possible. In parallel the model of needle puncture was investigated.
Using a minimally invasive surgical intervention, lumbar rabbit intervertebral discs (IVDs) were
treated with EP drilling or needle puncture. Degenerative effects of both surgical interventions were
assessed by Pfirrmann grading and T2 quantification of the IVDs based on high-resolution MRI
(11.7 T), as well as radiographic determination of disc height index. Pfirrmann grading indicated
significant degenerative effects after EP drilling. Contrary to our assumption, no evidence was found
that the absence of TCC formation in Cé6-deficient rabbits reduces the development of DD compared
to Cé-sufficient animals. EP drilling was proven to be suitable for application in rabbits. However,
results of the present study do not provide clear evidence of a central functional role of TCC within
DD and suggest that TCC deposition in DD patients may be primarily considered as a marker of
complement activation during DD progression.

Keywords: disc degeneration; rabbit; EP drilling; needle puncture; MRI analysis; DHI analysis;
complement; C6 deficiency

1. Introduction

Lower back pain is one of the most frequent and cost-intensive health problems of West-
ern society, and it is often associated with degenerative changes of the intervertebral disc
(IVD) [1,2]. Besides genetic factors, age, chronic mechanical stress, and smoking, trauma
represents an important risk factor for IVD degeneration (DD) [3]. Especially, injuries of
the endplate (EP) can trigger post-traumatic degeneration of the adjacent IVD [4-7].

DD is associated with an imbalanced nutrition of the tissue, increase in proinflamma-
tory factors, enhanced matrix degradation by an induction of catabolic enzymes [8,9], and
reduced proteoglycan content of the IVD, leading to a decreased water-binding capacity
of the tissue [10-12]. In turn, this results in a diminished capability to maintain physical
pressure and causes a consequent reduction in disc height [10-12].
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In degenerated human IVDs, an enhanced deposition of the terminal complement
complex (TCC), the downstream activation product of the complement cascade consisting
of C5b, C6, C7, C8, and C9, which can induce cellular signaling, inflammation, cell death,
and inflammatory response, was previously described [13]. In more detail, we could even
demonstrate that TCC deposition observed in clinical IVD samples positively correlates
with the grade of degeneration indicated by the Pfirrmann score [14]. Furthermore, our
investigations demonstrated that complement activation induces the gene expression of
catabolic enzymes in annulus fibrosus (AF) cells; therefore, this strengthened the hypothesis
of a possible influence of a complement activation in the progress of DD [15]. Moreover,
a central role of TCC in the development of osteoarthritis, a degenerative joint disease
that is accompanied by inflammation, was previously described [16,17]. However, it is not
yet clarified if the TCC itself or rather the anaphylatoxins, such as C3a and C5a, both of
which are generated upstream in the complement activation cascade [18], are crucial for
the functional implication of complement activation in DD pathogenesis [19].

To investigate the underlying mechanisms of DD development, a variety of animal
models based on different surgical interventions have been used [20,21], all of which lack
unrestricted transferability to the pathogenetic conditions of human DD. For example, by
applying a scalpel incision into the anterior AF in the stab injury model [22], degenerative
effects in the NP are induced by the herniation of NP material; however, alterations of the
AF are predominantly induced only at the site of the injury [23]. However, in IVDs of DD
patients, degenerative change of the AF is evenly widespread instead of a local restriction
to a single site.

To evaluate the role of TCC deposition in trauma-induced initiation and progression
of DD in vivo, a DD model in which TCC formation is not possible would be desirable.
A previously described rabbit strain with a Cé6 deficiency based on an inherited lack
of functional C6 protein fulfills these requirements [24,25]. As the binding of the central
complement component C6 to C5b is the initial step of TCC formation, the lack of functional
C6 blocks all subsequent assembly steps of TCC formation [26].

One of the most commonly used models for the induction of mild IVD degeneration
in rabbits is the method of needle puncture, by which a stab wound in the AF is created,
which subsequently induces degenerative changes of IVD tissue [27,28]. Beyond that,
Holm et al. [23] established a model of EP drilling in domestic pigs, which represents a
surgical intervention that fairly mimics the conditions of a human EP lesion leading to DD.
It is based on a drilling through the vertebral body and the EP into the nucleus pulposus
(NP) of a lumbar IVD, which induces degeneration of the IVD [23]. In contrast to one-sided
degenerative effects induced by a stab wound that are restricted to the injured side of the
AF, EP injury initiates degeneration from the central part of the IVD, thus inducing a more
symmetric and widespread disruption of the AF [23]. Compared to needle puncture, EP
drilling is expected to be associated with a greater local exposure of complement factors
from the blood. Furthermore, several proteases of the blood coagulation system have
been shown to be able to activate the complement cascade independently of the common
complement pathways [29].

Therefore, in the present study, the model of EP drilling was applied for the first
time in rabbits, besides needle puncture of the IVD, as a commonly used method for the
development of mild DD. In order to reduce the burden of the procedure as well as the
risk of infection, surgical interventions were performed as minimally invasive procedures.
Degenerative effects of applied interventional methods in Cé-sufficient (C6*/~) and Cé-
deficient (C6~/~) animals were evaluated via MRI analysis of the IVDs and radiographic
assessment of the disc height, respectively, to investigate if TCC deposition has an impact
on DD development. In every study animal, one lumbar IVD was punctured using a 20 G
needle and a second lumbar IVD was treated with EP drilling. The surgical interventions
were performed in an alternating arrangement from L1/2 to L4/5, enabling untreated
segments of the respective IVD level to serve as controls without the requirement of
additional animals.



Biomedicines 2024, 12, 1692

30f13

2. Materials and Methods
2.1. Animals

Animal experiments were performed according to the European Union Directive
2010/63/EU and the international regulations for the care and use of laboratory animals
and were approved by the local ethical committee (Regierungspraesidium, Tuebingen, Ger-
many, reg. number 1318). In the animal experiment, C6-deficient (C6 /) rabbits originally
descending from a rabbit with a C6 deficiency obtained from Prof. Dr. Sucharit Bhakdji, Insti-
tute of Medical Microbiology and Hygiene, University of Mainz, Germany, were used [30].
The C6 deficiency of respective animals is based on a naturally occurring mutation in C6,
resulting in a loss of functional C6 protein [25]. Overall, 17 adult rabbits were used in
this study (1 = 8 C6-deficient (homozygous; C6~/~) and n = 9 Cé-sufficient (heterozygous
animals of the same breed; C6+/_),' C6*/~: 38.8 + 2.9 weeks old, 3.9 + 0.4 kg; c6/—:
38.5 & 2.6 weeks old, 3.7 & 0.2 kg; for detailed information, see Supplementary Table S1).
The genotype of the rabbits was determined on a functional level by an erythrocytes lysis
assay and confirmed by PCR-based analysis of the mutation in each animal, as previously
described [25] (Supplementary Figure S1).

In accordance with the 3R rule (Replacement, Reduction, Refinement), animals of
both genders obtained from the breeding were used in a balanced ratio. Under further
consideration of the 3R guideline, C6*/~ rabbits served as the control group. Serum of
C6*/~ rabbits exhibited identical complement-associated hemolytic activity compared to
New Zealand white rabbits (C6*/*), with C6*/~ rabbits proving to be suitable controls in
previous animal studies using this animal model [25,30]. No general health problems were
observed in C6~/~ rabbits.

2.2. Surgical Procedure

The rabbits were anesthetized with initial intravenous injection of Xylazine (0.5 mg/kg;
BAYER, Zurich, Switzerland) and Ketamin (7.5 mg/kg; WDT, Garbsen, Germany), as well
as subsequent intravenous dosing, as required. Their fur was shaved in the lower area of
the back, and the animals were placed in a strictly lateral position laying on their left side.

Regarding a precise needle application based on the IVD dimensions of the present
rabbit strain and considering that noticeable degenerative changes were described for ap-
plying a needle diameter of 21 G [28], one of the lumbar IVDs L1/2 to L4/5 was punctured
with a 20 G needle based on the procedure described by Kwon [27]. Another lumbar IVD
was treated with EP drilling using a 1.5 mm drill modified for rabbits based on the princi-
ples, as described previously for application in domestic pigs [23]. Thereby, the respective
treatments were applied to different IVD levels per animal in an alternating arrangement
of treatment and controls, including all participating IVD levels equally (compare Table 1).

Table 1. Scheme of surgical treatments groups A-D in alternating arrangement of treatment and
control IVDs. EP drill: endplate drilling, NeP: needle puncture, Ctr.: untreated control IVD.

A B C D
L1/2 EP drill Ctr. NeP Ctr.
L2/3 Ctr. EP drill Ctr. NeP
L3/4 NeP Ctr. EP drill Ctr.
L4/5 Ctr. NeP Ctr. EP drill

The surgical procedure was minimally invasive and carried out under radiographic
guidance [27] (C-arm, Exposcop CB7-D, ZIEHM, Nuremberg, Germany) in sagittal view.
At the level of the respective IVD to be addressed, a 1 cm skin incision was performed, and
the IVD was reached by blunt dissection. For needle puncture (Figure 1A), the needle was
transversally inserted into the center of the IVD, thus reaching the NP. Afterwards, the
needle was rotated by 180° [27]. Through a second 1 cm incision (and blunt dissection up
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to the IVD) for EP drilling with a compressed air drill, the drill was positioned into the
central part of the EP in caudal direction at a 45° angle (positioning compare Figure 1E-G).
For preventing damage of the surrounding tissue, a cut off plastic needle cap was used as a
drill sleeve to protect the tissue during minimally invasive EP drilling (Figure 1B). Correct
position of the needle or drill was verified in each case by an additional X-ray overview in
the coronal view (Figure 1D). Finally, after rinsing the surgical site, the skin incisions were
closed with intracutaneous sutures using absorbable suture material.

Figure 1. Representative images of the surgical method. (A) Minimally invasive needle puncture and
(B) EP drilling of a lumbar rabbit IVD. Intraoperative validation of the needle position by X-ray in
(C) sagittal and (D) coronal planes (C-arm). Exemplary visualization of needle puncture (L1/2) and
EP drilling (L3/4) representing needle and drill position on an explanted rabbit spine in (E) ventral
and (F) dorsal views. (G) Display of drill position by X-ray of an explanted spine (Faxitron X-ray
system, Tucson, AZ, USA).

After surgery, the animals received Buprenorphine (0.03 mg/kg, s.c.; BAYER, Zurich,
Switzerland) two times daily for analgesia and Enrofloxazine (7.5 mg/kg, s.c.; WDT,
Garbsen, Germany) once daily for antibiotic prophylaxis over three days. Upon animal
harvest, animal welfare was continuously monitored (daily in the first week post-op,
twice weekly in the second week, and then weekly) and evaluated on the basis of coat
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care, spontaneous behavior, eyes/gaze, water balance based on examination of skin folds,
reaction to touch, body temperature, condition of the surgical wound, movement behavior,
food and water intake, and body weight (Supplementary Figure S2). Twelve weeks after
surgery, the rabbits were sacrificed with bolt shot and subsequent lethal bleeding from
cervical arteries.

2.3. Post-Mortem X-ray and MRI Analyses

The lumbar spines of the rabbits were explanted directly after sacrifice. Ex vivo
X-ray scans were performed in the sagittal plane (MX-20, Faxitron Bioptics; Tucson,
AZ, USA (35 kV, 19 s)), and the disc height index (DHI) was determined according to
Masuda et al. [28].

Furthermore, MRI analyses were performed using a 11.7 T MRI scanner (Bruker, Biller-
ica, MA, USA, 72 mm T/R coil, 150% x 750 um? spatial resolution, 1.05 mm interslice gap,
T2-weighted spin echo sequence with echo/repetition time of TE = 18 ms/TR = 2500 ms,
Core Facility for Small Animal Imaging, Medical Faculty of Ulm University) to assess the
water content of the IVDs, which is related to the proteoglycan content of the tissue [31].

Classification of degenerative changes according to Pfirrmann grading [32] was per-
formed by two independent observers based on midsagittal MRI scans of the rabbit IVDs.
Corresponding interobserver variability was assessed by means of linear weighted kappa
according to Rim [33]. Grading results of both observers varied by a maximum of one
grade and had an agreement of 60%. With a kappa value of 0.59, interobserver agreement
was determined as “moderate” [33,34].

To further quantify the degenerative changes in lumbar IVDs, T2 values of the IVDs
were analyzed. Thereby, the average T2 values of the central three-dimensional IVD
region were determined based on T2-weighted MRI scans in sagittal and coronal planes
(TE = 15-275 ms, TR = 7200 ms with inter-echo spacing of 15 ms) acquired with similar
spatial resolution as reported above. Mean T2 values of individual needle-punctured and
EP-drilled IVDs were determined from the central sagittal respective coronal sectional
planes (7-9 central sagittal planes, 4-5 central coronal planes) and were normalized to the
average T2 values of untreated control IVDs of the corresponding IVD level and genotype,
for sagittal and coronal planes separately.

2.4. Statistics

Normality of the data was confirmed using the Shapiro-Wilk normality test, and
statistical analysis was performed with parametric one-way ANOVA, followed by Sidak’s
multiple comparison test, using GraphPad Prism 9.4.2 for Macintosh (GraphPad Soft-
ware, Inc., La Jolla, CA, USA). For the statistical analysis of two independent groups
(C6*/~ vs. C67/7), an unpaired t test was performed. Statistical significance was consid-
ered at p < 0.05.

3. Results

Of the 17 animals of this study, 16 rabbits exhibited normal spontaneous behavior
directly after awaking from the anesthesia. The animals did not show any signs of pain,
movement restrictions, or neurological deficiencies. Detailed aspects continuously moni-
tored throughout the entire course of this study are mentioned in Section 2. One C6*/~
rabbit showed post-operative lameness of a hind leg but completely recovered within
48 h. Moreover, during the entire post-operative period, the adult animals did not show
significant weight loss, indicating reduced food intake (Supplementary Figure S2).

12 weeks after surgical intervention, explanted lumbar rabbit spines were analyzed
using X-ray and 11.7 T MRI to assess degenerative changes of needle-punctured and
EP-drilled IVDs.

Unintentionally resulting adjacent segment degeneration affecting untreated IVDs
next to needle-punctured or EP-drilled IVDs, which served as untreated control IVDs,
was excluded by comparing T2 values and DHI of untreated control IVDs with exem-
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plary investigated IVDs of the respective IVD level from completely untreated C6*/~ and
C6~/~ rabbits.

Because of the anatomic proximity to the ribs, the precise positioning of the drill
including the correct applicating angle was very challenging at IVD level L1/2. Strikingly,
none of the IVDs of this level treated with EP drilling exhibited any signs of degeneration
in the MRI images. Since standardized EP drilling could not be confirmed with certainty at
this anatomical level, all IVDs of level L1/2 treated with EP drilling were excluded from
further analyses.

3.1. Visual Evaluation/Pfirrmann Scoring of MRI Scans Indicates a Clear Degenerative Effect of
EP Drilling in IVDs of C6-Sufficient and C6-Deficient Rabbits

In MRI scans of untreated control IVDs and needle-punctured IVDs no or only mini-
mal signs of degeneration, such as an inhomogeneous IVD structure with slight grey bands,
were visible in both C6*/~ and C6~/~ rabbits (Figure 2A,B). Based on visual evaluation of
the MRI scans, EP-drilled IVDs generally appeared more degenerated; 5 of 13 analyzed
IVDs treated with EP drilling were clearly degenerated (C6*/~ n =3 of 7,C6 ™/~ n=2of ;
Figure 2C) and exhibited an inhomogeneous IVD structure with the loss of signal intensity.
Another 4 of the 13 analyzed EP-drilled IVDs furthermore exhibited signs of severe degen-
eration, such as a grey to black inhomogeneous IVD structure with drastically reduced
signal intensity and unclear or even lost distinction between AF and NP (C6"/~ n=2o0f
7, C6/~n=2of 6; Figure 2D). In a total of 5 animals, the drilling channel within the
adjacent vertebral bodies of the IVDs treated with EP drilling was visible in the MRI images
12 weeks after surgery (C6"/~ n=10f7[14%], C6~/~ n =4 of 6 [67%]; see Figure 2E,F).

Figure 2. Representative central MRI images. Exemplary midsagittal MRI images of lumbar rabbit
IVDs exhibiting (A) no signs of degeneration, signs of (B) mild degeneration (inhomogeneous IVD
structure with slight grey bands), (C) clear degeneration (inhomogeneous IVD structure and loss of
signal intensity), and (D) severe degeneration (grey to black inhomogeneous IVD structure, drastically
reduced signal intensity, and unclear distinction between AF and NP). Exemplary (E) midsagittal
and (F) midcoronal MRI scan of an EP-drilled IVD with visible drilling channel (marked by yellow
arrows). Scale bar: 2 mm.
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To classify the degenerative changes observed in lumbar rabbit IVDs, grading accord-
ing to Pfirrmann et al. [32] was performed based on T2-weighted midsagittal MRI scans.
Figure 3B represents the mean results of Pfirrmann grading performed by two indepen-
dent observers.

Based on the Pfirrmann grading, no degenerative effect of needle puncture could be
observed in C6*/~ and C6~/~ rabbits (Figure 3B). After EP drilling, the Pfirrmann score
of lumbar rabbit IVDs was significantly increased compared to untreated control IVDs
(p < 0.001), irrespective of the genotype. Exemplary images for the classification to the
Pfirrmann grades I to IV are depicted in Figure 3A. None of the lumbar IVDs of the present
study were classified as Pfirrmann grade V.
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Figure 3. Pfirrmann grading of lumbar rabbit IVDs. (A) Exemplary images of rabbit IVDs of
Pfirrmann grade I to IV. Scale bar: 2 mm. (B) Pfirrmann grades of untreated control IVDs (Ctr.) and
IVDs treated with needle puncture (NeP) or EP drilling of C6*/~ and C6~/~ rabbits. Results are
given as mean + SEM (Ctr.: n = 16-18 per group, NeP: n = 8 per group, EP drilling: n = 6-7 per
group). Significant differences are depicted as *** p < 0.001; one-way ANOVA.

3.2. EP Drilling Can Induce a Severe Reduction in T2 Values in IV Ds of C6-Sufficient and
C6-Deficient Animals

Degenerative changes of treated rabbit IVDs were further analyzed by T2 quantifi-
cation of T2-weighted MRI scans in sagittal and coronal planes. Thereby, T2 values of
needle-punctured or EP-drilled IVDs were normalized to the mean T2 value of untreated
control IVDs of the corresponding IVD level for both genotypes, separately.

Twelve weeks after 20 G needle puncture, no degenerative effect could be determined
in C6*/~ and C6~/~ rabbit IVDs based on T2 quantification in the sagittal and coronal
planes (sagittal: in median 0.98-fold (C6*/7) and 0.99-fold (C6~/~) T2 value relative to
untreated control IVDs; coronal: 1.05-fold (C6*/~) and 0.98-fold (C6~/~) T2 value relative
to untreated control; Figure 4A,B). In the case of EP drilling, T2 values of IVDs determined in
the sagittal plane with a 0.93-fold median of untreated controls were not reduced in C6*/~
rabbits 12 weeks after treatment (Figure 4C). In C6~/~ rabbits, however, the reduction in T2
values after EP drilling (by trend) was greater, with a 0.72-fold median value of respective
untreated controls (Figure 4C). In the coronal plane, reductions in the relative T2 value of
0.77-fold for C6*/~ and 0.71-fold for C6~/~ rabbits were determined in EP-drilled IVDs
(Figure 4D).

Generally, evaluations of relative T2 values revealed that EP drilling partly resulted
in a degenerative effect, as demonstrated by the reductions in T2 values. In the sagittal
direction, this median effect was more pronounced in C6-deficient rabbits compared to the
Cé-sufficient group. In contrast, for both genotypes, no clear degenerative effects induced
by needle puncture could be observed based on the evaluation of T2 values.
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Figure 4. T2 values of needle-punctured (NeP) and EP-drilled (EP drill) lumbar rabbit IVDs relative to
untreated control IVDs (dashed lines). T2 values of IVDs treated with NeP (A,B) and EP drilling (C,D)
are determined from (A,C) sagittal and (B,D) coronal T2-weighted MRI scans of lumbar IVDs from
C6*/~ and C6~/~ rabbits. Thereby, T2 values were determined by manually defining the overall
IVD area as regions of interest (ROIs). Individual data points represent the mean T2 values of an
individual IVD normalized to the average T2 value of untreated control IVDs of the respective IVD
level under consideration of the genotype and sectional plane. Relative T2 values are presented as
scatter dot plots with lines at median (EP drilled: n = 6-7, NeP: n = 8 per group). No significant
differences were determined between both genotypes; unpaired ¢ test.

3.3. EP Drilling Induces a Lower DHI in C6-Deficient Rabbits Compared to C6-Sufficient Rabbits

Furthermore, the influence of needle puncture or EP drilling on the disc height in
C6*/~ and C6~/~ rabbits was analyzed by determining the DHI based on sagittal X-ray
images of the lumbar spines. Thereby, DHIs of needle-punctured or EP-drilled IVDs were
normalized to the mean DHIs of untreated control IVDs of the respective IVD level for both
genotypes, separately.

In accordance with the observations made by MRI-based quantification, 20 G needle
puncture did not induce a noticeable reduction in the disc height in C6*/~ and C6~/~
rabbits (Figure 5A). By determining the relative DHIs of EP-drilled IVDs, no degenerative
effects were observed in C6*/~ rabbits (relative DHI in median: 1.18, Figure 5B). However,
with a median value of 0.88, the relative DHIs of EP-drilled IVDs were significantly lower
in C6~/~ rabbits compared to C6*/~ animals (p < 0.01).

In conclusion, DHI analyses in C6-deficient rabbits indicated a trend of IVD degen-
eration induced by EP drilling. Therefore, evaluation of DHIs confirmed the previously
observed median trend measured by T2 quantification and the degenerative effect observed
by MRI-based Pfirrmann grading, but only for C6~/~ rabbits. This is in line with the
observation that partly degenerative effects of EP drilling were more pronounced in IVDs
of C6-deficient rabbits compared to C6-sufficient rabbits when evaluating T2 values in the
sagittal plane (Figure 4C). In the present animal model, similar to the MRI-based analyses,
no degenerative effect of 20 G needle puncture was observed with DHI analyses.
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Figure 5. Disc height indexes (DHIs) of treated IVDs relative to untreated controls (dashed lines).
DHIs of (A) needle-punctured (NeP) and (B) EP-drilled (EP drill) lumbar IVDs of C6*/~ and C6~/~
rabbits normalized to untreated control IVDs of respective IVD level and genotype. Values were
determined based on sagittal X-ray images of explanted lumbar spines. DHIs are presented as scatter
dot plot with line at median (EP drilled: n = 6-7, NeP: n = 8 per group). Significant differences are
depicted as ** p < 0.01; unpaired ¢ test.

4. Discussion

Immuno-histologic analysis of degenerated human IVDs [13,14] and in vitro analysis
using human AF cells [15] previously indicated a contribution of terminal complement
activation in DD progression. Consequently, appropriate in vivo studies are needed to
provide further insights into the functional role of complement activation products in
DD pathomechanisms.

For this purpose, the method of EP drilling, originally established in a porcine
model [23], was transferred to rabbits for the first time and was studied in parallel with an
established method of needle puncture, which is known to induce mild DD in NZW rab-
bits [27]. The degenerative effects following EP drilling and needle puncture in C6-deficient
rabbits were assessed using X-ray and MRI-based analyses. In particular, it has to be
mentioned that the use of a high-resolution 11.7 T MRI scanner allowed us to conduct a
remarkably precise visualization of rabbit IVDs, representing a significant improvement
compared to previous DD in vivo studies in rabbits using MRI analyses of a significantly
lower resolution [35,36].

Comparing both surgical interventions in lumbar IVDs of adult rabbits, we observed
a stronger degenerative effect induced by EP drilling compared to 20 G needle puncture in
the MRI-based analysis of Pfirrmann grades. In line with the observed trend, this could be
also observed in the evaluation of the MRI-based determination of T2 values. Assessment of
a DHI based on X-ray analysis confirmed this trend only for Cé6-deficient rabbits. Relevant
pathophysiological consequences of vertebral EP trauma on DD-associated cell-biologic
processes were previously described in a rabbit ex vivo model [37,38]. Furthermore,
our results confirmed the recently reviewed structural and functional relevance of the
cartilaginous EP, which has been shown to play a key role in the early stages of IVD
degeneration [7].

In the case of untreated control IVDs and needle-punctured IVDs, no morphological
differences were observed in the IVDs, irrespective of the C6 genotype. However, based
on radiologic DHI analyses, IVDs of C6-deficient rabbits revealed even stronger degenera-
tive effects induced by EP drilling compared to identically treated IVDs of Cé6-sufficient
animals. Furthermore, residuals of the drilling channel were visible in MRI scans 12 weeks
after surgical intervention about four times more often in Cé6-deficient animals, possibly
indicating impaired bone regeneration.

Similar findings were previously reported for a C6 deficiency in the study of Modinger
et al., who observed a negative effect of a C6 deficiency on bone fracture healing in mice [39].
The pathophysiological processes triggered by EP drilling exhibit some similarities to the
respective fracture healing processes. Therefore, our present observations support the
assumption that bone healing may be impaired by a C6 deficiency.
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In an anterior cruciate ligament transection (ACLT) model, previously applied in
the same rabbit breeding program for the induction of osteoarthritis (OA), an overall
protective influence of a C6 deficiency regarding OA development was observed, although
an investigation of the subchondral bone indicated compromised bone remodeling in
Cé6-deficent rabbits [25]. Thus, TCC formation may have a somehow divergent influence in
skeletal trauma models, depending on the trauma-induced aspects that are analyzed.

Based on the present results of Pfirrmann grading, T2 analysis, and the investigation
of the DHISs of lumbar rabbit IVDs, there is no clear evidence of a central functional role of
TCC formation in trauma-induced DD in rabbits. Moreover, DHI analyses of EP-drilled
IVDs suggest that a certain amount of TCC formation might even have a supporting effect
on the maintenance of disc height. However, it has to be considered that despite the
lack of functional C6 resulting in the inability of TCC formation, anaphylatoxins C3a and
C5a, which strongly contribute to inflammation by immune cell recruitment and cytokine
induction [40,41], can be formed normally upon a complementary activation in C6-deficient
conditions, and thus could mount any classical sign of inflammation. Therefore, the role of
anaphylatoxins in DD development should be analyzed in future studies.

In contrast to the reported findings of previous studies [27,28], we could not observe
significant degenerative effects in rabbit IVDs induced by needle puncture. In the present
study, surgical intervention techniques were performed in a minimally invasive procedure
to reduce the traumatization of surrounding tissue and the potential risk of an infection.
The intervention could be applied quite precisely and with the lowest possible unintended
additional traumatic lesion. Possibly, this may have contributed to the absence of clear
degenerative effects. Furthermore, according to O’Connell et al., lumbar IVDs of adult
female New Zealand white rabbits (NZW) have a mean disc height of 1.42 & 0.39 mm [42],
whereas lumbar IVDs of the rabbit strain used for the present study exhibited disc heights
of 1.94 4 0.29 mm (C6+/_, n =7), respectively 1.85 & 0.36 mm (C6_/_, n =8; median + SD).
Therefore, the 20 G needle used in this study with a diameter of 0.91 mm covered approxi-
mately 48% of the disc height. This ratio allowed us to carry out a precise application of the
needle into the central area of the IVD without scratching and damaging the adjacent EP. In
other studies, the needle puncture was applied in adult NZW rabbits using needles with
a diameter of 1.27 mm (18 G) or even 1.65 mm (16 G) [27,28]. Considering that the mean
disc height of lumbar IVDs of the used NZW rabbits are smaller than the height measured
for rabbits of the present study [41], it can be concluded that this resulted in a significantly
larger ratio of needle diameter to disc height. In the study of Masuda et al., the application
of needle puncture using a 21 G needle (0.82 mm diameter) also led to less-pronounced
degenerative effects compared to 16 G and 18 G needles [28].

Therefore, we conclude that achieving significant DD development is strongly depen-
dent on the diameter of the used needle, with the needle size having to be carefully selected
and evaluated depending on the IVD height of the used rabbit strain. Consequently, needles
with smaller diameters (below a certain proportional limit value—in relation to the IVD
height) do not cause any significant degenerative effects of the IVD. This suggestion agrees
with the previous recommendation that smaller needles may be used to introduce growth
factors or pharmaceutical reagents without causing damage to tissues [28,43]. Therefore,
the larger lumbar disc height of our rabbits might have contributed to the absence of major
degenerative effects of IVD puncture using 20 G needle puncture.

Besides disc height, the overall genetic background of the rabbits used in this study
representing a chinchilla bastard strain [25] may have influenced the progression of DD.
Therefore, the effects of needle puncture may be somehow different compared with the
NZW rabbits used in previous studies [27,28]. Furthermore, a residual influence of the
genetic background of heterozygous C6*/~ rabbits used as a control on the development
of DD induced by EP drilling or needle puncture cannot be completely excluded. However,
this is rather unlikely, since heterozygous C6*/~ rabbit serum exhibits a comparable
erythrocytes lysis capacity to NZW serum; moreover, we could show that a respective
substitution with human C6 protein could completely restore the erythrocyte lysis capacity
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of serum from homozygous C6~/~ rabbits (Supplementary Figure S1). Nevertheless,
further validation of the EP drilling method in a commonly used strain like NZW rabbits is
necessary in the future. Furthermore, it should be kept in mind, that by considering the
principles of 3R, this first study could in part only reveal tendencies. For more detailed
insights, larger group sizes should be considered.

Moreover, previous in vivo studies assessing X-ray-determined DHIs as well as MRI-
based T2 quantifications indicated that the degenerative effects of surgical interventions on
rabbit IVDs were increased in a time-dependent manner [44]. Therefore, we propose to an-
alyze the development of DD induced by EP drilling in the course of time in future studies.

Considering the surgical intervention applied to induce DD, the method of EP drilling
according to Holm et al. more closely mimics the conditions of trauma-induced IVD
degeneration based on EP injuries in humans—in contrast to other surgical interventions
applied in vivo—as it induces degeneration of the tissue, which develops evenly distributed
over the whole IVD [23]. Although the surgical procedure is quite challenging and was
performed by a team of trauma and spine surgeons in the present study, minimally invasive
EP drilling seems to be a suitable method regarding lumbar rabbit IVDs for the induction
of DD. Compared to domestic pigs, the application of EP drilling in rabbits offers the
advantage of a less cost-intensive animal model. In rabbits, due to the anatomic proximity
of the lowest ribs, accurate positioning of the drill at level L1/2 proved to be technically
difficult and not successful. Therefore, level L1/2 should be excluded from EP drilling of
lumbar rabbit IVDs. Furthermore, we propose to perform the method of EP drilling on
lumbar rabbit IVDs under a fluoroscopic control [45] to further optimize visualization and
facilitate technical implementation.

Overall, the limitations of this study are as follows: a low sample size, the analysis
of only one time point, no continuous imaging control during surgery, and a lack of a
histomorphological evaluation.

5. Conclusions

Based on the present results of Pfirrmann grading, T2 analysis, and the investigation
of the DHI of lumbar rabbit IVDs, there is no clear evidence of a central functional role of
TCC in trauma-induced DD in rabbits. This suggests that the disease severity-associated
TCC deposition in the intervertebral discs of DD patients might be primarily regarded as a
marker of local complementary activation. Therefore, the functional implication of other
complementary activation products, especially anaphylatoxins—which are not affected
by a C6 deficiency—should be examined more closely in further studies. In this study, we
could show that minimally invasive EP drilling represents a challenging but appropriate
method for inducing degenerative effects on lumbar rabbit IVDs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /biomedicines12081692/s1, Figure S1: Genotyping of animals from
Co6-deficent rabbit breeding; Table S1: Gender, age, and weight of individual rabbits of both genotypes
(C6%/~ and C6 /") at the time point of surgery; Figure S2: Post-operative weight monitoring of
individual C67/~ and C6~/~ rabbits. References [30,46] are cited in the Supplementary Materials.

Author Contributions: Conceptualization, R.E.B. and C.N.-W.; methodology, A.K., M.H.-L., SW.,
G.Q.T, J.R. and V.R; validation, A.K. and V.R.; formal analysis, A K. and R.E.B.; investigation, A.K.,
M.H-L.,SW,, J.E and V.R; resources, R.E.B.; writing—original draft preparation, A.K.; writing—review
and editing, AK., RE.B,, J.R, M.H-L., SW.,, G.Q.T., CN.-W,, ].E. and V.R,; visualization, A.K,; super-
vision, ].R. and R.E.B.; funding acquisition, R.E.B. and C.N.-W. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the German Research Foundation, grant numbers BR 919/12-1
and NE 549/6-1. Furthermore, Jana Riegger was supported by the European Social Fund and by the
Ministry of Science, Research and Arts Baden-Wiirttemberg.


https://www.mdpi.com/article/10.3390/biomedicines12081692/s1
https://www.mdpi.com/article/10.3390/biomedicines12081692/s1

Biomedicines 2024, 12, 1692 12 of 13

Institutional Review Board Statement: The animal study protocol was approved by a local eth-
ical committee (Regierungspraesidium Tuebingen, Germany, reg. number 1318 date of approval
17 August 2016).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of this study; in the collection, analyses, or interpretation of data; in the writing of this
manuscript; or in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Vos, T.; Barber, RM.; Bell, B.; Bertozzi-Villa, A.; Biryukov, S.; Bolliger, I.; Charlson, F; Davis, A.; Degenhardt, L.; Dicker, D.;
et al. Global, regional, and national incidence, prevalence, and years lived with disability for 301 acute and chronic diseases and
injuries in 188 countries, 1990-2013: A systematic analysis for the Global Burden of Disease Study 2013. Lancet 2015, 386, 743-800.
[CrossRef] [PubMed]

Knezevic, N.N.; Candido, K.D.; Vlaeyen, J.W.S.; Zundert, J.; Van Cohen, S.P. Low back pain. Lancet 2021, 398, 78-92. [CrossRef]
Battié, M.C.; Videman, T.; Levalahti, E.; Gill, K.; Kaprio, J. Heritability of low back pain and the role of disc degeneration. Pain
2007, 131, 272-280. [CrossRef]

Baranto, A.; Holm, A.K,; Ekstrom, L.; Sward, L.; Hansson, T.; Hansson, H.-A.; Holm, S. Reactive changes in the adolescent porcine
spine with disc degeneration due to endplate injury. Vet. Comp. Orthop. Traumatol. 2007, 20, 12-17. [CrossRef]

Cinotti, G.; Della Rocca, C.; Romeo, S.; Vittur, F.; Toffanin, R.; Trasimeni, G. Degenerative changes of porcine intervertebral disc
induced by vertebral endplate injuries. Spine 2005, 30, 174-180. [CrossRef]

Zehra, U.; Cheung, ].P.Y.; Bow, C.; Lu, W.; Samartzis, D. Multidimensional vertebral endplate defects are associated with disc
degeneration, modic changes, facet joint abnormalities, and pain. J. Orthop. Res. 2019, 37, 1080-1089. [CrossRef]

Crump, K.B.; Alminnawi, A.; Bermudez-Lekerika, P.; Compte, R.; Gualdi, F.; McSweeney, T.; Mufioz-Moya, E.; Niiesch, A.; Geris,
L.; Dudli, S.; et al. Cartilaginous endplates: A comprehensive review on a neglected structure in intervertebral disc research.
JOR Spine 2023, 6, €1294. [CrossRef] [PubMed]

Risbud, M.V.; Shapiro, .M. Role of Cytokines in Intervertebral Disc Degeneration: Pain and Disc-content. Nat. Rev. Rheumatol.
2014, 10, 44-56. [CrossRef] [PubMed]

Urban, J.P.G.; Smith, S.; Fairbank, J.C.T. Nutrition of the Intervertebral Disc. Spine 2004, 29, 2700-2709. [CrossRef]

Frobin, W.; Brinckmann, P.; Kramer, M.; Hartwig, E. Height of lumbar discs measured from radiographs compared with
degeneration and height classified from MR images. Eur. Radiol. 2001, 11, 263-269. [CrossRef]

Kos, N.; Gradisnik, L.; Velnar, T. A Brief Review of the Degenerative Intervertebral Disc Disease. Med. Arch. 2019, 73, 421-424.
[CrossRef] [PubMed]

Vergroesen, P.-P,; Kingma, I.; Emanuel, K.; Hoogendoorn, R.; Welting, T.; van Royen, B.; van Dieén, J.; Smit, T. Mechanics and
biology in intervertebral disc degeneration: A vicious circle. Osteoarthr. Cartil. 2015, 23, 1057-1070. [CrossRef] [PubMed]
Gronblad, M.; Habtemariam, A.; Virri, J.; Seitsalo, S.; Vanharanta, H.; Guyer, R.D. Complement membrane attack complexes in
pathologic disc tissues. Spine 2003, 28, 114-118. [CrossRef] [PubMed]

Teixeira, G.Q.; Yong, Z.; Goncalves, R M.; Kuhn, A_; Riegger, ].; Brisby, H.; Henriksson, H.B.; Ruf, M.; Nerlich, A.; Mauer, UM,;
et al. Terminal complement complex formation is associated with intervertebral disc degeneration. Eur. Spine J. 2020, 30, 217-226.
[CrossRef] [PubMed]

Kuhn, A.; Riegger, ].; Teixeira, G.Q.; Huber-Lang, M.; Lambris, ]J.D.; Neidlinger-Wilke, C.; Brenner, R.E. Terminal Complement
Activation Is Induced by Factors Released from Endplate Tissue of Disc Degeneration Patients and Stimulates Expression of
Catabolic Enzymes in Annulus Fibrosus Cells. Cells 2023, 12, 887. [CrossRef] [PubMed]

Wang, Q.; Rozelle, A.L.; Lepus, C.M.; Scanzello, C.R.; Song, ].J.; Larsen, D.M,; Crish, J.E; Bebek, G.; Ritter, S.Y.; Lindstrom, TM.;
et al. Identification of a central role for complement in osteoarthritis. Nat. Med. 2011, 17, 1674-1679. [CrossRef] [PubMed]
Riegger, J.; Huber-Lang, M.; Brenner, R.E. Crucial role of the terminal complement complex in chondrocyte death and hypertrophy
after cartilage trauma. Osteoarthr. Cartil. 2020, 28, 685-697. [CrossRef] [PubMed]

Dunkelberger, J.R.; Song, W.C. Complement and its role in innate and adaptive immune responses. Cell Res. 2010, 20, 34-50.
[CrossRef]

Heggli, I.; Teixeira, G.Q.; Iatridis, ].C.; Neidlinger-Wilke, C.; Dudli, S. The role of the complement system in disc degeneration
and Modic changes. JOR Spine 2024, 7, €1312. [CrossRef]

Daly, C.; Ghosh, P.; Jenkin, G.; Oehme, D.; Goldschlager, T. A Review of Animal Models of Intervertebral Disc Degeneration:
Pathophysiology, Regeneration, and Translation to the Clinic. Biomed. Res. Int. 2016, 2016, 5952165. [CrossRef]

Poletto, D.L.; Crowley, ].D.; Tanglay, O.; Walsh, W.R.; Pelletier, M.H. Preclinical in vivo animal models of intervertebral disc
degeneration. Part 1: A systematic review. JOR Spine 2022, 6, €1234. [CrossRef] [PubMed]


https://doi.org/10.1016/S0140-6736(15)60692-4
https://www.ncbi.nlm.nih.gov/pubmed/26063472
https://doi.org/10.1016/S0140-6736(21)00733-9
https://doi.org/10.1016/j.pain.2007.01.010
https://doi.org/10.1055/s-0037-1616581
https://doi.org/10.1097/01.brs.0000150530.48957.76
https://doi.org/10.1002/jor.24195
https://doi.org/10.1002/jsp2.1294
https://www.ncbi.nlm.nih.gov/pubmed/38156054
https://doi.org/10.1038/nrrheum.2013.160
https://www.ncbi.nlm.nih.gov/pubmed/24166242
https://doi.org/10.1097/01.brs.0000146499.97948.52
https://doi.org/10.1007/s003300000556
https://doi.org/10.5455/medarh.2019.73.421-424
https://www.ncbi.nlm.nih.gov/pubmed/32082013
https://doi.org/10.1016/j.joca.2015.03.028
https://www.ncbi.nlm.nih.gov/pubmed/25827971
https://doi.org/10.1097/00007632-200301150-00004
https://www.ncbi.nlm.nih.gov/pubmed/12544925
https://doi.org/10.1007/s00586-020-06592-4
https://www.ncbi.nlm.nih.gov/pubmed/32936402
https://doi.org/10.3390/cells12060887
https://www.ncbi.nlm.nih.gov/pubmed/36980228
https://doi.org/10.1038/nm.2543
https://www.ncbi.nlm.nih.gov/pubmed/22057346
https://doi.org/10.1016/j.joca.2020.01.004
https://www.ncbi.nlm.nih.gov/pubmed/31981738
https://doi.org/10.1038/cr.2009.139
https://doi.org/10.1002/jsp2.1312
https://doi.org/10.1155/2016/5952165
https://doi.org/10.1002/jsp2.1234
https://www.ncbi.nlm.nih.gov/pubmed/36994459

Biomedicines 2024, 12, 1692 13 of 13

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Osti, O.L.; Vernon-Roberts, B.; Fraser, R.D. 1990 Volvo Award in experimental studies. Anulus tears and intervertebral disc
degeneration. An experimental study using an animal model. Spine 1990, 15, 762-767. [CrossRef] [PubMed]

Holm, S.; Holm, A.K,; Ekstrom, L.; Karladani, A.; Hansson, T. Experimental disc degeneration due to endplate injury. J. Spinal
Disord. Tech. 2004, 17, 64-71. [CrossRef] [PubMed]

Rother, U.; Rother, K. Uber einen angeborenen Komplement-Defekt bei Kaninchen. Z. Immunitaetsforschung Exp. Ther. 1961,
121,224-232.

Riegger, ].; Joos, H.; Mohler, V.; Leucht, F; Rading, K.; Kubisch, C.; Ignatius, A.; Huber-Lang, M.; Brenner, R.E. Functional
Loss of Terminal Complement Complex Protects Rabbits from Injury-Induced Osteoarthritis on Structural and Cellular Level.
Biomolecules 2023, 13, 216. [CrossRef] [PubMed]

Tegla, C.A.; Cudrici, C.; Patel, S.; Trippe, R., III,; Rus, V.; Niculescu, F; Rus, H. Membrane attack by complement: The assembly
and biology of terminal complement complexes. Immunol. Res. 2011, 51, 45-60. [CrossRef] [PubMed]

Kwon, Y.J. A minimally invasive rabbit model of progressive and reproducible disc degeneration confirmed by radiology, gene
expression, and histology. . Korean Neurosurg. Soc. 2013, 53, 323-330. [CrossRef] [PubMed]

Masuda, K.; Aota, Y.; Muehleman, C.; Imai, Y.; Okuma, M.; Thonar, E.].; Andersson, G.B.; An, H.S. A novel rabbit model of mild,
reproducible disc degeneration by an anulus needle puncture: Correlation between the degree of disc injury and radiological and
histological appearances of disc degeneration. Spine 2005, 30, 5-14. [CrossRef] [PubMed]

Amara, U,; Rittirsch, D.; Flierl, M.; Bruckner, U.; Klos, A.; Gebhard, F; Lambris, ].D.; Huber-Lang, M. Interaction between the
coagulation and complement system. Adv. Exp. Med. Biol. 2008, 632, 71-79. [CrossRef] [PubMed] [PubMed Central]

Schmiedt, W.; Kinscherf, R.; Deigner, H.P.; Kamencic, H.; Nauen, O,; Kilo, J.; Oelert, H.; Metz, J.; Bhakdi, S. Complement C6
deficiency protects against diet-induced atherosclerosis in rabbits. Arterioscler. Thromb. Vasc. Biol. 1998, 18, 1790-1795. [CrossRef]
Ogon, I; Takebayashi, T.; Takashima, H.; Morita, T.; Terashima, Y.; Yoshimoto, M.; Yamashita, T. Imaging diagnosis for
intervertebral disc. JOR Spine 2019, 3, €1066. [CrossRef] [PubMed]

Pfirrmann, C.W.; Metzdorf, A.; Zanetti, M.; Hodler, ].; Boos, N. Magnetic resonance classification of lumbar intervertebral disc
degeneration. Spine 2001, 26, 1873-1878. [CrossRef] [PubMed]

Rim, D.C. Quantitative Pfirrmann Disc Degeneration Grading System to Overcome the Limitation of Pfirrmann Disc Degeneration
Grade. Korean J. Spine 2016, 13, 1-8. [CrossRef] [PubMed]

Viera, A].; Garrett, ]. M. Understanding interobserver agreement: The kappa statistic. Fam. Med. 2005, 37, 360-363. [PubMed]
Sheldrick, K.; Chamoli, U.; Masuda, K.; Miyazaki, S.; Kato, K.; Diwan, A.D. A novel magnetic resonance imaging postprocessing
technique for the assessment of intervertebral disc degeneration-Correlation with histological grading in a rabbit disc degeneration
model. JOR Spine 2019, 2, e1060. [CrossRef] [PubMed]

Sher, I; Daly, C.; Oehme, D.; Chandra, R.V.; Sher, M.; Ghosh, P; Smith, J.; Goldschlager, T. Novel Application of the Pfirrmann
Disc Degeneration Grading System to 9.4T MRI: Higher Reliability Compared to 3T MRI. Spine 2019, 44, E766-E773. [CrossRef]
[PubMed]

Haschtmann, D.; Stoyanov, J.V.; Gédet, P.; Ferguson, S.J. Vertebral endplate trauma induces disc cell apoptosis and promotes
organ degeneration in vitro. Eur. Spine J. 2008, 17, 289-299. [CrossRef] [PubMed]

Dudlj, S.; Ferguson, S.J.; Haschtmann, D. Severity and pattern of post-traumatic intervertebral disc degeneration depend on the
type of injury. Spine J. 2014, 14, 1256-1264. [CrossRef]

Modinger, Y.; Teixeira, G.Q.; Neidlinger-Wilke, C.; Ignatius, A. Role of the Complement System in the Response to Orthopedic
Biomaterials. Int. J. Mol. Sci. 2018, 19, 3367. [CrossRef]

Banda, N.K.; Hyatt, S.; Antonioli, A.H.; White, ].T.; Glogowska, M.; Takahashi, K.; Merkel, TJ.; Stahl, G.L.; Mueller-Ortiz, S.;
Wetsel, R.; et al. Role of C3a receptors, C5a receptors, and complement protein C6 deficiency in collagen antibody-induced
arthritis in mice. J. Immunol. 2012, 188, 1469-1478. [CrossRef]

Guo, R.E; Ward, P.A. Role of C5a in inflammatory responses. Annu. Rev. Immunol. 2005, 23, 821-852. [CrossRef] [PubMed]
O’Connell, G.D.; Vresilovic, E.J.; Elliott, D.M. Comparison of animals used in disc research to human lumbar disc geometry. Spine
2007, 32, 328-333. [CrossRef] [PubMed]

An, H.S.; Takegami, K.; Kamada, H.; Nguyen, C.M.; Thonar, E.J.-M.; Singh, K.; Andersson, G.B.; Masuda, K. Intradiscal
administration of osteogenic protein-1 increases intervertebral disc height and proteoglycan content in the nucleus pulposus in
normal adolescent rabbits. Spine 2005, 30, 25-31. [CrossRef] [PubMed]

Lei, T.; Zhang, Y.; Zhou, Q.; Luo, X.; Tang, K.; Chen, R.; Yu, C.; Quan, Z. A novel approach for the annulus needle puncture model
of intervertebral disc degeneration in rabbits. Am. J. Transl. Res. 2017, 9, 900-909. [PubMed]

Luo, T.D.; Marquez-Lara, A.; Zabarsky, Z.K.; Vines, ].B.; Mowry, K.C.; Jinnah, A.H.; Ma, X.; Berwick, B.W.; Willey, ].S.; Li, Z,;
et al. A percutaneous, minimally invasive annulus fibrosus needle puncture model of intervertebral disc degeneration in rabbits.
J. Orthop. Surg. 2018, 26, 2309499018792715. [CrossRef]

Tedesco, F.; Lachmann, PJ. The quantitation of C6 in rabbit and human sera. Clin. Exp. Immunol. 1971, 9, 359-370.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/00007632-199008010-00005
https://www.ncbi.nlm.nih.gov/pubmed/2237626
https://doi.org/10.1097/00024720-200402000-00012
https://www.ncbi.nlm.nih.gov/pubmed/14734978
https://doi.org/10.3390/biom13020216
https://www.ncbi.nlm.nih.gov/pubmed/36830586
https://doi.org/10.1007/s12026-011-8239-5
https://www.ncbi.nlm.nih.gov/pubmed/21850539
https://doi.org/10.3340/jkns.2013.53.6.323
https://www.ncbi.nlm.nih.gov/pubmed/24003365
https://doi.org/10.1097/01.brs.0000148152.04401.20
https://www.ncbi.nlm.nih.gov/pubmed/15626974
https://doi.org/10.1007/978-0-387-78952-1_6
https://www.ncbi.nlm.nih.gov/pubmed/19025115
https://www.ncbi.nlm.nih.gov/pmc/PMC2713875
https://doi.org/10.1161/01.ATV.18.11.1790
https://doi.org/10.1002/jsp2.1066
https://www.ncbi.nlm.nih.gov/pubmed/32211585
https://doi.org/10.1097/00007632-200109010-00011
https://www.ncbi.nlm.nih.gov/pubmed/11568697
https://doi.org/10.14245/kjs.2016.13.1.1
https://www.ncbi.nlm.nih.gov/pubmed/27123023
https://www.ncbi.nlm.nih.gov/pubmed/15883903
https://doi.org/10.1002/jsp2.1060
https://www.ncbi.nlm.nih.gov/pubmed/31572977
https://doi.org/10.1097/BRS.0000000000002967
https://www.ncbi.nlm.nih.gov/pubmed/31205169
https://doi.org/10.1007/s00586-007-0509-5
https://www.ncbi.nlm.nih.gov/pubmed/17929064
https://doi.org/10.1016/j.spinee.2013.07.488
https://doi.org/10.3390/ijms19113367
https://doi.org/10.4049/jimmunol.1102310
https://doi.org/10.1146/annurev.immunol.23.021704.115835
https://www.ncbi.nlm.nih.gov/pubmed/15771587
https://doi.org/10.1097/01.brs.0000253961.40910.c1
https://www.ncbi.nlm.nih.gov/pubmed/17268264
https://doi.org/10.1097/01.brs.0000148002.68656.4d
https://www.ncbi.nlm.nih.gov/pubmed/15626976
https://www.ncbi.nlm.nih.gov/pubmed/28386320
https://doi.org/10.1177/2309499018792715

	Introduction 
	Materials and Methods 
	Animals 
	Surgical Procedure 
	Post-Mortem X-ray and MRI Analyses 
	Statistics 

	Results 
	Visual Evaluation/Pfirrmann Scoring of MRI Scans Indicates a Clear Degenerative Effect of EP Drilling in IVDs of C6-Sufficient and C6-Deficient Rabbits 
	EP Drilling Can Induce a Severe Reduction in T2 Values in IVDs of C6-Sufficient and C6-Deficient Animals 
	EP Drilling Induces a Lower DHI in C6-Deficient Rabbits Compared to C6-Sufficient Rabbits 

	Discussion 
	Conclusions 
	References

