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Background: In determining the etiology of pain of discogenic origin, attention is paid to the role of neurotrophic factors,

such as brain-derived neurotrophic factor (BDNF). Considering the potential role of BDNF in the etiology of pain
during intervertebral disc degeneration (IVDD), this study aimed to assess changes in the number of BDNF-
positive nerve fibers and levels of BDNF in IVDD of the lumbosacral spine in comparison to intervertebral discs
(IVDs) of the control group (cadavers).

Material/Methods: The study group comprised 113 patients with IVDD of the lumbosacral spine. The control group consisted of
81 people (cadavers). We performed hematoxylin-eosin staining to assess IVD structures (degeneration), im-
munohistochemistry to determine the number of BDNF-positive nerve fibers, and an enzyme-linked immuno-
sorbent assay and western blot to quantify BDNF levels in IVDs.

Results: Levels of BDNF in the study group were significantly higher than in the control group (17.91+19.58 pg/mg;
P<0.05). Furthermore, BDNF levels were significantly higher in the annulus fibrosus compared to the nucleus
pulposus of the intervertebral disc (5.50+6.40 pg/mg; P<0.05). Neither the number of BDNF-positive nerves
(P=0.359) nor BDNF concentration (P=0.706) were significantly correlated with the degree of perceived pain.
The number of BDNF-positive fibers per 1 mm? was not found to differ significantly according to the radiolog-
ical degree of degeneration of the lumbosacral spine based on the Pfirrmann scale (P=0.735).

Conclusions: The level of BDNF expression may be indicative of IVD degeneration, although it does not predict the degree
of this degeneration.
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Background

Intervertebral disc degeneration (IVDD) is a complex, progres-
sive, and irreversible process in aging. Changes in disc structure
contribute to the formation of radiculopathy, myelopathy, con-
striction of the intervertebral spaces, and disc herniation and
spondylolisthesis [1]. Degeneration increases rapidly with age,
especially in men, with about 10% of 50-year-olds and 60% of
70-year-olds presenting with severely degenerated discs. Spinal
degeneration is known to progress rapidly during specific pe-
riods of human life. A recent study reported that the frequen-
cy of severe IVDD at any lumbar level significantly increases in
people in their 20s, 30s, 50s, and 70s [2]. Progressive degener-
ation decreases the pH and oxygen concentration within the
disc [3]. As a result of these changes, the development of in-
tervertebral disc (IVD) calcification is observed, leading to re-
duction in the flow of nutrients and blood within the disc [4].

The first element of the IVD to be damaged due to the above
changes is the nucleus pulposus. Due to metabolic dysregula-
tion in IVDD, catabolism exceeds anabolism, leading to fibrosis
and reduction in nucleus flexibility [5]. Fibrosis is accompanied
by a change in the composition and quantity of proteoglycans,
alongside a decrease in the number of cells resulting from
apoptosis, causing dehydration [6]. Reducing the level of hy-
dration causes deterioration of the ability to maintain correct
pressure in the disc; as a result, it bulges and loses height [7].
Due to these progressive changes, conformational changes in
elastin and collagen fibers forming the annulus fibrosus oc-
cur [8]. Old collagen fibers are denatured, and new ones are
synthesized in the early degeneration process. Enzymatic activ-
ity plays a significant role in the denaturation and breakdown
of collagen, fibronectin, and proteoglycans, with the most im-
portant being matrix metalloproteinases and cathepsins [9].

A 5-stage radiological classification system was created by
Pfirrmann to assess the severity of VD degeneration using mag-
netic resonance imaging (MRI) [10-12]. Grade 1 corresponds to
IVD, which is homogeneous with bright, hyperintense white light
intensity and normal height. In grade 2, the IVD is not homoge-
neous, but the hyperintense white signal is preserved. The nucle-
us pulposus (NP) and annulus fibrosus (AF) are clearly differen-
tiated, and the IVD height is normal. At lesion grade 3, the IVD
structure is heterogeneous, with intermittent gray signal inten-
sity; the clear differentiation between AF and NP is lost at this
stage, and the height of the IVD may be slightly reduced. Stage
4 presents an IVD that is heterogeneous, with hypointense dark
gray signal intensity. It is not possible to distinguish between AF
and NP at stage 4, and the height of the IVD is slightly to mod-
erately reduced. Stage 5 shows degenerative changes with a
heterogeneous IVD that presents with hypointense black signal
intensity. Similar to stage 4, AF and NP cannot be distinguished
at stage 5, and the disc space is collapsed [10-12].
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At the molecular level, degeneration in IVD is expressed by the
production of abnormal matrix components or by an increase in
matrix degradation mediators, such as interleukin 1 (IL-1), tumor
necrosis factor alpha (TNF-o), peroxide, nitric oxide, and matrix
metalloproteinases (MMPs), and a reduction in the concentration
of tissue inhibitors of metalloproteinases. It has been suggested
that the inflammatory process and the resulting growth of nerve
fibers into the fissures are the main causes of pain associated
with IVDD, as mechanical pressure on a healthy disc does not
cause pain compared to a disc affected by this disease [13]. In
the etiology of pain of discogenic origin, attention is paid to the
role of neurotrophic factors, which include classic neurotroph-
ins, transforming growth factors, fibroblast growth factors, in-
sulin-like growth factor, platelet-derived growth factor, neuro-
poietins, and a group of non-neuronal growth factors [14]. In a
study of protein matrices, it was found that there is an elevat-
ed level of inflammatory factors, many of which are nociceptive,
showing that degenerating and painful human IVDs release el-
evated levels of nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF; also known as ANON2 or BULN2), as
well as ex vivo inflammatory and nociceptive factors, which in-
duce neuronal plasticity and can actively diffuse, inducing neo-
nephrosis and pain in vivo [15-18]. The BDNF protein is a neu-
rotrophin synthesized in the cells of the central and peripheral
nervous systems. It plays a role in the development and growth
of neurons, memory processes, apoptosis, neurogenesis, and
neuroregeneration [19]. It belongs to the family of neurotroph-
ins (NTs), which are polypeptide growth factors [20]. Apart from
BDNF, these include neurotrophin-3 (NT-3), NT-4, NT-7, and gli-
al cell-derived neurotrophic factor, which are produced in the
brain and other tissues [21].

Importantly, BDNF activity largely depends on the availability
of other neurotrophic factors, such as NT-3 and NT-4/5, which,
similar to BDNF, show neuroregenerative effects [15,22]. The
synergistic interaction of NT-4/5 and BDNF in a cell culture of
dopaminergic neurons has been demonstrated in vitro [23,24].
These factors, acting together, contribute to the survival of
more than twice as many nerve cells as BDNF alone [23,24].
The same growth and neurotrophic factors can play an impor-
tant role in modeling and producing pain, including discogenic
pain, in the human body. For example, Maynard et al [23] con-
firmed the important role of neurotrophic factors in the induc-
tion and intensification of discogenic pain in the final, most
advanced stage of IVDD.

Expression of BDNF messenger RNA (mRNA) in the peripher-
al nervous system increases at the time of damage, both in
motor neurons and in Schwann cells located in the distal part
of the stump of the severed nerve, but it only persists for the
first few days after the damaging factor ceases [25]. BDNF also
contributes to the increased migration of macrophages and
mast cells into inflamed IVD, promoting repair processes in the
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damaged annulus fibrosus [26]. An experimental study showed
that damage to peripheral nerves induces BDNF expression at
the site of the damage, which promotes the regeneration of
damaged neurons [27]. BDNF is produced in an inactive form
called pro-BDNF, which undergoes enzymatic conversion by
plasmin and the metalloproteinases MMP-2 and MMP-9 into
a mature BDNF (mBDNF) protein [28]. Considering the poten-
tial role of BDNF in the etiology of pain during IVDD, this study
aimed to assess changes in the number of BDNF-positive nerve
fibers and levels of BDNF in the IVDD of the lumbosacral spine
in comparison to IVDs of the control group.

Material and Methods

Ethics

This study was performed according to the 2013 Declaration
of Helsinki guidelines on human experimentation. Data confi-
dentiality and patient anonymity were maintained at all times.
Patient-identifying information was deleted before the database
was analyzed. Identifying patients individually in this article or
in the database is impossible. Informed consent was obtained
from all patients. Approval from the Bioethical Committee op-
erating at the Regional Medical Chamber in Cracow (no. 162/
KBL/OIL/2021) was obtained for this study. The issue of ob-
taining postmortem material for research is regulated by the
Act of July 1, 2005, on the collection, storage, and transplan-
tation of cells, tissues and organs (Journal of Laws of 2020,
Item 2134). Article 5 of this Act is based on the construct of
opting out, which means that, as a rule, it is permitted to col-
lect tissues, cells, or organs from a human corpse unless the
person from whom the tissues, cells, or organs are to be re-
moved objected in this regard during their lifetime.

Article 5 of the Act of July 1, 2005, on the collection, storage
and transplantation of cells, tissues and organs (Journal of
Laws of 2020, Item 2134) states:

“1. If a deceased person did not express objection, when alive,
it is allowed to recover cells, tissues, or organs from such
person human cadaver for transplantation purposes.

2. A legal representative of a living minor or other person,

which doesn’t have a full legal capacity, may state an ob-
jection for such individual.

3. Minors above 16 years old may state an objection themselves.

4.The regulations of paragraph 1-3 shall not be observed in

case of recovery of cells, tissues and organs performed in
order to diagnose a cause of death and assess treatment
management during postmortem examinations.”

Information was obtained from the deceased’s family regard-
ing the type of work performed, physical activity, and use of
nonsteroidal anti-inflammatory drugs.

CLINICAL RESEARCH

Characteristics of the Study Group

The study group included 113 patients (55 women, 48.68%;
58 men, 51.32%) diagnosed by a specialist surgeon as having
symptomatic lumbosacral discopathy, which is an indication
for surgical treatment. The ages of those included in the study
ranged from 20 to 85 years, with a mean of 45.5+1.5 years.
Body mass index (BMI) was determined for all patients. BMI
in the range of 18.5-24.9 kg/m? (normal) was found in 54 pa-
tients (37 women and 17 men), BMI in the range of 25.0-29.9
kg/m? (overweight) in 42 patients (17 women and 15 men),
and BMI of over 30 kg/m? (obesity) in 17 patients (1 wom-
an and 16 men).

Before admission to the Department of Neurosurgery, all pa-
tients who qualified for the study group were referred by a
specialist doctor to the Neurosurgical Outpatient Clinic of
the 5% Military Clinical Hospital with a polyclinic in Cracow.
Surgical procedures were performed in this hospital and in
the Voivodeship Hospital in Chrzandw in 2014-2020. Patients
were allowed to choose which facility location and department
they attended according to the principles of financing health
services from public funds in Poland. Patients were recruited
to this group according to the inclusion and exclusion criteria
presented in Table 1.

Neurological Examination

All patients in the study group underwent a complete neuro-
logical examination immediately before the procedure, which
was supplemented with MRI (Signa Hde 1.5T General Electric
Medical System Ltd., Warszawa, Poland) of the lumbosacral
spine. The neurological examination consisted of an assess-
ment of muscle strength, passive movements, muscle tension
of the lower extremities, and reflexes (patellar, ankle, plantar,
Babinski sign, and Rossolimo sign). Superficial and deep sensa-
tion (Lasegue test, Fajersztajn-Krzemicki sign, and Mackiewicz
sign), gait and positioning, mobility, and pain of the lumbosa-
cral spine were also assessed.

Analysis of the Degree of IVD Degeneration by MRI

MRI of the lumbosacral of the spine examination was performed
in the SE T1, SE T1 fluid-attenuated inversion recovery, FSE T2,
and short tau inversion recovery sequences in transverse and
sagittal sections using 3-mm- and 4-mm-thick layers. For this
purpose, 2 specialists in the field of neurosurgery (R.S. and
D.G.) independently assessed the IVD using the Pfirrmann scale.

Assessment of Pain Level

Pain intensity was assessed in all patients in the study group
prior to surgery using the visual analogue scale (VAS) in the
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Table 1. Inclusion and exclusion criteria for the study group.

Inclusion criteria Exclusion criteria
Over 18 years of age Under 18 years of age
 Lumbosacral spine-isolated IVDD of a prolapse/extrusion ~ Degeneration of IVD of the lumbosacral spine of a protrusion
character determined through MRI or sequestration character determined through MRI
Discogenic pain and/or symptomatic sciatica without Previous surgical procedures due to degeneration of IVD of the

improvement after non-surgical treatment for at least 6 weeks lumbosacral spine

No other coexisting pathologies of the spine Inflammatory and autoimmune diseases

Neoplasms: metastatic tumor in the spine; lymphoma;
leukemia; spinal cord tumors; retroperitoneal tumors; primary
shaft tumors

Inflammatory diseases: inflammation of the bone elements of
the spine

Disease duration of no longer than 12 weeks Duration of disease exceeding 12 weeks or less than 6 weeks

50

H VAS
[ Pfirrmann

45

40

35

30
26

25

Number of patients

20

0 1 2 3 4 5 6 7 8 9 10

Figure 1. The number of patients declaring pain intensity in the range of 2-10 (according to the VAS) and whose radiological
advancement of degenerative changes in the IVD was in the range of 2-5 (according to the Pfirrmann scale).
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Table 2. Inclusion and exclusion criteria for the control group.

Inclusion criteria

CLINICAL RESEARCH

Exclusion criteria

Up to 45 years of age

No signs of degeneration in the collected material during
microscopic examination

No inflammatory diseases: inflammation of the bone elements
of the spine (osteomyelitis); inflammation of the IVD; epidural
empyema; shingles; arthritis; inflammatory infiltrates of the
rectum; Scheuermann’s disease; Paget’s disease

Over 45 years of age

Features of degeneration in the collected material during
microscopic examination (Hematoxylin & eosin staining)

Inflammatory disease history

form of a ruler, on which the examined person indicated the
degree of pain as a range from 0 (no pain) to 10 points (signif-
icant intense pain). The numerical value indicated by the pa-
tient on the VAS line was recorded in the database. The study
was conducted in the morning at the same time of day under
the same ambient conditions. Figure 1 shows the number of
patients at each stage of radiological change in the section
lumbosacral of the spine and each patient’s declared pain level.

Characteristics of the Control Group

The control group contained 81 people (43 women, 53% and
38 men, 47%), with a mean age of 31.5+1.5 years. IVD samples
were obtained from human cadavers during organ harvesting
within 48 h from the confirmed moment of death.

BMI in the range of 18.5-24.9 (normal) was found in 23 partic-
ipants (16 women and 17 men), 25.0-29.9 (overweight) in 40
patients (24 women and 16 men), and over 30 (obesity) in 18
participants (3 women and 15 men). Table 2 shows the inclu-
sion and exclusion criteria for the control group.

IVD Collection From the Study Group and Cadavers
(Control)

IVD samples from the study group were collected during the
microdiscectomy. The IVDs were collected using the en bloc
method. IVDs were removed from the L1/L2 segment in 18
cases (15.93%), from the L2/L3 segment in 26 cases (23%),
from the L3/L4 segment in 27 cases (23.89%), from the L4/L5
segment in 32 cases (28.32%), and from the L5/S1 segment
in 10 cases (8.86%).

The first stage of the surgical procedure was to make an inci-
sion in the skin within the segment of the lumbosacral of the
spine and to dissect the muscles adjacent to the spine. This al-
lowed the researcher to reach the right segment of the spine
and the spinal canal, known as bone access. Subsequently, the
IVD sequester that had fallen into the spinal canal was removed,

followed by the discectomy procedure (removal of the IVD).
Blood that accumulated at the surgery site was drained dur-
ing the postoperative procedure. The drainage was removed
within 24 h of the operation.

A postmortem examination was performed for the control
group after confirming donor qualification. The front surface
of the lumbosacral spine section was exposed in a manner typ-
ical of a postmortem examination. Then, the appropriate IVD
of the lumbosacral spine was removed using a flat sectional
knife. The IVD was placed in a disposable zipper bag and la-
beled with the date of collection, section number, and initials
of the donor’s name.

Due to the excellent quality of the preparations in the control
group, 2 areas were distinguished for further study: the nu-
cleus pulposus and the annulus fibrosus. IVDs were removed
from the L1/L2 segment in 12 cases (14.81%), from the L2/L3
segment in 16 cases (19.75%), from the L3/L4 segment in 18
cases (22.22%), from the L4/L5 segment in 27 cases (33.33%),
and from the L5/S1 segment in 8 cases (9.89%).

Molecular Analysis

The IVDs collected from both groups for ELISA and west-
ern blot analysis were preserved in RNAlater (Thermo Fisher
Scientific, Waltham, MA, USA; catalog number AM7020) and
stored at -80°C until the start of BDNF expression assays. For
immunofluorescence staining, the IVDs were protected using
CRYOMATRIX medium (Thermo Fisher Scientific, Waltham, MA,
USA; catalog number 6769006).

Histopathological Evaluation of IVDs From the Study and
Control Groups

All IVD samples obtained both at the time of microdiscectomy and
from the deceased were evaluated histologically using hematox-
ylin-eosin (H&E) staining on paraffin sections 5 um thick. For this
purpose, we used an H&E staining kit (Abcam, Cambridge, MA,
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USA, catalog number ab245880), which included a bluing reagent,
eosin Y solution, and hematoxylin (modified Lillie’s Mayer’s solu-
tion). First, we deparaffinized the scrap and hydrated it in deion-
ized water. Then, the entire scrap was coated with hematoxylin
(modified Lillie’s Mayer’s solution) and incubated with the reagent
for 3-5 min. Then, excess dye was removed by washing the slide
in distilled water. Next, we coated the slice with bluing reagent
and incubated it with the reagent for 10-15 s. Subsequently, the
slide was rinsed twice with distilled water. Further, the slide was
immersed in absolute alcohol (96% ethanol; POL-AURA, Dywity,
Poland; catalog number 13964800), and then the slide was cov-
ered with eosin Y reagent for 2-3 min. The slide was then rinsed
with absolute alcohol and dehydrated with increasing concen-
trations of ethanol. Evaluation of each slide was always carried
out by 2 independent investigators.

Immunofluorescent Staining of BDNF-Positive Nerve Fibers
in IVDs From the Study and Control Groups

Preparing IVDs for Immunofluorescent Staining

In the first stage, the IVDs were dehydrated for 24 h at 4°C
using a 15% and 30% sucrose gradient. After dehydration,
the IVD was frozen and embedded in a CRYOMATRIX medium
(Thermo Fisher Scientific, Waltham, MA, USA; catalog number
6769006). The obtained blocks were cut on a frosting micro-
tome (Leica Biosystems RM2235, Sydney, Australia) into sec-
tions 8- to 10-um thick, then placed on a glass slide (Polysine®
Menzel-Glaser, Thermo Fisher Scientific, Waltham, MA, USA)
and stored at -20°C.

Antibodies

For immunofluorescent staining, we used a primary rabbit an-
ti-BDNF antibody (Novus Biologicals, Centennial, CO, USA; cat-
alog number NB100-98682; dilution 1: 200).

Immunofluorescent Staining of BDNF-Positive Nerve Fibers in
IVDs

After thawing, the IVD preparations were rinsed for about 10
min in Tris buffer saline supplemented with 0.1% Tween 20
(TBST; Avantor International Ltd., Gdansk, Poland; catalog num-
ber J77500.K8), and then unspecific binding sites were blocked
by incubation of samples in blocking solution (10% goat se-
rum in TBST) for 30 min at room temperature (Thermo Fisher
Scientific, Waltham, MA, USA; catalog number 50197Z). The
preparations were then incubated for approximately 24 h in
a refrigerator at 4°C with a primary rabbit anti-BDNF antibody
solution (Novus Biologicals, Centennial, CO, USA; dilution 1:
200 in TBST). Following incubation, the samples were washed
3 times in a chilled PBS solution to remove an excess of un-
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In the third stage, the samples were treated with an anti-rabbit
secondary antibody tagged with fluorescence AlexaFluor 568
dye (Thermo Fisher Scientific, Waltham, MA, USA; dilution of
1: 500) for 2 h at room temperature in a dark chamber. Excess
of unbound secondary antibodies was washed away from the
preparation with PBS (10 min at room temperature). The re-
sulting preparations were washed 3 times for approximately 5
min with chilled PBS and then sealed in a Vectashield antifade
mounting medium (Vector Laboratories, Newark, CA, USA; cat-
alog number H-1000). The processed preparations were stored
at 4°C in the dark. A sample that did not contain the primary
rabbit anti-BDNF antibody served as a negative control in the
assay. This indicator ensured that no unspecific or autofluo-
rescence signals were present. A human Hela cervical carci-
noma cell line was used as a positive control.

Quantitative Assessment of BDNF-Positive Nerve Fibers From
the Obtained Microscopic Images

The processed specimens were analyzed under fluorescence
and confocal microscopy (Olympus, Tokyo, Japan). In the first
step of the analysis, the sections containing the highest num-
ber of nerve fibers and/or immune-positive cells were identi-
fied and archived with a camera that captured digital images
of the field of view. The labeled fibers or cells were counted
at the point of their highest concentration in the next 2 to 4
sections, for a total of 10-20 fields of view (5 fields of view
per section - center +4 circumferential, separated by 90°). Only
cells with a clearly defined nucleus were counted to avoid dou-
ble counting. The area of 1 field of view covered 0.0449 mm?2.
The final results were expressed as the arithmetic means per
1 mm? of the surface area.

Assessment of BDNF Concentration in IVDs Using the
ELISA Method

Preparing the IVDs for ELISA assay

Using a scalpel, IVD samples were cut into pieces approxi-
mately 1 mm in size, placed in a new test tube, and weighed.
The weight of the sample was determined by subtracting the
weight of the test tube from the weight of the sample in the
test tube. The samples were incubated with a solution of 4M
guanidine hydrochloride (Sigma Aldrich St. Louis, MO, USA,
catalog number G3272), 1M sodium acetate (Sigma Aldrich
St. Louis, MO, USA, catalog number S2889-250G), Triton 2%
(Sigma Aldrich St. Louis, MO, USA, catalog number X100), and
protease inhibitor cocktail (Sigma Aldrich St. Louis, MO, USA,
catalog number P8340) for 12 h at 4°C on a laboratory cradle.
The samples were then centrifuged (3000 rpm, 10 min) to ob-
tain the supernatant, which was stored at -20°C.
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Antibodies

ELISA used a combination of 2 monoclonal antibodies (mAb
BDNF-#1 and mAb BDNF -#9; Developmental Studies Hybridoma
Bank, lowa City, IA, USA) [29]. BDNF-#1 was conjugated with
biotin using sulfo-NHS-LC-Biotin (Thermo Fisher Scientific,
Waltham, MA, USA, catalog number 21435), whereas BDNF-#9
was conjugated with horseradish peroxidase (HRP) using a per-
oxidase labeling kit (Roche, Merck, Sigma Aldrich St. Louis, MO,
USA, catalog number 11829696001) according to the manu-
facturer’s protocol.

ELISA Assay Procedure

In the first step of ELISA, 200 pl of 14 pg/ml biotin-conjugat-
ed BDNF-#1, which was diluted in phosphate buffered saline
pH 7.6 (Merck, Sigma Aldrich St. Louis, MO, USA, catalog num-
ber P3744), was added to Pierce NeutrAvidin plates (Thermo
Fisher Scientific, Waltham, MA, USA; catalog number 15509),
and the samples were incubated for 2 h at room tempera-
ture. The plates were then washed 3 times with blocking buf-
fer (1% bovine serum albumin (BS); Sigma Aldrich St. Louis,
MO, USA, catalog number A2153) in PBS, followed by the ad-
dition of 150 pl of PBS.

In the next step, 50 pl of standards or diluted samples (1: 20)
were added to the plate, and the whole sample was incubat-
ed for 3 h at room temperature on a rotary shaker. The sam-
ples were then washed 3 times with PBS, and then 200 pl of
1.25 pg/ml of HRP-conjugated mAb-#9 diluted in blocking buf-
fer was added, and the samples were further incubated for
3 h on a rotary shaker. The plate was washed 3 times with
phosphate buffer, and 100 pl of BM Chemiluminescence ELISA
Substrate (buffered solution that contains luminol/4-iodophe-
nol and buffered solution that contains a stabilized form of
H,0,) (Roche, Merck, Sigma Aldrich St. Louis, MO, USA, catalog
number 11582950001) was added. An M200PRO plate read-
er (Tecan, Mannedorf, Switzerland) was used to evaluate ab-
sorbance at 540 nm. The standard was set using recombinant
BDNF (Regeneron/Amgen) diluted in blocking buffer. A sample
that did not contain the primary anti-BDNF antibody served
as a negative control in the assay. This indicator ensured that
no unspecific or autofluorescence signals were present. A hu-
man Hela cervical carcinoma cell line was used as a positive
control. All samples were analyzed in duplicate. Mean values
were used for the analysis.

Western Blotting
Preparing the IVDs for Western Blotting

The IVD samples stored in RNAlater solution were rinsed
briefly with PBS and placed in a 2.0 ml tube. Then, 500 pl of
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radioimmunoprecipitation assay buffer (RIPA; Sigma Aldrich St.
Louis, MO, USA, catalog number R0278) supplemented with
protease and phosphatase inhibitor cocktail (Sigma Aldrich St.
Louis, MO, USA, catalog number PP1010) was added. Samples
were homogenized using a hand-held rotor/stator homogeniz-
er (T18 Digital Ultra-Turrax, IKA Poland Ltd., Warsaw, Poland)
until no solid fragments were visible. Thereafter, the tubes
were placed on ice and mixed gently on a rocking plate for
1 h. Samples were centrifuged for 10 min (12000xg, +4°C) and
supernatants were collected and stored at -80°C until further
analyzed. After thawing, the total protein concentration was
estimated in the preparations using the bicinchoninic acid as-
say KIT (BCA; Thermo Fisher, Waltham, MA, USA; catalog num-
ber 23225) according to the product’s guidelines. The protein
concentrations ranged between 20 and 100 g of total pro-
tein. All protein concentration measurements were calculat-
ed using a standard curve based on bovine serum albumin
(BSA) standard solutions (involving a set of 6 standard points
-0, 250, 500, 1000, 1500, and 2000 pg/mL) (Sigma Aldrich St.
Louis, MO, USA, catalog number A9576).

Antibodies

A western blot technique was used to evaluate the precur-
sor BDNF (pro-BDNF) protein level in the IVD samples derived
from the experimental and control groups. We used a prima-
ry mouse monoclonal IgG1 x pro-BDNF antibody (Santa Cruz
Biotech, Dallas, TX, USA; molecular weight 32 kDa; catalog
number sc-65514; 1: 1000 dilution). HRP-conjugated goat an-
ti-rabbit 1gG (BioRad, Milan, Italy; catalog number 1706515;
dilution 1: 3000) was used as the secondary antibody. As an
endogenous control protein, glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH; Santa Cruz Biotech, Dallas, Texas, USA;
molecular weight 37 kDa; catalog number sc-25778; 1: 500
dilution) was used.

Western Blotting Procedure

Equal amounts of protein (20 pg) were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (POL-AURA,
Dywity, Poland; catalog number PA-03-2962-D#25G). After elec-
trophoresis, the proteins were transferred onto a polyvinyli-
dene difluoride membrane (PVDF, 0.45 pum pore size, Thermo
Fisher, Waltham, MA, USA; catalog number 88518).

The membrane was blocked using 1X Tris-buffered saline (TBS)
containing 0.1% Tween-20 (Sigma Aldrich St. Louis, MO, USA,
catalog number 91414) supplemented with 5% nonfat dry
milk powder (Merck, Sigma Aldrich St. Louis, MO, USA, cata-
log number NIST1549A). Blocking was carried out at 4°C on a
laboratory cradle overnight. Next, we added a primary mouse
monoclonal 1gG1 k pro-BDNF antibody anti-BDNF antibody
(Santa Cruz Biotech, Dallas, TX, USA; molecular weight 32 kDa;
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catalog number sc-65514) and incubated the whole thing over-
night at 4°C with gentle shaking. The next day, after washing
the membrane, incubation was performed with a secondary
antibody, horseradish-peroxidase-conjugated goat anti-rab-
bit 1gG (BioRad, Milan, Italy; catalog number 1706515; dilu-
tion 1: 3000). The optical density of each lane of the blot was
measured using Kodak MI 4.5SE software (Kodak, Rochester,
NY, USA). IVD samples to which a primary mouse monoclonal
IgG1 k pro-BDNF antibody anti-BDNF antibody was not added
were used as a negative control. A human Hela cervical car-
cinoma cell line was used as a positive control.

Statistical Analysis

The statistical analysis was performed using the Statistica
13 PL program (StatSoft, Cracow, Poland) at a statistical
significance threshold of P<0.05. The Shapiro-Wilk test was
used to analyze the data normal distribution (P>0.05). To
determine whether the observed differences in the number
of BDNF-positive fibers and BDNF concentrations between
the study and control groups were statistically significant,
Student’s t-test was performed for the independent groups.
To compare the number of BDNF-positive fibers and BDNF
concentrations in the study group according to the pain lev-
el and the Pfirrmann scale, Levene’s homogeneity of vari-
ance test was performed. Afterward, due to the fulfillment
of the test assumptions (P>0.05), a one-way analysis of vari-
ance (ANOVA). Since the result of the ANOVA analysis was
not statistically significant (P>0.05), no Tukey’s post hoc
test was performed, which would have made it possible to
determine the adjusted P value. The data are presented as
means and standard deviations (SDs), including 95% confi-
dence intervals (95% Cls).

Results

Results of the H&E Staining

H&E staining of IVDs obtained from the control group was
carried out to assess whether features of IVD degeneration
were present in the present samples, which allowed them to
be classified as controls. On the other hand, degenerated IVDs
show changes in the AP and NF structures and features of re-
duced IVD height (Figure 2).

Differences in the Number of BDNF-Positive Nerve Fibers
and BDNF Concentrations Between the Study and Control
Groups

Based on the analysis, no statistically significant differences
were found between the number of BDNF-positive fibers in the
study and control groups. On the other hand, the concentration
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Figure 2. Results of H&E staining of intervertebral disc in control
group and experimental group (x50) [own picture].
(A) Healthy intervertebral disc; (B) degeneration
intervertebral disc.

of BDNF was significantly higher in the test group compared
to the control group (P=0.010; Table 3).

Number of BDNF-Positive Nerves in IVDD and Their
Concentration Depending on Pain Level

We did not find that the number of BDNF-positive nerves dif-
fered significantly according to the degree of perceived pain
(P=0.359; one-way ANOVA test). The lowest number of nerve
fibers was found in the group of patients reporting a perceived
pain level of 6, and the highest at a level of 10. Similarly, the
concentration of BDNF in the IVD was not shown to be corre-
lated with the severity of pain in the study group (P=0.706;
one-way ANOVA). The highest concentration of BDNF was
found at level 4 pain intensity, and the lowest was found for
patients who rated pain intensity at levels 2 or 3. The detailed
results of the number of BDNF-positive fibers and their con-
centrations, based on pain intensity, are presented in Table 4.

Analysis of the Number of BDNF-Positive Nerves and BDNF
Concentrations in IVDD, Depending on the Value of the
Pfirrmann Scale

The number of BDNF-positive fibers per 1 mm? and their con-
centration were not found to differ significantly according to
the Pfirrmann scale (P=0.735 and 0.989, respectively; ANOVA
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Table 3. Number of BDNF-positive fibers/1 mm? and their concentration in the study and control group.

BDNF-positive Study group
AL e MeanSD 95% CI
Number/1 mm? 58.99+215.82 0, 130.95
Concentration [pg/mg] 17.91+£19.58 7.48, 28.34

3.17+20.88 1.16, 5.17

BDNF — brain-derived neurotrophic factor; 95% Cl — 95% confidence interval; SD — standard deviation; p-value obtained by Student’s

t-test.

Table 4. Number of BDNF-positive fibers/1 mm? and their concentration according to pain intensity.

Number of BDNF-positive
nerve fibers/1 mm?

Degree of pain

Concentration of BDNF

intensity
MeantSD 95% Cl
2 0 =
""""""""" 3 222743858 011810
B o .
""""""""" 5 389747795 016001
""""""""" 6 44541409 5621453
""""""""" 7 11182227 04658
""""""""" 8 22843639 04829
""""""""" s 0 -
"""""""" 10 7795:11023  0,106841

[pg/mg]
O =
,,,,,,,,,,,,,, N
""" 335263240  0,8508
"""" 095:482 0981789
0359 205841245 077,4039 0.706
"""" 889:5.03 1221509
"""" 7524459 01891
""" 2608:1565 4992312
"""" 268+134 190,409

BDNF — brain-derived neurotrophic factor; 95% Cl — 95% confidence interval; SD — standard deviation; p-value obtained by one-way

ANOVA.

variance analysis). The lowest BDNF concentration was record-
ed for the fifth degree of radiological advancement, whereas
the highest was noted for the third degree of radiological de-
generation (P=0.989). Detailed results on the number of BDNF-
positive fibers and their concentration depending on the radio-
logical degree of change are presented in Table 5.

Evaluation of the Concentration of BDNF in the Nucleus
Pulposus and the Annulus Fibrosus in Human Cadaver IVD

Due to the excellent quality of the IVD samples obtained from
the control group, it was possible to compare the concentra-
tions of BDNF in the nucleus pulposus and the annulus fibro-
sus. A significantly higher concentration of BDNF was found
in the annulus fibrosus compared to the nucleus pulposus
(P<0.001; Student’s t-test; Table 6).

The Results of the Western Blot Analysis

Based on the obtained electropherograms, we confirmed the
specificity of the antibodies used, as the molecular weight of

the tagged proteins (GAPDH and pro-BDNF) matched the mo-
lecular weight specified by the antibody manufacturers (37
kDa and 32 kDa, respectively), and the presence of only 1
band for each protein was confirmed. In addition, the expres-
sion of GAPDH was constant in all samples tested; thus, this
protein met the assumptions of endogenous control (overlay
control). Pro-BDNF expression was noted in the control IVD-
and in AP and NP. However, in degenerated IVDs, the highest
expression of pro-BDNF was found when degenerative chang-
es were advanced to levels 2 and 3 according to the Pfirrmann
scale (Figure 3).

Discussion

Our analysis showed no statistically significant differences in
the number of BDNF-positive nerve fibers in the degenerated
IVDs compared to the IVDs collected from the control group.
There were also no statistically significant differences between
the number of BDNF-positive nerve fibers, the degree of radio-
logical advancement of degenerative changes, or the severity
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Table 5. Number of BDNF-positive fibers/1 mm? and their concentrations according to the Pfirrmann scale obtained by
immunofluorescence staining.

Degree of Number of BDNF-positive Concentration of BDNF
radiological nerve fibers/1 mm? [pg/mg]
degeneration

5 0 - 14.34+15.09 0, 149.95

BDNF — brain-derived neurotrophic factor; 95% Cl — 95% confidence interval; SD — standard deviation; p-value obtained by one-way
ANOVA.

Table 6. Changes in the concentration of BDNF in annulus fibrosus and nucleus pulposus in the control group.

Concentration of BDNF [pg/mg]
Region of the IVD

MeanxSD
Annulus fibrosus 5.50+6.40 2.05, 8.95
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 0.010
Nucleus pulposus 0.55+2.08 0, 8.95

BDNF — brain-derived neurotrophic factor; 95% Cl — 95% confidence interval; SD — standard deviation; p-value determined by
Student’s t-test.

GAPDH BDNF

Annulus  Nucleus Annulus  Nucleus
Weight Control P2 P3 P4 P5 fibrosus  pulposus | Control P2 P3 P4 P5 fibrosus  pulposus

250kDa =
150kDa =
100kDa =
75kDa =
50kDa e
i — | |- - | o——
25kDa ==
20kDa =
15kDa =

10kDa ==

Figure 3. Expression of pro-BDNF in IVD obtained from the study and control groups, and annulus fibrosus, and nucleus pulposus from
the control group obtained via the western blot technique. P — stage of radiological advancement of changes according to
the Pfirrmann scale.
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of pain. The results indicate an increasing trend in both the
number of nerve fibers and the concentration of BDNF with
the progression of the degeneration process in IVDD, but only
to a certain stage, at which it seems that the intercellular ma-
trix still allows biochemical processes to take place. Therefore,
the highest concentration of BDNF was recorded in the inter-
mediate stages of radiological degeneration of the lumbosa-
cral spine but not in the most advanced fifth stage.

Wilhelm et al confirmed the importance of BDNF in promoting
the growth of peripheral nerves [30]. They showed that the ad-
ministration of exogenous BDNF to the site of peripheral nerve
damage in mice increased axon regeneration compared to mice
that did not receive BDNF. Further, the inhibition of BDNF ex-
pression in the distal stump of the severed nerve did not affect
the number of regenerating axons in its proximal segment [30].
By contrast, experimental studies in a rat model have shown
that the administration of an anti-BDNF antibody to the site
of nerve damage inhibits the proliferation of connective tissue
and collagen fibers at the damaged area but does not suppress
regeneration of damaged axons, which results in the inhibi-
tion of neuroblastoma formation [29,30]. The possibility of re-
generation of peripheral nerves highlights the potential use of
BDNF in supporting the treatment of peripheral nervous sys-
tem damage. An experimental study confirmed that the use of
combined therapy consisting of the simultaneous administra-
tion of 2 neurotrophic factors — BDNF and ciliary neurotroph-
ic factor (CNTF) - led to increased efficiency in restoring the
function of the damaged sciatic nerve in an experimental rat
model compared to the use of either neurotrophin alone [31].

Depending on the location and extent of the damage to the
nervous system, BDNF plays a different role. It supports neu-
ronal growth, survival, and neurogenesis; can initiate compen-
satory processes that mitigate the harmful effects of injury,
disease, or stress; and is involved in several trauma-induced
maladaptive processes, including inflammatory or neuropathic
pain [32]. In an experiment conducted on mice, Orita et al [33]
showed that a BDNF-neutralizing antibody administered to
damaged IVD using repeated injections significantly reduced
the number of calcitonin gene-related peptide (CGRP)-positive
neurons in the dorsal ganglia. Their results indicated a pos-
sible cause-and-effect relationship between the locally in-
creased production of BDNF and the pathophysiology of dis-
cogenic pain. Henry et al [34] also emphasized the significant
role of BDNF in the initiation and development of spine pain,
linking the increase in BDNF concentration in the degenerat-
ing human disc with a preceding increase in the concentra-
tion of some pro-inflammatory cytokines, such as IL-1p and
vascular endothelial growth factor (VEGF).

Khan et al [35] discussed the importance of searching for new
biochemical markers to verify the severity of pain in the lumbar
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region, emphasizing the potential role of BDNF in this regard.
Such analyses are important because they contribute to the
development of personalized spine medicine and treatment.
Kartha et al [36] conducted studies on the influence of vibra-
tion on the expression of BDNF and NGF in the IVDs of labora-
tory animals. They noted a several-fold increase in BDNF mRNA
in discs damaged by vibration, which correlated with the se-
verity of pain. Lee et al [37] conducted a study on a group of
25 patients with MRI-confirmed IVD of the lumbosacral spine
in which they assessed the presence of BDNF. The presence
of BDNF was found in 24 out of 25 degenerative human discs.

The results of our research turned out to be inconclusive. In
this study, the concentration of BDNF in normal IVDs was sig-
nificantly lower in women than in men. Additionally, the pres-
ence of this neurotrophic factor was not found at all in the
area of the nucleus pulposus. However, the findings demon-
strated the presence of a significantly higher concentration
of BDNF within the annulus fibrosus than within the nucleus
pulposus of healthy IVDs, which in itself is an interesting re-
sult. Fremont et al [38] examined the human IVDs of the lum-
bosacral spine obtained during lumbar microdiscectomy in a
group of people with and without pain (as well as in a control
group of discs obtained from human cadavers). They found
that the penetration of free nerve endings into the deeper lay-
ers of human IVDs was demonstrated in the group of patients
with pain symptoms compared to patients without pain symp-
toms and the control group.

One of limitations of our study is highlighted by the neuronal
distribution of BDNF, which is not only limited to the cytosol
where it is formed, but is also found in the vicinity of den-
dritic spines [16]. Further, various forms of BDNF are associ-
ated with particular stages of its production, such as precur-
sor BDNF (pro-BDNF) or mature BDNF (mBDNF), which may
not have been detectable by the antibodies we used. This lim-
itation is further complicated by the fact that the BDNF gene
contains as many as 11 exons and promoter sequences, which
are switched on depending on the location and origin of indi-
vidual cell types, allowing for the formation of many different
transcripts. The regulation of the transcription of neurotroph-
ic factors is, therefore, a complex and not yet fully understood
process [39,40]. Further steps in the expression of the BDNF
gene, such as at the mRNA polyadenylation site and modifica-
tions to the BDNF precursor protein, are also important in the
formation of mature BDNF (mBDNF) protein [41,42].

Notably, the storage of IVD samples under low temperature
did not affect the detection of BDNF-positive nerve fibers and
assessment of BDNF levels in the samples. Indeed, appropri-
ate cryoprotectants (Cryomatrix) and RNAlater stabilizing so-
lution were used, which, according to the manufacturer’s rec-
ommendation, are suitable for preserving tissue material for
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RNA and protein analyses [43]. Positive and negative controls
were appropriately included in each of the analyses to exclude
false positives and false negatives. Probably also relevant is
the fact that IVDs for the control group were collected post-
mortem. However, low temperature is a protective factor for
biological material, and is routinely used in molecular biology.
Zhang et al pointed out that the degenerative process with-
in the IVD is the cause of the death of IVD-forming cells [41],
thus depleting the pool of cells from which proteins can be
extracted. There is also no way other than postmortem to ob-
tain IVDs for the control group, and such a solution has al-
ready been described by other authors [42,44].

Nonetheless, the results we obtained are valuable and have
clinical relevance. Indeed, we have shown that, in general, BDNF
expression is higher in degenerative IVDs than in controls, but
its concentration is not proportional to the severity of pain as
determined by the patient’s VAS scale or the severity of de-
generative changes on the Pfirrmann scale. At the same time,
it should be remembered that the radiological classification
of IVD degeneration on the Pfirrmann scale does not fully re-
flect the patient’s clinical condition. Thus, although IVD de-
generative lesions were assigned a certain radiological grade,
the patient’s condition and reported problems differed from
those typical of the degree of degeneration. Thus, BDNF is a
neurotrophic factor whose level of expression is indicative of
IVD degeneration, without determining the degree of this de-
generation. Perhaps increasing the number of individual sub-
groups would allow correlations between BDNF expression
and IVD degenerative changes to be observed. Of course, fur-
ther experiments are required. It would be important to deter-
mine the concentration of BDNF not only at the protein level
but also at the mRNA transcriptome and micro-RNA levels. In
doing so, the role of epigenetic mechanisms in the expression
regulation of the gene that encodes BDNF protein could be as-
sessed. Moreover, conducting a microarray experiment would
allow for the selection of genes, signaling pathways, and cel-
lular processes important for the degeneration of IVDs. A valu-
able supplement to these observations would be to study the
frequency of polymorphic variants of the BDNF gene or to con-
duct next-generation sequencing (NGS), especially because in
the case of some samples, no evidence of BDNF-positive nerve
fibers or protein concentration in IVDs was found. The next
step in the analysis could be to perform immunohistochem-
ical staining to detect specific degenerated and healthy IVD
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proteins. It is also important to determine other neurotroph-
ic factors and their relationships in the pathogenesis of IVDD.

Further research is required, as the available scientific reports
indicate a significant role for BDNF in the etiology of discogen-
ic spine pain. Moreover, in the next research stage, it will be
essential to better understand the occurrence of discogenic
pain to determine the concentration of other local factors re-
lated to the described phenomenon.

Conclusions

The analysis of the results of the presented research and our
own experience allows us to conclude that the intensity of dis-
cogenic pain may be influenced by both the depth of invasion
that individual nerve fibers reach in IVDD, which is subject to
much greater axial compressive forces compared to healthy discs,
and the phenomenon of the so-called sprouting of regenerat-
ing nerve fibers. The latter is intensified by the action of certain
neurotrophic factors, which support the formation of a denser
network of free nerve endings, located mainly in the peripher-
al areas of the human IVD. Thus, BDNF is a neurotrophic fac-
tor whose level of expression is indicative of IVD degeneration,
although it does not predict the degree of this degeneration.
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