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Bone hypertrophy and reduced quality after nucleus pulposus
aspiration induces low back pain-like behavior and neuronal

hyperexcitability
Eul Ho Park2* and Junesun Kimbc*

Objective There has been less explanation for whether
lumbar disc injury, particularly through puncture and
nucleus pulposus (NP) aspiration, can influence chronic
low back pain (LBP). We aim to investigate whether
intradiscal injury modifies spine structure and contributes
to behavioral alteration and peripheral neuronal
hyperexcitability in a rat model.

Methods Male Sprague-Dawley rats (n = 50) were
subjected to lumbar disc (L4/5 and L5/6) puncture with
nucleus pulposus aspiration (PUNCT) or sham surgery.
Nociceptive processing was investigated through
behavioral tests [dynamic weight bearing (DWB) and
hindpaw withdrawal threshold], electrophysiological
recordings of mechanosensitive single afferent nerves
(MSAN), and calcium imaging of Dil-labeled dorsal

root ganglion (DRG) neurons in response to capsaicin.
Expression levels of nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF) in the disc and
subchondral bone were quantified, and bone structure
was assessed using ex vivo micro-computed tomography
(uCT).

Results The PUNCT group displayed significant
behavioral changes, including increased forelimb
dependency in DWB and decreased hindpaw withdrawal
thresholds. Electrophysiological data indicated MSAN
hyperexcitability with a reduced threshold to intradiscal
pressure, and calcium imaging revealed heightened

Introduction

Low back pain (LBP) is a prevalent musculoskeletal
disorder globally. Among its etiologies, degenerative
changes in the intervertebral discs (IVDs) are recognized
as a primary contributor to LBP [1]. Disc degeneration
can lead to disc bulging or herniation, which mechani-
cally compresses adjacent spinal nerves or spinal cord,
thereby generating pain signals. Moreover, extrusion
of the nucleus pulposus (NP) onto surrounding tissues
triggers immune cells infiltration and elevates levels of
cytokines and neurotrophins. This inflammatory cascade
activates nociceptive nerve fibers and promotes their
ingrowth into the degenerated disc, amplifying pain
transmission.
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capsaicin (1 pM)-induced calcium influx in Dil-labeled
DRG neurons from the PUNCT group. NGF and BDNF
expression significantly increased in both the disc and
subchondral bone of the PUNCT group. uCT analysis
revealed hypertrophic bone volume, diminished trabecular
bone quality, and localized bone erosion in the PUNCT

group.

Conclusion Intradiscal injury caused by puncture and
NP aspiration induces spinal structural remodeling and
peripheral neuronal sensitization, contributing to chronic
LBP. NeuroReport 37: 86—-94 Copyright © 2025 Wolters
Kluwer Health, Inc. All rights reserved.
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Disc degeneration using needle puncture has been uti-
lized to understand the pathological process underlying
LLBP. The absence of NP appears to exacerbate lumbar
spine instability and triggers a pathological interplay
between disc and subchondral bone. In-vitro studies
in humans demonstrated that NP removal alters spinal
biomechanics by decreasing its ability to resist axial and
shear forces [2,3]. In rodent models, NP removal leads
to severe disc degeneration, accompanied by osteo-
phyte formation, increased inflammatory mediators, and
robust LBP-like behavior [4]. Micro-computed tomogra-
phy (pCT) imaging has further reported that trabecular
bone quality deteriorates and the subchondral endplate
becomes sclerotic as disc degeneration progresses [5,6].
Therefore, these structural changes of lumbar disc abnor-
mally redistribute mechanical loads, potentially driving
pathological bone remodeling — characterized by sclerosis
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and aberrant sensory innervation [7] — that exacerbates
pain.

LBP is strongly attributed to abnormal neuronal ingrowth
and sensitization in degenerated spinal tissues. Nerve
growth factor (NGF) plays a pivotal role in peripheral
sensitization by activating nociceptors at nerve termi-
nals or dorsal root ganglion (DRG) cell bodies, particu-
larly in inflammatory or degenerative states. In addition,
intraperitoneal and intrathecal administration of NGF
induced brain-derived neurotrophic factor (BDNF)
expression in TrkA-expressing DRG neurons in rats [8].
Patients with severe disc degeneration exhibit upreg-
ulated NGF-TrkA and BDNF-TrkB receptor expres-
sion, along with increased angiogenesis and neuronal
sprouting within disc tissue [9,10]. These NGF-/BDNF-
dependent molecular changes underscore the transition
from acute to persistent LBP.

Nevertheless, the precise relationship between severe
disc degeneration, subchondral bone pathology, and their
combined contribution to LLBP remains inadequately
understood. Here, we aim to investigate how the absence
of NP in the puncture with nucleus pulposus aspiration
(PUNCT) model influences the degenerative process
in the lumbar disc and subchondral bone, and whether
these morphometric alterations contribute to LBP. Our
previous findings revealed that afferent nerve fibers
innervating the rat lumbar disc become hypersensitive to
intradiscal pressure following PUNCT [11]. In the cur-
rent study, we intend to elucidate the degenerated spine
structure underlying chronic LBP using a combined eval-
uation of behavioral assessments, pC'T' imaging, western
blotting, /72 vive electrophysiology, and calcium imaging.

Method

Animals

Male Sprague—-Dawley rats (Orient Bio, South Korea;
10 weeks, 350-400g) were housed in a temperature-
and light-controlled room (22-25 °C, 12 hours light/
dark cycle). Food and water were available ad libitum.
All animal use procedures were conducted according

to the guidelines of Institutional Animal Care and Use
Committee at Korea University (KOREA-2021-0012-C2).

Animal model with disc puncture/nucleus pulposus
aspiration

Rats (total » =50, Table 1) were anesthetized with a
mixture of alfaxalone (10 mg/kg) and medetomidine
(0.5 mg/kg), and a midline ventral longitudinal incision
was made. For the mechanical injury model with com-
plete removal of NP, two-level lumbar 4/5 (1.4/5) and
5/6 (1.5/6) discs were punctured, and the nucleus pul-
posus was aspirated (PUNC'T) through a 22-gauge nee-
dle and tubing connected to a suction pump (CW-300,
CHANGWOQO, South Korea), which generated negative
pressure (=760 mmHg). Muscles and skin margins were

sutured with 6-0 and 5-0 silk. Sham-surgery group under-
went the same surgical procedures, except for the disc
puncture step.

Experimental design
Our experimental design is included in Table 1.

Ex vivo micro-computed tomography

For scan and reconstruction, the animals were scanned
before and 14-28-42 days after the surgery. The field of
view included both surgery sites: [.4/5 and 1.5/6 disc.
SkyScan1176 pCT (Bruker, Kontich, Belgium) was
used. The prepared spine samples and the phantom set
(8 mm diameter) were scanned. The image pixel size
was 18 pm, the filter option was copper 0.1 mm, and
the applied voltage was 90 kV. The scanned projection
image datasets were reconstructed in NRecon (Bruker).
The dynamic range was 0-0.025, the ring artifact correc-
tion was 9, and the beam hardening correction was 30%.
The reconstructed cross-section datasets were reori-
ented and analyzed in Dataviewer and CT Analyzer
(Bruker).

For ex-vivo data analysis, Volume of interest for the tra-
becular bone of L5 spine was determined. Ten param-
eters, including bone mineral density (BMD), tissue
volume ('TV), bone volume (BV), percent bone volume
(BV/TV), trabecular thickness (Tb.Th), trabecular num-
ber (Tb.N), trabecular pattern factor ('T'b.Pf), trabecular
separation ('T'b.Sp), connectivity (Conn), and connectiv-
ity density (Conn.Dn), were measured in the volume of
interest [12].

Western blotting

Lumbar discs (4/5 and 5/6) and subchondral bones
(L4-6) were frozen using liquid nitrogen, ground into
a powder, and homogenized in radioimmunoprecipi-
tation assay buffer supplemented with a 50x protease
inhibitor cocktail. The supernatant was collected after
incubation in lysis buffer with vortexing every 10 min
for 30 min and centrifugation at 13 000 rpm for 10 min
at 4 °C. Protein concentration was determined using
the Bicinchoninic acid Assay Kit (BioVision, Milpitas,
California, USA). Each protein sample was denatured
by boiling at 100 °C for 5 min and separated by 10%
SDS-PAGE. Proteins were transferred to a nitrocellu-
lose membrane (Millipore, Burlington, Massachusetts,
USA) for 90 min using a constant 80 V and then blocked
in tris-buffered saline with tween 20 with 5% skim milk
solution for 1 hour at room temperature. After blocking,
the membranes were incubated with antibodies against
NGF (1:500, Abcam, Cambridge, Massachusetts,
USA), BDNF (1:500, Invitrogen, California, USA), or
B-actin (1: 1,000, Abcam) for overnight. The relative
amounts of proteins were normalized to -actin in each
sample.



2
7 No
port 2026, Vol 3

Re

Neuro

88

iscs , e
rtebral dis f alfaxalon
interve ixture o a mid-
rin tu a
lumba ith a2 mix Kk ) and ine
labeling "°mhetized Vg.t ¢ (0.5 mg/dg in the Suj)l a
Dil-la anest midin made d under
ere edeto ision was ose L)
ats w dm : incisio exp .
R /kg) an itudinal in iscs wel‘e. fDil (2 p
(10 mg longitu 5/6 dises tion o
. ntral lo Sand LL inistra
Lo line ve The L4/ discal adm
? o & P = position. and intra ed
o ~ o o ) c, med.
PlE3E B 8 was cautiously perfor injection),
Ll o2 B cautiously Dil inject
[ was R er - Sioma-
imaging days aft /kg; Sig ]
i 5
0 Ca2+ ry (3 250 mg/ke ht lum
g - Intracellular fter the Surg.eh urethaneé leftand rig iated
3 n s after th d wit n issoc
< 8 day tize i, USA), a The d ircular
On2 esthe issouri, led. circu
o ¢ anesth Misso . amp mm i-
g wer is dly s 12 abi
g rats St. Louis, api nto 12 d st
o° . t. rer ded o e an
o rich, -4) we en -lysin ture
Q Ald RG (L1-4) ere SuSP. h Poly-D-ly dium cul p
" bar D f DRG w ted wit e mediu h Fura-
gl - eurons o lips pre-coa odified .eagloaded it urons
0 n COvVerslips becco's m r belng DRG ne m
® - glaSS in the Dul 37 DC) Afte 30 min)’ ion (340 n
. n : itati 1
A 1126(;1' @ hoursit Invitfoger}’] dual eXCltagen)‘lab@hng
® 1a tia itro nm
HE AM. (1 pl1 ed by 55, and Dil (In-VItion» 605/551ine
> A itore s), an excita base .
o] 1% - were mon ; every 5 8/25 nm of xposed to aSt Louis,
HE o oo Mot (o4 caicin (Sinma Aldrich, M poas-
3 50 1 neurons Sigma- 50m -
o ® . as alsc DRG cin (Sig and neu
o c was also n). sai 5s), a DRG .
gl - § issio M capsaic d (10 ized ithin
3 2 m -size hi
s .g of elOd (70 S)’ lirlllterval pc;rl(())nly small sanalyzed W:it()l’l
3 per an <20 s). were ilization.
% - 2 USA’ 20 S)"de (Kcl’ 2 han 20 um) ion and stab
- : um chloride (O 2 issociati
~ o stum ro f dis
o lamete 3ses O
e - 2 rons (dla frer process discs
= B hours a bar
_ i . um
2 a 8 § 10 record|ng 'nnervatlng 1 g/kg) were
3 2 e si 0m ivity.
o° » erv fiber 25 tivity.
- ingle n rve ne, al ac
T g s In vivo s".lgafferf:nt nfesia (Ufethading neuf(f’n‘;le mech-
T £ g nomi anest recor or t ded
£5 to a r ikes/s
g 2 2 Au ts under. le fiber fO. al SplkeS/ )) was reCof H
g 53 of rars unde -quency (maxim ime histogrom (PSTHL,
s 5 ased i uency t nerve ( histogr ined
T 19) te . freq ren c term
s £ 4z The firing inele afferent nen cshold was de discal
g 3 T 8 itive s s 0 tra
T 2 e 572 1tive . ost hres H In
£ 4 E g sens ) toap Nt imulation. 70-s
= L ano din SA ula 5
S s Bt R v rera s 00-2500 o solumes
£ 8 . ) \¢ A
HER 2 |f <8 bin width o firings 00-1500-200 ansion of V:s—ga“ge
E| § £ 5 2 %3 t least ¢ -500-10 ugh exp witha 2
5| & as a 100 thro ng
gl 2 g o - 8o a re ( rated . ia tubi
< [o2}
& 3 3 3 £ e pressu 1) was gene 4/5 disc v
g28 S s 5@ 1) s generat
>0 5] 5 2 interv . lum
2E2 s |§ e and applied o al
ESS R s B e and ap ithdraw
SES ¢ e} g oz dle. indpaw wi .
. g £ c £ F g nee d hindp 0-min
3% ¢ 5 : 22 aring an dling (3
see 5 g S 3E ight be han 1 day
3.2 32 2 @ 58 - eig . ter R rat)
&S 3 5 = 5} 2 mic wi rimen per ioht
Bic 8 3 o3 Dyna expe 30-min per r weig
muw s P K 5 9 hold . ted to . ent ( namic n
85 T %< thres habituat lequipm t. For dy betwee
@ \EE o 3 £ Rats Wered behaviora easuremend' differencc; veraged
B 5 o0 £ ] an m * a a ;
g s ¥ £ .l‘:So per rat) eline (pre) weight lo (hind_for@;1 crossing
£E5 38 SsgE before bisi)WB)’ the d fore limbs d average ure the
S c e . . . an cas
zx 2FE & ng d an ht), To m ies of
& 2558 bearing d hin fe-rig 11]. eries
§e5% average limbs (le lyzed [1 awal, a s ale,
5 g ©® 5283 the d left was ana w withdr Wood D h
S, 2 Segx ight an f rats indpa lting, esh-
ES 5 EESS ng °r0ss) o for hi Stoe al thr
z c T lgiEs fimbs (cros thfeShOl?o pei e o Wi‘hdravgdure’ and
Q.= 1 . C
5’ 5 § © o % (% % OC) mechan ﬁlaments I]Cd The dOWn pl’O COndS.
a9 S 3 2825 FreY as app R he up- ral se
5|5° 3 SEER von A) wa ngt fseve
=2 ¢ 0 3 3 cE H inois, US ined usi intervals o
5 0 @00 E5% 8 Illinos, determin datinte
t & ® © © © E _g 8 < Id was de csente
E|£% & 285 ¢ © li were pr
= | 3 © |(3 % s T w Stimu !
= £E> = S L e zZ
2 582 5 137
ul SR 22255
oz 2255552sE
o 21 2 ono
r ol »
©
-



Bone hypertrophy and neuronal hyperexcitability after nucleus pulpous Park and Kim 89

Fig. 1
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Low back pain-like behavior after PUNCT of lumbar disc. (a) Schematic illustration of the PUNCT procedure targeting lumbar discs at L4-5
and L5-6 using a 22-gauge needle to disc degeneration. (b—d) Time-course of DWB difference over 42 days post-PUNCT, comparing hindlimbs
vs. forelimbs (Hind-Fore), left limbs vs.right limbs (Left-Right), and diagonal limbs (Cross) between PUNCT (n = 8) and Sham (n = 6) groups. (e,f)
Time-course changes of withdrawal thresholds in left and right hindpaws over 42 days post-PUNCT (g—i) AUC analyses for DWB parameters (Hind-
Fore, Left-Right, and Cross) and hindpaw mechanical withdrawal thresholds, quantifying cumulative differences over 42 days. Data represent mean
+ 95% CI, and P values were determined using Mann—Whitney U test. AUC, Area under the curve; Cl, confidence interval; DWB, dynamic weight

bearing; PUNCT, puncture and nucleus pulposus aspiration.

Statistical analysis

Data were expressed as means with 95% confidence
interval (CI) or median with interquartile range (IQR)
and evaluated using SPSS software version 26 (IBM
corp., Armonk, New York, USA). Parametric or nonpar-
ametric statistics analysis of data was used depending
on the pass of normal distribution testing. Differences
between experimental conditions were considered statis-
tically significant when P < 0.05.

Results

PUNCT of the lumbar disc induces pain-like behav-
ior. Figure 1a shows the establishment of the PUNCT
model. DWB and hindpaw withdrawal threshold were
evaluated from presurgery to 42 days post-PUNCT.
Figure 1b—f shows the time-course analysis of behavioral
alterations, indicating a shift towards forelimb-dependent
weight bearing and reduced hindpaw withdrawal thresh-
olds following PUNCT-induced disc degeneration.
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Fig. 2
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Hyperexcitabilities of MSAN and enhanced TrpV1-mediated calcium influx of DRG neurons after PUNCT. (a) Representative electrophysiolog-
ical recordings of single MSAN firings response to graded intradiscal pressures (100-2500 mmHg) 28 days post-PUNCT. (b) In vivo electrophys-
iology experimental setup. (c,d) Pressure-response curve and corresponding AUC of peak firing rates for MSAN in PUNCT (nerve/animal; n = 8/8)
and sham (n=28/8) group. (e) Pressure thresholds to elicit MSAN firings. (f) Representative images of bright field microscopy, Dil-labeling (red),
and Fura-2AM calcium imaging (blue/green). (g,h) Normalized calcium influx traces (340/380 ratio) and peak values in response to 1 pM capsaicin
application in Dil-labeled DRG neurons from Sham (neuron/animal; n = 55/5) and PUNCT (n = 37/5) groups. Data represent mean + 95% Cl, and
P values were determined using Mann—Whitney U test. AUC, area under the curve; DRG, dorsal root ganglia; MSAN, mechanosensitive afferent

nerve; TrpV1, transient receptor potential vanilloid 1; PUNCT, puncture with nucleus pulposus aspiration.
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Fig. 3
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Morphometric alterations of bone structure following PUNCT. (a,b) Representative ex-vivo uCT images of lumbar 5 vertebrae, displaying BMD
(a) and trabecular thickness (Tb.Th; B) 42 days post-PUNCT. (c-I) Quantitative uCT analysis of BMD, tissue volume (TV), bone volume (BV), per-
cent bone volume (BV/TV), Tb.Th, trabecular pattern factor (Tb.Pf), trabecular number (Tb.N), trabecular separation (Tb.Sp), connectivity (Conn),
and connectivity density (Conn.Dn) between PUNCT (n=8) and sham (n = 6). Data represent mean + 95% CI, and P values were determined
using Mann—Whitney U test. BMD, bone mineral density; Cl, confidence interval; PUNCT, puncture with nucleus pulposus aspiration; pCT, micro-

computed tomography.

Typically, rats walk with a hindlimb-dependent weight
load (Hind-Fore) of 10-12%. Following PUNCT, a
forelimb-dependentload (Hind-Fore: 4-5%) is expressed,
accompanied by a decrease in hindpaw withdrawal
thresholds. Figure 1g shows a significant reduction of
area under the curve (AUC) for hind-fore (P = 0.00066)
in the PUNCT group compared to the sham group, but
no significant changes in left-right or cross, indicating
chronic LBP-like behavior. In addition, Figure 1h,i elic-
its significant decreases in both left and right hindpaw
withdrawal (AUC, all P = 0.00066) of PUNCT compared
with the sham group, indicating increased sensitivity to
mechanical stimuli.

PUNCT induces hyperexcitability of mechanosensitive
afferent nerve fibers and increases in transient receptor
potential vanilloid 1 (‘TrpV1)-mediated calcium influx of

DRG neurons. We examined the mechanosensitivity of
afferent nerve fibers innervating disc tissue in response
to intradiscal pressure 28 days post-PUNCT (Fig.2).
Figure 2a provides representative electrophysiologi-
cal data, illustrating that intradiscal pressures evoked
firing of MSAN. Figure 2¢ shows hyperexcitability in
these nerve fibers of the PUNCT group in response to
intradiscal pressure (100-2500 mmHg). Compared with
the sham group, the PUNCT group exhibited a signif-
icant increase in peak MSAN firing frequency (AUC,
P =0.000606; Fig. 2d) and a significant decrease in firing
threshold [mmHg, 763 (CI, 277-1248) vs. 1688 (CI, 1099—
2276), P = 0.0124; Fig. 2e].

"To further validate the sensitization of afferent neurons
innervating the degenerated disc, we examined calcium
imaging. Figure 2f illustrates the experimental setup for
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Fig. 4
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The upregulation of NGF and BDNF expression after PUNCT. (a,b)
Representative western blotting images of NGF and BDNF protein
expression in lumbar disc (L4/5 and 5/6) and subchondral bone (L4-
6) 28 days post-PUNCT. (c,d) Quantification analysis of NGF expres-
sion levels in PUNCT (n = 5) and sham (n = 5) groups. Data represent
mean + 95% ClI, and P values were determined using Mann—Whitney
U test. BDNF, brain-derived neurotrophic factor; Cl, confidence inter-
val; NGF, nerve growth factor; PUNCT, puncture with nucleus pulposus
aspiration.

assessing calcium influx in Dil-labeled DRG neurons 28
days post-PUNCT surgery (or 35 days post-Dil injec-
tion). Figure 2g shows the normalized ratio (340/380) of
capsaicin (a TrpV1 agonist)-induced calcium influx in
DRG neurons. Figure 2h shows the enhanced calcium
influx pattern of the PUNCT group following capsai-
cin application. In detail, a significant increase in 1 pM
capsaicin-evoked calcium influx was expressed in the
Dil-PUNCT group compared with Dil-labeled sham
groups [the peak normalized ratio, 2.26 (CI, 2.06-2.46)
vs. 1.98 (CI, 1.84-2.11), P = 0.0167].

PUNCT causes distinct morphometric alterations of
bone. As shown in Figure 3, the lumbar IVD and verte-
brae structure were analyzed using ex vivo pC'T imaging
42 days post-PUNCT surgery. Figure 3a,b displays rep-
resentative images of BMD and Tb. Th. The PUNCT
group displayed remarkable bone erosion coupled with
hypertrophic trabecular bone. Figure 3d, e, g, k reveal
that the PUNCT group had significantly increased TV
[mm?3, 86.25 (CI, 80.68-91.82) vs. 52.07 (CI, 44.22-59.91),
P =0.00066], BV [mm?, 40.18 (CI, 46.46—43.89) vs. 22.17
(CI, 18.23-26.10), P =0.00060], Tb. Th [mm, 0.17 (CI,
0.16-0.18) wvs. 0.15 (CI, 0.13-0.17), P =0.0413], and
Conn [7310 (CI, 6408-8212) vs. 4305 (CI, 3138-5473),
P =0.00066] compared with the sham group. However,
Fig. 3c,f—j,l indicates that parameters of BMD, TV, BV,
BV/TV, Tb.Pf, Tb.N, and Conn.Dn in the PUNCT
group were not statistically significant compared with the
sham group.

PUNCT upregulates NGF and brain-derived neu-
rotrophic factor (BDNF) expression. We evaluated
neurotrophin expression in the disc (LL4/5 and 5/6)
and subchondral bone (L4-6) 28 days post-PUNCT.
Figure 4a and B show representative images of NGF
and BDNEF. Figure 4c and D present the upregulated
expression of these neurotrophins in the PUNCT
group. In detail, the PUNCT group showed significant
increases in both NGF [3.16 (CI, 1.76—4.56) vs. 1.00 (CI,
0.49-1.50), P = 0.0079] and BDNF [1.91 (CI, 1.36-2.45)
vs. 1.00 (CI, 0.58-1.42), P = 0.0079] compared with the
sham group.

Discussion

The present study provides compelling evidence that
intradiscal injury induces significant morphometric
alterations in the lumbar IVD and adjacent bone struc-
tures. Specifically, the puncture with NP aspiration
(PUNCT) model resulted in marked structural dis-
ruptions, including endplate erosion and hypertrophic
remodeling of the trabecular bone. These morpholog-
ical changes were closely correlated with heightened
nociceptive processing, as demonstrated by behavioral
hypersensitivity, upregulation of NGF and BDNE, and
hyperexcitability in mechanosensitive afferent neurons
and DRG neurons.

Disc puncture models have been widely used to eluci-
date the interplay between the disc and surrounding
bone. In our PUNCT model, nucleus pulposus removal
appeared to rapidly destabilize the structural integrity of
the low back structure, particularly impacting the ver-
tebral endplates and subchondral bone. Quantitative
pCT analysis revealed significant increases in 'T'V and
BV, indicative of bone hypertrophy as a compensatory
response to the injury. Concurrent increases in Tb. Th
and Conn indicated a reduction in trabecular bone qual-
ity. Erosion was observed at the center of the endplates
and subchondral bone, with affected regions filled with
soft callus tissue. These observations are consistent with
previous studies linking increased BV/TV and Tb.Th
in the endplate-subchondral bone, alongside reduced
endplate vascularity, to advanced disc degeneration [13].
Interestingly, a puncture model without NP aspiration
exhibited minimal bone hypertrophy, with BV/TV dif-
ferences of less than 5% compared with the sham group,
underscoring the pivotal role of NP removal in initiating
bone remodeling processes [14]. Therefore, it is feasible
that the absence of NP alters biomechanical properties
of the lumbar spine or compromises endplate integrity,
which can initiate a cascade of pathological processes,
including inflammation, callus formation, endochondral
ossification, and hypertrophic remodeling.

Our study demonstrated that morphometric alterations
in degenerative disc and bone are strongly associated
with the severity of nociceptive processing. Specifically,
the activation of nociceptive nerve endings and DRG
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neurons innervating these degenerated tissues appears
to be a critical factor for LBP. In our PUNC'T model, /7
vivo electrophysiological data showed hyperexcitability
of mechanosensitive afferent neurons, characterized by
significantly lowered thresholds in response to intradis-
cal pressure. Previous immunohistological and molecu-
lar studies identified the presence of TrpV1 channels in
disc-related DRG neurons [15-17]. A puncture model
using NP removal showed that structural alteration and
inflammatory cytokines in the lumbar spine are associ-
ated with upregulated TrpV1, calcitonin gene-related
peptide, nerve growth factor/tropomyosin teceptor kinase
A, voltage-gated sodium channel 1.7, and voltage-gated
sodium channel 1.8, within DRG neurons following
injury [4]. Consistent with these findings, we provided
robust functional evidence that TrpV1-mediated signal-
ing in DRG neurons plays a key role in peripheral sensi-
tization induced by a degenerated spine. It appears that
intradiscal injury fosters an intensive inflammatory milieu
in disc and bone, thereby lowering activation thresholds
and amplifying firing frequency via nociceptors such as
TrpV1. These findings highlight a strong association of
structural degeneration and inflammation in the patho-
genesis of LBP.

To confirm these neurophysiological findings, we con-
ducted a behavioral assessment of pain responses to
mechanical load or movement in our animal model.
The findings showed that reducing hindlimb load-
ing—Dby redistributing more weight to the forelimbs—
may represent a behavioral strategy to alleviate LLBP.
This observation aligns with previous reports that
disc injury results in prolonged standing time and
shortened stride gait during locomotion [18,19], sug-
gesting that compensatory postural adjustments may
mitigate mechanical stress on the degenerated spine.
However, discrepancies persist in some studies regard-
ing reduced hindlimb withdrawal thresholds as an
indicator of secondary hyperalgesia in disc degenera-
tion models [11,20-22].

The actions of NGF and BDNF within the degenerative
disc can promote both peripheral sensitization and tissue
remodeling. Multiple human and animal studies have
supported that the upregulation of NGF and BDNF
within degenerative disc and bone drive inflammation,
vascularization, and nerve ingrowth [23]. In addition
to roles in nociception, these neurotrophins have been
implicated in bone metabolism by acting synergically
with vascularization and tissue repair [24]. In support of
these findings, our current findings revealed the increase
of NGF and BDNF in the hypertrophic structure of
disc-endplate-subchondral bone. In the peripheral nerve
system, a high population of DRG neurons — including
myelinated A8 fibers and peptidergic unmyelinated C
fibers — express TrkA receptor, a high-affinity binding site
for NGFE. Upregulated neurotrophins of lumbar disc and
bone likely contribute to the sensitization of nociceptors

expressed in low back tissues or lumbar DRG [25].
Therefore, this neurotrophin-mediated sensitization
represents a direct response to low back tissue injury,
potentially promoting nociceptive effects. Beyond neu-
rogenic activity, NGF and BDNF have emerged as key
regulators of bone metabolism in a close association with
osteoblast or osteoclast. NGF expression in osteoblasts is
enhanced during mechanical loading and indirectly stim-
ulates bone formation of mice through Wnt/B-catenin
signaling [26]. During fracture healing of mice, levels of
NGF protein or mRNA peaked between 2 and 3 days
postfracture, followed by increased vascularization (day
7), callus ossification (day 14), and mineralization (day
56) [27,28]. Combined application of NGF with bone
morphogenic protein-9 and vascular endothelial growth
factor produced faster healing of bone structures in rabbit
mandible fracture [29]. The role of NGF in bone remod-
eling is supported by showing that anti-NGF reduces the
numbers of TRAP-positive osteoclasts of the subchon-
dral bone through the receptor activator of NF-xB ligand
(RANKL)-independent mechanism [30]. Likewise, the
local application of BDNF was found to enhance bone
remodeling and induce sclerotic changes after cortical
osteotomy in rat mandibles, with long-term osteoblasts
activation observed 28 days post-BDNF [31]. Despite
these regenerative effects, clinical use of anti-NGF or
anti- TrkA antibodies has been associated with adverse
structural outcomes, including rapid joint space narrow-
ing and chondrolysis [32]. These complications, referred
to as rapidly progressive osteoarthritis (RPOA), under-
score the importance of optimizing therapeutic efficacy
with tissue repair strategies when targeting neurotrophic
pathways.

A limitation of this study is that structural changes alone
are insufficient to fully explain the induction or pro-
gression of pain signals. Further studies are required to
clarify correlation evaluations or underlying mechanisms
between spine morphology and nociceptive processing
in the context of anti-NGF or anti-BDNF therapeutic
treatments.
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