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Oxidative stress-induced intervertebral disc
remodelling and elevated stiffness drive
idiopathic scoliosis in preclinical models

Patrick G. Pumputis 1,2,9, Ran Xu1,2,9, Josh Gopaul3,9, Arash Panahifar 4,5,
Vida Erfani 1,2, Jenica L. M. Van Gennip 1, B. Frank Eames6, Nikan Fakhari3,7,
Jerome Baranger 3, David E. Lebel8, Olivier Villemain3,7 & Brian Ciruna 1,2

Adolescent idiopathic scoliosis (AIS) is the most prevalent pediatric spine
disorder, developing in the absence of obvious physiological defects. Genome
sequencing and functional studies have demonstrated association of muscu-
loskeletal collagen variants and cartilaginous extracellular matrix (ECM)
defects in a subset of patients. However, the underlying biological causes of
AIS remain poorly understood, limiting treatment options. Using multiple
zebrafish AIS models, we demonstrate that reduction-oxidation (redox)
imbalances induce cell stress and collagen remodelling within intervertebral
segments of the developing spine. Mutant spines are consequently stiffer, as
measured by shear wave elastography, and exhibit deformations of inter-
vertebral structures. Remarkably, elevated stiffness and intervertebral ECM
phenotypes are detectable prior to scoliosis onset, suggesting a causal rela-
tionship, and can be suppressed by antioxidant treatment. Together, our
preclinical studies implicate oxidative stress-induced intervertebral deforma-
tions in the pathogenesis of AIS and identify elevated spine stiffness and redox
imbalance as plausible first-in-kind prognostic biomarkers and therapeutic
targets.

Adolescent idiopathic scoliosis (AIS) is a common pediatric disorder
characterized by lateral and rotational deviations in the spinal column
that develop in the absence of obvious congenital or physiological
defects1. AIS afflicts 3–4% of children worldwide yet underlying causes
are poorly understood, in part due to genetic heterogeneity and sus-
pected environmental influences1. Patient genome sequencing and
functional genetic studies have implicated a diverse group of AIS-
associated variants in scoliosis, with gene functions ranging from
musculoskeletal collagen and cartilaginous extracellular matrix (ECM)
formation2–4, neuromuscular development5, planar cell polarity6, cilia

function7, carbohydrate metabolism8, synaptic neurotransmission and
central pattern generators9. However, over 95% of total causative
genetic variance in AIS is thought to remain unknown10. Because most
AIS etiological studies involve patients with established scoliotic
curves, determining a biological mechanism of cause and effect is
particularly challenging, and treatment options remain limited to
mechanical interventions like bracing or invasive corrective surgery1.

Zebrafish have emerged as powerful experimental models for
dissecting complex biological mechanisms associated with AIS11,12. It
was discovered that neuroinflammatory signals and oxidative stress,
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arising from imbalances in cerebrospinal fluid (CSF) homeostasis, are
both necessary and sufficient to cause AIS-like spinal curvatures in
zebrafish13–15. Furthermore, treatment with antioxidant and immuno-
modulating compounds likeN-acetylcysteine (NAC) orNAC-ethyl ester
(NACET, amorebioavailable formofNAC) can suppress scoliosis onset
and severe spinal curve progression in zebrafishmodels14–16. While this
provides proof-of-principle that scoliosis might be managed ther-
apeutically, the undetermined mechanisms by which oxidative stress
leads to spinal curvature and their relevance to human AIS pose a
barrier to clinical translation.

Here, we interrogate the downstream causes of scoliosis in the
dominant SCO-spondin (sspodmh4/+) mutant zebrafish model of AIS15.
These fish develop idiopathic-like spinal curvatures in response to oxi-
inflammatory signals that are linked to the disruption of Reissner’s
fiber (RF), a proteinaceous filament that threads through ventricular
cavities of the spinal cord and brain. We demonstrate that abnormal
axial reduction-oxidation (redox) states in sspodmh4/+ mutants induce
both intervertebral collagen ECM remodelling defects and elevated
spine stiffness that appear causally linked to the onset and progression
of scoliosis. Furthermore, we characterize resulting intervertebral disc
(IVD) deformations as pathophysiological defects shared between
multiple additional zebrafish scoliosismodels and human AIS patients.
Although the clinical relevance of these findings remains to be deter-
mined, if translatable, we provide evidence that elevated spine stiff-
ness and oxidative stress may prove valuable, first-in-kind, prognostic
biomarkers and therapeutic targets for idiopathic scoliosis.

Results
sspodmh4/+ mutants exhibit an elevated oxidative state in proxi-
mity to the developing spine
NACET, a potent antioxidant, can suppress the onset and severe pro-
gression of scoliosis in sspodmh4/+ AIS models15. To investigate how oxi-
dative stress may influence spine development, we characterized the
spatial distribution of reduction-oxidation (redox) imbalance in larval
zebrafish using the cell-permeable fluorescent redox probe 2′,7′-
dichlorofluorescein diacetate (DCFH-DA)17. While the probe cannot
attribute redox changes to specific reactive oxygen species (ROS), it can
be used as a general indicator of redox state17. Staining was performed
on wildtype (WT) and sspodmh4/+ zebrafish at 10 days post fertilization
(dpf) and 6mm standard length (SL), prior to scoliosis onset. At this
stage, sspodmh4/+ zebrafish appear morphologically indistinguishable
fromWT (Fig. 1a, b). However, elevatedoxidation levelsweredetected in
thedorsal telencephalonandcranial vessels of sspodmh4/+mutants (Fig. 1c,
e and Supplementary Fig. 1b), adjacent to the diencephalic choroid
plexus and in closeproximity to the subcommissural organ (SCO),which
is the site of abnormal SCO-spondin secretion in mutant animals15.

Notably, neuroinflammation and elevated TNFα reporter expres-
sion were previously identified in the brain of sspodmh4/+ mutants at
21 dpf15. To examine the relationship between inflammation and redox
imbalance, we imaged the TNFα reporter18 at earlier stages of devel-
opment. At 10 dpf, no significant difference in TNFα reporter expres-
sionwas observed in the dorsal telencephalon, despite the presence of
elevated ROS in sspodmh4/+ mutants (Supplementary Fig. 2). However, a
significant elevation in TNFα reporter activity was observed within
macrophages of the telencephalon at 14 dpf, as identified by co-
labeling with the Tg(mpeg1::mCherry) macrophage reporter19 (Supple-
mentary Fig. 3). These results indicate that redox imbalance precedes
inflammation in the brain of sspodmh4/+ mutant animals.

Strikingly, elevated oxidative signalswere also observed along the
trunk of 10 dpf sspodmh4/+ zebrafish in the spinal cord, trunk vasculature
and dorsal aorta, as well as in discrete peri-notochordal segments
(Fig. 1d, f, m and Supplementary Fig. 1a, c, d, e). These segments cor-
respond to developing cartilaginous intervertebral domains of the
spine, as demonstrated by the complementary pattern of TgBA-
C(entpd5a::pkRed) reporter expression20 in alternating mineralizing

domains (Supplementary Fig. 1f, g). In contrast, no difference in DCFH-
DA signals was observed in the trunk muscle (myotome) of 10 dpf WT
and sspodmh4/+ zebrafish (Supplementary Fig. 1h, i). Treatment with
500μMof NACET from 5 to 10 dpf led to the suppression of the DCFH-
DA signal in sspodmh4/+ mutants at 10 dpf, supporting that elevated
DCFH-DA staining is caused by an increase in oxidative state (Supple-
mentary Fig. 1j).

Prior to scoliosis onset, we observed a large distribution of DCFH-
DA staining levels within 10 dpf sspodmh4/+ zebrafish cohorts (Fig. 1m).
Noting that scoliosis is not fully penetrant in sspodmh4/+ mutants, and
can vary widely between clutches (average penetrance of 57.2% and
standarddeviation of +/− 29.7%; Supplementary Fig. 1k), we next asked
if differences in redox imbalance correlate with scoliosis development
(typically between 14–16 dpf, Fig. 1g, h). Remarkably, DCFH-DA stain-
ing was even more pronounced in scoliotic sspodmh4/+ zebrafish at 14
dpf, and was not observed in non-scoliotic sspodmh4/+ mutants (Fig. 1i–l,
n–p and Supplementary Fig. 1l, m). These results support a causal
relationship between redox imbalance and spinal curvature.

To determine whether redox imbalance represents a general-
izable feature of zebrafish scoliosis, or a property specific to sspodmh4/+

mutants, we performed DCFH-DA staining on two additional AIS
models (katnb1 and vangl2) that share upstream CSF homeostasis
defects but differ in underlying molecular genetic causes21,22. Staining
wasperformedon 14dpf katnb1 and 5dpf vangl2mutants, shortly after
the onset of scoliosis in the respective models. Stronger oxidation
states were also observed within the central nervous system and axial
midline/trunk of katnb1 and vangl2 mutants, compared with sibling
controls (Supplementary Figs. 4 and 5). Overall, these data suggest
that redox imbalance precedes neuroinflammation and scoliosis onset
in sspodmh4/+ mutants, and that elevated ROS in close juxtaposition to
thedeveloping spine is associatedwith spinal curveprogression across
diverse zebrafish models of AIS.

Redox imbalance induces endoplasmic reticulum (ER) stress
within intervertebral segments
The zebrafish notochord, comprised of inner vacuolated cells and outer
peri-notochordal sheath cells, provides structural support to the embryo
and serves as a template for spine development11. Sheath cells, abundant
in rough ER, are secretory cells that contribute to the notochord’s ECM-
rich lamellar sheath11, which segments into developing vertebrae and
IVDs20. Since dysregulation of redox homeostasis in cells can initiate ER
stress and an unfolded protein response (UPR)23, we hypothesized that
peri-notochordal accumulation of ROS in sspodmh4/+ IVD segments may
induce ER stress and negatively impact sheath cell function.

To assess ER stress in sspodmh4/+ mutants, we modified an estab-
lished transgenic assay that incorporates an IRE1 endonuclease-
catalyzed splicing cassette that reports on XBP1 activation via expres-
sion of a functionally inert XBP1spliced(δ)-GFP fusion protein (Sup-
plementary Fig. 6a)24. Specifically, the xbp1δ-eGFP ER stress reporter
was cloned downstream of a col2a1a promoter25 to direct expression
within cartilaginous IVD segments and the site of observed oxidation
(arrowheads, Fig. 1f, l). Basal levels of Tg(col2a1a::xbp1δ-eGFP) reporter
activity and ER stress could be detected within developing IVDs of WT
fish (10 dpf, 6mm SL) (Fig. 1q) in between alternating mineralizing
domains labeled by TgBAC(entpd5a::pkRed)20. Strikingly, a significant
increase in Tg(col2a1a::xbp1δ-eGFP) reporter activity was observed
within IVDs of sspodmh4/+ mutant zebrafish (10 dpf, 6mm SL) (Fig. 1r, s).
Importantly, the elevated reporter activity is not due to changes in
col2a1a promoter activity in sspodmh4/+ mutants, as no differences in the
expression of a TgBAC(col2a1a::eGFP) reporter26 construct were
observed in 10 dpf sspodmh4/+ mutants compared to wildtype IVDs
(Supplementary Fig. 6b–d). Overall, these results indicate an active ER
stress response prior to the onset of scoliosis.

To determine whether observed ER stress was linked to oxidative
stress, zebrafish were treated with 500μMof NACET from 5 to 10 dpf.
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NACET treatment had no effect on Tg(col2a1a::xbp1δ-eGFP) reporter
activity in wildtype zebrafish, but fully suppressed ER stress responses
in sspodmh4/+ mutant zebrafish to wildtype levels (Supplementary
Fig. 6e–i). Together, these data indicate that redox imbalances induce
ER stress within the IVDs of sspodmh4/+ mutant animals preceding sco-
liosis onset. Although perdurance of the XBP1δ-GFP reporter protein

confounds precise assessment of the acuteness of observed ER stress
responses, the response was transient in nature as no difference in
Tg(col2a1a::xbp1δ-eGFP) reporter activity was observed in sspodmh4/+

mutant scoliotic zebrafish at 14 dpf compared to WT (6.5mm SL;
Supplementary Fig. 6j–l), despite persistence of redox imbalance in
sspodmh4/+ scoliotic zebrafish at this stage (Fig. 1l).
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sspodmh4/+ mutants exhibit IVD deformations and collagen ECM
defects
To further investigate the functional consequence of oxidative stress
on zebrafish IVD development, we performed high-resolution syn-
chrotron-based X-ray micro-computed tomography (synchrotron
μCT) on juvenile fish at 21 dpf (10mm SL), when spinal curvature is
well-established in sspodmh4/+ AIS models (Supplementary Fig. 7). Sam-
ples were stained using a diffusible iodine-based contrast enhance-
ment, and 4–5 segments of the caudal spine were imaged at 0.36μm
voxel size to produce high-resolution 3D datasets of the mineralized
skeleton and surrounding soft tissues (Fig. 2a, e and Supplementary
Videos 1–4). At the stages analyzed, zebrafish IVDs have differentiated
into two principal structures (Figs. 3a and 4a, b). These include an
inner domain comprised of vacuolated and sheath notochordal cells;
and anouter intervertebral ligament (IVL) that physically connects two
adjacent vertebral bodies, comprised of layered collagen type II and
elastinmatrix, dense collagen type 1matrix and collagen type 1 bundle
fibers27. These inner and outer intervertebral structures are function-
ally analogous to the nucleus pulposus (NP) and annulus fibrosus (AF)
layers of the human IVD, respectively27–29.

Remarkably, the IVL (AF) of sspodmh4/+ mutants exhibited obvious
structural defects and appeared highly deformable. In wildtype zeb-
rafish, the IVL could be identified connecting two adjacent vertebral
bodies, looping outward in the coronal plane towards neighboring
muscle fibers (arrowhead, Fig. 2b). This organization of IVL structure,
previously described for wildtype adult zebrafish27,28, was stable across
the circumference of the IVD (Fig. 2c-c”’; Supplementary Video 5) with
its dense collagen layer appearing in transverse sections as a smooth
and regular band of high-contrast, circling the periphery of the inter-
vertebral segment (arrowhead, Fig. 2d). In contrast, coronal images of
sspodmh4/+ mutants often demonstrated an inversion of typical AF
structure, with sections of sspodmh4/+ IVL folding interiorly towards the
NP cell layers (arrowhead, Fig. 2f). Strikingly, the contour of sspodmh4/+

IVL layers exhibited significant deformations over short distances
(Fig. 2g-g”’) and, in some instances, could be observed transitioning
between wildtype and inverted orientations within 30μm intervals
(Supplementary Videos 6, 7). As a result, transverse sections of
sspodmh4/+ mutants exhibited irregular and twisted IVL borders (arrows,
Fig. 2h) displaced towards the interior of the intervertebral AF layer
(arrowhead, Fig. 2h).

Similar IVL deformations were observed upon histological analy-
sis (H&E and Picrosirius red staining) of formalin-fixed paraffin-
embedded 21 dpf sspodmh4/+ spines (Fig. 3b–f). Notably, histology pro-
tocols had a profound effect on resulting IVL morphology, as use of
formic acid (a stringent decalcifying agent) resulted in inverted or
deformed IVLs in 100% of both sspodmh4/+ and WT intervertebral seg-
ments (Fig. 3b–d). In contrast, use of EDTA decalcification protocols
yielded IVL deformations in only 18% of WT IVD segments (Fig. 3b, e),
whereas 92% of sspodmh4/+ IVDs exhibited IVL inversion (Fig. 3b, f),
consistent with synchrotron uCT analyses. Furthermore, an increased

occurrence of IVL deformation was also observed in 21 dpf vangl2 and
30dpf katnb1mutantswhen compared to their normal sibling controls
(Fig. 3b, g–j), supporting IVL defects as a shared phenotype across
genetically diverse AIS models.

Formic acid has been documented to degrade ECM peptides and
cause increased distortion to ECM morphology30,31, implicating ECM
remodelling as a possible mechanism underlying IVL deformity. To
probe the structural integrity of the IVD matrix in sspodmh4/+ mutants,
we performed collagen-hybridizing peptide (CHP) stains on axial ske-
leton preparations of juvenile fish at 21 dpf (10mm SL). CHP is a syn-
thetic construct that mimics the helical structure of endogenous
collagen peptides and can bind to open regions in collagen triple
helices to report on collagen ECM damage and remodelling (Fig. 4c)32.
CHP staining appeared stronger in sspodmh4/+ mutant IVLs compared to
wildtype, and highlighted irregularities in IVL structure (arrows,
Fig. 4d–g) previously observed in μCT images. Furthermore, brighter
and ectopic CHP signals were also observed within the NP layer of
sspodmh4/+ mutants (arrowheads, Fig. 4d–g), indicating extensive
damage to the collagen matrix, dysregulated ECM remodelling, or
both. These data demonstrate abnormalities in the structural proper-
ties of the IVDs in zebrafish AISmodels, both at themorphological and
molecular levels.

Zebrafish AIS models exhibit stiffer spines
Viscoelastic properties of AIS patient intervertebral disc tissues have
also been reported to be significantly altered. Specifically, the AF is
stiffer in AIS patients compared to healthy controls, as measured by
shear wave elastography (SWE)33,34. SWE uses an acoustic radiation
force to induce mechanical tissue displacement and calculates the
velocity of shear waves propagating in the orthogonal direction. As
tissue stiffness is directly proportional to shear wave speed, this pro-
vides a quantitative measure of tissue elasticity35,36. To further char-
acterize physiological defects associated with oxidative stress and
scoliosis in our models, we utilized SWE to quantitatively assess zeb-
rafish spine stiffness (Supplementary Fig. 8a–c).

To begin, we conducted SWE at 16 dpf (average SL = 7.1 +/−
0.2mm) and 21 dpf (average SL = 8.9 +/− 0.6mm) stages, corre-
sponding to the onset and progression of scoliosis in sspodmh4/+

mutants, respectively (Fig. 5a, b). Euthanized zebrafish were embed-
ded in low-melting agarose, and SWEwas performed on the abdominal
segment of the spine (note that variations in SWE ‘push’ locations and
agarose density did not significantly alter shear wave velocities; Sup-
plementary Fig. 8d, e). Remarkably, sspodmh4/+ shear wave velocities
were significantly faster than wildtype controls at both time points
(Fig. 5c, d), indicating an increase in spine stiffness in scoliotic sspodmh4/+

mutant zebrafish. Observed increases in spine stiffness were not likely
caused by changes in vertebral bone density, as μCT analysis of the
mineralized axial skeleton of adult zebrafish did not reveal significant
differences in sspodmh4/+ tissue mineral density compared to wildtype
siblings (Supplementary Fig. 9).

Fig. 1 | IVD redox imbalance and ER stress precede idiopathic-like scoliosis.
a, b Lateral whole-mount images of 10 dpf (6mm SL) wildtype (a) and sspodmh4/+

mutant (b) zebrafish. Red boxes indicate regions imaged by confocal microscopy.
Scale bars = 1mm. c–f Confocal images of DCFH-DA staining of the dorsal tele-
ncephalon (c, e) and lateral trunk (d, f) of 10 dpf (6mm SL) wildtype (c, d) and
sspodmh4/+ mutant (e, f) zebrafish. Scale bars = 100μm. g, h Lateral whole-mount
images of 14 dpf (6.5 to 7mm SL) wildtype (g) and scoliotic sspodmh4/+ mutant (h)
zebrafish. Scale bars = 1mm. i–l, o, p Confocal images of DCFH-DA staining of the
dorsal telencephalon (i,k,o) and lateral trunk (j, l,p) of 14 dpf (6.5mmSL)wildtype
(i, j) and scoliotic (k, l) and non-scoliotic (o, p) sspodmh4/+ mutant zebrafish.
m, n Relative fluorescence quantification of DCFH-DA staining of intervertebral
domains, all showing significantly increased oxidative state in sspodmh4/+ mutant
zebrafish at 10 dpf (m, WT N = 7 fish, n = 21 IVDs, sspodmh4/+ N = 10 fish, n = 30 IVDs)
and only in scoliotic mutants at 14 dpf (n, WT N = 6 fish, n = 18 IVDs, sspodmh4/+ non-

scoliotic N = 5 fish, n = 15 IVDs, sspodmh4/+ scoliotic N = 6 fish, n = 18 IVDs). Lookup
tables arbitrary units (A.U.) are0 to 145. IVD intervertebral domain, DAdorsal aorta,
CC central canal, SC spinal cord. Arrowheads indicate increased oxidative state
along developing intervertebral domains. q, r Confocal images of Tg(co-
l2a1a::xbp1δ-gfp) reporter expression in 10 dpf (6mmSL)wildtype (q) and sspodmh4/+

(r) zebrafish, demonstrating an elevated ER stress response within the inter-
vertebral domains of sspodmh4/+ mutants, prior to the onset of scoliosis. Scale bar =
100μm. s Relative fluorescence quantification of Tg(col2a1a::xbp1δ-gfp) reporter
expression within intervertebral domains (N = 11, n = 44 IVDs for each genotype),
demonstrating elevated ER stress in sspodmh4/+ mutants. Violin plots show all data
points,median (solid line), and quartiles (dotted line). Data were analyzed by a two-
sided Mann–Whitney test (m, s) or a Kruskal–Wallis test followed by a Dunn’s
multiple comparison test (n). ****p ≤0.0001. Source data are provided as a Source
Data file.
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To determine whether elevated spine stiffness represents a gen-
eralizable feature of zebrafish scoliosis, or a property specific to
sspodmh4/+ mutants, we performed SWE on two additional AIS models
(katnb1 and vangl2) that share upstream CSF homeostasis defects but
differ in underlying molecular genetic causes21,22. Again, significantly
faster shear wave velocities were observed in scoliotic katnb1 and
vangl2mutants compared to control siblings (Supplementary Fig. 10).
Therefore, our results demonstrate altered viscoelastic properties of
the zebrafish scoliotic spine that parallel elevated intervertebral disc
stiffness observed in human AIS patients33,34.

Oxidative stress-induced spine stiffness is a prognostic bio-
marker of scoliosis
Shear wave velocities varied noticeably within sspodmh4/+ mutant
cohorts (Fig. 5c, d). Since the penetrance (Supplementary Fig. 1k) and
severity of spinal curvature is also variable among sspodmh4/+ zebrafish15,

we hypothesized that differences in shearwave velocity/spine stiffness
may directly reflect scoliosis severity. Using a second cohort of 21 dpf
sspodmh4/+ mutants (average SL = 8.2 + /− 0.7mm), we performed μCT
imaging after SWE and performed Cobb-angle measurements of the
largest spinal curvature in each animal, which is a biomarker of sco-
liosis severity. Remarkably, a significant and positive correlation
between shear wave velocity and Cobb-angle/curve severity was
observed (R =0.835; Fig. 5e).

Elevated spine stiffness was measured after scoliosis onset and
could therefore have developed as a consequence of spinal curvature.
To determine the relationship between stiffness and scoliosis, we next
conducted SWE on sspodmh4/+ and wildtype fish at 10 dpf (average
SL = 4.7 +/− 0.4mm), prior to obvious morphological phenotypes
(Fig. 1a, b). Remarkably, sspodmh4/+ mutant spines were significantly
stiffer than wildtype controls before scoliosis onset, suggesting a
causal relationship (Fig. 5f). To determine whether elevated tissue

Fig. 2 | Scoliotic fish exhibit intervertebral ligament deformations. a–g High-
resolution synchrotron-based X-ray micro-computed tomography (μCT) imaging
of iodine contrast-stainedwildtype (a–d) and sspodmh4/+mutant (e–h) juvenile fish at
21 dpf (10mm SL). Representative sections from coronal (a–c, e–g) and transverse
(d, h) planes are shown. Dashed boxes (a, e) indicate featured intervertebral seg-
ments. Arrowheads (b–d, f–h) indicate the intervertebral ligament, which loops
outward toward neighboring musculature in wildtype animals (N = 3 fish, n = 13
IVDs analyzed), but often exhibited structural deformations and even inverted

orientations in sspodmh4/+ mutants (N = 8 fish; n = 22/29 IVDs appeared abnormal).
Arrows (h) highlight sites of sspodmh4/+ IVL deformation in the transverse plane.
Sequential images (3.6μm step) through the coronal plane of wildtype (c-c”’) and
sspodmh4/+ (g-g”’) zebrafish highlight the highly deformable structure of sspodmh4/+

mutant IVLs. Scale bars = 20μm (c, g); 50μm (b, d, f, h); 100μm (a, e). IVL inter-
vertebral ligament, AF annulus fibrosus equivalent, NP nucleus pulposus
equivalent.
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stiffness was linked to elevated oxidative stress, zebrafish were treated
with 500μM of NACET from 5 to 10 dpf, prior to SWE. Strikingly,
NACET treatment had no effect on wildtype control animals, but fully
suppressed abnormal spine stiffness in sspodmh4/+ zebrafish to wildtype
levels (Fig. 5f). Similarly, NACET treatment reduced abnormal spine
stiffness in katnb1 zebrafish (Supplementary Fig. 10b). Together, these
results directly linkoxidative stress to altered viscoelastic properties of
the scoliotic spine and identify elevated spine stiffness as a prognostic
biomarker of spinal curvature in zebrafish AIS models.

IVD matrix defects precede scoliosis and are directly linked to
oxidative stress
IVD deformations and collagen remodelling defects were observed
after scoliosis onset in sspodmh4/+ mutants and could therefore reflect
either the cause or the consequences of spinal curvature. Although
SWE indicates structural defects likely precede scoliosis, it lacks
sufficient spatial resolution to identify affected tissues. To further
investigate whether ultrastructural ECM defects drive spinal cur-
vature in sspodmh4/+ models, we performed transmission electron
microscopy (TEM) on 10 dpf zebrafish (5 mm SL) prior to an obvious
morphological phenotype (Fig. 1a, b). Specifically, we focused on
mineralized and cartilaginous domains of the peri-notochordal ECM

that template vertebral centra and IVD development, respec-
tively (Fig. 6a).

Inwildtype animals, a uniform layerof collagenECMwasobserved
within cartilaginous domains, with bundles of collagen fibers orga-
nized circumferentially around the notochord projecting out of the
sagittal plane of sectioning (Fig. 6c, c’). In contrast, sspodmh4/+ cartila-
ginous segments exhibited irregularities in the thickness and orienta-
tion of collagen ECM layers (Fig. 6d, d’). Quantification of collagen ECM
thickness (Fig. 6b) revealed that while the minimum thickness in any
IVD segment was consistent between wildtype and sspodmh4/+ IVD seg-
ments, the maximum thickness and local max/min ratios were sig-
nificantly higher in sspodmh4/+mutants (Fig. 6g–i). Furthermore, the ECM
appeared disorganized and misoriented in developing sspodmh4/+ IVD
segments, with collagen fiber bundles observed running parallel to the
sagittal plane (Fig. 6d, d’). Similar ECM thickness defects and collagen
fibril disorganization defects were observed in vangl2 mutant AIS
models at 10 dpf (Supplementary Fig. 11a–d, g). Although the pene-
trance and severity of ECM phenotypes varied among IVD segments
fromany given animal (Fig. 6g–i), all sspodmh4/+

fish (N= 9) exhibited IVD
defects. Notably, collagen ECM defects were specific to IVDs and were
not observed inmineralizing vertebral segments of sspodmh4/+ or vangl2
mutant models (Supplementary Figs. 11e, f, h and 12).

Fig. 3 | Histological analysis of IVL deformations within multiple zebrafish AIS
models. a Schematic demonstrating the normal structure and organization of
zebrafish IVDs at 21 dpf (10mm SL) in the sagittal plane. VB vertebra body, NV
notochord vacuole, NS notochord sheath cell, CE collagen type II and elastin
matrix, DC dense collagen type Imatrix, CF collagen type I bundle fiber, NP nucleus
pulposus, IVL intervertebral ligament. This schematic is an original image created
by Xu, R. (2025) with Tayasui Sketches. b Percentage of normal IVDs, deformed

IVDs, and total number of IVDs examined for each genotype, using Formic Acid vs.
EDTA decalcification regimens, demonstrating that scoliotic models exhibited
higher rates of IVL deformation when compared to their normal sibling controls.
c–j, Representative H&E and PSR stained images of IVLs for sspo (wildtype N = 8,
n = 95, mutant N = 8, n = 75), katnb1 (heterozygotes N = 4, n = 98, homozygotes
N = 6, n = 120), and vangl2 (control N = 6, n = 96, conditional mutant N = 6, n = 90)
models, scale bar = 20 µm.
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To determine whether collagen ECM defects are also linked to the
elevated oxidative state observed around the IVD of sspodmh4/+ mutants,
zebrafishwere treatedwith500μMNACET from5 to 10dpf, prior toTEM
imaging. Strikingly, NACET treatment had no effect on collagen matrix
organization in wildtype animals but restored collagen fiber orientation
and suppressed ECM thickness in sspodmh4/+ mutants to wildtype levels
(Fig. 6e–i). Together, these results demonstrate that oxidative stress-
induced collagen ECM defects, specific to IVD segments, precede sco-
liosis onset in zebrafish AIS models and may therefore be functionally
linked to IVL deformations and idiopathic-like spinal curvature.

Discussion
Despite the oxi-inflammatory origins of scoliosis in zebrafish
models14–16, we demonstrate that pathogenic mechanisms ultimately
converge on a historical focus of human AIS studies—the IVD. Trueta
(1968) first reported that morphological deformations of the IVD
contribute greatly to AIS spine deformity37, and Harrington (1977)
theorized that loss of physical properties (collagen) of the IVD might
thus present as a common denominator in AIS38. These ideas have
since been explored, in part, by longitudinal radiographic studies of
AIS patients associating IVD wedging with the early presentation and
progression of spinal curvature39,40, and mathematical modeling of AF
collagen fiber imbalance as an etiological factor in scoliosis41. Although
biochemical and histological studies have also identified irregular
collagen and elastic properties in IVDs isolated from AIS patients42–44,
these defects were observed only after scoliosis onset. Here, we pro-
vide direct evidence that ROS-induced IVD stress responses, altered
viscoelastic properties, and collagen ECM defects all precede spinal
curvature in sspodmh4/+ zebrafish. Interestingly, Creb3l2/Bbf2h7, a
transmembrane bZIP transcription factor, can be activated by oxida-
tive/ER stress and has been shown inmedaka and zebrafish to regulate
the expression of COPII component genes for collagen export in the
notochord45,46. Although it remains to be determined how oxidative
stress ultimately perturbs collagen matrix development (i.e., via

abnormal protein translation, trafficking, cross-linking, etc.,) our data,
together with published reports, strongly support a causal role for IVD
ECM remodelling defects in the etiopathogenesis of scoliosis and
highlight the relevance of zebrafish AIS models for pathomechanism
discovery and therapeutic development.

At present, genetic screening appears to be ineffective for pre-
onset diagnosis of AIS47. Diagnosis can only be made after scoliosis
onset, and high variability in severe curve progression makes it difficult
to predict which patients may ultimately require bracing or surgical
intervention. Here, we demonstrate the prognostic capabilities of SWE
in zebrafish AIS models. Strikingly, we have determined that elevated
spine stiffness can be detected prior to scoliosis onset. As our data
complements clinical SWE studies demonstrating elevated AF stiffness
in affected AIS patients33,34, spine stiffness in sspodmh4/+ zebrafish might
similarly be caused by observed IVD collagen remodelling defects.
Indeed, spine stiffness and IVDmatrix defects are both oxidative stress-
dependent andmechanistically linked in sspodmh4/+models, and increases
in the thickness and isotropy of a medium (as observed for sspodmh4/+

collagen IVD matrix) are predicted to elevate medium stiffness48,49.
Although the spatial and molecular origins of elevated stiffness in
sspodmh4/+ zebrafish remain to be determined, our data provide proof-of-
concept that spine stiffness might be explored as a prognostic bio-
marker for AIS development. Given that SWE is a non-invasive imaging
technique that is widely applied in the clinic, clinical translation of these
findings could hold tremendous potential to identify patients at high
risk of severe scoliosis for earlier, non-surgical intervention.

The oxidative stress-induced origin of ECMdefects identified in
zebrafish AIS models is equally deserving of clinical consideration.
AIS is a common pediatric disorder1. Nevertheless, it is estimated
that <5% total genetic variance in AIS has been determined10, and
genetic associations with cartilaginous ECM and IVD development
account for only a subset of these cases2–4. However, environmental
variables like infection, diet, lifestyle and microbiome composition
can profoundly influence ROS levels50–52 and could therefore play a

Fig. 4 | sspodmh4/+ IVDs exhibit collagenous ECM damage and matrix remodel-
ling. a, b Schematic representing the normal structure and organization of zeb-
rafish IVDs at 21 dpf (10mm SL) in the sagittal (a) and transverse (b) planes. VB
vertebrabody,NVnotochordvacuole,NSnotochord sheath cell, CE collagen type II
and elastinmatrix, DC dense collagen type I matrix, CF collagen type I bundle fiber,
NP nucleus pulposus, IVL intervertebral ligament. This schematic is an original
image created by Xu, R. (2025) with Tayasui Sketches. c Schematic depicting the
mechanism by which collagen-hybridizing peptide (CHP, green probe) integrates
into open regions (yellow stars) of collagen fibril triple helices (purple) to report on
collagen ECM damage and remodelling. Created in BioRender. Ciruna, B. (2025)

https://BioRender.com/7k495f0. d–g Confocal images of CHP-stained vertebral
and IVD segments at 21 dpf (10mm SL). d, e CHP staining in wildtype animals
demonstrates normal remodelling of the collagen ECM matrix within the NP and
AF, as seen in sagittal (d, N = 12, n = 12; scale bar = 20μm) and transverse (e, N = 13,
n = 13; scale bar = 10μm) planes. f, g In contrast, sspodmh4/+ mutant animals exhibit
ectopicCHP stainingwithinNP (arrowheads) and IVL (arrows) structures, as seen in
sagittal (f, N = 12, n = 12, scale bar = 20μm) and transverse (g, N = 15, n = 15, scale
bar = 10μm) planes, indicating significant damage to the collagenous ECM matrix
of sspodmh4/+ mutant IVDs.
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pervasive, yet largely unexplored role in AIS pathogenesis. In
addition, neuroinflammation and oxidative stress can also have
genetic origins (as in sspodmh4/+ mutant zebrafish) and should be
explored as etiological factors driving human spinal curvature. This
includes not only AIS, but other genetically defined disorders that
present with both CNS oxi-inflammation and high incidences of
developmental scoliosis, like DiGeorge Syndrome53,54, Rett
Syndrome55,56, CDKL5 Deficiency Disorder57,58, and Cerebral Caver-
nous Malformation59,60.

Finally, regardless of the origins of oxidative stress, prophy-
lactic and therapeutic administration of antioxidants has proven
remarkably effective in preventing the onset and severe progres-
sion of scoliosis in zebrafish AIS models14–16. Furthermore, we have
demonstrated that ER stress responses, elevated spine stiffness and
collagen ECM defects in sspodmh4/+ mutants, which are all function-
ally linked to spinal curvature, can be fully suppressed by NACET
treatment. If oxidative stress-induced ECM remodelling defects
prove relevant to patient populations, then translation of these

Fig. 5 | Elevated spine stiffness is observed prior to scoliosis onset, positively
correlates with curve severity, and is fully suppressed by antioxidant therapy.
a, b Lateral wholemount images of wildtype and scoliotic sspodmh4/+ mutant zebra-
fish at 16 dpf (a, SL = 7.1 +/− 0.2mm) and 21 dpf (b, SL = 8.9 +/− 0.6mm). Scale
bar = 2mm. c, d Quantification of shear wave velocity measured by SWE along the
spine of 16 dpf (c) and 21 dpf (d) zebrafish, demonstrating significantly greater
shear wave velocity and thus spinal stiffness in sspodmh4/+ mutant animals. c N = 15
fish for each genotype. d N = 15 fish for each genotype. e Positive correlation
betweenscoliosis severity (most severeCobb-angle in sagittal or coronalplane) and
spinal stiffness (shear wave velocity) in 21 dpf sspodmh4/+ zebrafish, post-curve onset

(N = 20). Data was analyzed by a simple linear regression (R =0.835, R2 = 0.697,
p <0.0001). f Quantification of shear wave velocity measured by SWE along the
spine of 10 dpf (SL = 4.7 +/− 0.4mm) demonstrates significant elevation of spine
stiffness in sspodmh4/+ mutant zebrafish, prior to scoliosis (N = 15 for each genotype
and treatment). Antioxidant treatment (500μM NACET) fully suppressed spine
stiffness in sspodmh4/+ mutant zebrafish to wildtype levels. Violin plots show all data
points,median (solid line), and quartiles (dotted line). Data were analyzed by a two-
sided Mann–Whitney test (c, d) or a Kruskal–Wallis test followed by a Dunn’s
multiple comparison test (f). (ns: non-significant (p >0.05), **p ≤0.01, ***p ≤0.001,
****p ≤0.0001). Source data are provided as a Source Data file.
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findings could have a profound impact on the future management
and prevention of human spinal curvature.

Methods
Zebrafish husbandry
Zebrafish husbandry and experimental protocols were approved by
the Hospital for Sick Children’s Animal Care Committee (Animal Use

Protocol #1000066437), and all protocols were performed in accor-
dance with Canadian Council on Animal Care guidelines. Wildtype
zebrafish from TU strains were used. sspodmh4 (15), katnb1mh102 (21),
vangl2sfGFP (hsc170Tg)22, Tg(βactin::loxp-mCherry-STOP-loxp-zGrad)
(hsc185Tg)22, Tg(foxj1a::iCre) (hsc105bTg)14, TgBAC(tnfα::GFP)18,
Tg(mpeg1::mCherry)19, and TgBAC(col2a1a::eGFP)26 mutant and trans-
genic fish used in this study have been previously described.
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Information on newly developed transgenic fish Tg(col2a1a::xbp1δ-
eGFP) can be found below in the “Transgenesis” method section.
Embryos from natural matings were grown at 28.5 °C. When required,
experimental animals were euthanized with tricaine (500mg/L; MS-
222/MESAB), followed by submersion of anesthetized fish in ice water
for several minutes. As laboratory zebrafish strains do not utilize a
chromosomal sex determination mechanism and sex differentiation
does not initiate until after ~3 weeks post-fertilization61, we cannot
report sex for our embryonic and larval studies.

Zebrafish genotyping
Genotyping protocols have been described previously and can be
found in the following publications: sspodmh4/+(15), katnb1mh102/mh102 (21),
vangl2sfGFP/sfGFP (22). Primer sequences used for genotyping can be found
in Supplementary Table 1.

Conditional degradation of sfGFP-Vangl2
Toconditionally disrupt Vangl2 activity, the zGrad anti-EGFPnanobody
protein degradation systemwas used to degrade sfGFP-Vangl2 protein
(vangl2sfGFP/sfGFP line) specifically within motile-ciliated lineages of the
brain and spinal cord. Briefly, a previously generated and ubiquitously
expressed Tg(β-actin2::loxP-mCherry-STOP-loxP-zGrad)22 transgene was
crossed to the Tg(foxj1a::iCre) line14, expressing Cre recombinase
(activating zGrad) specifically within motile-ciliated cell lineages of
vangl2sfGFP/sfGFP animals. See ref. 22 for more detailed information.

Transgenesis
Entry plasmids were generated through BP recombination into
respective pDONR plasmids (Invitrogen) and then cloned into stan-
dard Tol2 kit Gateway compatible vectors using LR recombination
methods to create the final transgenes62. To generate Tg(co-
l2a1a::xbp1δ -eGFP), a previously generated p5E-col2a1a63, pME-xbp1δ-
eGFP (obtained by cloning the xbp1 partial sequence using Gateway
primers, detailed in Table 1, from ef1α:xbp1δ-gfp plasmid24 graciously
provided by Dr. Shao Jun Du), and p3E-polyA62 were recombined into
pDEST Tol2 HR2 transgenesis vector. Embryos were injected at the
one-cell stage with 25 pg of Tol2 transposase RNA and 25 pg of the
transgene (plasmid). Injected embryos were then screened at 48 hpf
for transgenesis marker expression. Imaging of reporter expression
was performed on an Axio Zoom.V16 (Zeiss). Embryos displaying
strong reporter expression were grown to adulthood and crossed to
wild-type fish to establish stable F1 lines. F1 lines were then bred into
sspodmh4/+ and maintained in sspodmh4/+

fish.

DCFH-DA staining
Zebrafish were collected and placed in 12-well plates containing 2mL
of 5μMDCFH-DA (Sigma) in E3media. Plates were kept in the dark and
incubated for 15min (5 dpf zebrafish) or 30min (10 to 14 dpf zebrafish)
at a temperature of 28.5 °C. Zebrafish were then washed three times
with E3 media for 5min each and immediately imaged.

DCFH-DA, Tg(col2a1a::xbp1δ-eGFP), TgBAC(entpd5a::pkRed),
TgBAC(tnfα::eGFP), and Tg(mpeg1::mCherry) imaging
Experimental zebrafish were anesthetized with tricaine (500mg/L)
before imaging. 5 dpf, 10 dpf, or 14 dpf zebrafish were mounted dor-
sally or laterally in 0.8% low-melting agarose (BioShop), measured for
standard length, and imaged on an LSM 710 confocal micro-
scope (Zeiss).

Collagen-hybridizing peptide
Juvenile zebrafish were collected at 21 dpf (10mm SL) and euthanized
with tricaine (500mg/L) on ice. Euthanized fish were fixed with 100%
methanol at −20 °C for 48 h, then rehydrated with 1xPBS before the
skin was gently removed with a pair of dissection forceps. Collagen
hybridizing peptide (F-CHP from 3Helix, diluted in 1xPBS to 20μM)
was heated to 80 °C for activation, followed by quenching on an ice
block down to room temperature. Fish were immersed in CHP for 48 h
at 4 °C in the dark. After CHP staining, fish were transferred into indi-
vidual tubes for soft tissue lysing in 2%KOH/ethylene glycol/1xPBS
solution, then switched to 1%KOH/ethylene glycol/1xPBS when the
vertebrae were exposed. Samples were placed on a nutator during
tissue lysing until most of the muscle, spinal cord and ventral vascu-
lature had been digested, then clearedwith glycerol before imaging on
an LSM 710 confocal microscope (Zeiss).

Transmission electron microscopy
Fish were collected at 10 dpf (5mm SL) and euthanized with tricaine
(500mg/L) on ice. Euthanized samples were fixed in 2% paraf-
ormaldehyde and 2.5% glutaraldehyde in 0.1M sodium cacodylate
buffer for 2 h at room temperature, then transferred to 4 °C overnight.
Rinsed in buffer, post-fixed in 1% osmium tetroxide in buffer for
90min, dehydrated in a graded ethanol series (50%, 70%, 90% and
100%, 20min each step) followed by two propylene oxide changes for
30min, and embedded in Quetol-Spurr resin. Blocks were cured
overnight in the oven at 60 °C. Fish were cut along the sagittal plane
100μmdeep into the sample. Sections 70 nm thickwere cut on a Leica
EM UC7 ultramicrotome, and post-stained with 2% uranyl acetate and
3% lead citrate for 20min each and washed for 5min after each
staining. Sections were air-dried at room temperature before being
imaged with a Hitachi HT7800 transmission electron microscope.

Synchrotron μCT imaging, reconstruction, and segmentation
Juvenile zebrafish were collected at 21 dpf (10mm SL) and euthanized
with tricaine (500mg/L) on ice. Euthanized fish werefixedwith 4% PFA
at 4 °C overnight, then washed with 1xPBS before being stained in I2E
solution (1% iodine metal in 100% ethanol) overnight at room tem-
perature. Samples were then washed again with 1xPBS to remove
excess I2E stain, then mounted in 1.5% agarose in R.O. water in 0.2mL
tubes. Synchrotron μCT was performed at the bending magnet
beamline of BioMedical Imaging and Therapy beamlines (BMIT-BM) at
the Canadian Light Source64. The beamline is operated in filteredwhite

Fig. 6 | Oxidative stress-induced ECM matrix defects precede scoliosis onset.
a Schematic of zebrafish notochord development at 10 dpf (5mm SL) showing
cartilaginous ECM domains (IVD), mineralized domains (vertebra), notochord
vacuole and notochord sheath cells. This schematic is an original image created by
Xu, R. (2025) with Tayasui Sketches. b Maximum and minimum ECM widths were
measured from lines drawn from the apical surface (cyan dash), perpendicular to
the basal surface (magenta dash), at the widest (1) and the narrowest (2) regions
within the image, respectively, scale bar = 1 µm. c, d Representative transmission
electron micrographs of the collagenous ECM in developing IVDs of 10 dpf (5mm
SL) wildtype (c) and sspodmh4/+ (d) larvae, scale bar = 1μm, with respectivemagnified
regions for wildtype (c’) and sspodmh4/+ (d’) scale bar = 500nm. e, f Antioxidant
treatment (500μM NACET) had no effect on wildtype ECM development (e) but
suppressed irregular collagen ECM thickness and fiber orientation phenotypes in
sspodmh4/+mutant animals (f), scalebar = 1μm.g–iQuantification ofmatrix thickness

showed no difference in localminimum ECMwidths (g), but significant differences
between wildtype (N = 8, n = 36) and sspodmh4/+ mutants (N = 9, n = 47) in maximum
local thickness (f) and local thickness ratios (h). ECM thickness of sspodmh4/+ mutant
IVDs (N = 7, n = 35) was restored to wildtype levels upon NACET treatment, while
NACET treatment hadno effect onwildtype IVDproperties (N = 6, n = 22). Box plots
show all data points, median, and min to max whiskers. Points of the same color
belong to the same fish, demonstrating variations inphenotype severity among IVD
segments of individual sspodmh4/+

fish. Violin plots show all data points; each dot
represents a measurement from a single cartilaginous domain, and points with the
same color came from the same fish. Data were analyzed by the Kruskal–Wallis test
followed by a Dunn’s multiple comparison test (ns: non-significant p >0.05,
*p ≤0.05, **p ≤0.01, ***p ≤0.001, ****p ≤0.0001). Source data are provided as a
Source Data file.
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mode; therefore, it is essential to filter the beam sufficiently to prevent
radiation damage to the sample and agarose gel. Filters of 1.76mm Al
and 0.275mm Sn were used. Detector was an indirect X-ray micro-
scope (Optique Peter, France) combined with a sCMOS PCO Edge 5.5
camera (PCO, Germany), a 20x objective, and a 4μm LSO:Tb scintil-
lator to obtain an effective pixel size of 0.360μm. Generally, the
dimension of scanned samples was 400 x600 x 750μm3. 1500 pro-
jections over 180 degrees were collected at an exposure time of 1.5 s.
The sample was 25.7m from the source, and the propagation distance
was 3 cm. Phase retrieval and image reconstructions were done using
the tofu reconstruction package65.

NACET treatments
Fish were housed off-system in 500mL of 300mg/L Instant Ocean Sea
Salt-treated water in 1.8 L tanks with 12 fish per tank. Water was
changed once per day. N-acetyl-L-cysteine ethyl ester (NACET, BOC
Sciences Cat# B0689-029481) was prepared as a 250mM stock solu-
tion in 300mg/L Instant Ocean Sea Salt dissolved in MiliQ water.
NACET was administered with water changes once per day at a final
concentration of 500μM. NACET treatment occurred over the course
of 5 days, starting at 5 dpf with sspodmh4/+

fish and at 12 dpf with
katnb1mh102/mh102

fish. The fish were fed in accordance with their regular
feed schedule throughout the treatment.

Shear wave elastography (SWE)
Zebrafish spinal tissue stiffnesswas assessed using anSWEprotocol (as
described in Supplementary Fig. 8) programmed into a research
ultrafast ultrasound system (Vantage 256, Verasonics Inc., Kirkland,
WA, USA) with a linear ultrasound probe (L22-14vX, 18MHz center
frequency). Euthanized zebrafish were mounted ventrally in a
35mm× 10mm dish (Corning) filled with 1.5% low-melting agarose
(BioShop). The probe was positioned longitudinally, dorsal to the
zebrafish, in contact with ultrasound gel applied to agarose-embedded
samples. The SWE protocol for a single acquisition consisted of two
steps: 1) the induction of an acoustic radiation force through a focused
ultrasound beam at a push depth between 4 and 9mm aimed at the
center of the zebrafish spine, resulting in a transient perturbation of
the tissue and shear waves propagation; 2) an ultrafast Doppler
sequence was created with coherent compound plane wave imaging
consisting of 3 plane waves (range −3 degrees to +3 degrees, 3-degree
steps) with a pulse repetition frequency of 28 kHz. Coherent com-
pounding of the plane waves was applied using a sliding window
method as in Kang et al. (window size 3, corresponding to the 3 dif-
ferent titled plane waves, and window step of 1), enabling a virtual
framerate of 28kHz66. Each acquisition lasted 10 milliseconds. Three
acquisitions were collected per zebrafish. After scans were complete,
the ultrafast imaging data were streamed to an internal network and
then post-processed offline using MATLAB 2019a (The MathWorks
Inc., Natick, MA, USA). Tissue velocity data were computed using a
Doppler-based autocorrelation estimator, from which tissue velocity
maps were reconstructed and presented as a space-time matrix
showing shear wave propagation within a specific region of interest.
The mean of these shear wave velocities was computed and used as a
surrogate for spine stiffness (derived from the shear modulus)67.

μCT scanning, reconstruction, and density analysis
Zebrafish were euthanized at 4mpf and fixed in 10% neutral-buffered
formalin (Sigma-Aldrich). Fish were mounted in tubes using 1% agar-
ose. Scanning was performed with a SkyScan 1275 μCT (Bruker, Kon-
tich, Belgium) using 50 kV and 80μA, sample rotation of 180°, image
rotation steps of 0.2°, frame averaging of 10, exposure time of 55ms,
camera binning of 1 × 1, and using a pixel size of 18μm. Projection
images were reconstructed into cross-sections using SkyScan’s NRe-
con v.1.7.4.6 software (Bruker, Kontich, Belgium) in a range of
attenuation coefficients 0–0.25, with a beam-hardening correction of

40%. The reconstructed images were stored as 16-bit TIFF images.
Maximum Intensity Projections were generated (ImageJ software) for
tissue mineral density analysis. The line selection tool in ImageJ was
then used to manually measure the mean gray value within each ver-
tebral centrum, which can be used as a relative measure for tissue
mineral density.

Cobb-angle analysis
Lines were drawn parallel to the top and bottom of most displaced
vertebrae for each curve. The Cobb angle was then measured as the
angle of intersection between lines drawnperpendicular to theoriginal
2 lines14. Analysis was conducted using ImageJ68,69. Cobb-angle mea-
surements for lateral and dorsal curvatures were summed to obtain a
combined Cobb-angle measurement for each fish. Results were
graphed, and statistical significance was calculated using GraphPad
Prism 10.1.1 (GraphPad Software).

Quantification of DCFH-DA staining, Tg(col2a1a::xbp1δ-eGFP)
and TgBAC(entpd5a::pkRed)
Using ImageJ FIJI, regions of interest (ROI) were selected to measure
the area and integrated density of the ROI (See Supplementary Fig. 1a
for ROI examples). The mean gray value of the background was also
measured. The corrected total fluorescence (CTF) of the ROI was cal-
culated as follows: Integrated Density - (Area of ROI x Mean Gray Value
of Background). CTF values were then calculated relative to wildtype
controls by dividing the CTF values by the average CTFwildtype value.
Statistical analysis was performed using a Mann–Whitney test or a
Kruskal–Wallis test in GraphPad Prism version 10.1.1 (GraphPad
Software).

Quantification of TgBAC(tnfα::GFP) and Tg(mpeg1::mCherry)
Using ImageJ FIJI, cells expressing TgBAC(tnfα::GFP) and/or
Tg(mpeg1::mCherry) were counted in the dorsal telencephalon region
of 10 dpf and 14 dpf sspodmh4/+ mutants and wildtype siblings as max-
imum projection images encompassing a Z-range of 72 μm (for 10 dpf
fish) and 108 μm (for 14 dpf fish). Statistical analysis was performed
using aMann–Whitney test or a Kruskal–Wallis test in GraphPad Prism
version 10.1.1 (GraphPad Software).

Notochord ECM measurements
TEM scans at 6000x and 10,000x were selected for measurements.
The ECM widths were taken with ImageJ and defined as the distance
from the lumenal side of the notochord ECM to the basal side of the
notochord sheath (between cyan and magenta dash Fig. 6b). Two
measurements were taken from a single scanned image: a local max-
imum width (the thickest area along the ECM) and a local minimum
(thinnest area along the ECM). The local ratio was obtained by dividing
the maximum width by its paired minimum width.

Histology
Juvenile zebrafish were collected at 21 dpf (10mm SL) or 30 dpf
(13mm SL), then euthanized on ice with tricaine (500mg/L). Eutha-
nized fish were fixed with 4% PFA at 4 °C overnight, then washed with
1xPBS, before decalcification with either EDTA (0.35M EDTA with
gentle rocking at 4 °C for 4 days) or formic acid (Thermo Fisher Sci-
entific CAS: CS511-1D, gentle rocking at RT for 2–3 days). Decalcified
samples were processed, put in a mold, embedded with 60 °C liquid
paraffin, and transferred to a cooling plate for the wax to freeze.
Embedded blocks were sectioned with a microtome, generating rib-
bons of 3–4 μm thin onto a water bath, then collected onto a slide and
dried overnight. Samples were then deparaffinized in xylene
(3 × 3min), transferred to absolute ethanol (3 × 10 dip), 95% ethanol
(10 dips), and washed with water. Then, sample processing occurred
in the order of celestine blue (5min), stain in Harris’ haematoxylin
(5min), acid alcohol (5 dips), and blue in Scott’s tapwater (1min), with
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water-wash between each step. Pico-Sirius Red or H&E were then
applied for 30min, blotted dry, and dehydrated in 100% ethanol (4x),
xylene (3x). 10 dips each, before being sealed with a coverslip.

Statistics and reproducibility
Statistical analyses were performed in GraphPad Prism version 10.1.1
(GraphPad Software). Two-tailed, non-parametricMann–Whitney tests
were used for comparisons between two groups,while non-parametric
Kruskal–Wallis tests followed by Dunn’s multiple comparisons test
were used for analyzing multiple groups. A p-value less than 0.05 was
considered statistically significant. Statistical test and sample sizes can
be found in the Figure legends. Individual p-value ranges are indicated
in the Figure legends, and exact p-values can be found in Supple-
mentary Data 1. The total number of zebrafish analyzed is represented
by N, and individual data points, such as measured IVDs, are repre-
sented by n numbers. The detailed number of zebrafish (N) and data
points (n) for each experiment can be found in the respective figure
legend.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Due to their large size, μCT imaging files are available upon
request. Source data are provided with this paper.
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