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BACK PAIN

Parathyroid hormone treatment partially reverses
endplate remodeling and attenuates low back pain in
animal models of spine degeneration
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Low back pain (LBP) is one of the most prevalent diseases affecting quality of life, with no disease-modifying
therapy. During aging and spinal degeneration, the balance between the normal endplate (EP) bilayers of car-
tilage and bone shifts to more bone. The aged/degenerated bony EP has increased porosity because of osteo-
clastic remodeling activity and may be a source of LBP due to aberrant sensory innervation within the pores. We
used two mouse models of spinal degeneration to show that parathyroid hormone (PTH) treatment induced
osteogenesis and angiogenesis and reduced the porosity of bony EPs. PTH increased the cartilaginous
volume and improved the mechanical properties of EPs, which was accompanied by a reduction of the inflam-
matory factors cyclooxygenase-2 and prostaglandin E,. PTH treatment furthermore partially reversed the inner-
vation of porous EPs and reversed LBP-related behaviors. Conditional knockout of PTH 1 receptors in the
nucleus pulposus (NP) did not abolish the treatment effects of PTH, suggesting that the NP is not the
primary source of LBP in our mouse models. Last, we showed that aged rhesus macaques with spontaneous
spinal degeneration also had decreased EP porosity and sensory innervation when treated with PTH, demon-
strating a similar mechanism of PTH action on EP sclerosis between mice and macaques. In summary, our results
suggest that PTH treatment could partially reverse EP restructuring during spinal regeneration and support

further investigation into this potentially disease-modifying treatment strategy for LBP.

INTRODUCTION
Spinal degeneration with low back pain (LBP) is one of the most
prevalent diseases causing frailty and a decline in mobility (I, 2).
LBP is the leading cause of work absence throughout much of the
world and a major reason to seek medical treatment (3). Unfortu-
nately, 90% of LBP is nonspecific, and the cause of LBP is often
unknown because no abnormality other than degeneration of inter-
vertebral discs (IVDs) is observed (4, 5). Four commonly used
classes of medications for LBP are paracetamol, opioids, nonsteroi-
dal anti-inflammatory drugs [NSAIDs; including cyclooxygenase-2
(COX-2) inhibitors], and skeletal muscle relaxants (6). When the
traditional medications are properly administrated according to
the World Health Organization analgesic ladder, LBP can be effec-
tively relieved; however, their side effects range from addiction, re-
spiratory depression, and constipation (opioids); hepatorenal
toxicity (paracetamol); or gastrointestinal and cardiovascular
damage (NSAIDs). LBP is prone to recurrence after drug withdraw-
al. Currently, no disease-modifying therapy is available for LBP.
Pathological changes in the various spinal components are asso-
ciated with pain and accelerated aging (7). Recent studies showed
involvement of the vertebral endplate (EP) in the development of
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spinal degeneration and LBP (8-10). The EP is a complex structure
composed of a bony layer and a cartilage layer and forms a structural
boundary between the IVD and vertebral body. EPs transmit me-
chanical loads from body weight and muscle activity between the
bony vertebrae and soft tissue (11). EPs also serve as a selective per-
meability barrier, allowing passage of small solutes, such as nutri-
ents, but impede transport of larger solutes, such as inflammatory
factors (12). We have reported that cartilaginous EPs undergo chon-
drocyte hypertrophy and calcification during spinal degeneration,
which were resorbed by osteoclasts to generate bony porous EP
structure (13, 14). These adaptations could also affect the mechan-
ical properties of EPs, impair diffusion and nutrient supply (15),
cause aberrant innervation (16), and result in LBP (17, 18). We
have recently found that osteoclasts in the cavities of the bony EP
layer secrete netrin-1 (19). Netrin-1 promoted sensory nerve axonal
outgrowth, promoted the expression of its receptor DCC (deleted in
colorectal cancer) in sensory nerve and dorsal root ganglion (DRG)
neurons, and induced spinal hypersensitivity in mouse models of
aging and spinal instability (19).

Magnetic resonance imaging (MRI) studies indicate that LBP in
humans is associated with structural changes of the vertebral EP (18,
20). Modic changes are abnormal EP signals observed on various
MRI sequences and can fluctuate over time in people with nonspe-
cific LBP, associated more often with pain when seen with decreased
T1-weighted and increased T2-weighted images, consistent with
vascular granulation tissue (21, 22). Histological data furthermore
show that nerve density within the EP is correlated with Modic
changes (23). Greater EP nerve density is also found in people un-
dergoing surgery for IVD degeneration with back pain (16, 23)
During aging, EPs undergo ossification with elevated osteoclasts
and become porous (14, 24-26). We have demonstrated that EPs
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in patients undergoing spinal surgery with LBP were porous with
large-quantity osteoclasts and sensory innervation, whereas patients
undergoing back surgery without LBP did not have porous EPs and
sensory innervation (19). Because pain is produced by nociceptors,
LBP could be caused by sensory innervation into porous EPs.

PTH regulates calcium homeostasis and bone remodeling in ter-
restrial vertebrates, particularly mammals (27). We have demon-
strated that PTH regulates bone remodeling by orchestrating
signaling of local factors, including transforming growth factor—g,
Wnts, bone morphogenetic proteins, and insulin-like growth factor
1 (28-33). PTH (1-34) is a US Food and Drug Administration
(FDA)—-approved anabolic agent for the treatment of osteoporosis.
We have previously shown that PTH (1-34) inhibits degradation of
the extracellular matrix within IVDs, reducing disc degeneration
(34), and attenuates osteoarthritis progression (35). In this study,
we sought to investigate whether PTH could attenuate LBP by tar-
geting EP sclerosis and aberrant EP sensory innervation in mouse
models and a macaque model of spinal degeneration.

RESULTS

PTH reduced the porosity of EPs

PTH is an FDA-approved medication for the treatment of osteopo-
rosis because PTH stimulates bone formation when given as a once-
daily subcutaneous injection. Sclerotic EPs are porous, similar to
osteoporotic bone. We therefore examined the impact of PTH on
EP sclerosis in spine degeneration. Aged mice (72 weeks) and
mice with lumbar spine instability (LSI; 8 weeks) were used as
two models of spinal degeneration and injected with PTH daily
for 8 weeks (Fig 1, A and B). LSI was created by resecting the L3
to L5 spinous processes along with the supraspinous and interspi-
nous ligaments (13, 19). Controls for the LSI-PTH-treated mice in-
cluded sham-operated mice untreated and LSI-operated vehicle-
treated mice. Controls for aged mice included aged mice injected
with vehicle. Differences in EP structure were quantified by
micro—computed tomography (uCT). The EPs of LSI and aged
mice treated with vehicle showed increased total porosity, EP
volume, and porosity volume relative to sham control (Fig. 1, C
to F). The changes in EP volume and porosity were attenuated in
LSI and aged mice injected with PTH (Fig 1, C to F). Although
the total height of the IVD, including height of nucleus pulposus
(NP) and EP, did not differ between groups, there was a shift in
height, with significantly (P < 0.05) increased NP height and de-
creased EP height in LSI and aged PTH-treated mice relative to
vehicle controls (Fig 1, G and H).

PTH increased the volume of the cartilaginous EP layer and
stimulated bone formation in the bony EP layer

The EP distributes intradiscal pressures onto the IVD, which is de-
pendent on EP cartilage and bone structural properties (36-39).
Histologic staining for cartilage using Safranin O/Fast Green dem-
onstrated that the cartilaginous portion of the EP decreased in LSI
and aged mice relative to sham control mice. This decrease in EP
cartilage was partially attenuated by PTH treatment (Fig. 2, A to
C). Tartrate-resistant acid phosphatase staining for osteoclasts and
osteocalcin staining for osteoblasts were negative in the EP layer of
sham-operated mice but were significantly increased in the EP pores
of LSI and aged mice (P < 0.01; Fig. 3, A to D). PTH significantly (P
< 0.01) increased the number of osteocalcin® osteoblasts in the

Ling et al., Sci. Transl. Med. 15, eadg8982 (2023) 15 November 2023

cavities, and the cavities were notably smaller in the PTH groups
compared with the vehicle groups (Fig. 3, C and D). Dynamic
bone formation was assessed by calcein/Alizarin Red double-label-
ing, whereas connective tissue was visualized by Masson-Goldner
trichrome staining. Normal mice did not exhibit osteosclerotic
changes in the EP and, consequently, did not have any bony
pores. Conversely, LSI and aged mice displayed osteosclerotic EP
changes, with increased osteoclastic activity and porous cavity en-
largement. This process results in the substitution of old bone
(calcein green) with new bone (Alizarin Red), leading to the exclu-
sive presence of the red color (fig. S1, A and B). PTH-injected LSI
and aged mice had stimulation of bone formation with smaller
pores in the sclerotic EP, as demonstrated by double labeling
noted in the pores and osteoid deposition relative to vehicle-injected
LSI and aged controls (fig. S1, A and B). Type H blood vessels,
defined by high staining intensity of both CD31 and endomucin
(EMCN), are specifically coupled with bone formation (40, 41). Im-
munofluorescence costaining of CD31 and EMCN showed that type
H blood vessels were significantly (P < 0.01) increased in the EP cav-
ities of PTH-injected LSI and aged mice, further indicating PTH-
induced anabolic bone formation in the pores (Fig. 3, E and F).

PTH improved the mechanical properties of EPs

To investigate whether the change in porosity affected EP mechan-
ical properties, finite element analysis based on CT data was per-
formed, which measured displacement (U) magnitude and von
Mises stress (Mises stress) as a way to evaluate the deformation
and stress distribution of EP. The EPs of sham-operated controls
experienced the lowest stress, whereas the highest stress occurred
in the larger cavities of porous EPs in both LSI and aged mice
with vehicle treatment (Fig. 3, G and H). PTH significantly
reduced the stress in LSI and aged mice compared with the
vehicle group (P < 0.01; Fig. 3, G and H). Together, PTH induced
bone formation and reduced the porosity of EPs, decreasing me-
chanical stress in both LSI and aged mouse models of spinal
degeneration.

PTH reduced sensory nerve innervation in porous EPs

We have recently reported that aberrant innervation in EP pores
results in increased prostaglandin E2 (PGE,) concentrations that
mediate spinal hypersensitivity or mechanical allodynia during
spinal degeneration (19). Because PTH reduced bony EP porosity,
we next investigated the effect of PTH on sensory innervation. We
confirmed our prior report by immunostaining spine sections and
showed that the expression of protein gene product 9.5 (PGP9.5), a
marker broadly expressed on nerve fibers, was increased in the EPs
of LSI and aged mice relative to those of sham controls, in which
PGP9.5 was undetectable (Fig. 4, A to C). PTH significantly
reduced PGP9.5" nerve fibers in the EPs of LSI and aged mice rel-
ative to vehicle controls (P < 0.01; Fig. 4, B and C), whereas PGP9.5"
nerve fibers in the annulus fibrosus remained unchanged among all
treatment groups (Fig. 4, B and D). COX-2 by immunostaining
(Fig. 4E) and PGE, by enzyme-linked immunosorbent assay
(ELISA) were increased in the EPs of LSI and aged mice relative
to sham control, similar to our prior report (19), and PTH treat-
ment decreased the concentrations of inflammatory factors COX-
2 and PGE, relative to vehicle controls (Fig. 4, E to G). Analysis
of EP mRNA also demonstrated that PTH decreased Ptgs2 (fig. S2).
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Fig. 1. PTH ameliorated EP remodeling in two mouse models of spinal degeneration. (A and B) Schematic diagram of the procedure surgery and PTH treatment of
LSI (A) and aged mice (B). (C) Representative coronal high-resolution uCT images (top) and three-dimensional images (bottom) of L4/5 EPs in sham-operated mice and LSI
or aged mice treated with PTH or vehicle (Veh). Scale bars, 0.5 mm. The yellow dotted line area represents the EP. (D to F) Quantitative analysis of total porosity (D), EP
volume (E), and porosity volume (F) of the mouse L4/5 EP. (G) Representative sagittal high-resolution uCT image of a L4/5 EP from a sham-operated mouse. The blue arrow
indicates height of NP; the yellow arrow indicates height of EP (P, posterior; A, anterior; S, superior; |, inferior; scale bars, 0.2 mm). (H) Quantification of NP height, EP
thickness, and total height of the IVD (NP and EP) in the posterior one-third of L4-L5 in the sagittal plane. n = 10 (Sham, LSI model) or n = 7 (aged model) per group. All data

are shown as means + SD. Statistical significance was determined by one-way ANOVA and Student's t test. *P < 0.05 and **P < 0.01. ns, no significant difference.

To determine the origins of EP innervation, a retrograde nerve
tracing experiment was conducted in which Dil was injected into
the L4-L5 EP. Immunofluorescence analysis showed that Dil-posi-
tive and PGP9.5-positive neurons were highly abundant in the
DRGs of LSI and aged-mice injected with vehicle relative to
sham, and PTH decreased the aberrant innervation in LSI and
aged mice (Fig. 5A). To further classify nerve fiber type, coimmu-
nofluorescence staining with PGP9.5, calcitonin gene-related
peptide (CGRP), neurofilament 200 (NF200), Piezo-type mechano-
sensitive ion channel component 2 (PIEZO2), isolectin B4 (IB4),

Ling et al., Sci. Transl. Med. 15, eadg8982 (2023) 15 November 2023

and P2X purinoceptor 3 (P2X3) with Dil was performed. Dil-pos-
itive neurons were positive for CGRP, NF200, and PIEZO2 but not
IB4 or P2X3. There was no statistically significant difference in the
percentage of copositive Dil and CGRP, NF200, or PIEZO2 DRG
neurons between LSI and aged mice injected with either vehicle
or PTH (P > 0.05; Fig. 5, B and C). Overall, PTH-induced bone for-
mation reduced the porosity of EPs and nonspecifically reduced
sensory innervation of EP cavities in LSI and aged mice.
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Fig. 2. Cartilage EP degeneration was attenuated by PTH. (A) Representative images of a L4-L5 coronal EP from a sham-operated mouse stained for Safranin O (red, for
proteoglycans) and Fast Green (green, for bony cavities). Scale bars, 100 um. 1, 2, and 3 represent central nucleus pulposus, center, and periphery of superior EP, respec-
tively. (B) Magnified sections of L4-L5 coronal EPs containing the central nucleus pulposus (NP) (1), the center of the superior EP (2), and the periphery of the superior EP
(3) from sham-operated mice and LSI or aged mice treated with PTH or vehicle (Veh). (C) Quantitative analysis of the area of cartilage in the whole EP based on Safranin O
and Fast Green staining. n = 10 (Sham, LSI model) or n = 7 (aged model) per group. All data are shown as means + SD. Statistical significance was determined by one-way
ANOVA and Student's t test. *P < 0.05 and **P < 0.01 compared with sham or vehicle group.

PTH attenuated LBP-related behavior in mice

We then assessed pain-related behaviors in LSI and aged mice to
examine the potential effects of PTH on LBP. Hyperalgesia tests
of pressure tolerance were performed to measure spinal hypersen-
sitivity after development of spinal degeneration at 0 weeks and after
8 weeks of vehicle or PTH daily injections [see Fig. 1 (A and B)].
Pressure tolerance decreased significantly (P < 0.05) after LSI
surgery relative to that of sham-operated mice (Fig. 6A), indicating
the development of low back pressure hyperalgesia. There was no
change in pressure tolerance in LSI mice after vehicle treatment,
whereas PTH treatment resulted in increased pressure tolerance
(Fig. 6A), indicating that this form of hyperalgesia was attenuated
with PTH. We also measured spontaneous activity as time spent
running on exercise wheels per 24 hours. Distance traveled, active
time, and maximum speed were decreased significantly at 0-weeks
in LSI surgery relative to that of sham-operated mice (P < 0.05;
Fig. 6, B to D). After 8 weeks, vehicle injections had no effect on
spontaneous activity, whereas PTH injections increased the dis-
tance traveled (Fig. 6B), active time (Fig. 6C), and maximum
speed (Fig. 6D) relative to 0 weeks and were not statistically different
from spontaneous activity of sham controls. In parallel, we evaluat-
ed the effects of PTH on LBP in aged mice (Fig. 6, E to H). Similarly,
PTH treatment increased pressure tolerance (Fig. 6E) and sponta-
neous activity (Fig. 6, F to H) in 72-week-old mice relative to base-
line. These results suggest that PTH attenuates pain-related
behaviors in LSI and aged mouse models.

PTH analgesia mechanism was independent of IVD
pathology

Aberrant innervation within the EP and the nucleus pulposus has
been associated with nonspecific LBP (42). To discern whether the
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analgesic effect of PTH treatment is due to signaling within the
nucleus pulposus of IVD, we disrupted PTH signaling within the
IVD by crossing Notochordal-Cre mice with Pthir”" mice
(Pth1r~'7). PTHIR staining of the degenerated spines of these
mice demonstrated PTHIR expression in osteoblasts and osteocytes
of the vertebral body and EPs (fig. S3A). After 8 weeks of PTH treat-
ment, similar to our previous report (34), uCT showed that the in-
crease in IVD height caused by PTH treatment in aged Pthir*'*
mice was abolished in Pthlr™'~ mice (fig. S3, B to E). However,
the EPs of Pthir™'~ aged mice remained responsive to PTH,
showing decreased EP volume and height (Fig. 7, A and B, and
tig. S3C), total porosity (Fig. 7C), and porosity volume (Fig. 7D) rel-
ative to vehicle control. Histological staining of the EP with Safranin
O/Fast Green demonstrated that PTH treatment decreased EP po-
rosity in Pthir~'~ aged mice and in Pth1r*"* mice (Fig. 7, E and F).
Immunofluorescence staining showed that protein expression of
PGP9.5 decreased in EP nerve fibers in both PTH-treated
Pthir™'~ aged mice and Pth1r*"* controls (Fig. 7, G and H). Regard-
ing pain behavior, PTH treatment significantly (P < 0.05) increased
pressure tolerance (Fig. 71), distance traveled (Fig. 7]), and active
time (Fig. 7K) in Pthlr~'~ aged mice and Pth1r*'* mice relative
to baseline. PTH treatment did not significantly change
maximum speed (P > 0.05; Fig. 7L). Together, these results
suggest that PTH-mediated improvement in pain-related behaviors
and aberrant spinal innervation are independent of PTH signaling
in the nucleus pulposus of IVD, further implicating an important
role for EPs in nonspecific LBP.
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Fig. 3. PTH induced osteogenesis and angiogenesis in bony EP. (A to F) Representative images and quantitative analysis of the number of positive cells in L4-L5 EP
coronal sections from sham-operated mice and LSI or aged mice treated with PTH or vehicle (Veh). n = 10 (Sham, LSI mice) or n = 7 (aged mice) per group. (A and B)
Tartrate resistance acid phosphatase (Trap) (magenta) staining. Scale bar, 100 um. (C and D) Osteocalcin immunostaining. Scale bar, 100 um. (E and F) CD31 (green) and
endomucin (EMCN) (red) immunofluorescence staining. DAPI (4',6-diamidino-2-phenylindole) stains nuclei blue. Scale bar, 50 um. (G and H) Representative images of
finite element analysis in L4-L5 superior EPs, including U magnitude (G, top) and Mises stress (G, bottom, and H) to evaluate the deformation and stress distribution of EP
for all treatment groups, Scale bars, 100 um. n = 4 per group. All data are shown as means + SD. Statistical significance was determined by one-way ANOVA and Student's t

test. *P < 0.05 and **P < 0.01.

PTH improved IVD degeneration and decreased EP porosity
and innervation in aged rhesus macaques

Given the concerns of translatability of mouse findings to humans,
we next investigated the effect of PTH on spinal degeneration in
rhesus macaques. Rhesus macaques, similar to humans, are
bipedal and show evidence of spinal degeneration with aging.
Male and female rhesus macaques (14 to 17 years old) were screened
radiographically for IVD degeneration based on Pfirrmann score, a
radiographic score of IVD degeneration used in human degenera-
tive IVD disease studies (fig. S4A) (43). Macaques with grades 2 to 4
of the lower lumbar spine (L4-L5, L5-L6, and L6-L7 IVDs) were

Ling et al., Sci. Transl. Med. 15, eadg8982 (2023) 15 November 2023

randomized and injected with vehicle or PTH (10 ug/kg per day)
for 3 months (fig. S4B). At baseline, the vehicle group had a
higher proportion of males (three versus two) and thus had a
greater mean weight relative to PTH group (table S1). At baseline,
there was no difference in serum bone turnover markers (N-termi-
nal propeptide of type 1 procollagen, beta C-terminal telopeptide,
and osteocalcin) or in bone mineralization (alkaline phosphatase,
calcium, and phosphate) between vehicle and PTH groups. Spinal
degeneration of all seven lumbar IVDs of each macaque was as-
sessed by MRI, including grading of Pfirrmann score, as well as
T1p (T1 rho) and T2 map signal intensity measured on quantitative
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Fig. 4. PTH reduced sensory nerve innervation in EPs. (A) Representative low-magnification immunofluorescence image of a L4-L5 EP coronal section from a sham-
operated mouse stained for PGP9.5" (red) sensory nerve fibers and DAPI (stains nuclei blue) (scale bar, 100 um). Yellow rectangles denote areas of higher-magnification
images in (B). (B) Representative immunofluorescence images of L4-L5 EP coronal sections from sham-operated mice and LS| or aged mice treated with PTH or vehicle
(Veh) for stainings as in (A) (1 and 2) EPs (scale bars, 50 um) and (3) annulus fibrosus (scale bar, 100 um). (C and D) Quantitative analysis of the percentage of PGP9.5" area
in EP (C) or annulus fibrosus (AF) (D). n = 10 (Sham, LSI mice) or n = 7 (aged mice) per group. (E and F) Immunohistochemical staining (E) and quantitative analysis (F) of
COX-2 (brown) in L4-L5 EPs. Hematoxylin stains nuclei purple. (G) ELISA analysis of prostaglandin E, (PGE,) concentration in lysate of lumbar EPs. n = 3 per group. All data
are shown as means + SD. Statistical significance was determined by one-way ANOVA and Student's t test. *P < 0.05 and **P < 0.01.

MRI to analyze the degree of IVD degeneration. There were statisti-
cally significant differences in IVD degeneration at baseline of all
imaging parameters, with the PTH group showing more severe
lumbar IVD degeneration [lower T1p (P = 0.032) and T2 signal in-
tensity (P = 0.012) and higher Pfirrmann grade (P = 0.044)] relative
to vehicle group (table S1). There was no difference in IVD degen-
eration at specific lumbar segments (table S2).

After 3 months of vehicle or PTH injection, the PTH group
trended to lower Pfirrmann scores relative to vehicle (table S1)
but did not reach statistical significance using a logistic multilevel
mixed-effect regression model (P = 0.102; table S3). Signal intensity
of both T1p and T2 map increased in the PTH group, whereas these
parameters decreased in vehicle-treated macaques (table S1 and fig.
S2C). Overall, PTH treatment significantly improved Tlp (P =
0.011) and T2 map (P = 0.018) signal intensity relative to vehicle,
as assessed by a linear multilevel mixed-effect regression model
(table S3). Bone turnover markers in serum increased with PTH rel-
ative to vehicle after 3 months (table S1). uCT analysis revealed that
PTH treatment decreased EP volume, total porosity, and porosity
volume (Fig. 8, A to D) relative to the vehicle group, similar to
the PTH treatment effects seen in aged mice. Histological staining

Ling et al., Sci. Transl. Med. 15, eadg8982 (2023) 15 November 2023

with Safranin O/Fast Green furthermore showed that PTH treat-
ment increased EP cartilage matrix area (Fig. 8, E and F). Immuno-
fluorescence staining showed significantly decreased PGP9.5 and
COX-2 expression in the EPs of the PTH group relative to the
vehicle group (P < 0.01; Fig. 8, G to ]).

DISCUSSION

LBP profoundly affects quality of life and daily physical activity, es-
pecially in the elderly population, increasing risk of frailty. Current
treatments involve either analgesics (44) or surgeries such as disc
arthroplasty, spinal fusion, or disc decompression to address struc-
tural abnormalities, which only improve pain in some of the affect-
ed patients (45, 46). There is no disease-modifying medication to
protect the spine from accelerated degeneration nor any medication
specific for LBP. There have been multiple studies analyzing the
impact of PTH on back pain. Nevitt et al. (47) published a meta-
analysis in 2005 demonstrating that postmenopausal women or
men with idiopathic or hypogonadal osteoporosis had a reduced
risk of back pain when treated with PTH relative to placebo.
Eastman et al. (48) more recently published a meta-analysis on
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Fig. 5. PTH reduced sensory nerve innervation from the DRG. (A) Quantitative analysis of the number of Dil-positive and PGP9.5-positive DRG neurons. (B) Quan-
titative analysis of the percentage of Dil-positive (red) DRG neurons that are also CGRP, NF200, and PIEZO2 positive. (C) Representative immunofluorescence images of
DRG sections (including local 2.5x magnification images) stained for Dil (red, top row) and PGP9.5, CGRP, NF200, PIEZO2, IB4, and P2X3 (green). Copositive cells positive
for both appear yellow. Scale bars, 200 pm. n = 6 (Sham, LSI mice) or n = 6 (aged mice) per group. All data are shown as means + SD. Statistical significance was determined

by one-way ANOVA and Student’s t test. **P < 0.01.
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Fig. 6. PTH attenuated LBP-related behaviors in LSl and aged mice. (A to D) Longitudinal comparison of LBP treatment effects in LSI mice. Data from sham-operated
and LSI mice treated with PTH or vehicle (Veh) are shown. (A) Quantification of pressure tolerance in response to mechanical stimulation above L4-L5. (B) Distance
traveled, (C) active time, and (D) maximum speed on the wheel per 24 hours. n = 9 (Sham, LSI model) or n = 7. (E to H) Longitudinal comparison of treatment
effects (as in A to D) for aged mice. Aged mice treated with PTH or vehicle (Veh) are shown. Statistical significance was determined by one-way ANOVA and Student’s

t test. All data are shown as each individual mouse. *P < 0.05 and **P < 0.01.

the effects of PTH on fracture healing and pain. Of the eight trials
that reported pain outcomes, self-reported functional scores were
improved in 50% of the trials, and by meta-analysis, 38% had im-
provement in pain relative to controls. The controls in these studies
varied from either placebo or other standard of care, such as verte-
broplasty, which was also associated with pain improvement (48).
Overall, these studies suggest that there is a subset of patients
showing improvement of LBP with PTH treatment. We have previ-
ously shown that PTH can ameliorate IVD degeneration by signal-
ing in the nucleus pulposus of the IVD (34). In the current study, we
show that PTH also improved EP sclerosis. We confirmed prior
reports of aberrant EP innervation with bone marrow expansion
in spine degeneration (16), which was reduced in PTH-treated
groups. Pain tolerance and spontaneous running on activity
wheels improved in both mouse models of spinal degeneration
treated with PTH. To increase the translational impact of our
work, we also validated our findings in aged rhesus macaques,
noting improvement in an MRI radiological outcome measure of
IVD degeneration.

Nonspecific LBP has multiple etiologies and is commonly asso-
ciated with IVD degeneration (49). IVD degeneration is caused
largely by aging (50) but may also result from degenerative
changes in other spinal structures. The spine is a complex, amphiar-
throdial joint, consisting of alternating bony vertebrae and fibrocar-
tilaginous IVDs. The IVD is composed of a central nucleus
pulposus, a peripheral annulus fibrosus, and, superiorly and

Ling et al., Sci. Transl. Med. 15, eadg8982 (2023) 15 November 2023

inferiorly, two cartilaginous EPs. Normally, sensory nerves are
not present in nucleus pulposus and cartilaginous EPs, whereas che-
mokine-induced sensory innervation and capillary growth has been
observed after annulus fibrosus rupture (51, 52). Given that annulus
fibrosus rupture results in disc herniation and may also cause com-
pression of the adjacent nerve root, this would not be an example of
nonspecific LBP because this phenomenon is easily identified on
MRI. In our mouse models of spinal degeneration, we noted the
presence of sensory nerves in both the annulus fibrosus and EP
without annulus fibrosus rupture. However, only sensory innerva-
tion of the EP was reduced by PTH, coinciding with the improve-
ment in pain-hypersensitivity behaviors. We have previously shown
that PTH could rejuvenate the degenerated IVD via direct signaling
in the IVD (34) but had not examined pain behaviors. In the current
study, knockout of Pthlr in notochordal cells showed continued
sensitivity to PTH effects on EP structure and LBP-related behav-
iors. Our results support the hypothesis that sensory innervation
within the EP, rather than nucleus pulposus and annulus fibrosus,
is a major contributor to nonspecific LBP.

EPs transmit mechanical loads from body weight and muscle ac-
tivity between the bony vertebrae and soft tissue; thus, the thickness,
porosity, and curvature are important structural determinants of EP
function (36-39). During aging and spinal degeneration, EP chon-
drocytes hypertrophy with thinning of cartilage and gradual ossifi-
cation with expansion of the bony porous EP (14, 25, 26, 53, 54). EP
sclerosis is associated with changes in EP mechanical properties,
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Fig. 7. PTH-mediated improvement in pain behaviors is independent of PTH signaling within the nucleus pulposus. (A) Representative coronal high-resolution
uCT images of L4-L5 EPs from aged mice with conditional knockout of the PTH type 1 receptor in the nucleus pulposus (Pth1r~'~) and aged Pth1r*/* mice treated with PTH
or vehicle (Veh). Scale bar, 0.5 mm. (B to D) Quantitative analysis of EP volume (B), total porosity (C), and porosity volume (D) in Pth1r~'~ and Pth1rt'* aged mice treated
with PTH or vehicle (Veh). (E) Representative coronal L4-L5 EP images of Safranin O and Fast Green staining for mice as described in (A). Proteoglycan is in red, and bony
cavities are in green. Scale bar, 100 pm. (F) Quantitative analysis of the area of cartilage in the whole EP based on Safranin O and Fast Green staining. n = 5 per group. (G)
Representative coronal immunofluorescence images of L4-L5 EPs stained for PGP9.5 (green) nerve fibers for mice as described in (A). Scale bar, 100 um. (H) Quantitative
analysis of PGP9.5-positive area in Pth1r~'~ and Pth1r*’* aged mice treated with PTH or vehicle (Veh). (I to L) Change in pressure tolerance (1) and spontaneous activity as
measured by distance traveled (J), active time (K), and maximum speed (L) on running wheel per 24 hours in Pth1r~'~ and Pth1r*’* aged mice treated with PTH.n = 5 per
group. All data are shown as each individual mouse. Statistical significance was determined by one-way ANOVA and Student's t test. *P < 0.05 and **P < 0.01.
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Fig. 8. PTH improved IVD degeneration and decreased EP porosity and innervation in aged rhesus macaques. (A) Representative sagittal high-resolution uCT
images of the lumbar vertebrae (L4-L5) in aged rhesus macaque after 3 months of PTH or vehicle (Veh) treatment. Scale bar, 2000 pm (B to D) Quantitative analysis of EP
volume (B), total porosity (C), and porosity volume (D) in the lumbar EP. n = 4 per group. (E) Representative coronal L4-L5 EPs of Safranin O and Fast Green (Saf-O/Fast G)
staining in macaques after 3 months of PTH or vehicle (Veh). (F) Quantitative analysis of percentage of cartilage area in the lumbar EP. n = 4 per group. (G) Representative
coronal immunofluorescence images of L4-L5 EPs stained for PGP9.5 (red) nerve fibers and DAPI (blue) staining of nuclei in macaques as described in (E). Scale bars, 200
um. (H) Quantitative analysis of PGP9-positive area in the lumbar EP. n = 4 per group. (I) Representative coronal immunohistochemical images of L4-L5 EPs stained for
COX-2 (brown) in macaques as described in (E). Scale bar, 200 um. (J) Quantitative analysis of percentage of COX-2—positive area in the lumbar EP. n = 4 per group.

Statistical significance was determined by Student’s t test. All data are shown as means + SD. *P < 0.05 and **P < 0.01 compared with the vehicle-treated group.

such as calcifications, which are thought to disrupt diffusion of nu-
trients and hydration to the IVD and may contribute to IVD degen-
eration (55). In people with LBP, EP sclerosis is observed (10, 16,
17), as well as increased nerve density in the EP (18). Nerve
density is greatest in EPs from people with Modic type 1 or 2
changes relative to patients with normal EP on MRI (23). PTH stim-
ulates bone remodeling by modulating the bone marrow microen-
vironment through the orchestration of signaling of local factors
(28). We found that PTH-stimulated osteoblast bone formation
reduced EP porosity and reduced EP volume. PTH is also known
to promote chondroregeneration (56). We observed expansion of
the cartilage EP with PTH. The change in EP morphology correlat-
ed with an increase in IVD volume. Because angiogenesis is coupled
with osteogenesis, we also evaluated the impact of PTH on EP vas-
culature, noting an increase in type H blood vessels with PTH.

Ling et al., Sci. Transl. Med. 15, eadg8982 (2023) 15 November 2023

Further studies are necessary to conclude whether the increase in
type H vessels improves nutrient diffusion. Together, the impact
of PTH on the EP structure resulted in improvement in EP mechan-
ical properties with less von Mises stress.

We previously found that abnormal mechanical stress caused by
LSI increases the activity of osteoclasts and osteoclast secretion of
Netrin-1, leading to aberrant EP sensory innervation (19). Prosta-
noids, specifically PGE,, regulate inflammation and sensitize
neurons to pain. In this study, aberrant sensory innervation of
EPs was noted, and the protein expression of PGE, and COX-2 in
the EP with osteosclerosis were increased, consistent with results in
long bone (57). In addition, we observed changes in behavior sug-
gestive of pain hypersensitivity. Eight weeks of daily PTH adminis-
tration reduced EP innervation and PGE, and COX-2
concentrations. The finding that PTH reduced PGE, and COX-2
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in osteoblasts is contrary to prior reports that PTH stimulates the
expression of PGE, in osteoblasts in vitro (58, 59). A possible expla-
nation is that the effect of PTH on PGE, in vivo is indirect. Tracing
of neurons to the DRG revealed that the decrease in sensory inner-
vation was nonspecific. Further studies are necessary to understand
the mechanism of PTH reduction of PGE, and how nerve fibers
decreased.

There are limitations to our study. We were unable to investigate
the behavior of aged rhesus macaques to determine whether there
was a change in behavior due to the lack of reliable behavioral
testing methods for this species. Second, although PTH improved
pain, the duration of effect is unknown. PTH reduces porosity of
EPs to relieve pain, and it also attenuates spine degeneration in
aging and LSI mice (34). After termination of PTH treatment, the
therapeutic effects should be maintained for some time in aged mice
but with mechanical instability, such as in the LSI model; without
correction of the underlying defect, the disease may recur. Longer
observation after cessation of PTH would be needed to investigate
this remaining question. A third limitation is that PTH treatment
effects on MRI outcome measures were inconclusive. Mice MRI
were not evaluated in this study, and the number of rhesus ma-
caques used was not sufficient to show definitive evidence of im-
provement in IVD degeneration by Pfirrmann grade, a
radiographic score of IVD degeneration used in human degenera-
tive IVD disease studies (43). However, T1p and T2 map did in-
crease in PTH-treated macaques relative to the vehicle-treated
controls, demonstrating a potential radiographic biomarker for
future clinical studies.

Overall, our results show promise for the translation of an FDA-
approved anti-osteoporosis drug into a disease-modifying drug for
nonspecific LBP, particularly with corroboration of PTH effect on
EP sclerosis and aberrant innervation in a large animal model, aged
rhesus macaques. We have previously used rhesus macaques to
study IVD degeneration by using pingyangmycin, an anti-endothe-
lial drug, sub-EP injection to block the blood vessels in EP (60) and
an ovariectomized rhesus macaque model to investigate the rela-
tionship between IVD degeneration and osteoporosis (61). The
aged rhesus macaque spontaneously develops IVD degeneration.
The current manuscript reports that aberrant innervation of verte-
bral EPs associated with spinal sensitivity in mice and rhesus ma-
caques is reduced with PTH treatment. Histologically, similar
results in EP porosity and sensory innervation in mice and ma-
caques were noted, demonstrating a similar mechanism of PTH
action on EP sclerosis between species. Meta-analyses show that a
subset of people have improvement in back pain when treated with
PTH (47). We therefore have proceeded with a randomized double-
blind placebo-clinical multicenter trial (registration no.
ChiCTR1800018620, SYSU Ethic Committee approved no.2018-
053) in patients aged 45 to 65 years with osteopenia, IVD degener-
ation, and LBP to further investigate the efficacy and duration of
PTH(1-34) for the relief of chronic LBP.

MATERIALS AND METHODS

Study design

The overall objective of the study was to evaluate whether PTH
could attenuate LBP by remodeling sclerotic EP that contributes
to sensory innervation and high concentrations of inflammatory
factors. We evaluated the spine phenotype in two mouse models:

Ling et al., Sci. Transl. Med. 15, eadg8982 (2023) 15 November 2023

a model of spinal degeneration secondary to mechanical injury in
young adult mice and a model of aging-related spinal degeneration.
For the mouse studies, each sample size calculation was done in two
stages. First, an overall one-way analysis of variance (ANOVA)
model was used assuming power of 0.90 and type I error of
0.0125. Second, in the event of a significant main effect, post hoc
group testing was performed using Student's t test assuming
power of 0.90 and type I error of 0.025. Of the experimental
methods in the mouse models, porosity and pressure tolerance
testing had the greatest variability. On the basis of our prior
studies, assuming observed mean differences between groups and
inflating observed variance by 50%, it was estimated that we
would need four animals per group at least, whereas post hoc
testing required either seven or eight animals per group. All behav-
ioral tests were performed by the same investigator, who was
blinded to the study groups. All mouse experimental protocols
were approved by the Animal Care and Use Committee of Johns
Hopkins University, Baltimore, MD.

Aged rhesus macaques were used as a primate model to more
closely mimic humans. All animals used for experiments had IVD
degeneration. We did not use any statistical methods to predeter-
mine sample sizes for the rhesus macaque studies. Eight rhesus ma-
caques that met the inclusion criteria were randomly divided into
PTH group and vehicle group. All measurements were performed
blinded. The study protocol was reviewed and approved by the In-
stitutional Review Board and Ethics Committee of Guangdong
Landau Biotechnology Company and the First Affiliated Hospital
of Sun Yat-sen University in Guangzhou, China (no. 2018-053).

Mice

We purchased 104 C57BL/6] (wild-type male mice from Charles
River Laboratories, Wilmington, MA). Mice carrying the Pthlr
gene flanked by loxP sites in the introns flanking the essential E1
exon (Pthlr flox/flox) were obtained from the laboratory of
H. Kronenberg (62). NotoCre mice exhibiting an internal ribosome
entry site-nuclear localization signal-Cre recombinase (IRES-NLS-
CRE) cassette that replaced exon 2 of the Noto locus (63) were ob-
tained from C. A. Seguin (64). Pthlr flox/flox mice and NotoCre
mice were crossed to generate mice bearing the NotoCre and a
floxed Pthlir allele in their germ line as previously reported (34).
Mice with Pthlr conditional deletion in Noto lineage cells are re-
ferred to as “Pthlr™'~" in the text. The genotype of transgenic
mice was determined by polymerase chain reaction (PCR) analyses
of genomic DNA isolated from mouse tails. The floxed PthIr allele
was identified with primers spanning the 3’ loxP site P1 (5-TGGAC
GCAGACGATGTCTTTACCA-3') and P2 (5-ACATGGCCATGC
CTGGGTCTGAGA-3') according to the prior publication from
the laboratory of H. Kronenberg (62). The genotyping for the Cre
transgene was performed by PCR with the primers Cre F
(5'-CAAATAGCCCTGGCAGAT-3') and Cre R (5-TGATACAA
GGGACATCTTCC-3'). For the aging-induced IVD degeneration
model, 72-week-old mice were randomly assigned to either PTH
(1-34) (40 pg/kg) or vehicle (phosphate-buffered saline) injected
subcutaneously daily for 8 weeks. For the LSI model, after an appro-
priate level of sedation with ketamine (Vetalar, Ketaset, and Ketalar;
100 mg/kg, intraperitoneally) and xylazine (Rompun, Sedazine, and
AnaSed; 10 mg/kg, intraperitoneally), 2-month-old mice under-
went resection of the L3 to L5 spinous processes along with the
supraspinous and interspinous ligaments to induce instability of
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the lumbar spine as previously described (11, 19). Sham operations
were performed on a separate group of mice by only detaching the
posterior paravertebral muscles from L3 to L5. Eight weeks after LSI
or sham surgery, mice were subcutaneously injected with PTH (1-
34) (40 ug/kg) or vehicle (phosphate-buffered saline with equivalent
volume of PTH) daily. All mice were euthanized 8 weeks after treat-
ment with PTH (1-34) or vehicle (n = 3 to 10 per group; Fig. 1, A
and B). All animals were maintained in a 22°C temperature-con-
trolled room with a 12-hour light/12-hour dark cycle at the
animal facility of the Johns Hopkins University School of Medicine.

Rhesus macaques

We purchased 14- to 17-year-old rhesus macaques from Guang-
dong Landau Biotechnology Company (Guangzhou, China). The
age of macaques was chosen on the basis of the macaque age—to—
equivalent human age ratio of 1:3.5 (65), suggesting that 14- to
17-year-old rhesus macaques represent humans aged about 50 to
60 years. A total of 22 aged male and female macaques were
screened by MRI before intervention. A Pfirrmann grade of either
2 or 3 to indicate moderate degree of IVD degeneration was re-
quired in the lower lumbar spine (L4-L5, L5-L6, and L6-L7 IVDs)
for inclusion in the experimental protocol. Eight macaques were
randomly divided into two groups and received either once-daily
subcutaneous injection of PTH (1-34) (10 ug/kg) or vehicle (phos-
phate-buffered saline) for 3 months. All rhesus macaques were eu-
thanized for histological analysis after MRI scanning. The macaques
were housed with one animal per cage in a constant 22°C temper-
ature-controlled room with a 12-hour light/12-hour dark cycle.

MRI acquisition and Pfirrmann grading

MRIs were acquired before intervention and 3 months after inter-
vention with a 1.5-T MR scanner (Achieva, Philips, Amsterdam,
Netherlands) with the rhesus macaques lying supine after anesthe-
sia. The imaging protocol included multiple sections of two-dimen-
sional sagittal and axial T1- and T2-weighted fast spin-echo
sequences and quantitative MRI acquired with T1p and T2 map
quantification sequences (table S4) previously developed in our lab-
oratory (66) of the lumbar spine (L1-S1). T1p values were calculated
using Siswin software (version 0.9; Siswin, MR Research Centre at
Aarhus University Hospital, Denmark). T2 map values were calcu-
lated using Philips DICOM viewer (R3.0-SP12, Philips Healthcare,
Amsterdam, Netherlands). The regions of interest were chosen in
the center of the nucleus pulposus (0.1 cm” on images of macaques).
Three radiologists who were blinded to the study groups graded all
IVDs on the T2-weighted images according to the classification
scale of Pfirrmann described as the representative images (fig.
S3A) and previously reported (43, 66) as follows: grade I (normal
shape, no horizontal bands, and clear distinction of annulus fibro-
sus and nucleus pulposus), grade II (nonhomogeneous shape with
horizontal bands and some blurring between nucleus pulposus and
annulus fibrosus), grade III (nonhomogeneous shape with blurring
between nucleus pulposus and annulus fibrosus, with annulus fi-
brosus shape still recognizable), grade IV (nonhomogeneous
shape with hypointensity, annulus fibrosus shape not intact, no dis-
tinction between nucleus pulposus and annulus fibrosus, and,
usually, decreased disc height), and grade V (same as grade IV
but collapsed disc space).
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UCT and finite element analysis

Mice and macaques were euthanized and perfusion-fixed with 10%
buffered formalin for 5 min via the left ventricle after being flushed
with phosphate-buffered saline for 5 to 10 min. The lower thoracic
spines and whole lumbar spines of mice were dissected, and the
specimens were fixed in 10% buffered formalin for 24 hours and
then transferred into phosphate-buffered saline and examined by
high-resolution pCT (Skyscan1172, Bruker, Kontich, Belgium).
The ribs attached to the lower thoracic spine were included for iden-
tification of L3-L5 IVD localization. Images were reconstructed
using NRecon, v1.7, software (Bruker) and analyzed using CTAn,
v1.16, software (Bruker). We analyzed parameters using three-di-
mensional model visualization software (CTVol v2.3, Bruker).
The scanner was set to a voltage of 55 kVp, a current of 181 pA,
and a resolution of 9.0 um per pixel (for mice) or 16.0 um per
pixel (for macaques) to measure the EP. Coronal images of the
L3-1L4 and L4-L5 IVDs (mice) or L4-L5, L5-L6, and L6-L7 IVDs
(rhesus macaques) were used to perform three-dimensional histo-
morphometric analyses of EPs. EP volume was defined as the visible
EP adjacent to the vertebrae. Three-dimensional structural param-
eters analyzed were total porosity, total tissue volume (TV), and
volume of porosity (Po.V). Finite element analysis in the EP was
performed with Mimics (Materialise, Belgium) and Abaqus (Das-
sault, France) software on the basis of pCT data. The following
were used: elastic modulus, E = 0.1 GPa; Poisson's ratio, g = 0.28;
bone density, p = 1700 kg/cm’; and pressure on the EP, 1.2 MPa. U
magnitude and von Mises stress were calculated.

Blood tests

Blood samples of each rhesus macaque were collected after MRI
under anesthesia by a trained phlebotomist for measurement of
the following: serum calcium (Ca), phosphorus (Ph), procollagen
I intact N-terminal, C-terminal cross-linking telopeptide of type I
collagen (beta-CrossLaps, Beta-CTx), serum osteocalcin, and alka-
line phosphatase, which were conducted by Guangzhou KingMed
Diagnostics Group Co. Ltd.

Enzyme-linked immunosorbent assay

The concentration of EP PGE, was determined by crushing and
lysing pooled L3-L5 vertebral EPs (three mice per group) and
using the ELISA Development Kit (KGE004B, R&D Systems Inc.,
Minneapolis, MN) according to the manufacturer’s instructions.
Experimental results were repeated in triplicate.

Calcein-Alizarin double staining

Mice were intraperitoneally injected with fluorochrome-labeled
calcein green (10 mg/kg, Sigma-Aldrich, St. Louis, MO) 9 days
before end point. Seven days later, the mice were injected with Aliz-
arin Red (50 mg/kg, Sigma-Aldrich). On the day of end point (2
days after the second injection), we fixed the spine specimens in
70% ethanol for hard tissue slices and Masson-Goldner trichrome
staining using standard protocols. The calcein- and Alizarin-labeled
EP cavities were observed and captured using a BX51 microscope
(Olympus, Tokyo, Japan).

Retrograde tracing

Six mice per group of Sham, LSI+Veh, LSI+PTH, Aging+Veh, and
Aging+PTH (Fig. 1, A and B) were used to perform the retrograde
nerve tracing experiment as described previously (19). Briefly, we
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anesthetized the mice with ketamine and xylazine at 8 weeks after
PTH or vehicle treatment. The caudal EP of L4-L5 was exposed with
a ventral approach, and 2 ul of Dil (2 mg/ml in methanol; Molecular
Probes) was injected into the left part of caudal EP of L4-L5 using
borosilicate glass capillaries after drilling a hole at the left part of the
EP. The drilling holes were then sealed with bone wax to prevent
tracer leakage. The muscle and skin were sutured, and a heating
pad was used to protect mice during recovery from anesthesia.
Mice were euthanized with an overdose of isoflurane inhalation,
and DRGs (L1, L2) were isolated at 1 week after Dil injection. To
further classify nerve fiber type (67), 10-pm-thick frozen sections
were used for coimmunofluorescence staining with PGP9.5
(1:100; ab10404, Abcam), CGRP (1:100; ab81887, Abcam),
PIEZO2 (1:300; ab243416, Abcam), NF200 (1:500; ab5539, Milli-
pore), IB4 (1:100; 121411, Thermo Fisher Scientific), and P2X3
(1:500; ab10269, Abcam), and the Dil signals were inspected
under 564-nm excitation using a confocal microscope (LSM780,
Zeiss). Dil + cells were counted only when the Dil signal was
located within the cytoplasm of the cells.

Histochemistry, immunohistochemistry, and
histomorphometry

At the time of euthanasia, the L3-L5 lumbar spines in mice and the
L4-L7 IVDs in rhesus macaques were collected and fixed in 10%
buffered formalin for 48 hours or overnight. Spine samples were
completely decalcified (about 5 days) in 0.5 M EDTA (pH 7.4)
and embedded in paraffin or optimal cutting temperature com-
pound (Sakura Finetek, Torrance, CA). Using a standard protocol,
we processed 4-pm-thick coronal sections of the L4-L5 lumbar
spine for Safranin O and Fast Green, tartrate-resistant acid phos-
phatase (Sigma-Aldrich), and immunohistochemical staining. We
prepared 30-pm-thick coronal sections for sensory nerve— and
blood vessel-related immunofluorescence staining, whereas 10-
pm-thick coronal sections were used for other immunofluorescence
staining using a standard protocol. The sections were incubated
overnight at 4°C with primary antibodies to mouse endomucin
(1:50; sc-65495, Santa Cruz Biotechnology Inc., Dallas, TX),
CD31 conjugated to Alexa Fluor 488 (1:100; FAB3628G, R&D
Systems), PGP9.5 (1:100; ab10404, Abcam, Cambridge, UK), and
COX-2 (1:100; ab15191, Abcam). Then, the corresponding second-
ary antibodies were added onto the sections for 1 hour while avoid-
ing light. For immunohistochemistry, a horseradish peroxidase—
streptavidin detection system (Dako, Agilent, Santa Clara, CA)
was used to detect immunoactivity, followed by counterstaining
with hematoxylin (Sigma-Aldrich). For immunofluorescence stain-
ing, the sections were counterstained with 4’,6-diamidino-2-phe-
nylindole (H-1200 DAPI, Vector Laboratories, Burlingame, CA).
The sample images were observed and captured using a BX51 or
DP71 microscope (Olympus, Tokyo, Japan) or LSM780 confocal
microscope (Zeiss, Oberkochen, Germany). Image] software (Na-
tional Institutes of Health, Bethesda, MD) was used for quantitative
analysis.

mRNA sequence screen

Ten LSI-model mice were divided into two groups treated with
either vehicle (n = 4) or PTH (n = 6) for 8 weeks. L3-1.4, 1L4-L5,
and L5-S1 EP tissue were used to obtain an mRNA sequence
screen (Kangchen Biotech, Shanghai, China), and the raw data of
all differentially expressed genes can be found in data file S2.

Ling et al., Sci. Transl. Med. 15, eadg8982 (2023) 15 November 2023

Animal behavioral tests

Pressure hyperalgesia

The vocalization threshold, based on the force of an applied force
gauge (SMALGO, Bioseb, Pinellas Park, FL), was measured by
pressing a 5-mm-diameter device tip directly on the dorsal skin
over L4-L5 while the mice were gently restrained. The force was in-
creased at about 50g/s until an audible vocalization was heard. A
cutoff force of 400g was used to prevent tissue trauma. Two tests
were performed at 15-min intervals, and the mean value was used
as the nociceptive threshold.

Spontaneous activity (spontaneous wheel running)
Spontaneous wheel running activity was recorded using activity
wheels designed for mice (model BIO-ACTIVW-M, Bioseb). Soft-
ware enabled recording of activity within a cage similar to the mice’s
home cage with dimensions of 35 cm by 20 cm by 13 cm. The wheel
(diameter, 23 cm; lane width, 5 cm) could be turned in both direc-
tions and was connected to an analyzer that automatically recorded
running activity. The animals had food and water available ad
libitum. We evaluated the distance traveled (expressed in meters),
maximum speed, and total active time during the 2 days of evalua-
tion for each animal.

Statistics

All data analyses were performed using SPSS, version 22.0, software
(IBM Corp., Armonk, NY). Data are presented as means + SD. We
used unpaired, two-tailed Student’s ¢ tests for mouse data compar-
isons between two groups or paired Student's ¢ tests between differ-
ent time points within one group for mouse data that followed a
normal distribution. For data that did not follow a normal distribu-
tion, Mann-Whitney test was used. For comparisons among multi-
ple groups, we used one-way ANOVA with Bonferroni's post hoc
test. Because of the hierarchical nature of MRI rhesus macaque
data, we used multilevel random effects regression models, which
allowed between-macaque differences in mean levels (intercepts)
and within-relations (slopes) to vary randomly. The open-source
R software version 3.6.2 (Ime4, ImerTest, ordinal, and tableone
packages) was used for statistical analysis. After assumptions of re-
gression models (normality of distribution, linearity, and error ho-
mogeneity) were evaluated and confirmed, we compared
longitudinal MRI measurements (dependent variables, i.e., out-
comes) between PTH and vehicle treatment groups using linear
(for continuous outcome variables: T1p and T2 map) and logistic
(for categorical outcome variable: Pfirrmann grade) mixed-effect
regression models. The interaction of time and treatment group
was defined as the independent variable of interest. For all experi-
ments, P < 0.05 was considered significant. All inclusion/exclusion
criteria were preestablished, and no samples or animals were ex-
cluded from analysis. The experiments were randomized, and the
investigators were blinded to allocation during experiments and
outcome assessments.

Supplementary Materials
This PDF file includes:

Figs. S1 to S5

Tables S1 to S4

Other Supplementary Material for this
manuscript includes the following:
Data files S1 to S3

MDAR Reproducibility Checklist
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