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INTRODUCTION

Chronic back pain is one of the most ubiquitous and enig-
matic clinical entities causing patients to present to the health-
care system,' affecting upward of 80% of individuals worldwide
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Objective: Rabbit annulus fibrosus (AF) cells were exposed to isolated or combined me-
chanical and inflammatory stress to examine the expression of neuropeptide Y (NPY). This
study aims to explore the ability of AF cells to produce NPY in response to mechanical and
inflammatory stress.

Methods: Lumbar AF cells of 6- to 8-month-old female New Zealand white rabbits were
harvested and exposed to combinations of inflammatory (interleukin-1f) and mechanical
(6% or 18%) tensile stress using the Flexcell System. NPY concentrations were measured in
the media via enzyme-linked immunosorbent assay. The presence of NPY receptor-type 1
(NPY-1R) in AF cells of rabbit intervertebral discs was also analyzed via immunohisto-
chemistry and immunofluorescence.

Results: Exposure to inflammatory stimuli showed a significant increase in the amount of
NPY expression compared to control AF cells. Mechanical strain alone did not result in a
significant difference in NPY expression. While combined inflammatory and mechanical
stress did not demonstrate an increase in NPY expression at low (6%) levels of strain, at
18% strain, there was a large—though not statistically significant—increase in NPY expres-
sion under conditions of inflammatory stress. Lastly, immunofluorescence and immuno-
histochemistry of AF cells and tissue, respectively, demonstrated the presence of NPY-1R.
Conclusion: These findings demonstrate that rabbit AF cells are capable of expressing NPY,
and expression is enhanced in response to inflammatory and mechanical stress. Because
both inflammatory and mechanical stress contribute to intervertebral disc degeneration
(IDD), this observation raises the potential of a mechanistic link between low back pain
and IDD.

Keywords: Neuropeptide Y, Neuropeptide Y receptor, Annulus fibrosus, Intervertebral
disc degeneration, Inflammatory stress, Mechanical stress

at some point in their lives.* Furthermore, back pain has both a
devastating functional and financial impact on society, costing
the United States alone more than $100 billion in direct and in-
direct costs annually.” Unfortunately, this number is likely to in-
crease as the world’s population continues to age.* Discogenic
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back pain, back pain arising from the intervertebral disc (IVD),
is a widely known contributor to back pain and is particularly
difficult to treat clinically. Despite promising research into the
pathogenesis, diagnosis, and potential treatment of discogenic
back pain, it continues to be a pervasive problem with devastat-
ing socioeconomic effects.

It is clear that chronic and excessive loading of the spine with
and without inflammatory mediators have a role in the progres-
sion of intervertebral disc degeneration (IDD).>” Interleukin-1
(IL-1), an inflammatory mediator, has been linked to IDD with
increased expression demonstrated in degenerated disc tissue.®
Both beneficial and deleterious responses have been seen in re-
sponse to mechanical loading, including matrix production,
matrix degradation, proteoglycan synthesis, and inflammatory
modulation. These cellular pathways are highly dependent on
age, frequency, and magnitude of cell loading.”'"* However, de-
termining how these cellular responses to inflammatory and
mechanical stress relates to the experience of pain is more com-
plex and currently poorly understood. This is supported by the
fact that despite the widespread nature of IDD on imaging
studies, not all patients experience pain-related symptoms.'"'
Consequently, understanding how nociception is modulated in
symptomatic disc degeneration is vital for the appropriate treat-
ment of IDD clinically.

Pain producing cytokines or neuromodulator proteins repre-
sent a potential mechanistic link between the degenerative cas-
cade and the experience of pain-related symptoms. Neuropep-
tide Y (NPY) is a 36 amino acid peptide, first isolated and se-
quenced in 1982, with known nociceptive function in both the
central and peripheral nervous systems.”” NPY has been shown
to play an important role in stressful and painful conditions in-
cluding posttraumatic stress disorder (PTSD)," fibromyalgia,”
osteoarthritis,'® neck, and back pain.”” Additionally, NPY has
been previously shown to be present in the sympathetic nerve
fibers in the annulus fibrosus (AF) of rat lumbar spines'® and
human degenerated discs, making it of particular interest in
IDD." Most recently, it was demonstrated that variations in sys-
temic serum NPY concentrations were correlated with back pain
and pain-related function in individuals with axial low back
pain,” and thought to potentially serve as a biomarker for ac-
tive discogenic pain. However, further investigation is needed
to determine if IVD cells are capable of producing or respond-
ing to neuromodulating proteins, and if and how they interact
with inflammatory and mechanical signaling cascades that co-
exist in vivo.

Several different receptors of NPY are expressed in mamma-
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lian tissue."* Specifically, the NPY receptor-type 1 (NPY-1R)
has shown to be expressed in neurons located in the rat dorsal
root ganglion® as well as tenocytes of the Achilles tendon.* In-
creases in NPY-1R expression and signaling have been demon-
strated after peripheral nerve injury and inflammatory stress,”
suggesting an autocrine or paracrine effect of NPY on pain
modulation.*® However, the presence and role of NPY-1R in
IVD tissue has yet to be identified.

It has been shown that detrimental mechanical stress and in-
flammation have a negative synergistic effect on the catabolic
cascade, causing altered disc cell function, increased catabolic
enzymes, and decreased matrix synthesis.””” However, deter-
mining how these same conditions affect nociceptive pathways
is unclear. This study aimed first to determine if AF cells can
express NPY, and subsequently to determine the expression
profile of NPY in response to varying degrees of isolated or
combined mechanical and inflammatory stress. Additional ob-
jectives were to investigate the presence and location of NPY-
IR in rabbit AF cells. We hypothesized that NPY increases in
response to mechanical loading and inflammatory stimulation,
which are similar conditions known to create a catabolic meta-
bolic environment within the disc,””” and that NPY-1R expres-
sion would be present.

MATERIALS AND METHODS

1. NPY Expression by AF Cells in Response to Mechanical

and Inflammatory Stress

This study was approved by the Institutional Animal Care
and Use Committee at the institution of the principal investiga-
tor. We examined the response of rabbit AF cells to inflamma-
tory stress alone as well as different magnitudes of applied ten-
sile strain. The tensile strain was applied in both a noninflam-
matory and inflammatory environment. NPY expression was
measured as the ratio of NPY expression to total protein expres-
sion. Data were then compared to unloaded control AF cells.

Lumbar IVD tissue was extracted from female New Zealand
white rabbits (age 6 to 8 months) immediately after sacrifice to
yield independent cell culture preparations. Whole AF tissue
(including both inner and outer AF) was carefully dissected
from lumbar IVDs and digested with 0.2% pronase, followed
by 0.02% collagenase to yield isolated AF fibrochondrocytes.
Fibrochondrocytes were cultured in F-12, 10% fetal bovine se-
rum (FBS), 1% penicillin-streptomycin at 37°C, and 5% CO,
until 90% confluence, as previously described.” Primary cells
were transferred to flexible culture plates coated with collagen I
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(BF-3001C, Bioflex, Flexcell International Corp., Burlington,
NC, USA) at a concentration of 300,000 cells per well and al-
lowed to increase for 3 days. Sixteen hours before experiments,
media were changed to F-12, 1% FBS, and 1% penicillin-strep-
tomycin to facilitate biological assays. The tensile strain was
then applied at 0.5 Hz for 24 hours, at 2 different levels of strain:
6% and 18% using the Flexcell Tension Plus System (FX-3000,
Flexcell International Corp.), previously shown to be anti-in-
flammatory and pro-catabolic, respectively (Fig. 1).” Cyclic ten-
sile strain at this level has been shown previously not to change
AF cell adhesion or morphology.”® For those conditions with
inflammatory stress, cells were preincubated for 30 minutes
with 1-ng/mL recombinant IL-1p (201-LB/CE R&D Systems,
Minneapolis, MN, USA).

Unstretched controls were maintained under identical condi-
tions on unstretched flexible plates. Media was collected from
all samples after 24 hours of strain application, analyzed for
NPY using a commercially available enzyme-linked immuno-
sorbent assay kit (Ray Biotech, Inc., Norcross, GA, USA), and
normalized by total protein concentration using bicinchoninic
acid assay as per the manufacturer’s instructions (Pierce BCA
Protein Assay Kit, 23225, ThermoFisher Scientific, Rockford,
IL, USA). Values represent the average of trials from indepen-
dent cell isolations consisting of pooled lumbar discs from in-
dependent animals. There were 8 independent cell isolations
tested under conditions of 6% strain and 7 independent cell
isolations tested under conditions of 18% strain. Each cell cul-

ture subjected to inflammation and/or strain was compared to
the unstretched, unstimulated control cells isolated from the
same rabbit. Data was reported as a ratio of NPY to total pro-
tein, and groups were compared using paired, 2-tailed Student
t-tests with statistical significance set at the p <0.05 level.

2. Whole Disc Immunohistochemistry for NPY-1R

Whole lumbar discs were harvested from a single New Zea-
land white rabbit then decalcified in Decalcifier I solution at
4°C for 2 weeks. The disc tissues were dehydrated through a
graded alcohol series and then embedded in paraftin (Tissue
Tek processor and Leica embedder, Buffalo Grove, IL, USA).
They were cut in the sagittal plane at 6-um thickness with a mi-
crotome and mounted on Superfrost Plus microscope slides
(ThermoFisher Scientific). For immunohistochemistry, detec-
tion of NPY-1R was performed on the deparaftinized disc tis-
sue section. The sections were pretreated with chondroitinase
ABC (0.25 U/mL; Sigma, St. Louis, MO, USA) for 1 hour at
37°C to disrupt tissue surface glycoconjugates. The pretreat-
ment eliminated endogenous peroxidase activity with 3% hy-
drogen peroxide. Permeabilization and blocking were done
with 10% goat serum, 1% BSA, and 0.25% triton X-100 in PBS
for 30 minutes. The primary antibody against NPY-1R (1:50,
ab35336, Abcam plc, Cambridge, UK) was applied overnight at
4°C. The sections were thoroughly washed with 0.05% Tween20
in PBS. Biotinylated goat anti-rabbit secondary antibody (1:200,
BA-1000, Vector Laboratories, Burlingame, CA, USA) was ap-

NPY Expression by Annulus Fibrosis Cells in Response to Mechanical and Inflammatory Stress
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Fig. 1. Experimental design to measure neuropeptide Y (NPY) expression by annulus fibrosus cells in response to mechanical
and inflammatory stress. AF, annulus fibrosus; TP, total protein; NZW, New Zealand white; ELISA, enzyme-linked immunosor-

bent assay.
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plied for 30 minutes, and the sections were rewashed with 0.05%
Tween20 in PBS. This was followed by avidin-biotin amplifica-
tion (ABC Elite, Vector Laboratories) for 30 minutes. AEC sub-
strate/chromogen Kit (ScyTek Laboratoties, Inc., Logan, UT,
USA) was used for 10 minutes and rinsed in running water for
5 minutes. Hematoxylin was used as a counterstain. All pictures
were collected on a Nikon E800 microscope (Nikon, Tokyo, Ja-
pan) at 40x to 100X magnification. Rabbit AF without primary
antibody was used as negative controls. Stained cells were counted
and divided by the total number of cells noted in the outer AF
of the stained discs to determine a rate of positivity.

3. AF Cell Inmunofluorescence for NPY-1R

NPY-1R was visualized on AF cells by immunofluorescent
labeling using anti-NPY-1R antibodies. The rabbit AF cells were
cultured in 8-well chamber slides (Nunc lab-Tek II, Chamber
Slide System, ThermoFisher Scientific) with F-12, 10% FBS, 1%

Negative control

40 x

100 x

NPY expression by AF cells
0.015 :

0.010

0.005

NPY: total protein

0.000

18% S18%-+IL

Control 1L 6% S 6%+IL

Mechanical and/or inflamattory stress

Fig. 2. Neuropeptide Y (NPY) expression by annulus fibrosus
(AF) cells in response to inflammatory, mechanical, or com-
bined stress. Values represented as a ratio of NPY concentra-
tion to total protein concentration (NPY: total protein). Bars
indicate mean values with error bars representing one stan-
dard error. NPY expression for each condition was compared
to control cells and between stressful conditions. *p <0.05. C,
control; S, strain; IL, interleukin-1.
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Fig. 3. Examination of neuropeptide Y receptor type 1 (NPY-1R) expression by immunohistochemistry on rabbit disc tissues.
Representative images of immunohistochemistry revealed the NPY-1R (red) expressed in the outer annulus fibrosus (OAF). Up-
per, original magnification: x 40, scale bar =200 um; low, original magnification: x 100, scale bar =50 pum. The left panel showed
negative control with no primary antibody. The right panel showed positively stained (red) annulus fibrosus cells for NPY-1R in
the OAF and cartilaginous endplate (EP) regions. IAE Inner annulus fibrosus; NP, nucleus pulposus.
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penicillin-streptomycin at 37°C, and 5% CO; until 50% conflu-
ence. The AF cells were fixed in 4% paraformaldehyde for 15
minutes at room temperature. After washing in PBS, they were
incubated with 10% goat serum, 1% BSA, and 0.1% Triton X-100
in PBS at room temperature for 30 minutes. Then AF cells were
incubated with sheep anti-NPY-1R antibody (1:200, ab35336,
Abcam plc) applied overnight at 4°C. Next, the cells were washed
twice with 1x PBS and incubated with the donkey polyclonal sec-
ondary antibody to sheep IgG (1:500, Alexa Fluor 594, ab150180,
Abcam plc) at a dilution of 1:500 for 60 minutes at room tem-
perature. At last, they were counterstained with DAPI (4,6-di-
amidino-2-phenylindole) at a dilution of 1:500. Fluorescence
analysis was performed with a microscope (Eclipse TE2000-U
Inverted Microscope, Nikon).

AF cells incubated with secondary, but no primary antibody
was used as a negative control. Jurkat cells, an immortalized
line of human T lymphocytes, were used as a control and incu-
bated with the primary and secondary antibody as described

above to establish antibody specificity.

1. NPY Expression Response to Inflammatory or Mechanical

Stress

Under inflammatory stress alone, there was a significant in-
crease in the amount of NPY expression compared to control
cells (p=0.031) (Fig. 2). In contrast, under mechanical stress
alone (Fig. 2), neither 6% strain (p=0.265) nor 18% strain (p=
0.543) resulted in a significant increase in NPY expression com-
pared to unloaded control.

2. Expression of NPY in AF Cells in Response to Combined
Mechanical and Inflammatory Stress
While combined inflammatory and mechanical stress did
not demonstrate an increase in NPY expression at low (6%)
levels of strain, at 18% strain there was a large—though not sta-
tistically significant—increase in NPY expression under condi-
tions of inflammatory stress (p=0.154).

Examination of neuropeptide Y receptor type 1 (NPY-1R) expression by Immunofluorescence on rabbit annulus fibrosus
(AF) cells. The AF cells were immunostained for NPY-1R (red), and nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI) (blue). (A) Negative control of AF cells incubated with secondary but no primary antibody at x 100 original magnifica-
tion. (B) NPY-1R immunofluorescence reactivity for AF cells at x 100 original magnification. (C, D) Unmerged photographs of
panel B showing positive immunofluorescence reactivity for AF cells to NPY-1R (C) and DAP1 (D). (E) Jurkat cells incubated
with primary and secondary antibody, demonstrating no immunostaining at x400 original magnification as a control to estab-

lish antibody specificity.
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3. AF and Whole Disc Immunostaining for NPY-1R

Immunohistochemistry showed positive staining for NPY-
1R on rabbit whole disc, with specificity confirmed by negative
controls without primary antibody for NPY-1R. Abundant ex-
pression of NPY-1R was most pronounced in the most periph-
eral layers of the outer AF (Fig. 3, right). Moderate expression
was noted in the cartilaginous endplate. Minimal to no expres-
sion of NPY-1R was detected in the nucleus pulposus or inner
AF The overall rate of positivity of cells in the outer AF was
found to be 53%. Again, most positive cells were located in the
most peripheral layers of the outer AE. NPY-1R expression in
rabbit AF cells in cell culture was further confirmed by immu-
nofluorescence (Fig. 4). NPY-1R immunofluorescence was not
detected in Jurkat cells, a negative control. These results indi-
cate the presence of the receptors on AF cells.

DISCUSSION

Although prior literatures have shown the presence of the
well-known nociceptive modulatory, NPY, in AF tissue,'®" little
has been investigated regarding changes in NPY levels follow-
ing inflammatory and mechanical stress in the IVD. The cur-
rent study demonstrates that AF NPY expression is modulated
by inflammatory stress and varying magnitudes of mechanical
stress. Specifically, this study demonstrates that when compared
to controls, rabbit AF cells produce a significantly greater
amount of NPY in response to inflammatory conditions, and
there is a trend towards further amplified expression when me-
chanical and inflammatory stress are combined in the same en-
vironment. The increased expression of NPY demonstrated in
this study is seen under the same conditions previously report-
ed to cause the inflammatory and catabolic cascade seen in
IVD degeneration in vitro.>”” Furthermore, NPY-1R was dem-
onstrated to be present in the rabbit AF via immunofluores-
cence (IF) and immunohistochemistry. (IHC) The presence of
NPY-1R was almost exclusively noted in the cells of the outer
AF on immunohistochemistry (IHC), with very little NPY-1R
positive cells seen in the inner AE However, immunofluores-
cence (IF) staining seemed to suggest that a vast majority of AF
cells were positive for NPY-1R. The discrepancy between our
IHC and IF results may be explained by the possibility that
there was a disproportionate amount of cell growth from cells
originating in the outer AF in the cell culture used for IF analy-
sis. Unfortunately, there are currently no in vitro assays available
to discriminate between outer and inner AF cells in culture.
The presence of NPY-1R in cells of the AF raises the possibility
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for potential paracrine modulation of NPY pathways. These re-
sults suggest a potential nociceptive link between alteration of
IVD cell-matrix homeostasis and the systemic perception of
pain and pain-related behaviors.

NPY has been shown to have a complex biologic function,
and its role in nociceptive signaling is diverse. NPY has been
associated with both pro- and antinociceptive responses. For
example, if delivered centrally (i.e., spinal cord) it has potential
to act as an analgesic,”* however, in the peripheral nervous
system and soft tissues it has been shown to have the opposite
effect, causing increased pain and inflammation in several con-
ditions including knee osteoarthritis,”® temporomandibular
joints,” fibromyalgia," and peripheral nerve injury.** Further-
more, NPY has also been shown to have regulatory roles in both
PTSD™ and appetite,” linking the neuropeptide with stress-re-
lated conditions.** Beyond nociception, NPY is a potent regula-
tor of bone metabolism and synthesis via indirect and direct ac-

tion on osteoblasts,*

suggesting that NPY may have more than
an isolated nociceptive role in musculoskeletal tissues.

Serum NPY concentration is increased in patients with low
back pain and pain-related behaviors,” and now is produced by
the disc cells as well as have receptors present in the cells and
tissue. Although it is not definitively known how NPY may en-
ter the systemic circulation from the discs, NPY has been
shown to cross through the blood-brain barrier in a nonsatura-
ble manner, indicating that it is highly diffusible across vessel
walls and likely can move freely between the extracellular disc
matrix and the bloodstream.” This potential link between IDD
and low back pain perception is one of utmost importance for
several reasons. It is widely accepted that despite the high prev-
alence of imaging findings of degenerative disc disease, imaging
often does not correlate with symptoms.”® Thus, NPY has the
potential to be a novel biomarker to assess symptomatic IDD in
vivo.

There are several limitations to this study that are worth not-
ing. First, changes in expression were noted in vitro, which may
not accurately reflect the in vivo response to inflammatory and
mechanical stress. Cell culture systems used in this study do
not take into account the complex cell-matrix interactions that
play pivotal roles in governing mechanical and inflammatory
signaling pathways in vivo.”” Furthermore, mammalian cells
undergo more complex loading patterns than isolated tensile
stress, and IL-1 in isolation is an oversimplification of in vivo
inflammation biology, which includes IL-6 and tumor-necrosis
factor-a, as well as nitric oxide and prostaglandins, among oth-
ers.”” Additionally, experiments were performed using a female
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rabbit model. Changes in NPY concentrations in human AF
cells in response to stress may differ from the rabbit cells em-
ployed in our experiments, and that sex differences may exist.
Finally, many mediators not measured here were likely altered
in addition to NPY. However, reporting all measures of NPY to
aratio of total protein produced allowed us to conclude that the
elevated expression of NPY was indeed due to the conditions
being tested and not from overall nonspecific protein increase.
Larger, more complex in vivo analysis with local NPY-1R inhi-
bition and assessment for the presence or absence of pain-relat-
ed behaviors are warranted for future investigation.

Opverall, the current study establishes the production of the
neuropeptide NPY by rabbit AF cells and expression of the as-
sociated NPY-1R. Additionally, we show that NPY expression
in rabbit AF cells increase in response to inflammation and com-
bined inflammation and mechanical loading, laying the foun-
dation for a potential mechanistic link between pain-related
behavior and IDD. We hope that this research provides the
groundwork for future in vivo studies assessing NPY’s potential
role in disc degeneration and discogenic pain.

CONCLUSION

The findings demonstrate that rabbit AF cells are capable of
expressing NPY, and expression is enhanced in response to in-
flammatory stress. The findings further suggest a trend towards
the amplified expression of NPY in response to combined in-
flammatory and mechanical stress. Because both inflammatory
and mechanical stress contribute to IDD, this observation raises
NPY signaling as a potential of a mechanistic link between low
back pain and IDD.

CONFLICT OF INTEREST

The authors have nothing to disclose.

ACKNOWLEDGMENTS

Internal funds from the University of Pittsburgh/UPMC De-
partments of Physical Medicine and Rehabilitation and Ortho-
paedic Surgery were used to support this research.

The authors thank Dr. Kevin Gno for his assistance with pro-
tein expression analysis and Jessa Darwin for editorial assistance
on the manuscript.

https://doi.org/10.14245/ns.2040046.023

REFERENCES

1. Hadjipavlou AG, Tzermiadianos MN, Bogduk N, et al. The
pathophysiology of disc degeneration: a critical review. J
Bone Joint Surg Br 2008;90:1261-70.

2. Hoy D, Bain C, Williams G, et al. A systematic review of the
global prevalence of low back pain. Arthritis Rheum 2012;
64:2028-37.

3. United States Bone and Joint Decade. The burden of mus-
culoskeletal diseases in the United States. Rosemont (IL):
American Academy of Orthopaedic Surgeons; 2008. Chap-
ter 2: Spine: low back and neck pain; 21-54.

4. Christensen K, Doblhammer G, Rau R, et al. Ageing popu-
lations: the challenges ahead. Lancet 2009;374:1196-208.

5. Lotz JC, Ulrich JA. Innervation, inflammation, and hyper-
mobility may characterize pathologic disc degeneration: re-
view of animal model data. ] Bone Joint Surg Am 2006;88
Suppl 2:76-82.

6. Tisherman R, Coelho P, Phillibert D, et al. NF-kB signaling
pathway in controlling intervertebral disk cell response to
inflammatory and mechanical stressors. Phys Ther 2016;96:
704-11.

7. Sowa GA, Coelho JP, Bell KM, et al. Alterations in gene ex-
pression in response to compression of nucleus pulposus
cells. Spine J 2011;11:36-43.

8. Le Maitre CL, Freemont AJ, Hoyland JA. The role of inter-
leukin-1 in the pathogenesis of human intervertebral disc
degeneration. Arthritis Res Ther 2005;7:R732-45.

9. Sowa G, Coelho P, Vo N, et al. Determination of annulus fi-
brosus cell response to tensile strain as a function of dura-
tion, magnitude, and frequency. ] Orthop Res 2011;29:1275-
83.

10. Korecki CL, Kuo CK, Tuan RS, et al. Intervertebral disc cell
response to dynamic compression is age and frequency de-
pendent. ] Orthop Res 2009;27:800-6.

11. Kanayama M, Togawa D, Takahashi C, et al. Cross-sectional
magnetic resonance imaging study of lumbar disc degenera-
tion in 200 healthy individuals. ] Neurosurg Spine 2009;11:
501-7.

12. Cheung KM, Karppinen ], Chan D, et al. Prevalence and
pattern of lumbar magnetic resonance imaging changes in a
population study of one thousand forty-three individuals.
Spine (Phila Pa 1976) 2009;34:934-40.

13. Tatemoto K. Neuropeptide Y: complete amino acid sequence
of the brain peptide. Proc Natl Acad Sci U S A 1982;79:5485-9.

14. Schmeltzer SN, Herman JP, Sah R. Neuropeptide Y (NPY)

www.e-neurospine.org 75



Dombrowski ME, et al.

Neuropeptide Y Expression in Annulus Fibrosus Cells

and posttraumatic stress disorder (PTSD): a translational
update. Exp Neurol 2016;284(Pt B):196-210.

15.Di Franco M, Iannuccelli C, Alessandri C, et al. Autonomic
dysfunction and neuropeptide Y in fibromyalgia. Clin Exp
Rheumatol 2009;27(5 Suppl 56):S75-8.

16. Felson DT. The sources of pain in knee osteoarthritis. Curr
Opin Rheumatol 2005;17:624-8.

17.Schell E, Theorell T, Hasson D, et al. Stress biomarkers’ as-
sociations to pain in the neck, shoulder and back in healthy
media workers: 12-month prospective follow-up. Eur Spine
] 2008;17:393-405.

18. Ahmed M, Bjurholm A, Kreicbergs A, et al. Neuropeptide Y,
tyrosine hydroxylase and vasoactive intestinal polypeptide-
immunoreactive nerve fibers in the vertebral bodies, discs,
dura mater, and spinal ligaments of the rat lumbar spine.
Spine (Phila Pa 1976) 1993;18:268-73.

19. Ashton IK, Roberts S, Jaffray DC, et al. Neuropeptides in
the human intervertebral disc. ] Orthop Res 1994;12:186-
92.

20.Sowa GA, Perera S, Bechara B, et al. Associations between
serum biomarkers and pain and pain-related function in
older adults with low back pain: a pilot study. ] Am Geriatr
Soc 2014;62:2047-55.

21. Larhammar D, Blomqyvist AG, Yee E et al. Cloning and func-
tional expression of a human neuropeptide Y/peptide YY
receptor of the Y1 type. ] Biol Chem 1992;267:10935-8.

22.Gerald C, Walker MW, Vaysse PJ, et al. Expression cloning
and pharmacological characterization of a human hippo-
campal neuropeptide Y/peptide YY Y2 receptor subtype. |
Biol Chem 1995;270:26758-61.

23.Zhang X, Bao L, Xu ZQ, et al. Localization of neuropeptide
Y Y1 receptors in the rat nervous system with special refer-
ence to somatic receptors on small dorsal root ganglion neu-
rons. Proc Natl Acad Sci U S A 1994;91:11738-42.

24.Bjur D, Alfredson H, Forsgren S. Presence of the neuropep-
tide Y1 receptor in tenocytes and blood vessel walls in the
human Achilles tendon. Br ] Sports Med 2009;43:1136-42.

25. Taylor BK, Fu W, Kuphal KE, et al. Inflammation enhances
Y1 receptor signaling, neuropeptide Y-mediated inhibition
of hyperalgesia, and substance P release from primary affer-
ent neurons. Neuroscience 2014;256:178-94.

26.Landry M, Holmberg K, Zhang X, et al. Effect of axotomy
on expression of NPY, galanin, and NPY Y1 and Y2 recep-
tors in dorsal root ganglia and the superior cervical ganglion
studied with double-labeling in situ hybridization and im-

76 Www.e-neur ospine.org

munohistochemistry. Exp Neurol 2000;162:361-84.

27.Sowa GA, Coelho JP, Vo NV, et al. Cells from degenerative
intervertebral discs demonstrate unfavorable responses to
mechanical and inflammatory stimuli: a pilot study. Am ]
Phys Med Rehabil 2012;91:846-55.

28.Rannou E Poiraudeau S, Foltz V, et al. Monolayer anulus fi-
brosus cell cultures in a mechanically active environment:
local culture condition adaptations and cell phenotype study.
J Lab Clin Med 2000;136:412-21.

29.Intondi AB, Dahlgren MN, Eilers MA, et al. Intrathecal neu-
ropeptide Y reduces behavioral and molecular markers of
inflammatory or neuropathic pain. Pain 2008;137:352-65.

30. Wang L, Zhang L, Pan H, et al. Levels of neuropeptide Y in
synovial fluid relate to pain in patients with knee osteoar-
thritis. BMC Musculoskelet Disord 2014;15:319.

31.Haeuchi Y, Matsumoto K, Ichikawa H, et al. Immunohisto-
chemical demonstration of neuropeptides in the articular
disk of the human temporomandibular joint. Cells Tissues
Organs 1999;164:205-11.

32. Sapunar D, Vukojevi¢ K, Kosti¢ S, et al. Attenuation of pain-
related behavior evoked by injury through blockade of neu-
ropeptide Y Y2 receptor. Pain 2011;152:1173-81.

33.Silva AP, Cavadas C, Grouzmann E. Neuropeptide Y and its
receptors as potential therapeutic drug targets. Clin Chim
Acta 2002;326:3-25.

34.Zhou Z, Zhu G, Hariri AR, et al. Genetic variation in hu-
man NPY expression affects stress response and emotion.
Nature 2008;452:997-1001.

35. Lee NJ, Herzog H. NPY regulation of bone remodelling. Neu-
ropeptides 2009;43:457-63.

36. Matic I, Matthews BG, Kizivat T, et al. Bone-specific overex-
pression of NPY modulates osteogenesis. ] Musculoskelet
Neuronal Interact 2012;12:209-18.

37.Kastin AJ, Akerstrom V. Nonsaturable entry of neuropep-
tide Y into brain. Am J Physiol 1999;276:E479-82.

38.Hicks GE, Morone N, Weiner DK. Degenerative lumbar
disc and facet disease in older adults: prevalence and clinical
correlates. Spine (Phila Pa 1976) 2009;34:1301-6.

39. Gilchrist CL, Chen J, Richardson W], et al. Functional inte-
grin subunits regulating cell-matrix interactions in the in-
tervertebral disc. ] Orthop Res 2007;25:829-40.

40. Kang JD, Georgescu HI, McIntyre-Larkin L, et al. Herniated
cervical intervertebral discs spontaneously produce matrix
metalloproteinases, nitric oxide, interleukin-6, and prosta-
glandin E2. Spine (Phila Pa 1976) 1995;20:2373-8.

https://doi.org/10.14245/1s.2040046.023



