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Abstract

Neuropeptide Y (NPY) is present in the superficial laminae of the dorsal horn and inhibits spinal
nociceptive processing, but the mechanisms underlying its anti-hyperalgesic actions are unclear.
We hypothesized that NPY acts at neuropeptide Y1 receptors in dorsal horn to decrease
nociception by inhibiting substance P (SP) release, and that these effects are enhanced by
inflammation. To evaluate SP release, we used microdialysis and neurokinin 1 receptor (NK1R)
internalization in rat. NPY decreased capsaicin-evoked SP-like immunoreactivity in
microdialysate of the dorsal horn. NPY also decreased non-noxious stimulus (paw brush)-evoked
NKI1R internalization (as well as mechanical hyperalgesia and mechanical and cold allodynia)
after intraplantar injection of carrageenan. Similarly, in rat spinal cord slices with dorsal root
attached, [Leu3?, Pro34]-NPY inhibited dorsal root stimulus-evoked NK1R internalization. In rat
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dorsal root ganglion neurons, Y1 receptors colocalized extensively with calcitonin gene-related
peptide (CGRP). In dorsal horn neurons, Y1 receptors were extensively expressed and this may
have masked detection of terminal co-localization with CGRP or SP. To determine whether the
pain inhibitory actions of Y1 receptors are enhanced by inflammation, we administered [Leu3.,
Pro34]-NPY after intraplantar injection of complete Freund's adjuvant (CFA) in rat. We found that
[Leud?, Pro34]-NPY reduced paw clamp-induced NK1R internalization in CFA rats but not
uninjured controls. To determine the contribution of increased Y1 receptor-G protein coupling, we
measured [3°S]GTPyS binding simulated by [Leu31, Pro34]-NPY in mouse dorsal horn. CFA
inflammation increased the affinity of Y1 receptor G-protein coupling. We conclude that Y1
receptors contribute to the anti-hyperalgesic effects of NPY by mediating inhibition of SP release,
and that Y1 receptor signaling in the dorsal horn is enhanced during inflammatory nociception.
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1.0 INTRODUCTION

Neuropeptide Y (NPY) is a 36- amino acid peptide that acts at G-protein-coupled Y
receptors to modulate a variety of physiological processes (Hokfelt et al., 1998). NPY is
present in superficial laminae of the dorsal horn of the spinal cord, where it is up-regulated
during inflammation (Gibson et al., 1984, Ji et al., 1994). The location and function of NPY
receptors in the spinal cord is being actively investigated. In particular, the Y1 receptor (Y1)
for NPY is found in small dorsal horn interneurons and in dorsal root ganglion (DRG)
neurons that contain calcitonin gene-related peptide (CGRP) (Ji et al., 1994, Zhang et al.,
1994). Intrathecal administration of NPY inhibited hyperalgesia associated with nerve injury
and inflammation and the expression of Fos, a marker of neuronal activity (Taiwo and
Taylor, 2002, Mahinda and Taylor, 2004, Intondi et al., 2008, Kuphal et al., 2008). Both of
these effects of NPY were blocked by Y1 receptor antagonists. However, the mechanisms
by which NPY exerts its anti-hyperalgesic actions are unknown, and their elucidation is the
objective of this study.

Substance P (SP) is released into the dorsal horn upon noxious stimulation or electrical
stimulation of C-fibers (Yaksh et al., 1980, Allen et al., 19973, Calcutt et al., 2000, Adelson
et al., 2009, Chen and Marvizon, 2009a). SP then binds to neurokinin 1 receptors (NK1Rs)
in lamina I and 111 neurons causing their internalization (Mantyh et al., 1989), which has
been extensively used to indirectly estimate SP release (Mantyh et al., 1995, Abbadie et al.,
1997b, Allen et al., 1997b, Honore et al., 1999b, Adelson et al., 2009, Chen and Marvizon,
20093, Zhang et al., 2010b). Selective elimination of the NK1R neurons with the neurotoxin
SP-saporin show that they play a key role in inflammatory and neuropathic nociception
(Nichols et al., 1999), as was previously indicated by the effect of NK1R antagonists
(Radhakrishnan and Henry, 1991, Yamamoto and Yaksh, 1991, Ren et al., 1996). Taken
together, these results indicate that SP release and the resulting NK1 receptor activation
contribute to persistent pain.
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The great majority of SP immunoreactivity in the dorsal horn is in primary afferent
terminals, as indicated by colchicine-free immunohistochemical studies (Tuchscherer and
Seybold, 1989, Marvizon et al., 2009). Although early studies suggested that substance P is
expressed by dorsal horn neurons (Hunt et al., 1981, Katoh et al., 1988, Senba et al., 1988,
Ribeiro-da-Silva et al., 1991), all of these used colchicine to arrest axonal transport of
neuropeptides and thus increase their immunoreactivity in the neuronal soma. However,
colchicine has been shown to alter gene expression in the CNS, in particular the expression
of genes encoding neuropeptides (Cortes et al., 1990, Ceccatelli et al., 1991a, Ceccatelli et
al., 1991b, Aguado et al., 1999). Therefore, we investigated the possibility that NPY, acting
on Y1 receptors, inhibits the release of SP from primary afferent terminals in the dorsal
horn. To test this idea, we measured SP release with in vivo microdialysis and with NK1R
internalization in spinal cord slices, in naive rats and in two rat models of inflammatory
pain; intraplantar (i.pl) injection of complete Freund's adjuvant (CFA) or carrageenan.

We recently reported that following cutaneous inflammation or nerve injury, NPY receptors
exert a tonic, long-lasting inhibitory control of spinal nociceptive processing (Solway et al.,
2011). In uninjured animals, the anti-hyperalgesic effects of NPY are less robust, raising the
hypothesis that spinal inhibitory signaling of Y1 receptors increases during inflammation.
To evaluate this hypothesis, we performed functional G-protein binding assays in dorsal
horn neurons of mouse spinal cord slices following i.pl. CFA.

2.0 MATERIALS AND METHODS

2.1 Animals

Animals were male Sprague-Dawley rats housed on a 12:12 h light-dark cycle or C57BL/6
mice housed on a 14:10 h light-dark cycle. Food and water was provided ad libitumin a
humidity-controlled room. For the microdialysis studies at Karolinska Institutet, rats (310-
350 g) were obtained from B&K Universal AB (Sollentuna, Sweden) and housed at 20°C.
For the carrageenan studies at University of Missouri-Kansas City, rats were obtained from
Charles Rivers laboratories (Portage) and housed at 21-23°C. For the spinal cord slice and
CFA studies at UCLA, rats were obtained from Harlan laboratories (Indianapolis, IND) and
housed at 21-23°C. For functional binding studies at the University of Kansas Medical
Center, mice (20-30g) were obtained from Charles Rivers Laboratories (Portage, Michigan)
and housed at 20-22°C. Experimental drugs were given only once to each animal. All
animal use procedures complied with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Experimental protocols were approved by the regional
ethical committee for experiments on laboratory animals in Stockholm, and the Institutional
Animal Care and Use Committee (IACUC) at the University of Missouri-Kansas City, the
University of Kentucky and the VA Greater Los Angeles Healthcare System.

2.2 NK1 Internalization Assay in Spinal Cord Slices

2.2.1. Media—Aurtificial cerebrospinal fluid (aCSF) contained (in mM) 124 NacCl, 1.9 KCl,
26 NaHCOg3, 1.2 KH,POy, 1.3 MgS0Oy, 2.4 CaCl, and 10 glucose. Sucrose-aCSF was the
same medium with 5 mM KCI and 215 mM sucrose instead of NaCl (iso-osmotic
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replacement). High K*-aCSF was aCSF containing 5 mM KCI. These media were bubbled
with 95% O, / 5% CO, for a pH of 7.4.

2.2.2.Preparation—Spinal cords were extracted from 3-4 weeks old Sprague-Dawley rats
(Harlan, Indianapolis, IND) under isoflurane anesthesia (Halocarbon Laboratories, River
Edge, NJ), as described (Lao et al., 2003a, Marvizon et al., 2003a, Song and Marvizon,
2003, Lao and Marvizon, 2005b, Song and Marvizon, 2005, Adelson et al., 2009). A lumbar
spinal cord segment (L2-L4) was rapidly extracted, cleaned of dura mater and ventral roots
in ice-cold sucrose-aCSF and glued vertically to a block of agar on the stage of the
vibratome. Coronal slices (400 pm, 3-4 per rat) with one dorsal root were cut in ice-cold
sucrose-aCSF with a vibratome (Integraslice 7550PSDS, Lafayette Instruments, Lafayette,
IN) using low advance speed and fast vibration. Fiber continuity between the root and the
dorsal funiculus was assessed by examining the dorsal root and the dorsal surface of the
slice with a stereo microscope. Slices were left to recover in oxygenated high-K* aCSF at
35°C for 1 hr, transferred to regular aCSF and used within 3 hr of preparation.

2.2.3.Dorsal root stimulation—The spinal cord slice with attached dorsal root was
placed in a custom-made superfusion chamber, where it was stimulated electrically (Adelson
et al., 2009). Slices were superfused at 3-6 ml/min with aCSF at 35°C. A bipolar platinum
stimulation electrode (0.5 mm wire diameter, 1 mm separation) was located in a
compartment separated from the superfusion chamber by a movable partition. The dorsal
root was drawn into the electrode compartment through a hole in the partition (sealed with
vacuum grease) and placed on top of the platinum wires. The electrode compartment was
then emptied of aCSF and filled with mineral oil. Contact between the root and the electrode
wires and the thickness of the sheet of aCSF surrounding the root was monitored with a
stereomicroscope, and any excess aCSF short-circuiting the electrode was suctioned away.
Electrical stimulation was generated by a Master-8 stimulator and Iso-Flex stimulus
isolating unit in constant voltage mode (A.M.P. Instruments, Jerusalem, Israel), and
consisted of square pulses of 20 V intensity, 0.4 ms duration. Following electrical
stimulation, slices were kept in the chamber for 10 min and then fixed in ice-cold fixative (4
% paraformaldehyde, 0.18 % picric acid). Drugs were added to the aCSF beginning 5-10
min before root stimulation, and were superfused continuously thereafter. Drugs were
[Leu3! Pro34INPY (AnaSpec, Inc) and BIBO3304 (a generous gift from Henri Doods,
Boehringer Ingelheim). To recognize the side ipsilateral to the stimulus in the histological
sections, a small hole was punched in the contralateral ventral horn of the slice. For the SP-
induced NK1R internalization experiment, spinal cord slices without dorsal roots were
superfused with 1 uM Substance P (Tocris) and 100 nM [Leu3L,Pro34]NPY for 10 min,
followed by paraformaldehyde fixation.

2.3 Immunohistochemistry

Rats were euthanized with pentobarbital (100 mg/kg, i.p.) and fixed by aortic perfusion of
100 ml phosphate buffer (0.1 M sodium phosphate, pH 7.4) or phosphate buffer saline
(PBS), followed by 400-500 ml of ice-cold 4% paraformaldehyde, 0.18% picric acid in
phosphate buffer (CFA studies) or 10% formalin in phosphate buffer (other studies). Spinal
cord slices were fixed by immersion in ice-cold 4% paraformaldehyde, 0.18% picric acid
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overnight. A segment of the lumbar spinal cord (L4-L5), slices or DRG were cryoprotected,
frozen and sectioned at 25 um or 40 um using a cryostat as previously described (Lao et al.,
2003b, Marvizon et al., 2003a, Lao and Marvizon, 2005a). Sections were washed four times
and then incubated overnight at room temperature with the NK1R antiserum diluted 1:3000
in PBS containing 0.3 % Triton X-100, 0.001 % thimerosal and 5 % normal goat serum
(Jackson ImmunoResearch Laboratories, West Grove, PA). After three washes, the
secondary antibody (1:2000, Alexa Fluor 488 goat anti-rabbit, Molecular Probes-Invitrogen,
Eugene, OR) was applied at for 2 hours at room temperature.

For co-labeling for Y1 receptor, CGRP, SP and isolectin-B4 (I1B4), sections were blocked
with 3 % normal goat serum in PBS containing 0.3 % Triton X-100, and then incubated
overnight at room temperature with a mixture of antisera against Y1 receptor (diluted
1:1000, rabbit, from J. Urban), CGRP (diluted 1:1000, guinea pig, from Bachem, Torrance,
CA) or SP (diluted 1:1000, goat, Santa Cruz Biotechnology, Santa Cruz, CA). IB4-biotin
(diluted 1:100, Sigma) was combined with the antisera in some experiments. After three
washes, sections were incubated for 2 hr at room temperature with a mixture of secondary
antibodies: Alexa Fluor 568 donkey anti-rabbit (1:1000, Invitrogen), Alexa Fluor 488
donkey anti-guinea pig (1:800, Jackson ImmunoResearch), Alexa Fluor 633 donkey anti-
goat (1:1000, Invitrogen). IB4-biotin staining was revealed with streptavidin-Alexa Fluor
488 (1:200, Vector Laboratories, Burlingame, CA). Sections were washed four more times,
mounted on glass slides, and coverslips were applied with Prolong Gold (Invitrogen).

2.4 Quantification of NK1R internalization

NKI1R internalization provides a selective, reliable and quantifiable indicator of the extent of
NK1R activation (Marvizon et al., 2003b). Compared to microdialysis, NK1R
internalization has the advantages of determining release in terms of receptor activation,
laminar distribution and target neuron morphology (Liu et al., 1997, Trafton et al., 1999,
Riley et al., 2001, Adelson et al., 2009) and having greater sensitivity to detect SP release
(Marvizon et al., 2003a, Marvizon et al., 2003b).

The amount of NK1R internalization was quantified using standard methods (Mantyh et al.,
1995, Abbadie et al., 19974, Riley et al., 2001) with minor modifications (Marvizon et al.,
1997, Marvizon et al., 1999, Lao et al., 2003b, Lao and Marvizon, 2005a, Adelson et al.,
2009). NK1R-expressing neurons in lamina | were visually counted while classifying them
as with, or without, internalization. We used a Zeiss Axio-Imager Al (Carl Zeiss, Inc.,
Thornwood, NY) fluorescence microscope with a 63x objective, or a Nikon E800
microscope with a 40x objective. The criterion for having internalization was the presence in
the neuronal soma of ten or more NK1R-expressing endosomes, defined as a small region of
bright staining separated from the cell surface. The investigator counting the neurons was
blinded to the treatment. Four sections per slice were used, counting all lamina | NK1R-
expressing neurons in each section. Results were expressed as the percentage of the NK1R-
expressing neurons in lamina | with NK1R internalization.
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2.5 Confocal microscopy and image processing

Confocal images were acquired using a Zeiss LSM 710 confocal microscope (Carl Zeiss,
Inc., Thornwood, NY). A 10x objective (numerical aperture 0.3) was used to take images of
the whole dorsal horn from transversal spinal cord sections. A 20x objective (numerical
aperture 0.8) was used to take images from DRG sections. A 63x oil immersion objective
(numerical aperture 1.4) was used to take high magnification images from transverse and
sagittal spinal cord sections. Laser excitation lines and emission windows for the different
fluorophores were: Alexa Fluor 488 - excitation 488 nm (Ar laser), emission 500-540 nm;
Alexa Fluor 568 - excitation 561 nm (diode laser), emission 580-630 nm; Alexa Fluor 633 -
excitation 633 nm (HeNe laser), emission 650-720 nm. The pinhole was 1.0 Airy unit, and
its actual width was set to that value for each objective and fluorophore. Images were
acquired as confocal stacks of sections of 1024 x 1024 pixels. The separation between
optical sections was determined by the microscope software by applying the Nyquist
formula to the objective used; it was 6.66 um for the 10x objective, 1.02 pm for the 20x
objective and 0.43 um for the 63x objective.

Imaris 6.1.5 (Bitplane AG, Zurich, Switzerland) was used to crop the images in three
dimensions and to generate a two-dimension projection picture. This picture was imported
into Adobe Photoshop 5.5 (Adobe Systems Inc., Mountain View, CA), which was used to
assemble the multi-panel figures.

2.6 Quantification of Co-localization

In dorsal horn images, our goal was to determine whether the targets of the antibodies (for
example, the Y1 receptor and a neuropeptide) were present in the same small neuronal
compartments: presynaptic terminals, axons or dendrites. This was assumed to be the case
when the two labels were present in the tissue with enough proximity that they cannot be
resolved optically (Hibbs et al., 2006). This type of co-localization was measured using the
Co-localization module of the Imaris software, which analyzes two-channel stacks of
confocal sections by measuring the intensity of each label in each voxel. In triple-label
images, co-localization was measured in all the three possible two-channel combinations.
The extent of co-localization of two labels was measured as the Pearson correlation
coefficient of the intensity of the labels in the voxels in a confocal stack. VVoxels belonging
to the background were excluded from the comparison by limiting the measures to voxels
with intensities higher than 20 or 30, in the scale of 0-255. The Pearson coefficient indicates
the extent to which the intensities of the two labels increase in parallel with each other in the
same voxels. It varies between +1 and —1, with positive values indicating a direct
correlation, negative values indicating an inverse correlation, and values near 0 indicating no
correlation. Based on the results obtained with negative and positive co-localization controls
in a previous study (Marvizon et al., 2009), Pearson coefficients below 0.1 were interpreted
as no co-localization, and Pearson coefficients above 0.5 as near-maximal co-localization.

In DRG images, our goal was to determine whether the two labels were present in the same
neuronal body regardless of their proximity. It was measured by visually counting neuronal
profiles with each of the labels and with the two labels together, and then calculating the
percentage of double-labeled profiles relative to each of the single-labeled profiles.
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2.7 Substance P Microdialysis

The microdialysis probe was inserted into the lumbar dorsal horn at L5-L6 under visual
control, as previously described and illustrated (Gustafsson et al., 1999). In brief, under
halothane anesthesia, the spinous processes of the lower thoracic vertebral column were
fixed to a stereotaxic apparatus with two clamps. After a laminectomy at T13, a hole was
pierced through the dura and pia mater at the level of the left lumbar enlargement (spinal
cord segment L5-L6), medial to the dorsal root entry zone. Next, using a micromanipulator,
the tip of the microdialysis probe (CMA/11, CMA Microdialysis, Sweden; cuprophan
dialyzing membrane: molecular cut-off 6 kD, diameter 0.24 mm, length 2 mm) was inserted
into the dorsal horn in a rostro-caudal direction at an angle of 45° from the horizontal plane
to a depth of 1.5 mm.

Prior to each experiment, tubing and dialysis probes were perfused with 0.5% sodium
hypochlorite buffered with sodium bicarbonate for 15 min, followed by 70% ethanol for 15
minutes, deionized water for 15 min, and finally Krebs-Ringer solution (138 mM NaCl, 5
mM KCI, 1 mM MgCl,, 1ImM CaCl,, 11mM NaHCO3, 1 mM NaH,POy4) for 30 min.
During the microdialysis experiments, probes were continuously perfused (flow rate: 3.5 pl/
min) with Krebs-Ringer solution containing 0.2% BSA (Sigma), 0.2% glucose (Sigma) and
0.03% of the peptidase inhibitor, bacitracin (Sigma). Following a washout period of 60 min,
five baseline dialysate samples (105 pl) were collected at 30 min intervals. Twenty min
later, 50 pl of either saline or NPY (1 pg/ul, Anaspec) were directly applied to the dorsal
surface of the spinal cord. Ten min later, a Krebs-Ringer solution containing capsaicin
(Sigma) was delivered by reverse microdialysis at a concentration of 25 uM for 30 min, as
described previously (Wallin and Schott, 2002, Kjorsvik Bertelsen et al., 2003, Afrah et al.,
2004). After cessation of capsaicin perfusion, two more samples were collected. All samples
were collected in Eppendorf vials and stored at —20°C prior to radioimmunoassay.

2.8 Substance P Radioimmunoassay

Following collection of the microdialysis samples and storage at —20° C, the samples were
analyzed directly by radioimmunoassay (RIA) without any further preparation. The RIA
used to quantify SP-like immunoreactivity (SP-LI) has previously been described in detail
elsewhere (Brodin et al., 1986). The lower detection limit for SP was 0.6-1.2 pM, and the
ICgq value (i.e., the concentration of synthetic SP required to inhibit the binding of
radioactivity by 50%) was 4.8 pM.

2.9 Intrathecal Drug Delivery

2.9.1 Intrathecal catheterization—Rats were implanted with chronic intrathecal
catheters inserted between the L5 and L6 lumbar vertebrae (Storkson et al., 1996, Chen and
Marvizon, 2009b). Catheterization was performed differently in the carrageenan and in the
CFA experiments. Rats (2—4 months old) were anesthetized with isoflurane (CFA
experiments) or ketamine/xylazine (carrageenan experiments) and placed on a warmed
metal platform. The intrathecal catheter was either a PE-5 tube of 20 mm heat-fused to a
PE-10 tube of 150 mm (CFA experiments), or a polyurethane 32-G tube of 10 cm of tubing
with a steel wire inside (Micor, carrageenan experiments). A 2 cm incision in the lumbar
skin and muscle was made to expose the lumbar vertebrae, and a 20 or 23 gauge needle was
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inserted at a 30° angle between vertebrae L5 and L6 to puncture the dura mater, which was
inferred from a flick of the tail or paw and the backflow of spinal fluid. The needle was
removed and the catheter was inserted into the subdural space and advanced rostrally 3.5 cm
to terminate over lumbar segments L5-L6. The steel wire was removed (when present) and
the catheter was secured to the fascia. Catheters were then tunneled subcutaneously,
exteriorized at the nape, and secured to the dorsal neck muscles with suture. The catheter
was flushed with 10 pl saline and sealed. CFA rats were given an antibiotic (enrofloxacin)
and an analgesic (carprofen) twice daily for 3 days after induction of inflammation. Rats
were housed separately and used for the experiment 57 days after induction. A criterion for
immediate euthanasia of the rat was the presence of motor weakness or signs of paresis, but
this did not occur in any of the rats. The position of the catheter was examined postmortem.
We established as exclusion criteria: 1) loss of the catheter, 2) termination of the catheter
inside the spinal cord, or 3) occlusion of the catheter tip.

2.9.2 Intrathecal injection—volume was 5-10 pl of drug followed by a 10 pl saline flush
(Zorman et al., 1982, Jensen and Yaksh, 1984, Aimone et al., 1987, Kondo et al., 2005).
These volumes predominantly distribute the drug throughout the spinal cord but not the
brain (Yaksh and Rudy, 1976, Chen et al., 2007). Solutions were preloaded, in reverse order
of administration, into a tube (PE-10), and delivered with a 50 ul Hamilton syringe within 1
min.

2.10 Pain Models

2.10.1 Intraplantar Carrageenan—Carrageenan (1% in 100 pl of saline) was injected
subcutaneously under the dorsal skin of the left hind paw of the rat under halothane
anesthesia (Fluothane, AstraZeneca, UK, 1.5 % at an airflow of 2 L/min). We evaluated
behavioral responses before (baseline) and 2 hr after carrageenan, and then again at 50 min
after the intrathecal injection. Rats were anesthetized 3 min later with pentobarbital (50
mg/kg, i.p.) and a light mechanical stimulus (toothbrush) was applied once per second for 2
min to the plantar skin of the inflamed paw (Honore et al., 1999b). Five minutes after the
last period of mechanical stimulation (3 hours after carrageenan, and at the peak of NPY
anti-hyperalgesia at 60 min (Taiwo and Taylor, 2002)}), rats were deeply anesthetized and
perfused with 10% buffered formalin.

2.10.2 Intraplantar CFA—Rats were anesthetized (2-3% isoflurane) and injected
subcutaneously with CFA (undiluted, Sigma) under the plantar surface of the left hindpaw.
Volumes of 100 pl and 5 pl were used for rats and mice, respectively.

2.10.3 Noxious mechanical stimulation—Rats were anesthetized with isoflurane (2—
3%) and a noxious mechanical stimulus (clamping one hindpaw with a hemostat closed to
the first notch) was applied for 30 sec (Abbadie et al., 1997b). Ten minutes later, the rats
were euthanized with pentobarbital (100 mg/Kg, i.p.) and perfused with paraformaldehyde.
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2.11 Behavioral tests of hyperalgesia and allodynia

Animals were acclimated to a stainless steel grid within individual Plexiglas boxes for at
least 60 min, and then first tested for mechanical allodynia, then cold allodynia, and then
mechanical hyperalgesia. The observer was blinded to treatment by another experimenter.

2.11.1 Mechanical allodynia: von Frey—Mechanical allodynia was assessed using von
Frey filaments (Stoelting, Inc, Wooddale, IL). The medial aspect of the plantar surface of
each hind paw was mechanically stimulated with an incremental series of 8 monofilaments
of logarithmic stiffness. The 50% withdrawal threshold was determined using a modified
up-down method of Dixon, as previously described (Chaplan et al., 1994). First, an
intermediate von Frey monofilament (number 4.31, exerts 2.0 g of force) was applied
perpendicular to the glabrous skin, causing a slight bending. In the case of a positive
response (immediate withdraw of the paw) in any of the three areas tested, a filament
exerting less force was tested. In the case of a negative response to all three areas of
stimulation, a filament exerting a larger force was tested.

2.11.2 Cold allodynia: acetone—A drop of acetone was applied to the plantar surface
of the hindpaw using a syringe connected to PE-90 tubing flared at the tip to a diameter of
3.5 mm. Surface tension maintained the volume of the drop at 10-12pl. The duration of time
the animal would lift, shake or lick its paw was recorded. Animals were observed for 60 sec
following each application of acetone. Three trials, with an interval of at least 1 min between
each, were averaged.

2.11.3 Mechanical hyperalgesia: pin prick—Noxious pressure was applied to the
lateral surface of the hindpaw using a safety pin to elicit a response. The duration of time the
animal lifted, shook or licked its paw was recorded. Animals were observed for 30 sec
following each pin application. Three trials, with an interval of at least 1 min between each,
were averaged.

2.11.4 Measurement of thermal hyperalgesia—Paw withdrawal latencies were
measured using a “Plantar Analgesia Meter” model 390G (IITC Life Sciences, Woodland
Hills, CA), consisting of an acrylic enclosure on an elevated warm glass surface
(Cheppudira, 2006). Rats were acclimated to the instrument for 30 min for 3 days. The
plantar surface of the hind paw was heated from below with a radiant heat source. The
intensity of the lamp was set at 30% of maximal power. Cut-off time was 25 s to prevent
tissue damage. Paw withdrawal latencies were measured four times at 5 min intervals.
Results were calculated as percentage of the maximum possible response (%MPE) (Paronis
and Holtzman, 1991):

%MPE = 100 x (latency — baseline) / (cut—off — baseline).

2.12 [33S]GTPyS Binding Assay

Mice were used for these studies. Spinally-targeted applications of NPY produce a similar
pattern of anti-hyperalgesia and neuronal silencing in rats (Taiwo and Taylor, 2002, Intondi
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et al., 2008) and mice (Naveilhan et al., 2001, Kuphal et al., 2008, Solway et al., 2011).
Furthermore, our pilot studies indicated to us that [Leu31,Pro34]-NPY produces similar
[35S]GTPyS binding in rats and mice. Therefore, the results obtained here in mice will likely
correlate with those obtained in rat. The lumbar enlargement of the mouse spinal cord was
dissected and snap-frozen in methyl butane. Sections 50 pm thick were cut with a cryostat
and mounted on gelatin-coated glass slides. Sections were equilibrated at room temperature
for 10 min in assay buffer (30 mM MgCl,, 150 mM NaCl, 2.7 mM KCI, and 37.5 mM
HEPES, pH 7.4) and for 15 min in 2 mM GDP. Agonist-stimulated binding was then
performed with 2 mM GDP and 0.1 nM [3°S]GTPyS (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) and one of four serial dilutions ranging from 45 nM to 45 uM
[Leu31,Pro34]-NPY (Sigma-Aldrich) in water treated with a peptidase inhibitor cocktail
containing 0.170 mg/ml bacitracin, 17 pg/ml leupeptin, 17 pg/ml chymostatin, and 0.850
mg/ml bovine serum albumin. Drug was omitted and replaced with either peptidase-treated
water for basal determinations or 10 uM unlabeled GTPyS in water for nonspecific binding
determinations. Slides were incubated at 37°C for 45 min and then rinsed for 2 min twice
with ice-cold 50 mM Tris-Cl, pH 7.4 and twice with deionized water at room temperature.
Slides were exposed to Kodak X-OMAT autoradiographic film (Sigma-Aldrich) for 18-24
h. Densitometric analysis of images was performed by measuring the mean density of pixels
in the superficial laminae of the left and right lumbar dorsal horn and subtracting the mean
dorsal column background value. Percent stimulation over basal was calculated using the
following equation:

[[((DH dose value — column dose value) — nonspecific binding) / ((DH basal value — column basal value) —nons

2.13 Data Analysis

Data were analyzed using Prism software (GraphPad, San Diego CA). All data are expressed
as mean + SEM. Statistical significance was set at P < 0.05. Behavioral data were analyzed
by two-way ANOVA with treatment as the between-subjects factor and time as the within-
subjects factor. Other data were analyzed by one-way or two way ANOVA and Holm-
Sidak's or Tukey's post-hoc tests.

Concentration-response data were fitted using non-linear regression by a sigmoidal dose-
response function: Y = Enin + (Emax-Emin) / (1 + 10°(Log ECsp-Log X)), where X is the
concentration of drug, ECsgq (ICsq for inhibition) is the concentration of drug that produces
half of the maximal effect or inhibition, Epjp, is the effect at diminishingly low drug
concentrations and Eqay is the effect at saturating concentrations of drug. In analyzing the
Y1 receptor stimulation data, simultaneous fitting of two sets of data to the dose-response
function and the “extra sum of squares F-test' were used to determine whether their ECsg and
Emax Were different. For analysis of the antagonist-displacement data, the “zero antagonist
concentration” baseline condition was included in the non-linear regression by assigning it a
concentration value three log units lower than the estimated ECsg.
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3.0 RESULTS

3.1 NPY inhibits capsaicin-induced SP release from the spinal cord

To test the hypothesis that NPY inhibits SP release in the dorsal horn, we used microdialysis
to measure SP release in vivo induced by perfusing capsaicin (25 uM) through the dialysis
tube for 30 min. As shown in Fig. 1, basal SP release in the dorsal horn was low, as
previously reported (Afrah et al., 2001). Reverse dialysis administration of capsaicin
increased the extracellular concentration of SP-LI (Fig. 1 A). NPY (1 pg/ul) applied to the
dorsal surface of the spinal cord decreased the capsaicin-induced SP release (Fig. 1 B-C;
ANOVA: p=0.0165).

3.2 NPY inhibits NK1R internalization induced by a noxious stimulus

As an alternative measure of SP release in vivo, we used NK1R internalization in dorsal
horn neurons evoked by a noxious stimulus delivered to the hindpaw (Mantyh et al., 1995,
Abbadie et al., 1997b). The noxious stimulus consisted of clamping one of the hind paws
with a hemostat under anesthesia. This evoked a substantial amount of NK1R internalization
in lamina I neurons at the ipsilateral dorsal horn (62 + 8 % NK1R neurons with
internalization, n = 4), and much less internalization at the contralateral side (16 £ 3 %, n=
4). An intrathecal injection of 10 pg NPY, 60 min before paw clamp, reduced the evoked
NK1R internalization in the ipsilateral side to 30 = 4 % (n = 7). NPY produced no effect in
the contralateral side (16 + 4 %, n=7). Two-way ANOVA: NPY vs. saline, p = 0.0051;
ipsilateral vs. contralateral, p < 0.0001; interaction, p = 0.0055.

3.3 NPY inhibits hyperalgesia and NK1R internalization induced by a non-noxious stimulus
in the carrageenan model of inflammatory pain

Next, we investigated the effect of NPY on the hyperalgesia produced by carrageenan
injected in the hind paw and compared it with its ability to inhibit NK1R internalization in
the dorsal horn. In addition, the mechanical allodynia produced by carrageenan provided an
opportunity to study the effect of NPY on SP release produced by a non-noxious stimulus in
the awake rat (Abbadie et al., 1997b, Honore et al., 1999a). Carrageenan produced multiple
signs of hypersensitivity within 2 hr of its injection, including mechanical allodynia to von
Frey hair stimulation (Fig. 2 A), cold allodynia to acetone application (Fig. 2 B) and
mechanical hyperalgesia to pin prick (Fig. 2 C). Intrathecal administration of NPY (but not
saline) produced a robust reduction of all these responses (p < 0.05). A non-noxious
stimulus, consisting of application of a toothbrush to the affected plantar skin, induced a
substantial amount of NK1R internalization in lamina | neurons in carrageenan-injected rats
but not in control rats injected with saline (Fig. 2 D). This is consistent with previous studies
(Honore et al., 1999b). NPY significantly (p < 0.05) reduced the NK1R internalization
induced by non-noxious stimulation in carrageenan-injected rats.

3.4 Immunohistochemistry for Y1 receptors in the DRG and the dorsal horn

Next, we investigated whether the inhibition of SP release produced by NPY was mediated
by Y1 receptors. We started by confirming that Y1 receptors are present in the population of
primary afferents that contain SP, which largely overlap with the ones that contain CGRP.
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Double-labeling of DRG sections with antibodies against CGRP and Y1 receptors showed
that most Y1 receptor-positive DGR neurons also expressed CGRP (Fig. 3 A). In contrast,
few Y1 receptor-positive DRG neurons were labeled with isolectin B4, which binds to a
different population of C-fibers relative to the CGRP- and SP-containing population (Fig. 3
B). A quantitative analysis of confocal images is shown in Fig. 4 A: about 75% of Y1
receptor-positive DRG cells were also CGRP-positive, and 50% of CGRP-positive cells
were Y1 receptor-positive. In contrast, less than 20% of 1B4-positive cells expressed Y1
receptors, although about 40% of Y1 receptor cells stained for I1B4.

In transverse spinal cord sections under low magnification, Y1 receptor staining appeared as
a narrow band that overlapped both the area stained by CGRP (Fig. 5 A) and the area stained
by IB4 (Fig. 5 B), which largely corresponded to different laminae of the dorsal horn (Fig. 5
C). To determine whether Y1 receptors were present in primary afferents that contained
CGRP, SP or IB4, we assessed co-localization of immunoreactivity in laminae | and Il of
sagittal spinal cord sections using high magnification confocal microscopy. As established
previously (Lawson, 1995, Marvizon et al., 2009), we observed substantial co-localization
of CGRP and SP immunoreactivity in fibers and puncta (Fig. 6 A). Y1 receptor
immunoreactivity was largely restricted to lamina 1l neurons and their dendrites. We could
not find co-localization of Y1 receptor immunoreactivity with either CGRP- and SP-
containing fibers, although we occasionally observed them to be in close proximity. SP
immunoreactivity and IB4 staining did not co-localize with each other or with Y1 receptors
(Fig. 6 B).

To confirm these qualitative observations, we quantified co-localization in confocal images
similar to those shown in Fig. 6. As shown in Fig. 4 B, Pearson coefficients for CGRP-SP
were above 0.5, indicating a high level of co-localization. In contrast, Pearson coefficients
for IB4-SP, Y1-CGRP, Y1-SP and Y1-1B4 were close to 0.0, indicating that Y1 receptor
immunoreactivity is not robust in fibers that stain for CGRP, SP, or I1B4.

3.5 A selective Y1 receptor agonist partially inhibits NK1R internalization in spinal cord

slices

We next determined whether Y1 are the receptors that mediate the inhibition of SP release
by NPY. SP release (measured as NK1R internalization) was elicited in spinal cord slices by
electrically stimulating one dorsal root with 1000 pulses of 20 V and 0.4 ms, delivered in a
single train at 100 Hz. These stimulation parameters are optimal to induce SP release from
AS and C fibers (Adelson et al., 2009) and have been previously used to study the
pharmacological modulation of SP release (Lao et al., 2003b, Marvizon et al., 2003a, Lao
and Marvizon, 2005a, Zhang et al., 2010a). As shown in Fig. 7 A, this stimulus produced
NK1R internalization in >50% of NK1R-positive neuronal profiles in lamina I. An example
of NK1R internalization in a lamina | neuron ipsilateral to dorsal root stimulation is shown
in Fig. 8 A. Negligible NK1R internalization was observed in the contralateral dorsal horn
(not shown).

The selective Y1 agonist [Leu3,Pro34]NPY decreased stimulus-evoked NK1R
internalization from 57+11 % to 36+5% (Fig. 7 A) with an ICsq of 27 nM (95%
CI=0.6-1152 nM, Fig. 7 B). An example of an NK1R neuron in lamina | in a slice
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superfused with 100 nM [Leu3!,Pro34]NPY is shown in Fig. 8 B. To confirm that this effect
is mediated by Y1 receptors, we determined whether the selective Y1 antagonist BIBO3304
(Wieland et al., 1998, Dumont et al., 2000) could reverse the inhibition produced by 100 nM
[LeuL,Pro34INPY. As shown in Fig. 7 A, BIBO3304 (100 nM) significantly prevented the
inhibition produced by the Y1 agonist.

[Leu3?,Pro34INPY could reduce NK1 internalization either by inhibition of SP release or by
direct inhibition of NK1R internalization. To rule out the latter possibility, we induced
NK1R internalization in spinal cord slices by incubating them with exogenous SP (1 uM) in
the presence and absence of 100 nM [Leu3L,Pro34]NPY. Fig. 7 C shows that the Y1 receptor
agonist did not affect NK1R internalization induced by SP.

Taken together, these observations indicate that NPY activation of spinal Y1 receptors leads
to the inhibition of SP release.

3.6 In the CFA model of inflammation, Y1 receptors reduce hyperalgesia and NK1R
internalization induced by noxious stimulation

Next, we studied the inhibition of SP release by Y1 receptors in vivo. As before, SP release
was induced with noxious clamp of the hind paw and measured as NK1R internalization in
the lumbar spinal cord (L5). [Leu3!,Pro34]NPY (30 pg, i.t.) was injected 45 min prior to
hind paw clamp to determine whether it inhibits SP release. In contrast to the inhibitory
effects of NPY described above, [Leu3!,Pro34]NPY did not inhibit NK1R internalization
(Fig. 9 B, left).

We then investigated whether the inhibitory effect of Y1 receptors increased during chronic
nociception, using the CFA model of inflammatory hyperalgesia. Three days following
CFA, paw withdrawal latency to radiant heat dropped from approximately 10 s to 5 s. Rats
then received intrathecal [Leu3!,Pro3*]NPY (30 ug), and withdrawal latencies were
measured every 10 min (Fig. 9 A). Intrathecal [Leu31, Pro34] NPY increased ipsilateral
withdrawal latency to baseline values of approximately 10 s (Fig. 9 A), with no effect at the
contralateral side (not shown). The effect of NPY on NK1R internalization in the lumbar
(L5) spinal cord was studied in these same rats, measured 45 min after intrathecal injection.
Compared with rats that received intrathecal saline, [Leu3, Pro4] NPY significantly
reduced NK1R internalization (Fig. 9 B). In sham-injured rats, [Leu3?, Pro34] NPY had no
effects (data not shown). Taken together, these results suggest that inflammation amplifies
the ability of Y1 receptors to exert anti-hyperalgesic effects through inhibition of SP release.

3.7 CFA inflammation increases coupling between Y1 receptors and G-proteins in dorsal

horn

Next, we investigated changes in Y1 receptor-mediated inhibitory signaling using functional
G-protein coupling assays ([3*S]GTPyS binding) during inflammation. Two days before the
experiment, mice received an intraplantar injection of saline (control) or CFA in the left
hindpaw. Spinal cord sections were incubated with 2 mM GDP, 0.1 nM [3°S]GTPyS and the
Y1 receptor agonist [Leu3?, Pro34] NPY. Figure 10 A shows representative autoradiograms
of [3°S]GTPyS binding stimulated by 42.5 uM [Leu3?, Pro34] NPY in sections of the spinal
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cord of control and CFA-injected mice. Figure 10 B shows quantitative autoradiography
results from [Leu3?, Pro34] NPY concentration-response experiments in the left dorsal horn
(ipsilateral to the injected paw). In control mice, [Leu3l, Pro4] NPY stimulated [3°S]GTPyS
binding with an ECgq of 1536 nM (95% CI = 321-7344 nM) and an Epx of 67 = 6% (Enin
=12 + 6%). In the CFA-injected mice, the ECs of [Leu31, Pro34] NPY was decreased to 56
nM (95% CI = 8 nM-407 nM) and its E5x Was decreased to 35 + 3% (Epin = —13 £ 18%).
Simultaneous fitting of the two concentration-responses using an “extra sum of squares F-
test' to compare their parameters revealed significant differences between control and CFA
mice in both the ECsq (p = 0.0236, F1 76 = 5.339) and the Epay (p = 0.0002, F1 76 = 15.86)
for [Leu3L, Pro34] NPY. The Epi, parameter was not significantly different from 0% for
either set of data: control, p = 0.0898, F1 o9 = 3.079; CFA, p = 0.3568, F1 47 = 0.866,
according to an “extra sum of squares F-test' comparing the fitting of each set of data to a
dose-response function with and without E,;,, constrained to 0%. In summary, the
inflammation produced by CFA resulted in an increase in Y1-stimulated GTPyS sensitivity
and a decrease in the density of coupled receptors.

[35S]GTPyS binding assays require inclusion of GDP to reduce non-specific [3°S]GTPyS
binding and thus improve signal/noise ratios. This often shifts the agonist concentration-
response curve to the right, and can contribute to an ECsy measurement that is greater than
the K for receptor-ligand binding. Therefore, we conducted additional [3°S]GTPyS binding
experiments in control mice to confirm receptor specificity. We co-incubated spinal cord
sections with [Leu31, Pro3*] NPY and with varying concentrations of the Y1 receptor
antagonist BIBO3304. We used a concentration of [Leu3?, Pro34] NPY of 2 uM, just slightly
higher than its ECsq. As illustrated in Fig. 10C, BIBO3304 inhibited GTPyS binding elicited
by [Leu31, Pro34] NPY with an ICsq of 7.85 nM (95% CI = 1.04 nM-59.4 nM). The
inhibition was complete, reaching a Enyj, value at the highest antagonist concentration of 2.9
* 3.3 %, which was not significantly different from 0% (p = 0.41, Fq »7 = 0.71) according to
a “extra sum of squares F-test' comparing fittings to a dose-response curve with and without
Emin constrained to 0%. The K; for BIBO3304 was 0.595 nM, calculated from its 1C5q using
the Cheng-Prusoff equation. Alternatively, a Gaddum-Schild analysis of the combined
concentration-response data for [Leu31, Pro34] NPY and BIBO03304 in control mice yielded
a K; for BIBO03304 of 0.762 nM (95% CI = 0.14 nM — 4.15 nM) and a EC for [Leu31,
Pro34] NPY of 1.09 uM (95% CI = 0.477 uM — 2.49 uM). This K; value is consistent with
the Kj of 0.7 nM in receptor binding studies for BIBO3304 (Wieland et al. 1998).

4.0 DISCUSSION

This study establishes that the anti-hyperalgesic effects of NPY result from Y1-G-protein
signaling, leading to inhibition of SP release from primary afferent terminals in the spinal
dorsal horn. Our results indicate that inflammation increases the ability of Y1 agonists to
couple with high affinity to activated G-proteins and thus inhibit spinal SP release and
nociception. The inhibitory actions of the Y1 agonist were incomplete, indicating that Y1
accounts for only part of the effects of NPY on NK1 internalization and SP release. The high
concentration of NPY Y2 receptors on primary afferent neurons and their central terminals
(Brumovsky et al., 2005) point to Y2 as in important target for future studies. Indeed, Y2
contributes to the antihyperalgesic actions of both exogenous and endogenous NPY in
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models of chronic inflammatory and neuropathic pain (Intondi et al., 2008, Solway et al.,
2011).

4.1 NPY inhibits SP release in the dorsal horn

We demonstrated that NPY inhibits SP release in the spinal dorsal horn using several in vivo
approaches. First, we used microdialysis to measure SP release induced by capsaicin, which
was perfused through the dialysis tube. Capsaicin releases SP from primary afferent
terminals in the spinal cord by triggering CaZ* entry through TRPV1 channels present in the
presynaptic terminals (Lao et al., 2003a). Spinal application of NPY inhibited capsaicin-
evoked SP-L1 in microdialysate. These results are consistent with the antibody microprobe
studies of Duggan et al., who reported that microinjection of NPY into the substantia
gelatinosa reduced SP-LI that was released by electrical stimulation of unmyelinated
primary afferent nerves (Duggan et al., 1991). Our results also support the findings of Gibbs
and Hargreaves, who reported that Y1 activation attenuated capsaicin-evoked mechanical
allodynia and release of calcitonin gene-related peptide in dorsal horn slices, and attenuated
bradykinin/prostaglandin E2-evoked increases in intracellular calcium levels in trigeminal
ganglion neurons (Gibbs et al., 2004, Gibbs et al., 2006, Gibbs et al., 2007). Second, we
measured SP release in terms of NK1R internalization, and induced the release by applying
a noxious stimulus to one hind paw of the rat. This widely-used approach (Mantyh et al.,
1995, Abbadie et al., 1997b, Kondo et al., 2005, Zhang et al., 2010a) recruits the release of
SP from primary afferents by triggering high frequency action potentials (Adelson et al.,
2009). In this case, intrathecal NPY given one hour before the hind paw clamp inhibited the
evoked NKI1R internalization by 50%. Third, SP release (as measured as NK1R
internalization) was evoked by a non-noxious stimulus (brushing) applied to hind paw
inflamed with carrageenan. Again, intrathecal NPY inhibited the evoked NK1R
internalization by nearly 50%. Moreover, in the carrageenan model, intrathecal NPY
produced a dramatic inhibition of mechanical allodynia, mechanical hyperalgesia and cold
allodynia. We suggest that these anti-hyperalgesic effects of NPY are mediated through its
action on presynaptic terminals of primary afferent terminals; however, further studies are
needed to evaluate the involvement of other cell types such as interneurons and projection
neurons in the dorsal horn.

4.2 Presence of Y1 receptors in dorsal horn neurons and SP-containing primary afferents

To determine whether the inhibition of SP by NPY is mediated by Y1 receptors, we started
by asking whether Y1 receptors are present in SP-containing primary afferents. Using
immunohistochemistry, we found that Y1 receptors are indeed present in neuronal somas in
DRG. Moreover, 75% of the Y1 receptor-positive DRG cells also contained the
neuropeptide CGRP, which is largely co-expressed with SP in these neurons (Lawson, 1995,
Marvizon et al., 2009). In addition, a substantial proportion (40%) of the Y1 receptor-
expressing DRG neurons turned out to belong to the IB4-binding class of C-fibers. This type
of DRG neurons is considered to be largely complementary to the CGRP- and SP-containing
population, though there is in fact some overlap between the two classes (Price and Flores,
2007). However, despite the clear presence of Y1 receptor immunoreactivity in DRG
neurons, we could not identify Y1 receptor immunoreactive primary afferent axons or
terminals in the dorsal horn, due to lack of co-localization with CGRP, SP or IB4. The same
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problem was reported by Brumovsky et al. (2002b): they found Y1 receptor
immunoreactivity in CGRP-positive DRG cell bodies and fibers in the sciatic nerve and
dorsal roots, but almost no Y1 receptor and CGRP co-localization in fibers in the dorsal
horn. Moreover, dorsal rhizotomy did not change Y1 receptor staining in the dorsal horn, but
completely depleted CGRP staining. To explore this issue in depth, we obtained high
magnification confocal images of laminae I-11 from sections double- and triple-labeled for
Y1 receptors, CGRP, SP and 1B4, and analyzed the co-localization of label pairs voxel-by-
voxel in the whole confocal stacks. This state-of-the-art quantitative analysis failed to reveal
any co-localization of Y1 receptors with CGRP or SP, whereas the co-localization of CGRP
with SP (used as a positive control) was high, as expected. One possible explanation is that
Y1 receptors are expressed in DRG neurons but not transported centrally into the spinal
cord. However, this is unlikely because Brumovsky et al., (2002b) found Y1 receptor
immunoreactivity in the dorsal roots. A second possibility is that Y1 receptors bind to
proteins in primary afferent terminals that hinder the binding of the antibody used to label it,
as happens with NMDA receptors (Nagy et al., 2004). A third possibility, which we favor, is
that the lack of co-localization is an artifact caused by the masking of Y1 receptors in
primary afferent axons by the stronger immunoreactivity signal of Y1 receptors in dorsal
horn neurons (Ji et al., 1994). Indeed, while DRG and spinal cord sections were stained
using the same antibody concentrations, a higher photomultiplier gain of the confocal
microscope was used to acquire images from the DRG (880-985) than from the dorsal horn
(540-800), indicating that Y1 receptors are more dense in dorsal horn neurons. This,
together with the thinness of the primary afferent axons, may have hindered the
identification of Y1 receptors in them.

Our immunohistochemical studies are consistent with previous studies describing Y1
receptors in dorsal root ganglion (DRG) neurons that contain calcitonin gene-related peptide
(CGRP) and in small dorsal horn neurons in laminae I-111 (Ji et al., 1994, Zhang et al., 1994,
Brumovsky et al., 2002a). Some of the Y1 receptor neurons in lamina | project to the brain,
and most seem to be excitatory neurons under the inhibitory influence of NPY and Y1
receptors (Brumovsky et al., 2006, Polgar et al., 2013). We found that the volume of primary
afferent axons in the dorsal horn is very small compared with the volume of Y1 receptor-
expressing dorsal horn neurons. Furthermore, the density of Y1 receptors in primary
afferents was small compared with their density in dorsal horn neurons - so small indeed that
they could not be detected with immunohistochemistry. Therefore, the majority of Y1
receptors in the dorsal horn are most likely located in dorsal horn neurons. However, even
scant Y1 receptors on afferent terminals, if avidly coupled, could account for a significant or
even large proportion of overall NPY signaling in dorsal horn.

4.3 NPY receptor inhibition of NK1R internalization in the absence of inflammation

To determine the contribution of Y1 receptors to the inhibition of SP release, we used a
selective agonist and antagonist of the Y1 receptor, and measured NK1R internalization in
rat spinal cord slices. The Y1 receptor selective agonist [Leu3!, Pro34]-NPY produced a
concentration-dependent inhibition of DRS-evoked NK1R internalization, albeit with low
efficacy. The effect of [Leu3!, Pro34]-NPY was completely reversed by the selective Y1
receptor antagonist BIBO3304, showing that it was indeed mediated by Y1 receptors. In
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vivo, however, intrathecal NPY but not [Leu3L, Pro34]-NPY inhibited the NK1R
internalization induced by noxious hind paw clamp. Of the 4 characterized receptors for
NPY in the rat, Y1 and Y2 are predominantly expressed in the dorsal horn. We argue that
NPY acts in part at Y2 receptors to inhibit in vivo NK1R internalization in the uninjured
animal. Indeed, the classic study of NPY and pain by Yaksh and colleagues suggested that
Y2 agonists inhibit transient nociception (Hua et al., 1991). Further studies involving a dose-
response analysis with Y1 and Y2 receptor agonists and antagonists could resolve the
relative contribution of Y1 and Y2 to SP release. Albeit, our results suggest that Y1
receptors contribute to the inhibition of SP release produced by NPY in the uninjured state.

4.4 SP release and hyperalgesia are decreased by Y1 receptors during inflammation

Using the CFA model of inflammation, we found that [Leu3!, Pro34]-NPY has anti-
hyperalgesic properties similar to NPY': it reversed the thermal hyperalgesia produced by
CFA (Fig. 9 A). Hence, we suggest that Y1 receptors contribute to the anti-hyperalgesic
effects of NPY. Furthermore, although intrathecal [Leu3!, Pro34]-NPY did not inhibit SP
release elicited by noxious hind paw clamp in control rats, it produced a noticeable
inhibition 3 days after the CFA injection. This suggests that the function of presynaptic Y1
receptors in primary afferent terminals is augmented by inflammation.

4.5 Y1 receptor functional coupling in the dorsal horn

The functional coupling of Y1 receptors to G proteins in the dorsal horn was measured in
this study as [Leu3L, Pro34]-NPY-stimulated [3°S]GTPyS binding. Due to the relatively large
volume of Y1 receptors in dorsal horn, it is likely that spinal neurons provide a major
contribution to overall [3°S]GTPyS binding. However, we cannot rule out a contribution to
NPY signaling of the central terminals of primary afferents, which likely remain viable in
our assay system. Our results revealed that the affinity of coupling between Y1 receptors
and activated G-proteins was increased dramatically during CFA-induced inflammation,
albeit its efficacy was reduced by roughly half. This profound increase in the avidity of Y1
receptor-G protein interactions could amplify the coupling events between Y1 receptors and
their effectors. We suggest that the resultant potentiation of inhibition of intracellular
signaling contributes to enhanced NPY anti-hyperalgesia after inflammation.

4.6 Conclusion

In summary, NPY produces anti-hyperalgesia in several rodent models of chronic pain and
inhibits SP release from primary afferent terminals. Both of these effects increase during
inflammation. As a result, inflammation-evoked enhancement of Y1 receptor signaling
could vastly increase the pain inhibitory potency of NPY during inflammation as compared
to the normal state. This may serve as a compensatory mechanism whereby NPY
homeostatically regulates persistent pain and impedes the transition from acute to chronic
inflammatory pain (Solway et al., 2011).
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Fig. 1. NPY reduces capsaicin-evoked SP release from the rat spinal cord in vivo
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Microdialysis probes were inserted into dorsal horn at L5. Following a 1 hr washout period,
5 baseline samples were collected at 30 min intervals. Twenty min later, 50 pl of either
saline (A, n= 6 rats) or 1 ug/ul NPY (B, n =5 rats) was directly applied to the dorsal surface

of the spinal cord. Ten min later, capsaicin (25 uM, bar) was infused by reverse

microdialysis for 30 min during sample collection. SP-LI was detected in 100 pl samples
with a high sensitivity RIA. (C) Comparison of SP-LI released during capsaicin or vehicle
infusion, with and without NPY. ANOVA, p = 0.0165, n = 5-6; Tukey's post-hoc test, * p<

0.05.
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Fig. 2. Intrathecal NPY inhibits nociception and NK1R internalization induced by non-noxious
stimulation in the rat carrageenan model

Paw withdrawal responses to von Frey hairs (A), acetone (B) and pin prick (C) were
evaluated before (BL) and 2 hr after intraplantar carrageenan. Five minutes later, rats
received an intrathecal injection of saline or 30 pg NPY. Forty five minutes later, behavior
was again assessed followed by perfusion for NK1R internalization. (D) NK1R
internalization in lamina I of the L5 spinal segment induced by a non-noxious stimulus
(brush). n=6-8, except n=3 for the group not given carrageenan in panel D; *p<0.05 vs. 2 hr,
or as indicated.
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Fig. 3. Presence of Y1 receptors in rat DRG neurons
Sections from lumbar DRG (L1-L6) were labeled with antibodies against CGRP or the Y1

receptor, or with isolectin B4-biotin (IB4). Each image consists of 4 confocal sections
spaced 0.99 um, taken with a 20x objective. A) CGRP and Y1 receptor immunoreactivities.
B) IB4 staining and Y1 receptor immunoreactivity. Arrows indicate double-labeled cell
bodies.
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Fig. 4. Quantification of Co-localization
A) DRG sections from rats were double-labeled as indicated, and confocal images were

obtained with a 20x objective in 4 confocal stacks of 4-8 optical sections. Co-localization
was measured by calculating the percentage of double-labeled profiles relative to each of the
single-labeled profiles. ANOVA (2-way): p = 0.0013 comparing antibody pairs, p = 0.0027
for direction of comparison, p = 0.79 for interaction. B) Sections from the rat lumbar spinal
cord (L4-L86, transversal and sagittal) were double-labeled as indicated: CGRP, calcitonin
gene-related peptide; SP, substance P; Y1, Y1 receptor; IB4, isolectin B4-biotin. Confocal
images were obtained from laminae I-11 with a 63x objective in n confocal stacks of 10-18
optical sections. Co-localization of the indicated label pairs was measured with Imaris Co-
localization as the Pearson correlation coefficient in all voxels in a confocal stack above
intensity thresholds of 20 or 30 (in the scale of 0-255). ANOVA, p < 0.0001, F4,20 = 43.02,
***p < 0.001 compared to CGRP - SP (Holm-Sidak's post-hoc test).
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100 um

Fig. 5. Distribution of Y1 receptors in the rat dorsal horn
Transverse sections of lumbar spinal cord (L4-L6) were labeled with antibodies against

CGRP or the Y1 receptor, or with isolectin B4-biotin (IB4). Each image consists of a single
confocal section taken with a 10x objective at the middle of the histological section. Dorsal
side is up. A) CGRP and Y1 receptor immunoreactivities. B) 1B4 staining and Y1 receptor

immunoreactivity. C) CGRP immunoreactivity and 1B4 staining.
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Fig. 6. Localization of Y1 receptors relative to substance P, CGRP and IB4 staining in the rat
superficial dorsal horn

Sagittal sections from the lumbar spinal cord (L4-L6) were labeled with antibodies against
substance P (SP), CGRP or the Y1 receptor, or with isolectin B4-biotin (IB4). Confocal
images were taken with a 63x objective from the laminae I-11. Optical section separation is
0.44 um. Dorsal side is up. Arrows indicate instances of SP / CGRP co-localization.
Asterisks indicate the cell bodies of Y1 receptor neurons. A) Substance P, CGRP and Y1
receptor immunoreactivities; 7 optical sections. B) Substance P immunoreactivity, 1B4
staining and Y1 receptor immunoreactivity; 4 optical sections.
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Fig. 7. Y1 receptors decrease NK1R internalization evoked by dorsal root stimulation in rat
spinal cord slices
Spinal cord slices were electrically stimulated at the dorsal root with 1000 pulses of 20 V,

0.4 ms, delivered at 100 Hz, to evoke SP release, which was measured as NK1R
internalization in lamina I neurons in the dorsal horns ipsilateral and contralateral to the
stimulated root. A) The Y1 receptor agonist [Leu3!, Pro34]-NPY [(L,P)-NPY] (100 nM)
inhibited the evoked NK1R internalization, and this inhibition was reversed by the Y1
antagonist BIBO3304 (100 nM). ANOVA (2-way): drug, p = 0.0005; stimulus, p < 0.0001;
interaction, p = 0.018, n = 3—7. Tukey's post-hoc tests: **, p < 0.01; t11, p<0.001. B)
Concentration-response of the Y1 agonist [Leu3?, Pro34]-NPY. C) NK1R internalization
evoked by incubating the slices with 1 uM substance P (ho dorsal root stimulation) was not
affected by [Leu3l, Pro34]-NPY (100 nM). T-test: n= 3, p> 0.05.
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control

Fig. 8. Examples of NK1R neurons in rat spinal cord slices
Representative images of lamina | neurons labeled with the NK1R antibody. Dorsal root

stimulation of spinal cord slices resulted in extensive NK1R internalization in these neurons
in control conditions (A). Superfusion with the Y1 receptor agonist [Leu3!, Pro34]-NPY
(100 nM) produced a decrease in NK1R internalization (B).

Neuroscience. Author manuscript; available in PMC 2015 March 18.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Taylor et al.

Page 32

@ paw CFA + saline
-& paw CFA +[L,PINPY

S >
N
o
1

-
-]
1

paw withdrawal latency,
o
i

124 *

time after i.t. injection, min

o]

1001 @ i.t. saline
Hl i.t. [L,PINPY

75+

*

50+

25+

% NK1R neurons
with internalization

i paw saline  paw CFA

Fig. 9. [Leugl, Pro34]-NPY inhibits CFA-induced hyperalgesia and NK1R internalization
Rats were injected under the plantar skin of one hind paw with saline or CFA; 3 days later

they received an intrathecal (i.t.) injection of saline or [Leu3!, Pro34]-NPY ([L,P]NPY, 30
ng). A) Withdrawal latencies to heat stimulation in the paw ipsilateral to CFA injection (BL:
baseline). n =3, * p< 0.05. B) NK1R internalization in lamina I of the L5 spinal segment
induced by noxious pinch applied to the inflamed paw 45 min after the intrathecal injection.
ANOVA (2-way): n= 3, p=0.0436 for CFA, p = 0.009 for [L,P]NPY, p = 0.129 for
interaction. Holm-Sidak's post-hoc test: * p < 0.05 compared to i.t. saline.
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Fig. 10. [358]GTPyS binding stimulated by the Y1 receptor agonist [Leu31,Pr034]NPY in spinal
cord sections of control and CFA-treated mice

A) Representative pseudo-color images of [3°S]GTPyS binding quantitative autoradiography
in mouse spinal cord sections. Binding assays were performed in the absence (basal) or
presence of 42.5 uM [Leu3L,Pro34]NPY in sections obtained from mice given intraplantar
saline (control) or CFA two days before the experiment. B) Concentration-responses of
[Leu3t Pro34INPY-stimulated [3°S]GTPyS binding. Mice were injected i.pl. in the left hind
paw with vehicle (control, n = 6) or CFA (n = 9) two days before the experiment. ECsg
(control) = 1536 nM (95% CI = 321-7344 nM), ECsg (CFA) =56 nM (95% CI = 8 nM-407
nM); Emax (control) = 67 + 6 %, Emayx (CFA) = 35 + 3 %; Enin (control) = 12 £ 6 %, Enin
(CFA) =-13 + 18 %. C) Concentration-response of the Y1 receptor antagonist BIBO3304 to
inhibit [3°S]GTPyS binding induced by 2 pM [Leu31,Pro34]NPY (n=4-5). ICs; (BIBO3304)
=7.85nM (95% CI = 1.4 - 59.4 nM).
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