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Abstract

This study examined whether peripheral inflammatory injury increases the levels or changes the
disposition of substance P (SubP) in the rostral ventromedial medulla (RVM), which serves as a
central relay in bulbospinal pathways of pain modulation. Enzyme immunoassay and reverse
transcriptase quantitative polymerase chain reaction were used to measure SubP protein and
transcript, respectively, in tissue homogenates prepared from the RVM and the periaqueductal
gray and cuneiform nuclei of rats that had received an intraplantar injection of saline or complete
Freund's adjuvant (CFA). Matrix Assisted Laser Desorption/lonization Time of Flight analysis
confirmed that the RVM does not contain hemokinin-1, which can confound measurements of
SubP because it is recognized equally well by commercial antibodies for SubP. Levels of SubP
protein in the RVM were unchanged four hours, four days and two weeks after injection of CFA.
Tacl transcripts were similarly unchanged in the RVM four days or two weeks after CFA. In
contrast, the density of SubP immunoreactive processes in the RVM increased 2-fold within four
hours and 2.7-fold four days after CFA injection; it was unchanged at two weeks. SubP-
immunoreactive processes in the RVM include axon terminals of neurons located in the
periaqueductal gray and cuneiform nucleus. Substance P content in homogenates of the
periaqueductal gray and cuneiform nucleus was significantly increased four days after CFA, but
not at four hours or two weeks. Tacl transcripts in homogenates of these nuclei were unchanged
four days and two weeks after CFA. These findings suggest that there is an increased mobilization
of SubP within processes in the RVM shortly after injury accompanied by an increased synthesis
of SubP in neurons that project to the RVM. These findings are consonant with the hypothesis that
an increase in SubP release in the RVM contributes to the hyperalgesia that develops after
peripheral inflammatory injury.
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INTRODUCTION

Substance P (SubP) is acknowledged to play an important role in inflammatory nociception.
The mechanisms by which it acts in the periphery and spinal cord to induce and maintain
heat hyperalgesia and mechanical hypersensitivity after peripheral inflammatory injury are
well characterized (see reviews by (Baranauskas and Nistri, 1998; Sandkuhler et al., 2000;
Snijdelaar et al., 2000; Mantyh, 2002; Keeble and Brain, 2004; Seybold, 2009; Todd, 2010;
Steinhoff et al., 2014). Our understanding of its actions within supraspinal nuclei that
modulate the transmission of nociceptive information in the spinal cord continues to evolve,
particularly with respect to its actions in the rostral ventromedial medulla (RVM) (Lagraize
etal., 2010; Hahm et al., 2011; Brink et al., 2012; Khasabov and Simone, 2013; Hamity et
al., 2014).

The RVM, which contains the nucleus raphe magnus and nucleus reticularis
gigantocellularis, serves as a central relay in the bulbospinal pathways that can both
facilitate and suppress nociceptive transmission within the dorsal horn of the spinal cord
(Millan, 2002; Heinricher et al., 2009). The RVM contains high concentrations of SubP that
originate from neurons located in the nucleus cuneiformis, dorsal raphe nucleus, and
periaqueductal gray (PAG) (Beitz, 1982; Chen et al., 2013), as well as a moderate density of
neurokinin-1 receptors (NK1R) at which SubP exerts its actions (Saffroy et al., 1988;
Nakaya et al., 1994; Hamity et al., 2014). In uninjured animals, a single injection or
continuous infusion of SubP into the RVM causes hypersensitivity of the hindpaw to
noxious heat stimuli that can last 24 hours (Hamity et al., 2010; Lagraize et al., 2010).
Microinjection of NK1R antagonists into the RVM of animals with inflammatory injury
induced by capsaicin or complete Freund's adjuvant (CFA) prevents and reverses thermal
hypersensitivity, while in uninjured animals, delivery of these same NK1R antagonists into
the RVM does not interfere with their normal behavioral responsiveness to thermal or
mechanical stimuli (Pacharinsak et al., 2008; Hamity et al., 2010; Lagraize et al., 2010;
Brink et al., 2012). Chemical ablation of NK1R in the RVM also blocks thermal and
mechanical sensitivity following capsaicin and CFA-induced inflammation (Khasabov and
Simone, 2013). These data collectively implicate SubP in the RVM in the development and
maintenance of a persistent pain state after peripheral inflammatory injury.

There are many mechanisms by which SubP can function within the RVM to modulate
nociception. Previous work documented that NK1R is upregulated in the RVM as early as
two hours to four days after peripheral inflammatory injury (Lagraize et al., 2010; Hamity et
al., 2014). Also, the number of neurons that express NK1R is increased four days after
intraplantar injection of CFA (Hamity et al., 2014). However, whether a corresponding
increase in the levels or change in the disposition of SubP, the endogenous ligand for NK1R,
occurs in the RVM following inflammatory injury is unknown. This study therefore
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examined levels of Tacl transcript and SubP protein in the RVM and PAG and adjacent
cuneiform nuclei at various times after intraplantar injection of CFA. It also determined
whether hemokinin-1 (HK-1) transcript or protein is present in the RVM. This latter set of
experiments was driven by the disclosure that the antibody in the enzyme immunoassay
(EIA) kit used to quantitate SubP also recognizes HK-1, the product of the Tac4 gene, with
equal affinity. The amino acid sequences for SubP and HK-1 are 55% identical, and both
proteins bind the NK1R with similar high affinity (Morteau et al., 2001; Camarda et al.,
2002; Duffy et al., 2003; Berger and Paige, 2005). The potential presence of HK-1 was a
confound not only for the specificity of the EIA, but also because HK-1 is upregulated in
glia by inflammatory stimuli (Morteau et al., 2001; Duffy et al., 2003; Fu et al., 2005; Endo
et al., 2006; Matsumura et al., 2008) and has recently been implicated in nociception or itch
(Funahashi et al., 2014) and in CFA-induced chronic arthritis (Borbely et al., 2013).

EXPERIMENTAL PROCEDURES

Animals

These studies were approved by the University of lowa Animal Care and Use Committee
(protocol #1106133) and were conducted in accordance with the guidelines set forth by the
National Institutes of Health and the International Association for the Study of Pain. Every
effort was made to minimize animal suffering and the number of animals used in this study.
Male Sprague Dawley rats weighing 225 — 250 g (Charles River Laboratories, Raleigh, NC)
were purchased for this study. All rats were allowed to acclimate at least 48 hours in the
University of lowa Animal Care facility prior to any experiment. Rats were housed in the
animal care facility as two per cage in a temperature and humidity controlled room with a 12
hour light/dark cycle, and access to food and water was provided ab libitum.

Model of inflammatory pain

The CFA-induced model of inflammatory injury has been previously described (Hurley and
Hammond, 2000; Sykes et al., 2007; Hamity et al., 2010). Briefly, rats were weighed and
lightly anesthetized with isoflurane. The distance between the dorsal and ventral surfaces
(thickness) of each hind paw was measured using digital calipers; then the plantar surface of
the left hindpaw was injected with 0.15 ml CFA (150 ug of Mycobacterium butyricum, 85%
Marcol 52, and 15% Aracel A mannide monoemulsifier) (Calbiochem, San Diego, CA) or
0.15 ml sterile-filtered saline (pH 7.4). After intraplantar injection, the rats were singly
housed. Four hours, four days, and two weeks were selected to represent the acute, subacute,
and chronic phases of inflammatory injury, in accordance with previous studies. At the
designated time points, the rats were weighed and the thickness of their hindpaws was
measured to assess the extent of the inflammation.

Measurement of heat hyperalgesia

Thermal sensitivity was measured as previously reported by our group (Hurley and
Hammond, 2000). Briefly, at the corresponding times after saline or CFA treatment, the rats
were acclimated to the testing room for 30 min then placed in individual Plexiglas chambers
on a 25°C glass surface for another 30 min of acclimation. Sensitivity to noxious heat was
measured by focusing a high-intensity beam of light on the plantar surface of the hindpaw.
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The time required for the rat to withdraw its hindpaw from the heat stimulus was
automatically measured and recorded as the paw withdrawal latency (PWL). Baseline PWL
was typically 8 to 12 s. To prevent tissue damage, the maximum time of exposure to the
light beam was 20 s.

Analysis of Tacl and Tac4 mRNAs

Tissue collection—Punches containing the RVM and the combination of PAG and
cuneiform nuclei were collected from animals at four days or two weeks after saline or CFA
injection in the hindpaw. The thickness of the hindpaw was measured prior to euthanasia.
Nociceptive behavior tests were not conducted on rats used for qPCR experiments. Each
group contained 6-8 animals. The rats were euthanized with CO, exsanguinated, and brains
were quickly removed. A 2-mm thick coronal block of the brainstem 3 and 5 mm rostral to
the obex, which contains the RVM, was immediately dissected on ice and frozen on a
platform on dry ice. One 1.5 mm diameter tissue punch (Harris Unicore, Ted Pella Inc.,
Redding, CA), centered on the midline immediately above the pyramids, was removed from
the frozen brainstem tissue and placed in RNAlater™ (Ambion, Life Technologies,
Carlsbad, CA). The brain slices then were fixed in 10% formalin containing 30% sucrose so
the location of the tissue punch could be verified. The PAG tissue was dissected from a
frozen 2-mm transverse slice of the midbrain between the locus coeruleus and the inferior
colliculus. A 2-mm tissue punch was used to obtain the ventrolateral aspects of the
ipsilateral and contralateral PAG and cuneiform nucleus, with respect to the injected
hindpaw. The tissue was immediately placed in RNAlater™. All tissue samples were stored
at —20 °C until RNA isolation. The location and relative size of the tissue punches within the
coronal sections of the brainstem were similar to previously published diagrams (Hurley and
Hammond, 2000).

RNA isolation, RT, and gPCR—Total RNA was extracted from the RVM and the
ipsilateral and contralateral PAG of saline- and CFA-treated rats using the Qiagen RNeasy
lipid tissue mini kit (Qiagen, Valencia, CA) as previously described (Hamity et al., 2014).
Sufficient quantities of RNA could be isolated from single punches of RVM and PAG tissue
for multiple analyses. The RNA purification included an on-column DNAsel treatment to
remove DNA contamination. RNA concentration and purity were assessed by spectrometry
(Nanodrop, Thermo-Scientific, Wilmington, DE). As a means of quality control, RNA
integrity analysis was determined on 20% of the samples and consistently yielded a value >9
(out of 10) (Agilent 2100 bioanalyzer, Agilent Technologies; Santa Clara, CA). Reverse
transcription (RT) was performed using 50 ng of purified RNA and the SuperScript VILO
cDNA synthesis kit (Invitrogen, Carlsbad, CA) in a 20 pl reaction volume at 42° for 1 hour.
PCR was performed in triplicate using 2 pl of the RT product (5 ng) in a 20 pl reaction
volume with primers complementary to rat Tacl (SubP), Tac4 (HK-1), Actb (B-actin), or
Mapk6 (mitogen-activated protein kinase 6) and 1Q Sybr Green Supermix (Bio-Rad,
Hercules, CA). No reverse transcriptase and no template controls were also run in triplicate.
Cycle conditions were 50 °C for 2 min, 95 °C for 10 min, 40 cycles of 95 °C for 15 sec, 60
°C for 1 min, and 72 °C for 1 min. Since both of the Tac1 and Tac4 genes have several
splice variants (Steinhoff et al., 2014), the primers were designed to detect mMRNAS
containing the sequences of the mature neuropeptides. Actb and Mapk6 were used as
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reference genes. Table 1 lists the primers and sizes of the PCR products. All primers were
designed to span introns to exclude genomic DNA contamination. The amplification
efficiency of the Tacl assay was 100%, r2= 0.998, slope = —3.270 and of the Tac4 assay,
efficiency = 97.4%, r2 = 0.997, slope = —3.386. The amplification efficiency of the Actb
assay was 1009, r2 = 0.997, slope = —3.282, and of the Mapk6 assay was 100%, r? = 0.998,
slope = —3.215. Cycle thresholds (Cy) for Tacl, Tac4, Actb, and Mapk6é were converted to
absolute copy numbers using standard curves of cloned plasmids containing the amplicons
for Tacl, Tac4, Actb, and Mapké, at 106, 10°, 104, 102, and 102 copies.

For the RVM, the expression of Tacl was normalized to Actb by calculation of the AC+ and
then transformation to linear scale as 2~2CT for statistical analysis. Actb was used as a
normalization gene in the RVM because it was stably expressed in all four treatment groups
(data not shown), consistent with an earlier report from this laboratory (Walder et al., 2014).
For subsequent determination of Tacl expression in the PAG, levels of Tacl were
normalized to the geometric mean of Actb and Mapk6 calculated as ACt followed by
transformation to linear scale as 272CT for statistical analysis. Actb and Mapké were
previously validated as reference genes for the RVM (Walder et al., 2014) and confirmed
here for the PAG (M values of 0.55 for stability of gene expression) in the CFA model of
inflammatory injury.

Enzyme immunoassay of SubP

Tissue collection—RVM tissue was collected from animals four hours, four days or two
weeks after injection of saline or CFA in the hindpaw. Prior to euthanasia, PWL to noxious
heat stimulation and the thickness of the hindpaws were measured. Each group contained
8-16 animals. After nociceptive behavior testing, the rats were euthanized with COo,
exsanguinated, and the brains were quickly removed. A 2-mm thick coronal block of the
brainstem was taken 3 and 5 mm rostral to the obex. Two tissue punches (0.75 mm
diameter) that each abutted the midline over the pyramids were obtained (Harris Unicore,
Ted Pella Inc., Redding, CA) from the RVM, one ipsilateral and the other contralateral to
the injected hindpaw. Each side of the RVM was analyzed separately. Punches of ipsilateral
and contralateral PAG were obtained as described above for the RT-gPCR experiments. The
tissue was weighed and samples whose weight was greater or less than 2 SD from the mean
were excluded from analysis. These corresponded to one sample in each CFA- and saline-
treated treatment group at 4 hrs and 2 weeks for the RVM samples. There were no
significant differences in the weight of the tissue punches obtained from saline- and CFA-
treated rats at any time point, or between ipsilateral and contralateral sides for either the
RVM or PAG tissue samples (P > 0.1 all comparisons).

SubP measurement—RVM and PAG tissue punches were processed immediately after
collection. They were mechanically homogenized in 0.5 ml of 2 M acetic acid and then
centrifuged at 16,100 g for 10 min using an Eppendorf 5415r tabletop centrifuge. The
supernatants were carefully removed, lyophilized to dryness using a Savant Speed Vac
SC110 (Holbrook, NY), and reconstituted in EIA buffer. SubP concentrations were
determined with an EIA kit (Cayman Chemicals, Ann Arbor, MI) as directed by the
manufacturer. All samples were diluted to yield SubP concentrations within the linear range
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of the standard curve (3.9-500 pg/ml). SubP content was expressed as pg/mg wet tissue
weight.

Immunohistochemistry

Antibody characterization—Guinea pig polyclonal SubP antiserum, directed against
Cys-Arg-Pro-Lys-Pro-GIn-GIn-Phe-Phe-Gly-Leu-Met, a modification of the rat SubP
sequence, was purchased from Neuromics (Edina, MN, GP14103, lot number 401159). The
specificity of the antiserum was confirmed by immunolabeling striatum tissue sections from
the brains of C57BI6/J (wild type) and Tacl null mice (B6.CGTacltm1Bbm/J, Jackson
Labs, Bar Harbor, ME) for SubP. Dense labeling of the processes in the medial preoptic
nucleus adjacent to the third ventricle and the basal nucleus of the striatum was observed in
the wild type tissue and there was an absence of labeling in the same region in the Tacl null
tissue. The secondary antibody, biotinylated donkey anti-guinea pig 1gG (706-065-148, lot
number 112634), was purchased from Jackson ImmunoResearch (West Grove, PA).

Tissue processing—Cohorts of rats were allocated into six treatment groups: four hour
saline, four hour CFA, four day saline, four day CFA, two week saline, and two week CFA.
The intraplantar hindpaw injections were timed to allow the rats from different groups to
reach the desired time point on the same day. To reduce variability, tissue samples from
different treatment groups were processed and stained concurrently. Three to six replicates
were completed for this experiment. Nociceptive behavior tests were not conducted on
animals used for immunohistochemistry experiments.

To prepare the rats for fixation, the animals were deeply anesthetized with sodium
pentobarbital (50 mg/kg, Lundbeck Inc., Deerfield, IL), the chest cavity was exposed and
0.1 ml heparin (1000 USP units, Hospira Inc., Lake Forest, IL) was administered into the
heart. Rats were transcardially perfused with 100 ml of 0.9% saline at 37°C, followed by
300 ml of ice cold 4% paraformaldehyde pH 7.4. Following perfusion, the rat brains were
removed, post fixed in 4% paraformaldehyde pH 7.4 for 30 min, and placed in 30% sucrose
in 0.1 M phosphate buffered saline (PBS) pH 7.4 at 4°C for 48 hrs for cryoprotection.

After cryoprotection, the brainstem was frozen in optimal cutting temperature media (Sakura
Finetek, Torrance, CA). Coronal sections of 50-um thickness were cut through the rostral to
caudal extent of the RVM using a cryostat and collected into 0.1 M PBS pH 7.4 as free-
floating sections. Serial sections were treated with 1.67% hydrogen peroxide in methanol for
20 min, washed several times with 0.1 M PBS pH 7.4 and then incubated in 1% sodium
borohydride for 30 min. Following several washes with 0.1 M PBS pH 7.4, sections were
incubated in 2% normal donkey serum (Lampire, Pipersville, PA) with 0.3% Triton X-100
in 0.1 M PBS pH 7.4, which served as the blocking solution, for two hours. The blocking
solution also served as the diluent for the primary and secondary antibodies. Following
blocking, sections were incubated with guinea pig anti-SubP antibody diluted to 6.25 pg/ml
for 40 hrs at 4°C. After several washes, the sections were incubated in the secondary
antibody at a concentration of 4.0 pg/ml for 1 hour. The sections were further processed
using the ABC Elite kit and InmPACT DAB (Vector Laboratories, Burlingame, CA)
according to the manufacturer's protocol, with one modification. The InmPACT DAB
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solution was diluted 1:1 with ImmPACT DAB diluent, and the optimal time for reaction was
determined by staining a test tissue section. Once optimal staining time was determined for
each cohort, all of the tissues were stained in the diluted ImmPACT DAB solution for the
same length of time. After staining, the reaction was stopped with distilled water; the
sections were washed with 0.1 M PBS pH 7.4, mounted onto glass slides, and dried
overnight at room temperature. The sections were then cleared in xylenes and coverslips
were mounted with DPX mounting medium (VWR International, Poole, England).

Quantification of SubP immunoreactivity—As described previously, the RVM
extends from the rostral pole of the inferior olive and the beginning of the VII motor nucleus
to the caudal pole of the trapezoid body (Leong et al., 2011). For this study, five to six 50-
pum coronal sections spanning the rostral-caudal extent of the RVM were obtained for each
rat in the six treatment groups. The optical fractionator probe of Stereoinvestigator software
(Microbrightfield Bioscience, Colchester, VT) was used to randomly sample the regions of
interest within the RVM as previously described (Hamity et al., 2014). Briefly, a rectangle
was centered over the RVM with the top edge aligned with the dorsal edge of the facial
nucleus, the base at the dorsal edge of the pyramidal tracts and the lateral edges aligned with
the lateral edge of the pyramids. The rectangle was divided along the RVM midline into
ipsilateral and contralateral halves, with respect to the injected hindpaw. A virtual grid was
used to divide each half of the RVM into 10 regions. Images were obtained from three
randomly selected regions (out of the possible 10 regions) on each side, using a Nikon E800
epifluorescence microscope equipped with a Nikon 40X oil Planapoachromat lens (N.A.
1.3). Identical camera settings were used for all images within a cohort. Overall, 15-18
regions within the ipsilateral and 15-18 regions from the contralateral side of the RVM were
sampled in a total of five to six sections in each rat.

For quantification, Metamorph software (Molecular Devices, Sunnyvale, CA) was used to
binarize SubP immunoreactivity in each image of the RVM. To begin, six immunoreactive
processes were randomly selected in each image and the pixel intensity (e.g. 0-255 on a
standard grayscale, with 0 = black and 255 = white) was measured. The mean and standard
deviation of these six values were calculated. The inclusive threshold function of
Metamorph was then used to identify all immunoreactive processes whose intensity fell
within the range of the mean and three standard deviations to ensure unbiased measurement
of different intensities of Sub P immunoreactivity. The image was then binarized into
labeled and unlabeled structures, and the total number of pixels that were defined as
immunoreactive was then determined by the Metamorph software program. The 15-18
values from each side of the RVM were averaged to give a single value for each rat. The
value for each CFA-treated rat was normalized to the corresponding ipsilateral or
contralateral side of its saline-treated cohort. These values were then averaged for each
treatment group. All quantification was done by investigators blinded to the treatment
condition.
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Matrix Assisted Laser Desorption/lonization-Time of Flight (MALDI-TOF) mass
spectrometry

Four day saline- and CFA-treated rats were euthanized with CO,, exsanguinated, and the
brains were quickly removed and placed on ice. L4 and L5 segments of the spinal cord were
dissected as a unit on ice after tracing the location of the segment from the innervation of the
corresponding nerves. The spinal cord segment was divided into quadrants, and the
ipsilateral and contralateral dorsal horn tissue from each side was collected. RVM tissue was
dissected as triangles from a 2-mm coronal section of the brainstem, 3-5 mm rostral to the
obex. The apex of the triangle was at the fourth ventricle at the midline and the base
extended between the lateral edges of the pyramids. The triangles of RVM tissue were also
divided into ipsilateral and contralateral halves. Punches of ipsilateral and contralateral PAG
were obtained as previously described. Dorsal horn, RVM and PAG tissue were weighed
and mechanically homogenized in 0.5 ml of ice cold 2 M acetic acid on ice using a
modification of the method described by Savard et al. (1983). The homogenates were
centrifuged at 16,100 g for 10 min using an Eppendorf 5415r tabletop centrifuge. The
supernatant containing both proteins and neuropeptides was carefully removed and filtered
using an Amicon Ultra-0.5 centrifugal filter unit with a 10,000 nominal molecular weight
cutoff (Millipore, Billerica, MA) by spinning at 14,000 g for 45 min at 4°C. The filtrate,
containing the low molecular weight peptides, was submitted to the University of lowa
Proteomics Core Facility for analysis by MALDI-TOF mass spectrometry. For samples that
were spiked with HK-1, 50 pmoles of peptide were added to 250 pl of the 16,100 g
supernatant prior to filtration with the Amicon centrifugal filter unit.

The peptide-containing filtrates were concentrated from 250 pl to approximately 10 pl in a
speed vacuum for 30 min at room temperature. One pl of the concentrated filtrate was mixed
thoroughly with 1 ul of supernatant from saturated a-cyano-4-hydroxycinnamic acid in 50%
acetonitrile 0.2% trifluoroacetic acid and spotted on to a MTP 384 well Anchor Chip
MALDI plate with hydrophilic centers of 0.8 mm (Bruker, Billerica, MA). Desalting in situ
was performed by rinsing each dried spot with 3 pl of 0.1% TFA for 20 sec.

SubP, HK-1, trifluoroacetic acid, and a-cyano-4-hydroxysuccinnamic acid (CHCA) were
purchased from Sigma (St. Louis, MO). All solutions used with the samples for mass
spectrometry analysis were made with water from Burdick and Jackson (Muskegon, Ml).
Standard solutions used for semi-quantification of SubP and HK-1 were prepared from 1
pmol/ul stock solutions dissolved in 0.1% trifluoroacetic acid. Mass calibration solutions
were prepared from Michrom bovine serum albumin digests (Bruker, Billerica, MA).
Fourteen peptides ranging in m/z from 927.495 (Tyr-Leu-Tyr-Glu-lle-Ala-Arg) to 2615.123
(Val-His-Lys-Glu-Cys-Cys-His-Gly-Asp-Leu-Leu-Glu-Cys-Ala-Asp-Asp-Arg-Ala-Asp-
Leu-Ala-Lys), with carboxymethylcysteine as a global modification, established a mass
accuracy of 4 ppm. SubP and HK-1 were detected in tissue homogenates as well resolved
isotope patterns with monoisotopic masses of 1347.68 and 1413.69, respectively.

MALDI-TOF spectra were acquired with a Bruker Autoflex 111 TOF/TOF mass
spectrometer (Billerica, MA) initially floating the source at a homogeneous 25000 V
positive bias. Following each laser pulse, a delay of 120 nsec transpired before the bias of
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the second lens was dropped to 22,325 V to extract ions. lons below 730 Da were
electronically deflected out of the beam line. lons traversed an Einsel lens held at 11.9 kV
and a two-stage, grid-free reflectron with mid mirror voltage of 13.6 kV and back mirror
voltage of 26.45 kV. The laser is a SmartBeam Il usually run at 75% attenuation from 200 to
2000 Hz with a laser spot diameter of 60 um. Mass spectral data were generated by
summing 3000-6000 laser shots.

Statistical Analysis

RESULTS

All data were expressed as mean + SEM. Levels of SubP were compared between saline-
and CFA-treated rats using a two-way ANOVA in which one factor was treatment and the
other factor was time (four hours, four days, or two weeks). The same analysis was
conducted for tissue weights. An unpaired t-test was used to determine whether the levels of
mRNA in the RVM differed between saline- and CFA-treated groups. A two-way ANOVA
was used to determine whether the levels of mMRNA in the PAG differed between sides and
treatment group. For analysis of SubP immunoreactivity, a one-sample t-test was used to
determine whether the fold-change in CFA-treated rats was significantly different from 1. P
< 0.05 was considered significant for all analyses.

MALDI-TOF mass spectrometry analysis demonstrates that SubP, but not HK-1, is present
in the RVM, PAG and dorsal horn of the spinal cord

These studies employed MALDI-TOF mass spectrometry to clarify whether our samples
contained SubP or HK-1. SubP and HK-1 protein can be individually measured and resolved
by MALDI-TOF mass spectrometry because of their different ionic masses. Standard
solutions of SubP and HK-1 were resolved at 1.0 fmol (Fig. 1A). By diluting the standard
solutions of SubP and HK-1, 1.0 atto mole was empirically determined as the limit of
detection by MALDI-TOF mass spectrometry.

SubP was detected in all 32 samples examined, which included six extracts each of the
RVM and dorsal horn and four extracts of the PAG from naive rats, as well as six extracts
each of the RVM and dorsal horn and four extracts of the PAG obtained from rats four days
after CFA treatment. Of these 32 samples, a trace amount of HK-1 was detected in only one
and that was in an extract of the RVM from a naive rat. Figure 1 contains representative
spectra from extracts of the RVM (Fig. 1B), PAG (Fig. 1C) and dorsal horn (Fig. 1D)
demonstrating the presence of SubP and absence of HK-1. To control for possible
degradation or selective removal of HK-1 during sample preparation, 50 pmol of HK-1 was
added to homogenates of the RVM and spinal cord at the outset of tissue preparation.
Hemokinin-1 was readily detected in these samples (Fig. 1E). Thus, had HK-1 been present
in the RVM, PAG or dorsal horn at or above 7 ng/mg tissue, it would have been detected by
MALDI-TOF mass spectrometry.

Heat hyperalgesia and inflammation

Rats that received an intraplantar injection of CFA had significant heat hyperalgesia in the
ipsilateral hindpaw at four hours, four days, and two weeks compared to saline-treated rats
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at each of the corresponding time points (P < 0.01 for all groups, data not shown). The PWL
of the contralateral hindpaws of saline- and CFA-treated rats did not differ. The thickness of
the ipsilateral hindpaw of CFA-treated rats was significantly increased, whereas the
contralateral hindpaw of CFA-treated and saline-treated rats did not differ at any time point
(data not shown).

Quantitative PCR analysis for Tacl and Tac4 mRNA in the RVM and PAG

Tacl transcript was readily detected in 5 ng of cDNA from RVM tissue with a mean of
27,216 £ 4,158 (n=14) copy numbers in saline-treated rats, which did not differ from values
in naive rats (31,333 £ 5,159; n=9, P > 0.5). Figure 2 illustrates the levels of Tacl mMRNA,
normalized to Actb, in the RVM of saline- and CFA-treated rats at four days and two weeks.
The levels of Tacl transcript did not differ in saline- and CFA-treated rats either at four days
(P > 0.3) or two weeks (P > 0.7). Levels of Tacl mRNAIin the RVM of CFA-treated animals
in the two week treatment group differed from values from the four day treatment groups (P
= 0.04). This difference is most likely the result of slightly lower levels in the four day CFA
treatment group. It is unlikely to reflect an increase in levels in the two week treatment
group given that neither CFA-treatment group differed from its corresponding, temporally-
matched saline-treated control group.

Similarly high levels of Tacl transcript were detected in 5 ng of cDNA from PAG tissue of
saline-treated rats (34,073 £ 2,492 copy numbers; n = 14). Figure 2B illustrates that levels of
Tacl transcripts in the ipsilateral and contralateral PAG of CFA-treated rats did not differ
from those of their corresponding saline-treated controls either four days or two weeks (P >
0.6, each side) after injection.

Tac4 mRNA was detected at single digit copy humbers. The number of Tac4 transcripts
determined in 5 ng of cDNA prepared from the RVM four days after saline or CFA were 3.7
+0.8(n=4)and 4.3 £ 1.1 (n = 4), respectively (P > 0.7). Similarly small copy humbers
(range: 2.5 — 6) were determined in 5 ng of cDNA of RVM tissue from rats injected two
weeks earlier with saline (n = 2) or with CFA (n = 2; data not shown). Preliminary analyses
of Tac4 mRNA levels in two samples of cDNA from PAG tissue indicated that extremely
low quantities were present in that region as well.

Total SubP content in homogenates of the RVM, and the PAG and cuneiform nuclei

The RVM was divided into ipsilateral and contralateral sides for analysis. This decision was
based on the ontology of serotonergic neurons in the RVM, which arise as separate groups
on either side of the floor plate at E14-15 and fuse at the midline by P6 (Levitt and Moore,
1978; Wallace and Lauder, 1983). In addition, we previously observed that the number of
neurons expressing NK1R in the RVM was further increased contralateral to the inflamed
hindpaw (Hamity et al., 2014), while Leong et al (2011) showed that unilateral spinal nerve
ligation caused a preferential loss of neurons in the ipsilateral RVM. The levels of SubP in
either the ipsilateral, contralateral, or the combination of both sides of the RVM of CFA-
treated rats did not significantly differ from those in corresponding saline-treated rats at any
time point (Fig. 3 upper panels).
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In contrast to the RVM, CFA treatment induced a time-dependent increase in SubP content
in the PAG and cuneiform nuclei. Substance P content in CFA-treated rats did not differ
from values in saline-treated rats at four hrs or two weeks (Fig. 3 lower panels). However, at
four days after injury, SubP content in CFA-treated rats was increased by nearly two-fold in
the PAG and cuneiform nuclei (P = 0.01). The increase was significant ipsilateral to the
injury and for the combination of both sides, but did not achieve statistical significance for
the contralateral side.

Immunohistochemical quantification of SubP immunoreactivity in the RVM after
inflammatory injury

Changes in the disposition of SubP, such as increased trafficking to axon terminals or an
increased synthesis in a subset of neurons, may be masked when content is determined in
tissue homogenates. Therefore, the density of SubP immunoreactivity in the RVM was
assessed using immunohistochemistry. Representative photomicrographs of SubP
immunoreactivity within the RVM at four hours, four days, and two weeks after saline or
CFA treatment are presented in Fig. 4. As expected in the absence of colchicine (Hokfelt et
al., 1977), SubP immunoreactivity was confined to puncta and processes in the neuropil and
immunoreactive somata were not observed. In agreement with earlier reports, the neuropil of
the RVM contained a high density of SubP-immunoreactive puncta, and in the absence of
colchicine to block axonal transport (Hokfelt et al., 1977), no immunoreactive somata were
observed (Cuello and Kanazawa, 1978; Harmar et al., 1980; Cuello et al., 1982; Harmar and
Keen, 1982; Menetrey and Basbaum, 1987).

Quantitative analyses revealed a 2-fold increase in total SubP immunoreactivity (ipsilateral
and contralateral sides combined) at four hours in CFA-treated rats compared to saline-
treated rats (P < 0.01) (Fig. 41). At four days, SubP immunoreactivity was increased by 2.7-
fold in CFA-treated rats (P < 0.01). At two weeks, CFA- and saline-treated rats did not differ
(P >0.2). Similar increases were observed when the tissue was subdivided into ipsilateral
and contralateral RVM.

DISCUSSION

Nerve or inflammatory injury causes a time-dependent increase in SubP expression in the
periphery and spinal cord that coincides with increased pain and inflammation (Baranauskas
and Nistri, 1998; Sandkuhler et al., 2000; Snijdelaar et al., 2000; Mantyh, 2002; Keeble and
Brain, 2004; Seybold, 2009; Todd, 2010; Steinhoff et al., 2014). This study examined
whether persistent inflammatory pain similarly alters the content or disposition of SubP in
the RVM. It determined that the density of SubP immunoreactive processes and puncta in
the RVM increased within four hours and at four days after CFA treatment and returned to
basal levels by two weeks. Neither the content of SubP as determined by EIA nor the
transcripts for Tacl were increased in the RVM of CFA-treated rats. Peripheral
inflammatory injury also did not increase transcripts for Tacl in the PAG, which contains
the cell bodies of SubP-containing neurons that project to the RVM. However, SubP content
in the PAG and cuneiform nuclei was increased four days after CFA.
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HK-1 is unlikely to play a role in adaptive changes in the RVM after peripheral
inflammatory injury

In the midst of these studies, the manufacturer disclosed that the antibody in the commercial
EIA kit detects both SubP and HK-1 with 100% fidelity. As noted earlier, the presence of
HK-1 was a potential experimental confound because HK-1 has recently been implicated in
nociception or itch (Funahashi et al., 2014) and in adjuvant-induced chronic arthritis
(Borbely et al., 2013). It is also upregulated in glia by inflammatory stimuli (Morteau et al.,
2001; Duffy et al., 2003; Fu et al., 2005; Endo et al., 2006; Matsumura et al., 2008). Levels
of Tac4 in the RVM and PAG were comparable to those reported for the dorsal horn when
adjusted for the amount of starting product (Matsumura et al., 2008), confirming prior
reports of Tac4 transcript in the CNS (Kurtz et al., 2002; Duffy et al., 2003). However,
MALDI-TOF spectrometry definitively demonstrated that levels of HK-1 in the RVM and
the dorsal horn of the spinal cord were negligible in the rat. Moreover, the levels of HK-1 in
the RVM or the dorsal horn were not increased following peripheral inflammatory injury.
Tac4 transcript was also not increased in the RVM. These findings confirm that the
quantitation of SubP protein with the commercial EIA kit or with immunohistochemistry
was likely not confounded by HK-1. They further suggest that HK-1 in the RVM does not
contribute to the development of hyperalgesia and mechanical hypersensitivity after
peripheral inflammatory injury.

Peripheral inflammatory injury does not increase SubP content but changes its disposition

in the RVM

Two approaches were used in concert to examine changes in the content and disposition of
SubP in the RVM after inflammatory injury. The first used EIA to quantitate content in
homogenates of the RVM. Using this approach, no increase in SubP content was observed
on either side of the RVM four hours, four days, or two weeks after CFA treatment. This
negative finding was not congruent with the results of earlier pharmacological (Pacharinsak
et al., 2008; Hamity et al., 2010; Lagraize et al., 2010), electrophysiological (Budai et al.,
2007; Zhang and Hammond, 2009; Brink et al., 2012) and neuroanatomical (Hamity et al.,
2014) investigations whose results suggested that CFA treatment may increase SubP release.
Measurements in tissue homogenates may not be able to detect small changes in content,
changes that are confined to subsets of neurons or changes that occur in specific
compartments such as axon terminals. For this reason, an immunchistochemical approach
was used as well. These experiments revealed an increase in the density of SubP
immunoreactivity in the RVM, localized to processes and puncta, four hours and four days,
but not two weeks after CFA.

SubP containing axon terminals and varicosities in the RVM originate from neurons in the
nucleus cuneiformis, dorsal raphe nucleus, and PAG (Beitz, 1982; Chen et al., 2013). The
most obvious explanation for the increase in SubP immunoreactive processes and puncta in
the RVM is an increased synthesis of SubP in PAG and cuneiform neurons. Levels of Tacl
mMRNA in the PAG and cuneiform nuclei were unchanged four days and two weeks after
CFA treatment (Fig. 2B). However, SubP content in homogenates of these nuclei was
significantly increased four days after CFA. Discordance between mRNA and protein levels
is not unknown in the literature (Khositseth et al., 2011; Vogel and Marcotte, 2012; Hamity
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et al., 2014). Interestingly, the increased density of immunoreactivity in the RVM preceded
the increase in SubP content in the PAG and cuneiform nuclei. Thus, in addition to the
obvious explanation that synthesis is increased in the PAG with a concomitant increase in
transport to nerve terminals in the RVM, other mechanisms should be considered. For
example, it is also possible that SubP, which is diffusely distributed within axons in naive
rats, may redistribute into varicosities in CFA-treated rats where the higher concentration is
more readily detected by the antibody. Varicosities may also coalesce and enlarge, similarly
making them more readily detected. Finally, this finding could reflect an activity-dependent
processing of preprotachykinin to SubP in the axon terminals as has been demonstrated for
preprodynorphin in terminals in the CA3 hippocampus or ventral tegmental area (Yakovleva
et al., 2006) or to the downregulation of ubiquitin-proteasome mediated protein degradation
(Hegde, 2010). Either mechanism could make the axons terminals more readily detected.
Although an increase in Tacl transcript in the RVM was not observed, changes limited to
axons terminals might not have been detectable in the tissue homogenates, which would also
contain transcript from SubP containing somata in the RVM that project to the A7
catecholamine nucleus (Yeomans and Proudfit, 1990).

CONCLUSIONS

This study provided the first quantitative determination of SubP levels in the RVM and by
quantifying immunostaining provided evidence of increased levels and changes in the
disposition of SubP in puncta and processes in the RVM as a consequence of peripheral
inflammatory injury. These data, when viewed with our previous report (Hamity et al.,
2014) that noxious stimulation increases internalization of the NK1R in CFA-treated rats,
provide strong support for an increased release of SubP in the RVM as a consequence of
inflammatory injury. The ability of NK1R antagonists to reverse heat hyperalgesia and
mechanical hypersensitivity when their actions are confined to the RVM (Pacharinsak et al.,
2008; Hamity et al., 2010) implicates this increased release in the development and
maintenance of heat hyperalgesia and mechanical hypersensitivity.
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e Peripheral inflammatory injury changes the disposition of Substance P (SubP) in

o Levels of SubP and Tacl were unchanged in homogenates of the RVM after ipl.

e SubP immunoreactivity in the RVM increased 2 and 2.7-fold four hrs and four

«  SubP content in homogenates of the periaqueductal gray, which projects to the

e These data suggest an increased mobilization and trafficking of SubP to the
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the rostral ventromedial medulla (RVM).

injection of CFA; Hemokinin-1 was not detected.

days after CFA, and was unchanged at two weeks.

RVM, was increased 2-fold four days after CFA.

RVM after injury.
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MALDI-TOF mass spectra of Substance P (SubP) and hemokinin-1 (HK-1) in the rostral
ventromedial medulla (RVM). periaqueductal gray (PAG) and spinal cord of the rat. (A)
SubP and HK-1 (1 fmol each) separated with m/z values of 1347.68 and 1413.69,
respectively. Representative spectra indicate the presence of SubP and absence of HK-1 in
samples of (B) RVM, (C) PAG, and (D) spinal cord. Panels E and F illustrate spectra for a
sample from the RVVM that was split into two after homogenization, of which one half was
spiked with 50 pmol HK-1 prior to further processing. Note that the plate was spotted with

an aliquot containing ~ 1 pmol HK-1.
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Fig. 2.

Expression of Tacl in the rostral ventromedial medulla (RVM) and periaqueductal gray
(PAG) of rats does not differ between saline (SAL)- or complete-Freund's adjuvant (CFA)-
treated rats either four days or two weeks after intraplantar injection. Experiments for Tacl
in the RVM were run using 96 well plates and normalized to Actb, while those for the PAG
were run on 394 well plates and normalized to the geometric mean of Actb and Mapk6. As a
result, the normalized values cannot be compared between regions. Values are the mean
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S.E.M. of determinations in 6-8 samples. * P = 0.04 compared to four day CFA-treatment
group.
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Fig. 3.

Tc?tal SubP content as measured by enzyme immunoassay in the rostral ventromedial
medulla (upper panels) of rats did not differ between saline (SAL)- or complete Freund's
adjuvant (CFA)-treated rats four hours, four days or two weeks after intraplantar injection.
In contrast, SubP content increased in the periaqueductal gray and cuneiform nuclei (lower
panels) in a time-dependent manner in CFA-treated rats. Values are the mean + S.E.M. of
determinations in 8-15 samples for the RVM and 4-7 for the PAG. * P < 0.05, ** P < 0.01
compared to saline at the corresponding time point. T P < 0.05 compared to CFA-treated rats
at 4 hrs or 2 weeks.
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Fig. 4.
Peripheral inflammatory injury increased substance P (SubP) immunoreactivity in the rostral

ventromedial medulla (RVM) in a time-dependent manner. Representative images of SubP
immunoreactivity in the RVM four hours, four days and two weeks after intraplantar
injection of saline or complete Freund's adjuvant (CFA). Scale bar is 200 um and applies to
each image. SubP immunoreactivity in (A) ipsilateral, (B) contralateral and (C) combined
RVM increased four hours (n = 5) and four days (n = 6), but not two weeks (n = 3) after
intraplantar injection. Data were normalized to the respective ipsilateral, contralateral, or
total values in saline-treated rats and expressed as a ratio, where 1 indicates no difference
from saline values. Ratios are the mean + S.E.M. of determinations in 3-6 samples per
treatment group. * P < 0.05; ** P < 0.01 compared to 1 (one-sample t-test).
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Gene Name

Accession Number

Function

Sequence

Product Size
(base pairs)

Tacl

Genbank: NM_012666

Substance P tachykinin

Forward
5-GAAATCGGTGCCAACGATGA
Reverse
5'-GTCTTCGGGCGATTCTCTGA

115

Tac4

Genbank: NM_172328

Hemokinin-1 tachykinin

Forward
5’-AGAGGACCTGACTTTCGGTG
Reverse
5’-GCTTAAGTTCGATGCTGGGG

86

Actb

Genbank: NM_031144

Cytoskeletal structural protein

Forward
5’-CCGCGAGTACAACCTTCTTG
Reverse
5’-GCAGCGATATCGTCATCCAT

81

Mapk6

Genbank: NM_031622

Member of the Ser/Thr protein kinase
superfamily

Forward
5-TAAAGCCATTGACATGTGGG
Reverse
5’-TCGTGCACAACAGGGATAGA

129
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