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Abstract

It is well known that neurons in the rostral ventromedial medulla (RVM) are involved in
descending modulation of nociceptive transmission in the spinal cord. It has been shown that
activation of neurokinin-1 receptors (NK-1R) in the RVM, which are presumably located on pain
facilitating ON cells, produces hyperalgesia whereas blockade of NK-1Rs attenuates hyperalgesia.
To obtain a better understanding of the functions of NK-1R expressing neurons in the RVM, we
selectively ablated these neurons by injecting the stable analog of substance P (SP), Sar®,
Met(O,)11-Substance P, conjugated to the ribosomal toxin saporin (SSP-SAP) into the RVM. Rats
received injections of SSP-SAP (1 uM) or an equal volume of 1 uM of saporin conjugated to
artificial peptide (Blank-SAP). Stereological analysis of NK-1R- and NeuN-labeled neurons in the
RVM was determined 21-24 days after treatment. Withdrawal responses to mechanical and heat
stimuli applied to the plantar hindpaw were determined 5-28 days after treatment. Withdrawal
responses were also determined before and after intraplantar injection of capsaicin (acute
hyperalgesia) or complete Freund’s adjuvant (CFA) (prolonged hyperalgesia).

The proportion of NK-1R-labeled neurons in the RVM was 8.8 £ 1.3% in naive rats and 8.1 £
0.8% in rats treated with Blank-SAP. However, injection of SSP-SAP into the RVM resulted in a
90% decrease in NK-1R-labeled neurons. SSP-SAP did not alter withdrawal responses to
mechanical or heat stimuli under normal conditions, and did not alter analgesia produced by
morphine administered into the RVM. In contrast, the duration of nocifensive behaviors produced
by capsaicin and mechanical and heat hyperalgesia produced by capsaicin and CFA were
decreased in rats pretreated with SSP-SAP as compared to those that received Blank-SAP.

These data support our earlier studies using NK-1R antagonists in the RVM and demonstrate that
RVM neurons that possess the NK-1R do not play a significant role in modulating acute pain or
morphine analgesia, but rather are involved in pain facilitation and the development and
maintenance of hyperalgesia.
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1. Introduction

It is well established that nociceptive processing in the spinal cord is modulated by
descending projections from the brain stem. Neurons in the rostral ventromedial medulla
(RVM), a brain stem region that includes nucleus raphe magnus, nucleus gigantocellularis
pars alpha, and lateral paragigantocellular nucleus, project to the spinal cord (Watkins et al.,
1980, 1981) and can inhibit (antinociception) or facilitate (pronociception) nociceptive
transmission (Basbaum and Fields, 1978, 1984; Ren and Dubner, 1996, 2002; Urban and
Gebhart, 1999; Porreca et al., 2002; Heinricher et al., 2009). Accumulating evidence
suggests that neurons in the RVM that express neurokinin-1 receptors (NK-1Rs) (Ljungdahl
et al., 1978; Nakaya et al., 1994; Budai et al., 2007) play a role in descending facilitation of
nociceptive transmission. Behavioral studies showed that microinjection of substance P (SP)
into the RVM produced hyperalgesia (Lagraize et al., 2010) whereas injection of NK-1R
antagonists into the RVM reduced the hyperalgesia produced by intraplantar capsaicin
injection (Pacharinsak et al., 2008) and hind paw inflammation (Hamity et al., 2010).

Neurons in the RVM are classified electrophysiologically as ON, OFF, NEUTRAL, and
serotonergic cells (Fields et al., 1983; Fields and Heinricher, 1985; Gao and Mason, 2000).
ON cells are considered to be pronociceptive because they are excited by noxious
stimulation, exhibit a burst-like increase in discharge rate just prior to a withdrawal reflex,
and are inhibited by morphine. OFF cells, which are believed to be antinociceptive, respond
with a pause in ongoing discharge during noxious stimulation and are excited by morphine
(reviewed by Mason, 2001; Heinricher et al., 2009). The role of NEUTRAL cells in
nociceptive processing is unclear. These cells are not affected by noxious cutaneous stimuli
but may modulate nociceptive transmission of visceral (Brink and Mason, 2003, 2004; Brink
et al., 2006) and trigeminal (Ellrich et al., 2000) inputs. Serotonergic cells are a separate
group of RVM neurons defined by slow, regular discharge and distinct neurochemistry that
appears to modulate autonomic activities (Potrebic et al., 1994; Mason, 1997, 2012).

In earlier studies (Budai et al., 2007) we proposed that NK-1Rs are located on ON cells
because iotophoretic application of the selective NK-1R agonist, Sar®, Met(O,)11-Substance
P excited only ON cells and enhanced their responses to iontophoretic application of
NMDA, effects that were blocked by an NK-1R antagonist. We also showed that
sensitization of ON cells to cutaneous stimulation following capsaicin (Brink et al., 2012) or
prolonged inflammation (Khasabov et al., 2012) was reduced by an NK-1R antagonist.
Although these studies showed that activation of NK-1Rs can enhance activity of ON cells
and thereby contribute to facilitation of nociceptive transmission, this approach has
limitations to understanding the role of NK-1R expressing RVM neurons because NK-1Rs
are only a part of neurochemical mechanisms that regulate activity of these neurons. For
example, we showed that almost all RVM neurons that express NK-1Rs also express
NMDA receptors (Budai et al., 2007). Also, it is possible that RVM neurons that express
NK-1Rs are a subpopulation of ON cells with specific functions while other ON cells
(without NK-1Rs) may have different functions, such as modulating acute nociception. To
further determine the role of NK-1R expressing neurons in the RVM in pain modulation, we
selectively ablated these neurons by injection of a stable analog of SP, Sar?, Met(0,)1-
Substance P, conjugated to the ribosomal toxin saporin (SSP-SAP) (Wiley and Lappi, 1999,
2001, 2003; Lappi and Wiley, 2004; Wiley et al., 2007; Wiley, 2008) into the RVM. The
loss of NK-1R expressing neurons following injection of SSP-SAP into the RVM was
quantified using stereological methods, and the effects of loss of NK-1R expressing neurons
in the RVM on withdrawal responses and on the development of hyperalgesia were
determined. Our results demonstrate that a relatively small proportion of RVM neurons
express NK-1Rs but these neurons play an important role in the development of
hyperalgesia.
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2. Experimental procedures

2.1 Animals

2.2 Injection

One hundred twenty seven adult, male, Sprague-Dawley rats (Harlan, Indianapolis, IN)
weighing 250-360g were used. Rats were maintained in a climate-controlled room on a 12-h
dark/light cycle, and food and water were available ad libitum. All experimental procedures
were performed in accordance with the guidelines recommended by the International
Association for the Study of Pain and were approved by the Institutional Animal Care and
Use Committee at the University of Minnesota.

of SSP-SAP and Blank-SAP into the RVM

Rats were anesthetized with ketamine (67.5 mg/kg) and xylazine (22.5 mg/kg) and placed in
a stereotaxic apparatus. Body temperature was maintained at 37°C using a feedback-
controlled heating blanket (Harvard apparatus, Holliston, MA). A skin incision (~ 10 mm)
was made on the top of the cranium to expose the skull and a small hole (~ 1.5 mm
diameter) was made through the skull over the RVM (anterior-posterior interaural
stereotaxic coordinate —2.3mm). Rats received two injections into the RVM (one each into
the left and right sides) of either 1 yM of SSP-SAP in 0.3 pl or an equal volume of 1 uM of
saporin conjugated to artificial peptide (Blank-SAP). Both conjugates were dissolved in
phosphate buffered saline (PBS). Interaural stereotaxic coordinates for these injections were:
anterior-posterior = —2.3mm; dorsal-ventral = -0.5mm; lateral = +0.5mm according to the
atlas of Paxinos and Watson (Paxinos and Watson, 1998). Injections were made over a
period of 2 min each using a glass micropipette with ~ 50 pm tip diameter attached to a 1 pl
Hamilton microsyringe (Hamilton Company, Reno, NV) placed in microinjection unit
(KOPF, Tujunga, CA, Model 5001). After injection the micropipette was kept in place for 1
min to allow drug diffusion through the RVM. The micropipette was then removed from the
brain and the skin was closed with silk ligature. Rats were returned to their home cage for
recovery and were used for behavioral and immunohistochemical studies 24-30 days later.

2.3 Chronic cannula implantation into the RVM

Rats were implanted stereotaxically with a chronic stainless steel cannula into the RVM for
behavioral studies of morphine analgesia. Before cannula implantation, SSP-SAP or Blank-
SAP was injected into the RVM as described above. Following a 2 week recovery period,
animals were anesthetized with ketamine (67.5 mg/kg) and xylazine (22.5 mg/kg) and
placed in a stereotaxic apparatus. After craniotomy, a 1 mm diameter guide cannula (17.5
mm in length, 26 gauge; Plastics One, Roanoke, VA) was inserted toward the RVM. The
interaural stereotaxic coordinates for implantation were: anterior-posterior = —2.3 mm;
dorsal-ventral = +0.5 mm; lateral = 0 mm according to the rat brain atlas of (Paxinos and
Watson, 1998). Three stainless steel screws were inserted into the skull in near proximity,
and the guide cannula and screws were secured with dental resin (Duralay Dental Mfg. Co.,
Worth, IL). To maintain patency of the guide cannula, a dummy cannula of the same length
(33 gauge; Plastics One, Roanoke, VA) was inserted into the guide cannula. Animals were
allowed to recover for 7 days before the behavioral studies.

2.4 Immunohistochemistry

Rats were deeply anesthetized with ketamine (67.5 mg/kg) and xylazine (22.5 mg/kg).
Perfusions were made though the ascending aorta with 100 ml of PBS at room temperature
followed by 800 ml of cold 4% paraformaldehyde in PBS (pH 7.4) for 40 min. After
fixation, brains were removed, post-fixed in the same fixative overnight at 4°C and
transferred to 30% sucrose solution in PBS (4°C for 48 hours) for cryoprotection.

Neuroscience. Author manuscript; available in PMC 2014 October 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khasabov and Simone

Page 4

To ensure that NK-1R labeling was associated with neurons, tissue sections were co-labeled
for NeuN, a marker of neuronal nuclei protein. Coronal sections (50 pm) through the RVM
were made using a freezing microtome. Free-floating sections were washed in PBS three
times for 10 min, blocked for one hour in 10% normal donkey serum (NDS) (Jackson
ImmunoResearch Laboratories, Inc. West Grove, PA) in PBS with 0.3% of Triton X-100 at
room temperature, and incubated overnight at 4°C in solutions containing two primary
antibodies: Rabbit ant-NK-1R (lot# 011M4819, Sigma-Aldrich St. Louis, MO) 1:1000 (11.5
pg/ml) and Mouse anti-NeuN (lot# L\V1825845, Millipore Billerica, MA) 1:500 (2 pg/ml),
dissolved in PBS with 1% NDS and 0.3% Triton X-100. After the application of primary
antibodies, sections were washed in PBS three times for 20 min and incubated for 2 hours in
two secondary antibodies: Donkey anti-Rabbit Alexa Fluor 555 (lot# 819572) and Donkey
anti-Mouse Alexa Fluor 488 (lot# 1113537) (Invitrogen, Grand Island, NY), both 1:1000 (2
pg/ml) were dissolved with 1% NDS and 0.3% Triton X-100 in PBS. After application of
secondary antibodies, tissues were washed in PBS three times for 20 min, transferred on
gelatinized glass slides, dried at ~37°C for 1 hour, dehydrated in graded alcohols (50—
100%), and cleared in xylene. Slides were coversliped using DPX (VWR, Radnor, PA) for
microscopy. To confirm the specificity of the primary antibodies, controls included pre-
incubation with corresponding synthetic peptides or omission of primary antibodies.

2.5 Stereological quantification

Labeling of NK-1R-ir neurons in the RVM from rats treated with SSP-SAP or Blank-SAP
was compared to labeling in naive animals to determine the percentage of NK-1-ir neurons
and their anatomical distribution in the RVM, and to ensure that Blank-SAP did not alter the
number of NK-1R labeled neurons. The quantification of NeuN-immunoreactive (NeuN-ir)
and NK-1R- immunoreactive (NK-1R-ir) neurons were made by conventional microscopy
using a Nikon E800 epifluorescence microscope equipped with filter sets designed to allow
selective visualization of Donkey anti-Rabbit Alexa Fluor 555 and Donkey anti-Mouse
Alexa Fluor 488. Microscopic images were collected with a Microfire digital camera
(Optronics, Goleta, CA) and analyzed with the stereological software, Stereoinvestigator
(Microbrightfield, Colchester, VT).

The rostro-caudal dimension of RVM ranged from the caudal margins of the trapezoid body
to the rostral edge of inferior olives. In coronal sections, an area of the RVM used for
stereological analysis was located within the shape of a rectangle. The ventral border of this
rectangle was located at the dorsal margins of the pyramids, and the dorsal border was at the
level of most dorsal margins of facial nuclei. The lateral borders of the rectangle were
located at the middle distance between the lateral edge of the pyramid and the most medial
edge of the facial nucleus (Figure 1). The planar rectangular shape of the area used for
stereological analyses differed from the triangular shape of the RVM area, which includes
primarily the nucleus raphe magnus, that was used in earlier studies (Gu and Wessendorf,
2007; Leong et al., 2011). This rectangular area of the RVM, as used earlier (Parra et al.,
2002; Hurley et al., 2003), ensured quantification of NK-1R neurons not only in nucleus
raphe magnus but also in nuclei gigantocellularis pars alpha, and lateral paragigantocellular,
which are components of the RVM (Millan, 2002). Neuronal counts were based on NeuN-ir
and quantification of NK-1R-ir neurons was done only on cells that exhibited double
labeling. Since no differences were found between left and right sides of the RVM, the
labeled neurons on both sides were pooled for estimation. The brain stem was sectioned
from caudal to rostral direction and 50-um sections were arranged in the same order. A
section from which stereological counting began was randomly chosen from five
consecutive sections starting from the first section in which the inferior olives were not
present. Every fifth section thereafter that did not include the trapezoid body was analyzed.

Neuroscience. Author manuscript; available in PMC 2014 October 10.
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Thus, the interval between sampled sections was 250 uym. Five sections from each RVM
were sampled for stereological analysis.

For each section that was used for quantification under a low magnification (4x), the borders
of the rectangle within RVM were drawn using stereological software. When the area to be
analyzed was identified, a grid and counting frames were superimposed over the RVM by
the software. The optical fractionator was used to estimate the number of neurons in the
RVM of each treated group together with absolute numbers and proportion of NK-1R-ir
neurons among all neuronal populations that were NeuN-ir. Quantification was conducted
under a Nikon 40x Planapoachromat lens (N.A. 1.3). The stereological software allowed an
automated scan of the entire RVM area in the X-Y plane with 140 x 140 pm counting
frames and an optical dissector of 20 pm of depth with 3-pm guarding zones at the top and
the bottom of the section. This resulted in an average of 25 counting sites per a section or
~125 per entire RVM. Examination with confocal microscopy demonstrated that the
antibodies labeled tissues uniformly throughout all tissue sections. It was determined that
immunohistochemical processing resulted in shrinkage of the thickness of tissue sections to
about 30 pm.

2.6 Behavioral studies

Mechanical hyperalgesia was determined by measuring withdrawal response threshold and
the frequency of withdrawal evoked by von Frey monofilaments. Rats were placed under a
clear plastic box on an elevated platform with a mesh plastic floor (1 cm? perforations) and
were allowed to acclimate for 15 min before testing. Von Frey monofilaments with different
bending forces were applied to the plantar surface of both hind paws. Monofilaments were
each applied for durations of 2-3 s with an inter-stimulus interval of approximately 10 s.
Withdrawal response threshold (g) was determined for each hind paw using the up—down
method described previously (Chaplan et al., 1994). Care was taken to stimulate random
locations on the plantar surface. Only robust withdrawal responses were counted.

We next determined the frequency of withdrawal from a standard von Frey monofilament
(26 g) applied to the plantar surface of each hind paw 10 times, each for 1-2 s with an inter-
stimulus interval of approximately 5-10 s. The number of withdrawal responses was
expressed as a percentage of the 10 stimulus applications. Mechanical hyperalgesia was
defined as a withdrawal response frequency >50%.

Sensitivity to heat was determined by measuring withdrawal latency of the hind paws as
well as tail flick latency. Rats were placed on a transparent 3-mm thick glass platform and
allowed to acclimate for at least 15 min. Radiant heat was applied to the plantar surface of
each hind paw and latencies to withdrawal were determined according to a method similar to
that described previously (Pacharinsak et al., 2008). The intensity of the radiant heat was
adjusted to maintain stable withdrawal responses with latencies approximately 10-14 s. A
19 s cutoff was imposed to prevent tissue damage. During testing each hind paw was
stimulated four times, alternating between each paw. The time interval between stimulation
of the same paw was at least 1 min. The withdrawal latency for each hind paw was defined
as mean latency of the last three trials. Heat hyperalgesia was defined as a significant
decrease in withdrawal response latency.

Tail flick latencies were determined by applying radiant heat to the distal third of the tail
four times with at least a 1 min inter-stimulus interval. The intensity of heat was adjusted to
produce stable tail flick latencies of ~3 s. The tail flick latency was defined as the mean
latency of the last three trials.

For all behavioral studies, the experimenter was blinded to the treatment.

Neuroscience. Author manuscript; available in PMC 2014 October 10.
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2.7 Drug preparation

Stock solutions of SSP-SAP and Blank-SAP (Advanced Targeting Systems, San Diego, CA)
at 5 uM concentration were prepared with deionized water and stored at —80°C. Just before
injections, 1 pM solutions were prepared in PBS. Morphine (Gallipot Inc., St. Paul MN) was
dissolved in PBS prior to injections at concentrations of 6 or 60 mg/ml. Capsaicin (Sigma-
Aldrich St. Louis, MO) was dissolved in 5% Tween-80 and saline at a concentration of 10
Mg in 10 pl (0.1%). Rats received an intraplantar injection of 10 pg using an insulin syringe
with 28-guage needle. For studies of prolonged inflammation, rats were anesthetized with 2—
4% isoflurane and received an intraplantar injection of 100 pl of undiluted complete
Freund’s adjuvant (CFA; Sigma-Aldrich St. Louis, MO).

2.8 Experimental design

Acute pain—Mechanical withdrawal thresholds, the frequencies of withdrawal to the
standard von Frey monofilament, paw withdrawal latencies to heat, and tail flick latencies
were determined for three consecutive days before and at 5-7, 12-14, 19-21, and 26-28
days after injection of SSP-SAP or Blank-SAP into the RVM to determine whether injection
into the RVM altered withdrawal responses to acute nociceptive stimuli. Since there were no
differences in withdrawal responses to mechanical or heat stimuli between the hind paws at
any time, data from each paw were pooled.

Morphine analgesia—Rats pretreated with either SSP-SAP or Blank-SAP received one
injection of either 3 or 30 pg of morphine, or an equal volume (0.5 pl) of vehicle (PBS) into
the RVM. The injection cannula was attached to PE-10 tubing with a 1-pl microsyringe
placed in microinjection unit. Rats were placed under a clear plastic box and injections were
given slowly over a period of 2 min. The injection cannula was left in position for 60 s after
injection to allow maximum diffusion. Following injection, the injection cannula was
removed and replaced with the dummy cannula. Mean tail flick latencies were obtained
before and at 15, 30, 60, 90, and 120 min after RVM injection.

Capsaicin-evoked pain and hyperalgesia—The duration of nocifensive behaviors
(lifting, guarding and licking the injected paw) was determined over a 5-min period
immediately following capsaicin injection in rats pretreated with SSP-SAP or Blank-SAP.
Mechanical response threshold, paw withdrawal frequency, and heat withdrawal latency
were determined for each paw before and at 15, 30, 60, and 90 min after the capsaicin
injection. Responses from the injected and contralateral paws were averaged separately.

Prolonged inflammatory hyperalgesia—Mechanical response threshold, paw
withdrawal frequency, and heat withdrawal latency were determined for each hind paw
before and daily for four consecutive days after injection of CFA into one hind paw.

2.9 Histological verification of injection sites in the RVM

At the end of all behavioral experiments, rats were deeply anesthetized with Nembutal (100
mg/kg) and perfused with cold 4% paraformaldehyde in PBS through ascending aorta. The
position of the glass pipette used for injections of SSP-SAP and Blank-SAP was verified
histologically. Only rats with minimal damage at the injection site (less than 100 ym
diameter) were used. For morphine experiments, the location of the tip of the chronic
cannula used was also verified histologically. Animals with cannula placement outside the
RVM were not used.

Neuroscience. Author manuscript; available in PMC 2014 October 10.
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2.10 Data analyses

For stereological analyses and behavioral measures, one- and two-way analyses of variance
(ANOVA) with repeated measures were used to determine differences between treatment
groups. Post-hoc analyses were conducted using Bonferroni t-tests. Differences with a
p<0.05 were considered significant. All data are expressed as the mean (xSEM).

3. RESULTS

3.1 Stereological analysis of NK-1R expressing neurons in the RVM

In naive rats, neurons in the RVM that express the NK-1R were located mainly above the
pyramids and in the middle region of the RVM. Injection of SSP-SAP, but not inactive
Blank-SAP, into the RVM almost completely eliminated NK-1R labeling (Figure 2).
Stereological analyses of these areas 21-24 days after injection revealed that there were
65,785 £ 5,443 NeuN-ir nuclei in naive rats (n = 4) and 65,181 + 6,270 in rats treated with
Blank-SAP (n = 4). The number of neurons with NeuN-ir nuclei in rats pretreated with SSP-
SAP into the RVM (n = 4) was lower (60,670 = 1,851) but this decrease was not different
from naive rats or rats pretreated with Blank-SAP (one-way ANOVA, p = 0.73) (Figure 3A).

Animals pretreated with SSP-SAP exhibited fewer NK-1R expressing neurons in the RVM.
In naive rats, among all RVM neurons that were NeuN-ir, 5,603 + 492 cells exhibited
NK-1R-ir, and this number was similar to that in rats pretreated with Blank-SAP (5,436 +
788) (one-way ANOVA, p = 0.86). In contrast, rats pretreated with SSP-SAP had only 543
+ 53 NK-1R-ir neurons and this was less than the number observed in naive rats and in rats
pretreated with and Blank-SAP rats (one-way ANOVA, p < 0.001) (Figure 3B). These data
demonstrate that treatment with SSP-SAP decreased the number of NK-1R-ir neurons by
~90%.

The proportion of all neurons in the RVM that exhibited NK-1R-ir was 8.8 £ 1.3% in naive
rats and 8.1 + 0.8% in rats pretreated with Blank-SAP (one-way ANOVA, p = 0.83).
However, as shown in Figure 3C, rats pretreated with SSP-SAP exhibited a lower proportion
(0.9 £ 0.09%) of NK-1R-ir neurons in the RVM (one-way ANOVA, p < 0.01).

Neurons in the RVM that exhibited NeuN-ir were evenly distributed though the rostrocaudal
direction and did not differ between the groups (two-way ANOVA with repeated measures,
p =0.77) (Figure 4A). The percentage of NK-1R-ir neurons was also evenly distributed
along the rostrocaudal length of the RVM. The distribution of NK-1R-ir neurons in the
RVM of naive and Blank-SAP rats did not differ between the groups. As shown in Figure
4B, the proportion of NK-1R-ir neurons in rats pretreated with SSP-SAP was constant along
the entire length of the RVM but the number of neurons decreased compared to naive and
Blank-SAP groups (two-way ANOVA with repeated measures, p < 0.001). This indicates
that SSP-SAP did not target neurons located in specific areas of the RVM but rather ablated
NK-1R expressing neurons throughout the RVM.

3.2 Depletion of NK-1R expressing neurons in the RVM and responses to acute pain

To evaluate the contribution of NK-1R expressing RVM neurons in modulating withdrawal
responses to acute noxious stimuli under normal conditions, we determined hind paw
mechanical withdrawal thresholds (Blank-SAP n = 9, SSP-SAP n = 8), paw withdrawal
latencies to heat (Blank-SAP n = 8, SSP-SAP n = 15), and tail flick latencies (Blank-SAP n
=9, SSP-SAP n = 9) over a period of 4 weeks following injection. As shown in Figure 5A—
C, neither Blank-SAP nor SSP-SAP altered paw withdrawal thresholds (one-way ANOVA,
p = 0.919), paw withdrawal latencies to heat (one-way ANOVA, p = 0.89), and tail flick
latencies (one-way ANOVA, p = 0.58) at any time throughout the period of testing. These
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data indicate that RVM neurons expressing NK-1Rs do not modulate withdrawal responses
to mechanical and heat stimuli under normal conditions.

3.3 The contribution of NK-1R expressing neurons to morphine analgesia

To evaluate the contribution of NK-1R expressing RVM neurons to opioid analgesia, we
compared changes in tail flick latency following injection of morphine into the RVM in rats
pretreated with SSP-SAP (n = 6) or Blank-SAP (n = 6). As illustrated in Figure 6, tail flick
latencies before morphine administration did not differ between the groups (one-way
ANOVA, p =0.66). Injections of 3 or 30 ug morphine into the RVM produced similar dose-
dependent increases in tail flick latencies that did not differ between SSP-SAP and Blank-
SAP treated groups (one-way ANOVA, p = 0.86 and p = 0.87, respectively). Injection of
vehicle into the RVM did not alter tail flick latency in any of the treatment groups (n = 4 per
group; data not shown).

3.4 Ablation of NK-1R expressing neurons in the RVM and the development of capsaicin-
evoked hyperalgesia

To evaluate the contribution of NK-1R expressing neurons in the RVM to the development
of acute hyperalgesia, we used a model of hyperalgesia produced by intraplantar injection of
capsaicin. We compared the duration of nocifensive behaviors, mechanical paw withdrawal
thresholds, paw withdrawal response frequencies to mechanical stimuli, and paw withdrawal
latencies to heat before and after intraplantar injection in rats pretreated with Blank-SAP (n
=21) or SSP-SAP (n = 23). As shown in Figure 7, rats pretreated with SSP-SAP exhibited a
43% reduction in nocifensive behavior following capsaicin (one-way ANOVA, p < 0.001).

Loss of NK-1R expressing neurons in the RVM decreased mechanical hyperalgesia
produced by capsaicin. In rats pretreated with Blank-SAP (n = 13), capsaicin produced a
76% decrease in the withdrawal response threshold at 15 min after injection, the time of
maximum hyperalgesia (one-way ANOVA, p < 0.001,). However, as shown in Figure 8A,
rats pretreated with SSP-SAP (n = 10) exhibited a 56% decrease in withdrawal response
threshold (one-way ANOVA, p < 0.001) which differed from rats pretreated with Blank-
SAP (two-way repeated measures ANOVA, p < 0.05). Figure 8B shows that the capsaicin-
evoked increase in the frequency of withdrawal to the standard Frey monofilament (26 g)
was also diminished in rats pretreated with SSP-SAP (two-way ANOVA with repeated
measures). Mechanical response threshold and withdrawal response frequencies were not
altered in the contralateral, non-injected paw at any time (data not shown).

Hyperalgesia to heat following intraplantar injection capsaicin was also attenuated in rats
pretreated with SSP-SAP (Figure 8C). In rats pretreated with Blank-SAP (n = 10) into the
RVM, paw withdrawal latency decreased 57% at 15 min after injection (one-way ANOVA,
p < 0.001). However, rats pretreated with SSP-SAP (n = 15) exhibited only a 20% decrease
in latency after capsaicin (one-way ANOVA, p < 0.05), and this differed from the Blank-
SAP-treated group (two-way ANOVA with repeated measures, p<0.005). Also, the duration
of hyperalgesia to heat was shorter in rats pretreated with SSP-SAP. In these animals,
hyperalgesia to heat was present at 15 min after capsaicin, whereas hyperalgesia persisted
for 60 min in rats pretreated with Blank-SAP. Withdrawal response latencies for the
contralateral, non-injected paw were not different between the groups and were not affected
by capsaicin injection at any time (data not shown).

3.5 The contribution of NK-1R expressing neurons in the RVM to prolonged inflammatory
hyperalgesia

To determine whether NK-1R-ir neurons in the RVM play a role in the maintenance of
prolonged hyperalgesia, we studied the effects of SSP-SAP on inflammatory hyperalgesia
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produced by intraplantar injection of CFA. Figure 9A shows that in rats pretreated with
Blank-SAP into the RVM, withdrawal response thresholds were reduced during all 4 days
following CFA. Response thresholds in Blank-SAP (n = 8) treated rats decreased a
maximum of 74% at one day after injection (one-way ANOVA, p < 0.001). Withdrawal
response thresholds in rats pretreated with SSP-SAP (n = 11) decreased a maximum of 51%
and this maximum decrease in withdrawal threshold occurred 2 days after CFA (one-way
ANOVA, p < 0.001), and the decreases in withdrawal threshold following CFA differed
between the groups (two-way ANOVA with repeated measures, p < 0.05). As illustrated in
Figure 9B, rats pretreated with SSP-SAP into the RVM also exhibited smaller increases in
paw withdrawal frequency during 4 days following intraplantar injection of CFA as
compared to rats pretreated with Blank-SAP (two-way ANOVA with repeated measures, p <
0.01).

Rats pretreated with SSP-SAP also exhibited a reduced magnitude of heat hyperalgesia
during prolonged inflammation as compared to the Blank-SAP-treated group (two-way
ANOVA with repeated measures, p < 0.005). Figure 9C shows that rats treated with Blank-
SAP (n = 23) exhibited a maximum decrease in withdrawal latency of 64% whereas rats
given SSP-SAP (n = 11) exhibited a maximum decrease in withdrawal latency of 40%
decrease. As for capsaicin, withdrawal responses of the contralateral, non-inflamed hind
paw evoked by mechanical and heat stimuli were not altered at any time (data not shown).

4. Discussion

To examine the contribution of NK-1R expressing neurons in the RVM to hyperalgesia, we
injected SSP-SAP into the RVM to selectively ablate NK-1R expressing neurons. This
produced approximately a 90% loss of neurons that express NK-1Rs. Our behavioral studies
showed that loss of these neurons in the RVM did not alter withdrawal responses to acute
mechanical or thermal stimuli but decreased hyperalgesia produced by intraplantar injection
of capsaicin or prolonged hind paw inflammation. These findings are consistent with earlier
studies and provide additional evidence that neurons in the RVM that express NK-1Rs are
part of descending circuitry that facilitates nociception (Pacharinsak et al., 2008; Hamity et
al., 2010; Lagraize et al., 2010; Brink et al., 2012; Khasabov et al., 2012).

4.1 Stereological analysis of NK-1R expressing neuron in the RVM

Our stereological studies showed that neurons in the RVM that have NK-1Rs are evenly
distributed in the rostral-caudal plane and comprise a relatively small proportion of the
neurons in this region of the brain stem. Approximately 8% of neurons in the RVM
expressed NK-1Rs, as confirmed by co-labeling with the neuron-specific marker Neu-N.
Injection of 1 pM of SSP-SAP, but not Blank-SAP, into the RVM ablated approximately
90% of KN-1R-ir neurons. The number of NK-1R-ir neurons lost following SSP-SAP was
similar to the decrease in the number of NeuN-ir neurons, suggesting that SSP-SAP was
selective for NK-1R expressing neurons. Interestingly, we were not able to eliminate all
NK-1R expressing neurons with 1 uM of SSP-SAP. Similarly, intrathecal application of SP-
SAP produced a ~ 80% loss of NK-1R-ir neurons in the dorsal horn (Mantyh et al., 1997;
Vierck et al., 2003; Wiley et al., 2007) and this was enough to produce significant
physiological effects on the modulation of remaining nociceptive dorsal horn neurons
(Khasabov et al., 2002, 2005; Suzuki et al., 2002).

4.2 NK-1R expressing neurons in the RVM and acute pain

Elimination of NK-1R-ir neurons in the RVM did not alter tail flick latencies or withdrawal
responses of the hind paw to mechanical or heat stimuli. The tail flick reflex is mediated by
spinal segmental mechanisms (Irwin et al., 1951; Bonnycastle et al., 1953; Sinclair et al.,
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1988) and is under strong descending modulation (Mitchell and Hellon, 1977). Thus, the
absence of an effect on the tail flick latency supports the notion that descending projections
from NK-1R expressing neurons in the RVM are not involved in modulation of acute pain.
Moreover, it was shown previously that NK-1R antagonists injected into the RVM did not
alter withdrawal responses to acute stimuli (Pacharinsak et al., 2008; Hamity et al., 2010),
indicating that SP is not released tonically in the RVM and does not modulate nociceptive
transmission under normal conditions.

Pronociceptive and antinociceptive descending modulation from the RVM is mediated by
activity of ON and OFF neurons, respectively (Fields et al., 1983; Fields and Heinricher,
1985; Mason, 2012). We have previously demonstrated that only ON cells were activated by
iontophoretic application of an NK-1R agonist (Budai et al., 2007) suggesting that NK-1Rs
are located mainly on subset of these pronociceptive neurons. Thus, it is likely that SSP-
SAP deleted ON cells. We also showed that microinjection of an NK-1R antagonist into the
RVM did not alter responses of ON neurons to noxious stimuli under normal conditions
(Brink et al., 2012). These findings are consistent with results of the present study showing
that removal of NK-1R expressing ON cells did not modulate acute pain behavior under
normal conditions.

Similarities in the magnitude of morphine analgesia between rats pretreated with Blank-SAP
and SSP-SAP also support the suggestion that NK-1Rs in the RVM are located on ON and
not OFF cells. It was proposed that morphine produces descending analgesia through direct
inhibition of ON cells. Opioids, including morphine, injected into the RVM inhibit tail flick
responses (Akaike et al., 1978; Kuraishi et al., 1978; Takagi et al., 1978; Aimone and
Gebhart, 1986). At the neuronal level, morphine inhibits ON neurons and blocks activity of
interneurons that tonically decrease the excitability of OFF cells, causing disinhibition and
activation of OFF cells (see review, Fields, 2004). It has been shown that disinhibition of
OFF cells is a key element in the analgesic response following opioids into the RVM under
normal conditions (Heinricher et al., 1994). In the present study, analgesia produced by
morphine injected into the RVM was similar in rats that received Blank-SAP and SSP-SAP,
further suggesting that OFF cells were not affected by SSP-SAP and that activation of OFF
cells alone can produce opioid analgesia. It is noteworthy that our earlier studies (Brink et
al., 2012) showed that injection of SSP into the RVM not only increased evoked responses
of ON cells, but enhanced the stimulus-evoked inhibition of OFF cells. Since NK-1Rs
appear to be located on ON cells (Budai et al., 2007), it is likely that NK-1R expressing ON
cells can modulate activity of OFF cells by enhancing their evoked inhibitory responses. If
ON cells exert direct, tonic inhibitory influences on OFF cells, acute antinociception and an
enhancement of morphine analgesia would be expected following ablation of NK-1R
expressing ON cells. Since this was not the case, it is likely that ON cells do not provide
ongoing modulation of OFF cell activity during acute nociception but rather influence OFF
cell activity during hyperalgesia. These results also suggest that ON cells influence the
activity of OFF cells indirectly, perhaps by exciting inhibitory interneurons, that will
enhance the stimulus-evoked inhibitory responses of OFF cells.

4.3 The contribution of RVM neurons with NK-1Rs to hyperalgesia

Intraplantar injection of capsaicin in rats produces nocifensive behaviors and hyperalgesia to
mechanical and heat stimuli (Gilchrist et al., 1996) and appears to model the pain and
hyperalgesia observed in humans produced by intradermal capsaicin injection (Simone et al.,
1987, 1989; LaMotte et al., 1991). Here we show that rats pretreated with SSP-SAP
exhibited less capsaicin-evoked nocifensive behaviors and hyperalgesia, results similar to
our previous studies in which capsaicin-evoked nocifensive behaviors and hyperalgesia were
attenuated following administration of NK-1R antagonists into the RVM (Pacharinsak et al.,
2008). Since iontophoretic application of SP and intraplantar injection of capsaicin excited
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and sensitized only ON cells in the RVM via NK-1Rs (Budai et al., 2007; Brink et al.,
2012), it appears that intense activation of ascending nociceptive spinal neurons, such as
following intracutaneous injection of capsaicin (Simone et al., 1991; Khasabov et al., 2002),
causes the release of SP in the RVM and activation of descending pathways that facilitate
nociceptive transmission in the spinal cord. Thus, the activation of NK-1R in the RVM is an
important step in the development of central sensitization and hyperalgesia following
capsaicin.

Ablation of NK-1R-ir neurons in the RVM also reduced long-lasting hyperalgesia. CFA
produces prolonged inflammation (ladarola et al., 1988) that is accompanied by persistent
mechanical (Ma and Woolf, 19963, b) and heat hyperalgesia (Hargreaves et al., 1988;
ladarola et al., 1988; Ren et al., 1992; Bellavance and Beitz, 1996; Hamity et al., 2010)
lasting up to several weeks. Peripheral inflammation leads to sensitization of nociceptors
(Andrew and Greenspan, 1999; Djouhri et al., 2006; Potenzieri et al., 2008), increases
neuropeptide mediators in primary afferent neurons (Noguchi et al., 1988; Donaldson et al.,
1992; Mapp et al., 1993), and augments the proportion of afferents that contain these
neuropeptides (Hanesch et al., 1993a, b; Leslie et al., 1995). These changes lead to
sensitization of spinal nociceptive neurons (Tal, 1999; Hama et al., 2003; Seybold et al.,
2003; Vikman et al., 2003;) that is mediated, at least in part, by increased afferent input to
the RVM, and enhanced release of SP and activation of NK-1R-ir neurons (ON cells) in the
RVM that facilitate nociceptive transmission in the spinal cord to contribute to hyperalgesia.
However, we suggest that prolonged inflammation does not increase tonic release of SP in
the brain stem since blockade of NK-1Rs did not alter ongoing spontaneous activity of RVM
neurons in inflamed rats (Khasabov et al., 2012). Indeed, descending facilitation from the
RVM, and involvement of NK-1Rs, has been demonstrated in other models of prolonged
hyperalgesia including nerve injury (Carlson et al., 2007; Sanoja et al., 2008; Guo et al.,
2012), headache-related pain (Edelmayer et al., 2009), postoperative pain (Rivat et al.,
2009), and bilateral hyperalgesia produced by inflammation of the masseter muscle (Sugiyo
et al., 2005; Rivat et al., 2009; Chai et al., 2012).

4.4 Mechanisms underlying NK-1R-dependent descending facilitation

In addition to NK-1Rs, additional cellular mechanisms are likely to contribute to descending
facilitation of nociceptive transmission. For example, we showed that almost all NK-1R-ir
neurons in the RVM also posses NMDA receptors (Budai et al., 2007), suggesting that
glutamate-induced excitation in the RVM is decreased following SSP-SAP injection.
Importantly, activation of NMDA receptors in the RVM can produce pronociceptive and
antinociceptive effects. lontophoretic application of NMDA activated both ON and OFF
cells in the RVM (Budai et al., 2007) and, when injected into the RVM, NMDA was able to
facilitate or inhibit spinal nociceptive reflexes (Terayama et al., 2000, 2002; Guan et al.,
2002). Thus, depletion of NK-1R-ir neurons decreases facilitatory modulation that is
dependent on NMDA receptors.

It has been established that serotonin, acting through 5-HT3 receptors in the spinal cord,
contributes to descending facilitation of nociceptive transmission and hyperalgesia (Suzuki
et al., 2002, 2004a, b, 2005; Rahman et al., 2004; Donovan-Rodriguez et al., 2006; Dogrul et
al., 2009; Gu et al., 2011; Sikandar et al., 2012). Importantly, descending serotonergic
mechanisms and spinal 5-HT3 receptors contribute to descending facilitation produced by
activation of NK-1Rs in the RVM (Lagraize et al., 2010). Thus, ablation of NK-1R
expressing neurons in the RVM likely decreased serotonin-dependent descending
facilitation. The relationship between NK-1R expressing neurons in the RVM and serotonin
is unclear since there is no expression of NK-1Rs in serotonin-containing neurons (Leger et
al., 2002; Zhang and Hammond, 2009; Hahm et al., 2011). Therefore, ON cells that possess
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NK-1Rs may excite serotonin-containing neurons in the RVM indirectly through
interneurons that activate descending serotonergic neurons.

4.5 Additional mechanisms underlying descending facilitation of nociceptive transmission

In the present study, elimination of about 90% of the RVM neurons that possess NK-1Rs did
not completely eliminate hyperalgesia produced by capsaicin or prolonged inflammation.
The residual hyperalgesia is probably not due to the remaining NK-1R expressing neurons
since injections of different NK-1R antagonists also did not completely abolish hyperalgesia
(Pacharinsak et al., 2008; Hamity et al., 2010; Lagraize et al., 2010). It is possible that the
remaining hyperalgesia is mediated by other descending facilitatory systems. For example,
even though NK-1R-ir neurons appear to engage descending facilitatory serotonergic
pathways, these pathways might also be activated by mechanisms other than NK-1Rs.

Another possible source of remaining descending facilitation after SSP-SAP treatment is
cholecystokinin (CCK) receptor expressing ON cells (Urban et al., 1996; Urban and
Gebhart, 1997; Kovelowski et al., 2000; Ossipov et al., 2003; Xie et al., 2005; Dogrul et al.,
2009; Zhang et al., 2009). It is not known if CCK receptors they are located on neurons that
possess NK-1Rs or on separate neurons. The same is true for other neurotransmitter systems
that contribute to descending facilitation from the RVM, including neurotensin (Fields et al.,
1991; Smith et al., 1997; Urban and Gebhart, 1997; Vanegas, 2004), brain-derived
neurotrophic factor (Guo et al., 2006), and tumor necrosis factor-alpha (Wei et al., 2008).
Further studies of anatomical and neurochemical mechanisms of multiple descending
facilitatory pathways and their interactions are needed.

Another possible explanation for the hyperalgesia that remained after SSP-SAP treatment is
local segmental sensitization in the spinal cord. The ability of the spinal neurons to become
sensitized without involvement of supraspinal modulation has been shown in spinalized
animals (Woolf and King, 1990; Wang et al., 2001; Seybold et al., 2003; Molina and
Herrero, 2006; Yamamoto et al., 2013) as well as in the isolated spinal cord in vitro (Woolf
and King, 1987; King et al., 19884, b; King et al., 1990; Woolf et al., 1988). It was
suggested that the RVVM plays a modulating rather than a permissive role in its influence on
responsiveness of nociceptive spinal neurons (Foo and Mason, 2003; Jinks et al., 2004).
Ablation of NK-1R expressing neurons in the RVM did not alter withdrawal responses of
the paw contralateral to the capsaicin-injected or inflamed paws, consistent with previous
studies (Pacharinsak et al., 2008; Hamity et al., 2010; Lagraize et al., 2010). These findings
suggest that NK-1R-dependent descending facilitation from the RVM amplifies the
sensitization that occurs at the spinal level via local mechanisms. However, it should be
noted that activation of NK-1Rs in the RVM alone is able to produce hyperalgesia (Lagraize
et al., 2010) and sensitization of spinal dorsal horn neurons to mechanical and heat stimuli
(Khasabov et al., 2012).

4.6 Conclusions

Neurons in the RVM that express NK-1Rs are part of a descending pain facilitatory
pronociceptive system that contributes to hyperalgesia. The functions of NK-1R expressing
neurons in the RVM resemble those in the spinal cord. The ablation of superficial spinal
dorsal horn neurons that possess NK-1Rs prevented the development of hyperalgesia
(Mantyh et al., 1997; Nichols et al., 1999) and sensitization of remaining dorsal horn
neurons (Khasabov et al., 2002; Suzuki et al., 2002) without altering withdrawal responses
to acute stimuli. The majority of spinal NK-1R expressing neurons in the spinal cord send
projections to the brain (Todd et al., 2005; Al-Khater and Todd, 2008, 2009) and likely drive
descending facilitation (Khasabov et al., 2002, 2005; Suzuki et al., 2002; Rahman et al.,
2008). A greater understanding of the mechanisms that initiate and maintain descending
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facilitation of nociceptive transmission may lead to novel approaches to disrupt this circuitry
and thereby reduce central sensitization and hyperalgesia.
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Figure 1.

An example from a single coronal section (50 um thick) of the area of the RVM used for
stereological quantifications. This section of the brainstem was obtained at -2.16 mm
interaural coordinate and stained with neutral red. Structures in the RVM that were used to
define the analyzed area are indicated by the white dashed lines according an atlas of the rat
brain (Paxinos and Watson, 1998). Levels that were used to define position of the area are
indicated by black dashed lines. The region where numbers and proportions of neurons were
evaluated is indicated by solid lines. Abbreviations: fn — facial nucleus; py — pyramidal tract;
RMg - raphe magnus nucleus; GiA — gigantocellular reticular nucleus pars alpha; LPGIA —
lateralis paragigantocellular reticular nucleus pars alpha.
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SSP-SAP

Figure 2.

Examples of NK-1R labeling in single RVM sections (left side) from a naive rat (top), and
from rats pretreated with Blank-SAP (middle) and SSP-SAP (bottom). These single virtual
tissue images were taken with a 10x objective. NK-1R-ir appears green and NeuN-ir appears
red. In the RVM of naive and Blank-SAP treated rats, labeling of NK-1R-ir neurons are
similar. Pretreatment with SSP-SAP nearly abolished NK-1R-ir and few NK-1R-ire axons
with varicosities could be found as a result of internalization of SP receptors (Mantyh et al.,
1997). Inserts are single optical sections taken at 40x objective of the areas marked on the
corresponding RVM by the numbered white dashed rectangles. NeuN-ir cell bodies with
negative nucleoli (black) and NK-1R-ir plasma membrane are indicated by white
arrowheads. NK-1R negative neurons with NeuN-ir nuclei with nucleoli are indicated by
open arrowheads. NK-1R-ir varicosities induced by SSP-SAP are indicated by white arrows.
Scale bars for the RVM and the inserts are 200 and 20 pm, respectively. Pyramidal tracts
(py) are indicated by white dashed lines.
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Figure 3.

Stereological quantification of the total neuronal population (NeuN-ir), NK-1R labeled
neurons, and their proportions in the RVM of naive, Blank-SAP, and SSP-SAP treated rats.
A) Mean (£SEM) number of neurons in the RVM of naive and Blank-SAP and SSP-SAP
treated rats were similar. B) Mean (+SEM) number of NK-1R-ir neurons was lower in rats
pretreated with SSP-SAP as compared to rats treated with Blank-SAP and naive rats. C)
Mean (£SEM) percentage of NK-1R-ir neurons in SSP-SAP injected rats was lower than in
naive and Blank-SAP rats. Asterisks indicate significant differences between SSP-SAP
group and the naive and Blank-SAP treated groups; * p < 0.01, **p < 0.001.
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Figure4.

Distributions of neurons in rostrocaudal plane of the RVM. A) Numbers of RVM neurons in
the three groups did not differ. B) Percentages of NK-1R-ir neurons in rats treated with SSP-
SAP were lower than those in naive and Blank-SAP treated rats along the length of the
RVM. Horizontal axes indicate interaural coordinates of the RVM. Images above the graphs
are s stained with neutral red and show representative sections at the most rostral and caudal
areas of the RVM. Asterisks indicate statistically significant differences between SSP-SAP
group and naive and Blank-SAP groups at the corresponding rostrocaudal positions (p <
0.01).
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A) Mean (£SEM) hind paw mechanical withdrawal thresholds, B) Hind paw withdrawal
latencies to heat, and C) Tail flick latencies in rats treated with Blank-SAP and SSP-SAP
before injection (BL) and at 5-7, 12-14, 19-21, and 26-28 days after treatment. Withdrawal
responses did not differ between the groups at any time.
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Figure®6.

Morphine analgesia was not altered in rats pretreated with SSP-SAP. Morphine at doses of 3
and 30 pg into the RVM produced similar increases in mean (+SEM) tail flick latency in
Blank-SAP and SSP-SAP treated rats. Asterisks indicate a significant difference from tail
flick latency before morphine; *p < 0.05, **p < 0.001.
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Figure?7.

Effect of SSP-SAP pretreatment on nocifensive behavior produced by capsaicin. Rats
pretreated with SSP-SAP exhibited a decrease in the duration of nocifensive behavior
produced by intraplantar injection of capsaicin. Asterisks indicate difference between
groups; *p < 0.001.
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Loss of NK-1R-ir neurons in the RVM decreased hyperalgesia produced by capsaicin. A)
Mechanical paw withdrawal threshold; B) Paw withdrawal response frequencies to
mechanical stimuli; and C) Paw withdrawal latencies to heat before and up to 90 min
following intraplantar injection of capsaicin in rats pretreated with Blank-SAP and SSP-
SAP. #p < 0.05, ##p < 0.001 refer to differences from before the capsaicin injection (at time
=0); *p < 0.05, **p < 0.01, ***p < 0.001 indicate differences between groups at

corresponding time points.
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Figure9.

Loss of NK-1R-ir neurons in the RVM decreased hyperalgesia produced by prolonged
inflammation. A) Mechanical paw withdrawal threshold; B) Paw withdrawal response
frequencies to mechanical stimuli; and C) Paw withdrawal latencies to heat before (0) and
up to 4 days following CFA in animals pretreated with Blank-SAP and SSP-SAP. ##p<
0.001 refers to differences from before CFA (day 0); *p < 0.05, **p < 0.01, ***p < 0.001
indicate differences between groups at corresponding days after CFA.
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